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IVP’s LS-Dyna developments

= Development of stainless steel material models (MAT_TRIP Hansel model)
= Development of press hardening material models (22MnB5)
= Implementation of YLD2000 and HAH with distortional hardening

= Development of combined neckig-crack failure models for multilayer Al-sheets (FUSION)

Implementation of non associated flow rules (NAFR) in combination with YLD2000

Application in many «engineering» cases

]
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Hansel Model (MAT TRIP)

= Description by Hansel

*MAT 113

*MAT_TRIP

*MAT TRIP

This is Material Type 113. This isotropic elasto-plastic material model applies to shell elements
only. It features a special hardening law aimed at modelling the temperature dependent
hardening behavior of austenitic stainless TRIP-steels. TRIP stands for Transformation Induced
Plasticity. A detailed description of this material model can be found in Hinpsel, Hora, and

Reissner [1998] and Schedin, Prentzas, and Hilding [2004].
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Complex constitutive models in metal forming

ZTU-Diagramm von 22MnB5
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Prediction of “crash” material behavior
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Development of combined neckig-crack failure models for
multilayer Al-sheets (FUSION)

MonolayeLAd FUSION
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Impact of constitutive models on FEM results
0.8 , :

Accuracy of principal strain
distributions
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Anisotropic Hardening
Strain dependent Barlat 2000 Model
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Anisotropic Hardening — YLD2000-var model
Strain dependent Barlat 2000 Model

Strain dependent evolution of the YLD2000
parameters
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Applicability of NAFR models in combination with YLD2000
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Check of the YL by Nakajima tests

10
05 L
£
5 0
S
>
o}
-05 L
-1 0
-1 -0.5 0 0.5 1
oy (norm.)
3? Institut fir Virtuelle Produktion

Institute of Virtual Manufacturing 15. Deutsches LS-Dyna Forum 2018

| 17 October 2018 | 25



Introduction and Motivation
Limitations of non-quadratic yield loci
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Introduction and Motivation
Limitations of non-quadratic yield loci

Assumption m =4.5
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YLD2000-2D-NAFR
Yield Locus and Plastic Potential
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Optimum Search
Response Surface

=  Two Nakajima configurations Error Function
= B100
= B200

= Full factorial design for the yield locus
and plastic potential exponents

Mgy, M, ={3,4.5,6,8)

= Response surface based on error
function values at the supports
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Yield criterion — General Idea Source: Ch. Raemy, Diss ETH 2017 |

e Stress state parametrized by spherical coordinates r, ¢, v
e A formally very compact criterion is proposed (FAY — Fourier Anisotropic Yield)

o =rvf(p, )

f(p, 1) is a two-dimensional Fourier series of the angular coordinates

Z Z amn COS (My) cos (M) + Z Z bm.n COS (M) sin (M)

m=0 n=0 m=0 n=1
+ Z Zcmnsm p)cos (m))  + Zdensm (M) sin (M)
m=1 n=0 m=1 n=1

e Shape of yield surface adjustable through the coefficients of f
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FAY Model
Convexity Source: Ch. Raemy, Diss ETH 2017 '
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Comparison of non-AFR and FAY
Nakajima Results. Material AAGO16
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Figure 1: Measured and predicted strain distributions during Nakajima test of AA6016 at strokes

of 5mm, 10 mm, 15 mm, 20mm and 25 mm; for B200 additionally at 30 mm.

*r Institut fo. - ____ __________ :
A p Institute of Virtual Manufacturing Numisheet 2018 I 17.10.2018 |



Correct failure prediction — FLC based methods

= Time dependent evaluation method (Volk,
Hora, 2010)
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Fallure detection models

" Theoretical models " Qutput / Application

Nakajima test " M-K-Models FLC (linear)
Marciniak test ® eMMFC Models SLC

W Stress Limit Curve GFLC (Volk)
Cross line ev. Method

Nonlin FLC (eMMFC)

Time dependent ev. Met.

Wierzbicki, Bai, ... GTN Models Johnson Cook

Stress Limit Curve (Mohr- Mohr-Coulomb

Nakajima + Cup (Goriji) Coulomb)
oulom

Triaxiality plots

Special Tests Stress Limit Curve (3D-
tension torsion effective stress)

rolling

X-FLC
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Fallure detection models

®  Theoretical models " Qutput / Application
®  Nakajima test I ® FLC (linear)

" eMMFC Models

®  Nonlin FLC (eMMFC)
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NECKING PREDICTION

17 October 2018

CRACK PREDICTION

Shear crack

Bending crack

Edge crack
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Experimental evaluation of linear FLC

Sketch of the basic idea
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Strain history plot ( AA6016)

Clad200 - B20 Clad200 - B100 Clad200 - B200

What is the appropriate localization level ?
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What is the correct definition of the FLC values ?
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FLC evaluation methods
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FLC does not describe the rupture

but only the start of the necking process under some loading conditions

N/ S 7o 20|41



Standard “misleading” FLC interpretation
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FLC does not describe the rupture

but only the start of the necking process under some loading conditions

For incremental forming processes the limits are above the
FLC

also other processes like hemming are above the FLC
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Forming in the conditional stable area

Source Company AMINO
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Limitations in the FLC prediction

Crack strains in hemming

2

—

Hemming test — detection of crack strains
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Conditionally stable behavior in the range above the FLC
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... sSome Nakajima specimens may not cover correctly the
deep drawing behavior
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Validity of Nakajima tests

... does B20 correspond to the DD behavior on real parts?

>

*r Institut for Virtuelle Produktion
A P Institute of Virtual Manufacturing | 17 October 2018 | 57



... does B20 correspond to the DD behavior on real parts?

HC220YD, 0.8 mm AA5182, 1.1 mm
N P .
(x=) .. .
S / g """’::’ ,
< ‘t‘// : ;szv / - — - BMW
RN / "
| . \ B20 values too low | o | | |

The most left B20 specimen measurements deviates from the strain constrained conditions in the deep drawing case.

For those reasons the so evaluated FLC shows a drop down of the FLC on the left hand side which cannot be observed
under real deep drawing conditions.

FLC data: Numisheet BM 2008 - FLC-Benchmark
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Based on the experimental FLC the simulation shows
to conservative behavior
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Differences between DD and B20 forming conditions
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ETHzurich

Tensile Test - Condition f=-0.5 DD-case Condition p=-0.499
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Differences between strain and stress BC

Spannung in 2. Hauptrichtung
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N

Impact of the BC on the necking behavior

2

Stress driven BC

Strain driven BC
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... different parameters like curvature may not be coverd
correctly as well
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Limitations in the FLC prediction

Influence of thickness

]
08 :\'\ Sheet thickness:
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Limitations in the FLC prediction 08
Influence of curvature
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FLC evaluation with different punch geometries
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Limitations in the FLC prediction

Influence of stretch bending in FLDO
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FLDO — Values in a stretch-bending test

Source: E.M. Neuhauser!?, O.R. Terrazas?, N. Manopulo?,P. Hora? and C.J. Van Tyne
Stretch bending — the plane within the sheet where strains reach the forming limit curve. In Proceeding of IDDR2016
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Limitations in the FLC prediction

Crack strains in hemming
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... the strain path are even on simple parts not always
linear
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» When passing through a draw bead
the sheet is bent up to 8 times.

= This results in a reversal load, which
IS not detected by the linear FLC

» Material specifically, this leads to an
increase in the FLD, value
[publications by T. Van den Boogaard
( 2008) or Neuhauser et.al ( IDDRG
2016)]
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Nonlinear Deformation Paths
Cross-Die

Cross Die DC05 V1 Hill48
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Contour of Formability: Mid. Surface
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PREDICATBILITY OF NECKING LIMITS BASED ON
NUMERICAL MODELS

Theoretical failure prediction



N

Virtual FLC Prediction

Theoretical models in failure predictions -

= Marciniak

= Rice

= Hutchinson
= Ghosh

= Needleman
= Storen

= Keeler

= Miyauchi

= Budianski

= Kobayashi
= Koistinen

Institute of Virtual Manufacturing
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Material Behavior
and
Deformation Analysis
Edited by Donald P. Koistinen
Neng-Ming Wang

mposizn held at the General Motors Research Laboratories
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Applicability of numerical models

MK-Models GTN Models MMFC-Models SFLC (Volk et.al)

Thickness only t,/tg (not explicitly) Included as t/R not explicitly)
ratio

Curvature NO (not explicitly) Included as t/R not explicitly)
ratio

Strain rate YES YES YES not explicitly)

Non-linear path YES Stress path YES ES

dependent
Significant Inhomogeneity Unclear evolution o | Single point model | 3ased on
weaknesses assumption damage axperimental data
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Content

General topics in constitutive modeling

Necking prediction
" Limitations of classical FLC based prediction methods

" FLC Limitations of Nakajima testing methods

" Advanced FLC methods (eMMFC)
" Prediction of non-linear strain-paths

Crack prediction - Sheet specific fracture methods (X-FLC)
" Different experimental methods

" Nakajima based experimental detection of crack (fracture) limits

" Application of X-FLC methods

Conclusions IE'
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MMFC

Localization condition with plane strain state

uniform crack
elongation

start of localization
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“M-K” FEM evaluation

