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Abstract. With a view to environmental, economic and safetyaerns, car manufacturers need to design lightdr safer
vehicles in ever shorter development timesrecent years, High Strength Steels (HSS) likerbtitial Free (IF) steels which
have higher ratios of yield strength to elastic olad, are increasingly used for sheet metal partaitomotive industry to meet
the demands. Moreover, the application of sheetlnfietming simulations has proven to be benefitbaleduce tool costs in the
design stage and to optimize current processesFifiie Element Method (FEM) is quite successfusitmulate metal forming
processes but accuracy largely depends on theyobthe material properties provided as inputh® material model. Common
phenomenological models roughly consist in thénfittof functions on experimental results and do provide any predictive
character for different metals from the same gradeerefore, the use of accurate plasticity modelsed on physics would
increase predictive capability, reduce parametentification cost and allow for robust and timeeeffve finite element
simulations.

For this purpose, a 3D physically based model agelastrain with dislocation density evolution apmb was presented in
IDDRG2009 by the authors [1]. This model allows trescription of work-hardening’s behavior for diffat loading paths (i.e.
uni-axial tensile, simple shear and Bauschinges)éaking into account several data from microgtmec(i.e. grain size, texture,
etc...). The originality of this model consists iretimtroduction of microstructure data in a cladsgteenomenological model in
order to achieve work-hardening’s predictive chemador different metals from the same grade. ladethanks to a
microstructure parameter set for an InterstitiaeFsteel, it is possible to describe work-hardebiglgavior for different loading
paths of other IF steels by only changing the mgaain size and the chemical composition. Duringesheetal forming

processes local material points may experienceidaxitll and multi-path loadings. Before simulatinctual industrial parts,
automotive manufacturers use validation tools — thg Cross-Die stamping test. Such typical stampewsgs enable the
evaluation of a complex distribution of strains.

The work described is an implementation [2] of adi§location based model in ABAQUS/Explicit andvedidation on a Finite
Element (FE) Cross-Die model. In order to assessp#rormance and relevance of the 3D dislocatiogetianodel in the
simulation of industrial forming applications, thesults of thinning profiles predicted along seVefigections and the strain
distribution were obtained and compared with experital results for IF steels with grain sizes vagyin the 8-22um value
range.

Keywords: Sheet metal forming, Interstitial Free steels, @iation based model, Cross-Die test, Finite Eleriaihod
PACS: 46.15.-x

1. INTRODUCTION
1.1 Background

Common phenomenological models roughly consishefitting of functions on experimental results.eyh
only provide crude tools due to the fact that thgirameters are unable to predict the work-hardebehavior of
other materials from the same grade. Therefors itital to use accurate plasticity models basegloysics. To
reach this goal, the authors proposed a 3D phygibaked work-hardening model at large strain wiiocation
density evolution approach [1]. This model allowg tdescription of the work-hardening behavior fdfedent



loading paths (uni-axial tensile test, simple stwat Bauschinger shear tests until different anwohtrue strain)
taking into account several data from microstruef{ive. grain size, texture, etc...).

The predictive character of the model is achievedugh a set of physically-based parametersk{, 2 andng)
which is specific to metals from the same gradesreh

* Kk stands for the dislocation storage rate whichlredu hardening.

* k; stands for the dislocation annihilation rate whiesults in softening.

« 2 stands for the dislocation spacing.

e ngis the critical number of dislocations that haeei stopped at the boundary on a given slip band.

This parameter set enables the work-hardening’s\deh prediction of other metals from the same grag
only modifying the mean grain sii2and the chemical composition.

2. MATERIALS

The chemical composition in wt. % and the mechdmicaperties of the investigated IF steels are gl in
Table 1 and Table 2, respectively. Experimentalaxial tensile tests along rolling direction areeggnted in
Erreur ! Sourcedu renvoi introuvable..

