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Abstract

This thesis investigatehé mechanics of the angular stretch bend test (A@Bd )analytical
modelsusing three differenadvanced high streng#iteelS(AHSS)and finite element simulation.
The three steels, 590R!"3Gen 1180, and DP98®ere characterized using the ASBThe
accuracy of radelsfrom the literatureised tceliminate process dependent effestish as bending,
and tool contact pressuneereevaluated witlthe experimental dat# finite element model was

developed to further investigate thecess correctiomodels.

Historically, theautomotiveforming industryhasrelied uponin-plane experimental methods
to produce forming limit curvg$LCs)but thiscan lead to ovéy-conservativeomponentlesigns
as they ignore the beneficial effects of bendamg tool contact pressutieat delay the onset of
tensile instability both ofwhich are present in the ASBThe ASBTin plane strain tensiocan
be characterized e bend severity which is the ratio of the blank thickness to the punch radius.
The bend seves is a useful parametdsut does not consider the strain path or ofiest
parameters such as the die gap width or entry rddi.assess the effect of the die gamew
ASBT die set waslesigned and used in the experimental work in this th&bkes focus of the
experimental work was on three grades of automaiilvancedhigh strengttstees. 590R, DP980,
and 3 Gen 1180.Full-field strain measurements were obtained using swigial image
correlation (DIC).The experimental results showed that the strain paéne controlled by the

bend severityand sample width tile thedie gap widtlplayeda secondary role

Analytical nodels have been proposidthe literatureo reconcile the differences between
limit strainsobtainedusing different experimentaéstmethods The modelsnvolve measuring
surface curvature, calculating thicknéssed upon the curvature and surface strarmounting

for nontlinear strain path(NLSP)for linearization of the limit strainand compensating fdool
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contact pressurdhe curvaturanodelwas found to beaersitive to thesize of themeasurement
windowwith a20 mm window recommendedhe thickness modstudied from the literatungas
relatively complex, so aew analytical model was developed for the ASBT to determine the
thickness across the range of preaitibend severitieBom 0.14to 1.4 using the curvaturand
surface strains. Theew proposed ASBT thickness model was in good agreement with the finite

element data with comparable accuractheamore compex models in the literature.

The influence of notinear strain paths (NLSR®yas found to be relatively minor in the ASB
as the stria paths were relatively linear and near plane strain. The achievable strain paths in the
current ASH using a cylindrical punctvereconstrained to intermediate uniaxial tension to plane
strain tensionOverall, the minimal influence of NLSP on the ASBTain advantage as the NLSP

correction can be very sensitive to the limit strain detection algorithm as reported in the literature

Theanalyticalmodel to compensate for contact pressutbe literaturevasevaluatedo the
ASBT experiment data and prockd promising results when comparing the pressure compensated
limit strains to corresponding -plane limit strain dataHowever, detailed finite element
simulationsof the ASBTshowed that the contact pressure predicted by the modsigraBcantly
lower than the simulation value$he analytical model to compensate for the contact pressure
appeaed to work in some cases but is attributed to its systemic underprediction of the actual
contact pessure tied with an extremely sensitive pressure correaidna the hardening rate. It
is believedthat the high sensitivity to the hardening coupled with the underestimation of the
contact pressure magnitudeunterbalanatone another ani@d to reasonable corrections for the
out-of-plane limit strains. Futureork is required to improve the accuracy of the congeessure

model and to then reisit the phenomenological mapping criterion used for the limit strains.



A finite element model was developed in conjunction with the experimental work to provide
further insight to the model#\ convergence study wamerformed on a plarstrain constrained
ASBT model todetermine the minimum number of throutifickness solid elements to obtain
convergence in the strain field. Sevarsthods to obtain contact pressure data fronfitiite-
elementsimulatiors were considered as the contact area depends upon the solveoiatadt
algorithms It was observed thataestic toolinghas a significant influence upon the contact pressure
although the tooling is commonly idealized as rigid in metal forming simulat8ivedl elements
werealsoevaluated as they are the preferresirent type in the forming industry but were not

able to resolve the relatively high bend severities considered in this thesis.

Vi



Acknowledgements

Thisthesiswould not have been completed were it notifi@many contributions and support
| received along the way. First and foremost, a big thank you to my supervisor Professor Clifford
Butcher. Your guidance, knowledgangineering intuition (and patience) were invaluable to me
throughout | am very grateful foyour support especially during tlieugh times amidst the
pandemic, and | appreciate that you adapted very quicklygport me remotely. A big thank you
to Professor Mike Worswick, Dr. José ImbBxyd, Dr. Jacqueline Nodegnd Kenneth Cheong
who werealways available to assist and mentor me whenever | had any quéstibaofficeor
lab. The lab support provided by Eckhard Budziarek, Tom Gawel, Andy Barber, Richard Gordon,
Amir Zhumagulov, and Kenneth Cheong was always much appreciated, and éngnerpal

work in this thesis would not have been possible without you!

| would also like to thank the American Iron and Steel Institute (Ad8d) Dr. Hesham Ezzat
for their supporin this thesis. The feedback and comments from AISI waseh appreciated

throughout the project, and | thoroughly enjoyed working with all the individwrathe project.

A special thanks to Edward Gutierralzese past few years would have gone by altater
without yoursupport and friendship! To Dr. Kaabn@r, who always hears me out whenever |
have something benign to complain abad entertais myunsolicited FEM question3.o Sante

DiCecaco, for always helping me oaind keeping it real with me!

Lastly, to my familyand my partner Mimi. Thanks for yopatienceand support during these

past few years. | dedicate this thesis to you.

vii



Table of @ntents

Aut hor 6s .De.cl.ar.al o 0. e I
Statement Of CONIIDUBNS..........ooiiii e e e e e e e e e e ii
Y 013 = Lo TP PPPPPPPPPP \Y
ACKNOWIEAGEMENTS......coiiiieeiiiiii e e e e errn e e e e e e e e e e e e e e e e e anenraaeaaaeaees Vil
S 0 T U Xil
LISt Of TADIES ... e e e e rme e e e e XX
O = 2= Tt (o | £0] ¥ o FU PP TP PP P PPUPPPPPPPR 1
1.1. Advanced High Strength Steels and Sheet Metal Formability........................ 1
1.2. Experimental Generation of the FLC..........ooooiiiiiiiiiinineee 3
1.3. The Angular Stretch Bend TeSL.......ccooiiiiiiiiiiiiieeeeecii e 6
1.4. Equivalent Inplane Limit Strains and Relevant Models.............c.cccvvvieeeeee. 8
1.5. Summary and Current WOrkK...........ccoooiiiiiiiiiieeee e eeeeeeeeeeeemmme e 11
2. Experimental Methasland MaterialS...........ooooviiiiiiiiiicce e 13
2.1, Material PrOPEITIES. ......uuuuiiiiiiiiiiiiii ettt e e e e e e e 13
2.2. In-plane FLC Experimental Setup and ResuUlts.................oeviiieeeiiiiiiiiiinnnee. 16
2.3. ASBT Experimental SEtUR........ccuuiiiiiiiiiiiei et e e 19
2.4, DIC PAr@mMeeIS......cuuiiiiiiiiiiii ettt rene e e e e e e et e e mnne e 20
2.5. Application of the LBF Method...........coooiiiiiiiiiiiie e 21
3. Angular StretCh Bend TeSL........ccoiiiiiiiiiiiiieeee e eeere e e e e e e e e 23

viii



3.1. Design of the Angular Stretch Bend TooliNg...........coovvviviiiviicceieeeeeeeiiiiiinns 23

3.2. Sample Geometry and Test CoNditionNS...........cceeeeeeiiiiieeeiiiie e 26
3.3. Experimental Result$ Strain Paths and Limit Strains..............ccoovvvviiimnenee. 27
3.4, INFIUENCE Of DIE GAP......ce ittt e ee ittt eeer e et e e e e e aaeaeeeens 32
4. Investigation of Analytical Models to Produce Equivalenplane Limit Strains......36
4.1. Curvature of the CONVEX SUIMACE........ccoiiiiiiiiii i 36
4.2. Instantaneous ThiCKNESS MOGEIS........cooiiiiiiiiiiiice e 37
4.2.1. Backgroum on Thickness Models in Literature..............cccoceeeeevveeeeceeennn. 38
4.2.2. New Stretch Bend Thickness Model..............ooooiiimmmniiieee 41
4.2.3. Evaluation of New Stretch Bend Thickness Model...............ccccvvieemnnns 43
4.3. Strain Path on Middle and Inner Layers of the Sheel................oovvveeiinn 47
4.4. Norrlinear Strain Path (NLSP) COrrection..........cccceeeeeiieieceeeiiiiieeee e 50

4. 5. Contact Pressure Calculation and Contact Pressure Modified LimnsStra....57
45.1. Stretch Bend Limit Strains with Contact Pressure Correction............... 59
5. Stretch Bend Simulation Development of Finite Element Model and Analysis...64

5.1. Identification of the Number of Throughickness Solid Elements in Stretch

Bending 64

5.1.1. Finite-element Model SetUD..........cooviiiiiiiiii e 65
5.1.2. Convergence of Loadisplacement ReSponse...........cccceeveevvviimeceeiinnnnnnn. 67
5.1.3. Thickness Strain of the CroSRCtON...........uuvviiiiiii e 68



5.1.4. ThroughThickness Major Strain Distribution for Mesh Convergence....69

5.2. Evaluation of Shell Elements in StretbBnding............ccccceeeiiiiiiiicccciccieen, 71
5.2.1. Background on SHEEIEMENTS...........cuvuiiiiiiiiiii e 72
5.2.2. Finite-element model of the ASB using shell elements.............ccccce...e. 73
5.2.3. Loaddisplacement RESPONSE........cooiiiiiiiiiiiiiicee e 73

5.2.4. Throughthickness Equivalent Strain and Normal Stress Distributions..74

5.3. Investigation of Simulation Solver, Contact Type, and Measurement of the Contact

Pressure 79
5.3.1 Comparison of Loadisplacement Response with Experimental Data..79
5.3.2. Comparison of Surface Strains with Mesh Pattern and Size................. 80

5.3.3. Evaluation of Simulation Consistency with Implicit/Explicitol8ers and

Contact AlGOItNMIS .....ooiii e 83
5.3.4. Comparison of Simulation Contact Pressure..............cccoevvvieeeeeeeeeeeeee, 87
5.3.5. Contact Area Convergence StUY.............uuuuuuuiiiiccmreereeriiiiiraaeeeeeeeeenens 88
5.3.6. Improving Simulation Contact Area Curves with Lines of Best.Fit........ 89

5.4. Investigation of Througithickness Strain and Contact Pressure................... 91
5.4.1. Comparison of Loadlisplacement RESPONSE.........ccvvvvviiiiiiiieeciiiiieeenn. 92
5.42. Throughthickness Major Strain Distributions................cccccvviimnnniiiiinnns 93
5.4.3. Strain Path on Middle and Inner Layers of the Sheet.................coveeee. 96
5.4.4. Contact Pressure Model Investigation..............ccoeeevviiemmeiiiiiiinecee e, 101



5.4.5. Alternative Pressure Model Investigationlertz Contact Pressure......... 110

6. Conclusions and RECOMMENAALIONS..........cooiiiiiiiiiieenee e 118
6.1, CONCIUSIONS ...t reea e e e e e e e e e eeeee e ee s 118
6.2. RECOMMENUALIONS. ... ...ttt ieee e eeee e e e e e e e e e e e e e e e 121

REIEIENCES. ...ttt ettt e e e e e e s ammmr e e e e e e e e e e e e e e e e e e 123

APPENDIX A.  Limit Strain DeteCON..........cuvviiiieeiiiiieeeiie e 129
ISO Method Limit Strain Applied to a Stretch Bend Experiment......................cc. 129

APPENDIX B. Fracture Regularization.................ooovvviiiimmeeceii i 130
Fracture Regularization of the Angular Stretch Bend Test.............ccooiiieenenennnnd 130

APPENDIX C. CONtACE SIrESS.......ceieiiiiiiiieeeeiii ettt 138
LS-DYNA Mortar CONtACt SIrESS......uuuuuiiiiiiiiii i reeeeieen e 138

APPENDIX D. Experimental Data................couuiiuiiiiriieeeeeiiiieee e 140
LBF Limit Strains and Corrected Limit StraiNS...........cccvvveeieiiiccniniiiee e 140
Comparison of Raw Experimental Data and SpfinBata...........ccccoooveeeiiiiiiiceeeennn. 143

APPENDIX E. Tabulated Simulation Data................eeeeeeiiiieeeiiiiiiiiiiieeeeeeeee e 145
PUNCN CONACT PBA. ....eeeiiiieeeee et e e e e eeee e 145
Punch Displacements for Powlawv material Simulations.............ccccvvvviiiennnnneee. 146

Xi



List of Figures

Figure 11 - Automotive steels: Total elongation vs. ultimate tensile strength.[2]........ 2

Figure 12 - Example of an FLC with common deformation modes and strain paths denoted
(FLCO CIFCIBA) [7]: et eeeeeeeeeeeee ettt eees et e e e e e e e e e eeas 3

Figure 13 - Example of inplane deformation: Schematic of Marciniak test.[8]............. 4

Figure 241 Example of oubf-plane deformation: Schematic of Nakazima test.[8].....5

Figure 151 Thinning strain rate during last 30 images of a plane strain specimen before
fracture with secalled stable and unstable regions identified (regions NTS).[9]................ 6

Figure 16 - Diagram of a typical ASBT........coooiiiiireee e 7

Figure 1771 Before (a) and after (b) process corrections were applied to Nakazima limit strains
of an MP980 steel compared to theplane limit strains (Marciniak) [17].........cccccovvvvviiivnnes 9

Figure 18 - Effect of hardening model on the NLSP and pressure compensated limit strains

Figure 19 - Process corrected limit strains of a 3rd Gen 1180 steel [20] a) Effect of pressure
corrections b) Comparison of Marciniak and pressure corrected Nakazima limit.strains11

Figure 21 - Engineering stress strain response (a) and hardening rate from MHS model (b)

Figure 22 - Von Mises and YId2000 yield surfaces for studied materials [20],.[22]...16
Figure 23 - Experimental setup of MTS press at the University of Waterlaa............. 17

Figure 247 Dimensions of Marciniak die set used to creatplane FLCs by Noder et al.

