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Abstract: The use of ultra-short pulse lasers in the kW range, combined with an appropriate beam
engineering approach, enables the achievement of high-throughput production of laser-functionalised
surfaces. However, the manufacturing of complex parts still faces various challenges, such as
difficulties in accessing regions with high aspect ratio shapes or intricate profiles, which often
leads to the necessity of adapting the laser processing workstation to specific geometries. The
forming process is a well-established technique for producing parts of any shape from metallic
foils by imposing specific constraints. In this study, we aimed to assess the feasibility of producing
laser-functionalised 3D complex products by the forming of laser-treated flat thin metallic sheets.
Two-hundred micrometre-thick stainless-steel foils were textured with laser-induced periodic surface
structures (LIPSS) through a roll-to-roll pilot line. First, we optimized the morphology of LIPSS.
Subsequently, we conducted three types of mechanical tests on both laser-treated and untreated
foils: standard tensile tests, fatigue tests, and cruciform specimen tests. We measured and compared
parameters such as ultimate tensile strength, breaking strength, maximum elongation, and area
reduction between specimens with and without LIPSS, all obtained from the same foil. Additionally,
we utilized scanning electron microscopy (SEM) to compare the LIPSS morphology of laser-treated
samples before and after mechanical tests.

Keywords: ultra short pulses laser texturing; forming; high-throughput; continous texturing; pre-
forming mechanical analysis

1. Introduction

High-throughput production of large micro- and nanotextured surfaces by laser has
been recently reported by different groups [1-6]. It has been achieved thanks to the use of
industrial, kW class, ultra-short pulse (USP) lasers jointly with a specific beam engineering
strategy [7]. Often, two distinct approaches have been employed: (i) splitting of the beam
into several sub-beams by beam shaping techniques to carry out parallel processing [3],
and (ii) scanning of the beam at unprecedented speed to mitigate the effects of pulse
overlapping [1]. Both approaches made it possible to reduce the takt time of laser texturing
down to a few min/m?. Nonetheless, the high-throughput processing of complex parts is
still limited by several issues, such as the difficulty of reaching regions where the geometry
of the part exhibits high aspect ratio shapes or tortuous profiles, and the consequent need
to adapt the laser processing workstation to the geometry of one part only. To address
these issues, post-laser processing techniques can be employed to functionalise large 3D
parts, such as, for instance, injection moulding of parts from laser-functionalised moulds.
In recent years, this technique has become the method of choice to functionalise some
polymeric materials [4,8], but efforts still need to be put in place to extend the process to a
larger range of polymers and other materials like metals.
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The forming process is a well-known method for producing parts of any shape from
metallic foils by applying specific constraints. It could represent an attractive solution for
the generation of 3D laser-functionalised shapes compatible with mass industrial produc-
tion. However, for most applications [9,10], it is important that after the laser texturing,
the flat metallic surface retains unchanged mechanical characteristics and eventually its
surface properties.

In this work, the forming of 200 um thick USP laser nanotextured stainless-steel foils
and the mechanical properties of the final formed functionalised parts were investigated
to evaluate the possibility of employing this post laser-processing technique to produce
laser-functionalised 3D complex products. Furthermore, the potential for using forming to
generate 3D functionalised shapes at an industrial scale depends on the mass production
of textured surfaces that can be subsequently shaped. In this study, we utilized a laser
processing workstation based on a roll-to-roll design, allowing for continuous treatment
of parts. The setup included a high-power, MHz, USP laser (max P = 320 W) and a fast
polygon scanner to prevent heat accumulation phenomena. It made it possible to process
coils as long as several tens of meters with a cycle time as short as 5 min per square
meter, depending on the required surface texture [11]. Initially, laser-induced surface
morphologies were optimized to achieve the highest level of morphological homogeneity
and uniformity, free from unwanted thermal effects. This allowed neglecting a possible
dependence of the mechanical test results on the surface imperfections. Once the laser
process parameters were identified, a 200 pm thick stainless steel foil was textured by
generating highly homogeneous laser-induced periodic surface structures (LIPSS). Several
specimens were finally cut from untreated, and laser-treated foils and subjected to a
comprehensive set of mechanical tests (both static and dynamic) simulating the conditions
a metallic foil undergoes during the forming process. A comparative study has been
conducted (nanotextured vs. untreated) to highlight the impact of nanotexturing on the
forming process and gain insights into its feasibility.