€22

CBLCS (t=0.8 n=0.21, True strain)
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eMMFC with strain rate extension

Influence of Influence of Influence of
bending thickness Strain rate
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		0.387035

		0.387547

		0.388059

		0.388571

		0.389083

		0.389595

		0.390107

		0.390619

		0.39113

		0.391642

		0.392154

		0.392666

		0.393178

		0.39369

		0.394202

		0.394714

		0.395226

		0.395738

		0.39625

		0.396762

		0.397274

		0.397786

		0.398298

		0.39881

		0.399322

		0.399834

		0.400346

		0.400858

		0.40137

		0.401881

		0.402393

		0.402905

		0.403417

		0.403929

		0.404441

		0.404953

		0.405465



Fe

eV

sV [MPa]

170953000

176470000

178246000

179530000

180994000

182256000

183585000

184767000

186033000

187186000

188434000

189578000

190824000

191942000

193181000

194292000

195499000

196588000

197770000

198851000

200026000

201083000

202237000

203269000

204432000

205428000

206563000

207527000

208680000

209608000

210727000

211646000

212758000

213656000

214757000

215631000

216725000

217582000

218670000

219500000

220581000

221391000

222478000

223258000

224316000

225092000

226138000

226907000

227948000

228704000

229713000

230463000

231453000

232193000

233175000

233901000

234846000

235569000

236518000

237236000

238151000

238866000

239763000

240490000

241350000

242084000

242920000

243655000

244494000

245210000

246019000

246737000

247535000

248262000

249059000

249757000

250556000

251278000

252014000

252748000

253468000

254187000

254895000

255600000

256302000

256997000

257693000

258375000

259046000

259723000

260390000

261056000

261714000

262363000

263007000

263649000

264292000

264926000

265555000

266175000

266791000

267402000

268013000

268619000

269222000

269823000

270419000

271011000

271599000

272185000

272769000

273352000

273928000

274501000

275068000

275635000

276193000

276734000

277292000

277841000

278389000

278931000

279473000

280011000

280542000

281070000

281594000

282117000

282636000

283152000

283665000

284173000

284679000

285181000

285681000

286177000

286670000

287160000

287649000

288136000

288622000

289103000

289582000

290060000

290533000

291005000

291476000

291943000

292407000

292865000

293320000

293772000

294221000

294668000

295112000

295554000

295994000

296432000

296868000

297301000

297732000

298158000

298575000

298990000

299402000

299813000

300223000

300641000

301058000

301473000

301887000

302297000

302706000

303114000

303521000

303926000

304328000

304727000

305122000

305516000

305907000

306297000

306685000

307071000

307453000

307838000

308221000

308601000

308977000

309352000

309725000

310096000

310465000

310832000

311196000

311560000

311927000

312289000

312652000

313011000

313370000

313725000

314078000

314431000

314781000

315130000

315476000

315819000

316160000

316500000

316838000

317174000

317509000

317843000

318172000

318502000

318829000

319153000

319477000

319797000

320117000

320437000

320761000

321082000

321403000

321720000

322033000

322344000

322656000

322967000

323276000

323584000

323891000

324193000

324495000

324794000

325090000

325383000

325673000

325964000

326255000

326543000

326834000

327129000

327420000

327711000

327997000

328280000

328561000

328837000

329115000

329389000

329667000

329949000

330232000

330517000

330802000

331084000

331360000

331633000

331905000

332181000

332459000

332734000

333007000

333277000

333543000

333808000

334072000

334340000

334611000

334874000

335137000

335401000

335662000

335922000

336183000

336452000

336717000

336982000

337244000

337504000

337763000

338022000

338281000

338542000

338800000

339058000

339315000

339574000

339838000

340100000

340362000

340623000

340875000

341128000

341378000

341626000

341875000

342123000

342372000

342620000

342869000

343120000

343367000

343613000

343859000

344103000

344347000

344592000

344836000

345080000

345323000

345562000

345806000

346044000

346286000

346529000

346771000

347014000

347258000

347501000

347744000

347987000

348229000

348468000

348710000

348947000

349185000

349423000

349656000

349893000

350128000

350359000

350591000

350820000

351052000

351281000

351510000

351743000

351974000

352202000

352430000

352658000

352881000

353105000

353329000

353550000

353771000

353993000

354214000

354433000

354654000

354873000

355089000

355305000

355521000

355734000

355951000

356163000

356376000

356586000

356797000

357004000

357215000

357422000

357635000

357844000

358058000

358273000

358482000

358694000

358901000

359107000

359313000

359517000

359720000

359926000

360130000

360334000

360539000

360744000

360946000

361148000

361347000

361546000

361744000

361944000

362143000

362341000

362539000

362736000

362932000

363128000

363323000

363518000

363715000

363913000

364110000

364307000

364502000

364700000

364895000

365085000

365278000

365478000

365667000

365857000

366049000

366236000

366424000

366617000

366806000

366992000

367182000

367368000

367554000

367741000

367933000

368119000

368305000

368496000

368683000

368870000

369061000

369248000

369435000

369626000

369814000

370001000

370188000

370373000

370557000

370743000

370928000

371108000

371289000

371470000

371651000

371832000

372013000

372191000

372363000

372537000

372709000

372881000

373053000

373223000

373394000

373566000

373745000

373922000

374100000

374278000

374456000

374635000

374815000

374998000

375183000

375370000

375555000

375744000

375929000

376110000

376292000

376472000

376652000

376831000

377011000

377187000

377364000

377541000

377718000

377891000

378070000

378246000

378419000

378597000

378772000

378945000

379118000

379290000

379463000

379635000

379806000

379975000

380145000

380317000

380486000

380653000

380820000

380988000

381160000

381332000

381504000

381680000

381849000

382017000

382183000

382349000

382513000

382680000

382852000

383027000

383202000

383375000

383543000

383708000

383871000

384035000

384197000

384359000

384524000

384689000

384857000

385021000

385181000

385337000

385497000

385654000

385813000

385971000

386141000

386313000

386484000

386658000

386829000

387000000

387172000

387343000

387513000

387683000

387853000

388022000

388191000

388360000

388528000

388697000

388867000

389036000

389203000

389371000

389542000

389710000

389880000

390049000

390218000

390387000

390554000

390719000

390885000

391050000

391214000

391376000

391540000

391704000

391868000

392030000

392193000

392358000

392520000

392681000

392844000

393006000

393167000

393328000

393491000

393652000

393812000

393974000

394133000

394291000

394451000

394609000

394768000

394925000

395086000

395243000

395402000

395560000

395718000

395877000

396036000

396195000

396353000

396509000

