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A Study on the Experimental Evaluation of the Forming Limit
and Deep-Drawability of Sheet Metals
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Abstract

The mechanical properties including forming limit and deep—drawability of commercially-used
sheet metals were experimentally estimated in this study. Uniaxial tensile test to obtain basic
mechanical properties was carried out, followed by limiting dome height (LDH) test and
forming limit diagram (FLD) test to quantitatively evaluate the sheet-formability. Deep
drawing and reverse drawing tests were also performed to find out the critical values of the
blank holding force and the gap between the die and the blank holder which enabled the deep
drawing and reverse drawing of a successful cup without any wrinkle or fracture. The
thickness of the cup wall along the rolling-, transverse- and 45° -directions was measured and
compared with one another. And the punch force-stroke curve and the critical punch force
expected from the theory coincided with the experimental result very well for mild steel while
not for aluminium alloy.
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Ao HAEAPZL A8rF vl oy side] glo] ¥
e YR JIFE 4 Ae ¥Y, B AR A
Aoz 24P} 4 FEE T EA 9
Y THLE L&A AAY B 24, 484, o
2 T 71AA BARTE otvg Ar FAL ETY,
79 7R =%, E84E 2 &8, 4¥S5E T
B34 #dEo] lenz FE 45L& mf o
HE Aoz A4HI Q. AYYE Frrskr] 9
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HE EAHo=z 1Ady] AFAsAY. Hecker[3]&
AYPARNE EF37] sty d¥FAAE A4S
Alge Wy P2 ZH UF e gy ¥4
g w71A] A Y (stretch-forming)3te, =1 =39
HYd doeziE Y FAMNYES FUIE-
EdgE HEPW, &§ AHYIAZ(forming limit
diagram; FLD) &) FEA|3le #3PE ¢4t
Raghavan 5[4]& E& Y TANE ol &3l AR
42 34 dolHERY dd AYIAZE =
&3t WY S AL3AE. Ghoshlb]9F Ayres FI6]
o oste] A\ NFF o= HFEe =2Y WY
& XEE3= A EEol(imiting dome height;
LDH) Alg¥oeg wHFH HIde HYE &
A APFAE FAHE AFsn AE3A AHYE
F JdE AFH HA J)lgo] AF - AEHY FF
AP Ag &85 A2 78]
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B AFoMe @A AFEY dEH AU "=
=29 7tFdl sy, FA™MS ®g mE AF
FEAR HPAQE Hriste A49E FYFoEN,
AE AL L WAL Y43 FHHA - FHLAA AH
o $4% & e TP AMAYY d¥HE
AAstnA sk, A, FAEEC] AEH A
FAE AFS T3l HYAPES i on, g
c29 2 gz g9 (reverse drawing) T A A
of mgkoly} FEo LA e FHERAE FHo}
Are gzsg9y Ay 5EH& E43tr] 9 AA
Aol MEAYS ¢t

2. 48 23 ¥ 0@

21 48 A=

AeE3 JdE 98 7HA 5349 7124 A
FAL Hrslz] Y3t AF AF, FAFEEol Al
H, AAE NS s dt. EI fzE=R
od-dewo d&FgAor Py HE AAFHoE A
¥ 5 gle dAZAE Tyl fsto e H4¥
S B3 AYY EAE HAAsHTE. AYd A8
2E A8 FFHY AF A E 7] FAE
Table 13} -t}

1 Aol M= AP Agd AMedE FETA
$Y-ANYE IM ¢ FELY v, ZEAF

K, 98733825 nd o)W A4 RS F3x 33
o AFAEBEL JAFoZRE 0°, 45°, 907 ¥
gow 7} 34 AJHE KS B 0801 13BE 7302
AHeAct. T35 A8 7] (universal testing machine;
UTM)9 ZZ2AFE $EE 20 mm/mine g LA
A FABtH e, &% 10 tond] 33 A (load cell)}
E3¥ A2 50 mme A&7 (extensometer)E %3+
PC2 9¥dE 3dF-94 dHoHE J&g-3uy

Tabie 1 List of the materials used

Material Feature Manufacturer {Thick.
(Country) (mm)

Al .. Hoogovens
6016-T4 Aluminium alloy (Netherlands) 115

Mild steel (deep
drawing quality)

DP600 ZE{l Dual phase steel Stahl (Germany) 1.02

SPC3 || Mild steel POSCO (Korea) | 0.70
SHCP_| High strength steel| POSCO (Korea) | 1.40

Thyssen Krupp 0.98
Stahl (Germany)|
Thyssen Krupp

DDQ
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Table 2~6€ ZI zA|&9 F8 EHAE Fg Ho

