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Abstract

Recently, electric vehicles and hybrid cars are being promoted as alternatives to reduce automobile emissions. Generally,
thin sheet materials such as aluminum alloy AA300X and cold-rolled steel sheet such as JIS-G-3141 are used for the
container for the lithium-ion secondary batteries. In this study, a multi-stage deep drawing process is used to produce a
rectangular cup from thin stainless steel sheet material, SUS409L, with an initial blank thickness of 0.4mm for the battery
container application. Numerical simulations of the first through the fifth stages for the multi-stage deep drawing with thin
SUS409L sheet were conducted using LS-Dyna3D Implicit/Explicit. Special consideration was given to the deformation
characteristics due to the normal anisotropy of the sheet material. The numerical simulations were conducted with both
isotropic properties and the anisotropic properties of the initial blank material. ~ An unexpected forming failure, barreling
in the bottom region of the deep drawn rectangular cup, was observed. This failure mode can be avoided by additional

ironing thickness control during the process.
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AbEskA g wiEEE FE AVlduAE e g fgr=zel FAd glojA, 7 dAE F3
E4s 7HAx2 vk 53], HEge A7AEA 2 sa Aol Uik B3RS st §
o A FAQholn, AAR HA A7) A At 24 A 2 AT A A i gEERe ¥
gk #alel wEdod, e FF 3 A Aol AL FARE lolA FHE =uo
Az T AR A PEZ} Aol A i 5 vl & (Barreling) &/d¢] Ast= 2 213181
SEEATM4]. HE FAELATA uTE L, HH o, o5 #HAstr] &l HA He 59 5
Hel 7]se waa A #A7|AEzakrt oAl Al 245 S8 A& ofolold(lroning) FA =
W w3 gy, dvty oz olyg HY|AF A A& B8 SuFo] AHd IFWMI S F=3)
% stelBE e Asatdls e 2lE-ole 2 = UrE Atk olE %H, susaooL Hhst
b AA e UA-FA 22 ATl AFEEL 3 Ag ol &g ok fEEze FHo] AL
o, 53] YA-¢a4 22pdA A A ZHE AE 3 A E el s Ee glskelth
FFAESG AR, &7t A ¢ oE&
e AxZE How A ETH5-8). 2. O|2+M O|E

AdFuE Fa IIA(AANX)E HFAE Z 7T
34 183 AP T FHoRE i AF 2.1 HILLE| ol =H
gF-ol 2 A AAE HAAzZ Aol Fol F= oWk A&l thate] Hill 2 Von Mises ¢ &
A3 glom, WikerAR#Al(Low carbon thin B2 ggy fZo] $gd 3k 2 28 =3
steel sheet)= A4 2 7t 18l UFAA S*(Hill's quadratic yield function %3 Hill's 1948 yield
59 AHE &8t FolRY= AFAE 1474‘ criterion) & A F3F 3 TF.[9,10]
T2 2 A7) 48 Ael=E AE&H AT 2 1 o2
o a2y "7 AsAR] A8H 7] A= ”“@‘ﬂ F(O_ij1k)=EEi,jkIO'ijO'kl_? @
g} ThE Rt obdet A lF-AA, g

