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Predicting Mechanical Response of Multilayered Aluminum Sheet
Using Finite Element Analysis
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Abstract
The mechanical responses of multilayered aluminum sheet fabricated by roll bonding, i.e., A1050/A3004 (65% A1050,

35% A3004 by thickness), were investigated via combined experiment and finite element (FE) analysis. The mechanical

properties were measured using uniaxial tensile tests in various loading directions for the multilayered sheet. The

corresponding tests for individual layers were also conducted. The testing samples were prepared by wire electro discharge

machining (EDM). Stress-strain curves and Lankford coefficients of the multilayered sheet were then predicted by FE

simulations. The measured mechanical properties of the individual layers were utilized as inputs for the simulation. Two

yield functions, i.e., isotropic von-Mises and anisotropic non-quadratic Hill1948, were employed. Predicted results were

compared with the experimental data and further discussed.

Key Words: Multilayered Sheet, Roll Bonding, Finite Elemental Method (FEM)
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A3 o A EAELS A1050, A3004 =
RS Table. 17 2l B EY ?ﬁ o)lF 5%
o] FA= 6.85 mm oA E 24 = 24 mm ¢
5 A HAdow, detee 65%olth &
S 338l v] 7 (optical microscope)d} A AFF-HF4kgk
3] A (electron back-scatter diffraction)S %3 A1-050 2}
A3004 o] FARIE Flskin. #Q1E FAH S Bf
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Table 1 Chemical compositions of constituent alloys
used in this study (Unit: wt%o)

Si Fe | Cu | Mn | Mg | Zn Ti Al

A1050 | 0.25 | 040 | 0.05 | 0.05 | 0.05 | 0.05 | 0.03 | Bal.

A3004 | 030 | 0.70 | 0.25 | 1.00 | 0.80 | 0.25 - Bal.

2.2 9=
oAt A ALE-3F o]F FE 4 A A1050/A3004
2-ply ¢+ EDM 7}&3F 0.83 mm F71¢ A1050, 12
L 157 mm F71¢9 A3004 A2A e <o AHS 74zt
sttt F 59 W2 rolling direction (RD),

elE AlY

o

oJHA . AWF. 1A

transverse direction (TD), diagonal direction (DD)Z A7
stol gl A S4S St IF A A
d2 Fig. 1 ¥ Fo] wzAlE 7] (universal testing
machine, UTM)E A}-8-3}o] ASTM E8M sub-size <17
AlHo el FaAsFFom, BE AL AF2ofA
& A WYE £5(~0.001s)14 H et W
E2 Fig. 1 ¢ A" o|u| =] 7] H(digital image
correlation, DIC)S ¢85t 7 2 A 513t

Fig. 1 Uniaxial tension tests with 2D DIC system

2.3 Limit Dome Height (LDH) Al&

A1050/A3004 2-ply 272l 32 Aejo] wE 7]
AD AsS Hrsk7] 98] LDH Al &S Erichsen
model 142-40 Y| (Fig. 2 (a))= ©|-&3}o] =& 3} o)
Fig. 2 ()= LDH 23 w39 /fgfolth H=
gg3alo] AHS FolaE = o] 100 mm ¢ HX|
S Abgete #AE WPEAIZT AP FAe T}
o] g wj7b+] Wegsielvt. dAS #18 Fig. 3
A7 Z=3 Fele] Nakajima Al H S
HastA dAskaloh o
Al ZS 45, 110, 200
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(cross-head speed):= 05 mm/s, £33 &9 <&
(blank holding force)> 100 kN g
sh3Ath

Fig. 2 (a) Erichsen 142-40 testing machine

Upper die

Specimen

Lower die

Hemispheric
Punch

(Unit: mm) (©100)

Fig. 2 (b) detailed dimensions of LDH tools

o8I

W 200 W 110 W 45

Fig. 3 Test samples used in LDH tests

H
204 Ads I3

A& Al A1050/A3004 2-ply

A BA4S e f3es A Z2ad9l
Abaqus/standard v2020 & Z-8&3e] <53kt &4
2ee Fig. 4 9 2k Fig. 4 (@F 45 9% A3 &
A md 24 ASTM E8M sub-size A|H 42 ube}
magsigon WAxAS ;s 14 =E
(quarter model)= #-83}3At}h d(shell) 845 AR
a9l aL, Aol A (gauge) -2l "+ =71 02 mm 2
AT = 245 761 /] Ik Fig. 4 (b)=
LDH A3 3|4 mdot), wzrpa didxds
ag 14 BA3 A 945 AMEEelt wE8 e @
A Afole] whEe FE whE(Coulomb friction) &2
S AFgsiglen wmbE AgE 005 2 A
BoApo A ARgEE 4] Al Z(45, 110, 200 mm)ol]
sl F 225+ 7h7; 2,411, 4,332, 4,819 70 itk

