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Abstract.

The fundamental mechanical assumptions and thec hasiciples of 3-dimensional FE
discretization are briefly summarized. Several ingot numerical developments for efficient
and accurate computation of large plastic defoionasire discussed. Material behavior must
be known precisely: material parameters of the titoitise law, thermal law and friction law
must be determined by experimental tests and iiEation procedures by inverse modeling.
Is it also necessary to avoid the possible onsetledécts, such as crack opening, by
introducing damage modeling in the cost functiorpakameter sensitivity analysis is utilized
in order to select the most important factors: shapthe preform, tools geometry, etc. The
practical optimization is carried out by a genaligorithm technique or by a surface response
method. Moreover, for assessing the fatigue behagionore local approach is necessary in
order to take into account material evolution atitticro scale.

1 INTRODUCTION

Optimization of industrial forming processes hasereed a growing attention to increase
competitiveness. Until recently this objective wde result of a long and expensive
procedure, mostly achieved by trial and error, gisndustrial equipments and real materials.
Finite element simulation of metal forming processtarted in the 70’s for 2D problems [1-
4] and in the 80’s for 3D configurations [5]. Toydeommercial simulation codes facilitate
trial and error optimization. However, in view dfet continuous improvement of softwares
and computing facilities, including parallel compgt it is now possible to consider
automatic optimizationwhere the optimal solution is mostly found by garation.
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A software, called MOOPI (MOdular software dedichte Optimization and Parameters

Identification) has been developed in CEMEF to addrthese issues. MOOPI, presented in
Figure 1, is based on 4 different layers. The blasier O represents the direct model, which is
the finite element computation Forge in our cas®/er 1 deals with sensitivity analyses and
enables us to check the influence of input parammeir output observables. Layer 2 is the
optimization layer in order to find optimal paraeest of any kind of numerical simulations.

Finally layer 3 deals with inverse analysis forcamatic materials parameters analysis by
comparing experimental and numerical observablexhBayer can use the algorithms

implemented in the other layers. For example, is@eanalysis uses the optimization

algorithms developed in the second layer in ordeminimize the cost function, defined as

the sum of the squared differences between expetah@nd numerical observables. If

response surfaces are needed in the optimizatgoritdm, the sensitivity analysis layer can

also be used to give the initial database using @mESign of Experiment) techniques.
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Figure 1 : Flowchart of the MOOPI software

2 MECHANICAL AND NUMERICAL APPROACH

The finite element approach of metal forming preesswas described in [6], to which the
interested reader is referred for more details.

2.1 — Mechanical and Thermal Description
Introducing an additive decomposition of the stnaite tensor into an elastic part® and a
plastic (or viscoplastic) ong®:
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£=e%+¢P (1)

Utilizing the Jauman objective derivative of theest tensor , the hypo elastic law is written:
% =\%tracds®) I+ &€ (2)

whereA® and /£ are the Lamé coefficients. The plastic or viscefitacomponent of the strain
rate tensor obeys a general Perzyna rule of time: for

89 =3/ 20,4((00q-RIK) " & 3)

where g is the equivalent strairg is the deviatoric stress tenseér,is the equivalent strain
rate andz is the equivalent strain, K, R and m are matgrdabhmeters.

At the interface between part and tool, the frictishear stress can be modeled by a
“viscoplastic Coulomb” law, in term of the normalessa, and the tangential velocitv :

r=-a;|0,|Av/ |Av|1_p (4)

Wherea; and p are friction coefficients.
For a quasi incompressible material flow, a mixedriulation in term of velocity v and
pressure p is chosen in the dom@infor any virtual velocity and pressure fields, p* :

[0 &*dv~[pdi ¥) dV~ [ 7 dS=C (5)
Q Q 0Q,
Introducing the material compressibiliky the mass conservation equation is written:

~[ (kdiv(v) + p)p*dV =0 (6)
Q

The total time of the process is decomposed intallsimcrementsit, and the displacement
field is assumed to be proportional to the velofigid at the beginning of the increment:

