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Summary

Electromagnetic sheet metal forming (EMF) is an example bigh-speed forming process
driven by the dynamics of a coupled electromagnetic-meachasystem. Although electro-

magnetic forming is a technology known for a few decadeggeatly renewed interest is taken
in its industrial application. Along with this interest tdemand for simulation tools is increas-
ing. However, up to now modeling approaches found for thacess in the literature lack a
comprehensive approach suitable to simulate complex fgyroperations.

This motivates the algorithmic formulation and impleméiotaof a coupled electromagnetic-
inelastic continuum eld model for 2D problems discussedhia rst part of the work at hand.
Here, on the mechanical side, the coupling due to the Loffente is acting as an additional
body force in the material. On the other hand, the spatigpteal development of the magnetic
eld is very sensitive to changes of the shape of the workpieesulting in additional coupling.
The algorithmic formulation and numerical implementatidnhis coupled model is based on a
mixed-element discretization of the deformation and etesagnetic elds combined with an
implicit, staggered numerical solution scheme on two meskmeparticular, the mechanical de-
grees of freedom are solved on a Lagrangian mesh and theoshegnetic ones on an Eulerian
one. The issues of the convergence behavior of the staggéyedthm and the in uence of
data transfer between the meshes on the solution are destunsdetail. Finally, the numerical
implementation of the model is applied to the modeling antl$ation of electromagnetic tube
and sheet forming.

In the second part of the work the relevance of a possibleaot®n between electron- and
dislocation movement commonly referred to as the elecisip effect is investigated. In ex-
periments designed to investigate this effect a reductfohe yield stress of up to 60 % is
observed under the in uence of electric current pulses.hisé investigations the timescales,
electric current densities, length scales and materiaistefest are those relevant to industrial
EMF processes. By means of careful modeling of all relevanteotional effects it could be
shown that the observed stress reduction is mainly due tonttedastic effects and it is con-
cluded here that such an effect is of second-order and malydad neglected in the modeling
and simulation of industrial EMF.

The purpose of the third part of the work is the development @pplication of strategies
to identify material model parameters for metals at highistrates relevant to EMF forming
processes. In particular in the context of the correspanisiverse problem, the goal here is to
identify such parameters using data obtained from electgmatic forming experiments. On the
basis of the aforementioned staggered solution schemeatiaeneter determination is carried
out together with a sensitivity analysis and an error edtonaHere, the optimization problem
of the identi cation of the viscoplastic material paranmstean be simpli ed. As it turns out,
the Lorentz forces are relatively insensitive to the matgrarameters. It is just this situation
that allows for an identi cation procedure at incrementakked electromagnetic loads. After



v Summary

validation of the proposed methodology using synthetia dats, the material parameters are
identi ed by means of experimental results from tube forghoperations.

The last part is motivated by the increasing demand for thdeiog of 3D forming opera-
tions. This is indispensable for an effective process aesfgeal industrial applications. On
the basis of previous modeling concepts in the work at hamthér approaches particularly
suitable to reduce the enormous computational cost inhére3D simulations are developed
and investigated. These consist of a carefully chosenetigation, a data transfer method for
both, the electromagnetic loads and the mechanical defanmta utilize an ef cient solid shell
formulation and a termination criterion for the electromatic part of the model. As a result
the simulation time is reduced by about one order of magaitiahally a 3D forming setup is
modeled and detailed insights with respect to the developwfeeddy currents, magnetic eld
and deformation of the sheet metal are provided.



Zusammenfassung

Die elektromagnetische Blechumformung ist ein Hochgesetiigkeitsumformprozess, der die
Kraftwirkung hoher Impulsmagnetfelder zur plastischenfahmung elektrisch leitender Werk-
stoffe ausnutzt. Obwohl der Prozess seit vielen Jahrenmioékst, wird in letzter Zeit ein zu-
nehmendes Interesse an seiner Weiterentwicklung undtielien Nutzung festgestellt. Dar-
aus ergibt sich eine gesteigerte Nachfrage nach Simutaterkzeugen, die in der Lage sind,
solche Prozesse zu berechnen.

Vor diesem Hintergrund erfolgt im ersten Teil der vorlieden Arbeit die Entwicklung und
Implementierung eines Modells zubkung eines magneto-mechanisch gekoppelten Mehrfeld-
problems auf Basis der Finite-Elemente-Methoiieaxialsymmetrische Probleme. Die Kopp-
lung des mechanischen Teils zum elektromagnetischengetia@r durch einen z@dzlichen
Beitrag zur Volumenkraft, der von der Lorentzkraft lidmwt. Umgekehrt ndet die Kopplung
des elektromagnetischen an den mechanischen Teil durdfedsehiebung des Bleches statt.
Dabei tangt die Entwicklung des Magnetfeldes emp ndlich von dertikalen Verschiebung
des Bleches ab. Die Modellierung dieses Vorgangs gelingt imiea einer separaten Diskre-
tisierung beider Teilsysteme unter Verwendung eines mrgestaffelten Algorithmus. Dabei
erfolgt die mechanische Finite-Elemente-Formulierunigesiiem lagrangeschen Netz und die
elektromagnetische auf einem eulerschen Netz. Fragasgelh, die das Konvergenzverhalten
einer solchen Formulierung sowie den Datentransfer zwistieiden Netzen betreffen, werden
austihrlich diskutiert. Schlie3lich werden Simulationsengislse mit experimentellen Messun-
gen verglichen.

Im zweiten Teil der Arbeit wird eine dgliche Wechselwirkung zwischen Elektronen- und
Versetzungsbewegung untersucht, die unter dem Begrifftilelastizitit bekannt ist. Dabei
zeigen Experimente, die zur Untersuchung dieses Effektgieelt wurden, dass unter Ein-
wirkung pulsartiger Stromséf3e ein Abfall der Flie3spannung von bis zu 60 % beobachtet
werden kann. Die auftretenden Stromdichten, Abmessurigaterialien und Puléingen ent-
sprechen denen, die bei der elektromagnetischen Blechomafay auftreten. Durch sorgtige
Beruicksichtigung aller am Experiment beteiligten Effekte ktengezeigt werden, dass der in
den Experimenten beobachtete Abfall der Flie3spannunggiare_inie durch einen thermoela-
stischen Ausdehnungseffekt hervorgerufen wird und insoééne untergeordnete Bedeutung
fur die elektromagnetische Blechumformung hat.

Der dritte Teil der vorliegenden Arbeit bezieht sich auftediihrende Konzepte zur Bestim-
mung von Materialparameteriifmetallische Werkstoffe bei hohen Verzerrungsgeschwgid
keiten, wie sie bei der elektromagnetischen Blechumformauftreten. Hier erfolgt auf Basis
des bestehenden Prozessmodels die Adigaing der Materialparameter durch Abgleich von
Finite-Elemente-Ergebnissen mit experimentellen DdtarRahmen einer statistischen Vorge-
hensweise erfolgt weiterhin eine Fehler- und Sensiisdnalysetir die bestimmten Parame-
ter. Wie sich herausstellt, kann das der Bestimmung zugrliegende Optimierungsproblem
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vereinfacht werden. Insbesondere die schwacheApigkeit der Lorentzlafte von den zu be-
stimmenden Materialparametern égticht eine Identi kationsstrategie auf Basis schritteesi
entkoppelter Lorentzifte. Nach einer erfolgreichen Validierung der vorgesgéien Konzep-
te erfolgt die Bestimmung der Materialparameter durch erpartell ermittelte Daten.

Im letzten Teil der Arbeit wird die dreidimensionale Modetlng von elektromagnetischen
Umformvorgangen behandelt. Die Entwicklung eines entsprechendenl&ionswerkzeugs
stellt eine wichtige Voraussetzungrfdie Weiterentwicklung dieses Umformvorgangs in Hin-
blick auf seine industrielle Einsetzbarkeit dar. In diesfasammenhang konnten ausgehend
von bestehenden Entwicklungen weitere Konzepte zur Steigeder Rechenef zienz ent-
wickelt und implementiert werden, welche die RechenzeitRtezesses um ein Zehnfaches re-
duzieren. Die angesprochenen Konzepte basieren auf einl@lembezogenen Diskretisierung
der Umformanlage, einem Ansatz zum Austausch von Netazimdtionen, welcher den Ein-
satz besonders ef zienter Volumen-Schalenelementéglicht, und einem Abbruchkriterium
fur das elektromagnetische Finite-Elemente-Problem.i&lidh erfolgt die Simulation eines
3D-Umformprozesses, womit tiefergehende Einblicke leimdich der Entwicklung von Strom-
dichteverteilung, Magnetfeldentwicklung und plastiscWerformung ernaglicht werden.



Chapter 1

Algorithmic formulation and numerical
Implementation of coupled
electromagnetic-inelastic continuum models for
electromagnetic metal forming

Abstract — The purpose of this work is the algorithmic formulation and implementation of entec
coupled electromagnetic-inelastic continuum eld model (Svendsen anddaha005) for a class of en-
gineering materials which can be dynamically formed using strong magnetic Aldwugh in general
relevant, temperature effects are for the applications of interest here rhamichare neglected for sim-
plicity. In this case, the coupling is due on the one hand to the Lorentz fotcgas an additional body
force in the material. On the other hand, the spatio-temporal developmerd ofagnetic eld is very
sensitive to changes in the shape of the workpiece, resulting in additiomglileg. The algorithmic for-
mulation and numerical implementation of this coupled model is based on mixed-¢lgis@etization
of the deformation and electromagnetic elds combined with an implicit, staggerstencal solution
scheme on two meshes. In particular, the mechanical degrees of freeeewived for on an Lagrangian
mesh and the electromagnetic ones on an Eulerian one. The issues ofibmeane behavior of the
staggered algorithm and the in uence of data transfer between the mashtes solution is discussed in
detail. Finally, the numerical implementation of the model is applied to the modelingranthtion of
electromagnetic tube and sheet forming.

1.1 Introduction

Multi eld models, describing a mechanical structure wheselution is coupled to the evolu-
tion of further elds as,e.g, electromagnetic or temperature elds, arise in variouscpcal
engineering problems. A typical example is electromagnitiming (EMF) representing a
high-strain-rate forming method in which strain-rates ofL0* s ! are achieved. In this pro-
cess, deformation of the workpiece is driven by the intéoacdf a magnetic eld generated
by a coil adjacent to the workpiece with a current generatetie workpiece by this eld. In
particular, the interaction of these two elds results ineaiditional body force,e., the Lorentz
force, which drives deformation. EMF is but one of a numbdrigh deformation-rate forming
methods which offer certain advantages over other formiathods such as increase in forma-
bility for certain kinds of materials, reduction in wrinkly, the ability to combine forming and
assembly operations, reduced tool making costs, and o#mer ts.

First attempts at the numerical simulation of electromégmeetal forming include (Gour-
din, 1989; Gourdin et al., 1989; Takatsu et al., 1988). Ini@st to the rst two, the interaction

"Stiemer et al. (2006a)
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between the magnetic eld and the shape of the workpiece akentinto account in the third.
This is necessary in order to correctly model the in uencéhefchange of shape of the work-
piece during the electromagnetic forming process on thenetag eld and the force it exerts
on the workpiece. More recently, Fenton and Daehn (1998) tleecomputer-code CALE to
numerically simulate electromagnetic forming with comelelectromagneto-mechanical cou-
pling. This code is based on the so-called "arbitrary Lagiam Eulerian”(ALE) method to
solve the coupled system. In this method, the Lagrangiam fafrthe eld equations is used
where mesh distortion is small, and otherwise the Euleamf With this approach, numerical
problems can be avoided and the accuracy of the numerical@ois guaranteed. Focusing on
the fast solution of three-dimensional fully coupled magnechanical problems, Schinnetl
al. (Schinnerl et al., 2002) presented a numerical schemedosignt coupled systems based on
an implicit multigrid method. Although their modeling ofdéhmechanical system is restricted
to the case of linear elasticity, realistic simulation teshave been obtained for several ex-
perimental arrangements. In the work of ElI-Azab et al. (2@B8 current state of modeling of
EMF is discussed. As one can gather from such works, empinabis literature up to this point
has been placed on the modeling and simulation of the elgtog and structure, which has
correspondingly reached a high level of sophisticatione $ame statement, however, cannot
be made concerning the material models used in the simoatiSuch models are, for exam-
ple, most often one-dimensional and identi ed with the hefpuniaxial tension-compression
tests. Fenton and Daehn (1998), for example, utilized teenB¢rg model, which is a one-
dimensional, purely mechanical stress-strain relatiaependent of the strain-rate. It is just
such rate-dependence, however, which is characteristleediehavior of metallic materials at
high forming rates such as those achieved during EMF. This éentrast to other high-speed
manufacturing processes like high speed cutting, where siodels have been considered (Bil
et al., 2004). Further, rate-dependence is accentuatedahsgh forming rates by the fact that
the mechanical dissipation can be signi cant and the protaises place nearly adiabatically,
resulting in a possible signi cant temperature increase.

The main purpose of the current work is the algorithmic folatian and numerical im-
plementation of the isothermal special case of the contmthermodynamic model for rate-
dependent coupled electromagnetic-thermoinelasticnabbehavior at large deformation de-
veloped by Svendsen and Chanda (2005) in order to simulateaieagnetic metal forming
processes. Although in general signi cant for high-speaaning processes, the uniform na-
ture of the electromagnetic forming process leads to aivelgtsmall temperature increase
which can be safely neglected for the applications of istieirethis work. Consequently, such
effects are neglected here. The paper begins (Section itf2)avbrief summary of the basic
mechanical and electromagnetic eld relations of the modehis is followed (Section 1.3)
by a brief summary of the thermodynamically-consistentstitutive and eld relations. For
simplicity, these is restricted to electromagnetic, étastiscoplastic material behavior with
isotropic hardening. Next, attention is focused (Sectign @n the algorithmic formulation and
nite element implementation of the mechanical part of tioeigled eld model for a moving
body €.g, workpiece) in the Lagrangian context as based on standeidiard-Euler integra-
tion and Newton-Raphson-based iterative solution. Therdlgoic formulation is completed
by that of the Eulerian-based electromagnetic initial loarg value problem. In the last part
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of the work, the resulting combined algorithm in stagge@difis formulated and investigated
further. In particular, the convergence behavior of thelltey) element formulations and nu-
merical solution procedures is investigated for the case mfescribed volume force (Section
1.5) as well as for the fully coupled problem (Section 1.GhaRy, the work ends with a brief
summary and conclusions (Section 1.7).

Before we begin, consider rst a few mathematical concepts r@sults to be used in the
sequel. Euclidean vectors are represented in this workvegrigase bold italic letters; b; : : :,

and second-order Euclidean tensors by upper-case botdakeracterd\ ; B ; : : .. In particular,
| represents the second-order identity tensor. The scaldupt of two sucfbtensors is de ned
asusual byA ¢B := tr(A"B), with AT the transpose oh. LetjAj] := A ¢A,sgnA)

= ASAj,sym(A) 1= 3(A + A7), skw(A) := (A j AT),sph(A) := itr(A)l,and
dev(A) := A j sph(A) represent the magnitude, sign, symmetric part, skew-synompart,
spherical part, and deviatoric part, respectively, of amyhstensor. For any invertible second-
order tensof, let cof(F) := det(F)F T represent its cofactor. Fourth-order Euclidean
tensors are treated here as linear mappings of second{erdsrs into second-order tensors.
In particular, the tensor products

(A-C)B] := (BCC)A;

(A=C)[B] := ABC ; (1.2)

(AaC)[B] := AB'C;
forall A;B;C 2 Lin(V;V) can be interpreted as such. In terms of these, notel thdt
represents the fourth-order identity, aisgp := | 4 | transposition. Further, we haggm =
T(lal +lal),skw=2(lal i lal)anddev=1alj 3l - 1I.

The tensor (dyadic) produet- b of any two Euclidean vectos; b is de ned by(a - b)c
.= (b ¢c)a. In addition, the axial vector of any skew-symmetric tengéris de ned by
axv(W) £ b := Ab. The curl of any differentiable Euclidean vector eldis de ned by

curlu := 2axv(skw(r u)) 1.2

as usual. The identities

curllu £ v) = (divv)uij (divu)v+(ru)vi (rv)u;
div(u £ v) = curluc¢vj curlv¢u,; (1.3)
curlicurlu) = r (divu)j div(r u);

for all differentiable vector eldau;v will be useful in the sequel. For notational simplicity, it
proves advantageous to denote functions and their valudgsetsame symbol. Other notations
and mathematical concepts will be introduced as they anigéat follows.

1.2 Summary of basic model relations

Of principle interest in this work is the modeling of the dyma interaction of strong elec-
tromagnetic elds with metallic solids resulting in theiefbrmation. The system of interest
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here consists of axed regionR %2 E of Euclidean point spacE containing one or more
solid bodies moving through it as well as the surrounding kairthe case of EMF, for exam-
ple, these bodies include the workpieeegy, sheet metal) and tool (see Figure 1.1 below). As
such,R contains the reference.g, initial) B, %2 R and currenB, % R con gurations of
any of these bodies. Such bodies are modeled here as elagietric, mechanical continua
characterized by a time dependent deformation xltbgether with the additional degrees of
freedom represented by the electromagnetic elds to bedhuiced in what follows. Whereas
the time dependent electromagnetic elds are de ned on th@eregionR, i.e. also in the
air surrounding stationary or moving material bodies, te®dmation eld» and all kinematic
elds derived from it, are logically restricted to the corugations of deforming and moving
bodies in what follows.

The following model represents a special case of the genendinuum thermodynamic for-
mulation (Svendsen and Chanda, 2005) to the case in whicloragsinagnetic eld induces
electric currents in thermoelastic, viscoplastic electonductors and so a Lorentz force re-
sulting in their deformation. This is the basic idea undedythe method of electromagnetic
metal forming. Since the relevant electromagnetic fregie=nfor the engineering structures
of interest hereife., less than 10 MHz) correspond to electromagnetic wavelsnghich are
much larger than these structures, note that the wave dbamicthe electromagnetic elds
is insigni cant, and can be neglected.g¢, Moon, 1980, x2.2 andx2.8). For simplicity, any
thermoelectric effects, as well as any magnetostricti@n (he Hall effect), are also neglected
here. This is reasonable for conductors such as aluminuropger at room temperature and
“low” magnetic elds. Under these conditions, the inhomageus “diffusion” equation

a+ ., curlcurl@)+r2=0 (1.4)

may be derived (Svendsen and Chanda, 2005) for the electrmtiagector potentiad in the
context of Ohm's law
j = %a,2 (1.5)

for the conductive uxj . Here,- ., represents the magnetic diffusivity. Further,

a:zat+tlL’'a=@+(raa)v+L’a (1.6)

represents an objective time-derivativeaofvith respect to a material moving with spatial ve-
locity v. In this expression@is the partial time-derivative operatdr, = r v the spatial
velocity gradienty  the spatial gradient operator, aodrl, the spatial curl operator. Further,
¥4, represents the electrical conductivity,

3= Aj atv (1.7)
a Euclidean frame-indifferent form of the scalar potenfial
2=e+VED (1.8)

the spatial electromotive intensity,the spatial electric eld, ant the spatial magnetic ux.
Outside of the moving body iR, i.e., in the surrounding aiy andL are neglected. As usual,
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a andA determineb ande via the potential relations

b curl a ;

R (1.9)
ie = @+rA;

in the context of Maxwell's equations (Jackson, 193%,4). In particular, these result in the
form

i2z=@+rA+cul@afv=a+rg (1.10)

for 2. In addition, Maxwell's equations and (1;2pgether with the Coulomb gauge condition
diva =0 (1.11)
(Jackson, 1975x6.5) ona yield in the alternative form
di -, div(ra)+rg=0 (1.12)

for (1.4) via (1.3) together with the eld relation

div(r A)=r2A=0 (1.13)
for the scalar potentigh. The weak forms of these last two eld relations are then gilg*
z z
5¢an+f3l+-EMrsag¢rsau = f3l +.,,rs.gn ¢a,
R z Z@R (1.14)
rAcrA, = (r Acn)A,
R @R

with respect taR via (1.3) for all test elds a, andA,. As usual, these vanish on those parts
of @Rwherea andA, respectively, are specied. On the timescalg » 10 4 s relevant
to processes such as electromagnetic metal forming, theatyprder of magnitude _,, »
10 ' m? s ! for the magnetic diffusivity of metals implies that “sigmiant” magnetic diffusion
takes place over lengthscales of ., ¢,, » 10 cm. Since this is signi cantly larger than
the smallest dimension of the engineering structures efést €.g, sheet metal thickness 1
mm), magnetic diffusion will be important in the applicatgto be discussed below.

Turning next to the mechanical part of the coupled modelywbak momentum balance for
the deformation eld» is given by

z z
(%% f)e,+P Cr»=  jcof(F)n,jt. ¢, (1.15)
B, @B

with respect to the referential con gurati@) %2 R for all corresponding test elds, vanishing
on those parts of the current bound@)\B where» is speci ed. Here,

f =det(F)I =det(F)j £ b (1.16)

1The volumedv and surfacela elements are dispensed with in the corresponding integrianthis work for
notational simplicity.
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represents the Lorentz (body) force (densiB)the rst Piola-Kirchhoff stressF := r . » the
deformation gradient, an the current boundary traction. In the previous work undetaoe
circumstancesg(g, tube forming: Beerwald et al., 1999; Fenton and Daehn, 1988) orentz
force has also been represented as a boundary pressured |titis is based on the alternative
form Z Z

jEb= [(ben)(hen)i pInc+(benyn.E£(hEn)  (117)

B, @R
for the Lorentz force itself as a boundary integral over theent boundary@ B via the diver-
gence theorem, with
p, = 3(b¢h)= 21_ h¢h (1.18)

the so-called magnetic pressure. From this, we see tHaisiparallel to@B, i.e., if b ¢n_ =

0, then the Lorentz force is equivalent to a pressure at thadey. Again, this is exactly
the type of boundary condition realized in certain typespyfl@ations,e.g, certain types of
electromagnetic metal forming.@, tube forming: Beerwald et al., 1999; Fenton and Daehn,
1998). For other cases, however, this is no longer true,ragdneral the Lorentz force must be
treated as a body force (density).

The mechanical model relations are completed by the spatwdn of the material model.
Here, attention is restricted to such a model for the metalbrkpiece, which is modeled here
as a hyperelastic, viscoplastic material. For simpliditye (mild) elastic and ow anisotropy
of the metals of interese(g, Al) is neglected here, as well as any kinematic hardeningreM
generally,e.g, for the case of deformation-induced anisotropic ow babaye.g, Reese and
Svendsen, 2003; Svendsen, 2001), this is of course no lpogsible. Since the metal forming
processes of interest here are predominantly monotoniatur®, however, this last assumption
is not unreasonable. In this case, the constitutive modgbesi ed via the form of the refer-
ential free energy densit (InV_;2,) together with the evolution relations for the elastic left
logarithmic stretch tensdnV_ and accumulated equivalent inelastic deformation measure
In the context of small elastic strain, the usual Hooke-ddsem

A(InVg;2)= 1. (I ¢nV.)*+ t dev(InV,) ¢dev(InV,) + A (2,) (1.19)

is relevant. Another common assumption in the non-isothéoantext in the case of metals
is that of constant speci c heae(g, Rosakis et al., 2000). Here, represents the bulk mod-
ulus,®, the shear modulus, ani (2,) the contribution from energy storage due to isotropic
hardening processes as usual. From (1.19), one obtaingioybar the usual hyperelastic form

K = @A =3-,sph(inv,) +21 dev(nV,) (1.20)

for the Kirchhoff stres& = PF". As usual,A, (2,) is estimated with the help of ts to the
guasi-static yield curve for the materials of interest annaemperature, as discussed in what
follows.

Consider next the evolution of the internal variables andribkastic behavior. In the metal-
lic polycrystalline materials of interest at low-to-modex homologous temperature, inelastic
deformation processes are controlled predominantly byatitiwation of dislocation glide on
glide systemsd.g, Kocks and Mecking, 2003; Teodosiu, 1997). Indeed, thisnset® be the
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case even at high strain-ratesd, Frost and Ashby, 1982). Apparently, higher homologous
temperature is required for other mechanics such as digdmcelimb or even dynamic recrys-
tallization to begin playing a role. Resistance to dislamagylide arising due to obstacles and
other factors is related in the phenomenological contextamening behavior. Quasi-static
processes of this nature contributing to energy storageeimiaterial result in the contribution

i & = A (1.21)
to the effective quasi-static ow stress in the materialcltesistance to dislocation motion can
be overcome by thermal uctuation under the action of thal@&tfective stress, represented in
the current phenomenological context®y (K )+ & i %o, where¥, (K ) represents the von
Mises effective stress with respectio, and¥;, is the initial ow stress. On this basis,

fo(K;&) =%, (K)+ & i %o (1.22)

represents an activation measure or overstress in thentuate-dependent context. A power-
law approximation of the more exact transition-state-lase&cromechanical relations for the
kinetics of dislocation glideg.g, Kocks and Mecking, 2003; Teodosiu, 1997) leads to the
power-law form

KD gy = D) HED) Cy(K i) 0
S m(:D)+1  %(:D)

upon which the evolution of the internal variables is bas¢ere, 3%, represents the initial ow
stress,’, a characteristic strain-ratéy the characteristic or effective activation stress magni-
tude, andm the strain-rate exponent. Furthbxj : = % (X + jxj) represents the ramp function.
As indicated,”,, ¥ andm, are in general functions of accumulated inelastic defoionaind
deformation rate. For simplicity, however, these matgsraperties will be treated as constants
in the algorithmic formulation to follow. To indicate thisve write °; B °,, % %, and
my b m,, in what follows. The form (1.23) determines the evolutietations

(1.23)

o q -
ilnvV., = @A = Ssgn(devK ))2, (K 60);
& An, (1.24)
2 = A = © P .
. = @A =% 3 (t, > 0);

for the evolution of the internal variables, with
InV, := 2 In(FCFH'F ) (1.25)

in terms of the inverse plastic right Cauchy-Green deforomed, *. As indicated A is differ-
entiable in& everywhere except &t = 0, as well as irK everywhere except & = 0 and at

K = 0. The corresponding subdifferentials exist everywherehéncontext of these forms for
the evolution of the internal variables, the constrajifg,; 0) = 0 on the constitutive form of,
follows from the general thermodynamic analysis (SvenagsehChanda, 2005). In addition,
Ohm's law (1.5) together with the assumption that thesewgiai relations are independent of
2 implies %, , 0. Lastly, the restriction that,., (2,;0) be non-negative de niteig., for

f, > 0) follows from the thermodynamic analysis via the assunmptiwat the non-equilibrium
(i.e., dynamic) part oK is negligible. For more details, the reader is referred ter@gen and
Chanda (2005).
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1.3 Initial boundary value problem for EMF

In the rest of this work, attention is focused for simpliatythe application of the general model
relations from the last section to the case of the electromtgmetal forming of axisymmetric
structures (see Section 1.5 and Section 1.6). In particatigmtion is focused here on the case
of the electromagnetic metal forming of circular sheet mgates as shown in Figure 1.1.

Sheet metal 7 110

(final state)

Plane of
ymmetry

Tool coil
Sheet

—e &
Dmmmj

@70

, | Symmetry line

s

Die
AN
8 A

1.2

Blank holder

Tool coil z
F

Figure 1.1: Electromagnetic metal forming of circular dhmetal plates. In this method, an
electric current in the tool coil induces a magnetic eld aidctric current in the sheet metal
plate, resulting in a Lorentz (body) force (density) driyits deformation. As shown, the sheet
metal plate is clamped down radially by a die and blank holBer simplicity, the structure is
approximated in this work as being axisymmetric. See taxtiéails.

For the formulation of the corresponding coupled initialibdary value problem, this structure
is idealized as shown in Figure 1.2.