FEx Asdz 344

& A& AolH, FEZH(Y)

2 o] 717l WHE o= 02 %UF =AM

(offset)3le] AEY-ARWMPFE JFAH Tyes HY

28 goz FAT WH(proof stress)E YERATE

ZEAFEKS WHAFAFmEe ALAsLAH

(least-square error method)& ©]&3}le] 2-&¥-3

Ny E o= Ke" Fel2 FHZAHcurve

fitting)§F Aot Y, K ¥ no H g 22 W

PEo AFste 4 B¢ &9 @& A (DF 2o
gGasted FHITAIGOZHN T3 Rolr)

Oy + 205 + 0
o = — 24"5 " )

3L o
FAE

Table 2 Material properties of Al 6016-T4
E(GPa) | Y(MPa) [K(MPa)| n R

0 69 47.8 336 0.342 | 0.822
45 69 88.2 345 0.267 | 0.357
90’ 69 73.4 337 0.287 | 0.585

Average 69 73.9 341 0.289 | 0.530

Table 3 Material properties of DDQ
E(GPa) | Y(MPa) [ K(MPa)| n R

0 200 152 501 0222 | 170
45° 200 163 490 0.204 | 117
90’ 200 162 492 0.208 | 167
Average 200 157 494 0.211 | 143

Table 4 Material properties of DP600 ZE
E(GPa) | Y(MPa) | K(MPa)| n R

0 200 307 965 0.206 | 0.65
45° 200 318 964 0.203 | 0.6
90° 200 319 1014 | 0.204 | 0.85

Average 200 309 989 0.208 | 0.71

Table 5 Material properties of SPC3

E(GPa) | Y(MPa) | K(MPa) n R

0 200 60.7 423 0332 | 2.02
45° 200 916 454 0.284 | 156
90° 200 67.1 404 0323 | 2.34

Average 200 75.4 434 0.306 | 1.87

Table 6 Material properties of SHCP

E(GPa) | Y(MPa) | K(MPa) | _n R

0 200 232 564 0.180 | 096
45° 200 228 550 0173 | 0.78
90° 200 256 558 0163 | 119

Average 200 235 553 0.172 | 082
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oA AT Rat2 A& 156 %7HA Q- F, A
Hel AHd AAES] MYE Hol9 F& 20889
FRFG712 FAee 7 AolH, 2 BEFS 4
D 54 WPz AdsArt

23 stHE=O0| AlE

Fig. 1& 3AEEC] A AHE8dE 3 AE9
PyA7H F8 N4E veEyen, o) NUMISHEET
'96[9] AMXvla BN AAF FHIH FLTE A
olty, AlH& Al 6016-T4, DDQ, DP600 ZE, SPC3
% SHCP #AZRE Hol(¢d#3d) 180 mm, F
100 mme F3e=z AFHFHUT. &, SPC3 &A=
Aol g ke #zbubek(90° Wwahozx ANF 3t
Aot FAEFol ¥ &% 100 tond] ¢ =
2o AAATE HAE ZHxe AR 2=
o nAHY, EPAEEY thojx= LY HE 9
¥ tho] Ty de w3 FXhdd AR FFAHE
FzZ2 "ot EPFaEY A HL rio] T 9l
o] dud 1AE 50 ton K¢ HEHE stk
Sd2ujERS 10 ton, AHES 20 tond EPAETY
ARNEE 7tsted AHY FHE 4A4d dHe 9
g =g gA F&IL, FEE A ¥ A
A Hx o]&EEE 1.3 mm/secE st FE U|F) o)
dojgd w7t HPeHk. "©A sFol F7hsst
A7 #AAade &7 dlFe] HA AR 53
o XYL FF3I, PCY Y FX FF-9H9
HolHz Ry FAEEE AASAY. 1 AIAE
Table 79 JEMIAT. SAFES), & HAIFHES
SPC3, DDQ, SHCP, Al 6016-T4, DP600 ZE <o.&
£o ZAog YEyth Fig. 25 #9X Ao w2
A stFe WIS Jebd Aol Z4 FAH9 EF
Mol Wx FAHo] wlE Table 79 AAFZCIE
[=a=aul=

\)

T~
il

N

1057

203.3

Fig. 1 Geometry and dimensions of the die set
used for LDH and FLD tests
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Table 7 Results of the limit dome height test

Material LDH (mm)
Al 6016-T4 247
DDQ 31.3
DP600 ZE 24.0
SPC3 (0°) 33.2
SPC3 (90°) 374
SHCP 255
70
DD
-----DP
80F| . spca !
— .. — SPC3.904 ;
sorl T Reera | /

