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Abstract

A test programme has been carried out to establish the mechanical properties of three extruded aluminium
alloys. The investigated alloys exhibited significant anisotropy in strength, plastic flow and ductiiy
anisotropy is mainly due to crystallographic texture, and an anisotropic yield criterion is needed to describe
the mechanical behaviauBeveral yield criteria were evaluated against the experimental Tdetayield
criterionYId96 proposed by Barlat and co-workers was found to be superior with respect to accuracy for the
actual aluminium alloys. In an attempt to model ductile failure of the investigated materials, a coupled model
of elasto-plasticity and ductile damage was implemented in LS-D¥M/4lane stress analysis with co-
rotational shell elementsThe material model combines the anisotropic yield criteNt96 with the
associated flow rule, isotropic strain hardening and isotropic darihgeparameters defining the yield
criterion and the strain hardening were determined from tensile tests and pure bending tests, while the damage
parameters were identified using inverse modelling of tensile tests performed with purpose-made specimens.
A series of biaxial tensile tests was also completed, and the results from these tests were used in an attempt
to evaluate the constitutive model.

Intr oduction

In the recent years, increasing concern for econ@myironment and functionality has led to the use of aluminium
alloys in load-carrying structures and safety components of Taesmotivation is manifoldThe use of aluminium may
reduce the weight of the car considerahlyd thus bring down the eggrconsumption and emissions to the environment.
Re-cycling of aluminium is environmentally and economically profitable. Extruded aluminium parts open up for novel
concepts in car design. One such concept is the aluminium spaceTraspace frame consists of thin-walled extrusions
formed by bending and joined at nodes into a three-dimensional framed structure.

In the design of space frames and safety components of aluminium alloys, such as bumper beams and crash boxes, finite
element analysis is used to predict the behaviour of the extrusions during cold forming and to assess the crashworthiness of
the final part.The reliability of the finite element analyses depends strongly on the material models used to describe the
mechanical properties of the aluminium alloys. Extruded aluminium alloys often exhibit complex stress-strain behaviours,
and improved and validated material models are indeed required for increased predi@aigktyhe material models are
aimed at lage-scale simulations in an industrial contexXficefncy and easy parameter identification are important aspects
in addition to accuracyn this studya coupled model of elasto-plasticity and ductile damage is implemented in LS-DYNA
[1]. The model parameters are determined for the extruded aluminiunP&lH08, using an identification method based
on simple tensile and bending teSthe material model is then evaluated against data from more complex biaxial tensile
tests on cruciform specimerihe main equations of the constitutive model and some results are presented in this paper

Coupled model of elasto-plasticity and ductile damage

In the following, the equations of @upledmodel of elasto-plasticity and ductile damage are given based on the
framework proposed by Lemaitre [2]. Small strains and rotations are assumed in the presentation, while in the numerical
implementation lage rotations are accounted for in the co-rotational elements.

The strain tensor is decomposed into elastic and plastic parts
e=g +¢& 1)

where “and "are the elastic and plastic strain tensors, respectiliedy relation between the stress tensor and the
elastic strain tensor is defined as

¢-.-=(1—D)C:F.r (2

where 0 D<1 is the damage variable aBds the fourth order tensor of elastic constants. Isotropic elasticity is assumed,
andC is therefore defined byoung's modulug and Poisson's ratio.

According to the strain equivalence principle (Lemaitre [2]), the yield function is expressed in the form
= G
f=f(ﬁ)—(GO+R)SO 3)

where , is the yield stress, R is the strain hardening variable, while the convex function f is defined in the next section.
The strain hardening is given by



R = Q(l-exp(-Cr)) @)

where r is the accumulated plastic strain andr@ C are strain hardening constants.

The associated flow rule defines the evolution of the plastic strain tensor and the accumulated plastic strain as

P L (5)
o6 oR

where 0is the plastic multiplielThe damage evolution reads (Lemaitre [2])

0 for r<r,
D=1 (6)
A—r— for > 1y
S(1-D)

where , is the damage threshold, avids defined as

YzésczC:sc (7)

The loading/unloading conditions are written in the Kulucker form
£<0; A20; Af=0 8)
These equations are used to define plastic loading and elastic unloading, while the consistency 6tirrdiﬁoﬂs

utilised to determine the plastic multipliérduring a plastic process.