okAA B}E So] w1y dibH o Wik ofld WAE aEstu A

ojo}F s} © Ausk= 3 el giste] A AHE 2
olo] Wl R Tl or=uy A = ujit-o] A ue]®A A & (Orthotropically anisotropic
& ARG wge) 54 s g materiahsba welw, ojd) e wdl 3
P nANS FHE 5 9= fgH AAR o] Zlu%FS Zuo|¥A FF(Principal axis of
A sUsa09L HhAlel Bak 23k 214§ A orthotropic anisotropy) °] £} 3% <.
HEe A% oa tTeed FY e AT °] - el (Rolling direction, RD), Sl
= aatgith SUSA0IL BHRHAlS o] &3k 23 A Gk AZEER]L 5 W H(Width direction, WD) L
A& A A AEe 98 vy fxewe I 2laL - 57 WFEk(Through-thickness direction, TD)
A Aol e ek A azEY] = 27 ol 5 Fh AANA xy,z A=
LS-DYNA 3DE /\}_9_3].0301]1 27] %%394 = ‘r]o].tr% Hill “] 7—(]'60& %L%—%—Zj&v% E]"v%‘j"}' 71':}01
A7F 0.4mmel SUSA00L A1 o] &3kt wE, s
HAE AEEL Fo] 39.3mm, E 14.9mm LIl 2 2 2
Zo] gsomme] 7S A Aoz sl o] 2f(0y) =F(oy - 0,)° +G(0, -05)" +H(oy - 0y)
B ool dpgom shgith B Al F +2Led +2M 75 +2N75 =1
A Ato] Zadk SUSA0IL Aol thEk A HEA 2
o = o1% 510 alslol o
S A 918 9@ 2 AlF S _Tgol’fv\»_—- 71N ARHEES HEA XY,z 3oln,
W, gtk Ao sk oWy EA AFE WP} o - . : =21 o =
: A K " f(oj) = 24 ﬁL_Eﬂ*é(Plastlc potential), ¢° & &
Ak =3 FARRE 3718 7HAE AR Hol o @1 F, LM,N & o]HFA i/ <o)
i3k WrketAntaA A (SPCE) A8 At#Elebel wlw o} oA uH7H % Ame] Bald EA)
£ 938 sus409L A2AlE F W (Isotropic) & &2 7} o) =5 FrSo|th
Ag Aok AA A5 54& 1EF oA gitd oz AFeo oA A HIYERZ
(Anisotropic) A8l W& Hlu AFE P33} Z 4R WAFE Zh(Lankford value - R value)S
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WA ez godith 4 Y Tz
LS-DYNA 3D o] A= S ALgste] o]
P neshy) dstel Barate] oy =
(Barlat 1991 model)[10]= & -8A| Ak gt} o] B
92 Barlat 5°] 19913 zﬂq_}fs} Erﬂ;m IRtk
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HE YET, si(i= 1,2,3)t
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Sxx =[c(oyx _O'yy) —b(oy, —ox)1/3
Syy =laloyy —0y,) —clow —oyw)l/3
Sz =[b(07 —ox) _a(ayy —o,)l/3 )
Sy, =foy,
Sy =0oy
Syy =hoyy

A4 me A FH3dH, a b, ¢ f, g,
4 Asde=E, wd AsTt
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Fig. 1 Stress-Strain curve
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Table 1 Material properties of the SUS409L 39t oA V)& 2 Barlat 292 6719
Material properties values ol AmAFE M=, oldg ol Al
Young’s modulus (GPa) 208.70 sArEs eyl s Barlat B Hill
Poisson’s ratio 0.28 Eelalo] #HAAE ALgstoJol Frh. A H
Yield strength (MPa) 240.00 0°,j5°,90°o“Jfé}oﬂ*iﬂeol‘jo*v:ﬂL o%k" &H Hill
Ultimate strength (MPa) 450.00 Ui"”" 11 “H7H%T’z 7—:&' Ry T ”Hfj
Flow stress curve | K (MPa) 736.40 E_ o= LE;T S e
(;:K;") 0 0.23 el FAHAVIHS T8 1 E S S e
o 517 w, ALkl 7 2ele A o] A=dE Table 2 o
Normal anisotropic 45° 1.59 e
coefficient 99° 2.93 30 S8t @4 Do
r 201 ge dzeze g4l Ue feasdy
i AgEe HFAFE Fig. 2 o JeERATH
Table 2 Anisotropic parameters of the SUS409L A7 e mae ggol AL o2 glom
F 1 G | H L/ M| N 2 U4 mdel g fFeeiss e
Hill_ | 057 | 077 [ 166 | 1.00 | 1.00 | 2.80 o B oo Ae] tho gxEzo) TAE 27
Barlat | 1.08 | 1.23 | 1.87 | 1.00 | 1.00 | 1.37 E -2 (Blank)2} X (Punch) Z12] 1 355 & (Die)
a b c f g h o] Z]EAQl 847t HH, A WA TAHNNE &
Aol Awd FYS WA st EFAEH
oA AxzE A ogd fgEere A (Blank holder)S #-&3&t3ith. 3 ¥Al 42 A9
ek AlEYoIAE fd AF FIAAHE Y Eis ‘/‘rUV] TAANAE AYEE T AFE] v
wow #AAdEN ¢ T4 e FH3 A B AdAE 93t -0} (Knock-out) =]}
4 o219 LS-DYNA 3DE AHE aal% 7}-&€]-# %] (Counter punch)7} AF-&= it}
stk #AAdEY 42 dynamic explicit FEMS:
AREsSiTh E3, AA FES st w3 I E
&4 (Spring-back analsysis)S 33} o €A =

