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Abstract

Ultrafast laser texturing allows the generation of micro- and nanostructures on steel
substrates. Laser-ablated textures show a wide range of structure geometries, from
the micro to the nanoscale, which can enable plastic product functionalization. Poly-
mer processing technologies are used to replicate mold textures on a large manufac-
turing scale. To enable new product functionalities, developing novel texture geome-
tries is critical. The laser-ablated texture dimensions are primarily linked to the laser
light properties, such as the laser wavelength, thus limiting the achievable structure
shapes. This work uses ultrafast laser to manufacture textures in air and water envi-
ronments. The effect of the different mediums on structures formation is character-
ized. The irradiation is performed over a wide range of fluence values. The texture
geometry and characteristics are evaluated by scanning electron microscopy. For
decreasing fluence values, the structures transitioned from micro bumps, to LIPSS,
to nanostructures, regardless of the irradiation environment. Conversely, structure
morphology is affected by the irradiation environment. The LIPSS pitch is lower for
the underwater environment due to the change in the laser angle of incidence, which
changes with the refraction index ratio of the air and water. A novel nano-lamellae
texture was generated when irradiating the steel surface underwater at relatively low
fluence. The dynamics of different LIPSS generations are discussed, considering the
irradiation medium’s optical, thermal, and physical properties.
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Introduction

Micro- and nanostructures are increasingly attracting new attention for their
unique capability of tailoring the surface properties of materials in different
applications [1-5]. The development of functional surfaces is enabled by devel-
oping novel structures and pattern configurations. The demand for fast, reliable,
economic, and green texturing techniques is constantly growing, driven by new
product functionalities [6]. To activate novel capabilities on the plastic products,
polymer processing replication-based technologies (e.g., injection molding, hot
embossing, roll-to-roll extrusion coating) can reproduce textures that have been
precedently created on mold masters [4, 7-11]. To expand the variety of new
functionality, creating new texture geometries is critical with texturing technolo-
gies that must be competitive and cost-effective for tool manufacturing. Among
texturing techniques, ultrafast pulsed laser texturing has emerged as a fast and
reliable technology to create structures on a wide variety of materials, from soft
materials to hard and brittle ones [12]. Depending on the substrate material and
the irradiation parameters, ultrafast pulsed laser texturing enables the etching of
various feature shapes and sizes, ranging between tens of nanometers and several
micrometers [13]. Using this process, regular structures generated on the surface
are referred to as Laser-Induced Periodic Surface Structures (LIPSS). The peri-
odic structures can exhibit different shapes like lines, triangles, squares, and oth-
ers [14-16]. In this work, we focus on linear LIPSS, obtained using linear laser
polarization using steel as substrate material, privileging the application of the
texture for polymer processing technologies.

Birnbaum first found LIPSS by irradiating semiconductors with a pulsed ruby
laser [17]. The spatial periods and arrangement of the patterns are highly depend-
ent on the properties of the laser light, such as wavelength [18] and polariza-
tion [19-21]. Therefore, multiple-wavelength laser sources are required to obtain
LIPSS with different periodicities. To overcome this limitation, some researchers
modified the processing conditions, such as irradiating fluence [22], beam incli-
nation [23], number of pulses on the target surface [24], and irradiation environ-
ment [25], to change the LIPSS periods. However, LIPSS with reduced regular-
ity have been obtained. LIPSS are classified according to the spatial period of
their pattern. Depending on the laser fluence deposited over the surface, Low
spatial frequency LIPSS (LSFL) or High spatial frequency LIPSS (HSFL) can
be generated [26]. LSFL are structures with a period comprised between 4 (laser
wavelength) and A/2. HSFL have a lower period, below A/2 [2]. The structures
obtained on metals are predominantly aligned perpendicularly to the laser beam
polarization or the electrical field vector [27, 28].

