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Abstract

:

This article is aimed to study the effect of laser treatment of AISI 304 stainless steel on the corrosion resistance and chemical composition of the surface layer. The samples were irradiated using two quite different laser sources: IPG Yb:glass fibre laser (τ = 230 ns, λ = 1062 nm) and Trumpf TruMicro Series 2020 fiber laser (τ = 260 fs–20 ps, λ = 1030 nm) that is, in both the long and ultra-short pulse duration regime. It allowed the observation of completely different microstructures and chemical composition of the surface layer. In this study, the morphology of the samples was accessed using both Keyence digital microscope and Olympus Lext 5000 profilometer. The corrosion resistance was examined in 3% NaCl solution using both potentiodynamic measurement and Electrochemical Impedance Spectroscopy. In order to examine the change in chemical composition of the surface layer, the X-ray photoelectron spectroscopy study was performed. Results show that the use of a long laser pulse contributes to the formation of a thin, tight, rich in chromium passive layer, which significantly improves corrosion resistance in comparison to the reference sample. Different behaviour is observed after irradiation with an ultra-short pulse duration laser.
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1. Introduction


The main avails of the laser processing applied in surface engineering are high quality, resolution and wear resistance, the possibility of automation, low operating costs, and process purity. For these reasons, it found its application, particularly in medicine (marking implants and surgical tools), tool marking, automotive, and aerospace industry. Despite many advantages, one of the problems that can arise after laser irradiation of steel is increased corrosion, resulting mainly from a change in the surface morphology (defects, roughness) and its physicochemical structure. Due to its unpredictability, lack of information and mostly negative impact on corrosion resistance the universality of this processing method is limited.



The duration of the laser pulse is an important factor affecting the interaction between the beam and the material. In case of long pulses, due to thermalization of deposited energy, the oxide layer is formed on the surface, and there is a change in both morphology and chemistry of the surface layer, whereas ultrashort pulses exert an impact mainly on the topography, as the short time of deposition of energy limits the production of heat. A particular case of the latter one is the occurrence of laser-induced periodic surface structures (LIPSS), also referred to as “ripples”. They are a subject of interest mainly because due to the sub-micrometre size of their period they can act as a diffraction grating, generating structural colours. Both mechanisms of light absorption lead to change in the surfaces’ susceptibility to corrosion, optical properties, wettability, etc. [1,2,3,4,5,6,7,8].



However, it should be emphasized that laser processes are inevitably accompanied by a change in geometry, chemistry, or both. Two lasers with different pulse duration (nano- and femtosecond) were selected for research. Both the mechanism of light absorption and the processes accompanying material modification with these lasers are radically different. The principle of the laser with a long pulse duration is based on the controlled supply of energy in an oxygen-containing environment, causing changes in both the chemical composition (rearrangement of ions according to the principles of thermodynamics and kinetics of accompanying reactions), and the development of the surface condition (roughness, microcracks, and other defects). The use of a femtosecond laser shows a different effect. A unique feature of ultra-short pulses is the supply of energy in less time than the time needed for its thermalization (depending on the material it ranges from one to several picoseconds). Overall, this results in a significant improvement in the quality of material treatment due to the reduction of thermal and mechanical load. AISI 304 stainless steel, due to numerous advantages, including high resistance to corrosion and temperature, good mechanical parameters (strength, elasticity, plasticity), shiny gloss, etc., is one of the most commonly used materials, practically in every industry from everyday products, medical, automotive, aviation, maritime, building constructions, to space and high-tech applications.



The aim of this work was to compare the effect of laser treatment of different pulse duration on the morphology, chemical composition of the surface layer, and corrosion resistance of AISI 304 stainless steel.



The novelty of the presented approach consists in both examining the corrosion properties of the stainless-steel surfaces covered in LIPSS structures as a special case of femtosecond laser radiation effect, as there are few reports in the literature, and on comparing the mutual influence of both laser radiation on the corrosion resistance of the material. As it is commonly known, the formation of an oxide layer on the surface of the material is not only a function of the applied process parameters, but also the initial state of the surface of the modified material. However, the mutual interaction of two techniques, one of which (ns-laser), in accordance with our previous research [9], was optimized to obtain the highest corrosion resistance, and the other technique allowing the maximum development of the effective surface of the material by producing periodic structures (LIPSS) with a fs-laser, which should have a negative impact on corrosion resistance, did not allow for the formulation of a predictable result. The obtained results should help to better understand how the laser interaction modifies the corrosion of stainless steel.




