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ABSTRACT:
							                           
Martensitic-grade stainless steels are widely used in diverse industrial and surgical applications, despite their natural tendency to suffer local and uniform corrosion when continuously exposed to aggressive operation conditions. In order to enhance their surface properties, this paper characterized the performance, in saline solutions, of AISI 420 stainless steel, which was surface-modified by three-dimensional ion implantation using electrochemical techniques. The surface of the samples was implanted with ionized nitrogen particles with an energy of 10 keV, varying the implantation time between 30 and 90 minutes. After the surface treatment, the samples were exposed to a NaCl 3% (w/w) aqueous solution for 21 days. Tafel extrapolation, linear polarization resistance, and electrochemical impedance spectroscopy tests were performed, with the purpose of quantifying the effect of the ion implantation technique against electrochemical corrosion. To establish a comparison, the same tests were also performed on non-treated samples. The results indicated an increase in the corrosion potential, polarization resistance, and a decrease in the current density of implanted samples, thus demonstrating that, by delaying corrosive activity, three-dimensional ion implantation offers better protection against electrochemical corrosion in AISI 420 stainless steel samples implanted with nitrogen.



Palabras clave: Acero martensítico, superficie, modificación superficial, corrosión, caracterización electroquímica.
		                         


RESUMEN:
						                           
Los aceros inoxidables de grado martensítico son ampliamente usados en diversas aplicaciones industriales y quirúrgicas, a pesar de su tendencia natural a presentar corrosión de tipo uniforme y localizada cuando son continuamente expuestos a condiciones de operación agresivas. Con el propósito de mejorar sus propiedades superficiales, este trabajo caracterizó el desempeño en solución salina del acero inoxidable AISI 420 modificado superficialmente por medio de la técnica de implantación iónica tridimensional usando técnicas electroquímicas. La superficie de las probetas fue implantada con partículas ionizadas de nitrógeno a una energía de 10 keV, variando el tiempo de implantación entre 30 y 90 minutos. Posterior al tratamiento superficial, las muestras fueron expuestas a una solución acuosa de NaCl al 3 % wt durante 21 días. Se llevaron a cabo pruebas de extrapolación Tafel, resistencia a la polarización lineal y espectroscopía de impedancia electroquímica, con el objetivo de cuantificar el efecto de la técnica de implantación frente a la corrosión electroquímica. Con motivo de establecer una comparación, los mismos ensayos fueron aplicados a muestras sin tratamiento. Los resultados indicaron un aumento en el potencial de corrosión, resistencia a la polarización y una disminución en la densidad de corriente en probetas implantadas, demostrando así que, retardando la actividad corrosiva, la implantación iónica tridimensional ofrece una mejor protección frente a la corrosión electroquímica en sustratos de acero inoxidable AISI 420 implantados con nitrógeno.



Palabras clave: Acero martensítico, superficie, modificación superficial, corrosión, caracterización electroquímica.
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			Introduction

			Grade 420 martensitic stainless steel (AISI 420 SS) is a high carbon steel with a chromium mass content of up to 14% and other alloying elements such as Mn (1%), Mo (1%), Si (1%), S (0,03%), and P (0,04%). This compositional structure, along with its heat treatment during the manufacturing process, makes it an attractive material for various industrial applications in modern engineering; it has a remarkable operational performance in electrolytic environments and relatively important mechanical properties (hardness and ductility). Despite this, grade 420 SS suffers great damage when exposed to certain conditions, for instance, when operating under annealed conditions or at high temperatures. This type of steel has demonstrated a lower corrosion resistance and pitting tendency in comparison with other martensitic and austenitic alloys (Voort et al., 2004).

