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ABSTRACT

This report contains 40 papers that were presented at the Joint IAEA/CSNI Specialists' Meeting-
Fracture Mechanics Verification by Large-Scale Testing held at the Pollard Auditorium, Oak Ridge,
Tennessee, during the week of October 26-29, 1992. The papers are printed In the order of their
presentation In each session and describe recent large-scale fracture (brittle and/or ductile) experiments,
analyses of these experiments, and comparisons between predictions and experimental results. The
goal of the meeting was to allow international experts to examine the fracture behavior of vartous
materials and structures under conditions relevant to nuclear reactor components and operating
environments. The emphasis was on the abtllty of vartous fracture models and analysis methods to
predict the wide range of experimental data now available. The international nature of the meeting ts
Illustrated by the fact that papers were presented by researchers from CSFR, Finland, France, Germany,
Japan, Russia, U.S.A., and the U.K. There were experts present from several other countries who
participated In discussing the results presented. The titles for some of the final papers and the names of
the authors have been updated in this report and may differ slightly from those that appeared In the final
program of the meeting.
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FOREWORD

This report provides the proceedings of a Specialists' Meeting on FractureMechanics Verification by
Large-ScaleTestingthatwasheldinOak Ridge,Tennessee,onOctober23-25,1992.Themeetingwas
JointlysponsoredbytheInternationalAtomicEnergyAgency(IAEA)andtheNuclearEnergyAgency
(NEA) of theOrganizationforEconomicCooperationand Development.In partlcular,the
InternationalWorkingGroup(IWG)onLlfeManagementofNuclearPowerPlants(LMNPP)wasthe
IAEA sponsor,andthePrincipalWorkingGroup3(PWG-3)(PrimarySystemComponentIntegrity)of
theCommitteefortheSafetyofNuclearInstallations(CSNI)was theNEA's sponsor.The
IWG/LMNPP ischairedby L,M. DaviesoftheU.K.,andL.lankoisItsScientificSecretary.K.
TorronenischairmanoftheCSNI PWG-3 andJ.Strosnlderserved(atthetimeofthemeeting)asits
ScientificSecretary.

Thlsmeetingwasprecededbytwopriorinternationalactivitiesthatweredesignedtoexaminethestate-
of-the-aninfractureanalysiscapabilitiesandemphasizedapplicationstothesafetyevaluationof
nuclearpowerfacilities.ThefirstofthosetwoactivitieswasanIAEA Specialists'MeetingonFracture
MechanicsVerificationbyLarge-ScaleTestingthatwasheldattheStaatllcbeMaterlalprufungsanstalt
(MPA) inStuttgart,Germany,onMay 25-27,1988;theproceedingsofthatmeetingwerepublished
1991.l The secondactivitywastheCSNI/PWG.YsFractureAssessmentGroup'sProjectFALSIRE
(FractureAnalysesofLarge-ScaleInternationalReferenceExperiments).The proceedlngsofthe
FALSIRE workshopthatwasheldinBoston,Massachusetts,U.S.A.,onMay 8-10,1990,wasrecently
publishedbytheOakRidgeNatlonalLaboratory(ORNL).2

Thosepreviousactivitiesidentifiedcapabilitiesandshoncomlngsofvariousfractureanalysismethods
basedonanalysesofsixavallablelarge-scaleexperiments.Differentmodesoffracturebehavior,whlch
rangedfrombrittletoductile,wereconsidered.Inaddition,geometry,size,cons_alntandmultlaxlal
effects were considered. While generally good predictive capabilities were demonstrated for brittle
fracture,issues were identifiedrelativeto predictingfracturebehaviorat higher tempe_'atures.

The meeting in Oak Ridge was designed to allow leading specialists to share and review recent large-
scale fracture experiments and to discuss them relative to verification of fracture mechanics methods.
The objective was to assess the ability of analytical methods that may currently be used to model the
fracture behavior of nuclearreactorcomponents and structures. The meeting was organized into six
technical sessions.

Session I. CSNI ProjectFALSIRE- CurrentResults

Session II. Large-Scale ExperimentsandApplications

Session III., Assessments of FractureMechanics Analysis Methods

Session IV. Large-ScalePlateExperiments andAnalyses

Session V. FractureModeling andTransferability

Session VI. Large-Scale Piping Experiments andAnalyses

IK.Kussmaul(Editor).FractureMechanicsVer_cationbyLarge.ScaleTesting,ProceedingsofIAEASpecialists'Meeting
HeldattheStaatlicheMaterialprufungsanstalt,UniversityofStuttgart,FRG,May 1988,MechanicalEngineering
PublicationsLimited,London,199I.

2B.R.Bus,C.E.Pugh,J.K_mey-Walker,H.Schulz,andJ.Sievers,CSNIProjectforFractureAnalymofLargo-Scale
InternationalReferenceExporimentJ(ProjectFALSIRE),NUREG/CR-5997(ORNI.JTM-12307)MartinMariettaEnergy
Systems,Inc.,OakRidgeNationalLaboratoryandGogell_chaflfurAnlagen-undReaktoni¢lwrhzit,Juno1993.



This report records all the papers presented at this meeting along with two others whose authors could
not be present. While the report does not include session dividers, the table of contents shows the
grouping of papers by session. The final chapter of this report provides summaries that rapporteurs
prepared on the day the papers were presented.

The organizing committee for the meeting included C. E. Pugh (Chairman), ORNL (U.S.A.), C. Z.
Serpan, U.S. Nuclear Regulatory Commission (U.S.A.), L. M. Davies,,Consultant (U.K.), K. Torronen,
Technical Research Center of Finland (VTI') (Finland), B. R, Bass, ORNL (U.S.A.), L. lanko, IAEA
Headquarters, Vienna, and J. Strosnider, NEA Headquarters, Paris.

The organizing committee expresses appreciation to each of the contributing authors and their
employers for making the meeting a great technical success. Thanks are also given to the U.S. Nuclear
Regulatory Commission and the Oak Ridge National Laboratory for providing funding support and the
staff to arrange and conduct the meeting. A special acknowledgment is given to S, J. Ranney and M. J.
Woods of ORNL; their extraordinary efforts to arrange the details of the meeting and to process the
technical papers into a comprehensive volume had a very positive impact on the success of the meeting.
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OpeningAddress

IAEA/CSNISpecialists' Meetingon

"Fracture Mechanics Verificationby Large-ScaleTesting"

Oak Ridge, Tennessee,USA, 26 - 29 October 1992

L. Ianko
ScientificSecretary,IWG-LMNPP

Division of NuclearPower
InternationalAtomicEnergyAgency

Vienna

On behalfof the InternationalAtomicEnergyAgency, I wouldlike to welcomeyou
to thisSpecialists'Meetingjointly sponsoredby the OECD/NEAand the IAEA.

We are meeting at a time of profoundpolitic_ and social changes in the world.
Recentdevelopmentsinternationallyportendthebeginningof a new era of greateropenness
and growingpublicengagementin environmentalmattersand energypolicy. This opening
upof theenergydecisionmakingp'ocessoffersunprecedent_ opportunitiesto rebuildpublic
confidencein nuclearpoweras _fe, well regulatedand beneficialto humanhealth and the
environmentalwell-beingof presentand succeedinggenerations. This is a challengewhich
the nuclearcommunitymust - and can - meet.

Let mefirstexpressthe Agency'sgratitudeto the Governmentof the USAforhosting
this meeting, and forprovidingthe opportunityto participantsfromall over the worldto
exchange informationand experience. I would also like to state my appreciationto the
OECD/CSNIfor its traditionalco-operationwith the IAEAwhichhas been demonstratedin
the organizationof this meeting.

The task you havebeforeyou this week- to enhanceunderstandingof nuclearpower
plants ageing and lifemanagement- is both importaatand timely.

In orderto continueand furtherdevelop the nuclearpowerutilization,it is essential
to ensuresafe andreliableoperationof existingplantsand at the same time lay foundations
forexcellentsafety, reliabilityand economyof plantsof Lhefuture. In view of the long lead
times sitingproblemsand the high costs in bringingnew plants into service, securingthe
continuedoperationof existing plants after takingcare of their age r_lated degradationand
obsolescencemaybe veryimportantfor meetingelectricalpowerdemands.

All components of nuclear power plants are subject to some form of ageing
degradation; however, the rates of degradationand thereforecomponent lifetimes vary
considerably. Componentdeteriorationdue to ageing may significantlyprejudiceplant
reliabilityand capacity factors unless failures are anticipated and preventedby timely
maintenance,repairor replacementof components. If a life managementprogrammeis not

1



implemented to preserve ongoing reliability, then component failures may develop, which
may impair one or more of the multiple levels of protection, provided by the defence in
depth concept, as well as resulting in unavailability. This could result in a reduction in
component safety margins, below the limits provided, and thus to the impairment of safety
systems. On the other hand many components operate at a significant margin below design
limit criteria, whichare themselves significantly below safety limits. The ageing phenomena
must be closely monitored if high performance in terms of reliability and availability,
accompanied with low operating and maintenance costs, are to be achieved. It has to be
ensuredthat the continued operation of, particularly, olderplants does not pose an undue risk
to public health and safety owing to obsolescence of equipment or in the safety standards and
requirements to which they were built.

There is a co/nmon requirement for information in m_.nyareas, such as methods of
economic assessment, and the data necessary to predict time-dependent degradation. Some
problems, such as theageing of pressure boundarycomponents, have been studied for several
decades. The difficulties in studying the subject are aggravated by the inability to
realistically simulate the ageing environmentin the laboratory. In addition, the process of
ageing is slow in comparison to the time span in which, one would desire to observe and
obtaind_,ta.Above mentionedrealities havebeen takeninto accountfor preparationof future
IAEA programme in this area.

The Agency's Nuclear Power Programme in the field of Plant Life Management
promotes technical information exchange between Member States with majordevelopment,
programmes, offers assistance to MemberStates with an interest in exploratory or research
programmes,and publishes reports available to all Member States interested in the current
status of devlopment. For countries with nuclearprogrammes, Agency activities are co-
ordinatedby the standingcommittee called the InternationalWorkingGroup.

In conclusion, it should be stressed that NPP life management is clearly a very
importantarea of concern recognized by the IAEA and its Member States.

The mainobjective of this meeting is to providea forum for exchange of information
among the participating experts from Member States through their interactions both at this
meeting and later throughthe publicationof the proceedings which will reacha muchwider
audience. I believe that the informationexchange in the coming days will makean important
contributionto reaching our common goal of achieving a high level of nuclearperformance
and safety. The results of this meeting should help to clarify the main issues for future
work, both for you and for us in the IAEA. I also hope that you will find some time to
enjoy this beautiful countryand learn from its richculture.
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1 Objective of the CSNI fracture assessment group

For the safetyassessmentof primarycircuitcomponentsthe predictivecapabilityof
fracturemechanicsmethodsplay an Importantrole, Withinthe scientificcommunity
activecollaborationis goingon In variousfieldsof fracturemechanics.On behalfof
the PrincipalWorkingGroupNo. 3 of CSNI the FractureAssessmentGroup(FAG)
has been giventhe task to reviewthe capabilitiesof presentfractureassessment
methods in view of their applicationto nuclearpressure vessels. The different
subtaskschosento performtheworkareshownInTable1,

2 Project FALSIRE ')

To meet the outlinedobjectivesthe CSNI/FAGplannedan Internationalprojectto
assess variousfracturemethodologiesthroughInterpretativeanalysisof selected
large-scale fracture experiments,The selected large-scaleexpedment_are all
experimentswhichare d:rectedto thestructuralresponseto combinemechanicaland
thernJalIoadlngs.Thesecombinedloadingconditions- manytimesbeingreferedtoIn
theexpression"thermalshock"or" pressurizedthermalshock"- may arisetnnuclear
reactorpressurevesselsas a consequenceof thesafetysystemsdesignedto cope
with lossof coolantaccidents.Furthermorethesecombinedloadingconditionsmay
also occurin differentcomponentsas a consequenceof the applicationof accident
managementprocedures,The relevanceto nuclearsafetywas the mainreasonto
selecttheseexperimentsto evaluatepresentfracturepredictioncapabilitiesIn these
cases, Choosingthis as a main topic of a round robinanalysis the FAG took
advantagethattherewasstronginterestat the timeintothistopicand the numberof
experimentswherenottoolarge.It wasalsothe Intentionto avoidanyduplicationof
effort inthefracturemechanicsareagoingon indifferentotherintematlonalgroups,

The CSNI/FAG establisheda commonformat for comprehensivestatementsof
relatedexperiments,includingsupportinginformationand availableanalysisresults.
The format of the commonstatementshas been provento be very helpfullin
organizingsuch v,,ork,it is summarizedIn Appendix1. Based on the information
available the CSNI/FAG selected referenceexperimentsfor detailedanalysisand
Interpretation,theseam summanzedin Table2. OrganizationswhichparticipatedIn
the projectFALSIRE are given in Table 3. The experimentsutilized in Project
FALSIRE were designedto examinevariousaspectsof crackgrowthIn RPV steels
under pressurlzed-thermal-shock(PTS) loadingconditions.These conditionswere
achieved tn three of the experimentsby internallypressurizinga heated vessel
containinga sharpcrackandthermallyshockingItwitha coolanton the Inner(NKS-3
and 4) or outer(PTSE-2) surface.In the seriesof spinningcylinderexperiments,a
thickcylinderwith.a deepcrackon the Innersurfacewas thermallyshockedwitha
water spray while simultaneouslyspinningthe cylinder about Its axis in a
specially-constructedrig, The JapaneseStepB testutiltze_Ja largesurface-cracked
platesubjectedto combinemechanicalloadsof tensionandbendingcoordinatedwith
a thermalshockof thecrackedsurfaceto modelPTS loadingconditions.Data from
the experimentsprovidedin ttle CSNI/FAGproblemstatementsincludedpretest
materialcharacterization,geometricparameters,loadinghistories,instrumentation,
andmeasuredresultsfromtemperatures,strains,crack-mouthopeningdisplacements

1)FALSIRE Fracture Analyse==of Large-Scale InternationalR,_ferenceExperiment=
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(CMODs), and crack-growthhistories.A summaryof the matertaltoughness,loading
conditions,crackgeometryandcrackgrowthforeachexperimentisgiveninTable 2.

Based on the CSNI/FAG problem statements, 37 participantsrepresenting26
organizationsperformed a total of 39 analysesof the experiments.The analysis
techniquesemployedby the participantsincludedengineeringmethods(R6,GE/EPRI
estimationscheme, DPFAD) and finite-elementmethods;these techniqueswere
combinedwith applicationsof JRmethodologyand the FrenchLocalApproach.The
finiteelementapplicationsincludebothtwo-andthree-dimensionalmodels,as wellas
deformationplasticityand Incrementalthermo-elastic-plastlcconstitutiveformulations.
Crackgrowthmodelsbasedon nodalreleasetechniqueswere utilizedto generatethe
application-modeand generation-modesolutionsfor several of the experiments.A
summaryof theanalysismethodsappliedto eachexperimentis giveninTable 4. For
each of the experiments,analysisresultsprovidedestimatesof vadablesIncluding
crack growth,CMOD, temperatures,strains,stressesand appliedJ and K values.
Conditionsof crackstabilityand Instabilitywere identifiedin the experiments.Where
possible,computedvalueswerecomparedwithmeasureddata.

All the Informationto the test Itself, the performedanalysisand comparisonof the
analysisdata as well as conclusionsare givenIn a final reportwhichtsacceptedby
CSNI and willbe publishedsoon.Detailedpresentationsof the resultsare subjectof
the followingsessionsand thereforeare not commentedIn thispresentation,Beside
the results of the exercise Itself (see Table 5) there are a number of valuable
accompanyingeffectswhichcouldbesummarizedas;follows:

- A common format to collect comprehensive Information on large-scale
experimentshasbeenestablishedwhichcouldalsobe usedforotherpurposes.

- The informationcollectedare a goodstartlngpointfor a documentationof large-
scale experimentsrelatedto combinedthermalmechanicalloading.

- The work has been very beneficialfor the IndividualorganisationsIn judgingon
theirown computercodes,their individualcapabilitiesto handlethesecodesand
thequalityassuranceto beappliedforsuchkindof analysis.

The workto be performedin the futureand in a phaseII of the FALSIRE Project is
subjectof anotherpresentationof thismeeting.

3 Documentation of large-scale experimentsrelated to
comblned thermal mechanlcalloadlng

Large-scale experiments adresslngthe structuralresponseto thermal shock-type
loadlngs have been performedin many countries.Most of these programshave
alreadybeen finishedor will be finishedsoon,The compilationof Informationrelated
to theselarge-scaletestsas wellas relevantinformationon analysesperformedto the
tests is withinthe objectiveof the CSNI/FAG, As alreadypointedout the FALSIRE
Project fills up a solid groundfloor on which a database could be establishedto
compilethe,informationavailableon thermalshocktests.The workis goingon and
requiresfurthercooperationbyall the Internationalpartners.The NKS-3 experimentof
the MPA Stuttgartis presentedas an examplehow thiskindof documentationcould



be performedIn a comprehenslvewayso thateach usercan easllyassessthe appll-
¢abllltyof certalnboundarycondltlonsand resultsto the problemhe is presentlyiook-
Ing for. The example Is summarized In FiguresI and 2. Thls type of presentation
shows the test cyllndergeometry,the crack geometry, the ioadlngand a material
characterizatlon.Concemlngthe fractureassessmentFlgure3 showsthe calculated
stress Intensityat the cracktlp as a functionof cracktlp temperatureand the mea-
sured fracturetoughness(K,c)as a functionof temperatureas well as ASME-curves
basedon the NDT-temperatureof thematerial.Furthermorea llneIs drawnto charac-
terlze measuredJ,c values and the crackresistance(J,) at certaln stepsof crack
growth(e,g. I mm)as a functlonof temperature.Thlsklndof fractureassessmentin a
comprehenslveway Is presentedIn Flgures4 to 9 forthe thermalshockexperiments
NKS-I, 4, 5, 6 and PTSE-I,2, all wlthaxlsymetrlcthermalloadlng,Furthermorea part-
ly clrcumferentlalcrack Inserted Intothe HDR (Hell_Jdampfreaktor,Kahl) -RPV wa_
loaded by a thermalshockexperimentwltha guldedInjectlonIntoan artlflcalcoollng
canal (see. Flg. 10, comparisonof measuredandcalculatedCMOD see F!g. 1I). The
fractureassessmentconflrmesthe experimentalresultsof no crackgrowth and that
the teststoppedcloseto crackInltlatlon(see. Flg.12).

4 Reactor pressure vessel response to the thermal shock
loading conditions

The safetyconceptof light-waterreactors(LWR)is basedon theso called"designba-
sis accidents",As partof the designbasisaccidentslossof coola.t of the primaryas
wellas the secondarycircuitis postulated,assumingdifferentleak sizesand locations
and boundaryconditions.The goal of the safetyanalysisfor designbasisaccidents
withprimaryor secondaryblowdownIs

- to demonstratesufficientcoolingof thereactorcore assumingthe minimumInjec-
tioncapabilityaccordingto safetycriteriaand

- to demonstratethe integrityof thereactorpressurevessel(RPV) assumingthe In-
jectioncapabilitywhichcausesthemaximumload,usingend-of-life(EOL) materi-
al conditionsandpostulatedcracksof a limitedsize,

The basicrequirementsfor theIntegrityassessmentof reactorpressurevesselsare

- theevaluationof loadsas a functionof timeandtemperature

- the evaluationof materialconditionsas a functionof temperature,timeand envi-
ronmentwithspecialemphasison irradiation

- evaluationof state of defectswithrespectto the appliedNDT- methodsand the
Influenceof time, loadsandenvironment,

The mainload casesto be analysedIn the !ntegrltyassessmentof reactorpressure
vesselsare:

- hydrotest

- pressure-temperaturelimits
(coldoverpressurlzatlonsystemaspect)



- ECCS InjectionIncaseof primaryorsecondaryblow-down

- rapidcooldowntncaseof secondaryblowdownwithoutECCSInjection.

Importantparameters in the definition of conservativeloads are the primary loop
design (2-,3-,4-,6-1oops),the blowdowntransients,Injectiongeometry.,-temperature
and rate, water level andtemperaturein the RPV as functionof timeand thewidthof
thecoldwaterpath(tongue)alongthevesselwall,

Fcr the evaluation of material conditionsdistinctionshave to be made between
propertiesof base, weld and claddingmaterial.Furthermorethe directionalityof the
materialpropertieshave to be Investigated,MajoremphasisIs givento the properties
of the Irradiatedmaterial,Fora detailedanalysisof the reactorpressurevesselunder
thermalshockloadingcondltlor=thedependencyof the matedalpropertiesfrom the
temperatureIn thewholerangehasto be knownquitewell.

Forthe crackto be Investigated(basedeitheron designassumptionor on Indications
of the performed NDT) the Importantparametersare size, shape, odentationand
certainlythe questionofnear surfaceorsurfacecrack.

As an exampleof detailedRPV-analysesan axlsymmetdcanda 3d-FE-modelas well
as sectormodelswith (partly)circumferentialcracks,whichare loaded by boundary
conditionscalculated In the global model, are shown In Figs. 13 and 14. The
deformationof a vessel loaded by PTS with axlsymmetdccoolingassumption Is
presentedInFig. 15. In case ofasymmetric/striplikecoolingthedeformationIs shown
in Figs. 16 and 17. The stress intensityof circumferentialcracks with different
assumptionsconcerningthe loadingis comparedwiththe fracturetoughnessof the
Investigatedweld matedal at begin.of-life(BOL) and for the case of an assumed
highlyirradiatedconditionat theend-of*life(EOL) inthe samecomprehensiveway as
discussedinchapter3 (see Figs.18 to 20).

Lookin_lto all the variablesimportantas IndicatedaboveIt is very clearthat thereare
a number of parametersand boundaryconditionsto be address,it! as potentially
importal,tareas in largescale tests. In the practicalsafetycase we t_avenormallyto
judge a short near surface or surface crack surroundedby matedal showing
considerablevariationsin properties In the thickness,axial and radial direction.
Loadingconditionsmay vary betweenhighlynonuniformup to axlsymmetr!cstarting
with steep radial temperature gradientsat the surface at the beginningof the
transient, with developingovertime temperature differencesOver small or large
portionsof the wall thicknessIn the axialand circumferentialdirection.Thereforethe
Investigationsof practical RPV transientsare three dimensionalproblemsfrom
thermohydraullc,structuralandfracturemechanicspointofview.

5 Summary and future needs

From experimental and analytical modellingof the fractureprocesswe have learnt
worldwidea lot of details and have reached a certain state of the art to assess
structuralbehaviourof specimensand componentsas well as fracturebehaviourof
cracksunder thermal and mechanicalloading.The databaseand the comparative



evaluationsdevelopedInFALSIRE-PhaseI haveshownthecapabilitiesof theapplied
analysis methods and the necessity to Improve fracture assessment methods
concerning

- the transferabilityof small specimenfracturepropertiesto large specimensand
components(constraintproblem)

- the crackbehaviourInthe transitionregionof fracturetoughness
, t

- non homogenousmaterial(claddedandweldedvessels)and

- differentstagesof crackextension(ductile/brittle),

Thereforea Phase II of FALSIREProjectIs plannedstartingtnfirsthalfof 1993,

The stateof the art concerningassessmentof RPV-Integdtydue to transientthermal
and pressure loading show the necessityof three dimensionalthermohydraullc,
structuraland fracture analysesand the comparisonwith simplifiedmodels and
methodsto quantifythesafetymargins,



Activitiesof CSNllFrsctureAssessment Group(FAG)

" compllatlonof large scale tests "

- roundrobinanalysesof selected tests

• reviewof state-of-the-art

• recommendationsto methods
appliedIn the safety review
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8pinning Cylinder Experiments 8C.I end 8C.II : A review of results
and analyses provided to the FALSIRE Project,

by

E. Moflln_* end A. H. 8herry*

A seriesof sixlarge.scaleexperlmentshavebeencarriedoutat AEATechnology
usingthe SpinningCylindertest facility. Resultsfromtwo of thoseexperiments
(SC.I andSC.II) havebeenprovidedto ProjectFALSIREandarerevlewedIn thls
paper.

The SpinningCylindertestswere ¢_rrledout usinghollowcylindersof !.4m outer
diameter,0.2m wall thlcknesl and 1.3m length,aontalnlngfull.lengthaxial defecls
andfabrlcatedfroma modifiedA508 Class3 steel. ThefirstSplnnlngCyllndertest
(SC-I) was an Investigationof stableductilegrowthIndued vla mechanical
(primary)loadlngand under(x)ndltlonsof oonlalnedyielding.Mechenlcalloading

was providedIn the hoopdlreGllonby rotating.theoyllnderaboutlie majoraxlewlthlnan enclosedoven. The secondtest(SC II) Investlgaledstableduatllegrowth
underseverethermalsho_ (slmondary)lolldlng|gain under(3ondltlonsof _ntalned
yleldlng, in thlscase thermalshockwasproducedby epr|ylngsoldwateron the
insldesurfaceof the heatedcylinderwhilstIt was rotating.

Foreach experiment,resultsare presentedIn termsof a numberof variables,eg.
crackgrowth,temperature,stress,strainandappliedK andJ. In addition,an
overviewof the analysesof the FALSIREPhase-1reportIs alsopresentedwlth
respectto testsSC-I andSC.II.

" AEATechnology,ReactorServices,Risley,WarrlngtonCheshire,WA3 6AT,
UNITEDKINGDOM
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1. INTRODUCTION

The SpinningCylinderpmj_t isconcernedwith the Investillationof fracture behaviourin
thick-walled rests_irnens undersevern them_l sho_k andalmulatedpmssum Ioadin!l
conditions, The facility, located within AEA Technoiogy's Structurali_atums Test Facility
at Rlsley in the United Kingdom, has _n designed to p_uce the appropriateIoadinll
conditions. Pressureloading is simulated by the rotadon of a test cyli_der about its own
axis and the resulting hoop suressdistributionresembles thatin a lager dieter
pressuri_ vessel of the same wall thickness. With regardto _ondary (thermal) stresses,
cold water can be directed, at controllable flow rates at the inside surface of a test cylinder.
Test cylinders can be heated to temperaturesof up to 350°C. _se high flow rates,
togetherwith the centrifugal forces due to romtlon,lead to very good heat transfer
conditions whilst at the s_e time providing uniformityof cooling,

A schematic of the test rig given in Fig. I shows the main features of the facility. Thecentral featureis the8 ton cylindrical test s_is_n (l.3m long, 1.4m OD, 200ram wall
thickness) which,is suspended from a flexible shaft from a single pivoted bearingso thatit
is free to rotateaboutthe vertical axis. The test cylinders are rotated by a 37SkWDC motor
througha 2:I step up rightangle gearbox and are located in a heavily reinforcedpit which
acts as an oven enclosure. The motoris capable rotatingthe cylinder to a maximum design
speed of 3500 rpm. A dampingdevice (not shown) is attachedto the bearingpivot to
stabilize the rotor agams.taerodynamlcally-inducedprecessional motion. Eight 3kW heaters
mountedvertlcally withm the cylinderenclosure allow thecylinder temperat,.u'eto be rais_
to a maximum of 330°C. A stationarywaterspray system, capable of delivedng
controllableflowratesof upto 300gallonsperminute,providesthemechanismfor
thermallyshockingtherotatinginnersurfaceoftestcylinders.Instrumentationfor
monitoringtemperatures,strainsanddisplacementswithinthe testcylinderaremounted
directlyon therotatings_ci_n andsignalsareextractedvia a lO0-channelslip.ringunit
mounteddirectlyabo_,ethedrivegearbox,

WithintheSpinningCylinderfacilitytherefore,independentcontrolof bothprimaryand
secondaryloadingpermitsa varietyof PWR faultconditionsto beexamined,including
largeandsma!lloss.of.c0diantaccidents,Extensiveon-linedatamonitoringsystemsare
available wzthm the facihty to provideimmediate andpermanentrecordsof temperatures,
strains and defect extensions re_is_ dunng Spinning Cylinder experiments, To datea
toadof sixSpinningCylinderexperimentshavebeenperformed,Thesehaveinvestigateda
numberof differentcombinationsof transienttype(egPTS, Im'geLOCA etc),defect
configurationandfracturemechanLsm.Of theseexperiments,resultsfrom the firsttwo
(SC-I andSC-ll) havebeenprovidedto ProjectFALSIRE andarereviewedin thispaper.

2. TEST OBJECTIVES AND CONDITIONS

Thebasicobjectiveof bothSpinningCylindertestsSC-I andSC-II wastocomparethe
progressof stableductiletearingundersimulatedPWR plantconditions,againstthat
predzctedfromconventionalfracturemechanicstheory,basedondataderivedfrom
,small-sc,a]efract_e toughnessspecimens.In bothcasesthetestswere performedon
zargescaletestcyhndcrscontainingfull-lengthaxialdefectspenetratingover50%
throughthe200ramwall thickness.Specimendetailsin respectof both testsare
presentedin Fig 2. Thedistinguishingfeaturebetweenthetwo testswastheloading
condition,SC-! wasanisothermaltestperformedat290°Cwherethedriving forcetor
crackextensionwasprovtdedsolelyfrom specimenrotation(simulatedpressurization),
SC-I] wasa thermalshocktestsimulatinga large loss-of-coolantaccident,wherethe
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ddvtnll force for Rack extension w. overwhelmingly provt_ by thermalIm_nl!,
Additional details in ms_t of both tern m prewnted below.

3.1 SC.I

The tint spinningcylinder experimentwas .aninvestigation of stable ductile te_ngu_ mntalned yield conditions for e thick Motion low alloy steel s_ture. The test
wall isothem'ml,heinecarriedoutat2_C andcrackgrowthwasIleneratedby
pmllfessively[ncfeu]ni therotationals_ of thetoitcylinder.With rel_t tO the
_ll-lenglh_al defectcontainedwithinthecylinder, thisconsistedof I machinednotch
with it shined tip producedvia fatigue pre_racktnll. The fadgue crackwas
generated by subjectingthecylinder to c_:lic dimtral loading in the planeof the notch
usings 5_ton actuator.In _r toavoidtheposstbiliWof brittle_ture, thetest
cylinderwasmaintainedIt around900Cthroughooutfati_e crocking.Some80,000
c_les w_ |wiled usingstmaximumI_ of 420 tons.Thisresultedin itmitsonitbly
uniformfatigue crack of _ depth 10ms over the central 1.0mof the defect length.

The instrumentation_nltements for monitortnllstable crackextension in SC-I are
shown in FIll3, These consisted of three zetaof alternatingcurrentpotential drop
(ACPD) probessituated25ms above thebottom of the machined slot itsdifferent_lal
locations. The connections for theconstant AC driving current(0.4A itt lkHz), were
on opposite sides of the slot so thatthecurrentbetween them passed aroundthe Rack
tip. Additional instrumentationon SC_-IcomprtNd five b_k.face strainpUlleS, t_
pain of clip gauges to monitor slot o_ning adjacentto the ACPD stations (thereby
providing a back-upindicationof crack extension), dtllital and analogue tacho_ten to
_asure speed and an arrayof the_ouples to measure any cylinder temperature
variations,

2.3 SC-II

The second spinning cylinder experiment was an investigation of stable ductile tearingundercontainedyield conditions for a thick section low alloy steel structuresubjected
to a severe thermal shock, The test was designed in such a way as to ensure fully
ductile uppershelfconditionsatthecracktip, throughoutthecou_ of theexperiment.
Withrespectto thefull lengthaxialdefectcontainedwithinthecylinder,asforSC--Ithis
consistedof a machinednotchwitha shined tipp_uced viafatiguepre-cracktng,
Once again the fati_,uecrackwas generatedby subjecting thecylinder to cyclic diametral
loading, the test cylinder being maintainedataround80oC throughoutfatigue cracking.
Some 15,(X)0cycles were applied using a maximum load of 42Otons, This resulted in
a reasonably uniform fatigue crack of mean depth 5am over the central 1.0mof the
defect length, Inorder to prevent egress of water into thecrack tip (and thus prejudice
uppershelfconditions),theentiremachineslotwaspack_ with insulatingwool and
covered witha pleatedsteel shim.

As with SC-I, instrumentation for SC-il comprised ACPD, back-face strain gauges,
clip gauges and thermocouples, although,inline with thedifferent natureof the thermal
shock loading of SC-II, the numberand locatmnof these various instruments was
different to thatemployed in SC-I, The instrumentation layout for SC-II is shown in
Fig4.

3. MATERIAL PROPERTIES

Comprehensive characterisationof thephysical and mechanical propertiesof cylinder
materials was carriedout in respect of the test cylinders for both SC-I and SC-II, these
having been manufacturedfrom separatelarge-scale forgings.
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3.1 SC.I

After castingintol,_lally pn_-fonnedg_me_, theingot umdtoproducetest
cylinderI wu cen_Ityple_edandthenforged,Followingdetachmentofastepped

er',d-ptece(u_ forheat.namlentstudies),theresidualforslnicomprisedacen_llylocatedtestcylinder(SC i) encoml_S_ topandbott_ bybothAEA test
pmlonllationsandrmanufacturer's_'buffer"Hngs,Fig,S._A prolongationswere

p_ fromthetestcyllnd_andbufferringsafterf0rlllng,heattreatnwntand .iden_'Icationofit0°datumLinecomspondinitotheUlti_tepositionofthefulllenr,.b

_i_ defect.Bothtopandbottomprolongationsw_ subsequentlyb_dsswnintofour_ul zi_ sqtmnts.Detailsofthechemicaicompositionoftheforgingpaditsheat
_tnwnt_ giveninTableI.

All s_imons usedin(hepre.t.t ch_tertsationpro_amn__re extracted_m the
0=B_nt of'eitherthetopor_tom ARAprolongationsandfrompositionswhich
weRst lust $_ fromcutturf'aces. Tensilespecimenswen=locatedon,or neKto,
the_ datumlineandextractedineithertheclrcund'emnttai(C),_al (R)orutai
_nsttudinai (L))ortentadons,A totalof'sixtensiletestswereperiod, one
s_c_n of'eachorientationbeingm_:l horneachof thetwoAEAproloniatlons,
Resuldngvaluesof 0.29bproofstress(00.2),ultimatetom,ales_njth (Ou),_entage
eloniittonandreductionof'ma _ presentedin Table2. Additionalu.uostre.-snln
dm m liven inFig6.

Fractureloulhnms spectn_nl wereextractedSOthat all spittoon c_k tipslayexacdy
on thetheO°-datumfine,at a radial_itlon anddirectionof _k advanceindirect
c_pondence to thedefectinthecylinder(to,ell C-Rorientation),A to_ of'six20%
side,red 3Smrnthickcompactspecimensweretell_ fourfromthe lOp

prolongationa_ twofromthebottomprolongation,The testswere perforn_ usingcomb_ multiq)eC|men/unloadingcompliancetestt_hniques,Valuesof'_k
length,crack_wth andcon_spo_ngvalues of J _ given in Table3, Individual
unloedinI complianceJRcurveswereChentcterizedusingpowerfitsof the form

J-A(_)s (1
valuesof'thereiressioncoefficientsA and B are siren inTable4, A "composite"JR
curveforthematerialasa wholewasaim provid_ to theFA_L311_..Eprojectand is
includedinTable4,

3.2 SC.II

Aftercasting intoa partiallypre.fonnedgeon_eu'y,theingotusedto producetest
cylinderI1andtell cylinderI11(notreportedhere)wascentrallyplercedand (hen
forged.Theforginiconsistedof thetwotestcylinderssep_tedcenu'allybya test riml
_dencompassedtopandbottomby testringsandbufferfinp, A dia_m of'the
complete forgingis shownin Fig7, Testrinis werepared fromthecylinders_ter

forgingandheattreatment,Priortoanymachining0_rationz a 0° datumfinewu.establishedcorrespondingto thedefectpositionin the cylinder(s). Justas forSC I,
testringsweresubsequentlyband.wn intofourequi-sizedsegments.Detailsof'the
chemJcilcompositionoftheforgingandItsheattrutmentaregiveninTableS. '

All_-_ale specirmnsexaminedinthecharacterizationpro_ wereextracted
fromthe0° segmentof eitherthetop,middleor bottomtestringlandfrompositions
whichwereat]east50ramfromcutsurfaces,Tensilespecimenswerelocatedon,or
nearto,the0° datumlineandwereextractedfromuptot_ differentpositionsacross
tilewailthickness,Specimenswereextractedtneitherthecircurnterent|al(C)oraxial
(A)oflentationsdependinguponthetest_ll, A totalof twenty-sixtestswere
performed.Specimensextractedfromneartheinnercy][nderwallsurface(I]8position)
(wheretemperaturedropsdurtnlithermalshockwouldbelargest)weretestedatthree
temperaturesspanningthecompleterangeof'thethe_l transient,So,20°C,150°Cand

42



350°C, Sp,'_in_ns_rn otherpositionswithinthewall thicknesswereonly testedat
350°C. lndi_idual exponential expressions of the form

o ,, a EXP(I3T) (2

where is o either 0.2% proof s_ss or ultimate tensile strengthand T is the temperature,
were fittedto thedatavia linearre_ssion analysis, No effect of specimen orientation
on propertieswas observed and bothcircumferentialand axial test results were included
in the analyses, resulting in theexpressions given in Table 6. Values of engineering
stmss/s_n andtrue scess/s_n fromthese tensile t_ts are given in Table 7. Physical
propertiesch_tedzing the _havtour of the test rnatedal under thermalshock
conditions _ gt_n in Table 8.

Fracturetoughness specimens were extractedso thatall specimen c_k tips lay exacdy

on the d-,e0edatum line, at a radialposition anddiRction of _ck advance in _tc_spondence to thedefect in the cyl_er (to. all C R oflentadon). A total of eight
20% sldeiFooved 35rnm thick compact specimens were tested, two from the top, two
from the bottom andfour from themiddle test rings, Values of crack length (ao) and

ductile_ck extension (_) were estimatedboth _m unloadingcompliancemeasurementsmade dudng tests and frompost test fracturesurface measurements.
ResultsarepRsented in Taihle9. For each test the datawere charactefl_ using a
power curve fit of the form of _uaflon 1, Resulting values of the coefficients A andB
m given in Table 10. Composite JRcurves for the different test dngs are included.

4. TEST RESULTS

4.i SC.I

The plan for test SC-I was tOproceed directly to a target speed at which a useful
ml_murn a.n/ountof crack growth would be anticipatedwithout incurringthe risk of
aping mstal_tnty,and then to proceed beyond thatPOintas cttcumst_c_s allowed, In
• e actualex_rtrnent, three s_d Incrementsbeyond the target speed of 2285rpm,
were _uired to reach t_ intendedamountof stable tearing (3 to 5ram), resuldnllin an
eventual rnaxtmurn(termJnal)speed of 2600 rprn.

initiation of stable tearingin the experiment was relatedto a pronouncedchange in the
rateof increase of ACPDat about2250rprn (see Fig 8). Final crackextension at each
ACPD station was defined from physical measurementsof stable tearingmade on the
actual fracturesurfaceof the cylinder,extractedafterthe test. The growth at the ACPD
stations varied from 2.4_ to 3.1ram, wl'.ha meanof 2.75mm. The crackprofile,
basedon post-test destrucuveexamination of the entire full-length defect, is shown in,
Fig 9. On the basis of the predicted initiation points andmeasuredfinal crack
extensions ateach ACPD location,angular velocity venus crack growth curves were
developed as shownin Fig 10.

4.2 SC.II

Prior to commencement of SC-U, the cylinder was stabilizedat a mean temperatureof
.312°C. The cylinder was thenre.ted to 530 rprnto provide for uniform cooling of the
tunersunace upon applicauonor me water spray. The inner surface of thecylinder
was _.en spraycooled with waterof temperature15°C and ata flow rateof 269 gallons
perminute, thus producingan effective heattransfercoefficient in excess of
20kW/m2°Cand a large thermalgradientacross thecylinder wall thickness,

Temperaturedata from the test aredepicted graphicallyin Fig 11.. The figure compares
measured temperatures with those predictedfrom a one-dirnensional finite difference
analysis using a heat transfercoefficient of 22.75 kW/m2°C. The extent of ductile crack
extension attainedduringthe test was variablealong the lengthof thedefect but
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achieveda maximum_wth level of approximately2,0ramata distanceof around
400mm fromoneendof thecylinder,The crackprofile,basedon _st-test deswactive
examinationof theentirefull-lengthdefect, is showninFig 12.

S. FALSIRE ANALYSES OF SC.I AND SC-II

WithinthissectiontheanalysistechniquesusedwithinPhaseI of theFAI.,SIPd_pro_ forassessmentof SC IandSC-IIaredescrlbe_as aretheirresults. Inthe
interestsof consistency,theterminologyusedtodescribeanalysis_thode andthe
numericaldesignationof individual,'_nalystshas_n keptconsistentwith thoseu_ in
Reference[1].

$.1 Description of' Analytical Methods

Withrespectto tests SC-IandSC-IIa totalof seven separateanalyseswereperf_
withintheFALSIR.Epro_mme. AsTable i I indicates,theprimarystructural
analysistool usedwas thefiniteelement_) method.Additionaldetailsof the fTni:e

elementmethodsusedaregiveninTable! 2, whichidentifiesthe finiteelementprogramme,the modeldimension(2 or 3 D), thesizeof themeshasdefinedbythe
numberof equations(degreesof freedom),theconstitutiverelation,material_I and
stress-strainapproximation,andthesolutionscheme(integrationruleanditeration

method)employedin theanalysisof themodel.Unfortunately,muchof thein.formation
reg.ardingtheFE methodsusedin theanaiysisof SpinningCylinderTestsSC IandSC 11,is unavailable(N/A).

Frominspectionof Table12it is apparentthatthesizes of thevariousfiniteelement
models v_ed toa largeextent.Forexample,in theanalysisof SC.IIanalysisnumber
8, usingtheAD!NAFEcode, a meshwith-3,800 degreesof freedomwas used.By
comp_son, analysisnumt'er16,usingtheABAQUSFEcode, useda meshwithonly
890 degreesof _edom. Oneothervariableof noteis thestress-stralnrelationusedas
inputdatato thevariousanalyses.Insomecases,particularlyanalysesthatutilisedthe
ADINAFEcode,a bilinearstress-strainrelationwasemployed.Inothersa multilinear
stress-strainrelationwasused.

lt of theFEanalysesemploy_ a .l.resistancecurvemethodologyformodellingstable
uculccrackgro.wth..1wastypicallycalculatedwithintheFEc_ froma path.area

integralor domainintegralexpressioncontainingtermsappropnatefortheapphed
loadingconditions(ie, mechanicalloads,thermalgradients,centrifugalloads,etc,),
Mostanalystscomput_ theJ-parameterasa functionof appliedloadforoneor more
fixedcrackdepths.Analystsnumber8employedanode-releasetechniquetoperform
analysisof the ductileteanngprocess.

Severalparticip.atinganalystsperformedstructuralanalysesof theReference
Experimentsusingengineeringestimation..schemes(ES).Theseap.proaches,of specific
interestto theanalysesof the SpinningCyhnderTestsaresummarisedinTable 13.The
fractureanalysismethodologiesemployedintheestimationschemeapplicationswere
primarilybasedontheJ-resistancecurveapproach,withthe 3parameterdetemtined
froma Varietyof publishedsources.

Analyst 11_determinedKIvaluesfrominfluencecoefficientsfora vesselhavinga wall
thicknesstoinnerradiusratioof 0. I; the correspondingratioforSpinningCylinder
Test 2 was0.4. Analyst12 usedKIsolutionsfromReference[2], whichwere
modifiedusingtheIrwinplasticzonecorrection.ThemodifiedKIvalueswere
subsequentlyconvertedtoequivalentJ valuesusing_heexpression.I=K2/E', where
E'=E/(I-v2)andv is Poisson'sratio.Solutionsprovidedby analysti 3 werebasedon
optionI of the R6methoddescribedin Reference[3,4]. Analyst14employedresults
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from a staticallyindeterminatesolution for a cylindricalshell to evaluate the J-parameter
by defining it asthe sum of elastic andful!.yplastic components. Analyst 16 used an
analytical solutionfor the hoop stressdistnbuuon in a rotatingcylinder to determine J
from a weight function method. Furtherdetails of the analytical methods arecontained
in Reference [1]:

$.2 Results and Discussion

Figure 13 illustratesthe variation of theJ-integral with theangular velocity, t2,for
Spinning CylinderTest 1. The open _ircles denote the experimental variationof J with
t2determined at AEA Technology and as described in Reference [1]. With the
exception of analysis 9, the scatterbandof results is small. The stress-strain
approximationof the plane strainFE analyses 8 and9 are multilinear. The curve of
analysis 9 has a weaker slope thantheother analyses, a resultwhich is still under
discussion. Comparison of the ES solutions reveals that analyses 12 and 16 show
differences of upto 50%, with analysis 12 overestimating the level of J for a given
angular velocity. This difference is considered to be due to theES's used, since the
variationhool_stress with f_was almost identical in each analysis.

Figure 14 illustratesthe variationof theJ-integralwith time throughthe thermalshock.
The weight funcf,on method used for analysis 16 gives a quiteconservative result, and
analys_s 11, using the KI solutions specific to a vessel with wall thickness to internal
radius of 0.1 (SC-I - 0.4) shows the lowest values. The remaining analyses are located
in a fairly tight scatterband. As in the analysis of SC-I, the fractureassessment is
strongly dependenton the estimation scheme used.

The reasons for the magnitude of the scatterassociatedwith these analyses are
discussed in some detail in Reference [1]. Modelling requirements for the experiments
incorporatehistory-dependentmechanical, thermalandbody-force loadings,
temperature-dependentmaterial andfracturetoughness properties,specially designed
materials, residual stress states andthree-dimensionaleffects. For these reasons, it
could be anticipated thatcomparisonsof analysis predictions with available structural
data from the experimentswould yield results that vary significantly.

However, a numberof common explanations for some of the scatterare evident. One
of the majorinfluences on the f'miteelementsolutions was the precise materials
propertyinput dataused in the analyses. Restrictionsof some FE codes to use only
bilinearapproximationsof the stress-strain behaviour,compared with the use of
multilinear stress-strain curves, was one major source of scatter. Another major source
of scatterwas the use of temperatureinsensitive material propertiesdata in the analysis
of the thermal shock experiments. Both of these sources of scatterhighlight the
importanci_of obtaining,and using, high-quality material propertiesdata in orderto
accurately model structural behaviour.
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Table 1 SC-I Heat Treatment & Chemical Composition

Heat Treatment

Austcnitise 6 hrs@ 1065°C

Quench Waterquench from 1065°C

Temper 7hrs@ 590°C +/- 10°C

Chemical Composition :StcelmakersLadle Analysis

C Si Mn S P Cr , Mo Ni

0.22 0.20 1.32 0.012 0.012 0.08 0.57 0.78
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Table 2

11C:-1Tensile Data st 2D0eC for FAret Ilpinning C¥1Ande: Teat Mate:Aal

........................... 0.2'_.....UttimCe...........................
Proof Stress Reduction

Spec. Prolgn Orient.a Stress' au Elongn. of Area

,[....HUi...........ToP ............c........s4o .....72e le-...._ Sl
HU3 TOP R 548 709 17 49
HU5 TOP L 540 703 18 66
HWl BOTTOM C 529 702 16 52
HW3 BOTTOM R 533 703 13 35
HW5 BOTTOM L 543 711 17 59
.... , ....,,,,,,,, , ,

!

ii

ac - circum£erential

R - radial

L - longitudlnal

bNone of the specimens failed within the middle third of the gage
length.
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Table 3

|C-X, J vo Aa Vaiuea Fzom UnloadAng Coa_pIAanee Testm wAth PhyaAeal
Neasuzements of FAnal Crack _tenoions (T .. 290"C}

.............Crack Grow£h ....... J ....... Crack GCowth .... J '

(ram) (MJ/m2 .... (n__} (MJ/m

0 o.012 ........ 0 o.012....
0.02 0.047 0.03 0.047
o.oe 0.071 0.09 0.0'71
.0.11 0.099 0.16 0.099
0.27 0.13 0.23 0.131
0.43 0.161 0.4 0.164
0.66 0.192 0.72 0.196
0.99 0.227 1.24 0.22?
1.9 0.256 2 0.266
2.64 0.292 2.82 (2.44) 0.306
3.62 (3.34) , 0.327

0 0.012 0.55a 0.i03
0.07 0.047
0.1 0.068
0.15 0.087
01.23 0.108
0.3 0.134
0.46 0.161
0.7 0.19
1.22 0.216
1.73 0.243
2..70 (2..79) 0.277

specimen.xz (.ott_ _ing) ........spec"_me_.X2_(BOttom_in,;)...........0 0.012 0 0.0i2
0.05 0.047 -0.01 0.046
o.oe o.on 0.04 0.0_9
0.15 0.099 0.09 0.090
0.24 0.131 0.23 0.129
0.4? 0.162 0.44 0;161
0.'7.7 0.196 0.60 0.1_5
1.12 0.22'7 1.43 0.225

2.22 0.250 2.21 0.264
2.ee 0.2ee 2,89 0.302
4.52 (4.32) 0.323 3 92 (3 74) 0 316

,, ,,,, ,,,., , ..... , , e . . _ ............... e ..........

aMea_ured final crack growth.

Note: () = measured value.

49



Table 4

SO-1 Reg_essAon Coe£EAoAents for Power-Law Curve FA4: to

Ovs Aa Data foz FAust SpAnning CylAnder Test MatezAals a (T o 2900C)
.... r,,, , , ,,.r - ,_r .... .,_, ..... _ , , ,,, , ......... _,

Coaf_Iclent8
IIIIIII ...... I IT rl __ I II _L_lII .............. i rill

2b
Specimen A B r

...... i1 rl [ II Ilj Illlllll L I llllll - LL ........ II III _ I =__ IIUIJI _ IIII

HV1 0. 213 0,339 0,985
HV2 0. 215 0. 326 0. 996
HV3 0,201 0. 356 0. 970
HX1 0. 207 0. 306 0. 991
HX2 0,209 0.314 0.990

ComposAte curve O. 208 O. 320 O. 976
rill, , ...................... II .... ,,. , ,[n , II 11 IILLL]] " " __L Ill I I

ao = A(&a) B, where units of O and Aa are MO/m2 and mm

bsquare of regression correlation coefflclent (_)
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Table5$C-IIHeatTrea_ent& ChemicalComposition

HeatTreatment

Austenid_e 6 hn @I065°C

Quench Waterquenchfrom1065°C

Temper '7hn@540°C+I-10°C

Temper ?hrs @590°C+/- 10°C

ChemicalComposition: SteelmakersLadleAnalysis

C S[ Mn S P _r Mo Ni

b.2_0.2s....._-i,390,o09.....o,00s0,03_-OlS3__-0179
-- ........ [rl, l .... ii. : llrl ........ ± .......
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?tble i

It-I: ?enJLle Data fo_ |eaond IJpAnnAng C_iAndoz Te8_ Jk_ezLa% t

i young,..odulu., E (G,.) _ |12.35_. 0.0063? _ _....... ...............................!

O.2t proof stress, o0. 3 (MPl) 560.3 exp (-3.35G x 10 _ T)
UltAmate stress, a u (MPa) 708.5 exp (-1.889 x 10" T)

0.275

aTempetatu/e T has unAt8 o_ [°C]
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Table 7 SC-II Enslneerin8 and True Stress/Strain Values

JU2t/JU320C JU22/_4 20C

Suiin -gu',,-.... _ _ '8uain ' 8u'_i.........True _ TnJ......
8Utin Strata Strain StruJ

MP, MP. ..............MPa ......................._ _MPt

----_-........ '..................._'_'---* .0002 SO.9 .0002 50.9
.0003 67 .0003 67 .0005 115.3 .0005 115.3
,0006 129.4 .0006 129.5 ,0008 177.3 .0008 177,4
.0009 191,1 ,0009 191.3 .001 t 237,8 .0011 238,1
.0012 2S2 ,0012 252.3 ,0014 297,9 .0014 298,3
.O01S 311.7 .001$ 312.2 ,0017 358,8 .0017 359.4
.0018 371,8 ,0018 372.5

,0021 455.3 .0021 456.3
.0024 503.1 ,0024 504.3 ,.0030 548.3 .0030 350.0
,0033 $46 .0033 S47.8 ,0038 552.9 .0038 SSS.O
.0041 551.4 .0041 553,6 .0046 $$8.7 .0046 561,3
,0049 557, ! ,0049 559,8 ,0082 598.8 ,0082 603,7
.O070 586.8 .0070 590.9 .0150 620,5 .0149 629.8
.0138 615.7 .0137 624.1 .0217 642.2 ,0215 656,2
.0202 637,4 .0200 650,3 .0281 662.8 .0277 681.4
.0261 657.8 .0258 675 .0349 674.9 .0343 698.5
,0325 675.3 ,0320 697.3 ,0417 686,9 ,0408 715,5
.0389 687.2 .0382 714 ,0480 699.2 .0469 732,8
,0453 698 .0443 729.6 .0552 106.9 .0537 146.0
.0521 707,7 .0508 744.6 .0624 713.3 .0605 757,8
.0584 715.6 .0568 757,5 ,0696 715.6 .0672 765,4
,06S2 720.1 .0632 767 ,0771 719.7 .0743 775,3
,0728 724.4 .0703 777,1 ,0847 719.1 ,0813 780,0
,0800 724.6 .0769 782.5 .0926 719.7 .0886 786.4
.0871 728.3 .0835 791.7 ................... , ..............

,0947 728.7 .0905 797,7

JU$ ISOC' JU24/JU6150C

st.Jn......s,r" .............. S.in Sur.,, .....Tam.........Tru ........
Surtjn Stz,Jj Strtln $trejJ

......MP_.......... MP| J.]2_ ....................
.0024 4.56,4 ,0024 4.57.5 ,0003 S9.4 ,0003 .59,4
.0033 .503.1 .0033 .504.8 .0006 11.5.6 .0006 11.5.7
,0041 .514.6 .0041 .516.7 ,0009 173.5 .0009 173.6
!.0049 .523.1 ,0049 .525,6 .0012 231.7 .0012 232.0
.0082 .5.52.9 _.0081 5.57.4 .0015 286.0 .001.5 286.5
.0142 581.7 .0141 .590.0 .0018 338.9 .0018 339..5
.020.5 602.3 .0203 614.7
.0265 618.8 .0262 635,2 ,0024 466..5 ,0024 467.6
,0325 639,3 .0320 660.1 ,0033 .504.2 .0033 .50.5.9
.0389 6.50.$ .0382 67.5.8 .0041 .517.7 .0041 519,8
.04.53 662.7 .0443 692.7 .0049 .526.6 ,0049 .529,2
.0.516 670.7 .0.504 70.5.3 .OIOI .5.58.0 .OIOI .563.6
.0.584 67.5.0 .0.568 714.$ !.0167 576.7 .0166 .586.3
.06.52 680.4 .0632 724.8 .0229 603.1 .0227 617.0
.0720 684,6 .0695 733,9 ,0291 619.9 ,0287 637.9
.0791 688.7 .0762 743.3 .03.57 632.4 .03.51 6.55.0
,08.59 689,7 .0824 748.9 .0423 646,2 .0415 673.6
.0935 694,0 .0894 758.9 .0485 656, I .0474 687.9
.1007 688.7 .09.59 7.58.1 .0.5.51 66.5.8 .0537 702.5

.0621 674.2 .0603 716.1
............................... .0692 °678.4 .0669 72.5.3

.0766 681.1 .0738 733.3

.0836 685.3 .0803 742.6
0910 687..5 ,0871 750.1
.0989 686.7 .0943 7.54.6
10.51 690.3 .0999 762.8

.......... _, ,,,
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Table 7 SC.II Engtneerin8and True Stress/StrainValues

JU2S/JU73S_ JUI4 35_ *
............. _ • ,, _ ._ .......... _ ,

......... i, _J m.

Strain Sires8 True True Strain stress TP.m TI_
Strabl Su'eal Striin 511,oi8

.0000 s.] .0000 a.t .0029 470.2 .0029 471.6

.0003 s9.2 .0003 59.3 .0037 495,9 .oo37 soo.a
,0006 113,1 ,0006 113,1 ,004:5 :517,7 .0045 520,0
,0009 169,2 .0009 169,4 ,0102 :5411,7 .0101 .5:54,3
.oo12 226,5 .0012 226,s ,01:57 :574.7 .0_:56 5s3.s
,oo15 25_,i .ools 2s3.s .0j21 :597.9 .o219 611.2
,001, 3_,.I .0015 33,.7 .02s9 614,3 ,o2s:5 632,1

,0353 634.2 .0347 6.56,6
,0024 431,.5 ,0024 4:32.6 ,0416 643,0 ,0408 669,8
.0033 480.8 .0033 482,4 .0484 651.2 .0473 682.7
.004i 507,3 .0041 509.4 ,0556 653,3 ,054i 691,7
.0049 324.2 .0049 $26.8 .0627 660.7 .0609 702.2
.0130 $39,9 ,0129 :567.1 .0703 663.:5 .0679 710.1
.0193 $88,4 .0191 599.8 .0779 667.:5 ,07:50 7i9,5
.0265 608,8 .0262 624,9 ,08:58 669,5 ,0823 726,9
.0357 627.2 ,0350 649,3 ,0942 668,9 .0900 731.9
.0444 642,1 ,0435 670,6
.0532 653.9 ,0.518 688.7
.0731 660,3 ,0705 708,5
,0930 665,8 ,0889 727,8

Note: (1)Datauptostrainsof 0.2%taken
fromsmallspecimens,datafrom
0.2%to 10.0%takenFromlarge
specimens.

(2)t_lasticdamforJU24/JU6
exhibitsadiscontinuity.This
willleadtosomeerrorsinE
valuesdeterminedfromthis
data.

*Smallspecimendataomitted-
alignmenterrors.
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• lJDle I

tO-I! Phyeiael PlopeltLeI fol leaOhd IpL_ning

Heat ;onvection coetflctent, 22750 (during time relevant to oraak
h (W/m_K) g_owth)

?hetmaZ conducttvitys _(W/m2K) 30,6 - 2.2 x 10 -2 T +
i,67 x 10"5 ?3

Specific heat capacity, Cp(kJ/kg K) 4.1 x 10.4 ? + 0.432

Den|it¥, o(kg/m 3) 7757 at 390'C

Coeff/c/ent of thermal expanaion_ Xnstantaneouat
cx(1/K) (11.46 + 0.0105?) x 10-6

Mean (20-T) t
(I1,_9 + 5.161 x 10-3 ?) x
10-o

where T An tempezature in eC
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Table9 SC-IIJ• AaValuesfromunloadlnll_mpllan_ andphysicalmeuurememof
final¢_k extension.

_1 Btm. 2_ JT3 Btm. 2_

_ J Aa- J..............
i_ MJm-2 _ _m.2,,,T........._,I,1........................... " - ----............._ "

0.03 0.100 0.00 0.040
0.09 0.i35 0.08 0.069
0.19 0.173 0.11 0.102
0.34 0.216 0.24 0.!38
0.SS(Pmax0,264 0.33 0.176
0.86 0,314 O.$7(Pmax 0,216
1.49 0.364 0.74 0.257
2.10 0,409 1.21 0.291
2.98* 0.437 1.35' 0.33
3.87 0.473 2.54* 0.373
$.44. 0.493 3.73 0.406
6.34*(6.23 0,518 4.27 0.436

4.66 0,467
'...... 5.92(5.72) 0.487

YT4 _d. 150C JTS Mid. 150(:

nvn _m-2 mm MJm-2

0.01 0.0t9 0.03 0.019
0.01 0.032 0.03 0.032
0.03 0.049 0.03 0.049
0.09 0.068 0.09 0,068
O.16 0.085 O.13 0.099
0,16 0.113 0.21 0.134
0.23 0,136 0,32 0.173
0.28 0,162 0,46 0.212
0.37 0,193 0.69 0,249
!0.54 0,228 0.96 0,287
0.73 0,258 1.24 0,321
0.95 0,294 1,52 0,362
1.19 0,329 1.95 0.394
1.58 0,363 2.23 0,428
1.98 0.395 2.66 0.459
2.57 0,425 3,21 0.491
3.16 0,450 3.8!(3.27)! 0.511
!3.61 0,473 ........
4.09(4.04) 0.501

() 9ptaverajemeasuredvalues
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Table9 SC-IIJ. AaValuesfromunloadin8compULlceandphysicalm_s_rementsof
finalcrackextension.

Mid. 2_ J_ Mid, 2_

..... j ,,,j ............

0.08 0.090 0.01 0.050
O,12 O.126 0,02 0.071
0.26 0.i68 0.03 0.092
0.40 0,213 0.11 0.!14
0,6.5 0.265 0.24 0.151
0.90(Pmax 0.317 0.35 0.191
i.73' 0.371 0,49 0.233
2,71' 0.414 0.79(Pmax 0.275
3.22 0.459 1.11 0.3i3
3.85 0.493 1,60 0.351
r4.$2 0.524 2.22 0.39i

** (5.79) 0.568 2.76 0.429
3,48 0.463,,,

4,33 0.496
** i_t unlmdinlline 5.64'(5.$_ 0.521

notrecorded .........._,, ,,_

JTI0 Top 2gOC ,FTII TOP 2gOC

m+ ...... ' MJm"21 _ ++ MJm_'20.04 0.023 0.02 0.04i
0,04 0,040 0.03 0,060
0.02 0.058 0,06 0.082
0.05 0.080 O.11 O,105
0.06 0.105 0.20 0.131
0.10 0.130 0.37 0.161
0,22 0.157 0.56 0.195
0.33 0.188 0.84 0.231
O.$8(Pmax 0.225 1.07 0.270
0.86* 0.264 1.31(Pmax 0.313
1.75' 0.302 2.58* 0.350
2,36* 0.335 3.60" 0.374
3.36* 0.360 $.25* 0,403
4.65* 0.384 5.93 0,434
5.51' 0.404 6.70*(6,23) 0,461
6.31. 0.553
6.88'(6,71 )0.534 ...........

...... l l , r ii 1_11!1111

( ) 9pt averale measuredvalues

* Plastic Instability
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Table 1O SC.II Regression Coefficients in the expre.lon J : A(&a)"

,,,,:,,, _n IS_ime ; i_vidu_ CoefNcientl _ompojlle'_oefl'tcten_
............ %too R!nJ..... A .... B

JTI 290 Bun 0.317 0,320 0.991
0.285 0.363 0,914

JT3 290 Bun 0,265 0,376 0,968
II I I II f I II"ll_llfl ................... FI............. _.................................................. ii [11iii

JT4 150 Mid 0.286 0.429 0,985
0.289 0.442 0.989

JT$ 150 Mid 0.291 0.458 0.996

J'l'/ 290 Mid 0,300 0,375 0.981
0.294 0.384 0,983

JT8 290 Mid 0.289 0.392 0,988 '
.................. _.... - i "........ ,,,,,,f_ i ir ,i ,, ,,

JTIC 29(J 'lop 0.259 0.323 0.984
0.253 0,343 0.954

JTI 1 290 Top 0.248 0,385 0.969

Notes (1) J has units (MJm"2)and _ has units (ram).
(2) Power curves performedusing datawithin the limits

0.2ram £ Aa :t;4,Smm only.
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TABLE 11
Summary of Project FALSIRE analysistechniquesused to assess SC-I & SC.II [1]

=ll ii i

SC-I/ll

, , (7 analyses)_ __
FE; JR
FE; JR
AI; FE
WF;FE
ES;J/T

A2
..... , ..... ES;R6/1 _

FE = Finiteelement method
ES - EstimationScheme
A1 = Analytical Solution with Numerical Intergration
A2 = HandbookAnalysisof Statically IndeterminateModel
JR = R-Curve Approach
J/T - J/Tearing Modulus Approach
R6/1 - R6 Method/Option 1
WF . Weight FunctionMethod
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Table 13. Summary of estimation scheme appllcatlom to analysis of
Spinning Cylinder Testa I and 2

J__ ,, i _. ,,,, ,,,,_ , ,,,, , ,, , ........ ,,,,,, - - , , ,,.,,, __ .... : --: _ : ............. .J _ ___ ...........

Experiment Analysis Stw_ analysis Fracturemethodology
No. methodology

SC-! ' 12 Analytic solution for hoop stress JRcurve;J fromhandbook
distributionin rotatingcylinder

14 Statically indeterminatesolution for JRcurve; J from elastic and fully
circumferentialforce andbending plastic solutions
momenton end surfaceof cracked
cylindricalshell

16 Analytic solutionfor hoop stress JRcurve; J from weight function
distributionin rotatingcylinder method

SC-II 1,2 Superpositionof closed form solu- JRcurve; J fromhandbook
tions for stresscaused by pressure
and thermalloading

13 Thermalstresses calculated R6, Option 1
analytically for LOTUS 1,2,3

14 Statically indeterminatesolutions JRcurve;J fromelastic and fully
forcircumferentialforce and bending plastic solutions
moment on end surfaceof cracked
cylindricalshell

11 Analytic solution for stress in a JRcurve;J from influence
cylindersubjectedto thermal gradient functions
loading

16 Analytic and flnite-element,solul,ions JRcurve; J from weight function
for stress in a cylindersubjectedto method
thermal gradient loading

-- ,,, ,,,H - __ ,.,, __. -- --
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.. SLiP RING UNIT

Fig. 1 The Spinning Cylinder Test Facility
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Fig. 2 SC-I, SC-II Test Cylinder and crack geometries

63



i _ i iiii i iiirl iiii r.... .±3

/ /

B_ck / / Creek
i

l'oce opening
ifroin / / displcacement'
;=ugl ; ACPO g.uges

/ /

1"-'_'1 "'"/ / . _1
- I1,_

• • u

.i..-1

/ /

f J

\ _

3---,,,,_ / / .... -.-,..........

/ /

/ /

- Scotez
/ / 3120fh futt size

/ /
i

/ /

Fig. 3 SC-I, instrumentation layout for the first spinning
cylinder experiment
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Fig,4 SC-II,Instrumentationlayoutfor the secondspinning
cylinderexperiment
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FIRST SPINNING CYLINDER TEST
ANALYSIS BY USING LOCAL APPROACH TO
FRACTURE

C. ERIPRET, G. ROUSSELIER

Electrlcit6 de France (EDF), Service R_acteurs
Nucl6alres et Echangeurs (RNE),
Les Renardl_res,BP 1, 77250 Moret s/Loing ,
FRANCE.

ABSTRA CT

In recent years, severalexperimen_ pro_ on large scale specimens were organized to evaluate
capabilities of the fracturemechamcs concepts employed in structuralintegrityassessment of PWR
pressure vessels. Du.ring the first spinning cylinder test, a geometry effect was experimentally
pointed out andexhiblted the problemof transferabilityof toughness data from small scale to larg.e
scale specimens. An original analysis of this test, by means of local approach to fracture Is
presented m this paper. Both compact tension specimen and spinning cylinder fracture behaviour
were computed by using a continuum damagemechanics modeldevelopped at EDF. We conf'mned
by numerical analysis that the cylinder'sreslstance to ductile tearing was considerably larger than
in small scale fracture mechanics speclmens tests, about 50 percent. The final crack growth

re_cted by the model was close to theexperimental value. Dis.crepanciesin J-R curves seemed to
ue to an effec! of stress triaxi.a.lityand plastic zone evolu!lon. The _geometryeffect inducing

differences m resmance to ducule teanng of the material mvoived m the specimens can be
investigated andexplained by using local approachto fracturemethodology.

INTRODUCTION

In recent years, several experimental programs on large scale specimens were organized to
evaluate capabilities of the fracturemechanics concepts employed in structuralintegrity assessment
of PWR pressure vessels [I,2,3,4]. Most of _hem aimed at investigate the upper shelf tou[ghness
fracture behaviourof low alloyed steels, and to assess the validity of the J. integral andJ-reslstance
curve concepts regarding to ductile crack propagation.

Thus, it is now universally accepted that toughness may depend on thickness, loading patterns,
degree of triaxiality, and geometry of the structure.The J-R curve concept was shown not to be an
intrinsiccharacteriticof the materialproperties, but may vary in some circumstances.

It is, therefore, very important to identify the different factors that can make this toughness
changing, and to quantify their influence. The following underlyingquestions should be posed :

- Is the J-R curve a representative measure of tearing toughness when crack propagation
occured?

- Is it possible to transfer the J-R curve provided from laboratoryspecimens tests to an other
geometry or configuration?

This paper doesn't fully answer"to the questions mentionned above, but still highlights the
importance of the problem and proposes an explanation to the geometry effect pointed out in the

. first spinning cylinder experiment. An interesting analysis performed by using a local approach to
fracture methodology showed the influence of the near crack tip stress and strain fields on the
fracturebehaviourof steels, and explained the geometry effect observed.
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THE FIRS1 _ SPINNING,CYLINDER E_PERIMENT

The first spinning cylinder test, performed by Northern Research Laboratories, involved the
rotationof a 200 mm thick cylinder containing a full length axial flaw to an angularspeed of 2600
rpm at the temperature of 2900C [1]. This test aimed at generating ductile crackgrowth by
increasing progressively the rotational speed, that created a membrane hoop stress loading across
the thickness.

The first objective of this test was to provide experimental data that would permit the construction
of a J-reslstance curve. This has been achieved by using the measurementof an alternating current
drop potential to determ!nethe crack growth, and by perfonmng a finite element analysis in order
to associate to each rotaUonalspeed a correspondingvalue of J-integral.

In addition, a .I-R curve was also derived from experimental results corresponding to small scale
compact tension specimens tests and proved considerably lower .I-values than the cylinder's .i.
resistance curve (figure I). A geometry effect (scale, load, or size effect ?), was experimentally
pointed out andexhibited the problem of tnmsferabtllty of toughness data from small scale to large
scalesp_mens.

ANALYSIS BY LOCAL APPROACH METHODOLOGY

An original analysis of this test, by means of local approach to fractureis presentedin this paper.

The model used in this paper refers to the generalised standard materialconstitutive relations [5],
and enables to model material tearing and crack propagation whithout using any numerical
techmquv such as node release. The m_n advantage of this approach is to assess the crack
iniuation and growth by using eritena denved from the near crack .p stress and strain fields (local
values), which controlthe material damage. ,The evolution of the damage is governed by the
competition of material hardenin_gand softening. These effects are included m the constltutive
relauons by modifying the expression of the plastic potential as follows :

°-F = FrmmenJng+Fdamage = --.-- R(p) + DS(OlexpP \po 1

)'" ,where oeq . oil oij _ Om =__ (oli)

: The constitutive relations arederived from F,and from the yield criterion F--O,through the help of

the normality rule. In this expression, D and O1 are constants, p is the hardening variable, and 13
the damage variable. Material hardening i,sassumed to be isotropic, as well as damage. The second

term R(p) represents the true stress - ,rue strain curve of the material, and function B(I3)is equal to

°I foexp8
e(o) = ......... ,,

1- fo+ foexp13

where f0 is also a scalar that defines the initial volume fraction of cavities. Material softening
caused by cavities growth is taken into account through the third term Fdamagc, which competes
with the hardening pan Fnardening.

As loading is increasing, the plastification effects make the cavities g;'_wing, and damaging the
material. When the damage becomes important, softening of the material takes place and the stress
strain relation is going down (figure 2). The material resistance becomes lower a,-.dlower, until the
failure occurs.
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From the calculation results, we can determine the instants at which the crack growth initiates, as
well.as the position of the crack tip during the propagation when the opening stress reach a
maxlmum just before collapsing (figure 3). The first maximum observed defines the crack
initiation, the second one _urs when the firstelement fails, the thirdmaximum defines the failure
of the second element, an so on,.. [6].

Then, combining numerical results and J-contour integral calculation provides a numerical J-R
curve characteristicof the structurebehaviourregardingto ductile tearing.

Using. Rousselier's model, one needs to identify the three parameters that control the fracture
bchawour:

. the cavities initial volume fraction f0,

- the metallic matrix stiffness o I,

- and the characteristiclength Icof the finite elements.

Usually, f0 is estimated from the chemical composition of the material [7]. In fact, manganese
sulfides inclusions play.an essential role in thecavities growth andwe can directly relate the initial
volume fraction of cavzties fv with the percentage of Mn and S elements through the Franklin's
formula:

f0= fv= 0,054(S %-0.001/Mn % )

The secondparameterO I may be estimatedfromtheflowstressvaluebutthisgivesa poor

evaluationofit.Inpractice,mechanicaltestingisnecessarytocalibrateO I[7].The basic

specimens.usedforit.areaxisymmetricnotchedtensionspecimens,forwhichth.ccalibration
proceduretsdepictedtnfigure4.However,w.ecouldn'tfollowthesameprocedurem thisstudy,
becausewe gotneithercouponsofmaterialtnwhichmac,;n,ingthe notchedspecimens,nor
experimentalresults(providedfromaxisymmetrcalnotchedspecimentensiontests)tobecompared
tonumericalcomputations.•

Thus,calibrationwasmade withhelpofresultsprovidedfromCompactTensionspecimens,and
themodel'sparametersweredeterminedsothatcalculatedJ-R curve(determinedfromCT
specimentestsimulation)fittheexperimentalone.Thetwocurves,whichareinagoodagreement,
areplottedonfigure5.

The mechanical properties were issued from [1] as well as the chemical composition of the
material (table 1).

The parameters were found to be equal to'

f0 = 6.10"4, UI = 350 MPa, and Ic = 0.55 mm

Then, a two-dimensionnal finite element computation was performed to analyse the fractu _'
behaviour of the spinning cylinder. Obviously, the same parameters of the Rousselicr's moo/,
were used to make this computation. The same size of element was kept to mesh the crack tip at",..,
according to [6]. This condition ensures the crack propagation speed in the CT specimen and in the
cylinder will be close.

As our finite element code did not enable to account for body forces, "eplaced the rotation load
by internal pressure that provided an equivalent hoop stress profile xor an uncracked structure
[8](at most 3.6 percent error at inner surface).

However, these loadings are not equivalent regarding to the radial stresses : the contracti_,t du¢ to
pressure is very different from the contraction caused by spinning. This difference may influence
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the su'ess and strain fields in the vicinity of the crack, and also the damage's evolution. The
influence of the radialstress on ductile tearingwill have to beclarified in furtherstudies.

The equivalence between loadings provided from pressure or rotational sp_d is given by this
expression [I0]:

2 (Re2. Ri2. Ro R,)(Ro - Ri)
Opm = O_m _ P=f(_) = p-- _...... [ ,,............. _

3 Ri

where OPm and O(0m are the average values of the hoop st_ss through the thickness generated
respectively by internal pressure and by rotationalspe_:

I I"°R° °N(.-..._-_ cut o,_rn.
Opm = Ri Ro- Ri RI R0 - Rl

We performed the numerical simulation of the behaviour of the cracked cylinder under internal
pressure andtranslated results of both crack propagationand J-integral into values depending on
rotational speed.

Then, the J-R curve numerically obtained is presented in figure 6, and compared with the J-R
cur_v,e derived from CT s_imens tes,ng. We confirmed by numerical analysis that the cylinder's
resistance to ductile tearing was considerably larger than in small scale fracture mechanics
specimens tests, about 50 percent. The final _ck growth (about 2.5 nun) obtained at 260_ rpm
(corresponding to an internal pressure of 85 MPa) was close to the exl_rimental value (2.75 ram).
Scatter in J-R curves seemed to be due to an effect of stress triaxiality and plastic zone evolution,
which are very different in the two situations. It should be noted that we call stress triaxiality the
ratioOm/Oeq.

The CT spec!mentestsinvolved a quasi-pure bending loading of the structure, which is totally
different to withstand thana membrane loading as generated byintcmal pressure or spinning.

This loading effect can be responsible for changing the J-resistance curve level, at initiation point
as well _t:during crack propaga.on. _e stress triaxiality aroundthe crack tip is larger in the CT
specime, than in the hollow s,t_cture (figure 7). Then, the material damage will increase earlier in
the crack tip areaof a CT specimen : thecavities growth, which is directly,depending on the stress
lriaxiality level [9], will be quicker.The steel resistance to ducule tearing will be lower in that case.

DISCUSSION ABOUT THE DEPENDANCE OE FINITE ELEMENT ANALYSE_
RESULTS ON MES-it SIZ E ......

Through !his numerical analysis carded out wi_ local approachto fracture,it has been shown that
an essenual parameter of this kind of models is the mesh size. This fimte element size plays an
important role in local fracture mechanics concepts applicati.ons, and the dependance of finite
element analyses results on it has to be.highhghted end explmned. In fact, this parameteris the
most conu'overs_alone because people intuitively think that increasing the mesh refinement will
provide more accurate results. Then, imposing to use a fixed mesh size, which is in some cases
large when compared to the microstructure scale or co the stresses and strains gradients nught
shock.any physical reasoning.

However, it must be noticed that introducinga distancecriterionfor failure at crack tip is absolutely
necessary when developpmg a model based on microstructuredcontrolled fracture process. As far
as local approach modelling is based on microscopical observations of darnage mechanisms, and
tries to relate the macroscopic fracture behaviol:rof an homogeneous matenalon the microscopic
metallurgical heterogeneities, this way of modelling obeys,to the rule and has to introduce a scale
factorthataverages the microscopic mechanisms andmicrostructuraleffects.
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Prewous works have already exhibited this conclusion. Rice andJohnson [I I] and later Ritchie,
Knott and Rice [12] mentionnedthatfor cleavage fracture,where failureoccurs on microstructunJ
initiation sites, thecritical fracturestress has to be achieved at a distance which is ch_teristic of
the material microsm_cture.More recently, Neville [13] introduceda new definition of thatcritical
distance, butdemonstratingthe sameconclusion : introducingmicmswJcturaleffects on failurein a
continuum mechanics analysis requires a characteristic distance that relates she mechanical
behaviour at microscopic scale to the ma_scopic scale. The physical reason for it is that, for a
sharpcrack as well as for a bluntedcrack, the s_s_s or strains in the highly strectched zone will
always overpass a critical value. Then, any failurecriterion expressed in termsof critical stress for
cleavage or critical strainforductile _g will be achieved in a process volurr_ nearthe cracktip.
Therefore, if no critical distance had to be introduced, the mmimum toughness for any
microstructuredmaterial would be zero.

As faras a scale factor must be introduced,the solution thathas beenretained for local approachto
fracture models is to introduce it directly through the mesh size. This the simplest solution, but
may be not the most satisfactory one from a physical point of view. Recent works on strain or
damage localisation have shown that it is possible to make local models results independenton the
mesh size by using a redistributionfunction in the finite element analysis [14]. Then, the critical
distance ap_ in the "delocatisauon" procedureby determiningthe widthof theGaussian shaped
redistributlon function. This way of modelling may be more satisfactory, but is still time
consuming !n numencal analyses, makes the finite element code more difficult to operate, and
lastly exhibits the same difficulties in relating this characteristic distance to any microstructural
scale. Then, although it is not physically justified, introducing this scale trough the mesh size
seems to be the simplest solution and the most convenient for today's industrialapplications. Thus,
this parameter must be fitted numerically in order to account for coalescence of growing cavities
(interactions between elemen_ cells containing an insolated cavity). The mesh size has therefore
a limited mfiuence on crackinitiation, anda large one on propagation.

Another point deserves to be highlighted : it concerns the role played by the micmsructure on
material or industrial structuresresistance to fracture. In order to predict structural integrity in
connection with microstructural fractureprocesses, four different scales of observations must be
considered. The first one is related to microstmcture andmaterial microscopic hetcrogeneities, the
second one concerns the scale of continuum mechanics, the thirdone represents the scale of the
process zone (damaged zone or yiel_d area), and the last one is the size of the struct_. The
microstructural d!stance can be related to mean spacing between inclusions or carbides, or any
other panicles thatplay a role in themicrosructurefracture process, When comparingthis distance
with the process zone size, two cases must be considered. If the plastic zone, or crack tip opening
displacement is much larger than themean spacing between inclusions, the effect of microstructure
on matenal failure is very limited. Itcan be considered that the material, observed at the scale of
CTOD or mesh size, is ratherhomogeneous. In thatcase, the macroscooic tensile propertiesof the
material, even if includingdamage, are determinedat a scale which alreadyaverages microstrucural
effects. On the other hand, if the continuum mechanics scale and the mean spacing are within the
same order of magnitude, the characteristicdistanc.c will obviously.play a greater role on crack
initiation as well as crack growth. Moreover, if'the distance between initiation sites is g_ater than
_D or continuum mechanics scale, microstructurc,effects on .fracturewill be enhanced and any
modelling attempt of the fractureprocesswill have to mcl.udestausucs on geometrical ditributionof
inclusions in orderto be able to account for structural resistance as well as for scatter associated to
crack initiation and toughness measurements.

Once again, the simplest solution is to seize the opportunity that the mesh size is an averaging tool
for stresses and strains gradients, but also for the effects of microstructureon failure,

CONCLUSION

This modelling, instead of applying criteria based on global loading parameters, describes the
damage evolution from local values of stress and strain fields. For this reason, this method is able
to account for local effects of the crack area loading factors, such as stress triaxiality.
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Thegeometryeffectinducingdifferencesin resistanceto ductiletearingof thematerialinvolvedin
thespecimenscan beinvestigatedandexplainedbyusinglocalapproachto fracturemethodology.
The Rousselier'smodel provedto be anefficient tool for understandingductiletearinBbehaviour
of steels,andbringsanswerswhereclassicalfracturemechanicsconceptsfall.
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TABLE 1 - MECHANICAL PROPERTIES FOR SPINNING
CYLINDER TEST MATERIAL,

* TEST MATERIAL IDENTIFICATION

Nominally A§08 CluI 3 compolition in I nonltlnderd quenched
and tempered condition

• CHEMICAL ANALYSIS
_,., ,,=,, ,,,,,,, _ .................................

C St Mn S P Cr Mo Ni

0,22 0,20 1.32 0,012 0.0i2 0,08 0,67 0,78

• THERMAL TREATMENT
............., ._ _: : : -.

Aulttnltilt (5houri It lO(_°C

Quench Water quench from iOM°C
Temper 7 houri It 690 ¢ 10°C

• PROPERTIES.TEST TEMPERATURES

290°C

e ENGINEERING AND TRUE STRESS.STRAIN TENSILE DATA

E.Modulus [MPI] 193,000 (mlaiured gtJng in tllctrOttltJ¢
reionlnct technique)

' Rp0,2 [MPI] 640

RM [MPI] 710

u, Poi.on's ratio 0,275 (determined from bilxlll strain gage
melsuremllnti of material ItrlpI
loaded in tension)
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TABLE2- TYPICAL STRESS,STRAiNDATA AT 290°C FOR FIRST SPINNING..........

CYLINDER TEST MATERIAL.

True Strain True$tr_|!
% N/ram"

0,003900 7,9

0.06682 i i 1,1

0.1084 207

o,1642 303,8

0,2007 393

0,228 433,8

0.2572 461,8

0.3118 496.2

o.3o e 828,3
0,4088 848.4

0.6054 864,8

! 0.714 87(L4
0,8226 687.6

0,9329 606.0

1.043, 004.4

1.183 811.8

1,207 614.4

1.281 617.0
I I i _ __
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Figure I - Cylindergeometryfor first spinningcylinderexperiment.
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Figure4 - Numerical load-displacementcurvesof a notchedtension
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Figure5- Comparisonof experimentaland numericalJ-R curves
for CT specimens.
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Figure9 - Meshof the cylinder.
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A SUMMARY OF CSNI PROJECT FALSIRE ANALYSES OF THE SECOND
HSST PRF._SURIZED-THERMAL_HOCK EXPERIMENT (FI'SE-2)

B. R. Bau

Heavy.Section Steel Technology (HSST) Program
Oak Ridge National Laboratory

Oak Ridge Tennessee

J. Sievem
Gesellwhaft flk Aniagen-und Reaktorsicherheit

l_ln, Germany

ABSTRACT

A comparative summaryof Project FAt.SIRE Workshop analyses of the second pressurize_.
thermal-shock experiment (PTSE-2) is presented. All analytical predictions are found to
underestimate the measuredcrack-mouth-opening displacement (CMOD) andcrack propagation data
for the first loading transient. Additional analysesperformed subsequent to the FAI._IRE Workshop
are described that examine some possible explanations for these differences in predicted and
measured structural response. Updated analysis results based on temperature-independent material
and physical properties are shown to substantially underestimate measured data describing time
histories of circumferential surface strains. No improvement in the comparisons is obtained by
incorporating temperature-dependent properties into plane stress or plane strain models. However,
two-dimensional models may not be adequate to represent the structural response of the vessel. A
pronouliced axial dependence of the measured CMOD and crack extension data from the first
transient implies that significant three-dimensional loading effects may have played an importantrole
in the experiment.

1. INTRODUC3]ON

The pressurized-thermal-shock experiments [1,2] (PTSEs) in the Heavy-Section Steel
Technology (HSST) Program are part of a carefully planned series of fracture mechanics experiments
that are of a scale large enough to produce restraint at the crack tip similarto that of full-scale water.
cooled nuclear reactor pressure vessels (RPVs). Hypothetical _ transients, when imposed on the
thick-wall vessel, produce high tensile stresses on the cooled inner surface. In addition, irradiation
embrittlement is greatest near the innersurface, so that in the case of some pressurizedwater reactor
vessels, preexisting shallow flaws on the inner cooled surface may propagate in a fast fracture mode.
If pressure is also present duringthe thermal transient,additional stresses are produced that become
more dominant as the crack advances through the wall, and vessel integrity may be threatened in the
absence of crack arrpstor an action to reduce the load. The positive gradient in temperature and
the lessening of neutron damage through the thickness provide increased material toughness to
enhance crack arrest and terminate an incident without breaching the vessel wall. The primary
objective of the HSST PTSEs is to provide an experimental basis for the confirmation of current
fracture analysis methods or for the development of new methods.
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The following fracture phenomena can be investigated through these tests.

1. The ability of RPV steels to exhibit sufficiently high crack-arrest toughness to halt crack
propagation before instability.

2. The fracture mode transition as the crack propagates into ductile regions.

3. The propensityforductiletearing,priortoinitialcleavagecrackpropagation.

4.The inhibitingeffectsofwarm pre.stressingon initiationofcleavagefracture.

5.The evolutionofcrackshapechangesincladvessels.

The secondexperiment[2](PTSE-2)inthisserieswas performedwitha surface-cracked
vesselhavingthegeometryshowninFig.I.The PTSE-2experimentwasconcerned,primarily,with
characterizingcrackpropagationinmaterialwithlow Charpyupper-shelfenergylevels,and,
secondarily,withwarm pre-stressing.The testmaterialinPTSE-2wasaspeciallyheattreated2.1/4
Cr-1Me plate,meetingSA-387grade22specificationswitha lowCharpyimpactenergy(-50-70J)
on theductileuppershelf,whichensuredlowductile-tearingresistance.Vulnerabilityofexisting
reactorpressurevesselstodamageinover-coolingaccidentsisapotentialproblemmainlyininstances
ofvesselsteelsthathavehighcoppercontentsand,consequently,highsusceptibilitytofast-neutron
embrittlement.Coincidentally,thesehigh-coppersteelshavelow ductiletearingresistanceat
temperatureson theCharpyuppershelf.

The PTSE-2 experiment was designed to examine crack propagation and arrest in a material
that exhibits low tearing resistance. One phase of the experiment was defined to produce cleavage
arrest at temperatures above the onset of Charpy upper-shelf behavior followed by unstable tearing.
Another objective was to achieve cleavage initiation of a warm pre-stressed crack. A third
consideration was to evaluate tearing resistance models through interpretation of stable tearing that
occurs prior to cleavage initiation and after arrest.

This paper presents a brief description of the pressurized-thermal-shock test facilityat ORNL,
a review of the test objectives, and a summary of the test results for PTSE-2. Results from analyses
of PTSE-2 carried out in support of the CSNI/FAG Project FALSIRE are compared with the
experimental observations. Consideration is given to the cleavage run-arrest events that occurred,
and to the various ductile tearing phases of each test. Finally, some conclusions are presented based
on the outcome of the studies.

2. PTSE-2 PRE_URIZED-THERMAL-SHOCK EXPERIMENT

2.I PTSE-2A

The details of the PTSE.2 test vessel and the initial flaw geometry [2] are given in Fig. 1 and
in Table 1. An HSST intermediate test vessel was prepared with a plug of specially heat-treated test
steel welded into the vessel. The 1.m-long sharp flaw was implanted in the outside surface of the
plug by cracking a shaIIow electron-beam weld under the influence of hydrogen charging. For the
test, the vessel was extensively instrumented (e.g., see Figs. 2 and 3) to give direct measurements of
CMOD, temperature profiles through the vessel wall, and internal pressure during the transient.
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In the experiment, the flawed vessel was enclosed in an outer test vessel (OTV) as shown
schematically in Fig. 4. The OTV is electrically heated to bring the flawed test vessel to the desired
uniform initial temperature of about 290°C. A thermal transient is initiated by suddenly injecting
a chilled methanol-water mixture through an annulus between the test vessel and the other vessel.
The annulus between the vessel surfaces was designed to permit coolant velocities that would produce
the appropriate convection heat transfer from the test vessel for a period of about 10 min.
Pressurization of the test vessel is controlled independently by a system capable of pressures up to
about 100 MPa. A detailed description of the ORNL PTS test facility, including the main coolant
and pressurization systems, as well as the computer.controlled data acquisition systems, is given in
Refs. 1 and 2.

In PTSE.2, the insert (test) material was taken from a 2 1/4 Cr-1 Mo plate, meeting SA-387
grade 22 specifications. The two pieces used for the insert and for properties characterization were
subjected to the same heat treatment following welding of the insert into the vessel. The heat
treatment was intended to provide the tensile and toughness ch0racteristic.s desired for the
experiment. The tensile strengths were undesirably low, but other properties, although somewhat
uncertain, were satisfactory. True stress-strain tensile data are shown in Fig. 5 for the low upper-shelf
(LUS) test material (A) and the tough carrier vessel material (B). (Concerning Fig. 5, note that the
LUS material (A) set 5 data were from the properties characterization piece and used in pretest
analyses, while set 7 data were obtained from actual vessel insert material after completion of
PTSE.2.) Tensile and physical properties for the test vessel are given in Tables 2-3. Additional data
characterizing the fracture properties of the PTSE-2 material are given in Tables 4-5 and in Figs. 6-7.
Side.grooved specimens from the vessel insert and from the pretest characterization piece (PTCI)
were tested at 175 and 250"C to obtain full JR-Curves (see Fig. 7). These unloading.compliance
characterization tests were analyzed using procedures described in ASTM E1152, and the power-law
curve fit parameters are given in Table 5.

Pretest crack arrest (Kla) and crack initiation fracture toughness (KIc and Kj) data are shown
in Fig. 6. The Kla data were obtained from tests of 33- and 51-ram-thick specimens. KIc and Kj
data are from tests ot' 25-mm-thick specimens. The upper- and iower-Kia curves shown in Fig. 6(a)
were determined by least-squares fits to the raw data and to 13-adjusted [3] data, respectively. The
curves representing Kit at high transitional temperatures were presumed, in the absence of reliable
data, to be positioned ~ 30*K lower in temperature than the respective Kla curves. It transpired
that a Klc curve determined by the low-temperature Klc polnts and by the remaining 13and rate-
adjusted Kj data [2] in the transition region was suitably related to the upper Kla curve. This fitted
KIc curve and a lower Klc curve, displaced upward by 30*K from the former (Fig. 6(b)), were
adopted for planning the PTSE.2 experiment.

The experiment was planned to consist of two transients, of which the first would induce warm
prestressing (I,_I < ()),followed by reloading (1_I ::} I)) until the crack propagated by cleavage and
arrested. The second transient was planned to prodtJce a deep cleavage crack jump with an arrest
occurring only after conditions conducive to subsequent unstable tearing were attained. The second
transient was also necessary to provide a measurement of Kit that was not strongly affected by warm
prestressing so that the effects of warm prestressing in the first transient could be evaluated. The
experimentally.determined temperature profile and pressure data for transient A, as well as some
material characterization of the test section, are given in Fig: 8 and in Table 6.

The time dependence of the heat transfer coefficient for transient A is given in Fig. 9. The
thermal shock in the PTSE-2A transient started about 112 s alter the initiation of the data scan.

Subsequently and sequentially, the flaw experienced ductile tearing while KI was increasing; tearing
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ceased,presumablywhen KIfirstdecreased;tearingresumedataboutthetimeKIincreasedagain;
cleavagecrackpropagationandarrestoccurred;and,finally,ductiletcaringresumedaftercrackarrest
untilpressurewas reduced.The successionofeventsidentifiablefromrecordedtransientdatais
summarizedinTable7. The mostprobabletimesofeventsweredeterminedbydetailedcvaluatlon
ofallrelevantdata.

CMOD behaviorfortheentirePTSE-2A transientistypifiedbytheplotshowninFig.10.
More detailfortheperiodofinitialtearingthatprecededtheinitialmaximum KIisrepresentedby
twotypicalCMOD measurementsvstimeshowninFig.II.Tliefirstmaximum KI wasreachedat
pointA,whenCMOD reacheda maximum.Examinationofthefracturesurfaceshowedthatductile
tearingenlargedtheflawdcpthwisewithnosignificantaxialtearing.

The secondepisodeofductiletearingtranspiredwhen CMOD againincreased(frompoint
B toC inFigs.10and 12).The crackpropagatedbycleavage,causingtherapidchangeinCMOD
fromC toC'. The finalductiletearinginPTSE.2A occurredwhilepressureand CMOD were
increasing(frompointC'toD inFigs.10and 12).

2.2FTSE.2B

The arrested crack from transient A was the initial crack geometry for transient B. Data
describing the thermal and mechanical loading conditions in transient B are provided in Fig. 8 and
Table 6. The ther_nal shock in PTSE.2B started at about 155 s after initiation of the data scan.
Here, KI increased monotonically until about the time of the rapid cleavage crack propagation. The
extended crack that had developed during the PTSE-2A first tore depthwise and then converted to
cleavage. The propagating cleavage crack arrested and then propagated by ductile tearing until the
vessel ruptured. The events in this transient are summarized in Table 7. The CMOD behavior

typical of the time before cleavage is shown by the CMOD at the center of the flaw in Fig.13. The

I time of the start of the cleavage event is reasonably well defined by all of the active CMOD and

strain gages.

The PTSE-2 experiment produced two fast crack jumps. The final crack propagation led to
rapid ductile tearing that penetrated the vessel wall. Prominent features of the flaw are identified
in Fig. 14 and Tables 8-9. The average depth of the flaw at several stages is given in Table 9. The
experimental records of CMOD vs time in conjunction with finite-element calculations of
displacements displacements for a range of crack depths and times were the basis for identifying
fracture events. The time of vessel rupture is marked by a sharp drop in pressure and by abrupt
changes in CMOD and strain gage outputs. Times of all events are given relative to the time of

I

initiation of the computer.controlled data scans.

t

3, SUMMARY OF ANALYSIS RESULTS FROM CSNI/FAO WORKSHOP

In this chapter, the results of the finite-element (FE) and the estimation scheme (ES) analyses
of PTSE-2 presented at the CSNI/FAG workshop in Boston in May 1990 and in Ref. 4 are discussed.
The following discussion concentrates on reasons for the discrepancies among the various analyses
of the PTSE-2 experiment.
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3.1 P'I_E-_

The time histories of CMOD and the J-integral are presented in Figs. 15.16, and selected
characteristics are summarized in Table 10. The comparisons in Fig. 15 show that all analyses
underestimate the experimental resultsof CMOD. Note that the lack of temperature-dependent data
concerning the stress-straincurve and the thermal expansion coefficient (a), as well as the use of an
a-value based on a reference temperature of 20°C, could be important factors in this
underestimation of CMOD. Also, recent evaluations of the PTSE.2 data indicate that the measured
CMOD values show a strong dependence on axial position in the vessel.

The FIE results are strongly dependent on the approximation of the stress-strain data, the
effect of whether crack extension has been considered, and the coefficient of thermal expansion.
Analysis 10 has -30% lower CMOD at t = 185 s than analysis 5 and ~40% higher J-value. The
reason is the different biltnear approximationsof the stress-strain data. The measured onset of yield
is very low (70 MPa) compared with the engineering yield stress (255 MPa) quoted for the vessel
insert. The value used in the calculations ranges from 200 to 495 MPa, dependent on whether the
small strain or the larger strain region of the stress.strain curve is approximatedwell. Furthermore,
an increase of 50% in 005 was measured for the vessel insert after transients A and B. The artificially
high yield stress used in analysis 10 results in higher stresses on the ligament (Figs, 17.20, especially
Fig. 20), with smaller plastic zone and, therefore, smaller CMOD but higher J-integral. In analysis
5', the final crack length after the first period of stable crack extension (S.1 mm after 185 s) was
used, which produces an increase of CMOD at t = 185 s of -30% compared with analysis 5. Based
on the experiences with other calculations, a 20% higher coefficient of thermal expansion was used
to demonstrate the effect of a change in reference temperature from room temperature to 3000C.
This change produces a CMOD increase of 13%. The change in the approximation of the stress-
strain data (pretest set 5) by a multilinear curve causes a CMOD decrease of -13%. Perhaps
because of uncertainti_esconcerning the loading assumptions as indicated by the axial dependence of
CMOD, a 17% underestimation of the measured CMOD remains at 185 s. The scatterband of the
results is also enlarged because different assumptions concerning the crack depth have been chosen
(initial depth or depth after first phase of stable crack extension).

Analysis 8 simulated the raeasured crack extension, _but the higher yield stress makes the
model more stiff, which results in lower CMOD values. ES analyses 15 and 15' used influence
coefficients based on infinitely long cracks and on finite.length 3-D cracks, respectively. Therefore,
when the fracture assessment is done excluding analysis 15 (because the latter assumes infinite crack
length) and analyses 5' and 8 (because the latter already took crack extension into account), a crack
extension estimate of 1 to 2.5 mm (measured 5.! ram) is obtained from isothermal CT-2S specimen
JR curves (Fig. 7). Theunderestimation of crack loading and crack extension has to be considered
in connection with the underestimation of CMOD; that is, without good structural mechanics
simulations, a good fracture mechanics approximation cannot be achieved. The temperature
dependence of JR is strong, and it is not known what the effect of temperature gradient in the test
cylinder is on the crack resistance.

Oscillations of q (Figs. 21-24) in front of the crack tip (e.g., analysis 5) can be reduced by a
finer mesh on the ligament (e.g., analyses 7, 9, and 10). The necessary material properties, especially
the temperature dependence, were not available totally. Therefore, reasons for the large difference

between results of the analyses and the experiments could be provided only partly. However, some
parameters that show significant influence on the analysis results have been identified.
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3.2 PTSE-2B

Figures 25 and 26 show the time dependence of CMOD and the J-integral, and Table 11
shows selected characteristics of the _ analyses. The FE analyses underestimate CMOD (as in
PTSE-2A), which may be because of the same reasons just discussed [e.g., lack of temperature.
dependent materialdata for o and a]. Differences in the stress behavior on the ligament, especially
at the beginning of the transient (Figs. 27.29), are caused by the inclusion of residual stresses from
transient A in analyses 5 and 8 but not in analysis 7. Furthermore, different material property sets
were used, set 7 in analysis 5 and set 5 in analysis7 (Fig. 5). These assumptions lead to differences!

in CMOD and J.integral values.

Negative J values are calculated at the beginning of the transient in analyses 5 and 8 because
of the compressive residualstresses in front of the crack tip caused by transient A. The hoop str_
of analyses 12 and 15 (see Fig. 30) compare well, but the J values have large differences b,,_ause of
the ES methods applied.

A range of stable crack extension is calculated using isothermal JR curves and the J-integral
scatterband obtained by excluding analyses 12 and 15 from the set given in Fig. 26. Possibly, analysis
12 fails because of the deep crack and analysis 15 because of the assumption of infinite crack length
(as compared with analysis 15', which assumed a finite crack length). The calculated crack extension
ranges from 1.4 to 2.9 mm (measured 3.7 ram, i.e., 9% of the initial crack depth in PTSE.2B). The
underestimation of the crack extension is not as large as in PTSE-2A, but another factor that could
reduce the crack extension has not been considered. The stress state in front of a crack that has
already seen transient (A) could be altered due to blunting and could lead to an increase in crack
resistance comr_aredto that of a standardspecimen. To summarize, differences between the analysis
results and the experimental data could not be clarified totally, but additional factors that could
influence the quality of fracture assessment based on JR methodology have been identified.

4. FURTHER ANALYSIS AND DISCUSSION

Results presented in the previous section from the Project FALSIRE Workshop and from
Ref. 4 indicate that all analytical predictions underestimated the measured CMOD at the crack
midpiane and the crack propagation data for PTSE.2. Subsequent to the FALSIRE workshop,
additional studies were performed at GRS to examine in more detail some of the possible
explanations for the differences inpredicted and measured structuralresponse. These studies focused
on the following factors related to the PTSE-2 experiment:

. Comparisons between measured and calculated circumferential strains in the vessel;

- Consideration of temperature-dependent tensile and physical properties (i.e., stress.strain
curves, thermal expansion coefficient, etc.);

- Plane strain/plane stress approximation; and

- Axial/circumferential dependence of measured displacements and strains (i.e., 3-D load
effects).

In Figs. 31 and 32, measured circumferential strains are compared with calculated values on
the inner and outer surface of the vessel wall, respectively. The strain gages providing the measured
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data are located in the axial plane of the crack, as shown in Figs. 31 and 32. The calculations were
carried out assuming temperature-independent material properties and a multilinear stress-strain
curve. Results are shown for two fixed crack depths of a = 14.5 and 19.6 mm. For both crack
configurations, the computed values underpredict the magnitude of measured circumferential strain
at both the inner and outer gage locations.

The potential influence of temperature-dependent material and physical properties on
modeling the structural response of the vessel was discussed in the previous section. Additional
analyses were performed using the temperature-dependent tensile properties depicted in Figs. 33-35
and presented in Table 12 for the insert material and for carrier vessel respectively. The
temperature-dependent thermal expansion coefficient for the insert material is given by the relation

a(T) ---(10.2 + 12.496 . 10-3 7")• 10-6

within the range 0 to 350"C, where a is per Kelvin and T is degrees. Celsius.

The updated analyses were performed for both plane stress and plane strain assumptions using
a fixed crack depth of a = 14 mm. In Figs. 36 and 37, results for calculated circumferential strains
are compared with measured data from PTSE-2A at two locations remote from the crack. Apparently
these results indicate that the discrepancy between measured and computed structural response
cannot be explained satisfactorily in terms of temperature-dependent properties or 2-D plane
strain/plane stress modeling assumptions.

Examination of measured data [2] from the PTSE-2A transient reveals an anomalous
mismatch of the flows into and out of the shroud (Fig. 38) and a pronounced axial dependence in
the measured CMOD and in the measured crack extension just prior to the first cleavage event. This
axial dependence of CMOD and of crack extension is depicted in Figs. 39 and 40, respectively. These
data imply that significant 3-D loading effects may have been active in the transient which preclude
the use of 2-D models to represent the structural response of the vessel.

5. CLOSURE

All of the PTSE-2 finite element analysis results from the FALSIRE Workshop provided
estimates of CMOD vs time that substantially underpredicted the measured data for the first phase
of stable tearing. Additional analyses were described herein that examined in detail some of the
possible explanations for the differences in predicted and measured structural response. In these
updated analyses, calculated circumferential strains vs time for two different crack depths and for
temperature independent material properties significantly underpredicted the measured data at two
locations remote from the crack tip. When the analyses were repeated using temperature-dependent
material properties and considering both the plane stress and plane strain assumptions, no
improvement was observed in matching the measured data.

Published data indicate a pronounced axial variation in the measured CMOD and crack-
extension for the PTSE-2A transient, implying the existence of significant 3-D loading effects.
Additional studies should be performed to determine whether further advances in the understanding
of events in the PTSE-2A transient can be extracted from models incorporating this axial dependence
in the measured data.
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Table 1. PTSE-2, geometric parameters of
PTSE-2 vessel

' Parameier.........._ ,',',,,....................... .i .i. ............,,,value...........

Inside radius (mm) 343.0
Wall thickness (w) (mm) 147.6
Flaw length (mm) 1000.0
Flaw length (a) (mm) 14.5
a/w 0.O98

Table 2. PTSE-2, tenqle properties for PTSE-2 vessel

.............. Material A' ...........Material Ai' '" Material Bb ''
..... (set 5) (_set7)

Elastic modulus, E (MPa) 2.111 x 105 1.98 x 105 2.023 x 105
Poisson's ratio, v 0.3 0.3 0.3

R'I_ yield stress, ay (MPa) 255 375 430
RTc ultimate stress, o, (MPa) 518 ? ?
- , ,l ill

• = Low upper shelf test material
b = Carrier vessel material
c __.Room temperature
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Table3.PTSE.2,physicalpropertiesforPTSE-2vessel
i ill

Heatconvectioncoefficient...................................(SeeFig.9)
Thermalconductivity k - 41.54W.m"I.K"I

Specificheat c = 502.4J.kg"1.K"I
Density p = 7833kg.m"-_
Coefficientofthermalexpansion • = 14.4x 10-6K'I

.... t i i, : ,n,i_ i - ii,,,,,, ,,,,,,_,, ,lllll i,,,ll M,,,fl,, I I I| I I r

Table4. PTSE-2,frqcturepropertiesforPTSE.2material

.......... Wi e....... Provertv

NDT temperature(°C) 49
OnsetofCharpyuppershelf 150
(100%shearfractureappearance)(°C)

CharpyuppershelfEnergy(J) ~ 50.75a
Charpytransitiontemperature(°C)
At 50% shearfractureappearance 90
At0.89-mmlateralexpansion 98

-- . ---'_ - ,,,, ,, ,, r, .... ,,_........... _._ ,,,,,,............ ,,_,__

aRange for all depths in plate. The average at I/4 depth is -68 J.
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Table 6. PTSE-2, experimental pressure vs time values
for P'I_E-2A and -2B at selected time steps'

- - _P_E.2A .... ...... PT_E:2B....._,] : _ 11111 - - i i

Time Pressure Time Pressure

........(0 (MPa) .....(_$) fMpa)
i

110 60.0 157.2 2.7
120 60.5 159.6 2.9
130 61.2 161.9 3.0
140 61.8 164.3 3,0
150 62.2 167.9 3.1
160 62.6 171.5 3.1
170 63.0 178.7 3.2
180 63.2 185.8 3.4
185 62.8 193.0 3.2
200 46.5 200.2 2.9
220 31.5 214.5 2.5
240 21.5 228.8 2.5
260 14.8 243.2 2.6
280 10.4 271.8 2.4
310 10.8 300.5 3.1
340 11.1 329.2 5.5
345 16.7 350.7 9 3
350 26.5 365.0 11.2
355 36.5 386.5 16.3
360 45.8 400.8 20.1
365 52.5 451.0 34.9
370 49.4 501.2 50.0

551.3 62.9
572.8 ,66.9
575.7 67.3
576.0 65.1
576.7 62.3

aTimet= 112sand i55satstartofthermal

transientforPTSE-2Aand-2B,respectively.
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Table 7. PTSE-2, events identified by transient data in FI_E.2A and .2B

...........Evept_ _.................., _ _..... .......(s_ . Evidenc_ofevent......,

PTSE.2A

Initiation of thermal shock ~ 112 Outside surface temperature
Initial tearing 112-184.6 Analysis and CMOD
First maximum KI 184.6 Calculated KI; CMOD, pressure
Minimum KI 341.8 Calculated KI; CMOD, pressule
Precleavage tearing 341.8-361.4 Analysis and CMOD
Initial cleavage propagation 361.4 CMOD
Crack arrest 361.4b CMOD
Axialcrackpropagation 361.4 StrainandCMOD gagesbeyond

endsofinitialflaw

Postcleavagetearing 361.4-365.6 AnalysisandCMOD
Finalmaximum KI 365,6 CalculatedKI,CMOD, pressure

PTSE.2B

Ir_tiationofthermalshock ~ 155 Outsidesurfacetemperature
Precleavagetearing 155-575.8 AnalysisandCMOD
Cleavagepropagation 575.82 CMOD
Crackarrest 575.82b CMOD

Postcleavagetearing 576.2-576,7 AnalysisandCMOD
Ruptureofvesselwall 576.7 Pressure,CMOD, strain

....aTime afterStariofscanningbytl_edataacquisitionsystem..................................
bTil,aeintervals<10 ms cannotbe resolvedbythedataacquisitionsystem.
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Table 8. Fracturefeaturesshownin Fig. 14.

Deeper
Azga___....B_ndary ..............._Dcs_i.ntio_n........__...................

A Yl Crackedelectron-beamweld,smooth
darkgray

B Ya Precleavageductile tear in PTSE-2A,
darkgray,rough

C Y3 Cleavage fracturein PTSE-2A,light
gray

D y, Postcleavageductile tear in PTSE-2A,
brownor grayband

E Ys Precleavageductile tear in FTSE.2B,
mediumgray

F Y6 Cleavage fracturein PTSE-2B,
lightgray

O Y6 Narrowbandof ductile tearing,
mediumgray

H Y7 Same as F

I Ys Postcleavageductile tear in PTSE-2B

J Y9 Light.grayshearlip in ruptured
portion,,unbrokenligament,verylight
gray,nearboth ends of flaw
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Table9. PTSE.2, dimensionsof fracturefeatures
of the PTSE.2 flaw

._....F©aturc___,__..___._.. __ __.........................(mm_ _,_

EB weld crack (Ys) 14.5

initial ductiletear (Y2) 22.:5

Firstcleavagecrack(y3) 39.3

Intermediate tear

Firstphase(y_) 42.4
Secondphase(Ys) 46.1

_cond cleavagecrack(y_) 78.8

Momentaryarrestsiteb (Y6) 69.2

aAveragetotaldepthoffeatureoverthecentralpart
(-400 mm long)oftheflaw.

bThislinearfeatureisdlstlnctfor500mm inIxith

directionsfromthebeltlin¢,itisgenerallyanarea
ofductiletearingfrom0.5to1.5mm wide.
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Table 12, Stress.plastic.strain modules H' for HSST wide-plate material
(I.ISST plate 13A of A 533 grade B class 1 steel)

II _- [__ _- ___.__ ....... _ ................ _ ........ __ ..... ___ ....... I[ 11111 _[ II I i I111 _ ................. _1

Plasticstrain interval Temperatureinterval H' = Ao/Aap
(gt) (°C) (MPa/%).............. ......... _ _ " " -- ...... _ ll]ll ] .]_ ..... ......... l ...... lllllllll Ill II __ l l L ll[l _ _ _ ----w:i'-- L

<1 .1_.00 < T < .72,78 0,345
-72.78 < T < 37.78 16.044 +.0.214 T
37.78 < T < 148.89 21.787 + 0.062 T

148,89 < T < 260,00 -24,407 + 0,372 T
ram*

1-2 -125.00 < T < 260,00 37.23

2-4 .125,00 < T < 260._ 26,579- 0,00776 T

4.8 .125,000 < T < 37.78 11,228- 0,0599 T
37.78 < T < 260,00 8,96

8-12 -125.00< T < -17,78 -0.0276 - 0.0403 T
.17.78 < T < 260,00 0,689

,ira
........ Illllll I I [ - _AL_r -- __ --- __ IlllllIT ..... Illl .
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Fig. 1 PTSE-2A, test vesseland crack geometry for transient A (ORNL, USA).
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Fig. 4 PTSE-2, schematic view of pressurized-thermal-shockvessel inside shroud.
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Fig. 6(a) PTSE-2, crack-arrest toughness data l'orcharacterization piece PTCI. Upper-
toughness curve is least-squares fit to data shown. Lower-toughness curve is
similar fit to _l-adjusted data (points not shown).
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Fig. 6(b) PTSE-2, fracture toughness data for characterization piece PTCI. Two lowest points
are only valid Klc data. Upper.toughness curve is least-squares adjusted and
rate adjusted points.
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Fig. 7 PTSE-2, comparison ot' J-integr.I (Jm) resistance curves at three test temperatures
fi)r 'IS orientatk)n near plate suri'ace o1"characterization block PTCS.
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Fig. 8 PTSE-2. temper_,tur¢ ,nd pressure vs time diltiIrecorded by PTSE-2 tr,nsients:
(_l) PTSE-2A _lnd(b) PTSE-2B.
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Fig.9 PTSE-2A,time.dependentvalues()i'h(hcntconvccti()nc(¢l'ficicnt)llndTB (bulk
c(_innttemperature)est,hlishedfr()mpretestthermos-hydraulicmeasurementandheat
transfcr,nalyscs.FinalORNL pretestanalysesincludedvariants()fh 10% alx)veand
belown()rmal.
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Fig.11 PTSE-2A,CMOD vstimeduringearlyphrseol' P'I'SE.2Ameasuredtit centerof
tluw (z = O) lind 1110mm below center (z = -llX) mm) by gugesYES4 and YES3,
respectively(seeFig.2).The YES4 ciutputwasmlturallybi!iscdbyincorporationof
a dummy gage inthe bridgecircuit.The YE83 outputhllsbeen adjustedby
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Fig. 34 Effect of temperature on longitudinal tensile properties for HSST plate 13A, A 533
grade B class 1 steel (specimens from center half of 18.7-cm-thick plate).
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Fig. 35 Multilincar representations ot"uniaxial stress-strain behavior of HSST plate 13A of
A533 grade B class 1 steel.
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Fig. 38 Unsatisfactory rccirculation pump flow.time response. This shows an anomalous
mismatchof flows into and from the shroud•
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FALSiREResultsfor NKS.3 and NKS-4

Ludwig 8tumpfrook

MPAStuttgart

University of Stuttgart, FederalRepublloof Germany

Abstreot

IntheframeworkoftheprojectNKSfundedbytheFederalMinisterofResearchand
Technology,MPAStuttgartconductedupto now7 pressurizedthermalshock
experiments.The purposeof theexperimentalandnumericalInvestlgatloneinthe
researchprojectwasto studythecrackpropagationbehaviourofcircumferentialflawson
theinnersurfaceofthe testspecimens.ExperimentsNKS-3andNKS-4 wereselected
asreferenceexperimentsintheprojectFALSIRE.

In thispaperwegivea reviewoftheexperimentsandtheexperimentalresultsandan
overviewoftheanalysisresultspresentedattheFALSIREworkshopin 1990.

It isshownthatthepostcalculationsoftheNKS3 specimenduringtheCSNI project
FALSIREprovidedfracturemechanicsresultsina relativelysmallscatterband.The NKS
4 resultsshoweda greaterscatterband,butthemainreasonscouldbe explained.

1 Introduction

The pressurizedthermalshock(PTS)researchintheFederalRepublicofGermanywas
initiatedinthemidseventies,intheframeworkof theHDR.safetyresearchprogram/1/
cyclicthermalshockexperimentsonplates,intermediate-sizedtestvesselsandlaterona
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nozzleofthe HDRpressurevessel,havebeen_rformed. In 1982,a research
programwaslaunchedat MPA/2,I, tostudythevariationofmaterialparameterslike
up_r shelfenergyor nilductilitytemperature,_. Alsothecrackconfiguration
was rededwhile_ilng withthe tame tem_rature andthesamepressure(except
oneepeemen),1abJL1..

Besidetheexperimentalinvestigationsextensivenumericalstudleshavebeendoneto
verifyfracturemechanicsmethodslikethe J-integralmethodorthe twocriteria
method.

2 Dimorlptlonof the experiments

Inalltheexperimentsthetestspecimenwasa thickwailedhollowcylinderwithoriginal
(RPV)wallthicknessof200 ram,outerdiameterof800 mm andlengthof1100 ram,
_, see e.g,/3, 4/. In theNKS3experimenta 3_" circumferentialprefatigued
notchwitha/t ,, 0,3 was investigated.TheNK$ 4 crackformwassemielilpticalwith
a/2c- 1/6 anda/t = 0,15,..tJgjzr.g_.

Theactualspecimenwas lengthenedwithpass-throughsforthemeasurementcabals
endthecoolingpipes,reap.,andweldedongripsforthe 100MNtensilemachine.The
specimenwas heatedontheoutersurfacewithan electricalresistanceheatingupto
about300°Cattheinnersurface.Thecoolingwaterflowedverticallyfromthe lower
sideto theuppersideofthespecimen.The relaxedcoolingwaterflowedina 100m=
waterreservoir.A lowpressurepumpfedthehighpressureinjectionpumpswhich
pressedthewaterintoa sprayingdevice,_. Thecoolingof the innersurfaceof
thespecimenviathissprayingdevicewaseveninlongitudinalandcircumferential
direction,rasp.

The behaviourofthespecimensunderthePTSloadingwasrecordedwithvarious
measurementtechniques.Measureddatasuchas temperatureprofilesthroughthe
wallthickness,strainson Innerandoutersurfaceandcrackmouthopening
displacementwereusedforthedetailedpost-testanalysesduringthe research
programor afterwardsInthe FAL.SIREproject.

3 Experimentalresults

3.1 NK8 3

andj_tLshowtheinternalpressuresandtheouteraxialload,reap.,vs,time.
The measuredtemperatureprofilesnearthecracksectionis delineatedIn_. A
similardistributionoftemperaturewasprovidedInnearlyallexperiments.The axial
strainontheInnersurfaceina section184mmabovethecracksectiontsshownIn
_. ThethermalstrainIs subtracted.The strainincreasesslowlyproportionalto
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themechanicalload.FollowingPTSa suddenIncreaseInthestrainmeasuredonthe
innersurfaceIs provided(as expexted).The maximumvaluesare reachedafterabout
3 minutesandthenthe strainsdecreaseslowly.The sameperformanceshowsthe
measuredCMOD,exceptthemaximumwas roachedafterabout7 mlnutes,.fig_

The crackdepthmeasurementonthecrdc' face followingthe laboratoryinduced
brittlefractureprovidesan averagedcrackextenstunof 3,6 am. The crackdepth
beforePT$ experimentwas between55 mmand7_ am, andafterthe testbetween
81 mmand 78 am, _jg_.

