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Abstract: The crossdie test, i.e. deepdrawing with cross shaped tsalsed in industry
to asses the formability of the sheet material. The straiih pthe material in this test is
non-proportional. The effect of strain path changes can dbaethed with the Teodosiu &
Hu model. Therefore this model is applied to describe thesBlamger and cross hard-
ening effects present in the crossdie test to improve thelaton results. Less ductile
materials, such as high strength steels or aluminium, str@ady ductile damage before
necking. Therefore damage should be included in the mataendels to predict failure
accurately. An anisotropic continuum damage model is ussdhulate the crossdie test.
In this model damage is not a scalar but a second order tembah means that the
softening has a different effect in different directions.

Results of simulations using both advanced material maaladsa simple material
model will be compared with a set of experimental data. Tleelistions of forming pro-
cesses can be improved further if both damage and straircpatiges are included in the
simulations.
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1. INTRODUCTION

The crossdie test, i.e. deepdrawing with cross shaped, isalsed in industry to asses
the formability of the sheet material. The crossdie value-{@lue) is the largest possible
blank size, which can be used to create a product of certaihdéthout any sign of neck-
ing [Atzema et al., 2004]. An example of a cross die product is shown in Figure 1. This
test does represent the actual sheet forming processesthett traditional deep drawing
tests with round or square cups. However FEM simulations®ttossdie test using stan-
dard material models and standard friction conditions stewarkable differences with
the measured dat&pelofsen and ten Horn, 2005]. Therefore it is investigated whether
more advanced material models will improve this.

During the crossdie test the material is deformed in manfemdiht strain paths and
also non-proportional strain paths are present as will bevshn Section 2.. The IF-steel
DCO06 shows a strong strain-path dependent material beh&herefore this material



Figure 1; Crossdie product, with sections indicatektfema et al., 2004].

should be simulated with a material model, which is able sxdbe the Bauschinger and
cross hardening effects present in the crossdie test, sutiftealeodosiu & Hu model.
This material model is described and applied to the crogedieSection 3..

Less ductile materials, such as high strength steels orialum, show already duc-
tile damage before necking. Therefore damage should bedadlin the material models
to predict failure accurately. In Section 4. an anisotrafammage model is decribed and
applied to predict the failure of the dual phase steel DP®0the cross die test. Both
described material models have been implemented in thadmipl house FEM code
DIEkA [DiekA development group, 2011]. Results of simulations using both advanced
material models and a simple material model will be compavél strains measured
along the representative sections indicated in Figure 1.

The parameters for the cross-die test used in this paperiaea op Table I. The
blanksize is taken such that the product is about to failh@dgh this test is used to
characterise the material other effects as tool deformatial friction play an important
role as well Lingbeek et al., 2008, Hol et al., 2010]. However these effects are ignored
and the tools are taken rigid and a constant Coulomb frictamfficient is used.

2. STRAIN PATH CHANGE INDICATOR

A strain path change indicator (SPCI) has been developed by
[van Riel and van den Boogaard, 2008, van Riel, 2009], which indicates whether
the strain path is proportional, orthogonal or reverseds T®PCI can be used for
post-processing and is implemented ireRA. When a SPCI is applied to the results of
a first simple and fast simulation of a metal forming procéssan be assessed quickly,
whether simple and fast material models are sufficientlyigte or more complex and
time consuming material models are needed. A quick seleetisures that costly models
are only applied for the cases where strain path changesjaeeted to have a significant
impact on the simulation results.

The strain path change indicator as proposedviap Riel, 2009] does not compare



two sequential strain increments, but instead the straitotyi is compared with the cur-
rent strain increment. This makes the indicator step saependent and continuous strain
path changes are still detected for small increments. Thiigon of the history of the
strain pathG is described by:

G=¢-cG 1)

The parameter determines how much the history of the straicontributes to the evolu-

tion of G. The strain path change indicators defined as:
G:e¢

IGIél

§= (2)

Differential Equation 1 can be solved, keepia@nd<?, constant. The implementation
for a time increment then reads:

Ae (1 — exp[—cAe?, ])

ep = egexp[—cAel |+ AT 3)
eq
e; : Ae
g = il @
lex] [Ae]

with eg ande; the values of the strain history at the begin and end of arement and
Ae? andAe the plastic strain increments. When the plastic straireimemt is zero (un-
loading) the indicator is undefined and set to tyc=( 2). In all other cases the indicator
will have value in the rangé = [—1, 1]. An indicator value of = 1 indicates propor-
tional loading, wherg = —1 and¢ = 0 indicate reverse loading and orthogonal loading
respectively. This strain path change indicator is dentatexd on the cross die in Figure 2
using a standard material model. It can be seen that the $E{Chtes a band where the
strain path changes. The results on the lower and uppercsurfahe sheet are different
Figure 2(a).

