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Featured application: laser cavitation peening can be applied to enhance the fatigue strength of
metallic materials, including three-dimensional additively manufactured metals (3D metals).

Abstract: During submerged laser peening using a pulsed laser, a bubble that behaves like
cavitation is generated after laser ablation (LA). The bubble is referred to as laser cavitation (LC).
The amplitude of the shock-wave in LA water is larger than that of LC; however, the impact passing
through the target metal during LC is larger than that of LA. Thus, submerged laser peening is
referred to as “laser cavitation peening”, as the peening method using the cavitation impact is
known as “cavitation peening”. The impact induced by a hemispherical bubble is more aggressive
than that of a spherical bubble with a microjet. Laser cavitation peening can improve the fatigue
strength of metallic materials by producing work-hardening and the introduction of compressive
residual stress. Three-dimensional additive manufactured metals (3D metals) such as titanium alloy
are attractive materials for aviation components and medical implants; however, the fatigue
strength of as-built components is nearly half that of bulk metals, and this is an obstacle for the
applications of 3D metals. In the present study, published research papers were reviewed to identify
the key factors of laser cavitation peening, with additional visualization of LC and data. Then,
improvements in the fatigue strength of metallic materials, including 3D metals produced by laser
cavitation peening, were summarized.

Keywords: pulsed laser; cavitation; mechanical surface treatment; cavitation peening; additive
manufactured metal; fatigue strength; titanium alloy

1. Introduction

In order to establish a sustainable society, improvements in the life and reliability of machine
components are required to save energy and resources. Mechanical surface treatments such as shot
peening comprise one of most powerful methods to increase fatigue life and strength [1]. In addition,
three-dimensional additively manufactured metallic materials (3D metals) are attractive metals for
medical implants [2] and aviation components [3], as the components are directly formed from
CAD/CAM data. However, the fatigue strength of 3D metals is almost half that of wrought metals
[3], and improving the fatigue strength of 3D metals is a serious issue in respect of their practical use.
Laser peening [4,5] and cavitation peening [6] are newly developed methods used to improve the
fatigue properties of metallic materials. One of the reasons for the weak fatigue strength of 3D metals
is their extremely large surface roughness due to unmelted metal particles on the surface. As laser
ablation smoothens the surface of 3D metals and laser shock introduces compressive residual stress
and work hardening, laser peening can improve the fatigue properties of metallic materials,
including 3D metals [7-10].

In respect of laser peening, also known as laser shock peening, there are three methods. In the
first method, a pulsed laser is irradiated to a target surface that is covered with a water film [4]. In
the second method, the target is placed in water and a pulsed laser is applied to the target surface,
i.e., submerged laser peening [11]. In these two types of laser peening, water or a confinement layer
[12] is required. In the third method, dry laser peening is carried out without a confinement layer
using a femtosecond pulsed laser [13,14]. For all three laser-peening methods, including submerged
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laser peening, it has been hypothesized that the peening mechanism that introduces local plastic
deformation on the metal surface is caused by laser ablation [15]. Namely, it is thought that the
inertial force caused by the shock-wave is contained by the water, and this produces plastic
deformation in metallic materials [4,15]. In the case of submerged laser peening, a bubble that behaves
like a cavitation bubble is generated after laser ablation, and this is known as laser cavitation [16,17].
In previous studies, when the amplitude of the pressure wave in the water was measured using a
shock-wave sensor that was placed in the water, the amplitude of laser ablation was larger than that
of laser cavitation collapse [18-20]. However, in another study, when the impact force passing
through the target metal was measured using an impact sensor with a polyvinylidene fluoride PVDF
film [21], the impact during laser cavitation collapse was larger than that of laser ablation [16,19,20].
Cavitation bubble oscillation during submerged laser peening has also been investigated, and it was
concluded that the first bubble oscillation was effective for the submerged laser peening [22]. The
introduction of compressive residual stress and the work-hardening of aluminum alloy has also been
demonstrated using laser cavitation [23]. These results reveal that laser cavitation impact can be
utilized for peening.

Cavitation peening, in which cavitation bubble collapse impacts are used for peening, has been
developed [6], and it has been applied for mitigation of the stress corrosion cracking of nuclear power
plants [24]; there are also reports that show improvements in the fatigue strength of metallic materials,
including 3D metals [6]. In the case of conventional cavitation peening, cavitation is generated by
injecting a high-speed water jet into water, i.e., a cavitating jet [6]. The peening mechanism using a
cavitating jet is different from that of water jet peening, in which water-column impacts are used for
peening [25]. The peening intensity using a cavitating jet under optimum conditions was shown to
be more effective than that of a water jet [6]. Namely, it is worthwhile to use the impact at cavitation
collapse for peening. As mentioned above, as submerged laser peening can use the impact of the laser
cavitation collapse, it is a type of cavitation peening that uses laser cavitation [6]. Therefore, it can be
referred to as laser cavitation peening.

