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Abstract—We present the development of a new underwater laser 

cutting process in which a water-jet has been used along with the 

laser beam to remove the molten material through kerf. The 

conventional underwater laser cutting usually utilizes a high pressure 

gas jet along with laser beam to create a dry condition in the cutting 

zone and also to eject out the molten material. This causes a lot of gas 

bubbles and turbulence in water, and produces aerosols and waste 

gas. This may cause contamination in the surrounding atmosphere 

while cutting radioactive components like burnt nuclear fuel. The 

water-jet assisted underwater laser cutting process produces much 

less turbulence and aerosols in the atmosphere. Some amount of 

water vapor bubbles is formed at the laser-metal-water interface; 

however, they tend to condense as they rise up through the 

surrounding water.  We present the design and development of a 

water-jet assisted underwater laser cutting head and the parametric 

study of the cutting of AISI 304 stainless steel sheets with a 2 kW 

CW fiber laser. The cutting performance is similar to that of the gas 

assist laser cutting; however, the process efficiency is reduced due to 

heat convection by water-jet and laser beam scattering by vapor. This 

process may be attractive for underwater cutting of nuclear reactor 

components. 

 

Keywords—Laser, underwater cutting, water-jet. 

I. INTRODUCTION 

HE laser cutting in water environment has attracted much 

attention in recent years because of its several inherent 

advantages [1]-[9]. Lu et al. reported significant enhancements 

in the laser-drilling efficiency and quality in underwater 

drilling of different types of metal sheets by a Q-switched Nd: 

YAG laser [1]. Underwater laser processing provides a higher 

impact force and stronger shock wave because of the water 

confinement of laser produced plasma, intense liquid-jet-

induced impulses due to bubbles collapse, and also better 

cooling. The phenomenon of strong shock wave generation in 

presence of a thin water layer has been exploited in laser shock 

peening process for introducing compressive stress into the 

workpiece surface to improve fatigue characteristics [10]. This 

can produce both higher depth and larger magnitude of 

residual stresses than the conventional shot peening process. 

Laser drilling, cutting and micromachining of brittle materials 

like glass, silicon wafer, silicon carbide and alumina, etc. 

carried out in water environment reportedly have a higher 
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processing rate, efficient debris removal, better surface 

morphology and less thermal damages compared to that in air 

[2]-[9].  

Water-assisted laser cutting of thin sheets with negligible 

thermal damages and dross deposition has been also developed 

for processing medical components [11], [12]. Synova S. A. 

Switzerland [13] has pioneered and patented a technology of 

water micro-jet guided laser cutting to process thin specimens 

in air. The laser beam is guided through a high pressure water 

micro-jet which facilitates a long working distance from the 

nozzle. This produces virtually no thermal and mechanical 

damages, negligible contamination and dross in cutting thin 

metal sheets, silicon wafer, and ceramic materials etc. [14], 

[15]. More recently, Tangwarodomnukun et al. [16] developed 

a hybrid laser water-jet ablation technology to minimize the 

thermal damages. In this process the target material, which is 

covered with a thin water layer, is heated and softened by a 

laser beam; and the softened material is expelled by a non-

coaxial water-jet. 

Underwater laser processing, viz. cutting, welding, cladding, 

and shock peening are often used in the maintenance, repairing 

and dismantling of nuclear reactor components [17]- [20]. 

Chida et al. developed a gas-assisted underwater laser cutting 

process to cut thick steel plates for applications in nuclear 

industry [17]. The high pressure gas jet used in the underwater 

cutting process produces a dry condition in the laser cutting 

zone and also removes the molten material from kerf. They 

reported cutting of 14 mm thick steel plate with minimal dross 

using an Nd: YAG laser at 4 kW power [17]. Based on this 

technique Jain et al. reported cutting 4.2 mm thick zircaloy 

pressure tubes and up to 6 mm thick steel using a fiber-coupled 

250 W average power pulsed Nd:YAG laser [18]. Hino et al. 

reported the development of an underwater laser cladding and 

welding process for repairing stress corrosion cracks in nuclear 

reactor components [19]. In this technique also, a locally dried 

environment is created by a high pressure gas jet employed 

simultaneously with the laser beam. Kruusing et al. presented 

an exhaustive review of various schemes of gas-assisted and 

water-assisted underwater laser cutting processes; and 

described in detail the underwater cutting of nuclear fuel rods 

with high power CO2 and Nd: YAG lasers [20].   

