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Abstract 
 

Thermal damage is a crucial issue in laser micromachining process, so liquid-assisted laser ablation techniques have been 
developed to overcome this challenge. This study presents the underwater coaxial laser-waterjet micromachining process, 
which combines the advantages of the waterjet-assisted laser and underwater laser ablation techniques. Titanium was 
selected as a work sample in this study, where the effects of waterjet flow rate and laser traverse speed on groove width, 
groove depth, and heat-affected zone (HAZ) were investigated. The influences of the flow rate on the flushing of cut particles 
and laser beam scattering were also examined to determine the critical flow rate for minimizing the laser beam interference 
in water. The waterjet flow rate of 250 mL/min was found to be an optimum level, at which a deep groove with a minimum 
HAZ and clean ablated surface was achievable by the proposed process. Using the flow rate greater than this level in turn 
caused more laser beam scattering due to the formation of cavitation bubbles and then resulted in the decreased groove 
dimensions. According to the findings of this study, the proposed coaxial laser-waterjet ablation technique can be another 
promising process for precisely and damage-free cutting heat-sensitive materials in manufacturing. 
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1. Introduction 

Titanium and its alloys have increasingly been employed in 

aerospace, biomedical, and automotive industries due to their 

exceptional properties, including high strength-to-weight ratio, 

corrosion resistance, and biocompatibility.[1-3] Lasers have 

been used for cutting the metals both in macro- and in micro-

scales due to their high processing speed, good accuracy,[4] and 

ability to fabricate complex parts.[5,6] However, thermal 

damage induced by lasers is detrimental to the part quality in 

terms of distortion, surface defects, and changes in material 

and mechanical properties.[7-9] Liquid-assisted laser 

micromachining processes have been developed to minimize 

heat accumulation and diminish the thermal damage caused by 

laser ablation.[10] Although many types of liquids can be 

applied in the process to enhance heat conduction and 

wettability, water is usually employed as the liquid to cool 

down the workpiece being cut by a laser due to its high thermal 

conductivity, recyclability, and non-toxicity. This can limit the 

size of the heat-affected zone (HAZ), recast formation, and 

part distortion. Adding water to the laser ablation process also 

intensifies the shock pressure caused by the confined plasma 

plume and the collapse of cavitation bubbles.[11,12] This 

significantly enhances the material removal rate through the 

mechanical shock in addition to the typical vaporization 

mechanism. Moreover, laser ablation in water can reduce 

smoke and aerosols in the atmosphere, making the technique 

effective for sensitive environments such as nuclear 

component cutting.[13]  

There are various ways of applying water to the laser 

ablation process. The whole workpiece can be submerged in 

water,[14] or only the work surface to be ablated is covered by 

a layer of water film.[15] The former setup is commonly known 
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as the underwater laser ablation. This method provides the 

cooling effect, which mitigates the HAZ, reduces thermal 

damage, and minimizes residual stresses in the laser-ablated 

parts.[16,17] The incorporation of ultrashort-pulse lasers, such as 

femtosecond-pulse lasers, into liquid-assisted laser ablation 

has further expanded the process capabilities. These lasers 

emit very short pulse duration and keep energy deposition to 

an extremely short period of time, thus minimizing heat 

transfer towards the work material and reducing thermal 

damage accordingly.[18] Another promising area in liquid-

assisted laser ablation is the use of ionic liquids. Due to their 

low vapor pressures and high thermal stability, ionic liquids 

are highly effective at controlling laser-induced cavitation and 

minimizing thermal damage. Canfield et al.[19] explored the 

use of ionic liquids in an ultrafast laser micromachining 

process, finding that the liquid provides greater control over 

material removal processes, especially for brittle materials. 

Using ionic liquids to assist the laser micromachining process 

could offer new possibilities for high-precision and damage-

free microfabrication. 