[22] and Gutierrez et al. [20]......coouuuiiiiii e ——— 17
Figure 25 - Marciniak FLCs for studied materials [20], [22]........cccoeviiiiiiiiiiiceeneeeeeens 18
Figure 26 - LBF limit strains for 590R and8Gen 118026] ........ccccovvvvrierireeeeemrerenne. 19

Xii



Figure 27 - Example of a speckle pattern on a 590R sample with Teflon beneath (10 mm
punch below Teflon NOt VISIDIE).........ccoo i 20
Figure 28 - Example of circle inspector in VI3D software (image just prior to fractuiz)

Figure 297 Visible hairline crack observable in an ASBT, data processing terminated one

image prior (590R, die gap width = 30 mm, punch radius = 1.mm)...........cccevvvvvimeeeeennnne. 22
Figure 31 - Upper die inserts from left to right: 30, 51, 76.2 mm.............ccovvvvrrieeen... 24
Figure 32 - Upper die without insert (left) and with 30 mm insert (right).................... 24

Figure 331 Schematic of top and bottom die (cresxtion view) of new stretch bend tooling,

AIMENSIONS TN MMttt e e e bbb e e et et e e e snessssseeeeeeaaeaaaeas 24
Figure 34 - Schematic for top die insert, dimensions in MML.............cccoevvvvvimeeeeeeeeeee. 25
Figure3-5 - Stretch bend die surface knurling detail (all dimensions in.mm)............. 25

Figure 361 ASBT punch platform (left) and punches witdius of (left to right): 1, 5, 10,

Figure 37 - Sample geometry a) 25.4 mm (1 inch) b) 76.2 mm (3 inch).................... 26

Figure 38 - 590R strain paths and LBF limit strains, 76.2 mm samripach punch radius and

die gap combinatdd&dni ndi detheos ead .3 ® 3rMm d.i2& gap

Figure 39 - 590R strain paths and LBF limit strains, 25.4 mm sample..................... 29
Figure 310- DP980 strain paths and LBF limit strains, 25.4 mm sampl................... 30
Figure 311 - DP980 strain paths and LBF limit strains, 76.2 mm sample................. 31

Figure 312 - 3rd Gen 1180 strain paths and mod. LBF limit strains, 25.4 mm samplg?
Figure 313 - 3rd Gen 1180 strain paths and mod. LBF limit strains, 76.2 mm samplg?
Figure 314 - Load vs. displacement for different gap widths at the same t/R, 590R, 76.2 mm

SAMPIE, 1/R = 0.0 e e e et ——————————aaara— 34

Xiii



Figure 315- Load vs. displacement for different gap widths at the same t/R, 590R, 76.2 mm
SAMPIE, T/R = Lo ———————————————— 34

Figure 316 - Load vs. displacement for different gap widths. 590R, 25.4 mm sample, t/R =
0.0 e —— et et et e e e e s mmm— e R e et e e e n e e et e e s nmmrennn s 35

Figure 41 - Example of curvature line exction in VIG3D software (image just prior to
L2101 10 =) P 37

Figure 42 - Infinitesimal element used in Min et al. thickness madigiivation [28]. (a)
circular shell element (b) 3D deformed element (c) projection of the deformed element (d)
deformed 3D shell element in spherical coordinates...............cooevvieeeiiiiiie e 39

Figure 43 - Thickness model (SB model)........cccooeiieiiiiiiiiieee e 42

Figure 44 - Major strain at apex of sample extracted using a 0.5 mm diameter circle extractor
(00 L0 ] ISP PEPPPON 44

Figure 45 - Schematic illustrating dw the samples were cut before viewing with the
1o 1S ol o] 1= USRI 45

Figure 46 - Microscope image and measuring line of 590R sample.R5.................... 45

Figure 47 - Thickness comparison of 590R experiments, SB model, and curvature method

Figure 48 - Effect of fitting window on SB Model...............coorviiiiieee e 47
Figure 49 - Strain path on layers, 590R, 76.2 mm sample, t/R=1.4...........ccevvvnnnneeee. 49
Figure 410 - Strain path on layers, 590R, 76.2 mm sample, t/R=0.28......................: 49
Figure 411 - Strain path on layers, 590R, 76.2 mm sample, t/R=0.14...................... 50
Figure 412 - 590R NLSP Corrections, t/RE4, 76.2 mm sample............coooeevviviinennes 52

Xiv



Figure 4137 590R NLSP Corrections, t/R = 0.,286.2 mm samplé Arrow denotes general
shift of limit strains after NLSP COIMECHQN..........ccuuviiiieeiiicceeei e 52
Figure 4147 590R NLSP Corrections, t/R0.14, 76.2 mm sampleArrow denotes general
shift of limit strains after NLSP COIMECHQN..........ccuviiiieeiiiiceeeieee e 53
Figure 415- 3rd Gen 1180 NLSP Cuactions, t/R = 1.4, 76.2 mm sample................. 54
Figure 416 - 3rd Gen 1180 NLSP Corrections, 25.4 mm sanipfgrow denotes general
shift of limit strains after NLSP COMECHION...........ccuiiiiiieiiicceei e 55
Figure 417 - DP980 NLSP corrections, t/R=1.4, 76.2 mm sampderow denotes general
shift of limit strains after NLSP COMMeCHioN............cuuviviiiiiiiceeieece e 56
Figure 418 -DP980 NLSP correction§R=0.093 & 0.28, 25.4 mm samplérrows denote
general shift of limit strains after NLSP COrrection................viiccceeeeevviiicceee e 56
Figure 419 - 590R Presswee Corrected Limit Strains, t/R = 1.4, 76.2 mm sanipbarow
denotes general shift of limit strains after pressure correction..............cccoovveeeeiieeieeeeeee. 59
Figure 420 - 590R Pressure Corrected Limit Strains, t/R = 0.28, 76.2 mm sanaptew
denotes general shift of limit strains after pressure correction..............cccoovveeeeeeeeieeeeeee, 60
Figure 421 - 590R Pressure Corrected Limit Strains, t/R = 0.14, 76.2 mm sanapfew
denotes general shift of limit strains after pressure correction...............ccoovveeeveeeeieeeeeee, 60
Figure 422 - 3rd Gen 1180 Pressure Corrected Limit Strains, t/R = 1.4, 76.2 mm sd&tple

Figure 423- 3rd Gen 1180 Pressure Corrected Limit Strains, 25.4 mm saampéav denotes

general shift of limit strains after pressure COrreCHioN............ccooeeivviviemmeeiiiie e eeeaes 62
Figure 51 - Schematic of the ASBT model...........ccoooiiiiiiiiicceii e 65
Figure 52 - Detail view of mesh in ASBT mesh convergence madel........................ 66

XV



Figure 53 i Stressstrain response and hardeningeraif powerlaw material used in
simulations,t  Q « IMIP&L....veveececeeee ettt teeee e es ettt vmnmss e aesean s s eneseaann) 67
Figure 541 Variation of bad vs. displacement response with number of elements through
thickness.
Figure 5571 Variation of thickness strain with numbeafrelements througthickness plotted
against punCh diSPIaCeMENL............ooviiiie e e e e e e e e e aeeer e as 69
Figure 56 - Variation of the major strain throughicknessof the sheet with number of
elements at the peak 10ad................ouuuiiiiccciiicrr e ee e e s eeeesieeneeeeeeea e O
Figure 57 i Variation of the major strain throughickness of the sheetith number of
elements at 75% max. load punch displacement...........cccovveiiiiceciiiiiiiic e eeeeeeeee 70

Figure 58 - Variation of the major strain throughickness of the sheet with number of

elements at 50% max. load punch displacement...........cccovveiiiiceciiiiiiiie e 71
Figure 59 - Load-displacement response comparison of shells vs. salids................. 74
Figure 510 - Throughthickness strain comparison, 2.3 monph displacement...........75

Figure 511 - Throughthickness strain comparison, 3.4 mm punch displacement.....75
Figure 512 - Throughthickness strain comparison, 4.5 mm punch displacement.....76
Figure 51371 Throughthickness stress comparison, 2.3 mm punch displacement...77

Figure 51471 Throughthickness stress comparison, 3.4 mm punch displacement...77

Figure 516 - Quarter symmetry model with 76.2 mm sample, 30 mm die gap, and 1 mm

(7= 10 10 LS o 10 [ PP UPPPPSPRSRPPPPRY 4 |
Figure 5177 Loadsurface displacement response of various meshes...................... 80

Figure 518 - Schematic showing data collection line for major strain on the surface81

XVi



Figure 519 - Surface major strain comparise@ mm punch displacement.................. 82
Figure 520 - Surface major strain comparison4 mm punch displacement.................. 82
Figure 521 - Surface major strain compariser6 mm punch displacementexperimental
1 R1 (=] PO PP P PP R PPPPPPRPPP 83
Figure 522 - Load-displacement response ofay contacts, 1 mm mesh................... 86

Figure 523- Load-displacement response ofaay contacts and imigit for reference, 1 mm

LTSS o PP TP T PP RPPRTRPPR 87
Figure 524 - Normalized interface pressure comparison, 1 mm mesh..................... 388
Figure 525 - Punch mesh detail for contact area convergence study........................ 89

Figure 526 - Punch contact area for various punch mesh siz@s data from LDYNA 89

Figure 527 - Punch contact areas, trendlines datted..............ccovvvieeeei e, Q0

Figure 528- Contact pressure comparison of raw simulation data and cubic trendline method
- blank mesh vs. puNCh MeSh...........eei e e 91

Figure 5-29 - Loaddisplacement response and limit strains of all pelaer material

SIMUIAIONS ...ttt eemr e e e e e e e e e s s eees et e e e e e e nnbn e e e e e e e eannbneas 92
Figure 530 - Throughthickness majostrain distribution, n=0.1, t/R=1.4..................... 94
Figure 531 - Throughthicknessmajor strain distribution, n=0.3, t/R=14.................... 94
Figure 532 - Throughthickness major strain distribution, n=0.1, t/R=0.14................. 95
Figure 533 - Throughthickness major strain distribution, n=0.3, t/R=0.14................. 95
Figure 534 - Strain path on layers comparison, n=0.1, t/R=1.4, rigid punch............. 97

Figure 535 - Effect of fitting interval on strain model, n=0.1, t/R=1.4, rigid punch....98
Figure 536 - Simulation coordinate data and quadratic fits, n=0.1, t/R=1.4, rigid pur®&h

Figure 537 - Simulation coordinate data and quadratic fits, n=0.1, t/R=0.14, rigid p@&h

Xvil



Figure 538 - Strain path on layers comparison, n=0.1, t/R=1.4, elastic punch........ 100

Figure 539 - Strain path on layers comparisosr0Onl, t/R=0.14, rigid punch............... 101
Figure 540 - Punch contact area for rigid/elastic tooling simulations....................... 102
Figure 541 - Punch contact area trendlines for rigid/elastic tapimulations............ 102
Figure 542 - Normalized contact pressure, t/R = 1.4 Simulations................ccceveuee. 103
Figure 543 - Normalized contact pressure, t/R = 0.14 Simulations.................c...vvee 103

Figure 544 - Simulation pressure normalized by flow stress, rigid tooling simulatioh85

Figure 545 - Simulation pressure normalized by flow stress, elastic tooling simulafiGbs

Figure 546 - Simulation vs.
Figure5-47 - Simulation vs.
Figure 548 - Simulation vs.
Figure 549 - Simulation vs.
Figure 550 - Simulation vs.
Figure 551 - Simulation vs.
Figure 552 - Simulation vs.

Figure 553 - Simulation vs.

Figure 554 - Hertz contact pressure: a) cylinder contact with inner cylinder. b) schematic of

Min model contact pressure, n=0.1, t/R=1.4, rigid pundf7
Min model contact pressure, n=0.1, t/R=1.4, elastic purth
Min model contaptessure, n=0.3, t/R=1.4, rigid punch108
Min model contact pressure, n=0.3, t/R=1.4, elastic purtih
Min model contact psese, n=0.1, t/R=0.14, rigid punchlL09
Min model contact pressure, n=0.1, t/R=0.14, elastic d0&h
Min model contact pressure, n=0.3, t/R=0.14, rigid puidi®

Min model contact pressure, n=0.3, t/R=0.14, elastic duirtch

N = I PP PPRRPTRRP 111
Figure 555 - Simulation pressure vs. Hertz, n=0.1, t/R=1.4, rigid punch................. 112
Figure 556 - Simulation pressure vs. Hertz, n=0.1, t/R=1.4, elastic punch.............. 112
Figure 557 - Powerlaw and E parameter comparison, n = 0.1 material................... 114

Figure 558 - Simulation and Modified Hertz Pressune0.1 material, rigid tooling.....115

Figure 559 - Simulation and modified Hertz pressure, n=0.1 material, elastic taalirdid.5

Xvili



Figure 5607 Simulation and modified Hertz pressure, n=0.3 material, rigid toalingl 16

Figure 5617 Simulation and modified Hertz pressure, n=0.3 material, elastic toolidd6

Figure A1 - 1SO method applied t0 an ASBT.........ooovviiiiiiiiiimmreeeeere e 129
Figure B1- 3rd Gen 1180 fracture IOCUS............uuuuiiiiii i ereere e 131
Figure B2 - Regularization blank mesh details (1 mm)...........cccooovviiviimemeeeeieeeeeieenns 132
Figure B3 - Load-displacement regularization (380-1)............cccceevivriiiiiiieeneeeeeeeee, 133
Figure B4 - Load-displacement regularization (251-5) ...........cccceeviiiiiiiiiiieene e 134
Figure B5 - Load-displacement regularization (251-15)..........ccovvvvvviiiiiiiiicccnnnnnnnne 135

Figure B6 - 3rd Gen 1180 Regularization factors (tensile, ASBT, PS/EB domes)...136
Figure G1 - Effect of the IGAP parameter on the mortar contact stress.................. 139

Figure D1 - Comparison of ravand splin€fit strain path data (590R, t/R=1.4).......... 144

XiX



List of Tables

Table 21 - Tensile Mechanical Properties of Steels Used in Experimentstgdndard

[0 CyY =i ) S RRRSR 14
Table 22 - Modified HockettSherby Coefficients for Studied Materials..................... 15
Table 23 - Plastic Anisotropy of Studied Materials...............ccccovviimmnniiee 15
Table 247 YId-2000 Coefficients for Studied Materials..............ooooeiiiiiieere s 15
Table 25 - DIC parameters for experiments by material............cccccooiiieeniiinll 21
Table 31 - List of test conditions for the 76.2 mm sample geometry...........cccccccceeee. 27
Table 32 - List of test conditions for the 25.4 mm sample geometry...........ccccccceeeee. 27

Table 33 - Major limit strain averages and standard deviations (590R, 76.2 mm sai3ple)

Table 41 - Tabulated comarison of 590R thickness tests, SB model, and curvature method

.......................................................................................................................................... 46
Table 51 - Mesh sizes for mesh convergence study.............ccccuuvvvimmmnniiiiiiiiiiieeeee. 66
Table 52 - Shell element and IDOF settings used in shell element study................. 73
Table 53 - Simulation Details to compare solver and contact type.............cccoeeeveaee. 85
Table 54 - Punch mesh element Sizes............cociiiiiemn e 88
Table 55 - Powerlaw simulationdetails (gap width 30 mm).............coooiiiiiiinnnneines 92
Table 567 Average[r parameter..........cccoccooiiiiiiiiemiccieci e 117
Table B1 - Fracture regularization test conditions (3rd Gen 1180)............cceeeviveee 130
Table D17 590R Limit Strains (25.4 mm sample).........cooooiiiiiiiiemn e, 140
Table D2 - 590R Limit Strains (76.20m SamPpPle).........cccooiiiiiiiiiiicccs 141
Table D37 3 Gen 1180 Limit Strains (25.4 mm Sample)...........cccceevevverreeeereenenne.. 142
Table D47 3 Gen 1180 Limit Strains (76.2 mm Sample)...........ccccceveverreeeereeneane.. 142

XX



Table D5 - DP980 Limit Strains (25.4 MM)......uuuuiiiiieiee e eecceerceiee e e e e e e e e eeeeeeee s 143
Table D6 - DP980 Limit Strains (76.2 mm sample).............ouviveviiiicccreeeeeiiiinn 143

Table E1 - Cubic coefficients for punch contact area trendlines for punch mesh convergence

5] (1[0 /2P 145

Table E2 - Cubic coefficients for punch contact area trendlines of rigid/elastic tooling

S MU AT ONS . . et ettt et e et e e e e

Table E3 - Punch displacements shown in throtigltkness major strain distribution figures

XXi



1. Background

1.1.Advanced High Strength Ste&nd Sheet Metal Formability

One of theprimary challenge faced in theautomotive industryis how to increase fuel
efficiency andower greenhouse gas emissions without compromisimoccupant safetfl]. The
incorporation of dvanced high strength steels (AHS&) structural lightweighting is an active
area of research athinner gage componentsan beprodued to reduce weight relative to
traditional steelg§l]. AHSS grades such as dysiasesteel were not widelyncorporatednto
vehicl es unGreat strideh lave ddei® adlesin the past two decades in refining the
microstructures and chemistry AHSS grades. The AHSS categargw represents a diverse
range of steels with multiple variants of grades tailored to the application such as for global or

local formability.

