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ABSTRACT: Theobjecive of this paperis to studyCharpy—V notch and CT tests
in the ducile—brittle transiion range from both an expeimental and numerial
aspects. Tests were carried out between—165C and 100°C on Charpy-V
speimensusing an instrumentel pendulum and betwea —60C and 0°C on
CT30 sideggrooved speémens. Numerical simulaions of both testsare presated
where ductile damage is simulaed by Rousseér modeland cleavage fracture using
Bereminmodel. Differencesbetweerthe stress field aheal of a propagating ductile
crack in both speémen geomety are undelined. Calculations are then pod—
processedo detamine the failure probability in the transtion tempeature range
under investigdion.

INTRODUCTION

In spiteof its importancen structuralintegrity assessmenthe evaluaton of
embrittlemenbf nuclearreactorvessel{RPVs)componerg hasbeenbased
on gualitatve notch—impct testsfor several decades.However toughness
valuesarerequiredto assesshe structuralintegrity. The establishrentof a
non—empirical,micromechanicallybasedrelationshp, betweenthe Charpy
impact enegy and the fracture toughressin the ductile—britle transition
still remainsthe aim of mary researches the frame of local approaches
methodolog. This approachs basedon the descriptionof the local stress—
strainfields and the understandingf the mechanisma involved in fracture.
This studyis devotedto finite elemen{FE) modellingof Charpy—V notchand
CT specimensn theductile—britle transitionwheretwo fracturemechanisms
arecompeting: ductile crackgrowth andtransgranulacleavage. Particular
attentionis paid to the stress—straifields in front of the crackor notchtip,
in particularwhen stableductile crack growth hasdeveloped. Calculations
are then postprocessedn order to simulatethe ductile—brittle transition



behaiour.

MATERIAL AND TESTING

This study was performedon A508 (16MND5) steel(C= 0.16, Mn= 1.33,
S=0.004,Ni= 0.76, Mo= 0.51 (wt%)) which is usedin pressurizedvater
nuclearreactors. The material containssmall round MnS inclusions with
a volume fraction equalto 1.75104. The plastic behaior of this type of
materialdependdoth on strainrateandtemperatureThe materialbehaior
was testedover the temperaturerange between—150°C to 200°C. Full
detailsaboutthe testsresultsare given elsavhere[1, 2, 3]. Standardized
ISO-V (Chargy—-V) specimensaccordingto DIN EN 10045were testedat
temperaturedbetween—165C and +100°C with an instrunented 300J—
Pendulumcorrespondindo animpactvelocity of 5.5 ms~1. Elastic—plast
fracturetoughnessgestswith CT30 (thickness30 mm) 20% side—growed (3
mm eachsidewith aradiusp = 0.25mm) specimensverealsoperformedat
threespecifiedtemperatures;-60°C, —30°C and0°C. In theductile—britte
transitionrange,fractureresistanceJ, is determinedrom the J—intayral at
theinitiation of unstableclearage,J; = nom (Uc areaunderthe P — 0
curve until clearageinstablity, ng geometrydependenparamete(ASTM
E 813), B, sidggrooved specimenthickness(B, = 24 mm)). The fracture

toughnessKg, is thencomputedasK e = ,/%z (ASTM E 813). For CT

specimendully brittle fracturewasobtainedat —60°C , whereagully ductile
fracturavasobseredat0°C. At —30°C, final failureby cleavageoccursafter
differentamountof ductile crackgrowth.

MODELING

The descriptionof the materialbehaior, including plasticdeformationand
ductile damagecanbe foundin [4]. It is basedon the Rousseliemodel[5]
modifiedto accountfor viscosiy, adiabaticheatinganddamagenucleation.
Brittle fracturewasdescribedisingthe Bereminmodel[6] whichaccounts
for therandomnatureof brittle fracture.It canbe appliedasa post—pocessor
of calculationsncluding ductiletearing.Caremustbetakenwhencomputing
thefailure probability of Charpy andCT specimenssductile crackadwance
leadsto unloadirg of the materialleft behindthe crack front [4]. Model



parametersvereadjustedusingroundbarstestedat low temperatureé—196,
—165C) in orderto obtainbrittle fractureonly [4].