14.90 mm

=
338142 static implicit FEMS AM&3}%it). LS-
DYNA 3Do|A A5e olwAS uasty] ¢4 —l—036mm
B dubHom 7b 5 e ol (Lankford
value)e A= FHOo= .01 o] AeAZ —’F
k. gagwAe A, wAL FAL A

71 ol A O]t‘o“éﬁﬂ—’?% %@8}7]7}
ol mepr guleld s arefste] A<l (a) Final dimension and configuration

39.30 mm

0.40 mm

Sl

Punch

Intermediate Blank

o] Jﬂtﬂo]m ]
gl d(Shell) .20l BF A o] 7}s3}t),
&= AyelM = 0}0101” ass 1dsr] 914

Die Knock-out device

—El:—”ﬂ 7]' 8}% Q(Shell)ﬁi7} O]—\d 8‘@ ;I(j IO'I_UL{%“ 1 step 2" step 3 step 4™ step 5t step
22% HeAATh weA oy mIE 1eis . i
= () [ee] =
e P (b) Finite element model for analysis
4 7]% (Material option) % 3}1}9] Barlat = 2<S A} Fig. 2 Model of multi-stage deep drawing process
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Z7] o]/ SUS409L HbaA|e] AAtzt 3 A4S A4 vt z=2q 34 H&o ud s34 d+

Table 3 Ironing Thickness A Ak oly e A9 FYS Folv] Aste &
o Minor axis (mm) FIAEHUE A& 7= Aol uigEAsth. fav
step | Malor axis Before After 9E 2XE 29 FFY gFo] whis Iy
(mm) modification modification B A o R of 14600 Hul FENMIE
1ot 0.40 0.40 0.40 %_%‘f?lﬁa‘ F e, ole &A9 %%‘Oﬂ_fﬂr%
AEo| &3 Azoltt. o] Flo FESH
2nd 0.36 0.38 0.38 e golsinw o 786MPa Awo] 2 o ® &
3rd 0.36 0.37 0.36 Q1 H=d, ol AA7E gkl @de] ol
ath 036 0.36 0.34 FAYAE @AM (Thickening)ol WE $=E A}
olm® A EAZ HA &e Aom WdHQ
Sth 0.36 036 032 o Ed SAEE AnE s Y AAHe
2 34 FEsEY & Ha FavdE] ga
271593 E 8-d4AE /MAE A 842 A & AS A & vk AAFEY FIURIL g
e, Z7EHAE A3 YA HX-E g FEAA Y FAE ghelAE @il YEl:
B EH tho]-F-okx- F2 T A 84 (Rigid oH, Edog ZFE HH FUdHE A9 %4
body)= A o] s}3it}, o] Wolx FAZ} FTUtehE AYE HoleE AL
ololod(lroning)S skl H8 453 &= gelakgit.
o ZWHo| Z}7} ofolojyd FAEL HEIG, A 22 224 FAFEHE UWS FHsA
Z FARo A 9] ofolojd F7l= Table 3o ZAS} XHF7] fIe Foby AA|7F EASY. o)A FH
St AR v a#Ele] mpERAISE 01 0 faWsgEe AR 247 95 i)
2 7Hgstglon, ofd wAe SHEE % wdy °F 049702 &1 4= glow, o= A 13 =
S AUE fXg A vs dAe feas A 2 FAel vls] vl A gholt) EI HX|
g sjdo] A& 3 @A g F ged FiEy ghgbs gyRoAe] FA7F fRHos
AZ ozt g & HAT & e B3 SFolx&= Ags Holal Q) 3, 4, 5 FH BT
o avE ;ysle o & @A E FAHE F Zoby AFA7F EA8 7t A9 HUHPEES
g3pelct. Wk, A Azke] HiFHS 913kl 1/4 °F 0.629, 0.449, 05422 Elorn @438 &
RdS ARS8 7] Wil 4 7o Fo| tfsfol AAAQ SHGFTo] AATS A5 Uk
o) 3 271 (Symmetry condition)S 2 &3} T},

