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Fig. 2.1 Schematic diagram of specimens
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Fig. 2.2 Schematic diagram of specimen and experimental setup for the ring
compression test
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Fig. 2.3 Photo of thin ring compression test
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Fig. 2.4 Flow chart of thin ring compression test
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Fig. 2.5 Schematic diagram of FEM analysis model
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Fig. 2.6 Comparison of relationships between reduction height and change in inner
diameter
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Fig. 2.7 Comparison of average equivalent strain between rigid die model and
elastic die model

24

70



Restraint factor f /-
OFRLPNWE IO O

— Elastic die model
- Rigid die model

10 20 30 40 50
Reduction in height R /%

Fig. 2.8 Comparison of restrain factor between rigid die model and elastic die

model
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Fig. 2.9 Comparison of flow stresses by the tensile test, upsetting test and the thin
ring compression test
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before after

Fig. 3.1 Shape of a specimen before and after the compression test
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Table 3.1 Mechanical properties of sheet metals

YS TS El t
IMPa IMPa 1% /mm
SCGA270D 125 283 44.6 0.70
SPC590DU 337 619 28.6 1.20
SPC980DU 843 1030 155 1.20

Table 3.2 Rankford values

Fy

Fys

Fop

SCGA270D | 1.60 1.36 1.90
SPC590DU | 0.83 0.92 0.85
SPC980DU | 0.89 0.94 1.15
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Fig. 3.2 Picture of a specimen by a stereoscopic microscope
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Fig. 3.5 Restrain factor of SCGA270D
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Fig. 3.6 Flow stress of SCGA270D without consideration of plastic anisotropy
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Fig. 3.7 Flow stress of SCGA270D with consideration of plastic anisotropy
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Blank Holder

Fig. 3.9 Schematic diagram of the bulging test
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Fig. 3.10 Photo of the slide-type friction test
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Fig. 3.11 Experimental results of the friction test
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Fig. 3.12 Setup of a dial gauge
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4.2.1 FRERSH
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Table 4.1 Mechanical properties of SCGA270D

YS TS El t
/MPa /MPa 1% /mm
SCGA270D 125 283 44 .6 0.70
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Fig. 4.1 Specimen of the tension test
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Table 4.2 Conditions of the stroke velocities in the tension test

A 400mm/min — 10mm/min — 400mm/min

B 10mm/min — 400mm/min — 10mm/min

C 400mm/min — 100mm/min — 400mm/min
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Table 4.3 Identified parameters of the Swift expression

Strain rate /st & K n
3.0x10% 0.0059 569 0.29
0.01 0.0055 587 0.26
0.05 0.013 620 0.28
0.23 0.013 602 0.25
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Fig. 4.3 Relationship of equivalent plastic strain and work hardening gradient under
the various strain rate
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Fig. 4.4 Flow stress at the variable stroke velocities (Case A)
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Fig. 4.5 Flow stress at the variable stroke velocities (Case B)
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Fig. 4.6 Flow stress at the variable stroke velocities (Case C)
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5.1 XEDHI
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O BB RIS 5T D REEITAT DI TR, RETIE, #ERIBEIN TV D%
FEDOMEHET VORI AT L, BREIBIZ S EZR O Bl e LT a3
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WTERTD.

F 7z, BRI 2 I TREIE ORI 2 3 2 5518, FEHBY7RGHRRFH] Cfig
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HBIIR. 22T, OFHREELZ B E L7ZRITIZ R0 THIEK & [FER D RFH]
A=V DR ATRE T 5 72 E 9 DREE L7z

52 EMEHOVT HAEEKRFEDERE
OFHHE RO ERILDZ < 1E, RGO & 51T, MR 5] R TH
SRTMTALANS, OFHdELETREE#T 2 2 L TRIAIND.

a:f(gwg(gb) (5.1)
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JL[68], Ludwik &7 /1[69], Voce &5 /L[26], Swift &7 /L[25]72 ENRE SN T
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Power law <& /1-[68], Johnson-Cook &7 /L [69], Wagoner &7 /L[72][73], Cowper-
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STEY, OTHEEDOEEHITI LREOBET LONTNNEFR—THD.

o= f(gp)g(g'P]h(T) (5.2)

— 5T, B —=FETA[79][80]1%, BI)RDELEAILE L TEY, kD

ETIVETER S TWVD.

-1 (5.3)

DI, & MR BERIRIC BT 2 0T BT T 5. B B DFL[79] T
3, R(E.3)DALE 2 EIXBEAE GBI R T % BSR4 3
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C—pr+ﬁ%}iii)J (5.4)

5.3 —EREDSIERARICKDHMPNTA—FFEE
LLTFD 6 FEEOERAD T A =252 4238 T/RLIZIFEHO—EDA b
— 7 EORBROFE RN S RIE L.