The effect of water flow rate in the underwater laser 

micromachining process is a critical factor affecting 

machining quality and material removal rate. Compared with 

the laser ablation in still water, the applying of water flow 

across the workpiece surface helps the flushing of cut debris 

and improves the workpiece cooling.[10] Wang et al.[20] found 

that the optimal water flow rate of 8 m/s leads to better surface 

quality and effective debris removal as the water flow 

minimizes excessive heat buildup and prevents damage to the 

workpiece. Lin et al.[21] corroborated this by showing that 

underwater drilling with an ultrashort-pulse laser is more 

efficient than in-air drilling, owing to the cooling effect of 

water flow. Dowding and Lawrence emphasized that higher 

water flow rates facilitate efficient debris flushing, which 

prevents laser beam interference and ensures better ablation 

accuracy.[22] Moreover, the study by Yuhong et al.[23] showed 

that in brittle material removal, the water flow enhances the 

impact of shock forces, thus increasing the material removal 

rate. Long et al.[24] extended these findings by demonstrating 

how water flow combined with nonuniform surface wettability 

improves the underwater laser micro-grooving process, and 

they found that using fast water flow can provide good 

machining accuracy. 

In addition to the underwater approach, water can be 

supplied to the laser ablation process as a jet, such as the 

waterjet-guided laser and hybrid laser-waterjet 

technology.[25,26] These processing techniques have proven 

effective in achieving negligible HAZ and better-cut surface 

quality than laser ablation in ambient air or even in still 

water.[27-31] A waterjet is used in conjunction with a laser beam 

to cool the material and remove ablated debris. As for the 

waterjet-guided laser technology, the waterjet and laser beams 

are coaxially aligned to become a single beam due to the total 

internal reflection of the laser in water. However, the 

processing performance of this technology is greatly 

dependent on the waterjet beam. The jet diameter has to be as 

small as possible to intensify the fluence of the laser, reflecting 

in the waterjet beam for maximizing the ablation rate. 

Moreover, the laser used for this technology has to have its 

wavelength fitted for transmitting in water with minimum loss. 

Therefore, the process has to be operated at a very high water 

pressure to create a fine diameter of the continuous laser-

waterjet beam, and no lasers are applicable for this ablation 

technique. 

This paper presents a more robust laser-waterjet 

micromachining process than the existing water-assisted laser 

ablation techniques. The process combines the advantages of 

the waterjet-assisted laser ablation and underwater approach 

to enhance the flushing of cut particles and bubbles by a 

localized waterjet and to cool the entire workpiece by 

submerging it in water. The proposed technique uses a coaxial 

alignment of the laser beam and waterjet, directing both 

simultaneously onto the workpiece surface in water. Unlike 

the waterjet-guided laser, a larger waterjet nozzle is used in 

this study to enable the operation of a lower-pressure pump. In 

addition, the laser beam is not required to be subjected to the 

total internal reflection with a long traveling distance in the 

waterjet beam but directly focuses on the workpiece 

submerged in water. Thereby, the ablation is mostly dependent 

on the laser beam in terms of the control of laser fluence and 

beam diameter, whereas the waterjet is responsible for cooling 

down the workpiece, preventing the deposition of cut debris 

on the work surface, and promoting the material removal rate. 

The effects of waterjet flow rate and laser traverse speed on 

cut dimensions and quality are to be investigated in this study. 

The synergy between the laser and waterjet in the proposed 

ablation technique is expected to enhance the material removal 

efficiency and minimize thermal damage, leading to superior 

surface quality and dimensional accuracy. This study not only 

contributes to the advancement of laser micromachining 

technology but also provides valuable insights into the 

potential applications and benefits of integrating laser and 

waterjet in high-precision and damage-free manufacturing. 