Ao 74 Ask Ase A ) (2] Swift o
Voce 7 A3tA S ol &stel & FA F
7 EA|(A1050, A3004) H T} FHA] (A1050/A3004)
RD W&k g Ao $8-MgE Hio ds 7}
7A3tA1S 9 A2l(uniform elongation) % 7HA]
A+ W (least square method) &= ¥ & (fitting) 3}
ol 7t& A3 AT VIFow Aotk AAH
FES Table2 ¢} Table3 o] ¥7]3}3itt.

(Unit in mm)
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Fig. 4 Finite element models for (a) uniaxial tension,
and (b) LDH tests
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oc=Kle+eg,)" @
o =A+Bl1-exp(-Cs)] (2)
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e B =T A [
Hill1948 2] [14]% S
5l

A
sAS 748 von-Mises 2
[15]2 &&3lich. Hi 2 (plane stress) AEf ol A
Hill1948 2]2 2] (3)3 o] #AH. A7 o =
=7} E‘Eﬂ(equivalent stress), F, G, H, N & o] &
3l Arrolth. T Al RLAJ(AL050, A3004) 2
5 A (A1050/A3004)ﬂ A5 A HFE r-ah(reo,
o, fop)s ©1-&3te] oA Adritess A4S
ojuf r-#t2 7 W3 E(true strain)3} r-gke] 1 E
A(AE o] gste] I EEgar, 3 3l(saturation) el ¢
e o2 HET: AAsdn. olFA AR r%}
55 ol&3to] Hill1eas 29 oA A gtEs A
AF5kSlaL Table 4 o 3E7]8HSA T
o AFelA = 7 7HA e HEHOE AL050/A30-
04 2-ply 2A1e] f8ka 284S Wagatgict A A
A= “Composite ZA"ZH4 2-ply T35 FAe] F7
Wako 2 AM(section)s HrFol = ol Fel, 7 4
Aol FAE ayste] Zzke] Alde] sidshe
T4 BEAY =4S A Edd %*—01
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Composite Section

A1050 (0.83t)

A3004 (1.57t)

@

Homogeneous Section

Zt !iY
X
Fig. 5 Schematics of FE models representing 2-ply

aluminum sheet: (a) composite model, and (b)
Homogeneous model

(b)

= Wyol Table 2 Best-fit parameters for Swift hardening model
t} (Fig. 5 (a)). Composite =22 A F A Txaj _ Swift
= 47 5 79 ﬁ.—‘%@,(lntegratlon pomt) < 7HA = Material K(MPa) | n £
4 845 ARgste] 24" gl 7 owWAE
“Homogeneous = 2”24 A1050/A3004 2-ply A5 A1050 RD 116.72 | 0.23 0.0005
@G AR TSk ASWelth o] Agele
A1050/A3004 2-ply 2~Ao] A= <% dHolHE &&
sto] T WAAG GrEY T o2 A wdo] W A3004 RD 280.37 | 0.27 0.0008
o] 531t} (Fig. 5 (b)). Homogeneous R el 5 74 9]
927 (i i o o QAE A}es
#34 (integration point) = 7] % AH8SE A1050/A30042ply | RD | 17252 | 0.23 | 0.0001
o 2-ply &A1 A4S 2ol
JFlo, -0,V +Glo, -0,V +H(o, -0, ) +2L° +2Mo’s +2No"sy = &
o ro G- 1 H= ro , :(1+2f45)(f0+f90)
rao(1+ ro) (1+ ro) (14 ro) 2r90(1+ r0) 3)

y:Axexp(—%Hc (4)



FRasdd 4 290y gERA AAH A% A5 351

Table 3 Best-fit parameters for Voce hardening model

200 Ex-u 105013004} 200 EX-p 1050/3004
Voce ® 1050 o 1050
A 3004 — A 3004
Material AMP - c g1 s | E 150 e s
a a = —-—vonlises| ¥ s —-— vondlises
( ) ( ) £100 .A‘#M.....-.u--....-..-.- © 100 ‘A‘}; L puaususmasEEEEEEES
3 : = 28008008000 20000000 f 22* ...-nO-o\q csvnesenssq
= 50 ......-o' 3 50 .....o
A1050 RD 34.52 46.28 14.60 =
8.00 0.05 0.10 0.15 0.20 800 0.05 0.10 0.15 0.20
True Plastic Strain True Plastic Strain
@ (b)
A3004 RD 55.36 87.38 31.57 &
200 = 1050/3004
+ 1050
s sﬁnmao04
%150 aakkasas —-Hmw?‘gs
A1050/A3004 2-ply | RD 50.43 | 71.68 | 13.16 A
g 50 ;.ooloo-o.co- seseesese
=
0
0.00 0.05 0.10 0.15 0.20

