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Abstract Fabrication of miniaturized components provides a
challenge to the manufacturing industries and to meet the
challenges many unconventional machining methods are de-
veloped, among which laser beam micromachining (LBμM)
is one. But, thermal effects such as recast layer, heat-affected
zone (HAZ), debris, and thermal cracks are commonly ob-
served in LBμM. So, in order to minimize the thermal effects,
underwater laser beam micromachining (UW-LBμM) came
into existence. In this paper, experiment on UW-LBμM is
reported using a Q-switched Nd:YAG laser for fabricating
microchannels on 304 stainless steel. The effect of input pro-
cess parameters (scanning speed, number of scan, laser pulse
energy) on output responses (kerf width, kerf depth, surface
roughness) of microchannel is studied. Laser micromachined
channels are characterized by using optical microscopy, sur-
face profilometer, scanning electron microscopy, and energy
dispersive X-ray spectroscopy. It is observed that the dimen-
sions of kerf width and kerf depth are low at lower number of
scan, laser pulse energy, and higher scanning speed. The sur-
face roughness decreases with decrease in number of scan and
increase in laser pulse energy. Minimum surface roughness is
achieved at scanning speed of 300 μm/s. The recast layer and
debris are minimum during UW-LBμM compared to LBμM.
Elemental comparison is carried out inside and in the sur-
roundings of microchannel.
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1 Introduction

Fabrication of miniaturized products is the subject of intense
research, as the applications of these components vary from
industry to industry like aerospace, automobile, biomedical,
chemical, foundry, and microelectromechanical system
(MEMS) [1, 2]. These components include microholes,
microchannels, micronozzles, and micromixtures of size less
than 500 μm which are commonly found in various
microfluidic devices. Because of high thermal conductivity
and high strength, metallic microchannels are frequently used
for fabricating ofmicrofluidic devices to prevent thermal dam-
ages and to support life span of devices [3]. It is very difficult
to fabricate the microfeatures in a large number using conven-
tional machining processes due to high tool wear, high heat
generation, and mechanical stress in the material. Fabrication
of such miniaturized components provides a challenge to the
manufacturing industries, and to meet the challenges, many
unconventional machining methods are developed, among
which laser beam micromachining (LBμM) is one. The main
advantages of LBμM are no tool wear, ability to
micromachine complex shapes, high precision, and less ma-
chining time. As LBμM is a noncontact process, so, it does
not exert any mechanical force on the workpiece resulting in a
relatively higher process yield and productivity [4].

During LBμM,when a laser beam is focused on the surface
of workpiece material, the material in the focal volume is
subjected to different physical phenomena such as heating,
softening/melting, vaporization, and explosive removal [5,
6]. The physical phenomenon of LBμM is complicated be-
cause laser-material interaction depends on laser parameters
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(power density, wavelength, pulse duration, laser pulse repe-
tition rate), material properties (thermal conductivity, thermal
absorption coefficient), machining parameters (scanning
speed, number of scans), and machining medium (gas, liq-
uids) [7–10]. There are a number of drawbacks of LBμM
process such as recast layer, heat-affected zone (HAZ), debris,
crack formation, and tapering of microcomponent [11–14].

In order to obtain high-quality products, i.e., products with
minimum recast layer, HAZ, and debris, post-processing is
required, which add cost to the micromachined products
[15]. Pulse duration is an important factor which controls the
quality of micromachining. Longer pulses generate more
bulky and massive removal of workpiece material with less
precision as well as high thermal damage. So, shorter pulse
duration lasers (nanoseconds to femtoseconds) are used for
high precision industrial applications. Femtosecond lasers
have produced little contamination and low HAZ due to short
beam material interaction time [16]. However, the femtosec-
ond laser micromachining system is costly and machining
rates are low compared to nanosecond laser. Thus, nanosec-
ond pulse laser is widely used for micromachining.
Furthermore, to reduce the thermal effect such as recast layer,
HAZ, debris, and thermal crack, underwater laser beam
micromachining (UW-LBμM) came into existence.

