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Abstract

:

The medical applications of degradable iron-based biomaterials have been targeted by re-searchers due to their special properties that they present after alloying with various elements and different technological methods of obtaining. Compared to other biodegradable materials, iron-based alloys are designed especially for the low production costs, the non-magnetism obtained by alloying with Mn, and the shape memory effect (SME) following the alloying with Si, which is necessary in medical applications for which it could replace nitinol successfully. Alloying with new elements could improve the mechanical properties, the degradation rate, and the transformation temperatures corresponding to the SME. This paper presents the results from the study of FeMnSi-Al alloy as a biodegradable material. The X-ray diffraction (XRD) method was used to identify the phases formed in the experimental Fe-Mn-Si-Al alloy, and the SME was studied by differential scanning calorimetry (DSC). In vitro tests were performed by immersing the samples in Ringer’s biological solution for different time intervals (1, 3, and 7 days). The chemical composition of the samples, as well as the compounds resulting from the immersion tests, were evaluated by energy dispersive X-ray (EDS). Scanning electron microscopy (SEM) was used for the microstructural analysis and for highlighting the surfaces subjected to contact with the electrolyte solution. The corrosion rate (CR, mm/yr.) was calculated after mass loss, sample surface area, and immersion time (h) (at 37 °C). Samples were subjected to electro-corrosion tests using electrochemical impedance spectroscopy (EIS) and Tafel linear and cyclic potentiometry.
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1. Introduction


The role of biodegradable implants is to heal a tissue in a given time and to degrade later without the need for a new extraction surgery that is usually the same in unpleasantness as the initial one. Simultaneously, the issues associated with permanent implants, such as long-term complications, are eliminated from this scenario. The optimal properties of biodegradable alloys with medical applications remain to be studied. The most common types of biodegradable alloys present in scientific studies are those based on Mg, Fe, and Zn due to their biocompatibility, mainly, but each with different properties related to the corrosion rate, mechanical properties, and machinability.



Mg has a high CR [1], Zn has a lower CR than Mg but higher than Fe, and its advantage would be a low melting point [2] in the manufacturing process [3,4].



Fe additionally brings mechanical properties as well as good biocompatibility [5,6]. In some medical applications, it is necessary that the material must have good formability properties, ductility, and, at the same time, excellent mechanical strength for the design of very fine details for implants. Fe offers promising results in this regard [7,8]. Pure Fe was used for in vivo testing when Peuster et al. implanted stents in the aorta of rabbits and mini-pigs, obtaining good results for biocompatibility and non-toxicity in degradation [6,9]. The disadvantage of biodegradable pure Fe implants is a very low corrosion rate [10].



The Fe and Mn alloying proved to be a better approach due to the non-magnetism of this new alloy and a better CR (1.26 vs. 0.16 mm y−1) [11]. Alloying with various elements and the metallurgical production technologies have led to new properties related to the CR and mechanical strength [12]. The alloying of Fe-Mn with C has led to a better CR in the physiological environment [13,14]; the increase in Mn led to an increase in the degradation rate [15] and to an improvement in antiferromagnetic properties [16].



Alloying with noble elements led to the formation of dispersed phases, acting cathodically toward the Fe matrix, and was thus a good mechanism for increasing the CR [17]. Ag and Cu have been chosen for Fe-Mn alloying due to their excellent antimicrobial properties [18,19] and good results in obtaining higher corrosion rates [20]. An attractive new alloy in terms of biodegradability and biocompatibility is the Fe-Mn-Si alloy [21,22]. The Si element brings to light the SME property [23], thus making biodegradable FeMnSi alloys a very efficient alternative for replacing nitinol due to their low cost and significantly better weldability and cold workability properties [24].



The addition of Al brings an improvement of some special characteristics to FeMnSi alloys concerning the SME behavior of the material. Studies have reported an increase in ductility with increasing Al [25], and thus an improvement in shape recovery deformation [26,27]. Studies, such as that of Idrissi et al. [28,29], are significant in the scientific literature with results confirming the TWIP effect of FeMnSiAl alloys showing a remarkable rate of hardening under uniaxial tensile deformation.



FeMnSi alloys have been studied both in vitro and in vivo, demonstrating their biocompatibility by cytotoxicity and cell viability tests [30,31,32,33]. Numerous studies have attested the interest in the biodegradable FeMnSi alloys as a potential material for medical applications, such as orthopedic [32] and cardiovascular [33]. The antiferromagnetic phase resulting from Mn alloying is an important aspect for the human body, if we consider for example the performance of MRI-type analyses [34]. Silicon is found predominantly in the human body and is responsible for strengthening connective tissues, bones, and joints, collagen formation, and it contributes to the prevention of heart diseases [35]. FeMnSi alloy is also known for its SME and superelasticity, important properties in some medical applications, such as cardiovascular stents [36].



In this work, we studied the biodegradable FeMnSiAl alloy in terms of the microstructure, chemical composition, phase, SME, and corrosion resistance, investigating the possibility of it being a good candidate as a smart biodegradable element for medical applications.