3.3.2 o|¥dE HE2 o

3.3 83t 24 &AM A} SUS409L-> oA Al ol7] wite] oS
3.3.1 SYY2= It oA aelstel S AP ot AP B
Fata Ao AS SUSA09L A o] o] HHA] Ao oA ASG S Hill 2R3} Barlat 27
& nEy] Y3 sHAHeR g £AA 6 o] #AAE o] g3dte] Barlat AE AFES T3
Mg WA FPste] Aol wlw BASAUL. 2 1, o3 HAEAA oWy &FE FUTh Fig. 50
TS @45e Fode AA FAHAS nHEr] 4§ olifdol AgE A1GANAN AshAA Y T}
sl B S HS FtE Fsla, @S ES A o gzege ¥4 fFdax 4 AHRE =4
A F gL gAY $4E A8kt Fig 39 & st om, Fig. 62 B3 HTA Fof Fady #
WAReR 7% v tzmadFgAel gloA X fFfadyE 2XxE YEMIATY
A 1AM A sA A FESE FE9} A 12 =2 TAAAS] FEaWIEE FXEE
FEVYEE BXE B8, Fig. 40 w3 E AR Ao =Y Aol oF 0.861¢
A9 HFasss dve e Ay fEMFES FAT 5 Qed ole 5
Al 13 =2 FAL FRgA daAE 7 AT mpR A R o] fYel wE gk
wH9 gud oz wEs] 9@ FAelt go] zHgq Aolth of REe S e o
o] &M= AAZF a3 olFHol wl A 538MPaz H$ES 7h7h AAH oz Sk
o) FURRANA A9 fFYel H=sA Jehd Mol HlaM FESHY FEVIEC] Bl
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Fringe Levels Fringe Levels Fringe Levels Fringe Levels Fringe Levels
1.460¢+00 4.960e-01 _ 628601 _ 4.486c 01 _ Sa2ie0) _
Eff.strain |.]|5|‘ll] 446701 _| 5.658¢-01 _I 403901 _ 488101 _I
11716400 397401 _ 5031601 _ 3591601 _ 4341001 _
1.027¢400 _ 3481601 _ 440301 _ 314301 _ 3801601 _
8829601 _ 2.9880-01 _ 377601 _ 2.695¢-01 _ 3.260¢-01 _
7.388¢.01 _ 249401 _ 3.148¢-01 _ 2.247¢01 _ 2.720e-01 _
5.946¢-01 _ 200100 _ 252101 _ 1.800e-01 _ 2.180e-01 _
450401 _ 1.508e-01 _ 1.893¢-01 _ 1.352e01 _ 1.640e-01 _
3.062e01 _ 1.015e-01 _ 1.266e-01 _ 9041002 _ 1.100e-01 _
162101 _| S218e02 6.380¢-02 _ 4563¢-02 _ 5593602 _|
1.790¢-02 288583 ) 1.051e03 8521604 _ 1.912¢03 |
Fringe Levels Fringe Levels. Fringe Levels Fringe Levels Fringe Levels
7083402 5.48Te02 6.625¢402 _ | sesser0z 6068402 _
7.093e402 4936es02 5976402 53016002 5.475¢002
Eff.stress 6.324e402 4480eei2 5331402 _| 4.805¢002 48826002 _