 

2. Materials and methods 

A pure titanium sheet having a thickness of 1 mm was grooved 

by a nanosecond-pulse laser (YLP-1-100-30-30-HC-RG, 

Germany) in this study. The workpiece was clamped by a 

stainless-steel fixture and submerged in water. A coaxial laser-

waterjet cutting head was positioned above the workpiece 

surface, as shown in Fig. 1(a). The top side of the cutting head 

chamber was a 2-mm thick fused silica window through which 

a laser beam transmits from a laser source. The laser 

wavelength, pulse repetition rate, and pulse duration were 

1064 nm, 30 kHz, and 100 ns, respectively. The laser beam 

coaxially passed through a 1-mm diameter waterjet nozzle 

placed on the bottom side of the chamber. The waterjet flow 

rate was subject to the inlet flow induced by a diaphragm 

pump. The gap distance between the nozzle exits and the 

workpiece surface or nozzle stand-off distance was kept  
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Fig. 1: Experimental setup of (a) the coaxial laser-waterjet cutting head and (b) the high-speed camera. 

 

constant at 1 mm, and the total length of the laser path in water 

starting from the bottom side of the fused silica window to the 

workpiece surface was 5 mm. With this setup, the workpiece 

can be ablated by the coaxial laser-waterjet beam in water. 

The laser beam distribution was Gaussian, and the beam 

was subjected to optical refraction at the air-window and 

window-water interfaces due to the laser-waterjet coupling. 

The diameter of the laser beam (db) irradiating on the 

workpiece surface can be calculated by using Eq. (1): 

𝑑𝑏 =
2𝜆𝑀2

𝜋 𝑡𝑎𝑛𝜃𝑤
{1 + [

(ℎ𝑔+ℎ𝑤)𝐷/2𝐹−ℎ𝑔 𝑡𝑎𝑛𝜃𝑔−ℎ𝑤 𝑡𝑎𝑛 𝜃𝑤

𝑧𝑅 𝑡𝑎𝑛 𝜃𝑤
]
2

}

1/2

   (1) 

where λ, M2, hg, hw, D, and F are the laser wavelength, laser 

beam quality (1.5), thickness of fused silica window (2 mm), 

distance of laser beam traveling in water (5 mm), collimated 

laser beam diameter at the entrance of focusing lens (7.5 mm), 

and the focal length of focusing lens (254 mm). zR is the 

Rayleigh length, which is calculated by using Eq. (2): 

𝑧𝑅 =
𝜆𝑀2

𝜋 𝑡𝑎𝑛2 𝜃𝑤
                                      (2) 

where θg and θw are the angles of the refracted laser in the 

fused silica window and in water. These can be determined by 

Eqs. (3)-(4): 

𝜃𝑔 = 𝑠𝑖𝑛−1 {
𝑠𝑖𝑛[𝑡𝑎𝑛−1(𝐷/2𝐹)]𝑛𝑎

𝑛𝑔
}                            (3) 

𝜃𝑤 = 𝑠𝑖𝑛−1 [𝑠𝑖𝑛 (𝑠𝑖𝑛−1 {𝑠𝑖𝑛 [𝑡𝑎𝑛−1 (
𝐷

2𝐹
)]

𝑛𝑎

𝑛𝑔
})

𝑛𝑔

𝑛𝑤
]   (4) 

where na, ng, and nw are the refractive index of air (1.0), fused 

silica window (1.450), and water (1.325), respectively. 

According to Eq. (1), the calculated diameter is 106.26 µm. 

Since this technique combines a laser beam with a jet of 

water, the process parameters and their effect on the ablation 

performance regarding the laser-waterjet coupling and 

microgrooving process have to be investigated. The average 

laser power employed in this study was set at 30 W, which was 

the maximum power of the laser machine. Two key 

parameters taken into account in this study were laser traverse 

speed and water flow rate. A motorized linear stage was used 

for translating the whole water container with the submerged 

workpiece at a given traverse speed. The speed was varied 

from 20 to 60 mm/min with a step size of 20 mm/min. Fifteen 

levels of water flow rate starting from 25 to 550 mL/min were 

applied in the experiment, as listed in Table 1. With 45 

experimental conditions and five repetitions for each, a total 

of 225 experiments were conducted to ensure consistency and 

statistical validity. These values were chosen based on the 

applicable limit of the water pump. Regarding the nozzle 

diameter of 1 mm, the waterjet velocity at the nozzle exit was 

varied from 0.53 to 11.67 m/s. The width, depth, and heat-

affected zone of each groove obtained from the experiment 

were observed and quantified by a digital microscope (Nikon 

SMZ25, Japan). In addition, a high-speed camera (Fastcam 

mini ux100 type 200k-m-16g) operating at 10,000 frames per 

second, as illustrated in Fig. 1(b), was employed to in situ 

observe the dynamic behaviors of laser-induced bubbles and 

flushing of cut debris in the underwater coaxial laser-waterjet 

ablation process. 
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3. Results and discussion 