2. Materials and Methods


This paper presents the results obtained from the study of FeMnSi-Al alloy as a biodegradable material. The alloy was produced through classical melting using a laboratory arc furnace, an induction furnace (Inductro model) for re-melting (five times) and a resistive furnace (Vulcan 100 model) for heat treatments at 1050 °C. The alloy was made from high purity materials and master alloys (FeMn, FeAl) in a vacuum enclosure of an arc furnace (Arc Melting Facility MRF ABJ 900), which ensures the melting of metallic materials (in precinct Argon gas was purged after the preemptive working chamber up to 10-5 mbar) by using a non-consumable throttle W mobile electrode. The base plate (work) of the installation is made of advanced purity laminated copper, which presents a series of cavities (alveoli) of different sizes, depending on the needs, being assembled into a unitary whole of the lower plate, and, between the two plates, a current of water for cooling being created continuously (the temperature is kept below 100 °C continuously). Non-destructive tests (NDT) were performed using penetrating powders to reveal the pores and scratches present on the surfaces of cast (C) and hot-rolled (HR) samples used for the experiments in this study (Figure 1). The test shows the aspects before the re-melting process for the C material and the homogenization heat treatment for the HR sample. The presence of surface defects such as pores and cracks and their elimination after processing can be observed.



The XRD method (performed on an Expert PRO-MPD system, Panalytical, Almelo, Copper-X-ray tube (Kα-1.54°)) was used to identify the formed phases in the experimental FeMnSiAl alloy, at 25 °C (room temperature), and DSC to study the solid-state transformation. The samples were prepared for the DSC test, for which very small pieces of each sample (C and HR), of up to a 50 mg mass, were required. The equipment used was NETZSCH DSC 200 F3 Maya, with a protective atmosphere of Ar. The temperature program at which the tests were carried out was starting at room temperature and cooling to −50 °C, and heating from −50 °C to 200 °C, and again cooling to room temperature at a rate of 10 K/min. The results were evaluated by the tangent method using the Proteus software (NETZSCH).



In vitro tests were conducted by immersing the samples in Ringer’s biological solution (NaCl 60 mg, sodium lactate 31 mg, KCl 3 mg, and CaCl 2 mg/50 mL of solution (pH 6.5)) for different time intervals, 1, 3, and 7 days, in a thermostatic enclosure at 37 ± 1 °C. Samples were immersed in a 20 mL/cm2 electrolyte solution. The pH solution was recorded for 3 days using Hanna HI98191 pH-meter equipment, Darmstadt, Germany, from minute to minute. The pH electrolyte solution was corrected each 12 h with HCl 1M to maintain the near 6.5 value. The samples were characterized after the immersion with the EDS analysis (Bruker detector, XFlash 6 10, Mannheim, Germany) for the initial chemical composition, the compounds resulting from the contact with the liquid and the microstructure, and the surface aspects after immersion with SEM (VegaTescan LMH II, SE detector, Brno, Czech Republic, 30 kV). The in vitro corrosion behavior was assessed with graphs of pH variation due to the reactions between the liquid medium and the metal. According to the mass loss during the immersion tests, the CR in mm/year was calculated.



The potentiodynamic polarization and the EIS were performed with a PARSTAT 4000 potentiostat (Princeton Applied Research). Tests were made using a three-electrode cell, a calomel-saturated electrode as the reference, a platinum electrode as an auxiliary one and the working electrode with an exposed area of 0.38 cm2, respectively. Ringer’s solution was used for the electrolyte environment with a 6.5 pH at room temperature (RT) (25 °C). The open circuit potential (OCP) was registered for 60 min with 1 s time per point. For linear scan voltammetry, a rate of 1 mV/s was used and for cyclic voltammetry 10 mV/s, respectively.



The EIS tests were repeated three times for accuracy, using a ZSimpWin 2022 Software to which an equivalent circuit model was adapted to study the parameters corresponding to the chosen model. The extrapolation involved scanning the potential of ±150 mV. The EIS was registered at a frequency range = 105 ÷ 0.1 Hz and an amplitude of 10 mV.




3. Experimental Results and Discussions


The microstructure of FeMn-based alloys is an important factor influencing the corrosion rate by increasing galvanic corrosion depending on its component [37,38]. ε-martensite crystallizing HCP and γ-austenite with FCC, for example, are inferior in corrosion resistance than α-ferrite (BCC) as phases of FeMn [29].



3.1. Microstructural and Chemical Analysis of FeMnSiAl Alloy


Shape memory alloys (SMAs) are based on a few systems and the iron-based ones present the advantages of common obtaining technology, good properties, and a degradation possibility. In this case, we propose a new chemical composition of the FeMnSi alloy with an Al addition. The Al option was chosen because of its good effect in CuZnAl, CuAlMn, or CuAlNi SMAs.



