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ABSTRACT

INVESTIGATION OF VARIATION OF TRIAXIALTY AND LODE ANGLE
PARAMETER VALUES IN SHEET METAL FORMING PROCESSES

Guzelderen, Tolunay

Master of SciengeMechanical Engineering
Supervisor: Prof. DiHaluk Darendeliler

August 2022273 pages

The aim of this study is to find out tihelations ofstresdriaxiality and Lodeangle
parameter with the deformation characteristics of deep drawing process. For this
purpose, deep drawing process is analyzed numerically by using different yield
criteria, ductile criteria and hardening modeaistivo different sheet materials. The

simulations are carried out by using the finite element method.

Square and cylindrical cups made of2024 aluminum and AISB04 steel are
formed. Von Mises and Hill’' 48 -Qookaddd cr i t e
the Hosford Coulomb ductile criteria. For hardening Joh@ook model and direct

implementation of the plastic stregkastic strain relations are used.

The results are presented in terms of effective plastic strain, triaxiality and Lode
parameter ditributions within the deformeblank The tensile, compressive and
shear nature of the deformation is evaluated by referring the corresponding triaxiality
and Lodeangleparameter values. Triaxiality and Lodagleparameter values are
also considered theerify the type of the fracturd-or the fractured points in the

deformed cup the variationof triaxiality and Lodeangle parametewnalues with



respect to equivalerilastic strainare presentetly considering the twdlifferent

ductile fracture criteria.

Keywords:Sheet Metal, Deep Drawingpde Parameter, Triaxiality, Yield Criteria
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SAC METAL kEKKLLEND KRME SUREGLER KNDE UG EKSENL KKK VE
LODE ACISI PARAMETRE DE J ERLERKNKN DEJ K RAKNKN
KNCELENMESK

Guzelderen, Tolunay
Yiksek LisansMakinaMi hendi sl i §i
Tez Yoneticisi: Prof. DrHaluk Darendeliler

AQgust o873saga? 2

Bu cali smanin amacis,ekdeér idre ¢ sikermeriime s I[damir ra
U¢c eksenl iakpiagria nveet rleosdie ar asi1 ndaki il skil
far kIl sac mal zeme i¢in farklpekdkmnanekr i
model | er i kull ani |l ar ak derin cekme i s

Simulasyonlar sonlu elemanlar yontemlkbani1 | ar ak gercekl estir

Al-2024 aliminyum ve AISI 304 celinalzemelerik u | | a karel va silindirik

kaplars e ki | | e n\on Misek wei Hil'd48i akma kriterleri, Johns@wook ve

Hosford Coulomb stiinekopmalkriterleri ile birlikte uygulanms t. P e k | décim me
JohnsorCook modelik u | | a weyalplastiksgerimep | asti k gerinim |

dogrudanigygul anm

Sonuglars e ki | de giigint is d mplgdstik germim | Ua dksenlilik ve Lode

acpar amet r e verikergk sl unmilamfie ki | d e gcekgne, i r me n i

s1 ki sti1rma vigili Keeekserdilik ved.gdeascpar ametre deger
kul | ade§ a rnmiksnidieksenliikve Loda gpiar ametre degerl er
tipini dodeukamalgeik¢ inn gse g rasstliarkmian ko p ma

icin GO0¢ eksenlilik ve L oderikipsanekakopeat r e d e ¢

kriterinig 6z o6 nidne al arak verilmigstir.

vii



Anahtar KelimelerSac Malzeme, Derigekme,Lode Paramé&resi U¢ Eksenlilik

Akma Kriterlei

viii



To My Family



ACKNOWLEDGMENTS

First of all, | would like to express my sincere thanks to my supervisor, Prof. Dr.
Hal uk DARENDEL bupgerR entoaragenteitguable advicesand

guidancel amalso grateful for the time he devoted to me.

Finally, I would like to express my gratitude to my beloved family for their
unwavering support; | would like to thank my dear wife YiaBgriy ALTUN
GUZELDEREN, my mother S6nmez GUZELDEREN, and my brother Koray
GUZELDEREN for their understanding, effort, encouragement, and unending

patience throughout the studies.



TABLE OF CONTENTS

@ V2SS S SR PPPRPR vii
ACKNOWLEDGMENTS. ...ttt e e e aeanns X.
TABLE OF CONTENTS. ... Xi
LIST OF TABLES.......ce et ere et Xiv
LIST OF FIGURES. ... et XV
LIST OF ABBREVIATIONS. ...t XXXVii
LIST OF SYMBOLS ...t ereme e XXXViii
CHAPTERS
1  INTRODUCTION ...ttt nnme e e e e e era s 1.
1.1 Background and MOUIVALIQM..........eeeeiiiiiiiiiiieeeeieeeeeeeeee e 1
1.2 Objective of the TheSIS........coooiiiiiiiieee e 2
1.3  Scope Of the TRESIS ..ottt 2
1.4 Outline of the TheSIS........cooiiiiiii e 2
2  LITERATURE SURVEY....cotiiiii e 5
3 THEORETICAL BACKGROUND..........oiiiiiiiiiie e 9
I A 1= (o IO 11 Y - TP TP UPPPPPP 9
3.1.1  Von Mises Yield CreriOon. ........ccueuiiuiiiiiee i 9
312 Hi Il |l 48 Yi.el.d..Cr.i.t.er.il.on. ... 10
3.2 HardeniNg.......ooi oot 12
3.2.1 Isotropic Hardening.........cccoeevveiiiiieiciieeee e eeeen e 12
3.2.2  Kinematic Hardening...........cccoeeeeiiiiiiiicceiiie e 12

Xi



3.2.3 Combined Hardening...........ccoovvvririiiiimmme e s 13

3.24 Johnson Cook Hardening...........cccoovvviiiiiiieeeee e 13

3.3 Ductile Fracture Criteria...........couuiurrrrieeiiaeeeeiiiiiee e e emme e 14
3.3.1 Johnson Cook Damage Initiation Criterian...............ccceevvvveeenn. 14
3.3.2 Hosford Coulomb Damage Initiation Critefia................ceeeeeneee. 14

3.4 Triaxiality and Lode Parameter...............eeiiiiiiiiecciiiiiiiiiinneee e 15
341 THAXIANTY ... 15
3.4.2 Lode Parameter.........oooiiiiiiiiiiiiieeee e 16

4  FINITE ELEMENT ANALYZES......co i 21
4.1 Finite Element Method............cooooiiiiiiiiiicce e 21
4.2  Finite Element Model...........cooiiiiiiiieeeie e 22
4.2.1 Square Cup Drawing........c.ccoovviiirirumiiimmmeeeeeeeeeeivnessie e smmrenes 22
4.2.1.1 Model Geometry and MeSh..........cccceeeeiiiiiiicccciccceeee e 22
4.2.1.2 Boundary Conditions and Load...............cceeevvvvvieeeiieeeeeeennn. 25

4.2.2  MALErIAIS.......eeeiiieiiiiiii e 26
4.2.21  AL-2024.......o e 26
4.2.2.2 AISI3B0A..... e 27

S RESULT S ettt e et e e e nnmeeee 31
5.1 Square Bottom Punch De@prawing Analyzes.............ccccovvrieerrieennns 31

5.1.1 Case 1: Squaral2024-von MisesDiscreteJohnson Cook ModeB3

5.1.2 Case 2: Squaral2024-von MisesDiscreteHosford Coulomb Model
46

5.1.3 Case 3: Squaral2024-von Mises-Johnson Cooklohnson Cook
Model 68

Xii



5.1.4 Case 4: Squaral2024-von Mises-Johnson Cooldosford Coulomb
Model 84

5.1.5 Case 5: Squaral2024-Hill48-DiscreteJohnson Cook Model...111

5.1.6 Case 6: Squaral2024- Hill48-DiscreteHosford Coulomb Model
127

5.1.7 Case 7: SquardlSI304-von MisesDiscreteJohnson Cook Model
148

5.1.8 Case 8: SquardAISI304-von MisesDiscreteHosford Coulomb
Model 166

5.1.9 Case 9: SquardlSI304-von Mises-Johnson Cooklohnson Cook
Model 181

5.1.10 Case 10: SquaiRlS1304-von MisesJohnson Cooldosford
CoUloMBD MOAEL......ccoiiiiieeee e 205

5.1.11 Case 11: SquatRISI304-Hill48-DiscreteJohnson Cook Model220

5.1.12 Casel2: SquareAlSI304-Hill48-DiscreteHosford Coulomb Model
238

5.2 Cylindrical Bottom Punch DeePrawing AnalysSis............cccccevvinnne 253

5.2.1 Case 13A12024-von MisesJohnson Cooldosford Coulomb Model

253
6 CONCLUSION & FUTURE WORKS. ..ot 263
6.1 CONCIUSION. ...ttt e e e e e e e e e 263
6.2 FULUIE WOTKS......oiiiiiiiiiiiieee ettt 265
REFERENGCES...... .. n e e eeeeas 267

Xiii



LIST OF TABL ES

TABLES

Table 4.1Geometric Parameters of Model............ooovviiiieen e 22

Table42Hi | | * 48 r val ue s-2084d], [62p..e.f.f.i.c.i2&nt s f or
Table 4.3. Johnson Cook damage initiation coefficients fé20®4 [53]............ 27

Table 4.4. Hosford Coulomb Coefficients for-2024 [54].........couveeveiiiiiiiiennnns 27

Table4d5Hi | | * 48 r val ues -304 {b6],d57)e.f.f..i.c.i2&8nts ffor
Table 4.6. Johnson Cook damage initiation coefficients for-808l [58]......... 28

Table 4.7. Hosford Coulomb Coefficients for A{S04 [59]........ccceeeeeiiereeennnn. 29

Table 5.IModel Of ANAIYZES.........uviiiiiiiiiiiiii e 32

Xiv



LIST OF FIGURES
FIGURES

Figure 3.1 The change of new combination of the Lode and Stress Triaxiality [42]

...................................................................................................................... 17
Figure 3.2. Three types of coordinate system in the space of principal stresses [44]
...................................................................................................................... 18
Figure3.3.The stress state of the specimen with inclined notch in the Wierzbicki
Stress state diagrafh3]........oooviiiiiiiiiiii e 19
Figure 4.1. Blank Meshed.............oooiiiiiiiice e 23
Figure 4.2. Die MeS..........oiiiiiii e eeeeeeee e 23
Figure 4.3. Holder Meshed..............ooovviiiiiimeiieeeee e 24
Figure 4.4. PUNCh MESNEM...........ouiiiiiiiiiiii e 24
Figure 4.5. Boundary Conditions of Parts on Assembly..................ccccceee. 25
Figure 4.6. Ai2024 true straitrue stres curve[50]........cccveeeieeiiiieeeiiieeeicieeen, 26
Figure 4.7. AlISI304 straintrue stress curve [55].....ceevviieiieeiiiiiiieeeie e, 28
Figure 5.1. Assembly of Square Bottom Punch Madel.................coovvieeennnnne. 31
Figure 5.2. First Rupture Moment of CaSe............ccccuvvvviiiiiieeeiiiiiieieeeeeeee 34

Figure 5.3The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 2 mm cup
depth for Al2024 aluminum (VIMDISG-JC)......cuvuuriiiiiiiiiee e 35
Figure 5.4The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 4 mm cup
depth for Al2024 aluminum (VIMDISG-JC)......cuvuuriiiiiiiiiee e 36
Figure 5.5The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 6 mm cup
depth for Al2024 aluminum (VMDISG-JC) ........uuuumiiiiiiiiiiiiiiiieeeiiineieeeeee e e 37
Figure 5.6.The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 8 mm cup
depth for Al2024 aluminum (VMDISG-JC) ........uuuuuiiiiiiiiiiiiieiieeeiiieeieeeeeeaee e 38

XV



Figure 5.7 The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 2 mm cup depth for
Al2024 aluminum (VMDISGJO)....ccoieiieieiiiieeeeeeeiteeee et 39
Figure 5.8The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along tth@gonal of the blank at 4 mm cup depth for
Al2024 aluminum (VMDISCJC).....uuueiiiiii e eeeeeies e eenae e 40
Figure 5.9The variation of (a) Equivalent Plastia&@h (b) Stress Triaxiality and

(c) Lode Angle Parameter along the diagonal of the blank at 6 mm cup depth for
Al2024 aluminum (VMDISGJC).....ccoooiiiiiiiiieeeeeeeeee e v 41
Figure 5.10The variation of (a) Equivalent Plastic Strain and Thickness Plastic

Strain (b) Stress Triaxiality and (c) Lode Angle Parameter along the diagonal of the

blank at 8 mm cup depth for Al2024 aluminum (MMsSc-JC)...........cceen.nnnn. 42
Figure 5.11. Equivalent Plastic StraiStress Triaxiality variations Plot of First
Rupture ElementMM -DiSC-JO)........uceiiiiiiiiiieieiieeeeeeie e eeme e 43
Figure 5.12. Equivalent Plastic Straihode Angle Parameter Plot of First Rupture
ElemMent M -DiISC-JC) .....ccoiiiiiiiiiiiiiiiee ettt eeeer e e e e e e e e e e e e ea e 43
Figure 5.13. First Rupture Moment of Case.2..........cccovvvvvviieeeeeeeeeeeeeeeeiienns a7

Figure 5.14The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 2 mm cup
depth for Al2024 aluminum (VMDISGHC)..........ooiiiiiiiiiiiieieee e 48
Figure 5.15The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rollidigection of the blank at 4 mm cup

depth for Al2024 aluminum (VMDISGHC)..........ooiiiiiiiiiiiiieieee e 49
Figure 5.16The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blankah6cup

depth for Al2024 aluminum (VMDISG-HC).......ccooiiiiiiiiii e 50
Figure 5.17The variation of (a) Equivalent Plastic Strain (b) Stress Triayiahd

(c) Lode Angle Parameter along the rolling direction of the blank at 8 mm cup
depth for Al2024 aluminum (VMDISG-HC).......coooiiiiiiiiic e 51

XVi



Figure 5.18The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 10 mm cup
depth for Al2024 aluminum (VMDISGHC) ........cooviiiiiiiiiiiicceeeeeeevi 52
Figure 5.19The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 12 mm cup
depth for Al202 aluminum (VMDISGHC) .........cooviiiiiiieeceeeen 53
Figure 5.20The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blankmat cup

depth for Al2024 aluminum (VMDISGHC) .........oooriiiiiiiicimeeeeeee 54
Figure 5.21The variation of (a) Equivalent Plastic Strain (b) Stress THiaxiand

