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Abstract

Despite their wide application in sheet metal farghanalysis, Forming Limit Diagrams cannot suppiable
results for the cases involving non-proportionabit paths or material classes with reduced dugtiBuch as
advanced high strength steels (AHSS). Fractureeiiaitappear as complimentary tools for assessmént o
formability in these cases. CrachFEM, as an advdnfalure model, merges an instability criterionath
includes strain hardening and yield loci effectshwiracture criteria which monitor damage accumidat for
ductile normal fracture and ductile shear fractuwseparately where stress triaxiality ratio and maximshear
stress dependence are taken into account, respéctiln the present study, rectangular deep drawshdgwo
AHSS classes is studied both experimentally ancenicafly. Blanks with different rolling directiorend blank
orientations with respect to the punch are taketo iaccount. Simulations are conducted using CradiFE
failure model and LS-DYNA where texture of the stee to rolling is modeled with Hill'48 type antsopic
yield locus. Experimental studies reveal that tikife occurs mainly due to instability with neciwhereas in-
plane shear stress state in drawing zone seems ieshifficient to create shear fracture. Numeriezdults show
not only the predictive capability of CrachFEM kalso regarding weaknesses which needs improveroent f
better predictions.

Keywords. CrachFEM failure model, Anisotropy, Deep drawind{3S.
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1. Introduction

Use of AHSS is rising in manufacturing industry daoesimultaneously achieved component propertieb sis
low weight and high strength. Formability of meshkets is generally limited by localized necking$fbrd and
Caddell, 1993] where forming limit curves (FLCskedreneficial instruments in obtaining these limitish
respect to the onset of local instability by tensiBespite their wide usage and benefits, FLCsdhadrt in
determination of the formability for the cases ilvitag nonlinear strain paths and cases where fradtappens
before the onset of necking (e.g. ductile normattiire of bending of materials with reduced dugtiind
ductile shear fracture under low and negative ialiy ratios). This gap can be bridged by devising
accumulative damage models which are useful ngt fonlforming simulations but also for the deteration of
crashworthiness. In this study, we present fornitgtainalysis of complex phase (CP) steels, whiafsigt of a
complex bainitic basic structure with smaller amsuaf martensite and perlite, with both experimkiatad
numerical aspects.

The experimental studies involve deep drawing testglucted in facilities of ThyssenKrupp Steel &G

for two steel grades. These studies intend not tmlgbserve the effect of various process parametarthe
blank formability but also to produce a large vatidn space for numerical studies. For this pugptests are
conducted for different blank orientations withpest to the punch and different rolling directiamish respect
to the blank edge and different blank-holder pressu

Numerical studies are conducted using LS-DYNA innjoaction with the material model MF
GenYld+CrachFEM. The motivation behind selectionGyichFEM for failure prediction is twofold. Firgtl
CrachFEM gives account for the failure modes duadoking (implying non-linear path effects) whicha
common failure mode in many sheet metal formingrajens. Secondly, this failure model monitors dact
normal and shear fracture risks separately, wheseeptibility of the AHSS to the shear fractureaiseady
noted in the literature, [Li et al., 2010]. As ansequence, CrachFEM presents itself as an iddatdainodule,
which embraces an instability criterion and twcacfeae criteria, for sheet metal formability. Thensiations are
conducted for all experimental scenarios and tkealt® are discussed in detail on the basis of Xpermental
results.

This paper has the following outline. CrachFEM desl model is summarized in Section 2. The experiaten
studies and numerical investigations are presant&ection 3. Finally, the conclusions are drawattion 4.

2. TheCrachFEM Failure Modd

CrachFEM failure module investigates crack inibatconsidering three possible failure mechanisrparsgely.
These failure mechanisms are:

» Local instability by tension
» Ductile normal fracture due to micro-void nucleatigrowth and coalescence
* Ductile shear fracture due to shear band locatirati

Local instability criterion in CrachFEM is origiret from well-known Marciniak and Kuczynski model,
[Marciniak and Kuczynski, 1967], where the tensiistability is provoked by an initial imperfectiolVhile
retaining the main structure of the model, CrachFittoduces a refinement to the initial imperfentio
geometry and uses isotropic-kinematic hardeningnéminear strain paths.