The development of AHSS can be spihiagelyi nt o
consisting of duaphase (DP)complex phase (CPand transformation induced plasticity (TRIP)
steels The second generationtroducedtwinning-induced plasticity (TWIP) steethat metthe
goals of increasing strength without sacrificidgctiity. However relatively high costs and
challenges with welding due tber high alloy contentimited industrial applicatiof2], [3]. The
third generationof AHSS were developed to address the gap between the first and second
generation steels as shown in thecalled 6 b a ndiagran®d in Figure 1-1 that showstotal

elongation(%) vs. tensile strengtfMPa) of automotive steels

7
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Low strength High strength AHSSs and ultra-high strength steels (UHSS)

steels steels
< 270 MPa| ~ 270-700 MPa >700 MPa
-+ — - bl
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300 600 900 1200 1500
Tensile strength (MPa)

Figure 1-1 - Automotive steels:Total elongation vs.ultimate tensile strength[2]

The banana diagranilustratesthe general tradeff with strength but only approximately
correlateswith formability, whichis governed by theardening behaviasf the steelvhichis not
captured by the tensile strength and total elongalitaterials with identicalltimatestrength and
total elongatiors mayhave vastly different forming propertids.general, the higher the hardening
rate, he higher the uniform elongation and forming limgseet metal formability is a term used
to describe the amount of plastic deformation a sheet metal part can withstanthecfomaation
of an acute neck (strain localization) or fract{#p Physically, an acute ok corresponds to a
local surface defect that is prone to fracture with subsequent deformation. Fek slagaces
that will be painted, such as body skins and closure panels, a surface defect such as an acute neck

is sufficient to reject the part.

One way to quantify and visualize formability is the forming liraurve (FLC) in terms of
the major and minor strains that correspond to the formation of an acutelhedkLCconcept
was introduced by Keeler for positive minor strgiblin stretchingoperationsand extended by
Goodwin[6] for necative minor strainfound indrawingoperationsin the generation of the FLC,

2



the principal strain history or strain pattolstained from an experimeand a limit strain detection
method is used to obtain the limit straiultiple tests are required to obtain the limit strains in

strain paths from uniaxial to eqtiaibxial stretching.

An example of an FLC is shown iRigure 1-2 along with the strain paths of common
deformation modeis sheet metal formind he FLCis the red curve ifigurel-2 which is created
by joining the limit strains of multiple experiments in different deformation modes togétier.
lowest limit strains are obtained in plane strain tension in which there is no minorasidais

commonly referred to abe FLCo.

Uniaxial tension

Biaxial Stretching
Equi biaxial
stretching

Major strain (g4)

,_Deep drawing
Plane strain

Upsetting

A 4

Minor strain (g,)
Figure 1-2 - Example of an FLC with common deformation modesnd strain pathsdenoted(FLCo circled) [7]

1.2.Experimental Generation of the FLC

The concept of the FLC is built upon the assumption-pfame proportional loading in linear

strain pathsQut-of-plane testganalsobe useduttypically have highelimit strains

The Marciniak test is commonly usét in-plane formabilitywhich involves stretching the

material ovea flat punchseeFigurel-3.Asacr i fi ci al materi alwtheferre



a central holeis placed between the punch and blank such that the centre of the blank is
unsupported and experiences frictionlesplane stretchingThe carrier blank should be at least
as ductile as the test samgiave a thickness of at least @irf@es the thicknesof the test sample,

and the diameteosf the central holeQ , should be32-34 mm|[8].

Dimensions in miflimetres
120

- -

0,20
010 |

o ——————— ———

2100 =25 (D)

Figure 1-3 - Example of in-plane deformation: Schematic of Marciniak test[8]

Outof-plane deformatioims typically related to bending in sheet metal formatsgshown in
Figurel1-4 with a schematic of the Nakazirdametestwhich uses a hemispherical punch with a
radiusof 50 mm. Friction and tool contact pressure along with theobptane bending serve to
stabilize deformation and delay the onset of necking relative to {plame Marciniak tests he
Nakazima test remains thmost common method for FLC generation dtee its simplicity

compared to the Marciniak that requires the sacrificial carrier blank



Dimensions in millimetres
105 +5

100 +2

Key
1 lubrication layer

Figure 1-47 Example of outof-plane deformation: Schematic of Nakazimaest[8]

The 1SG120042 standard8] on formability characterizatiofi.e., creation of FLCsllows
both Marciniak and Nakazima tests and views tlsinterchangeable although the limit strains
produced byeither experimental methazhnvary significantlydepending upon the matereahd
thickness The limit strain detection methodology within ISQ0042 , denot ed her eaft
met hodo i s -dlans stretahingiihe linmit strainsrare obtained performing inverse
parabolic fits of the measured strain distribution prior to fractwe the Nakazima testhé use
of a 50 mm radius hemispherical punch is deemed sufficiently large to approxinpdamen

stretching

The 1SO method for limit straidetection has been reported as beiogservative and its
assumptions about the strain distribution at necking are not valid for general forming operations
that often involve stretechg andbending.Volk and Hora[9] introduced a temporal method for
limit strain detectiorusing the fact that thenset of strainocalization corresponds to an abrupt
increase in théhinningstrain rate. The methodise f er r e d tlioearlbest et amet hed d

(LBF). Deformation is idealized into homogeneous (stable) and inhomogeneous (unstable) phases.



Linear fitting of thestrain rate history in each phase and the intersection of the lines provides the
limit strain as shown ifigure1-5. Noder et al[10] proposed a modified LBF method better saiite
for stretch and tight radius bending to account for-lmoearity in the strain rates due to initial

punch contact and bending.

0.80 4
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5" 0.40 —
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0.20
0.10 P R, CEan——
P S sl i —hmpampodetmlE P
0.00
1 3 5 7 9 11 13 15 17 19 21 2‘3 25 27 29
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Figure 1-57 Thinning strain rate during last 30 images of a plane strainpecimen before fracturewith so-called
stable and unstable regions identifiedregions NTS [9]

1.3.The Angular Stretch Bend Test

The angular stretch bend test (ASBT) is used to quafdryalklity using bending with
superimposed tensidiw representleformation caused by small punch and/or die radii in deep
drawing processet the ASBT, a blank is amped by an upper and lower die and stretched by a
cylindrical punch until fracturelhe ASBT produces strain paths betwpkme strairand uniaxial
tension(refer toFigure 1-2). The strain path can be altered by changing the specimen geometry,
and punch geometfit1]. The bend severity of the ASBT can be quantified with a dimensionless
ratio of the sheet thickness to the punch radid’ butit is not a unique metric to describe the
ASBT because it does natcount fothe strain pattHowever, since the ASBT primarily produces

strain paths close to plane strain tension, the bend sevenitstill be aiseful metridor this test



A typical setup for the ASBT is shown iRigure 1-6. Unfortunately,there iscurrently no
standardgoverning the ASBTto reconcile differences in tooling and sample geometry.
Consequentlya wide variety of tooling and sample geonesthave ben used irthe literature
anda gap exists in the literaturetaansferability of results has not been quantifiéotable studies
were performed byharrett and Stoughtda?2], Kitting et al.[13], Neuhauser et gll1], Morales

Palma et al[14], and Cheon{l5].

DIE GAP WIDTH

UPPER DIE

LOWER DIE

I
BEFORE DEFORMATION ! DURING DEFORMATION
PUNCH

Figure 1-6 - Diagram of a typical ASBT

The ASBT highlights the limitations of the traditional FLC becausetimeipal strain history
(strain path alone cannot distinguish if the strain was accumulatquane or oubf-planeto
guantify the severity of bending (curvature) and contact pressure. Experimentally, the-through
thickness stress and strain gradients due to bending and tool contact are known to stabilize
deformation to delay or ultimately suppress necking if suffigresevere[10]i[14], [16].
Consequently, higher strain levels can be reached before the inner layers will become sufficiently
stretched in tension to activate a necking mode. Fracture on the convex surface in tension may also
occur before necking as in the tight radidisend testAlthough the influence of bending is well
known, the quantification of bend severity and how to account for it in the design phase of a

forming operation has been the challerigethermore, differences of tooling in the literatureéha



not been studiednd whether or not parameters such as the die gap width affect transferability of

results.

1.4.Equivalent InplaneLimit Strainsand Relevant Models
Recently, the idea of an equivalentpglane FLCwas proposed by Min et 4lL7] where the
limit strainsproduced using an experental methodnvolving processlependent effectsan be
0 c o r rte abtaie thedrplanelimit strains Theso-calledo pr o c e s s aeanodelsthat i on s 6

account for nodinear strain path (NLSP), curvatufigending strain)and contact pressure.

If the process corrections are accuratt@vould mean both an{plane and oubf-plane FLC
can be created with one test mettikd Nakazima or ASBTMin et al.[17] applied the process
corrections tdNakazima tests of an MP980 steel using punch radii of 50.8 and 25.4 mm (denoted
Nakazima2 and Nakazimd respectivelyand compared the results to the correspondhpdeine
FLC (Marciniak) Min et al.[17] showed that the correction models had minimal effect on the
Marciniak limit strainswhere the processependeneffects are minimalThe results before and

after the process correctiongreappliedareshown inFigure1-7.

The process corrected limit strains for bbthkazima2 andNakazima4 experiments show
good agreement with the-planeMarciniak FLC. However there is a gap in the literaturethsse
process corrections have not been appilee@xperiments that produce heghbend severities
relative to the Nakamatestsuch as the ASBTn the aforementioned study, the Nakazdnasts
only have a bend severity twice as large as the standard Nakazinvhitdsts considered an-n
plane experimental method according to the ISO stantfa@hapter 4, the processrrection
models are applied to ASBT experimental data withide range of bend severities from 0.08 to

1.4
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Figure 1-71 Before (a) and after (b) process corrections were applied to Nakazima limit stnas of an MP980
steel compared to the irplane limit strains (Marciniak) [17]

Another gap exists in the literature be processorrections of Miret al.[17] to estimate the
thickness during otf-plane bending and stretching and the compensation of the contact pressure
have not been critically evaluated using firslement analysis. Phenomenological forms were
proposed and although they appear to have worked well for Nakazima tests, Nod¢t&jt al.
showed a strong coupling of the contact stress with the hardenpanenxt that may not be
physical.Noder et al[18] showed thatite limit strains can be incorrectly overcompensated below
that of the inplane, frictionless FL@vhich can be exacerbated the hardening model as shown
in Figure1-8. TheHockettSherby (HS) hardening law calibrated using only tensilegla@dues
a nonphysical FLC after the NLSP and pressure corrections are applied. In contrést]en@on
and modiied HockettSherby MHS) hardening models calibrated with tensile and shear tests

producea viable FLC

A subsequent analysis by Nod&®] derived closed form solutions for the onset of instability
in plane strain with contact pressure and found overall poor agreement with thet MifiL7]
method.A discussion of the contact pressure conga#ion and thickness estimation in stretch

bending will be provided in Chaptér
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Figure 1-8 - Effect of hardening model on the NLSP and pressure compensated limit straii$8]

Nevertteless, the process corrections of Min et[HI] and their good agreement in other
studies such as by Gutierrez et[20] and Butcher et a[21] for AHSS makes them attractive to
considerin high bend severity experiments suchsaetch bendingAn example of the process
corrections applied to d%3Gen 1180 steel byGutierrezet al.[20] areshown inFigure 1-9. The
methodolog is attractive because kky information of the forming process is known or can be
estimated (tool contact pressure for example), the correcoaidbe applied inversely to the-in
plane (Marciniak) FLC to obtain the eat-plane FLC corresponding tbe forming conditions
(Nakazima, ASBT). The ability to map an eaftplane FLC to an iplane FLC (or viceversa)
would be invaluable to the metal forming indussiyice producing experimental FLds both
costly and timeconsuming.Therefore,assessing if the process corrections work across a wide

range of bend severitiesaskey motivation in this thesis.
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Figure 1-9 - Process corrected limit strains of a 3rd Gen 1180 stef10] a) Effect of pressure corrections b)
Comparison of Marciniak and pressure corrected Nakazima limit strains

1.5.SummaryandCurrent Work

The ASBTcan bea useful tool forcharacterizingsheet metal formabilitgnd its application
to the virtual design of forming operations where the regions of the part experiencelstretiiy
and high tool contact pressures. The conventional FLC will be excessively conservative and
erroneously predidracture in regions that are otherwise safe. While tireservative FLC will
result in increased success rates in die tryibutan also result in missed opportunities for
lightweighting, particularly for the third geration of AHSS with strength levei§1180MPaand
higher where the forming windows are constrained. The influence of thénean strain path,
thinning during stretclibending, and the tool contact pressure on the forming limits must be
consideredThe correction methodology of Min et §17] is attractive but also requires critical
evaluation using finiteelement analysis to evaluate and if necessary, modify thensdels for

contact pressure and thinning.

Theobjectives of this thesis are:
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1) Develop a modular angular stretch bend test for use with stereo DIC strain measurement
with the unique ability of using multiple die gap widths to assess their effects mithe
strains

2) Investigate thgrocess corrections proposed by Min e{&rI] usingexperimental ASBT
datafor curvature NLSP and contact pres®

3) Developasimplified model to predict the sheet thickness in the ASBT using DIC surface
strain and geometry data

4) Perform a detailed finitelement analysis of the ASBT &valuate thdollowing process
correction models witthroughthickness data navailable insitu

a. Throughthickness strain

b. Contact pressure

The thesis is organized as follows: Chagtdetailsthematerialsand experimental setwsed
in the experimentChapteB details thedesigndevelopment and testing of the of gteetch bend
tooling. Chapter4 details the process corrections, and application to the experimentadfdata

Chapter 3

In Chapter5 afinite element modedf the stretch bend testdsvelopedThe choice of element
formulation, solid or shell, solver (explicit vs. implicit) and contact algorithms are evaltadedl.
and elastic toolingverecomparedvith two powerlaw materials and two different bend severities
An alternative pressure modedas trialed on the simulation data&Conclusions and

recommendations for future work are providecimapter6.
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2. Experimental Methodand Materials

In this chapter an overview of the experimental methods and matdriaterests provided.
Theexperimemal work consists cangular stretch bend tests three grades of ste@lwo sample
geometries were used for each matehalvever the range of bend severities tested détHor
each materialFull-field strain measuremenising stereo DIC was usédr all tests. The limit

strains wer@btainedusing thetime-dependent BF method of Noder et &J10].

