N

N

Quantitative relationships between chemical
composition, microstructure and mechanical properties
for bainitic steels

Victor Bordereau

» To cite this version:

Victor Bordereau. Quantitative relationships between chemical composition, microstructure and me-
chanical properties for bainitic steels. Materials. Ecole Nationale Supérieure des Mines de Paris, 2015.
English. NNT: 2015ENMP0063 . tel-02892101v2

HAL Id: tel-02892101
https://pastel.hal.science/tel-02892101v2
Submitted on 8 Jul 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://pastel.hal.science/tel-02892101v2
https://hal.archives-ouvertes.fr

Parislech %

INSTITUT DES SCIENCES ET TECHNOLOGIES

PARIS INSTITUTE OF TECHNOLOGY M'NES
; Jech

Ecole doctorale n° 432 : Sciences des Métiers de I'Ingénieur

Doctorat ParisTech

THESE

pour obtenir le grade de docteur délivré par

I’Ecole nationale supérieure des mines de Paris

Spécialité Sciences et Génie des Matériaux

présentée et soutenue publiguement par

Victor BORDEREAU
le 26 mars 2015

Confidentiel jusqu’au 25 mars 2020

Relations quantitatives entre composition chimique, microstructure et
proprietés mécaniques d'aciers bainitiques

Quantitative relationships between chemical composition, microstructure and
mechanical properties for bainitic steels

Directrice de thése : Anne-Frangoise GOURGUES-LORENZON
Co-encadrement de la thése : Marie-Thérése PERROT-SIMONETTA, Kangying ZHU

T
Jury
M. Sébastien ALLAIN, Professeur, Institut Jean Lamour, Université de Lorraine Président H
Mme Sabine DENIS, Professeur, Institut Jean Lamour, Université de Lorraine Rapporteur
M. Sybrand VAN DER ZWAAG, Professeur, Aerospace Engineering, TU Delft Rapporteur E
M. Damien FABREGUE, Maitre de Conférences HDR, MATEIS, INSA Lyon Examinateur
Mme Marie-Thérese PERROT-SIMONETTA, Docteur, ArcelorMittal Europe Long Products Examinatrice S
Mme Anne-Francoise GOURGUES-LORENZON, Professeur, MINES ParisTech Examinatrice

=

MINES ParisTech
Centre des Matériaux — UMR CNRS 7633
B.P.87 - 91003 EVRY Cedex






AKNOWLEDGEMENT

Je commencerais ces remerciements par mes trois droles de dames :

Anne-Francgoise Gourgues-Lorenzon, Professeur a Mines ParisTech, pour tous ses
conseils judiceux, ses retours d’expérience, ses connaissances et sa disponibilité qui
m’ont permis d’avancer tout au long de cette thése. Elle est pour moi un example,
car elle méne de front une vie de famille bien chargée, des heures d’enseignement,
de la gestion de thése et de thésards tout en gardant une énergie et une positivité
incroyable.

Marie-Thérése Perrot-Simonetta, pour m’avoir choisi pour ce projet et m’avoir fait
confiance tout au long de la thése. Elle m’a apporté sa vision globale du sujet, avec
ses enjeux et ses perspectives industrielles.

Kangying Zhu, pour ses connaissances et ses idées. J'ai toujours pu compter sur elle
pour m’aider a réaliser les expériences les plus techniques de cette thése. Aussi, si
cette présente thése n’excéde pas les 500 pages, c’est beaucoup grace a elle. Vous
la remercierai aussi quand vous aurez eu le courage de la lire jusqu’au bout.

Je suis trés reconnaissant a Sabine Denis, professeur a I'Université de Lorraine, Sybrand
Van Der Zwaag, professeur a TU Delft, Sébastien Allain, professeur a I'Université de
Lorraine et Damien Fabregue, maitre de conférences a I'INSA de Lyon, d’avoir accepté
d’étre membre du jury de cette thése.

Un grand merci a :

Anne Laurent, technicienne du groupe Matériau et Mécanique (Centre des Matériaux
Mines ParisTech) pour sa gentillesse, sa disponibilité et son écoute (qualité
nécessaire pour toute personne travaillant avec des doctorants en derniére année de
thése). J'aime imaginer que beaucoup de thésard comme moi te réserve une place
particuliere dans leur ceceur.

Jean-Paul Weiler, technicien du service Forge et Traitement Thermique (centre R&D
ArcelorMittal de Gandrange), avec qui jai I'occasion de travailler et d’échanger a
plusieurs reprises. J'ai pu nottament compter sur son hospitalité a plusieurs reprises
durant cette thése.

Bruno Cofino, responsable du service Forge et Traitement Thermique (centre R&D
ArcelorMittal de Gandrange) qui m’a permi une intégration rapide au sein du
laboratoire de Gandrange au début ma these. Jai le plaisir aujourd’hui de
commencer ma carriere professionnelle dans son service.

Marie-Claire Estivalet-Sionneau, responsable du centre R&D ArcelorMittal de

Gandrange, pour la confiance qu’elle m’a accordée et son interret @ me garder dans
ses effectifs. J'espére que mes futurs travaux vous conforteront dans ces positions.



NOMENCLATURE

Je remercie :

e Toute I'équipe et les thésards du Centre des Matériaux pour leur sympathie et leur
amour de la science. J'ai une grosse pensée pour mes collégues de bureau, Franck,
Minghao, Alexandre et Mélanie.

o A toute I'équipe du centre R&D de Gandrange. J'ai énormément apprécié chaque
moment passé dans ce centre, grace a vous tous. La preuve, j’ai tenu a y rester.

Plus personnellement a:

. Mes parents, pour tout.

. Mes freres

. Ma femme, Eugénie Vince
. Mes amis.



CONTENTS

INTRODUGCTION . ..ttt e e e e e et ettt e e e e e e e et eebtbaa e e e e e aaeennnbnnnnns 1
O] 01 (=) PP PP PP PPPPPPPPPP 1
ODjJECtiVES & APPIOACKH ..o 2
MANUSCIIPE STTUCTUIE ... 3

CHAPTER 1 - LITERATURE SURVEY: INFLUENCE OF AUSTENITE STATE & ALLOYING

ELEMENTS ON THE BAINITIC TRANSFORMATION. .. ..ottt 7
1.1 BaiNite MICTOSIIUCTUIES. .....cciiiiiiiitiiiee e e ettt e e e e e e e e e r e e e e e e s e eeaeeas 8

1.1.1  Classifications of the various morphologies of bainite microstructures ............. 8
1.1.2  The different scales of the bainitic MICroStructures .............ccccceeeeviviiiiviieneeenn. 13
1.2  Effect of major alloying elements on the austenite decomposition into bainite........ 13
1.2, 1 GIODAI VIEW ittt e e e e e s 14
1.2.1.a Effect on equilibrium and non-equilibrium diagrams .............cccccoeeeeeeieennniinnnn, 14
1.2.1.b The incomplete transformation phenomenon ..., 15
1.2.1.c Precipitation DENAVIOUT ...........ouuiiiii e aaaaes 16
1.2.2  Specific role of manganese as alloying element...............cccccvvvviiiiiiiiiiiiiiinnnn. 16
1.2.2.a Manganese in solid SOIUtION ...........ccoeiiiiiiiiiii e 16
1.2.2.b Manganese in PreCipitates ......cooeeeeeeeeeeee e 17
1.2.3  Specific role of silicon as alloying element..............ccoooiiiiiiiiieeecieceee e, 18
1.2.4  Specific role of chromium as alloying element................cuvviiiiiiiiiiiiiiiiiiiiii. 20
1.2.5 Specific role of nickel as alloying element............cccoooiiiiiiiiiiii e, 21
1.3 Effect of micro-alloying €leMENtS .......cccoooiiiiiiiiiiii e 23
1.3.1 Role of boron as micro-alloying element................uuuuiueiiiiiiiiiiiiiiiiiiiii. 23
R I =T o = o o] (oo SRR 23
1.3.1.b Mechanism of boron-induced hardenability ..., 24
1.3.1.c Avoiding precipitation of boron carbo-nitrides.............ccoeiiiiiiiiiiiiiii s 26
1.3.2 Role of niobium as micro-alloying element..................uuuuuiiimiiiiiiiiiiiiiiiii. 28
1.3.2.a Effect of niobium in solid SOIULION .........ccooeeiiieee 28
1.3.2.b Effect of niobium in precipitates ..., 30
1.3.3 Role of molybdenum as micro-alloying element...............ooiiiiiiiiiiiiie e, 31
1.3.3.a Effect of molybdenum in solid SOIUtiON ..., 32
1.3.3.b Effect of molybdenum in precipitates............ccoooovviiiiiiiiiii e, 34
1.3.3 Role of titanium as micro-alloying element...................uuuiiiiiiiiiiiiiiiiiiie 35

