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ABSTRACT

ANALYSIS OF HEAT TREATMENT EFFECT ON SPRINBACK IN V-
BENDING

SARIKAYA, ONUR TURGAY
M.S. , Department of Mechanical Engineering

Supervisor : Prof Dr. Haluk DARENDELILER

November 2008, 184 Pages

Aluminum based alloys have wide area of usage in automotive and defense
industry and bending processes are frequently applied during production. One of the
most important design criteria of bending processes is springback, which can be
basically defined as elastic recovery of the part during unloading. To overcome this
problem, heat treatment is generally applied to the workpiece material to refine

tensile properties.

In this study, the effect of heat treatment on springback characteristics of
aluminum studied both numerically by using finite element analysis and
experimentally. For this purpose, two different materials are selected and various
heat treatment procedures are considered. The aluminum sheets having thickness of
1.6 mm, 2 mm and 2.5 mm are bent to 60°, 90° and 120°. The von Mises stress
distributions, plastic strain values and punch load values and comparison of the

numerical and experimental results are also given.

Key Words : Springback, Metal Forming, Bending, Finite Element Analysis,
Finite Element Method.
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ISIL ISLEMIN V-BUKME ISLEMINDE GERi YAYLANMAYA ETKIiSI

SARIKAYA, ONUR TURGAY
Yiiksek Lisans, Makina Miithendisligi Béliimii

Tez Yoneticisi : Prof Dr. Haluk DARENDELILER

Kasim 2008, 184 sayfa

Otomotiv ve savunma sanayii endiistrisinde genis bir kullanim alani bulan
aluminyum temelli alasimlar, biikkme islemlerinde {iretim boyunca sik sik
kullanilmaktadir. Biikme isleminin en 6nemli tasarim kriterlerinden biri, yiikleme
kaldirildiktan sonra parcanin eski haline donme egilimi olan, geriyaylanmadir. Bu
sorunun istesinden gelmek ig¢in i3 parcasmma genellikle ¢ekme Ozelliklerini

iyilestirmek amaciyla 1s1l iglem uygulanir.

Bu calismada 1sil islemin aluminyum malzemenin geri yaylanma
karakteristigine olan etkisi sonlu elemanlar analizi yontemi kullamlarak niimerik, ve
deneysel olarak belirlenmistir. Bu amagcla, iki farkli aliiminyum sac malzeme se¢ildi
ve degisik isil islemer uygulandi. 1.6 mm, 2 mm ve 2.5 mm kalinliklarindaki
aluminyum sac malzemelere 60°, 90° ve 120° biikme islemi yapildi. incelenen
durumlar i¢in, von Mises gerilme dagilimlari, plastik gerinme degerleri, kalip
kuvvetleri ve niimerik degerlerle deneysel sonuglarin karsilagtirilmasi da bu ¢aligma

kapsaminda yapilmaistir.

Anahtar Kelimeler : Geri yaylanma, Metal Sekillendirme, Biikme, Sonlu

Elemanlar Analizi, Sonlu Elemanlar Y 6ntemi.

A%



This thesis is dedicated to my parents Giilsen and Hiiseyin SARIKAYA.

vi



ACKNOWLEDGEMENTS

First and foremost, I would like to express a great deal of thanks and gratitude to
Prof. Dr. Haluk DARENDELILER for his encouragement, insight and close
guidance. Prof. DARENDELILER far exceeded my expectations from an advisor

and made my entire graduate experience unforgettable.

I also want to thank Prof. Dr. Metin AKKOK, Prof. Dr. Can Cogun, Prof. Dr. Kemal
Ider and Assoc. Prof. Dr. Serkan DAG for their comments.

I would also take the opportunity to thank all my colleagues in TUBITAKSAGE,
Mechanical Production Division, especially to Mahmut BESIR and Egemen Varli,

for their help and invaluable discussing during my study.
I would like to express my gratefulness to my colleagues, ilker Atik, Dr.Biilent

Ozkan, Dr. Kemal Yaman, Ahmet Akbulut, Aydin Tiiziin and Burak Durak for their

valuable comments and advices during this thesis.

vii



TABLE OF CONTENTS

ABSTRACT ...ttt ettt v

OZ o v

ACKNOWLEDGMENTS ..ottt vii

TABLE OF CONTENTS ..ottt viii

LIST OF TABLES ...ttt ettt ettt Xii

LIST OF FIGURES ..ottt Xiv
CHAPTERS

1. INTRODUCTION ..ottt ettt ettt 1

1.1 BENAING ..ttt ettt sttt st ettt e et e neenneens 1

1.1.1 Definition and Terminlogy ..........ccceeveerierieriieeiierie e 1

1.1.2 Moment of Bending ..........ccccueeeuieiierieiiieiieeeeee ettt 3

1.1.3 Types of Bending Operations ...........ceecveevuierreereeeiieenieeseeneeesreeseesneennes 9

1.1.3.1 V-Die BeNding.......cccoveeriieiiiieieeciieesree e esreeeveeesveeseneenes 11

1.1.3.2 Air Bending......cocoveeieeiieieeeeeeeee ettt 13

1.1.3.3 U-Bending......cccccoueiiieiierieeiieiieieeeie ettt ete e 14

1.1.3.4 Wipe Bending .........ccceoveviirriieiieiieie ettt 15

1.1.3.5 Rotary Bending ..........ccccoeeveveiieiiienieniieiieeeceeeee et 15

1.1.4 Factors Effecting Bending ...........c.cccoveevievieiiieciiceese e 16

1.2 Springback Phenomenon ............cccoeceeiiiiiiiiiiie e 17

1.2.1 Mechanics and Terminology of Springback ...........ccccceveevecirivieninnnnnne, 18

viii



1.3 Heat TreatmMent.......ooovveeeeeee ettt ettt e e e e e et e e e eeaa e 20

1.3.1 Heat Treatment of Aluminum AIlOYS .......cccccvevieriiiciieiierie e 21
1.3.2 Temper DeSignations ..........ccecvierveereerieeiiesieeeeeeereesseesseesseeesseesseesseennns 21
1.3.2.1 O CONAItION........oouiiiiiiiiiieeieneetctteeeee et 22

1.3.2.2 T4 Condition ....c.eeveeeriiieieieieieieieteeeeeeeee e 22

1.3.2.3 TO CONAIION ....cniiieiiiiiiieniieieeieceece et 22

2. LITERATURE SURVEY ON BENDING AND SPRINGBACK .................. 23
2.1 Previous STUAIES.......coveviiriieiiiiiiiieecteeeecsceeee e 23
2.2 Scope OF the THESIS ..eccuvieiieiieiiecie ettt ettt reenreens 32

3. FINITE ELEMENT MODELING.......ccccoeiiiiiiiieiiieieeeeeeneseseesesie e 33
3.1 TNOAUCHION ...ttt 33
3.2 Kinematics of Deformation............ccccuevveiieiniiiiiiiiiiiniiiinieenicecceeen 33
3.3 Linearity and Non-Linearity CONCePtS ........ccceeeverrreereervescveereeesereenneenns 36
3.3.1  Linear ANALYSIS ..ccccveereiierrieeiieeiiieerireeeireesreessereeseseeessneeseneees 36

3.3.1 Non-Linear AnalysiS......cccceeeeeiierienieeiiesiesie e 37

3.4 Pre- ProCESSING.....cccviiiieiieiieeie ettt ene e 38
3.4.1 Mesh GeNeration.........coeecuereeiereenieniienieneeieeeesie et 38

3.4.2 Boundary Conditions ...........cceecveerierieesieeniesienieeeeesneeseeeseneenns 40

3.4.3  Material Properties........ccocvveeecieirciieerieeerreesieeesreesseeeeennesseneeans 40

3.4.4 Contact ANALYSIS ..ceeoviereierieeie et 41

3.5 ANALYSIS . iiiiieiieeieee ettt reeens 43



3.5.1  L0AACASE ...couveeieniiiieiieiieiteeteteeeteteeee e 43

3.5.2  Solution Procedure..........c.ccocveveriiniiniininienecieieceeeeeeens 43

3.5.3 Convergence TeStING .......cccccvevvierrieriieniieiiesreesee e eeeeseee e 44

4. FINITE ELEMENT ANALYSIS OF V-DIE BENDING OPERATIONS..... 45
4.1 INtrOAUCHION ...cueiiiiiiiicieeitecet ettt 45
4.1.1  Mesh Size Effect ..o 48

4.1.2  Contact REGIONS .....occvieviiiiiieiieiiecieeeiceie et ere e eneens 50

4.2  Finite Element ANalySes .......c.ccccevvereiiieriieriie e sireesree e snee e 52
4.2.1 V-bending of AA 2014 at O condition...........ccceveervereereerennns 52

4.2.2 V-bending of AA 2014 at T4 condition..........cceeeeeieereercirenn. 67

4.2.3 V-bending of AA 2014 at T6 condition..........cceeceeveeeereirenennn. 82
4.2.4 V-bending of AA 6061 at O condition..........ccceeeeveereereeeiennnnns 97

4.2.5 V-bending of AA 6061 at T4 condition..........c.cccvvevreerrreennnen. 112
4.2.6 V-bending of AA 6061 at T6 condition..........cccceeueveereererenene 127

5. HEAT TREATMENTS and EXPERIMENTATION of V- BENDING

OPERATIONS ...ttt st 142
5.1 Material ....ooueeiiiiiiiicieee e 142
5.1.1 Specification of Workpiece Materials ..........ccccoceeveereenennennens 143
5.1.1.1 AA 2014 Alloy Properties ........cccceeveevcrveevveessveenennnnn 143

5.1.1.2 AA 6061 Alloy Properties ........cccceeveeverveerveeesreennennn 143

5.1.2 Heat Treatment of AA 2014 and AA 6061 Alloys.................. 144



5.1.2.1 Temper Generation for AA 2014 and AA 6061 ......... 146

5.1.2.1.1 Solution Heat Treating..........ccccceceeeereruennenne. 146

5.1.2.1 .2 Annealing.......ccoecvvevierieeciieiieiieeeeeeeiee e 146

5.2 EXPETIMENLS ...veeiuriieiieiieieeieieeteesreeseeseaeeebeeseesenessseesseesseesseessseessessseens 151

6. DISCUSSIONS of RESULTS ....coiiiiiieieieeeee et 159
6.1  Springback Results.........ccceviriiririininieecieeeeeeeeeee e 159

6.2  Equivalent VOn MiSEs StIESS .......cccevereuieriierieeiieriienieseeeeeesereseeeeneees 163

6.3 Total Equivalent Plastic Strain.........cccccceeevvevieicieeciieiieneeeeeeveesieeseens 166

6.4 Punch Loads........cocoviiiiniiieicieeceeee e 170

7. CONCLUSIONS. ...ttt ettt ettt enbesseenbeeneeneeas 174
7.1 General CONCIUSIONS ........cevieiiiieiieiie ettt 174

7.2 Future Recommendations ............ccceeeeviieriienireciieieeee e 176
REFERENCES ...ttt ettt ettt e s enes 177

X1



LIST OF TABLES

TABLES

Table 4. 1 Mechanical properties of AA 2014-O.......ooevvvieviiiiciiecrieeeecre e, 52
Table 4. 2 Springback results of AA 2014-O for V-Bending to 60°............cceeeeneene 53
Table 4. 3 Springback results of AA 2014-O for V-Bending to 90°..........c.cccevennee 53
Table 4. 4 Springback results of AA 2014-O for V-Bending to 120°...........cccevueneee 53
Table 4. 5 Mechanical properties of AA 2014-T4 .......ccovvveereiiciieiieeeeee e, 67
Table 4. 6 Springback results of AA 2014-T4 for V-Bending to 60° ...........c.ccccuenee. 67
Table 4. 7 Springback results of AA 2014-T4 for V-Bending to 90° ............cccceceee. 68
Table 4. 8 Springback results of AA 2014-T4 for V-Bending to 120°..........c............ 68
Table 4. 9 Mechanical properties 0f AA 2014-T6.....c.cccoveeereceierieeiieiieieeeie e 82
Table 4. 10 Springback results of AA 2014-T6 for V-Bending to 60°....................... 82
Table 4. 11 Springback results of AA 2014-T6 for V-Bending to 90°.............ccoc.... 83
Table 4. 12 Springback results of AA 2014-T6 for V-Bending to 120 ..................... 83
Table 4. 13 Mechanical properties of AA 6061-O........ccceeeeieiieiiienieeieeeeee e 97
Table 4. 14 Springback results of AA AA 6061-O for V-Bending to 60°.................. 97
Table 4. 15 Springback results of AA AA 6061-O for V-Bending to 90°................. 98
Table 4. 16 Springback results of AA 6061-O for V-Bending to 120°.............cc.c...... 98
Table 4. 17 Mechanical properties of AA 6061-T4.......cccccovveeieciieiiereeeeereereeae 112
Table 4. 18 Springback results of AA AA 6061-T4 for V-Bending to 60° .............. 112
Table 4. 19 Springback results of AA AA 6061-T4 for V-Bending to 90° .............. 113

X1i



Table 4.

Table 4.

Table 4.

Table 4.

Table 4.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

Table 6.

Table 6.

Table 6.

Table 6.

Table 6.

Table 6.

20 Springback results of AA 6061-T4 for V-Bending to 120° ................... 113
21 Mechanical properties of AA 6061-T6........ccoecveeieecieeciieeeieeieeieene 127
22 Springback results of AA AA 6061-T6 for V-Bending to 60° .............. 127
23 Springback results of AA AA 6061-T6 for V-Bending to 90° .............. 128
24 Springback results of AA 6061-T6 for V-Bending to 120° ................... 128
1 Chemical composition of AA 2014 ......ccoeieiieieeeeee e 143
2 Chemical composition of AA 6061 .........cccoeeveriieciienieieee e 144
3 Heat treatment scenario of AA 2014 .......cooveviiiiiiiiinieeeeeeeeen 145
4 Heat treatment scenario of AA 6061 ........ccccoceeviiiiiiinieiiniiicniciceee 145
5 Experimental results of AA 2014 O for V-bending.........cccccecvvvuerveuennen. 155
6 Experimental results of AA 2014 T4 for V-bending .........cccceceeveereennen. 155
7 Experimental results of AA 2014 T6 for V-bending .........cccccceeveveeueenen. 156
8 Experimental results of AA 6061 O for V-bending...........cccccvevuveenrnnen. 156
9 Experimental results of AA 6061 T4 for V-bending ........c..cccevvveveenenee. 157
10 Experimental results of AA 6061 T6 for V-bending ...........cccceevenennee. 157
1 FEA and experimental results of AA 2014 O for V-bending................... 159
2 FEA and experimental results of AA 2014 T4 for V-bending................. 160
3 FEA and experimental results of AA 2014 T6 for V-bending................. 160
4 FEA and Experimental results of AA 6061 O for V-bending ................. 161
5 FEA and Experimental results of AA 6061 T4 for V-bending................ 161
6 FEA and Experimental results of AA 6061 T6 for V-bending................ 162

Xiii



LIST OF FIGURES

FIGURES

Figure 1. 1 Typical examples of sheet metal bend parts..........cccocceeeiiiiieiiieninnieee 1
Figure 1. 2 Stress distributions in bending...........cccccoeeveiieroiieiienienece e 2
Figure 1. 3 Schematic illustration of terminology, used in bending process................ 2
Figure 1. 4 Schematic illustration of bending beam ............ccoceveriiieninnininienieene. 4
Figure 1. 5 Unsupported bending...........ccccveeevieiriieiiieeniee e e e sreeesevee e 10
Figure 1. 6 Supported and partially supported bending...........ccceeceereieiienirncieneennen. 10
Figure 1. 7 Supported bending...........cocvevueriiiiniiniiiiienieeieeeeeeeee e 10
Figure 1. 8 V-die Bending ..........cccoeviriiiiiniiiiiniiiesieeseee et 11
Figure 1. 9 V-die bending SAMPIES ........ccccveievieeiiiiieniieeie et 12
Figure 1. 10 Bending a strip in a V-die with a punch ..........cccocoeniiiiiiiiiiiee, 12
Figure 1. 11 Principle of air bending ...........cccevveevienirieninienieiecceieeeeeee e 14
Figure 1. 12 U-die bending ProCeSS .......ievviierveeiirieenieeeiieeeireesreeseaeesreeesereesssneesnnes 14
Figure 1. 13 Wipe bending ProCess........ccoecueerieriierieesieeniesieesieeseesee e eeee e eee s 15

X1V



Figure 1. 14 Rotary bending process using ready bender..........ccccceeeeevvenerrieecieenen. 16

Figure 1. 15 Schematic illustration of springback .........c..ccceverieririininiiiienieenene 18
Figure 3. 1 Gaussian integration points in the element type 11........ccccevivvenienennene 38
Figure 3. 2 Complete geometry of V-bending..........cccceevvveveiiinciiinciiecieeee e 39
Figure 3. 3 Meshed model of sheet metal .............cocceeeieeciiiiienieeeeeeeee e, 39
Figure 3. 4 Symmetrical boundary condition for sheet metal.............ccccecevveiinennen. 40
Figure 4.1 Schematic view of the V-bending process .........cccccveevevercviecrieveeicreereennen. 46
Figure 4.2 Schematic view of 60° V-bending with necessary dimensions................ 47
Figure 4.3 Schematic view of 90° V-bending with necessary dimensions................ 47
Figure 4.4 Schematic view of 120° V-bending with necessary dimensions .............. 48

Figure 4.5 Equivalent von mises stress distribution of AA 2014 O for 60° V bending

using 4 elements along the thickness of the sheet metal............cccccccvveiviennennne, 48

Figure 4.6 Equivalent von mises stress distribution of AA 2014 O for 60° V bending
using 8 elements along the thickness of the sheet metal..........c...ccccoververinnn.e 49

Figure 4.7 Contact Regions of the sheet metal at the 10 mm indentation of the punch

