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Fig.1-2. Analysis of CO, output in transport sector °.
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Fig.1-3. Relationship Between body mass and CO, output (JC08 mode) " ?.

(a) Front full width rigid barrier test (b) Side mobile barrier test
Fig.1-4. Crash test (JNCAP) ?.
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Fig.1-5. Old style methods of sheet metal forming by hand hammering

and combination of small size working machines **.
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Fig.1-6. Deformation behavior on deep-drawing.
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Fig.1-7. Fundamental state in press-forming 3.
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Z D JE BHOERNALE L L CHEIE I E T T DT O RIRBR GO Z L2795 %, &
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Fig.1-8. Schematic drawing of die forging.
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ZHUTHL T, — R BRI IRV T, IR IEITH BRI ThD. T72bb,
R J7 NS JI D3 AL LRSS 7135 ThH Y, AREIN TR EEGE D I H 70 @ oK
JEIRBEITAE RS, 20728, M1-9R M OB ERBRD X1, Mg S5 17
DIFNBIRATE DY) — BTG T HL0705E, B mfar B AU THRIE 7 i o< DY
(LT, JEBK O BAELLY. MEERICB A —CERET DL, 51E
AR 0D g 8 il B A IR AN R D SE .

dF = d(0A)= Ado + odA = aAdg(id—G— 1} =0 (1-1)
o de

ZIC, FEBIHE, o IRTAOR, ¢ EREFROVT S, A LRB
FrOBTERE ST 5. £z, dA BB OB ChY, HICADILRS.
LT, 5IBRMIBIC B HILH SO R AR IFRR LS.

1 do
——=1 1-2
o deg (172

ZIT, SALOP ORI LALLM R ET DL,
o=C¢" (1-3)

ERBEND. NA-B)DHELNIRIT HFEEn (TN TS (n H) THY, Mk
I T 2R TR ETHS. R(1-2)BLOHA-3)LD, KANELNS.

E=n (1-4)

Jpbb, BIERBRICB WL, 5IEFBOOT ABMEIOR TS0 HICRELZ
BRI S OIS AELHZ &0 5. JEHK N OF AL S IR /124 5- LT 5 LHRE
FIEIDOLOH (LLF, BEL I, HDOWIZRATK OH) 2338 4L, ZORITHEWNICE
B, SEATE O —REET N R E AL > THHIT DLV EKRTIL, 58O
DOFAENFERBRICB T DB IR LS 257,

RIZ, K1I-TB IO 1-101ZR T IR EERY A IE 36 LR UBUE OBE R DO AT
WZE B35, KFITRT IO, TVARIERAL, BEROH L — 7V ARIE 7 W)
WIS TIEAMAEL, ZHUCEY, BEmIZIT O REITIZEAE Z RO — 72T
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SINAELS. — 0, SliERERE B0, AR BDBEE OIFEIZLY, BINCH U CHRE S
6] (51 9EFRER 12 I 1T DHRE ST AR YY) OB T R Z2Z ), — I EROT
BT (e ,2=0)ITTEET L. ZOIH75GE, RHOM G EOM IO UERIC
Lo TREE AR S AL TS, B DO H 5B FE THRIES N OFR AT L > TRTE
FEMBRAEL, BEE OB AL ESND. TLTC, RFTEEOBRMGEZIL, RESD
NENICETENE R U THRENICES. 20X, MM ERIE T, ivobhsB i E
TG L W — R RE TN RTE R OBIG, 370 bBMERLZEBG ORI
THWRIENDEWIRBZ RO, 45 T UL, WA RIEICIIT DRIE IR AL, ko
AR THLEMEARL BB GRS EIND. TDT2D, — BRI RIEZBT 5
IR A Z B SN T D701, IES OO TR AR T HHF2E 03 Tl T
7 2 2, HIllORELS DO R A SRFIZ W T - 112 VGR35, Hill
1%, OWELS IR o 72l (d e ) IZETZ20 (BRIES OO ZETE O 7 Fir ik D44
AlE) , @< BAAZIE S 7 DIAE 3 < QA I TR B2 7 M O 3R /7 71345
45, OWES N AEDBRBICB W TS DO ZE T2, SfELz. O~0)
DOAGENE, A(1-5)~A(1-1)FUTF T 5.

de =dg cos’ O+de,sin’ 0 =0 (1-5)
dT = d(t5,)=0 (1-6)
(o, +do,)/(o,+do))=0,/0, (1-7)

INODRELY, BS54,

do, /o, =—dt/t =—de, = de, +de, (1-8)

ZIT, I EOTHOBEMRRA-NIL 722D 358, HeflARix L T,
& +&, =n (1-9)

L%, BT, EHOTAHAEE T (e ,=0)ICTERT LA TR RKFEOT -
e, =nlZTC, B[R E T (e ,=— ¢ /2)IZBWTUIHRKREODT A e ,=2n1ZT
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WRESONDELDLZEZEWT S, LLARS, HIIORES A S1E 1,
(1-5)X&D,

0 =tan'(+,/—de, /de,) (1-10)

E72Bl, OFTHba= ¢,/  >0DFEBIZENTIE, BESTIOIEAERRF N
Bond, WESONUNELRNI &5, Zixt LT, Marciniak 38 & O
Kuczynskild, IR ERNFAETHET VERHWAZET, O Atk a >0D
I B WD THIESONNELDZEEZRLTWAD. 72720, BHNHRE RS, P
BOEZ FIZEoTEATHRIED D, —J7, Storends L URicel, BT
BN AE DR A RES PN DI A KL L, RFTHEZIRAET 2720 IZHIA 52
TSRO RS AR AN LT, B, IS I3 70 EONT 2R 53 28 LR TSR I3 o ko
(ZZ T, HenckyD 2 OF A BER) # VD2 LT, ISR TIRES N DI 4 4
(G = NQAYSY

(91 =

" {a—ny2+qunH4—mwa+afp} (-1<a<0) (1-11)
1+«

.= 3a’ +n(2+a)’
L 2Q+a)(l+a+ad)

O<a<l) (1-12)

EROKIZBNTYH, FHOTHEE FICTERTDEAIL, RRKEVTH e =n
ICTHRIES ORI AE LS Z 812720, HIIORIES OO FEA KM LRI OFE R L7025,
BI1-12102, #lhE i K FEOT I e |, MEZ R/ TEOT B e , LI OT A kI,
Hill3s X T'Storen—Rice DA JE S DU A S (SRIR L) AR AT R T, BRI
BLOEHLURTEOBER OB DZOREL NN DI AT RIETHE, )
JESONDBEL, BEHBITHENCES. TD720, ZOWRES OO AEEL > TT LA
JRIEPRIA & 172 ZE N FRETHD. ZD I, TRV RIE B L OBE H Lk g O BE
\ZRUT DA AE A = X T BN 72> TUND.

