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Chao Fang, PhD

University of Pittsburgh, 2011

To gain a fundamental understanding of the factors responsible for the kinetics of annealing
behavior during batch annealing for high strength low alloy (HSLA) steels, studies have been
conducted to analyze the influence of alloy composition, hot band state, cold rolling reduction
(CR%), heating rate, soaking temperature and time, etc. on the annealing behavior of HSLA
steels during batch annealing process. The recrystallization kinetics was mainly controlled by
several key parameters such as stored energy, precipitation and/or solute drag, special grain
boundaries, and texture, etc. The combination of Electron Back-Scattered Diffraction (EBSD)
technique and the Sub-grain Method was used to construct and analyze stored energy distribution
maps before and during the batch annealing process of cold rolled HSLA steels. Precipitation
behavior was studied using Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDS), Transmission Electron Microscopy (TEM), and High Resolution TEM
(HRTEM). Grain boundary characteristic and texture fibers were also analyzed using EBSD
scanning data. The results show that different composition and processing parameters would
cause different hot band microstructure and different amounts of dislocation density, i.e., stored
energy, remained in the alloys after hot rolling deformation. Higher dislocation density in the hot
band steel will cause even higher dislocation density in the sheet steel after cold rolling
deformation, which will cause higher recrystallization speed at early stages. If precipitates were
formed during annealing, their formation would consume part of the stored energy and decreased
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some driving force. The new formed fine precipitates would also apply certain pinning force on
the grain boundaries, which dragged the moving of those boundaries, i.e., lowered the
recrystallization speed further. Certain special grain boundaries like Coincident Site Lattice
(CSL) boundaries have very low boundary energy and mobility. The higher volume fraction of
this kind of boundaries would also slow down the recrystallization process. Texture could not be
a critical factor causing the different annealing behavior in this study, since the texture fibers
distributions are very similar. Two or more factors might affect the annealing process at the same

time. Some factors could be more efficient than others at certain stage or stages.



TABLE OF CONTENTS

ACKNOWLEDGMENTS ....cuuiiiniiniennnsninsnessnessesssesssssssssssssssssessssssassssssssssssssssssessasssassassssssss XVI
1.0 INTRODUCTION....uuuieienninnnsenssessncssnsssessssssnsssessassssssassssssssssssssassssssassssssssssssssassasss 1
2.0 BACKGROUND ....uuiiieinnninnnsnnsnessncssnsssessassssssssssassssssassssssssssssssasssasssssssssssssssssasssass 3

2.1 COLD ROLLING AND STORED ENERGY .....uuunienuenrresncsnensncsensaensncssncsnens 3

2.2

2.3

2.4

2.5

2.6

2.7

2.1.1 Stored energy distribution and its relationship to deformation and

TEXEULC  coeeercrneecinnesinnecsssnecsssnecsssnecsssnessssnessssnsssssesssssessssssssssssssssesssssesssssnssssssssssasssssasess 3
2.1.2 Stored energy measurement or calculation methods...........cccoevvueeeercnnnnees 5
2.1.3 Energy balance between recovery and recrystallization.........ccceceueeeeennnes 9
BATCH ANNEALING AND CONTINUOUS ANNEALING ........ccceeueevunnenee 9
I 2 DT OL0 1Y 00 2 RN 11
RECRYSTALLIZATION.....cotiitiitiiiinnicsnenssicssesssesssessssnsssessssssssssssssssesss 13
24.1 Mechanism of recrystalliZation........ccoceerecissnriccsssnnnecsssnsrecssssnsessssnsssssans 13
2.4.2 The methods to quantify the fraction of recrystallization.............ccce.u.... 15
GRAIN GROWTH ....uuuiiitiiniineissnnnnnnsssecsssisssissssssssssssessssssssssssssssssssssssssssss 18
TEXTURE ....auuoiiiiiitinttnctnnttnsnesssecssisssssssssssssssssssssssssssssssssssessssssssesss 18
2.6.1 Deformation teXtUre.....ccueeeiiseeiiseeciseecssanecssneessssnecsneesssseesssseessssecssssscsssees 19
2.6.2 RecrystalliZation teXTUIE .......eeececcvenrecsissnnrccsssnnrecsssnssscsssssssesssssssssssssssssses 23
PRECIPITATION BEHAVIOR ....uuuiiiiiiiiiiisninecsnenseicssesssscssesssnssenns 24

Vi



2.7.1 The effects of different alloy additions on the annealing behavior or steel
PIOPEILILS wevrieriirrriciissarressssansecssssnssesssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssasssssssans 24

2.7.2 The mechanism of precipitation behavior ............cccovvveiiciivnnrccscsnnreccsnnns 26

2.7.3 The difference between precipitates in austenite and precipitates in

FEITILE  eeeeeeeiecinntentcctentecteneesaesseesteessnesaeesssesssessssesssessssesssassssessansssansssasasnes 27

2.74 Pinning force of Precipitates ..........ceieivecciseicssenisssnncssnncssnercssssecssssecssnses 30

3.0 STATEMENT OF OBJECTIVES......iiniintinnnensneinnesssenssseessessssssssessssessseses 37
4.0 EXPERIMENTAL PROCEDURES ......ooniiinninneinsnnnnsnensnnsssesssnssssesssssssssessesssaes 38
4.1 CHEMICAL COMPOSITIONS ...cuiiirinrnenrnenssnecssenssnecssessssecssnssssesssassssssssases 38

4.2 DETAILED PROCEDURES ......uuiiiiniintensnnensnensnesssesssnssssesssnssssesssessssesssases 38

4.3 EQUIPMENT AND TECHNIQUES .....cooiiniiiruensnnnsnensncssnecsnssssesssecsssecsannes 41
4.3.1 DIlAtOMELET .cuueeueeninricnensnensnenseecsneesnecssessnecssnssssesssnssssnsssassssesssssssassssasssss 41

4.3.2 Optical MicroSCOPY (OM) ...uuecccvcerccssercssnncssnsncssssrcssssscssssssssssssssssssssssssasses 41

4.3.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
SPectrosSCOPY (EDS)..uiiiiiiirnricssssnniecssssricsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssess 42

4.3.4 Electron Back-Scattered Diffraction (EBSD).....ccciiiiciiiinnnnencciiccsssscsnanens 43

4.3.5 Transmission Electron Microscopy (TEM)....cciicevcvnricsssnnrccsssnssecssnnns 44

4.3.6 X-ray Diffraction (XRD) ccccceeeceiccnnicssssnniccsssnsecssssnssscsssssssessssssssssssssssssssns 44

4.3.7 Microhardness and Nanohardness..........ceeeecsceeicseeccsnecssnnecsssnecssseecssnnes 45

5.0 RESULTS ciiitiitictiitnstnnsntisstesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssne 46
6.0 DISCUSSION uuctiiiiiiiiniinninsnncnsessssissssisssisssssssssssssssssssssssssssssssssssssssssssssssssssssssss 132
7.0 CONCLUSIONS titiniinniinnissnecssiesssssssisssessssisssssssssssssssssssssssssssssssssssssssssssssssss 136
8.0 SUGGESTIONS ..uuiiiiiitiitininintessnnssnenssissssesssssssssssssssssssssssssssssssssssssssssssssssses 139
137037 1 L0 T 272V d - I PR 140

vii



LIST OF TABLES

Table 1. Chemical compositions of experimental steels used in this study (Wt%)......cccceevenenee.

Table 2. Comparison of the stored energy of hot band and cold rolled samples..........................

viii



LIST OF FIGURES

Figure 1. Single stack annealing furnace (left) and multi-stack annealing furnace (right)........... 11
Figure 2. Pole rotation prediction by initial Taylor theory .........ccccovviiviiiiniiniiniieecee 21

Figure 3. Schematic of the Baker-Nutting orientation relationship between a titanium carbide
particle and the ferTite MALITX........ccvviiiiiiie e e e e e e e et eeeaaeeenreeenareees 28

Figure 4. Schematic showing the parallel planes and directions in the Kurdjumov-Sachs
orientation relationship between ferrite and auStENILE .........ccvevueeriiriiiriiiinieeeeeeeen 29

Figure 5. Simulated annealing CYCLES ........cccuiviiiiiiieiiiiii et 39

Figure 6. OM images of hot band samples: a) low Nb & Mn, high Ti, b) high Nb & Mn, low Ti
....................................................................................................................................................... 46

Figure 7. EBSD-IQ chart of low Nb & Mn, high Ti sample shows the volume fraction of carbon
11Ch MICTOCONSHIUCNES 1S 3.55%0 e cuviiiieeiieiie ettt ettt ettt e et e e b e seneeneaes 47

Figure 8. EBSD-IQ chart of high Nb & Mn, low Ti sample shows the volume fraction of carbon
r1ich MICTOCONSHITUETILS 1S 6.45%0 . ..evviiiiiiiiiiiieteet et st 47

Figure 9. The second microconstituent at a) 2500X and b) 5000X observed with SEM in the hot
band Nb-bearing steel samples show a typical pearlite microstructure..........co.eveeveerveneeeenneene. 48

Figure 10. OM images showing the structure evolution of the annealing process of Nb-bearing
steel: a) Cold Rolled, b) 600°C, c) 670°C, d) 670°C fOr OhrS ......oeeeevvieeiiieeieeeieeeee e 51

Figure 11. Microhardness (VHN) changing trend during annealing process of Ti-bearing steel. 51
Figure 12. a) EBSD IQ reconstructed images and b) Kernel Average Misorientation distribution
maps of Ti-bearing steel at annealing temperature reaching 600°C, and c¢) EBSD IQ

reconstructed images and d) Kernel Average Misorientation distribution maps of Nb-bearing
steel at annealing temperature reaching 580°C..........cooviiiiiiiiiiiiiieiieeie et 52

X



Figure 13. EBSD misorientation angle ditribution to quantify stored energy and recrystallization
TOT ND-DEATING STEEL .....viiiiiieiiie ettt e et e et e e et eeetaeeessaeessnaeessneeessseeenns 53

Figure 14. Microhardness (VHN) changes through the locations on the Ti-bearing steels.......... 54

Figure 15. OM images show the difference between surface (left) and center (right) for a)
CR%=54% for versus b) CR%=68% for Ti-bearing steel.............ccceevureriiiriiirniiiniieiecieeieene 55

Figure 16. Comparison of microhardness varying across the sample before (left) and after (right)
annealing for ND-Dearing StEEl.........cccvuiieiiiieiiiicitece e et e e e tee e et e e saeeesaee e e 55

Figure 17. The comparison of surface (left) and center (right) annealing conditions at a) 580°C,
b) 600°C, ¢) 620°C, d) 640°C, e) 660°C for Nb-bearing steel samples using SEM..................... 57

Figure 18. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
S80PC ettt h et e h bttt e h e bttt eh e bt et e bt e bt et e e he e b eanes 59

Figure 19. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
S80PC ettt h bttt e h bttt h bt et e bt e bt et et e b eanes 60

Figure 20. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
D00 C .t h ettt h bttt e h e bttt h e bt et e e bt e be et e sae e b eanes 61

Figure 21. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
D00 C .t h et e h bttt e h e bttt eh e bt et e e bt e bt et e e at e b eanes 62

Figure 22. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
B20°C ettt h e h et h e bttt e h e bttt eh e bt et e e bt e bt et e ae et eanes 63

Figure 23. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
B20°C ettt a e h et e h bt et bt bttt h e bttt h e e bt et eae e beeates 64

Figure 24. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
BA0°C et h et e h e bt et e h e bttt eh bttt e bt et e et e e at e bt eates 65

Figure 25. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
BA0°C ettt a et e h e bttt eh bttt eh e bt et bt e bt et e bt et eates 66



Figure 26. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
D00 C ..ttt h et e h bttt e h e bttt eh e bt et eeh e e bt et e ehe e b eates 67

Figure 27. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
BO0°C ..ttt h et e h bttt h e bttt eh bt et eehe e bt et e e ae e beeanes 68

Figure 28. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
B70°C ettt h et e h bttt h e bttt eh e e bt et e e bt e bt et e he e b eanes 69

Figure 29. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
BT0°C ettt a et e h e bttt e h e bttt eh e bt et e eh e e bt et e eae e b eanes 70

Figure 30. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
670°C S0AKING TOT 1 ROUT ......iiiiiiiiieiiecie ettt ettt saeebeessaeesaeeaneens 71

Figure 31. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
670°C S0AKING TOT 1 ROUT ......iiiiiiiiieiiecie ettt ettt e e ae b e ssaeesaesnaeens 72

Figure 32. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
670°C S0AKING TOT 2 NOUTS ....eiuiieiiieiiecie ettt st et e sttt e saaeesbeessseesaesnaeens 73

Figure 33. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
670°C S0AKING TOT 2 NOUTS ....eeiuiieiiiieiiecit ettt ettt e st et eeaaeesbeessneesaennseens 74

Figure 34. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
670°C S0AKING TOT 4 NOUTS ....eouiiiiiieiiecie ettt et sttt e st eeteeeaaeesbeessbeesaesnaeens 75

Figure 35. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
670°C S0AKING TOT 4 NOUTS ....oeuiiiiieeiieie ettt ettt sttt e sae e sbe e nneeree e 76

Figure 36. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at
670°C S0aKING TOT 6 NOUTS ....ooviiiiiieiieie ettt ettt et et esiaeebeesnneesaennaeens 77

xi



Figure 37. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution
maps (right) at a) center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at
670°C S0AKING TOT 6 NOUTS ....ooiiiiiieiiecie ettt ettt esiaeebeessneesaesaneens 78

Figure 38. The changing trend of the fraction of recrystallized area (Ti-bearing steel VS Nb-
bearing steel) at different annealing temperatures and time ..........ccceeevvveevieeerieeenieeeiee e 79

Figure 39. Three layers average microhardness (VHN) changing trend comparison for Ti-bearing
steel and ND-Dearing STEEL........ccooocuiiiiiiiiiiiieeii ettt eae et essbeebaesaaeens 79

Figure 40. Stored energy distribution maps of Nb-bearing steel at center layer: a) 4.88J/cm3 at
600°C, b) 1.27J/em3 at 620°C, c) 0.92J/cm3 at 640°C, d) 0.71J/cm3 at 660°C ...........ccccveruennene 81

Figure 41. Stored energy distribution maps of Ti-bearing steel at center layer: a) 5.12J/cm3 at
600°C, b) 3.73J/cm3 at 620°C, c) 3.08J/cm3 at 640°C, d) 1.64J/cm3 at 660°C ...........cccveuneeee. 82

Figure 42. The average stored energy of scanned area at center layers and the fraction of
recrystallized area changing trends during annealing.............ccccoeevveeeiieeniie e 83

Figure 43. Stored energy distribution maps for cold rolled samples of a) Nb steel at surface layer,
b) Nb steel at center layer, ¢) Ti steel at surface layer, d) Ti steel at center layer-........................ 84

Figure 44. Stored energy distribution maps for hot band samples of a) Nb steel at surface layer,

b) Nb steel at center layer, c) Ti steel at surface layer, d) Ti steel at center layer........................ 85
Figure 45. EBSD Crystal Direction map of cold rolled Nb-bearing steel ..........ccccceecveeveveennnenne 87
Figure 46. Stored energy distribution map of cold rolled Nb-bearing steel ...........ccceeveveennnnne 87

Figure 47. EBSD Crystal Direction map of cold rolled Ti-bearing steel showing texture fibers. 88

Figure 48. EBSD Crystal Direction map of cold rolled Nb-bearing steel showing texture fibers 88

Figure 49. TiC precipitates in Ti-bearing steel at 640°C (location 1 & SEM 10000X)................ 91
Figure 50. TiC precipitates in Ti-bearing steel at 640°C (location 1 & SEM 20000X)................ 91
Figure 51. TiC precipitates in Ti-bearing steel at 640°C (location 1 & SEM 40000X)................ 92
Figure 52. TiC precipitates in Ti-bearing steel at 640°C (location 1 & EDS).......cccccvvvviveennnnns 92
Figure 53. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 10000X)................ 93
Figure 54. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 20000X)................ 93
Figure 55. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 40000X) ............... 94

xii



Figure 56.
Figure 57.
Figure 58.
Figure 59.
Figure 60.
Figure 61.
Figure 62.
Figure 63.
Figure 64.
Figure 65.
Figure 66.
Figure 67.
Figure 68.
Figure 69.
Figure 70.
Figure 71.
Figure 72.
Figure 73.
Figure 74.
Figure 75.
Figure 76.
Figure 77.