(1) Power law model [68]

a_f@ﬂFi] (5.5)

p
&

(2) Johnson-Cook model [71]

o=f (59){1+mln{%ﬂ (5.6)

(3) Wagoner model [72]

UZW“)E' 5.7)
&
(4) Cowper-Symonds model [74]
f(eP)1 e’ ”‘
G_(g)+”5 (5.8)
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(5) Linear model [67]

v2+(y1/2)log[g ]
sz(gp) & (5.9)

(6) Tanimura-Mimura model [80]

a:f@ﬂ+@wpuﬂp-%;Q}{éq+s{iq -1 (5.10)
CR ‘("Op gop

BEMEET N DT A—=203, BAEFHR Y 7 & MATLAB % flWCIRRIE R/ 2
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| XME M A% (Trust Region Method) 2 VY, REZEEHHIC1E, (GBI THREND,
S D FEERAE & BB O ZE D 315 J54R (Root Mean Square) Z IV 7z

Xems = WZ X (5.11)
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FREBIOEREIO 7 7 7ORRMFIZER CERE -T2, T HERFEL
T Cowper-Symonds €7 /L DFER % Fig. 5.1 12~ L, B8 - ZHETLORER %
Fig. 5.2 |27k L7=. Cowper-Symonds €7 /L iZ A b 12— 27 & 10mm/min (22T
[T FEBRFE R L 12IE B L7228, 100mm/min 33 X OF 400mm/min Tldf k¢ 40MPa
BEDBWRO ST, FHIZ, A e —2 HENRRE 25 & E R L TROT
FRROWENE N E L, EOT HMOWREIS AR E < lgoTe. —J7, B -
AT, ZFREESEFRAMMOET LD U3 FEIC/ Y, Fig. 5.2 IR L
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FETARTUZ DWW THERFR LR B RS —& Lz, BERIICE, A he—27 3
£ 400mm/min OO 0.02 LR OfEs L, A ke — 27 3 400mm/min & XY
100mm/min AT 7 0.1 LA EDOFEE T ERFER L R Db OD, 4T
DOTHHER L OO R TIEFERE R & B~ L. O9% 002 LIF
OfEECHEBRE —E Lo =HHE, Fig. 5.3 L0, REBOHIEA ha—27n
M 5720, OTHEER—ELRLRWVWZHTHS.
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Table 5.1 Identified parameters and error evaluations using root mean square of

residual

Flow stress model Parameters Error evaluation
Power law m=0.034 11.1
Johnson-Cook m=0.037 11.1
Wagoner m,=0.039, m;=0.023 11.0
Cowper-Symonds m=0.23,C=66 11.2
Linear 9,=0.00094, g,=0.039 11.1
Tanimura-Mimura a=9.1,b=23, 3.1

0cz=186,8=57,m=0.11
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True stress o/MPa

Strain rate 0.23s1

400 A :
Strain rate 0.05s
350 |
300 |
250 | Strain rate 3.0 X 104s1

Strain rate 0.01s!

200
150 — Test data
— Cowper-Symonds model
100 | ‘
0.00 0.05 0.10 0.15

Equivalent plastic strain &P/-

Fig. 5.1 Comparison of the test data and Cowper-Symonds model
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True stress o /MPa

400

Strain rate 0.23s!
350 | Strain rate 0.05s!
300 }
250 | Strain rate 3.0 X 104s?
200 Strain rate 0.01s!
150  — Test_ data _
—— Tanimura-Mimura model
100 ‘ ‘
0.00 0.05 0.10

Equivalent plastic strain gP/-

Fig. 5.2 Comparison of the test data and Tanimura-Mimura model
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0.3

*
N * *
0.25 L AR S *ea,00 Teo ** .0
*
0.2 f

0.15

Strain rate /st

0.1

o
0 ? 1 1 1
0 0.01 0.02 0.03 0.04
Strain /-

Fig. 5.3 Relationship of strain and strain rate under constant stroke velocity
(400mm/s)
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54 8% - EFETILEMETILODEL

S3HITIE, B - SHEFANEROEET L L ERER L BRI TX
HZLERLE. B - SREFALREROFZETLORERENE LT, fiEk
DEET N RYERIRBIERROIS ) L OFHEEOBBHOB TR I T
HREREF L THLOICH L, B - HEF VIO TERREEN TN
MEREF LT d 2 ENRTF HND. £ 2T, WEGHNAREERBROIEN & OF

B DFBEEOTMON T T LRI Z KB T2 2 L OBFIME2HERT 5720
PUF ISR THHO & U O 2 BEOMEBET A DR A =2 2 EL, —5%
S 7 AR 2 BA L7

o=f (8p)+ A(glp) (5.12)
a:f(gpy+Am(Bgﬁ] (5.13)

5.3 i &L AR D HETEMEFET VDT A —Z ZE L, 2N L2k R %
Table 5.2, ZERHLZ FR & el U 7o /55 % Fig. 5.4, Fig. 552~ L7z, Ji&A
OIMEHE T TIREIL L R DO 8 H 5 63T A—Z DN 2 > THHICHH
DO, {EROFEET VLY R PLBPEFIRP/NE S 2o Tz, KT, il
DET VL, ZRVIPTETRPIERDOBET NV OKIH53 £ 720, BT ORI
FEEERRIRIZH EL7c. EBITFig.55 25 &, O %4758 0.05 BL E ORI T
=L TWBZERNbnd. ZiE, Fig 4.3 L7 L biaE s 09 2
HEIZEOT B L TCWAHEEEF L THD. 2F 0, MERET /L T3 LA
LA OFT I ITRIE L2 STk v, A0 B R 2 R B < &8l
TELEIWT T WVWz D, EHIT, BF - ZFET LTI, F2HIZOT A
DIRTFHER T D2 & T, U774 0.05 LLFOREKIZ W T H EBRFE R 2 XL T

