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1 CHAPITRE 1. INTRODUCTION ET OBJECTIFS

1.1 Motivation

Analyse exhaustive des métaux déformation et depoa@ments non-réponses a la nécessité de prouver a
secteurs industriels des matériaux appropriés gapporter dur mécanique et thermo-chargements riggeem Aux fins
de la conception, l'ingénierie des domaines conmadrdnautique, l'industrie pétroliere de l'autorfmbnavale et des
procédés d'usinage, les applications militairesl@wwénie civil sont tenus d'une connaissance grékiscomportement
thermo-viscoplastique des métaux. En particulies, dvénements de haut taux de charge sont deverpisden plus
pertinentes pour l'industrie moderne [Borvik et2fl03a]. Dans la conception des structures offshiest tenu compte
des charges accidentelles telles que les collisiodsninué objets, des explosions et a la pénétrgtar des fragments
[Rusinek et Zaera 2007]. Des charges d'impact sgalement pertinents dans la conception des stasctde
I'enrichissement comme protection contre les aéaderroristes. Dans l'industrie des transport$atieorption d'énergie
et résistance aux chocs sont aujourd’hui des gusstiruciales dans le processus de conceptionéesules, navires et
aéronefs [Abramowicz et Jones, 1984, Abramowicosies 1984, Rusinek et coll. 2008a]. En outre, tmmbre des
problémes constatés dans I'impact structurel sgaleénent pertinents dans les processus d'usinatgersétal opérations
de formage.

Metal plasticité a été largement étudié au coussddenieres décennies. Pioneer ceuvres d'Orowaaykiront été
adaptées pour décrire la déformation des métataerares de théorie des dislocations. Plus tardrd@aux séminaux de
Perzyna [Perzyna 1966], Campbell et Fergusson [@athpt Fergusson 1970] et Kocks et al. [Kockslel@75] parmi
d'autres a permis une meilleure compréhension depodement thermo-viscoplastique des métaux. Méoaes de
déformation qui résident derriére la plasticité detaux ont été étudiées [Campbell 1954, Seegef, Basinski 1959,
Conrad 1961, Klepaczko et Duffy 1982, Zerilli etdstrong, 1987, Klepaczko 1991, Taylor, 1992, TamtécDowell
1999, Kocks 2001, Kocks et Mecking 2003 , LennoRatesh, 2004].

Sur la base de ces contributions, plusieurs aufgursar et al. 1968, Hirth et Lothe 1982, Cliftof83, Follansbee
1986, Regazzoni et al. 1987, Follansbee et KocB8,12erilli et Armstrong, 1992, Huang et al. 2009} concentré leur
intérét pour le comportement a haut taux de déftomales alliages métalliques. De telles enquétasété indiqué que
les instabilités plastiques jouent un réle de peemian dans la déformation et la rupture de ligge des matériaux
sous sollicitations dynamiques [Papirno et al. 192@uque 1998, Molinari et al. 2002]. Vitesses dodnation élevées
conduisent & augmenter la température de la matiggea un échauffement adiabatique. Il ralentpri@pagation des
ondes en plastique induisant la localisation des @t I'échec ultérieur. Comprendre la formatioagpropagation des
instabilités dans les métaux offre des mesures ii@ptes en vue d'optimiser le comportement du nsatéx haute
tension et les tarifs. Susceptibilité des métaunrpes instabilités de la formation détermine laptitude a absorber
I'énergie sous sollicitations dynamiques.

La relation entre le comportement des matériausnibeviscoplastique, la propagation des ondes estiplee et des
instabilités formation est observable dans Iimpées probléemes de perforation. D'un tel point irdégde vue, la
compréhension de la réponse des matériaux soysatirm'a pas encore été atteint. Perforation nstaifens sont
caractérisées par des processus mécaniques cosgletteermo-mécanique qui se déroulent dans la dblmatériau
pendant le chargement. Cible échec est précédédegainstabilités formation comme Shear bandingsttigtion ou
petalling [Borvik et al. 1999, Borvik et al. 2003Dey et al. 2004, Odeshi et al. 2006, Arias e2808, Rusinek et coll.
2009a]. Impact des procédés sont intéressantsugamémes ainsi que par les conditions extrémesnulieu dans le
matériau pendant le chargement.

De nombreuses recherches expérimentales, analgtiguenumériques traitant de l'impact, la perforatibe
projectiles sur des plagues métalliques sont adjour disponibles dans la littérature ouverte. Beamens approfondis
sur la recherche sur la pénétration et la perfamadies structures de free-projectiles volants petudtee trouvés dans les
travaux en raison de Goldsmith [Goldsmith, 1993}rki&tt et al. [Corbet et al. 1996] et Zukas e{zlikas et al. 1982,
Zukas et al. 1990]. L'effet du matériel cible etigpeurs, [Borvik et al. 2003b], Iimpact de laesie [Borvik et al.
2002a, Arias et al. 2008, Rusinek et coll. 200804 dorme du nez projectile [Borvik et al. 2002aias et al. 2008] sur
le processus de perforation a été examinée. Danewegages, il est analysé de maniére empirigderta dépendance
existant entre les thermo-viscoplastique comportgrdes matériaux et des instabilités de la formdiey et al. 2004].
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Il est donc bien démontré la relation existant ereg comportement de déformation des métaux, foomat
d'instabilités plastiques et les problémes de patiftm. Cette relation est intrinséquement lié amgortement thermo-

viscoplastique de la matiéere et elle peut étrestitie par le thermo-viscoplastique fonction du ezneint définie pakEQ.

1.1.

f(0, 8 €°.T)=5-0, (" £ T)=0 (1.1-a)
0= glﬂgj 'S (2.1-b)

Lorsque, en supposant Huber-Misses plastic@ée,est la contrainte équivalente® est la
déformation plastique équivalentg’ est la vittese déformation plastique équivalerftegst la
tempeérature ets; est la partie déviatorique du tenseur des conéwia,. Ensuite, I'évolution

fonction du rendement se lit comme, Eq. 1.2.

T=0 (1.2)

ol €° est 'accélération plastique équivalente.

De I'équation Eqg. 1.2. nous pouvons recueillir tpge dérivés de la fonction du rendement a

hY

I'égard de souche (si I'écrouissage=00/0&"), vitesse de déformation (donc a vitesse de
déformation de sensibiliteh=0c /0 log(éP )) et la température (si la température de la sditéibi

v=00/0dT) sont la détermination du comportement plastique detaux sous chargements
transitoires. Il est donc nécessaire de fournirdigmitions appropriées d'analyse de ces tauewal
qui dépend du comportement du matériau. En pagigcutertains modes de déformation non
conventionnelles exposées par certains métauxngraieent des variations brusques du taux de ces
termes sont dépendants de la pertinence principeabdémes de l'impact. Il s'agit, par exemple, les
dislocations glisser a vitesses de déformationé&gynégatif souche de sensibilité aux taux ou a la
transformation martensitique.

Malheureusement, le comportement de déformation mésaux, formation d'instabilités
plastiques et les problemes de perforation sontuelement traités séparément dans le cadre de la
mécanique des milieux continus.

Dans cette these de doctorat, les efforts sonemdsges sur une tentative pour offrir une
approche complete du comportement du taux élevéllages métalliques. Description de l'avance
constitutive de métaux dans de larges gammes dditmovs de chargement jusqu'a ce que les
mécanismes de déformation qui se trouvent derfiafesorption de I'énergie dans les alliages
métalliques soumis a des chocs / perforation. Eaest la détermination des causes qui instabilités
contrdler la formation sous sollicitations dynanequ

1.2 Obijectifs

Avec le probléme exprimé en ces termes, les olfgeddi cette thése de doctorat ont été définis:

Le but est d'aller plus loin dans la compréhensiortomportement thermo-viscoplastique des alliagéwlliques
soumis a des charges d'impact. Elle doit étre feurne vue intégrée des processus qui se troueenéck la formation
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d'instabilités plastiques, qui sont les principaagponsables de I'échec dans les métaux soumis éhdes. Afin de
réaliser cette tache, la procédure suivante esigage

Constitutif de modélisation des alliages métallgumivent étre examinés. Etude et dérivation derge®ns
analytiques constitutif méme de décrire le compoetet thermo-viscoplastique des alliages métallicamss de larges
gammes de vitesse de déformation et de températneedescription constitutive doit étre proposée dé compléter le
modele Rusinek Klepaczko [Rusinek et Klepaczko 2004 formulationRK est a méme de décrire le comportement
des métaux dont la sensibilité aux taux est indégeinde la déformation plastique. La premiére, dalification Rusinek
modele Klepaczko, doit étre adapté pour défincdenportement des métaux montre la dépendance amteainte sur
le volume thermiquement activé.

Une attention particuliére doit étre axée sur défas mécanismes de déformation non conventiormgliemai ont
lieu dans les métaux sous chargement dynamiquet @df trainée visqueuse a vitesses de déformdboaes, négatif
souche de sensibilité aux taux et a la transfoomatihartensitique. Extensions de la Rusinek-Klepadzisinek et de
modification des modeéles Klepaczko pour décrireptgsiomenes doivent étre dérivées.

Mise en ceuvre des relations constitutives dévelmpgpens un code FE. Elle permettra I'élaboratiomed'u
méthodologie numérique afin d'analyser l'influegoe I'écrouissage, sensibilité a vitesse de détavmat de sensibilité
a la température sur la formation d'instabilitégsschargement dynamique.

Développement d'une méthode expérimentale de pé¢idarde feuilles métalliques sous de larges pldgegtesse
d'impact a des températures initiales différerifesuite, les modéles de comportement développéatsmppliqués pour
simuler les essais de perforation. La compréhendmra réponse thermo-mécaniques des alliages limééas sous
I'impact de perforation est poursuivi. Les caussigésident derriére aptitude de métaux pour atesdiénergie en vertu
des événements dynamiques sont examinés.

1.3 Méthodologie

Ainsi, la méthodologie développée dans cette tdesdoctorat est fixé:

1. Dérivation et validation des rapports constitutiesla modélisation du comportement thermo-
viscoplastique des alliages métalliques sous deesagammes de vitesse de déformation et de
température. Ces relations constitutives devorserabler les fondations physiques ainsi que
la simple formulation et la procédure d'étalonntagde.

2. Mise en ceuvre des descriptions constitutive dansotie FE. Sur la base des relations
constitutives développé une analyse numérique pid@erminer les causes qui résident
derriére instabilités formation sous chargementadyique est effectué. Les rdles joués par
écrouissage et de sensibilité aux taux de coné&raiomt examinés.

3. Caractérisation thermo-mécanique du comportemesitnttaux sous de larges gammes de
vitesse de déformation et de la température etdéetle leurs mécanismes de déformation.
Puis, elle se déroulera la modélisation de leur pmtement thermo-viscoplastique par le
biais des descriptions constitutive développés.okime, il sera déterminé leur application
potentielle pour résister aux conditions de chaggémes. Pour cette tache, une méthode
expérimentale doit étre développé afin de compeernds mécanismes qui se trouvent
derriére I'absorption d'énergie des métaux sourdesachocs-perforation.

1.4 Contributions originales

Les contributions originales menées dans cetteetheést décrites dans les points suivants:
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Modélisation constitutif de plusieurs alliages nfi&aes utilisant le Rusinek-Klepaczko
modele. Proposition d'un original relation conghitet de modification Rusinek-Klepaczko
pour décrire le comportement thermo-viscoplastigdes métaux avec le volume
thermiquement activé dépend de la déformation iglaest

Extension a la trainée visqueuse a vitesses dendéfion élevées, négatif sensibilité vitesse
de déformation et de transformation martensitignedécoulent pour les deux, Rusinek-
Klepaczko Rusinek et de modification des modelespKtzko. Les descriptions constitutive
développés ont été validés pour la modélisatioditiérents alliages métalliques, présentant
un intérét pour les applications de protection.

Les relations constitutives développés ont été enisceuvre dans le code FE ABAQUS /
Explicit. Les deux, épreuve de l'anneau d'expansitononventionnelles d'essai de tension
dynamique ont été numériquement examiné sous dedarlages de vitesses d'impact. Le
rble principal joué par I'écrouissage et la sefiglie vitesse de déformation sur la formation
d'instabilités ont été soulignés.

Il a été analysé le comportement thermo-viscoplastides ES d'acier sous l'impact / la
perforation. Perforation tests ont été enregisanésc caméra infrarouge de grande vitesse.
Une méthodologie originale est proposée pour détembia souche échec critique qui induit
défaillance de matériel pendant les essais. lea&stimé que le processus de localisation qui
conduit a cibler la défaillance implique plastidibéale des valeurs proches. Des simulations
numériques des tests d'impact ont été menées. delenoumérique développé a permis une
description appropriée du processus de perforationtermes de prédiction de la limite
balistique et mode de défaillance. Instabilitésfalenation a été identifié comme étant le
mécanisme conduisant a I'effondrement de la cible.

Le comportement thermo-viscoplastique des AA 2034 Eté caractérisé en tension sous de
larges gammes de vitesse de déformation et de tatup& Le matériau posséde écrouissage
élevé et une ductilité élevées. Une caractéristiguearquable de cet alliage est la forte
augmentation de I'écrouissage avec la diminutionladdempérature. La sensibilité de
température a été trouvé dépend de la déformatiastique. Le comportement thermo-
viscoplastique des AA 2024-T3 a été modélisée disarit le Rusinek élargie modifiée
modele Klepaczko a effets de freinage visqueux. S)emilations numériques des essais a
grande vitesse d'impact ont été menées. Le modéieemgue développé a permis une
description appropriée du processus de perforatiortermes de prédiction de la limite
balistigue et mode de défaillance.

Le comportement thermo-viscoplastique de l'acie®1/A04, est caractérisée et examinés. La
fraction volumique de martensite a été détermiraesdles échantillons post mortem. Il a été
révélé que la transformation de phase se produis @& produit, méme en vertu d'une
augmentation de la température au-deasirs 140 K. Cette constatation est signalé pour la
premiere fois dans la littérature ouverte. Le cortguent thermo-viscoplastique de la
matiere a été définie en utilisant la Rusinek étemwbdéle Klepaczko a effets de freinage
visqueux. En outre les tests de perforation desi/04 feuilles sont menées. Il a été détecté
la formation de martensite lors de la perforatiDes simulations numériques du processus
dimpact ont été menées. Le modele numérique dgwélaa permis une description
appropriée du processus de perforation en termpsédiéction de la limite balistique et mode
de défaillance.
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« Le comportement thermo-mécanique des aciers TRIP &0us de larges gammes de vitesse
de déformation et la température a été examinéa.ddtudier le comportement du matériau
sous un chargement rapide, des tests de perforatiomrip 1000 feuilles ont été effectuées.
Aucune transformation martensitique a été condfat@nt la perforation. En vertu de la
sollicitation dynamique de l'acier TRIP 1000 sembk comporter comme un membre
régulier acier de haute résistance avec une absenttansformatiomartensitique.

1.5 Contenu

Cette introduction est le premier chapitre degdsins lequel la thése est divisée.

Le deuxieme chapitre est consacré a la modélisaiimstitutive des alliages métalliques. Le
Rusinek-Klepaczko formulation est introduit. Aplilité de ce genre de comportement est étendue
a difféerents alliages métalliques. En complément|'Beisinek modele Klepaczko, le Rusinek
Modified-Klepaczko modéle est proposé. Celui-cinpettra de décrire le comportement thermo-
viscoplastique des métaux avec le volume thermigmeractivé dépend de la déformation plastique.
Extension aux effets du frottement visqueux, négsensibilité aux taux de contrainte et les
phénomenes de transformation de phase sont caqubée les deux, Rusinek-Klepaczko Rusinek et
de modification des modeéles Klepaczko.

Le troisieme chapitre présente I'avantage de sionk numériques afin d'analyser les causes
qui résident derriere la formation d'instabilitésus chargement dynamique. Deux configurations
différentes numériques sont utilisés pour cettehgacépreuve de dilatation périphérique et
conventionnelles d'essai de tension dynamique.dgatpn des ondes, I'écrouissage et les effets de
vitesse de déformation sur la formation d'instédsliplastiques sont examinés. Optimisation des
matériaux destinés a absorber I'énergie dans Brgeh d'impact est poursuivi.

Les chapitres quatriéme et cinquieme, avec l'impast comportements perforation de quatre
alliages métalliques, ES acier, alliage d'alumin2024-T3, acier AISI 304 et acier TRIP 1000. Ces
matériaux sont thermo-mécanique caractérisée, @nadynent modeélisées et soumis a la perforation
par des non-projectiles déformables. Leurs mécasste déformation sont liés a leur réponse au
choc de la perforation.

Dans le sixieme chapitre sont rassemblés les pales conclusions tirées de ce travail. En
outre, les travaux requis a venir sont esquisseé®uire, les annexes sont joints différents aspmcts
déterminée de cette these de doctorat sont détillé

2 CHAPITRE 2. CONSTITUTIVE RELATIONS DE POINTE
POUR ALLIAGES METALLIQUES A BASE SUR LE
RUISNEK-KLEPCAZKO MODEL

Au cours des dernieres décennies, la déformatienrdgaux a été soumis a une étude intensive,
car il est d'un intérét fondamental pour analyss processus de chargement. La connaissance
précise de la réponse des alliages métalliqgues sloaigjement est nécessaire pour optimiser les
matériaux utilisés pour batir les éléments mécasqgen charge de supporter les demandes
exigeantes. Afin de comprendre le comportementriberiscoplastique des métaux, une description
constitutive est requise. Poussé par les sectamsogniques tels que les industries automobiles,
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aéronautiques ou militaires, les recherches mepées obtenir des descriptions théoriques du
comportement a la déformation des alliages métmbcp recueilli des efforts substantiels.

Descriptions constitutive macroscopique proposéilades ans mai étre essentiellement divisée en
deux groupes:

» Phenomenological relations constitutivesltls fournissent une définition de la contrainte de
flux de matériaux basés sur des observations equeisi lIs sont constitués sur des fonctions
mathématiques a l'absence d'arriére-plan physique stemboitent les observations
expérimentales. Modéles phénoménologiques sonttéaisees par réduction du nombre de
constantes de matériel et d'étalonnage facile. dDesl exemples sont proposés dans ces
modeles [Cowper et Symonds 1952, Litonski 1977inB&xg et al. 1980, Johnson et Cook,
1983, Klepaczko 1987, EI-Magd, 1994]. En raisonlale caractére empirique, ils utilisent
pour exposer les domaines d'application restremd\{rant les gammes limité de vitesse de
déformation et de température) et de la flexibitééuite (formulation spécifique pour les
matériaux a déterminer).

* Physique des relations basées sur constitutivelles représentent pour les aspects physiques
du comportement du matériau. La plupart d'entresefiont fondées sur la théorie de la
thermodynamique et la cinétique de glissement d@pele dans [et al Kocks. 1975, Kocks et
Mecking 2003]. Quelques exemples sont proposés dasignodeles [Zerilli et Armstrong,
1987, Nemat-Nasser et Li 1998, Rusinek et Klepac2B0@l, Nemat-Nasser et Guo 2003,
Molinari et Ravichandran 2005, Voyiadjis et Abed030 Abed et Voyiadjis 2005,
Durrenberger et al . 2007, Durrenberger et al. 20@08yiadjis Almasri et 2008]. En
comparaison avec les descriptions phénoménologiquéts utilisent pour avoir un plus
grand nombre de constantes matérielle et a lewédwoe de détermination des hypotheses
suivantes physique. En revanche, ils permetterdédi@ir avec précision les comportement
des matériaux dans de larges gammes de condit@olatgement. Il convient de souligner
gue le physique basée sur le manque approche sdéflaition de I'évolution de la
microstructure (modeles purement physiques doieemt pris en compte pour cet objectif,
mais ils ne sont pas considérés dans cette the'sdfet que le potentiel de changements
microstructuraux mai avoir sur le matériau tendee sont pas recueillies par ce type
d'approche. Elle limite I'application de ce typerdiations constitutives de la description de
la sensibilité du taux instantané de matériaux.tdfois, il simplifie la mise en ceuvre de ce
genre de descriptions dans les codes constitutids (éh simplifiant leur formulation
mathématique et en réduisant leurs constantes thrimg.

Ainsi, dans le présent travail, l'attention serant® sur la seconde espece de relations
constitutives mentionné précédemment. En raisofedeflexibilité, les modeéles physiques a base
sont d'un intérét croissant pour les applicatiomgyénierie comme l'usinage a grande vitesse (HSM),
la perforation, le chargement de souffle ou detetast [Rusinek et coll. 2009a]. Au cours de ces
processus, I'oeuvre matérielle piece est soumislargies gammes de vitesse de déformation et de la
température ainsi que de grandes déformations fiRkist coll. 2009a].

Plasticité macroscopique des métaux est le résdéatdislocations se déplacant a travers le
réseau cristallin. Deux types d'obstacles rencentyd essaient d'empécher les mouvements de
dislocation a travers le grillage; a longue distagtdes obstacles a courte portée [Kocks et @b,19
Kocks 2001, Kocks et Mecking 2003, Bonora et M#el001, Voyiadjis et Abed 2005, Voyiadijis
Almasri et 2008]. La longue série d'obstacles slust a la structure de la matiére et ne peuvent étre
résolus par lintroduction de I'énergie thermiquéravers le cristal [Zerilli et Armstrong, 1987,
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Nemat-Nasser et Isaacs 1997, Nemat-Nasser et @8] 18s contribuent a la contrainte d'écoulement
avec un composant qui n'est pas activé thermiquertstress athermique). Le court-gamme
obstacles peuvent étre surmontés assistée pagiéieermique [Zerilli et Armstrong, 1987, Nemat-
Nasser et Isaacs 1997, Nemat-Nasser et Li 1998prBoet Milella 2001, Voyiadjis Almasri et
2008]. Thermal aides activation dislocation gligsa® qui diminue la friction treillis intrinséque
dans le cas de la plupart des métaux BCC (Peiensaiter le stress) ou en diminuant la résistance
des obstacles dans le cas de beaucoup de métda¥@€ (foréts surmonter des dislocations). Dans
les deux cas, l'activation thermique réduit la wainte appliquée nécessaire pour forcer la
dislocation obstacle passé [Lennon et Ramesh, 2004]

Ainsi, contrainte d'écoulement d'un matériau (alsant la théorie J2) peut étre décomposé en
stress athermique équivalent et le stress therméquiévalente, Eq. 2.1. [Seeger 1953, Klepaczko
1975, Zerilli et Armstrong, 1987, Follansbee et K9£d 988, Nasser et Isaacs 1997, Kocks 2001,
Abed et Voyiadijis 2005, Voyiadijis et Almasri 2008]

G=0,+0 (2.1)

Définition (et contribution a la contrainte d'écement total) des termes thermiques et non
thermiques dépend de la structure cristalline dtérizal. Les causes sont liées a la disposition des
symétries du réseau, la nature des noyaux de déraent et les systemes de glissement disponible
comme il est rapporté dans [Lennon et Ramesh, 2004]

Dans la plupart des métaux BCC, Peierls surmomtaésistance au stress utilise pour étre le
phénomene le principal intervenant dans les proseastivés thermiquement [Conrad, 1961]. Par
conséquent, la composante thermique de la corgraidtcoulement peut étre définie
indépendamment de la déformation plastique [ZeeilliArmstrong, 1987, Rusinek et Klepaczko
2001, Nemat-Nasser et Guo, 2003]. Limite d'élastiiitiale des métaux BCC est fortement de la
température et le taux de charge [Zerilli et Armsty, 1987, Voyiadjis et Abed 2005, Rusinek et
coll. 2005, Rusinek et coll. 2007]. Ecrouissage @#tcipalement accompli par les obstacles de
longue portée [Kocks et al. 1975] tels que lestpide grains, loin des foréts sur le terrain des
dislocations et d'autres micro-éléments de stracawec beaucoup l'influence du champ [Nemat-
Nasser et Li, 1998]. Température et taux de défoomaavoir un effet relativement limité sur
I'écrouissage.

En outre, Peierls stress dans certains métaux RE@lativement peu importante [Voyiadjis et
Abed 2005, Lennon et Ramesh, 2004]. (Déterminé miaes a ces observations peuvent étre
trouvés. Par exemple, beaucoup aciers austénitiguen alliages d'aluminium a peine certains
témoignent de l'influence de tensions sur les tisensibilité car il sera question plus loin deas
document). Le taux de contréle utilise afin de samter la dislocation des foréts par des dislocation
individuelles [Voyiadjis et Abed, 2005]. Comportemied'activation thermique mai devenir
dépendant de la déformation plastique [Zerilli etmAtrong, 1987, Nemat-Nasser et Li 1998,
Voyiadjis et Abed 2005, Lennon et Ramesh, 2004]s @eétaux FCC utilisation d'exposer
écrouissage grande partie grace a une augmentaitanquantité d'interactions de dislocation avec
une tension croissante [Seeger, 1957]. Strain hargdendance a étre trés température et la vitesse
de déformation charge, tandis que la limite d'@aétutilise pour avoir réduit la dépendance a de
tels effets [Lennon et Ramesh, 2004].

En accord avec les considérations précédentesllene Thermally Activated (VTA) défini par
I'équation. 2.2 [Taylor, 1992, Uenishi et Teodo2l04, Klepaczko et al. 2009], diminue avec la
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déformation plastique pour les métaux tels FCC qibdité aux taux dépend de la déformation
plastique) [Basinski 1959, Zerilli et Armstrong, 8@ Voyiadjis et Almasri 2008] alors qu'elle est
indépendante du niveau de déformation des métau® B®mstrong et Campbell 1973, Voyiadjis
Almasri et 2008].

dln (§p) W (?p)‘ rate sensitivity independent of plasizain
\A :kErE-I? =k T |, where
0-* —

T

T (2.2)
W(sp ‘p)‘T rate sensitivity dependent on platicai

Dans l'expression précédente, Eq. 2.2, K est |ataaote de Boltzmann et T est la température
absolue.

Il est clair que des formulations différentes seétessaires pour décrire correctement ces deux
comportements différents. Ces comportements dogatidentifiées dans l'analyse des expériences
de larges gammes de tension et de la tache taus IBgrésent travail deux différentes descriptions
constitutifs sont utilisées en fonction de l'effpie la déformation plastique mai avoir sur la
sensibilité aux taux de la matiére. En outre, aestaomportements de déformation des métaux non
conventionnelles comme les dislocations glisseitesses de déformation, haute sensibilité taux de
croissance négatif ou de la transformation martigqus doivent étre modélisés s'il est besoin d'une
description précise de I'comportement thermo-viEsigue des alliages métalliques sous de larges
gammes de vitesse de déformation et de la températu

Ainsi, dans ce chapitre de la thése a la modéisationstitutive d'alliages métalliques est
examinée. Afin de compléter le modele Rusinek Kiézga, le Rusinek Modified-Klepaczko
description constitutive a été proposé. Le prem#&ta méme de décrire le comportement des métaux
dont le taux de sensibilité indépendante de lard&ton plastique. Ce dernier est adapté pour
définir le comportement des métaux montre la dépeoel de la contrainte sur le volume
thermiquement activé. Extensions aux effets duemoént visqueux, négatif sensibilité aux taux de
contrainte et les phénomeénes de transformationemsitique en découlent pour les deux, Rusinek
Klepaczko Rusinek et de modification des modélespKtzko. Il a été prouvé la pertinence des
relations constitutives point pour la définition domportement thermo-viscoplastique des deux
BCC et FCC alliages métalliques

3 CHAPITRE 3. ANALYSE NUMERIQUE DES INSTABILITES
PLASTIQUES FORMATION SOUS TENSION DYNAMIQUE

L'étude des matériaux soumis a des conditions rees€ comme lors du chargement de
l'accident, d'impact ou d'explosion, a un intéa@tsidérable pour les domaines industriels différent
Un montant correspondant de publications peuveattéuvées dans la littérature internationale qui
traite des comportements a haut taux de déformadtsmmatériaux métalliques liées aux utilisations
des technologies différentes [Mann 1936, KlepaczR68, Kocks et al. 1975, Follansbee 1986,
Regazzoni et al. 1987, Zerilli et Armstrong, 19B2Magd 1994, Nemat-Nasser et Li 1998, Nemat-
Nasser et Guo, 2003].

Processus dynamiques sont fortement tributaird®d®uissage, sensibilité a la température et
la sensibilité de vitesse de déformation du matérizocalement, la déformation plastique des
valeurs supérieures a mai étre atteint pour cert@iétaux dans des conditions de charge dynamique
[Hu et Daehn 1996, Pandolfi et al. 1999, Triantafid et Waldenmyer 2004]. Haut niveau de
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température de ramollissement induisant thermiguendtériau est habituellement observée dans de
tels processus. Il vient d'un processus thermodimamirréversible qui convertit I'énergie en
plastique dans la chaleur. Augmentation de la teatpée adiabatique est précurseur d'instabilités
plastiques [Batra et Chen, 2001, Kuroda et al. 28&@ra et Wei 2007, Alos et al. 2007] ainsi que
I'échec.

Ainsi, en avancant sur la formation de compréhengles instabilités est d'une importance
principale pour certains secteurs de l'ingéniazig que les industries automobiles, aéronautiques o
militaires, ou les processus de chargement ramdedun intérét fondamental. D'une connaissance
précise des causes conduisant a la formation itigkabplastiques est requis pour la construction
d'éléments mécaniques responsables pour absoépergie en vertu de crash ou d'impact de
perforation.

Formation des instabilités plastiques sous chargerdgnamique a été étudié au cours des
derniéres décennies [Mann 1936, Klepaczko 196&iRlaqn et Fyfe, 1982, Grady 1982, Clifton et
al. 1984, Batra et Kim 1990, Duszek et Perzyna 19@tygowski et al. 1994, Perzyna 1994,
Klepaczko 1998, Glema et al. 2000, Zhou et al. 20RiGel et al. 2006]. Un intérét particulier est
constaté dans les premiers travaux de HutchinsoNeate [Hutchinson et Neale 1977], Ghosh
[Ghosh 1977] et Fressengeas et Molinari [FressengeaMolinari 1987, Fressengeas et Molinari
1992] dans lequel les mécanismes responsables ttcdiisation des instabilités plastiques et
progression sont analysés.

Traditionnellement, il a été recouru a des procésl@xpérimentales d'aborder le probleme de
localisation en vertu de fort taux de chargemerdrii 1936, Rajendran et Fyfe, 1982, Grady, 1982].
Toutefois, des tests hautement instrumentée soostée dispositifs complexes avec un codt élevé.
En outre, les informations qui peuvent étre obteraugprés du comportement des matériaux est, a
plusieurs reprises, limité.

Plus récemment, le probleme de localisation s'éfstrcée d'étre décrites analytiqguement
[Fressengeas et Molinari 1987, Fressengeas et Moll®92, Mercier et Molinari 2004, Zhou et al.
2006]. Dans ces publications, une analyse des rpettans est réalisée afin d'analyser les
mécanismes qui se trouvent derriére la localisademinstabilités plastiques et de progressionr Pou
ce type d'études analytiques, en raison de contiplitsa dans la formulation mathématique du
probleme, la définition du comportement des matdriaomogenes utilise pour étre donné par un
pouvoir simplifier I'équation type [FressengeasMalinari 1987, Fressengeas et Molinari 1992,
Mercier et Molinari 2004, Zhou et al. 2006]. La itdtfon exacte du comportement matériau est
subordonnée a un calcul rapide de la solution dbleme. L'évaluation des effets particuliers du
comportement des matériaux, comme la trainée visgueu la transformation martensitique, sur la
formation d'instabilités ne peut étre abordée pamlodélisation mathématique par exemple du
probleme.

Si avancée relations constitutives voulons étréiséés pour définir le comportement des
matériaux, méthodes numériques sont une alternajiopriée [Lodygowski et Perzyna 1997,
Sgrensen et Freund 2000, Glema et al. 2000, Gowdrereund 2002, Rusinek et Zaera 2007].

Dans les travaux mentionnés a été entrevu quenkbsié aux taux d'écrouissage et jouent un
réle principal sur le controle de la formation atstités. On suppose qu'ils agissent en
homogénéisant le comportement des matériaux [Meatidlolinari 2004], l'augmentation de leur
ductilité [Rajendran et Fyfe, 1982, Hu et Daehn @,98ltynova et al. 1996] et en retardant la
localisation plastique [Hu et Daehn 1996].
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Selon la méthodologie fixée pour la conduite deect#tiése, dans ce chapitre les déclarations
précédentes sont évalués en effectuant des siondamumériques de I'épreuve de dilatation
périphérigue et conventionnelles d'essai de tensiymamique. Application des lois de
comportement avancées de durcissement pour unemiescprécise du processus de localisation en
plastique est nécessaire. Ainsi, l'influence deeasibilité aux taux sur la formation des instadsli
plastiques est analysé par l'application de laitksétendu Modified-Klepaczko modéle pour faire
glisser les dislocations [Rusinek et coll. 2010]influence de I'écrouissage est analysé par
I'application de la Rusinek étendu Klepaczko modeer la transformation martensitique. Une
étude paramétrique compléte des constantes desiaunat@&n question dans les deux extensions
appliguées a Rusinek-Klepaczko Rusinek et de nuadifin des modeéles Klepaczko est effectuée

4 CHAPITRE 4. IMPACT DU COMPORTEMENT ALLIAGES
METALLIQUES POUR DES APPLICATIONS DE
PROTECTION

Parmi les problemes liées a l'impact et l'impaatpérforation et la pénétration des plaques
minces métalliques par des projectiles non-défotenadongtemps été d'intérét, et plusieurs études
sur le sujet sont disponibles dans la littératiiterida et al. 1930, Masket 1949, Nishiwaki 1951,
Zaid et Paul 1958, Backman et Goldsmith 1978, Zutaa. 1990, Zukas et al. 1992, Corbett et al.
1996, Borvik et al. 1999, Piekutowski 1999, Piekuagki 2001, Borvik et al. 2002a, Borvik et al.
2002b, Borvik et al. 2004, Gupta et al. 2006, Gugital. 2007, Gupta et al. 2008, Arias et al. 2008,
Rusinek et coll. 2008b, Rusinek et coll. 2009akqitici, la plupart des progrés ont été accomplis a
cours des enquétes expérimentales de la perforadional des plagues de métal, et un grand nombre
d'études peut étre trouvé dans la littérature paylupart liés aux mécanismes de défaillance de
mode. Au cours de ce type de charges d'impactllipgtomme un mode de défaillance apparait
généralement lorsque des ogive, conique ou hénispieéprojectiles sont appliquées [Edwards et
Mathewson 1997, Atkins et al 1998, Borvik et al028, Shen et al. 2002, Gupta et al. 2008, Rusinek
et coll. 2009a]. Le mode de rupture semble étreefioent dépendant de la vitesse d'impact. Petalling
peut étre remplacé par mode de rupture d'ouvedarda fissure lorsque la vitesse d'impact est
proche de la limite balistique. Dans cette situgtiosne diminution de la souche circonférentielle au
cours du chargement ralentit la progression daskufe [Shen et al. 2002]. En outre, lorsque la
vitesse d'impact est trés élevé, le processus derakon est régi par des effets de l'inertieest |
changements des modes de défaillance de petabhmggehever la fragmentation de la zone touchée
par I'impact, ce qui induit apparence du nuageéteis que I'étape finale du processus [Piekutowski
1993, Piekutowski 2001].

Des efforts considérables ont été investis afin demprendre physiguement et
mathématiquement décrire les phénomeénes qui seiperd lors de la pénétration des munitions. Un
certain nombre de modeéles analytiques ont été paspau fil des ans [Forrestal et al. 1994, Ben-Dor
1998, Forrestal et Warren 2008, Ben-Dor 2009, Ben-ZD09], mais la complexité des événements
perforation limite souvent l'utilisation généralesdfermé former des solutions analytiques. Les
informations obtenues a partir de ces modéles agabs sera limité. Ainsi, les progres sont encore
nécessaires sur la compréhension du comportemdat déformation du matériau lors de la
perforation.

Pour objectif, dans le présent chapitre de la tlegéseléveloppée une méthodologie qui combine
des techniques avancées de mesure avec les sonalatumériques fondées sur la description
précise des comportements matériels. Cette seesbnconsacrée a l'analyse des phénomenes
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complexes qui ont lieu pendant les processus derpéon. L'objectif de cette enquéte ne se limite
pas a une description du mode de défaillance dpiptaimpactées. Les mécanismes de déformation
des matériaux qui se trouvent derriere l'absorptiténergie sous la perforation doivent étre
identifiés. Une telle détermination devrait nousnpettre d'optimiser les matériaux en charge de
porter une sollicitation dynamique au cours de ieerutile.

Deux alliages métalliques sont examinés, I'ES aderx et l'alliage d'aluminium 2024-T3. lls
ont un intérét pour les nombreux domaines d'appbicatels que les industries automobile et
aéronautique. Le thermo-caractérisation mécanicee rdatériaux est réalisée et discutée. Leur
comportement thermo-viscoplastique est décrit pardescriptions constitutive développé dans le
chapitre 1. Différents montages expérimentaux pgayperforation de feuilles métalliques ont été
utilisées afin de fournir une description corredéela thermo-mécanique des processus se déroulant
sous les charges d'impact. Le rble que le chauffaigbatique, écrouissage, sensibilité a vitesse de
déformation et de jouer sensibilité a la températe I'absorption d'énergie lors de la perforagisin
largement débattues.

5 CHAPITRE 5. IMPACT DU COMPORTEMENT ALLIAGES
METALLIQUES AVEC MARTENSITIQUE
TRANSFORMATION POUR DES APPLICATIONS DE
PROTECTION

Dans les dernieres décennies, les constructeurteiaiét de minimiser le temps de production et
les colts, tout en améliorant les propriétés guiaité des produits. C'est également le cas pasur |
secteurs économiques importants comme l'automatakele ou l'industrie civile, qui ont investi des
efforts considérables dans le développement deatlesvgénérations d'aciers pour la lumiére des
structures capables de supporter le poids du cimemgieforte mécaniques et thermo-mécanique. Afin
de remplir ces objectifs, de nouveaux alliages @enaésistance, la ductilité et la ténacité ont été
développés. Parmi eux, la haute résistance desad®dP sont devenus d'une grande pertinence.

Ce type d'aciers montrent la transformation maitigae de FAC austénitey au BCC
martensite ¢ ") dans des conditions déterminées chargememnfierit dépendante de la souche, la
vitesse de déformation et de température. Ce phénerde transformation est souhaitable lors du
chargement d'impact car elle augmente la résistanck ductilité du matériau retardateur de
localisation plastique telle que décrite par [Fescht al. 2000, Delannay et al. 2008, Curtze et al.
2009, Da Rocha et Silva de Oliveira 2009, Jiménex. 2009] et discutées en détail dans le chapitre
3 de cette these.

Ainsi, les aciers TRIP sont aujourd'hui largemetitisés dans l'industrie automobile, par
exemple dans I'écrasement des structures caseclp@re ou de panneaux de c6té. Ces composants
sont responsables d'absorber I'énergie cinétiqeedlane collision ou un accident et mai étre sgumi
a des chargements au cours de leur vie utile. Tmgtda plupart des ouvrages disponibles dans la
littérature ouverte sont limités a I'étude du ph@aoe de transformation martensitique en vertu de
chargement quasi-statique [Bouaziz et Guelton 288Abbasi et Nemes 2003, Bouaziz et al. 2008,
Curtze et al. 2009]. Les mécanismes de transfoomagn vertu de la vitesse de déformation élevés
ont rarement été étudié. L'arrivée éventuelle deealasformation martensitique dans des conditions
de service réel n'est pas évident dans de nomloasix
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Dans ce chapitre de la thése du comportement tharéoanique de deux alliages métalliques
est examinée, l'acier AISI 304 et l'acier TRIP 100@s métaux montrent souche induite par la
transformation martensitiqgue dans des conditionshdggement déterminé. Elle les rend attrayantes
pour de nombreuses applications en ingénierie aeticplier des structures de batiment responsables
de l'absorption d'énergie sous un chargement ditmpa thermo-viscoplastique de caractérisation
des matériaux est réalisée et discutée. En o@treispositif expérimental de-ups différents pour la
perforation de feuilles métalliques ont été utdiséafin de fournir une description correcte de la
thermo-mécanique des processus se déeroulant sopadt. X-technique de diffraction des rayons X
est utilisé todetermine la transformation martégqsé potentiels qui ont lieu pendant le chargement.
Le role que joue la transformation martensitiquasdbabsorption d'énergie lors du processus de
perforation est largement débattues.

6 CHAPITRE 6. CONCLUSIONS ET TRAVAUX FUTURS
6.1 Conclusions et remarques

Ci-dessous sont résumées les principales constagatt conclusions découlant de cette thése de
doctorat:

 Pour compléter les Rusinek-Klepaczko modele, le ifks Modified-Klepaczko
description constitutive a été proposé. Le prem#ra méme de décrire le comportement
des métaux dont le taux de sensibilité indépenddetéa déformation plastique. Ce
dernier est adapté pour définir le comportementrdégux montre la dépendance de la
contrainte sur le volume thermiqguement activé. Bsitens aux effets du frottement
visqueux, négatif sensibilité aux taux de conteiett les phénomenes de transformation
de phase sont calculées pour les deux, Rusinelkakipo Rusinek et de modification
des modeéles Klepaczko. Il a été prouvé la pertioetes relations constitutives point
pour la définition du comportement thermo-viscoptage des deux BCC et FCC alliages
métalliques. Une telle série de lois d'écrouissesfeindispensable de procéder a une
analyse correcte du comportement plastique desumétaus chargements transitoires.

» Les relations constitutives développés ont étéaniseuvre dans le code FE ABAQUS /
Explicit. Il a fait possible de mener une vaste pagne de simulations numériques afin
d'analyser I'impact de la propagation des ondels sénsibilité aux taux d'écrouissage
sur la formation des instabilités sous chargemgmiachique. Les deux, épreuve de
I'anneau d'expansion et conventionnelles d'essterdgon dynamique ont été examinés
en vertu de larges plages de vitesses d'impaatétE démontré que la sensibilité et le
taux d'écrouissage de déterminer la ductilité désaux. Par conséquent, ils sont les
principaux responsables de la capacité des maxématialliques pour absorber I'énergie
en vertu des événements dynamiques.

« |l a été analysé le comportement thermo-viscomastides ES d'acier sous l'impact / la
perforation. Des expériences ont été menées adhréscanon a gaz dans la plage des
vitesses d'impact de 25 m /<sVo < 60 m / s. Les tests ont été enregistrées a l'aide
caméra infrarouge de grande vitesse. En supposamtcdnditions adiabatiques de
déformation le long du contact interface projectileplaque, l'augmentation de la
température est liee a la déformation plastiquéchec critique souche menant a la cible
effondrement est évalué température couplage desura® avec des simulations
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numériques et aux prévisions d'analyse du matétiéenu en utilisant le comportement
Rusinek-Klepaczko modéle. Suite a cette simpliforgtil a été estimé que le processus
de localisation de la déformation qui est précurgiail'objectif de défaillance locale
implique la plasticité des valeurs proches. L'aggilon d'une telle valeur de la souche
non a des simulations numériques des tests deragofo fournit des résultats en accord
avec les expériences.

* Le comportement thermo-viscoplastique des AA 2034aTété caractérisé en tension
sous de larges gammes de vitesse de déformatide empérature. La documentation
indique écrouissage €levé et une ductilité élevdas.caractéristique remarquable de cet
alliage est l'augmentation de I'écrouissage avedir@nution de la température. La
sensibilité a la température dépend de la défoamgblastique. Ainsi, la ductilité du
matériau est accrue a basse température initialetelUcomportement rend cet alliage
d'intérét principal pour les applications aérorgugs. Le comportement thermo-
viscoplastique des AA 2024-T3 a été modélisée disarit le Rusinek élargie modifiée
modele Klepaczko a effets de freinage visqueux. oAdcsatisfaisant entre les
expériences et les prédictions d'analyse de ltaoelde comportement sont signalés. Sur
la base de cette compréhension du comportemenmhdgsiaux, des tests de perforation
de I'AA 2024-feuilles T3 sont réalisés aussi biecaun canon a gaz et une tour de
poids. Essais de choc a grande vitesse ont éié&ésaldans la gamme 10 m<d ¥, < 45
m / s. Poids de la tour de chute des expérienceétérmenées au sein de l'intervalle de
0,5m/s<Vo<4,5m/s sous difféerentes températures initidlgs, 213 K et § = 288
K. Comme il était prévu I'AA 2024-T3 a montré unenhe performance sous essais a
basse température. Des simulations numériquessdassea grande vitesse d'impact ont
été menées. Le modele numérique développé a pemeisdescription appropriée du
processus de perforation en termes de prédictiotadanite balistique et mode de
défaillance.

 Le comportement thermo-viscoplastique de l'acieSIABO4, est examinée. Deux
différents montages expérimentaux ont été utiliggsur la caractérisation du
comportement thermo-mécanique du matériau. Tobbdd non conventionnelles dans
les essais in situ ont été menées a la tractior pewamen de la transformation
martensitigue sous charges statiques a températatgante. L'évolution contrainte
d'écoulement en fonction de la déformation plagtiquété déterminé pour les phases
austénite et martensite. Il a été révélé que lesfoaamation martensitique se produit de
tres faible tendue valeurs. Dans les échantillast portem, il a été mesuré la fraction
volumique de martensite, M 60%. Deuxiemement, passer régulierement des dests
traction ont été menées dans le cadre de largemgarde vitesse de déformation et de
température. Ces tests ont été enregistrés aveéraanirarouge de grande vitesse. La
fraction volumique de martensite dans le post-nmordes échantillons a été déterminée.
Il a été révélé que la transformation de phase®duit méme sous une augmentation de
la température au-dess§ > 140 K. Le comportement thermo-viscoplastiquelale
matiere a été définie en utilisant la Rusinek éemddele Klepaczko a effets de freinage
visqueux. Accord satisfaisant entre les expérierateles prédictions d'analyse de la
relation de comportement sont signalés. En ougreédsts de perforation a la température
ambiante en utilisant tour chute de poids et d®wrsm@ gaz sont menées. Les essais tour
masse de chute sont effectués dans la plage @ssest d'impact de 2,5 m£8/0<4,5
m / s. Les essais a grande vitesse d'impact saomesedans la bande 25 m< ¥, < 85
m/ s. L'AISI 304 a montré de trés bonnes perfogearsous un chargement d'impact. La
cause qui se trouve derriere un tel comportementbke étre la transformation
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martensitiqgue se déroule pendant les essais dergioh. Les plaques d'impact ont été
soumis a l'observation par SEM. Quantité notablendeiensite a été trouvée pour tous
les tests effectués. Enfin, des simulations numésqgdes processus d'impact ont été
menées. Le modele numérique développé a permisdeseription appropriée du
processus de perforation en termes de prédictiotadanite balistique et mode de
défaillance.

* Le comportement thermo-mécanique des aciers TRI® Hous la perforation a été
examinée. La pertinence de ce matériau réside Bamsmnsformation potentielle de
l'austénite résiduelle en martensite sous l'effaftn d'étudier le comportement du
matériau sous un chargement rapide, des essaisrfteggtion ont été effectuées d'une
tour de poids. Des expériences a différentes tesyr@s initiales, §= 213 K et | =
288 K, et des vitesses d'impact, 5 m£ &y < 4,5 m / s, ont été effectued3aRX
méthode a permis a la mesure de la teneur en #estigs échantillons avant et aprés
I'impact. Les résultats révelent toujours la fractméme volume d'austénite. L'absence
de transformation martensitique mai s'explique lpailgmentation de la température au
cours du chargement dans la zone directement teughgé l'impact (a proximité de la
zone directement touchée par I'impact mai austéeitééformer). En outre, lI'analyse des
contraintes résiduelles de ferrite a montré gatikjle réle de la phase de mou lors de la
déformation plastique du matériau. Une partie irgue de la déformation plastique
requis par austénite pour la transformation maitigug est localisé dans la ferrite. Dans
les zones cibles ou une augmentation de températétat pas perceptible (loin de la
zone directement touchée par l'impact), la défaonatéduite de la phase austénite
empéche la transformation martensitique. En ventu cés considérations (et les
conditions de chargement) TRIP 1000 Steel sembleogsgporter comme un membre
régulier acier de haute résistance avec une absentansformation martensitique.

» Dans cette thése, il a été démontré la nécessitgudar une vue intégrée de l'impact des
processus afin de comprendre les mécanismes diosord'énergie qui, sous
chargement dynamique, sont montré par des alliag®alliques. Pour cette tache, une
méthodologie originale a été développée. Cette goae associe les techniques de
mesure avancées comme l'enregistrement infrarougiffoaction des rayons X avec les
simulations numériques fondées sur la descriptiécipe des comportements matériels.
Ainsi, cette enquéte a abouti aux principales amichs énoncées ci-dessus qui sont
d'intérét pour différentes applications industéasl|

6.2 Travaux futures

Certaines des lignes futures recherches sont pgéeseai-dessous:

Rusinek-Klepaczko et de modification Rusinek-Klegax descriptions constitutive tenir
compte que de la sensibilité aux taux instantaneendtériau. Sensibilité de contrainte de
taux instantané décrit le taux de comportement mEpeges meétaux lors de I'état du
chargement continu (valeur actuelle des flux desstest une fonction instantanée de tension,
vitesse de déformation et de température). De nensiess descriptions constitutive rapportés
dans la littérature (physigue des modéles ainsi dpge modeles phénoménologiques) sont
généralement limités a des domaines d'applicaétsn Toutefois, il est connu que les effets
histoire de la vitesse de déformation sont présgats le comportement de déformation des
matériaux. Effets historiques mai présenter unr@tpour la modélisation du comportement
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du matériau lorsqu'il est soumis a une augmentdioaque du taux appliqué la déformation
ou a un processus de chargement du vélo. Afin uie ¢empte de ces considérations, les
définitions de variables d'état internes a la fdation de la description constitutifs sont
nécessaires. Elle permettra la collecte d'inforomgti concernant ['‘évolution de la
microstructure lors de la déformation plastique.