Figure 78.

TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 80000X a) ............ 94

TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 80000X b) ............ 95
TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 80000X C) ............ 95
TiC precipitates in Ti-bearing steel at 640°C (location 3 & SEM 10000X) ............... 96
TiC precipitates in Ti-bearing steel at 640°C (location 3 & SEM 20000X) ............... 96
TiC precipitates in Ti-bearing steel at 640°C (location 3 & SEM 40000X) ............... 97
TiC precipitates in Ti-bearing steel at 640°C (location 3 & SEM 80000X) ............... 97
TiC precipitates in Ti-bearing steel at 640°C (location 4 & SEM 10000X) ............... 98
TiC precipitates in Ti-bearing steel at 640°C (location 4 & SEM 20000X) ............... 98
TiC precipitates in Ti-bearing steel at 640°C (location 4 & SEM 40000X) ............... 99
TiC precipitates in Ti-bearing steel at 640°C (location 4 & SEM 80000X) ............... 99
TiC precipitates in Ti-bearing steel at 660°C (location 1 & SEM 5000X) ............... 100
TiC precipitates in Ti-bearing steel at 660°C (location 1 & SEM 10000X) ............. 100
TiC precipitates in Ti-bearing steel at 660°C (location 1 & SEM 20000X) ............. 101
TiC precipitates in Ti-bearing steel at 660°C (location 1 & SEM 40000X) ............. 101
TiC precipitates in Ti-bearing steel at 660°C (location 2 & SEM 5000X) ............... 102
TiC precipitates in Ti-bearing steel at 660°C (location 2 & SEM 10000X) ............. 102
TiC precipitates in Ti-bearing steel at 660°C (location 2 & SEM 20000X) ............. 103
TiC precipitates in Ti-bearing steel at 660°C (location 2 & SEM 40000X) ............. 103
TiC precipitates in Ti-bearing steel at 660°C (location 3 & SEM 10000X) ............. 104
TiC precipitates in Ti-bearing steel at 660°C (location 3 & SEM 20000X) ............. 104
No TiC precipitates observed in Ti-bearing hot band steel samples (SEM 10000X) 105

TiC precipitates in Ti-bearing steel at 660°C (location 1 & TEM Bright Field a).... 106

Xiii



Figure 79. TiC precipitates in Ti-bearing steel at 660°C (location 1 & TEM Dark Field a)...... 106
Figure 80. TiC precipitates in Ti-bearing steel at 660°C (location 1 & TEM Bright Field b) ... 107
Figure 81. TiC precipitates in Ti-bearing steel at 660°C (location 1 & TEM Dark Field b)...... 107
Figure 82. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field a).... 108
Figure 83. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field b) ... 108
Figure 84. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field c).... 109
Figure 85. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field d) ... 109
Figure 86. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field e).... 110
Figure 87. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field f) .... 110
Figure 88. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 1 & HRTEM Bright
Field Image and Fast Fourier transformation analysis showing that the orientation relationship
between the TiC precipitates and the Ferrite Matrix follows Kurdjumov-Sachs orientation
(=] F L0 0] 1) SRS 111
Figure 89. TiC precipitates in Ti-bearing steel at 660°C (location 1 & EDS)..........cccccvevvvrnnnnee. 111

Figure 90. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
e T=] (o R = To TR ) OSSPSR 112

Figure 91. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
FIEIA TMAGE D) ..ttt bbbt 113

Figure 92. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
1= (o N To T o USROS 114

Figure 93. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
FIEIA TMAGE T) ¢ttt b bbbt 115

Figure 94. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
e T=] (o I = To L= SR 116

Figure 95. TiC precipitates (circled) along the grain boundary (dashed line) in Ti-bearing steel at
660°C (location 2 & HRTEM Bright Field Image f)........ccooviiiiiieceee e 117

Figure 96. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
e T=] (o I = To T | ST PS 118

Xiv



Figure 97. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright

=] (o = To TN o ) ISR 119
Figure 98. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
=] (o R = To L ) USRS 120
Figure 99. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
=] (o T To T ) SR 121
Figure 100. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
=] (o R = To TN SRR 122
Figure 101. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
1= Lo 1= To T USSR 123
Figure 102. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
=] (o R = To T o ) USRS 124
Figure 103. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright
=] (o T To T o ) SR 125
Figure 104. Cementite in Nb-bearing steel at 660°C (location 1 & SEM 2500X)...........c.......... 126
Figure 105. Cementite segregation bands in Nb-bearing steel at 660°C (location 2 & SEM
12100 ) TSRS 126
Figure 106. Cementites in Nb-bearing steel at 660°C (location 1 & EDS) ..........cccccvevvevevnnnen. 127

Figure 107. Cementites segregation bands in Nb-bearing steel at 660°C (location 2 & EDS) .. 127
Figure 108. No precipitates formed in Nb-bearing steel at 660°C (location 1 & TEM) ............ 128
Figure 109. No precipitates formed in Nb-bearing steel at 660°C (location 2 & TEM) ............ 128

Figure 110. Comparison of Grain Boundary Character Distribution (GBCD) of Ti-bearing steel
and Nb-bearing steel before recrystallization start temperature ...........ccoccvvveveerevcenesie e, 131

XV



ACKNOWLEDGMENTS

The completion of this study would have never been possible without those helps, supports and
assistances from so many kind persons. Here, I would like to give my most sincere thanks to
them.

First and foremost, I would like to thank my advisors, Professor Anthony J. DeArdo and
Professor C. Isaac Garcia for their great guidance and generous support throughout my research.
Their invaluable advices and suggestions make the whole research so well organized and
directed. I would also like to extend my gratitude to my other committee members, Professor lan
Nettleship, Professor Luis E. Vallejo and Professor Shi-Hoon Choi. Their collective insights
have been vital to the success of this work.

I would like to thank Professor Minking K. Chyu, the Chairman of Mechanical
Engineering and Materials Science Department, for his invaluable help and support at my most
difficult times. Special thanks are due to Dr. Ken Goldman. He is a very kind and generous man
and a great teacher in both research and language. His years of help make so many things much
easier.

Special thanks are extended to Long Li, Dr. Kengun Cho, and Professor Mingjian Hua, as
well as to Xiaojun Liang, Hoe-Seok Yang, Albert Stewart, and Cole Van Ormer, for their

generous and constant help on my experiments.

xXvi



I would like to thank the Basic Metals Processing Research Institute (BAMPRI) and the
Mechanical Engineering and Materials Science Department, University of Pittsburgh for
providing the facilities to conduct this work. I would also like to thank the steel companies that
form part of the BAMPRI-Thin Slab Casting consortium such as Nucor-Decatur and Nucor-
Berkeley for providing the steel samples and financial support for this program.

Last but not least, I would like to thank my wife, Li Sun, my parents and sisters, and my
cute little daughter, Jenny S. Fang for their love, support and giving me happiness and courage
through the critical stages of my Ph.D. Program.

Thank you all very much!

This dissertation is especially dedicated to my dad and sister in heaven, my mom, my

sisters, my wife and my daughter.

Xvii



1.0 INTRODUCTION

Cold rolled steels are usually annealed to relieve internal stresses, soften the steel, develop new
texture and improve mechanical properties such as formability, drawability and ductility. Two
different principal annealing processes are normally employed, batch (or box) annealing and
continuous annealing. Despite the advantages of continuous annealing, batch annealing is still
widely used in industry. During batch annealing, several coils are stacked together and treated at
once in a furnace at a desired thermal profile. Coil surfaces absorb more heat than the coil
centers, so the actual thermal profile applied on the coil surfaces and coil centers are different.
The difference in thermal uniformity results in different levels of annealing results and uneven
final properties of the steels throughout the coil. The initial purpose of this study is to understand
the effects of thermal profile on the annealing behavior of High Strength Low Alloy (HSLA)
steels. The final purpose of this work is to suggest ways to eliminate or reduce the difference in
recrystallization between the outer and inner coils. Since recovery, recrystallization and grain
growth during the annealing process are affected by many factors such as: alloy composition, hot
band state, cold rolling rate, texture, annealing temperature, heating rate, soaking time, cooling
rate, etc., all of them will be considered in this work. The stored energy distribution and its
relationship with texture will be analyzed before and after annealing, and the effects of solute
drag and/or precipitation on T,y and Teng and the kinetics of recrystallization will be another

focused topic. Also, because of the considerable capital, maintenance, and energy costs



associated with the batch annealing process, the optimization of heating and cooling schedules to

improve the productive capacity of these units is a subject of great interest at present.



2.0 BACKGROUND

2.1 COLD ROLLING AND STORED ENERGY

Most of the energy expended in plastically deforming a metal appears in the form of heat, but a
small percentage of the energy remains “stored” in the metal as strain energy causing an increase
in internal energy [1]. The increase of the free energy is known as stored energy. This stored
energy is associated with various lattice defects generated during deformation and provides the
initial driving force for recovery and recrystallization in the annealing process. The defects are
present as dislocations and defects like point defects (zero dimension), line defects (one
dimension), planar defects (two dimension), and am aterial containing these defects is
thermodynamically unstable [2]. Although thermodynamics would suggest that the defects
should spontaneously disappear, in practice, the necessary atomistic mechanisms are often very
slow at low homologous temperatures, which mean that most unstable defect structures are

retained after deformation.

2.1.1 Stored energy distribution and its relationship to deformation and texture

The amount of stored energy depends on the type of metals, composition of the metal, the
deformation process, as well as the rate and temperature of deformation. Numerous studies have

shown that the stored energy increases with increasing deformation, but at a decreased rate, so
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that the fraction of the total energy stored compared to the total energy expended decreases with
increasing deformation [3]. The amount of stored energy can be greatly increased by increasing
the severity of the deformation, lowering the deformation temperature, and by changing the pure
metal to an alloy or changing alloy composition [1, 4-6]. Cold working is able to increase the
number of dislocations in a metal by a factor as large as 10,000 to 1,000,000 times. Since each
dislocation represents a crystal defect with an associated lattice strain, increasing the dislocation
density increases the strain energy of the metal.

The stored energy of deformation in single crystals varies significantly with the different
crystal orientations in metals or alloys. The texture fiber is a one dimensional description of a
texture. It is essentially the value of the orientation distribution function (ODF) along a given
"fiber" in Euler space. The idea of texture fibers first arose in the analysis of texture from rolled
face centered cubic (FCC) materials. In these materials, local maxima tend to align themselves
along a characteristic fiber. Thus, the description of the texture can be reduced from three-
dimensional ODF to a one-dimensional trace along the fiber. However, this characteristic fiber
tends to shift slightly from sample to sample. Thus, instead of using exact locations in Euler
space to define the fiber, local maxima along the fiber are used. For body center cubic (BCC)
metals and alloys, most stored energy is distributed along either a fibers or y fibers. The a-fiber
is a partial fiber texture with a <110> fiber axis parallel to the rolling direction and intensity
maxima at {001} <110>, {112} <110> and {111} <110>. The y-fiber is a fairly complete fiber
texture with the <111> fiber axis parallel to the sheet normal; the major components in this fiber
texture have <110>, <112> and <123> aligned with the rolling direction. In Oyarzabal’s work
[7], EBSD results indicate that the cold work stored energy in the a-fiber components is

minimum at {1 0 0} <0 1 1> and increases monotonously towards the {1 1 1} <0 1 1>, which is



common to the a and vy fibers. The stored energy among all the components belonging to the y-
fiber remains almost at the same level. The mean stored energy is higher in the deformed grains
with y-fiber orientations. In Vanderschueren’s work [8], similar results were obtained. In Cao’s
work [9], deformed {111} <112> and {111} <110> grains in the cold-rolled IF steels generally
disappear at the early stage of recrystallization whereas deformed {001} <110> and {112}
<110> grains, are mostly consumed at the late stage of recrystallization. This difference is
attributed to the difference in stored energy between grains having different orientations. New
{111} <110> grains are nucleated within deformed {111} <112> grains and new {111} <112>
grains originated in the deformed {111} <110> grains. In Etter’s work [10], the results show
that: 1. the stored energy increases with the amount of reduction in both a and y fibers in ferrite.
2. Stored energy evolution with cold rolling reduction is described for texture components of
both fibers of the ferrite. The y-fiber's energy remains greater than the a-fiber's. Avraamov [11]
also observed that the y-fiber of the major components represent the largest stored energy of
deformation. The stored energy varies in the different texture components of the material, which
was also supported by TEM results from Dillamore et al. [12], X-ray line broadening results of
Every & Hatherly [13], where measurements were made on reflections from different crystal
planes lying parallel to the cold-rolled steel sheet, and also by the neutron diffraction

measurements of Rajmohan [14].

