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Abstract: 

Micro and nanometric double scale structures are produced on a steel material irradiated 

by a femtosecond laser in order to study the alteration of the surface properties, in particular 

wettability. Following a texturing, the latter develops indeed from a hydrophilic to a hydrophobic 

state, possibly a superhydrophobic one, according to a progression which depends on multiple 

factors, gathered under the term ageing. Two types of grid patterns were performed on the samples 

to test the effect of the Gaussian laser shot overlap. In order to characterize not only the topology 

of the textured surfaces, but also the associated chemistry, 4 techniques were used, allowing for 

the analysis from the first atomic layers to those at 1 µm depth. In particular, carbon and oxygen 

levels were measured as a function of material, maturation time and storage conditions. We have 

identified two oxides, hematite and magnetite, whose presence is directly related to the energy 

density of the laser beam. We explain the mechanism of their formation by combining two pre-

existing models: the appearance of a magnetite-active site induced by the laser and a martitization 

process. 

Key-words: Femtosecond laser texturation, Steel, Multi-scale structure, Wettability, Ageing, 

Surface chemistry 

  

1. Introduction 

In the past decades, most of the published studies were focused on comprehensive studies 

of interfacial behavior between solids and liquids [1]. Specifically, the superhydrophobicity of 

material surfaces based on a multi-scale bio-inspired morphology is of high interest for both 

fundamental and applied research. Such a surface behavior can be achieved by chemical etching 

[2], nanoparticle dispersion [3], plasma deposition or etching [4-5], electroless plating [6] and 

photolithography [7]. Dealing with metallic substrates, the superhydrophobic property is obtained 

owing to material processes using both nanosecond or femtosecond laser patterning and 

(electro)chemical coating [8-12]. More precisely, in order to reach the superhydrophobic state on 

metallic surfaces, which corresponds to values of WCA (water contact angle) above 150° with the 

lowest contact angle hysteresis, double scale hierarchical structures are to be built. The latter can 
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be obtained through laser texturing leading to a composite solid-air-liquid interface. Hence, the 

contact area between droplets and surface decreases, and so do the surface adhesive properties 

[13]. 

One may also achieve a non-wetting effect with water by texturing a metal surface with a 

nanosecond laser [14-15] or with a femtosecond laser [16-21]. In both cases, the very first effect 

of laser texturing is to drastically reduce the surface WCA down to the hydrophilic state. After 

irradiation, the WCA evolves over time to reach hydrophobicity or even superhydrophobicity in 

several cases [19-21]. This phenomenon is commonly known as ageing. Investigations on 

wettability evolution are mainly carried out in the literature from the chemical perspective [15-22] 

as the fresh surface goes through chemical reactions with the environment [23]. 

After laser interaction, the carbon and oxygen concentrations change without the possibility 

to precisely determine the element or the reliable mechanism of the wettability alteration. Several 

authors, including Bizi-Bandoki et al. [17], mentioned an increase of oxide concentration as well 

as a decrease of the carbon amount, in order to explain the transition from hydrophilic to 

hydrophobic state, while other authors such as Kietzig et al. [18], put forward the hypothesis that 

the chemical maturation is bound to the carbon proportion increase on surface by CO2 adsorption 

correlatively with the decrease of oxygen amount. 

Several ageing studies were run under controlled, reactive or neutral environments, or even 

under vacuum [23], [24]. Annealing is a further technique described in [22], [24]. These various 

types of storage conditions are useful to evaluate the impact of air, pollutants and humidity on 

WCA separately. Most of the publications are in concern with the ambient air moisture, as in our 

case.  

In this study, several analyses were used to monitor the wettability, and also to determine 

the proportions of chemical elements present on the surface (EDX) as well as on the extreme 

surface (XPS). Last, the type of oxidation generated after femtosecond laser irradiation is analyzed 

by Raman spectroscopy. In this paper, special attention is focused on the evolution of surface 

wettability, correlating WCA measurements with chemical maturation with respect to the laser-

generated method of ablation. Knowledge of the chemical nature of formed oxides and their 
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appearance mechanisms is an important step in order to understand the non-quite clear role of 

carbon and oxygen. 

