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Abstract: The impact induced by cavitation bubble collapse can be utilized for mechanical surface 
treatment to improve fatigue properties of metals including additive manufactured metallic 
materials. A peening method using cavitation impact induced by a pulsed laser is called “laser 
cavitation peening (LCP)”. Normally, a Q-switched Nd:YAG laser, whose pulse width is a few 
nanoseconds, is used for LCP, which improves the fatigue strength. The problem with LCP is that 
the processing time is too slow. If a laser pulse whose pulse width is a few hundred microseconds 
can be utilized for LCP, the repetition frequency can be increased drastically using other types of 
laser systems such as a fiber laser. In the present paper, in order to reveal the possibility of LCP 
using a pulsed laser width of a few hundred microseconds, the use of LCP with a normal-oscillation 
Nd:YAG laser (pulse width ≈ 200 µs) was investigated. It is demonstrated that LCP with the normal-
oscillation Nd:YAG laser produced curvature in an aluminum alloy plate. 

Keywords: pulsed laser; pulse width; cavitation; mechanical surface treatment; peening  
 

1. Introduction 

In order to improve the fatigue properties of metallic materials, mechanical surface treatments 
such as shot peening have been applied [1-4]. Shot peening also reduces stress corrosion cracking [5]. 
A novel peening method using the impact at cavitation bubble collapse has been developed, called 
“cavitation peening (CP)” [6]. During conventional CP, cavitation is generated by injecting a high-
speed water jet into water, i.e., a cavitating jet [7]. CP using a cavitating jet is applied for the mitigation 
of stress corrosion cracking of nuclear power plants [8]. CP also improves the fatigue strength of 
metallic materials [6], including additive manufactured metal [9]. In the case of submerged laser 
peening [10], a bubble is generated after laser ablation (LA), which is generated by a nanosecond laser 
pulse, and the bubble behaves as a cavitation bubble, subsequently producing impact at bubble 
collapse [11, 12]. The bubble is called “laser cavitation (LC)”, while the peening method using the LC 
impact is named “laser cavitation peening (LCP)” [13]. LCP drastically improves the fatigue strength 
of magnesium alloy [14] and additive manufactured metallic materials [15]; however, it takes time to 
treat the surface. Thus, an improvement in the efficiency of LCP is required. Note that a relative 
longer laser pulse, e.g., microseconds, can be used for LCP, whereby the efficiency would be 
increased drastically, as the repetition frequency of a nanosecond laser pulse system is very limited.  

In the case of laser peening, which is also called laser shock peening, there are three types. In the 
first case, a relatively large pulsed laser (e.g., several joules per pulse) is used to irradiate the target, 
which is covered by a confining medium such as a water film [16-22]. In the second case, a pulsed 
laser (e.g., several hundred millijoules per pulse) is applied to the target, which is placed in water [10, 
12, 23-26]. In the present paper, this is referred to as submerged laser peening. In both the first and 
the second cases, a confining medium such as water is required. In the third case, a confining medium 
is not required as a femtosecond laser is used [27]; this method is called dry laser peening [28, 29].  

In the case of submerged laser peening, LC is generated after LA, as mentioned above. When the 
pressure wave in water was measured, the amplitude of pressure at LA was larger than that at LC 
collapse [11, 12]. However, when the impact passing through a metallic target was measured using a 
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handmade impact sensor with a polyvinylidene fluoride (PVDF) film [30], the impact induced by LC 
collapse was larger than that induced by LA [12, 13]. Note that the water quality (e.g., gas content) 
affects the LC impact [13]. Normally, during submerged laser peening, the second harmonic 
wavelength of a Nd:YAG laser, i.e., 532 nm, is used to minimize absorption due to water [10, 26]. On 
the other hand, in the research area of experimental bubble dynamics using a pulsed laser, the 
fundamental wavelength of a Nd:YAG laser (i.e., 1064 nm) has been used [31]. There are two reasons. 
The first reason is that the heat is more concentrated as cavitation is a phase change from liquid to 
gas. The second reason is that 40% of the pulse energy at 1064 nm is lost to obtain 532 nm via 
wavelength conversion. When the standoff distance in water was optimized, using LCP at 1064 nm 
was better than at 532 nm [32]. 

