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Finite Element Analysis and Experimental Investigation of
Non-isothermal Forming Processes for Aluminum-Alloy
Sheet Metals (Part2:Analysis)

S.M.Kim, B.Y.Ghoo, Y.T.Keum and J.H.Kim

Abstract

The 3-dimensional finite element program is developed to analyze the non-isothermal forming
processes of aluminum-alloy sheet metals. Bishop's method is introduced to solve the heat balance and
force equilibrium equations. Also, Barlat’s non—quadratic anisotropic yield function depicts the planar
anisotropy of the aluminum-alloy sheet. To find an appropriate constitutive equation, four different
forms are reviewed. For the verification of the reliability of the developed program, the computational
try-outs of the non-isothermal cylindrical cupping processes of AL5052-H32 and AL1050~-H16 are car-
ried out. As results, the constitutive equation relating to strain and strain-rate, in which the constants
are represented by the 5Sth-degree polynomials of temperature, is in good agreement with measure-
ment. The computational try-outs can predict optimal forming conditions in non-isothermal forming

processes.

Key Words : Non-isothermal Forming Analysis, Bishop’s Method, Constitutive Equation, Aluminum-
Alloy Sheet, Planar Anisotropic Yield Criterion

1.M 2 A4k Z7kska olol we Azke AAA ol AdR

@ ohjeh, 4 5 AFeITo] FAL FAS L4

Y 3R B AL olFolAT glon, & Ak S BAb 24¥ £ glenz sde) 4E4E
we] 2Ho B¢ glol 43 + gle 2 14 A PAA BBHoE AFS AN AT ATV B
A7E gAY MYl B T Oukl BHez 8 oFolAn Yok, &3 Aol Adhe v 4
Hgetn Ao 28, $57F Bl gE Bew 39 ME 1% sholth Hl5 e AREL YU5E o) 83t

© @ e
] AT
AW SEAASS

252 / 824 M71B818|X|/A18¢E #1325, 1999



AAg WA\, A ol §kel tholsh BaAyAZT
£ 71N stete] dolu] ¢ BA ophtelA] 2A)
T Bl FAA 9N 2Ae] B

5
BdlE s AR AK 220l 2= e 434 34
& 935 #2 AHgHol gAT, A2
PE0)F FF 4L A AR AT Fopr B 2

Al H A

EF EE ZFHE o Q
A9 AEAE S FHEH I, FEE $Ye STS304 ~
H g2 W] AR B 229 AEE 5]
I Fgzdaeh Agazyg s 27 Y-S vl
ig=g

BT B E TN S A 9 AdAeE HE)
3 A A HAE A= AFREE o] 43 B9
Mol g7= 1 itk §3l, H5-2 gL & v
g vl o B BEe 2HHSE 27] v Rl 4
A Egtolol-& RHEH o2 Feish= 2 A7t v
el A o) W E-EF el whebA, FHFE AlEdold 2
IE vgoz I AAE 454 Ase 53 =
deta W& AdeE g WAk HA Ay 21&
ohfjl= ZAFE 48 7 Effolol2d H5 L 4¥rE
ol & =8o] & Zolo) 2y, u5& v Yy
of #gt aiM A At FH ) BT oo AsS
d tigt dloje] FAZ nju|gt A olr, FZ o 2
AFAE 93 fradde A4 Al ERHAS

Bolt}.

A8 50L& Ty x AP SHE diad BAE
A & e FXE RS ANdsta AK 49 F
AT Zne bl § TE AETFE 33 499
AstH Tt Takeoka 592 STS304 ~E|Qlgx v
o A &7 =299 FHE Keta
A Aga e B3 133 74Ed 9E nfEElA}o]

Zlo] Atolel A#Agol thal
Bishop? B]9A W& o] &
& 9% 39 fdes T2ade Aestn
STS304 ZE &~ whate] FAZ4R v 5& =259
FHE 4PN stA )

HT& A Aelr Mae FAEH AL &4
o F=el E dFE A7) Y& B2 A7)

RO TR NFE HYTY F98L 64 2 A4 AT (A2

+

o
5
i)

¥ STS310 ~H
A dez el
udwike] £8-

o] gtt}. Wagoner 5% IF
Ha ZAde] AU E ¢
Hollomon, Swift, Voce,

FE #ANE =93t

o o
kol
L' ek

oX,
1o, o ofo
He

X,

£
b
S
~
0.
o b

ol

k=

flo

i

o

o

tilo

H

v

o

N

4o 2

o

£

L)
Moo A

i

]

o

o
"~

# 5

o2 1 op of
oflt
u)