2. Materials and Methods


2.1. Preparation of Samples


Experiments were performed on a commonly used stainless steel AISI 304 (0H18N9, cold rolled sheets with a chemical composition: 17 wt.% Cr, 12 wt.% Ni, 2.5 wt.% Mo, max 2 wt.% Mn, max 1 wt.% Si, max = 0.008 wt.% C, Fe = residual) with a dimension of 20 × 20 mm2 and thicknesses of 1 mm. The plates were pre-coated with an anti-scratch polymer foil, which was removed before the experiment. Before the laser treatment process, samples had also been twice washed for 10 min in 60 °C in an ultrasonic cleaner filled with isopropyl alcohol and dried by compressed nitrogen.




2.2. Laser Treatment


In this research, two quite different laser sources were used to change both the morphology and the chemical composition of the AISI 304 stainless steel.



First was the nanosecond (pulse duration τ = 230 ns) Yb:glass fibre laser with a wavelength of λ = 1062 nm, an average output power of up to P = 20 W, beam diameter d = 40 μm and beam quality factor M2 ≤ 1.2 (IPG, YLP series, Oxford, MA, USA). In this system F-theta lens (LINOS type 4401-301-000-20/21, Goettingen, Germany) was used. The temperature of the substrate was controlled (20 ± 0.2 °C) using a temperature controller (ILX Lightwave type LDT-5525, Bozeman, MT, USA). A detailed diagram and setup visualization were presented in the previous work [10]. Samples were irradiated at a normal angle using the following parameters: output power P = 4.4 W, scanning speed V = 396 mm/s, hatching distance h = 10 μm and pulse repetition rate PRR = 80 kHz. These parameters were selected due to our previous research results [3,9]. These studies showed that after laser irradiation with above-mentioned parameters, a thin, tight, passive, chromium oxide-rich layer with extremely high corrosion resistance (significantly higher than the unstructured sample) is formed on the steel surface. The question then arose whether and how this result will be influenced by additional femtosecond laser radiation directed at the largest possible surface development through the LIPSS structures.



The second laser source was Trumpf TruMicro Series 2020 fiber laser (Schramberg, Germany) with pulse duration time tuneable from 260 fs to 20 ps, the wavelength of λ = 1030 nm, an average output power of up to P = 20 W, and beam quality factor M2 < 1.15. The SCANLAB’s optical scanning system intelliSCAN 14se (Puchheim, Germany) alongside with F-Theta lens of fd = 163 mm was used (Sill Optics S4LFT1163/081, Wendelstein, Germany). The resulting beam diameter d was below 50 μm. Samples were irradiated at normal angle using the following parameters: output power P = 0.4, 0.7 and 1.2 W, scanning speed V = 200 mm/s, hatching distance h = 5 μm and pulse repetition rate PRR = 20 kHz. These parameters were experimentally selected as being suitable for the formation of relatively good quality LIPSS and average corrosion parameters on the surfaces [8].



In this study, five samples of AISI 304 stainless steel were selected for the experiments (Figure 1):




	
Reference—hereinafter referred to as REF,



	
irradiated using only nanosecond laser—hereinafter referred to as ‘ns’,



	
irradiated using only femtosecond laser—hereinafter referred to as ‘fs’,



	
irradiated using femtosecond and then nanosecond laser—hereinafter referred to as ‘fs + ns’,



	
irradiated using nanosecond and then femtosecond laser—hereinafter referred to as ‘ns + fs’.








The samples having dimensions of 20 × 20 × 1 mm3 were irradiated on the surface of 15 × 15 mm2.




2.3. The Morphology and Surface Roughness of the Samples


Microscopic visualization of the samples was carried out using a Keyence VHX-5000 digital microscope. An Olympus Lext 5000 profilometer equipped with a 405 nm laser diode was used to assess the roughness of the samples. Surface roughness (Ra—arithmetic mean roughness value from the absolute value of all profile values of the measuring section, Rz—the distance from the highest peak to the lowest part of the trough [11]) were carried out at an angle of 90 degrees to the lines scanned by laser in order to obtain the largest scatter of results, for a trace width of 4 mm. Ten measurements were made for each sample. The presented results are the average value. The research was carried out in accordance with standard PN-EN ISO 4288.