\Y



CONTENTS

1.3.3.a Effect of titanium in solid SOIULION .........ccooeeiieeee e 35
1.3.3.b Effect of titanium in precipitates ..............iieiii e 36
1.4 Influence of the austenite state on its decomposition during cooling ................cccee.... 38
1.4.1 Influence of the primary austenite grain size on the austenite decomposition....... 38
1.4.1a Effect on the ferritic transformation...............oooooie 38
1.4.1.b Effect on the bainitic transformation .............cccccoiiiiiiiiii 38
1.4.1.c Effect on the martensitic transformation ..., 41
1.4.2 Influence of prior deformation ..............oeiii e 41
1.5 CONCIUSIONS ... 42
CHAPTER 2 - MATERIALS ...t e et e et e e e e eneans 44
2.1 Reference MaterialS...........uuiiiiiiiiiiiii e 45
2.1.1 Chemical composition and metallurgical States ..............ccccouuiiiiiiiiiiiiiiiiiiiiiiiene 45
2.1.2 Segregations & INCIUSIONS ..........ouiiiiiiii e e et e e e e eennees 45
2.1.2.a Banded StrUCTUIE...........coiiiiiiiiiii 45
2.1.2.b Characterization of coarser niobium-titanium carbo-nitrides...............c.......... 49
2.1.3 Determination of the non-recrystallization temperature............ccccceevvvieeeeeeeereennnn, 51
2.2 LabOoratory NEALS ......cevviiiiiiiiiiiiiiie ettt 52
2.2.1 Design of chemical COMPOSILIONS.......ccoeiiiiiiiiiiiie e 52
2.2.2 As-received state and pre-forging OPErations ...................eeeeeeeeemmemmemmennnnennennnennne. 54
P2 3 o T (o 1 Vo SRR 54
2.3.1 ON-field MEASUIEIMEINTS .......uuiiiiiiiiiiiiiiii bbb neeeenene 54
2.3.1.a Preparation ...........ciei e 54
2.3.1.b On-field MeasUIremMENTS..........ccoiviiiiiiii 57
2.3.L.C RESUIS ..o 57
2.3.2 In bulk temperature CalCulation ...............oooiiiiiiiiiii e 59
2.3.3 Setting of the cooling rates considered for the forged laboratory heats................ 62
2.4 Overview of available MICrOStrUCIUIES............covvviiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 62
2.4.1 Identification of microstructural constituents from SEM observations................... 62
2.4.2 LM quantification of the primary austenite grain Size ...........cccvvveeeiiiiiiiieeeeeeeenns 66
2.4.3 Quantification of microstructural CONStitUENt ..............coovvviiieii i, 68
2.4, 4 PreCiPItAtION. ...t e e et e e e e e e eaaea e e e eaeeennee 72
A I =T o U 1= (o ) o SR 74
2.6 CONCIUSIONS ...ttt ettt e e e e e e e e et e e e e e e r e e e e e e e e e 75
CHAPTER 3 - EFFECT OF ALLOYING ELEMENTS ON CONTINUOUS COOLING
TRANSFORMATION DIAGRAM ...ttt eaeeeneees 77

Vi



CONTENTS

3.1 Conditioning of the primary austenite State ..............cevviviviiiiiiiiiiiiiiiiiieeeeeeeeeeeeee e 78
3.1.1 Experimental MEthOAS..........oouuiiiiiii e 78
3.1 1.@ MALEHIAIS et 78
3.1.1.b Parameters of dilatometric CYCIES.........eiiiiiiiiiicci e 79
3.1.1.c Processing of dilatOMELriC CUIVES .........ccevviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e 80
3.1.1.d Microstructural CharaCterization...............cooouuiiiiiiieeieiiir e 82

B L2 RESUILS ..o 82
3.L.3 CONCIUSIONS ...ttt e e e e e e e e e e e e 84
3.2 Continuous cooling transformation diagrams ............eeeveviiiiiiiiiiiiiiiiiiieeeeeeeeeee e 84
3.2.1 Experimental Methods ..o 84
3.2.1.a DIlatoOmEtriC CYCIES ... i 84
3.2.1.b Microstructural characterization.................uuevviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeee 85
BL2.2 RESUILS .ttt e e e e 86
3.2.2.a Typical dilatOmMEetriC FESPONSE .......cvviiiiiiiiiiiiiiiiiiiiee ettt 86
3.2.2.b Definition of microstructural dOMaiNS ...........ccuvvviiiieeiiiiiii e 88
3.2.2.c Variation of the retained austenite content through the different domains..... 92
3.2.3 DISCUSSION ..ttt ettt ettt e e e e ettt e e e e e e b e e e e e e e e e 95
3.2.3.a Comparison with as-forged miCroStruCtures ..........ccccoeeevivviiiiiieee e eeeeceeivnnnn 95
3.2.3.b Influence of the micro-alloying elements ..., 99
3.2.3.c Influence of ChroMIUM .........cooiiiiiii e 103
3.2.3.d Influence of NICKE! ..........ooviiiiiiiiiiiiiii e 107
3.2.3.e Influence of silicon and ManNganese ..............ooeuuiiiiiiieeeeiieceee e 107
3.2.2.f Empirical calculation of the bainitic start temperature............cccccvvvvvvvivereennn. 112

3.3 Final remarks, concluSions & OULIOOKS .......coeuiieiee e 113
CHAPTER 4 — PHYSICAL PHENOMENA AND MICROSTRUCTURAL PARAMETERS THAT
CONTROL IMPACT TOUGHNESS ... .ottt e et e et e e eaaaaneaeee 116
4.1 Experimental MEtNOAS .......... e et e e e e e aanees 117
4.2 RESUILS.... et e et e e e e e e et e ettt e e e e e e e e e e ettt e e e e aaeeeatat i aaaaaeeaanrre 119
4.2.1 Charpy impact teSt reSUILS .....oeeeiiii e e e 119
4.2.2 Fracture MeChaNiSIMS .......ccoiiiiiiiiee e e e e e 120
4.2.3 Damage deVelOPMENT .......oooi e e et e e 125
4.2.4 Effective PACKEL SIZE.......coooeeeeeeeeeeeeeeeee 127
4.2.5 Secondary microstructural constituent and austenite.............cccccceeiiiieieeiiiiiiinnnnn. 131
4.3 DISCUSSION ...ttt ettt e e e e ettt e e e e e e ekttt e e e e e e e eaeeas 133
4.3.1 Calculation of impact toughness from quantitative data..................ccoeeeeeeeeeeeeeenn. 133
4.3.2 Cleavage fracture Path .........ooouiuiiiii e 135



CONTENTS

4.4 CoNClUSIONS & OULIOOKS ........ueiiiiiiiiiiiiiiiiiiiii e 136
CHAPTER 5 - MICROSTRUCTURAL PARAMETERS THAT CONTROL STRENGTH ...... 138
5.1 Overall tensile DENAVIOUN ............covviiiiiiiiiiiiiiiiiiieeeee e 139
5.1.1 Experimental MethOdS.........ccooiiiiiiiiie e e e e aaaees 139
5.1.2 RESUIES .. 140
5.1.3 Relationship between average hardness and strength level ......................oooonn. 144
5.1.4 Relationship between impact toughness and ductility in uniaxial tension ............ 146
5.1.5 Fracture MeCh@aniSMS ..........uuuiiiiiiiiiiiii e 148
5.1.6 Damage MECNANISIMS .. ..uui i i e ee et e e e et s s e e e e e e e arat e e e e eeaeeaannes 153
5.1.6.a Light miCroSCOPY ODSEIVALIONS .........cccvviiiiiiiiiiiiiieeeeeee e 153
5.1.6.b Scanning electron microscopy observation ............ccccceeiiieiiiiiiiiiiien e 153

5.2 Rationalization of the links between microstructure and yield strength...................... 157
5.2.1 Solid solution StrengtheniNg...........vuiiiiii i e aaaees 158
5.2.1.8 PriNCIPIE ..o 158
5.2.1.b Mathematical deSCriptioN............cooviiiiiiiiiii 159
5.2.1.c Data for CalCUIRLION...........coiiiiiiiiiiieee e 159
5.2.1.d Coefficients available from literature ............cccccciiiii 160
5.2.1.e Coefficients for CalCUIAtION .............oooiiiiiiiiiiiiiiiiii e 161
5.2.2 Strengthening from DOUNAIIES...........uuuuuiiiiiiiiiiiiiiii e 162
5.2. 2.8 PrINCIPIE ... e a e 162
5.2.2.b Mathematical desSCription............coooiiiiiiiiiii 162
5.2.2.c Data and coefficients for calculation ...............ceeeveeiiiiiiiiiiieeeeen 163
5.2.3 Dislocation StreNGtNeNING ...........uuuuuuuiiiiiiiiiii e 165
5.2.3.8 PriNCIPIE ..o 165
5.2.3.b Mathematical deSCHPLION. ... . ...t e e e e e eeeeees 165
5.2.3.c Data and coefficients for calculation .............ccccccoviiiiiiiiiii 166
5.2.4 Precipitation Strengthening .........co.uuiiii oo e e e eeeees 167
5.2.4.@ PriNCIPIE ..o 167
5.2.4.b Mathematical deSCHPLION. ... .. ..t eeeeeeeees 169
5.2.4.c Data and coefficients for calculation .............ccccccoviiiiiiiiii 169
5.2.5 BaSE SrENGIN . ... e eaaee 171
5.2.6 Contribution of the secondary microstructural constituents.............ccccooeeeeeveeennns 171
5.2.6.8 PrINCIPIE ... e e a e 171
5.2.6.b Data & coefficients for calculation ..............cccccvvviiiiiii 173
5.2.7 Global CalCUIRLION ......ccceiiiiiiie e 174



CONTENTS

5.2.7.a Coefficients for CAICUIALION ........ooeiieie e 174
IV A o T =T U1 TP 176
IV < 3 B LY o1 U 131 o ] o T 176

5.2.8.a Contribution of every strengthening mechanism to the total yield strength ...176

5.2.8.b Calculation of yield strength for reference steels...........ccccccvvvviiiiiiiiiiinnnnnn. 181
5.2.8.c Comparison between as-rolled and as-forged reference steel...................... 181
5.2.8.d Comparison between as-forged reference steel and as-forged laboratory heats
................................................................................................................................ 182
5.2.8.e Ways for simplifications of the calculation ..............cccccovviiiiiiiiiii 182

5.3 CoNCIUSION & OULIOOKS.......cuiiiiiiiiiiiii et 184
CONCLUSIONS & OUTLOOKS ...ttt ettt e et eeeeaae e e eeeaaeaeees 189
Achievement of the general objectives of the study ..., 189
Evaluation of the microstructural robustness of this steel family.............ccccooooooiiinnnn. 190
Key microstructural parameters controlling mechanical properties.............ccccoeeeeeeeeeeen. 190
1. The bainitic ferrite PACKEL SIZE ........cooiiieiieee e 192
1.1 Control Of the PAGS ... 192