The collapse of a spherical cavitation bubble near a solid boundary in water was computed by
Plesset and Chapman [26] (see Figure 1), and then the deformation of the bubble was experimentally
observed using high-speed photography at a framing rate of 300,000 frames/s [27]. A microjet in a
cavitation bubble was also clearly identified by Crum [28]. Microjets and shock-waves have been
attractive phenomena for researchers and engineers, and are important for understanding bubble
dynamics [29] and sonochemistry [30]. The microjet in a cavitation bubble is still an attractive
phenomenon for researchers [31-34]. As shown in Figure 1, the development of the microjet in the
spherical cavitation bubble is an interesting phenomenon, and some researchers believe that the
microjet during cavitation bubble collapse can be utilized for peening. Actually, it has been
demonstrated numerically, using fluid/material-coupled numerical simulations, that the pressure
produced by the collapse of a hemispherical bubble is much stronger than that of microjet-type
collapse, as shown in Figure 2 [35]. In Figure 2, the black line shows the shape of the bubble changing
with time, and the color contour reveals the pressure in the fluid and the equivalent stress in the
material at bubble collapse. Although the microjet during the bubble collapse generates a pressure
wave of =100 MPa, the collapse of the hemispherical bubble produces pressure waves several times
larger than that of the microjet. Thus, a hemispherical bubble should be used for laser cavitation
peening. Note that the pressure induced by a flattened bubble, i.e., a pancake-type bubble, or a
longitudinal bubble is weaker than that of a hemispherical bubble [35].

In order to use cavitation peening to enhance the fatigue properties of metallic materials,
knowledge of fluid dynamics is required [6], as cavitation is a hydrodynamic phenomenon. Thus, in
the present review, to clarify the mechanism of laser cavitation peening, the effectiveness of the laser
cavitation impact for peening is explained using published papers, with additional observations in
respect of laser cavitation. The effect of the bubble shape is discussed experimentally and numerically,
and comparisons are made between a hemispherical bubble and a bubble with a microjet. Key factors
in respect of laser cavitation peening are also summarized. Finally, improvements in the fatigue
properties of metallic materials, including 3D metals, are demonstrated.
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Figure 1. Collapse of a cavitation bubble near a solid boundary in water, computed by Plesset and
Chapman. Reprinted from [26], with permission from Cambridge University Press, License Number
5517380575228.
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Figure 2. Fluid/material-coupled numerical simulation of collapse of a bubble near a wall, by Iga and
Sasaki [35]: (a) spherical bubble near the wall (microjet mode); (b) hemispherical bubble on the wall
(hemispherical mode).

2. Peening Using a Pulsed Laser

2.1. Laser Peening under Water (Laser Cavitation Peening) and Laser Peening with a Water Film

As described in the introduction, three peening methods using a pulse laser have been
developed: laser peening under water [11,15-17,20], laser peening with a water film [4,12,36,37], and
dry laser peening [13,14]. As shown in Figure 3, for both conventional laser peening under water and
laser peening with a water film, it is thought that the inertial force of water confines the shock-wave
generated by the plasma, which is caused by laser ablation, and produces local plastic deformation
on the material surface. Normally, a sacrificial overlay such as paint or tape is used for laser peening
with a water film, and this is not required for laser peening under water.
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Figure 3. Fundamental process: (a) laser peening without coating (LPwC); (b) laser peening with

coating (sacrificial overlay) [5].
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Figure 4. Images of laser peening: (a) laser peening under water (laser cavitation peening); (b) laser

peening with a water film. Reprinted from [6] with permission from Elsevier, License Number
5532490457730.

Figure 4 shows images of laser peening for (a) laser peening under water (laser cavitation
peening) and (b) laser peening with a water film [6]. In the case of laser peening with a water film,
the water film was splashed away, as shown in Figure 4 (b). However, during laser peening under
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water, a bubble was initiated after laser ablation (f = 0 ms) and developed then collapsed (¢ = 0.85 ms),
as shown in Figure 4 (a). As the bubble was induced by a pulsed laser, this process is known as laser
cavitation, and it behaves like a cavitation bubble. As mentioned later, the impact at collapse of the
laser cavitation can be utilized for peening; the same situation applies for the laser ablation impact.
Peening methods using laser cavitation are known as laser cavitation peening. The laser cavitation
impact is larger than that of the laser ablation impact under optimized laser cavitation peening
conditions.