Yield criterion

The function f in the yield criterion of the model has yet to be determined. Since extruded aluminium alloys are textu
materials, the anisotropic yield criteriditd96of Barlat et al. [3] is adoptedhe criterion is defined as

2™ = o fs, — sy Faylsy s " +ofs, —sy|” ©)

where s, s and s are theprincipal, deviatoric, equivalent isotropic stressEsese can be calculated having determined

the deviatoric, equivalent isotropic stresses from the transformation
s=L:co (10)

For plane stress states and with reference axes coincident with the axes of orthiweramtrix representation of the
tensors in Eqg. (10) is
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where g, ¢, ¢; and ¢ are material parameters and= 0. Having determined.ss,, s and s, the corresponding
principal stresses can be found according to a procedure propo¥edrbgt al. [4] The z-axis is always a principal axis
and may thus be assumed to coincide with3tagis, so that

3, =8 12)
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The remaining principal stresses are determined from the well-known equations

2
S Sty sx—sy) e (13)
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while the angle between the-axis and thd-axis is calculated as

1 ’ 2s,
0 = —arctan > (14)
2 s, =8,
The coeficients ,, ,and ;are finally given as
2 s 2
w, =u, cos" O+ sin” B
o, = o, sin“ 6+ o, cos’ O (15)

o, =, cos” 20 + 0, sin” 20

where ,, ,, . and ., are material parameters. It is referred to Barlat et alY[®)n et al. [4] and Lademo [5] for
more details about th&d96 criterion.

Numerical implementation and elsion criterion

The coupled model of elasto-plasticity and ductile damage has been implemented in LS1EiNgNA backward-Euler
type integration algorithm (Berstad et al. [6][7]; Lademo [bhe model is implemented for co-rotational shell elements in
plane stressThe shell elements have one-point integration in the plane and several integration points or layers through the
thickness where the constitutive equations are evaluated. In the implementation, the out-of-plane shear stresses are treated
elastically; i.e. only the in-plane stress components enter into the coupled constitutive model of elasto-plasticityeand ductil
damageThe thickness change of the shell can be accounted for in the simulations, and it is thus possible to represent (at
least approximately) the thinning of the shell in a localised neck.

It is assumed that a macrocrack occurs in the material when the damage variable reaches a criticgLeataér®
[2]). A fracture criterion is thus defined as

D=D (16)

where I for simplicity is considered as a material constant. Note that a refined fracture criterion has been proposed by
Lemaitre [2] in which the critical damage is a function of the stress state of the material, based on the assumption that the
amount of engyy dissipated in damage growth at fracture is constant.

In the model, the fracture criterion is coupled with the erosion algorithm available in LS-DNNKe fracture criterion
is reached in one layer of a shell element this layer becomes inactive; i.e. the stress components in the layer are all taken
equal to zero. If the middle layer of the shell element becomes inactive, the element is removed from the finite element
model.This means that it is, in principle, possible to follow the evolution of a OcrackO through the sTiuetfreture
criterion is checked in all integration points in the structure for each time step throughout the loading process.

Identification of parameters

The identification of the parameters entering into the yield criterion and the strain-hardening rule is based on tension
tests and pure bending tests, using a method proposed by Malo et Bhe[8gsulting yield surface for aluminium alloy
AA7108 in temperT1 is presented in Figure 1 (Lademo [5]), where the strong anisotropy of this alloy is clearly
demonstratedThe AA7108 alloy is used for instance in car bump@ise yield stress for balanced biaxial stress conditions
was not determined experimentaligaking the shape of the yield surface uncertain in this region of the stress Eipace.
yield strength and initial values of the strain hardening constants are determined based on tension tests in the extrusion
direction.The material constants f&A7108-T1 are compiled ifable 1.



The damage parameters may be determined by one of several methods proposed by Lemaitre and Chaboche [9].
study the method based orariation of plasticity characteristics combined with inverse modelling of tension tests to
obtain proper values of,y S and R. The damage threshold parametgr was assumed to be equal to zero in order to
simplify the identification proces$hen, only two parameters are left to identify; that controls the evolution of the @lamag
and D-that controls when the failure occurs.

The finite element model of the test specimen is shown in Figufbe? deformation is defined by prescribing the
velocity of two bolts through the specimen's extremifié® bolts were modelled as a quarter of a circle consisting of shell
elements made of rigid material. In order to avoid contact problems, adjacent material in the bolts and test specimel
been connected node to nodée finite element model consists of 2760 BelytschkayTmembrane elements with one
point integration in the plane and through the thickn€ks.deformation that led to failure of the specimens was applied
during 7-8 ms depending of the ductility of the test speciffiea.total kinetic engly and the change of the kinetic emer
were small compared to the total emeof the system in all simulations. Consequerntjinamic efects are probably small
so that the response can be considered quasi-static.

Ideally, the parameter S should be determined fifse idea was to determine the damage parameters so that the po:
necking behaviour was correctly described for théedifht curves. Considerations based on test data and some trial-anc
error analyses led to the choice , which gave approximately 3 % of damage at 15 % of strain. Damage lowers the stri
of the material, but this was not taken into account when determining initial values of the hardening parameters from
uniaxial tensile testsherefore, after choosing the parameter S, the hardening parameters were slightly changed. Fin:
Dc should ideally be determined so that failure occurs at the correct displacdhenthoice R gave the force-
displacement curves shown in Figure 3{dje abrupt failure observed in the experiment in the 0j-direction is not predicted
in the numerical analyses. Furthermore, the hardening in the 90j-direction is too highfuse riécking and failure are
delayed. Some deviations are also seen in the 45j-direction derdaplacements.