2.2 NK$ 4

and6b showtheinternalpressureandtheouteraxialload,reap.,vs.time.
The measuredtemperatureprofilesnearthecracksectionis delinatedinJigS.
The axialstrainontheinnersurfaceina section184 mmabovethecracksectionis
t;hownIn..tJgl_. Thethermalstrainissubtracted.FollowingPTSa suddenincrease
inthestrainmeasuredontheinnersurfaceis provided(asexpected).The maximum
valuesare reachedafterabout3 minutesandthenthestrainsdecreaseslowly.The
sameperformanceshowsthemeasuredCMODexceptthemaximumwas reached
afterabout7 mlnutes,_.

The crackgrowthmeasurementsonthecracksurfaceprovidemaximumstable(:rack
extensionofabout1,5 mmand0,8 mm forthetwosurfacecracks,fJgJ4B_l_.

4 Numericalresults

The followingresultswerepresentedat theFALSIREworkshopInBoston,1990,and
partlycompiledintheFinalReport/5/.

4.1 NKS3

showsthesummaryof thefiniteelementapplicationsIncludingtheessential
dataaboutthenumberofunknowns,thebasicmatedallaw,theIntegrationruleon
elementlevelandtheiterationmethod.Allmodelsare2D axlsymmetdo(7
applications).DifferentcommercialandInhousefiniteelementpackageswereused.
ThefracturemechanicsanalysisisbasedontheJ-integralorlocalapproach.
showsthesummaryoftheestimationschemeapplications(2 applications).Therethe
fracturemechanicsanalysisIsbasedonJR.curveandontheR6-method.

givesthematerialcharacteristicsusedinthedifferentFEanalyses.

Fiqures15,17 showthetime historyofCMOD,axialstrainatthe Innersurface184
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mmabovethe (:racksectionandtheJ-Integrnl.Thedifferencebetweenthe FE results
arequitelittle.The J-integralvaluescalculatedwithestimationschememethodslayIn
theecatte_and ofthe FE results.In_ theeffectivestressduetoyonMlses,%,
onthe ligamentofthecracksectionIs givenforonecharacteristictimestep(5 minutes
afterstartingthethermalshocktransient).As expected,thestressdistributionstrongly
dependsonthe approximationofthestress-straindata.Inoneanalysisa verylow
yieldstressIsusedwhichresultsinlowerstressesontheligamentduringthetransient.
The differenceIntheeffectivestresscalculatedarelittleIntheligament,exceptInfront
ofthe cracktip.

showsthestresstrtaxlalltyparameterq infrontofthecracktipforthesame
timestep.The stresstrlaxtailtyq Is definedas q ,, 30H/Ov,where3oH isthefirst
tnvarlantofthestresstensor(oHIs calledthehydrostaticstressportion).The courseof
q Inthe ligamentIs similarforall timestepsInnlianalyses.

Fora typicalCT25-specimenandtheNKS3 specimen,reap.,the stresstriaxialityIs
depictedin_g_, expressedby-,/3/q.The(:rackgrowthvaluetsdeterminedby
comparingtheJR-curveandtheJ,,_ coursevs. time,J]gJ4rJI.Y,.1..Theq-valuesare
closetoplanestrainvalues,therefore,cre_ growthcanbe evaluatedwithcrack
resistancecurvesofCT25 specimens.Theanalysesgivecrackgrowthvaluesof
about3 to4,8 mmsimilartothescatterbandoftheotherresults.

The uncertaintyof thecalculatedcrackgrowthIs about$ % oftheinitialcrackdepth.In
thiscase,therefore,theanalysisresultsshow8 scatterbandwhichIsa(x_eptabletn
comparisonwiththeexperimentaldata.

4.2 NK8 4

showsthesummaryofthefiniteelementapplicationsIncludingtheessential
dataaboutthenumberofunknowns,thebasicmateriallaw,the Integrationruleon
elementlevelandthe Iterationmethod.Allmodelsare3D,exceptI (4 applications),
DifferentcommercialandInhousafiniteelementpackageswereused.Thefracture
mechanicsanalysisIsbasedontheJ-Integral,_ showsthesummaryofthe
estimationschemeapplications(2 applications).TherefracturemechanicsanalysisiS
basedonJRandonthe R6-method.

givesthematerialcharacteristicsusedInthedifferentFE analyses.

F!aums22- 24 showthetimehistoryofCMOD,axialstrainattheinnersurface184
mm abovethecracksectionandtheJ-integral.The differencebetweentheFE results
areconsiderableandresultfrommissingrotationalrestraints,fromanartificiallyhigh
yieldstressor fromdifferentreferencetemperatures.TheJ-integralvaluesprovidedby
estimationschememethodslayinthescatterbandof theFE results.In_ the
effectivestressduetoyonMlses,sv,onthe ligamentofthecracksectionat the
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deepestpointof thecrackIs givenforthetimestep 10minutesafterstartingthe
thermalshocktransient.The stressdistributionscalculatedare quitesimilar.

P:jgg/.¢_ showsthe stresstrlaxla!lty_rameter q at the crackcenterinfrontof the
cracktipforthe timestep10 minutesafter startingthethermalshocktransient.The
differencesin q are greaterthan inthe NKS3 calculations.Onlyforthe time step10
minutesthe coincidenceInq is satisfactory.

The stresstrlaxlalltyvaluesat the deepestpointof thecrackinfrontof the crack tipts
very closeto planestrainvaluesas Ina standardCT 25-specimen.In_gg/J..R,Zthe
stresstrtaxtalityis expressedby _/3/q,Nearthe surfacethereare nearlyplanestress
conditions,and thereforethecrackresistancecanbe der,crlbedby a CT 25-specimen
withreducedthicknessof 10 ram, ,_eefigure27. The err,okgrowthvalueisdetermined
bycomparingthe JRandtheJ,_N coursevs. time,Ij._'_.._. The analysesgivecrack
growthvaluesof about2 to 3.2rf'nm.The uncertaintyof the calculatedcrackgrowthIs
about4 % of the lnlttaimaximumcrackdepth.

5 Conoluslon|

The analysisof the PTS experimentNKS3 via finiteelementmethodsorestimation
schememethodsrepresentsan acceptablescatterbandinthe fracturemechanical
parameters.

ThisIs due to the relativelysimplegeometryof the testspecimen(axlsymmetrlc),and
dueto sufficientinputdata like materialparameters,fracturemechanicsparameters
anddue to the gooddescriptionofthe transienttemperaturedata. Stablecrackgrowth
couldbe wellpredictedwiththe JR-curvebasedonthe standardCT-Speclmendueto
the comparablestateof stresstriaxi;lltty.

In caseof NKS3 LoacalApproachas alternativeto JR-Curveperformswell infracture
mechanicsevaluationtoo.

The analysisof the PTS experimentNKS4 via finiteelementmethodsor estimation
schememethodsrepresentsan largescatteR)andtnthe fracturemechanical
parameters.

This is due to the complex3D geometryof the testspecimen.The inputdata like
materialparameters,fracturemechanicsparametersandthe gooddescriptionofthe
transienttemperaturedatahavebeensufficient.Stablecrackgrowthcouldbe well
predictedwith theJR-curvebasedon standardor modifiedCT.Spectmendue to the
comparablestateolstress triaxiality.
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Analysis StressAnalysis Fracture
Experiment Number Methodology Methodology
-::.:..... : i ,i ii iJl i,l,,,,,i, ,,,,I,I, " I • ,JIt :_ ................ '

NKS-3 12 Superpositionof closedform JR.curve;
solutionsfor stressesdue to J from handbook
pressureandthermalloading (Ref. 32)
(from Refs. 11-13)

13 Thermal stresses calculated R6, Option l
analytically from LOTUS 123 (Refs. 38-39)

Table 3a: Summaryof estimationschemeapplications(NKS 3)/5/

NKS-4 12 Superposition of closed form JR.curvc;
solutions for stresses due to J form handbook
pressureandthermalloading (Re['.32)
(from Refs. 11.13)

13 Thcrmai stressescalculated R6, Option 1
anai)'tic=_llyfrom LOTUS 123 (Rcfs. 38-39)

Table 3b: Summaryof estimationschemeapplications(NKS4)/5/
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Figure6a:Axialloadvstime(NKS3)
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Figure7:Measuredtemperatureprofilenearcracksection(NKS3)
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Figure8:Measuredaxialstrainvstime(NKS3)
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Figure9: Measuredcrackopeningdisplacementvstime (NKS 3)
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Figure 11" Measured temperature profile near crack section(NKS 4)
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Figure 27: Stress triaxialityvs ligament (NKS 4) and in CT-specimen
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COMPLEMENTARYRESULTSFOR NKS

PRESSURIZEDTHERMAL SHOCK ANALYSES

J. BROCHARD

CEA, CE Saclay,Gif-sur-Yvette,France

X.Z. SUO

EUROSIMSARL, Les Ulis, France

H. HOROWITZ

CEA, CE Fontenay,Fontenay-aux-Roses,France

][NTRODUCTION

in the framework of the CSNI project FALSIRE, we performed

bidimensional and tridimensional finiteelement computationsto analyseNKS3

and NKS4 experiments respectively. Results were presentedat the FALSIRE

workshop in 1990. After the workshop,we performeda new calculation,for the

NKS4 analysis,with a more refinedmesh to try to explain some discrepancies

between the fracture mechanicsparameterswe obtained and values presentedby

other participants.In this paper,we review brieflythe NKS3 resultsand then

we turn to the NKS4 problem.

COMPUTAT!ONALTECHN!OUES

Calculationsof NKS tests were performedin two steps :

- incremental non linear computationto determine stress and strain

fields at eac:Jtime of the thermaltransient,

- from tF,e_e stress ans strain fields,computationof the G energy

releaserate.
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The finite element computer code developped by CEA and called

CASTEM 2000 was used.

We didn't performe thermal computationsto determinethe temperature

distributions, but we interpolatedthe measured temperaturesat each nodes of

the meshes.

The meshes modelised a part of 550 mm high of the cy]indricalvessels,

and appropriateboundary conditions were used : symetry in the crack plane and

rigid movement in the axial direction in the upper plane.

Th_ elastic-plasticcomputationswere performedwith the hypothesis of

small displacements ans small strains, and consequently the engineering

stress-strain curve was considered. For plastic flow, the Von Mises criterion

was used and isotropichardening was assumed.Material propertiesdependance

with temperaturewas not taken into account, and we took the stress-strain

curve at room temperature,which is almost the average curve.

Tile multilinear stress-strain approximationused in our analyses is

plotted in figure I. The limit of linearity was defined by 2/3 the

conventionnalyield stress.

ANALYSIS OF NKS3 TEST

The bidimensionnalmodel used to analyse the circumferentialdefect is

shown in figure 2. The size of the quadraticelements near the crack tip is
5mm.

The computed G values are plotted in figure 3. The G value exceeds the

J1c value (J1c = 43 N/mm) during the applicationof the tractiveeffort and

becomes maximum 7 minutes after the beginningof the thermal shock.

The evolution of the equivalent stress along the ligament at different

times of the transient is one of the additional informationsused, in the

Final Report [1], to compare the differentnumerical results. A typical curve

five minutes after the beginningof the thermal shock is plotted in figure 4.

Just after the peak, values are very low in comparison with results of other

participants : the small yield stress we put in the stress-strainrelation

gives an explanation of this discrepancy.
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Another additional int'ormationis the stress triaxiality in the

ligament Cfigure 5). In front of the crack tip, values are high, almost equal

to 6, as for a plane strain configuration.

An .estimation of the stable crack growth was done, transferringthe

applied J values on a CT-25 specimen resistancecurve. The predicted value,

4.2 mm, is in good agreementwith the measured one : 3.6 mm (figure6).

ANALYSIS OF NKS4 TEST

Due to the symetryof the defects, just a quarter of the vessel was

modelled, using quadraticelements.The first model presented at the workshop,

in 1990, was very coarse, the ratio between the size of the smallest element

at the crack front and the crack depth being equal to I/4. The new 3D model is

shown in figure 7 ; the size of each element is two times smaller than in the

first mesh : almost 4 mm at the crack front (about 20000 degrees of freedom).

Results of the new elastic-plasticcomputationare compared with the

experimental values by means of comparison of displacementsans strains.

Figure 8 shows the axial strain at 184 mm from the crack plane versus time,

and figure g the crack mouth openingdisplacementversus time. Like with the

initial mesh, the numericalanalysis overestimates,by almost 15 %, the crack

mouth opening displacement.

The computed G values at the deepest point of the crack front are

plotted in figure 10. This figure explains'the discrepancy,pointed out at the

workshop, with values of the other participants.In fact, in the first study,

the G-value was calculatedwith a virtual crack advance restricted to the node

at the crack front ; the evolution of G versus time was equivalent to the

lowest curve offigure 10. in the new study, four virtual crack advanceswere

tested. The first one is localized on the deepest point as previously,and the

others are more and more extended in the row of elements leaning on the

deepest point and perpendicularto the crack front. The maps, figure 10, are

iso-value representationsof the B-fields used to simulate the crack advance.

The corresponding evolutions of G versus time show up a stabilization

tendency, but the G value obtained with the fourth B-field is almost 30 %

higher than the initialvalue with the first B-field. So the discrepancy in

our first study was due to an underpredictionof the G values because not

stabilized.
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The equivalentstress and the stresstriaxialityin the ligamentare

plotted in figures 11 and 12. In frontof the deepestpoint of the crack, the

stress triaxiality is almost equal to 6, characterizing a plane strain

configuration.

Accordingto comparisonof the stresstriaxialityvalues computedfrom

CT specimens and from NKS4 experiment, Huber and Guth [31 recognizedtwo

resistancecurves for the NKS4 experimentfractureassessment.Followingthese

indications, we put our stabilized G values, for the deepest point, on the

recommended (J, _a) curve.The predictedcrack growth is equal to 2.8 mm,

though higher,by a factor2, than the measuredvalue 1.5 mm.

CONCLUS!O!_

The global elastic plastic response measuredduring NKS3 and NKS4

experimentsis well predictedby finiteelementcomputations.

For NKS3, the JR methodology based on CT specimendata gives crack

growth assessmentin good agreementwith the measuredvalues.

For NKS4, the CMOD is somewhatoverpredictedby the FE analysisand,

in correlation,the crack advanceprediction using the J, concept is also
too high.
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Abstract

Step B test was carried out as one of the EPFM study in Japanese PTS integrity
research project. In step B test bending load was applied to the large flat specimen
with thermal shock. Tensile load was kept constant during the test. Estimated stable
crack growth at the deepest point of the crack was 3 times larger than the experimental
value in the previous analysis. In order to diminish the difference between them from
the point of FEM modeling, more precise FEM mesh was introduced. According to
the new analysis, the difference considerably decreased.

That is, stable crack growth evaluation was improved by adopting precise FEM model
near the crack tip and the difference was almost same order as that in the NKS4-1
test analysis by MPA.
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1. Introduction

Reactor pressure vessels (RPVs) used for Japanese PWR plants have lower copper
contents and preliminaryresearch showed that no PTS concern existed on Japanese RPVs
during their design service lives. However, it is requiredto get public acceptance about
the integrity by analyses and experiments and it is very useful to establish an _alytic.al
method and a database for life extension of Japanese RPVs. Japanese PTS mtegnty
study was carried out from FY 1983 to FY i991 as a national project by Japan Power
Engineering and Inspection Corporation(JAPEIC) under the contract with Ministry of
International Trade and Industry (MIT!) in corporation with LWR utilities and vendors.

This project is composed of model tests and .fractu.remechanics tests.,which include
PTS transient study. Model tests are pl_ned to investigate crack behavtors under PTS
conditions, using flat p.late specimens wtth an actual vessel thickness.

According to preliminary integrity analyses for PTS conditions, the following test
items were selected.

(1) PTS p_liminary test
* Venfication of fracture mechanics analytical method and our test methodology

by brittle crack initiation test
(2) Step A test

(a) A-I test
* Verification of no crack initiation under PTS events at the end of design

service hfe (It corresponds to the neutron fluence of 6×lOtgn/cm2 at the
inner surface of the typical PWR pressure vessel,)

(b) A-2 test
* Verification of no crack initiation under PTS events at the extended service

life (It correspondsto the neutron fluence of l×102°n/cm2 at the inner surface
of the typical PWR pressure vessel.)

(c) A-3 test
* Investigation of crack depth margin for crack initiation (2 times of crack

depth margin for A-I test was demonstrated.)
(3) Step B test

* Investigationof crack behavior in the upper shelf region and elastic plastic fracture
mechanics (EPFM) method

(4) Step C test
* Investigationof crackarrestbehaviorby using of fracturetoughnessgradientmaterial

(5) WPS test
* Investigation of warm prestressing (WPS) effect

Some of the above test results have been published elsewhere[l],[2],[3], [4].
Our main concern is to verify no brittle crack initiation under FTS events at the

end and some extended design lives and it has been verified by the Step A test series.
However, still we have an interest on crack behavior in the upper shelf region from
the viewpoints of reactor vessel integrity under level A and B conditions and general
fracture mechanics assessment for heavy section steel components.

There are some investigations on applicability of EPFM for RPV integrity in the
upper shelf region [5], [6], [7]. However, still more experimental data and analyses are
needed to verify and demonstrate the usefulness of EPFM. So, Step B test was carried
out in order to investigate fundamental crack behavior in the upper shelf region. We
have already published test data and analytical result using a new developed schematic
EPFM method in Reference [31. Its conclusion is that the stable crack growth of the
Step B test is conservatively estimated using the J resistance curves obtained by ITCT
specimens.

However, the estimated crack growth is almost three times larger than the experimental
value. This big difference may be caused by finite element mesh, triaxiality and scatter
of fracture toughness. It is very difficult to discuss these three factors at the same
time, So, in this paper Step B test is reanalyzed using finer finite element than in
the previous analysis and influence of the FEM breakdown on the estimation of stable
crack growth is discussed.
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2. Material Characterization

An A533B cl, l type steel with low toughness and high strength was specially produced
by controlling the chemical compositions and heat treatments. Chemical compositions
and heat treatments are shown in Table i.

Tensile tests, Charpy tests, drop weight tests and fracture toughness tests were carried
out at room temperature to 3000C, Fracture toughness data in the upper shelf region
were obtained by ITCT specimens according to ASTM E.813-81. Table 2 shows typical
material properties for the test material. Obtained J reststance curves at 200°C, 2500C
and 300oC are shown in Fig.l. Lower bound of K_cvs. temperature curve in the transition
region is expressed in Eq.(l).

Klc -- 20.2 + i 29,9e,tp{0.0161(T-138)} (i)

where

TKtc: fracture toughness [MPa'fm]' evaluation temperature [°C].

Table 1 Chemical compositions and heat treatments
(wt. %)

i C Si Mn P S Ni Mo
I __ i ill _ • ii i iiin ii -- -- L -- ..... _ _-

0.24 0.39 1.53 0.030 0.002 0.56 0.60
t ......._L_ ..... _ --

Quenching 970-985°C x 6 _ 50m_ WaterCooling
Tempering 545-555°C x 6 _'35_ AirCooling

Table 2 Mechanical properties of the test material

Tensile Prol_nies ................ c-harp_-va!ue Drop WeightTeSt
.............i.................*I *2 *3 !*-4 *5 ............................RTNDT

oy FJ vTr35 TCV-33 TNDT
(_'°_a),.`, vTr30 vTr50 vTrs USE (oC)(MPa)

(%) (oc) ' (oC) mils (oC) (j) (°C) (°C).................................... _.°C)____. _............ ._ . ,
I

777 943 19,4 95 130 1511109 101 139 70 139
)

• 1 3Oft-Ib (41 J) transition temperature *4 50% shear transition temperature
•2 50ft-!b (68 J) transition temperature *5 Upper shelf energy
• 3 35mils (0.9mm) transition temperature

'" "I/[ ! ='°I "

* 3 0g i'i- ; i
as (ram) aa (mm) as (mini

Fig.l JR curves of the low toughness A533B cl.I steel

2O3

I I IIIII I H



3. Experiment and Its Results

3,1 Experimental Facility
Fig.2 shows the experimental facility which consists of a tensile and bending load

test rig, a coolant storage tank, a refrigerator,a coolant pump, a steam line, piping and
equipments for welt,in.g and instrumentation of specimens.

Maximumcapacittesof tensile andbendingloadsare 19.62MN and4.90MN, respectively.
Coolant is water or ethyleneglycol and temperaturecan be controlled from about 90°C
to OoC by using the steam line or the refrigerator.

A test specimen is settled between two pin joints of the test rig. The joints have
bail bearings and the specimen is simply supported even under the tensile loading in
engineering sense.

COOLANT
I_,_=BTORACE

,,,.coou,oCO,OENS,
w.T.T..K .f,.,oE.Aro.

_;_iC SOURCE

WATERPUMP

_i__P_ oo_ANf m_.l__7_._!rCk._, --__ DEVICEC_

TENSILE AN[
BENDING LOAD

TEST RIG LINE ;TRUMENTATION
)ILER

Fig.2 Experimentalfacility for the model test

3,2 Test Specimen
A schematic drawing of the test specimen is shown in Fig.3. The specimen is

170ram in thickness, 75Gram in width and 6900ram in whole length. An initial crack
was preparedat the center of the specimen surface by electric discharge machining and
cyclic four-point bending load.

Initial crack depth by non-destructive inspection was 20.1ram. Thermocouples and
strain BaBes were installed and the cooled surface was sprayed with a kind of coatmg
material. A coolant channel was settled in order to cool the lower surface with the
initial crack and the whole specimen was wrapped in insulation,

Fig.3 Detail of a large scale flat plate specimen
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3.3 Test Procedures and Results
' ¢ '_nThe test specimen was settled between two pin hole joints of the test rig and mamtan ed

at a temperature about 322°C prior to the test, A tensile load of 17,87MN was applied
and kept constanl during the test, Bending load was applied with thermal shock loading
simultaneously. Coolant was water and initial temperature was 91°C, Bending load
was automatically controlled according to the intended loading program by the previous
analysis in order to aenerate stable crack growth,

Electronic potential output to check the crack initiation suddenly changed at 93 sec.
and it suggests that ductile crack initiation took place at that time,

Solid hnes in Fig,4 are temperature distributions through the thickness at the cross
section of 20e.ffnm away from the center of the specimen, At 140 sec, after the start
of thermal shock, bending load reached a load of 3,13MN and 10 sec. later the bending
load was gradually decreased by manual control, Bending load was completely unloaded
at 200 'see, and tensile load also completely unloaded at 3!5 see,. The above-mentioned
loading history during the test is shown in Fig.5.

p, x p.

" tll -cl,U

:!00 I I'3_T4TSdan;10dm10dm48I "-I
•--,.-- MIAINRID "_i...... T2_-_ d=10 _ |_

Ioo- .--- CAO.¢UkATUO ] I ....... W-- -- lC_XUO
i _ l..... =1

al IMI'AN(:I lqtOtl

0 ...............'O_ -- " --_00 - - 300 ooo_.no_A=n (,,,,,,,)
TIME(to©) thee=macro,x.x

Fig,4 Time historyof temperaturedistribution

31-BENDING _ _i,

o ....,, .......L ............_ °
0 leo 20o 300 4o0

TIME(sam)

P"ig._ Time history of tensile load and bending load

A solid line in Fig.6 is a measured value o1" the dellection at thu center of the
specimen. A strain gage output at the cooled surface is shown in Fig,7 by a solid
line, Tile location of the strain gage is also shown in the same figure.
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It0 •

........ 1._ ,, ................. j

•2ol- \ p,,.a._s.,pv-o p,. I.,,...o
i I "% P,,17.OTO,Nv,.,.OT,NP,,lY.,MNi,,,O

it k / -'"'°"°- __2 ---<:<°°<,,,,°
t'_ \ / " i"'_r_"

'40b ,'% / WATER

. "'°°/,. ,_ -- p., THll.,LOA.Pv i lENDING LOAD

Fig,6 Time historyof deformationat the centerof the specimen

3.4 Fracture S.rface
After the test, in order to distinguish the stable crack growth during the test from

the enforced fracturesurface,cyclic bendingload wasapplied, After generatingfatigue

DISTANCEFROMCENTER (ram)
,40 ,ill ,11t 0 i5 31 611

,CHININGNOTCH.,...,,

I /1/1 t0,l .m"_ _!!"'--' 0,7mm"".... \ ' /',/// 0111ram0i 'm i,0mm ' 'l
//H

:FATIGUESURFACE(AFTER EXPERIMENT) o
L.._: FATIGUEEURFACE(FOR INITIAL CRACK).__ St, 81

:STABLE CRACKGROWTH / I J,,.o,i4mm
:ENFORCED FRACTURESURFACE _ E,,,O,lSmm

INITIALCRACKDEPTH 23.1mm _TABLE CRACKGROWTH
INITIAL CRACKLENGTH lllil,4mm DUCTILECRACK INITIATION

TIME 113Ill©

Fig,8 Initial crackandstablecrackgrowth(schematicdrawingof the fracturesurface)
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crackgrowththespecimenwasbroken

ate_34=C,- A schematicdrawin=ofm fracturesurfaceisshownmFT'g,8,
Measured initial crack was I i8,4mm
in length and 23,1ram in dep_ and
these values agreedwell with the
above-mentionednon.destructive
inspectionresults. The maximum
stablecrack growthwas0.9mm to v

l.Ommandit tookplaceatthedeepest I_:i -zX
po=ntof the crackor nearby, The
_tablecrackgrowthsatthecrackedges
were0,24mm and 0,25mm, respec- _"
tively,

4. Analysis

F!8,9 showsthe typicalthree-
dimensmnalfiniteelementmodelused
for the new analyses. According
to the symmetry,one fourthof the
specimenmsmodelled. A three- "_ x
dimensional20--nodebrick element
of MARC programwas used. In
thenewfiniteelementmodel,element
numberand nodenumberan=ii14

_d 5103,respectively. Crackfront
msdividedby twelve, Theminimum
nodelengthnearthecrackis 0,Smm slosNoeut114ILIMIN nl
and is edmost 22% of that of the uNrr=u

'U
prevto s finite element mesh size. Fig,9 Finite element breakdown of the test speci.

Fig,lO shows the history,of the men with an initial crack
measuredheat transfercoefficmenton
the cooled surface. As the first step,
temperaturedistribution during the test was calculated using the heat transfer coefficient.

Initial temperature of the specimen is 322°C _d a coolant temperatureof 91QC
is kept constant dunng the test, Boundary conditions for the analysmsare shown in
Fig.I I- Material properties used for the analysts are shown in Table 3.

Calculatedtemperaturedistributionis shown m Fig.4 by dottedlines. Again calculated
values agree well with the measured values.

0 O0 _00 300
TIME (see)

Fig.lO Time history of heat transfercoefficient
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. As the second step, thermo-elasto-plastic stress analysis was carried out. Same finite
element model as for the tem_rature analysis was used. Boundary conditions for the
analysis _ shown in Fi8.12.- , -

Calculated tem_rature dtstributton in Fig.4 and loading condition in Fig,5 were used
for the analysis. Material properttes for the analysis are shown in Table 4 and Table
5.

A B ¢ D

jj/ PIN HOLE

COOLINO_ "_'_
AREA

A B ¢ D

0 _. X(turn) 1{100 _1300 3480

' INITIAl,,TEMPERATUREOFTESTSPECIMEN
SECTIONA.B _'C
SECTIONI1-O LINEARLYDECREASED

PROM:120"OTOll0'0
SECTIONC'O 80'0

' OOOLANTTEMPERATURE91'C
HATCHEDAREA18COOLED,

. OTHERPARTIOFTHESPECIMENARE
INSULATED,

Fig.II Boundaryconditionsof the thermal load

L 'Pv lOP

1

UNIT_

ONEFOURTHOFTHESPECIMEN18MODELED
PH, 17.87MN

TIMEHISTORYOFPV18OIVENINetO.8

Fig 12 Boundarycondition.,_ot' mechanicalh)ads

"['able 3 Material prop:riles for temperatureanalysis

thermalconductivity sNcit'ic heatcapactly density i

k IW/m°C) C IKJ/k8°CI p Ikg/m_j

39.54 0,502 7850[ .... f l H,, ,,,H , .. ,,,| , , .... ,,,,,.
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Table 4 Young's modulus and coefficient of thermal expansion

_MPERATURE YOUNG'S MODULUS COE_ICIENT OF
(°(2) (MPa) THERMAL EXPANSION

(IPC)xlO'

30 205900 i,106

75 204000 1.178

i00 203000 1,210

150 200000 1,280

200 197100 1,35 I

2aiO 194200 1,420

300 190300 1,484

Table 5 True stress-true strain relation

30'C STRESS 75,C STRESS i00_C STRESS
PLASTICSTRAIN (MPl) PLASTICSTRAIN (MPa) PLASTICSTRAIN (MPn)

0.0 677 0.0 647 0.0 628
0.0025 780 0.0025 760 0.0025 755
0.005 809 0._5 789 0.00S 780
0.01 843 0.01 814 0,01 809
0.02 885 0.02 863 0.02 858
0,04 929 0,04 932 0,04 922
0.06 981 0.06 971 0.06 961
0.10 1035 0.10 1013 0.10 1000

i50°C STRESS 200°C STRESS 2500C STRESS

! PLASTICSTRAIN (MPa) PLASTICSTRAIN (MPa) PLASTICSTRAIN (MPa)

0,0 S98 0,0 598 0,0 598
0.0025 7_ 0,(_J25 736 0,0025 736
0.(105 770 0,005 760 0,(305 780
0,01 794 0.01 792 0,01 814
0,02 843 0,02 836 0.02 85a
0,04 902 0.04 897 0.04 912
0.06 941 ()._ 939 0,06 95 I
0.10 983 0,10 990 0,10 990

3IXI°C STRESS
PI,AST!CSTRAIN (MPa)

0.0 579
0.(1025 726
O,(X)5 765
0,01 814
0,02 _173
0,04 t_29
0.06 t)t,,4
0,I0 990
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A dotted line in Fig.6 is the calculated deformation at the center of the specimen
and it agrees well with the measured value. Also shown by a dotted line in Fig.7
is a calculated axial direction strain. The calculated strain agrees well with the measured
value but the value is slightly smaIier than that i. the previous analysis.

As thethirdstep, using _e the_o-elasto-plastic stressanalymsresults,fracturemechanics
analysis was camed out. J-integral developed by_Aoki and others [81 was used as .a
fracture mechanics parameter, Paths to calculate ,j.integrals around the initial cr+,e:,+ ttp
were taken as shown in Fig,13, Fig, i4 show_t,,].integrals at the deepest point of the
crack in three paths, Even m case of unloading, J-integral still has good path independency
as expected and path independency is improved than that in the previous analysis.

Y

Z

INT|QRAL PATH

+- •............ _ ......4 , -: ,!,,.... _,,,_,,,_ - OOeOC
60- _ ....................... lk

L........ -- ......... _ - 40eoG
:. .......................... :--_ -_ : .L :lOleO

++.............. _ MECHANICAL
0 ...... _ + ....... ...... - .... LOAD(Os_)

laATHt PATH+ PATH3

Fig.14 Path independency of J-integral at the deepest point of the initial crack
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F!g.15 shoves,the mean v_ue of J-integrals at three paths on _e crack front. As
shownm Fig. IS, J-integral isslij'ntly oscillatingbuttheconfigurationof J-integral distribution
on the crack front zs reasonable.

From theseanalyses,it is judged that FEM meshsize near the crack tip is sufficiently
small for stable crack growth analysis.

Unfortunately we have no fracture toughness data corresponding to the crack edge
temperature available, So only ductile crack growth at the deepest point of the crack
was analyzed. According to the previously developed schematic evaluation method of
ductile crack behavior under mechanical and thermal loading, stable crack growth of the
Step B test specimen was again evaluated. The concept of the rncthod is mentioned
in _eference [3].

Crack shapes for the stationary crack model is shown in Fig.16. It is assumed
that the crack grows at the same ratio in the normal direction of the crack front as
the measured stable crack growth from the initial crack.

Same finite element models as that of the initial crack were used for the analyses
to reduce numerical errors. Loading condition in Fig.5 was used. Fracture toughness
curves at upper shelf temperatures were prepared using Fig, l.

Average J-integrals of three paths at the @epest points for initial crack and postulated
crack configurations in Fig,16 are plotted as J-integral vs, crack tip temperature curves.
Obtained results are shown in Fig,17. From this figure stable crack growth is estimated
to be 2.0rnm at the deepest point of the crack, while measured crack growth is approximately
0.grnm. On the while, in the previous analysis, the estimated stable crack growth is
2.Srnm [3]. It means that stable crack growth analysis is considerably sensitive to the
crack tip mesh size and overestimation of the ductile crack growth reduces by adopting
finer mesh near the crack tip, In NKS4-1 analysis of one of the PTS experiments in
MPA, the experimental crack growth at the deepest poiilt of the crack is alrnos( 50%
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of the estimated value and that in average near the deepest point of the crack is about
40% of the experimental one. [5] These data have good coincidence with difference
between the experimental crack and estimated value in Step B test.

YA HYPOTHLrrlCkL DUCTILE CILACK GROV_I'_ 2

25 8ram T / HYPOTHETICAL DUCTILE _RAC K GRoW'T. t

24.omm/A __,---_._.,

0
50,2ram

Fig.16 Models of crack shapes for stable crack growth analysis

00
A

.__J

.... Jn

"'" lr_uc250 -

"'"'"" " -.. t.l,m._ _.
........ 2.0ram

E 2oo- "........... 1.Smm
E -... 1201mo

150 - ".-

,,= . O._nm

......... 0.Smm

100 - _ .... ---- "..... 0.3ram

Aa---0.gmm ...... _oJ¢
Aa--0mm m

Aa--2.Tmm
SO - 180sec 60sec

40Nc

O I I l Osec /
150 200 250 300 350

TEMPERATURE (°C)

Fig.17 Ductile crack behavior evaluation curves in the upper shelf temperature region
and predicted crack growth at the deepest point of the crack

5. Conclusion

As one of the test items of Japanese PTS project, a fundamental study of EPFM
using a fiat plate specimen was carriedout. A semielliptical surface crack was prepared
by fatigue and tensile and bending loads were applied with simultaneous thermal shock
in the upper shelf region. According to the post test fracture surface observation, the
stable crack growth at the deepest point was 0.9mm.

In the previous analysis estimated stable crack growth at the deepest point of the
crack was 2.Smm and it was considerably larger than the experimental value. This big
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difference may be caused by finite element mesh, triaxiality and scatter of fracture toughness.
In this paper, from the point of mesh refinement, reanalysis was carried out. In the
new analysis, the minimum node length is 0.5mm near the crack tip and is almost 22%
of that of the previous mesh size. Material properties for the analysis are exactly same
as those of the previous analysis.

According to the new analysis, path independency is improved and estimated ductile
crack growth becomes 2.0mm. That is, overestimation of the ductile crack growth reduces
by adopting finer mesh near the crack tip. The difference between the experimental
crack growth and the estimated value is in the same order as that in the NKS4-1 test
analysis by MPA. To reduce overestimation still more, it is necessary to investigate
the effects of the other two factors.
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ANALYSIS OF JAPANESE PRESSURIZED TllERMAL SIIOCK EXPERIMENT

(STEP B TEST)

Charles W. Schwartz

Department of Civil Engineering
University of Maryland

College Park, MD 20742

INTRODUCTION

Two different 3D fracture analyses of the Japanese Step B pressurized thermal shock
experiment have already been performed by Okamura et al [1,2]. As it is unlikely that a third
3D analysis will produce results significantly different from these prior studies, the focus of the
present investigation is on the reasonableness of 2D analytical approximations to the Step B
experiment, The evolution of crack tip constraint during the PTS transient is also evaluated
using the 2D analytical approximation.

Details of the experimental configuration, mechanical and thermal Ioadings, material
properties, and measured results are described by Okamura et al. [1,2] and will not be repeated
in detail here.

ANALYSIS MODEL

The initial flaw in the Step B experiment was a semi-elliptical surface crack having a
half-width of approximately 59.2 mm and a maximum depth of approximately 23. I ram. In
the present investigation, this surface crack is modeled as an equivalent 2D through-thickness
crack. However, the crack depth is adjusted in the 2D case because the crack driving forces
(K or J) for a through-thickness crack will be greater than those for an equivalently deep
surface crack under the same applied mechanical loading (tension and/or bending). The
adjusted 2D crack depth is determined by equating the analytical LEFM K values for a through-
thickness crack and the deepest point for the actual surface crack (analytical solutions tabulated
in [3,4]). For the Step B test, this procedure yields an adjusted 2D crack length of 15.5 mm,
a 33% reduction from the actual 23.1 mm maximum depth of the 3D surface crack. The
computed adjustment is essentially the same for both tension and bending analytical solutions.

Note that for PTS loadings, such as those in the Step B test, the 2D crack depth
adjustment outlined above can only be justified as a very. crude approximation. The adjusted
crack tip location will now be shifted relative to the PTS temperature fields, and thus the
thermal stresses at the adjusted 2D crack tip will be greater from those at the deepest point in
the 3D surface crack. This should translate into higher crack driving forces in the 2D analysis,
even though the crack depth adjustment procedure is based upon equating the crack driving
forces caused by the mechanical loads.
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1
The finite element mesh used to analyze the crackedspecimen is shown in Figure 1.

Due to the symmetry of the problem geometry,and loading about the crack plane, only one-half
of the specimen was modeled in the 2D analyses. The mesh contains 3141 nodes and 978 8-
node reduced integration (2x2) plane strain isoparametric elements. The full specimen
geometry including the loading pins and tabs is modeled in the analysis (Figure la). Eight fans
of elementsconverge on the crack tip (Figure lb) and the 17initially coincident crack tip nodes
are free to deform independently during the analysis. The discretization is sufficiently fine to
permit adequateresolution of the stresses and strains within distances on the order of 5 crack
tip opening displacements (CTODs) from the crack tip; the radialdimension of the elements
at the crack tip is on the order of 0.05 mm (r/a on the order of 0.003). All finite element
calculations were performed using the ABAQUS analysis code [5], and all pre- and post-
processing was performed using PATRAN [6].

The materialstress-strainbehavior was modeled using a Ramberg-Osgooddeformation
plasticity constitutive model:

s/so = cr/ao+ a(a/ao)" (I)

Very little significant temperaturedependencewas found in the reportedstress-strainproperties
for the Step B plate material over a temperature range of 30 to 300°C. The material constants
were therefore assumedindependent of temperature,with the actual values weighted towardthe
measured values at the higher temperature levels (appropriate for the Step B test conditions).
The values used in the analysis for the material constants are as follows:

E - 192,250MPa (2a)
v = 0.3 (2b)
Oo= c_y= 588.5MPa (2c)
cl = 0.065 (2d)
n = 11.9 (2e)

The thermal, expansion coefficient was set at !.452x10_'/"C. As shown in Figure 2, the
agreement between the Ramberg-Osgood uniaxial stress-strain curve and the measured stress-
strain curves at the various temperatures is quite good.

The measured PTS transient was used as the loading conditions for the analysis. A
transient thermal analysis was not performed', instead, the measuredtemperature profile history
was used as input to the analysis. The measured temperature profiles were assumed to apply
uniformly over the central heated/cooled section of the specimen and to vary linearly between
the edge of this section and the remote loading tabs. The present study analyzed the PTS
transient up to the peak response of the specimen only.

A large displacement,small strain formulation was employed in all of'the finite element
calculations. As will be shown later, the large displacementpart of the formulation is required
to model adequately the P-6 bending moments in the specimen in the deflected condition (P
= applied axial tension force: 8 = centerline deflection). The small strain part of the
formulation was adoptedin part to eliminate convergence problems often encountered in large
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strain analyses of highly refined meshes loaded over large ranges. More Jmportealtly, the small
strain formulation was adopted because it provides an adequate model for the phenomena being
studied in this analysis Although the small strain formulation cannot correctly model the stress
and strain fields and crack tip blunting in the ve_ high strain region immediately surrounding
the crack tip, the stress and strain fields predicted by small and large strain formulations are
similar at distances greater than approximately: 3 "TODs from the crack tip under plane strain
conditions [7,8]. This is sufficient for the purposes of the present study.

Because the ABAQUS code does not include a large displacement small strain analysis
option, an iterative approximate method for including the P-8 effect was employed for the
calculations. During the initial analysis, no P-6 effects are included. The computed 6 values
from this analysis are then used to comptJ_,, the first estimate of the P-8 moments, the applied
bending loads are reduced accordingly, and the problem is reanalyzed. The process is repeated,
with the computed 5 at each cycle used to update the P-6 moments and applied bending load
corrections at the next cycle, until convergence.

J-integral values were computed using the virtual crack extension algorithm as
implemented in ABAQUS [5,9]. Ten contours were evaluated to establish path independence
of the J-integral value. Variation of the computed J values among the contours was negligible.

RESULTS

The measured response parameters in the Step B experiment (in addition to
temperatures) consisted of the centerline deflection, the extreme fiber axial tension strain (at
a location midway between the surface crack and the edge of the plate), and the crack advance
(from post-experiment examination of the fracture surface). Comparisons between the predicted
and measured centerline deflections are summarized in Figure 3. The measured values (solid
line), predicted values by Okamura et el. [2] from a 3D elastoplastic finite element analysis
(dotted line), and predicted values from the present 2D analysis (solid circles) are all in very
close agreement. Moreover, these values are also in very close agreement with results from
a 2D analysis of an urn'racked test specimen (hollow circles in Figure 3). As might be
intuitively expected, the presence of a small crack on the surface of a wide (750 ram) and deep
(170 ram) plate has little effect on a gross response measure such as centerline deflection.

Also shown in Figure 3 is the effect of the P-_5moments on the predicted response. The
centerline deflections obtained from 2D analyses based on small displacement theory--i.e., no
P-6 effects included--are shown by triangles in Figure 3. At the peak response, the centerline
deflections computed in the small displacement theory, analyses are approximately three times
larger than those computed in the corresponding large displacement theory analyses (circles in
Figure 3) that incorporate the full P-/5 effects.

Comparisons between the predicted and measured extreme fiber tension strains are
summarized in Figure 4. The 2D results are all from analyses of an uncracked test specimen
geometry because the through-thickness crack runs across the strain gauge location in the 2D
approximation, tlowever, as shown previously in Figure 3 for the centerline deflections, a
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gross responsemeasure such as the extreme fiber tensionstrain at a location remote from the
crack is Ii_ie affected by the presence or absence of the crack. As was the case for centerline
deflection, the measured, 3D predicted(Okamuraet al. [2]), and 2D predictedtension strains
are all in vers,close agreement. The differencesbetween large displacement (circles) andsmall
displacement theory(triangles) analysis assumptionsare also again clear in the figure.

J-integral values computed in the analyses are summarized in Figure 5. The peak
responseof the specimen occurredat approximate140-150 seconds into the transient The peak
J value computed by Okamuraet al. [2] from their 3D analysis at the deepest partof the crack
wasapproximately220 N/ram. The correspondingvalue computedfromthe largedisplacement
theory 2D analysis is approximately 310 N/ram, or approximately 40% larger than the 3D
value, It is,believed that much of this discrepancyis due to the shallower crack depth in the

, 2D analysis, which places the cracktip in a higherthermalstress region than thatat the deepest
point of the 3D surface crack.

The computedJ valuescanbecombinedwiththemeasuredJ-R curves tOestimatethe
crackadvanceduringthetest. ThemeasuredJ-Rdataareshownin Figure6. Only a slight
temperaturedependenceis observedoverthethreesetsof datain the200-300°Crange,The
predictedAa at the deepestpan of the surface crackusing Okamurael al.'s 3D analysis results
and the data in Figure 6 is approximately1.5-2.0 mm (Okarnuraet al.'s own estimate is 2,0
ram), This is 70,120% greaterthan the actual 0.9 mm of crack advance measured at this
location from post,experimente:_aminationof the fracturesurface. The predicted Aa from the
large displacementtheory 2D analysis is approximately3,5 ram, substantiallygreaterthan both
the experimentally measuredvalue and Okamura et al.'s prediction,

One possible explanation for the discrepancies between the measured and predicted
values of crack advance may lie in the differentconstraintconditions at the crack tip in the
Step B configurationvs, the CT specimens used to derive the J-R curves. These differences
in constraintcan be quantified using the Q-stress approachof O-Dowd and Shih [10,1I]:

_,/o,, -. (cT,/cL)s._.+ Q(rt(.Y/cL))q6.(O) (3)

Equation(3) representsa two-parameterexpansion of the near-tip elastic-plasticstress fields
in a power law hardening material. The first term representsthe small scale yielding (SSY)
singular fields-.e.g., the fields obtained from a boundary,layer analysis [12] (alternatively, this
can be taken as the HRR analytical fields lib, Ill), The second order term represents the
difference between the actual stress fields andthe SSY (or HRR)reference fields. The second
order term, which has the dimensionlessparameterQ as its amplitude,capturesall constraint
influences on the in-plane near-tip stress fields. The 6,j(0) functions represent the angular
variation of the second orderstress fields and are expected to depend also upon the material
hardening',the d,j(0) functions are normalizedsuch that d00equals I at 0 = O_

The secondorderfieldsareextractedbysubtractingtheSSY solution[12]fromthe numerical
solution forthe StepB cracktip stresses Figure 7 illustratesthe crackopening stressfields from
the 2D largedisplacementtheoryStep B analysis atseveraltimesduringthe PTStransient. Figure
7a shows the total stresses computedfrom the finite element analysis and the first-orderSSY
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stresses, Figure 7b depicts the second-order stress fields computed by subtracttng the SSY stresses
from the total stresses The crack opentng stresses computed from the finite element analyses are
samilar Jn fiinctional form to the SSY dJstrabutlons but are lower in magnitude at all radial
distances ahead of the ttp These differences in stress magnitude increase with ttme during the P'I',_
transient--i,e_, with increasing J This is reflected in the Increastngh' negative second order
stresses in Figure 7b at later hines durln_ the transient

The second-order stress field paranleters Q and q m i!q (3) can be obtained t'romregression
analyses of the form:

Inl(o_,/o_,)-(_,,/cL)_,l _ In(Q)_q Inir/(JtcL)l (4)

The regression for Eq (4) was estimated over the rmlge i 5 _: r/(J/a,) ,: 10 Additionally, the
first three nodal points ahead of the crack tip were excluded from the regressions because of
lack of fideli_ of the numerical solution in this region The fit of the computed regressions
was yew good in all cases

The evolution of J and Q during the PTS transient up to the peak response as computed
using the above approach and the results from the 2D large displacement theory, analyses is
depicted in Figure 8 Q has a small negative value at the start of the transtent, but by the peak
has decreased to a value of approximately -10, indicating substantial loss of constraint at the
crack tip at peak response Part of this constraint loss is undoubtedly due to the shallow depth
of the flaw Detailed examination of the computed stress fields suggests that additional
constraint loss may be associated wtth the gross yielding of the cooled (cracked) face of the
Step B plate at the peak of the response

Virtually no experimental data ex,st on the influence of constraint loss on J-R curves
for ductile fracture, so it is impossible to evaluate quantitatively the tnfluence of this constraint
loss on the analytical predictions for crack advance Some qualitative indications may be
obtained from the influence of constraint on cleavage fracture, however Data from Theiss and
Bryson [13] from cleavage-dominated SENB fracture tests on A533B steel suggest that a
reduction of Q from 0 (plane strain conditions) to -10 may elevate the effective fracture
toug,hness K, by approxtmately 80% (or, alternatively, reduces the effecttve driving force by
a similar amount); in terms of J,, this increase in effective cleavage fracture toughness is
approximately 200% Re.examination of the J-R data in Figure 6 suggests that if ductile
fracture follows these same trends and the ductile fracture resistance is increased by even only
a small fraction of the cleavage toughness increase, the crack advance predicted by the 3D and
2D finite element analyses may be well within range of the 0 _omm measured value

CONCLUSIONS

The principa! conclusions drawn from this study are as follows:

(!) Large displacement P-6 effects are importmlt for this experimental geometry and must
be considered in the analyses
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(2) Therewasexcellentagreementbetweenthemeasured,3D predicted,and2D predicted
valuesfor the measuredspectmenresponse,re, the centerlinedeflectionand the
extremefiber tensionstram These excellentpredtcttonsof the gross spectment
responsecanbea achievedwithouteventncludtn_thepresenceof' thecrack

(.t) The predictedvaluesof J from the 2D (large displacementtheory) analyses are
substantiallylargerthanthosecomputedfromthe3D analysesat thedeepestpartof'the
crack;muchof'thisdiscrepancyis believeddueto theshalloweradjustedcrackdepth
in the2D analysis,whichplacesthecracktip ,n a higherthermalstressregion

(4) Thepredictedvaluesof'J fromboththe 3D and 2D analysessubstantiallyoverpredict
crackadvancewhenusingtheJ-Rdataobtainedfrom smallscaleCT tests

(._) Thereis a significantlossof'constraintin theStepB specimenat thepeakof.thePTS
transient Thislossof'constraintis likelydueprimarilyto theshallownessof the flaw
and the grossyieldingof' the crackedsurfaceof' the specimenat the peakof the
transient Althoughthereisvirtuallynodatawithwhichto evaluatequantitativelythe
effectof'thisconstraintlossontheductileFractureres,stanceof thematerial,intuitively
thequalitativeeffectshouldbeto increasetheeffectiveFractureresistanceThisinturn
may producea smallerpredictedcrackadvancethat is morein agreementwith the
experimentallymeasuredvalues,

Theresultsfromthisstu_ alsosuggestseveralrecommendationsfor futurelarge.scale
referenceexperiments:

(I) Adequateinstrumentationmustbe includedin tho experiment,Particularemphasis
shouldbe placedon instrumentationto measurenear-crackresponse,asopposedto
grossspecimenresponse.ExamplesincludeCMOD gauges,near-crackstraingauges,
etc,

(2) Fromananalyst'sperspective,phenomenasuch_ thesignificantP-8effectin theStep
B experimentneedlesslycomplicatethe analysis(and do not necessarilyhaveany
counterpartin prototypicalRPV scenarios)andshouldbe avoidedin theexperiment
design

(3) Additionalsmallspecimenfracturetoughnessdataarerequired Interpretationof'the
large-scaletestpredictionsand resultsbecomesvery.uncertainwhenonly limited
Fracturepropertycharacterizationdataare available The intermingledinfluencesof'
inherentvariabiliw,temperaturedependence,constrainteffects,etc,cannotbeisolated
and interpretedunless sufficient small scale test dataexist.
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(b)

Figure 1, Finiteelementme,_hfor all analy.,_s:(a) overallmesh;(b) d¢l_ilof Itle crack-tip
region,
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Abstract

The analysis results of the recently completed Phase I for the Project Fracture Analysis
of Large Scale InternationalReference Experiments(FALSIRE) am summarized In a compa-
rativemanner. Thirty-nineanalysesof the pressur!zedthermalshockexperimentsNKS-3 and
NKS.4 from MPA-Stuttgart(FRG), PTSE-2 from ORNL (USA) and spinningcylinderSC-I and
SC-II from AEA-Technology(UK) have been evaluated. The discussionof the results has
been focused on the discrepanciesof the finiteelement resultsand on comparisonswith the
estimationscheme analyses,A set of quantitieslike crack mouthopening (CMOD), strains,
stresses,J-Integraland constrainthave been selectedand comparedfor the different analy-
ses to approximatethe structuralbehaviourof the testspecimensand the fracture behaviour
of the cracks. A database of the resultshas been established.The Influence of boundary
conditions,approximationof materialpropertiesand calculatlonalmethodsis shown in detail.

The structuremechanicsbehaviourof the test specimenscouldbe approximatedwell in case
of NKS experiments butnot in PTSE-2, Mostdifferencesbetween the variousanalysescould
be explained. In SC tests structuralmechanicsresultscould not be compared with experi-
mental measures, The applicationsof JRmethodologyto predictcrackextensionwas partially
successfulin some cases (NKS experiments)but notin others(PTSE-2). The quality of frac-
ture assessmentis closelyconnected with the structuralmechanics simulation,In all analy-
ses witha goodstructuralmechanicsapproximation,the fracturepredictionwas reasonable.

Fracture assessmentsbased on CT-speclmens overestimate stable crack growth tn the
case of NKS-4 and SC-I/II, becausethe crackresistanceIn the large scale test specimens Is
bigger than predictedby small specimens (e.g. CT-25). SC-I/II fracture results show that
crack growth can be describedquite well with the J-integraland the J_-curvesof the large
scale test specimen. Therefore, future work has to be concentratedon extension of the J,
methodologyby a parameterwhich controlsthe geometryand load dependence of the crack
resistance.This can onlybe achievedby closeconnectionbetween numericalsimu!ationand
fracturemechanicstesting.
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Introduction

Project FALSIRE was createdby the Fracture AssessmentGroup (FAG) of Principal Working
Group No. 3 (PWG/3) of the Organization for Economic Cooperation and Development
(OECD)/Nuclear Energy Agency's (NEA's) Committee on the Safety of Nuclear installations
(CSNI). The CSNI/FAG was formed to evaluate fracture prediction capabilities currently used
in safety assessments of nuclear vessel components. Members are from laboratories and re-
search organizations in Western Europe, Japan, and the U.S,A, To meet Its obligations, the
CSNI/FAG planned Project FALSIRE to assessvartous fracture methodologies through Inter-
pretlve analyses of selected large-scale fracture experiments. The six experiments utilized in
Project FALSIRE (performed in Federal Republic of Gemlany, United States, United King-
dom, and Japan) were designed to examine vartous aspect_e_crack growth in reactor pres-
sure vessel (RPV) steels under pressurized-thermal-shock (PTS)loading conditions,

These conditions were achieved In three of the experiments by Internally pressurizing a hea-
ted cylindricalvessel containinga sharp crackand thermallyshockfngitwith a coolanton the
inner (NKS-3 and-4, from MPA, Germany) or outer (PTSE-2 from ORNL, USA) surface. In a
series of spinningcylinderexperiments(SC from AEA Technology,UK), a thick cylinderwith
a deep crack on the inner surface was rotatedabout its axis in a specially-constructedrig
(SC-I) and thermally shockedwith a waterspray (SC-II). A Japanese test (Step B from
JAPEIC, Japan) utilizeda large surface-crackedplatesubjectedto combined mechanical loa-
ding of tensionand bending, coordinatedwith a thermalshockof the cracked surface to mo-
del PTS loading conditions.A summary of the material toughness,loading conditions,crack
geometry and crackgrowthforeach experimentts given in Table 1.

The CSNI/FAG established a commonformat for comprehensivestatements of these experi-
ments, IncludingsupportingInformationand availableanalysisresults.These statementsfor-
med the basis for evaluations that were performed by an International group of analysts
using a variety of structuraland fracture mechanicstechniques.A three-day workshopwas
held in Boston,MA (USA) during May 1990, at whichthirty-sevenparticipants representing
twenty-six organizations (Table 2) presented a total of thirty-nineanalyses of the experi-
ments. The analysistechniquesemployedby the participants(Table 3) Includedengineering
and finite-element methods, which were combined with JR fracture methodologyand the
French localapproach.For each experiment,analysisresultsprovidedestimates of variables
suchas CMOD, temperature,stress,strain,crackgrowth andappliedJ and K values and ha-
ve been stored in a resultsdatabase.The comparativeassessmentof the analysis results is
summarized and the discussionconcentrateson masons for the discrepancies among the
variousanalyses. Further detailson the descriptionof the referenceexperiments, the applied
analysis methods and the comparativeassessmentsof the analysis resultsare given In the
recentlyfinishedfinal reporton ProjectFALSIRE Phase I (Ref. 1).

NKS-3 Pressurized-Thermal-Shock Experiment

The NKS-3 PTS experiment (Ref. 2) was performed with a thick-walled hollow cylinder
(thickness200 ram; innerdiameter400 ram) containinga 3600 circumferentialflaw on the in-
ner surface having an average depth of approximately62.8 mm (see Fig. 1). The test piece
was firstloaded with an axial tensile load of 100 MN and by internalpressure usingwater (30
MPa, 3300 C) in the cylindervolume.Thermal shockcoolingof the Innercylindersurfacewas
performed by means of two highpressurepumps,sprayingcoldwater (20° C) towardsthe in-
ner cylindersurface over the whole test lengthof the cylinderthroughevenly distributednoz-
zels. Loadingand test materialdata are summarizedin Fig.2.
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Figures 3-5 show the time history of CMOD, axial strain at the inner sudace 184 mm above
the crack ligament and the calculated J-integral, Analyses 1-7 used FE' methods and analy-
ses 12 and 13 used ES2 methods, The difference between the results from FE methods are
quite small Table 4 summarizes some selected characteristics of the FE analyses. Due to re-
strictions of the FE-code versions, the approximations of the stress-straln data are different,
Multilinear temperature-dependent approxlmatlons in analyses 1 and 5 are very stmilar, as
are the calculated results, The FE models differ in the number of degrees of freedom by a
factor of 10. This number ranges between 886 (analysts 5) and 8800 (analysis 7), Therefore,
the results In this case do not depend very much on the model size, The J-integral results of
the ES analyses are in the scatter band of the FE results. The stress distribution is strongly
dependent on the approximation of the stress-strain data. In analysis 2, a very low yield
stress is used which results In lower stresses on the Itgament during the transient, Crack
growth has been evaluated with crack resistance curves of CT-25 specimens, giving values
of about 3 to 4.8 mm (average measured: 3.6 mm, i.e. about 6 % of the initial crack depth)
due to the scatterband of the analyses results, The uncertainty of the calculated crack growth
is about 3 % of the initial crack depth, Therefore, these analysis results show a scatterband
which is acceptable in comparison with the experimental data, The neccessary material pro-
perties to calculate the structure mechanics behaviour were available. The j.-methodology
based on small specimens gives suitable results for the analyses,

NKS-4 Pressurized-Thermal-Shock Experiment

The PTS exper!ment NKS-4 (Ref. 3) examined crack-growth behaviour of two symmetrically
opposed semi-elliptical surface cracks In a low-toughness material. Figure 6 shows the geo-
merry of the test cylinder and the two circumferential cracks located on the inner surface,
Each crack has a ratio of length to depth of 6:1 and a maximum depth of approximately 30
mm, The cracks were produced by means of spark erosion and fatiguing procedures,

The test rig and loading procedures used to test the NKS-4 specimen were essentially the
same as for NKS-3, The NKS-4 experimentwas performedusing two thermal-shocktrans-
ients, the first of whichproduceda reducedthermal loadingdue to mechanicalproblemswith
thecoolingwater flow, In Fig, 7 the loadingof theanalyzed transientand the material charac-
terizationts summarized.

Comparisons of calculated CMOD, axial st=ainand J-)ntegral at the center of the partially cir-
cumferential crack versus time are shown in Figs, 3-10, Selected characteristicsof the FE
analysesare summarized in Table 5. Analysis1 fits the experimentaldata best, Analysis 2
useda temperature independentstress-straincurvewith a very low yield stress and a higher
thermal expansion coefficientwhich produces higher CMt3D, The J values of small evalua-
tion regionsshow about 30 % lower values than presented tn Fig, 10 (very recent results),
Analysis3 tscharacterized by an artificiallyhigh yield stress and a reference temperature of
20" C, contrary to the other analyses;but mostImportantare the differences in the deforma-
tion boundary conditions,Missingrotationalrestraintsare responsiblefor thesignificantlyhtg-
her J-Irltegralvalues, Analysis7 is an axisymmetdcsolutionof the 3-D problem with an ap-
proxtmationof the partiallycircumferentialcrackby a 3600 fullycircumferentialcrack.There-
fore the results overestimate the measured data, The J-Integral resultsof ES analyses 12
and 13 are in the scatterband of the 3-D FE results,The crack growth at the center of the
crack calculatedfrom an isothermalJR-curve(T = 2400 C) of a CT-25 specimen ranges from
2 to 3.2 mm (measured: 1,5 mm, i,e, 5 % of the initialcrackdepth).

FE finite element

= ES estimation sheme
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In conclusion,the resultsshow that with the availablematerialproperties,ttle structure and
fracture mechanicsbehaviourof this 3-D probienlwere analyzed quite well, The scatter of
lhe resultsis quite large but the mainreasonscould be Identified,Crack growthassessment
basedon J.-methodologyat thecenterof the crackoverestimatesthe measured value.

PTSE-2A Pressurized-Thermal-Shock Experiment

The details of the PTSE-2 testvessel (Ref, 4) and the tntttalflaw geometryof the axtal crack
in the outsidesurfaceare givenin Fig, 11. A testvesselwas preparedwitha plug of specially
heat-treated test steel welded into the vessel, In the experimenttile flawed vessel was los-
dadby outsidecoolingand an Internalpressuretransient(Fig 12), Furthermorea summary of
the material data of the test sectionare given. The tensile strengthswere undeslrabiylow,
but other properties,althoughsomewhat uncertain,were satisfactory,The flaw experienced

twostages of ductiletearinginterruptedby a periodof warm prestressing(1<_< 0) followedby
cleavage and arrest, The comperatlveassessmentof the analyses has been concentrated
on the first three minutesof the thermaltransientwithone pertodof stable crackgrowth,The
time historiesof CMOD and J-integralare presented in Figs, i3.14 and selected characteri-
stics are summarizedin Table 6, In comparisonwith the experiment,all analyses underesti-
mate the experimental resultsof CMOD, in thts connectionIt has to be mentionedthat the
temperaturedependence of thestress-straincurveand the thermalexpansion coefficient(o¢)
were not available for the analysts,Recent investigationsshowthat the measuredCMOD va-
lues are stronglyaxial dependent, i,e, the thermal loadingconditionshave to be checked in
furtherdetail,

The FE resultsare stronglydependent on the approximationof the stress-straindata, the ef-
fect of whether crack growthhas been considered,and the coefficientof thermal expansion.
Analysis10 has about30 % lowerCMOD at t = 185 s than analysis5 and about40 % higher
J-value. The reason is the differentbillnearapproximationof the stress strain data, The mea-
sured onset of yield is very low (70 MPa) comparedwith the engineeringyield stress (255
MPa) quoted for the vessel Insert, The value used in the calculationsranges from 200 MPa
to 495 MPa, dependent on whether the small strain or the larger strain region of the stress
curve is approximatedwell. Furthermore,an increaseIn o 02of 50 % from the vessel Insert
after transientsA and B has been found,The artificiallyhigh yield stress used in analysis 10
resultsin higher stresseson the ligament (see Figs. 15-16) with a smallerplastic zone and
thereforesmaller CMOD but higherJ-integral.In analyses5', the final crack length after the
firstperiodof stable crack growth(5.1 mm after 185 s) was usedwhich producesan Increase
of CMOD at t = 185 s of about 30 % comparedwith analysis 5. Due to the experience with
other calculations,a 20 % highercoefficientof thermalexpansionwas used to demonstrate
the effect of a change in referencetemperaturefrom room temperatureto 300° C. This chan-
ge producesa CMOD increaseof 13 %, The changetn the approximationof the stress-strain
data (pretest set 5) by a multi,near curve causes a CMOD decrease of about 13 %. The
scatter band of the results is also enlarged because differentassumptionsconcerning the
crackdepth have been chosen(initialdepthafterfirstphase of stable crackgrowth),

Analysis8 simulated the measured crackgrowth,but the higheryield stress makes the mo-
del more stiff, which resultsIn lower CMOD values, ES analysis 15 and 15' used Influence
coefficientsbased on Infinitelylong cracksand on finite-length3-D crack, respectively.The-
refore,when the fractureassessmentis d,_neexcludinganalysis15 (becausethe latter assu-
mes Infinite crack length) and excluding analyses 5' and 8 (because the latter took crack
growthalready intoaccount),then a crackgrowthestimationof 1-2.5 mm (measured 5.1 ram)
Is obtained from isothermalCT-25 specimenJR-curves,The underestimationof crackloading
and crack growth has to be consideredin connectionwith the underestimationof CMOD, i,e.
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wtthoul good structure mechanics simulations a good fracture mechanics approximation can-
not be achieved, The tenlperature dependence of J. is strong and it ts not known what the
effect of temperature gradient in the teal cylinder has on the crack resistance. 1"henecessary
material properties, especially the temperature dependence, were not available totally, The-
refore, reasons for the large difference between results of the analyses and the experiment
could be only partly provided, However, some parameters which show significant influence
on the analysts results have been Identified,

PTSE-20 Presaurt_',Jd-Thermal-ShockExperiment

The arrested crack from transient A was the Initialcrack geometry for transient B. Data des-
cribing the thermal and mechanical loadingconditionsin transientB are provided In Fig. 17.
The extended crack that had developedduring the PTSE.2A first tore depthwise and then
converted to cleavage, The propagatingcleavage crack arrested and then propagated by
ducttieteartng unttlthe vessel ruptured,Figures 18-19 show the time dependence of CMOD
and j-integral and Table 7 shows selected characteristics of the FE-analyses. The FE-
analysesunderestimateCMOD (as In PTSE.2A) whtchmay be due to the same reasonsdis-
cussedabove, e,g, lack of temperature-dependentmaterial data for a (¢) and _, Differences
tn the stress behaviouron the ligament,especiallyat the beginningof the transient,are due
to the Inclusionof residualstresses from transientA tn analyses5 and 8, but not tn analysis
7, Furthermore, differentmaterialpropertysets have been used, the post-testset in analyses
5, and the pre-test set in analysis 7 (see Fig, 12), That also leads to differences tn CMOD
and J-integral.

Negative J-values are calculated at the beginningof the transientIn analyses5 and 8 becau-
se of the compressiveresidualstressesin frontof the cracktip due to transient A. The hoop
stresses of analyses 12 and 15 comparewell, but the J-values have large differences due to
the ES methodsapplied,

A range of stable crack growth is calculated using IsothermalJ.-curves and the J-Integral
scatterbandobtained by excludinganalyses12 and i5 from the set given In Ftg. 19, Possi-
bly, analysis 12 falls due to the deep crackand analysis 15 due to the assumptionof Infinite
crack length(as comparedwithanalysis15', whichassumeda finite cracklength).The calcu-
lated crack growthranges from 1,4 to 2,9 mm (measured3,7 mm, I.e, 9 % of the lnlttalcrack
depth in PTSE-2B). The underestimationof the crackgrowth ts not as large as In PTSE-2A,
but Is again closely connectedwith the underestimationof CMOD and another factor which
could reduce the crack growth has not been considered,The stress state in front of a crack
which has already seen a transient (A) could be altered due to bluntingand lead to an in-
crease in crack resistancecompared to that of a standards specimen with fatigued crack.
Therefore,as in PTSE-2A, differencesbetween the analysisresultsand the experimental da-
ta couldnot be clarifiedtotally,but additionalInfluencefactorsconcerningthe quality of frac-
tureassessment based on J.-methodologyhave been pointedout,
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SC-I SpinningCylinderExperiment

The first sptnntngcylinderexperiment(Ref. 5) was an investigationof stableductilecrack
growthincontainedyieldfora thicksectionlowalloysteelstructure,Crackgrowthwasgene-
ratedbyprogressivelyIncreasingthe rotationalspeedof a cylindricalspecimenwithan axial
flawat the Innersurfacemaintainedat a uniformtemperatureof 2g0°C (see Fig,20). The
loadingandmaterialcharactertzatlondataforSC-1aresummarizedtnFig.21,

In Fig,22 J-integralvaluesare plottedversusthe angularvelocitywhichrepresentsthe Ioa"
clingof thetest,Thestress-strainapproximationof theplanestrainFE analyses8 and9 are
multillnear,MeasuredCMODorstrainvalueswerenotavailableto the analysts,SomeCTOD
dataweremadeavailableonlyafterevaluationof theanalysisresultsof the ProjectFALSIRE
Workshop,The J-Integralresultsof the FE and ES analysesshow a small scatterband
aroundtheexperimentalcurveextractedfromtheJ.-curvemeasuredwiththeSC-t testcylin-
der, Thecurveof analysis9 has a weakerslope,whichcouldnotbe explained,Analysesi2
and 16showdifferencesupto 50 % dueto differentES-fracturemethodsusedin theanaly-
ses;it shouldbe notedthal thehoopstressesarethesame,

In conclusion,onlyfractureresultscouldbe comparedwiththe experiment.Theyshowthat
crackgrowthbasedonJ.-methodologycanbe describedwiththe crackresistancecurveof
the largescale test specimenquitewell, However,the fracturetoughnessmeasuredwith
small-scaleCT specimensis substantiallylowerthan that obtainedfor the large-scalespin-
ntngcyltnclerwhichshoHd be explainedby a constraintparametercontrollingthe geometry
dependenceofcrackresistance,

SC-II Thermal-Shook8pinningCylinderExperiment

Thesecondspinningcylinderexperimentwasaninvestigationof stablecrackgrowthincon-
tainedyieldfora thicksectionlowalloysteelstructuresubjectedto a severethermalsho_.:k,
The configurationof the cylindricalspecimenusedIs shownin Fig,20, In the SC*II test, the
cyltnderwas stabilizedat a meantemperatureof 312°C, Thecylinderwas then rotatedto
530 revolutionsper minuteto provideforuniformcoolingof the Innersurface,The thermal
gradtenttnthewallIsgiventnFig,23,

r The timedependenceof theJ-integraltspresentedtnFig.24, Forthedeepcrack,theweight
functionmethodusedforfractureassessmentinanalysis16givesquiteconservativeresults,
primarilyduetostresscalculationsresultingfromtheassumptionof free-endboundarycondi-
tions.Analysis! 1, whichusedthe Bamfordand BuchaletK,solutiongivenfor a wall thick-
nessto tntemalradius(t/R)ratioof0.1 (butSC-II,VR= 0.4), showsthelowestvalues,Dueto
thescattert)and,tl_ecrackgrowthcalculatedfromtheSC-II specimenJ.-curve rangesfrom
0,0 mm to 1.4 mm (measuredvaluetnthemiddleofthe crack,0.75 mm I.e., 0.7 % ofthe In-
Itialcrackdepth),butthe fouranalyses8, 12,13and14rangefrom0,2 to0.8 ram,

As tn SC-I, the fractureassessmentba_edon the largescaletestspecimenJ.-curvegives
suitableresults,butthe crackloadingts stronglydependenton the estimationschememe-
thodusedandthe boundaryconditionsassumedfor the model.In particular,free-endboun-
daryconditions,whichbestfit the testconditions,producean axialdecreaseof crackloa-
ding,Measuredcrackopeningandhoopstrainsweremadeavailableonlyafterevaluationof
theanalysisresultsof theProjectFALSIREWorkshop.
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Conclusion

Based on results from the Project FALStRE Workshop, several observationscan be made
concerningpredictivecapabilitiesof currentfractureassessment methodologiesas reflected
it, the large-scale experimentsdescribedtn the previoussections

The discussionoi the analysis resultshas been focusedon the discrepanciesol the finite
element resultsand on comparisonswith the estimationscheme analyses Examples of the-
se comparisonswere shownin CMOD vs time plotsforexperimentsNKS-3, 4, and PTSE-2
A/B The structuralmechanicsbehaviourof the testspecimenscouldbe approximatedwell in
case of NKS experimentsbut not in PTSE-2 (see Table 8), In SC testsstructuralmechanics
resultscould not be compared withexperimentalmeasures The largest differencesare seen
to occur In the PTSE-2 A transient The restrictionsin some finite element codes to input
stress-stralncurves only by biltnearapproximationsproducedscatter bands tn the results
(CMOD and J-integral)dependenton the level of plasticityreached.

All the analyses of PTSE.2 assumedmaterial and physicalproperties to _ independent of
temperature, because correspondingmeasured data have not been made available. These
analysis results highlightthe importanceof obtaininghigh-qualitymaterial properties and
structuralresponse data (CMOD, strains,etc,) from the experimentsto model structural be-
havlourof the specimenpriorto performingfracturemechanicsevaluations.In particular0va-
rtablesmust be carefullyselectedandreltablymeasuredto providea mlnlmumset of data for
validatingthese structural models This requirementwas not uniformlyachieved in all of the
large-scale experimentsexaminedin theProjectFALSIRE Workshop.

In applicationsof J. methodologybased on smallspecimendata, all analysescorrectlydistin-
guished between stable crackgrowthand ductileInstabilityconditionsfor each experiment.
These includeboth estimationschemesand detatledfiniteelement analyses, However, as a
techn!queto predictcrackextension,J. methodologywas partiallysuccessfulin some cases
(NKS experiments) but not tn others(PTSE-2, spinningcylinderexperiments), The qualttyof
fractureassessmentts closelyconnectedwiththestructuralmechanicssimulation,in all ana-
lyses wttha good structuremechanicsapproximationthe fracturepredictionwas reasonable,
Fractureassessmentsbased on CT-spectmens overestimatedstable crack growthin the ca-
se of NKS-4, SC.I/I!, and Step B-PTS because the crack resttstanceIn the large scale test
specimens ts btggerthan predictedby small specimens (e.g, CT-25), SC-I/II fracture results
show that crack growthcan be describedqutte well wtth the J-Integraland the J.-curves of
the large scale teat specimen A summaryof the fractureresultsare givenIn Table g,

In PTSE.2A, the firstphase of qtable crackgrowth Is underestimatedbecause the crack Ioa.
dingalso representedin CMOD ts underestimated,Recent Investigationsshow a strongaxial
dependence of the measured CMOD value, Thereforeespecially the thermal loading condi-
tions have to be checked for further studies,Furthermore,differencesbetween pretest cha.
ractertzattondata and posttest in sltu data for materialand fracture toughnesspropertiesga-
ve rise to questionsconcerningwhetherJAcurvestrom CT specimens were representativeof
the flawed regionof the vessel None of thesetemperature.dependentJ,ccurves were consi-
stent with all phases of ductiletearingobserved tn PTSE-2, it shouldbe pointedout that the
PTSE-2A transient includedload-history(i.e,, warm-prestressing)effects that were not incor-
porated into the J. methodology,The substantialdifferences between fracture toughness
curves generated from the spinningcylindersand fromCT specimensfocussed attention on
other factors. These includedthe possibilitythat crack-tipbehaviourin the spinningcylinder
is not characterizedby a singlecorrelationparameter Alternativecriteda underconsideration
includetwo-parameter models in whichK or J ts augmentedby the next higher-order In the
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series expansionof thestresses aroundthe cracktip (Rel, 6) Other measures consideredin
dealingwtlhthe transferof smallspecimen data to largestructuresincludethe stress trtaxiali-
ty parameter, whichts proportionalto the rateof hydrostaticto effectivestress (Ret_7)_

Therefore, tuturework has to be concentratedon extensionel the J, methodologyby a para-
meter whichcontrolsthe geometryand loaddependenceof the crack resistance, In fracture
analyses It has to be tnveatlgatedhow thecrack resistance in large scale testspecimenscan

approximated by small scale fracturetest specimens,This can onlybe achieved by close
connectionbetweennumericalsimulationandfracture mechanics testing,
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Table 1' Summary of Project FALSIRE Reference Experiments

Experiment Material' Crack ..Crack ..............
(Place) Toughness ..Loading ......Geometry Gr0wth...

NKS-3 Avus = 95 J, Thermal shock Circumferential Ductile 3.6 mm
(MPA, FRG) 'TND T = 60°C axial tension, (a/t = 0.3) (Average)

internal Aa/a = 0.06
pressure
(constant)

NKS-4 Aus = 60 J, Thermalshock Partly Ductile 1.5 mm
(MPA, FRG) TND T = 120"C axial tension, circumferential (Center)

internal (a/t = 0.15) Aa/a = 0.05
pressure
(constant)

PTSE 2AkB Avus = 60 J Thermal shock, Axial Ductile 11.1_3.7mm
(ORNL, USA) TND T = 49"C"_ internal (a/t = 0.1\0.29) Brittle 16.8_2.7 nun

= 75"_ pressure Umtable-_68.8mm
(transient) Aa/a = 0.35_0.09

(first phase of AkB)

Spin. Cyl. I Aus = 90 J Rotation of Axial Ductile 2.8 mm
(AEA, UK) specimen (a/t = 0.54) (Average)

Aa/a = 0.03

Spin. Cyl. II Avus -- 1|0 J Thermal shock Axial Ductile 0.0 - 0.75 mm
(AEA, UK) (a/t = 0.52) Aa/a - 0.01 (max)

Step B PTS Avus = 100 J, Thermal shock Surface crack Ductile 0.3 - 1.0 mm
(JAPEIC, TND T = 139"C Tension, and (a/t = 0.14) Aa/a = 0.04 (max)
JAPAN) bending

i

• Avus = Charpy V-notch upper shelf energy

b pretest

' posttest
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Table 2: Organizations participated In the Project FALSIRE Workshop, Boston, May 1990

.... Organi_tion .............. _untry

Atomic Energy Authority (AEA) UK
AZ/EPRI USA
B&W Nuclear Services USA
Battelle Columbus Division USA
Central Research Institute ofElectric Japan

PowerIndustry(CRIEPI)
CentreD'EtudesNucleairesde Sack,y France
CombustionEngineering(CE) USA
ElectricitedeFrance(EDF) France
FraunhoferInstitutfurWerkstoffmechanik(IWM) FRG
GesellschaftfQrAnlagen-undReaktorsicherheit(GRS) FRG
JapanPowerandEngineeringInspection Japan

Corporation(JAPEIC)
KoreaInstituteofNuclearSafety Korea
Materialprflfungsanstalt(MPA) FRG

UniversitmtStuttgart
MitsubishiHeavyIndustries(MHI) Japan
NationalCommitteeforNuclearand Italy

AlternativeEnergies(ENEA-DISP)
NuclearElectric UK

NuclearEnergyAgency-OECD France
NuclearInstallationsInspectorate UK
NuclearRegulatoryCommission(NRC) USA
Oak RidgeNationalLaboratory(ORNL) USA
PaulScherrerInstitut Switzerland

SouthwestResearchInstitute(SWRI) USA
TechnicalResearchCentreofFinland(V'IT) Finland
UniversityofMaryland USA
UniversityofTennessee USA
UniversityofTokyo Japan

Participants:USA 17,FRG 5,France4;UK 3,Japan3,Finland2,
SwitzerlandI,KoreaI,ItalyI;Total37
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Figure 1: NKS-3,Test cylinderand crackgeometry(MPAStuttgart,FRG)

25O



T'nermolandmechanl_l Materiel©hsm_erlmtlon
loading of thetut uctlon

14(_.:...... .... ..... _NIMoCr37

E t,/ ,"" ..*-'*'"'" ._ Yttld/ultlmlte 583/723 MPi _
E2001_ .t' .,*****_mln I ltres|!tRT.,, I ] ... • ,.,,._u,,,_y.,....,.,....., mJ.......
'M r J',,""'" I for upper Ihetf
I00V_.-"'"erllokde_h ...........................::,+,.......

I_ 50|/ ..... + ' ::::'........ I NI:)T........... e0 "C

will th_ +
Inner outersurface

L MN
+ ++oo 40 t

J:I/i, +-"\

Figure2: NKS-3,loadingendlestmaterialdata
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Figure6: NKS-4,testcylinderand crackgeometry(MPAStuttgart,FRG)
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Thermal and mechanical Materialcharacterization
loading of the test section

4o0 22 Ni MoCr37, KS07
[

_.onn / //.."" 15min yield/ultimate 506/798 MPa

,_,,.v,,. ////',y, ,tress at RT .............charpyenergy 60 J
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-_ l crackdepth -- '..............NDT ,,I #'Jl_

I i IIiiiiiiiii I
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wallthidmess

Inner outersurface

100 -- - ................... 40 I

I"N60 |........ I! L/" ",'_"'X. MPa

4O ¢i.

-10 0 10 20rain
time--,,.-

Figure 7' NKS-4, loading and material data
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Figure8: 'NKS-4, CMOD vs time
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Figure9: NKS-4,axialstrainsat the innersurface184mmabovethe crackligament
vs time
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Figure 10: NKS-4,J-integralvstime
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Figure11' PTSE-2A,testvesseland crackgeometryfor transientA (ORNL,USA)
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Thermal and mechanical Materialcharacterization
loading of 21/4 Cr-1Mo

(SA-387 grade22)

/ ° _t---'1,, "
._ 200_ // 1 1 4mn | _y_e,d/-u,t,mate_lgss/S_8--MpaJ
_.100l //_,// / 'tressatRT I (pretest)I1375/? MPaI

o_<-_*- _ ......_o-_mm__ _h.,,y.n._QyI 5o-75J I
wall thickness_ for uppershelf I I

= outer , ,, In,her surface NDT_ '_ '"-_ _1_-'1...............49(prete_$t)I'C......IMPa, ...... -_........... .... ._-_. I 75 *C I

i 6o - ..................!.......(P°""t)I

time _

Figure12: PTSE-2A,loadingoftransientA andmaterialdataof thetestsectionbeforeand
afterthePTSE-2transients
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Figure16: PTSE-2A, effectivestresseson the Itgamentt = 80 s
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Figure17:PTSE-2B,crackgeometryandloadingdatafortransientB
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Figure18: PTSE-2B,CMODvstime
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Figure19: PTSE-2B,J.tntegralvstime
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Figure 20: SC, test cylinder and crack geometry (AEA-Risley, UK)
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Thermaland mechanical Materialcharacterization
loading of A 508 class3

type steel (nonstandard
quenchedandtempered)

Test I: yield/ultimate 540/710 MPa
rotationalspeed: stressat 290°C
_ - 0-2600 _m at T,. 290 °C

¢harpyenergy- 90 J"

for uppershelf _.... ..........

NDT ?
-- , -- _ ,......

Figure21' SC-I, loadingandmaterialdata for testI
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Figure23: SC-II, loadingdata
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Figure24: SC-II,J-integralvstime
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PRESSURIZED THERMAL SHOCK TESTS WITH MODEL PRESSURE VESSEI.S
MADE OF VVER-440 REACTOR PRESSURE VESSEL STEEL

by
H. Keinltnen', H. Talja', R, Rintamaa*,

R. Ah!strand '°, P. Nurkkala °.,
G. P. Karzov ''°, A. A. Bljumin'*' and B. T. Timofeev'**.

ABSTRACT

A reactor pressure vessel may be exposed to the most severe loading during its operational life,
when in emergency cooling cold water is injected into it. The very high thermal stresses
combined with the stresses due to internal pressure may cause initiation of an existing crack
and its propagation into the pressure vessel wall which in the worst case leads to catastrophic
failure of the reactor vessel.

A joint pressure vessel integrity research programme between three partners has been going on
since 1990. The partners are the Prometey institute from Russia, the Imatran Voima Oy (IVO)
from Finland and the Technical Research Centre of Finland (VTT). The main objective of the
research programme is to increase the reliability of the VVER-440 reactor pressure vessel
safety analysis. This is achieved by providing the material property data for the VVER-440
pressure vessel steel and by producing experimental knowledge of the crack behaviour in
pressurized thermal shock loading for the validation of different fracture assessment methods.

The programme is divided into four parts: pressure vessel tests, material characterization,
computational fracture analyses and evaluation of the analysis methods. The testing programme
comprises tests on two model pressure vessels with axial surface flaws. The second model
vessel has an austenitic steel cladding. A special heat treatment is applied to the vessels prior
to the tests in order to simulate the end of life toughness state of a real reactor pressure vessel.

The Prometey Institute conducts the pressure vessel tests, IVO is respons_ole for the test
instrumentation and VTT performs the material characterization and the computational
analyses. "/'he evaluation part is carried out together. The Finnish work is funded by the
Finnish Centre for Radiation and Nuclear Safety, Imatran Voima Oy and the Ministry of Trade
and Industry. The pressure vessels have been manufactured in the lzorsky factory in
St. Petersburg. The same factory manufactures VVER-440 reactor pressure vessels.

In this paper, the results of the tests and the computational analyses considering the first
(uncladded) model vessel are discussed. Extensive three-dimensional finite-element analyses
as well as simple engineering assessments are performed. The fracture behaviour of the model
vessel based on fractographic examinations and test measurements is described. Both the
results of pre-test analyses using initial material properties and post-test analyses using actual
material properties are compared with the experimental observations. Finally, evaluation of the
fracture assessment r.lethods is performed.

"TechnicalResearchCentre of Finland,MetalsLaboratory,Metallimiehenkuja10, 02150 Espoo,Finland
"'lmatranVoimaOy, PL 112,01601 Vantaa,Finland
'"Central ResearchInstituteof StructuralMaterials"Prometey",193167,St. Petersburg,nab. reki Monastyrki1,
Russia
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INTRODUCTION

Seven pressurizedthermoshocktestswere madewith the first model pressurevessel(Fig. |)
usingfive different flaw geometries,Table 1. The initial flaws have all beenshallow, outer-
surface,axially orientedflawsat themidlengthof thevessel,partially in thebasemetaland in
a ci_umferential weld. In the first threeteststhe flaw was actually a blunt notch made by
grinding, in the following tests a sharp pre-crack was used.

. Pretnt flaw

0oo / I =,= 12mm
11

{ ! a/ J,w,id __1 oo,/........ 270°

a=30m

_ _ _, I .... _ _d_ . JL_*\'q 12c=360mm

l ' O R
180

i 1.5o......._: - :_ ....1 2.=.14o,.,_

Fig. 1. The first model vessel.

Table 1. Different tests and .flaw geometries, a is crack depth, 2c is crack lensth, p is
pressure, Tc is coolant (water) temperature and T_,a is initial temperature.

: : ...... ii[llrr I I .......... , = ...................... t _ , _ ..

Test nr. 1 2 3 4 5 6 7
i_lr 1_1|] III 111 III . rill III ]1[ rl I I iiii

a (ram) 12 12 25 26 30= 30o ,d
................ : In : JJ I Ill I I I__

2c (ram) i000 I000 250 140 350= 350 e ,d
i l,lll _ : i i j i

Flaw nr. I I - 2 3 3 4
.... IIII I !, !,,Ifll I , l I I I II E !Ill fll --

Type ,, notch' crackbi H i i i i i i,Hi. ± i irl_

p (bar) 60 300,,90 = 335 300,,400 560,,0 '= 600 600
....... i iii i1_1 I IIIII I

_ (oc) 240 262 266 266 280 300 300
,11 i,,11 ii iii ,Hrll i iii i I, i i i

T=(°c) 12o 9 7 ....... is
*Mechanicalnotch,b Sharp crackproduced bya special crack initiatin&weldtn&technique(Rintamaaet al.

1988).cDue to leaks constantpressurewasnot maintained.,d Theold (extended)flaw was used."Thevaluesof
crackdepth and length were determinedby ultrasonicmeasurement.

MATERIAL PROPERTIES

The pressure vesselmaterial is VVER 440 tYl_ reactor pressurevesselsteel 15X2MFA. The
circumferential weld has beenmade by submergedarc welding using wire Sv-10XMFT and
flux AH-42. The vesselhasbeensubjectedto thermalheat treatmentto simulatethe radiation
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embrittlementof thesteel:annealingI(X)O°C, holding4 hours,coolingi_ oil, tempering
620 °C l0 hours,coolingin air.

The thermalmaterialpropertyvaluesfor the analyseswere obtainedfrom the Prometey
Institute,Table 2. The measuredstress-straincurvesfor both baseand weld materialare
presentedin Fig 2, Fig. 3 presentsthe Charpy-Vimpactenergyat differenttemperatures.
Unfortunately,at ,.hetimeof preparationof thismanuscript,theresultsof J-R testingarenot
yet available.

Table 2. Thermal material property values. T is temperature, a is thermal expansion
coefficient, _. is thermal conductivity and d is thermal diffu_ivity.

T (C°) 20 150 300
_

= (10"61/°C)(base and weld) 11.7 12.15 12.7
___ Ll_ L_I I LLI I IJW[I I :L: I I[ ZL I I .]]]J ]l"]l, I I II[ II IIIII III ..... : _l.:: :=- . ]11,r ........ ]11....

(W/(m°C)) (base and weld) 37 37 37

d (mmZ/s)(base and weld) 9.970 9.775 9.550
i [DIN [ 11 , I[1 I1[ I ............

FLAW PREPARATION

In tests 1, 2, 3 and 4 the flaw was a bluntnotch manufacturedby grinding. In tests 4, 5, 6 and
7 a sharpcrack was used. The crack was manufacturedby filing the grindednotch by weld
deposites. Welding data and parametersaregiven in Table 3.

Table 3. Welding data and parameters for crack preparation (manual metal arc welding).

H [I]. I I II = il I I IIIIIII IIIIII1[ I I I_ Ill III I I ' II IIIII IIIII - -

Electrode Fox Dur 500 _ 3,25 mmiiii i[ i __._ ii i i ii iii ] L . ] [ [ ............................ L -_

Chem!cal composition 0,4 % C, 1,2 % St, I,2 %,,Mn, 2,8 %C r _

Currentand velocity 215 A DC, 12 cm/min
• lillll I II llill[l I IIIH I I IIII I ' HI, , _H, I I I IIII IIIII II fill ..................

TEST CONFIGURATION

The pressure vessel is first heated to approximately300 °C using resistors. At the same time
the vessel is pressurized by water. Just before the test the heatingresistors are lifted up. The
vessel is subjected to sudden flow of cold (0...20 °C) water aroundthe outer surface. Due to
the capacity of cooling watertanks the coolant flow is effective during the first two minutes.
The test configuration is presentedin Fig. 4.

MEASUREMENTSDURING THE TESTS

The measurements were performed by imatran Voima Oy (Nurkkala 1991a, 1991b).
Temperatureswere measuredon theoutsidesurfaceof the vesselandinsidethe vesselwall
using thermocouples.Strainswere measuredon the outsidesurfaceusingweldablestrain
gages. In addition,crackopening displacementand pressurewas measuredin tests 6 and 7. All
transducersweresetto zeroafterpressurizationbeforethe beginning of the thermaltransient.

277



[ _lJNll M_) ll_ntu

I|O0. --

. I0

,m BRSEHRT.

IOCt.

to

moo.. _ HELDNRTo

400°

lOCI.

-/
O, lciOCI, ! 0000, I Ii000, |0000.

INOdNIIENO ITI_Ai_ _144a)

Fig, 2, 7-he measured stress.strain curves for the base and weld materials,

IMIIkCT|NII_y (J|

tim. "- N[LDHAT.
11110.

tto. BABEHAT.
lO0,

I0,0
i

ICI,O

" 7 /'?0,0

..../,/..lO.O
w

40.0
i

I0.0. /

ICI,O

tO,O _ •

0 llO.O IO0. 110. lciO ,, II0.
t I_I_II_PJM I O)

Fig, 3, The measured Charpy.V impact energy at different temperatures,

WAT[I_TANKS

_\N lifTINGC_ ( FORL

X[ATINO O[VIC[

1

Fig. 4. The PTS test configuration,

278



PRE-TESTS CALCULATIONS

The temperature field calculations were made using a computer ctxle based on the Fourier
series (Raiko & Mikkola 1991). As the next step, the hoop stresses due to tntemal pressure and
thermal transient were calculated analytically using the normal "thick shell"- formula. The
hoop stress due to temperature transient was obtained from (Timoshenko & Go_ier 1982)

b r

= r2+a2 f Ifoh a_E [ ..........................T(r)rdr + .-- T(r)rdr - T(r) ] (1)
1-V (b2-a2)r 2 r2 'a a

where et is the thermal expansion coefficient (12,0.10"6),E is Young's modulus (195 GPa), v
is Potsson's ratio (0,3), T(r) is the function describing the temperature variation in the wall, b
is the outside radius, a is the inside radius and r is the radius of the location of interest.

Linear elastic fracture mechanics was applied to assess the severity of the flaws. The VTTSIF
program (Kantola i986) based on the influence function method (Besuner 1977) was used to
calculate stress intensity factor values. For the calculation the stress distribution in an unflawed
structure and geometry-dependent influence functions were needed. Flaws 2 and 3 (Table 1)
were considered as semi-elliptical flaws, and the stress intensity factor fo_ulae presented by
Newman and Raju (1983) were used.

The initial shapeof flaw 2 (Table 1) was idealised as a semi-ellipse with semi-axes of 25 mm
and 70 ram. The calculatedstress intensity factorvalues at the deepest pointare shown in Fig.
5. Flaw 3 was idealised as a semi-ellipse with semi-axes of 30 mm and 175 ram. The results
for the stress intensity factorvalue at the deepest pointof the crack are shown in Fig. 6.

m

25 Mfl

lO0. -

0 * _- -_-V..............! ' , 'I "....- '-- - ---I
0 XO0. 200. $00.

TIME151

Fig. 5. The values of stress intensity factor due to internal pressure 300 bar and thermal
shock, flaw 2.
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Fig. 6, The values of stress intensity factor due to Internal pressure 600 bar and thermal
shock, flaw 3,

The calculated stress intensity factor for flaw 3 is presented as a function of crack tip
temperaturefor pressure loads of 300 bat and 600 bat (including thermal transient) in Fig. 7
together with the estimated fractureinitiation toughness values of the weld material provided
by the _metey Institute,

i

K
KIC (_PRVITI

200, 1

a

100. -

O. 100. 200. 300.
CRRCKTIP TEItPERRTURE('C)

Fig, 7, The calculated stress intensity factor for flaw 3 as a function of crack tip
temperature for dO_ferentpressure loads (!ncludin8 thermal transient) to&ethe_
with the preliminary fracture initiation toughness values of the weld material
provided by the Prometey institute,
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FLAW BEHAVIOUR

Accordingtothemeasurementsandotherobservations,nocrackinitiationoccurredintestsI-
5,IntestsI,2and3 thecrackwasactuallya bluntnotch,Intests4 and5 ash_ crackwas
inroducedbutconstantpressurewas notmaintainedduringthetestsduetoleaks,According
tothemeasureds_alnandcrackmouthopeningdisplac©mentvaluesthecrackalreadytested
intest5 initiatedandpropagatedintest6,Thecrackinitiation_curredatthetimeofround
155sfromthestartofcooling,Intest7noL_, _tionsofcrackinitiationcouldbeobserved
on thebasisofthemeasurements.

On thebasisofthemacroscopicexamin,uonofthefraclLiresurface(seeAppendix)foliowi.g
conclusionsweremade:

. Before test 6 the initial d,.pthof the crack has _n approximately30-40 mm
in the middle area of the cr_ck. The initial crack length has been 350 mm.

. • The crack has initiated and _sted during test 6. The fracturesurface reveals
brittle or brittle/ductile morphology.

. Considerableamounthof crackpropagationhas been developed in both ends of
the crack ('tunneling').

POST-TESTSCALCULATIONS

Numerical post-test calculation was made for studying the case of test 6, in which crack
initiated to grow and arrested. In the finite-element calculation the ADINA-T and ADINA
codes were used. _e VTTVIRTcode (Talja 1987) was used to calculate j-integral values.

The temperaturefield was calculated using a fine meshed line model. The inside surface of the
'r vessel was assumed to be insulated. The heat transfer between the vessel wall and thecoolant

was modelled for the outside surface.The heat transfercoefficient h between the coolingwater
and the vessel outside surface is presentedin Table 4. These values were determinedon the
basis of pre-test experiments (Prometey)and the measured surface temperam_ss.These values
are consistentwith thosepresentedin literature(e.g,Kordischet ILl. 1990).The calculated
temperaturesarecomparedto measuredonesin Fig, 8.

Table 4. The heat transfer coefficient between the cooling water and the vessel wall,

I I il liillll __ a , L _ i, . H _ii_i i i ..... HI ......... I

T (°C) 40 80 90 95 100 105 II0 300
............. 11 [nUll l l _ lllllll_ . l .... IIl _ _

h (kWl(mZ°C)) 2.5 3.3 6.0 8,0 15,0 20.0 30.0 40.0
i ilililili lid IIIII IIIIIi ii II II i , ,N r i

The three dimensional model is presented in Fig. 9. Only the straight partof the vessel was
modelled (length of the model was 385 ram), because the end effects were small CTalja&
Keint/nen1991). The flaw was modelled having a constant depth and quaner-circulm"ends. The
appropriatesymmetryboundary conditions and the axial tractiondue to internal pressure were
modelled and the measured pressure.time-dependency was used. Fig. 10 compares the
calculated crack opening displacementto the measuredone in the middle of the crack.
Fig. 11 compares the calculated hoop strain far from the crack to th,, _asured one.
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Ft&. 9. The three dimensional model.
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also presented,

j-intelpal values were calculatedusing the VTIWIRT-code (Talja 1987) in which the
calculationof theJ.inte_l isdoneby thevirtual_ck extensionmethod,The sl_essintensity
factor was calculated assuminga plane straincondition and small scale yielding, thus

/c - (2)
"_ l..v:
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The calculated stress intensity factors in two locations are compared to the preliminary material
fracture toughness data in Fig. 12. The reasons for that the stress intensity factor value
according to the finite-element calculation exceeds the analytical value are the larger crack area
in the finite-element model and the linear elasticity in the analytical calculation.
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Fig. 12. Calculated _'tress intensity factors (tests 6) and the preliminary material fracture
toughness data.

DISCUSSION AND FUTURE PLANS

The behaviour of a model pressure vessel made of a steel 15X2MFA has been studied in a
pressurized thermal shock loading. Seven PTS tests were performed with the same model
pressure vessel using five different flaw geometries. According to the measurements and a
post-test ultrasonic examination of the crack front, the successful sixth test led to remarkable
crack extension followed by crack arrest. Due to the lack of the relevant material property data
at the time of preparation of this manuscript only some preliminary conclusions can be made:

• Generally good agreement was observed between the calculated and measured
values.

• The crack initiation time corresponded the time at which the calculated stress
intensity factor reached its maximum.

• Main crack extension was observed near the crack ends. To clarify this effect
the actual crack shape should be modelled more precisely.

• The circumferential weld located at the midlength of the vessel was much
tougher than the base material.

The analytical stress intensity calculations showed that in the case of a PTS loading the crack
geometry (aspect ratio (a/c)) has a strong effect on the arrest behaviour: a short crack has a
clear tendency to arrest because the K1 value decreases with increasing crack depth. In the case
of a long crack, the situation is the reverse: an initiated crack would more probably penetrate
the wall or at least extend significantly.
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The differences between calculated and measured crack mouth opening displacement values
stem from two reasons. One is the uncertainty in the measurement due to large strains. The
o*_heris the real initial depth of the crack which varies from 30 to 40 mm. In the analysis crack
depth was 30 ram.

The three-dimensional finite-element analysis will be repeated using a deeper crack. Also, the
measured material toughness properties, which are available in the beginning of October 1992,
will be used in the results interpretation. The conditions for crack arrest will also be studied
in the near future.

The next PTS-test will be performed using a cladded model vessel. The results of the test and
analyses will be available next year.
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APPENDIX

One half of the fracture surface of vessel I.

The real wall thickness is reduced (initially 150 ram). The initial crack is shown
by a solid line.
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LARGE.SCALE THERMAL.SHOCK EXPERIMENTS WITH CLAD AND
UNCLAD STEEL CYLINDERS*

R. D. Cheverton
Oak Ridge National Laboratory

Oak Ridge, Tennessee

Abstract

Flaw behavior trends associated with pressurized-thermal-shock (PTS) loading of
pressurized-water-reactor pressure vessels have been under investigation at the Oak Ridge National
Laboratory for nearly 20 years. During that time, twelve thermal-shock experiments with thick-
walled (152 mm) steel cylinders were conducted as a part of the investigations. The first eight ex-
periments were conducted with unclad cylinders initially containing shallow (8-19 mm) two-
dimensional and semicircular inner-surface flaws. These experiments demonstrated, in good
agreement with linear elastic fracture mechanics, crack initiation and arrest, a series of initia-
tion/arcest events with deep penetration of the wall, long crack jumps, arrest with the stress inten-
sity factor (KI) increasing with crack depth, extensive surface extension of an initially short and

shallow (semicircular) flaw, and warm prestressing with I_I < 0.
The remaining four experiments were conducted with clad cylinders containing initially

shallow (19-24 mm) semielliptical subclad and surface flaws at the inner surface. In the first of
these experiments one of six equally spaced (60°) "identical" subclad flaws extended nearly the
length of the cylinder (1220 mm) beneath the cladding (no crack extension into the cladding) and
nearly 50% of the wall, radially. For the final experiment, four of the semielliptical subclad flaws
that had not propagated previously were converted to surface flaws, and they experienced exten-
sive extension beneath the cladding with no cracking of the cladding.

Information from this series of thermal-shock experiments is being used in the evaluation
of the PTS issue.

*Researchsponsoredby the Officeof NuclearRegulatoryResearch,U.S. NuclearRegulatoryCommission
under Interagency Agreement 1886-8011-9Bwith the U.S. Departmentof Energy under Contract DE-AC05-
84OR21400with MartinMariettaEnergySystems,Inc.

Thesubmittedmanuscripthasbeenauthoredby a contractorof the U.S.GovernmentunderContractNo. DE-
AC05-84OR21400. Accordingly,the U.S. Governmentretains a nonexclusive,royalty-freelicense to publish or
reproducethe publishedformof thiscontribution,or allowothers to do so, forU.S. Governmentpurposes.
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THERMAL-SHOCK EXPERIMENTS WITH LARGE, CLAD AND
UNCLAD TEST CYLINDERS

1. INTRODUCTION

The pressurized thermal shock (PTS) issue pertaining to pressurized water reactors
(PWRs) has been under intensive investigation by the Nuclear Regulatory Commission (NRC),
reactor vendors, and utilities since the early 1970s, and these efforts resulted in issuance, by the
NRC, of the PTS Rule _-and Regulatory Guide 1.154 (Ref. 2). As an aid in formulating the rule
and Regulatory Guide, the NRC sponsored the Integrated Pressurized Thermal Shock (IPTS) Pro-
gram, which involved development of probabilistic models and the subsequent calculation of the
frequency of vessel failure for three specific plants. 3-5 The validity of the deterministic aspects of
the probabilistic fracture mechanics model included in the IPTS methodology was established to a
large extent on the basis of a series of thermal-shock experiments conducted with thick-walled steel
cylinders. 6 These experiments were conducted without cladding, which normally exists on the
inner surface of PWR pressure vessels and presumably influences the behavior of flaws in tile
proximity of the cladding. An "acceptable" method for including cladding in the IPTS studies was
to account for its relatively low thermal conductivity in the thermal analysis and its relatively high
coefficient of thermal expansion in the stress analysis, and to assume that initial flaws penetrated
the cladding (surface flaws) and that the cladding had the same fracture toughness properties, in-
cluding irradiation effects, as the base material. More recently, there has been a desire to obtain a
better understanding of the role of cladding. To address this need, "typical" cladding material has
been irradiated, 7 clad-plateS, 9 and clad-beam 10tests with mechanical lo_ing have been conducted,
and thermal-shock experiments, similar to the earlier ones, but with cladding on the inner surface,
have been conducted. 11

There has also been a growing interest in the effect of constraint on fracture toughness for
PTS-related conditions. The IPTS studies indicated that most flaws resulting in calculated failures
were very shallow (crack depth <15 mm), and beam experiments 12 indicate that such flaws may
have elevated toughness (relative to plane-strain values) associated with them (attributed to reduced
constraint). Yet, there is some concern that out-of-plane tensile stress, a relatively high yield
stress, and/or a steep gradient in stressl3,14 could, at least to some extent, negate the elevation.
The thermal-shock experiments tend to address these phenolnena because shallow flaws, steep
stress gradients, a relatively high yield stress, and a biaxial stress state are involved.

Another area of recent interest pertains to the possible existence and effects of low-
toughness sites, which, in principle, could result in a structure effective crack-initiation fracture
toughness as low as the crack arrest toughness of the material surrounding the low-toughness
site. 15 The thermal-shock experiments tend to address this subject because of the extensive length
of crack front involved, which increases the chances of a low-toughness site existing. However,
no welds, other than the cladding (weld deposition), were included in the test cylinders, and it may
be that low-toughness sites are more likely to exist in welds than base material.

The purpose of this paper is to review and compare the thermalshock experiments with
and without cladding, particularly in light of present interests in flaw-depth, stress-gradient, yield-
stress, and stress-state effects on effective fracture toughness and the concern over low-toughness
sites. Detailed analyses of the experiments are still being conducted, and thus this paper does not
represent a final evaluation. Presumably there is more to be learned from these experiments as our
insights and analytical tools are improved.
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2. OBJECTIVES OF TIIERMAL-SItOCK EXPERIMENTS

As indicated in Figs. 1 and 2 and discussed in Ref. 11, a linear elastic fracture mechanics
(LEFM) analysis of a PWR vessel subjected to PTS loading indicates (1) essentially a biaxial stress
state; (2) steep gradients in temperature, stress, stress intensity factor (KI) and critical values of KI
corresponding to initiation (incipient propagation) (Klc) and arrest (KIa); (3) a series of initiation
and arrest events; (4) initiation of very shallow flaws; (5) arrest with KI increasing with increasing
crack depth (in a standard crack-arrest test KI decreases with increasing crack depth); (6) warm

prestressing (WPS) with KI < 0; (7) the possibility of long crack jmnps that might introduce
dynamic effects; and (8) at least in the absence of cladding a short surface crack could extend on
the surface to become a long flaw with an increased potential for propagating radially. These indi-
cated events and features raised questions about the applicability of lab-specimen Klc and Kla data
for PTS analyses (constraint effects associated with shallow flaws and steep stress gradients;
arrested crack fronts; arrest with dKl/da > 0) and about whether warm prestressing, dynamic
events, and extensive surface extension would take place under PTS conditions. Obtaining
answers to these questions was a major part of the objective of the thermal-shock program.

The objective also included, of course, a determination of the behavior of flaws in the pres-
ence of cladding. By comparison with an unclad vessel, the presence of cladding (1) reduces the
severity of the PTS thermal shock (relatively low thermal conductivity) and thus tends to reduce the
potential for propagation of flaws; and (2) introduces high thenual stresses near the surface
(relatively high coefficier_t of thermal expansion) and thus tends to increase the potential for propa-
gation of surface flaws. As suggested in Refs. 16-18, the cladding provides a crack-mouth clos-
ing force for subclad flaws (Fig. 3) that reduces KI relative to that for a surface flaw. The crack-
mouth closing force is essentially equal to the stress in the cladding times the thickness of the
cladding, and for severe themml-shock loading conditions this stress is the "yield" stress. The
possible benefit of cladding for a subclad flaw, relative to a surface flaw and in terms of reducing
KI for the portion of the crack front in the base material, is dependent on the extent of stretching of
the cladding over the crack. As the stretching increases, the benefit decreases. Because of com-
plexities associated with modeling of the crack tip at the clad/base interface, the accuracy of the c_d-
culated extent of stretching is quite uncertain. Thus, an experinaental determir_ation is necessary
and was included in the scope of the thermal-shock experiments with a clad cylinder. 11

Another cladding-related phenomenon that is difficult to model at the present time is the
tendency for either a surface or subclad flaw to propagate beneath the cladding. If subclad propa-
gation (tunneling) is restricted, limiting the length of the flaw, the potential for radial propagation
will be less.

3. DESCRIPTION ()F EXPERIMENTS

3.1 Test Cylinders

Nine thermal-shock experiments (TSE-4, 5, 5A, 6-11) are discussed in this paper. Each
was conducted with a test cylinder fabricated from A508 steel with class-2 chemistry. Three dif-
ferent heat treatments were used, the difference being in the tempering temperature following
quenching in water from the austenitizing temperature (860°C). At the time of quenching, the
cylinders were oversize so that final machining would preclude significant residual stresses. The
length of the cylinders was suMcient to eliminate signific;mt end effects in the central portion of the
cylinder. New, unclad, test cylinders were used for each of the first five experiments (TSE-4, 5,
5A, 6, and 7), and one additional cylinder, clad on the inner surface, was used for TSE-8, 9, 10,
and 11. Two cladding materials were used for the clad cylinder (t:;ig.4), and both were applied by
the strip-cladding, submerged-arc process. Stainless steel 304L was applied to a 90 ° segment,
while the remaining 270° was clad with Inconel 6(X). All test cylinders but the one for TSE-4 were
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the same in length and outside diameter. The test cylinder for TSE-4 was smaller and had a small
enough ratio of diameter to wall thickness to preclude deep penetration of the flaw. A summary of
descriptive material is provided in Table 1, and more detail is given in Refs. 6, 1I, 19, 20, and 21.
Photographs of a clad and unclad test cylinder are shown in Figs. 5 and 6.

Table 1. Summary of test conditions for ORNL thermal shock experiments
-- __= _ - ........ ,f, j , ,,,, - __ __

Experiment
Parameter

_._ ....... -- ....... -- - ....... .... --- •.......... - __ - . -- -_- .11ii

TSE-4 TSE-5 TSE-5A TSE-6 TSE-7 TSE-8,9,10,11

........ - llll i iii . ill ill -- - i i i nlin i il jl:: L i ilnl i ii - I i !in! t __ ii

Cylinder dimensions, mm
Outside diameter 533 991 991 991 991 991
Wall thickness 152 152 152 76 152 152
Length 914 1220 1220 1220 1220 1220
Cladding thickness 5.6

Cylinder material
Designation A508, Class 2 chemistry

Tempering temperature, °C AQa 613 679 613 704 620
RTNDT, °C 75 66 10 66 - 1 66
Yield stress at 22°C, MPa 900 682 581 682 449 520

Flaw (initial)
Type LS b LS, SSc LS LS SCS d SES, e SESd
Orientation axial axial, circum, axial axial axial axial

914 1220, 10 1220 1220 37 114, 38_Fig. 7Length, mm
Depth, mm 11 16 I 1 7.6 14 19}

Thermal shock

initial temperature of cylinder, °C 288 96 96 96 96 96
Initial temperature of coolant, °C -25 -196 -196 -196 -196 -196
Quench medium W/Ag LN2 h LN2 LN2 LN2 LN2

. i iiiii illl iiii _ i 111 iii i _-- i iii i iiiili . _

-aAQ : asque_l_i .... dSCS : semicircular, surface. 8W/A : water/alcohol.

bLS = long, surface, eSES = semieiliptical, surface, hLN2 = liquid nitrogen.

cSS ---short, surface /'SESC = semielliptical, subclad.

3,2 Flaws

Initial flaws for the experiments were "shallow" (<19 ram) and were generated with the
electron-beam, hydrogen-charge technique, 22 which results in a sharp, arrested crack for the initial
flaw. All intended flaws were oriented in an axial direction. For experiments TSE-4, 5, 5A, and
6, the intended initial flaws were surface cracks that extended the length of the test cylinder with
uniform depth. The flaw for TSE-7 was a semicircular surface crack. The test cylinder used for
TSE-8, 9, 10, and 11 had multiple flaws with arrestor holes in close proximity in an attempt to
control interaction effects after flaw extension. As indicated in Figs. 4 and 7, there were six,
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equally spaced (60°), 6/1 semielliptical, subclad flaws for TSE-8. Following TSE-8, two semi-
circular surface flaws were added, and following TSE-10 four of the subclad flaws in the lnconel-
clad area were converted to surface flaws by slitting the cladding; these latter flaws had not propa-
gated previously.

3.3 Experiment Technique

To simulate radiation embrittlemcnt and otherwise provide appropriate conditions for prop-
agation of flaws, it was necessary to use a low-temperature thermal-shock medium and, for sc,me
experiments, a low-tempering temperature (both of which contributed to low-fracture toughness)
and a severe thermal shock (high stress intensity factors). This is not surprising when we recall
that flaw propagation in PWR vessels is predicted only when considering high fluences, high cop-
per and nickel concentrations, lower-bound fracture toughness, and severe transients.

The desired thermal-shock conditions were achieved for TSE-4 by heating the test cylinder
to 288°C and quenching the inner surface with an alcohol/water mixture at -25°C. For all succes-
sive experiments the test cylinder was heated to 96°C and quenched with liquid nitrogen (-196°C).
For the latter experiments, the ends and outer surface of the test cylinder were thermally insulated.
After heating, and with all instrumentation attached, the test cylinder assembly was lowered into a
tank of liquid nitrogen. (A special surface coating was used to promote nucleate boiling, which
provided the necessary high heat transfer coefficient.) The thermal shock was delayed, until full
submergence of the test cylinder, by a gas bubble, trapped in the cavity, that was released after
complete submergence was achieved. This procedure resulted in a very uniform thermal shock to
the inner surface.

Instrumentation included 15 thermocouple thimbles with 12 thermocouples each for mea-
suring the temperature distribution in the wall during a transient; weldable strain gages, as crack-
opening-displacement gages, for detecting the times of initiation/arrest events, and, indirectly, for
determining crack depth; and ultrasonic instrumentation for detecting time of events and crack
depth.

Afie_ the final experiment with a specific test cylinder, the flawed region was removed and
the fracture completed, by mechanical means, at liquid-nitrogen temperature to reveal the fracture
surfaces, In sonic cases, examination of the fracture surfaces was aided by scanning electron
microscopy.

3.4 Specific Purpose of Each Experiment

Generic: to demonstrate that linear elastic fracture mechanics (LEFM) is valid for appli-
cation to PTS loading. One way of doing this is to compare the thermal-shock-experiment critical
values of KI corresponding to the initiation and arrest events with Klc and Kladata measured with
standard specimens. This could be an oversimplification, however, if, for instance, out-of-plane
stress, a relatively high yield stress, and/or very steep stress gradients, all of which were character-
istic of the specific thermal-shock experiments, 6 nullified lack-of-constraint enhancement of frac-
ture toughness associated with the shallow fl_ws tested urlder uniaxial, shallow-gradient-stress
conditions. 12

TSE.4: to demonstrate initiation and arrest. It was not anticipated that more than one ini-
tiation/arrest event would take place because of the stiffness of the wall (low ratio of radius to wall
thickness).

TSE-_5: to demonstrate a series of initiation/arrest events with deep penetration of the wall
and with warm prestressing limiting the number of events.

TSE-5A: the sa:ne as that for TSE-5, with the addition of arrest with dKl/da > 0. The
fracture toughness was purposely greater than for TSE-5 (RTNDT = 10°C for TSE-5A compared to
66°C for TSE-5).
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TSE-6: to demonstrate that as a result of a very long crack jump, dynamic effects would
not be large enough to drive the flaw completely through the wall. A thinner wall (higher radius-
to-wail-thickness ratio) was required to achieve the long crack jump.

TSE-7: to demonstrate that in the absence of cladding an initially short surface flaw
would extend on the surface in a single event to become a long flaw.

TSE-8: to evaluate the behavior of subclad flaws.
TSE-9: to evaluate the behavior of shallow, semicircular, surface flaws in the presence of

cladding. The intent was to terminate the experiment after the first event so that the fracture con-
tour associated with the first event could be determined. (The occurrence of a subsequent event
might prevent that determination.)

TSE-10: to evaluate the behavior of shallow, semicircular, surface flaws in the presence
of cladding. As opposed to TSE-9, the duration of the transient was to be sufficient for all pos-
sible events to take place.

TSE-II: to evaluate the behavior of shallow, 6/1 semielliptical, surface flaws in the pres-
ence of cladding.

4. RESULTS AND DISCUSSION

4.1 Temperature Transients

The temperature transients achieved (Figs. 8 and 9) were such that within 2 rain the inner-
surface temperatures dropped 270°C for TSE-4 and 170-240°C for the subsequent experiments.
The rather large variation for the latter experiments was not intentional but was due in part to unin-
tended variations in the surface coating that must be used to enhance the fluid-film heat transfer co-
efficient. The initial rate of decrease in surface temperature was greater for the clad test cylinder
because of the insulating effect of the cladding, and was greater yet for TSE-4 because of forced-
convection cooling. In all cases, the initial difference in temperature between test cylinder and
quench medium was about the same (--.3(X)°C).

4.2 Fracture Behavior

The evaluation of the actual flaw behavior involves a calculation of KI, Klc, and Kla. To
mininaize uncertainties, these parameters were calcuhtted using the measured temperature distribu-
tions. Also, some fracture-toughness data were obtained specifically for the test-cylinder mate-
rials, and thee data were used in conjunction with an existing data base 23 to obtain best-estimate
values. LEFM two- and three-dimensional (2-D and 3-D) finite-element models were used for cal-
culating KI values for TSE-4, 5, 5A, 6, and 7, but for TSE-8, 9, 10, and 11 elastic-plastic fracture
mechanics (EPFM) models were used to account for the large amount of plasticity in the cladding.
Values of KI/KIc mentioned below are consistent with this approach.

4.2.1 TSE-4

During TSE-4 there was one initiation/arrest event (Figs, I0 and 11). It took place at 152 s
into the transient, and the best-estimate v',due of KI/KIc at the time of initiation was 1.06. A second
initiation event was prevented by WPS, The flaw extended 10 mm and arrested with dKl/da _ 0.
As indicated by the set of critical crack depth curves (Fig. 11),*there is reasonably good agreement
between predicted (using actual temperatures) and actual flaw behavior.

* A _t of critical.crack-depthcurvesconsistsof a ploto1'crackdepthscorreslx)ndingtoinitiationandarrest
eventsand incipientWPS ( KI = 0), all as a functiono1"time inthe transient.
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4.2.2 TSE-5

During TSE-5 there were three initiation/arrest events associated with the intended long,
axial flaw, and WPS prevented a fourth event (Figs. 12 and 13). As indicated in Fig. 13, the sec-
ond event was delayed, indicating an elevated toughness and thus resulting in a rather long crack
jump. The long jump introduced the possibility of dynamic effects, but the good agreement be-
tween calculated (static analysis) and actu',darrested crack depth indicates dynamic effects were not
significant.

An unintended and initially undetected surface flaw with a surface length of only 10 ram, a
depth of 16 mm, and a circumferential orientation (a cross crack in the EB-weld fusion zone used
to generate the long axial flaw) extended on the surface, bifurcating many times, to become a very
long flaw (Fig. 14). This confirmed a predicted behavior that was to be investigated in a later ex-
periment (TSE-7_. Propagation of this flaw occurred after propagation of the long axial flaw and
thus did not influence propagation of the latter flaw

4.2.3 TSE-5A
!

During TSE-5A there were four initiation/arrest events with WPS preventing a fifth event

(Fig. 15). Following incipient WPS (I_ I = 0), KI/KIc reached a maximum value of 2.3, and yet

initiation did not take place. Thus, WPS (no initiation with I_i < 0) was demonstrated in a reason-
ably convincing manner, and once again there was good agreement between prediction and
experiment.

4.2.4 TSE-6

.I

Dunng TSE-6 there were two initiatiorvarrest events with a final arrest 95% of the way
through the wall (Figs. 16 and 17), The static LEFM analysis predicted the deep arrest, but there
was concern that dynamic effects might drive the flaw completely through the wall. Apparently,
dynamic effects were negligible.

