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Abstract: To study the effects of aluminum alloys processed by a laser in air and water and at different
water velocities, corresponding experiments were conducted and the impacting effects of different
water velocities on the surface of the workpiece were simulated, respectively. The results show that
when laser processing aluminum alloy materials in air, there is more slag and a recondensation layer
on both sides of the groove, the heat-affected zone is larger and the surface processing quality is poor.
When laser processing aluminum alloy materials in water, the processing quality is improved. With
the increase in water velocity, the impacting and cooling effect is enhanced, the groove depth and
groove width show a trend of first increasing and then decreasing, the slag and recondensation layer
on both sides of the groove are reduced, the heat-affected zone is reduced and the processing quality
of the groove is improved. When the water velocity reaches 30 m/s, a better groove can be obtained.
Laser processing aluminum alloy materials in water can obtain better processing quality than laser
processing in air.

Keywords: laser processing; air; water; aluminum alloy

1. Introduction

Aluminum alloys have been widely used in the aerospace and medical fields, with
the advantages of high strength, strong corrosion resistance, easy forming and excellent
mechanical properties [1–3]. However, conventional machining methods show difficulty
in machining aluminum alloys due to their metallic properties. Moreover, deformation
easily occurs in the process of machining aluminum alloys, which not only seriously affects
the machining quality but also affects the tool life [4,5]. Laser technology can process
metal and non-metal materials; it belongs to non-contact processing and will not cause
mechanical extrusion and mechanical stress to the material. It has been widely used in
various industries, with the advantages of high processing efficiency and a wide processing
range [6,7]. Affected by the material properties of aluminum alloys and the effect of laser
heat, there are phenomena such as a large heat-affected zone and slag accumulation during
laser processing [8]. In order to reduce the defects existing in laser processing, researchers
have introduced liquids in laser processing to effectively reduce or eliminate defects, and a
large number of studies have been performed [9].

Cao et al. [10] studied the effects of laser power, laser repetition frequency and feed rate
on the shape of the groove in the water-guided laser processing of 6061 aluminum. Studies
have found that higher laser power and lower laser repetition frequency are beneficial
to the formation of trenches with a vertical sidewall. Adelmann et al. [11] studied the
influence of laser power on the depth of grooves in the water-guided laser processing of
various materials and realized the processing of deep grooves with an aspect ratio of 1:66.
Qiao et al. [12] used water-guided laser technology to successfully process a hydrophobic
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micro-texture on the surface of stainless steel. Huang et al. [13] proposed a non-uniform
electric field-based deflected water beam guiding laser method for the water–light coupling
process. The principle of the related technology was analyzed and the non-uniform electric
field deflecting the water beam was simulated, which provides theoretical support for
water-guided laser technology based on the non-uniform electric field deflecting the water
beam. Zhang et al. [14] simulated the process of water-guided laser processing for carbon
fiber-reinforced plastics. It was found that adjusting the duty cycle of the laser pulse can
significantly affect the shape and temperature distribution of the composite material after
drilling. Meanwhile, the experimental results show that water-guided laser processing can
obtain better processing results than traditional laser processing.

Feng et al. [15] used underwater laser micro-milling technology to successfully process
a microchannel with a width of 200 µm, a depth of 700 µm and a bottom roughness of
1 µm on FG-Al substrates without thermal effects. Shin et al. [16] successfully performed
underwater fiber laser cutting for 50 and 60 mm thick stainless steel plates and the width
of the cut was very narrow. Charee et al. [17] studied the influence of water temperature on
the width and depth of the groove in the underwater nanosecond pulse laser processing
of monocrystalline silicon. The study found that the use of a high water temperature can
increase the material removal rate and the groove aspect ratio. Soliman [18] studied the
effect of laser processing on stainless steel in water and hexane. It was found that different
liquid media cause differences in roughness on the ablated stainless steel surface, and the
lower surface roughness can be achieved when stainless steel is processed underwater.
Long et al. [19] studied the influence mechanism of the thickness of the water layer on the
etching quality of the workpiece. The results show that the initial laser absorption and
the formation of cavitation bubbles after laser incidence are not affected by the immersion
depth, which provides theoretical support for the choice of water layer thickness in under-
water laser processing. Lv et al. [20] used nanosecond pulsed laser processing for Inconel
718 samples in air and water. It was found that the edges of the holes processed in air
experienced obvious melt recast and redeposition, while the edges of the holes processed
underwater were significantly smoother and there was almost no recast or redeposition.