Fig. 2 Punch load-stroke curves in the LDH tests

24 MESHAIE A8

AYIJALE AFAAE FAEE) AHAAY
2] NUMISHEET '96 #ixvlz &3¥3} 100 ton<
ft ZH2E AFRSIQE. Al AR ARE
Al 6016-T4, DDQ, SPC3, SHCP %°)9, Hecker[3]
o UydE ddwdez Zeolrt 180 mmZ YA 3
A stz F& 25 50, 75, 100, 110, 120, 130, 140,
180 mm¢l AlZtg oz Aso(F 180 mm A|HL
2 A4), ¥ 3x3 mm ALY HAAE d323
4 Yoz QislHtt. =, SPC3 AMEE AR
Zol W3ke k0" WE)™ o A ZER90°

e oz 3 F AESY AJHE AR
AFugS Al 6016-T4E 10 ton, DDQ, DP600
ZE, SPC3 % SHCP # A& 20 ton®] 4% 35
7bate AA7F fYEA FEF TFEIRLY, TR
vZel dold wiztx] "R dFE& et AF
Ag3tREct. 180 mm 9 AlH 1 el disiA
42 E utE Ede FAE WX LA Ato]d
Aisle] plES F2dFgoEZN  FolFH e (equi-
biaxial tension) =2 ¥y & HFE3Pow, x|
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ANHEL 25 $83A &2 Avpd(dry friction)
zAA AYPstPet. Fig. 32 A¥d AHES A}
Fojtt, HYE A JYFAT AFde 2HH
9 HlA Jes &4 AFIUAEENAILY
(ASIAS)[8]S AH&3ath. A3 E ANHAAM UAR
T ggd 8 AAEY Wty FHPEH F
HPEL SA3 Y, ‘JEH AA'S #dEdy A=
d4g AYFAEE FYHU Fig 4 AzHE=R
Ade AYFALAE vlud Foln

25 Clzcg29 ¥ H=29 A

(1) 7= A A ¥

tx=29Y AlgL NUMISHEET '99[10] =l x]w}
3 A HEszy-9=29 FFE EHE 3§
Ao, Fig. 59 889 ¥4 XF+& Y.

Fig. 3 Stretch-formed specimens with various widths
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Fig. 4 Comparison of the FLC's for all materials
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(b) Reverse drawing

P
v
| |

(a) Deep drawing

Fig. 5 Geometry and main dimensions of the die set
for the deep drawing and reverse drawing

Fig. 6 Photograph of the deep drawing

and reverse drawing specimens

gl AbEE AAE Al 6016-T4, DDQ %
DP600 ZE°}3l, ©lE #AE &oloAH" @A
712 AEEA FA74 170 mme dHo2 7HF8l,
A FA FAHE EoldA d7] A 3X3 mmel
AAZ S ARE AR FHo HIEAPoRE Q14
stk AE A AR FHE oA ESR AAHT
% 2 g/m’ AxY $BAZ $88 4. WA 8%
£xv B Ayl &= 1.3 mm/secE LA
Atk Fig. 6& HEZ=EY %2 9529 FHL=R
AYE AFEL Aol
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EPIEE 9 tho] W Alole] ix] A% wpgZo
AWUE A8 AY =F o F°) EAIA
AE F Y=E FEI EPaZH AAFHE 7189
th. %7 010 mm2 ¢k AW F7 0.015 mme
GFrE XS A Ao TS wAEA
HIAAZIEA AEE BBFgozH FEo] A7A
FE FUEA 3L F A2FF g==29 A
L A1FAH gzZz=zy AgoA FEo A7A
Fe AHEY Yilg e ez AANIHY.
oA T FA 3¢ =718 Table 8o Felst
Aot

Fig. 7~12& tzcg29 9 d=29 APdM A
¥g o FA EXE 243 AFAE EAT R
o &3 YL A¥9 HE 0-180° , 45-225° %
90-270° Weo =z AMIT F, 1/100 mm HEY ¥
AE nlo]= 21 E(point micrometer)$t Eo]ZA7)
(height gage)& AF&3ld H vl o2ZHE 7 mm
9 AYozKE EolE wil 3 mm HFom =4
9k A BAGe dEZ=2y FHAAE F
vt o 2RE 13 mm AL, =29 FAHAME 20
mm FE9 FoldA Hi FAE YL, oF
EFol7l Eoldo wE ¥ FAXE A Fstm ¢l
th.  E3, Al 6016-T4% DDQ9 7% Table 29 3
o Vel uke} o] 45° wke]l Rzko]l 0° R 90°
WakRo 4gs Fornz HJY¥d H Folrl dol
Ae AL (earing) Aol FRHeol veE &, o=
A3t FA BE7} Avryow =:A JevE RS
& 4 gtk wde] DP600 ZES A$ Rzke] Wk
of W W37t Fol(Table 4), ALY} 74 &
o o7t A9 UeuyA &= AL HAY F 3l
t}.

