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Abstract: Laser shock peening (LSP) is a novel surface processing technique for improving the fatigue properties of metal parts, and

surface roughness is a critical parameter when fatigue strength resistance is concerned. In this paper, a three-dimensional (3D) finite

element model was developed in order to assess the surface roughness evolution induced by multiple LSP. A modified finite element

analysis (FEA) method was used to compute the vertical displacements profiles, and discrete data obtained from the numerical

simulations were subsequently input to the proposed discretized formula to calculate the surface roughness R,. The results obtained

from the numerical simulations are in good agreement with the experiment data from open literatures, which validates the proposed

approach. After the validation of the numerical model, a parametric study was conducted in order to predict the effects of overlap

rates, number of impacts, and pulse energy on surface roughness R,.
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Laser shock peening (LSP) has emerged to be a new and
promising technique because it can significantly improve the
fatigue behavior of metallic components by inducing
121" Other applications of LSP
are aimed at improving the corrosion resistance and wear

compressive residual stresses

resistance of the material®™*. Comparing with other traditional
surface treatment methods, LSP produces deeper compressive
residual stress to the surface of the metallic targets, more
uniform stress distribution, and less risk of microstructure
dmage U7

Surface roughness from the LSP process plays a highly
important role on fatigue lives of metallic components, and
many investigations have concentrated on experimentally to
investigate the influences of the LSP process parameters on
surface roughness of the target. For instance, Petan et al.!®
investigated the effects of laser pulse density and spot
diameter on the surface roughness of X2NiCoMol8-9-5

1.” analyzed the influences of LSP

Maraging steel. Irizalp et a
parameters, including number of laser impacts and spot size

on the surface roughness. Salimianrizi et al. '” analyzed the
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effects of beam overlapped rates, number of laser shots and
scanning pattern on surface roughness. Shadangi et al.!''
investigated the influences of LSP time on surface roughness
of interstitial free steel through an experiment. Kalainathan et
all"” investigated the influences of LSP pulse density on
surface roughness of 316L steel.

In most cases, the effect of LSP parameters on surface
roughness is studied by means of experimental trials which are
expensive and time-consuming. Recently, the finite element
analysis (FEA) method has been used to study the effect of
LSP parameters on residual stress and surface displacement in
metallic components[13 181 However, few studies have focused
on the influences of LSP parameters on surface roughness by
FEA method. In this paper, the mean arithmetic roughness (R,)
was obtained from the statistics of nodal vertical
displacements along some sample paths based on the
presented  discretized formula. The nodal vertical
displacements were predicted by a modified FEA method!”.
Benchmark simulation for the mean arithmetic roughness was

validated by comparing the computed results with available
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LSP experimental results. After the validation of the numerical
model, the effects of overlap rates, number of impacts, laser
pulse energy on surface roughness of 2050-T8 aluminum alloy
processed by multiple LSP with square spots were discussed.

1 Definition of the Surface Roughness Parameter

Among all the parameters for quantifying roughness, the
mean arithmetic roughness (R,), defined by Eq.(1), is by far

the most frequently chosen surface parameter'®'"..

1
R, :7£f(x,z)dx (1)

where | f (x,z)| represents the distance between the target
surface node coordinate (x, z) and the mean line within
sampling length, / (see Fig. 1).

According to the definite integral theory, the discretized
formula of the mean arithmetic R, can be expressed as:

P ST (. @

represents  the nodes,
(x,,, —x,) represents node spacing, and z; represents the
vertical displacement along the direction of LSP.

where m number of the

The mean line is usually written as:
z=Kx+D 3)
where K is the slope of the straight line and D is the z-axis
intersection, the mean line can be obtained by least square
method in commercial software Matlab. | f (x,.,z,.)| can be
defined by:
|z, — Kx, - D|

|f(xi’Zi )| = W (€]

when node spacing (x,,—x,) is constant, after some
manipulation , this leads to the following expression for R,