Numerical study

Effect of mesh density

The damage evolution leads to strain softening when the strain reaches a certain level depending on the stress tria
of the stress state. It follows that the finite element results may become severely mesh dependent due to strain localis
There exists several regularisation methods to deal with this problem, e.g. non-local regularisation or regularisatior
including rate dependence in the constitutive model (Belytschko et al. [10]).

In this study no regularisation method has yet been implemented, but the non-local regularisation will be adoptec
further work. In order to check the influence of the mesh density on the computed results, the tensile tests were simu
with three diferent meshes: a coarse mesh, a fine mesh and an adaptiva neesbarse mesh is shown in Figure 2, while
the number of elements is doubled in both directions in the fine Miestadaptive mesh is equal to the coarse mesh initially
and is then refined according to a damage-driven fission-based adaptive procedure, which is currently under developi
The maximum number of refinement levels was three in all simulations.

The results are presented in Figure 3(b). It is seen that the mesh sensitivity of the force-displacement curves is
moderate for the current, limited range of mesh densifies.failure modes observed in the experiments and the various
simulations are compared in Figure 4 to Figurét@® agreement obtained between the experimental and numerical failure
modes is quite good, and in particular the influence of anisotropy is well predicted. Furthermore, it is seen that the fa
modes are similar for the coarse, fine and adaptive meshes.

Biaxial tensile tests

Numerical simulations of biaxial tensile tests on cruciform specimens were used in an attempt to assess the validi
the material modelThe finite element model is shown in FigureThe complete model consists of 10796 shell elements
with one point integration in the plane and two layers through the thickitessize of the elements in the gauge section
is similar to the element size in the fine mesh used for the uniaxial test spedimemsitermost parts of the extremities
were modelled as rigid, while the remaining parts were assumed to be elastic, since the extremities are six times thickel
the gauge section.

In the experiments, the force was applied to the extremities of the specimen through bolts, while the specimens
loaded by prescribing the velocities of the extremities in the simulatMarsous proportional loading paths were
investigated both experimentally and numerically (Lademo [5]). It was checked that the total kingiicaeneihe change
of the kinetic engyy were small compared to the total eyyeof the system in all simulations, and thus the response can be
considered to be quasi-static.



Figure 8 compares the failure mode observed in one experiment with strain/ratid  against the predicted response
using LS-DYNA. Qualitativelygood agreement is observed in this experiment. Reasonably good results were obtained also
for other strain ratios.

Concluding remarks

A coupled model of elasto-plasticity and ductile damage was implemented for co-rotational shell elements in the non-
linear explicit finite element code LS-DYNdsing a backward-Euler algorithm. Critical damage is used as erosion criterion.
The model includes the anisotropic yield criteid96 proposed by Barlat and co-workers, which was found to be superior
with respect to accuracy for the actual aluminium alloys.

Numerical simulations of tension tests with specimens purpose-made for identification of damage parameters showed
that quite good agreement between the observed behaviour and predictions could be obtainethd-imaltgrial model
was used to study failure of a cruciform specimen loaded in biaxial tefi$ierfailure mode observed in the experiment
was reasonably well predicted in the simulation.
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Material constants for the coupled model of elasto-plasticity and damage faduminium alloy AA7108 in temperT1

Yield criterion

Elasticity & strain hardening

Damage evolution

Parameter Value Parameter Value Parameter Value
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Figure 1 OYId96iterion for AA7108-T1. Black dots indicate measwed yield stresses, whezas the arows
represent measued R-ratios. The contours represent levels of constant normalised sheatress.
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Figure 2 FE-model of the test specimen fatamage identification.



a) b)
Figure 3 Force against deformation of the inne33 mm of the test specimens fatamage identification.

(a) Experiments and numerical simulations with the coarse mesh.
(b) Numerical simulations with coarse, fine and adaptive meshes.

Figure 4 Failure of test specimen in Oj-digction: (a) experimental, (b) coarse mesh, (c) fine mesh and (d) adaptive mesh.

Figure 5 Failure of test specimen in 45j-dection: (a) experimental, (b) coarse mesh, (c) fine mesh and (d) adaptive mesh.



Figure 6 Failure of test specimen in 90j-dection: (a) experimental, (b) coarse mesh, (c) fine mesh and (d) adaptive mesh.

Figure 7 Finite element mesh of cruciform test specimen modelled with shell elements.

Figure 8 Failure mode of biaxial test with strain ratio ./ , =1 : (a) experiment and (b) numerical simulation.