Recently, there have been increasing studies on under liq-
uid laser beam micromachining (UL-LBμM) of different ma-
terials including metals, alloys, ceramics, glass, semiconduc-
tors, composites, and polymer by using different liquids.
Commonly used liquid is water, as it is low cost, easily avail-
able, and transparent for laser transmission [17–22]. The
mechanisms of UW-LBμM for various lasers are different
due to change in absorption coefficient of water at different
wavelengths. The absorption coefficient of water for 10.6-μm
wavelength CO2 laser, 1.06 μm, and 532-nm wavelength
Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) la-
ser are 500, 0.148, and 0.0005 cm−1, respectively [23–25].
Due to high absorption of water for 10.6-μm wavelength
CO2 laser, a larger portion of laser energy vaporizes the water
and forms a conical keyhole along the water thickness to allow
laser beam to reach workpiece material surface [23].
Therefore, Nd:YAG laser is used as ideal tool for UL-LBμM
because of its low optical energy absorption loss in water. The
optical energy absorptivity of most metals is low in near-
infrared region but increases with decrease in wavelength.
However, there is reduction of maximum laser power avail-
able with decrease in wavelength. Thus, visible-wavelength
laser like Nd:YAG laser (532 nm) is suitable for the
micromachining of metals with nanosecond laser pulses [26].

Kruusing [27, 28] investigated the advantages of water-
assisted laser processing and found that underwater laser pro-
cessing can be applied to cutting, drilling, micromachining,
welding, etching, cleaning, and laser shock processes. Both
efficiency and quality of LBμM can be greatly improved

during underwater laser drilling of copper, iron, aluminum,
and stainless steel compared to that of air [29]. The cooling
effect of water can reduce the extent of HAZ and microcracks,
which are common during micromachining in air. High aspect
ratio through hole with reduction of defects like bulges, de-
bris, cracks, scorch, and HAZ was achieved during underwa-
ter CO2 laser drilling of glass [30]. Physical phenomena such
as water convection and bubbles generation remove the recast
as well as debris from the machining area.

Muhammad and Li [17] reported micromachining of niti-
nol tube for coronary stent application by using underwater
femtosecond laser and found minimum surface roughness at
low fluence as well as high speed during micromachining in
air. HAZ is obtained at the highest fluence and it reduces with
decrease in fluence. But, in UW-LBμM, high surface quality
is obtained even at high fluence and low speed. Microchannel
without HAZ, debris, recast, and clean back wall is obtained
during UW-LBμM.

Narrower kerf width, lower surface roughness, absence of
back wall damages, smaller HAZ, and less dross can be ob-
tained in the case of wet fiber laser profile cutting of thin
stainless steel tube compared to dry cutting [18]. Due to influ-
ence of water dynamics, high recoil pressure is induced, which
ejects molten material from the cavity and prevent resolidifi-
cation layer [23]. Nath et al. [31] fabricated through hole in
thin stainless steel sheet by using Nd:YAG laser drilling in air
as well as underwater. It was found that laser drilling in water
can be done when workpiece is placed above the focal point.
UW-LBμM improves heat conduction, increases plasma-
induced recoil pressure, weakens the plasma shielding effect
in water, and collapses the cavitation bubbles [32]. Krstulovic
et al. performed underwater laser ablation of aluminum using
pulsed Nd:YAG laser and compared the effect of different

Table 1 Elemental composition of 304 stainless steel

Elements C Mn S P Si Ni Cr Fe

Max. % 0.058 1.160 0.005 0.034 0.440 8.080 18.260 Balance

Beam delivery unit

Focal lens

Water

Container

Laser

Sample

Fig. 1 Schematic diagram of underwater Nd:YAG laser beam
micromachining experimental setup
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water layer thickness with air. It was observed that underwater
laser drilling provides better efficiency as well as better quality
holes in terms of shape, volume, and roughness compared to
drilling in air [33].