EZAT, SIRRBROLGA L0, RO /28 ClE, BEm DO H D7 DML
OO FERMICEL TORFTARIZBGIN T, —RICET5. 2, ED
F N3 U CIRE S M OE RN E L0 R EZ T 5281285, 2ok, —kk
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IO R TAZERS T D5 (O3 IR ) 72 T Th, EERZE PO
DB TRTATENEDICRMSN T, BIERLERRDECLRNEER D
5. ZDOEWRTIL, ISk LB IERZ E B RN RN AT DLITREZNY,

LLEDESIZ, fral TGRS LS00, SIS 15 IS TEIE 4 DA B
BWTORIEIRAL, W ORI THLBMERZ EBR R OFRAITRGCEIND.
BANE, TR A3 L ORI OBEE O L8 — 2 B LS5 6,
PERZEBRBO LR ERDIRES ONDR LTS > TT VARG IR L 704 2L
AR CHD. —F, ZOMHARLEBROFAEL, FHOREIZL>TETHE
AR DOFE 22T 5.

T T T 1
e %% ﬂ
! ! ! !
Diffuse Localized Fracture

necking necking

Fig.1-9. Process on uni-axial tensile test of metal sheet *© .
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15

< >
()]
N J
Plane strain deformation I

Fracture

Fig.1-10. Wall fracture in deep-drawing.

o1 (d81) o1 (d81)

Ay
Thickness ¢ Localized necking

02 (de2)

Fig.1-11. Schematic drawing of localized necking.
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o)

Deformable

O

Localized necking limit (SR)

Before deformation

After deformation

&

Necking

Localized necking limit (Hill)

Plane strain deformation

-

41), 43)

Fig.1-12. Localized necking limit

1.4 BT TV RIEHEIZEE T D0ERDBTFE

1.4.1 7T VI ERALO R

TR AR 36 K OE H U ORE I O — A T OV EITIZEA L ZE R O/ —
IREWENEL, ZORIERIIIRES OB EICL > THELLMER L EBSR
\ZREINS. —F, KI-TO FERICRTHOT7 7 VBB L O I 5.59?
5. ZZTC, N7 T U RIEERAL SR, BTE AT CAEUDRREZCITXIRN T 5720
TV ARIEHIZ O (=7 F22) 238 J7 A iéﬂ&#%%ﬁiéhﬂ%%ﬁ{i@:
EThD. ZOJEFROMUNEIL, K1-13FIZRHITRT I, 770 Vhdhnbo
FEECIG U CELT 5. T72bbh, MO I URIEENLIZ A TS JE G ) (R
FISID BLOBEFROT AR REOT )L, 770 VmEnbOEREHCE > T
ZALT D FEA~O RIS UT R MO A ZH/ T 5. LLF, K jUP“C
%, ZOIRIEHBELOOT AOARLDZ L% TER AR M5 GRIGEIR 115212
FHETABLT N TIIRNWZEIIEE) . £, H1-TH 5505891 TEE?F/
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WTHBNITT R, BSOS TN,

iz, HOT T VI R 2 BT R A T 5. K1-14IZRT 591,
HOT T PRI EAL DU ERIL H Hug TH Y, 2 IT IS AN AET 202,
HEhg IR TE FICTEE TS, LNLARRE, M7 I PRIEEAL O NERIL, &
MBI FAET 5720 H UG CTIERW. 20720, G R OIS NNRAEL, Bk
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SIEVEEA~LENT D, — 0, T IEOSHE, BRENTEHOTAER TH
D, ZORTHOT T UHRIE LT RS, @R E O CHEE 2 RE T2
B, O Z U VERIEEALIC TEL AW O 2<%, K1-141R 3 X512, Hih5] 5k
TR T THAMOT I Vhi kAT S, 2, EimEESIH O MR &N
., LAATIARDINNG, OT T Dhnil a3 AW T (FI0L) S vz iz i
VARIEINDZENZELD. D720, EIATOIIMED L%, 7T P
IV 2R EL TS, —F, T I UhaEiIc e 7L T, BITHOT
T2V RIEELNER O T O AT R TR AT D280 HY, BLRER5h % Rl
FTHERCOUIRUITHRAT D, ZOXIRMEMNIE DO ZE L, IFOT7 T P BIBENLD
EIAEREBEBRBR B D. T OV T, 4RI TR 2.

PLEDINNC, MO T PRRIEENLIL T T P umElin b O FREEIC LD, T &)
AT D (ERARNELD) | TERERNEAALT D1 VOB 8ERT 5. $2, £
TEARE DR BN LY, B TIDFE A FRMFIZEL TR O N AE TR0
HEDRHY, RESONDIE AL IR L R7e 3 ZEmTER.
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Oy,>€9

Deformation gradient

Edge

~

On localized necking limit

Not on localized necking limit
— Constraint of deformation for edge

Fig.1-13. Deformation gradient along radius direction on stretch flange.

Fracture on edge Fracture inside stretch flange

After deformation

Before deformation

Fig.1-14. Deformation mode on stretch flange.
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1.4.2 FNIRTRTERER (BT 70 VR EIE M ERER)

MEF O N7 70 P B 2 Rl 3 2 3R BRI USRI BR 03 5. X 1-1512
TR R BRI WD & OB X 27~ 3. AT IR ER ClE, X1-16(a)i2
IR IDND, MRETHMENZ T OB D7 (HIHI ) 25T TR E, X1-16(b)iZ
RTINS, @B (ST E o THIN R ZILR T 5. OB DOEITIT > TR/
JEREI, WTIUIHOT T2 PRI TR N AU D, B 234 U7 B D R
dZzER, (1-13) LR MINDROPERFE (LT, RIATHE L) OfEIZT, e
T Z VA RN 5.