THEolcLTns EEZBNS. —J, Cowper-Symonds E7 /LD X 9 72 FH
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BOETVTIE, OFTHHENRKRE < RDHITONT, mOT A TN L kA
FLAMEOT AR L 0 /NS 225258 & e D08, ZhuE, SCER[BL)IC /R 4L TW
HE 07, OTHBHEN 100 Z#H x5 &L 5 RO FEREE & —H+ 5. oF
v, AEOHEO Zod B CIEERZBE) L SR> T2 b OO, EEERT O
O BEEOTHRHEEEBRIZIBNT, REVMETANAHTH L Z LITH LD
ThD.
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Table 5.2 Error evaluation of addition type models using root mean square of

residual

Flow stress model Parameters Error evaluation
An exponent model A=29700, B=0.491 10.6

A logarithm model A=8.50, B=3333 4.57
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True stress /MPa

400
350
300
250
200
150
100

Strain rate 0.23s1

A

Strain rate 0.05s1

Strain rate 3.0 X 104s1

Strain rate 0.01s!

— Test data
— An exponent model

0.05 0.1

True plastic strain

Fig. 5.4 Comparison of the test data and an exponent model
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True stress /MPa

400
350
300
250
200
150
100

Strajn rate 0.23s1

Strain rate 0.05s1

Strain rate 3.0 X 104s1

— Test data
— Alogarithm model

Strain rate 0.01s?

0.05

0.1

True plastic strain

Fig. 5.5 Comparison of the test data and a logarithm model
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55 09 AREDNHMEBDRTIFE

5.3 The b ERAER & — B LB - A ET L OOT B L O Z 8 &
RRFET D72, A hw—27 & 10mm/min & 400mm/min @ 2 fEEO— E L5
SRR O EFRFER DB DBA - ZRETNAONRT A—2EFEL, FoH17
PRENIG /1% 100mm/min OFEERFER & i L7z, ZOfES % Fig. 5.6 (/R L7z,
ZDOLEEOMEFET VDT A—X X 53 HiTEM L 3 FEOA hr—7
e T aa L B 2038, IENE/)IE A b e — 27 @l 100mm/min %5 T 5.3
HOMR LT EAEE R ST, 2O, RTA—=FEEIZHOTWHRNOT A
B ORFEIRIC BV T L EROFEEH 2RI TETNDH ENX 5.
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Strain rate 0.05s1 Strain rate 0.23s1

400

& 350 |

=

E 300 |

§ 250 Strain rate 0.01st

= — Identified by all data

= 200 — Except for 200mm/min data
150 ‘ ‘

0.00 0.05 0.10 0.15

Equivalent plastic strain &P/-

Fig. 5.6 Comparison of Tanimura-Mimura model based on all data and the data
except for 100mm/min test
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5.6 REEILSIRHABRDRREE

53 i TR/ T A =2 ZHWTHEAE LIZAH - ZFHET L OWREIR %
4.2.4 i TIT o o B b iR & bl U 7 #E5R % Fig. 5.7, Fig.5.8, Fig.5.9 IC
AU BF - ZRET LV EERERIT, 2F0NIcRE —&LE LaL, AR
2 — 7 @ 400mm/min O 5 [iRAIH &, Sk A DXk r— 27 3 10mm/min OFE
TR 20MPa FREE D ZE3 L B v 7=, AL, Fig. 5.2 IZB W TIRZED R X W

SRS L, %A1 424 BiOFBRTHRR S TZEITHIE LTV S,
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400

S 350 }
2 300
b
A 250
o
z 200 —— Test data (Case A)
E 150 | —— Tanimura-Mimura model

100

0.00 0.02 0.04 0.06 0.08 0.10

Equivalent plastic strain &P/-

Fig. 5.7 Comparison of the test data at variable stroke velocities (Case A) and
Tanimura-Mimura model
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400

S 350 L
= 300 |
©
@ 250 L
o
o 200} —Test data (Case B)
> . .
= 150 f — Tanimura-Mimura model

100 ! ! . .

0.00 0.02 0.04 0.06 0.08 0.10

Equivalent plastic strain gP/-

Fig. 5.8 Comparison of the test data at variable stroke velocities (Case B) and
Tanimura-Mimura model
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400
350
300
250

200 — Test data (Case C)
150 —— Tanimura-Mimura model

True stress o /MPa

100 : :
0.00 0.02 0.04 0.06 0.08 0.10

Equivalent plastic strain gP/-

Fig. 5.9 Comparison of the test data at variable stroke velocities (Case C) and
Tanimura-Mimura model
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TE DAL Lz, ZORR, B8 - AT T, oMLY 2 b
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(1) —EDOA v —7 FHEORBRTHLNIERIRIE AW, kN HIRE
INTND 5 FEEHOWDWD DIERMOMERIND /T A —& Z IR/ 2 ik
TIRE LA, Ed A ha—27 3 100mm/min 3 & O 400mm/min i3 F25kE
R E—HET, KT A0MPa B DE WA Uz,

() BF - ZRETAERHCDE, —EDOR ha— 7 EEORBRRER L T
HENIKNTA—ZEZRETHIENTE., ZEOEITHEKT 10MPa f£E T
bole. I, MEROBERAOET VX INEROET V0T 034 (5 0O F2ERHE
RERBERSKRBTELZ 2R LE.

