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ABSTRACT: Theobjective of this paper is to studyCharpy–V notch and CT tests
in the ductile–brittle transition range from both an experimental and numerical
aspects. Tests were carried out between � 165

�
C and 100

�
C on Charpy–V

specimens using an instrumented pendulum and between � 60
�
C and 0

�
C on

CT30 sidegrooved specimens. Numerical simulations of both testsare presented
where ductile damage is simulatedby Rousselier modelandcleavage fracture using
Bereminmodel. Differencesbetweenthe stress field ahead of a propagating ductile
crack in both specimen geometry are underlined. Calculations are then post–
processedto determine the failure probability in the transition temperature range
under investigation.

INTRODUCTION

In spiteof its importancein structuralintegrity assessment,theevaluation of
embrittlementof nuclearreactorvessels(RPVs)components hasbeenbased
on qualitative notch–impact testsfor several decades.However toughness
valuesarerequiredto assessthe structuralintegrity. The establishment of a
non–empirical,micromechanicallybasedrelationship, betweenthe Charpy
impact energy and the fracture toughness in the ductile–brittle transition
still remainsthe aim of many researchesin the frame of local approaches
methodology. This approachis basedon the descriptionof the local stress–
strainfields and the understandingof the mechanisms involved in fracture.
Thisstudyis devotedto finite element(FE)modellingof Charpy–V notchand
CT specimensin theductile–brittle transitionwheretwo fracturemechanisms
arecompeting: ductilecrackgrowth andtransgranularcleavage. Particular
attentionis paid to the stress–strainfields in front of the crackor notchtip,
in particularwhenstableductile crackgrowth hasdeveloped. Calculations
are then post–processedin order to simulatethe ductile–brittle transition
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behaviour.

MATERIAL AND TESTING

This studywas performedon A508 (16MND5) steel(C= 0.16, Mn= 1.33,
S= 0.004,Ni= 0.76, Mo= 0.51 (wt%)) which is usedin pressurizedwater
nuclearreactors. The materialcontainssmall round MnS inclusions with
a volume fraction equal to 1 � 7510

� 4. The plastic behavior of this type of
materialdependsbothon strainrateandtemperature.Thematerialbehavior
was testedover the temperaturerangebetween � 150

�
C to 200

�
C. Full

detailsabout the testsresultsare given elsewhere [1, 2, 3]. Standardized
ISO–V (Charpy–V) specimensaccordingto DIN EN 10045were testedat
temperaturesbetween � 165

�
C and

�
100
�
C with an instrumented300J–

Pendulumcorrespondingto an impactvelocity of 5.5 ms
� 1. Elastic–plastic

fracturetoughnesstestswith CT30(thickness30 mm) 20%side–grooved(3
mm eachsidewith a radiusρ � 0 � 25mm) specimenswerealsoperformedat
threespecifiedtemperatures,� 60

�
C, � 30

�
C and0

�
C. In theductile–brittle

transitionrange,fractureresistance,Jc, is determinedfrom the J–integral at
the initiation of unstablecleavage,Jc � η0

Uc
Bn �W � a0 	 (Uc areaundertheP � δ

curve until cleavageinstability, η0 geometrydependentparameter(ASTM
E 813), Bn sidegrooved specimenthickness(Bn � 24 mm)). The fracture

toughness,KJc, is thencomputedasKJc �



JcE
1 � ν2 (ASTM E 813). For CT

specimens,fully brittle fracturewasobtainedat � 60
�
C, whereasfully ductile

fracturewasobservedat0
�
C. At � 30

�
C, final failurebycleavageoccursafter

differentamountof ductilecrackgrowth.

MODELING

The descriptionof the materialbehavior, including plasticdeformationand
ductiledamagecanbe found in [4]. It is basedon theRousseliermodel[5]
modifiedto accountfor viscosity, adiabaticheatinganddamagenucleation.

Brittle fracturewasdescribedusingtheBereminmodel[6] whichaccounts
for therandomnatureof brittle fracture.It canbeappliedasapost–processor
of calculationsincluding ductiletearing.Caremustbetakenwhencomputing
thefailureprobabilityof Charpy andCT specimensasductilecrackadvance
leadsto unloading of the material left behind the crack front [4]. Model
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parameterswereadjustedusingroundbarstestedat low temperatures( � 196,
� 165

�
C) in orderto obtainbrittle fractureonly [4].

