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Abstract. A damage tolerance analysis methodology for Laser Beam Welded (LBW) structures is
proposed. The Residual Stresses (RS) of LBW T-joints are initially calculated through the thermo-
mechanical simulation of the LBW process. Through cracks of variable length are considered near the
weld and the calculated RS field is introduced in the numerical calculation of the Stress Intensity
Factors (SIF). As the Finite Element (FE) models used for the thermo-mechanical simulation can not
be the same to those required for the fracture analysis, a special numerical routine based on
interpolation techniques is applied for the transfer of RS field to the fracture mechanics FE model.
The computation of SIFs at the crack front is performed for mode-1 external loading. The RS effect of
various cracked T-joint configurations on the SIF values at different through-the-thickness locations is
studied. It is shown that both the RS field, as well as the other studied parameters, has a significant
influence on the Stress Intensity Factors.

1 INTRODUCTION

Laser Beam Welding (LBW) technology has recently attracted the interest of aircraft and
other manufacturers, mainly due to increased productivity and low effect on the local material
properties. A challenging application of LBW is the connection of stiffener and frame clips to
the skin of aircraft fuselage, using T-type joints. However, LBW leads to the development of
Residual Stresses (RS) and distortions™*, which change the stress field in the vicinity of the
weld and affect significantly the crack generation and propagation rate. In general, the RS
field reduces the structural integrity and fatigue life of the structure®; therefore, the RS field
has to be taken into account in the assessment of damage tolerance behaviour of welded
structures.

The basic mechanism of RS generation results from high temperatures and high
temperature gradients developed during the laser pass, which lead to large local thermal
expansion of the material; the adjacent material tends to resist this expansion leading to local
plastic deformation and RS development. Several analytical >® and numerical”™® models
have been proposed for the prediction of temperature, RS and distortions history during LBW
process. However, most of the simulated welding cases concern butt-joints, while more
complex geometries (e.g. T-joints) have not been treated. Moreover, most of the studies refer
to steel structures, while investigations on typical aerospace Aluminium joints are quite
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limited.

A common methodology for assessing the behaviour of cracked structures, with or without
RS, is the SIF approach. Limited works have been published for the calculation of SIFs under
RS fields. Tada et al.** and Terada®*® have used a customary method based on the
superposition principle and Muskhelishvili’s stress functions for the calculation of SIFs at
through cracks situated perpendicular to the welding bead. However, refs **° refer to the
influence of one-dimensional RS fields on the SIFs of through cracks, ignoring the RS
variation through-the-thickness, which is not realistic in practical applications and does not
always represent the most critical situation.

In the present work, the effect of realistic RS fields, as calculated via a thermo-mechanical
LBW simulation, on the SIF values at crack front is studied. A parametric investigation
considering various T-joint geometrical details is performed. The thermo-mechanical model
considers all the physical phenomena occurring during the welding process, e.g. heat transfer
via conduction, convection and radiation, melting, solidification etc. Thermal and mechanical
material properties are introduced as temperature-dependent functions. The model is verified
by the comparison of numerical results to RS measurements from respective experiments.
Through cracks of variable lengths are considered near the weld and proper three-dimensional
FE models are developed for the fracture analysis of the cracked structures. As the FE
discretization of the thermo-mechanical model should be different from that required for the
fracture mechanics model, a special numerical routine based on interpolation methods is
applied for the RS transfer. The solution of the fracture mechanics model for mode-I external
loading results to SIF computation at the crack front. It is shown that the presence of RS has a
serious influence on the SIF values.

2 CALCULATION OF RESIDUAL STRESS FIELD

2.1 T-joint configurations studied

The proposed damage tolerance methodology taking into account LBW residual stresses is
applied in the case of the skin-clip T-joint configuration, presented in Figure 1. A 2mm thick
Al-6013 clip is welded to a 6mm thick Al-6056 skin. Three variations of the T-joint are
considered, i.e. no pockets in the skin, pockets of 2mm depth and pockets of 4mm depth.
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Figure 1: Geometry of the skin-clip specimen with milled pocket
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The weld is conducted using a CO; laser of 3.3 kW, 1.8 "/, welding velocity, 20° welding
angle with respect to the skin and Al-4047 filament wire of 1.2mm diameter.

2.2 LBW simulation methodology

The main steps of LBW simulation methodology are presented in the flow-chart of Figure
2 Y. The same FE model is used for both the thermal and mechanical analyses. A
transformation of thermal elements used for the thermal analysis to structural ones used for
the mechanical analysis is performed.
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Figure 2: Flow chart of LBW process simulation methodology, after

The thermo-mechanical FE model (see Figure 3) comprises about 75000 three-dimensional
elements and has very dense mesh in the area along and nearby the weld line, as high
temperature and stress gradients develop in this area.

Figure 3: Thermo-mechanical FE model

A comparison between numerical RS predictions and experimental measurements are
presented in Figure 4. The experimental T-joint RS results are taken from *® and refer to the
mid-thickness of the skin at the X, y, z directions; a good correlation is observed between the
experimental and numerical results.
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Figure 5: Comparison between experimental and computed RS results at mid-skin, (a) plate without pockets and
(b) plate with pockets of 4 mm depth.

