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Résumé en français

Cette partie est un résumé étendu en français, donnant le contexte et les objectifs des travaux, les
principaux résultats et conclusions de chaque chapitre, ainsi que les principales perspectives. Pour
accéder à l’intégralité des travaux, le lecteur est prié de se référer au reste du manuscrit, rédigé en
anglais.

Contexte industriel et scientifique

Les constructeurs automobiles font face à une pression croissante de la part des instances eu-
ropéennes concernant la réduction des émissions de gaz à effet de serre. Pour répondre aux deman-
des de l’industrie automobile, les aciéristes développent des aciers à plus haute résistance. L’emploi
d’aciers à haute résistance permet de réduire la masse globale des véhicules sans compromettre
la sécurité, et ainsi de contribuer à réduire la consommation des véhicules. De nombreuses pièces
automobiles sont fabriquées par des procédés d’emboutissage ou de formage à froid à partir de tôles.
L’acier doit donc également présenter une bonne formabilité. Cependant, de manière générale, la
formabilité des aciers décroit lorsque leur résistance augmente. Réussir à augmenter la résistance
sans compromettre la formabilité est donc un défi.

Les constructeurs automobiles et les aciéristes s’intéressent notamment à une propriété partic-
ulière de formabilité: l’aptitude à l’étirement des bordures1, évaluée lors d’essais d’expansion
de trou2. L’aptitude à l’étirement des borduress est donnée par le degré d’expansion de trou,
exprimé en pourcentage, qu’il est possible d’atteindre sans que l’acier ne se fissure. Cette propriété
est très sensible à la microstructure des aciers, et notamment à la présence de grands écarts de
dureté entre les différentes phases de l’acier. Cela pousse au développement d’aciers présentant des
microstructures homogènes, et à la réduction des hétérogénéités de dureté dans les aciers présentant
différentes phases.

Ce travail de doctorat s’inscrit dans le cadre du projet de recherche européen NANOFORM (voir
Annex A), financé par le Research Fund for Coal and Steel et incluant partenaires académiques et
industriels. Le projet NANOFORM a pour but de développer des aciers dits à phases complexes,
microalliés et bas carbone, dont la microstructure est principalement bainitique. Un bon compromis
entre résistance et aptitude à l’étirement des bordures est attendu, avec une résistance maximale
en traction d’au minimum 800 MPa et un degré d’expansion de trou minimum de 70 %. Le projet

1En anglais: stretch flangeability.
2En anglais: hole expansion ratio.
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NANOFORM est un projet complet de design de nouvelles nuances d’aciers, depuis l’échelle du
laboratoire jusqu’à l’échelle industrielle. Un essai sur la ligne de production industrielle de l’un
des partenaires du projet est en effet planifié à la fin du projet, dans le but d’établir la faisabilité
industrielle des aciers conçus.

Dans le projet NANOFORM, les plaques d’aciers sont destinées à être produites par laminage à
chaud à partir de brames. Le procédé commence par le réchauffage des brames, durant lequel ces
dernières sont insérées dans un four qui les porte à haute température dans le domaine de stabilité
de l’austénite. Ensuite vient le laminage à chaud, qui vise à réduire l’épaisseur des brames en leur
faisant subir différentes passes de déformation lors de leur passage dans des cages de laminoir. Le
laminage s’effectue généralement en deux étapes distinctes: le dégrossissage et la finition. A la fin
du laminage, la tôle atteint son épaisseur finale et subit un refroidissement accéléré jusqu’à une
température cible sur une table de sortie. La tôle est enfin enroulée pour former une bobine, lors
de la dernière étape: le bobinage. Les différentes étapes du laminage à chaud sont schématisées
sur la Figure 1.

Brames d’acier Four de réchauffage Laminoir dégrossisseur réversible

Laminoirs finisseurs Table de sortie

Bobinage

Refroidissement accéléré

Figure 1: Représentation schématique des principales étapes du procédé de laminage à chaud.

La composition des aciers ainsi que les paramètres de laminage à chaud déterminent les mi-
crostructures et les propriétés mécaniques finales. Le projet NANOFORM avait pour objectif
d’optimiser la composition et le procédé pour obtenir des microstructures homogènes, principalement
constituées de bainite, et atteindre les objectifs quant aux propriétés mécaniques. Ainsi, un total
de 11 nuances ont été étudiées dans le cadre du projet. Les évolutions microstructurales à chaque
étape du procédé de laminage à chaud ont été examinées, en incluant de façon non-exhaustive:
(i) Des calculs d’équilibre thermodynamique.
(ii) L’évolution des tailles de grains austénitiques et de la précipitation lors du réchauffage des

brames.
(iii) Les évolutions ayant lieu durant ou après la déformation à chaud de l’austénite: restauration,

recristallisation et précipitation induite par la déformation.
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(iv) Les transformations de phase.
(v) La production par laminage à chaud des aciers sur une usine pilote (à l’échelle du laboratoire)

et sur une réelle ligne industrielle.
(vi) Une caractérisation détaillée des microstructures et propriétés mécaniques résultantes.

Objectifs et organisation du manuscrit

Ce travail de doctorat a pour but de décrire et de comprendre les évolutions microstructurales ayant
lieu au cours des différentes étapes du laminage à chaud. Le manuscrit contient trois chapitres
indépendants et pouvant être lus séparément. Bien que 11 nuances aient été étudiées au cours
du projet, les travaux présentés ici portent principalement sur l’une de ces nuances, dénommée
0.04Nb-0.09Ti. Dans le second chapitre, deux alliages additionnels ont été également étudiés. Les
compositions des nuances sont données dans le Tableau 1. Le laminage à chaud constitue le fil
conducteur du manuscrit, comme l’illustre la Figure 2:
(i) Le chapitre 1 se concentre sur l’étape de réchauffage des brames. L’évolution des tailles de

grains austénitiques et de l’état de précipitation au cours de traitements thermiques isothermes
sont caractérisés expérimentalement. Un modèle de précipitation a été développé et couplé à
un modèle simple de croissance de grains basé sur la théorie de l’épinglage Zener.

(ii) Le chapitre 2 est lié à l’étape de laminage à chaud. Dans ce chapitre, les cinétiques de
recristallisation et de précipitation ont été déterminés expérimentalement par des essais de
relaxation de contrainte et des observations expérimentales directes. Ce chapitre comprend
également des travaux de modélisation portant sur la recristallisation et la précipitation.

(iii) Le chapitre 3 se concentre sur la description des relations entre les paramètres de laminage
à chaud, la microstructure et les propriétés mécaniques obtenues. Six procédés de fabrica-
tion différents ont été appliqués sur un laminoir de laboratoire pour simuler le laminage à
chaud. Les microstructures et les propriétés mécaniques des plaques laminées à chaud y sont
caractérisées.

Elément C Mn Si Ti Nb V Mo Al Cr N
0.04Nb-0.09Ti 0.062 1.91 0.50 0.085 0.039 0.002 0.212 0.065 0.013 0.006

0.04Nb-0.09Ti-0.1V 0.087 1.94 0.50 0.093 0.039 0.105 0.209 0.067 0.014 0.006
0.04Nb-0.05Ti-0.2V 0.085 1.95 0.50 0.046 0.039 0.206 0.209 0.070 0.014 0.006

Tableau 1: Compositions des trois aciers microalliés étudiés (pourcentage massique).
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Laminage dégrossisseur

Laminage de finition

Bobinage

FRT

FRT : Température de fin de laminage

CT : Température de bobinage

CT

Chapitre 1

Chapitre 2

Chapitre 3

Refroidissement accéléré

0.04Nb – 0.09Ti 

0.04Nb – 0.09Ti 

0.04Nb – 0.09Ti 

0.04Nb – 0.09Ti – 0.1V

0.04Nb – 0.05Ti – 0.2V

Figure 2: Organisation du manuscrit par rapport au procédé de laminage à chaud.

Chapitre 1: Évolution de l’état de précipitation et croissance des
grains austénitiques lors du réchauffage

La température de réchauffage des brames détermine la taille des grains austénitiques et la quantité
de précipités remis en solution à la fin du réchauffage. Ainsi, celle-ci doit être sélectionnée avec
soin car elle influencera les évolutions microstructurales subséquentes, telles que les cinétiques de
recristallisation de l’austénite lors de la déformation à chaud, ou la quantité de précipités formés lors
du refroidissement et du bobinage. Dans ce premier chapitre, les évolutions de l’état de précipitation
et de la taille des grains austénitiques au cours du réchauffage des brames ont été étudiées pour la
nuance 0.04Nb-0.09Ti, en associant caractérisations expérimentales et travaux de modélisation.

Partant d’un état de réception complètement précipité, des traitements thermiques isothermes
ont été effectués entre 950 et 1250 ◦C. Les états de précipitation ont été caractérisés de façon appro-
fondie par microscopie électronique en balayage et en transmission. Quatre populations différentes
de précipités ont été identifiées. Parmi ces populations, seule la population de (Ti,Nb)C présentait
une fraction volumique suffisamment importante et des tailles de précipités suffisamment fines pour
contrôler significativement la croissance des grains austénitiques. L’étude s’est donc focalisée sur
ces (Ti,Nb)C. Parallèlement, les grains austénitiques ont été révélés par attaque thermique et leurs
tailles ont été mesurées pour ces différentes températures de réchauffage.

Une approche originale a été suivie pour estimer la fraction volumique des (Ti,Nb)C en utilisant
la sonde atomique tomographique (SAT). Les mesures de SAT ont permis d’estimer la quantité
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totale de Ti et de Nb disponible pour former les (Ti,Nb)C ainsi que de mesurer la quantité de Ti
et de Nb en solution solide dans l’austénite à différentes températures. La fraction volumique de
(Ti,Nb)C a donc été estimée indirectement par un bilan de masse se basant sur la composition
de la matrice austénitique. De telles mesures sont possibles grâce aux évolutions considérables
qu’a connu la sonde atomique tomographique ces 20 dernières années: il est aujourd’hui possible
d’analyser plusieurs dizaines de millions d’ions par expérience.

En se basant sur les résultats expérimentaux générés (types de précipités, tailles, fraction volu-
miques) un modèle de précipitation multi-classe a été implémenté et utilisé pour modéliser l’évolution
de la distribution de taille des (Ti,Nb)C au cours des traitements thermiques. La distribution ini-
tiale de (Ti,Nb)C considérée par le modèle est basée sur les distributions expérimentales mesurées
par MEB/MET. La composition et le domaine de stabilité des (Ti,Nb)C ont été calculés à partir
de la base de données TCFE8 de Thermo-Calc. Les distributions de tailles de précipités issues du
modèle de précipitation servent de données d’entrée à un modèle simple de croissance de grains basé
sur la théorie de l’épinglage des joints de grains. La vitesse de croissance des grains austénitiques y
est calculée par:

dD

dt
=

 M0 exp
(

−QGG
RgT

)
(PD − PP ) si PD − PP > 0

0 si PD − PP < 0
(1)

oùM0 exp
(

−QGG
RgT

)
est la mobilité des joints de grains (thermiquement activée), PD est la pression

motrice pour la croissance de grains, et PP est la pression d’épinglage exercée par les précipités sur
les joints de grains. Deux expressions différentes de PP , données par les théories de Zener [SMI 48,
HUA 16b] et de Rios [RIO 87], ont été comparées. Ces deux théories considèrent des interactions
entre joints de grains et précipités de natures différentes: la théorie de Zener considère que le joint
de grains passe au travers du précipité (pass-through mechanism), tandis que Rios base sa théorie
sur un franchissement par contournement (enveloping mechanism).

Les modèles de précipitation et de croissance des grains ne contenaient aucun paramètre ajustable,
sauf le facteur pré-exponentiel du terme de mobilité des joints de grains M0. Tous les autres
paramètres de modélisation ont été extraits de bases de données thermodynamiques ou de la lit-
térature.

Les travaux expérimentaux et de modélisation réalisés dans ce chapitre sont résumés graphique-
ment dans la Figure 3.

Le modèle de croissance de grains prend en compte la distribution de tailles complète des pré-
cipités pour le calcul de la pression d’épinglage, plutôt que de considérer des valeurs moyennes
(fv et 〈r〉). Cette prise en compte influence significativement les pressions d’épinglage calculées:
l’utilisation de valeurs moyennes mène à une surestimation de l’épinglage de précipités. La Figure 4
compare les prédictions du modèle avec les tailles de grains austénitiques mesurées expérimentale-
ment. Les prédictions du modèle sont en accord avec les données expérimentales. Les mesures se
trouvent entre les prédictions considérant les théories de Zener et de Rios.

Suite à cette étude, une température de réchauffage des brames de 1250 ◦C a été sélectionnée
pour le procédé, et a donc été appliquée dans les deux chapitres suivants. Une telle température
de réchauffage mène à la remise en solution des précipités contrôlant la taille de grains. Des tailles
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Méthodes expérimentales

Etat de précipitation Composition de l’austénite Taille de grains austénitiques

Modélisation Résultats de modélisation

𝒅𝑫

𝒅𝒕
= 𝐌𝟎𝐞𝐱𝐩 −

𝑸

𝑹𝑻
(𝑷𝑫 − 𝑷𝑷)

Croissance de grains

Précipitation: évolution des (Ti,Nb)C

• Implémentation des théories classiques de la germination, croissance 

et coalescence (PreciSo).

• Ajustement du modèle sur les données expérimentales générées.

• Epinglage des joints de grains par les 

précipités.

• Croissance 

des grains :

𝑷𝑷: pression d’épinglage𝑷𝑫: pression motrice
2 théories

(Zener / Rios)

• Evolution de la précipitation en fonction des traitements thermiques.

Révélés par attaque thermiqueSonde atomique tomographique.MEB/MET + EDX + SAED

Distribution de taille initiale des (Ti,Nb)C.

Titane en solution solide

Niobium en solution solide

500 nm

• Evolution des tailles de grains austénitiques.

Figure 3: Résumé graphique des travaux expérimentaux réalisés dans le chapitre 1.
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Figure 4: Tailles des grains austénitiques prédites par le modèle et mesurées expérimentalement
pour des traitements thermiques isothermes de 10 min.

de grains austénitiques conséquentes sont donc obtenues à la fin du réchauffage (Figure 4). Elles
pourront cependant être affinées par recristallisation lors du laminage à chaud (prochaine étape du
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procédé).

Chapitre 2: Cinétiques de recristallisation et de précipitation après
déformation à chaud de l’austénite

Au cours du laminage à chaud, les brames subissent une succession de passes de déformation dans le
domaine austénitique. La déformation appliquée à chaque passe augmente la densité de dislocations
dans l’austénite, ce qui permet ensuite à plusieurs évolutions microstructurales de se produire:
restauration, recristallisation, et précipitation induite par la déformation. Dans ce second chapitre
ces phénomènes ont été étudiés dans trois aciers microalliés présentant des additions de Ti, Nb et
V (voir Tableau 1).

Après une étape de réchauffage à 1250 ◦C, les évolutions microstructurales susmentionnées ont
été suivie par des essais de relaxation de contrainte réalisés entre 900 et 1100 ◦C, en faisant varier les
déformations et vitesses de déformation appliquées. Les essais de relaxation de contrainte permettent
de suivre les évolutions microstructurales de façon indirecte, via l’évolution de la contrainte en
fonction du temps. Ils ont donc été complétés par des observations microstructurales directes de la
précipitation et des tailles de grains austénitiques.

Les cinétiques de recristallisation et de précipitation ont été établies pour les trois aciers étudiés,
permettant ainsi la construction des diagrammes de Recristallisation - Précipitation - Temps - Tem-
pérature. Pour des faibles niveaux de déformation (ε = 0.1), la force motrice pour la recristallisation
est trop faible et seules la restauration et la précipitation sont observées. Pour une déformation
plus élevée (ε = 0.3), la recristallisation est observée pour des températures supérieures ou égales à
1000 ◦C, tandis seules la restauration et la précipitation sont observées à 950 ◦C.

A haute température, les éléments de microalliage (Ti, Nb et V) interagissent avec la recristalli-
sation par la formation de précipités (pression d’épinglage) et l’effet de trainée de solutés. A haute
température, les cinétiques de recristallisation sont contrôlées par l’effet de trainée de solutés. En
particulier, l’ajout de vanadium retarde significativement les cinétiques de recristallisation. A plus
basse température, la recristallisation intervient pour des temps assez courts (t <100 s), avant que la
recristallisation n’ait pû avoir lieu. La formation de ces précipités retarde ensuite la recristallisation
par l’exertion d’une pression d’épinglage des joints de grains, de telle sorte que la recristallisation
n’est pas observée pour les temps de traitements thermiques réalisés. Les cinétiques de recristalli-
sation sont accélérées lorsque la vitesse de recristallisation augmente de 0.1 à 5 s−1. Cela est dû
à la plus grande densité de dislocation dans le matériau écroui à forte vitesse, donnant une force
motrice pour la recristallisation plus importante.

Ces travaux expérimentaux ont été complétés par des travaux de modélisation des cinétiques
de recristallisation et précipitation pour la nuance 0.04Nb-0.09Ti. Le modèle de recristallisation
est basé sur une loi JMAK dans laquelle sont introduits des paramètres physiques tels que la
mobilité des joints de grains et la force motrice pour la recristallisation. La force motrice pour
la recristallisation est calculée à partir de l’augmentation de la contrainte d’écoulement mesurée
lors de la compression des éprouvettes. Les travaux de modélisation de la précipitation présentés
dans le chapitre 1 ont également été étendus pour améliorer la compréhension de la précipitation
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induite par la déformation. Les résultats de modélisation tendent à confirmer que la détection de la
précipitation par les essais de relaxation de contrainte est liée à la densité numérique de précipités
plutôt qu’à leur fraction volumique ou à leur pression d’épinglage.

Les travaux réalisés dans ce second chapitre sont résumés graphiquement dans la Figure 5.

Méthodes expérimentales

Essais de relaxations de contrainte

Résultats expérimentaux

Précipitation

Observations expérimentales directes
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Relaxation de contrainte
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Recristallisation
Restauration
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Grains austénitiques 

(attaque de Béchet-Beaujard)

Modélisation

Cinétiques de recristallisation

(Approche JMAK)
Précipitation induite par la déformation

(PreciSo)

• Effets : composition, déformation, vitesse de déformation, température.

• Diagrammes Recristallisation – Précipitation - Temps - Température

Germination sur les dislocations induites par la 

compression à chaud. 

Figure 5: Résumé graphique des travaux expérimentaux réalisés dans le chapitre 2.

L’état métallurgique de l’austénite (taille de grain, densité de dislocations) influence la nature,
la morphologie et la taille des phases formées lors des étapes suivantes du procédé (refroidissement
accéléré et bobinage). Les résultats expérimentaux et de modélisation générés dans ce chapitre sont
donc des données essentielles pour l’optimisation du laminage à chaud dans le but de contrôler les
microstructures finales.

Chapitre 3: Conception d’aciers à phase complexe par laminage à
chaud

Ces travaux visaient à générer une microstructure complexe principalement composée de bainite
par laminage à chaud et bobinage entre 500 et 650 ◦C. Ce troisième et dernier chapitre se concentre
ainsi sur les relations entre les paramètres de laminage à chaud, les microstructures finales et les
propriétés mécaniques obtenues.

Le comportement en transformation de phase de l’acier 0.04Nb-0.09Ti a tout d’abord été suivi
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Figure 6: Diagrammes de transformations en refroidissement continu (TRC) partant d’une austenite
non déformée ou déformée à 950 ◦C avec ε = 0.3 et ε̇ =10 s−1.

par dilatométrie lors d’essais de refroidissements continus (voir Figure 6), partant d’une austénite
recristallisée (non-déformée) ou déformée à 950 ◦C (ε = 0.3 et ε̇ =10 s−1). Des microstructures
bainitiques ont été obtenues pour une large gamme de vitesses de refroidissement. Des vitesses de
refroidissement aussi faibles que 1 ◦C s−1 ont conduit à des microstructures entièrement bainitiques
(principalement granulaire), montrant que la composition étudiée est particulièrement appropriée
pour favoriser la transformation bainitique. Pour des vitesses de refroidissement plus élevées, des
microstructures en lattes sont plutôt observées. La déformation de l’austénite dans la région de non-
recristallisation étend le domaine de formation de la bainite granulaire au détriment de la bainite en
lattes. Concernant la bainite en lattes, la déformation mène à des microstructures plus grossières
(lattes plus courtes et plus larges), présentant des duretés plus faibles que les microstructures
obtenues à partir d’austénite non-déformée.

Par la suite, des tôles d’acier ont été produites par laminage à chaud sur un laminoir de labora-
toire, en utilisant des conditions proches des conditions de laminage industriel. Différentes stratégies
ont été testées. Premièrement, les passes de déformation ont été effectuées dans des domaines de
température différents, en suivant trois programmes distincts:

(i) HOT, pour lequel toutes les passes de déformation sont effectuées dans le domaine de tem-
pérature où l’austénite a le temps de recristalliser entre chaque passe.

(ii) MIXED, pour lequel les passes de dégrossissage ont été effectuées dans la région de recristalli-
sation et les passes de finition ont été effectuées entre 1050 et 880 ◦C.
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Résumé en français

HOT

Caractérisation microstructurale Propriétés  mécaniques

MIXED COLD

MEB EBSD
• Essais de traction 

• Essais d’expansion de trou

Six programmes de laminage à chaud

FRT = température finale de laminage

TNR = température de non-recristallisation

FRT = température finale de laminage

TNR = température de non-recristallisation
FRT = température finale de laminage

TNR = température de non-recristallisation

Figure 7: Production de plaques d’acier par six programmes de laminage à chaud différents, et
caractérisations microstructurale et mécanique correspondantes.

(iii) COLD, similaire au programme MIXED, mais avec des passes de finition effectuées à plus
basse température, entre 950 et 800 ◦C.

Deuxièmement, deux températures de bobinage différentes ont été appliquées : 500 et 650 ◦C.
Ainsi, six programmes de laminage à chaud différents ont été testés. Pour chacune des plaques
obtenues, la microstructure a été finement caractérisée au MEB et par EBSD, et les propriétés de
traction et d’aptitude à l’étirement des bordures ont été déterminées. Ces tâches sont résumées
graphiquement sur la Figure 7.

Pour tous les programmes de laminage à chaud testés, les microstructures résultantes sont prin-
cipalement constituées de bainite, associée à de faibles quantités de ferrite. La déformation de
l’austénite dans son domaine de non-recristallisation a favorisé la formation de ferrite, principale-
ment localisée aux anciens joints de grains austénitiques. Des microstructures bainitiques en lattes
ont été obtenues pour les programmes HOT - 500 ◦C et MIXED - 500 ◦C, tandis que la bainite
granulaire domine les microstructures obtenues pour les autres programmes de laminage à chaud.

Des résistances maximales supérieures à 800 MPa ont été obtenues pour toutes les plaques lam-
inées à chaud, atteignant ainsi l’objectif initial du projet NANOFORM. Les limites d’élasticité at-
teintes sont également élevées, avec des rapports YS/UTS compris entre 0.81 et 0.97. Des niveaux
de ductilité en traction limités sont atteints.

Aucune de plaques obtenues n’atteint l’objectif de 70 % de degré d’expansion de trou. Cependant,
des aptitudes à l’étirement des bordures raisonnables ont été obtenues, avec des degrés d’expansion
de trous compris entre 40 et 60 %. Les microstructures bainitiques granulaires, principalement
obtenues par bobinage à 650 ◦C, présentent les plus faibles degrés d’expansion de trous. Les mi-
crostructures en lattes, HOT - 500 ◦C et MIXED - 500 ◦C, sont plus favorables à l’obtention de
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Figure 8: Propriétés mécaniques moyennes des plaques laminées à chaud. (a) Limites d’élasticité et
résistances maximales. (b) Propriétés de ductilité en traction et degrés d’expansion de trous.

bonnes aptitudes à l’étirement des bordures. Cela est principalement dû à la présence néfaste
d’îlots de martensite/austénite dans les microstructures granulaires.

Perspectives

Ces travaux de thèse ont porté sur les évolutions microstructurales d’acier bas carbone micro-alliés
au cours du laminage à chaud. Le premier chapitre s’est concentré sur les phénomènes de réversion
de la précipitation et la croissance de grains austénitiques lors du réchauffage des brames. Le second
chapitre a permis l’étude de la restauration, de la recristallisation et de la précipitation induite par
la déformation lors du laminage à chaud. Dans le troisième et dernier chapitre, les transformations
de phase lors d’essais en refroidissement continu et de laminage à chaud ont été étudiées.

A l’issue de ces travaux, plusieurs perspectives peuvent être établies:
(i) Production industrielle des aciers NANOFORM
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Résumé en français

Bien que prometteurs, les résultats du chapitre 3 n’ont pas permis d’établir la faisabilité in-
dustrielle des aciers conçus au cours du projet NANOFORM. Ainsi, l’acier 0.04Nb-0.09Ti, qui
a fait l’objet de la plupart des travaux présentés dans ce manuscrit, a été sélectionné pour des
essais finaux sur la ligne industrielle de Salzgitter Mannesmann Forschung GmbH. Différents
programmes ont été testés dans le but de chercher les propriétés mécaniques optimales. A
l’heure de l’écriture de ce manuscrit, ces essais de production viennent d’être réalisés. Des
combinaisons intéressantes de propriétés mécaniques ont été obtenues pour deux des tôles
produites industriellement, l’une d’entre elle atteignant les objectifs initiaux du projet (UTS
≥ 800 MPa et HER ≥ 70 %).
A court terme, les microstructures de ces tôles seront caractérisées dans le but de comprendre
l’origine des propriétés mécaniques. Ces tôles subiront également une caractérisation plus
poussée, incluant des essais de soudabilité, de galvanisation et de pliabilité. A plus long
terme, si les essais de caractérisation finaux sont concluants, il est possible que ces aciers se
retrouvent sur le marché dans quelques années.

(ii) Amélioration des travaux de modélisation
Le modèle de précipitation / croissance de grains présenté dans le premier chapitre pourrait
être amélioré. Des efforts devraient notamment être faits pour réduire la quantité de données
expérimentales nécessaires à la calibration du modèle. L’un des points clefs est l’estimation
de la quantité réelle d’éléments de microalliage piégée dans des précipités dont les tailles sont
trop importantes pour participer efficacement au contrôle de la taille des grains.
Dans le chapitre 2, des modèles décrivant la recristallisation de l’austénite et la précipitation
induite par la déformation ont été présentés. Pour aller plus loin, ces modèles devraient
être couplés entre eux, en prenant en compte les nombreuses interactions entre restauration,
recristallisations et précipitation. Cela pourrait se faire sur la base des travaux présentés par
Zurob [ZUR 03], ce qui permettrait une meilleure compréhension des courbes de relaxation de
contrainte obtenues expérimentalement.
Il serait enfin très utile de développer un modèle complet, incluant à la fois les phénomènes
dynamiques prenant place durant la compression, et les phénomènes statiques ayant lieu après
la déformation.

(iii) Optimisation de la composition des aciers
L’acier 0.04Nb-0.09Ti étudié présente des taux de Ti et de N qui mènent à la formation
de TiN très grossiers, atteignant plusieurs micromètres. Il est probable que ces TiN soient la
principale source de germination des fissures lors d’essais d’expansion de trou. La composition
étudiée pourrait donc ne pas être optimale pour atteindre une bonne aptitude à l’étirement
des bordures.
Bien que cela ait déjà été rapporté dans la littérature, il convient d’abord de confirmer ex-
périmentalement que ces TiN sont la principale source de formation des fissures dans l’acier
étudié. L’analyse des faciès de rupture des échantillons d’essais d’expansion de trou devrait
confirmer cette hypothèse. Il serait alors intéressant de tester d’autres compositions similaires
mais ayant des teneurs plus faibles de Ti et de N pour éviter la formation de ces TiN grossiers.
Il faudrait cependant conserver une composition susceptible de favoriser la transformation
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bainitique pour atteindre les propriétés de résistance mécanique visées.
Il serait intéressant d’adopter une approche de métallurgie combinatoire pour trouver la com-
position optimale. Il faudrait tout d’abord produire des matériaux à gradient de composition
en un ou plusieurs éléments [DES 18] et leur faire subir des traitements de laminage à chaud
similaires à ceux présentés dans le chapitre 3. Une large gamme de compositions pourrait
ainsi être analysée, et la composition menant à des propriétés optimales pourrait alors être
déterminée.
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General introduction

Industrial context
Over the last 20 years, car designers have been facing increasing challenges concerning passenger
safety, vehicle performance and fuel economy. To meet the demands of the automotive industry,
steelmakers have developed higher strength steel grades named Advanced High Strength Steels
(AHSS). Two main driving forces for the development of AHSS are identified [BOU 13, NAN 16].

The first one is related to safety issue: increasing both yield strength and ultimate tensile
strength leads to enhanced crash performances. Components made of AHSS can provide better
energy absorption performance and anti-intrusion properties than conventional steels. The second
driving force is related to the need to reduce vehicle greenhouse gas emissions. Automotive industries
are directly exposed to financial penalties in case of non-compliance with European Union directives
concerning greenhouse gas emissions. European Union defined targets of 130 g CO2/km for 2015 and
95 g CO2/km for 2021 for the average emissions of new passenger cars, whereas the new passengers
cars in the EU in 2016 had average CO2 emissions of 118.1 g of CO2/km. Reducing the weight of a
vehicle without losing strength is one of the possible successful strategies to reduce fuel consumption
and CO2 emissions, together with improved engines and aerodynamics. A reduction of 10 % of a
vehicle mass results in a fuel consumption reduction ranging from 3 to 7 % [MOD 14].

In this context, steel is also competing on some parts with lower density materials, such as
aluminum or magnesium alloys. In order to properly determine the impact of light-weighting, one
needs to consider the total embodied energy of the materials, notably accounting for the energy
cost of material production. It appears that light-weighting generally requires higher energy due to
material production. In particular, the primary energy demand for the production of aluminum and
magnesium alloys can be significantly higher than for steel: 47 MJ/kg for steel, against 141 MJ/kg
for wrought aluminum and 360 MJ/kg for magnesium [KIM 13]. In addition, magnesium has high
production costs, so that only aluminum and steel can be considered for large-scale use in the
automotive industry. Nonetheless, a recent global study [MOD 14] showed that both high strength
steels and aluminum alloys are viable solutions to reduce the green house gas emissions in future
years.

As a side remark, one should note that despite a growing use of high strength steels and aluminum
alloys in automotive industry, the average weight of vehicles has not decreased over the last two
decades [KOL 15, VED 17]. Figure 1 a) shows selected data on the average mass of private cars
in the UE on this time period. The average mass of new vehicles registered in Europe seems to be
reaching a plateau, but does not decrease. This is mainly due the increase of comfort equipments
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General introduction

and user/buyer preference for larger vehicles. In addition, European legislation is quite flexible,
since CO2 emission targets are modulated by the average weight of cars [VED 17]. A heavy/large
car is allowed to emit more CO2 than a lighter/smaller car, which does not encourage manufacturers
to produce cars of more reasonable sizes. However, as observed on Figure 1 b), the average CO2
emissions have considerably decreased over the same time period. This reduction is therefore mainly
related to other factors, such as engine efficiency or improved aerodynamics.
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Figure 1: Evolution of (a) the average C02 emissions and (b) the average mass (kg) of new private
wars sold in European Union. The data is extracted from [VED 17].

Development and classification of Advanced High strength steels
Numerous families of Advanced High Strength steels (AHHS) have been developed and can answer
the demands of the automotive industry. AHSS present enhanced mechanical properties compared
to conventional high strength steels. AHSS are generally classified into categories referred to as
generations [KWO 10, MAT 12, HIL 15, NAN 16], according to their date of development.

The term first generation AHSS refers to different steel types developed since the beginning
of the 1980s, based on ferritic microstructures. It includes dual phase (DP), transformation in-
duced plasticity (TRIP), complex phase (CP) and martensitic (MART) steels. Despite a significant
improvement of strength in comparison to conventional steels, the main disadvantage of the first
generation of AHSS is their limited ductility and formability [BOU 13].

In the 1990s, in order to overcome the weaknesses of the first generation of AHSS, the steel-
makers developed the second generation of AHSS, that present an outstanding combination of
strength and ductility. This second generation contains austenitic stainless steels (AUST. SS),
Twinning Induced Plasticity (TWIP) steels, and lightweight steels with induced plasticity (L-IP).
Unlike the first generation, the second generation AHSS is based on fully austenitic microstructures.
The austenitic microstructure is reached through considerable additions of alloying elements that
stabilize austenite, such as manganese and nickel. Despite their excellent balance of strength and
ductility, these steels suffers several drawbacks: they are significantly more expensive, present a
tendency to cracking after elaboration and have a poor weldability [HIL 15, NAN 16]. Thus, their
use in automotive industry is very limited.
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General introduction

Because of the drawbacks of first and second generations, the third generation of AHSS is
currently under development. The strategies adopted to develop this generation are based on an
enhancement of the mechanical properties of first generation ones. In other words, third generation
AHSS are expected to be an extension of first generation AHSS. The improvement of DP steels, the
use of new processing routes like quenching and partitioning (Q&P) or the enhancement of existing
ones, the development of ultra-fine bainite microstructures, and the modification of the conventional
processing routes of TRIP steels are some examples of the possible followed approaches [MAT 09,
MAT 12, NAN 16].

Figure 2 presents a summary of the strength and elongation data for conventional high strength
steels (HSS) as well as for various AHSS grades. The gap between the properties of first generation
AHSS and those of second generation AHSS allows the definition of the desired properties for the
third generation of AHSS.
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Figure 2: Overview of tensile strength and total elongation for various high strength (HSS) and
advanced high strength steels (AHSS) grades. Based on data extracted from [KWO 10, MAT 12,
NAN 16].

Brief definition and history of Microalloyed steels
The terminology "Microalloyed steels", also referred to as high strength low alloy (HSLA) steels, is
used for steels containing low amounts of denominated microalloying elements, giving them superior
strength as compared to conventional carbon-manganese steels. The metallurgical principles on
which these steels are based have been the subject of a considerable amount of publications, so that
performing an exhaustive review of the metallurgical concepts is impossible.
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General introduction

In an attempt to summarize, microalloyed steels are low carbon - manganese steels to which
are added small quantities of strong carbonitride-forming elements such as Ti, Nb, and V. Such
elements, referred to as microalloying elements, are added for their benefecial effect on strength.
They act through three main mechanisms [GLA 02]:

• By controlling austenite grain size during high temperature processing, thus leading to a
general grain refinement of the final microstructure.