Using a lower magnification scale (500×, Figure 2a), the size of the α-Fe solid solution grains, which are uniformly distributed and randomly oriented, can be easily dimensioned. The deformation twins inside the grain can also be observed, Figure 2c). At a higher magnification scale (2000×, Figure 2c), one can be clearly distinguish the α-Fe grains but also the very small stress-induced plates of ε-martensite, in the point 2 area, appearing as parallel lines inside the grains or small needles. This profile can be attributed to slip bands due to the dislocation motion in this state. These areas are small and the plates are under microns as the dimension, thus the transformation (ε ← γ) probably partially occurred in a very small percentage. The element (Fe, Mn, Si, Al) distribution is given in Figure 2b and presents a good chemical homogenization without segregations, separations, or compounds at a macro-scale.



Table 1 shows the initial chemical composition for the C and HR samples. Depending on the Mn content in Fe-Mn alloys, two types of martensitic structures, namely, ε and α’ can be formed from the α-Fe phase type [39]. The transformation characteristics and the structure differ for each type of martensite. Only the γ(fcc) → ε(hcp) martensitic transformation is responsible for the SME in this alloy [40]. The formation of the α’-martensite phase type is really dependent on the Mn content of the alloy; thus, the higher than 21%wt Mn additions stabilize the ε-martensite concerning α’-martensite [41]. However, considering that Mn stabilizes the γ-austenite phase, the martensitic transformation can be inhibited [42]. The addition of small amounts of Si to the Fe-Mn system significantly improves the SME due to the reduction in the stacking fault energy of the austenite [43]. The Al addition has similar effects besides the corrosion/degradation rate increase.



It can be noticed that there are only a few very small differences between points 1 and 2 against the general chemical composition of the alloy. Additionally, in point 3, the presence of inclusions is noticeable, that are heterogeneously distributed all over the sample and have around 5 μm2 areas.




3.2. Structural Analysis by XRD


The main purpose of this analysis was to identify the formed phases in the two experimental alloys of FeMnSi and FeMnSiAl systems, in the HR state using the XRD method. For the alloys under analysis, the characteristic diffraction patterns are shown in Figure 3, and in Table 2 the values of the characteristic angles of the diffraction lines are indicated.



According to the chemical composition and the processing route of the two alloys, the following phases where found: a solid solution (Fe, Mn, Si)/(Fe, Mn, Si, Al) with a bcc (body-centered cubic) unit cell (α-Fe(ss)), a solid solution (Fe, Mn, Si)/(Fe, Mn, Si, Al) with a fcc (face-centered cubic) unit cell (γ-Fe(ss)), and a martensitic phase with a hexagonal (h) unit cell (ε-Fe(ss)) [44].




3.3. DSC Analysis for the FeMnSiAl Alloy


As shown in Figure 4, DSC curves are given from heating-cooling cycles. The DSC inflections of the curve (differentially obtained) are related to the solid-state thermal-induced transformation of ε (martensite) ⟷ γ (austenite); the main parameters extracted from these curves are given in Table 3. The transformation temperatures Ms (martensite start) and As (austenite start) are defined as the critical temperatures to start the fcc → hcp and the hcp → fcc martensitic transformations, respectively. Similarly, Mf (martensite finish) and Af (austenite finish) correspond to the temperatures where no further changes related to these transitions are detected [45,46]. Here, for the plain C and HR samples, we have registered the DSC flux variations only at cooling and we could evaluate the Ms and Mf points and a half M50 domain transformation. Table 3 shows the associated enthalpy (DH) with these transformations.



The temperature values for Ms and Mf are encouraging for medical applications; in this case, Ms is really close to body temperature. Potential thermo-mechanical treatments can be applied to enhance the effect and to move Mf closer to body temperature [47]. The Ms temperature is in agreement with the presence of ε-martensite observed in the SEM image and on the XRD pattern recorded at room temperature (~25 °C).



The lack of transformation on heating (the As and Af point on heating curves), at least in this case until 150 °C, is considered an issue for medical applications; however, the tension induced martensite can be investigated as a proper solution for medical applications.



Other studies mention that 97.26% of the FeMnSi-based SMA smart materials from the literature are not proper to be applied inside of the human body because the austenite start temperature (As) of these alloys with different compositions is far above the human body temperature. However, about 2.74% of the FeMnSi-based SMA (most of them with a higher percentage of Mn like Fe29Mn7Si5Cr and Fe29Mn7Si) have an austenite start temperature (As) of 41 °C, which is near 37 °C and makes it somehow possible to be used inside of the human body [46].




3.4. The pH Variation of the Electrolyte Solution and the Immersion Experiment


The pH variation of a solution can accelerate or decelerate the CR of the metallic material, and the pH modification can confirm the reactions that occur between the metal and the electrolyte solution. The iron corrosion (Fe) and Fe-based alloys in electrolyte solutions start with the anodic reaction [48,49]:


Fe → Fe+2 + 2e−,



(1)




and the cathodic reaction:


H2O + 1/2O2 + 2e− → 2OH−



(2)







Iron-based alloys in contact with a near-neutral medium, such as those found in physiological fluids, exhibit a CR that depends largely on the cathodic reaction rate, which in turn depends on the dissolved oxygen amount [50]. Increasing the percentage of the dissolved oxygen in the corrosive medium increases the CR of iron. Conversely, decreasing the oxygen amount in contact with Fe leads to reduced corrosion rates.



