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Abstract

The present study is concerned with the analysis of three-dimensional sheet metal forming
process by the upper-bound method. For the analysis a systematic approach is necessary for the
expression of geometric configuration of the deforming workpiece. In the present paper geometric
configuration is constructed by three unit surfaces which are defined by sweeping the vertical
section curves and boundary curve. The principal components of strain increment during the
process is calculated directly from the change of geometric configuration for an arbitrary
triangular element. The corresponding solution is found through optimization of the total energy
consumption with respect to some parameters assumed in the velocity field and geometric profile.
In order to verify the effectiveness of the present method, hydrostatic bulging of a rectangular
diaphragm is analyzed and the computation by the present method for the geometric shape
renders the good result. From the comparison of the present results with the existing experimental
results and elastic-plastic finite element solutions, good agreements have been obtained for the
pressure curves, polar membrane strains and pressure distributions. The present method can thus
be further applied to the analysis of other three-dimensional sheet metal forming processes.

My Sy &5 Ho®l A
Gas,Gap - & A AFol A 8] metric &4 Sr ool AHejd AA
G.G . GupSt Gip HHA T: s8] wlE
Ko n: 5383 wHydxo AAE Jells] 948 o B e B &
A= 14 Y EA 9 AlF (body volume)
h D AlE 9] ol Waee AAS 4
j/ s w* 5 7S E£EA % o
R DA olAgE el oA Ag /7 B - I RS B
*A39, gFHer)ed FUzets deiderdes B E FH FAE
A3, 7RATH(F) Ay 4é RE HYE SE



vz el o3 Ax7y

§& [ FE W¥E &= 9 HE HYE

¢y 1 dH M £ e H¥E &
X

o eholl @& F5547

g +5 &9

Aa F 1y Aol

L. o 2

Bt F5 Aol el ovAYe HEe F2
ALA] s ¥ (upper-bound method) o] &g 3loj= =
29 3400 A4 94 2959 A4E B9
o o]FolA gtow, FAlx F2o Hy HFP ol
vl ke Yol FdAF FA dig Lxg
o] #@rh Tirosh5We ZFoha 3dhe]l=z I oA
Hx o] Pl o A 4HF S 27 g 4
A & F-485ict, Nohet Yang®9e wlZu)
A §715 AA7] HE solzzzw) FAHCNA
TR FAY AFE 47 A% "H FAA FA
e FAE AANAE i T olE
209 F AR 9} ﬁ*ﬂ /‘]-°l-91 FHE g

A

24, A FAHolv
Al B AEolth, "é&"i
o] A4 HFEe) AFEL 2 JA4o] =S B
e o] F ouixgoez 43 dole i3
e FAAE g5

A, 7ishstd 4o sl Hql £

4, A4 Wy ddo] uFEE AEI 53
7} & 4 = R (kinematically admissible velocity
field ; KAVF) ¢ F4

A, 4y 4o WA Sz uliEg %d
HEFo A4 '

A FAY #Hd FAZ HAFE 4+ & via
H Zrg FAol deA olEd FAIEL wim
A4A A", e e

[+
‘ZJ'."
ﬁ\g
ot o
o
B
Y

Aol F4shdA #H4 685

of H4d ¥AE A% 43I 4¥Y IAL WM
e 32k Fw ol AA Wy ool A
HEAE AFee A= AstA b ofed of

T2 At AFAA = 54T T4 R2= &
8 HME A oz AFs Ags gk
oA i AggAel sl diste] oled
AgAE 53517 93sted Leest Yang®e] A
d9E FAY 2L ddez 333 A, 74
FAolA 774 Aol =S S=4E 2P A
A wWygoddojrle £xgoz :1’-"401-@1 °ﬂ‘4?<]ﬂd

;

2
oflt
o2

€ A3 2yl
BXH_ H—PV“‘* ZXJ% ﬂlﬁxl‘?ﬁ

Y5t ety 7#‘:*91
Ay Aol vimsle] F

e AkEQl 32& A g o) wsle] E3)
Aoz saed AL THE doEs B A
AA ol A7} PR,

B =il Ade 34 FAe] 23 o7 kg

& Ay FAE AvAgezr ddde] gl A9
3 (sweep surface) & %3 7]31dd A&
Ho 2 3= wHE Adsta, olF Az
Y Ante A4chdA ] o &5t o]l g
g AL olu] Raud =ue vimgdozs Yt
Hal w2t H4YeHE AHded £ oJEY HE
FeAdol thsled =93zl 3o,
A2y Ante] AeghAL 2558 AeolA
o 71373 & 4% IR Y AEAPHe R
, AfAog mE o]z
E3lod dTEe] g