Dans cette thése de doctorat de I'Huber-Missestitoncu rendement a été utilisée pour
décrire le comportement thermo-viscoplastique deaox. J2 plasticité implique une
définition isotrope de la comportement du matérisin d'analyser les alliages métalliques a
la dépendance de la pression sur I'état de renderhearait utile de combiner les relations
constitutives proposé ici avec des criteres detiplessde pointe comme celles dues a Gurson
ou Burzynski.

En outre, il est connu que le ramollissement desrdages mai jouer un rdle important sur le
comportement de certains métaux dans des condiierchargement déterminé. Les dégats
sont connus comme dépendant de la souche, vitesdéfdrmation et de température ainsi
que sur I'état de stress. Ainsi, une descriptioplitnoméne des dommages collecte de telles
dépendances doit étre tiré et combinées avec lasores constitutives introduit dans ce
travail. Pour un tel objectif, il est besoin d'um&thodologie expérimentale rigoureuse qui
nous permettent d'identifier avec précision lesddtons de charge en vertu de laquelle le
ramollissement des dommages dans les métaux esdbgpee.

Afin de compléter I'analyse menée dans ce travail gtat de contrainte uniaxiale, dans les
études a venir, il sera nécessaire d'identifierrdle de la vitesse de déformation et

d'écrouissage sur la formation d'instabilités dées autres états de stress, comme par
exemple de cisaillement pur. Bandes de cisaillenagiibatique formée sous chargement
dynamique sont responsables de la défaillance miatériau dans les procédés industriels
comme l'usinage a grande vitesse de coupe rapake.descriptions de pointe constitutive

développe dans cet ouvrage mai appliquer pour tbiet

Il se révéle nécessaire pour mener une campagreiexgntale en vue d'aller plus loin dans
la compréhension des mécanismes responsablesbderpton d'énergie sous sollicitation
dynamique. Un intérét particulier doit étre portdér $es nouvelles générations de High
Strength Steels, comme par exemple les aciers ERIPNIP. Méthodes de test classique
doivent étre combinés avec des techniques avardeesesure comme la thermographie
infrarouge, la corrélation d'images et diffractaes rayons X afin d'examiner les causes de la
localisation des déformations. Comme il a été dédens ce travail, une campagne
expérimentale de cette nature doit couvrir a paeita caractérisation uniaxiale du matériau
comportement jusqu'a la réponse structurale durmaatéous l'impact / la perforation. Les
efforts mai étre centrée sur:

o Application de la technique de corrélation d'imagesles événements comme la
tension d'impact rapide, essais de compressiore etighillement, les processus de
perforation ou l'impact des structures crash bbxalnous permettre de connaitre le
rle joué par la contrainte et la vitesse de déédion sur la génération d'instabilités
plastiques et les échecs sous chargement dynamique.

o L'enregistrement infrarouge d'événements dynamiqueeeme la tension rapide,
essais de compression et de cisaillement, les gsasede perforation ou I'impact des
structures crash box. Il va nous permettre de neeserrdle joué par I'amollissement
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thermique sur la génération d'instabilités plagtfet les échecs sous chargement
dynamique
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Abstract

In this doctoral Thesis the thermo-viscoplastic daebur of metallic alloys used for
structural protection purposes has been analyzed. study includes the proposition of
advanced constitutive relations and their integratnto numerical models. These numerical
models are validated for impact problems within tbe-intermediate range of impact
velocities(until 85 m/s)

The advanced constitutive relations derived aredas theRusinek-Klepaczkomodel
whose validity is extended to metallic alloys shogvidependence on plastic strain on the
volume thermally activated. In addition the consiite relations developped allow
describing macroscopically viscous drag effectshigh strain rates, negative strain rate
sensitivity andmartensitictransformation phenomena.

Implementation of previous constitutive relatiorestbeen conducted into tR& code
ABAQUS/Explicit. Thus, development of numerical models for theusation of ring
expansion test and conventional dynamic tensidrhees allowed analyzing the formation of
plastic instabilities. In this analysis the effeotsstrain rate sensitivity, strain hardening and
plastic wave propagation have been considered.

Finally, it has been examined the impact behavafumetallic alloys widely used for
structural protection purposes: the mild stB& the aluminium alloy2024-T3 the steel
AISI 304 and the steelTRIP 1000. For that goal conventional characterization testsvell
as impact tests have been conducted. Numerical Imbdsed on the constitutive relations
derived have been developped in order to simulsenpact tests. These numerical models
offered a suitable description of the perforationgess in terms of ballistic limit and the
associated failure mode of the target.
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Resumen

En esta tesis doctoral se ha analizado el compmtéon termo-viscoplastico de
aleaciones metalicas de aplicacion en la protect&mte a impacto. El estudio incluye la
proposicion de ecuaciones constitutivas avanzadas,implementacion en modelos
numeéricos y la validacion de los mismos con api@aen problemas de impacto en el rango
de velocidades bajo-medfbasta 85 m/s)

Las ecuaciones constitutivas avanzadas que seeatatbman como base la ley de
endurecimiento de Rusinek-Klepaczko y extiende alidez a metales que presentan
sensibilidad a la velocidad de deformacion dependiele la deformacion plastica. Las
ecuaciones constitutivas consideradas permitenridesmacroscopicamente los efectos
viscosos a altas velocidades de deformacién, lailsédad negativa a la velocidad de
deformacion y los fendbmenos de transformaaoi@amntensitica

La implementacion de las ecuaciones constitutivasrimres se ha llevado a cabo en el
codigo de elementos finitoABAQUS/Explicit. Asi, el desarrollo de modelos numéricos
para las configuraciones del ensayo convencionalratzion dinamica y del ensayo de
expansion de anillo ha permitido analizar las caugge residen detras de la formacion de
inestabilidades plasticas. En el analisis se haiderado la influencia de la sensibilidad a la
velocidad de deformacion, el endurecimiento poodeécion y el efecto de la propagacion
de ondas.

Finalmente se ha examinado el comportamiento frantapacto de metales de amplia
aplicaciéon como estructuras de proteccion: el aseaveES, la aleacion de alumini@024-
T3, el aceroAlSI 304 y el aceroTRIP 1000. Para ello, se han llevado a cabo ensayos
experimentales de caracterizacion mecanica conmeaiciy ensayos experimentales de
impacto mediante proyectil indeformable. La utididen de modelos numeéricos que
implementan las ecuaciones constitutivas desagamdla proporciona una adecuada
descripcion del proceso de impacto en términoginhile de velocidad de perforacién y del
modo de fallo asociado.



Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading










Advanced constitutive relations for modeling themigzoplastic behaviour of metallic alloys subjectedmpact loading







Index

INDEX
1 CHAPTER 1. INTRODUCTION AND OBJECTIVES........reeinreriennninennsnssesesenssssessssssesens 2
1.1 MOTIVATION....oiuiiiitiietenietete ettt s ettt se ettt ss e bbb s st e beae s b s bt ns s eae s 2
1.2 OBJECTIVES....utttieieiuteeeeeieeeeeeeitteeeeeeteeeeeetsaaeeeeessseeeaassssseeeassssaeeassssseeeasssseeeeasssseeasssseesenssseesannns 6
1.3 METHODOLOGY ..ucovitiniitiniiienitetetetesteteseste s ssese sttt et ess s se et et ese st ssens et se s esensetensesesenns 6
1.4 ORIGINAL CONTRIBUTIONS.......cucotetimirierinietinisiesestesessesee st ese e sess st ese s s ssens s s s s esensesesens 7
1.5 CONTENTS....oouiitititetctetce ettt a bbb b s ns s ae s 8
2 CHAPTER 2. ADVANCED CONSTITUTIVE RELATIONS FOR METALLIC ALLOYS
BASED ON THE RUSINEK-KLEPACZKO MODEL.......iiiinnenininiennnsesnssssssssssssesssssseseses 10
2.1 INTRODUCTION ....ootitiuiiitiietenteteseetese et ess et se et st se st b s be e b s s bt s et eas s b et ns s eae s 10
2.2 THE RUSINEK-KLEPACZKO CONSTITUTIVE RELATION ......cccotrimuiieteninrereneseninieneeseseeeseneenenens 13
2.2.1  LIteratlire TeVIEW ......ccciiiiiiiiiiicicic e 13
2.2.2 Applied method for modeling reference metallic alloys.........ccccovueeiniiiiinniiiiniiccies 16
2.3  THE MODIFIED RUSINEK-KLEPACZKO CONSTITUTIVE RELATION ...cccoveeerureerireennreenreeenneens 28
2.3.1 Formulation developed..........cccoiiiiiiiiii s 28
2.3.2 Systematic procedure for calculation of the model parameters............cccccvuviiviniiiiinnes 29
2.3.3 Applied method for modeling reference metallic alloys.........cccocvueeiniriinininiiciniiicies 30
2.4 EXTENDED CONSTITUTIVE RELATIONS FOR THE MACROSCOPIC MODELING OF VISCOUS DRAG
EFFECT AT HIGH STRAIN RATES ..ottt et s st s s et s aa e e e eaa e saa s 33
241 LIteratlire TOVIEW......ccccoiiiiiiiiiiiiiicict et 33
2.4.2 Applied method for modeling reference metallic alloys.........cccooeeiiiiiininininiiiee 36
2.5 EXTENDED CONSTITUTIVE RELATIONS FOR THE MACROSCOPIC MODELING OF NEGATIVE
STRAIN RATE SENSITIVITY ..uuiuuiiuuiiutiiuiiuiiiiiiiiii ittt eateeateiacraeraesansessseasstasassstsesssessssesssssesns 43
2.5.1 LIteratlire TeVIEW ..ottt 43
2.5.2 Applied method for modeling reference metallic alloys.........cccoceueuiiniiiinniiiiniicines 44
2.6 EXTENDED CONSTITUTIVE RELATIONS FOR THE MACROSCOPIC MODELING OF MARTENSITIC
TRANSFORMATION ....ooiuiiuiiiiiiiitintitietiete ettt ettt ettt et be et e bbb bbb e beeaeeas e s et e b e b e be s 49
2.6.1  Literattre TeVIEW......cccooiiiiiiiiiiiiiiiicit e 49
2.6.2 Applied method for modeling reference metallic alloys.........ccccovueiiniriiinniiiiniiiccies 52



Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading

3 CHAPTER 3. NUMERICAL ANALYSIS OF PLASTIC INSTABILITIES FORMATION

UNDER DYNAMIC TENSION ...uooiniiiiininiinnininiiiiinnisissisininimimsssmssiisisissssssssssssssssssess 64
3.1 INTRODUCTION ...coiriiriiiuiiuiiiiiiiiteietesies st sat et et se et e bbb sae e et a e s e s e saesbesae e e e s ssenennens 64
3.2 DYNAMIC TENSION TESTS.....ccctiiiiiiiniiiiiieiiieiiet ettt sse st ssessesaesaessesase e sas s e snennens 65

3.2.1  LIteTatlre TEVIEW c..coviiiiiiiiiiiiiciertctetctct ettt st bt sb e st 65
3.2.2 Numerical CONfIUIAtIONS ......ccooviuiuiiiriiiiiiriccici e 70

3.3 INFLUENCE OF STRAIN RATE SENSITIVITY ON FLOW LOCALIZATION UNDER DYNAMIC

B 215 () I 74
3.3.1 MethOdOlOZY ......cuouiieicicicicicicicic s 74
3.3.2 TheoretiCal CONSIACTATIONS ......cueeeeeeeeeeeeeeeeeeeee e et eeeeeeeteeeeeeeeeeesteeeesseeeeasseeeeeeessseesssseeaeeeessessannne 75

3.3.3 Implementation of the extended MRK model to viscous drag effects into FE code and

validation of the numerical model ..........ccccooiiiiiiiiiiiii e 77
3.3.4 Analysis and results for reference material...........ccccoceeviniiiiiininiinniie 79
3.3.5 Influence of viscous drag formulation parameters on the flow localization...................... 87

3.4 INFLUENCE OF STRAIN HARDENING ON FLOW LOCALIZATION UNDER DYNAMIC TENSION. 107

341 MethOdOLOZY ...cooviuiiiiiiiiiiiciciiic e 107
3.4.2 Theoretical conSiderations...........cccovuviiiiiiiiiiiiiiiiiiii e 108
3.4.3 Implementation of the extended RK model to martensitic transformation into FE code

and validation of the numerical model............cccccovniiiiiniiiiii 112
3.44 Analysis and results for reference material............ccccooeeiiiiiiiinnn 113
3.4.5 Influence of strain hardening formulation parameters on the flow localization.............. 122

4 CHAPTER 4. IMPACT BEHAVIOUR OF METALLIC ALLOYS FOR PROTECTION

APPLICATIONS ...tiictntitnctnsitnistsscssssesssstsssssssssssssssssssssssssssssssssssssssssssssstsssssssstssssssssssssssssssnssssssssens 140
4.1 INTRODUCTION ...coiiiiiiiriiiiiiiieiieiieteieste et sie et et saesaesaesae s et seaesa e b e s besaeeneeae s e s ennens 140
4.2 IMPACT BEHAVIOUR OF STEEL ES.......ccoiiiiiiiiiiiiiiiiiccceesecenns 141

421 Thermo-viscoplastic behaviour of the mild steel ES..........ccccoeiivniiinniiiiie. 141
4.2.2 Constitutive relation for the ES Steel .........coeviiviiiiiiiinininiicceeceee et 151
4.2.3 Experimental procedure for perforation of metallic sheets ...........c.ccccccovviiiinniinnnen. 152
424 Analysis of the perforation Process ... 156
4.3 IMPACT BEHAVIOUR OF ALUMINIUM ALLOY 2024-T3...oooiiiieeeeee et 169
4.3.1 Thermo-viscoplastic behaviour of the aluminium alloy 2024-T3.........ccccccceoecinniininnnenee. 169
4.3.2 Constitutive relation for the aluminium alloy 2024-T3.........c.ccccccovivniinniiiniiiiiie, 173
4.3.3 Experimental procedure for perforation of metallic sheets ...........c.cccccevvviiininiiinnnne. 175
4.3.4 Analysis of the perforation Process...........ccocovuiiviniiiiiininiiiii e 177



Index

5 CHAPTER 5. IMPACT BEHAVIOUR OF METALLIC ALLOYS WITH MARTENSITIC

TRANSFORMATION FOR PROTECTION APPLICATIONS .....cuiiiiiiinnnnnsnsnsnssesesescscaens 192
5.1 INTRODUCTION .....covitiuietiniiteniietintetese ettt ess ettt st se bt ae s b b ns et ae et b e s as s ae s 192
5.2 IMPACT BEHAVIOUR OF STEEL AISI 304 .......cocooiioiiiiiiiiieiiietccec s 193

52.1 Thermo-viscoplastic behaviour of the steel AISI304.........cccccoeiiiniiiinniiincccne, 193
5.2.2 Constitutive relation for the steel AISI304.........ccoeeiviniiiinniiiccce e, 209
5.2.3 Experimental procedure for perforation of metallic sheets .........c.cccccccevvrivinnicinnnane. 211
5.2.4 Analysis of the perforation process...........ccoveiiiiniiiiiniiiinis 211
5.3 IMPACT BEHAVIOUR OF STEEL TRIP 1000 ........ccoiviieiiiiiiiiiinicieccee 224
5.3.1 Thermo-viscoplastic behaviour of the TRIP 1000 steel............cccccoevuruiirinriinnneiinnnen. 224
5.3.2 Experimental procedure for perforation of metallic sheets .........c.cccccccvvvriinnniinnnnee. 228
5.3.3 Analysis of the perforation ProcCess...........ccoveeiviniciriniicinineeseeeee e 229

6 CHAPTER 6. CONCLUSIONS AND FUTURE WORK .......ciriirnsrsneninenenisisisisisescscsssessseseneaes 240
6.1 CONCLUDING AND REMARKS .......ceerierrieerireriueenseeesseesseesseesseessessseesssesssessssessseesssesssessssessses 240
0.2 FUTURE WORK .....ceiiteeeriteeriieeniteenieeenteessiteesssseesssseessssesssssesssssesssseesssseessssesssssesssssesssssessssees 242
0.3 PUBLICATIONS.....ceestteeriteeeiiteesitteesteessteessuseessseesssteessssesssssesssssesssseesssseesssseessssessssseessssessssees 244

APPENDIX A - THE MECHANICAL THRESHOLD STRESS MODEL...........ccceceeieeeereennnnnns 250

APPENDIX B — THREE DIMENSIONAL MODEL ..........uiiiiiisnssssssesssesesessssssssssssssssssssssans 254

APPENDIX C - DERIVATIVES OF THE CONSTITUTIVE MODELS FOR IMPLEMENTATION
INTO FE CODE .....uoitiiiririiiniiiininininininisinessssssisssssisinisissessessssisssssssssssssssssessessssssssssssssssssssssess 258

APPENDIX D - ANALYTICAL DERIVATION OF THE CRITICAL IMPACT VELOCITY IN
TENSION .cuitiiiiiiiininininininiiininsesisisisesisisssssesssssssssstsstsssssssssssessssssssssssssssssssssessessssssssssssssssssessens 262

REFERENCES.....uuiiiiniitintiniiininisinisississisisitssissessississssstssssssstsssssssstsssssssssssssssstessesssstssssssssssssssssens 266



Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading




Chapter 1. Introduction and objectives

CHAPTER 1
INTRODUCTION AND OBJECTIVES

Abstract

Exhaustive analysis of metals deformation behavamswers to the necessity of proving
to industrial sectors of materials suitable forrbephard mechanical and thermo-mechanical
loadings. For design purposes, many engineerintgisfi@re required of an accurate
knowledge of the thermo-viscoplastic behaviour efallic alloys. Particularly, high loading
rate events have become increasingly relevantfmnodern industry. Thus, in this chapter
of the Thesis are set the objectives of the praseastigation. The main goal is to go further
in the understanding of the thermo-viscoplasticavatur of metallic alloys subjected to
impact loading. It must be must provided an integgtaview of the processes which reside
behind the formation of plastic instabilities, wiiare the main responsible for failure in
metals subjected to impact.
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1 CHAPTER 1. INTRODUCTION AND OBJECTIVES
1.1 Motivation

Exhaustive analysis of metals deformation and failbehaviours answers to the necessity of
proving to industrial sectors of materials suitalfte bearing hard mechanical and thermo-
mechanical loadings. For design purposes, engimgdields like aeronautical, automotive, oil and
naval industries, machining processes, militaryliapfjons or civil engineering are required of an
accurate knowledge of the thermo-viscoplastic behavof metals, Fig. 1.1. Particularly, high
loading rate events have become increasingly ratefea the modern industry [Borvik et al. 2003a].
In design of offshore structures, account is takémaccidental loads such as dropped objects
collisions, explosions and penetration by fragmé¢Rtssinek and Zaera 2007]. Impact loads are also
pertinent in design of fortification structures @®tection against terrorist attacks. In the transp
industry, energy absorption and crashworthinessnase critical issues in the design process of
vehicles, vessels and aircrafts [Abramowicz ancedd®84, Abramowicz and Jones 1984, Rusinek
et al. 2008a]. In addition, many of the problemanfd in structural impact are also relevant in
machining processes and metal forming operations.

(®
Fig. 1.1. Engineering applications where metallitogs may be subjected to wide ranges of straie eatd temperature
during their service life. (a) Machining process@®, Aeronautical industry, (c) Automotive industfy) Military
applications, (e) Civil engineering, (f) Oil indugt (g) Naval industry.
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Metal plasticity has been extensively studied awer last decades. Pioneer works of Orowan
and Taylor were suitable to describe deformatiometals in terms of theory of dislocations. Later
on, the seminal works of Perzyna [Perzyna 1966]mgell and Fergusson [Campbell and
Fergusson 1970] and Kocks et al. [Kocks et al. 19@®ong others allowed a better understanding
of the thermo-viscoplastic behaviour of metals.defation mechanisms which reside behind metals
plasticity were investigated [Campbell 1954, Seekft57, Basinski 1959, Conrad 1961, Klepaczko
and Duffy 1982, Zerilli and Armstrong 1987, Klepkoz1991, Taylor 1992, Tanner and McDowell
1999, Kocks 2001, Kocks and Mecking 2003, Lennah Ramesh 2004].

Based on these contributions, several authors [Kwehal. 1968, Hirth and Lothe 1982, Clifton
1983, Follansbee 1986, Regazzoni et al. 1987, msilee and Kocks 1988, Zerilli and Armstrong
1992, Huang et al. 2009] focused their interesthm high rate deformation behaviour of metallic
alloys. From such investigations, it was stated fhastic instabilities play a prominent role ireth
deformation and failure of engineering materialslemdynamic solicitations [Papirno et al. 1990,
Couque 1998, Molinari et al. 2002]. High strainesatead to material temperature increase due to
adiabatic heating. It slows down plastic wave pgaien inducing flow localization and subsequent
failure. Understanding formation and propagationnstabilities in metals offers significant steps
towards optimizing material’s behavior at high streates. Susceptibility of metals for instabilgie
formation determines their suitability for absopienergy under dynamic solicitations.

The relation between thermo-viscoplastic materi@hdviour, plastic wave propagation and
instabilities formation is observable in impact{fpeation problems. From such an integrated point
of view, the understanding of the materials responader impact has still not been reached.
Perforation events are characterized by the compleghanical and thermo-mechanical processes
which take place in the target-material during iogd Target failure is preceded by instabilities
formation like shear banding, Fig. 1.2, necking.FAg or petalling Fig. 1.2 [Borvik et al. 1999,
Borvik et al. 2003b, Dey et al. 2004, Odeshi et2806, Arias et al. 2008, Rusinek et al. 2009a].
Impact processes are interesting from themselveslas from the extreme conditions taking place
in the material during loading.
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(b) (©)
Fig. 1.2. Failure mechanisms taking place underastp(a) Sequence of images of the perforation ggss®iWeldox
460-E steel plate by a non-deformable blunt projectilthvlat faces [Dey et al. 2004]. (b) Adiabatic stndand in a
plate of steeWeldox 460-Empacted by a non-deformable blunt projectile i#t facegDey et al. 2004].
(c) Adiabatic shear band induced by a ballistipant in a steel plate [Odeshi et al. 2006].

(©)
Fig. 1.3. Failure mechanisms taking place underastp (a) Necking failure mode [Rusinek et al. 24J09
(b)-(c) Petalling failure mode [Rusinek et al. 26().
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Many experimental, analytical and numerical in\geions dealing with impact-perforation of
projectiles on metallic plates are nowadays avklai the open literature. Comprehensive reviews
on the research into the penetration and perforatfostructures by free-flying projectiles can be
found in the works due to Goldsmith [Goldsmith 1P%Rorbett et al. [Corbet et al. 1996], and Zukas
et al. [Zukas et al. 1982, Zukas et al. 1990]. &fiect of target materials and thicknesses, [Boetik
al. 2003b], impact velocity [Borvik et al. 2002ari#s et al. 2008, Rusinek et al. 2008b] and
projectile nose shape [Borvik et al. 2002a, Ariasale 2008] on the perforation process has been
examined. In those works it is empirically analyzled strong dependence existing between thermo-
viscoplastic materials behaviour and instabilif@snation [Dey et al. 2004].

It is therefore well proven the relation existingtween deformation behaviour of metals,
formation of plastic instabilities and perforatipnoblems. This relation is intrinsically tied toeth
thermo-viscoplastic behaviour of the material andan be illustrated by the thermo-viscoplastic
yield function defined by Eq. 1.1.

t(0; 8 €°T)=5-0, (eP£"T)=0 (1.1-a)

_ /3
0= E@aj 'y (1.1-b)

Where, assuming Huber-Misses plasticity, is the equivalent stress” is the equivalent plastic
strain, €° is the equivalent plastic strain rai®,is the temperature argl is the deviatoric part of the

ij o

stress tensoo; . Then, the yield function evolution reads as feoEq. 1.2.

f(o, B8 T)=——0, +—%°+ LTI (1.2)

where’€” is the equivalent plastic acceleration.

From Eq. 1.2. we can gather that the derivativethefyield function with respect to straiso
strain hardening @=00/0&"), strain rate(so strain rate sensitivitym=0c /0 log(é” )) and

temperaturg(so temperature sensitivity =do/ dT) are determining plastic behaviour of metals
under transient loadings. It is therefore necestanyrovide suitable analytical definitions of tleos
rate-dependent terms of the material behavioumpdrticular, certain unconventional deformation
modes exhibited by some metals which involve sudderations of such rate-dependent terms are
of main relevance in impact problems. These ameexample, dislocations drag at high strain rates,
negative strain rate sensitivity orartensitictransformation.

Unfortunately deformation behaviour of metals, fatian of plastic instabilities and perforation
problems are usually treated separately in thedveonk of the continuum mechanics.

In this doctoral Thesis the efforts are gatheredwomttempt for offering a complete approach of
the high rate behaviour of metallic alloys. Frora #dvance constitutive description of metals within
wide ranges of loading conditions until the defotiora mechanisms which reside behind the
absorption of energy in metallic alloys subjectednipact/perforation. The key is the determination
of the causes which control instabilities formatiomnder dynamic solicitations.
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1.2 Obijectives

With the problem expressed in such terms, the tibgscof this doctoral Thesis are set:

The goal is to go further in the understandinghaf thermo-viscoplastic behaviour of metallic
alloys subjected to impact loading. It must be pded an integrated view of the processes which
reside behind the formation of plastic instabistievhich are the main responsible for failure in
metals subjected to impact. In order to achieisetdsk the following procedure is applied

» Constitutive modelling of metallic alloys has to lee&amined. Study and derivation of
analytical constitutive descriptions suitable f@sdribing the thermo-viscoplastic behaviour
of metallic alloys under wide ranges of strain rael temperature. A constitutive description
has to be proposed in order to complementRhsinek-Klepaczko (RK) model [Rusinek
and Klepaczko 2001]. ThHRK formulation is suitable for describing the behaviotimetals
whose rate sensitivity is independent of plastraist The former, thé/odified Rusinek-
Klepaczko (MRK) model, has to be suitable for defining the bebiawviof metals showing
dependence of strain on the volume thermally atd/a

» Particular attention must be focused on determurembnventional deformation mechanisms
that may take place in metals under dynamic logdiisgous drag effect at high strain rates,
negative strain rate sensitivity amdartensitic transformation. Extensions of tHeK and
MRK models to describe such phenomena have to beederiv

* Implementation of the constitutive relations depeld into aFE code. It will allow
developing a numerical methodology in order to yrmlthe influence that strain hardening,
strain rate sensitivity and temperature sensitiliye on the formation of instabilities under
dynamic loading.

» Development of an experimental methodology for geation of metallic sheets under wide
ranges of impact velocity at different initial teerptures. Then, the constitutive models
developed will be applied to simulate the perfanatiests. The understanding of the thermo-
mechanical response of metallic alloys under impactoration is pursued. The causes
which reside behind suitability of metals for ali8og energy under dynamic events are
examined.

1.3 Methodology

Thus, the methodology developed in this doctorasisis set:

1. Derivation and validation of constitutive relatiofi@r modelling the thermo-viscoplastic
behaviour of metallic alloys under wide ranges this rate and temperature. These
constitutive relations have to gather physical fiations as well as simple formulation and
easy calibration procedure.

2. Implementation of the constitutive descriptionsoiffE code. Based on the constitutive
relations developed a numerical analysis to detenthe causes which reside behind
instabilities formation under dynamic loading isndacted. The roles played by strain
hardening and strain rate sensitivity are examined.
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3. Thermo-mechanical characterization of the behavadunetals under wide ranges of strain
rate and temperature and study of their deformatnechanisms. Then, it will be conducted
the modelling of their thermo-viscoplastic behaviony means of the constitutive
descriptions developed. In addition, it will be el@ined their potential application for
withstanding extreme loading conditions. For tlakt an experimental methodology has to
be developed in order to understand the mechanmgmch reside behind the absorption of
energy of metals subjected to impact-perforation.

1.4 Original contributions

The original contributions carried out in this Tiseare outlined in the following points:

» Constitutive modeling of several metallic alloysngstheRK model. Proposition of an
original constitutive relationMRK ) for describing the thermo-viscoplastic behaviofir
metals with the volume thermally activated dependenplastic strain.

* Extensions to viscous drag at high strain rategatiee strain rate sensitivity and
martensitictransformation are derived for bolRK andMRK models. The constitutive
descriptions developed have been validated for mmapaifferent metallic alloys of
relevance for protection applications.

* The constitutive relations developed have been emphted into theFE code
ABAQUS/EXxplicit. Both, ring expansion test and conventional dymatension test
have been numerically examined under wide rangespéct velocities. The main role
played by strain hardening and strain rate seiitgiton the formation of instabilities has
been highlighted.

It has been analyzed the thermo-viscoplastic belaviof steel ES under
impact/perforation. Perforation tests were recordggidg high speed infrared camera. An
original methodology is proposed for determining thitical failure strain which induces
material failure during the tests. It has beemestizd that the localization process which

leads to target-failure involves local plasticitylves close to€P =1. Numerical
simulations of the impact tests were conducted. Auraerical model developed allowed
for a proper description of the perforation processerms of ballistic limit prediction
and failure mode. Instabilities formation has bakmtified as the mechanism leading to
the collapse of the target.

* The thermo-viscoplastic behaviour A 2024-T3 has been characterized in tension
under wide ranges of strain rate and temperatuhe. Material possesses high strain
hardening and elevated ductility. A remarkable abtaristic of this alloy is the strong
increase of the strain hardening with the tempeeatdecrease. The temperature
sensitivity has been found dependent on plastinstihe thermo-viscoplastic behaviour
of AA 2024-T3 has been modeled using the extend#K model to viscous drag
effects. Numerical simulations of the high velocitgpact tests were conducted. The
numerical model developed allowed for a proper desan of the perforation process in
terms of ballistic limit prediction and failure med
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* The thermo-viscoplastic behaviour of the st&kbl 304 is characterized and examined.
The martensiticvolume fraction was determined in the post mortgracimens. It was
revealed that the phase transformation occursignntiaterial even under a temperature
increase abovAT > 140 K. Such finding is reported for the firgtné in the open
literature. The thermo-viscoplastic behaviour af thaterial has been defined using the
extendedRK model to viscous drag effects. Moreover perforatiests ofAlSI 304
sheets are conducted. It has been detestadensiteformation during perforation.
Numerical simulations of the impact process weradagted. The numerical model
developed allowed for a proper description of thgfgration process in terms of ballistic
limit prediction and failure mode.

« The thermo-mechanical behaviour of the sfERIP 1000 under wide ranges of strain
rate and temperature has been examined. In ordg#udy the material behaviour under
fast loading, perforation tests @fRIP 1000 sheets have been performed. iNartensitic
transformation was found during perforation. Undgnamic solicitation the ste@RIP
1000 seems to behave as a reguitagh Strength Steel with an absence ahartensitic
transformation.

1.5 Contents

This introduction is the first chapter of the amta which the Thesis is divided.

The second chapter is devoted to the constitutiedaling of metallic alloys. TheRK
formulation is introduced. Applicability of this oetitutive description is extended to different
metallic alloys. Complementary to tRK model, theMRK model is proposed. The latter will allow
for describing the thermo-viscoplastic behaviournoétals with the volume thermally activated
dependent on plastic strain. Extension to viscowag effects, negative strain rate sensitivity and
phase transformation phenomena are derived for, BttrandMRK models.

The third chapter has advantage of numerical sitiuis in order to analyze the causes which
reside behind formation of instabilities under dyma loading. Two different numerical
configurations are used for that task; ring expamgiest and conventional dynamic tension test.
Wave propagation, strain hardening and strainetigets on the formation of plastic instabilitiae a
examined. Optimization of materials for absorbingrgy under impact loading is pursued.

The fourth and fifth chapters deal with the imppetforation behaviour of four metallic alloys,
ES steel, aluminium alloy2024-T3 steel AISI 304 and steelTRIP 1000. These materials are
thermo-mechanically characterized, analytically sled and subjected to perforation by non-
deformable projectiles. Their deformation mechamisare tied to their answer under impact-
perforation.

In the sixth chapter are collected the main conchssderived from this work. In addition, the
required forthcoming works are sketched.

Moreover, different appendixes are attached wheterthined aspects of this doctoral Thesis
are detailed.

Finally, the bibliography used to conduct this wkeported.
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CHAPTER 2

ADVANCED CONSTITUTIVE RELATIONS
FOR METALLIC ALLOYS BASED ON THE
RUSINEK-KLEPACZKO MODEL

Abstract

In this chapter of the Thesis the constitutive ntindeof metallic alloys is examined. In
order to complement thRusinek Klepaczko model, theModified Rusinek-Klepaczko
constitutive description has been proposed. Thendoris suitable for describing the
behaviour of metals whose rate sensitivity in irefegent of plastic strain. The latter is
suitable for defining the behaviour of metals shwyvdependence of strain on the volume
thermally activated. Extensions to viscous drag@daf, negative strain rate sensitivity and
martensitic transformation phenomena are derived for bd®usinek Klepaczko and
Modified Rusinek-Klepaczko models. It has been proven the suitability of tbastitutive
relations developed for defining the thermo-visesgt behaviour of botBCC andFCC
metallic alloys.
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2 CHAPTER 2. ADVANCED CONSTITUTIVE RELATIONS
FOR METALLIC ALLOYS BASED ON THE RUSINEK-
KLEPACZKO MODEL

2.1 Introduction

Over the last decades, deformation of metals has babjected to intensive study since it is of
fundamental interest to analyze loading proces&esurate knowledge of the response of metallic
alloys under loading is required to optimize matisrused to build mechanical elements in charge of
bearing demanding solicitations. In order to unders the thermo-viscoplastic behavior of metals, a
constitutive description is required. Driven by eomic sectors like automotive, aeronautical or
military industries, the research conducted to waetiheoretical descriptions of the deformation
behaviour of metallic alloys has gathered subsahafforts.

Macroscopic constitutive descriptions proposed diieryears may be primarily split into two
groups:

» Phenomenological constitutive relations They provide a definition of the material
flow stress based on empirical observations. Thaysist on mathematical functions
with lack of physical background which fit experimal observations.
Phenomenological models are characterized by redonoenber of material constants
and easy calibration. Some examples are those squeposed in [Cowper and
Symonds 1952, Litonski 1977, Steinberg et al. 1986hnson and Cook 1983,
Klepaczko 1987, EI-Magd 1994]. Due to their emgiticharacter, they use to exhibit
restricted application field&overinglimited ranges of strain rate and temperatua)d
reduced flexibility(specific formulation for determined materials)

* Physical-based constitutive relations They account for physical aspects of the
material behaviour. Most of them are founded on ttreory of thermodynamics and
kinetics of slip developed in [Kocks et al. 197%dks and Mecking 2003 Appendix
A). Some examples are those models proposed inljzerd Armstrong 1987, Nemat-
Nasser and Li 1998, Rusinek and Klepaczko 2001, atémasser and Guo 2003,
Molinari and Ravichandran 2008pyiadjis and Abed 2005, Abed and Voyiadjis 2005,
Durrenberger et al. 2007, Durrenberger et al. 2008jiadjis and Almasri 2008]. In
comparison with phenomenological descriptions thieg to have larger number of
material constants and their determination procedoliows physical assumptions. In
contrast, they allow for accurate definition of tim@terial behaviour under wide ranges
of loading conditions. It must be pointed out tia physical-based approach lack on
the definition of the microstructure evolutigpurely physical models should be taking
into account for that goal, however they are nobsidered in this ThesisThe effect
that potential microstructural changes may havéhemmaterial straining is not gathered
by this kind of approach. It limits the applicatiohthis type of constitutive relations to
the description of the instantaneous rate sensitofi materials. However, it simplifies
the implementation of this kind of constitutive degtions intoFE codes(simplifying
their mathematical formulation and reducing theiaterial constants)

10
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Thus in the present work, the attention will beu®ed on the second sort of constitutive
relations previously mentioned. Due to their flaht, physical-based models are of increasing
interest for engineering applications like highegenachining ISM), perforation, blast loading or
crash-test [Rusinek et al. 2009a]. During such ggees, the material work-piece is subjected to wide
ranges of strain rate and temperature as wellrge @eformation [Rusinek et al. 2009a].

Macroscopic plasticity in metals is the result eflacations moving through the crystal lattice.
Two types of obstacles are encountered that tpréwent dislocation movements through the lattice;
long-range and short-range barriers [Kocks et @ll5]1 Kocks 2001, Kocks and Mecking 2003,
Bonora and Milella 2001, Voyiadjis and Abed 200myiadjis and Almasri 2008]. The long-range
obstacles are due to the structure of the mataridl cannot be overcome by introducing thermal
energy through the crystal [Zerilli and Armstron§8¥, Nemat-Nasser and Isaacs 1997, Nemat-
Nasser and Li 1998]. They contribute to the flomess with a component that is non-thermally
activated(athermal stress)The short-range barriers can be overcome assigtdieomal energy
[Zerilli and Armstrong 1987, Nemat-Nasser and Isahd897, Nemat-Nasser and Li 1998, Bonora
and Milella 2001, Voyiadjis and Almasri 2008]. Theal activation aids dislocation gliding,
decreasing the intrinsic lattice friction in theseaof mosBCC metals(overcoming Peierls stressy
decreasing the strength of obstacles in the casmafy FCC metals (overcoming forests of
dislocations) In both cases, thermal activation reduces thdieapstress required to force the
dislocation past obstacle [Lennon and Ramesh 2004].

Thus, flow stress of a materi@lsing J2 theory)can be decomposed into equivalent athermal
stress0, and equivalent thermal stre§s, Eq. 2.1. [Seeger 1953, Klepaczko 1975, Zerillid an

Armstrong 1987, Follansbee and Kocks 1988, Nasedrlsaacs 1997, Kocks 2001, Abed and
Voyiadjis 2005, Voyiadijis and Almasri 2008]

G=0,+0 (2.1)

A scheme of the evolution of the stress componasta function of temperature is depicted in
Fig. 2.1. At low temperature, flow stress decreasils temperature. This region is influenced by
thermal and athermal stress components. Next regidim increasing temperature is basically
athermal. At very high temperature, flow stressreél@ses again with increasing temperature.
According to the considerations reported for exanipl [Voyiadjis and Almasri 2008], it must be
pointed out that is not necessary for all metalsaee the three regions here described.

o A

E(T)

o* (T =0)
E(T)

N
>

Troorr T

Fig. 2.1. Decomposition of normalized macroscopiess versus temperature
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Definition (and contribution to the overall flow stressf thermal and athermal terms is
dependent on the crystal structure of the mateFiad. causes are related to the available symmetries
of the lattice, the nature of the dislocation coaesl the available slip systems as it is reponted i
[Lennon and Ramesh 2004].

In most BCC metals, overcoming Peierls stress resistance tasbg the main phenomenon
involved in the thermally activated processes [@dnt961]. Consequently, the thermal component

of the flow stress” =G (5" ,T) can be defined independent of plastic strain [E@md Armstrong

1987, Rusinek and Klepaczko 2001, Nemat-Nasser@mna 2003]. Initial yield stress dBCC
metals is strongly temperature and rate dependanmill] and Armstrong 1987, Voyiadjis and Abed
2005, Rusinek et al. 2005, Rusinek et al. 200 7pisthardening is primarily accomplished through
long-range barriers [Kocks et al. 1975] such asngoaundaries, far field forest of dislocations and
other micro-structural elements with far-field udihce [Nemat-Nasser and Li 1998]. Temperature
anddeformation rate have relatively small effect araist hardening, Fig. 2.2.

Moreover, Peierls stress in cert&il@C metals is relatively unimportant [Voyiadjis and &b
2005, Lennon and Ramesh 200determined exceptions to these observations cafolred. For
example many austenitic steels and certain alummn@lioys hardly show influence of strain on the
rate sensitivity as it will be discussed later mistdocument)The rate-controlling mechanism uses to
be the overcoming of dislocation forests by indidd dislocations [Voyiadjis and Abed 2005].

Thermal activation behaviour may become dependemhe plastic strai@” =a (Ep & ,T) [Zerilli

and Armstrong 1987, Nemat-Nasser and Li 1998, \thigaand Abed 2005, Lennon and Ramesh
2004]. SuchFCC metals use to exhibit large strain hardening duantancrease in the amount of
dislocation interactions with increasing strain ¢§er 1957]. Strain hardening tends to be highly
temperature and strain rate dependent, while #ld gtress uses to have reduced dependence to such
effects [Lennon and Ramesh 2004], Fig. 2.2.

Stress, g (MPa)
[s]
(m]
(o}

=
r

Strain, £
Fig. 2.2. Strain rate sensitivity definition fBICC and FCC metals (the general case).

In agreement with the previous considerationsMbkimeThermallyActivated ¥ TA) defined
by Eq. 2.2 [Taylor 1992, Uenishi and Teodosiu 2@&paczko et al. 2009], decreases with plastic
strain for sucH-CC metals(rate sensitivity dependent on plastic straiBasinski 1959, Zerilli and
Armstrong 1987, Voyiadjis and Almasri 2008] whitas independent of deformation level 8€C
metals [Armstrong and Campbell 1973, Voyiadjis &hthasri 2008].
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y (?p)‘T rate sensitivity independent of plasittain

dln (e’
V' =kO 3 (&) =k T ¥, where (2.2)

T

W §p,§p)‘T rate sensitivity dependent on platicagm

In the previous expression, Eq. 2R,is the Boltzmann constant and T is the absolute
temperature.

It is clear that different formulations are reqdiren order to describe properly these two
different behaviors. Such behaviours must be infledtanalyzing experiments within wide ranges
of strain and stain rate. In the present work twff@iient constitutive descriptions are used depegpdi
on the effect that plastic strain may have on #te sensitivity of the material. Furthermore, derta
unconventional deformation behaviors of metals tk&ocations drag at high strain rates, negative
rate sensitivity ormartensitic transformation have to be modeled if it is regdir@n accurate
description of the thermo-viscoplastic behaviounedtallic alloys under wide ranges of strain rate
and temperature.

2.2 The Rusinek-Klepaczko constitutive relation

In order to model the behaviour of metallic alleyghout effect of strain on théTA, Rusinek
and Klepaczko [Rusinek and Klepaczko 2001] propdkedonstitutive relation which is reported in
this section of the document, Eq. 2.2".

W(€"). (RK model) 2.2)

) dln(e°)
Vi =k TE—— =k[T W[, where _
0 W (EP,E")‘T (MRK model)

T

This constitutive description is the base of thedele developed in this doctoral Thesis. Its
strengths lie on a favourable macroscopic definitod the material behaviour under different types
of solicitation and a formulation suitable for itaplementation intd~E codes.RK model is noted
for its versatility and easy calibration procedure.

2.2.1Literature review
The formulation of thdRK model is based on the additive decomposition efttital stress, Eq.

2.3. The term acting as multiplicative factor oé thiresses additiok(T)/E, defines the Young’'s
modulus evolution with temperature [Klepaczko 19%8]j. 2.4.

o(e", €. T) :—[q (Ep,ép,T)m*(ép,T)] (2.3)
E(T)= Eo{l—_l_l exp 6 {1—T—Tmm T>( (2.4)

Where E,, T, and®” denote respectively the Young’s modulusTat OK , the melting temperature

and the characteristic homologous temperature. €k@ession allows for defining the thermal
softening depending on the crystal lattice [Rusietkl. 2009b], Fig. 2.3. In the caseBE£C metals

13
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8 =0.6 and in the case dFCC metals® = 09as reported in Rusinek at al. [Rusinek et al.

2009b].
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Fig. 2.3. Evolution of Young’s modulus ratio foffdientg* values.

The athermal stress is defined by Eq. 2.5.

O,

(7,8, T) = BE", ), +°)"¢ (2.5)

Where the modulus of pIasticitB(?p,T) defines rate and temperature sensitivities ofirstra

hardening,n(ép,T) is the strain hardening exponent depending oinstede and temperature and

g, IS the strain level which defines the yield strasspecific strain rate and temperature.

The explicit formulations describing the modulugptdsticity and the strain hardening exponent

B(¢*,T)=B, [(Tlmj Iog(%n_v T>C (2.6)
n@ﬂﬂ=q<1—@ﬁ%)b{§i» 2.7)

Where B, is the material constant; is the temperature sensitivityy, is the strain hardening
exponent at T = 0 KD, is the material constang__, is the maximum strain rate accepted for a
particular material and_ is the lower limit of the model. The McCauley operas defined as

are given by Eqs. 2.6-2.7.

(s)=o if (+)=00r(s)=0if(e)

<0.

The effective stresg (?”,T) is the flow stress component which defines the dependent

interactions with short range obstacles. It denttesrate controlling deformation mechanism from
thermal activation. At temperatures T > 0 K, thdramdivation assists the applied stress.

14
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The theory of thermodynamics and kinetics of §Appendix A)[Kocks et al. 1975] is founded
on a set of equations which relate activation enek, mechanical threshold stregs (MTS),

applied stres®, strain rateg”, temperatureT and determined physical material parameters. Based
on such understanding of the material behaviousiriRk and Klepaczko [Rusinek and Klepaczko
2001] derived the following expression, Eq. 2.8. Timsnulation gathers the reciprocity between
strain rate and temperature by means of an Arrségpe equation.

o (e.T)=0, <1— D{TLJ |og(%j> (2.8)

Where g, is the effective stress at T = 0 K which is relaiedheMTS, D, is the material constant
andm’ is the constant allowing to define the strain tateperature dependence [Klepaczko 1987].

In the case of adiabatic conditions of deformatioa constitutive relation is combined with the
energy balance principle, Eqg. 2.9. Such relatioomad| for an approximation of the thermal softening
of the material by means of the adiabatic heating.

AT(E",ﬁ):p%ETxﬁ(Ep,ép,T)dE" (2.9)

where 3 is the Taylor-Quinney coefficienp is the material density an@, is the specific heat at

constant pressure. Transition from isothermal t@laatic conditions is assumed &t =10 s* in
agreement with experimental observations and nwaleestimations reported for example in
[Oussouaddi and Klepaczko 1991, Berbenni et al42B@Qisinek et al. 2005].

Subsequently is reported the straightforward mefiroposed by [Rusinek and Klepaczko 2001,
Klepaczko et al. 2009] for the model calibratioh.allows defining step by step the model-
parameters. Contrary to other constitutive dedorgt the procedure does not involve a global
fitting. It must be noticed that the constants deéined using physical assumptions [Rusinek and
Klepaczko 2001, Klepaczko et al. 2009].

The main steps necessary for defining the modehpetexs are:

1. It is assumed that at low strain raf8 <0.001 §* the stress contribution due to thermal
activation is reduced and in this case the follgmuelation is imposed, Eq. 2.10. Thus, it is
possible to define the constadt depending on the melting temperatdig.

o (&.7)
300 K,0.0015"

D, = log| —=
T, 0.001

2. Therefore, at room temperature and under quasc-$tatding the contribution of the thermal
stress component to the total stress is zero, B. Zhe overall stress level is defined by Eq.
2.11. Fitting this equation to experiments a fastimation ofB andn can be found.
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300 -
o(&",0.001,300= [ B, +2" )+ (2.11)

B,n first apprOX|mat|on for next fitting

3. Next, it is assumed that the increase of the flowss caused by the strain rate augment is
due to the thermal stress (?p,T) .Thus, the stress increase is defined as follows 2EL2.

Fitting of Eq. 2.12. to experimental results for iamposed strain level makes possible to
determine the material constamts and g,. The strain level should be assum&ds 0.1 in

order to guarantee isothermal condition of deforomatFor larger strain values, adiabatic
condition may induce a thermal softening on theemaltand in such a case a decrease of the
strain hardening.

P

Ao|” i (sp T)

0.001s"

00018t 3P

(2.12)
o,,m

4. Finally, it is applied the complete equation foe ttotal stress, Eq. 2.3 combined with
experimental resultsc_r—Epr. The stress dependency upon temperature and s#tairfor

the modulus of pIasticityB(?",T) and the strain hardening exponetm(ép,T) can be
defined.

This model has proven capacity to describe thaerhberiscoplastic behaviour of theS steel for
wide ranges of strain rate and temperature as tegpan [Rusinek and Klepaczko 2001, Rusinek et
al. 2005, Rusinek and Zaera 2007, Rusinek et &0

2.2.2 Applied method for modeling reference metallic allgs

Next, in order to demonstrate the versatility aétbonstitutive description, thRK model has
been used to analyze the behaviour of other metalloys (with BCC and FCC crystal lattices)
without dependence of plastic strain on YAEA. Thus, using the calibration procedure described
previously, the behaviour of four different stedlogs has been modeled and compared with
experimental results available in the internatiditatature. The reference materials analyzed is th
section of the documeifsteelDH-36, steelHSLA-65, steel alloyAL-6XN and steel alloyJranus-
B66) have particular interest for different industriapplications. Modeling of their thermo-
viscoplastic behaviour will be assumed as repraseet of the capabilities of thRK model to
describe macroscopically the deformation behavioimmetallic alloys. Strain, strain rate and
temperature effects on the material flow streseaenined.

2.2.2.1Ferritic steels (BBC structure)

The ferritic steels analyzed in this work consistfefrite—pearlitic structure, where layers of
pearlite lie between whole grains drrite. It is known thafterrite have lower strength and hardness,
but higher plasticity and toughness, wherngaarlite has reversed properties. The added elements as
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Ti, Mn, Al andCr allow for carbon compatibility. These additive ekams generate carbides which
increases strength of steels.

2.2.2.1.1Steel DH-36

SteelDH-36 is a high strength structural steel used in maaj@ications as reported in [Nemat-
Nasser and Guo, 2003]. The chemical compositiothisf steel is given in Table 2.1. The high
strength is due to the carbon content which idixedly high 0.14%.