Let C, represent the current con guration of the to§],that of the workpiece, and the region
containing these as well as the die and surrounding air. iFgli€ity, attention is restricted in
this work to cases in which the tool, die and air are assumbd gtationary. Consequently, only
the workpiece is assumed to move. The tool consists of atriek#ty-conducting ¥, 6 0)
copper coil embedded in an non-conductifg,( = 0) resin matrix. LetL, represent the
interface between the copper coil and the resin matrix intbloé Further, letF,, andF_,
represent the surfaces at the beginning and end of the coppeonnecting this coil with the
rest of the electrical circuit through which current owshdse have known voltages andU,,
respectively, across them. In this caBen (C.[ S;) represents the region surrounding the tool
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1
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Figure 1.2: Computational domains for the coupled initialifgary value problem. Her®
represents the entire domain with bound@R(at which the magnetic eld has effectively
decayed to zero}, the current con guration of the sheet metal workpiece, @dhat of the
tool. FurtherF ., andF, represent the surfaces of the tool coil connected to thérgletrcuit.

and workpiece containing air which, like the resin matrsxassumed to be non-conducting.
Under these conditions, the restrictionfofo C, is determined by the boundary value problem

rA = 0 inCg;

A = U onFg; (1.26)
A = U, onFy,; '

riAen, = 0 onlL,;

via (1.13). Heren, denotes the outer unit normal vector on the surface of thiecmb In
particular, the boundary condition on coil-matrix intexdel . insures that thé\- eld in the
non-conducting resin matrix does not contribute to theenriux j in the copper coil. Outside
C.[ S.inR,i.e, inthe surrounding aif is determined by

réA = 0 inRn(C.[ S);
A = A on@c;
] ec (1.27)
A= 0 on @R ;
rdAén, = 0 on @$:

The boundary conditions @ Care based on the continuity Afwhich is a consequence of the
existence of its gradient by de nition. These boundary ealarise from the computation of the
scalar potential insid€,. Analogous to that (1.260n the coil-matrix interface, the boundary
condition on@ Sinsures that thé\- eld in the non-conducting air does not contributejtan

the workpiece. Instead of specifyitdjon F,; andF_,, one may alternatively specify the total
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currentl = I (t) owing through C.. In this case, the coupled problem
@i ,réa+rA = 0 inRnS;;

r 2A 0 inRn(C.[S);

A = 0 inC;

S

(1.28)
.

rAén, = 0 onlL;

is solved fora andA subject to boundary conditions faron @R for Aon @R@Cand@$S
as described above and the cogstraint condition

; (@+rAcen, = %1 (1.29)
AC

for any cross sectional surfaée perpendicular td. .. Note that(1:28), describes a degenerate
diffusion process. Degeneration occurlRm (C.[ S.), where- _,, equalsl . In this region
the boundary value problem is elliptic. In the special cdssxsymmetry under consideration
here, note also that the Coulomb gauge condition (1.11)is eadidentically. Lastly, consider
the initial boundary value problem for the deformable waekeS,. As this part is electrically-
conducting and surrounded by air, we have

r 2A

0 inS;;
0 inS;; (1.30)

a .

cl "Em

réa.+rg
rdden, = 0 on@8§;

for the restrictiora,, of the vector potential t&,, as follows from (1.11), (1.12) and (1.13).

Although the spiral-shaped tool coil is not exactly axisyetne, it is approximated as such
here. To this end, assuming ti@&t consists oh windings, each winding is approximated by a
torus of the same cross section. The resultirigri are then cut in thér; z)-plane at = 0. In
order to simulate the fact that each torus is in fact the arenggfiral, the cross sections'at 0
and' = 2Y%are treated electromagnetically as being continuous wegpect toA. Continuity
of potential then implies that at’ = 0 (i.e., except in the rst torus) is determined by that in
the preceding torus at = 2% Let W, denote the current con guration of thé" torus, and
Uy the potential ofV/, at' = 0. Under these assumptions, the restricdgrof A = A(r;";z )
to W, satis es

réA, = 0 in W, ;
A, = U at' =0;
A “ (1.31)
A, = Uy at' =2%;
rdcen, = 0 on @W, :
The solution of this boundary value problem is given by
A L - + . )
Az )= U+ ¢ Uy o7, (2.32)
with ¢ Uy = Us1 | Uk. For the determination of
~ _ CU
r A= it e ; (1.33)
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only the potential difference¢ Uy need to be considered. They can be obtained from the

connected in series. The sum over all currents owing thtoag arbitrary cross sectidk,, of
thek™ torus then yields
Z Z M 1

. . U
i B = (@, +r A)ctn, = @, + ® U o ¢n, (1.34)
A A 21/4r

ck ck

in the context of (1.29), wher@, denotes the restriction of the vector potential tokHetorus
W,,. The last relation yields the result
(7 ) i a1( Z )
¢ U= | L ¢n, B+ @, ¢n, (1.35)
Ay 2Yar A

cl ck

for ¢ Uy. In particular, for the case of a coil with rectangular crssstion,
Ii b« ﬂ il ( Z )
¢Uc=i 2% hin a B+ @, ¢tn, ; (1.36)

Ack

whereh is the height (inz-direction) of each windingax the inner, andy the outer radius
of thek™ winding. On this basis of this formulation, then, one obsaime integro-differential

equation
¢ Uy
. 2
@i “enleayt ¢ e

for the restrictiora, of a to W,,, with ¢ U, given by (1.36).

=0 (1.37)

In the current axisymmetric situation, the relations (],248.30) and (1.37) result in a
piecewise-continuous form fa (in contrast to the three-dimensional case in wracbxperi-
ences jumps). In turn, this justi es standard nite elemergthods. The boundary condition of
the scalar potential results from the continuity of the nalrcomponent of the current density
as well as the tangential component of the electric eld, aationed in connection with (1.27).
SinceA is a harmonic function s, ful lling a homogeneous Neumann boundary condition on
the whole boundary according to (1.30), it must be constaaret Hence

A+ ré=@+curl@afv (1.38)
applies there by virtue of (1.6) and (1.7). In summary,
8
0 iNRN(C.[ S)
. 2, — i curlaa £ v inS;
@ | em T sa g ( s 7 ) (139)
3¢ W+ @¢n, e inW,
A

ck

with piecewise smooth coef cients fa in the whole regiorR, and with
( Z 1 ) i1
C = Ce ¢n, ; (1.40)

Ack
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Since (1.39) is homogeneousin (C,[ S,), no problems arise from the degeneratiQp =

1 there. In particular, note that piecewise smoothness epgince .,, and the right-hand
side of (1.39) exhibits jumps at material interfaces. Inegah this is also the case because
a is not continuous irR; in the axisymmetric case, however, it is. As the ux densifya
magnetic dipole decays lik@(jxj ) if the norm of the spatial variabbe tends to in nity, it

is admissible to assume homogeneous Dirichlet boundangitboms on@ Rto good accuracy.
After multiplication with suitable test functiores, in (1.39) and partial integration, the reduced

form Z Z Z
@ ta, + oy Fsatra,+ curla £ v ¢a,
R Sc
s Z 1 yd ) (1.41)
= c ¥+ @, ¢tn, e ¢a,
k=1 We Ak

of the general weak forms (1.14) follows. This is the basithef nite element solution to be
discussed in what follows. Note that the conditior O outsideS. has been taken into account
here.

1.4 Algorithmic formulation of the coupled model

We begin with the mechanical part of the model. Its algorithformulation is carried out here
in the standard context of backward-Euler integration efitital evolution relationg(g, Simo
and Hughes, 1998) and their implicit solution via Newton-R&gn iteration in the context of
the implicit function theorem. Consistent linearizationtloé resulting algebraic system then
facilitates the corresponding element formulation of thetemial model and its incorporation in
the nite element solution of the dynamic initial boundargiwe problem.

To this end, the.time interv@; d] of interest is split intan subintervalg0; t,], =2, [ty 1:ty ],
such thaf0;d] = ~ 0 't i, Jwith to = 0, t; < t,,, andt,, = d. As usual, assume that the
initial boundary value problem and internal variable etiolu relations have been solved up
to the discrete time = t,, such that, a,, andA,, together with their spatial and temporal
derivatives, as well as the corresponding internal vaemldre all known in the corresponding
region of Euclidean space at this time. As discussed in teeiqus section, the difference in
electromagnetic and mechanical timescales, togetherthtlaistinct nature of the respective
elds involved (i.e., Eulerian in the electromagnetic case, Lagrangian in thehan@cal large
deformation context), suggest that a staggered numentaian procedure based on separate
meshes for the electromagnetic and mechanical eld problentl be most ef cient. Since
we are neglecting temperature effects here, the in uendd®felectromagnetic elds on the
development of the mechanical elds is restricted to thedntz force (1.16). Via Ohm's law
(1.5) forj and the expression (1.10) for the electromotive interisjtwe see that the spatial
form | of this force depends in general on both electromagnetionagchanical elds as well
as their spatial and temporal derivatives via (1.5), (1r) €..16). Since the electromagnetic
elds vary on a timescale much smaller than that of the meadnrelds, a scaling analysis
shows that the convective tefrE v = curl ;@@ £ v is much smaller than the others and can be
neglected. In this case, we work with the algorithmic appration

|n+1 ]/4 ?/éM CUf'San+l £ (@n+1 +r SAT1+1) (142)
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for the current Lorentz force which is then “purely electagnetic” in character. In particular,
in the context of the staggered approach being pursued thereurely electromagnetic terms
curl@a, ., , @,,, andr A_,, appearing here are treated in the mechanical part of thgestad)
algorithm as being known and xed.

The next global step begins with the update of the boundamgitons to the next discrete
timet = t,,, for the time intervalt,;t,,,] of durationt, ., , := t.,; i t,. Consider rst
the local algorithm at the Gauss-point level for the intéraaiables and the Kirchhoff stress
K . In the backward-Euler context, these are determined aa asumplicit functions of the
current (unknown) deformation gradidft,, and (in the current rate-dependent context) time
step sizd ., .,. In particular, the backward-Euler integration of (1.2¢¢0[t, ;t,,, ] results in
the algorithmic relations

sph(InV_ . 41)
Sgn(deV(I”\/E n+1 ))

Sph(ln VEtrn+1 ;n) ,
(1.43)

sgn(dev(InVep.s ) ;

in the context of (1.20) and (1.24)and so in the reduced two-dimensional algorithmic system

Zenel = e S(Zp n+l i %en) (1.44)

Zonsr = Zent S0l T M0t
for2, .., := jdev(InV,,,,)jand?, ., respectively, with? ., := jdev(InV. ., )j. Here,
IVt =NV (Foar) 1= 3 In(Fouy ClaFo (1.45)

represents as usual the trial valuérof, ,,, , withF .., := F , F/ ! the relative deformation
gradient. From (1.44), one obtains the three-dimensionglicit algebraic system

rZE n+1;n(2E n+1;2p n+1;Fn+1) = 0;
(1.46)
I’zp n+1;n(2E I’]+1;2P n+1;Fn+1) =0 ;
of non-linear algebraic relations fér,,, and?,,.,,, where
13 - ¢y
rZE n+1;n (2E n+1 ;ZP N+l I:n+1) = 2E n+1 + 2 (ZP n+l | 2p n) U deV(InVE n+1 ;n)J ,
¢ Am, (1.47)
I (2 .2 ‘F ) — 2 .2 . o Pn+lin t .
2,n+1;n\VENn+ls pn+ly M n+l - pn+l | "pnl 0 3y6 n+l;n -

These determine in particular the explicit form
K n(®n+1 ; I:n+1) =3- 0 Sph(anEtrn(Fn+1 )) +21 0 2E n+1l Sgn(dev(letrn(Fnﬂ ))) (148)

of the algorithmic Kirchhoff stress from (1.20). The systéin#6) can be written in the compact
form
e n+1;n(®n+1 ; Fn+1) =0; (1.49)
with
® 1= (%;%) (1.50)
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and

e = (rzE;rZP) : (1.51)
For xed F,,, andt,,; ., iterative solution of (1.49) yields in the usual fashi®p,,; as an
implicit function of F,,, , and s&K ,; as such a function.

The current unknown deformation eldl ,, satisfying the current boundary conditions and
momentum balance is given by solution of

Mpi1:n (1415 ®pysq 5»,) =0 (1.52)
for all »,, with
Z
mn+1;n(»n+1 s ®ni1 %) = f% an+1;n(»n+1) i det(r . »,,1) 1419 0,
z"
+ B K n(®n+1 s r»n+1) ¢ rn+1 Py (153)
75

i JC (r »p4)itenss O
@B

the weak momentum balance functional obtained from therigoic form of (1.15). Again,
in the context of the current staggered approach, the Loremtel, ., is assumed known
and given. Here, the material accelerati@,,, ,(»n.;) © = a(»n+1?tn+1;ni»n;»ni’9n) is
considered algorithmically a function of ., t,.;,, and the state at the enid= t, of the
last time step, in the context o&é.g, the Newmark algorithm. In addition, the notations
o .= (r,»)Fi] and thatc,(F) := cof(F)n, have been introduced, with, the
outward unit normal to the bounda@ B of B,.

As usual, the nite element approximation to (1.53) in thegkangian context is based on
the discretization

[
BY B® (1.54)
e
of B into a nite number of elementB?; B?;:::. In terms of the corresponding nite element
approximation
»e = HX € (1.55)

for the element deformation ele, in terms of the element shape function mattx as well
as in terms of the element nodal position veoctgrone obtains, as usual, the element represen-
tation

Fe(x®) :=r1 2 =(r °H)*x® (1.56)
for the deformation gradient, witfr *H)%x, := r *(Hx,). In particular, these induce the
discretized form

mn+1 n (»n+1 ;®n+1 ; »n) = efr$+1 ;n(xﬁ+l ; eﬁ+1) ¢Xg (1-57)

2Not to be confused with the vector potentzal
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of the functional in (1.53), with

e
fn+1 n n+1 ’ eﬁ+1

.= HTHf%aﬁﬂ;n(Xﬁﬂ) i det(F®(Xp,1)) m10+(r s H)TK +1 (€1 Fe(X541))

z°
i JC (F e(Xn+1))J HT tcn+1
QF
(1.58)
withr &, H = (r SH)F] andl®= H" © With the help of the connectivity relations
x® =15 x® (1.59)
between the element and structural nodal positions, (t€sljces to
rnn+l;n (»n+l ; ®n+1 ;»u) = fr?+l;n (Xﬁ+1 ; e§+1) ¢Xi ; (1-60)
fr?+1;n(xf1+l;e§+l) .= eliT fe+1 n(l n+1’en+1) (161)
Sincex; is arbitrary, (1.52) reduces to the discrete form
fr?+1;n (Xﬁ+1 ; eﬁ+1) =0 (162)
interms off 3., ... For its iterative solution, we require as usual the alponit derivative
X
@%H foeim = IeT (@ nein) 15 (1.63)
of this at xed" >, , with
Z
@+l frlla+l n = HT Hfo/@(@ an+:l. n)n+1 i det(F e(Xﬁ+l )) (‘ r$+1 - | )(r ne+1 H )Sg
7>
+ ( n+1 H )STf(@ K n)n+1 F eTl | K n+l:n 4 l g(r r$+1 H)S
Be
A © a
[ HT 1:§n+l - (r r$+1H)ST erjI 1[(Cr ¢Cr)| i G- Cr] n+1
@
(1.64)

via (1.1),. Here,

(@n+1 n)Fn+1 = ( @V v

En+l;n

K )@ . V)R, (1.65)

represents the “push-forward” to the current algorithnoic guration of the algorithmic deriva-
tive of K , with respect td=,,,,; from (1.48) in terms of the notation

@VE”M . Kn = @VE"M1 \ Ko (@M K n)(@n+l lon) 1(@VE"n+1 . T® n)

2
= 3.,sph+2t E”*lju ol i N¥in- NI Li)dev  (1.66)

0;otr
+  21,(@

En+1l;n

e n)iEl2 (N érn+1 n - N trn+1 n)dev

n+l
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Here,@n+1 e n Fepresents the Jacobian of the system (1'@n’+1 e n)iE%E the upper left di-
agonal element of its inverg@re ,)' 1, 2% .. 1= jdev(inVh ) andN 'L, =
sgn(dev(Inv,",.; ,,)). Note that

(@ . InV")FT = SOOIV ) (e B+ B ) (1.67)

follows from (1.1).; and (1.46). As usual, the Fchet derivativeD In of the logarithmic
mappingln on second-order symmetric Euclidean tensors is calculatddthe help of the
functional calculus€.g, Silhavy, 1997, x1.2.5).

In the context of the nite element method, the Euleriandshgnplementation of the elec-
tromagnetic model is based as usual on the spatial disatietiz

[
RY: Re (1.68)

e

of R into a nite number of elements. The corresponding appration
a,= Na® (1.69)

for the vector potential eld at the element leva] in terms of the element shape function
matrixN analogous to (1.55) in the mechanical case results in tisg@xnetric case in element
representation

rsa.=(r N)°a® (1.70)

for the corresponding gradient analogous to (1.56). In tbeengeneral 3-dimensional case in
which a experiences jump discontinuities, the element formutetiould have to be general-
ized,e.g, to Necelec elements (Belec, 1980, 1986) or least-squares-based approacheg (Jian
et al., 1996). On this basis, one obtains the spatiallyreisz=d form

X
(Afa®+ B a®) ¢a$ = c® ¢ag (1.71)
e e
of (1.41), with
Z
Ae = ] (rSND)ST(r SN
e ~
y4 yd A v4 ! (1.72)
Be := i NTN=+.L! ¢ NTe - N'n, ;
Re W, \ Re Ay
as well as Z
c®:= G L% NTe : (1.73)
W, \ Re

Using the connectivity relation
a®=1fa° (1.74)

between the element and structural nodal vector poterdiaks, the arbitraryness af leads
to the structural form
Asa®+ B®%a® = ¢® (1.75)
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of (1.71), with

S x eT e|e S X eT e|e S x eT ~e
A° = eIaAIa; B®= eIaBIa; c’= eIac; (1.76)

formally analogous to (1.61). Integration of (1.75) via generalized trapezoidal rule over the
interval[t,;t,,, ] yields the system

! #. " #

A B?l+1 a?1+1 | — C§+1 (1.77)
I i ® tn+1;n I @fﬁl aﬁ + (1 i ®) tn+1;n§?1

to solve fora?,, anda;,,, in the context of the current staggered approach with xé&d, .
In contrast to (1.62) fox;,,, note that this last relation can be solverplicitly for these
quantities. Here, the parameter ® - 1 controls the amount of arti cial damping exerted on
the discrete system. F@&= 1 (maximal damping), the methods coincides with backwarbtkiEu
integration, while® = 1=2 (no damping) yields the more accurate trapezoidal rulelethg
an accuracy oD(¢ t?) for a maximal time step sizét ! 0 (Hughes, 1987). Nevertheless,
to switch from the most accurate val®@ = 1=2 to a value® > 1=2 at the beginning of
the simulation and after a speci ed computation time marlbut non-physical oscillations
entering by the coupling mechanism.

Note that (1.75) reduces to a time independent linear emuédr those degrees of freedom
that lie outside the tool coil or the workpiece due fgt = 0 there. These degrees of freedom
depend only indirectly on the time by their coupling to thdsgrees of freedom lying in areas
with - L. > 0 (i.e, the tool coil or the workpiece). As in the mechanical cadesgatially-
discretized integrals are evaluated in the standard fasha Gauss quadrature. Particularly,
in the axisymmetric situation, the computation of the inédg reduces to a two dimensional
guadrature, after cylindrical coordinates have been dhiced and the (trivial) azimuthal inte-
gration has been performed. In terms of ef ciency, the natal relations, expressed in the
integral overA, in (1.72), linking all degrees of freedom within the samd wonding, should
be handled with some care. It is recommended to start withradard assemly of a sparse mass
matrix and to incorporate the additional couplings aftedsaOne possibility is to introduce an
additional degree of freedom for each coil winding and tagsthe total current,.; owing
through this winding at timé,.; to it. The resulting matrix deviates from a standard sparse
matrix only byN columns and rows, wheild denotes the number of coil windings. In the nu-
merical examples reported on below, another technique é&s &pplied: After the application
of a standard mass matrix {d:77)),, a second matrix is applied, projecting on the subspace
de ned by the additional couplings. Such a factorizatiothef matrixB:,, can easily be real-
ized by a modi cation of the matrix vector multiplication the employed iterative solvers (see
below). Consequently, the sparse structure of the matrigd neeto be distorted. Whether this
method is more effective has yet to be established.

In summary, since we are nelgecting temperature effects laed sinceurla £ v is neg-
ligible and has been neglected in the above algorithmic éibaitron, the simpli ed form (1.42)
of the Lorentz force represents the only coupling betweeretactromagnetic and mechanical
elds in the mechanical part of the model. Likewise, becatisé.a £ v is negligible, the cur-
rent (deformed) shape of the workpieceRnwhich determines the spatial distribution3f,
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in R appearing in (1.77) via (1.72), represents the only coggiietween the mechanical and
electromagnetic elds in the electromagnetic part of thedelo In this framework, the com-
bined model is solved in an iterative staggered fashionguaitwo-mesh Lagrangian-Eulerian
approach. To discuss this iterative staggered schememasagain that the initial boundary
value problem and internal variable evolution relationgehaeen solved up to the discrete time
t = t,, such thak; anda;, together with their temporal derivatives, as well as theespond-
ing internal variables, are all known. On this basis, we hhedollowing algorithm:

1. Initialize the iteration by setting®) = x5, x3®) = x3 and&) = % fork = 1.

2. Givenl,,; in the tool coil, computaf;(fl) anda_lz(ﬁ on the Eulerian mesh via (1.77). As

indicated, this depends on where one is in the systasm whether or not the point in
guestion is in the workpiece, tool coil, or air. To this enge assembly routine deter-
mines whether the nodal points of the Eulerian mesh lie inimithe tool coil, or in the
workpiece, and so the current spatial distributio¥/gf.

3. Having thenx®%), a2 anda’, the corresponding Lorentz for¢f?, is obtained on

the basis of (1.42) via data transfer and projection fromEhgerian to the embedded
Lagrangian mesh for the workpiece. Then, the system camgist (1.49) and (1.62) is
solved iteratively at xed®), to obtainx>|S™ , x3®™ & and the corresponding

internal variables.

4. Steps 1.-3. are repeated for 2;::: until convergence is obtained, yielding,, , a3, ,
and the internal variables in the entire structure.

In all simulationsk rarely exceeded 3e(g, if both the velocity of the structure is quite high
and the ux density of the decaying electromagnetic eldidesthe structure is still signi -
cant; see Section 1.6) and in any case was less than 8. Théalaigofor the electromagnetic
and mechanical parts of the current coupled- eld model Haen implemented at the element
level into the nite element program SOFARINn particular, this has been done for the current
4-node axisymmetric case as well as for the 8-node threestional case. Elsewhere, a stabi-
lized 8-node shell-element formulation (Reese et al., 20@3he current model has also been
developed and is currently being implemented.

1.5 Data transfer and numerical convergence behavior

In order to investigate the effect of data transfer betwéenntechanical and electromagnetic
parts of the staggered algorithm on the numerical solutonsider the electromagnetic forming
of a round sheet metal workpiece with the thickness of 1.2 mdradius of 52 mm consisting
of the aluminum alloy AC120. As shown in Figure 1.1, the workga and tool coil are idealized
as being axisymmetric, with the tool coil lying 0.6 mm beldve tworkpiece. The sheet metal
is clamped down at a radius of 34.75 mm by the die holder. Foplgity, the corresponding
contact is idealized here by simply xing the upper and lowarface nodes of the plate mesh
in the region of the die holder.

3Small Object-oriented Fite-element library for Aplication and Rsearch
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Application of the model from Section 1.3 and its algoriterform in Section 1.4 requires
the speci cation of the isotropic hardening behavior of AO12s a rst approximation, the
quasi-static uniaxial test data of Badelt et al. (2003) weseduor this purpose. ldenti cation
of the semi-empirical form

A()=c (G + )2+ ¢ n(l+ cs2) (1.78)

of the dependence of the inelastic pAstof the free energy density o related to energy
storage in the material due to isotropic hardening basetesetdata yield¥:, = 116:0 MPa,

C, = i 1239MPa,c, = 0:001, c; = 0:0697 c, = 80:31 MPa andcs = 36:59 for AC120. In

particular, this form determines the quasi-static contidn % = | & to the ow stress from
(1.21). Further, values ¥y = 90 MPa, °, = 10* s * andm, = 5 for aluminum relevant
for strain-rates of 10° s ! were taken from the literature (Jones, 1997). Lastly, thasta

behavior of AC120 is characterized by the valyes 39404 MPa and' = 26269 MPa for the

Lamé constants at room temperature.

e
Mechanical ,
= Lagrangian mesh

| | Electromagnetic
Eulerian mesh Bp
i

Figure 1.3: Finite element discretization of the coupledbtgm consisting of a xed Eule-
rian mesh for the electromagnetic system and deformingdragan mesh for the sheet metal
workpiece.

The nite element meshes used for the mechanical part of ithelation (see Figure 1.3)
are based on four-node bilinear elements. The discradizati the electromagnetic part of the
coupled problem is also based on such elements with edgaldgband perpendicular to the
axis. As mentioned above, this is in contrast to the thregedsional case in which disconti-
nuites arise in the electromagnetic elds, requiring mavplssticated numerical methods. In
order to improve ef ciency, the design of both meshes areptathfrom the start to the ex-
pected deformation and electromagnetic eld developmiernparticular, the element density in
the mechanical mesh is larger near the contact point witklign@older as well as at the center
of symmetry where bending and deformation are most extrelmalogously, in the electro-
magnetic case, the region traversed by the moving mecHanésh as well as the gap between
the tool and work piece are more nely discretized than theaming regions (see Figure 1.3).
This is not only necessary due to the large gradients in tbkpotential arising here, but also
to minimize additional errors due to inaccurate local agpnation in elements with internal
diffusivity jumps and inaccurate transfer of the Lorentcss. More on this in what follows.
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Consider in particular the transfer of Lorentz forces frora #lectromagnetic to the me-
chanical mesh of the workpiece. In particular, this is basedl1.42). To begin, this involves
identifying the current positions of element nodes fromrtrechanical mesh in the electromag-
netic mesh. As implied in Figure 1.4, using these, the vaflei®calculated at these positions
from the nodal values af® anda® in the electromagnetic mesh (note tha = 0 in the work-
piece) via interpolation using the element shape functidieese interpolated values are then
passed to the mechanical mesh for use in the solution of)1.58

Figure 1.4: Data transfer from the (white-node) electronedig mesh to the (black-node) me-
chanical mesh at the element level.

Going in the other direction, the distribution ef,, (or in the numerical case ofi!) has

to be transferred from the mechanical to the electromagmegish. This is done directly by
determining whether the Gauss points of the current ele@gmetic mesh lie in the workpiece,
tool, die or air and setting the value of,, accordingly. The simplicity of both of these is
that they require no remeshing. The question of whether bsunch an approach is really more
effective than remeshing (in particular the electromaigmegesh) is a matter of current research.
A clear disadvantage of current approach is that jumps ofdtfiesivity within elements in
electromagnetic mesh reduce the local approximation qaiersistency) of the nite element
discretization. Nevertheless, the resulting loss of aaxrs limited due to the fact that only a
small percentage of small elements is affected.

To get a better understanding of the simulation results efftily coupled simulation as
described in the proceeding section, consider rst the l[gumgechanical case. In particular,
attention is focused on idealized body-force-based |l@gadimalogous to the Lorentz force such
as those shown in Figure 1.10.

Here, in the time interval from 0 to 20s, a body force densitly with non-trivial z-component

f, is imposed on all points of the structure between 9 mm andr = 35 mm. After 20t s,
this force is turned off. Spatially, this force is assumedbéoconstant in the radial direction
and to vary in the axial direction as depicted in Figure 1lh(oth the linear and exponential
cases, the mean valuefofis 10 N mni ® over the workpiece thickness. Since they both have
the same mean value, we should obtain the same mechaniecdagon results. On this basis,
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--- exponential decay --- exponential decay
— linear decay — linear decay

200¢ 200h
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Figure 1.5: Exponential and linear idealized Lorentz bodycé density distributionsz{
component) in the circular sheet metal plate used in thestigagion of convergence behavior
and the data transfer approach used in the current workggefot details). Left: Distributions
in the radial direction az = 0. Right: Distributions in the vertical direction at= 0.

a series of nite element simulations with different meshe=re performed for both volume
force distributions. All meshes employed were of the typscdeed above (see also Figure 1.3)
and hierarchically re ned. Figure 1.6 shows the formingystof the plate at various instances
for the linear volume force distribution and a mesh with 4B9veents in four layers.

‘‘‘‘‘ elements over thickness: 1
157 - -~ elements over thickness: 2 PEEY
— elements over thickness: 4 e

101

deformation [mm]

120

80
i Ous time [ns]

Figure 1.6: Forming stages (left) and solution convergdrat®vior (right) as a function of the
number of elements over the thickness for the case of tharlinedy force density distribution
shown in Figure 1.5. Initially, the displacement due to &a@ion is large in the coarse meshes
due to their higher rigidity; as time proceeds, howevess tendency reverses as deformation
begins to dominate, at which point typical convergence Wehdi.e., increased deformation
with number of elements) is observed. See text for details.

