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Abstract Pulsed-laser ablation of an aluminum bulk sample
was performed both in water and air with a Q-switched
Nd:YAG 1,064-nm laser over a range of high-output energies
from 100 to 500 mJ. The effect of laser drilling in terms of
produced crater volumes as a function of water-layer thickness
was studied. The water-layer thickness was varied from 1 to
20 mm. In a special case, water droplets were added to the
ablation region of the dry target in order to support ablation.
Water-layer thickness in that case was estimated to be 0.5 mm.
A comparison of the results obtained in air and underwater was
performed. It is found that the aluminum target may be drilled
more efficiently under the confinement of water compared to
drilling in air environment. Further drilling efficiency can be
achieved by varying the thickness of water. The optimized
water thickness under the conditions of our experiment was
found to be 3 mm. In that case, a 28-fold increase in crater
volume and 18-fold increase in crater depth was achieved as
compared to ablation in air. In underwater ablation, the forma-
tion of irregular surface structures of re-deposited material
around the crater (rim) is avoided and the crater surface is
smoother. In an air environment, the drilling is suppressed
due to an immediate re-solidification and re-deposition of
ablated material. This leads to a better characteristics of craters
obtained underwater in terms of roughness, shape, volumes,
and reproducibility.
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1 Introduction

Pulsed-laser processing of materials is important for both
scientific and industrial applications: laser radiation is widely
applied in the micro- and nano-structuring of materials where
high precision structures are desired [1–4]. Such structures
require high-spatial resolution and accuracy as well as high-
aspect ratio (depth to radius ratio) profiles. To obtain better
performances of the material structuring, experiments were
often supported by a theoretical studies [5, 6]. The laser–
material coupling greatly depends on the type of medium
where ablation takes place (air, vacuum, gases, liquids, gels)
and affects the quality and the properties of the pulsed-laser
micro-machined structures. It is well known that heat accu-
mulation around the laser pulse-affected zone is a significant
problem in the laser micro-fabrication of materials [7–9]. Heat
accumulation causes several problems to micromachining:

(1) Re-deposited material around the crater (often results in
a formation of very irregular crown-like structures
along the crater edge, either by direct re-deposition
and/or by the flow of melted material. Such structures
may screen the crater from the laser pulse, making
ablation difficult. The net effect is that the processing
is dimensionally inaccurate).

(2) Limited depth of the drilled crater (ablated material is
re-deposited back to the internal crater surface).

(3) Non-cylindrical shape of the crater profile (the crater
profile often does not follow a laser Gaussian or struc-
tured intensity profile due to a poor laser–material
coupling or material re-deposition).

(4) Formation of surface structures such as defects, ripples,
or cracks (due to the rapid re-solidification and/or the
stress induced by the laser pulse impact).

By adding a water layer onto the target surface, the for-
mation of the melted flow and the re-deposition of ablated
material may be avoided [10]. Due to its high heat capacity
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and thermal conductivity (with respect to air), water prevents
heat accumulation by absorbing the extra heat (0.6 W/(mK)
in water against 0.025 W/(mK) in air at ambient tempera-
ture). It results in an efficient cooling of the target. Moreover,
unlike in air, most of the ablated material does not re-deposit
back onto the target but is carried away by the fluid motion
and finally dissolves into the water.