During conventional LCP, a Q-switched pulsed laser (532 nm or 1064 nm) is used, with a pulse 
width of several ns. This is because LCP uses both LA impact and LC impact, although the latter is 
larger than the former. In order to generate LA impact, a Q-switched pulsed laser with a pulse width 
of a few nanoseconds is required. A high-repetition portable pulse laser with a power and pulse 
width of 10 mJ and 1.3 ns was developed in [33]; however, its repetition frequency is about 100 Hz, 
and 800–1600 pulses/mm2 are required for treatment. On the other hand, a pulsed laser with a pulse 
width of several hundred microseconds was shown to generate LC in dental and medical applications 
[34, 35]. When LC impact without LA impact can treat metallic materials, a short laser pulse (e.g., 
pulse width of a few nanoseconds) is not required. If a pulsed laser with a pulse width of several 
hundred microseconds can be used for LCP, the processing efficiency can be drastically improved. 
Accordingly, other types of laser systems such as a fiber laser, whose maximum repetition frequency 
is 50 kHz, can be used for LCP. Note that the repetition frequency range of a conventional Nd:YAG 
laser with a Q-switch is currently dozens to hundreds of hertz. The other advantage of a pulsed laser 
with a relatively longer pulse width is that an optical fiber can be used in LCP systems. Although a 
fiber delivery system for nuclear power reactors has been utilized since 2002 [24], this does not 
translate easily to practical applications such as aviation and automobile components, as a special 
fiber is required. A relatively low energy pulse such as 3 or 15 mJ/pulse was developed for a portable 
laser peening system, in which a microtip laser is connected to a power supply with a fiber cable [33]. 
If LCP with a relative longer laser pulse is realized, an LCP system with an optical fiber of tens to 
hundreds of millijoules can be introduced, thus dramatically expanding the applications of LCP. 

In the present paper, to show the possibility of a drastic improvement in the processing 
efficiency of LCP, LCP using a pulsed laser with a pulse width of 200 µs is demonstrated using a 
normal-oscillation Nd:YAG laser, after optimizing the LCP conditions such as the standoff distance 
in water. 

2. Materials and Methods 

Figure 1 presents a schematic diagram of the test section of the LCP system. The laser source 
was a normal-oscillation Nd:YAG laser (MiniliteTM ML-I, Continuum®, Amplitude Laser Inc., San 
Jose, USA), with a power of 0.42 W at 10 Hz repetition frequency and a wavelength of 1064 nm. Note 
that the energy conditions of the used laser were 42 mJ/pulse, approximately one-eighth that in a 
previous study (SureliteTM SL I-10, Continuum®, Amplitude Laser Inc., San Jose, USA) [12]. The pulse 
width of the normal-oscillation Nd:YAG laser was about 200 µs. The beam diameter was about 3 mm. 
The pulsed laser from the source was reflected by mirrors and expanded by a concave lens to prevent 
damage of the laser window, before being focused by convex lenses to the target surface, which was 
placed in a water filled chamber through the laser window at 1064 nm. The thickness of the window 
was 3 mm. As the LC impact is affected by the water quality surrounding the target [13], degassed 
water was fed into the chamber at 2 L/min. The oxygen content of the water was about 0.8 mg/L, and 
the water temperature in the chamber was 296 ± 2 K. The distance from the final convex lens to the 
target surface was defined as a function of the standoff distance in air sa and the standoff distance in 
water sw, as shown in Figure 1. The target was placed on a stage that was moved horizontally and 
vertically by two stepping motors. The laser pulse density dL was defined as a function of the vertical 
step distance dv and horizontal step distance dh, as shown in Equation (1). 
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Figure 1. Schematic diagram of test section of laser cavitation peening LCP system. 

𝑑௅ ൌ  1𝑑௩ ∙  𝑑௛ (1)

In order to investigate the intensity of LA and LC collapse, a hydrophone (Type 8103, Hottinger 
Brüel & Kjær, Nærum, Denmark) with a frequency range of 0.1 Hz to 180 kHz was placed in the 
chamber, and the vibration of the target surface was detected using a laser Doppler vibrometer (LV-
1800, Ono Sokki Co., Ltd., Yokohama, Japan) with a frequency range of 0.3 Hz to 200 kHz. During 
vibration measurements, a high-pass filter of 100 Hz and a low-pass filter of 100 kHz were used to 
mitigate the noise. The signals from the hydrophone and the laser Doppler vibrometer were recorded 
using a digital oscilloscope (DPO3054, Tektronix, Inc., Beaverton, USA) with a maximum sampling 
rate of 350 million samples per second. The aspect of LA and LC was observed using a high-speed 
video camera (VW9000, Keyence Corporation, Osaka, Japan). The maximum diameter of the bubble 
dmax was calculated as a function of the relationship between dmax and the developing time tD of LC 
[13], as shown in Equation (2). Here, tD was determined as the time from the irradiation of pulsed 
laser t from LA to the first collapse of LC by measuring the signal from the hydrophone. 𝑑௠௔௫ ሾmmሿ ൌ  0.0103 𝑡஽ ሾμsሿ. (2)