2.1.2 Stored energy measurement or calculation methods

To study the distribution characteristics of stored energy, many methods have been used to

measure or calculate it directly or indirectly. The following are several commonly used methods.



2.1.2.1 Subgrain Method

Choi [15] developed the Subgrain Method to evaluate the orientation-dependent stored energy of
deformed grains from the data measured using electron back-scattered diffraction (EBSD)
analysis. The subgrain structure in the deformed microstructure was used in the calculation of
stored energy. If the dislocation substructure can be simplified in the form of subgrains of
diameter, D, and boundary energy, v, then the stored energy, S; of each lattice site, can be given

by:

, where a is the geometric constant ~3. If we assume that the boundary energy of a subgrain is
only a function of the boundary misorientation (A0) and not dependent on the boundary types
(tilt and twist), the boundary energy from the Read—Shockley equation [16] can be expressed as

the following relation:
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, where 8” = |AD | for 0 < | AB| <mand 0’ =21 — | AB| for t < | AB| < 2@, A6 is the boundary
misorientation between two neighboring subgrains, 0* is the misorientation limit for low angle
grain boundaries, which was chosen as 15°, and vy, is the specific energy of high angle grain
boundaries. This method is a new way to quantify the heterogeneous distribution of stored
energy in deformed metal materials. It will be used in this study to construct stored energy

distribution maps.



2.1.2.2 Neutron line broadening

Rajmohan et al. [14] derived the stored energy distribution function in the Euler angle space for
cold-rolled IF steels by measuring the neutron line broadening. However, since the method
provides average stored energy for each orientation, it cannot be used to study the heterogeneous

distribution of stored energy inside the individual or specific deformed grains.

2.1.2.3 Image Quality (I1Q)

The image quality (or pattern quality) determined by electron back scattered diffraction (EBSD)
analysis was used to estimate the orientation-dependent stored energy in cold-rolled materials
[17]. However, since the pattern quality can be affected by experimental procedures such as
specimen surface quality and beam quality, it can only be used as a semi-quantitative value for
the stored energy term. A recent method on normalizing the raw data developed by previous
studies in BAMPRI [18] can minimize these variations caused by experimental condition, which

makes it an optional method in this study.

2.1.2.4 Taylor’s Factor

In the theoretical work, the Taylor model was used to calculate the Taylor factor as a
measurement of an orientation-dependent stored energy in cold-rolled steels [14, 19]. The Taylor
factor is a first-order approximation for the stored energy induced by plastic deformation of
polycrystalline materials. The assumption of homogenization scheme (stress and strain rate are
uniform in each grain) is not proper to simulate the heterogeneous distribution of stored energy
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in the deformed grains. However, Taylor’s second assumption of slip or deformation by the
motion of perfect dislocations is appropriate for high stacking fault materials such as BCC a-

iron.

2.1.2.5 Simulation Methods

Bacroix et al. [20] and Diligent et al. [21] calculated the orientation-dependent stored energy in
cold-rolled IF steels with the visco-plastic self-consistent and elasto-plastic self-consistent
polycrystal models, respectively. The polycrystal models also assume that the stress and strain
rate is uniform in each grain, so they have the similar limitation as the Taylor model.

In order to overcome the shortcoming of the models, Sarma et al. [22, 23] simulated the
plane strain compression of FCC polycrystalline materials to determine the orientation-
dependent stored energy using a crystal plasticity finite element model with a real configuration
for microstructure. The results of their simulation provided a means to obtain quantitative
information on t he inhomogeneous distribution of stored energy and orientations among the
different grains comprising FCC polycrystalline materials.

Raabe et al. [24-26] investigated the influences of intrinsic (initial grain orientation) and
extrinsic (neighboring grains) origins on t he formation of orientation gradients using a 3-D
crystal plasticity finite element model with BCC and FCC bi-crystal structures.

Choi [27] simulated plane strain compression of polycrystalline IF steel using a quasi 3-D
crystal plasticity finite element model in a similar approach to Becker [28, 29]. Moreover, the
inhomogeneous stored energy in cold-rolled IF steel was analyzed quantitatively as a function of
orientation. In order to estimate the magnitude of the orientation gradient in deformed grains, the

misorientation angle was calculated for all elements and compared for all grains.

8



2.1.3 Energy balance between recovery and recrystallization

Recovery and recrystallization are competing processes as both are driven by the stored energy
of the deformed state. Conversely, because recovery lowers the driving force for
recrystallization, a significant amount of prior recovery may in turn influence the nature and the
kinetics of recrystallization. The division between recovery and recrystallization is sometimes
difficult to define, because recovery mechanisms play an important role in nucleating
recrystallization.

The nature of the material itself also determines the extent of recovery. One of the most
important parameters is the stacking fault energy, ysre, which determines the rate of dislocation
climb and cross slip. They are the mechanisms which usually control the rate of recovery. In
metals of low stacking fault energy such as copper, a-brass and austenitic stainless steel, cross
slip and climb are difficult, and little recovery of the dislocation structure normally occurs prior
to recrystallization. However, in metals of high stacking fault energy such as aluminium and a -

iron, climb is rapid and cross slip is easy, and significant recovery may occur.

2.2 BATCH ANNEALING AND CONTINUOUS ANNEALING

Steel material hardens after cold rolling due to the defects generated by plastic deformation.
Annealing is therefore carried out to soften the material. The annealing process comprises
heating, holding of the material at an elevated temperature (soaking), and cooling of the material.
Heating facilitates the movement of iron atoms, resulting in the disappearance of tangled

dislocations and the formation and growth of new grains of various sizes, which depend on the



heating and soaking conditions. These phenomena make work hardened or cold rolled steel
crystals recover and recrystallize to be softened. In the steel industry, the steel is heated and
profile controlled, with times and temperatures set according to the properties desired to reach an
increased ductility and relieve strains that lead to failures in service. The annealing process can
be classed by soaking temperature into recovery annealing and recrystallization annealing. The
recovery annealing uses a temperature lower than the start temperature of recrystallization, while
a recrystallization annealing normally uses a temperature higher than that temperature. The
recrystallization annealing was concerned in this study.

The annealing of cold rolled coils has conventionally been conducted by grouping and
annealing the coils in batches stacked in a bell-type furnace. This process is called batch
annealing. Continuous annealing is now more commonly used. Continuous annealing involves
uncoiling, and welding strips together, passing the welded strips continuously through a heating
furnace, and then dividing and recoiling the strips. Unlike continuous annealing, where the strip
of steel is uncoiled, treated and rewound in approximately 15 minutes (throughput about 80 tons
per hour), batch annealing heats several coils together in large furnaces over approximately 3
days (throughput about 1.4 tons per hour). The coils are usually stacked on fixed bases, covered,
and mobile furnaces lowered onto them. Figure 1 shows a) atypical single stack gas-fired
annealing furnace and b) a multi-stack annealing furnace. Gas and/or electrical heating are used

for the furnaces.
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Figure 1. Single stack annealing furnace (left) and multi-stack annealing furnace (right)

Batch annealing is usually performed at subcritical temperatures, below Ta.j, that are below
725°C for low carbon steel. Conversely, the continuous annealing process is usually performed
at intercritical temperatures that are approximately 800°C, but the annealing time is short enough

so that no austenite is formed. In this study, the batch annealing process is simulated.

2.3 RECOVERY

Recovery can be defined as all annealing processes occurring in deformed materials that occur
without the migration of a high angle grain boundary. Typically, recovery processes involve the
rearrangement of dislocations to lower their energy, for example by the formation of low-angle
subgrain boundaries. Stored energy is partially released. Recovery refers to changes in a
deformed material which occur prior to recrystallization, and which partially restore the
properties to their values before deformation. During recovery, the microstructural changes in a

material are subtle and occur on asmall scale. The microstructures as observed by optical
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microscopy do not usually reveal much change and for this reason, recovery is often measured
indirectly by some bulk technique, for example by following the change in some physical or
mechanical properties [30]. Measurement of the changes in stored energy by calorimetry is the
most direct method of following recovery because the stored energy is related to the number and
configuration of the dislocations in the material [31]. The microstructural changes which occur
during recovery affect the mechanical properties, and therefore, recovery is often measured by
changes in the yield stress or hardness of the material [32]. Several other physical properties
including density and electrical resistivity which are altered during plastic deformation are
subsequently modified by recovery. Monitoring the changes in these properties is another way to
measure recovery.

During recovery the stored energy of the material is lowered by dislocation movement.
There are two primary processes, these being the annihilation of dislocations and the
rearrangement of dislocations into lower energy configurations. Both processes are achieved by
glide, climb and cross-slip of dislocations [33].

On annealing, the excess dislocations will arrange into lower energy configurations in the
form of regular arrays or low angle grain boundaries (LAGBs). The simplest case is that
dislocations of only one Burgers vector are involved. Such a structure may be replicated
experimentally by bending a single crystal which is deforming on a single slip system, as was
first demonstrated by Cahn [34], and this mechanism is often known as polygonization.
According to the Read-Shockley equation [16], the energy of a tilt boundary increases with
increasing misorientation and the energy per dislocation decreases with increasing
misorientation. Therefore, there is a driving force to form fewer, more highly misoriented

boundaries as recovery proceeds.
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24  RECRYSTALLIZATION

Recrystallization is the formation of a new grain structure in a deformed material by the
formation and a migration of high angle grain boundaries driven by the stored energy of
deformation; new strain free grains are formed behind the moving grain boundaries.
Recrystallization of the deformed microstructure is often called primary recrystallization in order
to distinguish it f rom the process of abnormal grain growth which may occur in fully
recrystallized material and which is sometimes called secondary recrystallization or abnormal
grain growth [35]. It is convenient to divide primary recrystallization into two regimes,
nucleation which corresponds to the first appearance of new grains in the microstructure and
growth, during which the new grains replace deformed material. Although these two events
occur consecutively for any particular grain, both nucleation and growth may be occurring at any
time throughout the specimen. The progress of recrystallization with time during isothermal
annealing is commonly represented by a plot of the volume fraction of material recrystallized
(Xy) as a function of log (time). This plot typically shows an apparent incubation time before
recrystallization is detected. This is followed by an increasing rate of recrystallization, a linear

region, and finally a decreasing rate of recrystallization.

2.4.1 Mechanism of recrystallization

In recrystallization, a set of new grains will be formed. New crystals appear at points of high
lattice strain energy such as slip-line intersections, deformation twin intersections, and in areas
close to grain boundaries. It’s customary to define the nucleation frequency, N, as the number of

nuclei that form per second in a cubic centimeter of unrecrystallized matrix because nuclei can’t
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form in the volume which has already been recrystallized. The linear rate of growth, G, is
defined as the time rate of change of the diameter of a recrystallized grain. The ratio of the rate
of nucleation N to the rate of growth G, N/G, is frequently used to predict the recrystallized grain
size. If the ratio is high, many nuclei will form before the recrystallization process is completed,
and the grain size will be finer. On the other hand, a low ratio corresponds to a slow nucleation
rate relative to the growth rate and the final recrystallized grain size will be coarser.

The kinetics of recrystallization is normally described by the Johnson—-Mehl-Avrami—
Kolmogorov (JMAK) model. It is assumed that nuclei are formed at arate N and that grains
grow into the deformed material at a linear rate G. The fraction of recrystallized material (Xv)
rises with time. However, the new grains will eventually meet each other and the rate of
recrystallization will then decrease and tending to zero as Xy approaches 1 as shown in the
following JMAK equation:

Xy =1—exp(—Bt™)

Where B =fNG?/4 and n is known as exponent of time t, n is varying from 1-4 with
growth dimensionality etc. factors, and N, G are constant with t. JIMAK approach assumes that
the nucleation sites are randomly distributed.

There are several models for nucleation of recrystallization nuclei: 1) Classical
Nucleation (Fluctuation) Model [36], 2) Subgrain Growth Model by Sub-Boundary Migration [2,
37, 38], 3) Subgrain Coalescence Model [39, 40], 4) Strain-Induced Boundary Migration Model
[41, 42], and 5) Inverse-Rowland Shear Mechanism [43-45]. Models 2), 3), and 4) are called the
“Preformed Nucleus Models”. They don’t require the formation of a new orientation in the cold-
work materials but are all based on the development of regions already present after deformation.

All these models postulate that recrystallization occurs by the motion of high angle boundaries.
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Model 2) Subgrain Growth Model and Model 3) Subgrain Coalence Model differ from Model 4)
Strain-induced Boundary Migration in that the high angle boundaries responsible for the
recrystallization are newly created (either during recovery or during the incubation stage),
whereas the high angle boundaries responsible for recrystallization in Model 4) are the original

high angle boundaries.

2.4.2 The methods to quantify the fraction of recrystallization

The microstructure at any time is divided into recrystallized or non-recrystallized regions, and
the fraction recrystallized increases from 0 to 1 as the transformation proceeds. To study the
progress of recrystallization, many methods to quantify recrystallization fraction have been used.
Some traditional methods such as optical microscopy (OM), scanning electron microscopy
(SEM) are based on visual measurement or image color and contrast analysis which is not
accurate or take too much time. Modern methods based on E BSD data analysis differ the
recrystallized area from unrecrystallized area by comparing their microstructural characters,
which is a much more accurate and faster way.

The progress of recrystallisation was investigated using Vickers hardness measurements
(1 kg), OM and SEM by Vanderschueren [8]. Using SEM micrographs, the fraction
recrystallized was determined by an image analyzer. Image analysis was also used to evaluate
the size distribution of the recrystallized grains in partially recrystallized material. The
orientation of individual grain in deformed, partially recrystallized and fully recrystallized
material was analyzed by EBSD.

Chen [46] used a new methodology for the determination of the recrystallized volume
fraction from anodically etched aluminium alloys using optical microscopy. The method

15



involves the creation of a composite image from multiple micrographs taken at a series of
orientations. The results of quantitative analysis of images obtained by this new method are
compared with those obtained using the traditional single image optical microscopy technique,
orientation imaging microscopy (OIM) and microhardness indentation. The multiple orientation
image method is shown to consistently yield a recrystallized volume fraction which is
significantly higher than that determined from a single image while multiple orientation imaging
and OIM results are found to be in good agreement.