SIMULATION OF THE CHARPY-V AND CT TESTS

The finite elementmeshesusedto model both testsare showvn in fig. 1.
Due to symnetries, only one quarterof the specimenis meshedwith the
usualboundaryconditions. The numericalproceduresisedto performthe
calculationsare detailedin [7]. For Charg—V specimena mixed 2D/3D
meshis usedto reducethe numberof degreesof freedom. The 2D partis
computedassumig planestresgPS)conditiors. Contactbetweerthestriker,
thesupportandthespecimens alsoaccountedor, usingafriction coeficient
equalto 0.1. For CT specimena 3D meshwith side groovesis used. 2D
planestrain (2D DP) simulatonswerealsoperformed. All resultsreferring
to 2D DP simulationsassume specimerthicknesof 24 mm (B = Bg).

Figurel: (a) Combinedplane—streséPS)and 3D meshusedfor Chargy—V
testsimulations.(b) 3D meshusedfor CT30testsimuations

Stresddistribution : 2D planestrain versus3D simulations

Previousstudiegseeeg. [4, 8]) have shavn thata 3D simuationis necessary
for the Charpy testwhenthe deformationof the specimens important For
CT specimensit is usually consideredhat side—groeed specimensould



be modelked with a 2D DP hypotlesis,becauseside—grooesdelaythe loss
of constrainteffect, even for large amountof plastcity. Neverthelessin
the temperaturaangewhere ductile crack growth initiates and propagates,
this hypahesishasto be examined. In Fig. 2 computedand experimenal
force—CMOD (Crack Mouth OpeningDisplacement)are comparedat two
differenttemperaturesorrespondingo fully brittle fracture(T = —60°C)
and transition domain (T = —30°C). At the lower temperaturea good
agreements obtainedwith both modeling. At the highertemperature2D
DP modellingappeargo underestimatéhe load. Furtherresultsare shovn
in fig. 3 wherethe maximumprincipal stresdistribution in the centerplane
of the specimeris plottedfor differentJ. values.Similar stresdistributions
areobseredup to J;, = 185kJ/nt corresponding@pproximatelyto the limit
load of the specimen(seefig. 2—b). For higherJ. values,2D DP hypahesis
leadsto differentstresdistribution, dueto the earlierductile crackinitiation.
Stressprofiles canalso be comparedor an identical ductile crack advance
(Aa = 0.5mm). 3D computatims leadto a slightly highermaximumstress
value in the centerof the specimen,and alsoto a larger zone with high
stresses Evolution of failure probabilty, P;, versusJ; (fig. 3—b) underlines
the differencesbetween2D DP and 3D computatios, 2D DP hypahesis
predictinga morebrittle behaior.
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Figure2: Load—CMODcurvescomputedvith 2D DP and3D simuationsfor
CT30specimensandcomparisorwith experiments(a) —60°C, (b) —30°C.
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Figure 3. 2D DP (thin lines) versus3D (thick lines) computations (a)
Maximumprincipalstressn themid—sectiorof a CT30specimeratdifferent
Je values(Je, =185kJ/nt, Jo, =307kJ/nt, J3P(Aa = 0.5mm) = 859kJIM?
and J2PPP(Aa = 0.5mm) = 550kJm?). (b) Failure probabilty, Py, versusl.
(T=-30°C.).

Stresddistribution and ductile tearing: CT30vs Charpy—Vspecimens

Transgranulacleaszagemechanismis often assumedo be describedby the
Griffith instabiity criterion,which impliesfractureat a critical normalstress
nearthetip of the crack. The statigical natureof cleaszagefractureinitiation
suggestshatthevolumeof the processzonealsoplaysimportantrole. In the
ductile—britte transitionthe stresseaheadf the crackarelowereddueto the
yield stressemperaturelependence/hereasiuctile crackinitiates,sampling
agreatenolume. Ductiletearinginitiationandpropagatiorhaze notthesame
effectsin CT andChargy—V notchspecimensln the first geometry ductile
crackinitiation doesnotintroduceanimportantincreaseof the maximumof
the principal stresg(seecurvesJ., andJ., onfig. 3—a)but anincreaseof the
sampledvolume at a givenstress During crackpropagationaslightincrease
of the stresslevel is obsered (seecurvesJ,, andAa = 0.5mmon fig. 3—a
andalsofig. 4). Similar resultswere obtainedin a CT25 specimenwithout
side grooves using the Gursonmodel [9]. In Charg—V specimenductile
crackinitiationleadsto anincreaseof the stresdevel (seecurvesCVN = 28J
(deflexion, & = 2mm) and Aa; on fig. 4). During crack growth, asin CT
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specimenthe stresspeakis shifted but the maximumstresslevel continues
to increaseuntil a cracklength of about2 mm is reached(seecurve Aaj