Under observation using a high-speed video camera with a hydrophone and laser Doppler 
vibrometer, the laser pulse was generated by an external transistor–transistor logic TTL signal, which 
was simultaneously recoded with the signals of the hydrophone and the laser Doppler vibrometer. 

As the target material, aluminum alloy plate JIS (Japanese Industrial Standards) A5052-H34 with 
black aluminum tape (thickness = 0.1 mm) was used. In order to evaluate peening effect, A5052-H34 
spray-painted black, with thickness δ = 1, 1.5, or 2 mm, was used. The thickness of the paint was 15. 
0 ± 2.2 µm. The arc height h of the A5052-H34 plate was measured using an Almen gage [36], as the 
arc height was used to evaluate the peening intensity. The arc height was affected by the chord length 

L, as shown in Figure 2. A unique parameter, i.e., the inverse of curvature 1/ρ, was obtained as 
described below. Figure 2 illustrates a schematic diagram of how the curvature 1/ρ is obtained from 
the arc height h of the chord length L. According to the Pythagorean theorem, the radius of curvature 

ρ can be expressed as a function of h and L, as shown in Equation (3). The radius of curvature ρ can 
then be derived from Equation (3) to yield Equation (4). Then, the curvature 1/ρ can be obtained, as 
shown in Equation (5). It can be seen that 1/ρ is proportional to h, but independent from L. Thus, 1/ρ 

was used to characterize the peening intensity in this study. 𝜌ଶ ൌ  ሺ𝜌 െ ℎሻଶ ൅ ൬ 𝐿 2 ൰ଶ. (3)

𝜌 ൌ  𝐿ଶ 8ℎ  ൅ ℎ 2  ≅  𝐿ଶ 8ℎ. (4)
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1 𝜌  ≅  8ℎ 𝐿ଶ . (5)

 

Figure 2. Schematic diagram of radius of curvature and arc height. 

The diameter of laser ablation dLA was measured by observing the surface of the black aluminum 
tape using a digital microscope (VHX-2000, Keyence Corporation, Osaka, Japan). Specifically, dLA was 
calculated from the equivalent ablation area, as the laser ablation area was slightly elliptical in shape. 
To investigate the peening effect, the Vickers hardness of A5052-H34 was measured. The tested load 
was 1.96 N (200 gf). 

3. Results 

Figure 3 shows the aspects of LA and LC observed using the high-speed video camera at a 
recording speed of 23,000 frames/s, whereby the interval of each frame is about 0.0435 ms. At t = 0 
ms, the pulsed laser was used to irradiate the target, i.e., aluminum alloy covered by a 0.1 mm thick 
black aluminum film. Figures 4 and 5 reveal the signals from the hydrophone and the vibration of 
the target surface measured using the laser Doppler vibrometer. At 0 ≤ t ≤ 0.130 ms, a bright spot 
produced by the pulsed laser can clearly be observed. Considering the frame interval time, i.e., 0.0435 
ms, the laser pulse duration was about 0.2 ms. Following LA, LC was already developed at t = 0.130 
ms, reaching the maximum size at t ≈ 0.2 ms, before shrinking. The minimum size was observed at t 
= 0.391 ms, i.e., first collapse, before increasing until t = 0.522 ms, and then collapsing again at t = 
0.652, i.e., second collapse.  

 

Figure 3. Aspects of laser ablation (LA) and laser cavitation (LC). 
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Figure 4. Signal from hydrophone (the distance from the laser ablation spot to the hydrophone was 
about 30 mm). 

 
Figure 5. Vibration of specimen surface detected by laser Doppler vibrometer. 

