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NOMENCLATURE

B; matrix relating Lagrangian strain with nodal displacement
C Cauchy strain tensor

€q base vector of the convected coordinate system
H element shape function

K, matrix relating Lagrangian strain

U right stretch tensor

U assembled nodal displacement vector

u displacement vector

A\ volume

v velocity vector

X coordinate at time t,+ ¢

X coordinate at time t,

de effective strain increment, during one step

s effective strain rate

Ea Lagrangian strain tensor

& non-zero diagonal component

1! friction coefficient

o° arbitrary convected coordinates

o effective stress

ek contravariant component of the 2" Piola-Kirchhoff stress
W int internal virtual work at time t,+ 7

OW exs external virtual work at time t,+r
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Superscripts

0 denotes values at time t, (starting point
of time increment)
T denotes values at time t,+ r (end point

of time increment)
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SUMMARY

The Finite Element Method(FEM) is one of the most popular numerical
techniques for analyzing sheet metal working. FEM has employed the
membrane, shell and continuum elements representatively.

The membrane analysis has been widely applied to various sheet metal
forming processes because of its time effectiveness. The rigid-plastic finite
element method and elastic-plastic finite element method based on the
membrane theory were successfully applied to the analyses of various sheet
metal forming processes. However, it is well known that the membrane
analysis can not provides sufficient information for the processes which
involve considerable bending effects.

Shell analysis can be the compromise between continuum analysis and
membrane analysis, and it has been widely used for sheet metal forming due
to the improvement of the behavior of shell element and advancement of the
computer hardwares. The shell element are incorporated in most of commercial
finite element codes.

Continuum analysis has some merits ; the bending effect can be considered
and the formulation is much simpler than those of other methods. However, in
spite of several merits of continuum analysis, most sheet metal forming
analyses using continuum or solid elements have been only applied mainly to
axisymmetric or bead problems since continuum analysis involves large amount
of computation times and enormous memory costs when any practical 3-D

problems are to be treated. Recently, increasing computing power makes it



possible to analyze the 3-D problems,

In finite element simulation of sheet metal forming processes, the robustness
and stability of computation are important requirements because the
computation time and convergency become major points of consideration due
to the complexity of geometry and boundary conditions. The implicit scheme
employs a more reliable and rigorous scheme in considering the equilibrium at
each step of deformation, while in the explicit scheme the problem of
convergency is eliminated at the cost of solution accuracy. The explicit and
implicit approaches have both merits and demerits.

This work presents some comparisons of these analysis and experimental
data for 2-D plane-strain condition, 3-D stretching process and 3-D deep
drawing process.

In the analysis of 2-D plane-strain condition, the comparisons indicate close
agreements of all analysis with experimental data in pure stretching field. For
the bending field it was shown that shell and continbum analysis had
meaningful results. The continuum analysis gives the more detailed information
but it requires large computational time.

In the 3-D embossing stretching process, all analysis was in good agreement
with experimental data in the entire process. Therefore, membrane analysis is
efficient in this process.

In the 3-D deep drawing process, the strain distribution of continuum
analysis is in very close agreement with the experimental results, The
continuum analysis shows more accurate solution than membrane and shell
analysis.

Also this smdy is concemed with a development of a criterion for



membrane to shell conversion in 2-D finite element analysis using
membrane/shell mixed element. Tzhe present study, a new criterion is
proposed by using the angle between both side elements in the nodal point.
The membrane/shell mixed element was efficient than the membrane and shell

elements,
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Table 1 Material constants

o=K ¢ (Mpa)
K 540.76
n 0.216
to 0.8mm

Fig. 5(a)e 334€Y 2EdA Ay A" 78 @9 thole] FH4ge]
o} Fig. 5(b)e x7) B3 g4¢ BaFn Ut thely FadoA tho
FHE 2EdUA TE2AE F7] 9 =gt B e AL B o5
QEH o] nl=o o wEE AFrt AFAA F AoF W Zo7HX
BEE A5E FEANA v 48R 2713 Ndd = A9 AAE
#2387 A3t d7)818A o) A (electro-chemical etching)& Al4-8te] 7
A8 A7 BE Fo] FAE AU 2EHY JFAA HAN YA
25 33mmAFe M ko] oty W&o 0mm AF7AAE AHEYsH
2 9d¥g EdED 5mme] <A 3HE wy rlo]laE uHE o] £8 Y
FAE &89 Fig. 62 A2EHIAEANA 2718404 HA AP
?] 30mmY W A AYAAL BFT gl
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(a) Tools (b) Blank