andAay onfig. 4). Afterwardsit remainsapproximatelyconstant.lt is also
interestingto notethatfor T = —30°C, the stresspeakvalueis roughly the

samein Chargy—V and CT specimensfter a ductile crack propagationof

approximatelyl mm (CT stresspeakvalue shouldbe slightly higherthan

that reportedin fig. 4 where2D DP simuation is shavn) but the sampled
volumeis higherin the CT specimen.For further ductile crack propagation
the stresspeaklevel is higherin Chargy—V specimen,eadingto a lower

critical size defectassumingGriffith’s criterion. Neverthelesghis resulthas
to be confirmedby 3D simulation of large ductile crack propagationn CT

specimen.
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Figure 4. Maximum principal stressin the mid—section of Chargy—V (thin
lines)andCT30 (2D DP)(thicklines) specimensiuring ductile crackgrowth
(Aa; = 0.5mm, Aaz = 1mm Aaz = 2mm,Aay = 2.5mm). T = -30°C.

Ductile to brittle transition

The simulatians of ductile tearingwere post—pocessedising the Beremin
modelin orderto evaluatethefailure probabilities. For eachtesttemperature,
the Charpy enegy at cleavageinstability andfracturetoughressvalues K jc
correspondingo failure probabiliies of 10%, 50% and 90% are shavn in
fig. 5—aand-b Usingthe Weibull parametersleterminedat low temperature
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(m= 17.8, oy, = 2925MR) leadsto a correct evaluation of the Charpy
experimentalresultsupto T = —70°C. Engineeringparameterdike TKag
and T Kgg which are largely usedto characterizehe transitiontemperature
are well predicted. Above this temperaturethe experimenal resultsare
underestimatedlt is shavn thatincreasingslightly o (by 5% every 30°C
starting from —60°C) leadsto a good description. Fracturetoughness
valuesat clearageinitiation arealsounderestimtedkeepingo, constantvith
temperatureA betteragreemenis obtainedwhenintroducinga temperature
dependencef o,. However thismustbeconfirmedoy moreK ;. experimenal
values.Thisapparenincreasen o, parametewith temperaturevasreported
by otherinvestigators[9, 10]. It maybe relatedthe the effect of large plastic
strainson cleavagefracture.

500 T T )
200+ 450+ L gxp- B
u
400 -~ oy = (T) =
150 = 350 T 90% |
5 & 300 /,// . —
o - el .50% —
§ 100 1S 250 - ///.SOA)
50 150 —500/ / 10% -
- 0 ,,/”"( -]
100 100 ————
50 -1
0 ; 0 ] ] ]
-180 -140 -100 -60 -20 20 -75 -60 -45 -30 -15
E T (°C) [b] T (°C)

Figure5: Simulaton of the ductile to brittle curve : (a) Charpy—V enegy
(b) Fracturetoughnesst cleavageinitiation. Dashedines: transitioncurve
obtainedwhenincreasingoy by 5% every 30°C startingfrom —60°C (open
symbol: non-\alid testaccordingto ASTM E 813).

SUMMARY

Chargy—V andCT30specimensveremodelledn theductile—britle transition
regime taking into accountthe influenceof ductile tearingprior to cleavage
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failure. Damagemodelswereidentified in temperaturelomainswherethey

actasuniquerupturemechanismsNumericalsimuationsindicatethata 3D

meshhasto be usedfor the CT specimenn the lower partof the transition
regime evenif sidegrooved. Ductile tearingstronglymodifiesthe stresdield

in bothspecimens increasef themaximum stressvalueuntil aductilecrack
lengthof 2 mm in Chargy specimen,ncreaseof the volume sampledat a
givenstresswith a constantmaximumvaluefor CT specimen.The Beremin
modelis ableto describewith a goodaccurag the onsetof the ductile—to—
brittle transition for CVN enepgieslower thanabout80 Joules. Above this

value, strainand/ortemperaturelependencé the Bereminmodelmustbe
introduced.
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