 

2. Experimental part 

  

2.1. Material 

In this work, the sample is made of a 40CMD8+S steel, commonly used in mold industry. 

According to the manufacturer's datasheet (Table 1), in addition to its 95.95% iron content, the 

bulk consists of several other elements such as 1.90% chromium, 1.50% magnesium, 0.4% carbon, 

0.20% molybdenum and 0.05% sulphur.  

Table 1: composition of 40CMD8+S Steel. 

Element Fe Cr Mg C Mo S 

Proportion (%) 95.95 1.9 1.5 0.4 0.2 0.05 

Samples with a thickness of 5 mm are treated without prior polishing. Their initial roughness Ra 

is around 0.3 µm. 

All the samples are ultrasonically cleaned for 5 min in a solution composed of 50% acetone 

(CAS No. 0067-64-1) and 50% ethanol (CAS No. 0064-17-5). Then they are rapidly dried under 

a hot air flux to avoid any trace of pollution or organic contamination. Considering the frequent 

presence of non-adherent oxides on top of laser textured surfaces, the ultrasonic post-treatment 

allows for an increase the repeatability of the measurements. 

The removal of protective layer from the steel surface (e.g. machining oil from 

manufacturing) will lightly and locally induce oxidation after a few months of storage in the humid 

ambient air, which may affect the ageing study. In order to estimate the impact of this slow natural 

oxidation, an analysis of the evolution of WCA was carried out for 5 months. According to Table 

2, we did not notice a significant evolution. The discrepancies in the values are mainly related to 
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the inhomogeneity of the surface. Indeed, the deposition of a water drop on a steel irreversibly 

alters the contact area. Each value of WCA is an average of 3 separate measurements.  

Table 2: Evolution of the contact angle of a drop of water on a 40CMD8+S steel surface stored in ambient air under 

40% humidity over 5 months. 

Time (month) 1 2 3 4 5 

WCA (°) 77.8 ± 0.8 88.0 ± 1.7 88.5 ± 0.4 96.2 ± 0.9 91.6 ± 1.7 

 

2.2. Laser texturing and maturation methods 

Laser surface texturing was performed with an ultrafast pulsed fiber laser process 

(Tangerine, from Amplitude Systèmes). It delivers pulses around 300 fs duration at 1030 nm with 

a 250 kHz repetition rate. The mean laser power was reduced to 1 W which corresponds to a 

fluence of 0.56 J.cm-² for a Gaussian beam profile and a spot size of 30 µm. The texturing of 

samples was ensured with a galvo head XY scanner and the prepared patterns are close to the lotus 

leaves morphology [1]. The grid consists of ablated lines called “trenches”, spaced 25 µm or 40 

µm apart along both X and Y axes. The aim was to generate a multi-scale array of protrusions in 

two distinct ways, in order to compare the effect of a complete irradiated samples with samples 

presenting un-textured zones with low or zero energy densities due to the Gaussian profile of the 

laser beam (Fig. 1). Consequently, a first grid (G40) was prepared without trench overlap (40µm 

pitch grid), and a second one (G25) was made with a 20% trench overlap (25µm pitch grid).  

Fig. 1. G40 and G25 grid spacing of the Gaussian laser beam (waist 2w0). According to the ablation level and the 

beam overlap, the surface should not be textured in the middle part with the G40 grid, unlike the G25 grid. 

G40: XY grid spacing > 2w0 ≈ 30 µm G25: XY grid spacing < 2w0 ≈ 30 µm 
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The fabricated G25 grid had round-contoured protrusions (Fig. 2a to 2c), whereas the G40 

grid had squarer contours with protruding edges (Fig. 2e to 2g). A total of 40 scans was necessary 

to pattern trenches of around 15 µm deep. A 90% overlap was chosen for the laser shots, which 

corresponds to about 10 cumulated pulses per spot. The obtained multiscale structure is shown in 

the enlargements (Fig. 2c and 2g) where it can be seen that the submicrometer wavelength, well 

known as LIPSS (Laser Induced Periodical Surface Structures) covers all irradiated areas. 

