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a  b  s  t  r  a  c  t

An  experimental  study  was  performed  in  order  to  determine  the  influence  of the  sequence  of  operations
on  the effectiveness  of  Laser  Shock  Peening  (LSP)  treatment  in  increasing  the fatigue  performances  of
open-hole  aluminium  specimens.

Residual  stress  measurements,  fractographic  analysis  and FEM  analysis  were  performed,  indicating  the
presence  of compressive  residual  stresses  on the surface  of  the  treated  specimens  and  tensile  residual
eywords:
aser shock peening
luminium alloys
ynchrotron X-ray diffraction
atigue
inite element method

stresses  in  the  mid-section  along  the  thickness  of  the  specimens.  Negative  effects  on fatigue  lives  were
encountered  on  the specimens  with  the  hole  already  present,  while  positive  effect  were  observed  in
specimens  in  which  the  hole  was  drilled  after  LSP  treatment.

These  results  indicate  that  LSP  can  be a good  solution  for “in  production”  application,  in  which  open
holes  are  to  be  drilled  after  the  LSP  treatment.  The  application  in which  LSP  is  used  “in service”  on
structures  with  pre-existing  cut-outs,  has  proven  to  be  impracticable  in the  investigated  configuration.
. Introduction

Laser shock peening (LSP) is a relatively recent technique used
or the insertion of compressive residual stresses in metallic mate-
ials. Since its beginning in the 1960s [1] its benefits have been
roven for different engineering materials (steel [2–4], titanium
5–8] and aluminium alloys [9–12]).

LSP uses laser generated shock waves to insert compressive
esidual stresses in treated specimens. High power density laser
eam hits the surface of the specimen to be treated. Locally, the

aser creates a high pressure plasma that, contained by a thin layer
f water flowing on the specimen surface, generates a pressure
eave toward the thickness of the specimen. As a consequence

f the plastic deformation of the material induced by the pres-
ure wave, compressive residual stresses are established in the
SP treated specimen. A good overview of the LSP technology, its
rinciples and applications can be found in Refs. [13] and [14].

There are two different approaches to the problem; one uses

igh energy laser pulses (up to 100 J) combined with the protective
oating, while other, called laser peening without coating (LPwC)
15] uses lasers with lower energies (order or few Joules), higher

∗ Corresponding author.
E-mail address: goran.ivetic@unibo.it (G. Ivetic).

921-5093/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2011.12.010
© 2011 Elsevier B.V. All rights reserved.

overlapping of laser peens and no coating. The latter approach has
been used in this work.

The lasers used for LSP treatment are usually Q-switched sys-
tems, Nd-glass or Nd-YAG type, with wavelength of 1064 nm and
pulse duration range of 10–100 ns [13]. The power densities used
for the process go up to 10 GW/cm2; increasing the power den-
sity beyond this level does not bring additional advantages due
to dielectric breakdown of confining water that limits the peak
pressure of plasma developed by the process [16].

In the case of LPwC, shorter wavelength lasers (532 nm) are used
as well [15]. In this case, the pulse duration is up to 10 ns and lasers
usually have lower output energies. In order to obtain comparable
power densities as in the case of LSP treatment with coating, smaller
laser peen spots are used.

However, in the case of treatment of thin sheets made of duc-
tile materials, such as aluminium alloys, particular attention is
necessary due to the fact that incorrect process setup can create
detrimental effects on the fatigue performances of the treated spec-
imens. In fact, there are relatively few works that deal explicitly
with the application of LSP technology on thin aluminium speci-
mens. Yang et al. in Ref. [17] describe the application of LSP on thin

specimens in Al 2024-T3 with the presence of fastener holes. In
this case, the treatment was performed on both sides simultane-
ously in order to avoid distortions and beneficial effects on fatigue
lives were found.

dx.doi.org/10.1016/j.msea.2011.12.010
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:goran.ivetic@unibo.it
dx.doi.org/10.1016/j.msea.2011.12.010
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Table  1
The settings of the used laser.

Laser type Wavelength [nm] Output energy [J] Pulse duration [ns] Peen size [mm] Laser frequency [Hz]
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lengths, i.e. the depths into the material measured along the sur-
face normal, where the intensity of the beam has dropped to 1/e
of its initial value. The actual depth of the measurement is one half
of the attenuation length relative to the applied beam energy, i.e.

