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Summary:

During the recent years, the development of suitable anastahodels for joining technologies has been
advanced to augment the quality of full car crash simulatidrurthermore, the utilization of high-strength
steel alloys and sophisticated joining concepts has led to@eased importance of joints in simulations.

On the basis of a fracture energy criterion, the bi-linekaste-plastic material mod®&AT_SPOTVELD_DA
which already includes a stress based failure criteriohb&ilenhanced to model the post failure behavior
more precisely. Particularly, in complex structures witbegies of joints at a flange, e.g. spot welds
or rivets, the post failure behavior of the joints can contine overall behavior during crash. This new
criterion has been implemented into LS-DYNA. In combinatiwith the new possibilities in modeling
single joints, the effects of the new options are validated iavestigated on the basis of coupon as well
as of component level.
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1 Introduction

The modeling of the joint behavior at crash has gained a loimgiortance during recent years. This

development is caused by the demand to improve the qualitymierical models for crash simulation as

well as the increased application of high and ultra-higbargith steels. Especially in structures made by
ultra-high strength steels, the joints are now a cruciahipewhich can determine the behavior of the entire
structure. A series of models were developed and investigat reproduce the failure of joints, such as
spot weld elements with force or stress based criteria [8r Bphesive elements for modeling adhesive
bonded structures [1, 2].

On the basis of existing failure models, a series of invatitg were made to evaluate the capabilities
at different levels of complexity. It can be concluded thasibe the failure criterion, which covers the

critical force, the post failure behavior plays an impottesie in the overall behavior. The potential of

joints to resist a force along a certain displacement, ardisgipate energy, stabilizes structures in high
speed loading cases and can ensure their integrity. Forghagon, the post failure behavior has to be
included into the material model.

2 Modeling of the Spot Weld

During the last year or even month, a lot of new features waddamented in LS-DYNA to cover the
requirements of modeled spot welds and their failure bemavEspecially the discretization can now
be done in several ways. Beside a simple solid element, tbevegld assembly (cluster) has to be
established to model one spot weld with any number of sokenehts [4]. The spot weld assembly
provides advantages for the contact and internal forcggceally in the case of non-congruent meshes.
Therefore, in this paper, a single spot weld will be modelgdalspot weld assembly containing eight
linear hexahedron elements. Furthermore, the eight heraheluster should be more robust regarding
hourglass effects. Considering a single hexahedron elesnbjected to flexure will give the typical shape
of an hourglass mode. The response and behavior of the temaihelement is strongly influenced by the
selected hourglass control.

2.1 Material mode

For the description of the spot weld behavior of st&l_SPOTVELD_DA was chosen to be appropriate
among all the available material models. It is a simple médir, elasto-plastic material model which
behaves initially elastic until a defined yield stressis reached. Later, a linear plastic behavior vt

as hardening modulus is initiated, see Fig. 1(aQMARLPLASTI C_KI NEMATI C, this model was enhanced to
an elasto-viscoplastic material model by introducing tloev@er-Symond strain rate model.

Certainly, this simple material model allows only a rouglpm@ximation of the real behavior. But the

real failure of the spot weld or any other joints is a compleaciranism and kinematic which has to be
modeled with four or eight hexahedron elements. Therefoignot meaningful to apply a sophisticated

material model using a coarse discretization for the spdd.wEhe methodology presented in this paper
pursues a simple assumption.
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(a) Bi-linear, elasto-plastic material model (b) Failure surface in théon, op, T)-space

Figure 1: Material and failure model &AT_SPOTWELD_DA

2.2 Failurecriterion

The algorithm of the failure criterion implementedvAT_SPOTWELD_DA determines internal stresses based
on nodal forces via a simple beam theory. To cover the spat faédure, a three dimensional stress-based
failure criterion is used,

_ (oM (o\®, (T
F= (&) +<so> +<ss> =t D

wheres,, §, andS; are the failure parameters for normal stregsbending stressy, and shear stress
respectively. The failure surface can take any arbitragpsttontrolled by the three exponentsn, and
ns. To simplify the determination of the failure parameters, agsume

n=n, =n = nNs. 2)

Fig. 1(b) shows the failure surface — the failure parameders, andsS; are the intersections of the failure
surface and the coordinate axis.

Including the failure parameters and the exponent, totally free parameters have to be determined from
the experiments. The KS2-specimen subjected to load anglés 30°, 60° and 90 as well as a coach
peel test are the basis for the derivation of the failure mpatars. In general, the exponent is defined by
the KS2-experiments, whereas the coach peel test fixes tiugnigeterm.

3 Post Failure Behavior

In [5], a hyperbolic formulation is used to fade out the stessof the spot weld element. It was mainly
motivated by numerical aspects in order to prevent the selef mechanical energy in the same cycle
when a spot weld element fails. Later investigations caringrspot weld modeling of body in white

(Biw) crash simulation showed that the post failure behasitd the fracture energy mainly control the
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overall characteristics of the spot weld failure in thoseitires. The fracture energy determines the
residual resistance of the spot weld. This phenomenon cabderved in adhesive bonded structures as
well [2].