Guo et al. [21] investigated the influence of different processing parameters on the abla-
tion depth, width and material removal rate in water-assisted pulsed laser processing, and
successfully processed micro-groove arrays on CVD diamond-coated tools. Wang et al. [22]
studied the effects of laser pulse energy, water jet pressure and laser moving speed on
groove depth and surface micro-morphology in the water jet-assisted laser processing of
silicon nitride. It was found that the laser pulse energy and water jet pressure dominated
the groove depth and microscopic morphology. Zhu et al. [23] established a numerical
model of heat transfer and material ablation in the water jet-assisted laser processing of
single-crystal germanium to prove that the shielding effect of laser-induced plasma in-
creases with laser pulse energy. The water jet can not only wash away the material softened
by the laser, but also effectively remove the heat accumulation in the workpiece to minimize
thermal damage. It was found that the groove depth increases with the laser pulse energy,
and the pressure of the water jet lowers the threshold workpiece temperature for material
removal. Zhou et al. [24] analyzed the effects of heat transfer, water jet and water film in
jet-assisted laser processing. It was found that the jet velocity and the shape of the water
layer will affect the laser ablation efficiency and the quality of the ablation characteristics.
Wang et al. [25] performed a water jet-assisted laser processing microchannel experiment
on a stainless steel surface and used the response surface method to study the influence of
various process parameters on the microchannel processing quality and heat-affected zone.

Many scholars have studied the laser–water processing technology. However, there
are few studies on the effects of different water velocities on the aluminum alloy processing
morphology. Therefore, aluminum alloy was selected as the research object to study the
influence of laser processing in air and water and analyze the influence of water velocity
on the contour, width and roughness of the groove.
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2. Laser–Water Composite Machining Model and Theoretical Analysis

Laser–water composite processing combines laser processing and water jet processing
technology. The impact effect of the water jet can wash away the slag and debris generated
during laser processing; the cooling effect of the water jet can absorb excess laser energy,
cool the processing area and reduce ablation [26]. By using the impact and cooling effect
of a water jet, the processing quality is improved to a certain extent. The principle of
laser–water composite processing is shown in Figure 1.
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In laser–water composite processing, the water cools the processing area—that is, the
convective heat exchange between the water and the laser energy. The Nusselt number is
used to judge the intensity of convective heat transfer. According to the literature [27], the
Nusselt number of the circular cross-section nozzle is
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Here, R is the Reynolds number; K is the heat transfer coefficient; v and l are the flow
rate of water and the characteristic length of the processed material respectively; µ is the
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dynamic viscosity coefficient of water; Pr is the Planck number of water; D is the nozzle
diameter; H is the distance between the nozzle and the impact point.

It can be seen from Equation (3) that the convection heat transfer coefficient h is related
to H/D, Re, k, L and v. Assuming that the thermal conductivity of the aluminum alloy
remains unchanged, the length of the material remains unchanged, and the H/D remains
unchanged, then the convective heat transfer coefficient is related to the water velocity. The
convective heat transfer coefficient increases with the increase in water velocity. The laser
processing area is cooled by increasing the convective heat transfer coefficient.

