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Abstract

In this paper damage propagation of a material during forming is investigated
with the concept of continuum damage mechanics. An isotropic damage model
based on the theory of materials of type N is adopted to describe the damage
process of a ductile material with large elasto-viscoplastic deformation. The
stiffness degradation of the loaded material is chosen as a damage measure. The
highly nonlinear equilibrium equations are reduced to the incremental weak form
and approximated by the total Lagrangian finite element method. To simulate
contact condition, extended interior penalty method with modified coulomb
friction law is adopted. The displacement control method along with the modified
Riks’ continuation technique is used to solve the incremental iterative equations.
As numerical examples, upsetting problem and backward extrusion problem are
simulated and the results of damage propagation and Jz stress contours with and
without friction are presented.

Key Words : Continuum Damage Mechanics, Total Lagrangian Finite Element, Stiffness Degra-
dation, Upsetting, Backward Extrusion
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Table 1 The material properties of aluminum 2024
Young's modulus E | 7.24E4 N/mm?
Poisson’s ratio v | 0.32
Shear modulus G | 274E4  N/mm?
Initial damage threshold D, | 1.35E7  N/mm’sec™’
Hardening constant m |25
Initial hardness constant hy | 1150 N/mm?
Ultimate hardness constant h, | 1450 N/mm?
Damage constant C, | 0.000185 N-'mm’sec™!

134 /=447t 388X) /A 44 A 23, 19954

3 - sz

Table 1off e} 2L Alglurwlof o g
A gk Adwe abwwal(17, 18Jel ekt
At

ool 4 fr=d wAFWANT F7] 2
) AHHE exFaE FA|5n total

ol

Lagrangian®] 7§l slof| 4] ZHo]|EL 9
slod 1z Piola-Kirchhoff g2 & o]& 3o
g e 2l et 2ok,

Ve T=0 n Co (24)

Lo T:an’x:’égTN-qu

+ch-qu+/cF-qa’s
r Tr

YgeV (25)

o714, Q=k(B), 0=02v+02r+TE

A7 wel% AA, S AA, AEFa

A AE veRA

o2, (n—DHA chAA HFo]
o] oy i ¥z, aul (n)whAlA =

=S AT=T, 1+ 4T, (26)

tn:TnN:tn—1+Atn on aQF (27)

Cnn ™= TnN:CN(n71)+ACNn on I (28)

cen=TN=crin-nyt+dee on I" (29)

W74, te EAA WE, ey el 77
4, obd gESee vebdeh 22w
[ at,:Vady= f AT.N - qds
n fr dexn- qds+ fT Aein- qds
VeV (30

1z} Piola-Kirchhoff £-#¢] #o]E o]& 3}
i, FEAdel A A AEE ol
8w ch o] elojxich,



A (1—d) [Atr (4D} I +2u4tDi) (F-*) ' - Vgd
—_/;Aan(Au}}) -qu-—/rdwn (dub) - qds
=[) (1—d)[Atr (4P) F~* +2u(RAPU-Y) i : Vadx
—/; 1=d)[Atr (E)AF ' +2u(AREU '+ REAU ) |i™' : Vqdx

+/g dd[Atr (E) F~' +2uREU ] : Vdx

+£gm,;‘-qu—[g AT :Vadx VqEV (31)
A71A, AFEAE &8 HELAR4Y o gAsigdon HEuA I A
Wi+ FE o}AYA®OL o]83 Bz el
— __‘lh__]\l_ AN — o< &
5'/]: (S_Au?_N) ds AUE N S=¢

h- —
E/%{M#*S_)__%}(qh.jv) ds dut-N—s>¢
re

/;ACNn . qa’SZ{
e €

IACF” I =K | Adenn | {%tan”(w)}

Uo
et B 9 Msolw, ek WA W4 _
: 2 4. x| 4 Ay

A FHeszAs Aol we
M ws AHTE g7 2l
Ao, (muAe o ue oo

. £ o)

M . R
Un=Un-1+ Edu; (32) Undeformed Mesh
i=1

MOdlerd Euler Method & A}-g3}o9 =
%‘_’_%{ D}'. a B]tﬂ_%] o'” /(%‘0’1 :F-'/%:Z\—Zi 1 d 56% Reduction
&= Aol NE Fie4e AL Y& 4 (5) Left side (b) Right side

