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Abstract

Stainless-steel is ablated with femtosecond laser pulses at high repetition rate. A multi-pass, high spatial overlap laser scan-
ning strategy is applied in order to cope with the requirements for large-scale machining of high aspect ratio structures.
Topography of the processed surfaces is analyzed via Shear Force Microscopy scans, with the main aim to investigate mor-
phology changes as a function of process parameters. Quantitative assessment of local height variations enables a detailed
investigation of the produced features. Depending on the process parameters, in particular on laser fluence and repetition
rate, a transition from small islands to large bumps is observed, explained in terms of feature coalescence.

Keywords Nanostructured surfaces - Laser machining - Shear force microscopy - Directed energy surface treatments

List of symbols S,  Root-mean-square roughness

X Longitudinal direction of laser scan S,s Surface peak density according to ISO 12178
Y Lateral direction of laser scan A,,. Average motif area according to ISO 12178
RR Laser repetition rate S, Motif mean slope according to ISO 12178

v Laser scan speed
F Laser fluence
1 Introduction
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sputtering [12, 13]. Large-scale fabrication of biomimetic
surfaces, however, relies on the ability to up-scale a given
technology in order to achieve high throughput at a reason-
able cost, which is not always ensured by the aforementioned
methods. Directed energy techniques based on pulsed lasers
[14] represent an appealing alternative thanks to their versa-
tility, minimal invasiveness, absence of sample preparation
requirements and possibility of being performed in air.

@ Springer KE;E


http://orcid.org/0000-0003-2020-7343
http://crossmark.crossref.org/dialog/?doi=10.1007/s12541-019-00174-1&domain=pdf

International Journal of Precision Engineering and Manufacturing

The high repetition rate of current state-of-the-art ultra-
short pulsed laser sources enables the deployment of pro-
cessing strategies that achieve high throughput at a large
scale. In contrast to longer laser pulses, interaction with sub-
picosecond pulses produces a very limited Heat Affected
Zone (HAZ) in the target [15], leading to negligible material
recast and to spatially well-defined surface modifications.
In addition, self-organization processes in metastable and
highly energetic ablated layers can produce quasi-periodic
nanostructures known as Laser Induced Periodic Surface
Structures (LIPSS) [16, 17]. Repetitive laser irradiation of a
solid surface, however, creates a complicated scenario where
many physical mechanisms take place simultaneously.

This paper presents an experiment where AISI 316L
stainless-steel, a material used in many industrial appli-
cations, is ablated with 350 fs laser pulses of wavelength
1030 nm. Process parameters, including laser fluence, rep-
etition rate, scanning speed, are varied over a wide range
of values and the resulting surface features are analyzed
with the main aim of identifying the role played by each
parameter.

The investigated samples are similar to those reported in
a previous paper [18], where applicability within the frame-
work of bio-film prevention was discussed on the basis of
optical profilometry and electron microscopy data. In the
present work, sample surfaces are studied through three-
dimensional topographic maps with a spatial resolution
in the range of a few tens of nanometers, or better. Shear
Force Microscopy (ShFM) [19], a variant of Scanning Probe
Microscopy (SPM) specifically conceived for topographic
analysis at the sub-micrometer scale, is employed. Choice
of this experimental technique is motivated by its proven
ability to measure the height of the surface features, further
to reconstruct their shape and transverse size as with other
diagnostics (e.g., optical and electron microscopes). This
enables quantitative determination of areal surface param-
eters relevant to characterization of the process. It is found
that different ablation regimes can take place featuring dense
arrays of small islands or micrometer-sized bumps, depend-
ing on both laser fluence and repetition rate.

2 Experimental

Ablation is performed on 50 x 50 x 2 mm® AISI 316L stain-
less-steel plates mirror polished and ultrasonically cleaned
in acetone at room temperature. The choice of material is
motivated by the widespread use of AISI 316L in industrial
contexts such as food handling, precision mechanics, medi-
cal implants and marine applications.