4.2.5 Comparison of fracture.toughness data from TSE.4, 5, 5A, and 6

A comparison of standard-specimen Klc and Kla data* with the critical KI values corre-
sponding to the initiation and arrest events detected during the ORNL thermal-shock experiments
and a similar French experiment 24 (Figs. 18 and 19) shows good agreement and thus indicates that
LEFM is valid for PTS loading, assuming that the shallow initial flaws would not exhibit a sub-
stantially elevated toughness. Shallow-flaw data obtained with beams subjected to bending l2 indi-
cate that the first initiation events for TSE-5 and TSE-6 were at too low a temperature to exhibit
elevated toughness; however, for TSE-4, TSE-5A and the French experiment, they were not.

Even so, there is no evidence in Fig, 18 of elevated toughness. A possible explanation is that out-of-plane stresses (nearly equal biaxial stresses under thermal,shock loading), and/or the relatively
high yield stress,** and/or the steep gradient in stress over the depth of the flaw resulted in a re-
duction in fracture toughness based on the single fracture parameter KI (Refs. 13 and 14). This
possibility is under investigation at ORNL.

*The data used for the comparison disused herein are those used to define the ASME lower-bound Klc and
Kla curves. 23

**The room-temperature yield stress for the shallow.flaw beams was ..420 MPa, which is low compared to
the values for the test cylinders (Table 1).
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The two relatively high data points in Fig. 18correspondto the initiation events thatpre-
ceded the two long crackjumps (TSE-5 and TSE-6), and in Fig. 19 it is not evident that the long
crackjumps had a significanteffect on crackarrest(datapoints are within the ,scatterband).

Two otherdata points of particularinterestin Fig. 19 arcthose correspondingto _st with
dKl/da > 0. There is not a discernibledifferencebetween these dam points and data obtainedt_m
a standardcrack-arresttest(dKl/da < 0). Thus, the latterdata appear to be validfor PTS loading.

During TSE-5, 5A, 6, and 7, there were more than 12 initiation events involving crack
fronts totaling more than 1000 mm in length, and yet the existence of low-toughness sites is not
apparent;mat is, Klc values deduced from the experiments do not fall below the ASME lower-

boundKlccu_, e. On the other hand, there is considerableoverlap of the Klcand Klascatterbands,which implies that the lower part of the Klc scatterband includes the effect of low-toughness
sites. 15 This is consistent with the notion that if a compact specimen containing a low-toughness
site fails, as opposed to exhibiting a pop-in, the existence of the low-toughness site results in a
relatively low value of Kit,,but otherwise is not recognized, A pop-in eliminates the low-toughness
site without failure and presumably is not recordedas a Kit value. Thus, perhaps the ASME
lower-bound'Klccurve includesessentially all low-toughness sites that can result in failures.

4.2.6 TSE.7

During TSE-7, the shallow, semicircular flaw experienced three major initiation/arrest
events and, during the first event, extended on the surface, bifurcating many times, to become a

very long flaw (Fig. 20). The pretest analysis, which could not include the potential for bifurca-
tion, indicated thatthe flaw wouldextend on the surfacenearly the full lengthof the testcylinderin
a single event and subsequently experience two more initiation/arrestevents with a fourth event
being prevented by WPS (Fig. 21). (The 2-D analysis presented in Fig. 21 is reasonably accurate
because the maximum value of Kl/glc-for the semicircularand 2-D flaws of the same depth are
about the same,and the first event extends the surface length of the initial flaw.) Thus, therewas
good agreement betweenpredictionand experiment.

4.2,7 TSE-.8

During TSE.8, one of the six flaws (flaw 3) experienced two initiation/arrestevents, ex-
tending both the length and depth of the flaw (Fig. 22). Although there were obvious stretch
marks in the cladding over the extended flaw, there was no penetration of the cladding. The
maximumvalue of Kl/Klcalong the original crackfrontat the time of the initial initiation w_s at the
deepest point and was 0.8. The maximum values achieved for the other five flaws occurred
somewhat later and werenominally 1.0 (as a resultof the extensive extension of flaw 3, there was
a loss of symmetry that increased Kl slightly for some flaws and decreased KIslightly for others).
This experimentdemonstrated that even in the presence of tough cladding, a short flaw could ex-
tend inlength beneath the cladding to effectively become a 2-D subclad flaw. Comp.aringTSE-8
with TSE-7 indicates that the presence of the claddingreducesthe tendency for bifurcauonandthus
the extent of"surface" e_xtension.

The calculationof KI for the portionof the crackfront in the base materialrequiredmodel-
ing of the crack front at the clad/base interface, and this was done using a crack-tip blunting
model.11 The low calculatedvalue of KI/KIc for the firstevent (0.8) indicates that stretchingof the
claddingover the flaw was greater than calculated.

4.2.8 TSE-9 and TSE.10

TSE-9 and TSE-10 included two semicircular surface flaws, one of which extended
slightly during TSE-9. Immediately following this event, which was nothing more than comple-
tion of crack generation in the EB-weld fusion zone, the transient was terminatedby withdrawing
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the test cylinder from the liquid nitrogen. Although of greater duration, the thermal transient for
TSE-10 was less severe (Fig. 9), and there was no further propagation. The maximum value of
KI/KIc during TSE-9 for the portion of the crack front in the base material occurred at the clad/base
interface and was 1.3. This value, however, is based on the toughness of the base material in
essentially a quench-only condition, and it may be that the heat affected zone at the clad/base inter-
face was terfipered to a higher toughness. In any case, because the TSE-7 test cylinder was fully
temperated (RTNDT = -1 °C), and because the TSE-9 transient was somewhat more severe (Figs. 8
and 9), it appears that the presence of cladding reduced the potential for propagation of the semi-
circular surface flaw. This is further supported by the lack of propagation during TSE- 11, which
had a more severe transient.

4.2.9 TSE-II

The thermal transient for TSE-11 was substantially more severe than those for the other
experiments (Fig. 9). During the transient, the four 6/1, semielliptical, surface flaws propagated,
extending in length and depth without penetrating the cladding (Fig. 23 and Table 2). There was
some bifurcation that permitted flaw 6 to bypass the arrestor holes and extend nearly to the ends of
the cylinder. There is evidence in Table 2 that at 124 and 230 s initiation of one flaw triggered
others, presumably as a result of stress waves. Values of KI/KIc at the times of the first initiations
were 1.1 (clad/base interface) and 0.8 (deepest point) at 86 s and 1.3 (clad/base interface) and 1.1
(deepest point) at 124 s, all based on RTNDT = 66°C. The extension of flaw 2 at 86 s was re-
stricted, as intended, by arrestor holes and thus had a negligible effect on the events associated
with the other flaws at 124 s.

Table 2. Events during TSE- 11
i i

Time (s)
Flaw

86 124 192 230 390

2 Ea E
3 E E E E
4 E
5 E
6 E E

i i i iiii i iii ii i i I i

aE indicates initiation/arrest events.

Flaw 3, which had propagated during TSE-8, experienced four additional initiation/arrest
events, while the subclad flaw in the stainless-steel-clad region (flaw 1) and the two semicircular
surface flaws (flaws 7 and 8) did not propagate. The maximum value of KI/KIc for flaw 1 prior to
WPS (-230 s) and prior to extensive propagation of other flaws (124 s) was 1.0, and it was at the
deepest point. For the semicircular flaws, the corresponding value was 1.5 at the clad base inter-
face (based on RTNDT = 66°C) and 0.8 at the deepest point.
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5. SUMMARY

The thermal-shock experiments confirmed the validity of LEFM for severe thermal-shock
loading conditions by demonstrating the following flaw behavior trends in good agreement with
analysis:

a. initiation of very shallow flaws;
b, arrest of both short- and long-cra.ck jumps;
c. a series of initiation/arrest events with deep penetration of the wall;

d. the inability of a flaw to initiate with I_I < 0, even though KI/KIc >> 1.0 (Type-1 WPS);
e. arrest with dKl/da > 0;
f. extensive surface extension in a single event and in the absence of cladding of an initially

short and shallow surface flaw; and
g. extensive subclad extension at the clad/base interface of an initially short and shallow surface

or subclad flaw, although the analytical model for subclad propagation is suspect because of
geometric co_xlplexities.

The validity of LEFM is illustrated in a quantitative sense by the good agreement between
critical values of KI, corresponding to initiation and arrest events, and KIc and Kla values measured
with standard procedures. The good agreement in Kla values for a long crack jump should not,
however, be interpreted to mean that dynamic effects are necessarily negligible for PWR pressure
vessels, which have higher ratios of vessel radius to wall thickness.25, 26 Also, the good agree-
ment of Klc values should not be interpreted to mean that constraint effects associated with shallow
flaws will not be significant under more nearly typical PWR PTS conditions. This issue is
presently under investigation at ORNL.

There was no evidence of low-toughness sites other than the observation that some of the
Klc values deduced from the thermal shock experiments approached the ASME lower-bound Klc
curve.
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Fig. 8. Inner-surface temperature vs time for TSE-4, 5,
5A, 6, and 7.
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THE INFLUENCE OF FINITE-LENGTH FLAW
EFFECTS ON PTS ANALYSES*

J.Keeney-Walker
T,L,Dickson

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

!
ABSTRACT

Current licensing issues within the nuclear industry dictate a need to investigate the
effects of cladding on the extension of small finite-length cracks near the inside surface of a ves-
sel. Because flaws having depths of the order of the combined clad and heat affected zone thick-

ness dominate .the frequenc_ distribution of flaws, !heir initiation probabilities can govern calcu-
lated vessel failure probabilities. Current pressunzed-thermal-shock (.PTS) analysis computer
programs recognize the influence of the inner-surface cladding layer _n the heat transfer and
st ess analysts models, but assume the claddtng fracture toughne_,s is the same as that for the base
material. The programs do not, theretbr¢, recognize the influence cladding ma_, have in inhibit-
ing crack initiation and propagation of.shallow finite-length surlace tlaws. Litmted experimental
data and analyses indicate that cladding can inhibit the propagation of certain shallow flaws.

This paper describes an analytical study whtch was carried out to determine (1) the minimumflaw depth for crack initiation under PTS loading for semicircular surface flaws in a clad reactor
pressure vessel and (2) the impact, in terms of the conditional probability of vessel failure, of
using a semicircular surface flaw as the initial flaw and assuming that the flaw cannot propagate
in the cladding,

The analytical results indicate that tor initiation a much deeper critical crack depth is
required for the finite-length flaw than for the infinite-length flaw, except for the least severe
transient. The minimum flaw depths required for crack initiation from the finite-length flaw
analyses were incorporated into a mtxtified version of the OCA-P c_le, The modified ct_te was
applied to the analysis of selected PTS transients, and the results pnxluced a substantial decrease
in the conditional probability of failure. This initial study indicates a significant effect on prob-
abilisti¢ fracture analyses by incorporating finite-lcngttl flaw results.

1. INTR()I)U(YI'I()N

The Nuclear Regulatory Commission (NRC) established the PTS rule I (10 CFR 50.61) to
insure the integrity of reactor pressure vessels (RPVs) under vrs loading conditions based on re-
stilts from the Integrated Pressurized-Thcrmal-Sllock (llrl'S) Program 2_4 and other studies,
According to this document, plant-specific analyses must be perlbrmed for any plant that is
intended to operate beyond the screening criteria Ilimiting values of the reference nil ductility
temperature (RTND'I')I. l:urthcnuorc, Regulatory Guide 1,154 ,_ provides guidance on the

*Research sl)onsorcd by the OITlcc _)f Nuclear Regulatory Research, t!.S, Nuclear Regulatory ('olnmlssitm
under lnteragcncy Agreement 188¢_-8()!1-gB with the U.S, Department of Energy under Contract !)E-AC¢)5.
84OR214(X) with Martin Marietta Energy Systems, Inc.

The submitted manuscript has been authored by a contractor oi"the U.S, (;oven;ment u|aler Contract No, l)E-
ACOS-g4OR214fX). Accordingly, the U,S, Government retains a noncxclusivc, royalty.free license to publish or
reproduce the published form _Jlthis cemtribtitit_n, or allow others to do so, for tJ.S. Govcrntucnt PUtl_OSes.
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methodology for performing plant-specific safety analyses and references the IPTS methodology
as acceptable for the probabilistic fracture-mechanics (PFM) portion of the analyses.

A typical methodology for performing deterministic and probabilistic fracture mechanics
analyses is embodied in the OCA-P computer program, 6 which is referenced in the IPTS study.
The OCA-P program was developed at Oak Ridge National Laboratory (ORNL) specifically for
simulating the cleavage fracture response of an RPV subjected to a PTS event. The program is
based on linear-elastic fracture-mechanics (LEFM) theory and uses superposition techniques and
influence coefficients for calculating stress-intensity factors (KI) for both two- and three-dimen-
sional (2-D and 3-D) flaws. In the IPTS studies 2-4 the cladding was assumed to have the same
fracture-toughness characteristics as that for the base material. In an experiment performed on
an unclad cylinder with RTNDw =-I°C (30°F) [TSE-7 (Ref. 7)], a 19-mm-deep (0.75-in.)
semicircular flaw propagated extensively along the surface and in three initiation-arrest events
propagated radially -40% through the 152-mm (6-in.) wall. Based on early 3-D calculations and
the results of TSE-7, it was concluded that, if the fracture toughness of the jladding were less
than or equal to that for the base material, shallow semicircular surface flaws would extend on
the surface to effectively become long flaws and that this would occur prior to the time that a
long flaw of the same depth would propagate radially. Thus, it was only necessary to calculate
the potential for the long flaw to propagate (for subsequent initiation/arrest events the actual
length of the flaw was considered).

More recent analytical studies 8 have shown that for more realistic PTS transients than
previously considered, K! for an infinitely long surface flaw may be greater than that for semi-
elliptical surface flaws of identical depth. Furthermore, a comparison of TSE-7 with a more
recent thermal-shock experiment 9 and with a study 10 that makes use of recent cladding irradia-
tion data indicate that the toughness of the cladding may be sufficient to prevent propagation in
the cladding under PTS loading conditions. In the TSE-9 experiment 9 [similar test cylinder to
TSE-7 with cladding on the inner surface, base-material RTNDT = 66°C (150°F), and essentially
the same thermal shock] there was a single event with only 6 mm (0.25 in.) of crack extension,
and this event was attributed to completion of the initial flaw in the electron-beam-weld fusion
zone created for generating initial flaws. Consequently, the IPTS methodology in Refs. 2-4
tends to predict a greater potential for propagation of initial shallow flaws than would actually
exist. For the present study, the possible benefit of using a finite-length surface flaw as the initial
flaw, as opposed to a 2-D surface flaw, and of assuming no propagation of the flaw in the
cladding was investigated. A semicircular flaw was selected for the finite-length flaw because
earlier studies indicated that, at least in the absence of cladding, the maximum K ratio (KI/KIc)*
for a semicircular flaw was greater than that for longer flaws of the same depth during a PTS
transient. By contrast with the longer flaws, the maximum K ratio occurs at or near the surface
rather than the deepest point, and thus there is a tendency for the shorter flaw to extend in surface
length.

The specific objectives of this initial study are to determine for PTS loading conditions
(1) which surface flaw (semicircular or 2-D of the same depth) has the greatest potential for ini-
tiation, (2) the minimum flaw depth resulting in initiation of semicircular surface flaws in a clad
RPV under PTS loading, and (3) the impact, in terms of the conditional probability of vessel
failure, of using a semicircular surface flaw as the initial flaw. Part (2) provides a means f,',r in-
corporating 3-D flaw effects in the ORNL PFM code, which at the present time does not include
stress-intensity-factor influence coefficients for the specific 3-D flaws of interest in this study.
With the 3-D capability at hand, it is then possible to perform Part (3).

*KI¢= staticcrackinitiationtoughness.
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2. INPUT DATA

The transients included in the studies were defined by an exponential decay of the
primary-system coolant temperature, a constant heat-transte: coefficient for the fluid film at the
coolant-vessel interface, and a constant primary-system pressure. The coolant-temperature tran-
sient is described mathematically as

Tc = Tf+(Ti- Tf)e-nt, (1)
where

TC = temperature of primary-system coolant in downcomer (°C),
Tf - final temperature of primary-system coolant in downcomer (°C),
Ti - initial temperature of primary-system coolant in downcomer (°C),
t = time in transient (rain), and
n = exponential decay constant (rein'l).

For this study the exponential decay constant (n) was 0.15 min-l, which, based on the
IPTS studies, 2--4 represents a typical rapid PTS transient; there were three final temperatures
[65.6, 100, and 119.4°C (150, 212 and 247°F)] and a single initial temperature [288°C (550°F)1
for the coolant and vessel. The coefficient of convective heat transfer was 2839 W.m'2.K "1 (500
Btu/h.ft2.°F), which is typical for some reactors. The duration of the transient was 100 min in all
cases with a pressure of 6.895 MPa (1.0 ksi). The pressure was obtained from a NRC/Electric
Power Research Institute (EPRI) PTS computer-code benchmarking activity* currently in
progress. Graphical representations of the thermal transients are shown in Fig. 1.

The geometry and material properties of the vessel were obtained from the NRC/EPRI
PTS activity. The geometry of the vessel is given in Table 1 and the material properties in Table
2. The adjustment in reference temperatures caused by radiation through the vessel wall was
determined by the procedure in Regulatory Guide 1.99 Revision 2 (Ref. 1 1) with the following
equations:

RTNDT =-6.67 + ARTNDT , (2)

ARTND T = 0.56 (CF)[0 (0'28-0'1log,)], (3)

and

_ = _o [e(-O'OO94a)] , (4)

where

a = crack depth measured from inner surface (ram),
= fast-neutron fluence (E > 1 MeV) at depth a/1019 (neutrons/cm2),

_0 = ¢1)at a = 0,
ARTNDT = increase in RTNDT at depth a (°C), and

CF = chemistry factor.

*Letter,T. J, Griesbach,ElectricPowerResearchInstitute,to T. L.Dickson,ORNL,"Definitionof PTS
BenchmarkProblem,"datedMarch3, 1992.
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The chemistry factor is a function of copper and nickel content and, assuming for these analyses
a typical high value of copper (0.3 wt%) and a typical value of nickel (0.75 wt%), was deter-
mined to be 217.3 from Ref. 11. For _o = 1.73 (typical for some reactors near end of license
period), at the inner surface ARTNDT = 139°C (250°F) and RTNDT = 132°C (270°F), which cor-
responds to the screening criteria for axial flaws, as specified by the PTS rule. 1 (The specific
values for _o, copper, and nickel are those used in the NRC/EPRI PTS activity.)

Predictions of crack initiation were based on a range of American Society of Mechanical
Engineers (ASME)-based fracture initiation toughness curves. The mean Klc curve was the one
used in the IPTS studies 2-4 and is defined by assuming that the ASME lower-bound curve 12rep-
resents the mean minus two standard deviations. One standard deviation is defined as 0.15 (Klc
mean), The range of Klc curves used in these analyses were:

-36 = 0.787 (ASME lower-bound Klc curve), (5)

-2a = ASME lower-bound Klc curve, (6)

-la = 1.22 (ASME lower-bound Klc curve), (7)

()a = 1.43 (ASME lower-bound Klc curve), (8)

and

Klc (ASME) = 36.5 + 3.083 exp[0'036(T-RTNDT+55.56)], (9)

where Klc is in MPa-vrm.
Vessel dimensions and material properties (in addition to Klc) used in this study are given

in Tables 1 and 2.

Table 1. Geometry of the vessel used in the PTS analyses
i i iiii i iiii iiiii i _ __ I I III

Inner vessel radius, mm (in.) 2286.0 (90.0)
Wall thickness (with cladding), Into (in.) 228.6 (9.0)
Cladding thickness, mm (in.) 4.1 (0.16)

_-- , ,,,,u, ,, ,,, ,,,,,, , ,,, i,, ,,

3. DETERMINISTIC.ANALYSIS METttOD()LOGY FOR L()N(; FLAWS

OCA-P was used to perform the fracture analysis for the 2-D flaws. OCA-P performs
one-dinlensional (l-D) finite-element thermal and stress analyses to determine the time and wall-
depth-dependent temperatures aad stresses that are required for a fracture analysis. OCA-P then
utilizes stress-intensity-factor influence coefficients and superposition techniques to calculate Ki
values as functions of crack depth and transient time. OCA-P also calculates the time- and wall-
depth-dependent values of Klc based on the attenuated fluence, chemistry, and initial
(unirradiated) value of RTNDT, and determines critical flaw depths and corresponding transient
times.
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Table 2, Material properties
' ' almmilI' '[' f Ir ..... I 1 I _' _..... IIIIII I I IIIIIIII =" I II11 [ j : I : I I I

Cladding Base metal
,i, t_ __ ii .__ i1, iii i ,, i ,,l,_, ....................................... ii,.II i f, i .,i

Modulus of elasticity (E), MPa (ksi) 186,160 (27,000) 193,050 (28,000)
Poisson's ratio (v) 0.3 0.3
Thermal expansion coefficient (or), per °C (per 17.82 x 10.6 14.49 x 10.6
°F) (9.9 x 10"6) (8.05 x 10"6)

17.3 (10) 41.52 (24)
Thermal conductivity (k), W/m.°C

(Btu/hr'ft'°F) 502 (0,12) 502 (0.12)
Specific heat (Cp), J/kg.°C (BtuAb.°F) 7833 (489) 7833 (489)
Density' (p), k_m 3 (!b/ft3) ...... ........ ,,, , _ ,, ,

4. 3-D FINITE.ELEMENT ANALYSES

Semielliptical axial surface cracks having length-to-depth ratios of 2: I and depths ranging
from 4.572 mm (0.18 in.) to 44.45 mm (1.75 in.) were evaluated in this study. The 3-D finite-

element model of the cylinder was generated with the ORMGEN 13 mesh generating progr,am.
From symmetry cot. :litions, only one-fourth of the cylinder (180 ° model) is included in the fimte-
element model (Fig. 2). A detailed plot of the crack-tip region of a 12.7-ram-deep (0.5-in.) flaw
is shown in Fig. 3. This model has a modified semicircular crack front in which the crack-front
profile through the thickness of the cladding is represented by a straight line normal to the sur-
face. This straight-line profile affects the modeling of shallow semicircular flaws. Comparisons
were made between the 3-D analyses and closed-form KI solutions 14developed for semicircular
part-through surface cracks. There was good agreement between the two results for deeper flaws
112.7 mm to 25.4 mm (0.5 to 1.0 in.)l, but the solutions diverged as the flaw depth becomes more
shallow [6.35 mm (0.25 in.)l. This is because of the modeling assumptions discussed earlier (the
deviation of the 3-D crack front from a semicircular configuration becomes more pronounced as
the flaw becomes more shallow). Hence the 3-D results will deviate from closed-form solutions
for a semicircular flaw. The comparisons are summarized in Table 3 for Tf = 119.4°C (247°F) at
a time of 17.5 rain 13-D KI values were not available for the 4.572 mm (0.18 in.) flaw with this
transient]. The vessel dimensions are given in 'Fable 1. The cylinder was analyzed with the
ADINA15 finite-element program, using special constraints on the nodal displacements to
approximate generalized-plane-strain boundary conditions opposite the symmel_ry plane. This
boundary condition is used to simulate the closed end of an RPV. The model depicted in Fig. 2
consists of 8161 nodes and 1688 twenty-noded isoparametric elements.

The 3-D mtxlel of the cylinder was analyzed using the material properties in Table 2,
which were assumed to be constant throughout the transient. Thermoelastic analyses were per-
formed using a 3 x 3 × 3 Gauss point rule to compute the global stiffness matrix. The tempera-
tures through the wall for each transient were obtained from the OCA-P thermal analyses and
applied to the cylinder by interpolation. Ttle "stress free" temperature was t_en as the initial
operating temperature of the RPV, which is a reasonable approximation to the lifetime load his-
tory effects.

The pressure of 6.897 MPa (1.0 ksi) was applied to the model using 3-D element pressure
surfaces. For each time step of the calculations, energy release rate,; were determined around the
crack front using a virtual crack-extension technique developed by deLorenzi 16 and implemented
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in the ORVIRT 17 program. (The ORVIRT program functions as a postprocessor of a conven-
tional finite-element solution obtained from the ADINA program.)

The through-wall circumferential and axial stress distributions from the ADINA and
OCA-P solutions were compared for Tf = 119,4°C (247°F), and a time of 17.5 min into the tran-
sient. This comparison is depicted in Fig. 4 and shows good agreement.

Table 3. Comparisons of 3-D finite-element analyses with closed-form KI solutions
of semicircular part-through surface cracks

.............. II IIIII lYl - f_ II _ 7- _ IIi I [I [ - i1__ ]1111[ [111 I[fllll I IIIII i1!111 II III I II I I -_ __ Ill _ _ ....

a a II II a
25,4 mm 15,875 mm 12,70 mm 6,35 mm 4,572 mm
(1.0in.) (0,625in.) (0,5 in,) (0.25 in,) (0,18in.)

Location

KI(MPa_['m) Kl(MPax/'_) KI(MPax_m) Ki(MPax/'g') KI(MPax/'m)

% % % % %
3-D CF* Diff3-D CF Diff3.D CF Diff3-D CF Diff 3-D CF Diff

...... _ i __ illl [ - - IT1I[ Illlfl [ Jill " I Ill " ....... mlmm,l.r11 ........... i

Surface 98 99 I 82 8(} 3 74 72 3 46 52 12 -- 44 --.
Clad/Base 86 90 4 67 71 6 58 64 9 28 44 36 --- 37 --
Interface

Deepest 62 65 5 55 59 7 51 54 6 36 41 12 -- 36 --
Point

i [ [ i[iiiiiii i i iiiiii 11 iiii ...... iiiii [ - i . ._.__ ,,,,!, ,rllll, ,,,!!,,,_.... a ,,:, ---- --,-

AS mentioned in the introduction, to be able to perform the PFM analysis with OCA-P,
considering 3-D as well as 2-D flaws, it was necessary to provide a means for including 3-D-flaw

effects in OCA-P for the specific flaws of interest, This was done by first calculatin_ the mini-
mum flaw depth that would result in initiation during the specific PTS transients of tnterest for
the study. In so doing, the effects of warm prestress were neglected, consistent with the require-
ment in NRC Regulatory Guide 1.154 and thus consistent with the way in which the OCA-P VI'S
analyses are performed with 2-D and other 3-D flaws.

5. DETERMINISTIC COMPARISON OF POTENTIAL FOR INITIATION
OF 2-D AND 3-D FLAWS

Values of KI/KIc were calculated for flaw depths of 12,7 and 25,4 mm (0.5 and 1.0 in,),
and for the two PTS transients corresponding to Tf = 65.6 and i00,0°C (150 and 212°F). For the
3-D (semicircular) flaw, the maximum value of KI/KIc occurs at the clad/base interface, and thus
the 3-D flaw initially tends to grow in length. Thermal-shock experiments 9 with clad cylinders
indicate that in a single event the flaw could grow in length beneath the cladding to become a
long (2-D) flaw. Thus, the interface point on the initial crack front was used in the present study
for the comparison.

Results of the analyses, shown in Fig. 5 (a)-(d), indicate that for a flaw depth of 25,4 mm
(1.0 in.) and Tf = 100,0°C (212°F) the maximum values of KI/KIc (maximum with respect to
time) are somewhat greater for the 3-D flaws, and for the more severe transient the 25,4-mm (1,0
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in.) 3.D values are only slightly less than for the 2-D values, with the 2-D values occurring a few
minutes later in both transients. For shallower flaws, the maximum values for the 3-D flaws are

substantially less than for the 2-D flaws, Previous l_,FS-type studies 2-4 using only 2-D flaws
for initial flaws, indicate that most initial flaws resulting in vessel failure have depths less than
15 ram. Thus, use of the presumably more likely 3-D flaw could result m a smaller calculated
value of the probability of vessel failure. A preliminary estimate of the effect is included in
Section 8.

6. CALCULATION OF MINIMUM CRITICAL FLAW DEPTH
FOR 2-D FLAWS

The minimum flaw depth that resulted in cleavage fracture as predicted by OCA-P is
illustrated in Fig. 6 for infinite-length axial.oriented surface flaws and for the various transients
and Klc curves, assuming RTNDT at the vessel inner surface of 132°C (270°F). From Fig. 6 it
can be seen that as the toughness increases (-30 to 0o) and Tf increases, the minimum flaw
depth that will initiate increases, as would be expected for the specific transients.

7. CALCULATION OF MINIMUM CRITICAL FLAW SIZE
FOR 3-D FLAWS

In perfonning a series of 3-D analyses for each transient to determine the minimum crack
depth that would result in initiation, K! was calculated along all of the crack front. Values are
plotted as a function of time and selected points along the crack front in Fig. 7 (a)-(¢) for crack
depths of 25,4 mm (1.0 in.), 10.16 mm (0.4 in.), and 6,35 mm (0.25 in.), i'espectively, and for
Tf= IO0'C (212'F). As indicated, KI values are highest at the surface For the deepest flaw, the
maximun't value in the base material is at the clad/base interface, and for the shallowest flaw, it is
at the deepest point.

In Fig. 8, values of KI and KIc at the clad/base interface for a ..-.15.875 mm (0.625 in.)
and Tf = I(X)°C (212°F) are shown as functions of time. The KI curve is tangent to a KIc curve
slightly above the -lo curve. The corresponding time and KI value are approximately 30 rain

and 66 MPax/m (60 ksi_n. ). By interpolation, crack depths corresponding to tangent points
with each of the indicated Klc curves were obtained and are reported in Table 4. These crack
depths are the minimum values that will result in initiation for the specified conditions, and the
maximum Ki value from along the crack front. All the initiations took place at the clad/base
interface except for the _-20 and -_3o cases and Tf = 65.6°C (150°F), since KI was higher at the

deepest point. As discussed earlier, there is a divergence fronl the closed-form solution for theshallow-flaw 3-D model tit the clad/base interface. The results in Table 3 for shallow flaws indi-
cate that the value of Kl at the clad/base interface is close to tha value at the deepest point for the
closed-fornl solution. Consequently, for these analyses, the minimutn flaw depth that will result
in initiation would not change for the -30 case, but would decrease from 7.37 mm (0.29 in.) to
6.35 mm (0.25 in.) for the -20 case. For any subsequent analyses, it is recommended that a 3-D
model of a true semicircle be used.

The results from the 3-D and IPTS/OCA-P analyses are plotted together in Fig, 9. The
3-D results, using the -3o fracture toughness curve, predict that a much deeper minimum critical
flaw size (by 80%) is needed for initiation than is indicated by the 2-D results for the three tran-
sients. But, as toughness increases (-30 to 0o), and the final temperature increases, the 3-D
results predict flaws to initiate which are shallower than those predicted by the 2-D analyses.
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Table 4, 3-D finite-element results

-30

a a a a............... 7_'- I II _ [ IIIl[ I [I I1Hfllll I IIIII IIIIIrfI IIII I IIITI] 11 ----- J Illl[ [

65,6 (150) 10.92 63 9,14 53 7.37 47 5,08 36
(.43) (57) (,36) II(48) (.29) (43) (.2{)) (33)

I

100,0 (2i2) 21,84 77 15.75 66 11.68 54 8,89 45
(.86) (70) (.62) (60) (.46) (49) (.35) (41)

J
119.4 (247) 42,93 98 29.97 83 20,07 69 13.46 54

(1,69) i(89) (l.18) (76) (.79) ]i,(63) (,53) (49)J nl fllllli _ .... _

Note: Valuesofainmm (in.)

ValuesofK inMPa_ (ksi_)

8. OCA-P PROBABILISTIC ANALYSES

The possible net _nefit of using 3.D as op.posedto 2.D initial flaws in a FI'S analysis is
most accurately evaluated in terms of th: probability of vessel failure. PFM calculations, using
OCA-P, were performed using both 2-D and semicircular flaws as iniual flaws. The results,
shown in Fig. 10, indicate that P(FIE) is substantially less for the semicircular flaw: a factor of 3
for the most severe transient considered and a factor of 20 for the least severe.

For these studies, the semicircular flaws was included in the OCA-P analysis in an

approximate manner that underestimated the benefit of using the specific 3-I?,as opposed to the
2-D flaw. IThe minimum crack depths for initiation determined in the 3.D deterministic analysis
(Section 7) were used as a filter to eliminate initiation of 2-D flaws of a shallower depth. Flaws
that were not filtered out were treated as infinitely long surfiwe flaws,191

S'S'9. 1)1, CU, Si{)N AND SUMMARY

Analyses were performed to determine tile effect of using semicircular surface flaws its
initial flaws in it lvl'S analysis as opnosed to 2-D "laws. A deterministic analysis indicated that
deeper 3-D tsemicircular) than 2-D :2aws were required for initiation, except for the least severe
transient. P(FIE) wits reduced by it factor of 3 for the most severe transient and a factor of 20 for
the least severe transient. When the closed-ftm'n semicircular flaw K! solutions were evaluated,

"_)the minimum flaw depth required for initiation did not change significantly. (.t: nsequently,
P(FIE) was not affected. This initial study indicates that incorporatirtg finitedength flaw results
into probabilistic fracture analyses significantly affects the analyses.
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OFINL-OWQ92-3821ETD

FII- (90,0 In,)
t = 228.6 mm (9,0 In.) llil[! i

to = 4.1 mm (0,16 In.)

8161 NODES
1688 ELEMENTS

Fig. 2, 3-D finite-elementmodelof a cl_ ¢yhndr subjectedto PTS Ioadinll.
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ORNL-OWG92-3522ETD

Fig.3, Detailofcrack-(ipr_gionforthefinitc-clcmcn|modelofacladcylinderwitha
12,7-ram-deep(0,5-in,)flaw,
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Fig. 7. Values of applied KI as a function of time for three flaw depths: (a) 25.4 mm
(1.0 in.); (b) 10.16 mm (0.4 in.); and (c) 6.35 mm (0.25 in.); Tf= 100°C (212°F).
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LARGE-SCALE _NG OF VVER REACTOR PR_URE VESSEL MATERIALS
- VERIFICATION OF FRACWURE MECHANICS CALCULATIONS

Milan BRUMOVSK_
[;KODA Concern, Nuclear Machinery Plant

Czech and Slovak Federal Republic

ABSTRACT

Large-scale fracture mechanics experiments have bccn carried out in cooperation between
_;KODA Concern, OKB Gidropress and CNIITMASH (both former USSR)to establish reliable and
precise fracture mechanics calculations for VVER reactor pressure vessel behavtour.

The programme included testing of base materials, electroslag and submerged arc weldments
from both 15Kh2MFA (VVER.440) as well as from 15Kh2NMFA (VVER.I(_0) types of steels. The
most important part of the experiments were performed on 150 mm thick specimens (with section
of 150 x 6¢X)ram in _KODA tested in tension, and with sections 150 x 400 up to 150 x 650 mm
in CNIITMASH tested by spinning) with different surface defects. Testing temperatures were within
the interval of -30 and +80°C, with defect depths between 15 and i00 ram, all of semieiliptical form.

Fracture behaviourof thesetestsvariedbetwccnfully brittle (cleavage)to ductile,with/or
without anysubcriticalcrackgrowth.

These large-scale tests were completed by standard fracture mcchanics tests, and in the case
of VVER.440 materials also by small-scale specimens testing.

Evaluation of results has been carried out on the basis of linear-elastic fracture mechanics,
elastic-plastic fracture mechanics as well as two.criteria (R6) methods with respect to uniaxialas well
as biaxial loading.

INTRODUCTION

One of the most important tasks with respect to ensuring reactor pressure vessel (RPV) safe
operation is to eliminate any possibility ot' t'ast (brittle or semi-brittle) fracture. Nuclear codes used
nowadays arc based on Linear Elastic Fracture Mechanics (LEFM) only. This approach seems to
he very conservative, especially in the area of elastic-plastic loading. Such type of loading is
characteristic not only for normal operation conditions, but also for cases of emergency cooling -
pressurized thermal shock. Moreover, operating conditions (relatively high temperatures with respect
to material transition temperatures) as well as steels of medium strength create a situation such that
conditions of plane strain arc not fulfilled even for high thicknesses of RPV walls. Thus, the LEFM
approach is no longer fully suitable and should be replaced by some more appropriate approach like
CEGB R6, for examplc,
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Testsoflarge.scalespecimensofrealthickness(equaltothethicknessofRPV wail)arevery
usefultodeterminerealconditionsoflastfractureinitiation.Incaseswhen thesespecimenshave
surfacesemielllptlcaldetects,theirresultscanbe comparedwithcalculatedparametersr_ived
directlyfromCodes.

A coordinatedresearchprogrammehasbeencarriedoutmainlyin_KODA Concern,Nuclear
Machinery Plant, Plzefl, (_SFRwith the aim of checking conditions for fracture initiation in materials
of RPVs for WER.440 and VVER.1_ MW units. This programme was carried out in a close
cooperation with the OKB "Oidropress",Podolsk, Russia (General Designer of WER reactors) and
CNIITMASH, Moscow, Russia (Material Research Organization).

TI_ MA__IAI.,S

Large scalespecimenswere manufacturedfrom 150 mmthick platestaken from materials
usedfor RPV or WER.440 ([SKh2MFA type)aswellas forWER.I(X)0 MW (15Kh2NMFA type)
units. Basemetals(BM) aswell asweldingjointswere tested;includedwere electroslag(B$) and
submergedarc (A/S) welds.

Main characteristicsif'thesematerialsaregivenin Tables [ and2.

Table l, Chemicalcomposition of tested materials (mass %)

_:_-- : T!"'! _-- _! - ' ......... " ' 'r'l .......... i" : ......................... .... ' .......... IIIIIII - -.. II II III1 I -- IIH -

material

15Kh2MFA steel 0,15 0.48 0,35 0,013 (1.016 2,77 0.14 0.60 0,34
151_2NMFA steel 0,13 0.41 0.23 0.010 0.018 2.06 1.32 0.63 0.07

Table 2. Mechanical properties of tested materials at 20°C

L - - - . Ill I I llllll II lJlmll l'lllll L._J] Ill] --: _ : ..... : .... - l Ill I ...... ..... _ ..... .: 7 ..... .__ ............... LI__L_

material R.0.2 R. A, Z KCV Tko K_cr_
(IV[Pa)(MPa) (%) (%) (Jcm"2) (°C) (Mravm)

::-- . : II I[ lilllJqlll' 'Ill ....... I _ I _l : r " :- ....... .......... _........ :: - : iiiii[ii I L ]

15Kh2MFA steel 575 680 21.2 72.8 210 .30 150-200
S/A weldmetal 425 565 25.4 66.4 30 +30 80
ES weldmetal 550 665 20,4 73.0 30 +40 80

15Kh2NMFA steel 570 660 21,4 70.0 2(X) .30 220-250
S/Aweldmetal 500 610 21.0 64.0 85 180
ES weld metal 650 750 18,5 71.0 135

-- : L IIIII II I I .... l I _ IM]Illl I I !} .... :" lllll I - [I] 111 ..... II . _....... l l .. ill llmll 'l: :.o__ : ..... r___: :- ::: : _ .
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Transition temperatureThe- critical temperature of brittleness - is, in principle,dennedas
follows:

- meanvalue of KCV from three testsat temperatureequal toTkoshouldbeequal to _ Jcm':
(for _teels with yield strength at room temperature between 550 and 700 MPs),

- meanvalue of KCV from three testsat temperatureequalto T_o+ 30"C mustnot be lower
than 90 Jcm"2andmeanvalueof shearfractureappearancemustbe largerthan 50%.

This transitiontemperaturelieswithinan intervalof RTNm,+/.10"C, aswasdemonstrated
for both types of steels.

_O EQUIP_ AND PROCHD_

Large-scalespecimensof twodifferenttypeswere tested:

- flat specimensin s_ial testingequipmentZZ 8000 in [KODA Concern,

- disc specimens in special spinning equipment in CNIITMASH.

TestingequipmentZZ 8000 in _KODA Concernwasdesignedandmadeby_KODA andis
in operation since October 1962, i,e., 30 years. Maximum tensile force is 80 MN, maximum
dimensionsof testingspecimens.350 x 1,200mminsection,andup to 4,_ mm in length.Specimen
are usuallyweldedto the specimenheadsbyelectroslagtype of welding. For thisprogramme,flat
tensilespecimenswith testing sectionequal to IS0 x 600 mm were chosen- see Fig, 1. This
thicknesswaschosenasa representativeone for thewhole programme,as it isverycloseto both
RPV wall thicknesses(thicknessof RPV WER.440 is 140mm,whileWER.I_ is equalto 200
mm in their cylindricalparts).

These specimenscontainedsurfacesemiellipticaicrack-typedefectswith two different a/2¢
ratios:

- 1:3 for RPV VVER.440 materials, as the main purpose was to obtain supporting results for
a newly prepared "USSR Standard for strength calculations..",

- 1:5 for RPV WER-1000 materials, as comparison with ASME Code should have to be
established.

Sp-.cimenswere testedin temperaturerangeof Tko+/.50°C in caseof WER-440 materials
or at roomtemperaturefor WER.IO00 materials.Defectsin thesespecimenswere manufactured
usingelectricerosivesparkmethod- it wasshown,thatbehaviourof suchdefectsissimilarto fatigue
crackswith respectto their fracture toughnessvaluesfor testedmaterials,

Conditions of fast fracture initiation as well as of suhcritical crack growth were determined
by measuring the following parameters: force, temperature, cr,_ckopening displacement, extension,
strain field, acoustic emission and electrical potential drop. Also in some cases TV observation of
crackdeformationwas used.

333

- " lllllIIlllllllllll II fill ,,, ,, , ..............



To obtain morecomplexinfornultionahouttestedmaterialsand to hc able to compareold
(transition temperature) and new (LEFM) approaches in USSR Standardl;, teats for determination
of CrackArrest Tem_rature in flat type specimens of testing section equal to 150 x 1,2(X)mm were
also carried out and a Fracture Analysis Diagram was determined. For these tests the ESSO ty_
method was chosen with tempereture gradient across specimen width.

Disc type specimens wcrL'tested in two testing machines in CNIITMASH, Moscow. Disc
models of dialneter equal to 650 mm were tested in spinning machine VRD.15_, and models of
diameter 4(X)mm in the machine VRD-5(X). In both cases specimens hadsimilarthickness - 150 ram.
Defects were prepared using electron-beam melting of titan wire in defect tip.

All these tests were cttrried,out at rtx)mtemperature. _)ading of models was performed by
rotation (spinning disc) using step.by-step increase of frequency of rotation by about 500 to I,_
revolutions/minute. After every step in the region of expected fracture, all specimens were stopp-_d
and their geometrical dimensions and defect depth were measured, Increase of rotation frequency
then continued up to specimen fracture.

In both types of testing, fracture type, suhcritical crack growth value and its shape was
determined after failure anti documented by photos.

t s

' SeWhile testing t_fllat ten. il specimens was fully uniaxial, testing of rotating (spinning) disc wai
characterized by biaxial type of loading -in disc centre, where fracture was mostly initiated, ratio of
both streMesis equalto I:I,

R_UL']_ AND DIS_SSION

The relatively wide act ()1'large-scale tests shows s()mc interesting and imr,(_rtantfacts, the
most pronouncedare asfi)llows.

Testing of flat temih, .7Jecimens

Fracture surhlces arc in all cases (with the exception of onc test of base metal at a
temperatureequalto +75°C,wherelargesuhcriticalcrackgrowththroughthewholethickness
followedhyfastsheari'ailurewasobservedinthiscasetestingtemperaturewasequaltotheFAT)
wcrcofbrittlet)rsemi-brittlecharacterwithpronounced"half-moon"typeoI'suhcriticalcrack-growth.
Fracture surl'accs arc practically I'ullytlat, in cases of weld metals ()f submerged arc welding joint
thesesurl_ccsareslightlyundulatedand correspondedtoindividualwelding"heads".Fracture
surfaces of hast metal and elcctr()slag welding metal are very similar (clectn)slag welding joint was
quenched and tempered after welding, i.e., has practical similarstructure o1'metal). Initiation of final
failure started, in most casks, frt)m the decl)CStpoint, i.e., from place with maximum value of stress
intensity lact( r. In cases t)f submerged arc welds, t)nly, this initiation point is often shifted to some
furtherhead,pr{)bah!yIt)theweakestp(fint()I"theweld.Therewitspracticallynodifferencebetween
l'racturcsurfacecharacteristics(_i'!SKh2MFA and 15Kh2NMFA types_)I'steels.
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Main resultsfrom testingor 15Kh2MFA typeot'matcriaisareshownin Fig.2. In thisfigure
solid curvc=rcprcscnt mean values o1' l'racturctoughnessdctcrmincd from tested materialsby
standardfracturetoughnc, specimens(mostlyof thickncss25nd 75 ms), dashedlinerepresentsthe
design(allowed) fracture toughnesscurvcaccordingto the USSR Code tl/, _t_rlmcnt.l points
show, that, in most cascs,an initiation of suhcritic.lcrackgrowthstartsclosc to the meanvalue
curves. In thc cascof submergedarcweld, thcir initiationwasobservedat valueslower than the
meancurvc,in general,as this wcld metal isverynonhomogcncousand the initiationstartsat the
weakestbad hut practicallyin all casesat valucsbeyondthe designcurve. These rmults fully
support thc necessity of largc.scalc specimen testing, as standard spccimcn, cannot catch such
weakest points, or, mean curves arc of course higher as they include test results of tougher materials,

Figures 3 and 4 summarize results from the same steel but in the form of critical netto(net).
stresses vs. initial crack depth for testing at room temperature, This type of diagram represents so.
called "Defect AnalysisDiagram - DAD",,it is an isotermic type of diagram. Figure 3 for base metal
. well as Figure4 for weld metalsshow that initiationnetto(nct).strmsesare practicallyequal to
yieldstrengthof materialswhile fracturenctto(nct).stressesarepracticallycqual to ultimatetensile
strengthof testedmaterials,if testingtemperaturewas higherthan criticaltemperatureT=o, _e
cfl_ct of a crack on these stresses is observed only for temperature below T=., i.e., the LEFM
approach canhe observedonly in this temperatureregion.

Similarresultsareshown inFig,5 h)rspecimensfrom15Kh2NMFA typeoi'steeland its
weldingjoints.Alltestswerepcrl'ormcd,inthiscase,onlyatroom temperature,i.e.,withrelatively
highfracturetoughnessvalues(seeTahle2).Some eft'cotofcracksizeon critical.tr=se,isseen
onlyl'orelcctrosh|gweldment,i.e.,formateri.l,withthelowesttoughnc,values(onlyabout
135MP_), Inallcases,forbothtypesoI'steels,somecl,l;:ctofcracksizeon criticalnetto(net)-
stresses can he observed l_r conditions with lower fracture toughness values of materials, as well as
for crack sizes larger than 40 mm in depth,

Ouitc dilTcrcntsituationscanhcencounteredwhenhrutto(gross).strcsscsare usedindesilln
of suchdiagrams,Figure6 showsthe Dcl_ct AnalysisDiagramfor 15Kh2MFA typeof stccl tested
at room temperature, Comparisonof experimentalwdueswith calculatedstresses(for fracture
toughnessaccordingto Table 2) usingLEFM approachis also shown. It is clearlyseen that
practically.11experimentaldata lic beyondthe c.lcuiatcdcurve, Moreover,as it wasalso seenin
Figurc4, specimenswithdefectssmallerthanabout40 mmarcnot, at this tempcrature,practically
affectedbythesedel;..'cts.Figure7showsfurtherresultsforspccimcnswithdel'cctdepthsequalto
40 and I(X)ms, testedatdil'l'crcnttcmpcr_iturcs.ThisdiagramrcprcscntspartoftheFracture
AnalysisDiagramhutinnctto(net).strcsscs.

Detailed Defect Analysis Diagrams for 15Kh2NMFA type oi" steels are given also in
Figs,8-10; in all casesI_)rroomtemperaturetesting,hrutto(gross).stresscshavebeenused, Figure8
summarizesresultsfromhast metaltesting;Fig,9 givesresultsfrom clcctroslagweld;andFig, 10from

i _uhmergcdarc weld. Expcrimcnt,I results arc comparedwith calculatedtrends,using fracture
'n .... )toughnessvaluesfrom Table2. In _tllc'ascsopensymbolsarcusedfor suhcriticalcracki lt,ata_n, full

symholsfor fracture. Comparingexperimentalresultswith calcu!atcdtrends,onecanconciudcthat
experimentalvalueslichc o ' . 's , ,y ndcalcuhltcdones,i.e., it i.,dcmonstrlttcdthat theLEFM approachcvcn
for thickwalledRPVs isconservative,cspcci,llyin caseswhenthedesignfracturetoughnesscurves
accordingtoNuclearCodesarcused.Itw_isshown,forexample,thatfor15Kh2MFA typeofsteel

_' t f'withcrackdepthequaltol(X)ms, itscriticalstressishigherth.n4(X)MPa, i,e.,morethantwlcc
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dcdllnstressvalueof thismaterial, R)r crackdepthcloseto the "lx)ztulateddefect"size(in c_ of
VVER.440 RPVs it isequalto 3_ ms), i,e., 40 ms, this fracturestr_ isevenhillh©rthan_ MPa
For tem_ratur¢ cloie tz) critical tem_rature T,,o, Thus, a sumcientiyhigh sntrty Factorwe
demor_trated,

_mparin B r_uits frc)mFil/A.8.t0 (I_Kh2NMFA typesteel) with Fig. 6 (15Kh2MFA type
steel)it canbe cL)ncludcdthatsimilaretTcctsor crackdepthon initiation]FracturestreM.,.,aareFound,
In principle,basemetalsdefectsof depthsmallerthanabout_ mmhaveno pronouncedeffect on
brutto(g_).str_, whileForwq:ldinlljoints this crackdepthvalueb lomewhat smaller.- between
15 and.t0 ms,

Another evaluationof r_ults we carriedout usinll two-criteriaapproach -. CEC}B R6
meth_, Rev, .I/'2/. A d_illn curve,accordinllto thisapproach,b ilion u:

- (t.o,t4Le),(0J+ 0.7asp(-0.65

KN ,,, Ki/Kl(., andLN " o/R,,

In Fill, l i all r_ults received5)r bothtypesor stecbandtheirweldinlljoints aresummarized,
For calculationsonlymeanrealFracturetoullhn_ valuesof testedmaterials(seeTable2) have_n
applied,aswell asmeanyieldstrenllthvalues,Relativelyll_x_,lcorrelationof ¢x_rimental Ix)intJand
thedesillncurveh_ _en established.. practicallyinall cu_ initiation_lnts arecl_ to thed_illn
curve, This conclusionhas beenreachedindependentof crackdepth and t_tinll temperaturet.
Safetyfactor_,determinedwith resl_C_:tt{)stressintensityfactorl Kzor with respectto strP...M_,lie in
intervalbetween,,he and tw(), Ot'course,if desillnfracturetoullhne, valueswould be used,then
all resultswouldlic suh,tantialtyhillhcr thanthe R6 desillncurveandsafetyFactor_v,x)uldbe at least
twice as larllc, i,e,,safetyw_)uldhc fully reliable,

Compuri,'ono[ Itn,_il¢und spinnintt ._7_e_imenx

Comparison()f thesetwo diflbrcnt type of t_sting (uniaxialandhiaxial)can be performedonlyF()r
15Kh2NMFA type of steels,testedat r_)omtemperature, This fact was basedon experimental
capabilities(ff spinningtestingequipment,

Resultsl'r()mboth tyl)cS.1' tcstinll a_'csummz:rizcdalso in Fil[_._l.10 Practicallyin all cases,results
l;'ombiaxia!type()1'testing(S,c.,i'r.nz ,,_pinninlldiscspecimens)lie k)wer in comparisonwith tensile
_)nes,M_re()ver,in s()mctests,like in Fig,9, it can alsobc seenthat sizeeffect playssomerole, l,e,,
specimens()f largerdiamcterof _X) mm (i,e,, with'conditionscloserto planestrain)were Fractured
at lowerstressesthansp,Jcimcnswith smallerdiameterot"only2_ ram,

Thus,thissmallcomp,ris()nsh(),.vs,thathiaxi_|ltyp¢of Ioadinllis lessfavourablethanuniaxialIoadins,
Resultsfrom biaxialI()adinl_li¢ cl()serto calculatedline thanthose t'rt)muniaxlaitestinll, Situations
in RPVs are characteriz¢dby loadingc()nditk)nsthat arc mostlybetweenthesetwo boundarycaz_

i,_, I'..¢twccnuniaxial(tensile tlat Sl)ccim_ns) and hi_xial(sptnninj discs)with k)adinllratio l:l,Thu, use of LEFM approachwith only the first type of Ioadinll (Ks) is very conservative,closer
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resultsare re_ived from blaxtaitypeof tinting, _, theLE_ approachisstrongly_rvative, and
an elastic.plasticapproachis ne_ary tu apply.

Subcdtlcalcrack_wth

Testingof both typesof specimensshowedthat final failurewasprecededbyrome subcrittcal
crackgrowthin mostcma. This growthwasmostlyof "half.m_n" type,i.e., it foil_ thecourse
of stressintensityfactorvalues: largestvaluesof K! for tensiletests lie in the d_pest point,while
the lowestvalueison thes_imen surface,Dependenceot'maximumcrackgrowthvalueson initial
defectsdepthcanbe foundpracticallyin all diagrams.Specialattentionshouldbe givento FiBs,6
and7, their lowerpartssummarizecrackgrowthvaluesfor ISKh2MFA typeot'material,in Flit, 6 as
a function of initial defect size at r_m temperaturetesting,in Fig, 7 m a function of testing
temperaturefor two initialdefectsizes: 40 and 1_ mm. For this typeof steel,this crackgrowth
value is increasingwith initialdefectsize,independentlyon testingtemperature(with _ption of
verylow testingtemperatures,wherefullybrittle failure_cur_d). At thesametime,withincreasing
temperaturethis crackgrowthvalueis, naturally,alsoincreasing,

A differentsituationwu foundfor ISKh2NMFA type of steelm shownin Fig, 12. Crack
growthvaluesare,on contrary,decreasingwith increasinginitialdefectsize. This trend is validfor
bee metal_ _11 as for submergedarcweld. Forelectroslagweldmetal, resultscan be somewhat
different,but lackof further datacausedtheseresultsnot so fully representative,

Comparingth_ two differenttrendsin crackgrowthdata,it is neceuaryto comparealsoR..cUl'V_
(J.da) Fortroth materials, _oth steelsare, in principle,characteri_d by similarfracturetoughness
values,not onlyat r_m temperature,hut in thewholetemperatureregion. While ISKh2MFA type
of steel is characterizedby somewhatlower strengthproperties, its R.curve is leg steeper in
comparisonwith 15Kh2NMFA type. These trends fully correspondwith dependenciesof crack
growthvalues- steeperR-curveresultsin smallercrackgrowth valuesandviceversa,

CONCLUSIONS

T_ting of large.scale specimens made of steels used for RPVs of WER.440 and WER.
100% MW units shows the following results:

- fracture behaviourin temperaturetransitionregion(aroundcriticaltemperatureT.) ismostly
semi.brittlewith someextentof suberiticalcrackgrowth,

t

- netto(net).streHesfor crackgrowth initiatk_nare closeto yieldstrengthof materialswhile
netto(net).stressesfor final failure arecloseto ultimatetensilestrengthof testedmaterials,

- critical brutto(gross).strcss¢,for crackgrowthinitiation for "l_mulated defect"are much
larger than allowable stress values in given materials,

- specimenswithdefects smallerthan40 mmindepth(for basematerials)andsmallerthan 15
to 20 mm for weld metalsbehavedlike withoutthesedefects- their initiationstressesdo not
dependon cracksize,
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- c()mparist)nt)l"experiment_llresultswithcalculatedvaluesbasedt)n LEFMappr()achsht)ws
a largect)nservatism(ff lhc approach,aspractically_111testsl'aiicdin ehlstic-plasticregit)nof
loading,at higherstressesthancalculatedones,

o use t)l" two.criteriaCEOB R(_,Rcv. 3 al)prt)_ichwas Ibund tt) he well ct)nsistcntwith
experimentaldataii' meanvttlucst)l:expcrimcnt_dlydeterminedl,racturctoughnessoi,materials
wasusedinto calculati()n,

.- comparisonof uniaxialtensiletest_ (fiat specimenswith scctk)nof 150 x 6(_ mm) with
hi_ial t_ts (spinningdiscswith sectionup to 150 x _X) mm) showsthat biaxialloadingis
Ic_ favt)urahle: failure stressesarc lowerthan for uniaxialloadingand they are closerIt)
calculatedresultsfrom LEFM approachh)r uniaxialloading,

- sul'_:ritic_lcrackgrowthvaluesdcpcndstr:)nglyon typeof materialandits R.curvc: whilefor
15Kh2MFA type ()i, steels thesevaluesarc increasingwith increasingcracksize, on the
contrary, I'or 15Kh2NMFA type ,)f steel these crack growth values have a decreasing trend,
in bt)th cakes thcse values =_rcgrt)wing with temperature increase,

- main task of this or)ordinated programme has hccn achicvcd: these tests dcmonstratcd that
USSR Ct_e ft)r strength calculations is conservative with a sufficient degree t)f additional
safety with respect nt)t only It) real hut also to design values t)l, fracture toughness.
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Structures Containing Defects, CEOB Report R/tt/R6.Revision .t (19b16).
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Fig. 1, FI.t tensile specimen with surface defect.
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Fig. 2. Results of testing of 15Kh2MFAtype of steel.
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Fig. 7. Part of FractureAnalysisDiagram for 15Kh2MFAtype of steel with 150 mm
thickness.
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Fig.11.Summarizationof allexperimentalresultswiththedesigncurveaccordingto theR6,
Rev.3 model.

BM - basemetal
A/S-submergedarcweldmetal
F_,S- electroslagweldmetal
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FULLY PLASTIC J-INTEGRAL SOLUTIONS
FOR PRESSURIZED CYLINDRICAL VESSELS
HAVING SEMI-ELLIPTiCAL SURFACE FLAWS

by

J. M. Bloom, D. R. Lee
Babcock & Wilcox

Research and Development Division
Alliance, OH, U.S.A.

ABSTBACT

The application of elastlc-plastlc fracture mechanics to safety
analysis of pressurized vessels has been developed based on limited,
published finite element solutions. These limited solutions have not
necessarily been verified to be accurate. This paper presents new,
accurate, finite element solutions. These solutions are based on

ABAQUS fully-plastic finite element J-integral solutions presented in
terms of calibration constants, h_. These caliDratlon constants are a

function of crack depth to thickness, aspect ratio of the flaw,
Ramberg-Osgood hardening exponent, and thickness to inside radius
ratio.

An evaluation of the published J-integral solutions lead to the
conclusion that these earlier solutions were not taken far enough out
in applied pressure to produce valid fully plastic J-integral

solutions. This is shown to produce higher, more conservative h_
values than are presented in this paper.

In addition to comparisons with these published results, the
effect of strain hardening was examined. The earlier work was limited
to a strain hardening value of n-8.6. The work presented here
includes the range of values of n-5, 7, 8.6, and i0 representative of
both austenitic and ferritic pressure vessel and piping steels.

_NTRODUCTZON

A critical part of the assessment of defects in power plant
components is the knowledge of the crack driving force. The crack

driving force is measured by the stress intensity factor, Kx, for
structures operating in the linear elastic range of applied stresses,
or the J-integral for flawed structures operating in the elastic-
plastic stress regime. While the determination of Kx or d is possible
using finite element analyses, finite element methods can be
prohibitive for many practical engineering applications. This is
especially true for part-through-the-wall flaws (semi-elllptical)
where three-dimensional finite element modeling is required.

An alternate approach referred to as the engineering approach or
estimation scheme(l) allows the engineer to superpose solutions
obtained from linear elastic solutions such as from handbooks(2) and

fully plastic solutions determined from the J-integral solutions. For

a power law hardening material, Ii'yushin(3) has demonstrated that the
J-integral can be represented by a geometry factor times the remote
applied load taken to the "n+l" power or as stated in (I) by an "hi"
calibration function times the ratio of the applied remote load



|

strain hardening exponent for elastlc-plastic problems. The value of
"h_" is a function of the geometry and hardening exponent. General
Electric, under Electric Power Research Institute (EPR!) support,
developed and published many of these fully plastic solutions (i) for
2-D geometries in the h_ format. However, there are few solutions in

the literature for part through axial flaws in pressuri,ed cylinders
or flat plates (4), (5), (6), (7), and (8). Of these solutions only
(4}, (7), and (8) present solutions in a systematic format of the h_
functions as presented in (i).

The finite element program ABAQUS (9) was used to evaluate the J-
integral at the deep point of the axial interior part-through wall
semi-elliptical flaw in a pressurized cylinder with pressure acting on
the crack face, Several different flaw depths were modelled as a
fraction of the pressure vessel wall thickness, t (a/t-I/8, 1/4, I/2)

for a fixed aspect ratio ,_f a/|-I/6, where _ is the surface length of
the seml-elllptical flaw. The cylinder geometry chosen had an inside
radius to thickness ratio of i0. In addition, the range of strain
hardening values chosen for n was 5 to i0 which is representative of
commonly used austenitic and ferritic steels. This range iS
consistent with the values given in the EPRI Elastlc-Plastlc Fracture
Handbook (I) for both test specimen geometries (2D) and flawed
cylinders (axisymmetric geometries). From the J-integral values
generated, h, functions were determined and compared to those found in
(4) and (5).

aac:O Tu0a,

The J-Integral procedure in ABAQUS is based on the virtual crack

extension method of Parks (I0). The J-integral procedure is simple to
use, adds little to the cost of the analysis, and provides excellent
accuracy. ABAQUS provides a Ramberg-Osgood deformation theory
plasticity model, which, when used with the J-integral evaluation

capability, allows the determination of fully plastic J solutions, Jp.
Convergence to Jp is generally rapid with this model, so that analyses
in support of the simplified "engineering approach" are readily
obtainable.

The finite element model was generated using a Fortran program
(O_MGEN-3D) developed at Oak Ridge National Lab (ORNL). ORMGEN-3D

(ll)is capable of generating six different flaw geometries. These
geometries include flat plates with straight or curved surface cracks
and cylinders with part-through flaws on the outer or inner surfaces.

Most fracture problems lend themselves to previously solved
geometries and loadings contained in various references (1,2).

However, elastlc-plastlc structural response in terms of h_ for some
geometries and loadings are not available in the published literature.
For these cases, h_ car, be determined from the ABAQUS generated J-
integral analyses.

As.described in Reference i, the total J-integral (J_) can be
estimated by separating the J-integral into an elastic part and a
fully plastic part.

J_ - J, + J_ (I)
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The fully plastic portion can be written as:

Jr" h_{a/t,a/# ,Rilt,n) * (P/Po),..i, (2)

where: a - flaw depth
t - cylinder wall thickness
! - surface length of flaw
R, - inside radius
n - strain hardening exponent
P = internal pressure
Po - reference limit pressure

If h, is known as a function of a/t, a/Q, R,/t and n, Jp can be
calculated for any load level. The Jp expression contains other terms
such as yield offset (a), yield stress (0.), yield strain (Eo), and
a/t. ror the calculation of h_, the values used in ABAOUS for Oo and cx
will not effect the values of h_, so any reasonable values can be used
to determine Jr.

The Ramberg-Oagood deformation theory plasticity material model
was used in conjunction with the J-integral evaluation capability to
determine the fully plastic J-integral. The stress-strain relation
for the Ramberg-Osgood model is

tIeo=aloo+u(olo'.)" (3)

The term OiO° is the elastic term and a(OiO,,)" is the Fully plastic
term. In order to determine the fully plastic J-integral, the
structure mu_t be stressed sufficiently such that the plastic portion
dominates and the elastic portion is ir_sionificant.

The fully plastic J-integral expression for a pressurized
cylinder with an axial interior surface semi-elliptical part-through
flaw was obtained from (7) as given by

Jp " (x*O_*_..*a*(l-(a/t))*h_(a/t,a/|,Ri/t,n)*(P/P.)"'_ (4)

Po = (21V3) *O.*(t-a')i (R_+a') (5)

a' - a*[ l-(l+(Q_/2t _))'4]/[ l-(a/t) (l+(@_/2t'))'4] (6)

where: a - flaw depth
t - cylinder wall thickness
I - surface length of flaw
R_- inside radius
n - strain hardening exponent

i P - internal pressure
P,_- reference limit pressure
(x - yield offset
00 - yield stress
E.-yield strain

To obtain a fully plastic value (J_) for the structure for a
Ramberg-Osgood material, a large load is applied such that the elastic
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portion (j,} of J, becomes inslgnlficant compared to Jr. Using the
calculated J-integral value from ABAQUS and equations (i) and (4), the
value for h_ can be calculated ft_m equation (4) directly when J, in
equation (I) is inaignitica,,t.

an alternate approach is to determine j, directly (the stress
intensity factor squared [or a plastically adjusted crack alme) and
subtract J, from J_ to obtain J_. The value o£ h, can then be
determined directly from equatlon (4). This approach is used in (4}
as well as in (7) and (8),

ABAOUS calculate| O, along the crack front and for each defined
path. The calculated J, values provide the user with the variation in
J_ alon_ the crack front 5tom the surface point to the deep point. The
maximum JL occurs at the deep point. Only results from the deep point
are presented here. The J paths used are illustrated in figure i for
Case I. For Case 1 (air-i/4, a/_-i/6, R,/t-10) the mesh used allowed
only 3 valid paths to be defined. The element transitioning from 2
elements to 1 element precluded the use of a fourth path. For the 3
paths de£ined only the results from paths 2 and 3 were used in the
determination o_ h_. The exclusion of pail, _, containing the crack tip
elements, was based on recommendations found in guidellne_ given at an
HKS Practure Mechanics course. The h_ values given in Table I are
based on an average o5 the J-integral values for paths 2 and 3.

The following subsections describe the finite element models used
as well as the J-integral (and h_l results for each a/t ratio examined.
In all cases the crack aspect ratio was a/|-I/6. This value of i16 is
based on. a postulated £1aw shape used in the ASME Nuclear Pressure
Vessel Code (Section iII), In all cas_, strain hardening values o5
n- 5, ?, 8.6, and 10 were run. Each ca_ is presented in the order of
analysis.

Case i: alt=_/4

The finite element model, 36 inches in length, contained 4808
nodes and 8 elements along the crack front.

Since the J_ results from the literature (4), (5) were for n-8.6
the results for n-8.6 are presented and discussed first. Table 1
shows the calculation o5 h: at each load level.

The finite element model was of the same length as used in (4)
and (5). This length was required to sufficiently isolate the
displacements at the uncracked end of the model from locali=ed
disturbances in the vicinity of the crack. The modeled length was
based on the comparison of the displacements at the uncracked end of
the flaw model with those from an uncracked cylinder model. Based on
(5}, £or the end effects to be small, the cylinder length must be at
least 16 times the maximum crack depth or 2.667 times the maximum
surface length for an a/Q-I/6.
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The first column in Table i shows the applied internal pressure
for that load increment. The next four columns show the Jt values from
paths I through 3 and the average Jt from paths 2 and 3, respectively.
Columns 6 and 7 show the ratio of the applied pressure to the limit
pressure, and the pressure ratio to the n+l power, respectively. Using
the values in column 7, the geometry dimensions, and material

properties in conjunction with the equation for J,, h_ is calculated
and shown in column 8.

Theoretically, h, should not be a function of pressure and
indeed, as the applied pressure increases, h_ converges to a constant
value. There was a small amount of variation at the higher pressures
where h, begins to increase slightly, but the variation was small, on
the order of 2% (5.5 vs 5.6).

It can be observed from Table I that the J values are neazly path
independent. Based on discussions with Professor Dodds, differences

between J values from each path should be within 5%. The significance
of this will be discussed in Case 3.

The method for determining h, in (4) was based on the estimation

scheme formula (I) for Jr. Jp was determined by subtracting the J,
value adjusted for the plastic zone correction. The problem with this
method is that the plastic zone correction (a,r,) is a function of the
internal pressure through the following expressions.

0 = I/ (I+ (P/P,,)') (II)

a,,, - a + _ r v (i2)

where rv is the Irwin plastic zone correction. This dependence of J,
on pressure, results in h_ being a function of pressure.

The hl value reported in (4) of 7.45 was determined at a pressure
of 5000 psi. From Figure 2 and Table 1 the converged hI value was 5.5.
It can be observed from Figure 2 that when h_ is plotted against P/Po,
h_ levels out at about P/P,_ - 2. This is equivalent to an applied
pressure of 12,500 psi. Reference (4) only went up to a pressure of
5000 psi, not nearly high enough to eliminate the contributions due to

J,. If the model from (4) would have gone to a higher pressure, their
calculated value of h, would have decreased. In other words, (4) did
not go out far enough in pressure to obtain a fully plastic solution.
When the Ramberg-Osgood material strain hardening law is used (as in
the this work and (4)), the pressure must be large enough to minimize

the amount of elastic contribution so that Jt is almost entirely made
up of Jp (fully plastic solution). An alternate approach would be to
use a pure power law material model (currently not available in
ABAQUS ).

Note that only one strain hardening value of n-8.6 was reported
in (4). The present work includes values of 5, 7, and i0, as
presented in Table 2.
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Table 2

hx* Versus a/t and n

a/t n
5 7 8.6 I0

1/8 7.0 7.5 7.9 9.0

(6.5) (7.1) (7.6) (8.1)

1/4 6.3 6.1 6.3 6.4

(6.1) (5.8) (5.5) (5.2)

1/2 1.6"" 0.8 0.4" 0.8""

(1.4) (0.8) (0.3) (0.2)

* values of hI determined using the 5% J-integral path
independency criteria
values in parentheses were determined by the constant
value of hl vs P/Po plots

"" 10% J-integral path independency criteria

The only other comparison for case 1 is found in (5). As in

(4), the results in (5) are for n=8.6. In (5), the value of hI is not
calculated directly. Therefore, comparison values using the Jr-
integral results from (5) for hl were determined using the computer
code PCFAD (12), a failure assessment diagram approach (7). Reference
(8) discusses this approach. In (7), hI was determined as 6.9 for
a/t=i/4 and n=8.6, using the finite element J_-integral values in (5).

In (5), the pressure used was not large enough to obtain a converged
fully plastic J-integral value. However, the hl values shown in Table

1 for pressures between 6780 and 9040 psi (note the maximum pressure
in (5) was only 7500 psi) were between 9.2 and 6.3.

Other possible reasons why h_ values from both (4) and (7) (using
the Jt results from (5)) were different from the value found and

reported in this paper may be due to grid refinement. Unless the mesh
is vezy refined, the crack tip elements do not provide sufficient

accuracy to give good path-independent Jt values. This is especially
true for nonlinear problems. The finite element grid for case 1
contains 4,808 nodes and 8 elements along the crack front. The model
used in (5) contained 2,983 nodes and 6 elements along the crack
front. The model used in (4) contained 3,043 nodes and 6 elements
along the crack front.

Case 2:a/t=I/8

Case 2 is the same geometry as Case 1 except a/t=i/8. The same
number of nodes and elements was maintained for case 2 as was used in
case i. This means that the refinement around the crack was increased

and the model length (36 inches) was twice the required length of 16
times the crack depth.
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AS with Case 1 (a/t-I/4), comparisons for to n-8.6, as reported
in (4) and (5). The reported h_ value from (4) of 11.9 was based on a
pressure of 5000 psi. From Table 3, a converged value of 7.6 was
obtained at a pressure of 16,000 psi. If (4) had used a higher
pres__u_'e, the resulting hl value would be lower. A pressure of at
least 16,000 psi would be required. Table 3 shows the value of hl at
each pressure level. Note that there was a small amount of variation
at the higher pressures where hl begins to increase slightly, but the
variation was small, on the order of 1.5% (7.57 vs 7.68).

The models from (5) were limited to a/t._i/4 and 3/4. The value
of hI determined from (7) for a/t-i/8 (a/@-I/6) and n-8.5 is 9.06.

This was based on engineering judgement and extrapolation of hl from
other a/t values. This h_ valve (9.06) is consistent with the more

accurately calculated hl, (7.6), from the present finite element
analysis. Table 2 shows the results for n-5, 7, and i0.

The geometry for this case was identical to Cases 1 and 2 except
a/t-I/2. Three different finite element models were developed for
this case. The need for a more refined finite element grid for the
deeper crack (a/t-i/2) is discussed below. The initial finite element
mode], used the same number of nodes and elements as in Cases 1 and 2.

Table 4 presents the J-integral values for n-8.6 as well as the

calculated hI values for the initial model (Model I). However, it can
be observed from Table 4 that the resultant hl values varied
erratically with increasing pressure. This is thought to be due to

the larger flaw depth configuration which produces an effectively
decreasing grid refinement along the crack front. Because of the

observed erratic behavior of hl, a second model (Model 2) was generated
with 12 elements (as opposed to 8) along the crack front. This
resulted in an increased number of nodes from 4808 to 7166. This

second model was executed using smaller pressure steps (for improved
accuracy). The results for Model 2 for n=8.6 are shown in Table 4.
Note that the second model (Model 2) eliminated the erratic behavior
observed in Model i.

For the pressure levels run (up to 13,5600 psi for model 2), the
h_ values appear to vary smoothly and converge to a value of 0.33.
However, on closer investigation of Table 4 (Model 2), the J_ values
from paths 2 and 3 exhibit large differences for pressure levels
greater than 7500 psi. These differences in Jt were much larger than
observed in the previous cases (a/t=I/4 and a/t=I/8). At a pressure

of 13,560 psi, Jt from path 2 is approximately twice as large as the
value from path 3. The variation between paths for Case 1 al_d 2 did

not appear to be a problem in the determination of converged hI values
for these cases. The maximum difference in Case 1 between paths for Jt
was 15% occurring at a maximum pressure of 20,000 psi.

Due to these observed differences in the Jr-integral values for
the different paths in Model 2, a third more refined grid model (Model
3) was generated. A newly developed program ORMTIP (obtained from

ORNL) was used as the originally used grid generator ORMGEN-3D does
not easily allow the evaluation of the effects of refinement of the
mesh around the crack tip. ORMTIP was used to create additional
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concentric rings of elements around the crack tip. By adding only
concentric rings of elements, the total number of additional nodes is
minimized.

Figure 3 illustrates the crack tip elements after ORMTIP divided
the original two rings of elements into six rings. The additional

paths provide a better average Jt value than was obtained using only
two paths from the use of ORMGEN-3D. The refinement around the crack
tip increased the number of nodes from 7166 to 8950.

Model 3, however, was run for n-7; results are presented in Table
5. Note the J-integral values are now within 5 percent for each path
up to the maximum pressure of 15,000 psi. Note that the corresponding
h_ values are converged at the three pressures of 9000, 12,000 and
15,000 psi.

For comparison with Model 3 results, Model 2 was also run for
n-7; results are presented in Table 5. The Model 2 results (n-7) show

the path independence was not obtained (J2 versus J3). Thus, Model 2
lacks path independence for both n-7 and n-8.6. Model 2 was also run
for n-5 and n-10; the same lack of path independence was observed.
The obvious conclusion is that Model 2 lacks adequate refinement for

the determination of accurate h_ values for deep cracks (a/t _ 1/2).

Even though Model 3 was not run for n-8.6, values from Model 2

(Table 4) were somewhat consistent with values of hl reported in (4) of
0.664. A value of 0.75 was reported in (7). This value was obtained
from the finite element database from (5) which interpolated J-

integral results from a master curve approach. Both these values of hl
are comparable to Model 2 results repozted in Table 2.

 zs sszo. or,,,

Before discussing the accuracy of the h! values reported in Table

2, a brigf explanation of the importance of J-integral path
independence at high pressures is in order. According to Professor
Dodds, ABAQUS calculation of the J-integral includes the results of
the crack tip elements in the calculation of each J path. This
produces path dependence at high icads. Due to the large strain

gradients in the vicinity of the crack tip, the error in the crack tip
elements increases with load. Since this error is included in the J-

integral calculation for each p_th, the Jt values lose path
independence at the higher pressures. However, for 2D models, this is
not a problem only the elements contained in each path are used in the
calculation of Jr. The crack tip elements are only _.ncluded in the
first path. This path is usually excluded in the calcultion of Jr.
According to Professor Dodds, for path independence, if the Jr-integral
values for the various paths differ by more than 5%, the average Jr-
value from the previous pressure should be used to calculate h_. The
selection of this value is referred to as Dodds' 5% J-integral path
criterion.

In addition to the three test cases discussed above, the impact
of the strain hardening coefficients (n) on h_ was studied. In
addition to n=8.6, Case 1 (a/t=i/4) and 2 (a/t_i/8), models were run

for n values of 5, 7 and i0. These values cover the range of strain
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hardening of interest for common pressure vessels and piping steels.
For Case 3 (a/t-i/2), n-8.6 was run for Models i and 2 and n-7 was run
for Models 2 and 3. In addition, n-5 and n-10 were run for Model 2.
Table 2 presents the results in terms of h_ values per a/t and n.

The hl values in Table 2 were based on three criteria:

, Dodds 5% J-path independent criterion at the highest
pressure run.

, Minimum or constant value of hl based on an hl versus P/Po
plot given by numbers in the parentheses in Table 2.

• . 10% J-path independence criteria at the highest pressure run
shown by ** in Table 2.

For Cases i (a/t-i/4) and 2 (a/t-I/8), the Jr-integral values are
well behaved and converged values of hI for n-5, 7, 8.6 and I0 were
obtained and are given in Table 2. For Case 3 (a/t-i/2), Model 3,
n-7, the Jr-integral values were well behaved and the converged valu8
of hl is given in Table 2.

The 10% criterion was needed to estimate an accurate h, value for
Case 3 (a/t-i/2, Model 2) for values of n-5, 8.6, and I0. This was

because no values of h, were available at high enough pressures to meet
the 5% J-path independence criterion. Only for n-7 where Model 3 was
used did an h_ value meet the 5% J-path criterion.

Note that for a/t-I/8, i/4 the h_ values do not differ
significantly using either the 5% criteria or the mlnimum/constant

value criteria. Only in Case 3 (a/t-I/2, Model 2) do the h_ values
significantly deviate from each other usingthe different criterion,
except, of course, for n-7 where the results from the more refined
grid model were used.

Based on the discussion of the results, it can be concluded that

those values selected on the basis of the Dodds' 5% J-path
independence criterion are the most accurate. The values of h_ based

on the minimum or constant h_ criterion found from plotting h_ versus
P/Po give slightly lower values of hI with the exception of Case 3
(a/t-i/2) where only one value of n (n-7) met Dodds' criterion. A

larger h_ value produces a slightly more conservative J-applied for the
flawed structure.

In any case, the values in Table 2 give lower values than those
previously reported. The use of these newly generated values for
part-through-the-wall flaws in pressurized vessels and/or piping would
give more accurate flaw assessment with the attendant acceptance of
larger defects found during inspection.

361



h_enQt_I

i. V. Kumar, M. D. German, C. F. Shih, "An Engineering Approach for
Elastlc-Plastlc Fracture Analysis", EPRI Topical Report NP-1931,

Research Project 1237-i, E1ectrlc Power Research Institute, Palo
Alto, CA, July 1981.

2. H. Tada and P. Paris, The Stress Analysis of Crack Handbook, Del

Research Corporation, Hellertown, Pennsylvania, 1973.

3. A.A. Ii'yushin, "The Theory of Small Elastic-Plastic
Defcrmatioos," Prikadnaia Matematika i Mekhanida, P. M. M., Vol.
i0, 1947.

4. K.K. Yoon, D. Kiilian, "Development of 3-D Elastic-Plastic
Finite Element Methodology for the Analysis of Reactor Vessel
Longitudinal Flaws", BAW-2103, 77-1178004-00, February 1990.

5. W.W. Wilkening, H. G. deLorenzi, M. Barishpolsky, "Elastic-
Plastic Analyses of Surface Flaws in a Reactor Vessel", ASME 83-
WA/PVP-2, August 1983.

6. G. Yagawa, Y. Kitajima and H. Ueda, "J-Integral Database for
Surface Cracks", Fracture Mecha_s, London and New York,
Elsevier Applied Science, 1991, p, 195-215.

7. J.M. Bloom, "Extensions of the Failure Assessment Diagram
Approach Semi-Elliptlcal Flaw in Pressurized Cylinders - Part II,
Journal of Pressure Vessel Technology, Vol. 108, November 1986,
p485.

8. J.M. Bloom, " Extensions of the Failure Assessment Diagram
Approach - Semi-Elliptical Flaw in Pressurized Cylinder", ASME
Journal of Pressure Vessel Technology, VOW.. 107, Feb. 1985, pp.
25-29.

9. ABAQUS Version 4.8, 1989, Hibbit, Karlsson and Sorensen, Inc.,
Providence, R.I.

i0. D.M. Parks, "The Virtual Crack Extension Method for Nonlinear

Material Behavior," Computer Methods in Applied Mechanics and
Engineering, Vol. 12, pp. 353-364, 1977.

ii. B. R. Bass, J. W. Bryson, "Applications of Energy Release Rate
Techniques to Part-Through Cracks in Plates and Cylinders -
Volume i. ORMGEN-3D: A Finite Element Mesh Generator for 3-

Dimensional Crack Geometries", NUREG/CR-2997, ORNL/TM-8527/VI

12. J.M. Bloom and D. R. Lee, "User's Guide for the Failure

Assessment Diagram- Computer Code FAD", Babcock & Wilcox
Research and Development Division, Revision 4, April 1990.

362



363

ii



__ - .................. I-_ w]liIT" I _L IIlilf[ !ii ..... U_ " _" _LJ] ....... ira_

e

O

i, e
O

364



365

.... III III llllllllllIII



VILXDATION Or f14| Rt D|rleCT lllt|ltM|_ PROO|DUR|II
BY WZDB PLAT| _D PRBIIUR| V|I||L T|IT8

Dyt A J Carter and T C Chivers
Nuolear |leotrio
Derke2ey ?eohno2oqy Centre
Berkeley
a2ouaesterehirs
United Kingdom

J D Wint:Ze
&|& _eahnology
Risley
werrington
Cheshire
United Kingdom

SU_J_Y

The R6 Procedure for the assessment of the integrity of
structures containing defects is widely accepted end used.

Continuing development includes validation work to both assess
the methodology and to reduce Inbuilt conservatiams. In this
paper pressure vessel and wide plate tests are reported. The
former tests address a defect in a repair weld, and a through
wall defect in a strain ageing steel. For each case the R6
Procedure is shown to give reasonable assessments of performance.
The wide plate teats assess the interaction between multiple
defects and show that the currently employed recharacterisation
rules can lead to over-conservative assessments.
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X. iNTRODUCTiON

The RG Procedure for the Assessment st Structures
Containing Defects (1) was produced by the former Central
Electricity Generatlr-j Board (CEGB) and is now maintained
by Nuclear Electric plc, one of the successor companies to
the CEGB. Development of R6 is now performed by Nuclear
Electric plc, in collaboration with AEA Technology, British
Nuclear Fuels plc and Scottish Nuclear plc in the UK.
Historically, assessment of a defective structure was based
either on Linear Elastic Fracture Mechanics or on plastic
collapse. The R6 Procedure combines these two aspects
since in any real structure they will interact. The
overall objective in developing this procedure ham been to
produce an engineering tool which is relatively simple to
use,.thus avoiding the difficulties associated with precise
and detailed analysis.

R6 employs a two parameter Failure Assessment Diagram
(FAD). The user is required to calculate K,, a measure of
proximity to elastic failure, and _ a measure of proximity
to plastic collapse. Using these co-ordinates a datum
point is plotted; if it falls within the diagram then
"failure avoidance" can be claimed.

The procedure permits the user to choose from three FADs.

Option 1 - is a general curve, and its out-off is
determined by knowledge of the yield stress and the
ultimate tensile stress only. ?hls curve was chosen as an
empirical but generally lower bound to a number of Option
2 curves. Thus in use it can be over-pemslmistlc. It can,
however, be used for a first assessment of a problem. The
major restriction on its use relates to materials with a
large yield plateau; for these materials the Option 2 curve
should be used, as in some area of the diagram Option 1 may
be non conservative.

option | - is a material-specltlc curve and full stress-
strain characteristics for the material are required to
calculate the boundary. In deriving this curve conser-
vative approximations were made. Thus Option 2 is expected
to qlve a closer assessment of performance than Option I,
whilst remaining generally conservative for all materials.

The Option 3 FAD is based on the equivalence of %he failure
assessment curve to a J-integral analysis. It is thus not
only material specific, but also geometry specific. Its
generation requires computer modelling and its validity
depends on the validity of the code used in the
computation.

An additional FAD is included in R6 for materials, such as
C-Mn(Mild) Steel_, which exhibit a high rate of hardening
in the initial stages ot the stress-strain curve. For
these a user would be expected to use an Option 2 approach
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initially. However, in many instances the specific stresa-
strain data may not be available. Hence an alternative FAD
is included in R6 specifically for application to C-Mn
steel structures. This diagram is baaed on typical Option
2 diagrams for these materials.

When using R6 the simplest route ie to undertake an
assessment using Option 1 (providing it is valid for the
material). Should the evaluated L,, K, datum point not
provide an adequate margin, then it is legitimate to move
to Options 2 and/or 3 in order to calculate higher margins.

The Procedure offers advice on the determination of
fracture toughness; the calculation of stress intensity
factors, plastic collapse solutions, the treatment of
secondary stresses, fatigue, and mixed mode loading.
Appended to R6 are sub Procedures dealing with leak-
before-break and probabilistic fracture mechanics.

An important aspect of assessment ia how to characterise a
defect, or collection of defects so that a calculation can
be performed. Here R6 also offers advice to the user.

A number of assumptions are built into the Procedure which
make it inherently conservative, and this results in the
calculation of lower margin_ than actual. This
conservatism is demonstrated in the Validation Section of
R6 which describes a number of structural experiments
including pressure vessel tests. As leak-before-break
safety arguments become more important to plant operations
it ia necessary to move closer to predicting behaviour
rather than failure avoidance. Thus further validation is
important to the development of R6. In this paper three
aspects of validation are addressed;

• the performance of a defect in C-Ms steel

• the performance of a defect in a repair weld

• the re-characterlsatlon of defects

2. PRESSURE VESSML TESTS

The work reported in this section was carried out in
Nuclear Electric's pressure vessel testing facilities. Two
tests were conducted using vessels with section thicknesses
and materials typical of those in the primary pressure
circuit of the Magnox power stations. They have shown R6
to be inherently safe in predicting failure loads.

2.1 C-Mn Steel Vessel

This vessel, figure I, included a plate from the
construction of a Magnox nuclear power station pressure
vessel.
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This strain ageing material was welded to modern boiler
plate, and the whole formed into the barrel section of a
pressure vessel; separate end caps were then added. An
axially orientated fully penetrating defect (Figure 3) was
cut into the strain ageing material, and lightly sealed on
the inner wall with a foil cap. The machined notch was
fatigue sharpened by pressure cycling at 50°C. The vessel
pressure test to failure was then conducted at 200°C, a
temperature at which strain ageing effects were apparent.
In this test, oil was used as the pressurizing medium to
minimize stored energy by avoiding boiling of the liquid
once leakage occurred.

Destructive testing of the vessel stopped when the pumping
system failed to keep pace with leakage, as the foil seal
became dislodged. The degree of stable tearing induced by
the overpressure test was measured from the fracture
surfaces, after these had been machined from the
surrounding plate and broken open by fatigue (Figure 3).

2.1.1 R6 Analyses of the C-Mn Vessel

Mean material properties (Table i) were used in the R6
analyses, to provide the best burst pressure estimates.
Failure assessments were based on the general purpose
(option 1) failure assessment curve, the material specific
(option 2) curve, and the carbon-manganese failure curve_
Stable tearing limits in the R6 analyses were the values
measured from the fracture surfaces; these were 3.6 mm of
stable tearing which occurred at each end of the
penetrating defect. J integral versus crack growth (J-Aa)
data were measured from fracture toughness specimens.

Failure estimates based on initiation (category I) and with
stable tearing (category 3) appear in Table 2 and Figure 6.
The point shown inside the diagram corresponds to the upper
pressure in the fatigue cycle (1769psi).

The R6 analyses were conducted with the FRACTURE.TWO
computer code (Ref. 3), with limit loads based on the
Battelle formulae (Ref. 4) and stress intensity factors
computed by the weight function method.

2.1.2 Discussion

Failure pressure estimates in the strain ageing vessel,
based on initiation (category 1), are all significantly
lower than the measured burst pressure, but in good
agreement with each other. The category 3 assessments,
corresponding to 3.6 mm of stable tearing, are nearer the
true burst pressure; best agreement is obtained with the C-
Mn failure assessment curve, which marginally under-
estimated the failure pressure. Both the option 1 and 2
category 3 analyses give slightly conservative answers and
are in close agreement with one another.
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2.2 Weld Repair Vessel

The vessnl was made from modern boiler plate (Figure 2) and
incorporated an axial repair weld, 50 mm deep and running
along the length of the barrel. Post weld heat treatment
was deliberately avoided, leaving significant residual hoop
stresses in the repair weld (Figure 5). A surface defect
was machined into the weld (Figure 4) and sharpened by
fatigue; the vessel was failed at 50°C with water as the
pressurising medium.

Destructive testing ceased when the pumping system failed
to keep pace with leakage when the defect snapped through
the vessel wall. The extent of stable tearing induced by
the overpressure was measured from the fracture surfaces.

2.2.1 R6 analyses of the weld repair vessel

Mean material properties as included in (Table l) were used
in the R6 analyses, to provide the best burst pressure
estimates. In this instance failure assessments were based

on the general purpose (option l) failure assessment curve
only. The stable tearing limit in the analyses was
assessed from the fracture surfaces as 25.4 mm (the
remafning ligament) at the bottom of the surface defect.
The J integral versus crack growth (J-aa) relationship for
the plate was only available from a handbook (Ref.2).

Failure estimates based on initiation (category l) and with
stable tearing (category 3) appear in Table 2 and Figure 7.
Initiation is envisaged in the weld region, with the defect
tearing through plate material, at the deepest point.

As before, the R6 analyses were conducted with the
FRACTURE.TWO computer code (Ref. 3). Limit loads were based
on the Battelle formulae (Ref. 4) and stress intensity
factors computed by the weight function method. The effect
of secondary (residual) stresses in the cold weld repair
vessel were most pronounced at the surfaces, and they had
little effect at the deepest point on the crack front.
Points inside the diagram correspond to the upper pressure
of 3950 psi in the fatigue cycle.

2.2.2 Discussion

Failure pressure estimates in the cold weld repair vessel
are considerably lower than the measured burst pressure.
Here the amount of stable tearing covered in the analysis
was only 9mm, (compared with over 20mm in the test) and
this was restricted by the cut off in the R6 diagram
(Fig.7). This result suggests that either the limit load
solution or the flow stress (the mean of the yield and
ultimate tensile stresses) is conservative.
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3. RE-CHARACTERISATION OF DEFECTS

The work reported in this section was carried out in the
AEA Technology Structural Features Test Facility at Risley.

3.1 Embedded Flaws in Brittle Fraoture

A series of four tests have been carried out on flat mild

steel rectangular specimens containing embedded flaws. In
each case the R6 Procedure would require the flaws to be
recharacterised as surface breaking. The tests were
undertaken at low temperatures where failure occurred by
brittle fracture. The flaw geometries are illustrated in
Fig. 8 and were as follows:

(a) A single circular embedded flaw.

(b) A single circular flaw as in (a) above but located
nearer to the free surface and therefore having a
smaller ligament.

(c) An elliptical flaw at the same depth as (a).

(d) Two adjacent coplanar flaws of the same radii and
depth below the surface as (a).

The material used for the tests was a carbon steel

containing 0.36% carbon with a relatively low fracture
toughness of 38MPaVm, as assessed by Charpy impact tests,
in relation to its yield stress of 310MPa.

Each specimen was manufactured from a pair of blocks each
containing appropriately sized surface breaking semi-
circular or semi-elliptical slot(s) cut by electro
discharge machining. The blocks were aligned to match the
slots in each and the assembly diffusion bonded to form a
large block containing th_ required flaw(s). After
bonding, end pieces were attached by electron beam welding
to form the test specimen.

The test specimens were mounted in a 2.5MN servo hydraulic
testing machine with constraints to minimise out of plane
bending. The slots were sharpened into defects by cyclic
loading at a stress intensity factor range of approximately
20 MPaVm.

The specimens were then cooled to a temperature between -30
and -35°C and loaded slowly in tension until failure
occurred. Afterwards the fracture surfaces were cut from

the specimens and the final (post fatigue) dimensions of
the flaws were measured.

Although a small amount of yielding occurred prior to
failure (as evidenced from the load/displacement and
load/strain traces) examination of the fracture surface
confirmed that all specimens had failed by brittle
fracture.
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3.1.1 R6 Analyses

An assessment of the load to failure was undertaken using
the generalised R6 Rev 3 Option 1 Failure Assessment
Diagram. The flaws were first analysed in their true
geometry (i.e. uncharacterised) and then analysed as
recharacterised surface flaws according to Section 9.4.1(i)
of R6. The two circular flaws in specimen (d) were also
analysed as a combined embedded flaw according to Section
9.4.1(ii) of R6.

The stress intensity factor solution for these flaw
geometries were derived from standard published sources and
the limit load was based on the reduction of cross section
area.

Table 3 gives the actual fallure loads from each of these

tests and the predicted failure load from the R6 analysis.

3.1.2 Disoussion

From Table 3 the following observations can be made.

• The actual loads required to fail the specimens
exceeded the failure loads assessed by R6 in all cases
demonstrating the R6 procedures to be conservative.
This was true also for the un-recharacterised defects
and suggest that the use of modern formulations for
stress intensity factors, in conjunction with nett
section stresses for collapse, adequately describe
behaviour.

The actual failure loads and the assessed failure
loads for the non re-characterised flaws were
consistent with the different features of the flaw

geometries: the failure load reduced with decreasing
ligament (specimens (a) and (b)); the failure load
reduced with increasing aspect ratio (specimens (a)
and (c)); the failure load reduced with the presence
of a second flaw in close proximity (specimens (a) and
(d)).

• The assessed failure loads for the recharacterised

flaws were less than those assessed for the original
flaws thereby demonstrating conservatism in the
recharacterisation procedures. However, the assessed
failure load for specimen (b) was higher than for
specimen <a) contrary to the actual behaviour. This
could indicate an inconsistency in the treatment of
deep flaws lelative to shallow flaws which may result
in an overl_ conservative assessment. However, the
differences _re small bearing in mind that the data
for specimen (a) have been adjusted for comparative
purposes, and definitive conclusions cannot be drawn
from this data alone.
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3.2 Multlplw Surfsoe Flaws in Plastlo Collapse

A series of _ests have been carried out on plates, 12.5mm
thick by 12bmm wide, containing pairs of identical co-
planar, surface breaking semi-circular flaws. Four types
of flaw configuration with varying separations were tested,
Fig. 9. The separations were such as to require
recharacterisation under the procedures of R6.

Two materials were used in the tests, 0.36% c mild steel
and stainless steel, representing materials wJ .n a distinct
yield and with high work hardening, respectively. The mild
steel was tested at 80oC while the stainless steel was

tested at ambient temperature. At these temperatures, the
respective yield stresses were 308MPa and 339MPa. The
crack growth resistance of these materials indicated that
high fracture toughness was attained after a small amount
of tearing - a necessary condition to obtain failure by
plastic collapse.

The _laws were spark machined into the plates and sharpened
by fatigue. The flawed plates were mounted in a I00 tonne
servo-hydraulic machine in such a way so as to minimise out
of plane bending. The plates were strain gauged with flaw
growth determined using an ACPD technique. The plates were
loaded in tension until through wall cracking had occurred
and the load was reducing. Two loads were determined from
the tests: the load at which tearing of the flaws initiated
and the peak load. It is noted that high values of
toughness are required to achieve plastic collapse and this
is consistent with the t_aring resistance of the material.

3.2.1 Analyses

An analytical prediction of the failure load was made
solely on a simple reduction of area criteria. The failure
load of each flaw configuration was estimated in five
different ways:

(a) Single flaws - global section. Based on the actual
area of both flaws as a ratio of the full cross
section of the plate. This is the least conservative

treatment as it does not take account of the proximity
of the flaws to each other or to the back surface of
the plate.

(b) Single flaws - local section. Based on the area of

both flaws as a ratio of the total of the ligament
area associated with each flaw (as defined in Fig.
10)). When'the flaws are in close proximity such that
the ligament areas overlap, the area of the overlap is
only counted once.

(c) Recharacterised as thro_ flaws - global section.
This case is based on a strict interpretation of the
procedure outline in British Standard PD 6493. The

pair of separate flaws are recharacterised as through
thickness flaws having an area equal to the local
section. Collapse is calculated on the basis of the
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area of the recharacterised flaws as a ratio of the

full (global) cross sectional area of the plate. This
is the most conservative treatment.

(d) Recharacterised as a semi-elliptical flaw - local
section. This case follows the guidance given in R6.
The pair of surface breaking flaws is recharacterised
as a single semi-elliptical flaw when S < 2a.
Collapse is calculated on the basis of the area of the
semi-elliptical flaw as a ratio of the local section
area.

(e) Recharacterised as a semi-elliptical flaw - global
section. This calculation is based on the flaws

recharacterised as a semi-elliptical flaw (am in (d)
above). Collapse is determined from the ratio of the
area of the semi-elliptical flaw to the full (global)
cross section.

Table 4 details the experimentally obtained initiation and
peak loads for comparison with the collapse predictions.

3.2.2. Disoussion

The following observations can be made from Table 4.

• The loads for initiation of tearing and maximum loads
determined in the tests increase with increasing flaw
separation.

• The separation effect is not modelled correctly by the
collapse loads assessed from recharacterising the
flaws.

• All the approaches for estimating the collapse load
are conservative (i.e. give under estimat_ with
respect to the observed peak load. The approach based
on recharacterising the flaws as through thickness
flaws (BS PD 6493, Ref. 5) is the most conservative.
The R6 approach is less conservative and is consistent
with the other alternatives.

• This work does not resolve the issue am to when global
or local limit loads are appropriate for these
geometries and further study of this aspect is
desirable.

4. CLOSURE

A number of experiments have been described which
underwrite the R6 Procedure for the assessment of
structures containing defects. Ali results show the basic
procedure to be conservative. The data also indicate areas
that permit more accurate assessments to be made and these
include:

'n• the use of stable tearl g provided valid J-_a data is
available
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. detailed attention to re-characterisation of defects

and the calculation of stress intensity factors

e accurate definition of appropriate limit loads,
although here there may be a paucity of data.
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TEST OF LARGE-SCALE SPECIMENS AND MODELS AS APPLIED TO
' NPP EQUIPMENT MATEI_IAI_

Boris T, Timofecv, Oeorgy P, Karzov

Central Research Institute oi+Structural Materials "Prometey"
St, Petersburg, Russia, 193167

Abstract

The paper presents the test results on low.cycle htigu¢, crack growth rate and fracture toughncu of
large-scale specimens and structures, manufactured from steels, widely applied in power engineering
industryand used for the production of NPP equipment with WER.440 and VVER.I(_ reactor=.
The obtained results are compared with available test results of standard s_cimens and calculation
relations, accepted in "Calculation Norms on Strength." At the htigue crack initiation stage the
experiments were performed on large.scale s "pecimens of various geometry and configuration, which
permitted to define 15X2MFA steel fracture initiation resistance by eiasti¢-plastic deformation of
large material volume by homogeneous and inhomogeneous state. Besides the above mentioned
specimen tests in the regime of low-cycle loading, the tests of models with nozzles were perhrmed
and a good correlation of the results on fatigue crack initiation criterium was obtained both with
calculated data and standard low.cycle fatigue tests,

The scale factor effect on the fatigue crack kinetics stage for reactor steels and their welded joints
was _timated on compact specimens of 2().i_) mm thickness. It was noted that on the Paris part
of the htigu¢ fracture diagram a specimen thickness ircroase does not influence htigu¢ crack growth
resistance by tests in air both at 20 and 350°C. The estimation of the comparability of the r=ulta,
obtained on specimens and models was also carried out for this stage of fracture,

At the stage of unstable crack growth by static loading the experiments w0|¢ conducted on specimens
of various thickness from 15X2MFA and 15X2NMFA steels and their welded joints, produced by
submerged are welding, in as.produced state (the beginning of service) and after ¢mbrlttllng heat
treatment, simulating neutron l]uence attack (the end of service). The compact specimens ot' 25.
I._0mmthickness, up to 120mm)wereusedfor thes¢tests. The obtainedresultsglveevidenceof

! the possibility of the reliable prediction of structure elements brittle fracture using fracture toughneu
test results on relatively small standard specimens.
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Scale Factor Effect On Low Cycle Fatigue Resistance

Fatigue fracture initiation and development in real structures occurs, as a rule, in stress concentration
zones, and fatigue life to a crack nucleation is determined by the amplitude of local strains for loading
cycle. In spite of the sufficient accuracy and good experimental study of fatigue failure criteria, some
problems, arising by service life estimation of real structures, should be discussed. It concerns, first
of all, the effect of absolute sizes of plastically deformed metal zone on service life to failure
initiation.

A series of experiments was performed on large-scale specimens of various geometry and
configuration (Fig. 1). The specimens made from the type 15X2MFA steel (which is widely used for
pressure vessel production) were tested in MYG-3000 and ZDM-1200 machines by elastic-plastic
deformation of material large volume both by homogeneous and inhomogeneous stressed states,
which are characteristic to real structures. A sufficiently inhomogeneous stressed state, generated
by the interaction between several stress c_ncentrators and defects, was simulated by the test of
specimens (Fig. lc) which contained the second stress concentrator in the form of a hole in the field
of an outer concentrator action. To provide dilTcrcnt concentrators effect on each other, the distance
between was varied.

Under the conditions of homogeneous stressed state and rigid loading low cycle fatigue tests of large-
scale specimens (net section - 4800 mm2) made from 15X2MFA steel showed that the material fatigue
life to crack initiation is in good agreement with the results obtained from small specimens (net
section - 48 and 300 ram2). Figure 2 shc_wscxpcrimcntal results obtained on large-scale specimens
from 15X2MFA steel as compared with analogous test results for ten melts of this steel on standard
cylindrical specimens (curvcs 1-3). The given results demonstrate the absence of special peculiarities
of the material fracture by low cycle loading with the increase of the deformed material volume.
More correct understanding of the dependence of fatigue life to crack initiation on specimen scale
factor gives the comparison with the results of serial tests of similar in configuration specimens (net
section - 300 and 48 mm2) represented in Fig. 2 in the form of real distribution fatigue life curves.
In this case the average values to crack initiation arc practically similar for these types ol"specimens
which differ in scale.

Thus, the increase of metal del_rmed vc_lumcby elastic-plastic loading approximately by 100 times
did not change the value of fatigue life tc_crack initiation in the investigated material. By specimen
scale factor variation, a very small tendency to life decrease is observed which does not permit us to
consider the effect of scale factor on fatigue fracture characteristics, associated with the average
statistic distribution of material structure imperfections to be reasonable (as it was done in earlier
investigations).

The effect of an inhomogcncous stressed state on fracture resistance by large volumes of deformed
material, under the conditions of cyclic loading was experimcntally and theoretically investigated on
specimens, containing lateral notches (net section - 6¢)× 600 ram). As related to the applied loading
regimes, the size of material elastic-plastic defc_rmation zone in the field of stress concentratc_rs was
equal to 20-70 ram. The typical distribution of longitudinal and transvcrsa strains and stresses in the
minimum section of specimens with concentrators, received with the use of transducer measurements
and the finite clement method analysis, is presented in Fig. 3. The comparison of calculated and
experimental results demonstrate the finite element method application permits to conduct the
analysis of the stressed state in stress concentration zones with a sufficiently high degree of accuracy.
In this case, both in elastic and elastic-plastic defc_rmation zones the complete coincidence of results
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is observed. The stress-strain calculations by elastic-plastic deformation in stress concentration zones

permitted to analyze the variation of the stressed/strained state in specimens by the steady regime of
cyclic loading. Figure 3 gives the stress and strain distribution at the moment when the load on the
specimen is equal to zero by a pulsating loading cycle. The s.e,.:cimens stressed-strained state for three
regimes of loading is characterized by the generation _,f compression by stresses break down
exceeding the material yield strength. Thus, in the steady regime by a mild pulsating cycle of the
loading variation in concentration zones, a symmetrical deformation cycle is realized with a given
deformation amplitude (rigid loading). Such type of material deformation occurs in the concentrator

in the case when the maximum local strain exceeds 26r, where 6r is the strain corresponding to the

material yield strength. It is confirmed with calculated results.

Elastic-plastic strain and stress values obtained as the result of experiments and calculations give the

possibility to determine the strain concentration factors (K_ - the relation of the maximum local
strains to the nominal ones) and the stress concentration factors (Ka) - the relation of the maximum
local stresses to the nominal ones) and to observe their variation versus the material loading degree.
By elastic detbrmation, when the stresses in the concentration zones do not exceed the material yield
strength, the stress and strain concentration factors are equal to the theoretical concentration factor

%. The variation of K and Ka vcrsus the degree of operating nominal strcsscs is shown in Fig. 4.

By the increase ol nominal stresses, Ka decreases and approxnmates to the umt, and Ke attains the
value of 8 - 10. It is necessary to note some difference in the variation of K¢ and K a by testing with
the monotonic and stepped (with intermediate break downs) loading increase. In the second case

a rapid development ot' plastic dctbrmations and correspondingly the K¢ increase are observed (the
KE increase becomes slower by the high values of %om/YS). Theoretical curves of the correlation K,
versus nominal stresses, calculated in accordance with the loading history of each specimen by testing
process, agree with experimental results. The strain concentration l'actors in the steady regime of

cyclic loading appear to be lower than ,the maximum value and ditTcr sufl'iciently from u¢ The
}2yClC . ,.

calculated and experimental values of Ke tor the steady deformaticm process are presented in Fig. 4.

As at the stage' of repeated static ltmding the material resistance of elastic-plastic deformation is
defined by the generalized diagram of cyclic deformation (for which the cyclic yield strength

_3,clc
S.r_- 2 YS), then the corresponding w_lucs of l¢.e to compare with the static values should be
considered in the coordinates of O,om (St), i.e. an,,m (2 YS).

wcle
Based on this fact, Fig. 4 shows the location of steady K_ values. For the given loading conditions
one observes an agreement c_i' K_ values obtained bv static monotonous loading, with the{: ' j

corresponding steady values of I_3_'tIc, calculated, based on the generalized diagram of cyclicf

deformation. The variation of stress and strain concentration factors in the elastic-plastic zone is well
described by the cquatic_n, proposed by N. A. Makhutov. I_1

For scale factor estimation and vcril'icatic_n c_l"deformation criteria, both local strain amplitudes and
numbcr of cycles to crack initiation were registered tk_rall specimens. The experimental results were
compared with the 15X2MFA steel low cycle fatigue data, obtained on small specimens, from the
crack initiation moment under the conditic_ns of the homogeneous stressed state (Fig. 2). It is
evident, that the life t() l'atigue l'ailure ()t"large-scale specimens in the inhomogeneous stressed state

regime is defined by the amplitude ()1'I()cal dcli)rmations and there is a good agreement with the test
results of small specimens by rigid loading. The pcrl'ormed investigations confirm that low cycle
fatigue crack initiatitm is independent t_f scale factor both under the conditions of hc_mogeneous
stress field and in stress ct_ncentration zc_nes.
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In real structures an interaction of two concentrators may occur, namely, for example, when a
production flaw is located in the zone of a design stress concentrator effect. The character of elastic-
plastic deformation and fracture resistance by cyclic loading, under the conditions of two stress
concentrators interaction was investigated on specimens with 300 x 15 mm net section (Fig. 1). The
distribution of longitudinal, transversa and shearing strains and stresses in the concentrators
interaction zone, obtained by the use of the finite element method calculation results, indicates that
a stressed and strained state tbr an inner concentrator depends greatly on the distance from an outer
concentrator, which provides a constant field of stress and strain disturbance (Fig. 5). At the distance
between concentrators less than two diameters of an inner hole an evident concentrators interaction
may be observed. In this case, a sharp stress and strain increase occurs for the hole edge, nearest to
the concentrator, especially by elastic-plastic deformation. At the largest distance from the outer
concentrator hole by elastic loading, the concentrators do not interact with each other; at the same
time a joining of ductility zones occurs in the elastic-plastic zone and the stresses in the crosspiece
between concentrators exceed the material yield strength. However, it does not result in the
sufficient strain increase on the surface of the aole (Fig. 5). Thus, the analysis shows that the mutual
effect of two concentrators in the elastic-plastic zone takes place by the interaction of their strain
fields. The stressed state in the crosspiece between concentrators is practically not changed, because
longitudinal stresses and stress intcnsity exceed the material yield strength by a sufficient degree.

The information about the stressed-strained state in the region of interacting concentrators permits
to analyze the variation of stress and strain concentration factors by the increase of nominal stresses.
Fig. 6 demonstrates the dependence of Ko and K_ for the typical points of two concentrators on the
level of nominal stresses by the various distances of an inner hole from an outer concentrator. Here,
the variaticm of Ko and K_, illustrating only the outer concentrator effect, is also presented. Within
the material elastic deformaticm range a sufficient increase of stress concentration factor (ota) on the
surface of a hole is observed in the case when the intcractitm of two concentrators occurs. By other
investigation conditions the stress concentration factors near the hole are comparable with theoretical
values, Iz31obtained by biaxial loading. By the development of elastic-plastic deformations within the

zones of interacting concentrators K_ increase and Ka decrease take place. The character of K_
versus %omfYS variation by the interaction of concentrators differs from the similar data, obtained
for non-interacting concentrators. Beginning with a definite moment the tempo of strain
conccntration factor increase for a highly loaded point of hole surface becomes slower (Fig. 6). The

analysis of local strain variation versus outer concentrator range in .t_ points corresponding to the
edge of an outer hole (Fig. 7), and also strain concentration factors K_i (calculated as related to local
strains, obtained with regard to the outer concentrator effect) showed that the strain concentration
in the vicinity of a hc_lcafter the general plastic deformation development in this region is decreased
significantly. And it results in the retarding of strain concentration factors increase by static loading
for interacting stress concentrators.

By steady cyclic loading (Fig. 6), strain concentration factors I_ycle.__ appear tc_ be lower than the

maxirrtum_,_3'¢te values,,observed by,static,deformationl In this.case, (as,.it was.mentnoned'betbre) the valuesol K_ , calculated with the diagram of cyclic detbrmation, arc in a good agreement with the values
of Kc, corresponding to the %om/ST coordinates, is indicatcd by arrows, parallel to axis of abscissas.
The material defc_rmation analysis near the cdgcs of interacting concentrators (Fig. 8) show that by
cyclic loading both for an outer (dot A) and for an inner (dot B) concentrators a rigid symmetrical
cycle of material elastic-plastic deformation is rcalizcd. In this case the range of cyclic elastic-plastic
strains near the hole edge ap0ear to bc higher than for an outcr concentrator, which is in an
agreement with the values of I,_etc. In the case when the concentrators interaction does not take
place, in spite of high plastic strains in "0"-semicyclc, thc mctal is elastically deformed near the inner
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concentrator - by cyclic loading. The character of material elastic-plastic deformation near the side
of an outer concentrator is practically not changed. The variation of stress and strain concentration
factors in the elastic-plastic deformation region for the interacting concentrators is being compared
with the calculation results with the use of the following equations: I_sl

E2
K, : I + (CXo- I)_ , (i)

El

where % - theoretical stress concentration factor;
E_ - secant modulus of nominal strain;
E2 - secant modulus for the maximum strain in concentration zone.

Ka'Ke 1

(/'2 (5 ' ..n(1-m)[l-(%om-t/ao)] (2)0 o Onom)

where at,ore- nominal stress;
m - exponent by power approximatic_n of strain diagrams;
n - constant, equal to _- 0.5.

The dependence of KJ% on c_a.On,,,,/YS parametcr (Fig. 9) for an inner concentrator is not
satisfactorily described with these equations by %. variation in the investigated range. The strain
concentration change for single outer concentrator agrees with the results, obtained with Eq. (2),
which corresponds to the above dcscribcd results for large-scale specimens. Thus, for the complex
conditions of some stress concentrators interaction in the elastic-plastic region, the available
correlations, describing the variation of strain concentration factor with stress increase, appear to be
unapplicable, as they give a mistake in the dangerous dircction. The limited volume of performed
investigations does not permit to obtain the gencralizcd correlations, reflecting the stress and strain
concentration factors variation by the mutual effect of concentrators on each other. However, the
given results demonstrate that by thc analysis of interacting concct,trators effect on each other the
simplest approachcs basing on an arithmctical summation or multiplication of stress and strain factors
can not be applied.

The experimental investigation of fatigue failure initiation under the conditions of inhomogeneous
stressed-strained state by interaction of stress concentrators, performed on the specimens being
considered, confirmed the theoretical results, described earlier. The results for fractured specimens
containing two stress concentrators arc given in Table 1, where the calculation data of strain range
in various points of a concentrator by steady cyclic loading are also presented. The character of
failure initiation reflects the conditions of interaction and unintcraction of stress concentrators. The
available fatigue lifc rcsults to crack initiation dcpcnding on local strain amplitude are compared in
Fig. 2 with the low cyclc fatigue test results, obtained on specimens from 15X2MFA steel by
homogeneous stressed state. The results, discussed above, illustrate the possibility to use strain
criteria for the determination of life to fatigue crack initiation under the conditions of inhomogeneous
stressed state by the prcscncc of very high strain gradients. Howcvcr, in this case the values of local
strains can bc defined only on the basis of special calculation or strain measurement because the
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available analytical correlations do not permit to estimate reliably the strain concentration by such
complex conditions.

Table 1. Test results of specimenswith twointeractingstre_sconcentrators

Distance Localstrain range Number of
Numberof between ........... cyclesto
specimen concentrators Outer Inner cro_ concentrator crack Kindof fracture

(ram) concentrator pieceside opposite initiaLion
edge

1 1.47 1600 Crack from outer
concentrator

.,,,,,. .............. ,,, , ,,,,,,, ,,,,,. ,, , ,, ,, ,, _..

2 2 2.21 4.22 2.0 100 Crack from inner
concentrator

-- - , ,., , J ,,,, ,,,,,,, .-.,, ,,,,.,,,, ,, ,, r I ,,, .,,,

3 4 1.45 1.67 0.9 430 (;rack from inner
concentrator

-- - " _ '...... ' " ' '1 ,.... , , ,t , ,.,, • , , , ,, , ,,,,.,,, ,

4 9 1.50 0.63 0.58 1450 Crack from outer
concentrator

, , ,, ,,, • , , , , , ,,,, , ,.,.,,,f, ,

5 14 1,35 0.52 0.52 2540 (.'rackfrom outer
concentrator

...............................

Thc ohtainqd results permit to estimate the efl'cct of loaded components design forms and their
absolute sizes on the material fatigue failure rcsistancc. A good agreement between the results,

obtained on specimens of various sizcs and gcomctry, show the reliability of fatigue failure strain
criteria, being obtaincd on small spccimcns to dcscribc the performance of full-sized structure
components. In this casc the construction of lines for permissible stresses could be carried out on

the basis of the obtained mean square correlations, and the introduced safety factors should consider
the dispersion of real matcrials fatigue failure rcsistancc with regard to the effect of production and

operation factors and also the possiblc inaccuracy in the cstimaticm of the maximum amplitude range
of cyclc dcformaticm. This inaccuracy rnay bc as a result cd"calculation errors and also as a result of
the presence ot" initial production dcfccts in real metal.

Along with large-sized specimens, the tests of pressure vessel models with nozzles were performed
in the rcgimc of Ic_wcyclc loading. The mc_ttel sizes are givcn in Fig. 10.161 The metal volumes in

concentration zc_ncs cxcccdcd the cross sccticm area of specimens, tested on low cycle fatigue.
However, the moment of fatigue crack initiation in the conccntraticm zone is well predicted based
on test results of small spccirncns (,Fig, 11). Consequently, the test results of large-scale specimens
under the conditions _t hc_mogencous and inhc_mogeneous stressed state, and also the test results of

pressurc vessel modcls showed that scalc l'acmr dt_cs not effect practically cm low cycle fatigue
resistance with the usc c_t'crack initiatic_n criterium. 171

Scale Factc_r Effect On Fatigue Crack Grc_wth R_ltc

The published invcstig;ttions I_171sht_,,_,,that a spccirncn thickness, ahmg with other factors, could effect
fatigue crack growth. Hc_wcvcr, the authors express different views. Sonic investigators note the
fatigue crack growth increase with a spccirncn thickness increase, 18'121the others note its decrease, lt:_!51
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and some scientists consider the crack growth rate to be independent of specimen thickness. 1161As
a whole, the data indicate that specimen size effect on the fatigue crack growth regularities may be
revealed for all three zones of the fatigue failure diagram and has a complex character. In this
investigation the st udy of scale factor effect on 15X2MFA steel cyclic crack resistance was conducted.
The specimens of the thicknesses t= lt), 15, 25, and 50 mm were tested with three-point bending at
room temperature. By the selection of other specimen sizes the following requirements we.re
fulfilled: [Is/ 2t < b <4t: b> 15 ram; L = 4b, where b - specimen width, L - distance between
supports.

In this investigation the applied specimen width was always equal to two thicknesses. The
correlations between dl/dN and K for 15X2MFA steel, obtained on specimens of various thickness
are given in Figs. 12 and 13 and the characteristics of cyclic crack resistance are presented in Table 2.

Table 2 The parameters of 15X..MFA steel cyclic crack
resistance at room temperature

................

t AKtl AK(et/-_l_
R (ram) (M Pax_m) (MP_rv/m) m C

().()5 I() 1().5 3,8 3.2 2.3 × 1()
15 7.5 3.5 2.9 7.7 × 10
25 6.8 3.3 2.7 1.2 x 10
5() 8.5 3.4 2.6 2.11 x 10

..................