TABLE 1. Chemical composition of the investigated IF steets $0)

Material c S P Si Mn Cr Mo Ni Cu Al Ti
I 0.007 | 0.004| 0.017 0.006 0.1 0.0111 0.008 0.007 0D.0 0.036| 0.017
Il 0.007 | 0.007| 0.049 0.006 0.453 0.01 0.008 0.007.00D | 0.042| 0.015
1] 0.072 | 0.008| 0.015 0.122 1.063 0.0111 - 0.012 08.0] 0.036| 0.012
TABLE 2. Mechanical properties of the investigated IF steels
i Y. R r r r (b ) BA;?:
.1 | Thickness 0 m o o o 250 o0° etween
Material | (mim) MPa) | (MPa) gl | ASO% (at20%) | (at20%) | (at20%)| 10%and | sizeD
20%) | (um)
I 0.75 153 282 28.6 51.7 2.28 1.74 2.72 0.25 D
Il 0.6 205 355 23 35.8 1.45 1.57 1.95 0.22 9
[l 1.62 351 483 15.5 29.7 0.64 1.26 0.96 0.1p 8

3. EXPERIMENTAL PROCEDURE
3.1 Uni-axial tensiletest and Bauschinger ssmple shear test

In order to obtain initial anisotropy;values are determined from uni-axial tensile sscimens cut out at
different orientations, 0°, 45° and 90° to the ingl direction of sheet. These tests were realireduasi-static
regime at room temperature with constant straime rat a tensile machine INSTRON 5582 with an HRD
extensometer system piloted by BLUEHILLBRauschinger simple shear tests were realized &agqat conditions
in a SERMEES shear assembly implanted in a tensilehine INSTRON 5587.

All the experimental data used in the present studse pre-processed using home-made MATLAB routines
The stress versus strain experimental curves foiaxial tensile and Bauschinger simple shear tesse first
smoothed in order to filter the various noises ttue¢he acquisition. The second step consisted nmovwing the
elastic part. Indeed, identification and simulasiavere done in the framework of rigid-plastic bebav
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FIGURE 1. Experimental uni-axial tensile tests along rolldigection of the investigated IF steels: uni-asiess vs.
logarithmic strain.

3.2 Cross-dietest

The die design and blank configuration are showikrineur ! Source du renvoi introuvable.. An 800kN
drawing hydraulic press is used with a blank holidece of 350kN. The square blank size has beesarhto be
300x300mm. The punch and die radii have value®ofr@ and 14mm respectively. Punch, blank holderchadre
made of uncoated hardened tool steel. The blanks lbricated with grease and Teflon. Limited pbksdrawing
depth is around 60mm for the given blanks. Expenisiéhave been performed at a drawing speed of 66mm/
FIGURE 2 shows a typical drawn blank.

FIGURE 2. Die and blank configuration (left) and Blank speainadter cross tool forming operation (right)

3.3 Strain and thickness measur ement

The blanks have been marked with a 2mm dottedrpaff@fGURE 2) and forming analyses have been perdar
with the ARGUS strain measurement system with staaicuracy of £1% (FIGURE 3). It measures deforomestiin
deep-drawn parts and calculates material straingusptical measurement techniques. ARGUS proceassds
visualizes the data gathered in order to obtaimege of the distribution of strains in the meadyrart.

The material thinning is measured along three tons (i.e. rolling direction RD, diagonal direatiddD,
transverse direction TD) as depicted in FIGURE thwhe SOFRANEL thickness measurement system (FIBUR
3). Measurements are done every 10mm. This expetaheetup is constituted by an ultrasonic traneduthe
transducer is excited by a pulse/receiver (SOFRANESLDL). Thickness is obtained in function of wave’
displacement velocity in the blank. Thickness aacyiis of £0.01mm.



FIGURE 3. ARGUS equipment (left) and SOFRANEL 25 DL equipmgight)

4, NUMERICAL PROCEDURE
4.1 Implemented hardening law

The model consists in a combination of isotropid &nematic hardening contributions. Based on tba v
Mises criterion, the yield functiorf is given by:

f =g(c-X)=(Y,+ R <0, (1)

where X denotes the back-stress variable related to kitierhardening andR a scalar variable describing the
isotropic hardeningy, is the initial yield strength which is a functiof the chemical composition and the mean

grain sizeD [3]. @ is a function of the Cauchy streesgiven by:

3

o(o-X)= \/E(c'—X) (o-X). @
The evolution equation for the kinematic harderigngiven by an Armstrong-Frederick’s saturation:law

2

X =2Cx XD’ - CXA, ©)

sat

where Cy and X, are material parameter€, characterizes the saturation rate ¥f and X, characterizes

sat sat

the saturation value OHX”. DP stands for the plastic strain rate and is the plastic multiplier. Hereafter,

(°) stands for an objective derivative.

According to [1] and [4],

(4)

C, = fi(4,bn)
X = £,(M, u,b,n,, D)’

whereu stands for the shear modulissfor the magnitude of the Burgers vector avidis the Taylor factor and
takes into account the texture development.

