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Abstract

:

Fe-30Mn-5Si alloy subjected to a compression test at various deformation temperatures ranging from 350 to 900 °C with a strain rate of 1 s−1 are studied. It was found that the Fe-30Mn-5Si alloy exhibits high resistance to the dynamic recrystallization process in a whole studied range of deformation temperatures. There are no differences in structure formation in the zone of action of tangential tensile stresses and peripheral and central zones of localized compressive stresses. The room-temperature X-ray diffraction study shows the presence of a single-phase state (FCC γ-austenite) after deformation temperature range from 350 to 700 °C and a two-phase state (FCC γ-austenite + HCP ε-martensite) after deformation test at 900 °C. The presence of a two-phase state provides a higher rate of biodegradation compared with a single-phase state. The changes in the biodegradation rate dependence on the structure change with an increase in the deformation temperature are explained. Favorable temperature regimes for subsequent thermomechanical processing are proposed based on the relationship between structure formation and biodegradation rate to obtain semi-products from the Fe-30Mn-5Si alloy.
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1. Introduction


In the past two decades, there has been a growing interest in biodegradable metallic materials for use as temporary devices in traumatology, osteosynthesis, orthopedics, and cardiovascular surgery [1,2,3,4,5,6,7]. Magnesium (Mg), zinc (Zn), iron (Fe), and some of their alloys are the most favorable candidates for these applications [8,9,10,11,12,13,14]. Among these biodegradable alloys, Fe-based alloys appear to be the most promising ones due to their excellent combination of mechanical properties, similar to stainless steels [15], sufficient biocompatibility [16,17], as demonstrated by in vivo experiments [18,19], and the absence of hydrogen release during the biodegradation process. However, Fe-based alloys exhibit a low biodegradation rate. In order to increase the electrochemical activity, iron is alloyed with manganese (Mn), whose electrode potential is much lower (−1.18 V) than that of pure Fe (−0.44 V) [20]. The further increase in the biodegradation rate and mechanical properties is achieved by adding silicon (Si) to Fe-Mn binary alloys, which form non-metallic inclusions of SiO2 acting as cathode structural components, increasing the biodegradation rate. The enhancement of biodegradation rate can also be increased by adding nitrogen (N) to the alloys of the Fe-Mn system. The authors found [21] that N addition (0.3 … 0.6 wt.%) leads to a significant increase in the corrosion rate of the Fe-30Mn alloy in both Hank’s solution and simulated gastric fluid.



The Fe-Mn-Si alloys exhibit a shape memory effect due to the reversible martensitic transformation FCC γ-austenite ↔ HCP ε-martensite. In these alloys, which are intended for use as potential materials for bone implants, it is advisable to consider only the temperature of the start of forward γ→ε martensitic transformation (Ms) since near the temperature Ms pre-transition crystal lattice softening effect takes place, which leads to a decrease in Young’s modulus, thus increasing the biomechanical compatibility. According to [22], Fe-Mn-Si alloy containing from 28 to 33 wt.% Mn and from 4 to 6 wt.% Si exhibits a nearly perfect shape memory effect. In [23], Fe-Mn-Si alloys with different Mn content were studied. It was shown that Fe-30Mn-5Si (hereinafter in wt.%) exhibits the most appropriate combination of functional properties: biodegradation rate (0.8 mm/year); Young’s modulus (118 GPa); and Ms (50 °C) temperature close to human body temperature.



The subsequent studies were focused on improving the mechanical properties and biomechanical compatibility of the Fe-30Mn-5Si alloy by means of thermomechanical treatment (TMT). The best combination of functional properties was achieved by hot longitudinal rolling at 800 °C with a true strain of e = 0.3, resulting in a dynamically recrystallized structure with an average grain size of about 100 µm [24,25]. This TMT mode resulted in the Ms temperature lowering to the human body temperature (38 °C), achieving high mechanical properties (ultimate tensile strength 725 MPa, apparent yield stress 260 MPa, Young’s modulus about 120 GPa, elongation to failure about 15%), suitable biodegradation rate of 0.5-mm/year, and high functional fatigue characteristics both in normal conditions in an air atmosphere and Hanks’ solution. However, all these experiments were carried out in laboratory conditions involving small-size specimens. Moreover, the possibilities of TMT to form fine-grained, particularly ultra-fine-grained (UFG) structures in the long semi-products have not been investigated yet.