In laser–water composite processing, when the liquid water impacts the processing
area, the water produces an impact on the material, which can wash away the slag generated
after laser processing in time and improve the surface quality of the workpiece. The impact
of the water jet on the surface of the workpiece is divided into two stages: the water
hammer pressure and the stagnation pressure stage. In the first stage, the water jet impacts
the workpiece and generates a shock wave. The compressed water acts on the workpiece
as a “water hammer” to generate pressure. In the second stage, after the first stage, a stable
impinging jet is formed. At this time, the center pressure of the jet will gradually oscillate
and decrease, forming a stable stagnation pressure. Then, the water jet will continuously
impact the workpiece at the same speed and the dynamic pressure of the jet center will also
stabilize at the stagnation pressure. According to the Bernoulli equation, the water hammer
pressure and stagnation pressure can be obtained [28]:

pw = ρkv2 + ρvc0 (4)

ps =
1
2

ρv2 (5)

Here, pw represents the water hammer pressure; ps represents the stagnation pressure;
ρ is the density of water; v is the jet velocity; c0 is the shock wave velocity of water; k is the
coefficient (approximately 2 when the jet velocity is less than 1000 m/s). As the release
wave propagates from the periphery to the center position, the impacting pressure quickly
decreases to the stagnation pressure and remains essentially stable. Under the action of a
continuous and stable jet, the stagnation pressure is equal to the central dynamic pressure
of the water jet.

It can be seen from Equation (5) that the force in the jet direction gradually increases
with the increase in water velocity, which can flush away the molten material after laser
processing and reduce the accumulation of slag. However, the higher water velocity
in actual processing not only puts forward higher requirements on the clamping of the
workpiece and the water jet processing system, but also produces water mist, shields the
laser and affects the laser focus radius.

3. Experimental Research

Aluminum alloy was selected as the research object. The TY-LFM-500 multifunctional
laser etching machine was selected (max. power 500 W, pulse frequency 1–500 Hz, pulse
width 0.1–20 ms, wavelength 1064 nm). The processing parameters were set as follows:
laser current 125 A, laser pulse width 3 ms, repetition frequency 10 Hz, laser scanning speed
1.5 mm/s, circular spot diameter 1 mm, water jet angle 60◦and water jet velocities are 3 m/s,
12 m/s, 21 m/s and 30 m/s. Absolute ethanol was used to clean the 7075 aluminum alloy
surface before laser machining. The results of laser processing and laser–water composite
processing are shown in Figures 2–5 (Figure 2 is the cross-sectional profile of the groove;
Figure 3 is the width; Figure 4 is the variation trend of depth and width; Figure 5 is the
micro-topography).
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3.1. The Influence of the Medium on the Processing Result

Comparing Figures 2–5, it can be seen that when laser processing aluminum alloy in
air, the depth and width of the groove are greater than those obtained by laser processing in
water. However, more recondensed layers are produced on both sides of the groove, a large
amount of slag is accumulated on the bottom of the groove and the ablation phenomenon
is more serious.

It was observed that during laser processing in air, the laser beam directly irradiates
the surface of the aluminum alloy material and the light energy is converted into heat
energy and conducted into the material. The aluminum alloy material absorbs a large
amount of laser energy to reach the material ablation threshold, and the processed material
is blown away under the action of the auxiliary gas. The blow-off ability of the auxiliary gas
is limited and it cannot blow a large amount of molten material away from the processing
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area in time. The molten material rapidly cools and solidifies in the processing area and
accumulates in the groove, which will further transfer heat to the inside of the material,
causing excessive thermal stress inside the material to produce cracks.

Although there is still slag that accumulates on the bottom and sides of the groove
when the water velocity is 3 m/s, the processed surface is no longer similar to that of laser
processing in air, as the slag and recast layer are significantly reduced.

In laser–water composite processing, the water has the effects of impact and cooling.
The cooling action of the water jet absorbs excess laser energy applied to the surface of the
material, which reduces the heat-affected zone and ablation. The impact of the water can
wash away the slag generated by the laser action material from the processing area in time,
which causes the accumulation of slag and the formation of the re-condensed layer to be
reduced, and the processing quality is improved. When the water velocity is small, the
convection heat exchange between the water and the laser is strong. Although the water
also has an impact on the material, the convective heat exchange between the water jet and
the laser dominates, and a large amount of laser energy is absorbed by the water, so the
depth of the groove is small. As the water velocity increases, both the water–laser–material
impact and cooling effects increase. Although there is strong convective heat exchange
between the water jet and the laser, the force of the impact material increases greatly due to
the high speed of the water jet. At this time, the impact of the water jet is dominant, and
the molten slag after the action of the laser can be punched out of the groove in time to
reduce the absorption of laser energy by the slag, thereby reducing the absorption of laser
energy by the slag, so the depth of the groove is small. As the water velocity continues
to increase, the depth of the groove decreases. At this time, the impact of water on the
material is greater, and there is strong convective heat exchange between the water and the
laser; the experimental device shakes more seriously at this time due to the high speed of
the water. When the water impacts the material, the impact center of the jet is deviated.
When it impacts the surface of the material, the water beam diverges greatly, which affects
the laser focus spot, and the laser energy loss is large, so the depth of the groove is small.