1.2 Control of the austenite decomposition into bainite ...........c...ocooeiiiiiiiiiineeenniiinnn, 192

2. The fraction of hard secondary microstructural constituent..............cccccceeeeeeeeeeneinnns 193
3. Retained QUSTENITE .....cooeeeeeeeee e 194
APPENDIX A - MICROSTRUCTURAL CHARACTERIZATION METHODS............cccevvunn.e. 195
A.l Quantification of the fraction of microstructural constituents ............ccccceeveeeerrieevennnnnn. 195
A.l.1 Quantification using light MICTOSCOPY ....cuvvvuiiiiiiiiiieicce e 195
ALLL8 ELCNING TESES ...ttt e 195
ALLLD Pre-PrOCESSING ....uuuuuuuuuutuiiiutetttituettaeteaaaaaaesaseeebee bbb seeeebeeebbsbesebeseeneenenennnene 198
N I A o o {0 Tod == o o R 200
A.1.1.d Limit of this qUaNTIfICAtION ..............uuueiuieiiiiiiiiiiiiiiii e 202
A.l.1.e Special case of allotriomorphic ferrite ... 204
A.l.1.f Special case of martensite-rich miCroStruCtures................cuuvvvvveeimiiiieniinnnnnnn. 205
A.1.2 Quantification using electron backscatter diffraction..............cccccceeiiiiiiiiiiinnn. 206
A.l.2.a Sample preparation and EBSD data aCqUISItioN ..................eeveemeemeiieeeiiininnnn. 206
A.1.2.b Processing Of EBSD ata ........ccoeuuuuiiiiieeeiieeiiieee et 206
N I o LT U] £ PP 208
A.1.3 Quantification using scanning electron MICrOSCOPY ......cevveeeevvevriiiiiiiieeeee e 208
ALLB.8 PIOTOCOL ... 208
N I o T o o Yot T7] T o PSSP 209



CONTENTS

ALLB.C RESUILS. ... 210
A.l.4 Comparison of the results obtained from different quantification methods........... 210
A.ll Quantification of the austenite CONENL..............cooiiiiiiiiiii e 213
ALLLL LItEIratUr SUIVEY ..vvuueiiieeeee ettt s e e e e ettt ee s e e e e e e e e et e s s e e e e e e eaatt e e e e e e e e eeearenaanans 213
A.11.2 Quantification using X-ray diffraCtion ............coouvvviiiiiiiiiiiiieeeee 215
AL2.8 PIOtOCOI ...t 215
ALlL2.1D DAL PrOCESSING ... uuuuuuuunuiiiiiitteiieeeteeeessebeab bbb enssesessnsssnnnnnnnne 215
A.I1.3 Quantification USING SIGMAMETIY ........oovviiiiiii e 217
ALTL3.8 COMMUSSIONING ..ttt ssbeseeeneenenes 217
ALTL3.0 PrOTOCOL ... 217
A.ll.3.c Creation of a reference sample for the project’s steel grade ........................ 218

ALTL 3.0 PrOCESSING . ...ttt nnnne 220
A.ll.4 Benchmark measurements between sigmametry and X-Ray diffraction.............. 220
A.ll.4.a Experimental MEtNOAS ..........uuuiiiiiiiiiiiiiiiiiiiiii e 220
ALA.D RESUILS @Nd diSCUSSION .....evvviiieiiiiiiiiii ittt 221
ALTLA.C CONCIUSIONS ...ttt 222
A.lll Measurement of grain and Packet SIZE ..........ueeeiiiiiiiiiiiice e 222
A.lll.1 Measurement of the primary austenite grain Size ............cccevvviviiieieeeee e, 222
ALTLL.8 LItEIATUIE SUIVEY ......eiiiiiiiiiitiiiiiiitiiteiaseeeeesesssesesssess s 222
AL PIOtOCOI ...t e e 225
ATLL.C IMAYGE PrOCESSING ..vvvvvuueiinnnnnniiuneineeiaaaseaeeaasaaeebaebbeeeeebeeeeeeeesbeseeeseneeesnnnennene 225
A.lll.2 Measurement of the effective bainite packet Size€ ...........cccovvviiiiiiiiii i, 226
AT 2.8 PIOTOCOL ...ttt 226
AIL2.D Pre-proCeSSING . .cooveiiiiiiiei et e e e 227
AT 2.0 PrOCESSING ....ututttitiiiiiiiiitiiiatettteeeebebesse e 228
A.IV Precipitation characterization ... 228
A.IV.1 Carbon replica analySiS...........uoiiii i 228
N A - T 0] (T oo PP 228

N A I o o £ S ] {0 o] =11 o U 229
ALIV.L.C PIrOCESSING ...evtttuututiiiiiiiiiiiittetttiaseaesessssseeseessssss s ssbesseneeeenes 231
APPENDIX B — MACHINING PLAN ..ottt s et e e et e e eaeans 232
REFERENCES. . ... et e ettt e e e e et e e e et e e e e rb e e e ereaas 234



INTRODUCTION

Context

High-strength bainitic steels are increasingly being considered as substitutes to quenched &
tempered (Q&T) martensitic steels or precipitation hardened ferritic-pearlitic steels for the
realization of automotive forged parts. Figure 1 shows the achievable tensile strength
according to transformation temperatures for quenched & tempered martensitic, air-cooled
bainitic and ferritic-pearlitic steels.
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Figure 1: Schematic view of achievable tensile strength levels a function of the austenite decomposition temperature. After [1].

ArcelorMittal has developed since 2007 an air-cooled bainitic steel to compete with Q&T
martensitic steels. High mechanical properties (yield strength > 800 MPa, ultimate tensile
strength >1100 MPa, impact toughness > 20 J at room temperature) are provided by a
complex chemical composition, leading to a multi-scale and multi-constituent bainitic
microstructure after still air-cooling. This steel grade allows significant manufacturing cost
and time reductions as the realization of several post-forging thermo-mechanical treatments
is avoided, as shown in Figure 2.

In order to stay competitive and to anticipate the market trends and needs, the mechanical
properties of this steel grade are continuously being optimized and adapted by adjusting the
chemical composition. In this way, a better mastering of the design of such complex chemical
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composition (with more than eight major/minor alloying elements), by acquiring deeper
understanding of the effect of each alloying element on microstructure and mechanical
properties, should allow to significantly decrease response time to new evolving of this steel
grade.
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Figure 2: Process routes for forged parts (left: Q&T martensitic steels; right: air-cooled bainitic steels). After [1].

Objectives & Approach

This study is integrated in a project that aims at rationalizing the development of this air-
cooled bainitic steel family through:

¢ Understanding and quantitative physically-based modelling of the relationships between
chemical composition, microstructure and mechanical properties of forged parts,

e Modelling of metallurgical transformations during the thermal-mechanical route
undergone by the part during processing,

e Optimisation of the chemical composition in order to increase the steel grade
performance and/or to reduce production costs.

The present PhD study has been realized to reach the first objective of the project, the other
objectives being simultaneously addressed by the project team in ArcelorMittal Long Carbon
Europe R&D centre of Gandrange.

The PhD study has three main tasks that are detailed below:

1. Development of new methods or adaptation of existing ones for quantitative
microstructural characterization of air-cooled bainite in the targeted range of chemical
compositions and mechanical properties. These methods were selected according to
equipment and know-how that are available both at the Centre des Matériaux and at
ArcelorMittal. These methods are detailed in Appendix A.

2. Using these methods together with dilatometry to get better understanding of
microstructural development during the decomposition of austenite under non-
equilibrium conditions (i.e. continuous cooling). Specific dilatometric cycles were
applied in order to obtain continuous cooling transformations (CCT) diagrams
adapted to the targeted application.

3. Prediction of mechanical properties of forged parts from their microstructure:
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a. Mechanical tests (uniaxial tension and impact toughness)

b. Careful observation of tested specimens for the determination of the damage
and fracture mechanisms.

c. From quantitative characterization results, improving the understanding of
relationships between microstructure and mechanical properties.

Tasks two and three have been realized using as-forged laboratory heats. These laboratory
heats exhibit chemical variations of one or two alloying elements with respect to a reference
“‘base” chemical composition, which is close to the current chemical composition of the
reference steel grade. Two different geometries of forged parts have been chosen for each
chemical combination. They were fabricated by using a free-forging route. No direct links
have been established between chemical composition and mechanical properties as some
uncertainties emerge from the chosen forging process. However, direct links between
chemical composition and microstructure, as well as between microstructure and targeted
mechanical properties (yield strength and impact toughness), have been identified through
this PhD project.

The project has been conducted at the Centre des Matériaux (Mines ParisTech) in close
partnership with ArcelorMittal Long Carbon Europe R&D centre of Gandrange. Work time of
the PhD student in the two different facilities was 60%/40%. In addition, precious results
have been obtained at ArcelorMittal Flat Carbon Europe R&D centre of Maiziéres-lés-Metz.

Manuscript structure

The manuscript is organized as follows:

Chapter 1 is a literature survey on the influence of the austenite state and alloying elements
on the bainitic transformation and resulting microstructure. It starts with the different
classifications of bainitic microstructures that are commonly used in literature, in order to
discuss the microstructures observed in this study with respect to these classifications. The
phase transformation mechanism has not been discussed since it is still the subject of a lot of
debates in the scientific community and determination of it was judged not necessary to the
realization of the PhD objectives.

In the second part of this chapter, the influence of alloying elements on phase transformation
is first reviewed in a global approach. Then, the effect of each main alloying element is
reviewed in more detail, especially regarding the austenite decomposition into bainite. This
information has been used in chapter 2, to design the laboratory heats and in chapter 3, to
discuss the influence of alloying elements noticed from CCT diagrams.

Finally, the effects of the austenite state on the bainitic transformation are considered. Focus
is made on the austenite grain size. As the targeted process leads to fully recrystallized
austenite before final cooling, no effect coming from the austenite deformation is expected.
Information from this section has been used to discuss free-forging of laboratory heats
(chapter 2) and to design dilatometric cycles (chapter 3).

Chapter 2 is dedicated to the microstructural characterization of the materials used for this
study. It starts with the reference material in both as-rolled and as-forged states. Specific
microstructure features linked to the process, such as segregation structure and inclusion
population, are underlined. Then, chemical compositions of laboratory heats as well as
applied forging process are described and discussed. Forging has been monitored by on-
field measurements, which allows to gather information about the heat cycles and to point
out some uncertainties emerging from the chosen forging process. These uncertainties lead
to the segmentation of the link between chemical composition and mechanical properties as
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schematically described in Figure 3. Finally, an overview of the available microstructures is
presented in terms of primary austenite grain size, fractions of microstructural constituents
and precipitation state. These data have been used for Chapters 4 and 5, where links
between microstructure and mechanical properties are studied.