As shown on the left in this gure, such body force distrilauts lead to an initial acceleration
of the middle of the plate. In later stages, the plate cesteiragged along and accelerated
by the induced inertial force, resulting in the cap-likenfoat the end of the forming process
after approximately 120s. The convergence behavior of the solution as a functiomué t
for the linear distribution is shown on the right in Figur&.1Here, the vertical displacement
of the workpiece at its center & 0) for three different meshes is depicted. Initially, cears
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meshes exhibit more (rigid-body-like) displacement sims¥ meshes accelerate less rigidly
under dynamic loading. With time, however, deformationha structure begins to dominate
and this trend reverses, resulting in the usual convergbehavior at the end of the process,
i.e., ner meshes are “softer.”

‘‘‘‘‘ elements over thickness: 1 —
--- exponential decay --- elements over thickness: 2 J
\ — elements over thickness: 2 — elements over thickness: 4 ;
200’, 60 ’i
€ <
E
o c . R
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~ 100 S ke L,
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© ’
20r ‘ o
0 . . 0 olet . .
0 0.9 1.2 0 40 80 120
time [rrs]

Figure 1.7: Overestimation of exponential body force dgrdistribution (left) due to bilinear
interpolation for the case of two elements over the thickraddhe plate. Because of this, the
convergence behavior (right) is counterintuitive and camytto the previous example with a
linear distribution.

As shown in Figure 1.7, in the case of the exponential distiolm (using the same bilinear
interpolation scheme) and two elements over the thickrtessreverse tendency in the con-
vergence behavior is observad., mesh re nement results in decreased deformation. This
results from the data transfer process as based on bilineapolation. Indeed, in this case,
two elements over the thickness are insuf cient to represim exponential form and lead to
an overestimate of the Lorentz force in the Gauss points@htechanical mesh, and hence
more deformation. This overestimation of the force in ceaneshes can be reduced mapping
the values of the Lorentz force from the electromagnetichmsectly onto the Gauss points
of the mechanical mesh. In any case, using a suf cient nurabelements over the thickness
alleviates the problem.

1.6 Fully coupled simulation

Now, the fully coupled elastoviscoplastic electromagnetiulti eld algorithm developed in
Section 1.2 - Section 1.3 is applied to the case of electroetagsheet metal forming. Initial
results of coupled simulations of electromagnetic she¢éahf@ming using an elastoplastic ver-
sion of the model (neglecting the rate dependency) havefresented by Kleiner et al. (2004).
The forming of aluminum tubes with an elastoviscoplastichamical model is considered by
Svendsen and Chanda (2003). As described in Section 1.5¢pleemental con guration con-
sists of a tool, a workpiece and a die holder as depicted iarEid.1. The workpiece consists
of the aluminum alloy AC120, while the tool coil consists opper. The tool coil has a height
of 11.5 mm and consists of 9 windings, each of which is 2.5 mehewrith 0.3 mm distance
to the neighbored windings. The radius of the inner areachvls free of windings, amounts



1.6 Fully coupled simulation 23

to 9 mm. As mentioned before, the coef cients in the semi-gitg form (1.78) have been
tted by experimental data to model the dependence of thiagtie partA, of the free energy
density or?, related to energy storage in the material due to isotropiddrang, yielding the
coef cients stated in Section 1.5. The same values for thstiel and viscoplastic parameters
as in Section 1.5 have been employed. Simulation results thdzussed in what follows have

been carried out for converged solutions involving meatenineshes of 360 elements and 4
elements over the thickness.

Deformation of the workpiece is driven here by a pulsed aurfgee Figure 1.8) that induces
a magnetic eld around the tool coil which is strongly in ueed by the movement of the
workpiece.
40
30}
20¢

10y

current [103 Al

KR
(@)

N
o
o

50 100 150
time [ns]

Figure 1.8: Measured input current used in the electrontagfeeming simulation.

The corresponding simulated magnetic eld is shown in Fegii9. In particular, the distribu-
tion of the radial component of the magnetic ux density atZ)left) and 80 s (right) during
forming is shown. Note that by virtue of (1.42), this compoihgenerates the dominating axial
component of the force vector acting on the structure. Irdémé& areas, ux densities of about
11 Tesla are achieved, decreasing down to about 1 Tesla isutiheunding area. As can be
seen, after 80 s, the magnetic ux density and so the Lorentz force have gegt@way, such
that further plate deformation is solely driven by inerfices.

Figure 1.10 shows the volume force density distribution entical direction at = 10's
computed from the eld computation (the radial componentha volume force density is in
general several orders smaller than the vertical one ameisfore not examined here).

The diagram on the left hand side of Figure 1.10 shows thertpferce (density) distribu-
tion in the radial direction at intervals @¢fz = 0:2 mm, and that on the right-hand side shows
the vertical force distribution & r = 5 mm. The location of the tool coil and its windings is
clearly mirrored in the radial force distribution. On theslseof the non-linear parabolic charac-
ter of the electromagnetic part of the coupled- eld modsad.((1.4) and (1.42), the expected
exponential decay of the body force in the direction of thekimess of the workpiece is evident.

Forming stages of the plate at various instances and thesponding accumulated inelastic
strain are shown in Figure 1.11.

Initially, the part of the sheet metal lying directly oveettool coil is subject to large induced
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Figure 1.9: Radial component of the magnetic ux density at 2Qleft) and at 8G s (right)
inducing the Lorentz force driving the forming. As the shewttal moves away from the tool
coil, the magnetic eld diffuses into the region left vacdmytthe sheet-metal plate, resulting in
a decrease in the intensity of the magnetic ux and thus otibrentz force.
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Figure 1.10: Simulated-component of the Lorentz force density distribution attH) Left:
Distribution in radial direction depicted at different gbtsz. Right: Distribution in vertical
direction depicted for different radial positions

Lorentz forces and begins to accelerate. As forming pragabds part pulls the center of the
plate along with it. Forming in this part of the plate is thamedo the corresponding inertial
forces. These induce the maximum accumulated inelaséimstr the structure at the top of the
cap as shown. A detailed investigation of the developmestrafn and stress in the structure is

the subject of work in progress.

1.7 Discussion

To begin, consider the in uence of numerical errors as weliredeling simpli cations on the
simulation results. In additional to the usual nite elerhdiscretization errors, there are several
additional sources for numerical errors in the describadptsal algorithm, which, however,

tend to zero with increasing mesh re nement. As discussed@lor example, the data transfer
process is a source of such error, in particular with redjpetite Lorentz force. Secondly, since
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Figure 1.11: Forming stages of the sheet metal plate as éidaraf time. The shading repre-
sents the development of the accumulated inelastic det@mnta. See text for details.

no matching of elements of the mechanical and of the electgmetic meshes is enforced,
the local nite element approximation (consistency) beesmvorse in those elements of the
electromagnetic mesh, that are partially covered by thecstre. Consequently, the Lorentz
forces computed in these elements are less accurate. Odegatirs error is reduced by an
increasing level of mesh re nement. The resulting loss a@luaacy is compensated by a gain of
ef ciency, since the chosen arrangement allows for simpdsingeneration in both subsystems.
Particularly, no remeshing or mesh deformation on the mla@gnetic side is necessary, despite
the movement of the structure. To judge whether the deadeasmerical expenses justify the
accompanying loss of accuracy, a further implementatieaigently being developed in which
the mechanical and the electromagnetic simulation afecatilied out in different meshes, but
all elements of the mechanical mesh have an identical cuartan the electromagnetic mesh.
This allows a direct element-to-element transfer of Lazéatces without the need of searching
the active element in the electromagnetic mesh and withoadaitional error due to reduced
consistency. However, such an implementation requirégeremeshing or deformation of the
electromagnetic mesh in every step of the Newton iteratidiheomechanical structure due to its
movement. In this vein, the method of Lia@.g, Cai et al., 2004, and references therein cited)
is an effective way to redistribute mesh points of a givemnl gmieserving its topology. Such
methods allow to adapt the electromagnetic mesh to the rmgatmicture without remeshing
and thus seem to be a good choice for the type of coupled pnstdiesscussed here.

Compared to the numerical errors reported on above, the qaiysiodel simpli cations
seem to be less signi cant, at least at those stages of masénment that have been exam-
ined, although a nal veri cation of this assumption has raen performed. To estimate the
in uence of the convective terms which have been neglediest, simulations accounting for
curla £ v in the simulation of the electromagnetic eld have beeniearout. The computed
axial deformation of the structure during the rst 68 did not deviate from the results neglect-
ing this term more thai%. This is less than the in uence of the numerical errors dbescr
above at the levels of mesh re nement considered here. Traggectingcurl.a £ v is justi ed,
and useful also from the point of view that it destroys the syetry of the equation system to
be solved. In particular, this would mean that the iterapiveconditioned conjugate gradient
solver used to solve (1.77) could no longer be used. For Stectenputations, a BICGSTAB
solver has been employed.g, Meister, 1999). Beyond convection, the solution seems to be
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quite insensitive with respect to changes in the shape asitigpoof the outer boundary, where
homogeneous Dirichlet boundary conditions are assumee.immhence of the approximation
of the tool coil by axisymmetric tori as described in Sectlobon the simulation results has not
yet been investigated and represents work in progresslasjitiie in uence of approximating
the die holder simply by xing the relevant degrees of freexis current being investigated.

In further work in progress, methods for rigorous a postemsoror estimation are being
implemented. The size of the numerical errors can be estinamnd minimized by a higher
level of discretization if necessary. Moreover, a posteaaor estimators localize areas with a
high contribution to the overall error. The information aioied can be used to design optimal
meshes which maximize the accuracy for given computatiesalurces. A rigorous control of
the numerical error is particularly important with reganchtodel identi cation.



Chapter 2

On the effect of current pulses on the material
behavior during electromagnetic metal forming’

Abstract — Electromagnetic sheet metal forming (EMF) is an example of a high-speeihfp pro-
cess driven by the dynamics of a coupled electromagnetic-mechanitainsyBasic physical processes
involved in EMF such as, e.g., inelastic and hardening behavior, or ineatva, been considered in pre-
vious works (Stiemer et al., 2006a; Svendsen and Chanda, 2005)pufpese of the current work is
the investigation of temperature development during EMF and a possibleti@din the yield stress
due to electric currents. While thermoelastic and viscoplastic effects aremadrstood (Lemaitre and
Chaboche, 1990), the possible in uence of electric currents on disbocanotion, generally referred to
as the electro-plastic effect (Conrad and Sprecher, 1989; Varm&amuvell, 1979), is still an unre-
solved issue. Itis shown here that such an effect is at most of sewdedand can most likely be safely
neglected in the modeling and simulation of industrial EMF.

2.1 Introduction

In electromagnetic metal forming (EMF), a strong pulsed n&dig eld generated in the tool
coil adjacent to an electrically conducting work piece ioesieddy currents in the work piece
which interact with the magnetic eld, inducing in turn a lemtz force in the workpiece which
drives the forming process. The entire forming process lasthe order of 100-300s and
achieves strain-rates of up 16" s 1. Compared to other forming methods, it offers increased
formability for certain kinds of materials, reduction ininkling, the possibility of combining
forming and assembly operations, reduced tool-makings@ist An example of the basic ex-
perimental setup for the case of sheet metal forming is shoWwigure 2.1. The time-dependent
current in the tool coil shown on the right depicts the pulsature of this current and so that
of the resulting magnetic eld.

The further development of EMF as an industrial forming pssdepends in particular on
the availability and use of reliable simulation tools foetborresponding coupled multi eld
problem. In particular, these must be able to deal with highirs rates? | 10° s !, large
current densitieg j ,  10* A/mm?, and strong magnetic eldij , 1C° T. In this context we
examine possible effects in the material such as a reductigield stress due to temperature
and strong electrical currents.

In the literature, the electroplastic (EP) effect has bemstyated to contribute to the behav-
ior of metals under combined mechanical and electromagtwetding (Molotskii, 2000; Troit-
skii, 1969). The idea here is that an interaction betweereteetric current and dislocations
may affect the hardening behavior and in particular thedysétess. There has been a consid-

“Unger et al. (2006b)
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Figure 2.1: Electromagnetic sheet metal forming setup.
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Figure 2.2: Experimental results of Okazaki et al. (1979Wriby tensile testing of a circular
bar, an imposed current density results in stress dropsciiient density achieved maximum
values of from 4060 to 7680 A/mirand lasted for about 60s. For pulse no. 2 tensile stress
decreased to about 70% of its original value.

erable debate regarding the signi cance of such an effepbigcrystalline metals (Goldman
et al., 1980).

Figure 2.2 shows the current density and tensile test ragpohan experiment performed
by Okazaki et al. (1979). In their experiment a titanium bahwliameterd = 0:511mm was
subjected to simple tension tests. As shown in Figure 2 dikcharge of a capacitor bank
at given times during this loading resulted in an suddeneiase of the current density and
in a time-correlated drop in the yield stress. Okazaki e{1#879) showed that each of these
current-density “jumps” resulted in a temperature riselmfd 12.2 K to 99.9 K depending
on the imposed current density. Since a temperature riski®btder of magnitude implies
a drop of the yield stress of about 0.4% and 5.0%, authorgifaydhe electroplastic effect
concluded that the observed drops are due to an interactiefectron movements and the
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moving dislocations. Recently, Bilyk et al. (2005) showed tha introduction of an EP effect
IS not necessary to explain the stress drops shown in Fig@rélBey concluded that the stress
drops can be modeled by an accurate modeling of viscoplaggeffects during pulsing. The
work presented here con rms the view that the stress dropsbeaexplained with the help
of conventional effects. However, it is concluded that yathermal expansion leads to the
observed stress drops.

2.2 Thermoelastic, viscoplastic model including Joule heating

The multi eld material model used in the current work repets a special case of the general
continuum thermodynamic formulation of such models froner®lsen and Chanda (2005) to
the formulation of models for electromagnetic thermodétasiscoplastic solids. In particular,
this work provides a framework for the treatment of EMF pssss also accounting for the
interaction between the electromagnetic and thermomeécdiagifects atlarge deformations.
The case of the simple tension tests mentioned above is doahammpler than that of sheet
metal forming shown in Figure 2.1 in the sense that the dedtion is signi cantly smaller.
Following Svendsen and Chanda (2005), in our case the mageddi can be modeled as
diffusive over the length- and timescales of interest. lis tase Maxwell's equations and
Ohm's law yield the diffusive eld relation

Oz@i 'EMr2b (21)

for the spatial magnetic ux density. Here,- ., := %3, .} represents the magnetic diffusiv-
ity, * ., the magnetic permeability, arfg, the electric permittivity. (Note that all material and
modeling data can be found in tables 2.1 and 2.2). In pa#icoh a timescalg, - .,, implies

a skin depthi(e., penetration depth of the magnetic eld into the materidl) g = " -, ¢.
As indicated in Table 2.1, for the case of titanium, the slaptll is signi cantly larger than the
radius of the “bar” (.e., a wire here). Consequently, the current density is congtantighout
the whole cross section. For a long wire( I=rq A 1), (2.1) can be solved to obtain

Ya, I
a2’

(B;b;b)(r)=(0; 0) (2.2)
in cylindrical coordinatesr;'; z ) (Jackson, 1975). Heré,represents the imposed current and
ro the radius of the wire. In turn, this implies a constant corcensity

(irsie3)(r) = (0;0;1=Yarg) (2.3)

within the cross-section of the wire.

Consider next the energy balance and temperature evolutibwe ibar. Here, the chacteristic
length scale is determined as usual by the thermal difftysivj, := k,=%c , wherek, repre-
sents the thermal conductivity, the speci ¢ heat capacity, art@ the mass density at reference
temperaturg). As usual on a timescalg, signi cant thermal conduction will take place on
the length scale,,, = P v & Since this length scale is much smaller than the width of the
wire (see Table 2.1), we are justi ed in assuming adiabatitditions over the timescale of the
pulses ( 1001 s). Over longer timescales, of course, this is not the casally; in contrast
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to EMF we neglect the radially acting Lorentz force for twasens; rstly its magnitude is
signi cantly smaller than the applied mechanical loads yBiet al., 2005) and secondly the
structural response is minimal due to the present setup giepm

\EM =lo \TM =Io
Al 58£ 1@ 40£ 101
Ti 2.2£ 10 1.2£ 101t
Assumption uniform _ gdlabath
current densityl during pulsing

Table 2.1: Scaling relations for electromagnetic diffusémd thermal diffusion.

With these simpli cations the temperature is homogeneaasteeated as an internal variable
(see (2.10) below). Consequently, the deformatiens the only thermomechanical eld given
as usual by the weak form 7

%}é\d:»u +K ¢r», =0 (2.4)

Br

for pure kinematic boundary conditions with respect to thienence con guratiorB, for all
corresponding test elds,. Here,K represents the Kirchhoff stress. As usual, this latter
variable, along with the internal variables, is given by demal model. For simplicity, attention
is resticted here to the case of (isotropic) thermoelastoylasticity with isotropic hardening.
Further, in the case of metals, we have small elastic stie. relevant internal variables are
then the elastic left logarithmic stretéhV, and the accumulated inelastic strgin On this
basis the thermodynamic formulation being pursued herased on speci c model relations
for the referential free energy densiyas well as on the evolution relations for the internal
variables. In particular, assuming for simplicity that thlastic behavior is not affected by
inelastic processes such as damage, the split

A(;InVg;2) = A (uinvy) + A (1;2) (2.5)

of the free energy into thermoelastic and inelastic parjisss ed (e.g, Svendsen, 2001). As-
suming for simplicity that the speci c heat capacityis constant (Rosakis et al., 2000), and
exploiting the condition of small elastic strain, one obsaihe thermoelastic neo-Hooke form

A(winVy) = 3., (0 ¢nV)?i (3, +21)® (i W) (I ¢inVy)+ 3% (InV, ¢inV,)
+ %G [Hi Wi KIn(u=p)]

(2.6)
for A., where, , and?, represent Lar@'s constants an@, the thermal heat expansion coef -
cient. The inelastic pad, is determined empirically with the help of experimentaledais dis-
cussed in the next section. Consider next the evolution ahtkenal variables and the inelastic
behavior. In the metallic polycrystalline materials ofdrést at low-to-moderate homologous
temperature, inelastic deformation processes are ctadrptedominantly by the activation of
dislocation glide on glide systems.@, Teodosiu (1997)), even at higher strain rates. As such,
higher homologous temperatures are required for other amsims such as dislocation climb or
even dynamic recrystallization to activate. Resistancéslochtion glide arises due to extended
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obstacles generating longer-range stress elds relatdteiphenomenological context to hard-
ening behavior. In addition, such resistance is caused d-sfinge local obstacles which can
be overcome by thermal uctuation under the action of lod¢tative stress, represented in the
current phenomenological context jdev(K )j + & i %2o(H), where

i & = A, (2.7)
represents the static contribution to the ow stress (inesheOn this basis
_ jdevK)j+ &
p - %,
represents an activation function or non-dimensional sivess in the current rate-dependent
context. Here¥; represents the dynamic drag contribution to the effectwe stress in the

system. On this basis a power-law approximation of the mraeteransition-state-based mi-
cromechanical relations for the kinetics of dislocatioilglieads to the power-law form

f (2.8)

° Y
— p /8 fmp+1
H_ime 2.9
mP + 1 P ( )
upon which the evolution of the internal variables is baséeke,®, represents a characteristic
strain rate,hxi : = %(x + jxJ) the MaCauley bracket, ana, the strain rate exponent. In

general, these will be functions of temperature and rateetdrdhation; here, we treat them for
simplicity as constants. This potential determines aslubedorms

Inv, = A

i sgn(devK ))2, (K 6 0);
o H_iMe  (f, > 0); (2.10)

2 = Ag
b= %'q ! +%tdet(F)j ¢ g ;
for the evolution of the internal variables. Hete, represents the rate of mechanical heating
and3j det(F)j ¢ the electromotive power.

Now, for the case of incompressible material behavior, veeiae that the isotropic forms
of the viscoplastic parametets, ¥ andm, are independent of the trate¢D of the rate of
deformation. In this case, the thermoelastic form

K=A =f (enV)i G +21)@Mi Wgl + 1V, (211
for the Kirchhoff stress holds from (2.6). In addition,
L= %hLime (3, +21)® pindet(F) (2.12)

then follows for the referential form of the mechanical hegtate.

This completes the basic model formulation. The detailgdrithmic formulation and nu-
merical implementation of the nite element model has besspnted partially in Stiemer et al.
(2006a). In the present context the material model of this@gch was extended by the above
evolution equations. In particular, note that the time stiep for tensile test simulation has to
be chosen according to the particular timescale where @saofjinternal variables are to be
expected. During current pulses, the time step size wasohoshel0 ¢ s. Otherwise, much
larger step sizes in the order ©€° s were chosen. The time integration of the velocity and
acceleration elds was carried out using Newmark's methiddmerical damping was applied
during pulsing and afterwards in order to avoid numericalltzdions.
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2.3 Application to metal bars subject to pulsed currents and simplden-
sion

In this section, the current model is applied to the tensistwith pulsed electric currents. To
this end, we specify here the semi-analytical form

oo, T,

& =A. =% 1+ i Y% (213)

0

for the strain hardening due to energy storage, with
?/f-‘o = ?/ﬂOr(l i ! ™ (ul H‘)) (214)

for the initial static ow stress¥, being the initial ow stress at reference temperatyre
The parametel ;,, mediates the reduction of the initial ow stress due to anrease of the
temperature. Table 2.2 summarizes the material paranwtaracterizing the inelastic material
behavior. For titanium, the parameters in (2.13) were abthifrom Bilyk et al. (2005). In
particular,! 1, , °,, % andm, were tted to the model data also provided in Bilyk et al. (2D05
For aluminum, the tensile test data were used for the straideming t. Table 2.3 lists the
remaining material parameter values needed.

?/ﬂOr 2O n ! ™ OP 376 mP
MPa - - Ki 1 st MPa -

Al | 35£ 10 | 20£ 103 | 1:9£ 101 | 1:4£ 10 ° | 1.0£ 10 * | 5:.0£ 10° | 40£ 1@
Ti | L7£ 10° | 20£ 103 | 1.5£ 10! | 87£ 104 | L.OE£ 104 | 40£ 1® | 40£ 10°
Table 2.2: Inelastic parameters.

s I ! r ®r % q kl‘

MPa MPa Ki 1 kgm 3 |mg2Kil|JgdimitKi?
Al | 5.0£ 10° | 26£ 10* | 23£ 10° | 27£ 10° | 9:2£ 10° 24£ 10
Ti | 85£ 10° | 44£ 10° | 86£ 10° | 45£ 10° | 5:2£ 10° 2:2£ 10

Table 2.3: Thermoelastic parameters.

Consider next the results in Figure 2.3 for the case of a cupelse applied to a titanium
bar undergoing simple tension in tzedirection. At the time of the pulse & 200 s), Joule
heating results in a temperature rise from 301 K to 363 K wi! s. The slight temperature
rise of 3 K before the pulse is due to mechanical dissipatiorhe left part of Figure 2.3, the
change in thez-component of the Cauchy stregs= Ji 'K is shown as a function of time.
As can be seen, the current pulse results in a reduction®tdmponent. In addition, both the
rate-dependent and rate-independent cases show thisechi@ngontrast to the work of Bilyk
et al. (2005), we claim that not the rate effect, but ratherttiermal expansion effect, is crucial
to correctly model the observed stress drop.

To delve into this in more detail, consider the results degiin Figure 2.4 for the rate of the
accumulated inelastic strafp as well as the rate £ = jdev(InV,.)j, representing the norm
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Figure 2.3: Current pulse applied to a titanium bar undegaeimple tension. Left: Devel-
opment of thezz-component of the Cauchy stress simulated with a thermaelagtcoplastic
model (rate-dependent: solid line) and a thermoelastisteplastic model (rate-independent:
dashed line). Right: Temperature rise from Joule heatinghduhe current pulse starting at

t = 200s.

of the deviatoric part of the left logarithmic stretch tens@s soon as the temperature rises,
the spherical padph(InV.) of InV_ increases (see (2.11)). Conversely, the deviatoric part and
hence?. decreases. Accordingly, sinpgev(K )j = 212 _, the activation stress (2.9) decreases
and elastic unloading can be observed. The drof @b zero takes place within 60s (see
Figure 2.4 right). Afterwards for several seconds the terissting machine continues to load
the specimen in the elastic domain until the inelastic owasctivated. As shown, in this
range?2, = 0.

Such testing has also been carried out for technically dureiaum (.g, Al99,5 or AA1000
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Figure 2.4: Rate of change of the accumulated inelasticnstraia function of time during
pulsing. Left: The current pulse at 200 s forces the streds sielow the activation threshold,
resulting in?2, = 0. Right: Variation in time of_ starting at = 200 s (note the difference of the

timescale).
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series). As all experimental conditions are the same asi&ietsts with titanium, the particular
material characteristics of aluminum are the reason for alenmstress drop. In particular, for
the same geometry and imposed currient as given by (2.3) is the same for both materials.
Since the contribution tpfrom Joule heating is given get(F ) j ¢ =(%c, %, ) from (2.10},
any difference between the two materials is due to the mad@iof%oc, %, . The parameter
values in Table 2.3 imply that the heat capaéipg, per unit volume is almost the same for
aluminum and titanium. On the other harsg] = 3:8£ 10/ Ohm ! mi ! and3j! =2:6 £
10° Ohmi * mi ! are substantially different. Consequently, sidgge A 37!, it is clear why
the temperature rise in aluminum (6 K) is much smaller thaat i titanium (50 K). Via the
thermoelastic coupling in (2.11), then, this differencéamperature increase is re ected in the
respective stress dropse., 60 MPa for titanium and 6 MPa for aluminum (Figure 2.5).

80 ; ‘ : 65 ‘ : :
60t 1 62.5} (’_/
& &
E e
&
~~
= 40 2 60
N N
- =
20 1 57.5¢
0 - . L 5f | . |
0 100 200 300 400 80 190 200 210 220

t [s] t[s]

Figure 2.5: Simulated stress drop for aluminum due to Joabdihg during simple tension.
Left: Change ofT,, with time. Right: Blow-up of the stress drop region in time.

2.4 Conclusions

For the typical timescales imposed current densities arténmaés generally relevant for EMF
processes load drops during tensile testing are observedtit&nium and aluminum it was
shown that the magnitude of the load drops can be modeledwiiffostulating a direct interac-
tion between electron and dislocation movement. The mogeli experimental results indicate
that "conventional’effects allow for a suf ciently accuearendering of the experimental obser-
vations and such an interaction can be considered of seaualed im particular for industrial
applications of EMF. Of all the effects considered, the bdia thermo-elastic expansion leads
to the observed load drops; visco-plastic rate effects hadrtal softening are notable but sec-
ondary.
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Inverse error propagation and model identi cation
for coupled dynamic problems with application to
electromagnetic metal forming

Abstract — The purpose of this work is the development and application of strategaestiify material
model parameters for metals at high strain-rates using data obtained frorsgegd electromagnetic
metal forming. To this end, a staggered algorithm for the nite element baseterncal solution of
the coupled electromagnetic-mechanical boundary value problem haslieeeloped based on mixed
Eulerian-Lagrangian multigrid methods. On this basis, the parameter determitagiether with a
sensitivity study, correlation analysis and error estimation are carriedAdter verifying the validity
of this approach using synthetic data sets, it is applied to the identi cation ofri@gbarameters using
experimental results from electromagnetic tube forming.

3.1 Introduction

Inverse problems are present in many elds of science antheegng. Classes of such inverse
problems includee.g, seismic problems in geophysics (Scales et al., 2001; 8naatd Tram-
pert, 1991), crack and defect detection (Tanaka and Duiitina2001), process design (Kom-
palka et al., 2007; Tortorelli and Michaleris, 1994; Zalsagd al., 2003), or, as in the current
work, material model parameter identi cation or materiadael calibration from experimental
data. The aim here is to determine the set of material pasamfbm experimental data. In
the current work, these data are obtained at high stragsndat electromagnetic metal form-
ing (EMF). In this case, strain-rates of up16* s ! are achieved. Given the low-to-moderate
homologous temperatures achieved during EMF, experirhentdence summarized in Jones
(1997), as well as considerations regarding dislocatiamadyics €.g, Kocks and Mecking,
2003; Teodosiu, 1997), imply that the material behaviorhis tase is rate-dependent. Fol-
lowing Svendsen and Chanda (2005), micromechanical anchdtgmamic considerations for
metals under such conditions imply that a semi-phenomeieabPerzyna-type thermoelastic,
viscoplastic constitutive model is appropriate. In paitae, using the electromagnetic form-
ing data, the material parameters in this model which contm rate-dependence are to be
determined.