Four ablation mechanisms have been proposed in the literature, namely (i)
spallation, (ii) phase explosion, (iii) fragmentation, and (iv) vaporization [26].
(i) Spallation refers to material failure created by tensile stresses due to sudden
changes in volume and pressure after irradiation [29]. (ii) Phase explosion hap-
pens when a metastable liquid reaches the thermodynamic point where mas-
sive nucleation occurs, breaking the liquid down into droplets and gas [30]. (iii)
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Fragmentation is the process of desegregation of the superficial material due to
the strain caused by the relaxation of the thermoelastic stresses [31]. (iv) Vapori-
zation indicates the complete atomization of the surface layers when the depos-
ited energy is higher than the cohesive energy of the target material [32]. The
formation of LIPSS has been extensively studied, but a complete understanding
of the phenomena occurring at the surface is still missing [33]. At first, the LIPSS
formation was attributed to the interference between the incident laser light and
the scattered radiation [34]. More recent research, generally accepts that the for-
mation mechanism of LSFL is generated by the interference between the incident
light and the excited surface plasmons polaritons (SPPs) [35, 36]. The theory
follows important aspects regarding LSFL formation as the perpendicular direc-
tion of the structures with respect to the polarization vector, the relatively narrow
range of fluences that exhibits LIPSS, and the typical slightly smaller period of
the surface structures than the laser wavelength. However, the formation mecha-
nism of the HSFL is still widely discussed in the literature, in which different
theories are proposed, including Sipe’s efficacy theory [37] and self-organization
theory [38]. In the self-organization model, the energy input and the structure
geometry are decoupled because the surface is driven to a non-equilibrium state
by the energy input, and the structure’s geometry is defined by the optical light
properties (e.g., light polarization) [20]. In recent work [39], it is proposed that
the formation of HSFL originates from the coupling of the femtosecond laser
pulses and the sub-SPPs (i.e., subsurface plasmon polaritons).

As stated above, the appearance of LIPSS can be effectively controlled by vary-
ing the laser parameters. Yasumaru et al. [22] studied the LIPSS formation on tita-
nium and chromium nitride by changing the irradiating fluence and found that the
periodic structure formed upon irradiation is sensitive to the laser fluence in the
near-threshold region, progressively stabilizing for higher fluences. In particular, the
LIPSS period was found dependent on the laser fluence, with a positive relation-
ship. Unlike the previous study, where linear polarization was used, Romano et al.
[15] investigated the role of fluence in steel processing using circular polarization.
Random, line-like, and triangular LIPSS formed over the irradiated surface scanned
with different pulse fluences. The role of the number of pulses (i.e., the number of
times the laser hits the same spot of the surface) has a parallel effect on the texture
structures. Fluence and N pulses are often melted in one parameter, called accumu-
lated fluence, which measures the total fluence delivered to the surface during irradi-
ation. The accumulated fluence has a significant role in LIPSS formation, triggering
diverse surface functionalities [40].

The environment around the irradiated surface was reported to influence the prop-
erties of the LIPSS pattern. The most studied substrate material is silicon, in which
LIPSS were obtained in air, vacuum, and various liquids [25]. The period for structures
obtained in the gas atmosphere is typically slightly lower than the laser wavelength
[41]. Patterns obtained in liquids such as water, oil, ethanol, and acetone, show modi-
fied periodicities [42—44]. Ultrashort irradiation of materials immersed in liquids can
also trigger undesired effects such as beam self-focusing, pulse stretching, and bubble
formation [42]. By irradiating silicon in water, Shen et al. [45] found regular arrays of
rods exhibiting a periodicity close to the laser wavelength (i.e., 800 nm) at moderate
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fluences and a periodicity of 120 nm at low fluences. The study achieved nano spikes
as small as 200 nm thick and 500 nm tall, two orders of magnitude smaller than those
obtained when irradiating through air [46]. The water surrounding the surface has
an optical effect on the laser path changing its incidence on the surface. Wang et al.
irradiated metals and dielectrics in the water environment and found that the obtained
structures were smaller than those obtained in air, but no substantial difference in the
LIPSS obtained for dielectrics and metals was found [47]. Hence, they suggested that
the water had a cooling effect that is more important than the heat flow in the substrate.
The cooling effect of the surrounding water was recently modeled for femtosecond
laser irradiation of silicon, indicating a large amount of heat removal caused by the
water’s latent heat of vaporization [48]. Indeed, bubbles nucleate in the water layer
upon irradiation, removing heat and scattering and diffracting the laser light [44, 49].