Impact
toughness

literature survey
chapter 1

Chemical free forging

composition
chapter 2

Microstructure
chapter 2

10 chemistries * 2 cooling

chapter 3 rates 20 combinations

dilatometry
adapted CCT diagrams

9 chemistries * 9 cooling rates

Tensile
strength &
behaviour

Figure 3: Approach to the link between chemical composition and mechanical properties applied in this PhD study.

The effect of alloying elements on the bainitic transformation during continuous cooling is
investigated in Chapter 3 using dilatometry experiments. Particular attention has been paid
to the conditioning of austenite in order to avoid any grain size or decarburization effects on
its decomposition. Dilatometric cycles have also been designed to build CCT diagrams
relevant to the targeted application. Following these dilatometric cycles, every considered
material exhibits some typical dilatometric responses depending on specific range of cooling
rates. The resulting microstructures have been classified into different microstructural
domains that are defined according to the fraction of microstructural constituents, hardness
and transformation temperatures. The variation of austenite content through the different
domains has also been investigated. Then, the effects of the various alloying elements are
discussed, using the obtained CCT diagrams and the relationships between microstructural
domains and cooling rates. The comparison between microstructures obtained after
continuous cooling (i.e. CCT diagrams) and after still air-cooling (i.e. free-forging) is also
made. It points out a noticeable effect of undercooling on the final microstructure.

Chapter 4 focuses on the physical phenomena and microstructural parameters that control
impact toughness. The physical phenomena have been determined thanks to a careful and
guantitative analysis of the fracture surface, together with damage investigations of the
tested specimens. The microstructural parameters playing the main role in each physical
phenomenon have been identified using data from microstructural quantification, together
with literature data. All these observations have been then rationalized into a post-mortem
relationship that fits with experimental results.

Chapter 5 is dedicated to physical phenomena and microstructural parameters that control

strength, and especially the yield strength. It starts with the study of the overall tensile
behaviour of every considered material, including tensile curves, fracture mechanisms and
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damage development mechanisms. By the way, relationships are established between
average hardness and strength level as well as between impact toughness and amount of
strain during necking. Then, using a classical additive approach, the contribution of each
strengthening mechanism to the yield strength is determined for all as-forged laboratory
heats. Such a calculation shows good agreement with the experimental results and
underlines microstructural features that govern yield strength.

In chapters 4 & 5, the behaviour of two states of a unique reference steel are compared with
that of as-forged laboratory heats.

To finish, a summary of obtained results is made in the conclusion, concentrating on the
targeted application by making indirect links between chemical composition and
microstructure. In the course of this final conclusion, some outlooks are also introduced,
presenting research subjects that might be investigated further in the future.
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CHAPTER 1 - LITERATURE SURVEY:
INFLUENCE OF AUSTENITE STATE &
ALLOYING ELEMENTS ON THE
BAINITIC TRANSFORMATION

Résumé : L’étude bibliographique réalisée dans ce chapitre traite de l'influence de I'état de
lausténite et des éléments d’alliage sur la transformation bainitique. Le mécanisme de
transformation bainitique en lui-méme n’est pas discuté car il est encore sujet a beaucoup de
débats dans la communauté scientifique et sa détermination n’était pas strictement
nécessaire a la réalisation de cette these.

Cette étude commence par lister les différentes classifications existantes concernant les
microstructures bainitigues qui sont fréguemment utilisées dans la littérature. Les
classifications proposées par Zajac et al. [6] et Bramfitt et Speer [10], trés complétes, seront
préférées par la suite pour nommer les microstructures rencontrées au cours de cette thése.

La seconde partie de cette étude bibliographique est dédiée a linfluence des éléments
d’alliage sur la transformation bainitique. Cette influence est premiérement observée dans
son ensemble, sans focalisation particuliére sur un élément d’alliage. Dans un deuxiéme
temps, linfluence spécifique de chaque élément d’alliage présent dans la composition de
'acier de référence pour cette thése est discutée séparément. Un tableau récapitulatif des
informations retenues a la fin de cette partie est donné en conclusion. Ces informations ont
permis d’établir les différentes compositions chimiques des coulées de synthése réalisées
pour cette thése. Elles permettront ensuite de discuter de l'effet des éléments d’alliage
observées sur les différents diagrammes TRC réalisés.

Finalement, l'influence de I'état de 'austénite sur sa décomposition en bainite est abordée.
Cette partie traite essentiellement de I'effet de la taille de grains car le procédé de mise en
forme utilisé méne a une austénite totalement recristallisée avant le refroidissement final.
Cette partie amenera par la suite des éléments de discussion sur le procédé de forgeage
libre utilisé pour les coulées de synthése, ainsi que sur les cycles thermiques réalisés en
dilatométrie.
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1.1 Bainite microstructures

The bainite transformation is the least clearly understood austenite decomposition reaction. It
exhibits both features of diffusive and displacive transformations. Numerous similarities with
martensite have led some authors to develop a “displacive approach” for bainite
transformation [2;3]. On the opposite, the kinetic similarities with Widmanstétten ferrite have
led other authors to develop a “diffusive approach” for bainite transformation [4;5]. It seems
also possible that iron passes from the face-centred cubic (fcc) structure of austenite to the
bcc structure of the bainitic ferrite by a displacive mechanism but the Kkinetics of
transformation is limited by the diffusion of carbon in austenite. As the deep understanding of
the bainitic transformation is not the focus of this PhD project, no experiment has been
realized in order to support one or another proposed mechanism.

Bainite has been generally considered as a generic word to name all microstructures coming
from continuous cooling or isothermal holding that are observed between ferrite and
martensite domains in Fe-C-X alloys. The result is the existence of numerous and varied
microstructures called bainite, which has certainly not helped understanding of its
transformation mechanism or establishing quantitative links between microstructural
parameters and mechanical properties. To overcome this issue, numerous works have
emerged in the literature with the aim to classify all microstructures referenced as bainite
[3;6-8].

Nowadays, it has become primordial, when talking about bainite, to describe which kind of
bainite is under consideration, and to use, if possible, a known and approved classification. It
informs that the results of a research work may be relevant to this specific microstructure and
not necessarily to other bainitic microstructures. As such, the first work that has been
realized in this PhD project is a short review of the different classifications of bainite
microstructure and the choice of the most relevant one as a framework for the present study.

1.1.1 Classifications of the various morphologies of bainite microstructures

Bainite microstructure varies with cooling conditions and alloy composition. It is common to
make a distinction between “upper’ and “lower” bainite as illustrated in Figure 4. Upper
bainite is formed at higher temperatures (near but below the bainite start temperature, By)
than lower bainite, which is formed at lower temperatures (near but above the martensite
start temperature, Ms). Upper bainite is constituted of bainitic ferrite laths, separated by iron
carbides and/or residual phases which can be untransformed austenite or martensite.
Carbides can appear as continuous layers, semi-continuous layers or particle arrays. The
precipitation of carbides is a secondary process, not essential to the mechanism of formation
of bainitic ferrite. Lower bainite contains an additional fine intra-lath dispersion of plate-like
carbides sharing the same crystallographic variant. The slower diffusion associated with the
reduced transformation temperature provides an opportunity for some of the carbon to
precipitate within the supersaturated bainitic ferrite. Bainitic ferrite in lower bainite can also
be plate-like shaped instead of lath-like shaped.

However, in this classification established by Mehl between upper and lower bainite, there is
some possibility that degenerated pearlite, in which fine cementite platelets also precipitate
with a given morphological orientation, can be misleadingly identified as lower bainite.
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Carbon supersaturated plate
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Figure 4: Schematic representation of the transition from upper to lower bainite. After [9].

Ohmori and Maki [3] established a classification by considering the ferrite morphology after
isothermal transformation at various temperatures. They defined upper bainite as lath-like
ferrite and lower bainite as plate-like ferrite. The morphology of bainite would change from
lath-like to plate-like by increasing the average carbon content. In addition, they divided
upper bainite into three categories: B-I, B-Il and B-III, as follows:

¢ B-I: bainite formed without any carbide precipitation between bainitic ferrite laths. This
kind of structure may be found in low alloy steels and high Si steels. The temperature
range of such bainite transformation generally runs from Bs down to 550°C depending
on steel chemistry.

o B-ll: for temperatures between 550°C and about 450°C, cementite layers mainly form
between bainitic ferrite laths. This is the equivalent of the upper bainite structure
according to Mehl’s definition.

o B-lll: between 450°C and 350°C (or Ms for low carbon steels), fine cementite platelets
aligned along specific crystallographic planes precipitate within the bainitic ferrite laths.

At the same time, Bramfitt and Speer [6] realized a more comprehensive classification,
based on commercial continuously cooled steels, clearly including every acicular-shaped
ferrite under the name “bainite”. Widmanstatten ferrite, acicular ferrite, upper and lower
bainite (Figure 5). Transformation mechanisms of such phases being not clearly understood
and due to the difficulties to distinguish them, the authors claimed that this simple
classification has been realised for industrial use. In addition to the three main classes of
bainite (B1, B, and Bs), superscripts are used to define the appropriate micro-constituents
associated with each microstructure when such information is available. Lower bainite is
classified as Bf (or BY), upper bainite (according to Mehl's definition) as B and most of the
existing granular bainites as By"*. Granular bainite is thus considered as a lath-like
microstructure with the occurrence of discrete islands of secondary phases.

9
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AUSTENITE
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Figure 5: The classification system for bainite proposed by Bramfit and Speer [6].

More recently, Zajac et al. [10] proposed a new classification for bainite, based on the
distribution of misorientation angles of the bainitic ferrite grain boundaries and on the nature
of residual phases. The name “bainite” refers to lath-like or plate-like bainitic ferrite (here, the
distinction between Widmanstétten ferrite, acicular ferrite, upper and lower bainite is made).

