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Abstract

The features of laser shock peening technology was studied in relation to the physical pro-
cesses occurring during and after laser treatment. The effect of laser parameters on the
results of the process was investigated. It was shown that the reduce of the diameter of
the laser spot while maintaining the intensity leads to a decrease in the effect of LSP. This
phenomenon was studied from the point of view of the features of plastic deformation at
various sizes of the treatment zone using the standard model for the LSP process. Besides
the features of the development of a plasma plume during laser ablation in a liquid are
considered. It was shown that the liquid determines the geometry of the plume evolution
and the shock wave caused by it. The process parameters used and the results obtained are
important for the development of low-energy LSP technology.

Keywords Laser shock peening - Laser ablation in liquid - Laser pulses - Lasers - Surface
treatment - Laser-produced plasmas - Nickel alloys

1 Introduction

Laser shock peening (LSP) is a surface hardening method using cold plastic deforma-
tion. It is one of the rapidly developing laser technologies (Gujba 2014; Hackel et al.
2018; Kalainathan et al. 2016; Dhakal et al. 2018). This technology traditionally
includes the impact of high-power laser pulses with energies 1-50 J on a target with
ablation and tamping coatings (Fabbro et al. 1998; Gujba et al. 2014). Ablation coating
is used to protect surface from melting and to increase the absorption, while tamping
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coating is used to restrain the development of plasma plume and to redirect expansion
energy towards the material (Gujba et al. 2014). Utilization of high-power pulses signif-
icantly limits the application area because of the involving of expensive laser systems.
Recently, the use of low-power laser sources with sharp focusing of radiation, which can
be used for local processing, for example, surface structuring (Kalainathan et al. 2015;
Guo et al. 2011) or post-processing of welds (Dhakal et al. 2018; Hatamleh et al. 2007;
Wang et al. 2015), has become more relevant.

There are several ways to reduce pulse energy during LSP. Ultra-short laser pulses
of relatively small energy (Lee et al. 2011, Nakano et al. 2009, Ageev et al. 2016, Ye
et al. 2014) are widely explored during the last decade including for the purposes of
LSP. Another approach is using sharp focusing (Ramkumara et al. 2019; Sathyajith
et al. 2013). The transition from traditional laser shock peening to the use of low-energy
sources is associated with a number of difficulties. Firstly, the usage of multi-pulse pro-
cessing with multiple irradiation of a surface unit is necessary to maintain productivity.
Thus, ablative coating must preserve its integrity throughout processing time. Details
on this issue has been studied in (Shiganov et al. 2018), but it should be noticed that
coating does not always have a maximum absorption coefficient. Secondly, the distribu-
tion of residual stresses during multipulse processing is not obvious. It was shown in
(Hfaiedh 2015), there is a significant instability of surface residual stresses distribution
with overlap repeating which can be reduced by selection of scanning strategy. Finally,
the efficiency of laser ablation process (energy transmitted to the expanding plasma
plume) is the parameter that determine the value of plastic deformation in laser shock
peening (Bulgakova et al. 2004, Kelly et al. 1997, Gusarov et al. 2005). It is known, that
efficiency is determined as by the composition of the used materials as by the irradiation
conditions: the state of the surface (Shupenev et al. 2019), the fraction of laser energy
absorbed in the plasma plume (Bulgakova et al. 2004; Loktionov 2014), etc. For exam-
ple, in (Gus’kov et al. 2004), a significant dependence of the ablation depth on the spot
diameter was observed at equal intensity. This resulted in a large volume of the vapor-
ized material than was expected with increasing the exposure area.

Differences in results for different spot diameters (Gujba et al. 2014; Petan et al.
2016) and tilt angles were noted earlier (Hill et al. 2003), but the causes of these effects
have not been studied. It is of interest to evaluate the factors that affect the efficiency of
converting laser energy into shock wave energy under the conditions of the laser shock
peening. Most often, this parameter is set empirically according to (Fabbro et al. 1998;
Ding et al. 2006). Thus, existing studies show the possibility of using low-energy LSP
(Kalainathan et al. 2016), but do not show the fundamental features of this approach.
This circumstance restrains the development of low-energy LSP, because it is difficult to
determine the boundaries of its effective use.