Liu [47] showed that the recrystallization kinetics can be investigated by X-ray
diffraction and measurements of hardness. The variation in texture volume fractions with
annealing time reflects better the progress of recrystallization. The JMAK exponent and the
activation energy for recrystallization derived from texture data are in good agreement with those
from hardness data. Monitoring the change of texture volume fractions during annealing is
shown to be a feasible method of determining the recrystallization kinetics.

Mitsche [48] used two methods to differentiate between the recrystallized and the
deformed structure. One is based onthe Image Quality (IQ) and the other is based onthe
misorientation [49, 50].

A method based on EBSD has been developed by Lu [51] to differentiate recrystallized
from unrecrystallized grains in partially annealed samples based on the point-to-point
misorientation within the grains. Recrystallized grains exhibit a low average point-to-point
misorientation whereas the contrary is the case for deformed grains. The analysis for
recrystallized fraction was calibrated based on this distinguishing feature, and it was found that
the average point-to-point misorientation within a grain in a fully recrystallized sample was less

than 0.7. Based on this calibration, partially recrystallized samples were analyzed for their degree
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of recrystallization, and the technique was validated using microhardness measurements. The
analysis of the misorientation data was in excellent agreement with the hardness data.

A new experimental method of determining the volume fraction of recrystallized
structure in a polycrystalline material has been developed by Field [52]. This method is based
upon the comparison of electron backscatter diffraction patterns from adjacent locations in a
polycrystal. Positions along a line are tested to determine whether adjacent points have the same
crystal lattice orientation indicating that no dislocation structure exists between the two
locations. If the distance between the two positions is relatively small, it is assured that the two
points lie within a region of essentially defect-free lattice. Scanning through a region of material
in this manner yields the lineal fraction of recrystallized material which directly correlates with
the volume fraction. This automatic measurement eliminates the subjectivity and human error
always associated with the quantitative determination of fraction recrystallized in a material.

Kernel average misorientation distribution maps from EBSD data were used in this study
to quantify the fraction of recrystallized area. The maps can be formed using TSL OIM analysis
software by processing the original EBSD scanning data. The misorientation between a grain at
the center of the kernel and all points at the perimeter of the kernel are measured. The local
misorientation value assigned to the center point is the average of these misorientations. For a
given point, the average misorientation of that point with all of its neighbors is calculated with
the proviso that misorientations exceeding some tolerance value (Maximum misorientation) are

excluded from the averaging calculation.
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2.5 GRAIN GROWTH

Grain growth is the process involving the migration of grain boundaries when the driving force
for migration is solely the reduction of the total grain boundary energy. Coarsening can take
place by either ‘normal’ grain growth, whose main mechanism is the disappearance of the
smallest grains in the distribution, or ‘abnormal’ grain growth. The latter process involves the
growth of a few grains which become much larger than the average. The driving force for grain
growth is a reduction in the energy which is stored in the material in the form of grain
boundaries. Grain boundaries and the surface energy will be both reduced after grain coursing.
Some dramatic texture changes are usually associated with abnormal grain growth [53].
Amongst the best known examples is that associated with abnormal grain growth in rolled
copper sheet, where the cube texture is replaced by new orientations generated by a 30°—40°

<111> rotation [54, 55].

2.6 TEXTURE

Many mechanical and physical properties of crystals are anisotropic, and therefore the properties
of a polycrystalline aggregate will depend on whether the individual grains or subgrains, which
comprise the sample, are randomly oriented or tend to have some preferred crystallographic
orientation. The sum of the crystallographic orientations of the crystallites within a

polycrystalline aggregate is known as the texture of the material.
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2.6.1 Deformation texture

The orientation changes that take place during deformation are not random. They are a
consequence of the fact that deformation occurs on the most favourably oriented slip or twinning
systems and it follows that the deformed metal acquires a preferred orientation or texture.

In a single crystal subjected to a particular stress state, plastic flow can be accomplished by slip
on one or more particular slip systems. For a given stress state, the various potential slip systems
are generally oriented differently with respect to the principal stress axes; therefore, the resolved
shear stress, Yrss , on each slip system will be different. Plastic flow is initiated by slip on those
systems where ygss reaches a critical value characteristic of the material. This critical stress is

denoted ycrss and is related to the tensile yield stress, oy, through the expression:

Oy = MT¢Rrss

This is known as Schmid's law. The parameter m is a geometrical factor which is derived from
the orientation of a particular slip system with respect to the stress state. While the Schmid
factor, 1/m, is useful for identifying which slip systems are most likely to be activated for a
single crystal of a given material, most materials are polycrystalline and an average Schmid
factor is needed to predict the response of a textured polycrystal to a given stress state. The
Taylor model describes deformation in polycrystals based on slip in the individual crystals. The
model can be used to predict the evolution of texture during deformation. In metals, deformation
is accomplished through slip on specific slip systems. Which slip systems are active is a function
of their orientation relative to the imposed macroscopic stress state. A Taylor Factor is a
geometric factor which describes the propensity of a crystal to slip (or not slip) based on the

orientation of the crystal relative to the sample reference frame. In this sense, the Taylor factor is
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a multiplication factor on the yield strength of an individual crystal. The key assumption in the
Taylor model is that of uniform strain within each constituent crystal equal to the macroscopic
strain.

The family of close-packed planes in FCC is {111}. There are four such planes in a FCC
crystal: (111), (-111), (1-11), (11-1). The close-packed directions are the slip directions which
are <-110>. There are three such directions for each slip plane, e.g. for the plane (111) the slip
directions are: [-110], [0-11] and [10-1]. Thus there are 4 slip planes with each having 3 slip
directions, a total of 12 slip systems for FCC crystals.

The close-packed directions in BCC crystals are <I111>. There are no close-packed planes
in BCC. However, there are three types of planes that can be considered close-packed. They are
nearly equal for the highest packing density planes in BCC: {110}, {321}, {211}. A 1l of these
planes have been observed to be slip planes. Thus we have the following slip systems in BCC
crystals: 6 {110} pl anes each with 2 <111> directions, 24 {321} pl anes each with 1 <111>
direction, 12 {211} planes each with 1 <111> direction, i.e. a total of 48 slip systems for BCC
crystals.

Many models have been attempts to predict the evolution of textures during deformation.
The Sachs model [56] assumed that each grain deforms independently of its neighbours and on
the slip system that has the greatest resolved shear stress, i.e. in precisely the manner of an
unconstrained single crystal of the same orientation. In these circumstances a c rystal (grain)
deforms on the most highly stressed slip system. The Taylor model [57] assumed that all grains
undergo the same shape change. The strain tensor is always symmetrical and together with the
constant volume requirement for plasticity gives five independent strain components. Taylor

assumed that the combination of slip systems selected for a grain during an increment of
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deformation was that which achieved the required strain with the minimum internal work. The
choice of the five active systems of the 12 total determines the grain rotation path during
deformation.

111

Taylor Prediction: Pole
rotation with strain

indicated by arrows

110 100

Figure 2. Pole rotation prediction by initial Taylor theory

Figure 2 shows the behavior assumed by initial Taylor theory for FCC structures, which
predicted that poles initially in region B will rotate toward <I111>, poles in region A rotate
toward 100 and poles in region C rotate out of C toward either <100> or <111> (i.e., C is an
unstable region). All of the rotations will deplete poles in region C and enrich poles in regions A
and B, i.e. Taylor theory predicted <111> and <100> fiber texture for FCC structures. Taylor
theory treated only simple glide or perfect slip and treated all 12 slip systems per crystal the
same.

Some experimental results [58] related to stacking fault energy (SFE) couldn’t be
explained by this theory. Chin’s group [58-60] challenged the Taylor theory’s basis of simple
glide of perfect dislocations. Dislocation theory predicts four different forms of shear

deformation: Cross Slip or Collinear Slip (shearing in one <110> direction but ontwo {111}
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planes), Co-Planar or Latent Hardening Slip (shearing in two <I11> directions concurrently),
Deformation Faulting (shearing in <112> by Shockley partial dislocations), and Mechanical
Twinning (shearing by {111} <112> twins). These forms of shear deformation were incorporated
into the rotation calculations. Rotation calculations showed that by invoking Collinear Slip
caused region C to be depopulated as per Taylor, but most poles rotating towards <I111>, not
<100>, and not equally as per Taylor. Hence high ratio <111> to <100> in high SFE
metals/alloys, or less <100> than predicted by Taylor model. Coplanar or latent hardening slip
favored in metals with low SFE. Pole rotations in Taylor region C for coplanar slip about the
same as found for collinear slip (less <100> than predicted by Taylor). Results for deformation
faulting favored a strong <111> texture enrichment in low SFE metals, reinforcing the trend
found in coplanar slip in low SFE metals. For Mechanical Twinning, Chin recognized the very
large difference in crystal orientation between untwined normal lattice and twinned region. He
concluded that this could not be treated with Taylor theory. Ahlborn and Wassermann [61] found
a large amount of <100> in drawn Ag crystals which they attributed to twinning. They suggested
that the initial deformation of Ag favors very high <111> which with continuing deformation
rotates to <511> during twinning. Continuing deformation then rotates this <511> to <100>.
Hence the final high <100> is due to a slip + twin + slip process. But if this were true, the very
low SFE metals-alloys would also have a high <100>, which they do not. Hence, Chin thought
Ahlborn and Wassermann needed more refinement. If the crystal twinned too early in the
deformation, there would not be enough enrichment at <100> via slip to lead to final high <100>
from the subsequent twinning. Chin suggested that extensive slip must first occur in Ag to both
a) build up the internal energy of the material to eventually allow twinning to occur, and b) to

allow enough poles to be accumulated near <100> due to the initial slip such that a very high
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concentration would be found near <111> after twinning and later slip in the final crystal. A later
development was the formulation of the so-called relaxed constraints model [62, 63] to account
for the deformation of non-equiaxed grains. This term is used in order to distinguish such
models, which allow the operation of less than five independent slip systems, from the full
constraints model of Taylor and the zero constraints model of Sachs. Like these the relaxed
constraints models assume that slip is homogeneous within a grain and that any effects of
individual location within the microstructure can be ignored, i.e. all grains of the same
orientation behave similarly. In attempting to make better predictions of the nature and rate of
formation of deformation textures, more recent models abandon the assumption of homogeneous
strain, and use a variety of methods to predict textures. Self-consistent models [64] used a mean
field approach in which the deformation of each crystallite is considered individually within the
surroundings of a homogeneous matrix. Crystal plasticity finite element models [65] used finite
element methods, but include constitutive crystal plasticity equations. They can take account not
only of nearest neighbour grain interactions, but also long-range interactions. However, they are

very computer intensive.

2.6.2 Recrystallization texture

If the deformed metal is subsequently recrystallized, nucleation occurs preferentially in
association with specific features of the microstructure, i.e., with regions of high stored energy
and particular orientation. The ability of the nucleus to grow may also be influenced by the
orientations of adjacent regions in the microstructure. The changes in texture that occur during
the recrystallization process can be dramatic in the sense that the previous texture of the
deformed state is, in some cases, replaced by an entirely different texture. The purity of a
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particular metal may also strongly influence the recrystallization texture. In many cases very
small amounts of second elements may, by affecting the boundary mobility, change the

annealing texture completely.

2.7 PRECIPITATION BEHAVIOR

2.7.1 The effects of different alloy additions on the annealing behavior or steel properties

The chemical elements niobium, titanium and vanadium are very effective as microalloying
additions in steel, influencing the microstructure by both a solute drag effect and the formation of
nitrides and carbides precipitates. Since the solubility products and the physical properties of
each element and each compound are different, they have some different characteristics, which
cause each of these elements to have specific merits. Niobium and titanium addition effects will
be compared in this study.
Niobium continues to play a major positive role in optimising the manufacturability,

final properties and performance of the niobium bearing steels. Niobium is often used as a
stabilizing element in sheet steels, often in combination with titanium, whereby carbides are
formed thus reducing the amount of free carbon in solid solution, in both ultralow carbon steel
and ferritic stainless steel. Niobium is normally recognized as the most effective microalloying
addition which is due to its features. In the ternary Fe—C—Nb system, the major feature of the
equilibrium diagram relevant to steels is the marked reduction of the solubility of carbon in
austenite and ferrite as a result of the ready formation of niobium carbide. Niobium shows a

strong tendency to form carbonitrides, but relatively little tendency to form oxides, sulphides, or
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solid solutions of these compounds. In this regard it b ehaves similarly to vanadium. This
characteristic distinguishes it from titanium which does not act as a carbide former until all
oxygen, nitrogen, and sulphur have been consumed by initial additions of titanium. Niobium
carbo-nitrides can readily be dissolved completely prior to hot rolling at temperatures between
about 1200°C to 1320°C that correspond to a commonly used slab reheating temperature range.
Precipitation could be formed during cooling or formed during or after rolling between about
1000°C and 900°C that correspond to a commonly used temperature range for the completion of
the hot rolling process. Precipitation during cooling is not likely to be significant, since
precipitation in recrystallized austenite is normally very sluggish. Precipitation during or after
rolling is the strain induced precipitation which could produce marked retardation of
recrystallization. Dissolved niobium produces the largest effect on retarding recrystallization in
comparison with any other microalloying elements. Solubility of carbo-nitrides at low
temperatures in the austenitic range is very limited, practically precluding precipitation

strengthening.

Since titanium carbide will not be formed before all oxygen, nitrogen, and sulphur have
been consumed by initial additions of titanium, the effects of titanium on microstructure are
strongly dependent on the amount of titanium added. Addition of a small amount of titanium
produces titanium nitrides, TiN, having extremely limited solubility. The extremely stable
titanium nitride practically does not dissolve at the soaking temperature, thus precluding any
solid solution effect of titanium on recrystallization. The stability of the titanium nitride also
precludes any noticable strain inducement. The recrystallization kinetics of steels with additions

of up to 0.04wt% titanium is similar to those of plain carbon steel. Addition of a greater amount
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of titanium to low carbon steels provides an ability to form titanium carbides, in addition to the
stable titanium nitrides that are naturally formed due to the presence of nitrogen in steels.
Subsequently, the steel reproduces the effects seen in niobium steels. These effects include both
a retardation of recrystallization of y due to dissolved titanium and a strain induced precipitation
over the temperature range 1000°C - 850°C peaking at 900°C. Titanium readily forms a sulfide or
carbo-sulfide in competition with manganese for sulfur. At low titanium levels (or high
manganese levels), manganese sulfide is formed with titanium in solid solution. Conversely, the
more stable titanium sulfide is formed at low manganese levels. The titanium sulfides are hard
particles that are non-deformable under hot rolling conditions. They change the sulfides from
elongated ovoid to sphere, leading to a significant improvement of steel ductility. With sufficient
amount of titanium addition, Ti-based precipitation could be formed during annealing of cold

rolled steels, which will retard recovery and recrystallization processes [66].