			Due to cases of this type, the enhancement of the physicochemical properties (particularly in structures of metallic nature), by means of novel, safe, and reliable techniques working with easy-to-operate, inexpensive, and ecofriendly equipment designed specifically to advance in the engineering of solid materials and surface technology, has attracted a growing interest by the scientific community. Numerous experiments have shown that the surface properties of metals, altered by phenomena such as friction, wear, fatigue, and corrosion can be changed with superficial modifications by doping species upon the surface of the solid, and they have also uncovered feasible possibilities for improving the functional capability of several alloys in a variety of applications (Borgioli et al., 2019; Bravo and Vieira, 2015; Walsh et al., 2008). Recently, a number of ion bombardment techniques such as direct ion implantation (or ion beam), ion beam assisted deposition, or plasma source ion implantation, among other variations, have been increasingly implemented for surface treatments, exhibiting a potential for producing, in quantitative terms, enhancements in wear and corrosion applications in metals and alloys at several orders of magnitude.

			Initially, ion implantation was commercially presented in the semiconductor industry. Then, it happened to be studied at different laboratories across the world, whose works were aimed at the possibility of improving mechanical and corrosion behavior of steels that are of relevance to the nuclear and metallurgical industry (Was, 1990; Dearnaley, 1969; National Research Council, 1979). In general, the impinging atoms penetrate the target or substrate material at a depth between 0,01 and 1,00 μm, which produces a thin alloyed surface layer on the substrate without altering neither the geometric dimensions nor their internal properties. The implantation range of the atoms depends on the atomic number and the energy at which the atom is accelerated. The process differs from others such as electroplating in that it does not produce a discrete coating, as well as from or carburizing and nitriding, which involve diffusion of species at greater depths into the material at high temperatures. Instead, ion implantation alters the chemical composition near the surface of the base material. Within the phenomena occurred during the surface modification of the solid surface by ion bombardment, both compositional and microstructural changes can be identified, which lead to the alteration of physicochemical properties such as transport, optical properties, corrosion, strength and wear, and fatigue resistance. The compositional changes associated with ion implantation are classified into recoil implantation, cascade mixing, radiation-enhanced diffusion, radiation-induced segregation, Gibssian adsorption, and sputtering, which, combined, produce complex composition differentials upon the implanted surface. Microstructurally, within the formation of defects expected from thermodynamic equilibrium, it is possible to find phase alterations, metastable (crystalline, amorphous, or quasicrystalline) phase formation and growth, grain growth, texture, and the formation of a high-density dislocation network. It is worth noting that, compared to other surface processes, several advantages have been demonstrated for using ion implantation as a surface modification technique:

			
				

	
						The operation is inherently conducted at low temperatures.

					

	
						It yields exceptional adhesion.

					

	
						Dimensional changes are not a problem on an engineering tolerance scale (being around the order of a few tenths of nanometers).

					

	
						Surface polish is enhanced by the sputtering process.

					

	
						The implanted species are dispersed on a microscopic-atomic level, thus producing the most efficient and beneficial effect of the additive.

					

	
						Significant compressive surface stresses are produced, which compensate external imposed tensile stresses and protect the components against creep or fatigue failure by surface-initiated cracking.

					



			

			Notwithstanding the above, an important limitation in metallurgical applications has also been found, where a complete and homogeneous implantation of species upon the surface is required. Certain sections of the surface of complex shapes may be inaccessible to the line-of-sight capability of conventional equipment, thus leading to the expensive and bulky installation of sample manipulation devices (Was, 1990; Dearnaley, 1969; National Research Council, 1979). With the purpose of improving the functionality in corrosive environments of ferrous alloys widely used in engineering applications, this paper presents the results obtained from the electrochemical analysis of a 420-grade stainless steel surface modified by three-dimensional ion implantation (3DII), a particular implantation technique that overcomes the limitations mentioned above. By means of 3DII, nitrogen (N) ions are bombarded upon the surface of AISI 420 SS substrates at previously established energy levels and exposition times (Dougar-Zhabon, 1999, 2002; Valbuena-Nino et al., 2010, 2011, 2020; Sanabria et al., 2019, 2020). Then, the effect of the surface modification and performance of the SS samples exposed to an aggressive media simulating work operation is evaluated through the following electrochemical techniques: linear polarization resistance (LRP), Tafel extrapolation, and electrochemical impedance spectroscopy (EIS).