1570 RO OSSPSR 50

Figure 4.8 Stress distributions at the nodes which are in contact with the rigid punch

at 10 mm indentation of the punch tip .......cccceeiieiiiiieieeeee e, 51
XV



Figure 4.9 Stress distributions at the nodes which are in contact with the rigid die... 51

Figure 4.10 Von Misses stress distribution in AA 2014-O 2 mm-thick sheet in 60° V-
DENAING.....ieuviiiiiiiecieeieeet ettt ettt s e e b e et e e be e e b e esbe e seessbeenseenaeanbeenneenns 55

Figure 4.11 Total-equivalent plastic strain distribution in AA 2014-O 2 mm-thick
sheet in 60° V- Dending.........ccceevuirriieiiieeieeeeeeteee ettt 56

Figure 4.12 Von Misses stress distribution in AA 2014-O 2 mm-thick sheet in 90° V-

Figure 4.13 Total-equivalent plastic strain distribution in AA 2014-O 2 mm-thick

sheet 1N 90° V- DeNdINg.......cc.eeeviiieiiiiiiieeieecee et eeer e ssbaeesereeens 59

Figure 4.14 Von Misses stress distribution in AA 2014-O 2 mm-thick sheet in 120°
Y o<1 T 11 TSRS 61

Figure 4.15 Total-equivalent plastic strain distribution in AA 2014-O 2 mm-thick
sheet in 120° V- Dending.......ccceevveeiieiiieiiieiieieeceeeee ettt 62

Figure 4.16 Springback data for V-bend of AA 2014 at O condition......................... 63

Figure 4.17 Maximum von Mises Stresses vs. position of AA 2014 O for V bending

Figure 4.18 Maximum total-equivalent plastic strain vs. position of AA 2014 O for

V-Dending t0 60° .....ooovviiiiiiiicieeie ettt ettt ettt e ra e eene e 63

Figure 4.19 Maximum von Mises Stresses vs. position of AA 2014 O for V bending



Figure 4.20 Maximum total-equivalent plastic strain vs. position of AA 2014 O for
V-Dending to Q07 .....oceeieiieieeieeeeeee ettt nees 64

Figure 4.21 Maximum von Mises Stresses vs. position of AA 2014 O for V bending

Figure 4.22 Maximum total-equivalent plastic strain vs. position of AA 2014 O for

V-Dending to 1207 ......oioiieieeieeeeeee ettt 65
Figure 4.23 Punch load vs. punch position of AA 2014 O for V bending to 60° ....... 66
Figure 4.24 Punch load vs. punch position of AA 2014 O for V bending to 90° ....... 66
Figure 4.25 Punch load vs. punch position of AA 2014 O for V bending to 120°..... 66
Figure 4.26 Springback data for V-bend of AA 2014 at T4 condition...........c............ 68

Figure 4.27 Von Misses stress distribution in AA 2014-T4 2 mm-thick sheet in 60°
VoDONAING ..ottt et e e e te e steesrbeeanaesraeenneenns 70

Figure 4.28 Total-equivalent plastic strain distribution in AA 2014-T4 2 mm-thick
sheet in 60° V- Dending.........ccceevuiiiiieiiieeiiei ettt 71

Figure 4.29 Von Misses stress distribution in AA 2014-T4 2 mm-thick sheet in 90°
VoDONAING ..ottt ettt b e et re e st e e erreeseaeeeneenns 73

Figure 4.30 Total-equivalent plastic strain distribution in AA 2014-T4 2 mm-thick
sheet 1N 90° V- DeNdINg........c.eeevviieiiiiiiiie ettt ere et e e e ssraeesereeens 74

Xvil



Figure 4.31 Von Misses stress distribution in AA 2014-T4 2 mm-thick sheet in 120°
Y o<1 T 11T USSR 76

Figure 4.32 Total-equivalent plastic strain distribution in AA 2014-T4 2 mm-thick
sheet in 120° V- Dending.......ccvevveeiieiiieiiieiieieeceeeee ettt 77

Figure 4.33 Maximum von Mises Stresses vs. position of AA 2014 T4 for V bending

Figure 4.34 Maximum total-equivalent plastic strain vs. position of AA 2014 T4 for
V-Dending t0 60° ......ccviiiiiiiiiiieeieeee ettt ettt sraeeeae e 78

Figure 4.35 Maximum von Mises Stresses vs. position of AA 2014 T4 for V bending

Figure 4.36 Maximum total-equivalent plastic strain vs. position of AA 2014 T4 for

V-0ending to 90° ...t 79

Figure 4.37 Maximum von Mises Stresses vs. position of AA 2014 T4 for V bending

Figure 4.38 Maximum total-equivalent plastic strain vs. position of AA 2014 T4 for

V-0ending to 1207 ..ot 80
Figure 4.39 Punch load vs. punch position of AA 2014 T4 for V bending to 60°...... 81
Figure 4.40 Punch load vs. punch position of AA 2014 T4 for V bending to 90°...... 81

Figure 4.41 Punch load vs. punch position of AA 2014 T4 for V bending to 120°.... 81

Figure 4.42 Springback data for V-bend of AA 2014 at T6 condition..............cc........ 83

XViil



Figure 4.43 Von Misses stress distribution in AA 2014-T6 2 mm-thick sheet in 60°
Y 073114 10 VSRS 85

Figure 4.44 Total-equivalent plastic strain distribution in AA 2014-T6 2 mm-thick
sheet 1N 60° V- DENdING.......cceeeviiieiiiieiie ettt ere e e e eer e ssbaeesereeens 86

Figure 4.45 Von Misses stress distribution in AA 2014-T6 2 mm-thick sheet in 90°
Y 073116 10 VSRS 88

Figure 4.46 Total-equivalent plastic strain distribution in AA 2014-T6 2 mm-thick
sheet in 90° V-Dending.........cccveviieiieiiieiiieiieieeeeeeee ettt ere e ere e 89

Figure 4.47 Von Misses stress distribution in AA 2014-T6 2 mm-thick sheet in 120°
Vo DENAING ..viiiiiieciee ettt re e st e e e e e tre e ertaeessreeessseeesnreensraeenens 91

Figure 4.48 Total-equivalent plastic strain distribution in AA 2014-T6 2 mm-thick
sheet in 120° V= Dending........cvevieeiieiiieieeiieieeeeeee et 92

Figure 4.49 Maximum von Mises Stresses vs. position of AA 2014 T6 for V bending

Figure 4.50 Maximum total-equivalent plastic strain vs. position of AA 2014 T6 for
V-D0ending to 00° ......ooeiieieieee et 93

Figure 4.51 Maximum von Mises Stresses vs. position of AA 2014 T6 for V bending

Figure 4.52 Maximum total-equivalent plastic strain vs. position of AA 2014 T6 for
V-0ending to 90° ...t 94

X1X



Figure 4.53 Maximum von Mises Stresses vs. position of AA 2014 T6 for V bending

Figure 4.54 Maximum total-equivalent plastic strain vs. position of AA 2014 T6 for

V-Dending to 1207 .....oiiiiiiiiieiieieeee ettt ettt raesene e 95
Figure 4.55 Punch load vs. punch position of AA 2014 T6 for V bending to 60°...... 96
Figure 4.56 Punch load vs. punch position of AA 2014 T6 for V bending to 90°...... 96

Figure 4.57 Punch load vs. punch position of AA 2014 T6 for V bending to 120°.... 96

Figure 4.58 Springback data for V-bend of AA 6061 at O condition..............c......... 98

Figure 4.59 Von Misses stress distribution in AA 6061-O 2 mm-thick sheet in 60° V-
0753316 833U 100

Figure 4.60 Total-equivalent plastic strain distribution in AA 6061-O 2 mm-thick
sheet in 60° V-Dending..........ccoecvieriieriieiiieiesieeee ettt ere e 101

Figure 4.61 Von Misses stress distribution in AA 6061-O 2 mm-thick sheet in 90° V-
DENAING. .. eiiiiiiiiiecee ettt e et e et e e tre e etr e e baeesereeenraeenes 103

Figure 4.62 Total-equivalent plastic strain distribution in AA 6061-O 2 mm-thick
sheet N 90° V- Dending.........cocveveiieriiiinieieiereeeeeece e 104

Figure 4.63 Von Misses stress distribution in AA 6061-O 2 mm-thick sheet in 120°
Vo DENAING ..eveiiiiieiee ettt ettt e s tre e s ta e e sstaeetreesssaeesseesreseessraeenes 106

Figure 4.64 Total-equivalent plastic strain distribution in AA 60610 2 mm-thick
sheet in 120° V- Dending.......ccvevvieriieriieiieiiecieete ettt 107



Figure 4.65 Maximum von Mises Stresses vs. position of AA 6061 O for V bending

Figure 4.66 Maximum total-equivalent plastic strain vs. position of 60610 for V-

DENAING 10 60 .....viieiiieiiiiiecie ettt ettt e eete e ste e s tae b e e s raeeareenreas 108

Figure 4.67 Maximum von Mises Stresses vs. position of AA 6061 O for V bending

Figure 4.68 Maximum total-equivalent plastic strain vs. position of AA 6061 O for

V-Dending t0 90° ......ooeviiiieiieee ettt enrees 109

Figure 4.69 Maximum von Mises Stresses vs. position of AA 6061 O for V bending

Figure 4.70 Maximum total-equivalent plastic strain vs. position of AA 6061 O for

V-Dending to 1207 ......ooiiieieeieeeeeeeeee ettt snae e 110
Figure 4.71 Punch load vs. punch position of AA 6061 O for V bending to 60° ..... 111
Figure 4.72 Punch load vs. punch position of AA 6061 O for V bending to 90° ..... 111

Figure 4.73 Punch load vs. punch position of AA 6061 O for V bending to 120°... 111

Figure 4.74 Springback data for V-bend of AA 6061 at T4 condition.................... 113
Figure 4.75 Von Misses stress distribution in AA 6061-T4 2 mm-thick sheet in 60°
Vo DENAING ..eviiiiiicieeciee ettt e s e e e ta e e ssteeetseesssaeesraesrnseesnraeanes 115

Figure 4.76 Total-equivalent plastic strain distribution in AA 6061-T4 2 mm-thick
sheet i 60° V- Dending.........cccueverieriiiinieienieiee e 116



Figure 4.77 Von Misses stress distribution in AA 6061-T4 2 mm-thick sheet in 90°
Vo DONAING .ottt ettt ettt e et e e e nae et e e nnaeenseens 118

Figure 4.78 Total-equivalent plastic strain distribution in AA 6061-T4 2 mm-thick
sheet 1N 90° V- DeNnding........cceevviiiiieiiiieciieeee et er e s e 119

Figure 4.79 Von Misses stress distribution in AA 6061-T4 2 mm-thick sheet in 120°
Vo DONAING .ottt ettt ettt e et e s e enaeesbe e naeenteens 121

Figure 4.80 Total-equivalent plastic strain distribution in AA 6061-T4 2 mm-thick
sheet in 120° V- Dending.......ccvevvieriieriieiieiecieeeee ettt ere e 122

Figure 4.81 Maximum von Mises Stresses vs. position of AA 6061 T4 for V bending

Figure 4.82 Maximum total-equivalent plastic strain vs. position of 6061 T4 for V-

DENAING 10 60 .....vieeieeiieieee ettt ettt et e e et eneeeneeas 123

Figure 4.83 Maximum von Mises Stresses vs. position of AA 6061 T4 for V bending

Figure 4.84 Maximum total-equivalent plastic strain vs. position of AA 6061 T4 for
V-D0ending t0 90° ... ..ottt 124

Figure 4.85 Maximum von Mises Stresses vs. position of AA 6061 T4 for V bending

Figure 4.86 Maximum total-equivalent plastic strain vs. position of AA 6061 T4 for
V-0ending to 120 ........ooieee et 125

XXil



Figure 4.87 Punch load vs. punch position of AA 6061 T4for V bending to 60°..... 126

Figure 4.88 Punch load vs. punch position of AA 6061 T4 for V bending to 90°.... 126

Figure 4.89 Punch load vs. punch position of AA 6061 T4 for V bending to 120°.. 126

Figure 4.90 Springback data for V-bend of AA 6061 at T6condition..................... 128

Figure 4.91 Von Misses stress distribution in AA 6061-T6 2 mm-thick sheet in 60°
VoDONAING ittt ettt e e et esaeesbe e neeenaeens 130

Figure 4.92 Total-equivalent plastic strain distribution in AA 6061-T6 2 mm-thick
sheet in 60° V-Dending..........ccecvievrieriieiiieiiesieeee ettt ere e 131

Figure 4.93 Von Misses stress distribution in AA 6061-T6 2 mm-thick sheet in 90°
Y o<1 T U1 XSRS 133

Figure 4.94 Total-equivalent plastic strain distribution in AA 6061-T6 2 mm-thick
sheet in 90° V-Dending.........ccoevvieviieiiieiieieseeeee ettt 134

Figure 4.95 Von Misses stress distribution in AA 6061-T6 2 mm-thick sheet in 120°
Vo DENAING ..eviiiiiieiieciee ettt e e sr e e etae e sstaeetseesssaeesssaesreseesnraeanes 136

Figure 4.96 Total-equivalent plastic strain distribution in AA 6061-T6 2 mm-thick
sheet in 120° V- Dending.......ccvevvieriieriieiieiecieeteete ettt e 137

Figure 4.97 Maximum von Mises Stresses vs. position of AA 6061 T6 for V bending

Figure 4.98 Maximum total-equivalent plastic strain vs. position of 6061 T6 for V-

DENAING 10 60 ...ttt et ettt e et eneeenneas 138



Figure 4.99 Maximum von Mises Stresses vs. position of AA 6061 T6 for V bending

Figure 4.100 Maximum total-equivalent plastic strain vs. position of AA 6061 T6 for

V-Dending t0 90° ....uoieiiieeiieee ettt n 139

Figure 4.101 Maximum von Mises Stresses vs. position of AA 6061 T6 for V
DENAING 10 1207 . .eiiiiieeieieeie ettt sttt e st et e e saeeneeeneeas 140

Figure 4.102 Maximum total-equivalent plastic strain vs. position of AA 6061 T6 for
V-0ending to 1207 ... ...oiiiiiiiieiieieecie ettt eeeenne s 140

Figure 4.103 Punch load vs. punch position of AA 6061 T6 for V bending to 60°.. 141

Figure 4.104 Punch load vs. punch position of AA 6061 T6 for V bending to 90°.. 141

Figure 4.105 Punch load vs. punch position of AA 6061 T6 for V bending to 120° 141

Figure 5.1 a) Air Furnace, b) Water quenching tank .............ccccoeevveviienienieecreenenne. 147

Figure 5.2 a) Hardness tester, b) Hocking™ Autosigma 3000 conductivity

MEASUTEIMNENE AEVICE. . ...eieeieeieiie et etie et et e stte et e et e sete et e eneeeneeseeeseesnaeenneenneas 148
Figure 5.3 Instron Tension test deVICE .........ccvverirrciiecierieiieeeeeee e 149
Figure 5.4 Dimensions of the tensile test SPECIMEN. ..........ccvevveeeiiecieeneereeereeieenes 149

Figure 5.5 True stress — true strain values of AA 2014 at different temper types. ... 150

Figure 5.6 True stress — true strain values of AA 6061 at different temper types. ... 150

XX1V



Figure 5.7 Dimensions of the test SPECIMENS........cceeruierieerierieeieeieeieeeee e 151

Figure 5.8 60° V-Bending di€ .........ccceeeieviirieniiieniieieienieceeeseee e 152
Figure 5.9 90° V-Bending di€ .........cccceeiieriiiiiiiieeee et 152
Figure 5.10 120° V-Bending di€ ..........ccceeririiiieiieieeieee ettt 153
Figure 5.11 Hydraulic pres machine...........cccccoevvieeiieriinciiecieeieeieeieeeeeee e 153
Figure 5.12 Optical angle measuring device..........cooervereriererienenienieeeeieeee e 154
Figure 5.13 Bent PIECES. .. .eeeuiiieiiiieeieeiiestee ettt ettt ettt et 158

Figure 6. 1 FEM results of AA 2014 and AA 6061 under different heat treatments
and different bend angles...........ocoeriiiiieiiiie e 162

Figure 6. 2 Maximum Equivalent Von Mises stress vs. punch position of 2mm thick

AA 2014 under different heat treatment conditions for 60° V-bending........... 163

Figure 6. 3 Maximum Equivalent Von Mises stress vs. punch position of 1.6 mm

thick AA 6061 under different heat treatment conditions for 60° V-bending. .. 164

Figure 6. 4 Maximum Equivalent Von Mises stress vs. punch position of 2mm thick

AA 2014 under different heat treatment conditions for 90° V-bending ........... 164

Figure 6. 5 Maximum Equivalent Von Mises stress vs. punch position of 1.6 mm

thick AA 6061 under different heat treatment conditions for 90° V-bending. .. 165

XXV



Figure 6. 6 Maximum Equivalent Von Mises stress vs. punch position of 2mm thick

AA 2014 under different heat treatment conditions for 120° V-bending ......... 165

Figure 6. 7 Maximum Equivalent Von Mises stress vs. punch position of 1.6 mm

thick AA 6061 under different heat treatment conditions for 120° V-bending. 166

Figure 6.8 Total Equivalent Plastic Strain vs. punch position of 2 mm thick AA 2014
under different heat treatment conditions for 60° V-bending.............cceeeenneen. 167

Figure 6.9 Total Equivalent Plastic Strain vs. punch position of 1.6 mm thick AA
6061 under different heat treatment conditions for 60° V-bending.................... 167

Figure 6.10 Total Equivalent Plastic Strain vs. punch position of 2 mm thick AA
2014 under different heat treatment conditions for 90° V-bending.................... 168

Figure 6.11 Total Equivalent Plastic Strain vs. punch position of 1.6 mm thick AA
6061 under different heat treatment conditions for 90° V-bending................... 168

Figure 6.12 Total Equivalent Plastic Strain vs. punch position of 2 mm thick AA
2014 under different heat treatment conditions for 120° V-bending.................. 169

Figure 6.13 Total Equivalent Plastic Strain vs. punch position of 1.6 mm thick AA
6061 under different heat treatment conditions for 120° V-bending ................. 169

Figure 6.14 Punch Force vs. Punch Position of 2 mm thick AA 2014 under different
heat treatment conditions for 60° V-bending. .............cceeeveveerreeviienreerieereennenn 170

Figure 6.15 Punch Force vs. Punch Position of 1.6 mm thick AA 6061 under
different heat treatment conditions for 60° V-bending ............cccceeevvvivriiinnennns 171

XXV1



Figure 6.16 Punch Force vs. Punch Position of 2 mm thick AA 2014 under different
heat treatment conditions for 90° V-bending. ..........ccccceeveevieroiiiieniereeeee. 171

Figure 6.17 Punch Force vs. Punch Position of 1.6 mm thick AA 6061 under
different heat treatment conditions for 90° V-bending ..........cccccceevvervieviennnnns 172

Figure 6.18 Punch Force vs. Punch Position of 2 mm thick AA 2014 under different
heat treatment conditions for 120° V-bending. ...........cceeeveiiereiiiieiieieeeee. 172

Figure 6.19 Punch Force vs. Punch Position of 1.6 mm thick AA 6061 under
different heat treatment conditions for 120° V-bending...........ccceeevvrereerrennnnns 173

XXVil



CHAPTER 1

INTRODUCTION

1.1 Bending

1.1.1 Definition and Terminology

Bending is the forming of solid parts, where angled or ring-shaped
workpieces are produced from sheet or strip metal. The process consists of uniformly
straining flat sheets or strips of metal around a linear axis, but it also may be used to
bend tubes, drawn profiles bars, and wire [2]. In bending, the plastic state is brought
by a bending load [1]. In fact, one of the most common processes for sheet metal
forming is bending, which is used not only to form pieces such as L, U or V-profiles,

but also to improve the stiffness of a piece by increasing its moment of inertia.