2.4. Electrochemical Corrosion Tests


Both potentiodynamic measurements and Electrochemical Impedance Spectroscopy EIS were performed after 1-h stabilization at open circuit potential (OCP) using Atlas 1131 Electrochemical Unit and Impedance Analyser (Atlas Sollich, Rębiechowo, Poland). In this research, a three-electrode 011951 plate material evaluating cell was used. The reference electrode was a Saturated Calomel Electrode (ESCE = 244 mV), Working Electrode were a test specimen of titanium and a Counter Electrode was a platinum wire. The tests were carried out in accordance with the standard PN-EN ISO 17475. A CNaCl = 3% solution was used in this experiment, and its temperature was controlled during the whole experiment and was 24 ± 2 °C (room temperature). During experiments, the electrochemical cell was filled with a volume of 1 mL. Seals made of rubber Viton® (FKM, ERIKS, Utrecht, The Netherlands), which distinguished enhanced chemical and thermal resistance, derived from the DuPont company were used. The electrochemical cell was placed in a Faraday cage in order to minimalize the electromagnetic interference.



The potentiodynamic measurements were performed starting from −0.8 V vs. OCP, and progressing in the anodic direction up to 0.8 V at a scan rate SR = 1 mV/s. The analysis of registered potentiodynamic curves was carried out using the AtlasLab® (Atlas Sollich, Rębiechowo, Poland) program dedicated to electrochemical studies, which use the Tafel interpolation method. The Tafel method consists of plotting linear sections on the anode and cathode curves parts (Figure 2).



Corrosion current density J and corrosion potential E can be determined from its intersection. Taking into account the slope of the curves, the polarization resistance Rp can be determined from the Stern-Geary equation:


Rp = (βa × βc)/(J × 2303 × (βa + βc)),



(1)




where: βa—anode curve slope, βc—cathode curve slope.



The EIS acquired in the frequency range of 10 mHz to 100 kHz with a 10 mV amplitude sine wave generated by a frequency response analyser.




2.5. Chemical Analysis


X-ray photoelectron spectroscopic (XPS) chemical bonding analysis was conducted using hemispherical spectrophotometer VG Scienta R3000. Spectra were obtained under ultra-high vacuum, under pressure of ~2·105 Pa. The source of monochromatic light was the Al Kα X-ray tube (hν = 1486.6 eV), which was placed at an angle of 55°. As a reference for spectra calibration, the C1s peak position of carbon (284.6 eV) was used. The obtained experimental data were fitted to Gauss-Lorentz shapes using CasaXPS® software (version 2.3.16, Casa Software Ltd., Teignmouth, UK).





3. Results and Discussion


The microscopic images of the samples selected for the research, shown in Figure 3, present differences in surface morphology of AISI 304 stainless steel. Laser modification (using both nano- and femtosecond sources) contributed to the homogeneity of the sample surface, compared to the reference sample, on which the grains with different sizes are visible (Figure 3a). In the case when a nanosecond laser was used in the last irradiation process, in other words, the top layer was irradiated with a nanosecond laser (Figure 3b,e) as a result of gently remelting the surface with a laser beam, a thin, tight (no microcracks in the microscopic sense) oxide layer was formed on the surface. A different surface is observed when the last stage was irradiated with a laser with an ultra-short pulse duration (Figure 3c,d). On the surface of these samples, LIPSS were formed.



The surface of the material determines its properties as well as other corrosion rates. Therefore, roughness tests were conducted. The use of a nanosecond laser to modify the surface layer of AISI 304 steel resulted in a smoother surface compared to the reference sample (Figure 4). Smoothing the surface after nanosecond irradiation was also observed by Alwan et al. [12], Ruzankina et al. [13], and Krawczyk et al. [14]. The use of a femtosecond source did not significantly change the surface roughness despite the formation of LIPSS on the surface. A very slight increase in Ra and Rz was observed compared to the reference sample. Interestingly, despite the completely different microscopic images (Figure 3d,e), the roughness (both Ra and Rz) of the layers using both lasers (fs + ns and ns + fs) is comparable and noticeably smaller in relation to the reference.