As seen from the above literature review, less work is
done regarding performance of Q-switched Nd:YAG UW-
LBμM to fabricate microchannel in stainless steel. In the
present study, experiments are carried out to investigate
UW-LBμM of 304 stainless steel. The effect of water on
quality of microchannel is studied and compared with
those obtained in air. Besides water effect, the effects of
scanning speed, number of scans, and laser pulse energy on
microchannel width, depth, and surface roughness are
investigated.

2 Experimental methodologies

2.1 Materials

The 304 stainless steel (SS 304) sheet metal (50×20×2 mm)
is used as the specimen in the present research work. The
elemental composition for the material is given in Table 1.

2.2 Experimental setup

The schematic diagram of UW-LBμM system is shown in
Fig. 1. The Q-switched Nd:YAG pulsed laser with wavelength
of 532 nm is used for micromachining. This laser
micromachining system consists of various subsystems like
laser source, beam delivery unit, power supply unit, Q-
switch driver unit, and cooling unit. The output from Q-

switched Nd:YAG laser is delivered to workpiece through a
series of reflecting mirrors and a convergent lens with a focal
length of 250mm to a laser spot size of 100μm approximately
on the surface of specimen. The pulse duration and pulse
frequency of laser beam are 10 ns and 10 Hz, respectively.
The laser pulse energy is measured by energy meter, before
the laser beam passes through focusing lens.

2.3 Experimental procedure

Fabrication of microchannels is carried out on SS 304 using
water as liquid medium. Before micromachining, the sample
surface is polished and cleaned with acetone in order to re-
move any oil and dust. The workpiece is fixed with the con-
tainer and immersed horizontally in a water bath with thick-
ness of 10 mm, i.e., the thickness of water above the work-
piece surface is 10 mm. The water depth is controlled at a
particular thickness above the workpiece surface by the total
volumemethod whose depth is proportional to the volume at a
constant area of the container. In order to obtain 10-mm thick-
ness of water above the workpiece surface, 120 ml of water is
maintained in the container. The container is designed

Laser source

Laser beam

Focal lensGlass window

Fixture

WorkpieceWater

Reflecting 
mirrors

Fig. 2 Photograph of underwater
Nd:YAG laser beam
micromachining experimental
setup

Table 2 Experimental input parameters and their ranges

Input parameters Unit Ranges

Scanning speed (SS) μm/s 150–400

Number of scans (NOS) – 10–60

Laser pulse energy (LPE) mJ 30–80

Water layer thickness (WH) mm 10
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according to the space available in setup and is made up of
acrylic polymer. During the experiment, some splashing of
water occurs which is very negligible. In order to prevent
the splashing of water onto focusing lens, the fixture is cov-
ered by glass window (Fig. 2). Thus, whatever amount of
water splashes, that amount of water remains in the container.
During experiment, some amount of water is absorbed, but
this amount is too negligible, because water absorption coef-
ficient for 532 nm wavelength Nd:YAG laser is very less

(0.0005 cm−1). So, the thickness of water is almost constant
during experiments. The container is placed on a motorized
XY translation stage to enable laser scanning. During experi-
ments, microchannels are machined on SS 304 by focusing
the laser beam on workpiece surface and moving it with re-
spect to workpiece in a reciprocating motion for a distance of
5 mm.

In the presence of water, the focal length of lens increases
with water height level. The increase is approximately 0.33 h,
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Fig. 3 Surface topography ofmicrochannel usingUW-LBμM: a 3D surface ofmicrochannel, b kerf width and depth, and c surface roughness plot of the
microchannel along the longitudinal direction (LPE= 80 mJ, SS = 300 μm/s, WH=10 mm, NOS= 30)
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where h is the height of water level above the focal point in air
[31, 32]. UW-LBμM is carried out by changing the position of
workpiece with respect to focal point of the lens. Scanning
speed (SS), number of scans (NOS), and laser pulse energy
(LPE) are varied in the experiments, and their ranges are
shown in Table 2. To study the influence of one parameter
on output responses, the particular parameter is varied by
keeping other two parameters at one of the middle value of
their ranges. Same is followed for all other input parameters.
All the experiments are carried out at room temperature. The
laser micromachining in air is also performed as a reference
sample for comparison. The output responses such as kerf
width, kerf depth, and surface roughness are observed. The
kerf width, depth, and surface roughness of microchannels are
measured by using 3D surface profilometer. For reducing the
errors duringmeasurement, every response is measured at five
different locations across the channel, and their statistical av-
erage is recorded as the output.