Bending has the greatest number of applications in the automotive, aircraft
and defense industries and for the production of other sheet metal products. Typical

examples of sheet-metal bends are illustrated in Figure 1.1.

Figure 1.1 Typical examples of sheet metal bend parts. [2]



The basic characteristic of bending is stretching (tensile elongation) imposed

on the outer surface and compression on the inner surface as shown Figure 1.2 [3].

Neutral
line

T\

(2) (b)

Figure 1.2 In the course of bending (a) the entire stress-strain curve is transversed ;

(b) elastic stresses result in springback and the residual stress pattern [3].

In this sence, the terms used in bending are defined in the drawing in Figure 1.3

Bend allowance Length of bend

Bend H_I_l_gle

I
Bend radius &,

Figure 1.3 Schematic illustration of terminology, used in bending process. [2]



Here, the bend radius R; is measured on the inner surface of the bend piece.

The bend angle ¢ is the angle of the bent piece and T is the material thickness [2].

In bending process, since the outer fibers of the material are placed in tension
and the inner fibers are placed in compression, theoretically the strain values on the
outer and inner fibers are equal in magnitude and are given by the following

equation:

1 (1.1)

=8 " (2R /T)+1

Experimental researches indicate that this formula is more precise for the

deformation of the inner fibers of the material, e,, than for the deformation of the
outer fibers, €, . The deformation in the outer fibers is notably greater, which is why
neutral fibers move to the inner side of the bent piece. The width of the piece on the
outer side is smaller and on the inner side is larger than the original width. As R, /T

ratio decreases, the bend radius becomes smaller; the tensile strain at the outer fibers

increases and the material eventually cracks.

1.1.2 Moment of Bending

Suppose that there is have a long, thin straight beam having cross-section
(bxT) and length L, bent into a curve by moments (M ) The beam and moments lie in
the vertical plane nxz, as shown in Figure 1.4. At a distance X from the left end, the
deflection of the beam is given by distance z . Figure 1.4b shows, enlarged, two slices
A—-B and A-B' of different angles dx, cut from the beam at location x.The planes
cutting A—B and A'-B' are taken perpendicular to the longitudinal axis X of the

original straight beam. It is customary to assume that these cross-sections will remain



planar and perpendicular to the longitudinal elements of the beam after moments

(M ) are applied. Laboratory experiments have in general verified this assumption.

After bending, some of the fibers have been extended (B - B'), some have
been compressed (A— A'), and at the location, called the neutral surface, no change in

length has taken place(n—n).

Figure 1.4 Schematic illustration of bending beam: a) bending beam; b) neutral line;

¢) bending stress in elastic-plastic zone.

The loading of Figure 1.4 is called pure bending. No shear or tangential stress
will exist on the end surfaces A—B and A'-B', and the only stress will be o, the
acting normally on the surface. An equation can be derived to give the value of this

bending stress at any desired distance z from the neutral surface. Let O be the

center of curvature for slice (n—n) of the deformation beam, d¢ the small angle



included between the cutting planes, and R, the radius of curvature. Consider a

horizontal element located a distance z below the neutral surface. Draw a line n— D
parallel toO — B . The angle D—n—-C' and the following proportional relationship

results:

z _deo_, (1.2)

Since the total deformation of the element 2d¢ divided by the original length

dx is the unit deformation or strain, Equation (1.2) indicates that the elongation of

the element will vary directly with the distance z from a neutral surface.

For a more detailed definition of the stress-strain relationship in bending
process, the concept of a reduction in the radius of neutral curvature (R,)is useful.

This value is the ratio to the bend radius of the neutral surface-to-material thickness.

R =—" (1.3)

where;

R, = reduction radius of the neutral curvature surface. [2]

1.1.2.1 Moment of Bending in Elastic-Plastic Domain

The engineering moment of bending in elastic-plastic domain can be
expressed as the sum of the moments of bending in the elastic and plastic zones for

the same axis, and is given by general formula,



o) z T/2
M =YS| =[2’dA+2 [ zdA (1.4)
ZO 0

Zy

The first segment of this equation is the moment of resistance in the elastic

deformation zone with regard to the Y - axis:

W =3jz2dA (1.5)
Z, 0

The second segment of the equation is the moment of static at the plastic

deformation zone with regard to the Yy - axis:

T2
S =2[zdA (1.6)

0

Therefore, the bending moment in the elastic-plastic domain in the final form

is:
M =YS(W +5S) (1.7)
where;

S = Hardening Coefficient of Material

k = True Strain of Material

b = Width of Beam (length of bending), and
T =Material Thickness

For a rectangular cross- section of a beam, the bending moment in the elastic-

plastic domain is given by the formula:



The value of z,can be calculated by Hooke’s law:

YS:E-gozEé—‘) (1.9)

n
where;

R, = Radius of Curvature

E = Elastic Modulus

Hence,

(1.10)

When the above expression is substituted for z, in equation (1.8), equation

(1.8) is changes to:

M :ﬂ{ﬂz—(%ﬂ (1.11)



Respecting equation (1.3) the bending moment may be expressed as the

reduction radius of curvature (R,) :

v = (vs)PT {3_(2(\(3)&]2} (12)

However, with bending in the elastic-plastic domain 5<R, <200 the

r

2
influence of part of the equation ( j is very slight, and the engineering

calculation can be disregarded. Setting aside this part of the equation, we may
assume, as a matter of fact, that the entire cross-section of the beam experiences
linear-plastic deformation Figure 1.4c, so that the moment of the bending beam is

loaded by stresses in the linear-plastic domain:

bT?
M =(YS
rs)”L

(1.13)

1.1.2.2. Moment of Bending in the Purely Plastic Domain

The moment of bending in purely plastic domain for a rectangular cross-

section is given by the formula:

2
M =ﬂ-kbz (1.14)

f = Hardening coefficient of material

k = True strain of material
b = Width of beam (length of bending), and
T =Material thickness



This expression can be simplified to:

2
M = n[UTS bz ] (1.15)

Where:

n = Correction coefficient hardening of the material (n=1.6 to 1.8)
UTS = Ultimate tensile strength of the material

b = Width of beam (lentgh of bending), and

T = Material thickness [2]

1.1.3. Types of Bending Operations

Bending of sheet metals can be accomplished through utilization of several
manufacturing processes. A distinction can be made as depending on the part’s

support; supported bending and unsupported bending.

Unsupported bending is similar to the process of stretching, where a flat piece

of metal retained in a die, stretches along with the application of tool pressure.

U-die and V-die bending processes are both considered unsupported bending
processes at their beginning stages, as shown Figure 1.5. As the bending process
continues and the material is pulled down into the recess, all the way down, the

bending becomes supported, as shown in Figure 1.6.



FUNCH
§ @
0. V—DIE_BEWDING, b. U-DIE_BENDING,
UNSUPPORTED ' THIS UNSUPPORTED IN THIS
FHASE ONLY FHASE ONLY

Figure 1.5 Unsupported bending

a. V-DIE BENDING, b. U-DIE BENDING,
UNSUPPORTED "IN THIS UNSUPPORTED IN THIS
£ O

Figure 1.6 Supported and partially supported bending

Supported bending may be considered any bending where a spring-loaded

pad, is included for support of the formed part as given in Figure 1.7 [4].

a. W-DIE BENDING, b. U-DIE BENDING, _DIE BENDI
SUPPORTED IN THE FINAL  SUPPORTED IN THE FINAL .l,j:,__(“;éf_;gmigam%
ERAss GHEY PRASE OHLY SUPPORTED THROUGHOUT

THE BENDING PROCESS

Figure 1.7 Supported bending.
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1.1.3.1.  V-Die Bending

V-die bending is widely used thought industry because of its simple tooling.
During V-die bending, the punch moves down, coming first to a contact with the
unsupported sheet metal. By progressing farther down, it forces the material to

follow along, until bottoming on V shape of the die at final stage [4].

In the case of V-die bending, because of the mechanics of the process, the
two end regions of the bent-up sheet leave the die and lean on the punch just before
the fully loaded stage [4]. As the punch proceeds further to move downwards, the
ends of the sheet are bent towards the die again and secondary bent-up regions are
formed on both sides just above the main bent-up region. At the fully loaded state,
the sheet is fully supported by the die and the punch. After the removal of the sheet
from the punch and die, the secondary bent-up regions, which are formed during
bending, also cause springback in the opposite direction to the one resulted by the

main bent-up region [61].

V-die bending and is illustrated in Figure 1.8 and some examples are shown

in Figure 1.9 [4].

d. FOURTH (AND FINAL)

Figure 1.8 V-die Bending
11



Ny

Figure 1.9 V-die bending samples.

If the angle of the die face is y in Figure 1.10a and there is some friction
between the sheet and die, the force on the sheet will be at an angle y to the normal,

where the coefficient of friction is i = tany . The force on the punch, P, is

P= 2cos(a - l//)

(1.16)

Resultant of
H Fyand P
| Y

arm of B
~

i
i
|
|
i
i
I~
I
vl ~
Mement +‘a\ “
arm of B

Figure 1.10 Bending a strip in a V-die with a punch of nose radius R (a) At the start
of the process. (b) When the punch has nearly reached the bottom of its stroke.
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In the initial stages, the curvature of the sheet at the nose of the punch will be
less than the nose radius, as shown in Figure 1.10 (a). The curvature is given by the
point B in the bending line construction shown. As the bending progresses, the
punch force will increase and the curvature at the point of contact increase until it
just matches the punch curvature. On further bending, the point of contact with the
punch will move away from the nose to some point B as shown in Figure 1.10 (b).
Since only a frictionless condition has been considered, the force is normal to the
tool at the point of contact. It is seen that there is a difference between the line of
action of the force exerted by the die at point A and that through the point of contact
B with the punch. These forces converge as shown, and by symmetry, their resultant
must be horizontal, i.e. the force H. As the moment arm of the force bending the
sheet at the centre-line B' is greater than that at the punch contact B, the curvature at
B' must be greater than atB, and there will be a gap between the sheet and the
punch at B'. If close conformity between the punch and the sheet is required, the V-
die is made with a radius at the bottom to match the punch and a large force is
applied at the end of the process. A problem with such an arrangement is that small
variations in thickness or strength in the sheet or in friction may cause appreciable

changes in springback [5].

1.1.3.2.  Air Bending

In air bending, the tooling, punch and die are used only to convey energy.
The workpieces rests on two points. The punch carries out the bending movement. A
curvature sets in, growing the centre. Air bending is used mainly to straighten

workpieces [1].

Principle of the process is illustrated in Figure 1.11

13



Z

Figure 1.11 Principle of air bending.

1.1.3.3. U-Bending

In this type of bending, the process begins with a strip or sheet of metal
positioned over a U-shaped opening or an insert of such a shape. As the punch comes
down, it contacts the sheet metal material first and pulls it along on a further descent,

forcing in into the U-shaped opening as shown in Figure 1.12 [4].

—

Z Z

FIRST STAGE SECOND STAGE THIRD STAGE

Figure 1.12 U-die bending process.
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In this case, to prevent the bottom form bulging out during bending, a
backing pad is often used. During the bending process, it already starts pressing

against the bottom of the workpiece [1].

1.1.34. Wipe Bending

In wipe bending methods of producing bends, the blank is retained in a fixed
position by spring-loaded pressure pad (Figure 1.13). The forming punch comes
down toward the spring-loaded pressure pad. This type of bending may be preferred
when the bent flange is relatively shorter than the remaining part of the sheet [4].

_ SPRING-LOADED - -
PRESSURE PAD EXCEEDING 90" ANGLE

IS NOT POSSIBLE |

1

\

) 1 \
. F \ \ FORMING
DIE /& AN\ = punCH

BENT-UP
PART

Figure 1.13 Wipe bending process

1.1.3.5. Rotary Bending

Rotary bending has several advantages over traditional types of bending. It

does not only utilize 50 to 80 percent less bending force than wipe bending process,

15



but also it generally does not need a pressure pad for retention of material, as the

rocker provides for it automatically as seen Figure 1.14 [4].

ROCKER SADDLE
LOCKING SEGMENT

s X

o
™,
87° OR LESS,
\{ ANGULAR CUTOUT BENDING DIE
5° UNDERCUT

OF THE DIE,
APPROXIMATE

Figure 1.14 Rotary bending process using ready bender

As the tool comes down, the rocker lands on the material, positioning itself
with one edge over the die and with the other over the gap. Coming farther down, its
pressure bends down the flange, but it does not stop at 90°; it continues farther to

attain 3° overbend as a protection against springback [4].

1.1.4. Factors Effecting Bending

Bend radius or die radius R;, is one of the most important parameter, which
considerably affects all bending operations of sheet metals. The bend radius in
bending operations always pertains to the inside radius of the bend. Minimum bend
radius is dependent on the material thickness and the mechanical properties of the
material. Minimum bend radii vary for various metals; generally, most annealed

metals can be bent to a radius equal to the thickness, T and sometimes to T/2, for a

given bend angle and bend length.

16



Bend angle is another crucial factor in bending operations. As the bend angle
becomes larger, especially with bend angles over 90°, many difficulties arise. In this
case, the amount of bend radius become more critical and the material hardness

becomes more detrimental to the success of the bending process.

In bending process, some deformations occur in the bent-up region of the
workpiece depending on the dimensions of the workpiece, bend angle, and bend
radius. As the strength of the workpiece is limited, the deformations should be

restrained in some limits [61].

1.2. Springback Phenomenon

Springback is generally referred as to undesirable change of part shape that
occurs upon removal of constraints after forming. It can be considered a dimensional
change which happens during unloading, due to the occurrence of primarily elastic
recovery of the part. [21]. In the other words, springback describes the change in

shape of formed sheet upon removal from tooling [30].

Springback is one of the key factors to influence quality of stamped sheet

metal parts in sheet metal manufacturing areas [17].

Springback is influenced by several factors, such as; [53]

e Sheet thickness

e Elastic modulus

e Yield stress

e  Work hardening exponent
¢ Die and punch radii

e Punch stroke etc.

17



1.2.1. Mechanics and Terminology of Springback

Every plastic deformation is followed by elastic recovery. As a consequence
of this phenomenon, changes occur in the dimensions of the plastic-deformed

workpiece upon removing the load.

While a workpiece is loaded, it will have the following characteristic

dimensions as a consequence of plastic deformation. (Figure 1.15)

N o m—— p—
o\ b > /-/;,_:7-/7"""__-'_ = | |
\ FAY . V.4 -
after XN 2 |
T R >’//K/ \Q¢ RS/ /
{/ /// ~_ Ry "\—'/
7 s/ TN —
XX ~ y /)
AT
N " . ¥y
S Mg Ef/_./ P
N — 4
- @ s

Figure 1.15 Schematic illustration of springback.

¢ Bend radius (R;),
e Bend angle (¢i, =180" - al) ,and

o Profile angle (e, )
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All workpiece materials have a finite modulus of elasticity, so each will
undergo a certain elastic recovery upon loading. In bending, this recovery is known

as a springback. The final dimensions of the workpiece after bending unloaded are:

e Bend Radius (Rf ),
e Bend Angle (a,),and

e Profile Angle (¢, =180° —¢,).

The final angle after springback is smaller (¢f < gﬁ,) and the final bend radius
is larger (Rf > Ri) than before.