• By increasing the strength through precipitation hardening when fine carbides are formed in
the ferritic microstructures.

• By increasing the hardness and influencing the phase transformation behavior (hardenability)
when in solid solution.

Strictly speaking, the concept of microalloying was discovered in the 1920s, as studies reported
the beneficial effects of small additions of zirconium to plain carbon steels [BEC 23, FEI 23]. In
1959, Breiser [BEI 59] democratized the concept and created the term microalloying by reporting
the effect of Nb addition to carbon steels. Thus, from the end of the 1950s until the beginning of the
1980s, microalloyed steels have remarkably developed. During these years, the literature and indus-
trial developments were almost exclusively focused on low-hardenability steels presenting ferrite-
pearlite microstructures, with yield stress up to 420 MPa [PIC 92, GLA 02, DEA 09, BAK 16].
Starting from the beginning of the 1980s, due to the increasing demands of pipeline and auto-
motive industry for steels with higher strengths, microalloyed steels gradually diversified. The
microstructures gradually transformed from high-temperature transformation products (ferrite and
pearlite) to a mixture of low-temperature transformation products such as acicular ferrite and bai-
nite [PIC 92, GLA 02, DEA 09, BAK 16]. From a processing perspective, this evolution towards
low-temperature transformation products was made possible by the enhancement of hot rolling
practices and the apparition of new techniques, such as accelerating cooling after hot rolling.

Thus, today’s microalloyed steels present a very broad range of properties and microstructures,
ranging from ferrite-pearlite microstructures to more complex ones mixing several austenite trans-
formation products. The modern complex phase (CP) steels, whose tensile properties are shown
in Figure 2, are nothing more than the results of the evolution of microalloyed steels towards low-
temperature austenite transformation products.

Aims of the NANOFORM project
Due to the aforementioned driving forces, the use of AHSS has gradually increased in automotive
industry. However, increasing strength generally leads to a reduction in ductility and formability
of steels. As a consequence, the use of AHSS was initially limited to parts with rather simple
shapes [HAS 04]. Numerous body-in-white car parts present shapes that need to be manufactured by
cold forming. This implies that the used steels must present good formability properties, including
stretch flangeability, which is generally evaluated by hole expansion tests.

Dual phase steels are the most widely used AHSS for body-in-white car parts. They exhibit a
very good balance of strength and elongation due to a high strengthening rate. Thus, they present
a low YS/UTS (yield strength/ ultimate tensile strength), which is quite a drawback because body-
in-white parts should resist to intrusion [FON 15]. Another drawback of DP steels is their limited
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formability, which arises from the very high difference in hardness between ferrite and martensite
[HAS 04]. Therefore, there is a demand for AHSS presenting the same level of strength than DP
steels but enhanced formability properties and higher YS/UTS ratio.

The concept of complex phase (CP) steels have emerged to address the lack of stretch flangeability
of DP steels. This term refers to steels presenting a strength superior to 800 MPa with a "complex"
microstructure composed of a mixture of bainite, ferrite, martensite and precipitates [FON 15]. In
order to increase the stretch flangeability, it is recommended the lower the difference of hardness
between the phases present in the microstructure. A homogeneous microstructure thus leads to
better hole expansion ratios. Additionally, CP steels containing a high fraction of bainite are
expected to present an enhanced stretch flangeability because bainite present a strength between
those of ferrite and martensite. This category of steel also presents a higher YS/UTS ratio than
DP or TRIP steels.

In this scientific and industrial context, the NANOFORM RFCS3 project aims at designing new
grades of complex phase low carbon microalloyed steels with enhanced stretch flange-
ability in comparison with existing steels with similar levels of strength. The targeted ultimate
tensile strength level ranges from 800 MPa to 1000 MPa. Regarding stretch-flangeability, a hole
expansion ratio of 70 % is targeted. These steels are intended to be manufactured through hot
rolling, accelerated cooling and coiling between 500 ◦C and 650 ◦C.

Figure 3 describes the hot rolling process by which the steel sheets of the project are manu-
factured. In hot rolling steel plants, the manufacturing process of steel sheets starts with slabs
that come from the casting process. These slabs are inserted in the slab reheating furnace, whose
primary purpose is to ensure that the slab is ductile enough to be hot rolled. During this reheating
stage, the steel is brought to a fully austenitic state. In the case of microalloyed steels, reheating
ensures that primary coarse precipitates are dissolved before hot rolling, to optimize the effects of
microalloying additions.

After the reheating stage comes the proper hot rolling, that aims at reducing the slab thickness
to get the targeted thickness of the final steel sheet. Hot rolling is divided into two stages, referred
as roughing and finishing. Depending on the deformation temperatures, the levels of strain and
strain rates applied, as well as the times between each deformation pass (interpass time), the
microstructural state obtained at the end of hot rolling can strongly vary. This state will influence
the phase transformations occurring in the later stages of the process, and thus must be carefully
optimized.

Right after hot rolling, the steel sheet reaches its final thickness. This process ends with accel-
erated cooling on a run-out table. The steel sheet is rapidly cooled down to a target temperature
and coiled at this temperature. Accelerated cooling practice aims at avoiding the formation of
high temperature austenite transformation products, such as ferrite and pearlite. Depending on the
cooling rate applied and the coiling temperature, the final microstructure can be adapted.

The composition of the steel as well as the hot rolling parameters determine the final microstruc-
ture and mechanical properties obtained. The NANOFORM project aims to optimize both the
composition and the hot rolling process in order to develop rather homogeneous microstructures

3RFCS: Research Fund for Coal and Steel.
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Steel slabs Reheating furnace Reversing rough rolling

Finishing rolling Run-out table

Coiling

Accelerated cooling

Figure 3: Manufacturing process targeted in the NANOFORM project for the production of AHSS
steels plates.

mainly consisting of bainite and reach the targeted mechanical properties. Thus, a total of 11 dif-
ferent compositions were studied. The microstructural evolutions at each stage of the process were
studied, non-exhaustively including:
(i) thermodynamic equilibrium calculations.
(ii) the evolution of austenite grain sizes and precipitation state during reheating.
(iii) the microstructural evolutions taking place during and after hot deformation of austenite:

recovery, recrystallization and strain-induced precipitation.
(iv) the phase transformation behavior.
(v) the hot rolling production of these steels on a pilot plant (lab scale) and on an industrial scale.
(vi) a detailed characterization of the resulting microstructures and mechanical properties.
For a better understanding of the context of this PhD-work, an overview of the organization and

progress of the NANOFORM project is given in Appendix A.

Objectives of the PhD and outline
This PhD thesis fits into the context of the NANOFORM project. It aims at describing and
understanding of microstructural evolutions during the various stages of the manufacturing process
schematically represented in Figure 3. Although a total of 11 steels were studied in the framework of
the NANOFORM project, this work mainly4 focuses on one of the steel grades studied in the project,
referred to as 0.04Nb-0.09Ti steel. The manuscript is organized in three independent chapters, which
can be read separately. The hot rolling process links the different chapters, as shown in Figure 4.

4In chapter 2, two other steel grades are also studied.
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(i) Chapter 1 is related to the reheating stage of the manufacturing process. It presents an exper-
imental study aiming at describing the evolution of austenite grain growth and precipitation
state during during isothermal treatments. A precipitation model was developed and coupled
to a simple grain growth model based on Zener pinning to describe microstructural evolutions
that occur during reheating.

(ii) Chapter 2 is related to the hot rolling stage of the manufacturing process. In this chapter, the
kinetics of austenite recrystallization and precipitation in austenite were studied by application
of the stress relaxation method. This chapter also includes a modeling work on the kinetics
of recrystallization and precipitation.

(iii) Chapter 3 focuses on the description of the relationships between the manufacturing process,
the microstructure, and the mechanical properties obtained. Six varying manufacturing pro-
cesses were applied on a pilot plant to simulate hot rolling. The obtained microstructures and
mechanical properties of the resulting hot-rolled plates were characterized.
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Figure 4: Structure of the PhD manuscript with respect to the different stages of the hot rolling
process.
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Chapter 1

Evolution of precipitation state and
austenite grain growth during

reheating
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Introduction

1.1 Introduction

Microalloyed steels, also referred to as high strength low alloy (HSLA) steels, present small addi-
tions of strong carbonitride-forming elements such as Ti, Nb and V. In austenite, the precipitates
formed control the grain sizes through a grain boundary pinning mechanism during the high tem-
perature processing. Regardless of the intended phase transformations from the austenitic domain,
the resulting mechanical properties depend on the prior austenite grain size. Indeed, austenite grain
boundaries (GB) act as nucleation sites for ferrite, bainite and/or martensite. A finer austenitic mi-
crostructure thus results in a finer ultimate microstructure, with enhanced strength and toughness.

During hot rolling process, the reheating temperature prior to hot rolling must be carefully
selected to optimize the effects of microalloying elements. A high soaking temperature ensures a
complete dissolution of the pre-existing precipitates, leading to the formation of finer precipitates
during and after hot rolling. However, it also results in coarser austenite microstructures. On the
other hand, a low soaking temperature would maintain a fine austenite microstructure but may not
dissolve existing coarse precipitates, decreasing the potential for precipitation strengthening during
the following steps. The choice of the soaking temperature and duration is generally the result of
many years of practical feedback. There is a demand to replace an essentially experience-based
approach with thermodynamic and kinetic models.

Grain growth is an important field of study in materials science and has been the subject of
a considerable amount of work [HUM 17, RIO 18]. Numerous studies intend to develop numeri-
cal models for austenite grain growth kinetics in steels. Phenomenological approaches are widely
used for their simplicity [SEL 79, SHO 04, LEE 08a, XU 12, ZHA 11, YAN 14], the grain diameter
following empirical equations of the type:

Dn −Dn
0 = At exp

(
−QGG
RgT

)
(1.1)

where D is the final grain diameter, D0 is the initial grain diameter, A and n are empirical
parameters, QGG is the activation energy for grain growth, Rg is the ideal gas constant, T is
the temperature, and t is the soaking duration. However, these types of models do not account
for the pinning effect of precipitates. Other studies adopt physically based approaches that take
into account the influence of pinning precipitates on grain growth [AND 95, MAN 96a, BAN 10,
MAA 12]. The austenite grain size is shown to result from the competition between a driving
pressure for grain growth and a pinning pressure, induced by precipitates, that evolves during
heat treatments. In particular, Banerjee et al. [BAN 10] and Maalekian et al. [MAA 12] presented
models coupling the evolution of precipitation with austenite grain growth. The pinning effect
of different precipitate species are added up to calculate the global pinning pressure. Although
Maalekian et al. [MAA 12] present a multi-class description of the precipitation state, the pinning
pressures are calculated using the mean volume fraction f of precipitate, and the mean radius of
precipitates 〈r〉〉. More recently, Razzak et al. [RAZ 12, RAZ 14] showed the importance of using
the size distribution of precipitates for the calculation of pinning pressure in an abnormal grain
growth model. Considering only averaged values may lead to erroneous calculated pinning pressure,
especially in cases where precipitate size distribution is broad and/or bimodal.
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

In the present chapter, the evolution of the precipitation state and austenite grain growth were
studied in a Ti-Nb microalloyed steel during reversion treatments, i.e. starting from a fully precipi-
tated state and performing thermal treatments between 950 ◦C and 1250 ◦C. A Kampmann-Wagner
Numerical (KWN) type precipitation model [WAG 05] was coupled with a grain growth model to
predict the austenite grain size obtained after several heat treatments. The evolution of a pre-
existing population of (Ti,Nb)C precipitates was modeled using a multi-class description of the
precipitation state. Thermodynamic databases were used, accounting for the alloy thermal history,
to estimate the solubility product of (Ti,Nb)C precipitates.

1.2 Background

In the following, the fundamentals of the solubility of microalloying elements in austenite and of
grain growth control by precipitates are reviewed.

1.2.1 Solubility of microalloying elements in austenite

The solubility of a MX compound, where M is a metallic element (Ti, Nb, or V) and X is an
interstitial element (C or N), is often described by its solubility product, KS . The value of KS is
given by the concentration of the elements in solid solution by:

KS = [M ] · [X] (1.2)

where [M ] and [X] should be, strictly speaking, the molar fraction of M and X dissolved in
matrix [GLA 02]. For convenient reasons, [M ] and [X] are generally expressed in terms of weight
percentage. The temperature dependence of KS is historically expressed by a condensed form of an
Arrhenius relationship:

log10(KS) = A−B/T (1.3)

where A and B are constant for a given MX compound and T is the temperature (K). Figure 1.1
compares the solubility products of microalloying elements carbides and nitrides. It is worth noticing
that for each microalloying element, the nitride is more stable than the corresponding carbide in
austenite. TiN is markedly the most stable precipitate in austenite, whereas VC is the least stable.
Thus, in the case of multiple microalloying additions, TiN tends to form at very high temperatures
and to precipitate before other microalloy carbides and nitrides, consuming the available nitrogen
in the alloy.

All carbides and nitrides of Ti, Nb, and V share the same face-centered cubic (FCC) crys-
talline structure with very similar lattice parameters [GLA 02]. Therefore, mixed carbo-nitrides
(Ti,Nb,V)(C,N) can form when the steel presents multiple microalloying additions. In this case,
thermodynamic databases in commercial softwares such as Thermo-Calc [AND 02a] are particularly
useful for the estimation of the solubility products of these complex compounds.
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Figure 1.1: Comparison of the solubility products of microalloy carbides and nitrides. Data is
extracted from [GLA 02].

1.2.2 Grain growth control by precipitates

Grain growth occurs at sufficiently high temperature in metallic materials in order to reduce the
total interfacial energy of the polycrystalline material. In microalloyed steels, microalloying ele-
ments may interact with the motion of grain boundaries in two ways. First of all, a dispersion of
precipitates exerts a retarding pressure on grain boundaries, which has a pronounced effect on grain
growth. Secondly, a migrating interface drags a local segregation (atmosphere) of solute elements,
which exerts a retarding force on it. Thus, solute elements may largely reduce the grain boundary
mobility and the grain growth kinetics. This phenomenon is generally referred to as solute drag
effect [CAH 62, HER 14]. In the case of high velocity grain boundaries, the solute elements can no
longer keep up with the grain boundaries. Thus, in the case of high temperature heat treatments,
the solute-drag effect stays limited and precipitate pinning forces prevail.

In 1948, Zener first formulated an expression for the pinning pressure exerted by precipitates on
grain boundaries, in a paper written by Smith [SMI 48] after a personal communication with Zener.
Zener’s theory has been widely adopted and modified ever since, so that dozens of precipitate
pinning expressions can be found nowadays [HUA 16b]. In the following sections, we will detail
two particularly relevant theories: the original Zener’s theory [SMI 48], and the one formulated
by Rios [RIO 87]. Both theories are given for a randomly distributed population of precipitates
presenting the same radius r and a volume fraction fv.

1.2.2.1 Driving pressure for grain growth

Both theories consider that the driving pressure for grain growth arises from the reduction of
boundary area coming with grain growth and is given by:

PD = β
γ

Dγ
(1.4)
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

Where β is a coefficient, γ is the austenite interfacial energy and Dγ is the mean grain diam-
eter. The value of β is subject to discussion in literature. Few details are given in Smith’s 1948
founding article, but the most likely assumption1 is that Zener considered that β = 2. This value
seems actually overestimated as several experimental and modeling works tend to prove that the
correct expression of the driving pressure for grain growth in polycrystalline materials is four times
lower [PAT 92, RIO 96, RIO 04, RIO 10]. In his theory, Rios considered that β = 1.

1.2.2.2 Pinning pressure exerted by precipitates

Zener and Rios considered fundamentally different interaction mechanisms between precipitates and
grain boundaries [RIO 10]:
(i) Zener’s theory [SMI 48] is based on the pass-through mechanism, which assumes that grain

boundaries go through the pinning particles (Figure 1.2 a)). Schematically, if a precipitate
occupies a fraction area of the grain boundary, this area has to be created if the interface
moves away from the precipitate. The force exerted by one spherical precipitate of radius r is
thus given by:

FZener = πrγ (1.5)

(ii) Rios [RIO 87] developed his own model on the enveloping mechanism, in which the moving
grain boundary bends around and envelops the precipitate (Figure 1.2 b)). It is supposed
that the precipitate/matrix interface is not replaced but an additional grain boundary area
equal to the surface of the precipitate has to be created. The process is analogous to Orowan
looping of a dislocation bypassing a precipitate. The model assumes that the energy required
to bypass the precipitate is equal to the energy required to create the new enclosing surface.
The force exerted by one spherical precipitate of radius r is then twice the one calculated by
Zener:

FRios = 2πrγ (1.6)

For a given volume fraction fv of randomly distributed inclusions, and assuming that all particles
present the same radius r, the number density of particles (number per unit volume) Nv is given
by:

Nv = fv
4
3πr

3 (1.7)

From this total number density of particles, it is now necessary to calculate Ns, the surface
density of particles that interact with the grain boundary. Zener considered that Ns = r · Nv

without giving any explanation of this assumption. It actually seems more appropriate to postulate
that a particle interact with the grain boundary when the center of the particle lies within ± r of
the grain boundary, as explained by Nes et al. [NES 85]. Thus Rios considered that Ns is equal to
2rNv.

The actual pinning pressure Pp applied by the particle distribution per unit surface of grain
boundary is then derived by:

1For more details, the lecture of the review written by Manohar et al. [MAN 98] is recommended.
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Figure 1.2: Comparison of Zener (a) and Rios (b) theories for the interaction between a grain
boundary (red) and a spherical (grey) precipitate of radius r.

PP = Ns · F (1.8)

where F is the force applied by one precipitate, either given by equation 1.5 or 1.6.
A limiting grain diameter DL is reached when the driving pressure for grain growth equals the

pinning pressure exerted by the precipitate distribution: PD = PP . It should be noted that Rios
found a critical diameter 8 times lower than the one originally found by Zener. The confrontation of
experimental data with Zener and Rios expressions shows that exaggerated grain sizes are obtained
through the formulation originally given by Zener [RIO 87, MAN 98]. As Rios [RIO 10] suggested,
a corrected Zener’s theory is thus considered. Zener’s corrected theory considers Zener’s calculation
of the pinning force applied by one precipitate on a grain boundary, but with corrected Ns and β
values. Table 1.1 compares the expressions of DL found in three different cases: Zener’s original
theory, corrected Zener’s theory, and Rios’s theory. Most of the experimental data lies between the
corrected Zener’s theory and Rios’s theory [RIO 10]. Therefore, these two theories somehow define
a lower and an upper limit for the pinning pressure.
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

Theory Original Zener Corrected Zener Rios

Driving pressure PD
2γ
Dγ

γ
Dγ

γ
Dγ

Number of particles / unit surface of GB Ns r ·NV 2r ·NV 2r ·NV

Pinning pressure PP
3fvγ
4r

3fvγ
2r

3fvγ
r

Limiting diameter DL
8r
3fv

2r
3fv

r
3fv

Table 1.1: Comparison of Zener and Rios expressions for grain boundary pinning by precipitates.

1.3 Material & methods

1.3.1 Studied material

The alloy used in this study was produced by vacuum induction melting. An ingot of approximate
dimensions 140 × 150 × 50 mm3 was obtained. The ingot was homogenized at 1200 ◦C for 2 hours
before hot rolling. Seven passes were applied, giving a plate of 450 × 150 × 15 mm3. The alloy
composition was measured by inductively coupled plasma mass spectrometry (ICP-MS). The key
alloying elements are listed in Table 1.2. The microstructure of the as-received state is mainly
composed of granular bainite and is homogeneous (Figure 1.3). No notable texture was observed.

Element C Mn Si Ti Nb V Mo Al Cr N S
wt% 0.062 1.91 0.50 0.085 0.039 0.002 0.212 0.065 0.013 0.006 0.003
at% 0.286 1.93 0.99 0.098 0.023 0.002 0.122 0.134 0.013 0.023 0.005

Table 1.2: Bulk composition of the steel determined by ICP-MS.

1.3.2 Grain growth measurements2

Cylindrical samples of 10 mm length and 4 mm diameter were machined from the steel plate and used
to determine austenite grain sizes. A Bähr 805 DIL dilatometer was used to perform heat treatments
consisting of a 5 ◦C/s ramp up to the austenitisation temperature TA (950 ◦C< TA <1250 ◦C), fol-
lowed by a 10 min holding at TA and cooling. After austenitisation, the heating was switched off and
the samples cooled down to room temperature with an average cooling rate of 10 ◦C/s. A 2 mm wide
flat surface was prepared along the sample length by mechanical grinding and polishing, finishing
with 1µm diamond solution. The temperature was controlled by welding a type K thermocouple
in the middle of the samples. For all temperatures except 1250 ◦C, the austenite grain size was
determined by the thermal etching method [AND 02b]. During the heat treatments, grooves were
formed at the intersection of austenite grain boundaries with the flat surface [MUL 57, HAL 63]. At
1250 ◦C, thermal etching turned out to be unsuccessful, and a Béchet-Beaujard etching [Bé 55] was

2The heat treatments, thermal/chemical etching, and optical microscopy observations were performed by the
partners from CENIM in Madrid.
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Material & methods

100 µm

Figure 1.3: Optical micrograph of the as-received steel microstructure, etched with Nital. An
homogeneous granular bainite microstructure showing no particular texture is observed.

performed instead. Since a martensitic microstructure is needed for Béchet-Beaujard etching, the
sample was quenched (cooling rate of 100 ◦C/s) with helium after the isohermal holding at 1250 ◦C.

Etched samples were then observed using a Nikon Epiphot 200 optical microscope. For the
thermally eched samples, Nomarski microscopy under bright field reflection illumination was used.
This technique allows highlighting micro-topographic features, like the thermal grooves [SAN 10].
In order to avoid any inaccuracies on the temperature measurement due to the temperature gradient
in the dilatometer, observations were performed on the same layer as where the thermocouple was
welded. The areas of at least 50 grains were determined using FIJI [SCH 12] by manual detouring
(Figure 1.4). The equivalent area diameter DA of circular grain was calculated from each measured
grain area A:

DA =
√

4A
π

(1.9)

In order to account for the intercept effects, the mean grain size D was estimated by multiplying
the number-based mean equivalent area diameter DA by 1.2, in accordance with [GIU 99].

1.3.3 Additional heat treatments for precipitation and austenite composition
characterization

Several heat treatments were performed in the austenite stability domain between 1050 ◦C and
1280 ◦C, using parallelepiped samples machined from the as-received steel plate. In order to avoid
excessive oxidation and decarburization, heat treatments were either performed under dynamic
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

a) b) c)Initial micrograph ThresholdingManual detouring

100 µm100 µm 100 µm 100 µm

Figure 1.4: Image analysis procedure for the determination of the equivalent area diameter of the
austenite grains. Starting from a thermal etching optical micrograph (a), grains were manually
detoured (b) and the image thresholded (c).

secondary vacuum or in primary vacuum sealed quartz tube. The samples were directly inserted
in the furnace heated up to the target temperature. After heat treatment, the samples underwent
water quenching and martensitic microstructures were obtained.

1.3.4 Precipitation characterization

The precipitation state of the as-received condition and heat treated samples were investigated by
means of scanning (SEM) and transmission electron microscopy (TEM).

1.3.4.1 Bulk samples

Bulk samples were investigated for the analysis of precipitates presenting micrometric sizes. After
polishing down to 1µm, samples were etched with a nital 2 % solution and observed in a ZEISS
Supra 55VP field emission gun (FEG) scanning electron microscope (SEM). Energy-dispersive X-ray
(EDX) analysis was carried out using an Oxford EDX analyser with silicon drift detector.

1.3.4.2 Carbon extractive replicas

Precipitates presenting nanometric sizes were collected for investigation on carbon extractive repli-
cas. After polishing down to 1µm and nital (4 %) etching, a carbon layer was deposited on the
etched sample using a SCD500 BALTEC carbon evaporator. Squares of approximately 2 × 2 mm2

were drawn on the carbon-coated surface using a cutter blade. Samples were thereafter placed in
a 4 % nital solution until the sliced carbon films start delaminating from the sample surface. A
carbon layer containing the precipitates was thus obtained. Afterwards, the carbon replicas were
rinsed in three successive ethanol baths, and placed on nickel or copper grids.

The precipitates were characterized in scanning transmission electron microscopy mode (STEM)
- high angle annular dark field (HAADF) imaging. The STEM-HAADF technique provides a Z-
contrast [WIL 09], which facilitates the observations: a large contrast appears between the carbon
layer (dark) and the precipitates (bright). Other observations were performed on carbon replicas
using a ZEISS Supra 55VP FEG-SEM. Using backscattered electrons (BSE) mode, a chemical
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Material & methods

contrast was also obtained.
Using FIJI [SCH 12], an image analysis procedure was developed to determine the precipitate

sizes. The projected surface of precipitates AP was determined and an equivalent radius was calcu-
lated:

r =
√
AP
π

(1.10)

Both TEM and SEM were equipped with Oxford EDX analyzers with silicon drift detectors.
EDX measurements were used to determine the relative contents of the metallic species such as Ti,
Nb and S. Lighter elements such as C and N cannot be correctly quantified by EDX. Moreover,
carbon quantification was hindered by the presence of the carbon layer of the replicas. However,
nitrogen can be detected if present in the precipitates.

Finally, the crystallographic nature of the precipitates was investigated using selected area elec-
tron diffraction (SAED) on a JEOL 2010F TEM operating at 200 kV. The composition of each
precipitate analyzed by SAED was checked by EDX. The crystallography data used for indexing
the SAED patterns are extracted from [WYC 63], available on [GRA 09]. Ti4C2S2 precipitates
present an hexagonal structure of space group P63/mmc with a = b = 0.3210 nm and c = 1.120 nm.
TiN, TiC and NbC all share the same face-centered cubic (fcc) structure of space group Fm3̄m with
respectively a = 0.4235 nm, a = 0.4319 nm, and a = 0.4469 nm.

1.3.5 Atom probe tomography3

Atom probe tomography (APT) was applied to measure the austenite composition in Ti/Nb. The
samples used for this APT work were resulting from isothermal heat treatments followed by water
quenching, as presented in part 1.3.3. The measurements were therefore performed on martensitic
microstructures obtained after quenching. Due to the diffusion-less nature of its transformation
mechanism, the composition of martensite is that of the parent austenite. Table 1.3 lists the heat
treatments performed for APT measurements.

Temperature (◦C) 1050 1120 1200 1280
Time (min) 240 120 60 60

Table 1.3: Heat treatments performed for APT measurements of austenite composition.

The specimen tips were prepared using a classical electro-polishing method. First, the tips were
thinned using a solution of 75 % acetic acid and 25 % perchloric acid. Then, a final polishing was
completed using a mixture of 2 % perchloric acid in 98 % 2 butoxyethanol at 15 V until separation of
the rod into two pieces with a needle tip radius smaller than 50 nm. The experiments were carried
out on a LEAP® 4000HR device from CAMECA, the reconstruction procedure was conducted using
IVAS 3.6 software package. The peaks superimposition on the experimental mass spectrum was
manually corrected from the isotopes ratios. In order to get enough precision in the quantification of
microalloying additions, several tens of millions of atoms were collected per heat treated condition.

3Atom probe measurements were performed in GPM Rouen, by Frédéric Danoix.
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

In the experimental mass spectrum generated, a peak convolution is observed between the prin-
cipal isotope of Ti (48Ti2+) and a peak from carbon molecular ions ((12C - 12C)+), that both are
around 24 Da. Therefore, the principal peak of Ti, representing approximately 75 % of the total Ti
amount was not used for quantification of the Ti. The measurement of Ti in solid solution relied on
the peaks of the two first isotopes (46Ti2+ and 47Ti2+) representing 15 % of the total Ti amount.

If the atoms are randomly distributed, the standard deviation associated with the measurement
of a composition by APT is given by [DAN 07]:

σ =

√
C(1− C)(1−Q)

N
(1.11)

with C the measured composition, N the total number of atoms collected, and Q the detection
efficiency. For several millions of atoms, this standard deviation becomes negligible.

Another source of error on this composition measurement can arise from APT very local nature,
thus sensitive to possible heterogeneities in composition. For each heat-treated state, several samples
were analyzed. The error on composition measurement is reported by the standard error on the
different experiment values obtained (σ−

x
):

σ−
x

=

√∑
i(Ci − Cm)2

n
(1.12)

where Cm is the average composition measured, Ci the different individual composition measured,
and n is the number of observations.

1.4 Experimental results

1.4.1 Austenite grain size measurements

Figure 1.5 displays optical micrographs from heat treatments showing prior austenite grain bound-
aries (PAGB) revealed by the thermal etching method. Most of these micrographs allowed an accu-
rate tracking of the austenite grain boundaries. For the lower temperatures (950 ◦C and 1000 ◦C),
thermal etching was less effective and prior austenite grain sizes (PAGS) determination was more
tedious. Figure 1.6 shows the PAGB revealed by a Béchet-Beaujard etching for the 1250 ◦C heat
treatment. For all temperatures, some austenite grain boundaries were not revealed, leading to
uncertainties, that were estimated to be 20 %.

Figure 1.7 shows the resulting average PAGS measurements after 10 min isothermal heat treat-
ments at temperature ranging from 950 ◦C to 1250 ◦C. As expected, raising temperature results
in increasing PAGS. Up to 1050 ◦C, PAGS remains roughly constant, with values between 10 and
20 µm. Starting from 1100 ◦C, a substantial austenite grain growth occurs. At 1250 ◦C, coarse grains
were obtained, with a final grain diameter around 400 µm.
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10 min – 950 °C 10 min – 1000 °C 10 min – 1050 °Ca) b) c)

10 min – 1100 °C 10 min – 1150 °C 10 min – 1200 °Cd) e) f)

10 µm 10 µm 25 µm

25 µm 50 µm 100 µm

10 µm

Figure 1.5: Optical micrographs showing PAGB revealed by thermal etching for 10 min holding
treatments at 950 ◦C, 1000 ◦C, 1050 ◦C, 1100 ◦C, 1150 ◦C, and 1200 ◦C.

10 min – 1250 °C 

500 µm

Figure 1.6: Optical micrograph showing PAGB revealed by Bechet-Beaujard etching after a 10 min
holding treatment at 1250 ◦C. The PAGB were manually underlined in order to facilitate their
identification.

1.4.2 Precipitation characterization

1.4.2.1 As-received condition

Nature of precipitates observed
On bulk samples, complex carbonitrides (Ti,Nb)(C,N) with micrometric sizes were found. As seen
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Figure 1.7: Evolution of PAGS for 10 minutes heat treatments at temperatures ranging from 950 ◦C
to 1250 ◦C

in Figure 1.8, Ti and N are the main elements detected in these precipitates. Lower amounts of
Nb and C were detected. In the following, this population is referred to as (Ti,Nb)(C,N)large.
Other complex assemblies of precipitates were observed on bulk samples. These are composed of
(Ti,Nb)(C,N)large and manganese sulphides MnS that often nucleate on aluminum oxide particles
(Figure 1.9).

1 µm

EDX Map

Ti

Nb

N

C

a) b)

c)

Figure 1.8: (Ti,Nb)(C,N)large population observed on bulk samples. a) Displays a SEM micrograph
showing a (Ti,Nb)(C,N)large precipitate with its corresponding EDX map. b) shows its associated
EDX spectra and (c) gives the mean EDX composition of this population, determined on 13 different
precipitates.
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1 µm

EDX Map

Ti Nb

N

S

0Al

Mn

C

Figure 1.9: Complex precipitate composed of (Ti,Nb)N and MnS nucleated on an aluminum oxide,
observed on bulk samples by SEM, with associated EDX map.
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Ti4C2S2
(Ti,Nb)Cfine (Ti,Nb)(C,N)large
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Figure 1.10: STEM-HAADF observation of the three populations of precipitates found in as-received
steel on carbon replicas, with associated EDX spectra. The Ni lines appearing in the spectra
correspond to the grid holding the carbon replica. The blue crosses indicate the precipitates on
which EDX was performed.

Smaller precipitates, presenting sub-micrometer sizes, were collected and analyzed on carbon
replicas. Three types of precipitates were identified on carbon replicas in the initial state, combin-
ing STEM-HAADF observations and EDX (Figure 1.10) with bright field observations and SAED
(Figure 1.11):
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Figure 1.11: Bright field TEM observation of the 3 populations of precipitates found in as-received
steel, with associated Selected area diffraction patterns.
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Figure 1.12: Mean EDX composition of (a) (Ti,Nb)Cfine and (b) Ti4C2S2 precipitates in as-received
condition determined on carbon replicas in TEM and SEM.

(i) The main population observed was composed of precipitates whose radii approximately range
from a few tens of nm to 150 nm. They exhibited various geometrical forms, but were mainly
spherical and cuboidal (Figure 1.10 a)). Their mean composition in heavy elements were
determined by EDX in SEM and TEM. Approximately 80 at% of Ti and 20 at% of Nb were
detected. Measurements in SEM and TEM gave similar values (see Figure 1.12 a)). The
indexation of SAED patterns confirms that these populations present a fcc structure of space
group Fm3̄m, like TiC and NbC (Figure 1.11 a)). Although no peak of N emerges from the
EDX spectra acquired from these precipitates, it is not possible to exclude the presence of N
in quantities below the detection limit. As a first approximation, it can be stated that these
precipitates are mixed titanium-niobium carbides (Ti,Nb)C. In the following, this population
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is referred to as (Ti,Nb)Cfine.

(ii) Some precipitates presenting larger sizes and mainly containing Ti and S were found. Small
amounts of Nb were also detected in these precipitates. SAED patterns show that they exhibit
a hexagonal structure of space group P63/mmc (Figure 1.11 b). Their mean composition was
determined by EDX (Figure 1.12 b)). SEM and TEM measurements were once again similar.
The composition is compatible with Ti4C2S2 (Ti �S ≈ 2), leaving no doubt on the nature of
this population.

(iii) Finally, some (Ti,Nb)(C,N)large precipitates were also identified on carbon replicas. Due to
the presence of the carbon layer, it was not possible to quantify C by EDX. They present a
fcc structure of space group Fm3̄m (Figure 1.11 c)), like TiC and TiN.