The authors distinguished five types of bainitic microstructures (Figure 7):

e Granular bainite (Figure 7a, also called quasi-polygonal ferrite) composed of irregular
ferrite grains/plates and a mix of degenerated pearlite, cementite, and fine mixture of
martensite and austenite (MA) islands. No cementite precipitation occurs in such

ferrite.

e Upper bainite (Figure 7b), according to Mehl’s definition, i.e. bainitic ferrite laths or
plates separated by cementite and residual phases which can be untransformed

austenite or martensite.

e Degenerated upper bainite or cementite-free upper bainite (Figure 7c), the same as
upper bainite but with MA islands instead of cementite between the bainitic ferrite laths
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or plates. This can be obtained in low-C steels using particular thermo-mechanical
processing conditions, or in steels with a sufficient Si content to avoid cementite

precipitation.

Lower bainite (Figure 7d), similar to that defined by Mehl, with cementite particles
between and within bainitic ferrite plates or laths. Silicon can avoid the precipitation of
cementite between the plates of bainitic ferrite, but is less efficient in retarding the
precipitation of cementite from ferrite plates at low temperature [11]. Therefore, the
formation of lower bainite cannot be inhibited in low-C high-Si steels.

Degenerated lower bainite (Figure 7e) containing MA particles within the plates or
laths of bainitic ferrite. This very particular microstructure was discovered in complex

Mo-Ni-Cu-Cr-B-bearing steels [10].

Moreover, Zajac et al. suggested a crystallographic criterion in order to distinguish granular,
upper and lower bainite microstructures from the distribution of misorientation angles of the
bainitic ferrite grain boundaries. Indeed, upper bainite presents a high fraction of low angle
boundaries (<15°) and few high angle boundaries (>50°), the opposite case being met for
lower bainite as illustrated in Figure 6. For granular bainite, the misorientation angles
distribution is wide with a broad maximum around 45° and a minor peak around 20° due to

the existence of a substructure.

&

Number

Fraction
Lower Bainite

v
.
I..l-".‘..

Granular Bainite

/ Upper Bainite

<|5°

Misorientation Angle
Figure 6: Distribution of misorientation angles for lower, upper and granular bainite. After [10].

Some authors have expressed reticence in the use of “granular bainite” terminology [2;12].
The first report of granular bainite emerged from the early 1950s, in the work of Habraken
and coworkers [13;14], and has become popular because many industrial heat-treatments
involve continuous cooling rather than isothermal transformation. Granular bainite is
supposed to only form in steels which have been cooled continuously and it cannot be
produced by isothermal transformation. The extent of transformation of austenite into
granular bainite depends on the undercooling below the Bs temperature [13;14].
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Figure 7: Field electron gun, scanning electron micrographs of (a) granular bainite in a 0.06%C boron-free steel (left) and a
0.045%C boron-bearing steel (right), (b) upper bainite in a boron-free steel, (c) degenerated upper bainite in a boron-bearing
steel, (d) lower bainite in a boron-bearing steel, () degenerated lower bainite in a boron-bearing steel. After [10].
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These authors [2;12] assume that coarse ferrite plates/grains do not really exist. They are, in
fact, packets of bainitic ferrite with very thin regions of austenite between the sub-units
because of the low carbon content of the steels involved. Hence, on light microscopy (LM)
and scanning electron microscopy (SEM) scales, they give the appearance of coarse plates.
In fact, many of the original conclusions were reached from microstructural observations
which were not of sufficient spatial resolution to reveal the sub-structure within the packets of
bainite.

1.1.2 The different scales of the bainitic microstructures

The aggregates of plates or laths sharing a common crystallographic orientation are called
packets. The plates or laths, also called as sub-units, are not isolated from each other but
are connected in three dimensions [6]. Sub-units grow into laths (at higher temperatures) or
plates (at lower temperatures). Each lath or plate has its longest dimension along the close-
packed direction of the bainitic ferrite, which is closest to a close-packed direction of the
parent austenite. Plates or laths are frequently idealized in 3D as rhombus-shaped objects,
as reported in Figure 8.

Figure 8: The three-dimensional shapes of a plate and laths. After [2].

The packet is generally thicker near its nucleation site, which is usually located along an
austenite grain boundary. A packet, and thus a sub-unit, is known to never cross the
austenite grain boundaries. Nevertheless, for particular austenite grain misorientations,
bainite packets with close crystal orientations may grow on either side of an austenite grain
boundary, making that former boundary sometimes hard to distinguish by metallography. The
relative orientations of the bainitic ferrite and its parent austenite are always close to the
classical Kurdjumov-Sachs and Nishiyama-Wasserman relationships, so there is a “memory
effect” of the parent austenite [6]. A textured austenite can thus lead to a textured bainite.
This “memory effect” can allow reconstructing the prior austenite grain from the analysis of
the different crystallographic orientation variants exhibited by bainitic ferrite [15-17] (as
shown in appendix A-111-1) or the re-emerging of the prior austenite grain during heating from
retained austenite between bainitic ferrite [18-20].

1.2 Effect of major alloying elements on the austenite decomposition
into bainite

In this part, the effect of alloying elements on phase transformation is described in a global
view. Then the effect of each main alloying element is reviewed in more detail, especially
regarding the austenite decomposition into bainite, the principal findings being summarized
at the end of this Chapter. All chemical compositions are given in wt%.
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1.2.1 Global view

1.2.1.a Effect on equilibrium and non-equilibrium diagrams
Alloying element X in iron can influence binary Fe-X equilibrium diagrams in two ways:

¢ By expanding the austenite (y) field, and encouraging the formation of austenite over
wider compositional limits. Such elements are called y-stabilizers.

e By contracting the austenite field, and encouraging the formation of ferrite over wider
compositional limits. Such elements are called a-stabilizers.

Four shapes of austenite fields can be obtained in Fe-X equilibrium diagrams [21]:

e Type 1 (Figure 9a): Open austenite field. Such Fe-X equilibrium diagrams can be
obtained mainly by the addition of Mn and Ni. These alloying elements enlarge the
temperature range for stable austenite by depressing the a-y transformation
temperature and raising the y-0& transformation temperature. Sufficiently high
concentration in these alloying elements can even completely suppress the ferrite
occurrence, leading to fully austenitic microstructures at room temperature.

e Type 2 (Figure 9b): Expanded austenite field. C and N are the most important
elements in this group. The y—phase field is expanded, but its range of existence is
cut short by ordered precipitation of carbide or nitride, forming particular compounds
such as pearlite in the case of the Fe-C equilibrium diagram. It is important to notice
that austenite accepts much higher concentration than ferrite in carbon (up to 2.0 wt%
in austenite rather than 0.03% in ferrite) and in nitrogen (up to 2.8 wt% in austenite
rather than 0.015% in ferrite).

e Type 3 (Figure 9c): Closed austenite field. This kind of Fe-X diagram can be obtained
with the addition of Cr, Si, Mo, V, Ti, Al and P. In such binary diagrams, the austenite
field forms a loop. d-ferrite and a-ferrite phase fields can even merge when these
alloying elements are added in sufficient quantity.

e Type 4 (Figure 9d): Contracted austenite field. The y-loop is strongly contracted, but
is accompanied by compound formation. B and Nb are the most important elements
of this group.

When coming to transformation out of equilibrium conditions, these features stay relevant.

Time Transformation Temperature (TTT) and Continuous Cooling Transformation (CCT)
diagrams of low-alloy steels classically exhibit two transformation noses, corresponding to
the ferrite/pearlite and bainite/martensite fields. They may be separated, or not, by a “bay”
whose width depends on alloying elements.

Alloying elements that are only partitioned between austenite, ferrite and cementite without
any other precipitate, such as Mn and Ni, generally speed up or slow down austenite
decomposition (affecting austenite decomposition start temperature Arz, austenite
decomposition end temperature Ar; and transformation kinetics) according to their y-
stabilizing or a-stabilizing character, respectively. Silicon is a particular case as it delays
cementite precipitation, so it tends to speed up austenite decomposition into ferrite but to
slow down the austenite decomposition into bainite and pearlite as discussed later in this
chapter. Carbide-forming elements (e.g., Cr, Mo, Nb, V, etc.) can influence the austenite
decomposition differently at different temperatures. The addition of such alloying elements
can reveal a well-defined bay between the two fields (ferrite/pearlite and bainite/martensite)
leading to the occurrence of a temperature range within which the austenite is metastable
[22].
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Figure 9: Classification of iron alloy phase diagrams; (a) open, (b) expanded, (c) closed and (d) contracted austenite—field. M:
Melt, C: carbide or nitride. After [21].

1.2.1.b The incomplete transformation phenomenon

Focusing now on the bainitic transformation only, alloying elements may increase the so-
called incomplete transformation phenomenon. According to Hehemann et al. [23], “the
incomplete transformation phenomenon is the cessation of transformation of austenite to
ferrite at a fraction transformed significantly less than that allowed by application of the Lever
rule of the a+y region or its metastable equilibrium extrapolation to temperatures below that
of the eutectoid”. This phenomenon has been explained slightly differently according to the
two proposed mechanisms for bainitic transformation.

For the “displacive” theory, Zener [24] explains the occurrence of this phenomenon as
follows: bainite can only be formed below the line of equal Gibbs energy (T, line), where
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thermodynamics allows ferrite to inherit all the carbon of the parent austenite by partitionless
growth. Due to carbon enrichment of austenite, as carbon moves away from bainitic ferrite,
the carbon content in austenite reaches a value greater than the one allowed by the T, line
that automatically stops the transformation. Le Houillier et al. [25] later proposed that the T,
line should be calculated with an additional term for ferrite due to strain energy. This
additional energy was taken into account by Bhadeshia and Edmonds [26] to calculate a new
equilibrium line called Ty'.

For the “diffusive” theory, carbon is partitioned between bainitic ferrite and austenite as
bainitic ferrite grows. So, bainitic ferrite grows with low carbon content. It is admitted that
there is a carbon content for austenite above which acicular ferrite, Widmanstéatten ferrite and
bainite cannot grow. This limit, first evaluated by Hillert et al. [27], is called WBs and varies
with temperature.

