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APPLICATION OF COUPLED
EULERIAN-LAGRANGIAN APPROACH
IN METAL FORMING SIMULATIONS

Numerical simulations of materials forming procassequire both powerful com-
puters and advanced software. Large displacemestsved in the analysis usu-
ally cause convergence problems. In the Lagrangjgroach (typical for solid
bodies) a remeshing is frequently necessary. Tktisnds the computations and
decreases the convergence. In such cases theadigpliof Euler approach (typical
for fluid flows) is an practical alternative. InelEuler approach the finite elements
mesh remains fixed, while material flows throughTiere is no need for remesh-
ing, therefore. In this paper selected resultsoofpbed Eulerian-Lagrangian analy-
sis are presented. A bent beam as the benchmanigdackward extrusion as an
example of metal forming process are considerecheSmodels parts (tools) are
described by updated Lagrangian formulation, offzets (material) are described
by Eulerian approach. Obtained results of CEL amalysere compared to ones of
the pure Lagrangian approach.
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1. Introduction

Lagrangian and Eulerian approaches are commonly mssimulations of
large displacement problems of solid mechanicsh Botmulations have their
advantages and limitations. In the Total Lagrangipproach (TL) the initial
configuration for the timé = 0 and the final state for the tirhe At are consid-
ered. In the Updated Lagrangian approach (UL) trdigurations for the time
t + At are referred to the solution obtained for the tirffeg. 1).

Unfortunately, as the finite element mesh beconigented under the load-
ing, the generation of completely new mesh is megumore or less frequently.
It causes convergence problems and extends theutatigm time. In such cases
the Eulerian approach becomes more efficient tregrdngian approach. In the
Eulerian formulation the finite element mesh remadired, while material flows
through it. There is no need for remeshing, theeefm the ninetieths Lagran-
gian and Eulerian approaches were combined togéthéne new approach
called coupled Eulerian-Lagrangian (CEL). The CEetimod was initially ap-



26 A. Skrzat

plied to fluid-structure interaction problems. ligére 2 the results of the water-
filled bottle drop-test are presented. The bottlikess the floor at a skew angle,
with one of the bottom corners experiencing théahimpact. A simulation for
the bottle accounts both the exterior forces orbtitde from the floor impact, as
well as the interior forces of the water pushingiagt the bottle. Coupled Eule-
rian-Lagrangian approach may be also applied talnfetming problems. In
Figure 3 presented are the results of LagrangidnCL rivet forming simula-
tions. Rivets are designed to create permanerthatints between two or more
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Fig. 3. Equivalent plastic strains in the rivetrfing simulation — Lagrangian (a) and CEL
(b) analyses



Application of coupled Eulerian-Lagrangian ... 27

sheets of material. After both ends of the rivet e@@mpressed the diameter of
the rivet body expands, pinching the sheets of riahteetween the two ends of
the rivet. The rivet is modeled by Eulerian elersemhile tools are Lagrangian
elements. In both exemplary simulations Lagrangiad Eulerian elements are
combined simultaneously in the same model. In th¢ @nalyses bodies that
undergo large deformations are meshed with Euleglaments, while stiffer
bodies in the model are meshed with more effidiegrangian elements.

2. Overview of coupled Lagrangian-Eulerian formulaton

In the Eulerian description equations are writteimg spatial time deriva-
tives. In the standard Lagrangian description nmetéme derivatives are used.
The relation between material and spatial timevadiries is:

DO _ 99
o e ) @

where: @ — the arbitrary solution variabley, — the material velocity% and

0P : o L .
F are the material and spatial time derivativeqeesvely.

The Lagrangian mass, momentum and energy consameqjuations trans-
ferred into the Eulerian (spatial derivatives) @mation equations [1] are:
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where: p — the densitys — the Cauchy stresb,— the vector of body forces,

e — the strain energy) — the velocity strain.
The Eulerian equations (2)-(4) can be written im¢bnservative forms:
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opv

7+D[ﬂvav)=Ms+pb (6)
de
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The Eulerian governing equations (5)-(7) have #egal form:

99 .
at+DE¢1) S (8)

where: ® — the flux function, S — the source term.
Operator splitting divides Eq. (8) into two equasaolved sequentially [2]:

09 _
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" +0=0 (10)

Eq. (9) contains the source term represents theabhggn step. Eq. (10)
contains the convective term represents the Euletiep. Graphical representa-
tion of the split operator is shown in Fig. 4.
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Fig. 4. Split operator for the CEL formulation