1 m

2 Numerical Simulation

R, = |z, — Kx, - D] ®)

i

2.1 Description of FEA model

A three dimensional (3D) model developed using com-
mercial finite element code ABAQUS was used to simulate
the process of 25 square laser spots impacting on the target
surface. The target was modeled as a rectangular body (40
mmx40 mmx5 mm) and the shocked region was located in the

(xi, 2))

Mean line

Fig. 1 Calculation of the profile roughness parameter R,

center of the upper face (Fig.2a). Target mesh was set up by
25322495, C3D8R finite elements and CIN3D8 infinite
elements (Fig.2b). The element size of 150 umx150 umx100
pm was used near the shocked region.
2.2 Material model

The material used in this study is 2050-T8 aluminum alloy.
Young's modulus, poisson's ratio, and density of 2050-T8
aluminum alloy are 72 GPa, 0.33, and 2750 kg/m3,
respectively. The typical strain rate is as high as 10%s in the
LSP process. In this work, the dynamic behavior of the

129 which is

material is defined with a Johnson-Cook mode
widely used to represent high strain rate phenomena. The

Johnson-Cook equation is as follows:

0—(A+Bsg){l+Cln£.iﬂ ©)

€

where o is the equivalent flow stress, ¢ is the equivalent

plastic strain, ¢ represents dynamic strain iate, and ¢, isthe
quasi-static strain rate; 4, B, C and n are considered to be the
material constants called Johnson-Cook constitutive constants.
The parameters of Johnson-Cook model for the material are
listed in Table 1",
2.3 LSP pressure loading

During the LSP process, the high magnitude stress wave is
generated by the interaction between the high power densities,
short pulsed lasers and materials, the peak shock pressure (P,
GPa) can be calculated by Eq.(7)*:

I 40 mm

Fig.2 3D FEM (a) and 3D FEM mesh (b)

Table 1 Johnson-Cook model constants for 2050-T8
aluminum alloym'
A/MPa B/MPa n C &, /8"

510 200 0.45 0.02 0.01
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P=1.651, 7)
where I, is the absorbed laser power density, GW/cm®.

In this study, because square spot shows better homogenous
in intensity, the spatial distribution of shock pressure was
presumed to be uniform. The temporal profile of the impact
pressure evolution obtained from experiments is shown in
Fig.3 ",

In the work, we imposed 25 pressure pulses impacting the
target surface successively as shown in Fig.4. The overlapping
rate ¢ was defined by the equation:

= AT;I x100% )]

where d is laser spot size, and Ad is the distance between two
adjacent laser impacts.
2.4 Numerical model validation

A modified explicit procedure”

was adopted to get the
coordinates (x;) of the nodes on the whole impact area and
their assigned vertical displacement (u;=z;). The modified
explicit simulation approach adopted for LSP contains two
analysis steps. The first is used for each LSP with a short
duration explicit approach until the kinetic energy appro-
ximates zero. The second is used for the final shot with an

extended-duration explicit approach instead of implicit analysis.
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Fig.3 Normalized pressure pulse induced by a 8~10 ns laser pulse
used in ABAQUS
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Fig.4 Overlapping laser shock processing

A VDLOAD subroutine was used to generate impact position
and the impact sequence in ABAQUS/Explicit. In addition,
another routine has been developed in Matlab software, by
which the surface node data (x;z;) obtained from ABAQUS
are imported to get the mean line. Having defined the position
of mean line, the data (x; z;) are chosen to calculate the surface
roughness R, by Eq.(5) and at last make an average of surface
roughness R,. The schematic diagram for the roughness
parameter calculation is presented in Fig.5.

The numerical model was validated by comparing the
computed results with available LSP experimental results’>!,
in which two samples of 2050-T8 aluminum alloy with 14 mm
diameter-8 mm thick cylinders and 30 mm % 30 mm X 10 mm
square shaped plate were treated by LSP. In the experiments, a
power density of 5 GW/cm?, a laser spot diameter of 1.5 mm,
two overlapping rates of 50% and 25% were used for 14 mm
diameter-8 mm thick cylinders; a power density of 5 GW/cm?,
a laser spot diameter of 5 mm, and the overlap of 25%
were used for 30 mmx30 mmx10 mm square shaped plate in
the LSP process. The results obtained from FEA were
compared with the experimental data in Fig.6. As can be
observed in Fig.6, the comparison of the experimental and
surface shows a good
correspondence. This correspondence confirms the validity of
the numerical model.

