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Abstract. The use of elastomers as pressure media in the tube hydroigptathnology has re-
ceived increasing interest especially for the productibhgihtweight and complicated forming
components, because of uniform pressure application thatecs more ductility to the pieces
being conformed. In order to understand how the differemapeeters, such as the hardness
of the components and the intensity of the applied loads @bldmnkhold, interact in the form-
ing process, it is essential to define the elastomer behadourately. This is the focus of the
present work.

The behavior of the elastomer is characterized by high deédility, nonlinear stress-
strain response, damping, rate independent hysteresisjaadiincompressibility. Within the
framework of continuum thermodynamics of irreversiblecesses with internal variables and
large strains, the formulation of a phenomenological canste law is presented. A visco-
hyperelastic model with associated plasticity in finiteasts, the algorithm for its numerical
integration, and its implementation in an explicit dynarfirdite element code are described.
Application examples related to a product of cosmetic itguere analysed, together with the
influence of different parameters in the forming process.
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1 INTRODUCTION

The hydroforming technology is widely used today in the picttbn of low cost and lightweight
components for the automotive, aerospace and househaldtires compared with traditional
forming processes. Among the hydroforming processes,ube hydroforming technology
presents several advantages, such as weight reductiomvetppart strength and stiffness, and
lower tooling cost In its simplest scheme, this technology consists of a coatbinading
of compression forces at the tube ends as well as an hydoostigrnal pressure applied by a
viscous medium. These loads expand the tube and lead toiginenaint of the tube wall with
the outside surface of the die cavity. Conventionally tupérbforming processes use a fluid
as pressure medium. However, elastomers also can be uskdiiplace. In this case, the
advantage is an improved sealing that reduces leakage lamg @asier handling in prototype
production of a small number of pars.

This paper is focused on the study of poliurethane elas®@a®riscous pressure medium
in tube hydroforming processes. For the high pressuresatieainvolved, however, the elas-
tomer exhibits a large range of plasticity in addition tocaslastic behaviour. Starting from a
one dimensional reological model as motivation, where Ibetaviors are taken into account,
a generalization of the constitutive model to large strasing the multiplicative decomposi-
tion of the deformation gradient and continuum thermodyicaraof irreversible processes with
internal variables for the definition of the state and evolutaws is presented. Then, the al-
gorithm for the numerical integration of the constitutivgiations for the implementation into
an explicit finite element code is sketched and finally FE jotexhs for the control of some
process conditions of an industrial application in cosmietdlustry are described.

2 RHEOLOGICAL MODEL

The rheological model shown in Figure 1 represents a onesimonal model in small strain
exhibiting elastoplastic and viscoelastic behaviottk,, €y, and ey o, €ypo denote elas-
tic and inelastic deformation of the equilibrated (ratdapendent) and nonequilibrated (rate-
dependent) components, respectively, with) ando y z¢ the respective stresses.

The model consists of an elastoplastic element with handedefined by the internal kine-
matic variablegeg, €, @) and the conjugate forces g, ), coupled in parallel to a vis-
coelastic element defined in terms @, €yz,) and the nonequilibrated stress or over-
stressoypq. Kinematic and equilibrium conditions relating,,, €y, €5 g, €hrg 0 €, and
org, onEg t0 o, together with the state laws and the evolution Iaw&ig;, a, €3VEQ complete
the constitutive model. For the model shown in Figure 1, mergg the relaxation process
under controlled deformation, the equilibrium state isiifeed when the stress reaches asymp-
totically a constant value, with the nonequilibrated stvesy, dissipated in time according to
the defined evolution laws.

Different viscoelastic and viscoplastic models can be pes systematically combining
elementary reological models starting from basic asswonpton equilibrium, kinematic and
constituive laws of the elementary componehts.
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Figure 1: A 1D rheological model with viscoelastoplastih©&eour.