These three populations are visually distinguishable because they present very different sizes and
geometrical aspects. They can as well be distinguished by performing EDX measurements, based
on nitrogen or sulphur peaks.

Initial size distribution of (Ti,Nb)Cfine

The titanium-niobium carbides (Ti,Nb)Cfine were the most frequently observed precipitates, and
also the smaller ones. Therefore, they are likely to be the ones governing austenite grain growth
during soaking at high temperature. Using the analysis routine developed on FIJI, the particle size
distribution was determined from a series of images taken randomly at the same magnification in
both SEM (BSE mode) and TEM (STEM-HAADF mode). The resulting precipitate size distri-
butions are shown in Figure 1.13. Log-normal laws accurately fit experimental size distributions
for both SEM and TEM. The mean precipitates radius are equal (56 nm for BSE and 58 nm for
STEM-HAADF). However, the size distribution determined by SEM is slightly larger than the TEM
one, which could be explained by the lower spatial resolution of SEM observations.
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Figure 1.13: Initial distribution of (Ti,Nb)Cfine precipitates characterized by MEB-BSE and STEM-
HAADF
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

1.4.2.2 Heat-treated samples

The thermal stability of the four different types of precipitates was studied by investigation of the
precipitation state after isothermal heat treatments at four different temperatures: 1050 ◦C, 1120 ◦C,
1200 ◦C, and 1280 ◦C. Below 1280 ◦C, the same four types of precipitates found in the as-received
state were still present. At 1280 ◦C, there was no trace of (Ti,Nb)Cfine nor Ti4C2S2 on carbon
replicas, showing that these two populations of precipitates are no longer stable and completely
dissolved at 1280 ◦C. A summary of the different precipitates found after each heat treatments is
given in Table 1.4.

Heat treatment
Temperature (◦C) 1050 1120 1200 1280

Time (min) 240 120 30, 60 10, 30, 60

Precipitates observed
(3= yes / 7= no)

(Ti,Nb)Cfine 3 3 3 7

(Ti,Nb)(C,N)large 3 3 3 3

Ti4C2S2 3 3 3 7

MnS 3 3 3 3

Table 1.4: Precipitates observed for each heat treatment performed.

The EDX composition of (Ti,Nb)Cfine after varying heat treatments are very close to the one
determined in the initial condition (Figure 1.14). Thus the composition of these population does
not evolve significantly over the temperature range studied. Additionally, the mean radius of
(Ti,Nb)Cfine was measured after 240 min at 1050 ◦C and 30 min at 1200 ◦C (Figure 1.15). Mean
radii of 66 nm and 67 nm were respectively found.
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 TEM: 57 spectra

As-received 
 SEM: 48 spectra
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 SEM: 22 spectra

 1120°C - 120 min 
 SEM: 34 spectra

 1200°C - 30 min 
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Figure 1.14: Mean EDX composition of (Ti,Nb)Cfine found on carbon replicas in as-received state
and after varying heat treatments.

1.4.3 Atom probe tomography measurements of austenite composition

1.4.3.1 Austenite composition

APT was applied to measure the austenite composition after four heat treatments at 1050 , 1120 ,
1200 , and 1280 ◦C. The total number of analyzed ions for each conditions can be retrieved in Table
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Figure 1.15: Experimental (Ti,Nb)Cfine size distributions after (a) 240 min at 1050 ◦C and (b)
30 min at 1200 ◦C.

1.5. The amount of Ti and Nb in austenite increases with increasing temperature, indicating the
dissolution of (Ti,Nb)Cfine precipitates. Figure 1.16 displays the reconstructed positions of carbon,
titanium, and niobium within a specimen heat treated at 1200 ◦C.

a) Carbon 

c) Titanium

b) Niobium 

2000 1500 1000 500

z (nm) 

Segregation of carbon to lath boundaries

Figure 1.16: Reconstructed atomic positions of (a) carbon, (b) niobium and (c) titanium of an APT
sample heat treated 60 minutes at 1200 ◦C.

The specimen is nearly 2 microns long, so that several martensite laths formed during quench-
ing are analyzed. As expected for martensitic steels, a segregation of carbon is observed at lath
boundaries. The distribution of niobium and titanium is homogeneous throughout the sample. No
precipitate was intercepted during analyzes, therefore the whole tip composition measurement is
representative of the matrix composition.

1.4.3.2 (Ti,Nb)Cfine composition

An estimation of the composition of the (Ti,Nb)Cfine population is proposed in this section. For
the sake of clarity, (Ti,Nb)Cfine are referred to as (Tix,Nb1−x)C in the following, where x is the
unknown to determine. The total amount of Ti and Nb available for the formation of (Tix,Nb1−x)C,
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Heat treatment
Temperature (◦C) 1050 1120 1200 1280

Time (min) 240 120 60 60

Austenite composition

Analyzed ions (·106) 17.9 60.2 100.4 47.5
Nb (ppm) 4 61 155 201

std error of the mean (%) 12.2 9.3 6.9 10.9
Ti (ppm) 141 290 412 531

std error of the mean (%) 10.9 2.5 8.0 12.5

Table 1.5: Total number of ions analyzed by APT, and austenite Ti and Nb solute content for each
heat treatment performed.

respectively X0
Ti and X0

Nb, are also estimated.
A composition close to (Ti0.80,Nb0.20)C was determined by EDX. This chemical content is in-

consistent with the composition of solid solution measured by APT (see Table 1.5). It is therefore
proposed here to derive the value of x from the evolution of austenite composition measured by
APT.
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Figure 1.17: Niobium and titanium amounts in solid solution in austenite between 1050 ◦C and
1280 ◦C. Niobium evolution is only related to the formation of (Tix,Nb1−x)C whereas titanium is
affected by the formation of (Tix,Nb1−x)C and Ti4C2S2 between 1280 ◦C and 1200 ◦C.

As shown in part 1.4.2, the Ti evolution from 1200 ◦C to 1280 ◦C is affected by the dissolution of
both (Tix,Nb1−x)C and Ti4C2S2 (Figure 1.17). The amount of Ti involved in both population is a
priori unknown. Below 1200 ◦C, it is however reasonable to assume that the evolution of Ti and Nb
in solid solution is only related to the dissolution of (Tix,Nb1−x)C. Thus, the APT measurement at
1200 ◦C are taken as the reference composition for the derivation of x, X0

Ti, and X0
Nb.

At 1050 and 1120 ◦C, the differences in Nb and Ti concentrations relative to the reference, ∆Nb
and ∆Ti, are calculated. Assuming that the evolution of the amount of Ti and Nb in solid solution
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are only related to the (Tix,Nb1−x)C, the value of x can be estimated from the ratio R = ∆Ti/∆Nb:

x = R

1 +R
(1.13)

x = 0.57 and x = 0.64 are found at 1050 ◦C and 1120 ◦C, respectively. Thus, the precipitate
composition coherent with the respective evolutions of Ti and Nb is x = 0.61± 0.04.
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Figure 1.18: Determination of x based on the respective evolution of Ti and Nb in solid solution
below 1200 ◦C. The total amount of Ti and Nb available for (Tix,Nb1−x)C are deduced from the
analysis.

Since Nb evolution is only related to the (Tix,Nb1−x)C, the total amount of Nb available for the
formation of (Tix,Nb1−x)C is directly given by the APT measurement at 1280 ◦C:

X0
Nb = XSS

Nb,APT (1280 ◦C) = 201 ppm (1.14)

The total amount of Ti available for the formation of (Tix,Nb1−x)C is estimated using the mean
R ratio, 〈R〉:

X0
Ti = XSS

Ti,APT (1200 ◦C) + 〈R〉 · (X0
Nb −XSS

Nb,APT (1200 ◦C)) = 483 ppm (1.15)

1.4.4 Estimation of (Tix,Nb1−x)C volume fraction

The evolution of Nb solute content was used as the reference for the calculation of volume fraction.
The volume fraction fv was estimated by:

fv = X0
Nb −XSS

Nb
XP

Nbαv −XSS
Nbαv

(1.16)
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where XP
Nb is the atomic fraction of Nb within (TixNb1−x)C, and αv is the ratio between the

atomic volume of austenite, vatγ , and the one of (Tix,Nb1−x)C, vatP :

αv =
vatγ
vatP

(1.17)

Here, vatγ =1.227× 10−29 m3 [TCF] and vatP was calculated by a law of mixture between that of
pure TiC and NbC:

vatP = x · vatT iC + (1− x) · vatNbC (1.18)

with vatT iC = 1.100× 10−29 m3, vatNbC = 1.181× 10−29 m3 [TCF] and x = 0.61.
Neglecting the uncertainty of αv, the uncertainty on the volume fraction, ∆fv, is given from the

partial derivatives of fv:

∆fv =
∣∣∣∣∣ ∂fv∂X0

Nb

∣∣∣∣∣ ·∆X0
Nb +

∣∣∣∣∣ ∂fv∂XSS
Nb

∣∣∣∣∣ ·∆XSS
Nb +

∣∣∣∣∣ ∂fv∂XP
Nb

∣∣∣∣∣ ·∆XP
Nb (1.19)

with:

∂fv
∂X0

Nb
= 1
αv · (XP

Nb −XSS
Nb )

(1.20)

∂fv
∂XSS

Nb
= XP

Nb +X0
Nb

αv · (XP
Nb −XSS

Nb )2 (1.21)

∂fv
∂XP

Nb
= XSS

Nb −X0
Nb

αv · (XP
Nb −XSS

Nb )2 (1.22)

The relative uncertainties on XSS
Nb were given in Table 1.5. The uncertainty on ∆X0

Nb is equal
to the one of XSS

Nb at 1280 ◦C. Following the precipitate chemistry, XP
Nb is equal to x/2. Thus, the

uncertainty on XP
Nb is estimated to 0.02 (0.04/2) according to the estimation of x presented in part

1.4.3.2.
The calculated volume fraction after isothermal heat treatments can be retrieved in Table 1.6.

Logically, the precipitated volume fraction increases as the heat treatment temperature decreases.

Temperature (◦C) 1050 1120 1200
Time (min) 240 120 60

Volume fraction of (Ti,Nb)Cfine (%) 0.109± 0.024 0.078± 0.023 0.026± 0.021

Table 1.6: Calculated volume fraction of (Ti,Nb)Cfine from APT for each heat treatment performed.
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1.5 Model

1.5.1 Equilibrium calculations

Modeling the evolution of precipitation state with time and temperature requires having a correct
estimate of the stability domain of phases. In particular, the solubility product of the precipitates
is an essential parameter. In the present case, the key population is (Ti,Nb)Cfine, whose size makes
it effective for grain boundary pinning. A correct modeling requires to know the actual amount
of solute elements available to form (Ti,Nb)Cfine. Two types of calculations were performed and
compared to estimate the stability of precipitates. Both calculations were carried out in austen-
ite domain using the commercial Thermo-Calc software [AND 02a] with TCFE8 Steels/Fe-alloys
database [TCF].
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Figure 1.19: Equilibrium volume fractions of precipitates (a) resulting from Thermo-Calc calcula-
tions with TCFE8 using bulk alloy composition and (b) starting from X0

Ti and X0
Nb for calculating

the solubility product of (Ti,Nb)C.

The first calculations were performed assuming full-equilibrium, using the ICP-MS composition
given in Table 1.2. Four populations are coexisting with austenite: (Ti,Nb)C, Ti(C,N), Ti4C2S2,
and MnS (Figure 1.19 a)). MnS is found stable in the lower temperature range, whereas Ti4C2S2 is
stable at high temperatures. Between 1102 and 1112 ◦C, MnS are gradually dissolved and replaced
by Ti4C2S2. The stability of (Ti,Nb)C phase goes up to 1198 ◦C and the maximum volume fraction
remains below 0.001. The volume fraction of Ti(C,N) population stays roughly constant around
0.001 and start decreasing once the (Ti,Nb)C population is not stable anymore. Both the volume
fractions of Ti(C,N) and (Ti,Nb)C are affected by the progressive replacement of MnS by Ti4C2S2
around 1100 ◦C.

These first full-equilibrium calculations do not seem to reflect the experimental results shown in
section 1.3.4 for two main reasons:
(i) The respective stabilities of Ti4C2S2 and MnS are in contradiction with the experiments. It

has been shown experimentally that Ti4C2S2 are no longer stable at 1280 ◦C, whereas MnS
are.
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

(ii) The calculations also predict a complete dissolution of (Ti,Nb)C around 1200 ◦C whereas an
intensive population of these precipitates were found on carbon replicas after heat treatments
of 30 and 60 min at this temperature.

Thus, these full-equilibrium thermodynamics calculations do not allow the determination of the
actual stability domain of the key (Ti,Nb)Cfine population. This is mainly due to the fact that
the alloy’s thermal history starting from high temperatures was not accounted for. In fact the
(Ti,Nb)(C,N)large population observed experimentally is very stable and probably formed at very
high temperatures or during the casting process [SCH 08]. A large proportion of Ti and Nb is
therefore removed and no longer available for the formation of other precipitates.

As a consequence, the stability domain of (Ti,Nb)Cfine population was recalculated starting from
the actual amounts of Ti and Nb available for their formation, X0

Ti and X0
Nb, that were determined

in section 1.4.3.2. Sulfur and nitrogen are not considered in these calculations, assuming that they
are contained in (Ti,Nb)(C,N)large and Ti4C2S2. The composition of other alloying elements are
extracted from the ICP-MS bulk composition given in Table 1.2. The resulting stability domain of
(Ti,Nb)C is shown in Figure 1.19 b).

The dissolution temperature of (Ti,Nb)C calculated with Thermo-Calc is 1233 ◦C, which is more
consistent with experimental observations. The maximum volume fraction of precipitates formed is
slightly below 0.0012. TCFE8 database [TCF] gave a relatively constant composition of (Ti,Nb)C
over the studied temperature range: (Ti0.66±0.05,Nb0.34±0.05)C0.93±0.02. Thus, a simplified average
composition between 900 ◦C and the dissolution temperature was taken. It was also assumed that
the number of metallic (Ti and Nb) atoms was equal to the number of carbon atoms (no vacancy
in precipitates), giving the following precipitate composition: (Ti0.68,Nb0.32)C.

Using the evolution of austenite composition with temperature, the solubility product was eval-
uated at each temperature using:

KS = (Xeq
Ti)

0.68(Xeq
Nb)0.32Xeq

C (1.23)

with Xeq
i the atomic fraction of the element i in austenite.

Then by linearly fitting the evolution of log10KS with 1/T , the following expression was taken
for the solubility product of (Ti,Nb)C:

log10KS = −9612.4
T (K) + 0.40115 (1.24)

1.5.2 Grain growth model

A Zener-type model accounting for the competition between driving pressure for grain growth PD
and precipitate pinning pressure PP was used. Under the influence of pinning precipitates, the grain
diameter D growth rate can be expressed by:

dD

dt
=
{
M(PD − PP ) if PD − PP > 0

0 if PD − PP < 0
(1.25)

M is the interface boundary mobility, described by an Arrhenius law:
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M = M0 exp
(
−QGG
RgT

)
(1.26)

Here M0 is a pre-exponential factor, Rg is the gas constant and QGG is the activation energy for
grain boundary mobility.

In the present model, both the corrected Zener theory and Rios theory, presented in part 1.2,
are used and compared. The driving pressure for grain growth is calculated from equation 1.4 with
β = 1.

In order to take into account the effect of several classes of precipitates with different sizes instead
of adopting a mean-radius approach, the expression for pinning pressure was thus modified as:

PP = αγ
∑
i

fvi
ri

(1.27)

where i is a summation index representing all the present precipitate classes of different radius
ri and having the volume fraction fvi. α = 3/2 in Zener’s corrected theory, whereas α = 3 in Rios’s
theory (as presented in Table 1.1).

1.5.3 Precipitation model

In this work, the software PreciSo [PER 08, PER 09] was used to follow the evolution of precipitation
state during heat treatments. It is based on the classical nucleation, growth and coarsening theories,
fully described in [WAG 05]. The precipitation state was characterized by the whole precipitate size
distribution (Lagrange-like approach). It has to be noted that only reversion (precipitate dissolution)
experiments are to be modeled, during which nucleation does not take place. However, we present
the model as a whole, including the description of the nucleation step.

1.5.3.1 Nucleation

The formation of a precipitate from a supersaturated solution is associated with a variation of the
Gibbs free energy ∆G(r). For a spherical precipitate of radius r, ∆G(r) is given by:

∆G(r) = 4π
3 r3∆gch + 4πr2γP (1.28)

with γP the precipitate/matrix interfacial energy and ∆gch the chemical driving force. In this
expression, the elastic energy contribution is neglected. Equation 1.28 translates a competition
between two antagonist energies: a beneficial volume energy (formation of a more stable phase)
against a detrimental surface energy (creation of a new interface between precipitate and matrix).
The radius value that maximizes ∆G(r) is called nucleation critical radius and is noted r∗:

r∗ = −2γP
∆gch

(1.29)

The radius at which precipitates nucleate at a temperature T is noted r∗
kB,T

and is given
by [PER 08]:
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r∗
kB,T

= r∗ + 1
2

√
kBT

πγP
(1.30)

with kB the Boltzmann constant. By introducing r∗ into equation 1.28, the thermodynamic
barrier for nucleation ∆G∗ is derived:

∆G∗ = 16πγP
3∆gch

(1.31)

The chemical driving force ∆gch is calculated from the solid solution supersaturation s. It
represents the excess of solute elements beside the equilibrium conditions. For a (Tix,Nb1−x)C
precipitate, s is given by:

s = ln (XSS
Ti )x(XSS

Nb )1−x(XSS
C )

(Xeq
Ti)x(Xeq

Nb)1−x(Xeq
C ) (1.32)

where XSS
i is the atomic fraction of the element i in solid solution and Xeq

i is the atomic fraction
of the element i in equilibrium conditions. The chemical driving force for nucleation ∆gch is then
directly proportional to the supersaturation:

∆gch = −kBT
vpat

s (1.33)

where vpat is the atomic volume of the precipitate. Equilibrium conditions are dictated by the
solubility product of the precipitates KS . For (Tix,Nb1−x)C, KS is given by:

KS = (Xeq
Ti)

x(Xeq
Nb)1−x(Xeq

C ) (1.34)

Please note that the solubility product is defined though the use of molar fractions here, instead
of weight percentage that are common in literature. The solubility product KS is temperature-
dependent and is expressed in terms of two parameters Aat and Bat:

logKS = −A
at

T
+Bat (1.35)

The nucleation rate (i.e. the number of supercritical precipitates formed per unit of time and
volume) is expressed by Kampmann and Wagner’s equation [WAG 05]:

dN

dt
= N0Zβ

∗ exp(−∆G∗

kBT
)(1− exp (− t

τ
)) (1.36)

N0 is a normalization constant and represents the number of available nucleation sites. β∗ is the
frequency at which atoms are added to the critical nucleus [PER 09] and is equal to:

β∗ = 4πr∗2

a4 (
∑
i

XP
i

DiXm
i

)−1 (1.37)
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This expression takes into account the diffusion of the solute elements by considering their
diffusion coefficient Di, the solute atomic fraction in the matrix Xm

i , the solute atomic fraction in
the precipitate XP

i and the matrix lattice parameter a.
τ is the incubation time„ given by [PER 08]:

τ = 2
πβ∗Z2 (1.38)

Z the Zeldovich factor, expressed for spherical particles by [PER 09]:

Z = vpat
2πr∗2

√
γP
kBT

(1.39)

1.5.3.2 Growth and coarsening

The diffusion of solute elements governs the growth of nucleated precipitates. The diffusion coef-
ficient of an element i, noted Di, follows an Arrhenius law D0

i exp(−Qi/(RgT )). D0
i is the pre-

exponential factor, and Qi is the activation energy. The growth rate of a precipitate is given for
element i by:

dr

dt
= Di

r

XSS
i −X

eq
i (r)

αvXP
i (r)−Xeq

i (r)
(1.40)

αv is equal to vmat/v
p
at and XP

i (r) is the atomic fraction of element i at the interface between
matrix and a precipitate of radius r.

In fact, the presence of an interface between matrix and precipitates (i.e. the interface cur-
vature) modifies the local equilibrium and atomic fractions at the interface (Gibbs-Thomson ef-
fect [PER 05]). Thus, the concentrations of solute elements at the interface of a (Tix,Nb1−x)C
precipitate are given by the solubility product modified by a factor traducing the effect of interface
curvature:

Xeq
Ti(r)

x ·Xeq
Nb(r)1−x ·Xeq

C (r) = KS exp
(

2γP (x+ 1− x+ 1)vpat
rkBT

)
= KS exp

(
4γP vpat
rkBT

)
(1.41)

Eqs. 1.40 and 1.41 provide a system of 4 equations (3 diffusion equations plus solubility product)
with 4 unknown (dr/dt and Xeq

i ).
At each timestep, growth of all existing classes is performed using eqs. 1.40 and 1.41. Conse-

quently, precipitate coarsening (Ostwald ripening) is implicitly accounted for in this approach.

1.5.3.3 Mass balance

Finally, mass balance is performed to update the new solute content of all elements:

Xm
i = X0

i − αvfvXP
i

1− αvfv
(1.42)

where X0
i is the total amount of solute i.
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

1.5.4 Coupling between precipitation and grain growth models

Precipitation and grain growth models are coupled but run separately. The precipitation model
was first run, providing the precipitate size distributions at each time step in the form of a large
output file. Then, in a second stage, this file is read and, at each time step, the pinning pressure is
calculated and the grain growth equation (eq.1.25) is integrated.

1.5.5 Model parameters

The evolution of precipitation was modeled for several holding treatments and coupled with the grain
growth model, with the aim of reproducing the results obtained in section 1.4.1. Only (Ti,Nb)Cfine
precipitates were considered in the precipitation model. Given their respective sizes and num-
ber densities (see section 1.4.2), (Ti,Nb)(C,N)large, Ti4C2S2 and complex (Ti,Nb)(C,N)large/MnS
assemblies populations have a very limited pinning effect.

Parameter Value Source/Comment
M0 104 m4J−1s−1 Fit parameter.
QGG 390 kJ/mol Uhm et al. [UHM 04].

Initial austenite grain diameter 10 µm Grain growth measurements.
Austenite grain boundary energy 0.5 J m−2 -

(Ti,Nb)Cfine solubility product log10 KS =
−9612.4 K/T + 0.40115 See equation 1.24.

(Ti,Nb)Cfine initial volume
fraction 0.0011 Close to maximum.

(Ti,Nb)Cfine initial distribution µ = 3.99 and σ = 0.369 STEM-HAADF (Figure 1.13
a)).

(Ti,Nb)Cfine interfacial energy γP
0.955− 4.27 · 10−4 · T (K)

J m−2 From [YON 89].

Table 1.7: Modeling parameters used.

The precipitation model only considers C, Ti, and Nb. Their respective amount are set according
to the APT calculation of X0

Ti and X0
Nb. The precipitation model uses the solubility product given

in equation 1.24. The diffusion coefficients of alloying elements were calculated from the MOBFE3
Steels/Fe-Alloys Mobility Database [MOB] (see Table 1.8).

Element Content (wt.%) D0 [m2 s−1] Q [J mol−1]
C 0.0612 2.4× 10−5 147800
Ti 0.0415 1.5× 10−5 251000
Nb 0.0334 8.9× 10−5 266400

Table 1.8: Austenite content in alloying elements and diffusion coefficients used in the precipitation
model. The diffusion data are calculated from the MOBFE3 mobility database of Thermo-Calc.

The (Ti,Nb)Cfine/matrix interfacial energy γP is not a critical parameter in the case of reversion
heat treatments, since no nucleation takes place during reversion. γP was estimated using the
temperature-dependent formulas calculated by misfitting dislocation theory in the work of Yong et
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al.. [YON 89]:
γT iC = 0.9304− 4.16 · 10−4 · T (K) (1.43)

γNbC = 1.0058− 4.49 · 10−4 · T (K) (1.44)

The interfacial energy of (Ti,Nb)Cfine is calculated by a rule of mixtures between that of pure
TiC and NbC, using x = 0.68 (mean composition of the precipitates given by Thermo-Calc):

γP = x · γT iC + (1− x) · γNbC (1.45)

The initial distribution of (Ti,Nb)Cfine precipitates experimentally determined by TEM (Fig-
ure 1.13 b)) serves as an input for the precipitation model. The STEM-HAADF distribution was
used because of the better precision and resolution of TEM measurements compared to SEM ones.
Based on a log-normal fitting curve, a theoretical precipitate distribution of 100 classes was calcu-
lated. The following expression was used for the probability density function:

f(r, µ, σ) = 1
rσ
√

2π
exp

(
−(ln(r/nm)− µ)2

2σ2

)
(1.46)

with µ =3.991 nm and σ =0.369 nm. The total number of precipitates was adjusted in order to
give an initial volume fraction of (Ti,Nb)C of 0.11 %, which is close to the maximum precipitate
volume fraction given by mass balance.

An initial austenite grain diameter of 10 µm was considered, based on the experimental results
given in section 1.4.1. An austenite grain boundary energy of 0.5 J/m2 was assumed. Concerning
grain boundary mobility, Uhm et al. [UHM 04] determined an expression of the activation energy
by multiple regression analysis for steels containing C, Mn, Ni, Cr, Mo and Si. Based on this study,
a value of 390 kJ/mol was used. The mobility factor M0 is the only fitting parameter: the best
agreement with experimentally determined PAGS was obtained with M0 = 104 m4J−1s−1.

1.6 Modeling Results

1.6.1 Precipitation

Several reversion heat treatments were simulated in the stability domain of (Ti,Nb)Cfine in austen-
ite. Figure 1.20 shows the main outputs of the precipitation model for several reversion heat treat-
ments ranging from 1000 ◦C to 1250 ◦C. Experimentally determined mean radii are also plotted.

For high temperatures, the volume fraction of (Ti,Nb)Cfine rapidly decreases as a result of
the dissolution process. Meanwhile, a slight decrease of the mean precipitate radius and a con-
sequent decrease of their number density (i.e. the number of precipitates per cubic meter) are
observed. After precipitate shrinkage, coarsening occurs, causing a decrease in precipitate num-
ber density, and an increase in mean radius, while volume fraction remains constant. Eventually,
the volume fraction reaches the equilibrium value given by the solubility product. The kinetics of
precipitate dissolution is temperature-dependent: higher temperature leads to faster dissolution.
At 1250 ◦C, the precipitates are finally completely dissolved. The kinetics of precipitate growth
is also temperature-dependent: as expected, higher temperature leads to faster growth kinetics.
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Figure 1.20: Simulated evolution of (Ti,Nb)Cfine volume fraction (a), mean radius (b), number
density (c), and austenite composition (d-f) for isothermal heat treatments.
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Modeling Results

Meanwhile, microalloying elements are released in solid solution in the austenite phase due to the
dissolution of precipitates.

A correct agreement is obtained between the modeling results and the experimental measure-
ments of the volume fractions, mean precipitate radii, and Nb solid solution content. A larger differ-
ence is obtained concerning the titanium content. This mainly arises to the apparent disagreement
between the precipitate composition estimated via the atom probe measurements (x = 0.61± 0.04)
and that considered in the model (x = 0.68).

Figure 1.21 shows the evolution of (Ti,Nb)Cfine size distribution during isothermal holding at
1200 ◦C. It can be observed that the number density of precipitates decreases sharply during the
modeled heat treatment.
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Figure 1.21: Evolution of the precipitate size distribution of (Ti,Nb)Cfine with time for a 1200 ◦C
isothermal holding.

1.6.2 Austenite grain growth

The pinning effect of (Ti,Nb)Cfine particles is largely affected during heat treatments due to the
massive evolution of the precipitation state. Figure 1.22 illustrates the effect of the evolution of
the precipitation state on pinning pressure at 1200 ◦C. On this figure, the pinning pressure was
calculated according to Rios (α = 3). The effect of the α coefficient was discussed in section 1.7.
Figure 1.22 a) shows the evolution of the pinning ratio (defined as either from averaged values f/〈r〉,
or from the actual size distribution (∑i fi/ri). Taking averaged parameters f and 〈r〉 leads to an
overestimation of the initial pinning pressure of more than 26 %.

Figure 1.22 b) shows the time evolution of driving and pinning pressures. Pinning pressure
exerted by (Ti,Nb)Cfine particles decreases during holding, as the precipitate number density de-
creases. The difference between the driving pressure for grain growth and the pinning pressure on
grain boundaries is positive, leading thus to grain growth (according to equation 1.25), as illustrated
in Figure 1.22 c). As the austenite grain diameter increases, the driving pressure decreases, until
both pressures balance each other.
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Figure 1.22: Evolution of pinning parameter (a), driving and pinning pressure induced by
(Ti,Nb)Cfine (b) and austenite grain diameter (c) during a thermal treatment at 1200 ◦C, con-
sidering the expression of pinning pressure given by Rios [RIO 87].

1.7 Discussion

1.7.1 APT as a tool for measuring precipitate volume fraction

Both the volume fraction fv and precipitate radii are critical parameters to determine the impact
of precipitation on microstructure evolution and/or mechanical properties.

Transmission electron microscopy (TEM) techniques directly allow the determination of the
frequency distribution of precipitate sizes. The determination of fv by TEM is however much
less precise. For thin foils observations, it is difficult to measure precisely the local thickness of
the foil [ALL 81] in order to calculate the observed volume of matrix. Moreover, for low volume
fraction, the number of observed precipitates in a single field of view drops to values that hinders any
statistical analysis. This procedure then often turns out to be inaccurate. The estimation of volume
fraction using extracting replicas [ASH 66] also imposes to estimate the etched volume of matrix,
which depends on the studied material, etching time and many other (unknown) experimental
factors. Other techniques are thus needed to estimate the volume fraction of precipitates.

The most common method is to resort to selective matrix dissolution techniques coupled with
inductively coupled plasma (ICP) spectroscopy [MAU 04, ACE 05, LU 11]. These aim at isolating
the precipitates present in the steel by chemical or electrolytic dissolution of the matrix. Both the
precipitates isolated by filtration, and the resulting solution (dissolved matrix) are then analyzed
to determine the respective proportions of elements present in precipitates and in solid solution.
Selective matrix dissolution has the advantage of providing a global composition of large samples
but requires a strong experience in sample preparation, etching solutions and precipitate filtering.

Small Angle X-rays Scattering (SAXS) and Small Angle Neutron Scattering (SANS) also allow
to measure precipitate volume fraction [DEG 12, DES 13]. With these techniques, the detection
limit depends on the type of precipitates. In some cases, volume fraction of approximately 0.1 % can
be difficult to quantity. It is also hard to distinguish different types of precipitates if they present
similar sizes.

In this PhD work, the volume fraction was indirectly derived through composition measurements
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Discussion

of the matrix by APT. The use of APT for this purpose is much less widespread than selective matrix
dissolution coupled with ICP mass spectrometry. In literature, a few examples of APT used for fv
determination can be found, in high speed steels [RON 92] or Al-Zn-Mg alloy [DUM 05]. In these
studies, volume fractions of precipitates were rather large (of the order of 1 to 10 %), leading to low
relative uncertainties.

In 1994, Palmière et al. [PAL 94] applied atom probe field ion microscopy (APFIM), the 1D
ancestor of current APT, to study the evolution of Nb solute content in austenite for various heat
treatments in Nb-microalloyed steels. Although original and promising, this methodology was then
limited by the volume sizes and thus the number of atoms analyzed, the mass resolution of the
instrument, and its one-dimensional nature. At last, the instruments they used only provided
1D concentration profiles, rather than 3D reconstruction. As a consequence, they developed a
procedure to discriminate between matrix and precipitates. Their procedure can be questioned, but
is no longer necessary nowadays, with true 3D atomic reconstruction. At the time of Palmière et al.
study, 10 to 15 samples were needed to collect a total of 100 000 analysed ions. Thus, the standard
deviation associated with each experiment was very large, since it is related to the total number
of collected ions (see equation 1.11). The measurement of a concentration of 100 ppm with a total
of 10 000 ions collected (per experiment) means that on average, only one solute atom is collected
per experiment. Considering a total of 100 000 ions, the standard deviation associated with the
measurement of 100 ppm is 22 ppm.

In addition, a satisfactory mass resolution is needed to discriminate elements on the mass spec-
trum because many alloying elements are present in commercial steels. At the time of the study of
Palmière et al. [PAL 94], the mass resolution was too limited to well separate all addition elements
that are present in commercial steels. Thus, superimposition of peaks on the mass spectrum could
bias the composition measurement.

During the last two decades, APT has evolved considerably in terms of analyzed volume size
(total number of analyzed ions per sample) as well as in mass resolution [MIL 12, MOO 16]. This
technique is nowadays capable of analyzing tens of millions of ions in a single sample, leading to
negligible standard deviations for each experiments. These evolutions have opened new perspective
for using TAP as a quantitative tool for solid solution analysis.

Although the analyzed volumes have largely increased (typically around 50 × 50×1000 nm3 for
this study), these measurements remain very local. By way of comparison, a few grams of material
are analyzed with selective dissolution techniques, which represents a volume 1013 to 1014 times
larger than those analyzed by APT. APT is thus much more sensitive to heterogeneities in matrix
composition, due for example to segregations. Nevertheless, in the present case, the standard
deviations observed on several samples of the same state remained limited, of the order of 10 to
20 % of the measured composition. The measurements therefore seems to remain fairly precise, with
a limited uncertainty.

It should be noted, however, that these uncertainty calculations based on the standard deviation
between several measurements do not accurately reflect the intrinsic uncertainties of the measure-
ment. In particular, the measurement of the Ti content, which is made from two minor Ti peaks
in the mass spectrum, should actually be affected by a greater uncertainty than that calculated
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Chapter 1 – Evolution of precipitation state and austenite grain growth during reheating

with the standard deviations. The estimation of the intrinsic uncertainties of the composition mea-
surement by APT is a complicated task that has not been realized at the time of writing this
manuscript.

A mass balance is used to estimate the volume fraction of precipitates. Thus, the volume fraction
is affected by the uncertainties related to the matrix composition, XSS

Nb , and also by those related
to the determination of the total quantity of Nb available to form these precipitates, X0

Nb. A poor
estimate of X0

Nb can lead to completely erroneous estimates of the volume fraction. Therefore, the
uncertainty on the volume fraction is greater than that on the composition measurements.