55540402 _ 3873e002 4683c02 _ 4228002 _ 42906402 _
47840402 2342402 _ 40360402 _ 2.652e002 _ 3697¢402 _
4014402 2810002 3.388¢402 ot 31046402
32440002 2219002 S viiie ) 2.499e402 YIS
2.475¢402 b Gagi: 2.095e402 i i 1.919¢402
1.705¢402_ 1 Sy 1t 1.326e402
6.849¢401 ¥ 1.700¢v00
9351001 1.536eot | 8.0016401 1.936e001 1.332e001
1.653e+01 1.52%¢+01 1.404c401
1st step 2nd step 3rd step 4th step 5th step
Fig. 3 Numerical simulation results of deep drawing as isotropic material
Fringe Levels Fringe Levels Fringe Levels Fringe Levels Fringe Levels
Eff S‘tl’ain 2.252¢03 _ 1.855¢03 _ 2210003 _ 2.703¢-03 _ 2.467¢03 _
L 1841603 _ 1519¢03 1.790e-03 _ 2232003 191303 |
(elastic recovery) 1aieas _I 3 1183603 _ 1.370603 _ 1.760¢-03 :I 1.360e-03 _
. 1020603 _ | sarreon_ 3.4966.04 _ 1.289¢.03 _ 8.059¢04 _
] 6.088¢-04 _ 5.121e04 _ 5.293e04 _ 8.172¢04 _ 2520004 _
'y 1.980c-04 _ 1.765¢-04 _ 1.090¢04 _ 3.457¢04 _ 301804 _
A 2129¢04 _ 1.592¢ 04 _ 2112604 _ 1258604 _ B556e04 _
v 6.2)7e 00 _ 494804 _ ~1.315¢-04 _ 5.973c04 _ 1.409¢03 _
" 103503 _ . -8.304e-04 _ “1.152¢03 _ 1.069¢03 _ 196303 _
2 ALSe0) B 116603 _ 1572603 _ 1540603 _ 2517603 _
1.856¢03 _ 1502603 _ 1.992¢03 _ 2012603 _ 3071603
Fringe Levels Fringe Levels Fringe Levels Fringe Levels Fringe Levels
Eff.stress [l * ’“"" sarsevez_ sanev0z 43080002 _
(elastic recovery) :::::l :::::: % usmz "m"u:l St
o 4322e02 20006082 _ S "5""2 432%ase2 3457402 _|
' 3708402 _ Sereié] 4.486¢402 _ 2797002 _ 3.031€002 _
. ey 3056002 _ 3.260¢402 _ 2.605e002_
< 2.745¢+02 2739402 _
- 2481402 _ 22100002 3.226e402 S aoe 2.179¢002 _
¥ ] 1.867e402 _ 16916402 2.597e402 "‘.‘ 1.754e002
R S 1.967¢402 Siles02 1328402 _
6.392¢401 bkt RO 1152002 P
2.529¢400 1.083e401 7.080e401 S230cat 4.760¢+01
3 9.470¢400
7.835¢400 5.015¢+00 _|
1st step 2nd step 3rd step 4th step 5th step