2.1.Material Properties

Three grades of steefere considered throughout the thesoted as 590R, DP980, ariti 3
Gen 1180Themechanical property data fireDP98Q 3 Gen 1180 data was published by Noder
et al.[18] andGutierrez et al[20], respectivelyThe 590Rpropertydatawas published biloder
et al.[22]. The engineeing stress vs. strain respoesge shown inFigure 2-1a, and e tensile
propertiesprovidedin Table2-1; The tensile testa/ere performed with thélS No. 5geometry
with a gage width of 25 mrand analyzed with an axiaxtensometer gage length of 50 mrhe
shearconversion introduced by Rahmaan et [@B] was employed to obtain the hardening

response at large strains past the onsdiffofse necking in the tensile tests.
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Figure 2-1 - Engineering stress strain response (a) and hardening rate from MHS modg) [22]
Table 2-1 - Tensile Mechanical Properties of Steels Used in Experimenfs standard deviation)
Material andhominal Yield Stress Ultimate Uniform Total
thickness (0.2% offset) | Tensile Stress| Elongation Elongation
(MPa) (UTS) (MPa) (UE) (%) (TE) (%)
590R[10], t =1.4 mm T WTIG OXpp pPB T & m8
DP980[10], t = 1.2 mm X OUC p T Lo X& TR P& T®
39Gen 118720],t = 1.4 mm WL TP C pcuL g 1] PB T

The so-called Modified HockettSherbyhardeningmodel (MHS)[18] was calibrated to the

hardeningdataand has the form:
s=A {A B)exp( cf g)D) R 2.

(2.1.1)

The MHS parametersor the three materialsre provided in imable2-2, with the hardening rate

evolution shown irFigure2-1b.
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Table 2-2 - Modified Hockett-Sherby Coefficients for Studied Materials

Material A (MPa) B (MPa) C D F (MPa)
590R[10] X T& TT18p ®0 ™ Y C P& p
DP980[10] p T KX @ & 1T pPRAT T T oq v

39Gen 1180[20] | p 0 @oP X Y v Vg W T® WU U o

The Lankford coefficientsR-values)of thethree steels are providad Table2-3. To model

the anisotropic behaviowf the materialshe YId2000[24] yield criterionwas calibratd with its

eight coefficients® @, andflow exponentm, listed inin Table2-4. Thecorrespondingield

surfaces are shown kigure2-2. The isotropic von Mises yield surfaisea reasonable firsbrder

approximatiorto the anisotropic yield surfasdor the steels considered

Table 2-3 - Plastic Anisotropy of Studied Materials

590R Ro Ro25 Ras Re7.5 Roo Ro
T X TBIp TG TP p&T Y TR P PRI T TBIP T TBI G -
DP980 Ro Ris Ra3o Ras Reo R7s
T Y TBIC T w THIC T ¢ TEI 0 PJI 0 TBIP TP THIp T X T8 O
Roo Ro
oL TP T T 1B Q
39Gen 1180 Ro R22s Ras Re7.5 Roo Rob

T @ TP T O TAIT OO TAITT TR T TAIC TBOTT TP T T O

Table 2-47 YId-2000 Coefficients for Studied Materials

) Barlat YId-2000 Calibration Coefficients
Material
590R[22] 0.792 1.119 1.105 0.989 1.014 0.842 0999 0.995 438
DP980[25] 1.851 -0.455 -1.446 -1.025 -0.264 1.310 0.639 1.622 6.0
39Gen 118(20] | 0.969 0.946 0.978 0.998 1.016 0.964 0.993 1.066 4.7
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Figure 2-2 - Von Misesand Y1d2000 yield surfaces for studiednaterials [20], [22]

2.2.In-plane FLC Experimental Setup and Results

Gutierrez et al[20] performed Marciniakestson the 3 Gen 1180 and Noder et §22]
performed Marmiak testson the 590R and DP988\I testswereconductedat the University of
Waterlooaccording to the 1ISQ20042 standard8]. The experimental setup shown below in
Figure2-3 which consists of an MTS hydraulic presgstem and DIC systerA. schematic of the

tooling used for the Marciniak experiments is showRigure2-4.
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Figure 2-3 - Experimental setup of MTS pressat the University of Waterloo

Marciniak die set
| 119 |

Male

Die entryR 16

e | v

Cylindrical -
e I Lower die

Female lockbead ’,,-‘

Figure 2-41 Dimensions ofMarciniak die set used to create ifplane FLCsby Noder etal. [22] and Gutierrez
et al. [20]

The Marciniak FLCs are usedo comparethe efficacy ofthe equivalent iplane FLC
proposed by Min et aJ17]. TheFLC created with the ISO method is shown belowigure2-5,
however, the IS@nethodimit strains shown ifrigure2-5 should not be compared with LBF limit
strainsfor the stretch bend experimental work completed in this thEsesI1SO limit strains are

shown here for reference only
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Figure 2-5 - Marciniak FLCs for studied materials [20], [22]

The mod. LBF limit strains for the 590R anf Gen 118®n the drawside of the FLGvere
provided in a private correspondence from Gutief2é6kand are shown below Figure2-6; these
limit strains are usefibr comparison with the ASBT limit strairifSectiord). LBF limit strains for
the DP980 were not availabilleus any comparison to the-plane FLCfor the DP980 uses the

data shown irrigure2-5.
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Figure 2-6 - LBF limit strains for 590R and 3 Gen 1180[26]

2.3.ASBT Experimental Setup

The ASBT experiments were conducted using the $dire hydraulic press and DIC system

setup shown irrigure 2-3. The stretch bend toadet(detailed inChapter 3 wasinstalled in the

MTS hydraulic pressThe DIC cameax had a lens with a focal length of 17 mhime MTS press

was set to clamp the sample with 640 kN of force, and the punch speed was set to 0.25 mm/s for

all tests.

The samplesverespray paintedo produce a black and whigpeckle patterfor DIC strain

measurement. The paintusedwas i nt er 6 s

-fumpose $piay paint manufactured by

RUST-OLEUM. An example of a painted speckle pattern is showkigare2-7.
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Figure 2-7 - Example of a speckle patterron a 590R samplavith Teflon beneath (10 mm punch below Teflon
not visible)

The bottom of the sample and top surface of the punch were lubricated with
polytetrafluoreethylene(PTFE) spray for each experiment. Additionally, similar to the method
outlined in the 1S@L20042 [8], layers of Teflon cut to a size slightly ¢ear than the punch and
petrolatum were sandwiched together and placed between the punch and the sample for each
experimentThe Teflon stripbetween the punch and samate visiblein Figure2-7 at the edge

of the sample and outward

2.4.DIC Parameters
The stereoscopic DIC system for akperiments consisted of two cameras and-SILC
softwae. Full-field strain measurements were obtained using the DIC systdrtne relevant DIC

parameters are shownTable2-5. The framerate wassetto obtain at least 500 images pett.tes

The image resolution for the 590R experiments was 0.057 mm/pixel and the image resolution
for the DP980 and8Gen 1180 experiments was 0.047 mm/piXéle virtual strairgagelengh

(VSGL) was determined by

VSGL= resolutiond step 3 filte (2.4.1)
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A summary of the DIC parameters for each material tastgtbwn inTable2-5. The VSGL
wasset to approx. 1.1 mry alteing the step and filter size remain consistent with diplane
experimental datf20], [27] from the same lots of material used in this wdilke subset size was

29-35 pixels in all tests.

Table 2-5 - DIC parameters for experiments by material

Frame rate Resolution Strain filter ~ Step size VSGL
(frames per (mm/pixel) (pixels) (mm)
seconl
590R 7 0.057 4 5 1.1
DP980 15 0.047 5 5 1.1
39Gen 1180 25 0.047 5 5 1.1

2.5. Application oftheLBF Method

Noder et al[10] proposed anodified time dependent limit strain detection methaded on
the linear bestit (LBF) method ofVolk and Horg9] and applied it to VYoend experimentd.he
amount of bending in the ASBT is less than-hand test, hence eémodified LBF method was
selectedo determine the experimental limit strains in this thédie methd proposed by Noder
etal.[10]i s henceforth ref er rTdalSA nethe wvashat BsEdddueitmm t hi
the severe strain gradient perpendicular to the neck presérghrbend severity stretch bend
experiments. An example of the ISO method applied to a stretch bend experiment from this thesis

is shown in the Appendix.

To obtain the strain data required for the LBF metfaociycle inspector with a radius of 0.5
mm (aprox.) iscentredat the location of maximum major strain one image prior to fracfure.
example of the circle inspectoentredaround the maximum major strain locatipist prior to

fracturein VIC-3D is shown irFigure2-8.
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1 1] -Hencky

Figure 2-8 - Example of circle inspector in VIC-3D software (image just prior to fracture)

The experimentawork involved severaldifferent bend severities where in some cases the
sample wouldbruptlyfracturewnhile in othershairline crackingn the surfacevas evident before

rupture A caseshowing hairline cracking prior to ruptuikeshown below irFigure2-9.

Figure 2-97 Visible hairline crack observablein an ASBT, data processing terminateconeimage prior (590R,
die gap width = 30 mm, punch radius = 1 mm
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3. Angular Stretch Bendest

This chaptersummarizes thelevelopment of thetretch bend diset testing and analysis

Theobjectives of the chapter are

1) Evaluate the new diset and observe the effect of altering the die gap width. The 590R
steel was used across a wider range of bend severities and die gap widths for this
purpose

2) Characterize the influence of the bend sevé€tig) on formability in stretch bending

3) The test data fahe 590Rwill be used in Chaptetto aid in the validation of enodel

to estimate the sheet thickness using surface strain and geometry measurements.

3.1.Design of the AngulaBtretch Bend Tooling

The ASBT tooling was designetith an emphasisn plane strairstretch bendin@f sheet
metalto evaluate thehift of theFLCo as a function of bend severity (t/Rhe ASBTtoolinguses
interchangeable cylindrical punchesd variable die gap widths tooatrol the amount of
stretching The de set wasknurledin the clamping area avoid draw to simplify the boundary
conditions in the finiteelement model of the test. Lockbeads are effective and commonly used in
this type of tooling but complicate the wadary condition and require a fine mesh to properly

model the lockbead closure

The die gap widthcan bemodified usingthe interchangeable inserts shownhkigure 3-1.
Three insert sizes weselected based upon the range of sizes reported in the literature which were
30 mm, 51 mm, and 76.2 mm. The top gieshown inFigure 3-2 with and without the insert
installed.All the inserts havanentry radius of 10 mnSchematics of the top and bottom die are

shown inFigure3-3.
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inserts from left to right: 30, 51, 76.2 mm

Figufé 31- Uppef di

¢
e

Figure 3-2 - Upper die without insert (left) and with 30 mminsert (right)

Al ; | [a

TOP DIE { INSERT ‘
146.1
1
i
225.4 T
T

BOTTOM L ; N

DIE i
1
140

Figure 3-37 Schematic of bp and bottom die(crosssection view of new stretch bend tooling, dimensions in
mm
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SIDE VIEW | ﬁ : bk ‘
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R10 !
146.1

4 ™
\RIO

TOP VIEW 108 Insert Width

o : /
Figure 3-4 - Schematic for top die insert dimensionsin mm

The surface knurling was machined accordingh® dimensions shown iRigure 3-5. The
dies and insertavere made of 4140 steel and cdmedened to a hardness5%60 HRC using

plasma ion nitridindor a depth of hardening of up @76 mm (0.30 inches).

90°

_| 168 L

0.76

Figure 3-5 - Stretch bend die surface knurling detail (all dimensions in mm)

Thecylindrical punchesre interchangeable by means of a punch plattmmmected to the
load cell assembly tensure consistent punch placement. The punch platform and ASBT punches

used & shown irFigure3-6.
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Figure 3-6 17 ASBT punch platform (left) and punches with radius of (left to right): 1, 5, 10,15 mm

3.2.Sample Geometry antkest Conditions

Two types of sample geometries were used for each material that conform to th20&0D
standard8] and are denoted by thaegagewidth. The 25.4 mm sanw geometry is shown in

Figure3-7a, and the 76.2 mm sample geometry is shoviigare3-7b.

101.00
32.50
12.50

25.40
50.00

32.70 * ‘ | \

12.70 / N S \

0 [
\ R20.00 >\ —— |
RI1270—"\ ‘ /

93.78
32.50

b)
62.50 ——
58.10—
38.10

~

R112.70
NTS. ALL DIMENSIONS IN MM
Figure 3-7 - Sample geometry a) 25.4 mm (1 inch) b) 76.2 mm (3 inch)

A variety ofpunch sizesndgap widthavere consideretbr a given bendeverity. Thé&s90R

was used to evaluate theoding across a wide range of conditiodse to its combination of
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moderate strength and ductiliffhe 3 Gen 1180 and DP988stswere performed after thigitial

study with the 590RThe test conditionare summarized im Table3-1 andTable3-2.

Table 3-1 - List of test conditions for the 76.2 mm sample geometry

Gap width(mm) | Punch radius (mm 590R DP980 39Gen 1180
30 1 Vv \Y, \Y
30 5 Y
30 10 Y
51 1 Y
51 5 Vv
51 10 Vv
76.2 1 Vv
76.2 5 Vv
76.2 10 Vv

Table 3-2 - List of test conditions for the 25.4 mm sample geometry

Gap width(mm) | Punch radius (mm) 590R DP980 39Gen 1180
30 1 Vv
30 10 Vv
51 5 Vv \Y
51 15 Vv \Y
76.2 1 Vv
76.2 10 Vv

3.3.Experimental Results Strain Paths and Limit Strains

Thestrain paths antimit strains for the 590Restswith the 76.2 mnwidth geometrycan be
seenin Figure 3-8 where the limit strains are similar in magnitude for all conditidiie strain
paths appeadto be governed by the nomingl'Y ratio while the gap width had a negligible

influence

Non-linearity of the strain patappeaedto increase with the punch size as the level of bending

decreases and stretching increa3ée strain paths produced witlet1 mm puncldeviate from
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plane strain(toward a uniaxial tension strain path) but astatively linear. The strain paths
produced with the 5 mm punch show similar deformation to the 1 mm puatithbout0.2 major
strain (approximately 2/3 of thmajorlimit strain) and then transiti@ulto a strain path similar to
uniaxial tension. After the limit straiwas reacheghe strain path transitioris plane strairas the

incremental minor strairQ} , approaches zero

Stretch bend: 590R
Sample width76.2 mm ]
Legend: Gap widtipunch radius (mm) + 0.8
t/R=0.14 t/R=0.28
£ 0.6
s
2
8
53
= 0.4
0.2
A Limit strains
—tt———f——+——  —— 0
-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01

Minor strain

Figure 3-8 - 590R strain paths and LBF limit strains 76.2 mm sample Each punch radius and die gap
combination is denoted6 3006 i ndicates a 30 mm die gap and 10

The strain paths and limit straiBS0Rsteel using the narrow@6.4mm widthare shown in
Figure3-9. As with the 76.2 mnwidth geometry, the strain paths are grouped by the t/R fidie
amount of noflinearity in the strain pathss higher with the largepunch size as the initial

deformationis similarbetween both bend severities.
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t/R=10.14 Stretch bend: 590R
R Sample width: 25.4 mm 0.7
L Legend: Gap widtipunch radius (mm)
£ - 0.6
.S t/R=14
K= 0.5
I
8
= 0.4
o
‘=
= 0.3
0.2
L. X 0.1
4 Limit strain
f i f | ' 0.0
-0.125 -0.100 -0.075 -0.050 -0.025 0.000 0.025

Minor strain
Figure 3-9 - 590R strain paths and LBF limit strains 25.4 mm sample

The strain paths and limit strain§the DP980 for th@5.4 and 76.2 mmwidth samples are
shownin Figure3-10 andFigure3-11 respectivelyNote the t/R are different from that of thet
mm thick590R since the sample thickness of the DP980 imin2Qualitatively, the same trends
in the strain path and limit strains with the pamadius and sample width were observed for the

