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A prevalent non-destructive evaluation method for identifying and analyzing the acoustic waves
produced by material deformation and damage is acoustic emission monitoring. In this work, laser
shock peening was used in conjunction with acoustic emission monitoring. To determine the
acoustic event of laser-induced breakdown in water, the acoustic signals were analyzed. To attain
the required compressive residual stresses and prevent undesirable damage, the acoustic emission
signals can also be utilized to optimize the laser shock peening parameters, such as the laser energy
and spot size. Thus, to investigate the possibilities of acoustic emission monitoring as a tool for the
in-situ characterization of laser shock peening, offering insights into the underlying physical
processes and help improving the quality of the treated parts. It was found that the plasma
breakdown during the laser shock peening intensely hinders the performance as a compressive
residual stress on the surface were observed halved (from —216 MPa to —82 MPa) when comparing
the setups with and without the plasma breakdown. Thus, by utilizing the acoustic signals the
harmful laser-induced breakdown can be detected and optimizing it can enhance process efficacy.
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1. Introduction

Laser shock peening (LSP) is a surface engineering
method that improves the fatigue life of metallic compo-
nents. Increased yield strength of metallic materials is as-
sociated with the formation of high-density dislocation
arrays and induced compressive residual stresses produced
by LSP [1-3]. The potential for employing focused, high-
energy laser pulses to generate high-pressure shock waves
in metallic materials was identified in the United States [4].
LSP involves focusing a strong pulsed laser shock beam
onto a metal surface for a short period of time (10 ns to 100
ns) [5-6]. Ionization converts the heated zone to plasma,
which has a temperature of over 10 000 °C. Plasma is un-
der high pressure and travels through the material by shock
waves (Fig. 1) [7]. There are two distinct forms of ablation
in LSP: confined ablation and direct ablation. The interac-
tion of plasma with metal without an opaque covering and
an optically transparent confinement layer is referred to as
the "direct ablation mode" [8]. It is possible to generate
plasma pressures sufficient to overcome the materials Hu-
goniot elastic limit (HEL) and thus induce plastic defor-
mation during the direct ablation mode in vacuum. Howev-
er, these necessitate extensive laser intensities. Instead,
during the confinement mode e.g. when focusing the laser
on the metallic surface with an optically transparent layer
covering and confining the plasma, the efficiency of the
process and the generated pressures are larger by a factor
up to ten, but also increases the duration of plasma by a

factor of three in comparison with the direct ablation mode
such that the pressures in ranges of several GPa can be ob-
tained without the need for vacuum. Past studies have es-
tablished that the choice of confinement medium is central
to the efficiency of LSP, with water and glass confinement
being the most widely used approaches because they can
maximize pressure transmission [2, 9]. It is well known
that the confined ablation mode does more than just raise
the plasma's peak pressure. In the confined mode, the metal
surface is typically covered with an opaque material, such
aluminum foil, black paint, or black tape, and enclosed by a
material that is transparent to laser light, like borosilicate
glass or water. At a deeper depth, compressive residual
stresses are larger when the pressure wave is stronger [9]. It
has been discovered that LSP performed in water confine-
ment regime (WCR) can generate pressures on the target
surface that are four times greater and last 2-3 times longer
than those produced by direct ablation regime configura-
tions in vacuum. The primary disadvantage of the WCR is
that laser-induced breakdown occurs in water when the
laser power density exceeds a certain threshold [10]. Laser-
induced breakdown in confinement water refers to the crea-
tion of plasma (also called secondary or breakdown plas-
ma) away from the material’s surface, which then captures
the incoming laser pulse and restricts the energy needed to
create a shock wave [11]. This breakdown plasma partially
or entirely blocks the incident laser pulse, and this plasma
leads to the observed saturation of pressure during LSP.
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Peak pressure measurements taken with three harmonics of
the Nd:YAG laser indicate that pressure saturation happens
at lower irradiance thresholds for 532 nm and 355 nm than
at 1064 nm, suggesting that shorter wavelengths facilitate
the breakdown process. Shifting the wavelength from 1064
nm to 532 nm decreases the threshold for dielectric break-
down from 10 GW/cm? to 6 GW/cm? [12].