		

		
			Methodology

			In general, the experimental methodology in this work was sequentially developed as follows: substrate preparation, definition of parameters prior the ion implantation treatment, and electrochemical characterization.

			
				
Substrate material


				Disk-shaped AISI 420 SS substrate with a 13 mm diameter and 2 mm thickness were used in this study (see chemical composition in Table 1). Before the surface treatment, the metallographic preparation was carried out in accordance with ASTM standards (2003, 2011a). The samples were ground and then polished with silicon carbide papers from 60 down to 600 grit. Additionally, in order to understand the state and phases of the delivered material, a microstructure analysis was performed with a Carl Zeiss JVC metallographic microscope.

				
					

Table 1




Elemental composition of AISI 420 SS




[image: 0120-5609-iei-42-01-e106-gt1.gif]






 Source: Authors






				

			

			
				
Ion implantation


				3DII is performed by means of the Joint Universal Plasma and Ion TEchnology Reactor (JUPITER), a prototype of this technique. The process is based on a high voltage pulsed discharge activated within the low-pressure range or 'high vacuum'. For a more detailed description of the properties, phenomena, and other generalities occurred in this type of plasma-ion technology, a review of the referenced literature is encouraged (Parada et al., 2019; Vladimir and Tsygankov, 1997). Once the samples are placed upon the cathode (the region where the applied voltage drops) inside the vacuum chamber of the reactor, a pump system is set up to achieve the required vacuum operations and then ignite the discharge. At this pressure conditions, an ion flux of gaseous nitrogen is fed into the chamber. Once exposed to the applied potential (whose magnitude is of an order from tenths to hundredths of kiloelectronvolts), the gas particles reach an ionization state and then, due to the auto-sustained plasma, which is generated by the effect of this type of discharge at such conditions, the excited particles are attracted towards the cathode, also granting the implantation of ionized species upon the surface of the substrates at a normal angle on the surface. Additionally, prior to the implantation process in this study, there was additional surface preparation by sputtering. That is, before feeding in the ion flux of nitrogen, an Argon (Ar) flux was supplied at certain conditions with the purpose of eliminating the greatest possible amount of impurities and adapting the roughness across the surface of the substrates. The JUPITER operation conditions for both processes (sputtering and ion implantation) agree with previous experiments and shown in Table 2 (Dougar-Zhabon et al., 1999, 2002; Valbuena-Nino et al., 2010, 2011, 2020; Sanabria et al., 2019, 2020).

				
					

Table 2




Operation conditions
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Electrochemical characterization


				Implanted and non-implanted substrates were immersed in an electrolyte solution with NaCl (wt. 3%) for 21 days, and electrochemical tests were periodically performed on days 0, 7, 14, and 21. To measure the electrochemical corrosion behavior of AISI 420 SS samples, an electrochemical cell with a KCl salt bridge and Agar-Agar solution was implemented. A typical cell consists of three electrodes, in which AISI 420 SS specimen served as the working electrode with an area of 0,785 cm2, a graphite rod as the counter electrode, and Ag/AgCl (saturated calomel electrode) as the reference electrode. This cell is then connected to Gill B1-STAT through a potentiostate plugged into a computer with the ACM v.5 software and a sequencer, as mentioned in the G106-89 standard (ASTM, 2015).

				It is worth noting that all electrochemical and corrosion tests were performed according with ASTM standards (2010, 2011b). The Tafel extrapolation test was performed with a scan rate of 1 mV/sec and a potential between -250 mV and +250 mV. LPR analysis was carried out with a linear fit between +25 mV and -25 mV around the previously established corrosion potential (Ecorr). As for the electrochemical impedance measurements, the spectrums were recorded with an initial and final frequency of 30 000 Hz and 0,05 Hz, respectively. The impedance response was eventually obtained from the applied frequency range and then analyzed by Nyquist plots and Bode representation. An equivalent circuit was proposed to physically interpret the obtained data from EIS measurements. The procedures mentioned above were followed to determine the kinetic parameters (E
 
 corr
 
 ), corrosion current density (zcorr), and polarization resistance Additionally, the experimental data were simulated by running different types of electrode-electrolyte interfaces with the Zview software (Scribner Associates, Inc.), thus finding the best electric circuit representation, accurately describing each electrochemical system, and determining the respective values of each component involved.