The corrosion resistance of stainless steel after laser treatment depends on both morphology and physicochemical structure (mainly the concentration of chromium in the surface layer) [2,4,15,16]. This is a significant problem limiting the widespread use of this technology. To assess the corrosive behaviour of the material after laser modification, potentiodynamic and EIS tests were performed. Potentiodynamic curves were recorded after 1 day (24 h) of the sample’s immersion in a 3% sodium chloride (NaCl) solution (Figure 5). The tests showed a significant decrease in the corrosion current density J and an increase in the corrosion potential E for the sample irradiated using a nanosecond laser. A significant decrease in the corrosion current density in the NaCl solution was also noted as a result of remelting the surface layer with a ns fibre laser [2].



On the basis of registered potentiodynamic curves (Figure 5), using the Tafel interpolation method (Figure 2) [17,18], the value of polarization resistance Rp and corrosion current density J were determined for all tested samples (Figure 6). A significant (~4.5×) increase in polarization resistance, characterizing the corrosion resistance and the accompanying significant decrease (~5.3×) of the corrosion current density and process intensity, compared to the reference sample (REF) was noted for the sample irradiated using a nanosecond laser (ns). Similar results were obtained using fibre laser by Alwan et al. in a 13% HCl solution [12], Abbas in artificial salvia solution [19], Westin et al. in 1 M NaCl solution [20], and in our previous research in NaCl, H2SO4, and KCl solution [3,9,21]. A significant increase in corrosion resistance seems to be associated with surface homogeneity, a decrease in roughness after the laser process (Figure 4). The use of a femtosecond laser (fs and ns + fs) did not change the corrosion resistance of AISI 304 steel compared to the reference sample. A slight increase in corrosion resistance was observed for the case of irradiation with femto- and then nano-second laser (fs + ns). Similar to ‘ns’ sample, this may be due to the formation of a thin, tight and protective layer on the surface.



Bode impedance spectra [22] (Figure 7) confirm the results of potentiodynamic studies (Figure 4 and Figure 5). As expected, the ‘ns’ samples showed the highest corrosion resistance, as evidenced by both the highest impedance module |Z| and high phase angle value Φ, in particular at the low frequency range (<10 Hz), which indicate a typical passivated characteristic of the material [15,23,24,25]. In addition, the ‘fs + ns’ sample exerted higher corrosion resistance than the REF. The |Z| for all laser irradiated samples is significantly higher than REF in the whole frequency range. The impedance modules |Z| for all samples are linear over a wide frequency range and their slope is close to –1, which indicates a typical capacitive character of the analysed surfaces. In a wide range of medium frequency, the phase angle of all samples reaches a value close to 80°, which indicates that their surface is relatively homogeneous, stable (tight), and possesses that passive film is intact [26] and in line with the roughness tests (Figure 4). The lowest phase angle exerts the REF sample. Given that the shape of the phase angle Φ spectrum of the samples exposed by the ‘ns’ and ‘fs + ns’ lasers in the high frequency range significantly differs from the other samples, the electrical models describing the electrochemical behaviour of these samples must be different.



This is mainly evident from completely different mechanisms associated with nano- and femtosecond laser processing. Bode impedance spectra were adapted to electric models using the AtlasLab program, where Rs—electrolyte resistance, CPE1—Constant Phase Element describing the capacity of the electric double layer, R1—charge transfer resistance, CPE2—oxide layer capacity, R2—resistance of the passive oxide layer, Wo—Warburg impedance (Figure 8).



The results of matching electrical models (Figure 8) to impedance spectra (Figure 7) are summarized in Table 1. The charge transfer resistance R1 for all analyzed samples is very high (~MΩ), confirming good corrosion resistance of AISI 304 stainless steel. The capacitive behaviour of the layer is modelled by the Constant Phase Elements CPE. The use of a CPE contributes to better fitting results compared to a pure capacity due to inhomogeneities in the layer. The impedance of CPE is calculated by its two parameters: frequency independent admittance Y and parameter N, which gives information about the nature of the CPE:


ZCPE = 1/(Y(jω)N),



(2)




where: j—imaginary part, ω = 2πf—circular frequency.