The rapid temperature increase due to the laser pulse in-
duces the formation of vapor bubbles and of two shock waves
(one expands into the water and the other into the target) [11].
Vapor bubbles play an important role in underwater-laser dril-
ling. They carry ablated material away from the irradiated area
promoting the drilling (no scattering) and the formation of
regular structures (no re-deposition) [12]. After the expansion
of the shock wave a cavitation bubble is generated due to the
expansion of the ablated material. Upon the collapse of the
cavitation bubble when its diameter reaches a maximum (few
millimeters), a high-speed and high-pressure liquid jet is
formed and directed towards the target surface followed by a
secondary shock wave [13]. The liquid jet provides a mechan-
ical impact (high-pressure impact) onto the target surface,
improving the drilling rate [14]. At the boundary between the
water and air, the shock wave induced in the water is reflected
back to the target surface providing an additional impact there-
by enhancing the drilling rate. Underwater laser-produced
plasmas have a reduced lifetime and are confined to a small
volume. This reduces the plasma-laser shielding, which in-
creases the ablation rate due to the improved acoustic coupling
[15]. To summarize, the net effect of adding water above the
target surface during laser ablation is a greatly improved dril-
ling rate and precision for dimensional structuring [16]. The
process of laser ablation when the target is immersed into water
or affected by water droplets is called “wet ablation” (under-
water or water-assisted). It is in contrast to “dry ablation”
where the target is exposed to a vacuum or an air environment.

The above mentioned advantages and the relatively simple
experimental set-up allow wet ablation to contribute to a wide
variety of applications including drilling, micro-milling, cut-
ting, 2D and 3D structuring, engraving, welding, etching, and
plasma spraying for nanostructured coatings, which are not
limited tometallic materials [17–21]. Underwater-laser ablation
is found to be a versatile technique for the production of
nanostructures and can serve as a source of nanoparticles
[22], nanoclusters [23], and nanocrystals [24, 25] of various
chemical elements and for various purposes [26–30]. The
efficiency of wet ablation depends on the experimental param-
eters such as laser-pulse wavelength, fluence, duration, number
of laser pulses [31–34], liquid species [35], and liquid-layer
thickness [36]. In most of the literature cited above, the en-
hancement of wet ablation as compared to the case of dry
ablation in air is reported. Nevertheless, longer laser pulses
(millisecond pulses) may result in the decrease of wet ablation
efficiency [37, 38].

In the present work, nanosecond laser pulses were used
and the efficiency of wet laser ablation was studied on
aluminum. The influence of water-layer thickness (0.5–
20 mm) on the drilling rate and the crater structure of alumi-
num was investigated with respect to drilling in air. In a
special case, drops of water were added onto the irradiated
area using a pipette. The effect of varying the water-layer
thickness was investigated and an optimal determined for the
highest drilling rate.

2 Experimental setup

Experiments were carried out using a Q-switched Nd:YAG
laser operating at 1,064 nm with a repetition rate of 5 Hz and
with a pulse duration of 18 ns at full-width at half-maximum
(FWHM) (Spectron SL805). In order to study the drilling
rate, the output energy was varied from 100 to 500 mJ, while
the number of applied pulses was varied from 10 to 1,000.
The laser beamwas focused onto the target surface with a 10-
cm lens. The experimental setup is shown in Fig. 1. Fig. 1a
represents drilling schematics underwater, where h denotes
the water thickness above the target surface. Fig. 1b repre-
sents water droplet-assisted ablation in which water droplets
were added into the ablation region using a pipette in order to
ensure a wet ablation area during the drilling process (esti-
mated thickness of the water layer in this case is 0.5 mm).
The frequency of droplets released from the pipette was at an
approximately 3 Hz. The drilling sample was a 3-mm thick
sheet of aluminum of dimensions 2×2 cm, immersed in
purified water (Milli-Q). The sample was placed in a 500-
ml glass container. In order to optimize the drilling efficien-
cy, h was varied from 1 to 20 mm.

The crater semi-profiles were obtained using a fluorescent
microscope. The images were recorded at consecutive focal
microscope positions (at certain depth points in the crater)
starting from the top of the crater (equal to the target surface)
towards the bottom. From each picture, the radius of the
crater was determined. The difference of the focal positions
between the top and bottom images defines the total depth of
a crater, d. The plot of the focal positions vs. the obtained
radii gives the crater semi-profiles used to calculate their
volumes. A scanning electron microscope (SEM) was used
to make an overall image of the craters due to its relatively
broad focus. The SEM images allowed the inspection of the
morphology of a given surface.