A=(d-d,)/d,x100 (1-13)

728, FURT I RRBRIX 19964512 H AR B O A LU CHlES =, F72,
ZORIEE FLIZ20094E1ZISO 166303 F B SN2, IHIZ, HARTIIISO 16630% 5
(ZJIS Z 2256785l ES 2. F£1-112, 1SO 166301 THIE S TWDINIEIT E R
BROFM~HEBIOERSHEO—FZ /RS, /ST, TAEA 0 =60° O SRR
DHDZEHANDZENRDHILTEY, — I #E AT IR X5,

AT, ERoB T, AT A ENRDLNTEY, 220 &E05
FURTE A, BUR, BB G OFTHHOT T URIERO N B 2 RO B
THRbNDY. 23U, PIBEOHEI CRELGR DI, WIRT L BRI D% ]
RN Lo TR T DI LICE D, F, BT T P RIEBRIUIRELS O D%
I LS TRIES IR, RO BT E AT =X LSBT > TR
72, SURT AL NEDIHREREZFFOME THLN P AR TH LI b Z D EK]
DIDEE 2D, ZOIIRE TN, M7 T P RIEENL ORI A AT = KX L% fif
522 HEL T, LIROHKICTTRO LN TEEZA T588, b TNTH
A D&% RV, 2B EMTIRIK T2l TR T DM OT T P I ERAL D
BEFGZEE DN LT 2R AN AT TRBIC OV S A LIZRas e s Quna.

UL ED IS, MEIOMOT T PRI Z Rl 9572012, FUAT I REBR D 7
EDBRBALSITODD, IR A NE DI 72 B R E RS CTHIN B RIFFE T
BD. FDID, A LIS D ET 2 T RRT iRIERER Z7E 9528 T,
TV IRIGERNL DIE W AT = R BE R L E 5 & T DB A D372 S TUNA.
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LxL

A
y

Rd Die

Blank

Blank
Holder

Fig.1-15. Schematic drawing of geometry for hole expansion test.

Stretch flange

Punch Fracture

(a) Before forming (b) After forming
Fig.1-16. Appearance of blank and test sample.

Table 1-1. Typical geometry for hole expansion test **.

Test piece Thickness ¢ 1.2~6.0mm

Blank size L =90mmx>90mm

Initial hole diameter dj 10mm

Hole piercing clearance 12%
Tool Vertical angle 6 60deg.

Die diameter Dy =40mm

Die shoulder Ry 2~20mm
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(Pierce)

Trim
Edge after blanking
/A A, \
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— :4_
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Fig.1-17. Schematic drawing of geometry for blanking.
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Table 2-1. Mechanical properties of material used in this study.

Steel YS TS EL n Fave
ee

[MPa] [MPa] [%] (5-10%) | (10%)
JSH780R 738 816 21.8 0.116 0.87

* rave=(ro+2rastroo)/4

Fig.2-1. Microstructure of material used in this study.

2.2.2 MENIRT I RBR S
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MFZETIE, 100mm X 100mmdD 7 Z 7 O H YL ZE AL 10mm DO #IH 7& ) —< 41 B
TSk TRIFT=RBRA A L2, 2072, AR TIZE > TRERITIZERIC
HECDIIRTEROEEITIRN. X ADERITSTmm, X AFRIX3mm THS. U7
TV RIEEIC RIE T #E S FTEA 0 O BETE T LD, ST TEA O
=30° , 60° , 90° DIKHMELLT=. £, FGEEMEE T OEMANHONT T Uk
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3 []100mm !
) ¢ 57mm X
R3mm do=10mm Die

/AN T
Blank

Blank
Holder

>

Fig.2-2. Schematic drawing of geometry for hole expansion test.

. | a

(a) Sharp end punch (b) Flat end punch
Fig.2-3. Schematic drawing of the tip of conical punch.
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E0-average

10mm

] |1

(a) Enlarged view on the edge (b) Fracture on the edge  (c) Stencil around hole

€6-local
F 3
Fracture on edge Erf
X (Without effect of G.L.) '
Fracture on e'dge
(with effect of G.L.=0.65mm)
/’/\ E0-local
"" €0-local = €0-ave
0 » Ch-ave

(d) Localized deformation behavior (Effect of gauge length on measured strain)

Fig.2-4. Evaluation of fracture thickness strain, &.s and circumferential strain, &,.

40



2.3 EBREER 4

2.2.3 EAERENT G

ARG TIE, RIAT RIEH O OT 7 PRI O AT % B & s A2
H ) CFEM % F 7= B il i A & 2006 U 7= . B A# AT 12 9L FEM = — RLS-DYNA
ver.971% IWTEY, I& ) OIRENVZINH] T 27D ITFRRI R AFE I TERL TWD.
FENTET VI, BEREFBEOTIEZE T8 BIO0T I 7%V )y RERITTE
B, B PRRTREE L CTHRO 7. M EHTIEMisesDREIR S 2 L, ¥rEiiu Al
IFJ2F, LR Fi (b e Uie. F8 S IS 1 EFE S BB O T A DO BIRIZ OV T, —
BRI O DI B W CUTRTRE O 5 IRRBR IV SO N R 2 L EHREEIL b D%
VY, — BRI AR D O BRI 2 DU CHE AR 205 ) — ARG P E O3 A 0 BEfR & —
BRI ORI BT 57 —2 & W THMEL, swit B b 2Pl CE A Lz, #kke
TEHEMICIT—ur BEEIGEL, BEEREIT— AR BUESR DE TH50.152 L
7o BRENIAMEETE N EY 35 7GR OB 2 E BINCHEE T 5729120.2mm A
DIEHEELT.

2.3 FEBHER

B12-512, SURT AN RIETRIE ¢ DFEEIZONT, N Foeimik s LUV
CFIEA 0 BIORT. B, Tay NI EREE, RRZEN— IR EE R T,

PRUFIRIEIRIZES T, BE ¢ DI RIZHES TRUAT R A TN 5. iz, 3
YFIEA O BELA THHIE B W IRIRT R AL ZRT N, lE S FEHOTHRE:
=3.2mmD Rz T LT 5 B ZFRY, /X T TEM 0 =30° CLbi L T/ T TEf 0
=60° (ZBITFDNINTRAL DT NE. RIS, @/ F LA F 2 W56
DRIKTHRL DFEICHOWTERTD. RUFTEA 0=90° DA, WELICEHT,
WH ST LIPS TFNZBITDIUATE L OEITZEAE RN, —TF, /T TEA
0 =30° OLGAIL, BE /X F LU COEHE AR FE WO AT R L OF
DEW. £, BEANVTFRBIOEHAFOFRIET L 0T, RIE: ORI
PEo TN DM Z RS, $70bb, E BES, N FIEA 0 DA THDHIE
&, RUFIEERICR ORI LD SNURT AL OZENPAEL2D.