3. TEODOSIU & HU MODEL

Teodosiu and co-workers Téodosiu and Hu, 1995, Uenishi and Teodosiu, 2004,
Haddadi et al., 2006, van Riel, 2009] developed a material model which is able to de-
scribe the Bauschinger effect; the transient hardeningfaaork hardening stagnation
after a load reversal, and also the characteristic ovetshagiress after an orthogonal
strain path change. The main features of this model will becdieed here briefly. In
essence it is a combined isotropic-kinematic hardening ahadhere the parameters
become functions of the strain history. The main componigntiis model are the 4th
order strength of dislocation structure tensoiand the 2nd order Polarity tensér,
which describe the influence of the micro-structure on thehasical behaviour. The
evolution equations fos andP,which depend on the strain-rate direction, can be found
in the references.
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Figure 2; Calculated values of the Strain path Change Inthcg 1=reverse,
O=orthogonal, 1=proportional) for the crossdie & 10).

In the Teodosiu & Hu model, the classical yield function ispboyed.
¢ =00 — ) — 0y (5)

For the definition of the equivalent stress the Vegter modsl used
[Vegter and van den Boogaard, 2006]. The flow stress is written as:

Of = Owh + Tayn +m S| (6)

Whereo,,;, describes the isotropic hardening due to the cellular déglon structure. Here
the isothermal Bergstrom—Van Liempt hardening model edgegter et al., 2003]:

Twh = 0 g0 + dom (By (€ + o) + {1 — exp[—w(e + 20)]}") (7)

The strain rate influence is incorporated similarly téefiishi and Teodosiu, 2004] and
is given by the dynamic stresg,,,.

kT € P
Odyn = 00 (1 + AGO In (5)) (8)

The last term in Equation 6 describes the isotropic hardpdue the strength of the
dislocation sheets. The influence ®fis distributed across the isotropic and kinematic
hardening via the material parameter

Kinematic hardening is employed via the effective stresthancalculation of the
equivalent stress in Equation 5. The evolution of the baoksstx is modelled by an
Armstrong—Frederick-like saturation law:

& =Cy (a,N — a) A 9)
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Figure 3; The stress—strain curves for the experiments hagtediction of the Teodosiu
& Hu model for DC06 material.

Table I; Process settings crossdie test.

material DCO06 | DP600 DCO06 | DP600
Sheet thickness (mm) 0.7 1.0 Sheet size (mm) 285 270
Blankholder force (kN) 160 483 Depth setting (mm) | 60 40
Punch speed (mm/s)| 40 40 | Friction coefficient (-)| 0.13 | 0.06

whereN is the normal to the yield surface, representing the stig direction and”,
defines the saturation rate. The saturation value of the-seks is given by, which is
not a material parameter, but an internal variable depenoiirs.

The number of material parameters which need to be detedfomehe Teodosiu &
Hu model becomes large. Furthermore the number of matestd heeded is increasing
as well. ban Ridl, 2009] has determined these parameters for a number of sheetahater
using tensile tests, cyclic shear tests and orthogonalpestormed on the Twente biaxial
Tester. It can be seen in Figure 3 that the Teodosiu & Hu magjgleces the work hard-
ening stagnation that occurs after the load reversal inytblcaests and the overshoot in
the orthogonal test. However the stress is underestimatadlzer strains.

Simulations of the crossdie test are carried out with foutema models for DC0O6
material all using the same Vegter yield locus, but difféfeardening models:

ISO: Nadai Isotropic hardening only using a Nadai relatimaup Riel, 2009].

ISO: Bergstrom Isotropic hardening only using the Bergstrom relation gu&tion 7
and Equation 8\Jegter et al., 2003].

TEO: Voce The Teodosiu & Hu model using a Voce law for the isotropic leardg part
(Equation 7 only with3 = 0 andn = 1) [van Riel, 2009].

TEO: Voce + rate As the previous one but now also with strain-rate hardenié-
tion 8).



600 T T T g T T 160

500 | 140

120
400 100 |

300 80

Stress yy(MPa)
Force (kN)

& 60 |
200 -.f

Experiment
Iso: nadai

100 f so: nadai | | Iso: Bergstrom -
Iso: Bergstrom e 20 Teo: V-Ic;(:g.+vr?aﬁg “““““““
0 ) ) ) __Teo:Voce 0 . . . ) A .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 10 20 30 40 50 60 70
eq plastic Strain (-) Displ. (mm)
(a) uniaxial tension (b) Force-displacement

Figure 4; Results for DC06 material using an isotropic and feodosiu & Hu material
model for uniaxial tension and the crossdie test.