In contact with an electrolyte solution, iron-based alloys react from the first moment through reactions (1) and (2), constantly changing the pH of the electrolyte solution. Figure 5 shows the pH variation of the Ringer’s electrolyte solution (volume of 20 mL/cm2) in contact with the FeMnSiAl alloy sample (total surface area of about 50 mm2) for 72 h. The chloride ions from the solution penetrated the metal substrate to compensate for the metal ions growth beneath the hydroxide layer. The metal chloride formed was then hydrolyzed to the hydroxide and free acid, thus the pH decreased in the pitting traces while the overall solution remained neutral.



During the first 24 h, for the HR sample, a constantly increase in the pH toward basic values is noticed with small inflections. A decrease of the solution pH, in the case of the C sample, is registered after approximately 15 h, due to the acids formation, specifically hydrochloric acid, (Equations (3)–(5)), resulting from the reactions that occur between the metal and the electrolyte solution. At first, a single layer of corrosion is formed which gradually increases in thickness, becoming two layers. The interface between the alloy and the electrolyte solution is formed from the first adjacent layer at the surface, which contains iron and oxygen. The reaction between Fe and hydroxyl ions (Equations (1) and (2)) led to the formation of an overlayer as a result of the following reaction:


Fe+2 + 2OH− → Fe(OH2)



(3)







The further oxidation of Fe(OH2) to Fe+3 occurs due to water and dissolved oxygen, according to the following reaction:


Fe(OH2) + 1/2H2O + 1/4O2 → Fe(OH)3



(4)







The presence of Fe(OH)3 following the formation reaction attests to the stable oxide, which in the Pourbaix diagram can be identified at pH 6.4 [51,52]. In the study conducted by Hermawan et al. [38], the authors specify that Fe hydroxides can also take the form of oxides, e.g., hematite (Fe2O3), magnetite (Fe3O4), and wustite (FeO). In the same study, it was found that an autocatalytic reaction between chloride ions (Cl−) and Fe ions could occur leading to the formation of pitting [53,54,55]:


Fe+2 + 2Cl− → FeCl2 + H2O → Fe(OH2) + HCl



(5)







The outer layer also contains Fe and O, some Na, and is rich in C and Cl. FeCO3 and Fe-chlorine are found in the outer layer [56]. Si and Al are found in small percentages in the alloy; their oxidation will contribute to the possible formation of small quantities of silica or alumina, however, mainly it will participate in the complex oxide formation among Fe and Mn.



Taking into account the mass variation analysis upon immersion and the surface compounds determination, as well as the state of the surface, we characterized the degradation process and determined the stages of oxide formation, growth, and their detachment from the base material.



The mass variation and the surface chemical composition after 1, 3, and 7 days of immersion are given in Table 4 and Table 5. Only after the first immersion day, for both cases: C and respectively HR, an increase in mass (Table 4) is observed based on the compounds formed on the surface and still attached to the sample. In this stage, the samples start the corrosion process but not yet the degradation one. After the ultrasound cleaning (applied to detach the corrosion compounds formed on the surface), even after 24 h of immersion, the sample mass decreases in a small quantity (0.6 mg representing a loss of 0.01%) for a CR of 0.07 mm/year calculated with Equation (6) with: W: weight loss, A: exposed area, t: time, and ρ: density.


  C R =   8.76 ×   10  4  W   A t ρ    



(6)







The corrosion process starts from the first moment of contact between the metallic material and the electrolyte solution. After a short time, the passivation phenomenon occurs through the formation of an oxide protective film (in this case iron and manganese oxides in general and silicon and aluminum in smaller proportions). This protective barrier, in the case of titanium or zirconium, is very stable; it is penetrated by Cl ions but not quickly enough so that the material on the surface loses its integrity and connection with the base substrate, forming a layer of oxides, carbonates, and chlorides that detach from the substrate and pass into the electrolyte solution. Once this layer (more ceramic than metallic) peels away from the base material, it will have a new surface exposed to contact with the electrolyte solution, and the ion exchange cycle will continue until a new layer peels away from the underlying metallic substrate. The thickness of the oxide layers formed on the alloy surface from the beginning until the detachment from the base material is important for the degradation process of biocompatible materials, as the size of these compounds is a criterion for the acceptance of biodegradable and biocompatible materials as potential alloys for medical applications.



A higher CR was observed after 3 days of immersion (mass loss) compared to the 7 days immersion time, because the corrosion process was interrupted.



The average CR (between the three different immersion periods) is 0.15 mm/year for the C sample and 0.1 mm/year for the HR sample. These values recommend a material for plates or wires applications that is smaller than 500 μm for a long-time implant.