 

Fig. 2. Morphologic structure of femtosecond laser textured steel samples. The 3D profile of G25 substrate (a), with 

its corresponding SEM picture at x1000 (b) and x2500 magnification (c). The 3D profile of G40 substrate (e), with its 

corresponding SEM picture at x1000 (f) and x2500 magnification (g). 

After the laser texturing process followed by cleaning in an ultrasonic bath, the samples 

were stored in ambient air at 40% RH, and regularly tested for wettability. Some of them were 

measured every hour, others once a day.  

2.3. Surface characterization techniques 

Substrate roughness and topography were measured with a 3D profilometer (InfiniteFocus, 

Alicona Imaging GmbH, Austria). The XY horizontal resolution can reach 0.5 µm while the 

vertical Z resolution is about 10 nm. Using the focus variation method in white light and a limited 

depth of field optical system, a numerical reconstitution was achieved to study the micrometrical 

scale surface structures. 
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Morphologic surface characterization was carried out using a scanning electron microscope 

(SEM, JEOL, JSM 6510LV) coupled with energy dispersive spectroscopy (EDS). All spectra were 

obtained with a 2048x1536 format resolution at 10kV, with an average of 10 runs of 4 min each. 

Chemical surface characterization was performed with an X-ray Photoelectron 

Spectroscopy (XPS) instrument (Kratos Axis Nova, Analytical, Manchester, UK, Institut des 

Matériaux de Nantes, France) with the monochromatic Al Kα beam and an electron emission angle 

of 90° relative to the sample surface. The pass energies for survey spectra were 80 eV (0.5 eV 

increment). Background linear subtraction was performed, and the resolution fitting accuracy was 

5%. The quantification of XPS spectra was performed with the CasaXPS software (Casa Software 

Ltd.). XPS analysis allowed the determination of the surface atomic composition. Measurements 

were performed on multiple substrates, textured at different periods of time. Due to measurement 

delay, the analysis was focused on the quantitative XPS spectra. 

Raman spectra of samples were also performed with a LabRam ARAMIS spectrometer 

(Horyba Jobin Yvon, France) in ambient air. The spectra were excited with 632.8 nm radiation 

from 100 cm-1 to 1550 cm-1
 with a resolution around 2 cm-1. The scans were obtained for 20 s each 

at a 500 cm-1 step size. The laser beam was focused on the substrate to obtain a spot size of 10 µm 

in diameter. The power was reduced below 0.4 mW to avoid sample degradation. 

In order to evaluate the wetting properties, the WCA was measured using the sessile drop 

method [25] by means of an automated optical tensiometer (Attension Theta Lite, Biolin Scientific, 

Sweden). The WCA of ultra pure water 2µL droplet was numerically captured and calculated by 

the embedded OneAttension software. Each WCA was measured three times on different areas of 

the same sample, and on three different samples bearing the same texture. Then, the average values 

were used. Since water droplets had the tendency to spread onto the textured surface, in particular 

a few hours after laser interaction, the WCA measurements were immediately taken owing to the 

video camera. Also, in order to take the fact that several 2 µL droplets could not stick to the surface, 

the corresponding samples were considered as superhydrophobic. 

  

3. Results 
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3.1. Contact angle measurements 

In order to highlight the role of the ultrasonic cleaning after laser texturing, two series of 

samples are studied: one with post-interaction US cleaning, and the other without. The evolution 

of WCA for the two substrates G25 and G40 is shown in Fig. 3.  

 

Fig. 3. Dependence on ageing time of the G25 and G40 wettability with or without ultrasonic cleaning. The dash line 

at 59° shows the initial WCA of a reference non-textured substrate. 