			

		

		
			Results

			The characterization results before and after the implantation process are presented in this section in the following way: a metallographic analysis, an electrochemical study with potentiodynamic analysis (Tafel and LPR), and EIS measurements.

			
				
Metallographic analysis


				The micrograph of the structure is illustrated in Figure 1, which is agrees with the typical microstructure of the martensitic stainless steel (AISI 420 SS) supplied in annealed conditions. It consists mainly of ferrite, together with perlite grains dispersed with small colonies of carbides precipitated at the grain boundaries (Nunura and Lecaros, 2015; Voort et al., 2004).
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Figure 1



Metallography structure: AISI 420 SS.







Source: Authors






				

			

			
				
Electrochemical analysis


				Extrapolation Tafel: In order to obtain information concerning the corrosion resistance of AISI 420 SS, the quantitative assessment of corrosion was conducted by potentiodynamic polarization tests. Figure 2 illustrates the comparison of the potentiodynamic polarization curves between implanted and non-implanted samples exposed to NaCl (wt. 3%) solution at different exposition times. The relevant parameters are listed in Table 3.

				
					

Table 3




Electrochemical parameters obtained from Tafel analysis
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Figure 2



Potentiodynamic curves: Samples exposed to NaCl (wt. 3%) at (a) 0 days, (b) 7 days, (c) 14 days, and (d) 21 days. 







Source: Authors






				

				From the Tafel analysis, the Ecorr value gives an idea of the reactive nature of the surface of AISI 420 SS. In general terms, it can be noticed that, during each stage of the experiment, the blanks, compared with implanted samples, described an active corrosion tendency with a more negative Ecorr and a rapid increase in the anodic reaction rate. As a result, a more important deterioration of corrosion resistance may be expected. Regarding the implanted samples, the Ecorr values shifted towards nobler sides, where the samples that stood out were those whose nitrogen ion implantation was carried out for 90 minutes and exposed at 0, 7, and 21 days. Unlike the latter, at 14 days, it was found that the Ecorr value for the substrates implanted for 30 minutes was slightly higher, which did not allow establishing a linear correlation between Ecorr and treatment time during ion implantation with nitrogen on AISI 420 SS. Nevertheless, the analysis of the corrosion potential is only a first approximation of the electrochemical behavior of the material, and other parameters like icorr must be taken into account in order to evaluate corrosion kinetics.

				Corrosion current density (icorr) was estimated by means of linear fit and Tafel extrapolation to the cathodic part of the polarization curve. From Table 3, it can be observed that the corrosion current density (icorr) is inversely proportional to the corrosion potential (Ecorr), which implies the same pattern of corrosion behavior, that is, an increase in icorr implies a degradation of the protective properties of the passive film formed during the implantation process. As mentioned before, the reaction rate in samples without treatment remained the highest throughout the exposition time in saline solutions. Conversely, it can be observed that the Ecorr and icorr of the implanted samples provided better results compared to non-implanted samples. Since the icorr magnitudes reflect the rate of dissolution through the passive layer, it can be concluded that the samples implanted with nitrogen for 30 minutes possess a better corrosion resistance in comparison with the blanks. Thus, it can be said that the treatment with the same ion implanted for 90 minutes exhibits the highest corrosion resistance. As for the inspection at 14 days of chemical attack, the samples implanted for 90 minutes showed an increase in Ecorr accompanied by lower icorr than those implanted for 30 minutes, which confirms a more important improvement in the corrosion resistance of AISI implanted with nitrogen under these conditions. Finally, it is worth mentioning the existence of a transpassive region, where the rapid increase in the current value occurs due to a breakdown of the passive films. This tendency is commonly known as pitting corrosion, and it is made evident in Figure 2c for the samples implanted for 30 minutes at a potential of 0,06 V. A more notable tendency of this phenomena is presented in Figure 2d for blanks and samples implanted for 90 minutes at potentials of 0,06 V and 0,12 V, respectively. (Anandan et al., 2007; Maleki-Ghaleh etal., 2014; Muthukumaran etal., 2010; Padhy et al., 2010; Pereira et al., 2017; Osozawa and Okato, 1976).