The volume fraction measurement is based on the fact that only matrix is considered, any single
precipitate can be identified on 3D reconstructions. This is even less of a problem in this study,
with the considered sizes and volume fraction. Indeed, assuming spherical, mono-dispersed, and
randomly distributed precipitates of radius r and volume fraction fv, the probability of analyzing a
precipitate in a cuboid volume of dimensions L× l× l is given by the number density of precipitates
multiplied by the analyzed volume:

P = fv
4/3πr3 · (L+ r) · (l + r)2 (1.47)

Figure 1.23 represents this probability for L =1000 nm and l =50 nm, as a function of r and fv,
for typical ranges of r and fv met in microalloyed steels: 5 < r < 100 nm and fv < 0.2 %. It can
be observed that the APT analysis performed in this work is particularly suited for precipitates
larger than 20 to 30 nm for this range of volume fraction. In this study, the (Ti,Nb)Cfine presented
mean radius larger than 50 nm, which explains why no precipitates were intercepted during APT
measurements.
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Figure 1.23: Probability of crossing a precipitate during the APT analysis, for a cuboid sample of
length L =1000 nm and width l =50 nm, as a function of precipitate radius and volume fraction.
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Discussion

1.7.2 Precipitation and grain growth modeling

Almost all modeling parameters were extracted from literature and/or thermodynamic databases.
The pre-exponential factor of the grain boundary mobility, M0, was the only adjusted modelling
parameter. However, another parameter was unknown: the initial volume fraction of (Ti,Nb)Cfine.
It was chosen to set this value at 0.11 %, which is close to the maximum volume fraction. Since the
initial state was obtained through hot rolling and air cooling, there is a high probability that the
precipitate volume fraction is maximum. The precipitate/matrix interfacial energies were derived
from the work of Yong et al. [YON 89] and not adjusted. It should however be remembered that
this interfacial energy has only little influence on reversion kinetics, since nucleation does not take
place during reversion.

Figure 1.24 compares measured (see section 1.4.1) and predicted grain sizes for 10 minutes heat
treatments at temperatures ranging from 950 ◦C to 1250 ◦C. At 1000 and 1050 ◦C, the model slightly
overestimates the austenite grain sizes. Above 1050 ◦C, the model shows a fairly good agreement
with experimental data. The experimental data globally lie between the values predicted using
Zener (α = 3/2) and Rios (α = 3) approaches.
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Figure 1.24: Predicted and experimentally determined austenite grain diameter for 10 minutes
isothermal heat treatments. The data is represented in both linear (a) and logarithmic scale (b).

Note that the whole precipitate size distribution was used to evaluate the pinning pressure,
whereas many other authors used averaged volume fractions and radii [BAN 10, MAA 12, KAR 14,
AND 95]. It has been shown (Figure 1.22 a)) that using averaged parameters leads to an overes-
timation of the pinning pressure. Figure 1.22 c) compares the austenite grain growth kinetics at
1200 ◦C obtained using averaged parameters or size distribution for pinning pressure calculations.
The gap between the two kinetics is non negligible.

In order to investigate the effect of the distribution shape on grain growth kinetics, three different
precipitate size distributions with exact same mean radius and volume fraction were compared
(see Figure 1.25). While a pinning pressure equal to 0.03 MPa was obtained (Rios’s approach)
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Figure 1.25: Comparison of the pinning pressure (Rios’s approach) induced by three different size
distributions of precipitates. The three size distributions present a mean radius of 50 nm and a
mean volume fraction of 0.001 , showing that mean values are not appropriate.

using averaged parameters, the actual pinning pressures resulting from the three different size
distributions can be significantly lower. For narrow size distributions, the error remained small, but
significantly increased for wider size distributions. This error could be even greater in the case of
more complex distributions such as multimodal ones. Accounting for the whole size distribution is
therefore important for the calculation of pinning pressures, and thus grain growth kinetics.

The present grain growth model neglected the pinning effect of the larger (Ti,Nb)(C,N)large,
MnS and Ti4C2S2 precipitates. It was considered that only (Ti,Nb)Cfine are have sufficient number
density to be effective pinning particles. These populations presented radii that often exceeded
500 nm for a total volume fraction around 0.1 %. Assuming for their mean radius is 500 nm, their
maximum pinning effect is estimated to be 0.003 MPa using averaged parameters and Rios’s theory.
It represents approximately 10 % of the initial pinning contribution of the (Ti,Nb)Cfine population.
Thus, the error resulting from not considering the pinning effect of these large precipitates is more
likely to remain limited, particularly for relatively short treatment times.

1.8 Conclusions

In the present chapter, the evolution of the precipitation state and austenite grain growth were
studied in a Ti-Nb microalloyed steel during reversion treatments.

The precipitation state was extensively characterized using electron microscopy techniques. Four
populations of precipitates were highlighted. Of these populations, only one has sufficiently fine
sizes to provide effective austenite grain growth control: (Ti,Nb)Cfine. The study therefore mainly
focused on this population.

An original approach was followed to experimentally measure the volume fraction of (Ti,Nb)Cfine
by APT. APT allowed to estimate the total amounts of Ti and Nb available to form (Ti,Nb)Cfine,
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Conclusions

as well as to measure the austenite composition after heat treatments at various temperatures.
The volume fraction of precipitates was calculated indirectly from the matrix composition, through
mass balance. This type of measurement is made possible by the considerable improvements that
atom probe tomography has undergone for the last 20 years. Several tens of millions atoms can be
analyzed in a single experiment nowadays.

Based on acquired experimental data (precipitate types, sizes, and volume fractions), a multi-
class precipitation model was developed and used to predict the evolution of (Ti,Nb)Cfine size
distribution during thermal treatments. SEM and TEM characterization led to similar initial pre-
cipitate size distributions, which served as initial distributions in the precipitation model. The
chemistry and stability of (Ti,Nb)Cfine precipitates was calculated using the TCFE8 thermody-
namic database. The precipitate size distributions issued from the precipitation model served as
entry parameters to a simple grain growth model based on Zener pinning.

Both precipitation and grain growth models did not contain any adjustable parameter, except
the mobility factorM0. All other parameters were extracted either from thermodynamic databases,
or from literature.

The grain growth model accounted for the whole precipitate size distribution for calculation of
the pinning pressure exerted on grain boundaries, rather than using average values. Accounting
for the actual precipitation size distribution significantly influenced the calculated pinning pressure.
The modeled austenite grain diameters were consistent with the experiments for all investigated
heat treatments, justifying the original selected approach.
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Chapter 2

Recrystallization and precipitation
kinetics after hot deformation
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Introduction

2.1 Introduction

During hot rolling, steels slabs undergo a succession of deformation passes in the austenitic domain.
This process primarily aims at reducing the slab thickness to obtain plates. The dislocation density
of austenite strongly increases during each deformation pass. This allows several microstructural
evolutions subsequently: recovery, recrystallization, and strain-induced precipitation. In the case of
microalloyed steels, microalloying additions can interact with recovery and recrystallization through
solute drag effect and precipitate pinning.

The metallurgical state of austenite influences the phase transformation behavior upon cooling.
Indeed, the nature, morphology, and size of the phases formed are influenced by austenite grain
size and dislocation density. The characterization of recovery, recrystallization, and precipitation in
austenite after deformation allows optimizing the hot rolling process, in order to generate controlled
final microstructures with targeted mechanical properties.

In the present work, the progress of recovery, static recrystallization and strain-induced precip-
itation were studied in three microalloyed steels, presenting Nb, Ti, and V additions. These mi-
crostructural evolutions were indirectly followed by stress relaxation tests after compression. The
effects of strain, strain rate, temperature, and steel composition were analyzed. Recrystallization
was also studied by means of direct metallographic observations, while strain-induced precipitates
were characterized by TEM. Recrystallization and precipitation models were developed, based on
the experimental data generated, providing a better understanding of the microstructural evolutions
of austenite after deformation. This will allow a simultaneous optimization of the steel composition
and of the thermomechanical path.

2.2 Background

The following part provides a short literature review of the metallurgical phenomena operating
during and after the deformation of austenite. It focuses on recovery, recrystallization and precip-
itation, and describes the complex interactions between them. An overview of the experimental
techniques used for the characterization of these metallurgical phenomena is also provided.

2.2.1 Austenite evolution during hot rolling process

A widespread objective of high strength steel processing is to refine the final microstructures, inde-
pendently of the intended phase transformations from the austenite domain. Austenite phase trans-
formation products nucleates on defects such as austenite grain boundaries, deformation bands, and
incoherent twin boundaries [DEA 01b, DEA 03a]. Thus, a general grain refinement can be achieved
by increasing the total interfacial area of near planar crystalline defects that act as nucleation sites
for ferritic phases, SV .

During hot rolling, austenite undergoes successive deformation passes in order to reduce the
plate thickness. Depending on the temperature, strain, and strain rate applied, recrystallization
can occur dynamically during the pass and/or in a static/metadynamic way after the deformation
(Figure 2.1).
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Figure 2.1: Illustration of evolution of austenitic microstructures resulting from various deformation
conditions, after Deardo et al. [DEA 01a]. T5% and T95% are the temperatures for 5 and 95 %
recrystallization, respectively.

(i) When recrystallization occurs, deformed grains are replaced by finer undeformed grains which
nucleate and grow until the structure is fully recrystallized. Recrystallization thus leads to
refinement of austenite grains.

(ii) When recrystallization does not take place due to an insufficient temperature or applied stress,
austenite grains are deformed and show an elongated shape, often described as pancaked
austenite.

(iii) At intermediate temperatures, a mixed grain structure is obtained. Recrystallized grains
coexist with pancaked ones.

Both recrystallization and pancaking lead to an increase of the number of potential nucleation
sites for ferritic phase. Refining the austenite size leads to an increase of total area of austenite
grain boundaries. Pancaking also increases the area of austenite grain boundaries and creates
inter-granular defects such as deformation bands and twin boundaries.

Thus, several industrial approaches can be followed for achieving a finer final microstructure.
These approaches are generally distinguished by introducing the concept of the temperature
of no-recrystallization, TNR. The TNR is defined as the temperature below which static or
metadynamic recrystallization can no longer reach completion between two rolling passes (i.e. for a
given interpass time) [DEA 01b, DEA 03a, VER 12]. Among these approaches, two are commonly
used for processing micro-alloyed steels :
(i) Thermo-mechanical controlled processing (TMCP) [VER 12] (Figure 2.2 a)): Because slab

reheating is generally performed at elevated temperatures, coarse austenitic microstructures
are obtained after reheating. Thus, the roughing rolling is first performed above TNR in order
to refine the austenite grains. Then, the finishing rolling is performed in a low temperature
austenite region, under TNR. This leads to an increased number of potential nucleation sites
for γ to α transformation. Note that one can also perform the last deformation passes in the
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Figure 2.2: Differences between (a) thermo-mechanical controlled processing (TMCP) and (b) re-
crystallization controlled rolling (RCR).

intercritical (α + γ) domain. In this case, the formation of ferrite during the final finishing
passes is favored.

(ii) Recrystallization controlled rolling (RCR) [SIW 92] (Figure 2.2 b)): in this particular case,
the finishing rolling temperature is set above TNR. Both roughing and finishing are performed
at elevated temperatures so that fine austenite grains are obtained. This approach can be
attractive because it minimizes the rolling loads applied during deformation, since deformation
is performed in a higher temperature range.

Both approaches are followed by different cooling procedures to obtain the desired ferritic mi-
crostructures. Microalloying elements play a major role in both rolling schedules since they set the
value of TNR. They also limit austenite grain growth during the relatively long cooling period be-
tween the finishing rolling temperature down to Ar3 during RCR. Moreover, the alloying elements
will influence the potential precipitation occurring during rolling or during the cooling stage. The
effects of microalloying elements on recrystallization kinetics are reviewed in part 2.2.3.

2.2.2 Recovery and recrystallization

During deformation, the free energy of a metallic material is raised by the introduction of defor-
mation defects (mainly dislocations, but also vacancies), so that the material is thus put into a
thermodynamically unstable state [HUM 17]. If the temperature is high enough to activate ther-
mally activated mechanisms such as solid state diffusion, the defects introduced by deformation may
be removed or rearranged into configurations of lower energies.

The mechanisms by which a deformed material returns into a thermodynamically more stable
state are generally distinguished into two categories: recovery and recrystallization [DOH 97,
HUM 17].
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

(i) Recovery refers to all annealing phenomena occurring in a strained material that eliminate
deformation defects and that occur without the migration of high angle grain boundaries.

(ii) Recrystallization refers to the formation of new strain-free grains by the migration of high
angle grain boundaries.

Both recovery and recrystallization are competing processes since both are driven by the energy
stored during deformation.

2.2.2.1 Recovery

The microstructure and properties of metallic materials can be partially retrieved by recovery, dur-
ing which annihilation and rearrangement of dislocations take place. The microstructural changes
brought by recovery are generally homogeneous and do not involve any migration of grain bound-
aries. Only a partial restoration of properties is generally reached, because the dislocation structure
is not completely removed. Dislocations rearrange and form substructures, so that the material
reaches a metastable state. Figure 2.3 details the different stages occurring during recovery. These
microstructural rearrangements may take place either during annealing after a deformation or dy-
namically, during deformation. The recovery processes are then referred to as static recovery and
dynamic recovery, respectively.

a) c)b) e)d)

Figure 2.3: Stages of the recovery process of a deformed metallic material: (a) Initial dislocation
tangles ; (b) formation of dislocation cells ; (c) Annihilation of dislocations within cells ; (d) sub-
grain formation ; (e) sub-grain growth. Extracted from Humphreys et al. [HUM 17].

2.2.2.2 Recrystallization

Recrystallization is concomitant with recovery. This restoration process involves the migration
of high angle grain boundaries and leads to the formation of new dislocation-free grains, formed
within the recovered or deformed structure. When completed, recrystallization results in a new
grain microstructure with a low dislocation density. When a metallic material is deformed at ele-
vated temperatures, several recrystallization processes may take place, and need to be distinguished
[DOH 97, HUA 16a, HUM 17]:
(i) Static recrystallization refers to the recrystallization process taking place during annealing

after deformation. A minimum strain is needed to initiate static recrystallization.
(ii) Dynamic recrystallization refers to when the recrystallization occurs during the defor-

mation. During deformation, news grains nucleates at the old grain boundaries. Since the
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Background

deformation process continues, the dislocation densities of the new grains increase, which
reduces the driving pressure for further growth. The growth of news grains may also be
limited by the nucleation of other grains at grain boundaries. Dynamic recrystallization is
characterized by repeated nucleation and growth events.

(iii) Meta-dynamic recrystallization refers to a specific case: if the applied strain is larger than
the critical strain for dynamic recrystallization, recrystallization nuclei are formed within the
material. If the straining stops but the material is still annealed, the formed nuclei will
grow without any incubation time into the partially dynamically recrystallized matrix. This
phenomenon is sometimes also referred to as post-dynamic recrystallization.

The driving pressure for recrystallization, G, arises from the difference in dislocation densities
before and after the displacement of a grain boundary during recrystallization, i.e. the difference in
dislocation density between a work-hardened grain (ρ) and a recrystallized grain (ρ0).

G = 1
2µb

2(ρ− ρ0) (2.1)

Where µ is the shear modulus, and b the burgers vector. Generally, ρ is orders of magnitude
larger than ρ0 and the following approximation is performed: ρ− ρ0 ≈ ρ.

2.2.3 Interactions between recovery, recrystallization, and precipitation

In the case of microalloying additions, the microstructural evolutions of austenite after deformation
are complex since they are influenced by the interactions between four mechanisms: recovery, recrys-
tallization, solute drag and precipitation. All these mechanisms are inter-dependent and influenced
by the parameters of deformation. Vervynckt et al. [VER 12] proposed a schematic illustration that
allows a global view of the interactions between the deformation parameters, recovery, recrystalliza-
tion, and precipitation. This schematic illustration is reproduced in Figure 2.4.

The addition of microalloying elements may interact with softening mechanisms by two different
ways:
(i) In solid solution: small solute additions can segregate on moving grain boundaries or dislo-

cations. The local segregation of microalloying elements exerts a dragging force, and therefore
reduces their mobility. This mechanism is called solute drag effect [CAH 62]. Thus, solute
drag effect can slow down the recovery or recrystallization rates.

(ii) By the formation of precipitates: As seen in Chapter 1, fine precipitate distributions
exerts a pinning pressure on grain boundaries. Recovery is also influenced by the presence of
precipitates, that are obstacles to the movement of dislocations.

2.2.3.1 Effects of deformation parameters

The deformation conditions naturally play a significant role in subsequent microstructural evolu-
tions. Increasing temperature increases the rates of recrystallization and recovery. If the defor-
mation temperature is below the dissolution temperature of precipitates, precipitation can take
place on the generated dislocations. This is generally referred to as strain-induced precipita-
tion [DUT 92, HON 02]. Increasing strain and strain rates generally leads to faster recrystallization
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RECOVERY

RECRYSTALLIZATION PRECIPITATION

𝜌 = Dislocation density

𝑁𝑅𝐸𝑋 = Number of nucleation sites for 

recrystallization

𝑁𝑃 = Number of nucleation sites for precipitation

= Accelerating effect

= Retarding effect

DEFORMATION

T, 𝜀, ሶ𝜀

𝑻 ↑
⇒

Recovery rate ↑

𝝆 ↓ ⇒ 𝑵𝑷 ↓

Pinning pressure

Solute drag ↓

Work

hardening ↑
⇒

Recovery rate ↓

Figure 2.4: Schematic illustration of the interactions between deformation parameters, recovery,
recrystallization, and precipitation. Based on Vervynckt et al. [VER 12].

kinetics [LAA 91, AI 00]. This is due to the fact that increasing strain or strain rates increases
stored dislocation densities, and consequently the driving pressure for recrystallization.

2.2.3.2 Interactions between recovery and recrystallization

Since both are related to the stored energy due to the increase of dislocation density during defor-
mation, recrystallization and recovery are two competing softening processes. Recovery decreases
the dislocation density of the deformed austenite, which reduces the driving pressure for recrystal-
lization.

2.2.3.3 Interactions between precipitation and recrystallization

Recrystallization and precipitation can interact in three main ways [VER 12]. First, recrystallization
reduces the dislocation density, and consequently the number of nucleation sites for precipitation.
Thus, recrystallization can delay the progress of precipitation. Second, the formation of precipitates
exerts a pinning pressure on grain boundaries, which have the potential to slow down or interrupt
the progress of recrystallization. The pinning pressure exerted by precipitates were discussed in part
1.2.2. Lastly, due to the solute drag effect, the grain boundary mobility depends on the austenite
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Background

solute concentration. Precipitation reduces the austenite solute content, and therefore lowers the
solute drag effect. In the case were coarse precipitates are formed, the pinning pressure is very
limited, and recrystallization is only slightly delayed.

In order to take into account the pinning pressure induced by precipitate, equation 2.1 is generally
modified [ZUR 02, GÓM 05]:

Geff = 1
2µb

2(ρ− ρ0 − PP ) (2.2)

where PP is the pinning pressure exerted by precipitates.

2.2.3.4 Interactions between recovery and precipitation

Interactions between recovery and precipitation are quite similar to the ones between recrystalliza-
tion and precipitation. Dislocations provide nucleation sites for precipitates and well as fast-diffusion
paths for solute elements. The progress of recovery can therefore delay the progress of precipitation
by lowering the dislocation density. Conversely, precipitates are obstacles to dislocation motion
and can therefore slow down the progress of recovery or even interrupt it. Moreover, microalloying
elements may also provide a solute drag effect on dislocation mobility.

2.2.4 Experimental techniques used for the study of recrystallization

Two types of techniques can be used for investigating the static recrystallization kinetics of austenite
[Dž 04, VER 10a]: direct metallographic techniques and hot deformation test investigating for flow
stress restoration. One may also directly measure austenite grain sizes during heat treatments by
laser ultrasonics method [MIL 13]. However, this technique requires special experimental devices as
well as an advanced expertise in post-treating the results and will not be considered in the following.

2.2.4.1 Metallographic techniques

One may directly measure the recrystallization progress by quenching and applying metallographic
techniques. Although direct, this option suffers from several disadvantages. First, it is very time-
consuming since it is necessary to prepare a sample for each studied time. Secondly, because austen-
ite transforms into martensite upon quenching, a technique for reconstructing the prior austenite
grains boundaries (PAGB) is needed: either a Béchet-Beaujard [Bé 55] type etching or EBSD.
Béchet-Beaujard type etching are particularly sensitive and difficult to perform with success, espe-
cially on low carbon steels and on deformed microstructures. The construction of PAGB through
EBSD is also quite complex on deformed microstructures. Thirdly, even when PAGB are successfully
revealed, distinguishing recrystallized grains from deformed grains can still remain difficult.

2.2.4.2 Mechanical testing

Since direct metallographic studies are time consuming and complicated when applied to austenite,
hot mechanical tests are generally preferred over metallographic methods. For mechanical tests,
the progress of recrystallization or recovery is indirectly studied through the restoration of flow
stress after a deformation event. Two types of mechanical tests are generally used for the study
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

of recrystallization, either in torsion or compression: interrupted double hit deformation tests and
stress relaxation tests.

It has to be noted that both tests are theoretically sensitive to all microstructural events that
influence the time evolution of flow stress after a deformation. Thus, recrystallization, restoration
and precipitation can all be studied by these techniques. However, it is quite complicated to
uncorrelate them if they appear to be concomitant.

Double hit deformation tests

The principle of a double hit test is illustrated in Figure 2.5. After a reheating treatment
and cooling down to the tested temperature, a first deformation pass is performed. After this
deformation, the stress is lowered down to a minimum value, and the sample is kept in position for
varying interpass times, ∆t. Then, a second deformation is given with the same set of parameters.
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Δ𝑡: interpass time

a) b)

S
tr

es
s 

(M
p

a)

Strain

1st deformation 2nd deformation

0 % softening

100 % softening

Intermediate softening

Figure 2.5: Principle of interrupted double hit tests. (a) Thermo-mechanical treatment applied. (b)
Schematic evolution of stress-strain behavior for various degrees of softening.

The softening fraction can be determined by comparing the two different stress-strain curves [DŽU 04,
LIN 08, VER 10b]. Depending on ∆t, the shape of the second deformation curve varies. For very
short interpass times, the second flow curve appears as an extrapolation of the first flow curve,
showing no softening. Conversely, if ∆t is long enough to allow a complete softening, the second
flow curve should be identical to the first one.

Several different methods are applied and discussed in literature to analyze these interrupted
mechanical tests [DŽU 04, VER 10b]. These different methods of post-processing give rise to sig-
nificantly different resulting recrystallization kinetics, which constitutes one important drawback of
the method. Another drawback of the technique is that it is also quite time consuming. Several
double hit tests are needed for determining a complete recrystallization curve in a given set of
deformation parameters.
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Stress relaxation tests
Stress relaxation is the second mechanical method frequently used to study the softening kinetics
after a deformation event. After a reheating treatment and cooling down to the tested temperature,
the sample undergoes hot deformation, either in torsion or in compression. After deformation, the
sample is kept in a fixed position, and the evolution of the stress as a function of time is recorded.
Figure 2.6 a) illustrates the thermo-mechanical treatment applied during stress relaxation tests.
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Figure 2.6: Principle of stress relaxation tests to study recovery, precipitation, and recrystalliza-
tion. (a) Thermo-mechanical treatment applied. (b) Schematic evolution of relaxation stress when
precipitation, recovery, and recrystallization occur.

Stress relaxation is a very sensitive technique that have been applied to follow numerous mi-
crostructural evolutions including recovery, precipitation, recrystallization, or even phase trans-
formation. This method is sensitive to microstructural evolutions because the relaxation stress
measured during testing is related to the dislocation density in the specimen [LIU 12].

This technique was first developed during the second half of 1980s by Liu and Jonas [LIU 88a,
LIU 88b] to follow the precipitation kinetics of carbonitrides in austenite. When recovery is the
only softening mechanism, Liu and Jonas demonstrated [LIU 88a] that for sufficiently long time,
the stress decreases linearly as a function of the logarithm of time:

σ = σ0 − α log(t) (2.3)

These authors also found out that the linear decrease of stress was stopped when carbonitrides
precipitation took place [LIU 88a, LIU 88b]. A plateau appears in the relaxation curve, and the
precipitation start and finish times can be derived from the deviation from the linear behavior.
This phenomenon is schematically represented in 2.6 b). After this pioneer work, the technique was
applied in numerous studies to monitor precipitation in various alloys. Surprisingly, as pointed out
by H. Zurob [ZUR 03], only one study [ARI 94] applying stress relaxation to study the recovery
process in microalloyed steels can be found in literature.

Later, in the mid-1990s, Karjailen et al. [KAR 95] demonstrated the ability of the stress relax-
ation technique to monitor the kinetics of recrystallization after deformation. The authors found
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

out that when recrystallization occurs, the stress relaxation curve presents three distinct parts.
The first part of the curve follows a linear decrease that is attributed to recovery. In the second
part of the curve, a large drop of stress, attributed to recrystallization, is observed. The last part
of the curve also follows a linear decrease, that corresponds to the grain growth behavior of the
recrystallized material.

Whatever the studied phenomenon, stress relaxation tests have the advantage of being much
more rapid than double hit tests: a single test allows determining a complete recrystallization
kinetics under a given set of deformation parameters. However, several authors pointed out that
stress relaxation tests are more difficult to carry out and require a very precise control of the
temperature and deformation system [DŽU 04, VER 10b]. The same authors also reported that
accelerated recrystallization kinetics are found using stress relaxation, compared to double hit tests.

2.3 Materials and methods

2.3.1 Studied materials

In this chapter, three different microalloyed steels were studied. They were produced by vacuum
induction melting, following the procedure presented in part 1.3.1. Their respective compositions
are listed in Table 2.3.1. In terms of microalloying elements, they all present the same amount of
Nb, but different Ti and V contents. The other alloying elements are kept in similar ranges. In
order to ease the understanding throughout the chapter, the three steels were named after their Nb,
Ti, and V content.

Element C Mn Si Nb Ti V Mo Al Cr N
0.04Nb-0.09Ti 0.062 1.91 0.50 0.039 0.085 0.002 0.212 0.065 0.013 0.006

0.04Nb-0.09Ti-0.1V 0.087 1.94 0.50 0.039 0.093 0.105 0.209 0.067 0.014 0.006
0.04Nb-0.05Ti-0.2V 0.085 1.95 0.50 0.039 0.046 0.206 0.209 0.070 0.014 0.006

Table 2.1: Composition of the three microalloyed steels studied (wt.%).

2.3.2 Stress relaxation tests

Stress relaxations tests were applied to follow austenite microstructural evolutions after deformation.
A Gleeble 3500 thermo-mechanical simulator in compression mode was used to deform cylindrical
samples of 12 mm length and 8 mm diameter that were machined from the steel plates. Gleeble
simulators are not particularly suited for long isothermal heat treatments (t>100 s). Thus, addi-
tional tests were undertaken at lower temperatures, using a Bähr 805 DIL dilatometer1 on samples
of 10 mm length and 5 mm diameter.

The heat treatment performed for stress relaxation tests is represented in Figure 2.7. The stress
relaxation test begins with a reheating treatment of 10 min at 1250 ◦C that aims at dissolving most
of the existing (Ti,Nb)C precipitates found in the initial condition of the steel (see Chapter 1). The

1These additional stress relaxation tests were performed by the partners from Eurecat in Manresa, Spain.
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Figure 2.7: Stress relaxation test performed on Gleeble 3500 thermo-mechanical simulator.

sample is subsequently cooled down to the deformation temperature with a 5 ◦C s−1 cooling rate
and held 30 s for homogenization before compression. After compression, the anvils remain fixed
in their positions and hold the sample during a certain time period. During that time period, the
evolution of stress is recorded and stress relaxation occurs as a result of softening. The temperature
was controlled by welding a thermocouple in the middle of the samples.

Table 2.2 summarizes the parameters of the various tests carried out in the Gleeble and/or
dilatometer. The deformation temperatures applied range from 900 ◦C to 1100 ◦C. Two different
strains (0.1 and 0.3) and two strain rates (0.1 s−1 and 5 s−1) were applied. These conditions are
supposed to represent hot rolling steps during industrial process. The dilatometer was only used
for tests at lower temperatures and for ε̇ =0.1 s−1.

T (℃) 900 950 1000 1050 1100
Strain 0.1 0.3 0.1 0.3 0.1 0.3 0.1 0.3 0.3

Strain rate (s−1) 0.1 0.1 5 0.1 5 0.1 5 0.1 5 0.1 5 0.1 5 0.1 5
0.04Nb-0.09Ti 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

0.04Nb-0.09Ti-0.1V 3 3 - - 3 3 3 3 3 3 3 - 3 3 3 3

0.04Nb-0.05Ti-0.2V 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

Equipment D D D/G G D/G G D/G D/G G G G G G G G G

Table 2.2: Stress relaxation tests parameters performed on the 3 investigated steels. The equipment
used is given on the last line: G stands for Gleeble and D stands for dilatometer.

Figure 2.8 shows an example of the different microstructural phenomena observable on the stress
relaxation curve in the present study. If both temperature and driving force are high enough,
the recrystallization can be observed (Figure 2.8 a)). The curves were then analyzed following
the method described in [KAR 95]. The beginning of the curve can be accurately described by
a straight line (σ1 − α1 · log(t)), corresponding to the recovery/creep behavior of the strained
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Figure 2.8: Illustration of the stress relaxation curves obtained at (a) 1050 ◦C and (b) 950 ◦C for
ε = 0.3 and ε̇ = 0.1 s−1.

material. Then, the curve typically exhibits a rapid and sharp drop related to the rapid softening
due to recrystallization. The end of the curve also follows a linear shape, that mainly corresponds
to the grain growth behavior of the recrystallized material (σ2 − α2 · log(t)). Assuming that a
partially recrystallized material consists of a mixture of two phases (work-hardened austenite and
fully recrystallized austenite), a simple rule of mixtures is applied. Thus, the instantaneous value
of stress is derived through the following equation:

σ = (1−X) · (σ1 − α1 · log(t)) +X · (σ2 − α2 · log(t)) (2.4)

where X is the recrystallized fraction. From 2.4, it can be derived that:

X = σ1 − α1 · log(t)− σ
(σ1 − σ2) + (α2 − α1) · log(t)) (2.5)

At lower temperatures or for insufficient driving forces, recrystallization does not take place
(Figure 2.8 b)). The softening observed is due to the recovery of the strained austenite. When
precipitation occurs, a temporary increase in stress can be observed [LIU 88a]. The beginning and
end of the precipitation process are detected from the deviation from the linear behavior.

For each test performed, the compression σ − ε curve was also analyzed to determine the yield
stress σ0.2% and the rise in flow stress during work hardening ∆σ (see Figure 2.9) defined as:

∆σ = σmax − σ0.2% (2.6)

where σmax is the maximum flow stress reached in the σ − ε curve.

2.3.3 Metallographic examinations

Additional interrupted tests were run in order to perform metallographic examinations on 0.04Nb-
0.5Ti-0.2V. After deformation, the samples were held for a certain time at the deformation tem-
perature before being quenched with water. A Béchet-Beaujard etching [Bé 55] was performed to
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Figure 2.9: Analysis procedure of the compression curves, prior to the stress relaxation test. The
yield stress σ0.2% and the increase in flow stress ∆σ are determined.

reveal the austenite grain boundaries using an optical microscope. Austenite grain boundaries were
manually detoured using FIJI [SCH 12]. The equivalent area diameter DA of a circular grain was
calculated from each measured grain area A:

DA =
√

4A
π

(2.7)

The mean grain size D was estimated by multiplying the number-based mean equivalent area
diameter DA by 1.2, in accordance with [GIU 99]. Each optical micrographs were captured by
placing the deformation direction horizontally. After manual detouring, ellipses were fitted on the
obtained grain boundaries by a routine analysis performed on FIJI. Two other parameters were
extracted from the analysis of austenite grain boundaries: the aspect ratio and the angle β between
the long ellipse axis and the horizontal direction. The β angle allows to determine the orientation
of the grains with respect to the direction of deformation.

2.4 Experimental results

2.4.1 Strain hardening during compression

Prior to stress relaxation, all samples underwent a compression test. The resulting compression
curves were analyzed in order to determine the increase in flow stress ∆σ for the maximal ε reached
during the test. No stress drop in the compression curves was observed in all the test performed,
indicating that dynamic recrystallization did not take place for the strain levels applied in this study.
Figure 2.11 shows the evolution of ∆σ as a function of testing temperature, strain, and strain rate
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Figure 2.11: Evolution of the increase in flow stress during compression tests for the three studied
steels, as a function of temperature and strain, for applied strain rates of 0.1 s−1 and 5 s−1.

applied during the compression tests performed with the Gleeble thermo-mechanical simulator.
Increasing strain and strain rates results in a increase of ∆σ. On the contrary, the higher the
applied temperature, the lower ∆σ gets. It appeared that the three steels studied showed similar
compression behaviors, which seems consistent since they present very similar compositions. Slight
variations in Ti and V contents did not imply any significant change in σ − ε behaviors.
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2.4.2 Recrystallization kinetics

2.4.2.1 Stress relaxation curves

The raw stress relaxation curves obtained after deformation between 950 and 1100 ◦C are shown
in Figure 2.12 for the three studied steels. Depending on the deformation parameters applied
(temperature, strain, and strain rate), two types of softening mechanism are observed:
(i) When the driving force for recrystallization or the temperature is too low, the stress evolves

linearly as a function of log10(t). This type of behavior reflects the recovery process, and was
observed for all steels for ε = 0.1 at all temperatures, and at 950 ◦C for ε = 0.3.

(ii) When both the driving force and temperature are high enough, the stress relaxation curves
exhibit rapid drops in the form of sigmoids, indicating that recrystallization occurred. Re-
crystallization was typically observed in the three studied steel for an applied strain of ε = 0.3
and starting from 1000 ◦C.

These results show that an applied strain of 0.1 is below the critical strain for recrystallization
initiation. For ε = 0.3, stress relaxation curves showed a change is the softening mechanism from
recovery to recrystallization between 950 and 1000 ◦C. For conditions where recrystallization was
observed (ε = 0.3 and T ≥ 1000 ◦C) on the stress relaxation curves, the evolutions of the recrystal-
lized fractions were calculated via equation 2.5, using the procedure showed in Figure 2.8 a). The
recrystallization kinetics obtained are plotted in Figure 2.13. Some experimental dispersion can be
observed for the raw data. In order to smooth these data, the raw curves were fitted by empirical
JMAK laws, using n = 1.5:

X = 1− exp
(
−0.693 ·

(
t

t1/2

)n)
(2.8)

All determined recrystallization half-times, t1/2, can be retrieved in Table 2.3. In the following
results, the recrystallization kinetics were always given using these empirical JMAK laws.