Beside the alloy’s main elements (Fe, Mn, Si and Al), we also identified oxygen on the surface, in high percentages, and carbon, chloride, and sodium before and after the ultrasound cleaning. The indicative values of the atomic and mass percentages of the identified elements are given in Table 5. The detector error is presented in order to properly approximate the variation percentages. The new elements resulted from the solution through various chemical reactions that occurred with the metal samples. SEM was used to characterize the material surface after immersion, before and after the ultrasound cleaning; images of the compounds (oxides, carbonates, chlorides etc.) formed on the surface are given in Figure 6. The oxidation process is continuous and the percentage of oxygen increased along with the immersion period. All of the alloy elements presented smaller percentages than the initial state, confirming that general corrosion, structural and chemical, occurs on the surface.



Sodium results mostly from unstable compounds remaining on the surface after the ultrasound cleaning, only in the case of the C sample. Carbon forms compounds with alloy elements, with a good affinity for iron and silicon, and is present in high percentages after the ultrasonic cleaning. Partial oxides pass into the solution (in some cases the percentage of C is higher after cleaning due to the decrease in the oxygen percentage). The elemental distribution on corroded surfaces is presented in Figure 7 and highlights the presence of the compounds after immersion, the loss of some after the ultrasound cleaning, and the pitting type corrosion presence under the oxidation layer.



It is known that the main reason why the CR of Fe increases with the addition of Mn is that the electronic potential of the metal decreases [53,54,55,56]; that is, the Fe-Mn alloy has a more active corrosion potential than pure Fe. This can be deduced from the value of the standard reduction potential of Fe of −0.44 V, and Mn which has a value of −1.18 V [57,58], where Si is −0.91 V and Al is −2.31 V. These differences are the main reasons for the lower CR of FeMnSiAl compared to pure Fe or other Fe-based alloys. When Fe is present, Mn can be oxidized by the following reaction [53]:


Mn → Mn+2 + 2e−



(7)







As for Mn ions, they form solid corrosion products upon the reaction with anions [40]. The iron oxide layer often contains these products, according to studies [52]. Dargusch et al. [53] performed an in vitro study using Hank solution and observed two valence states of Mn in the Fe layer, Mn+2 and Mn+3, according to XPS analysis, thus they detected the following compounds: Mn(OH)2, Mn(OOH), and Mn2O3.



The reason for the much lower CR resulting from in vivo tests, compared with in vitro tests, is the dependence of Fe CR on dissolved oxygen. Dissolved oxygen in blood is about 3 mL/L or 4.3 mg/L, and, Hank’s solution, often used in studies as an electrolyte solution, is about 8 mg/L [59]. The conclusion that emerges from this is that the particular importance must be considered when performing in vitro tests on the amount of dissolved oxygen that influences the rate of Fe degradation.




3.5. Electro-Chemical and EIS Analysis


The Tafel plots obtained from electro-corrosion resistance tests of the alloys are giv-en in Figure 8a, and the main parameters are presented in Table 6. The HR sample presents a slightly higher inclination toward electro-corrosion (Figure 8a), compared to the C sample, based on internal tensions induced through thermo-mechanical treatment (heating at 950 °C and a 20% reduction degree). The electro-corrosion behavior was analyzed for the initial material (0 days C and HR material after mechanical grinding of up to 1000 with a very thin oxide layer produced by atmospheric corrosion) and after immersion for 3 and 9 days in the Ringer solution at 37 ± 1 °C. After the immersion, the samples presented a complex layer on top that influences the electro-corrosion behavior considerably.



The cyclic curve graph shows that the lower curve is the anodic branch of the volt-ammogram (the forward curve), the upper curve is the cathodic branch of the voltammogram (the return curve). At the same potential of the electrode, the intensity of the corrosion current, and therefore the corrosion speed, is higher on the anodic branch, probably because increased corrosion resulted on the anodic branch (the surface became rough as pitting corrosion occurred locally, expanded, and transformed in a very short period in general corrosion). In the C sample, based on a surface coarser structure, the casting defects present a cyclic voltammogram with more inflections, probably based on the corrosion sites formed on the surface which are deeper compared to the HR sample, confirming the SEM results from Figure 6d,h. The cathodic branch of the Tafel curve, bc, represents the cathodic reactions (Equation (2)) that are much greater than the anodic reactions (Equation (1)).



The icorr values are generally connected to the possible CR of the material. The HR sample presented a slightly larger corrosion current than the C one and a better stability to immersion. The highest corrosion current is registered on the immersed sample for three days. Between 3 and 9 days, the surface behavior changes based on the surface state of the material with a decrease in the corrosion current and rate. The results confirm the SEM data obtained. The CR was obtained from the Tafel extrapolation method matched with literature data. The CR in penetration units (such as mils/year, mpy), was calculated from icorr using the following equation [60]:


mpy = icorr × Λ × 1/ρ × ε



(8)







(Λ: 128,660 (equivalents.s.mil)/(Coulombs.cm.years), icorr = the corrosion current density in Amps/cm2 (Amp = 1 Coulomb/s); ρ = density (7.86 g/cm3, for iron-based alloys), and ε = equivalent weight (27.56 g/equivalent, for iron)).