Au =Atv (7)

In the same way the stress increments are intraldsoethat egs. (5) and (6) are rewritten:

[(0+ad"): &% dV = [(p+Ap dif ¥) dV- [ 7% dS= C (8)
Q Q 0Q,

~[(pAt/ k +div(Au)) : pr dV= 0 (9)
Q

For hot forming process the heat equation is intced:
pcdT/ dt-dikgrad ) - o: &= ( (10)
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Wherep is the material density, ¢ the heat capacity, & ttiermal conductivity and r the
fraction of plastic work transformed into heat. Thermal and mechanical coupling
originates from heat generation by plastic workythal dilatation which modifies eq. (9), and
the dependency of the material parameters on tenper e.g.:

K=Ko(eo+)" expB/T), m= my+ mT (11)

2.2 — Finite Element Discretization

To achieve robustness and compatibility with otmemerical requirements, a mixed
displacement (or velocity) and pressure formulataih P1+P1 stabilized elements is chosen.
The pressure field is discretized using tetraheelleients with 4 linear shape functiong, M
while the velocity, or the displacement field, uSeshape functions Nthe linear functions
plus a bubble function. The discretized mixed irdédgormulation for the mechanical
problem is:

Ry =[(0'+A0):B,dV~ [ (p+Ap)trace(R )dw | af|on|ﬂ N, d$ (12)

Q Q 2Q, |AV|

R = i (Aitdiv(Au)+ PM, dV=0 (13)

To which the discretized heat equation is added:
CAT+H . TAt+FAt=0 (14)

Where C is the heat capacity matri}y’ is the conduction matrix anB is a vector
gathering the boundary conditions and the heatcgoi@rms. Equations (12) and (13) on one
hand and equation (14) on the other hand can edgkeparately until convergence or using
a global Newton Raphson algorithm.

2.3 - Numerical problems

2.2.1 Remeshing

Remeshing steps are compulsory when deformatioheoivbrk-piece results in too distorted

elements and when contact occurs progressively degtwools and the part. An iterative

method is designed to remesh locally where it isessary. Moreover, for a more reliable
control of accuracy, an estimation of the discedtan error is performed and the elements
must be refined locally in the zones where thestiahigher. This is achieved by prescribing
a local size of the elements and rebuilding thehmasordingly [7]. But this approach may

lead to generate a very large number of elememis. drawback can be partly overcome, by
introducing anisotropic meshes having narrow elémenthe direction of high strain gradient

and elongated ones in the orthogonal direction [8].

2.2.2 Equations Solving
At each time increment several linear systems areted by the Newton-Raphson
procedure, their resolutions representing the mapemrsive contribution to the total CPU
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time. Iterative methods are effective on the reabbnwell conditioned systems we get due to
the stabilization induced by the choice of P1 elements. These methods can be parallelized,
provided a domain partitioning is defined, each slamain being treated on a separate
processor [8].

2.2.3 Multi Material Coupling
The problem of multi material coupling appears whwa tbols are considered as elastically
deformable, or when a part is formed with severatamals. At the interface between
different materials, we must impose a unilateraltacincondition with friction (and possibly
with a force of cohesion). However challenging nuos problems appear to take into
account this situation with non coincident meshietha interface between materials. In the
“master and slave approach”, a Lagrange multigieertribution of the non linear equations to
solve is introduced to avoid penetration of thevelasurfacdQy™, into the master
surface@Q™*. But this approach is effective only when the acef mesh of the slave is
more refined than the surface mesh of the masteoimact. A quasi symmetric Lagrange
multiplier formulation, was proposed by Fourmentlanhg9] in which the additional term is
written:

AE=2l [ hau)ats + [ @y ds (15)
aQ%On[aCt aQ(;OnlaCt

Where A* is the Lagrange multiplier defined af®"*'and A°® is the projection of

A® on the surfac@Q3°"?®, With a nodal formulation, the quasi symmetric aggh imposes
a number of constraints equal to the number of sarfethe slave mesh in contact. This
method was applied successfully to forging withodefable tools.