2.7.2 The mechanism of precipitation behavior

Second-phase particles may either have been present before the deformation of the material, in
which case they are often distributed reasonably uniformly in the microstructure, or they may
precipitate during the anneal, in which case their distribution is often related to the dislocation
structure.

If the processes of recrystallization and precipitation occur concurrently, the situation is
very complex for the following reasons: 1) the presence of a deformed microstructure may affect
the nature and kinetics of the precipitation; 2) the presence of precipitates may interfere with

recovery and recrystallization. The problem was first analyzed by Hornbogen and colleagues in
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Al-Cu and Al-Fe alloys, e.g. Ahlborn et al. [67], and was reviewed by Hornbogen and Koster
[68].

Solubility diagrams have been used to help explain the physical metallurgy of
microalloyed steels and, in particular, the precipitation phenomena [69-71]. The largest possible
supersaturation occurs when the microalloying element and the interstitial are present in the steel
in the stoichiometric ratio, and deviation from this ratio will lead to decreasing supersaturation
[72]. Solubility products can be in influenced by the presence of elements that do not directly
participate in the precipitation reaction. Third elemental solutes that raise the activity of niobium
or carbon through a positive interaction coefficient decrease their solubility, while those that
decrease the activity through negative coefficients increase it [73, 74]. Although the use of
solubility products is helpful in understanding the behaviour of microalloying elements in
austenite and ferrite, there are some important restrictions that must be recognized when
applying them. many precipitate reactions are governed by a local composition rather than a bulk
composition the influence of segregation on precipitation must be considered when applying any

solubility equation, as discussed by Palmiere [73].

2.7.3 The difference between precipitates in austenite and precipitates in ferrite

Through TEM investigation of the orientation relationship between the carbide and the matrix, it
is possible to determine if the carbide formed in ferrite or austenite. This is important in
determining the temperature where the carbide forms, and also in determining the presence of
austenite in the temperature range where the precipitation occurs. The carbide will conform
closely to either the Kurdjumov-Sachs orientation relationship or the Baker-Nutting Orientation
relationship as described in the following sections.
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Baker-Nutting Orientation Relationship

The Baker-Nutting orientation relationship [75] describes the relationship between a ca rbide
particle and the matrix when the carbide precipitates in the ferrite. The B-N relationship is shown
schematically in Figure 3 and can be shown as:

(100)MC || (100)a

[100]MC || [110]a

4

Figure 3. Schematic of the Baker-Nutting orientation relationship between a titanium carbide particle and the ferrite

matrix
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Kurdjumov-Sachs Orientation Relationship

The Kurdjumov-Sachs orientation relationship [76] is used to describe the orientation
between an FCC lattice and a BCC lattice. When this occurs, the close packed planes between
the two crystal structures will be aligned as shown in Figure 4 so that:

(110)BCC || (111)FCC
[111]BCC || [110]FCC
where (110) is the close packed plane in BCC and (111) is the close packed plane in the

FCC.

FCC
Austenite
(111)

Figure 4. Schematic showing the parallel planes and directions in the Kurdjumov-Sachs orientation relationship

between ferrite and austenite

This orientation relationship has been observed at ferrite/austenite grain boundaries. This

orientation relationship can also be used to indicate the precipitation of carbides in the austenite
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phase. Carbides will initially form in austenite with NaCl lattice parallel to that of the FCC
austenite:
(100)MC || (100)y
[010]MC || [010]y
The austenite/ferrite boundary will then move past the particle, leaving the particle with

the K-S relationship with respect to the matrix.

2.7.4 Pinning force of precipitates

The effects of particles on recrystallization are complex. During deformation, particles will affect
the deformation microstructure and texture through effects such as an increase in dislocation
density, the production of large deformation heterogeneities at larger particles, and the alteration
of the homogeneity of slip, e.g., shear bands. During annealing, the primary effect of closely
spaced particles is to pin grain boundaries (Zener pinning), but the deformation heterogeneities at
large particles may be sites at which recrystallization originates (particle stimulated nucleation or
PSN). Second-phase particles may either have been present during the deformation of the
material, in which case they are often distributed reasonably uniformly in the microstructure, or
they may precipitate during the anneal, in which case their distribution is often related to the
dislocation structure. Second-phase particles may affect recovery mechanisms in several ways.
During the annihilation and rearrangement of dislocations to form low angle boundaries, the
particles may pin the individual dislocations and thus inhibit this stage of the recovery. There is
substantial evidence that a fine particle dispersion may exert a strong pinning effect on subgrains
(Humphreys and Martin [77], Ahlborn et al., [67], Jones & Hansen [78]). Particle-limited
subgrain growth may have a significant effect on the recrystallization behavior of an alloy. A
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dispersion of particles may hinder the recovery processes involved in the initiation of
recrystallization. Precipitation on the recovered substructure may occur during the annealing of a
supersaturated alloy. In this situation, the precipitation generally occurs on the low angle
boundaries. Such non-uniformly distributed precipitates exert a strong pinning effect ont he
boundaries. It has long been established that recrystallization is prevented or delayed by a
dispersion of closely spaced second-phase particles, due to the pinning (Zener drag) of both high
and low angle boundaries. The influence of the particles is expected to depend on a number of
factors and, in particular, on whether the particles are present during deformation or whether they
form during the subsequent anneal before recrystallization occurs. At high annealing
temperatures, recrystallization is likely to be complete before precipitation occurs and the
particles, therefore, do not influence the recrystallized microstructure and texture. At lower
temperatures, precipitation generally occurs before recrystallization and precipitates form on the

deformed or recovered substructure, thereby inhibiting both recovery and recrystallization [79].

2.7.4.1 Grain boundary migration during annealing

The migration of low angle (LAGB) and high angle grain boundaries (HAGB) play a central role
in the annealing of cold worked metals. Low angle boundary migration occurs during recovery
and during the nucleation of recrystallization, and high angle boundary migration occurs both
during and after primary recrystallization. Low angle and high angle grain boundaries migrate by
means of atomistic processes which occur in the vicinity of the boundary. The mechanism of
boundary migration depends on several parameters including the boundary structure which, in a
given material, is a function of misorientation and boundary plane. It also depends on't he

experimental conditions, in particular the temperature and the nature and magnitude of the forces
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on the boundary, and it is also strongly influenced by point defects in the material such as solutes
and vacancies. It is well established that low angle grain boundaries migrate through the
movement by climb and glide of the dislocations which comprise the boundary. Because the
atomic packing at grain boundaries is less dense than in the perfect crystal, grain boundaries are
associated with a free or excess volume which depends on the crystallography of the boundary.
This leads to a strong interaction with solute atoms and to the formation of a solute atmosphere
which, at low boundary velocities, moves with the boundary and impedes its migration. The
range of boundary velocities is very large. For example, in the case of grain growth the boundary
may move relatively slowly through an almost perfect crystal. However, during recrystallization,
the boundary moves at a very high velocity (often much higher than during diffusion-controlled
phase transformations). In this case, the boundary migrates into highly defective material,
leaving a perfect crystal behind it.

Kronberg and Wilson [54] showed that rotation about a common <111> and <100> axes
are such that lattices of new and old grains have a common sublattice, this kind of sublattice is
called the coincidence site lattice (CSL) because the points coinside with both the new and old
lattices. The points take two crystals and the number of coincident sites will vary if the lattices
are rotated. There are some special orientations in which the number of coincident sites is
abnormally high. The special boundaries like twist or tilt boundaries have the Kronberg-Wilson
(K-W) orientations. K-W boundaries are good fit boundaries, so they absorb considerably less
impurities than bad fit random boundaries. The tendency to absorb the impurities also is
temperature dependent. The absorption is low at high temperatures and high at low temperatures.

Therefore, at high temperatures, neither K-W nor random boundaries would be expected to be
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strongly influenced by solutes; at low temperature, random boundaries become impurity laden
and migration rate falls well below that of the random boundary in a pure matrix.

A dispersion of particles will exert a retarding force or pressure on a low angle or high
angle grain boundary and this may have a profound effect ont he processes of recovery,
recrystallization and grain growth. The effect is known as Zener drag after the original analysis
by Zener which was published by Smith [80]. The relationship can be described as following
Zener pinning pressure equation:

SFv}"
Pz = 2r

The magnitude of this interaction depends the nature of the particle and interface, and the
shape, size, spacing and volume fraction of the particles. In some situations the second-phase
particles may be precipitated after the formation of a grain or subgrain structure. In this case the
particles are unlikely to be distributed uniformly and will form preferentially on the boundaries.
The pinning pressure due to the particles will therefore be greater than for a random particle
distribution (Hutchinson and Duggan [81]).

A dense dispersion of very fine precipitates is believed to exert a strong pinning force
exerted on the grain boundary to retard the growth of these grains. Similar conclusions were
drawn by Hellman [82] and Hillert [83] for various materials. In addition, Hu [84] also pointed
out that impurities, solutes or fine second phase particles inhibit boundary migration to retard

recrystallisation.
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2.7.4.2 Ti-Based Precipitates

Wei [85] used high-resolution electron microscopy to examine the crystallography and
morphology of TiC particles. Plate-like TiC precipitates with a thickness ranging from a few
atomic layers to 20nm were observed in steels. It was found that the Baker—Nutting orientation
relationship is always satisfied with the ferrite matrix within about 5° for both the nanosized and
the coarse TiC particles. The habit plane of the TiC precipitate is the (100) ferrite plane. A
moderate tendency for the faceting of lateral interfaces on the {001} and {011} ferrite planes
was found. The presence of interfacial misfit dislocations was revealed by examining the excess
lattice fringes terminating at the interfaces between the TiC platelet and the ferrite matrix. The
location and number of the excess lattice fringes terminating at the broad plane and the lateral
interface were consistent with the mismatch in the atomic arrangement between the Baker—
Nutting orientation relationship related TiC and ferrite.

Zhou [86] used transmission electron microscopy (TEM) and physics-chemical phase
analysis to investigate the precipitates in high strength steels microalloyed with Ti produced by
compact strip production (CSP). It was seen that precipitates in Ti microalloyed steels mainly
included TiN, Ti4C,S,, and TiC. The size of TiN particles varied from 50 to 500 nm, and they
could precipitate during or before soaking. The TisC,S, with the size of 40-100 nm might
precipitate before rolling, and the TiC particles with the size of 5-50 nm precipitated
heterogeneously. High Ti content would lead to the presence of larger TiC particles that
precipitated in austenite, and, by contrast, TiC particles that precipitated in ferrite and the

transformation of austenite to ferrite were smaller. They were less than 30 nm and mainly
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responsible for precipitate strengthening. It should be noted that the TiC particles in higher Ti
content were generally smaller than those in the steel with a lower Ti content.

Belyakov [66] studied the development of primary recrystallization in a steel containing
0.4 volume% of fine TiC precipitations with an average size of 12 nm. After sufficiently large
cold strains, the recrystallization developed readily upon annealing at temperatures above 600
°C. An increase in the cold strain as well as the annealing temperature resulted in the
acceleration of recrystallization kinetics. However, a certain amount of cold worked
microstructures of about 15 volume% remained unrecrystallized even after annealing at a rather
high temperature of 700°C. The unrecrystallized portions were composed of grains with the <0 0
1> crystallographic direction parallel to the compression axis. Both the low stored energies in
these grains and the pinning of recrystallizing grain boundaries by the dispersed carbides were

discussed as crucial factors that resulted in the incomplete recrystallization.

2.7.4.3 Nb-Based Precipitates

The precipitation of Nb carbonitrides in ferrite is widely used in steels, especially for two
main applications: for low solute contents (IF steels), the precipitation of NbC improves the
drawability by removing C and N atoms out of solid solution [87]; for higher solute contents
(HSLA grades), the precipitation of Nb carbonitrides provides important precipitation hardening
[88, 89].

Small amounts of niobium in steels have been known to affect both the microstructure
and properties. The niobium has been known to increase strength [90-92], develop good textures
[93], improve surface quality [94], and increase formability [95]. The main benefit of the

niobium is its ability to suppress recovery, recrystallization, and grain growth in steels [96]. This
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occurs from both niobium in solid solution and niobium in precipitates. The topic of niobium in
steels has been covered extensively in a review paper by DeArdo [97].

In Hutchinson’s paper [98], the comparative effectiveness of solute Nb and NbC particles at
impeding grain-boundary motion is treated theoretically. Nb is often considered to be a powerful
alloying element for controlling the recrystallization processes in steel and is of considerable
technological importance. However, the Nb can be present both as solute in solution, where it is
thought to exhibit a strong solute drag effect, or as NbC precipitates, which are thought to be
effective at pinning grain boundaries. It is shown that, for a steel containing ~0.05 at.% Nb (~0.1
wt.% Nb), under typical recrystallization conditions, solute Nb is more effective in the ferrite,
whereas in the austenite, depending on the exact recrystallization temperature, either solute Nb

or NbC precipitates may be more effective.

36



3.0 STATEMENT OF OBJECTIVES

Batch annealing is still widely used in industry to soften cold rolled steels and improve their
mechanical properties. The different thermal profiles throughout the coil cause non-uniform
properties after annealing. The main objective of this study is to gain a fundamental
understanding of the factors responsible for the kinetics of annealing behavior during batch
annealing for high strength low alloy (HSLA) steels, which will lead to solve the practical
problems during commercial production. Certain factors such as alloy composition (Ti-bearing
and Nb-bearing), cold rolling reduction rate, texture, heating rate (Cold Spot Temperature profile
and High Spot Temperature profile) and soaking time, which may influence the annealing
behavior, will be considered in this study. How solute drag and/or precipitation would affect the
start temperature (Tggr), the end temperature (Tgnq) and the kinetics of recrystallization will also
be studied. These factors influence the annealing behavior at different levels, texture dependent
stored energy distribution and the Zener pinning force of precipitates are expected to have more
significant effects than other factors and will be extensively studied. Finally, suggestions should
be made on eliminating or reducing the difference in annealing results between the outer and
inner coils and the difference annealing behavior between Ti-bearing steels and Nb-bearing

steels.
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4.0 EXPERIMENTAL PROCEDURES

4.1 CHEMICAL COMPOSITIONS

The steel samples used in this study are listed in Table 1. The main difference between the two
types of steels is that one contains significantly higher Ti and the other contains significantly
higher Nb and a little higher Mn. Different alloy compositions were specially designed for
different application, the reason we compare these two kinds of steels was that the annealing
uniformity were different for them although the problem existed in both kinds of steels. The
purpose was to compare what factors made that kind of difference and what could be done to

improve the one with the worst uniformity.