 

The non-textured reference sample has a WCA of about 59 ± 3°, independently of the 

cleaning. Immediately after texturing, and regardless of the texturing conditions, substrates are 

totally hydrophilic (WCA ≈ 0°) up to 3 hours after irradiation. A few hours later, depending on the 

conditions, their respective WCA evolves rapidly to reach a plateau around 120°, i.e. almost 60° 

higher than the reference sample. However, the deposited drops are not stable during the 
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measurement; they spread down rapidly, inducing high standard deviations during the first few 

hours, (Fig. 3). As a first approach, the curves can be fitted by a first order time evolution following 

𝑊𝐶𝐴 = 𝐴 [1 − exp⁡(−
𝑡 − 𝑡0
𝜏

)] ⁡⁡⁡⁡⁡⁡⁡⁡𝑡 > 𝑡0 

where A represents the WCA asymptotic value, τ the time constant, and t0 the time delay. Table 3 

summarizes the values of τ and A for both G25 and G40 substrates.  

Table 3. Time constants τ and WCA asymptotic values A for different substrates and cleaning conditions. 

Substrate G25 G40 

Cleaning US NO US NO 

τ (h) 1.8 ± 0.35 2.7 ± 0.4 1.73 ± 0.2 2.4 ± 1.16 

A (°) 117 ± 5.6 126 ± 5 119 ± 8.5 124 ± 7.3 

 

Time constant values are from around 1.7 h with US cleaning (G40) to about 2.7 h without 

(G25). For an equivalent energy density, A.M. Kietzig et al. report similar time constants on steel 

surface [18]. Cleaning of the samples yields? a lower time constant, and G40 substrates have a 

slightly faster kinetics than G25 substrates. WCA asymptotic values A varies from around 118° 

with US cleaning (G25) to about 126° (G25) without. Cleaning the samples results in a lower 

asymptotic WCA value ranging from 126° down to 117° (G25) and from 124° down to 119° (G40), 

i.e. a reduction of about 5° to 9°. Nevertheless, the G25 or G40 substrates exhibit no significant 

differences. All the studied substrates reach a superhydrophobic state after 2 or 4 months of 

storage. Indeed, the drops are repulsed and cannot stick to the surfaces. Moreover, cleaning any 

aged textured sample in an ultrasonic bath makes the substrate hydrophilic with its initial WCA, 

and in some cases, the substrate even becomes superhydrophobic after one month. 

 

3.2. Raman analysis 
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The Raman analysis was performed in the first hours of maturation when the textured 

substrate was still fully wetting, in order to detect any surface heterogeneity. The spectrum of 

untreated steel shows no vibration bands in the studied wave number range from 100 cm-1 to 1500 

cm-1 (Fig 4, a. curve). As a result, no trace of oxidation on the surface of the material is detected. 
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Fig. 4. Comparison of Raman spectra of 3 different steel surfaces: (a) Virgin sample, (b) ridge of a femtosecond laser 

textured protrusion a few hours after the laser treatment, (c) corroded sample in distilled water for 5 days. 

 

The spectrum corresponding to the ridges of G40 substrate (Fig 4, b. curve), shows narrow 

bands (218, 281, 394, 486, 594 and 671 ± 1 cm-1) assigned to the hematite (α-Fe2O3) [26], [27], 

the most common and stable phase of iron oxide III. The broad band around 1300 cm-1 is associated 

to a collective spin movement [27]. All these bands are also observed on a steel sample immersed 

in distilled water for 5 days (Fig 4, c. curve). Hematite is therefore the main element in the 

corrosion layer developed on the surface.  

Raman spot 
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From the laser patterning and its Gaussian profile (Fig. 1), it can be observed that the G40 

ridges were formed by a low energy density, probably at the same level of thermal treatment. 

