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ABSTRACT

A two-dimensional finite element model is developed to
simulate the interaction between metal samples and laser-
induced shock waves. Multiple laser impacts are applied at each
location to increase plastically affected depth and compressive
stress. The in-depth and surface residual stress profiles are
analyzed at various repetition rates and spot sizes. It is found
that the residual stress is not sensitive to repetition rate until it
reaches a very high level. At extremely high repetition rate (100
MHz), the delay between two shock waves is even shorter than
their duration, and there will be shock wave superposition. It is
revealed that the interaction of metal with shock wave is
significantly different, leading to a different residual stress
profile. Stronger residual stress with deeper distribution will be
obtained comparing with lower repetition rate cases. The effect
of repetition rate at different spot sizes is also studied. It is found
that with larger laser spot, the peak compressive residual stress
decreases but the distribution is deeper at extremely high
repetition rates.

Keywords: Laser shock peening, repetition rate, finite
element modeling

1. INTRODUCTION

Laser shock peening is a cold working process which is used
to improve material properties like surface hardness, fatigue life,
wear and corrosion resistance, etc. [1, 2, 3]. It is widely used to
treat turbines, fans, compressor blades, aircraft and automotive
parts. When the material is irradiated by high power density laser
pulses, shock waves are generated, which plastically deform the
material surface and induce high compressive stresses within
subsurface area. The amount of residual compressive stress and
plastically affected depth depend on laser parameters (laser
power density [4, 8, 9], pulse duration [8], wavelength [7], spot
size [3, 4, 8, 9] and shape [4, 5]), materials, ambient
environment, etc. To improve the application of laser shock

peening, it is of critical importance to optimize the process by
fully understanding the effects of different parameters. Extensive
studies have been devoted to this area. Previous studies have
demonstrated the benefit of using multiple shocks at the same
location to increase the magnitude and depth of residual stresses.
But the effect of time interval between successive spots which is
determined by repetition rate has not been studied yet.
Recently, thanks to the advance of laser technology, high
repetition rate lasers could significantly improve this technique
by increasing compressive residual stress and plastically affected
depth. This research studies the effect of laser repetition rate at
different spot sizes on the final shock peening results such as
peak residual stress and plastically affected depth by finite
element modeling.

2. RESIDUAL STRESS GENERATION

The propagation of shock waves through the metal causes it
to deform plastically when the pressure of shock wave is greater
than Hugoniot limit of the material [1, 2, 3]. Hugoniot elastic
limit is the maximum stress a material can withstand in uniaxial
direction without undergoing plastic deformation.
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Figure 1. Generation of residual stress
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Figure 1(a) and (b) show the effect of shock waves on the
material. The top layers of the material under the influence of
shock wave expand plastically. The expansion of material
decreases with increase in depth and finally becomes zero. The
tensile plastic deformation of the surface layers induces
compressive residual stress which decreases with increase in
depth. The expanded layers try to push away the material
surrounding it inducing compressive plastic deformation. The
residual stress becomes tensile around the affected area because
of the compressive plastic deformation [4].

Figure 2 shows the variation of residual stress in depth
direction for Imm spot diameter. It varies from -426.08MPa to
82.85MPa. The peak value of tensile stress is less than peak
value of compressive stress. But the volume of material in tensile
state is greater than the volume in compressive state to attain
equilibrium in the workpiece.
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Figure 2. Residual stress distribution along depth for Imm spot
size predicted using axe-symmetric model.

After the pressure is removed, the relaxation waves
generated at the boundary of affected area causes reverse
straining, resulting in a decrease in residual stress [3, 5, 6, 7].
The reverse straining is more in the top layers of the material
because of the free degree of freedom in z-direction. It causes
stress hole at the center of circular spot because of the
concentration of relaxation waves. This effect is less for square
or rectangular spot shapes because of the absence of
concentration of relaxation waves [5]. High magnitude and
long duration of pressure pulses also increases the strength of
relaxation waves. This is because of the increase in deformation
of the material which generates stronger opposition from the
boundary of the spot.

3. LASER REPETITION RATE

Material is subjected to multiple laser shots at the same
location to increase peak compressive stress and plastically
affected depth [2, 3, 8, 9, 10, 11, 12, 13]. The time interval
between successive laser spots is determined by the repetition
rate. Due to recent developments, lasers with very high
repetition rates of 100 MHz have been developed, which open
new possibilities of LSP by introducing completely different
pressure-material interaction dynamics.