2.2. Laser Cavitation Peening System

In order to illustrate laser cavitation peening systems, Figure 5 shows a schematic diagram of a
laser cavitation peening test section. A target was placed in a water-filled glass chamber. A pulsed
laser from a laser source was expanded using a concave lens, then focused on the target surface using
convex lens(es) to avoid damage to the glass of the chamber. The standoff distances in air s. and water
sw were optimized by measuring the peening intensity with s. and s». During conventional submerged
laser peening, the second harmonic of a Nd:YAG laser, i.e., a wavelength of 532 nm, is used in order
to avoid absorption in the water [5]. However, from the point of view of the generation of cavitation
bubbles, the fundamental harmonic, i.e., 1064 nm, is more beneficial, since the heat is more
concentrated; researchers who have investigated cavitation bubbles using pulsed lasers have used
Nd:YAG lasers [38]. A total of 40% of the pulse energy at 1064 nm is lost to obtain 532 nm during
wavelength conversion. It was reported that the laser cavitation induced by a 1064 nm pulsed laser
introduced compressive residual stress into hard metals such as alloy tool steel, when the standoff
distance in water was optimized [39]. Recently, a portable submerged laser peening system using a
pulsed laser with a wavelength of 1064 nm was developed [40]. In order to measure the pressure
and/or impact caused by the laser ablation and laser cavitation collapse, a submerged shock-wave
sensor, a hydrophone, and a PVDF sensor were used. As the cavitation impact energy can be obtained
using an AE sensor and/or a laser Doppler vibrometer [41], these can be useful for measuring and/or
monitoring the peening intensity of laser cavitation peening. During submerged laser peening,
peening with and without a sacrificial overlay can be carried out. In both cases, as a number of small
particles are produced during the laser ablation, feeding with water is required to remove
contamination. We discuss water quality later in this paper. Thus, the fundamental harmonic, i.e., a
wavelength of 1064 nm, was used to generate laser cavitation during the additional experiment.
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Figure 5. Schematic diagram of test section of laser cavitation peening system.

3. Comparison between Laser Ablation and Laser Cavitation

As it has been hypothesized that the laser ablation impact is used for submerged laser peening,
we compared the pressures and/or impacts produced by laser ablation and laser cavitation collapse.
Figure 6 shows (a) images of laser ablation, (b) the signal from the target from a PVDF sensor placed
in the target, and (c) the signal from a shock-wave sensor in water [20]. At ¢t =0 ms, both the PVDF
sensor in the target and the submerged shock-wave sensor detected a pulse-like amplitude increase,
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which was caused by the laser ablation. After laser ablation, a bubble was initiated and developed,
then shrunk as in Figure 4 (a). When the bubble collapsed at f = 1 ms, both the PVDF sensor and the
submerged shock-wave sensor detected another pulse-like amplitude increase. When the amplitudes
induced by the laser ablation and the laser cavitation collapse were compared, the amplitude of the
laser cavitation collapse, measured using the PVDF sensor, was larger than that of the laser ablation.
However, the amplitude detected by the submerged shock-wave sensor in respect of laser cavitation
collapse was smaller than that of the laser ablation, as same as previous report [18]. The secondary
collapse of the bubble at t = 1.5 ms was detected by the PVDF sensor, but it was not detected by the
submerged shock-wave sensor. It was suggested that the PVDF sensor could evaluate the impact
more accurately than the submerged shock-wave sensor. When glycerol was used for the plasma
confinement layer, the amplitude of the signal from a PVDF sensor during laser ablation was nearly
equivalent to that of the laser cavitation collapse (see Figure 7).
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Figure 6. Laser ablation and laser cavitation produced by a pulsed laser: (a) images showing the
development of laser ablation and laser cavitation; (b) signal from a PVDF sensor in the target; (c)
signal from a shock-wave sensor in water. Reprinted from [20] with permission from Elsevier, License

Number 5532490964237. .
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Figure 7. Shock-wave signal from laser-induced plasma and the collapse of the laser-induced
cavitation bubble from a PVDF gauge sensor in glycerol. Reprinted from [42] with permission from

Japan Laser Processing Society.

As a cavitation bubble collapse can be controlled by boundary conditions around the bubble, in
one study, a pipe was placed near a target plate around the focus point and the arc-height of the
target plate was measured [43]. The arc-height has been used for measurement of the peening
intensity [44,45]. The inverse of curvature can be measured from the arc-height, and it is proportional
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to the arc-height [46]. In Figure 8 (a), the target plate without a pipe was peened using submerged
laser peening. Namely, both the laser ablation impact and laser cavitation collapse were used in
Figure 8 (a), i.e., without a pipe in Figure 8 (c). However, a pipe was placed near the target plate
around the focus point and peened in Figure 8 (b). As shown in the schematic above Figure 8 (b),
when the pipe was placed near the wall, the bubble moved upwards and collapsed in the water rather
than on the target surface. Thus, the peening intensity, i.e., the inverse of the curvature with the pipe,
was nearly half of that without the pipe, as only the laser ablation impact was used; the laser
cavitation collapse impact was not used during the peening with the pipe. It can be concluded that
both the laser ablation impact and laser cavitation collapse impact are used during conventional
submerged laser peening. Namely, one pulsed laser hits the surface twice. Regarding another
important paper [47], during optimized laser cavitation peening, the laser cavitation collapse impact
energy was 2.2 times larger than that of laser ablation.
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Figure 8. Effect of impact induced by laser cavitation on submerged laser peening: (a) images of laser
cavitation without pipe; (b) images of laser cavitation with pipe; (c) effect of laser cavitation impact
on peening intensity of submerged laser peening. Reprinted from [43] with permission from Japan
Society of Shot Peening Technology.