Table 1. Chemical compositions of experimental steels used in this study (wt%)

Type C Si Al Nb N Mn v Ti
Ti-bearing | 0.0455 | 0.1909 | 0.0410 | 0.0027 | 0.0086 | 0.7296 | 0.0039 | 0.0577
Nb-Bearing | 0.0526 | 0.1938 [ 0.0191 | 0.0317 [ 0.0073 | 1.0680 | 0.0019 | 0.0097

4.2 DETAILED PROCEDURES

The hot band samples were cold rolled with different desired cold rolling rate at room
temperature in the factory. Both hot band and cold rolled samples were supplied from

commercial sources. Samples were cut into small pieces about 3cm in length and 2cm in width.
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To prevent oxidation during annealing, the samples were encapsulated individually in quartz
tubes or chemically plated with one layer of Ni. The Tx.; of the steels were first measured by a
dilatometer. The annealing soaking temperature was then determined by the Tac;. Tac; minus 10,
20, 30 de gree C were as the annealing soaking temperature. The Ta.; for different alloy
composition steels are slightly different, to simplify the experiments and do a better comparison,
670°C was selected as a common annealing temperature for most samples. About 10 to 15 small
piece samples were put into the furnace at the same time. Two annealing processes were
simulated, one is called cold spot temperature (CST) the other is called hot spot temperature
(HST). The main difference for these two processes are heating rates and soaking time. The CST
simulates the temperature change for the center part of the coils, where the heating rate is lower
and the soaking time is shorter. The HST simulates the temperature change for the surface part of
the coils, where the heating rate is about 2 to 3 times higher and the soaking time is much longer.
The whole annealing process would take about 80 hours. Please see Figure 5 for annealing

cycles.
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Figure 5. Simulated annealing cycles
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After the test, it was found that the temperature in the furnace was relatively uniform and
very well controlled. Also, the temperature of the samples and the temperature of the furnace
were essentially the same during annealing because of the small size of our samples. So only the
furnace temperature change was monitored. Small sample pieces were taken out one by one at
different temperatures: 335°C, 400°C, 500°C, 600°C, 670°C and different soaking times: 1 hour,
2 hours, 4 hours, 6 hours etc. up to 30 hours, then water quenched to room temperature. To get
more accurate recrystallization start temperature and precipitation start temperature, the
experiment was refined from 520°C to 660°C with 20°C temperature intervals. Parts of these
samples were cut again along rolling direction into smaller pieces about 10mm in length and
Smm in width and thermo mounted using bakelite or copper powder. The samples were then
ground on 400 to 2400 grit silicon carbide abrasive paper and polished with 0.05 micron alumina
power on abrasive cloths. The final polishing step used the vibratory polishing machine and 0.05
micron alumina power. Then the samples can be used for EBSD experiment directly; chemical
polishing was needed sometimes for better surface condition. 2% to 5% Nital was used for
etching when sample microstructure needed to be observed on OM or SEM. Microhardness
(VHN) and nanohardness were measured after microstructural analysis. Other parts of the

annealed samples were used for precipitation (PPTN) analysis in TEM (3mm diameter thin disk).
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4.3 EQUIPMENT AND TECHNIQUES

4.3.1 Dilatometer

A Theta Dilamatic Ile dilatometer was used for determining Tx; in this research because of its
computer controlled furnace with a semi-enclosed sample chamber. This furnace was utilized for
heating and cooling experiments where the heating and cooling rates needed to be controlled.
The furnace uses a resistance-heating element that can obtain heating rates of up to 10 °C per
second. This furnace is interfaced to a PC through the serial port, allowing for two-way
communication between the computer and the temperature controller. This allows the computer
to record the temperature data from the controller, as well as continuously change the sample set
point temperature and heating rate. The sample temperature is monitored through a k-type
thermocouple spot welded to the surface of the sample. The sample is contained in a semi-
enclosed quartz tube. The quartz tube had an opening at one end to allow the sample to be
removed quickly and air or water quenched. Argon was introduced into the quartz tube to protect
the heated samples from oxidation. Increasing the argon flow across the sample could also be

used to obtain higher cooling rates.

4.3.2 Optical Microscopy (OM)

Optical Microscopy was first used to observe the microstructure and phase balance of the
samples. Bulk samples were cut using a Buehler Isomet 1000 diamond cutting wheel and were
then hot-mounted using copper powder in a Buehler Pnumet I mounting press. The samples were

then ground on 400 t o 2400 grit silicon carbide abrasive paper and polished with 0.05 micron
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alumina power on polishing cloths. The samples were etched using 2% Nital for 10-30 seconds.
The time needed depends on the microstructures and chemical compositions of the samples.
Optical micrographic images were captured using a Sony digital camera attached to a Nikon
Microscope. Bioquant image analysis software was utilized to save the images on the computer

in JPEG format.

4.3.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy

(EDS)

Samples for analysis on the SEM and EDS were prepared either as optical microscopy bulk
samples or TEM thin foils. Most samples analyzed on the SEM were prepared as TEM thin foils
even if they were not going to be analyzed in the TEM. There are three reasons for routinely
preparing TEM foils for the SEM. The first is because the TEM foil preparation keeps the
sample very clean which helps resolve small particles. Second, the twin-jet electopolisher tends
to leave carbides and nitrides on top of the surface, facilitating good images and analysis of the
particles. The final reason why TEM foils were usually prepared for SEM analysis was that it
always left the option open for further analysis on the TEM. A Philips XL30 FEG SEM was used
for analyzing larger precipitates and fine microstructures and the characters of second phase.
Typical parameters for the SEM would be 15 kV and beam spot size 3. Elemental analysis was
done using an EDAX CDU LEAP detector. Samples were in focus at a 10 mm working distance

for all images and analyses. All SEM images were captured in TIFF compressed format.
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4.3.4 Electron Back-Scattered Diffraction (EBSD)

EBSD experiments normally need a very good sample surface condition. TEM thin foils are also
often used here for the same reason why we use them in SEM and EDS experiments. The other
way is, after preparing steps as for optical microscopy samples, using vibration polishing and/or
electropolishing to do the final refinement. The Vibromet 2 Vibratory Polisher is used for fine
polishing. In this case, the total polishing time onthe Vibromet 2is from 1to 12 hours
depending on the sample hardness and desired surface condition. Standard operation procedure
of EBSD observation is employed in this part of work. For every observation, 20kV voltage and
the beam spot size of 6 are applied. The square scan mode is used for compatible with the
analyzing software developed by Choi [15] to do stored energy distribution analysis. The step
size is varied from 0.1um to 0.5um determined by the grain size and the features of interest. All
data collection is accomplished by using the TSL OIM data collector software. General analysis
of the EBSD data is conducted by using the TSL OIM Analysis software. Grain boundaries and
subgrain boundaries can be determined and measured. Information on the texture of the
specimens can also be calculated. Since the scanning area of EBSD is relative small, XRD has
been done to determine the texture again to confirm or compare the results. Initially recorded
data of the diffraction pattern image quality (IQ) and the confidence index (CI) may also be
normalized and presented by using this software. EBSD-IQ analysis software previously

developed by BAMPRI [18] were mainly used for analyzing the phase balance in this study.
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4.3.5 Transmission Electron Microscopy (TEM)

For further analysis of small precipitates and to obtain crystallographic data, a transmission
electron microscope (TEM), JEOL200CX and JEOL2100F, were used. The TEM uses tungsten
filaments operated at 200 kV, 118 pA, and a beam spot size of 2. Thin foil samples preparation
involves sectioning the samples, mechanical or chemical thinning, and electropolishing. Samples
were first sectioned to 500-800um in thickness using a Buehler Isomet 1000 diamond cutting
wheel. The thin samples were then attached to a larger steel block using a hot plate and wax.
Once the sample was mechanically ground on one side using 320, 400 and 600 grit silicon
carbide paper the foil was again placed on the hot plate to melt the wax. The sample was turned
over and then mechanically ground on the opposite side. After the sample was sufficiently thin
(less than 200um), chemical thinning will be done using an acid solution mixed from 50ml H,O,
30ml HNO;, 15ml HCI and 10ml HF. The foils should be thinner than 100um after this step.
These foils were then punched into 3 mm discs and gently polished using 600 or 1200 grit to get
a shining surface. Then the disks were elecropolished until perforation using a Fischione twinjet
electropolisher and the electrolyte solution is mixed from 80g Na,CrOs; and 400ml Acetic acid.
Finally, the samples were cleaned using athree step ethanol cleaning process to remove all

residues on the sample.

4.3.6 X-ray Diffraction (XRD)

A polished sample used for EBSD experiment is good for the XRD experiment. Philips

Analytical X-Ray PW3710 based X’Pert Diffractometer systems were used to do phase and
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texture analysis in this study as as econdary method to compare the results to EBSD

measurements.

4.3.7 Microhardness and Nanohardness

Microhardness and nanohardness measurements are the key to correlate the quantified
microstructure and the mechanical properties of the microstructure. The typical loads used
during the microhardness measurement in this study are 10 gram or 500 gram with the dwell
time of 15 seconds. 10 gram is used for measuring the hardness of certain individual grain. A
500 gram load is used for measuring the hardness of the whole ferrite matrix including some
grains and their grain boundaries. The changing trend of hardness during the annealing process
shows the stages of recovery, recrystallization and grain growth. To complement microhardness
results, nanohardness measurements will be performed on a Hysitron Triboindenter. Through
nanohardness measurement in a pre-selected area, detail hardness information all over the
microstructure can be collected. This measurement covers not only the grain boundaries, but also
the grain matrix among these grain boundaries; the nanohardness is affected not only by the
grain boundaries, subgrain boundaries, but also by the defect density and texture of the location
of interest. The defect density and texture variation is certainly associated with different
deformation level or recrystallization level. The nanohardness distribution maps can be used to
compare with the SEM images and texture based stored energy distribution maps to determine

microstructure and recrystallization fraction information.
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5.0 RESULTS

Figure 6 show that the HSLA steel hot band samples with higher Nb & Mn concentration have
smaller grain size and smaller ferrite volume fraction. The EBSD-IQ distribution charts in Figure
7 and Figure 8 also show the same results for the ferrite volume fraction. From Figure 9, we can
see that the second microconstituent in the hot band Nb-bearing HSLA steel samples shows a
typical pearlite structure. The different microstructures in the initial hot band state will cause
different cold rolling microstructure and the total amount of stored energy, which will influence

the annealing behavior of the cold rolled steels. We will discuss this kind of influence later.

N

a)

Figure 6. OM images of hot band samples: a) low Nb & Mn, high Ti, b) high Nb & Mn, low Ti
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Figure 8. EBSD-IQ chart of high Nb & Mn, low Ti sample shows the volume fraction of carbon rich

microconstituents is 6.45%
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Figure 9. The second microconstituent at a) 2500X and b) 5000X observed with SEM in the hot band Nb-bearing

steel samples show a typical pearlite microstructure

48



Different techniques confirmed that the Nb-bearing steel at hot band state had a smaller
grain size and larger volume fraction of pearlite than Ti-bearing steel, it’s believed that these
microstructure differences was one of the reasons causing different stored energy level at the

initial hot band and cold rolled states, this will be discussed further later.
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Figure 10 shows a typical structure evolution for the annealing process of cold rolled
steels. From Figure 11, we can see that the hardness (VHN) of cold rolled samples drops
continuously during annealing process, the sharp drop around 600°C indicates that the
recrystallization starts around that temperature, EBSD analysis also confirmed the start
temperature of recrystallization is around 580°C to 600°C as shown in Figure 12,t he
temperatures were different for different alloy composition steels, Nb-bearing steel started to
recrystallize at lower temperature around 580°C other than Ti-bearing steel starting around
600°C. The fraction of low angle misorientation (<15°) continuously decreases and the fraction
of high angle misorientation (>15°) continuously increases during annealing (Figure 13), which
shows that stored energy is consumed continuously during the recovery and recrystallization

stages.
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Figure 10. OM images showing the structure evolution of the annealing process of Nb-bearing steel: a) Cold Rolled,

b) 600°C, ¢) 670°C, d) 670°C for 6hrs
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Figure 11. Microhardness (VHN) changing trend during annealing process of Ti-bearing steel
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Figure 12. a) EBSD IQ reconstructed images and b) Kernel Average Misorientation distribution maps of Ti-bearing
steel at annealing temperature reaching 600°C, and ¢) EBSD IQ reconstructed images and d) Kernel Average

Misorientation distribution maps of Nb-bearing steel at annealing temperature reaching 580°C
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Figure 13. EBSD misorientation angle ditribution to quantify stored energy and recrystallization for Nb-bearing

steel

Stored energy supplied the initial driving force for recovery and recrystallization. It was

continuously consumed during the whole annealing process. The microhardness of the cold

rolled steels kept dropping during annealing because the dislocation density, i.e., stored energy

kept decreasing.
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From the dashed line in Figure 14 and Figure 15, we can see that cold rolled sample

surfaces are more deformed and have higher hardness than sample centers. Comparing Figure

15a and 15b, also comparing the dotted line and dashed line in Figure 14, we know that the

difference between surfaces and centers will decrease as cold rolling reduction rate increases.