CST(constant strain triangle) 8 £292 1l

i

Frictional case No frictiona) case

Fig. 2 Finite element model and deformed shapes of
0} 2R T, upsetting model

HRLYIISEUSIX| A 4R A 25, 1995135



&, 7heAERE odFulw 2024°%7F AR
t}, Fig. 2o 160742 4CST 849} 34974

45 7FA gl Al E (upsetting)  -F- A} 2]

frateanea wHyokao] el 8l

1
|
i

NO DAMAGE (MAX:233N/mm?) DAMAGE (MAX:241N/mm?}

\\'o? — . |‘ '/./;5 ;'w\
DN D - - S
/\‘a ST 7 AN
I N\% ¢ L
| 3 —— % L
‘ i AR S
VL e NN E |
\g S \f iy
J R §
“’?f*“f/é«ﬂﬁ“ X R
R\‘ﬁ—/ “ eggdie
|
| " |
‘ i | B
If -
NO DANAGE (MAX:254N/mm2) i DAMAGE (MAX:243N/mm2)
|
( o [ B o
~ e
e i 4
\ "‘ i Y !
LN A < _LE
¥ L 7 Z‘SE\A 2’0\\\\\ \‘- AN \/X&»/
: . 07120 L B %EY
;_ﬁ_ﬁ,?\ fo }k&?@ I > %
‘ t‘ o

L

Fig. 3 Comparison of J, stress with and without
damage

NO FRICTION {MAX:0.045) FRICTION {MAX:0.069)

NO FRICTION (MAX:0.25) FRICTION (MAX:0.28)

Fig. 4 Comparison of damage distribution with and
without friction

136 /S Z M7 BEEX| /A4 A2 E, 1995

2w #H52 v 13T 2g (=
0.3)e]x, $-%F2 vhig w&sia e =
Foleh, #=9 £x=+ 0.5mm/secoli
56%9] iFol Fhdel o] Fuwjzkx| Aol
Pe{deh, WPFd =5 24 dAzal
S 2 delFch wAg nejohd we 7
i FRoSF¥e eseh wATEe
eao] Al WYL Mol Ytk mhRE
2 ASE o mAg Hot sbeulel W
dol F¢ oF & drh Fig 3o £42
mele el melshxl @S wle J, e
szt vhehd gleh, ol Aol whel
ANErt ole f£ale] A [, LElo] &S
= ok odeh of AR et £A4tE

30000 - .
=
= aaan
= 25000 aeeeo No Fricition & No Damage /
,\ senese No Friction & Damage /
s ——— Friction & No Damage
20000 A - — — Friction & Damage
<
3
— 15000
- .
v
E 10000 A
=
[ <
= 5000 -

0 T T T T ¥ T

(0 20 30 40 30 60 70 B0

Height Reduction (percent)

Fig. 5 The history of required loads with and with-
out damage

Reduction

20%
(a) Left side

Frictional case

307
(b) Right side

No frictional case

Reduction

Fig. 6 Finite element model and deformed shapes of
backward extrusion problem



—_
o

ok W
AT .ﬁt

o

ok o

oh49]

A
.

<
H
s
o
®
oy
P
3}
4+
g
N»o

et Fig. 4ol

P
mj

oﬁa ﬂl

ohabe] ol wel Fig. 50 Jehujelck

o

Nro

4

o] & o mAelst el %el7 7

o

TT W
ook BT

=

~

ol

o ~
£ T /( £
Z o “
S a® 3
3 e E}

-
P s || ]
a 30 W a
5 s -

3 P e %

N g e
3 3 PR
u 8
M : \L
g 2 .vo.u o

g .%/f
£ AN,
: %\\\m\\%m
m e%\w/\v w )meUGﬂ/
: P

NN

)

mmﬁ = W“M\ﬁﬁ \\\.\z.mww\l
8 A 74
: o
2 R4

Fig. 7 Comparison of J, stress with and without damage

g3X| A 4W A23, 19959137

B
=3

L2474

e

sz



SOER

A9 e vebdeh,
Fig. 60} %=}l (backward extrusion)
2

zdle] fgledol wHy el 9l

S

okAlo]