Duncang A4y 3 ey A=te] A
49 dAd izl 7huhd AlALE A A¥A
E 2udtych 25 AFg UANAY
3] (proportional straining) A efoll A8 71243 &
Aell Hald Ay ez zAsgrh lahigt2e
Hille] Ale]u}ad o] 2% vivlog {3 Aoz
A A-d HAL 4siden, Isekigt-?
< A fteayez A o ElYY ¥
2 AAZY At A4gk dA4E a4 sigioh
Yang 592 wlaialel 42 olwlAg s
ebdy 9l Ay Aute] A4 W d
b2 48 43tg ek, 28]z Shim® Yangt®.e e

d

N

"l O o o
R e A

:)

o o

[e]
T A



Y 2L vigend way fH84
= A4y Ade F4g 94e a4

Akd WA Zlsted Yae AuwzFA4
o 712 Bye] 2PTios =
A 7HE £x3e 7] utEEE

Gl 5
5 x4l 74" 22a FAY HE T3
Al A g HY eliA Y o oA 5L

CAN I
1ehd G 4ol delodx sty 75
SEgo] wel shHAde] Joeug &
=33 dAss Ao AHAH3} sojok &7 of
Tolth A melofd xz-Hw B yz-Huiol 4
715t s AL el AR R AAAdgon cho
s} A A A= A (hinge) 27 & 713l o),

Rt - B

Al i 2% HLshaz)e A5
Lo, o474 AAE Aes Sugus)

2. A8 =Holl o8t 7|58t

Hato| E

3344 4 43 3Hel distd 714
G g4z F@se dole Be

4 g4e B A
Mol wech ofd o9 HAE el Fao
239 A4 F9e F4she ol dlelsbA st
ot Az AEA WolA z=z(ry) Felel E
Hol Fol@ 29 UL ALPHD, Az 2%
A delAsl B3E AaE Yas 99 A%

o,
1 yz-B e dHFAS xy-HHA
9 AAZHoz FHo| sbEEd), Fig. 1e Am
Z3A oA 49 £ Fd 3 dF 243

Fig. 1 Schematic diagram of a composite surface

Fig. 2 Sweep surfaces: (a) with four-vertical sec-
tions, (b) with two-section curves and a
boundary curve and (c) with three-vertical
section curves and a boundary line

3ted ReAFa gledl, o] afezyE Y I
€+ e A 2 TFAE & Ak

P24l ela) FAHE 2
th S DRI} AARA ) FA=E
=)

) AAS FRTAS DA AAA 8 Y
AEE 4

A9 A7k HYTHE SAHo
o) A BHFAdol 3 %3
. olelw el Arx Fehot
slek,

r)«
¥

2.1 Udi7He| ctHFE Mo 2F M=l Y
Fig. 3¢ F-09) 7

et glet o] a®leld G(y) & yz-Fw Aol A
o T AolH Solx) 4 Silx) & xz-HHA
o Hejd shdFAelch, Ao®l A A o)
2 ohEt o) 39,

z2=G(y), n<y<y (1.a)
z2=50(x), %<x<x (1.b)
z2=5:1(x), x<x<xn (1.c)



oA gol ol AAAY Askel g4ebdA 4 687

Fig. 3 Parallel sweep surface with two-section
curves

tlo

1% AN FAeYH FAL 2%
4% + 9=
So(x)F G2 b (guide) 4171
(za)st ol o] Si(x)
(2b) s} o] "ok,

.?_

obefef 4
£ GOE dWA7E 4

20(x,y) =So(x) + G (y) — ho,

XoSXx <, YSy<y (2.a2)
z(,)=81(x) +G(y) — I,

KL xLX, YeSYEW (Zb)

AAM, h=G(y), =01

99 %49 Zui-& Hermite &% (blending) ¥
T2 EFA 79 ool Fg dhile] Fue] A
et

z(x,y) =Hi () 2(x.y) + H2(p) 2 (x,y)
=G(y)+H (7) [So(x) — o]

+H2(77) [Sz (x) —hxj (3)