(c) Lode Angle Parameter along the transverse direction of the blank at 4 mm cup
depth for Al2024 aluminum (VMDISGHC) .......ccovviiiiiiiiiiiiiiice e 55
Figure 5.22The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 6 mm cup
depth for Al2024 aluminum (VMDISGHC) .......ccoviiiiiiiiiiiiiiie e 56
Figure 5.23The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 8 mm cup
depth for Al2024 aluminum (VMDISGHC) ..........oooiiiiiiiicceeeeeeee 57
Figure 5.24The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 10 mm cup
depth for Al2024 aluminum (VMDISGHC) ..........oooviviiiiieeeeeeee 58
Figure5.25.The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 12 mm cup
depth for Al2024 aluminum (VMDISGHC) .......ccoviiiiiiiiiiiiiiiice e 59
Figure 5.26The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 2 mm cup depth for
Al2024 aluminum (VM-DISG-HC)........uuuiiiiiiiiiiiiiiiii e 60
Figure 5.27The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode AngleParameter along the diagonal of the blank at 4 mm cup depth for
Al2024 aluminum (VMDISGHC)......cooiiiiiiie e 61

Xvil



Figure 5.28The variation of (a) uivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 6 mm cup depth for
Al2024 aluminum (VMDISGHC) .....ccoviiiiiiiiiiiiies e eeeee s 62
Figure 5.29The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 8 mm cup depth for
Al2024 aluminum (VMDISGHC) ........cooiiiiiiieeeeme e 63
Figure 5.30The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 10uprdepth for
Al2024 aluminum (VMDISGHC) ......ocovviiiiiiiiiii s aeeee 64
Figure 5.31The variation of (a) Equivalent Plastic Strain and Thickitastic

Strain (b) Stress Triaxiality and (c) Lode Angle Parameter along the diagonal of the

blank at 12 mm cup depth for Al2024 aluminum (MNEG-HC)...........ooooone 65
Figure 5.32. Equivalent Plastic StraiStress Triaxiality Plot of First Rupture
Element (VMDISCHC) .....ccooi it 66
Figure 5.33. Equivalent Plastic Straimode Angle Parameter Plot of First
Rupture Element (VMDISGHC) ..o 66
Figure 5.34. First Rupre Moment of CasB...............cccevvviiiviiieeee e, 69

Figure 5.35The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blankranhZup

depth for Al2024 aluminum (VMIGJIC)......ccoooeeeviiiiiiiiiiiiiieeeeeeeeeeeeeeeennnnn 0
Figure 5.36The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiatity

(c) Lode Angle Parameter along the rolling direction of the blank at 4 mm cup
depth for Al2024 aluminum (VMIGJIC)......coovvvviiiiiiiiiiiiiiiiccceeeeeeeeeeeeeeeeeend 1
Figure5.37.The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 6 mm cup
depth for Al2024 aluminum (VMIGJC).......ooveiviiiiiiiieeeeeiviemceeiie e 2
Figure 5.38The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 8 mm cup
depth forAl2024 aluminum (VMJIGJIC)......oiiiiiiiiiiiieeeeevemcevee e 3

Xvili



Figure 5.39The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angk Parameter along the transverse direction of the blank at 2 mm cup
depth for Al2024 aluminum (VMIGJC)......uuuuiiiiiiieeee e 74
Figure 5.40The varidion of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 4 mm cup
depth for Al2024 aluminum (VMIGJC).......uuiiiiiiiiiieeeeeeeeseeeeiee e 75
Figure 5.41The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 6 mm cup
depth for Al2024 aluminum (VMIGJC).......uuuuiiiiiiiiieeeeeeeeeeeeiee e 76
Figure 5.42The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the bl8nkmat cup
depth for Al2024 aluminum (VMG JIC).......oooiiiiiiiiiiiiii e e 77
Figure 5.43The variation of (a) Equivalent Plastic Strain (b) Stress Tridyiahd

(c) Lode Angle Parameter along the diagonal of the blank at 2 mm cup depth for
Al2024 aluminum (VMJIGJC)....oooiiiiiiiiiiiiiiieeee e eeeeeeeen o] O
Figure 5.44The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 4 mm cup depth for
Al2024 aluminum (VMJIGJIC).......cooiiiiiiieieicmmmeeeeeeeee s emmmrinnnee e D
Figure 5.45The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 6 mm cup depth for
Al2024 aluminum (VMJIGJIC).. ..ot e 80
Figure 5.46The variation of (a) Equivalent Plastic Strain and Thickness Plastic

Strain (b) Stress Triaxiality and (c) Lodex@le Parameter along the diagonal of the

blank at 8 mm cup depth for Al2024 aluminum (M@-JC).........ccccvvvvvvviinnnnnn 81
Figure 5.47. Equivalent PlastBtrain- Stress Triaxiality Plot of First Rupture
EIemMent (VIMIGJC). ..ot et mmmr e e e e 82
Figure 5.48. Equivalent Plastic Straihode Angle Panaeter Plot of First
Rupture Element (WVMIGJC)......cooiiiiiiiiiiiiieeee e eeee e 82
Figure 5.49. First Rupture Moment of Case4........cccoovvvviiiiicceeiie e 84

XiX



Figure 5.50The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blankahZup

depth for Al2024 aluminum (VMIGHC)........ccoiiiiiiiiiieiiiiiieeee e 85
Figure 5.51The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiahty

(c) Lode Angle Parameter along the rolling direction of the blank at 4 mm cup
depth for Al2024 aluminum (VMIGHC).......ccooiiiiiiieiiiiiieeeeee e 36
Figure5.52.The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 6 mm cup
depth for Al2024 aluminum (VMIGHC).......ccooiiiiiiiiiiiiiiieeeee e, 37
Figure 5.53The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 8 mm cup
depth forAl2024 aluminum (VMJIGHQC).........oooiiiiiiiieeee e 38
Figure 5.54The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angk Parameter along the rolling direction of the blank at 10 mm cup
depth for Al2024 aluminum (VMIGHQC).........oooiiiiiieeee e 89
Figure 5.55The variatio of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 12 mm cup
depth for Al2024 aluminum (VMIGHC).......ccooiiiiiiieiiiiiiieeeee e, 90
Figure 5.56The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 2 mm cup
depth for Al2024 aluminunfVM -JGHC)........ccooeiiiiiiiiiiiiiieeee e, 91
Figure 5.57The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode AngleParameter along the transverse direction of the blank at 4 mm cup
depth for Al2024 aluminum (VMIGHC).........oooiiiiiieeee e 92
Figure 5.58The variaton of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 6 mm cup
depth for Al2024 aluminum (VMIGHQC).........oooiiiiiiiieeee e 93
Figure 5.59The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 8 mm cup
depth for Al2024 aluminum (VMIGHC)........cccooii oo, 94

XX



Figure 5.60The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along tharsverse direction of the blank at 10 mm cup
depth for Al2024 aluminum (VMIGHC) ... a5
Figure 5.61The variation of (ajgquivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 12 mm cup
depth for Al2024 aluminum (VMIGHC) ...........ooviiiiiicemmee e 96
Figure 5.62The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 2 mm cup depth for
Al2024 aluminum (VMIGHC).......ciiiiiiiieieeeeeeeeeee e 97
Figure 5.63The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the bé&adkmm cup depth for
Al2024 aluminum (VMIGHC) ... 98
Figure 5.64The variation of (a) Equivalent Plastic Strain (b) Stress Tridxiahd

(c) Lode Angle Parameter along the diagonal of the blank at 6 mm cup depth for
Al2024 aluminum (VMIGHC) ... 99
Figure 5.65The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 8 mm cup depth for
Al2024 aluminum (VMIGHQC)......ccoooiiiiiiiieeeeeeeee e 100
Figure 5.66The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 10 mmegptip for
Al2024 aluminum (VMIGHQC)......ccoooiiiiiiiieeeeeeeee e 101
Figure 5.67The variation of (a) Equivalent Plastic Strain and Thickness Plastic
Strain p) Stress Triaxiality and (c) Lode Angle Parameter along the diagonal of the
blank at 12 mm cup depth for Al2024 aluminum AM@-HC) .......ccoeevveeeeeennn. 102
Figure 5.68. Equivalent Plastic StraiStress Triaxiality Plot of First Rupture
Element (VIMIGHC).. ...t rreee e 103
Figure 5.69. Equivalent Plastic Straimode Angle Parameter Plot of First

Rupture Element (VIMIGHC).......uuuiiiiiiiiiiiee e 103
Figure 5.70. The variation of triaxiality values with respect to Lode angle

parameter values in rolling direction (a) for punch (b) for punch shoulder or corner

XXi



(c) for the clearance between die and punch (d) for die shoulder or corner and (e)
for the blank holder regions of the blankl@& mm cup depth for Al2024 aluminum
(VM =JGHC) .ottt ettt n e eeanen e, 105
Figure 5.71. The variation of triaxigl values with respect to Lode angle
parameter values in transverse direction (a) for punch (b) for punch shoulder or
corner (c) for the clearance between die and punch (d) for die shoulder or corner
and (e) for the blank holder regions of the blankzxnm cup depth for Al2024
AlUMINUM (VIVEIGHC) . eeene e e e 107
Figure 5.72. The variation of triaxiality values with respect to Lode angle
paraneter values in diagonal direction (a) for punch (b) for punch shoulder or
corner (c) for the clearance between die and punch (d) for die shoulder or corner
and (e) for the blank holder regions of the blankZatnm cup depth for Al2024
aluminumM (VIMEIGHC) ..o eeeee e e e 109
Figure 5.73. First Rupture Moment of Case.b.........ccccvvviviiiieeee e, 111
Figure 5.74The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 2 mm cup
depth for Al 20 2-BiscdC).u.mi.n.um..(.Hi.l...412
Figure 5.75The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the bladknam cup
depth for Al 20 2-BiscdC).u.mi.n.um..(.Hi.lL.l...413
Figure 5.76The variation of (a) Equivalent Plastic Strain (b) Stresaxiality and

(c) Lode Angle Parameter along the rolling direction of the blank at 6 mm cup
depth for Al 20 2-BiscdC).u.mi..n.um..(.Hi.L.l....4218
Figure 5.77The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blankah8&up
depth for Al 20 2-Discd@).u.mi.n.um..(.Hi.lL.l."..418
Figure 5.78The variation of (a) Equivalent Plastic Strain (b) Stresaxfality and

(c) Lode Angle Parameter along the transverse direction of the blank at 2 mm cup
depth for Al 20 2-Discd@).u.mi.n.um..(.Hi.lL.l."..418

XXii



Figure 5.79The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 4 mm cup
depth for Al 202-Biscad).u.mi.n.um....(.Hi.l.l...418
Figure 5.80The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction didn& at 6 mm cup
depth for Al 202-Biscad).umi.n.um...(.Hi.l.l...418
Figure 5.81The variation of (a) Equivalent Plastic Strain tijess Triaxiality and

(c) Lode Angle Parameter along the transverse direction of the blank at 8 mm cup
depth for Al 202-BDiscad).umi.n.um...(.Hi.l.l...418
Figure 5.82The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 2 mm cup depth for
Al 2024 al umDiscd@)....(.Hi. . L.l...48. ... 120
Figure 5.83The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 4 mm cupfdept

Al 2024 al umDiscd@)....(.Hi. . L.l...48. ... 121
Figure 5.84The variation of (a) Equivalent Plastic Strain (b) StiEsaxiality and

(c) Lode Angle Parameter along the diagonal of the blank at 6 mm cup depth for
Al 2024 al umDiscd@)....(.Hi.l.L...4.8 e 122
Figure 5.85The variation of (a) Equivalent Plastic Strain drdckness Plastic
Strain(b) Stress Triaxiality and (c) Lode Angle Parameter along the diagonal of the
bl ank at 8 mm cup dept hDisgcdC)....ALl.2.0.228 al umi |
Figure 5.86. Equivalent Plastic StraiStress Triaxiality Plot of First Rupture

El ement -DISCHC)L..L.... 4.8 124
Figure 5.87. Equivalent Plastic Straimode Angle Parameter Plot of First

Rupture EI eDsedC)...(.Hi.l.lL...4.8. ... 124
Figure 5.88. First Rupture Moment of Case 6..........ccoovvvviiiiiiceeiieeecciiieee, 127

Figure 5.89The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blanknanZup
depth for Al 20 2-DiscdC)u.mi.n.u.m...(. . Hi.l.l...428

XXili



Figure 5.90The variation of (a) Equivalent Plastic Strain (b) StresaxTality and

(c) Lode Angle Parameter along the rolling direction of the blank at 4 mm cup
depth for Al 20 2-BiscddC)u.mi.n.um..(.Hi.l.l....428
Figure 5.91The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 6 mm cup
depth for Al 20 2-BiscdC)u.mi.n.um.. (. .Hi.l.l...438
Figure 5.92The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at &apm
depth for Al 202-BiscddC)u.mi.n.um..(.Hi.l.l..433
Figure 5.93The variation of (a) Equivalent Plastic Strain (b) Stress THiaxiand

(c) Lode Angle Parameter along the rolling direction of the blank at 10 mm cup
depth for Al 20 2-Bisc&ddC)u..mi..n.um..(.Hi.l.l...432
Figure 5.94The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the rolling direction of the blank at 12 mm cup
depth for Al 20 2-Bisc&ddC)u..mi..n.um..(.Hi.l.l....433
Figure 5.95The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 2pnm cu
depth for Al 20 2-DiscddC)u.mi.n.um.. . (.Hi.l.l...438
Figure 5.96The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the bldnkmat cup
depth for Al 20 2-BiscddC)u.mi..n.um..(.Hi.l.l...435
Figure 5.97The variation of (a) Equivalent Plastic Strain (b) Stresaxiality and

(c) Lode Angle Parameter along the transverse direction of the blank at 6 mm cup
depth for Al 20 2-BiscdC)u.mi..n.um..(.Hi.l.l....438
Figure 5.98The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the blank at 8 mm cup
depth for Al 20 2-BiscdC)u.mi..n.um..(.Hi.l.l...433
Figure 5.99The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the transverse direction of the &tdtkmm cup
depth for Al 20 2-DiscdC)u.mi.n.um..(.Hi.l.l...438