Temperature (◦C) 1000 1050 1100
Strain rate (s−1) 0.1 5 0.1 5 0.1 5
0.04Nb-0.09Ti 15.1 7.6 3.3 1.3 1.2 0.62

0.04Nb-0.09Ti-0.1V 25.9 13 9.3 5.4 3.2 0.93
0.04Nb-0.05Ti-0.2V 17.6 13 4.2 4.6 2.6 0.87

Table 2.3: Recrystallization half-times, t1/2 (s), of the three studied steels obtained with ε = 0.3.
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 0.04Nb-0.09Ti

0.04Nb-0.09Ti-0.1V

0.04Nb-0.05Ti-0.2V

= 0.3

950 °C -   = 0.1 s 1

950 °C -   = 5 s 1
1000 °C -   = 0.1 s 1

1000 °C -   = 5 s 1
1050  °C -  = 0.1 s 1

1050 °C -   = 5 s 1
1100 °C -   = 0.1 s 1
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Figure 2.12: Raw stress relaxation curves obtained for 0.04Nb-0.09Ti (a-b), 0.04Nb-0.09Ti-0.1V
(c-d), and 0.04Nb-0.09Ti-0.2V (e-f) steels.
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Experimental results
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Figure 2.13: Softening fractions due to recrystallization during stress relaxation in (a) 0.04Nb-
0.09Ti, (b) 0.04Nb-0.09Ti-0.1V, and (c) 0.04Nb-0.09Ti-0.2V steels. The raw data is represented
together with fitted JMAK law curves obtained with a fixed parameter n = 1.5.

2.4.2.2 Austenitic microstructures

Stress relaxation tests allow indirect detection of recrystallization phenomena, via the evolution of
stress. On the other hand, they do not, in themselves, provide any direct proof that recrystallization
is the microstructural phenomenon responsible for the observed evolution of stress. Thus, austenitic
microstructures were investigated by metallography before and during stress relaxation tests. Al-
though the investigated microstructures are martensitic, only the prior austenite grains revealed
by Béchet-Beaujard etching were investigated. For practical convenience, 0.04Nb-0.09Ti-0.2V was
selected to perform these investigations, as it presents slower recrystallization kinetics compared to
the two other studied steels. A water quenching device was added to the experimental setup in order
to interrupt stress relaxation trials. As a consequence of the water quenching device, deteriorated
levels of vacuum were obtained. The reheating stage at 1250 ◦C was thus limited to 3 min instead
of 10 min, in order to limit oxidation. At the end of reheating, an equiaxed microstructure was
obtained (see Figure 2.14), with a mean equivalent diameter of 85 µm.
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

50 µm

Initial: 3 min at 1250°C

Equiaxed

microstructure

Figure 2.14: Initial austenitic microstructure revealed by Béchet-Beaujard etching for 0.04Nb-
0.05Ti-0.2V steel, after 3 min at 1250 ◦C, prior to compression and stress relaxation.

Subsequently, the evolution of austenitic microstructures were followed during stress relaxation.
Two distinct cases were investigated (see Figure 2.15):

(i) At 1050 ◦C, where the stress relaxation exhibits a sigmoidal shape indicating that austenite
recrystallization is occurring.

(ii) At 950 ◦C, where the stress decreases linearly as a function of log(t), which is rather charac-
teristic of the recovery process.

For each condition, three samples at different relaxation times were analyzed. The realized stress
relaxation tests showed a very good reproducibility in terms of evolution of stress with time.

Figure 2.16 displays selected prior austenite grains obtained after quenching for the two stress
relaxations tests performed. It should be noted here that all the micrographs were taken by placing
the compression direction horizontally. For quasi-immediate quenching (0.1 s delay) after the end
of the compression stage, austenite grains showed elongated shapes (Figure 2.16 a) and b)). The
elongation direction is perpendicular to the compression direction. The grain boundaries exhibit
irregular shapes, which contrasts with the fairly regular grain boundaries observed in the case of
an undeformed equiaxed microstructure (Figure 2.14). These irregular grain boundary shapes may
result from the strain-induced grain boundary migration phenomena, during which parts of a pre-
existing grain boundary bulge to form regions with a lower dislocation contents [HUM 17]. At
1050 ◦C, some nucleus have formed, mainly at grain boundary triple junctions.

At 950 ◦C, 5 s after the end of compression, austenite grains still show elongated shapes (Fig-
ure 2.16 c)). Some nucleus have formed at grain boundary triple junctions. After 50 s at 950 ◦C,
elongated grains are found together with rather equiaxed ones (Figure 2.16 e)). This indicates
that the recrystallization process is only partial. On the contrary, recrystallization takes place
rapidly at 1050 ◦C, as it can be observed on Figure 2.16 d) and f). After 3 s at 1050 ◦C, it becomes
difficult to distinguish deformed grains from recrystallized ones. Eventually, a fully-recrystallized
microstructure is obtained after 20 s at 1050 ◦C.
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Figure 2.15: Selected conditions for metallographic examination of austenitic microstructures re-
vealed by Béchet-Beaujard etching. Austenitic microstructures are investigated directly (0.1 s) after
compression and during stress relaxation, at (a) 950 and (b) 1050 ◦C with ε = 0.3 and ε̇ =5 s−1.

The microstructural evolutions of austenite can be followed by quantitative parameters that are
displayed on Figure 2.17: (a) equivalent spherical grain diameter, (b) aspect ratio, and (c) β angle
that allows the determination of the grain orientation with respect to the direction of deformation.

Starting from an initial 85 µm equivalent diameter, final grain diameter of approximately 40 µm
are obtained at both 950 and 1050 ◦C. After the reheating stage of 3 min at 1250 ◦C, the austenite
grains present an initial aspect ratio of approximately 1.5 , and β is close to 45°. The grains are
therefore mainly equiaxed and show no particular orientations. Right after deformation, the aspect
ratio of grains increases up to 1.8-1.9 and the mean value of β strongly increases up to 66-69°. It
quantitatively indicates the deformation of grains and their preferential orientation perpendicular
to the direction of compression.

At 1050 ◦C, the aspect ratio rapidly decreases down to a value of 1.6, and β returns to values
close to 45° (random orientation). At 950 ◦C, these two parameters evolve more slowly. After 5 s at
950 ◦C, the aspect ratio is still high and the grains are still preferentially oriented perpendicular to
the direction of compression. After 50 s at 950 ◦C, these parameters gets closer to the values obtained
for a fully-recrystallized microstructure (20 s at 1050 ◦C), indicating a partially recrystallized state.

To summarize, the evolution of the austenitic microstructures during stress relaxation obtained
proves that the shapes of relaxation curves are indeed directly correlated with recrystallization. At
950 ◦C, although it was not detected by stress relaxation (the curve exhibits a linear shape), met-
allographic examination of austenitic microstructures showed that an incomplete recrystallization
process occurred.
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation
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Figure 2.16: Selected austenitic microstructure revealed by Béchet-Beaujard etching for 0.04Nb-
0.05Ti-0.2V steel, during stress relaxation tests at 950 and 1050 ◦C with ε = 0.3 and ε̇ =5 s−1.

68 © 2019 – Alexis GRAUX – MATEIS laboratory

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2019LYSEI120/these.pdf 
© [A. Graux], [2019], INSA Lyon, tous droits réservés



Experimental results

Initial After 
 deformation

100 101 102

Time (s)

30

40

50

60

70

80

90

Eq
. v

ol
um

e d
iam

ete
r [

µm
]  

Deformation

a) 

Initial 950°C 1050°C

Initial After 
 deformation

100 101 102

Time (s)

1.4

1.5

1.6

1.7

1.8

1.9

2.0

As
pe

ct 
ra

tio
 o

f g
ra

in
s

Deformation

 

b)

Initial After 
 deformation

100 101 102

Time (s)

45

50

55

60

65

70

 an
gl

e (
°)

 

Deformation

c)

Figure 2.17: Evolution of (a) mean equivalent volume diameter, aspect ratio (b), and (c) β angle of
austenite grains during stress relaxation tests at 950 and 1050 ◦C with ε = 0.3 and ε̇ =5 s−1.
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

2.4.3 Precipitation kinetics

The stress relaxation tests carried out on the Gleeble 3500 thermomechanical simulator proved
to be unsuccessful to study the microstructural phenomena occurring for times longer than 100 s.
Above 100 s, dilatation of the anvils leaded to variations in stress that erased all effects due to
microstructural evolutions. As a result, precipitation phenomena were rather studied using the
Bähr 805 DIL dilatometer, which is much more suited to carry out long heat treatments than
Gleeble. Figure 2.18 shows the stress relaxation curves obtained for 0.04Nb-0.09Ti steel at 900, 950
and 1000 ◦C for an applied strain rate of ε̇ = 0.1 s−1. Precipitation was detected by the apparition
of a plateau in the stress relaxation curves in all conditions except for 1000 ◦C and ε = 0.3, where
recrystallization occurred.
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Figure 2.18: Stress relaxation curves obtained in Bähr 805 DIL dilatometer for 0.04Nb-0.09Ti steel
at ε̇ = 0.1 s−1.

Similar results were obtained for the two other steels studied. The determined precipitation start
and finish times, respectively tP,i and tP,f , are given in Table 2.4.3. Note that for each of the steels
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Models

studied, precipitation occurred in very similar time ranges. For 0.5Ti-2V steel at 950 ◦C, neither
recrystallization nor precipitation was detected on the stress relaxation curve.

T (◦C) 900 950 1000
Strain 0.1 0.3 0.1 0.3 0.1 0.3

Times (s) tP,i tP,f tP,i tP,f tP,i tP,f tP,i tP,f tP,i tP,f tP,i tP,f

0.04Nb-0.09Ti 10.6 81 9.0 79 7.0 72 10.4 69 8.3 61 ReX
0.04Nb-0.09Ti-0.1V 9.4 98 7.8 85 9.5 76 8.1 68 10.0 73 ReX
0.04Nb-0.05Ti-0.2V 12.0 78 9.0 69 8.0 65 - - 10.7 61 ReX

Table 2.4: Precipitation start tP,i and finish tP,f detected on stress relaxation curves for the three
studied steels.

Stress relaxation tests, which indirectly detect precipitation but provide no direct evidence,
were completed by observations in transmission electron microscopy. The precipitation state in
0.04Nb-0.09Ti steel after a stress relaxation test at 950 ◦C was investigated by TEM on carbon
replicas. The stress relaxation test was performed under a strain of 0.3 and a strain rate of 0.1 s−1

in the dilatometer. The sample was quenched after a 600 s holding at 950 ◦C. A large surface
density of nanometer-sizes (Ti,Nb)C precipitates was collected on the replicas (Figure 2.19 a)). The
precipitates present a mean radius of 12 ± 2 nm.

a) b)

500 nm

100 nm

Figure 2.19: Precipitation state observed on carbon replicas in 0.04Nb-0.09Ti steel, 600 s after
deformation at 950 ◦C with ε = 0.1 and ε̇ = 0.1 s−1. (a) STEM-HAADF micrograph ; (b) Precipitate
size frequency distribution.

2.5 Models

The evolution of precipitation state and austenite composition in the 0.04Nb-0.09Ti steel during
reheating was extensively studied in Chapter 1. This allowed to gather essential data on the metal-
lurgical state of the steel at the end of reheating, which constitutes the preliminary step to the stress
relaxation tests presented in this chapter. Here, it is proposed to extend the modeling work presented
in chapter 1 by applying recrystallization and precipitation models to describe the microstructure
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

evolutions after hot deformation of austenite. These models are applied to the 0.04Nb-0.09Ti grade.

2.5.1 Recrystallization model

Modeling the static recrystallization of microalloyed steel using Johnson-Mehl-Avrami-Kolmogorov
(JMAK) equation is a common approach in literature [CHO 01, MED 01, Gó 02, BAO 11, SHE 18].
These models are empirical and account for the effects of temperature, strain, strain rate, and initial
austenite mean grain size. The recrystallized fraction is given by:

X = 1− exp
(
−0.693 ·

(
t

t1/2

)n)
(2.9)

n is a material dependent constant, globally ranging from 1 to 3, and t1/2 is the time needed to
achieve 50% of recrystallization, following the expression:

t50 = A · εp · ε̇q ·Dr
0 exp

(
Qa
RgT

)
(2.10)

a, p, q, r are constants, ε is the applied strain, ε̇ is the applied strain rate, D0 is the initial
mean austenite grain size, Rg the ideal gas constant, Qa the apparent activation energy for static
recrystallization, and T the absolute temperature (K).

Although allowing to reproduce the experimental recrystallization kinetics, these empirical ap-
proaches do not make it possible to connect the JMAK law parameters with physical phenom-
ena. In this PhD-work, a different approach is followed, based on the work presented by Zurob et
al. [ZUR 01, ZUR 02]. The recrystallized fraction, X, is given by a modified JMAK law in which
physical parameters are introduced:

X = 1− exp(−Xext) (2.11)

Where Xext is the extended recrystallized volume:

Xext =
(
NREX

∫ t

0
M ·G dt

)n
(2.12)

NREX is the number of nucleation sites for recrystallization, M is the mobility, G is the driving
force for recrystallization, and n is the exponent of the JMAK law. The mobility of grain boundaries
is thermally activated:

M = M0 exp
(
−QGG
RgT

)
(2.13)

Here M0 is a pre-exponential factor, Rg is the gas constant and QGG is the activation energy for
grain boundary mobility.

The driving energy available for recrystallization, G, arises from the difference in dislocation
density between a strained grain and a recrystallized grain [HUM 17]:

G = 1
2 · µb

2∆ρ (2.14)
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Models

where µ is the shear modulus of austenite, b is the burgers vector, and ∆ρ is the change in dislocation
density associated with the motion of a grain boundary from a deformed region to a recrystallized
one. The value of ∆ρ is very difficult to measure experimentally and thus has to be estimated. The
following equation is commonly used in literature [DUT 03, GÓM 05] for relating ∆ρ with the rise
in flow stress during deformation, ∆σ:

∆σ = MαTµb
√

∆ρ (2.15)

Where M is the Taylor factor (3.1 for face-centered-cubic), αT is a material constant, µ the shear
modulus, and b the burgers vector. In this model, it is assumed that forest-type hardening relation
links the flow stress σ, the yield stress σ0.2%, and the dislocation density ρ. Thus ∆σ is taken equal
to σmax−σ0.2% (see equation 2.6). The driving force for recrystallization is thus calculated for each
stress relaxation tests on the basis on the σ − ε compression curve, and varies depending on the
deformation parameters.

The number of recrystallization sites NREX depends on the austenite grain size and temperature.
In the present model, NREX is given by:

NREX = N0
REX exp

(
−QREX
RgT

)
(2.16)

Where N0
REX is the pre-exponential factor, and QREX is the activation energy. Both are used as

fitting parameters. N0
REX = 2.2× 1011 and QREX = 150 kJ/mol were used. Assuming that the

austenite grain diameter after 10 min at 1250 ◦C is 400 µm according to Chapter 1, the number of
austenite grains per cubic meter is approximately 2.98× 1010. In order to estimate the number of
recrystallization sites per cubic meter, equation 2.16 needs to be corrected:

NREX/m3 = (NREX)3/n (2.17)

At 1100 ◦C, it gives approximately 5.7 recrystallization sites per austenite grain.
All modeling parameters used in the recrystallization model are summarized in Table 2.5.

Parameter Value Source/Comment
JMAK law exponent, n 1.5 Best fit on experimental data.

N0
REX 2.2× 1011 Best fit on experimental data.

QREX 150 kJ/mol Best fit on experimental data.
M0 104 m4J−1s−1 As used in Chapter 1.
QGG 390 kJ/mol Uhm et al. [UHM 04].

Taylor factor, M 3.1 For f.c.c. crystals.

αT 0.15 As used
in [DUT 92, ZUR 02, GÓM 05].

Shear modulus, µ 81× 109[ 0.91 - ( T(K)-300)/1810] Pa Frost et al. [FRO 82].
Burgers vector, b 2.55× 10−10 m a/

√
2 with a = 3.6× 10−10 m.

Table 2.5: Parameters used for recrystallization model calculations in 0.04Nb-0.09Ti steel.
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

2.5.2 Precipitation model

The precipitation modeling work is based on the one presented in Chapter 1. PreciSo [PER 08,
PER 09] was applied to follow the precipitation of (Ti,Nb)C during heat treatments. The classical
nucleation and growth theories implemented in PreciSo are detailed in part 1.5.3. The present
precipitation modeling work focuses on strain-induced precipitation, occurring after compression,
during stress relaxation tests. In order to compare the experimental results with the prediction of
the precipitation model, the formation of (Ti,Nb)C during heat treatments in the lower temperature
range of austenite stability (900 ◦C < T < 1000 ◦C) is considered.

The dissolution temperature of (Ti,Nb)Cfine is equal to 1233 ◦C according to the calculations
presented in Chapter 1. The initial distribution of (Ti,Nb)Cfine rapidly dissolves during a simulated
heat treatment at 1250 ◦C. It is therefore considered that (Ti,Nb)Cfine are completely dissolved at
the end of the preliminary reheating stage of 10 min at 1250 ◦C performed during stress relaxation
tests. Thus, the initial carbon, titanium and niobium contents of austenite were estimated on the
basis of the experimental investigation performed in Chapter 1.

It is assumed that after deformation, dislocations are the main nucleation sites available for the
formation of precipitates. As proposed in [DUT 92], the number of nucleation sites for precipitation,
NP

0 , is assumed to be related to the dislocation density by:

NP
0 = 0.5ρ3/2 (2.18)

The dislocation density is estimated from the increase in flow stress, ∆σ, using the same formalism
as presented in part 2.5.1:

ρ = ( ∆σ
Mαµb

)2 (2.19)

Concerning the precipitate/matrix interfacial energy, the value given by Yong et al. [YON 89],
used in Chapter 1, is considered as a reference. In order to fit the experimental data, this interfacial
energy is multiplied by a dimensionless corrective coefficient kP (close to 1):

γP = kP · [0.9545− 4.27 · 10−4 · T (K)] (2.20)

The other modeling parameters related to precipitation are identical to those used in chapter 1
of this PhD manuscript. The diffusion coefficient of carbon, titanium and niobium can be retrieved
in Table 1.8. The modeling parameters used in the precipitation model applied to 0.04Nb-0.09Ti
steel are synthesized in Table 2.6.
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Modeling results

Parameter Value Source/Comment
Initial C content in austenite

(wt.%) 0.0615 Based on Chapter 1.

Initial Ti content in
austenite(wt.%) 0.0421 Based on Chapter 1.

Initial Nb content in
austenite(wt.%) 0.0334 Based on Chapter 1.

(Ti,Nb)C solubility product log10 KS = −9612.4 K/T + 0.40115 See equation 1.24.
(Ti,Nb)C interfacial energy γP kP · [0.9545− 4.27 · 10−4 · T (K)] J m−2 From [YON 89].

Table 2.6: Parameters used for precipitation model calculations in 0.04Nb-0.09Ti steel.

2.6 Modeling results

2.6.1 Recrystallization kinetics

The analysis of the compression curves determined the increase in flow stress ∆σ for the varying
deformation temperatures, strains and strain rates applied. ∆σ served as an input for the calculation
of the driving pressure for recrystallization, G. Since recrystallization was only observed for ε = 0.3,
G was only calculated for this strain. The determined value of G are displayed in Table 2.7.

Temperature (◦C) 1000 1050 1100
Strain rate (s−1) 0.1 5 0.1 5 0.1 5

Increase in flow stress ∆σ (MPa) 61 93 52 83 41 68
Increase in dislocation density ∆ρ (·1014m−2) 3.0 6.9 2.3 6.1 1.7 5.2

Driving pressure G (MPa) 0.29 0.68 0.23 0.58 0.17 0.42

Table 2.7: Increase in flow stress during compression and resulting calculated increasing in disloca-
tion densities and driving pressure for recrystallization for 0.04Nb-0.09Ti steel (ε = 0.3).

Figure 2.20 compares the recrystallization model predictions with the experimental JMAK curves
obtained via stress relaxation tests. The model is able to reproduce the effects of strain rate and
temperature on the recrystallization kinetics. The effect of strain rate is indirectly taken into account
through the calculation of the driving pressure for recrystallization, because increasing strain rate
leads to increased ∆σ values during the compression preceding stress relaxation.

An excellent agreement is found for the 5 slowest recrystallization kinetics. The agreement
between model and experiments is weaker for the faster kinetics at 1100 ◦C and for ε̇ = 5 s−1.
However, the recrystallization is so fast under these conditions that the experimental error on the
determination of the empirical JMAK law is much more important.
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Figure 2.20: Comparison of the experimental recrystallization kinetics and recrystallization model
predictions for the 0.04Nb-0.09Ti steel (ε = 0.3).

2.6.2 Precipitation kinetics

Stress relaxation tests coupled with TEM characterization of the precipitation state allowed ob-
taining a rather complete experimental study of precipitation after deformation of austenite. It
is proposed to couple these experimental results with modeling results. The purpose is to deter-
mine whether the precipitation start and finish times detected by the stress relaxation tests can
be obtained through modeling with physically meaningful parameters. It particularly focuses on
determining whether the interface energies used are realistic or totally outside the ranges usually
used.

The stress relaxation test performed at 950 ◦C (with ε = 0.1 and ε̇ = 0.1s−1), and the associated
TEM characterization are used to adjust the kP interfacial energy coefficient (equation 2.20). Figure
2.21 shows the outputs of the precipitation model obtained for kP value ranging from 0.80 to 0.90.
The precipitation start and finish times determined on stress relaxation curves, tP,i and tP,f , as well
as the precipitate mean radius measured by TEM at 950 ◦C are also plotted.

The interfacial energy used has a considerable influence on the precipitation kinetics. The
best agreement between the modeled mean radius and the measured one is obtained for kP =
0.875 ± 0.025 (Figure 2.21 b)). The precipitation start and finish times detected by stress re-
laxation tests do not seem to be related to the volume fraction or the size of the precipitates, but
rather to their number density. This observation will be thoroughly analyzed in the discussion part
2.7.
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Figure 2.21: Precipitation modeling results obtained for varying interfacial energies: (a) volume
fraction, (b) mean radius, and (c) number density of precipitates. kP values ranging from 0.80 to
0.90 were applied.

2.7 Discussion and analysis

2.7.1 Influence of strain rate on recrystallization kinetics

Recrystallization start and finish times, respectively taken as tREX,10% and tREX,90%, were deter-
mined based on the empirical JMAK laws fitted on experimental curves. Recrystallization-time-
temperature diagrams are plotted in Figure 2.22 in order to highlight the effect of the strain rate
on recrystallization kinetics.

For each of the three steels studied, the increase in strain rate leads to an acceleration of the
recrystallization kinetics. Only one condition does not follow this rule: For 0.04Nb-0.5Ti-0.2V
steel (Figure 2.22 c)), similar recrystallization kinetics are observed at 1050 ◦C for both applied
strain rates. This general acceleration of the recrystallization kinetics is coherent with the fact
that increasing ∆σ values are obtained when applying a higher strain rate (see Figure 2.11). As a
matter of fact, the recrystallization model presented in part 2.5.1 allows reproducing the accelerating
effect of strain rate, as it can be observed in Figure 2.20. When increasing strain rates are applied
during compression, higher increases in flow stress ∆σ are achieved (Table 2.7), which means that
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

Figure 2.22: Recrystallization-Time-Temperature (RTT) diagrams showing the influence of strain
rate of recrystallization kinetics for the three studied steels. The dash-dotted lines in the figure are
given to guide the eye.

higher dislocation densities are obtained. Thus, the driving pressure for recrystallization increases
as increasing strain rates are applied.

2.7.2 Influence of steel composition on recrystallization kinetics

In order to highlight the effect of steel composition on recrystallization kinetics, RTT diagrams are
plotted in Figure 2.23. It appears that 0.04Nb-0.09Ti-0.1V and 0.04Nb-0.5Ti-0.2V steels present
slower recrystallization kinetics than 0.04Nb-0.09Ti steel. The effect of vanadium additions seems to
depend on the applied strain rate: while the difference between 0.04Nb-0.09Ti and 0.04Nb-0.09Ti-
0.1V steel recrystallization kinetics at 1050 ◦C is limited for ε̇ = 0.1 s−1, a larger offset is observed
at the same temperature for ε̇ = 5 s−1.

Figure 2.24 shows literature data2 comparing the respective effects of Nb, Ti, and V on recrys-
tallization kinetics. Niobium is known to be the microalloying element with the strongest delaying
effect on static recrystallization, followed by titanium, and vanadium. Andrade et al. [AND 83] also

2The figures are extracted from Deardo [DEA 03b].
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Discussion and analysis

Figure 2.23: Comparison of the recrystallization kinetics of the three studied steels (Recrystallization
- Time - Temperature diagrams). The dash-dotted lines in the figure are drawn to guide the eye.

reported the delaying solute drag effect of Mo, the effect of Mo laying between those of Nb and
V. The three steels studied present approximately the same content of Nb and Mo, but different
contents of Ti and V. The differences observed in the recrystallization kinetics are therefore due to
the differences of Ti and V contents.

V

Ti

Nb

0.097Nb

0.095Ti
Si-Mn 0.092V

Figure 2.24: Literature data on the effects of microalloying additions on static recrystallization.
(a) Increase in recrystallization temperature with increase in level of microalloy solutes in 0.07C-
1.40Mn-0.25Si steel (from Cuddy [CUD 82]). (b) Effects of Nb, V, and Ti on softening behavior at
900 ◦C in 0.002 Cwt % (from Yamamoto et al. [YAM 82]).

Several studies reported delaying effects of vanadium additions on recrystallization kinetics, ei-
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

ther by formation of precipitates [MED 93, GAR 01, GÓM 07], or by solute drag [AND 83, GAR 01,
AM 04]. The solute drag effect of vanadium is rather observed at high temperatures whereas the
formation of V(C,N) retards austenite recrystallization at lower temperatures [GAR 01]. As a mat-
ter of fact, due to the high solubility of vanadium in austenite, vanadium precipitates do not form
in the investigated temperature ranges (1000 to 1100 ◦C) for such carbon and vanadium contents.
Thus, the only probable hypothesis is that V delays recrystallization kinetics by solute drag. This
is consistent with the fact that precipitation is not detected on stress relaxation curves.

With an applied strain rate of 5 s−1, the 0.04Nb-0.09Ti-0.1V and 0.04Nb-0.05Ti-0.2V present
very similar recrystallization kinetics. Since both Ti and V participate to the solute drag effect,
multiplying the vanadium content by 2 is counterbalanced by approximately dividing by 2 the
titanium content.

2.7.3 On the recrystallization model parameters used

In the present recrystallization model, the formalism used for the determination of the driving
pressure for recrystallization is based on Taylor’s law. The parameters used are the same as those
found in several articles dealing with austenite recrystallization [DUT 92, ZUR 02, GÓM 05]. They
give rise to dislocation densities of the order of 1014 m−2 and to driving pressures of the order of
1 MPa, which are in the correct order of magnitude [HUM 17].

The grain boundary mobility used is the same as the one determined in Chapter 1, that was
fitted on austenite grain growth experimental measurements. Moreover, the activation energy used,
QGG, is extracted from Uhm et al. [UHM 04].

The number of nucleation sites for recrystallization, NREX , also follows a Arrhenius law. The
pre-exponential factor, N0

REX , was adjusted to fit the experimental kinetics. Nucleation is related
to grain boundary diffusion, since nuclei form at grain boundaries. Most of the activation energies
for grain boundary diffusion of iron in austenite available in literature lies between 140 kJ mol−1 and
180 kJ mol−1 [KAU 90]. The activation energy used, QREX =150 kJ mol−1, falls into that range.

Medina and Fabregue [MED 91] provided an empirical formula for the apparent activation energy
of static recrystallization of microalloyed austenite, Qapp, accounting for the contribution of steel
composition:

Qapp = 83600 + 97800(Mn + Si)0.537

C1.269 + 1728.7Mo0.704 + 4952 · 105Ti3.663 + 259.6Nb1.256 (2.21)

where Qapp is given in J mol−1, and the contents of alloying elements (Mn, Si, etc.) are given in 103

wt.%.
Assuming effective Ti and Nb content in austenite respectively equal to 0.0415 wt % and 0.334 wt %,

consistently with the atom probe tomography study presented in Chapter 1, equation 2.21 gives rise
to Qapp = 560 kJ mol−1. Since the present recrystallization model comprises two Arrhenius laws,
QGG and QREX , the apparent activation energy for static recrystallization in 0.04Nb-0.09Ti steel
is QGG +QREX = 540 kJ mol−1. This value is comparable to the apparent activation energy given
by equation 2.21.

To summarize, the applied modeling parameters all fall into realistic orders of magnitude, and
can be related to physical phenomena.
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Discussion and analysis

2.7.4 On the detection of precipitation by stress relaxation trials

The classical way to plot Precipitation-Time-Temperature (PTT) diagrams is to consider the volume
fraction of precipitates formed. In this approach, the precipitation start and finish times, tP,i and
tP,f , are respectively taken equal to the times where X % and 100−X % of the maximum volume
fraction are formed. This type of diagram can be built when the applied technique measures a
value linked to the volume fraction of precipitates, as it is the case for thermo-electric power (TEP),
electrical resistivity, or direct microstructural investigations.

In this study, stress relaxation tests are used to derive tP,i and tP,f . Due to the occurrence
of precipitation, the stress relaxation curve departs from its initial linear trend due to a stress
increment ∆σSR. tP,i is determined when ∆σSR starts to differ from zero, whereas tP,f is when
∆σSR reaches its maximum value [LIU 88a]. Although it is clear that the stress plateau is related
to precipitation, there is no indication that tP,i and tP,f are directly related to the volume fraction
of precipitates. The question is thus to determine the precipitation characteristics linked to tP,i and
tP,f .

Two different hypotheses can be assumed about the appearance of the plateau:

(i) The first one, as considered by [PAN 05], is to consider that precipitation stops recrystalliza-
tion due to the pinning pressure induced by precipitates on moving grain boundaries. The
plateau would thus be related to the pinning pressure, proportional to a fv/r ratio.

(ii) The second hypothesis is that the stress plateau is related to the interaction of precipitates
with dislocations during recovery. When precipitation starts, mobile dislocations are pinned
by precipitates. Liu and Jonas [LIU 88a] initially proposed that dislocations pinning stays
effective until Ostwald ripening starts, during which particles start to lose their ability to pin
the dislocations.

Assumption (i) does not seem reasonable in this study, because the stress relaxation decreases
linearly as a function of log (t) before the plateau, which is rather related to a recovery process. It is
therefore more probable that the plateau is due to dislocation/precipitate interactions (assumption
ii). Zurob et al. [ZUR 02] proposed for instance that the appearance of a plateau in stress relaxation
is related to the number of precipitates with respect to the number of dislocation nodes. Under this
hypothesis, tP,i and tP,f are thus linked to the number density of precipitates rather than to their
pinning pressure exerted on grain boundaries.

This assumption seems in line with the observation made on the precipitation modeling results
in Figure 2.21. The precipitation start and finish times do not appear to be linked to neither the
volume fraction (Figure 2.21 a)) nor precipitate mean radius (Figure 2.21 b)) but rather with the
number density of precipitates (Figure 2.21 c)). It would be interesting to deepen the precipitation
modeling calculations in order to analyze the influence of precipitation on relaxation stress. In
particular, it should be taken into account that the dislocation density decreases over time because
of recovery, which reduces the number of nucleation sites for precipitates.
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

2.7.5 Interactions between precipitation and recrystallization

2.7.5.1 RPTT diagrams

The combination of stress relaxation tests performed with the Gleeble and dilatometer allowed the
reconstruction of complete Recrystallization-Precipitation-Time-Temperature (RPTT) diagrams.
These RPTT diagrams are drawn in Figure 2.25 for each of the three studied steels and for an
applied strain rate of 0.1 s−1. They allow an overview of the microstructural evolutions observed
for this strain rate.

An applied strain of 0.1 (Figure 2.25 a), c), and e)) is insufficient to induce recrystallization but
provides enough nucleation sites for the precipitation process. Precipitation is observed between
900 and 1000 ◦C, and recovery above 1000 ◦C. When a larger deformation is applied (ε = 0.3),
recrystallization is observed above 1000 ◦C, and precipitation at 950 and 900 ◦C.

When recrystallization takes place before precipitation (as observed at 1000 ◦C and ε = 0.3),
no precipitation is detected on stress relaxation curves. Recrystallization causes a decrease in the
density of dislocations, which are the main nucleation sites for strain-induced precipitation. Thus,
the formation of precipitates is delayed to longer times, probably larger than the duration of the
stress relaxation tests carried out. After recrystallization, the relaxation stress decreases down to
low levels, around 20 MPa. For such low stress levels, it becomes difficult to detect precipitation
by the stress relaxation technique, which does not mean that it does not take place at 1000 ◦C and
above.

It seems that only solute drag is limiting the progress of recrystallization at high temperatures.
Indeed, pre-existing (Ti,Nb)C precipitates are fully dissolved during the reheating stage, and the
other larger populations can only have a very limited pinning pressure. The times involved to reach a
full recrystallization are too short to form strain-induced precipitates. For decreasing temperatures,
precipitation takes place before recrystallization. It can be assumed that the newly formed fine
precipitates largely delays recrystallization. As a result, recrystallization was not observed at 900
and 950 ◦C for the heat treatment times involved.

2.7.5.2 Comparison with existing equations for TNR

In order to design the hot rolling process, the determination of the temperature of no-recrystallization,
TNR, is of particular interest. The most common approach to determine TNR is to simulate succes-
sive rolling passes under a fixed cooling rate. After a reheating stage, the sample undergo a series
of successive deformations separated by a fixed interpass time, ∆t, while the sample is cooled down
at a fixed cooling rate. Then, the TNR is determined by representing the evolution of the mean
flow stress (MFS) of each pass as a function of absolute inverse temperature for each deformation
passes. TNR depends both on the applied ε, ε̇, and ∆t.