Laser irradiation is carried out with an Amplitude Sys-
tems Satsuma HP3 laser source emitting linearly polarized
pulses of duration 350 fs and wavelength A=1030 nm,
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8 mm

Fig.1 Sketch of the scanning strategy: the laser spot, indicated by
red circles of diameter 25 pm, is displaced after every laser pulse by
2 pm in the longitudinal direction (X). After one line is processed, the
spot is laterally displaced by a hatch spacing of 5 pm along Y. The
whole process is repeated 10 times, leading to deliver a total number
of 64 x 10° laser pulses to the sample

Table 1 Laser repetition rate (RR), scan velocity (v) and fluence (F)
used in the experiment. The total processing time resulting from the
combination of RR and v is also reported

RR v Processing F[J /sz]
[kHz] [cm/s] time [s] 036
1000 200 64 0.48
500 100 128 0.69
250 50 256 0.86
100 20 640 };‘5‘

capable of an average power up to 40 W and a repetition
rate up to 1 MHz. A galvanometric head is employed to
move the focused spot on the surface and perform parallel-
line laser scanning over an 8 X 8 mm? area, as sketched in
Fig. 1. The scanning strategy is designed to maintain con-
stant pulse spatial overlap along the longitudinal (X) and
lateral (Y) directions of 92% and 80% of the laser spot diam-
eter, respectively. Four distinct combinations of RR and v
are chosen, see Table 1, in order to achieve a longitudinal
pulse spacing of 2 pm, whereas the lateral hatch is set to
5 pm. Samples have been produced with six values of laser
fluence, in the nominal range 0.36-1.35 J/ecm?, with Np =10
laser passes performed over the entire machined area. A total
number of 64 x 10° laser pulses is therefore delivered to the
sample, independent of the processing parameters employed.

The ShFM technique [19-21] used to investigate the
machined samples employs a metal tip consisting of an
electrochemically-etched tungsten wire (0.125 mm diam-
eter). The etching procedure, using KOH and controlled AC-
current [19], leads to a typical tip diameter of around 50 nm
and an apical half-angle below 12°, confirmed via electron
microscope imaging of several probes. The tip is glued to
the prong of a quartz tuning-fork, maintained in dithering
oscillation parallel to the sample surface by a piezoelec-
tric actuator. The oscillation frequency is set close to the
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mechanical resonance of the system (around 32 kHz), with
the amplitude continuously monitored via the signal pro-
duced by the tuning fork.

The oscillation is strongly damped when the tip-to-
surface distance decreases below a few nm due to shear
forces resulting mostly from friction in the air layer trapped
between the tip and the surface [22]. The oscillation ampli-
tude signal can therefore be used in a feedback configuration
to maintain constant-gap operation during the scan. As with
all SPM techniques, this leads to topographic maps of the
surface, which, owing to the sensing mechanism involved,
are acquired in true non-contact mode. Part of the tuning
fork signal is sent into a digital dual lock-in amplifier (Stan-
ford Research Systems SR830DSP) synchronous with the
dithering oscillation, whose amplitude and phase outputs
are continuously acquired during every scan. The phase
difference between sinusoidal driving signal and actual tip
oscillation is extremely sensitive to small variations in tip-
to-sample distance, leading to detect small topographical
features and their borders.

The ShFM setup is based on a RHK SPM-100 controller
and a Physik Instrumente P-517.3 3-axis piezoelectric nano-
positioner, enabling sample scanning with a maximum travel
of 100 pm in the two horizontal directions under closed-loop
operation and 20 pm along the vertical direction, used to
adjust the tip-to-sample distance. Positioning accuracy is
1 nm and 0.1 nm in the horizontal and vertical directions,
respectively. The X- and Y-directions of the ShFM maps are
chosen so as to correspond with the respective directions of
laser scanning within a+5° accuracy. Prior to analyzing the
machined regions, reference scans of the flat, non-machined,
surface are carried out and residual slopes carefully com-
pensated for down to a few mrad. Unless otherwise stated,
topographic maps consist of raw (unfiltered) data. Several
maps are acquired on different areas of each sample to check
repeatability, and representative examples are presented.