4. Key Factors of Laser Cavitation Peening

4.1. Overview of Key Factors of Laser Cavitation Peening

Figure 9 reveals an overview of the mechanisms and key factors of laser cavitation peening.
When a laser pulse with a pulse-width of several nanoseconds is irradiated to a target, laser ablation
is generated, and laser ablation produces a shock-wave; then, the shock-wave initiates a bubble, i.e.,
laser cavitation. A laser pulse with a pulse-width of several hundred microseconds also generates
laser cavitation due to sub-cool boiling [48,49]. In terms of the phase-change phenomenon from the
liquid-phase to the gas-phase, this is affected by the characteristics of the liquid. The effect of the
liquid was investigated in a previous study using pure water, glycerol, liquid paraffin, and silicone
oil, and it was reported that the highest stress was observed in water [50]. The shock-wave and the
microjet of the laser cavitation produce the impacts, as well as the shock-wave induced by the laser
ablation. These impacts produce local plastic deformation pits on metallic materials. The local plastic
deformation pits change the material properties, such as the residual stress, hardness, yield stress,
tensile strength, dislocation density, grain size, Young’s modulus, roughness, fracture toughness, etc.
The compressive residual stress and the work-hardening introduced by laser cavitation peening can
improve the fatigue strength and fatigue life. It has been reported that laser cavitation peening
reduces crack initiation and crack propagation [51].

To generate a laser pulse, several laser systems are available. The main parameters of laser
systems are the pulse width, pulse energy, wavelength, repetition frequency, beam diameter, etc. In
a conventional laser cavitation peening system, the pulse width is several ns, the pulse energy is
several hundred mJ, the wavelength is 532 nm or 1064 nm [16,20], repetition frequency is 10-200 Hz
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[40], and the beam diameter is about a few mm. The effects of the pulse energy and the wavelength
were discussed in a previous paper [16].

In the present review, the main factors related to laser cavitation collapse impact, such as bubble
size, bubble shape, and water quality, are summarized. The effect of peening patterns is also
discussed.

Laser Pulse
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Figure 9. Schematic diagram of mechanisms and main factors of improvements in fatigue strength
via laser cavitation peening.

4.2. Bubble Size

As a larger bubble produces a larger impact during cavitation bubble collapse [52-55], the most
important factor of laser cavitation peening is the bubble size. In order to demonstrate the monitoring
of bubble size, Figure 10 shows the relationship between the developing time fo and the diameter of
laser cavitation dma [16]. In Figure 10, the red circles show the data in respect of the hemispherical
bubble and the other circles indicate the spherical bubble. tp is defined as the time from laser ablation
to the 1st collapse of the laser cavitation. For example, this was approximately 1 ms in the case of
Figure 6. The dmx was evaluated using a high-speed video camera (see Figure 6 (a)). Figure 10 was
obtained by changing the laser pulse energy. As shown in Figure 10, dm« [mm] is proportional to ¢p
[us] and the relation is described as in Equation (1), including both spherical and hemispherical
bubbles.

dmax[mm] = 0.0103 ¢, [ps] (D

Regarding Rayleigh [56], the collapse time for a bubble of diameter Ro is given by Equation (2).

— 0.91468 R, % )
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When the values p = 0.1013 MPa and p = 998 kg/m? are substituted into Equation (2), Equation
(3) is obtained.

Ry [mm] = 0.0111 ¢, [us] 3

By definition, Ro is half of dme and t. is half of ¢p, so the proportional constants in Egs. (1) and (3)
are almost equivalent. Thus, it was concluded that the bubble size can be evaluated by measuring the
developing time of the bubble.
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Figure 10. Relation between developing time and diameter of bubble [16].

In order to reveal the relation between bubble size and peening intensity, Figure 11 shows the
relation between the developing time ¢p and the arc-height & [16]. As shown in Equation (1), the
bubble size can be estimated using fp. As mentioned in the explanation of Figure 8, the peening
intensity can be evaluated using the arc-height. In Figure 11, duralumin, stainless steel, and N-strip
were used; duralumin was a soft metal and N-strip was a hard material compared with stainless steel.
Thus, the threshold impact, which corresponds to the material hardness, was assumed. When the
threshold impact was assumed, the arc-height was proportional to the maximum volume of the laser
cavitation [16]. This would be reasonable, as the cavitation intensity is proportional to the volume

[52-55].
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Figure 11. Effect of laser cavitation volume on peening intensity [16].