UL EXY, MEESIRITREBRICBITDNUETRAIL, S S FTEA O, S F
STk E VS TR DA 52 1T CTEALT 5. SURT AL, E ¢ O
BLONCFIEA 0 OBANII S THERT D, £, RE BELS, ST THA 0
WP THHIEE, TIRT R AIKIE T/ T emf ko 2N L.

41



42 24 # ==

190_'I""I""I""""'__'I""I""I""""'_
180 L Sharp end T Flat end ]

- L punch + punch 1
S 170 - a T = -
~ 160 | A AR 1
.g 150 [ > I = ]
E - 4 ]
c 140 __ 30° T §
‘s 130 + e =
[ L 41 ]
S 120 - —+ .
é L 1 ]
o 10 T ]
£ 100 | T ]
90 - e =

80 _I I | I | I 111 1 I 111 1 I l——l I 111 1 I 111 1 I 111 1 I | | I l_

15 20 25 30 3515 20 25 3.0 35

Thickness ¢/ mm Thickness ¢/ mm

Fig.2-5. Effect of thickness, # on hole expansion ratio, 4.
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(@) =3.2mm, 6=30°

N

(b) £=3.2mm, 6=90°

[A)

|\

(c) =1.6mm, #=30°
Fig.2-6. Effect of tip shape of punch on distribution of equivalent strain
near the hole edge in the case of 2=30%.
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Fig.2-7. Effect of thickness, # on fracture thickness strain, &.r.
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Fig.2-8. Effect of fracture thickness strain, &.ron hole expansion ratio, 4.
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Fig.2-9. Comparison between local circumferential strain, &s.jcs and
average circumferential strain, &g.average With flat end punch.

(a) t =3.2mm, #=90° (b) £ =3.2mm, 6=60° (c) t=3.2mm, 6=30°
Fig.2-10. Appearance of typical test samples by flat end punch.
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Fig.2-11. Distributions of circumferential stress, a4, Stress gradient
and strain, g on ¢ =3.2mm and 6=60°.
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Fig.2-12. Distributions of circumferential stress, oy, stress gradient
and strain, g on ¢ =3.2mm and #=90°.
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O'g/ MPa

(@) t =3.2mm, 6=60° (b) =3.2mm, #=90°
Fig.2-13. Distributions of circumferential stress, 6o around edge of hole on 1=70%.
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(a) Rail part (b) Center pillar
Fig.3-1. Stretch flange on automobile parts.
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58 3.2 FEBRSAE

Table 3-1. Mechanical properties of material used in this study.

Steul YS TS EL n Fave
[MPa] [MPa] [%]  (10-20%) | (20%)
JSC780T 516 781 32.6 0.201 0.93

* Fave=(ro*2rastryo)l4

10 um

Fig.3-2. Microstructure of material used in this study.
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[1100mm
) ¢ 57mm R
R3mm Die
Blank
Blank
Holder
(a) Conical punch
[1100mm
¢ 57mm
R14mm . do Die

R5mm
Blank
Punch Blank
o 50mm Holder

(b) Flat-bottomed cylindrical punch
Fig.3-3. Schematic drawing of geometry for hole expansion test.
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Fig.3-4. Evaluation of thickness strain, &,.
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140
120 -
100+

N B 00
o O o O
I I I I

Hole expansion ratio 4 / %

o

G}-~%§;\\\§§

With conical punch

Fracture site
O : Edge

o

| |
30 60 90
Vertical angle & / deg.

120

Fig.3-5. Effect of vertical angle, & on hole expansion ratio, 4.

Table 3-2. Appearance of typical test sample by conical punch.

6=90°

30°
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140
Fracture site

120 15, Edge

A Inside

[N

o

o
I

D oo
o o
I I

With flat-bottomed
cylindrical punch

N b
o O
I

Hole expansion ratio 42 / %

0 | | | | | | |
8 10 12 14 16 18 20 22 24
Initial hole diameter d, / mm

Fig.3-6. Effect of initial hole diameter, dy on hole expansion ratio, 4.

Table 3-3. Appearance of typical test sample by flat-bottomed cylindrical punch.
do=10mm 18mm 20mm 22mm
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1.2
| Fracture site
N 1.0 _ O : Edge
= 0.8F
© L
0.6
3 . o & S
[
ﬁ 0.4}
= i
Fo0.2t
OO | ] ] ]
0 30 60 90 120

Vertical angle ¢ / deg.

Fig.3-7. Effect of vertical angle, # on thickness strain, &;.

1.2
- Fracture site
_ 10k O : Edge
« I A Inside
= 0.8 Fracture thickness strain
© with conical punch
17
2 0.6
U) -
& r
ﬁ: 0.4
= L
Fo0.2f
| | | |

OO | | |
8 10 12 14 16 18 20 22 24
Initial hole diameter d, / mm

Fig.3-8. Effect of initial hole diameter, dy on thickness strain, &,.
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Fig.3-9. Distribution of thickness strain, & on edge of stretch flange.
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Fig.3-10. Distributions of circumferential stress, ¢4 in the case 2=70%.
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Fig.3-11. Change of circumferential stress gradient through hole expansion test.
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(a) 2=60% (b) A2=90%
Fig.3-12. Distributions of circumferential stress, .
(With conical punch, 8=60°)

O'g/ MPa
1300

700

(a) 42=60% (b) 2=90%
Fig.3-13. Distributions of circumferential stress, oy.
(With flat-bottomed cylindrical punch, dy=22mm)
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(a) JsC440wW (b) JSC440P
Fig.4-1. Microstructure of material used in this study.

Table 4-1. Mechanical properties of used materials in this study.