At 1064 nm, avalanche ionization primarily governs the
breakdown process, while at shorter wavelengths, mul-
tiphoton ionization becomes more dominant [11]. The laser
pulse that passes through the breakdown plasma corre-
sponds to the portion of the incident laser pulse that pre-
cedes the transmission cut-off [13]. A cavitation bubble is
formed in the confinement water after laser ablation. Takata
et al. extensively studied bubble formation, expansion and
collapse with both high-speed camera and acoustic sensors.
During intentionally generated laser-induced breakdown,
the generation of a secondary bubble after the first one was
discovered. This secondary bubble was generated by
breakdown [15]. These effects are accompanied by acoustic
emissions, and it is possible to distinguish sounds when a
significant breakdown occurs. Kaleris et. al. [16, 17] has
studied Laser-plasma sound sources in atmospheric air and
has found that for increased optical energy there is a shift
of the acoustic frequency spectrum towards the lower fre-
quencies. Laser-plasma sound sources produce a character-
istic N-pulse shape in the time domain. Increased optical
energy leads to a longer duration of the thermal phase,
which results in a wider N-pulse in the time domain. The
wider N-pulse causes the shift of the acoustic spectrum
towards the lower frequencies. Setup B with the breakdown
in air can be considered an increase in optical energy there-
by explaining the frequency shift to sub 1x10* Hz frequen-
cies.

The LSP process is usually controlled post situ through
the measurement of residual stresses introduced to the
treated material. Such methods can be either non-
destructive (X-ray diffraction, neutron diffraction etc.) or
destructive (incremental hole drilling). Practically, it is not
possible to carry out full and destructive testing on all
treated specimens in the industrial setting therefore the
need for in-situ, non-destructive quality control methods
must be explored. Even with the well-documented ad-
vantages of LSP, a lack of real-time monitoring methodol-
ogies hinders industrial use. Integration of acoustic emis-
sion methods with LSP has been proposed as a means of
achieving real-time process control, lessening dependency
on post-processing assessment [23-24]. In the present an
attempt has been made to explore the potential of acoustic
emission monitoring as a tool for the in-situ characteriza-
tion of LSP, providing insights into the underlying physical
mechanism and helping to improve the quality and reliabil-
ity of the treated materials. The experiments have been
planned to see the effects of laser induced breakdown on
the residual stresses generated in LSP treated sample and at
the same time capturing the acoustic emission signals to
understand the underlying effects.

2. Materials and Methods

Traditionally manufactured Aluminium AA2024 plate
of dimension 100 x 100 x 5 mm was used for the present
experiment. A pulsed Q-switched Nd:YAG laser Litron

LPY ST 7875-10 2HG was used as a source for LSP pro-
cessing of the samples. The parameters of this system are
summarized for reference (Table 1 [15]). The experiments
were performed without coating underwater and for this a
second harmonic wavelength at 532 nm was used, the tem-
perature of the water was set at 18 °C. The laser beam
passed through a vacuumed telescope and was redirected
by dual-band laser mirrors with anti-reflective coating. A
rectangular pattern of overlapping (50%) pulse impacts was
created by building the pattern line by line (Fig. 1). The
experiments were performed using two arrangements for
the LSP operation namely setup A and setup B. In setup A,
the conventional LSP processing at known parameters to
develop compressive residual stresses in AA2024 was used,
while setup B used the same parameters, but the sample
was moved farther away from the focusing lens, and laser-
induced breakdown was deliberately created by concentrat-
ing a laser beam into the water. The parameters for the pre-
sent experiments were selected based on the trial experi-
ments and prior testing (Table 1).

The Setup was accompanied with diagnostics - energy
meter, near field and far field camera, and photodiode. The
beam was focused onto the sample using a plano-convex
lens with a 300 mm focal length mounted on one side of an
acrylic tank. The sample was positioned using a FANUC
M-20iB/35B 6-axis industrial robotic arm. The profile of
the laser pulse at 36 mJ recorded by an Allied Vision Manta
G-210B ASG GigE near field camera is circular as shown
in Fig. 3a. The temporal shape of the laser pulse measured
by an InGaAs EOT ET-3000EXT PIN detector has a rise
time of 7.2 ns (Fig. 2b).