In gas assisted underwater laser cutting, the high pressure 

gas produces high turbulence in water and aerosols as it 

bubbles out of water. In case of cutting radioactive materials 

the gas can carry some amount of radioactive particles along 

with it as aerosols and cause contamination in the surrounding 
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atmosphere. In order to minimize the turbulence in water and 

the gas and aerosols emerging out of water, a water-jet assisted 

underwater laser cutting technique has been developed. In this 

technique a high speed water-jet has been used coaxially along 

with a high power fiber laser beam to remove molten material 

from the cutting front. AISI 304 steel sheets up to 1.5 mm 

thickness was cut at 1800 W CW laser power with the present 

experimental setup at a maximum cutting speed of 1.4 m/min 

with water-jet speed of 18 m/s. The water-jet reduced the 

turbulence in water considerably, but it increased the 

convective heat loss in the cutting process. Some amount of 

water vapor bubbles formed at the laser-metal-water interface 

and this caused scattering of the incoming laser beam.  Since 

production of turbulence in water and aerosols in the 

surrounding environment are drastically reduced, this process 

may be attractive for cutting nuclear reactor components 

underwater. In this paper we present the designed and 

development of a water-jet assisted underwater laser cutting 

head and a parametric study of the underwater water-jet 

assisted laser cutting of AISI 304 stainless steel sheet carried 

out with a high power fiber laser. 

II.  EXPERIMENTAL SET-UP 

The underwater laser cutting head which has been designed 

and developed is schematically shown in Fig. 1. This 

incorporates a plano-convex lens of 25 mm diameter and 25.4 

mm effective focal length, an optical window and a nozzle of 

1.5 mm orifice diameter.  In underwater laser cutting of thick 

materials, high power CO2 laser operating at 10.6 µm 

wavelength or Nd:YAG / fiber lasers operating at 1.06 µm / 

1.07 µm wavelength are commonly used.  The absorption 

coefficient of water at 10.6 µm and 1.06 µm /1.07 µm  

wavelengths is ~1000 cm
-1

 and ~0.135 cm
-1

, respectively, 

therefore CO2 laser beam gets readily  absorbed within ~10 µm 

water column length, while Nd: YAG / fiber laser beam can 

travel up to ~75 mm before it gets attenuated by 67% [21], 

[22]. Because of the relatively low absorption of water at 1.07 

µm wavelength, a 2 kW CW Yb-fiber laser has been used in 

the present experiments.  The laser beam travels a distance of 

13.7 mm through water inside the nozzle to reach the focal 

point. The laser focal point is nearly at 0.5 mm below the 

nozzle tip. The laser spot diameter, db at the focal plane was 

measured to be about 600 µm. The large focal spot diameter is 

mainly due to the spherical aberration of plano-convex lens (F 

no. 1) and the high divergence of laser beam which has a non-

uniform intensity distribution [23]. The experimental setup 

consists of a centrifugal water pump of 3 bar maximum 

pressure head, a water tank and a processing chamber. The 

water tank is used for priming the pump at the begining of 

operation, and thereafter water is circulated through the cutting 

nozzle in a closed loop. The maximum coaxial water jet 

velocity that can be obtained is about 19 m/s, limited by the 

pump capacity. In the present study the effects of laser power, 

standoff distance (SOD) and water-jet velocity in cutting AISI 

304 stainless steel (SS) sheets of 0.5 - 1.5 mm thickness have 

been studied. SS specimens of 160 mm x 100 mm dimensions 

were taken and 80 mm long straight slits were laser cut for 

different sets of process parameters to determine the kerf-

width and taper. The cutting process was initiated after laser 

piercing in the sheet. The top and bottom surface kerf-widths 

were measured with an optical microscope having an eyepiece 

graticule of 10 µm least count. Full length laser cutting was 

also done at increasing cutting speeds to determine its 

maximum value at which specimen is just separated out and to 

study its parametric dependence.  