Gorni [GOR 11] and Homsher [HOM 13] performed detailed reviews of the available empirical
equations for TNR. Most of these empirical equations focus on Nb additions. Much less were
established on steels containing combined additions of Ti, Nb, and V. Additionally, none of the
available equations take into account the delaying effect of Mo. Thus, of the available equations,
only two of them appear to be suitable for comparison with the experimental data generated in this
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Discussion and analysis

Figure 2.25: Recrystallization - Precipitation - Time - Temperature (RPTT) diagrams determined
by exploitation of stress relaxation curves for the three studied steels. A strain rate of 0.1 s−1 was
applied.

PhD-work:
(i) Boratto et al. [BOR 88] equation:

TNR = 887 + 464C + 6445Nb− 644
√

Nb + 732V− 230
√

V + 890Ti + 360Al− 357Si (2.22)
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

This equation is the most known empirical formula used in literature to estimate TNR. The
composition range used by Boratto et al. are close to the one used in this PhD-work, and the
equation includes effects of the microalloying elements (Ti, Nb, and V) present in the steels.
An interpass time of 30 s was used.

(ii) Bai et al. [BAI 96] equation:

TNR = (88.1 ln(Nbeq) + 1156) · ε−0.12 · ε̇−0.01 ·∆t−0.1 (2.23)

where Nbeq = Nb+0.31Ti+0.15Al is the equivalent Nb content. This equation was determined
with 1 < ∆t < 12.5 s, 0.2 < ε < 0.5, and 0.2 < ε̇ < 10 s−1. It must be noted that this equation
does not take into account the effects of V, and that the Ti levels in the studied steels are
above those studied by Bai et al. (Ti ≤ 0.026 wt %). Thus the effects of Ti additions may
be poorly represented by this equation. The other alloying elements are in similar ranges of
composition.

Before making a comparison of these empirical formulas with the results obtained in this chapter,
it must be considered that all these equations were established with continuous cooling experiments
whereas isothermal heat treatments were performed in the present study. During continuous cooling,
the decrease in temperature between two applied deformation passes, ∆T , generally ranges from
25 to 30 ◦C, which slows down the recrystallization kinetics between two passes. Therefore, the
no-recrystallization temperature determined in isothermal conditions is approximately ∆T higher
than the one obtained from continuous cooling experiments [BAI 93]. In order to take that point
into account, the TNR empirical equations (equations 2.22 and 2.23) were increased by their cor-
responding ∆T values. A summary of the composition ranges and the deformation parameters for
this study and for the two empirical TNR equations is given in Table 2.8.

The TNR is, by definition, the temperature below which recrystallization is no longer complete
between two deformation passes. Thus, empirical TNR equations can be compared with the times
needed to reach 90 % recrystallized fraction determined by stress relaxation, in isothermal conditions.
The comparison is performed using a strain rate of 5 s−1, since it is the closest from the strain rates
ranges applied in industrial conditions. Figure 2.26 compares the results from the three above-cited
empirical equations with the experimental data generated in this work.

The TNR value predicted by Bai et al. [BAI 96] are significantly below the experimental values
determined by stress relaxation. This equation also over-evaluates the effect of interpass time of
the TNR, so that the gap between Bai’s equation and experimental values increases with increasing
∆t. These differences seems understandable since this equation cannot properly traduce the effects
of Ti and V on recrystallization kinetics.

On the contrary, although it was established with slightly lower strain and strain rates, Boratto’s
predictions appears to be very close from the experimental recrystallization finish times, and well
describes the effects of Ti and V. This equation predicts that 0.04Nb-0.09Ti-0.1V and 0.04Nb-0.05Ti-
0.2V grades have almost identical TNR, approximately 30 ◦C higher than the 0.04Nb-0.09Ti grade.
This seems consistent since the stress relaxation tests showed that these 2 steels have quasi-identical
recrystallization kinetics, slower than the 0.04Nb-0.09Ti grade.
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Discussion and analysis

Content
This study Boratto et al. Bai et al.
min max min max min max

C 0.062 0.087 0.04 0.17 0.021 0.125
Mn 1.91 1.95 1.46 1.48 0.43 1.80
Si 0.50 0.15 0.50 0.12 0.33
Ti 0.046 0.093 0 0.11 0 0.026
Nb 0.039 0 0.06 0 0.09
V 0.002 0.206 0 0.12 - -
Mo 0.21 0 0.31 0 0.35
Al 0.065 0.067 0.002 0.065 0.02 0.042
N 0.006 - - 0.003 0.01

Parameter This study Boratto et al.
Bai et al.

min max
Strain ε 0.3 0.2 0.2 0.5

Strain rate ε̇ (s−1) 5 2 0.2 10
Thermal conditions Isothermal Continuous cooling Continuous cooling
Interpass time ∆t (s) - 30 1 12.5
Cooling rate (◦C s−1) - 1 30/∆t

∆T - 30 30

Table 2.8: Comparison of the range of steel composition (wt. %) and deformation parameters used
for this study and those used in literature for empirical TNR equations.
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Chapter 2 – Recrystallization and precipitation kinetics after hot deformation

Boratto et al.

0.04Nb-0.05Ti-0.2V

0.04Nb-0.09Ti

0.04Nb-0.09Ti-0.1V

Bai et al.

0.04Nb-0.05Ti-0.2V

0.04Nb-0.09Ti

0.04Nb-0.09Ti-0.1V

This study

0.04Nb-0.05Ti-0.2V

0.04Nb-0.09Ti

0.04Nb-0.09Ti-0.1V

Bai et al.

Boratto et al.

This study

Figure 2.26: Comparison of the recrystallization finish times determined by stress relaxation with
an applied strain rate of 5 s−1, tReX,90%, with empirical TNR equations given by Bai et al. [BOR 88]
and Boratto et al. [BAI 96].

2.8 Conclusion

This chapter aimed at characterizing recovery, recrystallization and strain-induced precipitation in
austenite after deformation, for three steels presenting Nb, Ti, and V microalloying additions. After
a reheating stage at 1250 ◦C, the progress of all the aforementioned processes were characterized
by stress relaxation after compression performed every 50 ◦C between 900 ◦C and 1100 ◦C. Stress
relaxation has been shown to be a powerful technique for indirectly detecting recovery, recrystal-
lization, and strain-induced precipitation. These indirect characterization tests were completed by
direct observations of recrystallization and precipitation states.

The kinetics of static recrystallization and strain-induced precipitation were established for the
three studied steels, allowing the construction of complete Recrystallization-Precipitation-Time-
Temperature diagrams. For low levels of deformations (ε = 0.1), it appeared that the stored energy
due to deformation was too low to induce static recrystallization: only recovery and precipitation
occurred. For higher levels of deformation, recrystallization took place for T ≥ 1000 ◦C, whereas
only recovery and strain-induced precipitation were detected below 1000 ◦C.

Both solute drag effect and precipitation interacted with recrystallization. At high temperature,
solute drag drives the recrystallization kinetics. A significant delay of recrystallization kinetics was
observed for the too steels containing vanadium. At lower temperatures, precipitation took place
fast enough (t < 100 s), therefore delaying recrystallization so that it was not observed for the
performed heat treatment times. Precipitation modeling work tends to confirm that the detection
of precipitation by stress relaxation is related to the number of precipitates formed rather than their
volume fraction or pinning pressure.

Increasing strain rates to from 0.1 to 5 s−1 leaded to an acceleration of recrystallization kinetics.
Higher strain rates lead to higher dislocation densities in the strained material. An analytical model
based on JMAK theory was developed and applied to one steel. In this model, the increase in flow
stress observed during compression is used to derive the dislocation density and driving pressure
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Conclusion

for recrystallization after compression. The model was able to successfully reproduce the effects of
strain rate on recrystallization kinetics.

The experimental and modeling work generated in this chapter makes it possible to clearly
establish the kinetics of recrystallization and precipitation during hot rolling. This information is
crucial in order to determine the metallurgical state of austenite at the end of finishing rolling, prior
to phase transformations taking place during cooling (accelerated cooling and coiling stages of the
hot rolling process). In the next chapter, the microstructural evolutions during the complete hot
rolling process will be studied for the 0.04Nb-0.09Ti steel by investigating its phase transformation
behavior during continuous cooling experiments and during lab scale hot rolling.
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Chapter 3

Design of complex phase steel by hot
rolling
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Chapter 3 – Design of complex phase steel by hot rolling

3.1 Introduction

Numerous automotive parts are manufactured by cold forming from steel sheets. These parts
may present fairly complex shapes. The ability to take different forms during forming operations,
namely the formability, can be classified into four modes [SEN 01, TAK 03], as shown in Figure 3.1:
deep-drawing, stretching, stretch flanging, and bending. During forming, all the parts undergo a
combination of these four deformation modes. A good stretch flangeability is particularly essential
for forming chassis components such as suspension arms or control arms [PAT 17], which present
expanded holes. Examples of such components are given in Figure 3.2.

a) Deep drawing b) Stretching

d) Bendingc) Stretch flanging

Blank Blank

Blank

Die

Die

Stretch

Bending

Flow

Flow

Flow

ShrinkStretch
Punch

Stretch

Stretch

Figure 3.1: Deformation modes in press forming of sheet steels. Adapted from [TAK 03].

a) b)

Figure 3.2: Example of parts necessitating a good stretch flangeability: (a) Transverse control arm,
and (b) Trailing arm. Images are extracted from [Sal 19a].

The stretch flangeability is indicative of the formability of the edges, and is usually evaluated
by the hole expansion test, during which a pierced hole of diameter D0 is expanded with a conical
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Introduction

punch until a crack is observed (see Figure 3.3). Knowing the final diameter of the expanded hole,
Df , a hole expansion ratio is calculated as a key indicator of the stretch flangeability :

λ(%) = Df −D0
D0

× 100 (3.1)

Df

60°

a) b)

crack

Figure 3.3: (a) Schema of hole expansion test tool and specimen, (b) Example of specimen after
hole expansion test.

Before being expanded by a conical punch, the hole is machined in the steel plate, generally
by punching [SEN 01]. Several studies [COM 06, KAR 09, YOO 16] have compared this reference
punching method with other hole machining techniques: drilling, milling, edge surface smoothing
after milling, and wire-cutting. It results from these studies that the surface quality of the hole
has a major influence on the resulting hole expansion ratio (HER). Imperfections and micro-cracks
introduced by the machining technique in the vicinity of the hole have a detrimental influence on the
resulting HER. Therefore, machining techniques that reduce these imperfections result in higher hole
expansion ratio, as illustrated in Figure 3.4 [KAR 09]. Comparison of the HER values emanating
from different studies must therefore be carried out with caution regarding the experimental setup.
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Figure 3.4: Influence of the hole edge condition on hole expansion of DP800 and CP800 steel grades.
Adapted from [KAR 09].
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Chapter 3 – Design of complex phase steel by hot rolling

Nowadays, car manufacturers are gradually replacing conventional steels by higher strength
steels, in order to enhance the car crash performances and contribute to reduce the greenhouse gas
emissions. However, the formability properties such as the stretch flangeability generally decrease
with increasing strength [CHE 14, FON 15]. Thus, steels presenting high strengths but limited
formability can not be used for the manufacture of complex parts. Besides, steels for the automotive
sector are also constrained by the material cost, which must remain quite low. Thus, the total
amount of alloying elements is generally limited to approximately 2 % [BHA 15, p. 367] and complex
manufacturing processes must be avoided. Summarizing, there is a demand in automotive industry
for steels presenting a good balance of strength and stretch flangeability while keeping the material
cost quite low.

3.1.1 Microstructure and stretch flangeability

The steel microstructure strongly influences the stretch flangeability. Indeed, it has been shown that
the stretch flangeability is sensitive to differences in hardness between the different phases present
in the microstructure. Micro-cracks may form in a softer phase in the vicinity of harder phases
because these are areas of concentration of stress and strain. Thus, steels with homogeneous mi-
crostructures generally present good hole expansion ratios. For reference, conventional C-Mn steels,
whose ultimate tensile strengths range from 300 to 400 MPa, generally exhibit hole expansion ratios
of 100-120 %, approximately [CHE 14]. Conversely, steels with inhomogeneous microstructures with
large differences in hardness generally exhibit poor hole expansion ratios. For example , DP steels
typically exhibit hole expansion ratios of 20 to 40 % [TSI 06, KAR 09, CHE 14].

Recently, a large effort has been made to reach a good compromise of strength and hole expansion
ratio. These development strategies are mainly based on obtaining homogeneous hardness or on
reducing the hardness differences between existing phases. Three main strategies can be mainly
distinguished:
(i) Fully ferritic steels reinforced by nanometer precipitates: In recent years, researchers

and industry have devoted efforts into developing fully ferritic microstructures reinforced by
precipitates with nanometric sizes, obtained though interphase precipitation by additions of
Nb, Ti, V, and/or Mo. These steels are sometimes referred to as nano-steels. These steels are
specifically designed to avoid forming pearlite or large cementite particles, which are known
to cause stress concentration regions. In order to reach significant strength, both fine grain
sizes and considerable precipitation strengthening are required.
Most of the studies have focused on the combined additions of Ti and Mo [FUN 04, JHA 11,
JHA 12, WAN 14], reporting fine ferrite grains diameters (3 to 4 µm) and precipitates of 3
to 5 nm mean radius. Outstanding combinations of properties were achieved: up to 800 MPa
tensile strength, with 20 to 25 % ultimate elongation and hole expansion ratios superior to
90 %1.

(ii) Reducing the hardness differences between martensite and ferrite in DP steels:
1Funakawa et al. [KAM 12] and Wang et al. [WAN 14] obtained HER of 120 % and 90 %, respectively, with punched

holes. Higher values were reported by Jha et al. [JHA 11] with a drilled hole, which is known to significantly increase
HER values compared to punched hole.
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either by reducing the hardness of martensite, or by increasing the one of ferrite [RYD 10,
FON 15]. The hardness of martensite may be reduced by tempering at higher tempera-
tures [FAN 03, AZU 12] or reducing its carbon content. One the other hand, the hardness of
ferrite can be increasing by solid solution, grain refinement [TSI 06], or precipitates [TSA 17].
However, it seems difficult to significantly increase the hole expansion properties of DP steels
while maintaining tensile strengths superior to 800 MPa. One of the best compromise may
have been achieved by Lee et al. [LEE 12], reaching 45 % hole expansion ratio with a 800-
850 MPa ultimate tensile strength and a 350-400 MPa yield strength.

(iii) Complex phase (CP) steels
Another strategy, based on the idea of replacing martensite by bainite in DP steels, emerged
in the 1980s [SUD 83]. Indeed, bainite presents a lower hardness than martensite, which
reduces the hardness difference between the hard phase and the soft ferrite. Since then,
numerous studies have been carried out on steels containing bainite. Efforts have been made
to achieve the greatest possible proportions of bainite, with the aim of having homogeneous
microstructures. A 100 % would be ideal, but it is often difficult to completely avoid the
formation of secondary phase (ferrite/martensite) during manufacturing.
It has given rise to the emergence of complex phase (CP) or multi-phase steels [FON 15]. CP
steels present superior stretch flangeability than dual phase steels with similar levels of tensile
strength [KAR 09], as it can be observed in Figure 3.4, which compares the HER of CP800 and
DP800 steels (both presenting approximately 800 MPa ultimate tensile strength). CP800 class
steels typically reach a 40 % hole expansion ratio, and are already used for forming automotive
parts where good stretch formability is needed [Sal 19a, Sal 19b]. Therefore, there is still a
certain room for improvement of the stretch flangeability of complex phase steels.

Nano-steels are definitely a successful way to achieve a good combination of strength and stretch
flangeability. However, it seems that the maximum strength achievable using an industrial process
is ceiling around 800 MPa. To achieve higher resistance levels, it appears judicious to try to obtain
phases with higher dislocations densities than ferrite, such as bainite or martensite. However, it
seems complicated to increase the formability of DP steels while maintaining a resistance greater
than 800 MPa. In addition, one of the advantages of CP steels over nano-steels and DP steels is that
they globally present higher YS/UTS ratios. Thus, this PhD-work and the NANOFORM research
project focus on CP steels.

3.1.2 Objectives of the chapter

The NANOFORM project aims at designing CP steels by hot rolling with a maximum fraction
of bainite and with target properties of 70 % hole expansion ratio and 800 MPa ultimate strength.
In order to maximize the proportion of bainite in CP steels, one can optimize the manufacturing
process and/or the steel composition. In this chapter, only one steel composition was selected, but
different hot rolling strategies were tested. The steel studied in this chapter is a 0.04Nb-0.09Ti
microalloyed steel, of which austenite grain growth and recrystallization after deformation behavior
was presented in the previous chapters. Since an industrial application is targeted, some limitations
have to be respected regarding the choice of the hot rolling parameters. In particular, the coiling
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Chapter 3 – Design of complex phase steel by hot rolling

temperature must be between 500 and 650 ◦C.

The phase transformation behavior during continuous cooling was determined, including the
effect of austenite deformation. The samples used for dilatometer experiments were extracted from
a first small casting ingot of 140 × 150 × 50 mm3, as mentioned in Chapters 1 and 2.

Finally, several types of hot-rolling schedules were applied at semi-industrial scale, aiming at re-
producing achievable industrial conditions. Larger quantities of material were needed for hot rolling
schedules. Thus, a second 100 kg ingot of approximate dimensions 120 × 140 × 600 mm3 was pro-
duced (Table 3.1 H-R). The 100 kg ingot was sectioned into coupons of 60 × 70 × 150 mm3 intended
to be hot-rolled. The hot rolled plates underwent mechanical and microstructural characterization,
highlighting the relations between elaboration process, microstructures, and mechanical properties.

Note that slightly different compositions were obtained for these two ingots (Table 3.1), due
to the use of two different vacuum induction melting furnaces. However, the observed variations
in composition remained limited enough to allow comparison between laboratory tests and semi-
industrial hot rolling tests.

Element C Mn Si Ti Nb V Mo Al Cr N
CCT 0.062 1.91 0.50 0.085 0.039 0.002 0.212 0.065 0.013 0.006
H-R 0.062 1.90 0.50 0.097 0.041 <0.001 0.208 0.053 0.093 0.0039

Table 3.1: ICP-MS composition of the microalloyed steel studied (wt.%) produced for continuous
cooling experiments (CCT) and pilot plant hot-rolling (H-R) schedules.

3.2 Background

Before presenting the results obtained, a brief background part, mainly focusing on the phase trans-
formations in steels, is given. Indeed, it appears to be essential knowledge for the understanding of
this work. Quantitative techniques based on ESBD for the characterization of ferrite and/or bainite
microstructures are also detailed. Finally, the influence of austenite deformation on phase transfor-
mation into ferrite and bainite is reviewed. These phases are the most likely to form regarding the
hot-rolling parameters selected.

3.2.1 Phase transformation in steels

For the sake of brevity, the iron-carbon equilibrium phase diagram is not recalled here. Every
austenite to ferrite solid-state transformation occurs with two steps of nucleation and growth,
the parent phase (austenite) and the product phase (ferrite) being separated by an interface.
Phase transformations are generally split into two categories: reconstructive and displacive
ones [BHA 87, POR 92]. Although the purpose of this section is not to perform a detailed review
of the numerous phase transformations in steels, it seems necessary to briefly review their main
features, mainly focusing on the bainitic transformation.
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Background

3.2.1.1 Reconstructive phase transformations

Slow cooling from austenite generally promotes reconstructive phase transformation mechanisms,
governed by the diffusion of elements. Austenite decomposition through reconstructive mechanisms
involves the formation of ferrite and pearlite.

Ferrite can be classified in two main forms [BHA 85], that are dominating micro-constituents of
a vast majority of steels:

• Allotriomorphic ferrite, that nucleates at austenite grain boundaries. The term allotri-
omorphic implies that the shape of this phase do not reflect its internal symmetry: the limiting
surfaces of the crystal are not regular.

• Idiomorphic ferrite, formed inside austenite grains, mainly on non-metallic inclusions. The
term idiomorphic means that the crystal present faces belonging to its crystalline form.

When the steel contains microalloyed additions, ferrite formation may be accompanied by a
precipitation phenomenon, either after or during γ/α transformation. This later case is referred
to as interphase precipitation [DAV 68], during which a very fine dispersion of nanometer size
precipitate forms at a moving γ/α boundary, giving rise to considerable precipitation strengthening.

Pearlite, another major constituent of the microstructures of steel, forms through the eutectoid
decomposition reaction of austenite, in which both ferrite and cementite grow at a common front
with the austenite. A repeated nucleation mechanism from an initial nucleus leads to the formation
of a well-known ferrite/cementite lamellar structure [ZHA 09].

3.2.1.2 Displacive phase transformations

Displacive transformations include Widmanstätten ferrite, acicular ferrite and martensite.
The controversial case of bainite will be discussed separately. In the following, only martensite
will be reviewed.

Martensite represents somehow an extreme case, which forms when high cooling rates are applied.
Martensite forms by a deformation of the austenite lattice, without any diffusion of atoms. The
deformation leads to a change in the transformed material, with large shear and a volume expansion.
This diffusion-less mechanism is referred to as displacive [BHA 06b]. The martensite reaction occurs
athermally, and only depends on the undercooling below a martensite-start temperature, MS . In
order to minimize the strain energy due to the deformation, martensite forms as highly dislocated
plates or laths.

Because of the diffusion-less nature of the transformation mechanism, martensite forms with the
same composition as the parent austenite phase. It is thus is supersaturated in carbon. In order to
accommodate the carbon content, the crystal structure changes from body-centered cubic (BCC)
to body-centered tetragonal (BCT). The tetragonality of the crystal, c/a, increases with carbon
content.

Martensite is a very hard phase, but also brittle and unusable in its virgin condition. Its hardness
is highly related to its carbon content. For this reason, it is necessary to modify its properties by
heat treatments ranging from 150 to 700 ◦C called tempering [BHA 06c]. Tempering tends to lead
the metastable martensitic microstructure towards the equilibrium phases (ferrite and cementite).
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There exist different stages of tempering depending on the applied temperature, during which the
carbon content of martensite diminishes, mainly by formation of metastable carbides or cementite.
As a consequence, martensite loses its brittleness at the cost of a reduction of hardness/strength.

3.2.1.3 The controversial case of bainite

Bainite is a non-equilibrium transformation product of austenite, which forms upon cooling at
intermediate rates from austenitic state, too fast for reconstructive transformations but slow enough
to avoid the formation of martensite.

Bainite is probably the most complex phase present in steels, and its transformation mechanism
has been extensively discussed and controverted since its first observation by Robertson [ROB 29],
and Davenport and Bain [DAV 30] in 1929-1930. Citing Mats Hillert in 2002 [HIL 02]: "The trans-
formation of austenite to bainite is probably the phenomenon that has caused most controversy in
the field of physical metallurgy. The mechanism of bainite formation has been the subject of numer-
ous original research papers and reviews for almost a century but without any signs of controversies
being resolved."

Before outlining some points of the controversies, it is first necessary to deal with the general,
well-established characteristics of bainite [BHA 15]:
(i) The existence of a bainite start temperature: The formation of bainite is impossible

above a specific BS temperature, in a quite similar way to martensite start temperature. BS
is highly depending on the steel composition.

(ii) The incomplete reaction phenomenon: When the temperature of transformation is re-
duced below BS , increasing amounts of bainite form. Nevertheless, during isothermal trans-
formation there is a limit beyond which austenite will no longer transform into bainite, which
can lead to significant amounts of untransformed austenite. The reaction is therefore con-
sidered as incomplete because it stops prematurely, and the phenomenon is referred to as
transformation stasis or incomplete reaction phenomenon [CAB 09].

(iii) The classification into upper and lower bainite: Bainite is commonly present in two
main distinguished forms: upper bainite and lower bainite. These terms refer to the tem-
perature domain in which both types of bainite form. Upper bainite forms at relatively high
temperatures, whereas lower bainite forms in a lower temperature range. Both upper and
lower bainite consist of aggregates of platelets of ferrite separated in some regions by resid-
ual phases such as untransformed austenite or martensite formed subsequently to the growth
of bainitic ferrite. Bainite has a characteristic morphology, consisting of platelets of ferrite
called subunits, assembled into aggregates called sheaves. The principal distinction between
the two microstructures relies on the localization of the carbide precipitates. In upper bainite,
cementite precipitates separate the ferrite subunits, whereas in lower bainite, there is also a
fine dispersion of cementite precipitate within the subunits.

Figure illustrates the differences in morphology between upper and lower bainite for a Fe-0.5C-
0.7Mn steel [DUR 13]. In upper bainite (Figure a)) cementite, appearing white, is found between
bainitic ferrite laths. Conversely, precipitates are found within bainite laths in lower bainite (Fig-
ure b)). Note that for steels with lower carbon contents, the amount of cementite decreases, which
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changes the appearance of the microstructures.

5 µm 2 µm

a) b)

Upper bainite

Lower bainite

Untransformed austenite

Figure 3.5: SEM micrographs of typical (a) upper bainite microstructure obtained by isothermal
treatment at 500 ◦C and (b) lower bainite obtained by isothermal holding 325 ◦C with a Fe-0.5C-
0.7Mn steel. Images extracted from [DUR 13].

The mechanism of bainite formation has been the subject of many discussions and controver-
sies [HEH 72, HIL 95, FIE 13]. This is due to the fact that it shows intermediate characteristics
between fully displacive and reconstructive formation mechanism. For example, bainite is mor-
phologically close to martensite, since it forms laths or plates. However, it presents much slower
growth rates than martensite. Thus, for a long time, both a reconstructive theory and a displacive
theory co-existed to explain the mechanism of bainite transformation. The first one described the
growth of bainite by a diffusion-controlled ledge propagation mechanism. The second one invoked
a displacive, diffusion-less transformation, where bainite grows by successive nucleation and growth
of displacive subunits.

Nowadays, it seems that a certain consensus has been reached, validating a displacive transfor-
mation mechanism with regard to the elements of the substitutional network. Bainite formation
gives rise to surface relief, which can only be explained by a displacive mechanism. However, there
is still controversy regarding the mechanism that controls the growth kinetics of bainite and the
role of carbon. The controversy is now mainly on the question of whether bainitic ferrite initially
forms with a supersaturation of carbon or not. There are now two hypotheses:
(i) The first one is mainly defended by Bhadeshia and co-workers [BHA 90, BHA 15]. It states

that bainite forms by successive nucleation and growth of displacive sub-units. New subunits
preferentially forms near the tips of existing ones, resulting in a sheaf-like structure (Figure
3.6 a)). The growth rate of bainite sheaf is not limited by any diffusion process, but by
the rate of nucleation of these subunits. Plastic relaxation in the austenite adjacent to the
growth front of the bainite sheaf may itself play an important role on the nucleation rate of
displacive subunits. Subunits initially form with carbon supersaturation, inheriting the carbon
content of austenite (Figure 3.6 b)). The excess of carbon is afterwards partitioned into the
residual austenite or precipitates as carbides. The formation of carbides is thus a secondary
process, similar to the one observed during the tempering of martensite. Depending on the
temperature, precipitates may form either only between and/or within subunits, leading to
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upper or lower bainite.
(ii) The second one [QUI 02, HIL 10, BOR 12] states that bainite grows under simultaneous dif-

fusion of carbon into the interior of the parent austenite. Bainite does not grow with initial
carbon supersaturation. Defenders of this theory argue that the transformation mechanism
of bainite is of the same nature than the one of Widmanstätten ferrite, of which growth is
known to by controlled by carbon diffusion despite presenting a displacive mechanism regard-
ing substitutional elements.

In order to recognize one of the two theories, it would be necessary to prove the carbon super-
saturation of bainite when it forms, and thus measure the carbon content of bainite when it forms.
However, due to its high diffusion rate at the considered temperatures, carbon diffuses rapidly to
austenite. Thus, it is almost impossible to measure the initial carbon content of bainitic ferrite
when it forms. A recent attempt [CAB 10] measured high amounts of carbon in solid solution in
bainitic ferrite at the early stages of transformation, above that predicted from para-equilibrium
with austenite, but below that of the parent austenite. Thus, the mechanism of bainite transforma-
tion can be expected to be debated in the coming years.

a) b) 

CARBON SUPERSATURATED 

PLATE OF BAINITIC FERRITE

UPPER BAINITE

Carbide 

precipitation from 

austenite

Carbon diffusion into 

austenite and carbide 

precipitation in ferrite

Carbon diffusion 

into austenite

Austenite grain 

boundary

t1

t2

t3

subunit

carbides

Successive nucleation and growth of subunits

= SHEAF

New subunits preferentially form at the tip 

of pre-existing ones 

LOWER BAINITE

Figure 3.6: Mechanism of bainite transformation according to Bhadeshia [BHA 15]. (a) Schematic
representation of formation of a bainite sheaf by repeated nucleation and growth of displacive
subunits. (b) Each subunit initially forms with carbon supersaturation, and carbide precipitation
occurs as a secondary process.

Acicular ferrite was not discussed previously, because it forms with the same mechanism than
bainite [BHA 15]. Their microstructures differ because bainite sheaves grow as a series of parallel
platelets from austenite grain boundaries, whereas acicular ferrite nucleates inter-granularly on non-
metallic inclusions, leading to the growth of acicular ferrite plates in different directions [BHA 06a].
This term is particularly used in welding steels. However, it is sometimes employed to simply
designate the shape of ferrite, without implying any particular mechanism of formation [BOR 12].
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Another bainite morphology, designated by granular bainite is frequently observed in low car-
bon steels, particularly after continuous cooling. It is composed of irregular ferrite with marten-
site/austenite (MA) islands located between the irregular ferrite grains. Despite the granular shape
under optical or scanning electron microscope, granular bainite do not really differ from the other
types of bainite, and is constituted of bainite ferrite separated by very thin regions of austen-
ite [JOS 88]. Figure 3.7 shows the microstructure of the 0.04Nb-0.09Ti steel after austenitizing
(10 min at 1250 ◦C) and continuous cooling at 1 ◦C s−1. The microstructure is almost exclusively
composed of granular bainite, but upper bainite is observed in some areas, which allows to illustrate
the differences in morphology between granular bainite and upper lath-like bainite in low carbon
steels.

Upper (lath-like) bainite region

Granular bainite region

Prior austenite grain 

boundary

10 µm

Figure 3.7: SEM micrograph of the 0.04Nb-0.09Ti low carbon steel studied in this chapter, contin-
uously cooled down at 1 ◦C s−1 after austenitizing 10 min at 1250 ◦C. Granular and upper bainite
regions are observed.

3.2.2 Methodologies for phase characterization

The micrographs shown until now (Figure 3.5 and 3.7) exhibit quite easily identifiable bainite
microstructures, since obtained after fairly simple heat treatments (isothermal treatment or con-
tinuous cooling), from a non-deformed austenite. When the phase transformations take place from
deformed austenite and/or during more complex thermomechanical treatments, the identification
of the phases can be much more difficult. After a classical nital etching and at low magnification,
if the precipitates are not visible, the distinction between ferrite and bainite may not be obvious.
Color metallography techniques [BAN , ZAK 09] may be a suitable option for the characterization
of multi-phase steels, but they require knowledge and practice that is not necessarily present in all
laboratories. Moreover, if a microstructure gradient is present, it is difficult to discriminate the dif-
ferent phases by observation of the morphologies, and color etching techniques can be unsuccessful.

ESBD does not allow distinguishing between ferrite, bainitic ferrite, and martensite without fur-
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ther analysis because all these phases are indexed by the same body centered cubic crystallographic
structure. This is why quantitative methods based on the misorientation angles determined by
EBSD are used. In the following part, two of these methods are therefore detailed.

3.2.2.1 Misorientation angle distributions

Quite recently, Zajac et al. [ZAJ 05a, ZAJ 05b] presented a terminology in which bainite is classified
into three main groups according to the morphology of ferritic phases and the distribution of second
phases: granular bainite, upper bainite, and lower bainite. Zajac et al. also showed that these
three types of bainitic microstructures found in low carbon steels present different distributions
of boundary misorientation angles characterized by EBSD (see Figure 3.8). These misorientation
angle distributions allow to distinguish between the different forms of bainite. Lower bainite present
a high proportion of boundaries in the 50°-60° range and few boundaries below 20°. Conversely,
upper bainite has a high proportion of low misorientation boundaries (< 20°) and fewer high angle
boundaries (> 50°). In granular bainite, the distribution of grain boundaries is broader and more
random with a broad peak around 45° or a double peak between 50° and 60°.

25 µm 10 µm 10 µmStep = 0,05 µmStep = 0,1 µm Step = 0,05 µm

Figure 3.8: EBSD-orientation maps and distribution of the misorientation angles of ferritic grains
in (a) granular bainite, (b) upper bainite, and (c) lower lath-bainite. From [ZAJ 05b].

This method was applied to the 0.04Nb-0.09Ti steel studied in this work. The microstructures
resulting from CCT experiments with cooling rates of 0.05, 1, and 5 ◦C s−1 were selected as references
for EBSD characterization for ferrite/granular bainite, fully granular bainite, and fully lath bainite
microstructures. The samples were cut and polished down to 1µm. An additional polishing step was
performed on a cloth soaked with a Struers OP-S colloidal suspension solution. Electron back-scatter
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diffraction (EBSD) was carried out a ZEISS Supra 55VP Scanning Electron Microscope operating
at 20 kV, equipped with an Oxford Symmetry EBSD camera. The post-processing analysis was
performed on AZtec HKL Channel 5 software. Figure 3.9 shows the corresponding EBSD maps and
misorientation orientation distributions obtained from these reference microstructures.

0,05 °C.s-1 : Ferrite/granular bainite 1 °C.s-1 : Granular bainite 5 °C.s-1 : Lath bainite

500 µm

a) b) c)

50 µm 50 µm

Random 

misorientations

Step = 1,5 µm Step = 0,5 µm Step = 0,5 µm

Courtesy of CENIM Courtesy of CENIM
20 µm 20 µm200 µm

Figure 3.9: SEM/optical images of the microstructure, and corresponding EBSD (IPFZ) maps and
distribution of misorientation angle on reference microstructures obtained after continuous cooling
from undeformed austenite at (a) 0.05 ◦C s−1 (ferrite + granular bainite), (b) 1 ◦C s−1 (granular
bainite), and (c) 5 ◦C s−1 (lath bainite).