A7 Hy(p) % H:(n)E
A ehgst e,

Hermite &3 2

H (7)) =1-37*+274 (4.a)
H:(n) =3p"—27° (4.b)
o]g} 72+ wiw o= Fig 29 (a)o] U+ el

el = 71818k FAa4e 2 T 4 Aok Slx)
2 Si(0F Gy E 293 (sweeping) A|7|H o}
gl 4 (5.a)et 2ol 59 S Six)E Gi(y)
2 2809 A9H olelle] A (5b) 9} el "o},

=Golw) + Hi(9) [So(x) — ]
+H () [Si(x) — bs) (5.a)

20(x,y)

21(x,y) =G1(y) + Hi (7} [ So(x) — h2]
+ Hy () [Si{x) — ha) (5.b)
A7, ke 4 Zuo)AlY z-7E ERATH
Hermite &3 4% o]&3l ole} o
e A Ao, o5
ol ulslel BT Ao 98 TS d¢ 4 Uk

z(x,y) =Hi (&) 20(x, y) + H2{&) 21(x,¥) (6)
714 Hi(€) ¥ H:(&+ Hermite 24455
vepdsh, el &8 A7 obefel e
E=(x—x0)/(t1—x0), 0K E<] (7.a)
7={y—y)/(m—), 0<7<1 (7b)

2.2 Solo ciHI Mot HAZMo| ol3F
HoEes 2
Fig. 1] S5 Yelof si=dste Fwde] Fig. 2
ol (b)o] mAst=le] veht gled, ohF Fr9
2 HAE Zerh
z=S5(x), 0<x<gq (8.a)
z2=G(y), 0<y<)h (8.b)
e AATAL o} Aoz FHH

y=f(x), 0£x<a & x=L(y), 0<y<bh
(8.c)

G E AAFAY ddulelA xubetoa =)
2% 3 (proportional sweeping) ] 7)% o}zl e} 7o)
Hre,

zo(x,y) =th (%) G( 7 (bx y> (9.a)

3714, h=S0)=G(0)

£, S F yidoz wdadq79 o)
s} 7ol ek,

a6 ) =56 () S(7E Ok ) (9.b)

H9 F AL BrownEd ¥4F o]Rsle] Y
34 Fig. 19] Sl Fefol chste] ofele} e
Aol whgo] Ar,

2(x,y) =T (&) 2(x,y) +o(&p) 21 (x,y)  (10)
71X, é=x/a, n=y/b ay

a283n ¥(&y), (&< Brown £3 <5



688

Bl o A3 2o,

gy =nr1-7/[&(1-&)

+72(1—-79] (12.2)
(&) =8(1-£)/[£(11-8&Y

+7*(1-79] (12.b)

23 M7HS| CIRMTIMT sHel HAMo| ol
guse 2o

Fig. 1] A= el Tuie =z Asias)d
Fig. 29] ()9} 2o 4714 AAHe wwzge
ofalj o} i,

2=S(x), 0<x<a (13.a)
z2=Go(y), 0<y<b (13.b)
z2=Gi(y), 0<y<b (13.c)

G G(y)E A4 x-4Fez vy
A7l o]z i FAH Fole AL y-udo
Hermite &3 342 EZA)H iy 9L o1
e,

G(»)E x-WEos uHA2AIDA7H o2y
7z
2xo(x,3) =7}—IS (x) Go(y) (14.2)
AR Gi(y) & x-wgEe R A% A])H
Thg3t R,
2a(x, y) =hizs (x) G.(¥) (14.b)
fel ¥ 4 Hermitex§ H4& o4l &
gsbd ohedt Be %

x-e 2ol Ag3w
A A, ‘

2e(x0,y) =Hi(€) h%s (x) Go(y)

+Ha(8) hizs x) Gi () (15.2)

o714, & (15.b)

Fozo 284xHLe A6) % A®E S
), Silx)= 0, m=a%< HYAA
o] A4 & 4+ Urh

=Hi(8) Go() +}12<£> Gi(y)
+Hi(7) S(x)

[ (& Hi () + ) Fa ()]
(16.2)

=x/a, 0<£<1

y-H
()E( 0960
et 2

2y (x,y)

F5 -

o4
A7NA, E=x/a, n=y/b (16.b)

z:(x,9), z(x,y) & Brown &g <o) o &
FA7I Aoz ofel e AWs e

Fdg UE & Yok

2(x,3) =¥ (&n) 2:(x,y)
+o(&,9) 2, (x,) (17.a)
A7, 0<x<a, 0<y<b (17.b)
3. FALZtE 2q9to| M4t WA &N