723 -

~
Az

0.125 mm/sece] . 30% < Ho] Frdol o
Zu7kA] s A o] 43 =] 3l $£Aake] {5

o we J, e wals} Fig 7ol veh

[}
oh, 43170e) AAE bA 200/0¢] 4CST 2k £4-% So] wet MY 33
8470 AEEIYGY, a2y #32 wlAS guk SElo] "ol £4-8 wEiskr] o
nejg 245 (p=0.3)°lx, $FL w¥T & AsEc A2 L §¥ $IZE ¥S
zEslAl e mgpolr), =9 £x& o 4 Qrh Fig 8dlE upEe FFo uwh
NO FRICTION (MAX:0.041) Friction (MAX:0.041)
ik {\F
w0 || J
J k} _/0?\
NO FRICTION (MAX:0.1468) Friction (MAX:0.154)
LN
9&4‘/\/‘\‘ g//)/\f 5
\ /“
\? al ™~
9?7
Y 1\
NO FRICTION (MAX:0.238) Friction {MAX:0.286)
%%
>
J . UJ {
NS
\fg // pﬁ\/lét\«\’j;
A
i
L ] / | J

Fig. 8 Comparison of damage distribution with and without friction

138 /=JAMIITEIX| /M4 A 23, 19954



T EAHs 22e WskE depdet of
A 4 Mol g A7 e R
o4 Alztslo] Ak Qboz Habso] v
e g Melm glee o £ AUk =
& 2ol & 4 ool nlRe neis
sw Egelele] Fbsed o 2 Ao &
A4g dehg ez,
5.8 =
2 o3 ol 4

s

ol
on
s

}ﬂ r
ik

ol
o
-0

—
o
ko)
@
0]
&
=
=
r
]
oX, >
13
e

ot #AdAZes oAy
& 1} ol Z(backward
extrusion) o] A&x] ¢l

A A Hol] 2 o]l Aol uet
T EAS a2 JEAE e
A ol ule}

ol A4 <£A4bol

o —

-
i

ﬂ{; fr
T

M 30 o2 g

A A
e
r2
2
2 e

o2

Aot o> 39 e
>,
o
of
o
%
o

fau

% 7

Are A Azl Adwe g
AgAwEe] '93 AlAl i ele o Faw
iz

R E\l‘
ol sAsgon, ool AbelF T3

£ ool @
RUBE- S

g

(1) McClintock, F. A, Kaplan, S. M. and

Berg, C. A. 1966, “Ductile Fracture by
Hole Growth in Shear Band,” Int. J.
Mech. Sci., 2, p. 614.

(2) Oyane, M., Sato, T., Okimoto, K. and
Shima, S., 1980, “Criteria for Ductile
Fracture and Their Application,” J.
Mech. Work. Tech. 4, p. 65.

(3) Cockcoft, M. G. and Latham, D. ],
1968, “Ductility and the Workability of
Metals,” J. Inst. Metals, 96, p. 33.

(4) Oh, S. 1, Chen, C. C. and Kobayashi, S.,
1979, “Ductile Fracture in Axisymmetric
Extrusion and Drawing, Part 2, Wor-
kability in Extrusion and Drawing,” J.
Eng. Ind,, 101, p. 36.

(5) Clift, S. E., Hartley, P., Sturgess, C. E.
N. and Rowe, G. W., 1990, “Fracture
Prediction in Plastic Deformation Proc-
ess,” Int. J. Mech. Sci. Vol. 32, pp. 1~17.

(6) Lin, Z. C. and Lin, S. Y. 1993, “An
Investigation of Ductile Fracturing in
Mild Steel During Upsetting,” Int. J.
Mech. Tools Manufact., Vol. 33, No. 1,
pp- 31~50.

(7) Benallal, A., Billardon, R. and
Lemaitre, J., 1991, “Continuum Damage
Mechanics Local Approach to Fracture

Computer
Methods in applied Mechanics and Engi-
neering, 92, pp. 141 ~155.

(8) Kachanov, M. L., 1958, “On the Creep
Fracture Time,” Izv. Akad. Nauk. SSR.
Vol. 8, pp. 26~31.