The convection heat exchange between liquid–material–laser is relatively strong and
laser energy loss is greater [29]. The actual energy of the laser irradiated on the surface of
the material is smaller than the laser energy in air. Therefore, the groove depth and width
with the laser processing of aluminum alloy materials in water is smaller than that with
laser processing in air. The water is instantly vaporized under the high-temperature action
of the laser, forming cavitation bubbles in the water accumulated in the groove [30]. During
the collapse stage of the cavitation bubble, shock waves and micro-jets will be formed to
act in the groove. The shock wave prevents the molten aluminum alloy from flowing to the
bottom of the groove. The high-pressure shock wave causes the melt to sputter from the
bottom of the groove to the notch and solidify into a small amount of massive slag on the
groove wall and the incision [31].

3.2. Effect of Water Velocity on Processing Results

It can be seen from Figures 2–5 that when the water velocity is 3 m/s, a small amount
of unremoved slag still exists in the groove, and the depth and width of the groove are
small. It was observed that the convective heat transfer between the laser beam and water
is stronger and the laser loses more energy. At the same time, the impact of water on the
groove is relatively small, and thus cannot completely wash away the products after laser
processing. The cooling effect is dominant in this process, resulting in relatively small
depth and width.

As the water velocity increases, the groove depth and width gradually increase, the
slag is washed away and the processing quality is improved. It was observed that the
increase in water velocity will increase the impact force acting on the material, which can
wash away the slag generated in time. However, when the water velocity increases to
30 m/s, the depth and width of the groove decrease instead. It was posited that when
the water velocity is high, although the impact effect on the material is enhanced, the
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convective heat transfer between the laser–material–water is also enhanced at this time.
Moreover, the high water velocity will cause the nozzle device to vibrate violently, causing
the jet center to deviate from the impacting center, and the molten aluminum alloy cannot
be flushed out of the groove in time. Meanwhile, the impact effect of water is weaker than
the cooling effect, the laser energy acting on the material is greatly reduced, and the groove
depth and width are relatively reduced [32].

In order to analyze the impact effect of different water velocities on the workpiece,
finite element software was used to simulate the impacting force generated when the
workpiece is impacted by different water velocities. In the experiment, the diameter of the
nozzle was 0.7 mm, and the distance between the nozzle and the machining surface of the
workpiece was 5 mm. The model was simplified to a two-dimensional model and meshed,
as shown in Figure 6. The water inlet, nozzle wall and water outlet were named separately
in the software, and the water and the material surface contact part were chamfered for the
purpose of reducing the effect of stress concentration on the simulation results. Different
water inlet velocities were set in the software, such as 3 m/s, 12 m/s, 21 m/s, 30 m/s. The
outlet pressure was set to a standard atmospheric pressure of 0.1 MPa and a non-slip wall
was used. The k-ε standard model was adopted as the turbulence model and the solver
adopted the SIPMLE algorithm. The pressure curve of the impact surface was extracted, as
shown in Figure 7.
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the removal of the material. As the water velocity increases, the impact force gradually
increases and the increase gradient is larger.

It can be seen from the magnified area in Figure 7 that with the increase in the
water velocity, the water flow fluctuates greatly, which interferes with the laser beam
and affects the processing results. When the water velocity is 3 m/s, the water flow is
relatively stable and the fluctuation is small, while the interference to the laser beam is
weak. When the water velocity increases to 30 m/s, the water acting on the workpiece
fluctuates greatly. At this time, the water beam diverges seriously and the actual laser
energy of the irradiated material is affected due to the increased refraction or reflection
effect of the “water mist” generated by the larger water jet velocity on the laser beam, which
will affect the processing results.