C Mn Cu Si Cr Mo \Y Ti Al Nb P S

0.14 1.37 0.14 0.22 0.08 0.03 0.001 0.003 0.017 0.03 0.007 0.001
Table 2.1. Chemical composition of the steEl36 (% weight) [Nemat-Nasser and Guo, 2003].

Although this steel is commonly used in shipbuitdimow attention has been focused on its
thermo-viscoplastic behaviour. For this reason Wk published by Nemat-Nasser and Guo
[Nemat-Nasser and Guo, 2003], where an extensialysia of the dynamic behaviour of this metal
for different temperatures and strain rates is meglp has considerable interest.

The following set of material constants for calia of theRK model has been found, Table
2.2.

B, (MPa) Vv (-)
906.7 0.02

0 ()
0.59

n, (') Dz (') & (') 0’; (MPa) m’ (') D1 (') T (K) Emin (S_l) émax(s-l)
0.2 0.085 0.018 491.11 2.127 0.49 1600 10 10’
Table 2.2. Constants determined for the siHé436 for theRK model.

Conventional physical constants of steel can bainét from material handbooks, Table 2.3.

E, (GPa) C, (Jkg'’K™") B () p (kgm’)
200 470 0.9 7800
Table 2.3. Physical constants for steel.

The first comparisons of the analytical predictiafishe model with experiments are performed
via analysis of strain rate effect within the rang®01 s§'<€°< 3000 3, Fig. 2.4. It must be

noticed that the flow stress level and the strandéning of the material are well defined by the
model predictions, Fig. 2.4. In addition, the malerate sensitivity is well described by the
analytical predictions of theK model, Fig. 2.5.
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Fig. 2.4. Comparison between analytical predictigiiss Thesis) and experimental results for theldd#-36 [Nemat-
Nasser and Guo, 2003] for different strain ratedisvat room temperature. (a) 0.003, ¢b) 0.1 g(c) 3000 &.
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Fig. 2.5. Comparison between modelling (this Themisl experiments [Nemat-Nasser and Guo, 2003jHersteeDH-
36, £,=0.1 and room temperature.

Next, analytical predictions of the model are coredawith experiments for different initial
temperatures. Satisfactory matching between moddl experiments is observed, Fig. 2.6. The
difference takes place only within the domain @& EtynamicStrain Aging ODSA) temperatures, Fig.
2.6. TheRK model cannot describe such effect and the predistare limited to the adiabatic
temperature increase without definition of B8A, Fig. 2.6. TheDSA appearance depends on the

strain rate level [Nemat-Nasser and Guo 2003, Kigpaet al. 2009], Fig. 2.6. P >3000 s*, the

DSA effect vanishes and the analytical predictionsimr@greement with experiments for the whole
range of initial temperatures considered, Fig.®.6-
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Fig. 2.6. Temperature sensitivity description af #ieeDH-36 by theRK model, comparison with experimental results
for £,=0.4 [Nemat-Nasser and Guo, 2003]. (a) 0.001 () 0.1 &, (c) 3000 &, (d) 8000 &.

It must be pointed out that the definition of thermo-viscoplastic behaviour of the stBé¢l-36
provided by theRK model is better than that provided by other coutstie descriptiongboth those
physical-based as well as those phenomenologasall) was reported by Klepaczko et al. [Klepaczko
et al. 2009].

Finally it is shown the description of the flow eds of the stedDH-36 provided by theRK
model within wide ranges of strain and strain r&ig, 2.7.
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Fig. 2.7. Description of the flow stress of thee$DH-36 provided by thé&kK model within wide ranges of strain and
strain rate.

Next it is analyzed the thermo-viscoplastic behavidthe steeHSLA-65.
2.2.2.1.2Steel HSLA-65

High-StrengthL ow-Alloy steels HSLAS) were initially developed in the 1960lHSLA steels

are also referred to as "micro alloyed", since tasyindeed alloyed in extremely small amounts of
alloying elements in comparison with other commarsteel alloys. The chemical composition in
weight of the ste@HSLA-65 is reported in Table 2.4, [Nemat-Nasser and GuW@5R0

C WMn Cu Si Cr Mo V Ti Al Nb P Ni S
008 14 <0.01 0.24 0.01 0.02 0.07 0.01 0.03 0.000% <0.01 0.005
Table 2.4. Chemical composition of the stéBLA-65 (% weight) [Nemat-Nasser and Guo 2005].

The main advantages BISLA steels are good combination of strength and toesgncoupled
to good weldability. In particuladtdSLA-65 is suitable for use in the naval surface vessets a
submarines.

The following set of material constants for theilwation of theRK model has been found,
Table 2. 5.

B, MPa) v () n,() D,() & ()

o, (MPa) M () D, () Tm(K) &un(S) Emax(s) 6 ()
940 0.2 0.14 0.19 0.018 120 2.8 0.49 1600 10 10’ 0.59
Table 2.5. Constants determined for the st A-65 for theRK model.

In Fig. 2.8. the analytical predictions of the dim$ive description are compared with
experimental results for different strain rates amahperatures. In the tests performed by [Nemat-
Nasser and Guo 2005], strain rate and temperafriedvwithin the range8.001 § <€°< 8500 %

and 77 K< To< 700 K respectively. It is shown in Fig. 2.8. ttia# RK model predicts correctly the
strain rate effect on the plastic behaviour of thaterial. In addition the flow stress level and the
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strain hardening of this steel are properly definkdnust be noticed that the material thermal
softening due to adiabatic heating at high straies is well described, Fig. 2.8.
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Fig. 2.8. Comparison between analytical predictioitheRK model and experimental results [Nemat-Nasser and Gu
2005] for the steeHSLA-65.

Concerning the temperature sensitivity, the modiea for a correct approximation of the
experimental results for a wide range of initiahpeeratures, Fig. 2.9. As it was pointed out for the
steel DH-36, in the case of théHSLA-65 the difference between analytical predictions and
experiments only takes place within the domairhefQSA effect, Fig. 2.9.
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Fig. 2.9. Temperature sensitivity description & gteeHSLA-65 by theRK model, comparison with experimental
results forg,=0.05 ande,=0.5 [Nemat-Nasser and Guo 2005]. (a) 0.001 () 0.1 §.
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Next, the flow stress definition provided by tR& model for wide ranges of strain and strain
rate is illustrated, Fig. 2.10.
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Fig. 2.10. Description of the flow stress of thee$HSLA-65 provided by th&kK model within wide ranges of strain and
strain rate.

In the following section of the document is exandirthe thermo-viscoplastic behaviour of
austeniticsteels without dependence of plastic strain orstreen rate sensitivity.

2.2.2.2Austenitic steels (FCC structure)

Austeniticsteels generally have a relatively low initiallgistress and they are characterized by a
high work hardening. The formation of twins may wcenhanced by the loftackingFault Energy
(SFE) of these steelefTWIP steels) This causes high dislocation accumulation leatiingyeat strain
hardening rate, Fig. 2.11. The strengthaokteniticsteels increases witG content,N and, to a
certain extent, alsblo. These steels use to exhibit very high ductilitgd &oughness. The yield stress
increases in the case of presencéedite (duplex steelsWwhich makes the material stronger, but it
reduces work hardening and ductility. Opposite raeatal properties than those exhibited by the

austeniticsteels are shown by theartensiticsteels, which are characterized by very highadhiti
yield stress and reduced failure strain level, Eid@1.
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Fig. 2.11 Comparison between different types of stainlesdssfRusinek et al. 2009b].

In the following sections of this document twofeientausteniticsteel alloys are analyzed and
modeled using thBRK constitutive description.

2.2.2.2.1Steel alloy AL-6XN

AL-6XN is a relatively new nitrogen-strengthenagsteniticsteel alloy. This alloy combines
high strength and good fabricability with excelleotrosion and pitting resistance to a wide variety
of applications. The chemical composition of theestalloy AL-6XN is reported in Table 2.6.
[Nemat-Nasser et al. 2001]. As reported by [Nemassér et al. 2001] the main difference between
this alloy and otheausteniticsteel alloys, as for example thironic-50 [Guo and Nemat-Nasser
2006], is that thAL-6XN contains higher level dfli andMo, which stabilizesustenite(reducing
the potential martensitic transformation causedimterial straining) [Denhard and Espy 1972] and
improves pitting and corrosion resistance [Broakd kippold 1990].

C Mn Cu Ni Si Cr Mo N
0.024 0.41 0.2 23.84 0.36 20.56 6.21 0.213
Table 2.6. Chemical composition of the steel alby6XN (% weight) [Nemat-Nasser et al. 2001].

This steel alloy is currently used in productionnoits, bolts and other fasteners, tube and pipe
systems for pulp and paper, distillation and othdustrial equipment.

The following set of material constants for caliima of theRK model has been found, Table
2.7.

B,(MPa) v () n,() D,() & () o,(MPa) m () D, () Tm(K) &mun(S) tmax(s) © ()
16274 0.012 0.438 0.05 0.018 802.25 2471  0.49 1600 10 10’ 0.9
Table 2.7. Constants determined for the steel aliby6 XN for theRK model.

The analysis of the strain rate effect on the masthaviour of this material is reported in the
form of stress-strain curves, Fig. 2.12. The comsparof analytical predictions with experiments is
conducted within the rangB0® s'<€”< 8.3110 $ at room temperature. High work hardening and
large ductility are shown by this material. It isserved for the whole range of strain rates consdle
a proper agreement between experiments and modeimg2.12.
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Fig. 2.12. Strain rate effect on the plastic bebaviof the steel alloAL-6XN, comparison betwedRK model and
experimental results [Nemat-Nasser et al. 2001)I¢athermal conditions of deformation. (b) Adiabatonditions of

deformation.

The second comparison concerns the high strainbettaviour for different initial temperatures,
Fig. 2.13. The range of initial temperatures cogtei®e 77 K< Ty < 1000 K. Good matching is
observed between experimental results and moddigbians.
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Fig. 2.13. Temperature effect on the plastic betavof the steel allopAL-6XN. Comparison betwedRK model and
experiments [Nemat-Nasser et al. 2001].

0

Next it is shown the description of the flow streéghe steel alloyAL-6XN predicted by the
RK model within wide ranges of strain and strain r&ig. 2.14.
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Fig. 2.14. Description of the flow stress of theestalloyAL-6XN predicted by th&K model within wide ranges of
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strain and strain rate.

Subsequently is analyzed the thermo-viscoplastiaber of the steel alloyranus-B66.
2.2.2.2.2Steel alloy Uranus-B66

The Uranus-B66is a recently developed nitrogen-strengthesesteniticsteel alloy. This alloy
has improved corrosion resistance, particularlys@a water. Moreover, thdranus-B66 presents
attractive mechanical properties like high strendtictility and toughness. This notable behavisur i
enhanced by the presenceMfin solid solution, [Frechard et al. 2008, Frechatcal. 2006]. The
chemical composition of thdranus-B66 steel alloy is reported in Table 2.8., [Frechardle2008].

C Mn Cu Cr Ni Mo N W
0.02 37 14 238 212 55 047 24
Table 2.8. Chemical composition of the steel adllognus-B66 (% weight) [Frechard et al. 2008].

Thus, this material presents a great interest versé engineering fields like marine structures,
nuclear and chemical industries or ballistic agglans, [Magness 1994, Couque et al. 2000]. In the

present work, the experimental data provided bgdRard et al. 2008] are used to obtain the values
of the material constants of tiRK formulation. The following set of constants has rbéeund,
Table 2.9.

Bo (Mpa) v (') n, (') Dz (') & (')

o, (MPa) m () D, () Ta(K) &mn(S) Ema(s) 6 ()
2100.4 0.003 0.455 0.012 0.018 874.61 1.648 0.49 1600 10 10’ 0.9
Table 2.9. Constants determined for the steel dllanus-B66for theRK model.

As discussed before, in the case of the steel @llegXN , the Uranus-B66 presents high work
hardening and large ductilifgnhanced by WIP effect) The notorious strength level showed by this
steel is enhanced by the additive elemé&handMb, Fig. 2.15. Satisfactory agreement is obtained
betweenRK model predictions and experiments for differemhist rates at room temperature, Fig.
2.15.
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Fig. 2.15. Flow stress evolution as a function lefpic strain for different strain rates. Compansbetween modelling
and experiments [Frechard et al. 2008].

Moreover, it is shown in Fig. 2.16. that tR& constitutive relation is suitable for describiing t
strain rate sensitivity of this material. Good niag between experiments and analytical predictions

is observed from static to dynamic loadifigd1 s <€° < 106 8.
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Fig. 2.16. Strain rate sensitivity of thi¥anus-B66 Comparison between modelling and experimentsdfraed et al.
2008].

In addition in Fig. 2.17. is illustrated the flowress evolution as a function of plastic strain for
different initial temperatures under static and ayc solicitations. The model describes
satisfactorily the flow stress level and the strasrdening of the material for wide ranges of
temperatures, Fig. 2.17.
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modelling and experiments [Frechard et al. 2008).10° s?, (b) 2.5-16s™.

The absence of an athermal region in the mateetahlour is well described by the constitutive
relation, Fig. 2.18. The difference between anafjftpredictions and experiments is less than 10 %.
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Fig. 2.18. Flow stress evolution as a functiontaf initial temperature. Comparison between anaftpredictions and
experiments [Frechard et al. 2008]. Strain rate @ﬂandgp: 0.15.

Finally is shown the description of the flow streéshe steeUranus-B66 predicted by th&kK
model within wide ranges of strain and strain r&ig, 2.19.
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Fig. 2.19. Description of the flow stress of theestalloyUranus-B66 predicted by th&K model within wide ranges of
strain and strain rate.

Thus, in this section of the document has been taddend studied the deformation behaviors
of four reference metallic alloys by means of Rt€ constitutive description. Satisfactory agreement

between analytical predictions and experimentsheesn found for the whole ranges of strain rate
and temperature analyzed.

Next, an original constitutive description for mbdg the thermo-viscoplastic behaviour of
metallic alloys with dependence of strain onWiéA is proposed.

2.3 The Modified Rusinek-Klepaczko constitutive relatio

The new modelNIRK ), based on the origin®K formulation, is described below. It is suitable
for defining the behaviour of metals with dependen€ plastic strain on the strain rate sensitivity,
Eq. 2.2".

oIn (&) W(&°)|  (RK model)
V*=kEI'[—IT =k [T W[ where !

. (2.27)
] W Ep,gp)T (MRK model)

2.3.1 Formulation developed

As for the originalRK constitutive description, the formulation of thevdel is based on the
additive decomposition of the total stress, Eq32.1

o= EéOT) fio, +5']

(2.13)

Where the Young’s modulus evolution with temperats defined as in thRK model, Eqg. 2.4.
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According to the considerations reported for exampl[Zerilli and Armstrong 1987, Voyiadjis
and Almasri 2008, Voyiadjis and Abed 2005, Follaeeshband Kocks 1988] let us assume the
athermal stres$, independent of plastic strain. As it was previgudiscussed, the initial yield

stress of such kind of metglaith dependence of plastic strain on M€&A) may show reduced rate
and temperature dependendesrtain temperature effect is taken into accouwttbe Young’s
modulus temperature dependenit) agreement with [Voyiadjis and Almasri 2008k tlathermal
stress will be just tied to the initial yield stsas the form, Eq. 2.14.

G, =Y (2.14)

H
Where Y is the flow stress on plastically undefodmeaterial.

The definition of the thermal stress is based om fitrmulation proposed by Rusinek and
Klepaczko [Rusinek and Klepaczko 2001]. Howeveryribis necessary to include the effect of the
plastic strain on the rate sensitivity of the maleEq. 2.15.

‘ 1/,
o (&,,7)=0,() E<1— El(TLJ Iog(zm—,?xj> (2.15)

m

In agreement with the considerations reported ieri[lZ and Armstrong 1987, Voyiadjis and
Abed 2005] such dependence may be formulated by E§.

o,(e°)=Bfe") (2.16)

However, strain hardening is intrinsically depertdanstrain rate and temperature. Based on the
formulation derived in [Rusinek and Klepaczko 2Q0d]more suitable expressi¢im comparison
with Eq. 2.16.)s proposed Eq. 2.17.

o, (. €, T)=B(&".7) [@EP)”(@’T) (2.17)

Therefore, Eq. 2.16. becomes rate and temperatependent, Eq. 2.17. Thus, the model
considers the dependences on strain and on sat@irexhibited by th&ITS [Follansbee and Kocks
1988]. This definition is consistent with the dormcte of the dislocation-obstacle interactions & th
plastic deformation of polycrystalline metals [Folsbee and Kocks 1988, Lennon and Ramesh

2004]. The modulus of pIasticitB(?p,T), defines rate and temperature sensitivities oairstr

hardening, Eq. 2.6. Moreover(é",T) is the strain hardening exponent dependent omstadé and
temperature Eq. 2.7.

Next, a systematic procedure for the model calibnat proposed

2.3.2 Systematic procedure for calculation of the model arameters

As for the originalRK model, the constants of tiMRK relation are defined using physical
assumptions.
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The main steps necessary for defining the modelmeters are:

1. The athermal component of the flow stre¥s,is estimated as the initial yield stress

[Follansbee and Kocks 1988].

2. Subsequently, resorting on experimental data &tréifit initial temperatures, is plotted the

(MPa)

eq

Equivalent stress, o

flow stress level evolution as a function of tengtere for different plastic strain levels under
guasi-static loading [Voyiadjis and Almasri 2008B]g. 2.20-a. For each plastic strain level,
let us assume, as first approximation, that theeempental data follow a linear trend

[Voyiadjis and Almasri 2008], Fig. 2.20-a. The irgection of the fitting curves with T =0 K

are represented as a function of the plastic defoam(MTS evolution as a function of the

plastic deformation)Those points are fitted with Eq. 2.17, Fig. 2I20A first estimation for

B andn is obtained.
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ETc., €= 0.2 (Tanner and McDowell 1999 % E E
350 ; ° a \ 8t e=-04 (Tanner and McDowell 1999 —i < 350 £ E
E el W *—e=06 (Tanner and McDowell 1999 I E E
300 £ t.. El . 300 = E
< €0 E 2 3 3
ES~ . 3 o E 3
250 ¢ S - \ El 2 250 E Fitting curve 3
Eee S~o N\ E = 200 E 3
200 & T~ -~ . KX N 3 S E First approximattionto B and n }
E ~ > 3 2@ E E
150 £ B ol R RN E S 150 y=Y+B*e)n |3
= - x E =] E d El
100 F E g 100 § Value E
3 3 0 566,53 3
50 & . . E
E Material: OHFC copper = E Material: OHFC copper 0,48908 3
0 B b b b b o] b b e bbb b o b d 0 SETRTERTTY TRT TS FYVRRTINTN IRTNTTYT] (RTRSTRTR PRNTISNTEI FISTERTITY FYSTRTRTR) (NTVNTNTEY FYUUTYUUTY YRR TN RTL FN TSNS TSI FONTNE: |

0 100 200 300 400 500 600 700 800 900 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

Temperature, To (K) (a) Equivalent plastic strain, Eeq (b)

Fig. 2.20. (a) Evolution of the flow stress as adiion of the initial temperature for differentfdemation levels [Lennon
and Ramesh 2004, Tanner and McDowell 1999] andditiollowing a linear trend. (b) Flow stress eviidun at T=0 K

3.

(MTS) as a function of plastic deformation, and fittinging the strain hardening function.

It is assumed that the increase of the total stsétbsthe strain rate is caused by the thermal
Stresso’ (?p ,?p,T) .Thus, the stress increase is defined as follows2HS.

p —="[P
referent)&‘Ep =0 (8 'T)

By combination of Eq. 2.15 with experimental resutbr an imposed strain lever, it is
possible to determine the material constadatand&,. The strain level should be assumed

€ < 01 as previously discussed.

€P (2.18)

reference

Ac—r(ép

§P

4. The last step is equivalent to that defined inadhginal RK model,Section 2.2.1

2.3.3 Applied method for modeling reference metallic allgs

The model is applied to describe the behavioumokaledOFHC copper. This material shows
high dependence of plastic strain on YAEA, strain hardening strongly varies with strain ratel
temperature [Nemat-Nasser and Li 1998lich characteristic is common to most annedt€C
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metals) Such behaviour makes this material propitiousvalidation of theModified Rusinek-
Klepaczko formulation. By means of the procedure reportethaprevious section, the model has
been calibrated using the experimental data ceketiom [Nemat-Nasser and Li 1998, Follansbee
1986, Lennon and Ramesh 2004, Tanner and McDowWé®]1 The following set of constants has
been found, Tabl2.10.

Y(MPa) B, (MPa) Vv () n,() D,() &() &.() Ton(K)  &mn(SY)  Emax(S) 0 ()
40 560.28  0.30447 0.492 0.0553 0.0131 0.0011932 0134 10° 10’ 0.9
Table 2.10. Constants determined for anne@&dC copper for thermal and athermal components ofMiRK model.

Conventional physical constants OFHC coppercan be obtained from material handbooks,
Table 2.11.

E, (GPa) C, (Jkg'’k™) B () p (ko)
130 385 0.9 8960
Table 2.11. Physical constants for anneal¥€HC copper.

Copper is a ductile metal with very high thermad alectrical conductivity. Such properties
make it attractive in electrical applications, pigi manufacture of semiconductors and super
conductor components. It also finds applicationsieaped-charges liner. This part of shaped charges
is responsible for forming the jet which penetrates target [Rosenberg et al. 2009, Ayisit 2008].
Liner-material is required of excellent ductilitpéihigh density in order to avoid fragmentation of
the jet during penetration. This problem of indlitibs formation and subsequent fragmentation is of
main interest for industrial applications and itlviie approached in the following chapter of this
Thesis. Particularly, shaped charges are frequessidg for military applications, although the most
extensive use today of shaped charges is in thanoilgas industry to pierce metal, concrete, and
other solid materials [Rosenberg et al. 2009, A@808]. Next, the predictions of thRK model
are compared with experiments.

The first step is to evaluate the predictions &MRK model for different strain rate levels at
room temperature, Fig. 2.21. At low strain rate i@del predicts properly the material behaviour in
terms of flow stress level and strain hardening gt to a plastic strain level close @ =1, Fig.
2.21-a-b. However, at high strain rates Fig. 2.2%he difference takes place. The model
underestimates the material flow stress althougttrdening rate is well described.
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Fig. 2.21.Description of the flow stress evolution as a fiorcbf the plastic strain by thdRK model and comparison
with experiments at room temperature [Nemat-NaaserLi 1998]. (a) 0.0015(b) 0.1 &', (c) 4000 &.

In order to examine the disagreement between mueelictions and experiments at high strain
rates the following analysis is conducted.

First, it is noticed that thanks to the dependesicthe VTA on plastic strain included into the
model formulation, théIRK constitutive relation is able to describe the makdehaviour within

the range of strain rate)™ s*'<€”< 16 s'. The model defines properly the changes in the rat
sensitivity that the material exhibits due to vaoas in the plastic deformation, Fig. 2.22. Howeve
in the case ofe? 210° s* the rate sensitivity of the material drasticallyanges, the flow stress
suddenly increases. The Arrhenius-type equatiod tselerive the thermal stress component of the
model(an Arrhenius-type equation was also used to detheethermal stress component of Ri€
model)cannot reproduce such behaviour [Rusinek et dl0R0
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Fig. 2.22.Description of the flow stress evolution as a fiorcbf strain rate by th#1RK model and comparison with
experiments at room temperatusgs0.2 [Nemat-Nasser and Li 1998].

The difference between model predictions and erpents taking place at high strain rates is
extended to the whole range of initial temperateneduated, Fig. 2.23.
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Fig. 2.23.Description of the flow stress evolution as a fiorcbf plastic strain by thtIRK model and comparison with
experiments at 4000'§Nemat-Nasser and Li 1998]. (a)3500 K (b) T,=700 K.

So, for determined metallic alloys, previoB& andMRK formulations cannot offer a proper
description of the material within wide ranges o@&ding conditions because of underestimation of
the flow stress at high strain rates and tempegaturhus, in the following section of the document
is introduced an extension of these models in otdeconvert them in suitable for defining the
materials behaviour under such loading cases.

2.4 Extended constitutive relations for the macroscopnodeling of
viscous drag effect at high strain rates

2.4.1 Literature review

Determined metals show a viscous drag componenthef flow stress at high rate of

deformation, €” >10° s* [Campbell and Fergusson 1970, Follansbee 1986a#zegi et al. 1987,
Huang et al. 2009]. The characteristic flow strasgment caused by this stress contribution is
shown in Fig. 2.24.
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Fig. 2.24 Evolution of the normalized equivalein¢ss as a function of strain rate for two metadlitoys [Follansbee
1986, Zhang et al. 2001].

Several explanations of this phenomenon have begpoped over the years. Many of them

based on a transition in rate controlling deformratnechanism from thermal activation at low strain
rates to some form of dislocations’ drag [Kumarakt 1968, Campbell and Ferguson 1970].
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According to Campbell and Ferguson [Campbell angjéson 1970], when viscous drag effect takes
place, the equivalent stress may be defined agwsl[Nemat-Nasser et al. 2001, Guo and Nemat-
Nasser 2006, Rusinek et al. 2010], Eq. 2.19.

G=0,+0 +0, (2.19)

Where the equivalent stress is decomposed intoragi&omponen®, , thermal componerd  and
viscous drag componeia, .

For pure drag deformation mechanisms a simple ger of the material behaviour can be

derived. The deformation rate” (equivalent strain rate assuming® plasticity) is tied to the
dislocations’ velocity by the Orowan relationshig. 2.20.

0 = Pn DIV (2.20)
M

Wherep, is the mobile dislocations densitlyjs the Burgers vecto is the Taylor factor and is
the mean dislocations velocity.

Moreover, Eq. 2.21. describes the relation betwkglocations velocity and flow stress.

- 0o (2.21)
M B

WhereB is the drag coefficient.

Combination of Eq. 2.20. and Eqg. 2.21. leads tdittear relation between flow stress and strain
rate commonly reported in the literature for defmthe deformation drag mechanisms, Eq. 2.22.

o=¢t" 5@ (2.22)

p,, b

It is assumed that the linear dependence of appliexts on strain rate occurs because of a
corresponding increase in the average dislocattocity [Kumar et al. 1968, Regazzoni et al. 1987,
Kapoor and Nemat-Nasser 1999]. However, it has beparted in [Regazzoni et al. 1987, Kapoor
and Nemat-Nasser 1999] that beyond a certain pbetdislocations velocity no longer increases
with strain rate, Fig. 2.25. The maximum veloatywhich dislocations movey, is limited by the

elastic shear waves velocity, =S,=+/G/p where G is the shear modulus. It was suggested in

[Weertman 1973, Regazzoni et al. 1987] that thaticel between dislocations velocity and stress is
no longer linear av > v_/3 (relativistic effects)Fig. 2.25.
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Fig. 2.25. Typical deviations of the average diakians velocity expected from relativistic eff§&tegazzoni et al.
1987].

When the relativistic effects take place, the iasieg strain rate seems to be accommodated by
an augment of the dislocations density; the mdtoa stress level remains constant [Kapoor and
Nemat-Nasser 1999], Fig. 2.26.
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Fig. 2.26. Experimental data of the flow stressletion as a function of strain rate for Tantaluar £,=0.05 at
To=900K. Definition of the stages of the viscousgdprocess [Kapoor and Nemat-Nasser 1999].

In addition, it is necessary to take into accounat tthe dislocations drag is not the only one
mechanism controlling deformation at high straitesa but it is superposed to the thermally
controlled mechanisms [Follansbee 1986, Regazzbmil.e1987], Fig. 2.27. In the presence of
thermal activation only, the stress increases slawth the logarithm of strain rate, whereas in the
presence of dislocation drag only, the curve isstEnd reaches the strain rate for the appliedsstre
The curve obtained when both thermally activated drag mechanisms are operative follows the
thermal activation curve at low stresses and tlag durve at high stresses [Regazzoni et al. 1987],
Fig. 2.27.
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Fig. 2.27. Description of the flow stress evolutionthermal activation only, drag only and supesjtion of thermal
activation with drag [Regazzoni et al. 1987].

Previous considerations are of fundamental relevaviten deriving physical-based constitutive
relations suitable for defining the thermo-viscaiabehaviour of metallic alloys under wide ranges
of strain rate. According to these consideratidios, metallic alloys showing deformation drag
mechanisms, their strain rate sensitivity cannotléftned using the constitutive descriptions only
based on an Arrhénius-type equation [Nemat-Nasse.€2001, Guo and Nemat-Nasser 2006,
Rusinek et al. 2010].

Based on the previous considerations the extensioRK and MRK models for defining
dislocations drag at high strain rates is conducted

2.4.2 Applied method for modeling reference metallic allgs

2.4.2.1Formulation developed

It is added a new term to the equivalent Huber-bisstresss . The updated formulation of the
models is reported in Eq. 2.23:

6_(Ep,ép’-l-) — E(T)|:6 +6.*:|+6-vs (gp) (2.23)

WhereaT (?") is the stress component describing the viscouseffagts.

Based on experimental observations, Kapoor and Mbiasser [Kapoor and Nemat-Nasser
1999] proposed the following macroscopic definitfonthe viscous drag stress, Eq. 2.24.

O, (ép) =X Eﬁl— exp(—or E”)J (2.24-a)
a= ('\7'2—[8] (2.24-b)
P, b,
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Where x is a material constantg represents an effective damping coefficient aiifgctthe
dislocation motion and,, i

is the athermal yield stress [Nemat-Nasser e2@0D1]. This expression

enables to define both stages of dislocations dhefgaviour. First stage of flow stress linearly
increasing with strain rate and subsequent stagat®iensitivity no longer active

In the following curves is illustrated the evolutiof the viscous drag component as a function

of x and a for different strain rate levels, Fig. 2.28. Undercertain level of deformation rate
—_ <1 .

€” <100 s the viscous drag component is negligible no maktervalue of the constanys and a
Fig. 2.28. :

In that case, the rate sensitivityasegned by the thermal activation mechanisms
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Fig. 2.28. Evolution of the viscous drag comporana function of anda for different strain rate levels
(a) 100 &, (b) 1000 &, (c) 5000 &, (d) 10000 8

At higher strain rate levef® =100 s* the flow stress due to viscous drag becomes netearad
it quickly increases with the rate of deformatiéig. 2.28. The increase of both material constgnts
and a leads to an augment on the flow stress

Subsequently is proposed a method for the dragssteem calibration

2.4.2.2Systematic procedure for calculation of the model grameters

The steps are described below
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1. Once the modefRK or MRK) is already calibrated for a particular materiag #malytical
predictions of the constitutive description are pamed with experiments. Then, the
difference at room temperature on the flow stressllat high strain rates between analytical
predictions and experiments is obtained.

2. This difference is fitted to Eq. 2.24. Thus it i3spible to determine the material constgnts

anda, Fig. 2.29.
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— E +
g 30 ; Athermal component
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Fig. 2.29. Calibration of the viscous drag stressnponent for annealddFHC copperusing experimental data
reported in[Nemat-Nasser and Li 1998].

The dependence of the viscous drag term only oainstrate facilitates considerably the
calibration procedure.

2.4.2.3Application to annealed OFHC copper

Thus, the extension to viscous drag effects has bakbrated for annealéddFHC copper. The
following material constants have been found, Tabl&2.

X (MPa) o ()
249 0.0000122

Table 2.12. Constants determined for the anne@EHC copper for the viscous drag component of the exgMRK
model.

Using the extension to viscous drag effects is iptesto describe the behaviour of annealed
OFHC copper within the whole range of strain rates assidescribed in this section of the
document.

In Fig. 2.30. is shown the description of the fletkess evolution as a function of plastic strain
obtained using original and extendeliRK models. The analytical predictions are comparedh wit
experiments at room temperature &r=8000 $' [Nemat-Nasser and Li 1998]. It can be observed
that in the case of the extendd®®RK model the strain hardening of the material, ad a=its flow
stress level, is well defined, Fig. 2.30. Howewbe underestimation of the material stress level is
visible in the case of the originklRK constitutive relation.
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Fig. 2.30. Description of the flow stress evolutama function of plastic strain by original andexdedVIRK models
and comparison with experiments at room temperair8000 §{Nemat-Nasser and Li 1998].

The relevance of adding the viscous drag stress tertheMRK model is illustrated in Fig.
2.31. The extendeMRK model provides a proper definition of the materatle sensitivity for

€7 >1000 s'. At high strain rate level a considerable differerbetween original and extended

MRK models takes place.
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Fig. 2.31. Description of the flow stress evolutasa function of strain rate by original and exdedMRK models and
comparison with experiments at room temperaturefe0.1 [Nemat-Nasser and Li 1998].

In addition, definition of the dislocations dragest at high strain rate allows for a correct
description of the material temperature sensitjilg. 2.32. The athermal character of the viscous
drag term makes it fundamental for the descriptibthe temperature sensitivity of the material.
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Fig. 2.32. Description of the flow stress evolutama function of plastic strain by original andexdedVIRK models
and comparison with experiments at 4000(s) T:=600 K, (b) §=800 K, (c) §=900 K [Nemat-Nasser and Li 1998].

Such considerations are revealed in the followimgplys, Fig. 2.33. The extend®ddRK
constitutive model describes accurately the tentpezasensitivity of anneale@FHC copper. The
absence of athermal flow stress for the whole raofgaitial temperatures analyzed is properly
defined, Fig. 2.33.
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. 2.33. Temperature sensitivity description gdiine extendetRK model and comparison with experiments at 4000

Finally is necessary to notice that the extent#®K relation provides a better analytical
description of the thermo-viscoplastic behaviouraohealedOFHC copper than other physical-
based models as reported in [Rusinek et al. 2010].
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The viscous drag formulation can be also addedéooriginalRK formulation allowing the
definition of, for example, the thermo-viscopladtehaviour of thédA 7075 (it is assumed that this
material does not exhibit dependence of plastigiston theVTA since its strain hardening remains
approximately constant for different temperaturesl atrain rates)ithin wide ranges of strain rate
and temperature as it will be discussed in the@v¥alg section of the manuscript.

2.4.2.4Application to aluminium alloy 7075

The AA 7075shows a remarkable effect of the drag regime ©deformation behaviour at high
strain rates. In addition, the material responsteuhigh loading rate has been precisely analyzed i
[El-Magd and Abouridouane 2006] facilitating comipeasion of its deformation mechanisms.

The AA 7xxx series are alloyed withn, and can be hardened to the highest strengthayof a
AA. Thus, the AA 7075 notable for its strength, with good fatigue stribngnd average
machinability, but it is not weldable and has lessistance to corrosion than many otAdr. It is
widely used in aeronautical industry for constromctiof aircraft structures, such as wings and
fuselages. Its main alloying elements are liste@iahle 2.13.

Mhn Si Cr Ti Fe Mg Zn Ti Cu
03 04 023 02 05 25 55 02 16
Table 2.13. Chemical composition of tha 7075(% of weight) [EI-Magd and Abouridouane 2006].

The model has been calibrated for #h& 7075 using the experimental data reported in [EI-
Magd and Abouridouane 2006]. The following set afistants has been found, Tables 2.14-2.15.

B,(MPa) V() n () D, &) o,(MPa) m () D, () Tm(K) &mun(S) £max(s) 6 ()

790.3 -0.0002 0.1966 0.0555 0.018 196.57 1.2857 0.3 900 10 10’ 0.9

Table 2.14. Constants determined for & 7075for theRK model.

X (MPa) o ()
286.7  0.00005368
Table 2.15. Constants determined for &% 7075for the viscous drag component of the exterRi€anodel.

Conventional physical constantsAA can be obtained from material handbooks, Tablé.2.1

E, (GPa) C, (Jkg'’Kk™) B () p (kgni)
70 900 0.9 2700
Table 2.16. Physical constants f8A.

In the following section, the predictions of thetemded RK model are compared with
experiments.

The first step is to evaluate the predictions & ¢éxtendedRK model for different strain rate
levels. It is reported in Fig. 2.34. a satisfactagreement between model predictions and

experiments from quasi-static loading to high straite 0.001§'<€° < 252978, The difference

only takes place after saturation stress stagéde” =0 which corresponds to non-homogeneous
behaviour(open symbols in Figs 2.34 — 2.35).such a case nucleation and growth of micro soid
sharply decreases the flow stress, Fig. 2.34 [EdMand Abouridouane 2006]. It must be noticed
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that the viscous drag component added to Rke model allows for a correct definition of the
material behaviour under high rate of deformatfeig, 2.34-d.
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Description of the flow stress evoluti@rsus plastic strain by the extend®d model and comparison with

experiments at room temperature [El-Magd and Abdomiane 2006]. (a) 0.00I's(b) 1 &', (c) 10 &, (d) 2529 &.

As it was pointed out before, the viscous drag comept exhibits great relevance on the
description of the material behaviour when subgtteelevated initial temperature and high rate of
deformation. It compensates the underestimatiotherflow stress at high strain rate that would be
obtained using only the Arrhénius equation as tleehanism to describe the rate sensitivity of the
material, Fig. 2.35. That point is confirmed in F&35. where the analytical predictions of the
original formulation of theRK model are compared with those corresponding toeiktension to

dislocation drag effects.
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Fig. 2.35. Description of the flow stress evoluti@rsus plastic strain by original and extend®d models and
comparison with experiments a$ ¥ 500 K [El-Magd and Abouridouane 2006]. (a) 2584 (b) 5192 &.

Finally is necessary to notice that the extend® relation provides a better analytical
description of the thermo-viscoplastic behaviouthad AA 7075 than other constitutive models as
reported in [Rusinek and Rodriguez-Martinez 2009].

2.5 Extended constitutive relations for the macroscopnodeling of
negative strain rate sensitivity

Previous formulations may not be enough to defi@enbacroscopic behavior of certain alloys. It
is known that some aluminium and steel alloys ekxHiegative Strain Rate Sensitivity (NSRS
under certain loading conditions [Clausen et aDLZ®Allain et al. 2008]. Thus, in order to make
suitable previous constitutive descriptions to mefisuch behaviour an original formulation is
reported in the following section of the document.

2.5.1Literature review

Some metallic alloys exhibit macroscopdSRS Eq. 2.25., from quasi-static to intermediate
strain rated0* s'<€"< 100 §, Fig. 2.36.

d(o) P
m= / <0 for €’ <€l ] 2.25
d |Og(§P jgp’T trans- NSR¢ ( )

Such behaviour has considerable relevance in indusipplications since it may reduce the
ductility of the material [Higashi et al. 1991, Maiket al. 1994, Dorward and Hasse 1995] and
therefore affects to its formability and machindiil

This effect was traditionally explained due to tkelute—dislocation interaction at the
microscopic level [Cottrell 1953, Cottrell 1953,e86wijk 1958, Kubin and Estrin 1985]. An
alternative explanation has been proposed by Fwcu[2004] and other authors based on the
strength variation of dislocation junctions dughe presence of solute clusters on forest dislooati
(so,NSRSis basically shown blfCC metals) At low strain rate, the solute has sufficient rtibbto
induce a clustering effect stopping mobile dislaoad. At high rate of deformation, the increase of
dislocations’ velocity avoids appearance of clustgreffect. Thus, after certain strain rate level
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€ e nsre the strain rate sensitivity becomes positive, Bi§6. Moreover, sincRSRSis relatedto

diffusion of solute, it is thermally activated [Adath et al. 2002, Klose et al. 2004]. TNERSeffect
tends to disappear with decreasing temperaturerdsting studies concerning the effect of
temperature on this phenomenon are reported fangbeain [Abbadi et al. 2002, Klose et al. 2004].
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Fig. 2.36. Description of the negative and theifpes strain rate sensitivities taking placeA#\ 6092[Zhang et al.
2004].

vl

Some attempts to model tiNSRS are reported in the open literature, for exampl¢Birechet
and Estrin 1995, Hahner 1997, Zhang et al. 2001¢. Most relevant seems to be the approach due to
McCormick [McCormick 1971].

However, such micromechanical descriptions of M®RS lead to complex mathematical
formulations difficult to implement intd-E codes. Moreover they use to have large number of
material constants and difficult calibration-progesk. In addition, those models only define the
material behaviour within the range of strain ratewhich this effect takes place. They do not
provide a formulation for the whole range of streates detected in many engineering applications,
10* s'<€"< 10 s.

In this section of the document an extension of Bi€ and MRK models to define
macroscopically th&iISRSis reported.

2.5.2 Applied method for modeling reference metallic allgs

2.5.2.1Formulation developed

The extension is conducted by adding a new terthéaquivalent Huber-Misses stress The
updated formulation of the model is reported in EG6.

T)= E(T)

0

(e, [0,+0 +0,,(¢°,7)] (2.26)
Where c‘rns(?p,T) Is the stress component taking into accountNB&S which is dependent on

strain rate and temperature. This formulation hagmi-physical character and it is based on the
experimental observations reported for exampleHigdshi et al. 1991, Abbadi et al. 2002, Klose et
al. 2004]. The original expression proposed israfiby Eq. 2.27.
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5,.(€°.T)=0F E<Iog(—§“a”§p”sﬂ> E<1— D, (T—T"‘j 'Og(f—pD (2.27)

Where o> and 3 are material constants describing respectivelysthess decrease due NGRS

and the reciprocity between strain rate and tentpexa Such reciprocity is obtained using an
Arrhénius-type equation. The influence of plasti@is on theNSRS effect is assumed negligible.
Such assumption is based, for example, on the iexpetal data reported in [Clausen et al. 2004].
Thus, in comparison with the original formulatioh tbe RK and MRK relations only two new
material constants are added. The transition letvp®sitive and negative strain rate sensitivity is

denoted by€?__ \<re and it can be obtained from experiments.

In the following curves is shown the evolution dletNSRS component,ﬁns(ép,T) as a

function of ;> and I3 for different strain rate levels at room tempertirig. 2.37. The value of the
new stress component decreases with the straimn@tase, Fig. 2.37. until the transition straiter
level is reachedlt is considerede? _ <:s=76.58 $§%). The increase of both material constaat$
and B leads to an augment of tNESSRSof the material, Fig. 2.37.
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Fig. 2.37. Evolution of thBISRSstress component as a functionadf and D; for different strain rate levels at room
temperature. (a) 0.001's(b) 0.01 8, (c) 1 §", (d) 10 &

Next, it is defined a method for the model calilmat
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2.5.2.2Systematic procedure for calculation of the model grameters
The main steps necessary for the definition ofntloelel parameters are:

1. The transition strain rate’, <z at room temperature is identified for a given fiastrain
value. For the range of strain rat@&$ <g" ..the value of stress corresponding to

€ \ere IS subtracted from the real flow stress, Fig. 2.38ie stress difference is the flow
stress decrease due to th8RS and it is fitted to Eq. 2.27. using the least squaethod.

Thus, the material constantg® and D, can be obtained.
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Fig. 2.38. Calibration of th&lSRSstress term for thAA 5083-H116using the experimental data reported@lausen
et al. 2004].

2. Subtracting theNSRS stress component from the real flow stress ofntlagerial, theRK or
the MRK models can be calibrated following the procedegeorted in previous sections of
this document.

Next, the extendeBK model toNSRSis applied to describe the thermo-viscoplasticavedur
of theAA 5083-H116

2.5.2.3Application to aluminium alloy 5083-H116

This material is found propitious for validation ¢fie model proposed since it exhibits
remarkableNSRSwithin wide ranges of strain rate. It has beequently chosen in the literature for
the analysis of such phenomenon [Clausen et al4,28@nallal et al. 2008]. Its deformation
behaviour has been subjected to intensive studebgral laboratories.

The AA 5xxx series are alloyed witilg, derive most of their strength from solution havidg,
and can also be work hardened to strengths conlpaabteel alloys. ThAA 5083-H116is one of
the strongest aluminium—magnesium alloys. It iselyidused in naval structures as ship hulls and
offshore topsides due to its high strength and gmdbsion resistance. The main alloying elements
are listed in Table 2.17.

Mn Si Cr Ti Fe Mg Zn Ti Cu
05 04 0.17 0.15 05 45 025 0.2 0.1
Table 2.17. Chemical composition of tha 5083-H116(% of weight) [Clausen et al. 2004].
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The high content oMg is responsible for th&d\SRS showed by thisAA as discussed in
[Clausen et al. 2004, Benallal et al. 2008].

Using the procedure reported in the previous sectlte extende®K model toNSRShas been
calibrated for theAA 5083-H116 (it is assumed that this material does not exhil@pendence of
plastic strain on the/TA since its strain hardening remains approximatetystant for different
temperatures and strain ratesking the experimental data reported in [Clauseal.e2004]. The
following set of constants has been found, Tabl#8.2

B,(MPa) V() n,() D,(9 & () o,(MPa) m () D, () Tm(K &mn(s) émax(S) 6 ()
666 0.01 035 0.04 0.0118 1536.3 8.37 0.3 900 To 10’ 0.9
Table 2.18. Constants determined for & 5083-H116for theRK model.

og° (MPa) D3 (") étrans— NSRS(S-I)
0.01 36 76.58
Table 2.19. Constants determined for &% 5083-H116for the extension of tHeK model toNSRS

Since the maximum strain rate reported in the éxpaits taken as reference & =1000 &'
[Clausen et al. 2004] it is assumed that the dragh@anisms are not active [Rusinek and Rodriguez-
Martinez 2009]. Thus, the contribution of an euahtlislocations drag component to the flow stress
for the range of strain rates considered can béogl(at least for the purposes of this section of

the document)

Then, the predictions of the extend®d model are validated with experiments.

The first step is to evaluate the definition of 8RS provided by the extendd®K model. In
Fig. 2.39. is illustrated the agreement betweery#oal predictions and experiments for different
strain rates0.00041 8 <€° < 12278 The lower limit€” =0.00041 8 corresponds to the minimum
value of strain rate for which there is experimede&ta available. The upper limit is approximately
the strain rate value corresponding to the traorsibietween the negative and the positive strag rat

sensitivities € =122 $'=¥€P .= 76.58%. Thus, the flow stress level in the case of

€° =122 ST=E€P | n IS lOwer than in the case & =0.000418. The relevance of defining

properly theNSRS component of the flow stress is illustrated in.EA¢@9-a where predictions of the
extendedRK model are compared with those obtained from thgira RK relation. Relevant
differences between the flow stress level predittgdboth models are observed. Moreover, it must
be noticed that the constitutive description predproperly the strain hardening of the material.
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Fig. 2.39. Description of the flow stress evolutamsa function of the plastic strain by the exteh@d& model and
comparison with experiments at room temperatur@{Sen et al. 2004]. (a) 0.00041,¢b) 0.51 &, (c) 122 &.

Next it is depicted the rate sensitivity of the eral within wide ranges of strain rate and the
comparison with the predictions of the exten&d model, Fig. 2.40. Good matching for the whole
range of strain rates is observed between modeéaperiments.
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Fig. 2.40. Description of the flow stress evolutasa function of strain rate by the extené¢imodel and comparison
with experiments at room temperature agel0.05 [Clausen et al. 2004].

Concerning the temperature sensitivity, the expenital data available only allow for evaluating

the model in the case of ¥ Tioom , Fig. 2.41. The model describes accurately tr@edse of the
flow stress with temperature Fig. 2.41. The diffe® only takes place in the case 1600 K.
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Fig. 2.41. Description of the temperature sengifily the extendel@K model and comparison with experiments for
£,=0.045 and 0.00017S[Clausen et al. 2004].

Finally is necessary to notice that the extend relation provides a better analytical
description of the thermo-viscoplastic behaviourtioé AA 5083-H116 than other constitutive
models as reported in [Rusinek and Rodriguez-Mezt2009].

But dislocations drag amdSRSare not the only effects that cannot be definédguihe original
formulations of thdRK andMRK models.

2.6 Extended constitutive relations for the macroscopnodeling of
martensitic transformation

In austeniticsteels themartensitictransformation may strongly modify the strain heamthg of
the material. Such type of steel alloys has becohrelevance because of their widespread use, for
example, in the automotive industry. Thus, it ixessary to extend the applicability of these
constitutive descriptions to the macroscopic madetf such phenomenon. For that task, an original
formulation is presented in the following sectidrttee document.

2.6.1 Literature review

Martensitic transformation fromFCC austenite ) to BCC martensite(a’) provides to steel
alloys of high work-hardening and improved dudfiéind toughness [Angel 1954, Olson and Cohen
1972, Delannay et al. 2008, Curtze et al. 2009i28uet al. 2009, Da Rocha and Silva de Oliveira
2009, Fischer et al. 2000, Jiménez et al. 20093hSwechanical properties are required for metals in
charge of absorbing energy under dynamic loadirgg,Z42.
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Yield stress increase due to
martensitic transformation

300mm

24 mm

Used to built
crash-box structure
(a) (b)
Fig. 2.42.Pre-strain history of a crash box structure (a) 8pgen dimensions after pre-strain process. (b) Caneg
box after bending [Durrenberger et al. 2006].

100mm

Two effects are responsible for the deformationcess taking place iausteniticsteels during
and after themartensitictransformation [Leblond et al. 1989, Fischer et28l00, Delannay et al.
2008]

* The "Magee effect” [Magee 1966] related to orieiatafprocess due to transformation of
preferred variants.

 The “Greenwood-Johnson effect” [Greenwood and Jomn4965] related to the
displacive character of theustenite-martensiteansformation [Leblond et al. 1989]. It
corresponds to the plastic strain induced in theemgaphase because of the volume
difference between two coexisting phases.