Classical experimental methods for the determination o&dyinal material behavior include
for example the split Hopkinson bar or Kolsky bar, gas guectbmagnetic ring expansion
and drop tower€.g, EI-Magd and Abouridouane, 2005; Field et al., 1994; Gilad &lifton,
1985; Gray, 2000; Klepaczko and Malinowski, 1978; Kolsi849; Meyers, 1994). These gen-

"Unger et al. (2007a)
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erally utilize specimen geometries designed to induce adgemeous deformation state and
deformation rate. More recent approaches based on nurhsoicéions of the boundary-value
problem can also deal with experimental results involvieg-shomogeneous deformation of
the specimend.g, Mahnken, 2000; Scheday, 2003; Springmann and Kuna, 26@6)exam-
ple, Kajberg et al. (2004) use data from high speed photbdgrap impact tests to identify
viscoplastic material parameters via a nite element asialpf the inhomogeneous deforma-
tion of the specimen. Similarly, the deformation eld obstad during EMF is inhomogeneous,
so that the corresponding material model identi catioroiwes the nite element simulation of
the specimen. Such an identi cation procedure always we®the solution of an inverse prob-
lem. Often, this identi cation does not take measuremertrsrinto accountd.g, Gelin and
Ghouati, 1994; Kleinermann and Ponthot, 2003, and prelyaited authors). Those inves-
tigations that do are usually based on homogeneous defomrasults. For example, Bruhns
and Anding (1999) quanti ed correlations of parameters astimate variances for identi ed
material parameters. In addition, Harth et al. (2004) idettparameters for AINSI SS316
stainless steel and estimated their variances by gengmsytimhetic data sets mimicing exper-
imental data. In the current work, the nite element inveas®lysis is extended using such
methods common to statistical model identi cation and @&apto identify material parameters
by means of data obtained via EMF. This approach is then @dmwith the help of additional
data from homogeneous tests.

The paper begins (Section 3.2) with a brief summary of thehaeical material model for
electromagnetic forming and its numerical implementatidhe latter is based on a nite ele-
ment based staggered multigrid approach in which the electgnetic eld relations are solved
on an Eulerian, and the mechanical eld relations on a Lagieanmesh. In the model, the full
coupling between the deformation and magnetic elds is makéo account. Next, we review
the formulation of the corresponding inverse problem (®ac3.3). This includes error, sensi-
tivity and correlation analysis. The approach here explbi¢ staggered structure of the numer-
ical solution algorithm as well as the fact that the modebpaaters are only weakly sensitive to
variations in the electromagnetic elds. In any case, theypeeters are identi ed on the basis of
the fully coupled model and simulation. To validate the apgh, it is applied to synthetic data
sets generated with assumed parameter values for the catenohum tube forming. After
rst carrying out a sensitivity and correlation analysise¢don 3.4), the viscoplastic material
parameters are identi ed using these data sets along withn estimates (Section 3.5). In the
last part of the work, the approach is applied (Section ®.@rtual experimental data of Brosius
(2005) for the aluminium alloy AA 6060.

3.2 Coupled model and algorithmic formulation

The matter of interest in this section is the modeling of tixeainic interaction of strong elec-
tromagnetic elds with metallic solids resulting in theiefbrmation. There exist a number
of modeling approaches for coupled magneto-mechanicéllgmes. Some focus on speci ¢
geometries, like in the case of ring forming (Gourdin, 1988antafyllidis and Waldenmyer,
2004). Others are applied to arbitrary geometries but ateicted to small deformationg.@,
Schinnerl et al., 2002). For the case of interest hiezg Jarge-deformation inelastic processes,
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very little work exists (El-Azab et al., 2003; Fenton and Bagl998). The model to be summa-
rized in this section represents a special case of the gezmranuum thermodynamic formu-
lation (Svendsen and Chanda, 2005) in which a strong mage&dilmduces electric currents
in thermoelastic, viscoplastic electric conductors gatieg Lorentz forces resulting in large
inelastic deformations.

Here the system consists obed regionR ¥ E of Euclidean point spadé containing one
or more solid bodies moving through it as well as the surraugndir. In the case of EMF, for
example, these bodies include the workpiexg,(sheet metal) and tool coil consisting of tech-
nically pure copper (see Figure 3.1 and Figure 3.2). As sBcbontains the reference.g,

tube

electric
current density

electric cricuit

symmetry axis

magnetic
flux density

O 0 0 0Od00000D DD D
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~

coil

Figure 3.1: Electromagnetic (tube) forming. Left: 3D ilitegion of the workpiece (tube) and
tool coil (copper windings). Right: Schematic axisymme#I2 representation depicting the
electric circuit, tool coil and workpiece as well as the metyn ux and current densities in the
workpiece and tool coil.

initial) B, ¥2 R and currenB, ¥2 R con gurations of any of these bodies. They are modeled
here as electromagnetic, mechanical continua charageteby a time dependent deformation
eld » together with the additional degrees of freedom represgitiie electromagnetic elds to
be introduced in what follows. Whereas the time dependentrelmagnetic elds are de ned
on the entire regioR, i.e., also in the air surrounding stationary or moving materalibs, the
deformation eld» and all kinematic elds derived from it, are logically reisted to the con-
gurations of deforming and moving bodies. Since the retév@ectromagnetic frequencies
for the engineering structures of intereist ( less than 10 MHz) correspond to electromagnetic
wavelengths which are much larger than these structurés,that the wave character of the
electromagnetic elds is insigni cant, and can be neglelctén effect, this corresponds to the
so-called quasistatic approximation (Moon, 198@,2 andx2.8). For simplicity, any thermo-
electric effects, as well as any magnetostrictioe.(the Hall effect), are also neglected here.
This is reasonable for conductors like aluminum or coppepain temperature and “weak”
magnetic elds. In addition, although there is a tempemtcrease during electromagnetic
forming due to mechanical dissipation and Joule heating, (Svendsen and Chanda, 2005),
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Figure 3.2: Electromagnetic and mechanical domains anti@sder the coupled nite element
simulation. HereS, represents the current con guration of the workpieCg that of the tool
coil, Ay the cross section of thie" torus, andR the region of space containing workpiece,
tool coil and the surrounding air with bounda@R Shown on the right is the multigrid con g-
uration for the coupled simulation consisting of xed Eudar electromagnetical and moving
Lagragian mechanical meshes.

this increase is small (20-50 K). Consequently, for simpliete assume isothermal conditions
in this work. Under these conditions, eld relations for tekectromagnetic vector and scalar
potentials can be derived following Svendsen and Chandabj20the magnetic eld can be
modeled as diffusive here over the length- and timescal@stefest. In this case, Maxwell's
equations and the Coulomb gauge conditibna = O yield the diffusive eld relation

@+rAj -, div(ra)=0 (3.2)
for the vector potentiad together with
div(r A)=r2A=0 (3.2)

for the scalar potentiah, where- _, represents the magnetic diffusivity. As usualandA
determine the magnetic ux via = curl @ and the electric eld vig e = @ + r A. Given
that the electromagnetic elds vary on a timescale muchtshdhan that of the mechanical
elds, the convective ternb £ v in the electromotive intensi = e + v £ b is much smaller
thane and hencg 2 ¥ @ + r A (e.g, Stiemer et al., 2006a). For more details, the reader is
referred to this latter work.

Consider next the modeling of the tool coil. During tube exgan, it can be treated as
stationary. Consequently, the curréhtand referenc€,., con gurations of this coil coincide
and are xed (see Figure 3.2, left). As depicted in Figure, 3k tool coil has the shape of
a helix consisting oh windings with constant inner and outer radii. The crossiseaif any
winding at any azimuthal angleis always identical. The tool coil consists of copper emigetdd
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in a resin matrix whose electromagnetic properties areedlmghose of a vacuum. Although the
tool coil is not perfectly axisymmetric, it can be approxtedas such with suf cient accuracy
due to the small pitch of the helix. In this case, thevindings of the copper helix are replaced
by n tori W, k = 1;:::n, possessing the same cross section (Figure 3.2, belowseTdre
connected in series via cuts in each torus at an azimuth& afig = 0. The cross section
of eachW,, k = 1;:::;n i 1, at' = 2%is then treated differently from that at = 0
and identi ed with that at = 0 of the next windingW,,, . In particular, this means that
the electrostatic potential is continuous across the itiansrom one torus to another. This
simpli cation also results in the triggering current hagionly an azimuthal component. Since
then windings are connected in series, the (measurable) totedraih = | (t) (see Figure 3.4
below) owing through a cross sectiofg of any windingW,, at an arbitrary azimuthal angle
is always the same. Outside the tool cbd,, in the resin matrix, or in the moving workpie6e,

or in the air around the tool coil and workpiece, the boundanrg transition conditions for the
electromagnetic elds at material interfaces imply thais constant there and $QA vanishes.
Note thatA anda may be reasonably approximated by zero at the boundary aktiienR
containing the tool coil, the workpiece, and the surrougdiir. Solving then equation (3.2)
explicitly in everyW,, subject to the usual boundary conditions between a peréetductor
(copper) and an insulating medium (resin), one obtainsdabelr

8
% 0 iNRNn(C.[ S
. A _ 0 in S
2c o+ n.t@ e inW,
A

ck
for the source term A in (3.1) (Stiemer et al., 2006a), with

( ya 1 )11
c:= r Fe. ¢n, : (3.4)

Ack

Note that the latter quantity is independent of the chosesscsectiom, under the given
geometric conditions. Here; denotes a unit vector in-direction andA , the cross section of
thek™ torus with outer unit normal vectar, . As such, the model simpli cations just discussed
result in an analytic solution of (3.2) and so the eliminatid A as a degree-of-freedom in the
model. Substituting (3.3) into (3.1), forming the scalavqurct of the result with the test vector
potentiala,, and partial integration, yields the weak form

Z Z
@cta,+ -, racra,
) (
x Z z ) (3.5)
= c Y+ n t@ e ¢a,;
k Wk Ak

together with the boundary conditions #ias discussed above. The relation (3.5) is the starting
point for the nite element discretization to be discussetbl.
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Consider next the mechanical part of the coupled model. hased on the weak momen-
tum balance of the deformation eld. Assuming purely kinematic boundary conditions, this
is given by 7

(%A f)er,+P ¢r» =0 (3.6)
BI’
with respect to the referential con guratidd) ¥2 R for all corresponding test elds,. Here,

f =det(F)l =det(F)j £ b (3.7)

represents the Lorentz (body) force (densityits representation in the current con guration,
P the rst Piola-Kirchhoff stress, an& := r » the deformation gradient. The mechanical
model is completed by the speci cation of the material modéére, attention is restricted to
such a model for the metallic workpiece, which is formulatede as a hyperelastic, viscoplas-
tic material. For simplicity, the (mild) elastic and ow autropy of the metals of interest.(,
Al) is neglected here, as well as any kinematic hardeningreMyenerallye.g, for the case
of deformation-induced anisotropic ow behavia.¢, Svendsen, 2001), this is of course no
longer possible. Since the metal forming processes ofaatdrere are predominantly mono-
tonic in nature, however, this last assumption is reas@ndblthis case, the constitutive model
is speci ed via the form of the referential free energy degndj (InV_; 2,) together with the evo-
lution relations for the elastic left logarithmic stret@msorinV,_ and accumulated equivalent
inelastic deformation measufe. In the context of small elastic strain, the usual Hookeedas
form

A(InVg;2)= 1. (I ¢nV.)?+ t dev(InV,) ¢dev(InV,.) + A (2,) (3.8)

is relevant. Another common assumption in the non-isothéoantext in the case of metals
is that of constant speci c heaé(g, Rosakis et al., 2000). Here, represents the bulk mod-
ulus,®, the shear modulus, an (2,) the contribution from energy storage due to isotropic
hardening processes as usual. From (3.8), one obtainstioyar the usual hyperelastic form

K = @y.A =3, sph(inv,)+21, dev(InV,) (3.9)

for the Kirchhoff stres& = PF". As usual,A, (2,) is estimated with the help of ts to the
guasi-static yield curve for the materials of interest annaemperature, as discussed in what
follows. Consider next the evolution of the internal varegblnd the inelastic behavior. In
the case of the metallic polycrystalline materials of iagtrat a low-to-moderate homologous
temperature, inelastic deformation processes are ctedrptedominantly by the activation of
dislocation glide on glide systems.{, Kocks and Mecking, 2003; Teodosiu, 1997). Indeed,
this seems to be the case even at high strain-ratgs Frost and Ashby, 1982). Apparently,
higher homologous temperature levels are required forratiechanics such as dislocation
climb or even dynamic recrystallization to begin playingker Resistance to dislocation glide
arising due to obstacles and other factors is related intlee@menological context to harden-
ing behavior. Quasi-static processes of this nature dariing to energy storage in the material
result in the contribution

i & = A (3.10)
to the effective quasi-static ow stress in the matrial. Buesistance to dislocation motion can
be overcome by thermal uctuation under the action of thel@&tfective stress, represented in
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the current phenomenological context®y (K )+ & i %o, where¥, (K ) represents the von
Mises effective stress with respectko, and¥;, is the initial ow stress. On this basis,

Fo(K:&) 1= %, (K)+ & i %o (3.11)

represents an activation measure or overstress in thentuate-dependent context. A power-
law approximation of the more exact transition-state-dasé&cromechanical relations for the
kinetics of dislocation glided.g, Kocks and Mecking, 2003; Teodosiu, 1997) leads to the
power-law form

: Ao
, °(%:D) % (D) “f (K ;&) Mle )

A(Z,;D ;K ;&)= D)L %eD) (3.12)

upon which the evolution of the internal variables is basddre,¥; represents the dynamic
contribution to the ow stress;, a characteristic strain-rate ama the strain-rate exponent.
Further,hxi : = %(x + jxj) represents the ramp function. As indicatéd,¥; andm, are in
general functions of accumulated inelastic deformatioth @aformation rate. For simplicity,
however, these material properties will be treated as aotstn the algorithmic formulation to
follow. To indicate this, we writé, b °,, % B %, andm, ® m,. The form (3.12) determines
the evolution relations

o q—
ilnvV., = @A = Ssgn(devK )2, (K 60);
&y Am, (3.13)
2 - A = o P .
L= @A = % g (f, > 0);

for the evolution of the internal variables, with
InV, := 1 In(FCF'FT) (3.14)

in terms of the inverse plastic right Cauchy-Green deforomedi; *.

In summary, the material parameters introduced in the aboyeel include the magnetic
diffusivity - ., , the electrical conductivityy, , the bulk modulus ,, the shear modulus,,
as well as the dynamic viscoplastic paramefgs¥s, andm, appearing in the viscoplastic
potential (3.12) and ow rule (3.13). For the purpose of middenti cation, we will assume to
a good approximation that the rst ve of these are known an@d. In this case, the arrgy
of parameters to be identi ed takes the form

P = (0 ¥ M) : (3.15)

The values which these may take are as usual subject torcpttgsical constraint®.g, °, >

0 and¥%y > 0. Further, micromechanical as well as experimental obsiens suggest that
m, > 1. This also holds from the point of view that (3.13) represeam approximation of
more exact transition-state-based micromechanicalioaite.g, Kocks and Mecking, 2003;
Teodosiu, 1997). We return to these issues below.

Next, the algorithmic formulation of the above presentedletas summarized. The dif-
ference in electromagnetic and mechanical timescalesthiegwith the distinct nature of the
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elds involved (i.e., Eulerian in the electromagnetic case, Lagrangian in thehamacal large-
deformation context), suggest a staggered numericalisolptocedure involving separate grids
for the electromagnetic and mechanical elds (see Figu2g 3n addition, the electromagnetic
mesh is adapted according to the movement of the structumeelys of an ALE-scheme. Each
algorithmic formulation is discussed separately befoiadheombined in the framework of the
staggered algorithm at the end of this section. The digatin of the mechanical weak form
(3.6) by means of the nite element method and usage of therhak algorithm to integrate
(3.6) over the time interval, . ,, , yields the implicit algorithmic system

f§+1;nfxﬁ+1;pg = O (316)

in terms of the arrayx;,, of time dependent nodal positions at xed Lorentz folgg, =

%, curll™a £ @,,,. The solution of (3.16) is obtained via Newton-Raphson fterain
terms of its consistent linearization. A detailed and ceadiscussion of the advantages of an
implicit solution scheme in contrast to an explicit one ie ttontext of metal forming can be
found in Tekkaya (2000). Throudk , the discrete form (3.16) depends as well on the current
(unknown) values of the internal variables. Using backwiaunter integration to solve (3.13)
overt,., .1, one obtains the algorithmic relation written in the contgamm

ron+1:nf ®nsy i Fni;Pg=0; (3.17)

with ® = (InV;%) andrg = (n,v,;r. ). This last relation is again solved via Newton-
Raphson iteration and holds at each integration point in ebrhent of the structure.

Turning next to the electromagnetic weak form (3.5), niteraent discretization and tem-
poral integration via the generalized trapezoidal ruler tve intervalt, ., ., yield the system

n # . n #
A3 BS. a,, c>,
. n+1 2+1 - . . n+1 . (3_18)
I i ® tn+1;n l a1 ap + (1 | ®) tn+1;n§n

to be solved fora;,, anda;,,, in the context of the current staggered approach with xed
x3,, . Here,A® represents the discretized spatial "stiffness” part Bidhe diffusive "mass”
partin (3.5). Througte;,, the measured input current, which is driving the formingragen,

is implemented. The amount of arti cial damping is conteallby the the parametér< ® - 1.

The aforementioned staggered solution scheme is desanilakdail in what follows:

1. Update the boundary conditions and supply termg,(currentl in the tool coil) to
t=t,,.

2. Update the boundary conditions and initialize the nodddls,i.e., x3 = x3, x3¢) =
x3, ) = s ande’®) fork = 1.

3. Obtaina®) anda}) from (3.18) depending in particular on the.q, experimentally
determined) valué ., of the electrical current in the tool coil as well as the cotre
spatial distribution ofj, and- ,, inR.

4, Obtainlﬁl'ﬁ,)1 from (3.7). Transfer the results to the embedded Lagrangiesh for the
workpiece.
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5. Solve (3.16) at xed !, andp to obtainx>{;™" , x 3K BED anded

’ _n+l

6. Steps 2-5 are repeated for 2;::: until convergence is obtained, yielding,, , a3, ,
and the updated internal variables.

We refer to this as Algorithm 1 in the following.

3.3 Model indenti cation procedure

In the algorithm of the previous sectiop,was xed. Since we assume the material behavior
here to be homogeneous, the parameter identifcation td&es pasically at the material point
level with the help of the nite element solution at the stiwral level. Indeed however, in the
case of EMF and other high-strain-rate methods, the defitwmeeld is not homogeneous.
To formulate the corresponding algorithm, we proceed devisl. First of all, since the data
available to us concerns the deformation of the workpiesreyfatters of simplicity attention is
restricted to the mechanical part of the model. dg}(t) represent the (incomplete and inex-
act) experimental data arrag.g, discrete displacement eld of the specimen) parametdrize
in time. This is to be compared with the correponding infatioraderived from the solution of
(3.16) and (3.18) using the algorithm at the end of the lagti@® As implied by the notation,
this solution takes the form of} anda; as implicit functions of all parametetbs and in partic-

ular p, at each discrete time= t; fori = 1;:::;min the context off0;d] = 2 1[tI LGl
Sincep is constant in space and time, the comp te 6egdx3;::1;x5,) and(ag; a3; i i ar,)
of algorithmic solutions in the time intervfd; d] = ™, [t;, 1;t;] are relevant here. In the con-

text of the staggered solution approach being pursued hsregll as due to the fact that the
available data are purely mechanical in natuue, (deformation data), we neglect for simplicity
the implicit dependence @ onp and focus on that implied by (3.16). Again, to indicate this
implicit dependence of?,, onp in the notation, we write?,; = Xj.; .,fpg. In this context,
the choice op is judged to be “good” if the deviation

Zn+1fpg .= dep(tnﬂ) i drsnod(xfwl;nfpg) (319)

betweendy,,, and the model predictiody, 4 (X}, ) is “small.” Here,dy,,4 maps the simulation
resultsx;,, onto a form consistent with the experimental observatidnsSection 3.6, it is
shown (see Figure 3.6) that, due to the weak coupling, théecegfa;,; = aj,;.,fpgin
(3.19) is justi ed. As such, the identi cation procedurevoives directly the mechanical part
of the coupled problem. In general, note thif,, could be highly non-triviale.g, when
inhomogeneous displacement elds are measured opticatlycampared with nite element
nodal displacements (Scheday, 2003). In the current coritewever, the data consists of the
tube displacement at a single point in the structure as diamof time (see Figure 3.3). In this
case, a direct comparison of experimental and simulatisult®is possible.

Statistical maximum likelihood consideratioresd.Bevington, 1969; Press et al., 2002, Ch.
15) motivate the chi-square form

1X m X

1 m
W; zfpg ¢W, zfpg= zfpg ¢k zfpg (3.20)

2
Afpg 2 i=1 2 i=1
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for the objective function based aff pg. Here,W, represents the weighting matrix taking into
account possible differences in variance and physical smo@ of the experimental data, and
E, := W/ W,. As usual, the best- t parameter g&f then minimizesA?f pg,

Afp,g- A*pg; 8p: (3.21)

In the differentiable case, is determined as usual by

X m
@~ = (@2)Ez = 0;

Q@A)
where@ represents the partial algorithmic or implicit derivataeerator. Note that
@z = i (@ dne)(@xi; 1) = (@ drea)(@:F3is; 1) (@i, 1) (3.23)
holds via (3.16). In addition,

X X
@ 1:xn. 1 eliT (@Effi;ii 1)'5 ; @fXIH 1~ eliT (@ffi;ii 1) (3-24)

follow from (3.16). Further,

(3.22)

. (@z) Ei(@z)+(@(@z))" E zz positive-de nite,

@fxn|l = XII 1+(@f|||1)(@$qe;ii1)
= @Efxi;ii 1 i (@fxi;ii 1)(@r(e®i;ii 1)i 1(@er%i;ii 1) ;
(3.25)
@fxu| 1 = (@ffi;ii 1)(@@% 1)

i (@ffi;ii 1)(@rgﬁ;ii 1)i 1(@r(e®i;i1 1) ;

are obtained from (3.17). In particula@rg,;;, , represents the Jacobian matrix of the local
Newton-Raphson iteration for the internal variables at tla@i€s-point level. Now, if a local
quadratic approximation t82 is reasonable, then the rst of these can be solved via Newton
Raphson iteration as based on

(@(@A))ilPs i Pl = i (@A), : (3.26)

Otherwise, one would have to “globalize” this approach bybming it with,e.g, a line search
or steepest descent step. In any case, assuming lea@omes small g8, approachep,, the
second ternﬁ@zi)T E, z in the sum in (3.22))should become negligible in comparison to the
rst one. Further, assuming the model is physically reabtmehis term is just related to the
random measurement error at each point (Press et al., ZD@R)error can have either sign, and
should in general be uncorrelated with the model. As suchyar& with the approximation

X m
A2 T
Q(QA) Ya - (@z)' Ei(Qz) (3.27)
in (3.26). On this basiq, is determined via the following algorithm:

1. Choose starting valugg (k = 1) for the parameters to be identi ed.
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2. Solve forxy; . 1fp, 9, &, 1f P9, ande’;. 1 p, g for all times steps = 1;:::;m using
Algorithm 1.

3. Use (3.26) to solve fqu, ., .
4. Repeat steps 2.-3. flar= 2; ::: until convergence is achieved.

This is referred to as Algorithm 2 in what follows. Again, adhat we are neglecting the (weak)
couplinga;,; = a;.;.,,fpgin the identi cation process. Clearly, this scheme is gehanal
can be applied to any model identi cation based on a stagbsoition scheme.

Consider next a variatiofp of the parameters. This induces for example that
= (@3, )2 = i (@F3, )" (@f3i; D (3.28)

in X7, representing the sensitivity af to variations inp. As it turns out, it is useful to work
with a normalized sensitivity matri®(t;) based on this

Slk : kaJ (@ i 1)]k (3.29)

(e.g, Kleiber, 1997). In particulat5, (t;) represents the variation gf due to a variation of,

att = t;. The normalization facilitates comparison of the senisi¢is for different model param-
eters (Bolzon et al., 2004). Possible correlations amongnibael parameters are determined
by the covariance matrix

~ X m 01
C:= f@(@Az)g{j1 Ya - (@zi)T Ei(@z) ] (3.30)

(Press et al., 2002). In the general case of identi catiomofe than one material parameter
at a time, the correlation of the parameters representgl@efumportant consideration in the
context of determining a unique and accurate set of param@evington, 1969). As usual,

the correlation coef cient

o o Ci

73 pTC” (3.31)
is a measure of the degree of correlation between two paessndiet’zrepresent the corre-
sponding matrix, such thiid; denotes its the -th element. In particulajyg j = 1 implies that
p, andp, are linearly dependent, in which case no unique solutioh@bptimization problem
exists. In practice, the closg# j is to 1, the less distinguishable are the contributiong aihd
p, to the model behavior,e., on the basis of the data used for the model identi cation.

Further, experimental error and statistical uncertaimg¢yiacorporated into the standard de-

viation of the determined model parameter values. To estirttas standard deviation, the
Gaussian law of error propagation is assumed. In this chsejariancé} of p, 2 p is given
by

%, =" Cla (332

in terms of the components &. To verify the current approach and obtain additional in-
sight, these variances are also investigated using syniltatia sets based on known material
parameter values endowed with experimental uncertaiatjg&valent to those of the actual ex-

perimental data.
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3.4 Parameter identi cation, correlation and sensitivity

In the case of electromagnetic tube forming, the experiaie@asults take the form of displace-
ment values at the center of the tube in the radial direcfidre measurement system utilizes
a laser beam detected by a Position Sensitive Device (PSD)ndpthe forming process, the
sheet metal moves between the laser and the PSD, resultinghange in detected laser light
intensity which is directly proportional to the radial exyggon (see Figure 3.3, left). The setup
allows for carrying out of forming operations at differentitial discharging energies of the ca-
pacitor depicted in Figure 3.1 resulting in an increasinigaeation with increasing discharging
energyEp. In this study we examined forming operations at three dffie discharging ener-
gies, namely 650 J, 800 J and 1000 J (see gures 3.3 and 3.4ngltlss method, one obtains

2

laser diode —_| .

lens 2
tube
\

measurement
point

coil /

PSD . T U(tn) ~Ar(t,)

Ar(t) [mm]

0 5I0 160 150
t [us]

Figure 3.3: Experimental measurement of tube forming.:llefser-based measurement of the
change in the outer radius of the tube with time. Right: Meedwhange of tube radius at the
middle of the tube for the discharging energies 650 J, 80@.J.800 J.

the datad,,,(t) in the form of the radial componefitr(t) = u, (t) of the displacement eldl
in the middle of the tubd,e.,

Oexp(t) = (¢ r(t)); 1=0;:11,m: (3.33)
Together with the simulation, this determine$pg in (3.19). Assuming the same standard
deviation¥sfor all data for simplicityW, = %4 I foralli = 1;:::;m, such that
Ripg= =" " 2tpg ez 3.34
pg—ﬁ i, 4'P9t4ipg (3.34)

follows for A%f pg from (3.20). Next, we turn to the speci cation of the formisgtup. The
tool coil consists of technically pure copper. The tube 8peas utilized in the current work
consist of AA 6060 aluminum. Values for the elastic consatite mass density and the elec-
tromagnetic constants for this material and copper weraiodd from the literature and are
summarized in Table 3.1. The quasi-static yield behavigkA6060 is described here by the
contribution

AR) =+ )° (3.35)
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r L, % Yo cu Yo A
[MPa] [MPa] [kgmi 3] | [VAIImi] | [VAIiImi]]

[6.77£ 10' | 259 10" | 2.70£ 10° | 5.60£ 10" | 3.46€ 10" |

Table 3.1: Fixed elastic and electromagnetic propertieBA6060 and conductivity of tool
coil.

3/60 Ct C C3
[MPa] [MPa] - -
[7.17£ 101 | 3.32£ 10 | 1.00E 10 ° | 3.87£ 10 ! |

Table 3.2: Fixed quasi-static isotropic hardening paransdbr AA 6060.

%0 %% Mo
[s' Y] [MPa] -
[6.00£ 10° | 5.00£ 10 | 4.00£ 10° |

Table 3.3: Initial values for the dynamic inelastic paraangfor AA 6060.

to the stored energy due to isotropic hardening processescdrresponding parameter values
together with estimates for the initial ow stredg, were determined with the help of tensile
tests. These are shown in Table 3.2.