The isotropic hardening is given by:



R= Maub/p, (5)

wherea is a constant andis the dislocation density.

Dislocation density evolution is given by:

(d_ﬁj =M (ko ~k,0). ©)

deP

According to [1] and [5], Eq. 5 is equivalent t&/ace rule in which:

{CR: (M, k;)

= ! (7)
R.= f,(M, k. k,a,u,b

where C, and R, are Voce rule’s material parametefd,,, being the asymptotic value of the isotropic haidign

variable R at infinitely large plastic strain an@; controls the saturation rate of isotropic hardgnin

4.2 Work-hardening prediction

Physically-based parameteis, (,, 4 andng) were identified for an IF steel with mean grairesequal to 8um
(i.e. Material 1l1). The identification of paramesewas carried out on an uni-axial tensile test ar8lauschinger
shear test. Then, work-hardening was predictedtfuer IF steels (i.e. Materials | and 1) using g@me physically-
based parameters as input data and by only modityi@a mean grain siZ@ and the chemical composition. Results
are given in FIGURE 4.
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FIGURE 4 shows good agreement between theoretichéaperimental results. However, the level of moted
stress in reverse loadings is higher (i.e. Matefiand Il) although if it tends towards an accersdturation value.
This can be explained by the fact that this mosleinable to describe some phenomena observeddrsesdadings
consisting in dislocation disintegration followed the formation of new dislocation walls.

5. NUMERICAL PROCEDURE
5.1 FE modd

The forming simulations have been performed withABJS/Explicit. Due to symmetry, only % of the parid
tools have been meshed (FIGURE 5) — applied loagagbscaled accordingly. The initial element size i
approximately 1.5mm so that the aspect ratio ofelleenents is close to one. The blank was meshed) 23391
C3D8R elements. A blank size of 150x150mm has hesed with a 90kN~ 350/4 kN) blank holder force. The
friction coefficient is assumed to be 0.05. Drawidgpths close to fracture (experiment) have besmlated.
Blanks strain levels and thicknesses obtained swnulations are compared with those from experisient

FIGURE 5. Cross-die FE model
6. RESULTSAND DISCUSSION
6.1 Comparison between experimental and numerical strain signature

The Forming Limit Curve (FLC) was calculated by aySsials-type model [6]. A good representationhaf t
strain signature generated by the Cross-Die tesidveontribute to achieve good comparison possisliin order
to improve the accuracy of numerical simulationadérsson et al. [7] obtained an interpretatiorhefdtrain zones
in this experiment (FIGURE 6). Based on this intetation, FIGURE 7 reveals that a good agreemetwdsmn
numerical and experimental strain level is obtaified zones 1, 3, 4, 5. However, this model showeveer
capability in predicting possible strain localizatithat could occur at a critical location (i.ened). These results
are exploited more in details through thicknestrilistion measurement.

FIGURE 6. Interpretation of the strain zones in the experinjiéh
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(Material III).

6.2 Comparison between experimental and numerical thicknesses

An excellent agreement between numerical and exgettal thickness distributions is obtained alongdrid
TD for Materials Il and Ill. However, it is not trease on DD, especially on a critical location sastzone 2 (i.e.
path length= 80mm) (FIGURE 8).

All simulations were performed using an isotropiely criterion. However, it is well known that IRegls
reveal pronounced anisotropic yield surfaces. Tthescurrent choice of yield criterion could expléss accurate
results for the prediction of thickness distribnt@long RD and TD for Material | and the discrepasobtained for
DD. Moreover, it is important to note that experitted measurements of thickness near critical looatisuch as
zone 2 are subject to errors due to the difficaftplacing the transducer with accuracy.
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7. CONCLUSIONS

In this work, a recently developed dislocation-ltasenstitutive model has been implemented in ABA@®licit. Its

parameters have been identified for an IF steeltlaed directly reused for two different IF stedlg,adjusting only the grain size
and initial yield stress. Applications to the cralés stamping test have shown good overall agreetnezxperiments in terms of
strain and thickness distributions. However, soifferénces appeared in “zone 2" and in the diagdiraiction. This is probably
due to the (neglected) initial anisotropy, as veslithe complex behavior of IF steels after revdefermation [8]. Thus, future
work aims to an extended approach based on thécgtyfsthe dislocations [9].
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