 

 

Fig. 1 Schematic of the cutting nozzle and transmission of laser beam 

through water 

III. EXPERIMENTAL RESULTS AND DISCUSSIONS 

The water-jet assisted underwater laser cutting process was 

found to be remarkably gentle and produced very little 

turbulence in water compared to the gas assisted underwater 

cutting process. The basic mechanisms involved in this cutting 

process are the melting of work piece material by laser beam 

and the melt-ejection by coaxial water-jet. Fig. 2(a) shows the 

underwater laser cutting process of a 1 mm thick steel sheet 

with water-jet assist at 1800 W laser power. Gentle nature of 

the cutting process is evident from the relatively short length 

of the melt ejection shower compared to what is usually 

observed in a gas-assisted underwater laser cutting process 

[18].  For a comparison underwater laser cutting was also 

carried out using gas assist with this cutting head and the 

cutting process is shown in Fig. 2(b). It is apparent that the gas 

assisted underwater cutting process produces very high 

turbulence and gas bubbles in water compared to water-jet 

assisted cutting process.  Some amount of water was vaporized 

at the laser-material-water interface in water-jet assisted laser 
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cutting process; however the bubbles so formed were readily 

swept away by the water jet. Some of these bubbles got 

condensed in the water which is at near room temperature and 

some escaped out of water. 

The first set of laser cutting experiments was carried out to 

determine the maximum cutting speed for 0.5, 1.0 and 1.5 mm 

thick sheets at different laser powers at a constant standoff 

distance (SOD) of 1.0 mm and water-jet speed of 18 m/s. Fig. 

3 shows the variation of the maximum cutting speed with laser 

power. This shows that the maximum cutting speed increased 

with laser power at constant water-jet speed and SOD, and the 

rate of increase was more for the thinner sheet.  

 

 
 

 

Fig. 2 Photograph of underwater laser cutting of 1 mm thick stainless 

steel sheet (a) water-jet assisted (b) gas assisted 

 

In gas assisted laser cutting, severance energy expressed as 

S = PL/v.t, where PL is laser power, v is cutting speed and t is 

sheet thickness, is approximately constant for a material [24]. 

The estimation of severance energy at different laser powers in 

water-jet assisted underwater laser cutting indicated that its 

value decreased with increasing laser power and corresponding 

increase in cutting speed. In water-jet assisted laser cutting the 

convective heat loss by water-jet will be significant. Its 

contribution may reduce with increasing cutting speed. And, 

this could be the reason for the reduction in severance energy 

at higher cutting speeds. 

 

 

Fig. 3 Variation of cutting speed with laser power in SS sheet of 

different thicknesses at 1.0 mm SOD and 18 m/s water-jet speed 

 

In the second set of experiments the effects of SOD and 

water-jet speed on the maximum cutting speed were studied in 

1 mm thick sheet by varying SOD and water-jet speed in the 

range of 0.5 – 1.5 mm and 15 – 19 m/s respectively. The effect 

of SOD on cutting speed is presented in Fig. 4(a) for constant 

water-jet speed and different laser powers. The maximum 

cutting speed tended to reduce with the increase of SOD. 

However, this effect was more prominent at lower laser 

powers.  This trend can be explained considering the increase 

in laser spot size with the increase of SOD and the decrease in 

heat loss at higher cutting speeds corresponding to higher laser 

powers. The focal point of the laser beam was at the work 

piece surface for SOD of 0.5 mm, and as SOD was increased 

beyond 0.5 mm, the laser spot diameter increased. Therefore, 

the maximum cutting speed decreased with increasing SOD at 

constant laser power. At higher laser powers, the maximum 

cutting speed increased for all sheet thicknesses and these 

resulted in the reduction of heat loss.  

The effect of water-jet speed on the cutting speed was also 

investigated keeping SOD constant and no significant effect 

was observed within the range of water-jet speed of 15 - 19 

m/s, Fig. 4 (b). 

 

 

(a) 
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(b) 

Fig. 4 Variation of cutting speed in 1 mm thick SS sheet with (a) 

laser power at 18 m/s water-jet speed for different SOD and, (b) 

water-jet speed for different laser power and SOD 

 

In the third set of experiments the effects of laser power, 

cutting speed, SOD and water-jet speed on the kerf-width and 

striation pattern were studied. Fig. 5 shows the variation in the 

top and bottom surface kerf-widths with these processing 

parameters in 1 mm thick specimens. Both top and bottom 

surface kerf-widths increased with laser power at almost the 

same rate, Fig. 5 (a). With the increase in cutting speed, both 

the surface kerf-widths got reduced; but the bottom surface 

kerf-width reduced at a faster rate than the top surface kerf-

width, Fig. 5 (b). With the increase in SOD, the top surface 

kerf-width increased and the bottom surface kerf-width 

decreased Fig. 5 (c). And, with the increase in water-jet 

velocity the trend was reversed, while the top surface kerf-

width decreased, the bottom surface kerf-width increased, Fig. 