The CPE results concern the good quality of the layers. The N1 and N2 parameters can have values from 0 to 1. N = 0 indicates a resistance and N = 1 indicates a pure capacity behaviour [27,28,29]. The obtained N1 and N2 values (close to 1) both represent a capacity behaviour and suggest a high tightness and homogeneity of the passive layer. The obtained impedance spectra for the REF, ‘fs’ and ‘ns + fs’ samples were fitted to the Randles substitute electric model [30,31] (Figure 8a). The nanosecond laser acts as a heat source, causing the surface to oxidize. The thin oxide layer formed on the surface of the sample is visible in the different shapes of impedance spectra. Due to this fact both ‘ns’ and ‘fs + ns’ samples were fitted to the different electrical model including this oxide layer. For both ‘ns’ and ‘fs + ns’ samples in the electric model, Warburg impedance [30,32] appears (Figure 8b). It is associated with the transport of the reacting substance (diffusion), as both oxidation and reduction processes occur [33,34]. It also appears to be a protective and passive oxide layer. Abbas [19] also observed an improvement in the corrosion resistance associated with the formation of a protective layer of chromium oxide on the surface, which reduces the corrosion rate and improves the pitting corrosion resistance.



In order to assess the elemental composition of tested samples, XPS was used. Photoemission spectra for two main elements in the form of Fe 2p and Cr 2p lines for all analysed cases are presented in Figure 9. It is worth explaining the low intensity of the Cr 2p and Fe 2p lines for a reference sample in relation to the cases exposed to laser radiation. This resulted in a significant amount of carbon deposits (mainly due to free hydrocarbons) on the surface of the unstructured sample, which masked the chemical structure of the analysed steel. This is particularly evident from the summary presented in Table 2. The image of the obtained spectra correlates quite well with the expectation. In general, two trends can be distinguished, and the final result is mainly determined by the process that was carried out as the second. Therefore, for processes ending with the femtosecond laser, both the nature of the spectra (Figure 9) and the proportions of individual elements (Table 2 and Figure 10a) are analogous to those in the reference sample. The difference is essentially due to partial ablation of the carbon contamination. The largest share of the pure metal lines (~575 eV for Cr and ~707 eV for Fe) are visible here in relation to the whole spectrum, compared to other samples. The share of Cr and Fe ions in the structure of the passivation layer is quite comparable (Cr/Fe ≈ 0.4–0.5). This state proves that the process of creating LIPSS structures with a femtosecond laser ablates at the same time the previously produced oxide layer (ns laser), thereby significantly cancelling the change in the chemical structure introduced by the thermal process.



The situation is quite different for the case where the final process is thermally oriented irradiation with a nanosecond laser. The oxide layer in this case consists mainly of chromium oxides. This is due to the stronger affinity of chromium to oxygen (thermodynamic preference, which is the highest negative free energy ΔG0 among the agents occurring in the substrate) [35,36]. What is also characteristic in this case is the maximum shift of the Cr 2p spectrum towards higher binding energies, i.e., higher levels of chromium oxidation (Cr2+ ~577 eV → Cr4+ ~578 eV and Cr6+ ~580 eV). There is no such shift for the iron Fe 2p lines. This is due to the low energy density of the nanosecond laser radiation, selected so (as part of previous research) to improve the corrosion resistance of AISI 304 steel [9].



Although it might seem that the earlier structuring of steel with a femtosecond laser promotes the extraction of more chromium ions to the surface, which could positively contribute to the improvement of corrosion resistance compared to the sample exposed only by the nanosecond laser, however, a deeper analysis shows that this case also favours a higher content of iron ions on the surface.



Ultimately, the Cr/Fe ratio is slightly less favourable here compared to the case of nanosecond laser only, as shown in Figure 10b.




4. Conclusions


The paper presents an analysis of the impact of irradiation of stainless steel with laser sources of different pulse durations on the chemical composition of the surface and its corrosion resistance. The study was conducted with nanosecond and femtosecond radiation. By modifying the surface of stainless steel alternately with a nano and femtosecond laser, it has been observed that the final result is determined by the process that was carried out as the second.