3 Results and Discussion

The depth of the laser ablated region is evaluated by scan-
ning areas close to the edge of the laser irradiated surface,
in order to directly reveal the vertical distance between non-
machined and machined areas. Results are summarized in
Fig. 2 as a function of the laser fluence for all tested combi-
nations of RR and v. Markers show the average vertical dis-
tance, in absolute value, between the reference surface and
the average plane of the machined surface, while reported
error bars display minimum and maximum measured val-
ues. Measurement uncertainty is considered negligible with
respect to the variation of the measured values.

On average, an ablation depth slightly above 10 pm is
found. Taking into account machined area and total number
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16-4v=100cm/s
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Fig.2 Ablated depth as a function of laser fluence for different com-
binations of RR and v. Dashed lines are guides for the eye

of laser pulses, we can estimate an ablated volume around
10 pm?® per pulse, corresponding to an average ablation
depth of approximately 20 nm per pulse. The obtained value
is in rough agreement with published data [23] for 316L
stainless-steel using a Ti:Sa fs-laser at a fluence of approxi-
mately 0.2 J/cm?. With ultra-short pulsed lasers, the ablation
depth is known to follow a sub-linear behavior with fluence
[24]. In our experiment no clear relationship between abla-
tion depth and laser fluence can be observed, in particular
for samples machined at high repetition rates, indicating
non-trivial interplay between different phenomena, includ-
ing partial redeposition of ablated material and absorption
of laser energy by ablated products.

3.1 Morphology at Low Fluence

Laser machining obviously leads to rough surfaces showing
distinctive features denoted here as islands, which appear in
the topography as hills with well-defined borders. At low
laser fluence, a rather homogenous texture of relatively small
islands is observed via ShFM scans, featuring an anisotropic,
ellipsoidal shape. For instance, Fig. 3a shows a topographic
map of a sample machined at RR =1 MHz and the mini-
mum fluence explored in the present experiment, F=0.36 1/
cm?, relatively close to the ablation threshold of 0.13 J/cm?
reported for Ti:Sa fs-laser ablation of 316L stainless-steel
[23].
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Fig.3 Maps and data acquired via ShFM scans on a sample pro-
cessed at F=0.36 J/cm?, RR=1 MHz and v=200 cm/s: 80 % 80 pm2
topographic map (a) and line-profile of the corresponding 2D-FFT
map (b) in the Y-direction; 10x 10 pm? topographic (¢) and phase (d)
maps; line-profile of the topography (e) and of the 2D-FFT map (f)
along the dashed segment superposed to the map in (c)

Periodicities in the topography can be assessed by two-
dimensional Fast Fourier Transform (2D-FFT) analysis. A
line-profile of the 2D-FFT map along the Y-direction, com-
puted using the open-source Gwyddion software [25], is
given as an example in Fig. 3b. The horizontal axis of the
plot reports the inverse spacing in the Y-direction of the map
in Fig. 3a, denoted here as 1/Ay with units of pym™~!, whereas
the vertical axis is calibrated in arbitrary units of 2D-FFT
amplitude. A peak can be clearly observed at a spacing cor-
responding to Ay~5 pm. Such a finding is common to all
scans carried out on samples machined at F=0.36 J/cm?,
independent of the scanned region within the processed area
or combination of RR and v. Other smaller peaks can also be
seen, indicating residual waviness of the machined substrate
with a spacing of 20-30 um, and additional periodicities
at short-scale, corresponding to Ay <5 pm. The prominent
periodicity can be directly related to the lateral hatch spac-
ing of the laser processing scan, set to the nominal value of
5 pm. Therefore, we can conclude that island anisotropy in
low-fluence ablation is dominated by the geometric anisot-
ropy of the process.