YS TS EL

Steel ‘ ‘ ’ o 0 Vave Ar
(MPa) (MPa) (%) (5-15%) (15%)

JSC440W 302 461 38.0 0.175 1.04 | 1.04 0.33

JSC440P 298 444 36.3 0.190 1.27 | 1.74 -0.33

* Fave = (ro+2Xrastrog)/4,  Ar = (ro-2xXras+reg)/2

0.20 ———0—440W 24 —C0—440WF——
2.2 - |—®—440P .
g 20 i _
= 1.8
S 16]
@ 1.4
~ 1.2
1.0
0.8 : '
0 45 90 0 45 90
Angle against rolling Angle against rolling
direction / ° direction / °
(a) n-value (b) r-value

Fig.4-2. Variation of n-value and r-value with orientation from rolling direction.

76



4.2 FEERBIOBEMNT R 77
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WA d (D A 2455 BT HAT L VSRR IR G LT-1%, BB OT
DHNVEBEIRITL, ATV OBEZALIVE T IO OT AER L. 7k,
JEAH T OT F ¢, Rl L7-B0E B ST, BN RED R EITH -0, T
T TR TREWT IS AE U D IE AT O SRIEE LT,

[1100mm ,
g >
¢ 54mm

v
x
N

Blank R5 Blank holder
Punch

d,= ¢ 50mm

Fig.4-3. Schematic drawing of used geometry for hole expansion test.

77



78 4.2 FEERIB I OSAEMRAT S

Rolling direc_:tion A ki

Fig.4-4. Evaluation of circumferential strain, & on hole edge.
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Fig.4-5. FEM model printed near the initial hole on blank sheet.
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4.3 EBRBIOBEMTHE R
4.3.1 RIRTRICKIZTHIHRBEOZE

X4-61Z, ST R AT T O RR D DR EERT. Z2TIX, RJBR//XF
£ (dy/d,) CEEBLL CIRUR LTz, T OT vy MNITURT 3 L OFEHEEERL TRY,
PO my MR NEITRE T (NEI) LTeZe%, HZ=EO 7 oy NI T
W (EIN) LIz e BT 5. £z, idm N\ —3F O R AL 7T,

PAFEIZ LD, do/d D/ NEWGEITNEINLL, dy/d,=0.32TldixEli 4 o m %
AL E T, MBI OMWALEICEST, d/d OEINIFEST, SRURT R A 138
KT 5. £z, 40WEHIRL T, n HEBLOr R ILIZEN40PD T3, 2 TDd,/d,
BN TREWSNURIT R L 287

PLEOFERE, FENIET RIE DR O T T P RRIE AN 36 1T DY 28 1 26 )
TR NR AN L - TEAEL, fERELT, SUAT = LI EE K IET.

Fracture site

200 - inside edge
180 440W —@——©C—
| 440Pp W— H— _

160 |- ]
140 | E/B ]
120 - ]
100 | / f i

1 | 1 | 1
0.1 02 03 04 05
dy/ d,

Hole expansion ratio £ /%

Fig.4-6. Effect of the ratio of the initial hole diameter, dj
to the punch diameter, d, on hole expansion ratio, 4.
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4.3.2 WEWIALEIZ RIE TSRO

4-71Z, 440W3 L OMA0PDETE % DAMBLO R E B Z =T [FIENZIWN T, FEft
DRENIAEINLE 2, BHRORENIELE S M2 ER T 5. 440Wi, d,/d \IZE56T,
JESEAS® JFm 3 e R JE 7 A0S 7)) F e —Bd 2@ Th L Tnd. —
Ji, 440P13, dy/d,= 0.20TIZELEIO" FF A3, do/d,= 0.28 TIFELEO" F5LTN9I0°
FHIW, do/d, = 0.36 TIEHIEST M3 e R TS 15 & — BT 2@ Chk kL
BY, IR IR U TR B 2L CD. Fz, B EEBIZ, d/d, =
0.20 TIX BRIV NG, do/d , =0.36 TIL IR DREETL Ta.

VL EOFERDD, M NIATRIZIZB T M OT 70 DA OMK AL E L, #)3H
NEEd (M EHRYE DI B R Z T HEE 25, a5 T 1Ux, FENISTFRIBICEB T
DI OT T A OB TR BN RIE T N T OB, W 12do
TEALT DI LA RIET 2.

d/d,

0.20

0.28

0.36

0.40

Fig. 4-7. Typical appearance of fracture or necking site in various conditions of do/dp,.
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4.3.3 FEDE G RO HGMIRIETHIHANRBEDORE
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do/d D REIENT TOMKEZ R I7mE, 0=45° BLUU3E° 76, 0
=0° BLV90° ~ZIT 2. ZORER, MA-9IONTRT IO, dy/d, = 0.36 TOEAE
FRHTIZ 1T 2O o AL S BRE R E BRI — BT 2.

VL EDOREREY, SO E T ROT I e O, HIMIERL LN RO
WL BT 5. £, FEBREE R EHIO 20K B IR B %% IV Clin N 2 5 %
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©c o o o
[\ L US R N

Circumferential strain ¢

o
[E—

Fig.4-8. Comparison of obtained circumferential strains of 440W
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(a) dyld,=0.20 (dy=10mm)
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between experiment and numerical analysis.
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Fig.4-9. Comparison of obtained circumferential strains of 440P
between experiment and numerical analysis.
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4.4 E2

1.4.1 AFEBABLOIEH LTI RIET d,o/d D2
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= 0.36DFHAD 0=0° FAD AL=15.7%, 70.0% K S DE TS 0 , BIOULS

84



4.4 EE 85
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PN TAE LIRS CTH D n IR SNDG A IZZ DD RENVE O LHELZINS.

UL EOFERD G, EBREMNTICBII DM OT T D EEFEIMM N D 2 ko
TEREEL, FRIZ, 917D DV NS, VT T VBRI O T A
T COEEEEIKEINDGAIZEDENKE.

85



86 4.4 #z=

~
S
e

N
o0
e

660

640

Circumferential stress ¢ 4 / MPa

620

0.8

0.6

0.4

Stress ratio «

0.2

0
Distance from the center of the hole R / mm

Fig.4-10. Comparison of circumferential stress, o, distributions and stress
ratio, a (¢9/e,) distributions between do/d, =0.20 and do/d, =0.36.
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Fig.4-11. Comparison of circumferential stress, 64 change and stress ratio change
between 6=45° with do/d, =0.20 and 6=0° with do/d,, =0.36.
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Table 5-1. Mechanical properties of used materials in this study.

