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Abstract. Flat thin aluminum panels with centered crack have been Laser Shock Peened along
straight patterns perpendicular to the crack. Despite of the locally induced compressive residual
stresses, the experimental tests showed the negative effect of the LSP on the fatigue crack
propagation performances of panels. Starting from the numerical assessment of the self-balancing
residual stress distribution along the entire panel width, the fatigue crack growth through the panels
has been analytically evaluated and compared with experimental results, showing a good agreement.
The comparison highlights the sensitivity of the fatigue crack propagation life to the selected LSP
pattern configuration (i.e. the width of the LSP treated strip and the relative position to the crack
centre) which have to be accurately setup in order to exploit the full potentiality of the LSP process
in increasing the fatigue life and avoid undesired reduction of the component performances.

Introduction

A proven method for reducing the fatigue related problems in metallic structures is to drive
compressive residual stresses into the affected area by means of Laser Shock Peening (LSP) [1].
This surface treatment is very effective in bulk structures, improving life performances of fatigue
sensitive aeronautical components, such as jet engines turbine blades or helicopter gearboxes.

The LSP process is based on a high-power pulsed laser beam of very short duration (1 to 10 ns)
focused on the surface to be treated, which is covered by a coating (ablative layer, usually black
paint or a very thin aluminum foil), as shown in Fig.1. The laser beam hits the ablative layer, which
partially evaporates into the plasma state. A transparent layer, usually water, is required over the
coating and prevents the plasma expansion, thus resulting in a compressive shock wave propagating
into the metal. The shock waves are essential for locally inducing plasticization of the metal and the
establishment of the compressive residual stresses.

Test results available in the bibliography show that the residual compressive stresses induced by
LSP increase the fatigue life of bulk metallic components [1], whereas quite limited studies have
been presented on the fatigue crack growth in thin components [2,3]. The beneficial effect of LSP in
terms of fatigue crack growth on compact tension specimens with crack tips very close or inside to
the laser shot pattern has been assessed [4,5,6], while an investigation on the effect of the LSP on
the fatigue crack propagation of a macro-crack approaching the LSP treated area is still missing. As
a consequence of the self-balancing residual stress field induced by the LSP in the thin-gauge panel,
the chosen LSP pattern configuration (distance of the crack tip to the laser shot, width of the laser
pattern) can affect significantly the fatigue crack propagation performances of the panel.

Therefore, the aim of this work is to investigate the effect of the residual stress distribution
introduced by the LSP on the crack growth in thin panels. These stress distributions are assessed by
means of experimental tests and finite element simulations. Their effects on the crack growth has
been analytically evaluated to perform a sensitivity study in order to determine which LSP
parameters can influence the crack growth rate.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)
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Fig. 1. LSP process

Geometry definition and experimental procedure

Three M(T) central cracked aluminum panels 2mm thick have been used in this investigation [7].
The panels, 160mm wide and 400mm long, have been LSP treated along two straight patterns,
10mm wide and 100mm long, located 50 mm from the specimen centerline, as shown in Fig. 1. The
panels have been subjected to LSP treatment before the introduction of the central crack by the
Universidad Politecnica de Madrid (UPM) with a Q switched Nd:YAG laser with 2.5 mm spot
diameter, 178 pulse/cm’ density and 0.75 mm shot overlapping were used to perform the LSP
process.

The central cracks has been machined as saw cuts perpendicularly to the LSP patterns into the
panels which have been subjected to a pre-fatigue loading to achieve realistic sharp tip crack
geometry before the fatigue crack propagation tests.

The fatigue crack propagation tests have been performed by Airbus Group Innovations on the
aforementioned three panels identified as 2.1, 2.3 and 2.4. A constant amplitude fatigue load with R
= 0.1 has been applied uniaxially perpendicular to the central crack.
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Fig. 2. FCP Specimens configuration (in mm)

The experimental crack growth rate data as a function of the Stress Intensity Factor (SIF) are
reported in Fig.3 for the three investigated specimens. The LSP influence can be evaluated via
comparison with a baseline, relative to the non-treated material. The baseline behaviour has been
extrapolated by means of the Paris “C” and “n” material coefficients calculated at the linear part of
the Fig.3 curves (C = 2.10e-11; n=2.71) and taking into account the effect of the finite-width of the
panel expressed by the geometry factor below B(a).

,B(a)zwfsecﬂ
W (1)

where a is the semi-crack length of the crack and W is the panel width.
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Fig.3. Fatigue Life, Paris Curve; experimental LSP coupon vs Baseline

A comparison of the experimental half-length crack vs fatigue cycles curves with baseline is
shown in Fig.4. A crack growth slowdown due to the laser peening has been highlighted in the crack
propagation rate experimental data at the middle of the treated pattern. At the same time, a steep
increase in the crack growth rate is evident before and after the shot pattern. This effect can be due
to both the onset of plastic collapse and the self-equilibrating tensional residual stress accumulated
in this area. The crack growth results show an overall negative effect of the laser shock peening
process in comparison to the non-treated solution, because the crack growth rate is in every case
higher that the baseline. The chosen geometric configuration, i.e. the relative position between the
laser pattern and crack origin and the shot width, is unable to exploit the benefit of the compressive
residual stress field induced by the LSP. Furthermore, this configuration had a detrimental effect on
the fatigue crack propagation performance of the cracked panel.
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Fig.4: Non-dimensional a/N curves, compared with baseline.