As shown in Figure 4, the pressure detected by the hydrophone pH had a peak at t ≈ 0 ms and 
another peak at t = 0.379 ms. The peaks at t ≈ 0 ms and t = 0.379 ms were generated by LA and LC 
collapse, respectively. The amplitude of pH was slightly increased at t ≈ 0.63 ms, caused by the second 
collapse of LC. The frequency of the first collapse of LC was about 67 kHz, with a wavelength of 
about 15 µs. According to a comparison of the amplitudes of the peaks, the amplitude of the first 
collapse of LC was four times larger than that of LA. Note that the amplitudes of LA and LC collapse 
generated by the Q-switched Nd:YAG laser were nearly equivalent [12]. The pressure generated by 
LA using the laser pulse of the normal-oscillation Nd:YAG laser, with a pulse width of ~0.2 ms, was 
remarkably weaker than that of the first collapse of LC. In other words, the impact induced by the 
first collapse of LC produced by the normal-oscillation Nd:YAG laser was considerably strong 
compared with that of LA. 

Vibration of the specimen surface was also produced by LA at t ≈ 0 ms and LC collapse at t ≈ 
0.38 ms, as shown in Figure 5. The vibration induced by LA was gradually increased at t ≈ 0 ms, and 
the specimen was vibrated slowly at ~5 kHz. On the other hand, the specimen was impulsively 
vibrated at 30 kHz by the first collapse of LC. The amplitude of the vibration due to LC collapse was 
about three times larger than that of LA. Regarding Figures 4 and 5, the local impact induced by LA 
using the normal-oscillation Nd:YAG laser, with a pulse width of ~0.2 ms, was weak. On the other 
hand, that of the first collapse of LC was considered effective for peening.  

In order to determine a suitable condition for LCP, Figures 6–8 illustrate the diameter of LA (dLA), 
the maximum diameter of LC (dmax), and the peak pressure induced by the first collapse of LC (pLC), 
which changed as a function of the standoff distance in water sw. As the focus distance of the final 
convex lens was 100 mm, dLA decreased with the increase in sw for both sa = 87 mm and sa = 92 mm, at 
sa + sw < 100 mm, as shown in Figure 6. The value of dmax also decreased with the increase in sw for both 
sa = 87 mm and sa = 92 mm, at sa + sw < 100 mm, as shown in Figure 7. On the other hand, pLC had a 
peak at certain sw, although the standard deviation was considerably large, as shown in Figure 8. This 
is because the laser energy that reaches the target surface decreases with the increase in sw, due to 
absorption by water. On the other hand, when sw is too short, LC becomes pancake-shaped, and then 
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the impact induced by LC collapse becomes weak [13]. Accordingly, pLC peaked at a certain sw, as 
shown in Figure 8. 

 

Figure 6. Effect of standoff distance in water sw on diameter of laser ablation. 

 

Figure 7. Effect of standoff distance in water on maximum diameter of laser cavitation LC. 

 

Figure 8. Effect of standoff distance in water on peak pressure at laser cavitation LC collapse ( the 
distance from the laser ablation spot to the hydrophone was about 75 mm). 

The aggressive intensity of cavitation is proportional to the volume of cavitation [37,38], and the 
number of photons is proportional to the maximum diameter of the bubble [39]. Therefore, Figure 9 
illustrates the relationship between the maximum volume of LC (Vmax) and the peak pressure induced 
by the first collapse of LC (pLC). In the limited region, pLC increased with Vmax at both sa = 87 mm and 
sa = 92 mm. However, the pLC of Vmax = 32 mm3 at sa = 92 mm and the pLC of Vmax = 81 and 89 mm3 at sa = 
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87 mm decreased, although Vmax increased. For these three points, sw was 4–5 mm, indicating that the 
target was placed too close to the laser window. Then, LC became pancake-shaped, thus reducing pLC 
although Vmax increased, as mentioned above. 

 

Figure 9. Relationship between maximum volume of laser cavitation and peak pressure at laser 
cavitation collapse (the distance from the laser ablation spot to the hydrophone was about 75 mm). 

In order to reveal the possibility of LCP peening using the normal-oscillation Nd:YAG laser, 
Table 1 shows the changes in arc height h and the inverse of curvature 1/ρ as a function of the 
thickness of the plate δ. The material of the plate was JIS A5052-H34, and it was painted black. 
Considering the results of Figures 8 and 9, the standoff distances were chosen as sa = 92 mm and sw = 
5 mm. The repetition frequency of the laser was 10 Hz, and the laser pulse energy was about 42 
mJ/pulse. The laser pulse density dL was 4 pulse/mm2. As shown in Figure 6, the diameter of laser 
ablation dLA was 0.474 ± 0.010 mm, the laser ablation spots did not overlap, as dLA < 0.5 mm. As shown 
in Table 1, at δ = 1.5 mm and 2.0 mm, the plate was warped, and the treated surface was on the convex 
side. On the other hand, the treated surface was on the concave side at δ = 1.0 mm. When the thickness 
of plastic deformation was thicker than 0.5 mm at δ = 1.0 mm, the plate was warped concavely. 
Regardless, LC generated by the laser pulse using the normal-oscillation Nd:YAG laser produced a 
peening effect.  