().7 !() 4.2 - 2.6 3.4 x 10
25 3.4 - 2.0 1.5 x 10
51) 3.5 !.8 2.5 x 10

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

The presented dala demt_nstratc that ft_r b_th coel'ficienls t_l"loading cycle asymmetry R experimental
data are considered in the narrow scarier t'mnd independent on a specimen thickness. And we may

speak t_bout a cyclic crack resistance sensitivity to a scale factor in a second region of the t'atigue
failure diagram. At the same time in the range, being near 1o the threshold rates by R = (I.05 a
sufficient specimen thickness effect on _K,h (Fig. 14) is evident. This correlation has no monot_mous

character. The minimum AKth value WaS td_,tained on 25 Into thickness specimens, the maximum -
for 10 mm thickness. By R = 11.7in the range td' h_w crack grt_wth rates in a specimen ot" 10 mm

thickness, the maximum fracture de,,,cit_l_mcnt resistance was also found, the further specimen
thickness increase d_cs tl_u influence the threshtdd stress intensity factor value. The obtained results

agree well with the data, II_j'_qwhere [he scale l'actt_r effect on crack gn_wth rate was investigated in
15X2MFA, 15X2NMI:A steels and their welded joints (t'igs. 15 and 1¢_). Compact specimens of 25
and 1()() mm thickness ,xere tensi_)n tested at rt)_m teml)erature. For metal after standard heat

treatment (YS = /,()t) MPa) the maxilnum effect was evident l't)r the threshold AK,t, values with
specimen thickness increase the threshc_ld _K,h values with specimen thickness increase the threshold
AKth increase was _dwic)us. The high strength 15X2MI-A steel (YS _ I()()()MPa)did not show the
remarkable difference in ,xK,, by testing ,_f specimens o1' 25 and 15 mm thickness.

As at present the l)rccularitics _1' laliguc cr_lck grt_v,th (by h_w K values) in structural materials, as

a rule, are analysed u,ith the use t_l'crack classing ct_ncc_pt,IIz._,_:'.llby testing on cyclic crack resistance,
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crack closing was estimatcd with the use of an elcctrotensometric displacement transducer of high
sensitivity, located on the both sides from the crack tip in previously drilled holes of 0.2 mm depth.
The distance between was 4 ram, the distance from the crack tip was not more than 2 ram.

The value of' stress intensity factor, by which a crack is opening, Ko.,, the effective range z_Kceft3 were
determined in accordance with the procedure, described in Ref. 2_. The obtained values AKcer0at

R = 0.05 are given in Table 2. By R = 0,7 the K,, values were lower than the minimum stressintensity factor, independent of specimen thickness. "_us, the given results show the absence of scale
factor effect when considering crack closing and it indicates that the scale factor effect is responsible
for K variation with specimen thickncss variation.

Scale Factor Effect On Fracture Toughness

At present thdre is no direct answer on the problem of scale factor effect on metal crack resistance.
In most published investigatic_ns,concerning the scale factor effect on metal crack resistance, they
were performed mainly on specimens with thickness up to 6() ram. Based on these results it is
impossible to make a conclusion about the crack resistance of structure components of greater
thickness. In this case "scale factor cffcct" means material properties variation by similar loading
conditions versus investigated spccimcn sizes by the retaining of geometrical similarity.

In accordance with the models I'_-_'_¢'1(bascd on the main concepts of LMF) with the increase of a
specimen thickness (i.e. by the transitit_n [rom fracture in plane stressed state to fracture by plane
deformation) the stress intensity factor values decrease, approaching to the material constant - Kto
These modcls were e×perimcntally confirmed for many aluminum and titanium alloys and steels.
ttowcvcr, in some investigations 127_UIKu increase was observed with a specimen thickness increase.
As applied to reactc_r matcriais ,;uch experiment is dcscribed in Ret: 31. In our country for the type
15X2MFA steel the Scientific arid Methodical Commission on Fracture Mechanics of

GOSTSTANDARD carried out the basic experiments on specimens of 16-150 mm thickness to verify
the comparability of test results obtained in six hlboratorics. Three.point bending and tension tests
were performed by the dcvclopmcnt of a standard l't_rKnc.determination by plane deformation with
the use of the Ibllowing testing machines: ZDM-3(I0/6()0PY, ZDM-200/4IX)PY, ZDM-I(XIPY,
Instron-1255, IMC-30, and YME-I()TM.

The application ()f 15X2MFA stccl specimens of various types and sizes permitted to establish the
correct boundaries o1'test results, obt_lined with dil'l'erent criteria, tks a most stringent condition for

' correctncss a sharp loading break dt)wn on the diagram "loading-displacement" was taken. Figure 17
indicates with arrows the temperature boundaries lbr the fulfillment of this condition using the basic
expcrimcnt results. In this case no dilTcrcncc was found between test results _}nbend and compact
spccimcns. Figure 17 also sht}ws the curvcs ()1"Kc, = f(T) parameter, determined with 5% secant
from 16 t() 15()mm as comp_lrcd with the temperature K relation. The disagreement of Ko = f(T)
and Kj(:= f(T) curves is associated with the plane dct't)rmation loss at the crack tip in specimens with
various thickness . t. In the right l)art of the figure the values of K_ correspond to the relation
K(.)= Km_L_= C' YSV_, chanictcrizing the plastic stability loss of specimens, having various sections.
In Fig. 18 thc basic experiment dat_l, c_rresptmding to the ct_rrcctncss condition, are plotted on the
scatter band _)fexpcrimcntal results ft)r m{)xcthan ten 15X2MFA steel melts after base and additional
hcat treatment. The rt.'sults fc}rthe melt, which was used for the basic experiment peril)finance are
located in the ct)c)rdinatcs "Kk, - (T- TK)" in the upper part c)f the figure, describing the scatter
between melts. The low cnvcl()l)C c_ln b¢ described by the equation Knc. = 32e×p. 0.024 *
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(T - TK) + 26. In Ref. 33, the estimation of static materials crack resistance was carried for nuclear
power plants. The following structural materials wcrc considered: - the type 08XI8NIOT steel of a
high ductility (YS = 272 MPa, UTS = 556 MPa, A= 54%, Z = 68% at 20°C), - the type 15X2MFA
steel after standard heat trcatmcnt (YS = 548 MPa, UTS = 700 MPa, A = 27%, Z = 75% at 20°C)
and the same steel after the embrittling heat treatment, simulating the neutron fluence attack for
VVER-440 reactors to thc end of service life (YS = 981 MPa, UTS = 1069 MPa, A = 15.5%, Z =

65.4% at 2()°C). The tension tcsts of thcsc steels wcrc pcrformcd on specimens with 25 to 150 mm
thickness. The testing procedure is presented in detail in Ref. 34. In Fig. 18 the diagrams in reduced
coordinates "load P - crack opcning" are given, they arc obtained by static loading of specimens

manufacturcd from the above mentioned matcrials. The possibility to fulfill the plane deformation
conditions was verified with the criterium: Issl

Kl < V/-B.YS2/2.5 , (3)

where B - specimen thickness, YS - the material yield strength; and with the criterium: I_1

_B.It)_)% < 15% (4)
13

where _B - specimen thickness variation in front of the crack tip.

The stutic test results analysis shows that the scale effect for the high strength 15X2MFA (KPI00)
steel, for which the plane deformation conditions are fulfilled with both criteria, is not revealed. For

the middle strength 15X2MFA steel and the low strength ()SXISNI()T stccl, for which the plane
deformation conditit_ns arc not fulfilled with two criteria at the same time, specimens thickness
increase results in Kc_increase.

P - V diagrams f_r 15X2MFA steel (KPll)I)) were linear for both specimen thicknesses, f,pr
I)SX 181-tlO'Fsteel -are sufficiently n_m-linear for both thicknesses. For 15X2MFA (KP60) steel the
diagram P-V was neon-linear by fracture _1 25 mm thickness specimens. It should be noted that in
spite _t the fact, that the values t_l"K, t_btained from 150 mm thickness specimens from 15X2MFA

(KP61)) steel, are higher than the stress intensity factor values, by which the planc defl_rmation
cc_nttitit_ns are satisfied with the criterium (3), the diagram was linear up to fracture. The verification
of plane deformation c_nditions with the criterium (4) confirmed that by the I'racture of 15X2MFA
(KP6()) steel specimens of 15{)toni thickness, the plane tlel'ornaatitm condition was full'illed.

The values for ()SXISIIII)T steel, defined with the approach of 5% secant on 150 mm thickness

specimens satisfy the criterium (3). Hc_wever, the sufficient m_n-linearity of P-V diagram, the tough
character _1"fracture and unsatisfact_ry t_t"the criterium (4) indicate that for ()8XI8H10T the plane
dcl'(_rmatk_n ct_ntliti_ns ,,yore nt_t fulfilled by 25 mm and 151)mm specimens, and the criterium (3) tk)r
(18X18111tFI' steel is nt_t ;tl'q_lical-,ic,

Despite the fact that 15X2MFA steel (KP 1()()) ;.|t tc'mperatures h_wer than rooi,1 temperature is
brittle (T = + l()()°C) arid the scale effect is ntH realized in this temperature range, by higher
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temperatures, close to service temperatures, this effect may be visible. This is confirmed by the test
results of compact specimens (thickness. 50 and 150 tort,), made from the above mentioned steel
(Fig. 20). To obtain more reliable fracture toughness results for embrittled 15X2MFA steel, it is
necessary to perform the investigation of thicker specimens. The results of such experiments on
compact 150 mm thickness specimens containing a through thickness crack and 150 mm thickness
bend specimens with a semi-elliptical crack are given in Fig. 21. These are the results to consider by
pressure vessel brittle strength estimation.

The brittle strength test results of a pressure vessel are also of an interest. The tested pressure vessel
sizes are given in Fig. 22 and Fig. 23, which compare thc test results of these pressure vessel failures
with specimen test results. There is a good agreement between these results for an embrittled model
from 15X2MFA steel and a model with a circumferential weld. However, for the model from
15X2MFA (KP60) steel a significant safety margin is evident by the pressure vessel test as compared
with the analogous specimens tests.
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Fig. 1. Typesof large-scale specimens from 15X2MFA steel.
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Fig. 2. l_w-cyclc fatigue resistance of 15X2MFA steel specimens by homogeneous and
inhomogencous stressed state:

i, 2, 3 mean square life to failure values and boundaries of 95% scatter band,
obtained on the base of 10 melts tests;

0, e-e, 0--O smooth specimens with net sections 4800, 3(10and 48 mm2, respectively;
[] specimens with concentrators 60 x 600 ram;

,_, 4 specimens with interacting concentrators
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Fig. 3. Theoretical and experimental strain and stress distribution in concentration zone in
the minimum specimen section:

A - elastic deformation,

B - elastic-plastic deformation.
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Fig. 4. The dependence of strain Ke and K a concentration factors on the level of nominal
stresses: dots - experimental results, -- and .... calculation results by monotonous and stepped
loading.
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Fig. 5. Elastic stress and strain distribution in specimens with interacting concentrators: a,b,c
- for units 1-1, 1-5, 1-2, respectively.
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Fig. 6. The dependence of strain K and K stress K concentration factors on the level ofnominal stresses.
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Fig. 7. Stress variation versus outer concentrator (a) and strain concentration factors (b)
versus nominal stress values.

399



,.

L

K_ i K ot ¢ o "e =nora
Fig. 9. The generalized and correlation versus parameter:

O_oi ('_oi CT

Dot,;- calculation results e, i, & and o, A, [] t't)r defects p = 5 mm, p = 1.8 mm,
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Fig. 10. Sketch of 12XIMF steel model for hydrocyclic pressure tests.

Fig. 11. The comparison of test results of vessels and ,pipings, obtained in our country with
test results of full-scaled structures, obtained abroad in the coordinates "stress range - number of
cycles to failure":

IIII- scatter band of experimental data according to Ruiz 17],
3, ,*,5 - vessels from 12X1MF steel,
IK, 3K - vessels from 22K steel,
IT - vessel from 15X2MFA steel,
IH - vessel from 15X3NMFA steel.
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Fill. 12. Sp¢c:men thickness effect on fatigue crack growth in ISX2MFA steel in air
(R = 0,05).
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Fig. 13. Specimen thickness effect on fatigue crack growth in 15X2MFA steel in air
(R = 0.7).
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cl'l_+cton flttiguccr.ck growthnlteforweldsm.nufllcturcdbysubmergedFig.16.Sc_=Icfltcl()r. '.'
arcwelding:

R =0.I,T= 2()°C,e-t =25ram, o.t = 150mm.
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Fig. 20. Tcmpcraturc critic_li stress intensity factor dependence for 50 mm (,_, A) and
150 mm (o, o) thickness specimens l'rc)m !SX2MFA steel.
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Fig. 21. Fracture toughness temperature dependence of weldedjoints from 15X2MFAsteel
after embrittling heat treatment of 150 mm thicknessspecimens.
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Fig. 22. Model types tested to failure:
a = nozzle zone
b = shell

c = shell complete with a circumferential weld seam
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FIRST PRINCIPLES and LENGTH SCALES

• Physicists relate macroscopic behavior in terms of atomic and electronic
structure and properties via Schr6dinger's equation.

• Fracture involves competing physical processes too complex for this
approach.

, Fracture is not determined by the average behavior of the atoms, but
by the exceptional behavior of the relatively few atoms/defects situated
at lattice/material irregularities.

• Develop concepts involving length scales 10-_ ,,_10-5 m.

, Cohesion of a solid in terms of force-displacement relations between a
pair of atoms. ,2, ..... _.............................

a"am,,,
I O0 ................

0 t6

i O.O0

0 oo-

6'.026-

•0 O0 lv I' '""" "r '....... y ' '' v
•lo o.o 20 4.o QO I o to o

6" . C_
Applications: ideal brittle fracture, interfacial debonding. 1o vrt

, Cohesion of a solid in terms of force-displacement relations derived
from the relevant micromechanical processes.

6

_l t t t t t t t,,,.,,!....

Jl _.o.oo3 : iil

-_ I i til
| _ tll
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Applications: brittle/ductile transition o o0s olo ols 020 02s_/_030

ductile fracture. 1(_6 I0- I+ret
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Irwin's Approach

• K = Kz,_, J = Jzc _ onset of fracture

This criterion is a physical postulate on material response,

on the same level as the stress-strain curve, e.g.,

• a = a0 =_ onset of yield

However, fracture process occurs in a highly non-uniform
stress, strain field.

Therefore, a size scale must enter into the fracture de-
scription. Indeed, an important idea in fracture mechan-
ics concerns the size scale over which different phenomena
dominate a fracture process. The idea is implicit in irwin's
stress intensity factor concept.

Scale of Observation: 6t or J/ao

• Focus on the prospective fracture region on the
length scale of the crack opening displacement or
J/ao since 6t cx J/ao.

• Discuss fields which represent the environment in
which the failure mechanisms are operative.
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One-Parameter J Theory

• J scales the deformation and process zone size,
and the stress triaxiality ahead of the crack

• Jsc is the fracture toughness

• J is the load parameter f_"_--_..\
/ J scales,.

/ stress,, \\

__.t_laxiallty \!

!_Jlao ----+', ,'
I ",,,, t ""

"x'x'_"._.... _ __j_ ,'i't /

Two-Parameter J-Q Theory

• J scales the deformation and process zone size

• Q scales the stress triaxiality ahead of the crack

• J- Q locus is the fracture toughness

• J and Q are the load parameters

" ' i

................ : i :"_'_-_"__::...... - J _ I

x/<,o---4 /
\---.....________j"
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Two-Parameter _acture Theory

Deformation and /Stress _iaxiality are weakly coupled under pl_tic yielding

I

andNear-TipStressDef°rmati°nTri i Ii }_ -axa--ty cannotbe scaledby Kt orJ alone

Two Parameter Theory:

K or J scales near-tip deformation

A second parameter scales near-tip stress triaxiality

Elasticity parameters: Kz and T

Plasticity parameters: J and Q

Equivalence Under Small Scale Yielding:

1 - u2

J= E

Q = F(T/ao; n)

That is, a strict one-to-one correspondence
exists between Q and T.
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J-Q Fields

O'Dowd and Shih, JMPS 1991, 1992
Xia, Wang and Shih, 1992

j ) I/(n+i)
a_j- a0 .......................5_y(0;n)+ higherorderterms

_OaO [n r .......................,_,, ,,,,, ..... _.,
Difference Field: QO'obu(8)

FORWARD SECTOR, le[ < _r/2:

b,.r_ &as_ constant,brS'_bse

The differencefieldisessentially
Crack &uniformhydrostaticstressstate

ofadjustablelevel.

1 ,'-_5J/ao
e---

2 ~ 106t

Xia, Wang and Shih matched
a four term asymptotic series
to the form:

j ) 1/(,_+z).a_j = ao a_oaol,_r a_j(O; n)-F Qao6_j

ffij = (ffij)HRR + Q, ffo_ij

ai# = (a_)ssv + Qao6_

That is, Q scales the near-tip triaxiality relative to
a high triaziality reference stress state
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Definition of Q

Q is evaluated just outside the finite strain zone

r ¢7oo

Two Reference Stress States:

-( ee)HQ- 0 o 2J/0"00 O' RR at = _ r = 0'0
o"0

aoo-(_0)ssv
Cro

UsingstandardSSY distributionasthereferencest,_te:

aij = _ + Qao6 0
Reference State Difference Field

.'. Negative(positive)Q _ hydrostaticstresslevelis

lowered (elevated) by Qao from the reference stress state.
r

Q Based on the Mean Stress:

am - (am)ssv
Qm ----........ - at 0 = O, r = 2J/ao

¢7o

Qm differs insignificantly from Q.
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Construction of Q.Family of Fields

Modified Boundary Layer (MBL) Formulation

KI

_ij = :v_ fdj (0) + T_li_lj

Plasticzone

J.Qannulus

Q-familyoffieldsobtainedby applying
differentvaluesofK: andT/ao

1 -- l/2

J= E

Q = Fq:T/ao; n)
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Small Scale Yielding: Equivalence of J-T and J-Q

1 -"//2
.....J= E

Q ffi FCT/ao; n)

That is--

the connection between Q _d T

is similar to that between J and Kx

O-T Relation

o._

0.o

-Z.O
-l.O -0.5 0.0 0.5 l.O

T/o
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Cleavage Toughness Locus

3000 llll ill j_ |f, i ,i it Illl

#
#

Prediction by #

250.0 J-Q Theory with _ o /
¢

RKR Model ,'
s

t
S

I" ", 200.0 o •l
@ s .
O sS

150.0 - aa ,"
¢

@ ,

I00.0 _ o ,,_."
0 .°. 4.

0 ,,.,," +
.-" Data from

uu.u .,."
.--" KIRK (1991)..- a et al.

O0 , • , , I .... I , ,_, , ! , • . , f ,.., . , ! • , , , ! , , , ,

0.25 0.00 -0.25 -0.50 -0.75 -1.00 -1.25 -1.50

high Q low
constraint constraint

Cleavage toughness data for ASTM A515 Grade 70 steels tested at
20°C using edge-cracked bend bar for three thicknesses (KINK et al.,
1991). + for B=10 ram, O for B=25.4 ram, ZXfor B=50.8 ram.
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Two Representations of J-Q Field

for Engineering Analysis

HRR distribution as the Q = 0 solution:

SSY (T = 0) distribution as the Q = 0 solution:

P_:_d _,_= (_,j)ssY+ q_0_,_ fo_ lel< _/2

.'. Negative (positive) Q _. hydrostatic stress is
reduced (increased) by Qao from the reference state

NOTES:

i) The Q = 0 reference state is also referred to in the existing
literature as the J-dominant state.

ii) The second representation provides a more accurate descrip-
tion of the Q-family of fields.

iii) The reference field (aij)SSY can be evaluated for an actual
stress-strain relation and finite deformation.
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Q-Solutions Generated By Finite Element Analyses
Are Available For Several Crack Geometries

Q-T-J Handbook, Editors: Bob Dodds and Fong Shih,
will contain solutions to 2-D and 3-D crack problems

Q-Solutions Available For These Geometries:
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FRACTURE in the

BRITTLE/DUCTILE TRANSITION REGION

, Strain rate effects on flow strength

• Strain rate effects on competing fracture mechanisms

• Material inertia effects on stress and strain fields

• Temperature effects on flow strength

• Crack growth effects on constraint
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FRACTURE in the BRITTLE/DUCTILE TRANSITION REGION

__:r s -I- ___,p

8 8
B

Inelastic processes acompanying crack propagation.
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CRACK TIP SHIELDING BY PLASTICITY

o

o.O. _

!,5 o,,, _ ___

0.5

0.0 _,...._......_, i.. , , ...._......i___'_'a_',,
-2.5 -2.0 -1.5 -1.0

log(Do'vrv/3}up)

Suo, Shih and Varia.s (1992). Acta Metall. Mater. To appear.
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Continuum and MicrMechanics Treatment of
Constraint in Fracture

Robe_ H, Dodds, Jr, C. Fong Shih

Department of Civil Engineering Division of Engineering
Univer,tty of Illinois at Urbana_hantpaitt_ Brown University

Urbane, Iilinoi, 61801 USA Providence, Rhode Inland02912 USA

i.INTRODUCTION

Two fundamen_ concepts underlie both linear-elastic fracture mechanics and elastic-
plasUc fracture mech_cs: [1] the relevant crack-tip sincerity dominates over micro-
structurally si_iflcant size scales and [2] the parameter Kh orJ, uniquely scales the _pli-
rude of the near-tip fields. In an actual structure, the crack-tip feld must be perturbed by
the external boundary and the loading distribution (from afar), and by the sons of inelastic-
ity and small-.scale heterogeneities, e,g,, grains, microcracke, crack face roullhnen (from
within },However, when the zone of inelasticity and small-scale heterogeneitias remus
small compared to the external geometry, the asymptotic field is approximately unper-
turbed in an annulus which is larger than the zone ofinelasticity and small-scale heteroife-
neities, but much smaller than the external geometry. Strain-stress fields in such an anna.
lug are determined completely by the singularity solution (see review article by Hutchinson
IXI),Under th_s condition, the effects of remote loading and external boundaries are com-
municated to the crack tip through KI, orJ, alone, Moreover, when linear elasticity prevails
tit the macro-scale, then boundary loading as well as traction free boundaries exert their
influence on the near-tip field through K! alone, with no effect on the actual distribution,
Similarly, the plastic fields for well-contained yielding sense external boundaries and load.
ing only through J [2,3,4], However, for large-scale yielding in finite bodies, the relation-
ship between the scaling parameter, J, and the near-tip fields loses the one-to-one con.
apondence 15,6,7l This loss of uniqueness, oRen termed loss ofconstrairtt, produces the in.
creases in fracture toughness observed for tension geometries and for _hallow notch bend
specimens. The mismatch ofconstraint conditions at the crack tip apparently plays a domi-
nant role in the often disappointing vorrelation between fracture specimen behavior {C(T),
SE(B)I and the behavior observed in large-scale, tension loaded tests,

Constraint effects are most pronounced for low-to-medium strength structural steels
land their weldments)operating in the ductile-to-brittle transition region where unstable
fracture occurs by the micromt_,chanism of tranegranular cleavage, Many nuclear, civil and
marine structures operate in the transition region over si_iflcant portions of their life.
times, t_nlike the more ductile mechanism of slow stable tearing, cleavage fractures most
often trigger cat_strophic failure of even highly redundant structural systems, Eztensive
experimental studies (see, for example 18-12 l)have readily demonstrated the much great.
er sensitivity of cleavage fracture toughness, Jc, to constraint than is observed for ductile
initiation toughness, Jlc, and for ductile crack growth resistance J-As.

In the past three years, new approaches have appeared to quantify constraint and to
predict the effects of constraint changes on macroscopic (engineering) fracture toughness
characterized by J and the crack tip opening displacement, CTOD or 6, Very detailed, elM.
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tic-plastic finite element an_yses provide correlations of crack-tip stress fields over dis-
tances r _ 2_ with loading level (J), losing mode (tension us. ben_g), specimen geome-
try and strata hardening. Such computations stimulated development of the J-Q continu-
um mechanics framework 113--19)to describe the near-tip fields under very general condi-
tions of loading in finite bodies, Within this framework, the J-integral sets the scale of de-
fo_ation at the crack tip (i,e., the CTOD) while the hydrostatic stress parameter, Q, quan-
tifies the level of stress triaxiality over distances r s-2--8d ahead of the tip in which the
microseparation processes occur. Under increased loading, each fracture spec_en for a
specific material/temperature follows a characteristic J--Q _ving force curve which de-
fines the evolution ofcrack-tip defecation and constraint. Specimens fracture at a critical
J-v_ue denoted Jc which depends on Q (J_.determined by laboratory testing, Q determined
from analysis), By testing fracture specimens that exhibit a wide-range ofconstraint condi-
tions {e.g.shallow-to-deepnotchSE(B)specimens),thetoughnesslocusforthematerial
isconstructed,i.e,,thecurveconnecting_dlJc,_,.q,Q points.

Anothertwo-parameterapproach_dsoreceivingconsiderableattentionutilizesJ and
theelasticT--stress{7,20-2151.Thesestudiesproposetocorrelatecrack-tipstresstri_al-
ityincontainedand fully-yieldedcrackedbodiesusingthetheelasticT-stress._e J-T
and J_Q approachesare equivalentunder well-contain_yieldingconditions[14-16].
However,underfully-yieldedconditionstheT-stressbecomesundefined;moreover,7'is
proportionaltoK! _d nearlimitload/_)_andthusT)approachesa saturationvalueinde-
pendentofadditionalplasticdeformlltion.In contrast,the _-parametercontinuesto
evolveovertheentirerangeofplasticyielding,Numericalstu_eshaveshown thattheJ-T
approachoverestimatestheactualstresstriaxialityforsome geometriesand underesti.
matesitinothercasessothatthereisnota consistenttrend{16,26],An extensivestudy
ofthelimitsofapplicabilityoftheT-stressasn correlatorofnear-tipstresstria_alitycan
befoundin[26J,Readersarerefe_edtothepublications[7,20-25]and referencestherein

fordetailsoftheJ_T approach,Thispaperfbcusesoncontinuumandmicro-mechanicsap-
proachesbelievedtohavebro_tderapplicability.

TheJ_ approachmay becomeprc_hibitive[y_xpensiveasthenumber ofspecimensand
temperaturesofinterestincreases.'Ibreducethecost,amicromechanicsmodelforcleavage
fractureisintroducedtopredictthetoughm_sslocususingthefiniteelementstressfields
and theJc"v_duesfroma fewfracturetoughnesstests,Recentdevelopments[27,281inthe
formulationofa robustmicromechm_icsmodelfocusontheobservationofa strong,spatial
self-similarityofcrack-tipprincip_dstress_,sunderincreasedloadingand acrossdifferent
fracturespecimens.Whilethesp_itmlwtrl_itionremainsself-similar,themagnitudesof
principalstressesvarydramaticldly_iscr_ick-tipconstraintevolvesunderloading.The mi-
cromechanicsmodelemploysthevolume_fm_tterialboundedwithinprincipalstresscon.
toursatfracturetocorrelateJ_valuesfbrdifferentspecimensand loadingmodes.The simi-
larTtyofprincipalstresscontoursitsc_mstrt_intevolvesunderloadingisentirelyconsistent
withtheJ_Q descriptionofthecrack-tipstressfields.Foran appliedJ-value,thesize,but
nottheshape,ofprincipalstresscontoursis_tlteredbythenear-tip,uniformhydrostatic
stress states of a_ustable magnitude ch_r_cterized by Q. These observations imply that
valuesspecifiedformetallurgicalparametersinthemicromechanicsmodel,suchasthe
critic_dfracturestressand thedistancetothecriticalparticle,haveonlya weak influence
ontherelativevariationoffracturetoughness,J,.,withconstraintforagivenmaterialand
temperature.

ThispaperexploresthefundamentalconceptsoftheJ-Q descriptionofcrack-tipfields,
thefracturetoughnesslocusand micromech_micsapproachestopredictthevariabilityof
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macroscopic fracture toughness with constraint under elastic-plastic conditions, While
these concepts derived from plan_strain considerations, initial applications in fully 3-D
geometries are very promising, Computational results are presented for a surface cracked
plate containing a 6:1 semi_llipticai, a,,t/4 flaw subjected to remote uniazial and biaxial
tension. Crack-tip stress fields consistent with the JQ theory are demonstrated to exist
at each location along the crack front. The micromechanics model employs the J-Q descrip-
tion of crack-front stresses to interpret fracture toughness values measured on laboratory
specimens for fracture assessment of the surface cracked plate, The computational results
suggest only a minor effect of the biaxial loading on the crack tip stress fields and, conse-
quently, on the propensity for fracture relative to the unia_al loading.

2. J-Q THEORY

Consider a cracked body of characte_lstic dimension L loaded remotely by a stress denoted
a ®. The scale of crack-tip deformation is measured by J/oo where no is the material's ten-
sile yield stress (c)= J/no). At a sufficiently low load, L ,, J / no and it can be shown from di.
mensional _.,rounds that all near-tip fields are members of a single family of crack-tip
fields. Each member field is characterized by its level of deformation as measured by J/no
and by its level of crack tip stress triaxiality as measured by qJ, which also identifies that
field as a p_icular member of the family. For example, the self-similar solution of l_Ace
and Johnson [291 and McMeeking 130] (as well as the HRR field [3,4])is the Qm0 member
field, The Q-family of fields provides the proper characterizing parameter for the full range
of near-tip stress states.

In the following discussion, attention is directed to the prospective fracture region
ahead of the crack tip on the scale of several crack opening displacements, d, representing
the environment in which the failure mech_misms are active,

2.1 Q-Family of Fields-MilL Formulation

The Q-family of fields is constructed using a modified boundary layer (MBL) formulation
in which the remote tractions are given by the first two terms of the small-_splacement-
gradient linear _dastic solution (Williams t:ll I).

a, = --_ f,(O) + '£_1,c)t_ (2.1)
' ,2:rr

Here r and 0 are polar coordinates c_ntered at the crack tip with 0= 0 corresponding to a line
ahead of the crack is shown in the insert in Fig, 2. I. Cartesian coordinates, X and Y with
the X-axis running directly ah_ad of the crack, are used when it is convenient, Within the
MBL formulation,

1 - v2 ,-2
J = _a! (2.2)

under plane strain conditions, where J is Rice's ,]-integral [ 1[, E is Young's modulus and
v is Poisson's ratio.

Fiel_ of different crack tip str(,ss triaxialities can be induced by applying different com.
binations of K mid 7'. From dimensiomd considerations, these fields can be organized into
a family of crack tip fields parameterized by T/ao:
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That is, the load parameter T cToprovides a convenient means to investigate and parame-
tenze species geometry effects on near-tip stress triaxiality under conditions of well-
contained yielding. Such studies have been cased out by Betegon and Hancock [20], Bilby
et al. [32] and Harlin and Willis [33]. Nevertheless, the result in (2.3) cannot have general
applicability since the elastic solution (2.1), upon which the T-stress is defined, in an
asymptotic condition which is increasingly violated as plastic flow progresses beyond well-
cont_ed yielding.

Reco_zing the above limitation, O'Dowd and Shih [13,14 ], referred to as OS, identified
members of the family of fields by the parameter Q which arises naturally in the plasticity
analysis. OS write:

The additional dependence off(/, g,j and h, on dimensionless combinations of material pa-
rameters is _deretood. The form in (2.4) constitutes a one-parameter family ofself-simi.
lar solutions, or in short a Q-family of solutions, The annular _one over which (2.4) accu.
rately quantifies the actual field is called the J-Q annulus.

2.2 Difference Field and Near-Tip Stress TriuiaUty

Using the modified boundary layer formulation, and considering a piecewise, power-law
e 'hardening mat hal, OS generated the full range of small scale yielding, plane strain solu.

tions, designated by (#0)saY. OS considered the difference field defined by

.da,j = (%)ssv - ¢°,j)HRR (2.6)

where (atj)HRRis the HRR field. They systematically investigated the diaTerencefield within
the forward sector i01 < _r/2of the annulus J / _o < r < 6J/as, since this zone encompasses
the microetructurally significant length scales for both brittle and ductile fracture[34]. Re-
markably, the difference field in the forward sector displayed minimal dependence on e.
Noting this behavior, OS expressed the difference field within the forward sector in the form

^

,Ja,_ = Q_]oav(O) . (2.6)
A , , . /p .

where the angular functions a,j _re normahzed by reqmnng aO(O=O) to equal umty. More-
over,theangularfunctionswithintheforwardsectorexhibitthesefeatures:o'rr'o'_"
constantand lar#l'_la_{(seeFigs.3,4,and 5 in{13]).

ThusthedifferencefieldwithinthesectorI01<_/2andJ/ao< r< 5J/ao,correspondef-
fectivelytoa spatiallyuniformhydr,,staticstressstateofadjustablemagnitude,i,e.
_a_/ffiQao_j.Therefore@ definedby

_ - ('x_)HX{z - 2J/% (2.7)(/(}

isa naturalmeasureofnear-tipstresstriaxiality,orcracktipconstraint,relativetoahigh
triaxialityreferencestressstate.Inwords,Q isthedifferencebetweentheactualhoop
stressand thecorrespondingHRR stresscomponent atr-2J/ao,the differencebeing
normalizedby#o.The distancechosenfbrthedefinitionofQ liesjustoutsidethefinite
strainbluntingzone.ItispreferablethatQ bedefinedata distancewhichissomemultiple
ofthecracktipopeningdisplacement;thepresentdefinitionsufficesforourpurposes.

OS alsoconsideredthedifferencefieldwherebythereferencesolutionisthestandard
smallscale'ieldingsolution,(_1_:j)ssY:T,Owhichisdrivenby/f!alone,i._.,
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Figure 2.1 Definition ofthe Modified Boundary Layer (MBL) problem.

6

Opening n = 10
Stress 0 = 0

HRR
_ Distance

3 Small Strain

a * i i i , , i, I I . , , , i , _ i i I i i " *

0 1 2 3 4 5

r/(J/ao)

Figure 2.2 Plane strain reference fields for n=10,E / no=500,v=0.3.Table 2.1 provides differ-
ences in the three fields for various n at each r/(J/ao). The material stress-
strain curve has the form given in (2.10).
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"4aij -- (a0)SSY - (a0)SSY;Tffio (2.8)

In this case the difference field in the forward sector matches a spatially uniform hydrostat-
ic stress sSate even more closely. Thus an alternative definition of Q is

a_ -- (a_)SSY;w=0
Q = ao atS= 0, rf2J/a o . (2.9)

Representative stress distributions of the Q-family of fields can be found in [13,14].

2.3 Choice of Reference Field

The value of Q is slightly affected by the choice of reference field. Thus a small increment
(or decrement) must be applied to the Q-values if the reference field is changed from
(a@)HRRto (a_)SSY;Tffi0,or vice versa. The reference field distributions according to the H_RR
singularity and the small scale yielding solutions for small strain and finite strain are given
in Table 2.1. The material's uniaxial stress-strain response is represented by an elastic
power-law model having the form

a/E if a_<_o .= eo(a/ao) n if _J> ao ' E° = ao/E (2.10)

with values ofE/ao=500, v=0.3 adopted in the computations. Figure 2.2 shows typical refer-
ence fields determined from the MBL formulation with T=0.

in practice it really does not matter whether we use (a_)HRR (2.7), or (aSS)SS¥;Tffi0(2.9),
for the definition of Q so long as it is applied consistently. In other words, the evaluation
and tabulation of Q solutions for test specimens, the determination of the toughness locus
from test data, and subsequent applications of such data to predict fracture in structural
components should be based on the same reference field. Nevertheless, use of (2.9) can ex-
tend the range of applicability of the J-Q approach and is preferable when it is desired to
assess the spatial extent of the J-Q annulus. A parameter which can ascertain the robust-
ness of the J-Q field is discussed in the next Section.

A reference distribution determined from a small-displacement-gradient analysis is
adequate for most applications. However, accurate descriptions of fields near the zone of
finite strains may be desirable in some applications, e.g. computational studies on the mi-
cromechanisms of ductile initiation. In such cases it is preferable to calculate (a_)ss¥;w_o
by a finite deformation analysis and to use (2.9) for the definition of Q. More importantly
for practical applications, the evolution of stress triaxiality in a finite-width, cracked body
can be evaluated for an actual stress-strain relation, not just the power-law relation, if the
(a_s)ssY;Wffioreference field fo:' the MBL model is determined with the same stress-strain
relation. This extends the applicability of the approach to a much broader range of material
responses. In contrast, the reference field ((_s)HRRis defined for an elastic power-law hard-
ening material and the calculations in the finite body also must employ an elastic power-
law hardening relation.

2.4 Variation of Q with Distance

Because Q scales the difference field relative to a reference stress state, it provides a sensi-
tive measure of the evolution of near-tip stress triaxiality in finite width cracked bodies.
It also can be used to detect changes in the stress triaxiality that deviates from the pattern
that develops under MBL loadings. For this purpose, we consider Q(r) defined by
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ass(r)-[#e(r)]sSY;T=oat0 = 0 (2.11)Q(r)[] ao '
where r []r/(J/ao).Notethat(a@)SSY;Tffioischosenasthereferencefield.

The mean gradientofQ over1 < I"< 5,

Q, Q(r = 5)- Q(r = 1)= ...................4: , (2.12)
canbeusedtomonitorchangesinthepatternofthestresstriaxialityaheadofthecrack
thatdonotconformtoa spatiallyuniformhydrostaticstressfieldofadjustablemagnitude.
Q'providesameasureoftherobustnessoftheJ-Q fieldsintheapplicationofinterest.For
example,Q'=0.04meanszlaevariesbylessthan0.16aoovertheinterval1 < r < 5;that
is,zla@iseffectivelyconstantoverthosedistances.On theotherhand,an IQ'Imuch larger
than0.1impliesthatthevariationof,daeovertheinterval1 < r < 5 canbecomparable
toao.Thisisunacceptablylargeifthetheoryisemployedtopredictcleavagefracturewhich
isverysensitivetochangesinthehoopstress.

Table 2.1:Referencestresses,a@/ao,forMBL problem,T/ao=O.
..... , H|, i,

n ...............r/(J/ao) HRR SmaliStrain FiniteStrain

1 5.99 .................... 5.46 5195 .....
2 5.04 4.53 4.72

3 3 4.55 4.06 4.19
4 4.24 3.76 3.85
5 4.01 3.53 3.61
1 ................. 4,'77 4,42 ............................4.83_.
2 4.25 3.90 4.06

5 3 3.97 3.63 3.73
4 3.79 3.44 3.52
5 3.65 3.29 3.36

........... 1 ..... 3.83 3.57 3.79
2 3.59 3.35 3.52

10 3 3.46 3.22 3.33
4 3.38 3.12 3.20
5 3.31 3.03 3.11_

......... 1 - 2.83 .... 2.'50 -
2 - 2.80 2.97
3 - 2.77 2.91
4 - 2.74 2.86
5 - 2.71 2.82

,,,, ,,,,,, , ............................

2.5 Simplified Forms for Engineering Applications

Two simplified representations for the Q-family of fields within the forward sector have
been proposed by OS. The first is

_u = (a,_)HRR+ Q_b,_ (2.13)

where dij is the Kronecker delta. This form is consistent with (2.7). The second form is

a,j= (aU)SSY;T=,_+ Q(I(_Ou (2.14)

whichisconsistentwith(2.9).The physicalinterpretationof(2.13)and (2.14)isthis:nega-
tive(positive) Q valu_ ,.eanthat the hydrostatic stress ahead of the crack is reduced (in.
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creased) by Qao from the J--dominant stress state, or the standard small scale yielding
stress state. This interpretation is precise when lQ' I<¢1.

Our numerical studies show that (2.14) provides a more accurate representation of the
full range of near-tip fields so that a fracture methodology based on (2.14) with (2.9) has
a greater range of validity. Q values presented in this paper are based on the definition in
(2.9).Tosimplifysubsequentdiscussions,thetermsmall-scaleyielding(SSY)willreferto
thereferencefield(aij)SSY;Tffioorequivalently(aij)SSY;Q=0,FieldscorrespondingtoT_ 0 or
Q _ 0 willbeexplicitlystatedassuch.

2.6 Difference Field and Higher-Order Terms of the Asymptotic Series

The connectionbetweenthedifferencefieldand higher-ordertermsoftheasymptoticse-
riescanbeunderstoodinthecontextoftheMBL formulation.Here thestressfieldsobey
thefunctionalform

which also should apply to finite-width crack geometries as long as the characteristic crack
dimension L is sufficiently large compared to J/ao. Now, if one assumes a product depen-
dence on the first argument in (2.15) and works with deformation plasticity theory with
power law hardening behavior, then one obtains a series in r/(J/ao):

a 0 ffi a o ae_-Oao/nr _,j(0, n) + second-order terms + higher-order terms (2.16)

where eo is a reference strain, a a material constant (equal to unity for the stress-strain
response defined by (2.10)) and In is an integration constant. By definition, the asymptotic
series beyond the first term is equivalent to the difference field since (see Section 2.2 )

at# = (a_j)_mR + difference field . (2.17)
Thus the HRR field and (only) the second-order term provide a two-term approximation
to the solution for the MBL problem and this point appears not always to be understood.

The higher order asymptotic analysis of Li and Wang [17] and Sharma and Aravas [18]
has been extended by Xia, Wang and Shih 119]. They have obtained a five term expansion
for the series in (2.16) for n = 3 and a four term series for n=10. The four term series accu-
rately matches the radial and angular variations of the difference field given in Fig 3 and
Fig. 5 by O'Dowd and Shih 113] for an u =10 material. Indeed, in the forward sec-
torl 01 < z/2, the collective behavior of the second, third and fourth order terms is effectively
equivalent to a spatially uniform hydrostatic stress state so that (2.16) can be approxi-
mated by the simpler form in (2.13i.

Finally, it may be noted that an admissible range of stress states for an elastic-perfectly
plastic material can be written in the tbrm

O(! = ((71j)Prandt1 + Q_r_J,/ , I01 _<z/4 , (2.18)
where((sij)Prandlt designates the Prandtl slip-line solution and the difference field corre-
sponds simply to a uniform hydrostatic stress state scaled by Q [14,21]

2.7 J-Q Material Toughness Locus
t

The J--Q theory provides the quantitative fl'amework to characterize a material's fracture
resistance over a range of crack-tip stress triaxiality. The experimental determination of
the toughness locus and its utilization in engineering applications are discussed below.
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The competitionbetweenfracturebycleavageandductileto,axingcontrolsthefracture
resistanceofferriticsteelsintheductile-to-brittletransitionregion.Now considertest

conditionswherebothmechanismsareoperative,Fractureby(stress-controlled)cleavage
generallyrequireshighercrack-tipconstraintwhileductiletearingdevelopsat low
constraint;thisisillustratedbythetwodistinctsegmentstothetoughnesslociishown in
Fig.2.3a.Sincemeasuredtoughnessvaluesgenerallyexhibitscatter,boththelowerand
highertoughnesslociiareindicatedwhich definebands forbrittleand ductilefailure.
Toughnessvaluesoverthefullrangeofcrack-tipconstraintscanbemeasuredbyusingthe
testgeometriesdepictedinFig.2,3a.Asanexample,deeply-crackedSE(B)specimensgen-
eratehighcrack-tipstresstriaxiality,i.e.,Q=0, They producedrivingforcecurveswhich
risesteeplyandthereforeintersectthetoughnesslociiwithinawell-defined,narrowzone
oftheJ-Q diagram.Incontrast,center-crackedpanelsand single--edgecrackedpanels
loadedintensionarelowconstraintcrackgeometries.They producedrivingforcecurves
whichrisewithmoreshallowslopesandthusintersectthetoughnesslociioverabroadzone
intheJ-Q diagram.The shallowdrivingforcecurvesoflowconstraintgeometriesimply
considerablygreaterscatterincleavagetoughnessvalues(Jc),a phenomenon commonly
observedintestingSE(B)specimenswithsmalla/W ratios,forexample.

UtilizationofthetoughnesslocusinfractureassessmentsisillustratedinFig.2.3b.

Supposethatthematerial'sfractureresistanceunderserviceconditionsischaracterized
by theindicatedcleavage--ductilefailureband.The drivingforcecurvefora structureof
highcrack-tipconstraint,structureA, risesrapidlyintheJ-Q spacesothatcleavage
fractureoccurswhen thedrivingforcecurveintersectsthefailurelocus,Incontrasta low
constraintgeometrysuchasstructureB,inducesa graduallyrisingdrivingforcecurveso
thatductiletearingisthelikelyeventatoverload.

J critical J critical

/_ Upper-Bound--]

e__ Structure B

ile/

___"_ ,." L,n_t,,,r--,l_,,urld

/

I,_,i_'h'a ua_,',' ........_ .. Cleauage

o o -Q

_a,, Laboratom, 7'estin_, (b) Fracture Assessment

Figure 2.3 Application of'the J--Q moth.dology in fracture assessrnents. (a) Laboratory test-
it_g of"specimens with varying c.t_straint to measure the material's fracture resis-
tance. Circles indicate rtnticipated scatter which define upper-lower bounds, tb)
Evaluation ofstructural flaw._u_lng measured toughness locus and predicted J-Q
respo_lse for two ,-tructural c_jnt_mrations. Cleawlge fracture is predicted for
Structure A; ductile teariT_g is predicted for Structure [_.
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3. MICROCHANIC CONSTRAINT COECTIONS

Dodcls and Anderson I27,28 ] show that by quantifying the effects of finite size on the rela-
tionship between micro-scale crack driving force (e.g. near-tip stresses and strains) and
macro-scale crack driving force (e.g. J, CTOD), the apparent size effect on fracture tough-
ness can be predicted rigorously without resort to empirical arguments. These size effects
become steadily more pronounced as load increases due to the deviation of crack-tip region
deformations from the small scale yielding conditions essential for single parameter frac-
ture mechanics (SPFM) to apply. When SPFM becomes invalid, a micromechanics failure
criteria is required to establish the near-tip conditions at fracture. Finite element analysis,
or alternatively the near-tip stresses described by the J-Q theory, provides a means to
quantify the geometry dependent relations between these micromechanical failure condi-
tions and macro-scale crack driving force. This permits (in principle)prediction of fracture
in any body from toughness values measured using standard specimens.

For steels operating at temperatures where cleavage occurs after significant plastic de-
formation but before the initiatiun of ductile growth {lower to mid-transition), attainment
of a critical stress over a microstructurally relevant volume is an appropriate microme.
chanical failure criteria [35--37]. A number of important engineering structures can fail by
this mechanism, including high strength rails, offshore oil platforms, ships, storage tanks,
and nuclear pressure vessels after years of neutron irradiation embrittlement. Techniques
for predicting the apparent size effects on cleavage fracture toughness developed by Dodds
and Anderson are described in the following sections.

3.1 Transgranular Cleavage Mechanism

A number of micro--mechanical models for transgranular cleavage fracture have been pro-
posed, re?st derive from weakest-link statistics. The weakest-link models assume the larg-
est or most favorably oriented fracture-triggering particle controls the cleavage failure.
The actual trigger event involves a local Griffith instability of a microcrack which forms at
a microstructural feature such as a carbide or inclusion; satisfaction of of the Griffith ener-
gy balance occurs when the critical stress is reached in the vicinity of the microcrack. The
size and location of the triggering microstructural feature(s) dictate the fracture toughness
and produces the scatter routinely observed in results of cleavage fracture tests.

The Griffith instability criterion implies fi'acture at a critical normal stress near the
crack tip; the statistical sampling aspect of the mechanism (i.e., the probability of finding
a triggering micro-feature near the crack tip) suggests a dominant role for the volume of
material within a process-zone over which the opening mode stress exceeds a threshold
value sufficient to initiate cleavage. The probability of cleavage fracture in a cracked speci-
men may then be expressed in the following general form:

F = F[V(al)] (3.1)

where F is the failure probability, ol is the maximum principal stress at a point and V(al)
is the cumulative volume sampled over which the principal stress is equal to or greater than
(71.This form off applies to any fracture process controlled by maximum principal stress,
not just weakest-link failure which is now being questioned [38,39]. In particular, the F
criterion of(3.1} does not require material-specific assumptions for the distribution and
strength of cleavage triggering particles.

Unlike other micromechanics models, the present methodology does not attempt to pre-
dict absolute values of_ from metallurgical parameters that describe the distribution and
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strengthofcleavagetriggeringparticles,Rather,themicromechanicalmodelpredictsthe
variationoffracturetoughnesswithconstraintchangesfora _ven material/temperature
by scalingtoa referencecondition.The crack-tipstressfieldsina testspecimenare
comparedtothelimitingsolutionofSSY.A J-likeparameter,denotedJo,isobtainedfrom
thiscomparisontothereferencesolution.JoistheJ towhichtheSSY model(infinitebody)
must beloadedtoachievethesame stressedvolume,and therebythesame likelihoodof

cleavagefracture,asina finitebody.

A criticalvalueofJorepresentsthefracturetoughnessofaninfinitelylargespecimen;
theratioofappliedJ/Jo> 1 impliesthatthespecimenhasexperienceda constraintloss
thatcausesthecommonly observedincreaseinmeasuredfracturedtoughness.

3.2 Constraint Corrections

By employingthefamilyofnear-tipstatesintheformof(2.4),themaximum principal
stressalsohastheform

•_= fl(---L,- O',Q) (3.2)ao Jo/ao '

For any _given value of Q and 0, al/oo decreases monotonically once r extends beyond the
finitely deformed region of r _ J/oo.. Rearrangement of the above expression furnishes a
relationforthedistancer asa functionofOand el/aoas

J
r = _gl(O;01/Oo, Q) . (3.3)

Consider a particular level of the principal stress a 1/ ao, The areaA over which the principal
stress is greater than a i/ao is given by

A = _h(al/a()', Q), h = ½ Ig_(O',al/aO, Q)dO (3.4)(72() J

The areaenclosedbythecontouroflevelat/oodependsonJ aswellasthetriaxialityof
thenear-tipfieldsidentifiedwith@.To fixideas,letAo andJodesignatetheareaand J
associatedwiththeQ=O field,and!etAFBandJFBdesignatetheareaandJ associatedwith
a crackina finitebodywithQ _ 0.Then we have

J_
/,

h,)(,,j,,,,), h,,=½ oto,,,Q=A° = a-'_)
O)dO (3.5)

J

and

Upon initial loading of the finite body, Q=0 so that hFB=ho;compare expressions (3.5b) and
(3.6b). As the load increases, plasticity spreads over the body, Q becomes non-zero, and hFB
begins to deviate from he.

Fora givenmaterialand temperature,thepresentmicromechanicsmodelrequiresthe
attainmentofequivalentstressedvolumes(AFB x thicknessB)forcleavagefractureindif-
ferentspecimens.TheratioofappliedJ-valuesinafinitebodyandthereferenceQ=0 stress
statethatgenerateequivalentstressedvolumesisfoundby equatingareasin(3.5)and
(3.6) toyield
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-_o= (3.7)

The resultsthusfararegenerallyapplicableand donotrelyupon any particularformof
theJ-Q fields.

The J ratiosareevaluatedusing(3.7)ateachioadingleveland fora rangeofprincipal
stressvalues.The ratioquantifiesthesizeand geometrydependenceofcleavagefracture
toughness.Consider,forexample,a testspecimenthatfailsatJc=200kPa,m. Supposethe
compute_iratioJF_Jo=2 atfracture(JFB=Jc)inthetestspecimen;thenaverylargespeci-
men made fromthesame materialand testedatthesame temperatureispredictedtofail
atJc=I00kPa.m.Similarly,thefracturetoughnessratiosfortestspecimenswiththesame
absolutesizebutvaryingcrack-depthstospecimen-widths,a/W,may bequantified.The
modelpredictsa sharpincreaseinfracturetoughnesswithdecreasinga/W ratio.

Self-SimilarPrincipalStressContours

The characterofthenear-tipfieldshasbeeninvestigatedbyO'Dowd and Shih[13,14]and
Xia,Wang and Shih[19].From theirresults,e.g.,(2.14),we write

_=fz( r O;Q ) (3.8a)an Jn/ao'

= fo[ _ ,0) + V (3.8b)\J./a.
where the form in (3.8b) describes the fields in the forward sector, 101< z/2 and r < 5J/so.
Detailed computational studies have shown that principal stresses of sufficiently high lev-
el, say ol/oo > 2.0, are found only in the forward sector. The form in (3.8b) is applicable in
the preceding micromechanics analysis if we confine attention to az/so > 2.0. Rearranging
(3.8b} yields

___ _ r 0 . (3,9)

The form in (3.9)constitutes a self-similar field for at so- Q. Moreover, the behavior of
_71/so- Q obeys the form governing the Q=0 reference solution, which has been determined
by small-scale yielding analysis.

To understand the implications of 13.91, we focus on a particular value of atso, say
_Tz/ _7o=3.Consider the behavior of _ 1/cT_- Q _ls the deformation level, measured by J, in-
creases. Suppose for the moment that Q remains constant; then the contour for a fixed level
ofal/r_o-Q, presented in the normalized distances X/(J/ao)and Y/(J/ao), remains unal-
tered in size and shape with increasing deformation level. As an example, the outermost
contour in Fig. 3.1 corresponding to the reference solution, fixed Q ==0, maintains its size
and shape as the deformation level is increased.

Now let Q evolve with increasing defbrmation as happens in a finite size body. Q de-
creases gradually corresponding to a loss c_t:'stress triaxiality as the deformation level in-
creases; ¢71/_o- Q must increase since _1/_7o is fixed. Therefore the evolution (size reduc-
tion) of a contour, associated with a fixed wdue of _lz/so, under increasing plastic yielding
can be described by contours, associated with increasingly higher levels of a 1so-Q, gov-
erned by i3.9). The sequence of diminishing contours associated with increasing levels of
¢i1/rJo- Q, corresponding to a fixed level ofrTl/_7o=3,is depicted in Fig. 3.1 for a shallow notch
SE(B) specimen.
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Figure 3.1 Comparison of a maximum principal mtress contour for SSYQ.o with those for

"Ean a/WffiO.15, nffil0 S (B), SE(B) contours decrease in size with increasing de-
formation (i,e, with decreasing annJ).
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Figure 3.2 Areas within principal stress contoursfor an a / W=0.15, n= 10 SE(B), Values are
normalized by area within contour for SSYQ.oat sameJ-value,
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Finally, the asymptotic stu_es show fo is nearly separable in r and 0 when r/(J/#o) is
sufficiently small (HRR field). Consequently, the shape of a contour is maint_ed as its size
diminishes. The self-similarity of al/no- Q prevails only to the extent that the J--Q form
in (2.14)remains applicable.

Inverted Relationships

A specialized form of{3,3} is developed by noting the dependence oft on al/no and Q involve
them in the combination el/no- Q, i,e,,

r = _gl(O;al/a,_- Q), (3,10)(Io

The results in (3.4) through 13,7) are simplified by using the form in (3,i0},

The key question to resolve with this approach concerns the sensitivity of the AFB/Ao
and JFB/Jo ratios to a l /ao. Let J_B denote the value associated with (al /ao)'. Then to first-
order,

JFB-J_B [(_," (a._.,]
j,_ _ Q - . {3.11)

When Q._O, the ratio J_/Jo is insensitive to a 1/no since the quantity in[] is scaled by Q.
When Q is large (negative },the JFB/Jo exhibits a small sensitivity to a I/ao, The weak de-
pendence of JFB/Jo on al/ao has been confirmed by analyzing the evolution of near-tip
fields in common fracture specimens. Figures 3.1-3.3 provide typical results obtained
through finite element modeling, The specimen is a single-edge notched bend bar contain-
ing a shallow notch, a/WffiO,15, with a strain hardening exponent ofnffi10, Figure 3,2 shows
the area enclosed by principal stress contours {AFB). The SE{B) areas are normalized bythe
area, Ao, defined by the same contour of the reference solution (Q=0} when loaded to the
same J as the SE{B); JOfJFB. The area ratios remain relatively insensitive to al/aO until
the deformations become excessive. ,/o is calculated for each line of this figure using (3,7),
JF'B/Jo ratios are independent of the principal stress selected for computation over a wide
range as shown in Fig. 3.3, In practice, the computation of JFB/Jo ratios is terminated when
the values differ by more than 10_ at the smtfllest and largest principal stress values as
indicated on the figure. A larger deviation indicates breakdown in the similarity of the
SE(B}and SSY stress fields and thus an unacceptably large dependence on the critical frac-
ture stress,

To simplify applications of this methodolokw, the SSY areas within principal stress con.
tours are expressed as a function of princip_fl stress (a 1) and strain hardening coefficient
(n } as:

,,l,_a_e_a"=i0_/250t)t)0 (3.12)

where the curve fitting function is given by

) (o)'fl(_,n = Ho + Hl_) + tl_\_/ + H_ _ + H,_ _ (3.13)

with fitting coefficients H_ given in Table 3.1 for a range of hardening exponents.
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Figure 8.4 Micromechanics prediction ofa / W effects on cleavage fracture toughness for an
n=5, SE(B) fracture specimen.
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_ble S.h Fit coemcients for (3,13)
u m................. _ ............ 1: ............................................. Ill .... ....
n He Ht H_ H,_ H4 mum mum

al/ao at/_o
4,0 6.4306 -2.4711 0.5037 -0.07975 0.00852

8:0 ...."....B,2:9-57...................,2:188a 0.a749 -o.oseoa' ........................4,o.............
.....fo,'o........::"_7':'6_! ' .,3138 '1'7368 -0,43_ 0,03_60 ...... 2.0 3.0

:LiLi__T ..... _I II.....:::__ .... J. ..... / L]U::: rllll -: ::T: - " _II - l ":........ _ I .......: ....

20.0 '3,2613 14.4338 - 10,2659 8.01033 -0.34420 2,0 3,2

These expressions are obtained bycurve fitting the results ofsmali_splacament gradient,
finite element analyses conductedon the MBL problemwith Tlao=O.The material stress-
strain curve employed in the an_yses follows the conventional _berg--c)sgood model
given by

#t

which ez.htbits a slightly different behavior than the elastic power-law model defined in
(2.10),

3.3 Application of the Co_traint Corrections in Practm TN_

The computational proceduresoutlined above have been applied to generate dn/Jo ratios
for a v_ety of test specimens and material properties (26,27]. Figure 3.4 provides the re-
sults ofsuch computations for SE(B)specimens having a ranp ofa I Wratios modelled with
an n=5 strain hardening material, Values ,_f,ll_ _d Jo are plotted onseparate azes to facil.
irate removal of the size effect inexperimental data, Points on the curves describe (JFB,Jo)
pairs that produce equal stressed volumes of material in the rmite..siu test specimen and
in the 8SY model, Uponinitial loading, crack-tip plasticity is well contained within a sur-
rounding elastic field and identical values for Jva and do correspondto the same stressed
volumeofmaterialatthecracktip.ThisI:Ilineisshownonthefi_ forreference,At
higherloadsandasconstraintrelaxesunderextensiveplasticflow,thefinite-sizetestspec-
imenrequiresmoreapplied-d(JFB>Jo)toachievethesameconditionsforcleava_(same
stressed volume} as in SSY.

I Informationofthistypeisusefultbrboth_alysisoffracturetestdataandforassessing
thedefectintegrityofstructures.PathA-B-C onFig.3.4illustratestheproceduretore-
move geometry dependence from experimental cleavage fracture toughness data (Jcvalus

i 'at A) by deters rang the geometD' independent cleavage fracture toughness (Jo value at
C) correspondingto a measured J(, value, Alternatively, Fig,3.4 permits determination of
the apparent fracture toughness for an SE(B) with any oYWratio from a known, Jo value
{path C-D-E for example}.

Figure 3.5a shows the Jr values measured by Sumpter and Forbes [10] for a BS4360
43A steel (a-0) using SE(B)specimens tested over a wide range of a/W ratios. The data
readily demonstrate the dramatic increase in cleavage fracture toughness with decreasing
alW ratio.Toremovetheconstrainteffectontoughness,eachexperimentaldatapointis
processedusinga pathsimilartoA-B--CinFig,3,4toobtainthecorrespondingJovalue,

64 r 'Figure3.5bshowsthesecoastrantcorrected"toughnessvalues,Thetoughnessvariation
witha/W ratioiseffectivelyremovedwiththistechnique.Thesmallremainingscatterin
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the e_e_ental data for different a/W ratios may be attributed to true metallurgical vari-
ations in the material and the unavoidable procedural variations in testing a large n_ber
of specimens. Application of this technique to other materials including A36, A515 and
A533B [40[ have been equally successful in removing the geomet_ dependence of Jc val-
ues.

Jc lln . Ibs/in_l Jo (in. Ibs/ing]
2000F_--_ ,.....' i......,- ---v......--"_ 12_ I'

/500L ° SE(B), B=l-inch 4 l a,. = 34 ksi

500 o° o o o ._00 o o

0,0 0,2 0,4 0.6 0,8 0.0 0.2 0,4 0,6 ).8
a/W alW

(a) (b)
Flgure 8,6 (a) Effect of initial crack depth on cleavage fracture toughness in a mild steel

(Sumpterand Forbes[lOI); (b) Jr) values(specimensizeindependentfracture
toughness) calculated from expezlmenta] _ data using the micromechanics
constraint correction.

3.4 Enfineering Use of J..Q Fields in the Micromechanlcm Model

When available, a J-Q description of the crack-tip stresses for a test specimen or structural
component may be readily employed to generate the constraint corrections for fracture
toughness of the type shown in Fig. 3.4. Here we outline a procedure that is computation-
ally simpler than the stressed volume approach defined by (3,2)-(3,7) but which yields es-
sentially the same result.

Figure 3,6 shows the variation of opening mode stress on the crack plane with _tance
from the crack tip for several deformation levels for an SE(B) specimen with a/W=0.16,
n= i0. The SE(B) stresses are normalized by the stress in the SSY model at the same rela-
tive distance ahead of the crack tip when the SSY model is loaded to the same J as the
SE(B). Distances are normalized by the similarity length-scale r/(J/(aot_o)). The indepen-
dence ofthese normalized stresses with distance from the crack tip indicates again the simi-
l_ty ofthe SSY and SE(B) stress distributions. Jo is calculated at a number ofpoints along
each line on this graph as the J value required in the SSY model to achieve the same open-
ing mode stress as in the finite body. The following equation is solved iteratively for Jo using
a simple nonline_tr root solver:

,) r;,_ , at 0 .. 0 (3,15)

where a closed-form fit to the crack-plane stresses in SSY is _ven by

(a_)SSY Gilt ) exp{G:_ ) (3.16)
.......(_0 ......m

where
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{ass)_,B stress at distance r from the tip at loading Jl_ in finite body;

normalized distance from tip: _ - _,

G_ SSY fit coefficients summarized in Table 3,2,
The finite-body stresses needed in (3.15) are given by

- _ . Q{r) (3,17)

where the SSY term in (3.17)is given by the expression on the right side of(3.16) with Jo
replaced by JFB, The potential for a small radial dependence of Q under large-scale yielding
is included in (3.17). The JFB/Jo ratio is computed over a range of distances ahead of the
tip at each load level, typically 1-2 s r/{J/oo) s 4-5 with the specific values dependent upon
the degree of strain hardening, The objective is to sample the stress field at locations out-
side the finitely deformed zone, r z 2d, but within the process zone applicable for cleavage
fracture. Herrens and Read [41 ];Miglin, et el. [421 determined fractographically the limit
of the cleavage process zone as r -, 8d,

Figure 3.7 shows the JFB/Jo ratios computed using this approach for each loading level
indicated in Fig. 3,6, The similarity between the SSY and finite-body stress distributions
makes the specific r/d value used in the calculations unimportant over a wide range of de-
formation, In practice, Jo calculated by 13,15) is considered valid when the values calcu-
lated at rf3d and at r=Sd differ by less than 10_,, A larger deviation signals too great a
dependence of Jo on the critical distance selected and, consequently, a breakdown of the
method. Figure 3,8 compares the constraint corrections for fracture toughness computed
using the simpler approach with crack-plane stresses given by aJ-Q analysis and the more
comple_ approach requiring computation of stressed volumes within principal stress con-
tours. Differences in the constraint corrections are insignificant for engineering applica-
tions,.r

Table 3,2¢ Fit coefficients for SSYQ=o in (3.16)

. I . a2 08
4,6 o.a42 ]-o.2817 -o.9 8 io.o........i.801,o11189-5.189
---- l L " m,,r Ill

" 5,0 1,077 -0.2312 -2,181 18.0 2,219 .-_0,0668- '6.-165 _
,,, . .... , _ , ......... ,

I s f7,0 1,422 -0,1687 --,],952 50,0 2,648 -0,0255 -8,810

4. SURFACE CRACKS UNDER BIAXIAL LOADING

Bass, et. al [43j recently outlined cun._:nt deficiencies in the understanding of conJtraint
effects on the crack-initiation toughness .f shallow surface cracks subjected to uniaxial
and biaxial far-field tension loadings, In t_uclear'applications, the internal pressure alone
generates a 1:0,5 biaxial tension loading while the pressurized thermal shock (PTS) event
may generate the more severe case of 1' I biaxial tension in addition to a locally severe bend.
ing field. The very few testing programs Isee Bass, st, al [43l for a review) conducted on
biaxially loaded surface cracks report a 25-40'h reduction in toughness values (K¢) relative
to the values obtained from SE(B)and C(T)specimens containing cracks of_lmilar relative
depth, These results imply a significantly increased crack-tip constraint under biaxial
loading relative to uniaxiaJ loading, Moreover, the biaxial test results appear to negate the
now well established increases in fracture toughness for shallow notch, SE(B) specimens
relative to deep notch toughness,
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Figure 3.6 Opening stress on the crack plane normalized by SSYQ=oat same J-applied.
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Figure 3.7 Variation of fracture toughness predicted by the micromechanics model using
crack-plane stress shown in Fig. 3.6. a/W=0.15, n=lO SE(B).
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Figure 3.8 Comparison uf Jo values determined using the crack-plane stress from
J-Q and stressed volume techniques foran a/W=0.15 nffil0 SE(B).

Researchers currently frame discussions of the biaxial vs. uniaxial loading influence on
constraint in terms of in-plane and out--of-plane effects. Shallow crack SE(B) specimens,
for example, e__hibita strong in-plane effect on constraint; the small crack depth relaxes
crack-tip stresses when plastic zones sense the nearby free surfaces behind the crack. Out-
of-plane effects refer to tensile stresses acting parallel to the crack front. While these
stresses exist and vary along the front of uniaxiaUy loaded specimens, test programs dem-
onstrate the much smaller influence of thickness (B), which governs the out-of-plane
stress, relative to the crack-depth effect once B exceeds a significant fraction of the speci-
men width (W), usually B _ W/2. The biaxial test results suggest that mechanically applied,
remote out-of-plane stress restores crack-tip triaxiality lost to the shallow-crack in-plane
effect. Strength-of-materials type models have been proposed to examine the interaction
of in-plane and out-of-plane stresses. Such methods are severely limited since they rely
on superposition of stresses which does not apply under elastic-plastic conditions at the
crack tip.

The scarcity of testing programs that address biaxial loading effects on fracture tough-
ness and their significant complexity( large plate specimens, scale-model pressure vessels,
thermo-mechanical loading, etc. Ileave open an experimental resolution of this issue. How-
ever, the J-Q and micromechamcs concepts described in Sections 2 and 3 provide the ana-
lytical framework to clarify the in-plane and out-of-plane effects on crack-tip stress fields
(using J-Q)and on cleavage fracture toughness (using micromechanics).

4.1 Part-Through Surface Crack Model

Figure 4.1 shows a flat plate containing a part-through surface crack considered in an ini.
tial analytical investigation. The semi-elliptical surface crack has geometric parameters
a/t=0.25, 2c/a=6.0. _=0 and _#=90° correspond to lines along the free surface and directly
ahead of the front at the point of maximum depth. Radial distances ahead of(and normal
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to) the crack front are denoted r. The plate is loaded by a remote uniaxial tension, a_ in
® ffi a ® in the second case. The material re-one case,and bya remotebiaxialtension,a_

sponseismodeledwithsmall-strain,deformationplasticity;theuniaxialflowproperties
obeya Ramberg-Osgoodrelationshipwithhardeningexponentn=10and a=1.

Symmetry conditionsenableconsiderationofonlyone-quarterofthefullspecimenin
thefinite-elementmodelasshown ifFig.4.1.The elementmesh contains198020-node,
isoparametricelementsand 9800nodes.The levelofmesh refinementinr ateachpoint
alongthecrackfrontmatchestherefinementemployedinpreviousmodels[14,27]oftwo--
dimensionalspecimens,The innermostringofelementsincidenton thecrackfrontcon-
tainsdegenerate20-nodeelementswithedgenodesretainedinthemid-pointlocation.Ini-
tiallycoincidentnodesalongthecrackfrontareunconstrainedtopermitbluntingdeforma-
tions.Uniformreducedintegration(2x2x2)inallelementsperformedsatisfactorilyinthese
models.

The intensityoflocaldeformationateachpointsalongthefrontisgivenby [44]

lira Wn 1 - ao_nj|a (4,1)Jt°cal(s) ffi r,-,o
r,

where, W denotes the strain-energy density, r_ is a vanishingly small contour in the princi-
pal normal plane at s, n is a unit normal vector to FE,aij and uj are Cartesian components
of stress in the crack front coordinate system. Numerical evaluation of(4.1) is accomplished
with a domain integral method [44,45].

Figure 4.2 shows the overall load-displacement response in terms of Crack Mouth
Opening Displacement (CMOD). Under SSY, CMOD remains unaffected by the biaxial
loading. With the onset of gross plasticity, however, the biaxial loading provides a signifi-
cant stiffening effect; at a=/ao=l.1 the biaxial CMOD is only 55% of the uniaxial value.

A similar effect ofthe biaxial loading on the J-values can be seen in Fig, 4.3. At the point
of maximum crack depth (_b=90°),the uniaxial J-value is twice the biaxial value when both
models are loaded to a ®/ao=1.1. The comparison of biaxial and uniaxial distributions for
Jlocal along the crack front is shown in Fig. 4.4. The distributions are identical under SSY
but reveal considerable differences under large scale yielding in the region of sharpest front
curvature (9 < 30"). The biaxial loading depresses the level ofJ relative to the uniaxial load-
ing in this region of the crack front.

4.2 Crack-Front Stress Triaxiality

Figure 4.5 shows the behavior of near-tip stress triaxiality along radial lines normal to the
crack front at _0=17° and 90 ° for the uniaxial and biaxial loadings, At 9= 90°, the variation
of Q with r remains negligible up to the maximum applied load ofa®/ao=l.1. At loadings
a=/ao_0.4, the model lacks sufficient refinement to resolve stresses over the region
2 < r/(Jtocai/a o) s 5. The crack-tip constraint steadily decreases with increased global
loading and plastic deformation (Q becomes more negative). The biaxial loading exerts only
a minor influence toward reducing the constraint loss under large--scale yielding ate= 90°.

The _#=17° location on the crack front has high curvature and lies a small distance from
the traction-free face of the plate (see Fig. 4.1 ). Under increased uniaxial loading, Q steadi-
ly decreasesindicatinga graduallossofstresstriaxiality.Q developsa weak dependence
onradialdistanceasthemaximum appliedloadingisapproached;Q variesby± 6.7%from
the mean valueover2 _<r/(Jtocal/ao)_ 5 ata_°/ao=1.1.The biaxialloadingmaintains
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Figure 4.1 Finite-element model for investigation of constraint in surface cracked plate
subjectedto uniaxiai and biaxiai remote tension Ioadings.
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Figure 4.2 Global load-displacement (Crack Mouth Opening Displacement, CMOD)re-

sponse for surface cracked plate.
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Figure 4.3 J-integral values at point of maximum crack depth for uniaxial and biaxial ten-
sion loading of surface cracked plate model.
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Figure 4.4 J-integral along crack front at SSY and LSY load levels normalized by corre-
sponding J at maximum crack depth for each loading level.
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stress triaxiality at significantly higher levels as plastic flow progresses from well-con-
tained through large-scale yielding. The radial dependence increases to ± 17% over
2 _ r/(Jtocja o) _ 5 at a°'/aoffil.1. The radial dependence of Q when large-scale yielding
prevails is induced, in large part, by the nearby free surface.

Figure 4.6 summarizes the J--Q description of stress triaxiality at different points along
the crack front. Both the uniaxial and biaxial cases are taken to the same load level, i.e.,
a=/aoffil.1. Q is evaluated at r/(Jloca_/a o) = 2 ahead ofthe crack front. Under uniaxial load-
ing, Q values for_#_ 450 saturate at-0.8 forlarge-scale yielding, Near the free surface, _#=0,
stress triaxiality is reduced to a level approaching the yield stress even at relatively low
loads (Q--,-2.0). Biaxial loading promotes essentially uniform stress triaxiality, Q=-0.7,
over much of the crack front. However, at the _ffi2.4° and 170locations, the influence ofbiax-
ial loading is very pronounced. Final Q-values for these two locations reveal an increase
in stress triaxiality on the order of the yield stress relative to the uniaxial }oading response,

For crack front locations _#--,0, the mechanically imposed biaxial stress, #_, corre-
sponds to a positive T-stress (a stress parallel to Xc, see Fig. 4.1). Under SSY conditions
in the surface-cracked plate, the T--stress elevates Q slightly above zero in accord with the
discussion in Section 2, Under LSY conditions, the T-stress brings about a higher level of
stress tri_aiity near the free surface; however, the Q.-values are still negative indicating
a loss of stress triaxiality relative to the high constraint, reference condition of plane-strain
SSYT=o. Thus, at an identical value of applied-J in _axial and biaxial loading, the the
crack front region with maximum opening mode stress occurs near _#- 170 for the bi_al
loading. However, the ma_tude of remote loading required to generate the equivalent J-
values is larger for the biaxial case (see Fig. 4.3 and 4.4; note the overall larger J-values
for uniaxial loading).

4.3 Matching Structural and Test Specimen Constraint

Consider the fracture assessment of a structural configuration which is modeled adequate-
ly by the surface cracked plate subjected to uniaxial or biaxial loading. The J-Q and micro-
mechanics concepts provide quantitative frameworks to select a corresponding laboratory
test specimen, an SE(B) for example, which produces the same crack front constraint as the
structural configuration, The cleavage fracturc to_ghn_s, Jc, measured with such a speci-
men should then be employed in fracture asst,ssments of the structure. These two ap-
proaches are illustrated in Figs. 4.7 ,and 4.8.

Figure 4.7 compares the computed J-Q driving force curves for SE(B) specimens having
a range of a/W ratios with the driving force curves at ¢=90 ° (uniaxial loading) and @ffi17°
(biaxial _oading) for the surface cracked plate. An SE(B) with a/W=0.05 best matches the
evolution of stress triaxiality for the uniaxially loaded plate while an a/W_0.20 best
matches triaxiality for the biaxial loading. By using the J--Q description of crack front
stresses as input to the micromechanics model (as described in Section 3.4), the effects of
constraint on cleavage fracture toughness for the surface cracked plate and SE(B) speci-
mens of selected a/W ratios are predicted as shown in Fig. 4.8. An SE(B)with a/WffiO.05very
closely matches the uniaxial loading curve for _#=90° while an a/W-0.20 SE(B) specimen
closely matches the biaxial loading curve for _= 17_.

The potential advantage offered by the micromechanics approach becomes clear from
Fig. 4.8. It is not necessary to determine which laboratory specimen matches the structural
constraint,; rather, any a/W ratio SE{B )can be tested to measure the size independent frac-
ture toughness, J,,, from which the structural toughness, Jc, for each loading case (uniaxial
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and bia_al) is predicted from the correspon_g structural response curves shown in Fig,
4.8. When deep notch SE(B) data is already available, from material qualification tests for
ex_ple, no additional shallow-crack testing is needed to apply the micromechanics ap-
proach. Such applications of the micromechanics model imply that the same fracture mode
(cleavage) occurs in both the laboratory specimen and the structural configuration. The cur-
rent model cannot predict the effects of specimen geometry and loading mode on the frac-
ture toughness (Jlc) which characterizes the initiation of stable, ductile te_ng. However,
the model does predict when fracture by cleavage becomes lfighly unlikely. Consider the
response for the a/W=0.5 SE(B) specimen shown in Fig. 4.8', ff the Jo measured with this
specimen is sufficiently large, the driving force curve for a shallow notch SE(B) specimen
or for the surface-cracked plate never attain such a large value of Jo. The model predicts
that cleavage, without prior tearing, does not occur, i.e., the interaction of crack-tip plastic
zones and nearby free surfaces prevents near-tip stresses from achieving the critical levels
needed to trigger cleavage.

The SE(B) responses employed in this discussion are obtained from 2-D, plane-strain
computations. In such cases, constraint matching with a structural configuration is accom-
plished by varying the absolute specimen size and/or the a/W ratio. For the same a/W ratio,
large specimens increase constraint at a given J-value relative to small specimens. Simi.
larly, for a Fuzedspecimen size, large a/W ratios increase constraint at a given J-value rela-
tive to small a/W ratios. Different thicknesses provide yet another means to vary constraint
in test specimens, although experimental and computational evidence suggest the thick-
ness effect is much less significant than absolute size or a/W effects when specimens of usu-
al proportions axe employed (B _ W/2 }.

5. CONCLUSIONS

Our investigations have shown that two-parameters, J and Q, suffice to characterize the
full range of near--tip environments at the onset of fracture. J sets the size scale ofthe zone
of high strdsses and large deformations while Q scale,4 the near-tip stress level relative to
a high triaxiality reference stress state. The structu_ e of the J-Q fields has been estab-
lished by higher-orderasypmtoticanalysisand full-fieldnumericalcalculationswithin
thecontextofthemodifiedboundarylayerformulation,Detailedanalysesoffinite--width,
crackbodiesshow thattheJ-Q fieldsdominateoverphysicallysignificantsizescales,i,e.
theyrepresenttheenvironmentinwhichtheductileand brittlemechanismsareoperative.
Therefore,theJ-Q fieldsfurnishthetheoreticalbasistoaddressonsetofclevagefracture,
theinitiationofductiletearing,aswellasthecompetitionbetweencleavagefractureand
ductiletearing.Indeed,theJ-Q theory,canprovideaframeworkwhichallowsthecleavage
and ductiletoughnesslocitobemeasuredand utilizedinengineeringapplications.

Constrainteffectsoncleavagefracturehavebeenthesubjectofanumber ofrecentstud-
ies.The J-Q theorytogetherwitha micromechanicaimodel forcleavagepredictsthat
cleavagefracturetoughnessdependssensitivelyon near-tipstresstriaxiality.The cleav-
agetoughnesslocushasbeenmeasured,for_xamplebySumpterand Forbes[101foramild
steeland by Kirk,et al.[40]forA515 steel.The toughnessdata do show a strong
dependenceon Q. Toughnesselevationsofabout5 or so have been measured inlow
constraintcrackgeometries.Constraintis_so expectedto exertan influenceon the
initiationofductiletearing;however,mechanisticstudiesofductiletearingandthelimited
experimentaldatasuggestthatductileinitiationtoughnessdependslessstronglyonstress
triaxiality.Systematicexperimentalstudiesarerequiredtoquantifyconstrainteffectson
theinitiationofductiletearing.
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The experimental determination of a toughness locus can become very costly, requiring
considerable material and testing time, especially if toughness data are required for a
number of temperatures. An alternative approach for cleavage fracture appears feasible.
The constraint correction procedure advocated here uses a limited experimental database
to predict cleavage toughness over a broad range of stress triaxiality, The procedure has
been applied to several series experiments and the results are very encouraging. The
procedure and its theoretical basis are discussed in Section 3. Though it has not been
discussed, a similar procedure can be developed (in principle) for the initiation of ductile
tearing. As is the case for cleavage fracture toughness, the procedure can be used in
conjunction with the J-Q fields to determine geometry- and load-dependent ductile
fracture toughness data.

Procedures such as the one in Section 3 hold promise for predicting toughness loci for
cleavage and ductile fracture and can facilitate engineering applications of the J-4_ ap-
proach. However, the incorporation of micromechanics failure criterion in a fracture me-
chanics methodology is not without its limitations. It is essential that the failure criterion
be a sufficiently realistic model of the actual fracture process, In applications where
cleavage and ductile failure modes are operative, competing failure processes also must be
considered. Unfortunately, the initiation of ductile tearing is also a process involving
several competing mechanisms, such as void formation vs. void growth and coalescence,
void sheet formation and shear localization, and as yet there is no general agreement as
to the essential features of a realistic model. Micromechanical models for ductile tearing
are necessarily more complex, involving more metallurgical properties for a material, th_
the models for cleavage fracture, Considering the enormous economic payoffs, however,
greater efforts are warranted to establish realistic, robust micromechanical models for
ductile fracture.

ACKNOWLEDGEMENTS

This investigation was supported by grants from the Nuclear Regulatory Commission, the
David Taylor Research Center and the Office of Naval Research. The authors acknowledge
the many useful discussions and contributions of their colleagues Prof. Ted Anderson, Drs.
Noel P. O'Dowd and Mark T. Kirk.

REFERENCES

1. Hutchinson, J.W.,"Fundamentals ofthe Phenomenologicai TheoryofNonlinear Fracture Me-
chanics," Journal of Applied Mechanics, Vol.50, pp. 1042-1051, 1983.

2. Rice,J,R., _A Path Independent Integral and the ApproximateAnalysis of Strain Concentra.
tion by Notches and Cracks,"Jc_urnalrJfApplied Mechanics, Vol.35, pp. 379-386, 1968.

3. Rice,J.R., and Rosengren,G.F.,"Plane Strain Deformation Near a CrackTip in a Power-Law
Hardening Material,"Journal _JfMechanics and Physics of Solids, Vol. 16, pp. 1-12, 1968.

4. Hutchinson, J.W.,"Singular Behaviorat the End ofa Tensile Crack in a HardeningMaterial,"
J¢mrnal of Mechanics and Physic'scJfScJlids, Vol. 16, pp. 13-31, 1968.

5, McMeeking, R.M., and Parks, D.M., "On Criteria for J-Dominance of Crack-Tip Fields in
Large-Scale Yielding, Elastic-P!astic Fracture, ASTM STP 668, J.D. Landes, J,A. Begley,
and O.A. Clark, Eds., American Society forTesting and Materials, Philadelphia, Pennsylva.
nia, pp.175-194, 1979.

6. Shih, C.F,and German, M.D., "Requirements for a One Parameter Characterization ofCrack
Tip Fields by the HRR Singularity," Internati_mal Journal of Fracture, Vol. 17, No, 1, pp.
27-43, 198i.

462



" - mi7. _j-Ani, A.M., _d Hancock, J.W., J Do n_ce of Short Cracks in Tension and Bending,"
Journal of Mechanics and Physics of Solids, Vo]. 39, pp, 23-43, 1991.

8. Sores, W.A., Dodds, R.H.t and Rolls, S.T,, "Effects of Crack Depth on Elastic Plastic Fracture
Toughness," International Journal of Fracture, Vol, 47, pp, lob-12e, 1991.

9. Sumpter, J,D.G., "Jc Determination for Shallow Notch Weld_ Bend Specimen|," Fat_ue and
Fracture of £n£1neertng Materials and Structures, Vol. 10, No. 6, pp, 479-493, 1987.

10. Sumpter, j.D.G,, and Forbes, A,T., "Constraint Based Analysis of Shallow Cracks in Mild
Steel," Proctedin_ls of t_ International Conference on Shallow Croci, Fracture Mechanics
Tests and Applications, _, Cambridge, England, September 1992,

11, TheSes, T.J,, and Bryson, J,R,, "Influence of Crack Depth on Fracture TeUl_ness of Reae_r
Pressure Vessel Steel," to appear in the A.S_ STP resultinll from the Symposiunt on
Constraint gffects in Fracture, held May 8-9 1991, !ndlanapolis,lndiana,

12. DeCastro, P.M.S.T. Spun'ire, J,, and Hancock, P,, "An Experimental Study of the Crack
Len_h / Specimen Width (a / W) Ratio Dependence of the Crack Opening DieplMement (COD)
_st Using Small-Scale Specimens," Fracture Mechanics, ASTM 8TP 877, C.W. Smith, Ed,,
American Society for Testing and Materials, Philadelphia, Pennsylvania, pp. 486-497, 1979,

13, O'Dowd, N,P., and Shih, C.F., "Family of Crack-Tip Fields Characterized by a Triaxiaitty Pa-
rameter: Part I - Structure of Fields," Journal of the Mechanics and Physics of 8elide, Vol,
39., No. 8, pp, 989-1016, 1991.

14. O'Dowd, N,P,, and Shih, C.F., "Family of Crack-Tip Fields Characterized by a Triaxiality Pa-
rameter: Part I1- Fracture Applications," Journal of the Mechanics and Physics of ScUds, Vol.
40, pp. 939-963, 1992.

'D16. Shih, C, F,, O owd, N, P. and Kirk, M, T., "A Framework for Q_tifying Crack Tip
Constraint," to appear in the ASTM STP resulting from the Symposium on Constraint [_ffecte
in Fracture, held May 8-9 1991, Indianapolis, Indiana,

16. O'Dowd, N, P. and Shih, C, F., '%o-Parameter Fracture Mechanics: Theory and Applica-
tions." to appear in the ASTM STP resultingfrom the National FmclureSymposium on Fracture Me.
chantcs, Gatlinburg, Tennessee, June 29-July 3, 1992.

17, Li, Y.C, and Wang, T,C., Scientia $inica (Series A), Vol, 29, pp. 941-966, 1986.

18, Sharma, S,M. and Aravas, N, Journal rJf Mechanics and Physics of Solids, Vol, 39, pp,
1043-1072, 1991,

19, Xia, L,, Wang, T.C, and Shih, C,F,, "Higher-Order Analysis ofCrack-Tip _eld! in Power Law
Hardening Materials,' to appear in Journal of Mechanics and Physics of Solids.

20, Betegon, C,, and Hancock, J,W., "INvo-Parameter Characterization of Elastic-Plastic Crack
Tip Fields, 'Journal of Applied Mechanics, Vo]. 68, pp. 104-i13, March 1991.

21, Du, Z,-Z., and Hancock, J, W,, Journal cJf Mechanics and Physics of Solids, Vol, 39, pp.
555-567, 1991.

22, Hancock, J.W., Reuter, W,G,, and Parks, D,M., "Constraint and Toughness Parameterized by
T-Stress," to appear in the ASTM STP resulting from the Symposium on Constraint £ffects
in Fracture, held May 8-9 1991(a), Indianapolis, Indiana,

23, Parks, D,M., "Advances in Characterization of Elastic-Plastic Crack-Tip Fields," to appear
in Topics in Fracture and Fatigue, Springer Verlag, 1992.

24, Wang, Y.Y., "On the Two-Parameter Characterization of Elastic-Plastic Crack-Front Fields
m Surface-Cracked Plates," to appear in the ASTM SfP resulting from the Symposium on
Constraint Effects in Fracture, held May 8-9 1991(a), Indianapolis, Indiana,

25, Wang, Y.Y., "A Two-Parameter Characterization of Elastic-Plastic Crack-Tip and Applica-
tions to Cleavage Fracture," Ph,D, Thesis, Department of Mechanical Engineering, MIT,
199!,

26, Kirk, M.T., and Dodds, R;H., "Approximate Techniques for Prediction of Size Effects on Cleav-
age Fracture Toughness,' to appear in the ASTM STP resulting from the National Fracture
Symposium on Fracture Mechanics, Gatlinburg, Tennessee, June 29-July 3, 1992.

463



27, Dodds, R,H,, Anderton, T,L,, and Iejrk, M.T,, "A Framework to Correlate a/W Ratio EtTeete
on Elastic-.Plnstlc Fracture T_ughness (J_)," International Journal of Fracture, Yol, 48, pp,
1-22, i991,

28, Anderson, T,L., and Dodds, R.H,, "Specimen Size Requirements for Fracture %tqlhness %st-
ins in the Ducttl_Brtttle Tran.ition Region, &_urnal of Testing and I£ualuation, Vol, 19, pp,
i23-134, i991,

29, Rice, J.R., and J.hnson, M,A. in lnelaMtW Behavior of Solids, (M,F. _ninen, et al,, Eds,),
McGraw-Hill, New York, pp, 641-671, 1970.

30, McMeeking, R,M,, Fin te Defo_ation,, Analysis of Crack-Tip Opening in Eiastte-Plastte Ma-
terials andlmplications for Fracture, Journal f_f the Mechanics aadPhysics of 8oltds, Vol,
25, pp. 357-381, 1977,

31, Williams, M,L,, Jounal f_fApplted Mechanics, Vol, 24, pp, i09-114, 1957,

32, Bilby, B,/L, Cardew, G.E,, Goldt.horpe, M,R, and Howard, I,C,, "Sin i$ffeete in Frteturs," Insti-
tution of Mechanical S;_ineers, London, England, pp, 3_e, i986,

33, Harlin, G., and Willis, J.R., Proceedings lJf the Royal 8ociety, Vol, A418, pp, 197-2_16, 1988,

34, Rttchie, R,O,, end q_hompson, A.W,, Metallurgical Trans_tlons A, Vol, 16A, pp, 233-248,
1985,

38, Ritehie, R,O,, _ott, J,F,, end Rice, J.R,, "On the _latlonehtp Between Critical _nsile Stress
and Fracture Toughness in Mild Steel," J.urnal of the Mechanics and Physics of 8o//de, Vol.
21, pp. 395.-4!0, 1873,

36, Beremin, F,M, "A Local Criterion for Cleavage Fracture of a Nuclear Preuure Vesul Steel,"
Metallurgi_l 7Yanl,o_tions, Vol, 14A, pp, 2217-2987, 1983,

37. Wallin, IC, Saario, T., and %rronen, K,, "Statistical Model for Carbide Induced Brittle Frac-
ture in Steel," Metal Science, Vol. 18, pp, 13-16, 1984,

38, Anderson, I',L,, and Stienstra, D,, "A Model to Predict the Source| and Malpdtude of Scatter
in Toughness Data in the Transition Region, 'Journal of Testi. nd Bualuatton, Vol, 17, pp.
46-53, 1989,

39, Wallin, IL, "Statistical A_pects of Constraint with Emphasis on Testinll and Analysis of Labo-
ratory Specimens in thn Transition Region,' to appear in the ABTM _TP resultinl _m theSymposium fJn Constraint £ffect_ in Fracture, held May 8-9 199!, Indianapolis, Indiana.

40, Kirk, M,T., Koppenhoeffer, K,C,, .nd Shih, C,F, "Effect of Constraint on Specimen Dimsn.
siena Needed to Obtain Structurally Relevant Toughness Measures," to appear in the ASTM
STP relulting from the Sympo,_ium'.n Constraint Effects tn Fracture, heldMty 8-9 i991, ln-
dlanapolis, Indiana,

41, Herren,, J,, and Read, D,T,, "Fractur_ Behavior of a Pressure Vessel Steel in the Ductile-to-
Brittle Transition Region," NISTIR 8H-:1o99, National Institute for Standards and T=©hnolo.
g)', Boulder, Colorado, December, 1988

42, Miglin, M.T,, Wade, C,S,, and Van Per Sluys, W,A., "Analysis of Fracture Toughness Data for
Modified SA508 C12 in the Ductilo-t_Brittle Transition Region,"Fractu_ Mechanics:
Twenty_Yir,vt/_vmposiu.|, ASTM STP 107.t, J,P, Gudas, j..6,. Joyce, and E,M, Haokett, Eds,,
American Society for Testing and Materials, Philadelphia, Pennsylvania, pp, 238-263, 1990,

4._. Bass, B.R., Shum, D,K.M., andKcency.Walkcr,J,, "ConstrainlEl'lootst)n Frnt'turcToughnessfor
Cin:umfcrcntmllyOri_nk,d Craek_inRe.tar Pres,_ureVessel,," NI/RE(;JCtt°t_()(_,OitNL/TM.12131,
OakRidgeNati_)n_lI_ltx)r.t_ry,June1992.

44. Moran, B,, and S,hih, C,E, "Crack Tip and A_ociated Domain Integrals f_om Momentum and
Energy Balance,' En#ineerint/, Fracture Mechanics, Vol, 27, pp. 615-642, 1987,

" er
45, Shih, C,F., Moran, B,, and Nakamura, T, E. gy Release Rate Along a Three-Dimensional

Crack Front in a Thermally Stres.ed Body,' International Journal _f Fracture, Vol, 30, pp,
79-102, 1986.

464



RECOMMENDATIONSFOR_E APPLICATION
OF

___ TOUO_SS DATA
FOR

S_U_RAL _GP, JTY ASS_SMENTS

by

Dr, KJmW_n'

ABS__

Large_ale testingforthepurposeof fracturemechan/csverificationisessentially
directedtowardsthevalidaUonof the transferabilityof materialdataobtainedwith
smallspecimens.Unfortunatelytheresultsaresomettmucontroversial,insinuatingthat
thetransferabitttyisimprec_at theveryleut. However,it seemsthatinmanycases
thecontroversyisduetoanimproperappl/caUonofthesm_ specimendata.

Presenttestings_dardadonotgiveanyrecommendationsfortheco_ctappUca-
Uonoffrac_ toughnessdataandyetth_iaacm_;ialpointforsuccessfulstructural
integrityassessmentandfracturemechardcsverification.

In mispresentationthetopicconcerningrecommendationsis added, focussing
on the applicaUonof brittle(cleavasetype)fracturedata.Simpleguidelinesfor
ob_ng optimum"best."and"safe-"estima_of thebehaviorof theactualstructure
buedonsmatlspecimendataarep_sented.
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INTRODU_ON

Presenttestingstandardsdonotgiveanyrecommendationsfortheco_ct applica-
lion of fracturetoughness data for structuralintegrity assessments and yet this is a
crucial point for a successful _ment andfracturemechanicsverification.Standard-
ization bodieshave beenreluctantto producewhat they call applicationdocuments.
Their single interest have been the test performance. Unfortunately, this state of affairs
has reducedthe credibility of fracturemechanical patterers due to a lacking verifica-
t/on,

Largescaletestingfor thepurposeof fracturemechanicsverificationhasasa goal
the validationof the transferabUttyof ma_rial data obtainedwith small specimens.
Unfortunately,duetothelackof applicationdocuments,the resultsareoftencontrover-
sial, insinuatingthatthe transferabilityisimpreciseat the veryleast.However,in many
cues thecontroversyisonlyduetoan improperapplicationof thesmallspecimendata.

In thispresentationthe topicconcerningrecommendationsis addres_d,focussing
on the applicationof brittle (cleavagetype) fracturedata. Simpleguidelinesfor
obtainingopium "best-"sad"safe-"est/ma_sof the behaviorof theactualstructure
basedonsmallspecimendataarepresonted.

GeneralConsiderations

Fracture.mechsMcsparametersarewidelytreedto determinematerials'resisumce
to fracture.Presentlya numberof both standardizedu well as nonstandardised
parametersaxeused.Their main ambitionIs to be able to describethe material's
fractureresistancewithonesinglefactor.Examplesofsuchinterrelatedparametersare
the plsae-strainfracturetoughness,Ktc,thecriticalJ integral,Jtc,andthecriticalcrack-
tip opemngdisplacement(CTODc or _).

The parameterscan be divided into two different categories, namelythose parame-
ters based on linear elutis fracturemechanics, (LEFM) and tho_ based on elasuc
plastic fracturemechanics (EPFM).LEFMrequires that the plastic zone in front of the
crack is much smaller than the smallest suuctural dimension, i.e. the structurebehaves
in a Linearelastic manner. EPFM allows the structure to yield to some extent. In
principlethe EPFMparametersare valid also in th_ case LEFM,but not vice versa.

Params ter validity

All the differentparametersare assumedto describethe criticalstressand strain
fieldsaheadof asharpcrackat fracture,i.e. theyaresupposedto representa material
characteristic.By definition,theyshouldall be geometryindependentfor a constant
stressstate,A largenumberofinvestigators,however,havefounda distincteffectof
specimensizeandgeometryonthetestresults[I-5].Thesegeometryeffectshavebeen
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reported for both brittle cleavage fracture [6-8] and ductile fracture [9-11]. The
specimen size and geometry have also been found to affect the ductile/brittle transition
temperatures [1, 5, 12].Many of the results are contradictory, with some indicating no
geometry and/or size effect and others indicating either an increasing or decreasing
toughness.

Depending on the method and the parameter chosen, one may observe quite
different specimen size and geometry effects. Different parameters also show different
characteristic scatter. Some frequently used toughness parameters and their characteris-
tics are listed in Table I [13].

Table 1. Commonly used fracture toughness parameters exhibiting different size
and geometry effects.

I. ] _ _ I!1111], . i ]'Lt! LI Imlli I II I I I IIII nil _1111 lilrl i

TYPE PARAMETER SCATTER SIZE CRACK USEFUL[2q_S
EFFECT LENGTH

EFFECT
!111_ i _ JU iiii it IIIIIIIII[ I I11 Iiii ' 11 iiiii "_'' t_]l I III " I III I..... I Ilgrl iii iii]_

LEFM I_c medium small snlall goodi.,, m ....

,_ ......... s,,,mall.... unpredictable medium poor

K= , small unpredictable medium poor

I_. ...... s_ ...........unpredictable medium good -, poor
[ I_ I _i I III I I1 IIII II, ,I'I,,;...... ' ...... ','..-m ..

EPb'M JIc medium snmll small good
preferable

_ J,..... ........ .... good
C'I'OD/_ , , medium ..... Small small ........ good

Jc large large small good
_ predictable predictable preferable

, ., H,., l.n H i

CTODc/gc large large small good
.... predictable ....predictab!.e ...... preferable

J., small large large negligible
unpredictable

............... . , ,, i vl, i i

CTOD,,,/_m small large large negligible
_ unpredictable

, , , , ,,n, . ....

J, large large medium medium
iiiiiii iiI ......_ iii

CTODJ/i. large large medium medium
, , , , ...... , .......

In Table 1, Km and KQare the valid and the invalid fl_turetoughness, respectively
determined by ASTM Method E 399. Both parameters are determined by constructing
a 95 % secant to the load - crack mouth opening curve. K,, and K_are determined by
using the K,c linear-elastic fracture mecMnics LEFM-formulas together with the load
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maximum and load at ductile fracture initiation, respectively. Both I_ and especially K_
can be very inferior parameters and should not be used for integrity assessment. The
parameter J_c is the valid critical J-integral value determined by ASTM E 813. The
parameters J, and 8i are the values of the J integral and the crack-tip opening displace-
ment at ductile crack growth initiation. Jc and 5c correspond to the onset of brittle
fracture occurring without ductile tearing. Finally, J,, and 8,_correspond to the onset of
cleavage fracture which has been preceded by some amount of ductile tearing. Not all
of the parameters are "valid" according to existing test standards and recommendations,
but often results referring to invalid parameters are quoted without mentioning their
invalidity.

Furthermore, also parameters that are "valid" according to testing standards show
size and geometry effects. It should be pointed out that the characteristic scatter of a
parameter is not a direct measure of the usefulness of the parameter. The invalid
LEFM parameters KQ, K_ and usually also I_ show a small scatter but are yet unde-
pendable.

Most of the observed size effects are due to the poor nature of the parameters. The
only test parameters that correctly describes the material from a fracture resistance point
of view are iqc, Jc, 8c, Jtc, Jt, 8_and to some extent J,,and 8,. The other parameters do
not correspond to the initiation of crack extension. Instead they rather describe the size
effects on specimen plasticity together with ductile crack growth. As such they cannot
be regarded to represent parameters describing the materials true fracture resistance.

One must remember that different parameters describe different fracture micro-
mechanisms, and that one must know which micromechanism is the relevant one for the
structural detail in question.

Fracture micromechanisms

The two main micromechanisms encountered in fracture resistance testing are
ductile fracture and cleavage fracture. A third micromechanism i.e. grain boundary

' fracture is also possible, but it is of lesser relevance. This is fortunate, because the
fracture mechanical modelling of grain boundary fracture is still incomplete.

There is a widely recognized view that ductile fracture proceeds by a continuous
mechanism of microvoid nucleation and coalescence. Therefore it is impossible to
detect the first physical initiation point. The initiation point is instead usually taken as
a point at which there already has been some small amount of detectable ductile tearing.
Probably the best known example of such a met..od is the JIc-determination procedure
in accordance to ASTM E 813.

Microvoid coalescence is a critical strain-controlled mechanism. As such, it is
strongly governed by the maximum strain state along the crack front. For the crack to
propaga;e macroscopically, microvoid coalescence must occur along the whole crack
front. The macroscopic fracture resistance to ductile fi "tu_eis thus governed by the
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mean toughness properties of the material. This means that for a macroscopically
homogeneous material, the parameters related to ductile fracture (J_c,JJ,51)should show
only a small amount of scatter. Also, as long as the J-integral and crack-tip opening
displacement describe the strains in front of the crack, the parameters should also be
specimen size and geometry independent.

Brittle cleavage fracture differs completely in mechanism from ductile fracture. It
is assumed that cleavage fracture is initiated by a weakest link type critical stress-
induced mechanism governed by locally situated cleavage initiators or "weak spots" [14
- 19]. As such, cleavage fracture will be affected, besides by changes in the stress
distribution, also by the probability of finding a critical cleavage initiator. This weakest
link type statistical nature of cleavage fracture unfortunately denotes that fracture
toughness in the case of cleavage fracture is not a simple material property. Firstly,
cleavage fracture initiation toughness exhibits a large amount of scatter [20], and
secondly, it shows a characteristic statistical size effect associated to the length of the
crack front [14]. Because of this statistical size effect one must always correct the
experimental toughness values to correspond to the relevant crack front length. A few
test results indicate that the statistical size effect may disappear at very low tempera-
tures, but since the findings are somewhat controversal, it is safer to assume the
existence of a size effect also in the case of lower shelf toughness.

FRACTURE RESISTANCE FOR LEFM APPLICATIONS

Fracture resistance for LEFM applications is ordinarily expressed in the form of a
critical stress intensity factor K_,denoted "fracture toughness". The validity of the stress
intensity factor to describe the stress field in front of a crack is well documented and
also the stress intensity factor equations used in the different testing standard are
accurate. As such the stress intensity factor is well sui_d for determination of fracture
resistance for LEFM applications.

The fracture toughness K_cis classically supposed tc be a material constant, but in
reality this is not the case. Ordinary Kxc-tests according ASTM E 399 and related
standards apply LEFM-formulas and allow the use of the 95 % secant procedure. The
secant procedure is based on the assumption that the deviation from linearity in the
load-displacement trace is in practice only due to stable ductile crack growth. A K_c
value corresponding to the 95 % secant is assumed to be related to a toughness value
corresponding to a 2 % crack growth in the ligament. The size criterions in the standard
are actually included to ensure that the load-displacement response of the specimen will
be unaffected by plasticity effects. Parameters violating the Kzcsize criterions (Ko, K_,.,
and possibly _) usually describe mainly specimen plasticity effects and as such they
should not be used. The problem with K_cis that it does not distinguish between ductile
fracture and brittle cleavage fracture.

In the ca._ of ductile fracture the K_cwill correspond to a 2 % crack growth in the
ligament. This causes that a larger specimen will correspond to more actual ductile
crack growth. Because ductile fracture always has an increasing R-curve (dK/da > 0),
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a large specimen will yield a higher Kzcthana small specimen, even for valid tests. On
the other hand, the validitycriteriain the testingstandardsare such that a l_c value for
ductile fracture is obtainableonly for materials whose R-curve is very fiat. Thus the
size effect in the case of K_ccorrespondingto ductile fractureis relatively small and
therefore it can be regarded nearly as a material characteristic. If it is possible to
determinethe trueductile initiationvalue K_it is morepreferablethan K_cprovidedthat
it otherwise fulfills the validitycriteriafor Kxc.

For ferriticsteels Kxccorresponds usually to brittle cleavage fracture.In this case
K_cis a measure of a true critical event and as such it is a preferable parameter for
LEFM fractureresistancedetermination. However, because the probabilityof cleavage
fracture initiationis specimen and cracksize dependent,one must always correct the
fracture toughness to correspondto the relevant crack size. The need for statistical
modelling of cleavage fractureinitiationhas been acknowledged during the last few
years. A numberof models for describing the behaviourof fracturetoughness in the
cleavage fracture temperatureregion have been presented[3, 7, 13-37]. Most of these
are based on the assumptionof cleavage fracture initiation to behave according to
weakest link statistics i.e. one single critical event is sufficient to cause macroscopic
failure. Even though themodels may differquite a lot in their basic assumptionsof the
microscopic fracturemechanism, macroscopicaUythey still yield similarresults.

In the case of brittlefracture,the fracturetoughnesscan be thickness correctedwith
an equationlike [14]

K - 1/4
B_- (KB," I(,,_m)' _,_ + Kn (1)

where _ is a lower boundfracturetoughness.The exact value of _ is not known,
but for steels a value of 20 MPa'_mhas been successfully used for describing experi-
mental test data.

The above equationhas been validatedfor a large number of both low and high
strength structuralsteels and for specimen thicknesses ranging from 10 mm to 200 mm
[14]. Even though definitiveproof of a statisticalmodel basedequation is very difficult,
the successfi;l application of the equation for more than 100 materials might be
considered ,_sa comparativelystrong validation.

Based on the same assumptionsthe scatterof brittlefracturetoughness results can
be described wit_ the equation [20]

Pr=l-cxP{-(__K':"" 14} (2)

where laf is the cumulative failure probability at al load level K and Ko is a specimen
thickness and temper;tture dependent norma_dzationparameter which is related to the
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mean approximatelybyKo- I.i.Kin.

With the help of equations 1 and 2 it is possible to handel cleavage fractureKtc
results in the assessment of componentintegrityby fracturemechanics.

TherestrictingpropertyabouttheK_ctestisthedemandforlinearelasticity.Linear
elastic K_cvalues are usually possible to obtain only on the lower shelf , the fracture
toughness transitioncurve. Often LEFM assessment of componentsn_ i be performed
also at higher toughness levels where it is impossible to measure a valid iQc value. In
such cases one must rely on an indirect determination of K_cor EPFM parameters
corresponding to cleavage fractureinitiation.

FRACTURE RESISTANCE FOR EPFM APPLICATIONS

ThefractureresistanceforEPFM applicationsmustbedeterminedbyuseofEPFM
parametersliketheJ-integralorthecracktipopeningdisplacement.Analogoustothe
LEFM case,thevalidparametersshouldcorrespondtofractureinitiation,ductileor
brittle.IfsomethingelsethananinitiationparameterisdesiredfordescriptionofductL_e
fractureresistance,thewholetearingresistancecurve(1.Aacurve)shouldbedeter-
mined.

Theaccuracyoftheequationsfor the determinationofIand8 fromtestrecordsis
notaswellvalidatedasinthecaseofthestressintensityfactorK_,buttheiraccuracy
seemstobe oflessconcernthanothe_-experimentalerrorsources.Thisisthecase
especiallyforthedeterminationofductiletear_gresistance.

Brittlefracture

EPFM parametersdescribingbrittlecleavagefractureinitiationareJc,J,,8oand8,,.
Of thetwodefinitionstheonecorrespondingtocleavagefractureinitiationaftersome
ductiletearingislessreliableeventhoughitrelatestoa catastrophictypeoffailure
event,forwhichtheoccurrenceisnotdirectlydependenton theloadbearingcapacity
ofthestructuraldetail.TheonethingthatdeterioratestherelevanceofJ,and8,,isthe
ductiletearingprecedingcleavagefracture,becausethisductiletearinginitselfaffects
thebrittlefractureprobability[?8].Thiseffecthasnotbeenquantitativelyclarifieduntil
recently.PresentlytheCTOD-smndards(theonlytestingstandardsapplicableinthe
transitionregion)donotevenrequirethemeasurementoftheamountofductiletearing
inthetest.

Recently, a method to account for the effect of ductile tearing on cleavage fracture
probability has been developed [38,39]. The w",hodology is originally developed for the
J-integral and it results in a correction functior, the ductile crack growth [38] as well
as a minimum specimen ligament size requirement [39]. The ligament size requirement
gives the maximum measuring capacity of the specimen regarding cleavage fracture. If
the ligament is smaller than given by the size requirement a corrected value of the
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fracturetoughnessshouldbe usedinthecrackgrowthcorrectionexpression.The
methodologyhasbeenshowntoyieldpromisingresults,butitstillneedssomefurther
validationandpossiblerefining,Justrecently,thesizerequirementshavebeenfurther
refinedbydetailedFEM-calculationsbyAndersonandDodds[40].Theirsizerequire-
mentsaremuchmorestringentthantheonesdeducedbasedonexperimentaldata.Thus
thereseemtoexistsome openquestionsregardingthesizecriterioninthecaseof
cleavagefracture.

OtherwisetheEP_ parametersdescribingbrittlecleavagefracturearewellsuited
forthedeterminationoffractureresistance.The relationbetweenJ and8 isusually
written as J m.an,,,,.8, where an,,, is the flow stress of the material and m is a
proportionality factor, which in theory is 1 for plane stress and 2 for plane strain. In
reality the value of m is mainly controlled by the testing standards used for determina-
tion of J and 8. The value of m is dependent of load level, but it can still roughly be
approximated by m ,,, 1.5 [41].

Often one is forced to apply EPFM material parameters w;,.h LEFM integrity
assessment procedures. In such cases it is relatively safe to estimate the critical stress
intensity factor for cleavage fracture from Jc by the equation

K,c = _ (3)

provided that the fracture resistance is cun'ected to correspondto the relevant crack
front length with equation 1.

The validity of equation 3 has been comparatively well verified, both directly by
comparingsmall specimen EPFMdatawith large specimen LEFMdata [42], _q well as
indirectly by showing that a Charpy-V. Ktc correlation is equally valid for K_cand Kjc
[43].

i

Equation 3 also basically makes it unnecessary to use full thickness specimens in
the fracture toughness tests, in the case of brittle fracture.The standard arguments why
full thickness specimens are required are based on constraint effects. It has however
been shown, both experimentally [14] and numerically [44] that the main reason for
thickness effects on cleavage fracture toughness is the statistical size effect.

Ductile fracture

The parameters used in connection with ductile fracture are either representing
ductile fracture initial,on or the specimen load maximum.

It is commonly recognized that the load maximum fracture toughness is a geometry
dependent toughness value. It has, however, been argued that under specified conditions
it is possible to use J,,,or 8,_values to obtain a safe flaw size evaluation [45]. A special
requirement is that the test must be performed with a full thickness specimen ie.
specimen thickness must be equal to the structural thickness.
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The maximum load occurs when the load Increase caused by the increasing strain
hardening is balanced by the reducing ligament area because of crack growth and/or
necking of the bend specimen [41]. Thus the load maximum toughness is a measure of
the specimens tearing instability. Of the two causes for ligament reduction necking is
normally not h'nportant in the ease of fracture toughness testing. Necking becomes
possible only at load levels well beyond any validity criteria for fracture toughness. The
load maximum toughness can actually be used to determine the materials tearing
characterisUcs, but it demands that a full tearing instability analysis of the test specimen
is performed [41,46]. If an analysis allowing for crack extension is needed, it is
preferable to use the whole tearing resistance (J-Aa) curve.

As noted before, there exisu, a variety of definitions for the ductile initiation
toughness, This is not however a very large problem as long as it can be shown that the
structure will not fail by brittle fracture. All the different definitions of ductile initiation
toughness will produce safe estimates with regard to ductile failure instability of the
structure and therefore they can well be applied for failure assessment.

RECOMMENDATIONS FOR DETERMINING "BEST- " AND "SAFE." BPdTU.,E
FRA__ TOUG_SS ESTIMATES

The fracture toughness to be used in the fracture mechanics analysis can be based
upon K_c,Jc, 8o J, or 8,. Regardless of parameter it is preferable to express the fracture
toughness in terms of it's equivalent K-value (equation 3). Equation 2 contains only two
parameters. Unfortunately, a reliable estimation of the minimum fracture toughness K,,_,
from test results is impossible. This is the main reason for fixing it's value to 20

MPa'4m. If it can be shown that the minimum fracture toughness is hi_her than 20
MPa_/m that value can be applied. Otherwise the use of Km_,= 20 MPa'_m ts recom-
mended. Thus, the only entity requiring estimation is Ko. A bias corrected maximum
likelihood expression for Ko is of the form

1/..',

Ko= ""[_(Kc''l_ _)' +(n'r,'( -_r'I_',4 J + Kml. (4,-- - r:l+log(2)-

where the summation is performed from i=l to i=r. The equation denotes a so called
censored sample, where not all results are included in the analysis. The total sample
size is n and the uncensored sample size is r, which consists of all values that are lower
than the lowest censored value. Equation 4 is especially well suited for use with data
sets where part of the results have been affected by eg. large scale yielding.

Equation 4 yield a so called best estimate of Ko,i.e. it corresponds to a confidence
level of 50 %. The standard deviation, corresponding to the lower tail of the Ko
distribution is approximately oKo._ = 28 %/'4n. The lower tail of the Ko distribution
is well described by a normal distribution. Thus, a safe estimate corresponding to a
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desired confidence level can be determined (Figure I).

SAFETY FORKo a)

g.98

g.8 2 4 6 9 16 ).2 14 16 19 2g
HLIHDEROFTESTS

Fig. 1 Safety factor for Ko.

If the major part of the data set is censored, or ff the material is suspected to be
macroscopical!y unhomogeneous, Ko can also be estimated directly from the lowest
measured fracture toughness value K_o,,according to

Ko= {K,o,-K=,.).[-n:.og(1-Pooot)]u'+ Ku (5)

where Pc_ is the desired confidence level eg. 0.9 (Figure 2).
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Since the above _ estimate is based on only one toughness value, it will have the
same scatter as a single test. Thus, the use of equation 2 is endorsed when ever
possible.

ESTIHATIONOFKoBASEl)ONLOIv'EETI'OUGI_SSVALUEKin

2.2
CONFIDI[NCiiL_L

2

1

Ko-I(mln = '(Klow-Kmln}.[-n/loft (l-P©ont,)] 1/4

8.8

2 4 6 8 lll 12 14 16 18 28
NLIHBEROFTESTS

Fig. 2 Estimation of Ko based on lowest toughness value.

Often knowledge of the fracture toughness at a single temperature is not enough,
but instead the temperature dependence of Ko is requested. The temperature dependence
of Ko in MPaqm can be described with [47]

Ko = a + 13. exp[y. (T- To)] (6)

where a + 13= 108 MPa_/m (for 25 mm thick specimens), To is the temperature (in °C)
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at which the mean fracture toughness is 100 MPa_/mand y is a material constant.

Experimentally it has been found that the shape of the fracture toughness transition
curve for steels is only slightly material and yield strength dependent. Therefore the
values of a, t3and y are practicallymamdal independent.The resulting equation for the
temperature dependence of I_, corresponding to 25 mm thickness, can thus be written
as [47]

Ko= 31 + 77. exp [0.019. (T- To)] (7)

Verification of equation 7 is presented In figure3.

700'__-! ......................--i_ _- ..... '""i...... _ ......._ ......... I .....-........
Only etttlmates hired on more
thmn 3-telts included

soo- TO(°C)
• 73W -63

o 73Wit r +36
I 72W -54

500 - O 72Wlr r +34
--. & AS33B CI 1 -109

I _ HSST 1t2 "22
N_ 'A 10MnNI2Mo -70
. V 10MnNi2Mo -71_

q00- • PTSE-2 (TS) +14 I/& _
m O PTSE-2 (TLI +20 p

f

! I_ K0=31+77, exp [0.019. IT- TOI] O1_3/
300

_/_v
200 - --._O I & -

_llpqL

o _,_A

1oo- .,._mL.__O_,_ _

-I00 -50 0 +SO +100

T- TO (°C)

Fig. 3 Temperature dependence of Kofor 25 mm thick specimens [47].
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If TOis estimated based on equation 7, the estimate will have a standard deviation
o.i.,," 18 °C and it will be slightly biased towards higher temperatures (- 3 °C). If the
upper tail of the Totemperature dis_button is approximated by a normal distribution,
iLKstandard deviation is oT_ - 24 °C/_/n and the safety factor AT co_sponding to
any desired confidence level can be determined (Figure 4).

Fig. 4 Safety factor for estimate of To.

VALIDATION

Validationoftheaboverecommendationsrequirea validationofequations1,2,3
and 7. Even though a rather comprehensive verification of the equations have already
been presented elsewhere e,g. [14,18,20,29-31,38,39,42,43,47,49], additional validation
is presented here. A number of large data sets including different size specimens were
thickness corrected according to equation 1 and the temperature To was estimated for
each specimen size. If the equations are valid, they should correctly describe the
materials scatter and temperature dependence, Furthermore, specimen size independent
estimates for To, should be obtained. The validation is presented in figures 5-11.
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Fig 5 IwadatedataA470 [48] Onlystatisticalthicknesscorrectionperformed
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Considering the fact that no corrections regarding loss of constraint and/or ductile
crack growth have been perforemed, the estimated TOvalues are remarkably specimen
size indpendent. The largest discrepancy are s'_own by the 100 mm thick specimens
corresponding to Japanese A533B CI.1 steel (JRQ) tested by VTT (figure 7). In this
case the discrepancy is likely to be caused by a observed toughness gradient through the
plate thickness. Figure 11 depicts both Ktc test results as well as Kjc test results. The
specimen thickness for the K_c data varied in the range 25 mm - 300 mm. Both
parameters yield practically the same TOestimate. Thus, also equation 3 is validated.
For all materials, the measured fracture toughness scatter follows comparativ,ely well the
theoretical scatter lines that have been included in the figures.

The reason why loss of constraint and ductiletearing effects do not seem to play a
major role upon the fracture toughness is likely to be due to the fact that the effects
contradict each other. Thus, it appears to be possible to relax the existing specimen size
requirements quite considerably.

As an attempt to try to establish a new size requirement a large data set generated
by Ingham & al. was analysed. The specimens where square section bend specimens
with B/fW-a) = 2. For this type of speci_mensthe ligament is likely to be the critical
dimension limiting the specimens measuring capacity. The size corrected data are
presented in figure 12. No significant specimen size effects are visible despite the fact
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that the fracture toughness levels are quite high. Figure 13 depicts the Ko values based
on equation 4. Even though a slight specimen size effect now is visible, no conclusions
regarding size requirements can be drawn based on the results. Next, the lowest fracture
toughness values at each temperature were applied together with equatitm 5 (figure 14).
Even, when analyzed in this way the estimated To values do not indicate any clear loss
of constraint effects. If any, the data indicate a reverse size effect with the smallest
specimen yielding the highest transition temperature. The scatter of Kois, however,
large, because each estimate relates only to one specimen. Comparing the TOestimates
in figures 13 and 14 it is seen that equations 4 and 5 yield not too significantly
differing results. This offers further validation of the recommendations.