5 (d).  

The kerf-width at the top and bottom surfaces will depend 

on the laser beam diameter, laser power, laser dwell time, 

water jet velocity and also the divergence of the water-jet. The 

dwell time, td can be given by td = db/v, where db and v are the 

laser spot diameter and cutting speed respectively. The laser 

power density at the centre of a focused beam is maximum and 

decreases gradually along the radial direction. The rise in 

surface temperature, ∆T can be considered to be proportional 

to (HL.√td) product, where HL is  the absorbed laser power 

density at the surface and td is the laser dwell time. The radial 

distance, rm from the centre up to which this product will 

exceed the threshold for melting, molten material up to this 

radial distance will be ejected out by the shear pressure of 

water jet and this will determine the kerf-width. The increase 

in the top and bottom surface kerf-widths with increasing laser 

power (Fig. 5(a)) is due to the increase in (HL.√td) product and 

corresponding increase in rm. The increase in cutting speed, v 

reduces the (HL.√td) product and this results in a reduction in 

rm, which is reflected in the kerf-width, Fig. 5 (b). Moreover, 

as the cutting speed is increased, the cut-front tends to get 

more inclined from the laser beam direction and this will cause 

a reduction in the laser power reaching to the bottom surface 

[25]. This could be the reason for the higher reduction in the 

bottom surface kerf-width than that of the top surface with the 

increase of the cutting speed, Fig. 5 (b). 

The increase in the top surface kerf-width with increasing 

SOD can be attributed to the increased laser spot diameter, 

Fig. 5 (c). And, the decrease in the bottom surface kerf-width 

(Fig. 5 (c)) could be due to the higher reduction in the shear 

pressure of water-jet at the bottom surface than at the top 

surface with the increase of SOD. In Fig. 5 (d), it is observed 

that the trends of variation in the top and bottom surface kerf-

widths with the increase of water-jet speed are opposite. 
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Fig. 5 Dependence of kerf width on (a) laser power, (b) cutting 

speed, (c) SOD and (d) water-jet speed 

 

The increase in water jet speed can cause increased cooling 

and also impart higher shear pressure. While the enhanced 

cooling can cause a reduction in kerf-width, the higher shear 

pressure may produce a wider kerf-width. The opposite trends 

of Fig. 5 (d) could be because of the increased cooling effect 

dominating over the higher shear pressure effect with 

increasing water-jet velocity at the top surface and vice-versa 

at the bottom surface. 

The macrographs of cut surfaces presented in Fig. 6 show 

the striation patterns at different cutting speeds in 1mm thick 

specimens. At a lower cutting speed the material removal was 

almost complete with a little dross sticking at the bottom edge, 

Fig. 6 (a), but at a higher cutting speed the molten material was 

not completely ejected and a lot of dross remained stuck at the 

bottom edge, Fig. 6 (c). 

 

     

Fig. 6 Macrographs of cut surfaces at 1500 W laser power, 0.5 mm 

SOD, 18 m/s water-jet speed and different cutting speeds, (a) 400 

mm/min, (b) 700 mm/min, (c) 1600 mm/min 

 