From the point of view of material removal, the higher the water velocity, the more
favorable the actual processing is when the actual conditions are allowed. However, it can
be seen from Figures 2e, 3e and 7 that when the water velocity is high, such as 30 m/s, the
water fluctuates greatly on the surface of the material and the water beam diverges, which
is not conducive to processing.

The roughness of laser-machined aluminum alloys in air and water was compared, as
shown in Figure 8. Figure 8a shows the result before processing, Figure 8b shows the result
of laser processing in air, and Figure 8c shows the result when the water velocity is 30 m/s.
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It can be seen from Figure 8a–c that when laser processing aluminum alloy in air, a
large amount of heat is absorbed by the material and the material is heated and melted.
The rapid cooling rate of metal materials and the limited ability of auxiliary gas blowing
off make the melted materials unable to be removed in time, and they quickly solidify and
accumulate in the processing area, which leads to a large roughness value. When the water
velocity reaches 30 m/s (combined with Figure 7), the impact of water can compensate for
the limited blowing capacity of the auxiliary gas and blow away the melt in the processing
area in time, which makes the roughness of the processing area lower than that of laser
processing in air.

This paper further compares the changes in the main element content of the laser-
processed aluminum alloy in air and water, using an X-ray energy spectrometer (EDS)
to analyze the elements before and after processing. The specific measurement positions
are shown in Figure 9, where Figure 9a–c show the elemental analyses of aluminum alloy
unprocessed, laser-processed in air and laser-processed in water, respectively.
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The original surface of the aluminum alloy material is covered with a thin oxide
layer to prevent the interior of the material from being oxidized. This oxide film is mainly
composed of aluminum. The laser processing in air undergoes a violent oxidation reaction
and the aluminum element is consumed to generate a large amount of oxides, so the
aluminum element decreases and the oxygen element increases. At high temperatures, the
coefficient of action of carbon and oxygen is large, so as to form carbides and oxides that
easily attract each other and aggregate. In particular, when aluminum is decomposed under
laser irradiation, it can easily absorb oxygen to form alloy-rich composite alloy inclusion
particles [33]. The ablation phenomenon of laser processing in water is weakened and
the water can wash away the processed products in time. Excessive temperatures in the
processing area will form water vapor, which will prevent the formation of oxides. At the
same time, magnesium can further promote a series of reactions between aluminum and
water vapor to produce Al2O3 and Al2.667O4 [34], which leads to the continuous reduction
in oxygen and aluminum content.

4. Conclusions

In this paper, the effects of different water velocities on the depth, width and micro-
morphology of the groove during the laser–water composite machining of aluminum alloys
are mainly studied. The main conclusions are as follows:

(1) When the aluminum alloy material is laser-processed in air, the depth and width of
the groove are 0.041 mm and 1.003 mm, respectively. At this time, the surface of the groove
is seriously ablated and a large amount of slag accumulates in the groove and on both sides
of the groove, which reduces the groove depth, and the processing quality is poor.

(2) During laser–water–liquid composite processing of aluminum alloy materials, the
groove surface essentially has no heat-affected zone and the processing quality is better
than that of laser processing in air. When the water velocity is 21 m/s, the groove depth
and width reach the maximum, which are 0.125 mm and 0.974 mm, respectively. In theory,
with a stronger impact force of water on the processing area, the slag produced by laser
processing can be washed away in time and the depth and width of the groove will increase
with the increase in water speed. However, when the water velocity increases to 30 m/s,
the groove depth and width become smaller in actual processing.