2.2.4 Multi grid and multi mesh.

A major concern in numerical simulation is to red@feU time in order to be able to solve
more complex problems, involving more refined mest#swyever the CPU time is not a
linear function of the number of unknowns, eveniferative solvers. The multi grid method
is a way to achieve a quasi linear dependencesoluton time and consequently to reduce
dramatically the computational cost. In ref. [EOpromising node-nested Galerkin multigrid
method is described for solving very large lingsmtems originating from linearization of 3D
metal forming problems. The smoothing and coargeaperators are built, using node-nested
meshes made of unstructured tetrahedra. The comeshes are built by an automatic
coarsening algorithm based on node removal and topalogical remeshing techniques. A
research version of the Forge finite element saftweas utilized to test the effectiveness of
the multigrid solver, for several large scale irtdasforging problems and it was shown that
the decrease of CPU time can reach a factor higlaer 7.

Another method for saving computational cost isitiize different meshes as developed in
ref. [11]. In hot incremental forming, such as caggior ring rolling, a unique mesh for

mechanical and thermal simulation is not the optiofwice. A Bimesh method will use

different finite element meshes for the resoluttdthe different physical problems:

- a main fine mesh to store the results and toyaaurt the linear thermal computations with
one unknown per node,

- a less refined mesh for the non-linear mechamialgiulations with 4 unknowns per node.
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The numerical development of the Bimesh method ismainly in building the embedded
meshes and managing the data transfer betweendbkes) The Bimesh method leads to a
CPU reduction of about 4 on industrial examplesiarabmpatible with parallel calculations.

2.2.5 Finite Element modeling at the micro scale

It is well known that the micro (or nano) structafanetals is a key factor for determining
the constitutive law during forming and for predigt the final properties of the work-piece.
To treat in an average way, the evolution of theema micro structure during thermal and
mechanical treatments, the classical method isdo@se a macro description, selecting
representative material parameters (grain sizeselpercentage, precipitates, etc.) and to
identify physical laws which govern the evolutiohtleese parameters, and their influence on
the mechanical behavior [12]. The macro approadfuite convenient for coupling thermal,
mechanical and physical computation, but it suffeesere limitations and needs a large
amount of experiments to identify the physical ladescribing micro structure evolution. On
the other hand, computation at the micro scaleois possible and is developed for a more
realistic description of materials. Micro modeliisgpotentially much more accurate but, due
to heavier computer cost at the local micro led#lect coupling with macro thermal and
mechanical simulations seems limited to 2D problemd simple parts, even with large
clusters of computers. One way to view the middtentapplications is to use micro modeling
of material in post processing, to predict micnusture evolution for a limited number of
locations in the work piece, neglecting couplindeets. Another method is to utilize the
micro approach to help identification of macro law$e basic ingredients of the general
micro model developed at CEMEF are summarized ih [13

3 INVERSE METHOD FOR MATERIAL PARAMETERS IDENTIFICATI ON

For a given material law, inverse analysis is usedetermine the best parameters that fit
experimental data. Identification of the parametsrachieved by minimizing a least square
cost function which evaluates the difference betweemputed and experimental values. In
the past differentiation methods were mostly wiif14], but for a more general approach it
was realized that optimization methods using ohdy é¢valuation of the least square function
must be preferred.
A parallel optimization algorithm based on EGO {&é&nt Global Optimization Algorithm)
suggested by Jones et al. [15], has been develfgpedentification and integrated in the
MOOPI software. A flowchart of this algorithm isgsented in Figure Zhe main idea of this
extension is the following: instead of evaluatin@ely the cost function of one new set of
parameters at each iteration, the idea is to terfiposat the cost function value to an
approximate value regarding the kriging meta-modbis temporally approximation of the
cost function value is not time consuming and esmbd extract a new set of parameters from
the meta-model without exact evaluation. N setarimeters can thus be extracted from the
meta-model without any exact evaluation. The fisdp is to evaluate exactly the cost
function value of these N new points, which candmme simultaneously using parallel
computing.