@ Springer KE;E

Local morphology can be better assessed by analyzing
scans performed over smaller areas such as 10X 10 pm?
due to the higher in-plane measurement resolution. An
example is given in Fig. 3c, d, reporting topographic and
phase maps, respectively, of a portion of the same sample
as in Fig. 2a. Island morphology is very clear, with elon-
gated shapes featuring lengths and widths in the order of
4-5 pm and 2-3 pm, respectively. Island height is typically
in the order of several hundreds of nanometers. The phase
map presented in Fig. 3d enables detecting the presence
of tiny elongated features, oriented approximately 20°-25°
to the Y-direction and well-aligned with each other. Such
features, clearly visible in almost all of the scanned area,
can be interpreted as LIPSS. The onset and causes of
LIPSS have been discussed extensively in the literature.
Following on from the ideas originally proposed by Sipe
and coworkers [26, 27] in 1983, most theoretical interpre-
tations of LIPSS on metals involve interference between
the incident laser radiation and surface waves that develop
due to collective oscillation of the surface free charge. The
periodicity of the so-produced nanostructures, known as
Low Spatial Frequency LIPSS (LSFL) [16, 28], depends
on the laser wavelength A as well as other process param-
eters, including the angle of incidence, and is generally
found in the range A/2 — A.

The mechanisms underlying LIPSS formation become
more complicated under processing conditions involving
pulse overlap and multi-pass machining strategies. Interac-
tion of a laser pulse with a surface that has already been
irradiated can be affected, for instance, by the presence of
previously inscribed nanostructures as well as the occur-
rence of surface slopes [20, 29, 30]. Nonetheless, LIPSS
are reported on various substrates even with complex laser
processing strategies aimed at texturing large size surfaces
[31-34].

LIPSS found on our samples processed at low fluence are
associated with small height variations. Figure 3e reports
a line-profile analysis drawn along the dashed segment
superposed to the map in Fig. 3c, where the occurrence of
grooves, a few tens of nanometers deep, can be observed
separating adjacent LIPSS. Figure 3f shows a line-profile
drawn along the same segment on the 2D-FFT of the map
in Fig. 3d. The most prominent peak corresponds to a perio-
dicity As~0.6 pm, slightly larger than half the laser wave-
length, therefore in agreement with standard LSFL struc-
tures. LIPSS orientation for linearly polarized laser beams
is expected [16] orthogonal to the polarization direction. In
our experimental configuration, LIPSS should be aligned
with the Y-direction of the ShFM scan within the +5° accu-
racy mentioned in Sect. 2. The observed misalignment with
respect to the expectations can be ascribed to deviations of
the actual polarization direction in the laser focal spot and
to modifications of the laser/matter interaction processes



International Journal of Precision Engineering and Manufacturing

F = 0.48 J/cm?

Fig.4 80x80 pm’ topographic maps of samples processed at
RR =500 kHz, v=100 cm/s and increasing fluence (a)—(d)

consequent to the arrival of laser pulses onto already rough-
ened surfaces [19, 20, 30].

3.2 Morphology at Moderate and High Fluence

By increasing the fluence well above the ablation thresh-
old, markedly different morphologies are observed. Figure 4
shows 80 80 pm? topographic maps acquired with increas-
ing fluence for samples processed at RR =500 kHz. Fluence
increase leads to higher islands whose morphology is simi-
lar to large surface bumps starting from F=0.48 J/cm?. At
the maximum fluence explored in the present experiment,
bumps with a transverse size in the order of 20-30 pm are
found, with asymmetrical shapes featuring a long axis ori-
ented 30°—45° with respect to the Y-direction.

The aspect ratio of the islands, defined as the ratio of
height to transverse size, is maximum at the intermediate
regime corresponding to moderate fluence. Bumps occur-
ring at F=0.69 J/cm?, for instance, show a relatively homo-
geneous transverse size of 6-10 pm over the entire ShFM
scanned region, while height is in the range 4-7 pm, yield-
ing an average aspect ratio above 0.7. For comparison, the
homogeneous texture of small islands occurring at low flu-
ence exhibits a typical aspect ratio well below 0.5. Moreo-
ver, the increase in transverse size at higher fluence is not
accompanied by a corresponding increase in height, result-
ing again in an aspect ratio below 0.5. Similar morphologies
have been reported [35] in 316L stainless-steel irradiated
with 490 fs laser pulses at a wavelength of 1043 nm using
a large number of subsequent scans, N up to several thou-
sands. Such a specific processing strategy led to a dense tex-
ture of high aspect ratio microstructures, identified as coni-
cal micro-spikes [35-37] and interpreted on the basis of two