More deformation means more stored energy. Stored energy supplies the initial driving force for

recovery and recrystallization. So more stored energy makes the surfaces recrystallization easier

and earlier than the centers as shown from the SEM images in Figure 17. The dramatic change of

hardness across the sample was observed as shown in Figure 16.
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Figure 14. Microhardness (VHN) changes through the locations on the Ti-bearing steels

54



N o |

Figure 15. OM images show the difference between surface (left) and center (right) for a) CR%=54% for versus b)

CR%=68% for Ti-bearing steel
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Figure 16. Comparison of microhardness varying across the sample before (left) and after (right) annealing for Nb-

bearing steel
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Figure 17. The comparison of surface (left) and center (right) annealing conditions at a) 580°C, b) 600°C, c) 620°C,

d) 640°C, e) 660°C for Nb-bearing steel samples using SEM
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To eliminate the influence of different soaking temperatures and make ab etter
comparison, 670°C was commonly used as the highest heating temperature and soaking
temperature for most samples. Recrystallization starts around 580°C to 600°C, but varied for
different alloy composition steels. The Nb-bearing steel starts to recrystallize at a lower
temperature (around 580°C) and a higher recrystallization rate than Ti-bearing steel (around
600°C) even though the cold rolling reduction rate (CR%) of Ti-bearing steel (58.2%) is a little
higher than Nb-bearing steel (54.5%) The scanning was conducted at the center, quarter point,
and surface layers of each sample (Figure 18-37). The fraction of recrystallization changing
trends over time for both steels at different layers was compared in Figure 38. T he average
hardness changing trends for both steels were compared in Figure 39. All the differences could
come from a lot of factors such as stored energy, texture, precipitation and grain boundary types,
etc. Steels with different composition had different recrystallization kinetics. Nb-bearing steel
had a lower recrystallization start temperature and faster recrystallization speed at the first stages.
One of the reasons is that the stored energy in the cold rolled Nb-bearing steel was higher than
Ti-bearing steel, which was inherited by the nature of the type of ferrite which could have a
higher dislocation density (stored energy) in the hot band condition due to different
microalloying compositions and processing parameters. The sample surface layers were
deformed more and have more shear strain, thus contained much higher stored energy than the
center layers, which make the surface layers had a faster recrystallization kinetics than the center
layers. But Nb-bearing steel had a better uniformity throughout the sample thickness than Ti-
bearing steel. For Ti-bearing steel, precipitates began to dramatically influence the

recrystallization kinetics after annealing to 660°C.
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Figure 18. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 580°C
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Figure 19. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at 580°C
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Figure 20. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 600°C
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Figure 21. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at 600°C
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Figure 22. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 620°C
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Figure 23. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c¢) surface layer of Nb-bearing steel at 620°C
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Figure 24. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 640°C
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Figure 25. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c¢) surface layer of Nb-bearing steel at 640°C
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Figure 26. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 660°C
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Figure 27. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c¢) surface layer of Nb-bearing steel at 660°C
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Figure 28. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 670°C
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Figure 29. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at 670°C
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Figure 30. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c¢) surface layer of Ti-bearing steel at 670°C soaking for 1 hour
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Figure 31. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

bearing steel at 670°C soaking for 1 hour

b) quarter point layer, and c) surface layer of Nb-

>

center layer
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Figure 32. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 670°C soaking for 2 hours
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Figure 33. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and ¢) surface layer of Nb-bearing steel at 670°C soaking for 2 hours
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Figure 34. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 670°C soaking for 4 hours
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Figure 35. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Nb-bearing steel at 670°C soaking for 4 hours
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Figure 36. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and c) surface layer of Ti-bearing steel at 670°C soaking for 6 hours
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Figure 37. EBSD IQ reconstructed images (left) and Kernel Average Misorientation distribution maps (right) at a)

center layer, b) quarter point layer, and ¢) surface layer of Nb-bearing steel at 670°C soaking for 6 hours
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Figure 38. The changing trend of the fraction of recrystallized area (Ti-bearing steel VS Nb-bearing steel) at
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Stored energy distribution maps and changing trends calculated from the EBSD scanning
data using the sub-grain method are shown from Figure 40 to Figure 44 and in Table 2. During
batch annealing, the stored energy in the full-hard or cold rolled samples was continuously
consumed to supply the initial driving force for recovery and recrystallization. The stored energy
in Nb-bearing steel was consumed faster than in the Ti-bearing steel, which is consistent with the
changing trends of the fraction of recrystallized area as shown in Figure 40, Figure 41 and Figure
42. For cold rolled samples as shown in Figure 43 and Table 2, the stored energy in the surface
layer is about 7% higher than the center later for both steels, and the stored energy in Nb-bearing
steel is about 10% higher than Ti-bearing steel at both surface and center layers. This could be
the answer to the observed different annealing behavior at different locations and different steels.
Higher stored energy in the starting cold rolled state supply higher initial driving force for
recrystallization which made a higher recrystallization speed. At similar cold work percentage
and reduction rate, the stored energy difference in the cold rolled samples can only be inherited
from the hot band condition. If the dislocation density, i.e. stored energy, in the hot band
condition is higher, more dislocations would be present after cold deformation, which would
cause higher stored energy in the cold rolled condition. From Figure 44 and Table 2, the stored
energy differences for hot band samples were compared, the difference between surface layer
and center layer for the same steel is up to 60% and the difference between different steels at the

same sample layer is up to 86%.
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Figure 40. Stored energy distribution maps of Nb-bearing steel at center layer: a) 4.88J/cm’ at 600°C, b) 1.27J/cm’
at 620°C, ¢) 0.92J/cm’ at 640°C, d) 0.71J/cm’ at 660°C

81



f q F'

ek
'II\ ) 'tL & '#;I
4y

s A R
e Y X0,

a
il

uf" f
90
it

c gkl d
. | o]
- o | - HY
& 1'" ; ." A . o ‘(
: i s
5 Wi i/
\ i B L
T 4 r ‘ > E i
13 L IR A
! 184 J f Y i |
g fLEVAN o' 4 o
.-' A ¥R
' Lb ¥ ' ‘. ( . k
) of i ) : - Y,
< 2 [ Uy -4 g A
X it ' f’_:’ 2 i :
3 4 ; Lo, :
s E . O g% N
i I oy
]

: 'Min: 0.475, Max: 18.016 | Min: 0.338, Max: 18.111

Figure 41. Stored energy distribution maps of Ti-bearing steel at center layer: a) 5.12J/cm’® at 600°C, b) 3.73J/cm’ at
620°C, ¢) 3.08)/cm’ at 640°C, d) 1.64J/cm’ at 660°C
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Figure 42. The average stored energy of scanned area at center layers and the fraction of recrystallized area
changing trends during annealing
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Figure 43. Stored energy distribution maps for cold rolled samples of a) Nb steel at surface layer, b) Nb steel at
center layer, ¢) Ti steel at surface layer, d) Ti steel at center layer
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Figure 44. Stored energy distribution maps for hot band samples of a) Nb steel at surface layer, b) Nb steel at center

layer, c) Ti steel at surface layer, d) Ti steel at center layer

Table 2. Comparison of the stored energy of hot band and cold rolled samples

Ti-Steel Center

0.65)/cm’

5.15J/cm’

Ti-Steel Surface

0.75)/cm’

5.52J/cm’

Nb-Steel Center

0.87)/cm’

5.68J/cm’

Nb-Steel Surface

1.40)/cm’
6.09J/cm’

Hot Band
Cold Rolled
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Stored energy distribution is not random or uniform. It’s texture or orientation dependent.
The stored energy around y-fiber ({111} parallel to the normal direction) area is normally higher
than that around a-fiber ({101} parallel to the rolling direction) area because more severe
deformation normally happens around vy-fiber area. This was confirmed in this study by
comparing the Crystal Direction map (Figure 45) from EBSD data and the stored energy
distribution map (Figure 46). The green area in the Crystal Direction map stands for a-fiber area.
The corresponding area in the stored energy distribution map shows less intense color, which
stands for lower stored energy than the blue area (y-fiber area) in the Crystal Direction map. If
the fraction of y-fiber in the Nb-bearing steel is much higher than that in the Ti-bearing steel, the
higher stored energy area would be larger in the Nb-bearing steel, which could be a reason to
cause the higher recrystallization speed of Nb-bearing steel. But after comparison of the texture
fiber distribution maps, it’s found that the fraction of both y-fiber area and a-fiber area for both
steels are at the same level as shown in Figure 47 and Figure 48. The fraction of y-fiber is 27.7%
in Ti-bearing steel versus 27.4% in Nb-bearing steel, and the fraction of a -fiber is 45.7% in Ti-
bearing steel versus 48.4% in Nb-bearing steel. So the texture factor does not seem to be a

critical reason to make the different annealing speed.

86



RD

Gray Scale Map Typelmage Quality
309236 .2123.29 (393 236..2123.249)

Color Goded Map Type: Crystal Direction

Total Pattition
Direction Min  Max Fraction Fraction

B <1ot= 00 00 15" 0.442 0.442
Bl - =00t 00 15" 0.242 0.242
Bl -oi=01 0 00 15 0427 0127
I cooi=t 00 0° 15 0.007 0.007
! Iron - Alpha

(100 [001] 010

S

i ens,
]

-l

ey

TD

i
Ml

=2
= T
i gmet =
A

e

Ze e S

Gray Scale Map Type=none=

L ﬂ"'i:"r’ £
& v

Color Coded Map Type: Image Quality

Tatal Fartition
tin Max Fraction Fraction
@ [ 06163 177748 1000 1.000

" Boundaries: Raotation Angle
Min - Max  Fraction  Nurnber  Lenoth
_— 180° 0.435 31351 B.27 mm

*For statistics - any paint pair with misorientation
exceading 2° is considered a houndary
total number= 71934 total length = 1.44 cm)

73‘3]'1“ REN 2 ERAL L L

Figure 46. Stored energy distribution map of cold rolled Nb-bearing steel
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Figure 48. EBSD Crystal Direction map of cold rolled Nb-bearing steel showing texture fibers
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Precipitation behavior of both steels was theoretically calculated and experimentally
observed using SEM, EDS, TEM, and HRTEM in this study (Figures 49 to 109). Based on the
concentration of Nb, Ti, C, and N elements in the steels, the maximum amount of precipitates
that could be formed was calculated. For Ti-bearing steel, the density of ferrite is 7.8773g/cm’,
the density of TiC is about 4.93 g/cm’. So the maximum volume fraction of TiC, f,(TiC)max, can
be calculated in equation 1:

f(TiC)max=Wric X (Drenite/ D1ic) = 1.5978Wric

. Since

Wric= Wri X [1 + (Atom Weight)c / (Atom Weight)ri] = 1.251Wr;
, SO

f(TiC)max=1.5978 Wric=1.5978 x 1.251 W= 1.9988Wr;
.The concentrations of C, N, and Ti in weight percent are 0.0455, 0.0086,a nd 0.0577
respectively. If Ti will be partially consumed by forming TiN, one Ti will need 3.42 times of N,
so 0.0294 weight percent of Ti will be consumed by N. Then 0.0283 weight percent will be left
to form TiC as long as there are enough C. Assuming Wit 1S 1g and W is:
Wri=(W%)ri / 100
, then
£(TiC)max =1.9988Wr; = 1.9988 x 0.0283 / 100 = 5.6566 x 10™

. If no TiN was formed in the Ti-bearing steel during recrystallization, the maximum volume
fraction of TiC precipitates would be:

£(TiC)max =1.9988Wr; = 1.9988 x 0.0577 / 100 = 11.5331 x 10™*
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For Nb-bearing steel, using same method, we can calculate that the maximum volume fraction of
NbC would be:
f(INbC)max = 1.1397Wnp
.The concentrations of C, N, and Nb in weight percent are 0.0526, 0.0073,a nd 0.0317
respectively. If Nb will be partially consumed by forming NbN, one Nb will need 6.636 times of
N, so 0.0073 weight percent of N will consume 0.0484 weight percent of Nb, which means Nb
will be consumed out by N. If noN bN was formed in the Nb-bearing steel during
recrystallization, the maximum volume fraction of NbC precipitates would be:
£,(NbC)pax = 1.1397Wynp = 1.1397Wyp, x 0.0317/ 100 = 3.6128 x 10

. From the calculation, the volume fraction TiC precipitates formed in Ti-bearing steel should be
much higher than NbC precipitates formed in Nb-bearing steel. This situation was confirmed by
experimental observations. Actually, no NbC or any other precipitates were observed in the
partially or fully recrystallized cold rolled Nb-bearing steel. But TiC precipitates were observed
in the partially or fully recrystallized cold rolled Ti-bearing steel. The TiC precipitates were not
observed in the hot band Ti-bearing steel, which meant that the TiC precipitates were formed
during the annealing process. The orientation relationship between the TiC precipitate and the
ferrite matrix further confirmed this conclusion. The diameters of TiC precipitates in the
annealed Ti-bearing steel which could be observed were from 2nm to 50nm, the average is
around 15nm. Assuming all the Ti elements were precipitated as TiC, the Zener pinning pressure

can be calculated:

PV = 3% (11.5331x107) x y = (15x107) = 2.3066 x 10%y

Pz:
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Figure 49. TiC precipitates in Ti-bearing steel at 640°C (location 1 & SEM 10000X)
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Figure 50. TiC precipitates in Ti-bearing steel at 640°C (location 1 & SEM 20000X)
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Figure 51. TiC precipitates in Ti-bearing steel at 640°C (location 1 & SEM 40000X)
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Figure 52. TiC precipitates in Ti-bearing steel at 640°C (location 1 & EDS)
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Figure 53. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 10000X)
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Figure 54. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 20000X)
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Figure 55. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 40000X)
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Figure 56. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 80000X a)
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Figure 57. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 80000X b)

Acc SpotMagn Det WD |——— 200 nm
200Ky 3.0 80000x SE 10.0

Figure 58. TiC precipitates in Ti-bearing steel at 640°C (location 2 & SEM 80000X c)
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Figure 60. TiC precipitates in Ti-bearing steel at 640°C (location 3 & SEM 20000X)
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Figure 61. TiC precipitates in Ti-bearing steel at 640°C (location 3 & SEM 40000X)
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Figure 62. TiC precipitates in Ti-bearing steel at 640°C (location 3 & SEM 80000X)
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Figure 63. TiC precipitates in Ti-bearing steel at 640°C (location 4 & SEM 10000X)
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Figure 64. TiC precipitates in Ti-bearing steel at 640°C (location 4 & SEM 20000X)
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Figure 65. TiC precipitates in Ti-bearing steel at 640°C (location 4 & SEM 40000X)
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Figure 66. TiC precipitates in Ti-bearing steel at 640°C (location 4 & SEM 80000X)
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Figure 67. TiC precipitates in Ti-bearing steel at 660°C (location 1 & SEM 5000X)
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Figure 68. TiC precipitates in Ti-bearing steel at 660°C (location 1 & SEM 10000X)
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Figure 69. TiC precipitates in Ti-bearing steel at 660°C (location 1 & SEM 20000X)
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Figure 70. TiC precipitates in Ti-bearing steel at 660°C (location 1 & SEM 40000X)
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Figure 71. TiC precipitates in Ti-bearing steel at 660°C (location 2 & SEM 5000X)
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Figure 72. TiC precipitates in Ti-bearing steel at 660°C (location 2 & SEM 10000X)