It is found that as the scanning speed is set at a higher
range, there is no continuous channel as the percentage of
overlapping is less. At lower scanning speed, the kerf
width and surface roughness are much more. Hence, scan-
ning speeds are set in a range of 150–400 μm/s. It is ob-
served that at lower number of scans, the microchannel is
not formed and, at higher number of scans, average surface
roughness obtained is high. So, the number of scans is
considered in between 10 and 60. In order to achieve the
desired microchannel with set scanning speed and number
of scans, the laser pulse energy is selected in the range of
30–80 mJ. The laser fluences can be determined by using
the values of pulse energy and laser beam diameter at
workpiece surface. The laser spot size on the surface of
specimen in air is 100 μm approximately. Thus, the laser
fluences obtained are 382, 509, 637, 764, 891, and 1019 J/
cm2 for different laser pulse energies of 30, 40, 50, 60, 70,
and 80 mJ, respectively. The microchannels are subse-
quently characterized by using scanning electron micros-
copy (SEM) and optical microscopy. SEM and optical

microscopy are employed to analyze the morphology as
well as microstructure of laser micromachined region.
Energy dispersive X-ray spectroscopy (EDS) is performed
for elemental analysis at different micromachined zones in
the material during UW-LBμM.

3 Results and discussion

The surface topography of microchannel that micromachined
on SS 304 using UW-LBμM is shown in Fig. 3. The 3D view
of microchannel that shows all the details is represented in
Fig. 3a. The kerf width (horizontal distance of the
microchannel) and kerf depth (vertical distance between bot-
tom surface of microchannel and normal workpiece surface)
details are shown in Fig. 3b. The roughness plot of
microchannel measured along the longitudinal direction of
microchannel is shown in Fig. 3c.

3.1 Effect of water medium on laser micromachining
of 304 stainless steel

Figure 4 shows the 3D surface profilometry images of
microchannel in SS 304 during LBμM in air and in water. It
can be observed that the recast layer height present along the
microchannel is nearly 0.3 mm during LBμM in air (Fig. 4a);
however, it is very less or absent on surface of microchannel
during UW-LBμM (Fig. 4b).

When high energy laser pulses are focused on mate-
rial surface, it melts, vaporizes, and ionizes the material
in focal volume, resulting in the formation of plasma.
When this plasma expands, a recoil pressure is exerted
on workpiece surface, causing material removal. During
LBμM, the rapid heating as well as cooling cycles lead
to formation and resolidification of molten steel within
each pulse duration. Thus, recast layer and debris are
formed which cannot be ejected away from the
micromachined region and deposited on bottom as well

(a) (b)

Recast layer
Recast-free

Fig. 4 Surface profilometry images of microchannel during LBμM a in air and b in water (LPE= 80 mJ, NOS=30, SS= 300 μm/s)
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as periphery of the microchannel. Figure 5 shows SEM
images of microchannel during LBμM and UW-LBμM
of stainless steel. In the case of laser micromachining in
air, resolidified layer and debris are found accumulating
at the bottom and surrounding of microchannel

(Fig. 5a). Cracks are also found on the surrounding of
microchannel in resolidified region. But, in the case of
UW-LBμM, a better quality microchannel is formed
with debris-free and recast-free (Fig. 5b). These debris
and recast layer degrade the quality as well as

(a) (b)

Micro-crack

Recast layer

Debris

Fig. 5 Surface morphology of microchannels: a presence of recast layer, debris, and microcracks on the surrounding and bottom part of microchannel
during LBμM in air b recast-free and debris-free microchannel during UW-LBμM
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functionality of the components. Due to rapid heating
and cooling, thermal stress is occurred which results in
the formation of cracks.