Lastly, starting values for the viscoplastic material paggersp to be identi ed were ob-
tained from Jones (1997) and are listed in Table 3.3. For ¢etemess, the model geometry
and the measured input current are depicted in Figure 3.AthEonite element simulations,
convergence studies of the coupled, as well as the purelpamézal problem indicate that four
elements over the tube thickness yield a converged solufioa element type that was utilized
represents a bilinear displacement formulation for lagfeation problems. In addition time
step size investigations (Stiemer et al., 2006a) for suskesys imply that,,;., = 1'sis a
reasonable choice. Before carrying out the actual identiioca consider the correlation and
sensitivity properties of the model determined for a disgimy energy of 1000 J. To this end,
the derivativesgd x;, ;, i = 1;:::; m, were calculated numerically via nite differences using
the starting values fqu given in Table 3.3, yielding

0 1
1:000000 1000000 685362

= @ 1:000000 1000000 (686542A : (3.36)
0:585362 686542 1000000

The values in (3.36) indicate thgf and% are linearly dependent. Evidently, this can also be
seen by factorindgy out of (3.13). Consequently, it is reasonable to° xto its initial value, in
which case reduces to

p = (¥ mo) : (3.37)
Next, eachS, (t;), i = 1;:::;m, was calculated via (3.29). In particular, these are based
on the single experimental result,,(t;) = (¢ r(t;)) at eacht;, i = 1;:::;m. The results

are displayed in Figure 3.5. As shown, in the rst part of tlenfing processif., up to 7
1s), the deformation is elastic, and the sensitivity of thedeldo variations of the inelastic
parameters is zero. Then the structure begins to deformastiedlly and the sensitivity of
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workpiece
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Figure 3.4: Experimental set-up and measured input cwrelneft: Geometry of workpiece
and tool coil for tube expansion (dimensions in mm). Rightasiged input currentis(t) in
the tool coil as a function of time for the discharging enesgh50 J, 800 J and 1000 J.

the model to variations in both parameters increases updatdib?! s. At this instance the
deformation is again elastic. After 55s, the structure deforms mainly elastically and the
sensitivities oscillate about a constant valueSgf = 0.23 andS;, = 0.052. The oscillations
are due to the normalization usinig,, . Note that the sensitivity of the model to the inelastic
parameters does not reduce to zero during elastic defmmbécause of the accumulated and
history-dependent nature f.

In comparison with other cases in the literature (Bolzon 28I04; Chen and Chen, 2003),
the magnitudes of the sensitivities here indicate a goattiaility of the material parameters
at the high strain-rates of interest here, for which the pdaw form (3.13) of the ow rule is
physically reasonable fdéry = 50 MPa andng = 4. If the effect of rate hardening is reduced
by setting¥y = 5 MPa, the sensitivity with respect to both parameters isced by one order
of magnitude. This would make the identi cation much morkatilt. In the real experimental
situation, this could be the case for materials with lessipunced rate effects.



3.5 Identi cation using synthetic data 49

6000
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S11;S12 [-]

_____
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Figure 3.5: Correlation of model sensitivity¥p andm, with inelastic deformation as measured
by 2,. Above: Equivalent inelastic strain-radg at the center of the tube as a function of time.
Below: Sensitivity of the model to changes3§(S;;, solid line) andng (S;2, dashed line) as a
function of time.

3.5 Identi cation using synthetic data

Following Harth et al. (2004), the purpose of the currentisacis to test the identi cation
procedure under various assumptions regarding the expetainthe data. To this end, the
parameter values in Table 3.3 were used to generate synttet. Working for simplicity
with the case of no measurement errors rst, consider thedgnce of the determination of
the material parameters on the number of updates of the toferce,i.e., on the number of
coupled simulations required. To look into this, a synthetperimental data set analogous
to (3.33) is generated using the parameter vajues (50, 4). The starting valugs, for the
determination are chosen to be (100,8). The identi catioocpdure then begins with a fully
coupled simulation to determing. The material parameter values are updated, and a new
coupled simulation is carried out, yieldihg. The corresponding progression of updatep if
shown in Figure 3.6. Each triangle represents an updateeat body force density. Body force
updates are indicated by circles.

In the case of tube forming, good accuracy is obtained usihg @ne coupled simulation,
e.d, pys = (5.0013% 10!, 4.0083Z 1(P). Indeed, a further body force update yielded only
marginally better result®.g, p,; = (5:0000€ 10%; 4:0000E 1(P). This state of affairs can be
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105

8‘5
¥ [MPa]

Figure 3.6: Application of the parameter identi cation atghm (Algorithm 2) to synthetic
data sets generated using the parameter vayésr AA 6060 from Table 3.3. Each triangle
represents an updatemfit xed body force density.Body force updates are indicatgditrles.

explained as follows. At the beginning of the forming pragebke body forces reach their max-
imum values at a time when the deformation of the tube is predlantly elastic. Consequently,
inelasticity is not active, and the coupling is weak (FigBrg). This is in contrast to the case of
sheet metal forming, where the Lorentz force is acting alsind inelastic deformation of the
sheet metal. Consequently, a larger number of Lorentz fqudates is required for an accurate
parameter determination.

Given the weak interaction between the body forces andstielprocesses in the case of
tube forming, the body forces are xed for simplicity in whatlows. On this basis, consider
the ef ciency of the identi cation procedure for differenbmbinations of the starting values for
the material parameters. In Figure 3.7, the combinatiofysm, = 3, %=3% = 3, andm}=m, =
3i 1, 34=3 = 37 ! are considered. The identi cation procedure here is ithtsd in terms of the
fraction[p,]i=[p]i denoting the difference to the correctly identi ed matéparameter for each
direct computation numbered by If [p,li=[p]i ¥2 1, the parameter can be considered to be
identi ed. The crucial measure to quantify the ef ciencytbie applied methods is the number
of direct model computations, as these represent the mesy @perations in one iteration of
the procedure. In both cases, the material parameters beutdidenti ed with the desired
accuracyjp i p,j < 1£ 10 4, and the identi cation was stopped.

On the numerical side of things, we compared the gradiesgdbérust-region method with
the direct Nelder-Mead simplex method. Table 3.4 summatize ef ciency of the two numer-
ical solution methods for the different parameter value om@tions considered. In all cases,
the gradient-based method converges faster to the coakets/than the direct approach. Due

ms=my; ¥4=% 3,3[1/3,1/3| 3,1/3| 1/3,3
function calls (trust-region Newton) 21 60 21 112
function calls (Nelder Mead) 120 92 90 114

Table 3.4: Numerical ef ciency of the identi cation proceck for different starting values of
the parameters and two different numerical solution method
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Figure 3.7: Ratio of current to identi ed parameter valuesdsnction of the number of func-
tion calls for¥, (solid line) andm, (dashed line) for two different starting values. Léf§=3%
= mj=m, = 3=1. Right:%4=% = mi=m, =1=3.

to the mathematical form of the ow rule, initial values of, which are smaller than the iden-
ti ed ones result in many more function evaluations.

Consider next the in uence of measurement uncertaintiesherparameter identi cation.
This is done by generating a large number of data sets witnaity distributed “measurement”
errors. The in uence of these on the con dence regions ferittenti cation can be speci ed
by applying the standard estimators for the mean

1 X n K
1i 1/4 EI .: ﬁ k=1 pl (3.38)
and variance "
1
Kyast = — (pFi B) (3.:39)
k=1

in terms of the sample varianeg, for n data. Those then facilitate the veri cation of con dence
regions obtained from the Gaussian law of error propagati@hsensitivity analysis (3.32). In
the above part of Figure 3.8 the results of the error anafgsisl = 100 experiments with a
variance of¥4 = 1 £ 10 ° for each data poindg,,(t;) are shown. The identi ed parameters
so obtained can be represented in terms of their deviatmm their mean valuep i p to
indicate the scattering (Press et al., 2002). In the lowetr gfaFigure 3.8 the frequency of
occurrence distributions for the parameters are showny ae be obtained by projection onto
the corresponding axis. The probability density functiob&ined with the variances from the
Gaussian law of error propagation are also depicted. Vdtrethe variances estimated from
the experiments arg, = 1:21£ 10 ° andsf,) = 9:86£ 10 ° and values computed from the
Gaussian law of error propagation éz% =1:24£ 10 °and¥%;,, = 1:01£ 10 3, respectively.
The relative variances for the strain-rate exponent agefehan the ones obtained figy. This

re ects the results obtained from the sensitivity analysere the sensitivity with respect oy
turned out to be smaller than that fidy (see Figure 3.8 below).
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Figure 3.8: Effect of errors on determined paramater valabsve: Parameter value deviations
from the mean foN = 100 identi cations. Below left: Corresponding Gaussianisttion of

deviation values fom, and probability density functioh estimated via the sensitivity analysis

and covariance matrix. Below right: Corresponding Gaussistniloution of deviation values
for %.

3.6 Identi cation using experimental data

This section is focused on the identi cationpiusing real data. In contrast to the synthetic data
sets, real data is available starting at 10! s. Since the loading of the structure becomes non-
proportional after 5@ s and the material model used in the current work takes ootyopic
hardening into account, data after this instance was nat instae identi cation. The temporal
development of the principal valués., ; of the Kirchhoff stress in Figure 3.9 shows that the
loading becomes non-proportional after this instance.eNbéatk, (dash-doted line) can be
considered signi cantly smaller thaky andk,. This holds until 60t s. Likewise, the ratio

of k; to k3 remains approximately constant up to about'S0 To indicate the degree of
reproducibility for the input current as well as for the cbarof the radius their mean and
standard deviation were computed and are shown in Figufe 3 After characterization and
selection of the experimental data, the calibration of tleeleh was performed. In Table 3.5
the identi ed parameters are given for each of the 3 expaniseonducted at 800 J. The
left part of Figure 3.11 displays the radial expansion fa $tarting values gb = (100, 8),
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Figure 3.9: Loading path during electromagnetic tube fagni Left: Eigenvalue, (solid
line), k, (dash-dotted line) ankl; (dashed line) of the Kirchhoff stress in the middle of the
structure untit = 60*s. Up tot = 50 s, k;=k; is approximately constant, and proportional
loading prevails.

Experiment 1| Experiment 2| Experiment 3

3% [MPa] | 5.91£ 10" | 5.82£ 10" | 5.41f£ 10°
mo[] | 2.41£ 10° | 2.55£ 10° | 2.80f 10°

Table 3.5: Identi ed dynamic viscoplastic material paraetevalues forE, = 800 J and®, =
6000s 1.

the identi ed values and the experimental data for Expentriz For validation purposes,
the radial expansion was computed for the two remaininghdiggng energies based on the
identi ed parameters. It can be seen that Ey, = 650 J, the simulation underestimates the
actual deformation. This is in contrastig, = 1000 J, where the deformation is overestimated
(see Figure 3.11 right). This discrepancy could be due tananficiently realistic material
model. As is well-known, the rate contribution to the effeetyield stress at low temperatures
can be attributed to thermal activation of dislocation glidr low to moderate strain-rateis(,

2, < 5008 1). For higher strain-rates.¢., 2, > 1000s 1), experiments exhibit a stronger rate
sensitivity commonly attributed to the in uence of dragdes €.g, Kocks and Mecking, 2003;
Lindholm and Yeakley, 1964). Using the current model, thiéremange of strain-rates can be
covered with a reasonable degree of accuracy (see Fig2eahil onlytwo parameters. This
simpli es the identi cation signi cantly.

In the present situation, the fact that we are not taking tteérsrate dependence of the dy-
namic inelastic material parameters into account leadkeddllowing behavior. The values
obtained in Table 3.5 represent an experiment with a pealnstate of about, = 4200s *.

In the case of the experiment with a discharging energy 0010Gtrain-rates up & = 5900

s 1 are achieved (see Figure 3.5). Since the strain-rate Bétysihcreases with increasing
strain-rate, the modeling of the 1000 J experiment with w@meters identi ed at 800 J un-
derestimates the strain-rate sensitivity. Consequehtygeformation is overestimated. On the
other hand, at 650 J, where a maximum strain-rate of ahoat 3000 s' ! is achieved, the
parameter determination at 800 J leads to an overestimattibie strain-rate sensitivity. In this
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Figure 3.10: Characterization of reproducibility based @x@eriments at a discharging energy
of 800 J. Left: Input currents and their mean (hardly distisgable from one another due to
good match) and standard deviat(;) at each instance. Right: Corresponding radial change
of tube for experiments (dashed lines), mean (solid line) standard deviatios(t;) at each
instance.

case, the deformation is underestimated. This is also teceby the parameter values iden-
ti ed for the two remaining discharging energies. The expdty higher strain-rate sensitivity
for Ec, = 1000 J is rendered by = 71:2 MPa andm, = 2:3. Conversely, foE, = 650 J the
identi cation yields¥% = 41:3 andmg = 2:7. In this respect, the conclusion tifat % andm,
are in general functions of accumulated inelastic defoionaind deformation rate (see Section
3.2) is con rmed. More detailed constitutive modeling repents work in progress.

Although the parameter values given in Table 3.5 are reddetaere are a number of issues
concerning the approximations built into the model and fdssources of experimental data
or other errors worth mentioning. For example, possibleveotive effects on the magnetic
eld and Lorentz force involving the terncurl;a £ v were neglected. Computations show
that this results in a deviation of about 1%. In addition, discretization errors are excluded
for simplicity. Convergence studies in Stiemer et al. (2Q06®ply that these are also quite
small. In addition, simulation results seem to be quitensge/e to changes in the shape and
position of the outer boundary, where homogeneous Dirdidandary conditions are assumed.
The in uence of the approximation of the tool coil by axisyratric tori represents work in
progress in the context of the extension of the simulatioBDo Lastly, any in uence of the
temperature increase during the forming process on theriagbdeoperties has been neglected
here. Inclusion of the effects of Joule heating as well asifgdue to inelastic dissipation yield
a maximum local temperature rise of about 50 K at the inndaesarof the tube. In other parts
of the structure, the temperature rise is well below 20 K (Br®s2005). For Al, a temperature
rise of 50 K is expected to result in a reduction of the yieléss$ of about 4% (see,g, Bilyk
et al., 2005). On the other hand, the deformation-rate wehgis expected to be one order
of magnitude higher. Similar sensitivities apply to all @ttmaterial parameterg.g, viscous
properties, elastic material properties, mass density), et

On the experimental side, errors in the geometry of the t@eensto represent the main
source of error. Particularly due to the fact that the tulrespaoduced by an extrusion pro-
cess, the geometry of the tube is unfortunately rather bigid he thickness of the tube varies,
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Figure 3.11: Parameter identi cation using experimentatad Left: Deviation of the ra-
dius computed with the initial vector of parameters (lowaslied line), identi ed parameters
(dashed line) and measurements (solid line) Right: Modadihgemaining discharging ener-
gies (1000 J and 650 J) with identi ed material parameteesked lines) and corresponding
experimental results (solid lines).
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Figure 3.12: Left: Increase of effective yield stress witlereasing strain-rate based on the
identi ed model for each discharging energy ending at theesponding maximum strain-rate.
Right: Summary of experimentally determined increase adéatife yield stress (Hopkinson
bar) with increasing strain-rate taken from Hauser (1966).

affecting the stiffness of the structure. Secondly, dewmst of the tube from being perfectly

round result in additional deviations from the simulatidRegarding the measurement of the
radial deviation with a PSD the degree to which the laser ssratited due to the geometry
and surface of the tube needs to be evaluated. Some meansitoizei such sources of error
are discussed in Brosius (2005). Additional and less impbiaurces of errors include the
quasistatic inelastic material parameters, measuredngiimes of the experimental setup, and
measurement errors in the discharging current and tubéadepent. In general, each of the
discussed experimental sources of error accounts for timvsaof the identi ed material pa-

rameters as has been discussed extensively above. Up tahmswas only been considered
for the errors of the measured deviation of the radius. Adullluation and quanti cation of
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sources of error and the determination of variances for #narpeters determined in Table 3.5
represents work in progress.

3.7 Conclusions

In the theoretical discussion of the methods for model id=atton it could be shown that
the nite element inverse method can be extended with megttominmon to statistical model
identi cation like correlation-, sensitivity- and erroenalysis. Such methods are important
since they offer measures for the reliability of the ideat data. The incorporation of these
into the inverse analysis as well as their validation co@dlemonstrated in the context of high
strain-rate identi cation with electromagnetic formindyloreover, it could be shown that the
identi cation of the constitutive parameters can be singgliin a particular way. In contrast
to a dependence on changes in geometry, which are fully dered, there exists very little
sensitivity of the material model parameters to the shasesse in the electromagnetic loading
at the beginning of the process. This is the case since thetste deforms predominantly
elastically at the beginning. It is just this situation tafiows for the identi cation procedure at
stepwise xed electromagnetic loads.

The material parameters identi ed with real experimenttbdndicated a reasonable model-
ing of the electromagnetic forming operation. However,iagons to experimental results sug-
gest that the ansatz chosen represents a relatively ropgbxamation regarding the wide range
of strain-rates the model has to cover. Yet, for the actualticcation procedure this simplicity
represents a great advantage and allows for detailed indigkhis work, the measurement of
the radial expansion of the tube was the focus of attentioagards to error analysis. In work
in progress, additional aspects of the measurement pracedsing investigated, and will be
reported on in future work.



Chapter 4

Strategies for 3D simulation of electromagnetic
forming processes

Abstract — Although electromagnetic forming is a technology known for a few decadrewed inter-
est for its industrial application is currently taking place. Along with this intes@sncreasing demand
for simulation tools can be found. Up to now, modeling approaches fourttii®oprocess in the litera-
ture are restricted to the axisymmetric case or small deformation problems veipdae real industrial
applications, the modeling of large deformation 3D forming operations becoraesl for an effec-
tive process design. On the basis of previous modeling concepts in tlkeatvband we develop and
investigate further approaches particularly suitable to reduce the ensmomputational cost inherent
to 3D simulations. These consist of a carefully chosen discretization, ardasier method for both,
the electromagnetic loads and the mechanical deformation to utilize an ef @édtshell formulation
and a termination criterion for the electromagnetic part of the model. As a tesudimulation time is
reduced by about one order of magnitude. Finally, a 3D forming setup iglewdnd detailed insights
with respect to the development of eddy currents, magnetic eld and metan of the sheet metal are
provided.

4.1 Introduction

Electromagnetic forming (EMF) is a dynamic, high straitertorming method in which strain-
rates of up tdl0* s' ! are achieved. In this process, deformation of the workpigceiven by
the interaction of a current generated in the workpiece witagnetic eld generated by a coil
adjacent to it. In particular, this interaction results imaterial body force, i.e., the Lorentz
force and the electromotive power, representing an adaditisupply of momentum and energy
to the material. On the other hand the electromagnetic areosystem is sensitively in u-
enced by the spatio-temporal evolution of the deformatibthe mechanical structure. With
increasing interest in this forming operation, in recerdargeconsiderable effort has been made
to simulate such coupled processes. However, approacsted & far were mainly restricted
to axisymmetric geometries (Fenton and Daehn, 1998; Goetdil., 1989; Imbert et al., 2004;
Oliveira et al., 2001; Takatsu et al., 1988) or to small defation problems (Schinnerl et al.,
2002). Yet, it is the 3D modeling capability in combinatiofittwthe large inelastic deforma-
tions that is required to advance effectively in the desigim@ustrial EMF processes. To meet
these modeling requirements the sound derivation of a palysiodel of the relevant magneto-
mechanical phenomena has been developed in Svendsen andaGRA05). Its algorithmic
realization is given in Stiemer et al. (2006a) and Stiemeat.§2006b).

For axisymmetric modeling, nowadays PC computational ciéipa are suf cient to model

“Unger et al. (2007b, 2006a)



58 CHAPTER4

forming operations within several hours. As it turns outthia case of 3D process models the
computational cost increases dramatically. While typiéah2odels of EMF in general exhibit
a model size of between about 3 000 and 10 000 degrees of fregidular 3D models usually
require discretizations with an extent of a model which is order of magnitude higher. Itis the
goal of the present work to elaborate and demonstrate apipeegarticularly suitable to reduce
the computational cost for the 3D modeling of EMF processdbhe aforementioned context.
In detail these represent an extensive study of convergéinegroposal of a body force and
deformation data transfer method which facilitates theaiselid shell elements (Reese, 2007)
and the development and elaboration of a termination @riteior the electromagnetic part of
the model. These measures are demonstrated by means ofigehglsimple forming setup.
Although this presented forming setup geometry is ratheeptional (see gures 4.1 and 4.2),
dimensions and timescales are relevant for typical forrsetmips. As elaborated below, since
the results are general in nature they can be transferreitiéo f@rming setups.

After a brief summary of the physical model and its algorithfiormulation (see Section
4.2) the study of convergence is discussed in sections 4.3.&n Here, the study allows for the
exploitation of potential for reduction of the computatiime by selectively choosing a coarse
discretization at locations where this is admissible agiogy to the scope of the desired accu-
racy. Further, by studying the convergence of certain corapts of the EMF forming setup
(e.g, tool coil, sheet metal, air gap, etc.) further physicalghsis provided and the algorith-
mic model can be veri ed. In Section 4.4 the data transfewken the electromagnetic and the
mechanical part of the model is discussed. In contrast to 2Detng of EMF where the elec-
tromagnetic loads are transferred elementwise, here apamdlent discretization of the sheet
metal is facilitated. Here, we exploit the fact that the gl@magnetic loads are algorithmically
independent of the mechanical deformation in the contett@fstaggered solution algorithm
and can be integrated separately. In consequence, the aseof ef cient solid shell element
formulation for the mechanical part of the model becomesifd@. In Section 4.6 a termination
criterion particularly suitable for an ef cient modeling EMF processes is proposed and evalu-
ated. In Section 4.8 a fully coupled forming operation wtedr¢he aforementioned approaches
were implemented is performed and the results are discusbedvork is concluded in Section
4.9.

4.2 Synopsis of model formulation and description of forming setup

The coupled multi eld model for electromagnetic formingiaferest represents a special case
of the general continuum thermodynamic formulation fordaséc non-polarizable and non-
magnetizable materials given in Svendsen and Chanda (2068)¢ a full elaboration of this
model can be found. In summary, this special case is basddeoquiasi-static approximation
to Maxwell's equations, in which the wave character of thecebmagnetic (EM) elds is
neglected. In this case, the unknown elds of interest aeentiotion eld », the scalar potential

A and the vector potentia determining in particular the magnetic eld in the usualtfas
(Jackson, 1975). Assuming Dirichlet boundary conditiamsdil elds, one derives the weak



4.2 Synopsis of model formulation and description of fogrsatup 59

eld relations
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for », a, andA, respectively. Herey,, a,, andA, represent the corresponding test elds. Fur-
ther,R represents a xed region in Euclidean point space contgittie system under consider-
ation in which the electromagnetic elds exist and on whosearidary the boundary conditions
for these elds are speci ed. Here, the system comprisestieet metal consisting of the alu-
minum alloy AA 6060, the tool coil consisting of technicajiyre copper and air (see Figure
4.1). Electromagnetic and mechanical material propedii¢ise system can be found in Unger
et al. (2007a). The setup has a width and a depth of 60 mm anilattoé 7 mm. Both, the
air gap between the sheet metal and the tool coil and thertbgskof the sheet metal measure 1
mm. The height of the tool coil measures 5 mm and each windasgahwidth of 20 mm.

As indicated in Figure 4.1R contains in particular the xed reference con guratiBn, and
all subsequent.g., deformed) con gurations of the workpiece. Note tlkat: = r » represents
the deformation gradient, anld : = r v the spatial velocity gradient. Further,, represents
the magnetic diffusivityy the spatial velocity eld,% the referential mass densitl, the
Kirchhoff stress, and, = det(F )] £ b the Lorentz force in terms of the magnetic txand
the current density. As usual,a andA determine the magnetic ux via = curl a and the
electric eldviaj e = @ + r A. Given that the electromagnetic elds vary on a timescale
much shorter than that of the mechanical elds, the conveatontribution tg is neglected
here yieldingj = 34, e via Ohm's law. Note that (4.1) follow from Maxwell's equations,
while (4.1) represents the weak form of momentum balance. The above eldaklations are
completed by the thermodynamically consistent formuratibthe elasto-viscoplastic material
model (Svendsen and Chanda, 2005).

As indicated in Figure 4.1 the sheet metal is xed at its latedges representing the me-
chanical Dirichlet boundary conditions. For the tool cbikteddy current contribution to the
current density is neglected. This facilitates the diregplementation of the measured input
currentl as a Neumann boundary condition yia= | %, /A, wherej = (0; I=Acon; 0).
Here, Ao represents the area of the surface connecting the tool @alie capacitor bank
that provides the energy for the forming operation. The otomnection surface is grounded
(A = 0). For the remaining surfacesA ¢n = 0 is postulated meaning that no electric current
leaves the coil through any surface but the connection esfaSince the deformation of the
sheet metal and thus the correct modeling of the electroategioading represents the main
concern in this work the effects of the eddy currents withi@ tool coil can be neglected. As
a consequence the current density distribution can be a&sktovbe homogeneous in the cross
section of the tool coil€.g, no skin effects). In other words, the effect of the eddy ents in
the tool coil on the magnetic eld strength outside the caitlan particular in the sheet metal
is negligible since the total currehtis considered correct. An additional assumption refers
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Figure 4.1: lllustration of forming setup including toolicesheet metal, air and annotation
of the entire domain of the systeR, its boundary@ Rand the mechanical domaB. At

@ Rhomogeneous Dirichlet boundary conditions are assumeé@. experimentally measured
input current is implemented as a Neumann boundary conditioA, wherej = j %, 1 A =

(O; i 1=A¢on; 0). Regarding the mechanical component of the model, the latdgges of the
sheet metal are xed.

to the sheet metal. Here the physical constraigh = 0 is not considered. Since tool coils
utilized for EMF generally induce circular eddy currentee error made by this assumption can
be regarded to be small.

Consider next the algorithmic realization of the aforenwrd model in terms of the -
nite element discretization of (4.1). In more detail thisliscussed in Stiemer et al. (2006a,b).
The difference in electromagnetic and thermomechanigadcales together with the distinct
nature of the elds involvedi(e., Eulerian in the electromagnetic case, Lagrangian in te th
momechanical large deformation context), argue for a sisghnumerical solution procedure
resulting in the following algorithmic system:

fn+1;n(Xn+1;an+1) = 0;

en+1;n(Xn+1;an+1) = 0;

(4.2)

in terms of the arrays,,, anda,,, of time-dependent system nodal positions and vector
potential values at time incrememnt , . The solution of the mechanical part of (4.2) involves in
particular the consistent linearization required for theibn-Raphson iteration in the context
of large deformation inelastic problems. In detail, theggered algorithm procedure consists
of the following steps:

1. Initialize a,, X, and their time derivatives and proceed to (4).

2. A starting valuea,,,, of the nodal vector potential array is computed for the mestsu
amperage in the tool coil at tintg,, and the known mechanical state of the system at
timet,, via (4.2).

3. Froma,,,, a corresponding value_, for the Lorentz force is obtained. Using this, the
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system consisting of (4.2)s solved via Newton-Raphson iteratiare(, at xed a,,, ) to
obtainx,,,, .

4. Proceed to next time stép,; = t, + t.,,,, and proceed with (2). Else, tf , t,
terminate the simulation, whetgis the total simulation time.

Besides the physical motivation the staggered algorithersfthe possibility to apply custom
solutions for both, the mechanical as well as the electromigsystem. Here, on the mechan-
ical side, an effective continuum shell formulation is apglto minimize the computational
effort Reese (2007) for the mechanical model. On the elecgmetic side, in contrast to the
axisymmetric case, the Coulomb gauge condition is genemaligatis ed and the electromag-
netic elds are not regular for standard boundary condgiofo ensure that the corresponding
nite element solution re ects this lack of smoothness, axgky method or a least-squares
approach is required. In the simulation presented heeeeldc elements (Blelec, 1986) are
employed to overcome this dif culty. These are based onayed degrees of freedom with
respect to the element edges instead of discrete degrdesmedbm at the element nodes.

4.3 Study of convergence of the electromagnetic model at xed sheet metal

Since this is mainly an electromagnetic issue, the defoomaif the sheet metal was suppressed
in order to facilitate an easy and effective study of all mpahameters. The simulation was
performed untilt = 8 s, where the maximum input current is imposed and a time dtep o
tis1:n = 2 s was chosen. In spite of simulating the entire process tiheemagnetic ux
and eddy current distribution were evaluated at8 * s in order to be able to deal with large
models at reasonable simulation times. Particular atiemgigiven to the modeling of the elds
in the sheet metal. An accurate modeling in this regard adsdor accurate modeling of the
forming operation. In Figure 4.2 three paths, denoted wKhFPY and PZ are depicted. Along
these a quantitative investigation of the magnetic ux digrend eddy currents was performed.
The paths along the- andy-axis are located in thenidplaneof the sheet metal and the path
along thez-axis passes through the center of the left part of the cailthe sheet metal. For
these paths, only the most signi cant componknof b andj, of the eddy current eld are
considered (see gures 4.27 and 4.28 in Section 4.8). Alotlg the results obtained from the
path plots the values of

1. b at the lower surface of the sheet metal, denoteti,and

2. jy atthe same location, denoted jgy

from the path in vertical direction serve as concrete gtiastto measure the dependence of
the solution on a chosen mesh parameter. These indicatooseérgence are characteristic for
the development of the electromagnetic elds in the shegamsince they represent the largest
values in the sheet during the rst alternation of the todl carrent and thus characterize the
forming operation. The study of convergence involves treemtization of particular mesh
parameters. They involve the size of the outer boundary e@fetectromagnetic domain, the
number of elements along theor y-direction and several mesh parameters that characterize
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the discretization in vertical direction. The most effeetway is to investigate those parameters
rst, which exhibit the most signi cant in uence on the comational cost. For the study of
some mesh parameter B, (n) andjy(n) are in general normalized by the results obtained for
the nestdiscretization obtained for the maximal valueofT his indicates the relative deviation
and relative sensitivity, which is more meaningful in comgen to the absolute valuesaf(n)

andjy(n).