For a microstructure almost fully composed of granular bainite (Figure 3.9 b)), two clear peaks
around 53° and 60° (pointed with black arrows) are identified on the misorientation angle distri-
bution. A peak around 30° is also observed, but is actually an artifact arising from systematic
mis-indexing of pseudo-symmetry patterns, as pointed out by [RYD 06, KAR 15]. These two peaks
characterizing granular bainite are retrieved in the misorientation angle distribution of the mixed
ferrite/granular bainite microstructure (Figure 3.9 a)). Random misorientation angles, which are
probably due to the random orientations between ferritic grains, are also found between 15 and 45°.

For a lath bainite microstructure (Figure 3.9 c)), the misorientation angle distribution shows a
different profile, with a large height difference between the peak around 60° and the one around
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53°. The presence of a high peak around 60° thus seems to characterize lath microstructures.

3.2.2.2 Kernel average misorientation (KAM) maps

Granular bainite and ferrite can be morphologically close when observed in OM or SEM. In a
recent study, Chen et al. [CHE 18] detailed a method based on EBSD that allows to distinguish
granular bainite from ferrite grains by constructing Kernel average misorientation (KAM) maps.
A KAM map is a method that indicates the differences in crystallographic orientation between
neighboring points in an EBSD map. This method calculates the mean misorientation between a
pixel and a number of neighboring pixels following a squared grid (filter), and then assigns this
average misorientation to that pixel (see Figure 3.10 a)). The calculated KAM depends on the filter
size, given by the pixel size and the number of neighboring pixels considered in the filter. Increasing
the filter size leads to a smoother misorientation maps.

20 µm0° 7°

Ferrite

Granular bainite

Calculation of Kernel Average Misorientation (KAM)

a) b)

Filter size = 3 x 3

Filter size = 5 x 5

The mean misorientation between the central pixel and 

its neighboring pixels is assigned to the central pixel. 

central pixel 

Figure 3.10: (a) Calculation of Kernel average misorientation. (b) Example of KAM map allowing
to differentiate ferrite from granular bainite, from Chen et al. [CHE 18].

The method allows differentiating ferrite from granular bainite due to their different transfor-
mation mechanism. Within a ferrite grain, which forms by a reconstructive mechanism, no strong
variation of misorientation angle is found, except if the grain is heavily deformed. Only slight varia-
tion of misorientation angle may appear if bainite forms in the adjacent region and introduce strain
in the ferrite grains. On the opposite, a significant misorientation gradient is found within granular
bainite, because it actually contains several subunits that form following a displacive mechanism.
Thus, it is possible to distinguish ferrite from granular bainite on a KAM map, where ferrite grains
present lower KAM values, as observed on Figure 3.10 b).

3.2.3 Influence of austenite conditioning on phase transformation

Most steelmaking processes start by a reheating treatment to the austenitic state, followed by
deformation of austenite grains. The final microstructures and mechanical properties depend on
the austenitic state (grain size, deformed or undeformed) before it begins to transform and on the
thermal treatments (cooling rate, holdings) applied. The deformation of austenite enables to refine
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and control the final microstructures to achieve enhanced strength, and is therefore of primary
importance. In this section the effect of plastic deformation of austenite on the formation of ferrite
and bainite is discussed.

3.2.3.1 Deformation in recrystallization region

When the deformation is applied in the region where austenite can recrystallize, recrystallization
leads to a refinement of austenite grain sizes. A higher number density of nucleation sites for
ferrite is thus obtained, leading to finer final ferrite grains. The effect of austenitic grain size
on bainitic transformation is not completely understood because contradictory results have been
obtained [LEE 08b]. It seems, however, that in most cases, a decrease of austenite grain sizes leads
to increasing rates of bainite transformation.

3.2.3.2 Deformation in non-recrystallization region

Numerous studies have investigated the effect of austenite deformation in non-recrystallization re-
gion (at lower temperature) on phase transformations during continuous cooling experiments in
low carbon steels [SMI 71, MAN 96b, ZHA 03, JUN 06]. It follows from these studies that the
deformation of austenite grains tends to promote reconstructive transformation mechanisms (fer-
rite, pearlite) to the detriment of phases presenting displacive transformation mechanisms (bainite
and/or acicular ferrite). This means that higher cooling rates must be applied to avoid the for-
mation of ferrite and pearlite when austenite is deformed, compared with undeformed austenite.
Figure 3.11 provides an example of continuous cooling transformation (CCT) diagrams starting from
deformed and undeformed austenite in low carbon steels, illustrating the effect of the deformation
of austenite.

a) b)

Figure 3.11: (a) Non-deformed and (b) deformed CCT diagrams of a low carbon HSLA steel. P:
pearlite, QPF: quasi-polygonal ferrite, AF: acicular ferrite, GB: granular bainite, BF: bainitic ferrite,
M:martensite. From [JUN 06].

If austenite deformation occurs in the non-recrystallization region, several factors can influence
the formation of ferrite, listed by Singh [SIN 98]:
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• Change in the grain shape: deformation induces pancaking of austenite grains, and increases
the grain boundary area per unit volume, SV . It thus results in an increase of potential
nucleation sites for ferrite.

• Enhanced nucleation on deformed austenite grain boundaries: deformation not only increases
SV , but also increases the nucleation potency of the grain boundaries.

• Inter-granular nucleation sites: apart from grain boundaries, deformation creates new nu-
cleation sites such as deformation bands or sub-grain boundaries, which increases the total
number of nucleation sites for ferrite.

• Stored energy of deformed austenite: deformation puts austenite into a higher state of energy,
which increases the free energy change associated with the γ/α transformation.

The combination of these factors results in accelerated ferrite transformation kinetics, and in finer
ferrite grain sizes when austenite is deformed.

The effect of austenite plastic deformation on the bainitic transformation is significantly different.
Indeed, bainite forms with a displacive mechanism, i.e. by a coordinated movement of atoms during
the glide of glissile interfaces. Such movements are hindered by the presence of obstacles. This is
why bainite do not cross grain boundaries, for example.

Austenite deformation has contradictory effects on bainite formation [SIN 98, BOH 19]. On
the one hand, introduced dislocations favors nucleation by increasing the initial number density
of potential nucleation sites or by enhancing the driving force for nucleation. On the other hand,
dislocations induce a resistance against the shape deformation associated with the growth of bainite
laths. This process, well-established for martensite, is referred to as mechanical stabilization,
and is also observed for the bainite reaction [SIN 96]. Although deformation increases the nucleation
rate, the overall extent of bainite transformation can be reduced because each nucleus transforms
to a smaller amount of bainite [SIN 96]. Due to the contradictory effects on nucleation and growth,
some investigators reported an increase in the bainite transformation temperature during continuous
cooling after austenite deformation, while others reported a decrease. In the same way, some
authors reported accelerated isothermal kinetics after austenite deformation while others found
slower kinetics [SIN 98].

The deformation of austenite also influences the bainitic microstructures. Yamamoto et al. [YAM 95]
reported that austenite deformation leads to increasing lath width compared to bainite formed from
equiaxed austenite grains. They also reported that martensite/austenite (MA) constituents are
mainly located between laths when bainite forms from undeformed austenite, whereas the shape of
MA becomes blocky when austenite is deformed. Fujiwara et al. [FUJ 95] also reported that the lath
length can significantly decrease when austenite is consequently deformed (> 30 % deformation).
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Continuous cooling phase transformation

3.3 Continuous cooling phase transformation

3.3.1 Methods

Continuous cooling experiments were performed2 using a Bähr 805 DIL dilatometer on samples of
10 mm length and 5 mm diameter. The specimens were heated from room temperature to 1250 ◦C
at a rate of 5 ◦C s−1, held for 10 min and cooled to ambient temperature at rates of 0.05, 1, 5,
10 and 25 ◦C s−1 (Figure 3.12 a)). Additionally a second thermal cycle was applied in order to
study the effect of deformation on phase transformation. After reheating, the samples were cooled
down to 950 ◦C, held for 30 s, deformed to ε = 0.3 at a rate of 10 s−1, and subsequently cooled
down to room temperature at rates of 0.05, 1, 5, 10 and 25 ◦C s−1 (Figure 3.12 b)). According
to the study of recrystallization presented in Chapter 2, this deformation pass is performed in the
non-recrystallization domain and thus results in austenite pancaking.
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Figure 3.12: Thermal cycles applied for (a) Continuous Cooling Transformation (CCT) and (b)
Deformed Continuous Cooling Transformation (DCCT) experiments.

During the thermal cycles, the transformation temperatures were determined from the dilatation
curves. The determination of the critical AC1 and AC3 temperatures upon heating at 5 ◦C s−1,
as well as the transformation start and finish temperatures upon cooling were determined from
the dilatometry curves, following the analysis showed in Figure 3.13. The points at which the
dilatometry curves deviated from linear trend curves where used to detect phase transformation.
The corresponding CCT diagrams were built. For convenience when comparing CCT and DCCT
diagrams, both are plotted starting from 950 ◦C.

After heat treatment, samples were cut in halves and the resulting microstructures were char-
acterized by optical and scanning electron microscopy. Vickers hardness measurements were also
performed using a 10 kg load.

2CCT experiments were performed in CENIM.
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Figure 3.13: Exploitation procedure of dilatometry curves. The figure shows a CCT experiments
with a 5 ◦C s−1 cooling rate as an example.

3.3.2 Microstructures and CCT diagram

Figure 3.14 shows the microstructures obtained after continuous cooling from both undeformed and
deformed austenite. The cooling rate range for which bainitic microstructures are obtained is wide.
The formation of ferrite is only observed at the slowest cooling rate (0.05 ◦C s−1). Even at this cooling
rate, granular bainite is found together with ferrite. At 1 ◦C s−1, fully bainitic microstructures are
observed. When increasing cooling rates are applied, the morphology of bainite changes gradually
from a large fraction of granular bainite to fully lath-like bainite/martensitic microstructures.

Table 3.2 recapitulates the critical temperatures determined from dilatometry signal. Based on
the dilatometry curves and microstructure, the continuous cooling transformation diagrams were
constructed (Figure 3.15). At the highest cooling rates (10 ◦C s−1 and 25 ◦C s−1), high hardnesses are
obtained butMS is not detected by dilatometry, except for DCCT at 25 ◦C s−1, where a slope change
around 453 ◦C might correspond to MS . It is close to the theoretical martensite start temperature
of 456 ◦C calculated with the MAP_STEEL_MUCG83 program [PEE 06]. Optical micrographs do
not allow to easily distinguish bainite from martensite at these cooling rates, but rather high levels
of hardness are obtained, indicating that martensite is probably obtained. It is likely that MS is
not detected in most cases due to the overlapping with the bainite transformation.

Note that in Figure 3.14, the terms upper and lower bainite were not employed because it is
difficult to distinguish these two microstructures in SEM for such a low carbon content. Lath
bainite was thus used as a general term to describe the global morphology. However, since it mostly
forms above 400 ◦C according to dilatometry curves, lath bainite is most likely almost exclusively
composed of upper bainite.
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Continuous cooling phase transformation
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Figure 3.14: Optical/SEM images showing the microstructures resulting from CCT and DCCT
experiments.
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Chapter 3 – Design of complex phase steel by hot rolling

Heating (5 ◦C s−1)
AC1 (◦C) 780
AC3 (◦C) 1032

Cooling
Undeformed austenite Deformed austenite

0.05 ◦C s−1 FS (◦C) 866 837
BS (◦C) 710 734

1 ◦C s−1 BS (◦C) 712 604
5 ◦C s−1 BS (◦C) 645 618
10 ◦C s−1 BS (◦C) 630 584

25 ◦C s−1 BS (◦C) 611 578
MS (◦C) Undetected 453

Table 3.2: AC1, AC3 and FS/BS temperatures determined by dilatometry starting from undeformed
or deformed austenite.

Bainite

Martensite

Ferrite

MS = 456 °C

(theoretical)

Ferrite

Bainite

Martensite

MS = 456 °C

(theoretical)

a) CCT b) DCCT

Figure 3.15: (a) Continuous cooling transformation diagram with underformed austenite and (b)
after deformation at 950 ◦C with ε = 0.3 and ε̇ =10 s−1.

3.3.3 Effect of austenite deformation

At a cooling rate of 0.05 ◦C s−1, austenite deformation at 950 ◦C leads to significantly refined ferrite
grains, as expected. The area fraction of granular bainite formed at 0.05 ◦C s−1 is however not
affected by the deformation of austenite: around 30 % of granular bainite is formed both from
undeformed or deformed austenite. Despite this apparent refinement of ferrite grains, a lower
hardness was obtained when austenite was deformed, which can only be explained by different
precipitation hardening levels. When austenite is undeformed, it is likely that no precipitation
occurs in austenite before ferrite formation. Thus, a consequent precipitation strengthening can be
obtained by interphase precipitation, as reported in several studies on steels containing combined
additions of Ti, Nb, and/or Mo [KAM 12, FUN 04, JHA 11, JHA 12, WAN 14]. On the opposite,
due to the low cooling rate applied after austenite deformation, there is plenty of time for precipitates
to form in austenite, coherently with the strain-induced precipitation kinetics determined in Chapter
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Hot rolled plates

2. Precipitates formed in austenite being coarser than the ones formed by interphase precipitation,
the precipitation strengthening decreases for samples submitted to austenite deformation.

For increasing cooling rates (≥ 1 ◦C s−1), austenite deformation lowers BS . It also tends to
increase the domain of granular bainite: granular bainite is observed at 5 ◦C s−1 when austenite
is deformed whereas it is not when austenite is undeformed, which is coherent with [JUN 06].
Another effect is the decreasing hardness of the lath-like microstructures, which is related to an
apparent coarsening of the lath microstructures. Shorter and wider laths are obtained from pancaked
austenite, as reported by [YAM 95, FUJ 95].

3.4 Hot rolled plates

3.4.1 Hot rolling schedules

The individual coupons cutted out from the ingot were hot-rolled in SZMF 3 hot rolling pilot plant.
The purpose of these hot rolling tests was to test different strategies applicable on an industrial
hot rolling plant, and which one of them led to promising mechanical properties. The metallurgical
state of the austenite determines the final microstructures and mechanical properties. It is therefore
worth recalling the Recrystallization-Precipitation-Time-Temperature diagram4 of 0.04Nb-0.09Ti
steel (Figure 3.16) before describing in more details the various hot rolling strategies.

Interpass times 

11 – 18s

TNR range

Interpass times 

11 – 18s

Figure 3.16: Recrystallization - Precipitation - Time - Temperature (RPTT) diagrams determined
by stress relaxation for the 0.04Nb-0.09Ti steel for a strain rate of 5 s−1.

Each hot rolling schedule entails five phases:
3Salzgitter Mannesmann Forschung GmbH, one of the industrial partners involved in NANOFORM project.
4Note that precipitation kinetics were determined by stress relaxation using a low strain rate of 0.1 s−1, whereas

recrystallization kinetics were determined using 0.1 s−1 and 5 s−1. The effect of strain rate on precipitation is however
thought to limited because it only acts on the number of nucleation sites, but not on the driving force for precipitation.
The precipitation modeling work presented in Chapter 2 tends to confirm that the increase in precipitation kinetics
when the strain rate is increased from 0.1 to 5 s−1 is limited. As a first approximation, it is considered than the
precipitation kinetics are identical at 0.1 and 5 s−1.
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Chapter 3 – Design of complex phase steel by hot rolling

(i) Reheating at 1250 ◦C.
(ii) Rough rolling or roughing. Two deformations passes applied.
(iii) Finish rolling or finishing. Five deformations passes applied.
(iv) Accelerated cooling at 20-40 ◦C s−1 starting from the finishing rolling temperature down to

the simulated coiling temperature.
(v) Slow cooling down to room temperature once the coiling temperature is reached.
The applied deformation passes for each hot rolling schedules are given in Table 3.3. The strain

rate applied during hot rolling is of the order of 10 s−1.
A reversing rolling mill was used to deform the plate, which resulted in rather large interpass

times ranging from 11 to 18 s. For such interpass times and for a strain of 0.3, the temperature of
no-recrystallization (TNR) is about 1000 ◦C (see Figure 3.16 b)). It means that when deformations
of the order of 30 % (such as R1, R2, F1, F2, and F3 passes) are applied above 1000 ◦C during hot
rolling, austenite can statically recrystallize completely before the next pass. A higher deformation
of 55.6 % is given for F4 pass, which may be large enough to induce dynamic recrystallization during
deformation. Conversely, note that the last deformation (F5) of 12.5 % may not be large enough to
induce recrystallization, even at elevated temperatures.

Such large interpass times also have consequences on the expected precipitation strengthening
contribution. It was demonstrated in Chapter 2 that precipitation starts taking place in austenite
approximately 10 s after deformation. Thus, due to the large interpass times applied, most of the
precipitation probably take place in austenite, leading to limited precipitation strengthening. The
strength properties of the generated hot-rolled steels should therefore mainly be related to the
grain sizes and the type of phases formed. In particular, bainitic phases present high dislocation
strengthening contributions.

Deformation pass Plate thickness (mm) Deformation (%) Interpass time (s)
Initial 60 - -

Roughing 1 (R1) 44 26.7 11-13
Roughing 2 (R2) 32 27.3 11-13
Finishing 1 (F1) 21 34.4 13-18
Finishing 2 (F2) 13 38.1 13-18
Finishing 3 (F3) 9 30.8 13-18
Finishing 4 (F4) 4 55.6 13-18
Finishing 5 (F5) 3.5 12.5 13-18

Table 3.3: Deformation passes applied for each hot rolling schedules.

It was first decided to vary the temperature domain were deformation steps were applied with
respect to TNR. Three schedules, represented in Figure 3.17, were tested. For convenience, they
were referred to as HOT, MIXED and COLD, receptively:
(i) HOT: All deformation passes were performed above 1050 ◦C, above TNR. This corresponds

to a recrystallization controlled rolling. Austenite is expected to fully recrystallize between
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Hot rolled plates

each deformation passes, leading to grain refinement before cooling, excepted the last finishing
pass.

(ii) MIXED: The two roughing passes are performed above 1050 ◦C leading to grain refinement.
After a wait period of 30 seconds, the finishing stage was performed starting from 1050 ◦C.
Therefore, most of the finishing passes were performed below TNR, resulting in pancaked
austenite. Note that the finishing rolling temperature (880 ◦C) was close to the austenite
to ferrite transition equilibrium temperature, Ae3, equal to 860 ◦C according to Thermo-
Calc [AND 02a]. Thus, slight amounts of ferrite could have formed during the last pass
or right after it.

(iii) COLD: The two roughing passes were performed above 1050 ◦C. After a wait period of 90
seconds, the finishing stage is performed starting from 950 ◦C. This schedule is close to the
MIXED schedule, but finishing passes were performed even at lower temperatures, with a
finishing rolling temperature of 800 ◦C, 60 ◦C below the Ae3 temperature. Thus increasing
amounts of ferrite formed during the last finishing passes are expected.

a) b)
HOT MIXED

FRT = 1050°C

Accelerated cooling

20 – 40 °C.s-1
FRT = 880°C

Coiling = 500 or 650°C

Δ𝑡=30s

1050°C

1150°C

0,008 °C.s-1

0,008 °C.s-1Coiling = 500 or 650°C

c)
COLD

FRT = 800°C

Coiling = 500 or 650°C

Δ𝑡=90s

950°C

1150°C

0,008 °C.s-1

Accelerated cooling
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FRT = Finishing rolling Temperature

TNR= Temperature of no-recrystallization
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FRT = Finishing rolling Temperature

TNR= Temperature of no-recrystallization

FRT = Finishing rolling Temperature

TNR= Temperature of no-recrystallization
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Figure 3.17: Schematic hot rolling schedules performed: (a) HOT, (b) MIXED, and (c) COLD
conditions. For each hot-rolling conditions, two coiling temperatures were applied, giving a total of
six different hot-rolling schedules.

After hot rolling, the plates were cooled down to the coiling temperature at a rate ranging
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Chapter 3 – Design of complex phase steel by hot rolling

from 20 to 40 ◦C s−1. Consequently, two coiling temperatures were applied: 500 and 650 ◦C. After
reaching the coiling temperature, the hot rolled plates were stored into an insulated box in order
to slowly cool down to room temperature, with an estimated cooling rate of 0.5 ◦C min−1, which is
comparable to the cooling rates reached in industrial conditions after coiling. Thus, a total of six
different hot rolling schedules were applied to generate different microstructures. Hot
rolled plates of 1050 × 160 × 3.5 mm3 were finally obtained.

3.4.2 Characterization methods of hot-rolled plates

3.4.2.1 SEM and EBSD

For microstructural characterization, parallelepiped samples were machined from the different hot-
rolled plates. Observations were performed in the plan (RD, ND), where RD and ND stands for
rolling and normal direction, respectively.

After polishing down to 1µm and nital (2 %) etching, samples were observed in a ZEISS Supra
55VP FEG Scanning Electron Microscope in secondary electron (SE) mode. For EBSD characteri-
zation, an additional polishing step was performed on a cloth soaked with a Struers OP-S colloidal
suspension solution. Electron back-scatter diffraction (EBSD) was carried out a ZEISS Supra 55VP
Scanning Electron Microscope operating at 20 kV, equipped with an Oxford Symmetry EBSD cam-
era. The post-processing analysis was performed on AZtec HKL Channel 5 software.

3.4.2.2 Mechanical properties5

The mechanical properties of the plates obtained after hot rolling were characterized by tensile tests
and hole expansion tests.

Tensile tests
The tensile tests were performed following the DIN EN ISO 6892-1 standard. The tensile properties
were evaluated according to three different orientations with respect to the rolling direction: at
0°, 45°, and 90°. Two tensile samples were tested for each orientations, giving a total of 6 tensile
samples per hot-rolling schedule.

The number of experiments was limited due to the low amount of material per hot rolling
condition. A total of 2 samples per condition is not enough to make statistics and calculate standard
deviations. However, a rather limited dispersion was observed, with an average difference between
the 2 tensile tests of 15 MPa for yield stress (YS)/ ultimate tensile strength (UTS), 1.9 % for total
elongation (TE), and 1.0 % for uniform elongation (UE).

Hole expansion tests
Hole expansion tests were performed following the DIN EN ISO 16630 standard. Square specimens
of 90 × 90 mm2 were machined from the plates. A hole with initial diameter D0 of 10 mm was
prepared in the center of the square samples by punching. During the test, the hole is expanded by
a conical punch with a 60° top angle, until a crack at the edge of the expanding hole is observed

5Tensile and hole expansion tests were both performed by SZMF.
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(refer to Figure 3.3). Knowing the final diameter of the hole Df , the hole expansion ration λ was
calculated through:

λ(%) = Df −D0
D0

× 100 (3.2)

Three samples are tested for each hot rolling conditions. The standard error of the mean was
calculated.

3.4.3 Microstructures oh hot-rolled plates

3.4.3.1 HOT schedule

The HOT schedule is characterized by the fact that all deformation passes were performed in the
recrystallization region (Figure 3.17 a)), above a targeted temperature of 1050 ◦C. Since all passes
were performed well above the ferrite start temperature, ferrite cannot form before accelerated
cooling takes place. A low deformation (12.5 %) was given for the last finishing pass, F5. This may
not be enough to induce static recrystallization after the last finishing pass. Indeed, it was shown
in Chapter 2 that a true deformation of 10 % only led to recovery. Thus, austenite is only slightly
deformed before accelerated cooling and coiling. During coiling, granular bainite is expected at
650 ◦C, whereas coiling at 500 ◦C should favor the formation of lath bainite.

Figure 3.18 shows the results from the characterization by SEM and EBSD of the microstructures
obtained after coiling at 650 and 500 ◦C. The microstructure resulting from the HOT - 650 ◦C
schedule appeared to mainly consist of granular bainite (HOT - 650 ◦C), which is confirmed by the
misorientation angle distribution obtained from EBSD (Figure 3.18 g)). On the contrary, the HOT
- 500 ◦C schedule led to large amounts of lath bainite (Figure 3.18 b)). It was confirmed by the
presence of a high peak around 60° in the misorientation angle distribution (Figure 3.18 h)).

In both HOT - 650 ◦C and HOT - 500 ◦C microstructures, equiaxed ferrite grains also appeared,
pointed by arrows in Figure 3.18 a) and b). The presence of ferrite was assessed from KAM maps
(Figure 3.18 e) and f). Ferrite grains seem to follow a certain alignment, which shows that they
were probably formed along the prior austenite grains. KAM maps also showed that the amount
of ferrite seems to be larger in the HOT - 650 ◦C conditions. Coiling at higher temperature thus
increased the amount of ferrite in the microstructure.

3.4.3.2 MIXED schedule

In the MIXED rolling schedule, two roughing passes were first given in the austenite recrystallization
region, above 1050 ◦C. Five finishing passes were then performed in a lower temperature region
with a finishing rolling temperature around 880 ◦C, which thus results in significant pancaking of
austenite microstructure before accelerated cooling and coiling. The finishing rolling temperature is
close to the austenite to ferrite transition equilibrium temperature, Ae3, equal to 860 ◦C according
to Thermo-Calc [AND 02a]. Thus slight amounts of ferrite may have formed during the last pass
or right after it. Similarly to the HOT schedule, granular bainite and lath bainite are expected for
coiling at 650 and 500 ◦C, respectively.

Figure 3.19 exhibits the results from the characterization by SEM and EBSD of these microstruc-
tures. The MIXED - 650 ◦C microstructure mainly consisted of granular bainite according to SEM
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(Figure 3.19 a)) and misorientation angle distribution (Figure 3.19 g)). The MIXED - 500 ◦C mi-
crostructure is mainly composed of lath bainite. The misorientation angle distribution showed a
high peak around 60°. KAM maps revealed small amounts of ferrite aligned on pancaked prior
austenite grains (Figure 3.19 f)), which can also be observed on SEM images (Figure 3.19 b)).

3.4.3.3 COLD schedule

The COLD schedule is close to the MIXED schedule, but finishing passes were performed at even
lower temperatures, with a finishing rolling temperature of 800 ◦C, 60 ◦C below the Ae3 temperature.
Thus, as expected, increasing amounts of ferrite formed during the last finishing passes compared
to the microstructures resulting from the MIXED schedules.

The microstructures resulting from COLD schedule were characterized by SEM and EBSD (Fig-
ure 3.20). The COLD - 650 ◦C schedule led to a microstructure mainly consisting of granular bainite
with ferrite. When coiling at 500 ◦C, a mixture of granular bainite, lath bainite, and ferrite was
obtained.

A significant amount of ferrite was obtained in both microstructures, as proved by the misori-
entation angle distributions that show random distributions at all angles (Figure 3.20 g) and h)),
pointed by small black arrows). The microstructure resulting from COLD - 650 ◦C was very fine,
so the filter size applied to build the KAM map was reduced. Even though, the distinction between
granular bainite and ferrite remained difficult (Figure 3.20 e)). The distinction was easier on COLD
- 500 ◦C microstructure (Figure 3.20 f)). Ferrite grains were aligned along severely pancaked PAG.

3.4.3.4 Microstructure summary

A summary of microstructures is presented in Table 3.4 for ease of reading.

650 ◦C 500 ◦C

HOT Granular bainite
Ferrite along PAG (++)

Lath-like bainite
Ferrite along PAG (+)

MIXED Granular bainite
Ferrite along PAG (++)

Lath-like bainite
Ferrite along PAG (+)

COLD Granular bainite
Ferrite (+++)

Mostly granular bainite + lath-like bainite
Ferrite (+++)

Table 3.4: Summary of the microstructures of hot rolled plates.
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Figure 3.18: SEM and EBSD characterization of the microstructures obtained after "HOT" hot-
rolling schedule, accelerated cooling and coiling at 650 and 500 ◦C.
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Figure 3.19: SEM and EBSD characterization of the microstructures obtained after "MIXED" hot-
rolling schedule, accelerated cooling and coiling at 650 and 500 ◦C.
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Hot rolled plates
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Figure 3.20: SEM and EBSD characterization of the microstructures obtained after "COLD" hot-
rolling schedule, accelerated cooling and coiling at 650 and 500 ◦C.
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Chapter 3 – Design of complex phase steel by hot rolling

3.4.4 Mechanical properties

Figure 3.21 presents the average tensile and hole expansion properties of the hot-rolled plates. The
tensile properties were determined on a total of 6 samples per hot-rolling schedule (2 samples per
direction with respect to the rolling direction).
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Figure 3.21: Average tensile properties and hole expansion ratios obtained on hot-rolled plates.
(a) Yield and ultimate tensile strengths. (b) Ductility properties : Total and uniform elongation
determined by tensile tests, and hole expansion ratios.

Each hot-rolling schedule gave rise to ultimate tensile strength equal or above 800 MPa (Fig-
ure 3.21 a)). The highest UTS was obtained for HOT - 500 ◦C, whose microstructures mainly
consisted of lath bainite. The minimum yield strength was obtained for HOT - 650 ◦C with approx-
imately 660 MPa. Rather high YS/UTS ratios were obtained, higher than 0.81. This YS/UTS ratio
reached 0.97 for the COLD - 650 ◦C, meaning that this steel plate does not present any significant
strain-hardening.

Figure 3.21 b) focuses on the ductility properties of the plates: the global ductility, evaluated by
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Discussion

tensile tests (uniform and total elongation), as well as the local one, evaluated by hole expansion
tests. Rather low tensile ductility levels were obtained: the total elongation ranged from 7 to 18 %
for all steel plates. The microstructures mainly composed of granular bainite (coiling at 650 ◦C
and COLD - 500 ◦C) globally showed higher tensile ductility compared to microstructure mainly
composed of lath bainite (HOT and MIXED - 500 ◦C). Thus, the stronger plate was unsurprisingly
also the least ductile.

The opposite was observed for the hole expansion ratio, which is mainly governed by the local
ductility of the plates. Steels mainly composed of lath bainite (HOT and MIXED - 500 ◦C) showed
the best hole expansion ratios, ranging between 50 and 60 %. Conversely, the microstructures
mainly composed of granular bainite (all steel plates coiled at 650 ◦C) showed very similar HER,
with a ceiling at 40 %. The COLD - 500 ◦C, containing both granular and lath bainite showed an
intermediate HER around 50 %.

Figure 3.22 shows the stress - strain curves obtained from tensile tests on the six different hot-
rolling schedules. It can be observed that some tensile curves exhibited a plateau at constant stress
during the transition from elastic to plastic domains (Figure 3.22 b) to f)), which is a phenomenon
known as Piobert–Lüders bands or stretcher strains [HAL 70]. It traduces an heterogeneous defor-
mation of the tensile samples. Piobert–Lüders bands are typically observed for mild (low-carbon)
steels, whose microstructure are mainly composed of ferrite. Their observation in MIXED and
COLD hot-rolled plates is thus probably due to the presence of ferrite in the microstructure. It
should be noted that the MIXED - 500 ◦C plate was highly anisotropic, with lower strength and
higher ductility at 45° with respect to the rolling direction (Figure 3.22 e)). The anisotropy was
more limited for the other hot-rolled plates.

3.5 Discussion

3.5.1 Achieved strength - stretch flangeability combination

The initial goal of this study, and in a wider context, the goal of the NANOFORM project was to
design low carbon complex phase steels reaching UTS superior to 800 MPa with improved stretch
flangeability (HER ≥ 70 %). The strategy was based on obtaining homogeneous microstructures,
maximizing the proportion of bainite, in order to reduce the stress concentration region at interfaces
between hard and soft phases.

As explained by Bhadeshia [BHA 15, p. 367], a successful strategy to promote bainitic transfor-
mation is to use low carbon steels with additions of boron or molybdenum. Keeping a low carbon
content avoid increasing the hardenability drastically, which would lead to the formation of marten-
site. Additions of B or Mo suppress allotriomorphic ferrite formation, and promote the formation
of bainite [CIZ 02, ZHA 03, KON 06, HU 15]. Thus, the steel composition studied in this work is
particularly suitable for favoring bainite transformation. As demonstrated in part 3.3, bainitic mi-
crostructures were obtained for a wide range of cooling rates, even from deformed austenite. With
cooling rates as low as 0.05 ◦C s−1, a non-negligible fraction of austenite still transforms to granular
bainite. The microstructures generated by hot rolling schedules also contain a very large proportion
of bainite with, in the case of MIXED and COLD schedules, small fractions of ferrite. The initial
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Figure 3.22: Engineering stress - strain curves obtained by tensile tests on hot-rolled plates.

goal of obtaining mainly bainitic microstructures is thus fulfilled.
The target of 800 MPa for UTS is achieved for all the hot-rolled steels produced. The maximum

strength is reached for the HOT - 500 ◦C, which present an almost fully lath bainite microstructure.
Concerning HER, none of the hot-rolled conditions reaches the objective of 70 % initially defined.
However, respectable levels are still achieved, with ratios higher than 50 % for HOT - 500 ◦C and
MIXED - 500 ◦C.

Figure 3.23 compares the HER and strengths of the steels obtained in this work with those of
other types of steels (with carbon content lower than 0.2 wt%) presenting UTS levels that approach
those of the steels designed in this study. Since the hole expansion ratio is very sensitive to exper-
imental conditions, it was ensured that all data came from experiments performed under similar
conditions, from a punched hole and using a 60° conical punch for hole expanding. However, it is
worth mentioning that the steel plate thickness changes in the different studies. The steels produced
in this work are compared with:
(i) Dual Phase steels, with data extracted from [HAS 04, KAR 09, HIS 12, TAY 14].
(ii) Other Complex Phase Steels, with data from [KAR 09, RYD 10, HIS 12].
(iii) Fully ferritic steels with outstanding precipitation strengthening contribution achieved by

combined additions of Ti and Mo, from [FUN 04, WAN 14].
(iv) A fully martensitic steel, from [HAS 04].
It can be observed that the hot-rolled steels produced in this work globally present a higher
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combination of strength and stretch flangeability than most of the DP steels with similar strength
levels. Their stretch flangeability is however significantly lower than single phased steels such as
precipitation-strengthened ferrite steels and martensite steels. The complex phase phases steels
produced still reach higher yield and tensile strength than precipitation-strengthened ferrite steels.
Although the combination of strength and HER of the fully martensitic steel is outstanding, it
should be remembered than their ductility is severely limited (5 % of total elongation in the cited
study [HAS 04]). The combination of properties achieved in this work is in fact quite similar to
other complex phase steels for most of the tested conditions. The HOT - 500 ◦C and MIXED -
500 ◦C hot rolled plates present the most promising properties.
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Figure 3.23: Comparison of YS, UTS, and HER of the hot-rolled steels developed in this work with
other types of steels extracted from literature.