Figure 3 presents a detailed schematic of the LSP ex-
perimental setup, it can be noticed from Fig. 3 that a Xari-
on Eta250 Ultra optical microphone is placed to record the
acoustic signal emitted during the LSP process. The micro-
phone head was kept at a constant distance of 36.5 cm from
the sample. It consists of a miniaturized Fabry-Pérot laser
interferometer (FPI) which allows to measure the changes
in the density of the optical medium directly. The optical
microphone consists of two units (a) the acoustic detection
system, consisting of the optical sensor head and the driver
unit comprising laser and detector and (b) an analogue-to-
digital converter with acquisition software [18].

Fig. 1 Laser shock peening pattern creation methodology.
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Fig. 2 (a) Near field camera profile of LPY ST 7875-10
2HG laser pulse; (b) Temporal shape of LPY ST 7875-10
2HG laser pulse.

Table 1 LSP processing parameters

Setup A B
Repetition Rate [Hz] 10 10
Distance from lens [m] 0.405 0.425
Pulse energy [mJ] 800 800
FWHM laser pulse [ns] 15.6 15.6
Dimple diameter [mm] 1.674 1.549
Overlap [%] 50 50
Power density Jo[GW/cm?] 2.33 2.72

To measure the depth profile of the residual stresses an
automated drilling and data collection system system
PRISM by Stresstech was used to gain depth-resolved re-
sidual stress profiles. The hole drilling method is based on
the measurements of surface distortion caused by drilling
using electronic speckle pattern interferometry. For the
measurement, the drill diameter of 3.2 mm was selected,
enabling measurements up to 1.5 mm in depth. A series of
5 stress profiles per each condition was measured and aver-
aged. Surface deformation measurement was carried out
using a Keyence VR-6000 3D profilometer with a resolu-
tion of 0.1 um. The measurement is contactless and works
on the principle of fringe projection. The area of 5.5x7.5
mm was scanned on 40x magnification and evaluated in
VR-6000 Series Analyzer Software version 4.3.7.74. To
analyze the data generated from the signal captured by the
optical microphone Mask testing has been utilized which is
commonly used in signal processing to determine if a sig-
nal falls within predetermined tolerance boundaries, offer-
ing a straightforward pass/fail assessment to gauge the
quality and stability of a device/process being tested. Devi-
ations from expected signals and unforeseen outcomes are
readily detected by halting the measurement when the sig-
nal exceeds the mask’s limits. The captured acoustic sig-
nals underwent post-processing through Matlab software.
The acoustic signals from Setup A and B were averaged
from 100 recordings, and the averaged signal for Setups A
and B from the time domain was converted into the fre-
quency domain through the application of the Fast Fourier
Transform (FFT). The maximum frequency was limited to
50 kHz. A mask was applied to the averaged signal. Mask
testing enabled to observe the differences between acoustic
signals temporal evolution of Setup A (before laser-induced
breakdown) and Setup B (after laser-induced breakdown).
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Fig. 3 Laser shock peening experimental Setup schematics.
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3. Results and Discussion