3.1 Comparison between the laser ablation in air, in water, 

and in water with the coaxial laser-waterjet technique 

Before fully investigating the underwater coaxial laser- 

waterjet micromachining process, the titanium sheet was 

grooved by the laser in air and in water with and without using 

the coaxial laser-waterjet technique for comparison purposes. 

This comparative analysis aimed to discern the specific effects 

of air and water as well as the coaxial laser-waterjet roles on 

the quality of laser-grooved channels. The laser power and 

laser traverse speed were set to 30 W and 1 mm/s, respectively, 

across all experiments. The workpiece was submerged at a 

depth of 5 mm for the underwater conditions. The water flow 

rate of 25 mL/min was applied in the case of the coaxial laser-

waterjet method. 

Table 1: Parameters considered in the experiment. 

Process parameters Values 

Water flow rate (mL/min) 

25, 50, 75, 100, 125, 

150, 175, 200, 250 

300, 350, 400, 450, 

500, and 550 

Laser traverse speed (mm/min) 20, 40, and 60 

Average laser power (W) 30 

 

The morphology of grooves resulting from the laser 

ablation in the three different conditions is presented in Fig. 2. 

No distinct groove formation was found when performing the 

ablation in air and in water without the aid of the coaxial laser-

waterjet. High recast structures and oxides were evident on the 

workpiece surface (Fig. 2(a)), where the dry laser ablation was 

applied. On the other hand, the recast was minimized when the 

ablation was done in water, as shown in Fig. 2(b). Two 

mechanisms are responsible for this improvement. Firstly, the 

surrounding water helps the workpiece cool down faster than 

in the air. This can limit the amount of heat to accumulate and 

enlarge the laser-molten region where the recast is later 

formed after solidification. The optical absorption in water is 

another mechanism causing small recast formation. The laser 

beam traveling in water undergoes intensity loss according to 

Beer-Lambert’s law.[32] At the laser wavelength of 1064 nm, 

the absorption coefficient of water was approximately 0.135 

cm-1.[33,34] With a water depth of 5 mm, the intensity loss is 

about 6.5%. This still does not include losses caused by the 

reflection at the air-water interface, disturbance of bubbles and 

plasma plume generated during the laser ablation in water, and 

interference of water droplets splashing from the ablation area. 

The significant loss of laser intensity not only reduces the 

recast structure but also diminishes the material removal. 

When the coaxial laser-waterjet technique was applied in 

the underwater laser ablation, a remarkable groove was 

formed with negligible recast structures, as shown in Fig. 2(c). 

Although the travel length of the laser beam in water was the 

same 5 mm as that used in the underwater setup, the laser 

intensity losses induced by the other factors except for the 

direct absorption of 6.5% were totally omitted. The laser beam 

scattering and reflection due to water waves and atomized 

water droplets at and above the air-water interface are 

neglected. This is because the coaxial laser-waterjet cutting 

head was equipped with a protective window, so the flat 

interface and free of water splashing disturbance can be 

attained accordingly. Although the fused silica window 

 
Fig. 2: Surface morphology of grooves caused by the laser ablation: (a) in air, (b) in water, and (c) in water with the coaxial laser-

waterjet technique (water flow rate = 25 mL/min). 