Closer to the beam center, the interaction rather corresponds to laser ablation without any thermal 

oxidation. The G40 trench is therefore formed at high energy, and its Raman signature (Fig 5, a. 

curve) is compared to those of the entire G25 surface (Fig 5 b and c). Despite the slight energy 

distinction that can be made between the high energy of the beam center for trenches and the lower 

energy density that forms G25 protrusions (with pitch scans overlapped by 20%), the three Raman 

spectra show the same broad band between 450 - 730 cm-1 with a maximum at 662 cm-1 of varying 

intensity corresponding to the formation of magnetite (Fe3O4) even if the wüstite cannot be clearly 

excluded, as described in [27], because of the band broadness [26-28]. The presence of the same 

oxide under different texturing conditions allows us to state that energy distribution is a major 

factor in the formation of oxide on the surface sample. 
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Fig. 5. Comparison of Raman spectra for the magnetite peak (Fe3O4 662cm-1) in different locations of a textured 

substrate: (a) G40 trench, (b) G25 trench, (c) G25 protrusion. 
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3.3. XPS Analysis 

XPS is used to determine the elemental composition of the sample for both G25 and G40 

patterns, after 2, 5 and 15 days of maturation. As expected, XPS survey spectra (Fig. 6) reveal 

peaks at 284.9 eV corresponding to C1s, 529.9 eV for O1s and 710.9 eV for Fe2p core electrons 

on both patterned structures. Other elements such as Ca2p (at 347.4 eV) and Co2p (at 782.9 eV) 

are sometimes detected as traces and are therefore neglected. The G40 spectra for all maturation 

states (Fig. 6) show that femtosecond laser irradiation led to a substantial and progressive alteration 

of chemistry (G25 spectra are identical to G40 spectra). Indeed, the reference C1s peak shows 3 

different substructures (C-C/C-H at 285 eV, C-O at 286.4 eV and C=O at 288.8 eV) whose 

proportions decrease after the maturation. The decrease of carbon contamination after maturation 

is confirmed by the FeO (FeO, Fe2O3 or Fe3O4) structure at 530 eV in the aged sample while the 

O1s peak for the virgin sample presents the two substructures (FeO and C-O at 532 eV). The Fe2p 

peak of the reference sample is composed of two components, the Fe metal at 707 eV and Fe3+ at 

711 eV and this peak after maturation is only characteristic of the Fe3+ structure. Therefore, the 

formation of wüstite can be excluded.  

All the normalized atomic percentages are summarized in Fig 7. The atomic percentage of 

the virgin sample (marked as 0) was 50.5 ± 2.2% for C1s and 34.1 ± 1.2% for O1s and 15.4 ± 1.4% 

for Fe 2p. For each surface structure, we notice an increasing proportion of oxygen (red curve) 

until the 15th day of ageing with 49.9 ± 1.5% for G25 and 48.3 ± 3.8% for G40, and a decrease of 

carbon (blue curve) of 36.0 ±1.0% for G25 and 34.8 ± 6.8% for G40 as observed in Bizi-Bandoki 

et al. [17]. According to Divin-Mariotti et al. [20], the ablation process of several micrometers 

deep of stainless steel implies a significant decontamination of the extreme surface and the 

appearance of a highly reactive surface. In our case (40CMD8+S steel), a similar process may 

occur and it becomes more significant in the case of full irradiated sample G25. In addition, the 

plateau values of all the involved elements at the 15th day past laser irradiation are relatively close 

for G25 and G40 substrates, as shown in Fig. 7.  
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Fig. 6. Comparison of XPS survey spectra over ageing time of 2, 5 and 15 days for 40µm patterning structures (G40) 

and blank sample. 
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Fig. 7. Dependence of atomic proportions of iron, carbon and oxygen (issued from XPS spectra) on ageing duration 

for G25 (a) and G40 (b). 

  

3.4. EDX analysis 

EDX mapping for the three elements was performed on textured samples aged in ambient 

humid air over 15 days (Fig. 8). The images highlight the distribution of the concentration of iron 

(in green), carbon (in blue), and oxygen (in red) for both patterns. SEM (a) and EDX (b to d) 

images are shown for G25 patterns (Fig 8-1) and for G40 patterns (Fig 8-2). The horizontal dark 

strips on the colored EDX pictures are caused by the angle of the incident X-ray. For G40 samples, 

the singular location of oxygen in a square shape indicates a high level of oxidation whereas the 

concentration of iron in the same area is decreased. In contrast, G25 samples generate a uniform 
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distribution on nearly all the elements. One may observe the slightly brighter oxygen concentration 

at the protrusion spot explained by the distribution in deposited energy due to the Gaussian profile 

of the beam. This implies that the choice of a specific laser patterning strongly affects the surface 

chemistry. 