During UW-LBμM, when high energy laser pulses are
focused on the material surface through water medium,
high temperature and high pressure plasma is generated
as well as expanded. This expansion of plasma is confined
by underwater pressure and leads to an increase in
plasma-induced pressure. This increase of plasma-
induced pressure ejects the molten phase of material from
ablated region, making the microchannel free of
redeposited material. In addition, the plasma transfers its

energy to water. This energy transfer is strong enough to
induce phase transition in water, i.e., vaporization of wa-
ter. So, a large number of bubbles are generated in the
water. The molten particles are carried out by convection
of bubble motion. Furthermore, due to collapsing of bub-
bles near the sample surface, a high speed liquid jet is
generated to produce a strong impulse toward sample sur-
face, which helps in expulsion of molten material. Thus,
due to strong plasma expansion, vaporization of water,
and collapsing of bubbles, the recast layer and debris are
ejected away from micromachining region during UW-
LBμM.

(b)Ra = 0.407µm

(a)Ra = 1.10µm

Fig. 6 Roughness plot of bottom
surface of the microchannel a in
air and b in water (LPE= 80 mJ,
SS= 300 μm/s, NOS= 30)

Fig. 7 Effect of scanning speed
on microchannel quality
characteristics: a kerf width, b
kerf depth, and c surface
roughness, Ra (WH= 10 mm,
NOS= 30, LPE= 60 mJ)
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The roughness of bottom surface of microchannel ma-
chined in air and water is shown in Fig. 6a, b. The average
surface roughness (Ra) of bottom surface micromachined in
air (Ra=1.10 μm) is approximately 2.7 times higher than that
o f the bot tom sur face mic romach ined in wate r
(Ra=0.407 μm). This is due to the presence of recast layer,
debris, and adherence of dross on the bottom surface during
LBμM in air (Fig. 6a). The convective flow and bubble-
induced motion of water ejects molten material as well as
debris from the irradiated zone. This prevents resolidification
on surrounding and bottom part of the microchannel. Thus,
relatively smooth surface is obtained during UW-LBμM
(Fig. 6b).

3.2 Effect of scanning speed on microchannel quality
characteristics

The effect of scanning speed on microchannel kerf width, kerf
depth, and Ra is shown in Fig. 7 (water height (WH)=10 mm,
NOS=30, LPE=60 mJ). It can be seen that both the kerf
dimensions, i.e., kerf width and kerf depth, decrease with in-
crease in scanning speed (Fig. 7a, b). This is mainly due to

increase in scanning speed, and the interaction time between
laser and workpiece material reduces, which decreases heat
transfer to material in both directions (i.e., radially outward
as well as vertically downward directions). This leads to de-
crease in melting and vaporization which reduces kerf width
as well as kerf depth. Because of reduction in melting and
evaporation, kerf width reduces from 334 to 282 μm and kerf
depth from 13 to 6 μm as scanning speed increases from 150
to 400 μm/s.

Figure 7c shows the influences of the scanning speed
on Ra. The Ra decreases from 0.553 to 0.450 μm as scan-
ning speed increases from 150 to 300 μm/s. Recast layer
plays an important role in microchannel surface rough-
ness. When laser beam interacts with the material, melting
occurs which forms molten pool. This molten pool cools
and solidifies before the material surface cools. So, it re-
tains its surface texture on the material. Due to bubble-
induced motion and convective motion of liquid during
UW-LBμM, the recast layer and debris are ejected out
from bottom part of microchannel. When scanning speed
increases, less melting occurs with formation of less re-
cast layer as well as debris due to less interaction between

(a) (b)
Fig. 8 Optical microscopy
photographs of microchannels at
different scanning speeds: a
SS= 150 μm/s and b
SS= 400 μm/s

Fig. 9 Three-dimensional surface profiles of microchannels at different scanning speeds: a SS= 150 μm/s and b SS = 400 μm/s
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laser and material. Furthermore, due to less melting, the
irregularity of molten pool also decreases. Thus, due to
decrease in irregularities of molten pool, the roughness
also decreases with increase in scanning speed. After
300 μm/s, the surface roughness gradually increases be-
cause nonuniform melting is more pronounced at higher
scanning speed due to lack of overlapping of pulses as
well as very low interaction between laser and workpiece
material. So, surface is more rough at higher scanning
speed.