Fracture criteria in CrachFEM failure model folldke generic structure of the fracture criteriaha literature.
For strictly linear strain paths, a strain basechalge indicatorR , can be expressed as follows

R=— 1)
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where €” is the equivalent plastic strain agd is the equivalent plastic strain at fracturesihodt hard to guess

that failure occurs wheiR approaches unity. For the case of nonlinear spraths, a Kolmogorov type integral
formulation is more appropriate, which reads

f
geq

g de’

0
where £efq is a path dependent function of stress state.ntare complicated strain paths which comprise load
reversals, CrachFEM applies a slightly more invdifermulation which is not included for the sake of
simplicity; see, e.g. [Dell et al., 2008] for matetails.

Two fracture criteria in CrachFEM are distinguisheith the definition ofeefq. For the normal fracture and shear

f ,normal

fracture, one defines two different fracture stsaig),
ggdnormal =d eXp[ q,B] ,
e EseSinh] (6-67) [+ &5 sin] £ (67-6)] 1. 3)

G sinh[ £ (6" -)]

: and £, respectively,

For the normal fracture straird and q denote material parameters whergas the stress state dependent
parameter which reads

1- . g, +0,+0.
=T ity =272t @
0,/ oy 30,
where s and g;, i =1,2,3 denote a material parameter and principal compsraithe Cauchy stress tensor,

respectively.cf,‘a'(';’I represents von Mises equivalent str&&sess triaxiality ratio is denoted by

Coming to the shear fracture stra#h,denotes the shear stress state parameter with

0:1_3,7kSF

. 1 .
SE - with 7, ==|maxg, g, g, > ming, 7,0 ,)) (5)
T x| O 2

0" =2-4k,and 6 =2+4k,, denote shear stress parameter at equibiaxial orenand compression,
respectively. Other determined parametersiare f , . and e;. whereel. and g5, are fracture strain values
at equibiaxial tension and compression, respegtivel

Figure 1 illustrates some common states of stress\wmn Mises type yield locus represented in (i) plane

stress space. The states A, B, C, D and E respbctiepresent cases involving equibiaxial tenspane strain,
uniaxial tension, pure shear and uniaxial compo@ssi

Figure 1: Stress states in plane stress conditiariSquibiaxial tension, B: Plane strain, C: Unidxension, D: Pure Shear,
E: Uniaxial compression.
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A useful study will be defining mentioned strespendent parameters for the mentioned plane sftatss
observed in sheet metal forming. Table 1 summattzeparameters equivalent von Mises stress, alikratio
n, and CrachFEM normal and shear fracture parameterg3 and @ for the stress states A to E. Note that, all

other parameters, except for CrachFEM normal fracand shear fracture parameters, are independi¢hé o
selected material and whereg and 8 have a dependency through parametgs and k.., respectively.
Accordingly, the tabulated values belog to onehefutilized materials (hnamely M1 as explained intlea 3.1).

Table 1: Corresponding definitions for certain s¢retates.

Stress State 0,,0, Oy n B 6
A Equibiaxial tension o, =0, g 2/3 0.728 1.864
B Plane strain tension o, =20, V3o, 12 J3/3 0.662 1.630C
C Uniaxial tension 0>0,0,=0 g 1/3 0.864 1.932
D Pure Shear o, =-0, J3a, 0 1.732 3.464
E  Uniaxial Compression 0,=0,0,<0 A -1/3 NA 2.068

Although the exponential dependence of the normadtéire strain on the normal fracture paramejer, is

obvious, the dependence of the normal fractureespécially shear fracture strains on the triaxiatitio is not
straightforward, specifically due to the relativalpmplicated nature of the functional declaratiofsr this
purpose, the shear and normal fracture strain suaxe plotted in the triaxiality ratio space inuig 2 for M1.
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Figure 2: Shear and normal fracture strain valu#ls respect to triaxiality ratio.

In accordance with the observations given in [Bad Wierzbicki, 2004], the shear fracture straingha low
and negative triaxialities __that is for the treity range of [-1/3, 1/3] __ drastically differafm the normal
fracture strains, where a shear governing fractooele is due. For the selected material M1, the esunalso
show that even for moderate high triaxiality inte/[1/3, 2/3] the mode of fracture is shear domeida

3. Deep Drawing of Advanced High Strength Steel Sheets

3.1 Experimental Set Up

Deep drawing process with rectangular punch andsdgelected as a case study due to various sitetes
captured at a single test. Two advanced high dtinestgel types, nhamely material 1 (M1) and matetié2),
produced by ThyssenKrupp Steel Europe AG are uSedmetry of the problem is denoted in Figure 3. A
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constant blankholder force is applied during teste square punch section has an edge of 70 mncaner
fillets with radius of 10 mm. For the remaining edg7 mm fillets are applied. Corresponding dietdlare 5
mm. The die section matches with that of the puwith a clearance of 1.05 mm for M1 and 1.55 mmM:.