R) A Fmr—rHEZZLIETERER L, X br—2#E 10mm/min 35 X
O 400mm/min OFERT — Z DB DB — ZAET VDT A —=F Z[FEE L,
FENS ) 2R Lk R A i Lz s 24, MigIER< %L, TOETRKT

20MPa FEEECTH - 7-.
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F6E MBEETILORBEE S AL— 3o
MDEE

6.1 XED B

ARETIEL, 5 5 BCTHEZLIRRBROMRLEER I RATEA/HN - =
MEFLVEROVTHREEY 2 2 L—a v aET 5720, BREREZ
7= FEM fi#ffr Y 7 |+ Tdb % LS-DYNA IZHBHS - =AE 7 L& F284 2 kI D0
TS, 51, BIBGMEE CRITT 2 L X ORI R 7 — L OB TiE L, F
A — VO 72 RE SITONTELET 5.

6.2 BEBUBRETILEVT AREDORKRLAE
B - ZHRET VE LS-DYNA Oa—H—H 7 —F U HEE % WV C 38k
D T2 DI W T RIS YE 7 L OB EL A Table 6.1 1Z/R L7z, A BRI ZHERL
T VIZSCR[BIICFER STV D HDTH 5.
LS-DYNA O —H—H% 7 )L—F o TlL, BIRGAEED =D, Wit~ Y 7 2%
RECRE SO ETRT L. 2F 0, BNBEAECBITS n AT vy 70E
Jndl o, RSO B e? B K OROT B 5y Ae WA TNE & L THZ B4, n+l
AT v T DEIRT ™, HUBEOTH ePrAs? TGOV T NV—F %
ER T X kv, 22T, AJfEE LTHEZX OGN D220 A5 Ae ks X OEIHY
IR ORI 5y At 2 B YR A TN CROT BB e & R Tz,

g:%—% &M (6.1)
OP TR\ ARAF LT AR, Gl 1A 2 P O ol & T
NTWHEDOT, FRROBROPTHEL: L ITRARD, HYBEOFREE TH 5
APIMZERANDRETHD. LnL, MEOMEIXITEAEEDLLRNED, 4
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FlE 70 7T A EMEICEERT 5 2 & 2 ELE L TROTAREE 2 Az,

E7o, MERIREEG ( RGBT D (") ) BT —7 AR TAT
L, KOG TN LR bR B2 K oo L7z, 612, BREBEEIIHR
BV R 2 b—y g VCERBERMI G LND & STV YLD2000-2d €5
VB8l e, RET /ML, ERILRBGEENOEBETH L Z LAVRIAT
5. ZORRBIEED/NT A —ZPRFENC BB R & LT, Table3.2Dr
EICINA T, EESFMNAS 07 TR OGEREBROOT 7 15% D)%) 0y 2 Hifs &
LT 45 5w, 90° a5 iR TR 7= R FRFDIN ) Oy, Oy &,
HRIE SV 3R ER D> & 3K 6O T2 ISR O %5 2 HilIG 7] 0 36 KON 2 il 5 [aRFRF D O
T AL W, 2D Offi% Table 6.2 [Z/R L7z,
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Table 6.1 Elasto-plastic constutive model

D UVFT HD BB R
Ag = Ag® + AgP

@ &SRR
Ao =C°®: Ag°

@ B REEE LU fEE
CD(G,O'y) =lo|-o,

\Y ={O‘|CD(G,O'y)<O}

@ BiEwRn Al

oD -
N=—
667/

® LAl

_ P,
ay_ay[g j

® BR/BRAEOH ELRLLE

d)(c,ay)so, j/ZO, j/CD(o,Gy):O
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Table 6.2 Anisotropic parameters of SCGA270D

Oy Oys Oy Op Iy
/MPa /MPa /MPa /MPa
315 323 319 358 0.97
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6.3REAT—ILDEEICEDIMHETILOELE

6.2 Hi CIR_T= L D12, BN - =FET ML, —RIBRIRES I 2 b—39
VTR VBTV B ENEERIE D FEM f#iT 2 — KT 5 LS-DYNA (2%
L7z, £ D72, FEHBYRGHRRER] TR 2 72 OISR R 77— L 2 Ik L T
M 208 R3H5, &2 T, KHA 7 — &b THEMRAEZEIE L. AR
ZUX, AT CORRIA 77— &2 RO Uk (51235 &, K(5.10) D% O T 2k
Ea UKIZTH0ERS L. ZhaliE 2 TGL)ZBEET D & RAUTRD.

o= (&) (ac” +ﬂ)[1_ f(i::)Nmt: + '”(i]}

(6.2)

—J7, OFTHHEDRENS ) ~DEEZZE TE HMEAE LTHNLRT
V% Cowper-Symonds &7 /L& [AIERIZKRE A 7 — Y > 795 LIk TERIND.

o="f(c") 1{%} (6.3)