31 718 71™
A2 Y Avke] gt WA FAH mA T
Fig. 4of] glom ol % duixyoz H4sied gl
o] & =ioA HalA A4 oL 2,
Oh FA gk SuE FAsm, HwgHy
27 0] neiF,
b 52 olutAdo] m <},
B 5L & WY E oty dFog =
5=/(&)
@ & 84 A §5 HYE =
s
o
A€1+A€2+AEa=0 (20)
@) w}A-e Coulomb =wlaA4e] ol& 18 3
o &,

T=pp

(19)

AL dA

A vk elnt &,

(21)
) xz-HW B y-AAlHY F4L Be I
$eolch,

©h cholsh 220 AL AAZo] AR
o,

y

z @hm y=b

Gly)

Cla,b,0)

(%y.z)

0{0,0,h}

Six)

° Al2,00)

Fig. 4 Schematic diagram of hydrostatic bulging of a
rectangular diaphragm



Aol A A7y Aol F4epd

3.2 Fe HEAMY ’371]’51

Fig. 5 42A4W¥E & ¥E HGr3EL
7l 28oltd, AAWMYEL W= B AL &
=349 =7 7171 f9Me AA, =l4E
Zsjojof o B4, £5 AAHAA

Fo] Agrojojof 3}, o}

AWy FAdo) 3t f=3 T}
*ozHE ol @2y FHNE W
olaj o] HIE
FEZSHA, of e AAL
A, oy} H4AY e (complementary minimum
energy principle) ol & &3 e IFAE
=},

2434

©
AL ul&x /q

05€H< a5 €Y (22)
A (22)F A¥3z ual.,ﬂ_ g% Agsd ohe

[ Twrds< [oyetdv - fTv;dS (23)
714 S FE7t A" AAHClw, Sre
3298 (traction force) o] FoH AAHEL veER

%, Ve %s12%e) W85 W% A4 (internal
body volume)-g¢ Heldl= & ¥ 7 $=%
oA felE FdE FAFc

A (23) el A A e Lot Ao AAe
gahe iAol sl AFelA FaFE drAE
(external work rate)ojv] 2L EZE A F 4
2 w3 o)A & (internal deformation energy

V : Total volume

S : Total surface area

Sy: Velotity- prescribed boundary
St: Traction - prescribed  boundary

Fig. 5 Schematic diagram of a deforming body

A A 689

rate) & veldc, FhHo| A=y HAW Sr
o4 WARe Yz Aos= FulA F2 39
3 24 Apole] el S8l 2¥HE =H2 oy
] & (energy rate due to friction) -2 }elic},

Aeqh 94 FAIA AR gyde 4@l
At 7ol ZlalFE ol s wAska olo w
3 54 48 SxAelds 4 ¢ WYY
e 4 (25) 9 & #AE Zerh

AWaer= (A Viuia) (24)
P =AW*/ (A Viiia) (25)
A (23)8) AAAAM T dozA Af<t

Aol e AEtHoz ixdch =g 9
A Ul AR gounz A (23)9 AAAL
A1(26) 7 Zo] s o]2iE AHZ A WHis
€ AQn 2

Wiace < fv g4sdV (26)
”*z‘(ﬁfl)EZ( fy aAng) @7)

3.3 3AY uiE MyolMe HYE S5

33 A4y AL iAoz A4
AMAE 0 oA FoAE e, @ ol
Ag A4rstr) sl F58H (flow stress) =
FaEw 3 E ZFE(effective strain increment) o] 7
AbE]oj o ghrt,

3 24 JelMe FAHEE ARG s @
HyciA Fqte FHYE FE& Fig 674 e
dele] A7y ade disle] AL, G}
G'& 77t #A) Al (current configuration) % =
&3 Alel (subsequent configuration) o 4 ¢] met-
ric A2 FAFE, G G+ Azge Aoz

r : Position Vector

Fig. 8 Deformation of a small element in three
dimensional space



690 F5 -

Fasto] ofzleh 2ol Wk,

_12 1/2(B+ K~
[Guel = ? 1/2(B+ 4 1)2}

28.a
1/2(8+ 51 & (28.2)

[Gisl=

(12 172003+ 13— 1%
b
1/2(1L3+L3—-L1% L} (29.5)

A7\ I3 Le A% AgA e o WeF 4
elollsle] Hel ZolE el £]9 metric &4
E3XE 949 FwF #o|u(principal exten-
sion ratio) = o}zl Az} 7o) A4k o},

ha=[1/2{(6#Gu) /GG =4 (G0} ]