The controlling factor for the kinetics afartensitictransformation is the supply of free energy.
The free-energy variation of the system must bgelaanough to enable the reaction to mount the
activation barrier betweeausteniteand martensite/Angel 1954, Olson and Cohen 1972, Curtze et
al. 2009], Fig. 2.43.
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Fig. 2.43. Free energy of martensite and austeasta function of temperature [Olson and Cohen 1¥i#{ze et
al. 2009].
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In Fig. 2.43. M, is the temperature at whighartensiteforms without assistance of external
driving force because of the difference betweenfitbe energy of both phase&G{”“'. Within the

range M < T < Tp a mechanical driving force has to be suppliedh® $ystem to induce the
martensitictransformation. Transformation occurs if the mexdta driving force makes the system
to fulfill Eq. 2.28.

AGY ™ +U =AG, ™ (2.28)

If MJ<T<T, the stress required for the transformation exceésyield stress of the
austeniteand strain is required for the transformation, Rig4.
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Fig. 2.44. Schematic description of the effed¢enfperature on the martensitic transformation.

At higher temperatureso< T < My the chemical driving force opposes to the tramsé&tion
and the mechanical work applied to the system megtigher than the difference in the free energy

between both phases) 2AG¥0;°T"SMd. Finally, M represents the temperature at whichmeotensitic

transformation takes place, no matter the plastiorthation of the parent phase [Lebedev and
Kosarchuk 2000].

Due to the relation existing between deformatiod eamperature in the material behaviour, the
strain rate also plays a crucial role in thmartensitic transformation. For high strain rates, the
martensitic transformation could not exist; Fig. 2.45. Thermsaftening of the material due to
adiabatic heating under dynamic loading preverdgptiase transformation.
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Fig. 2.45. Volume fraction of martensite as a fiorcof plastic deformation for different initialngeratures.
Strain rate = 500 $[Tomita and Iwamoto 1995].

The influence of plastic deformation, loading rated initial temperature on the transformation
kinetics has been analyzed for example in [lwanettal. 1998, lwamoto and Tsuta 2000, Bouaziz
and Guelton 2001, Al-Abbasi and Nemes 2003, Paadiillou et al. 2006, Taleb and Petit 2006,
Larour et al. 2006, Meftah et al. 2007, Bouaziakt2008, Curtze et al. 2009, Huh et al. 2009,
Jiménez et al. 2009].

In order to model thenartensitictransformation phenomena, several constitutivaticels can be
found in the international literature [Leblond dt 4986a, Leblond et al. 1986b, Fischer 1990,
Fischer 1992, Fischer et al. 1996, Cherkaoui 1398, Cherkaoui et al. 2000, Delannay et al. 2008,
Mahnken et al. 2009]. The most relevant seems tindeapproach by Olson and Cohen [Olson and
Cohen 1975]. This model call€dC was later generalized to take into account thesststate effect
[Stringfellow et al. 1992], strain rate [Tomita alvdamoto 1995] and stress state for stacking fault
energy [Iwamoto et al. 1998]. A use of these kifigloysical models ifFE codes results in long
computational time causing limiting industrial apptions since these constitutive relations are
coupled with a homogenization method as proposefirayas [Aravas 1987].

Thus, in the following section of this manuscrigt proposed a simplified formulation to
describe the macroscopic effect that thartensitictransformation may have on the material flow
stress. It takes into account the influence ofistigtrain rate and temperature on such processt Sh
computational time and simple formulation makesftmmulation developed attractive for numerical
applications in industry, where the phase transédion in austeniticsteels might be dominant, for
example in perforation, crash box behaviour or hggieed machining processes. However, the
application of this approach does not provide im@ation about microstructure evolution during
plastic deformation.

2.6.2 Applied method for modeling reference metallic allgs

2.6.2.1Formulation developed

A third stress componera; (Ep,ép,T) is added to th&®K or to theMRK models(depending

on the influence that the plastic strain may handhe rate sensitivity of the materigdyhich allows
approximation of the macroscopic effect of thartensitictransformation(drastic increase of the
material strain hardening)
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Thus, the general form of the extendeaodel is given by Eq. 2.29

GRRE - [0, +0"]+0, (e".2°.7) (2.29)

In order to define macroscopically the phase tamsation effect observed in experiments the
following expression is introduced, Eq. 2.30.

o (§p,§p,T):oOD(§p,§p)Eg(T) (2.30)

The first multiplier g, is a fitting parameter which allows defining theximum stress increase
due tomartensitictransformation. The multiplier can be estimatedmimchanical testing. The value
of 0o, must be identified at the lowest temperature derest or the lowest temperature of

experimental data available. The best solutioneidgpming mechanical testing ap € Ms . Thus, it
corresponds to the maximum effect of theartensitic transformation. The stress component

0; (Ep,ép,T) is split into two independent functions, the effe plastic strain and strain rate

during the phase transformatioh(?p,ép) and the thermal reduction of the rate of thartensitic
transformation, g(T) .

To define the influence of strain and strain ratethe phase transformation, the following
function f(§p,§") is applied, Eq. 2.31. This expression is similarthe relation calledogistic
function derived in [Pecherski 1998, Pecherski 1998] tocdes phenomenologically the plastic
softening of the material during the developmentnuilti-scale shear banding. The proposed

probabilistic description of the plasticity andasir rate effects on theartensitictransformation is
given by Eq. 2.31.

f(2,2) =[1-exp- W) 2") | (2.31)

One function,h(ép) , and one material parametef, , are introduced to approximate the

behaviour of arausteniticsteel duringmartensitictransformation. Thush(ép) is defined as being
strain-rate dependent in agreement with experinhebtervations.

A decrease oh(é”) allows decreasing the rate of tmartensitictransformation by diminishing
its intensity and delaying its starting point, Fiy46-a. Concerning the coefficieft it controls the

strain level where thenartensitictransformation starts on the macroscopic s¢thle extra strain
hardening induced by the martensitic transformatidrhe macroscopic phase transformation effect
starts at determined level of strain, Fig. 2.46-b.

53



Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading

bt B L L L L L L A LAt LAt LAt LA LA AR AR A A bt B L L L R L LA A LAt At LAt LA LA AR AR A A
5 -~ & imposed 5 _ Strain rate : 0.001s™
S | E : S | E h imposed
2 E 2 E 3
RS E 8
T 08 & E = E
s = ER- 3
g 06 - h=5 - g
© - ©
@ @
c 04 & <
[o8 [s8
el / el
Q h=3 Q
N N
g 02F : T
£ - £
o h=2""" o
b 0 AT f T L L TR AT =z 0 s Lo e b e o v b b b b b b b b b by
o o1 02 03 04 05 06 07 08 09 1 0o o1 02 03 04 05 06 07 08 09 1
Equivalent plastic strain, € Equivalent plastic strain, €
“ (@) “ (b)
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In order to define the influence of strain ratetle martensitic transformation process, the
following relation is proposed, Eq. 2.32.

h(€°) =, Cexp( -\ E°) (2.32)
Where A, and A are two shape fitting parameters which define #&in and strain rate
dependences on the phase transformation.
It is observed that an increase »f Fig. 2.47, decreases the strain rate level wheghase

transformation is annihilated. This coefficient danidentified using experiments obtained from the
macroscopic behaviour of the material.
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Fig. 2.47. Evolution of normalized parameteti, as a function of strain rate.

In the following section the relation whidgfines the effect of temperature on the kinetfahe
martensitictransformation is discussed. Two formulationspamposed for that task.

2.6.2.1.1Temperature function based on Mand M values

The first expression proposee(D), Eq. 2.33., is based on the relation derivedlblynson and
Cook [Johnson and Cook 1983] and similar to thenfdation used by Papatriantafillou et al.
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[Papatriantafillou et al. 2006] to describe the penature sensitivity of themartensitic
transformation.

T)=1-0"
a )T_M if TSM - g/(T)=1
@:(mj if T2M, - ¢,(T)=0
f s

(2.33)

Where ® =(T~-M,)/(M, -M,) is the normalised temperature. The values gfihtl M must

be obtained from experiments. Moreovet, is the temperature sensitivity of the phase
transformation.

A parametric study concerning has been conducted in order to show the effdwaston the
kinetics of themartensitictransformation, Fig. 2.48-a. As it is shown in.R2g48-a, it allows for the
description of the intensity and level of theartensitic transformation depending on the initial
temperature, in qualitative agreement with expeniale observations, Fig. 2.48-b [Tomita and
Iwamoto 1995].
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Fig. 2.48. (a) Evolution of the temperature funotm(T) as a function of the initial temperature foffdirent values of.

(b) Evolution of the volume fraction of martensigea function of temperature [Tomita and lwamot84]9

2.6.2.1.2Temperature function based on exponential function

The second expression propose(ly Eqg. 2.34, is an exponential type equation lsinto that
reported by Mahnken et al. [Mahnken et al. 20094 amiginally proposed in [Koistinen and

Marburger 1959].
_I_ a
T)=exp - 2.34

Where T is the current temperaturg,ahdo are material constants. The expression proposed is
depending on Mbut not on M as previously, Eq. 2.33. The;Malue must be obtained from
experiments in quasi-static condition. For a ginthere is only one possible combination @f T
and o values which fit the requirements of thenartensitic transformation process,
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(if T=M, -g,T) :O). For example in the case of M 300 K, the parameterg @nda take the
values 80 K and 5 respectively, Fig. 2.49.
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Fig. 2.49. Evolution of the function ¢T) with temperature.

Thus, this type of function () is less flexible in comparison with(@). However, it allows
defining the effect of temperature within the whadege of initial temperatures without imposing
any restriction. It facilitates the calibration pealure.

Next a systematic procedure for the model calibreis reported.
2.6.2.2Systematic procedure for calculation of the model grameters
The procedure consists of the following steps:

1. First, at room temperature and low strain ratenutst be identified the plastic strain value
where themartensitictransformation start@he macroscopic increase of strain hardening)
Next, the stress level is artificially increasedhwplastic deformation step by step after the
point of initiation of the phase transformationeeff, Fig. 2.50, by using a strain hardening
initial curve obtained in quasi-static loading. Thieess increase due to the macroscopic
effect of themartensitictransformation is subtracted from the materialifkiress.

2. After subtraction of the macroscopic phase trams&tion effect, is possible to define the
material constants for the originRK and MRK models using the procedure described in
previous sections of the document.
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Fig. 2.50. Schematic representation of the methszaito determine the values of the material constaithe extended
RK andMRK models to martensitic transformation effect.

3. The phase transformation term is calibrated byanttative analysis of the stress component
subtracted from the original material flow streBgy. 2.50. Experiments at different loading
rates are fitted to Eq. 2.31. in order to obtaia thaterial constants defining the strain and
strain rate sensitivities of theartensitictransformation. Finally, using experimental data a
different initial temperatures is possible to detere the material constants related to the
temperature sensitivity of theartensitictransformation, Egs. 2.33-2.34.

Next, the extende®RK model tomartensitictransformation is applied to define the thermo-
viscoplastic behaviour of thaISI 301 Ln2B (it is assumed that this material does not exhibit
dependence of plastic strain on tMTA since its strain hardening in absence of marténsit
transformation remains approximately constant fiffedent temperatures and strain rates)

2.6.2.3Application to steel 301 Ln2B

Among the commerciaaustenitic steels, theAlSI 301 is noted by exhibiting strong work
hardening increase caused rogrtensitictransformation. This fact and the precise studydoated
in [Larour et al. 2006] of its deformation behavieunakes this material propitious for validation of
the model proposed.

Grade301 and its low carbon variants are used where a $figingth stainless steel is required.
Variant 301 Ln has highemN content inducing work hardening increase and latgetility. Its
chemical composition is listed in Table 2.20.

C WMn Si Cr Ni N P S
0.03 2.0 1.0 185 80 0.20 0.045 0.015
Table 2.20. Chemical composition of the sfd&ll 301Ln2B (% weight).

Typical applications of this material include radr structural components, airframe structures
and highway trailer components.

By application of the calibration procedure repdrie the previous section, the following set of
material constants has been obtained, Tables 2221-2
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B,(MPa) V() n, () D,( & () o,(MPa) m () D, () Tm(K) &mn(S) Emax(s)) 6 ()
1380 01 041 005 0018 48833 166 0.52 1600 10 10’ 0.9
Table 2.21. Values of material constants for thiginal RK constitutive relation for the ste801 Ln2B

0, (MPa) 3 Ao A
500 17 10 4
Table 2.22. Material constants defining the mastén transformation stress term for the std8élL Ln2B

Analytical results of the extended model are comgavith experiments, [Larour et al. 2006]. The
macroscopic effect of thmartensitictransformation is well exposed hy—¢ curves for different
initial strain rates at room temperature, Fig. 2Mm1Fig. 2.51. is observed a satisfactory agreemen
between experimental results and analytical prexstistof the model within a wide range of strain
rates0.006 §'<€° < 920 .

2000 T

Material : 301 Ln2B

To=300K 1
1500 — 2

1000

True stress, 0 (MPa)

500

0 0,1 0,2 03 04 0,5
True strain, €

Fig. 2.51. Analytical predictions of the constititirelation (solid lines) and comparison with expemtal results
[Larour et al. 2006].

The comparison between the analytical predictidnisined by means of original and extended
RK formulations is shown in Fig. 2.52. The analytigmediction by the extended formulation
demonstrate the annihilation of the phase transdtion with the strain rate increase, Fig. 2.52-b.
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Fig. 2.52. Analytical predictions of the constitgirelations (a) originaRK formulation, (b) extende@K formulation,
g(M=1

In the following plot, Fig. 2.53., are illustratéite predictions of the constitutive relation when a
jump of strain rate is imposed at room temperatureéhe case of a jump of strain rate from quasi-
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static to dynamic loading the model predicts cdlyedhe annihilation of themartensitic
transformation effect. In the opposite case, if $iiin rate jump is conducted from dynamic to
guasi-static loading, the model predicts the appeas ofmartensitictransformation macroscopic
effect, Fig. 2.53.
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Fig. 2.53. Analytical predictions of the extend®d model in the case of (a) positive and (b) neggtivep of strain rate
for g(T) = 1.

The analytical predictions of the model under quséaiic conditions of deformation for several
initial temperatures in the case qQ{T) usingn = 1 and g(T) using = 80 K andn =5 are shown
in Fig. 2.54-a-b. A qualitative agreement was fowith the experimental observations for several
austeniticsteels reported in [Tomita and Iwamoto 2001], Ri¢4-c. When the initial temperature is
high enough, thenartensitictransformation is annihilated, Fig. 2.54-a. Theemsity of the phase
transformation strongly increases when the tempezas close to the M Fig. 2.54-a-b.
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Fig. 2.54. Analytical predictions of the extend®d model (a) in the case of ¢I) and (b) in the case of;, ¢T).
(c) Evolution of the flow stress versus the plastiain for steeAISI 304 [Tomita and Iwamoto 2001]. (d) Description
of the strain hardening evolution as a functiorplafstic strain by the extend®&®K model for different homologous
temperatures.

For g(T) using n = 1, the evolution of the strain hardening rate asurction of the plastic

deformation for different normalised temperatuf@sis shown in Fig. 2.54-d. An increase of strain
hardening rate is observed during thartensitictransformation effect until saturation conditian i
reached. This maximum is lower with the initial fnature increase. When the maximum is
exceeded, the strain hardening rate starts to aeenmonotonically. Finally, it reaches a value €los
to the one corresponding to strain hardening cuw@sh previously have not shown theartensitic
transformation.

The constitutive descriptions reported in this doent may be implemented intéE code.
Details of the procedure for such implementatiangven inAppendix B andAppendix C.
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In this chapter of the document it has been exadnihe mechanisms which reside
behind deformation of metals. Advanced constitutedations have been developed in order
to provide a macroscopic description of the thersgoplastic behaviour of metallic alloys
within wide ranges of strain rate and temperat8teeh procedure must be the starting point
in order to analyze loading processes. Such uratlistg of metals behaviour is applied in
the following chapters of this Thesis in order tefide the mechanisms responsible for
absorbing energy under dynamic solicitation. Fat ttask, the constitutive descriptions
developed are implemented irfi& code. Numerical simulations of ring expansion tesd
conventional dynamic tension test are conductemtder to determine the role played by rate
sensitivity and strain hardening on the formatibmetabilities.
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CHAPTER 3

NUMERICAL ANALYSIS OF PLASTIC
INSTABILITIES FORMATION UNDER
DYNAMIC TENSION

Abstract

In this chapter of the Thesis is conducted a nuwrakstudy in order to examine the
causes which reside behind the formation of plassitabilities under dynamic loading. Two
different configurations are used for that taskigriexpansion and conventional dynamic
tension. Wave propagation, strain hardening aradnstate effect on the formation of plastic
instabilities are examined. The influence of ratas#tivity on plastic instabilities formation
is analyzed by application of the extenddBK model to dislocations drag. The influence of
strain hardening is analyzed by application o thlxé¢ereed RK model to martensitic
transformation. A complete parametric study of thaterial constants involved in both
extensions applied tBK and MRK models is carried out. From the analysis conducted
concluded that strain rate sensitivity and straamdbning rate are the main parameters
involved in controlling plastic localization.
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3 CHAPTER 3. NUMERICAL ANALYSIS OF PLASTIC
INSTABILITIES FORMATION UNDER DYNAMIC
TENSION

3.1 Introduction

The study of materials subjected to extreme loadmditions like crash, impact or explosion,
has considerable interest for different industfialds. A relevant amount of publications can be
found in the international literature dealing witie high strain rate behaviour of metallic matsrial
related to different engineering applications [Mah®36, Klepaczko 1968, Kocks et al. 1975,
Follansbee 1986, Regazzoni et al. 1987, Zerilli Angistrong 1992, EI-Magd 1994, Nemat-Nasser
and Li 1998, Nemat-Nasser and Guo 2003].

Dynamic processes are strongly dependent on steadening, temperature sensitivity and strain
rate sensitivity of the material. Locally, plasstain values larger thag” >1 may be reached for

some metals under dynamic loading conditions [Ha &waehn 1996, Pandolfi et al. 1999,
Triantafyllidis and Waldenmyer 2004]. High temperat level inducing thermal softening of the
material is usually observed in such processesntes from an irreversible thermodynamic process
which converts the plastic energy into heat. Adi@beemperature increase is precursor of plastic
instabilities [Batra and Chen 2001, Kuroda et 80& Batra and Wei 2007, Alos et al. 2007] and
subsequent failure.

Thus, advancing on understanding instabilities &drom is of main relevance for certain
engineering sectors like automotive, aeronauticahititary industries where fast loading processes
are of fundamental interest. Accurate knowledgett® causes leading to plastic instabilities
formation is required for construction of mechahielements responsible for absorbing energy
under crash or impact perforation.

Formation of plastic instabilities under dynamiading has been studied over the last decades
[Mann 1936, Klepaczko 1968, Rajendran and Fyfe 1@32ady 1982, Clifton et al. 1984, Batra and
Kim 1990, Duszek and Perzyna 1991, todygowski etl@P4, Perzyna 1994, Klepaczko 1998,
Glema et al. 2000, Zhou et al. 2006, Rittel eRBD6]. Special interest is found in the early veook
Hutchinson and Neale [Hutchinson and Neale 197THosB [Ghosh 1977] and Fressengeas and
Molinari [Fressengeas and Molinari 1987, Fresseng®aa Molinari 1992] in which the mechanisms
responsible of plastic localization and instal@btprogression are analyzed.

Traditionally, it has been resorted to experimemedcedures to approach the localization
problem under high rate of loading [Mann 1936, Rdjan and Fyfe 1982, Grady 1982]. However,
highly instrumented tests are required of complexiaces with elevated cost. In addition, the
information that can be obtained from the matdyediaviour is, many times, limited.

More recently the localization problem has attemfte be analytically described [Fressengeas
and Molinari 1987, Fressengeas and Molinari 199€rdi¢r and Molinari 2004, Zhou et al. 2006]. In
these publications a perturbation analysis is cotedliin order to analyze the mechanisms which
reside behind plastic localization and instab#itpgrogression. For this type of analytical studikess
to complications in the mathematical formulatiortted problem, the definition of the homogeneous
material behaviour uses to be given by a simplipeder-type equation [Fressengeas and Molinari
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1987, Fressengeas and Molinari 1992, Mercier antinsio 2004, Zhou et al. 2006]. The accurate
definition of the material behaviour is subordirhte a fast derivation of the problem solution.eTh
evaluation of particular effects of the materialh&de@our, as viscous drag omartensitic
transformation, on the formation of instabilitieanoot be approached by such mathematical
modelling of the problem.

If advanced constitutive relations want to be ueedlefining the material behaviour, numerical
methods are a suitable alternative [Lodygowski &sizyna 1997, Sgrensen and Freund 2000,
Glema et al. 2000, Guduru and Freund 2002, RusindkZaera 2007].

In the mentioned works was glimpsed that rate sgitgiand strain hardening are playing a
main role on controlling the instabilities formatiolt is assumed that they act homogenizing
materials behaviour [Mercier and Molinari 2004]creasing their ductility [Rajendran and Fyfe
1982, Hu and Daehn 1996, Altynova et al. 1996] eetdrding plastic localization [Hu and Daehn
1996].

According to the methodology set for conducting tRhesis, in this chapter previous statements
are evaluated by conducting numerical simulatidngng expansion test and conventional dynamic
tension test. Application of advanced strain haitpiaws for an accurate description of the plastic
localization process is required. Thus, the infheerof rate sensitivity on plastic instabilities
formation is analyzed by application of the extehMHRK model to dislocations drag [Rusinek et al.
2010]. The influence of strain hardening is anallybg application of the extendd®kK model to
martensitictransformation. A complete parametric study of mh&terial constants involved in both
extensions applied K andMRK models is carried out.

3.2 Dynamic tension tests

Among the dynamic characterization tests develapast the years, uniaxial tension has been
the most common stress state used for analyzirtghitifes formation. In particular conventional
dynamic tension test and ring expansion test haea widely studied during the last decades [Mann
1936, Klepaczko 1968, Rajendran and Fyfe 1982, v>E@B2, todygowski and Perzyna 1997,
Sgrensen and Freund 2000, Glema et al. 2000, Gatdr&reund 2002, Rusinek and Zaera 2007].

3.2.1 Literature review

Thus, in this section of the document both testimigfigurations are introduced.

3.2.1.1The ring expansion test

Rapid expansion of metallic rings is a non-convardl experiment developed to test materials
at high strain rates under uniaxial tension stBtierfison 1965, Grady and Benson 1983, Hu and
Daehn 1996]. The experiment consists of loading@af radius R at a roughly constant velocity V
varying within the range 25 m#&sV, < 300 m/s. The strain rate applied to the matetging the
expansion is given by Eq. 3.1.

VO
R0 (3.1)

GE
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Where R (t)is the ring radius as function of time during tix@ansion.

Several experimental setups have been proposethdse tests, Fig. 3.1. [Diep et al. 2004,
Triantafyllidis and Waldenmyer 2004]. The dynanmoading may be procured by a magnetic field or
by the use of explosives, Fig. 3.1., the formewvping a more uniform impact velocity in time.

Specimen //| /

§h C,,Qy ()
1o (1) \ ;
\ Pulse Switch

Specimen (2) close when
Q, =0

FI‘I
W\/ (b)

Fig. 3.1. Configuration of the loading conditiobg explosive or by magnetic field in the ring exgian test [Diep et al.
2004, Triantafyllidis and Waldenmyer 2004].

< Ity

Explosive

The sample is subjected to uniform radial expanamr the development of neckings along the
circumference of the ring takes place. Some ofehlmexks are arrested before failure and the others
lead to fracture of the specimen, resulting in mber of fragments. Physical phenomena occurring
during the test are complex, and the resulting nfragtation pattern is the consequence of the
competition between failure modes related to dyecalbading such as shear banding, and those
characteristic of static loading such as void ghowt fracture nucleation [Rusinek and Zaera 2007].

It is important to notice that complications resgtfrom wave propagation are eliminated due
to the symmetry of the problem [Hu and Daehn 198&cier and Molinari 2004, Rusinek and Zaera
2007]. Thus, ductility is expected to increase wattpansion velocity, virtually without limits in
velocity (relativistic effects at very high impact velocitiare expected to not make possible to fulfill
previous statementlfig. 3.2.

Ring expansion ———— - 0‘
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Fig. 3.2. Strain of instability as a function afipact velocity for ring expansion problem and dyitaension test [Hu
and Daehn 1996].
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Due to the complex experimental devices requiredperforming this type of test and the
limitations of the analytical modeling, numericaktinods are positioned as a suitable tool to solve
the localization problem [Sgrensen and Freund 2G2@uru and Freund 2002, Rusinek and Zaera
2007].

Next the main features of the conventional dynatemsion test are presented.

3.2.1.2The conventional dynamic tension test

Analysis of the conventional dynamic tension tesspnts notable interest since disturbances
coming from wave propagation take place in manyirexeging applications like for example fast
cutting, crash-box test or impact-perforation. Hfiect that these disturbances have on the material
response has to be carefully examined. The congrangth the results obtained for the ring
expansion probler(free of wave propagation3 expected indispensable for that goal.

Let us consider a case analogous to a tensiontliastmay be performed using hydraulic

machine or Hopkinson bar, Fig. 3.3. The strain egiplied to the material during testing is defined
by Eq. 3.2.

0 (3.2)

Where L (t) is the active part of the specimen as functbtime during the test.

In such tests, the specimen has a free end whichpacted. The second end is fixed. Thus, as
consequence of the impact on the specimen, aneintcignsile wave(t) is generated. The stress
wave reaches the opposite side of the specimeit anckeflected. The reflected stress wave is ef th
same sign than the incident wave due to the emideddendary condition of the opposite impact
side, Fig. 3.3.

Ce Ce Ce !
<t
(o] Or OR+0)
Vo -
. _<_I_ _______________________________ — *

tpropagation= L/ Co

Embedded surfa
Fig. 3.3. Schematic representation of wave propagatlong an elastic bar. Reflection of a longituali wave
from the fixed end.

Considering the specimen as purely elastic, theevgpeed is defined as follows, Eq. 3.3:

C.(T)= (mr (3.3)

p(T)
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Where E(T) is the Young’s modulus ap@) is the material density that in a general czmebe
considered dependent on temperature. In such aticetase, it is known that the intensity of the
reflected wave is equal to the intensity of theideat wave, Fig. 3.3. Thus, after reflection of the
incident wave, the specimen is subjected to aitatiien whose value is double of the stress level
induced into the material due to the incident strgave.

Thus, it is possible to predict analytically theqe where the deformation will be localized in the
case of ideal plasticity as it was reported by Relsiet al. [Rusinek et al 2008]. In that work the
authors analyzed the crash-box problem, and thiéyedewhere the localization of deformation was
taking place depending on the impact velocity amdhe yield stress of the material.

However, if a material showing thermo-viscoplastehaviour is considered, the wave
propagation problem becomes more complex. Theiplagstve propagatiofwhich is adiabatic by
nature [Klepaczko 2005]inust be taken into account. The plastic wave speddfined as follows,
Eq. 3.4:

C,(e..7)= lmda(gp’ép’T(gp)) (3.4)
p de’

It depends on plastic straig®, strain rate€” and temperature T. Moreover, the adiabatic
condition of the process when considering dynamoblems must be taken into accouAf (Ep).

In such a thermo-viscoplastic case is not possbet analytical solution for the flow localizatio
Then, it is necessary to resort to experimentatguiares to define where instability will take place

In the particular configuration of impact tensiast; Clark and Wood [Clark and Wood 1957]
reported the following cases of localization depegan the impact velocity, Fig. 3.4.

a. In quasi-static condition, the stress wave inducethe specimen during a tensile test is
much lower than that corresponding to the yieldsstrof the material. The plastic flow is
homogeneously spread along the active part of peeismen. The instability in form of
necking finally appears in the middle of the speminhaving advantage of the smaller
section of the sample in this zofgometrical instability)

b. As the impact velocity is increased the necking esoto the opposite impact side. When
the incident wave is reflected in the embedded, sideintensity is increased inducing
flow localization.

c. In the following step double necking situation telkgace. The impact velocity is high
enough to induce plasticity in the impact end beteffect of reflection of the wave leads
to faster trapping of plastic deformation and sgoeat failure in the opposite impact
side.

d. Next, double necking appears but failure occurthanimpacted end. The effect of the
reflected wave induces plastic deformation in tppasite side end. However, the stress
intensity due to the impact is high enough to iredfast localization in the impacted end,
precursor of failure.

68



Chapter 3. Numerical analysis of plastic instaleiformation under dynamic tension

e. The final stage is the formation of a single negkieading to failure of the specimen in
the impacted end. The stress wave induced by tpadtrninvolves fast trapping of plastic
deformation. The velocity of the impacted end regcthe velocity of the plastic waves.
Then, theCritical ImpactVelocity (CIV) is reached. The sample behaviour becomes
unstable. There is not equilibrium between the irfiptce and the force measured on the
embedded side [Hu and Daehn 1996, Rusinek et 86]20heCIV acts as a limiting
factor for material testing. Th€IV is considered as a mechanical property of masgrial

Double necking the impact side

Fig. 3.4.
W,
= Necking on the middle CIV : Critical Impact Velocity
=
& =
2 J
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Fig. 3.4. (a) Definition of th€IV based on the energy absorbed for different inlgalyth values [Clark and Wood
1957]. (b) Schematic representation of the impatbaity effect on the process of dynamic neckingrfCand Wood
1957, Rusinek et al. 2005].

Based on the early works of Rakhmatulin [Rakhmatd®45], Von Karman and Duwez [Von
Karman and Duwez 1950] and Taylor [Taylor 19581 ancording to Klepaczko [Klepaczko 2005],
an analytical solution for th€IlV can be obtained integrating the wave celerity glstrain
(Appendix D. The expression is split into two parts, Eq. 3.5.

€om

CIV:TCE(T)EH£+ [ C, (& &, 7(e")) e’ (3.5)

The first term of Eqg. 3.5 corresponds to the etasinge, where, is the elastic deformation
corresponding to the initial yield stress,= ¢,

eP=0"

The second term corresponds to the plastic rangehdt terme is the upper limit of

integration defined as the plastic strain value idrich the mass velocityin the plastic range)
equals the plastic wave speed [Klepaczko 2005].

However the uncertainty on defining the upper linoit integration for the plastic range
€m :spm(Ep,ép,T(ﬁ")), Fig. 3.5, and the difficulties tied to the acdarastimation of the strain rate

level in the necking zon@t may be variable in time,,,,, (t)), make difficult to obtain a precise
calculation of theClV value using Eq. 3.5.
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L C_ = (EM)p)™ = 5200 mis (Steel)

Wave speed, C (m/s)
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Stress saturation J

I
\

Equivalent plastic strain, € P

Fig. 3.5. Schematic representation of the wavedpse function of plastic strain for determinechst rate and
temperature levels. Influence of the upper limindéégratione,, on theClV value.

Due to the complex experimental devices requiredperforming this type of test and the
limitations of the analytical modeling, numericaktinods are positioned as a suitable tool to solve
the localization problem [Glema et al. 2000, Rukietal. 2005].

3.2.2Numerical configurations

In the following sections of the document are diésct the numerical configurations used for
both ring expansion and conventional dynamic tansio

3.2.2.1The ring expansion configuration

The geometry and dimensions of the ring are degicté-ig. 3.6. The inner diameter of the ring
is =30 mm, with a thickness of e=1 mm and a width=f thm (1 mnf square cross section)
[Rusinek and Zaera 2007]. The impact velocity igliegg in the inner surface of the ring and remains
constant during loading [Rusinek and Zaera 2007].

t=1

— s g—

Fig. 3.6. Geometry and dimensions (mm) of the spatiused in the simulations [Rusinek and ZaeraR007

The mesh used in the simulations is shown in Fig. Bhree elements are placed along the
thickness and width of the sample. Thus, the riag tbeen meshed using hexahedral elements whose
aspect ratio is close to 1:1(%0.33 x 0.33 x 0.33 mf). This definition is in agreement with the
considerations reported by Zukas and Scheffler §8uknd Scheffler 2000]. No geometrical or
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material imperfections were introduced in the mdtatson et al. 1981] since they could change the
necking problenfand generate spurious wave propagatififian and Tvergaard 1995, Sgrensen and
Freund 2000], the numerical uncertainties through ihtegration process being enough to trigger
instability [Rusinek and Zaera 2007].

Hexahedral elements
Ratio= 1:1:1

Fig. 3.7. Mesh configuration used in the numergiaiulations.
The boundary conditions applied to the simulationsst guarantee the uniaxial tensile state in

the specimen during loading. In Fig. 3.8. can bgeoked that the triaxiality value during testing is
that corresponding to uniaxial tensi®@iaxiaity = 0.33.
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Fig. 3.8. Numerical estimation of the triaxialitgrttours during loading.

It must be noticed that the strain of instabilisyintrinsically given by the definition of the
homogenous material behavio(zonstitutive description used to define the matekehavior)
Thus, in agreement with [Rusinek and Zaera 200¢qrestant critical failure strain has been used in
the simulations. Failure criterions based on altvalues of strain are widely used in the literatu
[Johnson and Cook 1985, Bao and Wierzbicki 2004er¥icki et al. 2005, Barsoum and Faleskog
2007], they are consistent with the theories otksapropagation in ductile materials founded on
energetic assumptions [Drucker 1959, Becker 20@02fhis particular case, the condition that must
be imposed to the failure strain is to be largeughoto not disturb plastic localization and necking
progression.

3.2.2.2The conventional dynamic tension configuration

The geometry and dimensions of the specimen usebdamed on previous works [Rusinek et al.
2008c, Rodriguez-Martinez et al. 2009]. Such gepmet specimen allows for observing well
developed necking [Rodriguez-Martinez et al. 2088cheme of the specimen is shown in Fig. 3.9.
The thickness of the sample is=t 1.65 mm. Its impacted side is subjected to astzom velocity
during the simulation. The movements are restritbetthe axial direction. The opposite impact side
is embedded. Such configuration idealizes the barynconditions required for the test.

72



Chapter 3. Numerical analysis of plastic instaleiformation under dynamic tension

v\
‘\\\\
‘V\\\\

Input force
Vi=V#£0
LJ23: 0
Lo(mm) L (mm) Li(mm) We(mm) W (mm)
36 37 20 10 20

node

Output force

Embedded site

opposite opposite
F =3>F

Fig. 3.9. Geometry and dimensions of the specimnsed in the numerical simulations.

The active part of the specimen has been meshed hekahedral elements whose aspect ratio is

close to 1:1:4~0.55 x 0.55 x 0.55 mf). Beside the active part of the specimen two ttamszones

are defined. These zones are meshed with tetrdheldraents, Fig. 3.10-a. Such transition zones
allow for increasing the number of elements alomg 8 axis of the specimen, Fig. 3.10-a. This
technique is used to get hexahedral elements inuter sides of the sample maintaining the desired

aspect ratio 1:1:1.

As it was reported for the ring expansion caseptiiendary conditions applied to the simulations
must guarantee the uniaxial tensile state in thieeapart of the specimen during loading. It can be
observed in Fig. 3.10-b that the triaxiality valire the active part of the specimen is that

corresponding to uniaxial tensiosiaxiaiy = 0.33.
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Fig. 3.10. (a) Mesh configuration used in the nucarsimulations. (b) Numerical estimation of thiexiality contours

during loading.

73




Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading

A failure criterion has been used in the simulaitased on the same considerations reported
for the ring expansion case. Thus, as previouslgtimeed, a constant critical failure strain hasrbee
used in the simulations.

Next, the influence of rate sensitivity and straardening on flow localization under dynamic
tension is analyzed using both numerical modelgipusly introduced.

3.3 Influence of strain rate sensitivity on flow locaation under
dynamic tension

Let us go through the effect that rate sensitiitds on flow localization. For it, the extended
MRK model to phonon drag effects is applied. The fstp concerns to the methodology
developped to examine the influence of strain satesitivity on the formation of plastic instabéi
under dynamic tension

3.3.1 Methodology

The steps followed are described below:

1. The viscous drag formulation introducedSection 2.4.is applied. Its strengths lie on a
simple formulation only dependent on strain rateallows to isolate the effect that
deformation rate has on the localization of plag&tormation.

2. The OFHC copper is choosen as reference material to andhgeffect that the stain
rate sensitivity has on the formation of plastistabilities. This material shows well
described viscous drag effect at high strain ratesving for a proper analysis of the
problem.

3. Next, the numerical models developed are validédedhe ring expansion case and for
the conventional dynamic tension case.

4. An analysis of the influence of the rate sensiivn the formation of instabilities is
conducted using both, the ring expansion configomaand the conventional dynamic
tension configuration. Comparison between bothigantions is indispensable in order
to determine the effect of the boundary conditionghe flow localization. The analysis
is expressed in the following terms:

a. Ring expansion test
i. Influence of the strain rate sensitivity on thestrof instability.
ii. Influence of the strain rate sensitivity on the tn@mof pieces into which
the ring is fragmented.
lii. Influence of the strain rate sensitivity on thdufee time.

b. Conventional dynamic tension test
i. Influence of the strain rate sensitivity on thestrof instability.
ii. Influence of the strain hardening on @B/ .
iii. Influence of the strain rate sensitivity on the uh@nd output forces
registered in the sample.
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iv. Influence of the strain rate sensitivity on theipos where the necking
takes place

v. Influence of the strain rate sensitivity on the gpen elongation at
failure

5. In order to provide of generality to the analy#iss conducted a parametric study on the
influence of the viscous drag formulation parangeter the flow localization.

3.3.2 Theoretical considerations

Viscous drag formulation used in the present wd§, 2.24-a’, $ection 2.4 [Kapoor and
Nemat-Nasser 1999] is revealed propitious in otd@valuate the influence of the rate sensitivity o
the formation of instabilities. It exclusively dems on strain rate. As it will be discussed neixt, i
enables to isolate the rate sensitivity effectt@rmaterial response.

(_IVS(?") =x[ﬁ1— exp(—a Efp)] (2.24-a))

The material constants corresponding to annealdC copper have been chosen. In Fig. 3.11.
the overall stress is decomposed into its respestirtess components. It is observed that the véscou
drag term starts to contribute to the material sstréevel in the case of">2000s'. For
€° 26000 s' the drag mechanisms have a contribution of appratéim 10 % to the overall flow
stress, Fig. 3.11-b. At first sight, such contribntmay not look so important in the description of
the material behaviour, however it plays a fundatiaeaole.
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Fig. 3.11. Decomposition of the overall flow str@gs its respective stress components.

(b)

The rate sensitivity of the material predictedMRK and extende®IRK models is shown in
Fig. 3.12. Macroscopic effect of the dislocatiomaglprocess drastically changes the material strain
rate sensitivity in the case @ =1000 §', Fig. 3.12. If only the thermally activated defetion
mechanisms are taken into account, the rate satsitemains approximately constant, Fig. 3.12.
Moreover, if the drag mechanisms are consideredttaorate sensitivity is subjected to a sudden
increase fore” >1000 §', Fig. 3.12. Both behaviors are radically differant the implications that
this fact may have on the response of the maternaler dynamic loading will be extensively
investigated in the present document.
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Fig. 3.12. (a) Flow stress evolution versus stnate of anneale@®FHC copperpredicted byMRK and extendeRK

models. (b) Rate sensitivity of anneal@®@HC copperpredicted byMRK and extendeRK models.

Moreover, it must be checked that the potentiabsdary effects induced by the addition of this
stress term to the overall flow stress could bdewtgd. Such secondary effects refer to the inereas
of flow stress which leads to the elevation of matdemperatur€due to adiabatic heatinggnd to
the subsequent potential modification of the matestrain hardening.

Thus, in Fig. 3.13. is depicted the increase ofperature forMRK and extendedRK
formulations for different strain rate levels. letcase ofe” =3000 s, Fig. 3.13-a, since the drag
term is hardly influencing the overall flow stresise increase of temperature caused by this stress
component can be neglected. But even for much higihain rate level, Fig. 3.13-b, the increase of
temperature related to the viscous stress seebwesiteelevant.
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Fig. 3.13. Temperature increase MRK and extendeMRK models. (a) 30007 (b) 7000 &.

(b)

Analyzing Fig. 3.14. is observed that the viscotmgderm is not affecting the material strain
hardening but only when instability occurs. It che concluded that any change that may be
observed in the material behaviour caused by agpiic of the viscous drag stress will be basically
due to the increase of the rate sensitivity.
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Fig. 3.14. Strain hardening evolution versus plastrain and versus flow stress fdRK and extende®IRK models.
(a) 1000 &, (b) 5000 &.

3.3.3Implementation of the extended MRK model to viscouslrag effects
into FE code and validation of the numerical model

Both MRK and extendedMRK models have been used in the numerical simulatidhsir
implementation inttABAQUS/Explicit FE code has been conducted using the thermo-visdaplas
integration scheme fal2 plasticity proposed by Zaera and Fernandez-Saaer§Zand Fernandez-
Saez 2006(see Appendix Band Appendix Q. The integration process is conducted under atiaba
conditions of deformation.

Stress — strain curves obtained from simulatiordifegrent impact velocities are compared with
the analytical predictions of the constitutive tela. During the simulations, the measurement is
conducted on an integration point belonging to lament out of necking zor(laced in the active
part of the specimen in the case of dynamic tentaet), Fig. 3.15. There, the flow stress can be
considered homogeneous.

Necking zone Necking zone

Measurement point
(Out of the necking zone)

\/ Measurement point

(Out of the necking zone)
(@)

(b)

Fig. 3.15. Measurement point of strain-stress csifiee the model validation. (a) Ring expansion.ighamic tension.

It has been already mentioned that the strainisat®t constant along both ring expansion and
dynamic tension test. However, since the decre&gheostrain rate during loading will be quite
reduced, let us assume that a satisfactory congpabistween analytical predictions and simulations
can be conducted. The analytical predictions walldibtained using the initial strain rate applied to
the test.
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Perfect matching is observed between analyticadligiens and simulation results for both
numerical configurations, Fig. 3.16-3.17. It vatiesthe numerical models developed.
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Fig. 3.17. Comparison between numerical results amalytical predictions foMRK and extendeRK models at
different impact velocities,o¥ 40 m/s and Y= 80 m/s.

[

3.3.4 Analysis and results for reference material

Next, is examined the influence of the viscous ditagss ternfmaterial rate sensitivitydn the
formation of plastic instabilities under tensilatstof loading.

3.3.4.1The ring expansion test

In the ring expansion case numerical simulationshiwi the range of impact velocities
10 m/s< V(< 150 m/s have been carried out.

The first step is to analyze the evolution of theal plastic strain as a function of the global one
(theoretical deformation corresponding to homogerseobehaviour) for both constitutive
descriptions and different impact velocities. Theasurement of the local plastic strain evolut®n i
conducted as depicted in Fig. 3.18.

Necking zone

(O

Ring expansion

Measurement point
(Maximum plastic strain)

Fig. 3.18. Measurement point of local plastic strai the ring expansion configuration.

By application of this procedure the following gnapare obtained for botMJRK and extended
MRK models, Fig. 3.19. Until necking takes place themlglastic strain agrees with the theoretical
one. Once instability is formed, the local plasticain drastically deviates from the global specime
deformation [Triantafyllidis and Waldenmyer 2004ig. 3.19. The bifurcation poinfstrain of
instability) is highly dependent on impact velocity as well as/scous drag application.
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At low impact velocities since the viscous dragras not operative, Fig. 3.19-a, the strain of
instability for MRK and extendeRK constitutive descriptions matches. Beyond a certapact
velocity (when the viscous drag term becomes actitie) strain of instability in the case of the
extendedMRK equation becomes considerably larger than in the&e of the originaMRK
formulation, Fig. 3.19. In addition, the instaljliprogression seems to be slowed down with
increasing rate sensitivitgsuch consideration only can be postulated cargfgihce instability
progression is controlled also by damage mechafiteyzyna 2008], which are not taken into
account in the numerical model).

Such considerations are of fundamental relevangse.proven that the rate sensitivity stabilizes
the material behaviour and plays a fundamentalooléhe capability of metals for absorbing energy
under dynamic loading.
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Fig. 3.19. Evolution of the local plastic strain agunction of the global plastic strain fMRK and extendetMRK
models. (a) ¥=10 m/s, (b) ¥=75 m/s, (c) ¥=100 m/s, (d) ¥=150 m/s.

In Fig. 3.20. is depicted the evolution of the istraf instability as a function of the impact
velocity. For both models the strain of instabilibgcreases with impact velocity in agreement with
the observations reported in [Hu and Daehn 1994 the instability level for the extend®dRK
model is moved up in comparison with the origik®K model.
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Fig. 3.20. Strain of instability versus impact wa@tg for MRK and extende®RK models.

Thus, the failure time is delayd@ critical failure strain £” =2 has been imposed for this

particular problem)if the viscous drag term is operative, Fig. 3.Rilsuch a case, the number of
pieces into which the ring is fragmented is largeég. 3.21. Stabilization of the material and
retardation of fragmentation lead to the increasethie number of fragments. All the plastic
instabilities taking place during the ring expansozcur in a very short interval of time.
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Fig. 3.21. (a) Failure time and (b) number of fragmts as a function of impact velocity fdRK and extendeMRK
models.

These considerations can be clearly observed ifotlmving plot, Fig. 3.22. where the plastic
strain contours of the ring are shown just aftédufa for two different impact velocities. Viscous
drag application spreads plasticity along the speni Fig. 3.22. Deformation before failure is quite
uniform along the ring leading to larger numbefrafjments as previously mentioned.
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Fig. 3.22. Plastic strain contours at failure tirmad ring fragmentation for both models analyzed awal different
impact velocities, 100 m/s and ¥150 m/s.

Next the conventional dynamic tension test is aredy
3.3.4.2The conventional dynamic tension test

In the case of conventional dynamic tension tesherical simulations within the range of
impact velocities 5 m/s V< 160 m/s have been conducted.

As it was reported for the ring expansion casefitisé step is to analyze the evolution of the

local plastic strain with the global one for botbnstitutive descriptions and different impact
velocities. The measurement technique for the Ipkaatic strain is depicted in Fig. 3.23.
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Necking zone

Measurement point
(Maximum plastic strain)

Fig. 3.23. Measurement point of local plastic strai the conventional dynamic tension test configjon.

In Fig. 3.24-a can be observed that for such impeldcity, Vo = 40 m/s, the viscous drag term
is hardly active. No difference in the strain oftability betweerMRK and extendeRK models
is observed. At larger impact velocity values, B@4-b-c-d, the strain of instability is considasa
delayed in the case of viscous drag application.
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Fig. 3.24. Evolution of the local plastic strainrges the global plastic strain f/MRK and extendetMRK models.
(a) Vo=40 m/s, (b) ¥=80 m/s, (c) ¥=100 m/s, (d) ¥=120 m/s.

It must be noticed that the strain of instabiliby the conventional dynamic tension tests is much
more reduced than that observed for the ring expamsse. The interaction of waves during loading
is responsible for such behaviour [Glema et al02B40ll 1962, Rice 1976].

Next, it is shown the evolution of the strain otiability as a function of impact velocity for
MRK and extendeIRK models. Until the impact velocityo\= 60 m/s is achieved no differences
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are found between both models, Fig. 3.25. Beyoumd ithpact velocity the viscous drag plays an
important role stabilizing material behaviour andreasing its ductility, Fig. 3.25. Up to this poin
the analysis is analogous to the ring expansiofiguation.

However in the conventional dynamic tension testpreviously reported, thelV phenomenon
takes place, Fig. 3.25. It involves the drasticucwn on material ductility shown in Fig. 3.25.

L T ———————

0,9 f Without viscous drag Material: OFHC copper —

E —— With viscous drag To=293K 4

= 08 F 3
g E E|
Jor N\
2 06F E
3 E CIv E
8 05 & / E
0 E 3
£ E e E
5 04 E ‘ Dynamic tension CIvV 3
c E 3
5 %% TG E
D02 = =
0,1 é: Viscous drag operative :
gu\uuhmhmhm\uuhmhm\uu\uuhm\uuwmhmhmhmhm\uuhmhmhmhmhmhmhm\uuhmhm\uu\uE

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Impact velocity, Vo (m/s)

Fig. 3.25. Strain of instability as a function afpact velocity foMRK and extendetMRK models.

By comparison of inpufat the impacted site, Fig. 3.9and output(at the clamped site, Fig.
3.9.) forces theCIV value has been estimated, Fig. 3.26. It corresptmdise impact velocity for
which both forces do not reach equilibrium [Hu ddaehn 1996, Rusinek et al. 2005, Rodriguez-
Martinez et al. 2009], Eq. 3.6.

CIV =min{V,/F,,(t) # F,,.(t)} (3.6)

input

For both cases analyzed the specimen seems to begostable for similar impact velocity,
CIV =V, = 100 m/s, Fig. 3.26. The potential influence of th&e sensitivity on th€IV will be
taking up again later along this document. A largentribution of the viscous drag term to the
overall flow stress is expected to reveal the tbi the rate sensitivity may have on @B/ in
tension.
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Fig. 3.26. Output and input forces ag=40 and (=100 m/s foMRK and extendeRK models.

But not only the local plastic behaviour of the enatl is affected by the viscous drag stress
term, the specimen elongation at failda® imposed critical failure strairf” =1.5 has been used
for this particular problem)s strongly influenced too, Fig. 3.27. By apptioa of the viscous drag

component plasticity is spread along the activeé pathe sample, Fig. 3.27. These considerations
agree with previous observations conducted foritigeexpansion case.
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Fig. 3.27. Plastic strain contours at failure tirfir MRK and extendetMRK models.

Because of the increasing rate sensitivity, thestvarsal displacement of the specimen at failure
is larger in the case of viscous drag applicatibrdelays necking formation, especially for high
impact velocities, Fig. 3.28-c. However, the pladeere necking is formed is hardly influenced by
the phonon drag stress term, Fig. 3.28-a-b.
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Fig. 3.28. Transversal displacement of the actiad pf the specimen faviRK and extende®IRK models.
(a) Vo=40 m/s, (b) ¥=80 m/s, (c) ¥=100 m/s.