During this PhD work, and more generally during the NANOFORM project, a large part of the
work focused on the microstructural evolutions of austenite during reheating and hot rolling. It
should be noted, however, that the main factor affecting the nature of the phases formed during
the hot rolling process is the coiling temperature. In fact, the coiling is almost equivalent to an
isothermal treatment, because the cooling rate after coiling is rather low. It is therefore logical that
this is the main factor influencing the microstructure. This indicates that the coiling temperature is
an important lever for optimizing the microstructure, on which the project has not yet concentrated
at the time of writing this manuscript: only the minimum and maximum achievable coiling tem-
peratures were tested (500 and 650 ◦C). However, the hot rolling step still has a significant effect
on the morphology of the phases formed and the resulting mechanical properties, as illustrated for
example by the very different properties obtained for the 3 plates coiled at 500 ◦C.

It should also be remembered that these steels were produced on a pilot plant, i.e. in semi-
industrial conditions. The use of an industrial process could induce significant changes in the
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Chapter 3 – Design of complex phase steel by hot rolling

generated microstructures. In particular, the interpass times are much shorter than those used in
this laboratory trials, which can results in increased austenite pancaking before cooling and more
refined final microstructures. Shorter interpass times will also lower the amount of precipitates
formed in the austenite domain. A larger proportion of precipitates forming in the ferritic phases
can be expected, with a greater precipitation strengthening contribution.

To summarize, a better combination of properties could be achieved by the transition to an
industrial process and the optimization of the coiling temperature.

3.5.2 Enhancing stretch flangeability

Two paths could be followed to improve the stretch flangeability of the steels designed in this project:
(i) Avoiding the formation of granular bainite.

It was experimentally observed that microstructures consisting mainly of granular bainite led
to lower HER than those mainly consisting of lath bainite. These observations are consis-
tent with a recent study by Weißensteiner et al. [WEI 18] that reported that lath bainite
microstructures exhibits higher tolerance against damage during the shearing of edges, and
thus higher HER, than granular bainite ones. This may be due to the presence of large MA
islands in granular bainite (see Figure 3.24 a)) that act as crack nucleation sites due to stress
concentration at interface between MA islands and bainitic ferrite, presenting different levels
of hardness. Lath bainite microstructures do not contain these large MA islands, as illus-
trated in Figure 3.24 b). Thus, the formation of granular bainite should be avoided in order
to achieve better HER.

5 µm

MA islands within 

granular bainite

Lath bainite

5 µm

b) HOT – 500°Ca) HOT – 650°C

Figure 3.24: SEM observations of the microstructures of (a) HOT - 650 ◦C and (b) HOT - 500 ◦C
hot-rolled plates. Nital etching.

(ii) Limiting the amount of ferrite.
In the same spirit of homogenization of microstructures, the process could be adapted to min-
imize the fraction of ferrite formed, particularly for the MIXED schedule. It would probably
be necessary to slightly increase the finishing rolling temperature (FRT) in order to increase
the margin between Ae3 and FRT.

(iii) Controlling the size of TiN.
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Two recent studies [PAT 17, KAI 17] reported that large precipitates such as micrometric TiN
or cementite can act as the primary source of void nucleation in complex phase steels, which
deteriorates HER. Large TiN are also known to deteriorate the toughness [GLA 02]. The steel
studied in this work contains a significant amount of micrometric TiN particles, an example
of which is presented in Figure 3.25.
It is known that to avoid the formation of large TiN, the formation of TiN before solidification
should be avoided by maintaining Ti and N contents below the solubility product of TiN
at the solidus temperature [YAN 06]. Additionally, maintaining the Ti/N ratio below 3.42
reduces the coarsening rate of TiN during reheating [YAN 06]. In this study, the Ti/N ratio
was above 24 for the hot-rolling experiments, which explains the presence of coarse TiN in
the microstructure. It would be interesting to try designing complex phase steels presenting
compositions similar to those studied, but with Ti/N contents that avoid forming large TiN.
Better hole expansion ratios should be achieved, at the cost of a limited loss of strength due
to a reduction in precipitation hardening.

5 µm

TiN

Figure 3.25: Example of large TiN precipitates observed in the studied steel. SEM observation after
austenitisation at 1200 ◦C and quenching.

3.6 Conclusions

This work aimed at generating a complex phase microstructure mainly consisting of bainite by
hot-rolling, using a low-carbon Ti-Nb microalloyed steel. A good combination of strength and
stretch flangeability was targeted. The hot-rolling process consisted of deformation at elevated
temperatures, followed by accelerated cooling, and coiling at 500 or 650 ◦C.

The phase transformation behavior of the steel was first followed by dilatometry during contin-
uous cooling experiments. Deformation in the non-recrystallization austenite region is known to
influence phase transformations during subsequent cooling. Thus, in order to establish the effect
of austenite deformation, continuous cooling experiments were performed from undeformed and de-
formed austenite. Bainitic microstructures were obtained for a wide range of cooling rates. Cooling
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rates as low as 1 ◦C s−1 led to a fully (mainly granular) bainitic microstructure, which showed that
the steel composition is particularly suitable for promoting the formation of bainite. For increasing
cooling rates, lath-like microstructures were rather observed. Deformation of austenite in the non-
recrystallization region favored the formation of granular bainite at the extent of lath-bainite. It also
significantly coarsened lath microstructures, which thus presented decreasing hardness compared to
those obtained from undeformed austenite.

Subsequently, steel plates were produced by hot rolling tests on a pilot plant reproducing in-
dustrial conditions, with the aim of testing varying hot-rolling strategies. Deformation passes were
performed in various temperature regions, following three distinct sketches:
(i) HOT, for which all deformation passes were given in the recrystallization region (recrystal-

lization controlled rolling).
(ii) MIXED, for which roughing passes were performed in the recrystallization region, and finishing

passes were given between 1050 and 880 ◦C.
(iii) COLD, which is similar to MIXED schedule, but with the finishing passes performed in a

lower temperature region, between 950 and 800 ◦C.
Two different coiling temperatures of 500 and 650 ◦C were applied, which gave a total of six different
hot-rolling schedules. The tensile, hole expansion properties, and microstructures of the generated
steel plates were subsequently characterized.

For all hot-rolling schedules, the microstructures mainly consisted of bainite, with low amounts
of ferrite. Deformation of austenite in a low temperature region during hot-rolling favored the
formation of ferrite, mainly on prior austenite grains. Microstructures mainly consisting of lath
bainite were obtained for HOT-500 ◦C and MIXED-500 ◦C, whereas granular bainite dominated for
the other four schedules.

Ultimate tensile strength over 800 MPa were obtained for all hot-rolled plates, reaching the initial
target defined in the NANOFORM research project. High levels of yield strength were also achieved,
with YS/UTS ratios ranging from 0.81 to 0.97. However, the ductility (evaluated by tensile tests)
was limited.

A reasonable stretch formability was reached, hole expansion ratio being between 40 % and 60 %.
The microstructures mainly consisting of granular bainite, mostly obtained though coiling at 650 ◦C,
presented lower hole expansion ratios. Higher hole expansion ratios were obtained when lath bainite
is the dominant phase, as obtained for HOT - 500 ◦C and MIXED - 500 ◦C rolling schedules. This
is due to the presence of coarse MA islands in granular bainite.

Since the tested hot-rolling schedules correspond to boundary conditions, a better combination
of properties could be obtained by testing intermediate conditions, such as coiling temperatures
between 500 and 650 ◦C. Since granular bainite seems to be detrimental to hole expansion ratios,
granular bainite should be avoided to enhance stretch flangeability for this composition.

Large TiN precipitates were observed in the microstructures due to the use of a high Ti/N ratio,
which can act as void nucleation sites during hole expansion, leading to reduce stretch flangeability.
It would be interesting to optimize the size of these TiN to determine if it leads to enhanced stretch
flangeability. This could be done by adjusting the Ti/N content of the alloy with the aim of avoiding
their formation in liquid state during casting.
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Conclusions and Perspectives

Conclusions

This PhD-work was carried out as part of NANOFORM RFCS project aiming at developing low
carbon complex phase steels produced by hot rolling. The goal of NANOFORM project was to reach
a high combination of strength and stretch flangeability by optimization of the steel composition
and hot-rolling process. Although a total of 11 alloys were studied in the project, this PhD work
focused mainly on one of the 11 grades. Naturally, the work was built following the different stages
of the hot rolling process, as illustrated in Figure 1.

Time

T
em

p
er

a
tu

re

Reheating 

Rough rolling

Finishing rolling

Coiling

FRT

FRT : Finishing rolling temperature

CT : Coiling temperature

CT

Chapter 1

Chapter 2

Chapter 3

Accelerated cooling

0.04Nb – 0.09Ti 

0.04Nb – 0.09Ti 

0.04Nb – 0.09Ti 

0.04Nb – 0.09Ti – 0.1V

0.04Nb – 0.05Ti – 0.2V

Figure 1: Structure of the PhD manuscript with respect to the different stages of the hot rolling
process.
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Chapter 1

The first chapter focused of the microstructural evolution occurring during the reheating stage of
the process in the 0.04Nb-0.09Ti steel.

Starting from a fully precipitated as-received state, several heat treatments were performed be-
tween 950 and 1250 ◦C. The evolution of austenite grain sizes and precipitation state were charac-
terized over this entire temperature range combining optical microscopy, transmission and scanning
electron microscopy, and atom probe tomography. Four types of precipitates were identified in the
as-received state. Of these 4 populations, only one has a sufficiently large volume fraction and fine
sizes to effectively control grain growth: (Ti,Nb)Cfine. The characterization work thus focused on
this (Ti,Nb)Cfine population. An original strategy was followed to measure the volume fraction
of (Ti,Nb)Cfine by composition measurement of the matrix with atom probe tomography. This
technique is made possible by the considerable evolution experienced by the tomographic atomic
probe during the last 20 years.

The experimental data accumulated in this first chapter were used to inform modeling work. A
multi-class precipitation model was developed and applied to describe the evolution of (Ti,Nb)Cfine
distribution during heat treatments. The output from the precipitation model served as input
parameters to a simple grain growth model based on the theory of Zener pinning, containing only one
adjustable parameter. The modeled austenite grain diameters were consistent with the experiments
for the investigated heat treatments.

Based on the acquired experimental data, a reheating temperature of 1250 ◦C was selected for
the hot rolling process. A this temperature, (Ti,Nb)Cfine completely dissolve. Although large
austenite grain sizes are obtained at the end of reheating using such a high temperature, it will be
possible to refine austenite grains by recrystallization during the next hot rolling stage. Dissolving
all pre-existing (Ti,Nb)Cfine during reheating makes it possible to form finer precipitates during
the next stages of hot rolling, enabling recrystallization control and precipitation strengthening.

Chapter 2

The second chapter was related to the hot rolling stage of the process. It focused on determining
the kinetics of recrystallization and precipitation occurring after deformation of austenite. Three
different alloys presenting varying Ti and V contents were studied, including the 0.04Nb-0.09Ti steel
characterized in the first chapter.

Stress relaxation after reheating at 1250 ◦C and compression tests proved to be powerful since it
allowed to indirectly study recovery, recrystallization, and the precipitation in austenite. Varying
temperature, strain and strain rates were applied in order to determine the influence of these
parameters on subsequent microstructural evolutions. Stress relaxations tests were supplemented
by direct microstructural characterization of austenite grain sizes and precipitation state.

The experimental techniques applied alloyed to establish Recrystallization-Precipitation-Time-
Temperature diagrams for the three studied steels. This allowed to draw the following main con-
clusions:
(i) Recrystallization globally took place above 1000 ◦C if sufficient strain was applied (ε = 0.3).
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When a lower strain was applied (ε = 0.1), only recovery was observed.
(ii) Increasing strain rate from 0.1 to 5 s−1 resulted in accelerated recrystallization kinetics.
(iii) Vanadium additions delayed the recrystallization by solute-drag effect. Despite this clear

effect of vanadium, the recrystallization kinetics of the three studied steels are quite similar.
Indeed, the Nb content, which has the strongest retarding effect of austenite recrystallization,
was kept constant is the three studied steel.

(iv) At lower temperatures, strain-induced precipitation took place before recrystallization. Due
to the pinning pressure exerted by the fine precipitates formed, austenite recrystallization was
delayed to longer times, so that it was not observed for the performed heat treatments times.
Precipitation modeling work tended to confirm that the plateau appearing in stress relaxation
curves due to strain-induced precipitation is related to the number of precipitates rather to
their pinning pressure or volume fraction.

Additionally, a JMAK-based model was developed and applied to reproduce the recrystallization
kinetics in the 0.04Nb-0.09Ti steel. In this model, the driving force for recrystallization was calcu-
lated from the increased in flow stress observed during compression tests prior to stress relaxation.
Thus, the model was able to reproduce the effect of strain rate on recrystallization kinetics, and
agreement between experimental and modeling data was obtained.

This chapter allowed a better understanding of the microstructural evolution of austenite during
hot-rolling, thus helping to elaborate different hot rolling strategies that were applied in the third
chapter.

Chapter 3

The third and last chapter of this manuscript was related to the complete hot rolling process. It
details the relations between the processing parameters and the obtained microstructure and me-
chanical properties for the 0.04Nb-0.09Ti steel. Of course, the first two chapters provided essential
data to understand the microstructural evolutions taking place during reheating and hot deforma-
tion. Thus, the metallurgical state of austenite right before accelerated cooling can be - at least
partially - deduced from the work presented in chapter 1 and 2.

The phase transformation behavior of the steel was first investigated by dilatometry during
continuous cooling experiments after reheating at 1250 ◦C. These experiments revealed that the
steel composition is particularly suitable for obtaining bainitic microstructure over a large range of
cooling rates. Ferrite was observed only for the slowest 0.05 ◦C s−1. Starting from 1 ◦C s−1, fully
bainitic microstructures were obtained. Granular bainite was obtained at low cooling rates, whereas
a lath-like bainite microstructure was rather obtained for increasing cooling rates. Deformation of
austenite favored the formation of granular bainite. It also led to coarser lath microstructures, that
consequently presented reduced hardnesses.

Subsequently, six different hot rolling schedules were designed and performed on a hot rolling pilot
plant. These schedules aimed at reproducing various strategies that can be targeted in industrial
conditions. Deformation passes were performed following three distinct sketches:
(i) HOT, for which all deformation passes were given in the recrystallization region. This was

basically what is referred to as a recrystallization-controlled rolling.
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(ii) MIXED, for which roughing passes were performed in the recrystallization region, and finishing
passes were given between 1050 and 880 ◦C. Thus, pancaked austenite were obtained at the
end of the finishing stage. This corresponded to a thermo-mechanical control process.

(iii) COLD, for which roughing passes were performed in the recrystallization region, and finishing
passes were given between 950 and 800 ◦C. This schedule is similar to the MIXED one, but
finishing is performed in a lower temperature region, so that ferrite formation is possible
during the last deformation passes.

Following these hot deformation sketches, accelerated cooling at 20-40 ◦C s−1 and coiling at 500 and
650 ◦C were applied, giving at total of six different hot rolling processes.

The generated hot-rolled plates showed microstructures mainly consisting of granular/lath bai-
nite. The MIXED and COLD rolling schedules also led to the formation of ferrite, mostly at prior
austenite grain boundaries. The ultimate tensile strengths reached values above 800 MPa, while
hole expansion ratios ranging from 40 to 60 % were achieved.

Four of the six hot rolled plates presented microstructures mainly consisting of granular bainite:
all the plates coiled at 650 ◦C as well as the COLD - 500 ◦C. These plates presented limited hole
expansion ratios, around 40 %. The presence of large martensite/austenite islands in granular bainite
may limit their stretch flangeability.

The best combination of properties were obtained for the HOT - 500 ◦C and the MIXED -
500 ◦C plates, which presented both higher strength and stretch flangeability. This is due to the
fact that they showed a more homogeneous microstructure mainly consisting of lath bainite. An
even better combination of properties could be achieved by optimizing the process, for example by
testing intermediate coiling temperatures.

Perspectives

Production of NANOFORM steels at industrial scale

The 0.04Nb-0.09Ti steel grade studied in this PhD work was selected for industrial scale production
trials on Salzgitter Mannesmann Forschung GmbH hot rolling plant. Although the experimental
results presented in Chapter 3 were encouraging, they do not demonstrate the industrial feasibility.
The transition from lab scale hot rolling to an industrial production line induces many changes.
Notably, higher strain rates and shorter interpass times are gotten. The feasible processes are not
so flexible, and suffer more constraints, for example on achievable heating and cooling rates.

At the time of writing this manuscript, these industrial trials have just been successfully com-
pleted. Different hot rolling schedules were tested for the purpose of seeking an optimal combination
of properties. The mechanical characterization revealed that two of these industrially produced
plates showed interesting properties:
(i) The first one showed high UTS in the 900-950 MPa range, and reasonable hole expansion ratio

of approximately 50 %.
(ii) The second presented an UTS of approximately 850 MPa and an excellent hole expansion ratio

of 70 to 80 %.
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Conclusions and Perspectives

It has therefore been demonstrated that it is possible to industrially produce the steels stud-
ied in this research project, by achieving an excellent combination of mechanical properties. The
characterization of the microstructure of these two plates has not yet been realized at the time of
writing this manuscript. A short-term perspective is therefore to conduct a fine microstructural
characterization to understand the origin of these excellent mechanical properties. In the end of
the NANOFORM project, these steel plates will undergo deeper characterization, such as weldabil-
ity, galvanisability, or bendability tests. In the longer term, after further characterization of these
properties, one of these steels may be on the market within a few years.

Enhancement of modeling works

In chapter 1, a fairly simple model, based on Zener pinning, was proposed to correlate the evolution
of the precipitation state to austenite grain growth during isothermal treatments from the as-received
state. Although it showed a correct agreement with the experimental results, this model is based on
a thorough characterization of the precipitation state in the as-received state. Efforts could therefore
be made to reduce the amount of experimental data needed to calibrate the model. This should
include working towards the prediction of the actual amount of solute elements trapped into large
precipitates such as (Ti,Nb)N, that therefore do not actively participate to austenite grain growth
control. This requires modeling the formation of precipitates in the liquid phase during casting. The
model could also be improved by allowing the modeling of more complex heat treatments, including
non-isothermal sections.

In Chapter 2, models describing austenite recrystallization and strain-induced precipitation in
0.04Nb-0.09Ti steel grade were presented. To go further in these models, they should be coupled to
account for the many interactions between recovery, recrystallization, and precipitation. Thus, this
work could be extended to become a complete model of recovery, recrystallization, and precipitation,
on the basis of Zurob’s work [ZUR 03]. The modeling of these phenomena and their interactions
should allow a better understanding of stress relaxation curves obtained experimentally. However,
it would probably be wiser to carry out this study on model alloys, presenting simpler compositions,
allowing a better understanding of metallurgical evolutions. In particular, the model should be able
to estimate the mobility of grain boundaries, accounting for the solute-drag effect, in order to be
applied to other steel compositions.

It would also be very useful to develop a complete model of recrystallization and restoration,
including the modeling of restoration phenomena (dynamic recovery and recrystallization) during
compression tests and the modeling of these phenomena once the deformation is complete (recovery
and static or metadynamic recrystallization). For this purpose, the first step is to develop con-
stitutive equations for the description of the hot flow stress behavior of austenite, as proposed in
literature [MIR 11, AKB 15]. These equations describe the evolution of the flow stress and, indi-
rectly, of the dislocation density during deformation. Thus, they allow to estimate the dislocation
density at the end of a compression test, and consequently the driving pressure for static or metady-
namic recrystallization. It would then be necessary to couple a static/metadynamic recrystallization
model, which can be of the type proposed in Chapter 2.
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Conclusions and Perspectives

Optimization of the steel composition

The studied 0.04Nb-0.09Ti steel present both a high Ti content and a high Ti/N ratio. Although
initially intended to form hardening precipitates in the ferritic phases during cooling and coiling, it
also leads to the formation of large TiN, sometimes up to a few micrometers. The strengthening
contribution of precipitates is presumably limited. Cracks are prone to initiate near these large
TiN, which has detrimental effects on the stretch flangeability of the plates. Thus, the composition
tested may not optimal to achieve excellent level of formability.

Although it has previously been reported in the literature, it should first be experimentally
confirmed that these TiN are the main source of crack propagation in the studied steel. The analysis
of the fracture surfaces of post-mortem hole expansion samples should confirm this hypothesis. Once
confirmed, it would be interesting to test other compositions of steels which have lower levels of Ti
and N to avoid the formation of these large TiN. However, a composition prone to promote the
formation of bainite must be kept, in order to reach high strength levels.

Using combinatorial metallurgy [DES 18], which is receiving a growing attention, would be
an interesting and elegant way to find the optimal composition to produce a microstructure mainly
consisting of bainite, with improved mechanical properties. It would first be necessary to produce
steel slabs having a composition gradient in one or more elements. It is possible to obtain these
gradient materials by assembling blocks of different alloys by hot compression and then carrying
out a diffusion treatment [DES 18]. Steel plates could then be produced by applying laboratory hot
rolling. It would then be possible to scan a wide range of composition in a single sample, which is
the main advantage of combinatorial metallurgy. However, the production of gradient materials is
a tedious experimental procedure. This strategy is schematically illustrated in Figure 2.

Fe – 1.9 Mn – 0.5 MoFe – 1.9 Mn

a) Assembling blocks of different composition b) Diffusion heat treatment

Composition gradient in Mo

c) Hot rolling and determination of mechanical properties

Composition gradient in Mo

Tensile samples

Figure 2: Schematic illustration of obtaining a composition gradient material for combinatorial
metallurgy.
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Appendix A

Overview of NANOFORM project

NANOFORM is a 42-month project that started in June 2016. The project was founded by the Re-
search Found for Coal and Steel (RFCS) from the European Commission. It involved five academic
and two industrial partners:

• MATEIS laboratory in Villeurbanne, France.
• Groupe de Physique des Matériaux (GPM) laboratory in Saint Etienne du Rouvray, France.
• Centro Nacional de Investigaciones Metalúrgicas (CENIM) in Madrid, Spain.
• Universitat Politècnica de Catalunya (UPC) in Barcelona, Spain.
• Eurecat Centre Tecnològic in Manresa, Spain.
• Salzgitter Mannesmann Forschung GmbH (SZMF) in Salzgitter, Germany.
• Thyssenkrupp Steel Europe (TKSE) in Duisbourg, Germany.
It is a complete project for the design of new steel grades, starting from laboratory scale up

to industrial scale. The project aims to produce by hot rolling a complex phase steel presenting a
good compromise of strength and stretch flangeability. A tensile strength of 800 MPa and a hole
expansion ratio of 70 % are targeted. For this purpose, the steel microstructure has to be optimized
by playing on two main levers: the steel composition and the process.

11 different compositions were chosen at the beginning of the project (Table A.1): six were
produced by TKSE and five by SZMF. These grades present manganese contents of about 1.9 %
and low carbon levels, ranging from 0.03 to 0.12 %. The contents of niobium, aluminum and nitrogen
remain globally fixed for all steels. Some other alloying elements were varied in order to study their
effect:
(i) The composition of TKSE steels mainly allow studying the influence of carbon and chromium

contents. The use of microalloying elements are limited to Nb and Ti additions. The V content
remains very low. TKS1A and TKS1B present higher molybdenum contents than other TKS
steels in order to compensate their lower hardenability due to their low carbon contents.

(ii) SZMF steels present intermediate carbon contents. Their Si content is higher than TKSE
steels( 0.50 %), which enables to harden the ferritic phases by solid solution. The Mo content
varies from 0 to 0.2 % in SZMF1A, SZMF1B, and SZMF1C steels. Vanadium is added in
SZMF2A and SZMF2B, to examine the possibility of strengthening the steel by the formation
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Appendix A – Overview of NANOFORM project

of vanadium-rich precipitates.

Element C Mn Si Ti Nb V Mo Al Cr N
TKS1A 0.032 1.91 0.11 0.100 0.040 0.010 0.200 0.052 0.11 0.0039
TKS1B 0.030 1.87 0.11 0.098 0.039 0.011 0.200 0.053 0.50 0.0040
TKS2A 0.054 1.88 0.10 0.071 0.037 0.001 0.100 0.051 0.50 0.0064
TKS2B 0.057 1.86 0.10 0.091 0.036 0.001 0.100 0.050 1.01 0.0071
TKS3A 0.116 1.87 0.10 0.071 0.038 0.001 0.100 0.052 0.05 0.0054
TKS3B 0.118 1.88 0.11 0.073 0.040 0.001 0.100 0.052 0.97 0.0063
SZMF1A 0.061 1.93 0.50 0.087 0.039 0.002 0.005 0.079 0.01 0.0058
SZMF1B 0.062 1.93 0.51 0.085 0.039 0.002 0.108 0.047 0.01 0.0066
SZMF1C 0.062 1.91 0.50 0.085 0.039 0.002 0.212 0.065 0.01 0.0060
SZMF2A 0.087 1.94 0.50 0.093 0.039 0.105 0.209 0.067 0.01 0.0059
SZMF2B 0.085 1.95 0.50 0.046 0.039 0.206 0.209 0.070 0.01 0.0060

Table A.1: Bulk composition (wt%) of the 11 steel grades studied in NANOFORM project (ICP-
MS). The six grades highlighted in blue were selected for the second characterization iteration. The
grade framed in red was selected for the final industrial tests.

The steels are intended to be manufactured by hot rolling. The various steps of the process were
described in the general introduction (Figure 3 and 4). The parameters of each of these steps can
be optimized according to the characterization results obtained during the project, in order to reach
the best possible combination of strength and stretch flangeability.

As schematically represented in Figure A.1, the work was divided into five main work packages.
MATEIS laboratory, in which this PhD-work was carried out, was almost exclusively involved in
work package 3 and 4, thus dealing with thermomechanical treatments on Gleeble, and microstruc-
ture characterization and modeling. Some results produced by other project partners were also
included in this manuscript.

Three distinct series of characterization took place during the project, as represented in Fig-
ure A.2. In the following parts, these series are briefly described.

A.1 First series of characterization

The study began with a first series of characterization, covering the 11 different grades. For this first
stage, small ingots of approximately 10 kg were cast by the industrial partners. These ingots were
intended for laboratory tests, mainly using dilatometers or Gleeble thermomechanical simulators.
The main tasks performed are described below:
(i) The compositions were selected on the basis of the experience of the academic and industrial

partners involved in the project. The precipitation behavior was first studied by perform-
ing equilibrium calculation using various programs: Thermo-Calc, MalCalc, Factsage and
JMatPro. These calculations allowed determining which precipitates may form during the
process, and estimating the temperatures ranges at which the precipitates may form.
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First series of characterization

WP 1 Project coordination and dissemination

WP 2: Material design, 

production, and delivery

WP 3: Thermomechanical 

treatments

WP 4: Microstructure 

characterization and modeling

WP 5: Industrial feasibility

• Definition of alloy 

strategy 

• Casting of ingots

• Hot rolling  and coiling 

of plates

• Microstructure 

characterization: OM, SEM, 

TEM, EBSD…

• Modeling of microstructure 

evolution.

• Gleeble or dilatometer : 

 Single-hit and double-hit 

compression tests, stress 

relaxation.

 TTT and CCT.

• Mechanical properties: 

hardness, tensile tests.

• Advanced mechanical properties: 

Hole expansion, fatigue, 

bendability, etc.. 

• Galvanizing 

• Weldability  

• Life Cycle Assessment

• Guidelines for industrial 

implementation

Figure A.1: Work packages of the NANOFORM project. MATEIS mostly intervened in WP3 and
4.

(ii) Then, the austenite grain growth behavior during reheating was studied. Isothermal hold-
ing at temperatures ranging from 950 to 1250 ◦C were performed, and the average austenite
grain sizes were measured at the end of each of these treatments. These experiments were
completed by studying the evolution of pre-existing precipitates controlling the grain growth
using electron microscopy techniques. The results of this study fed the chapter 1. This allowed
to select a temperature of 1250 ◦C for the reheating step of the hot rolling process. This
high reheating temperature allows a complete dissolution of the (coarse) pre-existing precipi-
tates to fully benefit from microalloying additions in the next steps of the hot rolling process.

(iii) Afterwards, the project focused on the microstructural evolutions of the austenite during and
after hot deformation. The flow stress behavior of the steels was derived during single hit
compression tests for various temperatures and strain rates. These single hit compression
tests notably allowed to determine the conditions needed to induce dynamic recrystal-
lization. The static recrystallization (i.e. after deformation) was also studied by stress
relaxation and double hit compression tests. Stress relaxations tests also allowed to study
strain-induced precipitation in austenite. Some of these results were presented in the
Chapter 2 of this manuscript.

(iv) Finally, the phase transformation behavior of the steel grades was investigated during contin-
uous cooling and isothermal experiments on dilatometers. Continuous cooling transformation
(CCT) and time-temperature-transformation (TTT) diagrams were determined. Vickers
hardness measurements were performed at the end of each heat treatment.

At the end of this first series of characterization, six grades were selected for further charac-
terization in a second series of tests. The grades with moderate carbon levels ( 0.06 wt%), more
inclined to produce bainitic microstructure, were selected: TKS2A, TKS2B, SZMF1A, SZMF1B,
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Appendix A – Overview of NANOFORM project

First series = 11 grades

Second series = 6 grades

Selection

Final industrial trials = 1 grade

• Casting of larger ingots for pilot plant hot 

rolling trials (~ 100 kg).

• Hot rolling  on a pilot plant. 

• Mechanical properties of hot-rolled plates : 

tensile tests + hole expansion tests.

• Microstructure characterization of selected 

steel grades: OM, SEM, and EBSD.  

Selection

• Equilibrium calculations.

• Casting of small ingots for laboratory 

characterization (~ 10 kg).

• Austenite grain growth during reheating.

• Casting for industrial trials (~ 200 tons)

• Hot rolling on industrial production line.

• Mechanical properties of hot-rolled plates : 

tensile tests + hole expansion tests

• Advanced and industrial properties : fatigue, 

weldability, galvanization, etc.

• Microstructure characterization. 

• Precipitation in austenite : SEM and TEM. 

• Austenite recrystallization during and after 

deformation: single and double hit compression tests 

and stress relaxation tests. 

• Phase transformation behavior : CCT and TTT. 

Figure A.2: Gradual selection of steel grades during the NANOFORM project. At the end of a first
series of characterization, six shades were selected for further characterization in a second series.
Then, the most promising grade was selected for final industrial trials.

134 © 2019 – Alexis GRAUX – MATEIS laboratory

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2019LYSEI120/these.pdf 
© [A. Graux], [2019], INSA Lyon, tous droits réservés



Second series of characterization

SZMF1C, and SZMF2A (see the steels highlighted in blue in Table A.1).

TKS1A and TKS1B showed low hardness values (between 220 and 280 HV10) even after rapid
cooling during CCT experiments, which is mainly due to their low carbon contents. It seemed
complicated to reach the objective of 800 MPa tensile strength with these compositions. On the
other hand, it was impossible to generate a purely bainitic microstructure with TKS3A and TKS3B.
Due to their higher carbon contents, these two steels showed incomplete bainite transformation
even after isothermal holding of 1 h between 500 and 700 ◦C. These four steels were consequently
eliminated.

SZMF2B, presenting a higher vanadium content was also discarded. Its high vanadium content
was initially intended to improved the strength by formation of vanadium-rich precipitates in the
ferritic phases. However, using such V content also raises the material costs. No significant hardness
improvement was obtained after the various heat treatments performed on dilatometers compared
to the other SZMF compositions, which led to the exclusion of SZMF2B.

For the first series of characterization, the carbon content of SZMF2A was raised up to 0.08 wt%
in order to increase the driving force for precipitation. In order to obtain a better comparability
between the SZMF steels, it was decided to lower the carbon content down to 0.06 wt% in the second
series of characterization.

A.2 Second series of characterization

The study was pursued by a second series of characterization on a semi-industrial scale. Larger
steel ingots of approximately 100 kg were cast and cut into several coupons. Then six different
hot rolling schedules were designed and applied in the pilot hot rolling plant of the industrial
partners, in order to test different strategies applicable on an industrial production line. Three hot
deformation schedules (HOT, MIXED, and COLD) coupled with coiling at two different temper-
atures (500 and 650 ◦C) were applied, giving a total of six rolling schedules. These different hot
rolling strategies were described in Chapter 3 (see part 3.4.1 and Figure 3.17).

The mechanical properties of the steel plates obtained at the end of these hot rolling schedules
were characterized by tensile and hole expansion tests. These mechanical tests were completed
by the characterization of the microstructure of selected steel plates, in order to understand
the relationships between hot rolling parameters, microstructures and mechanical properties.

As one of the final goal of the project is to demonstrate the industrial feasibility of the designed
steels, one grade was selected for final tests on the SZMF industrial production line. The SZMF1C
grade showed the best compromise of mechanical properties: the target utimate tensile strength
of 800 MPa was fulfilled for all hot rolling schedules and reasonable hole expansion ratios (50 to
60 %) were obtained for two particular schedules. The chapter 3 mainly focuses on the description
of the relationships between hot rolling parameters and obtained microstructure and mechanical
properties on SZMF1C steel. Thus, SZMF1C was selected for the final industrial tests.
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A.3 Final industrial tests

For the final tests on the SZMF industrial production line, large quantities of materials (approxi-
mately 200 tons) were cast to generate several steel slabs. The pilot plant trials performed during
the second series of characterization allowed to select the most promising hot rolling strategies.
Since there was no indication that the hot rolling conditions used during pilot plant trials were
optimized, different hot rolling strategies were tested during these final industrial tests.

At the time of writing this manuscript, these final industrials tests have just been successfully
completed. Two industrially produced steel plates showed outstanding combinations of properties:
(i) The first one showed high UTS in the 900-950 MPa range, and reasonable hole expansion ratio

of approximately 50 %.
(ii) The second presented an UTS of approximately 850 MPa and an excellent hole expansion ratio

of 70 to 80 %, reaching the initial objectives of the project.
The end of the project will focus on the microstructural characterization of these two steel plates

and on advanced mechanical and industrial properties: fatigue, weldability, galvanization, etc.
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