o

Technical University of Liberec
Department of Engineering Technology

CONTENTS

List of Used Abbreviations and Symbols ...............cccocoveviiiiieiiieceecece e -7-
1: INTOdUCHON <:z:covresimnrm s v G s

2. Deformation Behavior of Materials

24, Plastic Deformation by Slip

2.1.1. Geometry of Slip (Critical Slip Stress)

2.2 Plastic. Deformation bY: TWINNING ;.- ccsssssssmsenssssassessmmizssesssassssavssssssones -13-
2:2:1. 'Slip:and TWINNING COMPATiSON .::s.: x.sessamsssmammiisserivssssssssisssssesszssnios -15-
2.2.2. Fundamental Aspects of the Twinning Process .............c.ccccccvevvevrrennnen. -16 -
3. Static Tensile Test (Definition of Basic Terms) ..........cccccccceevveeiecveeneennn. -18 -
4. Forming Limit Diagrams (FLD).......cccooiiiiiiiiiiiiiieiccee e

4.1. FLD Determination by Numerical Methods ...

4.2. FLD Determination by Experimental Methods

4.3. Determination of Strain Limiting State..............ccccooiiiiiiiiiiic,

4.4. FLD Determination at Higher Strain Rates..............c.cccccooiiiiiniiiiicn,

5. Photogrammetry and Optical 3D Deformation Analysis .......................... -25-
6. Sheets Range Used in Automotive Industry ............ccccovivincinicnnnne. -28-
7 TWIP Materials

71 Alloying Elements for TWIP Sheets ............ccccooceivieniniienccnninieeseneee -31-
7:2. Physical Modeling of the TWIP Effect ...........cccccceviiieniiiiiicicciees -33-
8. Metallographic Laboratory Methods ... .........isisismsemivssusssisiisseinse -34 -
8:1; Optical Microscopy for Twinning Observation..............ccccccoeviiiiiiiiennn. -35-
8.2, Electron MIiCrOSCOPY. : = uzssss < ainsssaviasssesionsisses samapbonnsssisussonssiosssnsanssivsses -36 -
8.2.1. Transmission Electron Microscopy (TEM)..........cisiussessasecsssasinsesssssssasons -36 -
8.2.2. Scanning Electron Microscopy (SEM)

8.2.3. Electron Microscopy for Twinning Observation................ccccooeiiiinnns

9. Experimentall ODJECtiVES s .. icussricsismisscsormssvsssiensssssassssisieisssssiseisansasesss

9.1. TWIP 1200 Material Characterization ...............ccoceeevuiinieiiiinniienienieenns

9.2. TWIP 1200 Material Structure.............cccceeeieeiiiiiiiiiiiniiccie e

10. Static Tensile Test (Material TWIP 1200) .........cccoomiiiiiniiiiniieieeee

10.1.  Influence of Strain Rate on Mechanical Properties .................c..cccooeeeie

10.2.  Monitoring of Strain by means of an Optical System ...

10.3. Assessment of Regression Parameters Cand n...........cccoveveiiiiinnnnnns

Ing. Jifi Sobotka, Ph.D. -5- 2010



o

Technical University of Liberec
Department of Engineering Technology

10.4. Temperature Cycle Influence on Material Properties..............cccccceuieis -61-
10.5. Partial Conclusion (static tensile test) ...............cciivivrnsnsinsinsiissmssesiiones - 66 -
i 2 Influence of Preparation Technology on Final Mechanical Properties .... - 68 -
12. Forming Limit Diagrams (FLD for TWIP 1200)

12.1.  Experimental Conditions for Measuring FLD..............cccccociiiiiiiiiiiinnen.

12.2.  FLD Measurement Routine for vi = 1,5:-10°m/s (FP) .....cc.cccovveverrrnnne. -76 -
12.3. Measured Data Processing...........ccccoeuieuiiiiiiiiiiiiiiiiicicece e -77 -
12.4. FLD Measurement for vi = 1,5:10° m/s (FP) .......coovuevuivereiierereiaas -79-
12.4.1. Strain Distribution Measurementby means ofthe System ARGUS............ -82-
12.4.2. Strain Distribution Measurement by means of the System ARAMIS........ - 87 -
12.5. FLD Measurement Routine for v, = 17,78 m/s ..

12.6.  FLD at Punch Velocity v2 = 17,78 m/s (FR) ......cccoceriiininiiiiiicicnieene

12.7.  FLD at Punch Velocity v, = 17,78 m/s and 1/3 Pre-deformation (FR 23) - 95 -
12.8.  FLD at Punch Velocity v, = 17,78 m/s and 2/3 Pre-deformation (FR 23) - 98 -
12.9.  FLD Comparison for All Conditions of Measurement...............cccccccceene -99-
12.10.. Partial Conclusions: (FLD) w.......ooieensbinimants dianoeedh arssevonsssisminsstots ness

13. Recommendation for Further Research..

14. EINal CONCIUSION: & creieritian o ennevnosiesns s sstiams frnasnsanrensbesomsss ieisa i suETs chrer e
RETOIONCOS, - oo istmritit ey e n e S e Ehemiot L ceans oot e AR 0t oo et

Ing. Jifi Sobotka, Ph.D. -6- 2010