In this work, a femtosecond laser is used to irradiate a steel surface in an air
and water environment to obtain modified LIPSS periodicity starting from the
same laser wavelength. A 370 fs laser source has been selected to limit the ther-
mal phenomena on the workpiece surface upon irradiation. The surface texturing
is carried out at different defocus distances to investigate the effect of the fluence
delivered to the surface. The LIPSS shapes and main geometric dimensions are
characterized using scanning electron microscopy (SEM). The generated surface
structures are systematically studied in relation to the laser irradiating parameters
and the medium properties.

Materials and Methods
Surface Generation
Sample Preparation

Laser texturing was investigated using 1.2343 steel (X37CrMoV5-1) samples, which
are discs with a diameter of 25 mm and a thickness of 6 mm (Fig. 1(a)). The sample

(@) Polished surface (b)

Fig. 1 (a) Dimensions of the steel inserts and (b) interferometric topography of their surface; the dimensions
are in mm
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surface was polished using a grinder-polisher (Buehler, Ecomet 250) to obtain a mirror-
like surface finish. Interferometric optical profiling microscopy (Wiko, NT 2000) was
used to measure the surface roughness of the steel samples. The surface roughness Sa
was measured lower than 40 nm for all samples. Figure 1(b) shows a sample topogra-
phy acquired for a polished sample.

Laser Equipment and Optical Setup

Laser-induced textures were generated on the sample’s surface using a fixed-wave-
length femtosecond laser (Spectra Physic, FemtoTrain), operating at a wavelength
of 1,040 nm. The pulses emitted by the source had a duration of about 370 fs and a
repetition rate of 10 MHz. The laser beam was linearly polarized and focused on the
surface using a 130 mm focal length objective lens. The most significant parameters
of the laser system are summarized in Table 1.

The laser scan along the sample surface was controlled using a computer-con-
trolled two-axis translation stage equipped with stepper motors (Fig. 2). The sam-
ple was placed on the horizontal stage to allow controlled movement of the sample
below the laser beam while immersed underwater. The scheme presented in Fig. 3
shows the fundamental parameters of the laser scanning path. The scan speed is
intended as the speed of the laser spot along the scanning lines (that are horizontal
in Fig. 3). The lateral and pulse step sizes are set to overlap the pulses along the
scanning direction and between two scanning lines. The laser scanning path was
designed to achieve a high overlap of the pulses (which is much higher with respect
to the one presented in the figure). For all experimental conditions, the number
of pulses that were superimposed over the same unit area was higher than 500.
The laser polarization was directed perpendicularly to the scanning speed. For each
experimental condition, 1 mm? of the sample surface was textured. The sample
distance from the focal point was varied throughout the experiments. The Sidney
Self’s equations were exploited to evaluate the characteristics of the Gaussian beam
[50]. The in-water dimensions of the spot were calculated considering the effect of
the water refraction index on the radius of curvature of the wavefront, which shows
a modified Rayleigh range on the portion of the laser beam immersed in water.