				Several works have attributed the beneficial effect of nitrogen ion implantation in ferrous alloys to different physical and chemical phenomena such as the supersaturation of the atomic structure, the generated stresses, and the defect density (Sanabria et al., 2020). Regarding the electrochemical properties of stainless steels, the contribution of both implanted nitrogen and the formation of chromium nitride on the metal's surface have been confirmed as the main mechanisms in the enhancement of corrosion potential and current density. On one hand, the decrease in i
 
 corr
 is attributed to the formation of stable chromium nitride phases inside the interstitial sites, which act as a kinetic barrier to the dissolution process of the alloy, hence reducing the reaction rate due to a multi-electron transfer process.

				Other authors (Anandan et al., 2007; Muthukumaran et al., 2010; Padhy et al., 2010) have proposed a different approach to the effect of implanted nitrogen on electrochemical behavior. Implanted nitrogen favors the formation of ammonium ions (Equation (1)) which eventually increase the local pH at active sites on the surface, such as grain boundaries and kinks, where passive film formation is chiefly unstable. As a result, the production of ammonium, together with further nitrite or nitrate ions through the electrolyte, impedes the reduction of pH, thus shifting the Ecorr to more positive values (Fossati et al., 2006).
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				Linear polarization resistance: Linear polarization resistance is inversely related to the corrosion rate and provides useful information on the reactivity of AISI 420 SS in electrolytes. The knowledge of RP from the cathodic zone enables the direct determination of icorr and, hence, the corrosion rate at any instant (Vasilescu et al., 2015). The results obtained after the exposition to a NaCl (wt. 3%) solution while performing the linear polarization test in non-implanted and implanted samples are presented by the graphs in Figure 3.
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Figure 3



Linear polarization resistance plots: Log i (current density) vs. Potential (v) plots of non-implanted (a) and implanted with nitrogen for (b) 30 minutes, (c) 90 minutes, and (d) RP vs. exposition time in NaCl. 







Source: Authors






				

				The relation between the potential and the current density of non-implanted samples is depicted in Figure 3a. The typical trend of polarization curves was observed, with a relatively similar R
 
 P
 values at 0 days (3 364,2 Ω.cm2), 7 days (3 632,8 Ω.cm2), and 14 days (3 937,6 Ω.cm2). It then reached the highest value at 21 days (12 810,0 Ω.cm2) of exposition due to a possible passivation of the metallic surface by the formation of a chrome oxide film, a natural characteristic of martensitic SS against corrosion. As for the results in the current-potential profile of implanted samples, a remarkable difference between the RP values was observed; there was a gradual magnitude increase during the immersion time in the saline solution. In the case of the substrates implanted with nitrogen for 30 minutes in Figure 3b, the RP values were 2 812,1 Ω.cm2, 19 562,0 Ω.cm2, and 36 455,0 Ω.cm2 at 0, 7, and 14 days, respectively. At 21 days, where the RP reached the highest magnitude or polarization resistance (248 905,0 Ω.cm2), the curve presented a vertical trend of quasi-steady current as the potential increased, which indicates the formation of a passive film upon the surface. Similarly, the samples implanted with nitrogen for 90 minutes (Figure 3c) exhibited such tendency, where the RP values at 0 and 7 days were 6 553,3 Ω.cm2 and 28 030,0 Ω.cm2, respectively. However, this system achieved the passive behavior at 14 days with an RP of 269 228,0 Ω.cm2, and then at 21 days with the highest polarization resistance at 812 510,0 Ω.cm2. An overall RP behavior of the samples is shown in Figure 3d.