XXIV



Figure 5.100The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the bib2kren

cup depth for Al 20s2AC).a.l..umi.num...(.HL391 ' 48
Figure 5.101The variation of (a) Equivalent Plastic Strain (b) $trégaxiality

and (c) Lode Angle Parameter along the diagonal of the blank at 2 mm cup depth
for Al 2024 alDiswHO)..um.. (. .Hi.l.l...48. ... 140
Figure 5.102The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the diagonal of the blank at 4 mm cup depth
for Al 2024 alDisHO)..um...(.Hi.l.l...48. ... 141
Figure 5.103The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 6 mm cup depth for
Al 2024 al umDisatH®)...(. . Hi. L.l...48. .. 142
Figure 5.104The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 8 mm cup depth for
Al 2024 al umDisatH®)...(. . Hi. L.l...48. .. 143
Figure 5.105Thevariation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the diagonal of the blank at 10 mm cup depth
for Al 2024 alDiswHO)..u.m...(.Hi.lL.l...48. ... 144
Figure 5.106The variation of (a) Equivalent Plastic Strain and Thickness Plastic
Strain (b) Stress Triaxiality and (c) Lode Angle Parameter along the diagonal of the
blank at 12 mm cup depthfolA2 0 2 4 a | u miDmsaH®)..(..H.i..1..11454 8
Figure 5.107. Equivalent Plastic StraiStress Triaxiality Plot of First Rupture

El ement -DISCHHC)..L..0.. 4.8 e 146
Figure 5.108. Equivalent Plastic Straihode Angle Parameter Plot of First

Rupture EI &DserQ)....(. . Hi.l. L. 4o, 146
Figure 5.109. First Rupture Moment of Case.7.......cccccceeveeiviiiicmceiiiiiieeeeeens 148

Figure 5.110The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the rolling direction of the blank at 4 mm cup
depth for AISI 304 steel (VMDISC-JC)......coiiiiiiiiiiieeeeeiimmeie e 149

XXV



Figure 5.111The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angl®@arameter along the rolling direction of the blank at 8 mm cup
depth for AISI 304 steel (VMDISC-JC)....uuuuuiiiiiiiiieeeeeeieeeeeeeee e 150
Figure 5.112The variaion of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 12 mm cup
depth for AISI 304 steel (VMDISC-JC)....uuuuiiiiiiiiieeeeeeiieeieeeie e e e 151
Figure 5.113The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 16 mm cup
depth for AISI 304 steel (VMDISC-JC)....uuuuiiiiiiiiieeeeeiieeeieeeie e 152
Figure 5.114The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angl€@arameter along the rolling direction of the blank at 20 mm cup
depth for AISI 304 steel (VMDISC-JC)....ccvviiiiiiiiiiiieiiiiiieee e 153
Figure 5.115The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 4 mm
cup depth for AISI 304 steel (VNDISC-JC)......ccooviiiiiiiiiiiiiieieee e 154
Figure 5.116The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse diradftitve blank at 8 mm

cup depth for AISI 304 steel (VADISCGJC)....ccoeeiiieeeiiiiiieieeieeeee e, 155
Figure 5.117The variation of (a) Equivalent Plastic Stra) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 12 mm
cup depth for AISI 304 steel (VADISC-JC)....ccoeeiiiiieiiiiiieieeeeeee e, 156
Figure 5.118The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 16 mm
cup depth for AISI 304 steel (VNDISC-JC)......coovviiiiiiiiiiiiiiieieeeeeeeeee 157
Figure 5.119The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction blfathie at 20 mm

cup depth for AISI 304 steel (VNDISC-JC)......cooiiiiiiiiiiiiiiiiiieee e 158
Figure 5.120The variation of (a) Equivalent Plastic Strain (b)eS# Triaxiality

and (c) Lode Angle Parameter along the diagonal of the blank at 4 mm cup depth
for AISI 304 steel (VMDISGJC).....uuiiiiiiiiiiiiee e enme e 159

XXVI



Figure 5.121The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the diagonal of the blank at 8 mm cup depth
for AISI 304 steel (VMDISC-JC) ...ccoieeeieiiiieeeeeeeiiit ettt 160
Figure 5.122The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 12 mm cup depth for
AlS| 304 steel (WI-DISC-JC)....uuiieeiiiiiiiiieeeeiiiieeesiieee e e e e e e rmeee e 161
Figure 5.123The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 16 mnegptip for

AISI 304 Steel (VMDISC-JC)....uuuiiiieeeiiiiiiiiee e e s smeee sttt ee e e e s sieeee e s enme e e 162
Figure 5.124The variation of (a) Equivalent Plastic Strain and Thickness Plastic

Stran (b) Stress Triaxiality and (c) Lode Angle Parameter along the diagonal of the

blank at 20 mm cup depth for AISI 304 steel MNEG-JC)......coeeevvvviiiiiinnnns 163
Figure 5.125. Equivalent Plastic StraiStress Triaxiality Plot of First Rupture
Element (VMDISC-JC)....uuuuiiiiiii i eeeeeeeeeeee et mmme e e 164
Figure 5.26. Equivalent Plastic StrainLode Angle Parameter Plot of First
Rupture Element (VMDISGJC).......cooiiiiiiiiiiiiiieiree e 164
Figure 5.127. First Rupture Moment of Case.8..........ccccevivviiieeene e, 166

Figure 5.128The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the rolling direction of the blank at 4 mm cup
depth for AISI 304 steel (VMDISGHC) .....coooviiiiiiiiiiiieeee e 167
Figure 5.129The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the rolling direction of the blank at 8up
depth for AISI 304 steel (VMDISGHC) .....coooviiiiiiiiiiiieeee e 168
Figure 5.130The variation of (a) Equivalent Plastic Strain (b) Stress Triayialit

and (c) Lode Angle Parameter along the rolling direction of the blank at 12 mm cup
depth for AISI 304 steel (VMDISGHC) ......covviiiiiiiiiee oo, 169
Figure 5.131The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the rolling direction of the blark i cup
depth for AISI 304 steel (VMDISGHC) ......covviiiiiiiiiee oo, 170

XXVil



Figure 5.132The variation of (a) Equivalent Plastic Strain (b) Stress Talei

and (c) Lode Angle Parameter along the transverse direction of the blank at 4 mm
cup depth for AISI 304 steel (VNDISCHC) ..........uuiiiiiiiiiiiiiiiiceeeieeeeeeeeee e 171
Figure 5.133The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the transverse direction of the blank at 8 mm
cup depth for AISI 304 steel (VADISCHC) .......ucciiiiiiiieieeeiiieieeeeee e, 172
Figure 5.134The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the transverse direction of the blank at 12 mm
cup depth for AISI 304 steel (VADISGCHC) ........cceeiiiiiieieieiiiivieeeeee e, 173
Figure 5.135The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the transverse direction of the blank at 16 mm
cup depth for AISI 304 steel (VNDISCHC) ..........uuviiiiiiiiiiiiiiiceeeieeeeeeeeeeee e 174
Figure 5.136The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the diagonal of the blank at 4 mm cup depth
for AIS1 304 steel (VMDISGHC).......ooiiiiiiiiiiie e 175
Figure 5.137The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the diagonal of the blank at 8 mm cup depth
for AISI 304 steel (VMDISGHQC)..........uuuiiiiiiiiice e eeeeee s 176
Figure 5.138The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode AngleParameter along the diagonal of the blank at 12 mm cup depth for
AISI 304 steel (VMDISC-HC) .....vviiiiiiiiiiiiiiie et 177
Figure 5.139The variation of (aEquivalent Plastic Strain and Thickness Plastic

Strain (b) Stress Triaxiality and (c) Lode Angle Parameter along the diagonal of the

blank at 16 mm cup depth for AISI 304 steel AMNEGHC)......ccooeevviiiiiinnnes 178
Figure 5.140. Equivalent Plastic StraiStress Triaxiality Plot of First Rupture
Element (VMDISGHC) ... e 179
Figure 5.141. Equivalent Plastic Straihode Angle Parameter Plot of First
Rupture Element (VMDISGHC) ... 179
Figure 5.142. First Rupture Moment of Case.9..........cccceeeeviivieeeeccviiien e, 181

XXVili



Figure 5.143The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blaskreh cup

depth for AISI 304 steel (VMIGJIC)......coooiiiiieieeeieiiiimmme e 182
Figure 5.144The variation of (a) Equivalent Plastic Strain (b) Stress Triixial

and (c) Lode Angle Parameter along the rolling direction of the blank at 8 mm cup
depth for AISI 304 steel (VMIGJC).......coooiiiiiieeeeeeiimeme e 183
Figure 5.145The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 12 mm cup
depth for AISI 304 steel (VMIGJC).......ccooiiiiiieeeeeimeme e 184
Figure 5.146The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 16 mm cup
depth forAIS1 304 steel (VMIGJIC)......coooiiiiiiiiiiiee e 185
Figure 5.147The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Anlg Parameter along the rolling direction of the blank at 20 mm cup
depth for AISI 304 steel (VMIGJIC)......ccooiiiiiiiiiieie e ieeeiee e 186
Figure 5.148The varation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 4 mm
cup depth for AISI 304 steel (VMGJIC).......ooovvviiiiiiiicee v 187
Figure 5.149The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 8 mm
cup depth for AISI 304 steel (VMGJIC).......ooovvviiiiiiiiieee e 188
Figure 5.150The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angl®@arameter along the transverse direction of the blank at 12 mm
cup depth for AISI 304 steel (VMGJC)......uuuiiiiiiiiiiiiiiiiii e 189
Figure 5.151The varation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 16 mm
cup depth for AISI 304 steel (VMGJC)......uuumiiiiiiiiiiiiiiiei e 190
Figure 5.152The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 20 mm
cup depth for AISI 304 steel (VMGIC).....cooovviiiiiiiieiieeie e 191

XXIX



Figure 5.153The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter alahg diagonal of the blank at 4 mm cup depth

for AISI 304 Steel (WVMIGJC)..oouiiiiiiiiiiee et eene e 192
Figure 5.154The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the diagonal of the blank at 8 mnejotip d

for AISI 304 Steel (VMIG-JC)....coiiiiiiiiiee ettt eenneee s 193
Figure 5.155The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 12 mm cup depth for
AISI 304 StEEl (VMIG-JC)....uuiiiieeiiiiiiiiee e ceeee ettt 194
Figure 5.156The varidgion of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 16 mm cup depth for
AlSI 304 Steel (VMIGJIC)......oiueereeeeeeeeeeeeeeeeems et es s e 195
Figure 5.157The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the diagonal of the blank at 20 mm cup depth
for AISI 304 Steel (VMIGJC).....uuiiiiiiiiiiiiiiieeeee ettt 196
Figure 5.158. Equivalent Plastic StraiBtress Triaxiality Plot of First Rupture
Element (VIMIGIC)... ..ot e e e smmmn e a e e e e e e e e e aeeees 197
Figure 5.159. Equivalent Plastic Straihode Angle Parameter Plot of First

Rupture Element (WVIMIG-JC)........uuuiiiiiiiiiieiieee ettt 197
Figure 5.160The variation otriaxiality values with respect to Lode angle
parameter valuas rolling direction (a) for punch (b) for punch shoulder or corner
(c) for the clearance between die and punch (d) for die shoulder or corner and (e)
for the blank holder regiorsf the blank at 20 mm cup depth for AISI304 steel

YL/ L [0 KOO 199
Figure 5.161The variation otriaxiality values with respect to Lode angle
parameter values transverse direction (a) for punch (b) for punch shoulder or
corner (c) for the clearance between die and punch (d) for die shoulder or corner
and (e) for the blank holder regioofthe blank at 20 mm cup depth for AlISI304
SEEEI(VIM =JG-JC). ..ttt eenr e e e e e e e e e e e e e nsees 201

XXX



Figure 5.162The variation otriaxiality values with respect to Lode angle

parameter values in diagonal direct{@) for punch (b) for punch shoulder or

corner (c) for the clearance between die amach (d) for die shoulder or corner

and (e) for the blank holder regioofsthe blank at 20 mm cup depth for AlISI304
SEEEI(VIM =JG-JC)..coii ittt ettt et e e e e e e e e e e e e e s rneeaeeeane 203
Figure 5.163. First Fracture Moment of Case.10...........cccccvvvvvvieemreeeeneennnns 205
Figure 5.164The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blanknat 4up

depth for AISI 304 steel (VMIGHC) .......uuuiiiiiiieieeeeeeieeeeeecee e 206
Figure 5.165The variation of (a) Equivalent Plastic Strain (b) Stress Triayialit

and (c) Lode Angle Parameter along the rolling direction of the blank at 8 mm cup
depth for AISI 304 steel (VMIGHC) ..o 207
Figure5.166.The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 12 mm cup
depth for AISI 304 steel (VMIGHC) ......coooiiiiiiiieeee e 208
Figure 5.167The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 16 mm cup
depth forAISI 304 steel (VMIGHC) .......uuiiiiiiiiieeeeeeceeeeeecie e 209
Figure 5.168The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Anlg Parameter along the transverse direction of the blank at 4 mm
cup depth for AISI 304 steel (VMGHC)...........coooiiiiiiieeeee e 210
Figure 5.169The vaiation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 8 mm
cup depth for AISI 304 steel (VMGHC)........oooiiiiiee 211
Figure 5.170The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 12 mm
cup depth for AISI 304 ste@VM-JGHC)......coovviiiiiiiiiiiee 212
Figure 5.171The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Anglé&arameter along the transverse direction of the blank at 16 mm
cup depth for AISI 304 steel (VMIGHC)........coooiiiii e, 213

XXXI



Figure 5.172The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the diagonal of the blank at 4 mm cup depth
for AISI 304 steel (WVMIGHC).......oooiie e 214
Figure 5.173The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter along the diagonal of the blank at 8 mnejotip d

for AISI 304 steel (VMIGHC).... ...t 215
Figure 5.174The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 12 mm cup depth for
AISI 304 steel (VMIGHC) .....uuiiiiiee et e 216
Figure 5.175The variation of (a) Equivalent Plastic Strain and Thickness Plastic