Thickness YS TS EL n Fave

Steel (mm) (MPa)  (MPa) (%) (5-15%) | (15%)
JSC270F 1.58 148 288 556 0266 | 1.88
JSC440P 1.58 208 444 363 0190 | 174
JSC440W 1.61 302 461 380 0175 | 1.04

* Tave=(Fot2 X rys5+r90)/4

I AR “"—"_;‘-'_:;"_-JZ-.--_ .._-\.-'

- ...-"'"‘i CE'J-”"‘ i : BEERLE v sow

(a) JSC270F (b) JSC440P (c) JsC440W
Fig.5-1. Micro structure of used materials in this study.

TRy

5.2.2 OIS

AWFFECTIE, 100mm X 100mm?D E ST T 7Oz, BEd ,, = 10~18mm®D
NERT TR 2 Ao, B2l RO L&t 21, fThk& T ous, £
5212 T HED @A W TERIT TERY, IR d (3T HHIRE S FRIZEL
W F e, FIBHRE VT TR (LLTFCL) I, N TFREXARDOZED 0 D%,
P O AHRIEL.6mm TERRLAETHY, FlOITHHRECLEE R 5. —J7, U
— b BT, IHDIN TS > CRRIFTE ROk E Y —~ 1t B L, #I#ERd (&70
HIHMMITLT-.

Table 5-2. Conditions of piercing.

Initial hole diameter dg Die hole diameter Clearance
(mm) (mm) (%)
10 ~18 do+0.2 6.3
( = Punch diameter of piercing) do +0.4 12.5
do +0.6 18.8
10 ~18 reamer
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1 n \
; ¢ 54mm : : ;
' \ 1
E < > o
. ' N /
. Die RS
: : S~ L
! |

Blank R5 Blank holder

Fig.5-2. Schematic drawing of geometry for hole expansion test.
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do/d,=0.20 do/d,=0.36
(do = 10mm) (do = 18mm)
steel reamer CL:6.3% CL:18.8% CL:6.3%
not fracure
270F on this condition
440P
440W

Fig.5-3. Typical appearance of fracture site in do/d, = 0.20, 0.36.
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Fig.5-4. Effect of piercing condition on hole expansion ratio, 4.

97



98 54 & %2

5.4 & £

5.4.1 MEWITZRBIZKIZ T IS IB R IO DR

M35 7R BRI A I T, SRS 2 A KIE TR 7O T4 0 280X, 13
TP d JBE ORI L > TEAL T AW R IR 7T D& A R LTz, AREICIE, i
WITERBEDZEALIZOWT, ONT T P RIEEAL DI 115536 KO EHREE OB S5
EREINZD.

X5-312 7R3 EIIZ, mIREHR CThD440PB L 440WDH A, CL6.3% ST
TlX, dy/d,=0.20CIENEINT DD, d,/d,=0.36 TidkxEIRL, FIH7ON LA
[F—Tdho>Th, MBI REITHI B d (S k> TE L. 2T, BTk ~7=
IONZ, FIASRERd W2 Zo T O T Z U D DIG 135G EAE L, FIHI R d 03/ S
ST FE O T AEE T Th /L NRIOREEEZE BN, P17 d DR ENE
AREEN S R T O/ TOMWrEENRAISNDT2O ThD. S6IZ, d/d, =
0.201Z3\\TC, 270F I TOM LA TN TEIT 203, mii ik 0440PF8 LY
440WITINEIL T DE R 2R L CTRY, Fl— ORI d, Th-oTh, HifEIZI-> Tt
Wi Brotc. ZOBHIZOWT, RE-UIRTHBAFEEICE AL TEET D
&, WEINBNAELDEHO T HETE T TORESONIRFUICH DK BEAEE, 372
D HAA0PE L UMAOWD L5728 i s FE SRR I Z E N EI AL Lo M A Z2om 79 1) 2o
ZEE, WEINBELDGE DM OT T URIEMEN, IESOFLRAICHERIESS
AlREMEZ NI T 5.

VI EofER I, FE RIS R DT RE T, A1 R d 12k ->TEA L
T ORI T VI OB TEZE NSNS, £z, R—OHH R d , Tho
T, nEPMERWEFREIRKIZE, NEBETLT .

5.4.2 WHEDAIZKIETTH BIREXIVT T ADFE

RS-/ IS /NAIN R -2 g VA E o a3 P D) | NI (AN RSN <
TEEDOEIREDIR TR EZDND. T T, FIHIREM IO S 3E OM 12 MK
IETFTHIRECLO B LA L. [X5-512, B 4540 O E s BZord. fHithhx
B, RN IIRAR R D DIE T M ~D IR L THD. 7ok, BEEHIEIL, /LY
0. ImmINHIDT AL AL > T T o7, 72t AW OB R AR E AR EL, S
F M ORE 7 [ ~O BEBELO 7 A EATIZ0.2mmE >y F CHIE L=

98



54 & £ 99

B5-51Z R XIS, SFRICEDT, AW O E S I KX T HHECLOR
BIXITEAE RGNS, AW i ST i O BE ST 50 DR i 2 h ) T, T
HHRECLOBIAMIE, BT KT DEmE R T

— 7, ¥ TBHREIM TZ ORI T AWM oOR SE2HE L7225, BT AW
CA W OB S CRANAL, T ~EERL CTRY, W AW Lk m o 5E
TS DI 12T COREEER AT R I B 2L EZ NS, £2T, )
TR SR AN JAE T E O BZ A U745 B2 X562, [RIX OftdE,
5-AIIR T W N d DS K ENWSRETORIKT R AL THY, b3t A Wi SR
[ DEE SO 20N COMEEDOFEEETH S, i, V—~ft BT RIzonT
1%, RO E O INTIENS DL LT, R E L SURIT 3 A ORfRE 7 my L,
FTHREM TR T oy T SRR CTREATZ.