Table 1 Operating

-F Parameter Unit Value

characteristics of the

femto;econd la§er used for the Average Power % 35

texturing experiments
Central wavelength nm 1040
Pulse duration fs 370
Max pulse energy w 0.3
Max pulse power kW 850
Pulse repetition rate MHz 10
Scan speed mm/s 0.5
Beam diameter at laser source output mm 0.6
Laser spot diameter at the focus um 19
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(a) Side view (b) Top view

Laser beam
Steel sample

Glass container
[N

Translation stage motors

Fig.2 Experimental setup for the laser scanning below water: the side view (a) underlines the small

water layer over the steel sample, and the top view (b) shows the controlled movements present in the
setup

Laser spot diameter

TR
Pulse + Lateral step
step size size
==ttt ———— - — = (I 4
. <—
+ Scan speed
! Laser scanning path
Py . _E. T

Fig.3 Laser scanning approach and main parameters (not to scale for improved clarity)

A glass container was mounted on the stage to allow immersion of the sample in
deionized water while scanning with the laser. A 1 mm layer of deionized water over
the sample surface was kept constant while irradiating with laser. The water layer
thickness was selected considering the results obtained by Hoppius et al. [42], which
suggests that the water layer must be thicker than the air bubbles (i.e., 100 pm)
formed when irradiating. Therefore, liquid surface-breaking by the generated bub-
bles is expected to be limited, diminishing the undesired random reflections-refrac-
tions at the uneven liquid surface. Moreover, water bubbles in the liquid bulk are
undesired due to their effect on creating reflections and light tilting [49].

Texture Characterization

The morphology of the irradiated surface was evaluated by direct observation using
scanning electron microscopy (SEM - Jeol, JISM 7401 F). Micrographs were acquired in
four areas, evenly distributed over the irradiation area, to evaluate the texturing process’s
repeatability, homogeneity, and regularity. The structure periodicity was characterized by
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running a 2D Fast Fourier Transform analysis of the entire measured surface. The surface
periodicities were correlated to the main peaks of the spectrum [51].

The pattern quality was evaluated considering two parameters [23]: (i) regularity
(R) and (ii) homogeneity. The regularity is measured as the standard deviation of
the normal distribution associated with the peak of the considered periodicity. The
regularity of the pattern (Eq. 1) [41] was evaluated considering the ratio between
the standard deviation (c) of the normal distribution associated with each pitch (A)
present (Fig. 4(a)), and the pattern and the pitch itself:

R=1 " 20 (1)
i=1 A
The homogeneity of the texture considers the dispersion angle (y) of the pitch-
related peak (Fig. 4(b)), which is linked to the deviation of the pitch orthogonally
to the direction of the periodicity direction. For example, when this parameter is
applied to a linearly rippled texture, it represents the deviation of the structures to
the straight parallel configuration.

Water Power Loss Calculation

The presence of water on the sample’s surface reduces the laser power due to
absorption and reflection. Hence, the power at the water steel interface (P) is smaller
than that at the air/water interface (P,). The latter was measured using a laser power
meter (Coherent, PowerMax PM30) at 3.55 W. The laser power delivered to the steel
surface submerged in water can be calculated as:

P=P,-(1-R)-(1-¢) @
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Fig.4 (a) Example of a Power Spectral Density Function of a periodic texture. The standard deviation
associated with the peak (at the pitch A,) is highlighted. (b) Example of a 2DFFT of a periodic texture.
The dispersion angle (y) of the pitch-related peak is highlighted
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where R is the reflectivity of the water surface, and ¢ is the power loss due to
absorption in the water layer. The reflectivity can be calculated from the refractive
index (n) and the absorption constant (k):

=1+ 3
(n+ 1%+ k2
The power loss due to the absorption is calculated as:
PW
1 = “

where P, is the power absorbed by the water thickness and is calculated from the
following:

Py—P
PO

w

= e_lirz 5)

where I, is the optical penetration depth of the laser beam in water:

A
[ =2
¢ 4rk ©)

where A is the laser wavelength, n is the refractive index, and k is the absorption con-
stant. The resulting optical penetration depth is 30 mm. The resulting power loss for
the water layer over the sample surface is then calculated as R=2% for the reflected
power and € =4.5% for the absorbed one.