3 BASIC ASSUMPTIONSOF THE CONSTITUTIVE MODEL

Let ¢ denote the deformation of the reference configuratldo the current on€),, F' = V¢
the deformation gradien€; = F*F andb = FF7 the right and left Cauchy-Green deforma-
tion tensors, respectively. Using as motivation the rhgioll model described in Section 2, a
multiplicative decomposition oF into inelastic partsFy,, and Fy 5, and elastic partsts,
andFy ., for the equilibrated and nonequlibrated parts, is assuifieat is,

F = FEQFL];Q = FJ%EQFJ%EQ (1)

The decomposition (1) corresponds to the assumption ofstiplanstretched intermediate con-
figuratiorf and of a viscous unstretched intermediate configuratidrich are only locally de-
fined. Due to the modular structure of the model, an additplé ef the total free energy
functionV is assumed

V=V¥po+ VYnEg, (2

whereV o and¥ v 5 are the contributions associated with the equilibratei {iredependent)
and nonequilibrated (rate-dependent) part of the modgbaeively. For the isotropic response
under considerationy o and V¥ y o depend only on the left Cauchy-Green strain ten!gq;
and by, defined in terms of';, and F ), respectively. The componestz is also as-
sumed to depend on the hardening parametieraccount for energy storage due to hardening
effects®

For the formulation of state and evolution laws, the equetbthe internal dissipation is
required to hold for all admissible processes. Such a disisip for isothermal processes is
written ag

1. .
with S the second Piola-Kirchhoff stress tensor related to theastressr as follows
S=JFlcF T,
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and.J = detF'. Replacing (2) into (3) and standard arguments give thevolig state laws

_ 8\I/EQ _ 8\IINEQ a‘IJEQ
o EQ abeEQ + NEQ ab?VEQ OrQ + ONEQ oo 4)

with R the thermodynamic force conjugate®find

o o
Opg =2 W52 onpg =20 by po el (5)

By accounting of (4), and after some rearrangements, tisgpdison inequality reduces to
1 - 1 . . ,
Djpy = —devrgg : §£x[ B0l (bEo) ' —devrypg : §£x[bNEQ](bNEQ) '—Ra>0, (6)

where the Kirchhoff stress tensors and the Lie derivativihefmaterial tensor field defined
as follows, have been introduced

d /-1
Teg = Jopg, Tneg =JoNEg, Lyla]l:=Xx" [% (X*[a]>} , (7

with X}* [a] := F~'aF~T thepull-backoperation of the spatial field to the reference config-
uration, andx*[a] = FaF thepush-forwardof a.’

The evolution laws are then obtained by defintygbs ] (b%0) ", Lx[b% ol (b ro) ' and
¢ as functions ofrz, Thrg and R, upon the condition that (6) is met.

4 FORMULATION OF THE CONSTITUTIVE MODEL

Within the general framework set in the previous Sectiom, itiodel proposed in this pa-
per is specified by defining the free eneryand the evolution laws fo£, [b%,,](b%o) ",
Ly [bypql(byeg) ! andd.

4.1 Freeenergy function and state laws
The component¥d ;. andV¥ v ¢ of the free energy are assumed to be a sum of an isochoric
(constant volume) and volumetric contribution, as follows

U= ‘I’ZESZ)(B%@ a) + W%%Q(B%EQ) + V5o (JeQ) + Yipo(INEQ) (8)

with B?EQ and BiVEQ the distortional part ob%, and by, respectively, andzq = detFy,
andJypq = detFy 5.

For the isochoric parts of, U332 andWy%,, an hyperelastic Ogden energy for incompress-
ible materials is adopted. This energy function is more earently expressed as a function
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of modified principal stralns)\EQA)A 1,23, and(/_\iVEQA))A:Lm, principal values oFgQ and
F ), respectively, that is,

ZSD (& //L e 03 H
Vo (bhg: a) Z - (Z Mo a)™ _3> +5a

150 e :ur e ar?
W (Bopon ) = z (z Keopo ) 3) |
A=1

with (K, oy, 1, H) and (', o, p2?) material constants for the equilibrated and nonequili-
brated part, respectively.

For the volumetric partstll”Q and Uy o, @ quadratic law vanishing when the respective
Jacobian equals the unity, is assumed. That is,

1 1
Uio(JeQ) = §K(JEQ -1, Uigo(Iveq) = §KUP(JNEQ —-1)% (10)

By accounting for (9) and (10), from (4and (8), the following equation is obtained

o =devoyg +devongg + pl , (11)
with
VR obS
devopg = 2J 7105, ——2 (b5 ):—fQ,
FR0obs,, Y Obgy,
OVR%G0 o b
dewonpg =2J bNEQWQ( NEQ) abeiQ7
NEQ
and ; 7
p= ?Q(JEQ — 1)+ K (Jypg — 1),
whereas the hardening law reads as
R=Ha. (12)