We studied the influence of irradiation conditions on the process dynamics of the
metal surface laser peening and their relationship with the efficiency of the laser abla-
tion process and the features of the cold plastic deformation. Based on measurements of
surface microhardness, the effect of spot diameter was studied. These results were com-
pared with the results of theoretical modeling. The ablation process was photographed
at various angles of incidence and the features of LSP under these conditions were also
measured. The influence of the surface state of the samples is estimated. The ranges of
process parameters that were studied in this paper were selected from the point of view
of the possibility of reducing pulse energy during LSP, which can be of significant prac-
tical importance (Shiganov et al. 2019; Kalainathan et al. 2016).
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2 Experimental methods

Pure metal was chosen for research; in this work, nickel (nickel content over 99.5%). The
surface was polished before processing, to ensure tight contact of the ablation coating with
the surface, the possibility of measuring surface microhardness, and also assessing the
effect of surface condition on the ablation process.

The nickel samples were coated by aluminum foil as an ablative layer with a thick-
ness of about 80 pm before LSP. Water layer 20 mm was used as a transparent medium.
Solar LS LQ-829 solid-state Nd:YAG laser with a wavelength of 532 nm, pulse duration
of 20 ns, and pulse energy of up to 1 J was used for irradiation. The radiation was directed
to the sample using a reflecting mirror and then focused. Experimental setup is shown in
Fig. 1. The second harmonic of the Nd:YAG laser was used to reduce losses and increase
the threshold of water breakdown.

Photofixation of the laser ablation process was carried out on an experimental stand.
Canon EOS 650D camera with the following characteristics: aperture F/22, shutter speed
1/30, ISO 100 we used for shooting. Background illumination by a cw Nd:YAG laser with
second harmonic at power of 500 mW aperture on the surface of the irradiated sample of
about 5 mm was used in addition. A rather long exposure was used in this work, since the
main task was to assess the directions of propagation of the plasma plume, but not its tem-
poral dynamics.

3 Theory and experiment

The influence of the LSP parameters on the process dynamics of exposure to the metal
surface was determined by calculating the profile of the residual voltage arising in it, after
exposure to pulses. The relationship of these parameters with the efficiency of the laser
ablation process and the features of the plastic deformation passing were also determined.
The calculation model is based on the condition that, due to the absence of the harden-
ing formation or embrittlement phases in pure nickel, the surface microhardness shows the
changes in residual stresses (Pravednikov et al. 1975).

In many LSP works (Fabbro et al. 1998; Peyre et al. 1998; Ding et al. 2006) the maxi-
mum pressure created by a shock wave can be represented by dependence (1), which dem-
onstrates good agreement with experiment.

Fig.1 Experimental setup: 1—
laser, 2—cuvette with sample;
3—reflecting mirror; 4—back-
light laser; 5—focusing lens;
6—camera
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P =001 2;3\/2-10 (1)
where P—shock wave pressure (GPa), I,—laser intensity (GW/cm?), Z—effective acoustic
impedance (2/Z~1/Z,+ 1/Z,) containment materials (Z,) u target (Z,), a—the efficiency of
converting laser energy into plasma energy.

Equation (1) does not take into account the pulse duration or the wavelength of the laser
radiation, so it can be used as a rather raw approximation, especially when using nanosec-
ond ablation.

According to the one-dimensional analytical model proposed in (Ding et al. 2006;
Amarchinta et al. 2009), in order to calculate the residual stresses on the surface in the
region of elasto-plastic deformation, a number of assumptions are made:

deformation caused by the shock wave is uniaxial;

pressure impulse is homogeneous;

the material is described by the von Mises plasticity criterion;
hardening and viscosity of the material can be neglected.

In calculations, the boundary conditions can be neglected, since the treatment is car-
ried out far from the edges of the samples. In this case, surface plastic deformation can be
described by the following expression (Fabbro et al. 1998):

_ —2HEL( P _1>

» = 32+ 2u \HEL @

where HEL—Hugoniot elastic limit, A and p—Lame coefficients.
The depth of the plastic effect for these conditions of impact strain can be determined

as:
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where C,, n C—elastic and plastic strain rates, 7—pressure pulse duration.
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where p—target density.