There are two ways to understand and compensate for springback. One is to
obtain or develop a predictive model of the amount of springback. The other way is

to define a quantity to describe the amount of springback. A quantity characterizing

springback is the springback factor (K) , which is determined as follows:

The bend allowance of the neutral line (L,) is the same before and after

bending, so the following relationship is obtained by the formula:

Ln:(Ri+9¢i =[Rf +%j¢f (1.17)

T 2R
R +— L+1 .
Ty T _¢f 180" —a,
K= === —2 (1.18)
R, = t, 4 180 -q
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The springback factor (K) depends on R/T . A springback factor of K =1

indicates no springback and K =0indicates the complete elastic recovery. To

estimate springback, an approximate formula has been developed in terms of the

radii R; and R; as follows [2] ;

REORES

In case of plane strain bending, the following formula can be used [6]

%:4{%%(1-&]3 —3(%%)(1—02)“ (1.20)

In V-die bending, the part radius at the unloaded state, R, may be estimated

1

Ry =4—g (1.21)
— 4+3—
R TE

where, R, is punch radius [61].
1.3. Heat Treatment

In this thesis, AA 2014 and AA 6061 are preferred as workpiece material.
Different heat treatments are applied these alloys in order to observe springback

amounts under different temper types and bend angles.
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1.3.1. Heat Treatment of Aluminum Alloys

Heat treating is the broadest sense, refers to any of the heating and cooling
operations that are performed for changing the mechanical properties, the
metallurgical structure, or the residual stress state of the metal product. When the
term is applied to aluminum alloys, however, its use frequently is restricted to the
specific operations employed to increase strength and hardness of the precipitation-
hardenable wrought and cast alloys. These usually are referred to as the “heat-
treatable” alloys to distinguish them from those alloys in which no significant
strengthening can be achieved by heating and cooling. The latter, generally referred
to as “not heat-treatable” alloys depend primarily and cold work to increase
strength. Heating to decrease strength and increase ductility (annealing) is used with
alloys of both types; metallurgical reactions may vary with type alloy and with
degree of softening desired [11].

Heat treatment to increase strength of aluminum alloys is a three-step
process:
e Solution heat treatment: dissolution of soluble phases
e Quenching: development of supersaturation
e Age hardening: precipitation of solute atoms either at room temperature
(natural aging) or at elevated temperature (artificial aging or precipitation

heat treatment).

1.3.2. Temper Designations

Designations for the heat-treated tempers utilized in this study, and
descriptions of the sequences of operations used to produce those tempers, are as
bellows.
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1.3.2.1. O, annealed

Applies to wrought products that are annealed to obtain lowest strength
temper and to cast products that are annealed to improve ductility and dimensional

stability. The O may be followed by a digit other than zero.

1.3.2.2. T4, Solution Heat Treated and Naturally Aged to a Substantially
Stable Condition

This signifies products that are not cold worked after solution heat treatment
and for which mechanical properties have been stabilized by room-temperature
aging. If the products are flattened or straightened, the effects of the cold work
imparted by flattening or straightening are not accounted for in specified property

limits.

1.3.2.3. T6, Solution Heat Treated and Artificially Aged

This group encompasses products that are not cold worked after solution heat
treatment and for which mechanical properties or dimensional stability, or both, have
been substantially improved by precipitation heat treatment. If the products are
flattened or straightened, the effects of the cold work imparted by flattening or

straightening are not accounted for in specified property limits [9].
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CHAPTER 2

LITERATURE SURVEY ON BENDING AND SPRINGBACK

2.1 Previous Studies

Since sheet metal forming industry has become one of the major
manufacturing centers for automobile and aerospace and defense industries, the
popularity of sheet metal products is attributable to their light weight, great

interchangeability, good surface finish, and low cost [12].

There has been a growing interest during the past decade in using finite
element method for springback prediction following forming of arbitrary shapes.
While it is apparently simple in concept, the prediction of springback has proven
challenging for a variety of reasons, including numerical sensitivity, physical
sensitivity, and poorly characterized material behavior under reverse loading and
unloading conditions [20]. Springback of sheet metal parts after forming causes
deviation from the designed target shape and produces downstream quality problems
as well as assembly difficulties. Its economic impact in terms of delayed production,
tooling revision costs, and rejection of unqualified parts is estimated to exceed $50
million per year in the U.S. automotive industry alone [20]. It is obvious that

controlling sprinback is a vital concern in manufacturing.

Several studies have been done for past decades in order to develop
springback reduction and compensation methods. S. Nishino et al. examined a new
method of predicting a shape fixation property by combining free bending test data
with the results of the computer simulations conducted using the finite element

method (FEM) [13]. In that study, they proposed a highly accurate evaluation
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technique of experimental data in free and bottoming bending tests with the FEM
simulation data that are the elastic strain values in the bent sheet. In the study of
Chou and Hung, [14] several springback reduction techniques used in the U-channel
bending processes have been analyzed with finite element method, which include arc
bottoming, pinching die, spanking, and movement techniques. Here, a commercial
finite element program and optimization program for implicit problems were utilized.
Results of the authors’s research for optimization provide acceptable sets of design
variables, which show that the use of coupled finite element optimization analysis is
both practical and efficient in solving the problem of springback control. Karafillis
and Boyce [15] developed a “Deformation Transfer Function (DTF)” for changing
the shape of the tool to compensate for springback in sheet metal forming using
FEM. Also, H. Palanisway et al. [16] studied to formulate an optimization problem to
find the optimum blank dimensions that minimize the springback in the
manufacturing of a cone shaped part while Sang-Wook Lee [17] worked on the bi-
directional springback of a drawn sheet metal using modified U-draw bending
process. In the latter study, they used a strip with the fixed width which is drawn by
the elliptical tool and laid freely. Li-ping Lei et al. [12] developed an elasto-plastic
finite element solution based on solid element and finite-strain plasticity for free
bending and square cup drawing process of stainless steel. They used a solid element
to consider bending stiffness and two-face contact instead of membrane elements in
which is impossible with the use of membrane elements. They also investigated that

springback rapidly decreased with a decrease in clearance.

Beyond these attempts, K.M. Zhao et al. [18] showed that bending process
tends to a steady cycle upon applying repeated cycles of displacements. In this study,
they applied different hardening laws with simplified non-contact finite element

model and attained following results.
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e The isotropic hardening law over-estimates the hardening component by

missing the Bauschinger Effect and the plastic shakedown.

e The kinematic hardening rule under-estimates the hardening component and

exaggerates the Bauschinger Effect and the plastic shakedown.

e The hardening parameters in the combined model are indentified inversely by

using a micro-genetic algorithm.

Moreover, many studies were carried out for controlling and compensating
springback. W.Gan et al. [19] claimed that reducing springback lies in designing
tooling in such a way that to compensate for springback. They employed
“displacement adjustment (DA) method” which is briefly referred as to move surface

nodes defining the die surface in the direction opposite to the springback error.

Similarly, L. Wu [20] proposed tooling mesh generation technique for
iterative FEM die surface design algorithm to compensate for springback in sheet
metal stamping. Sheet metal parts, when removed from dies after forming, are
subject to springback due to the resultant in-plane forces and moments throughout
the sheet at the end of the forming processes. Negative of those forces and moments
can be applied to the formed parts with FEM simulation such the part deform in a
manner opposite to springback. The process is referred as spring-forward. Technique

is simply as follows:

e Generating tool mesh based on computer aided drawing (CAD) file
e Running FEM simulation to form the part and evaluating forces and

moments (f)
e Multiplying forces and moments with a scalar quantity such as -1 (o)

e Running FEM simulation with o relevant application to the formed part in

step 2
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¢ Generating tool mesh based on the deformed part shape

e Running simulation of forming followed by springback simulation.

Another springback compensation method is proposed by H.S. Cheng. et al.
[21] The past studies related to this issue require few iteration steps before
converting to the desired tooling shape. In this study, they additionally built upon
existing methods, a new methodology is proposed by incorporating pure geometry
correction with fundamental mechanic analysis. Consequently, the convergence
becomes much faster and certain. Their innovation called “accelerated springback
compensation method” is compared with other methods, namely “Deformation
Transfer Function (DTF) method, “Force Descriptor Method (FDM) and DA
method.

Numerical models are also employed when predicting springback in sheet
metal forming processes. In this sense, R.H Wagoner et al. [22] proposed a numerical
approach. They have evaluated numerical integration error and have investigated
roles of tension force, number of iteration points, radius to thickness ratio, and
material properties etc. to this variation. To obtain accurate numerical solutions,
mechanical models implemented in simulation algorithms should use reliable
descriptions of the materials’ elastoplastic behavior, namely a description of the
anisotropy and work-hardening behaviors. M.C. Oliveira et al. [23] have studied on
the influence of work hardening modeling in springback prediction employing
Numisheet’05 “Benchmark 3”: the U-shape “Channel Draw”. Another important
numerically springback prediction study has been done by B.L. Fu et al. [24] They
have first introduced the conceptions of forming springback anti-coupled systems
and equations of bending beam with large deflection. T.B. Hilditch et al. [25]
studied the influence of low-strain deformation behavior on curl and springback in

High Speed Steels using under-tension test.
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Today apart from CAD/CAM activities, engineering simulation tools based
on the finite element method are employed regularly in the design of stamping dies
for sheet metal parts in industry. With the increased use Finite Element Simulation in
tooling departments, the forming analyses of sheet metal components are used more
frequently in the design feasibility studies of production tooling. These computer
based tools allow the design engineer to investigate the process and material
parameters controlling the material floe over the die surfaces [26]. Several studies
were done in past decade. M. Firat [26] studied U-Channel forming analysis to
predict springback. He established a kinematic hardening model based on additive
backstress form in order to improve the predicted sheet metal deformation response.
[26] S.K. Panthi et al. [27] were also studied on a large deformation algorithm based
on Total-Elastic-Incremental-Plastic Strain (TEIP) which was used for modeling a
typical sheet metal bending process. The process involves large strain, rotation as
well as springback. N.Narasimham et al. [28] aimed to introduce a coupled explicit-
to-implicit finite element approach for predicting springback deformations in sheet
metal stamping that can be utilized for minimizing die prototype design time. In this
study, they have utilized the explicit method initially to analyze the contact based
forming operation of stamping process. Then an implicit solution has been performed
to simulate the springback developing in a blank after the forming pressure removed.
They have coupled ANSYS/LS-DYNA explicit and ANSYS implicit codes to solve

sheet metal forming processes that involves a high degree of springback.

One of the important studies of finite element analysis of springback in
bending was done by V. Esat [29]. In the mentioned work, V. Esat et al. developed a
finite element simulation in order to simulate springback by means of a springback
factor using commercially available finite element program. They reached a good
agreement between the finite element simulation and empirical data. A similar
study was done by L. Papeleux et al. [30] They employed the U-draw bending
presented in NUMISHEET 93 Conference. Their finite element model is based on 2-
D shell elements and Chung-Hulbert dynamic implicit as time integration scheme.

They used penalty method on analytically defined rigid bodies to handle contact
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algorithm. D.W.Park et al. [31] proposed a new shell element to improve accuracy
and efficiency of springback simulation by describing complicated bending
deformation accurately. They applied the new element both implicit Finite Element
Method and explicit Finite Element Method to conduct springback simulation. They
implied that the shell element described in this study has twice faster convergence
rate than previous shell element in springback simulation. Kawka et al. [60]
employed a static emplicit FEM code for the simulation of multi-step sheet metal
forming process. S. Sriram et al. [32] developed a method for adding approximate
bending stiffness to three-dimensional membrane and tested and applied to several
forming operations. H. Livatyali et al. [33-34] presented a computer aided design
method for springback in straight flanging process using finite element method and
validated the predictions with some laboratory experiments. L.M. Kutt [35] et al.
employed a non-linear finite element method to investigate the complicated,
springback behavior of double curved, titanium, sheet metal parts that are formed

with reconfigurable tooling [35].

Some of experimental and numerical studies were also done in order to
analysis bending operation and springback phenomenon. Dongye Fei et al. [36]
focused attention on springback behavior of cold rolled transformation induced
plasticity steels in air v-bending process experimentally. They also simulated the
process by implicit finite element method Abaqus/Standard using subroutine
USDFLD. They attested that, for better accuracy in v- bending, the change in
Young’s modulus due to the plastic deformation should be taken into consideration.
M.L. Garcia-Romeu et al. [37] et al. studied sprigback determination of sheet metals
in an air bending process based on an experimental work. M. Zhan et al. [38]
analyzed the springback mechanism and laws of tube bending by employing a
numerical-analytic method proposed by authors. Another experimental study was
done by O. Tekaslan [39]. They determined springback amount of steel sheet metal
has 0.5 mm. thickness in V bending dies. Similarly, Z. Tekiner [40] studied
springback behavior of steel in different bend angles by employing V bend die. Hsu
and Shien [41] presented a computational method based on the bending theory for
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the analysis of axisymmetric sheet metal forming process. Authors investigated the
effects of including bending in the modeling of sheet metal forming operations by
using finite element method based on a shell theory incorporating finite membrane
and bending strains. Their claim was the effect of bending depends on the ratio of the
punch (or die) radius to the sheet thickness and it is more apparent in the plane strain
condition than those in the axisymmetric condition. Also the experimental results
which are in good agreement with the calculated results show FEM to be effective
design of tooling in sheet metal forming operations. Similarly Miiderrisoglu et al.
[42] proposed am improved design methodology for pre-hemming and hemming of

auto body panels, which focuses on the effect of input parameters on final hem

quality.

Many studies had been carried out on different perspectives of springback.
Micari et al. [43] presented a springback prediction technique in three dimensional
stamping processes which is based on a combined approach in which an explicit
finite element code has been employed to simulate the forming phase while a
traditional implicit procedure has been used to analyze the springback phase. Gau
and Kinzel [44] performed an experimental study for determining the Bauschinger
Effect on springback predictions which seems very significant in wipe bending

operations.

Since springback is a vital concern in manufacturing industry, beyond
evaluating and simulating attempts of springback, some researchers studied the
parameters that effect springback in sheet metal forming operations in order to
control these disturbing parameters. X. Li et al. [45] conducted an experiment and
analytical calculation for determining effect of material hardening mode on the
springback simulation accuracy of V-free bending. Authors considered the change in
material’s Young’s Modulus with plastic deformation and successfully investigated
that material-hardening mode directly affects the springback simulation accuracy. L.
Antonelli et al. [46] deduced a new identification method of elasto-plastic

characteristics by means of simple testing. The outcome of their procedure is the true
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stress versus true strain curve. C. Bruni et al. [47] studied on the effects of process
parameters on springback of AZ31 magnesium alloy by performing air bending test
under warm and hot forming conditions. To this purpose, they carried out air bending
experiments in the temperature range varying 100 to 400°C with different values of
punch speed. The results showed that the springback ratio is influenced by punch
radius and temperature. K.C Chan et al. [48] focused grain shape dependence of
springback of integrated circuit (IC) leadframes. In this study the authors mentioned
that grain shape, which is the source of plastic anisotropy, has significant effects on

springback of a cold rolled copper alloy as integrated circuit leadframe.

W. C. Carden et al. [49] studied for measuring springback by generating
constituve equations emphasizing low-strain behavior for automobile body alloys. In
the study of C. Jiang et al. [50] an uncertain optimization method is suggested to
obtain the optimal variable binder force in U-shaped forming. The friction coefficient
is regarded as the uncertain coefficient, and stepped variable binder force model is
used. The finite element method is employed to simulate the forming process, and an
uncertain objective function which represents the springback magnitude is created.
Zhong Hu [51] studied to establish an elasto-plastic model for the calculation of
springback angle. In another study of S.W. Lee et al. [52], authors presented an
assessment of numerical parameters influencing springback in explicit finite element
analysis of sheet metal forming process. The numerical parameters were, contact
damping parameter (CDP), penalty parameter (PP), blank element size (BES) and
Number of corner elements (NCE). To clarify effect of each factor, the U-draw
bending process is chosen as an evaluation problem because of its large springback.
Y.H. Moon et al. [53] successfully analyzed the effect of tool temperature on the
reduction of the springback of aluminum sheets. Author’s research showed that, the
combination of hot die and cold punch can reduce the amount of springback up to
%20 when compared to conventional room temperature bending test. Similarly H.S.
Kim et al. [54] investigated the effect of temperature gradient on the final part quality
(i.e, springback) in warm forming of lightweight materials. Thermo-mechanically
coupled finite element analysis (FEA) models encompassing the heating of the sheet
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blanks and tooling, forming, part ejection, and cooling were developed for simple
channel drawing process. M.V. Inamdar et al. [55] studied on effects of geometric
parameters on springback by dealing with yield strength, Young’s modulus, and
strain hardening exponent as material properties, punch nose radius, die radius and
the sheet thickness as geometric properties. Significance of these factors and their
interactions is thus established and the physical interpretation of the results has been
given. Lumin Geng et al. [56] discussed the role of plastic anisotropy and its
evolution on sprinback by employing a new anisotropic hardening model. The new
anisotropic hardening model extends existing kinematic/isotropic and nonlinear
kinematic formulations. This hardening model was implemented in ABAQUS in
conjunction with four yield functions: Von Misses, Hill Quadratic, Barlat three-
parameter and Barlat 1996. In the work of S.A. Asgari et al. [57], the authors
focused on development of a method to statistically study forming and springback
problems of Transformation Induced Plasticity (TRIP) through an industrial case
study. A Design of Experiments (DOE) approach was used to study the sensitivity of
predictions to four user input parameters in implicit and explicit sheet metal forming
codes. Numerical results were compared to experimental measurements of parts
stamped in an industrial production line. J.A. Canteli, et al. [58] presented a
theoretical study of air bending at high temperature. Authors developed a thermo-
mechanical model able to predict temperature distribution and main bending
parameters. Temperature distribution is calculated taking into account heating
parameters of the designed heating device for experimental validation. T. Meinders
et al. [59] conducted developments in different stages of product design namely,
springback prediction, springback compensation and optimization by Finite Element
(FE) analysis. Finally the authors present an optimization scheme which is capable of

designing optimal and robust metal forming process efficiently.
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2.2 Scope of the Thesis

Terminology in bending and springback, theoretical background of bending
operation, types of bending, necessary formulations to evaluate bending parameters
and springback, heat treatment concept and temper designations and other related
information are discussed in Chapter 1. Finite element modeling of the processes

discussed in this thesis will be covered in Chapter 3.

In this thesis it is aimed to simulate and analyze V-bending operation in order

to observe effect of heat treatment on elastic recovery and springback. Different

materials as at different thicknesses are analyzed under 60°, 90°, and 120° bend
angles. The effort to try to cover bending operations and springback and heat
treatment in a single study is one of the goals of this thesis, which distinguishes the
work from previous ones. The results will investigate the compansation of

springback in bending dies using appropriate type of heat treatment.