(a) (b)

(c)
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introduces loss to the laser beam passing through it, the loss is 

less than 3% at the applied laser wavelength.[35] This is indeed 

much lower than the losses caused by the dynamic air-water 

interface and water splashing. The laser intensity as well as the 

beam quality reaching the workpiece surface in water can be 

greater than that of the typical underwater laser ablation, and 

so more material can be removed. Another contribution of the 

coaxial laser-waterjet technique comes from the water flow at 

the nozzle exit. This helps the flushing of cut debris, pushing 

gas bubbles and plasma away from the ablation zone, and 

better cooling the workpiece than still water. In addition, the 

jet of water introduces an impact force to substantially 

promote the removal of the molten layer from the groove 

bottom. This thereby enables a deeper groove formation by 

allowing the laser beam to further ablate the workpiece 

without being impeded by the molten layer. Therefore, the 

underwater coaxial laser-waterjet micromachining technique 

developed in this study is viable and has a high potential for 

enhancing the material removal rate and bettering the cut 

quality compared to the typical laser ablation methods. 

 

3.2 Effects of water flow rate and laser traverse speed 

The surface morphology and profile of grooves produced by 

the coaxial laser-waterjet ablation in water are shown in Fig. 

3. It is apparent from Fig. 3 that no substantial protrusion of 

recast structures is formed along the groove’s edges as for the 

applied range of water flow rate. In addition to the clean 

groove surface, the groove width and depth were found to 

change with the water flow rate. Figs. 4(a) and 4(b) present the 

relationship between the water flow rate, laser traverse speed, 

and groove sizes. An increase in the laser traverse speed 

reduced the groove width and depth. This is due to the laser 

energy density that decreases with the increased speed. The 

low energy density results in less melting and removal of work 

material. This relationship is typical and can be found in many 

studies on laser material processing.[36] Since the Gaussian 

laser beam was used in this study, the laser energy density is 

maximum at the center of the beam profile and radially 

decreases away from the beam center. The thermal conduction 

in the material also distributes as an exponential function in 

the spatial domain.[37] The thermal energy near the groove 

center, whose level is greater than the ablation threshold of the 

material, results in the groove formation through the 

vaporization mechanism. By contrast, the thermal energy of 

less than the ablation threshold causes partial melting or 

insignificant material removal to the work surface. This region 

was defined as the HAZ in this study. The HAZ width is found 

to be large when the high laser traverse speed is applied 

together with the low water flow rate, as shown in Fig. 4(c). 

The use of high traverse speed limited the groove formation 

close to the beam center, so the large area of partial 

melting/ablation around the groove channel was treated as the 

HAZ. When the traverse speed became slower, the groove 

boundary expanded, and the HAZ tended to be smaller 

compared to the groove width. The heat accumulation induced 

by the slow traverse speed caused some parts of HAZ to 

vaporize where their energy was higher than the ablation 

threshold. However, when the applied water flow rate was 

greater than 250 mL/min, the effect of the traverse speed on 

the HAZ width was insignificant. The overall HAZ, as well as 

the groove dimensions, was found to reduce with the increased 

water flow rate, at which the thermal convection became a 

dominant factor in the process. 

The effects of the water flow rate on the groove width and 

depth are shown in Figs. 4(a) and 4(b) are interesting. The 

groove sizes increased with the flow rate and then decreased 

after a flow rate of 250 mL/min. This changing trend is subject 

to two major roles of water flow in assisting the laser ablation 

in water, and a trade-off between them causes a turning point 

in the results. Firstly, the water flow provides an effective 

flushing of cut debris and bubbles generated in water to not 

block the laser beam during the ablation. This importantly 

reduces the laser intensity loss and scattering due to the 

blockage and maintains the beam quality throughout the 

ablation in water. Secondly, a higher water flow offers a better 

cooling action to the workpiece through the convection 

mechanism. This helps the HAZ reduction and excessive heat 

accumulation in the laser-ablated region. However, the use of 

a too high flow rate can decrease the material removal rate as 

well as the groove dimensions to some extent. 

Regarding the flushing issue, the cut particles, including 

the gas bubbles, have to be pushed out by the water flow from 

the laser ablation zone during the laser pulse-off time period. 