distinct processes: (i) interplay between ablation and partial
redeposition of material, and (ii) a comparatively smaller
ablation rate on inclined surfaces due to a lower effective flu-
ence as the laser spot is projected over a larger surface area.
It has been proposed that this can inhibit ablation in some
regions at low fluence, leading to prevalence of redeposi-
tion over ablation [35]. At higher fluence, material removal
takes place over the entire surface, including inclined areas,
leading to conical micro-spikes with a spacing dictated by
the hatch spacing of the laser scan.

In the present experiment a smaller number of laser
passes (N, =10) is used. As a consequence, spacing and
morphology of the produced bumps are not dictated by the
hatch spacing. Instead, phenomena involving melt hydro-
dynamics complemented with electromagnetic interfer-
ence [38] play a role in governing the transition from small
islands to large bumps and in ruling their geometry.

Analysis of small features superimposed on the bumps,
such as those shown in Fig. 5 for a sample processed at
F=0.69 J/cm? and RR =500 kHz, reveals the occurrence
of aligned grooves oriented approximately at 50° to the
Y-direction. Such grooves, a few tens of nanometers deep,
can again be related to LIPSS. Their typical spacing, how-
ever, corresponds to periodicities also below half the laser
wavelength, in the order of A/3 and A/4. Both spacing and
orientation demonstrate the occurrence of another class of
LIPSS, known in the literature [16] as High Spatial Fre-
quency LIPSS (HSFL) and expected to be oriented along
the polarization direction.

3.3 Areal Surface Parameters

Qualitative observations of topographic maps reported so
far highlight the role of laser fluence in driving a transition
from small islands to large bumps. Modifications in surface
morphology can be assessed for the whole set of investi-
gated samples by analyzing several selected areal surface
parameters, reliably evaluated thanks to the accurate ShFM

C))

[um]
3.2

2.0pm

0.2

Fig.5 10x10 pm? topographic (a) and phase (b) maps of a sample
processed at F=0.69 J/em?, RR=500 kHz and v=100 cm/s. Note
that the different average level in the left and right portions of (b)
reflects the occurrence of negative and positive topographic slopes
during the scan, corresponding to a decrease and increase in the
measured phase difference, respectively
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Fig.6 RMS roughness S, (a) and density of peaks S,, (b) as a func-
tion of the laser fluence for different combinations of RR and v, as in
legend. Data are evaluated averaging over several 80X 80 pum? topo-
graphic maps; standard deviation is used for error bars. Dashed lines
are guides for the eye

topographic mapping. Figure 6a reports the root-mean-
square surface roughness (S,) as a function of F. In princi-
ple, roughness is expected to increase with fluence owing to
increased ablation rate. Data shown in Fig. 2 demonstrate,
however, that the ablated depth follows a non-monotonic
trend, except for the combination of RR =100 kHz and
v=20 cm/s. This is reflected in the behavior of § p where
an increasing trend is suggested only for this choice of RR
and v. Other combinations lead to a local minimum in S, at
F=0.86 J/cm?, demonstrating that the transition from small
islands to large bumps occurs around such a fluence value.

A specific parameter useful for assessing morphol-
ogy is the density of peaks (S,,), defined as the number of
peaks per unit area. This parameter is calculated within the
framework of ISO 12178 standard [39] utilizing an algo-
rithm implemented in Python code and based on so-called
watershed segmentation, where local surface hills, or motifs,
are distinguished or segmented. The standard also requires
application of so-called Wolf pruning, an algorithm that
excludes motifs whose height falls below a certain threshold.
Wolf pruning becomes meaningful for peaks whose heights
are distributed over a large interval of values, which is not
our case (see, e.g., Fig. 3e).