The corrosion rates are higher for the immersed samples compared with the initial atmospheric corroded samples with the biggest value for the 3 days immersed sample and a smaller rate after 9 days (Table 6), a fact that confirms the cyclic degradation behavior mentioned earlier.



Compared to the FeMnSi alloy, the icorr is, in all cases, more than five times bigger [56]. The degradation rate increase by the addition of Al is also due to the irregular spreading of Al at the grain boundary, the formation of Al phases, or compounds that will favor the differences between different corrosion potential zones (similar to the formation of micropiles).



EIS was used to characterize the corrosion behavior in both states of the alloy (C and HR). The experiments were registered for the initial sample after 3 and 9 days of immersion, respectively, in Ringer solution. The results show that, for these FeMnSiAl-based alloys, an equivalent circuit describes their behavior in an electrolyte solution (Table 7) with a single time constant. The Randles-type circuit shows that the corrosion process occurs through a single chemical reaction (most likely iron corrosion with the formation of soluble and insoluble products) over the entire sample surface (generalized corrosion).



The circuit elements (Table 7) have the following meanings: Rs—the electrolyte re-sistance between the working electrode and the reference electrode; Rct—the resistance to the charge transfer through the electric double layer (ct → charge transfer), thereby controlling the speed of the corrosion process; and CPE—the element of constant phase, which, in theory, would represent the capacity of the electric double layer (Cdl), but here it has the meaning of an imperfect capacitor (n < 1). Imperfections can be mechanical (rough surface) and/or chemical (uneven chemical composition).



The R (QR) circuit fits the experimental curve very well. The admission of this circuit indicates that the complex layer on the sample surface is forcibly divided into two layers: SDE (electric double layer where the reaction occurs) and another layer. In the Nyquist diagram, the experimental curve shows a negative loop in the low frequency range. This distortion is most often attributed to an inductive behavior of the electrochemical system due to the process of the adsorption of intermediates on the surface of the electrode (sample) [56]. Here, it would most likely be the adsorption of Fe or Fe2O3 (Figure 9). Both the Nyquist and Bode curves indicate that the experimental data are suitable for a circuit with a single time constant, the R (QR) circuit.



The parameters Rct and Q describe the processes that occur in the formed layer at the interface between the electrolyte and the superficial layer. Rct represents the pore resistance during the penetration process and Q corresponds to the constant phase of the elements that form the coating layer.



The complex oxides-hydroxides-carbonates influence the corrosion resistance behavior, which is higher for the C sample compared to the HR sample, as confirmed by the Rct variation from the initial state to the immersed samples (3 or 9 days). The repetitive nature of the corrosion process was also observed through EIS experiments, and degradation occurred between 3–4 days of immersion, and a different behavior was observed after this period. Both samples present a similar behavior after the Ringer immersion (Figure 9a,b), with different values based on the cover layer formed on the surface.



The alloying of the FeMnSi alloy with aluminum led to obtaining a transformation in the solid state and in the cast alloy, not only in the rolled or heat-treated one, in the range of transformation temperatures 35–5 °C. The hot rolling of the material led to a generalization of corrosion, a controlled change in the pH of the electrolyte solution after the first 24 h, and a slight increase in the corrosion speed of the material.





4. Conclusions


An Fe-based SMA with a new chemical composition was obtained and analyzed as a potential biodegradable metallic material. The main conclusions derived from the experimental results are:




	
a homogeneous alloy was obtained through arc-melting and induction furnace re-melting;



	
a solid-state transformation was recorded using DSC at cooling with the Ms temperature near the human body temperature, encouraging the potential of this material for medical applications;



	
different corrosion stages of the Ringer solution were characterized through a mass loss analysis (the CR was determined) and chemical composition determinations (the presence of oxides from day one, the carbon growth based on the surface compounds with high stability, the appearance of chloride and sodium-based compounds with low stability on the surface, a combination of pitting with general corrosion was observed on the surface);



	
along with the immersion period, the CR (electro-corrosion in case of galvanic couple) varies considering the complex layer properties formed on top of the surface;