The EGO algorithm implemented in MOOPI is well sdifor parameters identification by
inverse analysis. This software is able to workhwitultiple experimental observables and
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multiple mechanical tests. The optimization proceduives the set of identified parameters.
Another useful information is a map of the objeetiunction all over the parameters design
space. This map is particularly interesting to ustdad the sensitivity of the observable
regarding each parameter of the model.

Initialisation by D.O.E.

EF Computation

fmet, fmez, .., fmen —

il —

N Exact evaluation Virtual Enrichment I Kriging Meta-model

EF Computation f =kiiging(P) 4\1{ h M del
eta-mode

» - _r 0‘\“ L Exploration

P i e
e El Minimization of EI
I . :> E| (XS . I criterion by S.E.
- s . -
“n
P m+1,P m+2, P m+n
y Many points to P
compute hl

Figure 2: Flowchart of the parallel extension of the EG@oaithm implemented in the MOOPI software

As an example, we identified both elastic-plastictarials behavior law and Lemaitre
ductile damage parameters, in order to study thel fimechanical strength of the clinched
component. Figure 3 shows the identified and expemial load-displacement curves, and
necking-displacement curves.

=4
Necking (mm)

m===: ldentfied obrerable
Experimental observables

12 Q 2 4 & 8 10 12

Displacement (mm) Displacement (mm)

Figure 3: Identified and experimental load-displacement a@cking-displacement curves
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4 SENSITIVITY ANALYSIS

For any kind of manufacturing processes, input @aeaalways subjected to variability or
uncertainty. These variability issues can be expental (prescribed load, temperature,
lubrication, exact materials behaviour, frictiotg.eor numerical (mesh size, time step, etc.).
Sensitivity analysis studies are essential to atalihe impact of input data variability on
output results and possibly to select the more itapomparameters for optimization. In our
MOOPI software, finite element computations canureiteratively with different input data.
Observables are stored and compared to checkftbhenne of input data on final results. The
modification of input parameters can be done manuayl the user, or can be obtained
through a Design of Experiments (DoE). Sensitiatalysis is applied here to the study of
the clinching process, where a sheet is deformetthidoyools illustrated in Figure 4a. The idea
is to find the clinching process parameters thatehthe highest influence on the final
mechanical strength of the joined component. A ifigitg analysis has been done on the
punch and lower die geometries, as shown in FigareA 5% modification has been applied
to each parameter and the influence on the mediastrength to pull-out has been measured.
Figure 4b shows that two parameters have a majloeimce on the mechanical strength: the
punch radius Rp and the lower die depth Pm.

Pm Rp Lm Rc W2 Fmax W1 Kd

Punch z
! ) Pareto chart
% % Influence of design parameters on the cost function
/ ? Bep 02 e e
g 7 180
/? 0.25 1-- / 1 70
|
o 021 LA ‘:,df/dp ‘ 7% é
Q Shcumule T5 3
Bp 8 15 | i e 1a
Lower die o N BN 130
| ‘ + 20
P | SET T T h T T
. 0 A ) 2222 0

p

a) b)

Figure 4: a) Clinching tools geometry and b) Influence lofching process parameters on the final mechanical
strength to pull-out.

5 PROCESS OPTIMIZATION

The numerical problem is to find the minimum of thestcfunction which represents the
practical objective of the optimization. Several thoels were attempted using complex
derivatives of the cost function (see e. g. [16]).1Aowever it is now preferred to use
optimization algorithms that require only computatiof the cost function. In the following,

two examples are presented in order to illustiaedifferent approaches which are developed
in the laboratory.
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5.1 Optimization with a single objective

Here the objective is to find the clinching toolsognetry that maximizes the final
mechanical strength of the clinched component. SEmsitivity analysis of section 4 allows us
to select two parameters: the punch radius Rp laadbiver die depth Pm. Using the MOOPI
software, our methodology is summarized in Figure 5.