4.2 Evolution lawsfor theinternal variables

For the definition of the evolution laws, the dissipative treetuisms associated with the plastic
and viscous behaviour of the material are assumed to be plezbuBYy accounting of (6), this
assumption leads to the following two inequalities that nlugsindependently satisfied

1 - . 1 e e —
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For the treatment of the plastic part, the Von Mises yielccfion defined in terms of the equi-
librated part of the Kirchhoff stress for the principle ofj@ttivity, is introduced

2
F(Teq, R) = |devrgql| — \/;(Uy +R), (14)
with o, the yield stress, and the following evolution equation fa plastic flow? is defined

oF . devrgg . OF 2

1 I _ .
- € € — A = A = —A— = _A 15
5 (/Jx[ EQ]) (b%o) 97 Tdevragl] & 5 ; (15)

together with the Kuhn—Tucker conditions
A>0; F<0; AF=0. (16)

On the other hand, the following equation is consideredHerdissipation associated with the

viscous par?,
1 L1

b (Cx[bfvEQ]) (byrg) = ndeVTNEQ- (17)

This equation corresponds to a quadratic viscous dissipabttentialb = %HdEVTNEQHQ. Itis
then an easy matter to check that (15), (16) and (17) meet &b8l)(13), respectively, ensuring
the thermodynamical consistency of the constitutive model

5 NUMERICAL INTEGRATION

Since the viscoelastic and plastic evolution laws are deleal) the integration of the constitu-
tive equations of the model under consideration is carrigdralependently using algorithms
proposed in literature for multiplicative finite strain staplasticity and finite viscoelasticity.
Both the algorithms are derived via an operator split of theal evolution problems into an
elastic predictor followed by the plastic and viscoelastirector. The elastic predictor is com-
puted exactly, whereas the inelastic corrections arezeshbeparately by means of exponential
mapping algorithms in order to satify exactly the viscoud plastic incompressibility. Due to
the material isotropy, the algorithmic equations can beesged in principal directions.

6 NUMERICAL EXAMPLE

The finite element modeling of a ridge on an aluminum tube kyttlve hydroforming process
with polyurethane elastomer as viscous pressure mediadssied in this section.

Figure 2 shows a scheme of the test device. This consists & easlity which gives the
ridge’s shape with radiug; = 8.635mm, the aluminum cylinder with inner radiuB, =
8.235 mm and thickness$ = 0.38997 mm, the forming media represented by an elastomer with
radiusR, = 8.235 mm, the punch and the blankholder.

The elastomer behaviour is defined by the constitutive moestribed in the previous sec-
tion and has been implemented in the explicit finite elemedecSTAMPACKR) 10 For the
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Figure 2: Stamping tools for the forming process of a ridgénhe tube hydroforming technique.
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Figure 3: Finite Element model for the stamping of the ridge.

friction between the elastomer and the aluminum tube, a fieodiersion of Coulomb law with
velocity dependent coefficient friction and taking into @aot different lubrication regimes has
been assumet. The value of the static and kinetic friction coefficient ae¢ squal tgu, = 2
andu, = 0.01, respectively, with normal and tangential penalty coedfitik y = K1 = 0.1,
while the aluminum—die interface is modelled as pure visdouthe interposition of a lubricant
layer.

In the forming process, the two punches are moved at congtlotity against the elastomer
that pushes the aluminum tube into the die cavity. In ordag®volate the forming process the
blankholder can apply a linearly increasing force or be tanged to have the same displace-
ment as the punches. The process will terminate when the redgompletely formed and the
punches are released to return to their original configomati

The finite element model of the process is displayed in Fiuvéhere axisymmetric 4—node
bilinear isoparametric elements are used. Due to the symimokthe problem only one quarter
of the speciment will be analysed. The analysis purposeei®taluation of the influence on
the forming process oft:) two elastomers of different hardness gnd, the use of different
blankhold load conditions.