2. Materials and Methods
2.1. Laser Processing Workstation

A linearly polarised, 450 fs, A = 1030 nm, laser source delivering a maximum average
power P = 310 W with maximum repetition rate RR = 13 MHz (Tangor, by Amplitude
Laser, Pessac, France) was utilised to generate nanometric laser-induced periodic surface
structures (LIPSS) on the surface of a 200 um thick, 304 stainless-steel coil (see Figure 1).
The coil width was 40 cm. Estimations of the surface roughness value S, were obtained by
means of the software ConfoMap ST 8.2 after surface profile acquisitions carried out with a
x50 optical profilometer (Smart Proof 5, by Zeiss, Gottingen, Grmany). The laser beam was
magnified by a factor of 2, then deflected by a hybrid polygonal galvanometric scanning
head (UHSS-II-15, by Raylase, Wessling, Germany) and focused through an F-theta lens
with focal length f = 650 mm. This system enables scanning speeds as high as 360 m/s
with a scanning field >350 mm. The coil is automatically unwrapped through a motorised
rotator, then pulled for nearly 1.5 m through a second rotator. Before reeling, the coil passes
beneath the laser beam. The web tension can be adjusted between 10 MPa and 100 MPa,
and the line speed v; can vary between 3 mm/s and 20 mm/s. Amongst the metallic sheets
(Al, Ti, Mg alloys, etc.) which are commonly subjected to forming [12], we chose stainless
steel since it has been widely studied in USP laser nanotexturing [13]. The chosen thickness
value was the maximum compatible with our set-up. Handling of thicker coils will require
the implementation of more powerful motorised rotators.
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Figure 1. A schematic of the R2R pilot line.

2.2. Mechanical Testing Procedures

Three types of mechanical resistance tests were carried out on laser-treated and un-
treated 200 pm thick stainless-steel foils: standard tensile tests (i), fatigue tests (ii) and
cruciform specimen tests (iii). Tensile tests (i) were performed using specimens shown
in Figure 2a to evaluate basic mechanical parameters (yield strength YS, ultimate tensile
strength UTS, uniform elongation UE, total plastic elongation EL and reduction of area RA)
and the material’s anisotropy.
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Figure 2. (a) Specimen geometry for standard tensile testing; (b) cruciform specimen geometry
dedicated for the mechanical testing performed in three loading modes (plane strain, uniaxial and
biaxial); distance between slits S was 300 um; (c) cruciform specimen testing setup equipped with a
Digital Image Correlation system for deformation tracking; (d) direction of cutting for specimens in
three different directions with respect to LIPSS orientation; (e) hourglass specimens for the fatigue
tests. All values are given in mm.

For the latter, three specimens were cut from the untreated and laser-treated foils in
three different directions 3 with respect to the rolling orientation (see Figure 2d): 3 = 0°
(perpendicular to LIPSS direction), § = 45° and 3 = 90° (parallel to LIPSS direction). The
tests were performed under quasi-static conditions at room temperature according to
standard procedures reported in [14]. For the sake of repeatability, each test was carried
out in the same conditions three times using a Mayes universal testing machine (designed
and developed in house by COMTES, Dobfany, Czech Republic) equipped with hydraulic
grips and a crosshead velocity of 1.2 mm/s.
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The fatigue strength (ii) was evaluated in the high cycle fatigue (HCF) regime, follow-
ing the recommendations reported in [15]. At least 10 hourglass specimens with a stress
concentration factor (K¢) of 1.02 (Figure 2e) machined in the 3 = 90° direction were tested
for each condition. The tests were conducted at room temperature using a servo-hydraulic
testing machine (Landmark by MTS, Berlin, Germany) equipped with a 1 kN load cell and
mechanical grips. A load frequency of 30 Hz was applied, and the stress ratio (R = Min
stress/Max stress) was set at 0.1 to prevent specimen buckling. The fatigue limit was
defined at 2 million cycles.