7 2T A NEARFRR A A T D2T0F, 440PDIFA, B E O KRIZHE, SNRUATFER 21X
B35, 2, fIBHEECLOBIMMCHE- T, s Enm Tk L, ZF%
REDME R I D72 s snND. — 5, 727 b— =T A MEMHRkE A T 5440W
O, V—~it B REFT B EIN TR el 325 &, 18 5 O KIZES THRUAT
LTANTD T 5. UL, $FTHHECLOBANLES B EE D H#E RIT L > TIL IR AT %
ANTHFRHRAD L. 72, 270FE440PD AT =R 4 L1 JE O BIFRIZIZIZ R —F b
IZHDN, 440WIZ DN TIEZDOFE BT, ZD7-8, 270F 3 X 0M40PE440W D R
JT 3R A & 95 L, [R—f E CThHh-> THA40WD LT L 1T/EL, 27T0FFB &
MA0PLI T B e D M 2R T,

VL EDOFERLY, NIRRT TN T L OB, MO 4 BRI -
TRpDHES 2D, 7 =T A NEFIREREEN X, AW S AT D52 0 SR 12
T TCOBEE DRI - T, ST OETEEDME L, FURT R A X HFREA 3
5. =0, 72IAN—/"—F A MEFMAEE O A, FURT R AL, HEOHERITM
STHFBAET, 7T A MMM E XDl A~ 7.

99



100 54 % %

0250 L | | i | / Rollover \
S ' 0 .
:; 2e burnished
o surface
~200 i [ I — I D I 3
g
B ! 1 L fracture
i:“:l 500 i ] & Burr surface j
5 burnished _ ! fracture
ﬁ surface i surface —5—CL:6.3%
~l0Qb——mt CL:12.5%

00 04 08 12 1.6 —=-CL:18.8%

Distance from surface L / mm before piercing
(a) 270F

300 00 el T T Traciure
= = surface | surface |
> 2, i )
To50[ 1 Tasol '
S : 9
5 i 5
= | 5
=200 | . i 4 =200
% burnished _ i _ fracture{ ®
O surface i surface 1 O
=< : <
2 i ! ] .8 I
>150 L e >l150be e

00 04 08 12 1.6 0.0 04 08 12 1.6

Distance from surface L / mm

(b) 440P
Fig.5-5. Comparison of Vickers hardness distribution

near the hole edge along Line A.

100

(c) 440W

Distance from surface L / mm



54 & £ 101

330 -6~ 270F (ferrite)
—— 440P (ferrite)
300 —A— 440W (ferrite-pearlite)

N
S
L L
]

[
N
I
7
7
/
7
7
’
’
’
’
’
’ ’
7 /
/ /
’
/
’
’
/
]

p—
S
S

LI L

Hole expnasion ratio £ / %
NN
=
S
I
]

()]
S

PR N T SN TN [ TN S N S SN T S N L |_
100 150 200 250 300
Average hardness HV

Fig.5-6. Effect of average Vickers hardness of fracture surface
near the hole edge on hole expansion ratio, 4.
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Fig.5-7. SEM pictures with respect to the void around the hole.
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B3 50%, WEINSE FIZBWTIE, SURT SR A IE T I 0 Ttk o 2%
1NN EEBGLIC LIz, ZOZEMD, FURT R AT KIET RO TR0 52
EIRET D202, WIS & REL, BEINSN TR T O ERDLHES
25, £, BEINSMTEIE L2 AT R R RS L, FThk SN TR o
WA T 58T, 7T NS LT BRSNS I L iz, 7=7
A b= N—T A MEFRFLRRE L, I T E L TRAR DU, ZDIURT R L N
AHISNDZ LR BN LT,

FOREFTORMAZLEY, [HOT T PRI ERALIZ BT DR W RE 1L, 28T
W, MM B LSOOI RIS EBSN D ba T L4k, f%% sz:xf%
EUTHENL LT B W8 28 A = X B350 ] CEROINEIN O3 AE S 2 B 0T
. — 7, WEINIALTGE 0)133077/‘/52% [ZOWTIZBH B Jcﬁofb\fot
WL NENOFAIZOW T, BEOIFZEICB W TH RS FIN REND030Y, ik
%ﬁé%ﬁ*X‘A%iU1ﬂHU77//E§ﬁ/ (ZDOUWCEEMIZHFZE L 7Bl 720,

ZIC, RETI, 5IIRRBRO DDA AE M 22 [R5 72 234 JB ALK 23
FLp 5208 0 B 5 P AR AR BAE B 2 F D C, T B A B LB KON E L A
b7 & 7UAT IR A FEMEL, MHFEOR KAk 528LT, 77
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B AE1THZE T, BAMIM T HEOMONT T2 Vit ZELA 12 LI E T 4 B
HROEEIZOWTHLMNIZ T DI L AT,
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6.2 KBRS
6.2.1 Ht3kt

AWFZETIL, SI5RREE 23590MPafk T4 @k F L OV BRFFIE DS FL 72 5 2 FH D 2L
FESRAR 2 A T2, AR E2.9mmTH D, £6-112, JISS 5 kB i ic LA ek o
gloREEEREE A m 7. 7eds, ol iRaBRE I3 IE 7 M OB R R 36 KOV -
ECHD. -, F6-1UTRT nfll, 51ERBRIC TRAM EZR T EEOF 2 %O
THTHS. K6-11Z, LS NI > T-HERT I DWW, TA¥— VBRI E H
WTE B LI I MBE T LTI M o & B kA~ 3. JSHH90R (LA F
590R) 1%, #K'E D7 =T A MBI N—FAMEN 3B L 7= ARSI THY, JSH590B (LA

F590B) L7 =T A b —_AF AN THD.

Table 6-1. Mechanical properties of materials used in this study.

YS TS EL Fave
Steel n
[MPa] [MPa] [%] (10%)
JSH590R 513 613 26.4 0.119 0.96
JSH590B 505 606 27.0 0.107 1.01

(a) JSH590R

Fig.6-1. Microstructure of materials used in this study.
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6.2.2 SOOI T

ARFFETIE, 230mm X 230mmD 7 T2 7 DI EL R d (D N Z ik =ik F %
o, RE-2ITRDIN T2 R T, V—~f BT /U, SIHIIN TIZ k> TERIT 72X
Oz —~<E ETFL, P11 d L7 D IO T LT, 2O, ez 6425
720, PR d , =26mm (N EIHL) 35X 0M8mm (& E ) o2k HeEE FHE L. F7z,
P BR A  =48mmIZ DWW T, AN TS0 B8 %2R 25 B CH kSN
TOROAER LU, FTHREMTNIL, FK6-21RTFHEDOE A FAWTRITTEY, )
B d JTFTIRE N TFRRITELW. £, T2V 77 A (LU FCL) 1, 73>
FREL ARRDZED 14y DAL A SR O AFE2.9mm TERLUIZETHY, FHIOFT
BECLEEMT .