Results and Discussion
Air Environment Irradiation

The irradiation of the steel samples in an air environment leads to different tex-
tures as a function of the laser fluence. Indeed, the laser fluence on the surface was
controlled by increasing the distance of the beam from the surface with respect to
a previously identified focus point. At the focal distance, the high fluence creates
random microstructures (cf. Fig. 5(a)), classified as bump-like or cauliflower-like
microstructures. By decreasing the laser fluence, a pattern of aligned ripples appears
(cf. Fig. 5(b) obtained at a fluence of 82 mJ/cm?). The structures are aligned perpen-
dicularly to the laser polarization and present a slightly lower pitch than the laser
wavelength. Therefore, the pattern is constituted by LSFL. The LIPSS pattern slowly
faints away at lower fluence levels, and a hierarchical nano-roughness appears over
less-defined LSFL (see Fig. 5(c)).
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Fig.5 SEM micrographs of the textures obtained through laser irradiation in an air environment at differ-
ent fluence (F) [mJ/cm?] values. The fluence is reported below each micrograph. Please note the different
scales between the micrographs

Water Environment Irradiation

Figure 6(a) shows an SEM micrograph of a typical hierarchical layered micro-nano
structure obtained when irradiating the sample in water. Random microstructures
are generated on the surface, with typical dimensions ranging from 5 to 20 um. The
texture consists of repeating bumps alternating with depressions. The formation of

Sponge-like nanoroughness 1 ym

Fig.6 (a) Micro-structures impressed on the steel surface with underwater laser irradiation at 117 mlJ/
cm?. Magnified SEM micrographs show the different nano-texture achieved on bumps and depressions,
sponge-like (b) and flake-like (c)
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Fig.7 SEM micrographs of textures obtained through irradiation in water for decreasing beam fluence p
from the bottom micrograph (a), which is at focus, diminishing the fluence from (a) to (h). The out-of-
focus distance [mm] and the fluence [mJ/cm?] are reported near the central laser beam sketch and black
bottom bar. The SEM micrographs show the morphological transitions of the laser-induced structures
from large bumps at high fluence to ripples, ending with finer and random textures at low fluence

these relatively big bumps can be correlated to the high fluence deposition rate on
the surface.

The micro-scale texture was observed to be covered by nanoscale structures,
which differ for bumps and depressions. The surface of the bumps is covered by
a sponge-like nano-texture, characterized by well-distributed nano-protrusions
(Fig. 6(b)). However, some micro-depressions showed a flake-like nano-texture,
characterized by long and randomly oriented lamellae, presumably owing to thermal
effects (Fig. 6(c)).

An ultrashort pulsed laser light passing through water may severely be altered
in its properties. Beyond the consequences of the refraction index, three significant
alterations of the laser process were identified. Specifically, changes were observed
for (i) pulse stretching, (ii) beam self-focusing, and (iii) bubbles formation upon
irradiation [42]. In this work, pulse stretching has no effect on the physical processes
upon irradiation since the femtosecond pulse duration is widely below the typical
electron-phonon coupling time (which is in the order of a few ps) [52]. Beam self-
focusing occurs in water when the laser irradiance exceeds the threshold irradiance
(i.e., 10> W/cm?) [42]. This work’s maximum irradiance at focus is one magnitude
lower (at 3 * 10'! W/cm?).

Bubble formation has been reported during ultrafast laser processing of materials
underwater. Micro-bubbles generate upon irradiation and persist on the surface, dif-
fracting and scattering the light of the subsequent laser pulses. Several works report
that the random distribution of the generated bubbles yields chaotic structures on the
surface [25, 46, 49, 53, 54]. In this work, we focused on scanning parameters that
allow for the generation of a relatively ordered linearly rippled texture, minimiz-
ing the random effect of the bubbles. Under these conditions, circularly non-ablated
regions and ring-shaped microstructures indicating strong effects of the bubble
on the texture were not found over the surface. However, the complex interaction
between the laser light and the bubbles affects the highly random sub-micro struc-
tures (e.g., sponge-like nanostructure in Fig. 6(b)).