Strain (b) Stress Triaxiality and (c) Lode Angle Parameter along the diagfaha

blank at 16 mm cup depth for AISI 304 steel AM@-HC).........ccooeeveiiiiiiiinnne 217
Figure 5.176. Equivalent Plastic StraiStress Triaxiality Bt of First Fracture
Element (VMIGHC) ...t 218
Figure 5.177. Equivalent Plastic Straihode Angle Parameter Plot of First
Fractue Element (VMIGHC).........oo e 218
Figure 5.178. First Fracture Moment of Case.1l........ccccceeeviiiiiceciiiceenennn. 220

Figure 5.179The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 4 mm cup
depthforAl S1 304 sDisedl).....(.Hi.l.l..4.8. ... 221
Figure 5.180The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c)Lode Angle Parameter along the rolling direction of the blank at 8 mm cup
depth for Al SIDSGICHK....s.t.e.e.l...(..Hi.l.l...4.822
Figure 5181.The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 12 mm cup
depth for Al SIDiSGICHK...s.t.e.e.l.....(..Hi.l.l...4.823
Figure 5.182The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 16 mm cup
depthforAIS 304 s t-BieclO).(.HIi.l.L...4.8....ccccceiiiii . 224

XXXii



Figure 5.183The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blark in2 cup
depth for Al SIDisGICA....s.t..e.e.l.....(.Hi.l.lL...4.825
Figure 5.184The variation of (a) Equivalent Plastic Strain (b) Stresaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 4 mm
cup depth for A{DSHC)3I.04..s.t.eel..(.HiR26" 48
Figure 5.185The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 8 mm
cup depth for ADSHC)3I.04. . .s.t.eel.. (. HiRA7" 48
Figure 5.186The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction bfathieat 12 mm
cup depth for ADSAHC)3.04...s.t.e.el...(.Hi.R28B' 48
Figure 5.187The variation of (a) Equivalent Plastic Strain $tjess Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 16 mm
cup depth for ADSAHC)3.04...s.t.e.el...(.Hi..R2O' 48
Figure 5.188The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 20 mm
cup depth for A{DSHC)3I.04. . .s.t.eel..(.Hi..R30" 48
Figure 5.189The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the diagonal of the laliedhknm cup depth

for Al SI 30-Biscd@)e.e.l...(.Hi.l.l...48 ... 231
Figure 5.190The variation of (a) Equivalent Plastic Strain $tjess Triaxiality

and (c) Lode Angle Parameter along the diagonal of the blank at 8 mm cup depth
for Al SI 30-Biscd@)e.e.l... (. Hi.l.Ll..48. ... 232
Figure 5.191The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 12 mm cup depth for
Al SI 304 sDiseX)....(.Hi.l.L. .48 ... 233
Figure 5.192The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality and
(c) Lode Angle Parameter along the diagonal of the blank at 16 mm cup depth for
AISI304 st e eliscCICH.I..L. L. 4B 234

XXXili



Figure 5.193The variation of (a) Equivalent Plastic Strain and Thickness Plastic
Strain (b) Stres Triaxiality and (c) Lode Angle Parameter along the diagonal of the
bl ank at 20 mm cup de pDbiseJC)..o0.r.....AL.SRP3530 4
Figure 5.194. Equivalent Plastic StraiBtress Triaxiality Plot of First Fracture

El ement -DIBCHC)L..l.....4.8 ..o 236
Figure 5.195. Equivalent Plastic Straibode Angle Parameter Plot of First

Fracture EI-RBsowdOht... (. Hi.l.l. .48 ... 236
Figure 5.196. First Fracture Moment of Case.12.............ocooeiiiemnei e 238

Figure 5.197The variation of (a) Equivalent Plastic Strain (b) Stressxiaiiy

and (c) Lode Angle Parameter along the rolling direction of the blank at 4 mm cup
depth for Al SIDisGHCAY...s.t.e.e.l....(.Hi.lL.l...4.839
Figure 5.198The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 8 mm cup
depth for Al SIDisGHCAY...s.t.e.e.l....(..Hi.lL.l...4.840
Figure 5.199The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling directioth® blank at 12 mm cup
depth for Al SIDisGHCAY...s.t.e.e.l....(..Hi.l.l...4.841
Figure 5.200The variation of (a) Equivalent Plastic Stréb) Stress Triaxiality

and (c) Lode Angle Parameter along the rolling direction of the blank at 16 mm cup
depth for Al SIDisGHCY...s.t.e.el....(.Hi.lL.l...4.842
Figure 5.201The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 4 mm
cup depth for ADSAHHC)3.0.4..s.t.e.e.l....(.HL.RA3" 48
Figure 5.202The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along tfensverse direction of the blank at 8 mm
cup depth for ADSAHHC)3.0.4...s.t.e.e.l...(.HL.Rd4" 48
Figure 5.203The variation of (a) uivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 12 mm
cup depth for ADSAHHC)3.0.4...s.t.e.e.l..(.HL.R45" 48

XXXV

steel



Figure 5.204The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the transverse direction of the blank at 16 mm
cup depth for ADSAHHC)3.04..s.t.eel....(.HiL.R4’' 48
Figure 5.205The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter afpthe diagonal of the blank at 4 mm cup depth
for Al SI 30-Bisc#HCe.e.l....(.Hi.l.l...48. .. ... 247
Figure 5.206The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality

and (c) Lode Angle Parameter along the diagonal of the blank at 8 mnejgtip d

for Al SI 30-BiscHCe.e.l....(.Hi.l.l...48. . ............. 248
Figure 5.207The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiatity a

(c) Lode Angle Parameter along the diagonal of the blank at 12 mm cup depth for
Al SI 304 shDiselQ)....(.Hi. L. L. 4.8 i, 249
Figure 5.28 The variation of (a) Equivalent Plastic Strain and Thickness Plastic
Strain (b) Stress Triaxiality and (c) Lode Angle Parameter along the diagonal of the
bl ank at 16 mm cup de phiseHd).a.r....A.l.S.503 0 4
Figure 5.209. Equivalent Plastic StraiStress Triaxiality Plot of First Fracture

El ement -DIGCHHC)..L.....4.8 ..o 251
Figure 5.210. Equivalent Plastic Straibode Angle Parameter Plot of First

Fracture EI-RBswdHQ.L......(.Hi..L.L. .48 ... 251
Figure 5.211. First Fracture Moment of Case.13.............ccocvvieemiveeeeennnnne 253

Figure 5.212The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter of the blank at 5 mm cup depth for Al2024
AUMINUM (VMEIGHC) i 254
Figure 5.213The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter of the blank at 10 mm cup depth for Al2024
aluminum (VIMEIGHC) ... e 255
Figure 5.214The variation of (a) Equivalent Plastic Strain (b) Stress Triaxiality
and (c) Lode Angle Parameter of the blank at 15 mm cup depth for Al2024
aluminumM (VMEIGHQC) ... 256

XXXV

st



Figure 5.215The variation of (a) Equivalent Plastic Strain and Thickness Plastic
Strain (b) Stress Triaxigy and (c) Lode Angle Parameter of the blank at 20 mm

cup depth for Al2024 aluminum (VMGHQC) ... 257

Figure 5.216. Equivalent Fac Strain- Stress Triaxiality Plot of First Fracture
Element (VIMIGHCQC) ...t 258

Figure 5.217. Equivalent Plastic Straihode Ande Parameter Plot of First

Fracture Element (VMIGHQC)......c.oooi it 258

Figure 5.218. The variation of triaxiality values with respect to Lode angle
parameter values (a) for punch (b) for punch shoulder or corner (c) for the
cleaance between die and punch (d) for die shoulder or corner and (e) for the blank

holder regions of the blank at 20 mm cup depth for Al2024 aluminum-JGM

XXXVI



LIST OF ABBREVIATIONS

ABBREVIATIONS

2D
3D
BHF
BC
DOF
FE
FEA
FEM
FFLD
FLC
PEEQ
SMF
TRIA
uTsS

2 Dimensional

3 Dimensional

Blank Holder Force
Boundary Conditions
Degreeof Freedom
Finite Element

Finite Element Analysis
Finite Element Method
Fracture Forming Limit Diagrams
Forming Limit Curves
Equivalent Plastic Strain
Sheet Metal Forming
Triaxiality

Ultimate Tensile Strength

XXXVil



LIST OF SYMBOLS

SYMBOLS
p Density,(kg/mm?)
True StressMPa)
0o Nominal (Engineering) Stresg@yIPa)
T Shear Stres§MPa)
t Time (s)
R True Strain(mm/mm)
R Nominal (Engineering) Straifimm/mm)
Y Poisson ratio
A Area, (mn?)
L Length,(mm)
I Elongation,(mm)
F Force,(N)

Young’' s (EI aGPgi c)

SUBSCRIPTS / SUPERSCRIPTS

u
f
Y

Ultimate
Fracture
Yield
Limit

Initial State / Condition

Mo d ul

Any Certain State Between Initial and Final

Plastic
Elastic

XXXVili

us



XXXIX






CHAPTER 1

INTRODUCTION

1.1  Background and Motivation

Several industries employ sheet metal forming to make a variety of components.
Deep drawing is a significasheetmetal formingprocesghat plastically deforms
materials mto various formsThrough precise deep drawing, intricate forms may be
made with pecision. Deeglrawn sheet metal is used to create cans, cups, gasoline
tanks, shell containers, pressure vessels, and vehicle body pieces, among other
goods. In deep drawing, a thin blank is plastically distorted with the use of forming
tools to obtain th required shape, which is defined by a die. Glhakholder forces

hold the blankas the punch moves progressively towarddieeblank To get a
defectfree blank during the deep drawing process, it is essential to select the proper
process parameterns.the process parameters are selected propéeyblank will
acquire the desired form without defect. This will redih@amanufacturing expenses

and helpto eliminate operationalldws. Process factors such as die radius, blank
holding force, coefficiet of friction, punch speed, and blank thickness can be set or

improved based on their effect on the sheet metal forming quéli}idg].

In finite elementanalyses the constitutive model is as crucial to the accuracy of
simulations of sheet metal formingocesses as the forming variabksh as
geometry of parts, holder force, friction between parts,;Tetget precise stressd

strain distributions in the produced material, constitutive models are required to

characterize the material's deformatioopgariy [8], [9].

Mat er i al ' sanéd calalsted bgastia toastitutive relationsefore the
plastic deformatioroccurs A yield criterion, often expressed as yield surface, or

yield locus, is a hypothesis concerning the limit of elasticity under any combination



of stressesand also forms the plastic constitutive relation®n-Misses yield
criterion and Hill'48 yield criteon are utilized to explain the material behavior in
this thesisFirst yield criterion in this study ison Miseswhich is themost common
and oldest yield criteriafor isotropic materials Second one is theli | lyield 8
criterionwhichwasdeveloped foguadraticanisotropic materials 1948[10]-{12].
Also, two different ductile fracture criteria which atehnson Cook and Hosford
Coulombare considered as they are used in the recent stiadjg®dict ductile
mat eri al s’ b e hH3,i[ld]rinshiswaydhe effect od taaixiality &nd

Lode angle parameter aeformation behavior of material is esticated.

1.2  Objective of the Thesis

Previous studies have shown that on ductile materials, Lode parameter and triaxiality
are critical for estimation of material behavif#5]-{18]. Theobjectiveof this study
is to find out the effects @afodeparameter and triaxiality with different yield criteria

and different ductile criteria on simulation of different deep drawing processes.

1.3  Scope of he Thesis

In this study,analyzesaremade with Al2024 and AISI 304 materialdon Mises
and Hill™"48 yield criteria are used with Jo
criterionin the simulationsTriaxiality is alsodefinedby usingHill'48 equivalent
stress and strain in addition tiee von Mise<riterion and its effects examined.

Analyzeshaveperformed on ABAQUS software.

1.4 Outline of the Thesis

There areig chapters in this thesi$he first chapter provides general information
about the thesis's content as well as background knowledge about plasticity and the

deep drawng process to the reader.



In the second chapten review of the associatditerature survey iprovided It is
about past studies which contents simdabjects A brief summary and results of
the articles written on triaxiality,ode parameter, ductile fracture criteria, new yield

criteria etc. are given.

Third chapter is about theoretical background mainly, yield crité@agdening,
ductile criteria and paramegeexplainedheoreticallyand general information of
these topicss given Theoretical information on Triaxiality aridde parameters are

also included in this section.

Fourth chapter contains finite element aaetymade for this thesis. Finisdement
model, boundaries, constrictions, drawing types and materials are. dilzry
analyzes have made for this thesis. From these analyzes, to evaluate and contrast

various combinations of outcomes, numerous figures have been created

In fifth chapteris about the results and interpretations of the analyzes. Analyzes are
performed on ABAQUS software. Then, the model types, the collected data, the
obtained graphics and the results of the analyzes were compared and interpreted
together with the previougtudies.

Finally, main results are presented and discussgxth chapterInterpretations and
evaluation of the results of the analysis are included in this setticaddition,
possible studies as a continuation of the work that can be done inttihe due

included.






CHAPTER 2

LITERATURE SURVEY

There is a great deal of information in the literature about constitutive models and
their applications to various forming processes. In this part of the thesis, the founding
models from this large amount of information in the literature are reserved for

research studies that include the subject of the thesis or have similar topics.

Extension of a shearontrolled ductile fracture criteria for more accurate prediction

of fracture forming limit diagrams (FFLD) in sheet metal forming processes is the
focus d the work by Huh et al[19]. This criterion is extended to 3D stress space

with dependence on the@deparameter and stress triaxiality. Al 262851 material

is used. A shearontrolled ductile fracture criteriowascompared witlthe Mohr-

Coulomb criterion and for this purpgselohr s ci r ¢ | wasusedcTheni q u e
comparison shows that, with the exception of two data points in the high stress
triaxiality, fracture loci created using two criteria are close to experimental results.
The MohrCoulomb criterion has limitations; thus, thmew criterion is more

appropriate to characterize ductile fracture in mfstahing processes.

In the research bao and Wierzbickji20], a series of experiments were undertaken

on the aluminum alloy Al202Z351, including upsetting tests, shear tests, and
tensile tests. These tests showed the fracture ductility of the alloy over a broad range
of stress triaxiality. Stress triaxiality, in addition to strain intensity, is the most critical
factor affecting thetart of ductile fracture. ABAQUS has been utilized to simulate
each teshumerically There was a close association between numerical simulation
and experiment. This association allowed the link between the equivalent strain to
fracture and stress triaxigl to be determined. The mechanism of fracture for

negative stress triaxialities is determined by shear. For large triaxialities, void growth



is the major failure modeHowever for low stress triaxialities between the two

regimes described above, a mixsbear and void growth modes may arise.