To solve Eg. (10) the deformed mesh from Lagrangtap is moved to the
Eulerian fixed mesh, and volume of material tramsgubbetween adjacent ele-
ments is calculated. The Lagrangian solution végmbe.g. mass, stress, energy)
are adjusted to account for the flow of the matdr&ween adjacent elements.
For the Lagrangian step the principle of virtuarkvis applied [3]:
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[pa@Budv+[e:dedv =[tBu dS+ [ oo Bu v (11)
\% \% S \%

where: du — the virtual displacemenie — the virtual strain resulting from
virtual displacements — the spatial acceleration, ane the surface traction. In
the Lagarangian step the updated Lagrangian fotraalés suitable because the
reference configuration (timg is the current configuration in the Eulerian ap-
proach. Unfortunately, in general the configuratainthe body at time + At
considered in Eq. (11) is unknown (unknown is tbéume of integration and
density which depends on the body deformationsyelger, the Cauchy stress
at timet + At cannot be obtained by adding to the Cauchy staesisnet the
stress increment because the components of thehZatess tensor change
when material is subjected to a rigid body rotatilonpractice other strain and
stress measures have to be used in the principlertagl displacements (11)
— the Green-Lagrange strain tensor and the secmta-irchoff stress tensor
[4]. In order to calculate the material(s) occupatin the Eulerian mesh the
volume fraction parameter (VF) is introduced [SheTinitial VF estimation re-
guires the reference volume associated with thedfiregular Eulerian mesh

(Fig. 5).

Eulerian mesh

Fig. 5. Reference volume for the volume fractionapaeter es-
timation

3. Benchmark test — the bent beam
The bent beam presented in Fig. 6 is considergbealsenchmark test. The

beam is modeled by Eulerian elements. The initc@upation of beam in 3D
space is defined by the reference volume. The Emgrart of the model sur-
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rounds entirely the beam volume including its ladeformations. In Figure 6
one can see two bottom supports and the upper pogicly used to apply the
load to the beam. Bilinear elastic-plastic mategalssumed for the beam. Typi-
cally such problems are solved by Lagrangian amproa

The results of the CEL analysis are presentedgn®iThe beam deflection
and the distribution of stress is similar to ondégamed in pure Lagrangian
analysis (not presented here). Unfortunately, ispnted CEL analysis all the
beam edges are rounded. This is caused by coulsedfumesh. As a rule,
a fine grid resolution comparable with the avereaglius of geometry curvature
is required in Eulerian analyses. External loadsmaver be applied directly to
the Eulerian mesh — contact analysis is the only waapply a mechanical load

Eulerian part

rigid tools

reference
volume

Fig. 6. Bent beam model

Fig. 7. Equivalent stress in the bent beam CEL aimly
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to Eulerian elements. In this test the load is iegpio the beam by rigid tools. In
the case of other type of loads (e.g. pressuresesdrated force, moment) adi-
tional flexible parts have to be included in thalgsis. Auxiliary Lagrangian
flexible parts loaded by mechanical forces afféet Eulerian parts by contact
interactions.

4. Coupled Eulerian-Lagrangian simulation of backwad extrusion

The backward extrusion is a forming process widslgd for the manufac-
turing of solid and hollow parts. The punch strikke blank extruding it up-
wards by means of applied high pressure. The asatyshe extrusion forming
operations requires evaluation of process parasastgch as force and energy
consumption as well as the determination of thé&ridigion of the major field
variables e.g. plastic strains. Numerical simula&iof the backward extrusion
process can lead to reduction of forming forces alav to improve the form-
ing accuracy. Unfortunately, from the mechanicahpof view such simulations
are very sophisticated. Usually, the finite elemmesh becomes very distorted
under the load and frequent remeshing is necesdagfore. Large displace-
ments, contact interactions and remeshing mighthbesource of convergence
problems in Lagrangian analysis. In such casestherian analysis in which
the finite element mesh remains fixed might providéable results [6]. The
FEM model of the coupled Eulerian-Lagrangian arialgé the backward extru-
sion process is presented in Fig. 8. The die atigiemt are assumed to be rigid
bodies. In this simulation the die moves into thindrical recipient.

reference volume

recipient

Eulerian part

Fig. 8. FEM model of backward extrusion
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The processed material is aluminum alloy at°€ ' he stress-plastic strain
curve is obtained from [7] for Bodner-Partom matkernodel. Assumed B-P
material data areD, = 10' s*, Z, = 280 MPa,Z, = 647 MPa,Z, = 35 MPa,
Z; = 80 MPajm, = 0,182 MP&, m, = 3,7 MP&, r; =1, = 4,A; = 0,15,A, = 0,99,

n = 1,9. The description of Bodner-Partom materiaed and its material data
is available in [8]. In numerical computations coemgial ABAQUS program

was used. In ABAQUS program the coupled Euleriagraagian analysis is
restricted to three-dimensional dynamic explicitlgems only. Obtained equiv-
alent plastic strain distribution in the extrudead s shown in Fig. 9. The plot of
external work versus the displacement obtained tlmysimulation is typical for
backward extrusion problems (Fig. 10).
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Fig. 9. Equivalent plastic strain

recipient distribution in the extruded bar

external work / force

T T T T T Fig. 10. External work vs. displacement
displacement in backward extrusion
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Considered problem can be solved more efficienylyakisymmetric La-
grangian analysis. Presented results obtainedd{CHEL analysis are compara-
ble with the results of appropriate Lagrangian wsialwhich are not presented
here. The effectiveness and stability of the CE&lysis can be demonstrated on
extrusion problems in which more complicated extdidhapes are considered.
In Fig. 11 the non-symmetric skewed double-teeusad in the aviation indus-
try is presented. Numerical Lagrangian simulatibthe extrusion of this profile
provides extreme element distortions, and it ihbary time consuming and
unstable.