Table 2
Residual stresses (�1) at the edge of the open hole.

Energy [keV] Attenuation Residual stress Residual stress
Nd-YAG 1064 2.8 (10% loss) 

Similar investigation is reported in Ref. [18], in which the
uthors describe the use of LSP for suppressing the fatigue crack
rowth of Al alloys with various preexisting notch configurations
fastener hole, an elliptical hole, one and three in-line crack stop-
oles and single-edge notch).

Toparli and Fitzpatrick in Ref. [19] describe the application of LSP
n thin 2024-T3 aluminium specimens, giving the obtained residual
tresses for different process setups. In this case, the treatment was
erformed on one side of the specimen, only. They conclude that a
orrect setup in the case of the treatment of thin aluminium spec-
mens is crucial. In all of these works cited, the used LSP approach

as the one with protective coating, big laser peen spots (several
quare millimeters) and high energy lasers, while in the work pre-
ented here, low energy laser with high peen overlapping and no
rotective coating was used.

Previous work done by the authors on the subject of the appli-
ation of LSP treatment on thin, open-hole specimens [20] with
PwC approach has proven that the LSP effect on fatigue life of
reated specimens can be detrimental, if the process is not prop-
rly optimized. In fact, it was shown that the capability of the LSP
o introduce compressive residual stresses around fastener holes
n thin-walled structures representative of typical aircraft con-
tructions was not superior to the performance of conventional
echniques, such as cold-working. Cold-working inserts locally
esidual stresses inside the hole, while this is not the case of LSP, in
hich only the surface of the specimen is compressed; however in

he latter case it is possible to treat much wider areas around the
ole, influencing potentially not only the crack nucleation, but its
ropagation, as well.

The encountered reduced performance of LSP can be attributed
o different factors, including the fact that the treatment was per-
ormed on the specimens with an open-hole already present. This
as not an issue in the works [17] and [18] in which laser peens
ere much bigger than the fastener holes, however in the case

eported here relatively small peen size in respect to the dimension
f the hole can cause unwanted effects. In fact, it was  shown in Ref.
20] that the effect of the presence of the hole introduced unwanted
ensile residual stresses at the inner side of the hole, causing the
remature fatigue failure of the specimens in the investigated LSP
onfiguration.

Therefore an additional experimental campaign on the speci-
ens in 6082-T6 was defined in order to highlight the importance

f the sequence of operations in the LPwC configuration, which are
he drilling of the hole and the LSP treatment.

. Experimental setup

The specimens used for the present research were dog-bone
pecimens, obtained from 3 mm thick sheet of Aluminium alloy
082-T6 (Fig. 1).

Dog-bone specimens were prepared using a CNC machine and
ubsequently LSP treated at the Polytechnic University of Madrid,
sing the laser with characteristics described in Table 1. The peen
verlap was 625 peens on square centimeter, with circular peens
f 1.5 mm  in diameter. The experimental setup is illustrated in

ig. 2.

When thin specimens are laser peened, they are usually fixed
igidly to a backing plate in order to avoid unwanted shock wave
eflections on the back side of the specimen. However, this rigid
Fig. 1. Geometry of the specimen.

fixing can cause undesirable local variation in residual stresses
introduced in the specimen.

Therefore, it was  decided to fix the specimen in two points only,
allowing it to deform freely, in combination with short impulse
times that in fact ensure elastic shock reflection on the back side of
the treated specimen.

Residual stresses inserted by the LSP treatment were measured
at Elettra Synchrotron facility, MCX  Beamline, in Trieste, Italy. The
residual stresses were measured at the edge of the open hole, for
the two different types of specimens (specimen LSP treated with
pre-existing open hole, i.e. hole before, and specimen with the hole
drilled on the LSP treated area, i.e. hole after).

Fatigue tests were performed at R ratio of 0.1 for maximum
nominal stresses ranging from 120 MPa  to 160 MPa. Additional tabs
were bonded to the clamped sides of the specimens in order to
avoid fretting fatigue damage. A total of 15 specimens was  tested;
five for each case (hole before, hole after, baseline). Even if five spec-
imens are not sufficient for constructing a statistically significant
S–N curve, the trends obtained from fatigue testing are very clear.