Effect of Laser Fluence

The size and distribution of the textures obtained underwater changed for differ-
ent fluence parameters. Figure 7 shows the surface textures obtained for decreas-
ing laser fluence. The texture geometries showed significant changes in dimen-
sions, morphology, roughness, and regularity. The out-of-focus distance results
in the enlargement of the laser spot size on the sample surface, which leads to
lower fluence. The fluence obtained at the focal point was 117 mJ/cm?. The value
considers the presence of water over the sample and its effect on the laser beam
reaching the surface.
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Defocusing Distance above the focus point
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F 85 m]/cm?

10 pm

10 pm
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Close to focus, at the highest obtained fluence, the surface bumps have dimen-
sions ranging from 10 to 30 pm. As the fluence decreases, the bumps shrink in one
direction and become more like ripples (Fig. 7(d)). The surface bumps shrink in
the laser polarization direction, forming structures that align perpendicularly to the
polarization. The transition was continuous. The linear ripple pattern had first cre-
ated between the bumps and then propagated across the surface. In particular, the
texture transitioned from bumps to ripples from Fig. 7(b) (i.e. fluence of 115 mJ/
cm?) to Fig. 7(e) (i.e. fluence of 85 mJ/cm?). For low fluence values, below 100 mJ/
cm?, the bumps are less frequent, and the homogeneity of the linear ripple pattern
improved significantly (Fig. 7(f)).

When considering these morphological transitions, the obtained peak fluence
at the center of the spot plays a fundamental role. At high fluence, surface bumps
nucleate at specific sites and rapidly grow in size due to the superimposed pulses.
This phenomenon is explained by the preferential valley ablation known in the liter-
ature as the Marangoni effect [55]. The beam-surface interaction is rather complex,
but it has been divided into three fundamental components [35]:

— The hydrodynamic behavior of the molten material through the melting-solidifi-
cation process.

— Thermal interaction between the lattice and the carrier.

— Electromagnetic interaction between the incident beam and the excited surface
plasmon polaritons (SPPs).

The growth rate of the surface bumps is found to be a function of the peak flu-
ence. The higher the fluence on the surface, the longer the melt lifetime and the
Marangoni effect. The melt lifetime reduces by decreasing the fluence, allow-
ing for the freezing of the excited SPPs. The duration of the SPPs depends on the
wavelength of the wave itself [56]. By the time the surface re-solidifies, the SPPs
characterized by lower periodicity had already died out and have been replaced by
longer wavelengths. Viceversa, if the melted material cools down quickly, the SPPs
freeze onto the surface, exhibiting small and homogeneous LIPSS. This is the case
in Fig. 7(e) and (f), where the linear pattern created by the laser irradiation is visible.
The presence of LSFL mainly characterizes the pattern. The surface crests, which
are vertically aligned in Fig. 7(e) and (f), present a 90° angle with respect to the
laser polarization.

Comparison of water and air environment irradiation.

The LIPSS structures generated in the air and water environment were charac-
terized considering topographical parameters. Figure 8 reports the parameters that
were evaluated from the analysis of the SEM scans. The measured pitch distance is
smaller than the predicted one for both air (predicted: 1040 nm; measured: 960 nm)
and water (predicted: 782 nm; measured: 680 nm) mediums. The lower periodicity
(i.e., 7.7% smaller) is typical for LSFL generated in air environment [1, 57, 58]. The
result obtained through water irradiation suggests a similar reduction of the perio-
dicity (i.e., 13% smaller).