Fig. 5 Hemispherical tools and initial shape of blank
(stretching experiment)

Fig. 6 Deformed shape when the stroke is 30mm

(stretching experiment)

Fig. 7(a)E 3449 =29 Ade AL4® 948 HX 9 thel9 3o
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& 4 oA Bvh(18] cleid EAa TIPS F2 APRed 8o 2
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(a) Tools (b) Blank

Fig. 7 Cylindrical tools and initial shape of blank

(deep drawing experiment)

Fig. 8 Deformed shape when the stroke is 40mm

(deep drawing experiment)
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Fig. 9 Geometry of the tools
(2-D stretching process)
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Table 2 The material and process variables

Material Cold-rolled steel
Stress-strain curve o = 595.15 ¢*® Mpa
Coulomb coefficient of friction 2 =0.25

Sheet thickness 0.742 mm

Fig. 10& 9122 45 siAdM B/ 4F 2EZA 12mmelM o] A4
3 v Aolvt} Fig. 10914 wretsfrio] o3 Wy&
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Mol FYREE oaatA i gl dAAHoR WA tho] ZEFH
oM FEWFel F7] W ZEAQL g e] didrt, wretE e 2
a8 AAzEE HE A/400MHzA A 222 (CPU time)7F 48 = v
Fig. 112 4 siAol A dataidn vl 2 #wx7t 12mm o5 8E
o] AAWEE FEXE AP Hlad Roeg 4 A wygs E¥E
HAFE B F22A WYL F of&ste Sl vl&] o o}
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gk @ 4 7127 A8 FHAT wid & AL Y @Y L oS5
g = glon) duksiM el uja] @& AAAZre] 289E AT 4 AT
Fig. 12 2aH¥ £2EdA YA dAFANALE o] 8T 49 43
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o3 dafAo] wE vie &R HH L FAsn LS ¢ F Avh
ALANALE o8& Mo AFEANL AL WE A/400MHzol A oF
5727} A Q. 5o vretat Ao wje gL ALdAE Y82 d

N
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Fig. 10 Comparison of the extensional strain distribution between
the membrane analysis and experimental result
(2-D stretching process, stroke=12mm)
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Fig. 11 Comparison of the extensional strain distribution between
the shell analysis and experimental result
(2-D stretching process, stroke=12mm)
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Fig. 12 Comparison of the extensional strain distribution
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Fig. 13 Comparison of the extensional strain distribution

between the computed and experimental result
(2-D stretching process, stroke=12mm)
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Fig. 14 Criterion for membrane to shell conversion

in the M/S analysis
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Fig. 15 Flow chart for element type change according

to the proposed criterion
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Fig. 16 Comparison of the Extensional strain distribution
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Fig. 17 Comparison of computational time between the

general and M/S analyses (2-D stretching
process)
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(a) Geometry of the tools
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{(b) Mesh System

Fig. 18 Geometry of the tools and finite element mesh system
(stretching by a hemispherical punch)
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Table 3 The material and process variables

Material SPCEN
Stress-strain curve o = 540.76 €*® Mpa
Coulomb coefficient of friction 7 =0.24
Lankford value R=1.66
Sheet thickness 0.8 mm

211 e a 48 o8 ¥ 2EHA 4

Fig. 195 92843 didos 27193 Ommold HF 2E=23
0mm7tA ] MYAAE HegFu girt shata daHe] Agayge 54
€ EA @ol AAAHN WY REgdE HAFn gloew 1 FAE &
Absick, @hebal o] PAFE ALADL AE Y/A00MHzA A F 11027} &
REE o)

Fig. 20& weleidos B2 AEZ3 0mmolH A dxe g4e
HAZo2 HAAZ AANGHe T4 22XE& BHAFT Q. Fig. 19914
el BT E FAZ FA3n Qo FEY FHREANN FAN
Bol A23ALS B+ Uk