The laser cut surface apparently has at least three striation 

patterns. Similar striation patterns have been reported in the 

gas-assisted laser cutting of steel and other alloyed sheets with 

CO2, disk and fiber lasers [26]-[30]. The first top zone has 

nearly vertical striations and the material seems to be rapidly 

removed by vaporization and melt ejection, similar to the laser 

drilling process. Very little re-solidified material is observed 

here. The direct absorption of laser beam and heat diffusion 

determines mainly the thickness of melt layer and the 

movement of melting front in this zone. Vertical striations 

indicate that the influence of melt flow on the movement of 

melting front is negligible during the penetration of laser beam 

through the 1
st
 zone [27]. In the present laser processing 

conditions, the surface temperature can reach to the boiling 

temperature within 80 µs and evaporation can set in. The rate 

of laser beam penetration can be of the order of 100 mm/s and 

during the time period of material removal up to the depth of 

1
st
 zone the work-piece will move by less than 80 µm. The 

extent of 1
st
 zone along the direction of sheet thickness 

decreases with increasing cutting speed due to the reduction of 

the line energy (PL/v). However, the striation wavelength 

remains almost invariant with the increase of cutting speed as 

reported by Poprawe and Koing [27]. In the 2
nd

 zone striations 

are inclined and the inclination angle from the laser beam 

direction is found to increase with the increase of laser cutting 

speed. Scintilla and Tricarico [30] have also reported similar 

observations in the cutting of magnesium alloy with a fiber 

laser.  In addition to the direct laser absorption and heat 

diffusion, the heat convection contributes to the melt layer 

thickness in this zone. The molten and semisolid material is 

removed by the shear pressure of water-jet in this zone causing 

relatively deeper striations compared to the first zone. The 

laser power reaching towards the bottom edge reduces 

especially at a higher cutting speed.  As the molten material 

moves down along the sheet thickness it tends to cool down 

and becomes more viscous. The molten material may get re-

solidified at the bottom edge before it is ejected out by the 

water-jet, Fig. 6 (c). Therefore, the third striation zone is 

characterized by the dominance of re-solidified molten 

material. 

The specific laser energy to remove a unit volume of 

material and expressed as Es = S/w = PL/t.v.w was calculated 

for cutting with the maximum laser power for a particular sheet 

thickness, t and taking the average kerf-width, w;  and was 

found to be in the range of 60-80 J/mm
3
, increasing with 

higher sheet thickness. This is compared with the theoretically 

calculated [31] and experimental values
 
[32] reported for the 

fiber laser cutting of stainless steel with nitrogen gas assist, 

which is in the range of 30 – 40 J/mm
3
. The relatively higher 

specific energy may be due to the higher convection energy 

loss in water-jet and the scattering loss of laser light in water 

vapor generated at the laser-water-material interface.  

Fig. 7 (a) and 7 (b) shows the laser scattering inside water 

before the laser beam strikes the workpiece and at the time of 

laser beam just striking the work-piece, respectively. Their 

comparison indicates that the scattering loss is relatively less 

when the laser beam has not struck the workpiece. But, when 

the laser beam strikes the work-piece various phenomena such 

as reflection and scattering of laser beam, heating, melting, and 

vaporization occur at the cutting front surface. The water 

vapor bobbles scatter the incoming laser beam and cause a 

reduction in the laser power reaching the workpiece. 

 

(d) 

(a) (b) (c) 
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Fig. 7 Laser beam scattering in water-jet assisted underwater laser 

cutting process (a) before laser beam strikes the work piece and (b) at 

the time of laser beam striking the work piece 

 

The underwater laser cutting of SS 304 with oxygen assist 

was also carried out for comparing the specific energy in the 

two underwater cutting processes. The specific energy was 

found to be in the range of 45 J/mm
3
 in cutting 1 mm thick SS 

material at 1000 W laser power and it varied with the gas 

pressure. Thus, from the efficiency point of view the O2 gas 

assisted underwater laser cutting process is better than the 

water-jet assisted underwater laser cutting process. However, it 

was observed that the heat affected zone and the spatter at the 

top surface is remarkably less in case of water-jet assisted 

cutting process.  

The above experimental results and discussions reveal that 

the effects of various process parameters on the water-jet 

assisted underwater laser cutting performance is similar to that 

of the conventional gas assisted laser cutting, except that there 

is an additional energy loss due to the heat convection and 

scattering of laser light by water vapour bubbles.  A lumped 

heat capacity model including various loss mecahnisms will be 

developed. Also, the effects of higher laser power density and 

higher water-jet velocity on the cutting performance, and 

different phenomena such as the formation and condensation 

of water vapor bubbles and scattering of laser radiation will be 

investigated further. 

IV. CONCLUSION 

In conclusion, a water-jet assisted underwater laser cutting 

process using a high power fiber laser has been demonstrated. 

This cutting process is relatively gentle, produces much less 

turbulence and gas bubbles in water compared to the gas-

assisted underwater laser cutting process.  AISI 304 steel 

sheets up to 1.5 mm thickness were cut by this process using a 

fiber laser at 1800 W laser power at a maximum cutting speed 

of 1.4 m/min with water-jet speed of 18 m/s. The effect of 

various processing parameters on the cutting performance are 

similar to the conventional gas assisted laser cutting 

characteristics; however, the convective heat loss by water-jet 

and the scattering of laser beam by water vapor cause a 

reduction in the process efficiency.  The efficiency improves 

with increasing cutting speed at higher laser powers. This 

process may have potential application in underwater cutting 

of nuclear reactor components as this produces very less 

turbulence in water and aerosols in surrounding environment.  
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