The different behavior shown in Fig.4 is due to the fact that, while in coupon 2.3 the crack
propagates along the x horizontal axis, in the specimens 2.1 and 2.4 it develops with an angle of 45
degrees with respect to the previously mentioned axis. The 2.1-2.4 reference baselines have been
evaluated taking into account the effect of the angled propagation expressed by a geometry factor
[8] in addition to the aforementioned finite-width geometry factor in expression 1.
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FEM analysis and analytical models of Laser Shock Peening

In order to predict how the laser pattern dimension and location affect the fatigue crack
propagation performances of a thin-walled cracked panel, is fundamental to describe the self-
balancing residual stress distribution along the entire panel width.

An all explicit finite element model (Abaqus Software), which already proved to be effective in
making such predictions [9,10,11], has been applied. The stress profile reported in Fig.5 for half of
the investigated panel has been obtained along the entire crack path.

On the basis of the residual stress profile we have obtained using the finite element modeling is
then possible to predict the fatigue crack propagation performances of the investigated panels by
means of analytical models.

The SIF [Kges(a)] of a crack propagating through a residual stress field can be calculated by the
Eq.2 [12]:

até
a+é

1 +a
KRes (ta) = Ej_ Oy _Res €9 ds

2)

where the function o, r.(£) describes the profile of the residual stress component orthogonal to the
crack path.

Tada in [13] proposed an analytical formulation of the residual stress profile established in a
welded panel across the welding bead
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By means of an accurate selection of the shape parameters “c”, “L” and “cy” of the Tada
equation, the analytical formulation can describe accurately the residual stress profile calculated
numerically for the LSP treated panel (Fig.4). “L” is the distance between the crack centre and the

LSP pattern centreline, “c” is representative of the point in which the residual stress field changes
from tensile to compressive and “oy* is the compressive peak stress value.
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Fig.5: Numerical and analytical evaluation of Residual Stress Field

In Fig.5 a mismatch of the numerical residual stress profile and its analytical representation is
evident at the LSP pattern side close to the panel edge. This is due to the edge effect captured by the
finite element model and not taken into account by the analytical formulation. Moreover, tensile
residual stresses are established in both the sides of the LSP pattern in order to restore the global
stress equilibrium of the panel.
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The tensile stresses predicted at the inlet to the shot pattern are lower than that at the exit,
explaining the moderate acceleration in crack propagation shown by the tests’ results, in respect to
the baseline, before reaching the pinned line, and subsequently slowing down in the central area,
before the final sharp increase of the FCP.

The prediction of fatigue crack propagation behaviour of the investigated panels with the
aforementioned SIF model for the residual stress field taking into account the finite-width of the
panel, has been compared with the experimental measurements (Fig.6), showing good agreement.
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Fig.6: Effect due to LSP, comparison between the test results and the analitical evaluations

Parametric analysis on geometric parameters influence

A parametric analysis on the effect of the LSP pattern position and width on the FCP
performances has been carried out. The proposed analytical crack propagation model implementing
the Tada’s residual stress distribution has been used, with the following parameters:

e laser pattern width of 10 mm; compressive residual stress of -100MPa and -150 MPa;
distance between crack origin and peened area of 15 mm, 26.5 mm and 50 mm.

e laser pattern width of 33 mm; compressive residual stress of -100MPa and -150 MPa;
distance between crack origin and peened area of 26.5 mm and 61.5 mm.

The results are shown in Fig.7 and summarized in Table 1. An increase in FCP life is achieved
only when the peening pattern is closer to the initial crack origin, at 15mm. Similarly, a larger laser
shot width and higher compressive residual stresses were producing the best results in terms of FCP.
The lack of benefit in the actual experimental configuration can be explained with the effect of the
balancing tensile field before the shot pattern that, acting to a long crack, provides a significant
contribution to the crack driving force. As a consequence, the tensile residual stress field before the
shot path counteracts the subsequent compressive stresses in retarding the crack propagation.

Table 1. Percentage variation of the fatigue life referred to the baseline
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Fig.7. Fatigue Life Estimation with Terada and Tada modeling technique
Conclusions

The objective of this work was to investigate the enhancement in fatigue crack propagation
performances induced by LSP on structures which are representative of aircraft fuselage skin. The
experimental data obtained on simple specimen show no improvement achieved with the selected
configuration of the LSP treated pattern. Using a previously validated FEM approach to predict the
residual stress profile along the entire width of the LSP treated specimen, together with an analytical
crack propagation model, a comparison of the FCP predicted performances has been done with the
experimental data available, showing a good agreement. The model was then used to make
predictions about the best peening configuration to achieve benefit in terms of fatigue crack
propagation life after LSP treatment. This lead to the conclusion that, to extend component fatigue
crack propagation life, the laser shot has to be placed close to the crack origin and a larger shot
pattern has to be used. In this case, LSP can be very effective in enhancing fatigue life
performances.
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