In this section, the material model will be enhanced by aated pseudo fracture energy, see Fig. 2.
Compared to cohesive formulations, where at least twodrachodes are distinguished, only one fracture
energy for tension as well as for shear is used, becauséritglirction is motivated by humerical aspects
only. Generally, the material model can be divided now instagjes:

elastic domain,

plastic domain,

failure criterion,

damage or post failure behavior.

All sub-domains are passed through in sequential orderowithny interaction or relation in between.
Theoretically, all sub-domains are replaceable with alieve models, e.g. the bi-linear, elasto-plastic
material model could be substituted 4T _PI ECEW SE_LI NEAR_PLASTI CI TY.

A
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Figure 2: Introduction of fracture energy to control theifegof the stress

3.1 Scaled stresstensor

The approach concerning the damage behavior presented ipaper is based on a linear decrease of
the internal stresses as a function of the strains, see Fin general, there are several possibilities to
implement such fading. One of the simplest ways is to caleul®e number of remaining time steps using
the effective strain rate at failure and scale down the s&®within this number of time steps — afterwards
the element can be deleted. But this algorithm malfunctadready with changing strain rates.

Using DG TYP=3, the damagel is calculated by the accumulated total strain increndnt 5;, which is
zero at failure, and the total fading strain increm&efaqe

AN
= _ 3
dt+At Ae ; ade’ ( )
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with

2 Gtad
Dgripe = Dgg+ Aty éDtJrAt ‘Deyat and  Atfade = ova . (4)
f—1

Therein,Ag¢4e is determined by the given fracture enef@yage and the von Mises stress at failuse_,,
wheread denominates the rate of deformation tensor. Afterward€tngchy stress tensor can be scaled
usingd by

Teoat = (I—dpar) Teo1. (5)

The element will be deleted &g, 5 exceedd\etage

In general, this algorithm provides the feature of fading sttesses over time. However, a few short-
comings can still be noticed. Since the algorithm is basethenvon Mises stress, the correct behavior
can only be obtained for a shearing load. In case of tendmendéfined fracture energy is not computed
correctly. For this reason, another method to calculatel#meaged is considered.

In contrast to the prediction of the total fading strain in &), the released rupture energy will be con-
sidered alternatively by

Giiat = Gi+AGua, (6)

with the rupture energé at the timeg andt + At and its increment. The increment of the rupture energy
or the current work can be expressed as follows:

1
AG . = EAt (Teyat +Tt) : Dryat- (7)

Hence the stress tensoy, a; of the current time step has to be calculated itself, the wartement will
be approximated by

AGi p =~ OAtTi:Deat (8)

Similar to Eq. (5), the stress tensor at the point of failufe= 1) is scaled depending on the fracture
energy:

Gref
Teine = <1— tJrAt>T(f—1)- 9)

The unit of the fracture energy, which has to be defined in &DIYSHA input deck later on, has a phys-
ical unit of Nmnymm?. Therefore, the increment of the fracture energy has todestormed into the
reference configuration by

f .
AG:, = Atdet(F)T:D. (10)
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In general, the motivation to introduce a fracture energytli@ definition of a fading out criterion is
mainly driven by numerical aspects. The defined energy gyantEq. (10) might not probably fulfill

all aspects of physical consistence, and therefore, itadvbalapt to identify it as pseudo fracture energy.
This method ensures a monotonous decline of each stressooemip whereas the fracture energy rises
continuously. The main disadvantage of scaling stressgs.if9) is switching-off any material behavior,
which might cause instabilities. If two sequential combin@ad cases of pure tension and simple shear
are considered, the solid element will distort non-phylkic&ince the stress tensor is fixed fa= 1 and
only scaled by Eqg. (9), the material behavior is switchedaoff no response of any deformation can be
observed in the stress tensor. Consequently, this appajdbk damage behavior has to be enhanced.

3.2 Updated material model

To ensure a correct behavior of the spot weld by any defoamatihe material model has to be applied for
every time step. The calculation of the damaged stress willitided into three steps:

1. calculation of the stress tens‘fmm,
2. calculation of the stress tensBy, 5., which is equipotential to the stress ten3of_,),

3. scaling ofT_ 5 to determin€T a.

The function of the algorithm is exemplary illustrated igF38 for a generic 2D stress statehas to be
substituted byl for the further derivation.
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Figure 3: Enhancement of the damage algorithm to contrdiatie@g of the stress

By performing the first step, the stress ten@grm is calculated via the bi-linear, elasto-plastic material
model. In general, it does not matter if the behavior of tHelsdement is elastic or plastic. For calculating
Tt ar it will be assumed thal, 5 can be scaled with:

Tioa = aTea (11)
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Multiplying this equation with the rate of deformation ten®; . »;, an energy based formulation can be
obtained:

Tioa:Dvae = aTiiac: Desar (12)

With the second assumption ©f, 5, ~ Tt, the scaling factor can be determined via

Ti:D
a ~ = t t+At ' (13)
Teiat  Dryat
Finally, the damaged stress can be written by substitutopg B3) in Eq. (11) as
T :D a
Tha = =2 T (14)

Tiiat : Digat

Considering Eq. (12), the stresses are scaled by an enesgg baterion. This means that for a monotonic
loading, the stress tens®f will be constant as shown in Fig. 3. If the load changes, thestitoition of
the stress tensor will change as well as a response to tleeatiffdeformation. Since the scalar product of
Dirat With T, 5 contains the same energy increment in comparisor{ td; a:; the stress tensar; ,

is equipotential to the stress tengQk_y).