In the first example, two types of elastomer, type A and typarB,considered. They cor-
respond to hardness A65 and A80, respectively. Elastonper Byhas higher hardness than
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Figure 4. Time history foa) the displacement of the punch afig) the displacement in direction of
the elastomer node 801 for the elastomers type A and type B.

elastomer type A. The maximum value of the blankhold I#ad assumed to be equal 16 V.
The material properties of the two elastomers are given bleTa. The aluminum tube is
modelled as an elastic—perfectly plastic material with @Btl-Reuss evolution law, and the
following material constants® = 0.6e + 11 N/m?, v = 0.33, o, = 1.19393¢ + 8 N/m?,

Type| o pi [N/m?] | K[N/m?] | 7[s] Vret | 0y [N/m?] | H[N/m?]
A | 3.09132| 1049088.554 1.0e10 | 720.0| 0.54041 1.2e6 0
B |3.09132| 29204819.3| 1.0el10 | 10800| 0.498 1.2e7 0

Table 1: Material constants used for the elastontes, 1;) Ogden’s parameterds’ bulk modulus;r
retardation timey,..; = p1/1,1 ratio of the hyperelastic constants for the nonviscous astbus part;
oy yield stress;H hardening modulus. Stiffnegs and retardation time of the elastomer type B are
higher than that of the elastomer type A.

Figure 4a) displays the time evolution of the punch displacement dutive whole forming
process for the two elastomers. The minimum value in thesesicorresponds to the condition
when the aluminum tube takes the shape of the die. This valaittgined at, = 1.4e — 3 s for
the elastomer type A and gt = 1.5¢ — 3 s for the elastomer type B. Figurgl®), on the other
hand, depicts the time evolution of the displacement alonfithe node 801 of the elastomer.
The shape of this curve gives indication of the evolutionhaf torming process with the ridge
formation corresponding to the plateau in the curve. It maybted that, once the punch is
released and returned to its original configuration, thetetaer seems to recover more or less
its original shape. Moreover, comparing the results of the forming processes, it can be
observed that for the elastomer type B the process duratiop & 2.6e — 3 s) is longer than
that for the elastomer type A\t 4 = 1.9¢ — 3 s), representing an important information on the
number of pieces that can be performed.

Figure 5 shows a map of the value of the maximum principal meédion for both elas-
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Figure 5: Map of the maximum principal deformation on theotlefed configuration fo(a) the elas-
tomer type A at4 = 1.4e — 3 s and(b) the elastomer type B @i = 1.5¢ — 3 s.
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Figure 6: Map of the equivalent plastic deformation on thimaeed configuration fo(a) the elastomer
type A att 4 = 1.4e — 3 s and(b) the elastomer type B & = 1.5¢ — 3 s.
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Figure 7: Results for the elastomer type A. Time historyafthe maximum principal deformation in
the element 501 for different blankholder conditions, éndhe displacement in directianof the node
801 for different blankholder conditions.

tomers, type A and type B, & = 1.4¢ — 3 s andtg = 1.5e — 3 s, respectively. High gradient
deformations in the elastomer are observed in the regicesiponding to the ridge (right bot-
tom), and in the corner between the punch and the aluminuimdgyl (right top). In the case of
the elastomer type A, the principal deformation resulthrghear the punch which could lead
the elastomer to flux over the punch if the distance punclragt is not small enough. With
regard to the plastic behaviour of the elastomers, Figuregcts the map of the equivalent
plastic deformation. It can be observed that, for both efasts, the maximum equivalent plas-
tic deformation is aboud% but differently distributed. Elastomer A has plastic defations
concentrated at the right top corner whereas in the elasttype B the plastic deformations
are concentrated at the right bottom near the ridge.

In order to evaluate the influence of different blankholddi@@nditions on the forming
process, the elastomer type A is considered as viscousupeesgedia and the cases with the
blankhold loadP = 1, 10, 20 NV and the case with the blankhold constrained to displaceeas th
punch are examinated. The latter condition is hereaftermed to as PBH.

Figure {a) shows the time evolution of the principal deformation maduih the element
501 in correspondence of the die cavity. One can note thgtfonlthe case” = 10 N the
maximum value of the deformation is beldw25, meeting therefore a common elastomer man-
ufacture recommendation to have the elastomer deformbétmw25%.

Figure 1b), on the other hand, depicts the time evolution of the disgtant in direction
x of the node 801 of the elastomer and gives indication on theif process evolution,
noticing in this case that there are not appreciable diffege among the different blankhold
cases considered.