According to the study by Mohr et §21], it is necessary to employ sheet materials
with a high strengtiio-weight ratio in order to increase fuel economy and reduce the
cost of transportation vehicle materials. Consequently, the seek farlgyhictural
materials continuedt intends to use advanced higtiength steels with tensile
strengths that are more than twice as high as standardaiden or HSLA steels
Usually, the formability and resistance to fracture of light metal structanes
restricted by ductile fracture. In order to model the behavior of these specified ductile
materials, the most appropriate ductility criterion must be determined. To do this,
comparative experimental investigations must be condugsety, investigatios by
McClintock [22] and Rice and Tracd@3] examined how spherical and cylindrical
holes develop in a ductile matrix. Their findings demonstrate that the triaxiality of
the stress controls tifermation of voids. A porous plasticity model with the void
volume as an internal variable was proposed by GU&#nBasic ductile fracture

tests were performed to observe the material structure on test specinmaoteext

from TRIP780 steel sheets. Different types of test specimens were used, such as
central hole and circular notchesThe outcome of both test of punch and stress
specimen, show that equivalent strains of more than 0.8 can be achieved at constant

triaxialities to fracture of about 0MZnd 0.66.

In Bai and Wierzbicki[25] study, past studies on metal plasticity assumes that
hydrostatic pressure has negligible effect and independehedfotle parameter
which is named as third deviatoric stress invariant. On the other hand, recent
experimentshave shown thatthe third invariant and hydrostatic pressure have
effect on material behaviorEhe material modébnew form of an asymmetrioetal
plasticity modelcreated by considering the effect of these parameters was tested on
Al-2024 and the results were verifiedloreover, the proposed 3D asymmetric
fracture locus was validated by the test results of[B&pon aluminum 2024351

and the data points of A710 steel.



Hancock and MacKenziR7], examined the relationship between the ductility and
stress triaxiality of three different steels. Using smooth amdidhed axisymmetric
tensile specimens, they determined that the ductility of all investigated materials
decreases with increasing stresaxiality. In addition, their experimental findings
and the predictions of Rice and Tracgy8] fracture model were found to be in

good accord

In Bai and Wierzbickistudy [29], the Modified MohrCoulomb model using the
weighting function based on thedeangle was obtained by transforming the stress
based MohiCoulomb refractive criterion into the stress triaxiality damby Bai
and Wierzbicki.Lode parameter and equivalent plassittain on the basis of an
isotropicbut stressstate dependent plasticity model (Bad Wierzbick{30]). Other
methods for estimatinductile fracture involve the modeling of the localization of
deformation using theoreticambranchmentnalysis €.g., Li and Karr, [31]),

micromechanic®asedanalysis (Sun et &32]), and Forming Limit Curves (FLC).






CHAPTER 3

THEORETICAL BACKGROUND

3.1 Yield Criteria

Theyield criteria arecrucialin determiningthe constitutive modelthatareused to

simulate plastically deformed materials. In this study-Mons es and Hi |

criteriahave beemsed with different hardening and ducfitacturecriteriawhich
were embeddenhto the ABAQUS satiware

3.1.1 Von Mises Yield Criterion

Therearea lot of researches that usth@ von Mises yield criterion ititerature If

the ismaterial assumed as fully isotropien von Mises yield function igenerally
used forthe analysis because it can basily differentiated, which makes it very
conveniento implement This criterion is only dependeon the second invariant,

0.

Whenthesecond invarianb r e ac hes a @éyielding occardl12]vTheh,u e ,

the vonMises Yield Criterion can be written as:

o | T
E ” ” ” ” ” ” "
¢
The tension test determindmtasll , FWowherg, is theinitial yield stress in

simple tension. Von Mises is the standard yield criterion when plestificients

areprovidedonthe ABAQUS interfacewithoutparameters are spegifig any other

K



Equivalent von Mises stressdegfined as,

P
73

and euivalent von Mises strain is,

T

g

o () () ()
3.1.2 Hi Il ]l 648 Yield Criterion

TheH i | lyiéldAcBterion developed byrRodney Hill is one of several yield criteria

for describing anisotropic plastic deformationsill created a quadratic yield
function in order to characterize the orthotropic plastiof sheet metalddi | | * 4 8
yield criterion[12], [33] assumes that hydrostatic stress has no effect on yielding.

is a simple extension of von Mises' yield criteria and had a quadratic shape. This
model was eventually extended by indhglan exponentn. Variations of these

criteria are often applied to metals, polymers, and certain compoHitesriterion

“O ” ” “O ” ” "O ” ” c ,L‘)n c D ” C 6 ”

where the constanks G, H, L, MandN are calculated experimentallijhese values
change according tive anisotropyof the material.
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In the above equationX, Y, Zare the tensile yield stresses for corresponding
principal directions an®, S, Tare the pure shear stresses for corresponding planes

of anisotropy.

Lankford anisotropy coefficien{f84], whi ch can be wused in
. ©O
L5
. v P
i B0 ¢
. 0
'O
and X=, ,Y=, ,Z=, ,where, ,, and, is the yield strength values 0¥,

90° and 45° to the rolling direction. Then the criterion is,

CIT[ lTIp l(.OT[ IT[ I(A)TI
” PRL ” ”

p ITlf l(.l)T[p ITlf l(.OTTp ITlf

C‘IT V] p ” ”

Briefly, the quadratic Hill yield criteriomlepends only on the deviatoric stresdes
is pressure independerand pedicts the same yield stress in tension and in

compression.

EquivalentH i | Isttegs &

"O,, , "O,, , 0, ., c0, ch, cO,

0 0 0O
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3.2 Hardening

There are several approaches to describe dtaitiening of a materialsotropic
hardening kinematic hardeningnd ®mbined hardeningvill be explained in the

following sections.

3.21 Isotropic Hardening

In the case of isotropicardening34], [35], if a solidis deformedplastically, then
unloaded and reloadd again, it will bediscoveed that its yieldstress (or elastic
limit) has risen relative to the first cycle. In the isotropic hardening model, the yield
surface expands continuously and without spatial displacefeathardening can

be represented as
“O “Q” ” T T[

where, is the current uraxial yield strength that depends lmewrdening variable

I 8t does not tak8auschinger effeaghto account.

3.2.2 Kinematic Hardening

Isotropic hardenind34]-{36] is not useful in situations where components are
subjected to cyclic loadinghe size and geometry of the yield surface do not change
during kinematic hardening. It i®psible to express the yield surface as

"0 "Q,h I
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wherell represents a material constant that depends on the size of the yield surface

and is often called as back stress.

Isotropic hardeningdoes not account for the Bauschinger effi@8], [36]. In

kinematic hardeningyclic behavior and the Bauschinger effestrepresented.

3.2.3 Combined Hardening

The materials often exhibit a nixre of isotropic and kinematic hardening

properties. During combined hardening, the material yield surface simultaneously
expands and moves) forming processes, the combination type hardening (short
for combined hardening) law more accurately forecasts the spring back and failure
behaviors. In combined hardening, the material hardens isotropically and

kinematically, although kinematic hardegipredominatef35], [36].

nO nQ” ﬁ ) T I

3.24 Johnson CookHardening

JohnsorCook hardening is particular type of isotropic hardening where the yield

stressjl, is assumed to be of the form,
” 6 6 - ||_ p -

where-[is the equivalent plastic strain adAdB,n, andmare material

parameters—is the nondimensional temperature defiasgd
—k TEI-O —
—k — — T — — IO — —

—k pEIO —
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3.3 Ductile Fracture Criteria

Two different ductile fracture criteriaavebeen usedl'hese ardohnsorCook, and

HosfordCoulombcriteria

3.3.1 Johnson Cook Damage Initiation Criterion

According to the Johnse@ook model, the equivalent plastic strain at the initiation
of damage is dunction of stress triaxiality and strain rate. The JohfSoak
criterion is compatible with the von Mises, JohngBaok, and Hill models of
plasticity, as well as the equation of state. Joht3ook Damage Initiation Criteria

Parameteraregiven below[37],
-0 QQOA0- p Qai— p Q—

where,—is the nondimensional temperatamed dz, &, &, @, & areJohnson
Cook failure parameter— is the stress triaxiality /mer is the melting
temperaturef ransiion 1S thetransition temperaturand- is thereference strain

rate

3.3.2 Hosford Coulomb Damage Initiation Criteria

Based on strain rate, the HosfaZdulomb damage model predicts anisotropic
damage. Triaxiality and.ode angle characteristics of Hosford Coulomb

Damage Initiation Criteria are releudB8].

According to the guationwhichis based on the work of Roth and M¢88],

theequivalent plastic strain at the onset of danrgés,

14



nQ (’;‘) C— “Q “Q

where,— is the stress triaxialitya, b, ¢, d and n are material parameters
- is the reference strain ratad’Q, "QfiQarefunctions of the.odeAngle

Parameter

3.4  Triaxiality and Lode Parameter

3.4.1 Triaxiality

Stress triaxiality is given d40],

wheremean stress is,

andequivalent von Mises stress is

P
73

Stress triaxiality formulaean also be defined as

It is known that for, niaxial tension- = 0.33 equi-biaxial tension- = 0.6 simple

shear = 0 and wiaxial compression @ 0[26], [41].

15



Stress triaxialityis a parameter thas usedto understand the stress situateina

point. As sea in tension it is positive, aneh compression it is negative

Also, the stress triaxiality igecently defined byusingHi | | * 48 criteri on

anisotropianaterialsas using,

and

. o
THECS —i DD
-

where , h, h, are the principal stresse8is the Lode parameter; 5 is the
rotation angle bgveen the anisotropic coordinate system and the principal stress

coordinate system

3.4.2 Lode Parameter

The Load Parameter, L osition of the intermediate principal stremsd defined

as,

where,, is normal stress on plane of maximum shear

16



then, Load Parametean also be defined as,

Figure 3.1. shows that stress situation according to Lode parameter and stress

triaxiality.
1
:— A_Pldne strain tension Equi-biaxial tension :
A
1 [ s
| Uniaxial tension ——— -
g —— . . _— . i
l-‘-'.?“-:‘S : / ....—-_,,...-d-ﬂ—"“"’ i MNommalized uniaxial compression —
> F/f—:f'::_Normn]ized planestrain — | Pure shear 1
= 1 T — I ]
= | —— ! 1
@ O i — - 1
= {+——— Normalized uniaxial tension \ _ Uniaxial compression
g | B. Pldne strain comprcss;o_ri-" — ]
@ | Equi-biaxial compression I — 1
-— —
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Lode parameter

Figure3.1. The change of new combination of thedeand Stress Triaxialitj42]

ThelLodeangle[43], 6 i sasdefi ned

P sn n o P. s~ G0
| SAOAAI G “AOAAIO—=
0

whereuvis the hird deviatoric stresand 0 is thethird invariantof the deviatoric
Cauchy stress tenspt0], [41], ucan be defined as
o/lc 0
U —_—
C 0

Since the range of thenodea n gl e[ £ sTO3 £ twdies rwdn gke offhe
geometrical represeationof the Lodeangle is showelow inFigure3.2,
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Deviatoric plane

(7 plane}\\;_ .

a,

Figure3.2. Three types of coordinate system in the space of principal stfédfes
The Lode angle parameter is{ p —F p) isalsoa function of the normalized

third invariant 0, of the deviatoric Cauchy stress tengi], [41],

. . ~ala (
—EpgAOAA—aI?%U—,_
U

—le(B—I

TheLodeangle parameter may be interpreted as a measure of the magnitude of the
second principal stress,, with respect to the maximum and minimum principal
stresses, and, respectively. Itis a monotonically decreasing function of the ratio

of the secod and first principal deviatoric stress&me important values ard;

p when,, ., (e.g., equbiaxial tension or uniaxial compressioa}, Twhen
» prC . (e.g., pure shegrand— p when, » (e.g., uniaxial
tension)

The normal stress acting on the plane of maximum shear is monotonically related to

both the stress triaxiality and thede angle parameter; it increases with increasing
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stress triaxiality and increasihg@deangle parametem Figure3.3 stress situations

according to Lode angle parameter and stress triaxiality are given.

£ =cos[t/2(1 — @)= — (27/2) 7 (i — 1/3)

1
7. Equi—biaxial plane stress ®' 4. Flat grooved plates
tension ¢ tension q
q . . ; 0]
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D 1. Srrjooth round
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]
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]
I
I

0O l \
n 5. Torsion or shear
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1 . H i
®==F.Cylinders, compression 1  Plastic plane strain tensipn
! or Pure shear
-0.5} :
d 1
® 10.Notched i ' )
7 0 ?;E:rne[!) rersoSL:gg bars 9. PEstuc plane strain g Equi—biaxia| plane stress
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-1 L I l
1 -0.5 0 0.5 1
7

Figure3.3. The stress ate of the specimen with inclined notch in the Wierzbicki

stress statdiagram[43].

19



20



CHAPTER 4

FINITE ELEMENT ANALYZES

4.1 Finite Element Method

Modern engineering applications need products that are always developing and ideal
in terms of pricing, durability, strength, arepeatability Engineers design product
models and simulate environmental effects to work on material behaviors without
experiments that take so much tifd&]. The simulation approaches play ra@al

role throughout the design process since they are methodical and under Batrol.

to cost and time considerations, engineering assessments using simulation models
are typically used to adequately depict the actual system and surroundings
Engineering assessments using simulation models are typically used to adequately
depict the actual system and surroundings due to cost and time conside@ati®ns.

of the approachdsr this modeling and simulation is Finite Element MetHadhis

method © minimize the error in the solution, the technique essentially entails
assuming the piecewise continuous function for the solution and determining the
parameters of the functiof6]-{48]. The fundamental concept of FEM is to split a
component into tiny partén this way, it makes the part easier to solve by examining

a larger number of smaller elemenfsnite element analyses take into account a
number of features to produce accurate results as quickly as pdS$itdeirse, one
should optimize the numbef elements and not detract from the purpose of the finite
element method. Because as the number of elements increases, even though the
simplicity and accuracy of the solution increase, too much detail may be elaborated
and a lot of time may blest[48], [49].
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4.2 Finite Element Model

Analyzes are conducted using the FEA program ABAQUS 2022. In this work,
simulations of deep drawing were performed vittio differentdie sets; squa and
flat bottom cylindrical punchesBoth Al-2024 and AISI 304are usedin the

simulations.