The details of the residual stresses in the AA2024 mate-
rial before LSP and after LSP utilizing the setup A and set-
up B, are presented in Fig. 4(a). It can be seen that Setup A
(before laser-induced breakdown) parameters have enabled
higher compressive residual stresses (i.e. =216 MPa) as
compared to Setup B (after laser-induced breakdown) pa-
rameters (i.e. —82 MPa) near the peening surface region.
Also, it can be observed that the penetration depth of resid-
ual stresses is higher in setup A (0.6 mm) compared to set-
up B (0.4 mm). The results of residual stress measurement
fall within the expectation of the breakdown plasma occur-
ring in water shielding the desired plasma forming on the
sample surface, decreasing the laser intensity on the sample
surface, thus reducing the pressure and, subsequently the
whole efficiency of the LSP processing. Further, the ob-
tained results can be justified with the help of FFT signals
derived from the temporal acoustic signals for Setups A and
B as presented in Fig, 4(b). It is known that the existence of
plasma breakdown causes a distinct acoustic response in
LSP processing [19]. In context of LSP, the correlation be-
tween acoustic emission (AE) and residual stress as the
main outcome of the technology is being explored. The
shift in AE signal characteristics — particularly frequency
peaks serve as indicators for residual stress quality. By
comparing the acoustic spectra of the two configurations,
the difference in produced acoustic emission may be de-
tected primarily below 2.5x10* Hz, as shown in Fig. 4(a). It
can be noticed that in setup A, where the laser induced
plasma breakdown does not play a role, the maximum
available plasma is confined an transmitted in the form of
pressure shock waves within the material and causes severe
plastic deformation, which in turn generated higher magni-
tude of residual stresses at much deeper depth (Fig. 4a), at
the same time it also generated a higher magnitude of peak
1.1x10* Hz. In setup A the main source of acoustic emis-
sion is the LSP induced plasma expansion and its subse-
quent collapse. In contrast, the plasma breakdown occur-
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rence in water (as in Setup B) caused by the dielectric
breakdown serves as a second source of acoustic emission
away from the sample surface. The laser pulse is focused
and propagates through the water medium. When a suffi-
cient power density is reached the dielectric breaks down
and the laser pulse loses significant portion of energy be-
fore reaching the sample. In this setup the acoustic emis-
sion occurs both on the sample surface and away from the
surface, in the location of dielectric breakdown where a
bubble is formed and quickly collapses. The energy reach-
ing the sample surface is effectively lessened, lowering the
maximum peak pressure of LSP which reflects in lower
magnitude and depth of residual stresses. The produced
sound in this configuration has higher magnitudes in lower
frequencies with four distinctive peaks below the 1x10* Hz.
In combination with different natural attenuations of the
two compared setups, the frequency shift becomes more
pronounced, and the difference can be found in the emis-
sion spectra as shown in Fig. 4b. Key frequency peaks are
annotated in Fig. 4b. and their centres and amplitudes are
listed in Table 2.

3.1 Surface deformation measurement

Type A parameters showed greater depth of single-shot
impact deformation than Type B parameters (Fig. 5 and Fig.
6). The depth of the spot can be referred to the amount of
residual stress introduced by LSP when comparing dimples
processed on the same setup [20]. A change in the shape of
the dimple was also observed, which can be attributed to
different plasma mechanics and shielding of the sample
surface by the plasma induced in the confining media. The
reduced pressure on the sample surface in Setup B can
overcome the HEL within a smaller area and with a lower
magnitude; therefore, the shape of the dimple is altered.
The dimple profile becomes sharper and reaches a lower
depth.
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Fig. 4 (a) Incremental hole drilling depth residual stress; and (b) FFT derived from the temporal acoustic signals for Setups

A and B.
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Fig. 5 Single laser shock impact Setup A: a) 3D data of the dimple, b) extracted profile.
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Fig. 6 Single laser shock impact Setup B: a) 3D data of the dimple, b) extracted profile.
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Table 2 Selected peak positions and magnitudes marked
in Figure 4b

Peak No. Center [Hz] Magnitude[a.u.]
Setup B

1 2870 4972.49
2 3570 5388.64
3 5040 4282.37
4 7820 3640.30
Setup A

5 1210 3573.07
6 9520 4702.12
7 10340 9205.54
8 11550 4460.24

4. Conclusions

This research shows the importance of in-situ quality con-
trol of the LSP process and its feasibility through acoustic
emission. The results of the two setups with and without
plasma breakdown occurrence were compared through the
residual stress measurement on the surface and in depth,
surface deformation and the acoustic emission spectra. The
following conclusions can be attained:

1. Plasma breakdown occurrence was successfully in-
duced by changes in LSP setup in controllable manner,
thus the acoustic emission spectra can be compared.

2. It was noticed that the acoustic emission spectra of the
two setups differ significantly therefore the in-situ de-
tection of the plasma breakdown during the LSP pro-
cess is possible allowing for fast and straightforward
quality control.

3. By analysing the residual stresses induced by the two
setups, it was noticed that the plasma breakdown dur-
ing the LSP process strikingly hinders the perfor-
mance of the LSP as a compressive residual stress in-
ducing mechanism. The stresses on the surface were
effectively halved (from —216 MPa to —82 MPa) when
comparing the setups with and without the plasma
breakdown. Similar findings can be deduced from the
RS depth profiles where the A setup reached larger
depth as well as contributed to roughly twice the
magnitude of the compressive stress induced.

4. The plasma breakdown during the LSP processing al-
ters not just the effectiveness of the processing in
terms of residual stress but also reshapes the depth
and the shape of the induced dimple. The reduction of
depth of the dimple was observed from 0.014 mm to
0.010 mm.
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