Ao 0 B

1 ofl
oft
ot 2 o

2L WDy
(%
oft
i

)
o off

Iﬂ—?iﬂflm

g
off —

ofl K
2
«
%
WX
o
il
m 2
o W
1o

(=]
=}
@
o+
n

Jo do r2t
Oﬂ. H m&f_‘.
o8
et
4
oL
okt
ol
>
o
o 4,
2
-z
o o

>
o ok
N,
o
o
4 P g
B
oX,
oXx
o
o}l
o
e} rlo ro,
do L o o -
to off 38
R AN v
I
ot
O ottt B wlo

o =
©
@
°©
=)
@
~
of

oft
2

T

h

Ky

o

N

ok

jn

o

i\

L

£

[¢3

o

N

rh
N e
[N A

£9] o] FATE FE3t= HH oA I&
Agh A7 BEEe 7] wiizelot BH

eek 2sle AaE vkl Zo] Ao Bdla,
73 Hill""e] 2} g o]nt

Rt HE, Gotoh" & Hille] 23} %
o] SAE ARGt 4318 FEG
H, 90l Sof vEFE&e] o] 4A
H]23} oW 82 (non-quadratic anisotropic
yield criterion)oll #3 A7t Hill"™2 Barlat 5ol
olg] HEHSC Barlat 52 5839 dE27AHE=E
SR e D 7 AL FRadk iy 248 4 9]
WEE 279 B|27 oA FE2AE AUdstY

o] 1] oﬂ

N
g
o
> s
r jo & 8B 42 do & rlo ab -

I g oX
o 2 rE oo

+

b

=
o
ob

o ©
ol
oXx

o o

2
X0 X2 [N op

offt o
ofo

o
b

[} =1 H = L
2 AL A% 3349 FE8s Z2aP-g Ageict
£ v e sl HEe FAAEEAE AA



2.1 014y 1z 4¥SH

3219 Wl tie Barlate] o4 FBEAWA W
38 £ T Ve gen 2o Aolad

(D) =|p/" +|g" +|p+ 4" = 248" )
2D, - D, - D, 2D, - D, - D,
- g= , 2
3 q 3 2)
A71M, Die BE-8Y dedN 2893 E &x U2
FaHE 92 Lo FzE Uyehliy uga 2708
2g] Dy, =-D -D, & 38 & it}
C\D,.-D |-CAD.-D
\(De =Dy )~ G(D2 - D) o,
[= 3 : 3)
C{D. . -D_|-C|(D, -D.
o, (D, .~)3 J(De=Dy)

A71A, € s G G & ARY oS YEhE
AFEA Agozie FaAe et ()9 #a
HgE 28 74 A 7des #43 =9
go] A 2 ujdF& A o] Felo S BAKTH
H& quiA ZA2E gt oo a4YF AW, =

g3} Zo] Hejen).

o

AW, = [, [ 5(€)dEdv, 4

9] Uel% Ae gEeAe

9 8(Au)el hatel THe 3t Be
% gl

_— 0AE

_[VO JAE

G E5(Au)dv0 =], £.6(Au)dA, 5

A7), Fee 240
CEEEEE) 5
Aol 93y WA

F Qloke 7lskets 74
il

ol

254/ SR AYHIIZESE|K| /A 8H A13%, 19999

_Z[_o_"zlq_ (16~17)

JVPCEdV:JV(kVT)dV-*.qd+qf_qa_qr_qp (6)
047]}\1, ps C, kl‘c 7—}'7—1' ZHE__O,] 13'__.11;_’ H]OE:], 1‘_"/]37_03:]
AEEE etk 46)old Te 258 vehy, o
£ 952 212 83} 20 (Fig 132)

qdz jvﬁdv : @Z'ioﬂoﬂ g]?l.oaﬂkg-/\g% (7)
qr =JACT.vdAC :upabo] ofst & LA S )
qa = JA“ ha(T_ 7:,)dAa . 947]i9] OE:]ZJT;E‘— (9)

G, =Ja h(T-T,)dA, : telze) G4 (10)

5]17 = '[Ap hp(T_ TI’)dAP: WX e} AR an

A7NA, her by b A7 7], AR, a2l Tl
U A AUG ASel, vl TE 242 3 24
Aelel A ving w9 waES vedn,
Ay Ay A 247 ASED, A4 AER 22T o
o|R&e] Waoln, v = WYl & Wg|o]T}

q, : heat to air
q, : heat to die

4, : heat fo punch

Air

Sheet

Fig. 1 Schematic diagram of heat transfer in non-isother-
mal forming processes of sheet metal



Hl& %34 XS A9 4 AA=E e v 20

T=T, on dQ,, g=—k on dQ, (12)
A714, T, & tho] £x0|1, o 3 K= 747} &7
W 3D A e ZAE vehdot, 33 234
A freteds B82S G A (6)2 e 2 gE4e
2 3ddd.