Such behaviour was expected since during homogsneeformation the material strain
hardeningplastic wave speed3 not appreciably affected by the viscous drggieation, Fig. 3.29.
Out of the instability, the deformation rate is eppmately the same fdviRK and extendetRK
constitutive descriptions, Fig. 3.29. Due to theéueed contribution of the viscous drag component to
the overall flow stress of the material, the strpstse propagation does not suffer appreciable

variations.
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Fig. 3.29. Evolution of strain rate as a functiohptastic deformation out of the necking zoneM®®K and extended
MRK models. (a) ¥=40 m/s, (b) ¥=80 m/s, (c) ¥=100 m/s.

When describing the constitutive behaviour of mietalloys at high strain rates the dislocations
drag phenomenon plays a fundamental role. A prdpscription of the rate sensitivity of metallic
materials is indispensable in order to evaluatesitigability for absorbing energy under dynamic
solicitations. From an overview of the considenasioeported in this section of the document it can
be concluded that the rate sensitivity of metaltereine their ductility by homogenizing their
behaviour under high loading rates.

In order to go further in this investigation, a saetric study on the influence of viscous drag
formulation parameters on the material responsenwiheis subjected to dynamic tension is
conducted.

3.3.5Influence of viscous drag formulation parameters orthe flow
localization

Let us maintain the constants of the origi®K formulation as those correspondingd&HC
copper, Table 3.1. The constants of the viscoug theam will be varied using the values listed in
Table 3.1. The variations are conducted within tiygical range of values reported for these
constants [Nemat-Nasser et al. 2001, Guo and Nalasser 2006, Rusinek and Rodriguez-Martinez
2009, Rusinek et al. 2010] for different materidlge values in bold will be kept as the reference
values(when varying one parameter the other one will téieevalue in bold).

X (MPa) o ()
100 200 300 400| 0.00001 0.00005 0.0001 0.0005
Table 3.1. Value of the viscous drag stress temstamts used for the parametric study.

Next, it is analyzed the effect of paramegen the flow localization under dynamic tension.

3.3.5.1lInfluence of parametery

In Fig. 3.30-a. is depicted the evolution of thecaus drag stress component as a function of
strain rate for different values @f The increase of elevates the flow stress of the material but also
the rate sensitivity provided by the dislocatiomagdstress component, Fig. 3.30. However, the
maximum rate sensitivity takes place at the samanstate level, Fig. 3.30-b. The starting point of
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the viscous drag effect remains invariable. Thaistrate value where the plateau regitne
increase of flow stress with strain rais)reached does it too, Fig. 3.30.
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The flow stress evolution versus the plastic strsishown in Fig. 3.31-a-b. for different values
of x and two strain rate levels. The temperature is@emused by the augment on the flow stress
with y does not affect in a relevant way the materialisthardeningplastic waves speedyig. 3.31.
This observation has particular relevance sinceingportant decrease of strain hardening may
annihilate the expected beneficial effect on diigticaused by the rate sensitivity increase
[Rodriguez-Martinez et al. 2009].
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Next, the effect of parametgr on flow localization for the ring expansion configtion is
analyzed.

3.3.5.1.1The ring expansion test

In Fig. 3.32. is shown the evolution of the locklgtic strain versus the global plastic strain for
different values ofy and two impact velocities. The strain of instapilaugments with impact
velocity and with increasing Figs. 3.32-3.33.

2 g 2 7
18 ® X=100 MPa E 18 * x=100MPa 8 3
¢ x =200 MPa Soca = Lgorar 3 @ X =200MPa . :‘. 3
L 16 ¢ =300 MPa E L 16 ® X =300 MPa 3
o 14 X = 400 MPa E o 14 X =400 MPa / E
E 1,2 :E g 1,2 g\ocal = gg\oba\ :E
@ E @ 3
2 1 E 8 1 4
g s E g g E
= Ring expansion 3 = Ring expansion 3
g 06 Material: OFHC copper 3 g 06 Material: OFHC copper 3
- o4 a=0.00005 | - o4 a=0.00005 |
02 Vo=50m/s 3 02 Vo=125m/s 3
' To=293K 3 ' To=293K J
0 d 0 W
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2

Global plastic strain, € Global plastic strain, €
global (a) global (b)

Fig. 3.32. Evolution of the local plastic strainrses the global plastic strain for different valuefg.
(@) Vo=50 m/s, (b) ¥=125 m/s.

89



Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading

R R L R L R L R R L RN LA RN RN RN R L=

aterial: OFHC copper a =0.00005 =

293K E

2 E
3 E
L\): E|
é E
5 — E
g / :
G | 3
£ \ , 3
g ——— % = 100 MPa \ Ring expansion \‘ é
n ——— X =200 MPa \ =
——— X =300 MPa | 3

X = 400 MPa S /3

TNRTN RS FETE FRERE FUTTE FRATE NN FRUTY ARRTA FRNRY FRUE FRNRN ANWE AT AR /\ | 3

40 60 80 100 120 140 160 180 200
Impact velocity, Vo (m/s)

Fig. 3.33. Strain of instability as a function bktimpact velocity for different valuesyof

In Fig. 3.34. is observed that the sudden increafige rate sensitivity induced by the instability
formation is delayed with the increaseyofThis phenomenon has reflect on the flow stresguéion
and therefore on the strain hardening of the nwlteli proves that the rate sensitivity by itself
modifies the local material response.
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Since with increasing; the rate sensitivity of the material is augmentde number of
fragments also does it monotonically for the ranfi@mpact velocities analyzed in this study, Fig.
3.35.
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Fig. 3.35. Number of fragments as a function ofithgact velocity for different values pf

Thus, for large values of plasticity is spread along the ring, delaying tfa#ure time and
increasing the number of pieces into which the danspgragmented, Figs. 3.35-3.36.
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Subsequently, the effect of parametesn the strain localization for the conventionahdsic
tension test configuration is analyzed.
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3.3.5.1.2The conventional dynamic tension test

As reported for the ring expansion configuratiorgreasingy augments the strain of instability
for the whole range of impact velocities analyzed). 3.37. Such effect is more remarkable as the
impact velocity increases since the rate sengititthe material is strongly influenced by theual
of y, Fig. 3.37.

It has to be noted that in determined cases, dueat@s disturbances, the heterogeneity in the
strain field of the active part of the specimenuwsaat the beginning of loading. It causes that/
gglobai# 1 at the first stages of the test, Fig. 3.374xISeffect vanishes with deformation increase.
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Fig. 3.37. Evolution of the local plastic strain agunction of the global plastic strain for diféert values of.
(a) Vo=60 m/s, (b) ¥=80 m/s, (c) ¥=120 m/s.

Thus, variation of allows for observing properly the influence thetcous drag term has on the
CIV value, Fig. 3.38.
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Let us analyze the evolution of the input and oufprces as a function of time ap¥ 100 m/s
and \p = 110 m/s, Fig. 3.39. In the case y3f100 MPa both forces do not find equilibrium, the
sample behaviour is unstable, tBB/ starts. However, for=400 MPa input and output forces meet
in time, the specimen failure is delayed, @1¥ has not been reached.
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Fig. 3.39. Output and input forces ag=100 m/s and ¥110 m/s for (a)-(cy=100 MPa and (b)-(dy=400 MPa.

This observation has main relevance. In order tdetstand how the viscous drag term may
affect theCIV value let us conduct the following analysis.

From Eg. 3.5. is concluded that t6&/ is only dependent on elastic and plastic wave sgesd
the cases ¢f=100 MPa ang=400 MPa it has been reported in Fig. 3.38. a wiffee in theClIV
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elastic range + plastic range

value A(CIV) =15m/s. However the contribution of the elastic rangestah

X=400MPa- x= 100MPa

. . elastic range
difference is onlyA(CIV) 40O P 100MPa

annealedOFHC copper theCIV value is basically controlled by the plastic rangberefore, the
addition of the viscous drag term influences theemal strain hardenin{plastic wave speedh the
necking zone. Since for an imposed strain rateevtiie strain hardening is not affected by the value
of x (as previously demonstrated, Fig. 3.3tt)en in the necking zone the strain rate levesine
influenced by the value of

=0.6m/s. In fact, due to the reduced initial yield stre§s

Previous expectations are confirmed in Fig. 3.4@nelthe evolution of strain rate in the necking
Is depicted as a function of strain for differeatues ofy. In the case gf=100 MPa the strain rate is
clearly larger at the beginning of loading, the enal reaches early instability. Increasing rate
sensitivity reduces the strain rate level in thekimgg at the beginning of loading, plasticity igegad
along the specimen. In addition, relevant diffeeenare observed in the stress level taking place in
the necking, Fig. 3.40.
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Fig. 3.40. Evolution (a) of strain rate and (b)esds as a function of plastic deformation in thekiregzone foy=100
MPa and y=400 MPa at \\=100 m/s and ¥110 m/s.

Thus, in the necking, the strain hardening is mediby increasing the value pfFig. 3.41. The

celerity of the plastic waves is affected, Fig.13.Zhis behaviour is a plausible explanation fa th
CIV variation when different values gfare applied.
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Fig. 3.41. (a) Strain hardening and (b) plastic waselerity evolution as a function of plastic defiation in the necking
zone fory=100 MPa and y=400 MPa at \\=100 m/s.

It is observed that increasiggspreads plasticity along the active part of thecgpen, Fig. 3.42.
It considerably delays the strain localization @& The transversal displacement of the speciten a
failure time is clearly increased wijh Fig. 3.42. The material augments its capabibtyabsorbing
energy.
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Fig. 3.42. Plastic strain contours at failure tirfae y=100 MPa andy=400 MPa and different impact velocities.

However, the place where necking appears is hamfllyenced by the phonon drag stress term,
Fig. 3.43. Such behaviour was expected since duramgogeneous deformation the material strain

hardening is not appreciably affected
deformation rate is the quite similar for

by the vabfier, Fig. 3.43. Outside the instability the
differarstlues ofy. The wave propagation is not altered,

nor the necking positionOnly in the necking the value gfcauses substantial differences in the

deformation rate level).
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Fig. 3.43. Transversal displacement of the actiag pf the specimen for different valuegof
(a) Vo=40 m/s, (b) ¥=60 m/s, (c) ¥=120 m/s.

The transversal displacement of the specimen hiréatime is clearly increased with) Fig.
3.44. Stronger plasticity gradients are found adotlve necking with the decreaseypfig. 3.44.
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Fig. 3.44. Derivative of the transversal displaceinef the active part of the specimen for diffeneailties of;.
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Next is analyzed the influence of parameteon flow localization for ring expansion and
conventional dynamic tension configurations.
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3.3.5.2Influence of parametera

In Fig. 3.45. is shown the evolution of the viscalrag stress versus strain rate for different
values ofo. The increase aif modifies the starting point where dislocationsgdpaienomenon takes
place, Fig. 3.45. The plateau regime where no lorafe sensitivity is induced by the viscous drag
term is modified too, Fig. 3.45. The slope of tlagersensitivity remains constant but shifted with
strain rate, Fig. 3.45.
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Fig. 3.45. (a) Viscous drag stress component amatfon of the strain rate for different valuesaoib) Derivative of the
viscous drag stress component as a function oinstede for different values of.

The flow stress evolution as a function of plasti@in for two values od and different strain
rate levels is plotted in Fig. 3.46-a-b. Althoudite tvariations ofx conducted certainly modify the
material flow stress level, its strain hardenifgastic waves speedlemains approximately
invariable for the whole range of strain rates wered, Fig. 3.46-c-d. So, eventual differences in
the adiabatic temperature increase due to vargtaru will not change the analysis conducted
subsequently.
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Fig. 3.46. (a)-(b) Flow stress evolution as a fumetof the plastic strain for different valuesmof(c)-(d) Strain
hardening evolution as a function of plastic straimd stress for different valuesaf

In the following section of the document is exandirtbe influence of the parameteron the
formation of plastic instabilities using ring exjg&m configuration.

3.3.5.2.1The ring expansion test

In Fig. 3.47. is analyzed the evolution of the Iqaiastic strain(in the neckingyith the global
plastic strain(of the whole specimerfpr all the values ofu considered and different impact
velocities.

In the case of Y= 50 m/s, Fig. 3.47-a. as the valuexoincreases, the strain of instability value
also does it(in the case otx=0.00001 the viscous drag term is not even opegatilowever,
different trend concerning the strain of instapikvolution witha is observed for Y= 100 m/s, Fig.
3.47-b. In this case, the largest valuenofloes not match with the most stabilized mateBaich
behaviour is repeated for higher impact velocitigg, 3.47-c. This observation is of main interdst.
occurs because the strain rate leveldfo®.0005 (homogeneous strain rate levislglready close to
the starting point of the plateau regime of the®is drag component. The strain rate applied to the
sample has exceeded the maximum rate sensitivityeainaterial. The increasing strain rate does not
involve a remarkable stress increase. The physntafpretation to such phenomenon is that the
relativistic effects have already taken place. fidie sensitivity of the material is basically doghe
thermally activated mechanismghermal stress component)n our particular case this rate
sensitivity is quite reduce(before the viscous drag regime, mé&€C metals show reduce rate
sensitivity [Follansbee 1986, Voyiadjis and Abed20Rusinek and Rodriguez-Martinez 2009,
Rusinek et al. 2010Bnd the material becomes prone to instabilitiesi&tion.

Opposite behaviour is observed when the lowestevafu. is applied to the viscous drag term.
In this case, the increase of rate sensitivity edusy the viscous drag term is considerably delayed
Fig. 3.47. For the range of impact velocities amaty in this work, the material hardly get the
benefits of the increasing strain rate providedhgyviscous drag effect, Fig. 3.47.
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Fig. 3.47. Evolution of the local plastic strain agunction of the global plastic strain for difést values oé.

The strain of instability is increasing with impaetlocity for all the values af considered but

for «=0.0005. In this last case, once the maximum ratesigvity provided by the viscous drag
formulation is overcome, the strain of instabilgyquickly reduced, Fig. 3.48.

Such behaviour is of main importance. It seemsrob@ that the rate sensitivity by itself is the

main responsible of the increasing ductility of mmetals under dynamic loading.

It must be noticed that beyond a certain valuengdact velocity, intermediate values ofare

more effective in order to stabilize the materiahaviour, Fig. 3.48. However, it is expected that
with increasing velocity the strain of instabilitythe cases ai=0.00005 and=0.0001 will suffer a
decrease(when the reduction of the material rate senspiwtill take place)as reported for
a=0.0005.
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In Fig. 3.49. is analyzed the strain rate evoluiiothe necking versus plastic the strain in the
cases 0fi=0.0001 andx=0.0005 for \§ = 50 m/s and ¥y= 150 m/s. At low impact velocity, ov= 50
m/s, the strain rate in the necking bifurcates teefoom the theoretical one in the case of the kiwe
value ofa analyzed, Fig. 3.49-a. Opposite behaviour is faiand/, = 150 m/s, Fig. 3.49-b.
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Fig. 3.49. Strain rate in the necking versus plastrain in the necking in the caseosf0.0001 andx=0.0005.
(@) Vo=50 m/s, (b) ¥=150 m/s.

(b)

Then, it is possible to understand the evolutionhef local stress reported in Fig. 3.50. In the
case of \§ = 50 m/s the stress level for= 0.0001 drastically increases after instabildgniation and
overpasses the flow stress predicted in the case=00.0005, Fig. 3.50-a. This behaviour is not
repeated if higher impact velocity is applieg %150 m/s, Fig. 3.50-b.
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Thus, in the case af=0.0005 the number of fragments is no longer mamo#dly increasing
with the applied velocity. The maximum number céqas into which the ring is fragmented occurs
for the maximum rate sensitivity of the material}.R3.51. As the rate sensitivity due to the visou
drag term decreases the number of fragments als® itdoFig. 3.51. Such trend is clearly visible in
Fig. 3.51. up to a plateau in the relation fragre&@mipact velocity takes place. At that point the
viscous drag term does not longer provide rateiahs The deformation mechanism thermally
activated is the only one component of the flovestrproviding of rate sensitivity to the material.
From this analysis can be concluded that the etsisvity is one of the main mechanisms involved
in the material fragmentation.
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Fig. 3.51. Number of fragments as a function ofithgact velocity for different values @f

Number of fragments, N

Thus in Fig. 3.52. is shown that the increasing@ rsensitivity delays localization spreading
plasticity along the ring. At high rate sensitividgndition, Fig. 3.52-b-c., the complete failuretioé
sample takes place in a very short period of tirhelwgenerates large number of fragments of short
length, Fig. 3.52.
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Subsequently, the effect of parameateon the strain localization for the conventionahadsic
tension test configuration is analyzed.

3.3.5.2.2The conventional dynamic tension test

In Fig. 3.53. is illustrated the evolution of thacél plastic strain as a function of the global
plastic strain for all the values af considered and different impact velocities. Théueice ofa in
the strain of instability is analogous to that mepd for the ring expansion case. Beyond a certain
impact velocity the largest value afdoes not correspond with the most stabilized redtdFig.
3.53.
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Fig. 3.53. Evolution of the local plastic strain asunction of the global plastic strain for difésrt values oé:.
(a) Vo=60 m/s, (b) ¥=80 m/s, (c) ¥=120 m/s.

It must be noticed that in the caseoof 0.0005 the maximum strain of instability doegs no
match with the proximity of the€ClV appearance but with the maximum rate sensitivitythef
material, Fig. 3.54.
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Such observation is confirmed in Fig. 3.55. wheygut and out forces are compared for all the
values ofa considered and two different impact velocitiestHe case of ¥ = 60 m/s the sample
behaviour is stable for all the cases analyzed, &p. In the case ofo\= 100 m/s and = 0.00001
the CIV has already started, for the restootvalues the specimen response is stable, Fig. 3.55.
Specially fora = 0.0005 equilibrium between output and input ésrés easily achieved, Fig. 3.55-h.
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Fig. 3.55. Output and input forces for differentues ofa and two impact velocities ¢¥60 m/s and ¥=100 m/s.
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Next is depicted the evolution of strain rate alodvfstress versus plastic strain in the necking
for a = 0.00001 andx = 0.0001 at ¥ = 100 m/s, Fig. 3.56. At the beginning of loaditing
difference takes place in the strain rate levef). B.56-a. Such change in the deformation rate
modifies the material flow stress, Fig. 3.56-b.
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Fig. 3.56. Evolution (a) of strain rate and (b)esds versus plastic deformation in the necking:fr.0001 and
0=0.00001 at =100 m/s.

Consequently, the strain hardening rate and therd¢he plastic wave celerity are affected, Fig.
3.57. modifying theCIV value as previously reported.

2500 ¢

- (MPa)

eq

750
500

Strain hardening, do_/de

0

2250 E
2000 F
1750 E
1500 E
1250

1000 £

250 E

Numerical results

Local behaviour

Dynamic tension
Material: OFHC copper
X =300 MPa

Vo =100 m/s

To =293 K

a =0.00001
a =0.0001

Modification of the strain hardening

U FETEE FERTE FETT FETEE FUTY FYNTI FUTRY IR FRTNY ARTNA FUNTY FRUTE FUSTN FRURE FRUTE FRTRE FRTR (RUTU NULY:
o 015 03 045 06 075 09 105 12 135 15
Equivalent plastic strain, €

P

Plastic wave speed, C (m/s)

(©

500 | T T T T T T T T T T T E|
450 & o = 0.00001 Numerical results 3
E a = 0.0001 Local behaviour 3

400 Dynamic tension
350 3 Material: OFHC copper 7
E X =300 MPa £

300 ¢ Vo =100 mis 3
250 b To=293K 3
200 | E
150 3 Strain of instability : 3
100 TiVO=Cp N E
50 £ Strain of instability E
0 Tm\mmmhu\mmm\mw\uu\uu\wm\mmm\mmm\uu\mmm\uu\uu\mE

0 015 03 045 06 075 09 105 12 135 15
Equivalent plastic strain, €,

(d)

Fig. 3.57. (a) Strain hardening and (b) plastic waselerity evolution versus plastic deformatiorthia necking for
0=0.0001 andx=0.00001 at =100 m/s.

Previous considerations concerning the local behawof the material depending on the value of
a introduced into the drag formulation have theftecion on the global specimen response. Thus, at
low impact velocities, ¥ = 60 m/s, the maximum elongation of the samplaesponds to the
maximum value ofi, Fig. 3.58. On the contrary, in the case @=/120 m/s and greatest valueoof
necking is brought forward and elongation of thecgmen reduced, Fig. 3.58. Smallest elongation
always corresponds to the lowest value.of
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Fig. 3.58. Plastic strain contours at failure tirfa different values ot and two impact velocities,

From the analysis conducted in this part of theudwent it has been revealed the influence that

Vo=60 m/s and ¥=120 m/s.

rate sensitivity has on controlling instabilitiegrhation under dynamic loading. Next, our attention
will be focused on the role played by the strairdeaing.

3.4 Influence of strain hardening on flow localizatiomnder dynamic

tension

Let us go through the effect that strain harderag on flow localization. For it, the extended
RK model tomartensitic transformation is applied. The first step concetmghe methodology
developped to examine the influence of strain hargeon flow localization under dynamic tension

3.4.1 Methodology

The steps followed are described below:

1. The extension of thBK model tomartensitictransformation introduced iBection 2.6.
Is used. Its strengths lie on a simple formulafacilitating its implementation int&E

code.

2. TheAlSI 301 Ln2B is choosen as reference material to analyze fieetahat the stain
hardening has on the formation of plastic instdbdi This material shows marked
increase of strain hardening due rartensitic transformation allowing for a proper

analysis of the problem.

3. Next, the numerical models developed are validédedhe ring expansion case and for

the conventional dynamic tension case.
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4. An analysis of the influence of the strain hardgnim the formation of instabilities is
conducted using both, the ring expansion configomaand the conventional dynamic
tension configuration. Comparison between bothiganftions is indispensable in order
to determine the effect of the boundary conditionghe flow localization. The analysis
is expressed in the following terms:

a. Ring expansion test
i. Influence of the strain hardening on the straimefability.
ii. Influence of the strain hardening on the numbepietes into which the
ring is fragmented.
lii. Influence of the strain hardening on the failuredi

b. Conventional dynamic tension test
i. Influence of the strain hardening on the straimefability.

ii. Influence of the strain hardening on @B/ .

iii. Influence of the strain hardening on the input antput forces registered
in the sample.

iv. Influence of the strain hardening on the positidrere the necking takes
place

v. Influence of the strain hardening on specimen eting at failure

5. In order to provide of generality to the analy#iss conducted a parametric study on the
influence of the parameters of the extra straindéaing function on the flow
localization.

3.4.2 Theoretical considerations

Under determined loading conditions metallic allayay exhibit a strong increase of strain
hardening. For example, at low strain radesteniticsteels may shownartensitictransformation
within determined range of initial temperatures.sinch a case, a drastic increase of the strain
hardening may occur, Fig. 3.59-a. Moreover, in ¢hse of metals havingCC andHCP crystal
lattices twinning deformation mode may take platédiigh deformation rate. Low stacking fault
energy(SFE) of these crystallographic structures enharnteess appearance which may lead to a
sudden increase of the material strain hardeniigg 359-b.

~ Material: Steel 301 Ln = 2250 : Experiments [El-Magd and Abouridouane 2006]
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Fig. 3.59. (a) Extra strain hardening under stdtading due to martensitic transformation. (b) Ex$train
hardening under dynamic loading due to twinning-Ngd and Abouridouane 2006].
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Thus, in order to examine the influence of suclcesses of increasing strain hardening on the
formation of instabilities under dynamic tensiom flormulation reported in Eq. 2.3@Gection 2.6
has been used. Such formulation allows for defimraytensitictransformation otwinning effect
(sudden increase of material strain hardening)the macroscopic behaviour of the material.

The material model corresponding to the s&l Ln2B (extendedRK model to martensitic
transformation) has been chosen for this study, Tables 2.21-ZI2PMperature and strain rate
sensitivities of the hardening function are negldcfor the whole analysis conducted in the

. T)=1
following sections of this worko; =0+ (Ep,Ep,T)E(_O) -~ 07 =07 (Ep). It will allow us to isolate
the effect of strain hardening, Eq. 3.7.
o, (2°) =0, f1-exp(-A, )| (3.7)

In Fig. 3.60. the overall stress is decomposed itistoespective stress components. Ex&a
strain hardeningoperates beyond a certain value of plastic defbomalt drastically increases the
material flow stress until saturation conditiomeached, Fig. 3.60.

2000 gresprerres T
1800 ; Flow stress Adiabatic condition E‘

- E Athermal stress 3
g 1600 E Thermal stress E|
2 1400 £ 3
g E =
© 1200 £ E
g
£ 1000 £ Material: Steel 301 Ln 2B 3
g 800 | To=293K |
2 g 4000s™ 3
z 600 ¢ E
2 ; 3
& 400 ; 3
200 & E

0 Bl bbb bbb Lo b b b o Toe

o o1 02 03 04 05 06 07 08 09 1
Equivalent plastic strain, €

Fig. 3.60. Decomposition of the overall flow strégs its respective stress components.

The hardening function moves up the flow stresshef material from that predicted by the
original RK formulation (c7=0 MPa is the lower limit for our material configation) up to that
corresponding to the value of the material constan(cr=500 MPa is the upper limit for our
material configuration) (Eq. 3.7.Jig. 3.61. These three material models will bedusuring the first
part of the analysis in order to evaluate the grfice of strain hardening on the formation of ptasti
instabilities, Table. 3.2.

Lower limit  Strain hardening function Upper limit
or=0 MPa  6,=500 MPa ¢=17 J1,=10 ¢7=500 MPa
Table 3.2. Material configurations used to analytze effect of strain hardening on the formatiomplaistic
instabilities under dynamic loading.
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Fig. 3.61. Flow stress evolution versus plastiaistifor the three material configurations analyzaet two strain rate
levels.

The strain hardening functioincreases the plastic wave celerity. It is expbthat it will delay
instabilities formation in comparison with thewer limit and theupper limit configurations, Fig.
3.62. Moreover, it can be predicted that thpper limit configuration will be prone to instabilities
formation. It shows the same strain harder(teytain differences are reported due to the adiaba
heating)than thdower limit configuration, but larger flow stress level. Byans of the application
of Considéere criteriofdo / de” =g [Considére 1885])Xo both material models such expectations
seems to be confirmed, Fig. 3.62. This point wéllrbatter of discussion along the following sections
of the document when the numerical results wilpbesented.
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Fig. 3.62. Strain hardening evolution versus plastrain and versus flow stress for the three makteonfigurations
considered and two different strain rate levels.

Equivalent stress, ceq (MPa)

The analytical temperature increase during loadargthe material configurations considered
and two different strain rates is plotted in Figs3®8 Before the strain hardening function becomes
active, the increase of temperature of tbwer limit and thestrain hardeningconfigurations
matches. When the hardening function becomes oper#ite adiabatic temperature drastically
augments getting closer to the temperature incresicted by thepper limitmodel.

During the analysis conducted in the following g&w of the document it will be checked that
potential modifications of the material responsdarnoading will be intrinsically tied to the stnai
hardening effect and not to the differences inabl@batic temperature increase predicted by each
material model.
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Fig. 3.63. Temperature evolution versus plastiaistfor the three material configurations considg@nd two different
strain rate levels.

It is important to notice the reduced rate sengytigxhibited by all the material configurations
considered, Figs. 3.64-3.65. Because of the sthoiigence of the strain hardening formulation on
the material behavior, the effect of the rate geviisi on the instabilities formation is expectexllie
relegated to a secondary role. This consideratitinbe confirmed along the following sections of
this document.
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Fig. 3.64. Evolution of the flow stress versusistrate for the three material configurations cahesied and different
values of plastic deformation.
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Fig. 3.65. Evolution of the rate sensitivity verstimin rate for the extra strain hardening configtion at room
temperature and,=0.2. Comparison with anneale€dFHC copper.

3.4.3Implementation of the extended RK model to martensic
transformation into FE code and validation of the mmerical model

Following the same procedure reportecsection 3.3.1the implementation into thHeE code of
the material models used to analyze strain hardesfilect on flow localization is validated.

Perfect matching is observed between analyticadligiens and simulation results for both
numerical configurations, Fig. 3.66. It validatee implementation of the models.
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Fig. 3.66. Comparison between numerical results amalytical predictions for the material models satered. Ring
expansion test,¢100 m/s.
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Fig. 3.67. Comparison between numerical results amalytical predictions for the material models swiered.
Conventional dynamic tension tesg=80 m/s.

3.4.4 Analysis and results for reference material

The next step is to analyze the effect of strairdéaing on the flow localization for the ring
expansion configuratior.ower limit, upper limitandstrain hardening functiomaterial models are
used for that task.
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3.4.4.1The ring expansion test

In the ring expansion case numerical simulatiorthiwithe range of impact velocities 10 ra/s
Vo < 150 m/s have been carried out.

In Fig. 3.68. is shown the evolution of the locdagtic strain versus the global plastic
deformation for different impact velocities and theee material configurations considered. For the
whole range of impact velocities the maximum str@innstability is reached by application of the
strain hardening functionFig. 3.68. As it was expected thpper limitconfiguration becomes prone
to instabilities formation, Fig. 3.68. In compamswith the other material models, it shows a quite
reduced strain of instability within the whole rangf impact velocities, Fig. 3.68.
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Fig. 3.68. Evolution of the local plastic strainrses the global plastic strain for the configurat®analyzed
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(d)

For the cases dbwer limit and upper limit configurations, the strain of instability show® th
expected increase with impact velocity, Fig. 3.B@wever, it must be noticed that if tlsérain
hardening functions applied, the strain of instability does not iexhrelevant changes with impact
velocity (so, with material rate sensitivityJrig. 3.69-a. In Fig. 3.69-b. is proven that settect is
not related to differences in the temperature mmeepredicted by each constitutive relation. If
isothermal conditions of deformation are applied #train of instability is just moved up for the
whole range of impact velocities, Fig. 3.69.
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Fig. 3.69. Strain of instability as a function afpact velocity.
(a) Adiabatic conditions of deformation. (b) Isetinal conditions of deformation.

Previous considerations are of main interest. & hlrdening functionis applied, instability
takes always place for approximately the same sti®gl, once the maximum hardening rate is
overcome, close to the saturation stress condik@n,3.70. Thus, the effect of rate sensitivitytba
material ductility seems to be hidden by the strifigience of strain hardening; which is contradjin

the localization process.
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Fig. 3.70. (a) Flow stress evolution versus plastiain and (b) evolution of the strain hardenirgysus stress in the
necking for the three material configurations arzalg.

In Fig. 3.71. is depicted the evolution of the istnrate and the stress in the necking as a function
of the plastic strain. If theardening functions applied the bifurcation of the local deformati@te
from the theoretical one is delayed until the handg rate of the material starts to decrease.
However, in the case of application of tbaver limit and theupper limitmodels strain localization
seems to be also influenced by the rate sensitfithe materia(that in this particular case is quite
reduced)Fig. 3.71.
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Fig. 3.71. Evolution of the stress and strain reit¢he necking as a function of plastic strain floe three material
configurations considered and different impact céies.

It seems that for certain value of strain hardeniug (in absence of material damage, wave
propagation or any other disturbance mechanisstrain localization may not take place. In
following sections of the document this matter Wil extensively discussed.

Next the dynamic tension test is analyzed.

3.4.4.2The conventional dynamic tension test

In the case of the conventional dynamic tensiohremerical simulations within the range of
impact velocities 10 m/s Vo < 240 m/s have been conducted.

For this configuration is clear that the largesaist of instability corresponds to the application
of thestrain hardening functioffor the whole range of impact velocities consideifég. 3.72.
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Fig. 3.72. Evolution of the local plastic strainrses the global plastic strain for the three configtions analyzed
(a) Vo=60 m/s, (b) ¥=80 m/s, (c) ¥=100 m/s, (d) ¥=140 m/s.

In Fig. 3.73. is reported the evolution of the istraf instability versus the impact velocity for
the three material configurations analyzed undealbedic and isothermal conditions of deformation.
Strain of instability values predicted by the threedels seem not to be strongly affected by the
adiabatic heating, Fig. 3.73.
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Fig. 3.73. Strain of instability versus impact v@tg. (a) Adiabatic condition. (b) Isotheral condit.

In the case of application of thstrain hardening functionbefore theCIV is reached,
localization of deformation only takes place onbe maximum hardening rate is overcome, Fig.
3.74. For this material configuration, as it wasefed in the ring expansion case, strain locatizat
is controlled by the material hardening rate.
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upper limit __

The CIV -starts forlower limit andupper limitmodels isCIV|_ ' = =V,=120 m/s, Figs. 3.73-

3.75. Slightly larger value of the plastic wavesexp defined by thdéower limit configuration
(certain differences in the plastic wave speedbioth models are observed caused by the adiabatic
heating, Fig. 3.74-c)s balanced by the larger contribution of elasgtito theCIV value in the case

of upper limitconfiguration, Eq. 3.5. In the casesbfain hardening functioapplication, theCIV is
considerably delayed due to the large increasédn@fptastic wave speed predicted by the model,

Clv =V, =200 m/s, Fig. 3.75-b.

strain hardening
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Fig. 3.75. Output and input forces for the matedahfigurations considered at¥120 m/s.

Previous considerations are revealed analyzingtb&ition of the strain rate in the necking as a
function of the plastic strain, Fig. 3.76.Idfwer limit or upper limitconfigurations are used the strain
rate in the necking quickly overpasses the themaktine at the beginning of loading, leading tdyear
strain localizatior(strain of instability represented in Fig. 3.76 cesnfrom Fig. 3.72)Fig. 3.76. If
the strain hardening functioms considered, the rate of deformation in the merks controlled and
restricted to values under the theoretical onel tind maximum hardening-rate of the material is
overcome, Fig. 3.76.
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Fig. 3.76. Evolution of the strain rate and thenflstress in the necking as a function of plastigistfor the three
material configurations considered and differenpant velocities.

Finally, is necessary to check that the considematireported for the local material behaviour
are reflected in the global specimen response.afltre (a constant failure strain is imposed
& =1.5), the sample elongation is much larger whenstingin hardening functioms applied, Fig.

3.77., improving the capability of the material faivsorbing energy. Smallest specimen elongation
corresponds to thepper limitconfiguration, Fig. 3.77.
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Fig. 3.77. Plastic strain contours at failure fdre three material configurations analyzed and déffé impact velocities.

The position where necking takes place is coindiden the lower limit and theupper limit
configurations, Fig. 3.78. It was expected sincs, itawas introduced previously, the wave
propagation process for these two material modss cot exhibit notable differences.
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Fig. 3.78. Transversal displacement of the speciatidailure for the three material configurationsalyzed and
different impact velocities.

In order to go further in this investigation, a graetric study on the influence atrain
hardening functiorparameters on the material response when it iecigiol to dynamic tension is
conducted in the following sections of the document

3.4.5Influence of strain hardening formulation parameters on the flow
localization

Let us maintain the constants of the origiR&l formulation as those corresponding to sl
Ln2B, Table 2.21. The constants of the strain hardefungtion will be varied using the values
listed in Table 3.3. The values in bold will be kegs the reference valuéahen varying one
parameter the other one will take the value in pold

¢ (MPa) Ao ()
10 50 200 1000 3 510 15
Table 3.3. Value of the strain hardening functiomstants used for the parametric study.

Next, the effect of parametéron the flow localization under dynamic tensionnslgzed.
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3.4.5.1Influence of parameterg

In Fig. 3.79-a. is depicted the evolution of theaist hardening function versus strain for
different values of. The increase df delays both the plastic strain where the extrstnardening
becomes operative and the plastic strain whereetltea strain hardening reaches saturation.
However, the hardening rate remains unalteredafied along strain, Fig. 3.79-b.
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Fig. 3.79. (a) Flow stress predicted by the stlagmdening function versus plastic strain. (b) Dative of the strain
hardening function versus plastic strain.

In the following section of the document is exandirthe influence of parametér on the
formation of plastic instabilities using ring exjg&m configuration.

3.4.5.1.1The ring expansion problem

For the whole range of initial impact velocitiemealered as the value §fincreases the strain
of instability also does it, Fig. 3.80. All the teaal configurations analyzed get the benefitshef
strain hardening functioit might have been possible that instability wohé/e taken place before
the strain hardening function becomes operativiariger values off would have been considered)
and the instability takes place close to the siturastress condition, once the maximum hardening
rate is overcome, Fig. 3.81.
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Thus, the strain of instability remains approxinhateonstant for the whole range of impact
velocities considered under both adiabatic anchesotal conditions of deformatigim the case of
isothermal conditions of deformation the strainndtability is slightly moved up in comparison with
adiabatic conditions of deformatiarfyig. 3.82.
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Next, it is shown the evolution of strain rate astdess in the necking for different impact
velocities and all the values &fconsidered, Fig. 3.83. The deformation rate inrteeking follows
the theoretical one until, as previously commentbéd, maximum hardening rate is overcome. It
seems to be confirmed that in an idealized matedafiguration free of disturbances there is cartai
value of hardening rate for which localization nmept take place, Fig. 3.83.
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Fig. 3.83. Evolution of the strain rate and flowesss in the necking as a function of plastic strfainall the values of
considered and different impact velocities.

Finally, in Fig. 3.84. is shown the number of fragpts as a function of the impact velocity for
the material configurations analyzed in this sectad the documenta constant failure strain is
imposed£” =1.5). It seems that the increase »feads to larger number of fragments. Such is

consistent with the observations reported along tllicument since augmenting the valu€ tfe
material ductility is increased too. However, tlogvIrate sensitivity of the material configuration
used provokes that the number of pieces into wttietring is fragmented is quite redudgdl least

in comparison with the number of fragments reportedrevious sections of this document when the
viscous drag stress term was analyze#)g. 3.84. Therefore, it becomes difficult tcalwate with
precision the influence @& on the number of fragments.
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Fig. 3.84. Number of fragments as a function ofithggact velocity for different values &f
Next the conventional dynamic tension test is aredy

3.4.5.1.2The conventional dynamic tension test

In Fig. 3.85. is depicted the evolution of the lop&astic strain as a function of the global
deformation of the sample. In the caseteflO the local strain and the global strain matchl un
instability takes place, Fig. 3.85-a. Up to herer¢hare not differences in comparison with anyothe
material configuration analyzed in this document.

However as the value @fincreases the difference takes place. In the e8&e1000 is clearly
visible that for a certain value of global deforioatthe local strain bifurcates, but, instead of
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following an uncontrolled increasing it gets a setstage of stable behaviour, Fig. 3.85-a. Then, th
local plastic deformation follows the global strédiat moved up, Fig. 3.85. Depending on the impact
velocity such behaviour is also repeatedde0 and:=200, Fig. 3.85.
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Fig. 3.85. Evolution of the local plastic strainrgas the global plastic strain for all the valud@nalyzed.
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Global plastic strain, £g|

The explanation for such behaviour can be deducmd the following graphs, Fig. 3.86. If
£=10 is applied the strain rate in the necking istemously decreasing and going under the
theoretical value until the strain of instabilig/rieached, Fig. 3.86.4E1000 is applied the strain rate
in the necking starts to increase since the beggof loading and instability is reached before the
strain hardening function becomes operative. Duegstability progression the local strain quickly
augments and the strain hardening function becoopesative, then the strain hardening of the
material drastically increases, Fig. 3.86. It ledanighe reduction of the local strain rate and the
instability progression is stopped until the maximbardening rate of the material is overcome, Fig.
3.86. Then, the instability starts to progress mgaig. 3.86.
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Fig. 3.86. Evolution of the strain rate and thewflstress in the necking as a function of plastaistfor all the values of
¢ considered and different impact velocities.

This phenomenon is another proof for concluding fbacertain value of strain hardening rate
the instability may not take place.
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On contrary to the ring expansion case, the inargasrder of§ does not match with the
increasing strain of instability, Fig. 3.87. Duwethe wave disturbances determined values arfe
more effective at low impact velocities and somieeotat high impact velocities, Fig. 3.87. At low
impact velocity, the material takes advantage dhgidarge values of. Instability does not
propagate before the maximum hardening rate oithterial is overcome, Fig. 3.87. However at
high impact velocities, is possible that t6#V was reached before the strain hardening became
operative. In such a case, the material ductilgydmes drastically reduced, Fig. 3.87.
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Fig. 3.87. Strain of instability as a function afpact velocity.
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Previous considerations can be observed in Fig.3uMere input and output forces for the
material configurations analyzed are shown ¥Qr=180 m/s<. In the case 0€=1000 the sample

behaviour is unstable. TH&IV has been overcome. However in the cas&=a00 output and input
forces meet, th€lV is still not reached.
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Fig. 3.88. Output and input forces for the matedahfigurations considered %180 m/s.

From previous analysis is demonstrated that thential benefits of increasing strain hardening
are subordinated to the boundary value problemoagied. Wave interactions are able to annihilate
the beneficial effect of the strain hardening oa tiaterial ductility. The suitability of a materfar
absorbing energy under dynamic loading is depenoietite boundary value problem approached.

Next is discussed the effect of the paramigem the flow localization.

3.4.5.2Influence of parameteriy,

In Fig. 3.89-a. is depicted the strain hardeningcfion versus plastic strain for different values
of A,. The increase df, augments the hardening rate of the material. titiad it moves forward
both the plastic strain where the strain hardefimgtion becomes operative and the plastic strain
where the strain hardening function reaches sabmatig. 3.89-b.
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Fig. 3.89. (a) Flow stress predicted by the stla@mdening function versus plastic strain for diffat values of,.
(b) Derivative of the strain hardening function ses plastic strain for different values/gf

In the following section of the document is exandint@ée influence of parametép on the
formation of plastic instabilities using ring exjg&m configuration.
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3.4.5.2.1The ring expansion test

In Fig. 3.90. is depicted the evolution of the loglastic strain versus the global deformation of
the sample for different values ofwithin a wide range of impact velocities. Low veduofi, delay
flow localization increasing the ductility of theaterial. In the cases @f=5, A;=10 andi,=15 the
strain localization is induced for, approximatedlye same stress level, close to the saturatioheof t
hardening function, Fig. 3.90. This agrees withvmes considerations reported along this
document.
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Fig. 3.90. Evolution of the local plastic strain agunction of the global plastic strain for thenfigurations analyzed
(a) Vo=75 m/s, (b) ¥=100 m/s, (c) ¥=125 m/s, (d) ¥=150 m/s.

However in the case @(=3 the instability takes place just after the maximhardening rate is
overcome, far from the saturation stress level, Bigl. This consideration is very interesting sific
reveals the role that the hardening rate playsdayfj Fig. 3.91.
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Fig. 3.91. Evolution of the strain rate and thewlstress in the necking as a function of plastaistfor all the values of

Apconsidered and different impact velocities.

Thus, the strain of instability in the cases\@f3 and\,=5 is quite similar for the whole range of
impact velocities. The strain hardening finds atimpm configuration depending on the valuépf
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which enhances ductility of the material improvitgcapability for absorbing energy under dynamic
solicitations, Fig. 3.92.
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Fig. 3.92. Strain of instability as a function afpact velocity

Finally the number of fragments as a function @& tmpact velocity is shown in Fig. 3.93. It
seems that the material configurations which showesl largest values of ductility are those
exhibiting the greatest number of fragments, Fig933 Such behaviour agrees with the
considerations reported along this document. Howetle low rate sensitivity of the material
configuration used provokes that the number of ggeinto which the ring is fragmented is quite
reduced(at least in comparison with the number of fragreengiported in previous sections of this
document when the viscous drag stress term wayze@) Fig. 3.93. Therefore, it becomes difficult
to evaluate with precision the influenceigfon the number of fragments

R e L ua e
E —— =3

E 0 ‘ \ E

2 — | \

z E _ \ E
@ E _)\0_10 \ Fragmentation \ g
% E )\0:15 \\ ;
E %95 . \ 3
g g Ring expansion \ ]
5 N
g 6° E
Q E El
£ i E
2 E Material: AISI 301 Ln2B §
3 E 0" =500 MPa 3

E £=10 §
To=293K 3

0 Bl bbb bbb o d

0 20 40 60 80 100 120 140 160 180 200
Impact velocity, Vo (m/s)

Fig. 3.93. Number of fragments as a function ofithgact velocity for all the material configuratisanalyzed.
Next the conventional dynamic tension test is aredy

3.4.5.2.2The conventional dynamic tension test

The first step is to compare the local plasticistna the necking versus the global plastic strain
for the material configurations considered andedéht initial impact velocities, Fig. 3.94. It cha
observed that the decreasing ordeigotloes not lead to increasing strain of instabiigyit was
reported in the ring expansion case, Fig. 3.94. Vidlee =3 leads to early strain localization, Fig.
3.94. As it was mentioned befork, finds an optimal value for enhancing the ductildly the
material.
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Fig. 3.94. Evolution of the local plastic strain agunction of the global plastic strain for the t@@dal configurations
analyzed. (a) ¥60 m/s, (b) ¥=80 m/s, (c) ¥=120 m/s, (d) ¥=140 m/s, (e) ¥=160 m/s.

It can be observed in Fig. 3.95. that\(=3 the strain of instability is far from the satiima
stress of the material. The flow stress level gpoading to instability in this material configuoat
is much lower than the one reported for the othatenmal configurations. I##3 instability takes
place close to stress saturation; once the maxilmanatening rate has been overcome, Fig. 3.95.

134



Chapter 3. Numerical analysis of plastic instaleiformation under dynamic tension

2000
1800
1600
1400
1200
1000

Equivalent stress, aeq (MPa)
N D (2] o]
o o o o
o o o o

0

2000
1800
1600

-
N
o
]

1200
1000
800
600

400

Equivalent stress, 1:7Eq (MPa)

200
0

2000
1800
1600

MPa)

< 1400
o

o
e

1200
1000
800
600

Equivalent stress,

400
200

0

2000

1800
1600

(MPa)

1400

eq

1200
1000
800
600

Equivalent stress,

400
200
0

0 010203040506070809 1 1112131415
Equivalent plastic strain, seq

E o * * ]
E . ]
* 1
-/ o v
Y 4 . E
E hd E|
EoQ * ]
Ny o* ]
;‘ ‘,0’ Local behaviour |
209 (in the necking) |
> £=10 |
13 A,=15 ]
3 * ji . A
E Equivalent stress Material: AISI 301 Ln2B ]
; # Equivalent strain rate Vo = 60 m/s
E To=293K

0 010203040506070809 1 1,112131415
Equivalent plastic strain, seq

4 Equivalent stress . * * 1
4 Equivalent strain rate * ]
* 'S 1
R M ¢
Lot S 4 10°
“’(* . * 1
& * ]
o 0o® ]
2 S 4 Local behaviour 4
(in the necking)
a4
> £=10 1 1000
$ A, =3
Material: AISI 301 Ln2B
Vo=60m/s |
To=293K
st bbb bbbl bdulag, 100
0 010203040506070809 1 1112131415
Equivalent plastic strain, seq
* * ]
o ]
g
4 1
* * 1
. 4 10*
o . ]
P 3 ]
4 Local behaviour -
wckmw |
. £=10"] 1000
] A, =5 1
& Equivalent stress Material: AISI 301 Ln2B 1
E & Equivalent strain rate Vo=60m/s |
E To=293K
0 010203040506070809 1 1112131415
Equivalent plastic strain, eeq
E * * 1
E we! ¢ M.
3 . L
¢ 4 10*
E * ]
E 0' . ]
te. & . ]
E K2 Local behaviour
» - .
20N (in the necking)
» €=10 4 1000
"3 A,=10 ]
E 4 Equivalent stress Material: AISI 301 Ln2B |
E & Equivalent strain rate Vo=60m/s |
E To=293K
E bbbt st sl sl olbigy 100

10°

10*

1000

100

d
(,.) '3 ‘eres urens yuseAINbl

d
(1.) '3 ‘eres urens yuseAINb3

d
S) 3 ‘eyel uress JusjeAnb3

d
S) 3 ‘alel ures)s JusjeAnb3

1-

1

=z

(MPa)

q

Equivalent stress, o,

(©

MPa)

o
eq

Equivalent stress,

(€)

MPa)

a
eq

Equivalent stress,

(@)

Equivalent stress, ., (MPa)

2000 10°
1800
1600
1400 10°
1200 *& Local behaviour
(in the necking) |
1000 . 3
€=10 1 1000
2, =3 ]
¢ Equivalent stress Material: AISI 301 Ln2B ]
< Equivalent strain rate Vo = 140 m/s:
E To=293K
0 Glusbusbistasalunluileslasdslidis ol 100
0 010203040506070809 1 1112131415
Equivalent plastic strain, seq
2000 e ————— i e 0°
* * ]
1800 ot 1
4 o |
. ]
1600 .
*
1400
¢ -4 10*
o ]
1200 o Local behaviour ]
1000 E (in the necking) :
) & |
800 j’
5 €710 2 1000
600 & A =5 ]
E ® Equivalent stress . o ]
400 £ o Equivalentstrainrate  Material: AISI 301 Ln2B 1
E Vo =140 m/s |
200 E ]
E To=293K
P A PRI WA PR Y ARITIRARPRARARARINORND Qo
0 010203040506070809 1 1112131415
Equivalent plastic strain, seq
T —————10°
* ]
. L
1400 110t
Local behaviour
(in the necking) A
¢ £=10
1 < 1000
s00 § A, =10 ]
400 # Equivalent stress Material: AISI 301 Ln2B ]
200 4 Equivalent strain rate Vo =140 m/s |
To=293K
0 basbusbastsdialas sl st bbbl bbbl 100

2000
1800
1600
1400
1200
1000

800

600

0 010203040506070809 1 1112131415
Equivalent plastic strain, seq

0 010203040506070809 1 1,112131415
Equivalent plastic strain, seq

E LS . 1
E *
3 oe® . M
* 1
& 4
Local behaviour "
(in the necking) 10
AN ]
e
4? €=10 | 1000
4 A,=15 ]
4 Equivalent stress Material: AISI 301 Ln2B ]
4 Equivalent strain rate Vo=140m/s |
To=293K

d
(Ps) 3 ‘areJ uress JusjeAinby

d
(IAs) 3 ‘areJ uress useAnb3

3 ‘ajes uress Juseanbs

d

(.9

3 ‘ales urens Juaeainbs

d

(.8

(b)

(d)

(f)

(h)

Fig. 3.95. Evolution of the strain rate and thenlstress in the necking as a function of plast&istfor all the values of
Aoconsidered and different impact velocities.
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In addition, theCIV is strongly influenced by the value k. In the case o0f,=3 theCIV is
early reached,CIV|X0=3 =V, =120m/s, Fig. 3.96. However for the rest of the material

configurations checked ti@&V takes much larger values, Fig. 3.96.
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Fig. 3.96. Strain of instability as a function aipact velocity

Previous considerations can be observed by the @osop of the input and output forces
reported in Fig. 3.97. AV, =80 m/s Fig. 3.97-a-c., output and input forces meet metifor both
values ofio considered. However at higher impact velodity=160 m/< the specimen behaviour in

the case oky,=3 becomes unstable whereas in the ca3g=& both forces still find agreement, Fig.
3.97.
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Fig. 3.97. Output and input forces fiy=3, 10=5 and different initial impact velocities.