396667000

396822000

396979000

397132000

397288000

397442000

397596000

397749000

397904000

398052000

398202000

398352000

398502000

398650000

398800000

398948000

399096000

399244000

399391000

399540000

399683000

399830000

399978000

400127000

400273000

400421000

400572000

400721000

400873000

401021000

401170000

401319000

401468000

401616000

401763000

401910000

402057000

402204000

402348000

402495000

402641000

402786000

402930000

403075000

403217000

403362000

403503000

403646000

403788000

403930000

404070000

404220000

404361000

404501000

404643000

404785000

404931000

405076000

405221000

405364000

405510000

405652000

405796000

405940000

406081000

406225000

406368000

406511000

406655000

406798000

406938000

407080000

407223000

407362000

407502000

407644000

407781000

407922000

408059000

408201000

408337000

408477000

408615000

408755000

408892000

409030000

409169000

409308000

409445000

409582000

409720000

409858000

409996000

410135000

410275000

410410000

410549000

410685000

410825000

410961000

411097000

411234000

411370000

411507000

411644000

411780000

411918000

412054000

412189000

412324000

412458000

412592000

412726000

412860000

412996000

413130000

413264000

413396000

413530000

413663000

413794000

413922000

414056000

414183000

414311000

414439000

414566000

414693000

414819000

414944000

415078000

415212000

415348000

415480000

415616000

415753000

415886000

416021000

416155000

416289000

416424000

416556000

416688000

416821000

416952000

417082000

417214000

417345000

417478000

417608000

417738000

417868000

418000000

418129000

418257000

418385000

418516000

418644000

418770000

418899000

419026000

419152000

419279000

419402000

419530000

419656000

419782000

419908000

420034000

420159000

420284000

420407000

420532000

420654000

420776000

420901000

421027000

421148000

421273000

421393000

421512000

421636000

421754000

421873000

421992000

422113000

422234000

422356000

422480000

422605000

422734000

422859000

422987000

423112000

423240000

423365000

423487000

423609000

423728000

423848000

423966000

424086000

424202000

424321000

424441000



aa

		Fe				Al

		0		0		0		0

		0.000511951		1.37E+08		0.00127105		9.93E+07

		0.0010239		1.71E+08		0.0025421		1.47E+08

		0.00153585		1.76E+08		0.00381315		1.62E+08

		0.0020478		1.78E+08		0.0050842		1.69E+08

		0.00255975		1.80E+08		0.00635525		1.74E+08

		0.00307171		1.81E+08		0.0076263		1.79E+08

		0.00358366		1.82E+08		0.00889735		1.83E+08

		0.00409561		1.84E+08		0.0101684		1.87E+08

		0.00460756		1.85E+08		0.0114395		1.90E+08

		0.00511951		1.86E+08		0.0127105		1.94E+08

		0.00563146		1.87E+08		0.0139816		1.97E+08

		0.00614341		1.88E+08		0.0152526		2.00E+08

		0.00665536		1.90E+08		0.0165237		2.03E+08

		0.00716731		1.91E+08		0.0177947		2.07E+08

		0.00767926		1.92E+08		0.0190658		2.09E+08

		0.00819121		1.93E+08		0.0203368		2.12E+08

		0.00870317		1.94E+08		0.0216079		2.15E+08

		0.00921512		1.95E+08		0.0228789		2.18E+08

		0.00972707		1.97E+08		0.02415		2.21E+08

		0.010239		1.98E+08		0.025421		2.23E+08

		0.010751		1.99E+08		0.0266921		2.26E+08

		0.0112629		2.00E+08		0.0279631		2.28E+08

		0.0117749		2.01E+08		0.0292342		2.31E+08

		0.0122868		2.02E+08		0.0305052		2.33E+08

		0.0127988		2.03E+08		0.0317763		2.36E+08

		0.0133107		2.04E+08		0.0330473		2.37E+08

		0.0138227		2.05E+08		0.0343184		2.40E+08

		0.0143346		2.07E+08		0.0355894		2.42E+08

		0.0148466		2.08E+08		0.0368605		2.44E+08

		0.0153585		2.09E+08		0.0381315		2.46E+08

		0.0158705		2.10E+08		0.0394026		2.48E+08

		0.0163824		2.11E+08		0.0406736		2.50E+08

		0.0168944		2.12E+08		0.0419447		2.52E+08

		0.0174063		2.13E+08		0.0432157		2.54E+08

		0.0179183		2.14E+08		0.0444868		2.56E+08

		0.0184302		2.15E+08		0.0457578		2.57E+08

		0.0189422		2.16E+08		0.0470289		2.60E+08

		0.0194541		2.17E+08		0.0482999		2.61E+08

		0.0199661		2.18E+08		0.049571		2.63E+08

		0.020478		2.19E+08		0.050842		2.64E+08

		0.02099		2.20E+08		0.0521131		2.66E+08

		0.0215019		2.21E+08		0.0533841		2.67E+08

		0.0220139		2.21E+08		0.0546552		2.69E+08

		0.0225258		2.22E+08		0.0559262		2.70E+08

		0.0230378		2.23E+08		0.0571973		2.72E+08

		0.0235497		2.24E+08		0.0584683		2.74E+08

		0.0240617		2.25E+08		0.0597394		2.75E+08

		0.0245736		2.26E+08		0.0610104		2.76E+08

		0.0250856		2.27E+08		0.0622815		2.78E+08

		0.0255975		2.28E+08		0.0635525		2.79E+08

		0.0261095		2.29E+08		0.0648236		2.81E+08

		0.0266214		2.30E+08		0.0660946		2.82E+08

		0.0271334		2.30E+08		0.0673657		2.83E+08

		0.0276453		2.31E+08		0.0686367		2.85E+08

		0.0281573		2.32E+08		0.0699078		2.86E+08

		0.0286693		2.33E+08		0.0711788		2.87E+08

		0.0291812		2.34E+08		0.0724499		2.88E+08

		0.0296932		2.35E+08		0.0737209		2.89E+08

		0.0302051		2.36E+08		0.074992		2.91E+08

		0.0307171		2.37E+08		0.076263		2.92E+08

		0.031229		2.37E+08		0.0775341		2.93E+08

		0.031741		2.38E+08		0.0788051		2.94E+08

		0.0322529		2.39E+08		0.0800762		2.95E+08

		0.0327649		2.40E+08		0.0813472		2.96E+08

		0.0332768		2.40E+08		0.0826183		2.97E+08

		0.0337888		2.41E+08		0.0838893		2.98E+08

		0.0343007		2.42E+08		0.0851604		3.00E+08

		0.0348127		2.43E+08		0.0864314		3.00E+08

		0.0353246		2.44E+08		0.0877025		3.02E+08

		0.0358366		2.44E+08		0.0889735		3.03E+08

		0.0363485		2.45E+08		0.0902446		3.04E+08

		0.0368605		2.46E+08		0.0915156		3.04E+08

		0.0373724		2.47E+08		0.0927867		3.05E+08

		0.0378844		2.48E+08		0.0940577		3.07E+08

		0.0383963		2.48E+08		0.0953288		3.08E+08

		0.0389083		2.49E+08		0.0965998		3.08E+08

		0.0394202		2.50E+08		0.0978709		3.09E+08

		0.0399322		2.51E+08		0.0991419		3.10E+08

		0.0404441		2.51E+08		0.100413		3.11E+08

		0.0409561		2.52E+08		0.101684		3.12E+08

		0.041468		2.53E+08		0.102955		3.13E+08

		0.04198		2.53E+08		0.104226		3.14E+08

		0.0424919		2.54E+08		0.105497		3.15E+08

		0.0430039		2.55E+08		0.106768		3.16E+08

		0.0435158		2.56E+08		0.108039		3.16E+08

		0.0440278		2.56E+08		0.10931		3.17E+08

		0.0445397		2.57E+08		0.110581		3.18E+08

		0.0450517		2.58E+08		0.111852		3.19E+08

		0.0455636		2.58E+08		0.113123		3.20E+08

		0.0460756		2.59E+08		0.114395		3.21E+08

		0.0465875		2.60E+08		0.115666		3.21E+08

		0.0470995		2.60E+08		0.116937		3.22E+08

		0.0476114		2.61E+08		0.118208		3.23E+08

		0.0481234		2.62E+08		0.119479		3.24E+08

		0.0486353		2.62E+08		0.12075		3.24E+08

		0.0491473		2.63E+08		0.122021		3.25E+08

		0.0496592		2.64E+08		0.123292		3.26E+08

		0.0501712		2.64E+08		0.124563		3.27E+08

		0.0506831		2.65E+08		0.125834		3.27E+08

		0.0511951		2.66E+08		0.127105		3.28E+08

		0.051707		2.66E+08		0.128376		3.29E+08

		0.052219		2.67E+08		0.129647		3.29E+08

		0.0527309		2.67E+08		0.130918		3.30E+08

		0.0532429		2.68E+08		0.132189		3.31E+08

		0.0537548		2.69E+08		0.13346		3.31E+08

		0.0542668		2.69E+08		0.134731		3.32E+08

		0.0547787		2.70E+08		0.136002		3.33E+08

		0.0552907		2.70E+08		0.137273		3.33E+08

		0.0558026		2.71E+08		0.138545		3.34E+08

		0.0563146		2.72E+08		0.139816		3.34E+08

		0.0568265		2.72E+08		0.141087		3.35E+08

		0.0573385		2.73E+08		0.142358		3.36E+08