Fig. 11. Special double-tee beam used in avia . | -
tion industry l

Coupled Eulerian-Lagrangian extrusion analysis ffianghis profile with-
out any problems. The only limitation is the sifettus task. Thin web of an
I-beam provides generation of very small Euleritgments — material cannot
flow through several elements in one time/load énment. Moreover, the dy-
namic explicit procedure applied here is conditiynstable, and requires very
small time increments (of order 18) when small finite elements are used. This
extends the computation time very much. To solvis firoblem powerful
workstation (12 processors, 24 Gb of memory) rig phoblem over two weeks.
However, computations based on purely Lagrangigncaeh even if possible
for this sophisticated geometry, would take moreeti The geometry of ex-
truded element for early stage of the considerextard extrusion problem is
presented in Fig. 12. It should be kept in mind thaABAQUS post processor
in the visualization of the CEL analyses all edges(unfortunately) rounded.

Presented preliminary simulation is useful in tlstineation of the size of
the problem, required memory and the computatior tin numerical simula-
tions of reversed extrusion of sophisticated-shalpenents. Results of such si-
mulations will also help in better design of dies.
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Fig. 12. Backward extrusion of an I-beam pro-
file

5. Conclusion

The coupled Eulerian-Lagrangian approach is a useful tool for solving
large displacement problems. Many tasks which arg hard-to-solve by La-
grangian approach can be successfully solved byCthe analysis. The CEL
solution procedure is very stable even for compdidashapes because the Eule-
rian finite element mesh remains fixed during asialy The CEL analysis is
restricted only to dynamics problems in which iigeforces are considered. In
ABAQUS program only explicit integration of the gawing equations is al-
lowed. It limits the application of the CEL analysd short-term problems. In
the dynamic explicit approach the stable time ineret is usually very small,
thus the long-term analysis would require milliasfsload increments and in
consequence would take weeks or even months onrfudwerkstations. Pre-
sented results are very promising. They are stiadiependently of the shape of
extruded elements. The last presented exampleyshead to solve by Lagran-
gian approach. It was efficiently solved by coupledlerian-Lagrangian ap-
proach. In the future research the results of caempgimulations will be com-
pared with the experimental data. In Departmenlaterial Forming and Proc-
essing hundreds of backward extrusion tests hase tmade for various types of
materials, different extruded shapes and varioogpégature. This valuable ex-
perimental information will help to select an apgmiate material model — in
presented simulation simple bilinear elastic-ptastaterial model was used.
One of the candidates is Bodner-Partom materialeinadhich allows to take
simultaneously into consideration elastic and pdasffects, isotropic and kine-
matic hardening, visco-plasticity, creep and refiaxafor a wide range of tem-
perature. Application of BP material model in themnercial software
(ABAQUS) requires writing user material procedure.
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ZASTOSOWANIE SPRZEZONEGO PODEJSCIA EULERA-LAGRANGE'A
W SYMULACJACH PROCESOW PRZEROBKI PLASTYCZNEJ METALI

Streszczenie

Numeryczne symulacje procesow przerobki plastycayenagaj duzej mocy komputeréw
oraz zaawansowanego oprogramowania. Ugdrgenie w analizie diych przemieszcze jest
wielokrotnie zrodtem powanych trudndci dotycacych zbienosci obliczer. W przypadku sfor-
mutowania Lagrange’a stosowanego standardowo wzamaldksztatcalnych ciat statych gsto
konieczne jest generowanie zupetnie nowej siatkBVigw. remeshingu. Wydia to niestety czas
analizy i pogarsza jej zhiros¢. W takich przypadkach rogdng alternatywy jest zastosowanie
podefcia Eulera (typowego dla analizy przeptywu ptyn&ig) obliczén duzych deformacji ciat
statych. W podédgiu Eulera siatka elementow siazonych pozostaje nieruchoma, a przez siatk
przeptywa materiat. W tym przypadku nie zachodznikozngé remeshingu i nie pogarsza; si
uwarunkowanie problemu w czasie trwania oblic2&/ niniejszej pracy przedstawiono przykia-
dowe wyniki obliczé numerycznych z zastosowaniem sponego podafia Eulera-Lagrange’a.
Jako zadanie testowe analizowano betRinan, jako przykiad procesu przerébki plastycznej
rozpatrywano zagadnienie wyciskania przecivib@go. Dla niektorych e#ci modeli (narzdzia)
stosowano sformutowanie Lagrange’a, a dla pozadtadgsci (obrabiany materiat) — sformuto-
wanie Eulera. Uzyskane rezultaty poréwnywano z wgmii obliczé, w ktérych zastosowano
podegcie ,czysto” Lagrange’owskie.

Stowa kluczowe sprzzona analiza Eulera-Lagrange’a, zduprzemieszczenia, ksztattowanie
plastyczne metali
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