The behavior of Spd as a function of F, shown in Fig. 5b,
confirms previously noted qualitative observations. At low F,
increasing fluence leads to a growth in peak size and there-
fore a reduction in their density. With a further increase S,
tends to an asymptotic value above F=0.86 J/cm?, where
the local minimum in S, is observed, independent of the RR
and v combination.

@ Springer KE;E

This finding is a signature of the coalescence process where
neighboring small islands merge each other giving rise to
larger features, eventually leading to large bumps. To confirm
this hypothesis, two additional areal parameters are calculated,
the motif average area and motif mean slope.

The motif average area (4,,,), defined as the arithmetic
mean area of all motifs, is reported in Fig. 7a as a function of
the laser fluence. Data exhibit an almost monotonic increase
with F, being the growth rate less pronounced at low RR. This
behavior reflects the previously described increase in trans-
verse size of bumps (see for instance, Fig. 4). While S, ;, meas-
ured on 80X 80 pm? maps does not experience any relevant
variation for F>0.86 J/cm?, A, increases demonstrating fur-
ther coalescence of surface features at high fluence. A jump
in A,,, would be expected at the onset of coalescence, which
is not evident in Fig. 6a also because of the relatively large
error bars, determined as the standard deviation of A,,, over a
set of topographic maps. In other words, S, and A,,, turn out
not adequate to fully characterize the coalescence, since S,
lacks in sensitivity in following the growth of surface features
at high fluence and A,,, in detecting the process onset.

Figure 7b reports the motif mean slope (S,,) as a function
of the laser fluence. This dimensionless parameter is defined
as [39]
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Fig.7 Average motif area A, (a) and average motif slope S, (b) as
a function of the laser fluence for different combinations of RR and v,
as in legend. Data are evaluated analyzing different 80x 80 pm? topo-
graphic maps; standard deviation is used for error bars. Dashed lines
are guides for the eye
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where N is the total number of motifs segmented by the
watershed algorithm, #; is the height and M, the so-called
equivalent diameter of the i-th motif:

M, =] — (@)

with A; area of the i-th motif.

According to this definition, an increase in S, implies
a decrease in the average aspect ratio of surface features.
The plot in Fig. 7b shows a jump at F> 0.69 J/cm? for all
RR, with the exception of RR =100 kHz. We can there-
fore conclude that the growth in transverse size of surface
features at moderate fluence occurs at the expenses of
their height, leading to a marked reduction of the aspect
ratio. Furthermore, at high F §;; maintains an almost con-
stant value within error bars, again with the exception of
RR =100 kHz.

3.4 Role of Repetition Rate

The use of high repetition rate enhances process through-
put as required for large-scale machining. The specific role
of this parameter in determining island morphology must
be clarified.

Figure 8 shows ShFM topographic maps of samples
machined with the four choices of RR and v employed in
the present work and F=0.69 J/cm?, a moderate fluence
found to create bumps at RR =500 kHz, as previously dis-
cussed in reference to Fig. 4. At fixed fluence and decreas-
ing RR, a transition from bumps [see panels (a) and (b)] to

RR =1 MHz, v = 200 cm/s

RR =500 kHz
-

0
RR = 100 kHz, v = 20 cm/s (d)

Y gy

Fig.8 80x80 pm’ topographic maps of samples processed at
F=0.69 J/cm? and various combinations of RR and v (a)—(d)

small sized islands [panel (d)], similar to those produced
at low F, can be seen.

We remark that the adopted scanning strategy enables
constant displacement of the laser spot independent of rep-
etition rate. Therefore, the morphological changes observed
with changing RR must be related to this parameter only,
i.e., the time interval At=1/RR between subsequent pulses,
which in the present experiment ranges from 1 ps to 1 ms.
Several phenomena can be affected by At, including heat
accumulation effects [40, 41]. The well-established two-
temperature model [15] shows that phase transformation
and material ejection following ultrashort pulsed laser irra-
diation are expected to produce a negligible HAZ due to the
extremely short time-scale involved. In the case of metals,
the HAZ is confined to within a few micrometers around the
irradiated region [42]. Nonetheless, repetitive pulsed irradia-
tion with high spatial overlap can result in a local increase
in temperature due to heat accumulation. Such an increase
depends on thermal conduction into the bulk material, with
a low At leading to faster energy deposition and higher aver-
age temperatures.