The effect of repetition rate is studied at 0.1 MHz, 1 MHz,
10 MHz and 100 MHz for spot diameters of 1 mm, 100 pm and
10 um. The repetition rate can be characterized into three
regimes. It takes about 1073 s for the material to relax completely
after irradiation of single laser pulse [4]. Therefore, repetition

rates below 0.1 MHz can be considered to be the low repetition
rate regime, where the material is completely relaxed between
two successive pressure pulses. It is only partially relaxed at
higher repetition rates. As shown in Figure 5, the pressure load
introduced by a laser pulse can last for 50 ns, and thus there is no
overlap of consecutive pressure pulses for repetition rates lower
than 20 MHz. The pressure profile changes due to the overlap of
consecutive pulses at repetition rates higher than 20 MHz, which
is considered as the high repetition rate regime. For repetition
rate of 100 MHz, the peak pressure is 1.6 times of that by a single
pressure pulse. The repetition rate regime in between is the
moderate regime.

To study the effect of pressure pulse overlap, repetition rates
of 20 MHz and 33.3 MHz are used. The pressure pulses are
applied one after the other without allowing the material to relax
between successive spots at a repetition rate of 20 MHz. The
overlap between successive pressure pulses does not change the
peak pressure at 33.3 MHz. Repetition rates of 142.9 MHz and
200 MHz are also studied to check for the extent of change in
plastically affected depth after 100 MHz.

Figure 3 and Figure 4 show the overlap of pressure profiles
at repetition rates of 33.3MHz and 100MHz respectively. It is
assumed that the profile of the incoming pressure wave will not
be affected by the former pulse and the material properties
remain unchanged.
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Figure 3. Overlap of pressure profiles at repetition rate of 33.3
MHz.
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Figure 4. Overlap of pressure profiles at repetition rate of 100
MHz.

4. NUMERICAL MODEL

Since LSP is a fast process, it is difficult to experimentally
study the propagation of shock wave and stress generation within
the component at each time step. Therefore, a numerical model
is needed to study the effect of input parameters and to optimize
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them to increase peak compressive stresses and plastically
affected depth.

The numerical model for LSP typically consists of two
steps. In the first step, the laser material interaction is studied to
determine the spatial and temporal pressure profiles induced into
the sample. Extensive studies have been going on to determine
the pressure profiles using models such as two-temperature
model, hydrodynamic model etc. In the second step, the
calculated pressure is applied as the surface load in the finite
element model to obtain final residual stress profile in the
material. This research focusses only on the second step since
our aim is to study the effect of the laser repetition rate. The
temporal pressure profile is borrowed from the conclusion of
Ref. [14], where the laser parameters are pulse duration of 10 ns,
pulse energy of 3 J and wavelength of 1064 nm, as shown in
Figure 5 It raises to peak value in 10 ns and then gradually
decreases. Based on this, the spatial pressure profile is calculated
according to the Gaussian distribution:

2
P(r,t) = P(t) exp (- =) (1)
where P is the pressure, r is the distance from laser spot center,
R is the laser spot radius, and x and y are coordinates of
integration point. Figure 6 shows the Gaussian spatial
distribution of pressure.
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Figure 5. Temporal profile of pressure for a laser with FWHM
of 10ns, pulse energy of 3J and wave length of 1064nm.
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Figure 6. Gaussian spatial distribution of pressure.

A 2D axisymmetric computational domain (Figure 7) is set
up in ABAQUS to simulate the material deformation under the

surface pressure load [1,2,3]. It is useful to study the effect of
multi-pulse shooting on the same spot. Since the affected area is
very small compared to the size of the workpiece, only a small
part of the workpiece is modeled. CAX4R (4-node bilinear
axisymmetric quadrilateral, reduced integration and hourglass
control) elements are used for finite computational domain.
Infinite elements (CINAX4) are used to provide quiet boundaries
around the finite domain. The size of finite domain is chosen
such that the residual stress profile is not affected by the further
increase in size of the domain. The size of the mesh is chosen
based on mesh sensitivity analysis. Mesh sensitivity analysis is
decreasing the size of the mesh till the results become consistent.

A user subroutine *VDLOAD is used to model temporal and
spatial variation of pressure on the sample surface [7, 16, 18, 19].
ABAQUS/Explicit algorithm is used to obtain the dynamic
material response. The workpiece is subjected to the shooting of
four laser pulses at the same location with different repetition
rates. For lower repetition rates where there is no overlap of
pressure pulses, each pressure pulse is given in a step with step
time equal to repetition rate. At high repetition rates where there
is temporal overlap between pressure pulses, the overlapping
pressure pulses are specified in a single step. The overlap of
pressure pulses is specified using amplitude definition, based on
the assumption that the consequence pressure pulses have linear
superposition.
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Figure 7. Axe-symmetric model set up for Imm spot diameter.