The tests (iii) performed using cruciform specimens (see Figure 2b) were carried out to
investigate the effect of different pre-strain conditions on both untreated and laser-treated
foils. Three different loading modes were applied to pre-strain the specimens: plane strain
(zero strain in the direction perpendicular to loading), uniaxial (loading applied in one
direction) and biaxial (loading applied in two directions) tension. Each specimen was firstly
tested until failure (designated as 100%), then pre-strained at 75%, 50% and 25% of the
failure elongation. Figure 2c illustrates the testing setup for cruciform specimens equipped
with a digital image correlation (DIC) system for tracking deformations. Finally, samples of
tests (iii) were characterised via SEM.

3. Results and Discussion
3.1. Optimisation of LIPSS Morphology

Nanometric LIPSS are currently being evaluated to produce next-generation advanced
materials in a wide range of application sectors, such as the biomedical, aerospace, au-
tomotive, food-handling, home-appliance industries, and so on [16-18]. The generation
of LIPSS over surfaces much larger than the spot size (>>1 cm?) is normally achieved by
the raster scanning technique. In this case, large-scale LIPSS homogeneity is linked to
the laser process parameters, mainly the energy dose ® and the laser beam polarisation
orientation [19]. ® corresponds to the cumulative energy deposited on the unit of irradi-
ated surface (J/cm?) and takes into consideration key parameters such as the energy per
pulse E, the repetition rate RR and the spatial overlap between successive pulses, which
in turn play a role in thermal accumulation phenomena [1]. In order to define a set of
laser process parameters where LIPSS are generated uniformly, the energy dose ® was
fixed at 0.55 kJ/cm? and the scan speed at 90 m/s coherently with results reported for
similar experimental conditions [1]. Moreover, to maximise the throughput, the average
power P was kept constant at 260 W (i.e., the maximum available on the stainless-steel
coil after optical losses), and RR was varied in the range of 1-10 MHz, corresponding
to E varying from 26 pJ to 260 pJ, respectively. Laser-treated surface morphologies were
finally analysed by SEM (Vega3, by Tescan, Brno, Czech Republic). Figure 3 presents SEM
images of the laser-treated surfaces, and for each image, the insets show the respective FFT
analyses. The yellow arrows represent the orientation of the laser beam polarisation on
the irradiated surface. Starting from relatively low RR (RR = 1 MHz and RR = 2 MHz) the
LIPSS morphology was irregular and not well-defined. In these cases, the corresponding
E (respectively, E = 260 uJ and E = 130 pJ) was too high, leading to important ablation
phenomena and preventing the generation of uniform structures. Increasing RR, E de-
creased, and structures became more regular. An optimum appeared in correspondence
with RR =5 MHz and E = 52 pJ s. Further increasing RR, the E decreased proportionally,
and the observed morphology underwent a slight degradation. Similar results have been
already reported in the literature for Steel [20,21] and ascribed to the increase in the spatial
overlapping between two successive pulses. In fact, this led to an extension of the surface
where the surface plasmon polaritons generated by the second pulse interacted with the
pattern generated by the first, thus decreasing the pattern regularity.
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Figure 3. SEM images and related FFT analyses of LIPSS generated by different sets of parameters
couples (RR, E): (1 MHz, 260 yJ) (a), (2 MHz, 130 yJ) (b), (2.5 MHz, 105 ) (c), (4 MHz, 65 yJ) (d),
(5 MHz, 52 yJ) (e), (8 MHz, 32.5 J) (f), (10 MHz, 26 pJ) (g). In the red box are highlighted the
optimum parameters values.

Our trend was confirmed by the FFT analysis, which made it possible not only to
extract the LIPSS period value but also the angular dispersion 0 of the FFT peak. The latter
represents an effective and quantitative evaluation of the LIPSS homogeneity [22]: the
lower the 6, the higher the structure’s homogeneity.