2D Axi

linchi
sci:rlr:flalc?c?n Validation Mechanical strength of the
25 : ’ clinched component

Simulation

20|77 EXPARNCES | Shearing test

15 : P4

F(kN)

10 | ; jf
S —
0 :
0 1 2 3
d(mm)
Opiim ©n

Figure 5 : Optimization of the whole chain of simulation¢limding the clinching process and the simulation
of the shearing and pull-out test.

Table 1 shows the nominal values of the two pararmagthe research space and the final
optimal values identified by MOOPI.

D

Nominal vaIulResearch spalthimaI identified valu

Rp (mm 1.9 [1.6,2.2] 1.96
Pm (mm) 0 [-0.3, 0.6] 0.16

Table 1 : Nominal values, research space and optimal vasesciated to the punch radius and the lower
tool depth

In Figure 6a it can be seen that damage has bgeificantly decreased in the upper sheet
thanks to the tools geometry modification. FigubesBows the response surface associated to
the fracture strength to pull-out, that has beeximiaed. It is interesting to stress that in
addition to a higher mechanical strength, the oglisolution is also surrounded by a smooth
maximal area, so that a slight perturbation (oralality) of Rp and Pm will not have much
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influence on the final mechanical strength.

Response surface

05
0.4
0.3
0.2
0.1

Pm

-" 500

0.18; 0.22 0.1 ViT————
' 0z|| % Config. ref
W Reference - Optimized = s ()
: 1.8 18 2 2.2
Rp
a) b)

Figure 6 : a) Map of the final damage field, and b) Respanséace associated of the final mechanical
strength of the clinched component (* for referencéor optimized configurations).

Table 2 shows the mechanical strength associated thie reference and optimal
configurations. It can be seen that the optimizexfiguration induces an increase of 13.5%
of the mechanical strength to pull-out, and of 4&he mechanical strength to shearing.

Mech Strength Mech Strength
Pull-out (N) Shearing (N)
Reference configuratign 737 814
Optimized configuratioh 840 1193
Benefit (%) 13.5% 42.1%

Table 2 : Mechanical strengths for a pull-out and shearésg associated with the reference and optimal
configurations

5.2 Multi objective optimization

Traditionally, in wire-drawing industry uses thetiagization of the drawing force to design
wire-drawing dies. The optimum die semi-angle &rkd to be 6°, or more generally is in a
range between 4° and 8°. A second objective raisgsguities, as the risk of ductile fracture
should be estimated on a damage criterion. Foamest, high-carbon drawn wire may show
brittleness either during the drawing process,taha cabling stage, or during wire service
life. Then we have a multi-objective framework, tb&ution consists in a family of non-
dominated solutions that constitute the Paretantgdtset, or the decision spase

The industrial wire drawing process has been sitadlfollowing Bobadilla et al [18]. The
mechanical analysis of the drawing process is pad by a 2D axi symmetric simulation.
Dies are assumed non deformable and the drawingdsigeconstant. In Figure 7 the mesh

10
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size is 0.5mm and the total nodes number is abo@DQ0 The wire is long enough to reach
the mechanical steady state.

Figure 7 : Wire drawing mesh - Die geometry and correspapdiesign parameters

The Latham and Cockcroft (L&C) damage criterionsed as one of the objective function:

D_ = ng{ J' ) w)dsp} (16)

O

Alternatively, the wire drawing forcé will be taken as an objective function. Bi-objeeti
optimization (force and damage) will finally be aeslsed.

The shape parameters describe the geometry of itleedvawing die: reduction ratiB, die
semi-anglex and the die length as illustrated in Figure 7. The land length hasigaificant
impact on the minimization df or Dnax In single pass optimization, reduction ratio aann
be an optimization parameter, which leaves onevopétion parameter: the die semi-angle
with values included in the range [1.2°; 22.5°]isthvide range has been selected not to
exclude non-conventional solutions.