In LSP, the material is strained at high rates exceeding 106
s-1. At this high strain rate, the yield strength and elastic modulus
of the material change. Hence, a model which accurately
captures the elastic-plastic material behavior is required.
Amarchinta et al. has compared elastic perfectly plastic (EPP)
model, Zerilli-Armstrong (ZA) Model and Johnson-Cook (JC)
model in [20] and concluded that the results from JC model are
consistent with experimental results. Hence, the elastic-plastic
behavior of 1045 steel is modeled using JC equation
[2,4,7,13,15,17,19,20,21,22,23,24,25]. The flow stress is
calculated as a product of strain hardening term, strain rate
dependent term and temperature term [19]. Because of the short
time scale, the process is considered as adiabatic and the
temperature term is neglected. The equation is given as
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where ¢ is flow stress, € is strain, € is strain rate, A is yield
stress, B is work hardening modulus, n is work hardening
coefficient and C is strain rate sensitivity. The material constants
A, B, C and n need to be determined experimentally. The
constants for 1045 steel are shown in Table 1 [17,24].

Table 1. Material properties of 1045 steel [17, 24]

Properties Value
Density 7580 kg/m®
Youngs modulus 206GPa
Poisson’s ratio 0.3

A 507MPa
B 320MPa

C 0.064

n 0.28

5. RESULTS AND DISCUSSION
5.1 Benchmark simulation

To validate the numerical model in the current research, a
2D model is replicated using parameters in [3]. The surface stress
profile in r direction for a mesh density of 0.5 are compared with
FEA data and experimental data from Ref. 3. Figure 8 shows that
the developed model is consistent with the numerical model from
the literature. The small differences in the residual stress values
are attributed to the missing simulation setup parameters like size
of time increment and total step time of implicit process.
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Figure 8: Surface stress profile from benchmark simulation

5.2 Effect of repetition rate

The surface (along r) and in-depth (along z) distributions
(Figure 9) of residual stresses are compared at different
repetition rates for a spot of diameter 0.1 mm. Figure 10 shows
that repetition rates below 10 MHz do not have significant
impact on in-depth stress distributions. High residual stresses of
820 MPa are induced to a greater depth at high repetition rate of
100 MHz. This is because of the increase in amplitude of the
pressure due to overlapping laser pulses at 100 MHz. Figure 11
shows that the surface stress profiles remain unaffected for
repetition rates lower than 10 MHz. At high repetition rate of 100
MHz, the surface stresses become tensile (600 MPa). This is
attributed to the increase in relaxation of surface residual stress

due to free degree of freedom in z direction with increase in
pressure magnitude (for constant spot size).

Along surface(r)

Along depth(z)

Work piece

Figure 9. Illustration of surface and in-depth directions
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Figure 10. Comparing in-depth residual stress distributions at
repetition rates of 0.1MHz, IMHz, 10MHz and 100MHz for a
spot diameter of 0.1mm.
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Figure 11. Comparing surface residual stress distributions at
repetition rates of 0.1MHz, IMHz, 10MHz and 100MHz for a
spot diameter of 0.1mm.

The effect of repetition rates between 10 MHz-100 MHz and
after 100 MHz are studied, considering the rapid increase in peak
value and affected depth of compressive stress from 10 MHz to
100 MHz. Figures 12 and 13 shows the variation of in-depth and
surface stress profiles between repetition rates from 10 MHz to
200 MHz. For repetition rate of 20 MHz, there is no time for
relaxation between consecutive pressure pulses and for repetition
rate of 33.3 MHz, the overlap between successive pressure
pulses does not change the peak pressure and the peak
compressive stress. At the repetition rates of 20 MHz and 33.3
MHz, the peak compressive stress is constant but the plastically
affected depth decreases compared with the repetition rate of 10
MHz. This is due to decrease in the depth travelled by the
incoming pressure wave because of the effect of active relaxation
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waves in depth (z) direction. The depth and peak compressive
stress increase with the increase in repetition rates after 100 MHz
due to the increase in peak magnitude of pressure by pulse
superposition.
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Figure 12. Comparing in-depth residual stress distributions at
repetition rates of 33.3MHz, S0MHz, 10MHz and 100MHz for a
spot diameter of 0.1mm.

As shown in Figure 13, the peak surface tensile stress at the
center decreases between repetition rates of 10 MHz and 100
MHz, and then increases after 100 MHz. The tensile stress at the
center increases with the increase in peak pressure magnitude.
For repetition rates of 20 MHz and 33.3 MHz, the peak
magnitude remains the same as the magnitude at 10 MHz but
there is no time interval between successive pulses. The
continuous pressure pulse decreases the effect of relaxation
waves at the center.
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Figure 13. Comparing surface residual stress distributions at
repetition rates of 33.3MHz, S0MHz, 10MHz and 100MHz for a
spot diameter of 0.1mm.