		0.0578505		2.73E+08		0.143629		3.36E+08

		0.0583624		2.74E+08		0.1449		3.37E+08

		0.0588744		2.75E+08		0.146171		3.37E+08

		0.0593863		2.75E+08		0.147442		3.38E+08

		0.0598983		2.76E+08		0.148713		3.39E+08

		0.0604102		2.76E+08		0.149984		3.39E+08

		0.0609222		2.77E+08		0.151255		3.40E+08

		0.0614341		2.77E+08		0.152526		3.40E+08

		0.0619461		2.78E+08		0.153797		3.41E+08

		0.062458		2.78E+08		0.155068		3.41E+08

		0.06297		2.79E+08		0.156339		3.42E+08

		0.0634819		2.79E+08		0.15761		3.42E+08

		0.0639939		2.80E+08		0.158881		3.43E+08

		0.0645058		2.81E+08		0.160152		3.43E+08

		0.0650178		2.81E+08		0.161423		3.44E+08

		0.0655297		2.82E+08		0.162694		3.44E+08

		0.0660417		2.82E+08		0.163966		3.45E+08

		0.0665536		2.83E+08		0.165237		3.45E+08

		0.0670656		2.83E+08		0.166508		3.46E+08

		0.0675775		2.84E+08		0.167779		3.46E+08

		0.0680895		2.84E+08		0.16905		3.47E+08

		0.0686014		2.85E+08		0.170321		3.47E+08

		0.0691134		2.85E+08		0.171592		3.48E+08

		0.0696253		2.86E+08		0.172863		3.48E+08

		0.0701373		2.86E+08		0.174134		3.49E+08

		0.0706492		2.87E+08		0.175405		3.49E+08

		0.0711612		2.87E+08		0.176676		3.50E+08

		0.0716731		2.88E+08		0.177947		3.50E+08

		0.0721851		2.88E+08		0.179218		3.51E+08

		0.072697		2.89E+08		0.180489		3.51E+08

		0.073209		2.89E+08		0.18176		3.51E+08

		0.0737209		2.90E+08		0.183031		3.52E+08

		0.0742329		2.90E+08		0.184302		3.52E+08

		0.0747448		2.91E+08		0.185573		3.53E+08

		0.0752568		2.91E+08		0.186844		3.53E+08

		0.0757687		2.91E+08		0.188115		3.54E+08

		0.0762807		2.92E+08		0.189387		3.54E+08

		0.0767926		2.92E+08		0.190658		3.54E+08

		0.0773046		2.93E+08		0.191929		3.55E+08

		0.0778165		2.93E+08		0.1932		3.55E+08

		0.0783285		2.94E+08		0.194471		3.56E+08

		0.0788404		2.94E+08		0.195742		3.56E+08

		0.0793524		2.95E+08		0.197013		3.56E+08

		0.0798643		2.95E+08		0.198284		3.57E+08

		0.0803763		2.96E+08		0.199555		3.57E+08

		0.0808882		2.96E+08		0.200826		3.58E+08

		0.0814002		2.96E+08		0.202097		3.58E+08

		0.0819121		2.97E+08		0.203368		3.58E+08

		0.0824241		2.97E+08		0.204639		3.59E+08

		0.082936		2.98E+08		0.20591		3.59E+08

		0.083448		2.98E+08		0.207181		3.60E+08

		0.0839599		2.99E+08		0.208452		3.60E+08

		0.0844719		2.99E+08		0.209723		3.60E+08

		0.0849838		2.99E+08		0.210994		3.61E+08

		0.0854958		3.00E+08		0.212265		3.61E+08

		0.0860078		3.00E+08		0.213536		3.61E+08

		0.0865197		3.01E+08		0.214808		3.62E+08

		0.0870317		3.01E+08		0.216079		3.62E+08

		0.0875436		3.01E+08		0.21735		3.62E+08

		0.0880556		3.02E+08		0.218621		3.63E+08

		0.0885675		3.02E+08		0.219892		3.63E+08

		0.0890795		3.03E+08		0.221163		3.63E+08

		0.0895914		3.03E+08		0.222434		3.64E+08

		0.0901034		3.04E+08		0.223705		3.64E+08

		0.0906153		3.04E+08		0.224976		3.64E+08

		0.0911273		3.04E+08		0.226247		3.65E+08

		0.0916392		3.05E+08		0.227518		3.65E+08

		0.0921512		3.05E+08		0.228789		3.65E+08

		0.0926631		3.06E+08		0.23006		3.66E+08

		0.0931751		3.06E+08		0.231331		3.66E+08

		0.093687		3.06E+08		0.232602		3.66E+08

		0.094199		3.07E+08		0.233873		3.66E+08

		0.0947109		3.07E+08		0.235144		3.67E+08

		0.0952229		3.07E+08		0.236415		3.67E+08

		0.0957348		3.08E+08		0.237686		3.67E+08

		0.0962468		3.08E+08		0.238957		3.68E+08

		0.0967587		3.09E+08		0.240229		3.68E+08

		0.0972707		3.09E+08		0.2415		3.68E+08

		0.0977826		3.09E+08		0.242771		3.68E+08

		0.0982946		3.10E+08		0.244042		3.69E+08

		0.0988065		3.10E+08		0.245313		3.69E+08

		0.0993185		3.10E+08		0.246584		3.69E+08

		0.0998304		3.11E+08		0.247855		3.70E+08

		0.100342		3.11E+08		0.249126		3.70E+08

		0.100854		3.12E+08		0.250397		3.70E+08

		0.101366		3.12E+08		0.251668		3.70E+08

		0.101878		3.12E+08		0.252939		3.71E+08

		0.10239		3.13E+08		0.25421		3.71E+08

		0.102902		3.13E+08		0.255481		3.71E+08

		0.103414		3.13E+08		0.256752		3.72E+08

		0.103926		3.14E+08		0.258023		3.72E+08

		0.104438		3.14E+08		0.259294		3.72E+08

		0.10495		3.14E+08		0.260565		3.72E+08

		0.105462		3.15E+08		0.261836		3.73E+08

		0.105974		3.15E+08		0.263107		3.73E+08

		0.106486		3.15E+08		0.264379		3.73E+08

		0.106998		3.16E+08		0.26565		3.73E+08

		0.10751		3.16E+08		0.266921		3.74E+08

		0.108022		3.17E+08		0.268192		3.74E+08

		0.108534		3.17E+08		0.269463		3.74E+08

		0.109046		3.17E+08		0.270734		3.74E+08

		0.109557		3.18E+08		0.272005		3.75E+08

		0.110069		3.18E+08		0.273276		3.75E+08

		0.110581		3.18E+08		0.274547		3.75E+08

		0.111093		3.19E+08		0.275818		3.75E+08

		0.111605		3.19E+08		0.277089		3.76E+08

		0.112117		3.19E+08		0.27836		3.76E+08

		0.112629		3.19E+08		0.279631		3.76E+08

		0.113141		3.20E+08		0.280902		3.77E+08

		0.113653		3.20E+08		0.282173		3.77E+08

		0.114165		3.20E+08		0.283444		3.77E+08

		0.114677		3.21E+08		0.284715		3.77E+08

		0.115189		3.21E+08		0.285986		3.78E+08

		0.115701		3.21E+08		0.287257		3.78E+08

		0.116213		3.22E+08		0.288528		3.78E+08

		0.116725		3.22E+08		0.2898		3.78E+08

		0.117237		3.22E+08		0.291071		3.79E+08

		0.117749		3.23E+08		0.292342		3.79E+08

		0.118261		3.23E+08		0.293613		3.79E+08

		0.118773		3.23E+08		0.294884		3.79E+08

		0.119285		3.24E+08		0.296155		3.80E+08

		0.119797		3.24E+08		0.297426		3.80E+08

		0.120308		3.24E+08		0.298697		3.80E+08

		0.12082		3.24E+08		0.299968		3.80E+08

		0.121332		3.25E+08		0.301239		3.81E+08

		0.121844		3.25E+08		0.30251		3.81E+08

		0.122356		3.25E+08		0.303781		3.81E+08

		0.122868		3.26E+08		0.305052		3.81E+08

		0.12338		3.26E+08		0.306323		3.82E+08

		0.123892		3.26E+08		0.307594		3.82E+08

		0.124404		3.27E+08		0.308865		3.82E+08

		0.124916		3.27E+08		0.310136		3.82E+08

		0.125428		3.27E+08		0.311407		3.83E+08

		0.12594		3.27E+08		0.312678		3.83E+08

		0.126452		3.28E+08		0.313949		3.83E+08

		0.126964		3.28E+08		0.315221		3.83E+08

		0.127476		3.28E+08		0.316492		3.84E+08

		0.127988		3.29E+08		0.317763		3.84E+08

		0.1285		3.29E+08		0.319034		3.84E+08

		0.129012		3.29E+08		0.320305		3.84E+08

		0.129524		3.29E+08		0.321576		3.85E+08

		0.130036		3.30E+08		0.322847		3.85E+08

		0.130547		3.30E+08		0.324118		3.85E+08

		0.131059		3.30E+08		0.325389		3.85E+08

		0.131571		3.31E+08		0.32666		3.86E+08

		0.132083		3.31E+08		0.327931		3.86E+08

		0.132595		3.31E+08		0.329202		3.86E+08

		0.133107		3.31E+08		0.330473		3.86E+08

		0.133619		3.32E+08		0.331744		3.87E+08

		0.134131		3.32E+08		0.333015		3.87E+08

		0.134643		3.32E+08		0.334286		3.87E+08

		0.135155		3.32E+08		0.335557		3.87E+08

		0.135667		3.33E+08		0.336828		3.88E+08

		0.136179		3.33E+08		0.338099		3.88E+08

		0.136691		3.33E+08		0.33937		3.88E+08

		0.137203		3.34E+08		0.340642		3.88E+08

		0.137715		3.34E+08		0.341913		3.89E+08

		0.138227		3.34E+08		0.343184		3.89E+08

		0.138739		3.34E+08		0.344455		3.89E+08

		0.139251		3.35E+08		0.345726		3.89E+08

		0.139763		3.35E+08		0.346997		3.90E+08

		0.140275		3.35E+08		0.348268		3.90E+08

		0.140786		3.35E+08		0.349539		3.90E+08

		0.141298		3.36E+08		0.35081		3.90E+08

		0.14181		3.36E+08		0.352081		3.91E+08

		0.142322		3.36E+08		0.353352		3.91E+08

		0.142834		3.36E+08		0.354623		3.91E+08

		0.143346		3.37E+08		0.355894		3.91E+08

		0.143858		3.37E+08		0.357165		3.91E+08