Chapter 4 and chapter 5 will include the case studies, which will contain the
analyses of the mentioned bending operations and heat treatment. Results such as
springback amounts and stress distrubitions of each material at each temper type will
be submitted and the agreement of the calculated results with th emprical data will be

investigated.
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CHAPTER 3

FINITE ELEMENT MODELING OF V-BENDING

3.1. Introduction

In this thesis, finite element analyses of the bending operations are carried out
by using commercially available software, MSC.MARC/MENTAT. The software

has also used for pre-processing of the input data and post-processing of the results.

3.2. Kinematics of Deformation

In modeling the forming problems, the kinematics of deformation can be

described by following approaches:

e Lagrangian Formulation
e Eularian Formulation

e  Arbitrary Eularian-Lagrangian (AEL) Formulation

In this study, Lagrangian Formulation has been employed where the finite
element mesh is attached to the material and moves through space along with
material and in this case, there is no difficulty in establishing stress or strain histories
at a particular material point and the treatment of free surfaces is natural and

straightforward.
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The Lagrangian approach can be classified into two categories: the Total
Lagrangian Method and the Updated Lagrangian Method. In the total Lagrangian
approach, the equilibrium is expressed with the original undeformed state as the
reference; in the updated Lagrangian approach, the current configuration acts as the
reference state. In this study, the updated Lagrangian procedure has been used, which
is employed in large strain and large displacement analyses. Generally, Updated

Lagrangian Approach is useful in;

e Analysis of shell and beam structures in which rotations are large so that
the nonlinear terms in the curvature expressions may no longer be neglected,

and

e Large strain plasticity analysis, for calculations which the plastic

deformations cannot be assumed to be infinitesimal.

The equilibrium can be expressed by the principle of virtual work as :

[y dV = [blSm,dV + [t'on,dA (3.1)
Vo Vo Ay

where;

S : second Piola-Kirchoff stress tensor

E; : Green-Lagrange strain tensor

b’ : body force in the reference configuration

t! : traction vector in the reference configuration

n; : virtual displacements
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Direct linearization of the left-hand side Equation 3.1 yields:

[5;(a(E; Jlav = [V 0 vAU dv (3.2)

V,

n+l

where Auand 7 are actual incremental and virtual displacements respectively, and

oy; Cauchy stress tensor. It can be shown that:

o =LF s F

ij J im~¥mn" jn

dEij = I:mivsnmn I:nj (33)
L, = ! F..F.FoF.D
ikl _j im" jn" kp" 19 ~"mnpq

where D, represents the material moduli tensor in the reference configuration

which is convected to the current configuration, Ly, . Then:

Idsij (5Eij )dV = Ivsnij Lijklvs(Aukl )dV (3-4)
Vo

Vn+]

In the expression above, V°denotes the symmetric part of V, which

represents the gradient operator in the current configuration.
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Keeping in view that the reference state is the current state; a rate formulation

can be obtained as:

v, 6.
o, & +o; —"J:Idv = | bopdv+ [tonda (3.5)
R A
Finally,
K, +K,Jdu=F -R (3.6)

where K, is the material stiffness matrix and K, is the geometric stiffness matrix

[62].

3.3. Linearity and Non-Linearity Concepts

3.3.1. Linear Analysis

Linear analysis is performed on elastic structures with linear stress-strain
relation. The principle of superposition holds under conditions of linearity.
Therefore, several individual solutions can be superimposed (summed) to obtain a

total solution to a problem.

Linear analysis does not require storing as many quantities as does nonlinear

analysis; therefore, it uses the core memory more sparingly [62].
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3.3.2. Non-Linear Analysis

There are three main sources of nonlinearity:

e  Material non-linearity
e  Geometric linearity

e  Non-linear boundary conditions.

Material non-linearity results from the non-linear relationship between
stresses and strains. There exist various models, which define non-linear material
behavior. Elasto-plastic, elasto-viscoplastic, and creep nonlinear behaviors are some

examples for material non-linearity.

Geometric nonlinearity results from the nonlinear relationship between
strains and displacements as well as the nonlinear relation between stresses and
forces. Two main types of geometric nonlinearity problems are buckling problems

and large displacement problems.

Boundary conditions and/or loads may also cause nonlinearity. Contact and
friction problems lead to nonlinear boundary conditions. This type of nonlinearity
manifests itself in several real life situations; for example, metal forming, gears,

interference of mechanical components, pneumatic tire contact, and crash [62].

In this work, the three types of non-linearity are taken into consideration in

all of case studies.
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3.4. Pre- Processing

3.4.1. Mesh Generation

Since plate bending can be considered as plane stain situation, all case studies
are modeled as planar to simplify the finite element analysis. At the end of the
analyses, the results are expanded through the width direction to obtain whole

geometry.

Four node quadrilateral elements are preferred since this element is written
by the software for plane strain applications. As this element uses bilinear
interpolation functions, the strains tend to be constant throughout the element. The
stiffness of this element is formed using four-point Gaussian integration [61]. The

Gaussian integration points in the element are illustrated in Figure 3.1.

.| #

Figure 3.1 Gaussian integration points in the element type 11

Complete geometry and meshed model of V-bending are illustrated in Figure

3.2 and Figure 3.3.
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Figure 3.2 Complete geometry of V-bending

Figure 3.3 Meshed model of sheet metal
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3.4.2. Boundary Conditions

As the boundary conditions displacement of the mid-nodes in the x direction

is restricted in order to satisfy symmetry (Figure 3.4).

Figure 3.4 Symmetrical boundary condition for sheet metal.

3.4.3. Material Properties

In the software used, the stress-strain curve can be represented by;

o Bilinear representation — constant workhardening slope

o Elastic perfectly-plastic material — no workhardening

o Perfectly-plastic material — no workhardening and no elastic response

o Piecewise linear representation — multiple constant workhardening
slopes

o Strain-softening material — negative workhardening slope
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Young’s modulus, E, Poisson’s ratio, v, and mass density, o, are supplied

to the software in order to define material. Piecewise linear representation of the
work hardening curve is also employed to define stress-strain relation for plastic

deformation. The required data are obtained by tension tests.

In this study, two types of material and three types of temper from each
material are considered and modeled as isotropic elastic-plastic materials. The von

Mises yield criterion is preferred for the isotropic materials used.

The von Mises criterion is the most widely used one because of its success
due to the continuous nature of the function that defines this criterion and its
agreement with the observed behavior for the commonly confronted ductile

materials. [61]. The von Mises criterion states yielding occurs when the effective (or

equivalent) stress (;) equals the yield stress (o, ) as measured in a uniaxial test. The

von Mises yield criterion for any stress condition is [3]:

where o ’s and 7 ’s are normal and shear stresses, respectively, or

(0'1 —0, )2 +(O'2 — 03 )2 + (0'3 — 0, )2 =20" (3-8)

in terms of principal stresses o, 0, , and o;.

3.4.4. Contact Analysis

In this study, punch and bottom die are modeled as rigid bodies. The Penalty

Function Method is the procedure to numerically implement the contact constraints.
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Motion of the punch is introduced as prescribed velocities with respect to time,

which is entered into definition of FEA problem by employing relevant tables.

3.4.4.1. Friction

Friction is a complex physical phenomenon that involves the characteristics
of the surface such as surface roughness, temperature, normal stress, and relative
velocity. Friction between a workpiece and tools or dies dominates the strain patterns
and performance of many forming operations, and yet is often the least quantified of

all phenomena involved in forming [62].

Coulomb Friction Model is the most widely used friction model. Because of
this usefulness, Coulomb Friction Model is employed upon this study. The Coulomb

model can be characterized by:

low| < uo, (stick) and o, =—po, -t (slip) (3.9)
where:
o, : Tangential (friction) stress
o, : Normal stress
7 : Friction coefficient
t : Tangential unit vector in the direction of the relative velocity

The Coulomb model can also be written in terms of nodal forces instead of

stresses:
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|| <u-f, (stick) and f,=—u-f -t (slip) (3.10)

where
f, : Tangential force
f, : Normal reaction force [64].

3.5. Analysis

3.5.1. Loadcase

Two types of analyses are carried out in this study. First, by the movement of

punch, deformation of the sheet material is analyzed and then releasing the load

residual stresses are determined.

3.5.2. Solution Procedure

Nonlinear analysis requires incremental solution schemes and iterations
within each load/time increment to ensure that equilibrium is satisfied at the end of

each step.
A nonlinear problem does not always have a unique solution. Sometimes a

nonlinear problem does not have any solution, although the problem can seem to be

defined correctly [62].
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In this thesis; Full Newton-Raphson Algorithm is preferred. The full Newton-
Raphson method provides good results for most nonlinear problems which is also

suggested by software in large displacement problems such as bending [62].

3.5.3. Convergence Testing

The convergence criterion, used in this thesis is based on the magnitude of
the maximum residual load compared to the maximum reaction force. This method is
appropriate since the residuals measure the out-of-equilibrium force, which should be
minimized. This technique is also appropriate for Newton methods, where zero-load
iterations reduce the residual load. The method has the additional benefit that

convergence can be satisfied without iteration.

Finally, total loadcase time and the number of time increments, during which

the analysis is carried out, are determined.
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CHAPTER 4

FINITE ELEMENT ANALYSIS OF V-DIE BENDING
OPERATIONS

4.1 Introduction

In this chapter, V-bending operation of AA 2014 and AA 6061 material at O,
T4 and T6 heat treatment conditions have been analyzed by FEM. For this purpose,

1.0 mm, 1.6 mm, 2 mm, 2.5 mm and 3 mm thickness sheets have been bent to 60°,

90° and 120°. Several results such as springback amounts, maximum von Mises

streses, stress distributions, plastic strains and punch loads are presented.

The sheet to be bent-up is analyzed by using four node quadratic plane strain
elements. Friction between sheet, punch and die has been utilized by Coulomb’s law,
where the friction coefficient is taken as 0.1 [62]. The input data are the material
properties, boundary conditions, time vs. velocity tables to define motion of the
punch, stress vs. plastic strain tables to define the strain hardening characteristics of
the materials, and definition of the contact model and the loadcases. The aluminum
sheets used in this work are assumed to be free of residual stresses before the loading

action.

Finite element model used in springback simulations is composed of a rigid
punch and die and a deformable sheet metal. For all cases, rigid punch moves down
25 mm to bend the workpiece. The gap between die and punch, at the end of fully
bending step, remains as the original thickness of the material and punch does not

squeeze to the sheet further (Figure 4.1).
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(a)

(b)

Figure 4.1 Schematic view of the V-bending process; (a) at beginning of the process,

(b) at 25 mm indentation f the punch tip

Necessary dimensions needed to model the processes are illustrated in Figure

4.2, Figure 4.3 and Figure 4.4
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Figure 4.2 Schematic view of 60° V-bending with necessary dimensions

39
<

Figure 4.3 Schematic view of 90° V-bending with necessary dimensions
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Figure 4.4 Schematic view of 120° V-bending with necessary dimensions

4.1.1 Mesh Size Effect

In all case studies, number of elements along the thickness of the sheet metal
is selected as 4. In Figure 4.5 the number of element along the thickness is 4 and total

number of elements is 800.

Figure 4.5 Equivalent von Mises stress distribution of AA 2014 O for 60° V bending

using 4 elements along the thickness of the sheet metal
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On the other hand, to analyze the effect of mesh size for 60° V-bending of
AA 2014 O case, the number of the elements along the thickness of the element is

taken as 8 and total number of elements becomes 3200 (Figure 4.6).
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Figure 4.6 Equivalent von Mises stress distribution of AA 2014 O for 60° V bending

using 8 elements along the thickness of the sheet metal

As seen from the Figure 4.5 and Figure 4.6 and when 8 elements are used
along the thickness of the sheet metal, maximum equivalent von Mises stress is
evaluated as 194.5 MPa where it is 195.9 MPa when 4 elements used along the
thickness. It has been observed that the changes in the maximum von Mises stresses
and stress distribution are negligible and number of elements along the thickness is

preferred as 4 in order to reduce solution time.
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4.1.2 Contact Regions

Stress distributions at the contact regions between sheet and die and punch
have also been analyzed to compare the maximum stress values. Contact regions are

illustrated in Figure 4.7.
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Figure 4.7 Contact Regions of the sheet metal at the 10 mm indentation of the punch
tip.

The stress distributions along the thickness direction at region 1 is given in
Figure 4.8, and stress distributions along the thickness direction at region 2 and 3 is

given in Figure 4.9.
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Figure 4.9 Stress distributions at the nodes which are in contact with the rigid die.

(at point 3 and 2)

It is observed that stress is maximum at the contact surface whereas decreases
towards the free region. However the stresses at region 1 are much higher than region

2 and 3 since the bending is localized in this region.
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4.2. Finite Element Analyses

4.2.1. V-bending of AA 2014 at O condition.

In this study, five different thicknesses of AA 2014-O are bent to60°, 90°

and 120° with a punch moving vertically downwards. The alloy AA 2014-O is
mainly composed of Al and Cu. Mechanical properties of the alloy are given in Table

4.1

Table 4.1 Mechanical properties of AA 2104-O

Elasticity Modulus Yield Strength Poisson's
Material Temper (GPa) (MPa) Ratio
AA 2014 O 72.4 68.9 0.33

Aluminum sheets with a length of 100 mm, a width of 50 mm and thicknesses

of 1.0, 1.6, 2.0, 2.5 and 3.0 mm were analyzed.

In this case study, angles after springback are determined and tabulated and
graphically illustrated in Table 4.2, Table 4.3, Table 4.4, and Figure 4.16
respectively. Total equivalent plastic strains and equivalent Von Misses stresses, at
different bend angles, occurring in the sheets are gathered from the finite elements
analyses are illustrated graphically in Figure 4.17, Figure 4.18, Figure 4.19, Figure
4.20, Figure 4.21 and Figure 4.22. Also, punch loads for each case are also
represented in Figure 4.23, Figure 4.24 and Figure 4.25.
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Table 4.2 Springback results in terms of part angle for V-Bending to 60°

AA 2014 O at 60° V - Bending

Thickness | bend angles part angle | Springback
(mm) ) ) O)
1.0 60 58.89 1.13
1.6 60 59.17 0.83
2.0 60 59.44 0.56
25 60 59.69 0.31
3.0 60 59.90 0.19

Table 4.3 Springback results in terms of part angle for V-Bending to 90°

AA 2014 O at 90° V - Bending

Thickness | bend angles part angle | Springback
(mm) ) ) )
1.0 90 87.85 2.15
1.6 90 88.20 1.80
2.0 90 88.65 1.35
25 90 88.97 1.03
3.0 90 89.48 0.78

Table 4.4 Springback results in terms of part angle for V-Bending to 120°

AA 2014 O at 120° V - Bending

Thickness | bend angles part angle | Springback
(mm) ) ") )
1.0 120 115.78 4.22
1.6 120 116.24 3.76
2.0 120 116.59 341
2.5 120 116.86 3.14
3.0 120 117.25 2.75
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In Figure 4.10 and Figure 4.11, von misses stresses and total plastic strains in AA

2014-0 2 mm thick sheet in 60° V- bending are illustrated respectively.
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Figure 4.10 Von Misses stress distribution for AA 2014-O 2 mm-thick sheet , 60° V-
bending at ; (a) the intermediate stage (b) the fully loaded stage
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Figure 4. 10 (cont’d) Von Misses stress distribution for AA 2014-O 2 mm-thick
sheet 60° V- bending at ; (c) the unloaded stage
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Figure 4.11 Total-equivalent plastic strain distribution for AA 2014-O 2 mm-thick
sheet in 60° V- bending at ; (a) the intermediate stage
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Figure 4.11 (cont’d) Total-equivalent plastic strain distribution for AA 2014-0O 2

mm-thick sheet in 60° V- bending at ; (b) the fully loaded stage, (c) the unloaded

stage
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In Figure 4.12 and Figure 4.13, Von Misses Stresses and Total Plastic Strains in AA
2014-0 2 mm thick sheet in 90° V- bending are illustrated respectively.
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Figure 4.12 Von Misses stress distribution for AA 2014-O 2 mm-thick sheet in 90°
V- bending at; (a) the intermediate stage (b) the fully loaded stage
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Figure 4.12 (cont’d)Von Misses stress distribution for AA 2014-O 2 mm-thick sheet
in 90° V- bending at; (c) the unloaded stage
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Figure 4.13 Total-equivalent plastic strain distribution for AA 2014-O 2 mm-thick
sheet in 90° V- bending at; (a) the intermediate stage
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Figure 4.13 (cont’d) Total-equivalent plastic strain distribution for AA 2014-O 2

mm-thick sheet in 90° V- bending at; (b) the fully loaded stage, (c¢) the unloaded

stage
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In Figure 4.14 and Figure 4.15, Von Misses Stresses and Total Plastic Strains in AA
2014-0 2 mm thick sheet in 120° V- bending are illustrated respectively.

358=+008

167e+008

L7532+007

LB372+007

922e+007

.006=+007

091=+007

752e+006

+ +

lcasel

Equivalent Von Mises Stress

(2)

911le+008

.720e+008

.529e+008

.33Be+008

.556e+007

. 645e+007

735e+007

82424007

913e+007

78Ee+004

loa=el

Equivalent Von Hizes Stress

(b)

Figure 4.14 Von Misses stress distribution for AA 2014-O 2 mm-thick sheet in 120°
V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.14 (cont’d) Von Misses stress distribution for AA 2014-O 2 mm-thick sheet
in 120° V- bending at; (c) the unloaded stage
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Figure 4.15 Total-equivalent plastic strain distribution for AA 2014-O 2 mm-thick
sheet in 120° V- bending at; (a) the intermediate stage.
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Figure 4.15 (cont’d) Total-equivalent plastic strain distribution for AA 2014-0O 2
mm-thick sheet in 120° V- bending at; (b) the fully loaded stage, (c) the unloaded

stage
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Figure 4.16 Springback data for V-bend of AA 2014 at O condition
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Figure 4.18 Maximum total-equivalent plastic strain vs. position of AA 2014 O for
V- bending to 60°
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Figure 4.20 Maximum total-equivalent plastic strain vs. punch position of AA 2014
O for V bending to 90°
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Figure 4.22 Maximum total-equivalent plastic strain vs. punch position of AA 2014
O for V bending to 120°
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Figure 4.24 Punch load vs. punch position of AA 2014 O for V bending to 90°
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Figure 4. 25 Punch load vs. punch position of AA 2014 O for V bending to 120°
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4.2.2. V-bending of AA 2014 at T4 condition.