At the highest test temperatures in figure 14 the estimated Kovalues seem to rise
more rapidly than predicted. When the Koestimates are normalized by a fLxedtempera-
ture the rise is even more clear (figure 15). Also, smaller specimens begin the rise at
lower toughness levels. For each specimen size it is possible to determine the highest
toughness level where the rise have not begun and the lowest level were it has begun.
The specimen size requirement should then lie between these values. This selection is
presented iia figure 16. Based on the results, the following size requirement seems
realistic

b > I/_•{Kjc/%}2 (8)

The materials yield stress is approximately 500 MPa. Thus, in terms of J, eqation
8 indicates an or-value of 46. This is surprisingly cl ._seto a value of 50 as proposed
earlier for cleavage fracture [39,42].

The above analysis validates effectively the presented recommendations. Equation
8 can be applied as a size criterion for elastic plastic brittle fracture toughness. If the
transition temperature TOis determined it appears possible to relax the size criterion
further, without significantly affecting the reliability of the analysis.
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SUMMARY AND CONCLUSIONS

The topic concerning recommendations for the application of fracture toughness
data for structural integrity assessments have been addressed, focussing on the applica-
tion of brittle (cleavage type) fracture data. Simple guidelines for obtaining optimum
"best-" and "safe-" estimates of the behavior of the actual structure based on small

specimen data have been presented and validated.

The following main conclusions can be made

- Weakest link statistics based models produce realistic descriptions of the
fracture toughness scatter and specimen size effects.

The elastic plastic Kjc yield equivalent results with valid K_cresults.
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- The following size recluirement, for elastic plastic brittle fracture, seems
realistic

b _ 1/_. {Kjc/oy} 2

- If the transition temperature TOis determined it appears possible to relax
the size criterion further, without significantly affecting the reliability of
the analysis.
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CONSTRAINT EFFECTS IN HEAVY-SECTION STEELS*
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Abstract

A focal point of the Nuclear Regulatory Commission-funded Heavy-Section Steel
Technology (HSST) Program is the development of technology required for accurate
assessment of fracture-prevention margins in commercial nuclear reactor pressure vessels
(RPVs). In a series of investigations, the HSST Program is seeking to obtain an improved
understanding of the relationships governing transfer of fracture toughness data from
small-scale specimens to large-scale structures. Current pressure vessel fracture-
prevention technology relies on the use of fracture-correlation parameters such as the
stress-intensity factor (K) and the Hutchinson, Rice, and Rosengren intensity parameter
(J) to characterize both the applied load and the resistance of material to crack initiation.
Shortcomings of these conventional one-parameter fracture-correlation methods, which
impact issues associated with the transferability of small-specimen toughness data to
large-scale structural applications, are being addressed through development of various
two-parameter methods. This paper describes two analytical approaches to the
transferability issues that are being evaluated in the HSST Program, One is a continuum
correlative methodology based on two-parameter descriptions (K-T or J-Q) of the near
crack-tip fields that incorporate effects of the higher-order T-stress for linear-elastic
fracture mechanics conditions or the Q-stress for more general elastic-plastic fracture
mechanics conditions. The second approach utilizes a micromechanical predictive
methodology that relates cleavage crack initiation to the attainment of a critical volume
enclosed within a selected maximum principal stress contour surrounding the crack tip. In
preliminary evaluations, these methodologies were applied to experimental data taken
from several intermediate- and large-scale testing programs. Results and conclusions
from these applications are discussed in the paper. Applications of the methodologies to
analytical studies concerning biaxial stress effects on fracture toughness and safety
margin assessments of an RPV subjected to pressurized-thermal-shock transient loadings
are also presented. While these fracture methodologies appear to show promise in bem.g
able to differentiate among crack-tip constraint levels, numerous issues were _dentified m
the HSST studies that require further investigation. Recommendations are given
concerning future work intended to resolve several of these issues.

1 Introduction

The Nuclear Regulatory Commission (NRC)-funded Heavy-Section Steel Technology
(HSST) Program seeks to develop the technology required for accurate assessment of fracture-
prevention margins in commercial nuclear reactor pressure vessels (RPVs). Pressurized-thermal
shock (PTS) has emerged as a loading condition of primary concern in RPV fracture-margin

*Researchsponsoredby the Officeof NuclearRegulatoryResearch,U.S. NuclearRegulatoryCommission
under InteragencyAgreement 12886-8011-9Bwith the D.S. Departmentof Energy under Contract DE-AC05-
84OR21400with MartinMariettaEnergySystems,Inc.
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safety assessments. A number of fracture-technology issues, which have the potential for
significant impact on analyses of PTS event:, are being addressed in the HSST Program. The
issue of concern in this paper is the role of crack-tip constraint in fracture toughness data
transfer. In a series of investigations, ! the HSST Program is working to obtain an improved
understanding of relationships governing the transfer of fracture toughness data from small-scale
specimens to large-scale structures.

Current pressure vessel fracture-prevention technology relies on the use2 of correlationfracture pa,,rameters such as the stress-intensity factor (K) and the Hutchison and Rice and
Rosengren "_(HRR) intensity parameter (J) to characterize both the applied load and the resistance
of material to crack initiation. The parameter K applies to linear-elastic fracture mechanics
(LEFM) conditions, whereas J is the relevant parameter for either LEFM or more general elastic-
plastic fracture mechanics (EPFM) conditions, Provided that the near-tip stress and strain fields
display an annular region characterizable by K or J, and that the annular region is of sufficient
size so that a continuum description is physically meaningful (Fig. 1), the magnitude of this
parameter at crack initiation is assumed to be a material property. The existence and/or
dimensions of these annular regions depend on structural geometry, crack geometry, material
properties, and loading conditions. The influence of these various factors on local crack-tip stress
and strain fields is the primary consideration in the study of constraint effects on fracture.

These conventional one-parameter fracture correlation methods have been validated for
moderately deep-crack, high-constraint geometries loaded under LEFM conditions. However,
difficulties associated with applications of the methods to cracks in relatively low-constraint
geometries are well known. 4 The in:pact of constraint conditions on apparent fracture toughness
is illustrated in Fig. 2 for deep- and shallow-crack beams in bending, respectively, that were
tested in the HSST Program and described in Ref. 4. Thirty-eight relatively large laboratory
beam specimens were tested to compare the behavior of specimens with shallow cracks with that
of specimens with deep cracks. All specimens were 100 mm deep (W). Shallow-crack beams had

J-FIELDS K-FIELDS

BLUNTED

CRACKTIP -_ "F" aij ( r )...-_A_ (r, e)

ell(r)--._ A (r,e)

ui( r'_ -._ AuiA(r,e)

A ,, K, LEFM
J, EPFM

FRACTURE
PROCESS
ZONE

Fig. 1. Depiction of near-crack-tip fields displaying annular regions characterizable by K or J.
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Fig, 2. Fracture-toughness (Kc) data vs normalized temperature for shallow- and deep-crack
specimens.

crack depths ranging from 9 to 14 mm (a/W - 0.1 to 0.14), while deep-crack beams had 50-mm-
deep cracks (a/W - 0.5). The toughness data presented in Fig. 2 are expressed in terms of Kc vs
temperature (along with a material characterization curve for HSST Plate 13A5). All of the
specimens failed in cleavage except the data point indicated with the arrow in Fig. 2. The
shallow-crack specimens tested on the lower shelf showed little or no toughness increase relative
to the material characterization curve. The results showed conclusively that shallow-crack beam
specimens made of A 533 grade B (A 533 B) class 1 steel have a significant increase in crack-
tip-opening displacement (CTOD) or Jc toughness (-150%) and Kc toughness (-60%) in the
transmon region. Analysis results presented in Ref. 4 indicate that crack initiation for the deep-
crack beams occurred under essentially K-dominant conditions, whereas conditions in_ the
shallow-crack beams are outside the domain of validity of the one-parameter characterization
methods summarized in Fig. 1,

The influence of crack-tip constraint on fracture toughness as manifested in the shallow-
crack effect may have important implications for PTS analyses, Probabilistic fracture-mechanic
analysis of RPVs have shown that shallow cracks dominate the conditional probability of vessel
failure in PTS evaluations, 6-8 with up to 95% of all initial crack initiations originating from
cracks having depths of 25 mm or less (Fig. 3). Thus, a clear und standing of the constraint
conditions associated with shallow cracks is required for an improved probabilistic PTS
assessment.

Shortcomings of the conventional one-parameter methods, as demon:.trated in the deep-
and shallow-crack beam applications described above, are being addressed by the HSST Program
through development and evaluation of two different analytical approaches. One is a continuum
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correlative approachthat addresses crack initiation by focus'n_ on the near-crack-tip fields, along
the crack plane, within a region extending a few CTODs directly ahead of the tip. The two-
parameter descriptions of the near-crack-tip fields incorporate effects of the higher-order T-stress
for LEFM conditions or the Q-stress for more general EPFM conditions. The T-stress parameter
is the second term in the irwin-Williamsg, 10 series expansion of the opening-mode stress about
!he crack up. The Q-stress plays the role of higher-order terms in the HRR series expansion and
is readily interpreted as a hydrostatic stress superimposed on the HRR solution.11 Detaded
results for these near-crack-tip fields are obtained using the boundary-layer method. A boundary-
layer method does not involve explicit considen t;'anof loading and geometry but incorporates
these factors through imposition of displacemet_ and stress boundary conditions taken from
asymptotic solutions.

The second approach 12 focuses on the development of parameters that relate fracture
toughness within a volume of material loaded above threshold values of nominal stress states.

Candidate parameters include, but are not limited to, those based on a critical maximum p.rincipal
stress contour methodology. This methodology predicts the onset of cleavage crack imtiatmn
based on the attainment of a critical volume enclosed within a selected maximum principal stress
contour surrounding the crack tip. A relationship between fracture toughness and this
numerically determined volume parameter is obtained through applications of the methodology
to cleavage-initiation data.

These two approaches are described in more detail in Sects. 2 and 3 and evaluated through
applications to a variety of HSST test data in Sects, 4 and 5. Section 3 includes a description of
the Ritchie-Knott-Rice (RKR) micromechanical fracture model that is used for predictions of
cleavage fracture initiation in two of these applications.

As described in Sect. 4, the J-Q technique was employed extensively in posttest
-- -- 4 • iw

assessments of the HSST shallow-crack fracture toughness program, the Q-stress parameter
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was used to correlate crack-tip con,,_traint in both deep- and shallow-crack specimens tested in the
program. Both the J-Q and the S_ITess-contour methodologies were aoplied to the cleavage-
initiation data obtained from the WP-I series of HSST wide-plate crack-arrest tests. 5,13 Loads
required to initiate cleavage fracture in the Series I wide plates were substantially higher than had
been predicted from small specimen data, with Kc/Klc ratios as high as -4. The fracture
methodologies were used to quantify the discrepancy between predicted and observed crack-
initiation toughness. In the case of J-Q applications, the Jc(Q) toughness locus (described in

f Q ,, .

Sect. 2) from the wide-plate data is also compared with that determined from the shallow- and
deep-crack beam data. For both the wide-plate and shallow-crack beam specimens, predictions of
fracture toughness from the RKR model are compared with measured data..

In Sect. 5, another applicationl4,15 of the J-Q methodology is described that concerns the
developmeht and validation of analytical methods for estimating the potential impact of out-of-
plane biaxial far-field stresses on crack-initiation toughness of shallow inner-surface cracks in
nuclear RPVs. Motivation for this study comes from the observation that, while existing fracture
toughness data are largely obtained under nearly plane strain conditions in compact tension (CT)
test specimens, far-field tensile.stre:_ses are, present in RPVs that act in a dlrecttonparallel to the
crack front for both axml and clrcumferentml flaws, The components of a typical far-field stress
distribution existing in the wall of an RPV during a PTS transient are shown in Fig. 4 (from

_., TH,,,L,-276 MPa (40 kill)

-II ' . +
PRESSURE STRESSi

(BIAXIAL 2:1)_,!_MPa (5 kid)

,1_,' • j'• • T ,r'"_"j,_"_ - ',,

,

,a,, RESIDUAL STRESS

I__ (BIAXlAL)

;L-- 41 MPa (6 ksi)_,._rn

||

_--'-- 351 MPa (51 ksl)

/2x rorAt,sr.ss

,__

Fig, 4. Components of far-field stress distribution existing in reactor vessel wall during PTS
transient.
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Ref. 16). The thermal, pressure, and residu.'d stresses are all biaxial, with both in-plane and out-
of-plane components. This biaxial stress distribution occurs both during the nodal operation of
an RPV and under postulated PTS conditions. In Fig, 5 (from Ref. 16), tensile out-of-plane
stresses acting parallel to a shallow longitudinal crack in an RPV are on the order of 350 MPa in
a PTS transient. These far-field out-of-plane stresses have no equivalence in compact specimens

used in conventional fracture toughness testing, Any potential increase in crack-tip constraint
resulting from these out-of-plane biaxial stresses presumably would act m opposition to the in-
plane constraint relaxation that has been previously demonstrated for shallow cracks. 4
Consequently, understanding of both in-plane and out-of-plane crack-tip constraint effects is
necessary to a refined analysis of fracture initiation from shallow cracks under PTS transient
loading, A summary overview of the HSST investigation of biaxial effects on constraint,
including overall conclusions and recommended plans for further development and validation,

-arc given in Sect, 5.
Section 6 describes analyses that were performed to evaluate the utility of the J-Q approach

for characterizing the crack-tip fields in an RPV during a PTS transient. The PTS transient
simulates the pressure-temperature history during a small.break loss-of-coolant accident
(SBLOCA). In conjunction with these analyses, a methodology is described that incorporates
small-specimen Jc(Q, F) toughness locus data into the safety-margin assessment of an RPV,

Finally, conclusions and recommendations concerning future work to resolve some
important RPV-relat_'xi constraint issues are given in Sect. 7.

CLADINNER
SURFACE

laxl,_l far-field stresses during PTS transient with one component alignedFig. 5. Vessel wall b' "
parallel to front of longitudinal crack,
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i, *,iS ¸2 Definition of I , tressand Q.Stres,,; l'aramelers

2,1 Definition of T-Stress Purunwler

Within the context of H_.I_:M,the as),mptotic t,,'o-dimensional (2-D)near-crack-tip fields,
as a t'ullctlon of position relative to the cratck tip, can be expressed in the form of infinite series.
l,et (r,0) denote the position of a material point relative to the crack tip in polar coordinates, 'l't_e
infinite series denoting the Mode 1 stress components then take the l'om'l

ehia = _" (0)+'I'8ii8 i + (I)" V'2r_r ai'i , 1 ....

i,, I1,_i 'ISwhere _ij(0) are functions that are depenctent on the angul_tr coordinate 0 only. i neae infinite
series are commonly reDrred to its the Irwin-Willi_tms series,'_,10The firnt terms in these series
become unbounded as the crack tip is approached, q'he stress-intensity factor K is the amplitude
of the first terms in Eq, (1), and its value is undetermined from the _tsymptotic expansion.

The T-stress term is the next higher-order term in the series expansion for the opening-
mode stress component. The T-stress term describes a stress field that is independent of position
relative to the crack front and represents at uniform stres,_ field parallel to the plane of the
idealized 2-D crack. Within the context of three-dimensional (3-D) I,EI:;M, the Irwin-Williams
asymptotic expansion concept can be generalized, resulting in three T-stress-like terms, 17,1t,l

2.2 Definition of O-Stress l'urumeter

Within the context of" EPF:M, the counterpart to the Irwin-Williams series in two
dimensions is the HRR solution for atdetbnnation-theorv material, t'or which the uniaxial stress-
strain relation in of the Ramberg-Ongood form.2, :_The infinite series denoting the Mode I sirens
componer|tn have the form

I

oh.i = _i.i(O)+ ,,, , (21
OtOot'o i n r

V_ _ _ ,here e_i(O) are universal functions dependent on the _mgular coordinate 0 only. In the IIRR
solution, the first terms are also singular with an amplitude undetennirled frorn the asymptotic
analysis, which corresponds 1o the value of the J-integral, Because the J-integral is p_lth-
independent for all deformation-theory material, its value can !_eevaluated from locations remote
from the crack front. It is the path-independence of the J-integral, and its identification with the
amplitude of the ItRR field, that forms the basis of conventional one-parameter EPFM theory.

In a m_nner ,s_cmew,hat',' analogous to T-stress, the Q-stress term II plays the role of higher-
b ode 1 stressorder terms in the IlRR expannicm in the sense that the _1 , cornponents in these .... '"nel les

are unnun'|ed to take the lkmn

1

OiI = 0 o ocaorolnl------_

l-sires, term, the Q-slress term is not an ;mal),tic consequence of the asymptoticUnlike the " ' ,'n
expansion. Instead, use of the Q-stress parameter in the context of Eq. (3) follows from the

,_()1



following numerical observation. Detailed finite-clement analyses pcrforrncd for power-law
hardeningmaterials indicate that the near-crack.tipsolutions appearto be consistent with the
assumed expansion indicated in Eq. (3). 11 This assumed form generally applies only to the
forwardsectors symmetric about the crack plane ahead of the crack tip, extending -900 to either
side of thecrack plane and over distances of the order2 S r/(J/oo) _;5. Consequently, the utihty
of a Q-stress descriptzonof the near-crack-tipfields requires that the physical micromechanisms
of fracture be confined to this same region. The Q-stress term is readily understood as a state of
hydrostatictension superimposed on the HRR solution. As described in Ref. 11, the Q-stress is
related to the T-st_ss under conditions for which the T-stress can be defined. The methodology
for extending theQ..s_ss concept into 3-D fractureanalysis is st!ll an open issue,

Due to the numerical nature of its definition, determination of the Q-stress term is not
without ambiguity, In its original.development, the Q-stress term was defined as the difference
between the full-field stress solution of a given problem and the reference HRR stress solution
along the crack plane. (The full-field solutions arc the stress and strain distributions within a
structureobtained by explicitly considering the influence of the finite geometry of the structure
and the crack.) It is observed that the Q-stress term thus determined is nearly constant over a
distance up to 5 J/oo ahead of the original crack tip: Definition of the Q-stress term is then made
more precise by identifying Q-stress as the difference between the opening-mode stress
component of the full.field and reference solutions at a distance of 2.1/Ooahead of the crack front.

A more recent approachlg,20is to define a second form for the Q-family of fields using the
small-scale yielding (SSY) solutions as thereference (Q = 0) solution:

=(olj)ssY +QOoSij for 1el< hi2, 2J/Oo _;r S5 J/o o , (4)eli

The Q-stRss term is thendefined as the difference between the ol_ning-mode stress component
of the full-field distribution and the corresponding quantity in the ass_iated SSY problem at a
distanceof2J/Ooaheadofthecrackfront,

Conditionsof$SY arepresentinafracturemechanics,applicationwhenanannularregion
surroundingthecracktipcan,belocatedforwhichthecombinedinfluenceofgeometry,material
behavior,,andloadingcondmonscan beexpressedintermsofan "applied"valueK that
characterizesthemagnitudeofthenear-crack-tipfields,Plane.strainfiacturetoughnessis
identifiedwlththemagnitudeofK attheonsetofcrackinitiationunderconditionsofSSY,
AdoptionoftheSSY crack-tipfieldsasthereferencedistributionsfromwhichtheQ-stress
parameterisevaluatedthusrepresentsa naturalmeasureof deviationfrom plane.strain
constraint.

Shih*haspresentedaninterp_,tationofthetwo-parameterJ-Qtheorythatspanstherange
of stressstatesextendingfrom hnear-elasticthroughelastic-plasticconditions,In this
interpretation,.IisameasureofthedeformationthatscalesthesizeOfthefractureprocesszone,
whileQ scalesthetriaxialitylevelahead,ofthecracktip,ForessentiallyLEFM conditions,the
deformationfieldsandtriaxlalityaretlghtlycoup,led,so thattheimposi.onof !enslleor
compressiveout-of-planestressescanaffecttriaxiality.Underconditionsofsubstan.alplasuc
deformation,however,thedeformationfieldsandstresstriaxialityareindependentparameters,
withtriaxialitybeingaffectedonlybytheimpositionofastateofpurehydrostaticstress(Fig.6),

"C. F. Shih,"J-QFractureMethodology,"presentedat the Workshopon ConsvatntEffectsin Fracture,
sponsoredbyU.S.NuclearRegulatoryCommission,Rockville,Md.,March3, 1992.
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Fig. 6. lnterp_tation of near-crack-alpstressstatein termsof J-Q theory.

2,3 J¢ (Q) Fracture Toughneu Locus and J-Q Trajectory

It has beenproposedthat theconventionalconceptof fracturetoughnessexpressedin terms
of a critical value of J, for example,be extendedto a fracturelocusinvolving combinationsof J
and Q, As illustrated in Fil_, 7 (fro n O'Dowd and S,hih*), the Jc(Q) toughness locus
characterizing the material resistance t( fracture as a functton of constraint is constructed from
application of J-Q methodology to measured toughness data from carefully selected specimen
geometries. Detailed fracture assessments of a crack in a structure under apphed load are
performed by determining a J-Q trajectory that is compared with the Jc(Q) toughness locus to
determine !he propensity for initiation,

Appllcattons to deep- and shallow-crack small-scale fracture specimens demonstrate that
the J-Q approach can provide u unified description of crack-tip fields and fracture toughness, at
least for moderate levels of toughness. In Fig, 8, Jc(Q) to u,ghness loci are compared for single-
edge-notched tension (SENT) and three.point bend (IPB) specimens from HYS0 welds
containing shallow through cracks. The Jc(Q) toughness loci were determined from relations
between T-stress and Q-stress for the material and from T-stress data given in Ref, 21. These
data exhibit progressively more negative values of Q.stress with increasing values of critical
crack-tip loading. However, beyond moderate load levels, the trends from the two specimens in
Fig, 8 dwerge, implying that the J-Q characterization is no longer valid.

"N, P, O'Dowd and C, F, Shih, "Twc_-ParamcterFractureMechanics:Theory anti Applications"(to be
published).
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Fig, 7. Structuralapplicationof J-Q methodologybasedon careful selectionof specimen
geometries to map out J-Q toughness locus and detailed analysis of structure to
determine structuralJ-Q trajectory.
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Fig, 8. Comparisonof Jc(Q) toughness loci for SENT and TPB specimens from HYS0 welds.

3 FracturePredictionModels

3.1 Mleromechanical Model for Cleavage Fracture

The RKR model22 is adopted herein as one means for the prediction of cleavage fracture
initiation in applications to measureddata. This model was chose, because it has been applied to
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' s
A .533B material in the lower-transition and u_t_er-shelfregions, respectively, with some succes.
under nonirradiatedand irradiated conditions.23-25Successful application of the RKR model to
the analysis of fracture in the lower-shelf and in the ductile-to-brittle transition region for a
German RPV-grade steel is also noted.26 On the other hand, some recent investigations appear to
cast doubt on the applicabdity of the RKR model to A 508 class 3, another RPV-grade steel, in
the lower-shelf and transition regions,27

The RKR fracture model hypothesizes that crack initiation can be expressed in termsof the
attainment of critical values of global stress measures determined from a continuum elastic-
plastic fracture analysis. The RKR model postulates that cleavage fracture under Mode I

conditions is governed by the attainment of a temperature-independent critical level of opening-
mode stress over a minin-iumphysical distance ahead of the crack front. The minimum distance
necessary for cleavage fracture is often identified with the distance from the original crack front
to cleavage-initiation sites, It has been suggested in Ref, 26 that both the steep gradient and the
scatterin fracturetoughness that arecharacteristic of the transition region can be attributed to the
experimentally observed scatter in cleavage-initiation sites, thereby providing further
justification for using the RKR model for examining cleavage fracture, However, available data
suggest that both the nature and location of the cleavage-lfiitiation sites vary considerably for
nominally identical RPV-grade materials.26,27 Consequently, a proper consideration of the
m_cromechanicsof fracture, along with continuum constraint effects such as the Q-stress, are
integralelements m applications of this fracture model,

3.2 Stress Contour Correlation Model

A second approach is employed to predict cleavage fracture initiation in test specimens.
The methodology applied hereto is based on a procedureconstructed by Anderson and Dodds28
to remove the geometry dependence of cleavage fracture toughness values for single-edge-
notched bend (SENB) specimens of A 36 steel for a range of crack depths. This procedure
utilizes a local stress-based criterion for cleavage fracture and detailed finite-element analysis.
From Ref, 28, dimensional analysis for SSY ir,_pliesthat the principal stress ahead of the crack
tip can be written as

_-=f , (5)
Oo

where or, is the ().2% offset yield strength derived from a uniaxial stress-strain curve, O'pl is the
maximum principal stress at a point, an_lA is the area enclosed by the contour on which Opl is a
constant. The strategy employed in Ret'. 28 utilizes a fracture criterion dependent upon achieving
a critical volume V('R within which the principal stress is >Opl, For a specimen subjected to
generalized-plane-strain conditions such that O'nldoes not vary in the thickness direction, the
volume is equal to the specimen thickness B tim'es the critical area ACR within the Opl contour
on the midplanc (V('i_= B • A('I,_).This technique was successfully employed by Keeney-Walker
et al. 12to correlate cleavage-initiation toughness data from CT specimens with data from the
large-scale WP-1 series of HSST wide-plate specimens.5
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4 Validation Experiences with j.Q Methodology and
Fracture Prediction Models

4.1 Comparlson of Unirradlated A $33 B Jc(Q) Toughness Loci from
Shallow.Crack and WP.l Testing Programs

Detailed posttest 2-D plane strain analysis results for two specimen geometries are
presentedin this section. The pnrnaryobjecttyes of these analyses are to evaluate the utility of
the two-parameter J.Q concept to characterize the crack-ttp fields up to the onset of crack
initiatton in specimens with different crack depths and to provide a frameworkfor interpreting
and ordering the observed toughness differences be'tween the deep- and shallow-crack
geometries.,Specifically,detailed2-Dfinite-strain,finite-clementanalyseswereparrotedfor

I. sevenspecimensfromtheWP-lseriesofHSST wide-plateexperiments,and
2. sixspeclmensfromtheproductionphaseoftheHSST shallow-crackfracturetoughness

testingprogram.(Threeofthespecimenscontaindeepcrackswlthnominalcrackdepth,to
specimenwidthratioa/W = 0.5,whiletheremainingthreeareshallow-crackspecimenswith
nominal_W =0.1,)

TheORNL WP.I testsS,13provideasetofcrack-initiationdataagainstwhichcomparison
canbemade withthedeep-andshallow-crackdataobtainedintheshallow-crack4 study.The
WP-I specimens were of single-edge-notched (SEN) geometry and fabncated from A 533 B
steel plate (HSST-13A), The WP-1 specimens were 1 m wide, -i0.8 m lorJg, and 0.1 to 0.15 m
thick. Each slde of the specimens was side-grooved to a depth equal to i2.5% of the.specimen
thickness, and in most cases the crackfront was cut into a truncatedchevron corAfiguratmn.

The shallow-crack beam tests4 were performedto produce fracture toughness data that
would quantify the relaxation of crack-tipconstraintassociated with shallow-crack geometries.
Beam specimens were fabricated from A 533 B steel plate (HSST 13B and WP-CE), with
dimensions that vaned from 40.6- to 86-cm length, 10.2-cm depth, and thicknesses of 5, 1{),and
15cm.SharpcracksofdepthsIand5cm (a/W-0.Iand0.5)wereinstalledinthebeams,which
werethentestedinTPB loadingattemperaturescorrespondingtothelower-shelfandthelower-

transition region of the plate material. Figure 2 summarizes the data from the testing program andillustrates the substantial elevation in effective toughness of the shallow-crack beams at
temperatures in the lower-transition region when compared with those of the deep-crack beams.

Finite-element analyses of the wide-plate and shallow-crack beam experiments were
performed using loading conditions measured in the tests, Full-field finite-strain solutions based
on plane strain assumptions were generated from models having a highly refined crack-tip region
and a crack-tip profile with an Initial root radius to facilitate numerical convergence.
Distributions of the opening-mode stress component for a deep-crack beam in bending, along the
crack plane directly ahead of the crack tip, are indicated in Fig. 9 for three loading conditions up
to crack initiation. The stress component is normalized by the ittitial yield stress, Oo, and the
distance ahead of the crack tip is expressed in terms of the norm_tlized distance parameter,
r/(J/oo). In Fig. 9, J is the value of the J-integral associated with the gwen loading condition, and
Pc is the experinaentally determined critical value of the applied load P at cleavage initiation. The
SSY distribution for the specimen material, obtained from a K-dominant boundary-layer
formulation, 4 is also given in this figure. The analysis results in Fig. 9 indicate that crack
initiation for the deep-crack beam occurred under essentially SSY conditions.

Figure 10 demonstrates an application of Eq. (4) to the near-crack-tip fields of a shallow-
crack beam for the determination of Q-stress as a function of applied loading. For the opening-
mode stress component, the Q-stress component is computed as the difference between the SSY
and the full-geometry stress component at a given normalized distance ahead of the crack tip. For
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a given value of applied load, the Q-stress component is relatively uniform over a distance of
2J/Go < r < 10J/t_o in front of the crack tip. The Q-stress component becomes more negative with
increasing load, reflecting a progressive loss of constraint in the shallow-crack beam.

Crack initiation for the WP-1 specimens occurred over a narrow temperature range that
envelops the test temperature of the deep- and shallow-crack specimens. Current understanding
of the J-Q approach would suggest that the Jc(Q) toughness loci from the WP-1 and the deep-
and shallow-crack specimens should be very similar. Instead, reanalysis of the ORNL WP-1 tests
using the J-Q approach indicates a very different Jc(Q) toughness locus for the WP-1 tests as
compared to the deep- and shallow-crack locus (see Fig. 11). The WP- 1 results are based on 2-D
plane-strain assumptions. Toughness values are expressed in terms of K, and they are further
normalized by the plate 13-A small-specimen characterization toughness KIc.

When the wide-plate and shallow-crack beam results are evaluated separately, each set of
crack-initiation toughness data appears to support a J-Q interpretation. That is, higher toughness
values correspond to more negative Q-stresses, which imply a decrease in triaxiality and crack-
tip constraint. Collectively, however, results in Fig. 11 indicate that the WP-1 Jc(Q) toughness

6 I ..... I I ............ I

A 533B, HSST(1987,1992)

O SENT _
5 - SENT _ TPB

-- a/W= 0,2 () --

4 0

3 TPB _C

0 0 TPB

-0.8 -0.6 -0.4 -0.2 0 -0.2
Q-STRESS

Fig. 11. Comparison of shallow-crack and wide-plate crack-initiation-toughness data.
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locus is much steeper than that for the deep- and shallow-crack specimens. The presence of 3-D
effects in the WP-1 specimens is hypothesized to provide at least a partial explanation for the
observed differences between the two Jc(Q) toughness loci. (Tests were performed on three
different thicknesses of the shallow-crack beams, and no 3-D effects were detected in the
toughness data.)

Preliminary results from analyses of CT specimens suggest that a 3-D methodology is
needed to e_tend the J-Q concept to high toughness cases where crack-tip fields deviate
significantly from 2-D plane strain assumptions.* In these analyses, the J-Q methodology was
applied to fracture-toughness data for A 533 B steel previously generated by McCabe and'_9
t,andes,- for a study of thickness effects in the transition region. Analyses of 3-D models of CT
specimens having a common planform of a 4T specimen and thickness of 5.08 and 10.16 cm
were performed and the results compared with those from a 2-D plane strain model. The 2-D
analysis results given in Fig. 12 indicate the absence of in-plane Q-stress constraint effects at
measured fracture toughness values given in Ref. 29. However, results in Fig. 13 for a 3-D model
of the 10.16-cm-thick 4T specimen indicate a significant Q-stress constraint effect through the
thickness of the model at the higher fracture load.

*D. K. M. Shum, "3-D Q-Stress Effects in Compact-TensionGeometry,"Joint Task Group Meetingof
ASTMCommitteesE-24.08.03andE24.08.04,Pittsburgh,Pa., May 1992.
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Fig. ]2. Results from 2-D plane strain model of 4T-CT indicating absenceof in-plane Q-stress
constraint effects.
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4.2 Applications of Fracture Prediction Models to Measured Data

4.2.1 RKR Methodology

Results from application of the RKR prediction model to the WP-1 series of experiments
are given in Fig. 14. Correlations of measured and predicted toughness for the experiments based
on the Q-stress parameter are expressed in terms of K-factors nom_alized by SSY values. For the
WP-1 series (Fig. 14), toughness predictions are given for three values of the critical stress ratio,
Oc/ffo = 2.2, 2.6, and 3.4, where _o = 465 MPa. Results for the WP-2 series of HSST wide-plate
experiments are given in Ref. 15. For both series of experiments, the RKR-model predictions fall
substantially below the toughness values determined from the measured data. Fracture toughness
predictions from the RKR model for the shallow-crack beam specimens are compared with
measured toughness values in Fig. 15. Again the RKR model predictions fall below measured
values, but not to the extent indicated for the wide-plate specimens. Note that these results were
obtained based on 2-D plane strain assumptions, which were the basis for development of the J-Q
methodology. It has not been established to what extent these differences are due to problems
associated with representing 3-D stress states by a 2-D model or to problems with the RKR
prediction model. As discussed previously, applications of the RKR prediction model to measure
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data have been confined to small-scale laboratory specimens. There.may be difficulties with
applications of the model to large-scale structures subjected to nominal 3-D stress states that
have not yet been identified.

4.2.2 Stress Contour Correlation Methodology

In this section, correlations are developed between local crack-tip fields in CT .andwide-
plate specimens utilizing parameters discussed in Sect. 3.2. Specifically, a volumetric or area
maximum principal stress criterion, based on volume, V(al), or area A(Ol), and a critical stress,
a l is applied to analysis results from CT and wide-plate specimen geometries 12that were tested
in the HSST Program.

Two-dimensional plane-stress and plane-strain and fully 3-D finite-clement models were
emplo,yed to generate the local crack-tip fields for the CT and wide-plate specimens. 12 The
numerical analysis techniques utilized both small- and large-strain formulations and the
constitutive model representation for A 533 B steel described in Ref. 5. Detailed descriptions of
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these models are given in Ref. 12, as well as the loading conditions for each analysis performed.
Interpretations of the results are discussed in terms of the fracture parameters that were evaluated
from the local crack-tip fields of the finite-element analyses.

The fracture model described in Sect. 3.2 is based upon achieving an ACR, within which
ffpl > O1. This criterion was applied to the analyses of the CT and wide-plate specimens, and a
po"rtion of the results is summan_zed in Table 1. A maximum principal stre'ss of _pl = 1400 MPa
was used togenerate the contour areas in Table 1. This critical stress is based on the average
maximum principal stress calculated for the 2-D and 3-D analyses of the CT specimens. Also,
Hahn et al.30 esumated that the cleavage microcrack propagation stress for individual grains of
ferrite is 1380 MPa. In Table 1, the area within the stress contour opl = 1400 MPa is tabulated as
a function of load for the 2-D and 3-D finite-element solutions. When these areas are normalized
with respect to the factor (oo/J) 2, the normalized values vary slightly for the 2T.CT specimen
over the range of loading. By contrast, the normalized results for the wide-plate specimens
decrease significantly with increasing load after an initial increase, indicating loss of constraint
with respect to SSY.
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Table 1. Cumulative area within the maximum principal stress contour
Opl = 1400 MPa for CT and WP specimens

Specimen Load J Area Normalized area,
(MN) (MJ/m 2) (mm 2) A*(oo/J) 2

2T-_ 0,144 0.0480 0,1316 13.4
0,158 0,0586 0,2166 14,8
0,162 0.0615 0.2278 14.0
0,180 0,0775 0,3572 i4.0

2T.CT b
0.203 0,1075 0,2774 4.4
0,207 0,1149 0,3002 4.4

WP- 1.3c
7,63 0,0476 0,0328 3,2
8.44 0,0583 0,0328 2.6
8,84 0.0640 0,1186 6,2
9.64 0,0764 0.1268 4,6

1!.25 0.1044 0.1428 2.8
WP.I.6 d

7.46 0,0455 0,0090 0,8
8.29 0,0563 0,0202 1,2
8.70 0,0621 0.0338 1,8
9,53 0,0748 0,0338 1,2

14.50 0,1754 0,2538 1.6
WP.1.2 °

8,81 0,0512 0,0202 1,6
9.48 0.0595 0.0212 1.2

10,16 0,0685 0,0338 1,4
10.84 0.0780 0.0506 1,8
18.90 0,2440 0.2452 0.8

rl"wo.dimensionalelastic-plasticstaticanalysisat T ,,,-75"C,
bTwo-dtmensionalelastic-plasticstaticanalysisatT ,,,-180C.
eTwo-dimensionalelastic.plasticstaticanalysisat T = -5 I*C.
dTwo.dimensionalelastic-plasticstaticanalysisat T -,-19°C,
eTwo-dimensionalelastic.plasticstaticanalysisat T., -33"C,

In the 2-D analyses of the CT specimens, the area corresponding to the smallest initiation
load (0.144 MN) is given by ACR = 0,1316 mm z, Comparing this with the area from the wide-
plate analyses, the same critical area is achieved at an applied load of ~15.7 MN for WP-I.2,
10.06 MN for WP-1.3, and 10.83 MN for WP-1.6; the critical areas corresponding to the
initiation loads are 0.2452, 0.1428, and 0,2538 mm2, respectively. In Fig. 16, the applied J values
calculated from the 2-D analyses for the 2T-CT and wide-plate specimens are plotted vs the area
within the critical stress contour, Ool = 1400 MPa, at each load step. For given values of ACR
and temperature T, values of the J.iritegral for the wide-plate specimen lie above those for the CT
specimen, reflecting the differences in crack-tip constraint in these two geometries.

Using the critical areas at initiation for the 2T-CT specimen at-75 and-18"C, a prediction
can be made for J at initiation of the wide-plate specimens. From the CT specimen results, the
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Fig. 16. J-integrdvaluesvscriticalareawithincriticalstresscontourof 1400MPa in 2T-CT
andWP specimens,

icted ACR values at initiation, at-75 and-18°C, are0.234 and 0.288 mm2, respectively,s implies thattheJ valueat initiationforthewide-platespecimenwithacrack--tiptemperature
of-33°C should lie in the interval (0.233, 0.255) MJ/mz. The calculated J value at initiationfor
WP-1.2 was 0.244 MJ/m2. Thus, the 2-D analyses of the 2T-CT specimens at-75°C and at
-18°C provide contour areas corresponding to initiation that are consistent with the values
calculatedfromthe2-DofWP. !.2and -1,6,

5 Biaxlal Tensile Stress Effectson Fracture Toughness

S.I Objectives,Scope,andStructureoftheStudy

In Ref. 15, the specific objectives of the HS.STinvestigation concerning biaxial tensile
stresseffectsonfracturetoughnessaresummarizedm thefollowingelements:

I, identificationandevaluationofex!stingbiaxialfractu_toughnessdata,
2. select!onoffractureparametersstatableforcharactenzmgthefractureprocess,
3. selec.onoffracturepredlctionmodelspotentiallycapableofincorporatingtheeffectsofout-

of-plane,stressesonfracturemiuation,
4. applica.onsofthe,fracturepredictionmodelstoexistingmeasureddataintheplanestress-to-

planestraindomainandcomparisonsbetweenthepredictedandmeasuredresults,and
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5, applications of fracture predictionmodels fromelement (4) to thepredictionof positiveout-
of-plane stress and strain effects on fracture initiation toughness.

Assessments of studies devoted to each of these elements _ given in the following sections.

$.2 Interpretations of Existing Experimental Data

This section provides a summary of experimental data from several testing programs that
were identified as potentially relevan! to issues concernmg the effects of out-of-plane biaxi_
stress on fracture toughness. Only limited evaluations of these data have been performed using
the fracture methodologies descnbed herein, Thus far, these data and evaluations have not

rovided a consistent and unambiguous basis for understanding the relationship between
iaxiality and toughness,

Pennel116 has suggested that results from thermal.shock cyl!nder experiments 31 and
shallow-crack beam tests ;_conducted in the HSST Program provide insight into the impact of
blaxial far-field s_ss distributions on fracture toughness, Results from the shallow-crack testing

rOgram, shown in Figs, 2 and 17, indicate that the lower-bound to the shallow-crack beam
acture d_t) is -60% greater than that of the deep-crack data in the lower-transition region,

[Analyses 2 of PTS transients have shown that crack initiation is most likely to occur at a
temperature relative to the reference nil-ductility transition tcmoerature (RTNDT) associated wi.th
the lower-transition region of the fracture toughness curve.]The thc,rmal-shockexpenments31
also employed shallow cracks having depths comparable tO those in the shallow-crack beam
tests, but wah a very long crack front, In Fig, 17, results from these tests show crack-initiation
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Fig, 17. HSST shallow-crack and thermal-shock data with ASME lower-bound curve,
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toughnessvalues from the thermal-shockexperimentsthat am _bstantially lower in magnitude
than toughness values that would have been inferred from the shallow-crack data, ,

Tensile out-of-plane biaxial stresses have been linked to a decrease in effective fracture
toughness in other applications, Experimental and analytical studies3! -31_were performed at
Bundesanstalt fur MaterialprUfung (BAM), Germany, to determine the influence tensile out-of-

plane blaxial stresses on fracture toughness of engineering structures, The program at BAMutilized several different test specimens, beginning v,ith a double.T-shaped geometry loaded in
uniaxial tension, A biaxial nominal stress state was attained in the 50- by 80-ram cross section of
the specimen via a transverse bending stress that develops in conjunction with the uniaxial

tension component, The ratio of the tensile component to the transverse, component of stressalong the crack front had a maximum value of 1:0,3 and a mean value of 1.0,15. For comparison
purposes, SEN specimens of the same cross section as the double.T specimens were fabricated
from the same material (22 NiMoCr37 steel) and tested. Aurich et al. 34 reported that fracture
toughness (K¢) values of the biaxially loaded specimen were -25% lower than those of the SEN
specimen.

A later study _ported by Aurich et al, 3R focused on a plate-shaped specimen having
dimensions 1000 x 1000 x 140 mm with a canoe-shap¢_ (flat-bottom) surface crack of depth a =
83 mm and length 2c = 480 ram. The plates were loaded in eight-point bending to produce a
biaxial su'css state along portions of the crack front, For comparison, CT specimens from the
samematerialas theplateswere testedover the sametemperaturerange astheplates.Toumhness
data vs temperature for the biaxial plates are compared with CT-100 specimen data_, ' in
Fig; 18. The toughness values of the biaxial plates arc lower than those obtained from a very
limited number of uniqxially loaded CT.:_pecimenstested at low temperatures,but the large
scatterin the CT specimt.ndata precludesa similar interpretationat temperaturesabove.-40°C,
Becausethe nominal bc,lding stressesalong the fiat-bottom portion of the crack front wen

compressive,cleavage-crackinitiation always occurredat pointson theendradiusof thecrack,
In this region, the far field stresscomponentswere oblique (or normal), rather thanparallel, to
thecrack front. These characteristicsof thestressfieldscastdoubton any interpretationof out-
of-planestresseffectson fracture toughnessfrom thedata in Fig. 18.

Unpublisheddatafrom CNITMASH, Russia,concerningfracturetoughnessunderbiaxlal
loading conditmns were reponed by M. Brumovsky.t Biaxial loading was produced in a
spinning-diskfacihty that utilizedcirculardiskswith a diameterof 450 to 600 ram, a thicknessof
150 mm, and surface cracks of 40-mm maximum depth and 200-ram lenllth. In these
experiments, an estimated 37% reduction in Kc was reported for the biaxiaily loaded spinning
disks, as compared with data from uniaxially loaded specirncns,

Figure 19 depicts the reduction in fracture toughness (in percent of Kc) expressed as a
function of biaxiality ratto (out-of-plane stress/normal stress) inferred from a ponmn of the
testingprogramsdescribedabove.Detailedfinite-clementanalysesemployingthe methodologies
describedin thispaper havenot beenperformedto provideupdatedinterpretationsof the biaxial
test resultsfrom BAM and CNITMASH. Some preliminary resultsfrom reanalysisof ORNL
thermal-shockdatausingtheJ.Q methodologyaredescribedRef. 39.

"personalcommunication,D. Aurich,BAM, Berlin,Germany,to J. (3. Merkle,Oak RidgeNational
Laboratory,August3, 1991,

"l'Personalcommunicationto W. E, Pennell,OakRidgeNationalLaboratory,fromM, Brumovsky,$koda
Works,Czechoslovakia,MayI 1,1992.
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Fig, 18. Comparisonof fracture-toughnessdatavs temperaturefrom BAM biaxialplateswith
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5.3 StatusAssessmentof Investigationon BlaxlalStreu Effects

Experimentaldatasummarizedin Sect, 5,2 from severaldifferenttestingprogramshave
beenproposedby researchersasevidenceof a significantdecreasein fracturetoughnessdueto
positiveout-of-planeb=axia!stresseffects. Estimatesof reducedtoughnessfor specimens
subjectedto.equiltbiaxialload=nghaverangedas highas 40%, whencomparedto untaxial
loadingconditions(Fig, 19).Somepreliminaryanalysesemployingthemethodologiesdescribed
hereinwereperformedto provideinterpretationsof biaxialtestresultsfroth thethermal.shock
andshallow-crackbeamdata.

Two different analytica! approachesto the biaxial stressproblemwere selectedfor
evaluation through applicatmnsto measureddata from intermediate, and large-scale
experiments,The K-T andJ-Q fracturemethodologieswereemployedto correlatefracture
initiation in these experiments. Also, a stress contourmethodology was used to relate cleavage
crackinitiationto theattainmentof acritical areaenclosedwithina selectedmaximumprincipal
stresscontouraheadof thecracktip.
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Fig, 19, Experimental data indicatingdecreasetn fracture toughnessdue to effects of out-of-
planebiaxia] stresses,

r . !n.Sect, 4, the RKR mode! wai applied to fraczure-initiation-toughneii data generatedinne N:_3T Program Item large scale wide.plate experiments and shallow-crack beam tests,
Comparisonsof measured and predicted toughnessfor the WP-I and -2 series of wide-plate
experiments indicate thpz the RKR mode] predictzonsfall substantially below the toughness

va.]u.,esdet.e_in_ from _al.ysis of the measureddata, Fracture toughnessp_ctions from theKP,,Kmoael for the shallow crack beam specimenswere comparea with measured toughness
values for three values of critical stress, Again, the RKR model predictions were below measured
values, but not to theextent observedin the wide-platespecimens,

]n Ref, 39, preliminary results from analyses of the TSE-SA ex_riment imv]y that
V , i, I _'trans erse loadingof the cylinder dueto then'natshockdzdnot significantly influencecrack-tip

constraint as measured by the in-plane Q-stress parameter. Also, fracture prediction models
based on attainment of a cn.cal in.plane stresswould not predict a significant influence of
transverseloading on fracturetoughnessof the cylinder, These results are consistent with the

' experimentally observedtoughnessdata fromTSE-SA.
T
hemaximum principalstresscriterionbasedon achievingacriticalareawithina selected

principalstresscontoursuccessfullycorrelatedthecleavage-inltia.ontoughnessvaluesforwide-
platetestsWP.I.2 and -1.6withmeasuredtoughnessvaluesfrom 2T.CT specimentests.
However, attemptsdescribedin Ref, IS to calibratethe stresscontourmodel basedon a very
limited setof measureddata from 4T.CT specimensof A S33 B steelwere unsuccessful,In the
latter case, the experimental data were not reported in sufficient detail to permit adequate
modeling ofthe load vs load-linedisplacementcurvesof the testspecimens,

The general finding is that applications of these fracture models to existing small- and
large-scale fracture test results did not produce consistent results in predicung fracture behavior.
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Thus, theeffectsof biaxial out-of _[anestresseson fracturetoughnesscannotbe predictedhere
on the basisof validatedmodels. Notwithstandingthesegeneral findings,toughnesspredictions
implied bythese models for out-of-planestraineffects wereprovtded in Ref. 15 for Rfer_nce
purposes.Within the assumptionsof the various modelsandanalyses presentedhere, tensile
transverse strains are predicted to produce a relatively small decreasein effective cleavage
fracture toughness when compared with that of tdcnttcal specimens loaded uniaxially,
Applications of the RKR model(described in Appendix C of Ref, 15) and the stresscontour
methodology(describedin Appendix D of Ref, 15) supporta reductionin cleavagetoug,hnessOf
•-9 to 20% due to positivestrains.However, becausethe fracture methodologiesconstderedin
this study have not been successfullyvalidated using fracture data that involve out-of-plane
straining, uncertaintiesremain with these estimates such that they cannot be applied with
confidencein addressingquestionsthataffect licensingandregulatoryissuesfor RPVs,

$.4 Proposed Blaxlal Testing Program

Based on the foregoing assessment, it is apparent that testing of RPV steels is required
(1) to dete_ine the magnitude of out-of-plane biaxial loading effects on fracture toughness and
(2) to provtde a basis for development of predictive models, The most desirable program woul d
involve suitable test specimens and loading conditions for which the only variables are imposed
bniaxialloading components. This course of action is necessary to support a refined treatment of

-plane and out-of-plane constraint effects on crack inittation from shallow cracks under PTS
loading conditions. As a consequence, a testing program is described herein that is designed to
provide data to explain differences between theoretical predictions and measured material
behavior,

The objective of the proposed biaxial fracture testing program is to obtain fracture
toughness data under conditions of uniform far field biaxial stresses for comparison with
toughness data from uniaxial loading conditions. In addition, the experimental data from the
proposed testing program will provide much needed data for the purpose of verifying and
refining the fracture prediction methodologies that form the basis of the analytical predictions
described in previous chapters., ,

, The configuration and dimens!ons of a blaxial bend specimen proposed for the HSST
biaxlal testing program arc depicted in F!g. 20. The biaxial bend specimens are fabricated from
A .533 B steel-plate previously employed m an HSST wide- late testingp grroam. The specimens
have a cruciform-shaped geometry with a cross section oFdlm,ensions -10:2 x 10.2 cm and a
straight through-crack of depth 1.02 cm. A statically determinant five-pore! loading system
produces equtbiaxial stresses on the crack. These dimensions and loading conditions allow for a
direct comparison of the b!axial bend specimen results with those from the previously tested
HSST shallow.crack umaxlal bend specimens. 4 An assessment of the influence of out-of-plane
biax!al tensile stresses on fracture toughness can be made from a comparison of results from
biaxla! and uniaxial loading conditions, A discussion of the test matrix, the structural and
fracture analysis results, and the interim test data will be given in future HSST reports.

6 RPV Analysis

This section presents detailed 2-D plane strain analysis results for an RP,V w!th an inner-
surface axial flaw subject to a postulated PTS transient. 4 The PTS transient simulates the
pressure-temperature history of an RPV during an SBLOCA. The primary objectives of these
analyses are to (1) evaluate the utility of the two.parameter j.Q approach to characterize the
crack-tip fields in an RPV throughout a PTS transient and (2) present a methodology that
|ncorporates small-specimen Jc(Q,T) toughness locus data in the safety-margin assessment of an
RPV.
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Fig. 20, Configuration and dimensions of biaxial bend specimen proposed for biaxial testing
program.

6.1 Material Models and Analysis Assumptions

Three material models that simulate a wide range of tensile properties for RPV-grade
materials have been considered, The first material model simulates the unirradiated tensile

properties of A 533 B steel plate _HSST plate 13B) at _0°C and can be considered as a lower-
shelf temperature material model. 4 In subsequent discussions this material model is referred to as
Case 1. The second material model (Case 2) simulates the unirradiated tensile properties of
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A 533 B steel plate (HSST.l_late 13A) at 180°C and can be considered an upper-shelf-
temperature material model. 1-_The third material model (Case 3) simulates the irradiation-
embrittled.tensile properties of A 533 B (HSST plate 13A).40A 1 The uniaxial true-stress, true-
plastic-strain curves in tension are modeled for Cases 1, 2, and 3 as indicated in Fig. 21,

The RPV being considered in this study has an inner radius of 1384 mm and a wall
thickness of 200 mm. A 2-D inner-surface axial flaw with a depth of 10.2 mm is assumed to exist
in the vessel, representing a flaw-depth-to-wall-thickness ratio of a/W - 0.05. The PTS transient
indicated in Fig. 22 simulates the pressure-coolant temperature history of an RPV during an
SBLOCA. The operating pressure and temperature of the RPV before the onset of the transient
are 14.1 MPa and 268°C, respectively. Analysis of the fracture response of the RPV was based
on the three material models depicted in Fig. 21.

6.2 RPV Crack.Tip Stress Fields Under PTS Conditions

The effects of the PTS loading on the RPV as reflected in the j-integral vs time relation
is relatively insensitive to the material model adopted in the analysis. The magnitude of the
J-integral at operating conditions Jop, and its ma×imum value at --1200 s into the transient Jmax,
are listed in Table 2 for the three/naterial models. The magnitude of the J-integral increases
monotonically with transient time up to --1200 s; unloading of the crack tip as characterized by a
decrease in the magnitude of the J-integral occurs after that time.

Distributions of the "opening-mode" stress component for the RPV based on Case 1-3
material models, along the crack plane directly ahead of the blunting notch tip, are indicated in
Figs. 23-25 for various times during the transient up to--1200 s. The stress distribution

900
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Fig. 21. Uniaxial true stress-true plastic strain curve in tension for Cases 1, 2, and 3.
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Fig. 22. SBLOCA pressure and bulk coolant temperature .(P-T) history.

Table 2. Magnitud_ of the J-integral at operating
conditions Jopand its maximum value

Jmax at -12'00 s into the transient
for Cases 1, 2, and 3

Jop Jmax at ~ 1200 s
(ld/m 2) (ld/m 2)

Case 1 2.05 20.3
Case 2 2.14 19.5
Case 3 2.2 17.9

associated with the RPV operating pressure and temperature is labeled as t = 0 s. Also, the SSY
distribution for each material model is indicated in Figs. 23-25.

Analysis results in Fig. 23-25 indicate that the crack-tip fields in the RPV have deviated
from the SSY distribution even under operating conditions. The extent of the deviation from SSY
conditions increases as the transient progresses through time. These results indicate that should
crack initiation occur for Cases 1 and 2 in the neighborhood of 1200 s into the transient, it would
do so under substantially non-SSY conditions. However, for up to 1200 s into the transient, the
deviation of the crack-tip fields for Case 3 from the SSY distribution is not as significant as
either Cases 1 or 2.

522



o 4.0

--0--- SSY

_-C]---- t=Ost:)
u_ _ t=72s

3.5
_ t=318s

u) _ t=617s

"_ _ t = 985 s

E_ a.0 ------B-- t=1185s
_=,==
r'-
(l)
0.

O
"10 2.5
O
N

E
O
Z 2.o

2.5 5,0 7.5 10,0

Normalized Distance, r / (J/a0)

Fig. 23. Distributions of opening-mode stress component for Case 1 material model: SSY and
PTS loading up to maximum loading at ,,1200 s into transient.

The results from Figs. 23-25 indicate that a calculated value of the Q-stress, based on a
single location in the range of 2 < r/(J/o0) < 10, is somewhat sensitive to the exact location. This
sensitivity decreases with increase in loading time and essentially disappears by 1200 s into the
transient° A factor that may contribute to the observed sensitivity is that a PTS transient involves
thermal-mechanical loads. Available analyses on the evaluation of the Q-stress thus far involve
only mechanical loads. However, it is emphasized that the utility of the Q-stress approach is not
per se dependent on the nature of the applied loading (e.g., mechanical vs thermal-mechanical)
but depends only on the existence of crack-tip fields of the J-Q type as discussed in Sect. 2.

6.3 Effects of PTS Loading on the RPV in Terms of J-Q Values

Analysis results appear to support the applicability of the J-Q approach and interpretation
method under PTS conditions. Results from Figs. 23-25 indicate that the Q-stress parameter
[from Eq. (4)] can be defined up to maximum loading (t S 1200 s) as characterized by the value
of the J-integral during the transient. The effects of PTS loading on the RPV in terms J-Q values
are indicated in Fig. 26 for all three material models up to ,.-1200 s into the transient. Although
not explicitly indicated, both transient time and crack-tip temperature are parametric variables
along the three J-Q trajectories indicated in Fig. 26. Also, values of the J-integral are only
slightly different for the three material models throughout the transient up to maximum loading
(see Table 2). On the other hand, the differences in the assumed tensile response associated with
the three material models result in greater differences in terms of Q-stress values. Specifically,
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Fig. 24, Distributions of opening-mode stress component for Case 2 matedal model: SSY and
PTS loading up to maximum loading at -1200 s into transient.

the absolute value of the Q-stress in Fig. 26 for Case 3 conditions (simulated irradiation
embrittlement) is muchlower thanfor eitherCases 1 or 2 (unirradiated).

6.4 Incorporation of Small.Specimen Jc(Q,T) Toughness Locus Data in RPV
Safety-Margin Assessment

A methodology to incorporatesmall-specimen Jc(Q,T)toughness locus data in the safety-
marginassessment of anRPV is presentedin this section. Forsimplicity, it is assumedthat typed
warm prestress (WPS) is operative duringthe unloading phase of this transient,so attentionis
focused on the PTS transientonly up to ~ 1200 s.42 It will be shown that the predictedmarginof
safety in RPVs under PTS conditions is then greaterbased on the two-parameterapproachthan
that based on the conventional one-parameterapproach. A schematic illustratingthe differences
between the one- and two-parametersafety-margin assessment methods is given in Fig. 26, in
which the appliedJ-Q trajectoriesfor Cases 1to 3 illustratepossible RPVresponses as a function
of (simulated)in'adiationembrittlementof the vessel.

During a PTS transient,the crack-tiptemperature,and hence fracturetoughness, decreases
monotonically with transient time. A curve that schematically illustrates the locus of one-
parameter irradiatedfracturetoughness,denotedas Jc(T),is shown in Fig. 26. The one-parameter
Jc(T) toughness locus does not dependon the Q-stress parameter,butits indicatedvariationwith
Q-stressis strictly anindicationof the dependenceJc(T)on crack-tiptemperature.The margin of
safety can then be established based on comparingthe value of the applied J-integralto Jc(T) as
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Fig. 25. Distributions of opening-mode stresscomponent for Case 3 material model: SSY and
PTS loading up to maximum loading at ,-,1200 s into transient.

indicated in Fig. 26. Thus, the transient may be most severe, and the margin of safety at a
minimum, at the transient time associated with the maximum value of the applied J-integral.

Also schematically indicated in Fig. 26 is a curve denoted as Jc(Q,T) that, based on
available small-specimen unirradiated toughness data such as those from the HSST shallow-
crack testing program, is believed to qualitatively illustrate the anticipated Je(Q,T) toughness
locus trend for irradiated RPV-grade materials. Available (isothermal) unirradiated results
suggest that the Jc(Q,T) toughness locus depends weakly on the Q-stress for the approximate
range of Q > --0.2 (see, for example, Ref. 21). This weak dependence is reflected in the near
coincidenqe of the Jc(Q,T) and Jc locus in that Q-stress regime. Further, it is assumed that
"shallow-crack" toughness enhancement dominates over the toughness degradation associated
with decreasing crack-tip temperature. For values of the Q-stress in the range Q < --0.2, the
experimentally observed "shallow-crack" or Q-stress effects on toughness are reflected in the
elevation of the Jc(Q,T) locus above the Jc(T) locus. The indicated Jc(Q,T) toughness locus is
qualitative in nature due to the absence of irradiated experimental data. However, the point is that
the margin of safety, for example, at the transient time when the applied J-integral is maximum,
is predicted to be larger based on the two-parameter Jc(Q,T) approach as compared with the
conventional one-parameter Jc(T) approach. Furthermore, depending on the actual shape of
Jc(T), Jc(Q,T), and the applied J-Q trajectory, the time at which the PTS transient is most severe
in a J-Q approach, defined as the minimum margin of safety, might differ with that determined
using the one-parameter J-only approach. Most importantly, a crack that is predicted to initiate in
a PTS scenario based on the Jc(T) approach might be predicted to be stable based on the more
general Jc(Q,T) approach. However, it is emphasized that the requisite Jc(Q,T) toughness locus is
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Fig.26. SchematicillustratingmarginofsafetybasedonJ.onlyorJ-Qtoughnessdata.

notyetavailableforeitherunirradiatcdorirradiatedRPV-grade materials.BeforetheJ-Q
analyslstechniquecanbeappliedtoRPV analyses,thetechniqueitselfn.cedsfurtherverification.
Inaddition,thedeterminationandapplicationofJc(Q,T)toughnessdatarevolvethemsolutlonof
severalissues,whicharesummarizedinthefinalsection.

? ConclusionsandRecommendations

Studiesweredescribedhereinthatseekto addressshortcomingsof theconventionalone-
parameter(K or J) fracturecorrelationmethodsthroughdevelopmentandevaluationofvarious
two-parametermethods.Twodifferentanalyticalapproachesto theproblemwerepresentedin
thepaper.TheK-TorJ-Qapproachcharacterizescrackinitiationintermsofdescril_tionsofthe
nearcrack-tipfieldsthatincorporateeffectsofthehigher-orderT-stressforLEFM conditionsor
theQ-stressformoregeneralEPFM conditions.Thesecondapproachisbasedon a stress
contourmethod,whichcorrelatescleavagecrackinitiationwiththeattainmentofacriticalarea
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enclosed within a selected maximum principal stress contour surrounding the crack tip, In
preliminary evaluations, these methodologies were applied to experimental data taken from
several intermediate- and large-scale testing programs, Applications of the methodologies to
analytical studies concerning biaxial stress effects on fracture toughness and safety margin
assessments of an RPV subjected to PTS transient loadings werealso presented.

While the fracture correla!ion methodologies appear to show promise in beingabl¢ to
model different crack-tipconstraint levels, numerous issues were ide,ntlfied in the HSST studies
that requirefurther investigation, Recommendations for future workinclude the following:

1. Resolve different Jc(Q) data, Recent reanalysis of the ORNL wide-plate tests using a
2-D, J-Q analysis and the HSST shallow-crack beam J-Q analysis produced different sets of
Jc(Q)data, According to the underlyingtheoryof the J-Q technique, these data sets should have
been similar. This discrepancywill have to be explained beforethe J-Q techniques can be used in
RPV fracturemethodology,

2. Generate additional Jc(Q) toughness data. The Jc(Q) toughness locus for A 533 B steel
needs to be better defined, In particular, Q-stress data between 0 and -0.7 need to be collected.
Additional'analyses of HSST shallow-crack beams need to be performed, in addition, scatterin
the Jc(Q)data exists that needs to be quantified, Finally, the current Jc(Q) data are based on 2-D
finite-element analysis and 3-D specimen data, The introduction of 3-D effects not previously
considered needs to be assessed,

3, Perform sensitivity analyses of applied J-Q data. Analyses presented in this paper are
based on one RPV geometry using one particular transient. Sufficient analyses needto be
performed on multiple RPV geometries and PTS transients to determine the sensmvity of the
applied J-Q curve to important PTS parameters (such as pressure level and thermal-shock
severity).

4. Determine applicabilityof J-Q approachto irradiateddata. Available Jc(Q,T) toughness
locus data, including the HSSTshallow-flaw data, arc limited to unirradiated material properties
and simple laboratory-specimen geometries. Results from the HSST shallow-flaw testing
program appear to indicate that the "shallow-flaw" or Q-stress effects on unirradiatcdtoughness
might be amendable to some form of RTNDTshift, It remains to be determined if an appropriate
temperature-shift methodology could be estabhshed for irradiatedJc(Q,T)toughness data.

5. Determine influence of biaxial loading, Currentlythe influence of out-of-plane (biaxial)
loading is inferred from HSST thermal-shock and shallow-crack data. The direct influence of
biaxial loading needs to be shown analytically and experimentally. Additional analyses and
alternate fracture criterion may be required to explain the HSST shallow-crack toughness
evaluation and the lackof toughness increase in thermal-shock data, ,

6, Determine applicability to cleavage/ductile fracture mteractmn. Studies should be
performed to evaluate dual parameter models for predicting ductile tearing initiation followed by
cleavage fracture in the transition region. These capabilities are important for improved safety
margin assessments of RPVs subjected to PTS loading.

7. Evaluate alternative fracturemethodologies, ,lvestigations should be initiated to develop
and evaluate other potential fracture correlation methodologies for characterizing constraint
conditions.
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Prediction of the First Spinning Cylinder Test Using Continuum DamaBe
Mechanics
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Abstract: For manyyearslarge.scale ex_rtments have been perfo_d world.wide to
validate aspects of fracturemechanics methodology. Special emphasis has been given to
correlationsbetweensmall- and large-scalespecimenbehaviourin quantifyingthe structural
behaviourof pressurevessels, piping and clmures. Within this context, the first three
Spinning _linder Tests, performedby AEA Technologyat its Rlsley Laboratory,tddressed
the phenomenonof stablecrackgrowthbyductile t_nil in contained yield andconditions
simulatingpressurisedthermalsh_k loadingin a PWR reactorpressurevessel. A notable
featureof thetest data was thattheeffective resistanceto crackgrowth,as _uur_ in terms
of the J R-curve,was appreciablygreaterthin thatanUcipatedfromsmall-u:ale testing,both
at initiationandaftersmall amounts(a few m!llimemss)of tearing,

In the pre_nt paper,two independentfiniteelement analysesof the Fire SpinningCylinder
Test (SC 1) arepresentedandcompared. Bothinvolvedapplicationof the Rousseiierductile
dztmagetheoryin an attemptto betterunderstandthe transferabilityof test datafrom small
specimens to structuralvalidationtests, in each instance,the parametersassociatedwith the
theory'sconstitutiveequationwerecalibratedin termsof data fromnotched-tensileand (or)
fracturemechanicstests, metallographicobservationsand (or) chemical composition. The
evolution of ductile damage local to the crack tip duringSC 1 was thereby calculated and,
togetherwith a crackgrowth criterion based on the maximisation of opening-mode stress,
used as the basis forpredictingcylinder R.curves(angular velocity vs. As, J .integralvs. As).
The results show the Rousseiiermodel to be capableof correctlypredictingtheenhancement
of tearingtoughnessof thecylinder relative to thatof conventionaltest specimens,given an
appropriatechoice of finite element cell size in the region representing the crack tip. As
such, they represent a positive step towards achieving the goal to establish continuum
damagemechanicsas a reliablepredictiveengineeringtool.
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l,-_!roductlon

During the last decade, several larse-scale test programmes have been mounted
world-wide to validate the fracture mechanics pflnciples employed in the s_ctural integrity
assessment of LWR pressure vessels, in p_cular, the Spinnins Cylinder Test Facility / I]
was desired and constructed to validate the fracture mechanics principles used in UK civil
PWR pressure vessel safety cases. To date, six Jpinninll cylinder tests have been conducted.
The first three tests were aimed at a pro_ssive demonstration of stable crack 8rowth by
ductile te_n8 in contained yield and conditions simulatin8 pressurised thermal shock
loadins. Each involved a full length axial defect (fstisue p_racked to a0/W - 0.55) in a
cylindrical test specimen of modified A508 Class 3 pressure vessel steel preheated to a
temperatureof 290°C. In the Firsttest ducdle crack _wth was jenerated by pro_llively
increasinil the rotation speed to simulate pressure Ioadinj. In the second it was 8enerated by
thermally shockin8 the inner surface of the cylinder with water at mbient temperature. In
the third it was 8enerated by combined rotational and thermal shock loadins. In each case s
notable feature of the test data was that the effective resiltance to _k _wth, as meas_
in terms of the J R-curve, was appreciably greater than that anticipated from small.scale
(compact specimen) testin 8, both at initiation and after small amounts (up to a few
millime_s) of tearinB, This effect, whilst not explainable in terms of the conventional
theoryofJ-controlled Ip'owth[2], must be ultimately understandable in termsof the variation
of crack-alp stresses and strains as s function of 8eon',eu'yand loadinj confisuradon, and the
materials response to these variations. On this basis, the transferability of data from standard
compact fracture mechanics specimens to sptnnin8 cylinder tests may be investijated
numerically by simulatin$ the evolution of ductile damase caused by the nucleation and
ip'owth of micro.voids in response to crack-tip jtrese and strain fields, This enables direct
predictions to be made of crack initiation and subsequent growth. By combinln 8 the results
of the numerical simulation with independent J-integral calculations, J R-curves may be
calculated. By performinj separate computations for compact s_imen and cylinder it is
possible to see if their respective crack growth responses may be reconciled in terms of a
tran.rferable constitutive equation repmsentin8 theductile crack lFowth p_ss,

The purpose of this paper, then, is to compare two recently-published finite element analyses
[3,4J of the First Spinninj Cylinder Test (SC 1), both of which used the above damaje
mechanics approach. Each involved applicadon of the Rousselier ductile demaje theory {.f]
in an attempt to address key questions reSardtn$ the transferability of fracture toushness test
data to structures. In both instances, the parameters associated with the theory's constitutive
equation were calibrated in terms of data _m notched.tensile and (or) compact specimen
tests, metallographic observations and (or) chemical composition. The evolution of ductile

damage in response to the local (crack-tip) values of stress and au'ain durin8 $C 1 was
thereby calculated and, together with a crack growth criterion based on the maximisation of
openins-mode stress, used as the basis for predicting cylinder R-curves (ansular velocity vs.
As, J -integral vs. &a). The results of these studies are therefore examined to see whether the

continuum damase mechanics approach has potential for becominj a reliable predictive tool
for the transfer of ductile tearing test results to structures.
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Outline Details of the First Spinnln 8 Cylinder Test

The ex_rimental details of Spinninj Cylinder Test I are described fully in [l].
Briefly, the 8eneral _ngement or the apparatusis shown in Fig. i, where the central feature
is an 8-ton cylin_cai test s_Imen (l.3m long, i,4m OD, 2_ wall thickness) suspended
by a flexible shaft from a single pivoted bearing ,o that it is free to rotate about the vertical
axis. The drivinj power is provided by a 375 kW DC motor mounted on a horizonta]
_sted, andis transmittedvia a dght-anglegearboxwith 2:1 step.upratio (maximumd©zisn
speedof 3500 rpm at therotor). A dampingdevice (not shown)is attachedto the he'nil
pivot to stabilisethe rotor asainst aerodynamicallyinduced precessionalmotion. The
cylinderis suspendedin a reinforcedunder_und enclosureforsafetycontainment.Eight 3-
kW heatersmounted vertically within the testenclosureprovided the necessarythermal
energyto raisethe temperatureof thecylinderto a pretestvalueof 290°C.

The rotationspeedof thecylinderwasmeasuredby threeindependentdevices, _e primary
speedindicationwasananalosuetachometer,which alsoprovidedthe conltoi signalfor the
motor servosystem. The back.upsystemsweretwo digital counters,oneelectxomagnetic
andtheotheroptical.

The primary methodemployedto measurecrackgrowthduring the testwasthe alternating
currentpotentialdifferencetechnique(ACPD). Three setsof ACPD probes were situated

25rnmabovethebottomof themachinedslotin differentaxial locations. Thecracktip was
locatedat thebottomof this slot, The connectionsfor the drivin8 current(0.4A at lkHz)
were on oppositesidesof the slotsothatthecurrentbetweenthempassedaroundthe crack
tip. The voltageprobeswere deployedsimilarly. Back up measurementsof crackgrowth
wereobtainedfrom five backfacestraingaugesweldedon theoutersurfaceof thecylinder
behindtheslot. Additional instrumentationcomprisedthreepairsof clip i;ausesto monitor
changesin theslotgapc]mely adjacentto theACPD stations,andanarrayof thermocouples
to measu_ the cylinder temperaturevariationsaxially, circumferentiallyand throughthe
thickness.

All instrumentationsignalswere routedthrougha data logging systemthat processedand
_corded themat presele_tedfrequenciesof up to 0.17Hz. All datawere storedto harddisc
on line andbufferedto a printer. Selecteddatawerealsodisplayedon a visualdisplayunit;
in particular,thecrackgrowthsignalswerefurtherprocessedby satellitemicrocomputento
providea graphicaldisplayof growthasa functionof speed.

In order to generatea J R.curvefrom the testresultthe relationshipbetweenrotationspeed
andcrackgrowthwasestablishedby a processof calibration. In particular,the temperature-
correctedACPD signal wasp]ouedagainstthesquareof therotationspeedandthepoint at
whicha pronouncedchangeof slopeoccurredwasidentifiedasthepointof tearinginitiation.
Valuesof the J-integralcorrespondingto a particularvalueof crackgrowthwereobtainedby
finite elementanalysisusinii theABAQUS (1984) C_. Version 4.5 was used, in which
valuesof theJ.tntegralareevaluatedbytheVirtual CrackExtensionmethodusingParks'[6]
stiffnessderivative method. The cylinder wasmodelled in two-dimensionalplane strain
usingcight-nodcdbiquadraticquadrilateralelementswith reducedintegration.
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The Rousseller Continuum Damage Model

The Rousseliercontinuumdamage rachel 15/provides a descriptionof ductile tetu'ing
behaviourbased on the plastic potential F and the yield criterion F = O. The resulting
constitutiveequations,deflved using the normalityrule151are:

= R(p) ¢2)
P

F.=DB(,)exp(p-_, ) (3)

Here. Fh denotes the hardeningterm and Fs denotes the softening (or damage) term. The
quantityp is the materialdensity. R(p) is representativeof the materialtrue-stressvs. true-
straincurve, D is a constant,Om is the meannormalstressand Ol is relatedto the material
flow stress, The termB([_)is given by:

A c4)
where

#= :)] (5)

and13isthedamagevariable,Thequantitiesfandfoarerespectivelythecu_ntandinitial
valuesofthevoidvolumefraction.Equivalently,[3maybecalculatedfromtheformula:

kpa,J

where d_ denotes the equivalentplasticstrainrate.

The evolution of damage in the above model reflects the competition between material
hardeningand softening behaviour. A dilatationalplasticity represents the growthof voids
and leads to softeningwith increasingdeformation. Thus, as loading is increased, the term
Fh increases and reflects the increase in crack-tip stresses due to work hardening. With
furtherincreases in loading, Fs increasesat the expense of Fh such that the crackopening
stress(Oyy)reachesa maximumandthereaftersharplydeclines (Fig. 2). Inconjunctionwith
a finiteelementmodel, thiseffectively allowscrackinitiationandpropagationto be modelled
as a progressionof discrete steps without recourseto the more usual techniqueof nodal
release(Figs. 3 and 4). Because theaboveequationsdo notmodel the actuallinkingof voids
as the materialfails, a crackgrowthcriterionbased on stressis invoked. The crackgrowth
criteriaused in Ref. 3 andRef. 4 respectivelyare:
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I. When the opening stress reaches a maximum in element n+l, the crack tip is
considered to move to the boundary of element n, for n = 1, 2, 3, ..... Thus
initiation occurs when the stress reaches a maximum value in the second

element and the crack always moves in steps of L.

2. When the opening stress reaches a maximum at the centroid of element n, the
crack tip is considered to move to this location, for n = 1, 2, 3, .... Thus
,initiation occurs when the stress reaches a maximum in the first element. The

crack moves L/2 and thereafter by increments of L.

The L values in 1 and 2 above refer to the size of the deformed mesh.

Calibration of the Rousselier Model

In order to use the Rousselier model, it is necessary to determine the following
parameters:

* the initial void volume fraction, f0

• the characteristic length, X¢, describing )he ductile fracture process

• al andD

In Ref. 3, and also in Ref. 4, the value of f0 is equated with the volume fraction of critical
inclusions. In both cases, this is taken as the volume fraction of MnS inclusions estimated
from Franklin's formula as:

0.001
fv=0"054'S(%) M--_o)J (7)

For the modified A508-3 steel in question, S ---0.012% and Mn ---1.32% and so fv = f0 -
6.07x10 -4.

There has been general criticism of damage theories used with finite element calculations
because the values of fitted parameters depend on the mesh size, L. Notwithstanding such
criticism, the view is taken in Ref. 3 and Ref. 4 that the selection of a particular mesh size
represents a process of averaging over an appropriate damage cell relevant to the failure
mechanism under discussion. Consequently, the mesh size L is equated with the
characteristic length, _.c, describing the ductile fracture process. This in turn equates with the
spacing of the MnS particles controlling the failure process. In Ref. 3 the value of kc is
estimated to be 5501am, based on data published in Ref. 7. This value was therefore used for
the finite element mesh size in modelling ductile damage. In Ref. 4, the best estimate of 2_¢is
2501.tm, based on more detailed metallographic evidence than that available in Ref. 7.
However, for the purpose of assessing the sensitivity of predictions to the value of 2_c,finite
element mesh sizes of 500, 250 and 1251.tmwere used in Ref. 4 in modelling the ductile
damage process. Subsequent further evidence suggested that a size less than 2501.tm might
well have been chosen.
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The determination of el is generally made via mechanical testing of axisymmotric notched-
tension specimens. However, data from such tests were not available at the time Ref. 3 was
published, and so the authors of that paper calibrated Equation 3 in terms of el with
reference to the J R-curve data for 35ram-thick side grooved compact specimens presented in
Ref. 7. The test temperature was 2900C, corresponding to the temperature at which SC 1 was
carried out. A value of Ol = 350MPa with f0 = fv = 6.07x10 "4and L = 550gm gave the best
overall prediction of this data--- Fig. 5.

In Ref. 4 values of Ol for a temperature of 2900C were determined (D = 2_3) to'be 443, 516
and 571MPa for L = 500, 250 and 125/.tm respectively. These values represent a
compromise resulting from predicted curves/'tuned"to fit not only AE10, AE4 and AE2
notched tensile results* but also the results from 35mm-thick side grooved compact
specimens-- Figs. 6 and 7.

Comparison of Predictions

The finite element analyses in Ref. 3 and Ref. 4 reflect the same set of relevant

dimensions for the test cylinder. However, the analysis of Ref. 3 using the ALIBABA Code
did not model centrifugal loading; instead, the cylinder was loaded by an internal pressure
that would produce in a linear elastic material the same average hoop stress as that in an
uncracked rotating cylinder. The numerical simulation of the behaviour of the cracked

cylinder thus reflected internal pressure loading; predicted values of crack growth and the J-
integral were correlated in terms of the equivalent rotation speed. In the TOMECH Code
calculations in Ref. 4, a distribution of body forces was applied to the finite element nodes to
simulate the centrifugal loading due to the rotation of the cylinder. Values of the J-integral
were obtained by the virtual crack extension method using an area integral and an
interpolation function. No significant differences were found in comparisons' with
corresponding values of the conventional J-integral; moreover, for the particular type of body
force loading applied during SC 1, the latter was found to be path independent to within a
few percent, even where the integration path passed through plastic regions, provided the
path was not too close to the crack tip. Predictions of crack growth are also reported in Ref.
4 as a function of rotation speed. These involve the use of the J-integral in the compact
specimen calculations only, where values conform very closely to values using the parameter
obtained by standard measurements of load and load-line displacement. The predictions of
crack growth as a functioh of rotation speed are thus independent of any complications that
may result from the use of the J-integral in relation to body force loading.

The J R-curves derived for SC 1 are shown in Fig. 8 and Fig. 9. These figures relate to Ref. 3
and Ref. 4 respectively. In addition, Fig. 10 shows the Ref. 4 predicted and experimental
cu;_vesfor rotation speed vs. crack advance. An important point to note is that in Ref. 4 the

t Threesetsof standardaxisymmetricallynotchedbarspecimensweretested;all hada bardiameterof 18mm
anda minimumdiameterof 10mm.ThenotationsAEI0,AF.AandAE2denotenotch radiiof 10, 4 and2mm

respectively.Unfortunatelyonlyloadvs. axialdisplacementdatawereavailableon thesenotchedbars. Figure
6 showsdatain respectofAE10specimensonly.
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predictionsofrotationspeedvs.crackadvanceweremade 'blind',withthebestestimateI

beingforL = 250_tm.Inallcasesthepredictionsconfirmthatthecylinder'sresistanceto

ductiletearingissignificantlygreaterthanthatmeasuredon35ram-thickcompactspecimens.
Overall,thepredictionsrepresenta significantimprovementcompared withprevious

predictionsbasedon standardfracturemechanicstechniquesandsmallspecimenJ R-curve
data[7].The bestpreAictionsarcformesh sizes:>250tim.InFig.8 thepredictionofthe

initiationofductiletearingandtheslopeofthetearingresistancecurveisingoodagreement

withtheexperimentalmeasurements.However,thereisan underprcdictionoftheoverall
extentofductilemating.InFigs.9 and I0thereisadeviationfromexperimentintheregion

ofcrackinitiation,althoughtheslopeofthematingresistancecurveand thetotalcrack
extensionisaccuratelypredicted.Theselatterresultssuggestthepossibilitythatinitiationin

thecylindermay occurata similarJ-integralleveltothatfoundinthecompactspecimens,
notwithstandingtheslopeoftheJ R-curvebeinggreaterinthecylinder.Thispointis

currentlythesubjectof an ongoingstudythatisinvolvingquantitativemetallography

includingdetailedpost-testmeasurementsofstretch-zonewidthinboththetestcylinderand
compactspecimens[,_].

Lastly,itisnotedthatinbothRef.3 andRef.4comparisonsam made ofthefieldsaheadof
thecracktipinthecylinderandthecompactspecimenatdifferentstagesofcrackadvance

usingdamagetheory,Inbothcasesa highervalueoftheratio,Orn/Ocq,ofthemean normal
stresstotheequivalentstress,isreportedinthecompactspecimencomparedwiththe
cylinder,albeitaftercrackinitiationinthecaseofRcf.4.Whilstthisisconsistentwiththe

observationofa higherresistancecurveslopeinthecylinder,thefullexplanationofthis
effectagainremainsthesubjectofanongoingstudy.

Conclusions

Using the standard Rousselier ductile damage model, comparative predictions have been
made of crack growth in the First Spinning Cylinder Test carried out by AEA Technology at
its Risley Laboratory. The following conclusions may be drawn:

I. Two independent analyses have correctly predicted the enhancement in tearing
toughness of the cylinder relative to that of standard small-scale fracture toughness
specimens. This is a significant improvement compared with previous predictions
based on standard frac:ure mechanics techniques and small specimen J R-curve data.

2. The accuracy of predictions is most sensitive to the selection of the finite element

mesh size L to represent the process of averaging over a damage zone relevant to the
failure mechanism under consideration. In the present case this has meant equating L
with a characteristic length _,c representative of some average spacing between
dominant MnS inclusions.

3. The potential for models based on continuum d_mage mechanics to address more
complex materials and structural circumstances requires further validation. However,
the present results represent a positive step towards achieving the goal to establish
damage mechanics as a reliable predictive engineering tool.
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Figure Captions

1. General view of spinning cylinder test rig.

2. Stress-strain curve showing competition between hardening and softening behaviour,
From Reference 3.

3. Normalised hoop stress versus rotation speed. From Reference 3.

4. Normalised hoop stress versus rotation speed. From Reference 4.

5, Predicted and experimental J R-curves for 35mm-thick side grooved compact
specimens. From Reference 3.

6. Predicted and experimental load vs, displacement curves for the AE 10 notched tensile
specimen. From Reference 4.

7. Predicted and experimental J R-curves for 35mm-thick side grooved compact
specimens. From Reference 4.

8. Predicted and experimental J R-curves for the first spinning cylinder test. From
Reference 3.

9. Predicted and experimental J R-curves for the first spinning cylinder test. From
Reference 4.

10. Predicted and experimental curves for rotation speed vs, crack advance in the fhst
spinning cylinder test. From Reference 4.
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Fig. 1 The SpinningCylinderTestFacillty
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Full Thickness Crack Arrest investigations on
Compact Specimens and a Heavy Wide-Plate

K. Kussmaul, R. Gillot, T. Elenz

MPA Stuttgart

University of Stuttgart, Federal Republic of Germany

Abstract - In order to determine the influence of specimen s/se and testing procedure
on the crack arrest toughness Kt, at various temperatures, investigations were carried
out on s _wide-plate and compact specimens using a hishly brittle material. Test inter-
pretation incduded static as well as dynaxnic methods. The comparison of the measured
Kt.-values shows good agreement although there is a distinct difference in specimen
s/ze. Zn general, the (static) ASTM test method yields a lower and thus conservative
e.stimate of the crack arrest toughness KI..

1 Introduction

Brittle dynamic crack events under special consideration of the crack arrest phenomenol-
ogy are being investigated within the research project "Behavior of a Low Toughness
Pressure Vessel Steel at Fracture Initiation, Unstable Crack Propagation and Crack Ar-
rest". For this program, a MoV-steel was specially heat treated. This heat treatment
[1] yielded an isotropic, highly brittle so-called model material (briefly called KS 22)
with low upper-shelf C_-energy and high yield strength. KS 22 represents a worst-case
material state with regard to the toughness, being even worse than that which may be
found in a reactor pressure vessel at the end of service diae to radiation by fast r,eutrons.

To prove the transferability of crack arrest values determined by small compact spec-
imens, [2], to component-like large specimens, wide-plates are tested. In this case a
sophisticated data acquisition system is necessary to exactly measure all boundary con-
ditions during crack prop,_gation as well as the time dependent position of the crack tip.
This is of crucial importance with regard to interpretation of test results mad numerical
calculations.

Similar wide-plate tests - carried out in the USA - have shown that a number of
crack run-arrest events can occur during the experiment. This was also intended for the
wide-plate experiment GP 1 described here.
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2 Material

Special austenitization and temper treatment produced an isotropic material with an
upper-shelf Cu-energy of approx. 60 J, a high yield strength (_m ffi 1085 MPa, cv,/_u,, ffi
0.93) end fracture appe_'snce transition temperature FATT 50 _ 250e C. The chemical

composition is shown in _, the mechanical propertiu in _. _ shows a
mierograph with details on heat treatment, _ well u values of h&rcLueeeand grain iize.

3 Investigations on Compact Specimens

8.1 Static Analysis According to ASTM E 1221-88

The crack arrest toughness is the characteristic parameter which describes the very end
of unstable crack propagation. It can be determined by means of modified compact
specimens, wide.plates, rotating disks, end component tests. The investigations on
transverse wedge-loaded compact specimens have proved to be the simplest and most
favorable method with regard to material quantity and costs. The implementation and
evaluation of the tests are delineated in ASTM test method E 1221-88 [3]. Prom speci-
men dimensions, crack opening and crack length the (static) crack arrest toughness K.,,
is calculated as defined in [3]. KIo represents the stress intensity factor at the crack tip
some milliseconds after crack arrest. According to [3], it is considered as the lower and
thus conservative estimate of Kt+t, which is generally agreed to be the minus value
of Ktz>, the velocity-dependent fracture toughness of a rapidly propagating crack.

l

Altogether, 20 specimens of various dimensions and orientations were tested at tern-

peratures 20" C < T <_.435° (2. A picture of the four specimen sizes is shown in _.
The. dependence oi'.the Kt,-values on test temperature Is plotted in _Fi. 3. It is o_tg
significance to realize that according to present results, not only the_ergy, but also
the crack arrest toughness is attaining an upper-shelf plateau. This is in contradiction to
results from HSST wide-plate tests which provide Kta-values of more than 500 MPav/'_
without indicating the formation of an upper Limit, e.g. [4].

3.2 Dynamic Analysis (FEM)

Dyneanic a_alyses described here are two dimensional pla.ue stress finite element calcula.
tions carried out using the computer code VISCRK [5,6]. This program hu quasi-static
as well as dynamic capabilities and allows the use of thermal as well as mechanical

loads. Crack propagation was realized with the node release technique according to the
prescribed crack length versus time correlation. The postprocessor uses the T'-integral
developed by Atluri, Brust et al. [7,8,9] and calculates the stress intensity factor KI for
mode I crack opening with

= (1)
This is the conventional plane stress formulation taking the existence of side grooves

with the correction factor _/B/BN into account. Because of the extrem low tough-
ness ofthematerialKS 22,thelinear-elasticmodel couldbe used.Inthiscontextthe

T*-integralisidenticaltoan enlargedJ-integralformulationwithadditionaltermsfor
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dyna_c and thermal effects.

Compact specimen KS22CW31 was tested at 350° C according to ASTM E 1221-
88 [3] with additional instrumentation to allow for elastodynamic posttest analyses.
Youngs modulus was determined from tensile tests to 181,500 N/ram _. Crack length
measured at arrest gave a crack propagation As of 124.6 ram, the interpretation of
strain gqe signals yield a crack velocity v = 200 m/s while the reference curve from
Battelle Columbus, USA, for tough materials [10] gives v = 850 m/s.

Considering the knowledge on spurious wave reflections [11] the finite element ide-
alization of half the specimen was realized as shown in _. The structure is char-
acterized by small elements in the region of the crack path, a transition region and
larger elements for the other areas. In addition, Fig. 4 shows the appUed load and the
displacement boundary condition at fracture initiation.

Two elastodynam/c posttest analyses were carried out using v = 200 m/s (550 m/s)
and the displacement was hold constant at the load point during crack propagation.

...... " iooFigs. 5a and b show the resultant Ki-curves as function of the tureens mess crack
iengt_ a/W together with the static (FEM) solutions and ASTM-calculations : Kt.
(ASTM) = 141.8 MPav_, K_._ (v = 550 m/s) = 174.9 MPav/'_, K_._ (v = 200 m/s)
= 167.1 MPa_fm. Therefore, the elastodynamic analyses give results at arrest that
exceed the (static) value according to ASTM E 1221.88 by 18% (v = 200 m/s) or 23 %
(v 550ml,)o

4 Crack.Arrest Test GP 1

4.1 Specimen Preparation

The test plate of material KS 22 having the dimensions 1500 x 1680 x _72 mms (width
x height x thickness) was welded to the upper and lower pull plate. To prevent out-
of-plane deviation of the pull plates, welding was done alternately on each side of the

' 1specimen and bending of the specimen was continuous y measured and corrected. The
overall dimensions of the wide-plate specimen GP 1 are shown in Fig. 6.

The total initial crack length, notch plus fatigue crack was 543 mm (a/W = 0.36),
and the flaw was parallel to the rolling direction. That is a specimen in T-L orientation
according to ASTM E 399-81. The fatigue crack was produced by internal pressure
acting on the flanks of a slot with a length of 51 mm and a height of 9 ram, machined
through the thickness of the plate by spark erosion. At the elevated temperature of 160°
C the fatigue crack was produced by alternating internal pressure (f = 4 Hz, 50 bar <
p _ 800 bar). After 194,000 cycles the fatigue crack had reached the length of 43 nun
(average), being shorter at the plate surface.

Completion of specimen preparation included :

• The cross section of the ligament was reduced by 25 % through side grooves on
each face of the specimen, _ (plate thickness B=172 nun, notched thickness
BN=129).
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, The'open/ng of the ligament between the original notch of length 290 mm and the
slot produced the initial crack length ao, _.

4.2 Instrumentation

The complex, dynamic behavior of the wide-plate and the numerical calculations us.
ing finite elements made extensive instrumentation necessary. Altogether, there were
eleven different types of devices: thermocouples, strain gages, piezoelectric sensors for
indirect force measurement, clip gages, accelerometer, electric-optical extensometers,
optical displacement transducer, inductiv displ_cement transducer, force measurement
of the masr.hine, accustic emission, and high speed camera.

Altogether, 58 thermocouples were attached to the test plate of material KS 22 and

the upper and lower pull plate to get information of the total temperature field, Fi___.
The results were monitored periodically end recorded on magnetic tape. Additional
thermocouples were used to control heating of _he wide-plate. 23 u_ax/al strain gages
were positioned on the test plate for determination of the crack tip position as function

of t!me, _. Because of the temperatures, T > 240° C, special high temperature
strain gages of length 28 mm were used.

The lower pull plate was instrumented around the 600 mm borehole with seven strain
gaSes and two piezoelectric sensors. The sensors are shaped like a cylindrical pin and
were installed in the depth of a borehole. They were recorded as one signal (labeled
QMD). This provided far-fleld strain measurements for assessing boundary conditions,
_. The crack opening measurements included clip gaSes at a/W=0.0 (labeled
_), 0.1 (COD2) and 0.3 (COD1) on side B, and two extensometers for detection
of the crack opening as function of time at a/W=0.1 (EXD1) and 0.3 (EXD2) on side A.
Tl',e accelerometer (BS1) was positioned at a/W=0.0 and 67 mm below the crack plane.
Two transducer (PSD1 and PSD2) measured the vertica_ displacement of the specimen
rE_ativ to the large columns of the machine, _. The inductive transducer (INW)
was positioned to provide the horizontal dispa_ent of the crack plane. The high
speed camera, and the accustic emission system did not provide additional information.
They will not be discussed further.

Momtoring fast fracture events was possible through a sophisticated data acquisition
system. This includes amplifiers end filters, sample and hold equipment, analog-disital
converters. The use of a hard disc having 684 MByte of storage made the problem of
triggering the signals obsolete and allowed the continuous data recording. Th_ signals
were recorded with an over_l sampling rate of I MHz. This yields a time difference of
44/_s between two measurements.

4.3 Test Procedure

Heating the specimen _ud imposing a temperature gradient was achieved with 20
electric-resistance heaters. These cassettes were fixed on the plate of material KS 22
and were oriented in axial direction of the specimen. The desired gradient could be
established without cooling devices due to the effects of radiation and convection.
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First, the specimen was heated from room temperature to 200°C with a rate of i0 ° /
h. Then, the desired temperature gradient was imposed. This was done with a computer
aided control system that allowed to define the temperatures as function of time and
position. After completion of an additional system check, heating was switched off to
prevent a short-circuit during the test, the high speed camera was started and the tensile
load of the i00 MN machine was increased with a rate of 20 MN/min. At a load of 11.9
MN the fracture event began and lasted about 12 seconds. The measured data and the
fracture surface indicate that five cleavage crack run-arrest events occured prior to the
onset of ductile tearing,

4.4 Test P,.esults

Testing the tension-loaded single edge notched wide-plate specimen GP 1 took place at
August 2, 1990. It was the first test of this kind at MPA Stuttgart and at the same
time the first crack arrest experiment with this type of specimen employing the low
toughness material KS 22.

is a schematic representation of the temporal sequence of the events during
the test. At the time labeled to quasi.static loading began. After 35 seconds the crack
initiated at the load of 11.932 MN (time tl). Then, five crack run-arrest events (labeled
A to E) occurred within 2,4 second, (it0 - tl -- 2.4 s) prior to ductile tearing of the re-
maining ligament. During the test a number of run-arrest events could be clearly heard
and could be distinguished by the ear. That means there were at least 20 milliseconds
between single events.

Temperature distribution.

The temperatures across the crack plane were in the range of 195" C to 337* C, that
is a thermal gradient of 142" C, Fig. 14. At the crack tip there was a temperature of
230* C, 20 K below the FATT 50 of 250* C. In the dk.ection of the puLl plates the
temperatures were lower. The approximation of the 58 meassured temperature data

yield the temperature field shown for the upper half of the specimen in _.

FractograficaJ exam_ination :

shows the fracture surface for the specimen bottom half. The fatigue crack
an_osltions of crack-arrest are specially marked. As can be seen, five crack run-
arrest events have occured. According to their temporal and geometrical order they
are labeled A to E. The crack initiated in the plane of the side grooves. As the crack
propagated it deviated from its predetermined path. At a = 850 mm (a/W=0.57) it
reached the maximum offset of 23 ram. Then the crack returned gradually reaching the
plane of the side grooves again at a = 1350 ram (a/W-0.9).

In addition, the fracture surface was investigated using a raster electron microscope
(R.EM). _ shows the microscopic characteristics of crack arrest for run-arrest event
A. Crack arrest is characterized by a ductile zone stretching over the plate thickness
from one face of the specimen to the other, Fig. 17a. Unstable crack propagation took
place in the cleavage mode for all crack jumps. The width of the ductile zone at arrest
A is approximately !0 to 30 #m being bigger with arresting a'_higher temperatures (up
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to some millimeters).

Test results during loading and during fracture :
-+- _L_ .... _ ........ _ Fltl I -+= I TIIIIil ......... Ill+N++__

Betddes the aforementioned data acquisition system, experimental data were also
stored separatly with a frequency of 1 Ha. These data are shown in Figs. 18a- d with

time 0 s (35 s) being equal to the moment labeled to - that is st_tn s oi_]o_g .
(tt, fracture initiation) in the scheme of Fig. 13. In F+tgs.18 +,_20 the ordinate shows
the exp_mental data relative to time to. This corresponds to a zero o_set at time to.
Tension force (F), crack mouth opening (CMOD) and horizontal displacement of the
crack plane (INW) vary linear with loading time as shown in Figs. 18. in addition, the
test material exhibits nearly linear elastic .behavior. This can be seen from the relation

of force F to crack opening near the crack tip, Fig. 18d.

A number of result histories during fracture are presented in Figs. 19 and 20. In these
figures time = 0.062 s represents the moment of fracture initiation to see the influence
of fracture initiation on the signals. Acceleration BS1 is shown in Ftg.il9 at two levels
of time resolution to make clear that crack jumps A to E occured within 2.4 seconds

after fracture initiation. At time 12.4 s the specimen completly broke in two parts.
Therefore, the following figures have a time axis of three seconds. The tension force

varies during the test as can be seen from Fig. 20a. In addition, the time dependent
behavior of other signals are presented in Fig. 20. The piezo-electric sensor QMD shows
general agreement with force F and will be used in the next section to derive the force

acting on the specimen during the fast crack jumps. The relative displacement (PSD1
+ PSD2) increases from 2.4 to 3 mm as a result of crack jump A and B. Afterwards the

two points remove approximately with 60 ms/sin. Time dependence of crack opening
at a/W=0.3 and of the horizontal displacement INW is shown in Fig. 20d-f.

Dete_nation of t he+bound_, c0nditions -

The boundary conditions must be determined to realize numerical calculations with-

out idealized assumptions and the specimen instrumentation was already chosen to ease
this task. Crack arrest test GP i has two time.dependent boundary conditions :

I. External force F at the bore-hole

2. Crack length a (derivative is crack velocity v).

The experimental data show that crack jump A and B occured within four rnillisec.

onds while crack jump C, D and E can be regarded as separate events. In addition, the
specimen geometry with its distance between crack plane to bore.hole of _2500 nun

yields a run time for the elastic wave of 500 _s. This means 1000 _s after the begin of
a crack event the crack tip will be influenced by possible load adjustment. Therefore,
the numerical simulation of fast crack propagation with emphasis on crack arrest usin s
the FEM needs the force - time relation during crack jump events A and B. Due to the
short time (less than 1000 _s) of crack jump c, D and E the force is constant for the
calculation of the latter events.

To gain the true behavior of external force F during the first event (fractttre initiation
up to crack arrest B) the signal of sensor QMD was used. First the correlation of force
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F end QMD during quasi.static loading gives the elope m shown in Ft_l. Then, the
signal of QMD during fracture was multiplied with this value and gtves_ true force.

2wS_Ses the force boundary conditions for all run-arrest events. As could
n, there is considerable load decrease after some milliseconds and ';hem is no

increase of force F to its value at fracture initiation during the fracture event.

Strain gqe records, accelerometer signal BS1, and fracture surfs_:e were used to
deduce the crack length as function of time dur/ng the fxacture process. Signal BS1
did exactly show the moments of fracture initiation and retnitiation, except for crack
jump B. The strain gage records gave further insights and defined the moments Ofcrack
arrest. The crack length at arrest documented here end used for the finite element
calculations is the averaged value of the crack length at five positions of variin8 plate
thickness (0, 1/4, 1/2, 3/4, 1). This gives the second boundary condition as shown in
Fig. 23.

4.6 Dynamic Analysis (FEM)

The strategy of the numerical calculation is shown in _. The moment of fracture
initiation was calculated in one quasi-static time step i_g the influence of the tern.
perature field. Dynamic effects during crack propagation and at arrest were considered
by using the dynamic capabilites of VISCRK. Simulation of run-_est events C, D and
E was done with one quasi-static calculation of the moment of reinitiation and dynamic
calculation of crack propagation. The linear-elastic material model waJ used with ms-
teriai properties at 230° C : Youngs modulus is 193,210 N/ms _ and a = 13.7 x I0 "s I/K.

The finite element idealization of one half of the specimen was developed under
consideration of further perceptions on spmious wave reflections. The 2-D plane stress

model, _ consists of 402 eight-noded elements and !298 nodes. In addition, Fig. 25
shows tel_ at the bore-hole and the area of integral|on for calculating K:.

As far as known to the authors it is the first time that posttest analyses of a wide.
plate experiment were carried out using the true boundary conditions. Fig. 26 shows
the resulting Ks-curves during all crack run-arrest events. The identical feature is that
arrest occurs during decreasing K:-curves. The values at initiation, Kro, and at arrest,
Kz,, are summa.,'ized in _.

5 Comparison of Test Results

The stress intensityfactorsat fractureinitiation/reinitiation,Kto, are relativelyhigh
compared withthescatterband from smallscalespecimens.Especiallythevalueat
fractureinitiation,when thereareno dynamiceffectspresent,isnottotallyplausible.
The same behaviorhas beenobservedatsimilarwide.platetestsinthe USA (HSST
Progrmm,WP-1 series,materialA533B Cl.1),howevera clearexplanationisnotknown
sofax.AccordingtoKeeney-Walkerand Bass[12]an explanationofthisbehaviormay
be possibleby applyinga maximum principalstresscriterion.

FivecrackarresttoughnessvaluesKI_,3406_<KI__<{}146N/ram3/_sttemperatures
250° <_.T _<30{}o C (0° __.T- FATT 50 <_56°)couldbe calculatedfrom testresults

557



by using the finite element based computer code VISCRK, _. Kl, from wide.
plate GP I is calculated including dyn_c effects, Kta from small compact specimens
is calculated according to ASTM E 1221-88 [3] and is considered (static) crack arrest
toughness, As could be expected, Kz, from wide-plate tests (dynamic FEM) are 10%
to 20% higher than Klo _om compact specimens. This behavior is in agreement with
the common interpretation, i.e. Kalthoff [13], that E 1221-88 yields the lower bound
of KI,. The numerical calculation of compact specimen KS22CW31 [14] with thickness
i70 mm is an additional verification of the statement mentioned before, Fig. 27. In this
test K:, according to ASTM is 18% lower than the value calculated with FEM.

6 Summary

Dynamic crack events, that is initiation, unstable crack propagation and crack arrest of a
highly brittle model material have been studied both experimentally u well as by using a
sophisticated computer program. To prove the transferability of crack arrest toughness
determined from small compact specimens to component.like specimens, wide.plate GP
I has been tested at 195" <_T _<337" C. The results are as follows :

• Crack velocity of material KS 22 is approximately 200. 500 m/s for wide.plate and
compact specimens at temperatures 200" <_T <_350" C. There may be a decreMe
in crack velocity with increasing temperature.

• Unstable crack propagation _a of 125 nun (compact specimen) and 39 <_._a <_.
291 mm (wide-plate) was observed.

e Raster electron fractographs of various regions on the fracture surface show that
there was fracture initiation in cleavage. During unstable crack propagation the
dominant mode was cleavage. At crack arrest there is an abrupt change from
cleavage to ductile tearing.

d '. The (ynam_c) calculated crack arrest toughness of wide-plate GP 1 is higher than
the (st'atlc) K;, from small specimens. The same is true for static versus dynamic
calculation of crack _rest toughness from compact specimen.

The investigations are being continued at MPA Stuttgart by testing a second wide.
plate specimen at temperatures 50 K higher than in the first test.
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T_ble I z Chem/csl composition of materlsl KS 22 in weisht.percent

C $i Mn P $ Cr Mo Ni Cu V

"O.ie_0,3LO.eo0,oo40'.oleo.a2z:Oz-6_25o.o-8-o.3z_

Table 2 : Mechsnlced properties of msteded KS 22

.. _ ........ _ L_J_/i_'_ , _ ,....... .,,, - .....

temperature _. _,,u A, Z E FATT 80
• C MPa MPa _ % MPa '0

L .....2f lo85 lzee--lz-__41L2i:t'ooo_-.... _
zoo z038zz20 z2 30 20eooo
:z_o _80 zo82zo 30 zoz300 250
s_o _20 z025 :t3 48 zs:t500

.... 4@........_m_.........__e:tz3 Sz z?2000....... _.........

T_ble 3, Va/ues at in/tiation Lud at mt for wide.plate test (]P I.
DynLmic fin/te element cs/culationI uslns VIS(_RK

event temperature crack stress intensity factor
lenlth

T s K:. K:.

"C mm _Ps,,/_m N/ram'/' MP._ N/_'/'
......... .L lj ill lllj J_ , .--.

_ctuxe ........ ""
in/tdation 230 543 174,5 5516

1, rein/tiation 250 834 222,4 7039 . .
2, crack arreit 272 995 - - 165,5 5233
2. reinitiation 2'/2 995 226.8 7172 . .
3. crack arrest 286 1071 - - 175,8 5559
3. reinitiation 286 I07! 249,6 7893 - -
4. crack arrest 299 1137 - - 194,3 6145
4, rein/tiation 299 1137 220.4 6969 . -
5, crack arrest 306 1176 . - 187,3 5924
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FIB'.3 : Tous._nessKl., Kt= _nct C. ver=ustemper=lure
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W - 332

F_, 4 : FF.,.ideaditstlonof compact,pet/men KS32CW31_d &',placementboundw
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Fig. _ : 5treu intensity tat|or Kt(T') durin_ unstable crack propa_a|ion
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a,) £ront view,sideA b.) side view

Fig, 6 • OveeaJldimensionsof crack-arrestspecimenGP I (dimensionsin mL/Jime|ete)

_,=s43m_ (_!w=o,3e)

Fig. ? : Geometryo[ the side8rooves Fig. 8 : Geometryof the i_|ied crack
(p_t B in Fig. 6) (part A in Fig. 6)
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Fig. 12 : Additional instrumentation : test GP 1

........................ _ -- _

wide-plate "GP1I D frocture initiation
A L ........... I =

• = crockarrest
r_ B

i', D = reinitiation
! tt ......... -- _ --

. t

• c
i ' : "- E

_' _ i i ' ". i i
_ i _ i i ! "-"-1

: _ , j i i i i i' ' i l :
•- i : ' i i , , ' ;....

fir to tt ls Is 14 is te IT |, t0 llo t_l

time (schem_tic_y)

Fig. 13 : Schematic representation of crack-arrest test 0t ' w/th a tension-loaded
single edge notched specimen (tlo - h = 2.4 s)
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Fig. 14 : TemperaLures across Lhe plate Fig, ]5 : TernperaLure distribuLion of
width W: test (_P 1 spec/men GP 1
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a.)&acturesurface

[aLigue crack crack arrest : A B C D E

----,directionof crackpropagation

b.)fracturesuHacewith&ont atcrackarresthighlighted

Fig. 16 ' F_acture surface of bottom haJf : specimen GP 1
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c.) cleavage crack jump B d.) ductile crack arrest A, part A from a.)

Fig. 1 7" .Vlicroscopic examination of the fracture surface in the region of

crack arrest A : transition fast fracture (cleavage). crack arrest A (duc_e) -
fastfracture (cleavage)
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Fig. 18 : Results duzing wide plate test UP 1 (start loading to = 0 s,
fracture initiation tz _ 3,5s)
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Fig. 19 : Results of wide plate test GP 1 during fracture : longitudinal acceleration
BS1 at two levels o£ time resolution ([racture initiation tz _ 0.06 s)
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EFFECT OF LOADING ON STABLE TEARINGOF WIDE PLATES

BY

A M CLAYTONi

A seriesof wideplatetestsusinga0.36%carbonsteelhavebeencarriedoutin
theAEAStructuralFeaturesTestFacilityto determinethestabletearingbehaviourof
cracksunderdifferentloadingconditions,typicalof pressurisedcomponents.The
majorityof theplateswereedgecracked.Theyweretestedinpurein-planebending,
pureligamenttension,nominaltensionandcyclictensileloading.Thesetestscanbe
comparedwithlargecentrecrackedwideplates,describedin a companionpaperat
thisconference.Smallscalefracturetoughnesstestswerealsomadeof the same
material.

It wasfoundthatFailureAssessmentDiagrams(FADs)couldbeusedto plot_out
theresultsandshowedthattheassessmentlinegavea goodfailurepredictionor was
conservative.Theveryconservativeevaluationof aplateinbendingcannotcurrently
be explained.,Wheretherewascombinedfatigueandtearing,linearlyaddingcrack
growthdue to the differentprocesseswell predictedthe results. Fbr a surface
breakingdefect,initiationiswellpredictedfromusinga locallimit loadintheFAD,
but thatas loadsincreasetowardsnet sectionyield,the globallimit loadis more
appropriate.

* AEA Technology,Risley,Warrington,UK WA36AT
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INTRODUCTION

Nuclear pressure vessels need to be shown to be resistant to failure _om the unstable
growth of flaws in the vessel, Failuredepends on the material,,for ferriticsteels at low
temperaturesor followingextensiveirradiationthe failureis brittleandcrackgrowth is
rapid, For ferritic steelsat higher temperature,or for austeniticsteelsthe failure
processis ductile. Increasingloadsare thenneededto causethecrackto extendin a
tearingprocess,Most safetycasesfor nuclearplantlimit loadsto thoseto causecrack
initiationandno accountis takenof theconsiderablemarginsavailablein tearing, In
someinstances,for exampleduring a pressurisedthermal shock sequenceduring
emergencycoolingor due to irradiationreducingthe loadneededto inducetearing,
someallowancefor stabletearingis made. This is usuallylimitedto an amountof
crack extensionwhich can be shownnot to significantlyinfluencethe stressfield
around the region of intensedeformationat the crack tip, so called J-controlled
growth,

In orderto obtaina betterunderstandingof stabletearing,a seriesof wide platetests
havebeancarriedout in whichthe loadingconditionswere variedto covera rangeof
conditionsexperiencedinpressurevessels,The plateswere mainlytestedin a 20_
serve hydraulictest machine,Fig I, now in the StructuralFeaturesTest Facilityof
AEA Technology,

TEST CONDITIONS

The plates were made from a 0,36%C steel, used because of its low upper shelf
toughness(a crackinitiationtoughnessof about100 MPa_/m)with moderatestrength
(yieldtypicallyof 250 MPa), Thiscombinationenablestearingto occurin moderately
sizedplatesbeforenextsectior,yield. Thisis importantbecauseat temperaturesbelow
150°C,,the ferritic steelsexhibit an elastic - perfectlyplasticstress-strainresponse
before subsequenthardening,and thus there are instantaneousmajor extensions
occurringonceyieldis reached, Sinceductileconditionscouldonlybeassumedabove
I O0°C,thiswas usedas the testplatetemperature,The plateswere70ms thick,and
generallyof 75Cmmwidth, Most weretestedwith a throughthicknesscrackfl'omone
edge, The plateswere weldedinto extensionpieceswhich terminatedin flangesso
that, end-on,the completeassemblywas I-shaped, Loadingwas betweenthe top and
bottomflanges,withtwo loadingstacks,eachofup to 500 tonnes($MN) on eachside
of the plate, Eachloadingstackincorporateda servehydraulicallyoperatedactuator,
andthecontrolsystemto eachactuatorwasindependent,

Notchesweremachinedintheplatesandfatiguedto sharpenthempriorto the fracture
testsbeingcarriedout,

The plates were extensivelyinstrumentedwith straingauges which were used to
determinewhen yielding from the crackswas nearly across the whole plate. In
addition,platedeformationwas determinedfrom lineartransducers,on theplate itself
andin the loadingstacks, Crack extensionwas determinedvisuallywhenit occurred
on the platefaces,andby alternatingcurrentpotentialdrop measurementsfor tearing
in the mid-thicknessposition.
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Materialfrom the samebatchesas the testplateswasusedfor supportinlltensileand
fracturetoullhnesstestscarriedout at 100°C Thefracturetoullhnesswas foundto be
somewhatvariablefrom testplateto testplate The fracturetoullhnesstests produced
a resistancecurve of crack extensiontoullhness-v- crackextensionusingunloadinll
compliancetechniqueson 40ram compact tension(CT) specimenswith 20% side
llrooves in additiona standardASTM 3 pointbendfull thicknessfracturetoughness
testwascarriedout on oneplate In theCT testssome2ram of crack growth would
beconsideredasvalidandthebendtest3 7ram of crackllrowth wouldbe valid The
wide platetestscarriedout were(Fill 2):

(a) A 3 pointbendtestona 500mmwideplate(GNS_)

, (b) A tensiletestaimedat producinllno netbendingin theUgamentbehind
the crack This was producedby usinll two Ioadinll stacks loaded
acrossthe remaininglillament in displacementcontrol and two small
actuatorsattachedto theedlle of the plateat the crack mouthwhich
hada fixedloadratio(1:10) of themainactuators(ONSR3)

(c) A uniformtensileendload,obtainedby makingall tour mainactuators
of` equal load, 3 following one actuator which wu displacement
control=ed(GNSRT),

(d) A similartestto (c), butwith cyclicIoadinllofconstantamplitude This
amplitudewasincreasedafter blocksof constantamplitudecycles,until
the cyclesinducedtearingas well as tatillue All loadingwas tensile
(positiveR-ratio)(ONSR4)

(e) A platewith a surfacebreakingthumbnailcrackon oneface, loadedin
monotonictension(ONSR8),

In addition,thereweretestsona centrecrackedplateof thesamematerialin uniaxial
andbiaxialtension,whicharedescribedins companionpaperto thisconference

STRESS ANALYSIS

For many of the tests, finite element analysis was carried out, using the larl;e strain
option in ABAQUS, in which the J-integral is obtained usinll a domain integral
procedure

The stress.strainresponsein tensile test specimensresultsfrom the formation of
L0ders bands,whichcannotbe readilymodelledin the finiteelementanalysis The
materialmodel usedallowsfor the virtually perfectlyplasticinitial responsebeyond
yield,but notthe localisedL0dersbandresponse

Checkswere made to compareloads,displacementsandstrainswith those,measured
and was found to 8ire llenerally llood allreement. In addition,for GNSR2 the J
calculationswere compared with J values obtained from the load/load line
displacementrecordusinllASTM E813, andagainreasonableagreementwasobtained,
It was foundthat nearmaximum!cad. theJ valuescouldbe calculatedaccuratelyas a
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fl_nctionof'loadilnedlapiacements,butnotasa/_Jnctionorload,becauseof'therapid
chaniloinJvaluewithload,

CRACK GROWTH EVALUATION

Considerablerelianceis placedon the alternatiniicurrentpotentialdrop (acpd)
measurementsto determinethe onsetof'crackingin the tests(finalcrack size is
obtainedfrom breaklnilopenthe specimenafterthe test,whichalso showsany
unloadinlibeachmarks),A detailedstudyhasbeencarriedoutof'acpdbehaviourasit
isaffectedbylocalstrainingalonetheelectricalpathaloniithecrackflanks.However,
thesee/Tectahavesaturatedinthetestsbeforecrackinitiationtakesplace,andapart
fFomproblem,dueto noiseontheaiBnal,theonsetof'crackgrowthcanbereasonably
welldetermined,In all cases,thecrackinitiatesat themidthicknessbeforesurf'ace
growthisobserved,

PJ_SULTS

GeneralAonroach

Theresultsofthetentshavebeeninterpretedintermsof'aFailureAJse.mentDiaBram
methodology,usedby Bloomin the US and developedextensivelyin the 'R6'
proceduresintheUK, TheFailureA.easmentDiqiramisa plotof'CrackTip Stress
Intensity]Factor,K, (normalisedto the fl'acturetoughness,F,_to Bivea ratioKr),
asalnettheload(normalisedtothelimitload,to iiJvearatioLr).

Thisformof'presentationhue numberof`edvantqlea:

I, It enablesthe differentplatematerialspropertiesto be taken into
accountwithnocon_sion,

2, It enablesthedatatoprovideavalidationof`FADmethods,

3, It enablesthe onsetof'crosssectionyieldinsto be readilyidentified
(Lr" |),

4, Stabletearin8 responsecanbeshownasacurveonthediqFam.

Theshapeof'theFailureassessmentdiaBramisdependentontheshapeof'thematerial
stress-straincurve,butisnotgreatlydependentonBeometry.]n theP.6procedure,it
isusualtousea lowerbounddiagramcalculatedfrom:

Kr - (I -0,14 Lr3) (0,3 + 0,'/exp (.0,65 Lr(;))

This is knownasoption I, Wherethestressstraincurveis knownoption2 is used
calculatedfl'om:
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Kr" [(E£r©I/L,r cry)+ (Lr3oy/2E_rcr)]"'Afor Lr s Lrmnx

Kr"0 forLr> LrmnX

Where E isYoung'sModulus,erefisthetruestrainandOy the0,2% proof
stress,

Pointsthat lie in the regionboundedby theKr, Lr axesand theFAD line aresafe;any
testcausingfailure shouldthereforelie outsidethe diagram, As tearingoccurs, the
locusof'Kr,Lr pointsshouldmove alongtheFAD line.

Themaintestdataisgivenintable I, Valuesof theeffectivefracturetoughnessK_c are
calculatedfrom',

Kc"

whereJ(Aa)isgivenbyC_,am
andv isPoisson'sratio,

StressIntensityfactorsandLimit loadsarecalculatedfrom handbookrelationships,

TheresultingKr, Lr data isplottedinfigures3 and4.

_rsck plate! in MonotonicLoa_

The three edge cracked platesONS_, 3R and 7 are shown in Figure 3, These
indicatethat whilstthe tensiontests3R and7 give resultsgenerallyverycloseto the
assessmentline, the initiationof the tensiontest3R andall of thebend test2 is very
conservativelypredicted. Sincethe bendtest Is the mostc,onstrainedgeometry,and
thusmostlikely to be well predictedfrom compacttensionfracturedata. thisresultis
surprisingandcurrentlycannotbe explained, ONSR7 underwenta control system
instabilityat low load, which continuedup to the final load where stability was
regained,The marginallyunconservatlveresultat thisloadgivingdatainsidethecurve
for testONSR7 is probablydueto minorvariationsin materialproperties,which ate
beingconfirmedbyfurthertesting.