The maximum allowed amount of transformation into bainitic ferrite can be increased by
adjusting the T’ or WB;s curves to higher carbon concentration with the use of substitutional
solutes and by controlling the mean carbon content.

1.2.1.c Precipitation behaviour

Alloying elements that have higher affinity than iron with oxygen (such as Al, Ti and V) might
form oxides in liquid iron (such as Al,Os, TiO, and V,0s5). Commonly added at the very end of
the steelmaking process, such elements deoxidize the steel by removing oxygen from the
melt. However, a part of the resulting oxides might not have enough time to agglomerate or
to pass to slag. As a result, they could be retained in the solid steel as non-metal inclusions
[28]. Similar situation can be encountered with alloying elements that have higher affinity
than iron with nitrogen and sulphur (Ti and Mn, both known to have a strong tendency to
form TiN and MnS particles during the steelmaking process). In addition of being potentially
detrimental to steel ductility [29-31], such inclusions may have an impact on the austenite
decomposition, as they slightly decrease the solid solution content of the inclusion former
alloying element, and may act as nucleation sites for ferrite or acicular ferrite [32;33].

Strong carbo-nitride formers such as Ti, Nb, V, Mo and Cr can be found in solid solution or in
different kinds of carbo-nitride particles (iron carbides, carbo-nitrides, pure carbides or pure
nitrides) according to the carbon content of the steel, presence of other carbide-forming
elements, cooling path from high temperature and presence of carbide inhibiters. The cooling
path considered in the present study (relatively slow air-cooling) may not suppress
precipitation. However, the high amount of both carbide forming and carbide inhibiting
elements, combined with low carbon content may lead to noticeable amounts of Ti, Nb, Mo
and Cr that remain in solid solution. This is especially true for Mo and Cr that are less
stronger carbide forming elements than Ti and Nb.

Moreover, due to the specificity of the bainitic transformation, less carbon is available in
ferrite to form precipitates, as it is rejected into austenite during the transformation. Carbides
expected to start precipitating at a temperature lower than Bs might be avoided. On the other
hand, carbides that precipitate prior to austenite decomposition into bainite might accelerate
the transformation kinetics and increase the transformation extent (as global carbon content
in austenite decreases).

1.2.2 Specific role of manganese as alloying element

1.2.2.a Manganese in solid solution

An increase in Mn content lowers the Ar; temperature [34;35] to such extent that Mn can
strongly delay or even suppress the austenite to ferrite transformation [36;37] due to solute
drag effect and solute drag like effect caused by segregation at austenite grain boundaries
and interphase boundaries [38;39]. The solute drag phenomenon is the retardation of
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boundary motion by a substitutional solute element. The solute drag-like effect is the
interaction between substitutional and interstitial elements, which affects both interface
concentrations and the near-interface concentration gradient of each element. Thus, in CCT
diagrams, the transformation range of bainite can be separated from that of ferrite when the
manganese content approaches a certain level (depending on the steel chemical
composition).

Usui et al. [40] have experimentally shown the strong influence of Mn content on the critical
C content of austenite for 1.5Si steels. The critical carbon content of austenite is the value
required to stop the transformation of austenite into bainitic ferrite as explained earlier in this
part. Thus, addition of Mn clearly favours the incomplete transformation phenomenon. Later
measurements [41] on 0.2C steels containing various Si contents for 1.5Mn and various Mn
content for 1.5Si, have shown that the effect of Si on the critical carbon content of austenite
is negligible up to 2% compared to the strong effect of Mn (Figure 10).
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Figure 10: a) Carbon content of retained austenite as a function of the Mn content at 1.5 wt% Si and at two temperatures from
Sugimoto et al [41]. Measurements are compared to Ty’ and WBg line for the two temperatures [27]. b) The same as a) but as a
function of the Si content for 1.5 wt% Mn. x=450°C ¢=350°C.

The continuous cooling transformation (CCT) behaviour of high strength micro-alloyed steels
(0.08C-0.18M0-0.035Nb-0.014Ti) containing two different levels of Mn+Si additions has been
investigated by Manohar and Chandra [42] in undeformed and deformed conditions. For
equivalent deformation state of austenite, the Ar; temperature and the transformation kinetics
are lower in high Mn-Si steel (1.55Mn, 0.41Si) compared to the low Mn-Si steel (1.08Mn,
0.09Si) for all cooling rates. The bainitic structure, in this case granular bainite, becomes
dominant in deformed high Mn-Si steel at a cooling rate higher than about 10°C/s whereas it
needs at least 30°C/s for low Mn-Si steel. Indeed, polygonal ferrite continues to form at
cooling rates as high as 30°C/s in the latter one.

1.2.2.b Manganese in precipitates

Manganese is a strong sulphide former. MnS is the most well-known and widely used
compound for machinability improvement in steels [43]. After rolling, MnS precipitates are
elongated along the rolling direction and can affect the toughness of the steel.

The aluminium content affects the shape of MnS patrticles, which in turn has a significant
effect on ductility [44]. Manganese sulphides with a globular shape (type | of Figure 11) are
characteristic for steel containing relatively high oxygen contents. Addition of small amounts
of aluminium, such that the steel is partially deoxidised, gives rise to films or envelopes of
manganese sulphides (type Il of Figure 11) at the austenite grain boundaries. Films or
envelopes decrease the ductility of the cast steel significantly.
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Figure 11: Morphology of manganese sulphides depending on steel composition: (a) globular (type 1), (b) enveloped (type II).
After [45].

Hilty and Farrell [46] experimentally showed that modification of angular and cluster-type
aluminium oxide inclusions into globular, low melting point inclusions was more efficient
when calcium was added instead of rare earth elements. This last point is applicable for
manganese sulphides, calcium being massively used today to control their shape.

1.2.3 Specific role of silicon as alloying element

It has been shown that an addition of Si raises the activity of carbon in austenite promoting
its transformation into pro-eutectoid ferrite [47;48]. The increase in Ar; with increasing the Si
content is more pronounced in undeformed conditions. Cai et al. [49] proposed two
arguments to account for this phenomenon:

e Deformation of austenite enhances its transformation into ferrite due to the increase
in density of nucleation sites. This effect on Arsis higher than that of Si.

e Si enhances the segregation of Mn at austenite grain boundaries due to its negative
interaction coefficient with carbon, slowing down the transformation kinetics of
austenite due to an inverse solute drag effect [38]. The addition of Si makes the
solute drag-like effect of Mn more obvious under the deformed condition in contrast to
the undeformed condition [42;50;51].

The addition of Si reduces the driving force for cementite nucleation. Indeed, Si hinders
precipitation and diffusion-controlled growth of carbides by forming a Si-enriched layer
around precipitate nuclei [52]. Therefore austenite gets enriched in carbon which reduces the
driving force for sympathetic nucleation during the bainitic transformation. As a consequence,
addition of Si slows down the overall bainitic transformation kinetics and enhances the
incomplete transformation phenomenon. High Si contents may lead to the occurrence of
carbide-free bainite (or degenerated upper bainite/granular bainite) instead of classical upper
bainite with cementite films. In such a case, no cementite precipitation is observed between
bainitic ferrite laths [38;49;53-57]. The amount of silicon necessary to produce cementite-free
bainite might decrease with increasing content of austenite stabilizing elements and/or
decreasing carbon content.

Cai et al. [49] have investigated the effect of two different silicon contents in a 0.08C-0.97Mn
steel. The segregation of Si and Mn at austenite grain boundaries has been studied by
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transmission electron microscopy (TEM) combined with X-ray energy dispersive analysis
(EDX) in samples deformed (at 850°C with a true strain of 0.4) and then cooled at 40 °C/s for
both steels. Their results are summarized in Table 1. As previously stated, the higher the Si
content, the higher the segregation level of Mn at grain boundaries.

steel; (b) Deformed low Si steel; (c) Undeformed high Si steel; (d) Deformed high Si steel. After [49].

Grade Si Sigs Mn Mngg
low Si 0.5 0.27 0.97 0.98
High Si 1.35 0.29 0.97 1.25
Table 1: Si and Mn contents (wt%) at the austenite grain boundaries (GB subscripts) compared to the initial bulk content. After
[49].

As shown in Figure 12, in the low Si steel (0.5wt%), high cooling rates promote upper bainite
as predominant non-ferrite microstructure in undeformed and deformed samples, whereas
the high Si steel (1.35wt%) exhibits granular bainite i.e. martensite-austenite islands evenly
distributed in a bainitic ferrite matrix.

The overall kinetics of isothermal decomposition of austenite at intermediate temperatures
and the obtained microstructures were investigated by Liu and Zhang [38] in 0.12/0.16C-
0.11/0.32Ti, 0.14C-0.11Ti-0.62Si, 0.14C-0.10Ti-1.96Mn, and 0.148C-0.10Ti-2.03Mn-0.40Si
steels. The rate of austenite decomposition is lower and the precipitation of carbide is
inhibited in these Ti-containing steel by addition of Si, Mn, or Si+Mn. In addition to bainite
and degenerate ferrite plates, a large amount of granular structure consisting of martensite
and retained austenite is observed in these alloys if the isothermal reaction time is not long
enough to get complete decomposition of austenite. It is suggested that the inhibiting effect
of Si on carbide precipitation, segregation of Mn to aly interfaces and enhancement of
segregation of these elements by the interaction of Mn with Si lead to such results.
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1.2.4 Specific role of chromium as alloying element

Suzuki et al. [58] studied the effects of Si and Cr contents on bainite microstructure of
medium carbon steels (0.6C, 0.2 to 2.0Si, 0.75Mn and 0.15 to 0.70Cr) after isothermal
transformation in a temperature range from 300°C to 500°C. For the authors, the mechanism
of suppressing carbide formation by Cr addition is different from, and less effective than the
one by Si. Cementite is stabilised but its growth is retarded by the partitioning effect of Cr
between cementite and respectively ferrite or austenite. However, retardation of cementite
growth induces a higher carbon concentration in austenite leading to an increase in the
incomplete transformation phenomenon. The formation of retained austenite seems to be
promoted by the decrease in martensite end transformation temperature (Mg) resulting from
the increase in Cr and C contents. The retained austenite fraction decreases as the fraction
of pearlite or cementite increases in the later stages of the transformation.
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Figure 13: (a) Schematic TTT-diagram for OCr and 1.3Cr containing bainitic steels. (b) Comparison of dilatation curves for

continuous cooling of OCr and 1.3Cr containing bainitic steels. Austenitization parameters and initial prior austenite grain size
were not specified. After [1].
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Han et al. [59] investigated the effects of 0.1-0.3Mo, 0.3Cr, and 0.06V additions on low
carbon steels (0.08C, 0.24Si and 1.9Mn) after deformation of austenite at high temperatures
(above and below the non-recrystallization temperature) and continuous cooling. Chromium
was found to promote the formation of a coarse granular bainite structure at the expense of
acicular ferrite. The authors supposed that the addition of V enhances initial nucleation of
ferrite and effectively prevents the formation of Cr carbo-nitrides in granular bainite. Addition
of 0.3Mo in the Cr-containing steel leads to a fine microstructure, as acicular ferrite,
promoted by Mo, and granular bainite, promoted by Cr, are homogeneously distributed. This
was attributed to a repulsive interaction between Cr and Mo atoms in steels [60].