4 EELE LSRR D AR

=P =ERMEET NV EZ A TEA - =FET L ZflAIA T2 LS-DYNA
DB ERRFAET 572, 424 81 TR LImEHEZLSI3ERBR O A Z2 g L7
M 2 Feh L7z, xR &9 288 b ARk & [7] © SCGA270D DO #JE 0.7mm % v
e, WBRAOF v v ZEITAE TR LA L, FFHE 7 v A~y ROX b —7
BEOBMRZMUAR T EICHEREM & LTHE XL, 2D OS54 % Fig. 6.1, Fig.
6.2 RL7c. Fio, RAHUNOTF ¥ v 7 EITEEME L. Zo& X, ERHE
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7] CIRFE A r— )V Cfiptir 22 Elti 9~ % & RHRRFRIAZRIZ 2 5729, 60 fFIhnis
LTt L7z, 2072, s UIss - =ME7 V2R A 7 —LZ&hET
BEIELZR(6.2) % HW o, BFf - =AE7 L O EESIT Table 5.1 & W -,
F7o, MITZIEA v a4 X imm O Y = VEFEE Oz,

TR L fRAIT TR BT, O Al & O A0 Bk % bl L 721X % Fig. 6.3,
5118 OTHROBRE Fig. 6.4 128 Lz, fifhT O O Bk B (X BB ARTE IS X 5
IREVD B A Z T TV DD, BRUORERERITIVERMMG O, 2, I8
7L OFTHOBHRIZONTIE, EBRICEWFERD S N7, ifiT Y 7 b O3
ECRIEITENEEZ NS,
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Fig. 6.1 FEM analysis model of the tension test
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Stroke velocity v/ mm min-!
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300 - /_
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Fig. 6.2 Boundary condition of the tension test
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Fig. 6.3 Relationship of plastic strain and strain rate

+ FEM analysis
— Experiment
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Equivalent plastic strain &P/-
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400
BO | e
300

250

200 |
150 F — Experiment

100 J J J J
0.00 0.02 0.04 0.06 0.08 0.10

--- FEM analysis

True stress o /MPa

Equivalent plastic strain &P/-

Fig. 6.4 Relationship of plastic strain and equivalent stress in the tensile test at the
variable stroke velocity
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5 MY R —ILDOKREZIZEET HIREE

6.5.1 R TS 14

6.3 Hi Tk ~7= &L 51T, BGRIEE HWIEREIED v X 2 L—3 3 Tk
A — VAR LTS . EBEOR b o — 2 HERRHRR S D EERWT
KR TH 500mm/s B2 Td 5 DIZxf LT, it Lo x hm— 27 AT 5000mm/s
~10000mm/s [ZRRE S D Z ENZ. LosLen s, ils OWEIE DT TIk
DN R T 5 Z LI K DB R EN IR E RES B bSEDLZ LT
N =07, MOBHRREIC O R R E A BIE T 2 &, BB DD e
WOTHBEEDNMCRERPEE G2, TORBEE L THEFEZ K& < £
SHETLEI ZENBESND. 2T, B A7 — AN RIC G 2 5 8
ERARD720, EEOWRKETEICHWORD A he—7EETHD 10mms,
50mm/s, 100mm/s (ZOWT, i 2 4 —/1 k=1, 2, 5, 10, 25, 50, 100, 250, 500 (Z#%
TE LT fRAT ATV, B 54 el U 7. RMT IR O AR 72 LT d 5 115
R0 fEMT & Uz, fRATE T L % Fig. 6.5, BEf A7 — /L ORESM:% Table 6.3 I
R UTz. FEio, FEMITHPMER, TEEIRKE L, 7727 R 88kN O—
EENCRRGE LTz, BEEREIIRAIEMNT T — R R < JHAnshTing 0.1,
FMOFE A > ¥ at A XE Imm & Uiz, EOMOMFENTG4:1% Table 6.4 12~ L
7.
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Blank Material
Punch

Blank holder
(88kN)
Die

I 16.5mm N

: punch  R3.3 Holder

. Punc : o

| (Rigid Body) (Rigid Body)

i Blank Material

1 (Elasto-Plastic Body)

, (Thickness 0.7mm) R5.0

: Die

< 18.26mm X (Rigid Body)

33mm

Fig. 6.5 Analysis model of the circular cup drawing
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Table 6.3 Time scaling conditions

Real stroke velocity Time scaling Stroke velocity in FEM analysis
10mm/s 1 10mm/s
10mm/s 2 20mm/s
10mm/s 5 50mm/s
10mm/s 10 100mm/s
10mm/s 25 250mm/s
10mm/s 50 500mm/s
10mm/s 100 1000mm/s
10mm/s 250 2500mm/s
10mm/s 500 5000mm/s
50mm/s 1 50mm/s
50mm/s 2 100mm/s
50mm/s 5 250mm/s
50mm/s 10 500mm/s
50mm/s 25 1250mm/s
50mm/s 50 2500mm/s
50mm/s 100 5000mm/s
50mm/s 250 12500mm/s
50mm/s 500 25000mm/s
100mm/s 1 100mm/s
100mm/s 2 200mm/s
100mm/s 5 500mm/s
100mm/s 10 1000mm/s
100mm/s 25 2500mm/s
100mm/s 50 5000mm/s
100mm/s 100 10000mm/s
100mm/s 250 25000mm/s
100mm/s 500 50000mm/s