Due to symmetry conditions, a squaxg drawingis modeled as a quarter model
and cylindrical cup drawing is model as axisymmetric mod&. punchholderand

die are modeled as rigid parts. Only btenk is modelled as a deformable body.

42.1 Square Cup Drawing

42.1.1 Model Geometry and Mesh

There are four different parts in assembly. Themgs are designated blank, die,
blank rolder, andounch. Essentiallypunch is theecomponent that provides force and
punch andlie providetheform with punch. Additionally, the die guides the blank to
avoid scattering. Alsdylank tolder is the component thatevents wrinkling.

Geometric parameters of model are given as tableabie4.1.

Table4.1 Geometric Parameters of Model

Deep drawing with square bottompunch

Blank Dimension(mm) 80x80
PunchDimension(mm) 40x40
PunchShoulderRadius (mm) 4.5
PunchCornerRadius (mm) 12.5
Die Dimension(mm) 42x42
Die ShoulderRadius (mm) 4.5
SheefThickness (mm) 1
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Blank Holder InnerDimension(mm) 21x21

Blank Holder OuteDimension(mm) 50x50

Meshed blank, die, blank holder and punch are givéigure4.1, Figure4.2, Figure
4.3 andFigure4.4, respectively.

Figure4.1. Blank Meshed

Figure4.2. Die Meshed
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Figure4.3. HolderMeshed

thx

Figure4.4. Punch Meshed
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4.2.1.2 Boundary Conditions and Load

There aresix BC' m this simulationBC' en assemblareshown inFigure4.5.

z
Yo
Figure4.5. Boundary Conditions of Parts on Assembly

First ofall, die is fixedandnot allowed to moveBlank tolder ispermitted tanove

in zdirection onlyas punch Thereare twooptions tosimulate motion:Displacement
and Velocity. Velocitypreferredoecause it is easier to use with time. Punch Velocity
is equal to1000 mm/sn z direction.Symmetryconditions arel€fined withrespect

to x andy axes

25



4.2.2

4221

Material s

AL -2024

Thefirst material used in this study is-2024 alloy.Numerous investigations have

been conducted aheAl-2024 alloy Materials true strahtrue stress curve is taken

fromA= AKE7[50],Hi | | * 48

rcoeffiGehtsiagen froanfpbd, [52] Johnson

Cook damage initiatiortoefficientstaken from[53] and the Hosford Coulomb

damagenitiation coefficients taken froif4]. Values are given iRigure4.6, Table
4.2, Table4.3 andTable4.4 respectively.

700

600}

300

True stress (MPa)

200

100¢

0

500}

400}

Experiment

_____

Point from area reduction |
measurement

Necking point

=

v

n

0 04

0. 03 04

True strain

a5

Figure4.6. Al-2024 true strantrue stress curyg0]

A good power law fil = A7 of the entire stresstrain curve gives the amplitudé
= 744 MPa and th hardening exponemt= 0.153

Table4.2.

Hi | |

48 r val dtoeAM-2024M5d], [*2loef fi ci ent s

0.643

0.939| 0.545
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Table4.3. Johnson Cook damage initiation coefficiefasAl-2024[53]

Description Notations Constarts
Modulus of elasticitfMPa) E 71000
Poi sson’ s Z 0.33
Density M 2710
Yield stressconstant A 369
B 684
Strain hardeningonstant n 0.73
Viscous effect C 0.0083
Thermal softening constan| m 1.7
Reference strain rate - 1
Melting temperaturéK) S melt 893
Transition temperaturg) [ transition 293
Fracture straironstant ai 0.13
a> 0.13
[ok; -1.5
a4 0.011
ds 0

Table4.4. Hosford Coulomb Coefficients for A024[54]

~
g

o ® ® n d -
1.21 [0.21 |0.076| 0.1 0.71 1

42.2.2 AISI 304

The second selected material tiee AISI304 alloy, which is a stainless steel.
Materials true strahtrue stress curve is taken frofs5], Hi Il Il 48 r
coefficients taken frorfb6], [57], JohnsorCook damage initiation coefficients taken
from [58] and the Hosford Coulomb damage initiation coefficients taken 6@

Values are given ifigure4.7, Table4.5, Table4.6 andTable4.7 respectively.
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FromFigure4.7, A o899 16.10E-7.892 s taken.
Tabled5Hi | | * 48 r v al tioeAdSI-304 [@6],506lef f i ci ent s

\ \ 1

0.923|1.011 | 0.840

Table4.6. Johnson Cook damage initiation coefficiefasAlSI-304 [58]

Description Notations Constarts
Modulus of elasticity (MPa) E 207.8
Poi sson’ s 2 0.3
Density M 8000
Yield stress constant A 280
B 802.5
Strain hardening constant n 0.622
Viscous effect C 0.0799
Thermal softening constar m 1.0
Reference strain rate - 1
Melting temperaturé¢K) [ melt 1673
Transition temperaturg) [ transition 1000
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Fracture strain constant

az 0.69
az 0

as 0

as 0.0546
ds 0

Table4.7. Hosford Coulomb Coefficients féxISI1-304 [59]

o

[
g

w

=
g

w

n

a

0.623 | 1.671

0.096

0.1

0.193
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CHAPTER 5

RESULTS

Twelve different casesvere analyzed by FEMon ABAQUS 2022 with explicit
solver br squarecupdeep drawing modd€Figure5.1). As mentionean Table5.1

von Mises and Hdiledt usd & straustreds durvend Uahresoni a |,
Cook hardening and Johnson Cook and Hosford Coulomb ductile fracture criteria
are used for analyze#lso, one cylindrical cup drawingnodel is analyzed with
cylindrical punch punch bottom deep drawing. This axisymmetric case is applied

just to see the main differencéle results are presenteelow.

5.1  Square Bottom Punch Deefrawing Analyzes

Figureb5.1. Assembly of Square Bottom Punch Model
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Table5.1 Model of Analyzes

Case Yield Ductile
Model | Punch | Material o Hardening | Fracture
No Criteria .
Criteria
Square . . Johnson

1 | Quarter Punch AL-2024 | Von Mises | Discrete Cook
2 | Quarter Square AL-2024 | Von Mises | Discrete Hosford
Punch Coulomb
Square . Johnson Johnson

3 Quarter Punch AL-2024 | Von Mises Cook Cook
Square . Johnson Hosford
4 | Quarter punch AL-2024 | Von Mises Cook Coulomb
Square . : Johnson

5 | Quarter Punch AL-2024 Hill -48 Discrete Cook
Square . : Hosford
6 | Quarter Punch AL-2024 Hill -48 Discrete Coulomb
Square . : Johnson

7 Quarter Punch AlSI-304 | Von Mises | Discrete Cook
Square . . Hosford
8 | Quarter Punch AlSI-304 | Von Mises | Discrete Coulomb
Square : Johnson Johnson

9 | Quarter Punch AlSI-304 | Von Mises Cook Cook
Square : Johnson Hosford
10 | Quarter Punch AlSI-304 | Von Mises Cook Coulomb
Square . : Johnson

11 | Quarter Punch AISI-304 Hill -48 Discrete Cook
Square . : Hosford
12 | Quarter Punch AISI-304 Hill -48 Discrete Coulomb

The plastic equivalent strain is zemnerethe center and fartheside of the blank

when the punch starts toove This indicates thaplastic deformation occurs only

in the elements in the position where the punch first starts to compress between the
center of théblankand the farthest point, which is expectldpositions where the
triaxiality value is positive, it is in tension, aimdpositions where it is negative, it is

in compression. In addition, we can see that akdlde angle parameter goes to the

-1, the compression becomes +1 point, and the tension becaftezssharing this
general information obtained from the literatued seen from all graphics, the

results and comments on a césecase basis are in their respective fields.
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51.1 Case 1 Square-Al2024-von MisesDiscrete-Johnson CookModel

For the first case, von Mises yield critatiwasapplied with discrete hardening and
the JohnsonCook ductile fracture criterion wasised.It was observed that the
fracturehadstaredafter 8mm punchtravel as shown iigure5.2. Thevariationof
equivalent plastic strajrstress triaxialityand Lodeangle parameter valueme
presented as a function of the distafroen the centeof the blank fodifferentcup
heightsup tothe fractureThe results are shown for rolling directionfigure5.3 to
Figure5.6 andfor diagonal direction in irrigure5.7 to Figure5.10. Thethickness
plastic strain distribution is also inserted irf@ure 5.10 (a) in order to better
visualize the deformation. Further, the variations toésstriaxiality values with
respect to guivalentplastic strain are given by considering both von Mises and
Hill 48 criteria as a function H®Kduret he
5.11. Along the same path, the variation of the Lode parameter with respect to

equivalentplasticstrainis also illustrated ifrigure5.12.
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8

under the punch whereti®e Lode angleparameteralues changéetween-0.5 and

-1. Up to the punch shoulder, it can be said that the deformation behavi@qgtin

biaxial tensioncondition. However, for 2 mm punch travel the compressive punch
force on the sheet surface dominates towards the punch shoulder where triaxiality
values chage towards negative where Lode angle parameter values show the same
tendency. Here, only in the regions close to the center of the blankp.éo, a
distance of 5 mm from the centengtequibiaxial tensiorconditionsare observed.

As the punch continieto move, theaegion with equibiaxial tensionconditions

extend and reachd® mm from the centeasf the blank When the preupturestate

of sheet ixamired, it is seen thaquibiaxial stresgonditionsdominates up to 15

mm from the centeof the Bank. At the punch shoulder triaxiality values are still
positive but decreasing as the distance increases from the blank center. On the other
hand, the Lode angle parameter values increases as with distance from the center of
the blank. Hence, there igensile type deformation in this region. At the clearance
between die and punch thinning continues. At the die shoulder, the triaxiality values
are mostly positive with varying Lodangle parameter values. The deformation
nature begins to change towardkiening. Under the blank holder the triaxiality
values and Lode angle parameter values are negative, indicating thickening towards

the rim.

In the diagonal direction, as in the rolling directiequibiaxial stresondition is
observed under the pundiill, for 2 mm punch travel the compressive punch force

on the sheet surface dominates towards the pcorcter Here, thdriaxiality values
change towards negative whasd_ode angle parameter values show the same
tendencyOnly in the regions close the center of the blank i.e., up to a distance of

5 mm from the center, the egiaxial tension conditions are observAtthe punch
corner, triaxiality values are still positive but decreasing and the Lode angle
parameter values are increasing, as tiseadce increases from the blank center.
Hence there is a tensile type deformation in this region. At the clearance between die

and punch thinning continues, by changing the nature of deformation from equi
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biaxial tension towards unidirectional tensionti#¢ die corner the triaxiality values
start to became negative, indication compressive type deformation with the Lode
angleparameter valuedJnder the blank holder, the triaxiality values are negative
and decreases, and finally become positive, simiteetative Lode angle parameter
values turn into positive, indicating thickening towards the rim where the nature of
the deformation changes from uniaxial dominant compression tobeyial

dominant compression.
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5.1.2 Case 2 Square-Al2024-von MisesDiscrete-Hosford Coulomb
Model

For thesecondcase, von Mises yield critem wasapplied with discrete hardening
andthe Hosford Coulomlductile fracture criterion wagsed.Ilt wasobserved that
the fracture had stared after 12mm punchtravel as shown irrigure 5.13. The
variation of equivalent plastic strajrstress triaxialityand Lodeangle parameter
valuesare presented as a function oé thistancdrom the centeof the blank for
differentcup heightsip tothe fractureThe results are shown for rolling direction in
Figureb5.14to Figureb5.19, for transverse direction iRigure5.20to Figure5.25and
for diagonal direction irFigure 5.26 to Figure 5.31. The thickness plastic strain
distribution is also inserted intBigure 5.31 (a) in order to better visualize the
deformation. Further, the variations dfress triaxiality values with respect to
equivalentplasticstrain are given by considering bothvo Mi ses and Hi |l |l 48
as a function of the path of the element that fractured fifsSigure5.32. Along the
same path, the variation of the Lode parametehn waspect to guivalentplastic
strainis also illustrated ifrigure5.33.
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparameteralues changéetween-0.5 and

-1. Up to the punch shoulder, it can be said that the deformation behavi@qgtin
biaxial tensioncondition. Howeverfor 2 mm punch travel the compressive punch
force on the sheet surface dominates towards the punch shouldertrehaadty

values change towards negative where Lode angle parameter values show the same
tendency. Here, only in the regions close to taeter of the blank i.eyp to a
distance of 5 mm from the centemngtequibiaxial tensiorconditionsare observed.

As the punch continues to move, thegion with equibiaxial tensionconditions
extend and reached mm from the centeof the blank At the punch shoulder
triaxiality values are still positive but decreasing as the distance increases from the
blank center. At the clearance between die and punch thinning continues. At the
punch shoulder, the triaxiality values are mostly positive with vgrizimdeangle
parameter values. From die shoultieend of the blankuniaxial compression may

be noticed.

The same tendency of rolling direction is observed in the transverse direction also.

The differences are a result of anisotropy ofrttaerial.