		0.14437		3.37E+08		0.358436		3.92E+08

		0.144882		3.38E+08		0.359707		3.92E+08

		0.145394		3.38E+08		0.360978		3.92E+08

		0.145906		3.38E+08		0.362249		3.92E+08

		0.146418		3.38E+08		0.36352		3.93E+08

		0.14693		3.39E+08		0.364791		3.93E+08

		0.147442		3.39E+08		0.366063		3.93E+08

		0.147954		3.39E+08		0.367334		3.93E+08

		0.148466		3.39E+08		0.368605		3.93E+08

		0.148978		3.40E+08		0.369876		3.94E+08

		0.14949		3.40E+08		0.371147		3.94E+08

		0.150002		3.40E+08		0.372418		3.94E+08

		0.150514		3.40E+08		0.373689		3.94E+08

		0.151026		3.41E+08		0.37496		3.94E+08

		0.151537		3.41E+08		0.376231		3.95E+08

		0.152049		3.41E+08		0.377502		3.95E+08

		0.152561		3.41E+08		0.378773		3.95E+08

		0.153073		3.42E+08		0.380044		3.95E+08

		0.153585		3.42E+08		0.381315		3.96E+08

		0.154097		3.42E+08		0.382586		3.96E+08

		0.154609		3.42E+08		0.383857		3.96E+08

		0.155121		3.43E+08		0.385128		3.96E+08

		0.155633		3.43E+08		0.386399		3.96E+08

		0.156145		3.43E+08		0.38767		3.97E+08

		0.156657		3.43E+08		0.388941		3.97E+08

		0.157169		3.44E+08		0.390213		3.97E+08

		0.157681		3.44E+08		0.391484		3.97E+08

		0.158193		3.44E+08		0.392755		3.98E+08

		0.158705		3.44E+08		0.394026		3.98E+08

		0.159217		3.45E+08		0.395297		3.98E+08

		0.159729		3.45E+08		0.396568		3.98E+08

		0.160241		3.45E+08		0.397839		3.98E+08

		0.160753		3.45E+08		0.39911		3.99E+08

		0.161265		3.46E+08		0.400381		3.99E+08

		0.161776		3.46E+08		0.401652		3.99E+08

		0.162288		3.46E+08		0.402923		3.99E+08

		0.1628		3.46E+08		0.404194		3.99E+08

		0.163312		3.47E+08		0.405465		4.00E+08

		0.163824		3.47E+08

		0.164336		3.47E+08

		0.164848		3.47E+08

		0.16536		3.48E+08

		0.165872		3.48E+08

		0.166384		3.48E+08

		0.166896		3.48E+08

		0.167408		3.48E+08

		0.16792		3.49E+08

		0.168432		3.49E+08

		0.168944		3.49E+08

		0.169456		3.49E+08

		0.169968		3.50E+08

		0.17048		3.50E+08

		0.170992		3.50E+08

		0.171504		3.50E+08

		0.172016		3.51E+08

		0.172527		3.51E+08

		0.173039		3.51E+08

		0.173551		3.51E+08

		0.174063		3.52E+08

		0.174575		3.52E+08

		0.175087		3.52E+08

		0.175599		3.52E+08

		0.176111		3.52E+08

		0.176623		3.53E+08

		0.177135		3.53E+08

		0.177647		3.53E+08

		0.178159		3.53E+08

		0.178671		3.54E+08

		0.179183		3.54E+08

		0.179695		3.54E+08

		0.180207		3.54E+08

		0.180719		3.54E+08

		0.181231		3.55E+08

		0.181743		3.55E+08

		0.182255		3.55E+08

		0.182766		3.55E+08

		0.183278		3.56E+08

		0.18379		3.56E+08

		0.184302		3.56E+08

		0.184814		3.56E+08

		0.185326		3.56E+08

		0.185838		3.57E+08

		0.18635		3.57E+08

		0.186862		3.57E+08

		0.187374		3.57E+08

		0.187886		3.57E+08

		0.188398		3.58E+08

		0.18891		3.58E+08

		0.189422		3.58E+08

		0.189934		3.58E+08

		0.190446		3.58E+08

		0.190958		3.59E+08

		0.19147		3.59E+08

		0.191982		3.59E+08

		0.192494		3.59E+08

		0.193005		3.60E+08

		0.193517		3.60E+08

		0.194029		3.60E+08

		0.194541		3.60E+08

		0.195053		3.60E+08

		0.195565		3.61E+08

		0.196077		3.61E+08

		0.196589		3.61E+08

		0.197101		3.61E+08

		0.197613		3.61E+08

		0.198125		3.62E+08

		0.198637		3.62E+08

		0.199149		3.62E+08

		0.199661		3.62E+08

		0.200173		3.62E+08

		0.200685		3.63E+08

		0.201197		3.63E+08

		0.201709		3.63E+08

		0.202221		3.63E+08

		0.202733		3.63E+08

		0.203245		3.64E+08

		0.203756		3.64E+08

		0.204268		3.64E+08

		0.20478		3.64E+08

		0.205292		3.64E+08

		0.205804		3.65E+08

		0.206316		3.65E+08

		0.206828		3.65E+08

		0.20734		3.65E+08

		0.207852		3.65E+08

		0.208364		3.65E+08

		0.208876		3.66E+08

		0.209388		3.66E+08

		0.2099		3.66E+08

		0.210412		3.66E+08

		0.210924		3.66E+08

		0.211436		3.67E+08

		0.211948		3.67E+08

		0.21246		3.67E+08

		0.212972		3.67E+08

		0.213484		3.67E+08

		0.213995		3.68E+08

		0.214507		3.68E+08

		0.215019		3.68E+08

		0.215531		3.68E+08

		0.216043		3.68E+08

		0.216555		3.68E+08

		0.217067		3.69E+08

		0.217579		3.69E+08

		0.218091		3.69E+08

		0.218603		3.69E+08

		0.219115		3.69E+08

		0.219627		3.70E+08

		0.220139		3.70E+08

		0.220651		3.70E+08

		0.221163		3.70E+08

		0.221675		3.70E+08

		0.222187		3.71E+08

		0.222699		3.71E+08

		0.223211		3.71E+08

		0.223723		3.71E+08

		0.224234		3.71E+08

		0.224746		3.71E+08

		0.225258		3.72E+08

		0.22577		3.72E+08

		0.226282		3.72E+08

		0.226794		3.72E+08

		0.227306		3.72E+08

		0.227818		3.73E+08

		0.22833		3.73E+08

		0.228842		3.73E+08

		0.229354		3.73E+08

		0.229866		3.73E+08

		0.230378		3.73E+08

		0.23089		3.74E+08

		0.231402		3.74E+08

		0.231914		3.74E+08

		0.232426		3.74E+08

		0.232938		3.74E+08

		0.23345		3.74E+08

		0.233962		3.75E+08

		0.234474		3.75E+08

		0.234985		3.75E+08

		0.235497		3.75E+08

		0.236009		3.75E+08

		0.236521		3.76E+08

		0.237033		3.76E+08

		0.237545		3.76E+08

		0.238057		3.76E+08

		0.238569		3.76E+08

		0.239081		3.76E+08

		0.239593		3.77E+08

		0.240105		3.77E+08

		0.240617		3.77E+08

		0.241129		3.77E+08

		0.241641		3.77E+08

		0.242153		3.78E+08

		0.242665		3.78E+08

		0.243177		3.78E+08

		0.243689		3.78E+08

		0.244201		3.78E+08

		0.244713		3.78E+08

		0.245224		3.79E+08

		0.245736		3.79E+08

		0.246248		3.79E+08

		0.24676		3.79E+08

		0.247272		3.79E+08

		0.247784		3.79E+08

		0.248296		3.80E+08

		0.248808		3.80E+08

		0.24932		3.80E+08

		0.249832		3.80E+08

		0.250344		3.80E+08

		0.250856		3.80E+08

		0.251368		3.81E+08

		0.25188		3.81E+08

		0.252392		3.81E+08

		0.252904		3.81E+08

		0.253416		3.81E+08

		0.253928		3.82E+08

		0.25444		3.82E+08

		0.254952		3.82E+08

		0.255463		3.82E+08

		0.255975		3.82E+08

		0.256487		3.82E+08

		0.256999		3.83E+08

		0.257511		3.83E+08

		0.258023		3.83E+08

		0.258535		3.83E+08

		0.259047		3.83E+08

		0.259559		3.83E+08

		0.260071		3.84E+08

		0.260583		3.84E+08

		0.261095		3.84E+08

		0.261607		3.84E+08

		0.262119		3.84E+08

		0.262631		3.84E+08

		0.263143		3.85E+08

		0.263655		3.85E+08

		0.264167		3.85E+08

		0.264679		3.85E+08

		0.265191		3.85E+08

		0.265703		3.85E+08

		0.266214		3.85E+08

		0.266726		3.86E+08

		0.267238		3.86E+08

		0.26775		3.86E+08

		0.268262		3.86E+08

		0.268774		3.86E+08

		0.269286		3.86E+08

		0.269798		3.87E+08

		0.27031		3.87E+08

		0.270822		3.87E+08

		0.271334		3.87E+08

		0.271846		3.87E+08

		0.272358		3.88E+08

		0.27287		3.88E+08

		0.273382		3.88E+08

		0.273894		3.88E+08

		0.274406		3.88E+08

		0.274918		3.88E+08

		0.27543		3.89E+08

		0.275942		3.89E+08

		0.276453		3.89E+08

		0.276965		3.89E+08

		0.277477		3.89E+08

		0.277989		3.89E+08

		0.278501		3.90E+08

		0.279013		3.90E+08

		0.279525		3.90E+08

		0.280037		3.90E+08

		0.280549		3.90E+08

		0.281061		3.90E+08

		0.281573		3.91E+08

		0.282085		3.91E+08

		0.282597		3.91E+08

		0.283109		3.91E+08

		0.283621		3.91E+08

		0.284133		3.91E+08

		0.284645		3.92E+08

		0.285157		3.92E+08

		0.285669		3.92E+08

		0.286181		3.92E+08

		0.286693		3.92E+08

		0.287204		3.92E+08

		0.287716		3.93E+08

		0.288228		3.93E+08

		0.28874		3.93E+08

		0.289252		3.93E+08

		0.289764		3.93E+08

		0.290276		3.93E+08

		0.290788		3.93E+08

		0.2913		3.94E+08

		0.291812		3.94E+08

		0.292324		3.94E+08

		0.292836		3.94E+08

		0.293348		3.94E+08