				By means of this electrochemical measurement, a favorable effect of 3DII technique with nitrogen species upon the surface of martensitic stainless steels was demonstrated; it gradually reduced the current flux across the substrate surface and therefore boosted its corrosion resistance during the immersion time in the electrolyte solution. Additionally, a linear correlation was established between the RP and treatment time, with a better protection at relatively longer times of nitrogen ion implantation. A reason for this is that the surface of implanted substrates effectively achieves a passive behavior due to the formation of a stable and protective surface oxide layer. This delays the effect of anodic reactions upon the surface of the material once exposed to the chemical attack. Other 3DII studies have found a direct correlation between the treatment time and the implantation dose, reporting better corrosive behavior at higher doses due to the effect of the concentration of the implanted species (Valbuena-Niño et al., 2020; Sanabria et al., 2019). The findings in the LPR measurements agree with other works (Valbuena-Niño et al., 2011; Peña et al., 2009) and reinforce the results obtained in the Tafel analysis regarding the electrochemical behavior of AISI 420 SS against electrochemical corrosion.

				
Electrochemical Impedance Spectroscopy: Whereas potentio-dynamic polarization analysis can give information about the susceptibility of the surface to corrosion, EIS experiments can provide more data concerning to the corrosion mechanisms.

				The evolution of the electrochemical behavior of non-implanted AISI 420 SS samples and samples surface-treated by nitrogen ion implantation for 30 and 90 minutes, then exposed to a saline environment for 0, 7, 14, and 21 days, is indicated by the common EIS representations: Nyquist plots and Bode diagrams. Additionally, an appropriate equivalent circuit with its corresponding fitted parameters, such as constant phase elements (CPE), solution resistance (RS), pore resistance (RL), and RP, is also presented in Table 4 and described in a section below.
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Figure 4



Nyquist diagrams for (a) non-implanted and implanted with nitrogen for (b) 30 minutes and (c) 90 minutes. 







Source: Authors






				

				In Figure 4, the Nyquist plots are illustrated from EIS measurements carried out at different exposition times for both non-implanted (Figure 4a) and implanted samples with nitrogen species at different treatment times (Figure 4b and c). All the Nyquist plots end up with an unfinished semicircular form. A similar electrochemical tendency can be seen in the implanted samples, where the influence of 3DII with nitrogen particles is made evident by comparing the radius of the curves with those described by the blanks. The difference lies in the shifting of the curves for the implanted samples along the real axis, which is due to the series resistances comprising electrolytes and contact resistance. This can be validated from the values obtained in Table 4. Since high RP values suggest a good corrosion resistance, and low capacitance magnitudes signify the long-term stability of the passive film, the geometric increment in the curve amplitudes is attributed to a direct increase between the polarization resistances of each system with both the exposition time and treatment time in the implantation process. The RP increased from 990,0 Ω.cm2 (0 days) to 22 516,0 Ω.cm2 (21 days) in blanks (Figure 4a), from 842,7 Ω.cm2 (0 days) to 26 000,0 Q.cm2 (21 days) in samples implanted for 30 minutes (Figure 4b), and from 5 557,0 Ω.cm2 (0 days) to 463 780,0 Ω.cm2 (21 days) in samples implanted for 90 minutes (Figure 4c).

				Conversely, the double layer capacitance for each system globally presented a reduction in its magnitude throughout the electrochemical exposition from 9,38E-03 F.cm-2 to 9,70E-06 F.cm-2 in blanks (Figure 4a); from 2,64E-3 F.cm-2 to 6,59E- 06 F.cm-2 in samples implanted for 30 minutes (Figure 4); and from 3,39E-04 F.cm-2 to 8,59E-06 F.cm-2 in samples implanted for 90 minutes (Figure 4c). The increase observed in the RP values in implanted samples is due to stable and readily passive film formation owing to the interfacial nitrogen and the production of chromium nitride. The similar tendency observed in bare substrates, although at a lower degree, may be attributed to the passive nature of martensitic AISI 420 SS in chloride media. As for the capacitance decrease, it indicates an improvement in the passive film stability, thus validating the positive effect on samples implanted with nitrogen (Leitao etal., 1997; Hannani, and Kermiche, 1998).