4.3. Bubble Shape


https://doi.org/10.20944/preprints202304.1006.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 April 2023 doi:10.20944/preprints202304.1006.v1

10

In this section, we investigate the effect of bubble shape. Figure 12 shows images of laser
cavitation. In Figure 12, the specimen was set closer than the optimal s in Figure 5. When s» was
large enough, the laser cavitation developed as a hemispherical bubble, as shown in Figure 6 (a).
However, when s. was shorter than the optimal s, the bubble developed into a flattened
hemispherical bubble, i.e., a pancake-shaped bubble, i.e., t = 0.04 — 0.22 ms, as shown in Figure 12.
During the shrinking of the bubble, it became a longitudinal bubble, as shown at ¢ = 0.70 ms, then
collapsed.

Figure 13 shows the bubble that developed at the edge. When the pulsed laser was irradiated at
the edge, the bubble developed at the edge, and the outer shape was nearly a spherical bubble, i.e.,
=0.09 - 0.43 ms, as shown in Figure 13. During the shrinking of the bubble, it became a kind of horn-
shape, then collapsed. After the first collapse, the other two bubbles were generated and then
collapsed. One of the secondary bubbles became considerably large, and then collapsed. In order to
illustrate the effect of the bubble that developed at the corner, Figure 14 shows the distribution of
surface residual stress measured using a collimator of 0.146 mm in diameter via the 2D method [57].
The target material of Figure 14 was titanium alloy Ti6Al4V. After laser cavitation peening at 30 and
40 pulse/mm?, compressive residual stress of about 100 MPa was introduced, and the compressive
residual stress introduced near the corner was almost equivalent to the value at the center of the
specimen. Namely, a bubble developed at the corner can introduce compressive residual stress into
titanium alloy Ti6Al4V.

5mm

t=0ms

1444¢
11114:

Figure 12. Images of laser cavitation on the wall near the glass chamber.
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Figure 13. Images of laser cavitation on the wall near the edge.
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Figure 14. Introduction of compressive residual stress via laser cavitation peening to surface near
edge of titanium alloy Ti6Al4V: (a) peening direction and definition of residual stress; (b) residual
stress changing with distance from edge before and after peening.

Next, we compare experimentally microjet-type bubbles, as shown in Figure 2 (a), and
hemispherical bubbles, as shown in Figure 2 (b). Figure 15 shows the behavior of a bubble, which
was developed near the target surface by focusing in water [58]. The bubble was initiated in water
near the target and developed, then collapsed in water. After that, the bubble was developed on the
target, then collapsed on the target.

In order to compare the peening intensity of the bubble shown in Figure 15 and the
hemispherical bubble, Figure 16 illustrates the residual stress as a function of the distance from the
target surface. The blue line shows the residual stress of stainless steel treated at 10 pulse/mm? by the
bubble shown in Figure 15 [59], and the violet line shows treatment at 4 pulse/mm? by the
hemispherical bubble [6]. The red line reveals the residual stress without peening [59]. For both
treatments, a Q-switched Nd:YAG laser of 0.35 ] and 1064 nm was used. As shown in Figure 16, the
hemispherical bubble at 4 pulse/mm? introduced large compressive residual stress into a deeper
region compared with the bubble shown in Figure 15 at 10 pulse/mm?. Namely, the collapse of the
hemispherical bubble produced a more intense impact compared with the microjet.

Now, we investigate the effect of the bubble shape using numerical simulation. Iga and Sasaki
carried out a fluid/material-coupled numerical simulation of the first stage of the non-spherical
collapse of a bubble near a wall, including the stress state inside the elastic material of the wall [35].
Figure 17 shows the results of typical cases (a) y =-0.3, (b) ¥ =0, and (c) y =1.2 [35]. In Figure 17, y is
defined by the distance between the center of the bubble and the wall surface, L, and the maximum
bubble radius is Rumax, as per Equation (4).

L

Yy = 4)

Rmax

(a) y =-0.3 corresponds to a pancake-shaped bubble, as shown in Figure 12, (b) y =0 corresponds
to a hemispherical bubble, as shown in Figure 6 (a), and (c) y = 1.2 shows the bubble near the wall, as
shown in Figure 15. In the case of (c) y = 1.2, the bubble has collapsed, generating a microjet. Iga and
Sasaki simulated the void fraction, pressure in water, and equivalent stress of the material at various
values of y [35]. Three color bars for each value are shown in the upper part of Figure 17. Figure 17
reveals contours of the values changing with the time. As shown in Figure 17 (a) y = -0.3, i.e., the
pancake-shaped bubble, part of bubble near the wall shrunk quicker than the top of the bubble; it
became a longitudinal bubble at ¢ = 83.8 us. The longitudinal shape was very similar to the
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longitudinal bubble at ¢ = 0.70 ms in Figure 12. t = 0 ms in Figure 12 corresponds to the irradiation of
the pulsed laser.