Table 1. Arc height and inverse of curvature of aluminum alloy plate A5052-H34. 

Thickness of plate δ (mm) Arc height h (mm) Inverse of curvature 1/ρ (m−1) 

1.0 −0.0950 ± 0.003 −0.376 ± 0.010 
1.5 0.0347 ± 0.004 0.137 ± 0.014 
2.0 0.0110 ± 0.002  0.044 ± 0.007 

A positive value indicates a convex shape, while a negative value indicates a concave shape. 

In order to further demonstrate the peening effect, Figure 10 shows the Vickers hardness HV for 
a non-peened (NP) specimen and an LCP one. The condition of LCP was the same as in Table 1. The 
specimen was A5052-H34 painted black, with a thickness of δ = 2.0 mm. In the case of LCP, HV at the 
center of the ablated area was measured. The HV of the NP specimen was 77.8 ± 1.7, while that of the 
LCP specimen was 79.4 ± 1.0. Thus, it can be concluded that LCP using the normal-oscillation 
Nd:YAG laser could increase the hardness of aluminum alloy A5052-H34. Specifically, a relatively 
longer laser pulse, i.e., pulse width of 0.2 ms , can be utilized for LCP.  
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Figure 10. Effect of laser cavitation peening on hardness. 

Two main studies will be explored in the future. The first is an improvement of the processing 
efficiency using another type of laser system such as a fiber laser, with a maximum repetition 
frequency of 50 kHz. The second is the development of an LCP system using an optical fiber, which 
can be used by the abovementioned pulsed laser. In most laser peening systems, the optical systems 
are fixed and the targets are moved. If LCP using an optical laser system is realized, its applications 
can be expanded dramatically. 

4. Conclusions 

In order to drastically improve the processing efficiency of laser cavitation peening (LCP), the 
possibility of using a relatively longer laser pulse width was demonstrated, so as to increase the 
repetition frequency. In the present paper, the LCP process using a normal-oscillation Nd:YAG laser, 
with a pulsed energy of ~42 mJ/pulse, was optimized by observing the laser ablation (LA) and laser 
cavitation (LC). Then, the peening effects of LCP were demonstrated. The results obtained can be 
summarized as follows: 

1. The laser pulse generated by the normal-oscillation Nd:YAG laser, with a pulse width of about 
0.2 ms, produced LC on a black painted surface, similar to that of the Q-switched Nd:YAG laser 
with a pulse width of several nanoseconds.  

2. The first collapse of LC generated the shock pressure wave and impulsive vibration of the target 
surface, at an intensity 3–4 times larger than LA. 

3. The amplitude of shock pressure detected by the hydrophone changed with the standoff 
distance in air and water. It peaked at a certain standoff distance in water.  

4. In the present conditions, LCP using a normal-oscillation Nd:YAG laser could warp the 
aluminum alloy plate A5052-H34. It also increased the hardness of A5052-H34. Specifically, a 
laser pulse with 42 mJ energy/pulse and 0.2 ms width can be utilized for LCP. 
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Abbreviations 

A5052 standard aluminum alloy  
CP cavitation peening 
H34 standard heat treatment  
HV Vickers hardness 
JIS  Japanese Industrial Standards  
L  chord length  
LA laser ablation 
LC laser cavitation  
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LCP laser cavitation peening 
PVDF polyvinylidene fluoride 
TTL transistor–transistor logic  
Vmax  maximum volume of LC  
dh  horizontal step distance 
dL  laser pulse density  
dLA  diameter of laser ablation 
dmax  maximum diameter of LC  
dv  vertical step distance 
h arc height  
pH pressure detected by hydrophone  
pLC peak pressure induced by first collapse of LC  
sa  standoff distance in air 
sw  standoff distance in water  
t  time after irradiated pulsed laser  
tD  developing time of LC 
vs  vibration of specimen surface 
δ thickness of plate  
ρ radius of curvature  
1/ρ inverse of curvature 
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