DP980.
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0.6

/R = 0.08 Stretch bend: DP980
51/15 Sample width: 25.4 mm 1
Legend: Gap width/punch radius (mm T 0.5
51/5 —
t/R=0.24 04
£
e
17
- 0.3
=l
18]
=
0.2
0.1
A Mod. LBF limit strain
: : T T 0.0
-0.125 -0.100 -0.075 -0.050 -0.025 0.000 0.025

Minor strain
Figure 3-10- DP980 strain paths and LBF limit straing 25.4 mm sample

For the 25.4 mm samples of DP980 showkrigure3-10, the strain path produced with the
5 mmradiuspunch shows an initial phase of ngdane strairdeformation, followed by a shift
towards theuniaxial stretching and thens&ift back towardplane strairduring localizationThe
observed strain path usirtige 15 mm radius punchj('Y 18t Pexhibiteda smaller region of
approximate plane strain deformatibefore ittransitiored towards uniaxial tensiofhe initial
plane strain deformation is attributed to approximate plane strain bending of the sample as it

conforms to theylindrical punch geomeyrfollowed by stretckdominated conditions.
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0.5

Stretch bend: DP980
Sample width: 76.2 mm |
Legend: Gap width/punch radius (mn 1 0.4
o t/R=12 1
= g 0.3
= ]
o 1V I
2] ]
=
0.2
=
0.1
A Mod. LBF limit strain i
} } t f : 0.0
-0.125 -0.100 -0.075 -0.050 -0.025 0.000 0.025

Minor strain
Figure 3-11- DP980 strain paths and_BF limit strains , 76.2 mmsample

The strain paths and limigrains for the 8 Gen 118Gsteelusing the 25.4 mm and 76.2 mm
width sample geometries areasvn inFigure3-12 andFigure3-13. The 25.4 mm samples tested
at a bend severity of 0.28 and 0.093 both shosvsdnilar degree afion-linearity in the strain

pathsas seenn the590R and DP980
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0.5

Stretch bend:"8Gen 1180
Sample width: 25.4 mm
Legend: Gap width/punch radius (mni 1 0.4
t/R = 0.093
51-15
=
= 0.3
B
[75]
-
=
<
0.2
p=
0.1
4 Limit strain
—ttt——t—+——%———— 0.0
-0.125 -0.100 -0.075 -0.050 -0.025 0.000 0.025

Minor strain
Figure 3-12- 3rd Gen 1180 strain paths and mod. LBF limit strains25.4 mm sample

0.3

Stretch bend:'8Gen 1180
Sample width: 76.2 mm
Legend: Gap widtipunch radius (mm) {

i
YR=14 4 02

£
<
=]
vl
—
)
=
=
0.1
A Limit strain

—tt — — — 0.0

-0.125 -0.100 -0.075 -0.050 -0.025 0.000 0.025

Minor strain
Figure 3-13- 3rd Gen 1180 strain paths and mod. LBF limit strains76.2 mm sample

3.4.Influenceof Die Gap
It was expected that the die gap width would show a marked effect on the limit strains as a
smaller gap was though to promote a higher degree of beaditigr in the testHowever, the

influence of thalie gap widthuponthe limit strainsappears to bmmconclusivebased on the results
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shown in Sectior8.3. To investigate the effect of the die gap on the limit stréumther, the
standard deviatioacross gap sizes (i.g."Y constant) was compared to the standard deviation for
each test condition (averagedt).the influence of the die gap is significant, there will be a

significant difference in the two standard wéwns for eacldj 'Y. The average S.D. was calculated

Average S D dge" &g (3.4.1)
(;|=l =

wheren represents the total number of standard deviation valuess r@miesents the S.D. of a

using the formula

test condition.The tabulated results arshown inTable 3-3, where-* denotes the major limit

strain.

Table 3-3 - Major limit strain averages and standard deviations (590R, 76.2 mm sample)

30 mm gap| 51 mm gap| 76.2 mmgap S.D Average S.D.
g'Y p& | Average-- 0.290 0.278 0.301 0.0115 -
S.D.-° 0.0255 0.0134 0.0064 - 0.0170
g'Y m& Yl Average-’ 0.294 0.319 0.310 0.0127 -
S.D.-° 0.0075 0.0140 0.0128 - 0.0118
g'Y Tt 1| Average-” 0.316 0.312 0.309 0.0035 -
S.D.-° 0.0120 0.0008 0.0057 - 0.0077

As shown inTable3-3, theS.D.across gap siasassimilar tothe averaged S.D. for each test
condition The absolute value of the difference between the two standard deviation valabkein
3-3 are0.0055, 0.0009, and 0.0042 farY of 1.4, 0.28, and 0.14 respectiveBhe effect of the
die gap width is negligible on the major limit strains since the differences iratigastl deviations

of the major strainveremdt 1t voolower.
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The loaddisplacement response of the 590R was then used as a second metric to evaluate the
influence of die gap width-or the 590Rwith the 76.2 mmwidth samplegeometry the bend
severity rangedrom 0.14 to 1.4 The representativiead vs. displacememésponsgfor the low
and high bend severity test conditions for all tlyae widthsare shown inFigure3-14 andFigure

3-15up to when the limit strain was detected

70

Experimental Data
60 || s90R

Sample width: 76.2 mm
S0 F | vr=0.14

Z40 |
B30 |
| L
20 | —30-10 (R1)
i —51-10 (R
0 | 51-10 (R1)

Legend: Gagpunch radius (mm) —76.2-10 (R1)

0 2 4 6 8 10 12 14
Punch Displacement (mm)

Figure 3-14- Load vs. displacement for differentgap widthsat the same t/R590R, 76.2 mm sample, t/R =
0.14

40
| | Experimental Data
35 L | 590R
30 | | Sample width: 76.2 mm
ttR=1.4
Z25
2
- 20 B
8
a 15
10 [ —30-1 (R2)
—51-1 (R1)
i Legend: Gagpunch radius (mm)—76.2-1 (R2)
O 1 1 L 1 L 1 L 1 L
0 2 4 6 8 10

Punch Displacement (mm)

Figure 3-15- Load vs. displacement for differentgap widthsat the same t/R590R, 76.2 mm sample, t/R = 1.4
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A clear trend is observed for both bend severitfes the gap width decreakethe load
increasd which should also translate to an increase in the local tool contact predseirsame
trendcan be seen in iRigure 3-16 for the 590R using the25.4 mmwidth sampleswith a bend
severity of 0.14 Furthermore, the same behavior was observed i8'th@en 1180 and DP980

steels

25
Experimental Data
590R
20 | sample width: 25.4 mm
t/R=0.14
@ 15
e
g10 ¢
5 —30-10 (R1)
Legend: Gagpunch radius (mm)—76.2-10 (R1)
0 1 L 1 1

0 5 10 15

Punch Displacement (mm)
Figure 3-16 - Load vs. displacement for differentgap widths. 590R, 25.4 mm sample, t/R = 0.14

Theinfluence of the gap width on the fordesplacementvasclear although its effect on the
limit strains appead to benegligible at least for thébend severities considered in th@0R
experimentaisingthe 76.2 mm samplélthough it was hoped that the die width would enable a
larger range of test conditions for formability characterization, it is still a positiveroatcbhe
ASBT geometry is not standardized and thus the marginal influence of die gap stipports
transferability of limit strains between labs and test fixtures. When selecting a gap width, it appears
beneficial to select the gap width that is best sudetie finiteelement modelling strategy where
a larger gap is more amenable to using shell elentleatsare used by tool and die engineers in

industry.
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4. Investigation ofAnalytical Models to Produce Equivalent-piane

Limit Strains

In thischapter thé=LC process correctiomodelsof Min et al.[17] to account for curvature,
nortlinear strain path, and tool contact pressure are applied stréteh bend limit strains fohe
590R, ¥ Gen 1180, and the DP980he corrected stretchend limit strains are then compared

with the inplane limit strains obtained lfyutierrez et al[20] and Noder et a[22].

4.1.Curvature of the Convex Surface

The major and minor curvatures on the convex (outer surface) of th& sgRimenvere
calculated from the DIC surface data to estimate the stnagnta bendingMin et al. [17]
recommended extracting data along a line with a length of 20basad on an analysis of
Nakazima tests with punchdii of 25 and 50 mnThe length of théines is henceforth referred to
as the o6fitting windowd wit h -38softveare afigprédel. o f

The curvature was calculateding DIC data extracted @5 mmincrementsalong the line
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&, DIRECTIO

Figure 4-1 - Example ofcurvature line extraction in VIC -3D software (image just prior to fracture)

For each image, the surface coordinate datafit usingaparabolicequation(5.1.1) and then

differentiated to obtain the radius of curvat(Be.2):

z=a tbx X (4.1.1)

wherezis the ouwtof-plane coordinate andis the arc length along the line slice andb,andc are

the coefficientsThe curvatures, and radiuof curvatureR, on the convex surface are

k= 2 7 : R:%. (4.1.2)
&+(b 2 9

w

c

The radus of curvature along with the surface strain data will be used in Section 4.2 to estimate

the actual thickness tifie sheetluring stretching and bending

4.2.Instantaneou$hickness Models

In this section a newnodel is proposed to estimate the sheet thickness during plane strain
stretch bending andompared withthe curvature method oMin et al.[17] . Thetwo thickness

modelswereevaluatedusing datdrom interrupted stretch benests of thé&s90R steel.
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4.2.1. Background omhickness Models in Literature

Measuring thickness outof-plane bendingnd stretchings challenging since the through
thicknessstrain gradient is not measured. Only the surface strains on the convex surface are
measuredvith DIC and are only valid to estimate the thickness feplane deformationMin et
al. [28] proposed a modab estimate the thickness frosurface DIC dataMi n 6 s isnbasdde |
on an initial infinitesimal circular shell element which is showrFigure 4-2a, with radius |,
thickness , andpointsA, A, Ae. After deformation the elemebecomes a 3D shell as shoimn
Figure4-2b; the 3D shell irsphericatoordinats ('Yh- ) is shown inFigure4-2d. The projection

of the deformed element is shownFigure4-2c.
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(b) (d)

Figure 4-2 - Infinitesimal element used in Min et al.thickness model derivation[28]. (a) circular shell element
(b) 3D deformed element (c) projection of the deformed element (dleformed 3D shell element in spherical
coordinates

The volume of the deformed element integrating with respert/toand is
RO a, b
V,=4f ¥ dpjd adF (4.2.1)
R 00
The inner radius can be expressed as a function of the outer radius and thickness,
R=R -t (4.2.2)
Using equation$4.2.1), (4.2.2) and integrating with respect B

apg b g b
V, -P3 J{s AR Ridbda 4t ( Fﬁz f & (4.2.3)
0

0 00
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To account for the volume change due to elastairss
V, - V,exp(ef) =0 (4.2.4)

where- is the volume elastic strain. Combining equat{dr2.3) and (4.2.4) leads to a cubic

equation
3 a,, b, ¢C
t°+—t° =t =+ O (4.2.5)
d d d
where
ag b
a= 40 Rybda
00
ag b 5
b=4R dbd e
po(ﬁ) (4.2.6)

c= pritexp( &)

d:&fp
3

Eq. (4.2.5) and(4.2.6) must be solved using numerical integratido obtain a more convenient
solution methodMin et al.[28] thenproposeda curvaturebased model by applyingpnstraints

onthetwo outer surface curvaturés and’y .

The curvaturenodelis given by
—t*> +—t & 0 (4.2.7)

were
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Min et al.[28] evaluatedheir modeldor a biaxial bulge test for two materials: AA518P
and DP600Themodelsunderpredicted the thicknebg*x 8@ o Rnd p& Pfor the AA51820
and DP600 respectivelyin et al.[28] comparedbiaxial bulge thickness models in literature
(Young et al[29], Yoshida[30], ISO 1680831]) and the error ranged from 1.4% to 2.4% for
AA5182-O and 1.1% to 2.1% for DP6QR8]. Elastic dilatancy was found to be negligible with

both thickness models providing comparable results in bulge tests.

4.2.2. New Stretch Bend Thickness Model
Themappingbased approaels of Min et al. to estimate the thickness in bendingalid in
a geometric sense but also do not account for the complex thinning response of tkeatioss
that emerges for significant plastic bending. The plastic responsengicated by the hardening
response, shift of the neutral laykinematic hardeningnd tool contact pressure which afect
thinning of the crossection. In theASBT, deformation is dominated by plane strain tension and
uses a cylindrical punch suthtat the lateral curvature is theoretically zero. The A&ichanics

are favorable to develop a simple estimation of thinning of the-sexggn denoted as the stretch

41



bend model (SBnode). The SB model is also derived from geometrical consideratiatiisa

strip of material being deformed into a circular shape as shoiigure4-3.

tOH U’/WO

INITIAL CONFIGURATION DEFORMED CONFIGURATION
Figure 4-3 - Thickness model (SB model)

The rectangular element hasitial dimensions ofd iy B and currentdimensions of
a b B (or 6 A0 ). The convexandconcaveayer lengths are denoted @sanda resgectively.
The radius of curvature of tttenvex and concavayeraredenotedY and’Y respectivelyThe

volume conservation of a rectangular element can be expressed as
| wt,=Aw (4.2.9)
Thus, thdengths of theeonvexandconcavdayers are

lo =R (4.2.10)

L =Rg fR, § ¢ (4.2.11)

Note that theénner raliusin Eq. (4.2.11) is expresse@ds’Y  0since thethickness is assumed to
be uniformover the bendThe area of théace A can be expressed as the differencarneas

between the sector of the circle formed by ratliandy , with thicknessw:

1

g —Z(Fg ¥q ‘é’A (4.2.12)
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Lastly, substitution of Eq(4.2.12) into Eq. (4.2.9)

9

|0w0t0:28R§, {R, 9 & (4213

Eq. (4.2.13) can be further simplified by assuming that the loading is proportional and the strain

path is lineaf32]. The major and minor strain;dhe convex surface are

e =In & (4.2.14)

& =Ing— (4.2.15)

Substituting Eq. (4.2.14) andEg. (4.2.15) into equation(4.2.13) and using=g. (4.2.10) to write—

in terms ofY anda , a quadratic expression for the thickness is obtained

t’exp(e+ 9
2R,

-texp(e +9 @ O (4.2.16)

The average strains and thickness must be teabars so the thickness is

exp(e + 9 J( ol e Wb Zexp(i;: D
t= Son(er 3 0 (4.2.17)

¢ R2

4.2.3. Evaluation of New Stretch Bend Thickness Model
To evaluate the accuracy of the thickness models, interrtgsesiwere performed for the

590R steel using the 76.2 mm wide specimen and the 15 mm radius cylindrical punch
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a'Y 18t woThe major limit strain was expected to occur at approximately. @& based
upon the characterization @hapter3. The punch displacement corresponding to this strain level
was identified and used as the upper limit for displacemethiehydraulicpress. The local major

strains at the apex of the test samples are showigume4-4 where themajorstrain rangd from

approximately0.15 to 0.23.