Moreover, previous observations have their infléean the sample response during loading. At
failure (a constant failure strain is imposegf’ =1.5), maximum specimen elongation is reached in

the casé\y=5. Intermediate values df, become more effective in order to increase theenst

ductility, Fig. 3.98.
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Based on the thermo-viscoplastic behaviour of medakcribed in the previous chapter,
it has been developed a numerical methodology talyae the material mechanisms
responsible for absorbing energy under dynamicitmadt has been demonstrated that an
accurate description of the strain hardening amairstate sensitivity of metallic alloys is
indispensable in order to evaluate their suitabfittr bearing hard mechanical solicitations.
Application of such knowledge to study the behawioimetallic sheet subjected to impact
by non-deformable projectiles is conducted in tbetchapters of the Thesis.

138



Chapter 4. Impact behaviour of metallic alloys fiootection applications

CHAPTER 4

IMPACT BEHAVIOUR OF METALLIC
ALLOYS FOR PROTECTION
APPLICATIONS

Abstract

In this chapter of the Thesis the thermo-mecharbealaviour of two metallic alloys is
examined, the mild ste&@S and theAA 2024-T3 The thermo-viscoplastic characterization
of the materials is conducted and discussed. Tlaeg imterest for many application fields
like automotive or aeronautical industries. Difigr@xperimental setups for perforation of
metallic sheets have been used in order to prosmid@oper description of the thermo-
mechanical processes taking place under impacingathfrared thermography technique is
used to determine the role that plastic instabgifiormation have on their performance under
perforation. It is developed a methodology whiclmbmes advanced measuring techniques
with numerical simulations supported by the acaudsgscription of the material behaviour.
The role that adiabatic heating, strain hardenstgain rate sensitivity and temperature
sensitivity play in the absorption of energy durpegforation is extensively discussed.

139



Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading

4 CHAPTER 4. IMPACT BEHAVIOUR OF METALLIC
ALLOYS FOR PROTECTION APPLICATIONS

4.1 Introduction

Among impact and impact related problems, perforaind penetration of thin metallic plates
by non-deformable projectiles has long been ofr@sie and several studies on the subject are
available in literature [Honda et al. 1930, Mask&49, Nishiwaki 1951, Zaid and Paul 1958,
Backman and Goldsmith 197B8,kas et al. 1990, Zukas et al. 1992, Corbett.e1396, Borvik et al.
1999, Piekutowski 1999, Piekutowski 2001, Borvikakt2002a, Borvik et al. 2002b, Borvik et al.
2004, Gupta et al. 2006, Gupta et al. 2007, Gupsh 2008, Arias et al. 2008, Rusinek et al. 2Q08b
Rusinek et al. 2009a]. So far, most progress has bede during experimental investigations of the
normal perforation of metal plates, and a large Ibemof studies can be found in the literature most
of them tied to the failure mode mechanisms. Dusaogh kind of impact loading, petalling as a
failure mode commonly appears when ogival, conmalhemispherical projectiles are applied
[Edwards and Mathewson 1997, Atkins et al 1998yvioet al. 2002a, Shen et al. 2002, Gupta et al.
2008, Rusinek et al. 2009a]. The failure mode sderg strongly dependent on the impact velocity.
Petalling can be replaced by failure mode of crapkning when impact velocity is close to the
ballistic limit. In this situation a decrease oétbircumferential strain during loading slows thaak
progression [Shen et al. 2002]. Moreover, whenithgact velocity is very high, the perforation
process is governed by inertia effects and theuraiimode changes from petalling to complete
fragmentation of the zone affected by impact, imdg@ppearance of debris cloud as final stage of
the process [Piekutowski 1993, Piekutowski 2001].

Substantial efforts have been invested in ordephgsically understand and mathematically
describe the phenomena taking place during ordnpenetration. A number of analytical models
have been proposed over the years [Forrestal 2084, Ben-Dor 1998, Forrestal and Warren 2008,
Ben-Dor 2009, Ben-Dor 2009], but the complexitypefforation events often limits the general use
of closed-form analytical solutions. The informatiobtained from such analytical models becomes
limited. Thus, advances are still required on thdeustanding of the deformation behaviour of the
material during perforation.

For such goal, in this document is developed a auetltogy which combines advanced
measuring techniques with numerical simulationspsued by the accurate description of the
material behaviour. This section is devoted to ahalysis of the complex phenomena which take
place during perforation processes. The goal af itihwestigation is not restricted to a descriptdn
the failure mode of impacted plates. The defornmatieechanisms of materials which reside behind
the absorption of energy under perforation havieetadentified. Such determination will allow us to
optimize materials in charge of bearing dynamiecgakion during their service life.

Two metallic alloys are examined, the mild ste§ and the aluminium allog024-T3 They
have interest for many application fields like anttive and aeronautical industries. The thermo-
mechanical characterization of the materials isdocted and discussed. Their thermo-viscoplastic
behaviour is described by the constitutive descmgt developed in chapter 1. Different
experimental setups for perforation of metallicetkehave been used in order to provide a proper
description of the thermo-mechanical processesgaklace under impact loading. The role that
adiabatic heating, strain hardening, strain ratesifigity and temperature sensitivity play in the
absorption of energy during perforation is extealsidiscussed.
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4.2 Impact behaviour of steel ES

It has been conducted an experimental and numaitalysis on the impact behaviour BS
mild steel sheets subjected to perforation by nefiorenable hemispherical projectiles. Experiments
have been carried out using pneumatic cannon wikti@range of impact velocities 5 n#9/o < 60
m/s. The tests were recorded using infrared higgedpcamera. It allowed obtaining temperature
contours during impact. Assuming adiabatic condgiof deformation, temperature increaemay
be related to plastic deformation. It makes posdiblevaluate the critical failure stragi that leads

to the collapse of the target. For that task, émeperature measurements are coupled with numerical
simulations and with analytical predictions of thaterial behaviour obtained by means of &€
constitutive description [Rusinek and Klepaczko 200

4.2.1 Thermo-viscoplastic behaviour of the mild steel ES

Mild steel ES has considerable relevance since it is widely useskveral engineering fields as
for example in automotive industry for buildingwttural elements responsible for absorbing energy
under crash or impact. The application field ofstimaterial makes relevant to understand its
response under impact loading. TE® steel has been frequently studied and a significamber of
works dealing with the thermo-viscoplastic behaviofi this metal can be found in the literature
[Zhao and Gary 1996, Klepaczko et al. 1999, Mourale2000, Rusinek et al. 2005, Larour et al.
2005, Haugou 2006, Rusinek and Zaera 2007, Rusihak 2007, Rusinek et al. 2009a]. Mdtkel
ES consists of derrite—pearlitic (BBC) structure, where layers pearlite lie between whole grains
of ferrite. Its average grain size ig=16 um. The chemical composition of the mild st& (% of

weight)is reported in Table 4.1.

Mn Al Cr C Ni S Cu Si P N Ti
0.203 0.054 0.041 0.03 0.018 0.011 0.009 0.009 0.008 63.000.002
Table 4.1. Chemical composition of the mild sEE8(% of weight) [Rusinek et al. 2007, Rusinek e2@09a].

In agreement with experimental evidences reporid@Rusinek and Klepaczko 2001, Rusinek et
al. 2007] theES steel behaviour can be considered isotropic. $ogdpic behaviour showed by this
material make it attractive for analyzing dynamiogesses. It is widely accepted that material
modeling can be conducted usidg theory facilitating the implementation of its ctitgive
equations intd-E code.

4.2.1.1Literature review

The thermo-viscoplastic characterization of thedrstieelES has been subjected to investigation
by different laboratories during the last decaddsap and Gary 1996, Klepaczko et al. 1999, Mouro
et al. 2000, Rusinek et al. 2005, Larour et al.52®faugou 2006, Rusinek and Zaera 2007, Rusinek
et al. 2007, Rusinek et al. 2009a].

Special relevance has gathered the works due ton&usnd co-workers [Rusinek 2000,
Rusinek and Klepaczko 2001, Rusinek et al. 2005sirek et al. 2007]. Based on those
investigations a brief review of the thermo-vis@sgtic behaviour of this material is presented is th
section of the document.
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In Fig. 4.1. is analyzed the flow stress evolutisna function of plastic strain for different strai
rates at room temperature. It can be observedhtsamaterial shows important ductility but reduced
flow stress and strain hardening, Fig. 4.1.
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Fig. 4.1. Flow stress versus plastic strain fdifetient strain rate values at room temperature [iRek et al. 2007].

Low strain hardening makes this material prone nstabilities formation, especially under
dynamic solicitation [Rusinek et al. 2005, Rusiagki Zaera 2007] as can be observed in Fig. 4.2.
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Fig. 4.2. Evolution of failure strain versus straiie at different initial temperatures [Rusinekat2005].

142



Chapter 4. Impact behaviour of metallic alloys fiootection applications

Moreover, mild steeES possesses high strain rate and temperature sérestias reported in
Figs. 4.3-4.4. Such observations agree with therdieal considerations f8CC metals reported in
chapter | of this Thesis.
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Fig. 4.3. Strain rate effects on the material flstness. (a) §= 300 K, (b) 5= 213 K [Rusinek et al. 2005].
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Fig. 4.4. Temperature effect on flow stress fodmteel ES at 0.1*§Rusinek et al. 2005].

Moreover, tensile tests at room temperature fole#ht strain rates have been performed in
order to complement the mechanical characterizaifahe material conducted by Rusinek and co-
workers [Rusinek 2000, Rusinek and Klepaczko 2&kinek et al. 2005, Rusinek et al. 2007].

4.2.1.2Temperature measurements on ES steel samples suligatto tensile
testing

The tensile tests have been recorded using infrhrgld speed camera, and the temperature
increase in the material during loading has bedaiodd. It means the major contribution of this
work to the characterization of this material. Dtee the relation existing between material
temperature increase and plastic deformation, nedraneasurements provide valuable information of
the deformation field of the material during loaglirit allows estimating the susceptibility of the
material for instabilities formation. Thereforewill help to determine the suitability of the mas
for absorbing energy under impact loading.

The geometry and dimensions of the tensile spegraenreported in Fig. 4.5.
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O Thickness =1 O 20

64
Fig. 4.5 Geometry and dimensions of the tensile specimem3.(m

The infrared camera used for measuring temperataneours features variable “snap shot”
integration from 10 pus to 10 ms and frame ratesoup00 FPSFrames per Secondh full frame
mode and 6000 FPS in sub-windowing mode. Such restallow having high definition and
elevated frame-rates [Rodriguez-Martinez et al0ap1l

In order to get the maximum emissivity from thegtgr the steel sheets were covered with soot
whose emissivity was estimated=  O0@%efore loading, the temperature registered bydamera
on the soot-coated sample-surface must fit the reemperature)Guzman et al. 2008, Guzman et
al. 2009, Rodriguez-Martinez et al. 2009].

The equation of energy balance provides the relship between strain and temperature
variation during loading. Assuming hypo-elasticgi@ material behaviour is possible to set Eq. 4.1.

AP -T=-—P g ep s O 3 E
pIC, pC, (1- 2v)

T [ﬂr(g-]?) (4.1)

Where A is the coefficient of diffusivity, T is the abstéutemperatureT is the temporal

temperature variatioffy, is the Taylor-Quinney coefficieng,is the material-density,fs the specific
heat at constant pressure; is the stress tensorﬁiﬁ’ is the plastic strain rate tensax, is the
coefficient of thermal expansion, E is the Young®dulus,v is the Poisson’s coefficient and

tr(sﬁ) is the trace of the elastic strain rate tensor.

In the following graphs, Fig. 4.6, is reported tmaximum variation of temperature during

loading in the case ot =0.01s". A small decrease of temperature is found at #mirming of
loading. That corresponds to the elastic regime, £§., that under uniaxial tension leads to
temperature decreag#ue to material volume variation)

alE
p[C, [{1- 2V)

T =-APT+ T i (&) (4.2)

In the plastic range, the temperature is uniforalyd approximately linearlyjncreasing with
stress and strain until necking takes place, Fig. Bhen, a sudden increase of temperature leads to
the failure of the sample. Maximum temperature méed during the test is close fol =6 K, Fig.

4.6.
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Fig. 4.6. (a) Maximum temperature increase verdastjz strain and flow stress evolution versus ptastrain.

(b) Maximum temperature increase versus time.

The temperature contours during loading are shawrig. 4.7. The increase of temperature is
focused around the central part of the specimerrenvimstability will take place. It seems that even
for such global low loading rate the local effeptay a role in the material behaviour. Beyond a
certain loading level, the strain and strain raaéd§ seem not to be uniformly distributed along th
active part of the specimen. It leads to the hgemeous distribution of temperature reported in Fig
4.7. After sample failure temperature recordedsta decrease due to heat transfer and the ralateri
reaches thermal equilibrium with surrounding envinznt.
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Material: ES steel - To = 26.12 °C#=0.95 — Strain rate=0.01"s

Homogeneous temperatu Homogeneous temperature Homogeneous temperature
distribution at the beginnin distribution at the beginning distribution at the beginning
of loading of loading of loading
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Fig. 4.7. Temperature contours during loading. Bietresolution 320x256 pixels.

Tests at higher strain rates have been performede®A 0.05 s' the maximum temperature
during the test reach@&d = 27 K, Fig. 4.8.
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Fig. 4.8. (a) Maximum temperature increase verdastjz strain and flow stress evolution versus ptastrain.
(b) Maximum temperature increase versus time.

In Fig. 4.8-a. it can be observed that the relatietween temperature increase and plastic strain
is not linear. According to Eq. 2.9., such nondingy may come from the dependence that the

inelastic heat fraction posseses on plastic stfhm,B(Ep).

Moreover, it has to be noted that the local effatthe necking zone become of main relevance,

Fig. 4.8. In fact, the heat generated in the cevfttbe specimen is not being diffus@d least not in
a relevant way), Fig. 4.9In the necking zone the material seems to behmder adiabatic
conditions of deformation. It means that when ibsity takes place, the strain rate is considerably
increasedin comparison with that corresponding to the glbbample deformation [Borvik et al.
2003a)), leading to local dynamic behaviour of the matetteagrees with the observations reported
in Fig. 4.8-a. Before failure of the specimen theréase of temperature versus plastic strain Hgig
non-linear, Fig. 4.8.
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Material: ES steel - To = 26.12 °C#=0.95 — Strain rate=0.05"S
Homogeneous temperaturd Homogeneous temperaturé Heat focused in the
distribution at the beginning distribution at the beginning central part
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Fig. 4.9. Temperature contours during loading. Bretresolution 320x256 pixels.

At higher loading rateg” =0.1 s’ the heat generation in the necking zone is mugherithan
in the rest of the specimen, Fig. 4.10. Maximumgerature increase in the necking reaches= 40

K. It is reasonable to suppose adiabatic conditimhdeformation in the necking zone. Instability

formation and progression causes the peak of teaahperreported in Fig. 4.10.
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Fig. 4.10. (a) Maximum temperature increase vegastic strain and flow stress evolution versussfitastrain.
(b) Maximum temperature increase versus time.

As it was reported foE” =0.05 ', in the case oE” =0.1 5" the relation between temperature
increase and plastic strain is not linear, Fig04al In fact, comparing Figs. 4.6-4.8-4.10 it seems
that such non-linearity increases with strain rliteeems to probe that the inelastic heat fraatiary

have also certain dependence on strain rﬁ(@p)aB(E",ép). Interesting considerations

concerning the dependence Bf on the loading conditions are reported in [Macddu@000,
Guzmén et al. 2008, Rusinek and Klepaczko 2009,m@nz2009, Guzman et al. 2009]. A strong
influence of the testing loading rate on the inseeaf temperature is then observed. Local rate and
temperature effects in the necking govern the failf the material even at low loading rates; Fig.
4.11.

149



Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading

Material: ES steel - To = 26.12 °C#=0.95 — Strain rate=0.15
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Fig. 4.11. Temperature contours during loading.tBie resolution 320256 pixels.

Next, the behaviour of the mild stde® is defined using thBRK model
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4.2 .2 Constitutive relation for the ES steel

The suitability of the originaRK formulation for describing the thermo-viscopladtehaviour
of theES steel was already demonstrated in the works [RUsE000, Rusinek and Klepaczko 2001,
Rusinek et al. 2005, Rusinek et al. 2007]. Theeefan this section of the document only a brief
corroboration of such agreement between experinsrtsnodel predictions is shown.

The material constants for calibration of fRiK model are listed in Table 4.2.

B,(MPa) V() n, () D, () & () o,(MPa)) m () D, () Tm(K) &un(s) Ema(s) O
591.6 0.2 0.2852 0.19 0.018 406.3 2.8 0.48 1600 to 10’ 0.59

Table 4.2. Constants determined for mild siEE®for RK model [Rusinek 2000, Rusinek and Klepaczko 2004inBk et
al. 2005, Rusinek et al. 2007].

In Fig. 4.12. is shown the satisfactory descriptibhe flow stress and of the strain hardening of
the material provided by tHeK constitutive description.
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Fig. 4.12. Flow stress versus plastic strain fdfestent strain rates at room temperature. Companibetween
analytical predictions and experiments [Rusinekle2007].

In addition it must be noticed the proper defimtif the material rate sensitivity predicted by the
RK model, Fig. 4.13
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Fig. 4.13. Strain rate sensitivity definition ofldnsteelES provided by theRK model and comparison with
other constitutive descriptions [Rusinek et al. 20Rlepaczko et al. 2009].
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Next, the experimental setup used for perforatioth@ES steel sheets is introduced.

4.2.3 Experimental procedure for perforation of metallic sheets

A scheme of the sample used for the perforatiots issshown in Fig. 4.14. The thickness of the
specimen is h = 1 mm and its surface isSA40 x 140 mrh The active part of the sample after it is
screwed and clamped on the support;is A00 x 100 mrh

140
10
30
-
m
d L L B 16x08 102
| &9 QT
\J10
o
< 100 . )
60
90

Fig. 4.14. Dimensions and geometry of the specirased in the experiments (mm). (Design R. Bernier)

Several screws symmetrically placed are used &xlatthe steel sheet to the clamping support,
Fig. 4.14. It allows eliminating potential slidirgffect during the tests. Moreover, the mass of the
hemispherical projectile used is,M 0.063 kg and its dimensions are shown in Fith 4.

Fig. 4.15. Projectile used in the perforation te¢3esign R. Bernier)

The projectiles were made dfaragin steel which exhibits high yield stresg > 1 GPa, much
higher than that corresponding to &8 steel under dynamic conditions of deformatibnaddition,
the projectiles underwent a heat treatment in aim@ncrease their hardness. A foam sabot was used
in order to get the perpendicularity of the impdctring the tests. It allowed launching these
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projectiles whose diameter was considerably smétien the diameter of the barrel, < ¢, = 22
mm.

4.2.3.1The pneumatic cannon

In order to analyze the mechanical behaviour ofsteel sheets within the impact velocity range
5 m/s< Vo < 60 m/s a gas cannon has been used [Segreti et al. 203ndk et al. 2009a], Fig.
4.16-b. This technique allows measuring the ihitedocity just before the impact takes place. Such
measurement is carried out using 3 sources of Byhtoupled to 3 laser diodes @nd 3 time
counters, Fig. 4.16-a. When the projectile padsesigh a source of light, Fig. 4.16-a, a time ceunt
is trigged. This procedure is repeated 3 timesndeji two time intervald\t;, andAt,3, Fig. 4.16-a.
With knowledge of the distance between the 3 saumklight it is possible to measure two

instantaneous projectile-velocitie\ﬁg_ Their averageV, was used to define the impact velocity
values reported along this document.

Projectile

Trigger 1

Trigger 2
Trigger 3 : Gas gun tube, diameter 22 mm
: Source of light

: Laser diod

: Support for'gheet steel

: Projectile

: Specimen

(a) (b)
Fig. 4.16. (a) Scheme of the facility used for measent of the impact velocity. (b) Descriptioriredf experimental
setup (PMM).

This experimental technique allows for an accudsgnition of the ballistic limit \ for the
boundary value problem examined in this work.

Post-mortem measurement of the targets-deflectmsmaonducted using a 2D-profilometer, Fig.

4.17-a. It allowed measuring the profiles of thgacted plates with an accuracy of 3 pum = 1 um.
Since the measurements are carried out after impgaetdisplacement of the steel sheets comes
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exclusively from plastic deformation, Fig. 4.17-flastic recovery cannot be taken into
consideration.

L0 e e

-~ Impacted side Complete plastic response
Shortest lenght of the sheet steel
IR Partial perforation “‘“‘T‘“‘ |
o Eﬁ Clampled zone
10 B l T
] Petalling J :

-20 £
Measurements on the impacted side of the plate

-30 £

Deflection of the plate, 8 (mm)

-40 £

e s Vo=4237mis 4
250 Buwlulibibibbetbbbbddidibsisllualuald
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60

Target length, Lt (mm)

(b)
Fig. 4.17. (a) Profilometer used to measure thexmerent deflection of the plates. (b) Measuremetiteopost-mortem
deflection of the target.

Additionally, the perforation tests were recordsthg an infrared high-speed camera.

4.2.3.2Experimental temperature measurements using infrard camera

The infrared camera was placed in different pasgtidepending on the impact velocity. In the
case of initial velocity below the ballistic limithe camera was placed on the impact axis, on the
back of the sheet ste€Rosition 1) In the case of impact velocity above ballistroiti the camera
was placed with a small angle15°, in relation to the impact axis in order to gudee the safety of
the device(Position 2)Fig. 4.18. The distance from the camera to thgetaremained approximately
constant for both camera placements. During ths tew/as checked that such camera afgid5°)
allowed for a complete view of the rear side of theget during the impact process; temperature
contours recorded during perforation were well midi. It is feasible to assume that the position of
the camera during the tests involving perforati@hribt affect the temperature measurements.

Configuration above the ballistic limit

\ .
Infrared camera
Position 2
Sheet steel
.
Configuration below the ballistic limit ~.
Projectile
.._. V0 —
\ .
Infrared camera ~.
\ .
Temperature measurement side Impact side

Fig. 4.18. Placements of the infrared camera dutimg tests depending on the impact velocity.
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It must be noticed that in the area surroundingpttogectile impact, the soot coating was ejected
during the high velocity tests and the emissivigsweduced tq=0.64. This last value was obtained
from the original target-surfadefore loading, the temperature registered by ¢henera on the
original target-surface must fit the room temperadu Fig. 4.19. Therefore, after recording the
impact, the video images must be properly integareising the camera-software. Suitable emissivity
value is assigned to the images depending on thjettaone analyzed, Fig. 4.19. Assumiyrf.64
and n=0.95 as limiting values for the emissivity of therget during perforation, the maximum
discrepancy in the temperature measurement is tdak&%.

Low emissivityy = 0.64

Transition

-~

- High emissivity,y = 0.95
(Sootcoat’
»

Fig. 4.19. Post-mortem estimation of the emissixdtiyye depending on the target zone.

Measurements of the temperature increase in therialatarget during impaciT(t) were
obtained, Figs. 4.20-4.21.

Temperature measurements (°Qear side of the plate)o= 25 m/s, Toom = 24.13 °Cy= 0.95

First impact time
Timax= 34.15 °C

ta
Adiabatic condition of deformation

(@)

Maximum temperature
Trax= 86.75 °C

tg = t+ 2854,

Adiabatic cidition of deformatior

(d)

Tmax(c) <Tmax(

Temperature increase
Trnax= 67.78 °C

tp = ta+ 285us

Tm ax(a)<Tmax

Adiabatic condlitn of deformation

(b)

Temperature decrease
Thax= 76.85 °C Tmax(d)> Tmax(

te = ty+ 5.13.

Unloading
(e)

Maximum temperature
Tonax= 84.74 °C

tc =t + 285u

Tmax(b) <Tmax(

Adiabatic condition of deformatn

Temperature decrease

Tmax= 48.98 °C
t=1t+ 233 ms

Tmax(e)> Tmax

Unloading
(f)

Fig. 4.20. Temperature in the rear side of the &rigr different stages of the impact process.
Vo= 25 m/s and Fom= 24.13 °C. (@) Fax 34.15°C ;(b) Ta=67.78°C ; (C) Ta=84.74°C ;(d) T,2=86.75°C ;
(e) Tha=76.85°C ; (f) Th2=48.98°C. Picture resolution 80x64 pixels.
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In view of Figs. 4.20-4.21., is possible to set twell differentiated stages during the impact. A
drastic increase of temperature in a short periotinee takes place at the beginning of loading.
During this period let us assume adiabatic conaétiof deformation in the target-zone affected by
the impact. This first stage is followed by an exgatial decrease of temperatstower) due to
heat transfer, Figs. 4.20-4.21. Finally, the mateieaches thermodynamic equilibrium with the
surrounding-environment Fig. 4.20-4.21.

80 g T
E Impact velocity, V ,=25 m/s
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X E atof:Image observation
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< E Heat transfer c d 3
T | ]
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2 40 ¢ b 5
o E ! Adiabatic temperature increase
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© - /
8_ E 495 5
e 20 ? 285 s Heat transfer
2 g Impact
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0 & . TR \\ PR A o sl
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Time, t (s)
Fig. 4.21. Evolution of the maximum increase ofggerature in the target as a function of timg=\25 m/s.

The analysis of the experiments and the estimatiothe critical failure strain leading to the
target collapse are conducted along the followegjiens of the document.

4.2.4 Analysis of the perforation process

In this section of the document is analyzed theaichjpehaviour of thES steel.

4.2.4.1Study of the perforation mechanisms

The ballistic limit value found from experiments\ig; ~ 45 m/s. In Fig. 4.22. are shown final
stages of the impact process for different initrapact velocities. In the case of impact velocity
above the ballistic limit Y~ 48 m/s, well developegetalling is observed, Fig. 4.22-a. A small
decrease of the initial velocitgVo= - 6 m/s, strongly modifies the final stage of imgpact process,
Fig. 4.22-b. In Fig. 4.22-b the cracks generatethatdome of the contact projectile/plate did not
have sufficient energy to progre@dscal deformation induced by the projectile in tiaeget did not
allow for crack propagation)Cracks were quickly arrested and the projectiés \stopped before
reaching complete perforation of the steel sheethé case of initial velocity under the ballistic
limit, Fig. 4.22-c. is observed a zone affectedsieyere plastic deformation in absence of cracks
(Zone 1).1t corresponds to the contact projectile/sheetl.steatside ofZone | large permanent
bending takes plag&one 1)
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Bending Detail of the zone directly
Tensile stat affected by the impact

5

Arrested cracl

Onset of crach

Projectile

Projectile diameter: 10 mm Projectile diameter: 10 mm
Mass: 0.063 kg Mass: 0.063 kg
Impact velocity 48 m/s Impact velocity 42.5 m/s
() (b)

Plastic deformation and bending

Detail of the zone directly
affected by the impact

propagation

Large plastic deformation

Projectile diameter: 10 mm Contact are:

Mass: 0.063 kg
Impact velocity=37.60 m/s

©

Fig. 4.22. Final stage of the impact process fatiahvelocities close to the ballistic limit.

It has been observed a global response of thettdigeng the perforation tests. The impact
velocity range applied during the tests allowshe s$tress-waves generated by the impact to cover
the whole steel sheet before rebounding of theeptibg¢ (in the case of impact velocity below the
ballistic limit) or perforation of the targéin the case of impact velocity above the ballisitiat) .
Deflection of the plate starts just beside the eddbd perimeter, Fig. 4.23. Bending effect is
enhanced by the small thickness of the target.eCloghe ballistic limit the deflection of the pat
reaches$,=10 mm in the zone directly affected by the impaetrge bending allows for radial sliding
along the contact-zone projectile/plate leadingeokingformation close to the dome of the contact
zone projectile/plate [Rusinek et al. 2009a, RagrigMartinez et al. 2010aNeckinginvolves
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localization of deformation acting as precursortlod onset of cracks, large plasticity values are
expected in th@eckingzone [Rusinek et al. 2009a, Rodriguez-Martineal.e2010a]. When cracks
are formed, they propagate radially leading t@approximately)symmetric failure mode of the
target.
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Fig. 4.23. Post-mortem deflection of the targetdiferent initial impact velocities.

According to the previous considerations, crackgehlmng distance to cover until they are
arrested on the rear side of the plate. It causemdtion of long petals as final stage of the
perforation process [Rusinek et al. 2009a]. No mjertion was observed during the teshse to
formation of cracks at the dome of the contact zoogectile/plate)

4.2.4.2 Analysis of the temperature fields during perforaton

By using infrared recording is possible to analyipealization of deformation(plastic
instabilities appearance: necking formation, onsétcracks and their subsequent propagation)
which is responsible for target-failure during jpeation.

In the zone directly affected by the impact, frdme first contact until the onset of cracks takes
place, the temperature is continuously increadtim,4.24. Maximum temperature incread@ nax~
160 K if n = 0.64 (4Tmax~ 135 K ify = 0.95), corresponds to the loading-time involvingcking
development and onset of cracks, Fig. 4.24-b-chS3emperature level strongly reduces the strain
hardening of th&S steel [Rusinek et al. 2005], promoting crack pggisn.
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Temperature measurements (°Qear side of the plateMo= 47 m/s, Toom = 24.13 °C n=095 #=0.64
N N " . Temp (°C) Temp (°C)
First impact time Localization of plastic Crack opening 159.99 189.02
ta deformation te=tot 285;:3__h 157,29 D
18472 18211
151.94 160,00
Petal 1 149.07 176,79
t, = t+ 288ps L 17345
Tmax@@) <Tmax(b) Trmax) <Tmax@) 142.58 163.99
13972 168,36
136,34 162,60
13278 158,65
() (b) 12902 154.48
125.07 150,10
Crack opening Crack opening =095 12084 14543
ta = tc+ 285us te = ty+ 2.86 ms 4=t+857ms BB 116,35 140,48
- L] o 111.49 13515
. 10626 123.41
Debris cloud \" =064
i7—=u.
L Teg6°C 10053 12318
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Fig. 4.24. Temperature level (°C) along the impactcess for an impact velocity leading to targ_etﬁpmtion,_
observation of debris cloudy¥ 47 m/s and [T, = 24.13 °C. Picture resolution 80x64 pixels.

Measuring the temperature level on the impact Zonehe rear side of the platé)e following
curves are obtained for different loading timeg. Fi.25-a-b(six stages of Fig. 4.24. correspond to
six stages depicted in Fig. 4.25-a:bl) can be observed that the temperature incréagsot
symmetrically distributed around the centre of theget, Fig. 4.25. Such phenomenon could be
attributed to intrinsic material defects which ieducertain asymmetryj(ite reduced in agreement
with Fig. 4.22)in the distribution of plastic deformation aroutieg impact zone. Material defects
become influential on the target failure at low aapvelocities, close to the ballistic limit valu&t
high impact velocitiegmuch higher than the range of impact velocitiegeted in the experiments of
the present workinitial material defects have not time to growthedo fast failure of the target.
Then it is expected that such asymmetry in the &atpre field will not take place. Maximum
temperature level is located on the petals-ddgecking interface)
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Fig. 4.25. Maximum temperature increase in the ichgane at Y= 47 m/s (ay;=0.64 and (b);=0.95.
(c) Measurement points of the temperature increase.

Out of the cracking interface, temperature increagseuch more reduced, Figs. 4.24-4.25. In Fig.
4.26. is shown the temperature increase insidecalar surface centred on the impact-point as a
function of time. Radius of the circular surfaceresponds approximately to the projectile-radius;
measurement zone includes the cracking interfddagimum temperature levéit corresponds to
the cracking interfacesis much greater than the average temperature eofmiole area. Strong
temperature gradients take place surrounding theksy Figs. 4.24-4.25-4.26.
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Fig. 4.26. Temperature increase in the impact zdge 47 m/s.

Temperature-increase is found to be dependent eintpact velocity. For the whole range of
impact velocities tested, as the initial velocibcrneases the maximum temperature recorded also
does it, Fig. 4.27-a. Moreover, in Fig. 4.27-aolserved an important gap between the maximum
temperature registered in the case of impact wglocider or above the ballistic limit. In the rarafe
37 m/s< Vo <42 m/s(in that range of impact velocities the projecskarts to pierce the targethe
slope of the curvATma/Vo is maximum, Fig. 4.27-b. For such a range of impa&tocities, small
increments on the impact energy lead to large mergs on the local temperature.
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Fig. 4.27. (a) Maximum temperature increase and&g of maximum temperature increase as a funaifdnitial
impact velocity.

Previous observations may be tied to the rolede&irmation rate has on the material behaviour
[Hu and Daehn 1996, Altynova et al. 1996]. Therefan order to provide a proper interpretation of
the experimental temperature-dependent measureniemgsnecessary to estimate the strain rate
level induced in the target-material by the impdictvill allow for estimation of the critical strai
leading to material-failure.
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4.2.4.3Estimation of the critical failure strain leading to target failure

For this task, let us carry out the procedure desdralong the following sections of this
document.

4.2.4.3.1Considerations on dissipative effects

Although it is known that potential damage mechasisaking place during perforation generate
dissipative effects [Abu Al-Rub and Voyiadjis 200Bgrzyna 2008], let us assume their role
negligible in comparison with the effect due tocaplastic homogeneous flow stress. Moreot#S,
steel is not susceptible of strain-indueedrtensitictransformation during loading unlike other steels
such as thausteniticones.Thus, no effect related to potential phase transétion processes has to
be taken into account in the heat generation [R#sand Klepaczko 2009]. In the plastic range, at
high rate of deformation the material behaves urdiémbatic conditions of deformation. In such a
case, the contributions to Eq. 4.1. due to the heatuction and due to the elastic rarfgevas
shown in Figs. 4.6-4.8-4.10. the small contributmithe thermo-elastic effectsan be neglected.
Thus, the following expression can be derived E8. 4

i-_P
pED

(4.3)

As it was previously reported, mild stde$ can be assumed as an isotropic material. In such a
case, by integration of the previous expressianpgrature increase is defined by Eq. 2.9'.

AT (€°, 0 L E €°,T) de® (2.9)
pC -

p e

Where 6(€p,§p,T)is the equivalent stressqnsidered dependent on plastic strain, strain rate

and temperature)Pis the current equivalent plastic straigl is the equivalent plastic strain rate
and €° is the elastic strain corresponding to the inigiald stress.

Under these assumptions there is a univocal relabetween temperature increase and
equivalent plastic strain for an imposed deformmatrate. In order to take advantage of such

consideration, a proper definition of the matebialhaviourc‘r(%p,ﬁp,T) IS necessary.

4.2.4.3.2Analytical description of the temperature increase

Using flow stress definition provided by tiRK relation now it is possible to particularize Eq.
2.9'. to ES steel. Thus, the temperature increase is decordpose the contributions due to the

internal stress, (Ep,ép,T) and due to the effective stresé(?p,T) , Eq. 4.4.

AT (gp ! 6) = ATinternal stress+ AT

4.4)

effective stre

By integration of Eq. 4.4, the following expressisrderived, Eq. 4.5
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AT(EP,a):p%%j%?m@p,éw)mfp:r&%j%[ﬁcu(Ep,ép,T)m*(ép,T)}Dcfp (4.5)

However, under adiabatic conditions of deformatiemperature is strain dependdntf (") .

The previous expression, Eq. 4.5. is solved nuraklyicn order to obtain the temperature increase.
Coupling Eq. 4.5. with experiments and with numadrgimulations arnverse methoébr estimating

the failure strain of the material-target duringe tperforation tests is proposed in the following
sections of the document. However, it must be adtibat fracture models based on a constant strain
value are a simplification for defining ductile ltaie. In further investigations it would be advikab

to develop a methodology to gather explicitly tlmeemtial influence of the stress state and thenstra
rate on the material failure definition.

4.2.4.3.3FE simulation of the impact process in order to gsate the strain rate level in
the target during perforation.

Once it is possible to obtain the temperature emeedepending on stra{for an imposed
deformation rateusing Eq. 4.5., it is necessary to get an estonadf the strain rate level in the
target-material during perforation.

For that task, numerical simulations of the petioraprocess have been conducted using the
FE codeABAQUS/EXxplicit.

According to the observations reported in [Rusieelal. 2009], the numerical simulations have
been conducted using a fulBp description of the problem. The mesh used fortdinget is shown
in Fig. 4.28. It presents radial symmetry to avappearance of spurious generation of cracks. The
zone directly affected by the impact has been neshth 222.400 8-node tri-linear elements with
reduced integrationG3D8R in ABAQUS notation). In this zone ten elements are placedgathe
thickness. In order to reduce the computationat tibeyond the zone directly affected by the impact
is defined a transition zone using 50.413 tetradleglements. This technique allows decreasing the
number of elements along the thickness of the platéhis transition zone the amount of elements
along thickness is varied from ten to two. Aftee tlransition zone, the mesh is defined using
C3D8R elements until getting the perimeter of the tardétis optimum configuration has been
obtained from a convergence study using differeegimdensities.

Since the experimental observations revealed abseherosion on the projectile-surface after
the impactthe projectile was not deformed plastically in dagt) the projectile has been defined as
rigid body, Fig. 4.28. It enables to reduce the potational time required for the simulations. A
constant friction coefficient value u=0.1 has beasad to define the contact projectile/plate [Rusine
et al. 2008Db].
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Transition zone:
------- Tetrahedral elements

<—— Clamped perimeter

Twoelehmenis alon

""""" Projectile
thickpess

thickness Rigid body

Radial symmetry:

l Ten elements along
1 Hexahedral elements

Fig. 4.28.Numerical configuration used in the simulations.

The impact velocities applied in the numerical detions are those covered during the
experiments.

The procedure for estimation of the strain ratelelring perforation is the following:

* Maximum material-deformation allowed during the slations is €’ =1.5. Let us
assume that during the experiments the local stiifower than that valuésuch
assumption will be verified in the next section tbé document when analytical
predictions and experiments will be compared)

* As soon as deformation reach@s =1.5 in one integration point, the simulation is
stopped(It could be automatically stopped before reachsuch a condition if the
elements distortion becomes excessive)

* Finally, the strain rate contours predicted bydimeulations are analyzed as a function of
the loading time.

In Figs. 4.29-4.30. are shown deformation ratedfidbr two initial velocitiegVy, = 25 m/s and
Vo = 50 m/s)and different stages of the impact process. Thayespond approximately to the
maximum and to the minimum of the impact velocittesered during the experiments. Maximum
strain rate values are located along the contawt-zprojectile/target, where localization of
deformation takes plagén Figs. 4.29-4.30. is visible the onset of neghkmmecursor of failure) For
all the loading conditions shown in Figs. 4.29-4.8& maximum strain rate level is varying within
the rangel0®’s' <€° < 10 §'. Such values are within the range of strain ratesre theRK model
defines properly the behaviour of tBS steel as previously reported in Fig. 4.12-4.13.
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Fig. 4.29. Numerical estimations of strain rate tmms during perforation, = 25 m/s.
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Fig. 4.30. Numerical estimations of strain rate tmmrs during perforation, = 50 m/s.

Thus, let us assume that range of strain e s'<€”< 10 &, for coupling the experimental
temperature measurements with the analytical piiede of the RK model. It will allow for
estimation of a lower and an upper limit of thetical failure strain of the material during the
perforation tests.
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4.2.4.3.4Coupling of experimental temperature measuremenithvanalytical predictions
of RK model and results obtained from numerical sitations

In Fig. 4.31. is depicted the temperature incrgaedicted by th&kK model versus plastic strain
for different strain rates Fig. 4.31-a, and versuiain rate for different deformation levels Fig3%
b. Let us tie the maximum temperature measurednguexperimentsATmax =~ 150 K (which
corresponds to target failure condition using= 0.64 as it was previously reportet) the critical

failure strain,g” . To obtain such a value of temperati®,.x~ 150 K for the range of strain rates
estimated(10° s'<£”< 10 ¢) is necessary at leas€® =0.95 in the case ofe” =10" s* or
€ =1.15 in the case ofg”=1000s"', Fig. 4.31. This range for the critical failurerash
0.95<&” < 1.1f (values considerably lower than that used to edenibe strain rate level during
perforation, £° =1.5) is in agreement with experimental results and ditalypredictions reported

for steels for example in [Pandolfi et al. 1999iamtafyllidis and Waldenmyer 2004, Borvik et al.
1999].
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Fig. 4.31. Analytical predictions of tHRK model for the temperature increasebs steel. (a) Temperature increase as a
function of plastic deformation, (b) temperaturergmse as a function of strain rate
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Numerical simulations of the impact process aredooted using the critical failure strain
previously estimated. Next, they are compared exjperiments.

4.2.4.4Comparison between experiments and numerical simutens

Numerical simulations of the perforation processigi€” =1 (average value of those obtained

previously as failure criteriorferosive failure criterion involving element detet) are conducted. In
Fig. 4.32. it is observed that the numerical edtiomeof the ballistic limit matches with that olbtad
from experimentSVoi-numerical™ Vbl-experimenta= 50 mM/s).In addition, the numerical prediction of the
failure mode of the specimen fits properly the ekpental observations, Fig. 4.32. Radial cracks
take place at the dome of the interface projetditgét, Fig. 4.32. Petalling development and large
bending effect are in agreement with Fig. 4.32.af§n it must be noted that the maximum
temperature increase registered during the sinomsitegrees with the experimental temperature
measurements reported in previous sections otittuament, Fig. 4.32.
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Numerical estimations of the temperature contoungrohg perforation. \V, = 50 m/s= Ballistic limit

Ballistic limit prediction

~
Vbl—numencal ~ Vbl-exnenmenta

Necking formation
precursor of crack

SDV3

Localization of
deformation

=

ATmax= 143 K

(In agreement with
experimental measurements)

L

(Avg: 75%)
- +4,308e+02 _ |
+4,239e+02
+4,120e+02
+4,001e+02
+3.882e+02
+3.763e+02
+3.644e+02
+3.525e+02
+3.406e+02
+3.287e+02
+3.168e+02
+3.049e+02
+2,930e+02

Cracks formation at the dome of tt

interface projectile/target

Fig. 4.32. Numerical estimations of temperaturetoars during perforation, = 50 m/s

It must be noticed that this simplified failure terion allows obtaining numerical results in
agreement with experiments due to the particuéiof the boundary value problem approached.
Since the target is very thin, the stress fieldhglthe thickness of the plate is rather constaringu

the perforation procegplane stress statelrig. 4.33.

Vo =60 m/s
Just after failerof the target

Just before failure of the target

Approximately constant
stress distribution along theg™
thickness of the target
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Fig. 4.33. Numerical estimation of stress contalusng perforation. ¥ = 60 m/s

Moreover, failure of the target is due to ductitdehenlargement and subsequent necking which

involves stress triaxiality values > 1/2, Fig. 4.34.

167




Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading
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Fig. 4.34. Numerical estimation of triaxiality cantrs during perforation. = 60 m/s

For ductile metals, within that range of stresstestathe failure strain becomes rather
independent of triaxiality as reported for exampl®ey et al. [Dey et al. 2004], Fig. 4.35.

Material: Weldox 460 E [Dey et al. 200: :
To =300

10000 5™
100st 3
10s*

f

Failure strain, €
T

Approximately constant value é
of the failure strain level El

Tension

0 Bl i Vbbb o
-05 -0,25 0 0,25 0,5 0,75 1 1,25 15

Stress triaxiality, "
Fig. 4.35. Estimation of the failure strain verguaxiality by the Johnson-Cook failure criterioarfWeldox 460-E
ferritic steel [Dey et al. 2004].

Thus, following annverse methodologyf analysis an estimation of the critical straading to
material-failure during the perforation tests hagrbderived. In addition, the procedure followed in
this study shows up the role played by the loc&namena that, in impact problems, lead to plastic
instabilities appearance and subsequent mateiliatefa

Next, the impact behaviour of théA 2024-T3is examined.
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4.3 Impact behaviour of aluminium alloy 2024-T3

In this part of the document the impact behaviduthe AA 2024-T3 is examined. First, the
thermo-mechanical characterization of the matasatonducted. Then, it is modeled using the
extendedMRK model to viscous drag effects. Based on such stamating of the material
behaviour, perforation tests &A 2024-T3 sheets are conducted. For that task two different
experimental setups are used, a drop weight tomgraapneumatic gun. The results are compared
with those previously reported for the mild ste&l

4.3.1 Thermo-viscoplastic behaviour of the aluminium ally 2024-T3

The AA 2024-T3is an aluminium alloy, witlCu and Mg as the alloying elements. It shows
good machinability and surface finish capabiliti#ss a high strengthA of adequate workability.
It is widely used in aircraft structures where faeks, fatigue performance and good strength are
required. Other applications comprise hydraulicveabodies, missile parts, munitions, nuts or
pistons. The application fields of th®A 2024-T3 make relevant to analyze and understand its
behaviour under impact loading. The chemical contiposof the AA 2024-T3 (% of weight)is
reported in Table 4.3.

Mnhn Si Cr Ti Fe Mg Zn Cu
06 05 01 015 05 15 025 43
Table 4.3. Chemical composition of #hA 2024-T3(% of weight).

The thermo-viscoplastic behaviour of the materad been characterized in tension under wide
ranges of strain rate and temperature. The teggéeimens used for this task are analogous to those
used in the case &S steel, Fig. 4.36.

In Fig. 4.36. is shown the flow stress evolutionaasinction of plastic strain under quasi-static
loading. This alloy shows high yield stress andiistrhardening which enhances ductility and
toughness, Fig. 4.36.
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Fig. 4.36. Flow stress evolution versus plastiaistifor different strain rates at room temperature.

Quasi-static tensile tests have been recorded usiraged camera, Fig. 4.37. Due to the relation
existing between material temperature increase @asdtic deformation, infrared measurements
provide valuable information of the deformationldieof the material during loading. It allows
estimating the susceptibility of the material fostabilities formation. Therefore, it will help to
determine the suitability of materials for absogbenergy under impact loading.
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In the case ofg” =0.001 ¢ is observed that before instability takes plade maximum
increase of temperature in the specimen is qudeaed (and approximately constant during the
whole test)ATmax< 1 K, Fig. 4.37. Such value is much more reducea tinat observed for tHeS
steel under the same loading conditi¢asd than that observed for ste®lIS| 304 and steellRIP
1000as it will be discussed later on this documeit)is behaviour is certainly caused by the high
thermal conductivity ofAA, Kaa = 237 W/(mK), which leads to homogenous temperature field
during loading, Fig. 4.38. The heat generated @A samples is quickly diffused and the material
is deformed under thermodynamic equilibrium witte teurrounding environment. Only when
necking takes place is observable a relevant isereéd temperaturéiransient adiabatic conditions
of deformation during necking formation and progies), Fig. 4.38. After failure, temperature
rapidly decreases until reaching the environmeetaberature, Fig. 4.37-4.38.

In Fig. 4.37. is illustrated the thermo-elasticeeff Eq. 4.2., occurring at the beginning of
loading, AT **¥=-0.1K .
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To = 298K

Thermo-elastic effect AT =-0.1K ,

max (
o
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3 E AA 2024-T3
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\

012 £ E

|
e

Maximum temperature increase, ATmax (K)
Maximum temperature increase, AT

024 E 0.001 Srlé
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Fig. 4.37. (a) Temperature variation as a functadfrstrain forAA 2024-T3and steeAISI 304. (b) Temperature
decrease due to thermo elasticity.
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Material: AA 2024-T3 - To = 26.12 °C #=0.95 — Strain rate=0.001"s
Temp (K)
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Fig. 4.38. Temperature contours during loading.tiie resolution 320x256 pixels.

Next, is shown the evolution of the material flowess versus strain under different high
loading ratesFig. 4.39. It has to be highlighted that the malestrain hardening is not being
diminished with the deformation rate increase. Sth@racteristic is expected to provide to thisyallo
of good performance under dynamic events like crasimpact as it will be analyzed later in this
document.
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Fig. 4.39. Flow stress evolution versus plastiaistifor different strain rates at room temperature.

In Fig. 4.40. is illustrated the flow stress eva@uatas a function of strain rate for different pias
strain values. ThAA 2024-T3 shows quite reduce@nd almost linearyate sensitivity in the range
0.001 ¢ << 10 &. Such behaviour is in agreement with the obsesmatreported in [Kumar et
al. 1968, Follansbee 1986, Regazzoni et al. 198%irnek and Rodriguez-Martinez 2009, Rusinek et
al. 2010] forFCC metals. Beyond that rate level the flow stress s#dirts to increase, Fig. 4.40. As it
was discussed iSection 2.4.1.such behaviour is certainly related to the viscdrag effects. IAA
drag regime uses to become operative within thgerd00 s' <€” < 1000 . Unfortunately during
testing it was not possible to go beyogiti= 200 s'. Due to low density and stiffness of the material
(in comparison with other metals like steel, coppetantalum widely analyzed in the international
literature), the recorded force/displacement signal was stdiyjeto strong disturbances. It made
impossible to obtain a proper description of theemal behaviour within the range” = 200 s'. In
future works it would be advisable to provide awuwaate definition of the drag regime using, for
example, direct impact shear tests [Klepaczko 1994]
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Fig. 4.40. Flow stress evolution versus strain ratedifferent plastic strain levels.