(30)

od714, G ¥ GE 244 dA Ad 2 HYF

Ae)o e metric #lA¢] 324 (determinant) &
vebd ol

FHy Aoju)r} AR FHYE F¥ (princi-

pal strain increment) o] o}z A3} o] Fafzc}

de.=In(Aa) (31)

3.4 JisstE Mol Ho

Fig. 4o vehd glv A4y Aol A4
WAel mAxzde 7|stetz Fao] AR
o] mdol A Fre w4 (section curve) 3 3}
v}o] 7 A=A (boundary curve) 2.2 7)sletA ¥
A4¢ 2HE & gch &, Fig lolAe Fuis ¥
ejo} 2o whel I ofs I xz-H ol
A9 HHZA S(x) ot yz-HHelAe ©BHTA G
(»E By dFeln sHAslge=z ojzy
SR FAE A4 5 glch

Fig. 7& xz-H4 o yz-Wde e 2
Z ek ol 2Pz E ol Z xz-
Y yz-He ke Bl A4S dE & YU

i 2
O

(Hx+Z) —
Ct

ohgs
Aol

2+

ol =5-F

P
A w3

nQ“L

N

D(0,h) .
h{ r\
0 B(a,0)
G x
Hy
o
x /
(a) xz- section
z
D(0h)
h
0 ((b,0)
Gy y
H
o

S

Ay
(b) yz - section

Fig. 7 Vertical sections of xz-plane and yz-plane for
the hydrostatic bulging of a rectangular dia-
phrangm

=Cx/1—x*/Ai—H,, 0<x<a (33.a)
=CyW1—y¥/A2—H,, 0<y<b (33b)

Fig. 49 AApa At
R EELS
AColA, x=f(y)=a
B—CO!IAJ], y=hHx)=
ol % S(x)%t GONF A x-43f o y-ske
2 w297 kgt gol Wek,

Aol AAZTAL

2(x,y) =—}1—S (x) G(ﬂ (bx) y)

a(ey) =G () (7 E5%)

A1 (35)ell 41 (34) ) AAFAE
¥ zi(x,y)E 2 o] Hc),
20(x,) :th (x) G(-z—y) (36.2)
a(x,y) =%G » S(%x) (36.b)

A1 (36) MM 2(x,y) & alxy)?t A2 LAz



A ol &% AA24Y Ave] 4R A 691

2 Zstad g4 AT, e 2ol TR

1714,
ot

35 &Koz
A7y Ane] Aaghigeld SE AA=A

£ s} Poh

x=001 A, vx=0 (38.2)
y=00l A, =0 (38.b)
x=a é‘—‘% y=b°ﬂ*‘],vx=vy=0 (38(:)

o2l® AA 2AL BEdE $E FhzA
Q

ofelst 2e $=4E Asgh

Vwo=sin (—f)cos (—;%) (39.a)
vy0=sin (%)cos (—72[—2—) (39.b)
223 WEgeddde Wil 9 SxA Wi
2 F7) Y3t e 2L F4E Fehdrh
nie Wi
Fel&n)=3_13_a5&y (40.a)
1=0;=0
nﬁe nﬁn
fr(&m) =3 _1% _abémi (40.b)
1=07=0
A7, E=x/a, 1=y/b (40.c)
AZ 7MA R 4542 olae} o] =
vx(&,7) =fx(&7)sin (7€) cos (27y) (41.a)
vy(&,7) =f(&7)sin (77) cos (27&) (41.b)
4. 20t W EE
A7y Ante WAL #4387 Y35l 7lsle
A PYAL 33 sted AEE FFHE Weye T
olt}, olEL H.9 C.9 ¥ H Hyo G ¥R
A, xz-Be F oyz-FHEelAe dHFAS el
71 98 RAoirh xA¥Y H=A4F F¥stedl o
WA HAR HAFrF =dsgen, y AEY &

4 e dels A W4 As
o olE W4Tl o AAAY A 4ol
AgH SERL b A3 2ok

v (& 7) = (ai+ abé+ab+ aliéy+ ahi %9
+ ahé&*+ ah &+ ahEY sin () cos (2a7)
(42.a)
vy(&,7) = (ado+ atin+ ah€+ ah&n+ atafn?
+adey’+ atsn®+ adin*) sin (7p) cos (27€)
(42.b)