In the diagonal direction, as in the transverse and rolling directemnspiaxial
stresscondition is observed under the punélhthe punch corner, triaxiality values

are still positive but decreasing and the Lode angle parameter valuesrassing,

as the distance increases from the blank center. Hence there is a tensile type
deformation in this regionAt the die corner the triaxiality values start to became
negative, indication compressive type deformation with the lasdge parameter
values.Under the blank holder, the triaxiality values are negativaraardasesand

finally become positive, similarly negative Lode angle parameter values turn into
positive, indicating thickening towards the rim where the nature of the deformation
charges fromuniaxial compressioto tensiondominant situatioand fracture occurs

in tension situation.
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5.1.3 Case 3 Square-Al2024-von Mises-Johnson CookJohnson Cook
Model

For thethird case, von Mises yield critem was applied with Johnson Cook
hardening anthe Johnson Cookuctile fracture criterion wassed.It wasobserved
that thefracturehad stared after 8mm punchtravel as shown ifrigure5.34. The
variation of equivalent plastic strajrstress triaxialityand Lodeangle parameter
valuesare presented as a function of the distanoe the centeof the blank for
differentcup heightsip tothe fractureThe results are shown for rolling direction in
Figure5.35to Figure5.38, for transverse direction iRigure5.39to Figure5.42and
for diagonal directin in Figure 5.43 to Figure 5.46. The thickness plastic strain
distribution is also inserted intBigure 5.46 (a) in order to better sualize the
deformation. Further, the variations dfress triaxiality values with respect to
equivalentplasticstrain ar e gi ven by considering both vor
as a function of the path of the element that fractured fifsigare5.47 Along the
same path, the variation of the Lode parameter with respecjuigagentplastic
strainis also illustrated ifrigure5.48.
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparameteralues changéetween-0.5 and

-1in the regions close to the center of the blankujeto a distance of 5 mm from

the center,he equibiaxial tensiorconditionsare observedAs the punch continues

to move, theaegion withequibiaxial tensiorconditions extend and reachE® mm

from the centeof the blank When the preaupturestate of sheet iexamired, it is

seen thaequibiaxial stresonditionsdominates up to 15 mm from the cenbér

the blank At the punch shoulder triaxiality valuesesstill positive but decreasing as

the distance increases from the blank center. On the other hand, the Lode angle
parameter values increases as with distance from the center of the blank. Hence, there
is a tensile type deformation in this region. At thearance between die and punch
thinning continues. At the die shoulder, the triaxiality values are mostly positive with
varying Lodeangle parameter values. The deformation nature begins to change
towards thickening. Under the blank holder the triaxiali#yues and Lode angle

parameter values are negative, indicating thickening towards the rim.

The same tendency of rolling direction is observed in the transverse direction also.

The differences are a result of anisotropy of the material.

In the diagonal dection, equibiaxial stresgondition is observed under the punch

as in the transverse and rolling directidhss observed that as the distance from the
center of the blank increases, the stress state of the regions changes from tension to
compression The triaxiality values start to turn negative near the die corner,
indicating compressive type deformation based on the Angkeparameter values.

The triaxiality values are negative under the blank hdddéincreassand become
positive,same as negive Lode angle parameter values turn indsifive, signify
thickening toward the rim, where egpiaxial dominant compression replaces

uniaxial dominant compression as the dominating type of deformation.
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514 Case 4 Square-Al2024-von Mises-Johnson CookHosford
Coulomb Model

For thefourth case, von Mises yield critem was applied with Johnson Cook
hardening andhe Hosford Coulombductile fracture criterion wassed.It was
observed that thiracturehadstared after 12mm punchtravel & shown inFigure

5.49. The variation of equivalent plastic strajrstress triaxialityand Lodeangle
parameter valueare presented as a function of the disténmen the centepf the

blank fordifferentcup heightap tothe fracture The results are shown for rolling
direction inFigure 5.50 to Figure 5.55, for transverse direction iRigure 5.56 to
Figure5.61 andfor diagonal direction ifrigure5.62 to Figure5.67. The thickness
plastic strain distribution is also inserted irff@ure 5.67 (a) in order to better
visualize the deformation. Further, the variations todsstriaxiality values with
respect to guivalentplastic strain are given by considering both von Mises and
Hill’ 48 criteria as a function ®Bduret he path
5.68. Along the same path, the variation of the Lode parameter with respect to
equivalentplastic strain is also illustrated irFigure 5.69. Finally, the variation of
triaxiality values with respect to Lode angle parameter values are givgure
5.70to Figure5.72for rolling direction inFigure5.70, for transvese directiorFigure
5.71and, inFigure5.72 for diagonal direction. The variations are first given for the
whole deformation and then for punch, punch shoulder or corner, the clearance

between die and punch, punch shoulder or corretf@rthe blank holder regions.

S, Mises
(Avg: 75%)

z ODB: QM-SP-AL2024-VM-JC-HC.odb Abaqus/Explicit 2022 Wed Jul 13 12:58:56

R, ¢
‘Lv X Step: Deep Drawing
Increment 443726: Step Time = 1.3000E-02
Primary Var: S, Mises

Figure5.49. First Rupture Momeruf Case4
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparameteralues changéetween-0.5 and

-1. Up to the punch shoulder, it can be said that the deformation behavi@qgtin
biaxial tensiorcondition. At the punch shoulder triaxiality values are decreasing as
the distance increases from the blank cetdader the blank holder theaxiality

values and Lode angle parameter values are negative, indicating thickening towards

the rim.

The same tendency of rolling direction is observed in the transverse direction also.

The differences are a result of anisotropy of the material.

In diagonal direction, equbiaxial strain is dominating up to a distance of 20 mm
from the centerAt the punch corner, triaxiality values are still positive and the Lode
angle parameter values are increasing, as the distance increases from the blank
center. At the die corner the triaxiality values became negative, indication
compressive type deformation with the Lodegle parameter valuesit punch

corner fractureoccursin the situatiorclose to the plain strain tension state
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5.1.5

For thefifth caseH i | lyielddcBteronwasapplied withdiscretehardening anthe
Johnson Coolductile fracturecriterion was usedt is observed that thigacture
staredafter 8 mm punckravel as shown ikigure5.73. Thevariationsof equivalent

Case 5 Square-Al2024-Hill48-Discrete-Johnson Cook Model

plastic strain, tsess triaxialityand Lode angle parameter valuese presented as a

function of thedistance from the centef the blank fordifferentcup heights up to
fracture The results are shown for rolling directionkigure5.74 to Figure5.77,

for transverse direction iRigure5.78 to Figure5.81 andfor diagonal direction in
Figure5.82 to Figure5.85. The thickness plastic strain distribution is also inserted
into Figure 5.85 (a) in order to better visualize the deformation. Further, the

variations of gesdriaxiality values with respect t@eivalentplasticstrain are given

by

element that fractured first Figure5.86. Along the same path, tharation of the

Lode parameter with respect tquevalentplastic strainis also illustrated irFigure

5.87.
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8

under the punch whereti®e Lode anglepaametewalues changéetween-0.5 and

-1. Up to the punch shoulder, it can be said that the deformation behavi@qgtin

biaxial tensioncondition. However, for 2 mm punch travel the compressive punch
force on the sheet surface dominates towards thehpshoulder where triaxiality
values change towards negative where Lode angle parameter values show the same
tendency. Here, only in the regions close to the center of the blankp.¢o, a
distance of 5 mm from the centemngtequibiaxial tensiorcondtions are observed.

As the punch continues to move, thegion with equibiaxial tensionconditions

extend and reachd® mm from the centeasf the blank When the preupturestate

of sheet ixamired, it is seen thaquibiaxial stresgonditionsdominates up to 15

mm from the centeof the blank. At the punch shoulder triaxiality values are still
positive but decreasing as the distance increases from the blank center. On the other
hand, the Lode angle parameter values increases as with distanckdroenter of

the blank. Hence, there is a tensile type deformation in this region. At the clearance
between die and punch thinning continues. At the die shoulder, the triaxiality values
are mostly positive with varying Lodangle parameter values. The defioation

nature begins to change towards thickening. Under the blank holder the triaxiality
values and Lode angle parameter values are negative, indicating thickening towards

the rim.

The same tendency of rolling direction is observed irtrdmesverse direction also.

The differences are a result of anisotropy of the material.

In the diagonal direction, as in the transverse and rolling directampspiaxial
stresscondition is observed under the punch. Sfiir 2 mm punch travel the
compessive punch force on the sheet surface dominates towards thecpumeh
Here, theriaxiality values change towards negative whsteode angle parameter
values show the same tenden©yly in the regions close to the center of the blank
i.e., up to aistance of 5 mm from the center, the elguaixial tension conditions are
observedAt the punch corner, triaxiality values are still positive but decreasing and

the Lode angle parameter values are increasing, as the distance increases from the
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blank cengr. Hence there is a tensile type deformation in this region. At the clearance
between die and punch thinning continues, by changing the nature of deformation
from equibiaxial tension towards unidirectional tension. At the die corner the
triaxiality values start to became negative, indication compressive type deformation
with the Lodeangleparameter valuesinder the blank holder, the triaxiality values

are negative and decreases, and finally become positive, similarly negative Lode
angle parameter valudarn into positive, indicating thickening towards the rim
where the nature of the deformation changes from uniaxial dominant compression to

equtbiaxial dominant compression.
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5.1.6 Case 6 Square-Al2024- Hill48 -Discrete-Hosford Coulomb Model

For the sixthcaseH i | lyieldicBiterion wasapplied withdiscretehardening and
the Hosford Coulomiductile fracture criterion wagsed.It wasobserved that the
fracturehadstaredafter 12mm punchtravel as shown ifrigure5.88. Thevariation
of equivalent plastic strajrstress triaxialityand Lodeangle parameter valuese
presented as a function of the distafroen the centeof the blank fodifferentcup
heightsup tothe fracture The results are shown for rolling directionfigure5.89

to Figure 5.94, for transverse direction ifigure 5.95 to Figure 5.100 and for
diagonal direction inFigure 5.101 to Figure 5.106. The thickness plastic strain
distribution is also inserted intBigure 5.106 (a) in order to better visualize the
deformation. Further, the variations ofress triaxiality values with respect to
equivalentplasticstrain are given by considering bothvon Misesknd | | * 48 cri t e
as a function of the path of the element that fractured filsgire5.107. Along the
same path, the variation of the Lode parameter with respegfuivalentplastic

strainis also illustrated ifrigure5.108
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Figure5.88. First Rupture Momertf Case6
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparametevalues changédetween0.8 and

-1 up to the punch shouldet,is seen thaequibiaxial stressonditionsdominates
up to 15 mm from the centef the blank. Up to die corner, triaxiality values became

negdive with varying Lodeangleparameter values.

The same tendency of rolling direction is observed in the transverse direction also.

The differences are a result of anisotropy of the material.

In the diagonal directiomp to 20 mnfrom the centeof the blankequibiaxial stress
condition is observed. From punch shoulder to die corner triaxiality values are
decreasingvith varying Lodeangle parameter valuesAccording to these values
there is a transition from uniaxial compression to uniaxiaitenat the die corner

Finally, fracture occurs itensionsituationat the punch shoulder.
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5.1.7 Case 7 Square- AlSI304-von MisesDiscrete-Johnson Cook Model

For theseventhcaseyon Misesyield criteron wasapplied withdiscretehardening
andthe Johnson Cookluctile fracture criterion wassed.lt wasobserved that the
fracturehadstaredafter20 mm punchtravel as shown ikigure5.109. Thevariation
of equivalent plastic strajrstress triaxialityand Lodeangle parameter valuese
presented as a function of the distafroen the centeof the blank fodifferentcup
heightsup tothe fractureThe results are shown for rolling directionfigure5.110
to Figure 5.114, for transverse direction iRigure 5.115 to Figure 5.119 and for
diagonal direction inFigure 5.120 to Figure 5.124. The thickness plastic strain
distribution is also inserted intBigure 5.124 (a) in order to better visualize the
deformation. Further, the variations dfress triaxiality values with respect to
equivalentplasticstrain are given by considering bothvonMisesbind | | * 48 cr i t er i &
as a function of the path of the element that fractured filsgire5.125. Along the
same path, the variation of the Lode parameter with respegfuivalentplastic

strainis also illustrated ifrigure5.126.
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparametevalues changédetween0.8 and

-1 up to a distance df5 mm from the centernt can be said that the deformation
behavior is inequibiaxial tensiorcondition.When the preupturestate of sheet is
examired, after punch regionthe stress triaxiality ipositive while Lale angle
parametewvalues arencreasingup toa distance 085 mm from the center~inally,
both of them became negative under blank holddi¢ating thickening towards the

rim.

The same tendency of rolling direction is observed in the transverse diralsom

The differences are a result of anisotropy of the material.

In the diagonal directionwhen the preupture state of sheet isxamired equk
biaxial tension is dominant up to a distanc@@mm from the centeit is observed
that frompunch corner to die cornestate of regiorshifts from tension toshear
Also, there is a transition from compression to ejaixial compression between 35
mm distance from the center of thiankto 45 mmdistance After this point,both

of triaxiality values and Lodengle parameter values increasing and became
positive Finally, fracture occurs in the punch shoulder in tensiate.
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5.1.8 Case 8 Square- AlSI304-von MisesDiscrete-Hosford Coulomb
Model

For theeighth case,von Misesyield criteron was applied withdiscretehardening
andthe Hosford Coulomlductile fracture criterion wagsed.Ilt wasobserved that
the fracture had stared after 16mm punchtravel as shown ifrigure5.127. The
variation of equivalent plastic strajrstress triaxialityand Lodeangle parameter
valuesare presented as a function of the distanom the cerdr of the blank for
differentcup heightsip tothe fractureThe results are shown for rolling direction in
Figure5.128to Figureb5.131, for transverse direction Figure5.132to Figure5.135
and for diagonal direction irFigure 5.136 to Figure 5.139. The thickness plastic
strain distribution is also inserted irftayure5.139(a) in order to better visualize the
deformation. Further, the variations dfress triaxiality values with respect to
equivalentplasticstrain are given by considering bothvon Misesbnd | | * 48 cr it er i &
as a function of the path of the element that fractured filsgire5.140. Along the
same path, the variation of the Lode parameter with respesjuivalentplastic

strainis also illustrated ifrigure5.141
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparametevalues changédetween0.8 and

-1 up to a distance df5 mm from the centerit can be said that the deformation
behavior is inequibiaxial tensioncondition. After 30 mm distancdrom blank
center under blank holdettriaxiality valuesdecreasingvith positive Lode angle
parameteralues According to these valuascan be said that, under blank holder

region stress state is compressive.

The same tendency of rolling direction is observed in the transverse direction also.

The differences are a result of anisotropy of the material.