3 ANALYSIS OF CRACKED T-JOINTS

3.1 Description of the fracture mechanics model

A through crack of half-length varying from 5 to 35mm, parallel to the weld, located 7 mm
from the plate centre is considered at the T-joint. For the SIF calculation a three-dimensional
model of the cracked structure, comprising about 40000 ‘SOLID95’ elements of ANSYS FE
code and 160000 nodes is developed, see Figure 5. The most critical region is around the
crack edge, as the displacements near the crack front vary as r'?, where r is the distance from
the crack front. The stresses and strains are singular at the crack tip, varying as r'/ In order
to enable simulation of this singularity, singular elements, which have their mid-side nodes
placed at the quarter points are used, forming a “spider-web” mesh pattern, as shown in the
detail of Figure 5.
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Figure 5: Fracture mechanics model of T-joint structure

The remote load at the edge of the plate is applied perpendicular to the clip and
corresponds to a mean stress of 100 MPa at the middle of the plate (considering skin thickness
without pockets). The plate is clamped at the one edge. At the other edge all movements are
constrained, except the one at the direction of the loading; additionally, coupled degrees of
freedom are defined for these nodes, in order to force them to move all together at the
direction of the external load.

3.2 Residual stresses transfer method

As mentioned above, residual stresses due to the LBW process, as calculated by the
numerical thermo-mechanical simulation, have to be introduced in the fracture mechanics
analysis. However, the thermo-mechanical FE model (Figure 3) used for the simulation of
LBW process model is significantly different from the fracture mechanics one (Figure 5),
because:

(a) The mesh density and pattern requirements are different for LBW simulation and fracture
analysis. For the case of LBW simulation, high mesh density is required at the area of
welding. An adequate number of elements, usually of about 0.1mm size, must be used for
modelling the local volume directly affected by the laser beam. On the other hand, the
proper mesh of the fracture mechanics model must have high concentration of elements,
usually of about 0.1mm size, in the crack front location.

(b) The results of one thermo-mechanical simulation may be used for the fracture mechanics
analysis of several crack configurations (e.g. different crack lengths, locations and
orientations).

The RS transfer between the two different FE models is performed using a special routine,
which is based on the interpolation kit-tool of MATLAB software. The RS to be applied at
the element centroids of the fracture mechanics model are interpolated by the computed RS
values at the nodal positions of the thermo-mechanical model. Calculated residual stresses are
applied as initial stresses at the FE model used for the analysis of cracked T-joints.
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3.3 Effect of RS and T-joint geometry on computed SIFs

Linear static stress analysis leads to the computation of SIFs at the crack fronts for cracks
developing in the three T-joint configurations described above and for various crack lengths.
This analysis uses a fit of the nodal displacements in the vicinity of the crack for the
computation of the corresponding SIF. SIF value is not constant in the crack front, but varies
from the top to the bottom of the plate, due to the through-the-thickness variation of RS field
and the asymmetry of the geometry. Thus, SIFs are also calculated for various “depths”, from
0 mm (top of the plate) to 6 mm (bottom of the plate). The effect of RS field, T-joint
geometry (i.e. depth of pocket) on the calculated SIFs has been studied

In Figure 6, the calculated SIFs with and without the residual stress field are plotted for the
various T-joint configurations and crack lengths for three different locations at the crack front;
top, middle and bottom of plate.
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Figure 6: Calculated SIFs with and without residual stresses at the top, middle and bottom of crack front, (a) T-
joint without pockets, (b) pockets of 2mm and depth (c) pockets of 4mm depth.

The effect of T-joint geometry (i.e. pocket depth) on the calculated SIFs may be observed
in the diagrams of Figure 7. Additionally, in order to examine whether the calculated values
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are mainly influenced by the residual stresses or by the T-joint geometry the diagrams of
Figure 7 are repeated in Figure 8 without taking into account the RS field.
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Figure 7: Effect of plate geometry on the calculated SIFs taking into account residual stresses and external load.
(a) top of plate, (b) middle of plate and (c) bottom of plate

4 CONCLUSIONS

The effect of RS on the calculated SIFs may be summarised as following:

a) RS lead to an increase of the calculated SIFs at the middle of the crack fronts.

b) For the point of the crack front situated at the top of the plate RS lead to increase of the
calculated SIFs for the cases of the plate without pocket and with pockets of 2mm
depth. For the case of the T-joint with pockets of 4mm depth the effect is not clear. It
has to be mentioned that for this case the SIFs at the top of the crack front are relatively
low, possibly due to the bending of the joint that leads to closure of the crack lips.
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Figure 8: Effect of plate geometry on the calculated SIFs taking into account only external applied load. (a) top
of plate, (b) middle of plate and (c) bottom of plate

c) For the point of the crack front situated at the bottom of the plate the effect of residual
stresses on the calculated SIFs is not clear, but it depends on the specific case
characteristics. For the case of the plate with 2mm deep pocket SIFs decrease with the
presence of residual stresses. Finally, for the case of the plate with 4mm deep pocket
residual stresses leads to a SIFs increase.

The effect of T-joint geometry on the calculated SIFs may be summarized as following:

a) For the point of the crack front situated at the top of the plate a dramatic decrease on the
calculated SIFs is observed with increase of pocket depth. This may be attributed to the
bending of the clip, due to the asymmetry of the clips that leads to closure of crack lips.

b) For the point of the crack front situated at the middle of the plate the increase of pocket
depth leads to a moderate decrease on the calculated SIFs. This may be due to the
smaller effect of bending to the deformations of the middle of crack front.

c) The effect of pocket depth on the SIFs is the inverse for the point at the bottom of the
crack front. The increase of pocket depth leads to increase of the calculated SIFs at the
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specific point. This observation may also be attributed to the bending of the joint, as it
leads to further opening of crack lips.

d) The variations at the T-joint geometry have the same major effect on the calculated SIFs
even if the RS are neglected. This may be attributed to the fact that the considered crack
is situated near the pocket and thus it is heavily influenced by bending caused by the
asymmetry of the geometry.
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