CT+KT+0=0 (13)

C=J,pc N'Nav (14)

= [, K(YNY (VN)2V +] (e,

aa

+ah, +a,h, )N'NdA (15)

Q=-1,(¢,+d,NdA-] (o, 0,T, + 0, T, + ., T,)NdA (16)

A71M, N & =5 HARANML] FREE, &, @), Oy
EAE A, dA £ 240 HWAE 47 Jehdit),
dxbd o 2 A7t A i FAR| = v 2] ZdE

T

T+AT

=T, +(AT)|(1-O)T, + 6T, .| a7

HADE A1 DG T e H3PPYE
A% F At

A7)0 (18)

[C+6(AT)K]T,, . =[C - (1-0)AT)K]T, —(

A7IN, Tr & Troare Tl AIZE 73 Yollife) A4

TEoH, 03 03 1 Ale]9] gk zh= 7heAl ol
B QA 2Ale AR &rh Aol kel o

& Hglehe Arols @2 Az 72 M st
A

O

E Tolal ol2RE WY A & JEs Adsr
Bishop®] ®B|GA & 283 ANt e

) MEE AL ©AS] 279 AA
FAgESG o] Y BE AA, A W e A @
AL At AERH & 3

2) 4 229 57} 7§°Pﬂri 7Pgsta #A A3y
o W& &4l WEE At 8 - A fEes
e s} o] 0 22 HIE N A A4

A
A
AP} ehER Qg guu g =9 747} Akt

. oo |
Qs gavdel exo] Be WSS st
2, o8 e8] Ag3] Fekel, T 0.8mmd)

AL5052-H32(cl8l AL50522} get) @-ta) AL1050-
HI6(c18 AL1050012} @) shabe] vhal 48l
350C7HA] 50C Ao A qAErE 71Eo R (°
W, A5TF, 00RS] 3 ARG A7} FH|she] 2
AIRE SR

Fig. 2= AL50529}F AL1050 &A19] 250 utE Q17A]

4 Aol ewr} FHE4E AYAEG FRAEE
Baee A% dont, QNS WA HET, He(d
L)o)A Aol ANEI ARREE 24z AL5052¢] 7

£ 7.3%%} 232MPa, AL10509] 7% 2.8%<t 138MPa
232 ANET 5 IFHEE R 30000 22
ME AL50529] B 99%<F 88MPa, AL10508) 3%
21%9} 44MPa= 2o ula] dAlgo] AZAsHA =7}t
LRI RS Ayt olatR2 @RS Aagitt
GFoE v v 5 A e o) HFe gl
Fab7] f5td 1A E AnE e=s x¥se §
7 2R @ Aoz F %
FA o EFsh= Aole %E
HC)

A: o=0,+K*(e+g) +exp(CIT)

B: 6=0,+K*(e+g,) *(1/T)

o

TAMIIBESX|/A8E A35, 19994 /255



300
AL5052-H32 0.8t 00— = = s T e
P Tensiie Strength |
w L IREY
& 250 | = -
250 2 2 oG8
& 150°C £ 200 =
! = s0 §
—_ H g 1o 5
© H & D
& zoo : . B o H
= : 200°C H a0 g
@ i 3 5o 20
8 150 i _J = K I
5 S 250°C ° e e J e
@ : 20 50 100 150 200 260 300 38a
@ H Temparature (°C)
2 100 H
= T
H i
so 7 : 3so"c )
H kY
H Y \
o a
o 0.2 0.4 0.6 o8 1
True Strain
() ALS052-H32(thickness:0.8mimn)
300
AL1050-H16 0.8t 180 — =0
& 140 | o[ ToM=ie Strengih Jo | a0
< — ;
250 £ 120 P
£ 100 -t
3 0§
g no 3
= £ 0
g = g e w0
= Room Temperature G 40 i
vy < _Elongation 20
o & 2 — .o N v
4 o LomzOmron O o
b 20 60 100 160 200 260 300 360
® Temperature (°C)
=
=
R 300°C
<<<<<<<<<<<<<< 350°C
0.15 0.2 0.25 03