It was found that the highest corrosion resistance can be obtained by producing the oxide layer on the surface of AISI 304 steel only with a ns-laser, and this is mainly due to the most favourable Cr/Fe ratio, which is Cns = 6.5. In this case, the polarization resistance Rp_ns is ~4.5 times higher and corrosion current density, indicating the intensity of the corrosion Jns ~ 5.3 times smaller in comparison to the reference sample. The formation of an oxide layer after an earlier surface development with a fs-laser (fs + ns) did not bring such a good result. Despite the higher concentration of chromium on the surface compared to irradiation with nanosecond laser only (Crfs+ns = 15.9%, Crns = 13.4%), the ratio of Cr/Fe (Cfs+ns = 3.8, Cns = 6.5) was lower. It is in line with potentiodynamic tests (Rp_fs+ns is ~ 2 times higher and corrosion current density Jfs+ns ~ 1.6 times smaller in comparison to the reference sample). The most surprising case is the case of structuring with a fs-laser after having previously formed the oxide layer. Although this sample was less rough and its chemical composition in terms of the proportion of the main elements (except for the carbon deposit) was comparable to the REF sample, in the end, the corrosion resistance was worse than for the REF sample (Rp_ns+fs = 0.8 times smaller and corrosion current density Jns+fs ≈ 1.2 times higher). The last of the analysed cases, structuring only with a fs-laser, despite a significant surface development (LIPSS) with the accuracy to measurement errors does not affect the corrosion resistance of the steel under consideration. While this result is neutral, given the additional micro- structuring, it should be interpreted as a positive finding.
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Figure 1. AISI 304 stainless steel samples selected for the experiment. 
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Figure 2. A graphical example of determining the tafel curves. 
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Figure 3. Microscopic images of the samples surface of AISI 304 stainless steel: (a) REF, and after laser irradiation using nano- and femtosecond pulse duration lasers: (b) ns, (c) fs, (d) ns + fs, (e) fs + ns. 
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Figure 4. The surface roughness Ra and Rz. 
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Figure 5. Potentiodynamic curves of AISI 304 stainless steel under open circuit potential condition for the reference and laser irradiated samples, registered after 1 day in 3% NaCl solution. 
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Figure 6. Electrochemical measurements of AISI 304 stainless steel in 3% NaCl solution under open circuit potential condition for the reference and laser irradiated samples, after 1 day: (a) polarization resistance, (b) corrosion current density. 
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Figure 7. Bode plots of AISI 304 stainless steel for the reference and laser irradiated samples after: 1 day immersion in 3% NaCl solution. 
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Figure 8. Electric models, where: Rs—electrolyte resistance, CPE1—capacity of the electric double layer, R1—charge transfer resistance, CPE2—oxide layer capacity, R2—resistance of the passive oxide layer, Wo—Warburg impedance: (a) “1”—single-layer, (b) “2”—double-layer with Warburg impedance. 
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Figure 9. The change in the XPS photoemission spectra lines of the: (a) Fe 2p, (b) Cr 2p; where: CPS—Counts Per Second and sat—satellite peaks. 
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Figure 10. Atomic concentration of: (a) Fe, Cr, and Mn, (b) the Cr/Fe ratio. 
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Table 1. The results of matching electrical models to impedance spectra.
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	Sample
	Model
	Rs (Ω∙cm2)
	Y1 (μS/cm2)
	N1
	R1 (MΩ∙cm2)
	Y2 (μS/cm2)
	N2
	R2 (Ω∙cm2)
	Wo (kS/cm2)





	REF
	1
	0.47
	0.97
	0.85
	24.5
	-
	-
	-
	-



	ns
	2
	0.54
	1.50
	0.90
	-
	1.48
	0.92
	25.3
	0.883



	fs
	1
	0.15
	0.17
	0.93
	17.3
	-
	-
	-
	-



	ns + fs
	1
	1.27
	0.09
	0.91
	5.19
	-
	-
	-
	-



	fs + ns
	2
	0.25
	0.16
	0.74
	-
	0.15
	0.92
	0.003
	2.61
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Table 2. Atomic concentration of main elements on the surface of analysed samples (up to 10 nm depth).
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	Sample
	% Fe
	% Mn
	% Cr
	% Si
	% C
	% O





	REF
	2.60
	0.10
	1.23
	0.00
	64.73
	31.34



	ns
	2.05
	4.25
	13.35
	7.86
	12.57
	59.92



	fs
	10.37
	2.86
	5.99
	1.41
	27.76
	51.61



	fs + ns
	4.21
	3.68
	15.88
	5.03
	11.96
	59.24



	ns + fs
	9.82
	3.17
	6.06
	1.52
	25.58
	53.85
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