§ & 4 WA -4 4 4 4 4 4 4
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t=0ms
Figure 15. Images of laser cavitation focused in the water by pulsed laser near the wall [58].
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Figure 17. Fluid/material-coupled numerical simulation of collapse of a bubble: (a) pancake-shaped
bubble on the wall (y=-0.3); (b) hemispherical bubble on the wall (hemispherical mode; y=0); (c)
spherical bubble near the wall (microjet mode; y=1.2) [35] .

However, t =0 us in Figure 17 is the time at which the radius of the bubble reached a maximum.
As shown in Figs. 12 and 17 (a), the fluid/material-coupled numerical simulation revealed
experimental results. In the case of the hemispherical bubble collapse shown in Figure 17 (b), the
pressure around the bubble became larger than that inside the bubble. This is similar to the
phenomenon reported after theoretical analysis [60]. As shown in Figure 17 (c), a microjet is generated,
and this causes a water-hammer effect.

In order to consider the effect of bubble shape on peening and/or erosion via cavitation bubble
collapse, Figure 18 shows variations in the maximum equivalent stress and stress influence area
changing with y. The maximum equivalent stress had a maximum aty =0. Namely, the impact caused
by the hemispherical bubble, y =0, was larger than that of the microjet-mode bubble y =1.2. Further,
the stress influential volume has a maximum at y = 0. Namely, the hemispherical bubble collapse
affects the wider volume compared with microjet-type collapse, as shown in Figure 18 (b). Note that
the collapse of the bubble at y = 0.5 affects a deeper region compared with the bubble at y = 0.
Considering the results of Figure 18 (a)-(c), the collapse of the hemispherical bubble at y =0 is suitable
for laser cavitation peening.
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Figure 18. Variations in maximum equivalent stress and stress influence area with the stand-off distance between
the bubble and the wall; (a) maximum equivalent stress; (b) volume of stress influence area; (c) depth of stress
influence area [35].

4.4. Water Quality

In order to investigate the effect of feeding water on peening intensity, Figure 19 shows the arc-
height changing with the laser pulse density at various conditions using an aluminum plate. During
the present condition, the flow rate of the feeding water was 5 L/min. The oxygen content was 6.4
mg/L without degassing and 1.6 mg/L with degassing. The water temperature was about 283 K. As
shown in Figure 19, the arc-height of laser cavitation peening with feeding water was larger than that
of the peening without feeding water, as the feeding water removed small particles that were caused
by laser ablation. The small particles might obstruct the laser from reaching the target surface. If the
air content in the water was large, the minimum size of the cavitation bubble was larger. Thus, the
rebound after the cavitation bubble collapse was slightly slower, and the impact during bubble
collapse was reduced. This is called the “cushion effect”. Namely, the cavitation bubble collapse
impact is affected by the air content of the water. As shown in Figure 19, the arc-height of laser
cavitation peening with degassed feeding water was larger than that of non-degassed feeding water.
Thus, in order to minimize the cushion effect, feeding with degassed water is suitable for laser
cavitation peening.
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Figure 19. Effect of feeding water on peening intensity measured using arc-height of aluminum
plate.
4.5. Peening Pattern

In order to reveal the effect of the peening pattern, Figure 20 shows the surface residual stress
changing with the irradiation step in the x- and y-directions, as shown in the upper part of Figure 20.
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For all three cases, similar compressive residual stress was introduced, even though anisotropic
irradiation was applied. Note that the virgin surface was treated.

In order to investigate the effects of overstrike during laser cavitation peening, Figure 21 reveals
the fatigue life of titanium alloy Ti6Al4V manufactured via direct metal laser sintering. The fatigue
life was evaluated using a torsion fatigue tester [60]. For all five cases, the total laser pulse density
was 40 pulse/mma?. In the case of 40 pulse/mm?, both the step distance in the circumferential direction
and axial direction was 0.158 mm. In the case of 5 + 35 pulse/mm?, the step distances in both the
circumferential and axial directions were 0.447 mm at the 1st step and 0.169 mm at the 2nd step. For
all five cases, the fatigue life was improved compared with as-built specimen. The first 5 pulse/mm?
and the second 35 pulse/mm? had the longest life. When Ti6Al4V was treated via laser cavitation
peening, the surface was oxidized. It was reported that the oxidized layer of Ti6Al4V after laser
cavitation peening was TisOs [10]. As the color of TisO:s is black, the irradiated laser energy was more
intense compared with treatment of the virgin surface, which is blighter than TisOs. As the local
surface residual stress changed in between laser spots [57], the higher the laser density at the last
stage of laser cavitation peening, the longer the fatigue life.