The ratio between the measured periodicities generated with different mediums is
0.71, as reported by other researchers [59]. This can be explained considering that the
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Fig. 8 Main parameters and results for interpreting the ripples pattern obtained in air and water environ-
ment. The obtained linear ripples periods are reported in (a). The pitch of the linear ripples is lower
in water, following the variation of the refraction index. The pitch regularity (b) and ripples dispersion
angle (c) show that the ripples obtained in water are less regular, which can be correlated to the presence
of bubbles in the surrounding water

periodicity of the structures induced by the laser irradiation (under off-resonance [54])
correlates to the refractive index of the irradiating medium as follows [47, 54, 60]:

A
Apre = )

M\ edium

where A, is the predicted pitch distance between consecutive structures, 4 is the
laser wavelength, and n,,,4,,, is the refractive index of the irradiation medium. Since
we used the same laser source with different mediums, the refractive index ratio is
equal to the predicted periodicities ratio. In fact, when using air (n,;=1) and water
(Myqier=1.33), the ratio between predicted periodicity (A,,,,.,/A,;,) can be calculated
at 0.75. Hence, the ratio between measured periodicities (i.e., 0.71) is close to the
ratio between the refractives indexes (i.e., 0.75). The result suggests that the perio-
dicity reduction is not dependent on the irradiation medium.

LIPSS regularity, calculated as proposed by Orazi et al. [41], is slightly higher
(i.e., 6%) for the structures obtained in the air than those generated underwater
(Fig. 8(b)). The homogeneity of the ripples is higher for the textures generated in the
air, with a 27% reduction of the dispersion angle compared to the water environment
(Fig. 8(c)). The overall lower homogeneity and regularity (see Fig. 8(b) and (c),
respectively) of the textures obtained underwater can be correlated to the presence
of bubbles in the water layer that can diffract and scatter light, eventually inducing
non-uniform energy distribution on the treated surface [46, 49, 53].
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Flake-Like Nanoscale Texture

The surface pattern became increasingly random for a fluence lower than 70 mJ/cm?.
The regular LSFL pattern disappears and is replaced by a peculiar nano-texture,
similar to the flake-like structures found between the high-fluence surface bumps
(cf. Fig. 6). Figure 9 shows the tiny dimensions of the flake lamellae. The length of
the lamellae ranges between 1 and 3 microns, while their thickness is much smaller,
around a few hundred nanometers. The infrared laser-induced texture’s excep-
tional nano-sized surface characteristics may open up new possibilities for polymer
technologies.

The nanostructures were generated on the surface at low laser fluence (cf.
Fig. 7), which should not be enough to ablate the steel [26]. However, the low-
power irradiation locally heats up and vaporizes tiny steel quantities on the sur-
face, ultimately texturing the surface. The low-energy reached just a superficial
layer of atoms, which got vaporized but stayed in the proximity of the surface.
In between pulses, the vapor recasts onto the surface until the next pulse gets
over the previously irradiated area, heating steel from the bulk again and the
eventual residue of steel vapor [26]. The repetition of this process resulted in
forming flake-like structures over the steel surface (cf. Fig. 9). The structures
formed on the surface are randomly ordered, suggesting that their morphology
does not correlate with the laser light polarization. This observation suggests
that the formation mechanism involved in the formation of flake-like structures
is different from the one for LSFL of HSFL.

Flake-like textures are present in nature, for example, when vapor condenses over
a cold surface, forming frost. Both snow crystals and steel nanostructures appear as
thin flakes spiking out of the substrate while being characterized by a different scale.
The growth of the surface frost layer depends on relative humidity, the surface tem-
perature, the presence of air, the environment temperature, and the temperature gra-
dient that builds over the snow surface [61, 62]. When using a femtosecond laser for
texturing, the steel surface is subjected to strong temperature gradients caused by the

100 nm

Fig.9 Flake-like nanoscale texture generated over the micro-scale features at 52 mJ/cm?. SEM micro-
graphs taken at (a) 10,000 X and (b) 40,000 X
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high power density of the laser pulse. The temperature gradient leads to the forma-
tion of a vaporized steel cloud over the irradiated spot (i.e., plasma plume), which is
sensitive to the conditions of the surrounding environment [63].