The selected multi-objective evolutionary algorit{fMOEA) is the Non Sorting Genetic
Algorithm, NSGA-II, which is considered one of theost efficient MOEA to find Pareto
optimal sets. In order to reduce computational ¢d$BGA-II is coupled [19] to a metamodel
based on the Meshless Finite Difference Method (MIfDAfter initiating the metamodel
with a reduced number of individuals, the metamadetontinuously updated during the
algorithm iterations. This way, quite accurate Rafeonts can be obtained by approximately
the same number of function evaluations as in thglesiobjective case.

Optimization provides different optimal die semigén (op) depending on the objective
function. Indeed, an optimal die angle minimizirige thon-dimensional drawing stress is
found only when friction is non-zero (see Figure @h the other hand, no optimal die angle
is observed in damage minimization, as the loweshapfe is found on the lower bound
(a =1.2° here, see Figure 8). Finally, L&C damagéedon and the non-dimensional wire
drawing force have been coupled into a bi-objectipproach. The Pareto Optimal Front has
been accurately constructed in a single optimimatiperation, showing these two objective
functions to be in conflict. This curve in FigureeBables the user to set his priority either on
damage or on drawing force. In this case, accemir®yjl% increase of the drawing force

11
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could save as much as 51% damage, at a die senei-@nrgB.46°. Therefore, damage can be
strongly decreased with a slight increase of tdeced drawing force.

510 0.4
<)
[%2]
03 : .
5 Q
o3
g = "
£ 064 %oz . f * FEM m=0
S EN . E s * FEM m=0.02
E S0 -‘/ * FEM m=0.1
P" = FEM m=0.2
0.2 i 0.0 + T T
1 6 11 16 21 1 6 1 16 21
Die angle (9 Die angle (9

Figure 8 : Wire drawing force (left) and damage (right) verdiesangle from a single objective optimization.
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Figure 9 : Pareto front (wire drawing force versus damagehefmulti-objective optimization problem.

6 TOWARD PREDICTION AND OPTIMIZATION OF LOCAL MEC HANICAL
PROPERTIES

Forged components are recognized for their excelteathanical strength and fatigue
properties. The methodology presented here corisistsproving fatigue analyses of forged
components by accounting for the forging simulatsdage. Kneading rate and grain flow
orientation are two consequences of the forginggss. Using the FORGE software, grain
flow orientation is computed all along the formingopess simulation. This grain flow

orientation, as well as residual stresses, aretimlaga for predicting fatigue, using an
anisotropic extension of the Papadopoulos fatigueermon. It is based on experimental
fatigue results obtained on samples extracted,at®°and 90° with respect to the grain flow
orientation. A numerical modelling is performed hé tmicroscale using the DIGIMICRO

12
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software. These simulations give a better undedstgnon the influence of elongated
particles and cluster of particles on high cyclggfee mechanisms. A virtual simulation chain
is set-up to work on real industrial componentsisTheimulation chain, together with
microscale numerical modelling demonstrate the pasiinfluence of the grain flow
orientation of forged components on high cyclegia¢i properties of industrial parts. The
general methodology is schematically illustratedrigure 10 and the complete description of
the work is given in ref. [20].

Mmm Forging simulation

® Grain flow Virtual simulation chain
® Grain size From forging down to
L} fatigue computation
o 00
o e @:\‘ Influence of
A 0 0 €\ microstructure on
P R in-use propertie: In-use analysis i
Digmizyo | seanayeld Fatigue
1o - Anisotropic fatigue
Microstructure prediction Il parameterso( andB)

Figure 10: Prediction and optimization of fatigue for forgesmponents
7 CONCLUSIONS

The basic scientific ingredients were reviewed &ocurate simulation of metal forming
processes with a finite element computer code. Aegersoftware system was presented
which will allow the user not only to simulate irgttial processes but also to identify material
parameters by inverse modeling, to assess the isépgif the results to process parameters
and to optimize the whole forming sequence. An @lamf multi scale prediction of fatigue
properties of a forged part was given as a fiegp soward optimization of the final properties
of the work-pieces.
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