99




Table 6.4 Analysis condition

SCGA270D

Material property (Thickness 0.7mm)

Belytschko-Tsay shell elemrent

Element (size Imm)

Friction coefficient 0.1 (Coulomb's friction)

Tanimura-Mimura model

Material model +YLD2000 model
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6.5.2 fRHTHER

TV AR hr—7 15mm ([ZOWT, & A b w— 7 HEEO LS5 A Wik O )R
WV =% Fig. 6.6~Fig. 6.8 |2/~ L7z, 77 7 ORI/ X T H.L L OERETH
5. B EDRERADFEOE =7 RR LD FIFIRCFREHTHDH. EEED A
Fe— 27 EIK ST, AT —ABRELRDE, NUFENGEETIZES
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FEAEEIL Lo T FEIA 7 — WZ L DIRIED % E Bt 5 72
O, WA —/L k=1 & D724 ZFePE) VR TRRAFAN L 72 /5 R & Fig. 6.9~
Fig.6.11 |Z/x L7z, FEfEI A7 — Ud[E Ufy, EHEN RIS R 51T E, BEN
RELRDZ Enbhrole. BAREITIE, FEEED 10mm/s OS5, fEHTEHE %
1000mm/s LAF &9 % & TISEHPE SR TR 23 15%LL F DR L 72 -
7o, F 72, FEEED 50mm/s B LT 100mm/s DA T 2500mm/s LA T OBA I
ROMEL o7z, DF Y, EEOWRKE ZEE LICFHR TiX, TS
1000mm/s LA F DA ITHIEI D DS 1.5%LL T OfAE &L 7e > 7= KT L
D, SHRIFHAZ BT 5700, TELRVFEMA S —LE2RESRET D4
TR0, EEEOR bv— 7l L ER S A HERE, TRINDFHERME
B2 U CRNPEE 238 IR 50, O L9 A Lo RIISE 1T/ S,
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Real stroke velocity 10mm/s
25

Thickness Reduction /%

_5 I I I

0 10 20 30 40

Distance from the center /mm

—e—k=1 (10mm/s in FEM analysis)
——k=2 (20mm/s in FEM analysis)
——k=5 (50mm/s in FEM analysis)
——k=10 (100mm/s in FEM analysis)
-a-k=25 (250mm/s in FEM analysis)
-u-k=50 (500mm/s in FEM analysis)
—+—k=100 (1000mm/s in FEM analysis)
——Kk=250 (2500mm/s in FEM analysis)
—k=500 (5000mm/s in FEM analysis)

Fig. 6.6 Distribution of thickness reduction along section in the cup drawing (Real
stroke velocity 10mm/s)
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Real stroke velocity 50mm/s

Thickness Reduction /%

-5 L I |

0 10 20 30 40

Distance from the center /mm

——k=1 (50mm/s in FEM analysis)
——k=2 (100mm/s in FEM analysis)
——k=5 (250mm/s in FEM analysis)
——k=10 (500mm/s in FEM analysis)
-a-k=25 (1250mm/s in FEM analysis)
-=—k=50 (2500mm/s in FEM analysis)
—+—k=100 (5000mm/s in FEM analysis)
—+—k=250 (12500mm/s in FEM analysis)
—k=500 (25000mm/s in FEM analysis)

Fig. 6.7 Distribution of thickness reduction along section in the cup drawing (Real
stroke velocity 50mm/s)
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Real stroke velocity 100mm/s

25

Thickness Reduction /%

-5 L ! |
0 10 20 30 40

Distance from the center /mm

——k=1 (100mm/s in FEM analysis)
——k=2 (200mm/s in FEM analysis)
——k=5 (500mm/s in FEM analysis)
——k=10 (1000mm/s in FEM analysis)
-a—k=25 (2500mm/s in FEM analysis)
-=—k=50 (5000mm/s in FEM analysis)
—+—k=100 (10000mm/s in FEM analysis)
—+—k=250 (25000mm/s in FEM analysis)
—k=500 (50000mm/s in FEM analysis)

Fig. 6.8 Distribution of thickness reduction along section in the cup drawing (Real
stroke velocity 100mm/s)
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Real stroke velocity 10mm/s
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s 25 |
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Z 15 |
5 10 |
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00 LA .
2 5

10 25 50 100 250 500

Time scale

Fig. 6.9 Error estimation using root mean square of residual in the cup drawing
(Real stroke velocity 10mm/s)
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Real stroke velocity 50mm/s

35
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§ %07
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S 15 |
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o L W
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Time scale

Fig. 6.10 Error estimation using root mean square of residual in the cup drawing
(Real stroke velocity 50mm/s)
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Real stroke velocity 100mm/s

4.0

< 35 |
g 30
£ 25 G
E 20 }
3 15 F

ol I I | I
2 5 10 25 50 100 250 500

Time scale

Fig. 6.11 Error estimation using root mean square of residual in the cup drawing
(Real stroke velocity 100mm/s)
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6.6 VAR —1) UG =R E-ERIEDRET