Surface residual stresses are determined from the relation:
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where a—size of the surface irradiated by the pulse, o,—value of residual stresses before
processing, v—Poisson’s ratio.
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Dependence (6) was used to calculate the total distribution of residual stresses along
the surface of the sample. In this case, the total shock wave formed by the laser pulse
was divided into a set of waves affecting on each element. The distribution and attenu-
ation of each elementary wave was calculated as exponentially dependence of the coor-
dinate and acoustic impedance. A beam of a Gaussian profile was used to study the
influence of the pulse spot diameter. The diameter was taken at the full width at half
maximum.

Since one of the goals of the work was to develop conditions for LSP with low pulse
energies, small diameters of laser spots were used. In previous works (Grigoryants et al.
2018; Shiganov. et al. 2019), the authors found that even with a sufficient intensity, LSP
with spot less than 100-200 pm does not lead to effective hardening. Also, the repeat-
ability of the results with sharp focusing was low. For this reason, in this work, the spot
was varied in small ranges near 200 pm in order to understand the mechanism of devia-
tion of the focusing conditions on the LSP effect.

The result of residual stresses profile calculation after two laser shock pulses with
pulse spot diameters of 220 and 270 pm and energies of 120 and 180 mJ, respectively,
is shown in Fig. 2. The values of pulse energy were selected in a way to ensure the same
intensity.

According to (1), the power of the shock wave generated during laser shock treat-
ment depends on the intensity of laser radiation, however, it can be seen in Fig. 1 that
despite the same intensity, the results of the process for spots 220 and 270 pm are dif-
ferent. Similar results were obtained experimentally after microhardness measurements
(Fig. 2). This result is based on the fact that the total residual stresses in the elementary
region are the result of a superposition of shock waves from all elementary regions sub-
jected to irradiation in the presented model. In addition, dependence (1) takes place in
a limited range of irradiation modes (Fabbro et al. 1998). An increase in the spot diam-
eter at constant intensity is characterized by a significantly higher (~d,*d,*) energy

2001
1001
/: O T T T
'.; 200 300 600
3 Distance, (tm
.
- —1001
S
‘7 -2004
v
(a4
-3001
-4001

Fig.2 The results of spots diameter calculations (1—spot diameter 220 pm, 2—spot diameter 270 pm)
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input. In this case, the mass yield of laser ablation usually increases, which accordingly
increases the power of the shock wave. In this case, the volume of ablated material usu-
ally increases, which increases the power of the shock wave.

LSP experiments were conducted under conditions similar to the theoretical model.
The sizes of the processed nickel plate were much larger than the laser exposure area
(15x25 mm). The plate thickness was 3 mm, which is significantly larger than the typi-
cal depth of the plastic effect (Gujba et al. 2014; Kalainathan et al. 2016). During plas-
tic deformation of pure nickel, no precipitation of isolated phases occurs (Dimiduk et al.
2005), which makes it possible not to take into account the structural factor when studying
the LSP process.

The effect of the laser spot diameter on the microhardness of the nickel surface was
experimentally studied. Processing parameters: laser spot was varied from 250 to 600 pm
(FWHM); energy ranged from 27 to 153 mlJ; the energy density remained constant 55 J/
cm’. The results of measurements of the nickel sample surface microhardness under the
indicated conditions are shown in Fig. 3. The value of 100-150 mJ we defined as the
boundary, when the laser source can still be considered as low-energy. As can be seen from
Fig. 3, with small spots, the LSP effect becomes smaller. Hence, to achieve comparable
results with sharp focusing it necessary to increase energy density.

As mentioned earlier, for the purposes of this work, the range of spots near 200 pm is
of more interest, therefore, an additional study was carried out in this range with a fixed
intensity and a different number of repeated irradiations, which, as is known (Ding et al.
2006), lead to an increase in the LSP effect. In the earlier work (Shiganov et al. 2019), the
authors showed that it is most effective to use 3 repeated shots without replacing the abla-
tion coating, since a larger number of them can lead to damage to the coating, which is a
negative effect.