First these models are compared for monotonic loading imailsition of a quasi-
static uniaxial tension test. It can be seen in Figure 4(@)ttle response for large strains
is different. The response for the cross-die test is preseint Figure 4(b). This figure
shows that taking into account strain-rate hardening ha® reffect on the total punch
force than the strain hardening mode as strain-rates go Ufstim this test,

The calculated strains in the critical section Diag2 are garad with the measured
strains in Figure 5. All models predict the strains well. Her at the critital point at an
arc length of 200mm there are larger differences. Modelbauit strain-rate hardening
predict much more thinning than models with strain-rateleamg, which delays failure.
Furthermore the hardening rate at large strains (Figurg Bégomes important here.

4. ANISOTROPIC DAMAGE MODEL

The isotropic and anisotropic continuum damage models of
[Lemaitre and Desmor at, 2005] are used to simulate the crossdie test. The isotropic
damage model uses a scalar damage variablie the anisotropic model damage is not
a scalar but a second order tengnrThis means that the softening has a different effect
in different directions and a load induced anisotropy cavelig in initially isotropic
material. The damage evolution law is given by a functiorhefplastic strain rate tensor/
equivalent plastic strain rate and triaxiality:

. Y\, .

D= (E) |e”| for &> upto D, > D, (10)
e

d= (§) Eeq for eb, > (eb,)p upto d> D. (11)

The damage starts growing when the major principal strdirs larger than the
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Figure 5; Strains along Diag2 measured from the center fer¢loss-die test for DC06
material using isotropic and Teodosiu & Hu material models.

threshold:?, and keeps growing until the major principal damdgeis equal to the criti-
cal damageD.. & is the effective stress. with the energy release Yatd the triaxiality
factor R,

7 a2, R,

9 G\ °
S Ry = S(1+v) +3(1-2) (U—) (12)

Some adaptations have been made to the original model
[Lemaitre and Desmorat, 2005]. Details can be found inNiazi et al., 2011]. The
damage evolution for negative triaxialities is decreasgddlecting a large value far,
to avoid failure under compression.

S=S5 for >0 and S=wuS for <0 (13)

of

and the parametersand D. are made a function of strain-rate, to slow down damage

development and increase the critical damage for highainstates.

s = s(é) and  D.= D.(¢) (14)
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Figure 6; Validation of damage parameters of DP600 material

The four damage parameters are identified for DP600 matesiaf the fast iden-
tification procedure oflfemaitre and Desmorat, 2005] using a quasi static tensile test
and a low cycle fatigue test. The parameters for the isatrapd anisotropic material
model are identical. A VonMises flowrule is used as the pids¢haviour of this mate-
rial is almost isotropic. Again the Bergstrom-vanLiemgatropic hardening law is used.
Material Induced Anisotropy in damage (MIAD), which will ikathe parameters direc-
tion dependent, is not (yet) taken into account. The idedtifarameters are validated
by simulations of the tensile test used to determine thenigiwbhow a good correla-
tion (Figure 6(a)) and tensile tests at larger strain-rafbe damage models are applied
to a crossdie test which fails around a punch displaceme3® &mm. (Experimentl lo-
calised, Experiment2 not yet). The simulations with the dgenmodels predict failure
around 39mm punch depth, where the strain-rate dependénig damage parameters
was needed.

The strains at the critical section of the product of Expeni2, are compared with
the simulation results in Figure 7. The simulations with dgen predict larger strains
than the simulation without damage and the experiment, wthid not localize yet. This
is caused by the development of damage in this area whicls lealbcalisation of the
strains. The simulations with damage predict failure atdbegect position as can be
seen in Figure 8. An advantage of the anisotropic model isttieedamage tensor stores
additional information about the direction of the crackwtio.

5. DISCUSSION

The predictions of forming processes can be improved fuiifigoth damage and the
effect of strain path changes are included in the simulatidiowever till now both models
can not be used together. It will be interesting to combirté buodels.

The presented advanced material models are essentially@®i2lsmand should be
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Figure 8; Comparison of location of failure for DP600 matri

used with solid elements. However using an extra iteratbop in the stress update shell
elements can be used as well. In all cases these models needaifculation time than the

standard material models. Multi-threading proved to becatife to reduce the calculation
times of expensive material models. The presented SPC$ gig®od indication whether

strain-path dependent material have to be used.

The crossdie simulations of Section 3. show that when inctuthe effect of strain
path changes other aspects as large strains and strainaraening should not be ne-
glected, otherwise the results will not improve. A damageleitnvas been applied to the
crossdie test. The failure could be predicted succesfyllyding parameters determined
from a simple tensile test.
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