(3) The surface of the original material of the workpiece is covered with a thin oxide
film and the oxygen content is relatively small. When the aluminum alloy is laser-processed
in air, serious ablation occurs and a large amount of slag is accumulated in the groove; the
main component of the slag is Al2O3. When the aluminum alloy is laser-processed in water,
the formed water vapor will prevent the formation of oxides and the magnesium element
can further promote a series of reactions between aluminum and the water vapor. The
main components of the product are Al2O3 and Al2.667O4.
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(4) In the laser–water composite machining of aluminum alloys, water mainly plays the
role of cooling and impact. The cooling of water can alleviate the phenomenon of thermal
stress concentration and inhibit the generation of cracks. The impact of water can remove
the slag, reduce the thickness of the recast layer and improve the processing quality. These
two functions of water cause the composite processing quality to be significantly improved.

Laser–water composite machining is a promising technology to improve the machining
quality of aluminum alloys.

Author Contributions: X.C. designed the study. X.X. developed the methodology. J.T. revised the
manuscript. S.H. extracted data. W.M. conducted experiments and X.L. wrote manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of Anhui Jianzhu University
(grant number, 2019QDZ20) and the Anhui Provincial Key Laboratory of Natural Science (grant
number, KJ2019A0798).

Acknowledgments: We thank all the authors for their joint efforts in completing the experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Esch, P.; Klocke, F.; Bauernhansl, T.; Schneider, M. Methodic development of laser micro structured cutting tools with microscale

textures for AW7075 aluminum alloy using a Plackett-Burman screening design. CIRP J. Manuf. Sci. Technol. 2021, 32, 188–195.
[CrossRef]

2. Nimura, K.; Sugawara, T.; Jibiki, T.; Ito, S.; Shima, M. Surface modification of aluminum alloy to improve fretting wear properties.
Tribol. Int. 2016, 93, 702–708. [CrossRef]

3. Cerit, M.; Coban, M. Temperature and thermal stress analyses of a ceramic-coated aluminum alloy piston used in a diesel engine.
Int. J. Therm. Sci. 2014, 77, 11–18. [CrossRef]

4. Jasinevicius, R.G.; Otoboni, J.A.; Basso, I.; Dib, M. Size effects in ultraprecision machining of aluminum alloys: Conventional
aa6061-t6 and rsa 6061-t6. J. Manuf. Process. 2021, 68, 136–157. [CrossRef]

5. Garric, V.; Colas, K.; Donnadieu, P.; Loyer-Prost, M.; Leprêtre, F.; Cloute-Cazalaa, V.; Kapusta, B. Impact of the microstructure on
the swelling of aluminum alloys: Characterization and modelling bases. J. Nucl. Mater. 2021, 557, 153273. [CrossRef]

6. Doualle, T.; Reymond, M.; Pontillon, Y.; Gallais, L. Laser ablation of graphite with near infrared microsecond pulses. Appl. Phys.
A 2021, 127, 722. [CrossRef]

7. Nagimova, A.; Perveen, A. A review on Laser Machining of hard to cut materials-ScienceDirect. Mater. Today Proc. 2019, 18,
2440–2447. [CrossRef]

8. Balachninait, O.; Tamulien, V.; Eias, L.; Aiaitis, V.V. Laser micromachining of steel and copper using femtosecond laser pulses in
GHz burst mode. Results Phys. 2021, 8, 103847. [CrossRef]

9. Chen, X.H.; Li, X.; Song, W.; Wu, C.; Zhang, Y. Effects of a low-pressure water jet assisting the laser etching of polycrystalline
silicon. Appl. Phys. A 2018, 124, 556.1–556.14. [CrossRef]

10. Cao, Z.H.; Qiao, H.C.; Zhao, J.B. Research of process parameter optimization on laser water-jet machining of 6061 aluminum.
Laser Infrared 2021, 51, 567–574. (In Chinese)

11. Adelmsnn, B.; Ngo, C.; Hellmann, R. High aspect ratio cutting of metals using water jet guided laser. Int. J. Adv. Manuf. Technol.
2015, 80, 2053–2060. [CrossRef]

12. Qiao, H.; Cao, Z.; Zhao, J. Micromorphology of metallic surfaces for hydrophobicity by waterjet-guided laser processing. Int. J.
Adv. Manuf. Technol. 2021, 114, 2159–2167. [CrossRef]