Fig. 4 Numerical simulation results of deep drawing as isotropic material (elastic recovery)

As AT 5 Ak 5 22e S8 Al AF7HA e Ay & w4 3T
Hjste] AR o] FA gago] AHa dAHoR B 2w (barreling) ol AEE <k
TdsA debet Y @43 E olFE A ot wid® Ade M hEdhs FR8eld
FEE&H ghol °oF 538MPaclA] °F 370MPaz 7| thol7b mA s ste] vpge] o& =53 G
dad s Fskdnh 2 $A4FE 5 FAA ZHAAL H= ddeltt ol wjkd® e XA
A FEWPES 9F 0.356, 0.440, 0.348, 0.304% zo] BFS opy|d 4 glomz wdy d4 3t
Ueister, g3 AFR SHesdas & a5 flstel 34 S A=kl
g o e 71Ee] FdolME BF HEe] Sk ofol
old vk A&l Atk UM AFT W
3.4 HiEE o OE S8 W Y A 4 9 FEe gAFE 9 H ol
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Fringe Levels Fringe Levels Fringe Levels Fringe Levels Friage Levels
0.609¢01 _ 359901 _ 439901 _ Jar801 _ 2036c01
Eff.strain 7.164e 01 | 3242601 | 3562¢01 | 3130e01 _ 2134e0)
591901 _ 28865601 _ 3.525¢-01 _ 2.782¢-01 _ 2432¢01 _
507401 _ 2529¢ 01 _ 3.088¢01 _ 2434¢01 _ 2130001 _
522901 _ 217301 _ 2651001 _ 2.005¢01 _ 1828601 _
438401 181601 _ 2214001 _ L13e0) 152601 _
353901 _ 1460601 _ 1777001 _ 1.309¢01 _ 1224e01 _
26940 1.103e 00 _ 1.340¢01 _ 1041001 921502 _
1849601 _ 7467¢02 _ 9031002 _ 6.930002 _ 6134002 _
100401 _ 3.903¢02 _ 4662002 _ 27302
159502 | 3376003 _ 2.922¢03 | 225404 _ 152903
Fringe Levels Fringe Levels i Fringe Levels Fringe Levels
5.385e002 4912e002 5.530e002 5.032¢002 _ 4937002 _
Eff.stress a8s6enn? u;s..u:l 4993002 45456002 14496002
4bein2 2958002 _ 4457002 | 4059402 3.962¢402 _|
3027402 _ 3481402 _ 3921402 _ 3573e402 34740002 _
3.300e402 _ 3.004¢402 _ 3.385c402 _ 3.087¢402 _ 29860002 _
2788e002 2527e002 _ 2.849¢402 _| 25016402 _ 2.498¢402 _
2269002 2.050¢002 2313002 2115¢002 2011e002
17506402 _ 1.573¢402 1777002 _ 1.629¢402 _ 1.523e002
12306402 19%6esi2 12410002 | 1raenz 1.035¢402
L1030 Sinen 7.044e401 6567401 5.475c101
1916401 122eem) ] 1.683¢401 1.706e401 5.975¢400
15t step 2nd step 3rd step 4th step 5th step
Fig. 5 Numerical simulation results of deep drawing as anisotropic material
Fringe Levels Fringe Levels Fringe Levels Fringe Levels Fringe Levels
Eff.strain 1366603 _ 1.460¢03 _ 3107¢03 _ 1.876¢03 _ 3.389¢03 _
(elastic recovery) 962603 _I 1196603 _ 2476003 _ 1.506¢-0 _| 219303 _
757104 9324004 _ 1845003 _ 1136603 _ 2.198e03 _
4524004 _ 6684004 _ 121303 _ 7665004 _ 1602603 _
147Te04_ 4044e04 _ 5.819¢04_ 3968604 _ 1.007¢03 _
1570604 _ 1404604 _ 2712605 _ 410304 _
A8 7e 08 _ 123704 _ 6.009¢.04_ 3426004 _ A847e04
7684008 _ 2877e04 _ 1.312¢03 1923004 180304 _
1071003 _ 6517e04 _ 1944003 _ 1082603 _ A376e 03 _
1376603 _ ) 9.157c04 257503 _ 1.452¢03 _ 1.972¢03 _
1681603 _ 1.180e03 _ 2206003 _ 1821003 _ 2567¢03
Fringe Levels Fringe Levels Fringe Levels Fringe Levels Fringe Levels
Eff.stress " 2805002 sav7enz_ 33650002 _ 29640002 _
33386402 3.429¢402 uauu 2039402 35716002
(elastic recovery) !nun:l 3054¢002 _ LJ’!:I'? umolr:l 3178002 _
26050402 _ 2678e002 _ 3855e402 _ 23060002 _ 2.704e002 _
2230¢002 _ 2.303¢002 _ 3311es02 _ 2.060402 _ 2391002 _
1871002 19286402 _ 2.768e402 1734602 1.998¢002 _
15042402 15526402 2224002 1408402 1.605€402 _
1.138e002 1A77e002 1.680¢402 10826402 _ 12016002 _
7709001 8013001 _ 11366402 7555401 _ 8.102¢401 _
4.042¢401 4259401 5.918¢+01 4293000 4.250e+00
3.742¢400 | 5.050¢400 4793e000 10316001 3173000 _|
1st step 2nd step 3rd step 4th step 5th step

Fig. 6 Numerical simulation results of deep drawing as anisotropic material (elastic recovery)
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Fig. 7 Numerical simulation results of deep drawing as anisotropic material (modified process)
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Fig. 8 Thickness distribution
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