Ed__ecr_nckplate inCyclicLo_din_

The datashownfor GNSR4 in figure 3 are obtainedby takingthe total crackgrowth
dueto fatigueand due to tearingandsubtractingthe contributiondue to f_tigueto
give A. values, Thi_,givesresultsveryclose to the identicalgeometrybut monotonic
loadingin ONSR7 and thereforeis consistentwith the contentionthat in tearing-
fatigue,thecontributionsto crackgrowth from bothprotein, canbelinearlyadded,
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Surface breaking crack

For a Surface breaking crack, there are two possible limit load solutions which could be
used, one developed by Merkle for the HSST ITV programme based on a local
collapse of the material in the vicinity of the crack using a slip line solution in which
the limit load is calculated from:

Lr= obt/{ Oy[(2c+t)t-½7tac]}

where cr is the nominal stress in the unflawed section

c is the semi-surface crack length
a is the crack depth
t is the plate thickness

and b is the plate width

The alternative is to assume that all of the remaining area in the plane of the crack can
carry a uniform yield value (a global solution). This gives:

Lr = obt/{ oy(bt-'Axac)}

These two possible options are plotted in figure 4. It is clear that at crack initiation,
the local solution provides a good prediction (ie is near the FAD line), but a global Lr
would be very unconservative. However, once the load has reached the condition

where general yielding occurs in the remaining area in the plane of the crack, the global
Lr is more appropriate.

CONCLUSIONS

Provisional analyses have been made of a series of wide plate tests in which stable
tearing occurs in different loading configurations. Further materials evaluation and
assessment, using more advanced fracture assessment methods is ongoing, but from
Failure Assessment Diagram (FAD) evaluation, the following conclusions can be
drawn:

1. The R6 FAD gives a good representation of stable tearing response, or
is conservative. In the case of pure bending, the results are greatly
conservative and the reasons for this are not clear.

2. The results from combined fatigue and tearing loading with tensile load
cycling are consistent with linearly adding crack growth due to both
processes.

3. For ferritic materials containing surface breaking cracks, initiation is
best predicted from using a local limit load, but as the net section
containing the crack reaches yield, the global limit load is more
appropriate.
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REACTOR VESSEL IN_GRITY ANALYSIS BASED

UPON LARGE SCALE TEST RESULTS

by

Dr. David J, Ayres* and Mr. Raymond J. Fabi**

The fracture mechanics analysis of a nuclear reactor pressure vessel is discussed to illustrate
the impact of knowledge gained by large scale testing on the demonstration of the integrity
of such a vessel. The analysis must be able to predict crack initiation, arrest and re-
initiation. The basis for the capability to make each prediction, including the large scale test
information which isjudged appropriate, is identified and the confidence in the applicability
of the experimental data to a vessel is discussed. Where there is inadequate data to make
a prediction with confidence or where there are apparently conflicting data, recommenda-
tions for future testing are presented.

* ABB Combustion Engineering Nuclear Services
Windsor, CT 06095 U.S.A.

** ABB Combustion Engineering Nuclear Systems
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INTRO_DU_ION

Fracture mechanics analysis is performed to demonstrate that nuclear reactor vessels can
safely withstand normal and severe loadings. For some routine evaluations, such as for the
normal startup and shutdown of plants, the analysis procedure is well established and
codified in detail in the ASME Code [i] and U.S. NRC regulations [2]. For the evaluation
of severe transients, such as the pressurized thermal shock of a highly irradiated vessel,
there are yet some uncertainties in the analysis method which need to be resolved before
it can be comfortably accepted by the entire industry.

i

The Regulatory Guide 1.154 [3] prescribes a philosophy for a probabilistic analysis of a
vessel if the material is anticipated to reach the PTS screening criterion of 10CFR50.61 [4].
Prior to reaching the screening criterion, a vessel is essentially pre-evaluated to be
acceptable by analyses performed during the early 1980s.

A probabilistic analysis is the compilation of results from a large number of deterministic
analyses performed with varying inputs. Therefore, the probabilistic analysis is only as good
as the deterministic analysis assumptions, procedures, and data on which it is based. The
regulatory guide presently does not prescribe in detail all of the inputs and procedures for
the analysis, so considerable latitude is given to the analyst.

The potential for disagreement between different analysts on what are appropriate inputs
and procedures was illustrated by the Yankee Atomic attempt to perform analyses to justify
the continued operation of the Yankee Rowe vessel in 1991. After prolonged discussions
and revisions of analyses, Yankee Atomic withdrew its efforts to justify the Rowe vessel and
the NRC determined that the regulatory requirements and guidance documents needed
clarification. Observers throughout the industry, perceived the failure of analysis to justify
continued operation at Rowe to be an indication that analysis was an unacceptable method
for demonstrating the integrity and continued operability of a reactor vessel.

During the recent NRC/lndustry meeting on Coordination of Reactor Vessel Integrity
Efforts (September 1992) [5], the NRC reaffirmed that:

a) they intend to revise all the regulatory documents relating to vessel integrity,
and

b) analysis will be an acceptable integrity demonstration tool once the details of
the methods and inputs are resolved.

To hasten the resolution of the analysis issues, the NRC has requested industry help.
Industry, via NUMARC, has agreed to work toward resolution and a state of regulatory
stability in the area of reactor vessel integrity.
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There are many unsettled issues, some large and some small, and limited resources
throughout industry to work on them. Therefore, it is vital that the most important issues
be given the highest priority so that the greatest benefit can be attained.

The purpose of this paper is to aid in identifying the issues which, if resolved, would provide
the greatest enhancement to the acceptability of the analysis option. In order to do this,
some typical deterministic vessel analyses will be addressed, and points of uncertainty will
be identified. The impact of the uncertainty on the credibility and acceptability of the
results will I_ediscussed so that the various issues can be evaluated with respect to degree
of impact and therefore, prioritized for industry attention.

VESSEL ANALYSIS

To make comparisons to other work easier, several generic analyses will be used for
discussion. A typical analysis addressing these issues is presented in a recent paper by J.
Keeney-Walker and B. R. Bass [6], and several other analyses have been presented during
the EPRI/NRC Research Benchmarking meetings [7]. These analyses consider typical
severe PTS transients in embrittled vessels, in the analyses, the key issues are:

a) does the crack initiate,

b) if the crack initiates, does it arrest and at what depth into the vessel
wall, and

c) if it arrests, will the crack reinitiate due to dynamic response of the
structure or at a later time in the transient.

The issues of crack initiation, arrest and reinitiation will be addressed separately in order
to focus clearly on one issue at a time. Reference 6 provides a good point of discussion.
It analyses a typical PTS transient with a variety of analysis methods.

CRACK INITIAT!ON_

Figure 1, which is taken from Reference 6, shows that K_first exceeds K_,:at a time fairly
late in the transient. The value of K_at this time, is in the range of 60 to 90 ksi4"in and the
crack depth is 0.3 to 0.9 inches. Values of this magnitude are also typical of those found
in the probabilistic benchmarking exercise. The issue to be addressed is what is the
confidence that a prediction of crack initiation at these conditions is accurate, conservative
or unconservative.

Reviewing the variety of large scale test results available from the HSST Wide Plate and
PTS tests, we see that, in general, it is hard to initiate a crack, and specifically, the Kl
required for initiation is often significantly higher than K_cwhich is determined from small
specimen tests or is given in the ASME Code. One example of this can be seen in the
PTSE-2 experiment [8], where the crack initiation toughness had to be shifted so that the
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post test analysis could be compared to the experimental results. A comparison of the
potential Kxcvalues is shown in Figure 2. In the HSST wide plate tests [9], the ratio of the
actual load required to initiate the crack to the predicted value is shown in Figure 3.

The cracks of concern for initiation in a PTS transient are typically very small. Mayfield and
Wichman [10] indicate that new insight into the behavior of shallow cracks and the apparent
toughness elevation of these shallow cracks emphasizes the need for more work in this are_
These observations lead to the recognition that an elastic calculation of Kx ffiKicwill rely
conservatively estimate crack initiation.

i

One phenomenon which could lead to a less conservative prediction of initiation, is the
potential for ductile crack extension prior to cleavage. This phenomena was observed in the
PTSE2 test, but the values of Kxwere considerably higher than in the PTS example (above
150 ksi_in). These higher Kxvalues are typically not the values of concern during the first
crack initiation due to a PTS transient. They may be seen for deeper cracks which may be
subject to reinitiation which will be discussed later.

. Assessment of Uncertainty

Based on the data from large specimens, crack initiation appears difficult to predict
with a high degree of certainty. However, the error is characteristically on the
conservative side for reactor vessel materials in that the load to crack initiation is
much higher than predicted, Therefore, two conclusions can be drawn. First, the
analysis methodology at present is conservative so it could be used with confidence
that a prediction of no initiatio_ would result in a safe structure. Second, more study
on this issue may provide sufficient understanding to lead to more accurate
predictions and the potential removal or at least quantification of the conservatisms
in the existing analysis.

CRA_CKARREST

The crack arrest issue has been vigorously discussed since researchers began to synthesize
the results of the CE/EPRI Crack Arrest Program and the HSST Wide Plate Test Program
[11]. Reference 6 contains the last word in that discussion which indicates that excellent
agreement between the results of the CE/EPRI and HSST Programs has been achieved with
respect to the prediction of crack arrest. Clearly, crack arrest is a dynamic phenomenon
which can best be predicted by dynamic analysis. However, the "static analogy" method
provides a good approximization of the dynamic results and is so simple that it can be
included in a probabilistic analysis.

, Assessment of Uncertainty

The agreement of analysis and experimental results of crack arrest tests, indicate that
crack arrest may be the best understood phenomenon in the entire analysis chain.
Although there is some uncertainty with respect to the precise values of Kh, the
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ASME Section Xi Appendix A curve [12] prescribes a lower bound which appears
to be conservative. Therefore, present crack arrest analyses per References 6 and
11, can be used to obtain conservative crack arrest predictions.

CRACK REINITIATION

Reinitiation of a crack is an important issue if the acceptance criterion for a vessel allows
some amount of crack extension. At the present time, Regulatory Guide 1.i54 stipulates
that the crack must extend no further than 75% of the way through the wall.

Reinitiation of an arrested crack could occur Within milliseconds after arrest due to the
dynamic structural response to the presence of the extended crack, or it may occur later in
the transient due to higher loads caused by system repressurization.

The difficulty in predicting reinitiation due to the dynamic structural response is discussed
in Reference 6. The key issue is the sensitivity of toughness to loading rate which can be
very high following arrest. One source of data [13], Figure 4, suggests that the initiation
toughness, K_,j,decreases significantly with rate, especially at relatively higher temperatures.
On the othel laand, dynamic analyses of both, the CE/EPRI crack arrest specimens and the
HSST V_ide Plate tests indicated that reinitiation did not occur until significantly higher
values of Kt were reached than would be predicted by Reference (13). These analyses were
discussed in an EPRI/NRC meeting in San Diego in June of 1991 [12] but were never
published.

Two examples of large scale tests which appear to be inconsistent with the Shabbits data are
the MMCT tests and the Wide Plate tests. The stress intensity factor, as a function of time
after crack arrest, is computed for a MMCT specimen test in Figure 5 [15]. Ttne crack tip
loading rate is very high at about 6xlt)_ ksi4"in/sec. The rate sensitive Ki,_ from Figure 4 is
on the order of 120 ksi4"in which is significantly lower than the calculated value of
approximately 360 ksi4"in when reinitiation was observed to occur, in fact, the computed
value is higher than K_,.predicted from the ASME Section XI curve which is consistent with
previous observations.

Another example is Wide Plate Test numbers (WP1.5) fl)r which dynamic analyses were also
performed [11]. The KI as a function of time for both an elastic aad an elastic-plastic
analysis, is shown in Figure 6. In this case, the crack tip loading rate is about 1.Sx10"s
ksi4"in/sec, and the rate sensitive Kuois estimated to be 170 ksi4"in. The Kl at the time of
crack reinitiation is again very much higher than the rate sensitive value would predict.
Additional analyses of crack reinitiation in Wide Plate tests result in similar conclusions.

The HSST Wide Plate and CE/EPRI programs were primarily concerned with studying
crack arrest. Since they did not focus on reinitiation, the test specimens were not
specifically instrumented to provide the kind of data necessary to characterize crack tip
conditions at reinitiation. There is, however, enough large scale test data to demonstrate
that the rate effect data [13] are not applicable for predicting reinitiation in these tests.
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If a crack does not reinitiate due to the dynamic response of the structure, it may reinitiate
later in the transient due to repressurization or some other increased loading. In this
situation, since the material is likely to be fairly tough (deeper in the wall, less embrittled
and perhaps warmer), ductile tearing may precede cleavage as was observed in PTSE2B [8].
Ductile tearing may also lead to through wall crack extension, also observed as the last
phenomenon of FI'SE2B.

• Assessment of Uncertainty

Use of the rate dependent material toughness of Figure 4, appears to underpredict
the loading required for reinitiation. Inclusion of this in a vessel analysis would
result in a very conservative prediction of crack reinitiation and, therefore, crack
extension in the vessel wall. Additional studies may lead to insights which would
enable a more realistic reinitiation prediction and therefore, a more useful vessel
analysis method.

Reference 6 suggests that the development of an effective model for the complete fracture
event is dependent upon substantial progress being made in several of areas including
dynamic initiation toughness and pre-cleavage ductile tearing.

SUMMARY OF ISSUES

The critical parts of the fracture analysis of a vessel are the prediction of crack initiation,
crack arrest and reinitiation. Present analysis methodology can provide a conservative
assessment of initiation, possibly a very conservative assessment of dynamic reinitiation, and
a realistic prediction of crack arrest. Therefore, it is clear that a conservative analysis of
vessel integrity can be performed. The conservatisms in initiation and reinitiation, however,
may result in a failure to be able to demonstrate vessel integrity which could result in the
shutdown of a safe vessel. In order to preserve the analysis option as a means of
demonstrating that a vessel is safe, conservatisms in the analysis must be eliminated or
quantified.

Based on the discussions in this paper, it is clear that the key issues which need to be
addressed to enhance the credibility of the present analysis option for reactor vessel integrity
demonstration are:

1. Initiation of small cracks in brittle material of large structures;

2. Dynamic reinitiation of deep cracks of brittle or ductile material to test the
rate dependence hypothesis; and

3. Static reinitiation of deep cracks in ductile materials with emphasis on the
effect of pre-cleavage ductile tearing.
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PREDICTED CRACK INITIATIONS
IN PTS TRANSIENT
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Figure i: Typical Crack Initiation Prediction for a PTS Transient
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Figure 2: l:racture "l'()ughv_e_sValues ('ol_ictere(l f()r lVl'_!.-2 (,rack Initiation l:'redicti()v_
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'/'able5.1. Initiation stress Intensity f_ctor comparisons

Test Crack tip Calculated static Property correlation

r..empera tu re, Xt0 (MPa" l(m") (I'IPa *//a') gi/Klcdesignation (o C) KIc

W['- !. 2 --33 251.5 111.5 b 2,87
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lAi,-l. 5 -30 179.8 91.6 b 1.96

VII'- 1.6 -19 233.8 i I I .7 b 2. l0

WP-l. 1 -22. I 280.6 103.7 b 2.7 l

ClCc)taputed from 3-D static analysis using ORHGEN/ADINA/ORVIRT.

! /)Calculated from Ktc ,: 51.276 ¢ 51.897 e 0"036(T " RTNDT) using crack
tip temp,_t;_tut'e of initial [law.

Figure 3: Ratio of Predicted Kt, to Post-Test Computed Value for Wide Plate Tests <if
533B Material

D. J. Naus, el al, "Summary of the Eleventh I/eavy-Section Steel Technology (ttSST)
Wide Plate Crack Arrest Test" (WPI.7)", Oak Ridge National Laboratory, December
7, 1987
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Figure 4: Dynamic Fracture Toughness as a Function of Loading Rate

W. O. Shabbits, "Dynamic Fracture Toughness Properties o[ Heavy Section A533 Grade
B Class 1 Steel Plate", Westinghouse R&D Center, WCAP-7623, HSST Technical

Report No. 13, December 1970
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APPLICABILI_"f OF LABO_TORY DATA TO _GE SCA/,E TESTS

UNDER D_iC I_;_/)ING CONDITIONS

by

K. Ku_smaui', A. Klenk"

The analysis of dynamic loading and subsequent fracture must
be based on reliable data for loading and deformation history.
This paper describes an investigation to examine the applica-
bility of parameters which are determined by means of small-
scale laboratory tests to large-scale tests. The following
steps were carried out:

- Determination of crack initiation by means of strain gauges
applied in the crack tip field of compact tension specimens.

- Determination of dynamic crack resistance curves of CT-spe-
cimens using a modified key-curve technique. The key curves
are determined by dynamic finite element analyses.

- Determination of strain-rate-dependent st_ess-straln rela-
tionships for the finite element simulation of small-scale
and large-scale tests.

- Analysis of the loading history for small-scale tests with
the aid of experimental data and finite element calcu-
lations.

- Testing of dynamically loaded tensile specimens taken as
strips from ferritic steel pipes with a thickness of 13 mm
resp. 18 mm. The strips contained slits and surface cracks.

- Fracture mechanics analyses of the above mentioned tests and
of wide plate tests. The wide plates (960x608x40 mm 3) had
been tested in a propellant-driven 12 MN dynamic testing
facility. For calculating the fracture mechanics parameters
of both tests, a dynamic finite element simulation conside-
ring the dynamic material behaviour was employed.

The finite element analyses showed a good agreement with the
simulated tests. This prerequisite allowed to gain critical
J-integral values. Generally the results of the large-scale
tests were conservative.

' Staatliche MaterialprQfungsanstalt (MPA)
University of Stuttgart
Pfaffenwaldring 32
D 7000 Stuttgart 80



1 Introduction

The linear-elastic and elastic-plastic fracture mechanics
concepts are used in the safety analysis of cracked compo-
nents. The methodolo_ for the performance and evaluation of
fracture mechanics tests is subject to standards and is highly
developped in the case of quasi-static loading conditions /i/.
Investigations on the applicability of laboratory data to com-
ponents and methods for the application in this loading case
are established. In the case of dynamic and impact loading
conditions only first approaches exist for a complete methodo-
iogy which allows a quantification of the safety margin
against' catastrophic failure /2-5/. impact loading conditions
can often be found in energy, traffic or manufacturing techno-
logys in the design of nuclear power plants some dynamic
loading events are taken into account.

The present investigations comprise the determination of
laboratory data with compact tension (CT-) specimens and
three-point-bend (TPB-) specimens as well as tests with
specimens which are in size and shape similar to components
(F__). The tests with small-scale specimens are used to
de%e_nine crack initiation and crack resistance curves by
means of special measuring and evaluation techniques. They
were perfonned in servohydraulic testing machines, a high
energy rmtating disk impact machine (_] an inverted
instrumented impact machine, and a spli_inson-pressure
bar. The loading rates varied from 1 Mpa_m/s to 107 MPa_m/s.
Dynamic tensile tests with specimens machined in longitudi-
nally oriented strips from a pipe were performed on a serve-
hydraulic testing r_chine (F_. 3). The wide plate tests were
carried out on a 12 MN propellant-driven dynamic tensile
testing facility (Fiu, 4).

Fine-grained structural steels with different values of upper
shelf Charpy-V notch impact energy (_) and the austenitic
steel X6 CrNi 18 II with a Charpy..V h-6_uc_6impact energy of 300

J at room temperature were examined (_). The ferritic
specimens were machined from seamless papas with different
diameters the austenitic ones from a plate. The chemical

composition of the materials is shown in __.

The fracture mechanics analyses comprise the investigation of
crack initiation values and crack resistance curves by means
of small-scale specimen tests. A fracture mechanics analysis
of the large-scale specimen tests was employed using dynamic
finite element calculations. A material characterization by
stress-strain-relationships is necessary for an assessment of
the results and for the modelling of material behaviour for
the numerical analyses, if the applicability of laboratory
data to components is to be investigated, an additional analy-
sis of the loading and deformation history will be necessary.
In addition to the critical values for crack initiation and
the crack resistance curves a characteristic loading rate has
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to be dete:'mined. The shi_t o5 the _.ransition temperature _or
_erritic steels under dynamic loading has to be taken into
account. Therefore a detailed investigation in the temperature
range -100 °C to +I00 oC was carried out for the material
17 MnMoV 6 4. Other tests and simulations were carried out at
room temoerature.

1
Fig Jii- " Schematic representat_ _n ol the tests and

investigations

.-:-- - ;u ; - __.__ -- __ -- _ ..... __ _ll_l ........ , __ • _,, = ......... --- ,.... ,, ..........................

Material orien- NDT- specimen machined innec wall
_a_ion tempe- _orms _rom dia- thick-

rature meter hess

20 _oNi 5 S TL -50 °C CT25 seamless 704 mm 48 mm
(similar to pipe
A508_ CI.31

17 MnMoV 6 4 LS -40 oC TPB seamless 346 nln 11 mm
stripes pipe

(WB35) LT -i0 oC CT10, TPB
stripes

TL -I0 oC CT I0

15 NiCuMoNI_ 5 LT 0 °C CT 10, seamless 434 ._m 18 ._
(WB36) stripes pipe

Ill]Hill _ll _'7....... _ --= I -= It Lj .................. lit .......... I _ { I ;_ =. T ._ := . IIIlilll 11? il Ii1111 If ...........
1

x6 crNi,18 11 TL - CT l;la e - 40
wide plates

Table I: Materials and specimen _orms
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Material C Si Mn Cr Mo Ni A1 Cu Nb

20 _oNi 5 5 0.20 0.22 1.33 0.08 0.50 0.72 0.02 0.02 -

17 _oV 6 4 0.14 0.34 1.63 0,11 0.37 0.05 0.03 0.07 <0.01

15 NiCuMoNb 5 0.14 0.30 1.04 0.17 0.36 1.18 0.01 0.65 0.02
X 6 CrNi 18 II 0,05 0.56 1.40 i8.4 0.02 i0.2 0.03 0.06 0.05

Table 2: Chemical composition of the materials

/ i / ',..c, I
I /..___,_.--.z.....___

__ i,r200 . !"tl .........
!1/,- ....... -,--,it

/

_ 110 _ ' _ ........" 7
100 "".............

,o _ ,,":/I.....,........1_20_.M.¥o__N_es.

1 '
-IBO 0 laO 300

Tt'_
Fig. 2: CharDM-V-notch impact _nergy for the test materials

PerKJutumw,ihFast rh_,rnoI¢CylirXler

StI,DIClaws

Rotating Ol_k

Fig. 3: Rotating disk impact machine
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Fig. 4: Servohydraulic testing machine with a maximum
speed of 12 m/s for the tensile tests with
longitudinal strip test specimens

m(l(! _H
H(_ AIAi[MILYi MINOIP_

W_k n_ moo IEII

LOAD 12 MN WEIGHT

GTROKE 600 (1300) mm TOTAL 490 l

VELOCITY ACCELERATING PART8 16 t
-AFTER 20 mm STROKE 25 rots

ACCELERATION FORCE
-AFTER 400 mm STROKE 60 role 100 MN

LOAD FRAME 8TtFFNE88 lO'°NIm
CRO88-EECTIONAL AREA 20000 mm I IITRE||Eli

MAX. INTERNAL PRESSURE _lOOkiPs PISTON ROD MAX. 900 kips

t,0, OF CYLINDER 1200 mm CYLINDER MAX. 6_16kips

Fig. 5: 12 MN propellant-driven tensile testing machine
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2 Dynamic stress-strain curves

The stress-strain curves have to be determined as a function
of the strain rate /6,7/. The maximum strain rate usually
occurring in structures without defects can be estimated to be
in the magnitude of 101 s-I The mean value of strain rate at
the boundary of the plastic zone at a crack tip can be ten
times higher than that of the componentwithout defect. Thus
strain 'rates of about 103 can be found in the plastic part of
the crack tip region /2/. The simulation of cracked structures
needs therefore reliable material data for strain rates up to
this value. The strain rate should be constant during each
test. This prerequisite was fulfiled owing to an optimized
testing technique /8,9/. Smooth round bar specimens with a
diameter of 6 mm in the gauge length and gauge lengths of
30 mm resp. I0 mm were used. Dynamometer sections instrumented
with strain gauges served to determine the stress ao via
quasi-static calibration. This sections of the specimens were
deformed purely elastically during the test. Because of the
nonlinear stress-strain behaviour of the austenitic steel, the
dynamometer sections were made from a ferritic steel and
welded on by electron beam welding. Strain _ was measured with
a post-yield strain gauge which allowed the measurement of
strain up to 20 percent. By means of an electro-optical
extensometer resp. contact-free opto-electronic sensors the
strain for larger plastic deformations could be gained. True
stress a and true strain _ were calculated using

a = ao ( 1 + _ )

= In ( 1 + e ).

These relations are valid up to the ultimate tensile strength.
_ shows the true stress-true strain relationship for the

1 17 MnMoV 6 4 as a function of strain rate. All

materials show an increasing flow stress with increasing
strain rate. The increase of stress at the onset of yielding
is higher than that for higher strain values. To determine a
material model which can be used for the finite element
analyses the mean value of the quotient

k" (s _) / u (_)= Odyn , stat

between the lower yield strength and the ultimate tensile
strength was determined for each strain rate z. The material
model for each material comprises a complete quasi-static
stress-strain-curve and the following approximation using the
Symonds-Cowper-equation :

= D ( k" - I)P .

The parameters D and p are shown in Table 3. The strain rate
sensitivity is smaller for materials_her strength and
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Fig. 6: True stress-true strain curves for the material
17 MnMoV 6 4

1..5- + "t7
I

w#I
O 20 MnMoNi 5 5 ,,..

1.4 0 17 MnMoV 64 + ), ,.,"_/
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"_......__;;i_ii_i_....... ,-- _'9"1.3
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Fig. 7: Approximation for the strain-rate-dependence of the
flow stress
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material Re star Rm star D p
(Rp0 _)
N/mm _ N/mm 2 s- I

-- i rl I I Ill II IIll'' ii .... _ ..... I __ Illll Jr n II .....

20 MnMoNi 5 5 530 658 2.27 x l0B 7.74
17 MnMo V 6 4 520 690 4.54 x 106 7.29
15 NiCuMoNb 5 574 730 4.70 x 10 6 6.73
X6 CrNi 18 II 280 590 3.19 x 104 4.33

......... - .................. _.... ..... _

Table 3: Parameters for the quasi-static and dynamic material
charac teri zat ion

vice versa (_) as shown for a variety of materials in
earlier investlgations /2/. The characteristic of the rate
sensitivity is similar for all the ferritic steels, the
austenitic steel shows a stronger increase of flow stress at
strain rates greater than i0 s-1.

3 Determination of crack initiation and crack resistance
curves with small-scale specimens

Quasi-static tests according to the method of partial unload-
ing were compared with dynamic tests with compact tension

specimens (Fig. 8) with a thickness of i0 mm (pipe materials
with wall _esses of less than 20 mm) and 25 mm and
three-point-bend specimens of Charpy-V-notch specimen size.
All specimens had a crack depth ratio of 0.5 to 0.6 and
fatigue cracks. A number of CT-specimens with eroded "crack"
front (notch radius R = 0.15 mm) served for comparison with
the large-scale specimen which also had eroded notches of the
same radius. The instrumentation of the compact tension
specimens comprised strain gauges attached to the bottom and
top faces of the specimens for load measurement. This method
was optimized for elastic-plastic material behaviour /2/.
Quasi-statically determined calibration functions showed a
linear relationship between measured strain and load for the
ferritic steel. For the austenitic steel the load was calcu-

lated via a calibration function which was determined by a
quasi-static experiment and was modified by means of dynamic
finite element calculations /7/. Crack opening displacement
was measured by an opto-electronic extensometer /6,7/. The
time of crack initiation was determined from the signal of a
strain gauge near the crack tip which shows a significant drop

after changing the slope of increase (_). The J-integral
evaluated according to ASTM E 813-88 at this time is taken as
critical value Ji. The quasi-static evaluation by measuring
the stretched zone width is described in /I0/. Additionally
the method of DVM proposed in /II/ was used. The critical
J-value is calculated with the aid of a theoretical blunting
line.
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Fig. 8: Compact tension specimen with instrumentation
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Fig. 9: Strain-time-curve measured by the strain gauge near
crack tip and load-time-function of a CT I0 specimen
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The calculation of the theoretical blunting lines were
performed using the dynamic material characteristics. The
three point bend specimens were tested in an inverted impact
tester /12/. Crack initiation was determined from the crack
opening displacement(COD)-time curve, the COD was measured by
means of an optoelectronic sensor /13/.

The relationship

KIj = (Ji E / (I-_ 2) )1/2
i

was used for the calculation of the values shown in the
following figures. The time derivative of the stress intensity
factor proved to be a useful parameter fo_ the description of
the loading rate. Mean values for K and J_1 were determined
according to BS 7448. K describes the el,stic increase of load

and Jpl characterizes the loading rate in the plastic range
the tests showed a similar relationship between R and _p1_All

Thus K was used as a characteristic parameter for the test.

Ernst etal. /14,15/ proposed a Key-Curve-Method for the de-
termination of crack resistance curves. This method is sui-

table for the application under dynamic loading. The determi-
nation of the key curves by means of finite element analyses
applied in /5/ was optimized using calculations considering
inertia effects and a strain-rate-dependent material model

/7/. The principle is shown in Fiu. 10 . The comparison of
quasi-static and dynamic crack reslstance curves showed

different results for different materials __) The
dynamic J-integral values for the steel 17 __ 4 are
higher than the quasi-static ones. For the optimized steel 20
MnMoNi 5 5 quasi-static and dynamic J-R-curves lie within the
same scatter band.

4 Fracture mechanics analyses of dynamic longitudinal strip
tension tests

Specimens machined in longitudinally oriented strips from the
pipes made of 15 NiCuMoNb 5 and 17 MnMoV 6 4 were used in a
large test program to prove the reliability of evidences for
the integrity of structures /16/. Additional tests with strain
gauge instrumentation were carried out to determine reliable
boundary conditions for the numerical simulations. Besides
specimens without defect, the specimens (_) tested at a
ram speed of 8 m/s disposed of a surface notch or slit. The
notch depth to thickness ratio was 0.2 for both geometries.
The load measurement by a piezo quartz and a strain gauge
dynamometer in the upper specimen grip was controlled by
strain _auges attached to the elastic part of the specimen and
by quasi-static calibration analogously to the small-scale
specimen tests. The results show that the load values measured
externally are the same but the force time curve is not exact
enough. The crack opening displacement was measured by means
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Fig. 10: Principle oE She Key-Curve method
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Fig. ii:,J-R curves of 17 MnMoV 6 4 and 20 MnMoNi 5 5 under
'quasi-s_a_ic and dynamic loading conditions
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of an electro-optical extensometer. The specimen elongation
measured by an opto-electronic bar code sensor /8/ served as
boundary condition for the finite element calculations. Strain
gauges in the notch tip area were used to determine crack
initiation similar to the CT-specimens.

The finite element calculations were performed with ABAQUS
/17/ using an implicit time integration scheme. The dynamic
J-integral was determined within the program using the method
of virtual crack extension. Due to the sy_etry half rasp. a

e 'quarter of the sp clmens were modeled with 8 noded isopara-
metric continuum elements. The comparison of the quarter- and
half model (with full length) showed that the inertia effects
of the second half of the specimen is negligible. Inertia
effects due to the lower specimen grip are included in the

boundary conditions. Fi_.___ shows a comparison of measured
load and calculated reactlon _orces for specimens with surface
notch and slit. Both types of specimens show the same force-
-time curve. A good agreement between measured and calculated
values even in details is visible, After crack initiation the
simulation is not correct any more, because of the missing
mc,deiling of the crack propagation. Critical values for crack
initiation are determined by the near tip strain gauges. This
measuring method is very sensitive and yields lower bound
values which are shown in the scatter band in Fig. 14. A
second possibility is to take advantage of the_ence
between measurement and calculation at the onset of crack

propagation. This more. integra_ approach , yields the upper
bound values. The loadlng rate _ is determlned analogously to
the C_-speczmens and amounts to 5.0 ... 8.2 x 105 MPa_m/s.
The comparison with small-scale specimen results in Fig. 14
shows the conservativity of these values. The material
15 NiCuMoNb 5 (WB36) shows higher values at small- and large-
scale tests than the material 17 MnMoV 6 4 (WB35) as expected
from the technological material data. The results of the

small-scale tests show a slight increase with increasing
loading rate. The initiation values determined for notched
CT-specimens are higher than those found for fatigue pre-
cracked ones. The difference is more significant for the
material 17 MnMoV 6 4. The values determined by means of the
theoretical blunting line (designated with DVM) are higher for
notched, specimens and agree with the results of the crack tip
gauge method for fatigue precracked specimens. At high loading
rates (> 106 MPa4m/s) the specimens with fatigue crack of both
materials show a decrease of K,j. An increasing part of
brittle fracture can be found at the fracture surface of these
specimens. This shows that the transition temperature is
reached at these loading rates. The fracture surfaces of the
strip specimens and notched CT-specimens do not show any
cleavage fracture. A more detailed comparison of transition
temperatures /18/ for the material 17 MnMoV 6 4 is presented
in
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Fig. 12: Specimens machined in longitudinally oriented stripes
from a pipe
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Emanating from the Charpy V-notch impact ener_ with a tran-
sition temperature of -40 °C (orientation LS) resp. -i0 oC
(orientation LT and TL) the transition temperature of quasi-
static fracture mechanics values i8 shifted to lower tempera-
tures by about 40 K, that of the dynamic fracture mechanics
values to higher temperatures bY about 20 K. Elongation after
fracture of the dynamic strip tension tests /16/ is shown in
Fig. 15. The elongation determined for a notch depth ratio of
0.2 has the same transition temperature as the Charpy energy.
The transition determined for a ratio of 0.12 is shifted to
-80 °C. These specimens show nearly the same results than
smooth specimens.

5 Numerical simulation of the__c wide plate tests

Quasi-statlc and dynamic tensile tests 119/ with wide platos
made of the austenitic steel X6 CrNi 18 ii (_) were
simulated numerically. The simulation was dono-'_plates
without defects as well as plates with surface notches of
length 21 = 60 _ and a depth of 4 mm and slits of length 21 =
60 mm. The radius of the eroded notches was 0.15 mm. ABAQUS
1171 with implicit time integration was used, Two- and
three-dlmensional models consist of isopa:ametric continuum
elements. Fig. 16 shows the model of the plate with slit
exemplarily. The strain-rate-dependence described in section 2
was used. The expe:imentally determined displacements of the
accelerated specimen grips were prescribed as boundary
conditions. The discretizatlon could be qualified using the
quasi-static calculations and the calculation of the smooth
specimen.

A Prerequisite for using numerically determined fracture
mechanics parameters is a good agreement of experimental and
numerical data. As already found for the smooth plate forces
and strains coincide well for the plates with defects.
presents the !ongituainal strain-time curves of a widep_
with slit. The strain in loading direction was measured by
means of strain gauges at 4 measuring points on the upper (I
and 3) and lower (2 and 4) surface of the specimen. In the
load-strain-curve (_Jl____) the pure time shift is eliminated-
Up to a strain of 5_%--t_e numerically determined course con
curs with the experiment. The beginning of stable crack growth
was determined experimentally by the potential drop method
1191, _able 4. Stable crack growth occurs before the numeri-
cally and experimentally determined time courses diverge. Thus
the specimen behaviour of the plate with slit can be said to
change at higher amounts of crack growth only. Within the
ABAOUS program the J-integral is determined with the method of
virtual crack extension under consideration of dynamic terms.
In _ the load of the plate with slit versus the numeri-
cally-d_rmined J-integral is plotted. The value at the onset
of stable crack growth is marked and shown in Table 4.
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Fig. 16: Wide plat:e and _*n:i.r.e element n_de.l.

wide plate with slit, experiment 014
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wide plate with slit, experiment D14
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Pig, 18: Load versus Longitudinal strain _or the plate with
elit
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Experiment de_ec: load F time t COD J
ms rnm N/_n

_---- .L.........................L[ .......... _ ......... _ ............... llll[l-- IU[ .... [_:.--_ IL_L .... TII ...._III: nll[IfliZl.............

DI4 slit 6.2 89.7 1.8 580
DI3 surface 9.1 41.4 2.1 420

notch

Table 4: Numerically and experimentally dece_ined values for
the onset of stable crack growth

The simulation results for the place wlch surface notch
deviate from the experimental values nearly at the same time
as determined by the potential drop method. The J-integral
value increases along the notch front and has a maximum at
posiclon 1, _L__2_. The value in table 4 is determine_ at
thisposition--------

wide plate with surface notch, experiment D13
J-integrololongthecrockfronl

:o-_---- _ - _ .... _ ...... - - --_oooL

r Ii

la - D_ _'_'--'i ....._- ...........- ....... -.... 600 _.

"-. :-'-- _"_ I _

_ ,4_`--- --b,gincrack.........Ofgrowth,table-'-'-_"_/_,7//___ " e"'ik"n"- 4°°l'. _!ie'_"_e.u..,Qe"t"_'_ll- ,ooe.uULq_.T.

! ,l0 -- ; r. ;- -- ,_ 'T, r •

0 #00 _lO00 i600 _lO00 :l#O0 8000 _)1100 4000 4llO0 #000

J-integral i N/ram

!

Fig. 20; J-integral along the notch _z_on_ for the plate with
surface notch
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6 Concluslons

The dynamic finite element simulations revealed that it is
possible to determine fracture mechanics data for dynamic
large-scale tests which can be compared with results from
small-scale tests. Further evaluations will be made to compare

the resul_s with engineering approaches and to prove their
applicabilzty to numerlcal simulations of components.
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EFFECT OF BIAXIAL LOADING ON THE FRACTURE BEHAVIOUR
OF A IVERRITIC STEEL COMPONENT

Mr D J Wright, Mr J K Sharpies, Mr L Gardner

ABSTRACT

The effect of biaxial loadin8 on the ductile tearing behaviour of a

through-wall crack in a ferritic steel structure under contained yield is

of particular interest to the structural integrity argument for reactor

pressure vessels. This results from the fact that there are many instances

in practice, (for example a crack in a circumferential weld), where a
significan_ applied stress is present in the direction parallel to the

crack as well as in the perpendicular direction.

Two large plate ductile tearing tests have been performed on centre
through-crack specimens (75 mmby 2 m by 2 m) manufactured from a ferritic

steel. The first test specimen was loaded in uniaxial tension and the second

test specimen was loaded biaxially. This paper presents experimental details
and results of the two wide plate tests and describes the analysis work being

undertaken which is required to interpret the experiments satisfactorily.

Preliminary results of this analysis work are presented.

AEA Technology, AEA Reactor Services, Risley, Warrington WA3 6AT
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1. _NTRODUCTZON

Pressure vessels by their very nature are subjected to biaxial stress

fields. In assessin 8 the siKnificance of a known or postulated flaw in the
circumferential direction of a vessel, the contribution to the fracture

process of the hoop stress, parallel to the crack, havin s a magnitude twice
the value of the lonKitudinal, crack openins, stress is currently not

properly understood. The R6 method (1) is used in the UK nuclear industry
i and elsewhere for carryins out such fracture assessment work. Although some

guidance is given in this procedure for evaluatin 8 limit loads for a biaxial

stress field, no account of the stress parallel to the crack is available for
fracture toushness data.

In order to examine the influence of biaxial loading on fracture behaviour,

AEA Technology has carried out two wide plate tests in the Structural
Features Test Facility at Risley. The tests were performed on centre

through-crack specimens manufactured from renormalised 0.36_ carbon steel,

employing a geometry of plate sufficient to provide contained yield

conditions in the uncracked ligaments. The first test specimen, designated

GNSRI.0U, was loaded in uniaxial tension. The second, designated GNSRI.0B,
was loaded in biaxial tension with the higher load acting parallel to the

crack to maximise biaxiality effects. Both tests were conducted at an upper
shelf temperature of 100°C.

This paper presents the experimental details and results of the two wide

plate tests and describes the analysis work being undertaken which is
required to interpret the experiments satisfactorily. Preliminary results of

this analysis work are presented.

2. EXPER!M_gTA_DETAILS

2.1 Test Specimen Design

The two test specimens were manufactured from a renormalised 0.36Z carbon

steel plate. In each case the specimen was fabricated from two parent

plates welded together to give the required width. The dimensions of the

uniaxial specimen were 2.3 m by 1.8 m by 75 mm (Fi8 I), and the dimensions

of the biaxial specimen were 2.5 m by 1.8 m by 75 mm (Fig 2). The
effective width of the biaxial specimen after manufacture was 2.3 m,

consistent with the uniaxial specimen. Each test plate contained a

centrally machined through-thickness crack, 1.15 m in length lyin 8 across

the seam weld in the test plates. The crack tips were generated with a saw

cut and then sharpened by fatigue cycling.

The uniaxial specimen, GNSR 1.0U, was welded between two cast steel

cross-heads (Fig I). The cross-heads were then cut through to the plate in

four places to a11ow unrestricted crack opening along the crack length. In

the test, this was achieved by loading each of the equally sized segments in

the crosshead independently with five pairs of hydraulic actuators.

The biaxial specimen, GNSR 1.0B, was welded between four cast steel

cross-heads (Fig 2) and, in the same way as 1.0U, saw cuts were made

through to the test plate. The four corners of the 1.0B specimen were

machined to a I00 mm radius and the saw cuts in the cross-heads running

parallel to the crack were extended by I00 mm into the plate thus providing

a test plate geometry consistent with 1.0U.
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2.2 Tes_ Faci!iti_,_

The I00 MN wide plate rig (Fig 3) in the Structural Features Test Facility
at Risley was used to execute both tests. The machine, weighing more than

600 tonnes, has the capability of applying loads up to I00 bin uniaxially or

to apply loads biaxially up to 50 MN on each axis. The rig is a multi
actuator machine offering twenty 5MN hydraulic actuators with a stroke of

300 mm each. Each actuator is served by a high response two stage serve
valve and controlled by state of the art three term controllers. The 20

controllers are grouped into pairs and run from a central computer. The

two actuators in a pair are those from either side of the test plate,

loading through the same cross-head segment. The control software has been

designed to make each actuator pair behave as a single actuator to minimise
unwanted bending in the test plate. This effect is achieved by maintaining

a fixed total load in each actuator pair but keeping the two displacements

the same. When the rig is operated in this fashion the control is said to
be in group mode.

Load is transferred from the Hydraulic actuators to the test plate via a

series of loading beams. There are ten uniaxial beams, designed to carry

two or four actuators in pairs Horizontally. The ten biaxial beams accept

two actuators running vertically. Each of the loading beams are bolted to

a single cross-head segment with a pair of actuators mounted across the
plate and between the beams as indicated in Figures 4 and 5.

The test plate, cast steel cross-heads, hydraulic actuators, loading beams,

and instrumentation form the complete test assembly which is supported by
the bottom uniaxial beams sitting on £ou_ rollers. This decouples the

assembly from the rest of the machine and gives total freedom for both

horizontal and vertical displacement of the test plate.

2.3 !nstrumentation

Each of the twenty hydraulic actuators is equipped with a strain gauge full
bridge load cell calibrated to 0.1% FSD.

An array of 27 strain gauge rosettes and 13 single strain gauges was used

on test GNSR I.OU. The gauges were compensated for mild steel and had an

active length of 2 nun. Figures 6 shows the strain gauge pattern adopted

during the test to measure plate strains for comparison with the

theoretical analysis and allow a yield criterion to be applied when

necessary. Test GNSR I.OB had five extra rosettes to allow for a plastic

zone extension moving away from the 45° lines extending from the crack tip

as occurs under uniaxial loading, Figure 7.

Thirteen displacement transducers of the potentiometric type were fitted to

GNSR I.OU as shown in Figure 8, to monitor displacement perpendicular to

the crack. Seventeen displacement transducers were used for the GNSR I.OB
test, Figure 9| the four additional to GNSR I.OU were mounted parallel to
the crack.

The remaining instrumentation for crack growth and temperature monitoring

was identical in both uniaxial and biaxial tests. The data logging system
was also a common feature.

Crack growth was monitored by the alternating current potential difference

(ACPD) technique using probes fitted as shown in Figure I0. Remote visual
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observations of the notch tips on either side of the plate was carried out

continuously durin 8 the fracture test using video cameras with the images
recorded on tape. Still photography was also used to capture details of
surface crack extension.

Temperature was maintained at 100"C throughout the fracture tests, to
ensure ductile behaviour, using twelve flat plate heater elements arranged

so as to generate a uniform temperature. Temperature was monitored and
controlled from eight thermocouples.

2.4 Tes__P_oced_re

Both tests followed the same procedure for establishing a fatigue crack,
approximately 5 mm long, from each of the machined notch tips before the
ductile tearing test was undertaken. Fatigue crack sharpening was carried
out using a loading cycle having a corresponding stress intensity factor

range AKI, of approximately 25 MPa_m. _ith a through crack geometry, the
crack ti_ plastic zone was therefore minimal. The cyclic load was applied

at ambient temperature and in the case of GNSR I.OB, using only the
horizontal hydraulic actuators.

For GNSR I.OU, the ductile tearing test consisted of a monotonic slow ramp
increase in the applied tensile force, uniformly distributed across the
plate width through the five pairs of actuators. The ramp rate was
50 KN/actuator/minute. The actuators were operated in group mode as
described earlier and the total applied load was allowed to peak at 18.4 MN
before the specimen was unloaded. The criteria for termination of the test
was based on maintaining contained yield conditions for an applied load up to

80% of the theoretically predicted limit load.

Test GNSR I.OB was loaded with a monotonic slow ramp tensile force, in both
the vertical and horizontal actuators. The ratio between the crack opening
horizontal force and the vertical force in line with the crack was fixed at

lz1.35o This ratio was evaluated to give a crack tip stress field similar to
that of an infinitely large plate. The horizontal load peaked at 17.5 MN
before the specimen was unloaded. The same criteria used for terminating the

CNSR 1.OU test was again employed here.

A computer controlled data acquisition system was used to monitor and
record all the instrumentation signals during the two tests. In addition,
an on-line computer graphics display of selected data was available to
assist in the assessment of plate behaviour and crack extension.

On completion of the tests, the specimen crack tip sections were broken
open to permit measurement of the crack extension.

3. EXPERIMENTAL RESULTS

Displacements and strains were carefully monitored throughout the test to

assess whether any significant in-plane or out-of-plane bending was evident
in the test plates. This in fact confirmed that a small degree of bending had

occurred in both test plates but it was considered that this would have no

significant effect on the test results. An example of this bending is shown
in Figure 11 where displacements from transducers 6, 10, 12 and 13 are
presented.

622



Assessing crack growth initiation using ACPD is not a simple task in

elastic-plastic fracture. This is due to the uncertainties associated with
isolating crack growth induced changes in PD from those due to stress.

Nevertheless, significant work, so far unpublished, undertaken in the OK in
recent years has enabled crack initiation to be monitored by ACPD with a

high degree of confidence in large scale structural tests of ferritic steel

specimens of the type under consideration in the present study. The ACPD

plots all exhibited typical features of response during fracture testing on
ferritic materials. An example is given in Figure 12, taken from the

GNSR/I.OU test. During initial loading, a sharp increase in voltage occurred

which corresponded to the unbutting of the fatigue crack surfaces at each end

of the machined defect. This phase was complete at about 4MN applied load.
The increase due to crack opening was followed ty a reduction in the ACPD

with increasing load caused by the effect of material straining on the

conducting skin depth. This effect eventually saturated and the subsequent

increase in voltage may be attributed to crack growth.

By careful processing of the ACPD results therefore, the initiation load
for the uniaxial GNSR/I.0U test was evaluated to be between 15.5 MN and i6

MN at the upper crack tip and 13.5 MN at the lower crack tip. In the same

way, the initiation load (in the horizontal direction perpendicular to the
plane of the crack) for the biaxial GNSR/I.0B test was evaluated to be 15.5

MN at the upper crack tip and 16 MN at the lower crack tip.

After the specimens had been broken open, it was evident that some crack

"tunnelling" had occurred at each of the four crack tips. The nine point
weighted average values of ductile tearing for the GNSR/I.U test specimen

were 3.5mm and 5.3mm at the upper and lower tips respectively. The

corresponding values for the GNSR/I.0B specimen were 3.2mm (upper crack tip)
and 1.3mm (lower crack tip).

4. FINITE _NT ,gNALY8_S

A programme of elastic-plastic finite element stress analysis is currently

being performed for both GNSR/I.OU and GNSR/I.OB test specimens using the
ABAQUS code (2). The edges of the GNSR/I.OU specimen were welded via lOOmm
thick transition pieces to loading heads which were slotted to form five

independent sections (Figure 1). Equal loads were applied to each section,

enabling what approximates to a uniform distributed load to be applied to the
specimen. The loading head slots stop approximately 50mm short of the actual
specimen. An initial finite element model therefore included a strip 100mm

thick and 50,xn high across the "top" of the model to which the uniform load

was applied.

Figure 13 shows the mesh used initially for the GNSR/I.OU analysis, The

mesh, which consisted of second order (eight-noded) quadrilateral plane

stress elements with reduced integration, modelled only a quarter of the

specimen assuming geometric and material symmetry about two axes. The mesh
was refined in the crack tip region and extending away from this at 45
degrees, the expected direction of the spread of plasticity with increasing
applied load. The crack length modelled was 1.15m which was that in the
experiment prior to the fatigue crack growth.

As with more sophisticated meshes currently being developed, the initial
mesh referred to in Figure 13 was designed so that as many nodes as

possible would coincide with strain gauge and displacement transducer
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locations so that output could be compared directly with the test results.
These locations are indicated in Figure 13.

The same mesh as shown in Figure 13 was used for the initial finite element
analysis of the GNSR/I.0B test plats. This t_ne of course, the loadin$ was
applied in the direction parallel to the crack, as well as perpendicular to
the crack, in order to model the biaxial loadin8 with the required load ratio
of 1.35. As may be noted from Fisure 3, the loadin 8 parallel to the crack in
the GNSR/1.0B specimen was not distributed over the entire edge of the
plate and this was allowed for in the modelling.

Figure 14 gives an example of strain results compared with those obtained
experimentally for GNSR/I.0U for the direction perpendicular to the crack.
Reasonably seed agreement is shown between the experimental and finite
element calculated values.

Figure 15 shows applied load (perpendicular to the crack) plotted aiainst
the finite element calculated J-intaarel values obtained for both ON$R/I.OU
and ONSR/I.0B specimens. As can be seen, the effect of the biaxial loading
is shotrn to result in the J values being reduced from the uniaxially loaded
case of GNSR/I.0U.

The finite element work currently being undertaken as part of this
programme models the test places more accurately by using actual materiel
properties obtained from samples cut from the same plates as the ONSR/I.OU
and ONSR/I.OB spec_nens were manufactured from. Plane strain as well as
plane stress analyses are also being considered. This will load to accurate
J-Resistance curves being evaluated by relating the finite element
calculated J values to the exper_nentally determined crack growth versus
applied load or plate displacement values for both crack tips in each of
the test plates

5. FRACTURE_CHASZCS_*LYSZS

R6 Category 3 (1) analyses have been carried out for each of the "crack
tips" in the ONSR/1.OU and GNSR/I.0Dtest plates. The crack growth (As)
versus applied load predictions obtained by this method were then compared
with the experimental results. In all cases, the general Option I and mild
steel Appendix 8 failure assessment diagrams (FAD's) were employed.

Figure 16 gives an example of an assessment plot. This relates to the bottom
crack tip in the GNSR/I.0U plate. (Both the tensile end fracture toughness
material properties used in the assessment were obtained from samples cut
from the plate relevant to this crack tip).

Crack growth versus applied load "predictions" ware obtained by scaling
assessment points such as those presented in Figure 16 to the PAD's. In
making direct comparisons between the uniaxial test of GNSR/1.0U end the
biaxial test of GNSR/I.0B, the bottom crack tip results of the former may
be compared with the top crack tip results of the latter, since the
material properties for the plates of these two cases were shown to be
exactly the same. The GHSR/1.0U specimen was 5mm thicker than the ONSR/I.0B
specimen, as it is more meaningful therefore for the comparison to be based
on applledlnomlnal stresses rather than applied loads. The results of chl8
comparison are given in Fig 17 which shows crack growth Versus applied
stress for both the experimental and R6 results. The R6 results for the

GNSR/I.0U and GNSR/I.0B specimens are identical when bese_ o_ applied
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stress since no attempt was made to take account of bimximlity for the
latter. It can be seen that the "observed '° initiation applied stress for
ONSR/I.0B was approximately 201 hi|her than that for ONSR/t.OU. Hovever,
the m_ximum stresses are very similar in the two tests, with that for the
biaxial test bainS siishtLy hiEher; 106.7 HPa in ONBE/I.0U for 5.3aa_ of
taarins and 108.7 HPa in ONBR/I,OB for 3.2mm of tasrin6.

Zt can be seen that the R6 results conservatively undsrpredict the applied
stress for the amounts of ductile tesrins obtained in the tests for the
crack tips considered in Fisurs 17. This yes also shorn to be the case for
the other crack tips (Fisuras 18 and 19). (Note chat for the upper crack
tip of ONSE/i.OUB, material specific option 2 and material and |,ometry
specific option 3 analyses rare performed. FAD options vet. also
considered, Fisur, 18). It vould seem Likely that the conservatism of the
R6 results would still apply even if the cracks had been srmm up to
instability. However, it can be seen from Fisur, 10, that for the ONBR/I.0U
top crack tip, it is likely that the R6 results would be non-conservative
for crack extensions of a few millimetres more than was obtained in the
teat.

Finally, it is vetch remembsrins that all the experimental data points
presented in this report have been based only on ave reaultst (i) the
initiation load, based on ACPD measurements, and (ii) the maximum load point,
based on nine point averase measurements taken of the fracture surface.
Althoush this maximum load point measurement is an accurate assessment of the
amount of ductile tearins obtained durins the tests, further rizoroua
analysis of the ACPD data rill enable more crack |roach versus applied load
or stress to be obtained by "back-calibratins" from this point.

6. CONCLUSION_

The followin s main conclusions may be dravn fr_ the work contained in this
reports

1) The initiation applied stress, evaluated by the ACPD method, for the
biaxial specimen, ONBR/I.0B, yes approximately 20I hishsr than that for the
uniaxisl specimen, ONSR/I.0U indicatinl an effective benefit of biaxtal
loadins.

2) The maximum applied stresses veto similar in the tvo tests rich that
for the biaxial test heine slishtly hiBher than that for the uniaxial react
106.7 14Pc in ONSR/I.0U for 5.3mm of tear!ns and 108.7 HPa in ONBR/I.0B for
3.2mm of csarins.

3) All t_, R6 results conservatively undsrprsdicted the applied load for
the ,mounts of ductile tearins obtained in the tests (is. 3,Smm and 5.3mm
in GNSR/I.0U and 3.2mm and 1.3mm in ONBR/I.0B).

4) For the GNSR/I.0U bottom crack tip and both crack tips in ONSR/I.0B,
it would seem likely chat the conservatism vould still apply even if the
cracks had been stern up to instability. However, for the GNSR/I.0U top
crack tip, it is likely that the R6 results vnuld be non-conservative for
crack extensions of , £,v millimetres more than yes obtained at chat crack
tip in the test.
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5) Preliminary elastic-plastic [inite element analyses carried out for
the test plate designs hays shown that the effect oE the biaxlal loading is
to reduce the J-Zntesral values from the uniaxlaily loaded case of
ONSR/I.OU.
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VERIFICATION OF DUCTILE FRACTURE MECHANICS
ASSESSMENT METHODS BY A WIDE PLATE TEST

by

H. Kordisch*, H. Talja**, L. Hodulak*

Abstract

In order to simulate the behaviour of a circumferential crack in a

RPV-cylinder wall under pressurized thermal shock (PTS) conditions
a large plate made of RPV-steel 22NiMoCr37 was tested under four
point bending. The depth of the surface crack was 35% of the wall
thickness with a c/a-ratio of 2.5. JR-curves for the material were
measured from side-grooved and smooth CT-specimens of different
dimensions.

The aim of the test was to achieve crack ;.uitiation and some amount

of ductile crack growth and to verify ductile fracture mechanics
analysis and assessment methods, including the transferability of
material parameters measured on small-scale specimens to the plate.
Therefore, analytical and three-dimensional elastic-plastic finite
element analyses had been carried out to predict and to simulate the
initiation and stable crack growth. Based on the J-integral concept the
agreement between the experiment and the numerical simulation was
improved if "constraint-modified" Ja-curves were taken into account.

* F,raunhofer-institut for Werkstoffmechanik, WOhlerstr. 11, D-7800 Freiburg, Germany
** VTT, Metals Laboratory, P.O.Box 26, Kemi_ntie 3, SF.02151 Fzlx_, Finland
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, 1 INTRODUCTION

Fora reactorpressure vessel (RPV) underemergencyconditions the most severe loading case
is the "pxcssurizedthermalshock" (PTS) with a striplike cooling situation beneath the inlet
nozzles. Due to the toughness requirements and the prevailing temperatures,elastic-plastic
fracturemechanics methods seem necessary for a realisticanalysis and assessment, including
the transferability of material parametersmeasured on small-scale specimens to the real
structure.

Therefore at Fh-IWM a method has been developed to take the constraintdependence of the
crack growth resistancealong the crack front into considerationin the numerical simulation
of stable crack growth [3]. The degree of the triaxiality of the stress state is described by a
constraintfactor h defined as

h = 0_0 v ,

quotient of the mean or hydrostatic stress oh to the equivalent stress (von Mises reference
stress) or. To describe the effect of the geometry three-dimensional finite element analyses
have to be performed for the specimens from which the crack growth resistance curves are
defined. The over the crack frontaveragedcalculatedvalues hmarethencorrelatedto the mea-
sured JR-curves.Thisisconsistentwiththefactthatsimilarlya Je-curve alsoessentially
presentsthedependencebetweenaverageJ-integralandaveragecrackgrowth.

In a first stage a linear relationship between hmand the slope dJ/da is established and usedto
simulate the local crack growth and it is assumed that the constraint effect does not influence
the initiation value Ji, whereas new investigations show a triaxiality influence on Jl [7].

In order to simulate the behaviour of a circumferential crack in a RPV-cylinder wall under
pressurized thermal shock (PTS) conditions a large flawed plate made of the reactor pressure
vessel steel 22NiMoCr37 was tested under four point bending at the temperature of 70 *C.JR"
curves for the material were measured from side-grooved and smooth CT-specimens having
different dimensions.

The aim of the test was to achieve crack initiation and some amount of ductile crack growth
and to verify ductile fracture mechanics analysis and assessment methods. Therefore,
analytical assesssments and three-dimensional elastic plastic finite element analyses had been
carried out to predict and to simulate the initiation and stable crack growth.

2 DESCRIPTION OF EXPERIMENTAL PART

The plate test was performed under four point bending to obtain a stressgradient resembling
to that in a RPV wall loaded by a pressurized thermal shock. Stable crack growth of a few
millimeters was planned to be reached in the test. The test configuration is illustrated in
Figure 1. A semi-elliptical flaw was produced in the plate by machining and sharpened by
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fatigue.The deptha ofthefinalsurfaceflawshown in Fig.2 was 27.7mm whichis35 %
of the thickness. The length 2c of the flaw was 140.4 mm (a/c ,=0.4). The test was performed
at a temperature of 70 oC in order to assure upper shelf behaviour.

The platewasextensivelyinstrumented.The valuesofload,loadpointdisplacementandcrack
mouth openingdisplacement(CMOD) were measuredduringthetest.Strainfieldswere
measuredwithstraingagestovalidatethenumericalresults.Acousticemissionmeasurements
weremade todetecttheinitiationofcrackgrowth.

The test was stopped at an expected stable crack growth of about 1...2 ram. The final load
value was 1.59 MN, the load line displacement as measured from the cylinder was 24.9 mm
and CMOD 2.37 mm, Acoustic emission measurement did not show any signal of crack
initiation. For further testing of the acoustic emission technique, the plate was fatigued and the
test was repeated with the larger crack sze,i Comparisons can only be made between the
calculation and the experimental results from the first test phase,

Stress-strain curves were defined for the material at the test temperature, The yield stress was
4.43 MPa and the ultimate strength 572 MPa. Ja-curves (shown in Fig. 3) were measured
using the partial unloading compliance technique from smooth and side-grooved CT-
specimens of different dimensions (Table 1). Additionally, potential drop measurements were
nladeto detecttheinitiation.

The test programme and the analytical and numerical simulations of the tests are described in
[4,51.

3 DESCRIPTION OF ANALYTICAL AND NUMERICAL PART

Analytical calculations and extensive elastic-plastic three-dimensional finite element analyses
have been performed for the plate betore and after the test. Three CT-specimens were chosen
from the test series for further analyses. Two of them were smooth specimens with different
thickness values and one specimen with 20 % side-grooves. The dimensions ate given in
Table 1, The finite element mesh for the side-grooved CT-specimen is shown in Fig. 4.

To assess the fracture behaviour of the plate analytically the IWM-VERB program was
adopted. Three-dimensional elastic-plastic finite element (FE) calculations were made using
the FE-program ADINA [1] with IWM-CRACK routines [2] to simulate stable crack growth.

For the plate test three different finite element calculations have been performed: one analysis
with the stationary crack and two different analyses simulating stable crack growth, using only
the lower bound JR-curve obtained from a side-grooved CT-specimen and with 'constraint
modified' JR-curves.

Normal 20-noded volume elements were used in the whole model including the crack tip
region which is often modeled with collapsed elements to describe the singular strain fields.
They can not describe the blunting of the crack tip which is the most important geometric
nonlinear effect in the present case. Thus the 'materially nonlinear only (MNLO)' -
formulation was used.
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The present simulations of crack growth are based on the h-variation calculated at the
Gaussianintegrationpointslocatednearesttothecrackfront,attheloadlevelcorresponding
to initiation. It is assumed that the h-value is not essentially affected by a moderateamount
of crack growth, CT-specimens and the plate are modeled using finite elements of equal size
at the crack front. So the h-values used for the CT-specimens and the plate are consistent.

in a side-grooved CT-specimen the local J-value and triaxiality of stress state do not vary
much along the crack front. Thus it is appropriate to use only one Ja-curve in simulating
crack growth. This is depicted in Fig. 5 where the estimated and measured crack growth arc
compared for the side-grooved specimen AED02 at the end of the experiment. The agreement
is good even near the bottom of the side-groove which was modeled rathercoarsely.

The situation is very different in a smooth specimen. In the analysis for the smooth C_-
specimens the effect of the varying constraint was considered. One difficulty was caused by
the very low triaxiaiity level at the outer surface where the stress state is near plane stress.
The stress state does thus not correspond there to the average h,, in any of the CT-specimens.
In a first stage the ASTM blunting line was used as the Ja-curvc at the outer surface. A
comparative analysis was made using only the Ja-curve obtained from the thicker smooth
specimen AEF01. The results for the specimen AEF01 are compared in Fig. 6. A very clear
tunneling can be seen in the middle of the specimen in the experimental result. None of the
simulations was able to reproduce this effect accurately, but a clearly better agreement was
achieved when the constraint dependent crack growth resistance was considered. At the outer
surface the new model improved the agreement remarkably, in case of the thinner specimen
AED04 the situation was more complicated because shear fracture occurred at the outer
surfaces.

Figure 7 represents the finite element model used in the analysis for the plate with the surface
flaw. Due to symmetry only one quarter of the plate was modeled. Equal prescribed vertical
displacements were imposed along the load line.

Calculated and measured strains at the crack side of the plate, near the crack end, are
compared in Fig. 8. The agreement between those results was good. As shown in Fig. 9, the
calculation somewhat overestimated the load. Main reason for that is probably the rather
coarse mesh. At the same CMOD level, the calculated load point displacement was clearly
smaller than the measured one (Fig. 10). The discrepancies between load, load point
displacement and CMOD results may be caused by following reasons:
- The displacement was measured directly from the hydraulic cylinder whereas the finite

element model did not include the compliance of the loading.
- The model was somewhat too stiff against bending, because it was rather coarse in the

length directionof the plate. The nearest Gaussian integration points had therefore a rather
large distance fromthe support lines and so the model could not consider the local plastic
effects there.

- Because the MNLO formulation was used, the possible increase in the distance between
support lines making the plate more flexible was ignored. The actual displacement of the
support rollers was not measured but the finite element calculations iadicated that this
displacement is at most 5 mm affecting the load line displacement by less than 1%.
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Figure11 showscalculatedh-variationsalongthecrackfront in theplateat different load
levels.Theconstraintparameterhadaquiteuniformvaluealongthefrontexceptverynearthe
outersurface.Thevaluewasalmostthe sameas in a side-groovedCT-spccimen[4], Thus
_helowerboundJR-curvecouldbe appliedin the main part'of the crackfront.Figure 12
comparesJ-variationsat the end of the experiment.As in the caseof the smoothCT-
specimen,bothsimulationsof crackgrowthle.dto verysimilarresultsas regardsto localJ-
values.A suttionaryanalysisyielded higherlocalJ-valuesespeciallyin themiddleof the
specimen.Thus it may be concludedthata stationaryanalysistendsto overestimatecrack
growthat thedeepestpointof theflaw.

As thefinalresulttheestimatedandmeasuredcrackgrowtharecomparedinFig.13.The
amountofstablecrackgrowthwas quitesmallintheexperiment.Thusitwas difficultto
separateapparentcrackgrowthduetobluntingfromactualstablecrackgrowth.Thereforthe
crackextensionvaluesinFig.13containthestretchzone.Theagreementbetweencalculation
andmeasurementisgood.The considerationof theconstrainteffectimprovedtheresult
especiallynear,theoutersurface.

Table2 comparesmeasuredstablecrackgrowth(excludingblunting)atthedeepestpointof
theflawwithanalyticalandnumericalresults.Differentalternativeloadingparameterswere
considered.Onlythelowerboundcrackgrowthresistancecurveobtainedfromaside-grooved
CT-spccimenwasused.Due tothediscrepanciesbetween10ad,loadpointdisplacementand
CMOD results,whichwerediscussedabove,theyledtodifferentresults.Stablecrackgrowth
isunderestimatedbyanalyticalmethods,numericalmethodsyieldedagoodagreementwhen
therncasuredforcewasusedasloadingparameterandtoanoverestimationwhenCMOD or
loadlinedisplacementwasused.

4 SUMMARY AND CONCLUSIONS

The workwas aimedasa supplementarylinkinassuringtheapplicabilityofnumericaland
analytical fracturemechanics methods to the assessment of the behaviour of real structures.
Additionally it was aimed as validation of nondestructiveexaminationmethods.

For this purpose a large flawed plate made of a reactor pressure vessel steel was tested. The
loading and temperatureat the deepest point of the crack as well as the materialbehaviour
during the test were planned to simulate those during a pressurized thermal shock. The
material was characterized using stress strainand crackgrowth resistance measurements. A
number of simulations of stable crack growth in the plate test and tests with CT-specimens
were made with analytical and numerical methods.

As regards to the plate test, neither the potential measurement method, which has proved very
reliable in fracture resistance testing, nor the acoustic emission gave an indication of crack
growth. However, some crack growth could be seen in the fracture surface. In calculating
stable crack growth, the use of only the lower bound crack growth resistance curve obtained
from a side-grooved CT-spccimen led to different results when different methods were used:
to an underestimation by analytical methods, by numerical methods to a good agreement when
the measured load was used as loading parameter and to an overestimation when CMOD or
load line displacement were used. In the calculation for a side-grooved CT-specimen, it was
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TABLES

Table 1. Dimensions of the CT-specimens.

specimen thickness width a/W side-grooves
................. ,,from). ,,, from) ......_ (,___ __ (%)ii l lt, _ _ " _ t|t - .........

AED04 12.5 50 0.60 -
AEF01 40 80 0.61 -
AED02 40 80 0.61 20

Table 2. Estimated and measured stable crack growth in the plate. Stretch :one excluded.

method loading stable crack growth
.... ___ ............... par_ineter ...... (turn). .......

test . 0.3
analytical load 0.1
FE load 0.3
FE CMOD 1.1
FE load line displacement 1.4
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appropriateto useonlythelowerboundcrackgrowthresistancecurve,whereasin thecaseof
smoothCT-specimensit provedto benecessarytoconsideralsothedifferinglocalstressstate
triaxiality.

Goodresultswereachievedin the numericalsimulationof localstablecrackgrowthunder
mechanicalloading,especiallywhenthe constraintdependentcrackgrowthresistancewas
considered.StationaryanalysesoverestimatedlocalJ-valuesespeciallyin themiddleof the
specimenandprovedthusto be somewhatconservative.

Unfortunately, the planned verification during a PTS loading was not achieved in the HDR
programme [6], because the actual crack size in the long durationPTS test (THEL) was too
small to obtain stable crack growth. Thus a similar test with a deeper crack should be
performed. Another interesting task would b¢ to try to apply the presented constraint
parameter on cleavage fracture for shallow cracks. For that purpose furtherexperimental
investigations combined with numerical assessments arc necessary.
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Fig. 4 Finite element meshfor the side-grooved CT-specimen AF,D02.
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ABSTRACT
The Heavy Section Steel Technology Program (HSST) is investigating the influence of flaw

depth on the fracture toughness of reactor pressure vessel (RPV) steel. Recently, it has been
shown that shallow cracks tend to exhibit an elevated toughness as a result of a loss of constraint at
the crack tip. The loss of constraint takes place when interaction occurs between the elastic-plastic
crack-tip stress field and the specimen surface nearest the crack tip. An increased shallow-crack
fracture toughness is of interest to the nuclear industry because probabilistic fracture-mechanics
evaluations show that shallow flaws play a dominant role in the probability of vessel failure during
postulated pressurized-thermal-shock (PTS) conditions.

The HSST investigation is a joint analytical/experimental study combining the use of shallow-
cracked laboratory specimens with RPV analysis. All tests have been performed on beam
specimens loaded in 3-point bending using specimens about 100 mm deep. Primarily two crack
depths have been considered: a = 50 and 9 mm (a/W =0.5 and 0.1). Test results indicate a
significant increase in the fracture toughness associated with the shallow flaw specimens in the
lower transition region compared to the conventional fract_aretoughness. The testing has produced
a limited database of fracture-toughness values as a function of crack depth which can be used in
probabilistic or deterministic fracture mechanics analyses of pressure vessel integrity. Final test
results from the shallow-crack fracture toughness program will be included in this paper.

Examination of previously tested thermal shock data reveals that no toughness elevation appears
to be present even though the thermal shock cylinders were tested with shallow flaws.

INTRODUCTION
The Heavy-Section Steel Technology (HSST) program sponsored by the Nuclear Regulatory

Commission (NRC), is investigating the influence of crack depth on the fracture toughness of
A533B material under conditions prototypic of a pressurized-water reactor (PWR) vessel.
Specifically, HSST is investigating the significance of the increase in fracture toughness associated
with decreasing flaw depth. The elevated toughness associated with shallow-flaws (i.e. shallow-
flaw effect) is the result of a loss of constraint at the crack-tip because of the proximity of the
crack-tip to the specimen surface. This paper presents the final toughness data from the HSST
shallow-crack fracture toughness testing program and posttest analysis of the results. More
detailed information on the motivation and objectives of the program, experimental set-up, and
verification of the test techniques used can be found in previously publish ',xireports [1-4].

* Researchsponsoredby the Oflice of NuclearRegulatoryResearch,U.S. NuclearRegulatoryCommission
under Interagency Agreement 1886-8011-9Bwith the U.S. Departme_zof Energy under Contract DE-AC05.
84OR21400with MartinMariettaEnergySystems,Inc.

The submittedmanuscripthasbeenauthoredby a contractorof the ,3.S.GovernmentunderContractNc,.
DE-AC05-84OR21400.Accordingly,the U.S.Governmentretainsa nonexclusive,royalty-freelicenseto publishor
reproducethe publishedformof thiscontribution,or allowothers to do so, for U.S. Governmentpurposes.
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The primary application of the HSST shallow-crack fracture toughness program is the
pressurized-themml-shock (PTS) accident scenario which in some cases limits the operating life of
a PWR reactor pressure vessel (RPV). Pmbabilistic fracture-mechanics analyses of an RPV have
st,own that shallow rather than deep flaws dominate the conditional probability of vessel failure in
a _FS evaluation 15-71. In fact, up to 95% of all initial crack initiations originated from flaws with
depths of 25 mm or less. Thus, PTS analyses require that the behavior of shallow flaws he
understood. In addition to investigating the shallow-flaw effect for PTS analyses, the shallow-
flaw investigation is studying the general influence of constraint on fracture toughness. The HSST
shallow-crack program is investigating the influence of both a loss of in-plane constraint (i.e.
shallow-flaw effect) and a loss of out-of-plane constraint (i.e. thickness effect). The
understanding of constraint is vital to the transferability of small-specimen toughness data to
v;uious structural applications (including RPVs). Furthemaore, ASTM validity requirements in
standard fracture toughness detemlinations may be appropriately relaxed based on a better
understanding of the influence of constraint on fracture toughness.

The HSST shallow-flaw program is a joint experimental/analytical program which has prcxiuced
a limited data base of shallow-flaw fracture toughness values and analysis to aid in the
transferability of the specimen data to an RPV. The experimental portion of the program was
divided into two phases: a development phase and a production phase. The development phase
established the techniques appropriate for shallow-crack testing, verified the existence of a
shallow-flaw effect in A533B beams, and compared beams of three thicknesses to choose the
thickness for the production phase of the program. Broken ends of the development-phase beams
were subsequently remachined and tested, yielding six additional deep-crack beam tests. The
prc×tuction phase involved developing a limited data base of shallow-crack toughness values at
various temperatures. The analytical portion of the shallow-flaw program consisted of both pretest
and posttest analyses of the test specimens. The pretest analysis was used to size the
instrumentation for the tests and to select an appropriate shallow-crack depth.

EXPERIMENTAL PROGRAM
The specimen configuration chosen for all testing in the shallow-crack program is the single-

edge-notch-bend (SENB) specimen with a through-thickness crack (as opposed to the 3D surface
crack). A beam approximately 100-ram deep (4-in.) was selected for use in the HSST shallow-
crack project. To maintain consistency with ASTM standards, the beams were tested in three-point
bending. All testing was conducted on unirradiated reactor material (A533 Grade B, Class l steel)
with the cracks oriented in the thickness (S) direction to simulate the material conditions of an axial
flaw in an RPV. Specimens were taken from the center, homogeneous region of the source plate
to minimize metallurgical differences between the material surrounding a shallow and deep flaw.

The specimen thickness was varied in the development phase tests to examine the influence of
thickness on toughness. Three beam thicknesses were used: B = 50, 100, and 150 mm (2, 4, and
6 in.). The span for the 50-ram-thick beana was 4W or 406 mm (16 in.). The spans for the ltX)-
and 15t)-mm beanas were increased to assure failure without exceeding the load capacity of the
beam loading fixture. Figure 1 shows three of the beam sizes used in the shallow-crack testing.
Both shallow- and deep-crack specimens were tested at each th; "ness. Beams 100 mm thick (4
in.) were used for the production phase tests.

The development and production phases of the HSST shallow-crack testing program resulted in
14 and 18data points, respectively, and an additional 6 deep-crack beams of varying thickness
were tested providing a total of 3_ data points. All but one of the development phase-tests were
conducted at -60°C, and the 6 additional deep-crack be"ms were tested at -45"C. The prc_uction-
phase tests used one beam geometry (I(X) x I(R)mm) but were conducted at various temperatures.
Two crack depths (one shallow and one deep) were used for the shallow-crack fracture toughness
testing program. The nominal shallow crack depth chosen was = 10 mm (a -- 0.4 in.), which is
representative of the flaw depths t.lat resulted in a majority of the initiations in the IPTS studies I5-
71and yields a nomxalized crack depth (a/W)of 0.10. All deep-cr_ck specimens were cracked to
an a/W value of approximately 0.5, The total test matrix for the HSST shallow-crack fracture
toughness program is shown in ]'able 1.
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lnsmlmentation was attached to the specimens to pemlit independent determination of both J-
integral and crack-tip opening displacement (CTOI)), The J-integral was determined from the load-
line-displacement (I.I,D) vs, load diagram, The M.,I) was determined using a reference bar
attached to the beam fixture and a micrometer attached to the neumd axis of the beam, CTOI) was
determined from crack-mouth-opening-displacement (CMOD) gages mounted directly on the crack
mouth of the specimen. Toughness data are expressed in tenus of CTOD according to ASTM
E120(l-lgg, Crack-'l';p ()pening t)isplacement (CI'(.)I))Fracture Toughness Measurement. ASTM
t';399, Plane-Strain Fracture Toughness of Metallic Materials, was used to analyze the deep-crack
specimens to determine if the test results could be considered "wdid" plane-strain (Kit) data.
ASTM F.813, Jlc, A Measure of Fracture Toughness, is not applicable to these tests since typically
the failures were cleavage events; however, critical J-integral cleavage values (Jc) were detemlined
for each test. The shallow-crack toughness formulations ;ire as similar as possible to the deep-
crack ASTM standard tot|ghness formulations,

Material Properties
Two heats of unirradiated A 533 B material were tested in this program. The development

phase and six additional deep-crack beams were taken from the HSST-CE plate and were tested in
the T-S orientation. The production-phase beams were taken from ItSST Plate 13B, were given a
final heat treatment (620 °C tk)r40 hrs) prior to machining, and were tested in the L-S orientation.
Material properties used in the analysis of the shallow-crack test results for both the development
and production phases _u'eincluded in Table 2, Additional information on the shallow-crack
production-phase material ch_tracterization and source material properties can be found in
References 8-10.

Crack-Tip Opening Displacement (CTOD), 8c, Determination
The plastic component of CTOD is determined experin'|entally from the plastic component of

CMOD and the rotation factor (RF), according to ASTM E1290. The plastic displacement of the
crack flanks is assumed to vary linearly with distance from the plastic center of rotation. In this
way, the plastic CMOD can be related to the plastic CTOD. The plastic center of rotation is located
ahead of the crack tip a distance equal to the rotation factor multiplied by the remaining ligament
(W-a). The rotation factor in ASTM E1290 is 0.44, but is a tunction of specimen geometry and
material. RF values determined for deep-crack beams are not necessarily applicable for otherwise
identical shallow-crack beams.

An experimental technique was utilized in this program to locate the neutral axis of the beam
ahead of the crack tip, using strain gages on each face of the beam. Assuming the plastic center of
rotation is locat_:d at the neutral axis of the beam, the RF cgmbe determined. Since the rotation
factor relates the plastic component of CMOD to the plastic component of CTOD, only plastic
strains were used to determine the "oration factor. The rotation factors determined using this
technique were relatively insensitive to load once plastic strains became nontrivial and were
consistent on each face of the beam. The RF for a beam was taken as the average calculated RF
(tom each face. Four deep-crack beams were strain gaged yielding an average RF of 0.44. Eight
shallow-crack beams were gaged to yield an average RF of 0.49. The rotation factor used for the
CTOD toughness calculation is the average of the values from this technique for the two crack
depths.

A parametric evaluation was performed to assess the sensitivity of the calculated CTOD
toughness on the RF. This evaluation indicated that the plastic component of CTOD is not
sensitive to the value of the rotation factor. Shallow-crack beams are less sensitive to the rotation
factor than deep-crack beams. A 25% increase in rotation factor increases the plastic CTOD by
about 5% and 17% for the shallow and deep-crack geometries, respectively. The rotation factor is
insensitive to beam thickness and absolute beam dimensions, varying only with ',gW ratios for a
given material and specimen depth. Based on the comparison of deep and shallow RF and the
insensitivity of C FOD to RF, the ASTM E1290 value of the RF of 0.44 would appear to be
appropriate for deep and shallow-cracked A533B specimens.
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Critical c'rOD (8c) values calculated using the RF values just described and ASTM E 1290-89

arc included in Table 3. The ratios of the shallow-to-deep-crack lower-bound 8c at T-RTNDT _' -25
"Cand -10 'C are 3.3 and 4.9 respectively, which is consistent with the A36 and A517 results [11,

12] Further examination of these data indicate little variation of 8c as a function of beam thickness
for either the deep-crack or shallow-crack beams.

J.lntegral, J¢, Determination
The critical J-integral value (Jc) was detem_ned for each beam using LLD data. Little or no

crack growth took place in these tests so ASTM E813 was not applicable. The J-integral was
calculated by dividing the elastic and plastic components of J and using only the plastic area under

the load v. LLD curve and a plastic 11factor as proposed by Sumpter [13]. The eqt, ations used to
determine the shallow-crack J-integral toughness arc as follows [13]:

Jc = Jel + Jpl where (1)

Jel -- Kc2(1-v 2) /E and (2)

Jpl= _plUpl/(B(W-a)) (3)
whereUplisplasticareaunderloadv.LLD curve.

The J-integraltoughnessvaluesforeachbeam aregiveninTable3.J-integralresultsare
consistentwiththeCTOD results.The ratiosoftheshallow-to-deeplowerboundJcatT-RTNDT --

-25"Cand-I0"(_are2.4and2.9respectively,whichisconsistentwiththe8cresults.

Comparison of 8c, and Jc Values

CTOD toughnessvaluescanbeconvertedintoJ-integralvalues[14]accordingtoJc= m.of.8o

whereofistheaverageoftheyieldandtensilestrengths,andm istheconstraintparameter.Since

Jcand8carcknown foreachspecimen,comparisonofJcand8callowsm tobedeterminedasa
functionofcrackdepth.PlotsofJv.CTOD showalinearrelationshipbetweenthetwotoughness
expressions.Theconstraintparameter,m,foreachtestwas determinedusingthecritical

toughness(Jcand8c)values.Theconstraintparameterasafunctionofcrackdepthyields
repeatableresultsasshowninFig.2.The averagedeep-crackconstraintparameteris1.5.The
averageshallow-crackconstraintparameteris1.0exceptforthreebeamswhichresultedina
significantlyelevatedm value.Thesethreeshallow-crackbeamsweretestedon thelowershelf
wherelinear-elasticbehaviortakesplaceregardlessofthecrackdepth.An averageconstraint
parameter of 1.9 was found for these beams. This value is anticipated on the lower shelf since the

elastic CTOD equation is based on conversion from J of 200 and the plastic component of CTOD
is negligible. The constraint parameter values found experimentally are consistent with published
analytical results [15]. Critical CTOD was converted into J-integral expressions using the average
values of m shown in Fig. 2, J-integral values converted from CTOD will be referred to as Jc
(CTOD); Jc (LLD) refers to J-integral values determined directly from LLD records.

Stress.Intensity Factor, Ko Determination
Typically RPV fracture toughness values are expressed in terms of the critical stress-intensity

factor, KJc. The two J-integral toughness expressions were converted into elastic-plastic Kjc

values according to Kjc= _(J E') [14]. The plane-strain value of E', E / (l-v2), is justified bec_.xuse
thickness had little influence on the resulting toughness values. Figure 3 and Table 3 contain
comparisons of Kjc from the two J estimation techniques used (CTOD and LLD). As sliown in
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Fig. 3, the two J estimation techniques give similar values of Kjc, The maximum difference
between the two techniques is about 10%. The average difference is.less than 1%.

The toughness data expressed m terms of Kjc (CTOD) vs. normahzed temperature (T-RTNDT)
are presented in Table 3 and Fig, 4. The data show a significant increase in the fracture toughness
for shallow-crack specimens in the transition region of the A533B toughness curve, All but one of
the specimens failed in cleavage (the data point indicated in Fig. 4 with the arrow). As expected,
the shallow-crack specimens on the lower shelf, where linear-elastic behavior occurs, showed little
to no toughness increase, The specimens had crack depths that were deep (a ~ 50 ram) or shallow
(a ~ 10 ram) except for one beam with a crack depth of 14 mm. This intermediate crack-depth
specimen also appears to show the shallow-crack.toughness elevation.

The shallow-crack toughness increase can be quantified in terms of a ratio of toughness values
at one temperature or as a temperature shift. In terms of Kjc, the shallow-crack toughness increase
is approximately.60% at T-RTNDT=-25C. Figure 4 shows the shallow-crack and deep-crack test
data with apprqxlmate lower bound curves. The shallow-crack lower-bound curve was formed
using the deep-crack lower bound curve shifted by 35"C (63 "F). The shifte deep-crack lower-
bound curve fits the shallow-crack data well at all test temperatures.

Toughness data in terms of Kjc (CTOD) are plotted as a function of beam thlckness for all of
the tests conducted at T. RTNDT= -25C and- 11C (-45F and -20F) in Fig. 5. As indicated in
Figs. 4 and 5, the toughness values for the shallow- and deep-crack specimens from the 100- and
150-ram-thick (4- and 6-in.) beams generally are consistent with the 50-ram-thick (2 in.) data.
However, there appears to be slightly more data scatter associated with the 50-ram-thick (2 in.)
beams than with the 100- and 150-ram-thick (4- and 6-in.) beams. None of the deep-crack tests
strictly meet the requirements of ASTM E399 for a valid plane-strain KIC result because of
insufficient crack depth. The beams which had otherwise linear-elastic test records and were
sufficiently thic Kfor valid results are marked in Fig, 5.

POST-TEST SPECIMEN ANALYSIS
This section presents detailed post-test l_o-dimensional (2D) plane-strain analysis results for a

select number of ' ¢specimens ,rom the production phase of the shallow-flaw fracture toughness
testing program. Specifically, detailed finite-strain, finite element analyses were performed for six
specimens that were tested at -40oc. Three of the specimens (Beams # 36, 31, & 25) are deep-
flaw specimens with nominal ',v'W= 0.5, while the remaining three are shallow-flaw specimens
(Beams # 38, 37, & 21) with nominal a/W = 0.1, As shown in Table 3, the three shallow-flaw
specimens exhibited higher toughness levels than the three specimens with deep flaws. One of the
primary objectives of these analyses was to evaluate the J estimation techniques developed to
determine shallow-crack toughness.

Material Models

Two material models have been adopted in the analysis of the test specimens. The first material
model simulates the unirradiated tensile properties of A533B (HSST Plate 13B) at -40oc (-40OF)
as determined from material characterization. The linear-elastic portion of the true stress-true strain

curve is characterized by a yield strain of magnitude e0 ---a0/E = 0.0022, where the Young's

modulus E = 207.2 GPa (30x106 psi), the uniaxial yield stress in tension a 0 = 454 MPa (65.8 ksi)

and Poisson's ratio v = 0,3. The uniaxial true-stress true-plastic-strain curve in tension is modeled
in a multi-linear fashion as indicated in Fig. 6. In subsequent discussions this material model is
referred to as the unadjusted model.

Post-test analysis results to be presented indicate that finite element models based in part on the
unadjusted material model underestimate the disp! ' -_ments of the specimens as compared to
experimentally measured values. Various reasona, , analysis options to reduce the stiffness of the
finite element models have been attempted. One option that, in conjunction with other analysis
techniques to be described later, results in good agreement between calculated and measured
mechanical responses of the specimens is to reduce both the Young's modulus and the uniaxial
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yield stress in tension from their pre,.test characterization values, The magnitudes of the reduction
are consistent with anticipated variability in tensile material properties. In subsequent discussions
this material model is referred to as the adjusted model,

The adjusted, material model incorporates adjustments to the unirradiated tensile characteristics
of A533B (HSST Plate 13B) in the following manner. Within the linear-elastic region the Young's
modulus is redticed by 5% such that E = 196,5 GPa (28500 ksi). The yield stress was reduced by

9% such that % = 413 MPa (59.9 ksi), A 9% variation !n yield and a 5% variation in E are
reasonable based on the scatter of material properties, The adjusted yield strain is thus et) =

0.0021, and Poisson's ratio remains v = 0.3. The uniaxial engineering-stress engineering-strain
curve in tension beyond yield is the same as the unadjusted model. The uniaxial true-stress true-
plastic-strain curve in tension for the adjusted model is also indicated in Fig. 6,

Minimal differences are observed between the stress-strain curves of these two material models
when they are presented in the form indicated in Fig, 6, However, an indication of the relative
plastic response of these two material models can be obtained with the stress-strain curves

presented in the form indicated in Fig. 7. In Fig. 7, the instantaneous yield stress t_ is normalized

by the initial yield stress t_0. The effects of the differences between the two material models on
analysis results are expected to become significant as the loading conditions in a specimen
approach elastic-plastic behavior,

Finite Element Models and Analysis Assumpllons
The finite-strain, elastic-plastic post-test analyses are performed using the finite element code

ABAQUS [16], The analyses assume a rate-independent, J2 (isotropic-hardenmg) incremental
plasticity theory as implemented in ABAQUS, The planform for both the shallow- and deep-flaw
specimen is 102 mmx 610 mm (4-in, x 24-m.). The initial flaw-depth is 10,2 mm (0.4 in.) for the
shallow-flaw specimen and 50,8 mm (2 in.) for the deep-flaw specimen, The shallow-flaw
specimen geometry is modeled with the finite element mesh indicated in Fig, 8 (a, b and c), which
is made up of 914 10-node generalized-plane-strain isoparametric elements with a total of 2883
nodes, The deep-flaw specimen geometry is modeled with the finite element similarly refined
meshmade upof922 10-nodegeneralized-plane-strainisoparametricelementswithatot,.!of2903

0 ' n ' 'nodes.TheseI -nodeelementsbehaveasconvenaonal8-ode!soparamemcelementsexceptfor
anextradegree-of-freedom_F) thatallowsforuniformstraimnginadirectionperpendicularto
theplaneofthemesh [16].Inaplanestrainanalysistheout-of-planeDOF isnotactive.The
integrationorderoftheelementsis2x2.

A uniquefeatureofthefiniteelementmeshesisthehighlyrefinedcrack-tipregion.The
rectangularcrack-tipregionismade upof29 (shallow-flaw)or31(deep-flaw)"tings"ofelements
asindicatedinFig,8(b)fortheshallow-crackgeometry.The mathematically-sharpcrack-tip
profileassociatedwithsmall-strainfractureanalysisisreplaced,!nthep:esentfinite-straincontext,
withaninitialrootradiuspriortotheimpositionofexternalloadingasindicatedinFig.8(c).The
assumptionofafinitevalueoftheinitialrootradiusisnecessarytofacilitatenumericalconvergence

ofthefiniteelementresults.The magnitudeoftheinitialrootradiusisr0= 0.6_m (2.36x 10"5

in.)fortheshallow-flawmesh,whileforthedeep-flawmesh r0= 1.3pm (5.03x I0-5in.).The
highdegreeofmeshrcfincmcntisnecessaryinordertoobtainanaccuratedeterminationofthe
crack-tipstressandstrainfieldsaheadofthebluntingnotchtip.

J-integralvaluesaredeterminedfromupto29 (shallow-flaw)or31(deep-flaw)paths
surroundingthecracktiptovcrifypathindependence.A mcasureofthemeshrefinementisthat
thcelasticallydctcrmincdK valueusingthesemeshesiswithin99.5%ofthereportedvalueinthe
litcrature[17].Convergencerequirementsoftheelastic-plasticfiniteclementresultstobe
prescntcdarcspecifiedbymcansoflimitingthemaximum valueoftheresidualnodalforccpcrunit
thicknessatanynode.Spccifically,themaximum valueisrequiredtobelessthan0.I% ofthe
productbetweentheyieldstress_d thesmallestclcmcntdimensioninthefiniteclcmcntmesh.
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"1'Comparison of (.a culated and Measured Mechanical Responses
Experimental meastlrements for the load (P), LI.,Dand CMOD are available for the six

specimclr.; considered in these analyses, Comparison of the calculated and measured mechanical
respo lses provides a means to gage the general accuracy of the ana!ysis results, and provide an
additional basis for establishing confidence in the calculated fracture mech_mics parameters.
Results of the comparison can be found in Ref. 4, As an example, Fig. 9 indicates the extent of
the agreemel,t between the calculated and measured P-I.,LD response fi_rthe shallow-flaw
specimens.

Figure 9 presents two sets of calculated responses along with the measured responses for the
three shallow-flaw specimens (Beams # 38, 37, 26). "r!le measured responses of these specimens
appear to indicate the presence of general-yielding conditions at the onset of crack initiation. The
two sets of calculated curves correspond to two cases of analysis conditions labeled as Case A and
B. The calculated P-LLD curve corresponding to Case A was detem'fined based on _ffW= 0,1 and
the unadjusted material mcxlel. The finite element analysis was carried out under "load-control" in
that reaction forces were specified 'along the back-side of the specimen ahead of the crack tip,

From Figs, 9 it is observed that at a given value of applied load the calculated H.D response is
below the measured values both in the elastic and plastic regimes, Analysis options that have been
attempted to reduce the stiffness of the finite element mcxtels include reasonable adjustment of the
material model and/or refinement of the flaw depth, Post-test examination of the fracture surfaces
for the three shallow-flaw specimens, along nine locations on the crack front, indicate that the
actual flaw depth is 10.8 mm (_t/W= 0.1(hS) rather than the assumed value of 10.2 mm (a/W =
0.10).

Analysis results for Case B were determined based on a flaw depth of a = 10,8 mm and the
adjusted material model described previously. The finite element analysis was carried out under
"displacement-contror' as displacements were specified along the back-side of the specimen ahead
of the crack tip, As evident from Fig. 9, analysts conditions for Case B appear to result in better
agreement between the calculated and measured mechanical responses both in the elastic and plastic
regimes,

Comparison for the a/W = 0.5 geometry have been carried out in a similar fashion with details
presented in Ref. 4. Discrepancies are observed between results based on the unadjusted material
model, a/W = 0.5 and the measured responses. Post-test examination of the fracture surfaces for
the three deep-flaw specimens indicate that the actual flaw depth is 51.6 mm (a/W = 0,502) rather
than the assumed value of 51 mm (a/W = 0.50) or an increase of only 1%. Analysis results
determined based on the nominal flaw depth of a/W --.0,50 and the adjusted material model appear
to result in better agreement between the calculated and measured mechanical responses both in the
elastic and plastic regimes. In subsequent discussions these are referred to as Case D conditions.

Comparison of J.Integral Values From Finite 41ement Analysis and j.Estimation
Schemes

Fracture toughness is often expressed as the magnitude of the J-integral or the stress intensity
factor (K) at the onset of crack initiation. The J-integral values have been determined as a part of
the post-test analysis of the specimens. The magnitude of critical values of P and LLD (Pc, LLDc)
for the three shallow-flaw specimens at crack initiation are indicated in Table 4. The magnitude of
the analytical J-integral based on attaining LLDc are denoted as JLLDc. Since the calculated P-LLD
curve for the shallow-flaw specimen under-estimates the measured value of LLD at a _ven value
of P, JLLDc can be regarded as an upper bound to the actual value of the J-integral at me onset of
crack initiation. On the other hand, the magnitude of the J-integral based on attaining Pc can be
regarded as a lower _)und to the actual value of the J-integral. These J-integral values are denoted
as JPc. In temls of the stress intensity factor, magnitudes of KLLDcand Kpc are also listed in
Table 4. Analogous results for the deep-flaw geometry based on Case D conditions are listed in
Table 5.

J-estimation schemes based on _hemagnitude of the experimentally determined LLD and CMOD
for both the shallow- and deep-flaw geometry have been presented. The J-integral values based on
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these estimationscheme,denoted here asJEXP(LLD) and JEXP(CMOD) are listed in Tables 4 and
5 for the shallowanddeep-crackbeams. In termsof the stressmtenslt) factor, magnitudesof
KEXp (LLD) and KEXp (CMOD)are also listed in Tables 4 and 5.

Results in Tables4 and 5 indicate that both values of JEXPcalculatedfrom measured values of
LLDcompare favorablywith the finite elementresults. The generalaccuracyof the LLD-basedJ-
¢stimauon scheme forthe deep-flaw geometry is verifiedby the observation thatall of the deep.
flaw Jl_xP(LLD) values are between JLL_ and JPe. A similardegree of accura.cy!s obse_ed for
the case of the shallow-flaw geometry,aithough one of the JEXP(LLD)values is shghfly higher
than the upper-bound JLLD¢ value, The J-integralestimation scheme based on CMOD appearsm
overestimate the fracture toughnessfor these shallow-flaw specimens since all threevalues of JEXP
(CMOD) wereabove the upper-boundvalue of JLLI:X:.

THERMAL SHOCK TESTS
Reexaminationof previous HSST thermal-shockexperiment(TSE) data [181is.necessary when

considering the implications of the shallow-flaw effect on RPVs duringPTS transtents. Thermal-
shock tests wereconducted to determinethe fractureresponseof an RPV to thermal-shockloading
with various flaw configurations and depths. The initial flaws ranged from 11 to 19 mm _p in a
vessel wall that was 152 mm thick. These flaws are roughly the same depth as those tested in the
HSST shallow-flawprogram.The key result of the TSEdata is thatthe imtial initiation values were
mostly within the.scatterband of the ASME data base, In other words, the TSE data appear to
show no substanttal inc_asc in the effective fracture toughness due to any shallow..flaweffect.

The firstcrack initmuon in the TSE and the shallow-flaw data arepresented in Fig. 10 with the
ASI_ lower-boundcurve. As can be seen, the TSE data fall near the ASI_ lower-boundcurve,
while the HSST shallow-crackdata areelevated overboth the deep-crackdata and ASI_ lower-
bound curve. Figure 10 also indicates that the HSSTdeep-crackdata are significantly elevated ovvr
the ASME lower-boundcurve,

A possible explanation for the lack of a shallow-crackelevation in the thermal-shock data is the
C . i

presen e of out-of-plane stresses, which are not present m the HSST shallow-flaw specim,ens,
Out?gf-plane(biaxial) loadinghas been shown to decrease the.effective fracture toughnessm other
app!lcations [19]. The currenthypothesis being investigatedts that the thermalshock tests were
subjected to two offsetting influences: a "shallow-flaw effect," which increases the toughness, and
a "biaxial loading effect," which decreasesthe toughness. The net result is that theTSEdata
appear conststentwith the uniaxially loaded deep.crackdata used to generatethe ASME lower-
bound curve.

SUMMARY
Results from the HSST shallow-crack fracture toughnessprogram to date can be summarized as

follows:
1) Thirty-eight relatively large laboratory beam specimens were tested to compare the behaviorof

specimens with shallow-flaws to that of specimens with deep flaws.
2) _e results showed conclusively that A 533 B shallow-fiaw beam specimens have a significant

increase in ClOD or Jc toughness and KJCtoughness in the transition region. All specimens
were approximately 100 mm deep (W), Shallow-crack beams had crack depths ranging from
9-14 mm (a/W ~ 0,1 to 0.14), while deep-crack beams had 50 mm deep cracks (a/W ~ 0.5).

3) There is little or nodifference in toughness on the lower shelf where hnear-e!astic conditions
exist for specimens with either deep or shallow flaws,

4) Varying the beam thickness from 50 to 150mm had little or no influence on the toughness in
both the shallow- and deep-crack specimens in spite of the fact that the ASTM E-399
requirement for valid plane-strain results were not met,

5) In the transition region, the increase in shallow-flaw toughness compared with deep-flaw
results appears to be well characterized by a temperature shift of 35°C (63°F).

6) Post-test two-dimensional (2D) plane-strain analyses were performed on both shallow-flaw
and deep-flaw specimens. The analytical J-integral results were consistent with experimental J-
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integral results con_ing the validity of the .l-estimation schemes used and the effect of flaw
depth on fracture toughness.

7) Previous HSST thermal-shock data failed to show any substantial toughness increase in spite
of the fact that the tests were conduc!ed on large, unclad cylindrical.vessels with a shallow,
initial flaw. There is no reason to beheve that the thermal.shock cyhnders would not have
shown a toughness elevation if the cylinders had been subjected to the same loading conditions
as the shallow-crack beams, namely, no biaxtal stress.
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TABI,E l--TestmatrixfortheHSST shallow-crackprogram

Pha_ (_) (+ram).....__-.....(mtn) BeamsJ_J :[1........ '+ I -....... _ _ Ffliillrl!ll + :..... .................... "?+-- =_ ........... ++................. r ....

l_velop_nt -60 -50 50 3
+60 .-..50 100 I
-60 -50 150 I
-60 -50 50 3
-60 -I0 I_ 2
-60 -i0 i50 2
-60 - 14 50 1
-35 ~1o 50 1 "TT"

6 Acid, Beams -45 .-50 50 2
-45 ,.50 100 2
-45 -50 150 2

Pr(x.tuction -105 ~10 100 3
-40 -50 lfD 3
-40 ~10 100 3
-23 ~10 100 3

+6 ~50 I00 3
-6 ~10 1(90 3 -_--

+ ..... .,,_ .... ..-- -_--- -+ ++ ....... r iilll ++ __ + ......... ill + jl IzuL i i itlllll fl _

TABLE 2--Material properties for A 533 B steels used in HSST shallow-crack program
I

llllI I ir llll+llnrl _ j ---" I " I .... 7 llllrll tJJL II II _ ++ llll]l...... Ill II l IIIIIIII -_ ........ ' .... __! "_7 : _--i

Deveh+Jpme,+ztphase andsix deep.crack bewns Production ph_+e

HSST CE.-WP HSST Plate 13B after postweld heat treatment
E = 202--0.0626 T, GPa E = 202- 0.0626 T, GPa
v=0.3 v=0.3

oo = 211 + 55,(XX_)/ (T + 273), MPa o0 = 430 - 0.223 T + 0.014 T2, MPa

¢_u= 371 + 55,fXX)/ (T + 273), MPa au = 609 + 0.618 T + 0,00927 T2, MPa

of= 1/2 (ePO+ Ou) Of= 1/2 ((IO+ au)
RTNDT = .....35'C RTNDT=-15'C (center material)

T = temperature, °C,

67'1



TABLE 3-.HSST ihaliow_k Wst data

HSST Failure _D Kcfrom
Te S B W J intelrtl Kcfromj

m(_Cmture a _ total _D
(turn) (ram) (ram) (ram) (kN) (ram) (M_.mm) (Mpa._/-mm)(l_'4Pa"_mm)

No,

.......... _-;, - _:_ --_ _:_ ........ r:_ ............... _._ .... : :_ .... ___ _- _.:" ...... .=_ .... ,-_---_--_:_ ....... - -_, .... . .......

Dewlol_ntnt phase

3 -36 406 51 i00 i0.0 600.0 0,$86 261 265 243
4 -61 406 51 100 51,8 128,1 0.0,,t8 42 96 97
5 -55 406 51 99 51.2 139,7 0.0,t9 48 97 105
6 -59 406 51 100 51.9 184.6 0.117 102 149 152
7 -59 406 51 94 10,2 483,5 0,137 92 132 144
8 -60 406 51 94 9.6 657,4 0,476 284 245 254
9 .-62 406 51 94 9.5 552,4 0,352 173 212 198

i0 _ 406 51 94 14.0 489,3 0,235 143 180 180
i I -57 864 i02 94 8.4 472.4 0.196 101 157 152
12 -37 864 102 93 49.8 116.3 0,061 30 108 106
13 _ 864 102 94 8,8 501,7 0,357 208 213 217
14 _ 864 132 93 8,7 723,2 0,346 225 209 226
15 -59 864 153 94 8.7 684,1 0,146 85 136 139
16 -3_ 864 133 94 30.0 170.4 0,060 46 107 102

Sixdeep.crackbeamspkase
12A -44 406 102 94 51,0 251,8 0,077 60 120 117
13A ..,46 406 102 94 30,8 293.1 0,111 86 144 140
14Al -44 406 31 93 30,2 135,2 0,121 93 130 143
14A2 -44 4(36 31 93 , 30.8 102.7 0,043 39 90 94
15A -47 406 133 94 30,7 433.0 0,096 79 133 134
16A -43 406 133 94 31,9 348.3 0,062 51 107 108

Prodacrloaph_

17 ..-6 610 102 102 32.6 245.i 0,116 98 144 147
18 -24 610 101 102 10.6 777,1 0.4M 238 239 231
20 .-4 610 101 101 10,8 823.3 i.733 987 453 469
21 -23 610 101 102 10.7 724,1 0,306 152 194 183
22 -7 610 i01 102 10,9 793,5 0,942 566 334 335
24 -7 610 1_ i02 32,0 269,1 0,367 270 2:,.3 243
25 -39 610 102 102 32,0 238,4 0.110 85 145 138
26 -40 610 102 102 11.0 740.1 0,355 175 213 199
27 -22 610 101 102 10.7 787.3 0,359 242 261 233
28 .-6 610 101 102 10,3 832,7 1,242 788 384 419
31 -40 610 102 102 51.5 205,5 0,063 51 110 108
32 -103 610 102 102 11,1 417,7 0,016 20 69 68
33 -103 610 102 102 10,7 339.8 0,009 13 33 54
34 -106 610 101 102 10.4 431,0 0,017 21 72 70
35 -7 610 102 102 51.7 244.2 0,121 97 147 147
36 -38 610 102 102 51.6, 176,1 0,042 35 89 89
37 -39 610 102 102 10,8 745,9 0,263 135 183 173
38 -39 610 102 102 10,8 755,3 0,206 106 162 153
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TABLE 4--Ex_rimentalandanalyticalresultsoffract_toulhnessfortheshallow-flaw
(_ ."0,I)s_cimenbasedonCaseB condilionl

Beam Pc _ J_ JPc, JEXP_LD) JEXP(_D)
No. (kN) (ram) (kN/m) (kNlmj (kN/m) (kN/m)

38 756 2.71 115 1i2 1_ 116
37 746 3.08 142 108 i35 148
26 740 3,45 169 105 175 201

......... _ -- ....... I I[ I ...... [I .......... .± " .] < III III III I ] I []1 Illl ._C{ _ _ _ ' .....................

TABLE5.,.Expeflmentaland analyticalresults for thefractureioullhnessfordeep-flaw
(a/W = 0,5) specimensbasedon Case D conditions

....... i[i i I +- ,+,:,, ......... 7--.,.--+- .imt[mllFl+.m+.+ [ , ...... ,i1 _ _ :: ...... l illf,ll l£fHll] 'lii _ i11t

.........+_-+---P-C +-' LLDc........... iLJ.J3c iPc JE+ (l+m) J+XP(Cl_D)
No. (kN) (ram) (kN]m) (kS/m) (kN]m) (kS/m)

31 206 1.41 57 49 51 53
25 238 1.82 91 71 85 93

...... _.]7_" __ --- ]J7 - IIIIIIll • .... j - I _ _J I I I ]lllllllJ[I IIIIIIII!1 _ -+ I_l ...... _ I I
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Fig. 2--Constraint parameter (m) values as a function of crack depth (a/W).
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678



ORNL-DWG92M-28&'tETD

800

700

600

500
z
v

"o 400 _ Beam #38
O

--.e---. Beam #37

300 ---w--- Beam #26
"-, Case A (unadjusted)

200 - . Case B (adjusted),,,,

100

0
0.0 0,50 1,0 15 2.0 2.5 3.0 3,5 4.0

LLD (ram)

Fig. 9--P-LLD for a/W = O.l.

ORNL-DWG92M-2904ETD
50O

a B W (mm) Shallow-Crack Deep-Crack
El 10 100 50 B Lower Lower
o 14 100 50 Bound Bound

400 B 10 100 100
B 10 100 150 B
III 11 Thermal Shock
• 16 Thermal Shock
& 7.6 Thermal Shock

L_ 300
• B AS'AE

_. O B Lower
_, _ Bound
2' 200

100

0

-150 -100 -50 0 50 100

T-RTNDT (°C)

Fig. I0--HSST shallow-crack and thermal-shock data with ASME lower-bound
CUl'V¢

679



STABLE CRACK GROWTH BEHAVIORS
IN WELDED CT SPECIMENS

- FINITE ELEMENT ANALYSES AND SIMPLIFIED ASSESSMENTS -

by
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Dr. Yoshio Arai 4), Dr. Koichi Kashima 5),
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This paper describes stable crack growth behaviors in welded CT specimens made
of nuclear pressure vessel A533B class 1 steel, in which initial cracks are placed to be
normal to fusion line.

At first, using the relations between the load-line displacement (8) and the crack
extension amount (Aa) measured in experiments, the generation phase finite element
crack growth analyses are performed, calculating the applied load (P) and various kinds
of J-integrals.

Next, the simplified crack growth analyses based on the GE/EPRI method and the
reference stress method are performed using the same experimental results. Some
modification procedures of the two simplified assessment schemes are discussed to
make them applicable to inhomogeneous materials.

Finally, a neural network approach is proposed to optimize the above modification
procedures.
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1. INTRODUCTION

Nonlinear fracture mechanics based on the J-integral concept [11 is widely
utilized in the assessment of structural integrity of ductile materials [2, 3]. The J-
integral was originally derived on the assumption that materials and structures be
homogeneous. This is not always the case in practical situations. The assessment of
Elastic-.P_lasticfracture phenomena of Inhomogeneous materials and structures, named
here as "EPI Problems", is one of critical issues to assure the structural integrity of
nuclear structural components such as irradiated, welded and cladded pressure vessels
and welded piping. Thus various studies have been performed in these respects [4-12]

Among others, the researchers belonging to the EPI Subcommittee (Chairman :
G. Yagawa) of the Japan Welding Engineering Society have performed a series of
numerical and experimental studies on stable crack growth in welded CT specimens
made of a nuclear pressure vessel A533B class 1 steel [7-11], aiming at the
development of the simplified estimation schemes for crack growth resistance in
inhomogeneous materials and structures. In the experiments, it was intended that crack
grows in the direction normal to the phase boundary of the base metal (BM) and the
weld metal (WM). This configuration of specimens was selected to simulate crack
growth across irradiated pressure vessel, crack growth across the clad/base material
interface and crack growth across the weld/base material interface. In the previous
studies, elastic-plastic finite element analyses of stationary cracks in the welded CT
specimens were first performed by parametrically varying the material properties of the
weld metal and the distance between the crack-tip and the phase bounda:'v. The
influences of these factors on the J-integral evaluations were examined in detail Next,
using the relations among a crack extension amount (Aa), an applied l_ad per unit
thickness (P) and a load-line displacement (/5)measured in experimerlt.,, generation
phase crack growth simulations were performed using the finite element method
(FEM), and detailed discussions were made on the behaviors of fracture mechanics

parameters during crack growth phenomena in the welded CT specimens. In the third,
round-robin studies on simplified assessment of the above crack growth behaviors were
performed.

This paper first summarizes generation phase crack growth analyses of the
welded CT specimens using the finite element method. Then, simplified crack growth
simulations based on the GE/EPRI method [13] and the reference stress method [14]
are presented. Some modification procedures of these simplified assessment schemes
are discussed to make them applicable to an inhomogeneous material. Finally, a neural
network approach [15, 16] is proposed to optimize the modification procedures of the
conventional estimation schemes.

2, FINITE ELEMENT ANALYSES

2.1 Materials and Structures

The one homogeneous CT specimen which is denoted here as M5G, and the two
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welded CT specimens D5G and H5G were analyzed. ]lae details of experimental
results of these specimer_s are given in EPI report (III) [17]. In experiments, a fatigue
precrack was introduced by a servo-hydraulic testing machine under the stress intensity
factor range AK of 25MPa{m and the stress ratio R of 0.05. The final location of the
precrack was about 0.6 in terms of a_, where a is an initial crack length and W is a
specimen width. After the precracking, side grooves of 20 % depth were machined. In
the analyses, the welded specimens were simply modeled to be bimaterial as shown in
Fig. 1. In the H5G specimen, an initial crack-tip was placed about 3ram behind the
phase boundary, i.e. in the heat affected zone (HAZ), while in the D5G specimen, about
3mm atlead the phase boundary.

The materials #1 and #2 in the figure correspond to the base metal (BM) and the

weld metal (WM), respectively. The orientation of crack is normal to the phase
boundary.

The uniaxial stress-strain relation of the material #1, i.e. BM, was given as
follows:

o <_Oys e: : o_. (la)E

o>Ovs, eP_<0.02153 _:= +/ "_E' I t (lb)

Iio_.).' Io'o>o_, s, ep>0.02153_ e=_+-_E"J 1_ / +COo (lc)
!
!

where E = 206GPa, o,,,s = 550MPa, n = 2 and E'= 500MPa, E"= 850MPa, n'= 10, Oys.
= 554.9MPa and Cop= 0.02153.

For the material #2, i.e. WM, the following relation was used :

o _<Ors e = _ (2a)
E

"_ t (2b)

where E = 175GPa,Oys= 630MP::__ = 8 and E' ---950MPa. The stress-strain relations
of both materials are shown in Fig. 2. The Poissun's ratio v was set to be 0.3 for both
metals.

2.2 Analysis Procedure

The generation phase crack growth analyses were performed using the measured

load-line displacement (8) vs Aa curves as input data. The eight-noded isoparametric
plane strain or plane stress elements were used. The line integration technique was
used for the J-integral calculation. The nodal release technique was employed to
simulate the stable crack growth. The following four different J-integrals were
evaluated:
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Jpath ' the J-integral calculated by the above finite elements,
JM.C : the J-integral of the Merkie-Corten's formula [18] defined as :

J M-C = _k (1+0)
bB (l+a2) (3)

Ju : the modified J.integral of Ernst [19] defined as :

J M = J M.C+ m da (4)

JD : the deformed J-integral of Ernst et al. [20] defined as :

J D0+I) = (J D(i)+ (_)iu Ai,i+l )(1- (_)u (ai+l-ai)) (5)i

where

A : Area of load vs load-line displacement curve
B : Specimen thickness
ao and a : Initial and current crack lengths, respectively
W : Width of CT specimen

b = {W- ao for JM.C : Uncracked ligament length
W - a for jM and JD

a : A positive solution of a 2+ 2oc(2a/b + 1)- 1 = 0
m - 1 + 0.76(b/W)
J pl - J M-C - (3

G : Elastic strain energy density
1"1-- 2 + 0.522 (b/W)
T-- 1 + 0.76 (b/W)
JD(i),(rl/b)i, (T/b)i : Values at i-th step
Ai, i+l : Area of load vs load-line displacement curve between (i) andI

(i+ 1)-th steps

It is well known that the Jpath looses a physical meaning and a path independent
feature when large-scale crack growth occurs. Nevertheless, we calculated the values
along various integration paths because one of the purposes of the present analyses was
to study the correlation of Jpath with other empirical formulae such as JM.C,JMand JD
during crack growth in inhomogeneous materials.

2.3 Results and Discussions

Figures 3(a) through (c) show the measured and the calculated P-_icurves of the
three specimens. The experimental results agree relatively well with the numerical
ones under the plane strain condition. Figures 4(a) th,,_ugh(c) show the calculated and
the measured J-,Sa curves cf the same specimens, where solid circles indicate the
measured values of JD, and the others are the calculated J values, i.e. JD (open circles),
JM(open squares), JM.C(open triangles), Jpathcalculated along the farthest path (dashed
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line). The Jpath values showed a reasonably good path independence feature (not
shown here) and agreed well with calculated JD, JM and JM.Dvalues in small crack
growth even for welded CT specimens. The calculated and measured JDvalues agreed
well with each other within 10 % difference, The order of magnitudes of the three J
values was as follows :JM > JM.C> JD.

3. SIMPLIFIED ASSESSMENTS

To study the applicability of some conventional simplified estimation schemes
to crack growth phenomena in inhomogeneous materials, simplified crack growth
analyses were performed on the three CT specimens of M5G, D5G and H5G mentioned
previously. Among others, the GE/EPRI method [13] and the reference stress method
[14], both of which are applicable to the assessment of three-dimensional cracks,were
examined here.

3.1 GE / EPRI Method
3.1.1 Analysis Procedure

The GE / EPRI estimation scheme is based on the J2-deformation theory of
plasticity and the power-law hardening constitutive relationship. In this scheme, the J-
integral (J) and the load.line displacement (8) are defined as follows :

J = J e + J p (6a)

8=_e+Sp (6b)

where Je and Jp are the elastic and the fully plastic solutions of J, and & and 8p are the
elastic and the fully plastic solutions of 8, respectively. Jp and 8p are defined as
follows:

J p = tx x ao x eox b x hi(a/W, n) x (P/Po) n+l (7a)

p = O_X Eo Xa x h3(a/W, n) x (P/Po) n (7b)

where

tx, n : Constants of the Ramberg-Osgood type relation
G o : Proportional limit stress of material (= yield stress)
Eo : Proportional limit strain of material (= yield strain)
a : Crack length
W : Width of CT specimen
b = W - a :Uncracked ligament length
hi, h3 : Fully plastic solutions of J and 8, respectively
P , : Applied load per unit thickness
P o : Limit load per unit thickness

685



The nlaterial constants of the base and the weld metals corresponding to Fig. 2,
o_,n, _3oand _:o, are given in Table 1. The present analyses were conducted under the
plane strain condition. To analyze crack growth behaviors in the D5G and H5G
specimens, we tested several combinations of material properties described later.

The Generation Phase Simulations (GPS) were performed as illustrated in Fig. 5.
Using the measured _ vs Aa curve as input data, the applied load P was iteratively
calculated from Eq. (6b), and then the J value was calculated by substituting the applied
load P into Eq. (6a).

3.1.2 Results

(1) M5G Specimen (Homogeneous)
Figure 6(a) shows the comparison of the measured and the estimated P-8 curves.

The estimated curve under the plane strain condition agrees relatively well with the
measured one. Figure 6(b) shows the comparison of the measured and the estimated J-
Aa curves. The measured J values here are Jo or JM-c,which are almost the same. The
J-Aa curve estimated under the plane strain condition also agrees rather well with the
measured one. It is concluded that in the present homogeneous case, the GE / EPRI
method assuming the plane strain condition gives us good estimation.

(2) DSG Specimen (Inhomogeneous)
The simplified generation phase crack growth analyses were performed under

the plane strain condition. Figure 7(a) shows the comparison between the measured
and the estimated P-15curves. Figure 7(b) shows the measured and the estimated J-,Sa
curves. In the analyses, the following three kinds of analyses were performed with
different material constants as •

(a) Materials constants of the base metal
(b) Material constants of the weld metal
(c) Simply averaged values of the material constants of the base and the weld

metals

It is noted from Figs. 7(a) and 7(b) that the estimated values obtained with the
material constants of the base metal underestimate the applied load and J value, while
those with the material constants with the weld metal are larger than the experimental
values. On the other hand, the estimated values obtained with the simply averaged
material constants seem to give appropriate results.

