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DUCTILE DAMAGE DEVELOPMENT IN FRICTION STIR WELDED ALUMINUM JOINTS

Kim L. Nielsen
Department of Mechanical Engineering, Solid Mechanics,

Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

Summary Ductile damage development in a Friction Stir Welded aluminum joint subjected to tension transverse to the weldline is
analyzed numerically by finite element analysis, based on a total Lagrangian formulation. For the friction stir weldingprocess, it has
experimentally been shown that some process parameters affect the variation of mechanical properties transverse to the weldline. Main
focus here and in [1] is on the effect of changes in the yield stress profile transverse to the weldline, on ductile damage development.

INTRODUCTION

Friction stir welding (FSW) is a relatively new solid-stateprocess for joining a variety of different materials. The process
was developed at The Welding Institute (TWI, Cambridge, United Kingdom) in 1991 [2], and has proven to be an attractive
method for joining age-hardening aluminum alloys, such as the 2xxx (Al-Cu-Mg) series. The FSW process utilizes a
spinning tool, consisting of a pin and a shoulder plate, which is lowered into the weldline until the shoulders are pressed in
contact with the metal sheets to be welded. By forcing the spinning tool forward along the weldline a joint is created due to
friction heating and extensive deformation of the materialin the stir zone. The combined rotating and translatoric motion
of the tool results in an asymmetric material flow, and one mayspeak of an advancing and retreating side of the weld,
respectively. Compared to conventional fusion welds the FSW technique has proven to produce welds of better mechanical
properties. However, FSW of aluminum alloys results in a characteristic variation of the mechanical properties transverse
to the weldline. The purpose in [1] is to model the ductile damage development in FS-welded AA2024 joints, in order
to obtain a parametric understanding of the effect of changes in the yield stress profile. The study aims to gain a general
understanding of the variation of the yield stress transverse to the weldline, which may be used for other aluminum alloys.
The study is carried out by finite element analysis of a tensile test specimen containing a FS-weld running transverse to
the tensile direction. Local data for the constitutive model were estimated based on published experimental work [3, 4].

NUMERICAL MODEL AND METHOD OF ANALYSIS

The finite element model applied is based on a total Lagrangian formulation for large strain behaviour. A dynamic
formulation is used in the current analysis, which accounting for inertia has the advantage over a quasi static analysisthat
no stiffness matrix is needed. Under slow loading this dynamic method gives a very good approximation to the static
solution. To model the ductile damage development the modified Gurson model [5], is applied. Nucleation and growth of
microvoids to coalescence is here accounted for, and the approximated potential surface may be written as
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The void volume fraction,f , describes the degree of damage in a given volume, varying inthe intervalf ∈ [0, 1], where
f = 0 refers to a damage free volume. The damage growth rate,ḟ , is furthermore assumed to be governed by growth
of existing microvoids,(1 − f)Gij η̇

p
ij , and plastic strain controlled nucleation of new voids, as suggested by [7]. The

dynamic form for the principle of virtual work is discretized by either 8 or 20 node isoparametric plane strain or solid
elements in 2D and 3D, respectively. The integrals are evaluated by reduced Gauss integration. Furthermore, an element
vanishing technique suggested by [6] is applied to avoid numerical difficulties when the stress carrying capacity of a given
element disappears asf grows. Loading of the specimen is in all cases introduced as auniform prescribed displacement
in the end of the tensile test specimen, Figure 1.

Weld assumptions
In the study no difference between the advancing (AS) and retreating (RS) side of the weld is assumed. This is due to
the relatively small difference between the AS and RS for a perfect weld, pointed out by [8]. However, even a small
asymmetry in the weld contributes to determining on which side the fracture would occur. A symmetric hardness and
initial yield stress profile transverse to the weldline is introduced and modeled as shown in Figure 1. Furthermore, an
assumption of a homogeneous distribution of second phase particles from which new voids nucleate is introduced in
the following. However, the effect of a drop in the volume fraction of second phase particles in the nugget of the weld is
studied in [1]. For the current analysis all residual stresses are neglected and the tensile test specimen is thereby considered
stress free att = 0.



RESULTS

For the tensile test specimen containing a FS-weld running transverse to the tensile direction, it is found that ductile
damage development may be modeled by the modified Gurson model [5], with reasonable results. For changing yield
stress profile it is found that the relative level of the yieldstress in the nugget (NG), compared with that of the thermo-
mechanically affected zone (TMAZ), have a significant influence on the damage development, Figure 1. In the case of
high relative yield stress in the NG, damage development is shown to occur in the region of the lowest yield stress, which
thereby forms a shear band-like failure, Figure 1b. However, for comparable yield stress level in the TMAZ and NG one
finds that a neck governed failure occurs in the NG, Figure 1a.A shift in the mode of final failure is thereby present,
which furthermore is shown to affect the average failure strain [1]. This is due to the increased localization of plasticflow
in the two extreme cases for the yield stress profile, pointedout above, while a larger average failure strain is observed
for the interval in between. As a result of the analysis it is shown that a change in the yield stress profile contributes
to the change in the position of the final failure and that the position of failure moves towards the NG if the relative
yield stress is lowered in that region. Furthermore, it is shown that the final failure may be located outside the regions of
the lowest yield stress. For the model presented a reasonable agreement with experimental results is obtained. Both in
relation to the specimen geometry at failure, and the load vsaverage strain curves for the total weld [3, 4]. However, some
deviation may be found for the fracture strain, which is partly due to the difference between the specimen length used here
and that in the published experimental work. This may be shown to influence the average strain due to the pronounced
non-homogeneous material properties in the weld region. Furthermore, may the accuracy of the model be enhanced by
changing the assumption of a homogeneous distribution of second phase particles, since a variation in the particle volume
fraction transverse to the weldline has been observed experimentally. Such a change in the concentration of particles in
specific regions of the weld may promote localization of the plastic flow and thereby the damage development [1].
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CONCLUDING REMARKS

It is shown that ductile damage development in a FS-welded tensile specimen is well described by the Gurson model
accounting for void coalescence. Furthermore, the variation of the yield stress profile transverse to the weldline is shown
to have a significant influence on the damage development, since a shift in the failure mode from a shear band-like failure
in the softest thermo-mechanically affected zone to a neck governed failure in the harder nugget zone, is observed [1].
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