Figure 4 shows the results of multipulse irradiation of a nickel plate with spot diameters
of 220, 245 and 270 pm with energy densities of 236, 254 and 209 J/cm?, respectively.
The best results were obtained with a spot 270 pm, both with single and triple irradiation,
despite the lower energy density. Multiple irradiation has a much more significant effect.

Fig.3 Dependences of nickel 190
sample surface microhardness

after laser shock peening on the

diameter of the spot (laser inten- 185
sity was 5.5x 10° W / cm?)

180
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170
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Spot size, ;um
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Microhardness, 0.025 HV
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Fig.4 Dependences of nickel sample surface microhardness after laser shock peening on the diameter of
the spot upon single and triple irradiation (spot diameters 220, 245 and 270 pm, energy densities 236, 254
and 209 J/cm?, respectively)

Thus, to development rational technological solutions, one should choose a laser source
according to the criterion of energy in a pulse taking into account multiple irradiation. The
diameter of the spot should be chosen as large as laser allows, and as far as dictated by
technological tasks.

Another important factor determining the effectiveness of laser shock processing is the
conversion of laser energy into shock wave energy. It is determined by the efficiency of
the ablation process and by the direction of propagation of the plasma plume, which deter-
mines whether the vapor release reaction will be scattered along the half-plane down from
the sample surface or concentrated in a certain direction (Gus’kov et al. 2004).

In the general case, the efficiency of laser ablation can be determined from the relation
(Bulgakova et al. 2004):

Es=E,+E+E,+E +E, W)

where Ey—incident energy; Egx—reflected energy; E—energy to heat the target; E,,—
energy absorbed by a plasma plume; E;—evaporation energy; E;—kinetic energy of
vaporized particles.

In expression (7), E, also includes the recoil energy of evaporated particles, which ulti-
mately forms a shock wave.

In this work, the task was to determine the effect on the processing efficiency of the
exposure parameters; therefore, the Ey and E,, values were of most interest. The reflected
flow during laser ablation depends on the density of the incident energy, the state of the
surface, and the angle of inclination. The measurements were performed for a polished
nickel plate irradiated with laser pulses at a wavelength of 532 nm, a duration of 20 ns, and
energies from 30 to 230 mJ. Figure 5 shows the dependence of Eg on energy density for an
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Fig.5 The values of the fraction 0.40
of laser energy reflected from a
nickel plate, depending on the 035
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angle of incidence of 60°. At relatively low energy densities, the reflectivity exceeds 30%.
The reflected flux decreases to a level of less than 10% at the energies above 10 J/cm?.
It should be noted that the decrease in reflection is primarily associated with absorption
in the plasma plume, while the mass yield of ablation increases slightly (Bulgakova et al.
2004). It should be noted that the decrease in reflection is associated with absorption in the
plasma plume (Bulgakova et al. 2004).

Repeated exposure to the ablated surface leads to a significant decrease in the
reflected flow, Fig. 6.This an important factor when processing by shock pulses using
low-energy lasers. A significant decrease in specular reflection leads to an increase in
target absorption, as well as a decrease in the ablation threshold. The decrease in surface

Fig.6 Values of the fraction of 04
laser energy reflected from a

nickel plate in dependance on the

number of repeated irradiations
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Table 1 Results of measurements

N f sh R R R
of surface roughness of a umber of shots a z Z1max
polished Nickel plat.e betpr§ and 0 0.057 0.30 0.36
after repeated laser irradiation

1 0.063 0.43 0.67

2 0.070 0.50 0.90

3 0.097 0.90 1.43

4 0.097 0.97 1.43

reflectivity during multiple laser shots is most likely an increase in surface roughness,
which can be observed by the measurement results shown in the Table 1.

The influence of the incidence angle of the laser beam on its plasma plume overlap-
ping is shown on the diagram, Fig. 7.

Since ablated material tend to propagate normal to the surface, their smaller volume
will fall under the beam and ionize during the pulse. Thus, it is possible to reduce the
absorption of radiation in a plasma plume and to increase the efficiency of ablation. In
our case, water was used as a containment layer. Water has a strong restraining effect on
the development of the plume unlike vacuum or air and can affect the dynamics of the
process at different angles during nanosecond ablation.