Isotropic irradiation Anisotropic irradiation Anisotropic irradiation
dx=4y=a Ax=al2, dy=2a Ax =ald, dy =4a
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Figure 20. Surface residual stresses before and after area isotropic and anisotropic irradiation [15].
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Figure 21. Effect of peening pattern on improvement of fatigue life at 7. = 460 MPa for additive
manufactured titanium alloy Ti6Al4V via direct metal laser sintering.
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5. Improvement of Fatigue Properties of Metals via Laser Cavitation Peening

In order to reveal the improvement of the fatigue properties of 3D metals via laser cavitation
peening, Figure 22 shows the S—N curves of additive-manufactured titanium alloy Ti6Al4V via direct
metal laser sintering (DMLS) treated using laser cavitation peening, compared with a non-peened
(as-built) specimen [60]. As shown in Figure 22, the fatigue life was improved by laser cavitation
peening (CP by laser).
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Figure 22. Improvement of fatigue life of titanium alloy Ti6Al4V additively manufactured via direct
metal laser sintering using laser cavitation peening (CP by laser), compared with shot peening and
cavitation peening using a jet. Reprinted from [60] with permission from Elsevier, License Number
5532491421394.

Figure 23 shows images of additive manufactured titanium alloy Ti6Al4V produced using
DMLS: (a) as-built specimen and (b) laser cavitation peened specimen [10]. Many unmelted particles
were observed on the surface of the as-built specimen, and the maximum height of roughness Rz was
about 140 um. After laser cavitation peening, Rz decreased to about 100 um, and compressive
residual stress was introduced [10]. The hardness was also increased. Thus, the reduction in surface
roughness and the introduction of compressive residual stress and work-hardening are the reasons
why laser cavitation peening improves the fatigue properties of 3D metals.

Table 1 shows the fatigue strength at 107 of non-peened metallic materials and materials that
underwent laser cavitation peening compared with shot peening. The fatigue strength at 107 was
calculated using Little’s method [61]. Figure 24 illustrates the relationship between the fatigue
strength of the non-peened specimen o, v and the fatigue strength of the peened specimen o, .
As shown in Table 1 and Figure 24, both laser cavitation peening and shot peening improve the
fatigue strength compared with the non-peened specimen. When the proportional constant is
considered, laser cavitation peening and shot peening can be described as in Egs. (5) and (6).

orp, 7p=152+0.15 o, v (5)
orp,7p=141+0.15 o, v 6)

Namely, laser cavitation peening can improve fatigue strength by 10% over shot peening.
In order to consider the difference in the improvement of fatigue strength between laser cavitation
peening and shot peening, Figure 25 reveals an EBSD analysis of the cross-section after a) cavitation
peening CP using a cavitating jet, b) shot peening SP, and c) cavitation peening using a laser, i.e.,
laser cavitation peening [62]. During the experiment, stainless steel plate was treated so that the arc-
height was equivalent in all three cases. As shown in Figure 25, the dislocation density of cavitation
peening using both jet and laser was less than that of shot peening. As the dislocations might become
a source of crack initiation, the fatigue properties of shot peening would be weaker than that of
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cavitation peening. As is known, the compressive residual stress introduced by the surface treatments
was released, and the relaxation of the compressive residual stress depended on the treatment
methods [66-70]. It was reported that the relaxation of compressive residual stress introduced by
cavitation peening is less than that of shot peening [71]. This would be another reason why the fatigue
performance of cavitation peening is better than that of shot peening.

u ST NGRS HNEEPP TR -

Figure 23. Images of surface of additive-manufactured titanium alloy Ti6Al4V via direct metal laser
sintering: (a) as-built; (b) laser cavitation peening [10].

Table 1. Improvement in fatigue life of metallic materials via laser cavitation peening compared with non-
peened and shot peening.

. . Fatigue strength at 107
Material Fatigue test . A N
Non-peenedLaser cavitation peeningShot peeningReference
AM (EBM) titanium alloy Ti6Al4V Plane bending 169 MPa 317 MPa 335 MPa [7]
AM (DMLS) titanium alloy Ti6Al4VPlane bending 185 MPa 357 MPa 355 MPa [63]
AM (DMLS) titanium alloy Ti6Al4V  Torsion 217 MPa 361 MPa 285 MPa [64]
Magnesium alloy AZ31B Plane bending 97 MPa 151 MPa 104 MPa [65]
Stainless-steel 316L. Plane bending 279 MPa 272 MPa 305 MPa [20]
Stainless-steel 316L (welded)  Plane bending 188 MPa 300 MPa 260 MPa [16]

AM: Additive manufacturing; EBM: Electron beam melting; DMLS: Direct metal laser sintering.
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Figure 24. Improvement in fatigue strength of metallic materials via laser cavitation peening
compared with shot peening.
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Figure 25. EBSD analysis of cross-section after a) CP via jet, b) SP, and c) CP via laser (laser cavitation
peening) surface treatments showing inverse pole figure maps (top) relative to the normal to the cross-
section, and grain reference orientation deviation (GROD) maps (bottom). Reprinted from [62] with
permission from Elsevier, License Number 5532500298391.

