Failure mechanisms of multiphase steels

Von der Fakultat fir Georessourcen und Materialtechnik
der Rheinisch - Westfalischen Technischen Hochschule Aachen

zur Erlangung des akademischen Grades eines

Doktors der Ingenieurwissenschaften

genehmigte Dissertation

vorgelegt von Diplom-Ingenieur

Spyros Papaefthymiou

aus Athen, Griechenland

Berichter: Univ.-Prof. Dr.-Ing. Wolfgang Bleck
Prof. dr. ir. Sybrand van der Zwaag

Tag der mundlichen Prifung:  24. Februar 2005






Berichte aus dem I EH K

Institut fur EisenhiUttenkunde
RWTH Aachen

Spyros Papaefthymiou

Failure mechanisms of multiphase steels

Herausgeber:

Prof. Dr.-Ing. W. Bleck

Prof. Dr.rer.nat. Dr.-Ing.e.h. W. Dahl
Prof. Dr.-Ing. T. El Gammal

Prof. Dr.-Ing. H.W. Gudenau

Prof. Dr.-Ing. D. Senk

Band 1/2005

Shaker Verlag
D 82 (Diss. RWTH Aachen)



Bibliographic information published by Die Deutsche Bibliothek
Die Deutsche Bibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data is available in

the internet at http:/dnb.ddb.de.

Zugl.: Aachen, Techn. Hochsch., Diss., 2005

Copyright Shaker Verlag 2005

Allrights reserved. No part of this publication may be reproduced, stored ina
retrieval system, ortransmitted, inany form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
ofthe publishers.

Printedin Germany.

ISBN 3-8322-3881-6
ISSN 0943-4631

Shaker Verlag GmbH « P.O.BOX 101818 « D-52018 Aachen
Phone: 0049/2407/9596-0 « Telefax: 0049/2407/9596-9
Internet: www.shaker.de « eMail:info@shaker.de



AQlep@Ove TV gpYacio aVTH 6TOVG YovEig pov Avopéa Ko
Kieonatpo kol otov 00gh@o pov I'avvo.

I dedicate this work to my parents Andreas and
Kleopatra and to my brother Giannos.

DOTIO Opoio POTLE Kaiye pog
Aéye pog T Lon.

Epeig ™ Aépe ™ Lo, myaivoope prpootd
Eipaote ané ko yevid.

0Odvecéa Ervtn, ‘Hitog o llpatog (1943)






Acknowledgements

This work was realised in parallel to my work as a research associate of the
Department of Ferrous Metallurgy (Institut fir Eisenhittenkunde-IEHK) of
RWTH Aachen University in close co-operation with the Netherlands Institute
for Metals Research (NIMR) and the Delft University of Technology.

Over the last four years | have enjoyed the honour and the privilege of working
together with Univ. Prof. Wolfgang Bleck and Prof. Sybrand van der Zwaag,
my promotors, and Dr. Jilt Sietsma, senior researcher in TU Delft, whose
contribution to this research was very valuable. | am grateful for their tutelage,
their support, help and advice. Their continuous interest in my work, our fruitful
conversations and their experience were always the best archetype, the
inspiration and motivation for me and this research.

| would also like to express my gratitude to Dr. Paul Splinter, former academic
director of IEHK, and Dr. Gétz HeRling, current academic director of IEHK,
who have supported me since my first steps in the Department. | would like to
thank also Mrs. Christiane Beumers, Mrs. Gisela Tuwet and Mrs. Nicole Olles
for helping me with the organisation of my projects.

| would like to express my gratitude to NIMR and to FOM (Fundamental
Research on Matter), who funded this research.

| should also like to thank Dr. Prahl and the IEHK’s simulation group,
especially Dipl.-Ing. Vitoon Uthaisangsuk, for backing me up with numerical
simulations. | am indebted to Dr. Stefan Zafferer of the Max-Planck-Institute in
Dusseldorf for our fruitful co-operation in the field of Electron Backscatter
Diffraction and Scanning Electron Microscopy.

For the companionship and the pleasant atmosphere in the office during the
last years, | would like to thank my former colleague Dr. Mariluise Andrich and
my current bureau fellow Dipl.-Ing. Sebastian Minstermann.

To the co-workers of IEHK and those of NIMR — Dr. Lie Zhao and
ir. Suzelotte Kruijver- who contributed to this work in several ways, | am
grateful. My thanks also to my diploma-workers, Dipl.-Ing. Carmen Acht and
Dipl.-Ing. Jérbme Dréau, and my student-workers, Mr. Thomas Niggemeier,
Dipl.-Ing. Anja Uhrig, Mrs. Jenny Reiss, Mrs. Sarah Jones, Mr. Andreas
Mondry and Mrs. Binh Ngueyen, who supported me during my activities.



The years in Aachen were characterised by nice experiences and many
difficulties. They enriched my life and are surely the basis for a, hopefully,
interesting future. | would like to thank Prof. Papadimitriou, who inspired me in
the field of Physical Metallurgy, and of course all of my excellent Professors in
the National Technical University of Athens for their important contribution to
my education.

Furthermore, from my first professional steps, my thanks are due to
Dr. Thanassis Tazedakis and to Dr. Kostas Papamantellos, who encouraged
me and helped me in taking the next step in my life, to come to Aachen.