4.3.1 In uence of the size of outer boundary of the electrgnetic domain

From an abstract point of view the EMF setup can be seen asdawmed antennas representing
a magnetic quadrupole. Here, the two antennas consiste &M tool (capacitor bank and
tool coil) and the sheet metal. In communications engimegiti is very important to be able
to predict the far eld solution fore.g, antenna design. In this case the radiating elds are
successfully predicted with boundary element methodgdRel al., 2006). For the simulation
of EMF however, the magnetic near eld is signi cant. As theam eld of the ux density of

a magnetic quadrupol decays likEjxji 4) it is admissible to assume homogeneous Dirichlet
boundary conditions at some bound@)yRo good accuracy. It is the subject of this section to
investigate the in uence of the distance of the boundaxi#rom the forming setup with respect
to the magnetic ux density.

The box determined b@ Rs commonly referred to as the bounding box. Clearly, the kmal
est size of such a bounding box is determined by the size ddtheng setup. In this respect, in
what follows the paramet@rdenotes the distance from the forming setug-andy-direction.
Three values ofl, namelyd = 15 mm,d = 30 mm andd = 60 mm, are examined. The height
of the box is kept xed at 90 mm corresponding to a distancefi¥n above the sheet metal
and 38 mm below the tool coil. Above the sheet metal the magnet density is very small
due to its shielding effect (see Section 4.8 for further iltaHere, the choice of the boundary
is hardly signi cant (see Section 4.3.3). However, somecspa to be reserved to account for
the deformation of the workpiece. For the volume below tloé ¢oil the ndings for the lateral

Figure 4.2: Forming setup with illustration of evaluatioatips denoted by PX, PY and PZ.
These proceed in horizontal and vertical direction. Hortabpaths are located in the midplane
of the sheet metal.
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boundary can be carried forward. It is advisable to evalttegen uence of the size of such a
bounding box at the beginning of the study of convergences fdwrameter is signi cant for the
reduction of the computational cost. A well chosen sizelfiertounding box allows for higher
levels of re nement regarding other mesh parameters.

At this point it is important to note that the eld values aetborder of the bounding box
depend on the re nement of the mesh. For a proper study offfeetef d on the eld values,
a suf ciently re ned mesh should be chosen. To indicate tihis study was conducted with
two different levels of mesh re nement along tlke andy-direction, one with element edge
lengths ofh, = hy, = 10 mm and one witthy = hy, = 5 mm. The re nement in vertical
direction is kept constant at its nest value (see Secti@34for further details). In gures 4.3
and 4.4 detailed insight into the aforementioned in uent¢he discretization on the size of
the bounding box is given. Consideribgalong PX in Figure 4.3 fon, = hy =10 mm it can
be seen that the rough discretization leads to a consideoablestimation of the magnetic ux
density at the boundary. Far= 15 mm andh, = hy, =5 mm however, the magnetic eld is
signi cantly decayed. Here, an extension of the bounding bas a minor effect ob inside
the sheet metal.

éd=60mm éd=60mm
=d =30 mm +d =30 mm
<td =15 mny| 3 : <td =15 mm|

X[ mm]

Figure 4.3: The componety, of the magnetic ux density along the path parallel to the
axis (see Figure 4.2) for different sizes of the bounding &oa two levels of mesh re nement
hy = hy =5 mm (left) andhy = hy = 10 mm (right).

The comparison of the convergence indicatyrandjy for both meshes is shown in Figure
4.4. To indicate the above discussed relative deviationwdse the most accurate modgl,and
Jy are normalized b (d = 60) andjy(d = 60), respectively. For the re ned mesh the smallest
bounding box withd = 15 mm leads to an underestimation of the elds of about 1 %. Fer th
coarse one an underestimation of about 7 % is observed.

Regarding the desired accurady= 15 mm seems to be acceptable and is chosen for the
following studies. Also the number of elements in the spas@vben the bounding box and
the forming setup was chosen such that the decay of the magmetiensity can be resolved.
This results in 3 elements for the space between the forrahgysand the bounding box, cor-
responding td, = hy =5 mm in the above study.
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Figure 4.4: Study of the in uence of the of the bounding baediorty, andj, for two levels of
mesh re nement.

4.3.2 Re nement of horizontal mesh parameters

The determination of the size of the bounding box size reduih a reduction of the total
number of elements at acceptable modeling error leveld@tails see Table 4.1). The smaller
extent of the model now facilitates a higher re nement fa fubsequent study of convergence
of the electromagnetic mesh. The objective here is to stiéittive model with the nest mesh
and successively reduce the re nement alongxther y-direction in order to test the in uence
on the magnetic eld and eddy current distribution in the etheetal in comparison to the
most re ned and most accurate model. Here, the mesh paramgtdenotes the number of
elements inx-direction andn, the number of elements ydirection. Forn, andny, values
of 6, 12 and 24 were tested. They correspond to an elementledigi of 10, 5 and 2.5 mm
in each direction. Due to the construction method of the mishopology in thexy-plane
holds along the-axis and thus in uences the re nement of all vertical regsq Schmaling and
Unger, 2007). As in the case of the choice of the size of therdadundary, the re nement in
thexy-plane has a signi cant in uence on the total number of eletse

Sinceny andny, directly affect the discretization and eld distributiomtihe sheet metal, their
in uence is studied with respect to PX, PY and PZ. The disttidn of b, along PZ indicates
that the sensitivity of the discretization with respecthe x-direction is higher than in the-
direction (see Figure 4.5). Far, = 6 the magnetic ux density is reduced by about 13 %
while for ny = 6 a reduction of 1 % can be observed (see Figure 4.7). The rdasthe
smaller in uence ofn, on the eld values can be attributed to the geometry of the ¢od.
Two conductors of the tool coil are parallel to theaxis and only the rear part of the coil is
parallel to thex-axis. Via Ampere's law changes bfare expected to occuperpendicular to
the conductor which is mainly orientated along thexis here (see also 4.27). Consequently
it is reasonable that a higher amount of elements irxth@ection is required to resolve these
eld changes. In more detail in the left part of Figure 4.6 thstribution ofby, in x-direction is
shown, the high sensitivity of the magnetic eld distributiton, can be con rmed. Conversely,
the weak sensitivity tm, is indicated for the eddy current distributippin y-direction. Only
fory > 45mm where the eddy currents change their direction accoririige electric eld
induced by the tool coil (see gures 4.28 and 4.26) signi tdeviations can be observed. In
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Figure 4.7 the study of convergence for andny is summarized again with respect to the
indicators of convergence con rming the above considersi

Or Or
-2.5 -2.5
- m—
= =
7.5 © ny =24 75 ©ny =24
O = n, =12 & ny, =12
10 < n,=6 10 <tn,=6
0 025 05 0.75 1 0 025 05 0.75 1
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Figure 4.5: The componety along PZ for different values afy (left) andny (right). The
results exhibit a stronger sensitivity tQ than ton,,.
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Figure 4.6: lllustration of the different sensitivities tfe eld results ton, andn,. Left: b,
along PX for different values afy. Right:j, along PY for different values af,.

Considering the study depicted in 41y = 24 andn, = 12 represent a good reduction at
relatively small discretization errors. It has to be notedttin contrast to the vertical mesh
parameters and the size of the bounding box the mesh topoidgyrizontal direction affects
the mesh of the mechanical part of the model (Schmaling arget)r2007). Here, for the
horizontal mesh re nement of the mechanical mesh denoted,Ryandny, ny , Nmy and
ny , Nmy have to hold. However, the choicemf = 24 andn, = 12 corresponds well with the
results of the mechanical study of convergence (see gu22dnd 4.23 in Section 4.5) and is
therefore kept for subsequent computations.
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Figure 4.7: Study of convergence for the mesh re nement nizloatalx andy-direction for the
convergence indicatoik andjy. Circles indicate the mesh re nementxnadirection at nest
discretization iny-direction (i, = 24) and squares indicate the mesh re nemeng-direction
at nest discretization irx-direction Qi = 24).

4.3.3 Re nement of vertical mesh parameters

As mentioned above, the forming setup can be divided intoregions of mesh re nement in
vertical direction. These represent:

1. the air above the forming setup characterized by the nuofltedement layers above the
setup, denoted biy,a,

2. the air below the forming setup characterized by the nurabelement layers below the
setup, denoted by,p,

3. the number of element layers in the air gap between thectwbhand the sheet, denoted
by Ny,

4. the vertical layers of the mesh which contain the tool,@@hoted by the parameteg,
and

5. the number of element layers in the sheet metal denoted.hy

In Figure 4.8 these layers are illustrated for the presemiifoy setup. We start here with the
investigation of the parametans,, n,g andn, since these exhibit only a very small in uence on
b andj and can be treated in conjunction. In Figure 4.9 the didtiobs ofl, andj in thickness
direction of the sheet along the path PZ are depicted forrtest mesh in vertical direction,
indicated by crosses. Additionally, the mesh distribugiavhere one of the aforementioned
parameters was set to it®arsestvalue are depicted. As can be seen, the deviations turn out
to be very small. In Figure 4.10 the normalized deviationstfoandjy are shown in more
detail. The largest deviation can be observedigr= 1 and is well below 1 % in comparison
to the nest discretization witim,, = 8. Note thatn,, = 8 is equivalent ta,, = 8, N, = 8
andn,g = 8, since only one parameter is changed at a time while the ©there kept at their
nest discretization. The physical reasons for these wiistinsensitivities are explained in what
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Figure 4.8: lllustration of vertical mesh parameters. Eelchracteristic mesh entity was at-
tributed to a particular mesh parameter which is utilizedefeelective study of convergence.

follows. In Figure 4.11 the vertical distribution bf along Path PZ is depicted. Moreover, the
location of the tool coil and the sheet metal are indicateloet@able to relate the distribution to
the particular components of the forming setup. Due to thetfeat eddy currents are neglected
for the tool coil (see Section 4.2) a linear distribution d@nobserved inside the coil. From
a qualitative point of view this is consistent with the outeof analytical models for simple
conductors at low frequencies (Jackson, 1975). In the graghomogeneous magnetic ux
density can be observed, which is again coherent with eflin axisymmetric and analytic
models for similar EMF forming setups (Beerwald, 2004; Mamat al., 2004). In accordance
with the character of the parabolic eld equation inside sheet metal the interaction between
the eddy currents within the sheet are such that the magnitiitie magnetic eld decays andis
reduced to a value several orders of magnitude smaller taamaximum value. In more detail
this is discussed in Section 4.8. These characteristiazacel for the study of convergence of
the vertical mesh parameters. Due to the nature of the hé@ment approximation the roughly
linear eld distribution in the tool coil can easily be rendered bymall number of vertical
element layersd.g, n, = 2). Similarly, in the case of the air gap, where an approxitgate
homogenous eld distribution prevails, again only few layare suf cient €.9.nyg = 2).
Regarding the upper air, one expects that more elements Weuldcessary since the magnetic
ux density decays non-linearly just as in other parts of suerounding air. However, it has
to be noted that the magnetic ux density is only a fractiontefmaximum value due to the
shielding effect of the sheet metal. Even if the approxioratf the eld distribution in the
air above the sheet metal is very rough, the eld distributioside the sheet metal remains
unaffected due to the fact that eld values are so small is tegion that any approximation
error has little in uence here.

Next, we turn to the discretization of the sheet metal. Ifélseurate modeling of the de-
formation and forming of the sheet metal represents the kaegefing objective, an accurate
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Figure 4.9: The componeht of the magnetic ux density and current ux density along the
sheet thickness (see Figure 4.2, Path PZ). Each curve ezpsethe solution for the coarsest
possible discretization in a speci c vertical layer. Théuen,y = 8 corresponds to the nest
mesh and is equivalent to, = 8, nyg = 8 andn,, = 8 since only one mesh parameter is
re ned at a time.

representation of the Lorentz forces in the sheet metalnddmental (see also Section 4.4).
While the magnetic eld distribution is linear or constantthre tool coil and air gap, the elec-
tromagnetic elds decay is highly non-linear in the sheetaheAs shown in Section 4.8 in
Figure 4.30 according to the electric eld induced by thelwal current, the eddy current dis-
tribution in the sheet metal is very variable. It is expedteat the results fob andj converge
for high values ohg,, only. This is con rmed by the study of convergence for thisgraeter
(see gures 4.12 and 4.13).

Finally, we turn to the last vertical mesh paramategy. As it turns out, the number of
element layers for the air below the forming setup has a signily stronger in uence on the
eld distribution in the sheet metal than those for the aioadthe forming setup. In contrast
to the air above the forming setup the magnetic eld penes#te air below the forming setup
freely and at some distance from the forming setup the magreddl is still signi cant. In
return, for the lower part of the forming setup, the dis@ation in uences the electromagnetic
elds in the sheet metal. This is also con rmed by the studycohvergence for the mesh
parameten,, Therefore, as shown in Figure 4.18, andj; are much more sensitive to the
discretization of the lower air than to the one of the uppe(sse Figure 4.9).
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Figure 4.10: Convergence @ andjy normalized by the most re ned result. For the tool
coil ne = 1 is inexpedient since this excludes unconstrained nodapooents for the scalar
potentialA.
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Figure 4.11: lllustration of vertical eld distribution ahg Path PZ to indicate eld distributions
in particular features of the EMF setup.
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Figure 4.12: Study of convergence laf andj, for the number of element layers in the sheet
metal along Path PZ.
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Figure 4.13: Convergence @ andj, normalized by the most re ned result. The strong
sensitivity of the results tagy, is evident.

4.4 Mesh adaption and body force data transfer for solid shell elements

In the case of a staggered approach the solution of the abwgyletem is achieved on two
meshes. In Stiemer et al. (2006a) a coupled simulation hers fresented where the discretiza-
tion of the electromagnetic subsystem was based on an &ol@rmulation of the discrete
system. This means that the Lagrangian mesh for the me@iatiacture is moved over a
xed Eulerian mesh for the electromagnetic eld. However, there problems inherent to this
approach since the character of the electromagnetic elthgn in a certain point of the elec-
tromagnetic mesh changes from one instant to another wieestrilicture moves over it: As long
as it is not covered by the mechanical structure, the eldatigns are elliptic (instantaneous
assumption of the equilibrium eld) and they become parabiffusion process) as soon as
the point is covered by the sheet metal. This leads to a sucltemge in the local discretiza-
tions since a contribution to the mass matrix arises as searpaint is covered by the structure
and it disappears when it is uncovered again (see Figureahdve right). Methods that rely
on this Euler-Lagrange approach are sometimes calledoastboundary methods and are also
applied to simulate liquid-structure interaction in cortgiional uid dynamics (e.g. Anca et al.
(2006)). It has turned out that this change of the discrétiman a certain point of the electro-
magnetic mesh causes oscillations in the time derivatitee¥ector potential and thus in the
Lorentz force. If a good approximation to the forces is reggiian ALE-based method is more
promising. Here, the position of the electromagnetic mashdiapted to the current position
of the structure so that the character of the electromagredtl equations as well as the local
discretizations never changes (see Figure 4.14 below augthieft). In an ALE approach, the
electromagnetic mesh is adapted to the moving structurkatdhie same elements are always
covered by the moving mechanical structure. Consequeh#yharacter of the discretization
in a particular element does never change, which avoidsgwhfhe Lorentz force. The move-
ment of the electromagnetic mesh is arbitrary in the seresetiie position of the discretizing
mesh is not determined by requirements of the electromegedéd equations themselves, but
by accompanying conditions. As mentioned above, one otthegresents the matching of the
mechanical and electromagnetic elements of the sheet aetatding to its deformation. Ele-
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Figure 4.14: lllustration of the interaction between thechamnical and electromagnetic mesh.
Left: 2D Modeling of an EMF process by means of the ALE aldorit The electromagnetic
and mechanical meshes of the sheet metal match. Right: Sthemfthe ctitious boundary
method ( xed Eulerian mesh) and the ALE method (matchingmes}.

ments in the tool coil are xed at their initial positions. &oid mesh distortion or intersection
induced by the deforming sheet metal the mesh in the surmogradr has to be adopted. This
is based on a Lagrangian smoothing algorithm (Field, 1988).

In the above example of the ALE approach for 2D EMF modelinfpaieation and body
force data is transferred from each element to each elernmethis respect both discretizations
can not be chosen independently. This situation can leadrieagessary re nement for each
subdomain depending on the necessary re nement of the (ghermesh in Figure 4.14 left).
Since the extent of the problem in the case of 2D is relatisgigll in terms of computation time,
this extra re nement can be accepted. Due to the problemddi2® EMF simulations there is
a strong motivation to re ne both meshes independentlys Teguirement becomes even more
fundamental if shell elements — commonly used in sheet fagraimulations — are used for the
mechanical mesh. Evidently, then the discretization inkihess direction of the mechanical
mesh is xed to one layer of elements. Here, an independeshme nement in thickness
direction of the electromagnetic component of the sheealhmgtmandatory. To resolve this
issue in the electromagnetic part of the model, the defoomaif the electromagnetic elements
contained in the mechanical domain needs to be taken intuatc

The approach to be presented here is based on the fact that @tthe boundaries of the
discretized electromagnetic and mechanical domain qvetlater the sheet deforms and the
vertex positions¢ of the electromagnetic mesh elements have to be adoptedtisatcmesh
domains are congruent again. To achieve this, similar t@hease, rst the vertex positions
of the electromagnetic elements of the sheet metal are mageording to the mechanical
deformation and then the remaining vertex positions of teeteomagnetic mesh are smoothed.
In the 2D example (see Figure 4.14 left) the sheet elemetitgsrof both, the mechanical and
electromagnetic mesh match. In contrast, when using sbéd slements this is not the case.
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A mapping of the mechanical deformation to those verticegb®klectromagnetic mesh which
are contained in the sheet metal is required. One proxinpaeach to achieve this is given by
the simple shape function mapping of the actual nodal elépmsitionsx®(t,,)

X (tn) = H (' (%, (£)) X (L) (4.3)

to the element verteixcontained in the sheet metal yielding its new positigp(t,,) att,,. Here,
%, (t,) represents the positions of all element vertices of the@eagnetic mesh which are
contained in the shedt the shape function matrix evaluated at the local elementdioates
3" which corresponds t&l,, ().

Next, all variable positions ot are then adopted te,,, via the aforementioned smoothing
technique yielding the new mesh topology of the electroretigmesh at,,. Figure 4.15 shows
how the electromagnetic elements are moved according tmé&ohanically deformed mesh.

Next, the mapping of the electromagnetic loads is discuss&sl shown in Section 4.8,
for typical frequencies and sheet thicknesses, the Lofentz distribution in sheet thickness
direction can be highly non-linear and variable (see Figud®). This motivates the separation
of the algorithmic form (4.2) of the weak momentum balancé)4into a component that is
purely mechanical and a component resulting from the elewgnetic loads,

f

n+1l:n = fr?Tl n (Xn+l , an+1) + fr’;/li?{];n (Xn+1) : (4-4)

As indicated in Equation (4.4, ., is the part which is attributed to the Lorentz force coupling
and receives particular attention, here. The structurakfeector can be rewritten in terms of
the usual assembly relation

fn+1 n = e I fT (fr$+E1M;n (Xﬁ+1 ; aﬁ+1) + 1:r(1e+Nlle;crr1] (Xﬁ+1 )) : (4-5)

Here,fy,; ., represents the element contribution to the structurat hghd side, which is as-
sembled with the help of the element connectivity malfixin more detail the electromagnetic
contributionf?,5" is obtained via the usual integration over the element doiBAi

z
fr?+E1M;n (X(ral+1 ; an+1) =i Be H Tdet(F e(Xﬁ+1 )) ) r$+1 : (4-6)

It is important to note that the integration of (4.6) needbdcaccurate in the direction where
" =,, decays (see Figure 4.30 and 4.28). Equation (4.6) is ineedjrda Gaussian quadrature
(Hughes, 1987). The accurate rendering of the non-linezaydes archived by choosing a high
number of Gaussian points in the thickness direction of tament domain of the solid shell
element. Both, mapping of the deformation and transfer otibdy forces are illustrated in
Figure 4.15.

The integration accuracy with which (4.6) is integratedngcondition to obtain an accurate
representation of?,5",. It should be noti ed that (4.6) leads to accurate resultsat only
the number of integration points is suf ciently high enoulght also the values fory,; at
the integration points are suf ciently accurate. For thgethased elements the magnetic ux
densityb and current ux density are given at the barycenter of the element and s¢,is.
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Figure 4.15: lllustration of data transfer in the contexthef staggered solution algorithmtat
Body force data of the re ned electromagnetic mesh is utilitereceive an accurate represen-
tation of the electromagnetic loading. The subsequentroeftion of the sheet mapped to its
electromagnetic counterpart and the element topologyeoaihis smoothed.

The barycenter closest to the global coordinates of a pdaticGaussian point coordinate is
used to evaluate?,, in (4.6).

The method proposed above was tested by means of a singleameahelement. Here,
the objective of the study at hand is to obtain a accurateesgmtation of ;5" . To this end
the in uence of both, the accuracy of the integration of j4a6d the one of 7., at the inte-
gration points were investigated. Here, for any xed numbgintegration points the amount
of electromagnetic elements contained in the mechanieah@ht was increased and the cor-
responding sum of the vertical electromagnetic elememidagas examined. An eddy current
and a magnetic eld distribution was imposed. Both are actmthe plane of the sheet metal
and are perpendicular to each other. As in the case of thedallpled model, an exponential
decay of both prevails. Decay constants were chosen clossgmbling those computed be-
low (see Figure 4.30). Magnetic ux and eddy current vectane given at the barycenters of
the electromagnetic elements. Exemplarily two mechamilgahents containing two and eight

electromagnetic elements withandj at their barycenters are depicted in Figure 4.16.

The study of convergence depicted in Figure 4.17 demomsttaiw the vertical loads con-
verge with increasing number of electromagnetic elememis@aussian points. Regardless of
the number of Gaussian points, all curves start at the safoe,vahich is sensible. If only
one electromagnetic element is contained, the Lorentzafr@assumed to be constant in the
element and the nodal force result is independent of theracgwf the integration. For the
highest number of Gaussian points the nodal representatitre Lorentz force exhibits the
best convergence. For lower numbers of Gaussian point®#us lconverge to values that are
too small. A low number of Gaussian points implies that thedm and top integration points
are not located closely enough to the surface of the sheeteAdody forces are maximal. This
results in a pathological underestimation of the loads,cwhs also con rmed by an under-
estimation of the deformation of the sheet metal for theyfabbupled simulation (see Figure
4.17).

Since the additional numerical effort to integrate (4.6)w8 Gaussian points is relatively
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Figure 4.16: Two of seven electromagnetic discretizattorisvestigate the convergence of the
electromagnetic loads with increasing re nement of thetanagnetic elements embedded in
the mechanical one. Magnetic ux and eddy current vectoesgaren at the barycenters of the
electromagnetic elements.
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Figure 4.17: Study of accuracy of body force mapping al@arit Left: Convergence of sum

of vertical nodal forces resulting from electromagneticypdorces with increasing number of

elements in sheet metal and Gaussian points. Right: Stuayuehce of Gaussian quadrature
for a fully coupled simulation with respect to the verticédmlacement at Point P2 (see Figure
4.19). The underestimation of electromagnetic loads fanallsnumber of Gaussian points is
con rmed.

small and a sound integration can be ensured, all subseqakniations were computed in
this manner. Secondly, it can be seen that good accuracyealéttromagnetic loads can be
achieved by embedding at least 4 elements in the solid deetient.

4.5 Study of convergence of the mechanical model at xed electromag-
netic loads

To be able to determine the convergence behavior of the meaiaolution, the interaction
between the mechanical and the electromagnetic model vpgsessed. Even if one worked
with an electromagnetic model, which remained unchangeédrims of its discretization, an
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independent evaluation of the mechanical model would ngidssible. If only the mechanical
mesh was re ned, the Lorentz force distribution would di#f different due to the fact that the
electromagnetic elds depend sensitively on the deforamatif the sheet which in turn depends
on its mechanical discretization. In this respect a separamparability of the mechanical
model discretization is only provided if the electromagmetodel is replaced by a body force
distribution which is independent of the mechanical defation. On the other hand however,
the spatial body force distribution and its temporal pregren should be chosen such that they
are closely related to the fully coupled problem. Othervits® conclusions drawn from the
study of convergence might not apply in the context of théyfabupled problem. To nd

a suitable distribution the magnetic and eddy current aktributions of the nest mesh with
ny = ny = 24 and full vertical discretization @t= 8 * s serve as basis for the spatial component
of the eld. Regarding the temporal progression, the diewiofb andj are independent of
t. Only their magnitude is scaled with a time function whichves as a realistic temporal
weighting. This function is obtained from coupled simwat and is depicted in Figure 4.18.
As mentioned above the sheet metal is fully clamped at thesggrallel to the/-axis (see
gures 4.18 and 4.20).
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Figure 4.18: lllustration of xedi¢e., no interaction between mechanical and electromagnetic
elds) Lorentz force distribution. Left: Direction Lorenforce eld. Right: Temporal progres-
sion and vertical component at lower surface of plate.

Combinations of mesh re nement i+ andy-direction are investigated for the mechanical
part of the model. Here, the number of elementx4direction is denoted by, and the
number of elements ig-direction bynn,,. Selected characteristic nodal values of the vertical
deformation and the nodal projections of the equivalenstpastrain?, serve as indicators of
convergence. As depicted in Figure 4.19 these are denotPd layd P2 and located above the
winding of the tool coil and at the center of the plate .

While the evaluation at P1 and P2 serves as quantitative atsopaof different discretiza-
tions, the gures 4.20 and 4.21 provide a qualitative impias of the progression of the in-
elastic and total deformation of the sheet metal. Here,reigi20 shows deformation stages at
the instances =30 1s,t =60 1s,t =90 tsandt = 120 ' s. At the beginning of the process
the center of the plate remains at rest, whereas just abev®dh coil the plate experiences
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Figure 4.19: lllustration of points of evaluation for meaf@al study of convergence. Here, P1
is located at the center of the left coil winding and P2 at theter of the sheet metal.

high Lorenz forces and begins to accelerate (see also Hgli83. In later stages the center of
the plate is then pulled along by the rest of the plate anda@ted via predominantly inertial
forces. The nal shape representing a rooftop-shapedtstreics depicted in Figure 4.21 along
with top view contour plots of,.

t=30 1s t=60 1s

e
SRNRRRe

t=120 s

Figure 4.20: Deformation stages at various instances rribst discretizationi(enm, =
Nmy = 24) obtained by means of the body force distribution depictelligure 4.18.

Figure 4.21 also indicates the dependence of the deformatid?, on mesh re nement
in a particular direction. Regarding the maximal deformagmd maximal value of, Figure
4.21 indicates that the sensitivity to mesh re nement4direction is much stronger than ya
direction. While the coarsest mesh re nemenyidirection withn,, = 4ny,, = 24 still yields
a similar nal shape and maximal value fér as the nest discretization withy, = Ny =
24, a coarse discretization irdirection results in a wrong prediction of the deformatend
maximal value of,. This can be explained by the electromagnetic loading inlpation with
the mechanical boundary conditions. Due to the geometrip@tdol coil, the corresponding
body force distribution and the lateral xing the plate isnb@redominantly about thg-axis.
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Figure 4.21: Final shape of sheet metal and correspondipyigw contour plots of, at

t = 300 * s for different mechanical discretizationsf = Nmy = 24, Nk = 2Ny = 24,
Nmx = 4Ny = 24 and4ny,, = npy = 24). Deformed shapes and contour plots indicate
a pronounced sensitivity with respect to the discretizaiiox-direction (see in particular last
discretization wittdn,, = nny = 24) while they-direction is less sensitive to mesh re nement
(see rst three discretizations).