SIMULA TION OF THE CHARPY–V AND CT TESTS

The finite elementmeshesusedto model both testsare shown in fig. 1.
Due to symmetries,only one quarterof the specimenis meshedwith the
usualboundaryconditions. The numericalproceduresusedto perform the
calculationsare detailedin [7]. For Charpy–V specimen,a mixed 2D/3D
meshis usedto reducethe numberof degreesof freedom. The 2D part is
computedassuming planestress(PS)conditions. Contactbetweenthestriker,
thesupportandthespecimenis alsoaccountedfor, usingafriction coefficient
equalto 0.1. For CT specimen,a 3D meshwith sidegroovesis used. 2D
planestrain(2D DP) simulationswerealsoperformed.All resultsreferring
to 2D DP simulationsassumeaspecimenthicknessof 24mm(B � Bnet).
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Figure1: (a) Combinedplane–stress(PS)and3D meshusedfor Charpy–V
testsimulations.(b) 3D meshusedfor CT30testsimulations

Stressdistribution : 2D planestrain versus3D simulations

Previousstudies(seeeg. [4, 8]) haveshown thata3D simulation is necessary
for theCharpy testwhenthedeformationof thespecimenis important. For
CT specimens,it is usually consideredthat side–grooved specimenscould
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be modelled with a 2D DP hypothesis,becauseside–groovesdelaythe loss
of constrainteffect, even for large amountof plasticity. Neverthelessin
the temperaturerangewhereductile crack growth initiatesandpropagates,
this hypothesishasto be examined. In Fig. 2 computedand experimental
force–CMOD(Crack Mouth OpeningDisplacement)are comparedat two
different temperaturescorrespondingto fully brittle fracture(T ��� 60

�
C)

and transition domain (T ��� 30
�
C). At the lower temperaturea good

agreementis obtainedwith both modelling. At the higher temperature,2D
DP modellingappearsto underestimatethe load. Furtherresultsareshown
in fig. 3 wherethemaximumprincipalstressdistribution in thecenterplane
of thespecimenis plottedfor differentJc values.Similar stressdistributions
areobservedup to Jc1 � 185kJ/m2 correspondingapproximatelyto the limit
loadof thespecimen(seefig. 2–b). For higherJc values,2D DP hypothesis
leadsto differentstressdistribution,dueto theearlierductilecrackinitiation.
Stressprofilescanalsobe comparedfor an identicalductile crackadvance
(∆a � 0 � 5mm). 3D computations leadto a slightly highermaximumstress
value in the centerof the specimen,and also to a larger zone with high
stresses.Evolution of failure probability, Pr , versusJc (fig. 3–b) underlines
the differencesbetween2D DP and 3D computations, 2D DP hypothesis
predictinga morebrittle behavior.
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Figure2: Load–CMODcurvescomputedwith 2D DPand3D simulationsfor
CT30specimensandcomparisonwith experiments.(a) � 60� C, (b) � 30� C.
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Figure 3: 2D DP (thin lines) versus3D (thick lines) computations. (a)
Maximumprincipalstressin themid–sectionof aCT30specimenatdifferent
Jc values(Jc1 � 185kJ/m2, Jc2 � 307kJ/m2, J3D

c � ∆a � 0 � 5mm� � 859kJ/m2

andJ2DDP
c � ∆a � 0 � 5mm� � 550kJ/m2). (b) Failureprobability, Pr , versusJc

(T � � 30� C.).