The detailed observation of the P-8 curves in Fig. 7(a) gives us more interesting
features. The measured P-/$ curve is rather close to the curve estimated with the

material constants of the base metal in the beginning stage of crack growth, and then it
gradually approaches the curve with the material constants of the weld metal as the
crack grows. Such a behavior of P-t5 curve seems reasonable from the material
arrangement as shown in Fig. 1 (b).
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(3) H5G Specimen (Inhomogeneous)
Figure 8(a) shows the comparison between tile measured and the estimated P-B

curves, and Fig. 8(b) the measured and the estimated J-,ra curves, The tendency of the
H5G specimen is basically 'he same as that of the D5G specimen, irrespective of
different crack-tip locations.

Although it is difficult to obtain a general conclusion only from the above two
cases, file utilization of averaged material properties could make the GE / EPRI scheme
applicable to crack growth phenomena in the welded CT specimens.

3.2 Reference Stress Method
3.2.1 Analysis Procedure

The flow of the reference stress method employed here [141 is as follows. At
first, we determine the applied load P corresponding to the measured load-line
displacement _iby means of the GE / EPRI method as described in 3.1.1. Then, we
determine the reference stress a r and the elastic stress intesity factor K corresponding
to the applied load P. Finally, the J value is obtained as follows •

J = J e e r/(a r / E) (8)

where e r is the reference strain and E the Young's modulus. Ttle present analyses were
conducted under the plane strain condition.

3.2.2 Results

(1) M5G Specimen (Homogeneous)
Figure 9(a) shows the comparison of the measured and the estimated P-_5curves.

The estimated curve under the plane strain condition agrees well with the lneasured
one. Figure'9(b) shows the comparison of the measured and the estimated J-Sa curves.
The J-_Sacurve estimated under the plane strain condition also agrees well with the
measured one. It is concluded that in the present homogeneous case, the reference
stress method assuming the plane strain condition gives us good estimation.

(2) D5G Specimen (Inhomogeneous)
Figure 10(a) shows the comparison between the measured and the estimated P-c5

curves. Figure 10(b) shows the measured and the estimated J-z_acurves. The three
different analyses were performed using, respectively

(a) Materials constants of the base metal
(b) Material constants of the weld metal
(c) Simply averaged values of the material constants of the base and the weld

metals

As the results, the estimated values obtained with the material constants of the
base metal underestimate the applied load and J values, while those with the material
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constants of the weld metal agree well with the measured ones. The analysis results
using averaged material properties of both metals are inbetween the other two results.

(3) H5G Specimen (Inhomogeneous)
Figure 11(a) shows the comparison between the measured and the estimated P-8

curves, and Fig. 11(b) the measured and the estimated J-ha curves. The tendency of
the analysis results of the H5G specimen is basically the same as that of the D5G
specimen.

The comparison between the results of the GE / EPRI method and those of the
reference stress method shows that the latter method is slightly less sensitive tot he
difference of material properties.

4. NEURAL NETWORK FOR MODIFICATION OF SIMPLIFIED ASSESSMENT
SCHEMES

As shown previously, there are some possibilities that some mixture of different
material constants makes the conventional simplified assessment schemes applicable to
an inhomogeneous material. However, it is easily expected that the degree of the best
mixture of rhaterial constants might depend on that of inhomogeneity of specimen. To
find the best or optimum mixture of material constants, we propose here an inverse
analysis approach based on the hierarchical neural network [15, 16]. The main features
of the hierarchical neural network may be summarized as follows.

(I) One can construct automatically a nonlinear mapping relation between one
multiple data and the other multiple data in the network through a learning process of a
number of sets of learning patterns.
(2) The network has a capability of the so-called "generalization", i.e. a kind of
interpolation, that the trained neural network can estimate appropriate output data even
for unlearned patterns.
(3) Once the network is trained, it operates quickly in an application process. The
CPU power required for the operation of the trained network may be equivalent to only
that of a personal computer.

The flow to determine the optimum combination of different material constants
by the neural network is illustrated in Fig. 12. By fixing the stress-strain relationships
of two materials, i.e. base metal and weld metal, and changing _i-Aacurves and the
ratios of mixture of material constants, we parametrically calculate P- 5 curves and J-Aa
curves by means of the GE / EPRI or the reference stress method (Part 1). The obtained
data sets among the/5-Aa, P-/5 and J-Aacurves and the ratio of mixture are called here
the "learning data". A hierarchical neural network is trained then using a number of
learning data above (Part 2). In this training process, ttie/5-Aa,P-/5 and J-Aa curves are
given to the input units of the network, while the ratio of mixture is given to the output
units of the network as teaching data as shown in Fig. 13. By providing the measured 5-
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Aa, P- 8 and J-Aa curves to the input units of the trained network, we can determine the
best ratio of mixture (Part 3). By accumulating such data, we will be able to formulate
the correlation between the best ratio of mixture and the degree of inhomogeneity of
specimen, such as volume fraction of base metal and weld metal.

5. CONCLUSIONS

(1) The use of simple average of material constants of the base metal and weld metal
may be effective to make the GE / EPRI method and the reference stress method
applicable to the assessment of crack growth behaviors in the welded CT specimens.
(2) The mixing procedure above could be optimized by using an inverse analysis
approach based on the hierarchical neural network.
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Table 1 Materisal Constants of Base _nd Weld Metals

Weld Metal
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,,,, , : ,_r,,,,,,._.,_:= : I I -
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i i if I i ,ul ,, n , iI u i
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"" I IUU ' ' ' .....
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.... GE/EPRI Method
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Reference Stress Method
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Fig, 5 Flow of Simplified Generation Phase Crack Growth Analyses
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L_qGE-BC_E FRACTURE MECHA_ICB TESTING -
_QUIBJ_ENTS AND _BSIBILITIEB

MI fan BRUMOVSK_
_KODA Concern, Nuclear Machinery Plant

Czech and Slovak Federal Republic

ABSTRACT

Application of fracture mechanics to very important
and/or complicated st_cturss, like reactor pressure
vessels, brings also some questions about the reliability
and precision of such calculations. These proble_ becomu
more pronounced in cases of elastic-plastic conditions of
loading and/or in parts with non-homogenous materials (base
metal and austsnitic cladding, property gradient changes
through material thickness) or with non-homogenous stress
fields (nozzles, bolt threads, residual stresses etc.). For
such special cases some verification by large-scale testing
is necessary and valuable.

Paper discusses problems connected with planing of such
experiments with respect to their limitations, requirements
to a good transfer of received results to an actual vessel.

In the same time, an analysis of possibilities of
small-scale model experiments is also shown, mostly in
connection with application of results between standard,
small-scale and large-scale experiments. Experience from 30
years of large-scale testing in _KODA is used as an example
to support this analysis.
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INTRODUCT ION

Development of nuclear power together with other
manufact_aring directions (aeronautics, austronautics, ship-
building etc.) initiated further development of many other
scientific disciplines, one of the most important of them is
fracture mechanics. From the point of view of _KODA Concern,
we concetrated to the most important parts of primary
circuit of nuclear power plants - nuclear reactor and
expecially to the tea(tot pressure vessel and its internals.

One of the most important task at this time is to
ensure a sufficient reliability and safety of nuclear
reactors and especially of their pressure vessel. Thus,
large requirements are then put on realization of proper
calculations and supporting research programmes that might
support the aforementioned requirements.

In case of reactor p_essuro vessels, it is not
possible, from the technical and economical point of view,
to simulate all operational regimes on geometrical similar
models in scale i:I, the only possibility is to carry out
tests on some large-scale specimens (or models),
supplemented by standard type of tests.

For realization of such iTlportant but complex testing
there is neceesary to design an,l built several special large
testing equipments.

PROBLEMS OF MODEL TESTING

Requirement of nuclear reactor pressure vessel safety
are concentrated, first of all, to ensure their resistance
against brittle and fatigue failure during complex loading
conditions during whole nuclear reactor operation. Solving
this problem is complicated by large dimensions of pressure
vessels and large thicknesses of their walls on one side,
and by not fully corresponding calculation methods on the
other one. Calculation of structural resistance against
failure is based mainly on standard characteristics of
materials received by testing of small, standard specimens
of small dimensions. Codes and standards for calculations of
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strength and reliability of pressure vessels and other
components, as well, contain so-called guaranteed values of
individual material characteristics. These values represent,
as a rule, boundary (upper or lower) curves of material
properties on safe side, they are received by testing of a
large set of material products of the same type. !n some
cases, tt_ese values are valid only for certain class of
materials or type of welding joint. Results of calculations,
carried out using these characteristics are in most cases
considerably conservative. On contrary, some components,
working reliably for long time, appear to be non-acceptable
according to these calculations. For some complicated
structures only approximated methods can be used, it is not
fully understood if they are conservative or optimistic
ones. from these reasons it is necessary that these
calculations must be supplemented by suitably chosen
experiments to serve for precising up-to-date calculation
methods and at the same time to be a basis for new ones.

Another reason for carrying out tests of large-scale
testing spucimens (up to thicknesses of real products) and
models is to eliminate the slze effect (material and
geometrical ones) on received results.

-_lK_,.Exlal.mjze e{[ect,_," represents the existence of :

- non-homogenity of properties and microstructures of base
material, welding joint and austenitic cladding (this
effect is normally pronounced in cas¢_ when:
- small specimens are cut from different places of

material thickness,
- surface, non-through defects are situated in specimens,
- through-thickness defects are situated in large

specimens

- residual stresses that are mostly released during cutting
and machining of smal I testing specimens (they exist
mainly in welding weldments and bimetallic joJnts -
cladding materials etc.),

- statistical distribution of defects in material (effect of
defects in standard specimens testing is not taken into
account as results of such specimens are excluded from
their evaluation).
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_.Goome_Ical m!ze,,ef£ect" Includes the following:

- effect of the ratio between base material and austenitic
cladding thiaknesses and of absolute values of both
material thicknesses,

- effect of the ratio b_tween welding metal and heat
affected zone widths to the total width of testing

specimen,

- effect of plastic zone size in case cf testing specimens
and model with stress concentrators (holes, nozzles,
artificial defects, etc.),

- aagectm of linear eiaatlc fracture mechanics :

- plane strain conditions (for which, only, fracture

toughness KIC is valid) are fulfilled only, if

a,B _ 2.5 ( KIC / RpO.2) (1)

where a - characteristics! crack size in direction of
thickness,

B - thickness of testing specimen or model in
the place of defect.

- fracture stress should full411 the relation :

aC _ 0.8 ( Rp0.2 ) (2)

- stress intensity factor K I depends on defect size as

KI - a . C ( , a / Q2)I/2 (3)i

where 0 - nominal stress in specimen,

thus plastic zone size in the vicinity of crack tip is
equal to :
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1 KIC 2
..... (.......... ) for plain strain

6 _ Rp0.2
ry = (4)

1 KIC 2
..... (.......... ) for plain stress

2 W Rp0.2

It means that for testing of geometrical reduced
specimens failure will occur at substantial higher
stresses than in cases of real structures, in most

cases these specimens will fail under conditions of
elastic-plastic loading conditions. At the same time
the ration between plastic zone size at crack tip and
specimen (structure) thickness will be different, not
mention that conditions (1) and (2) are very difficult
to realize. Very complicated will be also a transfer of
results from testing of model with defects in the
region of stress concentrators such as in nozzles,
threads etc. Generally, it can be concluded that for
obtaining approximately same critical stresses on
models and structures it is necessary to realize tests
of models at substantially lower temperatures in
comparison with operational ones, in most cases even
below - 100 uC, it is is necessary to fulfill
conditions of linear elastic fracture mechanics, i.e.

(i) and (2). This temperature shift is not so large in
the cases of elastic-plastic region of loading, but it
is also not negligible. At these case it is necessary
to take into account different stress-strain diagrams
of tested materials at different temperatures, first of
all their different yield strengths and strain
hardening. Example of such situation is demonstrated in
Fig.l, which represents the "Fracture Analysis Diagram"
for 15Kh2MFA type of steel. This diagram was received
by testing specimens of 150 m_ thickness as well as
small-scale specimens in scale 1:8 and 1:12, all with
surface defects of different depths.
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- aspects of fatigue failure :

- crack growth rate during repeating loading depends on
fulfillement of conditions (1) a (2), i.e. on specimen
thickness,

- in case of testing specimens and models with stress
concentrators, main role plays not only crack size but
also crack placing in stress gradient, and in some cases
also the effect of austenitic cladding,

- "geometrical size effect" takes place in testing of
reduced models with defects. Failure stresses will be
generally higher in reduced models than in real
structures and for the same nominal stress its crack

growth rate will be also higher,

- during testing of large-scale specimens and model the
followir_ effects and situation can take place :

- dependence of crack arrest temperature on specimen
thickness, i.e. basement of "temperature approach of
safety",

- possibility of testing the "leak-before-break" type of
failure and approach,

- effect of plastic zone size in crack tip in stress
field,

- testing of complex operational conditions and their
influence of material and structurel behaviour (
transients, pressurized thermal shock, etc.),

- effect of tolerances from specimen (structure)
manufacturing, first of all of bolts and nuts.

Besides these effects, during testing of large-scale
specimens it is also possible to measure and estimate (in
comparison with small specimens) :

- distribution of stresses and strains in the vicinity of
stress concentrators,
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- redistribution of stresses in the region of stress

concentrators during loading in elastic-plastic region of
loading,

- interaction of close defects in the field of stress
gradient or even in the field of non-monotonic stress
field etc.

TESTING POSSIBILITIES - EQUIPMENTS

Large-scale testing requires unique testing
equipments, mostly of special design and with high loading
capacities. Of course, additional requirements can arose,
for example need of fast loading, biaxial loading etc. Thus,
for such experiments special equipments are designed and
manufactured, mostly only as prototypes.

In _KODA Concern three equipments were designed and
manufactured and still are used in our laboratories:

- ZZ 8060 : hydraulic tensile testing machine with maximum
capacity of 80 MN in tension
maximum section of specimen (connection by
welding) is 1,200 x 350 mm
maximum length of specimens - up to 4 m
flat tensile specimens are commonly used, but
also crack arrest temperature on plate
specimens were determined, as well as repeating
loading of large bolting joints (M 240 mm) can
RPV parts like nozzles etc.

- ZU I000/I000 : servohydraulic testing machine for
repeating loading with maximum capacity +/- i0
MN in tension and compression, maximum
specimen elongation is +/- 200 mm
specimen are welded to specimen heads or
mounted directly to machine planes

- Z_ I000 : servohydraulic tensile testing machine with
maximum capacity of i0 MN in tension
this machined is designed for testing by
uniaxial tension of axisymetrical type of
specimens, mainly bolting joints (up to M 140 mm
for RPV of VVER-440 MW unit)
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CONCLUSIONS

There exists a unreplaceable role of large-scale
material testing, mainly from the existence of :
- material size effect,
- geometrical size effect.

Such type of tests can also demonstrate special loading
conditions and lifetime of complicated structures and their
parts, particularly in elastic-plactic type of loading.

Large-scale testing should be used also for
verification of calculation models as well as for
preparation and/or backfitting of new codes for
calculations.

Planning of such type of tests needs fulfillment of
some special requirements to their defect size,
configuration, defect ratio and to specimen general
dimensions - all these parameters depends on aspects of
testing, material conditions and overall geometry of
specimens and structures.
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3D.CALCULATIONS OF A TYPICAL NUCLEAR PRESSURE VESSEL
SUBJECTED TO THERMAL SHOCK LOADING

Dr, Seth Swamy', Mr, John Schmertz", Mr Marto Recinella', Mr Joseph Boucau"

"Westinghouse Nuclear and Advanced Technology Division
P.O, Box 355, Pittsburgh, PA 15230 USA

"'Westinghouse Energy Systems International
73 Rue de Stalle, 1180 Brussells, Belgium

ABSTRACT

The phenomenon associated with High Pressure Safety Injection (HPI) followinga Small
Break LOCA has received considerable attentionin recent years. Particularly,thermal
mixingfollowingan accident conditionsuch as a Small Break LOCA has been examined
experimentallythroughoutthe world. Data from various experiments are available now,
some on scale models while others are full scale tests, Specifically, tests conducted by
Battelle instituteat the HDR facility and the tests conducted by Kraftwerk Union at the
UPTF facility in Germany were full scale tests, Available test data indicate localized
cooldown or a stratifiedcondition in the reactor vessel followingthe safety injection. Such
behavior cannot be described by a traditionalsimple thermal hydraulicmodel, The need
to simulateobserved test data in the analysis has led to the development of multi-
dimensionalcomputer codes such as TEMPEST, COMMIX-1B, SOLA.PTS and other
regional mixing models based on a fundamentallyoriented zonal approach, such as
REMIX, NEWMIX[1].

In this paper the results of a Small Break LOCA evaluation for a typical PWR are
presented. The effect of High Pressure Safety Injection was evaluated using tl_e
TEMPEST code. The axial and azimuthal fluid temperature distributionswere determined
followingthe safety injection. The temperature distributionclearly indicated localized
temperature gradientsdirectly below the primary loop cold leg, indicatinga stratified
condition, A 3.dimensional finiteelement model was constructed to evaluate the thermal
and stress response, The effects of the stress fields on the fracture behavior of the
reactor vessel were investigated,
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INTRODUCTION

in PressurizedWaterReactor(PWR)plantsthe accidentsof concernwithregardto the
reactorpressurevesselare knownas the pressurizedthermalshock(PTS)whichallow
coolwaterto come Incontactwiththe hotInner-surfaceof the reactorvessel,wherethe
fast.neutronfluenceandthusthe radlatlon.lnducedreductionin fracturetoughnessInthe
wall Is a maximum.

In additionto postulatedaccidents,PTSeventscan resultfroma varietyof causes.
Theseincludesystemtranslents,someof whichare initiatedby instrumentationand
controlsystemmalfunctions,e.g., stuckopenvalvesineitherthe primaryor secondary
system.

Specifically,the PTSeventsare systemtransientsinPWRethatcan causesevere
overcoollngfollowedby immediaterepressurlzatlonto a highlevel, The thermalstresses
causedbyrapidcoollngof the reactorpressurevessel insidesurfacecombinewiththe
pressurestressesto increasethepotentialforfractureif an initialflawis presentinlow
toughnessmaterlal. Lowfracturetoughnessmaterialcan be a resultof the neutron
irradiationinthe beltllneregionofthe reactorpressurevessel.

The phenomenaassociatedwithHighPressureSafetyInjection(HPI),andassociated
stratlflcatlon/cooldowneffectswhenthisInjectlonis understagnantloopflowconditions,
have receivedconsiderableattentionin recentyears, Particularly,thermalmixing
followlngan accidentconditionsuchas a SmallBreakLOCAhas beenexamined
experimentallythroughouttheworld. Datafromvariousthermalmixlngexperiments
relatedto pressurizedthermalshockare availablenow. Theseinclude[I]:

• TestsconductedbyCreare, Inc, forEPRI on a I/5 scale model

• Testsconductedby ImtramVoimaOy (Finland)for USNRCon a 2/5 scale model

• Testsconductedby PurdueUniversityforUSNRCon a 1/2 scale model

• TestsconductedbyCreare, Inc. forEPRI/NRCon a 1/2 scale model

• Fullscale testsconductedby BattelleInstituteat the HDR facility

• Fullscale testsconductedbyKraftwerkUnionat the UPTFfacility "tGermany

A unifiedinterpretationof thedata obtainedfromthe abovetestsis presentedin
Reference1. Noneof the fluidsystemcodes suchas TRAC,RELAPandRETRANhave
theabilityto accountforthermalstratificationandthermalmixingphenomena[1,2]. The
needto simulateobservedtestdatain theanalysishasled to thedevelopmentof multi.
dimensionalcomputercodessuchas TEMPEST,COMMIX.1B,SOLA-PTS[5,9,10]and
otherregionalmixingmodelssuchas, REMIX andNEWMIX[1,3,4].

X t285:1b/092892-2
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In thispaper the results of a Small Break LOCA evaluation for a typical PWR are
presented. The reactor pressure vessel thermal, stress and fracture mechanics
evaluation procedure and the associated steps of evaluation are pictorially depicted in
Figure 1,

THERMAL HYDRAULIC ANALYSIS

in this analysis a Small Loss.of-Coolant Accident (Small LOCA) is evaluated. A small.
break LOCA is characterized by a rapid cooldown and depressurizatlon of the Reactor
Coolant System (RCS). The primary temperature remains just above the steam generator
saturationtemperature for a while untilthe combined effects of cold Safety Injection (SI)
water additionand energy loss from the break exceed the energy addition rate from decay
heat production. After that time, RCS pressure and temperature should bothdecrease
slowly. If the SI flowis less than the break flow, the RCS experiences a net loss of
inventory, leading eventuallyto flow stagnation in the cold leg/downcomer region. The
fluid temperature in this region drops rapidly as the cold SI water replaces the warmer
RCS water throughthe bretk, While the fluid temperature in the downcomer region
continuesto decrease, the RCS pressure remains fairly high when the break is small.

For thisevaluation, a system code was used to determine the transientconditionsas long
as nationalcirculation does exist. During loop flow stagnation,a three dimensional
thermal hydraulic analysis was performed using the TEMPEST computer code, which ts
described in References 5 and 6. Figure 2 shows a typical circumferential fluid
temperature distributionat the core mid-plane, plotted at one.hundred seconds into the
small break LOCA transient. The figure shows the abrupt drop in the water temperature
below the inlet cold leg nozzle centerline.

l
i

FINITE ELEMENT THERMAL ANALY$18

A three-dimen3tonal (3D) finiteelement model (see Figure 3) of a typical reactor pressure
vessel was constructed to perform the finite element thermal and stress analysis. In the
thermal version, the external surface is insulated and the internal surface is subjected to
the LOCA fluid temperatures, which vary with time and location, Material properties for the
vessel are obtained from Section III of the ASME Code ('89 including'90 addenda).

Heat transfer coefficients developed by TEMPEST vary with space and time, A typical
surface temperature distributionis shownin Figure 4.

FINITE ELEMENT STRESS ANALYSIS

Obtained in the stress analysis are the thermal stresses due to the thermal expansion
effects associated withthe temperature gradientsand the mechanical stresses due to
internal pressure, A plot of internalpressure versus time is given in Figure 5, A
representative stress contour plot is shownin Figure 6, This plot corresponds to the time
for which the temperature distributionof Figure 4 was provided. Figure 7 shows the
through-wallhoop stress distributionat a selected location for the Small LOCA transient,

X1285:1bj092892.3
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Mechanical properties are obtained from Section tll of the ASME Code ('8g including '90
addenda)

FRACTURE MECHANICS EVALUATION

For the fracture evaluation, linear elastic stress intensityfactor (K_)solutionswere used
The computed K_values are compared withthe toughness(K=c)values to determine the
critical flaw sizes.

Shown in Figure8 is the geometry of the reference flaw used in developing the Stress
IntensityFactor (SIF) expression applicable to typical PWR vessel beltlines The flaw is
semiellipttcal in shape and its depth and length are denoted by a and 2c, respectively
The aspect ratio, defined by the ratto of 2c/a, is assumed to be 6 consistentwith industry
practice The beltllne inside radius and wall thickness are denoted by R and t,
respectively

The crack openingthrough-wallstress rj iS represented by a third degree polynomial as
follows:

el(x) = Ao + A1 x . A2 x2 + A3 x3

where Ao, At, A2, and A3 are the coefficients of the polynomialand x is the linear
coordinate as shown in Figure 8. Denotingthe dimensionless distance a by

o = x t

the crack opening stress defined above can be writtenas:

0(¢=) = Bo + B ta + B2Q2 + B3u3

where:
eo = AO
BI = Aft
B2 = A2 t2
B3 = A3 t3

The stres_ intensityfactor, KI, at any point P on thecrack front (Figure 8) can be
expressed by the relation:

,m l_ a2 2 I f= 4
KI=_'Q-_ _°°s2_+ _ sin_t4lB°H0 + ,_-_BIHI+ 2- B_H2+ _aB:_H:tJ

X1285 1b 092892-4
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where i = a,t, and the influence functionsHe, HI, H2, and H3 are obta,nable from the
methods givenin reference 7,

The lower boundtoughnessK,c curve as defined in Reference 8 was used as allowable
toughness, in thisevaluation, as follows:

K,¢ = 332 + 2.806 exp [002 (T-RTNDT)] ksi Vin

where RTNDT = reference nil.ductilitytransition temperature ('F)
T = material temperature ('F)

Neutron irradiationhas the effect of shiftingthe RTNoTof the beltllne material to higher
temperatures, When the RTNDTvalues are known, the allowable K,cat any location of the
reactor vessel can be easily obtained by the equation. The upper shelf toughness value is
chosen to be 200 ksi Vin consistentw,ththe industrypractice.

Figure 9 shows a typical plot of the stress intensityfactor for a finite circumferentialflaw
during the small LOCA transient, It is easily seen that the critical flaw size is very large •
more than 80% throughthe wall,

DISCUSSION AND CONCLUSION

A vital ingredientfor performing integrity analyses is the knowledgeof the stresses that
develop in the structurewhen subjected to various Ioadings such as the transient
ioadings_ In recent years thermal mixing phenomena followingan accident conditionsuch
as a small break LOCA has been examined throughoutthe world. Data from various
experiments are available now, some on scale models while othersare on full scale tests.
Specifically, tests conducted by Battelle Instituteat the HDR facilityand the tests
conducted by KraftwerkUnion at the UPTF facilityin Germany were full scale tests.
Available test data indicate localized cooldown or a stratifiedcondition in the reactor
vessel followingthe safety injection. Such behavior cannot be described by a traditional
simple thermal hydraulic model,

The inputtemperatures used in this evaluation were obtained by three-dimensional
thermal.hydraulicanalysis, Thus, the vessel wall was subjected to fluidtemperatures
which varied both in the axial as well as the azimuthal direction, thus providinga more
realistic representation of the transients.

A three dimensional finiteelement model was constructedfor the thermal and stress
analyses Analyticalresults clearly indicated th___lume effect caused by localized
cooldown or a stratifiedconditionas was observed in the experiments, The maximum
stresses occurred in the reactor vessel practically along the centerline of the inlet nozzle,

Fracture mechanics analyses were performed. Both longitudinaland circumferential flaws
were cons,dered Locationof the lowest toughnessin the reactor vessel identifiedby the
highest RTNDr was also evaluated by postulatingflaws at such a location. The calculated
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crltiaal flaw sizes were rather large, mainly because in this case the material RTNoTwas
on the low side, The smallest critical flew size was about 80 percent through the wall

In conclusion, realistic thermal hydraulic and finite element thermal and stress analyses
were performed for a typical reactor pressure vessel, Using the results of stress
analyses, fracture mechanics evaluationswere performed as discussed above. The
results demonstrate integrityof a typical reactor pressure vessel when subjected to a
small LOCA transient.
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Figure 3 Finite Element Model Inside View
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Figure 6 Representative Stress Contour Plot
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Flgure 8 Geometry of Finite Flaw
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THE CAUSES OF GEOMETRY EFFECTS IN DUCTILE TEARING

by

Dr. Robert J. Dexter' anti Dr. Tim J. Grlesbach"

An adequate understanding of geometry effects in ductile tearing can only be
achieved when the differentcauses of the effects aredtsnnguished and these geometryeffects
are linked to particularmtcromechanicalfractureprocessesorglobaldeformation mechanisms.
It is shown that the micromechanical process of ductile (fibrous) fracture ts dependent on
achieving a critical strain, which is only shghtly dependent on the stress state for the rangeof
triaxialityconditions in pressurevessels and through-crackedplates. Undercertain conditions,
the crack tip strain can be shown to scale with the value of the J integral and there is a dtrect
connection between J and the underlying micromechanical process. This connection is lost
for significant crackextension or large-scale plasticity. Nevertheless the J integral may still
be used on an empirical basis under some conditions. Under fully-plastic condittons the
primary sourceof geometrydependence in the J-R curves is due to the geometry dependence
of the shape and volume of the plastic regionthatdevelops around the uncracked ligament,
ThisoccursbecauseJ isessennally propomonalto the totalplastic workdoneonthe specimen.
If it can be assured that the fracture mode in both the test specimen and the structure will
remain fully fibrous, it isconservative to extrapolate J-Rcurves generatedfromsmall compact
specimens for the analysis of pressurevessel crack stability.

*Lehigh University, Center for Advanced Technology for Large Structural Systems
117 ATLSS Drive, Bethlehem, PA, USA 18015-4729

**Electric Power Research Institute, 3412 Hillview Ave., Palo Alto, CA, USA 94303
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INTR()DUCTI()N

The recent reporton project I_'ALSIRE!ll noted the significant uncertainty asso_
elated with the effect of geometry on the analyses of large-scale fracture experiments i 1I. Most
recent ductile fracture analyses in the electric-power industry have been based on the J integral

'r ,i .121. The J-integral methodology allows a prediction of ductile cack initiation in varic_us
components using tile value of J at crack initiation (Jr,) as a material property that can be
measured in small specimens 13-4l. (The J integral is directly proportional to the crack-tip-
opening displacement (('TOD) 15-8J, therefore the two approaches fl'Jrcrack initiation are
essentially equivalent.)

A plot of the J integral vs. crackextension (J-Rcurve} has also been used as a material
property to predict ductile crack extension (tearing) in various components I¢_,!()1 To evaluate

possible specimen geometry effects, J-R curves front various specin_en sizes are required,
Such data for reactor pressure vessel (RPV) materials up until 1987 inc:ludedJ-R curves from
A533B and A508 base plate material and the l,inde 80 weld metal in tileoriginal and irradiated
conditions, e,g, relerences [11-13j. The J-R curves in Figure ! I I 1,131 were measured on
standard colnpact (C'F) specimens. The specimens are different sizes but the proporlions are
constant. The 0.. I specimen Is nominally 13 ram (0.5 inch) thick and tile distance from the
initial crack tip to the back face of the specimen (tile ligament) is also nominally 13 ran1(0.5
inch). The thickness and the ligament of the 4T specimen is nominally IO()mm (4 inches),
The slope of a linear fit to the J-R curves between the dashed lines (i,e, for the first few
millimeters of crack extension) is called the tearing modulus, The apparent Jh and tearing
modulii for these test specimens are shown in Table i. As shown in 'Fable !, the J_, values
vary by less than 25 percent and the tearing modulii vary by less than 36 percent. The standard
for what constitutes reasonable agreement in fracture mechanics is very generous due to the
high degree of natural variation that would be exhibited between replicate specimens, This
level of agreement is typical for most moderate toughness steels, i.e. steels that can meet the
specimen size requirements of the ASTM specification I I0f

If the J-R curves are given in terms of a modified J proposed by Ernst 112], even
better agreement is obtained. In any case, it is important to note that the trend in the size
dependence is that larger specimens have a higher tearing modulus, i.e. that larger specimens
have a higher apparent resistance to crack extension. Therefore, under these conditions and
for these materials, the AS IM J-R curve is an empirically detnonstrated material property that
can be conservatively applied to predict crack extension (up to 10% of the ligament size) as
a function of load and displacement in larger geometrically-similar specimens. For exam p,le,
'Fable I shows the crack extension in each size specimen at a particular level of applied J. 'I he
J level for each material for this example is the J level which would cause 3 mm of crack
extension in the smaller specimen. As shown in Table I, the crack extension at this applied
J level in the larger specimen is 1.5 mm in the A533B (at J of 625 kJ/m 2) and 1.7 mm in the
Linde 80 weld metal (tit J of 220 kJ/m2). Theactual crack extension is only 50 to 57 percent
of predicted crack extension, i.e. 3 ram.

1
A distinction must be made between variation of specimen "geometry" (changes in

shape and ratio of tension to bending as well us size) and specimen "size" (proportional
specimens of a particular type). Note that the data in Figure 1 do not show that the J-R curve
for this material is independent of geometry, only that the J-R curve is reasonably independent
of size for a particular proportional geometry. In a CT specimen, the remaining ligament is
loaded primarily in bending, with a small axial tension component. Similar J-R curves are
also obtained from single-edge-notched bend bars (SENB specimens) in which the remaining
ligament is loaded entirely in bending. In a center-cracked tension panel (CCT specimens)
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thelig_unentisloadedentirelyintension.When J-Rcurves_ireoht_dnedl'ron_('UTspecimens,
theresultlngtearinBmodulusistypicallysignificantlygreaterthemthetearingmodulus
vneasured on (q" or SENB specimens.

l;igures 2 and 3 show J-R curves t'rom ("1' spe,:imens compared to .I-R _:urves for
( ( I st_ectmens tt r two d lferent Pl:lellne steels 12-1. Ihe,e, steels art. _cr'_'.t( ugtl and t.it
specimens were only 0 nm_thick. Theret'nre tests c,n this material c_mllotn_eet tile AS'rM stze
requirements. The _otltml plot ill theset'igurcsshows the st|medata on tl much larger range
of crack extensicm. The J__mdtearing modulus values tire shown in Table I. The tearing
t11odUJlls for the ( J 5p('t'Itlletl is 72 tO _I_ pen,.'enlgreater tit1111the tC,i|t'itlg t11odLiJLlS for the
('T specimens. 'FtlhleI showsthe _.'ra_,'kextensionin the ('C'T spe_,'inlen_il. level of J wllich
would causecrack extel|,;t(mof 3 mtn in the('T specimens. The actualcrack extensionin the
('(,T specimensat this J level is only !.(1mm ill the X46 steel tmtt ().6 _11_11in the XT() steel.
Thesecalculations show that applying the J-R curve from the ('T specimen ts unretlsonably
conservative, the t_ctuai crack extension is only 2(I to 33 percent of the predicted (.'rack
extension, Similar differences between ('("i" ,rid ('T specimens have been sl)own hy (hirwood
I I,ll and hy Zahoor and Kfmninen I15 I.

The trend in tile geometry effects depends on the micronle(:hani_.'aifailure mode.
Forextmlple, in 1988l liser andTerrell 116.i 71reportedthe resultsof many testson an A302F!
plate. This particular A3()2!:1plate was specially rolled to t_ similar to plates used in early
rea(:tor pressurevesselconstnlction tmtl to yicid t_low upper-shelf ('harpy energy, i.e.. _h:)w
68 J, The minimal cross rolling applied to the plate and tile high sulfur content (().()2_%)
resulted ill a high proportion of longitudinally oriented manganese-sulfide inclusions, In the
fracture testsin theT-i. orientation (the crack extendsintile rolling direction ), theseinclusions
manifest as separations (often called delaminations or splits) perpen(ticul,r to the fracture
surfaces and parallel to tile plate surfaces.

lhc J-R curves t_ra sel_es t t pnportt nal specimens ttl tl!ts nm!_!_l ate2 (ar, e
shown in Figure 4, The thickness and i_titial remaining ligament ot the U,_l specimen ts
nominally 13ram ({1,5inch) while the thickness and the retllaining ligament of the 6 I"specimen
is nominally 150 mm (6 inches), The geometry dependence of these _:urves is very significant,
But, of much greater concern, the trend in the tearing modulus with specimen size that Call

seen ill Fi,_ure 4 is the opposite of that for the l.inde 8(I welds and the A533B steel as shown
in Figure 1, Table I shows that the tearin_ modulus t'or the fiT spe_.'imen is only 30 percent
of tile tearing modL|ius for tile (),ST specin)en, If the J-R curve from tile (t,5 specimen were
used to predict 3 mm of _.'ra_.'kextension in tile 6'i"specimen, tile a_.'tuaicrack extension would
exceed 8()mm (the limit of the data in Figure I ) and the result would be unconservative by a
factor of greater than 27. l)ata fron) Joyce for an ItY-10()material (reported in ret_rence
Ii 81)that also became available in 1'088showed the same trend t_stile A302B steel. This steel
also revealed separations perpendicul_tr to fl_et'racture surt'ace II 81.

Tearing stability analyses have _en applied to several critical safety problems in
the nuclear power industry, The stability of a part-through crack in piping is assessed to
demonstrate that the pipe will develop a noticeable leak before break so that it can be detected
and repaired I_fore catastrophic bursting 119-21 I. Another critical application is the assess-
merit of surface cracks in pressure vessels 1191, It is necessary to analyze ductile tearing in
the pressure vessel for up to 2()()rnmof crack extension 1161, In this case, the restriction of
valid J-R curves to 10% of a test specimen ligament would require full-scale specimens, Since
tile data must be obtained from small surveillance (irradiated) specimens, it is necessary to
use J-R curves beyond the range consi(tered valid by the ASTM specificatior_s, In fact, it may
be necessary to extrapolate the J-R curve to crack extension greater than the ligament size of
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the test specimens. Obviously, under these conditions, theR is no theoretical _sis for using
the J-R ct_rve, However, an empincal basis for theI.R curve can be established for englneerlnB

purpo_s. If there is to _ confidence in this empirical basis, the geomet_ effects must be
predictable, This paper di._us_s the causes of geometry dependence of J-R curves and
attempts to outline the conditions under which the frends in the geometry effects will be
predictable.

FRACTURE MICROMECHANISMS

Fracture criteria can only _ effective if there is some connection to the mlcrome-
chanical processes leading to fracture. Forductile fracture(aim referred to as fibrous fracture),
these processes are void initiation, growth, and coalescence [23]. Other mechanisms can
intervene dunng the course of an otherwise ductile process to cause premature separation of
partor a!i of the fracture surface, e.g. separattons or cleavage. Fracture criteria are generally
not apphcable to more th'm one type of fracture mechanism, Therefore, if one or more of
these other mechanisms intervene, the geometry independence and validity of the fracture
criteria will generally b¢ adversely affected.

Void Growth from Inclusions

Ductile fracture mechanisms and models were recently reviewed in a book by
Thomason [23], in order to hypothesize the connection of global fracture criteria to the
mechanics of ductile fracture, mathematical models of these ductile fracture processes are
required. There are independent models for void initiation, growth and coalescence [231.

However, the void initiation pha,'c typically represents less than 15 percent of thentOtalstrainat fracture (for C-Mn pressure vesselsteels [24,25j) and is therefore commonly ig ored in the
development of fracture criteria,

Void coalescence can occur either by impingement of growing voids or by sudden

void sheeting. The cri!eria for void impingement generally involve non-continuum models
! that account for the actual voids rather than smearing out the effects of the voids. The

dcve!opment of void sheets depends on the Ioad,ing and structural configuration as well as the
strain hardening, strain-rate hardening, and plastic anisotropy [26l, Therefore, ma!hema!ical
criteria for void coalescence are difficult to implement in the type o[ numerical slmulattons
employed in fracture research. Therefore, fracture criteria are typically developed empirically
as some critical value of a parameter related to void growth.

Numerous micromechanical models have been developed to characterize the void
growth process [27-341. Atkins and Mai [35,36l and Cliff ¢t al [37} have recently reviewed
most of the published models. Th.¢ useful models are variations of an incrementally defined
function of the effective plastic strata thatis postulated to bca controlling factor in void growth,
The increment of effective plastic strain is typically multiplied by some nonlinear function of
the constraint factor or other stress quantities that can be derived from the constraint factor.

There are various definitions of constraint factors which are all derivable from one

another [38]. The term "constrain!" is often used with many different meanings. In this paper
it will have a very specific meamng according to the following definition of the constraint
factor:
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(][WN
constraint factor = .-- (i)

o,

I

where: omis themeanor hydrostaticstress=; o=

and o, is the Von-Mises effective stress = _ _S,,S.

where Su is the deviatortc stress = a u . Om_j

where 8¢= 1 when i = j, and0 otherwise.

Theconstraintfactorreflectstheratioof thes_ss quantitythateffectsthedtiatationai
rowth of voids (the hydrostatic stress) with respect to the stress quantity that effects their
istortton (the effective stress) 1361, Table 2 shows some typical values of constraint factor

for various test s_cimens as well as surface cracks in pressure ves_l geometries [39-43], In
fracture test specimens and surface cracks in pressu_ vessels, the constraint factor typica!ly
ranges from one to two, (Note that this definition of the constraint factor is equal to one third
the triaxiality coefficient "q" that is used in the project FAt.SIRE report [1 j),

in this paper the term strain will I_. taken to mean the effective plastic strain unless
s_cifically stated otherwise, The effective nlastic strain tncrement is defined as follows !44i:

P it
dcp = ;dc,,dc,, (2)

The resultsof analysesby McClintock 127,2XIand RiceandTracey 129i have_en
usedto fomlulate a simplified model for w)id._mwth intendedprimarily for relatively high
constraint factors only, " ". '" "' _"IheRiceand Iraccyanalystsrep_sentsthegrowthoftileaverage
diameter of an isolate_t two.dimensional void in an infinite medium,

In (R/R,,) = 0,283 * I) (3)

where R = average radius of the void,

R., = original average ra(.tltlst)f ttle void,

(I.293 is all empirically derived constant, and

l:"{'"°"1D= exp ----- de
) (3,,
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The intoralg [) often:ap_ars, in the fonu _f a hy_rlxdic ,sinez_rh_,pertx_lic_.'o_ine
(with an appropriatechange mthe coi_stants)ratherthal__heexponentialandls postulatedto
be a measureof damage127,2Xl, I.¢.:al failure is predictedwhen the.ievcl of D, i,e. the level
of damage,reachesacritk'alvalueasscK:iatedwith void coalescence,I hasthefractu_ criterion
isstatedas=inintegralwhichdependsonthehistoryof thedeformation, Asa fracturecriterion,
the critical value _hould thereforebe indel_nder_tof the historyof constraintduring deft)r-
nlation. For example, the critical value of the integralshould be the same for an ex_rinlent
with high constraintresultin_ in low fractu_ strainsandan ex_rintent with low constraint
resultin]_in hi=h fractu_ ,strains,

The strain-energydensityhasbeen u_d by $ih 14_,461and Nemat-Nasser147las
a f_ctum criterion, Often,thiscriterionhas_en employedas ,simplya critical plastic-work
density14a-_2l.This criteri_n ts readilycalculatedandcanbe relatedto macro_opic fracture
criteriaasdisused later, Gdlemot [531h.assugl_estedthata criticalstrain energydensityof
plaincarbonsteelsis front ._()0-7_)MJim' andfor vacuum-remeltedsteelsis from I(_). lOS()
M Jimt, For large strain, the strainenergy density is approximatelyequal to plastic work
density,i,e,:

SED(t) = I_lovd c,_- Wr (the plasticwork density) (4)

W_'= o_,dt:_= a, dc_'-o t dc"=a_"

where_' = forproportionalstrainingandot = flow stress- engineeringultimatestress,

Atkins and Mai 13o!show that tbr the specialcase of constantconstraintfactor
(proportionalloading),all of the integratedfunctionsof stressand strain reduceto a constant
(reflecting thehydrostaticstressterm) times thecrzttcalplasticwork _r unit volume (W_'),
Thzs relationship!nay be approximatelycorrect for loading that is roughly proportional,
Therefore,for loading that =sroughly proportional,thereis approximatelya one.to-onecor.
respondc!lcebetweenthedamageintegral,theplastic-workdensity,andtheeffective plastic
strain: It ts there,fore approximately equiva!ent to specify a critical value of a damage integral,
the critical plastzc.workdensity,or thecritical effectiveplasticstrain,

Various investigators have eva!uated the applicability of these m¢_els 137,54-56].
It can be concluded from these investigations that simple damage integrals (void growth
mottels) can, =ncertain materials over a limited range of stratn states, approximately capture
the mflucnce of the important vartables m fibrous l_actu_.. The applicab_ltty of a particular
void growth mordelto a given material and loading cond=tton t,nust always be carefully con.
sidercd. The void growth models have been used successfully =nC-Mn steels with relatively
high impurities (by modern standards) and relatively largeandclosely spaced Mn-S inclusions,
like most pressure vessel steel. However, there are sometimes conflicting successes and
failures of the void growth models which indicates that the appropriate choice of void growth
criterion is dependent on the material,
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Empirical Fraclu re.S!rain/('oml rain!.Factor I,_us

ttancockandMackenzie[Y/I andothers[_X-6:_!h.ve foundit u_efuito co_late
fracturestrainsfromvariou_tensilete_t.,_accordingtosomefunctionof theconstraintfactor,
ttancockandMackenzie_howthatat leastat thehighervaluesof constraintfactor,thedata
can_ fit by:

d = Cex o, 1_)

where.:¢_- effectiveplasticstrainat fracture(typicallyobtainedfromthe_ductioninarea)

and C = a constant,

uation5 impliesthe,RiceandTracey[29] model(Equation3) appliesand theloadingis
roportional,i,e.,theconstraintfactoris constantandcanbe takenoutsidetheintegralof

Equatmn3,

Figure5showsso_ datafor varioussteelsfromHancockandMackenzieIS7,_)l,
Miyalaetal[61I,Reumretall 591,andfromDexterandRoy164I, Someofthedata,particularly
tho_ withlowfracturestrain._asstudiedbyHancockandMacKenzie,formanapproximately
straightlineonthe._mi-logplot,i.e:,thesedatacanbefit withEquation5. However,dataat
higherfracturestrainlevelsdonotfit Equation5, in factthedataof _xter andRoyarenot
significantlyaffect_ by theconstraintfactor.Thisindicatesthataparticularfunctionalform
o,fa voidgrowthmode/mayonlybeadequatefor a narrowrangeof materials.

Miyametal1611maketheu,_fulob_rvationthatmany ofthesesteelsexhibita
plateauforconstrainthlctor,_greaterthan1,0,(Theplateauismuchmoreapparentonalinear
plot,)Thisob_rvationleadstotheconclusionthatucriticalstrain(actuallyonlyappropriate
forhighconstraintconditions)couldbeconservativelyusedinsimplifiedfracturemodels.As
showtlinTable2,therangeofconstraintfactorsforthepre,_surevessel[4i-43]andtcsi
specimens[39-42iisalwaysgreaterthan1,0andtypicallylessthan2.5,Therefore,thecritical
strainvalueforductilefractureinthesegeometrieswouldnotbeexpectedto_ verysensitive
tochangesinstressstaleinthesegeometries,

Many investigatorshavenotedapproximaterelationsbetweenthefracturestrain
andglobalfracturecriteriasuchasJandC_tSD.GreenandKnott1651expressedthe_OD
astheproductofthefraclurestratat_mesamicrostructuralgagelengthequaltotheparticlpating
inclusionspacing(thecriticaldistanceforductilefracture). - - -

CTI'OD_ I*V (6)

Thissimplerelationisbasedonthenotionthat theprocesszoneisapproximatelytriangular
witha base_ual totheCI'ODanda heightequaltothecriticaldistance_Ritchie andThompson
166jpointedout that if thls relatmnis multiphedby the flow stress it expressesa link between
the plastic workdensity in the fractureprocess zone (which relates these quantities to Sih's
strain-energydensity theory146,531)andJw:
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Jr, ,- oICTOD i i*0_e/_ I*SED - S_ (7)

Equation 7 rationalizes the empirical co,rrelation between J_ and the product of the
flow stress _d the fracture strain (i,e. an approximation of the strain energy density or the
plastic work density), These relationships show the fundamen!al importance of the fracture
str:_!:.(ur _uivaiently the plastic work density) as a fracture criterion. Equation 7 is quite a
useful relationship because it would allow an estimate of J_._based on tensile test data alone,

Miyata et al [611 showed thai Jk ought to be a hnear function of the fracture strain
times the yield stress, They plotted tl!ecorrelation for various steels at uppershelf temperatures
and found the data could be described by two l!nes, t,e, one for alloy steels and one for
low-carbon steels. Figure 6 shows their correlations along with data from two very tough
pipeline steels, (TI_.5 J-R curves for these pipeline steels were shown in Fi_,ures 2 and 3). The
data from the pipeline steels fit very well along an extrapolation of their line for low.carbon
steels,

Cleavage

The mechanismsofcleavagefracture havebeen reviewed indetail I67-70I. Cleavage
propagation is governed by a critical principal stress 171,721. The cleavage stress is inde-

endent of !emperature I71-73,75] and constraint [73,74], (Note that the constraint may still
ave an indtrect effect =nbeing responsible for raising the stress to the level of the cleavage

,,itress. However, the cleavage will occur at a particular stress level, regardless of the level of
hydrostatic stress at that stress level.) Strain rate may have art effect on the cleavage stress.

r _ 'For example, a change from slow-bend to impact strain rates had the effect of atsmg the
cleavage stress of pressure vessel steel from 9 to 15_, I75 I. ()rowan I72] discussed the statistical
"weakest..link" argument f=)ra size effect in cleavage fracture. It has recently been recognized
that there is a statistical size effect and ttlat the critical cleavage stress is maximum for sharp
crack s_cimens, decreases for blunt notch specimens due to the higher volume exposed to
the cleavage stress, and decreases further for uniaxia! tensile specimens 1761,

Formation of Separalions

Fonnation ofseparations (delaminations or splitting) is oneexampleof how limited
cleavage can influence a ductile fracture process. Separations are generally parallel t(_the
plate surface and appear perpendicular t(, the f'racturc surface when specintens are tested in
theI'-i.orient_ttionina temperaturerangeincludingthetransitionandlowertemperatures of
tile UPl_cr.-shelfregi,,n [ 16,77,7Xl, Separatit_ns _lr_,given special attentmmlhere due to their
ke_ rolein tl_e at]usual geometry dependence exhibited hy the A3(I2t] stcet ,I_R curves
116,1X,7X,Tt)l+There arc n)any possible causes !'or the appearance _f separatlt)ns: I+decohesion
_u"Ion_ tibia(lamellar) i11clusion_.2)a transgranularcleavagedt_eIt)a l)rt'iel'rcd crystallographic
k,xlur¢ parallel to, the I)latc suriace, or 3I cleavage of bailded flliL'r(Istrtlettlrl.'s (regions of
coarse-grained and/or all_)yrich l'errite lying parallel to theplate surface)i X()-X3)

Separations in hot-rolled sleels is usually due to inclusions IXll or bandedmicro.
structure i_14]. Both of thesecauseshavebeenmentioned in thedisc'ussionof the A302B plate

I I b I t Ii II

I 17I. Thedecohesion of inclusions leavesaunique !'racturesurfacethat isdescribedas woody1811and persists into the upper-shelf ductile fracture region I_II,X3I.The transition in the
Charpy energy curve is abrupt when the separationsarecausedby inclusions and there is little
difference in the transition temperature between orientations [81]. The transition is quite
gradual when the separationsarecausedby microstructure [831,The Charpy transition in the
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T-L orientation was not gradual for the A302B plate [16]. The fracture surface of the A302B
has been described as woody and otherwise seems to be consistent with decohesion of Mn-S
inclusions, although probably the banded microstructure also plays a role [16,17]. There are
several cases of separations reported in the literature in which inclusions and microstructure
played a combined role in separations [80,82].

Baldi and Buzzichelli studied the cleavage stress in three directions for a steel
exhibiting separations due to inclusions and microstructure [80]. These experiments showed
that separations appeared at a critical level of through-thickness tensile stress independent of
temperature. Their analysis explained the disappearance of separations at low temperatures
due to the exceedence of the normal cleavage stress prior to the attainment of the through-
thickness separation stress in this case [80].

The Local Approach to Fracture

The local micromechanical criteria for fracture can be expressed in mathematical
models, e.g. critical stress or a more complex statistical model for cleavage and critical strain
or a more co_;,plex void growth model for ductile fracture. If these local criteria are
implemented in numerical models of fracture specimens [56,85-92], the problems with
geometry effects in global criteria like the J integral can be avoided [89,91]. However, such
simulations of fracture are currently impractical for extended quasi-static crack propagation
[88,89]. Therefore the J integral and related global fracture criteria are currently the only
practical method of predicting ductile crack extension. Problems arise with global criteria
when sufficient attention is not given to the underlying micromechanical fracture mode and
how the fracture mode and the global criteria might be affected by changes in specimen and
structure size. The best approach to the pressure vessel problem is to use global criteria
supported by the local approach, i.e. the local approach may be used to define the limitations
and expected geometry effects in the global criteria. Multiple criteria will be required when
there is a possibility of transition of fracture modes. The optimum criteria for fracture will in
general depend on the material, the history and condition of the material (irradiation, warm
prestressing, and strain ageing), and temperature [75].

THE EFFECT OF SPECIMEN GEOMETRY ON THE J INTEGRAL

Table 3 shows a summary of the causes of geometry effects in J-R curves, The list
in Table 3 is not exclusive, and some simplifications have been made. The list reflects the
difference between causes that can be attributed to micromechanics as well as those attributed
to the global deformation mechanism. It is convenient to discuss the effects of specimen
geometry in terms of two-dimensional generalized plane strain conceptual models. Therefore,
it is useful to define a group of "three-diralensional" effects that cannot be discussed in terms
of two-dimensions and to discuss these effects later. Much of the literature pertaining to size
effects in fracture is motivated by these three-dimensional effects, e.g. crack tunneling and
the development of shear lips. In this paper, it is useful to distinguish these phenomena, which
arise from variations of stress-state through the thickness and are defined as "three-
dimensional", from the "two-dimensional" effects on a particular plane. For example, a change
in the stress state at a particular plane in the specimen, e.g. the center plane at midthickness,
is considered as a two-dimensional effect even if this change in the stress state were brought
about by a change in thickness. Obviously, there are complex interactions between the
three-dimensional and two-dimensional effects. However, if the interactions are ignored and
these three-dimensional effects are treated separately, it becomes much easier to rationalize
geometry effects in terms of simple two-dimensional idealizations.
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Each manifestation of geometry effects can be associated with and rationalized by
one or more of these local modes and/or global mechanisms noted in Table 3. It is submitted
that if the local mode and global mechanism can be assured to remain the same between test
specimen and structure, that J-R curves can be used and possibly even extrapolated with
confidence. The confidence is not that J-R curves will be a true geometry independent material
property, but rather that the trend in the tearing modulus with changing specimen size (and
application of test data to the pressure vessel) is known. For example, if it is known that in
certain material and test-specimen/component systems that the test specimen will always give
a lower bound to the tearing modulus, then this tearing modulus can be used without an
excessive factor of safety. If this trend cannot be assured or if the test specimen will always
give an upper-bound tearing modulus (which is sometimes the case), then taking advantage
of an increase in tearing resistance above Jlc cannot be easily justified in a safety assessment
unless full-scale test specimens are used.

Two-Dimensional Micromechanlcal Effects

As discussed above, ductile fracture is controlled by the attainment of a critical strain
at some small distance from the crack tip. (The magnitude of the critical strain is mildly
dependent on the st_ateof stress over the range of stress states associated with surface cracks
in pressure vessels and single through cracks in plates.) Since local crack-tip strain is difficult
to compute and measure, various global fracture parameters have been used as indices of this
crack-tip strain.

Figure 7 shows the crack-tip stress and strain fields for a single-edge-notch-bend
specimen in plane strain computed using large-deformation finite-element analysis [8]. As
shown in Figure 7, for specimens larger than certain minimum specimen ligament size, the
stress and strain fields at the tip of the crack scale approximately with the magnitude of J.
Since both the stress and strain scale with J, it is clear that J (or equivalently CTOD) should
be a useful fracture criterion for ductile crack initiation under these conditions. These con-
ditions are incorporated in the ASTM test specification [4,10] as restrictions on minimum
specimen size that are proportional to J.

The theoretical basis of the J integral as a fracture criterion derives primarily from
the relationship between J and the crack tip fields. The relationship between J and the crack-tip
fields can only be established for small-scale yielding (SSY), but the J integral is still useful
and geometry independent (transferable) beyond SSY conditions. However, the variation in
the relationship between J and the crack tip fields can lead to geometry effects. These effects
are most significant for cleavage fracture and low-toughness ductile fracture. For the fully-
plastic conditions for very tough steel, this effect is usually not very significant.

Most of the research on "size effects" or "constraint effects" in fracture pertains to
cleavage or to mixed cleavage/ductile fracture crack initiation. On a micromechanical level,
cleavage is controlled by the attainment of a critical stress at a particular distance from the
crack tip. Since the stress fields scale with J, cLavage fracture may also be predicted using
the value of the J integral at the initiation of fracture. However, as shown in Figure 7, the
stress fields are Flore sensitive to changes in specimen geometry. Therefore, in order to have
geometry independent J values for cleavage fracture, test specimen size must be about eight
times bigger than specified in the ASTM standard for Ji_[93,94]. (This may account for the
greater interest in size effects for cleavage fracture.)
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Despite the fact that the same parameter (J) may be used to predict both ductile and
cleavage fracture, it is very important to remember that cleavage and ductile fracture are
completely different phenomena governed by different micromechanisms, Too often in the
literature this distinction is not made, and generalizations are made about size effects in
"fracture". In fact, the effect of inadequate specimen size are typically completely opposite
for cleavage than for ductile fracture. Typically, for ductile fracture, the smaller the ligament
size the smaller the J value at crack initiation. (There are exceptions to this .generalization
which will be explained later.) For cleavage fracture, the smaller the ligament size the greater
the apparent fracture toughness [93,94].

This difference in trends in specimen geometry effects on the apparent fracture
toughness is easily explained by looking at the effect of inadequate specimen size on the
crack-tip fields in Figure 7. As the specimen size decreases, the crack-tip strain increases
above the ideal fields. Therefore, smaller J values wdl be required to cause the initiation of
ductile crack extension at a particular critical-strain value. On the other hand, crack-tip stress
decreases as the specimen size decreases. Therefore, larger J values will be required to cause
cleavage fracture at a particular critical-stress value. This argument illustrates the importance
of considering the underlying micromechanics of fracture.

Another reason that ductile fracture is less sensitive to loss of SSY is that ductile
fracture is controlled by an integral of the product of stress and strain as in Equation 3.
Therefore, for ductile fracture, there are two opposing effects of loss of constraint that will
cancel each other out to a certain extent [95]. As the specimen size decreases and conditions
of SSY are gradually lost, the strain increases. This would tend to make the smaller specimens
yield lower critical J values as the fracture strain is attained at a lower value of J in the smaller
specimens. However, the fracture strain may be increased in the smaller specimens due to the
decrease in the hydrostatic stress [96,971.

Cleavage may be induced in highly constrained specimens of one material where
other specimens of the same material behave in a ductile manner. Generally, this material
would have to be close to the lower shelf of the transition region for such a transition. This
effect is due to a loss in SSY in the ductile specimens, where in the highly constrained
specimens, 'the SSY fields are achieved and the stresses are higher, thus the critical stress for
cleavage can occur instead of yielding. Three-dimensional analyses of test specimens show
that it is conservative to use a CT specimen in most cases. Specifically, as shown in Table 2,
the CT specimen produces a maximum constraint factor that typically ranges from two [42]
to three 141]. In most test geometries including the cT specimen, the constraint factor typically
drops off to slightly greater than one across most of the ligament. On the other hand, the
DENT specimen can produce a constraint factor ,which may peak as high as three and remain
higher than 2 across the small ligament between the cracks [39,401. At certain temperatures
some materials that exhibited ductile fracture in compact specimens failed in cleavage in such
a DENT geometry 138-401. However, the high a/W DENT is an extreme case and is not
appli_ hie to most structural geometries.

t

The competition between micromechanical criteria for cleavage and ductile fracture
modes explains the effects of temperature, constraint, strain rate, irradiation, warm pre-
stressing, and strain ageing on the transition between different fracture modes (brittle-ductile
transition behavior) [75,98-100]. However, sorting out the effect of specimt.n size for mixed
cleavage/ductile fracture in the transition region may be hopelessly complicated and is beyond
the scope of this paper.
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Correction and lndextng Schemes for SSY Effect

Kirk et al [ lO1] have recently reviewed the many schemes thatare being investigated
for dealing with geometry effects on the global criteria which arise from loss of SSY. The
schemes generally can be classified as either correction schemes or indexing schemes. Cor-
rection schemes seek to correct the measured toughness data back to some transferable
geometry-independent value. The transferable toughness value is usually _mvalent to that
which would be obtained under SSY conditions. The SSY value cart then be uncorrected if
necessary if theapplication is not essentially $SY. A correction scheme often requires accurate
determination of thestress andstrain fields in both the test specimen and structureandtherefore
is computationally intensive.

If this level of analysis is required, the correction scheme offers little advantage
relative to the local approach. In other words, a global fracture criterion is a vehicle to express
the more complex actual underlying local fracture criteria. If the underlying criteria must be
used to correct the global criterion the global criterion has lost its usefulness. It would make
more sense to abanoon this troublesome vehicle and deal directly with the local fracture criteria
in a computationally intensive scheme.

It should be noted that a factor which is used in a correction scheme could also be

used in an indexing scheme,. Indexing,,,schemes categorize,, fracture toug,hness/data according
to some measure of constraint. In thts two-parameter approach, a locus of fracture toughness
values is obtained in terms of J (or equivalently CTOD) and the index parameter which
corresponds to the particular conditions under which the J was measured. A measure of the
index parameter in the application is required and a fracture toughness value that was generated
in a specimen with a similar value of the parameter is selected. Indexing schemes obviously
are experimentally intensive because data are required for the entire range of index parameters
encountered in the application. Significant computations may also be required to define the
index parameter for the test specimens and the applications.

Indexing schemes are close to demanding that the conditions of the test and the
application are the same, i.e., that full-scale elements must be tested. However, the indexing
schemes offer the advantage of correlating constraint effects from different sources, e.g,,
loading, in-plane dimensions, or crack length. For example, a small bend specimen can be
used to simulate the conditions in a large tension specimen.

Irwin's 131,correction for thickness effects on K_, [1021 is an early example of a

correction scheme. The 13_,factor is essentially proportional to the plastic zone size divided
by the thickness. Kirk et al [l(ll] proposed a modified factor which is the ratio of the SSY
equation for the plastic zone (haifl height to the smallest of the crack length, the ligament, or
half the thickness. The plastic zone size equation is used even for fully-plastic cases when
the plastic zone has engulfed the ligament and thus represents only an index of the deformation.
A corrected J value is obtained by dividing the apparent J by one plus this factor. Kirk et al
showed this to be an effective correction scheme for cleavage fracture of A515 and A36 steel.
It has the advantage of requiting only minimal computations.

_'___z_y=_ V, 77i+_
Lm_. min(a, b, B/2) (8)
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Anderson and Dodds [93,103] have developed the concept of equivalent stress
contour areas described above. A ratio J/Jssvis used to quantify the J required to achieve a
stress contour area equal to thatwhich would be achieved by Jssvunder SSY conditions. Using
this technique J values measured in a variety of configurations could be convened to equivalent
Jss,,.values. It is actually a critically stressed volume of material that is required, therefore this
correction must be used between specimens and applications that are the same thickness. The
Anderson and Dodds correction scheme [94] is equally effective as the Kirk et al scheme but
has the disadvantage of being computationally intensive.

O'Dowd and Shih [104,105] have proposed that the amplitude of the second term
in the expansion for the crack-tip fields for power-law hardening material can be used as an
indexing parameter. The first term is the HRR singularity and this second term was shown to
be approximately constant and given the name Q. Under a slightly different definition, the
product of Q times the yield stress is the difference between the SSY fields and the actual
fields for a given finite specimen geometry. Like the Anderson and Dodds scheme, the
evaluation of Q requires a detailed elastic-plastic finite element analysis of the crack-tip fields
for both the test specimen and the application. Kirk et al [101 ] evaluated the usefulness of Q
in a correction scheme where the fraction 1-Q was used in a manner analogous to the ratio of
J/JssY. They found the Q based correction scheme to be less effective than the modified _t_
scheme or the Anderson and Dodds scheme.

AI-Ani and Hancock [106] have suggested the first nonsingular term in the expansion
of the elastic stress field, the T stress, Is an effective index parameter. The T stress is a constant
stress parallel to the crack but has an effect on the actual crack-tip stresses normal to the crack.
It has the advantage of being relatively easy to calculate because only a linear-elastic anal_,sis
of the test specimen and application are required [107]. However, it cannot be used m a
correction scheme because the connection to the crack-tip fields is not direct.

The above schemes treat only the stress and are therefore only applicable to cleavage.
! Various schemes have been devised to treat fibrous initiation and even tearing. Anderson et

al [95] extended the concept of J/Jss,,'ratio by comparing the profile of the damage parameter
given by Equation 3 in finite specimens to that in SSY. The ratio of the distances from the
crack tip to the profiles at 45" at a particular value of the damage parameter was equated to
J/JssY. This ratio was not very sensitive to the value of the damage parameter at which it was
evaluated. The value of the damage parameter for the evaluation was chosen such that the
distance associated with the damage parameter was between 2 and 4 CTOD. This approach
was based on small-strain analyses and thus was only qualitative in view of the fact that ductile
fracture'_'pically takes place in the large-strain zone. The results confirmed that ductile fracture
would be less sensitive to constraint than cleavage.

Sun Jun et al[ 108] have proposed a correction scheme for fibrous initiation values
of Jmc. The correction factor is a simple function of the Poisson ratio and the maximum
constraint factor in the ligament at the instant of crack initiation. Their corrected J values were
able to correlate some data generated with different notch angles (and corresponding different
levels of constraint).
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The Effect of Crack Extension (Modified J)I

The way J is defined, J values increase during the test due to the increase in the
applied displacements. At the same time, J values decrease slightly due to crack extension
[12]. This decrease due to crack extension evolves in a way that is dependent on the ligament
length. For the moderate toughness steel for which J can be applied, the effect of crack
extension may be the dominant geometry effect in CT specimens. As shown in Figure l, the
J-R curve from the smaller (0.5T) specimens seems to level out as the crack extension exceeds
2 or 3 mm. The limit of 10% of the ligament size for these specimens is about 1.3 nun. The
levelling out is due to this decrease in J due to crack extension, which becomes noticeable
when the crack extension limits are exceeded.

As the crack extends, the connection between J and the crack-tip strain field is
difficult to establish analytically or numerically. However, some work has shown that under
certain conditions the rate of increase of the strains at a fixed point ahead of the crack is
proportional to the rate of increase of J [109,11()J. This expanding J-dominated strain field
ahead of the crack can be thought of as similar to the strain field that would occur if the loading
had continued without crack extension. The actual strain field ahead of a propagating crack
can be thought of as a combination of the J-dominant strain field and disturbance of that strain
field due to the local unloading associated with the crack extension. The conditions for J
dominance [66J require that the rate of increase of J must be large enough such that the
J-dominant zone has expands more rapidly than the disturbance from unloading. The con-
nection between J and the crack-tip strains (and therefore the validity of J as a material property
for tearing) is therefore tenuous. However, if an empirical basis can be established, the J-R
curves can be used outside the range of J dominance for engineering purposes.

In specimens where the loading is predominantly bending (bend or compact-tension
specimens) the crack extension effect can be avoided through the use of Ernst's rnodified J
[12l. The modified J is a history dependent parameter that essentially does not allow the
decrease in J for crack extension. A j value obtained from a load-displacement record involving
crack extension is transformed by Ernst's procedure into the J that would have been obtained
had the crack length always been equal to the current crack length. Within the 10% ligament
crack extension limits the difference between J and modified J is negligible. It is important
to note that outside these limits, neither parameter is fundamentally based. Therefore, the best
parameter to use is that which can be shown empirically to cmTelate crack growth among
different size specimens to the greatest crack extension. Joyce et al [11l- 113] have investigated
the possibility of using J-R curves with crack extension beyond these limits and even
extrapolating the J-R curves from small specimens [113].

The Effect of the Shape of the Remote Plastic Region

The global fracture parameters discussed above and the schemes for correcting or
indexing the geometry effects are applicable to elastic-plastic fracture mechanics, i.e. for
materials of moderate toughness where the strains are small if not elastic on most of the
remaining ligament. Another type of geometry effect arises in fully-plastic fracture, i.e. for
very tough materials where there are large strains across most of the ligament. The geometry
effect dominating such fully-plastic fracture is due to the geometry dependence of the remote
plasticity. The J-R curves for the two pipeline steels shown in Figures 2 and 3 are an example
of fully-plastic fracture. Often the ASTM specimen size requirements for elastic-plastic
fracture mechanics cannot be met due to the limited dimensions of the product or other practical
considerations. It is still necessary to make fracture predictions for these situations.
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When the specimensize requirements are violated, tile eftY:cldue to the geometry
dependence of the remote plasticity becomes increasingly apparent, it is easiest to discuss

this effect t'or specimens that are far tOO ductile and tot, thin to _ cha,'acterized b_, valid Jprocedures. However, the size dependence mechanism involved may sometimes be inw_lved
(albeit in a less apparent way) in fracture that is within the valid J limits.

Dependence of J on Total Plastic Work

In order to understand this effect, it is useful to adopt the simplifications of rigid-
plastic fracture mechanics as proposed by Atkins and Mai 136,114,1 15J. In rigid-plastic
fracture mechanics, the elastic contributions to the total fracture energy are deemed small and
can be ignored. Broberg il 16-1181 suggested that the plastic region can be separated into a
process zone and a remote plastic region which screens the process zone. Ft_llowing Broberg's
work, Cotterell and Reddel I1191suggested that only the energy consumed in the process zone
was independent of specimen geometry and this was called the essential work of fracture. The
essential work of fracture is practically equivalent to Jw i 12(),121 I.

Figure 8a shows the load-displacement curve for a typical J-R curve test. The
load-displacement curve can be thought of as the projection of the general curve in load
displacement crack-extension space. The sectors shown on the curve show the differential
change of energy with crack extension or dU/da. The differential dU/da is the definition of
J 121. Following the above argument, the energy in fully-plastic cases can be separated
into essential work of fracture and energy for remote plasticity, and this separation is shown
in the differential energy sectors in Figure 8a.

The J values can be computed from the load displacement curves in terms of the
energy and complementary energy integrals 179,1221. The J and modified J for the case of
the growing crack can be derived from these expressions for the stationary crack 1791. Smith
and Griesbach I791 have shown that for the (yr or bend specimens, the expressions for the
plastic component of J for the growing crack can be approximately expressed as a single
function (eta factor) times the area under the load displacement curve or the work done on the
specimen. (For tension specimens, they showed these relations were only reliable for small
ligament length.)

The area under the J_R curve is therefore a monotonic function of the total energy.
For the purposes of identifying the effects of specimen geometry, it is useful to conceptually
separate this relationship between the J-R curve and the total energy into parts due to essential
work of fracture and parts due to remote plasticity as shown in Figure 8b. For the purposes
of this illustration, three-dimensional effects such as shear lip fon'nation are ignored. It has
been shown empirically I120,1211 that J_c,times the crack area is equal to the essential work
of fracture. The energy consumed by remote plasticity corresponds conceptually to the tearing
modulus times the crack area, as shown iraFigure 8b.

The effect of remote plasticity is most apparent after' significant crack extension,
although remote plasticity may influence initiation values as we!!. The effect of remote
plasticity occurs form interactions of the plastic field with the boundaries of the test specimen
and the structure. Figure 9 shows qualitatively the shape of the region of large plastic strains
in CCT, CT, and DENT specimens. Assume for the sake of argument that the average
plastic-work density in the plastic zones in these specimens is approximately constant. Then
it is clear that the total plastic work to defonrl and grow a crack through these specimens will
increase with ligament length. It is also clear why it takes additional work to fracture CCT
specimens than CT specimens with an equal ligament area.
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. By this argument,theplastic workin the remoteplastic regionis dependenton the
specimen geome.u'_,._and is responsiblefor thegeometryeffects. Figure9 shows the shape of
the plastic flow fields forvarious specimenconfigurations. Various specimen configurations
exhibit different shapes of these plastic regions. If the average plastic work de.asityin these
regions is approximately constant, then this variation in shape could explain how the total
work of fracturedepends on specimen geometry. Further,through the connection between
the workand the J-Rcurve, one effect of geometry (the effect of the shape of the flow fields)
on the J-R curves can be rationalized.

Figure 10shows some resultsof total fractureenergy peroriginal ligament area for
DENT and CT specimens as well as a conventional J-Rcurve for a ductile alummum alloy
[121]. The total energy,scales linearly with the ligament length in both specimens. The
intercept in either case is equal to J_c. Also note that for any specific ligament length, the
DENT specimen requiresless energy than the CT specimen.

Rigid-plastic fracturemechanics is va!idonly for veryductile materials. The elastic
energy may not be negligible in many of these experiments. Analysts of the scaling of the
total energy does not reveal the development of this energy as a function of crack extension
as a J-R curve does, although the theory is being extended for crack extension [36,115].
However,rigid-plastic fracturemechanics is not dependent on the vagaries of J control and is
not subject to limitations on crack extension.

Indexing FuUy.Plastic Fracture

The only schemes to .account for the effect of remote plasticity that are applicable
to the fully-plastic case are variations on indexing schemes. Figure 11 shows the resultsof
Holmes, Priest, and Walker [!23] from bend tests on specimens of various ligament lengths.
The results for these ductile ptpeline steels are generally plotted in terms of the total fracture
energy divided by the ligament area asa function of ligament length orarea. Aftera ligament
length of about 20mm, the results are usually remarkably lmear suggestmg that the fracture
energy per unit area increases linearly w_th hgament length as was shown in Ftgure 10.
Different lines are obtained for dynamic drop weight tests and static tests.

These investigators have named the intercept Re and stated that this must be the
workto create fracture surfaceand should scale directlywith ligament lenl_th(i.e., crackarea).
The slope, So, is the rate of increaseof fractureenergy due to remoteplasucit_. S,escales with
ligament length squared as does the volume of the remoteplastictty region in Ftgure9. The
total fractureenergy (U) is given by:

U
B--b= Rc+ S_b (9)

where B is the thickness and b is the ligament length.

Other investigators have found similar results and given different names to the two
terms. Atkins, Cotterell, and Mai havedeveloped an area offracture theyrefer to as fully-plastic
fracture mechanics [36,96,97,114,115,119,i20]. Their stud!es are based on the scaling
principles shown in Figure 10 and rigid-perfectly-plastic.analysts methods. Cott¢.r.¢lle! al [96]
have used this scaling method and found that Rc is equwalent to the CTOD at mttiatlon and
that Scis related to the rate of increase of CTOD with crack extension or CTOA. Atkins et al
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havealsomadetheconnectionbetweentheRcandtheessentialworkof fracture[36]. R,:and
theessentialwork to fracturecanthereforebe relatedto theJ at initiationor theenergyin
regionA in Figure8.

Researchersat CSM in Italy haveobservedthese,trendsandequatedtheR-cto a
parametertheycall "neck" or a neckingdisplacementequwalentto an initiation_OD

[124,125].TheScparameterisequaltotheC'I_OAintheiranalysis.Variousresearchershaveshowntherelationbetweenthe_OA andthete_uingmodulus[126].Thustheseparameters
of fully.plastic fracturecan be related back to J and the tearing modulus from conventional
elastic-plastic fracture mechanics, Therefore, elastic-plasuc fracture mechanics is a special
case of the fully-plastic fracturemechantcs wherein J-dominance can be assured and the
convenient laboratorytechniques can be used to measure geometry independent J-Rcurves.

The above approachesappear to be new fracture criteria, It is importantto note that
they all involve a parameter such as the ligament length to account for theeffect of geometry.
Therefore,these areindexing schemes. ZahoorandKanninen [15]emphast,zedthe importance
of using a J-Rcurve tha! is appropriatefor the "constraint" of the application in theirtearing
mstabiiity analyses of circumferentially crack_ pipe. Brookset all41,43] and Kordischet
al [42]have takentheconstraint factoraSan indexingparameter. Brookset al take themaximum
value of the constraint factorfrom a large-strain analysis, Kordischet al have extrapolated
the linear part of the constraint factor profile from a small-strain analysis back to the crack
tip.

The constraint factormaynot bethe best indexingparameter, however. Forexample,
the peakconstraint factorforthe DENTand the.,CTspec|men are approximatelyequal whereas
the MPA,datashow, that lower tearing moduh_ can be obtained with the.DENT specimens,
The addittonalplastic workdone on _ specimens can account for thisd_fference,

TheVariationinPlasticFlowinW#Idm#nts

In fully-plastic fracturethe heightof the zone of plastic deformationincreases with
increasing specimen width as shown inFigure 9. Due to the rela,tlonships between plastic
workandJdiscussed above, theadditionalplastic workis reflected tn largerJvalues at a given
level of crack extension, !.e., a larger tearing modulus. Remote plasti/:ity can also cause a
geometry effect in tests w_tha weld zone of different strength than the base metal. Because
of the strength difference, the plastic workdensity in the weld will be different than in the
base metal, The weld zone will comprise different proportionsof the plasdc region as the
specimen size changes. Therefore, the proportionof the plastic workfrom the weld zone will
change and have an influence on the J-R curve [ 127-129],

Kirkand Dodds [130] have reviewed many finite-element analyses of welds with
different strength weld and base metal, The objective of these analyses was to calculate the
applied J integral as a function of applied load or displacement. Considerationof the appro-
priate test specimen and J-estimationscheme was treated!n this report. It was concluded that
the only simple means to determineJ for welds is by tesung deeply cracked bend specimens
where only the weld metal is plastified, In this case the specimen can be idealized as a
homogeneous monolithic bend bar made entirely of weld metal. The total plastic work (and
thereforeJ) will depend in a geometr_/dependantway on the flow stress in both the base and
weldmetal, Therefore,any configurauon besidesthedeeply crackedbend barrequirescomplex
analysis includingexplicit considerationof the size and propertiesof the weld and base metal,
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Kirk and Do&is' conclusions have wide implications. Unless the structure that the
J analysis is applied to is also deeply cracked, the application will also require con!plex analysis,
In most cases, the structural integrity analyses will involve shallow cracks. Stnce the J anti

C'i'OD are proportional, any of these conclusions about the measuring or application of the J
integral also apply to the (TI'OD. The connection between the _OD ant! remote plasticity
is not as easily seer: as it is for the J integral. The primary reason tile _I OD is affected by

remote plasticity and therefore will not be independent,, , of test specimen and applicationconfiguration is that the sitnple formula for calculating C_OD from CMOD will also be
strongly dependent on the plastic properties of both the weld metal and base metal, Finally,
since the testing and analysis for cracks in weld metal is so problematic, the fracture testing
and analysis associated with cracks in the HAZ must be even more uncertain.

Separations

The data on steel exhibiting.separations are unusual and add to tht_ 3ntroversy over
geornetry effects. It was shown tn Figure 4 that these separations lead to , unique fracture
mode, Because of this unique fracture mode, the size effects in this steel are unique and do
not fit the above explanations. However, if it can be assured that the fracture mode in both
the test specimen and the structure will remain fully fibrous, it will be conservative to use J-R
curves generated from small compact specimens for the analysis of crack stability in larger
structures. If the fracture mode in the structure is partly cleavage or includes other unusual

characteristics such as separations, the effect of hydrostatic stress (constraint effects) in the
larger specimens may recluce the apparent tearing modulus in larger specimens. This trend
would make the use of small specimens unconservative as was shown in 'Fable I. The pos-
sibility of change in the fracture mode must be considered when applying data froth small
specimens to larger structures.

Lereim [131j developed a conceptual micromechanical model that can be used to
explain the J or CTOD values during crack propagation for material which exhibits separations.
As shown in Figure 12, the material in front of the main crack behaves like a set of laminates.
Lereim's rnodel can be extended to predict the reduction in tearing modulus as the delami-
nations propagate farther ahead of the main crack, As shown in Figure 12, the separations

occur well m t'ront of the main crack. In general, specilnens with larger width or thicknessbuild up greater through-thickness stress over greaterdistances ahead ot_the main crack 19,93 I,
Furthemlore, if only a small level of through thickness stress is required to open the separations
(as was likely the case of this A302B steel), the separations tnay extend over most of the
tension zone of the remaining ligament. The extent of the through-thickness tension zone is
limited by the location of the neutral axis on the remaining ligament of the specimens, which
will obviotisly be a direct function of the size of the remaining ligament. Thus the separations
travelled farther ahead of the main crack in tile bigger specimens, The sequence in which the
events occurred is not apparent on the fracture surface, hence the lack of fractographic clues
for the reasons for this size effect [ 16,17 I.

The tangent of the bending angle for these specimens is defined by the ciitical
displacement (which should be independent of specimen geometry) and the depth of the
separations ahead of the crack. The depth of the separations is governed by the strain gradient
or tile specimen width. In the case of these necking laminates, the bending angle is practically
equivalent to the crack-tip-opening angle (c:rOA),Tile CT"OA is equal to the rate of change
of the CTOD at the initial crack tip with respect to crack extension. I herefore, as the CTOD
is directly pi'oportional to J, so the UI'OA is directly proportional to the tearing modulus,
Therefore, since in the wider specimens the bending angle is less than in the smaller specirnens,
the tearing modulus would be expected to be less in the larger specimens. This mechanism
explains the trend of decreasing slope of the J-R curves with larger specimens in this special
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steel, Theremight also_ an effect of the thicknesson thedevelopmentor through°thickness
tensionand thereforeon the depthof the separations.Since the thicknesswasvaried with the
width, it is not yet possible to separate these effects, It is imponant to note that there is no
theoretical connection _tween J and the strains ahead of tile crack in this material, In fact,

tile process zone becomes so diffuse that itwould be impossible to precisely define the location
of the crack tip, While it may be possible to use the J.R curve on an empirical basis in some
materials, use of J-R curves for this material is riot recommended.

Three.Dimensional Effects

Researchers at MPA in Stuttgart have questioned the present understanding of the
trends in geometry effects (i,e, bigger s_cimens give greater tearing modulus such as in Figure
I), These researchers presented some J-R curves where the tearing modulus decreased as the
thickness only was increased in compact specimens with and without sidegrooves. The effect

was most significant in the specimens without sidcgrooves, In the specimens with sidegrooves,
there is a small effect of increasing thickness which saturates (i,e, there is no further effect for
greater thickness) for specimens thicker than 50ram. These trends in tile j-R curves and the
influence of sidegrooves on the severity of tile trends are consistentwith typical three-
dimensional effects in fracture,

The maximum constraint factor at tile center plane decreases as tile thickness
decreases and this may lewdto a "two-dimensional" effect, i,e, loss oi"small-scale y!elding,
that was discussed above. For reasonably thick specimens, the constraint at midthtckness
reaches a constant and tile effect of thickness on tl_c constraint at the midthickncss saturates.

As previously discussed, the peak constraint at midthickness is significant for cleavage and
low toughness ductile fracture but is ;lot expected to _ significant for fully-plastic fracture,
i he primary influence ( f the thickness of laboratory specimens on the J-R curve for elasto-

plastic and fully-plastic fracture arises not from changes in the peak constraint but from the
variation in constraint through the thickness, The stress state through most of the specimen
is nearly plane strain, tlowever, even in sidegrooved specimens, there is adecrease in constraint
near tile plate surfaces. The decreased constraint means the strain required for void growth
and fracture at that location along the crack front is increased, Due to compatibility
requirements, the strain isessentially constant along lines perpendicular to tile plate surfaces.
Therefore the crack front at the plate surfaces tends to lag behind that at the center of the
specimen.

This curved crack front is referred to as crack tunnelling, in specimens without
sidegrooves, the thin region lagging behind the crack front often fails like a thin sheet and a
region of slant fracture called shear lips may develop ell tile surfaces. In a series of tests on
C-Mn steel compact specimen:, without sidegrooves similar to the series run at MPA, (libson,
et al 1132l showed that the presence of these shear lips could account for tile thickness effect
on the J-R curves. The constraint gradient and associated lagging crack front and she_r lips
are confined to a region close to the surfaces, I herefoie, tile pioportion of the length a!orlg
the crack front influenced by the constraint gradients is significant for thitlner specirrtcns, l'his
proportion and the significance of the thickness effect diminish as tile thickness increases.

Changes in crack shape are an obviously important geometry effect and must be
dealt with in fracture assessruents, However, sidegrooved specimens meeting ASTM
requirements I10] on the thickness and the maximum deviation of the crack front from
straightness should be in the regime where these thickness effects have saturated.
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CONCLUSIONS

1. The conflicting observationsregardingthe effect of fracturetest specimen geometry
on J-R curves and other related fracturecriteria can be rationalizedby sep_ting
phenomenaaccordingto theunderlyingphysicalcauseof thegeometryeffect.

2. Thecaseof theA302Bsteelshowsthatcompliancewith ASTM specificationsdoes
not precludeunconservattveapplicatio, of the J-R curve and emphasizes that it is
im_rative to examine ,le local fracturemode andpossible changes in fracturemode
with geometrybefore,.,,y fracturecriteriamay be employed with confidence.

3. The do_nant size effect for fully.plastic fractureis due to additionalworkof remote
plasticity,and thereforehigherJvalues, in largerspecimens or in specimens loaded
primarilyin tensionratherthanbending.

4. Nohe of the various schemes to correctJ for geometry effects can account for this
particulargeometryeffect due toremote plasticity.

5. if it can be assured thatthe fracturemode in both the test specimen and the structure
will remainfully fibrous, it is conservative to extrapolateJ.R curves generatedfrom
smallcompact specimens for the analysisof pressurevessel crackstability.
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TABLE2

Range of Constraint Factor for Typical Experimental Geometries

Constraintfactor(h) Constraintfactor(q) Comments

[Reference] _
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Figure4. ComparisonofJ.RCurvesforSeveralProportionalCompact
SpecimensofA302B SteelShowingUnusualSizeEffectof
LowerTearlngModulusforBiggerSpeclmens(Ihesametests
areshownfortworangesofcrackextenslon,0.5,2,and6are
thethlcknessininches).
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Figure6. EmpiricalCorrelationBetweenFibrousInitiationTough-
nessJ,and theAverageCriticalStralnfrom a Notched
$peclmenTimestheYleldStrength(afterMlyata,etal).
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INCREASING VOLUME OF PLASTIC FLOW FIELD,
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Figure 9. Proportional Test Specimens Showing How the Height orthe Plastic
Flow Field Increases Proportionally with Ligament Size and
Showing Differences in the Shape of the Plastic Flow Field for
Various Specimen Types. Note that the local fracture strain is
constant in all of these cases although the remote plasticity has a
significant effect on the global fracture criterion J.
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PROGRESS IN GENERATING FRACTURE DATA BASE AS A FUNCTION OF
LOADING RATE AND TEMPERATURE USING SMALL-SCALE TESTS

by

Dr. Herv_ Couque and Dr. Stephen j. Hudak, Jr.

Structural integrity assessment of nuclear pressure vessels requires small specimen fracture
testing to generate data over a wide range of material loading, and temperature condititms. Small
scale testing is employed since extensive testing is required including small radiation embrittled
samples from nuclear surveillance capsules. However, current small scale technology does not
provide the needed dynamic fracture toughness relevant to the crack arrest/reinitiationevents that
may occur during pressurized thermal shock transients following emergency shutdown. This paper
addresses the generation of this much needed dynamic toughness data using a novel

experimental-computational approach involving a coupled pressure bars (CPB) technique and a
viscoplastic dynamic fracture code. CPB data have been generated to testing temperatures never
before reached: 37 to I(_"C - 60 to 123"C above the nil ductility transition temperature. Fracture
behavior of pressure vessel steel 'fr,0.[nlower shell" to upper shelf temperatures and pl'evious
toughness estimates for the l()_'MPa_/ms"tloading rateregime are assessed in light of the new CPB
data.

Southwest Research Institute, 6220 Culebra Road, San Antonio, Texas 78228.
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INTRODUCTION

To prevent catastrophic failure of engineering structures,fractureproperties have been
measured underdynamic loading conditions to consider the effect of inertia as well as rate
sensitivity of the material. The_ propertiesarc relevantto the structuralintegrityas_ssment el'
nuclearpressurevessels wheresmall specimens areneeded to obtainfracturetoughness dataover
a wide rangeof material,loading,andenvironmental(temperature)conditions. The mostcritical
event to the;integrityof a nuclearpressureves_l is a loss of coolant accidentwhich resultsin an
emergencyshutdownof thereactorsystem, The suddeningressof emergencycooling waterwhich
accompanies such a shutdown can cause the vessel to be thermallyshocked while still under
pressure, Duringsuch a pressurizedthermalshock (FFS) event, the combinationof thermaland
pressurestresseswould likely causesurfacecrackson the interiorof the vessel to growas the static
toughness(Ktc)is exceeded. The integrityof the vessel would then dependon the ability of the
materialto arrestthe crackas it propagatesthroughthe vessel wall andencountersless-embrittled,
toughermaterial. Duringthis process,crackscan arrestandreinitiateunderstress-waveloading,

Although relevant data have largely beengenerated using elastic-plasticfracturemechanics
technology Whichevolved over the past two decades, these datado not include the influenceof
dynamiceffects. Evidencethatsuch effects are importantand needto be consideredcan be found
in recentwide.plate testsconductedunderthe Heavy Section Steel Technology (HSST) Program
[1]. These large-scaleexperimentsweredesignedtoprovidecrackarrestdata in the transitionand
upper-shelf regimes. Dynamic measurements of crack growth and displacement boundary
conditionsclearly showed that cracks actually initiate, propagateat high velocities, temporarily
arrest,andreinitiate. This scenario,which often occurredmorethanonce in a given experiment,
is understandableif one considersdynamiceffects. Specifically,crackarrest/reinitiationoccursby
reflectedstress wave in the specimen, Similar effects can also be expected in actual pressure
vessels.

Recognitionof the aboveevents mayhave been the motivation forthe generationof dynamic
initiation data at Westinghouse in 1970as part of the HSST Program [21. These data are shown in

Figure 1, Critical data could not be generated at elevated temperatures and higher str_n rates
because of the limitations of the technology to measure toughnesses of 200-400 MPa_/m in the
temperature range 23-80°C [1l, These valuesexceed the alreadyhigh upper-shelf static toughness.

Until recently, experimental techno,.!.o.gyinvolving iaboratory,...specimens has successfully
measured toughnesses up to 230 MPa_/m[3-51, Beyond 230 MPa_m, largespecimen fracture tests
have been the only reliable experimental approach il], Another challenge related to nuclear
pressure vessel steels is the identification of a reliable procedure for the dynamic testing of small
coupons from surveillance capsule programs, A need exists to develop techniques to characterize
high-toughness materials using small specimens, not only for economic reasons, but also for
situations where only a limited quantity of material is available, The present investigation
describes dynamic fracture data generated with a relatively new coupled pressure bars (CPB)
technique. It will be shown that the CPB technique is a reliable small specimen technology for the
dynamic fracture characterization of pressure vessel steel over the full temperature range
encompassing cleavage and fibrous _cture. Finally, the CPB data are compared to previous
toughness estimates for the 10_MPa_m st loading rate regime,
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EXPERIMENTAL ANALYTICAL PROCEDURE

A nuclearpressurevessel steel, A533B plate steel (ORNLplate 13A) [6]. was used in this
investigation. The composition and heat treatmentof this steel aresummarized in Table I, This
steelhas a nil-ductilitytransitiontemperatureof-23"C andastaticyield stressatroomtemperature
of 445 MPa [6]. Tensile testswereconductedparallelto the platerolling direction,The direction
of crackpropagationfor the fracturespecimens was in the LT orientation,i.e., transverseto the
rollingdirection.

Dynamicfracturetestingof the A533B steel at temperaturesvaryingfrom 37 to I(X)°Cwas
conductedwith the CPB technique. This technique h_been successfully applied to materials
covering a wide range of toughnesses, 10-350 MPa_/m,and fracturemodes [7,8,91. For the
backgroundonthe designand developmentof the exp,.rimentalapparatus,the readeris referredto
Relg. 7 and 9, Figure2 shows a schematic of the CPB experiment, The primarycomponents
consistof twopressurebarsto storeenergy,a notchedroundstarterspecimen to rapidlyrelease the
stored energy, and two prefatigued compact fracture specimens. The,_ experiments were
conductedby preloadingthe pressurebarsandstarterspecimen to a load between 3i I to 623 kN
correspondingto anappliedstressin the barsof between273 to 546 MPa. The testspecimenswere
then in_rted into slots in the barsand securedwith wedges, as shown in Figure 2. Fractureof the
starterspecimen was subsequently initiated by introducing a sharp cut into the circumferential
notch of the starterspecimen using a cutter wheel and high-speed air drill. Failure of the starter
specimen initiates an unloading (compressive) pulse in the pressure bars which transmitsa rapid
axial displacement rate to the specimen arms. This pulse has a rise time of 60 to 120 ps
corresponding to the failure duration of the starter and. is followed by a relatively constant
specimen displacementrateassociated with the unloadingof the two separatedpressurebars, The
latter period lasts about 380 ps for a bar length of l m, During this event, the unloading pulse
imposes a constant load-line displacement rate, {CODLL}_,,,,_,,tO the specimens. Based on

one-dimensionalstress wave analysis of the bar, {CODLL},o,,,_,,°is approximatedby:

{CODLL ].1,,,ti,ne = 2CoOo/E (1)

where Cois the sound wave velocity of the bar,E is the Young's modulus of the bar,and Oois the
prestress in the pressure bar. This constant displacement rate can be easily varied either by using
a bar material of different sound velocity or by applying a different prestress to the pressure bars.
Using Eq. 1, a load-line displacement rate of about 19 m s" is reached with steel bars (Co= 521_)
m s"tand E = 2 x I0_MPa) prestressed to 390 MPa.

Prefatigued compact specimens of planar size W = 44 mm andcrack length ao= 24 mm were
employed. Two thicknesses, B, were used, specifically, 15 mm for the tests performed at 37 and
50°C, and 20 mm for the tests performed at 75 and 100°C. The specimens were also side-grooved
to 25 percent of the thickness, B, resulting in net thicknesses, Bs, of 11.4 and 15.0 ram,
respectively. This side.grooving served to maximize the through-thicknessconstraintfor a given
nominal specimen ti,ickness. The test specimens were heated to the testing temperaturewith
electricalresistanceheaters. Two specimens of the same thicknesseswere testedsimultaneously
with the CPB technique as shown in Figure2 fi_rthe 20 mm thick specimens, i.e., 75 and I(X)°C
specimens. The crackopeningdisplacementhistory, CODx(t),was monitoredat a distanceX =
12.5 mm from the load line using aneddy currenttransducer,as shown in Figure2. In addition,
onestraingage was mountedoneach specimenabovethe prefatiguedcrack-tiplocation. The crack
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initiation time was deduced i*nmlthis strain gage record. _,,(t), by identifying tile uni_ading
compressive wave resulting from the initiation of the pret'aiiguedcrack. Crack pr¢,pagatiol_
history,a(t), was monitoredon one side or'each compact specimenusing a crack gage having five
to ten lines, spaced 3 mm apart.

Finite-element simulations of the CPB specimens were conducted with a dynamic
viscoplastic fracturecode VlSCRCK I i()j implementedwith the elastic-viscoplastic constitutive
model fonnulated by Bodner-Part.om [I I i, Appropriateconstants for the Bodner-Partom
constitutive mendelwere developed fromA533B tensiledataobtained at strainratesvarying ir¢_m
1()' to 3 x 1()_S_over the temperaturerange-60 to 175"Candincorporatedin the dynamicfracture
code II2l. A mesh composed of 31,17elemenLshaving lineardimensions of 2 mm was used.

RESULTS

Planarcrack growth was obtainedfor each specimen, with deviations less than [ mm over a
distance of 14 mm or greater. This is illustratedin Figure 3 with a specimen tested at i(l_)"C.
Figure 4 compares the computed crack opening displacement history, C()Dx. with the
experimentaldata for the specimen tested at I(X)"C.Good agreement was obtained between the
computedandexperimentalvalues upto initiation.Two fracturecriteriaforductile materials,were
considered: the dynamicJ' integraili3.14], and the T* integra!1151. The J'and T* integralsare
equivalent for monotonic loading up to crack initiation, The T* integral is an incremental
formulation that was proposedto handle the effects of viscoplasticityand unloadingthat occur
duringdynamiccrackpropagation.Both crack-tipintegrals,J' andT*, werecalculatedand found
to coincide during the process of crack initiation. Consequently, from the evaluation of the
crack-tip integral,the equivalentelastic stress intensity factorKt is deduced by considering the
small scale yieldingrelationunderplanestrainconditions:

K_j _EJ'= 1/(1 - v 2) (2)

where E and v are Young's modulus andPoisson's ratio,respectively.

The influence of mesh size was investigated using two mesh sizes of lineardimension, 2 mm
and 3 ram, for analyses at I(IO"C.The measured toughness were found to converge up to initiation,
see Figure 5, indicating the relevance of the fracture parameter, J', to quantify dynamic fracture
initiation. This procedure was repeated for each specimen over the temperature range 37-I(_)"C,
and the results are summarized in Table 2.

The validityof the results were evaluated based on an adaptationof Paris' static criterion to
dynamic loading conditions [161:

aob,B _ ffJl,t/c_y, (3)

whereao, b, B, and aydare the initial crack length, the remaining ligament, the thickness, and the
dynamic yield stress, respectively, and ot= 25, see Reference 17and ASTM Standard Test Method
for J_¢,A Measure of Fracture Toughness E813. The relevance of using this criterion for dynamic
ductile fracture has been recently demonstrated by Moran et al. I181. The strain rate cc_rresponding



to the dynamicyield stressol' Eq, .t was takento be theav4.'ragestrain rate reachedat the plastic
zone boundary,definedat (L(I()2 strain, This strain rate was estimatedusing Costinet al, [19j,
approachandcalculatedto be 30 s I i'orA533B steel,

For data not satisfying Eq. 2, the overestimationof the toughnesswas deducedusing the
proceduredevelopedby Couqueeta/. 12Ol.basedon lhe datao1'L,andesandBegley 1171for a steel
ol"similar llow stressandstatictoughnessto the A533B steei. Using dynamicyieh.Istressesat a
strainrateof 3() smover the temperaturerangeof interest (see Relerence 12) the valuesof c_,and
eventual toughnesscorrections, were calculated and are reportedin Table 2. Also indicated in
Table 2 isa margin of error for thecorrectedtoughnes,_sdeducedfrom LandesandBegley's data.

The dynamic upper-shelf regime ol' the A533B steel uszd in the pre_nt study occurred at
I(X)'C, As shown in Figure 6, no cleavage was ob_zrved at this temperature,either at initiation or
during propagation. Even with this fully fibrous fractu_ crack velocities up to 1(1(1()ms I were
reached as shown in Figure 7. The higher crack vehwity reached during the early crack
propagation event is related to the initiation event. The release of a large amount ot' strain energy
stored during the blunting process of the prel'atigued crack, along with the rapid loading rate
impo_zd by the pressure bars, provides the highest dynamic loading conditions early in the crack
growth process, 'FIlerel'ore, higher crack velocities are exp,zcted just al'ter crack-initiation.
Crack-arrest occurred under a fibrous failure mode at about 15 mm fronl the prefatigued crack tip.

By continuing the analysis beyond the initiation time, it is theoretically possible to obtain,
the dynamic fracture toughness of a rapidly propagating "fibrous" crack. This would require
iterative analyses to he perfiwmed until the experimental and analytical crack opening
displacements (C()Dx)are matched. However, before this can be done, several difficulties need to
be overcome to measure a crack-arrest toughness. First, the u_ of a l'inercrack gage technique
needs to be developed to identify the pre,.ise time ol"arrest. Secondly, cracks need to be arrested
before they become tot) deep since the large rotations and deformations associated with high
toughness materials result in ill-defined boundary conditions, This can be achieved by using
pressure bars of different lengths to obtain controlled crack arrest lengths. And last, but not least,
a fracture criterion fi)r ductile crack growth which is inde_ndent o1"specimen geometry will need
to be developed. Two potential candidates are the crack-Lipintegrals previously mentioned, J' and
T*.

Figure 8 compares the dynamic fracture-initiation toughness obtained with the coupled
pressure bars with the quasi-static fracture toughness [21j. With increased loading rate, the
transition temperature is increased by about 25"C, while the upper-shelf fracture toughness
increases by at least 70 percent, This increase of the transition temperature and upper-shelf
toughness with loading rate _ems to be typical of ductile steels exhibiting a strong strain-rate
_nsitivity 1201.

Dynamic fracture-initiation toughness and crack-arrest toughness obtained from the recent
_ries of Im x 9.6 m wide-plate crack arrestexperiments, conducted as part of the Heavy Section
Steel Technetogy (HSST) Program Ill are compared in Figure 9. The dynamic initiation
toughness can be _en to be similar to the crack-arrest toughness in the transition regime (37 to
50"C). At temperatures above 5()"C, the dynamic initiation toughness ri_s with the crack-arrest
toughness, The dynamic initiation toughness appears to provide an estimate of the crack-arres_
toughness, at least up to 75"C.
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Table 3 summarizesthefailu_ modes involved incrackinitiation,propagation,andarrestfor
thespecimenstes_doverthetemperaturerange37-I00"C, Thvseobservationsmatchthou made
intheHSSTProgramii ], inthatcleavagefracturewasobservedattemperaturesh)werthan92"C.
Additionaldynamicinitiationandcrack-arp-stexperimenL,_areneededatelevatedtemperaturesto
establishif thiscorrespondenceprevailsover the upperoshelfregime, The expectationof a
relationshipbetweenKid andK=,isbasedontheviewthatcrackarrestoccurswhenacrackfailsto
reinitiate, thus K=oshould i'_ related to the properties of a stationary crack h_ing load_d
dynamically. This hypothesis need to bc examinednot only for arrestingcracks precededby a
rapidcleavage fracture,butalso by a rapidfibrousfracture[22].

DISCUSSION

The CPB techniquehas beendemonstratedto promoterapidcrackpropagationsuccessfully
in small A533B specimens at temperaturesnever belt,re reached with other experimental
techniques(37 to 100°C-- _) to 123_Cabove the nil-ductilitytransitiontemperature).Basedon
anobservedlevellingof the upper-shelfdynamicinitiationtoughnessoi'certainlow-strengthsteels
[19], we anticipatethat the techniquecan be used to evaluatethe dynamicfracturepropertiesof
A533B steel up to 320°C, the service temperatureof nuclearpressurevessels.

The CPB technique presentsother unique featu_s with regardto the characterizationof
dynamic fractureproperties.The technique has the potentialfor extractingdynamic initiation,
propagation,and arrest toughnesses from the analysis of a single specimen with a dynamic
vtscoplasticIYactur,_simulationcode. The analysiswill be optimumsince the specimen size will
be minimized with regardto the criteriafor valid plane-strainfracture toughness, These small
specimens enable finely dt_retized meshes to be used therebyfacilitatingmore accuratefinite
element results. This technology provides a tool for further investigation of the correlation
_tween dynamicinitiationtoughnessand crack.arresttoughness,as well as the relationbetween
dynamicpropagationtoughnessandcrackvelocity, particularlyfor fibrousfracture.Furthermore,
since energystorageis independentof specimen size, the possible influenceof specimen size on
dynamicfracturetoughnessof high-toughnesssteels can also be examinedsystematically for the
first time.

Insightsinto the potentialof the CPBexperimentto studythe influenceof specimen size on
the dynamicup_r shelf toughnessof A533B steel were providedfrom a final experiment. T! is
experimentinvolved two A533B specimens of largeplanarsize, W = 89 ram, andof thickness,B
=44 ram, andnetthickness,BN=33 ram. These specimensw_ testedat uppershelf temperatures
of I(X)and300"Cand ata loadingrateof about2 x 10e MPa_m s"_with a barpreloado1'3t_) MPa.
The experimental set.up, shown in Figure 10, involves a new load transfer mechanism to
accommodatethe largesize of thecompactfracturespecimens. Fromthisexperiment,nodynamic
measurementswererecordedbutthe staticcrackopeningdisplacement,_, was measuredfrom the
sectioned specimen. Figure I1shows the bluntedprefatiguedcracktip along with a growth of 2
mm. Using the formulationof the fracturetoughness at initiationas a function of the critical
crack-tipol]ening,8_derivedinReference23:

KId= _ 1.8_ydEg, (4)



anda measured8, of '72()t_m,a dynamicinitiationtoughness,K,,i,of 359MPa_ wascah:ulatcd
for the_._r,.ecimentestedat I(X)+C,Thistoughnessagreeswellwiththecorrectedtoughnessof337
MPa_/mmeasuredfrolnthedynamicsimulationof theA533B.specimentustcdwithaspecimenoI
pl.narsize,W m44 ram. TheSl'.Juimentc.stcdat 3(X)+'Ccxhihttednocrackgrowth,butabhlntcd

k. cMJ,n,,, oh - d.E,.,,.4,,,,ha.,,-,4:,O.mP,,It2i,,,J8,°
stressintensity,K_,of3(X)MPa'Vmw_s_Iculated,Thisindicatesthatthedynamicinitiation

tou/_hnessat3(X)C cxcced_3(X)MPa_m and,therefore,isgreaterthanthestaticinitiation
toughness,Ka,.,of2(X)MPa_/m[21] Increa_ofthebarprestressfrom39()MPa to546MPa will
mostlikelypromotegrowthinsuchaspecimenat3tX)'C,The_.,resultsarcanotherindicationthat
theCPB techniquecanbeu_d toevaluatethedynamicfracturepropertiesofA533B.steelupto
320"C,the_rvicetemperatureofnuclearpressureyes.Is,Itisestimatedthatthesespecimensof
planarsize,W ,,,89ram,willbeadequateforsuc_harac_rizationsinceaccordingtoEq.3they
willprovidevalidtoughnessdataupto5_ MPa,_/m.

The extrapolationof the Westinghou_ data, Figu_ i, to higher loading ratesappearsto be
in reasonableagreementwith availablelower-shelfcrackarrestdata[24], In fact, this observation
may have influenced the positioningof the original trendlines, particularlyfor the limited high
tem_rature data, However, this interpretationdid not recognize the strongtetn_rature-loading
rateinteractionswhich can occur,consequentlyextrapolatedK_,_values in the high-tam.tutus.
highloadingrateregimearesignificantlyunderestimated,The laterfactcan be scan by addingthe
presentCPB datato the Westinghousedataas shown in Figure i2, This rathercomplex behavior
can _ betterunderstoodby also consideringthe accompanyingschematicsin Figure 12hand 12c.

The upturnin Kzdat the higher loading rates is not an artifactof the CPB technique, This
strongstrainratedependenceis also supportedby the dataof Kalthoff shown in Figure i3 which
were obtained with a very different technique -- impact loading combined with high speed
photography..zd the shadow optic method of caustics [25], Although these data are limited to
roomtem_rature, they clearlyshow the same trendas the eleva_d temp,zratureCPBdatainFigure
12,

Combining all of the above results provides a three-dimensionalview of the interactive
dependenceof fracturetoughnesson temperatureand loading rateas shown in Figure 14. This

view is alsotconsistent with the notion thatcrackarrest_curs when the crack fails to reinitiate
when acted upon by reflectedstress waves. Thus, it would appearthat the presentlimited high
temperatureKz,_data,along with impror'_rstatic,linearelastic interpretationsof small-scalecrack
arrestdata,may combine to resultin overly conservativeestimatesof the materials' resistanceto
crackgrowthat elevated temperature,

It is importantto recognize thatFigure 12 will also be influenced by anotherimportant
variable-- materialaging due to irradiationembrittlement, The extent of this aging is tracked
throughthe nuclearsurveillanceprogramwhich requiresexposureof tensile,Charpyandfracture
toughnessspecimens to the irradiationwhich occurs in the criticalbeltline regionof reactors, In
this regard,the CPB technology is significant in that it enables dynamic fracture/crackarrest
toughnessdatato be obtainedfi_rthe firsttimeusing the small specimenswhich areavailablefrom
surveillancecapsules, For example, based on the Eq. 3, and a ro_)mtemperaturedynanucyteid
strengthof 645 MPa for A53::_Bsteel [26] (with an irradiatio0..fluenceof 6,5 x 1()_'_n cm'_)would
enable a vahd toughness measurementof up to 300 MPa_/m for a typically sized surveillance
specimen (W = 29 ram),



As¢ontinuL'da_in__¢_:ursandmor_.,ves_e_isexhibit una,:ceptabi_levelsof upper.shell_stati_'
toughness, it will become increasin}zlyadvantageoust_ deveh)p more precise,, and I_s,,,
conservative,asses_m_'ntprocedttr_sthattak,.'l'ulladwmla_,.'of emergingk'¢hnoh)gy.. suchastht,
CPB tedmique, as well asadvancesincomputationalIractur_.,mechanics.

SUMMARY AND CONCLUSIONS

'rhcutility ol'a novel approachto generatingdynamic initiation and prt)pagatitm lractut_,
toughnesshas been demonstratedusing an ink'#ratedexperimental/analyticalapproach. This
approach,termed theC_)upledPp:ssureBar (CPB) _chnique, u_s stresswave ioad|ng t_ achivw,
loadingrates I't)rcrack initiationof about I()" MPa_i =s'. The_ high h_adingratesareapplicable
to situationswherecracks initiate, run,arrest,andaresubsequentlyreinitiated hy reflectedstress
waves .. a scenarit_whi_.'hcan t_t:¢urinnuclearpressur¢:vesselsduringa pressuri_edthermalsh¢_ck
event. Resultsdemonstratethat dynamic toughnessdata can be generatedfor the si/es and
toughnesslevels ol' interest for small specimensof embrittled pressurevessel steels which are
found in nuclearsurveillancecapsules.Somewhatlargerspecimenssi/.escan also be usedwith
thistechniqueto determinefracturetoughnesslevelsin the transition,andupper-shelfregimesof
higher t_u_hness unirradiated pressure ves_l steels. S_cil'ic conclusions based on this study are
as ftdlows:

1) The CPB techniqueprovidesa uniquetool for determiningdynamic l'ractu_ toughness_1'
high-toughness materials over the full temperature range encompassing cleavage to
fully-fibrous fracture. Additionaladvantagesareas follows:

a) small s_cimen size

h) efficient energy storage external tt) the specimen
c) stress waves prt)vide high h)adlng rates (K > I()'_MPa_m s*)
d) well.behaved bt)undaryconditions facilitate analysis
e) specimendisplacementand/orenergyinputcan beSl'_cifledindependentt)l'specimensize
I') bt_thdynamic initiationandpropagationtoughnes_scan be measuredwith a single

sp_,cilnen
g) crack arrest mcasuremenk._are feasihle (with minor modification ol' the existing system)[

2) Since the CPB technique enables extremely high dynamic initiation and propagation
toughness levels t() be achieved with small specimens, requiremenL,_for specimen size are
dictated by the validity criteria given in Eq. 3, and not by the need to promote rapid, unstable
,.'rackpropagation hy sit,rage of a large amount o1"energy within the spet:imen.

3) Application ol' the CPB technique tt) A533B steel was used to demonstrate the loading rate
_nsitivity of A_'_33Bsteel; specifically, increasing the loading rate from 1 (quasi static)to
2 x I()'_ MPa'_/m s _ resulted in a 25"C increase in the transition temperature, while the
upper-shelf initiation tt)ughness increased by 7()¢,_.Tbe_ effects have important implications
for dynamic reinitiation t)l'cracks during hypothesized pressurized thermal shock events in
nuclea_ pressure ves_zls.

4) The high.rate dynamic initiation toughness appears t,) pr¢_videtinestimate or the crack arrest
toughness, thereby supp,_rtingthe notion ti_atcrack arrest corresponds to failure o1' the crack
to reinitiate under h)ading from reflected stress waves.



5) Dynamic viscoplastic analysis is needed to extract dynamic fracture properties from high
toughness materials using small specimens. Such analyses are presently tractable for crack
initiation under high rate loading. However, analyses of dynamic crack propagation and arrest
in viscoplastic materials arc presently hampered by uncertainty regarding the proper crack
driving force,
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Figure 1. Westinghouse initiation data base I. Available lower shelf crack arrest data is also
indicated'.
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Figure 2. Schematic of the couple pressure bars experiment used with A533B specimens.
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Figure 3. A533B specimen tested at I()()"C: a) fracture surface, b) crack profile.
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Figure 4. Comparison of measured and calculated crack opening displacement records
CODx(t) for the A533B tested at 100°C.
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Figure 5. History of the c'r'ack"driving force, K,(t), calculated with two mesh sizes of linear
dimension 2ram and 3ram, for the A533B tested at I(X)"C.
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Figure 6. Scanning electron fractograph adjacent to the prefatigued crack.tip of the A533B
tested at l()O"C, The crack velocities reached during the early stage of the rapid crack
propagation event are also indicated,
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Figure 9. Dynamic fracture initiation toughness (K,j) and crack-arrest toughness (K,,) o1 A533B
steel. The fracture toughnessvaluesprescribed hy _ection XI _1"lhe ASME boiler and
pressurevesselcode are also indicated,



Figure I0. Coupled r,"u •p ess re bars experimental set-up with fracture specimens of large planar
size, W = 89 ram.
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Figure 11. Enlarged view of the prefatigued crack for the large A533B specimen size, W : 119
ram, tested at IIXI"Cshowing crack growth o1'2 ram.



Figure 12. Extension of Westinghouse initiation data base (A533B, HSST plate 02) t to the 11)6"'t
ksi'_ s_ loading rate regime using CPB data (A533B, HSST plate 13A) at
transition and upper shell' temperatures and KaltholT_ toughness-loading rate
relationship for lower.shelf temperatures of a rate-sensitive steel, The
toughness-loading rate dependance for cleavage (TI), mixed fracture (T2), and
fibrous fracture (T3) are schematically represented: a) initiation toughness versus
temperature, and b) initiation toughness versus dynamic loading rates,
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Figure 14. Dynamic crack initiation data (K_.) as a function of loading rate (l_) and
temperature.
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Table 1

Chemical Composition and Heat Treatment of A533B Steel Grade B Class i '_teel Plate 13As

........ i1 " i11 : I " II I lrl I!l I II]llllll]l [I I I ___ II I iiifl [ L I _L .... _. " Illlllllln]l]_]_lL - :_

Chemlslry In Weighl Percenl

C Mn P S Si NI ._lo
.... " ....... I Jill It Illl I[llll / I [ I Illl I I II I .... I _ I ..... I I I [ .... I IJll I - II [I] I [ :m II!llllllll _

O. 19 1.28 11.1112 (1.1113 11.21 11,65 11.55
I ii ..... I iiiiii [ . I iiiiIiil|lm _ IIITl[II I[[ II I I[ I J _'-- I ] I11i I I .... ][ I I _ J:_

Heat Treatment

Normalized 7,5 h at 893"C, water quenched;
Austenitized 8,5 Ii at 071°C, water quenched;
Tempered 4 h at 565°C, air cooled;
Stress relieved 51)h at 621 "C, I_rnaced cooled to 3 !6"C.

....... _; 7- - fFFII III I I I II I I ] I I[II L J .... ._. I I I I S] I1[111IIII J I I ___ i _ _

Table 2

Dynamic !,!t!.,_,_,, Fracture Toughness Results

LS--- .... 7 I IIIII I I II II .... , ............ i i ii iiii i iiiii ii1_ [[ iii i i !111

TestinR Fibrous Kid Kid K|

Temperature Mode' Uncorrected oyd IIn Corrected [lip MPa
[COl [ % ] [M Pa_u] [MPa] cz [mm] [M Pa_/n_l "_s "_1

I ii iiii i ii IIll I Ill I II I [ IIIIIII IIIII J I ........ ]

37 311 2211 5111 27 11,5 2211 2.2
37 30 1811 5()I 41) 11.5 180 2.11
51) 85 2511 491 ? I 11,5 2282:t'l 2.4
75 11111 262 4811 24 15.() 262 2.1
ItX) IIX} 398 470 111 15,0 337:1:16 2.8

i iii H,, ""' ........ .... ._ iiii L I iii . ......... iii

a) Percentage of initiation zone, del'ined as region within one calcul_,.ledcrack-tip-opening displacement
using procedure outlined in RelerenceZC)and A533B dynamic tensile data

Table 3

"tSummary of the Failure Modes Involved In the CPll Specimens of A533B S eel

iiiiiiiii i I i ii I i i i iiiiii I ii Ill I iiitl HI _ -- . I II

Initlathm Propagation Arrest
iiiii I Ullll ii 1111 i I i iiii ,i ,, I Iiii i Ju ,i iI I ii ii ._

Testl ng Fibrous Fibrous
Temperature Mode Failure Mode as a Functhm Mode

[*CI [ %l of Crack Extenshm a-a, [ %!
.7--" ....... Ill I I I I _ II I I Illlllllll I I IUfiml Ill Ill II II IllllII .... t I1'111 /I ___

37 311 cleavage for a-a_,varying l'n)tn ().5 t_ 12.5 mm I(X)
511 85 cleavage for a-a,, varying from 11,5to 12.11mm IIX1
75 IIX) cleavage I_)ra-a. varying from I to 9,5 mm IIX)
I(X) i(X) no cleavage observed (total gr()wlh 15 ram) I(X)

7 ill J J I J ill iiiii I i iiii ........................ jl IJ _J _.J II J _ _ IIIII J



ENERGYRELEASERATEFORCRACKS
IN NONHOMOGENEOUSMEDIA

d. BROCHARD,A. COMBESCURE

CEA/CENSACLAY,91191 GIF-SUR-YVETTECEDEX,FRANCE

X.Z. SUO

EUROSIMSARL,Av. des Andes, 91952 LES ULIS CEDEX,FRANCE

H. HOROWITZ

CEA/CENFONTENAY,BP 6, 92265 FONTENAY-AUX-ROSESCEDEX,FRANCE

785



1. INTRODUCTION

In thispaper,we give two new resultsthat allowto computethe energy

releaserate G in a media with spatiallyvaryingelasticproperties,

In this specialcase, it is shown that the classicalG or J formulaeare

not appropriateand that auxiliarytermsshouldbe added to the expressionsto

keep their independancewith the contourof integration.The new integralshave

been implanted in the finite element computer code CASTEM 2000, and the

efficiencyof the additionalterms is presentedon some examples.

2. CRACKEDBODY WITH CONTINUOUSLY...VARYINGMATERIALPARAMETI_RS

2.i. Theo.reticalexpressionfor G

For a non homogeneouscrackedbody _, undergeneralloadingconditions

in the elasticrange,the followinganalyticalexpressionfor the energyrelease

rate can be derived[I],where Ghom representsthe energyrelease rate when the

material is consideredas homogeneous,and Gadd an additionalcontributionwhen

the materialis non homogeneous.

G = Gho m + Gad d (1)

with Ghom = fC_Tr(G W _7®)dC_-;_w div® d:}+;(_Tr(a)_ _IT® d(_- J'_F _U ® cLq

and G,dd = Tr(G)_ ®T d_ - _- Tr(_TR®(_) dn

Notations:

: total straintensor,

a : stresstensor,

U : displacementvector,

w : strainenergydensity,

F : body forcevector,

T : temperatures(variationin comparisonwith the referencestate),

® : mappingfunction(explainedbelow),
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c_: thermalexpansioncoefficient,

R : elasticconstitutivetensor.

and V : gradientoperator.

Tr(c) - _ Cjl : operationTr on a matrixClj

The mappingfunction ® is a normalizeddisplacementfield,orientedin

the directioncorrespondingto a crack lengthincrease..