Fig. 8. SEM picture (a) and their corresponding EDX mapping (b to d) of the G25 (1) and G40 (2) patterns for each 

main element, 15 days after laser texturing. 

 

Considering the theoretical composition of the 40CMD8+S issued from the datasheet 

(Table 1), 95.95% of the bulk is composed of iron, 0.40% of carbon and no oxygen. Obviously, 

the EDX analysis of virgin sample (1µm deep only) in the same area as the EDX mapping, shows 

a different chemistry, with a surface composition of iron 85.1 ± 1.0%, carbon 10.1 ± 1.0%, and 

oxygen 1.0 ± 0.2% (see Fig 9). The proportions of other elements (e.g. Mn, Cr, or Si) are not 

relevant.  
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Fig. 9. Elemental percentage of iron, carbon and oxygen at the surface extracted from EDX mapping (Fig. 8) of the 

samples in different states compared to the datasheet values of 40CMD8+S. Virgin surface and two different laser 

patterning samples after 15 days of ageing. 

 

For both G25 and G40, because of the oxidation induced by laser interaction, the presence 

of oxygen increases. From Fig. 9, G40 samples has a more oxidized surface than the virgin steel 

surface by 13 times; for the G25, it is about (only) 4 times. These differences might be associated 

with the internal oxidation zone (under the border of the G40 ridges) compatible with the 

penetration length of EDX incident X-rays [29]. 

The amount of carbon located on the surface also rises after laser irradiation and is more 

significant for the G40 (16.5 ± 1.0%) than for G25 (13.5 ± 1.0%). This can be explained by the 

enhancement of C diffusion due to a low fluence at the edge of the Gaussian beam that leads to 

thermal effect [30]. The lower the fluence below the ablation threshold, the bigger the thermal 

effect, thus followed by carbon diffusion. 
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4. Discussion 

Most of the papers dealing with wettability survey on ageing after laser texturing, report a 

so-called steady state, where WCA no longer evolves [14], [20]. Our first results indicate the same 

trend since the WCA is constant between 4 and 30 days. However, there is an apparent 

contradiction with the superhydrophobic phenomenon that occurs after a few months: as a matter 

of fact, it is appropriate to substitute the usual exponential regression by a double regression, one 

with a short time constant of a few hours, and a second one, more likely approaching several 

months. 

To validate this hypothesis, one might explore long term analysis. Moreover, the 

reversibility of wettability condition, and hence the surface chemistry, after an ultrasonic cleaning, 

validate the reinterpretation of the steady state. The apparent phenomenon might be explained by 

an oxidation gradient over time along the thickness of the material. 

According to the energetic distribution of the laser applied to G25 and G40 configurations, 

and their corresponding Raman spectra implying distinct chemistries, we expected a more 

significant difference between the measured contact angles. Nevertheless, the quantitative XPS 

results of the involved elements of the extreme surface, show similar percentages for both patterns. 

The slight variation between the time constants of the two pitch grid substrates (Table 3) may be 

due to hematite presence on G40 ridges slowing down the chemical surface reorganization. Indeed, 

G25 has been formed with a 20% overlap of the laser spots, so that the surface is essentially 

composed by magnetite. Also, when no ultrasonic cleaning is performed, time constants are almost 

doubled, supporting the idea of a slowdown in reorganization. 