Table 4 Best-fit parameters for Hill’s 1948 yield Troe P'::"C Strain
function
Hill1948 Fig. 6 Comparison of stress-strain curves: Experiments
Material F G H N vs. FE simulations using Voce hardening and
composite model, (a) RD, (b) DD, and (c) TD
A1050 0.671 0.494 0.506 1.077
200 EX:D 133/3004 200 Ex:p 1%8/3004
A3004 | 0634 | 0700 | 0300 | 1630 greo e | §500 [P
£ 100 o » oy 81 —
o 5 J ?, cossssesseerREIenty
A1050/A3004 B = g Bl
0.692 0.611 0.389 1.585 " i
2p|y 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
True Plastic Strain True Plastic Strain
@ (b)
200 7
3. 22 ¥ 1&
%100 ““m
3.1 S2-WHE ME U~ 3 sl
Voce, Swift 7} AstA& 7HASAE Al + & 860 005 of0 015 020
&}4=(Hill1948, von- Muses)% &-8-3t0] A1050/A3004 2- True Plastic Stain
©
plye] &35 XMEZE Composite 22 o]-&3}
o o)=g Avs A AW w|wste] Fig. 63 7 Fig. 7 Comparison of stress-strain curves: Experiments
o 1% wepE e Uehyeo vs. FE simulations using Swift hardening and
1l [¢]
WA A% A% Ao AS$ F S8 wWEKRD, composite model, (a) RD, (b) DD, and (c) TD
DD, TD)oll A &5 &3 Fho] A1050 ZAH7F 7h ot
I, A3004 &A1V 78 o, A1050/A3004 2-ply 4 A A3E ¥ Fig, 6 2 Voce 7HEF §}N

A7} A10507} A30042] b o= YENTE o] & 7} 89S wl A1050/A3004 2-ply 2A¢] %
F3] A1050/A3004 2-ply A= &3 HA(rule of F AEE ou AE werirl W Eo R
mixture) = METUE AS FFT 5 A ol A 10.6%, DD 3Fo| Al 10.6%, TD ¥akel 4] 10.5

X
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9 ghol sl
7

= AL 2 4 Qv v, Fig. 79 Swift 7FE A3t
A4S 283 A BH Voce 4 7HE Al dHo] o
S WFE o] Fo FAME cH-MFE HRS
& dSFshs As A 7 dvh FEAel #ds)
ol 7 & H4R(Hill1948, von-Mises) E5F 7Hg 7

+ A1050/A3004

2-ply 9 r-gko] A1050 3} A3004 9] Fztol $x]8he=

ANE BT DD Wkl s Ald 7HE Aol &
A 2 AR ex® s tAh FAge AR =
e At s Ao A, dAY odE 1y
= Hill1948 &524& 7}%6}91—% R
Wkl wE r-gke] zpolE Z A S5ske AS g9l
g g oAk w3 T A UXHA r-#ts &8st
A1050/A-3004 2-ply &7A19] r-gts T&3] A5
Bes 78 7 Uk o] A= duby oz 53
Ao FEE o =3k Z3 M (rule of mixture)o] r-
el dSol= A &o] 7teds o & Uk v
WSS 7HEE von-Mises A9 A9 & W
kol Aol @3S 1 2 53 A Felg 5
ath Ad Ay gtow= RD WEFO A 20.3%, DD

whakol| A 24.5%, TD Hakol| A 18.9%<] 4 U JO] s
) S M A A F 5
T A1050/A3004 2-ply o] 2!
A4S werttrl M Eol RD HEFl A 10.6%,
DD "8kl A 10.6%, TD WHakoll Al 10.5% -7l A o]
Z¥ o] r-gte] Ad AR HE gloy

A
o
As AT 4 3ok Fig. 9 9 Swift 245 283}

Ao A% Hilll94s A& 7} S ]
A1050/A3004 2-ply Z2=A19] r-3tS o=3d %7k, von-
Mises 219 749 1 9 r-gt& d5shs 31S g
- ATk Swift 7k BEkA S 7 45 Voce A=