As shown in Table 1, a minimum was observed for RR =5 MHz and E = 52 yJ, where
0 = 11°. This value is consistent with those previously reported in the literature [20,22].
Finally, we observed that the same experimental approach could be used to extend the
above-mentioned results to sheets of metals like Ti, Mo, Ni, Al, Cu, etc. It is worth observing
that although for Ti and Mo, we can expect an optimum 6 value of roughly between 5°
and 10°, for Al, Ni and Cu, it will be much higher, given that the values reported in the
literature ranged between 20° and 30° [20].

Table 1. Spatial period (A) of LIPSS and angular dispersion (8) obtained by FFT analyses. The
selected parameters are highlighted in bold.

E (1)) A (um) 0 (%)
260 889 24
130 837 22
105 835 21

65 837 15
52 819 11
32.5 839 16
26 822 18

3.2. Influence of Laser Treatment on Mechanical Properties

A set of laser processing parameters, of E = 52 uJ, RR =5 MHz, scan speed =90 m/s,
and v; = 3 mm/s, was selected to functionalise a 2 m long coil for the successive mechanical
resistance tests.

3.2.1. Tensile-Stress Analyses

Figure 4 shows the variation in the measured engineering stress (MPa) vs. the engi-
neering strain for laser-treated (a) and untreated (b) specimens, with 3 = 0° (i.e., 90° with
respect to LIPSS direction, green points), 3 = 45° (blue points) and 3 = 90° (orange, yellow
and red points, same direction as LIPSS orientation). Except for “# = 0°, laser treated”,
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three different samples were fabricated and tested for each condition. It can be observed
that all specimens showed the same trend with comparable values, with a stabilization of
the stress values in the range of 600-700 MPa for strains above 30%.
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Figure 4. Results of standard tensile test—engineering stress vs. engineering strain diagrams of
representative specimens cut from (a) untreated and (b) laser-treated sheets; designation system
in the legend: T/NT—laser-treated /untreated, 0/45/90—specimen orientation with respect to the
rolling direction of metal sheet. For laser-treated samples, specimens cut at 90° represent specimens
where the strength is applied in the same direction as the LIPSS orientation.

Figure 5 summarises the average values obtained for key mechanical parameters like
YS (orange bars), UTS (blue bars) (see Figure 5 left), UE (orange bars), EL (blue bars) (see
Figure 5 centre), and RA (blue bars) (see Figure 5 right). YS expresses the limit of the
elastic behaviour of the material and identifies the stress value at the beginning of plastic
behaviour. The UTS defines the maximum stress the material can withstand. Both are
expressed in MPa (force/area). UE is the value of elongation in correspondence of UTS.
EL corresponds to the value of strain at the material break (excluding the elastic part of
the stress—strain curve). RA is a ratio of minimal and original cross-sections of the same
specimen during the test. UE, EL and RA values are expressed in %. For each graph in
Figure 5, values relative to the laser-textured batch (T) are plotted on the left side whilst
those relative to untreated specimens (NT) are plotted on the right side. It is easy to observe
that values relative to the two batches (T) and (NT) are largely compatible if not equivalent
when considering the error bars. This means that the surface texturing generated using
nearly P = 260 W has no impact on the mechanical properties of the foil. This can be
explained considering two key aspects. On one hand, the use of a fast polygon scanner
prevents heat accumulation phenomena and unwanted thermo-mechanical degradations
(see SEM analysis below) expected also for fs laser when considering high RR (MHz) and
high P values [23,24]. On the other hand, although the variation in S, has a bearing on the
mechanical properties of a metallic sheet [25], in our case the S, contribution induced by
LIPSS could be neglected. In fact, we estimated a value of S, = 253 nm for the pristine foil
and S, = 272 after the texturing, corresponding to a relative variation of ~7%.