3 Results and discussion

Figure 2 shows the SEM images of the craters obtained with
1000 laser pulses in air (a and b) and underwater (c and d).
The layer thickness of water was h=10 mm and the output
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laser-pulse energy 500 mJ. It can be seen that drilling in air
leads to the formation of irregular shallow craters with an
undefined shape. The area of these irregular structures is
much larger than the area affected by the focused laser pulse
(250–300 μm). It suggests that the rapid re-deposition of
ablated material occurred as a result of the action of the
high-pressure ablation plume on the melted target surface.
Furthermore, thermal diffusion of the heat induced in the
material by the laser pulse also contributes to the formation
of such irregular structures. The heat-affected zone becomes
larger than the irradiated area. It results in the melting of the
target material outside the irradiated area. Re-solidification
and accumulation of such materials makes the crater edge
irregular. All these effects make dry cratering or drilling

(material removal) inefficient and impractical. In contrast,
Fig. 2c and d show how wet ablation provides craters of
regular and reproducible shapes with a significant increase in
the drilling rate in comparison to dry ablation. At the
micrometer-sized scale the crater surfaces differ significantly
in wet and dry ablation. While the surface structure is irreg-
ular and locally smooth in the case of dry ablation (Fig. 2b),
in wet ablation, the crater surface is flat and contains micron-
sized periodic ripples (Fig. 2d) caused by bubbles collapse
near the target surface as mentioned before [13].

Figure 3 shows the SEM images of craters obtained after
10, 50, 100, and 300 pulses with output energy of 500 mJ.
The images were taken at an angle of 45 ° with respect to the
target surface normal. The images depict the formation of a

Fig. 1 Experimental scheme a
underwater drilling and b water
droplet-assisted drilling

Fig. 2 SEM images of Al craters
obtained with 1,000 pulses a, b
in air and c, d underwater
(h=10 mm). Images were taken
at a 45 ° angle with respect to the
surface normal
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crater in the initial stage of the drilling process. It is evident
that there is no recast material during the process of drilling.
The surface of the crater became rippled even after a few
laser shots. The ripples were formed with slight preferential
direction from the center of the crater towards the edge. This
is evidence of the pressure-induced effect on the laser-heated
target underwater (cavitation bubble collapse). The pressure
is highest at the center of the crater and decreases radially.

Figure 4 shows an SEM image of a crater in the final stage
of drilling after 1,000 pulses. The image was taken at normal
incidence with respect to the target surface (top-to-bottom).
The crater shape is regular and sharp while the internal
surface is rippled and smooth, indicating there is no re-
deposited material in any stage of the drilling process. Note
that impurities are present on the crater due to ablated micro-
material precipitation during the processing or dust collec-
tion during the SEM preparation.

To quantify the ablation efficiencies and to inspect the
crater shapes, crater profiles (crater depth vs. radius) were
studied. Figure 5 shows crater semi-profile cross-sections for
water thicknesses between 1 and 20 mm for (a) 1,000 and (b)
300 applied laser pulses with 500 mJ of output energy.
Figure 5 also exhibit crater semi-profiles obtained in air
and distinctly by adding water droplets using a pipette. In
all cases, wet ablation resulted in a significant enhancement
of crater volumes, depths, and shapes. As shown in Fig. 5,
the crater depth and consequently the volume, depend on the
water-layer thickness. In contrast to dry ablation, all craters
obtained in water have Gaussian-like profiles, which follow
the specified laser pulse shape.