Only at the rear part of the coil the electromagnetic loadssach that bending about theaxis
occurs. However, since there is no mechanical xing at tHesations it turns out to be less
pronounced.

A quantitative evaluation at P1 and P2 con rms the above nu#i. Here, Figure 4.22 demon-
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strates the sensitivity to mesh re nement with respect tdic& deformation¢ z. While a
coarse mesh iy-direction yields a reduction of about 2.5 % of the nal shagethe sheet
metal, coarsening irR-direction results in an underestimation of the defornmaby about 25

%. For the accumulated equivalent inelastic strain thealiewis are even more severe (see
Figure 4.23). Here, fon,, = 6 at P1 the inelastic deformation is overestimated by 35 % and
underestimated by 43 % at P2. As can be seen in gures 4.22,&hd 4.23, a very good
agreement can be found betwegp, = nmy = 24 andny,, = 2ny,, = 24. By choosing
Nmx = 2Nmy = 24 for subsequent coupled simulations the computation tinmebeareduced
signi cantly while conserving solution accuracy.

Regarding computation time, the electromagnetic part ottheled system represents the
most extensive part of the model. In this respect the redoaif computational cost due to
mesh coarsening of the mechanical component of the modelasvely small. However one
should note that an interrelation between the electrontagaed the mechanical mesh exists.
For a particular electromagnetic discretization it is fldesto choose a mechanical discretiza-
tion which is coarser than the electromagnetic one. Vicsavd@ris not possible to choose a
mechanical mesh which is more re ned than the electromagoet. In this respect the above
discussed mesh coarsening@( Nmx = 2Ny, = 24) allows for a mesh coarsening of the elec-
tromagnetic mesh. This is the reason for the signi cant otidn of computational cost.
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Figure 4.22: Study of convergence of mechanical mesh wgpeet to different directions of
re nement for vertical deformation at P1 and P2. Left: Studyconvergence for-direction.
Right: Study of convergence fegrdirection.
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Figure 4.23: Study of convergence of mechanical mesh wipeet to different directions of
re nement for2, at P1 and P2. Left: Study of convergence %adirection. Right: Study of
convergence foy-direction.

4.6 Termination criterion for the computation of the electromagnetic part

As mentioned above, the largest computational effort ise@tributed to the solving of the
electromagnetic part of the model. Since the forming opmnas the focus of the current study,
it is important to note that external loading due to Loremmzés typically takes place in the
beginning of the process, during the rst alternation of thel coil current. Later, the amount
of energy transferred to the sheet metal via electromagteds is relatively small. At this
time the actual forming takes place predominantly due tdieldorces. This offers potential to
save further computational cost. If it is possible to nd aanengful criterion to judge whether
the electromagnetic loads are still signi cant for the fangnoperation or whether they can be
neglected, the total computation time could be reducedmeoasly. If such a termination cri-
terion indicates the insigni cance of the electromagnéieds, the electromagnetic part of the
model can be turned off and only the fast mechanical part@iniodel remains. In the eld
of non-linear nite element modeling convergence critesxeanmonly applied for the termina-
tion of global Newton Raphson schemes are usually based arhtdrege of the energy of the
corresponding Newton step in relation to the energy chahgeesorst iteration

¢ Xin+1;n ¢fri1+1;n ' 20¢ X%+1;n ¢fr%+1;n : (4-7)

Here, ¢ x|, ., ¢f!., ., represents the energy change in terms of the devidtiop,, ., of the
nodal positions and the residual force vechfp,l_r“n corresponding to the Newton ste?. rep-
resents the tolerance for which (4.7) is ful lled. Accordlg a termination criterion for the
electromagnetic model is based on the energy transferoad tihe electromagnetic system to
the mechanical one. If the amount of energy transferred sdi®e time | ty, is signi cantly
smaller than the amount of energy that has been transfeped this instance, it can be ex-
pected that an accurate representation of the mechanicahtsion can be obtained without
further consideration of the electromagnetic system. dfoee, with some tolerancg,, the

electromagnetic simulation is stopped at termination tigeaf
Z 1 tter

EEM (1 ) i EEM (tter) = PEM dt - 2EM PEM dt (4-8)

tter 0
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is ful lled. Here, Pg, (t) represents the rate of energy transferred at instaraoed E,, (t)

the energy transferred from the electromagnetic systenh instancet. Since the quantity
Eav (1) i Egy (ter) is unknown, an alternative criterion based on the compamg®e,, (t) is
employed. Here, the rate of energytat; ., is estimated on the basis of the nodal velocities at
t,.,; andthe nodal representations of the electromagnetic lpigdn in (4.4)

(Xn+1 i Xn) ¢frﬂﬂl .

tn+1;n

PEM (tn+1 ) Ya (49)

In the particular case of EMF the rate of energy transfercethé mechanical part oscillates
with decreasing amplitude as can be seen in Figure 4.24. rébidts from the oscillation
of the input current. In particular during the rst alterrat, the largest amount of energy
is transferred to the mechanical part. At later instancesritensity of the magnetic eld is
reduced due to the imposed input current and the expande@daibetween the sheet and the
tool coil. Correspondingly, the peak values, (tp;) of P, (t) decay. In this case, relating the
rst peak valuePyg, (tp1) to the current peak value., (tri) represents a close match for the
termination criterion given in (4.8) and represents a magfni termination criterion. If the
energy contribution fot |, tp; is suf ciently small, the computation of the electromagoet
system can be terminated. In this respect the new termmatiterion is denoted by

ter = tpi If Py (tpi) - 2eu Pew (tpa) : (4.10)

It is important to note that the value fé&g in (4.7) can precisely be determined on the basis of
the best possible numerical accuracy (usudlly 1 £ 10 ). Forz2,, this is not the case.
There is some degree of freedom given to the modeler to clsmse value foé., for which
accurate results can be expected at reasonable modelorg feff a particular class of EMF
processes. To show and quantify the effect of the terminatidhe electromagnetic simulation
with respect to the forming result, different values gy were chosen and the corresponding
results were compared. Since the principal ndings regaydihe energy conversion are similar
for coarse and ne meshes (see Section 4.8 Figure 4.31), @eoaesh for the study of the
termination criterion was chosen to save computation time.

Figure 4.24 shows the progressionff,. Each marker indicates the termination of the
electromagnetic system corresponding to three differalutes for?.,, attributed to 1.5 %, 3 %
and 6 % of the rst peak valuBy, (tp1). After terminating the electromagnetic simulation the
total amount of energk ., (t) transferred to the mechanical system remains constanhwhic
be con rmed by the straight lines. The dotted red curve shaaisnulation without termination
of the electromagnetic system and serves as referencesolEurther, the graphs for the total
amount of energy transferrdgl,, (t) indicate how criteria (4.8) and (4.10) are related to each
other. As depicted in gures 4.24 and 4.25 the differenceveen the reference solution and
the terminated one becomes smaller with decregsing

Also interesting from the point of view of the technologigaibcess simulation is certainly
the degree of deviation in terms of the deformation. To tinid, éhe vertical displacement at
evaluation Point P2 was examined for the three valuesfor As can be seen in the left part
of Figure 4.25 only foé.,, = 0:06the deformation exhibits a signi cant underestimationigso
curve). For all other termination criteria the deformatiswery close to the reference solution
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Figure 4.24: lllustration of termination criterion for téfent termination tolerancés,, cor-

responding to 1.5 %, 3 % and 6 % of the rst peak vaRg (tp1). The plot forPg, shows
how most of the energy is transferred to the mechanical sydtaing the rst alternation. To
resolve the increase &, due to subsequent alternations the left ordinate star3ad 1After

termination of the electromagnetic part of the moégl = 0 andE., = const:.

(dotted curve). To quantify this the displacemért and transferred enerdy,, att =3001!s
were compared for the different termination criteria (3gbtrpart of Figure 4.25). Similar as in
previous cases the relative deviation is highlighted bymadization with the reference solution
yielding the normalized value$z andE., . Due to the nature of the termination criterion
E., < 1. As aresult of small elastic oscillatiotd > 1is possible for the comparison of the
deformation. In view of subsequent simulatiohs, = 0:03 seems to represent a reasonable
choice.

7. ‘ ‘ _.1.02
— 5 B
E 2
£ 1} 0.98
N 2.5 ] -
& 23 full em. comp. ~—0.96
--2_.=0:015 = o ()
--2, =0:03 | N | Z(“em
0 — ZEM =0:06 rg 0.94 B Egy (ZEM) ‘ :
0 100 200 300 0.015 0.03 0.06
t[*s] %en []

Figure 4.25: In uence ot on the vertical deformation at P2 aid,, . Left: Vertical defor-
mation with evolving time. Right: Normalized vertical defioation att = 300 s andEg,
depending on different values fay,, .
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4.7 Discussion of all model simpli cations

Two objectives drive the above considerations regardingmaéo evaluate the size of the bound-
ing box, spatial nite element discretization and termioatcriterion. On the one hand these
studies allow for an estimation of the degree of convergeftee solution and provide insight
with respect to the expected error due to the chosen dizatietn. On the other hand the nd-
ings allow for the exploitation of potential for reductiohtbe computation time by selectively
choosing a coarse discretization at locations where thagmsissible according to the study of
convergence within the scope of the desired accuracy. A ggathple of this reasoning is the
evaluation of the vertical mesh parameters for the tool emilgap and upper air. The studies
of convergence for these parameters indicate that an decohution is already obtained for a
very coarse mesh (see Figure 4.10). This could be explaynetiysical phenomena in the par-
ticular element layer (tool coil layer, air gap layer or uppé layer). Crucial to the modeling
accuracy and model simpli cation however was theanti cation of the deviation by means of
the study of convergence. Here, it is important to note tiaichoice of eld variables subject
to the study of convergence has to be made with respect tanthasion objective. In the case
of EMF the objective is to obtain an accurate prediction efdeformation and inelastic internal
variables. In Table 4.1 all taken measures to obtain a siatbinodel are summarized. This
includes information regarding the model reduction in ®wwhthe number of degrees of free-
dom of the electromagnetic system and the computation toma €oupled simulation ending
att = 300! s with a time step,,, ., = 1 * s (seee.g(Schinnerl et al., 2002)). Further, on the
basis of the study of convergence the deviation of the dedttom due to the particular measure
was estimated. In general the reduction of the size of thediog box, mesh coarsening or
termination of the electromagnetic simulation leads to ladiemestimation of the magnitude of
b andj and thus of the deformation. To roughly quantify the reductf deformation for the
mechanical simulation the magnitudetloaindj was reduced by 1 % for the xed eld distri-
bution shown in Figure 4.18. As a result the deformation atv@2 reduced by about 0.8 %
serving as a basis for the quanti cation of the error of thededsimpli cations listed in Table
4.1. For the subsequent fully coupled simulation all mestapaters are summarized in Table
4.2.

For many mesh parameters the results of the studies of @ewves can be transferred to
other typical forming setups. In general, the results fecditization parameters like the number
of elements in the air gap,g, tool coil n, sheet metahgy,, air above and below the setup
Naa:ab CAN at least qualitatively be transferred to any other seagardless of the particular tool
coil design (circular, elliptical, rectangular, etc.) ai@mdming setup, since all of these setups
exhibit equivalent features that can be discretized withalguments discussed above. The
same applies to the evaluation of the size of the boundingdamxd the termination criterion.
For the discretization parameters in the plane of the she¢tlnin, andn,) some degree of
transferability is given for elliptical or circular tool ddorming setups. For such a setum,
can be attributed to the radial direction amdto the circumferential one. It is expected that the
sensitivity of the results is less pronounced in circuntides direction, where the coil windings
proceed.

Modeling of EMF is an evolving eld and the above discussecameges represent only a
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selection of means to save computational cost. Howeveethesgeneral since they refer to
physical features of the forming operation and are validrelgss of the numerical methods that
are utilized. Further development of algorithmic stragsglso offer potential in this regard and

represent work in progress.
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reduction of size mesh coarseningmesh coarseningtermination
of bounding box in Xy-plane in vertical dir. criterion
No. dof before 6:5£ 10 LA£ 10° 6:9£ 10 32£ 10
No. dof after L4£ 10° 6:9£ 10 32£ 10 32£ 10
Tsim [d] before too large 37£ 10 1.7£ 10 6:5£ 10
Tsim [d] after 37£ 10 1.7£ 10 6:5£ 10° 24£ 10
approx. reduction o
) <15% <02% <2% <01%
deformation
reference to
4.3,4.4 4.7 4.12,4.10 4.24.,4.25
gures

Table 4.1: Summary of the evaluation of the potential to cedilhe computational effort. in

terms of the number of degrees of freedom and computatiandinsimultaneous evaluation of

the associated error of the modeling result.

mesh parameter initial | after study
d 60 mm| 15 mm
Ny 24 24
Ny 24 12
Nimy 24 24
Nimy 24 12
Naa 8 2
Nab 8 4
Nag 8 2
Nic 8 2
Nsm 8 8

Table 4.2: Summary of the evaluation of mesh parameters.
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4.8 Discussion of results for a fully coupled simulation

With the above simpli cations at hand we now turn to the futlyupled simulation of the EMF
process. As discussed above the energy driving the fornpegation is characterized by the
discharging current depicted in Figure 4.1 which was im@etad as a Neumann boundary
condition forA. For the instance= 8 1 s wherd is maximalA is depicted in the upper part of
Figure 4.26. Starting from the right connection surfacenglde= 0 is prescribed, the potential
increases to a maximum value Af= 4:1 kV to satisfy (4.1} and the remaining Neumann
boundary conditions. As could be expected,itregnitudeofj = i 3, r /A inside the tool coil
att = 8 1 s remains relatively unchanged, oflychanges its direction following the centerline
of the coil winding as can be seen in the center part of Figuzé.4if eddy currents had been
considered some non-uniform distributionjoin the tool coil cross section could have been
expected. In the lower part of Figure 4.26is depicted fot = 40 * s. At this instance the input
current has reached its second extreme value (see Figyrantilows in opposite direction.
Accordingly the direction of is ipped and has a reduced magnitude.

Next we turn to the development of the magnetic ux dengitgt the instances = 4 s,
t =12 1sandt = 28 's. Up tot = 28 ! s the largest portion ok, is transferred to the
mechanical part of the model (see gures 4.24 and 4.31). isréspect this period of time
is signi cant for the forming operation. Due to the corrétet of the tool coil current with
the input current, alsb is correlated to the input current via Ampere's law. As carsben
by comparison of Figure 4.27 (above) and Figure 4.27 (cgtherincreased input current at
t = 12 *s results in an increase bf Att = 28 *s wherel just ipped (see Figure 4.27
(below)) the current in the tool coil and soare small. At all instancds is insigni cant above
the sheet metal. This can be attributed to the eddy curnesitsed in the sheet metal (see Figure
4.28). Here, the temporal evolution of the magnetic eld d®es important. The increase of
I until t = 8 s leads to an increase bfin the air in the center of the tool coil winding. The
magnetic eld and its increas@d are oriented irz-direction here. According to Faraday's law
of induction, @ induces an electric eld which drives eddy currents whicbgaed along the
tool coil winding and are oriented in opposition to the catr@ the winding (compare gures
4.26 and 4.28). Due to their orientation, these eddy cusneetitralize the magnetic eld above
and inside the sheet metal and lead to the shielding effecth&more at = 12 * s in contrast
tot =4 1s,b begins to penetrate the sheet metal which can be seen bydtws/efb at the
upper surface of the sheet metal. This is discussed belogtitegwith the development of the
eddy currents in the sheet metal.

In Figure 4.28 the eddy current distributions for the afoeaetioned instances are shown. In
more detail this is depicted in Figure 4.30 where the sigantcomponents, of j andb, of b
are depicted along PZ with increasing time. Since the she#lrdeforms under the in uence
of the Lorentz force the current ux distributions move inrtreal direction with increasing
time. At the beginning of the process, where the input cureghibits a signi cant increase,
the magnetic eld increases in particular close to the losaface of the sheet metal while an
increase inside the sheet metal is relatively small. Adogitgl eddy currents occur close to the
lower surface as well (see instanice 4 1's Figure 4.30) to counter the local penetration of
b. Later, when the rst alternation reached its peak at8 ! s as discussed abou@pecomes
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maximal and remains constant outside the sheet metal aimttiease close to the surface of the
sheet metal is reduced. Accordingly the eddy currents iediere are reduced in comparison
tot = 4 1 s. Insidethe sheet metal, howeveg® might be larger than at previous instances due
to the fact that further penetration bfin the sheet metal is facilitated. This in turn leads to an
induction of eddy currents into regions which are more disteom the lower surface. As can
be seen in Figure 4.30 at= 4 1 s the eddy currents close to the upper surface are insigmi ca
and so is the magnetic ux density. While proceeding furtledr+ 8 * s inside the sheet metal,
by has risen, consequently even close to the upper surfdtas become signi cant while close
to the lower surface, is reduced. With increasing time (seeg, t = 12 *s) the magnetic
eld in the air gap decreases, then the eddy currents closieetsurface become smaller than
inside the sheet metal where the penetration of the magmddictill leads to an increase of
b.. Close to the lower surface now the effect of self inductiothef sheet leads to a retention
of the eddy currents althoudhdecreases in the air gap. At 20 ! s and later instances, the
eddy current direction is even reversed close to the lowdasel of the sheet metal. The ipped
eddy currents at the surface of the sheet superimpose a titagre to that of the tool coll
which leads to a further reduction of the magnetic ux deysit the surface of the sheet. The
maximal value for, is now inside the sheet (see Figure 4.30 instahce20 1s,t =24 1s
andt = 28 1 s) and the maximal value fgy at its upper surface.

Referring to the Lorentz force = det(F)j £ b as a coupling term to the mechanical
component the above discussion underlines the fact thatsdpare has to be taken to account
for the strong variations db andj in the sheet metal (see Section 4.4). Further it could be
seen thab andj penetrate the sheet metal at instances where they aragtilcant in terms
of their magnitude (see.g, t = 8 1 s in Figure 4.30), in this respect the notion of a magnetic
pressure (Mamalis et al., 2004) in the context of EMF is ncuaate sincd andj and so the
Lorentz force act inside the sheet metal. Regarding the dpnednt ofb andj with respect
to the progression of the forming operation from gures 4&%l 4.28 it can be seen that
predominantly acts in positive vertical direction and &esl below the tool coil winding (see
also Figure 4.18). This applies to all alternations regessibf the direction of the input current,
b andj basically ip simultaneously. Only at some time shortly bef zero-crossing of the
input currentb andj are oriented such th&t points downwards (see Figure 4.30, instances
t=201sandt =2415s).

The temporal development &f can be deduced from Figure 4.30. While at the very be-
ginning of the process the largest eddy currents are indubednagnetic ux density is still
relatively small since the tool coil current is relativelyall as well; moreover the sheet metal
is basically at rest meaning that very little energy is tfamed to the mechanical system. At
some time betweeh = 4 1s andt = 20 ! s where both, the velocity of the sheet metal and
I, = det(F)j £ b are relatively large, the forming operation is most effexti In fact this
motivates the redesign of the electric circuit attachedhéoforming setup — presently basically
consisting of a switch and a capacitor — such that the efcyenf the process can be increased.

The aforementioned Lorentz force distribution is also mesl by the stages of deformation
depicted in Figure 4.29. At the beginning of the processctrger of the plate remains at rest,
whereas just above the tool coil winding, the plate expeeerhigh Lorenz forces and begins to
accelerate (see Figure 4.29, instahee30 ! s). The contour plots represent the development
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of the accumulated inelastic deformation for this stagesdddnation as a top view of the sheet
metal. Due to the boundary conditions of the sheet metat for30 ! s the lateral regions
exhibit an increase ¢, the rear part of the structure exhibits no inelastic defdrom due to
the fact that the sheet metal can move freely Bnis less pronounced here (see also Figure
4.18). The lateral xing leads to a combined bending andtshiag of the sheet caused by
the body force distribution nearby. In particular at thenfroorners of the sheet the inelastic
deformation exhibits its maximal value &f % 0:8. The loading of the plate leads to a lateral
contraction of the plate which becomes zero at the xed eddkeplate. The strains resulting
from this lateral deformation, however, are maximal heré eontribute to the increase &f.
With increasing time (see Figure 4.29; 60 * s) the accelerated parts of the structure continue
to deform and the center of the plate — initially at rest — bedgd move. In addition to the front
corners of the sheet metal now the rear corners exhibit aeased inelastic deformation as well
and bands of increased inelastic deformation propagate tine front corners to the center of
the sheet. At =90 1 sandt = 1201 s the center of the plate is accelerated further, the bands of
deformation evolve and close to the center of the plate ammaxi for2, starts to develop. The
nal shape of the structure fdr= 300! s is shown at the bottom part of Figure 4.29. During the
last forming stages the initially downwards bent centehefdtructure is now pulled along with
the lateral regions of the plate and bent upwards resultirgyrioof-top shaped structure. The
strong inelastic bending results in an additional incredidg at the center of the plate. In Figure
4.31 the vertical deformation at P1 and P2 and the engrgyt) is depicted. In comparison to
Figure 4.25, where a comparatively coarse mesh was utjltheddeformation is much larger.
This is in accordance with the mechanical convergence stadyonclusion it is not surprising
that the increased resilience of the re ned mesh also leadsitgher value foE.,, (see Figure
4.24 right). The structure starts to deform earlier and nemergy is transferred.
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Figure 4.26: Electric potential and current distributiontdol coil. Above: scalar potentia
at maximal input current. Center: current density distitouin the tool coil at maximal input
current. Below: current density distribution in the toollcat second extreme value bfand
ipped direction (see Figure 4.1).
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t=41s
t=121s
t=281s

Figure 4.27: Magnetic ux density distribution for the iasicest = 4 *s,t = 12 *s and
t = 28 1's. With increasing input curremtthe magnetic ux densityp increases as well. The
shielding effect of the sheet metal becomes evident.
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t=41s
t=121s
t=281s

Figure 4.28: Eddy current distribution for the instantes4 1s,t = 12 ! sandt = 28 1 s. At
the beginning of the process the increas® af the air results in high values for the induced
eddy currents at the surface of the sheet metal. At lateamestsh increases inside the sheet
and leads to a more homogenous eddy current distributidridhkriess direction.
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t=301s

t=601s

t=901s

t=1201s

Figure 4.29: Forming stages of the sheet metal as a functiime and corresponding top view
contour plots o®,. Initially, the part of the sheet metal located directly addhe tool coil is
subject to large induced Lorentz forces and begins to a@teleAs forming proceeds, this part

pulls the center of the plate along with it.
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Figure 4.30: Development & andj, along PZ with evolving time and deformation. Left: The
development ob, in the sheet and surrounding air. Right: Development of eddreats in the
sheet. Curves fgr, move according to the vertical deformation of the sheet.
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Figure 4.31: Development of vertical deformation at pofitsand P2 (left). Energy transferred
to the mechanical system in terms of total enegy (t) (right). The ends of the alternations
of the input current are highlighted.
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4.9 Conclusions

In contrast to 2D modeling of axisymmetric EMF processes p8itess models exhibit large
computational costs. However, in the present work it coddshbown how a carefully chosen
discretization of typical features of the EMF setup can lem@n improvement and simpli-
cation of the modeling of EMF. The mesh evaluation was dogesblectively studying the
convergence of eddy currents and magnetic ux density instieet metal with respect to par-
ticular discretization parameters that characterize thite element mesh of a speci c feature.
The study of convergence of typicatrtical mesh parameters indicated that a very low number
of element layers can be chosen for the air gap between tle¢ stetal and the air above the
sheet metal. Physical reasons for these ndings can béuaiid to the homogeneous distribu-
tion of the magnetic ux density in the air gap and the insigantly low eld strength above
the sheet metal. Inside the sheet metal a large number oéatdayers is required to render the
strong variations of the eddy currents and magnetic ux desssin thickness direction during
the forming process. The study of the horizontal mesh patenmiand the size of the bounding
box, which determines the extent of the electromagnetid, &cilitate a further reduction of
computational cost without signi cant loss of accuracy.

To model the mechanical deformation of the sheet metallsgadisolid shell nite elements
(Reese, 2007) are applied. Evidently, here the sheet methisgsetized withone element
layer in thickness direction. To be able to deal with theedd#ht vertical discretizations of
the mechanical and the electromagnetic mesh, the Loremwly fooce distribution in the solid
shell element is integrated separately from its purely raeaal part. Here, a large number
of electromagnetic nite elements which are containeddasihe solid shell element is one
condition to obtain an accurate nodal representation oékbetromagnetic loads. Secondly, a
suf ciently high number of Gaussian points in the solid $leé¢ment has to be provided to be
able to deal with strong variations of the Lorentz force iickhess direction.

The third measure to reduce the computational cost is bas#tedact that the electromag-
netic part of the model becomes less signi cant with eachigishing amplitude of the input
current. After some time the forming operation is basicdliyen by the conversion of kinetic
energy into inelastic deformation. This motivates the tlgu@ent of a termination criterion for
the electromagnetic part of the model. Results for the eneaggferred from the electromag-
netic to the mechanical system denoteddyy (t) indicate that approximately 98 % &, (t)
is added to the mechanical system after the rst three atens. In particular during the rst
alternation, where both, the velocity of the sheet metal thedLorentz forces are maximal,
most ofE, (t) is added to the mechanical system. The electromagnetioptr simulation
is terminated if the amount of energy added to the mechasysaém during the last alternation
falls below some reference value which is based on the tstahtion. Together with the above
discussed measures this leads to a reduction of the congoutiate to 6.5 %.

After evaluation and development of the model simpli caiso results for a relatively simple
3D EMF setup consisting of a square shaped sheet metal amgjEddool coil were computed.
For the given input current and tool coil geometry detailegsight with respect to the develop-
ment of eddy currents, magnetic eld and deformation of theet metal can be provided. A
gualitative interpretation of the electromagnetic resslicceeds in the context of Maxwell's
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equations. At the beginning of the process both the ele@gmmtic and the mechanical part
of the model are crucial for the forming operation. Only idgcturrents, magnetic eld and
the velocity of the sheet metal are signi cant, the electagmetic forming operation becomes
ef cient in terms of the employed energy. Based on the aboweldped simpli cations and
research experiences future work is focused on more confipiedng geometries and sophis-
tication of modeling approaches (see gures A.4 and A.5hnfr&a technological point of view
the above investigations fd&y, (t) motivate the further study of possible input current modi -
cations with respect to an improvement of energy ef ciency.






Appendix A

Technical realization of automatic pre- and
postprocessing of parametric 3D models for
electromagnetic forming

Abstract — Besides the theoretical and numerical issues involved with the modelingirantatson

of electromagnetic forming (EMF) a more technical issue is related to the treattheomplex 3D
forming setups in terms of their geometric representation and nite element ngeditimodel and mesh
complex 3D parts, the application of a powerful pre- and postprocessiitggare becomes necessary.
Due to its Python based interfaces the commercial software tool ABAQUSsseebe a good choice
in this regard. In particular the implementation of model scripts in ABAQUS foaatomated and
parametric creation of EMF model setups is demonstrated. Further, it isnshow the ABAQUS
pre- and postprocessing capabilities are combined with in-house implemestafidime algorithmic
concepts particularly suitable to simulate EMF processes. Data transfeten@hd their interrelation
are discussed and documented.

A.1 Introduction

As discussed in Chapter 4, 2D FEM modeling of EMF has beenegpdi simulate research
problems which consist of simple structures and exhibdtrohal symmetry. In the industrial
context, applications consist of non-symmetric more c@xplroblems which still lack a proper
3D modeling approach. Itis an objective to develop a som@aol capable of 3D modeling and
simulation of the aforementioned EMF processes. Here, ¢éieldpment and implementation
of numerical methods, particularly suitable to deal witl toupled magneto mechanical prob-
lem at large inelastic deformations is one of many issuedwed. This is discussed in chapters
1 and 4.

A more technical issue is related to the treatment of comB@structures and EMF se-
tups in terms of their geometric representation and nienetnt meshing. To model and mesh
complex 3D parts the application of a powerful preprocessoftware becomes necessary.
Moreover, to be able to deal with the large amount of dataivedeafter process simulation, an
equally powerful postprocessing software is required. ddramercial software tool ABAQUS
seems to be a good choice in this regard. ABAQUS provides adgelumented Python inter-
faces to import and export nite element mesh data includeld results and has powerful,
sophisticated and reliable meshing and visualizationstotilis in particular the accessibility
for importing and exporting data, which quali es ABAQUS ftire task. In the aforementioned
context the objective of this work represents the followpagnts:

"Schmaling and Unger (2007)
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1. The technical realization of individual modeling moduénd connection of the data ow
between the modules. The modules consist of ABAQUS- , Pythod MATLAB pro-
grams.