numerical roughness  values

3 Results and Discussion

After the validation of the numerical model, a parametric
study was conducted in order to predict the effect of overlap
rates, number of impacts, and pulse energy on surface
roughness R,. Fig.7 shows the contour plot of the vertical
displacements (#;=z) of the surface when overlapping rate is
5%, and spot size is 3mm, and pulse energy is 8.75 J. The
corresponding vertical displacements (u3 =z) are considered
using the inserted black dot lines (see Fig.7), the data (x;z;)
are chosen to calculate the surface roughness R, by Eq.(5) and
at last make an average of the surface roughness R, .
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from FEA
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r Extracting surface node data ]
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of mean line proposed formulato obtain Ra

Fig.5 Schematic diagram for roughness parameter calculation
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Fig.7 Vertical displacements u3 caused by LSP treatment

3.1 Effect of overlap rate

The simulation was performed to evaluate the effect of
overlap rate on the surface roughness R, under the same pulse
energy of 8.75 J, spot size of 3 mm, and pulse duration of 10
ns. The overlapping rate was assumed to be 5% and 50%.
Fig.8 shows the variation of the vertical displacement of the
surface for 5% overlap and 50% overlap. Fig.8 shows that the
vertical displacement and indentation width are more larger
for 50% overlap. Similar results were observed in the previous
literature report . In Fig.9, the surface roughness of two
specimens treated by two overlap rates is compared. As
illustrated, the overlap rate could affect the surface roughness
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Fig.8 Vertical displacements profiles with different overlap rates
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Fig.9 Effect of overlap rate on surface roughness

and 5% overlap increases the roughness, which is verified by
Salimianrizi et al.!"".
3.2 Effect of multiple impacts

To evaluate the effect of multiple laser impacts on the
surface roughness, the pulse energy, spot size, pulse duration,
and overlap rate are defined to be 8.75 J, 5 mm, 10 ns, and
50%, respectively.

Fig. 10 shows the vertical displacement increases with
increasing the number of impacts. Fig.11 shows surface
roughness increases with the increase of the number of
impacts. Similar results have been reported by several
researchers”’!. These results can be explained as a result of
local plastic deformation which is induced by the increasing
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Fig.10 Vertical displacements profiles for multiple impacts
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Fig.12  Vertical displacements profiles for pulse energy
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Fig.13  Effect of pulse energy on surface roughness

LSP number, because the vertical displacement is introduced
onto the target surface by the increase of LSP number.
3.3 Effect of pulse energy

The surface roughness is influenced by the pulse energy. In
this work, the surface roughness was calculated (spot size 5
mm, pulse duration is 10 ns, and overlapping rate 50%), and
the pulse energy used for the simulation was assumed to be
3.75, 6.25, 8.75, and 11.25 J, respectively.

Fig. 12 shows the surface indentation becomes more
pronounced and vertical displacements increase with the
increase of the pulse energy, which is verified by Chu et al.*®.
Fig. 13 shows surface roughness increases with increasing
laser pulse energy. Qiao et al.”” reported a similar effect of
the pulse energy on the surface roughness. To explain this
phenomenon, the local plastic deformation caused by the
should be
consideration. The shock waves induced by LSP increase with

plasma-induced shock waves taken into

the increase of pulse energy.
4 Conclusions

1) A modified FEA method is used to compute the vertical
displacements profiles.

2) The discretized formula for surface roughness R, is
proposed based on the definite integral theory.

3) The numerical model is used to predict the surface
roughness by applying the computed results as inputs to
analytical equations. The comparison with experimental
results allows to affirm that the model is a useful tool to
predict surface roughness parameters.

4) The vertical displacements increase with the increase of
overlap rates, the number of impacts, and pulse energy.

5) Surface roughness increases with increasing the number
of impacts and pulse energy; compared with 5% overlap, 50%
overlap can generate lower roughness.
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