In Fig. 6, the dependence of the crater volume and depth
on the water-layer thickness is shown. The calculation of the

volumes and the depths is based on the crater semi-profiles
shown in Fig. 5. It was found that both the crater volume and
depth vary with the thickness of the water layer (a similar
dependence on the water-layer thickness was found in [39]
for the case of the ablation of silicon with KrF laser). Figure 6
shows that the maximum volume and depth was reached for
water thickness of 3 mm. In this case, the volume enhance-
ment factor (wet to dry ablated volume ratio) is 28 and 13 for
1,000 and 300 applied pulses, respectively. The equivalent
depth enhancement factors are 18 and 14 for 1,000 and 300
applied pulses, respectively. The volume and depth enhance-
ments are not a linear function of the number of applied
pulses; this is related to the difficulties of producing dry
craters which are used for normalization of the enhancement.
For water thicknesses lower than 3 mm, the enhancement is
limited but still evident. This is related to weaker plasma

Fig. 3 The SEM images of Al
craters obtained under water
(h=10 mm) with a 10, b 50, c
100, and d 300 pulses. Images
were taken at a 45 ° angle with
respect to the surface normal

Fig. 4 An SEM image of an Al crater obtained underwater (h=10 mm)
with 1,000 pulses. Images were taken at normal incidence with respect
to the target surface
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confinement by the water layer [16] and by the shock waves
and cavitation bubble dynamics [13]. For low thicknesses,
the shock waves may not be fully developed thus never
reaching the maximum pressure. The expansion of cavitation
bubble may be disturbed by the low thickness of the water
layer and it will not collapse after reaching the maximum in
diameter and in pressure. As a consequence, the high-speed
liquid jet formed after the cavitation bubble collapse is
weaker and the pressure back-impact to the target decreased.
The other effect apparent at low h is that the laser-pulse
impact causes a removal of a certain amount of water above
the target [19]. This changes the plasma confinement and
consequently the drilling rate. For the drop layer of 0.5 mm,
the enhancement is about 10 times which implies that even a
thin-liquid film can significantly improve the ablation rate
[40]. In contrast, for water-layer thicknesses higher than
3 mm, the plasma is estimated to be better confined while
the water layer remains flat during laser drilling (not dis-
turbed by the laser-pulse impact) but other processes may
take place. Namely, the laser pulses travel a longer pathway
to reach the target and hence are more scattered by the debris
or the micro- and nano-particles and by the induced bubbles
emerging from the target surface. Due to the longer pathway,

the shock wave reflected from the air-water boundary back to
the target surface is weakened, which decreases the drilling
rate. Those two effects are evident from Fig. 6, as a slight
decrease in the volumes and the depths, as the water layer
thickness is increased. The total overview of achieved dril-
ling enhancements with regard to the crater volumes and
depths can be seen in Fig. 7. All values shown in Fig. 6 are
normalized to the values obtained in air for the quantification
of the enhancements.

The crater semi-profiles obtained with various numbers of
pulses (100, 300, 500, and 1,000 pulses) and different pulse
energies (100, 300, and 500 mJ) are shown in Fig. 8. Mea-
surements were made with a layer thickness of 10 mm. For
the given set of parameters, the crater depths increase with
both the laser energy and the number of delivered pulses.
The crater radius on the top of the target surface increases
from 250 to 400 μm by increasing the number of pulses for
the 500 mJ case. For 300 and 100 mJ, the crater radius is
roughly constant, around 250 and 175 μm for 300 and
100 mJ, respectively. The laser-pulse fluences can be esti-
mated using the values of the surface crater radii and the
pulse energy. We find fluences of 80, 150, and 200 J/cm2 for
the pulse energies of 100, 300, and 500 mJ, respectively.

Fig. 5 The crater semi-profiles
obtained with different water
thicknesses with a 1,000 and b
300 pulses. Repetition rate 5 Hz,
pulse energy 500 mJ (x and y axis
are to scale). The crater produced
in air is shown for comparison
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All values of the crater volumes and depths are summa-
rized in Fig. 9. It can be seen that the volume is a linear
function of the number of pulses with laser-pulse energy of
500 mJ. In the other two cases, the increasing trend is less
pronounced. All depths investigated depend on the number
of pulses in a similar way and are linear below 500 pulses.
The drilling enhancement is related to the laser-induced
plasma confinement, especially at the higher laser energies.
In fact, it was observed that due to the lateral thermal diffu-
sion, the higher the plasma intensity, the larger the affected
area is. This statement is based on the significantly larger
crater radius obtained with 500 mJ as drilling continues. In
addition, the internal crater radius also increases with the
number of pulses, which is not the case for 300 and 100 mJ,
where the internal radii do not vary significantly during
drilling. Thus, the crater volume at higher pulse energy in-
creases as both the internal crater radii and depth increase,
which make drilling significantly more efficient. At lower
energies, the crater volumes increase mostly due to an in-
crease in the crater depth, while the internal crater radii
remain constant. This explains the higher steepness of the
crater volume vs. number of pulses curve for the 500 mJ case
in Fig. 9a with respect to the curves related to the 300 and
100 mJ cases.