In the diagonal direction, as in the transverse and rolling directempuspiaxial
stresscondition is observed under the puné¥hen the preupturestate of sheet is
examired, it is seen thaquibiaxial stresgonditionsdominates up t€0 mm from
the centerof the blank. At the punch shouldetress statehanges from tension to
shearwhile triaxiality values decreasindOn the other hand, the Lode angle
parameter values increases as with distance from the center of theAstankhis
region, traxiality values are increasing and Lodegle parameter values are

decreasing. lacture occurst the punch shouldar tension situation.
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5.1.9 Case 9 Square- AlSI304-von Mises-Johnson CookJohnson Cook
Model

For the ninth case,von Misesyield criteron was applied with Johnson Cook
hardening anthe Johnson CooHRuctile fracture criterion wassed.Ilt wasobserved

that thefracturehadstaredafter 20mm punchtravel as shown ifigure5.142The
variation of equivalent plastic strajrstress triaxialityand Lodeangle parameter
valuesare presented as a function of the distdnom the centepof the blank for
differentcup heiglts up tothe fractureThe results are shown for rolling direction in
Figure5.143to Figure5.147, for transverse direction FFigure5.148to Figure5.152

and for diagonal direction irFigure 5.153 to Figure 5.157. The thickness plastic

strain distribution is also inserted irftgyure5.157(a) in order to better visualize the
deformation. Further, the variations dfress triaxiality values with respect to
equivalentplasticstrain are given by considering both von MisesandHi’ 48 cr it er
as a function of the path of the element that fractured fifsiginre5.158 Along the

same path, the variation of the Lode parene&vith respect tequivalent plastic

strain is also illustrated iRigure5.159. Finally, the variation of triaxiality values

with respect to Lode angle parameter values are giviéigume5.160to Figure5.162

for rolling direction inFigure5.160, for transverse directioRrigure5.161 and, in

Figure 5.162 for diagonal direction. The variations are first given for theoleh
deformation and then for punch, punch shoulder or corner, the clearance between die

and punch, punch shoulder or corner and for the biafder regions.

S, Mises
(Avg: 75%)
+1.483e+03

+2.361e+00

ODB: QM-SP-AISI304-VM-JC-JC.odb Abaqus/Explicit 2022
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Increment 975695: Step Time = 2.4000E-02
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Figure5.142 First Rupture Momendf Cased
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparametevalues changédetween0.8 and

-1 up to a distance df5 mm from the centert can be said that the deformation
behavior is irequibiaxial tensiorcondition.At the punch shoulder triaxiality values

are paitive. On the other hand, the Lode angle parameter values iaavihs
distance from the center of the blank. Hence, there is a tensile type deformation in
this region. At the clearance between die and punch thinning continues. At the die
shoulder, the riaxiality values are mostly positive with varying Lodmgle
parameter values. Under the blank holder the triaxiality values and Lode angle

parameter values are negative, indicating thickening towards the rim.

The same tendency of rolling direction is eb&d in the transverse direction also.

The differences are a result of anisotropy of the material.

In the diagonal direction, as in the transverse and rolling directespuspiaxial
stresscondition is observed under the punch. Here,ttlaxiality values change
towards negative whess Lode angle parameter values show the same tendency.
Only in the regions close to the center of the blank i.e., up to a distad®muoh

from the center, the equiaxial tension conditions are observed. the punch
comer, triaxiality values arevarying and the Lode angle parameter values are
increasing, as the distance increases from the blank center. At the die corner the
triaxiality values start to became negative, indication compressive type deformation
with the Lok angleparameter valueginder the blank holder, the triaxiality values
are negativebut finally become positive, similarly negative Lode angle parameter
values turn into positive, indicating thickening towards the rim where the nature of

the deformatiorthangego tension situation.
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5.1.10 Case 10 Square-AlSI304-von MisesJohnson CookHosford
Coulomb Model

For the tenth case,von Misesyield criteron was applied with Johnson Cook
hardening andhe Hosford Coulombductile fracture criterion wassed.It was
observed that th&acturehad stared after 8mm punchtravel as shown ifrigure
5.163 The variation of equivalent plasti strain stress triaxialityand Lodeangle
parameter valueare presented as a function of the disténmen the centepf the

blank fordifferentcup heightaup tothe fracture The results are shown for rolling
direction inFigure5.164to Figure5.167, for transverse direction figure5.168to
Figure 5.171 and for diagonaldirection in Figure 5.172 to Figure 5.175 The
thickness plastic strain distribution is also inserted Figure5.175(a) in order to
bettervisualize the deformation. Further, the variationstoésstriaxiality values

with respect to guivalentplasticstrain are given by considering both von Mises and
Hill’ 48 criteria as a function ®kduret he pa
5.176 Along the same path, the variation of the Lode parameter with respect to
equivalent plastic strain is also illustrated=igure5.177.
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparameteralues changéetween-0.5 and

-1. Up to the punch shoulder, it can be said that the deformation behavi@qgtin
biaxial tensioncondition. After 30 mm from the blank center, triaxialisalues
beame negative and theode angle parameteraluesbecame positive, indicating

that the components are in a compressed condiiter. 30 mm distance from blank
center, under blank holder, triaxiality values decreasing with positive Lode angle
parameter values. According to these values it can be said nidat, lnlank holder

region stress state is compressive.

The same tendency of rolling direction is observed in the transverse direction also.
The differences are a result of anisotropy of the material.

In the diagonal direction, as in the transverse andngplilirections,equibiaxial
strescondition is observed under the punch until 20 mm distance from the center of
blank. It is observed that from distance from the centef blank of 20 mm to35

mm, it shifts from tension tghearas it moves away from ¢hcente. There is a
transition from compression to eepiaxial compression between 35 mm distance
from the center of thblankto 45 mmdistance After this point,stress triaxiality
becomes zero andode angle parameter valuekecreasing so, state chasgfrom
uniaxial tension touniaxial compressionFractureoccurs in tension situation at

punch shoulder.

219



5.1.11  Case 11 Square-AlSI304-Hill48-Discrete-Johnson Cook Model

For theeleventhcaseH i | ielddc@teronwasapplied withdiscretehardening and

the Johnson Coolductile fracture criterion wasised.It was observed that the
fracture had started aft2® mm punch travel as shownkigure5.178 The variation

of equivalent plastic strain, stress triaxiality and Lode angle parameter values are
presented as a function of the distance from the center of the blank for different cup
heights up to the fracture. The results are shown for rolling direictibigure5.179

to Figure 5.183 for transverse direction iRigure 5.184 to Figure 5.188 and for
diagonal direction inFigure 5.189 to Figure 5.193 The thickness plastic strain
distribution is also inserted intBigure 5.193 (a) in order to better visualize the
deformation. Further, the variations of stress triaxiality values with respect to
equivalent plastic strain are given by considering bothvon Mises&ndHi4 8 cr i t er i a
as a function of the path of the element that fractured filsgire5.194. Along the

same path, the variation of the Lode parameter with respesjuivalent plastic

strain is also illustrated iRigure5.195
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparametevalues changédetween0.8 and

-1 up to a distance df5 mm from the centernt can be said that the deformation
behavior is inequibiaxial tensiorcondition.When the preupturestate of sheet is
examired, after punch regionthe stress triaxiality ipositive while Lodeangle
parameteralues arencreasingup toa distance ©35 mm from the centerUnder

blank holder, triaxiality values and Lode angle parameter values became negative,

indicating thickening towards the rim.

The same tendency of rolling direction is observed in the transverse direction also.

The differences ara result of anisotropy of the material.

In the diagonal directigrwhen the preaupture state of the sheetagamined equi

biaxial tensiorstatedominates up to a distance of 20 mm from the ceoftbétank

It has been noted that teresssituationof the region changes from tension to shear
from punch corner to die corner. Between 35 mm and 45 mm from the center of the
blank, there is a changé stress statitom compression to ecbiaxial compression.
Following this, the values of the Lodmngle paameter and the triaxiality both
increagng and beame positive.Finally, fracture occurs in the punch shoulder in

tension state.
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5.1.12  Case 12 Square-AlSI304-Hill48-Discrete-Hosford Coulomb Model

For thetwelfth caseH i | lyiélddcBteron wasapplied withdiscretehardening and

the Hosford Coulomiductile fracture criterion wagsed.It was observed that the
fracture had started aft&6 mm punch travel as shownkigure5.196. The variation

of equivalent plastic strain, stress triaxiality and Lode angle parameter values are
presented as a function of the distance from the center of the blank for different cup
heights up to the fracture. The results a@ashfor rolling direction irFigure5.197

to Figure 5.200, for transverse direction iRigure 5.201 to Figure 5.204 and for
diagonal direction inFigure 5.205 to Figure 5.208 The thickness plastic strain
distribution is also inserted intBigure 5.208 (a) in order to better visualize the
deformation. Further, the variations of stress triaxiality values with respect to
equivalent plastic strain are given by considering bothvon Mises&ndHi4 8 cr i t er i a
as a function of the path of the element that fractured fifsigiore 5.209 Along the

same path, the variation of the Lode parameter with respesjuivalent plastic

strain is also illustrated iRigure5.210.
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In the rolling direction, theriaxiality values vary generallpetween 0.6 and 0.8
under the punch whereti®e Lode angleparametevalues changédetween0.8 and

-1 up to a distance df5 mm from the centert can be said that the deformation
behavior is inequtbiaxial tensioncondition. After 30 mm distance from blank
center, under blank holder, triaxiality values decreasing with positive Lode angle
paraméer values. According to these values it can be said that, under blank holder

region stress state is compressive.

The same tendency of rolling direction is observed in the transverse direction also.

The differences are a result of anisotropy of the nateri

In the diagonal direction, as in the transverse and rolling directempuspiaxial
stresscondition is observed under the puné¥hen the preupturestate of sheet is
examired, it is seen thaquibiaxial stresgonditionsdominates up t@0 mm from

the centeof the blank. At the punch shoulder, stress sthtenges from tension to
shearwhile triaxiality values decreasing. On the other hand, the Lode angle
parameter values increases as with distance from the center of theAstankhis
region,triaxiality values are increasing and Lode parameter values are decreasing.

Fracture occurs at the punch shoulder in tension situation.
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5.2  Cylindrical Bottom Punch DeepDrawing Analysis

5.2.1 Case 13Al2024-von MisesJohnson CookHosford Coulomb Model

For thecylindrical cup drawingcase, von Mises yield critem was applied with
Johnson Cookardening andhe Hosford Coulombductile fracture criterion was
usedlIt was observed that the fracture had started A#erm punch travel as shown

in Figure5.211 The variation of equivalent plastic strain, stress triaxiality anaLod
angle parameter values are presented as a function of the distance from the center of
the blank for different cup heights up to the fracture. The results are sh&igure

5.212to Figure5.215 The thickness plastic strain distribution is also inserted into
Figure5.215(a) in order to better visualize the deformation. Further, the variations

of stress triaxiality values with respect to equivalent plastic strain are given by
considering both von Mises andIHI * 48 criteria as a funct
element that fractured first Figure5.216. Along the same path, the variation of the

Lode parameter with respectequivalent plastic strain is also illustratedrigure

5.217. Finally, the variation of triaxiality values with respect to Lode apglameter

values are given iRigure5.218
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Thetriaxiality values vary generallgetween 0.6 and Ounder the punch whereas
the Lode angleparametervalues changdetween-0.8 and-1 up to a distancef 20

mm from the centeihen the preupturestate of sheet isxamired, it is seen that
equibiaxial stressonditionsdominates up t@0 mm from the centeof the blank.

At punch shoulder, triaxiality values are positive with varying Lode angle parameter
values.After this region, triaxiality values aecreasing with rgativeLode angle
parameteralues At the die corner, the dominant state is shEeacture occurs at

the punch shoulder in tension situatidiso, under blank holder region both values

of triaxiality and Lode angle parameter are negative so, it isnmpoeEssion state.

Fracture occurs in the tension situation at the punch shoulder.
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6.1

CHAPTER 6

CONCLUSION & FUTURE WORKS

Conclusion

In this studyyon Mises and Hil8Yyield criteria, andHosford Coulomb and Johnson

Cook ductile fracture criteriaare consideredo simulate the squareup drawing

procesdor two different sheet material€ylindrical cup drawing is also analyzed

by usingvon Mises yield criterion and Hosford Coulomb ductile fracture criterion.

In the simudtions different hardening criteria are usébe following conclusions

are acquired

1. For the square cup drawing in the rolling and the transverse directions;

)l
)l

the part of the sheet under the punch is in-deaxial tension condition,

on the punclshoulder the sheet is in tension and the dominant deformation
type changes from egbiaxial tension to uniaxial tension as the distance
from the center of the blank increases,

at the clearance between die and the punch sheet is in tension and the uniaxial
tension condition is the dominant deformation type,

on the die shoulder tension type deformation is observed,

under the blank holder the sheet is in compression condition and the thickness
increases towards the rim,

although similar deformation conditiomase observed along the rolling and

the transverse directions, there are differences in the variations due to

anisotropy.

2. For the square cup drawing in the diagonal direction;

T

the part of the sheet under the punch is-bgaxial tension condition,
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1 on thepunch shoulder the sheet is in tension and the dominant deformation
type changes from egbiaxial tension to uniaxial tension as the distance
from the center of the blank increases,

i atthe clearance between die and the punch sheet is in tension anebtiz un
tension condition is the dominant deformation type,

1 on the die shoulder the deformation type changes from tension to
compression,

1 under the blank holder the sheet is in compression condition; however, the
thickness decreases towards the rim.

For thecylindrical cup drawing;

1 the part of the sheet under the punch is-&taxial tension condition,

1 on the punch shoulder the sheet is in tension and the dominant deformation
type changes from eqgbiaxial tension condition to uniaxial tension
condition aghe distance from the center of the blank increases.

1 atthe clearance between die and the punch sheet is in tension and the uniaxial
tension condition is the dominant deformation type,

1 on the die shoulder the deformation type for the sheet changes freionten
to compression,

1 under the blank holder the sheet is in compression condition and the thickness
increases towards the rim.

For all analyses made with aluminum-2024 and steel AISBO4 the
deformation conditions show the same tendency.

For all the cass of square cup drawing, high variations are observed for the
Lode angle parameter and stress triaxiality values in the region between die and
punch.

Significant differences are observed in determining the fracture point depending

on the ductile fractureriterion and yield criterion used.

For all square cup drawing cases fracture occurs along the diagonal direction.
For Al-2024 material, fracture is noticed due to the shear state at the die corner

when Johnson Cook ductile fracture criterion is used. However, fracture is
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observed at the punch corner due to tension state when Hosford Coulomb ductile
fracture criterioris applied.

9. Itis observed that triaxiality and Lo@®agleparameter values can be efficiently
used to determine the deformation nature of the cup drawing and determine the

fracture.

6.2 Future Works

Possible futurevorks that can beealizedaresuggestedtbelow,

Analyzes can be repeated by increasing the number of materials

Analyzes can be repeated bsing differenductile criteria and yield

criteria.
Different materials can be used by conducting the relating test

Deep drawing analyzes can jperformed withmore complicated shage
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