2. The creation of several EMF models in ABAQUS and their paaic automation.

Following the natural order of the above listed tasks, intisacA.2 the data ow and all in-
volved modeling modules are discussed and illustratedthBumore, related module descrip-
tions and data names are documented. In Section A.3 theajemeof four different models
in ABAQUS is discussed. Those models differ with respeche&rtcomplexity starting with
a simple cylindrical rod and ending with an EMF forming setwith a at coil that involves

a number of windings. Particular features and dif cultietated to the generation of these
models are discussed and model parameters are documented.

A.2 Python based modeling modules and data ow

Common to other nite element simulations the modeling of gipalar EMF process consists
of a preprocessing step, in which the process geometry aite element meshes are gener-
ated, a solution step, where based on the numerical schephiedag solution is computed and
a postprocessing step, in which the solution results amgaiied. As mentioned above for
the pre- and postprocessing of the simulation, the commalezode ABAQUS was used while
the actual process solution was obtained on the basis ohtheuse implementation of the
algorithmic concepts discussed in chapters 4 and 1 andienggt et al., 2006b). Since model
data generated with ABAQUS cannot be utilized directly fog tn-house implementation, a
number of intermediate data formatting steps become nagesSonversely, results computed
with the in-house code need to be formatted so that an infpmntato the preprocessing mod-
ules in ABAQUS becomes feasible. To this end a number of datadtting modules were
programmed and are discussed in what follows. Furthermemgtailed description of the
data ow between the modules is provided.

The organization of the data ow for a ctitious process motibelled with the name 'Mod-
elname' is illustrated in Figure A.1. In Table A.1 all modulames are listed together with the
les which are created by each module. At the start, the mgdemetry and its mesh is created
in ABAQUS (see Section A.3 for details) and an input le nanddelname.inp'is generated.
In particular '"Modelname.inp' contains information redarg sets of nodes or elements which
play an important role for the assignment of componentsrfiate and connection surfaces and
boundary conditions for the mechanical as well as the els@gnetic mesh (see Table A.2).
Next, the 'Modelname.inp' is interpreted with respect tesh sets, the nodal coordinates and
the connectivity matrix. This is done by the Python scripBAQUSinput.py' which creates
les for each node or element set as well as for element anélndata. The separation into
different les facilitates the reconstruction of the seighe postprocessing stage.

The script 'Readmesh.m' then performs extensive computations to obtaimbeel data to
be read by the coupled MATLAB/FEAP code. Since the solutiothefelectromagnetic system
is done on the basis @dge nite elements the reformatting and importation of the etsrh
connectivity, nodal coordinates, node and element-seaSMIATLAB are not the only tasks to
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obtain the data necessary to run the coupled simulatione Bdged elements require a number
of additional combinatory information, for instance a nwenteld that uniquely attributes two
element vertices to an edge. Note that the term node for ameglevertex in the case of edge
based elements is not applicable and therefore replacelebtetm vertex. Furthermore, the
algorithmic treatment of edge based elements requirestanggn of the connectivity matrix
where element edge numbers are attributed to global elememtbers and a number eld where
at most six edges are attributed to an element vertex. Theet@tion of this information rep-
resents the most time consuming operation within 'Ressh.m’. Besides the extraction of
combinatory information for edge elements from the ABAQUBLUt le, further data trans-
formation tasks involve the extraction of data for the medte nite element problem and
the body force mapping between the electromagnetic and duhamical system discussed in
Section 4.4. For the computation of this information theufbocs on the nodes and elements
that represent the sheet metal in the model generated in ABBA@or the mechanical problem
solid shell elements are applied. As discussed in Sectbeach mechanical element contains
a number of electromagnetic elements that are arrangegensiao resolve the highly nonlin-
ear body force distribution that prevails in vertical diien (see Section 4.8 Figure 4.30). In
this regard, from the layered elements in the sheet metathwirere generated in ABAQUS a
mechanical nite element mesh has to be extracted with oement layer in thickness direc-
tion. This mesh is then formatted and extracted resultingern=EAP input le 'IModelname’.
Furthermore as discussed in Section 4.4 the electromadoats are computed on the basis of
the electromagnetic elements that are contained in the anézd ones. Here, information is
needed to be able to attribute body force data to a correspgpniechanical element.

Besides data relevant for the mapping of the body forces wibect to the shell elements,
the electromagnetic mesh on the other hand has to be adapthdtst matches the deformed
shape of the sheet metal. This requirement is part of the Agérighm discussed in Chapter
4 and (Stiemer et al., 2006b). Here, the mechanical defasmat the sheet metal represents
a geometric constraint condition for the new element distron in the surrounding air (see
Figure 4.15). There exists no direct deformation data ferdlectromagnetic elements which
are contained in the mechanical solid shell elements. Hewes relation (4.3) the actual vertex
positions of the solid shell element are mapped on the esrtxf the contained electromagnetic
elements. Relation (4.3) represents a shape function ngpithe actual element positions
with respect to the local coordinates attributed to theregfee positions of the electromagnetic
elements contained in the solid shell element. The locatdinates required for the shape
function mapping correspond to the reference con gurabbthe solid shell element. Their
computation can be done at the preprocessing stage of thebasiom. After computation of
all necessary arrays, nally all aforementioned data istten to a MATLAB data le named
'Modelname.mat' and a corresponding FEAP input le 'IModaime' and the solution module
can be started.

At the beginning of a coupled simulation a number of modelpagameters such as e.g.
total simulation time, time step, selection of experimeimtput current data, etc. are set. In
particular the model of choice is set by specifying the ddeaand FEAP input le for the
coupled simulation (here 'Modelname.mat' and 'IModelname

During computation of the fully coupled model, eld resuits the mechanical as well as
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the electromagnetic system are formatted and outputtedsIAles which can be imported
into ABAQUS. Here, eld variables of choice are outputteceath simulation instance for the
mechanical and the electromagnetic system, respectivelJATLAB this is done by the func-
tion '‘prepare4odb.m' and in FEAP at the element level in sutine 'eImt08.f'. It is important
to note that ABAQUS allows for the reimportation of node afeheent sets via speci ed le-
names. This facilitates the illustration of eld values foarticular componentse(g, tool coil
or sheet metal) by means of the concept of display groups iABS. Additionally, both the
mechanical and the electromagnetic results can be joireldombined visualization.

Importation of the simulation results is done via the Pytkoript 'createodb.py’. The sim-
ulation results are converted to the les 'Modelnammag.odb' and 'Modelnamenech.odb’ for
the magnetic and mechanical results, respectively. Wittgrvisualization module of ABAQUS
the results can then be visualized as well as evaluated witimdoer of different analysis tools.
The user is able to create different types of plots, whichtrmosimonly are contour and vector
plots. Other common postprocessing tasks are creatingpatieplots and animated illustra-
tions.
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Python
- seperates input file data into
mesh, node- and elementsets
- write this data to txt files

ABAQUS CAE

- create model geometry
- mesh model
- assign node- and elementsets|

<Modelname.inp>

<Modelname_ELEMENTS.txt>
<Modelname_NODES.txt>
<Modelname_ELSET_air.txt>
<Modelname_NSET_Air.txt>

MATLAB

- read .txt files

- compute edge based data for Nédélec element connectivity matrix, assign|
boundary conditions

- compute mechanical mesh data from electromagnetic mesh and compute
boundary conditions

- write electromagnetic edge based mesh data to .mat file

- create FEAP-Input file

<Modelname.mat>
<IModelname>

Coupled EMF code MATLAB/FEAP

- set simulation Parameters, input current, material parameters, simulation {|
time step, etc.

- load <Modelname.mat> and staEAPiIn MATLABvia FEAPMEX

- perform fully coupled simulation

- perform postprocessing at each simulation time step and output to
<Elements_mech.txt>, <Nodes_mech.txt>, <Node_values_mech.txt>,
<Elements_mag.txt>, <Nodes_mag.txt>, <Node_values_mag.txt>

<Elements_mech.txt>
<Nodes_mech.txt>
<Node_values_mech.txt>
<Elements_mag.txt>
<Nodes_mag.txt>
<Node_values_mag.txt>

Python
- create odb-file from .txt files

<Modelname_mag.odb>
<Modelname_mech.odb>

99

ABAQUS CAE

- visualisaton of results

- creation of animated illustrations
- output of pictures

- etc.

Figure A.1: lllustration of data ow between modeling mods! Each box is attributed to a
modeling module, where the basic tasks are summarizeahdriles next to the arrows indicate
the data le that is provided for the subsequent module (sd#eTA.1).
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’ program

corresponding lenames

purpose

ABAQUSInput.py

Mn_ELEMENTS.txt
Mn_NODES.txt
Mn_ELSET_PARTLAir.txt
Mn_ELSET_PART1 Sheet.txt
Mn_ELSET_PART1 Tool_coil.txt
Mn_NSET PART 1 activation.txt
Mn_NSET_PART1 normalization.txt
Mn_NSET PART1 outer boundary.txt
Mn_NSET PART1 work _pieceboundary.txt

Mn_NSET_PART1 zera Neumanncoil.txt
Mn_NSET PARTLlinsideair.txt

Separate mesh data
entities from
ABAQUS input le.

readmesh.m

Model.name.mat
IModel_name

Compute additional
mesh information for
edge based element
data transfer and
mechanical model.

UJ

prepare4odb.m

Elementsmag.txt
Nodesmag.txt
Nodal eld valuesmag.txt

Output of magnetic
ux density results
ready for importation
into ABAQUS.

elmt08.f

Elementsmech.txt
Nodesmech.txt
Nodal eld _valuesmech.txt

Output of mechanical
ux density results
ready for importation
into ABAQUS.

createodb.py

Model_.name.odb

Create ABAQUS
.0db le.

Table A.1: Compilation of module names and correspondingudutenames. Filename exten-

sions indicate the corresponding programming languagegram or le format (.py - Python
Script, .m - MATLAB Script, .f - FEAP Fortran code, .txt ASCitt le, .mat MATLAB data
le, I - FEAP input le, .odb - ABAQUS Model database, Mn - Motlaame).
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A.3 Development of automated parametric EMF models with ABAQUS

Process models that can be automated on the basis of pari@dmetry and mesh parameters
offer many advantages. The special advantage of this agipiesademonstrated in Chapter 4
where a study of convergence was performed for the angldddilcsetup depicted in Figure
A.3. Here in particular the mesh parameters facilitatedegipe and direct speci cation of the
discretization of certain features of the model (see Tabh#®).AThe only action to be taken
is the speci cation of the geometry and mesh parameterseab#ginning, subsequently the
model is created automatically by ABAQUS ready for simwaati Similarly, in the eld of
process design a new design geometry simply needs to beespiecierms of its characteristic
dimensions and the process model is created. A third impopi@int concerns troubleshooting
of the models or modi ed implementations. In particular tnesh parameters allow for the
speci cation of an extremely coarse meshing of a model wisah be computed quickly. As a
consequence testing and debugging times are extremely shor

A.3.1 Common modeling features in ABAQUS

Before the features and dif culties of the individual modale discussed, common modeling
steps for EMF setups are described. Here, the major stepgydireation of the nite element
model in ABAQUS CAE in general consist of the following seqoenf modeling steps:

1. Creation of the parts tool coil, sheet metal and air,
2. merging of the parts in the assembly module,

assignment of arbitrary material parameters,

> W

creation of display groups for tool coil, sheet metal aind a
5. assignment of node and element sets,

6. partitioning of the geometry and assignment of edge seeds
7. meshing of the geometry and veri cation of meshes and

8. output of the input le.

During the generation of a model the ABAQUS Macro Manageorés all actions that were
performed. A recorded macro appears in the le 'abaqusMapso where model parameters
can be assigned. Common to all EMF models, the three compotuaitcoil, sheet metal and
air with their basic geometry are modeled as separate p@msple tool coil models and the
sheet metal can be modeled by extrusion of 2D drawings. Timewguding air can be modeled
arbitrarily. For setups which closely match an axisymneegeometry a cylindrical volume is
usually formed. These parts are then put together and méngineg assembly module. By
choosing the option to retain intersecting boundariespaits can still be identi ed and do
not form a single part. Additionally, the parts have to beedefent parts which in ABAQUS
terminology basically means that meshing is carried outfercomplete assembly and not for
each part separately. This will result in a compatible meésh, elements on the intersecting
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boundary are sharing the same nodes. Next, material paesrate de ned as the python
script '"ABAQUSInput.py' requires the keyword 'Materialhithe ABAQUS Input le in order
to be able to divide the model into the three parts and wrigeitiformation to separate les
(see Figure A.1 and Table A.1). Typically, tool coil, sheedtad and air are chosen to be single
sections. In the section assignment manager the matedpkgres can be applied to each
section. The material parameters will not be used in thelsitiomn and do not affect the results.

The next step is the creation of display groups. These aegtextanot merely for the purpose
of visualization, but rather they enable the user to subs@ityicreate node and element sets.
By plotting only the relevant part to the viewport it is podsilo select the speci ¢ surfaces
of the assembly. With the help of the display groups tool ther urst assigns display groups
to the parts tool coil and sheet metal. The air is producedguBioolean operations. The
labeling of these display groups is chosen in accordande thé subsequent python script
'ABAQUSInput.py'.

After the creation of display groups the generation of nodle @ement sets becomes fea-
sible. The proper assignment of such sets is crucial forwhsexjuent simulation of the EMF
setup. They are listed in Table A.2 and are common to all EMBets The sets are attributed
to various aspects of the modeling of the EMF process whiehdascribed below. Here, the
main purpose to label elements is to distinguish betweeiomsgvith different material prop-
erties. In contrast to the air where the development of theteimagnetic elds is governed by
an elliptic equation, coil and sheet metal elements exhiléirge conductivity, which necessi-
tates the consideration of the diffusive parabolic ch@raect the describing eld equation. In
addition to the assignment of the conductivity, the elentanels facilitate the visualization of
different entities of the electromagnetic system. Node aet created to implement boundary
conditions for the scalar potential (see 'Activation’, 'Noalization’, 'Zera Neumanncoil' and
'Inside_coil' in Table A.2) and the vector potential (see 'Outasundary’ in Table A.2).

Although it is possible to create node and element setsttlirecthe mesh module, the
mesh and as a consequence the node numbering changesrérdifi@rameters are input at
the beginning of an ABAQUS script and model dimensions amngkd. Thus, every node
and element set is speci ¢ and mesh-related for every sefttipeo nite element model. It is
therefore preferred to creaeometry sefsvhich automatically produce a corresponding node
and element set in the nal input le. The creation of node aldment sets via geometry
sets instead of a direct creation is a major advantage, vascnresult makes the automation
possible.

Next, the forming setup has to be prepared for meshing by snefpartitioning and appli-
cation of edge based mesh seeds. Here application of edde feeditates the speci cation of
the number of elements along a particular edge and thussflavwthe implementation of a pa-
rameter which characterizes a particular mesh feature nidsh partitions basically subdivide
particular geometry features which simpli es the automatieshing and provides for a mesh
with a good quality (similar element edge lengths, no mestodion etc.). Good partitioning
creates an even and well-formed mesh. Bad partitioningyligebduces a distorted and inap-
propriate mesh and can cause the meshing algorithm or tloevfoy solution code to fail. Due
to their geometrical features with tetrahedral elemensspbssible to mesh complex structures
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Node and element set naméurpose

Activation These nodes de ne the Neumann conditions for the
nite element problem of the scalar potential correspogdin
to the imposed electric current in normal direction of
connection surface.

Normalization These nodes de ne the Dirichlet conditions for the nite
element problem of the scalar potential of the other
connection surface (grounding).

Zero.Neumanncoil These nodes de ne the Neumann conditions for the nite
element problem of the scalar potential. There is no
electric current in normal direction of coil surface.

Insidecoll These nodes de ne the nite element problem for the
solution of the scalar potential. They represent the free
nodes.

Inside air These nodes are inside the air (not member of boundary
or coil etc.). They are needed to de ne nodes that can be

adopted according to the Lagrangian smoothing and ALE
algorithm. Further they de ne edges that are not on the
boundary of the system.

Inside work _piece These nodes are inside the sheet.
Work pieceboundary | These nodes are on the boundary of the sheet
Outerboundary These nodes de ne edges that are at the boundary.

For the corresponding degrees of freedom (integral means
of edges) homogeneous Dirichlet conditions are applied.

Tool coil These elements represent the tool coil.
Sheet These elements represent the sheet metal.
Air These elements represent the air.

Table A.2: Node and element sets which represent surfa@sraent groups which correspond
to certain material properties and boundary conditions.

without extensive partitioning. However, these have n@rbenplemented in the solution al-
gorithm. Rather hexahedral edge based nite elements alizeati Using this element type

complex structures have to be thoroughly partitioned. Tleshing algorithm frequently pro-

duces irregular and unusable meshes and must thereforealyzeoh for a number of possible
errors. It is checked for gaps and intersections since shésviery common error. In addition,

meshing sometimes produces impracticable elements, whithe examined in the mesh veri-
cation dialog specifying different criteria, e.g. elentahstortion and element length ratios. If
the mesh ful lls all criteria a job is created and an input iwritten.

As mentioned above all models listed below are fully aut@dand parameterized. Param-
eter values can be changed via various input dialogs at thmrfiag of a macro. Meaning
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of particular parameters and their illustration can be tbbalow (see tables A.3, A.4,A.5 and
A.6).

A.3.2 Cylindrical rod for test and veri cation purposes

This model allows for testing and veri cation of the numedianplementation of the 3D model
by means of simple analytical solutions (see Appendix B).eVéind air are modeled forming
two cylinders which are merged in the assembly module. Thg eedeling of the cylindrical
wire does not require complex partitions and edge seedspditiéons of this model are created
merely to provide the necessary edges to which the seedscapptied. Display groups, node
and element sets are created as explained before. Edgesseexsplied in radial direction for
specifying the number of elements and radial bias in coil@ndn vertical direction the seeds
determine the number of elements along the length of thelroigure A.2 and Table A.3 the
setup is depicted and geometry and mesh parameters of threatetd design are listed.

Figure A.2: lllustration of the cylindrical rod to test andnify the numerical implementation of
the 3D model by means of analytic solutions. The left halhefair was removed for illustration
purposes.

Parameter Python variable
Radius of wire wire_radius
Radius of outer boundary boundaryradius
Length (z-direction) length
Number of elements in wire (r-direction) wire_elements
Number of elements in outer boundary (r-directiorfjoundaryelements
Number of elements (z-direction) lengthelements
Global elements size global elementsize

Table A.3: Geometry and mesh parameters in ABAQUS grapbgmslinterface and the Python
macro 'wire'.
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A.3.3 Forming setup with angled tool coil and square shapeédtametal

The angled tool coil is particularly suitable to perform adst of convergence for various char-
acteristic features of the forming setup and to gain an wtdeding of the convergence behavior
with respect to a particular feature. Because of its cubiesire it is possible to exactly con-
trol the number of elements and modify them. Mesh parametgsduced in Section 4.3 can
directly be attributed to the parameters listed in Table. Ais forming setup is best created
by a cube that is partitioned in a way that the resulting pans form the components of the
tool coil and sheet. Further, additional partitions havbdaoncluded to ensure that no distorted
elements appear. In Figure A.3 an engineering drawing aritbiatration of the meshed setup
is provided. The dimensions depicted correspond to tho#tgeahodel simulated in Chapter 4.

z
Y. x

Figure A.3: Left: Engineering drawing of the angled toolland upper work piece. Right:
Discretized forming model with illustration of tool coilheet metal and surrounding air (only
right half of air is displayed).
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Parameter Python variable
Width of the Tool Coil (x-direction) tool_coil_x
Height of the Tool Coil (z-direction) tool_coil _z
Sheet Width (x-direction) sheetx
Sheet Depth (y-direction) sheety
Sheet Thickness (z-direction) sheetz

Width of Outer-Boundary (x-direction boundaryx
Depth of Outer-Boundary (y-direction boundaryy
Height of Outer-Boundary (z-direction)  boundaryz

Air Gap (z-direction) airgap
Boundary elements (x-direction) boundelemx
Tool Coil Elements (x-direction) tool_coil_elemx
Mid Part Elements (x-direction) mid_partelemx
Lower Air Elements (z-direction) lower elemz
Tool Coil Elements (z-direction) tool_coil_elemz
Air Gap Elements (z-direction) air gapelemz
Sheet Elements (z-direction) sheetelemz
Upper Air Elements (z-direction) upperelemz
Global Element Size global elementsize

Table A.4: Geometry and mesh parameters in ABAQUS grapbgmslinterface and the Python
macro 'QuadraticCoil'.
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A.3.4 Forming setup with elliptical coil consisting of onéngaling

The model with an elliptical tool coil is a further exampleaofelatively simple forming setup.
The elliptical coil is speci ed by its major and minor axisdthickness (see Figure A.4). To
be able to implement the input current at the connectiorased (see 'Activation' and 'Nor-
malization' in Table A.2 and Figure 4.1), an opening of theltcoil has to be provided. The
special case of aircular tool coil is obtained by equating the model parameter 'Serajer
axis of ellipse (r)" with ‘'Semi-minor axis (r)' (see Table B). This model quite closely resem-
bles the axisymmetric case. In this regard it facilitatesracd comparison of the successfully
applied axisymmetric model (Stiemer et al., 2006a). At tima time this model geometry is
relatively simple and can be meshed with a reasonable anobetegments (about ve to twenty
thousand).

Xy

Figure A.4: Left: Engineering drawing of the elliptical fomil and sheet metal. Right: Dis-
cretized forming model with illustration of tool coil, shtewetal and surrounding air (only right
half of air is displayed).
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Dimension (direction) Variable name
Semi-major axis of ellipse (r Major
Semi-minor axis (r) Minor

Total opening of ellipse (phi Opening
Sheet Thickness (z) Thickness
Height of Tool Coil (z) heighttool_coll
Sheet Radius (r) Radius

Sheet Thickness (z) sheetthickness
Air Gap (2) airgap

Outer Air radius (r) Outer

Upper Air (2) Upper

Lower Air (z) Lower

Sheet Mesh radial Bias (r) sheetbias
Sheet Elements (r) sheetelements
Outer Mesh Bias (r) outerair_bias
Outer Mesh Elements (r) outerair_elements
Tool Coil Elements (r) tool_coil_elementsradial
Tool Coil Elements (z) tool_coil_elementsheight
Upper Air Elements (z) upperair_elements
Lower Air Elements (z) lower air_elements
Air Gap Elements (z) air_gapelements
Sheet Mesh Bias (z) sheetbias height
Sheet Elements (z) sheetelementsheight
Global Seed (z) global seed

Table A.5: Geometry and mesh parameters in ABAQUS graphs= interface and the Python
macro 'Elliptical Coil'.
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A.3.5 Forming setup with coil consisting of n windings

This forming setup can be attributed to common experimdotating setups (see.g, Beer-
wald (2004); Mamalis et al. (2004)). Here, the experimergallts could successfully be mod-
eled by means of axisymmetric models with the help of a tops@imation of the spiral coll
(Stiemer et al., 2006a). To fully evaluate the deviatiortuced by this approximation the 3D
model depicted in Figure A.5 was created. In contrast to Hwvea discussed models the geo-
metrical complexity of the setup leads to a signi cantly iy number of elements. Here, coils
that exhibit more than six windings quickly require morertl# 000 elements which corre-
sponds to about 150 000 degrees of freedom. Further, paitig of this model is a relatively
complex and time-consuming operation. Depending espgacialthe number of windings, the
partitioning for the tool coil may take up to two hours on a redPC.

B

Figure A.5: Left: Engineering drawing of the spiral tool kand sheet metal. Right: Discretized
forming model with illustration of tool coil, sheet metaldasurrounding air (only right half of
air is displayed).
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| Parameter \ Python variable |
Inner radius of the coil startradius
Pitch of a single winding pitch
Thickness of tool coil (r-direction) rdim
Height of tool coil (z-direction) zdim
Increment for modeling of sweep pro le deltaphi
Number of windings windings
Radius of sheet metal radius
Thickness of sheet metal sheetthickness
Thickness of air gap airgap
Outer air radius outer
Upper air (z-direction) upper
Lower air (z-direction) lower
Sheet mesh bias (z-direction) sheetbias height
Sheet elements (z-direction) sheetelementsheight
Tool coil elements (z-direction) tool_coil_elementsheight
Upper air bias (z-direction) upperair_bias
Upper air elements (z-direction) upperair_elements
Lower air bias (z-direction) lower_air_bias
Lower air elements (z-direction) lower_air_elements
Air gap elements (z-direction) air_gapelements
Outer mesh bias (r-direction) outerair_bias
Outer mesh elements (r-direction) outerair_elements
Tool coil elements (r-direction) tool_coil_elementsradial
Global elements size globalelementsize

Table A.6: Geometry and mesh parameters in ABAQUS graphsm interface and the Python
macro 'SpiralCoil'.
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Two test examples to verify the implementation of
the 2D and 3D electromagnetic models

Abstract — To test and verify the electromagnetic part of the coupled model, resultuifiient ux
density and magnetic ux density were computed for two simple axisymmetric seop$®oth analytic
solutions exist which serve as benchmarks for the results obtained withitiherical models.

B.1 Magnetic ux density distribution for a cylindrical rod with cons tant
current ux density

Consider an axisymmetric cylindrical rod composed of isutt@nd homogeneous copper as
depicted in the left part of Figure B.1. The rod has a radiug ef 0:25mm. The length of the
rod is chosen so thétr, A 1 holds. Just as in the case of the electromagnetic formingset
the air surrounding the rod is assumed to exhibit the proggeof vacuum. At the bounda® R

of the system at radius= 1 mm again homogeneous Dirichlet boundary conditionsafare
imposed. Inside the cylinder a constant electric curremtdensity off = (0;0;5:1) KA mmi ?

is applied corresponding to an input current of 1 kA.

Evaluation of Maxwell's equations of the above discussddpse cylindrical coordinates
(r;';z ) yields

b = §;
2 It .y

b = _ 26 ° (B.1)
>
N2

b, = 0;

for the magnetic ux densityp (seee.gJackson (1975)). In the right part of Figure B.1 the re-
sults for this setup are summarized. Analytic, 2D and 3D rhimaiicate good agreement. Also
at @ Rwhere homogeneous boundary conditionsdonere imposed the results coincide well.
It seems that although = 0, here the spatial derivatives afstill lead to relatively accurate
values for the magnetic ux density via= curl a. At ro the 3D model yields slightly smaller
values forb than the 2D and the analytic model. This is due to the methodlugh eld
guantities for edge based elements are evaluated. Frograhteeans of the vector potential
along the element edges (representing the degrees of frekdre) all eld values following
from a are computed for the barycenter of the element baseallanf its edge values. As a
result the extreme values bf are slightly reduced.
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Figure B.1: Left: Illustration of the electromagnetic boang value problem for a rod with
prescribed static current ux density in the rod. Right: Mafo ux density distribution in
circumferential direction for the analytic, 2D and 3D madel

B.2 Transient current ux density in a cylindrical rod

For the same cylindrical rod now transient eld distributgpersist and the surrounding air is
not considered. Here, at= 0 for the entire rog = 0. And fort > 0 at the surface of the
rodj = (0;0;5:0) kA mmi 2 (see left part of Figure B.2). These initial boundary cormdis
correspond to a suddenly imposed vertical eddy currentlaision which is prescribed at=

ro. The solution procedure is analogous to a standard diffiusioblem in heat transfee(g,
(Myers, 1971)) and does not need to be discussed here. Tutesatan be written as

_jr = 0;
o= g

2 " 0 =0 (B.2)
O (RN - CLLD R PR R

- e ireda(,iro)

whereJ. represents the Bessel function with orfeand3j, the electromagnetic diffusivity.
Further, , ; results for theith root of Jo with Jo(, iro) = 0. The analytical as well as the
numerically predicted current ux distributions for thestances; = 4:5£ 10 %s,t, = 4:5£
10 8s,t3=2:0£ 10 ’s,t, = 1:0£ 10 ®s andts = 4:5£ 10 s are depicted in the right part
of Figure B.2. For the numerical model the results for eachiqdar instance was obtained by
ve single simulations namely froh= 0 and ending at = t;. Atime stepot,, ., = t;=20's
was chosen for each simulation. As expected, with incrgasime, the xed eddy current
distribution at the surface of the rod diffuses into the radillsaturation. 3D as well as 2D
results coincide well with the analytical solution (seeodBslyk et al. (2005)).
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Figure B.2: Left: lllustration of the electromagnetic boany value problem for a rod with
constant current ux density at the surface of the rod whiehgtrates the rod with increasing
time. Right: Current ux density distribution for the instaast, = 4:5£ 10 ®s,t, = 4:5£
10 8s,t3=2:0£ 10 ’s,t, = 1:0£ 10 ®sandts =4:5£ 10 Ss.
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