To cope with this condition, the water flow velocity has to be 

greater than a critical velocity (vw
*; m/s), which is determined 

by Eq. (5): 

𝑣𝑤
∗ = 𝑓 ⋅ 𝑑𝑏                                      (5) 

where f and db are the laser pulse repetition rate (30 kHz) and 

laser beam diameter (106.26 µm). According to Eq. (5), the 

critical water flow velocity was 3.188 m/s. The critical water 

flow rate (Vw
*; mL/min) is thus calculated by using Eq. (6): 

𝑉𝑤
∗ = 15𝜋𝑣𝑤

∗ 𝑑𝑤𝑗
2 106                              (6) 

where dwj is the diameter of the waterjet nozzle (1 mm). With 

regard to the flow velocity of 3.188 m/s, the critical water flow 

rate is 150.222 mL/min. Hence, any particles suspended in the 

laser-projected area can be flushed away without impeding the 

subsequent laser pulse when using this critical flow rate. 

Although this is an underestimated situation in which the 

particles are assumed to be moved at the same speed and same 

direction of water flow, it can be used as a guideline for 

choosing an effective water flow rate in assisting the laser 

ablation in water. 

Regarding the groove width and depth shown in Figs. 4(a) 

and 4(b), the sizes increase with the flow rate and slightly 

change after reaching the critical level. This indicates the 

contribution of the water flow in flushing the particles away 

from the ablation zone. As per the results, the maximum 

groove dimensions were obtained at a water flow rate of about 

200-250 mL/min. This is slightly higher than the critical flow 

rate of 150.222 mL/min. As aforementioned, the critical flow 
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Fig. 3: Groove produced by the underwater coaxial laser-waterjet micromachining process when using the laser traverse speed of 20 

mm/min and water flow rate of: (a) 25 mL/min, (b) 250 mL/min, and (c) 550 mL/min. 
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Fig. 4: (a) Groove width, (b) depth , and (c) HAZof titanium obtained under the different processing conditions. 

 

rate expressed in Eq. (6) is underestimated and it relies on the 

assumption that the particle speed is the same as the water flow. 

However, there are some situations in which a higher flow rate 

than the critical value is required. Firstly, the cut debris and 

bubbles ejected from the ablation zone due to shock pressure 

and vaporization have their own speed and direction.[12,38] 

Some particles whose ejecting direction is not parallel to the 

water flow direction can still exist in the laser-projected area 

and then impede the subsequent laser pulse. Secondly, some 

gas bubbles can adhere to the workpiece surface near the 

ablation zone due to a strong adhesion force. When the laser 

beam moves to the area with bubble adhesion, optical 

interference takes place and limits the ablation performance. 

A higher water flow rate than the critical value may be needed 

to push the bubbles further away from the ablation zone and 

vicinity in order to not land and adhere to the workpiece 

surface being ablated by the subsequent laser pulses. Lastly, 

the dislodgement of laser-molten material in the middle of the 

laser pulse-off time is another uncontrollable factor interfering 

with the next laser pulse. At a certain flow rate, a significant 

shear force induced by the flow can expel the laser-molten 

material from the workpiece. This can even happen during the 

laser pulse-off time period, in which the dislodged elements 

are unable to flow away from the ablation zone before the next 

laser pulse starts. This thereby results in the optical 

disturbance in the subsequent ablation. 

A high-speed camera was employed to observe the 

flushing of cut particles during the coaxial laser-waterjet 

ablation in water, and some captured images are depicted in 

Fig. 5. To realize the flushing behavior, a particular bubble, 

which was able to be identified more easily than tiny cut debris, 

was tracked at each time step of 0.1 ms as per the high-speed 

camera images, and its positions were recorded. The bubble 

positions subjected to the three water flow rates are shown in 

Fig. 6(a). It can be noted from Figs. 5 and 6(a) that the bubbles 

are more pushed away from the ablation zone by a higher 

water flow. When using the flow rate of 250 mL/min which is 

greater than the critical flushing rate of 150.222 mL/min, the 

laser beam scattering was found to reduce compared to the use 

of the 25-mL/min flow rate. This observation hence supports 

our discussion on the flushing effect and the critical water 

flow rate. Regarding Fig. 6(a), the bubble flow velocity was 

calculated, and its average velocity is plotted in Fig. 6(b). It is 

interesting to note that the bubble flow velocity is substantially 

lower than the water flow velocity, as shown in Fig. 6(b). This 

corresponds with our aforementioned assumption that the  
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Fig. 5: Water flushing of particles during the coaxial laser-waterjet ablation in water when using the flow rates of (a) 25, (b) 250, 

and (c) 550 mL/min. 