Besides the energy based scaling of the undamaged strass, téircan be scaled alternatively by their
norms with

2 T :T{

a2 — (15)

Tirat : Teoat

4 Single Element Test

Firstly, the behavior of the material model is studied omradat level. A single eight-noded hexahedron
element is subjected to a specific, well defined load case femsion and simple shear. Furthermore, a
combined sequential load case, first a pure tension andvaftgs a simple shear, is applied to the single
element.

Fig. 4 shows the results for tension and shear load. It caadiethat the residual fracture energy decreases
over time monotonic and linearly for the two cases, respelsti The more interesting case is shown in
Fig. 5, where the load cases tension and shear are appliadrd&ly to the hexahedron element. The
load case is switched from tension to shedr-ab0 as it can be clearly observed in Fig. 5(a). Similar to the
single test, the residual fracture energy decreases lyne@aer time until the load is changed. Afterwards,
the characteristic is non-linear because of the new sttatesand the energy based formulation in Eq. (13).
In general, the algorithm is able to cover a combined load easl to fade out the spot weld elements.
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Figure 4: Tension and shear load subjected to a single etemen

5 Coupon Leve

Secondly, the fracture energy of the new damage model isndieted on coupon level using KS2- and
coach peel specimens. These specimens will be used to th@amache general behavior of a certain spot
welded material/gage combination [3, 5]. This provideshhsis to determine the material parameters as
well as the failure parameters of tMAT_SPOTVELD_DA. The KS2-specimen can be subjected to loads of
different angles of § 30°, 60° and 90 to study the spot weld behavior under tension and shear aasvel
under combined shear-tension. The experiments are petbusing controlled displacements with the
resultant forces as output parameter.

The KS2-specimen including the test environment is modbiedhell elements with comparable prop-
erties and discretization of a BiW model, whereas a eigikghedron cluster represents the spot weld.
The elasticity of the testing machine and the clamping deaie taken into account by additional discrete
beam elements which include their force-displacementaciaristic. The forc& is measured at a defined
cross section, see Fig. 6.

The comparisons of experiments and simulation in Fig. 7 sa@®od correlation for the critical force.

Concerning the displacement at failure, the model of the-Kjg&imen behaves stiffer than it is in reality
and a gap can be observed. Because of the coarse discogtiptine flange with a element length of
5 x 5 mm, the bending state is poorly reproduced which led toethesults. Regarding a BiwW model, at
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Figure 5: Combined tension and shear load subjected to Eesigment in sequential order
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(b) Coach peel

(a) Tensile-shear specimen (KS2)

Figure 6: Tested specimen on coupon level

first the spot weld failure model has to cover the criticacés. Furthermore, such large and localized
deformations do not occur in a Biw model.

Nevertheless, a good post failure behavior with a definedagantan be observed. The setting of the
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Figure 7: Comparison of experiments and simulation of a K8&cimen for DP600; 1.5mm
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fracture energy compromises all load cases since only doe withe energy is available. This parameter
has to fit the shear as well as the tension load case.

6 T-Component

At last, the new damage model&T_SPOTVIEELD_DA is studied on the T-component test. The T-component
consists of two main parts and is loaded by an impactor with2.5 m/s, see Fig. 8. This test gives
a possibility to study the interaction between several speltls and their behavior under comparable
realistic load conditions. The force is measured at the otgeby an integrated load cell, whereas the
displacement is determined using an inductive displacetn@msducer. The characteristic is presented as
a force-displacement-curve.

Figure 8: Model of the T-component

Fig. 9 shows the influence of the fracture energy. If no enégyefined, that means the post failure
behavior is switched off, the force will decrease suddeftigrdhe spotweld elements faif & 1). Using
fracture energy, one has to distinguish between spot wélddaf = 1) and deletion of the hexahedron
elements. The spot welds will be damagéd=(1) as well, but due to the fracture energy, they will not be
deleted immediately. They are still able to carry a certaadland, therefore, the T-component does not
fail at all.

7 Conclusion

Within this contribution, an enhancement of the materiatleA®AT_SPOTVELD_DA was presented. Thereby,
in contrast to the formulation used D&_TYP=3, where the stress tensor of the spot weld is fixed at failure
(f = 1) and scaled down, the constitutive relation between stsgeand strains is further active during
the post failure process. This means that the spot weld darespond to load changes. The efficiency
of the presented formulation was shown by several numeexamples, where a good agreement with
KS2-experiments and a T-component test could be obsernedbritieless, the presented model has to be
validated at further KS-2 specimens and full car crash satiaris.
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Figure 9: Influence of the fraction energy at the T-component
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