True Strain
(b} AL1050-H16(thickness:0.8mm}

Fig. 2 Measured true stress-strain relationships associated
with various specimen temperatures

A7\H, AFE K, n, C& HA2AE5Ho s 7319t
Fig.3(a)$} Fig.3(b)E %€ 350TC7HA AL5052
ko] AAAIE At FAMAA A, BY £¥ 2%
& 747} vlwd Aelch 2709 AR BF 200C,
250t¢, 300T “-4 s a7t 2 A& F Ut
2E 2 HYE S TN GFE /S A fol= 7+
4l A, B A9 5YL3 A0 E dPem® oA
A o] T3 exdEe] Are 97 A& HA

o, ﬂl
Sy

S BALSIA] E8ta si2olM e EAsleuvA]s W
E 29 v 9Pl nHHA 43k7] WE A=

2 & #4 TP BE AT
2e 934 Fue TPIFAE gSa

ol = ot

o
X

C: 0,=0,+K *(e+¢)"

D: 0, =a,+K (e )" +(E17)"
AN, 2 exdMe A, K, n, me
5

o2 Foo] exo] B 4% i wE

256 / 1= AMIITEEX|/A8H A33, 1999

500
A : o = oo + K(g +&) e
400
- + % : CALCULATION
- e a & O & 0 : MEASUREMENT
a
E 300 Room Temperature
2
@
=
@»n
@
3
= 250°C
a
B s St e s
3
) [ -4 T o
300°C 350°C
0.1 0.15 0.2 0.25 0.3

True Strain

(a) constdtutive equation A

500
B : o= o, + K(e +e0)"(1/T)®
4e0 — + = :CALCULATION
e a4 ¢ 0O & 0 :MEASUREMENT
w
a
= 300 Room Temperature
2 150°C
g aacw
17}
[ 200 . o 200°C
= o,
= 250°C
oooooo oe o o a
100 P S S SN a )
B e R e
° 300°C 350°C
0 0.05 01 0.15 0.2 0.25 0.3
True Strain
(b} constitutive eguation B
500
C : o = oo+ Ki(e +80)™
400 - -~ » ! CALCULATION
e a2 ® O 4 0 :MEASUREMENT
2
a
£ 300 Room Temperature
2
£
»
-y
=
=

[} 0.05 0.1 0.15 0.2 0.25 0.2
True Strain

(¢) constitutive equation C

8§00

D: o =0, + Kie +60)" G)™

400 — ~ = : CALCULATION
e a4 ¢ O a0 :MEASUREMENT

300 Room Temperature

True Stress (MPa)
N
o
[
£
*
+ >
+ >
»
.
»
N
»
.
s »
N
[43
80 o
¢ @

S2ERER R Y 2 2 q 250°C
100 smaag 2 % -3 x k-3
RaR /R R R 13 7 A T a
o 300°C 350°C
o 0.05 0.1 0.15 0.2 0.25 0.3

True Strain

() constitutive cquation D

Fig. 3 Comparison of the true stress-strain relationships of
ALS5052 associated with various specimen tempera-
tures between calculation and measurement



AEA (fitting curve) 22 2]7 (regression) A1 ZA T,
Fig.3(c)9} Fig.3(d)= AL5052 gtatalel Q13AE Az
ol AR A ¢ Do) 28 A2 7zt Blmek Aol
150°ColX B Eo] 10%E 3 A% 388 41 34
Hrkste AL A9sie AR ¢, D7 AAPez
AL5052 o] exd HIPEAL 2 THIE AL B
F9on, £x3e TGS P A, B ASETE A
PEAA G a7k o 22 Ae & stk

3.2 YSH H|SS HISH sliM
AFE D7R S FdR NS iEE =
gto] M52 A5 A¥93HE Adstn AEE5HA
v wateh, W $AE 0.8mmel™, &85 Aokl ¥
B AAd HZE &L Ao, =2e 3o
vtz s 4ezl p=0.01~0.2 HHA Al4A
Aol 74 SALRH Eﬂﬁéﬂ% Uehls oA

< o[HA AFE v 2o] AA st
=0935, ¢, =1.110, ¢, = 0.976, ¢, = 0.968 for ALS052
¢, =1.190, ¢, =0.823, ¢, =0.961, ¢, =1.044 for AL1050

oluf AF7HA A ¢ g 2F Yo rE A2AA Y

Table 1 Thermal properties of AL5052-H32
Properties Values
Density
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Table2 Thermal properties of AL1050-H16

Properties Values
Density
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