An analysis of fracture surfaces of the two types of specimens
(“hole before” and “hole after”) was  performed at the University of
the Witwatersrand, South Africa, using a Scanning electron micro-
scope (SEM) FEI NOVA 600 NanoLab.

3. Results

3.1. Residual stress measurement

The obtained results relative to synchrotron beam energies of 9,
12 and 15 keV are given in Table 2 together with the attenuation
length [�m] hole before [MPa] hole after [MPa]

9 109 −76.30 −127.09
12 256 −46.22 −129.54
15 497 −117.68 −175.81
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Fig. 2. Exp

he synchrotron beam needs to enter the material and reflect back
o the measuring sensor. A good description of application of syn-
hrotron radiation for residual stress measurement can be found in
ef. [21].

The results are relative to the residual stresses close to the open
ole, in the longitudinal direction of the specimen, i.e. the direc-
ion of the fatigue loading, Fig. 3. It can be seen that the amount of
ompressive residual stresses is bigger in the case where the open
ole is drilled after the LSP treatment, giving the first indications
n the positive effects introduced by drilling the hole only after the
SP treatment has been made.

.2. Fatigue testing and fractography

Table 3 summarizes the results obtained from fatigue testing,
hile the same results can be seen graphically in Fig. 4.

First obvious result of this testing campaign is that drilling the
ole after the LSP treatment can indeed increase fatigue lives of
reated specimen.

In fact, the LSP treatment is effective in increasing the fatigue
erformances of the thin open-hole specimens when performed
efore the hole drilling. On the contrary, when the LSP treatment

s performed on the specimens with a pre-existing hole, it is detri-
ental on the fatigue performances.
The fractographic analysis has shown that in fact, both the “hole

efore” and “hole after” case present crack initiation points in the
id-section of the thickness of the specimen.
Fig. 5 shows the fractographs of the tested specimens for the

ominal maximum stresses of 130, 140 and 150 MPa, respectfully,

nd the crack initiation point is evidenced with the thick line. It can
e seen that for both types of specimens (“hole before” and “hole
fter”) crack initiated beneath the surface of the specimen.

ig. 3. Examined specimen with the position and the direction of measured residual
tresses.
ntal setup.

4. Finite element analysis

The FEM analysis was  performed using a commercial finite ele-
ment code ABAQUS/Explicit. The aim of this simplified FEM analysis
was to obtain the qualitative distribution of residual stresses along
the depth of the specimen at the edge of the hole which was  diffi-
cult to measure experimentally with resources available. The lower
compressive residual stresses recorded in the “Hole Before” speci-
men  in comparison with the “Hole After” ones do not justify alone
the lower fatigue performances of the “Hole Before” specimens
respect to the Baseline.

The approach used for FEM modelling of LSP process defines the
behavior of the treated material under shock loading conditions,
giving as an input the resulting pressure of the created plasma,
rather than modelling the LSP process in its whole, which would
increase substantially the complexity of the analysis, and this was
the approach used in the present analysis, as well.

The parameters that need to be defined for a simulation of LSP
process are the material model and the size and the shape of the
surface on which the pressure is applied. The response of the treated
material under shock loading, in the context of LSP modelling, is
usually described with:

• Hugoniot elastic limit model [22] in which dynamic yield stress
and ultimate strength are defined;

• Johnson–Cook material model [23] model defined by parameters
that take into account the plastic strain, strain rate and tempera-
ture change of the material under shock loading. It is important to
emphasize that this material model is purely empirical and that
the material constants need to be determined experimentally for
each application.

In order to define the necessary input parameters for a FEM anal-
ysis, laser power density (GW/cm2) and pulse duration (ns) need
to be correlated to the properties of the created shock pulse, i.e.
pressure pulse intensity (GPa) and its duration (ns). The results in
[16] present experimental correlation between these parameters.

The analysis was  composed of a loading step in which the laser
peen is applied, and a relaxation step, during which the model
returns in an equilibrium state. Both the loading and relaxing steps
were performed in ABAQUS/Explicit as suggested in Ref. [24].