The combined consequences of ablation and heat accu-
mulated are cumbersome to be predicted because of the
simultaneous occurrence of structural, chemical and surface
modifications. Such a diverse set of effects, however, can be
expected to result in overall features not much unlike those
resulting from the well-known incubation effect [43, 44]. In
practical terms, incubation leads to reduce the effective abla-
tion threshold fluence depending on the number of previous
shots fired in the same region [45]. We can therefore assume
that an increase in RR enhances incubation effects due to
heat accumulation. This leads, in turn, to a more effective
use of the energy delivered by laser pulses in terms of mate-
rial removal. It is therefore not surprising that a decrease in
RR plays a qualitatively similar role to a decrease in F. It
should be noted, however, that non-trivial interplay between
ablation and redeposition does not lead to an obvious change
in ablation depth under these conditions (see Fig. 2).

In principle, repetition rate could also be relevant in rela-
tion to expansion of the ablation plume during pulsed laser
irradiation. Material removal can be described as a neutral
and ionized ablation plume strongly oriented normal to the
surface [46]. Plume expansion, governed by a complicated
set of dynamics, takes place in a finite time depending on
the process parameters and, in particular, the ambient gas
pressure. The plume front has been shown to move several
millimeters above the target surface in one microsecond fol-
lowing fs-laser ablation of an iron target in the presence of
50 mbar ambient gas [47]. In the present experiment, abla-
tion is carried out in air, expected to further quench plume
expansion and slow down its dynamics. We can infer that
for At<2 ps, corresponding to RR > 500 kHz, laser pulses
interact with a relatively dense plume produced by preceding
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pulses. As a consequence, pulse energy is partially absorbed
by the plume and the effective fluence arriving at the solid
surface decreases. On the other hand, the resulting increase
in electron temperature within the plume might contribute to
modifying ablation features, e.g., by enhancing self-assem-
bly mechanisms possibly involved in the transition from
small islands to large bumps.

4 Conclusions

We have found that surface morphology of our machined
samples depends strongly on the process parameters. Further
to LIPSS, known to occur in ultra-short puled laser abla-
tion of metals with linearly polarized light, a dense texture
of surface features, denoted here as islands, is formed on
AISI 316L stainless-steel as a consequence of repetitive
laser irradiation. Thanks to the accurate three-dimensional
topographic reconstruction enabled by ShFM, we were able
to follow the evolution of the island morphology, from small
features to relatively large bumps, as a function of laser flu-
ence. Analysis of several selected areal surface parameters
calculated over the whole set of processed samples allows
us identifying the onset of transition between different mor-
phological regimes at F~0.69 J/cm?. At such a value of laser
fluence, small islands start merging each other. At the same
time, their aspect ratio takes on values above 0.7, in general
agreement with micro-conical spikes already reported in the
literature. We interpret our results as a signature of a coa-
lescence process involving neighboring small islands, which
further proceeds at high fluence eventually leading to bumps
with area in the order of hundreds pm?. In such a process,
growth in transverse size occurs faster than in height, leading
to a decrease in the aspect ratio.

Results are of interest to devising practical strategies
aimed at tailored surface patterning, for instance in the field
of biomimetic surfaces where specifically shaped features
must be produced. In particular, realization of anti-bio-film
patterns can take advantage of the precise control over trans-
verse size and height of produced features enabled by laser
fluence.

Within this context, we obtained a relevant finding
regarding the application of laser sources with high repeti-
tion rate, up to 1 MHz. Thanks to the use of a specifically
conceived laser scanning strategy where spatial overlap of
the laser spot was independent of the repetition rate, we were
able to isolate the role played by this last parameter and
found that an increase in RR leads to results qualitatively
similar to an increase in F.
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