 

bubbles have their initial speed and direction due to the 

magnitude and direction of shock pressure as well as the 

vaporization, so the critical flow velocity of 3.188 m/s is an 

underestimated value. At this velocity, small particles can 

mostly be flushed away from the ablation zone, but some large 

particles, such as bubbles, may still interfere with the 

subsequent laser pulses. Therefore, a higher flow velocity is 

required to flush all particles from the ablation zone before 

irradiating the next laser pulse. Although the use of a 550-

mL/min flow rate can push bubbles farther from the ablation 

zone, as shown in Fig. 6(b), the laser beam scattering 

presented in Fig. 5 is adversely more than at the flow rate of 

25 mL/min. More particles were found in water, and they were 

believably responsible for the significant laser beam scattering. 

The particles found above the workpiece surface when using 

the flow rate of 550 mL/min were mostly cavitation bubbles. 

Using this flow rate, the local pressure in the 1-mm gap 

between the workpiece surface and nozzle tip potentially 

decreases below the saturated vapor pressure of water, thus 

generating more cavitation bubbles. Therefore, the reduction 

of groove dimensions at the high flow rate was subject to not 

only the high thermal convection but also the laser beam 

scattering induced by the cavitation bubbles. According to Fig. 

4, the processing window of the recommended water flow rate 

to maximize the groove dimensions approximately ranges 

from 150 to 350 mL/min, and the flow rate providing the 

largest groove is 250 mL/min. These findings can be an 

essential guideline for choosing the suitable water flow rate in 

the coaxial laser-waterjet ablation technique and are plausibly 

applicable to other liquid-assisted laser ablation processes. 

  

Fig. 6: Effect of water flow rate: (a) bubble tracking every 0.1-ms time step and (b) bubble and water flow velocities. 
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4. Conclusion 

This study proposed the underwater coaxial laser-waterjet 

micromachining process for grooving titanium. The effects of 

waterjet flow rate and laser traverse speed on the groove 

dimensions and HAZ were investigated. The key findings can 

be drawn as follows: 

1. The coaxial laser-waterjet ablation technique significantly 

enhanced both debris removal and cooling compared to laser 

micromachining in air or still water. The waterjet effectively 

removed cut particles and bubbles from the cutting zone, thus 

promoting continuous and efficient material removal. The 

synergy between the laser and waterjet also reduced the 

formation of recast structures on the workpiece surface, 

leading to high-quality surface finishes with minimal defects. 

2. The waterjet flow rate had a significant impact on the 

groove dimensions and also played a crucial role in 

minimizing the HAZ. The optimum flow rate of 

approximately 250 mL/min was able to maximize both the 

groove width and depth due to the effective flushing of cut 

debris and bubbles from the cutting zone. Although using the 

water flow rate of greater than 250 mL/min further reduced the 

HAZ along the cut, a significant decrease in groove 

dimensions was observed. This reduction was attributed to the 

excessive cooling and the scattering of the laser beam by 

cavitation bubbles, thus reducing the material removal. 

3. The use of higher laser traverse speeds increased the 

likelihood of larger HAZ formation, particularly at lower 

water flow rates, due to heat accumulation and insufficient 

cooling. This suggests a trade-off between traverse speed and 

thermal damage control. 

4. The findings of this study highlighted the importance of 

balancing the waterjet flow rate to maximize material removal 

and minimize thermal damage during the underwater laser-

waterjet ablation. These provide valuable insights into 

achieving high-quality micromachining with minimal HAZ 

for medical and aerospace industries where precision and 

minimal thermal impact are the critical concerns. 
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