Stressdistribution andductile tearing : CT30vsCharpy–Vspecimens

Transgranularcleavagemechanismis often assumedto be describedby the
Griffith instability criterion,which impliesfractureat a critical normalstress
nearthetip of thecrack. Thestatistical natureof cleavagefractureinitiation
suggeststhatthevolumeof theprocesszonealsoplaysimportantrole. In the
ductile–brittle transitionthestressesaheadof thecrackarelowereddueto the
yield stresstemperaturedependencewhereasductilecrackinitiates,sampling
agreatervolume. Ductiletearinginitiationandpropagationhavenotthesame
effectsin CT andCharpy–V notchspecimens.In thefirst geometry, ductile
crackinitiation doesnot introduceanimportantincreaseof themaximumof
theprincipalstress(seecurvesJc1 andJc2 on fig. 3–a)but an increaseof the
sampledvolumeatagivenstress.Duringcrackpropagation,aslight increase
of the stresslevel is observed (seecurvesJc2 and∆a � 0 � 5mm on fig. 3–a
andalsofig. 4). Similar resultswereobtainedin a CT25 specimenwithout
side groovesusing the Gursonmodel [9]. In Charpy–V specimen,ductile
crackinitiationleadsto anincreaseof thestresslevel (seecurvesCVN � 28J
(deflexion, δ � 2mm) and ∆a1 on fig. 4). During crack growth, as in CT
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specimenthe stresspeakis shiftedbut the maximumstresslevel continues
to increaseuntil a crack length of about2 mm is reached(seecurve ∆a3

and∆a4 on fig. 4). Afterwardsit remainsapproximatelyconstant.It is also
interestingto notethat for T ��� 30

�
C, the stresspeakvalueis roughly the

samein Charpy–V and CT specimensafter a ductile crack propagationof
approximately1 mm (CT stresspeakvalue shouldbe slightly higher than
that reportedin fig. 4 where2D DP simulation is shown) but the sampled
volumeis higherin theCT specimen.For further ductilecrackpropagation
the stresspeak level is higher in Charpy–V specimen,leading to a lower
critical sizedefectassumingGriffith’s criterion. Neverthelessthis resulthas
to be confirmedby 3D simulation of large ductile crackpropagationin CT
specimen.
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Figure4: Maximum principal stressin the mid–sectionof Charpy–V (thin
lines)andCT30(2D DP)(thicklines)specimensduringductilecrackgrowth
(∆a1 � 0 � 5mm, ∆a2 � 1mm, ∆a3 � 2mm,∆a4 � 2 � 5mm). T � � 30� C.

Ductile to brittle transition

The simulations of ductile tearingwere post–processedusing the Beremin
modelin orderto evaluatethefailureprobabilities.For eachtesttemperature,
the Charpy energy at cleavageinstability andfracturetoughnessvalues,KJc

correspondingto failure probabilities of 10%, 50% and 90% are shown in
fig. 5–aand–b. UsingtheWeibull parametersdeterminedat low temperature
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(m � 17� 8, σu � 2925MPa) leads to a correct evaluation of the Charpy
experimentalresultsup to T ��� 70

�
C. Engineeringparameterslike TK28

andTK68 which are largely usedto characterizethe transitiontemperature
are well predicted. Above this temperature,the experimental resultsare
underestimated.It is shown that increasingslightly σu (by 5% every 30

�
C

starting from � 60
�
C) leads to a good description. Fracture toughness

valuesatcleavageinitiationarealsounderestimatedkeepingσu constantwith
temperature.A betteragreementis obtainedwhenintroducinga temperature
dependenceof σu. However thismustbeconfirmedby moreKJc experimental
values.Thisapparentincreasein σu parameterwith temperaturewasreported
by otherinvestigators[9, 10]. It mayberelatedthetheeffect of largeplastic
strainsoncleavagefracture.
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Figure5: Simulation of the ductile to brittle curve : (a) Charpy–V energy
(b) Fracturetoughnessat cleavageinitiation. Dashedlines: transitioncurve
obtainedwhenincreasingσu by 5% every 30

�
C startingfrom � 60

�
C (open

symbol: non-valid testaccordingto ASTM E 813).

SUMMARY

Charpy–V andCT30specimensweremodelledin theductile–brittle transition
regime taking into accountthe influenceof ductile tearingprior to cleavage
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failure. Damagemodelswereidentified in temperaturedomainswherethey
actasuniquerupturemechanisms.Numericalsimulationsindicatethata 3D
meshhasto be usedfor the CT specimenin the lower part of the transition
regimeevenif sidegrooved. Ductile tearingstronglymodifiesthestressfield
in bothspecimens: increaseof themaximumstressvalueuntil aductilecrack
length of 2 mm in Charpy specimen,increaseof the volume sampledat a
givenstresswith a constantmaximumvaluefor CT specimen.TheBeremin
model is ableto describewith a goodaccuracy the onsetof the ductile–to–
brittle transition for CVN energies lower thanabout80 Joules. Above this
value,strainand/ortemperaturedependencein the Bereminmodelmustbe
introduced.
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