In this study, five different thicknesses of AA 2014-T4 are bent to60°, 90°

and 120° with a punch moving vertically downwards. Mechanical properties of the

alloy are given in Table 4.5

Table 4.5 Mechanical properties of AA 2104-T4

Elasticity Modulus Yield Strength Poisson's
Material Temper (GPa) (MPa) Ratio
AA 2014 T4 72.4 255 0.33

In this case study , aluminum sheets at T4 condition with a length of 100 mm,
a width of 50 mm and thicknesses of 1.0, 1.6, 2.0, 2.5 and 3.0 mm. are analyzed.
Amount springback is determined and tabulated and graphically illustrated in Table
4.6, Table 4.7, Table 4.8 and Figure 4.26. Total equivalent plastic strains and
equivalent von Misses stresses occurring in the sheets are gathered from the finite
elements analyses are illustrated graphically in Figure 4.33, Figure 4.34, Figure 4.35,
Figure 4.36, Figure 4.37 and Figure 4.38. Also, punch loads for each case are also
represented in Figure 4.39, Figure 4.40 and Figure 4.41.

Table 4.6 Springback results in terms of part angle for V-Bending to 60°

AA 2014 T4 at 60° V - Bending

thickness bend angles part angle | springback
(mm) @) ) )
1.0 60 56.30 3.70
1.6 60 56.93 3.07
2.0 60 57.93 2.07
2.5 60 58.85 1.15
3.0 60 59.20 0.80
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Table 4.7 Springback results in terms of part angle for V-Bending to 90°

AA 2014 T4 at 90° V - Bending
thickness | bend angles part angle springback
(mm) @) @) @)
1.0 90 82.30 7.70
1.6 90 83.93 6.07
2.0 90 84.99 5.01
25 90 86.18 3.82
3.0 90 87.75 2.25

Table 4.8 Springback results in terms of part angle for V-Bending to 120°

Thickness (mm)

AA 2014 T4 at 120° V - Bending
thickness bend angles part angle | springback
(mm) O ) O

1.0 120 109.18 10.82

1.6 120 110.86 9.14

2.0 120 111.71 8.29

2.5 120 112.13 7.87

3.0 120 113.23 6.77
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Figure 4.26 Springback data for V-bend of AA 2014 at T4 condition.




In Figure 4.27 and Figure 4.28, Von Misses Stresses and Total Plastic Strains of
2014-T4 2 mm thick sheet in 60° V- bending are illustrated respectively.
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Figure 4.27 Von Misses stress distribution for AA 2014-T4 2 mm-thick sheet in 60°
V- bending at ;(a) the intermediate stage , (b) the fully loaded stage
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Figure 4.27 (cont’d) Von Misses stress distribution for AA 2014-T4 2 mm-thick

sheet in 60° V- bending at ; (c) the unloaded stage.
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Figure 4.28 Total-equivalent plastic strain distribution for AA 2014-T4 2 mm-thick
sheet in 60° V- bending at; (a) the intermediate stage
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Figure 4.28 (cont’d) Total-equivalent plastic strain distribution for AA 2014-T4 2
mm-thick sheet in 60° V- bending at; b) the fully loaded stage, (c) the unloaded stage



In Figure 4.29 and Figure 4.30, Von Misses Stresses and Total Plastic Strains of AA
2014-T4 2 mm thick sheet in 90° V- bending are illustrated respectively.
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Figure 4.29 Von Misses stress distribution for AA 2014-T4 2 mm-thick sheet in 90°
V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.29 (cont’d) Von Misses stress distribution for AA 2014-T4 2 mm-thick

sheet in 90° V- bending at; (c) the unloaded stage.
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Figure 4.30 Total-equivalent plastic strain distribution for AA 2014 T4 2 mm-thick
sheet in 90° V- bending at; (a) the intermediate stage
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Figure 4. 30 (cont’d) Total-equivalent plastic strain distribution for AA 2014 T4 2

mm-thick sheet in 90° V- bending at; (b) the fully loaded stage, (c) the unloaded

stage.
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In Figure 4.31 and Figure 4.32, von Misses stresses and total plastic strains of AA

2014-T4 2 mm thick sheet in 120° V- bending are illustrated respectively.
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Figure 4.31 Von Misses stress distribution for AA 2014-T4 2 mm-thick sheet in 120°
V- bending at ; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.31 (cont’d) Von Misses stress distribution for AA 2014-T4 2 mm-thick
sheet in 120° V- bending at ; (c) the unloaded stage
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Figure 4.32 Total-equivalent plastic strain distribution for AA 2014-T4 2 mm-thick
sheet in 120° V- bending at; (a) the intermediate stage

76



-

913e-001

-

722e-001

-

530e-001

-

33%e-001

-

147e-001

)

S84e-002

~1

639=—002

o

723e-002

%)

808e-002

-

892e-002

I
)

307e-004

(b)

-

913e-001

-

722e-001

-

.530=-001

-

339e2-001

-

.147=-001

o

.55de-002

-

.639e-002

«

7232-002

w

L80Be-002

-

.892e-002

|
r

307e-004

(©)

Figure 4.32 (cont’d) Total-equivalent plastic strain distribution for AA 2014-T4 2
mm-thick sheet in 120° V- bending at; (b) the fully loaded stage, (¢) the unloaded

stage.
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Figure 4.33 Maximum von Mises Stresses vs. punch position of AA 2014 T4 for V-
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Figure 4.34 Maximum total-equivalent plastic strain vs. punch position of AA 2014

T4 for V-bending to 60°
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Figure 4.36 Maximum total-equivalent plastic strain vs. punch position of AA 2014
T4 for V bending to 90°
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Figure 4. 38 Maximum total-equivalent plastic strain vs. punch position of AA 2014

T4 for V bending to 120°
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Figure 4.39 Punch load vs. punch position of AA 2014 T4 for V bending to 60°
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Figure 4.40 Punch load vs. punch position of AA 2014 T4 for V bending to 90°
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Figure 4.41 Punch load vs. punch position of AA 2014 T4 for V bending to 120°
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4.2.3. V-bending of AA 2014 at T6 condition.

In this part of the study, five different thicknesses of AA 2014-T6 are bent
to60°, 90° and 120° with a punch moving vertically downwards. Mechanical

properties of the alloy are given in Table 4.9

Table 4.9 Mechanical properties of AA 2014-T6

Elasticity Modulus Yield Strength Poisson's
Material Temper (GPa) (MPa) Ratio
AA 2014 T6 72.4 414 0.33

In this case study ,aluminum sheets at T6 condition with a length of 100 mm,
a width of 50 mm and thicknesses of 1, 1.6, 2, 2.5 and 3 mm. were analyzed.
Amount springback is determined and tabulated and graphically illustrated in Table
4.10, Table 4.11, Table 4.12 and Figure 4.42. Total equivalent plastic strains and
equivalent Von Misses stresses, at different bend angles, occurring in the sheets are
gathered from the finite elements analyses are illustrated graphically in Figure 4.49,
Figure 4.50, Figure 4.51, Figure 4.52, Figure 4.53 and Figure 4.54. Also, punch loads

for each case are also represented in Figure 4.55, Figure 4.56 and Figure 4.57.

Table 4.10 Springback results in terms of part angle for V-Bending to 60°

AA 2014 T6 at 60° V - Bending

Thickness | bend angles | part angle | Springback
(mm) O) ) )
1.0 60 53.90 6.10
1.6 60 55.02 4.98
2.0 60 56.64 3.36
2.5 60 57.14 2.86
3.0 60 58.15 1.85
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Table 4.11 Springback results in terms of part angle for V-Bending to 90°

AA 2014 T6 at 90° V - Bending
Thickness bend angles part angle Springback
(mm) () () )
1 90 77.53 12.47
1.6 90 79.92 10.08
2 90 81.99 8.01
2.5 90 83.82 6.18
3 90 84.74 5.26

Table 4.12 Springback results in terms of part angle for V-Bending to 120°

Thickness (mm)

AA 2014 T6 at 120° V - Bending
Thickness | bend angles | part angle | Springback
(mm) QO QO @)
1.0 120 104.83 15.17
1.6 120 105.44 14.56
2.0 120 107.49 12.51
2.5 120 108.74 11.26
3.0 120 109.35 10.65
16.00
14.00 |
fg 12.00 |
§> 10.00 e 2014 T6 - 60° bend angle
T 800 2014 T6 - 90° bend angle
§ 6.00 ——2014 T6 - 120° bend angle
g
S 400
o)
2.00 |
0.00 ; ; ;
0 1 2 3 4

Figure 4.42 Springback data of AA2014 T6 for V-bending.




In Figure 4.43 and Figure 4.44, Von Misses Stresses and total plastic Strains in AA
2014-T6 2 mm thick sheet in 60° V- bending are illustrated respectively.
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Figure 4.43 Von Misses stress distribution for AA 2014-T6 2 mm-thick sheet in 60°
V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.43 (cont’d) Von Misses stress distribution for AA 2014-T6 2 mm-thick

sheet in 60° V- bending at; (c) the unloaded stage
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Figure 4.44 Total-equivalent plastic strain distribution for AA 2014-T6 2 mm-thick
sheet in 60° V- bending at; (a) the intermediate stage
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Figure 4.44 (cont’d) Total-equivalent plastic strain distribution for AA 2014-T6 2
mm-thick sheet in 60° V- bending at; (c) the unloaded stage



In Figure 4.45 and Figure 4.46, Von Misses Stresses and total plastic strains in AA
2014-T6 2 mm thick sheet in 90° V- bending are illustrated respectively.
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Figure 4.45 Von Misses stress distribution for 2014-T6 2 mm-thick sheet in 90° V-
bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4. 45 (cont’d) Von Misses stress distribution for 2014-T6 2 mm-thick sheet in
90° V- bending at; (c) the unloaded stage.
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Figure 4.46 Total-equivalent plastic strain distribution for AA 2014-T6 2 mm-thick
sheet in 90° V- bending at; (a) the intermediate stage
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In Figure 4.47 and Figure 4.48, Von Misses Stresses and Total Plastic Strains of AA
2014-T6 2 mm thick sheet in 120° V- bending are illustrated respectively.
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Figure 4.47 Von Misses stress distribution for AA 2014-T6 2 mm-thick sheet in 120°
V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.47 (cont’d) Von Misses stress distribution for AA 2014-T6 2 mm-thick
sheet in 120° V- bending at; (c) the unloaded stage
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Figure 4.48 Total-equivalent plastic strain distribution for AA 2014-T6 2 mm-thick
sheet in 120° V- bending at; (a) the intermediate stage
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Figure 4.48 (cont’d) Total-equivalent plastic strain distribution for AA 2014-T6 2
mm-thick sheet in 120° V- bending at; (b) the fully loaded stage, (c) the unloaded

stage.
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Figure 4.51 Maximum von Mises stresses vs. punch position of AA 2014 T6 for
V-bending to 90°
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Figure 4.52 Maximum total-equivalent plastic strain vs. punch position of AA 2014

T6 for V-bending to 90°
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Figure 4.53 Maximum von Mises stresses vs. punch position of AA 2014 T6for V-
bending to 120°
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Figure 4.54 Maximum total-equivalent plastic strain vs. punch position of AA 2014
T6 for V-bending to 120°
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Figure 4.55 Punch load vs. punch position of AA 2014 T6 for V-bending to 60°
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Figure 4.56 Punch load vs. punch position of AA 2014 T6 for V-bending to 90°
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Figure 4.57 Punch load vs. punch position of AA 2014 T6 for V-bending to 120°

96



4.2.4. V-bending of AA 6061 at O condition.

In this study, five different thicknesses of AA 6061-O are bent to60°, 90°

and 120° with a punch moving vertically downwards. Mechanical properties of the

alloy are given Table 4.13

Table 4.13 Mechanical properties of AA 6061-O

Elasticity Modulus Yield Strength Poisson's
Material Temper (GPa) (MPa) Ratio
AA 6061 O 68.9 55.2 0.33

In this case study ,aluminum sheets at O condition with a length of 100 mm, a
width of 50 mm and thicknesses of 1.0 mm, 1.6 mm , 2.0 mm, 2.5 mm and 3 mm.
are analyzed. Amount of the springback is determined and tabulated and graphically
illustrated in Table 4.14, Table 4.15, Table 4.16 and Figure 4.58. Total equivalent
plastic strains and equivalent Von Misses stresses, at different bend angles, occurring
in the sheets are gathered from the finite elements analyses are illustrated graphically
in Figure 4.65, Figure 4.66, Figure 4.67, Figure 4.68, Figure 4.69 and Figure 4.70.
Also, punch loads for each case are also represented in Figure 4.71, Figure 4.72 and

Figure 4.73.

Table 4.14 Springback results in terms of part angle for V-Bending to 60°

AA 6061 O at 60° V - Bending

Thickness Bend angle Part angle | Springback
(mm) ) ) )
1.0 60 58.85 0.92
1.6 60 59.35 0.65
2.0 60 59.58 0.42
2.5 60 59.80 0.20
3.0 60 59.90 0.10
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Table 4.15 Springback results in terms of part angle for V-Bending to 90°

AA 6061 O at 90° V - Bending
Thickness | Bend angle | Part angle | Springback
(mm) ) ) )
1.0 90 88.33 1.67
1.6 90 88.59 1.41
2.0 90 88.95 1.05
25 90 89.20 0.80
3.0 90 89.43 0.57

Table 4.16 Springback results in terms of part angle for V-Bending to 120°

AA 6061 O at 120° V - Bending
Thickness | Bend angle | Part angle | Springback
(mm) ) ) @)
1.0 120 116.04 3.96
1.6 120 116.83 3.17
2.0 120 117.39 2.61
2.5 120 117.86 2.14
3.0 120 118.54 1.46

Springback (Degrees)
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Figure 4.58 Springback data of AA6061 O for V-bending.




In Figure 5.59 and Figure 5.60, Von Misses Stresses and Total Plastic Strains of AA
6061-0O 1.6 mm thick sheet in 60° V- bending are illustrated respectively.
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Figure 4.59 Von Misses stress distribution for AA 6061-O 1.6 mm-thick sheet in 60°
V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.59 (cont’d) Von Misses stress distribution for AA 6061-O 1.6 mm-thick

sheet in 60° V- bending at; (c) the unloaded stage.

410e-002
f838e-002

266e—002

693e-002
121e-002
487e-003

—2 380e-004

loasel

Totsl Eguivalent Plastic Strain

(a)

Figure 4.60 Total-equivalent plastic strain distribution for AA 6061-O 1.6 mm-thick
sheet in 60° V- bending at; (a) intermediate stage
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Figure 4.60 (cont’d) Total-equivalent plastic strain distribution for AA 6061-O 1.6
mm-thick sheet in 60° V- bending at; (b) the fully loaded stage, (c) the unloaded

stage
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In Figure 4.61 and Figure 4.62, Von Misses Stresses and Total Plastic Strains in 6061
O 1.6 mm thick sheet in 90° V- bending are illustrated respectively.
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Figure 4.61 Von Misses stress distribution for AA 6061 O 1.6 mm-thick sheet in 90°
V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.61 (cont’d) Von Misses stress distribution for AA 6061 O 1.6 mm-thick
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Figure 4.62 Total-equivalent plastic strain distribution for AA 6061-O 1.6 mm-thick
sheet in 90° V- bending at; (a) the intermediate stage
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Figure 4.62 (cont’d) Total-equivalent plastic strain distribution for AA 6061-O 1.6
mm-thick sheet in 90° V- bending at;, (b) the fully loaded stage, (c) the unloaded

stage
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In Figure 4.63 and Figure 4.64, Von Misses Stresses and Total Plastic Strains in 6061
O 1.6 mm thick sheet in 120° V- bending are illustrated respectively.
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Figure 4.63 Von Misses stress distribution for AA 6061-O 1.6 mm-thick sheet in
120° V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.63 (cont’d) Von Misses stress distribution for AA 6061-O 1.6 mm-thick
sheet in 120° V- bending at; (c) the unloaded stage
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Figure 4.64 Total-equivalent plastic strain distribution for AA 6061-O 1.6 mm-thick
sheet in 120° V- bending at; (a) the intermediate stage
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Figure 4.64 (cont’d) Total-equivalent plastic strain distribution for AA 6061-O 1.6
mm-thick sheet in 120° V- bending at; (b) the fully loaded stage, (¢) the unloaded

stage
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Figure 4.65 Maximum von Mises stresses vs. punch position of AA 6061 O for

V-bending to 60°
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Figure 4.66 Maximum total-equivalent plastic strain vs. punch position of AA 6061

O for V-bending to 60°
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Figure 4.67 Maximum von Mises stresses vs. punch position of AA 6061 O for V-
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Figure 4.68 Maximum total-equivalent plastic strain vs. punch position of AA 6061
O for V-bending to 90°
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Figure 4.69 Maximum von Mises stresses vs. punch position of AA 6061 O for
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Figure 4.70 Maximum total-equivalent plastic strain vs. punch position of AA 6061
O for V-bending to 120°
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Figure 4.71 Punch load vs. punch position of AA 6061 O for V-bending to 60°
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Figure 4.72 Punch load vs. punch position of AA 6061 O for V-bending to 90°
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Figure 4.73 Punch load vs. punch position of AA 6061 O for V-bending to 120°
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4.2.5. V-bending of AA 6061 at T4 condition.