Punch

- Blankholder
-
;?\/

Die

Blank

Figure 3: Schematic representation of the squavedcawing.

Square blanks with 150 mm edge lengths are usesishidet thicknesses for M1 and M2 are 1 mm andhin5
respectively. The sheets are drawn with 0° (pdjadled 45° (diagonal) orientations with respecthte punch as
indicated in Figure 4. Since the materials of ies¢r M1 and M2, show anisotropic characteristies, dffect of
the rolling direction with respect to the blankesriation on the formability is also investigatedr Enis purpose,
the square blanks are cut in two types of blankb wéspect to rolling direction for each materihose are
parallel and diagonal rolling directions as showifrigure 5.

Rolling
Punch / Direction \
: Blank : i \ Blank /
(a) (b) (a) (b)
Figure 4: Applied blank orientations in the tests, Figure 5: Applied rolling directions in the tests.
(a) Parallel, (b) Diagonal. (a) Parallel, (b) Diagonal.

Finally, an additional alteration is applied by dantion of experiments under different blank-holderces
where the specimens with different blank orientaiand rolling directions are drawn until failurecarrence.
Punch force and travel as well as the drawing deptfailure are recorded. Selected experimentad<éar
validation studies are tabulated in Table 2.

Table 2: Selected Experiment Specimens

# Material Blank Orientation Rolling Direction Blank-holder Force (kN)
1 M1 Parallel Diagonal 200
2 M1 Diagonal Parallel 100
3 M1 Diagonal Diagonal 120
4 M2 Parallel Parallel 50
5 M2 Diagonal Parallel 50
6 M2 Diagonal Parallel 150
7 M2 Diagonal Diagonal 50

For each experimental specimen, location of gridslefiace for strain analysis and lubrication cdod# alters
which result in different friction conditions. Thefore, for each case, (Coulomb) friction coeffitiga
determined by means of an inverse analysis devibiagunch forces.
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3.2 Anisotropic Plasticity and Regarding Parameters

The finite element model is prepared in accordaritie the problem geometry given in Figure 3 andwations
are conducted with LS DYNA which materializes C/aEM failure model. The punch, die and blank-holaler
modeled as rigid bodies. Due to symmetry conditionly a quarter geometry of the blank is modeleth i3
mm x 0.3 mm shell elements. To cover bending efféigé integration points through thickness aredugenon-
constant velocity controlled punch travel is assifyto cover a 30 mm of drawing depth. A time step.d 10's
is selected.

In modeling of material behavior, the generic fopirthe yield function, which excludes kinematic deming
effects, can be given as follows

f[g'q]=aeq[£]‘(alo+q)50 (6)

where O is the Cauchy stress tensd¥,,is the initial yield stress in the rolling direati@nd q represents the

yield surface expansion in stress space with ipatrbardening. Based on this generic definitiois ppossible to
postulate different isotoropic/anisotropic and qadid/nonquadratic yield functions just by modifgirthe

equivalent stress definition, i.€T, .

Quadratic Hill 1948 yield functions are employedadternative approaches in modeling sheet anisptdoye to
rolling process. For comparison reasons, von Myselsl function which possesses isotropic plastibawéor is
also utilized.

For the plane stress state, lettfig, g, and Oy, denote the nonzero stress components, the equivae

. M
Mises stressgy, , reads,

wo_ |1 2 2 2 2
Oy —\/E((ox—oy) +0,.+0; +60xy) (7)

Coming to quadratic anisotropic Hill 1948 type e@lént stressagq"' , see e.g. [Hill, 1948], one has

i — 3
O = \/E((l_ a,)o/ +(1— ay)o j-2apg +t2ag fy) (8)
whered,, a,, @, anda,, can be defined in terms of Lankford's coefficients. Iy, I,5 and [y, as follows

_ r.0 —_ r90
ax_r+r +r 'a‘/_r-l-r Hr o
0 90 JQO 0 90 0 90

- 1 -
ay=(a+ ay)[y ns) a=1-3-a ©)
Purely isotropic hardening material models are fiigant for material classes which show path dejsart

hardening and Bauschinger effect. For such casesriatic hardening models are proposed. Within thieent
treatment, in order to model kinematic hardeningheut loss of generality the Cauchy stress isaegd by a

relative stressf =0 — [, where 8 denotes the back stress, i.e. the translatioheofield locus,

[ga]-afztaeo

Flow curves for materials M1 and M2 are given igufe 6 whereas the Lankford’s coefficients arestisin
Table 3.
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1500

S M2 Table 3: The Lankford’s coefficients.
=
= Lankford’s
1000
% M1 Coefficients Material 1 Material 2
(0]
% 1) 0.5635 0.5010
500 Fis 0.9726 1.1880
0 Strain (-) 1 Yo 0.6686 0.6560

Figure 6: Strain hardening curves for M1 and M2.