My last thanks are owed to my family for always standing by me, for their love
and support and for their unwavering faith in me.

;%7%./ A %w.ﬂ, Y November 2004



Table of contents

Introduction. Multiphase steels for cold forming ...........cccccvviiiiiiiiiiie, 9
|. Background to multiphase TRIP Steels ........ccccoiieeeiiiieiiee e 11
I.1. Historical development; the TRIP effect...........cccoviiiiiiiiiii 11
1.2. AlIOYING CONCEPES ..ottt e e e e e e e 14
1.3. Phase transformations and their importance in controlling the
TRIP ffECt ..ot 18
1.3.1. Phase transformation at the intercritical annealing ......................... 19
1.3.2. Phase transformation at the isothermal bainitic stage .................... 19
1.3.3. Phase transformation due to the TRIP effect ...........cccoioeininniinns 20
1.4. Microstructure — Property relationships of DP and TRIP steels............. 21
1.4.1. Volume fraction of second phase............ccccvveeieiiiiiiiiiiiieeeeeee e, 24
1.4.2. Hall — Petch Relationships .........ccoceeeiiiiiiiiiiee e, 27
1.4.3. Retained austenite ..........coocveviiiiiiii 29
1.4.4. Austenite stability .........c.c.eeeeiieiiiii 33
1.4.5. Strain hardening behaviour ...........ccocco i 35
1. Experimental investigations ... 37
11.1. Aims and experimental approach ............ccccccveeeieiiiiiiiiee e 37
1.2, MAtEFIAIS.......oo et 37
11.3. DIlatometry ... 39
114, TenSIle tEST ... .o e 41
11.5. Metallography........c..oie i 44
11.6. Fractography ......cocceeio e 45
11.7. Electron Backscatter Diffraction............cccoooiiiiiiiiii 45
IIl. Continuum mechanical Modelling...........ooviriiiiiie e 47
I11.1. Material behaviour [awWs .............ccoiiriiiiiii e 47
1.1.1. Linear elastiCity.........coeouuiiiiiieee e 47
111.1.2. Elastic-plastic behaviour...............cccccoooiiiiiiiiiiec s 48
111.1.3. Ductile damage behaviour (GTN model).........cccccevviriieeniineneenns 48
111.2. Microstructural material modelling (RVE principle) .........cccccovviiieinnnen. 50
111.3. Simulation approach ...........ccocooiiiiiie e 54
111.3.1. Macro modelling of laboratory test specimen.............ccccccevevneen.n. 54
111.3.2. Micro modelling by means of RVE ...........ccccoiiiiiiiiiiieeee 55
IV RESUIES ...t 64
IV.1. Initial MICroStruCtUres........ccuvviiiiii e 64
IV.2. Microstructure characterisation by means of EBSD............ccccceevee. 7
IV.3. Characterisation of the mechanical behaviour ..............c.ccccconinins 80

IV.3.1. Strain-hardening behaviour for low Al steel ...........cccccoeevveennenn. 80



IV.3.2. Strain-hardening behaviour for high Al steel..............cccccccoiiie. 84

IV.3.3. Strain-hardening behaviour.............cccccooiiiiiiiii e, 86
IV.3.4. QVEIVIEW ...ttt e e e e s enaeee s 89
IV.4. Fracture behaviour ... 92
IV.4.1. Fracture behaviour for low Al steel ..........ccccoooeeiiiiiii i, 93
IV.4.2. Fracture behaviour for high Al steel...........ccoociiiiini, 101
IV.5. Continuum mechanical modelling........ccccocoeeiiiiiiiinie e 104
1V.5.1. Macroscopic modeling results.............oooooiiiiiiiiiiiiiee e 105
IV.5.2. RVE micro-mechanical modeling results ...........cccccceeeviieeennnen. 111
IV.5.3. Damage modeling reSults ...........ccoeiiiiiiiiiiiiieee e 114
V. DISCUSSION ...ttt e e et e e e e e ettt e e e e e e e nnnneeeaaeeeaannns 116

V.1. The correlation between microstructure, mechanical properties and
fracture of multiphase TRIP steels.........cccooovviiiiiiiiiiiiee e, 116
V.1.1. Microstructure characteristics ...........cccoocveviiieiinii e 117
V.1.2. Crack initidtion...........cccoiiiiiie e 127
V. 1.3, Fracture MOdES ..........uuiiiiieeiiicieeee et 132
V.1.4. Mechanical Properties...........ccccovureeieeeieeciiiieee e 136
V.1.5. Explanation of TRIP steels failure...........ccccooiiniiiiinniiiee, 143
V.1.6. FEM calculations............ccoviiiiiiiiiiiiee e 145

V.2. Overall implications of this work for the design of better TRIP steels
and better models for their mechanical behaviour-..............cccc...ceec... 146

VI. Influence of intercritical deformation on the microstructure

evolution for a high Al TRIP Steel ..........oooiiiiiii e 147
VA RESUIS .. 149
V1.2, DISCUSSION ...tiiiieeeiiiiiiiiee et e ettt e e e e e et e e e e e e s ennneeeeeens 157
VI SUMMEIY .t e et e e e e e sneeeeens 163

REFEIENCES ... 166