13. Huang, Y.X.; Zhao, Y.W.; Yang, L.F.; Zhou, J.; Jiao, H.; Long, Y.H. Theoretical study of water jet guided laser technology based on
non-uniform electric field deflection water jet. Opt. Commun. 2019, 442, 31–39. [CrossRef]

14. Zhang, Y.N.; Qiao, H.C.; Zhao, J.B.; Cao, Z.H.; Yu, Y.F. Numerical simulation of water jet-guided laser micromachining of CFRP.
Mater. Today Commun. 2020, 25, 101456. [CrossRef]

15. Feng, W.; Guo, J.; Yan, W.; Wu, H.; Wang, X. Underwater laser micro-milling of fine-grained aluminium and the process modelling
by machine learning. J. Micromech. Microeng. 2020, 30, 045011. [CrossRef]

16. Shin, J.S.; Oh, S.Y.; Park, H.; Kim, T.S.; Lee, J. Underwater cutting of 50 and 60 mm thick stainless steel plates using a 6-kW fiber
laser for dismantling nuclear facilities. Opt. Laser Technol. 2019, 115, 1–8. [CrossRef]

17. Charee, W.; Tangwarodomnuk, V. Laser ablation of silicon in water at different temperatures. Int. J. Adv. Manuf. Technol. 2020,
107, 2333–2344. [CrossRef]

18. Soliman, W. Laser Ablation of Stainless Steel in Water and Hexane:Characterization of Surface Modification and Nanoparticles
for Various Applications. Surf. Eng. Appl. Electrochem. 2020, 56, 133–139. [CrossRef]

19. Long, J.Y.; Matthew, H.E.; Ouyang, Y.X.; Zhang, Y.K.; Xie, X.Z.; Costas, P.G. Effects of immersion depth on the dynamics of
cavitation bubbles generated during ns laser ablation of submerged targets. Opt. Laser Eng. 2021, 137, 106334. [CrossRef]

http://doi.org/10.1016/j.cirpj.2020.06.008
http://doi.org/10.1016/j.triboint.2015.01.022
http://doi.org/10.1016/j.ijthermalsci.2013.10.009
http://doi.org/10.1016/j.jmapro.2021.07.027
http://doi.org/10.1016/j.jnucmat.2021.153273
http://doi.org/10.1007/s00339-021-04815-z
http://doi.org/10.1016/j.matpr.2019.07.092
http://doi.org/10.1016/j.rinp.2021.103847
http://doi.org/10.1007/s00339-018-1987-5
http://doi.org/10.1007/s00170-015-7161-8
http://doi.org/10.1007/s00170-021-07025-2
http://doi.org/10.1016/j.optcom.2019.01.071
http://doi.org/10.1016/j.mtcomm.2020.101456
http://doi.org/10.1088/1361-6439/ab7322
http://doi.org/10.1016/j.optlastec.2019.02.005
http://doi.org/10.1007/s00170-020-05182-4
http://doi.org/10.3103/S1068375520020167
http://doi.org/10.1016/j.optlaseng.2020.106334


Micromachines 2022, 13, 1130 12 of 12

20. Lv, J.; Dong, X.; Wang, K.D.; Duan, W.Q.; Fan, Z.J.; Mei, X.S. Study on process and mechanism of laser drilling in water and air.
Int. J. Adv. Manuf. Technol. 2016, 86, 1443–1451. [CrossRef]

21. Guo, B.; Zhang, J.; Wu, M.; Zhao, Q.; Wang, J. Water assisted pulsed laser machining of micro-structured surface on CVD diamond
coating tools. J. Manuf. Proccess. 2020, 56, 591–601. [CrossRef]

22. Wang, L.; Huang, C.Z.; Wang, J.; Zhu, H.T.; Liang, X.G. An experimental investigation on laser assisted waterjet micro-milling of
silicon nitride ceramics. Ceram. Int. 2018, 44, 5636–5645. [CrossRef]

23. Zhu, H.; Wang, J.; Yao, P.; Huang, C.Z. Heat transfer and material ablation in hybrid laser-waterjet microgrooving of single
crystalline germanium. Int. J. Mach. Tools Manuf. 2017, 116, 25–39. [CrossRef]