For example,in a bidimensionnelconfiguration(figureI), it is equal

to (I, O) i_ all regionA near the crack tip,varie_continuouslyfrom (I,O) to

(0, O) in a surroundingcrown,and is equal to (0, O) outside.

Is_yl i

"1,4_1t I ....) r,
I 08(0,01

Figure 1 : Mapping function ® for a bidimensionnel configuration

2.2. App!ic_tion : center-cracked plate ,with varyiilo material

, parameters

Let us consider the problem of a center-crackedplate, with non

homogeneouselasticmaterialparameters,and under plane-stresscondition.

The plane is assumedto be subjectedto two systemsof loadings:

I) a uniformtensilestressa - 50 MPa,

2) a linearthermal gradient,AT - 330°C, betweenthe crack facesand

the plate boundary(figure2).
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i

z:(Y)l o',50MPa

Ti_3o'c _//-,T_' _°,'_ _oOre,.

............ L=_l.u,umm. _..................

Figure 2 : Center-cracked plate with a non homogeneousmatertal

Young's modulus E and thermal expansion coefficient _ are assumedto
vary linearly in the x-direction :

x
E(X,y) - EI + _-(E2 - Ei)

x

_(x, y) - _I + _"t_2- 0£I)'

the extremevalueson leftand right boundariesbeing fixed to :

E1 - 1.2 10s MPa E2 -3.8 IOS MPa

_1 " 6.0 10-6 °C"t _2 " 25.0 10 .6 °C"1

The calculationwas performedusing CASTEM2000computercode, on one

quarter of the plate modelled with 370 constantstraintriangularelements

(figure3).

/\ /t

Figure 3 : Finite element model
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contours, around the crack tip (notation I_ion figure I) were

defined to analyse the stability of the computed G-values (figure 4).

Contour S
3

t

Cricktip 0

Figure 4 : 5 contours limiting the region A for the 5 _fields

Thermal and mechanical loading were independantlytaken into account. In

each case, the influence of the additional term Gadd in the ernergy release rate

formula was studied. Results are depicted on figures 5 and 6, and we may

concluded that '

- the additional term Gadd guarantees the stability of the computed G

values with more and more extended odlsplacement fields,

- the additional term Gadd is not negligible.

The second point is particularly true in the thermal loading case, where

the omission of the additional term can lead to an important error.

O WIUwNt _ /WII41|_I Tn C_

i

I WIUIq'1_ Ait_l Term G

lW,wo |¢i_w i_so G _lil_i_

' N i, _ , t,t,_ ,,,,,,.... _ _ tnrl tv_ ,m, . 4 ee _ ._.._ ..-; ......._.... ,,. . -_ -- ; -

l I ......
| i_ - _ .......

'Ni. #

41| I I_.

III I 141

I 141 *I

i _I -N

°1 4t

INJ hml,_km d va_r ! _ d Yamor O. .... u+.u . +_ . + ...... * . .| _i_ + i ...... ++ + _+ ___ :++ u. _ +- _. - +_

II I IMI , II e II I 141 ii III tl III t_+el ol II II I ol q II II II I II ill II ol 141 1,J II tl II

Ftgure 5 : Gas functton mtgure6 : G as functton
of the ® vector of the ® vector
mechanicalloadtng thermal loading
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3. CRACKEDBODYWITHA BIHETALLICXNTERFACE

3.1. Theoretic1 exDresstor_for, G

Referingto the formulationof Delaleand el. [2],the crackedbodywith

a bimetallicinterfaceis divisedintothreeparts,and the integrationover the

whole body_ is the sum of the integrationsover the three parts (figure7) :

xl(l)

Ye i ill ,1 i

r k ..............._ O

- Interracial

Crac_tip surface
' x_sl

I .... s,SOmm....... h twoThtnband betweendissimilar bodies

Figure 7 : Cracked bodywith a bimetallic interface
I

Volume integrationsover_I and p_ correspondto the formula(1),since

materialparametersin the two media are assumedcontinuous.

For the integration over fi', with ¢ tending to zero, It has been

demonstrated that this term corresponds to altne integral along the interface.

In a btdtmenstonnel case, with a straight interface along the y-axis, the Gtin,
term Is expressed by (2) :

(w.-wo)oo,+FoOlouIGitn," (zb n _. b- a, n _il. _x dy (2)

with w : elastic energy density,

U : displacement vector,

n : normal to the discontinuity.

a and b subscriptsdesignleft and right sideof the discontinuity.
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3.2. ADpjIcatlo, crack.oe_DQr_!c_lar_!;O_!btme!;a]llc In_erfece

Erdogan and LU ([3] and [4]) glve analytical solutlons of the stress

intensity factor, for cracks perpendicular to and on the interface of bonded

elastic layers. Results are given in diagrams for fixed materlal comblnalsonor

layer dlmenslons. More speclflcally, we analysed the case of a pressurized edge

crack, with a tip located near the interface (figure 8).

SO0U SOOu I

Figure 8 : Pressurized edge crick perpendi-
cul mr to a bimetal 1tc interface

Due to the symetrycondition, one halfof the platewas modelledwlth

quadraticelements(figure9).

I
I
I.,,_._. Interficimtsurfmcm

crmckti; I
I

Figure 9 : Mesh for the pressurized edge crack

791



Computer G value agrees very well with that readed in Erdogan's

diagram:

I_J.Q__ZI_I_.Y.CL_: - computed 2,16

- Erdogan'sdiagram 2,11

Furthermore,the stability of the G-valuesfor _flelds crossingthe

interfaceis verified.

It IIJ_NII _61114_ oil tp
MIwIII_ l,I tl

o_ ! j._J"

0,

II

D withoutadditionalterm
O

.., + with additional term

i 4|

1 H

{_wIIlUl

II _ ..... .._..._,.._ i ___-_-,,,w

oe o _e Iee t Le I u i _e _ _ ,_lid _ qm I MII

Figure 10 : G-values stability analysis

4. CRACKSPARALLELTO ORLYINGALONGBIMATERIALINTERFAC[$

For a crack parallel to or lying along blmaterlalinterfaces,no
t

corrector term has to be addedto the classicalformulaGhom, since a virtual

crack advancedoes not lead to cross the discontinuity.This applicationis

presentedjust as an exampleto verifythe precisionof the computedG-valuesin

this specialcase.

Let us consider the problem of a pressurized crack lying along a

blmaterialinterface,in an infiniteplate (figure11).
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,_,,,, l, _- :'_- _ ...... :: _-" ..... LL_ ....... : ........ __ ,JIM,

miterimL1

)_=.... 2" ! m.t.rial 2

Figure 11 : Pressurized crack lytng along a bimatertal interface

England [5] gave the expression of the complex stress concentration
vector Q, for this case :

Q " Qi + I ()z" P _ (1 + i 2_)

with :

] I n JG1 GzLE
= _ - - (bimetallic constant tntro-i! + oucoob,.,,,Jams[e))

t_, G,J

G shearmodulusand k = 3 - 4_ in plane straincondition.

Shth and As,_'_ [7] had identified the relation between the complex

stress concentration vector Q and the energy re!ease rate G :

(ol+o|)F_'_'_,_,I
G i _ UIIJI!I _ : ....... --- i i __ iii ........

4 coshz FI

A calculation was performed wtth the G-g method using always the

computer code CASTEM2000. Properties of the two materials was choosen strongly
different (figure 12).
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' _t/ E1 - 2 lO4 MPa

" " "I -0.45

_ _
i i

//

\"\ Ez - 2 105 MPa

N'\
\\ II
\__. Ii _ - 0,15

L +,.N _ p - IOHPa
.....

Figure 12 : 8eomtry lild luterfil plrameters for
the pressurized tnter Ice crick

The calcuiated G-value is tn good agreement wl_h the analytical solutton
(difference < 0.5 _) :

analytical value : G - 0.702 KJ/ma

calculated value : G - 0,705 KO/mz

and the stabilityof the computedG-valuesis well verified(figure15).
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Figure 16 : Stability analysts for the Interface crack

The Interest of the new formulations of the G-O methodto take tnto

account spattal variations of the e]astic matertal properties, either continuous

variations or brutal discontinuity, has been demonstrated on someexamples.

In the case of a crack pnralle1 to or lytng along a btmttertal
Interface, no corrector term has to be added, and the classical formulation

gives precise results.

But whenthe crack ts not parallel to the Interface, and the crack ttp

ts exactly at the discontinuity of material, there ts a spectal difficulty, not

menttonned tn the paper. In this particular case, the order of the elasttc

stresses s!ngulartty (r _'1 wtth 0 < _ < 1) leads to tndeftned terms tn the

expression of G. However the stress Intensity factor remains defined, lnd

analytical solutions are given tn references (for example [4]).
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MATHEMATICAL MODELLING OF __-DEI'X3RMATION STATE OF TIIE

GENERATOR C_LLEC"I'OR (WWER-TYPE) UNDER Pg_URE LOADING DURING
FRAC'FURE MECHANICS CAL,CUI ALIGNS

M. Xaitscv, V. Lyssakov
Nuclear Safety Institute of Russian Academy of Sciences

DmcrSptionofComtruction

The steam generator collector (WWER.typ¢) is a thick cylindrical shell with a constant inner

diameter of 850 mm and a height of 4970 mm. The wall thicgncss of the lower part of the shell is

78 mm. The wall thickness of the perforated part is 163 ram. The wall thickness is slightly increasing

from the lower part of the shell to the perforated part. A wall perforation presents a system of holes

to connect thc steam generator heat exchanging tuhcs, The holes are disposed as in a chess-board.

like order with a step along the height equal to 38 mm and with an angle of 3 degrees. The

pcrl2_rationzone starts from a height o( 789 mm and finishes at a height of 2841 ram. Below the

height of 1239 mm one half of the shell is nonperforated on this figure elements of nonpcrforated

zone arc shown within the thick line area. Above this height the nonperforated zone is smoothly

decreasing and after a height of 1839 mm the regular perforated zone is located. Such type of

perforated zone structure was chosen due to the design of the steam generator since the space

between the wall of the lower part of the steam generator and the collector is rather small and there

is no possibility to install heat exchanging tube therefore the collector has no perforations. Thus a

nonpcrlbratcd wedge in the pert_ratcd zone causes stress concentration. Inner pressure equals

16 MPa.

Mathematical Modelling

Fracture mechanics calculations demand an exact definition of a stress-deformation state of

a large scale construction. A finite element method lhr stress and structure analysis is widely used

for such definition of the stress state. However, certain designs like the WWER steam generator
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collector are rather dimcult to analyze. A large number of holes, a nonperforated wedge in

perforatedzone and appearance of a penetratingfracture in the collector wall are three actual

concentratorsof stresses. There is noversatile finiteelement model to describethisstate. The first

cause of this fact is the largeamountof hol_ and the largewall thickness. A well known rulefor

finiteelement models creationgives the specific size of the element whichis of hole radius. The

ratio of the whole volume of the collector and the volume of one element gives the numberof

elements in this finite element model. This numberof about 100,000. The above model actually

requires super computing. The numericaldefinition of stress in the collector structurewith a

penetratingfractureto facilitatecomputationusingPC$ was basedon a number of finiteelement

models.

The first model defines the stresses in the collector, which is presented as a structure

consistingof two materials. The second materialpossessesan averagepropertyof the perforated

structure.Since the firstmodelis a veryroughapproach,the stressof one section withtwo materials

was analyzedin detailwiththe help of the second finiteclement model.

The third finite element model is necessary to define the real stress in the hole region.

Following models describethe stressconcentrationswith the presence of a crack and without it.

These calculationsareneeded to define the criticallengthof the crack.

I_finition of 3-D StressState

The finite element model consistsof 1512solid 8-node elements and 2204 nodes. Duiing

calculationsmorecrudemodels with lowernumberof elementswere used, The cylindricalshellwas

made of 18 elements in the direction of length of cylindricalshell. Sinceonly the lower and middle

partswere under consideration, the upper surfaceof the finite element modelwas loadedby negative

pressure of-16.2 MPa. The connection of the collector with the steam generator was modeled by

tking all the degrees of freedom in the lower part of the collector. The symmetryplane was created
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by the collector axis and the top point of the nonperforated wedge. The finite element model is

shown on Fig. 1.

The stress intensity is shown on Fig. 2 and Fig. 3. The d;screpancy between the stress in the

wedge region and the stress evaluated by the exact analytical solution of the thick tube shell (a

theoretical solution does not depend on the elastic Young modulus and defines stress on the external
!

surface of 42 MPa and on the internal surface as 51 MPa) is negligiblysmall. Some increase in stress

intensity was found in the region of boundary between perforated and nonperforated zones (Fig. 3),

On the internal surface the stress is greater than it is on the external surface (which is described by

the theoretical solution of a thick cylindricaltube). Since the number of finite elements was limited

due to the computer capabilities, in order to validate this finite element model a plane fini,teelement

model with a big number of elements in the direction of wall thickness was used. The stress intensity

for this model caused by inner pressure is shown on the Fig. 4. The 14 elements on the left side in

each layer (from 0 to 45 degrees) are those of the nonperforated zones. The results of the stress

calculations of this more detailed model show a negligible increase of stress in the joint of the

perforated and nonperforated materials. Thus, common stress distribution does not depend on the

nonconformity of the properties of this structure. It was found that the increase in stress on the

external surface of more elastic perforated materials was caused by the bending character of

deformation of this particular design structure. Therefore, one may conclude that stress distribution

of the thick cylindricaltube with uniform properties is not a distinct one with nonuniform properties.

The average stress of such structure may be approximated by an exact theoretical solution for the

thick cylindrical tube. This fact gives the possibility to investigate the stress concentration of the

structure with a crack using a plane finite element model. A condition of the use of this finite

element model transformation is in the application to the plane of the finite element model of

maximal tensile stress in thick tubes.
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There are also problems to define the real stress in the perforated zones of the collector

structure for this transformation from a defined average stress of the thick tube. While defining the

3-D stress distribution in the collector structure shell finite element models were used. This model

gave an intolerable distinction in the stress distribution comparing with the theoretical stress

distribution of thick cylindrical tube. A detailed consideration of this distinction and the results of

this 3-D stress calculation, using 3-D elements, has shown that the shell finite element models should

not be used for a thick cylindrical tube. The numerical effects of the shell finite element models

caused great increase of stress in the joint region of materials with different properties. Therefore

it was found that thick shells with contemporary increasing properties were impossible to calculate

by the shell finite element model.

Real Stress Definition in the Regular Perforated Zone

Real stress definition in the regular perforated zone was made with the help of two finite

element models (Figs. 5-6). The reason of the use of two models is due to the influence of planes

of their symmetry. The small angle between the planes of symmetry (the first model has an angle of

3 degrees) and the algorithm of the elastic plane would give some numerical effects in stress

distribution. "l_'heresults of the modelling with one and two holes (the angles between the planes are

3 and 6 degrees) give identical data for stress. The loading pressure equals to 32 MPa. The finite

element model was restricted by the four planes Of symmetry, two of the above planes are

perpendicular to the collector axis and the two other planes had an angle of 3 degrees. The

maximum stress intensity in those models reaches 231 MPa. A similar solution for the uniform media

gives a value of,92.7 MPa. The coefficient of concentration equals to the stress ratio multiplied by

the loaded area ratio and equals to 4.1. Thus the real stress in the perforated zone is greater than

the average stress by the factor of 4.12. The intolerable numerical effect of finite element modelling
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of those stress calculations is caused by the influence of the elasticity of the boundary planes of

symmetry. A large angle between the planes of symmetry is to be used.

Definition of a Stress Conccmrator in a Structure

with a Through Failure

The finite element model for calculations of the stress in a structure with a failure is shown

on Fig. 8 (stress intensity).

The tensile stress on the boundary in the X-direction is greater than the tensile stress in the

Y-direction. The stress intensity wedge region is shown on Fig. 7. One may conclude that the stress

in wedge region is regular in the model without failure and is intolerable and irregular in the model

with failure (Fig. 8). The stress concentration coeMcient is equal to the ratio of the maximal stress

in the model with failure and the maximal stress in the model without failure and reaches the value

of 3.1. This I_actis in agreement with the experimental data obtained on the photoelastic models.

manufactured in scales 1:10 and 1:17.5. A numerical effect in this modelling may be performed if the

displacement of the boundaries is large enough.
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LOW CYCLE FATIGUE OF PRESSURIZED PIPE8 WITH CIRCUMFERENTIAL FLAWS

UNDER CYCLIC BENDING MOMENT

WaldemarSloppierandDtetmarSturm

13taaUtoheMatertalpr0lungumdaltUntwrsi_tStuttgart,Pfaf/enwatdrtng32, i:)-7000Stuttgart80,_rmany

A!_St_t....

Pipesof 706 n_. Innerdilmleter,47mmwallthicknessandabout5000 mmInlengthwereprovided
withoiroumierentialsunace(:raoklandloadedby internalpressureof i 5 MPa whilstbeingsimultaneously
subje(:tedtoan alternatingexternalbiN,clingmoment,Usuallya loadretie R of-1 (Mmin/IVlmu),inonecase
R,.0.1, wasapplied,The pipeswerefabricatedof_ lypasofferrltk:steel:one,grade20 MnMoNt6 5,with

!

_.n_)_h upe_r_:_Ofl_pU_s0 j ,_egffYor_al_l_12ar_OO_J(_Troon_ M_h_°NIV_hl_k l_srsn_¢_'r_naml:wxP_,rSe_
on weredeterminedandcomparedwitn ¢_leted values.

tn_r_iuetlott
The tell programmewhichIsdes(xt_ inthe followingts Intendedto providee tudhercontribution

totheproofof t|llegrityofpiping¢ dimensionsuplo thoseofthemaincoolingloopof a 1300MW. pressud-
zoowaternucie!r powerplant(PWR). It t! thelogicalcontinuationof testscarr_ outin PhaseI and Itof
the raseWcnproject"Phe_ogical PressureVesselandPipe BurstTests, in whichthefailurelind
fr_"turebehaviourof pipescontaininglongitudinalorcircumferentialdefectswereinvestigatedindetailand
whtehalre_ rural|hodtruant resultsfortheWoofof Integrity/1,2, 3/, Figure 1 gives an overviewof
themainobjectivesInvettlgatedwithintheresearchprogranlme.

OJI,UVJL
In Phalli Iii of this researchprojectit Is nowintendedIo enlargethe knowledgeaboutthe failure

be_vlour el ctr_jmf_anttally(:ra_ed pipesloadedbya italia Internalpressureandsimultaneouslyapplied
_(_ oxmmalbendingmoment.Figure1also representstheaimsofinvestigationofthispartof IN) project.

_the design,celaulatlonlind¢onstruatlonofprtmarycoolingsystemsoflightwaterreactorstheKTA-.rules
3201,1 and,2/4/are applicable1roddemandalso a fatigueanalysis,whlahIs limitedtothedetermination
el a maximumpermlntble numberofI_ cyclesbasedonilnear--eiestk:orsimplifiedelasto-t:)lastiacalculi-
tedstr_ arnpXtudes,ShouldupsetconditionsoccurthenIoadtngscan arisewhichcause local plastto
oewrme.ons tn thecomponents,Inthe caseofearthquakesorwaterh_ el(:.edditlonallylowcycle
fatigue_rec,k growlhhas to be oonsidered,Thereforethe projectedtestsfocusonthe determinationof the
fatiguelifeofartfftcelcrackedpipessubjectedtohighloadswhichoSUNanoverallnominalequivalentstrain
rangeupto 20 mm/m.Furthemrloretherulesgovemtngthetransterabil!tyof propertiesobtainedfromsmall
specimensto componentsareto be determined,Thecelculetionelproceduresrequiredforthisare to be
sorelinedthatan analyticaldescriptionot componentbehaviourduringcydia loading,eveninthe plmltlo
range, Ispossible.

Thepresentp_r describesthetoiling equipmentne¢cease_ for theperformanceof bendingfati-
guetests,thematerialemployed,test resultsand resultsbymeansof FE--calculattons,

Dn_ gtJ_.,!RMNml_n#lng_ .

cy' In0_er toInveslt_)ateerl,:_kgrowthduringstowc,y¢!iabendingtnthefrequencyrangebetween1load
per3 hours (]o-" PIZ)and30.ayoles_ hour(0,01Hz) thetourpointbendingdevk:eshowninFlgu.

re :zwas conslr,jctedand UlkenIntooperation,Bothendsof thetestpipeare provtdewithcylindricalbea-
T,S whichare nx_J,.,nted Intoelideblockssupportedby the upperandlowerplateof the mat:binsframe,

servo--nyarau.¢allycomrotledactuatonl,havinga maximumstrokeof 700 ram,generate a bending
momentof upto +12 MNm, The forceto the pipe Is appliedby meansof two load distributingsaddles,
_use of the symmetryof both thesystemandloadingat thepipecentre,a constantbendingmoment
resultsover a distanceof +500 mmof the centreline.

Forthebendingfattguetestswiththe12MNmbendingdevicepipeswithanInnerdiameterof706mm
anda wallthicknessof 47.2 mm wereused, ToavoidgeomeViaallyinfluencedeffects,boththe Innerand
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outersurfacehad been turnedbymeansof a lalhe, Thereforethepipesshowed littlestandarddeviation
in diameter(0,525 ms) and wallthlck.ess (0 72 ms), The pipeswerefabricatedof two typesof ferrllic
steel, One was grade 20 MnMoNI5 5 witha highuppershelfImpactenergyof 200 J, The pipesof this
materialwereseamless,Toproducepipeswitha lowupper,shelfImpactenergyof60 J withnearlythe same
strengthpropertiesa specialmeltwitha specialheattreatmentwas used The pipesof thismaterialwere
madeof rolledplateswiththe roilingdirectionincircumferentialdirection.The twoIongtdutinallywelding
jointswere positionedtn theneutralaxisduringthe fatiguebendingtests.The pipeswereweakenedby
arltiflcialcircumferentialcracksbymeansofsparkeroding(electricdischargemachining),Figure 3 shows
an exemptsoftheshapeofthestartercrack, Growthbehaviourofcrackswithvariouslengths_depthsand
undervadousIoadings(describedin thetestparameters,Figure 4) wasinvestigated,Itshouldbementio-
nedhere, thattn anotherpartof theprogramme,notcoveredtnthispaper,pipeswiths_ller dimensions
are loadedby_resonanceexcitation/5, 6/, The testparametersfor thispartof theprogrammeare also
!ndudedinFigure4.

_tetlml pt:ppe_

As seen in Figure4 thepipes weremadeof a ferritlcmaterialwithhighuppersllelf impactenergy
of200J andalsooneoflowuppershelfimpactenergyof60 j bothhavingsimilarstrengthanddeformation
properties,The veryductilematerialwasof grade20 MnMoNi6 5, 8 mostcommonmaterialin German
nuclearpowerplants.Themost importantpropertiesofbothmaterialssuchas chemicalcomposition,me-
chanicalpropertiesandcourseofimpactenergy(Charpy--V)areshowninFigure 5, Thecause ofthecrack
gcrowthcurves (ms per loadcycle)dependingontherangeofstress InlensilyfactorI)K, determinedwith

T-specimensaccordingtoASTME 647, layslightlyrightofthereferenoecurveofASMEBoilerandPres-
sureVesselCodeSect,Xt forthehightoughnessmaterlaiandotherwiseslightlyleft,Figure 6, Thecurves
wereobtainedfromaveragingresultsoftestscarriedoutat temperaturesof20 °C and90 oc, The influence
of thetest temperaturetothe crackgrowthwas notsignificant.

_T#mtletult! .

The calculatedcomponentbendingmoment- equivalentstraincurve/7/for the unweakandpipe,
showngraphicallyinFigure 7, agreeverywellwiththeexperimentallydeterminedequivalentstrainat the
maximumbendingmoment.The equivalentstraindueto internalpressureIsnot takenintooonelderatton
inthisplot.TheequivalentstrainIscalculatedfromthe principlestrainsusingv,Mleasequations.Therange
of bendingmoment,reap, therangeof equivalentstrainwaschosenwithrespecttothe failuremomentof
the oonslcJeredcrackfora steadilyIncreasingmoment,Therangeofthestrain2asInthe unweakenedo'oel
sectionat themostlystressedfibreservesasa basisforthe_enement of thecr_k growthbehaviour,The
strainrange2erais determinedfromthebendingrnomenl-equlvalentstraincurve, Figure7, andtherange

:_)eer_dt_lrl_m_mee;:rgal_yPllele_inul_erf:t_lJeSt The testswere performedate temperaturewhentheI .20 oc forthe highand80 °C for the lowthouOhnese
material.The resultsof 15fatiguebendingtestsperformedso far togetherwiththetest parameterssuch
allcracksizeandshapeandlevelofloadingarelistedInFigure 8 nndplottedasa functionof thenumbers
of loadcyclesto throughcrackingand equivalentstrainrange,Also plottedts a pcatterband(loadcycles
totndpientcrack)determinedof smoothfatiguespecimensofvariousmaterialswhichisknownfrompublte.
hadworks/7, 8/. The testresultsforsmoothfatiguespecimensof thetwohereappliedmaterialsalso lie
withinthis scatterband,

The testsinwhichthecircumferentialcrack inthepipehadon initialdepthof4,7 mm (a/1. O,1)ttnd
a lengthof292 mm(42 degrees)gavethrough-crackcyclenumberswhichlie aboutonedecadebelowthe
incipientcrackgrowthcurveforsmoothfatigueteatbars,Therewasalsonosignificantdifferencebetween
thefatiguec_lckgrowthstartingfroma crackontheouterorinnersudace(testBVZ210).Ontheotherhand
for pipeswithdeepernotches,e, g, a/1.0.6, the numbersof cyctasto throughcraddnglie up to three
decadeslowerthin the incipientcreekcurvefor smoothfatiguebars,

Thenum_rs oflead cyclesfOrthroughcrackingare Influencedbythecracklength.Comparingthe
resultsovpipeswitha cracklengthof40 degrees,resp120degreesthereIsn onedecadeshiftofthefatigue
lifeourves,But for length more th_ about40 degreesthe fatiguelifecurve Isnot affectedanymore(test
BVZ 290 and BVS 230, (:racklength:120degrees).

The test resultsof BVZ 260, BVZ 270, BVS 200 and BVS 220 implyan influenceof the material
toughnessto thenumbersofload cyclesto through¢rackJng.Temperatureeffectsmay negleglbleInthis
case,ButItcouldbealsoaneffectofthescatterbancl,whichwe havetofaceinthisrangeoflowcyclefatigue
tests.Furtherinvestigationsshouldprovethisspecialpoint.

As shownInFlgure 9 insomecasesa canoe.shapedandInease cases8 eemi-elllptic_l...ehaped
fracturesurface wereformed.The mechanismleadingto thedifferentshapesIsnotfullyunderstoodupto
now.
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ComParison Ofcalculation and measurement to the deformation, behaviour
Thedeformationbehaviourwasverifiedby meansofcalculationandexperiment.Thestraindistributi-

oncalculatedwasbasedonthe finite-elementprogrammeABAQUSandS8R-shellelements(thick--_/al-
led)andLS3S-line-springelementsshowninFigure 10in immediatevicinitytothenotchedpipecross-
section.Thedistributionofthecircumferentialstraindemonstratesthatthemeasuredcircumferentialstrain
couldbe met onlywiththe calculationmodelwhichtakes intoaccountthe reinforcingeffectof the load
distributionsaddle(extendedcourseofthecurve).Thecalculationmodelwhichassumesa directloadinput
withoutimpedingthedeformationprovidesvalues(dashedline)notshowingsucha goodagreementwith
themeasureddrcumferenUalstrain.

Furthermore,thecalculationsindicatethatthe longitudinalstraindeclsveformode Iof the crackin
therelevantcross-sectionislargelyindependentofthehypothesisoftheloadinput.Thelongitudinalstrain
runningexactlycosineshapedoverthe drcumferenceaccordingto the bendingtheory(Bemoulli)was
additionallyincludedinfigure10(seethedottedline).Allthecurvesagreewellwiththemeasuredlongitudi-
nalstrains.Inthearea oftensionwherethepipedoesnotexperienceanyreinforcingeffectduetotheload
distributionsaddle,longitudinalstrainsonlynegligiblysmallerthanintheareaof compressionoccuronthe
outersurface.

Catc.ulatlonof the stress-lnten.sity factor on the cra_,kfront

Forthepurposeof calculatingthestressintensityfactorsinthenotchedarea of pipe BVZ210, the
shellFEM modelwasusedalsowithline-springelementsformodellingthecrack.Theline--sprlng-method
/9/is basedonthethoughtofa definedsurfacecrackina plateorshelltobe idealisedbya slithavingequally
distributedspringsbetweentheslitsurfaces,Figure 11.Theslitlengthcorrespondstothemaximumlength
of thesurfaceflaw.Theremainingloadcapacityoftheplateortheshellinthecrackcross-sectionisrepre-
sentedbythe rigidityofthe spring.ThisenablesnormalforcesN andmomentsM tobe transferredeach
as functionofthelocalcrackdepthtowallthicknessrelationa/tper unitofflawlength.Theselocalinternal
forcesandmomentscorrelatewiththerelativelynormaldisplacementss andtherotations0oftheslitedges.

The courseofthestressintensityfactorKI alongthecrackfrontcalculatedforvariouslydeep flaws
(a/t - 0.1; 0.5and0.9) andfora bendingmomentof 10 MNmisrepresentedin Figure 12. Thetopof figu-
re 12showsthe courseof the stressintensityfactorKIfora pressurizedpipe(15 MPa)only.Forthesake
of comparison,thecourseofthestressintensityfactorswerealsodeterminedbyABAQUS--3DandSOL-
VIA-3D calculationsforthesameflawconfigurationsandloads.Despitetheareaaroundtheendoftheflaw
theindividualcurvesshowno considerabledifferences.

ComParison of c_lculated and extJerlmentallv determined crack orowth

The cycliccrackgrowthoftwoexperimentsBVZ240andBVZ250 wascalculatedbymeansof the
abovedescdpedFE-methodstakingthetensionpartof theloadingintoconsideration(thecompressionpart
wasneglected).The elasto-plasticcalculationwasbasedon a truestress- truestraincurve of theused
materialandtheappropriatecrackgrowthcurveoffigure6. But,thecrackgrowthcurvehadhadtobe linear
extrapolitedbecausenoexperimentallydetermineddata exceedinga rangeofstressintensityfactorAKof
2,000 N/mm3/2were availab_. Asshownin Figure 13 a satisfactoryagreementwas achievedbetween
calculatedandexperimenteJlydeterminedcrackgrowthfor bothtests.

Summa_

Lowcyclefatiguelifecurveswereexperimentallydeterminedwithpipesofthedimensionsof main
coolingpipesof a 1300 MWe-PWR (innerdiameter:706 mm, wall thickness:47.2 mm).The pipeswere
providedwithspark-erodedcrackswitha lengthbetween20 degreesand 120degreesanda depthbet-
ween4.7 mm (a/t - 0.1) and23.6 mm (a/t= 0.5). The pipesweresubjectedto a staticallyinternalpressure
of 15 MPa and superimposedan aitematingbendingmomentwithan amplitudebetween 3 MNm and
12 MNm.Toinvestigatetheinfluenceofmaterialtoughnessthepipeswerefabcricatedoftwotypesofferritic
steels: one,grade20 MnMoNi5 5, witha highuppershelfimpactenergyof about 200 J and MnMoNIV-
specialmelt,witha lowuppershelfimpactenergyof about60 J.

Inorderto verifytheloadcapacityandtodeterminethestressintensityfactorsalongthecrackfront
comparisoncalculationswere cardedout bymeans of FE-calculationwiththe aid of shellmodelswith
line-springelements,lne rsultsotainedcorrespondwellwiththeexperimentallydeterminedones. Even
calculatedcycliccrackgrowthcurvesagreesatisfactorilywithexperimentallydtermined.Butfurtherinvesti-
gationshaveto bedoneto proofthisstatement.
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..... Material 20 MnMONi 55 ..............

20°C 300°C

MP., MP.,.......__..........MP,,_ MP. .,,.
.....Cast -- Mean ......!L spectmen 556 664 208000 24 74 457 658 181 000 26 74

107 854 Value C-Specimen 547 658 207000 24 70 455 657 184 000 25 67

and from L-=ndC-Speclmen 552 662 207000 24 72 456 658 182000 25 70

107 873 StandardDeviationof MeanVal- _ ...... ......
.. uefromL- andT- speotmen 18 23 2 000 1 2 20 19 6 000 1 41111111 i , i J:• L _

Chem. Composltion% C Si Mn P S Cr Mo Nt AI Cu V Sn

vDTuv- Min. 0,17 0,15 1,20 -- '- : .......0,40 0'50 0,010 : '- -
' I,,

Specification Max. 0,23 0,30 1,50 0,012 0,008 0,20 0,55 0,80 0,040 0,12 0,02 0,011
401/2 07,83

cast 107854 0,20 0,22 1,33 0,0i2 0,003 o,oe 0,51 °0'74'0:n02210,02 0,01 0,002

........ 107873 _.0,20. 0,22 1,32 0,0! 0 0,002 0,02 0,49 0,69 0,022 0,02 0,01 0,002
R_=YietdPoi:ltRpo.rY.Strength0.2%OffsetR.m=TensileStrength'E=Modulu,'of'ElasttcityAs-=Tot'alElongationZ=Reductioninarea

MaterlalMnMoNw'Speclai Melt ..........................
, ,,,,,, ,,,,,,,,,,, ,, ,,,,, ,=,,,,, ,,,,, _ ,, ,, ,, ......

20oc .................9ooc
"" I"° IZ I"° I IZ

MPa MPa % ..........Mpa..... J MPa %
cast .......... Mean' L- S_lmen ' 527 693 207 000 19 49 541 710 203 000 18 48

63 809 Value C-Specimen .... 531 698 207500 20 _56 515 689 204_0 20 55
from L-andC-Sp_imen 52_) _696 207_ 19 52 529 "701 ....203000 19 51

,_. .... ; ,,,,.....

8landardOevlaltonofMeanVal:.......27 32 1 700 1,4 4,4 43 46 3000 1 4
........ Uo fromL--,,andT- Specimen ..........

iii r

Chem. ComposlUon
% C Si Mn P S Cr Mo NI AI Cu V Sn

,, ,........

Cast 63809 . 0,17 0:37 1,.35 0,023 0,020 0,26 0,41. ,17.0'049 0,15 0,11 0,_6
R=H=Yield.Poln!..Ri,o_2=Y.Strength..0.2%OffsetRm=.Tensi!eStrengthZ=Modulusd ElasticityArTotalElongationZ=Reductioninarea
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Figure 5: Material Pmpertles
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_ Defect _ _ Test Conditions .........................

PtpeNo. Depth Li ngth Position Tern. Intqpr. Bending Equi- Load Remarks
a o. pera. nabl Moment valent cycles

ture Pres- Strmln
au_'e Range

2_
mm nm SparkEro. oC MFa MNm mm/m NB

ded(EDM) Max, Mtn,
....BV-Z210 _ i_ 4=#- 292__-0u-ter+ 20 --'0 *§,6_=k§,50 .......4,00 _....220OOuterNoto_ .....:_ ......

ThroughCraokDevel.
,_.o,_ (._o,_.) Inner 2316 InnerNotoh:

surface Defpat Depth.__35mm_.....__ _ .... _

BVZ 220 -_ outer I 5 ..... 4,80 1000. Thr0ugh.CrpckDevel.
__ surface + (_,50 1,80 7998 TestDlloontinued

, DefectDepth:9,8 mm• _, ,,j,,,,,__ _.__,,. __ .... _ .......__ i,,,,f _L ,,,, _

BVZ 231 _ 9,8 294 + 11,5 + 0,25 2,80 724 TestDisoontinued
_.0= (.,oDq.) ......... r.................._ Defectdepth:12,8,_mm

BVZ 240 • 23,6 292" + 9,5 - 9,5 4,80 30 ThroughCrack
-BV-Z250 • ,_.o.: (.4o0_) - 20 +6'5 _ --6,5 3,i6 238 Developed
BVZ 300 • 320

BVZ 260 • + 1i.9

BVS 200 -0 8_ " + 6,0 ....--6,0 ...........2,92 -- 69
140 663

BVS _0_ (., o.;) - + 9,0 --9,0 - '4,60 - 4i....-- - :: ,, i = r, l_ _: : _, -::: ,

BVZ 270 A 20 + 9,5 - 9,5 4,80 274
- _ --__ --_ ___ r, " : .... :_:_-_ --""w'_: _ ""..... _'

BVZ280_ A +12,1 -12,1 5,96 13
BVZ290y e3e ' +8,_ _,0 "- 3,25'_ e_

............ _....... ,....

BVS 230 _ (.,- _.) . 80 + 3,O; '"-3,0 : i,45: _-:606;

BVZ Matqdal:20 MnMoNi"5.5 _ BVS Material:MnMoNi_)" SpecialMelt ......

50,0: - - --

! Omoo,u.

. , _ 20° 9',L NB 40°_ NB

_' P_ t - 47 Note: Legendfordata givenabove

0,5 -_
I 10 100 1000 10O00

Numberof Cycles NA( IncipientCrack), NB( ThroughCrack)-- i i ,,,,, ,,,,,,, ................

Figure 8: Test Results
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Comparison Calculation- Experiment

Test BVZ 240
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Figure 13:Gornplr!lon Cal0utatedaridExpedmentldlyDetMmlnedCra(:kGrowthCurvesofTell BVZ240
andTell BVZ2ttO

H22



CrookRoeietanceof AuetonltloRpeewith
CircumferentialThrough-WallCraoke

K. F6reter, L. OrOter*, W. 8etz, Siemens,8060brgisoh Giadbsoh,FRGt

8. Bhand|rt, J.-P. Oebaene, Novatome,80308Lyon, Franoo

C. Faldy, Eleotrlolt6de Frenoe,69828VIIleurbanne,Frenoe

K.-H. 8ohwalbe, Foreohung|zentrumGeo|thlohtOmbH,_ Oeelthtoht, nO

ABSTRACT

For monotonously lnoreaetng load the ¢orteot evaluation of the oreck r',,lletance
properties of e stn,,,GtureII essential for safety anelysu. Considerableattention has
been given to the through-wall ease, since tills Is generally believed m be the
controlling case with regard to completepipe failure. The maximumloadoorclltlonl
tor cl_umferentlal crack growth in pipes under dlsplaoernent..controlle¢lIoadlngs
has been determlnecl. The need for orsck reslstanoe curves, measured on
clrcumferentlatly throug!_-wallcrackedstraightpipes of austenlttostalnleossteel3itl L

i unefer bending, is empt_aSlzedby the limitation in the _ata range on #_nafl
I specimens and Dy the differences in the procedures.To answer open questionsand

to Improve catculational methods a joint fracture mechanics programme Is being
performed by Electricise de France,Novatomeand $1emens-lnteretom. The working
programme contains experimental and theoretical investigations on the epplloa-
bllity of small-specimen (_atato real structures.

• Present aclcJres8:Office of the GermanReactor8|fety Commission,5300 Bonn, Germany
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i_ODUCTION

Wi_in a oooporativefrloture meohanlosprogrammebetweenElocVloltdde France
(EdF), Novlt_ end Intorltorn bonding flew orso!roumferontll_ CrlOkedstraight
pipes of typical" LiquidMetalFiat BreederReactor"(LMF°,,R)mainpipingdimensions
wereperformedt withthe followingobjooMa:

- Derivationof thecrackreslstanc:ecurves(R-curves)_ ontheJ-int_rtl andN
8otype Crack Tip OpeningDisplacement(CTOO)fororiginalLMFBR g_trlel.
Thl| objocttveInvokesthedefinitionof theusabletooPe oftheR-ourvel u wellal
the structuraland material effeot|, tt te known from theliterature: that lYe
lOwellJrcurvee have been obtal_ for pipinge_Joturee,

- Chock of the tranalerabtl!tyOflaboratoryepeotmenoraokgrowthoharaoterlatlolto
ctroumferenttlllycracked _pel. bltde the general tnfluenoeof geometry thlt
problemassureIfthesmellapeolmenfracturereslstenoepropertlelwhlohrepresstt
only I few mm crack growthhave tO be extrapolatedto real stature= where
the creakgrowthcan be by _ orderl of magnitudehigher.

- Chockof the appilotblltiyof certain theoretloalmethodl for the predlotlOnof the
crack instabilityIn particularwith the EngineeringTreatmentModel (_), The
lattermethodhal been establl|hedIn a teparatereiearohprogrammeby GK_,

EXPERIMENTAL INVESTIGATION8

The bendingexperimentson straightL-T orientatedpipesof austenltlostainlesssteel
310 L withe nominalpipediameterD - 700 mm anda nominalwallthicknesst - 11mm
endcircumferentialthrough-wallcracksvaryingInsizeandIooattonhavebeenperformed
at roomtemperature(about20°C) Inair.Table1givestheactualgeometriesandmaterial
conditions(BM- BaseMaterial,HAZ,,,HeatNfeoted Zone,WM. WeldMaterial).Note,
thatinthecaseof pipes3 and4 thewall-thloknelat tsthethlcknestoftheweldmentItself,
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Table 1

Summary of the RN| Tesled at Room Temperature (RT)

[I J Ikl fl ..... fl = iii rill, I .....................................................................

Test Symbol D t Inittal crack
__" ...... IfJ I ] II I ....... :- 11Tf)IIII

angle i_ation
[ram] [mini [o]

:1 : : = _ iTIm .__ : :_ T_ :. : _ : ------: _ :.... :: :......... :.... ........ " :--_; :_ ..... ----

1 • 701 12.2 61.6 BM

2 & 898 11,8 124.2 HA,7.

3 x 895 14.3 120.9 WM

4 + 898 13.4 175.4 WM

8 • 700 11.6 120 BM

8 II 897 10,4 120,6 BM

Table2 givesthe actualmaterialdataof thesix ptpeatestedso far (Re= yieldstrength,
Rm= ultimatetensilestrength,E. Young'smodulus,n = strainhardeningexponentafter
eqn (8)), The pipes of tests 1 to 8 have been fabricated from sheets of the
austenlttcstainlesssteel318LSPHusedfortheSuperphenlxReactor,wereasthepipeof
test6 has beenfabricatedfromtheGermanversionof thissteel,318 L mad, Theseare
type318 stainlesssteelswitha carboncontentlowerthan0,03 percentanda controlled
nitrogencontentbetween0,08 and 0,08 percent,

Table 2
i

MaterialData Used For Calculations

IlrlTII . ....... - ...... _ ....... ..... IIII I _ : I .... I1.4 I!III _ 3 : :__

Test Material Re Rm E n
IMPel [MPa] IMPs] [ ]

....... - sP:HSM 813..............................1 318 L 2 7 192300 0,15

2 318 L SPH HAZ 410 838 192300 0.15

3 316 L SPH WM 379 839 192300 0,15

4 318 L SPH WM 379 839 192300 0,15

5 318 L SPH BM 297 813 192300 0,15

6 318 L moo BM 239 594 192300 0,1.5
:_ 7.__ ----: -_:: ::: :_:._. ::::).___LIE, llil ..... , !L_ 1!I _4,Ll l ± llllll J _ . _ .
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Additionallyeight c('r)-speolmene with e widthof 80 mm end I thloknessof !(P._
mm (¢orreapondl_ to the wall-thtokne, of the pipes)havebeen teated.

With no Internal pressureIn the _ the We-fellgued oraok woo opened by a
monoton_lly quell-ltltlo InOmlldngdllpie_ oontroHed}olld_ of the two
hydrlulioootuatoraaotingaa i _ moment.The bendingplanebleaK:tothe (:rook
aymmeVioally.The partialunloadingteohniquewasuled to measurethe oompli|noeof
the oraokedpipe. i_lg,1 thOwathe teat let-up,

L., ....._.......................31" 3600 mm
r
I

Oroasheed I F¢

pipe

i

I 2000mm
Toot pipe

t 3970mm

I

Hydraullo
_otuator1

:lng pipe
I

I

_F"Support frame F-

Fig, 1. Test facility
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Ingeneralthe followingmeasurements'were performed:

- Priorto the test: The geometryof the pipeand the crack
The meanvaluesof the geometryare llstedInTable I,

- Duringthe test: Actuatorforces and dlsplaoements,
stralnson the plpesurface,crack openlng,crack
extenslon,crack length,ovallzatlon,beginof buckllng

- Afterthe test: The geometryof the plpeandthe crack;the wall thlcknessIn the
cr:Ick planeIf the cr6ckswere locatedIn the base materlal

DERIVATION OF R-CURVES

Asa resultof theteststhe realisticJR-Curvesand8R-curveshavebeenevaluated.The
calculatedJR-CUrvesare shownIn Rg, 2.1 (&c = semicrackextension)togetherwith
the Jprrange of small specimens.

24000-
J [N.mrn-1 )

18000
i

12000

X X xx X

xxXX X
X

S000 XX

reof
o mlmens

I0

&¢ Cmm]

Rg. 2.1 JR-Curvesfor the pipesincludingthe bucklingrange,Legendin Table 1

Ascan beseenfor316 LSPHpipeswiththeInitialcracksof 1200theJR-Curveof thethird
experiment(WM)iswellbelowthecurveof thefifthexperiment(BM). This toughness-
effect can be seen also as a result of smallspecimentestsa.The JR-CUrveof the
second experiment(HAZ) lies betweenthose of the third (WM)and the fifth (BM)
experimentbut nearthose of the BM.The JR-Curvesrisemonotonicallyupto a total
crack extensionof 600 ram. The shapesof the curvesare non-linear.
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J Is calculated accordingto the basic formular

j=_f _)F
o

(_ = load pointdisplacement). The results of the present tests correspond to the
application of

j=jel +jpl (2)

J_"is the elastic and jr, is the plastic part of the J-Integral

A light microscope was used to measure the crack tip openingdisplacement 6 of the
crack edges at theoriginalcrack tipon the photostakenduringthe pipetests,65 (Fig. 2.2
and eqn (5)) is not subjectto such strong limitations on the allowable ligament and
crack extensionwhen comparedto the parameters CTOA andCOAl. Fig, 2.2 showsthe
linear correlationof 8 and the crackextensionwhich begins aftera short Initialnon-lineart

part and ends after the Initiationof buckling;the smallspecimen range is also shown,

lOO.

S5 [mm] Qb=,.__

80 originalcrack t__ 5

60, &

Range of
o small specimens

0

AO Cmm]

FIG. 2.2 8R-curves for the pipes including the buckling range, Legend in Table 1
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ThefundamentalIdea isthat - fora giventhickness- the measuredR-curves arematerial
constants.By the pipe tests the diversionof the forces around the crack leads to com.

pressive stresses transverse to the applied forces. This leads to ovalizationof the pipe
shortlyafter startingthe test, The diameter Dv (Rg, 3.1) Is Increased while the diameter
DH (Fig. 3,1) is decreased; this type of behaviourIs in contrast to that of an uncracked
pipe. This ovallzatton of the pipes is a geometrical effect which leads to a lowering
of the R-curves and of the maximum moment4. Interimcalculationsusingcorrection
formulas after_ have shown that a slight but small decrease of the JR-CUrve has to be
expected, Concerningeffects of ovallzationfiniteelementstudiess have shownthatdue to
the acceptable correspondencebetween *,hefiniteelement resultsand the resultsof the
experiments the stress Intensitycalibrationfunction Y is not affected.

The failuremechanismworkingfinallyisbucklingon the backwall sideof thepipewhichis
under compression,A summary of the ovalizationmeasurements is showntn Table 3, To

compare thebucklingof the tested pipestheminimumof thedecreasing pipediameterDH
can be regarded as the Initiationof buckling,

Table 3

Summary of the ovalization measurements

ii i i1= ,i i iii i,i HIIIIHI =IIHI . I,III, . I I " '": ......... . LI , ,",,' ,

Test 2 Test 3 Test 4 Test 5

(1,) D_ Dv (I) D. Ov (I,) DH Dv d> OH Dv
[o] [mrn] [mm] [o] [mm] [mm] [o.j [mm] [mm] [o] [mm] [mm]
ii i i iii i i ii i i iii iii i lU - iiiiiiiii i i _ iiii

124,2 703 710 120.9 702 709 175.4 705 711 120 706 714
126 679 723 122.5 686 718 175.5 698 718 120.2 697 727
128,6 678 726 137.5 675 730 175.9 694 722 120.7 693 734
131,8 676 729 148.7 670 731 177.9 688 728 121,5 688 733
132.6 673 731 166.2 672 733 185.1 686 733 123.6 681 736
138.1 670 734 180.7 674 738 198,7 687 734 129.2 674 740
148 667 738 198.3 676 736 134.2 671 749
157,8 668 745

DH and 1"3V see Fig. 3.1; d) see Fig. 5

As a result Figs. 3.1 and 3.2 showtheusablepartsof theJ- respectively8 - valuesof the
measured R-curves. The question-markscharacterise those ranges for whichmeasure-
ments are not available.
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12000 -

d [N.mm-1 ] J-ranges of the Buckling
tested range

aooo OHg_v

Jo

Ovallzln

400O range

J? No 0o ovallzatlon
1 2 . 3 4 IJ 0

J-ringes of smell Test No.
)eolment

Rg. 3.1 Ranges of J values excluding the bucklingrange, Jo is the J-value at
the maximum applied moment M

3s

8s [ mrn]
30

2O

10

I? i')i
0

2 3 4 s 6
Test No.

FIG. 3.2 Ranges of the Delta values excludingthe bucklingrange
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TRANSFERABILITY OF THE SPECIMEN CHARACTERISTICS

To test the transferabilityof R-curves from small specimens to large structures,
J.-curves of C(T)-speclmensweredeterminedby usingstandardtestproceduresafter
DVM, EGF and ASTMLResultsof J calcuiatlonsare affectedbythe oalculatlonproce-
dure (seeRg,4.la), InthepresentcasetheJR-Curvesofthepipesmustbereferredto the
EGF.orrJR-CUrve,becauseIn bothcases the same formulashave beenused.

EGFcorr.

2000

Pipe Tests 1, 8 end (S

i

o ' _ ' _o ' t's '
&¢ [mm]

Fig. 4.1a Comparison of the JR-curves of three pipes with those of one
C(T)-speclmen of the same material, Legend in Table 1

As shown in Fig. 2.1 the JR-CUrves Of the pipes are non-linear. This means that any
extrapolation from small specimens to large structures is impeded. Further more, it Is

immediately clear that any extrapolation from small specimen data will be difficult due to

the small crack extension of only a few mm in these specimens.
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In this context another point of Interest is the effect of the material toughness on
the R-curve, From small specimen results It Is well known, that the JR-Curves of
weldments are lower than those of base material,This is also a result of JR-Curvestaken
from the pipe tests:see Fig, 2,1, test3 and 5, On the otherhand, as a resultof somesize

effect, in the crack initlaUonarea the JR.-curves of the tested pipes are generally
lower than those of the tested small specimens: an example is shown In FIg,4,l a. This
suppositionIs supportedby the differentreductionInwall-thickness t, shown in Flg,4,lb,

12)
t [mm]

E9
, [:;uB .

" 0(ID , , ,
e. O0

0

4 C(T)-speclmen

2 0 bite material
D weldment
-- - ,.,. i

0.............._ I_ I'2 .........1'(I 2

[mr,,]

FIo. 4.1b Comparison of the reduction In wail-thickness of the pipes
(Legend in Table 1) in tests 1, ,5and the C(T)- specimens

Duringthe same teststhecrack tip openingdisplacementat theoriginalpre-fattgue crack
tip over a gauge span of 5 mm (a schematicdrawingis shown tnFig. 2,2) was measured
by using two special clip gauges. In Fig, 4.2 the 8S,R-curves measured on eight
C(T)-specimens are shown togetherwiththe comparable 8R-curve of pipe test 5, The
small specimen data are available for crack extensions up to 5.8 ram, The
C(T)-specimen data are at the upper boundof the pipe data, followingthe non-linear
trend curve up to the maximum observed crack extension. The linear part of the
8R-curve measured on the pipe is within the range of possibleextrapolationsfrom the
small specimen measurements,
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10.

sI [mm]
Pipe test 8

a

Pipe test 5

s

C(T)-speolmenl
318 L $I_I

2 BM
W=50mm

& a [mm]

Fig. 4.2 Comparisonof the 8R -curves of two pipes with those of eight
C(T) - specimens of the same material

APPLICABILITY OF THEORETICAL METHODS FOR PREDICTION

The necessity for making quick assessments for the severityof a crack-like flaw In a
structure led to the developmentof a numberof failure assessmentmethodsa which are
easy to apply, providedthatthe relevantinputInformationare available.Two of these are
investigated for predictingthe point of Instability.

It has been observed experimentallythat theapplied momentsM are well below the limit

moments ML(based on OF= (Re+ Rm)/ 2, OF= flowstress) of thepipes. The plasticity In
the remaining ligament was investigated by Wllkowskl et al.e who proposed an
empirical criterioncalled the "Screening Criterion", which showsrelation between the
ratio of maximum experimental moment MmM (Mo If loadcontrolled)to limit moment
ML and a dlmensionsless plastic zone parameter Incorporatingthe toughnessof the
material. The results of the pipe tests seem to support this criterion (see Fig.5, Jo=
initial value of J, OF = flow stress ).
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I
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I

0
0 i | 1 4 II

IIJ

PI.etl.-Z.n.P.rameter (_)/( _r-0.8.)4 O

Fig. li Comparison of the "Screening Criterion" with the results of the pipe tests

The ETM is aimed at estimatingthe mechanical behaviourof a cracked structure by
closed form solutionslo. The ETM dlsUngulshesbetween the load ranges F< F. and

F > Fe, where F. is theyield loadwhich Is relatedto the attainmentof net sectionyielding,
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Inthe loadrangeF<FetheCTODIsglvenforbendlngoonflguratlon=by theplastlooorreo.
ted small-scaleyleldlngsolutlon:

[0,5(K +K)] 2
8 - ...._ff........ (3)

E,R
e

with

Keff m o,Y__

K2

(::elf " 2..rr. R2 ( 1 +n )

K - o .Y (_/"_"_.o )

(8 = displacement,o = semlcracklength,K= stressIntensityfactor,Y = stressIntensity
callbratlonfunotlon),Inthenetseotlonyleldlngregimethe applledloadF> Fro,theareaof
Interestfor thls paper, the CTOD Is glvenby:

8 - 8. {.__.} 1/n (4)

whereB, designatesthevalueof 8at F = F, andn is the strainhardeningexponentof a
piece-wisepower law representingthe material'sengineeringstress-stralncurve:

t " 'e {"_"} 1/n (5)
Re

As theseformulationshavealreadybeensuccessfullyappliedto laboratoryspecimens.It
was intendedto use ETMfor predictingthe behaviourof the pipes tested.

In the case of the pipeseqn (4) can be rewrittenas follows:

B5 . 8e {_.M} 1/n (6)
M e ,

(M - applied bendingmoment).According tothe rulesof ETMthe Inputvaluen (Table2)
is anaverageslopeoftheo-( valuesgoingthroughRe/Eeandtou(_hlngtheo-( at Itsupper
end as a tangent.
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M .. F,I

Me= Re, t ,D2( cos ._- .-_sln ._ )

4, M

8 fromeqn (3) with o = ,rr:t,D 2-

(¢ - CrackAngle),Thetensiledataare ilstedInTable2, Y was determinedby usingthe
compliancemeasurementsduringthe testsI.

Forallsix pipesthemaximum(inthecase of loadcontrol:critical)momentM=anclthe
relatedcrackextension&C.were predictedusingeqn4 as the drivingforoeexpression
fortheR-curveanalysis.ForasensitivitystudythecriticalvalueshavebeendeterminedIn
a systematicmanner(Table4) by the tangenoyoonclltlonbetweenthe drivingforce
curvesand theR-curves,Category1 InTable4 means,forexample:Thecriticalvalues
ofpipe 3 (d). 120G,WM) havebeendeterminedwiththedrtvlngforceexpressionsusing
the tensiledatafortheweldment(Test3) and theR-ourveoftest3 itself,The drivingforce
expressionand theR-curveare basedonthe sameparameters,Category2 means,for
example:Thecriticalvaluesof pipe3 (d)., 120°, WM) havebeen determinedwiththe
drivingforceexpressionsusingthetensiledatafortheweldmentandtheR-curveof teat5
(¢ = 120G,BM);the materialas an R-curveparameterohangesagainstcategoryi, It
seemsto be moredifficultto get the Correctpredictionthanin oategory1, Category3
means:Thecriticalvaluesofpipe4 (d)= 180°, WM) havebeendeterminedwiththedriving
forceexpressionsusingthetensiledatafortheweldment(Test4) and theR-curveoftest
5 (¢ = 120G,BM);againstcategory2thelevelofconfidenceoftheresultsdecreasesonce
more,

Table 4

Categories for the Prediction of Instability

Category Load Configuration Geometry /n/t/a/Crack Mater/a/
I ":" _- _. • Ti i : ..... llmlll_l_l: _ _" : II llllflllll'!lll I I I [RIJ -" ___ ---- - . lllllll ....... ]I1111 ...... II "_ ___]lli[l[__

I same same same same

2 same same same different

3 same same different different

Figs, 6,1 and6,2 showthe resultsof the predictedcriticalvaluesof semtcrack lengthc
andbendingmomentM, It can be seen,that in category2 and3 the crack lengthsare
underpredictedand the momentsare overpredicted,
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40
e

A 0 o, exp. [mm ]

Fig. 6.1 Predicted orlUcalcrack extensions, Legencl In Table 1

;IOO0.

M o, pred. ( KN.m]

1100 (_

IOO0

M o, exp, [ KN.m]

Fig. 8.2 Predicted value of the critical molnent, Legend tn Table 1
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CONCLUSIONS

- R-curves baaedon the j-integral andthe Crack Tip Opening_ptacementMvo
beeneltabilshedforolroumferenttallyOrsokedthin-walledstraightplpea,It hal been
emphil_ that the usable range of the R-curves Ii Itmltedby the _innirlg of
b_kling,

- The resultsof checkingthe transferabilityof laboratoryspeot_ Orsokgrowth
characteristicsto olroumferentlallycrackedpipesdemonstratedon N austenitto
stainlesssteel 310 L SPH, that the fracture_hanlot _ept for a rella_
transferofcrack resistancedatafromtm|ll e_lmen geometriesto largeetruotullte
Is stliito be qua,fledfor hightoughnessrnllerkllt.

- Two methods, the "sOreentngCriterion" end In perttou!arthe "Engineering
TreatmentModel" _M, have been ol_¢ked for their usefulnessIn predicting
the point of crack instablilty,The resultspresented In this paper show an
overestimationof the maximum_nt and in the _tt ouel sn under-
estimationof the correspondingcrackextensionAce,
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COMPA__I_JSON OF FRACTURE TOUGI_SS VALES FROM
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ABSTRACT

Within the internationalPiping Integrity Research Group (IPIRG)program, pipe system experiments
involving dynamic loading with intentionallyclrcumferentiallycrackedpipewere conducted. The
pipesystemwas fabricatedfrom 406-ram (16-inch)diameterSchedule100pipeandtheexperiments
were conducted at 15.5 MPa (2,250 psi) and 288 C (550 F). The loads consisted of pressure, dead-
weight, thermalexpansion,inertia, anddynamicanchormotion.

Significantinstrumentationwas usedto allow thematerialfractureresistanceto be calculatedfrom
theselarge-scaleexperiments, A comparisonof thetoughnessvaluesfrom thestainless'steelbase
metal pipe experimentto standardquasi-staticanddynamicC(T) specimentestsshowedthe pipe
toughnessvaluewassignificantlylowerthan that obtainedfrom C(T) specimens.It is hypothesized
that the cyclic loadingfrom inertialstressesin this pipesystemexperimentcausedlocaldegradation
of the material toughness. Such effects are not considered in current LBB or pipe flaw evaluation
criteria.

INTRODUCTION

The first phase of the International Piping Integrity Research Group (IPIRG-I) progranl was an
international group program managed by the U.S. Nuclear Regulatory Commission (USNRC) and
funded by a consortium of organizations from nine nations: Canada, France, Italy, Japan, Sweden,
Switzerland, Taiwan, the United Kingdom, and the United States. The objective of the IPIRG-I
program was to develop data needed to verify engineering methods for assessing the integrity of
nuclear power plant piping that contains circumferential defects. The primary focus was experiments
that investigated the behavior of circumferentially flawed piping and piping systems subjected to
loading typical of seismic events.

In nuclear piping system applications, the fracture resistance of a material is typically expressed in
terms of the J-integral fracture parameter versus crack extension, i.e, the J-resistance (J-R) curve.
Typically, J-R curves are developed using compact (tension), C(T), specimens with monotonic
loading. In these tests, applied load, specimen displacement, and crack growth are measured and
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used to generate the J-R curve. Another method of developing J-R curves is to measure crack
growth, load, and displacement from a pipe fractureexperiment. Again, using suitable analyses, a
pipe J-R curve can be developed.

In the ideal case, C(T) specimen and pipe I-R curves would be quite compatible. If this ideal state
always existed, then only specimen tests would be required to supply the data for piping fracture
analyses. Unfortunately, the ideal case does not always exist. The effect of constraint on toughness
is currently a high priority topic, even though it was recognized long ago that a bend-bar or C(T)
specimen would give a lower toughness than a center-cracked plate. Under monotonic loading,
numerous programsdetermined that bend or C(T) specimens yield lower bound results. However,
other mechanisms, such as cyclic and/or dynamic loading, may influence the fracture toughness of
a material. The following paper compares the standard C(T) specimen and dynamic pipe fracture
experiment J-R curves from the IPIRG-1 stainless steel base metal pipe system experiment. It will
be shown that the C(T) specimen J-R curve is significantly higher than the pipe test J-R curve leading
to speculation that cyclic loading in this pipe system experiment has caused some degradation of the
material toughness.

DESCRIPTION OF EXPERIMENTS

The main experimental effort in the IPIRG-1 program consisted of both "separate effects'
experiments on simple small-diameter 152-ram (6-inch) pipe and combined inertial- and displacement-
controlled load experiments on a larger diameter 406-ram (16-inch) piping system tested at nominal
pressurized water reactor (PWR) conditions. The pipe system experiments were conducted to
investigate the complex interaction of loading conditions and system dynamics on pipe fracture
behavior. Results from these experiments provide an important data base that can be used for the
critical assessment of analytical procedures.

There were five cracked and one uncracked pipe system experiments conducted as part of IPIRG-1.
The crack in each cracked pipe experiment was an internal circumferential surface crack with a crack
size approximately 66 percent of the wall thickness in depth and approximately 50 percent of the pipe
circumference in length.

The pipe system used in the conduct of these experiments was fabricated as an expansion loop with
over 30.5 m (100 feet) of straight pipe and five (5) long radius elbows, see Figure 1. Special care
was taken in the design and construction of this pipe system to ensure that the boundary conditions
could be properly modeled in a finite element analysis. At the two fixed ends (Nodes 1 and 31 in
Figure 1), the pipe was attached to i500-pound class weld neck flanges which weri_ bolted to a large
steel frame that was buried in a large, heavily reinforced concrete mass. At the two hanger locations
(Nodes 6 and 26), the pipe was supported by spherical bearings which allowed the pipe to translate
in the direction along the pipe axis and to freely rotate in all three rotational degrees-of-freedom
while constraining the pipe in the vettlcal and iiorizonal directions perpendicular to the pipe axis,
At the actuator location, lateral displacements were prescribed. Because a spherical bearing was also
incorporated at the actuator location, the pipe was constrained vertically but was free to translate
along its axis and free to rotate in any direction. Finally, at the two vertical supports, the pipe
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Figure 1 Artist's conception of the IPIRG pipe system
test configuration
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floated on a thin film of oil from hydrostatic bearings which supported the pipe in an essentially
frictionless manner.

The actuator displacement-time history for the stainless steel base metal experiment was an increasing
amplitude sinusoid with an increasing ramp superimposed. The equation of motion for the actuator
was:

U x = St +A[l-e-bt] sin(_t) (i)

where

Ux = actuator displacement
t = time

S,A,b = equation constants
_o = 24.82 rad/sec (3.95 Hz).
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The forcing function frequency used in this experiment, 3.95 Hz, is 90 percent of the first natural
frequency of the pipe system, 4,41 Hz. As a tes(Jlt of this load history and test conditions (PWR),
the cracked section experienced a variety of stress components, i.e., thermal expansion, dead weight,
pressure induced membrane, and a mixture of displacement-controlled (seismic anchor motion) and
inertial bending stresses.

Fer each of the IPIRG-I pipe system experiments, crack section moment data were measured using
a series of strain gages attached to the pipe loop on each side of the crack section. In addition,
rotation data were recorded using an LVDT-based device mounted across the crack, see Figure 2.

! Figure 3 is a plot of the moment-rotation response from the IPIRG-I stainless steel base metal
experiment,

Prior to conducting the cracked pipe experiments, quasi-static and dynamic tensile tests and quasi.
static and dynamic J-R curve tests were conducted using laboratory-scale-size test specimens for each
of the materials tested in a pipe system experiment, The monotonic tensile test results (quasi-static
and dynamic) for this stainless steel material are shown in Figure 4, The monotonic J-R curves
(quasi-static and dynamic) for this material are shown in Figure 5,

Figure 2 Photograph of LVDT-based rotation device
X 'used on three stainlt,,sssteel e perlmenL,_

F1.3-3/91-F3.52
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ANALYSIS OF EXPERIMENTS

One aspect of the analysis of the IPIRG-1 stainless steel base metal surface-cracked pipe system
experiment involved comparing the envelope of the experimental moment-rotation response to the
predicted moment-rotation response from the SC.TNP J-estimationscheme(1). SC.TNP is a finite
length surface crack J-estimationscheme developed at Battelle as part of the USNRC's Degraded
Piping Program. The SC.TNP approach uses the EPRI/GE 360-degree surface-cracked pipe

solution(2)for pure tension to developnew h-functionsfor calculatingthe plasticcomponentof J, Jp,
for a finite length surface crack subjectedto pure bendingloads.

The effect of internal pressure is addressed in the analysis in an approximateway by ignoring
possible loadingpath effects on plastic deformation, and replacingthe axialtension in the uncracked

ligamentaheadof the crack by an additionalappliedmoment. The equivalent moment, M_, from
the pressure-inducedaxial tensile stress is approximatedas being equal te_the difference of the Net-
Section-Collapsepredicted moment under pure bending and the Net-Section-Collapsepredicted
moment under combined bending and tensiondue to the internal pressure.

The material property data needed for J-estimationscheme analyses are the yield and ultimate
strengths, Ramberg-Osgoodparameters forthe stress straincurve, andtheJ-R curve for the material.
Stainlesssteel is a difficult material to have a goodfit of the tensile test datawith a Ramberg-Osgood
curve. Figure 6 shows four different Ramberg-Osgoodstress-straincurve fits used in the following
fracture analysis. Table 1 lists the Ramberg-Osgoodcoefficientsfor each of four fits to the measured
stress-strain curve data.
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Table 1 Tensile properties of stainless steel base metal
with four different fits of stress-strain data
to Ramberg-Osgood equation

...... L_ i1[ i i _. _ .......... i _ _ ii 1 i[

Low Strain Intermediate High Strain
Entire Curve Region Strain Region Region

alpha(o0 3,529 3.181 8,328 0.724
- ----, __ ,, ,, ,,,,,,,,,, _ - :, ,,,,,, i,, ,...... ,,,,,,, -- _ -- __ -- ..... i -- --

exponent(n) 4,715 5.534 3,551 6.264
..... _ -- _ - ....,, ,,,, ,, , HI. ,,,,, _L - . -- _ -- __ -- _ -- ......

Regression 0.982 0.949 1.001 0.996
Coefficient (R)

Yield Strength 24.8 ksi

Ultimate Strength 66.2 ksi

Reference Strain 0.000936
......... i ................... p_lll ' "11 ..... all ........
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Figure7 comparestheenvelopeof theexperimentalmoment-rotationcurve for the stainless steel
base metal pipe system experiment with the predicted moment-rotation response from the SC.TNP
J-estimationscheme using the four different fits of the quasi-static stress-straincurve to the Rarnberg.
Osgood equation. In each case, the predicted moment-rotationresponse is based on quasi-static J-R
curve data from monotonically loaded C(T) specimens. The predicted maximum moments from the
SC.TNP analysis for each of these cases are significantly higher than the maximum experimental
moment. Furthermore, except for the case where the predicted moment-rotation response is based
on Ramberg-Osgood coefficients from a fit of the stress-strain data in the intermediate strain region,
the predicted moment-rotation response is higher than the experimental data in the elastic region.
Because it is essential to compare well in the purely elastic region, only the intermediate strainregion
coefficients will be considered from hereon.

Figure 8 compares the envelope of the experimental moment-rotation curve to the predicted response
using the intermediate strain range coefficients. The agreement between prediction and experiment
is quite good up to a rotation value of approximately 0.0045 radians. After that point, the analysis
significantly overpredicts the experiment. One possible explanation for this deviation between the
experimental and predicted response is due to a difference in the J-R curves between the pipe
experiment and the C(T) specimen test, A logical assumption is that the crack initiated at the point
where the two curves began to deviate. If one examines the output file for the SC.TNP analysis,
one finds that the J value at the point where the two curves deviate, 0,0045 radians of rotation, is
215 Ll/m2 (1,230 in-lb/in2). This is 29 percent of the average Ji value from the quasi-static

700 .......... : ........

4000
.... 13....... (:'!!..... [) ........ t]

800 .- . .

f3f)O ...... 0 i .:0 °'I --0 i- "
_-: ," ..... . tl _ 3000 ,,
) [,! / ..' 9

,'! ' )' "g

400

'_z:_ 3o0 /"///_// 2o0o o_

"J 200a_

........• ........ [ xpe,iment I 000 _
() I ow 5t)oi))

1 {}0 i Interrt)ed)c_te 5trc]ir)
"" CJ Itiqh 5tfo)n
..... • ..... [ ntire Curve

0 0
_--L_ _A_. , .... J , J j I ....._ I ., l ..' 1 , _1 _, I , l , 1 .J___...l.-

().000 ().0()4 0.008 0 01 2 0.016 0.020 0.02,

ROTATION,2_, radlans

Figure 7 Comparison of the enveh)pe of the experimental moment-rotation
response for the stainless sieel base metal pipe system experiment
with the SC.TNP predicted moment-rotation response using four
different fits of the quasi-static stress-strain curve to the
Ramberg-Osg_)d _uation

IAEA-10/92-F7

848



600 ........::-=_--= ................... :..... ..... : = _.... __.............. .==____ ....... __ _-__== _ .......

4000

500
m _

i
/

,- J- 3000[" 400 " .f--e--t
Z

o ' 2000
r')

200
z

.......g .... [ xpef,menl 1 000 '_
-' U_ " In|ermedidleSDoin

too

o o

0000 0,004 0.008 0.012 0.016 0.020 0024

ROTATION, 2_, rndlane

Figure 8 Comparison of the envelope of tile experimental moment-rotation
r_ponse for the stainless steel pipe system experiment with
the SC,TNP predicted response using the intermediate range
Ramberg-Osgood coefriclenL_

IAEA-10/92-F8

monotonically loaded C(T) specimen tests, 738 kJ/m2 (4,215 in-lb/in2), and only 18 percent of the,
average dynamic monotonic Ji value of 1,215 kJ!m2 (6,933 in-lb/in2), If one lowers the slope of the
J-R curve, i.e,, dJ/da, to account for the lower slope of the experimental moment-rotation response,
and one assumes that Ji is lower, one should be able to match the predicted and experimental curves
past crack initiation. Through an iterative process, it was found that if the J-R curve used in the
SC.TNP analysis was modified so that the Ji value was set at 738 ld/m 2 (1,230 in-lbs/in2) and the
dJ/da value was decreased by a factor of approximately 1.7, then the agreement between the
predicted and experimental response is exceptional, see Figure 9. The modified J-R curve used in
this analysis along with the J-R curve from the quasi-static, monotonic C(T) specimen test are shown
in Figure 10. Clearly, the pipe system J-R curve in Figure 10 suggests that some degrading
mechanism has affected the pipe's fracture toughness.

One possible explanation for the experimental moment-rotation curve for the stainless steel base
metal experiment being low compared to the moment-rotation behavior using C(T) data is a lowering
of the material's fracture resistance due to cyclic loading effects. The SC.TNP predictions are
predictions of monotonic loading behavior using laboratoryspecimen datagenerated under monotonic
loading conditions, whereas the loading for the experiments was cyclic in nature, see Figure 3. In
fact the effective stress ratio (R) for this experiment, considering the membrane stress contribution
due to internal pressure, was -0.34, This was the lowest stress ratio of all the IPIRG-I pipe system
experiments.
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FurtherevidencesupportingthepossiblereductionIn the material'sfractureresistancedueto cyclic
loadingcan be seenin Figure 11. Figure 11 showsthe DimensionlessPlasticZone Parameter
(DPZP) analysisdevelopedatBattellewith a largeamountof experimentaldata. The DPZP analysis
is a semi-empiricalanalysiswhere the ratioof the experimentalstressto tile Net.SectionCollapse
(NSC) analysis predicted stress is a function of the DPZP. The DPZP is the ratio of the plastic-zone
size, which is a function of the inaterial's fracture toughness, to the remaining tensiie ligament, i.e.,
the distance between the crack and the neutral bending axis. (If the plastic zone encompasses the
entire remaining tensile ligament, i.e,, the DPZP equals 1,0, then fully plastic conditions exist and
the failure stress should approach the NSC stress.) For the stainless steel base metal pipe system
experiment, if the quasi-_tatic C(T) specimen Ji value is used to calculate the DPZP, then the actual
failure stress is significantly less than predicted, see Figure 11. However, if the quasi-static C(T)

specimen Ji value is reduced.by a factor of 3,0, 215 kJ/m2 versus 738 kJ/m2 (1,230 in-lb/in2 versus
4,215 in-lb/ln2), then the stainless steel base metal experimental results are more consistent with the
rest of the experimental data, see Figure 11. This further supportsthe contention that the stainless
steel in this surface-cracked pipe experiment behaved as if it had a much lower toughness than it
exhibited in the C(T) specimen tests.
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DISCUSSION

It hasbeenshownthat for at leastonematerialevaluatedin IPIRG.I, theJ-R curve front the pipe
experimentappearsto he significantlylower than the J-R curve from the correspondingC(T)
Sl_cimentest, In supportof this finding, LandesandMcCabe(3) showedthat theeffect of cyclic
loadingwasmarkedlydependenton the material, For thecaseof an HY-130 steel,there was no
discernibleeffectofcyclicloadingontheJ-Rcurve,seeFigure12.On theotherhand.G_ranA508

Class 2 steel, there was a strong effect o( cyclic loading on the J-R curve, see Figure 13 In
addition, as partof Subtask 1,2 of the llqRG-I progrmu(4_,it was shown that cyclic loading lowered
tile crack-tip opening angle (CTOA), which is related to tire material's toughness, in a cyclically
loaded stainless steel through-wall crack pipe experiment. The reduction in CTOA was related t_)
the stress ratk, (1{) and the incremental plastic displacenient between cycles, see Figure 14
Similarly, l.,a,dcs and McCabeTMreported tllat the smaller the increment of plastic strain between
cycles, the greater the eft;:ct of tile cyclic loads oil the J-R curve, These findings raise the question
l_fhow well can quasi-static, monotonically loaded C(T) specimen data (which are pr¢_bablythe best
t_ughness information one would have available fi)r use in art analysis) represent the fracture
response of a material in a piping system subjected to complex dynamic, cyclic loading. (}bvtously,
such effects are not considered in current I.eak-Bcforc-Ilreak (l.llll) or in-service flaw evaluation
criteria.
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ABSTRACT

Oak Ridge National Laboratory (ORNL) is cornplcting a major task for the Department ot"

Energy (DOE) in the demonstration that the primary, piping of the New Production Reactor-Heavy

Water Reactor (NPR-HWR), with its rolatively moderate temperature and pressure, should not suffer

an instantaneous Double-Ended-Guillotine-Break (DEGB) under design basis ioadings and

conditions. The growth of possible small pre-existing defects in the piping wall was estimated over

a plant life of 60 years. This worst case flaw was then evaluated using fracture mechanics methods.

It was established that this worst case flaw would increase in size by at least 14 times before pipe

instability during an earthquake would even begin to be possible.

The approach to showing the improbability of an instantaneous DEGB for HWR primary

piping required a major facility (Pipe Impact Test Facility, PITF) to apply all possible design loads,

including an equivalent major earthquake (called the SSE earthquake). The facility was designed and

built at ORNL in six months, The test article, a 20-ft (6.1 m) long 16-in. (406 ram) diameter SCH-40

pipe of stainless steel 316LN material was fabricated to exacting standards and inspections following

the nuclear industry standard practices. A flaw was machined and fatigued into the pipe at a TIG
I

butt weld (ER316L weld wire) as an initial condition. The flaw/crack was sized to be beyond the

wo,'st-case flaw that HWR piping could see in 60 years of service--if all leak detection systems and

if _,ilcrack inspection systems failed to notice the flaw's existence.

Since October 1991, the fi_,t test article was subjected to considerable overload_ngs. The pipe

was impacted 104 times at levels equal and well beyond the SSE loadings. In addition, over 560,000

fatigue cycles and numerous purposeful static overloads were applied in order to extend the flaw to

establish the data necessary to confirm fracture mechanics theories, and, more importantly, to simply

demonstrate that instantaneous DEGB is highly improbable for the relatively moderate energy system.

KEY WORDS: fatigue crack growth, J-R curves, elastic-plastic fractt re, nuclear piping, cracks,

fracture mechanics. Type 316L stainless steel, TIG welding
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INTRODU ION

DOE was in the process of designing a new generation of production reactors intended to

replace the aging prc_Juction reactors at the Savannah River Site (SRS) in Aiken, South Carolina.

A heavy water reactor was one of the options being pursued during the Title 1 design phase. The

increases in understanding and the vast experience gained from existing prtxtuction reactors and

commercial nuclear power plants led to proposed improvements in several areas of the design for the

NPR-HWR.

One such area of improvement was to show that the tough austenitic piping of the NPR-

HWR at the relatively moderate temperatures and pressures could provide a design that was not

susceptible to a DEGB.

The PITF at ORNL was designed to load pipes in bending. The maximum bending stress

being located at the center of the pipe. The pipe is loaded in four tx_int bending. This loading

condition provides a constant bending stress across the 3 ft (914 mm) long center section of the pipe.

The flaw under test was at a weld in the exact center of the constant bending section of piping. Both

static and dynamic loadings were prcxluced to bend the pipe. These bending loads tended to open

the flaw. Therefore, the PITF was used to show crack stability in tough austenitic piping.

INITIAL FLAW DESIGN

A fatigue crack growth analysis was part of the design process for the NPR-HWR primary

pressure piping. This analysis was completed using weld residual stress levels in order to predict crack

growth through the piping wall over 60-years of operation. A conservative approach to this analysis

was to assume an existing flaw at the piping inside wall surface. For this analysis, that initial flaw was

chose,'a to be 9% of the wall thickness and located at the inner surface. This value was chosen

because it represents a general lower bound on flaw detectability using non-destructive testing

methods at welded joints in 316 stainless steel material.

Using the crack growth rate methodology discussed in Ref. 1, the worst case 60 year flaws

were established. For the welded pipe, a 0.17 in. (4.45 ram) deep 360* circumferential crack at the

pipe inside diameter is assumed to exist and was determined to be the -,orst case complex crack

condition where a 1 in. (25.4 ram) long thru-wall flaw intersects the 360* inside surface

circumferential flaw. The dynamic testing program was designed to prove the existence of large

failure margins for this initially flawed pipe.
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PIPE LOADG CONDITIONS

An analysis of the NPR-HWR primary piping was completed using the current design basis.

This loading condition is assumed to be present at a circumferential weld in the primarypiping cold

leg. In order to represent the seismic bending load in the pipe, a combined bending moment was

established using the square root of the sum of the squares (SRSS) method. This moment is provided

in the test pipe by four point bending. The actual test pipe is pressurized to 250 psi (1.72 MPa),

which is a conservative over test condition. The water temperature during impact testing was

approximately 1350F(57°C) and represents the NPR-HWR cold leg temperature.

As discussed in Ref. 1, a value of 110 ft-kips (149 KN.m) was established to represent the

safe shutdown earthquake (SSE) pipe bending moment. Based upon the geometry of the PITF, this

110 ft-kip (149 KN.m) bending moment is applied to the test pipe when the load cell reads a value

of 27.5 kips (122.3 KN). Therefore, a load cell value of 27.5 kips (122.3 KN) is considered 1 SSE

loading. The loading methodology and instrumentation locations for the pipe test are shown on

Figure 1. Figures 2 through 5 show details of the test facility. The location of stain gages and crack

propagation gages on the test pipe are shown on Figure 6. The bending moment can also be

measured by strain gage XE-100 on the back side of the pipe. A compression strain of 0.0455% at

gage XE-100 represents 1 SSE loading.

TEST FACILITY DF IGN

The piping impact test facility is shown in Figs. 2-5. The test piece is a 16-in. (406 ram)

diameter schedule 40 stainless steel pipe. This pipe is approximately 20 ft (6.1 m) long and has a

circumferential weld at the center. The center weld was completed using a 'FIG weld joint design

that provided a lack of penetration 360 degrees around the pipe and 0.17 in. (4.45 ram) deep at the

inside surface. This represents a worst case 60-year flaw at the pipe inside diameter. At the center

of the pipe weld, a 0.03 in. (0.76 ram) wide by 1 in. (25.4 ram) long slot was machined by metal

disintegration from the outside pipe surface totally through the 0.5 in. (12.7 ram) thick pipe wail.

This provided a worst case initial complex crack.

The test facility design is such that the pipe can be loaded in bending using a hydraulic ram

and/or a 3100 lb (13.79 KN) swing weight. After the initial thru-wall flaw was machined into the

pipe, it was covered over at the pipe surface by a 0.006 in. (1.52 mm) deep weld along the slot. The

pipe was then fatigued in bending until a crack was developed completely along the cover weld. This
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crack was then extended along the circumferential weld by fatigue using the hydraulic ram. At

vart'ous crack lengths the flaw was tested by a dynamic impact loading using the swing weight. This

dynamic load method has provided loads up to twice the seismic bending load calculated for the NPR-

HWR plant (2' times SSE).

DATA COLLE ON INSTRUMENTATION

A high speed data system collects data during,the 0.1 second dynamic event. The significant

features of this system are as follows:

-- 32,000 Synchronous scans/see

-- 24 channels, nominally as below:

-- 1Load cell

-- 1 Pressure cell

-- 2 Crack extension gages

-- 1 Crack opening gage

-. 5 Displacement measuring devices

-- 7 Accelerometers

-- 7 Strain gages

•-Pretriggers for exact t = 0

--Sophisticated display software

--Data management software with built-in QA features

--Backup each night to tape

--.Some analytical features, e.g. integration & differentiation

TESTING HISTORY AND RF_ ULTS

From October 1991 to August 1992, the test article was subjected to considerable

overloadings. The pipe was impacted 104 times at levels equal to and beyond the SSE loadings. In

addition, over 560,000 fatigue cycles and numerous static overloads were applied in order to extend

the flaw and to establish the data necessary to confirm fracture mechanics theories. The pipe did not

part into two pieces until the crack was 94% around the circumfcrence.

This paper will provide and review some of the data taken during 10 hammer drops and 5

static loadings, The outside diameter crack length in these tests varied from 4.1 in. (104 ram) to 7.6
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in. (193 mm). The fracture surface of thc test pipe is shown on Figure 7, This fracture surface

picture starts at 2 inches from the front pipe centeriine and shows approximately 4 inches of the final

surface. The pipe wall dimensions and initial subsurface flaw are shown on Figure 7. The location

of 4 strain gages are also shown on Figure 7,

The flaw was located at the center of a TIG weld. Based on small specimen test data, the

material characteristics of the weld are as provided in Table 1.

Table 1. Tig weld metal data
i "= IIIIl|lllll_ I II ................ I I H_ _ ,,,
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The first test data provided here was taken during static load test T7C2. For this load test

the crack length was 4.1 in. (104 mm). Prior to this test the pipe had experienced the following load

history:

265,555 Fatigue Cycles

30 Hammer Drops

13 Static Overloads

The strain data at gage XE-112 for various pipe center loads is shown on Figure 9. The

maximum load during test T7C2 was 42.5 kips (189 KN). The strain at gage XE-112 was elastic with

load during test T7C2. The crack tip was located approximately 1.6 in. (40.6 mm) from gage XE.112

during test T7C2.

After T7C2 was completed, the pipe was fatigued for 36,600 cycles. This fatigue loading grew

the crack to a total length of 4.18 in. (106 mm). At this crack length, three hammer drops ('i'7HO-2)

were completed at a pipe center load of approximately 40.5 kips (180 KN). No observable crack

growth occurred during these dynamic Ioadings. Next, the hammer was dropped from a higher point

and the pipe center load was increased to 46.0 kips (205 KN). After the first higher impact load, the

crack was observed to grow to 4.6 in. (117 mm). Over the next 6 impacts (TTH3-9) at this loading

condition, no additional crackgrowth was observed. Aft 'his series of dynamic loads, the pipe was
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l'atigue loaded for 56,(X_)cycles. This l'atigue loading grew the crack to an observed length o1'7.3 in.

(185 mm).

With the crack at a length of 7.3 in. (185 ram), a series of static compliance loads were

completed. A significant amount of blunting was seen at the crack tip during these compliance tests,

but no tearing was observed at the top crack tip until load T8C7. During the blunting Ioadings, a

long plastic zone was established beyond the crack tip along the circumferential weld. This crack tip

and plastic zone are shown on Figure 8. Tearing was observed when center loads of 50 kips (222

KN) and 55 kips (245 KN) were applied to the pipe. This tearing is shown on Figure 8.

During load tests TSC1 through T8Cll, the strain values for gage XE-112 departed from

linearity with pipe load. This load venus strain data is shown on Figure 9. During these ever

increasing Ioadings, a hysteresis loop is observed in the gage XE-112 measurements.

For loading T8C7, a strain of 0.02 was measured before gage XE-112 failed. During this

loading condition, it is estimated that the subsurface flaw was essentially along the fatigue line labeled

number 3 as shown on Figure 7. This subsurface crack face extended approximately 2 inches (50.8

ram) beyond the observable surface crack at each end of the crack tip. Thus, a 7.3 in. (185 ram)

surface crack extended to an approximate length of 11.3 in. (287 mm) length through the pipe wall.

Gage XE-113 did not function during the compliance tests. However, gage XE-114 did

function and strain versus load data is provided on Figure 10. The data was nearly linear with load,
!

however, plasticity at the gage location was evident. During the higher loadings minus strain values

were meas_J:ed at XE.114. Thus, gage XE-114 was clearly impacted by the plastic zone. Gage XE-

115 was beyond the plastic zone during this testing.

CONCLUSIONS

Testing of flaws in the weld metal confirms that crack growth under dynamic S'SE load levels

is stable and demonstrates that the instantaneous DEGB is not probable for the moderate energy

system of the NPR-HWR when loaded at a 1 SSE loading condition. This testing indicates crack

stability for a worst case 60-year flaw at the 1 SSE level. Tearing of a 7.6 in. (193 ram) crack did not

occur until a load of 50 kips (222 KN) was achieved. This tearing was stable. Fatigue crack growth

was shown to provide significant subsurface crack extension. Additional testing is planned for flaws

located in the weld heat affected zone (HAZ). The HAZ has been shown to have lower Jlc and

Tmat values than the weld metal or the base metal for this piping.
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MEETING SUMMARY

This section is comprised of ini'ormal sumnlaries of the papers presented in each session of the
Specialists' Meeting. These summaries were prepared by rapporteurs for each session and, consequently,
reflect their assessment and interpretation of the presentations the day the papers were delivered.

SESSION I. CSNI PROJECT FALSIRE

H. Schulz and R. Bass. Chairmen

Description

The objective of the FALSIRE project was to evaluate present fracture prediction capabilities
through interpretative analysis of selected large scale fracture experiments,

Six experiments with different material properties were analyzed to examine various aspects of
crack growtl, under mainly pressurized-thermal-shock loading conditions. Besides the PTSE-2A_ test

which showed multiple crack events, the other tests sl_owed only stable crack extension in a range of 1
to 6 percent of the initial crack deplh. The initial crack depth in these experiments had an a/W ratio that
ranged between 0.1 to 0.54.

Thirty-nine analyses were perlbnued, giving this exercise a truly international picture. The
methods applied did include various engineering estimation schemes as well as extensive finite-element
calculations.

Following a workshop in Boston two years ago, more extensive comparisons and detective work
to clarify discrepancies have been performed and presented.

Observations and Recommendations to FALSIRE

1. The FALSIRE project has been extremely useful to bring the large scale experiments with
combined mechanical and thermal loading to the attention of a large international community.

2. The results of the analyses showed good capabilities to predict crack initiation, but for some
experiments the available information on measurements for crack initiation were not available in
time or were insufficient.

3. As a technique to predict crack extension, JR methodology was partially successful in some cases
(NKS experiments) but not in others (PTSE-2, spinning cylinder).

4. Root causes which account for differences in the analysis results could be identified in many
cases. Thus, the report can be used as a good reference document in the future. It is necessary
to go on in this effort, especially lcr clarification of remaining differences for PTSE2 and more
extensive comparison with newer data for the spinning cylinder tests.

5. As capabilities of the analyses methods improved (ability to account lbr multi-linear stressstrain
curves, full temperature dependence, inhomogeneous property models), it was obvious that former

material characterization was partly insufficient. Limited supplementary programs could improve
the situation.

6. Work presently going on to improve the understanding of "constraint" may give a large benefit
for fulure analyses to improve crack growth predictions.
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7. Phase I1 of FALSIRE will start by the end of 1992 with the selection of tests, and a call for
participation for the analyst will go out in the spring of 1993, The intention is to select:
- two or three specimens preferably showing two stages of crack growth.

- comparing first the results of the structural analyses to clarify differences originated by
the modeling of the load and elastic-plastic material behavior.

- comparing second results of the fracture mechanics analyses.

SESSION Ii. LARGE-SCALE EXPERIMENTS AND APPLICATIONS

C. Pugh and E. Hackett- Chairmen

This session focused primarily on two technical areas: (1) evaluation and analyses of largescale
PTS thermal shock tests with particular regard to flaw geometry effects and; (2) use of fracture mechanics
estimation schemes for defect assessments in rea6tor pressure vessels.

(1) The papers by Keinanen, Cheverton, and Keeney-Walker highlighted the effect of surface flaws
and surface flaw characteristics (a/q', a/c, clad and unclad) on PTS thermal shock analyses.
Keeney-Walker concluded that generally deeper flaws are required for PTS crack initiation for the

3-D flaw as opposed to the 2-D flaw. Probabilistic failure assessments using OCA-P showed a
significant reduction in conditional failure probability of the RPV for the 3-D flaw case.
Cheverton concluded that LEFM worked well for analysis of the ORNL thermal shock tests, but

that the beneficial effect on fracture toughness for the short cracks in these experiments was not
in evidence. Possible explanations for lack of the "short crack effect" included biaxial loading and
the steep K gradients produced in these tests. Keinanen noted a strong effect of flz,w aspect ratio
on the probability for crack arrest in the V'I'T PTS analyses, short cracks having a greater
propensity to arrest than deep cracks.

Brumovsky reported on plate and spinning disc tests for VVER pressure vessel steels. These
CSFR tests show that base metal with flaws smaller than 40 mm and weld metal with flaws

smaller than 15 to 20 mm behave as though the flaws are not present. As with some other
experiments, Brumovsky reported that multiaxial stresses at failure were lower than for the
uniaxial case.

(2) The papers presented by Bloom and Dowling/Morland were concemed with using flaw estimation
schemes (calibration functions and R6, respectively) for RPV defect assessments. Bloom
presented the results of ABAQUS FEM J-integral solutions in terms of calibration constraints as

a function of a/W, a/c, r/t and Ramberg-Osgood strain hardening behavior. The primary
conclusion of this work is that use of FEM formulations for RPV defect assessments can be

minimized in favor of calibration function approaches. The Dowling/Modand presentation
emphasized that, although conservative, the CEGB R6 methodology has also been shown to be

reasonable for RPV defect assessments. Areas in which reduced conservatism now appears
justified included allowance for stable ductile tearing and an improved definition of limit load for
ductile materials.
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SESSION iii. ASSESSMENT OF FRACTURE MECHANICS ANALYSIS METHODS

G. Yagawa and J. Landes - Chairmen

This session dealt with the development of methods to predict fracture behavior in structural
components and the actual application of some of these methods. The consensus among presenters was
that traditional approaches to fracture characterization may not be adequate to predict fracture in complex
geometries. The first paper "Perspectives on Ft'acture: Correlation versus First Principles and Length
Scales" by Professor Shih, suggested a frmnework for fracture assessment contrasting a mechanistic
approach versus a phenomonological approach labeled correlation approach. He pointed out that fracture
behavior was controlled by the exceptional behavior of atoms rather than the average behavior, causing
many mechanistic models to predict incorrect fracture trends. The correlation approach attributed to Irwin
did not in its present format describe effects of all factors involved in fracture. Mixing the two approaches
gave a common ground which could take the philosophies of both the mechanism approach to fracture
and correlation approach. This mixed approach is labeled the constraint correction approach. Fracture
behavior is governed by two crack-tip stress states, a deformation stress state, and a triaxial stress state.

These states are independent, requiring different parameters to describe their behavior, therefore, a single
parameter correlation approach should not be adequate trOcharacterize fracture; a two parameter approach
is needed. For this, J describes the deformation stress state and Q the triaxial stress state. These

parameters must be calibrated for a given geometry and crack aspect ratio; a handbook of these solutions
is planned. To predict fracture behavior, a locus of J-Q points is needed, rather than a simple J for
fracture.

The second paper "Continuum and Micro-Mechanics Treatment of Constraint in Fracture"
presented by Professor Dodds continued the theme of the first paper. He stated that in order to transfer
the results of a laboratory test to the fracture prediction of a component structure, four factors affecting
constraint must be considered; a/W, size, thickness, geometry. His method for dealing with constraint is
to take a reference constraint state, essentially an infinite body where Q = 0, and reference all other
constraint states to that. This is done by characterizing the principal stress and a size parameter for

fracture in the reference stress state; this gives fracture corresponding to a crack-tip field characterized by

the global parameter Jo. To determine the condition for fracture in a component, it must have a crack-tip
field equivalent to the Jo field in the infinite body. A component with a constraint less than the infinite
body would have a global applied J which is not J0 for this corresponding field; for lower constraint, the
applied J is greater than Jo. Through numerical calibration, the applied J, which gives a crack-tip field
corresponding to the one at J0 in the in'finite body, can be determined. This applied J then is the one that
can be used to detem_ine fracture for the lower constraint. Dodds showed data of Sumpter which had a

large toughness variation due to differences of constraint. When analyzed by the equivalent Jo approach,
these data were consistent.

Dodds continued by showing for the first time J-Q calibrations for the three-dimensional part
through surface crack. Q varies around the crack edge being low at the surface, _ = 0, and rising to a
high value at about _ = 17°. The addition of a biaxial stress component changes this distribution of Q.
Fracture prediction for the part-through crack could be done by choosing a two-dimensional fracture
specimen that has an equivalent constraint, characterized by Q, to the part-through crack.

The third paper "Recommendations for the Application of Fracture Toughness Data for Structural

Integrity Assessment" by Dr. Wallin discussed which data are appropriate to apply in fracture prediction
models. Since fracture toughness data in the transition have extensive scatter, it is not easy to determine
the appropriate values to use for a safe assessment of fracture in a structural component. Dr. Wallin

characterized the scatter by a three-parameter WeibuU equation. This distribution was representative of
data scatter for a single specimen size. Size differences could be accounted for by a second equation
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based on a Weibull statistics which adjusted toughness means for size. Wailin showed that all fracture

toughness data in the transition for steel alloys would fall along a common curve when adjusted to a
: common tenlperature, To, which is defined as the temperature where mean touglmess is I00 MPafm.

B&sed on his analysis, he suggested a size criterion given by

where b is the specimen uncracked ligament, Kjc the fracture toughness expressed as K, and Oys the yield
stress of the material.

The fourth paper by B. R. Bass, et al "Constraint Effects in Heavy-Section Steels" presented by
Dr. Shum describes two different analytical approaches to attempt to address shortcomings of conventional
one-parameter methods. These are applied to experimental data and some analytical studies. For example,
tile J-Q models were applied to some actual component test results like the wide-plate tests. Dr. Shum
showed that planar constraint adjustment may not always be adequate; thickness constraint adjustment may
also be needed. As concluded by the authors, many issues still seem to remain to be solved to establish
the two-parameter methods in practical situations.

The fifth paper by Dr. Lidbury "Prediction of the First Spinning Cylinder Test Using Continuum
Damage Mechanics" presents the FE analyses of the SC-I Test, where the Rousselier ductile damage

theory is employed to better understand the transferability of test data from small specimens to structural
tests. The results show that the model can predict the observed enhancement of tearing toughness of the
cylinder to that of small specimens with the appropriate crack-tip mesh size, i.e. mesh size >250 m. It
is considered that the present results show a Ix)sitive step toward achieving the goal to establish damage
mechanics as an efficient tool.

In summary, this session showed that traditional single paranleter fracture correlation methods are
not adequate: new models which account for constraint must be used. These, models show promise of
solving the classic problem of transferring lalx_ratory data measured at high constraint to predict fracture
of a component structure at lower co_traint. In addition to solving the problem of constraint, the scatter
of fracture toughness data in the transition must be accounted for by statistical models.

SESSION IV. LARGE-SCALE PLATE EXPERIMENTS AND ANALYSES

D. Miannay and A. Hiser - Chairmen

Dr. L. Stumpfrock of MPA described a program to as_ss the transferability of crack arrest
toughness from small compact specimens to wide-plate specimens at high temperature lor a steel thermally
embrittled. The results show that multiple reinitiation and arrest occur. During unstable propagation the
dominant mode was cleavage. At arrest there is an abrupt change from cleavage to ductile tearing. A
fairly good agreement between the two types of specimens is observed. However, this general behavior
is in discrepancy with previous results of ORNL on wide-plate specimens. No reason can be given.

Dr. D. Lidbury of AEA Technology described a program to determine the stable tearing behavior

of cracks under different loading conditions by testing wide plate specimens of a carbon steel and by using
the failure assessment diagrmn approach. For the edge cracked plates, the assessment gives a good failure
prediction or is conservative. The very conservative evaluation in bending cannot currently be explained.
The results from combined fatigue and tearing loading in tension are consistent with linearly adding crack
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growth. For the surface cracked plate, initiation is best predicted from using a local limit lead. This
program is now planned for nuclear steels.

Mr. R. FaN of ABB reviewed the knowledge gained by large scale testing to demonstrate
integrity. He highlighted the key issues to be addres_d, initiation of small cracks in brittle material of
large sWactures, the dynamic reinitiation of deep cracks in brittle or ductile materials and the static
reinitiation of deep cracks in ductile materials.

Professor K. Kussmaul of MPA described a program to investigate the application of small
specimen laboratory test data to large-scale tests, under dynamic loading conditions. Overall the results
demonstrated good comparability of the results lot stable tearing; additional analyses are under way for
comparison to component sections.

Mr. D. Wright of AEA Technology reviewed work in progress examining biaxial loading effects
on the ductile tearing behavior of a ferritic steel. Overall the results indicate a benefit of biaxial loading
from the standpoint of higher stress of initiation (by 20 percent) and slightly higher maximum stress (by
2 percent). No comparisons of J levels at initiation or maximum load were presented, although the
speaker thought that the J levels were higher for the biaxial loading geometry. A comment was made
from the audience that the observed benefits of biaxial loading were applicable for ductile tearing and not

necessarily for cleavage fracture.
Dr. H. Kordisch of IWM-Freiburg described a program to assess the transferability of data from

small specimens to a larger plate specimen, for the case of ductile crack initiation and growth in an RPV
steel. Results from this program indicate that good agreement in crack growth proliles can be found
between numerical simulations using small specimens and large plate experimental results if the constraint
dependance of crack growth resistance is accounted lot in the numerical simulations.

SESSION V. FRACTURE MODELING AND TRANSFERABILITY

K. Kussmaul and W. Pennell - Chairmen

The first paper (T. Theiss, ORNL) was entitled "Experimental and Analytical Investigations of the
Fracture Toughness Enhancement Associated with Shallow Flaws." The ORNL shallow flaw fracture
toughness testing program has as its objective a definition of the shift in the nil ductility transition
tempcrature produced by relaxation of crack-tip constraint for shallow flaws. Test results from this
program have the potential to influence RPV pressurizedthennal-shock (PTS) analysis, where shallow
flaws arc a primary source of predicted crack initiations. Three point SEN benching specimens of A533B
material were used in the test program. The bctun section for most of the tests was 100 mm deep and 100
mm wide. Crack defects were in the range of 10 mm to 14 ram, with 50 mm crack defects used in the
control specimens. Results from the lower transition region of the fracture toughness showed a toughness

increase of approximately 60 percent (Kjcs,/Kjcd) for shallow flaws, when compared with the deep-flaw
data. As expected, deep flaw and shallow flaw data were coincident at lower-shelf temperatures. The
shallow-flaw fracture toughness test is shifted by approximately 35°C relative to the deep flaw data.
Follow-up work will investigate the effects of biaxial (out-of-plane) stress field and full-scale geometries

on shallow-flaw fracture toughness. Feedback from the audience questioned the use of RTNDT to
characterize shallow-llawfracture toughness extension for a reactor vessel when cladding was present. The

author explained that the ARTNDT impact of the shallow-flaw constraint relaxation was a convenient way
of summarizing the effect in a single number, cladding effects were however included in the application
models.

The second papcr (Professor G. Yagawa, University of Tokyo) was entitled "Stable Crack Growth
Behaviors in Welded (_ Spccimens - Finite Element Analyses and Simplified Assessment". Investigations
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have been conducted on homogeneous A533B tuld composite A533B/weld nlaterial IT-CT specimens.
In the composite specimens the crack.tip was located both in the parent material HAZ and in the weld
metal. The GE-EPRI method and the reference stress methods were used to estimate J from the CMOD-P
curves. These estimates were then compared with measured values. Mean values of coefficients were
used in the material power law hardening equation to represent the weld material behavior, The
coefficients for parent material were set at 1.0. Coefficients in the range 0 to I were used for the weld
material. A coefficient of 0.5 gave a clo_ match to the measured J- A a curve for weld material. Neural
network technology is being applied to refine the selection of material coefficients. In an example,
training data for the neural network were taken from elastic-plastic cyclic stress-strain test hysteresis loops.
The neural network analysis permits the optimization of the st_'ess-straincurve representation. The positive
impact of this optimization was evident in a comparison of interpretation of the test data for the composite
specimens. It was apparent from the discussion of this paper that the use of neural networks for test data
interpretation was a novel concept for much of the audience.

The third paper (M. Brumovsky, CSFR) was entitled "Large-Scale Fracture Mechanics Testing -
Requirements and Possibilities." Large-scale testing provides the means of optimizing and validating
pressure vessel fracture margin a:_sessmenttechnology. There are however a number of factors which
must be considered when planning a large-scale test in order to avoid producing non-prototypic results.
Size effects are often underestimated in tests. Plate thickness was given as an example. Surface
inhomogenities occupy a greater portion of the test specimen when the specimen is cut from a non-
prototypic plate thickness. Loss of residual stress effects can occur when test specimens are cut from large
plate or components. Examples were given of (a) cracks which initiated from unanticipated locations in
prototypic structures and (b) crack-arrest data which were influenced by environment, thickness and also
the total energy stored within the structural system. Feedback from the audience was generally supportive
of the concems and recomnlendations summarized by the author. The ongoing HSST program shallow
flaw fracture toughness tests on full-scale three-point bend SEN specimens cut from the wall of a reactor
pressure vessel from a caJ_celednuclear plant were cited as an endorsement of the recommendations made
by the author.

The fourth paper (S. A. Swanly, Westinghouse) provided insight into themml mixing phenomena
in case of a small LOCA. It is important to know that the safety injection into the cold leg results in a

! stratified mass flow through the nozzle and downwards in a striplike manner. This causes localized high
stresses in a highly innomogeneous stress field. The maximum loading occurs in the nozzle region. In
the beltline region the axial stress might become as high or even higher as the hoop stress.

A critical review (R. Dexter, Lehigh) of the causes of geometry effects in ductile tearing clarifies
the importance of the geometry dependence of the shape and volume of the plastic zone in the ligament,
ranging from local to remote plasticity. It is therefore imperative to examine the local fracture mode
before any fracture criteria may be adequately employed, on a micromechanical level, ductile fracture
is controlled by a critical fracture strain. This parameter is not very sensitive to both high triaxiality and
surface-type cracks. Therefore, constraint based approaches will not work for ductile fracture.

The understanding of PTS events requires investigation of highly dynamic evenls (H. Couque
SWRI). The generation of respective fracture mechanics data is possible using a novel experimental-
computational approach involving a coupled pressure .bar technique and a viscoplastic dynamic fracture
code. Fracture data have been generated up to upper-shelf temperatures with loading rates of 106
MPaV/"_ .

The paper on nonhomogeneous media (F. Brochard, CEA/CEN) focuses on drastically changing
material properties, e.g., bimetaUic joints and nonhomogeneous temperature distributions, where a
correction term is needed for the calculation of the energy release rate. This fact is important for PTS
events, where the temperature distribution is nonhomogeneous. An open question remains if the crack
tip lies on an interface.
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SESSION Vl. LARGE.SCALE PIPING EXPERIMENTS AND ANALYSES

G. Wiikowski and M. Kozluk - Chairmen

The first paper by W. Stoppler and D. Stunn (presented by L. Stumpfrock), presents the results
of cyclic loading tests on pressurized, large diameter ferritic pipes cont'fining circumferential flaws. The
testing program addressed a number of parameters, including: inside surface versus outside surface flaws,
three flaw lengths were used 20°/40°/120°, three flaw depths were used 10%/20%/50%, upper versus lower
shelf maten'd, and rate of cyclic loading. A majority of the 15 test results reported were pressurized and
tested under full reversal cyclic loading (R-ratio of -1). The authors report thai reasonable agreement with
test results were obtained by finite element analysis based growth rates. The results of the tests indicate
that the fatigue growth rates increase with increasing flaw size and the number of cycles to failure are also
influenced by the toughness of the material.

The second paper by Ft_rsteret. al. (presented by S. Bhandari), describes bending tests performed
on through-wall circumferential cracks in thin-walled, large diameter austenitic pipes for liquid metal fast
breeder reactor applications. In the 6 test results reported, the enclosed angle of the crack ranged from
60°-175° with three of the tests having the crack located in base metal and the remaining tests having the
crack located in either the weld center-line or in the HAZ. The JR-Curves from the pipe tests were over-
predicted by C(T) specimen tests of the same material. The bending moment for the tests was applied
as a quasi-static monotonically increasing load. Because of the larger size of the pipe specimens the JR"
curves obtained much greater amounts of crack extension than are available with C(T) specimens. The
lowest JR-Curve from the pipe tests was for a specimen in which the machined crack was located in the
center-line of the weld and grew by turning into the fusion line of the weld. Because of the relatively
large diameter-to-thickness ratio of the pipe specimens, all of the specimens exhibited buckling in the
compressive region of the speci nen but _e buckling did not occur until after maximum load was reached.
The authors obtained good prediction of the maximum load using the Battelle plastic-zone screening
criteria (worst error being 9%). The engineering treatment model (ETM) used by the authors over-
predicted the maximum moment (worst error being 45%) and underestimated the amount of crack
extension.

The third paper by Olson et. al., presents the analysis methodology used for the piping system tests
performed as part of the first International Piping Integrity Research Program (IPIRG-1). The results of
the tests for a long surface flaw in austenitic base metal are presented. The loading consisted of pressure,
thermal expansion, inertia, and dynamic anchor motion. The piping system loading is an increasing
amplitude sinusoid with an increasing ramp superimposed. The paper concludes that this austenitic base
metal experiences a reduction in fracture toughness (JRand CTOA) because of cyclic loading. The paper
raises the question on the applicability of quasi-static, monotonically loaded C(T) specimen data for
analysis of piping systems. The paper also addresses the difficulty of using a Ramberg-Osgood material
characterization for austenitic steels, and the importance of using a suitable fit. The paper presents that
for these types of application the goodness of fit is best determined by examining the moment-rotation
curve for the cracked piping section.

The fourth paper by Poole et. al., presents an engineering demonstration of the large margins
available in the design procedures to grow cracks from their detectable size to a length corresponding to
f'malcollapse of the pipe. Loading was applied to the piping segment to simulate seismic and impact
loadings, and it also includedload-controlledcyclic loading. As with the earlierpaper by K. FOsteret.
al., when a crackwas put in the center-lineof the weld it eventuallygrew to the fusion line during ductile
tearing.

The paperspresentedin this session appeazto indicatethatJR-CUrvesderived from C(T) specimens
may not be conservative when applied to actual piping systems containing circumferential cracks. It
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appears that: C(T) specimens over-predict til,: JR.curves for thin-walled pipes with circumferential
through-wall cracks, cyclic loading appears to reduce the apparent toughness of austenitic materials, and
confirms that crack growth rates are strongly dependent on the size of flaws, it appears that the cyclic
effects cause damage in the loc',d regmn of the crack tip and this may change the constraint conditions at
the crack tip. Under cyclic loading, the crack extends in increments (of either stable tearing or crack
jumps) which position the crack tip once again in a region of undamaged material. In spite of these
potential non-conservatisms it appears that initiation of flaws can be reasonably predicted and that nuclear
grade piping is extremely tough and that the only apparent way to obtain double ended guillotine ruptures
is through repeated application of large bending loads to progressively tear the pipe into two pieces.

878



NUREG/CP-0131
ORNL/TM-12413
Dist. Category RF

ORNL Internal Distribution

1-5. B.R. Bass 24. R. K, Nanstad
6. J.W. Bryson 25. D. J, Naus
7. E.W. Carver 26-30. D.G. O'Connor
8. R.D. Cheve_'ton 31.32. W. E. Pennell
9. J.A. Clinard 33. A. B. Poole

10. J.M. Corum 34-38. C. E. Pugh
11. W.R. Corwin 39.41. S. J. Ranney
12. T.L. Dickson 42. D. K. M. Shum
13. W. Fulkerson 43. T. J. Theiss
14. S.K. Islander 44. G. E. Whitesides
15. J.E. Jones Jr. 45. ORNL Patent Section

16-20. J.A. Keeney 46. Central Research Library
21. W.J. McAfee 4'7. Document Reference Section
22. D.E. McCabe 48-49. Laboratory Records

i 23. J.G. Merkle 50. Laboratory Records (RC)

External Distn'bution

51.111. Meeting Attendees
112.138. IAEA IWG/LMNPP Members
139.171. CSNI PWG-3 Members

1'72. P. Albrecht, University of Maryland; Department of Civil Engineering, College
Park, MD 20742

1'73. A.M. Clayton, AEA Technology, Reactor Services, Risley, Warrington, Chcshire
WA3 6AT, UNITED KINGDOM

174. A. R. Dowling, Nuclear Electric, Barnett Way, Barnwood, GOS GL4 7RS,
UNITED KINGDOM

175. C. Eripret, Electricite dc France, Lcs Renardieres, 77250 Moret-sur-Loing,
FRANCE

176. L. Hodulak, Frauhofer Institute fur Werkstoffmechanik, Wohlerstr 11, 7800
Freiburg, FRG

177-181. L. Ianko, International Atomic Energy Agency, Wagramerstrassee 5, P.O. Box 100,
A-1400 Vienna, Austria

182. G. P. Karzov, Prometey, Central Research Institute of Structural Mechanics,
193167 Monastyrka River Quay 1, St. Peterburg, RUSSIA

183. D.J. Lacey, AEA Technology, Risley, Warrington WA3 6AT, ENGLAND
184. A.L. Lowe, P.E., B&W Nuclear Technologies, P.O. Box 10935, Lynchburg, VA

24506-0935

185. V. Lyssakov, Academy of Sciences, Nuclear Safety Institute, Bolshaya Tulskaya str.,
52, Moscow, 113191, RUSSIA

879



186. T.R. Magcr, Westinghouse Electric Corp. Nuclear and Advanced Technol¢)gies
Division, Box 355, Pittsburgh, PA 15230-0355

187.191. M. E. Mayfield, RES, Division of Engineering, U.S. Nuclear Regulatory
Commission, Mail Stop NLS-(X)7,Washington, DC 20555.(XX)1

192-196. A.G. Miller, CSNI, Nuclear Safety Division, OECD Nuclear Energy Agency,
Lc Seine Saint-Germain, 12, Boulevard Des iles, F-92130 Issy-l_s.Moulineaux,
France

197. S.T. Rolfe, Department of Civil Engineering, 2(X)6_Jarned Hall, The University
of Kansas, Lawrence, KS 66045.222.5

198-199. C. Z. Scrpan, Jr., RES, Division of Engineering, U.S. Nuclear Regulatory
Commission, Washington, DC 20555.(XX)1

200. L.C. Shao, Director, RES, Division of Engineering, U.S. Nuclear Regulatory
Commission, Washington, DC 20555.0001

201. A. Sherry, AEA Technology, Reactor Services, Risley, Warrington, Cheshire WA3
6AT, UNITED KINGDOM

202. L.E. Steele, 7624 Highland Street, Springfield, VA 22150-3931
203. A. Taboada, RES, Divisic)nof Engineering, U.S. Nuclear Regulatory Ct)mmnssnt)n,

Washington, DC 2(}555-0001

204. H. Talja, Technical Research Centre of Finland (VTT), Nuclear Engincering
Laboratory, Lonnrotinkatu 37, 00180 Helsinki, FINLAND

205. T. Timofcev, CRISM "Prometey," Monastryrka River Quay 1, St. Petc_saurg,
193167, RUSSIA

206. A.A. Tutnor, Kurchatov Institute of Atomic Energy,I.V. Kurchatov Place, 123182
Moskow, RUSSIA

207. T. Uga, Japan Atomic Energy Research Institute, Tokai Research Establishment,
Tokai-mura, Naka-gun, Ibaraki-kcn 319-11, JAPAN

208. M. Vagins, RES, Divisk)n of Engineering, U.S. Nuclear Regulatory Commission,
Washington, DC 20555-(_301

209. J. B. Wintle, Principal Engineer, AEA Technology, Halweli Laboratory,
Oxfordshire OX 11 ORA, UNITED KINGDOM

210. Office of Assistant Manager for Energy Research and Development, DOE-OR,
Oak Ridge, TN 37831

211-212. Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN
37831

88()



,,. ....... H , , .... __ .......,_j lllliIl H I I ................. -7-_ ............................. _i __ _ll II i_"_....

BIBLIOGRAPHIC DATA $HEET

.... -- __ It[Ill[I[Ill[I [flit[..L --- _, _ J ........................ _- E

._ ..... ....._ ---- ..........__j : , .........

Proceedi, ngs el the ,101111 IAEAICSNI Specialists* _"'_"_' ....." _
_eet[/I g oil Frattt|re _eehani¢_ Verificalioll

s October l_mIby Large-,.cale Test[fig .........................' .....

....... --.... 11111III I I.......... Y:: _,irnu - "_! r I I ----- I ...............................

C E Ptlgh, B R Bass, J A Keel|e,y (',oi!fert)llt,_e i)r()eoedi)lt_• , ,i , * // "_L.:77 " ::_--:_--_ ---7: 2:-- 2::2:....................

_ I![111[ : IIIIRfll I1 II - I[J_ -7- L _ IIIf_ll II IIIIII il IIII I'_lr_UL -- --- ".......................................................

Oak Ridge Nat ional Laboratory
Oak Ridge, TN 37831-8063

II _ l!liIIil II 6_ ..__ -- _._ ........... " [ ..... ._ -...... JJ "l_IJl" <'_ ..... ]II_ "-" __4 ...... __ .... : ..... _ ....:.: 7-- :

l)ivisiou of Enginet, ring

off ic_, _I' Nucl,,ar Regulatory Rest, arch
If. S. Nttt, le;lr Rt,gt| latory Commiss i on
Washingt_il, DC 20555-O(}OI

10 SUppLEMI:b, ITAIq_ NOTE5

......... i iI_iii iii . -- ...................... I1[111 [_ " .. '-- JL._ -.- " II fill

ii ABSTRAIT 2,_u,*,,,o_o,,.,,

This report contains 40 papersthat were presentedat the Joint IAEA/CSNI Spe¢iali_l_'Meeting.
Fracture MechanicsVerification by Large.St:aleTesting held at the Pollard Auditorium, Oak Ridge,
Tennessee, during the week ot' Oelobcr 21_-29,l t,_)2. The papers are printed in the order of their
presentation in each scssitm and describe recent large-scale fracture (.brittle and/t_r dutaile}
•x , ' • s [we n predtctmns and experimentalc penmen[., analyses of these e×pcriments, and comparist_ns be 'e ' ' '
results, The goal of the meeting was to allow internatitmal experts to examine the fracture behavior
of various materials and structures under conditions relevant to nuclear reactor comlmnents and
operating environments. The trophy[sis was on the ability of various fracture models and analysis
methods to predict the wide range of experimental data now available. The international nature tff
the meeting is illustrated by the fact that papers were presented by researchers from L:SFR, Finland,

u',', K. q .,,eFrance, Germany, Japan, R sst,h U.S., and the U. "h,.;, were experts present from several t_ther
countries who participated in discussing the results presented. The titles for some o1'the final papers
and the names of the authors have been updated in this refer[ and may differ slightly from those that
appcarcd in the final prugram of the meeting.

-- De SC, ip,_t)R_ ; J' ' -- -- i ..... --- -- ....................................

fracture, mechanics tltalimited .....
reactor prossurt, v_,ssels ,4 gtt_mrr-,c,a_,_l;ca_irq
brittle fracture toughn{,ss ',,,, _................
duct i le fracture [liar,'lasa i fiod

r e f e r e nc e e x 1)_,r i men t s '7,',,"-;_,2,%
piping analysis [lilt? lass if it, d
certification _, NUM_B O_ PAGt!i

NRC t_ORM 3,t5 f2 89_