Fig. 212 WX 2EZ3A 30mmolA e 77 H3g& £¥X& 4397 vn
o Aes TEY FURE & Eda FAHAAM A o 30mm A HANA
7 B Wyo] dojun e A dFo] FU¥ F$ 4 30mmA
HellA sgdol 2 shzAdol Boke AL & & Ak d¥@dA 4
218 30mmolAt AP AW Hx AEZ3 & BmmAFA] GAPA 2
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Fig. 19 Deformed mesh of the membrane and shell elements
(stretching by a hemispherical punch)
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Fig. 20 Deformed shape and thickness distribution
(stretching by a hemispherical punch,
membrane, stroke=30mm)

0.1 p-
[ . exparimant
——&—— membrane
£
% |
g
2
=
P
.03
1 1 i L { 1 . |
Vg 10 G 50 %0 70

30 40
Distance from center(mm)

Fig. 21 Comparison of the thickness strain distribution between
the membrane analysis and experimental result
(stretching by a hemispherical punch, stroke=30mm)
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Fig. 22 Deformed shape and thickness distribution
(stretching by a hemispherical punch,
shell, stroke=30mm)
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Fig. 23 Comparison of the thickness strain distribution between
the shell analysis and experiment result (stretching by
a hemispherical punch, stroke=30mm)
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Fig. 24 Deformed mesh of the continuum element
(stretching by a hemispherical punch)
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Fig. 25 Deformed shape and thickness distribution
(stretching by a hemispherical punch,

continuum, stroke=30mm)
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Fig. 26 Comparison of the thickness strain distribution between
the continuum analysis and experimental result
(stretching by a hemispherical punch,

stroke=30mm)
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g% ~2EHA HYe Rt AP mdys FIe s A A
AL wadd A4 A3 A8 (pre-post process) T2 AEQ DynaformE
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Fig. 27 Scheme and finite element mesh systems (stretching by
a hemispherical punch, LS-dyna3d)
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Fig. 28 Deformed shape and thickness distribution
(stretching process by a hemispherical punch,
LS—-dyna3d, stroke=30mm)
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29 Comparison of the thickness strain distribution between

the 1.5-dyna3d analysis and experimental result
(stretching by a hemispherical punch, stroke=30mm)
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Fig. 30 Comparison of the thickness strain distribution
between the computed and experimental result
(stretching by a hemispherical punch, stroke=30mm)

Fig. 31 Deformed shape after the stretching by a
hemispherical punch
(experiment, stroke=30mm)
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Fig. 32 Geometry of the tools and finite element mesh system

(deep drawing by a cylindrical punch)
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Fig. 33 Deformed mesh of the membrane and shell elements

(deep drawing by a cylindrical punch)
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Fig. 34 Deformed shape and thickness distribution
(deep drawing by a cylindrical punch,
membrane, stroke=40mm)
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Fig. 35 Comparison of the thickness strain distribution between
the membrane analysis and experimental result (deep
drawing by a cylindrical punch, stroke=40mm)
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Fig. 36 Deformed shape and thickness distribution
(deep drawing by a cylindrical punch,
shell, stroke=40mm)
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Fig. 37 Comparison of the thickness strain distribution between
the shell analysis and experimental result (deep drawing
by a cylindrical punch, stroke=40mm)
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Fig. 38 Deformed mesh of the continuum element
(deep drawing by a cylindrical punch)
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Fig. 39 Deformed shape and thickness distribution
(deep drawing by a cylindrical punch,
continuum, stroke=40mm)
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Fig. 40 Comparison of the thickness strain distribution between
the continuum analysis and experimental result (deep
drawing by a cylindrical punch, stroke=40mm)
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Fig. 41 Scheme and finite element mesh systems

{deep drawing by a cylindrical punch,
LS-dyna3d)
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Fig. 42 Deformed shape and thickness distribution
(deep drawing by a cylindrical punch,
LS-dyna3d, stroke=40mm)
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Fig. 43 Comparison of the thickness strain distribution between
the L5-dyna3d analysis and experimental result
(deep drawing by a cylindrical punch, stroke=40mm)
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Fig. 44 Comparison of the thickness strain distribution
between the computed and experimental results
(deep drawing by a cylindrical punch,
stroke=40mm)

Fig. 45 Deformed shape after the deep drawing process
by a cylindrical punch(experiment, stroke=40mm)
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