102



o
X

.
L]

AccY Spot Magn Det WD |———| 1;1m :
200 k¥ 3.0 20000x SE 100 ot ’

Figure 73. TiC precipitates in Ti-bearing steel at 660°C (location 2 & SEM 20000X)
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Figure 74. TiC precipitates in Ti-bearing steel at 660°C (location 2 & SEM 40000X)

103



AccV SpotMagn Det WD 1—-——| i
200 kv 3.0 10000%, SE 100 :

Figure 76. TiC precipitates in Ti-bearing steel at 660°C (location 3 & SEM 20000X)
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Figure 77. No TiC precipitates observed in Ti-bearing hot band steel samples (SEM 10000X)
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Figure 78. TiC precipitates in Ti-bearing steel at 660°C (location 1 & TEM Bright Field a)

Figure 79. TiC precipitates in Ti-bearing steel at 660°C (location 1 & TEM Dark Field a)
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Figure 80. TiC precipitates in Ti-bearing steel at 660°C (location 1 & TEM Bright Field b)

Figure 81. TiC precipitates in Ti-bearing steel at 660°C (location 1 & TEM Dark Field b)
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Figure 83. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field b)
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Figure 84. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field c)

Figure 85. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field d)
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Figure 87. TiC precipitates in Ti-bearing steel at 660°C (location 2 & TEM Bright Field f)
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Figure 88. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 1 & HRTEM Bright Field Image and
Fast Fourier transformation analysis showing that the orientation relationship between the TiC precipitates and the
Ferrite Matrix follows Kurdjumov-Sachs orientation relationship)
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Figure 89. TiC precipitates in Ti-bearing steel at 660°C (location 1 & EDS)
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Figure 90. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image a)
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Figure 91. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image b)
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Figure 92. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image c)
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Figure 93. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image d)
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Figure 94. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image e)
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Figure 95. TiC precipitates (circled) along the grain boundary (dashed line) in Ti-bearing steel at 660°C (location 2

& HRTEM Bright Field Image f)
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Figure 96. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image g)
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Figure 97. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image h)
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Figure 98. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image 1)

120



Figure 99. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image j)
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Figure 100. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image k)
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Figure 101. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image 1)
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Figure 102. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image m)
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Figure 103. TiC precipitates (circled) in Ti-bearing steel at 660°C (location 2 & HRTEM Bright Field Image n)
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Figure 105. Cementite segregation bands in Nb-bearing steel at 660°C (location 2 & SEM 2500X)

126



.,.,
]

Fe
Fe
Fe
J(U
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 keV
Figure 106. Cementites in Nb-bearing steel at 660°C (location 1 & EDS)
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Figure 107. Cementites segregation bands in Nb-bearing steel at 660°C (location 2 & EDS)
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Figure 108. No precipitates formed in Nb-bearing steel at 660°C (location 1 & TEM)

Figure 109. No precipitates formed in Nb-bearing steel at 660°C (location 2 & TEM)
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TiC precipitates were formed during annealing process, their formation consumed part of
the stored energy and thus reduced the driving force for recrystallization. The new formed fine
precipitates also applied certain dragging pinning forces on the grain boundaries to inhibit the
moving of them and lowered the recrystallization speed further. This effect became more
obvious after 660°C because larger volume fraction of the TiC precipitates and most stored
energy has been consumed. No precipitates were observed in Nb-bearing steel in both hot band
and annealed steel samples except some cementite segregation bands due to higher Mn
concentration, but these cementites would not apply any dragging effects on the recrystallization

process.
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Certain special grain boundaries such as Coincidence Site Lattice (CSL) have relatively
lower energy and mobility. Their fractions were analyzed at 580°C for Ti-bearing steel and
560°C for Nb-bearing steel. No recrystallized grains formed at these stages for both steels, but
recrystallized grains were observed at 600°C for Ti-bearing steel and 580°C for Nb-bearing steel,
which meant that the start temperature for Ti-bearing steel is between 580°C and 600°C, and the
start temperature for Nb-bearing steel is between 560°C and 580°C. The distribution
characteristics of the grain boundaries before the recrystallization stages could explain their
influence on the annealing behavior. From Figure 110, we can see that the fraction of CSL
boundaries in the Ti-bearing steel at 580°C nearly double of those in the Nb-bearing steel at
560°C. The higher fraction of low mobility CSL boundaries in the Ti-bearing steel could be
another reason to cause the slower recrystallization speed of it. The Low Angle Grain
Boundaries (LAGB) normally stands for the density of dislocation and stored energy. The lower
fraction of LAGB in Ti-bearing steel confirmed the stored energy calculation results using sub-
grain method. Therefore the nature of the ferrite grain boundaries prior to cold rolling seems to

be relevant.
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Figure 110. Comparison of Grain Boundary Character Distribution (GBCD) of Ti-bearing steel and Nb-bearing
steel before recrystallization start temperature
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6.0  DISCUSSION

Niobium is normally recognized as the most effective microalloying addition for retarding
recrystallization. But based on our experiments, Nb-bearing cold rolled steel samples start to
soften due to recovery or recrystallization at a lower temperature and with higher kinetics than
Ti-bearing steel samples, even though the cold rolling rate of Ti-bearing steel samples is a little
higher than Nb-bearing steel samples. This might be analyzed and explained from the following
aspects: stored energy, precipitation and/or solute drag, precipitates forming stage, special grain
boundaries, texture, and multi factors effects. These factors will be discussed one by one in
detail.

1) Different composition may cause different hot band microstructure and different amounts
of dislocation density, i.e., stored energy, remained in the alloys after hot rolling
deformation. Higher dislocation density in the hot band steel will cause even higher
dislocation density in the sheet steel after cold rolling deformation, i.e., the higher stored
energy in cold rolled Nb-bearing sheet steel was inherited from the higher stored energy
in the hot band steel. More stored energy in Nb-bearing sheet steel samples would
promote its recovery and recrystallization during annealing process.

2) Precipitation and/or solute drag could retard both recovery and recrystallization
dramatically. The key microalloying additions were different and also at different

amounts. The amount of key microalloying additions to the steel determined the total
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amount of precipitates which could be formed. Based on the calculation, much more TiC
precipitates could be formed in the Ti-bearing steel than NbC precipitates could be
formed in the Nb-bearing steel. Based ont he SEM, EDS, TEM and HRTEM
experiments, little of any kinds of precipitates were formed in the Nb-bearing steel during
annealing process, except several cementite segregation bands parallel to the rolling
direction, which were believed causing by the higher Manganese concentration in Nb-
bearing steel. On the other hand, TiC precipitates were easily observed in recrystallized
Ti-bearing steel because relatively high volume fraction. Lines of TiC precipitates were
found along the unrecrystallized deformed grain boundaries and also in the center of the
recrystallized grains along with some random dispersion TiC precipitates on both sides.
These lines of TiC precipitates in the center of recrystallized grains were believed to
initially precipitate along the deformed grain boundaries because of the higher energy
there, and they inhibited the moving of the boundaries during recrystallization, but finally
left in the center of recrystallized grain. The sizes of these TiC precipitates observed were
from 2nm to 50nm and the average size of them was about 15nm. Most of them had a
shape like platelet or disk, the thicknesses and diameter were different at different
forming stages and locations. They kept growing with the annealing temperature and
time. The ratio of nucleation rate over growth rate of these TiC precipitates seems high
when the annealing temperature increased from 640°C to 660°C, because the volume
fraction increased much faster than the size of them. The smaller size of these
precipitates, the higher pinning force they would apply to the grain boundaries. So they
kept applying dragging force during the annealing process, which make a much steadier

and slower recrystallization speed of Ti-bearing steel. Nb-bearing steel had a much
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3)

4)

5)

higher recrystallization speed because of higher stored energy and no dragging effects
from precipitates. The recrystallization was nearly done when the annealing temperature
reached 660°C and grain growth started from that temperature. That’s why the hardness
of Nb-bearing steel dropped much steeper from 600°C to 660°C and slowed down after
that, while the hardness dropping of Ti-bearing steel kept a steady speed until soaking 6
hours at 670°C. If the concentration of Nb in Nb-bearing steel was higher and similar
volume fraction of NbC precipitates were formed as TiC precipitates in Ti-bearing steel,
the dragging effect of Nb based precipitates might have been more effective, and that
would be a totally different situation.

Precipitates could form at different stages: before annealing versus during annealing. No
precipitates were found in the Ti-bearing hot band steel, so the TiC precipitates must be
formed during the annealing process. The retarding effects became more significant
because the formation of these precipitates would definitely consume part of the stored
energy which supplied the initial driving force for recovery and recrystallization. And it
would take more stored energy to overcome the pinning force.

Certain special grain boundaries such as Coincidence Site Lattice (CSL) boundaries have
very low boundary energy and their mobility is therefore very low. More CSL boundaries
were found in the Ti-bearing steel at lower temperature close to the recrystallization start
temperature. Although at a relatively low fraction, it could also be a reason to slow down
the recrystallization speed of Ti-bearing steel.

It’s well known that the stored energy is strongly orientation dependent and y-fiber area
normally contains more stored energy and recrystallizes easier and faster than a-fiber

area. This was confirmed to be true for both steels by comparing the EBSD crystal
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6)

direction maps with the stored energy distribution maps. If more y-fiber area might were
developed in Nb-bearing steel during cold rolling, it could be another reason to explain
its faster recrystallization. But after analyzing and comparing the fraction of y-fiber and
a-fiber, they were at about same level. So texture could not be a critical factor causing the
different annealing behavior in this study.

It could be a combination effect of two or more factors mentioned above. Some factors
could be more efficient than others at certain stage or stages. For example, the stored
energy played a more important role in controlling the recovery and recrystallization
speed at earlier stages, but after precipitates were formed and part of the stored energy
had been consumed, the dragging force and the boundary energy would direct the

recrystallization and grain growth speed at later stages.
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7.0 CONCLUSIONS

In order to solve practical industrial problems during batch annealing process of HSLA steels,

this study has been conducted to fully understand the influence of multi factors on the annealing

behavior of these steels. Based on the results analysis, the following conclusions could be made.

1y

2)

3)

Higher cold rolling reduction rate would cause higher dislocation density, i.e. stored
energy. The stored energy distribution through the thickness of the steel sample is not
uniform. The surface of the sample exhibited higher deformation and stored energy than
the center of the sample. This lack of uniformity is independent of steel composition and
seems to be related to the inhomogeneous nature of the cold deformation.

The stored energy was continuously consumed to supply the initial driving force for
recovery and recrystallization during batch annealing. The hardness of annealed sample
dropped with stored energy because the decrease on the dislocation density. The surface
of the sample recrystallized faster than the center of the sample because of higher stored
energy caused by higher deformation and more shear strain.

The stored energy was consumed faster in the Nb-bearing steel than in the Ti-bearing
steel, leading to faster recrystallization kinetics in the Nb-bearing steel. This difference
could be caused by the higher stored energy in the cold rolled Nb-bearing steel, which
may be inherited by the nature of the type of ferrite which could have a higher dislocation

density (stored energy) in the hot band condition.
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4)

5)

6)

7)

TiC precipitates were formed during the recrystallization process of Ti-bearing steel. The
formation of precipitates consumed part of the stored energy which decreased some
driving force. The new formed fine TiC precipitates would also apply certain pinning
force on the grain boundaries which dragged the moving of those boundaries, i.e.,
lowered the recrystallization speed further. No carbide or other kinds of precipitates were
found in Nb-bearing steel after annealing.

In Ti-bearing steel, the stored energy and precipitates apply balanced forces on the grain
boundaries, stored energy played a more important role at earlier recovery and
recrystallization stages of annealing, and precipitates dragged the annealing process more
at the later recrystallization and grain growth stages. If the stored energy was very high, it
could surpass the influence of precipitates. For example, the recrystallization speed of the
surface layer of the Ti-bearing steel sample is comparable to that of the center layer of
Nb-bearing steel sample.

Certain special grain boundaries like twin boundaries (Sigma 3) have a very low
boundary energy and mobility. Ti-bearing steel contained higher fraction of CSL
boundaries before recrystallization started. Although at a relatively small amount, but
could also drag the recrystallization speed.

Stored energy is strongly texture dependent. It’s confirmed that y-fiber area contained
more stored energy than a-fiber area by comparing the EBSD crystal direction maps with
the stored energy distribution maps. But after analyzing and comparing the fraction of y-
fiber and a-fiber, they were at about same level in both steels. So texture could not be a

critical factor causing the different annealing behavior in this study
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8)

9)

When 670°C was used as the highest heating temperature and soaking temperature for
both steel samples, recrystallization started around 600°C for Ti-bearing steel and was
nearly done after soaking 6 hours at 670°C. But for Nb-bearing steel, recrystallization
starts around 580°C and was nearly done when the annealing temperature reached to
660°C

Lower heating rate will make recrystallization more difficult because more stored energy
is consumed during recovery stage. But recrystallization seems more sensitive to
temperature other than heating rate. Higher soaking temperature (always lower than

Tacl) will cause a faster recrystallization.

10) The HSLA steel hot band samples with higher Nb & Mn concentration (Nb-bearing) have

smaller grain size and smaller ferrite volume fraction. These characteristics determined
that higher stored energy in Nb-bearing hot band steel, which could come from both the
alloy composition and the process procedures. The second microconstituent in the HSLA
steel hot band samples is pearlite, its volume fraction increases with Nb & Mn

concentration.
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8.0 SUGGESTIONS

Based on the conclusions drawn from this study, the following suggestions were made to the
industrial production of HSLA steel during the batch annealing process:

To make the Ti-bearing steel acting more similar to the Nb-bearing steel, the stored
energy in Ti-bearing steel will need to be increased. This can be done either by increasing the
cold rolling reduction rate or by reducing the hot band coiling temperature.

To reduce the difference of annealing results between the cool spot and hot spot of the
coil, higher cold rolling reduction rate would be needed to make the steel at the cool spot of the
coil recrystallizing much faster. A higher heating rate and soaking temperature could also be

tried to get a better uniformity.
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