				
					Figure 5 shows the Bode diagram representation of EIS measurements for blanks and nitrogen implanted on AISI 420 SS samples after immersion in the same corrosive medium. An ideal capacitive response would result in a (-1) slope and a phase angle of 90°. Although no electrochemical system behaves in such an ideal manner, it is possible to identify the expected capacitive behavior of passive films exposed to electrochemical attack in non-implanted samples, a consequence commonly attributed to the characteristic chromium oxide film AISI 420 SS (Hannani and Kermiche, 1998).
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Figure 5



Bode plots for non-implanted and implanted samples after exposition for (a) 0, (b) 7, (c) 14, and (d) 21 days. 







Source: Authors






				

				Within the exposition time in saline environments, these curves demonstrated a CPE only. A more complex corrosion mechanism was also detected, with alterations in the responses produced by the 3DII technique in surface-modified substrates. Each variation depends on the treatment time during the implantation process and the immersion time in the electrolyte. At high frequencies, there was a significant increase in the phase angle for implanted samples compared to the blanks at 7 (Figure 5b) and 14 days (Figure 5c). However, these findings were contradictory at 0 (Figure 5a) and 21 days (Figure 5d). At low frequencies, implanted samples achieved higher angle phases throughout the immersion period. As for substrates implanted for 90 minutes, a further CPE could be identified within the same exposition time, a typical response from an electrode with a passive layer (Abreu et al., 2008).

				Additionally, while the immersion time increases, an improvement can be seen in the ability to resist the current flow with the impedance modulus for implanted samples at low frequencies with higher resistance values than those of blanks. Despite the improvement in electrochemical properties revealed in previous electrochemical techniques, these EIS results suggested that treatment time variations for 3DII with nitrogen species on AISI 420 SS were not able to reproduce a consistent enhancement against corrosion. They were nevertheless considered to give a satisfactory physical interpretation when modeling the corresponding electric circuit.

				
Equivalent circuit: Each system was characterized by using an appropriate equivalent circuit model. The circuit depicted in Figure 6a represents the samples without treatment and can be considered as a simple Randle's cell with only one electroactive interface. The electrical circuit in Figure 6b with two electroactive interfaces is widely used in studies on ion selective membranes (or coated electrode-electrolyte interfaces) when examining metallic corrosion under coatings exposed to corrosive environments (Olaya et al., 2011; Piratoba et al., 2010; Abdi and Savaloni, 2017; Jimenez-Morales et al., 1997).
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Figure 6



Equivalent circuit representation. 







Source: Authors






				

				In general terms, the best electric circuit that fits the experimental data of implanted samples consisted of an arrangement of resistances and pseudo-capacitances or constant phase elements CPE connected in series or parallel. RS represents the resistance of the solution, for the ion migration describes an ohmic behavior in the electrolyte. The dielectric CPE1 describes the capacitive effect of the interface between the electrolyte and the implanted surface. The following elements correspond to defects or porosities of the passive layer, which ease the transport of the electrolyte, together with oxygen, active ions, and corrosion products, to the metal's surface (Piratoba et al., 2010). The electrolyte precipitated in such an active place is represented by RL. The electrolyte-substrate interface is represented by the parallel circuit between the dielectric properties of the layer CPE2 (acting as the double layer capacitance), and RCT as the charge transference resistance and the response against polarization resistance. Since CPE accounts for the deviation from an ideal dielectric behavior and is also related to surface heterogeneities, and RCT values give a more approximate interpretation of the corrosion resistance, it is therefore demonstrated that 3DII, applied to this particular material during certain intervals of time, has affected its electrochemical characteristics, and hence its performance in such environments. The fitting parameters were estimated with the Zview software and are shown in Table 4.