The spot diameter is increased to Imm to study the effect of
repetition rate at larger diameters of the pulse. Figure 14 and
Figure 15 show the variation of in-depth and surface stress
profiles at various repetition rates for spot diameter of 1 mm. The
compressive stress and plastically affected depth are not
significantly affected by repetition rates below 10 MHz. At high
repetition rate of 100 MHz, the peak compressive stress and
plastically affected depth increases abruptly because of the
increase in peak magnitude of pressure due to overlapping laser
pulses. Surface tensile stresses are absent for larger spots
because the strength of the relaxation waves is not sufficient to
cause significant reverse straining at repetition rates below 10

MHz. However, at high repetition rate of 100 MHz, the
overlapping pressure pulses generate strong relaxation waves
which cause tensile stresses at the center of spot.
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Figure 14. Comparing in-depth residual stress distributions at
repetition rates of 0.1MHz, IMHz, 10MHz and 100MHz for a
spot diameter of Imm.
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Figure 15. Comparing surface residual stress distributions at
repetition rates of 0.1MHz, IMHz, 10MHz and 100MHz for a
spot diameter of Imm.

The diameter of the spot is decreased to 0.01 mm to study
the effect of repetition rate for smaller laser pulses. Figure 16 and
Figure 17 shows the variation of in-depth and surface stress
profiles at various repetition rates for spot diameter of 0.01 mm.
There is no significant effect of repetition rates below 10 MHz
on stress profiles. The peak compressive stress and plastically
affected depth are high at high repetition rate of 100 MHz due to
overlapping of the pressure pulses. The surface stresses are
tensile from r/2 for all repetition rates. The reverse straining has
the dominant effect at the boundary of the spot instead of center
because of the very small size of the affected area. However, the
reverse straining decreases at high repetition rate of 100 MHz.
Due to overlapping pressure pulses at 100 MHz and very small
size of the spot, the metal is highly deformed affecting the metal
outside the spot boundary (600 MPa residual stress outside the
spot boundary).
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Figure 16. Comparing in-depth residual stress distributions at
repetition rates of 0.1MHz, IMHz, 10MHz and 100MHz for a
spot diameter of 0.01lmm.
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Figure 17. Comparing surface residual stress distributions at
repetition rates of 0.1MHz, IMHz, I0MHz and 100MHz for a

spot diameter of 0.01mm.

5.3 Effect of spot size at constant repetition rates
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Figure 18. Comparing in-depth residual stress distributions at
repetition rate of 100MHz for a spot diameter of Imm, 0.1mm,
0.01lmm.

The effect of spot size is studied at constant repetition rate
to understand the variation of peak compressive stresses. The
stress profiles for different spot sizes are plotted along
normalized distance. The normalized distance is defined as the
ratio of true distance at point to the total distance of the path.
Figure 18 shows the variation of in-depth profiles with spot size
at constant repetition rate of 100 MHz. It should be noticed that
the peak laser-induced shock wave is kept the same for all laser
diameters. The peak compressive stress is high for small spot
diameter of 0.01 mm. With increase in spot size, the peak

compressive stress decreases due to planar relaxation of the
shock wave. Therefore, small beam diameter is beneficial to
induced higher compressive residual stress, but it will be slower
to treat large surfaces.

6. CONCLUSION

In this study, the effects of repetition rate, spot size, and
scanning pattern of LSP are investigated by numerical analysis.
It is revealed that at low repetition rates, where the interval
between successive pulses is longer than the material relaxation
time, the effect of repetition rate on residual stress distribution is
negligible. For repetition rates with less overlap between
successive pulses, the peak compressive stress remains the same
as the value at lower repetition rates, but the plastically affected
depth decreases because of the interaction between the relaxation
wave and the incoming pressure pulse. At very high repetition
rates (>100 MHz), where the time interval between successive
pulses is even shorter than the shock duration, the interaction of
metal with shock wave is significantly different, leading to a
different residual stress profile. Stronger residual stress with
deeper distribution are obtained compared with lower repetition
rate cases.

The effect of repetition rate on the residual stress in-depth
distribution at different spot sizes is also studied. Deeper
distributions with high residual stress are obtained at different
spot sizes at high repetition rates. However, the peak
compressive stress decreases with increase in spot size. At lower
repetition rate, the surface tensile residual stresses are high for
smaller spot size. At very high repetition rates, due to stronger
pressures acting on very small area, the surface tensile stresses
for smaller spot decreases and high compressive stresses are
induced outside the spot boundary.
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