	
further investigation on the SME of this smart material with corrosion evolution must be fulfilled to implement it in medical applications; however, currently the results are promising in this direction. More investigation on cytotoxicity of the alloy must be performed and the effect of the aluminum alloying percentage on the possibility of influencing the appearance of different diseases, such as Alzheimer, can be taken in consideration.
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Figure 1. NDT analysis of melted FeMnSiAl alloy for the C sample: (a) first melt; (b) after five re-melts; and for the HR sample: (c) first melt; (d) after five re-melts. 
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Figure 2. SEM images of the FeMnSi-Al structure: (a) structure; (b) elemental distributions; (c) area selection for the phase chemical composition determination. 
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Figure 3. XRD patterns of HR FeMnSi and FeMnSi-Al alloys: (a) FeMnSi and FeMnSi-Al diffractograms; (b) main peaks (Gauss deconvolution). 
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Figure 4. DSC diagrams for: (a) C; (b) HR samples. 
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Figure 5. The pH variation values recorded during 72 h of immersion in Ringer’s solution for the C and HR FeMnSiAl samples. 
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Figure 6. SEM images: (a) C sample after 1 day immersion (1 kx); (b) after ultrasound cleaning (5 kx); (c) HR sample after 1 day immersion (1 kx); (d) after ultrasound cleaning (5 kx); (e) C sample after 7 days immersion (1 kx); (f) and after ultrasound cleaning (2 kx); (g) HR sample after 7 days immersion (1 kx); (h) after ultrasound cleaning (2 kx). 
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Figure 7. The distribution of chemical elements on the surface for the C sample: (a) initial state; (b) after 1-day immersion; (c) after 7 days immersion; HR: (d) initial state; (e) after 1-day immersion; (f) after 7 days immersion. 
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Figure 8. The electro-corrosion results: (a) the Tafel plots of C and HR FeMnSiAl alloy; (b) the cyclic curves voltammograms. 
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Figure 9. Electrochemical measurements of tested samples for: (a) Bode plots; (b) Nyquist plots after 1 h in Ringer solution. 






Figure 9. Electrochemical measurements of tested samples for: (a) Bode plots; (b) Nyquist plots after 1 h in Ringer solution.



[image: Crystals 13 00109 g009]







[image: Table] 





Table 1. The chemical composition determinations (five times average values).
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Chem. Comp./Area

	
Fe

	
Mn

	
Si

	
Al




	
wt%

	
at%

	
wt%

	
at%

	
wt%

	
at%

	
wt%

	
at%






	
General (1 mm2)

	
80.25

	
75.79

	
14.25

	
13.66

	
3.05

	
5.72

	
2.47

	
4.82




	
Point 1

	
81.23

	
76.43

	
12.87

	
12.31

	
3.00

	
5.86

	
2.9

	
5.64




	
Point 2

	
81.01

	
76.47

	
13.40

	
12.85

	
3.12

	
5.86

	
2.46

	
4.81




	
Point 3

	
78.80

	
74.94

	
16.42

	
15.87

	
2.91

	
5.5

	
1.88

	
3.69




	
EDS error %

	
1.9

	
0.47

	
0.2

	
0.19








St. dev. (20 determinations on the same area): Fe: ±0.2; Mn: ±0.1; Si: ±0.1 and Al: ±0.1.
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Table 2. Characteristic diffraction peaks for FeMnSi and FeMnSi-Al alloys.
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FeMnSi Alloy

	
FeMnSi-Al Alloy

	
Phase

	
Miller Indices




	
Peak

	
Angle (2θ)

	
Angle (2θ)

	
h

	
k

	
l






	
1

	
41.2377

	
41.0715

	
ε-Fe(ss)

	
1

	
0

	
0




	
2

	
44.2085

	
43.5743

	
γ-Fe(ss)

	
1

	
1

	
1




	
3

	
44.6560

	
43.9838

	
α-Fe(ss)

	
1

	
1

	
0




	
4

	
46.9847

	
46.8430

	
ε-Fe(ss)

	
0

	
0

	
2




	
5

	
-

	
50.4888

	
γ-Fe(ss)

	
2

	
0

	
0




	
6

	
-

	
61.6867

	
ε-Fe(ss)

	
1

	
0

	
2




	
7

	
64.6965

	
-

	
α-Fe(ss)

	
2

	
0

	
0




	
8

	
-

	
74.5462

	
γ-Fe(ss)

	
2

	
2

	
0




	
9

	
82.1256

	
82.8594

	
α-Fe(ss)

	
2

	
1

	
1
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Table 3. DSC results from the cooling curve of FeMnSiAl alloy.
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	Sample
	Ms

[°C]
	M50

[°C]
	Mf

[°C]
	DH

[KJ/kg]





	C sample
	35.7
	9.2
	0.1
	11.87



	HR sample
	35.1
	8.1
	0.3
	9.55
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Table 4. CR determined by each mass gain/loss of the samples subjected to immersion tests and subsequent cleaning in the ultrasonic bath (immersion time for 1, 3, and 7 days; lots of three samples for each immersion period were used and labeled the average values).
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Immersion Time/State of the Samples

	
1 Day

	
3 Days

	
7 Days




	
Cast Sample (C)

	
Hot-Rolled Sample (HR)

	
Cast Sample (C)

	
Hot-Rolled Sample (HR)

	
Cast Sample (C)

	
Hot-Rolled Sample (HR)






	
Initial mass (mg)

	
5637.6

	
597.0

	
5681.5

	
553.9

	
5660.0

	
547.9




	
Mass after immersion (mg)

	
5638.4

(+0.8)

	
597.2

(+0.2)

	
5676.6

(−4.9)

	
553.5

(−0.4)

	
5654.5

(−5.5)

	
545.9

(−2.0)




	
Mass after ultrasonic cleaning (mg)