0.25

02 +
E .
2015 1+
m 4
g
? 01 4
= ] I

0.05 + I I

0
RI R2 R3 R4 R5

Experimental Repeat

Figure 4-4 - Major strain at apex of sample extracted using a 0.5 mm diameter circle extractor tool

The samples wersectionedas shown irFigure4-5 andthe thickness wasneasured at the
apexof the bendusing a microscopelhe SB model washenevaluated against the thickness
measurement®n example ofa microscope image is shown kgure4-6, where tle thickness

was measured along a line normal to the top surface.
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- CUT1

IMAGE
SURFACE

Figure 4-5 - Schematic illustrating how the samples were cut before viewing with the microscope

Sample RS

Measuring line

Figure 4-6 - Microscope image and measuring line c690R sample R5

The comparison between the experimentally mesathicknesstheSB modeland Mi n & s
curvature metho@s shown inFigure4-7. The tabulatedesults are shown ihable4-1 where the

percent differencevas calculated using

. model- experimental
%Dn‘ferencec| P h

. 3100% (4.3.1)
experimental
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Figure 4-7 - Thickness comparison 0590R experiments, SB model, and curvature method

Table 4-1 - Tabulated comparison 0f590Rthickness testsSB mode| and curvature method

Repeat R1 R2 R3 R4 R5 | Average
Measured thickness (mm) 1.290 | 1.281| 1.220 | 1.290 | 1.219| 1.26
SB model thickness (mm) 1.282 | 1.270| 1.206 | 1.230 | 1.120 1.22
Curvature metho@imm) 1.261 | 1.250| 1.175| 1.206 | 1.164| 1.211
% Difference(SB model) 0.63% | 0.88%| 1.12% | 4.67% | 1.87%| 1.83%
% Difference (Curvature methoq 2.27% | 2.44%| 3.67% | 6.54% | 4.55%| 3.89%

As shownin Figure 4-7, there is goocagreement between the experimentally measured
thicknessand the SB modgeivhich is reflected in the small percent difference 08%&veraged
acrossall tests.The more complex curvature method Min et al.[28] was also accurate in the

stretch bend tests whetg'Y T8t w.dThe average percent difference between the curvature

method and the experimens$s3.89%.

To observe the effect of the fitting window on the SB moteb, additional fitting windows
of lengths5 and 10 mnwere considered with theesults shown irFigure 4-8. Decreasing the

fitting window decreases thininning predicted by the SB model, howeie final values for
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thicknessare quite similar for all fitting windows compared to the experim&heé maximum
percent difference of the three curve$igure4-12is on the order of 2%®ueto the low percent
difference of the predictions with three different fitting windatws 20 mm fitting windowwas

selected for consistency with tiverk of Min et & [17].

1.5
1.4 +
E
E13 ¢+
E
=
$12 +
= —SB Model (20 mm)
11+ —SB Model (10 mm)
' —SB Model (5 mm)
x Experimental
1 T } T t T f \ f

0 5 10 15 20 25
Punch Displacement (mm)

Figure 4-8 - Effect of fitting window on SB Model

4.3.Strain Path on Middle and Inner Lagef the Sheet

The concave side rule (CSH a postulate by Tharrett and Stoughfb®] which states that
all throughthicknesdayers of the material must reach their respective limit sttefare an acute
neckcandevelop The middle layer is the approximate neutral layer in stretch bending and thus
primarily follows the inplane FLC. The inner layer, or concave layer, is in contact with the punch
and thus has compressive bending strains that delay instability alonghwitlighest contact

pressure.

Min et al. [17] proposed that the strain at any layer can be computed fraontexsurface
and current thicknesssing a projection of the convex straifiéis is an idealization best suited
for mild bending undestretchdominated conditions as it does not account for the complex plastic

response within the material during bending. In particuladtpes not account for neutral axis
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movement and biaxial shift of the strains at the concave layer due to the impogaessive

stressThe middle and inner layer strains are

2 outer

gnl = g 4+n2g tk (4.3.2)
C 2

g = & 4n(1 t,°%") (4.3.3)

The subscript is either 1 or 2, representing major and minor directions respectivibly,
thickness of the blank, aralis theconvexsurface curvatureneasured using stereo DIEigure
4-9, Figure 4-10, and Figure 4-11 show the results of Eqg4.3.2)-(4.3.3) applied toselected
experiment®f the 590R material with bend severities of 1.4, 0.28 and 0.14 respeciikelgtrain
paths were spline fiising a cubic piecewise split@reduce noiseA comparison of the raw data

and the spline fit is shown in tig@pendix.

The strainpath on theconvex middle andconcavelayers of the sheet are shownFigure
4-9, Figure 4-10, Figure 4-11 for selected experimental repeats of the 5908 atof 1.4, 0.28,
and 0.14 respectivelf¥he higher bend severitf 1.4produces a more severe strain gradient which
is reflected by the larger differencenmgor strain magnitude on each layer relative to the lower
bend severities of 0.28 and 0.Xverall, the results do not appear to be reasonaldé &yers
arein tensiorfor bend severities ranging from 0.14 to Dde to the relatively high bersgverities
in the ASBT, the inner layer was expected to be in compresstbe early stages of deformation.
Since the model canntie experimentally verifiedthe strainprojectionmodelwill be studied

further with the aid of finite element simulation Chapter 5.
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Experimental Data + 0.4
590R, Repeat 3
Sample width: 76.2 mm T 0.35
Die Gap: 30 mm 1
El| vR= 14 03
= + 0.25
8 + 0.2
<
= - 0.15
—Outer Layer \ 0.1
—Middle Layer '
—Inner Layer i 0.05
. } . : . : . } . . 0
-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01

Minor Strain

Figure 4-9 - Strain path on layers, 590R, 76.2 mm sample, t/R=1.4
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Experimental Data
590R Repeat 2 0.5
Samplewidth: 76.2 mm
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E|| vrR=0.28 04
=
< 03
2,
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—Outer Layer
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r f T } T f T f T T 0
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Figure 4-10- Strain path on layers 590R, 76.2 mm sample, t/R=0.28
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Experimental Data
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Sample width: 76.2 mm |/
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2,
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—Middle Layer - 0.1
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-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01
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Figure 4-11 - Strain path on layers 590R, 76.2 mm sample, t/R=0.14

4.4.Nortlinear Strain PatiNLSP) Correction

The NLSP correctionf Min et al.[17] was implemented ira MATLAB [33] script to post
process the DIC strain path data extracted at the necking loc@herDIC stran datawas
downselectedising amajor strain incrementy- T3t 1t 1T andthen fit to a constrained spline
usingtheSLM Toolbox[34] add-on within the MATLAB softwareThe spline was used to ensure
that tre thinning and major strain were always increasing during the test. The instantaneous strain
path,’Q j'Q , was then extracted from the constrained spline asctatized in major strain

increments ob- T8t UL

As expected, the NLSgbrrections did not play a significant role in correcting the ASBT limit
strains since the strain paths were relatively proportional for the bend severities and sample widths
considered in this thesis. Thabulated results for all materials and test comals are provided in
the Appendix. The following examples of the NLSP correctamesshowrwith the inplane FLC
produced using the modified maximum force criterion (MMHR&J]. The 590RMMFC was

evaluatedby Noder et al[22], the 3 Gen 1180 wagvaluatedby Gutierrez et al[20], and the
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DP980 wasvaluatedby Noder et al[18]. Additionally, correspondingexperimental data from
theMarciniak tess of Gutierrez et al[20] and Noder et a[22] are showndenoted by the sample

gagewidth.

In the following figureghe limit strains arelenoted bywo numbers separated by a hyphen,
denotinggap widthand punch radius res-pécdewnbnitgtain Fbe
produced with gap widthof 30 mm and punch radius of 1 mitheNLSP corrected limit strains

are denot&d as ONLSP

Shown inFigure4-12 are the limit strains and the NLSP corrected strains for the 590R 76.2
mm samples with a bend severity of 1.4. The NLSP corrected limit straoms amegligible
difference in major strain compared to the limit strains. The magnitude of the shift is on the order

of 0.5% minor strain which is comparable to the variation in the limit strains.
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Experimental Data .
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‘= —MMFC T 0.15
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& NLSP 30-1 T 0.1
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o NLSP 51-1 4 0.05
e 76.2-1
o NLSP 76.2-1 i
. | . | . | . | . . : . 0
-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01
Minor Strain
Figure 4-12- 590R NLSP Correctionst/R = 1.4, 76.2 mm sample
0.35
Experimental Data o ¢ M -
590R gt S 0 - 0.3
Sample width: 76.2 mm ” L
/R =0.28 | 025
g i
m -
5 e 30-5
=3 o NLSP 30-5 - 0.15
= ® 51-5 L
¢ NLSP51-5 L 0.1
® 76.2-5 L
¢ NLSP 76.2-5
= 114.3 mm Marciniak - 0.05
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: ; : y , . : } w | w 0
-0.03 -0.025 -0.02 -0.015 -0.01 -0.005 0

Minor Strain

Figure 4-1317 590R NLSP Correctionst/R =0.28, 76.2 mm samplé Arrow denotes general shift of limit strains
after NLSP correction

For the76.2 mm samples of 590R with a bend severity of 0.28, the limit strains are &hifted

the stetch side of the FLGvhereas th&lLSP corrections for the 0.14 bend sevepitgduced a
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larger shiftas shown irFigure4-14. Unlike the milder bend severity of 0,28e limit strains are

shifted by a similar amount regardless of gap width.

0.35
® *
o ,® .? L ] — ® .. .. * PS 0 3
0.25
g
g 0.2
7]
8| e300 0.15
§ ¢ NLSP 30-10
® 51-10 Experimental Data
& NLSP 51-10 p 0.1
® 76.2-10 S90R .
e NLSP 76.2-10 Sample width: 76.2 mm 0.05
® ]14.3 mm Marciniak t/R=0.14 :
—MMFC
——— —t— ——t 0
-0.04 -0.03 -0.02 -0.01 0

Minor Strain
Figure 4-147 590R NLSP Correctionst/R = 0.14, 76.2 mm samplé Arrow denotes generashift of limit strain s
after NLSP correction

The NLSP corrections applied to tB€ Gen 1180 for the 76.2 mmidth sample at a bend
severity of 1.dincreasedhe variance in the minor strains as showrFigure4-15. No general
trend in theshift was obsered Some limits strains were shifted toward the streditte and other
towards the dravside Even with the added variance it is important to rib&t the magnitude of

the change in minor strain is stiéllativelysmall The largest shift in minor straimas 2%
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. : . ' . ' . ' . - ' . 0.00

-0.025 -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010
Minor Strain

Major Strain

Figure 4-15- 3rd Gen 1180 NLSP Correctionst/R = 1.4, 76.2 mm sample

The NLSP corrected limit strains for th€ Gen 118Qusing the25.4 mmwidth are shown in
Figure4-16 for bend severitiesf 0.28 and 0.093The correctedimit strains are shifted towards
the drawside of the FL(but the overall magnitude of the shift is minor as observed with the 76.2
mm width geometry. Overall, it is unclear whether the NLSP corrections for tHe&58n 1180

provides any value due to the dispersion in the data.
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Figure 4-16 - 3rd Gen 1180 NLSP Corrections25.4 mm samplé Arrow denotes general shift of limit strains
after NLSP correction

The NLSP correctionfor the DP980 using thé6.2 and 25.4 mmwidth testsare shownn

0.30
C - 0.25
* [ ]
g - 0.20
g L
© - 0.15
o
= L
= - 0.10
_/
¢ NLSP 30-1 L 0.05
® |27 mm Marciniak |
—MMFC
: . : . : : . : 0.00
-0.015 -0.010 -0.005 0.000 0.005 0.010

Minor Strain

Figure4-17 andFigure4-18, respectivelyFor the 76.2 mmvidth sample with a bend severity of
1.4, there is a clear shift of the limit strains after the NLSP correititive drawside of the FLC.
The 25.4 mnwidth sampleswith a bend severity of 0.093 show a shift towards the ststighof

the FLC Thesamples with a bend severity of 0.28 show the opptsitel with a shift towards
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plane strain. This is attributed to the 1

with the strain path already changing towards plane strain

0.30
Experimental Data -
DP980 A o 0.25
Sample width: 76.2 mm | =
ttR=1.4
g B 0.20
g L
“ - 0.15
)
= L
p - 0.10
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m |27 mm Marciniak |
—MMEFC
: L : : : : L : 0.00
-0.015 -0.010 -0.005 0.000 0.005 0.010

Minor Strain

Figure 4-17 - DP980 NLSP correctionst/R=1.4, 76.2 mm sample Arrow denotes general shift of limit strains
after NLSP correction
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Figure 4-18-DP980 NLSP correctionst/R=0.093 & 0.28, 25.4 mm sampleArrows denote general shift of limit
strains after NLSP correction

In conclusion, the NLSRorrectionin the ASBT appears to play a secondary role with the

magnitude of the shift being on the order of @%hor strain or less for the materials considered.

56



Aside from the additional data processing required, th8Mcorrections are not without their

own assumptions and can be very sensitive to the limit strain detection method employed and post
processing of the strain datdltimately, it is the decision of thanalyst to decide whether the
NSLP and its relatedneertainty isworth the potential improvement in the limit strain data. The
NLSP has been found to play a larger role in Nakazima testing as shdvm ley al.[17] and

Noder et al[18]. For the ABST, it does not appear the NLSP provides a meaningful improvement

for the steels considered.

4.5.Contact Pressur€alculation andContact Pressure Modified Limit Strains

To applythe contact pressuoerrections proposed by Min et Hl7], the 3dimensional stress
state must be determinetihe generalized form of the pressure correctiorgse adapted from
Noder et al[18]. The3-dimersional stress state cée expressedsing the iaplane stress ratio,

U, andthroughthickness stress ratio

S

c=23 45.1
s, (45.1)
Where,, ,, , and, are the principal stresse8ssuming an associated flow rule, the yield

function and hardening law in general form are

Seq= S A) (4.5.2)

s(é)= & .9 (45.3)

The principal strain ratimeasured using DIC on the convex laiger

de, ds./ds
exp 2 — " €q 454
3 e Ta/d 454
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and the equivalent plastic strantrements

def( a Jek( , &+ Par(l &) g4 (4.5.5)

The contact pressurealculation given by Min et a[17] is a forceequilibrium of tool contact

pressure and internal force of an infinitesimal element of material B&ietghed over a punch

with radii of curvatureSY and’Y in the major and minor strain direction respectively:

s t a t Ota _at
c=23 =4 +— §— 1 (4.5.6)
s, R¢ 2R R QEFf

To compensate for the effectaintact presure, thenethod of Min et alf17] is based on a stress

mapping which maps the limit strains betweedirBensional and plargress statesuchthat

3D 2D
(51’ S 3‘) - ( 1S 2’@) (4.5.7)
The equivalent strain in treffectiveplane stress (2D) state, is
S
L (4.5.8)

and the principal strain rati@ssuming an associated flow rulg)der the equivalent plane stress

state is

N, 4Se/d g (4.5.9)
N, dseq/dq

Then theplane stresBmit strains are determiwne

ePS
(4.5.10)

PS eq

& T 3a+ 4y
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5= 5% (4.5.11)

4.5.1. Stretch Bend Limit Strains witBontact Pressur@orrecton
In this sectionthe pressure correctioaseshown for various bend severities to illustrate their
effect on theimit strains. The gap width and punch radius are denoted directly on the legend
representing the limit strain for that test conditibhe pressure corrected limit strains are labeled
with a o6P&6 f ol | epunehdradibsyin ilinmeter (rgng. @ he wressdurehcorrected
limit strains for the 590R 76.2 mm width samples with adbsverity of 1.4 are shown Figure

4-19 and for a bend severity of 0.28 are showFigure4-20.