In this study, five different thicknesses of AA 6061-T4 are bent to60°, 90°

and 120° with a punch moving vertically downwards. Mechanical properties of the

alloy are given in Table 4.17.

Table 4.17 Mechanical properties of AA 6061-T4

Elasticity Modulus Yield Strength Poisson's
Material Temper (GPa) (MPa) Ratio
AA 6061 T4 68.9 145 0.33

In this part of the study, aluminum sheets at T4 condition with a length of 100
mm, a width of 50 mm and thicknesses of 1, 1.6, 2, 2.5 and 3 mm. were analyzed.
Amount of springback is determined and tabulated and graphically illustrated in,
Table 4.18, Table 4.19, Table 4.20 and Figure 4.74. Total equivalent plastic strains
and equivalent Von Misses stresses occurring, at different angles, in the sheets are
gathered from the finite elements analyses are illustrated graphically in Figure 4.81,
Figure 4.82, Figure 4.83, Figure 4.84, Figure 4.85 and Figure 4.86. Also, punch loads

for each case are also represented in Figure 4.87, Figure 4.88 and Figure 4.89

Table 4.18 Springback results in terms of part angle for V-Bending to 60°

AA 6061T4 at 60° V - Bending

Thickness | Bend angle Part angle | Springback
(mm) ) ) )
1.0 60 57.36 2.64
1.6 60 58.29 1.71
2.0 60 58.90 1.10
25 60 59.48 0.52
3.0 60 59.68 0.32
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Table 4.19 Springback results in terms of part angle for V-Bending to 90°

AA 6061T4 at 90° V - Bending
Thickness Bend angle Part angle | Springback
(mm) ) ) )
1.0 90 85.63 4.37
1.6 90 86.30 3.70
2.0 90 87.25 2.75
25 90 87.92 2.08
3.0 90 88.51 1.49

Table 4.20 Springback results in terms of part angle for V-Bending to 120°

AA 6061T4 at 120° V - Bending
Thickness Bend angle Part angle | Springback
(mm) @) @) @)
1.0 120 111.46 8.54
1.6 120 112.25 7.75
2.0 120 113.22 6.78
25 120 113.87 6.13
3.0 120 114.56 5.44
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§> 5.00 | —6061T4—60°
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~ ,
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Figure 4.74 Springback data of AA6061 T4 for V-bending.

113




In Figure 4.75 and Figure 4.76, Von Misses Stresses and Total Plastic Strains of AA
6061-T4 1.6 mm thick sheet in 60° V- bending are illustrated respectively.
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Figure 4.75 Von Misses stress distribution for AA 6061-T4 1.6 mm-thick sheet, 60°
V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.75 (cont’d) Von Misses stress distribution for AA 6061-T4 1.6 mm-thick
sheet, 60° V- bending at; (c¢) the unloaded stage
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Figure 4.76 Total-equivalent plastic strain distribution for AA 6061-T4 1.6 mm-
thick sheet, 60° V- bending at; (a) the intermediate stage
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Figure 4.76 (cont’d) Total-equivalent plastic strain distribution for AA 6061-T4 1.6
mm-thick sheet, 60° V- bending at; (b) the fully loaded stage, (c) the unloaded stage
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In Figure 4.77 and Figure 4.78, Von Misses Stresses and Total Plastic Strains in AA
6061 T4 1.6 mm thick sheet in 90° V- bending are illustrated respectively.
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Figure 4.77 Von Misses stress distribution for in AA 6061 T4 1.6 mm-thick sheet in
90° V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.77 (cont’d) Von Misses stress distribution for in AA 6061 T4 1.6 mm-thick

sheet in 90° V- bending at; (c) the unloaded stage
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Figure 4.78 Total-equivalent plastic strain distribution for in AA 6061-T4 1.6 mm-
thick sheet in 90° V- bending at; (a) the intermediate stage
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Figure 4.78 (cont’d) Total-equivalent plastic strain distribution for in AA 6061-T4
1.6 mm-thick sheet in 90° V- bending at; (b) the fully loaded stage, (c) the unloaded

stage.
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In Figure 4.79 and Figure 4.80, Von Misses Stresses and Total Plastic Strains in 6061
T4 1.6 mm thick sheet in 120° V- bending are illustrated respectively.
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Figure 4.79 Von Misses stress distribution for in AA 6061-T4 1.6 mm-thick sheet in
120° V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.79 (cont’d) Von Misses stress distribution for in AA 6061-T4 1.6 mm-thick
sheet in 120° V- bending at; (¢) the unloaded stage
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Figure 4.80 Total-equivalent plastic strain distribution for in AA 6061-T4 1.6 mm-
thick sheet in 120° V- bending at; (a) the intermediate stage
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Figure 4.80 (cont’d) Total-equivalent plastic strain distribution for in AA 6061-T4
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stage.
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Figure 4.81 Maximum von Mises stresses vs. punch position of AA 6061 T4 for V-
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Figure 4.82 Maximum total-equivalent plastic strain vs. punch position of AA 6061
T4 for V-bending to 60°
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Figure 4.83 Maximum von Mises stresses vs. punch position of AA 6061 T4 for V-
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Figure 4.84 Maximum total-equivalent plastic strain vs. punch position of AA 6061
T4 for V-bending to 90°
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Figure 4.85 Maximum von Mises stresses vs. punch position of 6061 T4 for V-
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Figure 4.86 Maximum total-equivalent plastic strain vs. punch position of 6061 T4
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Figure 4.87 Punch load vs. punch position of AA 6061 T4 for V bending to 60°
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Figure 4.89 Punch load vs. punch position of AA 6061 T4 for V bending to 120°
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4.2.6. V-bending of AA 6061 at T6 condition.

In this study, five different thicknesses of AA 6061-T6 are bent to60°, 90°

and 120° with a punch moving vertically downwards. Mechanical properties of the

alloy are given in Table 4.21

Table 4.21 Mechanical properties of AA 6061-T6

Elasticity Modulus Yield Strength Poisson's
Material Temper (GPa) (MPa) Ratio
AA 6061 T6 68.9 276 0.33

In this case study, aluminum sheets at T6 condition with a length of 100 mm,
a width of 50 mm and thicknesses of 1.0 mm, 1.6 mm, 2 mm, 2.5 mm and 3 mm are
analyzed. Amount of springback is determined and tabulated and graphically
illustrated in Table 4.22, Table 4.23, Table 4.24 and Figure 4.90. Total equivalent
plastic strains and equivalent von misses stresses occurring, at different angles, in the
sheets are gathered from the finite elements analyses are illustrated graphically in
Figure 4.97, Figure 4.98, Figure 4.99, Figure 4.100, Figure 4.101 and Figure 4.102.
Also, punch loads for each case are also represented in Figure 4.103, Figure 4.104

and Figure 4.105.

Table 4.22 Springback results in terms of part angle for V-Bending to 60°

AA 606176 at 60° V - Bending

Thickness Bend angle Part angle | Springback
(mm) ) ) )
1.0 60 55.58 4.42
1.6 60 56.75 3.25
2.0 60 57.79 2.21
25 60 58.66 1.34
3.0 60 59.15 1.02

127



Table 4.23 Springback results in terms of part angle for V-Bending to 90°

AA 606176 at 90° V - Bending
thickness | bend angles part angle springback
(mm) (degrees) (degrees) (degrees)
1.0 920 81.70 8.30
1.6 920 82.88 7.12
2.0 920 84.75 5.25
25 920 85.82 4.18
3.0 90 87.08 2.92

Table 4.24 Springback results in terms of part angle for V-Bending to 120°

AA 606176 at 120° V - Bending
thickness | bend angles part angle | springback
(mm) (degrees) (degrees) (degrees)
1.0 120 108.84 11.16
1.6 120 109.64 10.36
2.0 120 110.88 9.12
2.5 120 111.71 8.29
3.0 120 112.85 7.15
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Figure 4.90 Springback data of AA6061 T6 for V-bending.
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In Figure 4.91 and Figure 4.92, Von Misses Stresses and total plastic strains in AA
6061-T6 1.6 mm thick sheet in 60° V- bending are illustrated respectively.
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Figure 4.91 Von Misses stress distribution for AA 6061-T6 1.6 mm-thick sheet in
60° V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.91 (cont’d) Von Misses stress distribution for AA 6061-T6 1.6 mm-thick

sheet in 60° V- bending at; (c) the unloaded stage
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Figure 4.92 Total-equivalent plastic strain distribution for AA 6061-T6 1.6 mm-thick
sheet in 60° V- bending at; (a) the intermediate stage
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Figure 4.92 (cont’d) Total-equivalent plastic strain distribution for AA 6061-T6 1.6
mm-thick sheet in 60° V- bending at; (b) the fully loaded stage, (c) the unloaded

stage.
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In Figure 4.93 and Figure 4.94, von Misses stresses and total plastic strains in AA

6061 T6 1.6 mm thick sheet in 90° V- bending are illustrated respectively.
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Figure 4.93 Von Misses stress distribution for AA 6061 T6 1.6 mm-thick sheet in 90°
V- bending at; (a) the intermediate stage, (b) the fully loaded stage
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Figure 4.93 (cont’d) Von Misses stress distribution for AA 6061 T6 1.6 mm-thick
sheet in 90° V- bending at; (b) the fully loaded stage, (c) the unloaded stage
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Figure 4.94 Total-equivalent plastic strain distribution for AA 6061-T6 1.6 mm-thick
sheet in 90° V- bending at; (a) the intermediate stage
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Figure 4.94 (cont’d) Total-equivalent plastic strain distribution for AA 6061-T6 1.6
mm-thick sheet in 90° V- bending at; (b) the fully loaded stage, (¢) the unloaded

stage
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In Figure 4.95 and Figure 4.96, von misses stresses and total plastic strains in AA

6061 T6 1.6 mm thick sheet in 120° V- bending are illustrated respectively.
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Figure 4.95 Von Misses stress distribution for AA 6061-T6 1.6 mm-thick sheet in
120° V- bending at; (a) the intermediate stage, (b) the fully loaded stage

135



1.383%e+008
1.152e+000
9 217ee007
b.913e4007
4 AD%ma 007
Z.304e+007

—5_000e-005 “Mopeyageetst "

Figure 4.95 (cont’d) Von Misses stress distribution for AA 6061-T6 1.6 mm-thick

sheet in 120° V- bending at; (¢) the unloaded stage.
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Figure 4.96 Total-equivalent plastic strain distribution for AA 6061-T6 1.6 mm-thick

sheet in 120° V- bending at; (a) the intermediate stage
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Figure 4.96 (cont’d) Total-equivalent plastic strain distribution for AA 6061-T6 1.6
mm-thick sheet in 120° V- bending at; (b) the fully loaded stage, (c) the unloaded

stage.
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Figure 4.97 Maximum von Mises stresses vs. punch position of 6061 T6 for V

bending to 60°
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Figure 4.98 Maximum total-equivalent plastic strain vs. punch position of 6061 T6

for V bending to 60°
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Figure 4.99 Maximum von Mises stresses vs. punch position of 6061 T6 for V

bending to 90°
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Figure 4.100 Maximum total-equivalent plastic strain vs. punch position of 6061 T6
for V bending to 90°
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Figure 4.101 Maximum von Mises stresses vs. punch position of 6061 T6 for V
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Figure 4.102 Maximum total-equivalent plastic strain vs. punch position of 6061 T6
for V bending to 120°
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Figure 4.103 Punch load vs. punch position of AA 6061 T6 for V-bending to 60°
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Figure 4.104 Punch load vs. punch position of AA 6061 T6 for V-bending to 90°
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Figure 4. 105 Punch load vs. punch position of AA 6061 T6 for V-bending to 120°
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CHAPTER 5

HEAT TREATMENTS AND EXPERIMENTATION OF V-
BENDING OPERATIONS

In this chapter, heat treatment processes and the experiments of the
numerically analyzed cases are presented. Heat treatments are carried out in
accordance with SAE AMS 2770G standard and the tests of the designed dies are
performed in TUBITAK-SAGE.

The experiments have been carried out to measure springback angle of the
workpiece after V-bending operation; 3 different tempers of AA 2014 and AA 6061
material under 3 different bend angles, and 3 different thicknesses were analyzed in

order to verify FEA results. Number of test sample in each case is 5.

5.1 Material

The materials used in this thesis study are rolled aluminum alloy AA 2014
and AA 6061 Power Plate (registered trademark of Alcoa) with a thickness of 1.6, 2
and 2.5 mm. The plates were produced at the Alcoa Davenport Works, Pittsburgh,
with a production lot number of 451661 and a package ticket number of 755624
according to the ASTM B 209-04 standard, which covers the properties of aluminum

and aluminum alloy flat sheet, coiled sheet, and plate products.
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5.1.1.  Specification of Workpiece Materials

5.1.1.1. AA 2014 Alloy Properties

Alloy AA 2014 is a general purpose alloy commonly used in truck hubs, tank
wheels and aircraft wheel forgings. It has good machinability and weldability for
solution heat treated and artificially aged tempers T4 and T6. Chemical composition

of AA 2014 is given in Table 5.1

Table 5.1 Chemical composition of AA 2014

Material Composition Percentage
Components (%)
Aluminum, Al 90.4 - 95.0
Chromium, Cr <=0.100

Copper, Cu 3.90-5.00

Iron, Fe <=0.700

Magnesium, Mg 0.200 - 0.800

Manganese, Mn 0.400-1.20
Other, each <= 0.0500
Other, total <=0.150

Silicon, Si 0.500 - 1.20
Titanium, Ti <=0.150
Zinc, Zn <=0.250

5.1.1.2. AA 6061 Alloy Properties

Alloy AA 6061, a cold finished aluminum wrought product, is suggested for
applications requiring high corrosion resistance. This general purpose alloy has

excellent corrosion resistance to atmospheric conditions and good corrosion
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resistance to sea water. Susceptibility to stress corrosion cracking and exfoliation is
practically nonexistent. Cold finished alloy 6061 offers relatively high strength and
excellent joining characteristics. Typical applications include electrical fittings and
connectors, decorative and miscellaneous hardware, hydraulic couplings, brake parts
and valve bodies and components for commercial, industrial, automotive and
aerospace use. The -T4 temper offers good formability for cold upset and bending

applications. [12] Chemical composition of the alloy is submitted in Table 5.2

Table 5.2 Chemical composition of AA 6061

Material Composition Percentage
Components (%)
Aluminum, Al 95.8 - 98.6
Chromium, Cr .0400 - 0.350

Copper, Cu 0.150 - 0.400

Iron, Fe <=0.700

Magnesium, Mg 0.800 - 1.20
Manganese, Mn <=0.150
Other, each <=0.0500
Other, total <=0.150

Silicon, Si 0.400 - 0.800
Titanium, Ti <=0.150
Zinc, Zn <=0.250

5.1.2. Heat Treatment of AA 2014 and AA 6061 Alloys

In this part of the work; O, T4, and T6 type heat treatments are applied to the
AA 2014 and AA6061 sheet metals. For the alloy 2014, 1.6 mm and 2 mm
thicknesses of the material were in O condition when it was delivered where 2.5 mm
was in T6 condition. First, for the alloy AA 2014, for 2.5 mm thick sheet metal, O

condition was achieved by full annealing and later, for all thicknesses, T4 condition
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is achieved. Finally, T6 condition is achieved for the thicknesses 1.6 mm and 2 mm
by solution heat treatment, artificially aging. For the alloy AA 6061, only the 1.6mm
thick sheet metal was in T6 condition when it is delivered. By applying full
annealing process to 1.6 mm thick sheet metal, O condition is achieved for this
material. Later T4 condition and T6 condition is obtained for the thickness of 2 mm
and 2.5 mm. Aluminum materials are purchased from Scope Metal Inc. Heat

treatment plans of each material is given in Table 5.3 and Table 5.4 respectively.

Table 5.3 Heat treatment scenario of AA 2014 (alclad)

AA 2014
thickness (mm) purchased | generated
1.6 ) T4, T6
2.0 ) T4, T6
2.5 T6 O, T6

Table 5.4 Heat treatment scenario of AA 6061

AA 6061
thickness (mm) purchased | generated
1.6 T6 O, T6
2.0 0 T4, T6
2.5 0 0O, T6
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5.1.2.1. Temper Generation for AA 2014 and AA 6061

5.1.2.1.1.  Obtaining T4 and T6 Conditions ( Solution Heat Treatment)

For the alloy AA 2014, T4 condition is obtained by solutionizing the material
at 502 °C with soaking 50 minutes in a air convection aluminum heat treatment
furnace and then water quenching. Afterwards material was naturally aged at room
temperature for 96 hours, when its hardness and conductivity values according to
SAE AMS 2658 standard. After T4 treatment, artificial aging was employed to
obtain T6 condition by aging the material at 177 °C for 8 to 9 hours again in air

convection furnace.

For the alloy AA 6061, a similar T4 and T6 heat treatment processes were
also achieved according to SAE AMS 2770G. T4 condition was obtained by first
solution heat treating at 529 °C for 40 minutes and water quenching. After water
quenching, material was naturally aged at room temperature, till when its hardness
and conductivity values according to SAE AMS 2658 were met, which is typically
96 hours. Once T4 condition reached then artificial aging has taken place for the T6

condition, which was achieved by aging the material at 177 °C for 8 to10 hours.

5.1.2.1.2.  Obtaining O Condition (Full Annealing)

For the materials which are originally delivered at T6 condition for both 2014
and 6061 it was necessary to achieve O condition. For both 2014 and 6061 alloys,
SAE AMS 2770G directs the same processes for full annealing which was achieved
soaking the materials at 427 °C for minimum one hour and then furnace cooled at

28°C /hour maximum to 260 °C and then air cooled to room temperature.
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All the heat treatment processes were done according to SAE AMS 2770G
standard with using a convection air furnace, which has a temperature uniformity

tolerance of + 6 ° C and equipped with a water quenching tank shown in Figure 5.1

(a) (b)

Figure 5.1 a) Air Furnace, b) Water quenching tank.