A8 E

&3} 2o
S35 Ag s B4 5=18(0.000769+ &)°*

(kgf/mm?)
275 \ £=0.314(mm)
T3 olu}tA A4 R=1

HEd AAAY Ante] wdFa Ao Zv
(aspect ratio : b/a)& 1.0, 0.74, 0.510]=, ¥}
7} 1.08] 7% 2a=2b=56mmo|x, Zu}s} 0.742
A$+E 2a=65mm, 2b=40mme|c}, =2z Zus}
0.511 Aol A53 g5 Hole 27 2a=79
mm, 2b=40mmojc},

Fig. 82 Zul7} 0.74 ¥ 0.514w] FAF2 A
2o W¥g AL Az BeF3 ok xz-yH
o yz-BelA 7slatd gA-E elloz sAY
Aol & et gle

Fig. 9= 2v|7} 1.0, 0.74 23z 0.51¢44 =

Fig. 8 Deformed configuration for hydrostatic bulg-
ing of a rectangular diaphragm when the polar
thickness strain is —0.1: (a) b/a=0.74 and
(b) b/a=0.51



692 FE -

Z (pole) o] Folo| w2+ iR W] ofsio
2 o]Eel A% AAE AYPHA F fFeL 4
Aol vlmsled HojFe o), o a4
2 ol Eol o7 Ay Fgas #4 Al 3
AgAet vlmd & dAdE & + Yok

Fig. 102 Zwl7} 1.0, 0.74 =83 0.519 =}
S (pole) o] Eolo] w2 F7 Wik HYPE

30
— : Present theory
| ——-:FEM [13]
Experiment 13}
&L o :b/3=051
£ s :b/a=07% b/a=0%
w _
=2
(%1
1 %2)
E B/a=10
=210
ey
=
8
o
=
r
0 £
00 0.2 04 06 08
NORMALIZED POLE HEIGHT (h/3)
Fig. 9 Variation of polar height with respect to

hydrostatic pressure for rectangular dia-
phragms of various aspect ratios . Compari-
son of the present theory with the related
experiment and the finite element method

0.8
— * Present theory
07 F ——- :FEMI[B]
i Experiment [13] B/a=0St  b/a=076 Wazt0
06 O :b/a=051 | '/
A tb/a=0n | '/
05 F o :ba=10 /
Z 04
«
o
-
o3
02
il
01
a
00

00 02 04 06 08
NORMALIZED POLE HEIGHT ( h/a}

Fig. 10 Variation of polar height with respect to polar
thickness strain for rectangular diaphragms of
various aspect ratios . Comparison of the pres-
ent theory with the related experiment and the
finite element method

o g4

(thickness strain) o] W&o disie] & o] Zeo] 9
& AAE AYA 2 fP94 AY Adts} vlas
o MeFE o]} o 2YelAl & o] &l 9
& A3t FEas H4 AFHS @A AP
7t A Ao Adtdel A waF

2 4AYE ¢ 4 Ak Fo Ae4E pe T
B9 ool haed FA AYEIAND UL
% 4 g,

Fig. 112 Ax49 A9 44 4444 F
VAN FHYL U BE $ge) FAYE

E A9 9 F284 H4AR A uaael
BoAFagde 2o AYPAY o] EAs} A=
2 dA&a Y-S g 4 Yok =3k o] 2L
AAAY FA e gk HANA 2L Fvlo) o
ol T FHYE vk Ao YL 2o
FI ek webd, BRI 3tAl] Ao WA
A8} AR R, Z6|E ohekdlA vfRezd T
HH P F25wE Aol 2%+ (biaxial
strain)o]] W WHYAFS EAHez 24 4

A& ¢+ Utk

Fig. 129 @)% (b)& A424Y Al A4
Bl Fulzh 1.0l A F, FAAY A
4ok dAel Rabed 34 (pole)ellAe] Frl WY
o] —0.19 o (e=-0.1)% w, y-3 o oh7t

0.6
— : Present theory
- ¢ FEM [13]
05 I Experiment (13}
o:b/a=051

b/a=051

W0 A:b/a=074

1:21 04 o0:b/az10

[

< 03

z

g Wa=10

g 02

£
o il

a

00 .