Table 8 Limit gaps between the die and the blankholder
enabling the drawing of cups without wrinkles

Initial Limit Gap (mm)
Material Thickness Deep Reverse
(mm) drawing | drawing
Al 6016-T4 1.15 1.22 1.32
DDQ 0.98 1.03 154
DP600 ZE 1.02 1.05 1.08
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18

—Awg. 0-180
—o—Aw. 45-225

15 |
—o—Avg. 90-270

Thickness{mm)
P

11 1

0 10 20 30 40 50
Cup height{mm)

Fig. 7 Thickness of the cup wall after the deep
drawing process (Al 6016-T4)

—o—Aw. 0-180
[ | o-Avg.45225
—a—Avg. 90270

Thickness(mm)

0 20 40 60 80
Cup height(mm)

Fig. 8 Thickness of the cup wall after the reverse
drawing process (Al 6016-T4)
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Fig. 9 Thickness of the cup wall after the deep

drawing process (DDQ}
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Fig. 10
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| | o Avg. 45-225
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_e—Avg. 0-180
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Cup height(mm)

Thickness of the cup wall after the reverse
drawing process (DDQ)
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Fig. 11 Thickness of the cup wall after the deep
drawing process (DP600 ZE)
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Fig. 12 Thickness of the cup wall after the reverse

drawing process (DP600 ZE)
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(2 E#3 &Y AXY Ao

Alge] ALS-E AFRE Al 6016-T49 SPC3e)t}.
qzezy 34 Fd E33229 AAYS YA
A A o gdo] dojuR e HodA XA
H3l FEo] A7|A e H2TA AXNFY L 9E
Aoz T3Pk, 2 A3 Table 99 #rh ¢,
AFnFe AS FEIAE ol Ao
AdE Az EaPd. SPC3 A9 dHgHo| aF
Rt 9 9 Zxn, APAIRFE o E HE
Zetstd st A Alg A 3(Al 17 ton @ SPC3 19
ton)7} el Al FEA RAeE wAdHg,

HggA e} FESA Alelo EPAEY AAYE
bt AEAQL tEszAdE #3884 . 9
E @A Yol ¢FnEY S 10 tonH} 13 ton,
SPC3 79 7% 10 ton3} 14 tong] EPAEH A

S YA tE o, AAAY W& HAAF
WslE #FASAY. HAEHFE LA =2 ¥
8% 3 BYaEr] XA o vy s I8
e dad 3, aelm Aol wkEZ 333
HA dad 3 Fo] HFHez AL3to Y
o wEtA ERa iy XX He] AAA HAIFE
AANA =He, ditqdez HAX3F JFHAL gz
Y FAHol ANFRHAWEAMRE FUFsthrr 29 s
Zk217F to] o2 why Eoj7luA HiA gAdE,
T 2 W3E JEA dd. Fig. 137 148
2 7HA 271y BHAEY AXEo g A
49 WEE Jeld Aol agelM HA
FAE FHLE 2 F AME3 o2xez
HRstE Wa T4 R[11], 14 ton °|8 2
BaEE AAHE 7k SPC3 &A2 A$E A9
33 A3 AR dndoezm tih AA HrhE

e ¢+ vk

2
e fo Sk
wr ok Ry ofy

rjo

F=27T7’1t0'0'm"5in0 2

2Eg 4 9AE RAE 4 9 g B
W, 56 URA AYe Fao] shuel FEE
A A2 35S

g P o2l Aol 2AH4
d3sed B2 A8Y 5 QA= Aoz AFuo.

Table 9 Critical blankholding forces for successful deep

drawing
Material Wrinkling limit | Fracture limit
(ton) (ton)
Al 6016-T4 - 17
SPC3 6 19
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Fig. 159} 16& watdAe] E:4aEH AR (Al
17 ton, SPC3 19 ton)# ddo] #Ad= A3 E
o XA (Al 18 ton, SPC3 20 ton)ol ©jd ¥ A3}
% FAE ST 22 o83 fudtA HX&HF
2[11)5% mag Fel).