		0.29386		3.94E+08

		0.294372		3.95E+08

		0.294884		3.95E+08

		0.295396		3.95E+08

		0.295908		3.95E+08

		0.29642		3.95E+08

		0.296932		3.95E+08

		0.297443		3.96E+08

		0.297955		3.96E+08

		0.298467		3.96E+08

		0.298979		3.96E+08

		0.299491		3.96E+08

		0.300003		3.96E+08

		0.300515		3.97E+08

		0.301027		3.97E+08

		0.301539		3.97E+08

		0.302051		3.97E+08

		0.302563		3.97E+08

		0.303075		3.97E+08

		0.303587		3.97E+08

		0.304099		3.98E+08

		0.304611		3.98E+08

		0.305123		3.98E+08

		0.305635		3.98E+08

		0.306147		3.98E+08

		0.306659		3.98E+08

		0.307171		3.99E+08

		0.307682		3.99E+08

		0.308194		3.99E+08

		0.308706		3.99E+08

		0.309218		3.99E+08

		0.30973		3.99E+08

		0.310242		3.99E+08

		0.310754		4.00E+08

		0.311266		4.00E+08

		0.311778		4.00E+08

		0.31229		4.00E+08

		0.312802		4.00E+08

		0.313314		4.00E+08

		0.313826		4.00E+08

		0.314338		4.01E+08

		0.31485		4.01E+08

		0.315362		4.01E+08

		0.315874		4.01E+08

		0.316386		4.01E+08

		0.316898		4.01E+08

		0.31741		4.01E+08

		0.317922		4.02E+08

		0.318433		4.02E+08

		0.318945		4.02E+08

		0.319457		4.02E+08

		0.319969		4.02E+08

		0.320481		4.02E+08

		0.320993		4.02E+08

		0.321505		4.03E+08

		0.322017		4.03E+08

		0.322529		4.03E+08

		0.323041		4.03E+08

		0.323553		4.03E+08

		0.324065		4.03E+08

		0.324577		4.04E+08

		0.325089		4.04E+08

		0.325601		4.04E+08

		0.326113		4.04E+08

		0.326625		4.04E+08

		0.327137		4.04E+08

		0.327649		4.04E+08

		0.328161		4.05E+08

		0.328672		4.05E+08

		0.329184		4.05E+08

		0.329696		4.05E+08

		0.330208		4.05E+08

		0.33072		4.05E+08

		0.331232		4.05E+08

		0.331744		4.06E+08

		0.332256		4.06E+08

		0.332768		4.06E+08

		0.33328		4.06E+08

		0.333792		4.06E+08

		0.334304		4.06E+08

		0.334816		4.06E+08

		0.335328		4.07E+08

		0.33584		4.07E+08

		0.336352		4.07E+08

		0.336864		4.07E+08

		0.337376		4.07E+08

		0.337888		4.07E+08

		0.3384		4.07E+08

		0.338911		4.08E+08

		0.339423		4.08E+08

		0.339935		4.08E+08

		0.340447		4.08E+08

		0.340959		4.08E+08

		0.341471		4.08E+08

		0.341983		4.08E+08

		0.342495		4.08E+08

		0.343007		4.09E+08

		0.343519		4.09E+08

		0.344031		4.09E+08

		0.344543		4.09E+08

		0.345055		4.09E+08

		0.345567		4.09E+08

		0.346079		4.09E+08

		0.346591		4.10E+08

		0.347103		4.10E+08

		0.347615		4.10E+08

		0.348127		4.10E+08

		0.348639		4.10E+08

		0.349151		4.10E+08

		0.349662		4.10E+08

		0.350174		4.11E+08

		0.350686		4.11E+08

		0.351198		4.11E+08

		0.35171		4.11E+08

		0.352222		4.11E+08

		0.352734		4.11E+08

		0.353246		4.11E+08

		0.353758		4.12E+08

		0.35427		4.12E+08

		0.354782		4.12E+08

		0.355294		4.12E+08

		0.355806		4.12E+08

		0.356318		4.12E+08

		0.35683		4.12E+08

		0.357342		4.12E+08

		0.357854		4.13E+08

		0.358366		4.13E+08

		0.358878		4.13E+08

		0.35939		4.13E+08

		0.359901		4.13E+08

		0.360413		4.13E+08

		0.360925		4.13E+08

		0.361437		4.14E+08

		0.361949		4.14E+08

		0.362461		4.14E+08

		0.362973		4.14E+08

		0.363485		4.14E+08

		0.363997		4.14E+08

		0.364509		4.14E+08

		0.365021		4.14E+08

		0.365533		4.15E+08

		0.366045		4.15E+08

		0.366557		4.15E+08

		0.367069		4.15E+08

		0.367581		4.15E+08

		0.368093		4.15E+08

		0.368605		4.15E+08

		0.369117		4.15E+08

		0.369629		4.16E+08

		0.37014		4.16E+08

		0.370652		4.16E+08

		0.371164		4.16E+08

		0.371676		4.16E+08

		0.372188		4.16E+08

		0.3727		4.16E+08

		0.373212		4.17E+08

		0.373724		4.17E+08

		0.374236		4.17E+08

		0.374748		4.17E+08

		0.37526		4.17E+08

		0.375772		4.17E+08

		0.376284		4.17E+08

		0.376796		4.17E+08

		0.377308		4.18E+08

		0.37782		4.18E+08

		0.378332		4.18E+08

		0.378844		4.18E+08

		0.379356		4.18E+08

		0.379868		4.18E+08

		0.38038		4.18E+08

		0.380891		4.19E+08

		0.381403		4.19E+08

		0.381915		4.19E+08

		0.382427		4.19E+08

		0.382939		4.19E+08

		0.383451		4.19E+08

		0.383963		4.19E+08

		0.384475		4.19E+08

		0.384987		4.20E+08

		0.385499		4.20E+08

		0.386011		4.20E+08

		0.386523		4.20E+08

		0.387035		4.20E+08

		0.387547		4.20E+08

		0.388059		4.20E+08

		0.388571		4.20E+08

		0.389083		4.21E+08

		0.389595		4.21E+08

		0.390107		4.21E+08

		0.390619		4.21E+08

		0.39113		4.21E+08

		0.391642		4.21E+08

		0.392154		4.21E+08

		0.392666		4.21E+08

		0.393178		4.22E+08

		0.39369		4.22E+08

		0.394202		4.22E+08

		0.394714		4.22E+08

		0.395226		4.22E+08

		0.395738		4.22E+08

		0.39625		4.22E+08

		0.396762		4.22E+08

		0.397274		4.22E+08

		0.397786		4.23E+08

		0.398298		4.23E+08

		0.39881		4.23E+08

		0.399322		4.23E+08

		0.399834		4.23E+08

		0.400346		4.23E+08

		0.400858		4.23E+08

		0.40137		4.23E+08

		0.401881		4.24E+08

		0.402393		4.24E+08

		0.402905		4.24E+08

		0.403417		4.24E+08

		0.403929		4.24E+08

		0.404441		4.24E+08

		0.404953		4.24E+08

		0.405465		4.24E+08
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Marciniak’s remark GM symposium 1978

A4

Reference:

Z. Marciniak: Sheet metal forming limits. In Koistinen D.P.; Wang N.M. (eds):Mechanics of Sheet Metal forming, New York/London Plenum Press 1978,
pp. 215-235.
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Ghosh’s formulation (1974)

Under the assumption that the hardening is a function of

c=H(z,z,.T,..)

Ghosh expressed the instability criterion in dependency of those parameters with

(aa)dz (60) dé (80‘) dp3 (aa) daT =
+ : + + = —
oe ) dg oe /) dg op /) de, oT J de Z

A.K. Ghosh: Strain localization in the diffuse neck in the sheet metal. Metalurgical Transaction, Vol. 5(1974), pp. 1607-1615
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MMFC models
Presented in Type MMFC-Version

MMFC_1993 TKS report 1993 Report Theoretical basics
MMFC_1994 IDDRG'94 Paper MMFC Temp. , Thickness/Curvature
MMFC_1996 Numisheet'96 Paper MMFC n.-l. strain path
MMFC_2002 Numisheet'02 Paper MMFC n.-l. strain path
MMFC_2003 Plasticity'03 Abstract Enhanced MMFC / Thickness
MMFC_2006 Plasticity'06 Keynote Enhanced MMFC / Thickness
MMFC_2007 IDDRG Paper eMMFC for FLC-T
MMFC_2007 Numiform'07 Paper eMMFC for FLC-T Stainless steel
MMFC 2016 IDDRG Paper eMMFC-SR Strain rate dependency

See www.ivp.ethz.ch/docs/index

*r Institut fir Virtuelle Produktion
A p Institute of Virtual Manufacturing | 17 October 2018 | 88


http://www.ivp.ethz.ch/docs/index

)

A

2

Institut for Virtuelle Produktion
Institute of Virtual Manufacturing

Theoretical prediction of FLC based on curvature and strain
rate dependent MMFC criterions

P. Hora!, L. Tong, N. Manopulo

'ETH Zunich, Institute of Virtual Manufacturing, Tannenstr. 3, 8092 Zurich,
Switzerland

E-mail: horaf@ivp.mavt.ethz ch

Abstract. Formability predictions in mdustrial sheet metal forming applications still rely on the
Formuing Limit Diagrams (FLD). The FLD are commonly specified by the Nakajima tests and
evaluated with the so called cross section method. For the theoretical prediction of FLC the well-
known M-K criterion as well as the MMFC criterion can be used. The contribution discusses the
applicability of an extended MMFC formulation under the consideration of bendmg as well as stramn
rate effects. The evaluation and comparison with the experimental FLD i1s given for the material
HC220-YD.