00 01 02 03 04 05
MINGR STRAIN AT POLE

Fig. 11 Relationship between the major strain and the
minor strain at apole for the hydrostatic bulg-
ing of a rectangular diaphragm with various
aspect ratios. : Comparison of the present the-
ory with the related experiment and the finite
element method



dlvizidel] o7 Aty Amtel 44wy A4 693

A u}ek(diagonal direction) ol 4] Alelelde] Ar] A3} W 7)|E APA 9 wlmdte] HFa gleo
of Bzt HYEY FET el 2dolth A7 o Abdoz APAS o EAS AAE A en
o a3le & o]Ed g% AAE w¥as MY SUth
02 015
—— : Present theory -— :Present theory
———: FEM [13] —-~~:FEM[13]
05 I Experiment [13] o | Experiment (13]
o: € o€y
Y
01 b 4 | o : &
o: & 005
=
& 000
7
-005
-0
_O’is —_—l L 1 A -015 N \ L \
" NORM‘::.IZED CURREOA NT 0@m6 NA(::(Y/a) " 00 0z 04 06 08 190
NORMALIZED CURRENT COORDINATE (X/a)
(a) (@)
02 — 015
—— : Present theory : Pressnt
o5 | FEMIBI ——— FEM[B]
Experiment [13] o0 | Experiment (B3]
0 igq ' g '€y - o
0 | A g 2 & 5 oo oo
o : gy : &y
005 J—
= Ex
& Z
7 g -
-a05 s T
3
€ ——
-010 01 =T 5 6 o ©
b/az1, Erx=-04 ¢ b/a= 0%
~015 —L L 1 L £ =-01
00 02 06 06 08 10 -015 L L L L
NORMALIZED COORDINATE ALONG 00 02 04 06 08 10
DIAGONAL DIRECTION ( € /Y7 a) NORMALIZED CURRENT COORDINATE (Y/b)
(b) (b)
Fig. 12 (a) Strain distribution along the y-axis for the Fig. 13 (a) Strain distribution along the major axis
hydrostatic bulging of a square diaphragm (b/ of the hydrostatic bulging of a rectangular
a =1) when the polar thickness strain is diaphragm (b/a=0.74) when the polar thick-
—0.1 : Comparison of the present theory with ness strain is —(.1 : Comparison of the pres-
the related experiment and the finite element ent theory with the related experiment and the
method finite element method
(b) Strain distribution along the diagonal (b) Strain distribution along the minor axis
direction of the hydrostatic bulging of a of the hydrostatic bulging of a rectangular
square diaphragm(b/a=1) when the polar diaphgragm (b/a=0.74) when the polar thick-
thickness strain is —0.1 : Comparison of the ness strain is —(.1 : Comparison of the pres-
present theory with the related experiment ent theory with the related experiment and the

and the finite element method finite element method



694

R oﬂ A}

STRAIN

Fig. 14

Fig. 135} Fig. 14& 44749 A=) g4qt
3

2|

=

Zul7k 0.74%0 A% A FARY 4
=g ol A 2]

03
— *Present
——=FEM (B3]
02 b Experiment {13 ]
’ o :Ey
PN

o€t A B
01 | N ,\/\__A._—4—;=—‘-'I

At €x
\D\Etv’\
o r--————-——-——="=

-03 1 { ! L
00 02 04 06 08 10
NORMALIZED CURRENT COORDINATE (X/3)
(a)
Q3
——— : Present
——- : FEM[13]
Experiment [ 13]
02 a :Ey
a fex - oo
| o €t ==l 5

01

00
™
01 L
a
I
%56 0 o0 O

-z b/a = 0Th

€4 =-02
-03 ; I ) 1

00 02 04 06 08 10
NORMALIZED CURRENT COORDINATE (Y/b)

(b)
(a) Strain distribution along the major-axis of
the hydrostatic bulging of a rectangular dia-
phragm(b/a=0.74) when the polar thickness
strain is —0.2 : Comparison of the present
theory with the related experiment and the
finite element method
(b) Strain distribution along the minor-axis
of the hydrostatic bulging of a rectangular
diaphragm{b/a=0.74) when the polar thick-
ness strain is —0.2 : Comparison of the pres-
ent theory with the related experiment and the
finite element method

o] & 4

©

TAR Aol wEe HPEY FIE vy
agez 2 o]Ee &3 AFfe y o
& )4 A} vlmste] RodFrl, tholste] A
ZHE A7 “H F29 GogelA £ oo 93
A 4 HYEo] AYA o

9} 3l = ol;q k3 gith tho n
Zol7h vl F9 R dF HA F, thol
olo] A& R nA=A

< A4E 4 -k

5. 4 E

3 ARAYelA Tre) slshebd Ha
FHoz FHY 4 YUt Py

sl
o
x
MR

48

o otk
©
£ ol

M

* w2

F'-?l
B
>

°
u.,‘l ‘O oL
wE
o,

Lo o w2
fe

o Ny
2
o
P32

¥ N oof e jeom
> do ofk rlo o

]
o W
o X
= e
= @
X o
fqr e
2L L
o
i L
L
O
2
o o2
i B
N
o
L
Y
o £
.Y
o2 o

2 do

o AhE FYRLE TAT 4 91s
qE ol g3l olF A ¢
| 2349 Aotk

a2

(1) Tirosh, J., Yosifon, Y., Eshel, R. and Betser, A.
A., 1977, “Hydroforming Process for Uniform
Wall Thickness Products,” J. Engng. Ind., Trans.
ASME, Vo0l.99, pp. 685~690.