Figures 8 and 9 display the equivalent plastic deformatiap wf an amplified elastomer—
alumnium zone at, = 1.4e — 3 s. It can be noted that for the PBH condition, the equivalent
plastic deformations in the elastomer appear both at tln togp and bottom corner with value
equal t00.4218 in the alluminum near the ridge, whereas the presence dipteformations
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Figure 8: Contact zone between the elastomer type A and alumatt 4 = 1.4e — 3 s with superim-
posed map of the equivalent plastic deformation ta):the PBH condition an¢a) P = 1 V.
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Figure 9: Contact zone between the elastomer type A and alumatt 4, = 1.4e — 3 s with superim-
posed map of the equivalent plastic deformation faj:P = 10 N and(a) P = 20 N.
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at the top of the cylinder near the blankholder could mearsiptesincipient buckling. When
the blankholder load i = 1 N, the equivalent plastic deformations in the elastomer appe
mostly concentrated at the right top corner together, witlnarease of the equivalent plastic
deformation in the alluminum equal t523. Increasing the load t& = 10 N reduces the
plastic deformations in the elastomer at the right top coamel in coincidence with the ridge
(right bottom), and reduces the plastic deformation in thenanum to 0.4065. Finally, by
increasing the load t& = 20 N the behaviour approaches to the PBH condition, with plastic
deformations in the elastomer concentrated near the ridge.

7 CONCLUSIONS

Compared to conventional stamping processes, the tub@foydring technology using elas-
tomers as forming media is relatively new. As a result, thestill a relevant lack of knowledge
on the influence of some operating parameters on the eféeess of the whole process.

In order to show the capability of the finite element methopraslictive and verifying tool, a
constitutive model that accounts for the plastic and visatigsipative mechanisms in the elas-
tomer is developed within the framework of continuum thediyreamics with internal variables.
Numerical simulations are carried out to analyse the infteesf parameters such as the hard-
ness of the elastomer and several blankhold conditions@mtmufacturing of a ridge on an
aluminum tube. The use of softer elastomers results in atetuof the process duration influ-
encing therefore the number of pieces that can be manuéattiihis effect could be described
because of the interplay between the Ogden’s material pemsndescribing the hyperelastic
response and the retardation time associated with theussibehaviour. Also, the different
blank hold conditions seem not having any appreciable inflaeon the process duration but
rather on the inelastic deformations of the elastomer artdeo&luminum tube.

The examples developed show, therefore, that further taccamrate modelling of the elas-
tomer behaviour and of the contact conditions, the finitenelet model is able to give effective
and useful indications about the forming process underideretion to the analyst and de-
signer.

ACKNOWLEDGEMENTS

The authors gratefully acknoledge the financial suppo®G@ONICET, Argentina, and Oscar
Fruitos from METALFORMP for providing them the data from the industrial application

REFERENCES

[1] Lang L.H., Wang Z.R., Kang D.C., Yuan S.J., Zhang S.H.n&kert J., and Nielsen K.B.
Hydroforming highlights: sheet hydroforming and tube hofdrming. J. of Materials
Processing Technolog$51, 165177 (2004).

[2] Ahmetoglu M., Hua J., Kulukuru S., and Altan T. Hydrofamg of sheet metal usinga
viscous pressure mediurd. of Materials Processing Technolqdy6, 97—107 (2004).

[3] Haupt P.Continuum Mechanics and Theory of Materia&pringer Verlag, (2002).

478



[4] Lee E.H. Elastic-plastic deformation at finite straink.of Applied Mechani¢s36, 1-6
(1969).

[5] Sidoroff F. Un modele viscoélastique non linéair@aconfiguration intermédiaird. de
Mécaniquel13, 679-713 (1974).

[6] Besson J., Cailletaud G., Chaboche J.L., and ForestM&canique Non Ligaire des
Matériaux Hermes Science Publications, (2001).

[7] Simo J.C. Numerical analysis and simulation of plasficin Ciarlet P.G. and Lions J.L.,
editors,Handbook of Numerical Analysisolume VI, pages 183-499. Elsevier Science,
(1998).

[8] Simo J.C. Algorithms for static and dynamic multipliceg plasticity that preserve the
classical return mapping schemes of the infinitesimal the@omput. Methods Appl.
Mech. Engrg.99, 61-112 (1992).

[9] Reese S. and Govindjee S. A theory of finite viscoelastend numerical aspectst. J.
Solids Structures35, 3455-3482 (1998).

[10] STAM PACK®. Simulation software for multi-stage metal forming opamas. Quantech.
Barcelona, Spain.
[11] Luege M. and Luccioni B. Finite strain model for elas@maluminum contact interface

in forming processes. IRroccedings of the Eighth International Conference on Camp
tational Plasticity Barcelona, Spain, (2005).

479