1 Introduction

Nowadays forming limits in sheet forming processes are mostly predicted based on the necking
mitiation. Thus limit 1s usually evaluated with the Nakajima test. The FLC’s are mn this way only valid
for linear strain paths and for negligible curvature radu. Typically, the so evaluated FLC will be used
as reference for the forming limit prediction without further detailed consideration of superimposed
bending. Figure 1 depicts the cracked Nakajima specimens (left) as well as the failure interpretation
scheme according to the FLC (right).
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Theoretical background MMFC s.

IDDRG 2018

Software extension for non-
linear strain path.

Skip basics MMFC >
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MMFC generalized equation

Topology:
t: Thickness
o) Die curvature
! Material hardening function:
, oy [ @+ bl i
H' <1 +— 4 Ey <_) < « H H: Hardening curve H(& €, T)
2p to fla)g(B)
Material model dependent functions:
o)) _
a=— f@=0(p)/s
1

Stress evaluation procedure:

g(B) =&/er =f(@)(A +ax*p)

0;(f); o : direct evaluation based on the

yield locus function F dF
'B _ dO-Z _ AEZ
dF Agl i
do, Skip theory >
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Theoretical prediction of FLC based on curvature and strain
rate dependent MMFC criterions

P. Hora!, L. Tong, N. Manopulo

'ETH Zunich, Institute of Virtual Manufacturing, Tannenstr. 3, 8092 Zurich,
Switzerland

E-mail: horaf@ivp.mavt.ethz ch

Abstract. Formability predictions in mdustrial sheet metal forming applications still rely on the
Formuing Limit Diagrams (FLD). The FLD are commonly specified by the Nakajima tests and
evaluated with the so called cross section method. For the theoretical prediction of FLC the well-
known M-K criterion as well as the MMFC criterion can be used. The contribution discusses the
applicability of an extended MMFC formulation under the consideration of bendmg as well as stramn
rate effects. The evaluation and comparison with the experimental FLD i1s given for the material
HC220-YD.

1 Introduction

Nowadays forming limits in sheet forming processes are mostly predicted based on the necking
mitiation. Thus limit 1s usually evaluated with the Nakajima test. The FLC’s are mn this way only valid
for linear strain paths and for negligible curvature radu. Typically, the so evaluated FLC will be used
as reference for the forming limit prediction without further detailed consideration of superimposed
bending. Figure 1 depicts the cracked Nakajima specimens (left) as well as the failure interpretation
scheme according to the FLC (right).
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Theoretical background MMFC s.
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linear strain path.
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Numerical evaluation of the Yield locus specific functions

f(a) = 28 — vield Locus ( Hill48, Hill79, Hill90, Barlat2000,......)

o
dF
do, Ag dF . dF : :
— — ‘ nalytical derivates
@) dF  Ag do, ' doy analy
d0-1

f'(a) and B'(a) ‘ Numerical evaluation by A« difference

Evaluation based on plastic work equivalence AW = Ag, * g, + Ae, * 0, = A& * H leads to:

&

9B =—=f@1+axp)

1
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Specification for Hill’79 (1)

Funktion f(«a)

Yield function
2(R+ 1oyt = (2R + 1)|oq1 — 092|™ + |o11 + 022|™

Expressed with tress ratio «

_[2R+1 |m+|1+a|m1/m
"The+n" Y Tr+D|
Function f(a)
2R + 1 11+ a™] Y™
el [ 1 — m -
fla) [2(R+1)| At S RT D
Derivates f'(«a) m+1
2R +1 1+a™] m [ 2R+ 1 1+ a|™?
IO R e WS Ll
2(R+1) 2(R+1) 2(R+ 1) 2(R+ 1)
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Specification for Hill’79 (2)

Funktion g(B)

Equivalent strain increment

1 m-—1
[2(R + 1)]m 1 _m_ _m ) m
Ag, = > — |Ag; — Agy|m=T1 + |Agy + Agy|m-1
(1 + 2R)m-1
Expressed in function of 5
1 m-—1
[2(R + 1)]m 1 _m_ m ) m
8 = (1 - BT+ |14 BfA=1]  Ag
(14 2R)m-1
Function g(B)
[2(R + D)]m 1 m m Y
m m_ m Y m
9B = —— 11— BT+ |1+
(1 + 2R)m-1
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Specification for Hill’79 (3)

Funktion fB(«a)

—(ZR —+ 1)'0-11 — 0-22|m_1 + |O-11 + 0-22|m_1 _ —(ZR + 1)|1 — alm_l + |1 —+ alm_l
(ZR —+ 1)'0-11 — 0-22|m_1 + |O-11 + 0-22|m_1 B (ZR + 1)|1 — alm_l —+ |1 —+ alm_l

Ba) =

Derivates B'(a): u'v + uv’

m—-—D[QRR+ D1 —a|™ 2+ |1+ a|™?]

CR+D[1—-a|™ 1+ |1+ a|m?
(m—-—D[QRR+ D1 —a|™?+ |1+ a|™?]

[2R + D1 — a|™ 1+ |1 + a|m1]2

,3’(“) —

[— QR+ D1 —a|™ 4+ |1 + a|™ 1]
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Numerical evaluation for YLD2000

fla) = Set in an initiation procedure (initial Falpha Y1.D2000)

B(a) = Numericaly evaluated in an initiation procedure (initial BetaAlpha YLD2000)

f'(a) and B'(a) ‘ Numerical evaluation by A« difference

Evaluation based on plastic work equivalence AW = Ag, * g, + Ae, * 0, = A& * H leads to:
3
gB) =—=f(a)1 +axp)
€1
YLD2000 (skip theory) E
ﬁ
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MMFEC modelling of the strain rate influence

MMFC is a single point evaluation method

The increase of strain rates due to localization can be mapped only
by an additional function

>
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Strain rate influence

Influence of Influence of Influence of
bending thickness Strain rate
ooy, |, 't | o0, &
B11+—+E (—) +——1 I
Oey | 2p t,. | OF Osy
Influence of yield curve Influence of yield locus Description of the
hardening by hardening localization rate
R constant Induced by B-change
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Influence of strain rate
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=
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Z
O 3000
e
£ —i— Expariment
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. | =-Dyna wiith strain rate
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FEM simulation of a tensile test for a DC05 material
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Strain rate dependency . Material 1.4301
350 | |||T
&11 (€11, B) 3 |
25+
|

FEM Implementation
linear interpolation of A(j3)

de, /dt [1/s]

-0.5 2.1 ol
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=&+ A(B) * [(511 ark )/‘91 T
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VALIDATION LINEAR FLC

Validation examples

= Validation linear FLC

= |nfluence curvature
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MMFC VALIDATION ON AUTOFORM MATERIAL CARDS
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DX53D

Comparison for DX53D
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HX260BD

Comparison for HX260BD
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Autoform
— MMFC
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VALIDATION LINEAR FLC

Validation examples

= Validation linear FLC

= |nfluence curvature
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A

Institute of Virtual Manufacturing | 17 October 2018 | 118



MMFC

Influence of curvature

Institute of Virtual Manufacturing
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eMMFC allows the FLC evaluation under consideration of
additional effects

Additional influences Parameters
on FLC

eMMFC criterion

Curvature Tool Radius R fr(
a)g(B)B
n
Thickness Relative sheet thickness . t fla) + B'(a)
tR H |1 Ey * . < ) * H
Temperature T 0 9
Phase transformation TRIP
effects
Non-linear load history Multi-step forming . .
—: thicknes/curvature ratio
Reverse bending Draw beads, ... P
Incremental forming Stabilizing effects

H=H(.,&T,V,,..)

eq’?
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Prediction of extended FLC based on MMFC

.
N

b4

uiens Jolew

04 0.2 0.2
minor strain
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A

FLC-R: FLC in dependency of radius
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Limitations in the FLC prediction

Influence of stretch bending in FLDO

0.5 T T

0.45

04

0.35

0.3

025

FLD,

0.2

0.15
R={25,5,7.5 10} mm

0.1 -

0.05- —
O Analytical Model
0 1 1 1 1 | I [
0 0.1 02 03 0.4 0.5 0.8 0.7 08

R

FLDO — Values in a stretch-bending test

Source: E.M. Neuhauser!?, O.R. Terrazas?, N. Manopulo?,P. Hora? and C.J. Van Tyne
Stretch bending — the plane within the sheet where strains reach the forming limit curve. In Proceeding of IDDR2016
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Content