Effect of Water on Structure Formation

Figure 10 shows the schematics of the vaporized steel cloud formation after
laser irradiation in an air or water environment. A small amount of material is
being vaporized at a low fluence value, leading to the formation of tiny bubbles
and casts over the surface (cf. Fig. 7(h)). At high fluence, the vaporized steel
cloud has higher energy, thus projecting particles away from the surface and
reducing recasting. The presence of water on the irradiated surface alters the
vaporized or ionized steel cloud behavior, confining the produced plasma [64].
Therefore, the plasma plumes produced during air irradiation are expected to be
wider, diminishing the probability of steel recasting (cf. Fig. 10). Conversely,
underwater the steel particles are kept closer to the surface, eventually promot-
ing their quick redepositing on the substrate. The results show that this process,
which we can refer to as an “ablation-recast process,” is also fluence-depend-
ent. The fluence controls the amount of ablated material and cloud energy, ulti-
mately affecting the topography. Flake-like structures are obtained at low flu-
ence when the recast process is decisive for forming the random structures.
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Fig. 10 Schematics of the vaporized or ionized steel cloud formation after laser irradiation
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Beyond the effects of water on the ionized steel behavior, the presence of water
alters the formation of surface nanostructures by oxidizing the steel surface and trig-
gering oxides migration. Flake-like structures on different metals are obtained using
the hot water treatment (HWT). However, nanometer flake-like textures were not
found on steel by the authors. The authors found structures similar to those gener-
ated on Al, Bi, and bronze [65]. The formation of the structures is explained by
proposing a dissolution-precipitation process in which the oxides that form over
the surface migrate and redeposit onto one different surface position. In our find-
ings, the laser light interaction with the steel/water interface and the formation of the
laser-induced steel cloud deeply change the boundary conditions for the onset of the
dissolution-precipitation process. Beyond the different nanostructures achieved, the
surface modification obtained through laser texturing in water differs from the HWT
because it occurs on a different time scale. The treatment of metal surfaces occurs
in hours for HWT [65] and just a tiny fraction of a second in the case of the laser
process presented here.

Overall, the combined effect of the steel cloud and the dissolution-precipitation
process can be identified as the most impactful phenomena for forming flake-like
structures. The laser energy deposited over the surface releases highly reactive metal
atoms, rapidly reacting with water, forming oxides, and precipitating back onto the
surface in self-assembled structures. The flake-like structures were observed at rela-
tively low fluence, below the fluence for the formation of LIPSS, and in between the
large bumps obtained at high fluence. The valleys between the surface bumps may
limit the dispersion of the steel ions and allow for oxides redeposition, which is not
found at the top of the surface bumps. At the lowest fluence, no flake-like structures
are observed but a random faint nanotexture similar to the one obtained in the litera-
ture [65]. This suggests that the fluence is too low to notice differences from steel
surfaces exposed to water.

Conclusions

In this work, we investigated the generation of LIPSS on steel to enable novel tex-
tures for plastic injection molding. An ultrafast laser source has been used through
different irradiation mediums, namely air and deionized-water.

The results show that for air and water environments, lower fluence values yield
smaller structures. At high fluence, the textures are characterized by randomly dis-
tributed micro-bumps with smaller random structures covering the micro bumps.
Regular ripple patterns (LSFLs) appear for lower fluence values. Below the fluence
required for the LSFLs, random nanostructures were generated. The low-fluence
irradiation generated a novel flake-like texture on the steel surface only in water
environment. This texture formation can be attributed to an ablation-recast process
favored by the presence of water, which high density hinders the displacement of the
ionized vapor cloud that forms over the irradiated surface.

Overall, the generated textures are different for the air and water environments.
The ripple pattern obtained in water has a lower pitch (i.e., 680 nm) than in the air
environment (i.e., 960 nm). The results are consistent with the different refraction
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indexes of the two media. Moreover, the regularity was higher for ripples generated
in air than water, showing a 6% difference. The dispersion angle for the patterns
obtained through air is 27% lower than those generated in water, indicating higher
homogeneity for the air environment.
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