As most articles on the same material [18], [19], it can be found that G25 and G40 substrates 

evolve quickly hour after hour. However, time constants can be counted in days when different 

materials are used or when one of the laser parameters is changed. Indeed, industrial steels such as 

40CMD8+S are not frequently studied; stainless steel is practically the only studied metal when it 

comes to laser processes ageing topic. It may also confirm the lack of steady states in our 

experiments. The XPS analysis allows for the calculation C1s/O1s ratio with an initial value of 1.5 
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before treatment, progressively decreasing to 0.72 for both patterning samples. Same values were 

already found on stainless steel by Divin-Mariotti et al. [20] but for a longer ageing duration (53 

days) in similar atmospheric storage conditions. As a result, it seems that there is an equilibrium 

ratio of steel surface regardless of the kind of texturation. Therefore, one may conclude that the 

surface chemistry is prevalent, rather than the physical ablation; in this respect however, further 

investigation should be made.  

Finally, Raman spectra show two kinds of surface oxidation type; for G25, only magnetite 

has been detected, and for G40, hematite has been spotted on protrusion ridges and magnetite on 

trenches. In order to have a further understanding of these distinct oxidation formation, we could 

consider Kietzig et al. model [18], in which laser interaction (with no further precision) induces 

the creation of active magnetite sites Fe3O4-δ (0 < δ < 1) acting like a catalyst to CO2 molecules in 

the dissociative adsorption. This model could explain the ageing of textured samples and the rise 

of the carbon amount, according to the 1µm deep EDX spectrum. However, it cannot justify the 

hematite on the ridge of G40 protrusions. Chourpa et al. [26], leads to a better understanding of 

laser and oxide structures behaviors. They proceed to an invasive Raman analysis on a material 

called black iron oxide; in other terms, they used a laser power above the oxidation threshold. This 

material contains a mixture of hematite and magnetite. The Raman spectrum reveals hematite and 

laser-induced hematite due to magnetite oxidation. This common phenomenon of magnetite 

alteration into hematite is called martitization [27], [31]. An intermediary unstable oxide, 

maghemite (γ-Fe2O3), can be formed according to the following phase transition [27]: 

 

A possible explanation for hematite presence in G40 ridges, would involve a martitization 

of the induced active magnetite sites as described by Kietzig et al. model [18]. Because of the low 

energetic profile of the border of the Gaussian beam, there is not sufficient energy density to 

perform laser ablation. Nevertheless, knowing the high repetition rate of the laser inducing thermal 

accumulation [32], it may be sufficient to chemically alter the structure above 400°C and to take 

part in hematite formation. Femtosecond lasers has an extremely low thermal effect, so that laser 



19 
 

ablation is the only phenomenon that occurs in G25, hence, it could explain why magnetite is the 

only oxide that remains. 

  

5. Conclusion 

It has been shown that texturing grid patterns on a 40CMD8+S steel with a femtosecond 

laser leads to a decrease of carbon and an increase of oxygen proportion on the extreme surface. 

Ageing from hydrophilic to hydrophobic behavior was made possible by the constant oxidation 

mechanism due to the humid ambient air of around 40% RH. However, the Gaussian profile of the 

laser implied that, on the first micrometers of the substrate, carbon amount increased due to carbon 

diffusion induced by the low energy density region of the beam causing a thermal effect. Oxygen 

proportion also increases in this area. One of the main cause of this oxidation was established with 

the study of Raman spectrum on the ridges and the trenches. It has been shown that the laser 

generates active magnetite sites on which the martitization process occurs when thermal energy is 

induced; it explains also why these low density zones are mainly hematite based, and why ablation 

leads to magnetite surface chemistry. Steel surfaces have their own maturation mode when 

wettability is focused. It allows for the development of more than one regression curve in order to 

explain the absence of a steady state after sufficient ageing time, and the short value of the time 

constant compared with most of the authors’ observations made on stainless steel. In the future, 

long duration ageing surveys would be interesting, in order to determine precisely the time constant 

of the second exponential and when the steady state is more likely to appear on laser textured steel 

samples. Also, a laser interaction modeling taking into account the thermal part of the Gaussian 

beam is currently studied. In this way, a better understanding of laser induced oxidation will be 

proposed. 
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