0.35
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590R < ° - 0.3
Sample width: 76.2mm ~ ® ¢ ¢ i
YR =1.4 . | 0.5
o
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& 0% o[ 02
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>| e 51-1 -
¢ P51-1 F 0.1
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®m 114.3 Marciniak | 0.05
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L 1 L 1 L 1 L L 1 L O
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01

Minor Strain

Figure 4-19- 590R Pressure Corrected Limit Strainst/R = 1.4, 76.2 mm samplé& arrow denotes general shift
of limit strains after pressure correction

The pressure corrected limit stragisw relative agreement with theprane FLCfor a bend
severity of 1.4excludinga notable outlier with one of the 30samples)For the bend sevrity of
0.28, the pressure correctiarorks to some extent big too severdor 30 mm gap width tests.

The trend for overcompensation of the limit strains continues for the lowest bend severity of 0.14
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shown inFigure 4-21. As the gap width decreases, timagnitudeof the pressure correction

increases resulting in oveprrections of the limit strains.
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Figure 4-20- 590R Pressure Corrected Limit Strainst/R = 0.28, 76.2 mm samplearrow denotes general shift

of limit strains after pressure correction
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Figure 4-21 - 590R Pressure Corrected Limit Strainst/R = 0.14, 76.2 mm samplearrow denotes general shift
of limit strains after pressure correction

Turning to the ¥ Gen 1180 pressure correctisi®wn inFigure4-22 for the 76.2 mnwidth
sample with a bend severity of 1the resultshow relative agreement with theptane FLC
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Figure 4-22- 3rd Gen 1180 Pressure Corrected Limit Strainst/R = 1.4, 76.2 mm sample

Thepressure corrected limit strains for the 25.4 midth samples are shown Figure4-23.
The correction is too severe for the lower bend severit/@d3but the 0.28 bend severity is

good agreement with the-plane FIC.
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Figure 4-23- 3rd Gen 1180 Pressure Corrected Limit Strains25.4 mm sample arrow denotes general shift of
limit strains after pressure correction

Overall, the contact pressure correction method of Min ¢t &, whichis equivalent to that
of Smith et al.[36], has struggled with the ABSresults. It is unclear if the cases of good
agreement is due to coinciden The general trend is that the magnitude of the limit strain
correction increased as the bend severity decreased which is counter to the expected trends. The
lower bend severity cases were expected to be most amenable to the correctiorspoeibes
contact pressure is lower and deformation is closer-pdaine. In contrast, the high bend severity
cases of 1.4 and 0.28 performed better than the OT®0@3ower the bend severity, the greater the
probability that the contact pressure correction whgléxcessive, resulting in inadmissible limit

strains that fall below that of the-piane FLC.

The contact pressure model was not evaluated using-&l@teent analysis in the work of

Min et al.[17] but derived from a simplified assumptionexfuilibriumthat did not account for
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the througkthickness stress distributiomhecontact pressure will be investigated further with the

aid of numeri@l simulationin Chapterb.
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5. Stretch Bend Simulation Development of Finite Element Modahd

Analysis

In this chapter a finite element modedf the ASBTwas developed using the commiaic
finite-element software L®YNA [37] and Altair HyperMesl38]. A bend severity of unity and
the smallest die gap width of 30 mm was selected for model developribi® geometry
represents the most sevateoughthickness strain gradienfsr the finte-element model to

resolve

Thischapteiis divided into subsections to chroleienodel development. Secti@nlinvolves
the development of a solid element moagjuired for detailed analysis of the throtthitkness
gradients Section5.2 considers &hell element model since shell elementsextensively used
within the automotive forming industrydentifying the limitations of shell elements with respect
to the solid elemds is important to understand how to transfer the outcomes of the research to
industry.In Sections.3an investigation athe chosen simulation solver and contdgbathmwas
performed A study on obtaining contact presswas conducted to support the evaluation of the
throughthickness strain and contact pressure models for prooesections of the limit strains in

Section5.4.

5.1.Identification of the Number of Throughickness Solid Elements in Stretch
Bending
The minimum number of througithickness elements requirdd resolvethe through
thickness strain gradient is anportant modelling parameterhe LSDYNA implicit solver was
chosen to reduce the computational cost of running solid element simulations without the need to

artificially increase the mass of the model. The@BNA explicit and implicit solvers are
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compared later in SectioB.3. Theso-calledmortar contacbption wasused as recommendéed
the LSDYNA manualfor implicit contact. Additional contact options are evaluate&éction

5.3

5.1.1. Finite-elementModel Setup
A narrow strip of materialvas modelledvith aplane strairboundary conditionforced on
the width. The initial thickness of the strip was the same as the sheet thickness of AL mm
schematic of the model is shown belowrigure5-1 with the positive X and Y axes denoted. The
blank was modeled with fully integrated brick elements (8gas recommended dyS-DYNA

[39] for implicit simulationg.

UPPER DIE

\ v

-
‘ BLANK LOV:f\ER DIE
/
PUNCH

Figure 5-1 - Schematic of the ASBTmodd

The mesh included a refinement zone where the aspect ratio of all the elements inside the zone
are unity. The refinement zone was equal to 8 times the punch radius in length aledgyehbton
(8 mm), shown irFigure5-2 and listed inTable5-1. A coarser mesh of 0.5 mm was used outside

the refinement zone where the strawveye significantly lower.
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Figure 5-2 - Detail view of mesh in ASBT mesh convergence model

Table 5-1 - Mesh sizes for mesh convergence study

Number of Througfthickness Element size in refinement zone (mm)
ElementgN)
4 0.25
5 0.2
10 0.1
15 0.067
20 0.05

The blank was assumed to isotropically harden according tautheik powerlaw hardening

model
s=5 (9 (5.1.1)

Thepowetrlaw hardening modetas selectetiecaus it is simple to understand how the hardening
behaviour changes with tiparameter& andn. The strength coefficier governs the strength
while the hardening exponent controls the hardening rate. Fofglane uniaxial and plane strain

tension, thenset of diffuse necking occurs when ¢.

Both, andK were set to 500 MPa, and the strain hardening expongas set to 0.1The

stressstrain response is shown kigure5-3 along with the same powdaw model with a strain
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hardening exponent of 0.Bor the work in thichapteonly thepowerlaw model withe 1@ is
usedsince it represents a broad range of enttive sheet metals used in structural components.
The strain hardening exponent of 0.3 is often found in low strength, high ductility materials such

as deep draw quality (DDQ) steels amdvaluated later iChapters.

1000

800
600

400

Flow Stress (MPa)

200

0 0.2 0.4 0.6 0.8 1
Equivalent Plastic Strain

Figure 5-31 Stressstrain response andhardening rate of power-law material used in simulations Lt @,
MPa

5.1.2. Convergence of Loadisplacement Response
The loaddisplacement response is shownrFigure 5-4 for all mesh sizesonsidered from
0.25 to 0.05 mmThe load responseas relatively insensitive to the mesh sizet should not be
usedaloneto define mesh convergenfm instability or fracture modelling. It will be shown that
the throughkthickness stress and strain gradientsvarg sensitive to thelement sizen contrast

to the load response
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Figure 5-471 Variation of | oad vs. displacementesponsewith number of elements throughthickness

5.1.3. Thickness Strainf the CrossSection

The evolution of the thickness straihthe crosssectionis shown inFigure 5-5 and defined

as

Qo

o)
I
=3

voﬁpq

(5.1.2)

o

The thickness strain of the crosection is measured from a neidenode measurement
between the upper and lower surfaces of the sheet. It is emphasized that due to bending and contact
pressure, the thinning str ai ndifetent.dngpuréebereglihge me nt
without a superimposetensionforce the thickness strains would hegative abovéhe neutral
layer intension to indicate thinning and be positiveampressiotbelow the neutral layer where
the layers thicken. The initialogition of the neutral layen pure bendings at the sheet mid

thickness bushifts down toward the inner concave layer during deformation.

Theevolution of thehickness strain of the craesgection is shown ikigure 5-5 with the limit
strains obtained from the models using the mod. LBF method. The trend for thinnisgnias

for all simulationswith the thinning rateapidly increasing as localization occuf$e thickness
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strain of the crossection does not appear sensitive to the number of elements and like the punch

force, is not suitable to evaluate mesh convergence.

0.1

Average Thickness Strain

—N=4
02 +
| —N=5
03 4 N=10
—N=15
04 + —N=20 Power law material, n = 0.1

o Limit Strain | YR=1.0

0 1 2 3 4 5
Punch Displacement (mm)

Figure 5-51 Variation of thickness strainwith number of elements throughthicknessplotted against punch
displacement

5.1.4. ThroughThickness Major Strain Distribution for Mesh Convergence
The variation of themgor strainthrough the thickness of the blank can be investigated at
various levels of punch displacement to assess mesh convergieecamajor straimistribuion
was obtained at00%, 75%, and 50% of thmunch displacement when the peak load occurred
(45, 3.4, 2.3 mmespectivelyandshown inFigure5-6 - Figure5-8, respectivelyThe normalized
thickness values of one and zero corresponds to thedopex)surface and bottorfconcave)
surfacen contact with the punciNote that the througthickness dta is taken from each element

as the average value fradta 8 integration points.
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Power law material, n = 0.1
t/R=1.0

Punch displacement: 4.5 mm
Top surface = 1.0 (normalized

e
9
W

Normalized Thickness
S =
wh w

0.2 04 0.6 0.8
Major Strain

(=]

e
o

Figure 5-6 - Variation of the major strain through -thickness of the sheet with number oélementsat the peak
load

Power law material, n = 0.1
t/R=1.0

Punch displacement: 3.4 mm
Top surface = 1.0 (normalized
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Figure 5-771 Variation of the major strain through -thicknessof the sheet withnumber of elementsat 75% max.
load punch displacement
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Power law material, n = 0.1
@ t/R=1.0
© .75 k| Punch displacement: 2.3 mm
% Top surface = 1.0normalized)
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Figure 5-8 - Variation of the major strain through -thickness of the sheet with number of elements at 50% max.
load punch displacement

It is evident that a minimum of 10 elements per millimeteblank thickness is required to
reliably characterize the throughickness strain gradient for the bend severity of uifiitys mesh
density would be sufficient for less severe bending but would otherwise require additional mesh

convergence studies.

5.2.Evaluation of Shell Elements fatretchbending

The automotive forming industiseldom usesolid elementslue to their computatiocost
and instead useplane stresshell elements. Shell elemengsnploy different mathematical
formulations to predict the throughicknessstrain and correspondirgfrain gradients bending
To understand how the results of the thesis that invollid etements can be generalized to
industry, a parametric evaluation of shell element types was also considetezlgolid element
convergence studyd 'Y p . Itis important to note that a t/#¥ unity is a severe case for shell
elementsand it is expected that the shell elements will struggle with this bend seVéetule-
of-thumb in automotive finitelement modelling is that shelise best suited for deformation with

bending wheng 'Y 1&.
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5.2.1. Background on Shell Elements
Thefollowing background is a brief explanation of th8-DYNA shell typesonsidered in

the studyA detailed explanation of shell element formulations is outside the scope of this thesis.

The type 2 shell element is a BelytscHka-Tsay shell elemeriQ], [41] and the default
element type in th&.S-DYNA explicit solver due to itsmmputational efficiency. The type 2 shell
element is a reduced integration element with one integration lpcaied at the center of the

element

The type 16 shell is a fully integrated shell element that is approximat&lyinzes more
expensive than thtype 2 shell42]. The type 16 shell hasid-planeintegration points (2x2{jo
resistspuriouszercenergy modesuch as hourglassirthat affect reduced integration elements
such as the type 2 shdB9]. The type 16 shell is commonly used for sheet metal forming
simulations and has largely replaced the type 2 as computational pasvecteased in recent

years.

Theconventional O0thindé shel |l s @Hanestiessarglitionhe t yp
Socall ed oO0thickneddhiadhasmed d & planecstrangotiditianlantl or c e
can support a linear strain grant through the thickness. The thickness enhanced shell used in
this comparison is the type 26 shell element which is a fully integrated shell element with thickness

stretch.

In addition to the element types described above, an additional setting VthiNNA was
investigated referred to as the 61l DOFO6 settin
default is set to zero and does not alter the behaviour of the element. However, if IDOF is set to 3,

the contact pressure can influence the stessproduce thickness chand@8]. For the type 26
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shell element, IDOF has a different meaning and is set to 1 by default which produces a continuous

thickness field and is recommended for sheet metal forpRjgWith IDOF set to 2 the thickness

field is discontinuousvhichis recommended for crash applicati¢#2].

5.2.2. Finite-element model of the ASB using shell elements

Theshellelementmodel ASBT setup is kept as close to the solid element convergence study

setup as possible to allow comparison between the shell and solid element simulations. The

tooling, boundary conditions, and material properties are identical. The blank was meshed with

the converged element size of 0.067 nioncompare with theolid element simulatiowith 15

throughthickness element®ue to the lower computational cost of shell elements, the refinement

zone was not necessary for the blank. The numbiradghthicknessntegration points was set

to 10 as this is the maximum permitted number of integration points usable with Lobatto

integration[39]. Lobatto integration was chosen instead of the default Gauss integration since

extrapolatiorof the strain field to the surfacestbg shell is avoided’he shell element types used

are shown imable5-2.

Table 5-2 - Shell element and IDOF settings usd in shell element study

Shell type (LSDYNA) Description IDOF setting
2 Default shell formulation Oand 3
16 Fully integrated shell Oand 3
26 Thickness enhanced shell 1land?2

5.2.3. Loaddisplacement Response

The loaddisplacement responder the shell element simulation and the solid element

simulation (N=15) is shown ikigure5-9. Notably, thepeak loaddoesnot match fo  t

shells and the thickness enhanced shell elem&néstype 2, 16, and 26 (IDOF=8hell element
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modelsall experience dramatic load drdpsfore the solid element&s expected, the conventional
thin shells(type 2 and 16hadpoor agrement wth the solid elements and are not recommended
to model high bend severitieBhe thickness enhanced shell (type 26) with IDOFprovided the

closest agreement to the solid elements but overestimated the pealOfdycthe type 26 shell

element with IBDF = 1 will be studied further.

350
300 +
250
g 200 \
=] ]
g \
5 150 p v —Type 2 idof=0
1 g . ---Type 2 idof=3
100 + —Type 16 idof=0
] ---Type 16 idof=3
50 + —Type 26 idof=1
---Type 26 idof=2
1 ——Solid Elements N=15
0 T t T t T t T t T f T
0 1 2 3 4 5 6

Punch Displacement (mm)

Figure 5-9 - Load-displacement response comparison of shells vs. solids

5.2.4. ThroughthicknessEquivalentStrain and Normal Stress Distributions
The throughkthicknessequivalent strairdistribution of the shell element simulatisrwas
plottedagainst thenormalized thicknessThe evolution of the strain distribution with the three

punch displacement levels of @) 75% and 100% of the peak load displacement are shown in

Figure5-10 - Figure5-12.
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Figure 5-10- Through-thickness strain comparison2.3 mm punch displacement
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Figure 5-11- Through-thickness strain comparison 3.4 mm punch displacement
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Figure 5-12 - Through-thickness strain comparison4.5 mm punch displacement

The agreement between the shell and solid elements is Alboough the puncHoad
displacementesponsean be adequatelyredictedusing the Type 26 shell elemeittdoes not

predict the through thickness strain gradient accurately.