The size of the analyzed specimen was 50 mm × 25 mm × 3 mm
with an open hole of 5 mm  in diameter (Fig. 6), simulating the
central part of the specimen, only. Encastre boundary condition

were defined on two edges of the specimen as illustrated in Fig. 6,
simulating the fixing conditions used during the LSP treatment.

The simulated conditions were 2 GW/cm2 and 10 ns pulse dura-
tion on a 8 mm  × 8 mm  square peen. These process conditions were
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Table  3
Fatigue lives with different operation sequences at R = 0.1 (BL = baseline).

�max(MPa) BL (cycles × 104) Hole before (cycles × 104) Hole before/BL (difference) Hole after (cycles × 104) Hole after/BL (difference)

120 17.54 10.46 0.59 60.04 3.42
130  13.32 5.68 0.42 18.16 1.36

16.08 2.44
14.25 1.80
6.63 1.65
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Table 4
Loading definition.

Time 0 ns 5 ns 20 ns 25 ns
Pressure 0 GPa 2 GPa 2 GPa 0 GPa

Table 5
Johnson–Cook parameters for 6082-T6.

A B n C m Ref.
140 6.58 5.41 0.82 

150  7.87 3.87 0.49 

160 3.99 2.62 0.65 

hosen with the idea of using plausible process setup that could
ave been used in a hypothetic LSP treatment of thin specimens,
aintaining in the analysis the same material model and boundary

onditions that would be used in a full analysis that would consider
igh density of smaller laser peens.

It is important to point out that the performed analysis did not
ave the aim of simulating actual LSP process used in the exper-

mental part of this work, due to the fact that very high density
f laser peens was used which would increase substantially the
omplexity and the calculation time of the analysis.

In fact, a simplified analysis was performed, simulating one big
aser peen only, since the expected result from this analysis was to
nd the qualitative difference between the “hole before” and “hole
fter” case.

Two models were considered:

In the first one the load was applied after the hole was  realized.
In the second one the hole was realized after the LSP treat-
ment simulation, using the model change command available
in ABAQUS. This command deactivates the elements that have to
be removed, simulating effectively the realization of the hole.

The mesh around the open hole area was denser in respect to
he rest of the model, with the element size of about 0.3 mm.  The

esh of both the models has been realized using compatible mesh
eeds. Total number of elements used is 49,560 CD38R solid 3D
lements, 51,920 if the hole is realized after the LSP treatment. Only

ne laser peen was simulated, with the dimensions 8 mm× 8 mm.
his choice reduced to minimum calculation times and allowed to
btain quickly the indications on the differences between residual
tress distributions in the two observed cases (drilling of the hole

Fig. 4. Effect of the operations sequence: �m
428.5 327.7 1.008 0.00747 1.31 [25]

before or after the LSP treatment). The laser peens were simulated
one shot at a time, one on each side of the specimen.

Loading was defined on a square peen as surface pressure trape-
zoidal pulse, as reported in Table 4.

The material model used to simulate the behavior of the material
under shock conditions was Johnson–Cook model [23], Eq. 1, an
empirical model with materials constants available in the literature
[25], Table 5.

� = (A + B�n
eq)

[
1 + C ln

(
�̇
�̇0

)] [
1 −

(
T − T0

Tm − T0

)m
]

(1)

Residual stresses obtained as a result of this analysis and illus-
trated in the following figures are �1 (the ones in the direction 1,
the direction of fatigue loading), along the depth of the specimen,
at the edge of the hole (see directions in Fig. 3 and path in Fig. 6).
Fig. 7 illustrates the residual stress distributions obtained for the

two observed cases.

Even with an extremely simplified simulation of the LSP process
as this one, it can be noted that:

ax vs fatigue lives of tested specimens.
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F  First r
H 0 MPa

•

•

ig. 5. Fracture surfaces of tested specimens with crack initiation points indicated.
B  and HA for nominal stress 140 MPa. Third row: HB and HA for nominal stress 15

If the LSP treatment is realized after the hole is drilled, ten-
sile stresses develop inside the hole. This result is in line with
the reduction of fatigue life in comparison with the base line
specimens. It is also in line with preliminary residual stress mea-
surements done at Elettra Synchrotron and observations from the
previous experimental campaign [20], i.e. the nucleation of the
cracks began inside the specimen and not on the surface.