6. Future Work

One of major issues in laser cavitation peening is the drastic improvement in efficiency, as it
takes time to enhance the fatigue properties of metallic materials. During conventional laser
cavitation peening, a Nd:YAG laser with a Q-switch is used, as the impact induced by laser ablation
is also utilized. As mentioned in this review paper, when suitable conditions such as the feeding of
degassed water to enhance the laser cavitation collapse impact are applied, the laser cavitation impact
can treat metallic materials. If the laser cavitation impact without the laser ablation impact can treat
the metallic materials, a short laser pulse, whose pulse width is a few ns to generate laser ablation, is
not required. It was reported that a Er:YAG laser, whose pulse width is 300 ps, can produce laser
cavitation [48]. When a laser pulse of several hundred ps in pulse width can be used for laser
cavitation peening, the processing efficiency of laser cavitation peening can be drastically improved.
Other types of laser system, such as fiber lasers, whose repetition frequency is 50 kHz, can be used
for laser cavitation peening. Currently, the repetition frequency range of a conventional Nd:YAG
laser with a Q-switch is dozens of Hz to hundreds of Hz. Thus, one of the future research directions
in respect of laser cavitation peening is the research and development of laser cavitation peening
using a pulse laser with a longer pulse width to increase the repetition frequency.

In order to reveal the possibility of laser cavitation peening using a long laser pulse, Figure 26
shows (a) images of laser cavitation and (b) the pressure detected by a hydrophone [72]. The pulse
laser used was a Nd:YAG laser without a Q-switch, i.e. normal oscillation, whose pulse width was
about 200 ps. As a Q-switch was not used, the high-speed observation and the recording of the output
signal from the hydrophone were not synchronized. As shown in Figure 26 (a), a relatively long laser
pulse such as 200 us can generate a bubble, and the bubble developed and then collapsed in the same
way as in Figure 7 (a). During laser ablation, i.e., t = 0 ms, a small pressure pulse was detected, as
shown in Figure 26 (b). The large signal was observed during the 1st collapse of the laser cavitation.
However, during the 2nd collapse of the laser cavitation, the amplitude of the signal was larger than
that of the laser ablation. Namely, a relatively long laser pulse such as 200 ps can generate laser
cavitation and this can be applicable for laser cavitation peening. Thus, other types of laser, such as
fiber lasers, can be utilized for laser cavitation peening to drastically increase efficiency. In order to
optimize laser cavitation peening using a long laser pulse, the effect of parameters such as the laser
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energy, repetition frequency, standoff distance, and focal distance of the lens should be investigated,
as laser cavitation peening utilizes a sub-cooling phenomenon, as shown in Figure 9.
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Figure 26. Laser cavitation generated by Nd:YAG laser without Q-switch: (a) images of laser ablation
and laser cavitation; (b) Pressure detected by hydrophone [72].

7. Conclusions

In order to reveal the importance of the collapse impact of the bubble, which develops after laser
ablation during submerged laser peening, the peening method was named “laser cavitation
peening”, and the impact during bubble collapse was compared with the impact during laser ablation
using published papers. The types of laser cavitation were reviewed by summarizing experimental
data and numerical simulations, with additional observation of laser cavitation. To show the effect of
laser cavitation peening on the improvement of the fatigue properties of metallic materials, including
3D metals, the fatigue life and strength of materials after laser cavitation peening were compared
with non-peened samples. The findings of the present review can be summarized as follows:

(1) During submerged laser peening, the impact of laser cavitation, which is generated after laser
ablation, can be utilized for mechanical surface treatment. This is referred to as laser cavitation
peening. Water quality, such as gas content, is an important factor, as the cavitation bubble
collapse impact is affected by the gas content; this is called the cushion effect.

(2) The impact passing thorough the target of laser cavitation collapse is greater than that of laser
ablation, although the amplitude of the shock-wave in water induced by laser ablation is larger
than that of laser cavitation collapse.

(3) A hemispherical bubble is most effective for laser cavitation peening compared with a spherical
bubble, which produces a microjet in the bubble.

(4) In the case of laser cavitation peening, the peening intensity is proportional to the volume of
laser cavitation when the threshold of the target materials is considered.

(5) During laser cavitation peening, the area near the edge can be treated using laser cavitation,
which develops and collapses near the edge.

(6) Laser cavitation peening improves the fatigue strength of metallic materials, including three-
dimensional additively manufactured metals (3D metals).
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