A remarkable characteristic of this alloy is theosg increase of the strain hardening with the
temperature decrease, Fig. 4.41. It means thatetinperature sensitivity is dependent on plastic
strain(and therefore the rate sensitivity is dependenplastic strain) Because of that, the ductility
of the material seems to be improved at low initgthperaturegwithin the range of temperatures
considered in this work, 223 K ¥ 373 K), Fig. 4.41. It is obvious that such behaviour nsatkes
alloy of main interest for aeronautical applicasan which the service temperature is usually withi

the range 213 K Tp < 293 K.
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Fig. 4.41. (a) — (c) Flow stress evolution verstastc strain for different strain rates and initiemperatures.
(b) — (d) Strain hardening evolution versus plastirain for different strain rates and initial t@@ratures

Based on previous considerations, the thermo-viastip behaviour of thédA 2024-T3 is
modeled using the extend®BtRK model to viscous drag effects.

4.3.2 Constitutive relation for the aluminium alloy 2024-T3

Following the procedure detailed Bection 2.3.2and Section 2.4.2.2he following material
constants for calibration of the extend®iRK model to dislocations drag effects are obtained,
Tables 4.4-4.5.

Y(MPa) B, (MPa) Vv () n,() D,() &0 80 Tn(K)  Emn(S) Ema(S) 8 ()
300 1000.2  0.07023 0.4805 0.0292 0.00845 0.00115900 9 10° 10/ 0.9
Table 4.4. Constants determined £k 2024-T3for thermal and athermal components of MBK model.

X (MPa)  a (-)
286.7  0.00005368
Table 4.5. Constants determined fok 2024-T3for the viscous drag component of MBK model.

The predictions of the constitutive description fitoperly flow stress and material strain
hardening from low to high loading rates, Fig. 4.42
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Fig. 4.42. Flow stress evolution versus plastiaistifor different strain rates at room temperatanmed comparison with
analytical predictions.

Moreover, the rate sensitivity of the material Isoavell described by the model and only some
uncertainties may take place at very high stratesran the drag regime definition, Fig. 4.43.
However, let us assume that well developed visainag effect takes place in this material in
agreement with the considerations reporteddarin [Kumar et al. 1968, EI-Magd 1994, El-Magd
and Abouridouane 2006].
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Fig. 4.43. Flow stress evolution versus strain fatedifferent plastic strain levels at room temagierre and comparison
with analytical predictions.

Moreover, it is remarkable that the model exhilithe capability for describing the strain
hardening variations due to initial temperatureetfFig. 4.44. As it was previously mentioneds thi
fact is of main relevance for aeronautical appicrat where this alloy is widely used.
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Fig. 4.44. Flow stress evolution versus plastiaistifor different strain rates and temperatures aathparison with
analytical predictions.

The experimental facilities used to conduct thdqgration tests are described below.

4.3.3 Experimental procedure for perforation of metallic sheets

Two different experimental setups have been usediialyzing the impact behaviour AA
2024-T3 sheets. High velocity impact tests were conduaisthg the experimental technique
described inSection 4.2.3.1Additionally; low velocity impact tests were coruded using a drop
weight tower. It allows for low temperature testimghich is consistent with the application field of
this alloy.

4.3.3.1The drop weight tower

In order to conduct low velocity perforation testslrop weight tower has been used [Sanchez-
Saez et al. 2007], Fig. 4.45. It allows for perpenlkdr impact on the metallic sheets within thegan
of impact velocities 0.5 m/s Vo < 4.5 m/s. Since the mass of the impactor is chbgethe user, a
wide range of impact energies can be covered. Thp @eight tower has a climatic chamber,
allowing variation of the testing temperature, 9 288 K and § = 213 K. A thermocouple was
connected to a temperature controller regulatiregdpening of an electrovalve, which allowed a
controlled volume of liquid nitrogen to enter thbamber. Thus, the testing temperature can be
accurately defined by the user.
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Fig. 4.45. Schematic representation of the droghiiower JC3M) [Gomez-del Rio et al. 2005].

The tested square specimens presented a size=af@0x100 mrhand a thickness of h = 1 mm.
They were clamped by screws all around the activéase of A = 80x80 mrf. The screws were
symmetrically fixed in order to not disturb thet{dsig. 4.46. The device used to clamp the metallic
sheets had a transparent side madeMMA. Such an arrangement allowed filming the perforatio
process using a high speed camera.

Eight screws

Clamping symmetrically disposed Specimen support

Transparent sid Transparent sid

(@) (b)

Fig. 4.46.Experimental device used to clamp the specimemgduymérforation tests (Design: S. Puerta and J.
Puerta). (a) Clamping, (b) Specimen support.

The steel striker used has a conical shape, Hg. 4its larger diameter ig, = 20 mm and its
mass My = 0.105 kg. After machining, the striker was oilegehed, thereby increasing the yield
stress of the material up t®, =~ 1.0 GPa. It permitted to avoid its damage or erosiluring
perforation, Fig. 4.47.
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Fig. 4.47. Conical striker used during perforatitasts (Design: S. Puerta and J. Puerta).

The striker was attached to the instrumented b#neftirop weight tower, whose mass wagM
= 0.761 kg. Additional mass was added to the stiup final value My, = 18.787 ko(for a final
range of impact energy 59<JE < 190 J) A load cell placed on the striker enabled to rddbe
force versus time signal. The velocity and the ldispment of the striker during perforation can be
obtained by integration of the force-time histoBaptiuste et al. 2010]. After impadtthere was no
perforation of the plate)an anti-rebound system held the striker to awmidti-hits on the specimen.

The post-mortem measurement of the targets-dedleatias conducted using a laser device
following the experimental technique developed aras [Varas 2009]. The laser is coupled to an
articulated beam which is aligned with the plafEsen the laser is connected to a voltmeter which
provides a voltage depending on the distance [alagz/ Taking as reference the undeformed border
of the metallic sheet is possible to know the @ispiment suffered by the target due to the impact.
Details of this technique are given in [Varas 2009]

4.3.3.2The pneumatic cannon

The description of the facilities used to condiatd analyzejhe high velocity impact tests was
already carried out iBection 4.2.3.1

4.3.4 Analysis of the perforation process

Next the impact behaviour of tHeA 2024-T3 sheets is examined.

4.3.4.1The drop weight tower tests

In this section of the document are presenteddbelts obtained using the drop weight tower
setup.

4.3.4.1.1Test at room temperature

In order to estimate accurately the ballistic limglue, the residual velocity is compared to the
initial velocity, Fig. 4.48. Residual velocity vauis assumed as the speed of the striker
corresponding to the failure time. Failure time@sidered as the velocity for which the projectile
pierces the target and ballistic limit is takertlas maximum speed of the striker for which no crack
is generated in the plate. The fitting of the digpicted in Fig. 4.48. exhibits the characteristiape
of the curves obtained from perforation proces8es\ik et al. 1999, Borvik et al. 2002a, Gupta et
al. 2006, Gupta et al. 2007, Gupta et al. 2008a%\dt al. 2008, Rusinek et al. 2008b, Klepaczko et
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al. 2009]. The ballistic limit value obtained fraime experiments performed at room temperature is
=0.8 m/s, Fig. 4.48.
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Fig. 4.48. Residual velocity versus impact veloattyoom temperature.

For the range of impact velocities considered, itiechanisms involved in the perforation
process do not vary with the initial velocity inrelevant way. The slope of the curve force/striker
displacementdF/dd, remains approximately constant regardless of thgaanhvelocity, Fig. 4.49.
However the failure of the targéf/dd, = 0 takes place for larger striker displacement asrtipact
velocity increases, Fig. 4.49.
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Fig. 4.49. Evolution of the impact force as a fimtof the striker displacement for different impaelocities at room
temperature.

The material increases its capability of absorbemgrgy with the augment of the impactor
velocity. Such effect of the impact velocifgnd therefore of the increasing strain rateh the
energy absorbed by the target enhances the appticalh this material for building structures in
charge of bearing dynamic solicitations. Largerdieg effect is observed with the impact velocity
increase, Fig. 4.50.
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Fig. 4.50. Permanent bending of the target foredéht impact velocities at room temperature.

(b)

The analysis of the post-mortem specimens revealgpetalling is the recurring failure mode
for all the perforation tests, Figs. 4.51-4.52hds been noticed that neither the rolling direction
boundary conditions influence the initiation or gre@pagation of cracks. The number of main petals
occurring for each test oscillates between four farel Figs. 4.51-4.52. The appearance of four or
five petals is consistent with the observationsortga in [Landkof and Goldsmith 1993, Wierzbicki
1999]. This number corresponds to a minimum ofl t@tte of energy dissipation. A larger number of
petals would be expected for initial velocities afitthe range of impact velocities applied in the
present study, [Rodriguez-Martinez et al. 2008, itkset al. 2009a]. For impact velocities higher
than a specific value, the energy lost by a progequickly increases. This is a consequence of the
influence of inertia effects in the mechanisms eff@ration. The perforation process becomes less
efficient.

Detail: Petalling

Fig. 4.51. Petalling failure mode forg¥ 2.0 m/s and J=288K.

Onset of cracks precursor
Detail: Onset of cracks  of petals development

Fig. 4.52. Petalling failure mode for,¥ 1.0 m/s and J=288K.
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Petallingis caused by the reduced thickness of the targkébgirthe conical shape of the striker
[Landkof and Goldsmith 1993, Wierzbicki 1999, Raguiéz-Martinez et al. 2008, Rusinek et al.
2009a]. At the beginning of loading, the deformatis localized in the small area corresponding to
the interface projectile/plate, Fig. 4.54-a. Thagaaof the target is strongly deformed and benit unt
failure time, Fig. 4.54-a. When the failure timerémched, several small cracks are generated at the
dome of the interface projectile/plate, Fig. 4.5854-b. Those cracks propagate until they reaeh th
rear side of the plate due to the circumferentiediis induced in the target by the passage of the
striker, Fig. 4.53-4.54-c-d

Vi
/—— Plug ejection ﬂ r ﬂVr

/ Defect surfacé @ @

Ve ! ve
< ::I].I Secondary /<3rimary

ﬂ Stage A Stage B
Crack initiation Stage C
<:Z'H Crack propagation
Bi-axial
loading

*: Due to plug ejection by necking

Fig. 4.53. Schematic representation of petallingrfation during perforation of metallic sheets byrligpherical
projectiles [Rusinek et al. 2009a].

As a consequence, several petals are formed, Bi§38-4.54. These observations are in
agreement with the experimental evidences and uheerical estimations reported by [Landkof and
Goldsmith 1993, Wierzbicki 1999, Lee and Wierzbi@d05, Rodriguez-Martinez et al. 2008,
Rusinek et al. 2009a, Rodriguez-Martinez 2010].
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AA 2024-T3 - ¢=3.25 m/s

Localization of deformation" Cracks propagation

and onset of cracks

(b)

My BN

- 3 ~
. e g

Cracks propagation and
petals development

Cracks propagation and
petals development

(©) )
Fig. 4.54.Different stages of the perforation process fge3/25 m/s and §=288K. (a) Localization of deformation and
onset of cracks. (b) Cracks progression and gemanaif petals. (c) Development of petalling. (dn@dete passage of
the impactor and petalling failure mode.

Next, it is analyzed the effect of testing tempear@in the material response.

4.3.4.1.2Test at low temperature

In this section of the document the effect of thidal temperature on the perforation process is
studied. The tests performed at=T288 K are compared to those conductedyat 213 K. It must be
noted that before testing at low temperature, then@mium sheetgalready clamped and screwed)
were subjected to the testing temperature for 2@utas (as mentioned before, high thermal
conductivity of the material leads to small exposittime for achieving thermal equilibrium with
surrounding temperature)Such a period of time was considered as suitablerder to reach
thermodynamic equilibrium material-target/testiegiperature.
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The first observation concerns the failure modeth#d target. No influence of the initial
temperature on the perforation mechanisms has beserved for the whole range of impact
velocities considered. The final stage of the patfon process is the development of petals, Figs.
4.55-4.56.

Detail: Petalling

Fig. 4.55. Petalling failure mode forg¥ 4.0 m/s and J=213K.

Detail: Petalling

Onset of crack Onset of crack

Fig. 4.56. Petalling failure mode forg¥ 2.0 m/s and J=213K.

However, the difference occurs with the energy dimb by the target, Fig. 4.57. At low
temperature the target absorbs approximately 20d¥e raf energy than at room temperature, Fig.
4.57.
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Fig. 4.57. Energy absorbed by the target as a fonabf the impact velocity for different initialrtgperatures.
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At low temperature the ballistic limit is increaseffom Vb,|TO=288K:0.8 m/s to

Vb,|T0:213 « =1.1m/s. In the case of ¥=1 m/sand To= 213 K the striker does not generate any crack

in the target, Fig. 4.58. However, it was observeHig. 4.52. that for the same impact velocity and
To= 288 K several cracks, precursorpetalling,took place.

Detail: Absence of cracks

Absence of cracks

Fig. 4.58. Absence of cracks fog§ ¥ 1.0 m/s and J=213K.

Permanent bending of the impacted specimens isegraalow temperature for the whole range
of impact velocities tested, Fig. 4.59. In the cab&,= 213 K the target absorbs a larger amount of
energy in the form of plastic work. The materiaémes to increase its ductility with the decrease of
the initial temperature as it was already mentiofadeast for this range of testing temperatures)
Fig. 4.59. Such observation is reflected in theddstriker displacement evolution.
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Fig. 4.59. Permanent bending of the target foredéht impact velocities and initial temperatures

For the highest impact velocities, Fig. 4.60-akg force level for both initial temperatures is
superimposed until target failure in the case @f P88 K takes place. As the impact velocity gets
closer to the ballistic limit, in the case of 3213 K the slope of the curve force/striker displaent

becomes reduced delaying target failure, Fig. 4.60-
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Fig. 4.60. Evolution of the force as a functiorttog striker displacement for different impact véties and initial

From this analysis seems clear the suitabilityA#f 2024-T3 for mechanical applications
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Next, it is examined the behaviour of this alloydan perforation at higher impact velocities
using the pneumatic cannon configuration alreatlpduced inrSection 4.2.3.1.

4.3.4.2The pneumatic cannon tests

Experiments within the range of impact velocitigs /s < \f < 45 m/s are conducted. The
ballistic limit found from the tests ispc 25 m/s. This value is quite lower than that repaffor the
steelES (Vu.es~ 40 m/s) However it must be taken into account thatAl#e2024-T3 plates absorb
more energy than tHeS steel sheets per unit of material density,a¥ 2024-t1dp> Vbi-ed/p-

In Fig. 4.61. are shown final stages of the imgaoctess for different initial impact velocities.
Necking failure is visible in the case of impactogities close to the ballistic limit Figs. 4.61ba-
Onset of cracks takes place along the necking Z€ige4.61-a-b. In the case of impact velocity well
above the ballistic limit, Fig. 4.61-c. those crachave propagated radially resulting in petals
formation, Fig. 4.61.
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Fig. 4.61. Final stage of the impact process fatiahvelocities above the ballistic limit.

However differences with the failure mode obserfggdhe ES steel sheets are reported. In the
case ofAA 2024-T3 deflection of the sheets at failure is much meduced, Figs. 4.62-4.63. Such
behaviour limits the radial sliding along the cataone projectile/plate during perforation. Madéri
stretching and subsequent necking takes placerdan the dome of the contact projectile/target.
Thus, the cracks ocurring in the necking zone rsnaet distance to cover until they are arrested on
the rear side of the target. Petals formed haviddrength.
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Fig. 4.63. Post-mortem deflection of the targetAér 2024-T3and steeES for V=40 m/s.

Next, numerical simulations of the impact procasscanducted.

4.3.4.2.1Numerical analysis of the impact process

The numerical configuration used is that alreadgsented inSection 4.2.4.3.3The failure
strain of the material has been estimated’ir 0.4. Such value is obtained following the procedure

reported in [Rusinek and Zaera 2007] and accorthnthe experimental observations reported by
[Bao and Wierzbicki 2004] for similar&A.

187



Advanced constitutive relations for modeling themigcoplastic behaviour of metallic alloys subjectedmpact loading

From the numerical estimations the ballistic lifmtind is \, = 27 m/s, Figs. 4.64-4.65. Such
value is a bit larger than that obtained from expents. However the differen@eVy = Vpi-numerical-
Vl-experimenta®™ 2 M/S can be assumed in complex dynamic evergslgh velocity perforation.

Moreover, the failure mode of the target prediddgdthe simulations is in agreement with the
experimental observations. The localization prot¢akss place since the beginning of loading along
the whole contact-area projectile/plate, Figs. 46b. Petals development is the final stage of the
perforation process.
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Fig. 4.64. Numerical estimations of plastic straomtours during impact, 0= 32.5 m/s.

From the simulations it has been observed thatntlagimum temperature increase in the
material is approximatelATmax =~ 90 K, Fig. 4.65. It is located in the petals zo8ech value is
much lower than that experimentally measufadd numerically predictedin the case of th&S
steel. That is consistent with the different bebans of both metals.
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Fig. 4.65. Numerical estimations of temperaturetoars during impact, = 40 m/s.

The suitability of the numerical model usddonstitutive relation, failure criterion mesh
configuration)has to be highlighted.

This chapter dealt with the impact-perforation batar of two metallic alloys used for
protection applications, mild steBlS and steelAA 2024-T3 These materials are thermo-
mechanically characterized, analytically modeledl a&ubjected to perforation by non-
deformable projectiles. Their deformation mechasisme tied to their answer under impact-
perforation. Based on the constitutive relationgetigped in chapter 1, numerical models of
the perforation test have been built. The numeneslilts obtained are in agreement with the
experiments in terms of ballistic limit predictiomnd failure mode definition. Plastic
instabilities formation and progression is reveasdhe mechanism behind material failure
in the impact tests.
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Chapter 5Impact behaviour of metallic alloys with martensttiansformation for protection applications

CHAPTER 5

IMPACT BEHAVIOUR OF METALLIC
ALLOYS WITH MARTENSITIC
TRANSFORMATION FOR PROTECTION
APPLICATIONS

Abstract

In this chapter of the Thesis the thermo-mecharbealaviour of two metallic alloys is
examined, the steédlSI 304 and the steelTRIP 1000. These metals showmartensitic
transformation under determined loading conditioitsmakes them attractive for many
engineering applications, especially for buildingrustural elements responsible for
absorbing energy under impact loading. The thermoeplastic characterization of the
materials is conducted and discussed. In additdifferent experimental setups for
perforation of metallic sheets have been usedderoio provide a proper description of the
thermo-mechanical processes taking place underdmparay diffraction technique is used
to determine the potentialartensitictransformation taking place during loading.
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5 CHAPTER 5. IMPACT BEHAVIOUR OF METALLIC
ALLOYS WITH MARTENSITIC TRANSFORMATION FOR
PROTECTION APPLICATIONS

5.1 Introduction

In the last decades, manufacturers have tried tonmee the production time and costs, while
improving the properties and the quality of thedarcts. This is also the case for important economic
sectors like the automobile, naval or civil indiesgyr which have invested substantial efforts in
developing new generations of steels for light-weigtructures capable of bearing strong
mechanical and thermomechanical loading. In orddulfil these objectives, new alloys with high
strength, ductility and toughness have been deedloAmong them, the high strengIRIP steels
have become of great relevance.

As discussed isection 2.6.andSection 3.4 this type of steels shomartensitictransformation
from FCC austenite ) to BCC martensite(a’) under determined loading conditions strongly
dependent on strain, strain rate and temperattnis.tfansformation phenomenon is desirable during
impact loading since it increases the strength dodtility of the material retarding plastic
localization as described by [Fischer et al. 2@D@annay et al. 2008, Curtze et al. 2009, Da Rocha
and Silva de Oliveira 2009, Jiménez et al. 2009] artensively discussed in chapter 3 of this
Thesis.

Thus, theTRIP steels are nowadays in widespread use in the atit@rindustry, for example
in crash-box structures, bumpers or side pannékssd components are responsible for absorbing the
kinetic energy during a crash or accident and maystibjected to dynamic loading during their
service life. However, most of the works availainlehe open literature are restricted to the stoidy
martensitictransformation phenomenon under quasi-static tmpflBouaziz and Guelton 2001, Al-
Abbasi and Nemes 2003, Bouaziz et al. 2008, Cwtzd. 2009]. The transformation mechanisms
under high strain rate have been rarely studiede Potential appearance ohartensitic
transformation under real service conditions isal@ar in many cases.

In this chapter of the Thesis the thermo-mechanimsthaviour of two metallic alloys is
examined, the steehlSI 304 and the steelTRIP 1000. These metals show strain induced
martensitictransformation under determined loading conditidhsnakes them attractive for many
engineering applications, especially for buildirigustures responsible for absorbing energy under
impact loading. The thermo-viscoplastic charactmn of the materials is conducted and discussed.
In addition, different experimental set-ups forfpeation of metallic sheets have been used in order
to provide a proper description of the thermo-meata processes taking place under impact. X-ray
diffraction technique is used todetermine the piémartensitictransformation taking place during
loading. The role thamartensitic transformation plays in the absorption of energyirdy the
perforation process is extensively discussed.

192



Chapter 5Impact behaviour of metallic alloys with martensttiansformation for protection applications

5.2 Impact behaviour of steel AISI 304

In this part of the document the impact behaviduhe steelAlISI 304 is examined. First, it is
conducted a thermo-mechanical characterizationhef material. Then, it is modelled using the
extendedRK model to viscous drag effects. Based on such statating of the material behaviour,
perforation tests oAlSI 304 sheets are conducted. For that task two diffeegperimental setups
are used, a drop weight tower and a pneumatic Bom.results are compared with those previously
reported for mild stedtS andAA 2024-T3.

5.2.1 Thermo-viscoplastic behaviour of the steel AISI 304

Steel AISI 304 is the most versatile and most widely used stamligteel. It has excellent
forming and welding characteristics. Extensivelyedisin a variety of industries, its typical
applications include pipelines, heat exchangerdings, springs or threaded fasteners. The
application fields of theAlSI 304 make relevant the understanding of its thermoepkxstic
behaviour under wide ranges of strain rate and ¢eatpre. The chemical composition of the
material is given in Table 5.1.

C Mn Cr Ni_ Mo Cu Si Nb
0.06 1.54 1847 83 0.30 0.37 0.48 0.027
Table. 5.1. Chemical composition of sta&bl 304 (% weight) [De et al. 2006]

On undeformed state its microstructure is congtituty 100 % ofustenitg(it is not magnetic in
the as-received stateAISI 304 belongs to the type called high-allyRIP steels. They are
austeniticsteels containing large amount of alloying eleme®€r andNi, improving pitting and
corrosion resistance and controllingartensitictransformation. Thenartensitictransformation is
basically ruled by the “Magee effect” [Magee 1966]reported in [Delannay et al. 2008, Fischer et
al. 2000, Leblond et al. 1989].

By means of dilatometry, thmartensitestarts temperature of this material has been déetetn
lower than that corresponding to liquid nitrogemperature, M< 77 K (Unfortunately it was not
possible to determine the value with precisionTek 77 K). The martensitictransformation may
take place under determined loading conditionsntlieation of such loading conditions will
provide valuable information for evaluation of theitability of this material for absorbing energy
under dynamic events. For that task the proceduténed in the next section of the document is
followed.

5.2.1.1X-ray diffraction technique

X-ray diffraction techniqugXRD) has been used in order to examine the potemiatensitic
transformation taking place in this material. Itasvery efficient non-destructive technique that
enables to determine accurately the volume fraatibeach phase as well as the average stress in
each one. Thus, two different goals are pursued:

* Measurement of the stress of the phases both dimedjng (in situ tensile test are
performed for that taskgnd in the post-mortem specimens

* Measurement of thenartensitevolume fraction in the post-mortem specimens.
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XRD is based on Bragg’s law that provides the condifar a plane wave to be diffracted by a
family of lattice planes, Eq. 5.1.

2d,,, .sin@=nA (5.1)

where ¢y is the lattice plane spacingnierreticular distance)of a {hkl} plane family, 0 is the

incident Bragg angle) is the wavelength of the incident X-ray beam amds an integer
corresponding to the order of reflection, Fig. 5.1.

X-rays, A

Fig. 5.1. Principle of X-ray diffraction cand & are respectively the lattice spacing and the Braggle corresponding
to a stress free state).

When Bragg’s law is satisfied, diffraction occurglgpeaks of scattered intensity are observed.

5.2.1.1.1Measurement of the stress of the phases

For stress determination, the classicafisimethod has been used considering the lattice plane
spacing gq of a {hkl} plane family as an internal strain gaufiHauk 1997, Inal et al. 2006]. Stress
of the phases is determined on the surface ofgaeimens using a portadRROTO goniometer. It
enables to analyze elaborately shaped parts dieceample stays fixed during the whole analysis
(the beam is moving around the speciméig. 5.2.
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The BCC phase(martensite inAISI 304) is analyzed by using a chromium anticathode
(A=2.2897A); in order to obtain optimum resuftest accuracy)the analysis of the planes {211}
corresponding to an angl® 2156.1° has been conducted.

The FCC phaseg(austenite)is analyzed by using a manganese anticathioe2102 A); in order
to obtain optimum results, the analysis of the &a{811} corresponding to an anglé 2151.0° has
been conducted.

5.2.1.1.2Measurement of the martensite volume fraction inetipost-mortem specimens

The volume fraction of each phase has been cagztllasing aSEIFERT XRD 3003 PTS
goniometer, Fig. 5.3., taking into account the intensity of diffraction gks for both phases,
martensiteandaustenite

T
Receptor

i Specimen

g tni

L

Transmitter

Fig. 5.3. Goniometer used for calculation of therrmasite volume fraction (ENSAM/Metz).

In the case oAISI 304, a material containing two phases, the volumetistacof martensiteis

V., :%[1+(|V IJ.HR%VM (5.2)

wherel, and|, are the intensity of the diffraction peaks foartensiteandausteniterespectively,
R, and R, are coefficients depending on several parametech as the absorption factor, the

Lorentz polarisation factor, the multiplicity factof the analysed planes families, the volume ef th
crystal lattices and others [Hauk 1997]. Furtheendr, + V, = 1. Both phasegaustenite and
martensite)vere analyzed by using an iron anticathddel 936 A).

In the following section is conducted the thermochamical characterization of this material.

Two different experimental setups have been usectHaracterization of the thermo-viscoplastic
behaviour of the material. Regular tensile testdenrwide ranges of strain rate and temperature.
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Unconventional in situ tensile tests for examinataf the martensitictransformation under static
loading at room temperature.

5.2.1.2Tensile in-situ tests

In situ tensile tests are performed under quasiestzading at room temperature. The specimen
geometry and dimensions used during the testsegietdd in Fig. 5.4.

11

‘:\ }4 \53—
10
I | [

< 52 >
Fig. 5.4 Geometry and dimensions of the in situ tensileispats.

The sample is mounted in a micro tensile machiigirally developed irENSAM/Metz, Fig.
5.5. Such reduced dimensions of the sample an®atée space constraints imposed by the testing
technique. The testing machine is placed under rdrge of thePROTO goniometer. The

longitudinal direction of the active part of thargale is aligned with the direction of the movement
of thePROTO goniometer beam.

-

A Measufement point
~ %" direction

Beam movement direction during
stress determination

Fig. 5.5. Experimental setup for in situ test (ENBMetz).

The first step is to compare the macroscopic ssgai curve obtained from the experiments
with results provided in the literature [Heckeragt 1982, Tomita and Iwamoto 2001]. Satisfactory
agreement is found from the comparison, Fig. 56rodm temperature and low loading rate the

AISI 304 shows an initial yield stress close clxl)f,,:o =300 MPg, Fig. 5.6-a. This material possesses

notable strain hardening which enhances materiafildy. Strain hardening keeps approximately

constant until determined value of plastic defororats reachedg® =0.25 , Fig. 5.6-b. Beyond that
point the material flow stress sharply increasés, 3-6-a.
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Fig. 5.6. (a) Flow stress evolution versus straiml@omparison between our experiments and thosatexpin [Hecker
et al. 1982, Tomita and lwamoto 2001]. (b) Straardening evolution versus strain under static loaedat room
temperature.
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From the in situ stress measurements conductedetvealed that such strain hardening increase
is caused bymartensitic transformation, Fig. 5.7. Beyon&® >0.27 the volume fraction of
martensitestarts to be relevant and tmeartensitestress can be determinddolume fractions
V,,<10% do not allow for a proper stress determinatisingXRD).
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Fig. 5.7. Overall flow stress evolution and marienstress evolution as a function of plastic strander static loading
at room temperature.

The stress imusteniteduring loading has also been determined. Forhalltests conducted
austeniteacts as the soft phase of the material, Fig. Befeatability of the measurements must be
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highlighted. It was previously mentioned that th@uwme fraction ofmartensitewas not relevant

until €° =0.27, however in Fig. 5.8. it can be seen thadrtensite(at least an small amount
V,,<10%) appears since the beginning of load(tige overall flow stress is larger than the austeni

stress from very low values of plastic deformatidn) order to induce the visible extra strain
hardening reported in Fig. 5.6-a. large volumemaftensites required, V. > 10 %.

e aead Taataesaneat s asaeoe? 1750 g I T T T e ey
E Material: Steel 304 E E Material: Steel 304 E

- 1575 £ 3

. 0=293K ﬁé E . %:T0:293K E
$ 140 00001 s Es § 1400 £ 00000833 s* 3
S e = S E 2
= 122 Flow stress g% 7 =, 1225 Flow stress 3
o’ 105 ¢ Austenite stress %E é o’ 1050 £ ¢ Austenite stress 7
7] 3 g8 4 g 3 3
o 875 E 58 2 o 875 3
= E =% j = E 3
:E_; 700 £ §{E§10% E g 700 3
T 525 E 3 + ¢ . S 525 b E
S E § Necking 3 S E |
T 350 § XXX 4 S 350 & 4
175 F E 175 3

0 3 | | | | | | | | | | | | | | | TE 0 | | | | | | | | | | | | | | | ;

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 04 0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4

Equivalent plastic strain, € Equivalent strain, €y

(a) (b)
Fig. 5.8. Overall flow stress evolution and austesiress evolution as a function of plastic stiamter static loading
and room temperature.

The volume fraction in the specimens tested ha® loestermined, Fig. 5.9. The amount of
martensitevaries between ¥=55 % in both ends of the active part of the speniesred V(=70 % in
the necking zone, Fig. 5.9. It has to be noted sh@h amount ofnartensiteis larger than that
determined in the literature by means of magnettiques, Fig. 5.10. The accuracy of the latter
method has been recently questioned by the seeoctmmunity.
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Fig. 5.9. Volume fraction of martensite after tegtalong the active part of the specimen.
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Fig. 5.10. (a) Actual volume fraction of martenditemed during straining at room temperature ingiem at low and
high strain rate at room temperatufelecker et al. 1982]. (b) Formation of martensitg tensile plastic strain at various
deformation temperatures [Angel 1954].

Since the greatest volume fractionrofrtensiteis located in the necking it seems that plastic
deformation is the dominant mechanism which resipgdsnd the transformation phenomenon in this
material. The free energy supplied by the matati@ining relegates to a secondary role the inereas
of temperaturdinhibitor of martensitic transformatiorjue to conversion of plastic work into heat
(and due to martensitic transformation by itselfisthis an exothermic process [Rusinek and
Klepaczko 2009])Then it is necessary to investigate the temperaticrease in the material during
loading. This point is discussed in the followiregson of the document.

5.2.1.3Reqular tensile tests

The specimens used during regular tensile testaragous to those used in the cas&®f
steel andAA 2024-T3 Fig. 4.5. For determination of the temperatuiease during loading, low
rate tensile tests have been recorded using icfre@enera, Fig. 5.11. The experimental procedure
followed for the temperature increase determinat®@nalogous to that reported fafs steel in
Section 4.2.1.2.

In Fig. 5.11. is illustrated the temperature insgedaking place ate® =0.01s' for the steel
AISI 304 and theAA 2024-T3 (materials having similar flow stress level withire rangeg” <0.1 ,
Fig. 5.11-c) For theAlSI 304 the temperature is increasing during the wholevibereas in the case
of AA 2024-T3it remains constant and close to the environmeataperature. As it was previously
mentioned, this behaviour is certainly caused bg tbwer thermal conductivity of steel in
comparison withAA (K,, =237 W/(mMJK)> K, = 80 W/(fd F).

In comparison with thé&A, the thermo-elastic effect, Eq. 4.2., is moreae#ble in the case of
the steelAISI 304, AT =-0.32 K>AT5*"Y=-0.1K. Such observation is certainly tied to

. . . . E
the larger Young’s modulus of steel alloys in congzan with aluminium aIons,Ei =3.

AA
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Fig. 5.11. (a) Temperature variation as a functadfrstrain forAA 2024-T3and steeAISI 304. (b) Temperature
decrease due to thermo elasticity. (c) Flow stmssution as a function of plastic strain faA 2024-T3and steeAlSI
304under static loading at room temperature.

In the following graphs, Fig. 5.12, is reported the AISI 304 the maximum increase of
temperature during loading in the cased3f=0.01s'. The material temperature is continuously
increasing with stress and strain, Fig. 5.12. Noear relation between temperature increase and
plastic deformation, Fig. 5.12., is due to both dependence of the inelastic heat fraction on iplast
strain (as previously discussed for mild st&3) and themartensitictransformation [Rusinek and

Klepaczko 2009].

When instability takes place, a sudden increaserperature is observed, Figs. 5.12-5.13. At
that moment high strain rate level is reached i mlecking, the deformation process seems to
become adiabatic. The heat generated in the ihsyaki hardly diffused to the rest of the sample,

Fig. 5.13. Maximum temperature recorded duringtéls¢is close taTmax~ 110 K, Fig. 5.12.

200



Chapter 5Impact behaviour of metallic alloys with martensttiansformation for protection applications

(®)

ma;

Maximum temperature increase, AT

T e — ——— — 200 —~ 200 Errm s
180 £ 0,015 - éxlso - Material: AIS| 304 E
3 To=208K '_“s’ Eo0o01s? Neckin E
160 F o < 160 £ To=300K i E
E = 5 E / Failure E
= < @ E / E
woE o B 2140 & / ]
120 £ o o 2 - E
3 2 S 120 b ' 3
100 %: 600 ﬁ g 100 é é
80 E 12 = E E
2 a T 80F 3
60 E 3 400 2 o E 3
7 z  § eo: 3
40 3 = E E
200 & E 2t 3
20 E L0
Material: Steel AISI 304 - 3 3 E
0 Erm bbb s bbb s, 0 = 0 & sl bbb dabi e bbb d
0 0.1 02 03 04 05 06 0 10 20 30 40 50 60 70
Equivalent strain, € (a) Time, t (s) (b)

Fig. 5.12. (a) Maximum temperature increase veggastic strain and flow stress evolution versusspitastrain.
(b) Maximum temperature increase versus time.
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Material: AISI 304 steel - To = 26.12 °C#=0.95 — Strain rate=0.01s
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Fig. 5.13. Temperature contours during loading.tBie resolution 320256 pixels.

Tests at higher strain rates have been performede®A 0.05 s' the maximum temperature
during the test reach@s max~ 140 K, Fig. 5.14.

202



Chapter 5Impact behaviour of metallic alloys with martensttiansformation for protection applications

o i B R T T 1200 o 200 T
< 180 £ 0.05s! =, 180 [ Material: AISI 304 0.05s™ 3
l_g 3 To = 298K 1000 g E Failure Necking To=298K 3
<]— 160 E: én ; 160 é é
@ E <. ) E 3
g 140 ¢ lg0 B g0 ]
g 120 £ o 3 2 3
g 100 3 n e E
o 3 E a o E E
£ 3 600 g £ 100 ¢ 1
© 80 & $ T 3 E
g E 9 o 80 ¢ E
60 F 5 400 < =3 E E
s 7y 3 E 60 E
e 40 g c E
E 200 = 5 40
£ 2 E b
3 ial: Steel AISI 304 ° s ¢
= 0 SN Bt s 0
0 0,1 0,2 03 05 0,6 0 2 4 6 8 10 12 14 16
Equivalent strain, € Ti
’ ime, t (s
eq @) (s) (b)

Fig. 5.14. (a) Maximum temperature increase veggastic strain and flow stress evolution versusspitastrain.
(b) Maximum temperature increase versus time.

An heterogeneous distribution of temperature ishied since the first stages of the deformation
process, Fig. 5.15. Temperature increase is earigantrated in the central part of the specimen,
Fig. 5.15. There, in the necking, the material wesaunder adiabatic conditions of deformation.
Once instability takes place the evolution of terap#re with global deformation goes steep, almost
following a vertical asymptote, Fig. 5.14. Thereforstrong gradients of deformation rate are
expected in the necking zone.
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Material: AISI 304 steel - To = 26.12 °C#=0.95 — Strain rate=0.05"S

Homogeneous temperature Homogeneous temperatur, Heat starts to focus in
distribution at the distribution at the the central part
beginning of loading beginning of loading
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Fig. 5.15. Temperature contours during loading.tBie resolution 320256 pixels.

Previous considerations are patently clear whentésting strain rate is increased up to
€ =0.1¢", Fig. 5.16.
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Fig. 5.16. (a) Maximum temperature increase veggastic strain and flow stress evolution versusspitastrain.
(b) Maximum temperature increase versus time.

In this case flow localization involves a maximuemperature increase off ~ 140 K, Fig.
5.16. Heterogeneous temperature distribution atbagample is observed during, almost, the whole
test, Fig. 5.17. It has to be remarked that in néderial transition between isothermal and adiabat
conditions of deformation seems to take place &y Jow values of global testing ratat least in
comparison witleS steel andAA 2024-T3.
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Fig. 5.17. Temperature contours during loading.tBie resolution 320256 pixels.

Then, themartensitestress distribution and the volume fractiomudrtensiteare obtained along
the active part of the tested samples, Fig. 5118. of main relevance to highlight that S| 304
martensitictransformation takes place for temperature inerea®rAT > 140 K, Fig. 5.18-a. This

revelation is reported for the first time in theeagiterature. Even 00 s' it is found V,~30 % in
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the necking of the tested sample, Fig. 5.18. Uhdghly dynamic loadingnartensitictransformation

takes place in stedllS| 304.
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Fig. 5.18. Residual stress in martensite and veldiraction of martensite in tensile specimens teatalifferent strain

rates

The measured volume fraction wfartensiteincreases as one move from the ends of the active
part to the necking zone. Thus, thartensitestress becomes reduced close to the necking Bipce
5.3. must be fulfilled.

0=0,V,.+0, [V, (5.3)
Flow stress evolution versus plastic strain forhigading rates is depicted in Fig. 5.19. Under

such loading conditions the material keeps elevataitk hardening enhancing ductility. It is proven
the role played bynartensitan such behaviour.
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Fig. 5.19. Flow stress evolution as a functionh&f plastic strain for different strain rate levelsroom temperature.

Finally it is examined the effect of temperaturethe material behaviour under static loading.
Two different initial temperatures are checked=T77 K and § = 193 K, Fig. 5.20. For both cases,
the macroscopic strain-stress evolution finds agesg# with the results reported in [Tomita and
Iwamoto 2001, Hecker et al. 1982, Huang et al. 1989

For the test at ' = 193 K the specimen was placed inside a bathobdl £arbon dioxide
guarantying a constant temperature during loadkghis temperature thalSI1 304 shows an initial

yield stress cr|Ep=0 = 400 MPe. At the beginning of loading the stress does notdase with plastic

deformation in a relevant way, however for a certealue of plastic deformatiog® =0.125 the
stress level dramatically augments, Fig. 5.20-ds taused by largmartensitictransformation. It
proofs that inAISI 304 themartensitictransformation is strain induced for the wholegauof initial
temperatures.

For the test at = 77 K the specimen was placed inside a bathgafdinitrogen guarantying a
constant temperature during loading. The increds&rain hardening takes place fef =0.075.
The post-mortem analysis revealeg2100 % along the whole active part of the sampig, %.20-b.
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Fig. 5.20. Flow stress evolution versus plastiaistriat low strain rates. (a)oF193 K, (b) 5=77 K. Comparison with
experimental results [Huang et al. 1989, Heckeasle 992, Tomita and Iwamoto 2001]

It has to be noted that extra strain hardening \aehaonly takes place iAISI 304 at very low

initial temperatures or very low strain rates. Heerethe phase transformation is proven to occur
under wide ranges of loading conditions improvirgt@nial performance under dynamic solicitation.

208



Chapter 5Impact behaviour of metallic alloys with martensttiansformation for protection applications

In order to analyze the suitability of this matéri@ar absorbing energy under impact in the
following section of the document is conducted tmacroscopic modelling of the thermo-
viscoplastic material behaviour.

5.2.2 Constitutive relation for the steel AISI 304

At room temperature the material does not exhiffiecé of strain on the rate sensitivity.
Therefore the extendd@dK model to viscous drag effects [Rusinek and RoaZeMartinez 2009]
has been used for modeling the thermo-viscopldmitaviour of the material. It is assumed that
using such formulation it is not possible to defithee extra strain hardening observed at low
temperatures. However, let us considered the muglediported below as suitable for description of
the material behaviour under dynamic loading ahréemperature.

Thus, by means of the calibration procedure repgomeSection 2.2.1and Section 2.4.2the
following set of material constants has been fodratles 5.2-5.3.

B, (MPa) Vv ) n () D, & () o, (MPa) m () D, () Tm (K)  &min (S_l) émax(s-l)
1243.6 0.001 0.36 0.035 0.0118 117.72 129 055 1600 fo 10/
Table 5.2. Constants determined for the std€l 304 for theRK model

X (MPa) o (-)
200.83 0.0009774
Table 5.3. Constants determined for the séd&ll 304 for the viscous drag component of the exteriRléanodel.

It is observed that in Fig. 5.21. the analyticaédictions of the constitutive description fit
properly the experimental results within wide rasm@é strain rate at room temperature. Flow stress
level and material strain hardening are satisfdgtdefined, Fig. 5.21.
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Fig. 5.21. Flow stress evolution versus plastiaistifor different strain rates at room temperatanmed comparison with
analytical predictions.

The model describes the reduced rate sensitivayaceristic oFCC metals at low strain rates
[Kumar et al. 1968, Follansbee 1986, Regazzoni.#9&7, Rusinek and Rodyuez-Martnez 2009,
Rusinek et al. 2009a] as well as the flow stresgeimse due to dislocations drag at high strairsrate
Fig. 5.22.
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Fig. 5.22. Flow stress evolution versus strain rfatedifferent plastic strain levels at room temaierre and comparison
with analytical predictions. Comparison with expeents reported in [Follansbee 1986].

Next, perforation tests oAISI 304 sheets are conducted using the experimental tfasili
reported inSection 4.2.3.1and Section 4.3.3.1The results are compared with those previously
reported for steeES and AA 2024-T3 The goal is to examine the suitability AfSI 304 for

absorbing energy under dynamic solicitation anddétermine if martensitic transformation still
occurs under impact loading.

5.2.3 Experimental procedure for perforation of metallic sheets

Two different experimental setups have been usedrfalyzing the perforation behaviour of the
AISI 304 sheets.

5.2.3.1The drop weight tower

The description of the facilities used to condf{astd analyzejhe low velocity impact tests was
already carried out iBection 4.3.3.1

5.2.3.2The pneumatic cannon

The description of the facilities used to condiatd analyzejhe high velocity impact tests was
already carried out iBection 4.2.3.1

5.2.4 Analysis of the perforation process

First, the results obtained using the drop weigiver are reported.

5.2.4.1The drop weight tower tests

The first step is to obtain the ballistic curveidesl velocity versus impact velocity, Fig. 5.23.
following the procedure detailed iSection 4.3.4.1 The ballistic limit for AISI 304 at room

temperature isv,, =2.9 m/s (much larger than that corresponding AA 2024-T3, Fig. 5.23. For

that velocity the impact does not lead to any cracthe target, Fig. 5.23. In Figs. 5.24-5.25-5.26.
can be observed that small increments in the impelcicity involve a progressive appearance of
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necking and failure in the interface projectilegeetr That necking is precursor of crack generation
and subsequent petalling development.
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Fig. 5.23. Residual velocity versus impact veloattyoom temperature.
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Fig. 5.24. Absence of cracks, sté¢bl 304, V,=2.9 m/s at room temperature.

Detail: Target pierced

Target pierced

Large bending effect

Fig. 5.25. Pierced target, steAlSI 304, V,=3.0 m/s at room temperature.
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Detail: Target pierced

Target pierced

Large bending effect

Fig. 5.26. Pierced target, steAlSI 304, V,=3.25 m/s at room temperature.

It has to be highlighted the good performance ef steelAISI 304 under impact, at least in
comparison withAA 2024-T3. For both materials, let us calculate the ratithefenergy absorbed by
the target per unit of material density, Fig. 5.Ztom that comparison th&SI 304 comes clearly
benefited, it absorbs more than double energy tha\A 2024-T3 Fig. 5.27. It has to be noted
that in the case d&ISI 304 the amount of energy absorbed by the tafgeyond the ballistic limit)
decreasesvith the impact velocity, within the range of impaelocities tested, Fig. 5.27. It is a
transient trend due to proximity of the impact iy to the ballistic limit(optimum perforation)
[Landkof and Goldsmith 1993, Wierzbicki 1999, Rueiret al. 2009a]. It is expected that for larger
impact velocities the energy absorption will in@eas reported in [Borvik et al. 2002b, Arias et al
2008, Rusinek et al. 2009a].

15 e SIS e e g

g T T
| To=288K * Steel AISI 304 E
E ¢ Aluminim alloy 2024-T3 3
12 F E

Ballistic limit O)

©o
T
|

Ballistic limit

(<2}
T
|

Normalized energy absorbed by the target
Elp (mJ(/kg/m®)
T
.
3
L

Impact velocity,V0 (m/s)

Fig. 5.27. Energy absorbed by the target as a fonabf the impact velocity at room temperature.

Such good performance of th&lSI 304 under impact is enhanced by tmeartensitic
transformation which takes place during perforatibhe impacted plates have been cut; petals and
cracking interfaces have been examined u$igM, Fig. 5.28. For the whole range of impact
velocities coverednartensitehas been found in the tested specimens, Fig. 5.28.
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Fig. 5.28.SEM micrographies of petals iAISI 304 impacted plates.(a)#4.4 m/s, (b)-(c) ¥=3.5 m/s.

Unfortunately, due to complicated shape of thegslatfter impact, the exact volume fraction of
martensitecould not be accurately quantified. In additiomgrtensitictransformation seemed to be
heterogeneously distributed showing strong depeselem grains orientatiofmaterial strongly
deformed which makes difficult the observationha imicrostructure) Fig. 5.28. However, it is
assumed that theartensitefound in the specimen may have an important rolehe perforation
process, enhancing material strain harde@deast locally in the proximity of the cracksewvé the
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maximum concentration of martensite was fouartt) therefore improving the capability of tRESI
304 for absorbing energy in form of plastic wqidcacks are demanding larger amount of energy to
progress)

Next, the force/striker displacement evolution daiferent initial impact velocities is depicted,
Fig. 5.29. The slope of the curve force/strikemptiisementoF/add, remains constant regardless of

the impact velocitysuch behaviour was also observed in the cas&foR024-T3, Fig. 5.29. The
maximum force recorded is rather independent ofarhpelocity, Fig. 5.29.
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Fig. 5.29. Evolution of the impact force as a fimtof the striker displacement for different impaelocities at room
temperature.

Thus, in the case of those tests leading to completforation of the target, the recurrent failure
mode is petallingas it was observed f&kA 2024-T3, Figs. 5.30-5.31. Neither the rolling direction
nor boundary conditions influence the initiationtbe propagation of cracks. Within the range of
impact velocities considered, the number of petalses between three and five [Landkof and
Goldsmith 1993, Wierzbicki 1999].

Detail: Petalling

Onset of cracks

Fig. 5.30. Petalling failure mode, ste®lS| 304, V,=3.5 m/s and room temperature.
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Detail: Petalling

I?Yplete perforation
arge bending effect

Fig. 5.31. Petalling failure mode, ste®ISI 304, V,=4.4 m/s and room temperature.

Large permanent bending can be observed in the cieghaplates(much larger than that
reported forAA 2024-T3, Figs. 5.32-5.33.
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Fig. 5.32. Permanent bending of the targetAd®l 304 andAA 2024-T3for V,=3.5 m/s at room temperature.
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mechanism for absorption of energy during perforatiHigh work hardening exhibited by this
material spreads plasticity along the samples dupigrforation(high velocity of the plastic waves)

It homogenizes material behaviour leading to a @loesponse to the impact by the whole plate, Fig.
5.33.
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Fig. 5.33. Permanent bending of the target foredéht impact velocities at room temperature.
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In Fig. 5.34. is shown a sequence of images ofp#réoration process fo¥, =4.4 m/s. It is

visible that before the onset of cracks take pkheeplate is strongly bent and deformed from the
clamped perimeter up to the contact zone projépldee, 5.34-a. Failure occurs and cracks quickly

propagate until the rear side of the target leadmgoetalling formation as final stage of the
perforation process, 5.34-b-c-d.