After the heat treatments, materials were controlled in terms of their hardness
and conductivity values, as well as yield strength and ultimate tensile stress values by

employing tension test according to the SAE AMS 2658B standard.

Hardness tests were conducted by using Mettest hardness measurement
equipment, and conductivity measurements were performed with Hocking™

Autosigma 3000 (GE Inspection) conductivity measurement device, see Figure 5.2.
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(a) (b)

Figure 5.2 a) Hardness tester, b) Hocking™ Autosigma 3000 conductivity
measurement device.

The tension tests were utilized in order to obtain true stress — plastic strain
values which are needed to define strain hardening behavior of the material in FEM
solutions. The tension tests were carried out in the Quality Control Laboratory of

TUBITAK-SAGE .

For this purpose, three different specimens are cut from the sheets for each
material. The true stress — true strain results of the three specimens from one sheet
are plotted, and a mean stress - strain curve is taken to form the strain hardening
curve of each material. Tension tests are performed according to ASTM E 8M-04.
Test device and necessary dimensions of test specimens are given in Figure 5.3 and

Figure 5.4 respectively.

148



Figure 5.3 Instron Tension test device
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40 mm 12,5 mm mm
G— Gage length (Note 1 and Note 2) 2000 £ 02 50.0 =041 250 =041
Vi— Width (Mote 3 and Note 4) 400 = 2.0 125 +02 6.0 =01
T— Thickness (Mote 5) thickness of material
R— Radius of fillet, min {Note &) 25 125 6
L— Overall length, (Note 2, Note 7 and Note 8) 450 200 100
A— Length of reduced section, min 225 57 a2
B— Length of grip section, (Mote 8) 75 50 30
C— Width of grip section, approximate (Note 4 and Note 9) 50 20 10

Figure 5.4 Dimensions of the tensile test specimen.
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True stress — true strain values of the sheet metal after heat treatments are

illustrated in Figure 5.5 and Figure 5.6.
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Figure 5.5 True stress — true strain values of AA 2014 at different temper types.
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Figure 5.6 True stress — true strain values of AA 6061 at different temper types.
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5.2. Experiments

In this study, two different aluminum wrought alloys, 2014 O, 2014 T4, 2014
T6 and 6061 O, 6061 T4 and 6061 T6 are bent.

Dimensions of the sheet metals are investigated in Figure 5.7

50

Thickness : 1.6, 2.0, 2.5

100

Figure 5.7 Dimensions of the test specimens.

The experiment set-up is composed of a punch, a die and guide pins which

are given in Figure 5.8, Figure 5.9 and Figure 5.10. Dimensions of the bending dies

are same as the ones used in Finite Element Analysis.
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Figure 5.8 60° V-Bending die

Figure 5.9 90° V-Bending die

152



Figure 5.10 120° V-Bending die

A hydraulic press with a capacity of 100 tons is employed during experiments

(Figure 5.11)
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Figure 5.11 Hydraulic pres machine
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Springback angle of the experiment specimen is measured using angle

measuring device. (Figure 5.12)

Figure 5.12 Optical angle measuring device

After all experiments, springback angles is measured and mean value of the
springback angle is compared with FEA results for each case and tabulated in Table

5.5, Table 5.6, Table 5.7, Table 5.8, Table 5.9 and Table 5.10 respectively.
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Table 5.5 Experimental results of AA 2014 O for V-bending

Experiment Results
thickness bend part springback
(mm) angle angle (deg.)
(deg.) | (deg.)
1.6 59.23 0.77
o) 2.0 60 59.56 0.44
3 2.5 59.70 0.30
& 1.6 88.35 1.65
2.0 90 88.80 1.20
2.5 88.98 1.02
1.6 116.44 3.56
2.0 120 116.81 3.19
25 117.04 2.96

Table 5.6 Experimental results of AA 2014 T4 for V-bending

Experiment Results
thickness bend part springback
(mm) angle angle (deg.)
(deg.) | (deg.)
1.6 57.09 291
= 2.0 60 58.02 1.98
s 2.5 59.19 0.81
Q 1.6 84.00 6.00
2.0 90 85.09 4.91
2.5 86.41 3.59
1.6 110.98 9.02
2.0 120 111.87 8.13
2.5 112.33 7.67
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Table 5.7 Experimental results of AA 2014 T6 for V-bending

Experiment Results
thickness bend part springback
(mm) angle angle (deg.)
(deg.) | (deg.)

1.6 55.22 4.78

© 2.0 60 56.97 3.03
s 2.5 57.28 2.72
< 1.6 79.98 10.02
2.0.0 90 82.09 7.91

2.5 83.94 6.06

1.6 105.77 14.23

2.0 120 107.75 12.25

25 108.93 11.07

Table 5.8 Experimental results of AA 6061 O for V-bending

Experiment Results
thickness bend part springback
(mm) angle angle (deg.)
(deg.) | (deg.)
1.6 59.45 0.55
o) 2.0 60 59.65 0.35
b 2.5 59.81 0.19
3 1.6 88.70 1.30
2.0 90 89.00 1.00
2.5 89.25 0.75
1.6 116.94 3.06
2.0 120 117.79 2.21
2.5 117.96 2.04
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Table 5.9 Experimental results of AA 6061 T4 for V-bending

Experiment Results
thickness bend part springback
(mm) angle angle (deg.)
(deg.) | (deg.)
1.6 58.48 1.52
= 2.0 60 59.08 0.92
o 2.5 59.50 0.50
3 1.6 86.50 3.50
2.0 90 87.63 2.37
2.5 87.93 2.07
1.6 112.41 7.59
2.0 120 113.32 6.68
25 113.96 6.04

Table 5.10 Experimental results of AA 6061 T6 for V-bending

Experiment Results
thickness bend part springback
(mm) angle angle (deg.)
(deg.) | (deg.)
1.6 56.85 3.15
© 2.0 60 57.85 2.15
< 2.5 58.76 1.24
3 1.6 82.94 7.06
2.0 90 84.88 5.12
2.5 85.91 4.09
1.6 109.79 10.21
2.0 120 111.06 8.94
2.5 111.85 8.15
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Some of the examples after bending experiments are shown in Figure 5.13

(b)

Figure 5.13 Bent pieces after a) 60° V bending, b) 90° V bending, c) 120° V bending

experiment
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CHAPTER 6

DISCUSSIONS OF THE RESULTS

In this chapter, FEM results and experimental results of analyzed cases are
compared. Springback amounts, maximum equivalent von Mises stresses, total

equivalent plastic strain and punch loads of simulated cases under different heat

treatment conditions are given.

6.1. Springback Results

Springback results of simulated cases and experiments for each test material

are given in Table 6.1, Table 6.2, Table 6.3, Table 6.4, Table 6.5 and Table 6.6

respectively.

Table 6.1 FEA and experimental results of AA 2014 O for V-bending

FEA Experiment
thickness bend part springback part springback
(mm) angle angle (deg.) angle (deg.)
(deg.) (deg) (deg.)

1.6 59.17 0.83 59.23 0.77

o) 2.0 60 59.44 0.56 59.56 0.44
3 2.5 59.69 0.31 59.70 0.30
& 1.6 88.20 1.80 88.35 1.65
2.0 90 88.65 1.35 88.80 1.20

2.5 88.97 1.03 88.98 1.02

1.6 116.24 3.76 116.44 3.56

2.0 120 116.59 341 116.81 3.19

25 116.86 3.14 117.04 2.96
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Table 6.2 FEA and experimental results of V-bending of AA 2014 T4

2014 T4

FEA Experiment
thickness bend part springback part springback
(mm) angle angle (deg.) angle (deg.)

(deg.) (deg) (deg.)
1.6 56.93 3.07 57.09 2.91
2.0 60 57.93 2.07 58.02 1.98
2.5 58.85 1.15 59.19 0.81
1.6 83.93 6.07 84.00 6.00
2.0 90 84.99 5.01 85.09 4,91
2.5 86.18 3.82 86.41 3.59
1.6 110.86 9.14 110.98 9.02
2.0 120 111.71 8.29 111.87 8.13
25 112.13 7.87 112.33 7.67

Table 6.3 FEA and experimental results of V-bending of AA 2014 T6

2014 T6

FEA Experiment
thickness bend part springback part springback
(mm) angle angle (deg.) angle (deg.)

(deg.) (deg) (deg.)
1.6 55.02 4.98 55.22 4,78
2.0 60 56.64 3.36 56.97 3.03
2.5 57.14 2.86 57.28 2.72
1.6 79.92 10.08 79.98 10.02
2.0 90 81.99 8.01 82.09 7.91
2.5 83.82 6.18 83.94 6.06
1.6 105.44 14.56 105.77 14.23
2.0 120 107.49 12.51 107.75 12.25
25 108.74 11.26 108.93 11.07
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Table 6. 1 FEA and experimental results of V-bending of AA 6061 O

6061 O

FEA Experiment
thickness bend part springback part springback
(mm) angle angle (deg.) angle (deg.)

(deg.) (deg) (deg.)
1.6 59.35 0.65 59.45 0.55
2.0 60 59.58 0.42 59.65 0.35
2.5 59.80 0.20 59.81 0.19
1.6 88.59 1.41 88.70 1.30
2.0 90 88.95 1.05 89.00 1.00
2.5 89.20 0.80 89.25 0.75
1.6 116.83 3.17 116.94 3.06
2.0 120 117.39 2.61 117.79 2.21
25 117.86 2.14 117.96 2.04

Table 6. 2 FEA and experimental results of V-bending of AA 6061 T4

6061 T4

FEA Experiment
thickness bend part springback part springback
(mm) angle angle (deg.) angle (deg.)

(deg.) | (deg) (deg.)
1.6 58.29 1.71 58.48 1.52
2.0 60 58.90 1.10 59.08 0.92
2.5 59.48 0.52 59.50 0.50
1.6 86.30 3.70 86.50 3.50
2.0 90 87.25 2.75 87.63 2.37
2.5 87.92 2.08 87.93 2.07
1.6 112.25 7.75 112.41 7.59
2.0 120 113.22 6.78 113.32 6.68
25 113.87 6.13 113.96 6.04
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Table 6. 3 FEA and experimental results of V-bending of AA 6061 T6

FEA Experiment
thickness bend part springback part springback
(mm) angle angle (deg.) angle (deg.)
(deg.) (deg) (deg.)

1.6 56.75 3.25 56.85 3.15

;J_D 2.0 60 57.79 2.21 57.85 2.15
2 2.5 58.66 1.34 58.76 1.24
3 1.6 82.88 7.12 82.94 7.06
2.0 90 84.75 5.25 84.88 5.12

2.5 85.82 4.18 85.91 4.09

1.6 109.64 10.36 109.79 10.21

2.0 120 110.88 9.12 111.06 8.94

25 111.71 8.29 111.85 8.15

Springback amounts of different heat treated materials under different bend

angle are graphically illustrated for thickness of 2 mm in Figure 6.1.
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Figure 6.1 FEM results of AA 2014 and AA 6061 under different heat treatments and
different bend angles
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Due to the changes is mechanical properties after heat treatment, there have
been variations in springback angle after the bending operations. For the same
material, because of the increase in yield strength from O condition to T6 condition,
it has been observed that higher springback is obtained in T6 condition. T6 type heat
treatment applied material has higher yield strength than T4 type heat treated

material whereas the yield strength of material in O condition is the lowest

6.2. Equivalent Von Mises Stress Values

Maximum von Mises stress values of each heat treated material for 60°, 90°,

120° V-bending are graphically demonstrated in Figure 6.2, Figure 6.3, Figure 6.4,
Figure 6.5 and Figure 6.7.
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Figure 6.2 Maximum Equivalent Von Mises stress vs. punch position of 2mm thick

AA 2014 under different heat treatment conditions for 60° V-bending.
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Figure 6.3 Maximum Equivalent Von Mises stress vs. punch position of 1.6 mm

thick AA 6061 under different heat treatment conditions for 60° V-bending.
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Figure 6.4 Maximum Equivalent Von Mises stress vs. punch position of 2mm thick

AA 2014 under different heat treatment conditions for 90° V-bending.
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Figure 6.5 Maximum Equivalent Von Mises stress vs. punch position of 1.6 mm

thick AA 6061 under different heat treatment conditions for 90° V-bending
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Figure 6.6. Maximum Equivalent Von Mises stress vs. punch position of 2 mm thick

AA 2014 under different heat treatment conditions for 120° V-bending
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Figure 6.7 Maximum Equivalent Von Mises stress vs. punch position of 1.6 mm

thick AA 6061 under different heat treatment conditions for 120° V-bending

FEM results showed that, for both material AA 2014 and AA 6061,
maximum von Mises stresses are observed the highest in T6 condition whereas the
lowest in O condition. Von Mises stress values increase as the punch moves down
and at fully loaded stage, 25 mm movement of the punch tip, maximum von Mises
stress values are obtained in sheet material. However, upon removal of the load,
equivalent von Mises stress values began to drop suddenly beacause of elastic

recorvery.

6.3. Total Equivalent Plastic Strain Values

Total equivalent plastic strain values of each heat treated material for 60°,
90°, 120° V-bending are graphically demonstrated in Figure 6.8, Figure 6.9, Figure
6.10, Figure 6.11, Figure 6.12 and Figure 6.13.
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Figure 6.8 Total Equivalent Plastic Strain vs. punch position of 2 mm thick AA 2014

under different heat treatment conditions for 60° V-bending
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Figure 6.9 Total Equivalent Plastic Strain vs. punch position of 1.6 mm thick AA
6061 under different heat treatment conditions for 60° V-bending
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Figure 6.10 Total Equivalent Plastic Strain vs. punch position of 2 mm thick AA
2014 under different heat treatment conditions for 90° V-bending
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Figure 6.11 Total Equivalent Plastic Strain vs. punch position of 1.6 mm thick AA
6061 under different heat treatment conditions for 90° V-bending.
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Figure 6.12 Total Equivalent Plastic Strain vs. punch position of 2 mm thick AA
2014 under different heat treatment conditions for 120° V-bending.
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Figure 6.13 Total Equivalent Plastic Strain vs. punch position of 1.6 mm thick AA
6061 under different heat treatment conditions for 120° V-bending.
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Maximum total equivalent plastic strain distributions given in the case studies
indicate that the material in O condition is subjected to smaller equivalent plastic
strain values than the material in temper conditions T4 and T6. Maximum plastic
strain values are observed at the fully loaded stage. Thereafter, removal of the punch,

the total equivalent plastic strains remains constant.

6.4. Punch Loads

Punch load values of each heat treated material for 60°, 90°, 120° V-bending
are graphically demonstrated in Figure 6.14, Figure 6.15, Figure 6.16, Figure 6.17,
Figure 6.18 and Figure 6.19.
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Figure 6.14 Punch Force vs. Punch Position of 2 mm thick AA 2014 under different

heat treatment conditions for 60° V-bending.
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Figure 6.15 Punch Force vs. Punch Position of 1.6 mm thick AA 6061 under

different heat treatment conditions for 60° V-bending.
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Figure 6.16 Punch Force vs. Punch Position of 2 mm thick AA 2014 under different

heat treatment conditions for 90° V-bending.
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Figure 6.17 Punch Force vs. Punch Position of 1.6 mm thick AA 6061 under

different heat treatment conditions for 90° V-bending.
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Figure 6.18 Punch Force vs. Punch Position of 2 mm thick AA 2014 under different

heat treatment conditions for 120° V-bending.
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Figure 6.19 Punch Force vs. Punch Position of 1.6 mm thick AA 6061under different

heat treatment conditions for 120° V-bending.

Regarding of FEM results, force required to bend sheet metal for T6 heat
treatment is higher than the T4 heat treatment condition. Whereas required punch

force for V-bending is the minimum in O heat treated material as expected.
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CHAPTER 7

CONCLUSIONS

7.1. General Conclusions

In this thesis, several bending operations have been analyzed in order to
determine the effect of heat treatment to the springback. For this purpose, three
different types of heat treatment are applied to the alloys AA 2014 and AA 6061, and
the amount of springback have been determined under both circumstances.
Moreover, the effect of bend angle and thickness to the springback is also studied
individually in the scope of this work. Hence, the general conclusions attained in this

study can be stated as follows:

i.  The materials used have the highest yield strength in T6 condition compared
to temper T4 and O and it is observed that higher springback values are

obtained in temper T6 in comparison with temper T4 and O.

ii. It is seen that as the yield strength of the material is increased by heat
treatment higher maximum von Mises stress values are observed. For same
bending conditions, maximum von Mises stress values occured in T6

condition whereas it happens to be minimum in O condition.
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iil.

iv.

vi.

vii.

viii.

ix.

Maximum total equivalent plastic strain distributions indicated that the
material in O condition is subjected to smaller equivalent plastic strain values

than the material in temper conditions T4 and Té6.

For a particular temper type of the materials used, when the thickness of the

material increases, springback amounts decrease.

For a particular material used, when thickness of the sheet increases, total

equivalent plastic strain amounts grow for identical conditions.

When the thickness of the sheet increases for the particular materials used,

von Mises stress amounts increase.

It is shown that the increment in bend angle causes increase in springback.

In V-bending process, there exist two different bent-up regions, which cause
springback in opposite directions. Thus, it is possible to obtain negative
springback for some configurations of V-bending.

FEM results also showed that, in T6 condition, required punch force to bend
the sheet metal is higher than the material in T4 condition where the lowest in

O condition.

It is observed that numerical and experimental results are in good agreement.
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7.2. Future Recommendations

One of the future studies related to this study may be the simulation and
analysis of different bending operations such as U-die bending and bending with
flexible tooling. In such a case, the tooling configurations may be varied and the

changes in the processes may be investigated.

Another further study may be to analyze more complex bending operations
by utilizing hot forming processes. Effect of material model to the bending and

springback simulation may also be studied.
Finally, FEM may be used in conjuction with optimization software, by

which new algorithms may be created and tooling design of complicated bending

processes may be accomplished.
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