3.3 Numerical Investigations

Below we present simulation results based on thergprocess geometry and material parameters forfiddse
simulations aim to investigate the effect of thedeloparameters such as orientation of blank wipeet to
punch, rolling definition for blank on normal anbesr damage indicator distributions. These distidins are
shown at the drawing depth of 15 mm, which con&uhe minimum drawing depth at which failure asadue
to instability for the given cases.

3.3.1 Effect of blank orientation

In order to solely study the effect of blank oriign, the effects of anisotropy with rolling preseare
eliminated by selection of an isotropic von Misdeld locus. As seen in the ductile normal fractuisk
distributions given in Figure 7, the critical elem&that have the highest risk values for both €ase placed at
the same region, which is the corner of the punch.

l ' 1
() (b)

Figure 7:Ductile normal fracture risk distributions for d@ifent blank orientations, (a) Diagonal, (b) Paralle

m 1
|

For the shear fracture risk distributions, the obestons differ. The highest shear fracture riskrdes with the
change of the blank orientation with respect toghech as shown in Figure 8. However, the locatafrtbe
elements with highest shear failure risk are saonedch orientation.

' ‘ oo
(a) (b)

Figure 8:Ductile shear fracture risk distributions for diffat blank orientations, (a) Diagonal, (b) Parallel

A detailed analysis of the given cases can be iseBigure 9.a and b where (normalized) path plo¢ssapplied
for the ductile normal and shear fracture risk galuThe shift in the risk trends is noticeable ey for the
shear fracture risk curves. A final remark is ttiat,both blank orientations the shear and normadttire risk
values are far below the critical threshold whishunity.
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Figure 9: Fracture risk values for different blaientations, (a) Normal fracture, (b) Shear freetu

3.3.2 Effect of Rolling Direction

The effect of the rolling direction on damage acalation is studied using Hill 1948 yield functiofor the so-
called parallel direction, there is a noticeableréase in risk values for normal fracture as itatsd in Figure

10. As before, the critical elements that havehigéest risk values for both cases are placedeasdéime region,
which is the corner of the punch.

v v B’
M0
(@) (b)

Figure 10: Ductile normal fracture risk distributiofor different rolling directions, (a) Parall@) Diagonal.

The shear fracture risk contours are given in Fdlt. In both rolling directions, the critical actulations do
not change location. It is seen that for the diafoalling direction, the shear fracture risk vaduen the side
walls are increased which are of out of plane type.

v v &
N0
(@) (b)

Figure 11: Ductile shear fracture risk distribusdor different rolling directions, (a) Paralleh)(Diagonal.

A detailed analysis of the given cases can be gedfigure 12.a and b where (normalized) path phots
supplied for the ductile normal and shear fractusi values. The trends of the curves follow eatheo
gualitatively for the normal fracture risk wherethe punch corner; there occurs an increase fodiagonal
direction as also noted in the contour plots. fer ghear fracture risks, changing the materiantaten from
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diagonal to parallel increases the risk at the purarner region whereas it decreases the riskawitdig region.
In accordance with the previous analysis realizmdtiie blank orientation effect on damage, for bathing
directions the shear and normal fracture risk v@are far below the critical threshold which istyni

1.0 Path; 1.0 Path:
1 1
K ¥
o Ve
9 [15]
=] 5
@ 0.5 - Parallel E 0.5 - Parallel
% == Diagonal L_': == Diagonal
£ g '
S 0 '
| |
| | |
0.0 0 a b 1 0.0 0 a b 1
Normalized Path Distance Normalized Path Distance

(@) (b)

Figure 12: Fracture risk values for different nogjidirections, (a) Normal fracture, (a) Shear fraet

3.4 Comparison of Experimental and Numerical I nvestigations

The numerical analysis reveal that shear and nofraelure is not critical in the selected matedatl process
combination where the failure is due to the indiizbiisk. By using element elimination feature lo5-DYNA,
the elements whose risk values are higher thaoritieal threshold value are eliminated from thenpuitational
stack. As a result, the crack pattern can be siedlaigures 13 and 14 show crack patterns obtaimeébe
experiments and simulations for two different speans.