6.6.1 fEHT 514

6.5 HiTlE, WHIZRIFRI A7 — 1 v ZIZHOWTHREH LZ. AEiTlE, ~AR7
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ZIT, pldER I OEEEE, ANIERI OFHRS, EIXYUUR, alds
TN NEFEN A EE T 5MICHEREFRER TH D, ZOMEITLE L THRIT T
LRIV 7 MRABICRET H. KETIX, A—~AZX 75— 7
Lo CRHEZRN M LT 20 RET 5729, 65.1 fi TR L @ire s st L
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Table 6.5 Mass scaling condition

Real stroke Time | Defaulttime | Setting time
velocity scale increment increment

A 10mm/s 1 8.250x 108 | 4.125%10's
B 10mm/s 1 8.250 X 108 | 8.250 x 10°’s
C 10mm/s 10 8.250 %X 108s | 4.125x10°'s
D 10mm/s 10 8.250 x 108 | 8.250 % 10’s
E 50mm/s 1 8.250 %X 108s | 4.125x10°'s
F 50mm/s 1 8.250 X 108s | 8.250 x 10°’s
G 50mm/s 10 8.250x 108 | 4.125%10’s
H 50mm/s 10 8.250 X 108s | 8.250x 10°'s
I 100mm/s 1 8.250 % 108s | 4.125x10°'s
J 100mm/s 1 8.250 X 108s | 8.250 x 10°’s
K 100mm/s 10 8.250 %X 108s | 4.125x107s
L 100mm/s 10 8.250 x 108 | 8.250% 10°’s
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20 Real stroke velocity 10mm/s

Thickness Reduction /%

_5 L I 1
0 10 20 30 40

Distance from the center /mm

——k=1 (NOT mass scaling)
——k=1 (A)

-—k=1 (B)

-=-k=10 (C)

-=-k=10 (D)

Fig. 6.12 Comparison of distribution of thickness reduction along section in the cup
drawing between under real stroke velocity and mass scaling (Stroke
velocity 10mm/s)
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Real stroke velocity 50mm/s
20

Thickness Reduction /%

-5 L I |
0 10 20 30 40

Distance from the center /mm

——k=1 (NOT mass scaling)
—-—k=1 (E)

—-—k=1 (F)

-=-k=10 (G)

-a-k=10 (H)

Fig. 6.13 Comparison of distribution of thickness reduction along section in the cup
drawing between under real stroke velocity and mass scaling (Stroke
velocity 50mm/s)
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Real stroke velocity 100mm/s
25

Thickness Reduction /%

-5 L ! |
0 10 20 30 40

Distance from the center /mm

——k=1 (NOT mass scaling)
—k=1 (I)

——k=1 (J)

-=-k=10 (K)

-=-k=10 (L)

Fig. 6.14 Comparison of distribution of thickness reduction along section in the cup
drawing between under real stroke velocity and mass scaling (Stroke
velocity 100mm/s)
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Real stroke velocity 10mm/s

3.5
e 30 r
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Colaall | L1
00 LW
2 10 25 50 100 250 500 A D
Time scale

Fig. 6.15 Error estimation using root mean square of residual in the cup drawing
between under time scaling and mass scaling (Stroke velocity 10mm/s)
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Real stroke velocity 50mm/s

35
8 30
.5 25
g 20
- 15 F
D
5 10 | I
I 05 I
0o Lm | i 1
2 10 25 50 100 250 500 E H
Time scale

Fig. 6.16 Error estimation using root mean square of residual in the cup drawing
between under time scaling and mass scaling (Stroke velocity 50mm/s)
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Real stroke velocity 100mm/s
4.0

35
3.0
2.5
2.0
1.5

s 1. I||||
0.0 I

1.0
10 25 50 100 250 500 L

Error estimation /%

Time scale

Fig. 6.17 Error estimation using root mean square of residual in the cup drawing
between under time scaling and mass scaling (Stroke velocity 100mm/s)
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Real stroke velocity 10mm/s
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400
300 |
200 |
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Fig. 6.18 CPU time of FEM analysis in the cup drawing between under time scaling
and mass scaling (Stroke velocity 10mm/s)
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Real stroke velocity 50mm/s
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CPU time /s

100
50

II.--- I.-_
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2 5 10 25 50 100 250 500 E

Time scale

Fig. 6.19 CPU time of FEM analysis in the cup drawing between under time scaling
and mass scaling (Stroke velocity 50mm/s)
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Real stroke velocity 100mm/s

200
150

100

10 25 50 100 250 500 |

CPU time /s

a1
o

Time scale

Fig. 6.20 CPU time of FEM analysis in the cup drawing between under time scaling
and mass scaling (Stroke velocity 100mm/s)
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it a3 6.5 Bi & [k & L7z,

Vr(t)=m (7.1)
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—-100mm/s

——10mm/s

Thickness Reduction dt /%

0 5 10 15 20 25 30 35
Distance from the center d /mm

Fig. 7.1 Distribution of thickness reduction along section in the cup drawing under
constant blank holder pressure (Punch stroke 9.0mm)
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15
13 |
11

—-100mm/s

—-10mm/s

Thickness Reduction dt /%

0 5 10 15 20 25 30 35
Distance from the center d /mm

Fig. 7.2 Distribution of thickness reduction along section in the cup drawing under
constant balank holder clearance (Punch stroke 9.0mm)
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--100mm/s