Fop = anltOsz(”"’(—’e“—) 3)

SPC3 72 A% Ed3EH XXYo] 19 tonY
i Hol WAsFo] 7.7 ton AEZA o|EHoE
3 Ba3A HA 85 75 tonT FF3] A X3S
o}, ¢ErEY A¢E 12 ton A=Y o8 R
Ak olE ol&A AAY ZUHA EA YAE,
AFuF A7 F AR ANET HPAo) @
o FAZAY v AT Aoldl tiste wl$- Wz
235 etz 489 ale] & Aoz 4
9lo] Qe Ao E FAHHET
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8 f‘.‘.‘“ S0, "‘b.n .00 17 o {thoory)
. .'é.".P' " N h“o\ ..+ 13 ton {theory)
i o N\ N 10 ton {theory)
c i By
L s '.",-1_1 A, o,
iy @) Y
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k] & A
# Y
3 § Ao
.g “q ‘\‘ q‘.
H Y b
2} ; q A
1] { < A
0 i
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Punch Stroke (mm)

Fig. 13 Comparison of the experimental punch force-stroke
curves with theoretical curves (Al 6016-T4)
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Fig. 14 Comparison of the experimental punch force-stroke
curves with theoretical curves (SPC3)
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o ’> —a—BHF =18 ton (exp.)

IVAAN

—~e—BHF =17 ton (exp.}

Critical punch force

Punch Force (ton
w ~ wu (-]

N

0 10 20 30 40 50 60 70 80
Punch Stroke (mm)

Fig. 15 Comparison of expected critical punch force
with experimental result (Al 6016-T4)

s —a— BHF =20 ton {exp.)
L —s—BHF =18 ton (exp.}

Critical punch force

Punch Force (ton

0 10 20 30 40 50 80 70 80
Punch Stroke (mm)

Fig.16 Comparison of expected critical punch force
with experimental result (SPC3)

3. 848

(1) & &ABes5E KS B 0801 13BE w4 ¢
BNAE el dstod 07, 457, 90° WaFo
2 Az AFANEE s AFEHE
AEd volHERE ASY-APYPE FH4E& 7
&3, ol HBLE HIAH B9 JzxAE7t
= A5 71AAY SHE F, FEAAFE),
FEZEY), ZFEAFK), A A (n), o
WAAFR) T T

(2) 180x100mme EZFAAE AH st 101.6 mm
273 HAE AZYFHAA, sHdo] dojd
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W7zl Hx WY F FAEZFCN(IDHE o
Atk DP600 ZE, SHCP % 4% Zdo)v &
FojEe FAEEeE 26mm  WIou,
DDQ, SPC3 & fZ==2d & d4e AsEsE =
T 30mm °o]FeE YEhY dy¥Ao] o FL& A
o2 FAHIA.

(3) 948 7IA WY R=§ A7) Hst9 Hole 180
mmZ YA, F& 25 50, 75, 100, 110, 120,
130, 140 ¥ 180mm=zE oI &d AHEES FH| 3}
i ¥l 3X3mme HALY FHAE QA
F AFAE NFES AT AFFEA
HENA2EE o] 83l FAYEF} FAYES
A3 ‘g’'n ‘gA'Ss wdste 2 AR
W A¥eAEE HA - 9xsdt. DDQ,
SHCP, SPC3, Al 6016-T4¢] o2 A&Ao] £
& Aoz Yyt

(4) Zﬂifﬂl TAGle] E=2q FAHAAN Hutgto
2E 13mm AE, @11:5101 FAANME=
mm FT9 FololA HiA FAE Yehi, o
F Eolo wE ¥ FAx %‘ﬂ;} FANA = zdz
2 Jehgth E3 Al 6016-T4¢ DDQS A
45° kel Ritol E}% W] uldly *J%sl
ol FA EEX7F Avty o AA Yoy,
DP600 ZE9] 7 9ol ol#|3 HuolwAo] A

o glol, ARAY FA BE Hol7t A
et g e #A¥ 4 s

(6) OZ=z2q AN BPdaEE AAHS dF
A FAE W sido] dojuA G HuiEA
AAYH FEo] A71A FE AL2TA AAHS
g dde o 7. dadA ®Ast
T d5ste oYL 7 Az 4 4 4
st F dAFRAoY, dFE LA FeE
FAEAN Wt WNAd WE] okt
YERRT E=F, #x] A wE #BA
WEE d&ste oE4S AFUF nwad
3, o2 7kA ex8QE& AU W HAH
8% 7 e WE AFY dFXNE F=
2 wed

o 9o
okt o o

wo o

(6) o189 98 71A] YA e dHEL §5
B B4 B R dF0] do@ A8E &
448 F A& Aoz yZhE
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