T TR A

7IAELE A dFo] d=% WHIAFE o]
o

£ A9RE T A58S 3 APl

T A ] = 1 os
oA . AE. PAE
Exp. Exp.
20 & 105013004 20 w 105013004
« 1080 « 1050
A 3004 a 3004
Simul Simul
1.5 — Hil 1948 15 ™ irtase
- vonMises —-—vondises

f_.:fz?f§b§{}i§§}§++§;;}§ }++

IO I TTIIITITE T

=)
o
=)
(2]

(Accumulated) r-value
o

(Accumulated) r-value
o

o
o

0.0
0 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
True Plastic Strain

o

True Plastic Strain

@ (b)

Exp

= 1050/3004
e 1050

A 3004
Simul

—— Hill1948
—-— vondlises

’“mﬁmmmmﬁ?.
Innag g fpum|

N
o

3]

o
3]

(Accumulated) r-value
o i
o

0
0.00 005 010 015 020
True Plastic Strain

©
Fig.8 Comparison of r-values: Experiments vs. FE
simulations using Voce hardening and composite
model, (a) RD, (b) DD, and (c) TD

Exp. Exp

20 a 105013004 20 n 10503004
- o 1050 . o 1050
E oo 3 a 3004
F15 ~Hilg4s z15 S toss
= L) .. e —- - von-Mises s —-— von-Mises

]

2 10y R H L10 S e
3 2
§ OO RIO O L g MMHHH}HHH
305 gos Fhaaareranaaisersiibh
< <

0.0 0.0

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

True Plastic Strain True Plastic Strain

@ (b)

Exp.

= 1050/2004
o 1050

A 3004
Simul
——Hill1948
—-— von-Mises

N
o

3]

’ibiémmmmm s

o
3]

(Accumulated) r-value
o 2%
o

.0
0.00 005 010 015 020
True Plastic Strain

©
Fig.9 Comparison of r-values: Experiments vs. FE
simulations using Swift hardening and composite

model, (a) RD, (b) DD, and (c) TD

w

.2 LDH (Limiting Dome Height)

A ol9e] HW WMoY o]F AF T
ek g9 AuelAel A4 ATE LDH A9
S 59 Brlsta fie o R o mokr)
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LDH 2 3&o] AFg3F Nakajima A4 Z2 45,
110, 200 mm= WA A Z42b AF 1%, F Mg,

1% Ao S FASNAL HF ey ont
.O__

Voce, Swift 2]-S 28313131, Hill19483} von-Mises 2
< 5 s Pt A5 9 M ek
7FA 2 Composite =98 83t AF A4S
a3t aL, HaE $le) A1050/A3004 2-ply AAE ¢
o AAZ 7H43k= Homogeneous RH9] o= Az}

T HEE AET A A9E HX AER
F(stroke)oll wE &} (force) gk o= HILEFA T} Fig.
10 ¢} Fig. 11 o W A5 e ATh

)
[o
>

W45 w110

O Exp 0 Exp
——HillLVO (composite) ——Hill_VO (composite)
VM _VO (composite) VM _VO (composite)
— ~Hill_VO (Homogeneous) — =~Hill_VO (Homogeneous)
40— -VM_VO (Homogeneous) 40{— -VM_VO (Homogeneous)

60

@
(=}

20

N
o

Punch Force (kN)
Punch Force (kN)

0 J 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Punch Displacement (mm) Punch Displacement (mm)

@) ®)

W200

(=2
=3

O Exp.
——Hill_VO (composite)

——WM_VO (composite)
— -Hil_VO (Homogeneous)
40{— -VM_VO (Homogeneous)
O
e)
o =

e =~
O

N
o

Punch Force (kN)

10 20 30 40 50 60
Punch Displacement (mm)

©

Fig. 10 Comparison of punch force vs. punch stroke
obtained by experiments and simulations
using Voce hardening: (a) W45, (b) W110, and
(c) w200

Fig. 10 o] 23 A 3} Voce 7He A4S 243}
ol d=3 eiA Adde v BE SH
A1050/A3004 2-ply 271 A3 Axgke webricl
b WA (EE ey WAool ARlne A Aol
<d #to] ddrn WA "ojA= A

. BHAIRE Fig. 11 9] Swift 7} 344 S &
Bl At SARRE #A1e] e gl vl
FehE dSshs As AT 5 Ak

Table 5%} Table 6 Voce X Swift 7}& 43}4 &

gg3to] o =3 WA (FFh)A] HA] A E = F(stroke)