AISI 304 - \p=4.4 m/s

Localization of deformation

and onset of cracks Cracks propagation

(b)

e propagatiguie Cracks propagation and
petals development

petals development

(€) (d)

Fig. 5.34. Different stages of the perforation pges for ¥=4.4 m/s at room temperature. (a) Localization of

deformation and onset of cracks. (b) Cracks progimsand generation of petals. (c) Developmentetdlpng.
(d) Complete passage of the impactor and petaftiiigre mode.

Next, the results obtained using the gas cannorepted.
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5.2.4.2The pneumatic cannon tests

Experiments within the range of impact velocitiés rB/s< V, < 85 m/sare conducted. The
ballistic limit found from the tests ispV= 75 m/s. It is necessary to highlight that in corgmn with
steelES andAA 2024-T3 steelAlSI 304 shows the largest ratio ballistic limit/materig@nsity .

AISI 304/PAISI 304 = Vb|-2024.'|':1p2024-1'3 > VbI-EdPES This material possesses excellent mechanical
properties for the absorption of energy under dynawlicitations.

In Fig. 5.35. is shown the final stage of the intgarocess for different initial impact velocities.
Failure by necking and subsequent propagationaifksris the recurrent failure mode of the plates.
Large bending effect leads to radial sliding projefplate. Necking appears close to the dome ef th
contact projectile/plate and large petals are fahnkég. 5.35.

Projectile diameter: 10 mm Detail of the zone directly Projectile diameter: 10 mm

Mass: 0.063 kg . Mass: 0.063 kg
Impact velocity=7 affected by the mp‘?d Impact velocity=74.62 m/s
Incomplete perforation

Neckinc

Necking

Yig,
B S
—————

(] (]
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Detail of the zone directly
affected by the impact

Complete perforation

Neckinc

propagation

Crack
Projectile diameter: 10 mm propagation \

Mass: 0.063 kg
Impact velocity=78.15 m/s (c)

Fig. 5.35. Final stage of the impact process fdfedent initial velocities.
(8) Vo= 72.15 m/s, (b) y=74.62 m/s, (c) y= 78.15 m/s.
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Such a large bending of the plates is enhancedingtieasing impact velocity, Fig. 5.36. For a
given impact velocity,V, =48 m/s AISI 304 and ES steel sheets show quite similar permanent

deflection. In the case &S steel such loading condition corresponds to marirbending, however
in the case ofAISI 304 bending in still much more increased until bailtidtmit is reached, Fig.

5.37.
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Fig. 5.36. Post-mortem deflection of the targetAtBl 304 and steeES for V=48 m/s.

2
0

g.% . Passage of the projectile 0O
Clampled part ) IS Clampled part
Z ‘i QQQO OQQQ §] pled p:
<X, & ‘
a -4 o o
9
© 2 %e

- < <o

6 g s $ §§§§

8 Qs

2
0
1) <
Clampled part G& 65 Clampled part

‘ &&é Passage of the projectile é% ‘

é%%g gégé

-4

p

-6
-8

KN
o

Deflection of the plate, & (mm)
Deflection of the plate, & (mm)

¢ Vo =78.00 m/s
© Vo =29.11m/s Impacted side 0%
Shortest lenght
Material: AISI 304

AT AT POV PO POV POV PAYOY FEYOY FAYOY FPUOY FYUOY FYUOY FYVOY V01 FOVOY RPN PN VISP PP T O
50 -40 -30 -20 -10 O 10 20 30 40 50

Target length, L‘ (mm)

Impacted side
Shortest lenght

Material: AISI 304

TIPSO PSPy PEIY VY POV POV PYTEY PYVRY PAYEY PAYOY PAYOY FYUVY FYUVY FYUSY FYVOY V01 FEVOY FOVPY PPN FPPY PP
50 -40 -30 -20 -10 O 10 20 30 40 50

Target length, LI (mm)

10 % © Vo =67.65m/s o o

¢ Vo=78.15m/s

-60 60 -60 60

(@)

Fig. 5.37. Post-mortem deflection of the targetdifferent initial impact velocities.

(b)

Thus, in order to understand such good performahtee AISI 304 under the gas cannon tests
the procedure followed for analyzing thartensitetransformation in the drop weight tower tests has
been repeated. Agaimartensitehas been found for the whole range of impact veds; especially
in the petals and around the cra¢ksong material deformation makes difficult thesetvation of
the microstructure, however traces of martensite\asible in all cases)ig. 5.38. It is clear that for
AISI 304, martensiteis induced by material straining even under impagénts. It makes this
material propitious for bearing dynamic solicitaiso
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Martensite Q

i

Material flow :
Martensite

Traces of martensite (EU et Raret)

Martensite

U
@

Fig. 5.38.SEM micrographies of petals iAlSI 304 impacted plates, j#78.15 m/s.

(b)

Next, numerical simulations of the gas cannon tastsconducted. Such procedure will allow
for estimation of the strain rate and temperatevels reached during the tests. It will providefulse
information to analyze the loading conditions inietimartensitictransformation is occurring.

5.2.4.2.1Numerical analysis of the impact process

For the simulations of the impact on tA&I 304 sheets the numerical configuration already
introduced inSection 4.2.4.3.3as been used. Moreover, let us assume the sampéfied failure

criterion estimated foES steel, € =1.

From the numerical estimations the ballistic lifatind is \, =~ 85 m/s, Figs. 5.39-5.40-5.41.
Such value is a bit larger than that obtained fexperiments. However the differens®'y; = Vy.
numerical = Vbl-experimental~ 10 m/s can be assumed in complex dynamic evekésHhigh velocity
perforation. The suitability of the numerical modekd(constitutive relation, failure criterion mesh
configuration)has to be highlighted.
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AISI 304 — =75 m/s — t=36Qs
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Fig. 5.39. Numerical estimations of strain rate aathperature contours during impact ¥ 75 m/s.
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AISI 304 — \K=85 m/s= Ballistic limit— t=360us
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Fig. 5.40. Numerical estimations of strain rate aathperature contours during impact %85 m/s.

From the simulations it has been observed thati@@mum strain rate in the material is within
the range 1000 §' <€ < 5000%, Figs. 5.39-5.40-5.41. It leads to a maximum iasee of
temperature within the range 200<KAT < 300 K, Figs. 5.39-5.40-5.41. Such values are isters
with the experimental observation reported & steel if we take into consideration the largewflo
stress level of thélSI 304. It can be concluded that even under very highpature increase
martensitictransformation occurs in this material, improvitggperformance under fast solicitations.
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Fig. 5.41. Numerical estimations of strain rate aathperature contours during impact %100 m/s
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5.3 Impact behaviour of steel TRIP

In this part of the document the impact behavidusteel TRIP 1000 is examined. First, it is
discussed the thermo-mechanical characterizatiorthef material conducted by Rusinek and
Klepaczko [Rusinek and Klepaczko 2009]. Then pation tests using the drop weight tower are
carried out. Experiments at different initial temgderes § = 213 K and § = 288 K were conducted.
The main goal is to examine the potentizrtensitictransformation taking place iRIP 1000
under dynamic loading. A comparison with those ltssteported for theAlSI 304 is conducted.
Optimization of materials for absorbing energy urdignamic solicitations is pursued.

5.3.1 Thermo-viscoplastic behaviour of the TRIP 1000 stée

TRIP 1000 multiphase steel belongs to the type called IdayalRIP steels. This sort of steels
is nowadays in widespread use in automotive ingludir example in crash-box structures
construction. Such mechanical components are reggenfor absorbing energy during crash or
accident. The goal is to have advantage of thenpiatenartensitictransformation taking place in
this kind of material for increasing its strengtidaluctility during loading.

Low-alloy TRIP steels present a microstructure consistingfesfite, bainite and retained
austeniteat room temperature. They use to contain low amainaustenitestabilisers which
promote the phase transformation [Fischer et &020Qiu et al. 2008]. Generally, in low allyRIP
steels theretainedausteniterepresents less than 20 % of the total volume, Bi2., and just a
fraction of thataustenitemay be transformed during a mechanical solicitatio

Y. : Austenite

o : Ferrite
a, : Martensite

Fig. 5.42. Scheme of the microstructure efRIP steel

These multiphase steels can be treated, up totairc@oint, as composite materials where the
retained austenite acts as inclusions embedded in fexrite-bainite matrix. The martensitic
transformation is basically controlled by the “Gre®od- Johnson effect” as reported in [Delannay
et al. 2008].

The chemical composition of tiHeRIP 1000 multiphase steel is given in Table 5.4 [Oliverakt
2007].

C Mn Si Cr P Al Ni
0.16 1.58 1.47 0.20 0.087 0.048 0.04
Table 5.4. Chemical compositionTRIP 1000(% of weight)[Oliver et al. 2007].
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It underwent several heat treatments. After beoied, it first was annealed in th&C1-AC3
(beginning AC#%1023 K and ending of austenitization AQ313 K) austenitization temperature
range, in order to obtain a maximum amount of net@daustenite Then, it was quickly cooled down
to T= 670 K, when it underwent a tempering for the faioraof somebainite It makes the carbon
issued from thderrite migrate to theaustenite(carbon enrichment and stabilization of this last
phase).The resulting microstructure is a multiphased malteronstituted offerrite, bainite and
about 8% of retainedustenitgless than 2% on the surface and about 15% in tine: ¢his gradient
of composition along the thickness has been shdten @ series of electropolishings every 50pum)
Fig. 5.43. The volume fraction of each phase has lggantified using picture correlation techniques
(ScanningElectronMicroscope $EM) observationsas well asxRD.

Fig. 5.43.SEM micrograph of thel'RIP 1000steel showing mainly bainite (B) and ferrite (F) the surface.

Moreover, themartensitestarts temperature of this materials M135 K, has been determined
by dilatometry(cooling rate of 20°C/s).

The surface roughness of the material has beelyzatal A mechanical treatment call&skin
pass” is applied to th@RIP 1000 steel during manufacturing process. It generatiesonplasticity
on the surface of the sample, Fig. 5.44.

Micro-plasticity

Detail: Surface roughness

690.3 um

4.8 mm

Fig. 5.44. Surface roughnessTRIP 1000steel.
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The induced local plasticity acts as preferred @lae the localization of deformation [Rusinek
and Klepaczko 2009].

Moreover,XRD has enabled to determine the residual stresseifethtic phase in the initial
state of the material: 25 MPa in the rolling direct(LD) and -70 MPa in the transverse direction
(TD). These values of residual stresses are negligitilee case of &ligh StrengthSteel HSS) like
TRIP 1000. Such reduced residual stress level has been eddby the previously mentioned
mechanical treatmeiftSkin pass”) which, after rolling, has been applied to the mate

Next, it is discussed the thermo-viscoplastic bé&havof the TRIP 1000. The tests were
originally performed by Rusinek and Klepaczko [Fwbi and Klepaczko 2009].

5.3.1.1Literature review

In order to characterize the material behavioursite tests were conducted at different loading
rates [Rusinek and Klepaczko 2009]. The specimemgéy and dimensions are analogous to those
used in the case &S steel AA 2024-T3andAlISI 304, Fig. 4.5.

The evolution of the flow stress as a function lakspc strain for different rates of deformation is
shown in Fig. 5.45-a. ThERIP 1000 steel has reduced strain rate sensiti@iitythe range of strain
rates covered during the test$)ig. 5.45-a. Such an observation is in agreematht experimental
data reported in the literature for oth€®S, [Larour et al. 2007, Rusinek et al. 2009a]. Ig.[.45-b
[Rodriguez-Martinez et al. 2010b] is depicted hbw lbgarithmic rate sensitivity decreases with the
initial static yield stress.
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(@) (b)
Fig. 5.45. (a) Flow stress @RIP 1000as a function of plastic strain for different laad rates. (b) Evolution of the
logarithmic strain rate sensitivity as a functiohtbe initial static yield stress for different stalloys [Rodriguez-

Martinez et al. 2010b].

Under quasi-static loading, the material exhibitgportant temperature sensitivity, Fig. 5.46-a.
Temperature decrease leads to greater strain hagiddéng. 5.46-b. Such behaviour comes from the
straining ofausteniteand subsequemnhartensitictransformation [Rusinek and Klepaczko 2009].
Temperature sensitivity is revealed as plastigrsttapendent, Fig. 5.46-c.
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Fig. 5.46. (a) Flow stress @RIP 1000as a function of plastic strain for different iaittemperatures. (b) Strain
hardening ofTRIP 1000as a function of plastic strain for different ialttemperatures. (c) Evolution of the flow stress
as a function of temperature for different plagtiain values.

Temperature contours during loadinggdt= 0.01 s' are shown in Fig. 5.47. At the beginning of
testing is observed Luder's band propagation altheg active part of the specimen, Fig. 5.47.
Beyond certain value of straining Lider’'s band mimanon vanishes and strain hardening of the
material starts to increase. Then, enhanced b¥yititeflow stress level of RIP 1000 (and by the
phase transformation which is an exothermic procasspreviously discussed in the present
document) the material temperature strongly increases. ,Thdgen instability takes place the
increase of temperature is clearly focused arobaaéntral part of the specimen. The heat generated
in the necking zone is hardly being diffused to tbést of the sample, Fig. 5.47. Transient adiabatic

conditions of deformation take place. Maximum terapere recorded during the testgtt=0.01s'

was ATmax = 75 K, Fig. 5.47. and in the case ®f =0.1s' wasATmax ~ 130 K as discussed in
[Rusinek and Klepaczko 2009]. It must be noted shah values are quite similar to those reported
previously for theAlSI 304.
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Material: TRIP 1000 steel - To = 26.12 °C»#=0.95 — Strain rate=0.01%
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Fig. 5.47. Temperature contours during loading [Re& and Klepaczko 2009].

Next, perforation tests of RIP 1000 sheets are conducted using the experimental fasilit
reported inSection 4.3.3.1The results are compared with those previouslpnted for steeAISI
304.The goal is to examine tARIP 1000 performance for absorbing energy under impactitapd

5.3.2 Experimental procedure for perforation of metallic sheets

5.3.2.1The drop weight tower

The drop weight tower was used to conduct the patifin tests. It is considered as suitable for
the comparison betwed@rRIP 1000 andAISI 304 impact behaviourfbetter than the gas gun setup
also used to conduct perforation tests in this stigation)since considerable amount of information
can be obtained from the tegftisrce history evolution, residual velocity, faitutime...)
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The description of the facilities used to cond{astd analyzejhe low velocity impact tests was
already carried out iBection 4.3.3.1.

5.3.3 Analysis of the perforation process

Throughout this section of the document, the effe¢impact velocity and initial temperature on
the perforation process are analyzed.

5.3.3.1Tests at room temperature

As it was observed fohA 2024-T3 andAlISI 304 petallingis the recurring failure mode for all
the perforation tests, Figs. 5.48-5.49. Neitherrtikng direction nor boundary conditions influenc
the initiation or the propagation of cracks. Themfer of main petals occurring for all the tests
performed also oscillates between four and fivgs F5.48-5.49.

Detail: Petalling Onset of crack

Fig. 5.48. Petalling failure mode, steBRIP 100Q V,=4.4 m/s at room temperature.

Detail: Petalling Onset of cracks

Fig. 5.49. Petalling failure mode, steBRIP 100Q V,=3.5 m/s at room temperature.

In Fig. 5.50. is shown a sequence of images ofaperformed at Y= 4.4 m/s. The different
stages of the perforation process are clearly lestiending of the plate, localization of deforroati
onset and progression of cracks.
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TRIP 1000 - \§ = 4.4 m/s

-

~ Localization of deformation
and bending process

Generation of cracks at the donfe
of the contact projectile/plate

(b)

Propagation ? Cracks arreste
of cracks on the rear sid
of the plate

Fig. 5.50. Different stages of the perforation pges for Vo=4.4 m/s at room temperature. (a) Loedi@n of
deformation and bending process. (b) Generatiocratks at the dome of the contact projectile/plét® Propagation of
cracks. (d) Cracks arrested on the rear side offtlate.

In Fig. 5.51. the residual velocity is comparedtie initial velocity. The ballistic limit value

obtained from the experiments performed at roonptature is | = 2.6 m/s, Fig. 5.51. Such value
is lower than that obtained f&iSI 304, Fig. 5.51.
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r
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Initial velocity, VO (m/s)

Fig. 5.51. Residual velocity versus initial impaetocity at room temperature.

Thus, it is revealed that tHERIP 1000 sheets absorb between 10 % and 15% less enenmgy tha
the AISI 304 sheets for the whole range of impact velocitieteid, Fig. 5.52. The causes which
reside behind such difference must be identified.

100

90 ¢ AISI304

<&
" TRIP 1000 i +10 %

70

60

50

40

30

20

Energy absorbed by the plate , E‘ )

10

To=288K

Initial impact velocity, V0 (m/s)

Fig. 5.52. Energy absorbed by the target as a fonabf the impact velocity fokISI 304 and TRIP 100Q

Let us analyze the force evolution versus strikepldcement for different impact velocities and
both material§RIP 1000 andAISI 304, Fig. 5.53. In the case of tA&RIP 1000 sheets the slope of

those curves)F /09, is larger than in the case AfSI 304, however the striker displacement until

failure is much reduced, Fig. 5.53. Maximum foreearded during perforation is quite similar for
both materials within the whole range of impaciegies analyzed, Fig. 5.53.

Those observations can be explained in the follgwiay. TRIP 1000 shows larger flow stress
level thanAISI 304 at the beginning of loading, it involves the largalue of the slope of the curves
reported in Fig. 5.53. At the same tiMmRIP 1000 shows much reduced strain hardening tAEsI
304 (bainite and ferrite commonly have lower strain éaning than austenit@yhich acts as limiting
factor for TRIP 1000 ductility (and therefore acts as limiting factor for the k& displacement at
failure). However both materials show similar maximum gten (o, =1 GPa, leading

approximately the same maximum force during the tes

ax
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Fig. 5.53. Force evolution as a function of thekstr displacement. Comparison betwed$| 304 andTRIP
1000for different impact velocities.

It can be assumed that in this particular boundaiye problem(and for these two materials)
material strain hardening controls the perforatpncess. Plastic work is revealed as the main
mechanism for absorption of energy. That can be alsserved by analyzing the post-mortem
bending of the impacted plates, Fig. 5.54. Permiadefiection of the targefso plastic work)is
much larger in the case AtSI 304 for the whole range of impact velocities considefég. 5.54.
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Fig. 5.54. Permanent bending of the target. CongmribetweeAlSI 304 andTRIP 1000for different impact

velocities.

After such analysis is clearly proven the improushaviour under low velocity perforation
exhibited byAISI 304 in comparison withfRIP 1000. However, iSTRIP 1000 and notAlISI 304
the material specially developed for absorbing gnender such loading conditions. Timartensitic
transformation process is expected to providgRdP 1000 of improved ductility during dynamic
solicitations.

Thus, in order to check if suahartensitictransformation occurs during the perforation pssce
of the TRIP 1000 sheetsXRD was used. The main problem induced by this tecanig the
difficulty in differentiating themartensitediffraction peaks from théerrite ones, since these two
phases have very similar crystallographic parametéir was therefore impossible to detect
martensiteand to quantify its volume fraction directly. Hoves, sinceTRIP 1000 is amartensite
free steel in its initial state, it was possiblectory out relevant analyses by calculating prégides
amount ofaustenitein the plates after testing. Subsequently, thesiptes decrease of its volume
fraction was associated to the appearance of d&asiwalume fraction omartensite

Thus, the volume fraction of retainedistenitehas been determined in different points of the
impacted specimens, especially close to the crgckiterfaces. Flat petals have also been tested
after cutting. The results always revealed a voltnaetion ofausteniteclose to 2% on the surface of
the specimens after failure. The gradient obsealedg the thickness was still the same, at least in
the 300um analyzed. It is the same amountwadteniteobserved before testing the samples.
Therefore, it seems that there is m@rtensitictransformation during perforation.
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Close to the zone directly affected by the imphist absence may be explained by the increase of
temperature during dynamic loading. As it was prasly reported, inTRIP 1000 the temperature
increase is already important under quasi-statidify. Let us assume that during perforation local
temperaturgclose to the zone directly affected by the impastenite may be deformedgviates
too much from théVls temperature of this material. It makes thestenitephase stable even under
potential largeaustenitedeformation. Far from the zone directly affectgdthoe impact this absence
may be explained by reduce strainingqaastenite The mechanical energy supplied to this phase may
not be enough to promote thartensitictransformation. A combination of both effects niyalso
a plausible explanation.

In order to go further in this investigation let perform drop weight tower tests at low
temperature, §= 213 K. Such experiments are carried out in otdggromotemartensiteformation
during loading. In adittion, g’= 213 K may be assumed as the minimum temperafurdgerest for
automotive applications.

5.3.3.2Tests at low temperature

Thus, in this section of the document the effecthaf initial temperature on the perforation
process is studied. The tests performedyat Z88 K are compared to those conductedyat Z13 K.
Before testing at low temperature, the steel shedtsady clamped and screwedgre subjected to
the testing temperature for approximately one Iflmmnger time time than that used for tAé 2024-

T3 tets because of the lower conductivity of steélich a period of time was considered as suitable
in order to reach thermodynamic equilibrium maltertarget/testing temperaturéperfect
thermodynamic equilibrium plate/environment wassped in order to not disturb potential phase
transformation during loading)

The first observation concerns the failure modetlod target. No influence of the initial
temperature on the perforation mechanisms has bbserved for the whole range of impact
velocities considered. The final stage of the patfon process is the developmentpattals Fig.
5.55.
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Detail: Petalling Onset of cracks

Fig. 5.55. Petalling failure mode, steBRIP 100Q V, = 3.7 m/s and F&213K.

However, the difference occurs with the energy diesib by the target. At low temperature the
ballistic limit is increased fron,, |T0:213 (=2.6m/sto Vb||T0:288 =3.1m/s. In the case of y=

2.9 m/s and J= 213 K the striker does not generate any craclka target, Fig. 5.56. However, for
the same impact velocity and ¥ 288 K several cracks, precursopetalling,took place.

Detail: Absence of cracks Absence of cracks

Bending

Fig. 5.56. Petalling failure mode, steBRIP 100Q V,=2.9 m/s and §=213K.
Permanent bending of the impacted specimens idegratilow temperature, Fig. 5.57. In the
case of T = 213 K the target absorbs a larger amount ofggnierthe form of plastic work.
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Fig. 5.57. Permanent bending of the target for bothial temperatures. (a) 3 2. 9 m/s, (b) ¥= 3.75 m/s.

(b)
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The evolution of the force in relation to the strkdisplacement is shown in Fig. 5.58. for
different initial impact velocities. The force ldvier both initial temperatures is superimposedap
a determined value of striker displacement. Théingstemperature only affects the perforation
process beyond certain deflection of the platenTltige difference resides in the slope of the curve
force/striker displacement, Fig. 5.58.
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Fig. 5.58. Evolution of the force versus the striflisplacement for both initial temperatures.
(@) Vo=2.9m/s, (b) Y=4.0m/s.

(b)

It is necessary to investigate if such differenicethe material response are dueriartensitic
transformation or they are simply related to theperature sensitivity of the material.

Following the procedure reported in the previoustisa it was concluded that there was not
martensitein the impacted plates at low temperature. Froese¢hresults it is assumed that the
temperature increase during loading may not be ahky one responsible for the absence of
martensitictransformation during loading. In order to checicls assumption let us carry out the
following analysis.

A complete residual stress profile has been comrdluict theferritic phase, in the two directions,
LD andTD, of the impacted plate®dth radial and circumferential stres3ebig. 5.59.

Measurement points®
I®

Petals

Fig. 5.59. Measurement points where ®RD technique was applied.
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The stress values obtained for two impact velagitig = 4 m/s and Y= 4.4 m/s, are presented
in Fig. 5.60. The results are introduced as a fanaf the distance from the border of the specimen
This distance can slightly vary in both directioft and TD) depending on the shape of the
perforated zoneir{f the same way, some points close to the impaxiads could not be analysed
because petals constituted an obstacle to X)rays

Negative values of the residual stresdearmite are illustrated in Fig. 5.60. It indicates thaisth
phase is in compressive stateliRIP 1000 (soft phase)Cementitgpresent in bainiteandaustenite
play the role of hard phases in this steel. Dutoagling, the stress iferrite is therefore inferior to
the macroscopic stress of the material. An impornpamt of the plastic strain required hystenite
for the martensitictransformation is localized in tHerrite. Reduced deformation of treustenite
phase seems to prevanartensitictransformation. The radial stress is maximunfeimite close to
the impacted zones. There, the discrepancy betifeemacroscopic stress and the onémite is
the greatest. The level of strainferrite is greater in the zone directly affected by thpauwt.
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Fig. 5.60. Residual stress in ferrite along thetatice from the border to the center of the platedffferent initial
impact velocities at gk 213 K. (a)-(b) \\= 4.4 m/s, (c)-(d) ¥=4.0 m/s.

It must be noted that positive stress valudgiinte are observed for the circumferential stress in
the reduced range 28 manX < 32 mm, Fig. 5.60-b-d. Such local behaviour may$&sociated to the
curvature changes in the profiles of the impactkdep. Since the samples tested have a square
shape, the bending effect is not symmetric, eithethe radial, or in the circumferential direction
(impact induces radial wave propagation; howevhg tistance to the clamped perimeter is not the
same in all directions)in order to accommodate plastic deformation, tmaes tested exhibit local
tensile statdin the circumferential directionin the previously mentioned target zone, 28 mix <
32 mm.
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This chapter dealt with the impact-perforation hetar of two metallic alloys, steel
AISI 304 and steelTRIP 1000. These materials are thermo-mechanically chanaetbr
analytically modeled and subjected to perforation non-deformable projectiles. Their
deformation mechanisms are tied to their answerumtpact-perforation. The potential
martenstic transformation occurring during dynatoading has been analyzed. Based on the
constitutive relations developed in chapter 1, micaé models of the perforation test have
been built. The numerical results obtained aregre@ment with the experiments in terms of
ballistic limit prediction and failure mode defilwh. Plastic instabilities formation and
progression is revealed as the mechanism behingrialetilure in the impact tests.
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CHAPTER 6
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6 CHAPTER 6. CONCLUSIONS AND FUTURE WORK

6.1 Concluding and remarks

Below are summarized the main findings and conchssarising from this doctoral Thesis:

To complement th&kK model, theMRK constitutive description has been proposed.
The former is suitable for describing the behavioimetals whose rate sensitivity in
independent of plastic strain. The latter is suédbr defining the behaviour of metals
showing dependence of strain on the volume theynaaitivated. Extensions to viscous
drag effects, negative strain rate sensitivity @mése transformation phenomena are
derived for both,RK and MRK models. It has been proven the suitability of the
constitutive relations developed for defining thertmo-viscoplastic behaviour of both
BCC andFCC metallic alloys. Such a range of strain hardemangs is indispensable for
conducting a proper analysis of the plastic behavad metals under transient loadings.

The constitutive relations developed have been emphted into theFE code
ABAQUS/Explicit. It made possible to conduct a broad campaign wharical
simulations in order to analyze the impact of wpk@pagation, rate sensitivity and strain
hardening on the formation of instabilities undgnaimic loading. Both, ring expansion
test and conventional dynamic tension test have leBz@amined under wide ranges of
impact velocities. It has been demonstrated thatgansitivity and strain hardening rate
determine ductility of metals. Therefore, they arain responsible for the capability of
metallic materials for absorbing energy under dyicawents.

It has been analyzed the thermo-viscoplastic belaviof steel ES under
impact/perforation. Experiments were conducted vdtlgas gun within the range of
impact velocities 25 m/s Vo < 60 m/s. The tests were recorded using high speed
infrared camera. Assuming adiabatic conditions efodmation along the contact-
interface projectile/plate, the increase of temfpugeais related to the plastic deformation.
The critical failure-strain leading to target-cqplée is evaluated coupling temperature-
measurements with numerical simulations and withydical predictions of the material
behaviour obtained using tf model. Following such procedure it has been eséicha
that the process of localization of deformation efhiis precursor of target-failure

involves local plasticity values close & =1 . The application of such value of failure
strain to numerical simulations of the perforatiests provides results in agreement with
experiments.

The thermo-viscoplastic behaviour A 2024-T3 has been characterized in tension
under wide ranges of strain rate and temperatuhe material shows high strain
hardening and elevated ductility. A remarkable abtaristic of this alloy is the increase
of the strain hardening with the temperature demedhe temperature sensitivity is
dependent on plastic strain. Thus, the ductilityhef material is increased at low initial
temperatures. Such behaviour makes this alloy ofnmiaterest for aeronautical

applications. The thermo-viscoplastic behaviouA&f2024-T3 has been modeled using
the extendedVIRK model to viscous drag effects. Satisfactory agregnetween

experiments and analytical predictions of the dautste relation are reported. Based on
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such understanding of the material behaviour, patifin tests oAA 2024-T3sheets are
conducted using both a gas cannon and a drop wiigler. High velocity impact tests
were conducted within the range 10 m/¥, < 45 m/s. Drop weight tower experiments
were carried out within the range 0.5 n¥sVy, < 4.5 m/s under different initial
temperatures, ol= 213 K and § = 288 K. As it was expected the\ 2024-T3 exhibited

a good performance under low testing temperatiNamerical simulations of the high
velocity impact tests were conducted. The numenatlel developed allowed for a
proper description of the perforation process mmteof ballistic limit prediction and
failure mode.

The thermo-viscoplastic behaviour of the sta#ébl 304 is examined. Two different
experimental setups have been used for charadtenzaf the thermo-mechanical
behaviour of the material. First, unconventionakitu tensile tests were carried out for
examination of thenartensitictransformation under static loading at room temipeea
The flow stress evolution as a function of plasti@in has been determined for both the
austeniteand martensitephases. It was revealed thatrtensitictransformation takes
place from very low straining values. In the postritem specimens it was measured the
martensitevolume fraction, ¥V = 60 %. Second, regular tensile tests were conducted
under wide ranges of strain rate and temperatureh $ests were recorded using high
speed infrared camera. The volume fractiomaftensitein the post-mortem specimens
was determined. It was revealed that the phasesftianation occurs even under a
temperature increase abowd > 140 K. The thermo-viscoplastic behaviour of the
material has been defined using the extenBd model to viscous drag effects.
Satisfactory agreement between experiments andytar@hl predictions of the
constitutive relation are reported. Moreover pafian tests at room temperature using
drop weight tower and gas cannon are conducteddiidgweight tower tests are carried
out within the range of impact velocities 2.5 m/sVo < 4.5 m/s. The high impact
velocity tests are conducted within the range 25 sV, < 85 m/s. TheAlSI 304
showed very good performance under impact loadiing. cause which resides behind
such behaviour seems to be thmrtensitic transformation taking place during the
perforation tests. The impacted plates were sudgedb observation usinGEM.
Notable amount omartensitewas found for all the tests performed. Finally muical
simulations of the impact process were conductdte mumerical model developed
allowed for a proper description of the perforatimocess in terms of ballistic limit
prediction and failure mode.

The thermo-mechanical behaviour of the sfBRIP 1000 under perforation has been
examined. The relevance of this material residegha potential transformation of
residual austenite into martensite under straining. In order to study the material
behaviour under fast loading, perforation testsehasen performed using a drop weight
tower. Experiments at different initial temperagjrd, = 213 K and § = 288 K, and
impact velocities, 5 m/sx Vo < 4.5 m/s, were carried ouXRD method allowed
measuring theaustenitecontent of the samples before and after impact. rEseailts
always revealed the same volume fractionaoktenite The absence ofmartensitic
transformation may be explained by the increaseewiperature during loading in the
zone directly affected by the impa@ose to the zone directly affected by the impact
austenite may be deformedoreover, residual stress analysisfarfite showed that it
plays the role of the soft phase during plastiodehtion of the material. An important
part of the plastic strain required laustenitefor the martensitic transformation is
localized inferrite. In the target zones where an increase of temyeravas not
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noticeablgfar from the zone directly affected by the impaeiiuced deformation of the
austenitephase preventsnartensitictransformation. Under these consideratigasd
loading conditions)IRIP 1000 steel seems to behave as a regHlgh Strength Steel
with an absence ohartensitictransformation.

In this Thesis it has been demonstrated the negeskiproviding an integrated view to the
impact processes in order to understand the mesihanfor absorption of energy that, under
dynamic loading, are showed by metallic alloys. Bt task, an original methodology has been
developed. This procedure combines advanced megdechniques like infrared recording or X-ray
diffraction with numerical simulations supported blye accurate description of the material
behaviour. Thus, this investigation led to the nfaidings outlined above which are of relevant for
different industrial applications.

6.2 Future work

Some of the future researching lines are outlireddvo:

 RK andMRK constitutive descriptions take into account ohlky instantaneous rate sensitivity
of the material. Instantaneous strain rate seitsitdescribes the rate-dependent behaviour of
metals during continuous loading conditicurrent value of flow stress is an instantaneous
function of strain, strain rate and temperatur&)any of the constitutive descriptions reported
in the literature(physical-based models as well as phenomenologitadiels) are usually
restricted to such application fields. Howeverisitknown that strain rate history effects are
present in the material deformation behaviour. dfisal effects may be of relevance for
modeling the material behaviour when it is subjgcte an abrupt increase of applied
deformation rate or to a cycling loading process. drder to take into account such
considerations, definitions of internal state Valea in the formulation of the constitutive
description are necessary. It will allow gatherinfprmation concerning the microstructure
evolution suring plastic deformation.

« In this doctoral Thesis thiduber-Missesyield function has been used to describe the therm
viscoplastic behaviour of metal32 plasticity involves an isotropic definition of threaterial
behaviour. In order to analyze metallic alloys wilependence of pressure on the yield
condition, it would be helpful to combine the cangive relations here proposed with advanced
plasticity criteria like those due Burson or Burzynski.

* Moreover, it is known that damage softening may @a important role on the behaviour of
certain metals under determined loading conditi@®nage is known as dependent on strain,
strain rate and temperature as well as on strass Jthus, a description of damage phenomenon
gathering such dependences has to be derived andireed with the constitutive relations
introduced in this work. For such a goal, it isuiegd a rigorous experimental methodology
which allow us to identify accurately the loadingnditions under which damage softening in
metals is developed.

* In order to complement the analysis conducted is thork for uniaxial stress state, in
forthcoming studies it will be necessary to idgnttie role of strain rate and strain hardening on
the formation of instabilities under other stretstes like for example pure shear. Adiabatic
shear bands formed under dynamic loading are raesiglenfor material failure in industrial
processes like high speed machining of fast cutfiffte advanced constitutive descriptions
developed in this work may be applied for such goal
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e |t is revealed necessary to conduct an experimaraaipaign in order to go further in the
understanding of the mechanisms responsible farrblvg) energy under dynamic solicitation.
Special interest must be focused on the new geoesabf High Strength Steels, like for
exampleTRIP and TWIP steels. Classical testing methods must be combin#dadvanced
measuring techniques like infrared thermographyagencorrelation and X-ray diffraction in
order to examine the causes of strain localizat®s.it was described in this work, such
experimental campaign has to cover from the uniakiaracterization of the material behaviour
up to the structural response of the material undgract/perforation. The efforts may be
centered on:

o Application of image correlation technique to impagents like fast tension, compression and
shear tests, perforation processes or impact ghdsax structures. It will allow us to know the
role played by strain and strain rate on the geiweraf plastic instabilities and failures under
dynamic loading.

o Infrared recording of dynamic events like fast tenscompression and shear tests, perforation
processes or impact of crash box structures. It alibw us to measure the role played by
thermal softening on the generation of plasticabgities and failures under dynamic loading
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APPENDIX A — The mechanical threshold stress model

The constitutive relations reported along this doent are derived from th&lechanical
ThresholdStress MTS) model reported in [Kocks et al. 1975, Goto e28l00, Kocks and Mecking
2003, Banerjee 2007]. The formulation of the madelescribed below. It has to be noted that such
complete constitutive formalism is complicated iimplemented directly intBE codes due to the
complexity of each equation coupled with the gmaanber of physical constants. That caused the
derivation of the simplified constitutive descrgois proposed along this doctoral thesis.

The thermo-viscoplastic flow stress is defined loy &-1:

. . . T
o(z.&,7) =[c—;a (£)+(s(&" )m +S(8" . )m, (= p))}dJ(—) (A-1)
Ho
Where G, (€",T) is the athermal stress componeat, is the intrinsic component of the flow
stress due to barriers to thermally activated deation motion, G, (E") describes the strain
hardening component of the flow stres;s(ép ,T) andS, (?" ,T) are rate and temperature dependent

T
scaling factors anéj(—) defines theéemperature dependent shear modulus [Varshni X&f7én and
Ho

Gray 1996], Eg. A-2.

D
u(T) =, _W (A-2)
Where, is the shear modulus at=0 K and D and T, are material constants.
The athermal stress component of the constitugeription is given by Eq. A-3.
5,(8) =0, +C,[fF") + = (A-3)

Jd

Where o,is a material constant tied to long-range obstaclEse second term defines
dependence of athermal stress on dislocations tgemdiere C andnare empirical material

constants. The third term inside the brackets dsfithe Hall-Petch effect whel€ is a material
constant andl is the grain size.

The thermal stress component of the constitutivecmgtion is derived by combination of an

Arrhénius type equation, Egq. A-4. and the existietation between free energy and mechanical
threshold stress, Eq. A-4.
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. (A-4)
AG, =gOJHuEb3EE1—(%J J

Where éoj is the pre-exponential terndG, is the free energy of thermal activatidkis the
Boltzmann constanty,;is a normalized activation energlyjs the burgers vecto% is the ratio of
temperature-dependent applied stress to the meethahreshold stressp, and qu are empirical
constants defining the which describe the profilereergy barrier to dislocation motion.

In previous expressions, Eq. A-f,enters as defined by Eq. A-5.
j=iifs (e, T)

A-5
j=eifs,(&°,T) Ao

j=iif s, (ép,T)and{

Then, the scaling factoi§ (€, T)and S, (€, T) read as follows, Eq. A-6.

g 1/p
: k, T €,
S(e°,T)=| I-| —2——0n =X A-6-a
&) { (gmﬂfm(T) (E"B ] o)
. 1/9e L/pe
s,(&,7)=|1- kg—gun(¥j (A-6-b)
9, ° U ( T) €°
Moreover, the strain hardening of the mob‘g(?) is given by a modified Voce law, Eq. A-7.

do,
de

p

=6(a,) (A-7)

Where the following empirical relation are definéas. A-8 — A-12.

6(0,)=6,01-F(o,)|+6,(Fc ) (A-8)
0, =y, + a,In(&") + a,G/E" + 2,071 (A-9)
0,=a,+ allliln(?") + azlﬁl/g + a,07 (A-10)
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tanh(a ge j
F(Ge) :taT(O(;S (A-ll)
o.)_( Kk,T . _
|n(008j ) [g%sw m(T)J Dh[goj (A-12)

Where 6, is the strain hardening rate due to dislocatiauamlation, 6,is saturation hardening
rate, (a,,.a,,d, ,g @)are material constant§j=0,1), o is the saturation stress at zero strain

hardening rate,g,is the saturation threshold stress for deforma@onT =0 K, g,.is the

Oes

associated normalized activation energy, ands the reference maximum strain rate.
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APPENDIX B — Three dimensional model

As reported, for example, in [Lubarda et al. 20p8&iticular relevance has the generalization of
constitutive relations to three dimensional statésstress and strain. For it, the constitutive
descriptions introduced in this document may berded t3D modeling and implemented inkE
code by means, for example, the integration schamgosed in [Zaera and Fernandez-Saez 2006].
Such procedure was already applied to the formaradf theRK model [Rusinek and Zaera 2007].
Thus, the main features of the algorithm proposgdZhera and Fernandez-Saez [Zaera and
Fernandez-Séaez 2006] are described below.

The yield condition is defined by Eq. B-1:
f=o-0,(2.%T)=0 (B-1)

where G is the equivalent stress,, is the yield stress defined by the constitutivecdigtion,

€Pis the equivalent plastic strain, Eq. B is the equivalent plastic strain rate, Eqg. B-3. drnid
the temperature.

g = j £P [t (B-2)

?p = |[Z[E.PE.P (B-3)

Assuming additive decomposition of the deformatiensor(hypoelastic-plastic approachdhe
tensor of total strain rate; is written as a sum of the elastic strain rateder$, the plastic strain

rate tensokf and the thermal strain rate tens&‘u@r, Eq. B-4.
& =& +&+ éro (B-4)

Elastic strains are related to stress through@roigic hypoelastic law, Eq. B-5.:

0; = C|jk| (£ (B-5)
where C,; is the stiffness tensor.
The thermal strains tensor is defined as folloveg, EE6:

e =a 3, (B-6)
wherea is the coefficient of thermal expansion abdis the unit matri><(6ij =1 if i :j)

To define the plastic flow, the normality rule ised, Eq. B-7.
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e =AF— (B-7)

where A is the rate plastic multiplier that, i plasticity, can be defined by Eq. B-8:

AN

A=
At

=€P (B-8)

And hence, the equivalency of the plastic multipéied the equivalent plastic strain, Eq. B-9:

£ =)\ (B-9)

Assuming adiabatic conditions of deformation thetarial temperature increase is defined by
the following relation, Eqg. B-10:

T= —pgﬁ ©, & (B-10)

Wheref is the inelastic heat fraction apds the material density.

The consistency model is used to integrate themibviscoplastic rate equations, via the
equality of equivalent stress and yield stressufodated values of plastic strain, plastic straie ra
and temperature. In the frame of the return-mapplggrithms, the consistency condition, Eq. B-11,
could be written in terms of the equivalent plasti@in increment corresponding to a time step, Eq.
B-12:

A =0 (B-11)
f(ne°)=0 (B-12)

Linearising the consistency condition, the follogiiequation is found which allows us to
iteratively obtainA€®, Eq. B-13:

of

of
fi =f ~580,2G ——
(e =0 aoij{ o oF" 0€Pl, At AT, pG,

&p
]ﬁ*TL 5}, + aL — +J—L b = (5ep,50 - 6GAEBES, )= 0 (B-13)
k)

wherek is an iterative index. From the previous exprasdig),, can be calculated, Eq. B-14.

f
5€), = u (B-14)
*) of 1 of of
G| TaraErl AT L( Opfi = 6GA8(k>)
o€y, AtoeP|,, dT|,, pC,
Then, A\ is updated after every iteration, Eq. B-15:
AN gy =DA 4y +OA (B-15)
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All the variables could be determined from the fimalue of AA . A more detailed explanation
of the integration procedure can be found in [Zaerd Fernandez-Saez 2006].
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APPENDIX C — Derivatives of the constitutive modeldgor
implementation into FE code

If the integration scheme proposed in [Zaera andn&relez-Sdez 2006] is used for
implementation intoFE code of the constitutive descriptions reportedhis document the first
derivatives of the yield functiofof all argumentsare required. They are reported below.

The Rusinek-Klepaczko constitutive description

do (€° ,Ep T . N _ (&P T)-1
”(dgp )EPT:B(ep,T)m(ep,T)E@e“reo)( | ©-1)
OEET) g 7)ifer et LI ) _naDan(E e, c2)
dgp . ?P Dbg (smaxj ep Erm
erT ép
do, (E(:_fp’T) - —B(?p,T) [qu +€0)n(éP,T) [E¥+ noTEDz Iog(: jm(gp +80)} (C-3)
do(€.T) | mm, 1 &, (11~ D, B log| Zr= h (C-4)
@& | Emag\T) [ T e
do'(&.7) = -D: g o | 5 1~ D, B log] Fee h (C-5)
ar | T, e )% YT e

dE(T)_ ¢ E@x;{e* ( 1—Bﬂ [Ei +§j (C-6)
aT AT T

m

The Modified Rusinek-Klepaczko constitutive descrifion

%P
D, [Tlbg P
1- min -1
L

Tl (smj )
=B J ?P =p\™
ot et o)

Tm

(C-7)

258



Appendix

1/€, -1-v

=P
thrm)g(LJ

3 aqu)"{l =

émax émax
T, Elbg(gpj T Elog[gpj
R

m

vomi-

o,

Y

{g)
€
g, T, T (C-8)

m m

. 178, . -V
€ €
TLE, mg(;‘xj T Dbg(ggx)
[h, (T Oog(&” ) 1-————~—=—~ &)

-1-v

¢ 118, s
in TE, Dbg(gg‘xj . T Dog(gp'j“)
bpgl-—s I:Iog( maxj - N® 7

P <P Tm
’ N . -1+1/8, . -v
I PR ) e )
o0 (") " Elgitubg( & j S A T (C-9)
i} -
- ¢ 178, ¢ -V
. 1_thrnb9[%J - Tllltlbg(g’“ng TEIog[é";‘x) -
R TR R | e
i} -
The viscous drag stress term
dO-VS(gp) .
G o exp(-aE) (C-10)
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The negative strain rate sensitivity stress term

D3 Ij-m [[bg[
1_

B j
8 max

ns étrans
dons(?p,T)| _ D, tog [[bg( £
de® - € T
T
D, @™ (T, fog| = |log| £
do, (&, T)| _ > 9 )
ar | T
The strain hardening function
df (°,%°)

dEP

df (e, €

dﬁp

€P

')

P

(=X, B exp(-A E°) | -]

260

= [E [El— exp()\0 (£ Cexe{ A EJ"))}HJ [E— expé—)\o (2" O exp-A E")ﬂ

X, @xp(-A %)

- [E Eﬁl— exp(—)\O £ Dexp(—)\ EJ"))T_I} EE— eX|é—)\o (£° [ ex()—)\ E"))J

(C-11)

(C-12)

(C-13)

(C-14)

(C-15)
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APPENDIX D — Analytical derivation of the critical impact
velocity in tension

Let us consider the following boundary value problevhere a semi-infinite slender bar
extending fromx =-c to x =0 is impacted with a constant veloci¥,, Fig. D-1. Let us assume

that the impact velocity/, is high enough to produce plastic deformation ertaterial.
Co
Co
Vo Op

DE— |

Oe

X = -0 x=0

Fig. D-1. Schematic representation of the elastid glastic wave propagation along a semi-infirise.

The constitutive behaviour of the material is assdrof the formo(s) whereo and ¢ are the

stress and the strain respectively. The relati@) shows a smooth first derivative which is a
decreasing function of strain.

The uniqueness of the relatioun(s) leads to therate-independent theory of plastic wave

propagation. A more general approach to the wave propagatiem@mena in inelastic solids will
lead to therate-dependent theory of plastic wave propagationvhere rate and temperature effects
are taken into consideratioBy now, let us assume the wave celerity only degenoh strain) In
addition, the radial contraction of the materiahéglected. Under these assumptions, the equation o
motion for an element of the bar reads as folldueg,D-1.

0°U, 0°U,
™ O

The wave propagates in the longitudinal directibthe barx, whereU, is the material particle
displacement in that direction, is time, C, is the wave speed ardl is the strain that can be split
into elastice, and plastice, terms. In the elastic rang€, :(E/p)l/2 and in the plastic range

C, (ep) = (do /pctp)m. In theisothermal rate-independent theory of wave propagabn the wave

velocity is a constant in the elastic range, ordpehdent on Young’s modulus and material density.
In the plastic range it becomes a decreasing fondf the plastic deformation.

Previous differential equation, Egq. D-1. can bevedl by the method of characteristics. The
definition of the characteristic line reads asdal$, Eq. D-2

dx _ -
E_ic(s) (D-2)

Then, in the elastic rangdx /dt=+ G and in the plastic rangdx/dt=+ Cp(sp) . Thus, Eqg. D-
2. satisfied along the characteristic lines givgs[E3.
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dv=+ C(e) (2t (D-3)

Along two sets of characteristics the mass velesiin both elastic and plastic ranges are given
Eq. D-4.

v=xCye

v(er) =] c, (e") @’ (04

0

The first relation in Eq. D-4. takes place along timear characteristick/dt=+ G, so it
corresponds to the elastic range. The second oelati Eq. D-4. occurs along the non-linear
characteristicex / dt=+ C, (ep), So it corresponds to the plastic range.

Thus, Eq. D-4. defines the mass velocity which lheaca maximum at a specific value of total
strain. Such value of strain is given by the cdoditdo/de? = 0~ G (&)= Cwhich corresponds to

saturation of the material. Higher mass velocitiaanot propagate. It leads to the definition of the
Critical ImpactVelocity (CIV) in tension. Therefore the value of &/ is the integral of the wave
speed given by Eq. D-5.

€pm

CIv =Tce e+ | C, (") e (D-5)
0 €

The fist term of Eq. D-5 corresponds to the elastinge, wheree, is the elastic deformation
corresponding to the initial yield stress,= ¢,

eP=0 "

The second term corresponds to the plastic rangethdt terme_ — is the upper limit of

integration defined as the plastic strain value vidrich the mass velocit{in the plastic range)
equals the plastic wave speed leading taddhé phenomenon.

In a more general case rate and temperature effiests to be taken into account, is tage-
dependent theory of plastic wave propagation

Now, the elastic wave speed is defined as folldwes,D-6:

C.(T) =(ﬂJ (D-6)

p(T)

Moreover, the material constitutive behaviour beesmf the formo(Ep,ép,T(sp)). A more

complete, and closer to the reality of fast plasteformation, is assumption of the adiabatic
deformation. Then increase of material temperatidefined in a general case by, Eq. D-7.
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(e &, T(e")) de’ (D-7)

where B(?p,ep) is the Taylor-Quinney coefficienp(T) is the material density an@(T) is the

specific heat at constant pressure.

Then, the plastic wave celerit§, (Ep ,?‘ZT(E")) dependent on plastic strain, strain rate and
temperature is given by Eq. D-8.

C,(e°.&.7(2")) = (1 Dda(gp il T(gp))jlz (D-8)

P de’

Then, theCIV definition becomes given by Eq. D-9.

€pm

CIV:TCE(T)M£+ [ C, (& &, 7(e")) e’ (D-9)
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