(a) (b)

Figure 13: Fracture region for specimen 6 and satimh model, (a) Experiment, (b) Simulation.

In Figure 13, the predictions of the simulations aratching with the experiments in terms of noydhé failure
region, but also the drawing depth at the failltewever, for several cases the predictions of thrilations
deviate from the experimental outputs as seeneri-tbure 14.

-
—
[

(b)

Figure 14: Fracture region for specimen 2 and satieh model, (a) Experiment, (b) Simulation.
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Figure 15 shows common fracture zones observdtkiexperiments.

Top corner (TC) Top (T)

/ Side wall (SW)

Bottom (B)
Bottom corner (BC)

Figure 15: Naming convention used in the definitidthe common failure regions.

With reference to the notation given in Figure Assummary of numerical and experimental failurepotg are
comparison between numerical investigations an@®gxyental results can be tabulated as follows:

Table 4: Summary of the experimental and numergsllts.

# Material .Blank. Rollmg Case Drawlng Depth L ocation of Failure
Orientation  Direction at Failure (mm)
. Exp. 19 TC
1 M1 Parallel Diagonal sim 15 Middle of the E
) | liel Exp. 23 TC & SW
2 M1 Diagona Paralle Sim. 15 On E & SW (closer to BC)
. . Exp. 16 SW (closer to B)
3 M1 Diagonal Diagonal Sim. 15 SW (closer to B)
Exp. 33 TC
4 M2 Parallel Parallel Sim 20 Middle of the E
) Exp. 19 TC & SW
5 M2 Diagonal Parallel Sim 29 BC & SW
. Exp. 16 SW (closer to B)
6 M2 Diagonal Parallel Sim. 16 SW (closer to B)
) ) Exp. 16 SW (closer to B)
7 M2 Diagonal Diagonal Sim. 20 BC & SW (closer to B)

When the comparisons are examined, two specimersgly specimen 3 and specimen 6, have promising
predictions on the failure drawing depth and itsakion. However, for specimen 2 and specimen 4heei
failure drawing depth nor its location is correcflyedicted. For these cases, an instability typkiréa is
experimentally captured with thinning observedha fractured edges. For a better understanding)seethe
representation of the initial FLCs in strain raa#io equivalent plastic strain space following [MEtienborn and
Sonne, 1975], where the strain state paramefeis defined as

a=-2 (11)

CrachFEM uses a transiently updated FLC which dépen the strain path. Figure 16 shows the stratih plot

of the (instability) critical elements with respéotthe initial FLC for M1. As observed, for acciggredictions,
i.e. specimen 3 and 6, the strain paths passesdghrie instability region by cutting the curven&i the FLC
that CrachFEM utilizes considers only tensile ib8iy, it is not defined for @ <—0.5. Accordingly, for
deformation paths with an initial linear part takiplace ata <-0.5 up to larger equivalent plastic strains
followed by a change towardg >-0.5 the predicted instability failure strain is toonservative, as in the case
of specimens 2 and 4, which is not in accordantk thie experimental outputs.

g European LS-DYNA Users Conference, Strasbourg - May 2011 10



£ £
© © 0.5
o .
-— —
9p] an
.o .o 0.4
prr] -—
[72] [72]
o o
o o 0.
- -—
c c
Q Q
© ©
= =
= —FLC > . —FLC
L ==Specimen 3 Ll Specimen 4
=—=Specimen 2 —=Specimen 6
0 0
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
Alpha Alpha
(a) (b)

Figure 16: Strain paths for most critical elemeithwespect to instability for two specimen casesamparison with the
initial FLC, (a) M1, (b) M2.

4. Conclusions

We have presented formability analysis of two GEelsgrades, with both experimental and numericpéets.
The experimental studies involve rectangular deegwithg tests conducted in the facilities of Thys&emp

Steel Europe AG. The tests are run for differeanklorientations with respect to the punch andediffit rolling

directions with respect to the blank edge and wiffe blank-holder pressures. It is shown that.tfier selected
materials and the loading cases, the formabilitglmsost always limited by instability accompanigdrgcking

whereas in plane shear fracture does not appdhe idrawing zone.

Numerical studies, conducted using LS-DYNA and makemodel MF GenYld+CrachFEM, show that
formability assessments of CrachFEM are in genieralorrelation with the experimental outputs. Thedel
plausibly reflects the effects of anisotropy andnid orientation on the material deterioration. Hegre there is
still room for model improvement especially for tlhading paths involving an initial deformationshear up to
relatively high equivalent strains followed by aaolge of the loading towards plane strain tension.
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