Table 6-2. Conditions of piercing.

Initial hole diameter d, Die hole diameter Clearance

[mm] [mm] [%]

26, 48 Reamer
do+ 0.6 10.3

48
] . do+0.9 15.5
(= Punch diameter of piercing)

do+ 1.2 20.7

6.2.3 M rUaT IR EBR S

X6-212, NIKTHRIICHWZER B L O T T 7O AR, S F~HER
EfEd , =100mm, FRZ2N0mm TH 5. FIHLESMTNZIVECTAVIZ, FAE2Dd9
IR A Z2ELE L7~ A& S F130#EE 10mm/minll T EF-IEAZETRIEL, f#
W7 T2 PRI SR W 3 A2 U7 e TR A 88 T L=, MBI B Ot A%
MA D70, GRUCIFE — MR T, LOMIZ JIIT980kNE L. 72k, RBRIZHITD
NRTYXHE B LT ToRBEITIEE L. £, FSURT R, FIHIE
d EREWTRED R d oG- DI THEIH L.

A=(d-d,)ld,x100 (6-1)
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AP R ST ERTEIRERIZI VT, MO 7 U ERTEEAL O JE 7 M o —H Iz O
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FT AT 2 B 2 {2 5728, K6-3IR T IEWHH OB T RFTOT % ¢ o CREET
HaagE MR OT e, JARIEL, WA OBRBEZ Lz, O3 ZORE
1%, B6-3(eNTTRIHIHNREE d 0 F A A29653 E, 2877 12 Imm R THEIL 7=k
FHROAT VAR FRE IS L, BB ERICBIT AT VO EZEE
FOR VBRI T AZE TRl L. ZORT I IAOF DHVERIL, RIE SO
FEEY, RIEBRAEDARRTIICEAFE TONIMT R EEZEL TERREL T
0, IRE LGRS, BB L O Z OB BT 20T D@ R Z 745
ZEMARETHD. KPIEEZHAWT, K6-4RT 5908, B RPEEOT B e .02
KUTHE T RRATOT P e oS B2 K2R T € et / € gome = 1.05&
B EERITERORGEER L. £2, ZORICBILE G HERITOT R ¢ 4w
ERFTAEENBIEUTZBOOT R E LT, 228, AR OT A 8N BEE L7 D JRET
EIBHAE LD A ST RFTOT R ¢ e OBEME T, A2 R EEEE N O O 224y
A DEBELE 2T HZ L7250,

[1230mm

Blank R10 Blank holder
Punch

d,= ¢ 100mm

Fig.6-2. Schematic drawing of geometry for hole expansion test.
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do

A
v

E0-local

(a) Fracture on edge (b) Fracture inside flange (¢) Stencil around hole

Fig.6-3. Evaluation of strain around hole.

E0-local
'y
E6-local = 1-05x89—ave ,”'
I"
. E0-local = €6-ave
/

Start of localized deformation

» Eg_
0 O-ave

Fig.6-4. Evaluation of start of localized deformation.
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6.3 EBRFER
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ZIE, WEINSME T TIINI0% THDID, EEINSME T TIEN40%EREW,

WIZ, BEINSAETHLHINEE D, = 48mmiT BT D IR DI LEAh DR U
THEB TS, $HFEICED T, FIHREM TRER WO SUAT R A, V—<{ft
K W6 O TURT R L L TR 45, —77, MO SURT R DA
[ZOWTIE, ROMTEMHICESTHI40% THD. IHIZ, FURTHR A TFTHHECLIC
RIS TET D20, EORIEMEITIIREIC L > TS, 590RDEGH, FKIT #
AN RNETHTHRECLO T/ NSV, 590BDEE, FTHRECLOBE KITHEW, R
JRFZR A XN A 2R T

do = 26mm | dj, = 48mm Fracture site
e ; edge inside
110 " P L 1 " |590R —A——A—
~100L e 5908 —@— —o—
~x

(o
o
I T

%

~ OO
o O
1 T 1 7T

50 O
40+ A
Reamerl 10 15 20

Clearance / %

Hole expansion ratio
(@)
o
I

w
o
T

:

Fig.6-5. Effect of edge condition on hole expansion ratio, 4.
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BB INGFIONMDE T EHATOT 3 € N0 INTEEICET DL, BT S O
I e 5 dRLT, BAFRRFTOT R ¢, N adIcnNT 5. 372bb, /g
x5, £z, K6-6MIRTEINSGM FTogGEe, HillgIEAK FTho
FIRDJE T ERITOT H ¢ 4 aFI02ICBIET DL, SN RIFTE 2B Mh9
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OFEM OZEIT/ NN, 22T, FIETHIRRZL510Z, HIlOWIES NS 1F Rk
X cHRIIND.

111



112 6.4 & %%

& +é&,=n (6-2)
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DA HIHES ONIR R OT I ¢ ;=0 &0, ERIVBFTEEZ BT DE
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cCﬂ-ave
(a) Inside fracture (dp = 26mm)
14— —1—— s
1.2'_ Fracture —»> 8 gggg i
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W 06 B 7] Gﬁ-local
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& fG-ave

(b) Edge fracture (dy = 48mm)
Fig.6-6. Comparison between local circumferential strain, &g.jyca

and average circumferential strain, €s_ayc.
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Start strain & 4_,.,; OF localized deformation (Exp.)

Fig.6-7. Comparison between start strain, &y.jc.s 0f localized deformation (Exp.)

and necking limit strain (Hill and SR).
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Fig.6-8. Effect of average Vickers hardness of fracture surface

near the hole edge on hole expanding ratio, 4.
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Fig.7-1. Summary for fracture mechanism on stretch flange.
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Fig.7-2. Effect of deformation gradient on limit strain.
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Fig.7-3. Schematic geometry of tool shape and blank for stretch flange.
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