General topics in constitutive modeling

Necking prediction
" Limitations of classical FLC based prediction methods

" FLC Limitations of Nakajima testing methods

"  Advanced FLC methods (eMMFC)
" Prediction of non-linear strain-paths

Crack prediction - Sheet specific fracture methods (X-FLC)
" Different experimental methods

" Nakajima based experimental detection of crack (fracture) limits

" Application of X-FLC methods

Conclusions IE'
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MMFC

Non-linear FLC

0.8 074 oot

Major True Strain
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Nonlinear Deformation Paths
Cross-Die

Cross Die DC05 V1 Hill48
Time=  0.0405

Contour of Formability: Mid. Surface
FLD curve: CRLCS (t=0.8 n=0.21), True strain) Cracks

Formability key

Risk of
cracks

Severe
thinning
Good
Inadequate
stretch
Wrinkling
tendency

Wrinkles

’Lt\x

Institute of Virtual Manufacturing
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The evaluation bases on an incremental evaluation of the
condition

MMEC f'(@g(BB

[ @+ £
/ L Frl@e |,
" <1+2p+E° (%) >S F@ 9 H

Non-linear FLC

f can follow a path

Step 1: classical strain field evaluation procedure
Step 2: detection of non linear path nodes

Step 3: evaluation with nl-eMMFC
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NON-LINEAR FLC

Validation examples
= Validation - Simple tensile test Material HC340LA
= Case study - Different non-linear loading cases — material DC04

= Application Cross die — Evaluation based on FEM predicted strain paths
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Influence of slight B>0 prestreching of Nakajima tests

[ o]

MatData DataBase MatType Experiments Yield Curve  Yield Locus Failure  Calculator ExportFEM  Consistency Check  Help

— Dutput =lOl x|
— Material Hame Failure  Calculator  Export FEM  Consistency Check  Help
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HC340 LA

Case 1

Prestrained under plane
strain condition 3= 0.0

Preformed
€..:0.10:0.15:0.20

maj*

*? Institut for Virtuelle Produktion
A

Institute of Virtual Manufacturing

MatData DataBase MatType Experiments Yield Curve Yield Locus  Failure

Calculator  Export FEM - Consistency Check  Help

=[]

— Dutput

— Material Mame

IMat_1

Yield Curve | Yield Locus | FLC | XY-Plot |

—Hardening

Hockett-Sherby: H= B - [B - AJexp[-m~eps¥**n]
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0.669558

—field Locus
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HC340 LA

Preformed

p

e
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Hauptforman

Experimentally evaluated nl FLC
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HC340 LA

Preformed
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Experimentally evaluated nl FLC
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MatData DataBase MatType Experiments Yield Curve  YieldLocus Failure  Calculator  Ewxport FEM  Consistency Check  Help
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HC340 LA

Preformed
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HC340 LA

Experimentally evaluated nl FLC
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NON-LINEAR FLC

Validation examples
= Validation - Simple tensile test Material HC340LA
= Case study - Different non-linear loading cases — material DC04

= Application Cross die — Evaluation based on FEM predicted strain paths
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MMEC

Non-linear FLC

Examples
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Major True Strain

o5
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Examples from the Cross Die and Lackfrosch

= Material: DCO04
* Yield Curve: Hockett-Sherby Lo s T w [ s
154.41 611.36 1.568 0.563
: _ I R m 0p/00
= Yield Locus: Hill 79 e > ' ces

= Failure: eMMFC-Fe
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Major True Strain
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Minor True Strain
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0.3

Example 1

Major True Strain
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e I e = e VT

Example 1

Major True Strain
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Example 2

Major True Strain
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Example 3

Major True Strain
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Major True Strain
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NECKING PREDICTION CRACK PREDICTION

Shear crack

Bending crack

Edge crack

|||||||||||||||||
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Content

General topics in constitutive modeling

Necking prediction
" Limitations of classical FLC based prediction methods

" FLC Limitations of Nakajima testing methods

" Advanced FLC methods (eMMFC)
" Prediction of non-linear strain-paths

Crack prediction - Sheet specific fracture methods (X-FLC)
" Different experimental methods

" Nakajima based experimental detection of crack (fracture) limits

" Application of X-FLC methods

_n Conclusions E
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Experimental tests for &'

Johnson-Cook: ef(cH/cV)
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Influence of slight B>0 prestreching of Nakajima tests

N
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TSR E S

-------------------------------

r- 4 Institut fir Virtuelle Produktion
Institute of Virtual Manufacturing

Equivavent plastic strain [-]

Y
o

—4

o
&)

0 0.2 0.4

0.6

Stress triaxiality [-]
(b)

0.8

FTF 2018

-]

Equivavent plastic strain |

o

—

o
3}

0

02 04 06 038
Lode parameter [-]
(c)

| 17 October 2018 | 166



Sheet specific evaluation of fracture strains:
Thinning method

Source: M. Gorji, B. Berisha, P. Hora, F. Barlat. Modeling of Localization and Fracture Phenomena in Strain and Stress Space for Sheet Metal Forming, International Journal of Material Forming, 2015
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Thinning method: Nakajima Cup drawing test

Fracture line

0.4 0.3

0.3

Major strain (True Strain)

0.2

0.1

0.0

-0 04 -03 -02 001 00 01 02 03
Minor strain (True Strain)
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... how to deal with in-plane shear cracks ?
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Out-of-plane and in-plane shear cracks on sheets

Institut fir Virtuelle Produktion

Institute of Virtual Manufacturing 15. Deutsches LS-Dyna Forum 2018 | 17 October 2018 | 170

P



Cup Drawing
Results
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Major True Strain

Edge cracks: strain limits strongly influenced by the edge quality
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Application of the thinning method

Diss. M. Gorji ETH 2015 i
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Development of combined neckig-crack failure models for
multilayer Al-sheets (FUSION)

MonolayeLAd FUSION

F.w“”'* o ! ( z @
(e"'ff e \‘L‘

.

5 4

y

Source: M.Gorji Diss. ETH 2015
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Fracture Strain based on Thinning Method

Source: M. Gorji, B. Berisha, P. Hora, F. Barlat. Modeling of Localization and Fracture Phenomena in Strain and Stress Space for Sheet Metal Forming, International Journal of Material Forming, 2015

/Clad material AA50Og \

Core material AA60O16

.
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FEM evaluation method (LS-Dyna)

In the LS-Dyna code the implementation was done by the subroutine UMATA41.

The *PART COMPOSITE functionality of FE-code LS-Dyna has been employed instead of the regular shell
element.

Based on this element formulation the mechanical properties and thickness distribution of each layer can be
described separately.

Published in IDDRG 2016, Linz
P. Hora, M.Gorji, B.Berisha: Modelling of fracture effects in the sheet metal forming based on an extended FLC evaluation method in combination with fracture

criterions
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Model IV) Linear fracture line — AA6016
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Fracture line is measured based on the thinning method (by using Nakazima test) and cup drawing experiment
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Model IV) Linear fracture line — AA6016
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Model IV) Linear fracture line — AA6016
Drawing depth 45 mm
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Fracture line is measured based on the thinning method (by using Nakazima test) and cup drawing experiment
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Content

General topics in constitutive modeling

Necking prediction
" Limitations of classical FLC based prediction methods

" FLC Limitations of Nakajima testing methods

" Advanced FLC methods (eMMFC)
" Prediction of non-linear strain-paths

Crack prediction - Sheet specific fracture methods (X-FLC)
" Different experimental methods

" Nakajima based experimental detection of crack (fracture) limits

" Application of X-FLC methods

m Conclusions
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Summary and Conclusion

Influence of Curvature

e FLCfor small bending radii may change
significantly compared to the classical FLC

e Stretch bending test proves such dependencies.

« Apossible theoretical prediction is given with
the eMMFC criterion

4

Nakazima Test Cup test Rg Cup test R3 Bending test
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Summary and Conclusion (2)
Necking prediction — non-linear FLC §
 The eMMFC based FLC prediction seems to deliver i .
reasonable FLC curves.

« It can be simply applied for the visualization of the U e eswan

non-linear path influence on the FLC shape.
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Summary and Conclusion (3)

2.5 E'l'l [_]
—o AAGD16_FLC
o 8 o -m-AA5005_FLC
Prediction of cracks e o AABO16_Fracture
= =~ - _‘l AAS005_Fracture

e Forthe detection of the fracture line & (B)
specimens of the classical Nakajima test and a
special designed cup drawing test have been used.

* The proposed “thinning evaluation method” in
combination with an additional cup drawing test
allow a very accurate detection of fracture strains

f
gl.

e The combined method allows the prediction for
multilayer materials too

Novelis Fusion™: true metallurgical
bond and uniform interface
between alloy layers
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15. Deutsches LS-Dyna Forum 2018

Integration neuer graphischer Auswertemethoden zur verbesserten

Erkennung von Blechversagen unter dem Einfluss nicht-linearer
Dehnungspfade

P. Hora, L. Tong, N. Manopulo, M. Gorji, R. Schober + Prof. W. Volk, Ch.Gaber , UTG

Thank you for your attention

www.ivp.ethz.ch
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