Figures 8 and 9 show the corresponding optical micro-
scope and surface prof i lometer photographs of
microchannels at different scanning speeds ((a)
SS= 150 μm/s and (b) SS = 400 μm/s). It is clearly seen
that for higher scanning speed, the kerf width and depth
are smaller. This is mainly because of less heat transfer at
higher scanning speed due to less interaction time be-
tween laser and workpiece material. The debris are absent
at the surrounding of the microchannel due to bubble-
induced motion and convective motion of liquid during
UW-LBμM.

3.3 Effect of number of scans on microchannel quality
characteristics

Figure 10 shows the microchannel quality characteristics as a
function of number of scans at constant WH= 10 mm,
SS=300 μm/s, and LPE=60 mJ. It is clearly observed that
the kerf width increases from 247 to 304 μm as the number of
scans increases from 10 to 30 (Fig. 10a). However, variation
of kerf width is negligible (304 to 317 μm) when there is
increase in number of scans from 30 to 80. This is because
the effective laser micromachined surface on workpiece main-
ly depends on laser pulse energy and scanning speed. When
laser pulse energy increases, the heat transfer to material in-
creases, so, more surface area is affected; this leads to larger
kerf width. Similarly, when scanning speed increases, the in-
teraction time between laser beam and workpiece material
decreases, thus less surface area is subjected to melting, and
hence smaller kerf width is observed. But, when all these
parameters keep unchanged and only the number of scans
increases, the effective surface area subjected to melting rap-
idly reaches to its peak value. So, kerf width increases. After

Fig. 10 Effect of number of
scans on microchannel quality
characteristics: a kerf width, b
kerf depth, and c surface
roughness, Ra (WH= 10 mm,
SS= 300 μm/s, and LPE= 60 mJ)

(a) (b)
Fig. 11 Optical microscopy
photographs of microchannels at
different scanning pass numbers:
a NOS=10 and b NOS=60
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that, the effective area on the workpiece surface makes no
significant change with increase in number of scans because
the heat transfer occurs only in thickness direction. Thus, kerf
width remains approximately constant, and only kerf depth
increases.

Figure 10b shows the relationship between kerf depth and
number of scans. It is observed that the kerf depth is directly
proportional to number of scans. As scanning number in-
creases from 10 to 60, the kerf depth increases from 3 to
14 μm due to gradual melting and evaporation of material
for each scanning pass.

Figure 10c shows the effect of number of scans on surface
roughness. The surface roughness increases from 0.396 to
0.473 μm as number of scans varies from 10 to 60. Due to
more melting and vaporization of material that occur by

gradually increasing the number of scans, the irregularities
in molten pool increase for each scan. Thus, the surface be-
comes rougher gradually as number of scans increases.

Figures 11 and 12 show the optical microscopy as well as
surface profilometry images of microchannels at different
number of scan ((a) NOS=10, (b) NOS=60). Larger kerf
width and depth are observed at higher number of scans.

3.4 Effect of laser pulse energy on microchannel quality
characteristics

The effect of laser pulse energy on microchannel quality char-
acteristics is shown in Fig. 13 (WH=10 mm, SS=300 μm/s,
and NOS=30). According to Fig. 13a, b, both kerf width and
kerf depth are found to be approximately proportional to laser

Fig. 12 Three-dimensional surface profiles of microchannels at different number of scans: a NOS=10 and b NOS= 60

Fig. 13 Effect of laser pulse
energy on microchannel quality
characteristics: a kerf width, b
kerf depth, and c surface
roughness, Ra (WH= 10 mm,
SS= 300 μm/s, and NOS=30)
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pulse energy. During micromachining process, the average
power supplied is controlled by laser pulse energy. The small
variation in average power results in a large variation of kerf
dimension. The kerf width increases from 250 to 350 μm and
kerf depth from 5 to 12 μm as the laser pulse energy increases
from 30 to 80 mJ. This phenomenon can be explained that as
laser pulse energy increases, the energy density (i.e., energy
per unit area) increases. So, heat energy delivered to the ma-
terial increases. Thus, more melting and vaporization occur,
which lead to increase in kerf dimension.