Going in deeper, Figure 5 (left) shows that both strength values (YS and UTS) were not
affected by the value of 3 (specimen orientation). On the contrary, elongation parameters
(Figure 5 centre and right) like UE and EL increased when 3 passed from 0° to 90°. As
already mentioned here below, this anisotropic behaviour is not related to laser texturing.
Very likely, it is related to both the thermal and mechanical processes the steel undergoes
before reaching the shape of 200 pm thick foil. For instance, the rolling process required to
reduce the foil thickness and manufacture the coil increases the stiffness along the rolling
direction (3 = 0°), with the possibility of reducing the values of elongation parameters [26].
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Figure 5. Results of tensile stress tests carried out on laser-treated (T) and untreated (NT) specimens
in different cutting directions. (a) Yield strength (YS) and ultimate tensile strength (UTS), (b) uniform
elongation (UE) and total plastic deformation (EL), and (c) reduction of area (RA). Error bars represent
standard deviation values.

3.2.2. Fatigue Test Analyses

Figure 6 shows the S-N or Wohler curve, i.e., the maximum stress (S) versus the
number of cycles to fracture (N) for both untreated (circles) and laser-textured specimens
(triangles). It is worth noting that laser-textured and untreated specimens showed the
same fatigue resistance, reporting the same fatigue limit at 516 &+ 6 MPa, fatigue strength
coefficient 0’ and fatigue strength exponent b of the Basquin stress-life relation as reported
in Table 2.

Table 2. Basquin stress-life parameters for each surface condition.

Surface Condition o’ r (MPa) b
Untreated 730 0.024
Laser-treated 734 0.025

To understand this result, one should consider the generally accepted correlation
between fatigue resistance and surface state. A rough surface with deep defects could
decrease the fatigue resistance of a material, especially at a cycle regime as high as around
10° cycles [27]. In fact, defects or surface valleys act as stress raisers, leading to the initiation
of fatigue cracks and compromising the material’s resistance to fatigue [28]. The larger the
size of the defects or the depth of surface valleys, the higher the impact of the mentioned
mechanism. In our case, we can consider that LIPSS have a period of 800-900 nm and
typical height of 150-250 nm [29]. These values are significantly lower than the critical
crack length (v/area,,;;.,;) of 8 pm, calculated according to Yang et al. [30].

1000
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Figure 6. Results of fatigue tests carried out on laser-treated and untreated specimens. The arrow
indicates the number of specimens that reached the runout.
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3.2.3. SEM and Cruciform Tests Analyses

Cruciform specimens shown in Figure 2b were obtained from laser textured foil and
then subjected to an increasing load until the failure was reached (hereinafter 100%). This
test was carried out in three different conditions, i.e., applying the load along a single axis
(uniaxial, UNI), along two perpendicular axes (biaxial, BI) and with a plane strain loading
(PS). To validate the resilience of LIPSS and consequently of the surface functionality after
a forming process, SEM analyses were carried out on a textured specimen before and after
the tests.

Although a slight reduction in the LIPSS height might be expected [31], the results
shown in Figure 7 indicate that the LIPSS morphology was not affected by the mechanical
load, regardless of the direction along which the load is applied. The morphology observed
before the tests (Figure 7 left) was kept unchanged not only at 100% but also for specimens
subjected to a load (pre-strain) value, enabling an elongation of, respectively, 75%, 50% and
25% of the failure (micrographs not shown).
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Figure 7. SEM images of laser-treated surfaces after cruciform tests. Loading modes: BI: biaxial
tension, UNI: uniaxial tension, PS: plane strain.

4. Conclusions

For the first time, we report a successful demonstration of the continuous manufactur-
ing of laser-induced nano-textured foils using a roll-to-roll method. Throughput as high as
5 min/m? was achieved, thanks to the use of a kilowatt-level, tens of megahertz-class in-
dustrial femtosecond laser jointly with a polygon scanner delivering the beam at ~100 m/s.
Interestingly, a comprehensive set of mechanical tests and SEM analyses revealed, for
the first time, that the forming process of metallic surfaces textured with LIPSS does not
affect the material’s mechanical properties or the surface morphology, that is, the surface
functionality itself.

It can be asserted that if an untreated foil can undergo shaping, the same can be
achieved after laser texturing. While additional research is needed to validate this con-
clusion for structures of micrometric size (DLIP, LDW) and thicker foils, we believe our
findings pave the way to convert a laser-functionalised surface into a laser-functionalised
product primed for industrial exploitation.
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