Shown in Figure 5-13, Figure 5-14, and Figure 5-15 are thethroughthickness stress
distributions ab0%, 75% and 100%eak load punch displacement respectivEhetype 26 shell
produces noiphysical results as the normal stress atftbe surface is nofzero. Generally
agreement with the solid element simulatiopd®r for the other points through the thickness.
Furthermore, the stress through the thickness changes drastically between the bottom integration

points for the type 26 shell at the lower punch displacemEigare5-10 andFigure5-11).

Note that infFigure5-14 andFigure5-15, the solid element simulation shows thatttireugh
thickness stressor normal stresspn the concave surfacés decreasing with greatgrunch
displacement. Thisvas due to thesheetgradually lifting off the punch with increased strain,

shifting the maximum normal stress location away from the centre.
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Figure 5-137 Through-thicknessstress comparison2.3 mm punch displacement
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Figure 5-141 Through-thicknessstress comparison3.4 mm punch displacement
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Figure 5-157 Through-thicknessstress comparison4.5 mm punch displacement

To summarize the shell el ement compari son,
26 shekHklhi(nt®dt hsihcekl 1 ) wi t h | DOF asteetloadlisplacBmestr e n o
response isignificantlyunderpredicted. The type 26 shell with IDOF set weat able to provide
relatively good agreement in the force response with the solid element simulations. Unfortunately,
the througkthickness strain disbution was not well captured but the overall magnitudes were

closer.

Thenormal stress distributioof the type 26 sheillvasalsoin significant error with the stress
overpredicted by three orders of magnitudelding stress valuegreater tharfO00 MPa in
compressionlt is also concerning that thgpe 26 shell produced a naero normal stress on the
convex surface of the blanwhich is a free surface and should have zero normal stress. It was
expected that shell elements wobklchallenged by tHeend severity of unity but was hoped that
better agreement would have been possible with the newer type 26 enhanced shelly Cantain|
bend severities would be more amenable for shell elements but since this thesis spans bend

severities up to 1.4, shell elements will not be considered further. Future work will be required on
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how to improve the shell element formulations and topensate for the errors at the integration

point level to predict necking in strettfending modes.

5.3.Investigation ofSimulation SolverContact Type, anflleasurement of th€ontact
Pressure
The previous work ithis chaptewas completed using the HSYNA implicit solver andthe
mortar contacoption The LSDYNA implicit/explicit solver and different contact types are
compared irthis sectioralong with the methodology to extract the contact pressure, which is not

as straightforward as it may first appear.

A quarter symmetry model was used to compare to the 590R experimentshasbRPR
constitutive model (see Secti@rl), the von Mises yield surfacef6.2 mm samplavidth, 30 mm
die gap width, and 1 mm radius punch. This test condition was selected for the high amount of
bending produced which requires more elements to accurately capture the bending bdteviour.

model geometry is shown belowHingure5-16.
.—\/.,

y

$\

NOTE: ALL DIMENSIONS IN MM
R10 Rl

Figure 5-16 - Quarter symmetry model with 76.2 mm sample30 mm die gap,and 1 mm radius punch

5.3.1. Comparisorof LoadDisplacement Rg®nsewith Experimental Data
The number of through thickness solid elements was g6 @@lement height = 0.067 mm)

based on thaimulation study of the material strip Section5.1 Since the contact pressure
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calculation will depend upon the area of the element in contact with the punch;plamen
dimensions of the element were varied. The texmiformd refers to using a 1:1 ratio of the
element length to width for sizes@5, 0.75, and 1 mmA norruniform mesh with a bias towards
the center of the blank was also consideved a cubic element size 6f067 mmat the center of
the blank A comparison of the experimental and predidteatsurfacedisplacement responses
for each mesh patteare shown irfFigure5-17. The predicted force response was identical for all
mesh patterns except fdifferences in peak loa®verall, the predicted load history was slightly

overestimated for all mesh patterns over the first 4 mm of displacement

45
i Experiment andrE Model Results
40 T | 590R
1 | Sample width: 76.2 mm
BT UrR=14
30 +
Z 25 +
< i
§ 20 +
S _
23
15 + —
| —Experiments R1-R3
10 + —0.067 mm, biased towards centre
| —1 mm, uniform
51 —0.75 mm, uniform
| —0.5 mm, uniform
0 T T T t T T T } T T T t T T T
0 2 4 6 8

Surface Displacement (mm)

Figure 5-171 Load-surfacedisplacement response ofarious meshes

5.3.2. Comparison of Surface Straingth Mesh Pattern and Size
To choose a suitable mesh, the surface major strain data along a line along the length of the

sample was compared. A schematic of the data collection line is shown bélmurias-18.
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CENTRELINE
Figure 5-18- Schematic showing data collection line for major strain on the surface

The simulation major strainath was compared to the experimental datthi@te punch
displacementsThe results are shown Figure5-19, Figure5-20, andFigure5-21 for respective
displacements o2, 4, and 6 mmThe displacement d mm corresponds to thexperimental
displacemenbf the limit strainsThe 0.067and 05 mm meslksoverestimate thenajor strain at
large deformationshoweverthe virtual strain gage length of the experimental data was 1.1 mm
Therefore, it is expected that the smaller meshes will report higher strain magnitudes compared to
the DIC. The 0.75 and 1 mm meshesedicted similar strain distributionsand are in better
agreement witlbIC strain dataThe 1 mm meskvas chosen over the 0.75 mm due to its similar

strain distribution antbwer computational cost
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Figure 5-21 - Surface major strain comparison- 6 mm punch displacement experimental limit strain

5.3.3. Evaluation ofSimulationConsistency with Implicit/Explicit Solverand Contact
Algorithms
Implicit finite-elementanalysis has been e throughout the thesis since the ABST can be
considered quasstatic to reduce computational cost. However, the treatment of contact within
implicit solvers is gresent concern within the automotive industry as explicit solvers are preferred
to model catact and avoid erroneous deformation modes penaltybasedcontact algorithms
have been selectethe automatic surfade-surface contact, and mortar contawithin LS-

DYNA. The mortar contact is a modified version of the autommtifaceto-surface contact

recommended for implicit analysis.

In LS-DYNA, contactis based on potential penetrations of slave nodes through a master
segmentThe user specifies areas to search for contactqontact between two partgnd LS
DYNA performs a contact searcin each timestep using a contact algorithfar penaltybased
contacts when penetration is detected, a force proportional to the penetration depth is applied to

resist the penetratiofhe contacts considered in this thesisceded inLSDYNA as -0sur f a
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tosur faced contacts which mean t hat each sl ave
surfacéit hese contacts c aau tbhemMdbmaummiacntacts searah for 6 n o n

penetratioronly in thenormal drection of the shell whereas automatic contact searches both sides.

The penalty stiffness calculation in {LYNA can be modifiedusing he O SOFTO®6 par a
When SOFT=0 (default)he penalty stiffness a function of material properties and segment
cortact area

_akA?

YT 5.3.1
OFT=0 V ( )

whereU a ssale factorK is the bulk modulus of the contacted eleménts the area of the

contacedsegment, an¥f is thevolume of the element

An alternative stiffness calculation basedadiocal systenmade of two contacted segmeists

*
Keopry = s.OFsc:l_gt2 (5.3.2)

whereSOFSCL is a scale factan®* is a function of the slave and master node masse¥aisd
the time step siz&Vhen SOFT=1he larger of the two stiffnesses cdited with Egs(5.3.1) and

(5.3.2) is used

Segmentto-segment based contaiEn be invoked by setting SOFT-8gmento-segment
contact can provide a more realistic distribution of contact fd&8%s For example, if twdour-
node segments come into contact, forces that resist penetration are applgitt ttodesThe

stiffness isa function of segment masses and the timestep size

o1
Ksorr=2 =@ ae——— UE (5.3.3)



whered anda aresegment masseBhemortar contacin LS-DYNA does not utilize the SOFT
parameteand Eq(5.3.3) is used to calculated the penalty stiffnddte details for contact settings

used in the simulations are shownlable5-3.

Table 5-3 - Simulation Detailsto compare solver and contact type

LS-DYNA Solver | Contact Type Contact Description | SOFT Abbreviation
Implicit Mortar Surfaceto-surface Default | imp mortar s2s
Explicit 2-way automatic | Surfaceto-surface Default | exp auto s2s
Explicit 1-way automatic | Surfaceto-surface Default | exp auto 1way
Explicit 1-way automatic | Surfaceto-surface SOFT=1 | exp auto soft=1
Explicit 1-way automatic | Surfaceto-surface SOFT=2 | exp auto soft=2

The predictedoad-displacement resporstor the different analysis settings are showmin
Figure 5-22. The 2-way automatic contadiormulation led to improved agreement with the
experimental response for both the implicit and explicit analysis compared to the mortar contact
definition. The explicit Tway contactproducednearly identical results tché explicit 2way

contactand is not shown ifrigure5-22 for clarity.
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Figure 5-22 - Load-displacement response of-@vay contacts 1 mm mesh

The explicit 2way and implicit mortar contact predictions of the force responsénavensn
Figure5-23. Activation of theSOFT contact optioeffectively stiffened the response to where it
is nearly identical tthe results of themplicit mortar simulatios. This is expected sindee SOFT
contact option invokes segmetd-segmentcontactthat is alsoused in the mortar contact
algorithm[39]. From the perspective of computational efficiency, tregrpears to bao benefit
to using the Avay contact or SOFT options when usingD8NA explicit to modé the ASBT.
Explicit 1-way contactappearssufficient and provided the best agreement with the experiment.
The implicit solutions are attractive for their low rtime and overall close agreement with the

explicit solution, #hough they appear to tstightly stiffer in the force response.
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Figure 5-23- Load-displacement response of-Wvay contacts and implicit for reference 1 mm mesh
5.3.4. Comparison oBimulationContact Pressure
The contact pressure was investigateddm more insight into the explicit/implicit solvers
and contact algorithmdJsing LSDYNA, contact interfaceand contact aredata was used to
determine thecontact pressurélhe implicit mortar simulation is used along with the explicit

simulation using ay automatic contact.

The contact area in LBYNA is based on the element size, megrthat an element in contact
with an area of 1 mAwill produce a contact area of 1 rhaven ifthe element is only partially in
contact This leads to discontinuities in the contact area dath affects the contact pressure
calculation The interface ssure normalized by the yield stress is shown for the implicit mortar
simulation and the explicit-lvay automatic contact simulation igure 5-24. Note that due to
discontinuities in the contact area at small punch displacements, the explicit simulation data is
plotted starting at 0.5 mm of punch displacem@werall, the contact pressure history is similar
for explicit I-way contact and implicit mortar contact altlgh the peak pressure was slightly
higher for implicit.
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FE Model Results
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Figure 5-24 - Normalized interface pressure comparisonl mm mesh
5.3.5. Contact Area Convergence Study

The contact area outpfiom LS-DYNA is discontinuousut should improve with mesh
refinementof the surface area of the elememgfining the blank mesh tamprove thecontact
area datas an optiorbut as seen in Secti@n3.2the strain localizes earlier with decreasing mesh
size.The loaddisplacement response will alsbhangeasdiscussedn Section5.3.1 Instead, the
mesh of the punch can be refingdich reduces computational cost compared to refining the blank
as the punch can be idealized as rigid or el&tinch mesh sizes with element sizes ranging from

0.051 0.2 mmwereconsidered with the sizes tabulatedliable5-4 andvisualized inFigure5-25.

Table 5-4 - Punch mesh edment sizes

Length (mm) Width (mm) Abbreviation

0.2 0.2 ™ TR
0.1 0.2 ™ ]
0.1 0.1 ™ T
0.05 0.2 Tgtv T
0.05 0.1 Tt TP
0.05 0.05 Tdtu T8t v
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Figure 5-25- Punch mesh detail for contact area convergence study

The contact areas extracted fromDSNA for the various punch mesh sizes is showfigure
5-26 where there igpproximate convergence for element lengths of 0.05 mm for widths of 0.05

to 0.20 mm.
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Figure 5-26 - Punch contact area for various punch mesh sizegaw data from LS-DYNA

5.3.6. Improving SimulationContact Area Curves with Lines of Best Fit
The discontinuous contact area data extracted froDYSA is not amenable foevaluating
analytical models for the contact pressure. To estimatarttierlying trend a cubic polynomial

was selected and calibrated to the contact area hiStieegubic equatiorior the contact aeeis
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At = ad3 +bd2 €d 13 (5.3.4)

whered is the punch displacemend is the initial contact areaand a, b, care the cubic
coefficients. The trendlines are shown as dotted linEgure5-27 and the cubic coefficients are

shown inthe Appendix.
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Figure 5-27 - Punch contact areastrendlines dotted

To illustrate the effect of contact areamd the cubic trendline on contact pressure, the
normalized contact pressuoé the p8t p8tmm blank mesh andd3t v @ mm punch mesh
calculated withboth the raw and cubic trendline contact area is showigime5-28 (plotted until
experimental limit strain punch displacemeifit)e benefit is clear for the contact pressure of the
punch computed with the cubic trendline. It is noteworthy that the conesdyse of the blank
and punch differs by a factor 6f For subsequent simulations in this chapter, the punch mesh size

of M8t v T™& mm was used and the punch contact area calculated using the cubic trendline.
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FE Model Results
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Figure 5-28 - Contact pressure comparisorof raw simulation data and cubictrendline method - blank mesh
vs. punch mesh

5.4.Investigation of Througlthickness Strain and Contact Pressure

The objective of this section is to revisit the process corrections of Min[&7glthatwere
applied experimentally in Chaptéy using finiteelement analysit evaluate theivalidity. The
effect ofan elastic punch was also investigated as it is expected to affect contact prieseure.
bend severities were investigated (with the same die gap width) using the 76.2 mm sample
geometry and a 1.4 mm sample thickness. The samplendss was set to 1.4 mm to achieve the
samed Y p& andg’Y T Tratios as in the experiments with the corresponding punch sizes.
Two powerlaw materials with different hardening rates were u&ed (6.1.1) in Section5.1.1)

with thevon Misesyield criterion. Thesimulation details are tabulatedTable5-5.
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Table 5-5 - Power-law simulation details (gap width 30 mm)

Gap widthi punch radius (mm) § 'Y | n-value | Punch material | Abbreviation

30-1 1.4 0.1 rigid 30-1_n=0.1_rigid
30-1 1.4 0.1 elastic 30-1 n=0.1_elastic
30-1 1.4 0.3 rigid 30-1_n=0.3 rigid
30-1 1.4 0.3 elastic 30-1_n=0.3_elastic
30- 10 0.14 0.1 rigid 30-10_n=0.1_rigid
3071 10 0.14 0.1 elastic 30-10_n=0.1_elastic
307 10 0.14 0.3 rigid 30-10_n=0.3 rigid
307 10 0.14 0.3 elastic 30-10_n=0.3_elastic

5.4.1. Comparison of Loadlisplacement Response

The loaddisplacement responsad limit strains are shown fRigure 5-29. The tabulated

limit strains argprovidedin the Appendix.
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—30-1_n=0.1_rigid
---30-1 n=0.1 elastic
—30-1 n=0.3 rigid
---30-1_n=0.3_elastic
—30-10_n=0.1_rigid
---30-10 n=0.1 elastic
——30-10 n=0.3 rigid
---30-10 n=0.3 elastic
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Figure 5-29- Load-displacement response and limit strains of afpower-law material simulations

The effect of elastic tooling is negligible on tl@addisplacement responsghich was

expected given that the load response did not appear to be sensitive to Heéelinéet parameters
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