Keul et al. [1] investigated the effect of 1.3Cr addition on a bainitic steel grade for forging
applications, which contained approximately 0.22C, 1.5Si, 1.5Mn, 0.08Mo, 0.003B and
0.01Ti. The Si addition was utilized to suppress carbide formation in order to obtain a
carbide-free bainitic microstructure, whereas Mo and B were added to promote the bainite
formation. Their main conclusions are as follows:

e Chromium shifts the Bs temperature to lower values and develops a bay where
austenite stays metastable in continuous cooling or isothermal transformations as
shown in Figure 13a.

e Cr-containing steels show a more homogeneous and finer bainite microstructure after
continuous cooling due to a narrower transformation temperature range of bainite as
shown in Figure 13b.

e On the other hand, Cr-containing steels tend to develop martensite islands after
isothermal transformation due to an increase in the incomplete transformation
phenomenon in isothermal conditions. The authors did not mention if an
enhancement in the incomplete transformation phenomenon was also observed in
continuous cooling.

1.2.5 Specific role of nickel as alloying element

It is well known that Ni has a powerful effect on hardenability, i.e. Ni addition decreases both
Ms and the critical cooling rate to get full martensite. Nickel is a very expensive alloying
element and the current tendency is to reduce its amount as far as possible in steels that are
not used at very low temperatures, and for which its anti-corrosion effect is not necessary.
Most of the references found in literature concerning both nickel and bainitic/martensitic
microstructures present high nickel content (>1wt%). However, some of them give nickel
effects that might be extrapolated to lower contents.

Umemoto et al. [61] investigated the influence of nickel on cementite precipitation (0.48-
0.61C, 0.01Si, variable Ni). They found that a high level of Ni (7.64 wt%) prevents the
formation of cementite precipitates. Indeed, after austenitisation and continuous cooling, the
steel containing a higher amount of Ni shows almost no precipitation whereas the Ni-free
steel does. Austenite can thus be stabilised by the addition of Ni leading to a greater extent
of incomplete transformation. There are, for the authors, two main reasons for the
occurrence of this phenomenon:

o Nickel is hardly partitioned into cementite and must diffuse out during cementite
formation. Therefore the nucleation of cementite at grain boundaries may occur
more slowly. Furthermore, nickel atoms diffusing out from cementite might
concentrate at the austenite/cementite interface and retard the growth of cementite
by a solute-drag effect.
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¢ Ni addition decreases the Ms temperature, leading to a faster formation of
martensite in the Ni-free alloyed steel. Since the diffusivity of carbon is much
higher and its solubility is much lower in martensite than in austenite, nucleation
and growth of cementite may occur considerably faster in martensite with respect
to austenite.

In a bainitic structure of a high-Ni low-carbon steel (0.20C, 0.48Mn, 0.33Si, 3.65Ni), Joarder
and Sarma [62] found that Ni promotes the occurrence of profuse retained austenite films at
the lath boundaries of martensite, this martensite coming itself from the untransformed
austenite by quenching of the steel after isothermal treatment. They suggested that Ni has a
much stronger effect than Mn on thermal stabilisation of austenite, as such austenite films
were not observed in Mn steel.
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Figure 14: Change in Charpy impact toughness substitution of manganese by nickel. After [63].

Nickel is known to be beneficial to the ductile-to-brittle transition behaviour [64-66]. The effect
of substituting Mn by Ni on Charpy impact toughness of tempered upper bainitic Mn-Ni-Mo
steels has been investigated by Im et al. [63]. Eleven different laboratory heats were used
exhibiting variation in C (0.05-0.20), Mn (0.5-1.50), Ni (0.9-3.5) and Mo (0.5-1.5) for fixed
0.15Cr and 0.20Si contents. These heats were forged into plates, normalized at 1200°C,
soaked at 900°C, cooled at 0.3°C/s and tempered at 660°C for 10h. All investigated materials
exhibited a prior austenite grain size around 30um, which excludes any effect of this
parameter on mechanical properties. The difference in microstructure after tempering with
the substitution of Mn by Ni was not significant, in spite of an obvious difference in impact
toughness as shown in Figure 14. Enhanced cross slip of dislocations in higher nickel alloys
[66;67] was suggested by the authors to explain this effect.

Sorokin et al. [68] investigated the influence of Cr and Ni on the microstructure over the
section of forging parts with diameter from 50 to 800 mm, made of medium carbon steels
(0.33C, 0.27Si, 0.71Mn, 1.10 to 2.80 Cr, 0.25Mo, 0.90 to 3.68Ni). The realization of CCT
diagrams (no experimental protocol was reported) made it possible to discover some
tendencies of the influence of Cr and Ni on the stability of austenite in continuous cooling.
Increasing the Cr and Ni contents has practically no effect on the pearlitic transformation
start temperature but it somewhat raises the transformation end temperature (Pg). These
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alloying elements also affect the bainitic transformation: Bs and Bg temperatures are lowered
while at the same time the temperature range of this transformation becomes narrower. As
Bs is decreased and Pk is increased, they have observed in some instances the occurrence
of a bay where austenite does not decompose during cooling between the pearlitic and the
bainitic fields.

In the same study, Sorokin et al. [68] noticed that an increase in Ni content by 1wt% in steels
containing 2wt%Cr leads to an abrupt decrease in the critical cooling rates: from 10 to
0.75°C/s for a full bainitic transformation and from 0.92 to 0.1°C/s to get a fully ferrite-pearlite
microstructure. A further increase in Ni content up to 2wt% has no influence on the stability of
austenite during continuous cooling either in the pearlitic or in the bainitic regions. In steels
with 1wt%Ni, the critical cooling rates are reduced at most when the Cr content is increased
from 1 to 2wt%. A further increase in Cr content up to 3wt% does not increase the stability of
austenite anymore.

1.3 Effect of micro-alloying elements

1.3.1 Role of boron as micro-alloying element

Boron is usually added in very small quantity since only a few ppm can lead to significant
structural changes. With this level of addition, boron has no effect in the bulk because of the
very low ratio of boron atom per iron atom (generally <0.00005) and so does not lead to solid
solution hardening or precipitation strengthening. In fact, boron strongly segregates to the
austenite grain boundaries where, for large grain size, boron atoms can be as numerous as
iron atoms. This segregation leads to the retardation of ferrite and pearlite formation that
promotes bainitic or martensitic microstructures during cooling and thus increases the
strength of such steels after austenite decomposition at moderate cooling rates.

1.3.1.a Phenomenology

As a typical example of the role of boron on austenite decomposition, CCT diagrams in non-
deformed and deformed conditions of a low carbon steel (0.05C, 0.25Si, 1.90Mn,
1.1Mo+Ni+Cr, 0.07Ti+Nb, 0.004N) with or without boron addition (15ppm) were determined
by Jun et al. [69] and are reported in Figure 15. No indication of the grain size prior to
austenite decomposition is given for any of the deformed and un-deformed cases.

Without any deformation of prior austenite, there are only three fields corresponding to the
granular bainite for low cooling rates, bainite for medium cooling rates and martensite for
high cooling rates. These microstructures are consistent with the high alloying content of this
steel (Mn, Ni, Mo and Cr). Deformation, which produces high dislocation density, promotes
the formation of quasi-polygonal ferrite, pearlite and acicular ferrite. The critical cooling rate
needed to form the martensite microstructure is also increased, leading to a disappearance
of the partly martensitic domain in the studied range of cooling rates. Addition of boron
prevents the formation of quasi-polygonal ferrite and pearlite from deformed austenite. Every
field is pushed to the right side of the CCT diagram that leads to reappearance of the partly
martensitic domain. This experimental evidence suggests that boron also segregates on
dislocation cell structures of austenite. For both cases (with or without deformation), the Bs
temperature is strongly lowered for low cooling rates with the addition of boron, leading to
refinement of the microstructure. On the other hand, the Mg temperature (for martensite as
secondary phase) does not seem to be affected by the boron content of the steel.
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Figure 15: Effect of boron on austenite decomposition in a low carbon micro-alloyed steel. (a) and (b) are the thermo-
mechanical cycles used to determine the following CCT diagrams. The continuous cooling start temperature was chosen at
800°C to reflect the industrial end of rolling temperature for such steel (Tnr >800°C). CCT diagrams of (c) non-deformed and (d)
deformed steel without boron. CCT diagrams of (e€) non-deformed and (f) deformed steel containing boron. No austenite grain
size measurements given. P: pearlite, QPF: quasi-polygonal ferrite, AF: acicular ferrite, GB: granular bainite, BF: bainitic ferrite,
M: martensite. After [69].