——-10mm/s

Thickness Reduction dt /%

0 5 10 15 20 25 30 35
Distance from the center d /mm

Fig. 7.3 Distribution of thickness reduction along section in the cup drawing under
constant blank holder pressure (Punch stroke 10.2mm)
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15

—-100mm/s

——10mm/s

Thickness Reduction dt /%

0 5 10 15 20 25 30 35
Distance from the center d /mm

Fig. 7.4 Distribution of thickness reduction along section in the cup drawing under
constant blank holder clearance (Punch stroke 10.2mm)
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20

—-100mm/s

——-10mm/s

Thickness Reduction dt /%

0 5 10 15 20 25 30 35
Distance from the center d /mm

Fig. 7.5 Distribution of thickness reduction along section in the cup drawing under
constant blank holder pressure (Punch stroke 11.4mm)
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20

—-100mm/s

——10mm/s

Thickness Reduction dt /%

0 5 10 15 20 25 30 35
Distance from the center d /mm

Fig. 7.6 Distribution of thickness reduction along section in the cup drawing under
constant blank holder clearance (Punch stroke 11.4mm)
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25 |

—-100mm/s

——-10mm/s

Thickness Reduction dt /%

0 5 10 15 20 25 30 35
Distance from the center d /mm

Fig. 7.7 Distribution of thickness reduction along section in the cup drawing under
constant blank holder pressure (Punch stroke 12.6mm)
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-e-100mm/s

——-10mm/s

Thickness Reduction dt /%

0 5 10 15 20 25 30 35
Distance from the center d /mm

Fig. 7.8 Distribution of thickness reduction along section in the cup drawing under
constant blank holder clearance (Punch stroke 12.6mm)
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01 2 3 45 6 7 8 9 10111213 14 15
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Fig. 7.9 Comparison of relationship of displacement of the blank holder and the
punch stroke
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Table 7.1 Press motions (A~J)

Press motion

High (constant)

Middle (constant)

Low (constant)

Proportional increase

Proportional decrease

Small step

Large step

IT|O|MmM|mM|TO|O|m|>

High from the middle stroke

Low from the middle stroke

Proportional increase from the middle stroke
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Fig. 7.10 Press motions (A~E)
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Stroke velocity /mm s
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Fig. 7.11 Press motions (F,G)
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Fig. 7.12 Press motions (H~J)
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Fig. 7.13 Distribution of thickness reduction along section in the cup drawing under
various stroke motions
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Table 7.2 Maximum thickness reduction

Maximum thickness reduction /%

19.9

21.3

27.2

20.2

24.9

24.1

22.2

IT|lo|m|m|olo|lw]|>

19.6

27.9

20.4
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Fig. 7.14 Comparison of maximum thickness reduction
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Displacement of blank holder /mm
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Fig. 7.15 Displacement of the blank holder under various stroke motion
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Fig. 7.16 Relationship of stroke and displacement of the blank holder under motion
AandH

142



124 MIEFNLRA FA—VREZRELTHE—Y 3 VORE

723 fiTlE, A br—2EEEZETLEEIC LT — Y 3 VBRERD
DE—7 ZR LI TE D Z EBNbhodz. 22T, A hu—7 @ % @l
fbS®EDL2 A4 I (A hr—7 &) 2L S STt FEh L7c. ire7 vix
Fig. 7.17(A),BII R L7 A AE R BLUNUFJH R #8 L L7z 2 FifEE AW
7o RETAER DDA DT, B E 2 miRICU VB2 57 L AR br— &,
etz L AR ha—7 16mm O &L X DOWERDEORREEZEZR LT T 7
% Fig. 718 IR L7, T VANTIA e —72 7.8mm, E7/VB)TA ha—7
6.4mm 2B\ THRIERAD RO JRIED /NS 72 % Z & 3o o 7o, ZOHHIT,
Fig. 7.20 (2R L7 BHRABREA ST 20 5 A b v — 7 @i % @i |28 0 B 2 72
Tk o THMEHRAMMEE SN B X NS — T, LA E=EIC
Y0 BEAHAE, MFER O TR E < 225 T2 DIRIERA IS LT
DAFNAERT D B2 b5,

143



[ 16.5mm

A
A 4

1 Blank holder
; Punch  R33
A) :
1 Blank material
i (Thickness 0.7mm)
' R5.0
! Die
L 18.26mm
e g
33mm
I 16.5mm |
! Blank holder
, Punch R3
B) _
1 Blank material
i (Thickness 0.7mm)
. R3
! Die
1 17.5mm .
< "
33mm

Fig. 7.17 Analysis model of circular cup drawing under high stroke velocity from
middle stroke
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Fig. 7.18 Relationship of thickness reduction under high stroke velocities from
various strokes (model A)
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Fig. 7.19 Relationship of thickness reduction under high stroke velocities from
various strokes (model B)
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(a) Early stage of the stamping process

Punch

Blank
Ir holder
- Blank material Die

(b) Starting point of the material flow

1

I

. Blank

1 Punch

i holder
Ry -
I _ N

i Rp=3.3 Rd=5.0

Blank material Die S= Rp + Rd + Thickness

Fig. 7.20 A drawing of starting point of the material flow
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