24. Zhou, J.; Huang, Y.X.; Zhao, Y.W.; Jiao, H.; Liu, Q.Y.; Long, Y.H. Study on water-assisted laser ablation mechanism based on water
layer characteristics. Opt. Commun. 2019, 450, 112–121. [CrossRef]

25. Wang, X.S.; Huang, Y.K.; Wang, X.W.; Xu, B.; Feng, J.; Shen, B. Experimental investigation and optimization of laser induced
plasma micromachining using flowing water. Opt. Laser Technol. 2020, 126, 106067. [CrossRef]

26. Li, X.; Chen, X.H.; Li, H.G.; Xu, X.; Liu, W. Comparative Study of Laser and Water Jet-assisted Laser Surface Processing of SiC.
Laser Eng. 2021, 50, 221–233.

27. Zhang, Y.; Qiao, H.; Zhao, J.; Cao, Z. Research on the Mechanism of Micro-Water Jet-Guided Laser Precision Drilling in Metal
Sheet. Micromachines 2021, 12, 343. [CrossRef] [PubMed]

28. Desmons, F.; Coquerelle, M. A generalized high-order momentum preserving (homp) method in the one-fluid model for
incompressible two phase flows with high density ratio. J. Comput. Phys. 2021, 437, 110322.31. [CrossRef]

29. Chen, X.H.; Li, X.; Wu, C.; Ma, Y.P.; Zhang, Y.; Huang, L.; Liu, W. Optimization of processing parameters for water-jet-assisted
laser etching of polycrystalline silicon. Appl. Sci. 2019, 9, 1882. [CrossRef]

30. Wang, Y.; Zheng, Z.; Zhang, G.; Wang, B.; Zhang, W. Study on immersion waterjet assisted laser micromachining process. J. Mater.
Process. Technol. 2018, 262, 290–298. [CrossRef]

31. Nguyen, T.T.P.; Tanabe, R.; Ito, Y. Comparative study of the expansion dynamics of laser-driven plasma and shock wave in in-air
and underwater ablation regimes. Opt. Laser Technol. 2018, 100, 21–26. [CrossRef]

32. Chen, Y.L.; Li, X.; Chen, X.H.; Li, H.G.; Xu, X. Effects of the laser-water-jet processing of silicon carbide. J. Appl. Mech. Tech. Phys.
2022, 63, 11–16. [CrossRef]

33. Zhang, T. High-Temperature Kinetics and Exothermic Characteristics of Hydrogen Production of Aluminum-Based Metal Fuels
with Water. Ph.D. Thesis, Zhejiang University, Hangzhou, China, 2017.

34. Starik, A.M.; Kuleshov, P.S.; Sharipov, A.S.; Titova, N.S.; Tsai, C.J. Numerical analysis of nanoaluminum combustion in steam.
Combust. Flame 2014, 161, 1659–1667. [CrossRef]

http://doi.org/10.1007/s00170-015-8279-4
http://doi.org/10.1016/j.jmapro.2020.04.066
http://doi.org/10.1016/j.ceramint.2017.12.211
http://doi.org/10.1016/j.ijmachtools.2017.01.002
http://doi.org/10.1016/j.optcom.2019.05.060
http://doi.org/10.1016/j.optlastec.2020.106067
http://doi.org/10.3390/mi12030343
http://www.ncbi.nlm.nih.gov/pubmed/33806957
http://doi.org/10.1016/j.jcp.2021.110322
http://doi.org/10.3390/app9091882
http://doi.org/10.1016/j.jmatprotec.2018.07.004
http://doi.org/10.1016/j.optlastec.2017.09.021
http://doi.org/10.1134/S0021894422010035
http://doi.org/10.1016/j.combustflame.2013.12.007

	Introduction 
	Laser–Water Composite Machining Model and Theoretical Analysis 
	Experimental Research 
	The Influence of the Medium on the Processing Result 
	Effect of Water Velocity on Processing Results 

	Conclusions 
	References