Figure 13c shows the surface roughness as a function of
laser pulse energy. The surface quality increases with increase
in laser pulse energy. Because of hydrodynamics of water over
workpiece surface, the redeposition is prevented as the recast
layer and debris are removed away from the cut region by
thermally disturbed water layer.

Figures 14 and 15 show the optical as well as surface
profilometry images of microchannels at different laser pulse
energies, (a) LPE=30 mJ and (b) LPE=80 mJ. At 80-mJ laser
pulse energy, the kerf width and depth are larger due to high heat
transfer to the material as compared to 30-mJ laser pulse energy.

3.5 Metallurgical elemental characterization

Figure 16 shows the energy dispersive spectroscopy (EDS)
analysis of different regions of microchannel that are laser
beam micromachined in (a) air and (b) underwater. For
both the conditions, it can be observed that oxygen level
is gradually decreasing with increase in distance from the
center of microchannel. Due to “Gaussian” distribution of
laser beam, the intensity of laser beam is higher at center
portion and gradually decreases toward the edges of
microchannel. So, more intensity of heat leads to more
oxidization at the central part of laser micromachining
zone (i.e., middle of the microchannel). However, the ox-
ygen percentages at different laser beam micromachining
regions are less in UW-LBμM as compared to LBμM in
air. Because of flow of water, the recast layer and debris
which are highly oxidized are ejected away from the ablat-
ed regions of microchannel. Also, due to cooling effect of
water (high convective heat transfer coefficient compared
to air), the intensity of heat is less which leads to less
oxidization in UW-LBμM.

(a) (b)
Fig. 14 Optical microscopy
photographs of microchannels at
different laser pulse energies: a
LPE= 30 mJ and b LPE= 80 mJ

Fig. 15 Three-dimensional surface profiles of microchannels at different laser pulse energies: a LPE= 30 mJ and b LPE=80 mJ
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Fig. 16 Laser beam micromachined channel in a air, b underwater, and corresponding energy dispersive spectroscopy of various regions of
microchannel surface
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4 Conclusions

UW-LBμM tests are successfully carried out on 304 stainless
steel substrate, using Q-switched Nd:YAG laser. It is found that
UW-LBμM is the effective method in order to obtain high-
quality microchannel with recast-free and debris-free as com-
pared to LBμM in air. Water acts as a cooling medium which
results in minimum cracks due to reduction of thermal
load. Furthermore, better surface finish as well as cleaner
microchannel is obtained during UW-LBμM. Because of
strong plasma expansion, vaporization of water, and collapsing
of bubbles, the recast layer and debris are ejected away from
micromachining region during UW-LBμM. The microchannel
quality, roughness, depth, and width are dependent on the
ranges of input parameters. With increase in number of scans
from 10 to 60 and laser pulse energy from 30 to 80 mJ, kerf
width increases from 247 to 345 μm but decreases from 333 to
282 μm when scanning speed varies from 150 to 400 μm/s.
Kerf depth is also increased from 3 to 14 μm with increase in
number of scans as well as laser pulse energy and decreases
from 13 to 6 μm with increase in scanning speed. The surface
roughness decreases from 0.65 to 0.40 μm with increase in
laser pulse energy but increases from 0.39 to 0.47 μm with
increase in laser scan number. With increase in scanning speed
up to 300 μm/s, the surface quality improves and then after
degrades. The minimum kerf width is obtained at 400 μm/s
scanning speed, 10 numbers of scans, and 30-mJ laser pulse
energy. The optimized surface quality is obtained at 300 μm/s
scanning speed, 10 numbers of scans, and 80-mJ laser pulse
energy. The EDS analysis shows that the quantities of oxygen
element at different laser beammicromachining regions are less
in UW-LBμM as compared to LBμM in air.
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