	
5637.0

(−0.6)

	
596.5

(−0.5)

	
5675.0

(−6.5)

	
551.9

(−2.0)

	
5652.3

(−7.7)

	
544.5

(−3.4)




	
CR (mm/year) (samples areas C = 4.2 cm2 and L = 2.7 cm2)

	
0.070

	
0.091

	
0.253

	
0.121

	
0.128

	
0.088








Standard deviation: ±0.1 mg.
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Table 5. EDS analysis after the immersion tests and ultrasound cleaning (immersion time for 1 and 7 days).
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Chemical Elements/State of the Samples

	
Fe

	
Mn

	
Si

	
Al

	
O

	
C

	
Cl

	
Na




	
wt%

	
at%

	
wt%

	
at%

	
wt%

	
at%

	
wt%

	
at%

	
wt%

	
at%

	
wt%

	
at%

	
wt%

	
at%

	
wt%

	
at%






	
1 day

(I)

	
C

	
I

	
43.29

	
19.25

	
8.05

	
3.64

	
1.38

	
1.22

	
2.21

	
2.03

	
32.59

	
50.57

	
10.40

	
21.50

	
1.18

	
0.82

	
0.90

	
0.98




	
I+

UC

	
47.74

	
23.07

	
10.84

	
5.32

	
1.63

	
1.56

	
2.29

	
2.29

	
25.27

	
42.61

	
10.52

	
23.64

	
1.22

	
0.93

	
0.49

	
0.57




	
HR

	
I

	
46.92

	
21.49

	
7.52

	
3.50

	
1.09

	
0.99

	
1.30

	
1.23

	
33.01

	
52.77

	
8.93

	
19.02

	
0.94

	
0.67

	
0.30

	
0.33




	
I+

UC

	
49.62

	
24.05

	
12.04

	
5.93

	
1.28

	
1.24

	
1.61

	
1.62

	
21.92

	
37.10

	
13.24

	
29.85

	
0.28

	
0.22

	
-

	
-




	
7 days

(I)

	
C

	
I

	
44.20

	
17.70

	
0.31

	
0.13

	
0.24

	
0.19

	
0.10

	
0.08

	
41.82

	
58.47

	
12.04

	
22.42

	
0.73

	
0.46

	
0.56

	
0.54




	
I+

UC

	
42.32

	
18.96

	
7.82

	
3.56

	
1.98

	
1.77

	
4.19

	
3.88

	
33.08

	
51.73

	
8.87

	
18.48

	
0.69

	
0.49

	
1.05

	
1.14




	
HR

	
I

	
39.29

	
16.78

	
7.05

	
3.06

	
1.64

	
1.39

	
2.60

	
2.29

	
35.04

	
52.23

	
10.61

	
21.07

	
2.04

	
1.37

	
1.74

	
1.81




	
I+

UC

	
47.39

	
21.44

	
10.82

	
4.98

	
1.54

	
1.38

	
1.88

	
1.76

	
19.57

	
30.91

	
18.79

	
39.53

	
-

	
-

	
-

	
-




	
EDS error%

	
1.38

	
0.35

	
0.12

	
0.21

	
4.91

	
4.48

	
0.09

	
0.20








C: cast, HR: hot rolled, I: after immersion, I + UC: after immersion and ultrasound cleaning; StDev: Fe: ±0.9, Mn: ±0.7, Si: ±0.22, Al: ±0.3, O: ±0.2, C: ±0.1, Cl: ±0.1, Na: ±0.1.
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Table 6. Linear (Tafel) potentiometry parameters in Ringer solution (three electrodes cell).






Table 6. Linear (Tafel) potentiometry parameters in Ringer solution (three electrodes cell).





	Alloy
	E(I = 0)

(mV)
	icorr

(µA)
	vcorr

mpy
	βc

(mV/dec)
	βa

(mV/dec)





	FeMnSiAl (C)

0 days
	741
	10.11
	54.168
	322
	61



	3 days
	671
	69.43
	371.9
	1664
	260



	9 days
	590
	23.51
	125
	516
	293



	FeMnSiAl (HR)

0 days
	−775
	14.76
	79.094
	327
	70



	3 days
	775
	16.22
	86.86
	374
	77
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Table 7. The values of the equivalent circuit for the FeMnSiAl alloy, C, and HR samples.
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FeMnSiAl (C)

	

	
FeMnSiAl (HR)




	
R(QR)

	
 [image: Crystals 13 00109 i001]




	

	
0 Days

	
3 Days

	
9 Days

	
0 Days

	
3 Days






	
Rs (ohm.cm2)

	
104.5

	
73.07

	
48.99

	
170.3

	
167.2




	
Q 103 (S.sn/cm2)

	
0.5745

	
0.3483

	
0.453

	
0.5394

	
0.5566




	
n

	
0.6914

	
0.5475

	
0.6468

	
0.6585

	
0.6476




	
Rct (ohm.cm2)

	
1275

	
4108

	
3937

	
706

	
819.3
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