Figure 8 a shows measurements of the mirror reflection coefficient from a polished
nickel plate during a single exposure at different angles of incidence in air. Since the
plasma plume at large angles of incidence is less overlapped with the laser beam (see
Fig. 7), its shielding effect is reduced. Due to this, the reflection coefficient and also
the absorption coefficient increase, since a large fraction of the radiation reaches the
surface. However, microhardness measurements of the treated zones after laser impact
treatment in a liquid medium did not show an increase in the effect of the angle of incli-
nation (Fig. 8b). The spot area remained constant.

1
Laser beam Laser beam|

Plasma plume

Sample Sample

Fig.7 Scheme of overlapping of a laser beam by a plasma plume during normal incidence of the beam and
at a certain angle
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Fig. 8 Effect of the a incidence angle of laser radiation on the reflection coefficient of the nickel plate; b
surface microhardness after laser impact treatment

Fig.9 Photos of the laser ablation process in a liquid obtained for different time stages of the process with
normal incidence (a—d); and at an angle of incidence of the beam 60° (e-h)

The insignificant effect of the incidence angle of the beam on the result of laser impact
processing is associated with the peculiarities of the plasma plume propagation in a liquid
medium. Figure 9 shows photos demonstrating the development of a plume during normal
decline (a—d) in a water medium upon irradiation of a nickel plate with nanosecond laser
pulses with a wavelength of 532 nm. The plume nucleates next to the target surface and
then spreads upward along the normal, and its shape repeats the shape of the beam, i.e. the
ablated material spreads upward and ionizes as it overlaps with the beam.

Figure 9 e-h shows photos demonstrating the process of laser ablation at an angle
of incidence of 60°. It is clearly seen that the plasma plume propagates in accordance
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with the direction of incidence of the beam. The nature of the plume observed in Fig. 9
e—h allows us to conclude that ionization of the target material but not the liquid is pro-
ceeded. It should be noted that in the first experiment there were no significant particle
flows in the lateral directions. Hence, the mechanism of the ablation process in the lig-
uid changes with an oblique incidence. The plasma plume does not propagate normal to
the surface, but toward the laser beam. This probably happens because the laser beam
“heats” the plume and thus directs it, because fluid inhibits its development. That is,
more favorable conditions for the development of a plasma plume are created in the
direction of the laser beam. In the future, this effect should be studied in more detail.

4 Conclusion

An increase in the effect of LSP with increasing spot diameter and constant intensity,
which can be observed in Fig. 3, was analyzed from the point of view of changing load-
ing conditions. The final value of residual stresses was calculated as a superposition of
stress states formed by shock waves from elementary sections exposed to laser ablation.
This approach allows us to explain the significantly large processing results with large
spots. Although the effect of ablation efficiency, propagation of the plasma plume, laser
intensity distribution also should be taken into account.

The results of the study of the incident angle influence and the state of the surface on
the laser ablation process in a liquid showed that the final pressure of the shock wave
depends on how much laser energy is absorbed by the material and then ablated. The
laser pulse creates a certain surface roughness and microdefects. This significantly
increases the absorption capacity for the next pulses, which can be indirectly estimated
from the data shown in Fig. 6. It was shown that for laser ablation in a liquid, in com-
parison with ablation in vacuum or air (Namiki et al. 1991; Protasov et al. 2010; Shupe-
nev et al. 2019), the influence of the angle of incidence of the beam on the target is dif-
ferent. Inhibition of the development of a plasma plume by a liquid medium leads to its
partially channelizing towards the incident beam. Because of this, the shielding of the
incoming energy does not differ significantly from the normal incidence of the beam.

Based on the results of the research, the following conclusions can be made that may
be relevant for further research:

1. When choosing the spot diameter during LSP, it is necessary to be guided not only by
technical requirements, but also by the efficiency of the process: for small spot diam-
eters, it is necessary to use a higher intensity.

2. Multi-pulse processing or treatment with a large overlap coefficient is preferable to
single-pulse, since in these cases the absorption capacity of the target surface increases.

3. With large thicknesses of the transparent layer during LSP, the incident angle of the
laser beam weakly affects the efficiency of the process; it is beneficial for processing
complex geometry
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