1.3.1.b Mechanism of boron-induced hardenability

In his PhD work, Djahazi [70] realized a comprehensive literature survey from open literature
data published before 1989. He reported four proposed mechanisms as follows:

e The reduction in austenite grain boundary energy leading to a more cohesive
interface. This reduction in interfacial energy is only by about 1% but can lead, for
proper conditions of nucleus shape, to an effective reduction of the nucleation rate.
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e The reduction in diffusivity of iron atoms across the austenite grain boundaries in the
presence of boron. The nucleation rate is known, in carbon free alloys, to be
proportional to the iron atom jump frequency, boron would thus lead to a decrease in
the ferrite nucleation rate.

e The decrease in number density of nucleation sites by a poisoning effect. Boron
segregation would increase the atomic density of austenite grain boundaries making
them ineffective to act as nucleation sites.

e Precipitation of small boro-carbides Mj3(B,C)s (T < 950°C) at austenite grain

boundaries.

However, coarse Fey;(B,C)s are considered as ferrite precursors by some authors [71;72] as
they promote ferrite nucleation at their incoherent interfaces when they are sufficiently large
[73]. Nowadays, it is well known that the effect of “free” boron is obviously stronger than the
one of boron trapped into carbides. So there is a necessity to maintain it “free” in order to
obtain bainitic or martensitic microstructures for moderate cooling rates. The best
hardenability is obtained when the boron content ranges between 15 and 30wtppm for low
carbon (up to 0.20wt%) steel [74-77]. Higher boron content rapidly deteriorates the low

temperature toughness of such steels.
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Figure 16: Schematic representation of the hardenability effect of boron according to the holding time between final rolling and
guenching. Upper schematics show the shape of austenite grain boundaries and the location of boron at these boundaries. After
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The boron hardenability reaches its maximum value at the end of the austenite
recrystallization process [75]. A schematic representation of the hardenability effect of boron
according to the holding time between final rolling and quenching is given in Figure 16. In the
first stage of recrystallization, grain boundaries move faster than boron and thus their boron
concentration decreases, leading to a loss of hardenability (from stage | to stage Il in Figure
16). As the grain boundary migration velocity begins to slow down with the achievement of
recrystallization, the number of boundaries that display boron segregation increases leading
to improved hardenability (from stage Il to stage Il in Figure 16). The intensity of segregation
reaches a maximum when continuous segregation is present around the recrystallized
grains. When the holding time is further increased, boron precipitation occurs, leading to a
loss of hardenability, i.e. strong increase in the critical cooling rate to form martensite (from
stage lll to stage IV in Figure 16).

For given boron content, an increase in carbon content leads to a decrease in efficiency of
boron regarding hardenability [76]. Two main reasons have been pointed out by Zhu et al.
[78]:

1. The equilibrium value of boron concentration in the grain boundary is reduced as
carbon atoms fill up the grain boundary sites.

2. Below the solvus temperature, carbon tends to reduce the solubility of boron in steel
by reacting with it to form borocarbides.

It is thus necessary to protect boron from carbon (and from nitrogen) to keep it in “free” form
to improve hardenability.

1.3.1.c Avoiding precipitation of boron carbo-nitrides
Molybdenum and niobium are used to prevent the formation of boro-carbides because of
their strong affinity with carbon [79-82]. Addition of Mo or Nb leads to a fine distribution of Nb
carbonitrides or Mo carbonitrides. The carbon diffusivity within the austenite grain is thus
reduced and the formation of Fe,3(B,C)s during cooling (in the bulk and at grain boundaries)
is suppressed if the Nb or Mo content is high enough.
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Figure 17: CCT diagrams after soaking at 1100 -C for 5min of the base (blue), the B micro-alloyed steel (red) and the B+Nb
micro-alloyed steel (green). After [81].
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In a more recent study, Zhu et al. [81] have analysed the effect of boron (0.003B) and boron
plus niobium (0.003B, 0.036Nb) additions in low carbon steels (0.051C, 1.49Mn, 0.305Si,
0.009Al, 0.01Ti, 0.0025N). CCT diagrams were built after a soaking at 1100°C for Smin (prior
austenite grain size, PAGS = 30um). Thermodynamic calculations, performed in the case of
B+Nb composition, verified that this soaking temperature was sufficient to ascertain the
dissolution of the fine niobium-carbides. Results are presented in Figure 17. For cooling rates
lower than 10°C/s, the addition of B only slightly delays the phase transformation whereas
the combined addition of B+Nb delayed it strongly. For cooling rates higher than 10°C/s, Bs
temperature starts to decrease as less and less of coarse Feys(B,C)s particles precipitate. At
the same time, Bs temperature for B+Nb composition increases, which is perhaps due a
decrease in Nb(C,N) precipitation (not enough time to form at this cooling rate) and so, a less
effective protection of boron from boro-carbide precipitation. At cooling rates higher than
40°C/s, B and B+Nb share close transformation points, as no precipitation of Fe,3(B,C)s and
Nb(C,N) occurs anymore.

Hara et al. [82] investigated hardenability improvement by the combined addition of B+Nb
(0.0009B, 0.04Nb) and B+Mo (0.0008B, 0.035Mo) in a low carbon steel (0.014C, 0.20Si,
1.54Mn, 0.015Ti, 0.020Al). The studied steels were hot-rolled between 880 and 800°C
(cumulative reduction = 80%), then air cooled to room temperature. The average cooling rate
in the mid-thickness between 800 and 500°C was 20°C/s, which is high but the precipitation
had already occured during the hot-rolling step. Addition of Nb leads to the formation of Nb-C
clusters and Nb(C,N) or (Ti,Nb)(C,N) precipitates, whereas addition of Mo leads to the
formation of Mo-C clusters, Mo(C,N) and (Ti,Mo0)(C,N) precipitates. The amount of C-rich
precipitates and C-rich clusters that are formed in the Nb—B steel is much higher than that in
the Mo-B steel.
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Figure 18: Schematic representation showing mechanism for suppression of formation of Fe,3(BC)s due to combined addition
of Nb and B or Mo and B. After [82].

Carbon is not the only element that tends to precipitate with boron. High enough free-
nitrogen content can lead to the formation of boron nitride (BN). The formation of boron
nitrides may be avoided by the addition of nitride forming elements such as titanium,
aluminium and zirconium [83-85]. Aluminium protection is not the best choice because the
kinetics of AIN formation is slower than that of BN even if AIN has a better relative stability
[83].

It is well known that titanium is the most effective element to pump nitrogen out of solid

solution by forming the very stable TiN precipitate [86], whose solubility is the lowest among
the carbides and nitrides formed with the micro-alloying elements. TiN precipitates rapidly (it
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can nucleate directly from the melt in secondary steelmaking). It remains stable at high
temperature (dissolution temperature above the iron liquidus) and ensures the best
protection for boron against precipitation with nitrogen.

1.3.2 Role of niobium as micro-alloying element

Niobium is a micro-alloying element that is added to increase the steel hardenability by
delaying diffusive transformation when in solid solution. As seen just previously, it can also
been used in synergy with boron. Moreover niobium is known to slow down recrystallization
and austenite grain growth kinetics (both in solid solution and in precipitates), which is widely
used in thermo-mechanical controlled processing of steels.

1.3.2.a Effect of niobium in solid solution

The work of Feng et al. [87] is used here as a typical example of the niobium influence on
microstructure. They used two billets, one with 0.02Nb and the other without niobium (0.08C,
2-2.5Mn, 0.8Si, 1.2Cr, 0.002N). They carried out an austenitisation at 1250°C for 1h followed
by hot rolling (Tsnsh=850°C) and final cooling at 0.4°C/s. The obtained microstructure of the
Nb-free steel was a nearly equal distribution of large pro-eutectoid ferrite grains and bainite
whereas that with Nb was mostly bainite as illustrated in Figure 19.

Nb-bearing steel. After [87].

One of the first investigations of the niobium effect on Fe-C alloy was realised by Thomas
and Michal [88]. They observed that the addition of niobium promoted bainitic ferrite at the
expense of allotriomorphic ferrite by segregating at austenite grain boundaries. This
segregation induces a solute-drag effect. Thomas and Michal obtained a critical
concentration for which the onset of y/a transformation occurs at higher temperatures. Above
this critical concentration, the precipitation of niobium carbides begins, such carbides acting
as nucleation sites for ferrite. Similar results have been reported by Yuan et al. (Figure 20)
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on Nb micro-alloyed steels (0.1C, 0.2Si, 1.2Mn, 0.005N, from 0 to 0.4Nb) [89]. In this last
study, the primary austenite grain size of the steel with the highest niobium content is much
lower than that of other steels (69um against 212-248um). Such a decrease in primary
austenite grain size might explain the observed increase in y/a transformation start
temperature.
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Figure 20: Ar; temperature as a function of the Nb content in a low carbon steel for several cooling rates from 900°C. Soaking
condition 1200°C, 5min. After [89].

There is a great discrepancy about the value of the shift in Ar; and about the range of
niobium content that provides this effect in literature [89-92]. Some of these results are
presented in Table 2. Cooling rates are given because of their well-known influence on Ara.
This discrepancy can be explained by the use of different thermal processing routes, carbon
content and primary austenite grain size.

°C/0.01Nb in wt% range of wt% Nb cooling rate °C/s
Hong et al. [91] 7 0-0.052 2
Manohar et al. [92] 10 0.031-0.052 0.3-50
Abe et al. [90] 30 0.006-0.015 1-10
Yuan et al. [89] 26-39 0-0.023 0.5-10

Table 2: Shift in Arz in °C according to the niobium content of low-carbon steels and associated investigated range of Nb
content and cooling rates.

Rees et al. [93] have built CCT diagrams containing PAGS measurements, on several steels
only differing in their niobium concentration (0.14C, 0.44Si, 1.60Mn, 0.025Ni, 0.016Mo,
0.027Cr, 0.002Ti). The soaking temperature was 1250°C with two different holding times (3s
and 10s) to produce various grain sizes. This temperature was judged high enough to
dissolve all niobium carbides as austenite grains exhibited a fast growth within a few
seconds. Following soaking, fast cooling down to 800°C was performed in order to freeze the
austenite grain size. Then, several cooling rates were applied. They found that an increase in
Nb content in solid solution retards the bainite transformation and suppresses allotriomorphic
ferrite formation without affecting the c