To quantify the crater aspect ratio, a Gaussian fit of the
crater profiles was performed. A FWHM was obtained from

the fit and used as a typical crater radius (rFWHM) for the
calculation. The fit is performed on the crater profiles shown
in Figs. 5 and 8. The results are shown in Fig. 10. In Fig. 10a,
it is shown how d/rFWHM depends on the water-layer thick-
ness for 1,000 and 300 pulses for the pulse energy of 500 mJ.
The case h=0 mm represents the crater obtained in air. It is
evident that the highest d/rFWHM is achieved for the h=1 mm
and 1,000 pulses and its value is 10. For 300 pulses, the
maximum of d/rFWHM is achieved for h=3 mm and its value
is 9. The d/rFWHM dependence on h shows similar behavior
to the drilling rate enhancement dependence on h. This
implies that the crater profiles have the best aspect ratio
(highest d/rFWHM) when they are drilled with a highest
drilling rate (highest d). The d/rFWHM dependence on the
number of pulses for three pulse energies is shown in Fig. 10b
where h=10 mm. This dependence shows a similar linear
trend for all energies. The aspect ratio of the drilled crater
does not depend on the applied pulse energy significantly.

4 Conclusions

Underwater drilling of aluminum was studied with respect to
dry drilling in air. In comparison to dry ablation, the drilling rate
obtained with wet ablation is enhanced in terms of the crater

Fig. 6 a The crater volumes and b the crater depth vs. water thickness
for a different number of pulses. The volume of the crater produced in
air is shown for comparison

Fig. 7 a The volume and b the depth enhancement ratios of the craters
obtained at different water-layer thicknesses with respect to the volumes
and the depths obtained in air, respectively
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Fig. 9 a The volumes and b the crater depth vs. various number of
pulses for three different energies. Water thickness h=10 mm

Fig. 10 Aspect ratios obtained at different a water thicknesses for 300
and 1,000 pulses and b number of pulses for three different energies.
Water thickness h=10 mm

Fig. 8 The crater profiles
obtained at different pulse
energies a 500 mJ, b 300 mJ, and
c 100 mJ for different numbers of
pulses. Water thickness
h=10 mm
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depth and volume, while the crater shape quality is significantly
improved. The drilling enhancement is related to better laser-
target coupling and to additional effects such as the limitation
of heat accumulation, the removal of debris that avoid re-
deposition, and the mechanical impact related to the formation
and the collapse of bubbles of evaporated material.

The underwater drilling rate is further improved by varying
the water-layer thickness. It is found that in this experiment,
the drilling is most enhanced for a 3-mm thick water layer.

The crater shape obtained underwater for any water-layer
thicknesses is regular and follows the laser-pulse Gaussian
intensity profile. The crater surface is rippled and rough hav-
ing a dendritic structure and of better quality and regularity
than the surface obtained in dry ablation. The d/rFWHM de-
pends much more on the water thickness than on the applied
pulse energy.

Underwater-laser ablation/drilling is a promising and cost-
effective technique for fast drilling and surface modification
not only for metals, but for many other materials. In compar-
ison to ablation in air, the underwater-laser ablation allows
drilling of craters (holes) with better resolution and quality as
well as with higher processing speed (higher efficiency).
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