(9) Krajcinovic, D., 1984, “Continuous
Damage Mechanics,” Applied Mechanics
Reviews, Vol. 37, No. 1, pp. 1~6.

(10) Krajcinovic, D., 1984, “Continuous
Damage Mechanics Revisited : Basic
Concepts and Definitions,” ASME, Jour-
nal of Applied Mechanics, pp. 1~6.

Numerical Procedures,”

SR aMIIZEE X A4D A2E, 19959 139



299 - 2

(11) Chaboche, J. L., 1988, “Continuum
Damage Mechanics: Part | — General
Concepts,” ASME, Journal of Applied
Mechanics, Vol. 55, pp. 59~64.

(12) Bontcheva, N. and Jaijum, Y., 1990,
“Finite Element Method for Large Dis-
placement and Large Strain Elasto-
Plastic Analysis of Shell Structures and
Some Application of Damage Me-
chanics,” Engineering Fracture Me-
chanics, Vol. 36, pp. 219~231.

(13) Shi, G. Y. and Voyiadjis, G. Z., 1993,
“A Computational Model for Fe Ductile
Plastic Damage Analysis of Plate Bend-
ing,” ASME, Journal of Applied
Mechanics, Vol. 60, pp. 749~ 758.

(14) Kim, J. H., Kim, S. J. and Kim, W. D,,
1994, “A Finite Element Analysis of
Damage Propagation During Metal For-
ming Process,” Accepted for Publication
Engineering Fracture Mechanics.

(15) Kim, S. J. and Oden, J. T. 1984,
“Generalized Potentials in Finite Elasto
Plasticity,” Int. J. Eng. Sci., Vol. 22, No.
11/22, pp. 1235~1257.

(16) Kim, S. J. and Oden, J. T. 1985,
“Generalized Potentials in Finite Elasto-
plasticity, Example,” Int. J. Eng. Sci.,
Vol. 23, No. 5, pp. 515~530.

(17) Kim, S. J. and Oden, J. T. 1985,
“Finite Element Analysis of a Class of
Problems in Finite Elastoplasticity
Based on the Themodynamical Theory
of Materials of Type-N,” Computer
Methods in Applied Mechanics and Engi-
neering, Vol. 53, pp. 277~302.

(18) Kim, S. J. and Kim, W. D., 1994, “A
Progressive Damage Modeling Based on
the Continuum Damage Mechanics and
its Finite Element Analysis,” ASME,

140 /242471888 X /A4 A28, 19956

.
cAEx

Journal of Applied Mechanics, Vol. 61,
pp. 45~53.

(19) Kim, S. J. and Kim, J. H., 1993, “Finite
Element Analysis of Laminated Compos-
ites with Contact Constraint by Extended
Interior Penalty Method,” International
Journal for Numerical Methods in Engi-
neering, Vol. 36, pp. 3421~ 3439.

(20) Kobayashi, S., Oh, S. . and Altan, T,
1989, “Metal Forming and the Finite-
Element Method,”
Press, pp. 86~87.

(21) Crisfield, M. A., 1981, “A Fast In-
cremental Solution Procedure that Han-
dles “Snap-Through”,”
Structures, 13, pp. 55~61.

(92) Gurtin, M. E., 1981, “An Introduction

Academic

Oxford University

Computers &

to Continuum Mechanics,”
Press, New York.

(23) Truesdell, C., 1977, “A First Course in
Rational Continuum Mechanics,” Vol. 1,
Academic Press, New York.

(24) Coleman, B. D. and Gurtin, M. E,
1967, “Thermodynamics with Internal
Variables,” J. Chem. Phys., Vol. 47, pp.
597 ~613.

(25) Bodner, S. R. and Partom, Y., 1975,
“Constitutive Equations for Elastic-
Viscoplastic Strain-Hardening Mate-
rials,” ASME, Journal of Applied
Mechanics, Vol. 42, No. 2, pp. 385~389.

(26) Kikuchi, N., 1983, “Remarks on 4CST
Elements for Incompressible Materials,”
Computer Methods
Mechanics and Engineering,” Vol. 37, pp.
109~123.

(27) Hartley, P., Pillinger, L. and Strur-
gess, C., 1992, “Numerical Modeling of
Material
Springer-Verlag, Germany.

in Applied

Deformation Process,”