				
					

Table 4




Component values of the equivalent circuit approximation
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				Each system increased its RP and, therefore, the resistance to charge transference at each stage of the chemical exposition. Inversely, a decrease in CPE indicated that the protective layer is either continuous or compact, with the implanted samples being the ones that offered a better improvement in comparison with bare AISI 420 SS substrates. By comparing the performance of implanted samples (with the treatment for 90 minutes standing out) it is possible to conclude that 3DII, for longer periods of time, provides a larger thickness and density of the passive film formed, which, when exposed to chemical attacks, may act as a barrier or blockage of the active sites of such ferrous alloys. Unexpectedly, some discrepancies were obtained in Bode for samples implanted for 30 minutes at 0 and 7 days of exposition (Figure 5a and b). The curve demonstrated an image similar to non-implanted samples, with one CPE only. This particular case is physically interpreted by means of a Randle circuit (order I) (Figure 6a), which compromises the following: the resistance offered by the solution, a capacitance that represents the interface electrolyte-substrate, and the charge transference resistance representing the base material. The identical behavior may be attributed to the fact that, at relatively short periods of implantation time, the layer deposited upon the surface of the substrates will not be as stable as those implanted with higher doses or for longer periods, thus offering little protection against electrochemical corrosion (Valbuena-Niño et al., 2016; Sanabria et al., 2019).

				The improvement represented by these values is consistent with the findings in the potentiodynamic polarization experiments. The EIS results also provide an additional support to the effect produced by 3DII as a surface modification technique in metal alloys. However, it is unmistakably difficult to determine which physicochemical mechanism activates in order to reduce the corrosive activity. Some authors have observed that nitrogen ion implantation in stainless steels leads to the formation of chromium nitride layers, thus improving the corrosion-resistant of the metal. Moreover, the neutralizing reaction in Equation (1) occurred upon the AISI 420 SS surface implanted with nitrogen in contact with the electrolyte can minimize reaction rates. Other works reported that the increase in defect density generated by the expansion of the lattice would reduce localized corrosion. Finally, the beneficial response of the radiation damage of certain materials exposed to ion implantation was more evident than the chemical effect itself (Muthukumaran et al., 2010; Anandan et al., 2007; Padhy et al., 2010; Pereira et al., 2017; Maleki-Ghaleh et al., 2014; Fossati et al., 2006).

			

		

		
			Conclusions

			The effect of 3DII as a surface modification technique on ferrous alloys was demonstrated through potentiodynamic analysis and EIS measurements. The nitrogen ion implantation applied on AISI 420 SS elements for a duration of 30 minutes and 90 minutes, and then exposed to a saline environment, demonstrated the following:

			An improvement in the kinetic parameters was obtained from potentiodynamic analysis. It was determined that substrates implanted under such conditions increased the corrosion potential to nobler values and reduced the reaction rates. Remarkably, the corrosion current density values exhibited a direct correlation with the implantation time. Samples implanted for 30 minutes offered better corrosion properties than blanks. Likewise, samples implanted for 90 minutes offered the best protective properties against electrochemical attacks.

			Following this comparison, the reactivity of the material in question was also evaluated through linear polarization resistance. These results validated the findings of the Tafel analysis by identifying the same linear tendency between the RP and the treatment time. Due to a thicker film formed at higher implantation times, it was possible to obtain higher resistance values, thus delaying the charge transference or current density and then increasing corrosion resistance.

			Despite the multilevel variation in the Bode diagrams, a better comparison could be observed in the Nyquist representations and the proposed equivalent circuits. A similar tendency was observed for both implanted and non-implanted samples. However, the resistance and capacitance magnitudes of the samples implanted for 90 minutes showed the best performance against electrochemical corrosion.

			The general corrosion behavior demonstrated a significant enhancement after 3DII with the increase in treatment duration and/or implanted dose, thus producing thicker interfaces on AISI 420 SS and enhancing its protective properties against electrochemical corrosion.
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