(2) Noh, T.S. and Yang, D.Y., 9187, “An Analysis
of Hydroforming of Regular Polygonal Boxes,”
Int.J.Mech.Sci., Vol.29, pp. 139~148.

(3) Yang, D.Y. and Noh, T.S,, 1990 “An Analysis
of Hydroforming of Longitudinally Curved
Boxes with Regular Polygonal Cross-Section,”



ozl gel 3 Az Autel AqhdA 4 685

Int. J. Mech. Sci., Vol.32, pp. 877~890.

(4) Yang, D.Y. and Noh, T.S., 1988, “An Analysis
of Axisymmetric Hydrostatic Bulging by the
Upper-Bound Method,” Int. J.Mech. Sci., Vol.30,
pp. 43~49.

(5) Lee, H.S. and Yang, D.Y., 1991, “An Analysis
of Hemispherical Punch Stretching by the
Energy Method,” Int. J.Mech. Sci., Vol.33, pp. 435
~447.

(6) Lee, H.S. and Yang, D.Y., 1991, “Analysis of
the Hydrostatic Bulging of an Elliptic Dia-
phragm by the Energy Method,” submitted to J.
Mater. Proc. Tech.

(7) Duncan, J.L. and Johnson, W. 1967, “The
Ultimate Strength of Rectangular Diaphragms,”
Int. J.Mech. Sci., Vol.9, pp. 681 ~696.

(8) Duncan, J.L. and Johnson, W., 1968, “Plastic
Deformation and Failure of Thin Square Dia-
phragms,” Int. J.Mech. Sci., Vol.10, pp. 157~168.

(9) Yousif, M.I, Duncan, J.L. and Johnson, W.,
1970, “Plastic Deformation and Failure of Thin
Elliptical Diaphragms,” Int. J.Mech. Sci., Vol.12,
pp. 959~972.

(10) Ilahi, M.F., Parnar, A. and Mellor, P.B., 1981,
“Hydrostatic Bulging of a Circular Aluminium
Diaphragm,” Int. J.Mech. Sci., Vol.23, pp. 221
~227.

(11) Iseki, H., Jimma, T. and Murota, T., 1974,
“Finite Element Analysis of the Hydrostatic

Bulging of a Sheet Metal (part 1),” Bulletin of
JSME, Vol.17, pp. 1240~1247.

(12) Iseki, H., Jimma, T. and Murota, T., 1977,
“finite Element Analysis of the Hydrostatic
Bulging of a Sheet Metal (part2),” Bulletin of
JSME, Vol.20, pp. 285~291.

(13) Yang, D.Y. and Kim, Y.J., 1987, “Analysis of
Hydrostatic Bulging of Anisotropic Rectangular
Diaphragms by the Rigid-Plastic Finite Element
Method, J.Engng. Ind., Trans. ASME, Vol. 109,
pp. 148~154.

(14) ALA, Fsd, S, 9dF, AL,
1988, “Zda4d F8% 2482 ol & BHAEAA

ge) o2 U A¥F A7, JRIAYY £¥
A, #1249, pp. 397~408.

(15) Shim, H.B. and Yang, D.Y. 1990, “An
Elastic-Plastic Finite Element Analysis on
Hydrostatic Bulging of Rectangular Diaphragms
by Using Layered Degenerated Shell Elements,”
Int. J.Mech. Sci., Vol.32, pp. 49~64.

(16) Choi, B.K. 1991, “Surface Modelling for
CAD/CAM,” ELSEVIER

(17) Wang, N.M., 1984, “A Rigid Plastc Rate-
Sensitive Finite Element Method for Modeling
Sheet Metal Forming Processes, Numerical
Analysis of Forming Processes,” edited by J.F.T.
Pittman, O.C. Zienkiewicz, R.D. Wood and J.M.
Alexander, John Willey & Sons, pp. 117~164