‘_‘

A
o

rlo to

60 60
O Exp. QO Exp
——Hill_SW (composite) ——Hill_SW (composite)
= —— VM _SW (composite) = —— VM _SW (composite)
X |— -HiLSW (Homogeneous) X |— -HiLSW (Homogeneous)
© 40{— -VM_SW {Homogeneous) © 40{— -Vi_SW Homogeneous)
o 8 -
2 4
o o
o w
< <
Qo
2 20 2 20
S =< S
a a
0 y 0
0 10 20 30 40 50 60 0O 10 20 30 40 50 60

Punch Displacement (mm) Punch Displacement (mm)

@ (b)
W200

O Exp.
——Hill_SW (compostte)
—— VM _SW (composite)

Punch Force (kN)

0 o2 |
0 10 20 30 40 50 60
Punch Displacement (mm)

©

Fig. 11 Comparison of punch force vs. punch stroke
obtained by experiments and simulations
using Swift hardening: (a) W45, (b) W110, and
(c) w200

& AdAHRe nlusigle
Homogeneous &-2of tf 3l ?'fj%: von-Mises (VM)
o} Hill1948 (Hil)2ls &&3 o= A3%E el
o} Voce 7ts AsAS 283 Table 55 HH W45
o] 4%, A AzHct 10 mm~14 mm FE WA Lﬂ
ol WA= AR CdFHM, W10 A=
mm~19 mm, W200 A= 4 mm~7 mm WA 4 F 0]
sk Zow oS5 s g9 #F o+ O’E}
Swift 7} B3t o2 53 Table 6 = ¥ 24t
7} w45, W110, W200 ¢ AlHdl i ZHzt 2
mm~10.5 mm, 1 mm~4 mm, 1.5 mm~4 mm = Voce 7}
Ase Hgsae Aol exdl v 2 @
gk S gRlE = vk FE g wE #1A
A-2~Em= gyl Aole= A YERFA 9%k
W, dZe WAE A AR A= 2
mm o2 A zol7t gleS AT 4 AUt
A1050, A3004 Z+7z}e] E4S 2483k Composite &
3 A1050/A3004  2-ply &3t
Homogeneous = 9o] o= 23}
7FA3sE A= £ A
A7 fFAES E1E 5 Q) Swift 2
739~ Homogeneous X2 o] Composite &
A%

B4 stes F o w2 dS5shes 4

Composite =4 o

og;ﬂ

(o 1o, mlo

2
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s BA = 78t Z1AH A
&, A Sstol= Tt flvks 280l olE

Table 5 punch stroke when necking occurs obtained by
experiments and simulations using Voce hardening

. . Homogeneous
. Experiment | Composite (mm)
Width (mm)
(mm) : ,
VM Hill VM Hill

W45 36.84 27.00 23.43 27.36 23.27
W110 37.46 18.89 21.84 18.82 21.24
W200 49.66 42.83 43.88 42.87 45.44

Table 6 punch stroke when necking occurs obtained
by experiments and simulations using Swift hardening

. . Homogeneous
. Experiment | Composite (mm)
Width (mm)
(mm) - :
VM Hill VM Hill

W45 36.84 41.33 38.65 45.37 47.30
W110 37.46 36.45 37.78 39.64 41.66
W200 49.66 51.29 51.51 52.35 53.67

oo ol A
04 2-ply o]=F
& Alg A3} LDH 23
H}3ke Hal, B

218 g-8-3}o] A1050/A3004 2-ply 2 =Rl
' AEE JdSs8la, A4F ddet fAre AnE
dEs F AN

2) o= Hill1948 2} 2}

B R
=
-

(3) A1050/A3004 2-ply A=Ajoll 7} A
7 Swift 2& A&s|%S ul, Voce 42 <%, LDH
Aol vebd dFH(ES gy AdS Bt
st Aol YEhe= wbd, Swift 2 <] !
A gk A A grol WlszekAl debwth whet
A, B dReE g5 B4 7tE ASE Swift 2
o= xdste= Aol fstrtar dkEh

(4) Z+ 2 A (A1050, A3004)¢] =4
3ol A1050/A3004 2-ply 27 9]
9} A1050/A3004 2-ply A=
LDH AlgAl 71A4 AsS 453 A3 o
= As g

(5) 9 A= A1050/A3004 2-ply A A3 A
Aol vte] dAo] WASHA Fes
T oy, Al s 53 Tl dasitta %

HoodFE= 2020 W
H7H 71 Q(KEIT) o
(‘20006974)
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