If the hole is realized after the LSP treatment, the residual stress
distribution is completely in compression. This result supports
the experimental findings of increased fatigue life of the dog-bone
specimens.
ow: hole before (HB) and hole after (HA) for nominal stress 130 MPa. Second row:
.

It  is also important to compare the residual stress distributions
between the as-peened case (the dog bone specimen without a
hole) and the one in which the hole is realized after the LSP treat-
ment. In Fig. 8 the redistribution of residual stresses once the hole
is realized is clearly visible.

Another consideration is reserved to the case of simultaneous
treatment on the both sides of the specimens, as suggested in the

literature [17]. In this case, the FEM analysis was  performed by
simulating the laser peen on both sides of the specimen simultane-
ously and the results are given in Figs. 9 and 10.  It can be seen that
the residual stress profiles are symmetric in respect to the center
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Fig. 6. Geometry considered in the simulation.

Fig. 7. Residual stresses distribution along the depth of the specimen.

Fig. 8. Residual stresses distribution along the path before and after the hole is
realized.

Fig. 9. Residual stresses distributions for the case hole + LSP. The effect of simulta-
neous peening.

Fig. 10. Residual stresses distributions for the case LSP + hole. The effect of simulta-
neous peening.
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ine and, while in the case of the hole + LSP specimen the results
re not showing significant difference, Fig. 9, the case of LSP + hole
pecimen shows drastically different behavior, Fig. 10.

. Discussion

The practical implications of results obtained in this work is that
SP can be a good solution for “in production” application, in which
oles are to be drilled after the LSP treatment. The application in
hich LSP is used “in service” has proven to be impracticable due

o negative effects on fatigue lives that were encountered on the
pecimens with the hole already present.

Experimental results have indicated compressive residual
tresses on the surface of both the types of specimens, and these
tresses need to be balanced by tensile stresses beneath the surface.
earing this in mind, it can be stated that the observed crack ini-
iation points beneath the surface of the specimens are caused by
he presence of tensile residual stresses, which are higher in mag-
itude for the “hole before” case, evidenced by significantly lower

atigue lives.
It is important to point out that the previous research [20]

as evidenced that the leaving the “hole before” specimens in as-
eened state, polishing them locally inside the hole or polishing
hem completely, did not show any difference among them in
bserved fatigue lives. Therefore, the conclusion was  that the intro-
uced tensile residual stresses were so high that the effect of the
dge of the hole and the roughness of the post-LSP treated surface
id not contribute significantly to fatigue results. These residual
tresses should be mainly influencing the crack initiation phase,
ather than crack propagation phase, due to the progressive relax-
tion of residual stresses once the crack has formed.

The result of finite elements analysis clearly indicates the impor-
ance of the simultaneous peening on both side of the specimen,
ince treating one side at the time introduces asymmetric residual
tress profiles and, furthermore, does not reach the same levels of
ompressive residual stresses in the mid-section of the specimen,
s in two side simultaneous treatment.

. Conclusions

From the results presented in this work, it is possible to draw
he following conclusions:

LSP needs to be optimized for every application used, specially
when it comes to low thickness specimens.
The experiments in the LPwC configuration have shown that
the sequence of operations plays a crucial role in increasing the
fatigue life of the treated specimens.
If the hole is realized after the LSP treatment is performed on the
specimen, the fatigue life increase is up to three times more than
the life of the baseline specimens.
If the hole is realized before the LSP treatment is performed on
the specimen, the fatigue life decrease is about two times less

than the life of the baseline specimens.
Fractographic analysis has indicated that for both types of spec-
imens (hole before and hole after), crack initiated beneath the
surface of the specimen.

[

[
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• Given the difficulty of realizing measurement of the residual
stress distribution along the hole, a qualitative approach can
be realized numerically using a simplified simulation of the LSP
treatment.

• The distributions of residual stresses obtained numerically, have
indeed evidenced the differences between the results relative to
the realization of the hole before or after the LSP treatment, and
their nature corresponds to the experimental findings.

• From the numerical activity it can be seen that realizing the LSP
treatment one side at the time is not the best option, performing
it simultaneously on both sides should give better results in the
terms of compressive residual stresses and so, fatigue life.
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