The conventional methods to obtain long semi-products with fine-grained and UFG structures include radial–shear rolling, multiaxial forging, and longitudinal rolling. These methods show excellent combinations of functional properties for Ti-, Al-, Mg-, and Fe-based alloys [26,27,28,29,30,31,32,33,34,35,36,37]. However, to determine the favorable temperature-rate conditions for implementing the above-mentioned TMT processes, it is necessary to carry out the rheological tests in wide temperature and strain rate ranges. For example, Zambrano et al. [38] studied the deformation behavior of Fe-Mn-Si-C alloys in the temperature range from 800 °C to 1050 °C with strain rates of 0.01, 0.1, and 1 s−1. They found that in all cases, a dynamic recrystallization process was observed, accompanied by a decrease in the stress peak. Additionally, it was shown that at the same deformation temperature, such as 900 °C, an increase in the strain rate resulted in a higher amount of recrystallized grains. It is important to note that the process of dynamic recrystallization is accompanied by a non-uniform distribution of the applied external load, which can lead to the formation of various defects in the semi-products. In this regard, our previous work aimed at the study of the deformation behavior, structure formation, and mechanical properties of Fe-30Mn-5Si alloy subjected to the compression test in a wide deformation temperature range from 250 to 900 °C, and strain rates of 0.1, 1, and 10 s−1 [39]. Based on the relationship between the structure formation and the shape of obtained stress–strain diagrams, favorable regimes for subsequent radial–shear rolling, multiaxial forging, and longitudinal rolling were formulated: deformation temperature of 900 °C and a strain rate of 1 s−1 [39].



The biodegradation rate is one of the most important functional properties of materials designed for biodegradable bone implants. Therefore, the study of the Fe-30Mn-5Si alloy electrochemical behavior in relation to the structure formed after the rheological test in a wide deformation temperature range and strain rate of 1 s−1 deserves its own study. At this moment, there are no studies on the effect of the structure formed as a result of the rheological tests (compression test) on the electrochemical behavior of biodegradable Fe-Mn-Si alloys. Thereon, the objective of this work was to study the relationship between the structure formation and the electrochemical behavior of biodegradable Fe-30Mn-5Si shape memory alloy subjected to compression tests in a wide range of temperatures.




2. Materials and Methods


The 12 kg ingot of 80 mm diam. and approximately 250 mm in length ingots of experimental Fe-30Mn-5Si alloy were produced by vacuum induction melting. The chemical composition and element distribution of elements were controlled by atomic emission spectroscopy with inductively coupled plasma and X-ray spectroscopy using a JEOL JSM-6480 LV (Jeol, Eching b. München, Germany) scanning electron microscope in different parts of the ingots. After verifying the chemical composition, the studied Fe-30Mn-5Si alloy was subjected to reference heat treatment (RHT), including homogenization annealing at 900 °C for 60 min and subsequent water cooling to avoid an as-cast structure [23,24,40]. The electrical discharge technique was used to cut 15 mm long and 10 mm diam. specimens for subsequent rheological compression tests.



In the compression tests (plastometry tests), the specimens were deformed up to the true (logarithmic) strain of e = 0.7 at a strain rate of 1 s−1 and temperatures of 350, 500, 700, and 900 °C using high-precision simulation laboratory equipment—Gleeble System 3800 (Dynamic Systems Inc., Austin, TX, USA) equipped with the Hydrawedge-II high-temperature compression test module with auxiliary devices for registration and control of temperature, force, displacement, and strain rate. The compression test was carried out with the vacuumed work chamber of at least 10−5 atm to avoid the specimen’s oxidation. To reduce the contact friction forces between the end surfaces of the samples and the deforming working surfaces of the strikers made of tungsten carbide, grease based on nickel, graphite, boron nitride, or special graphite foil was used. To prevent “sticking” of the samples to the striker surface, tantalum foil was placed between their contact areas. The studied Fe-30Mn-5Si specimens were directly heated by the controlled electric current application. This method provides fast heating and uniform heat distribution over the entire samples’ volume. Upon completion of the compression tests, the specimens were air-cooled at a rate of 20 °C/s.



After compression tests, the specimens were cut along the load direction for subsequent study of the structure by optical microscopy, X-ray analysis, and electrochemical studies. After cutting, the specimens were ground with P 320 to P 4000 emery paper and further mirror-polished with diamond suspension. To reveal the structure, a solution of nitric acid in ethanol with a ratio of 4:96 wt.%, respectively, was used as an etchant. Three zones were studied in each specimen: the zone of action of tangential tensile stresses (zone A); the peripheral zone (Zone B); and the central zone (Zone C) of localized compressive stresses [41].



The X-ray diffraction (XRD) analysis was carried out at room temperature using a DRON-3 (Burevestnik Innovation Centre, St. Petersburg, Russia) diffractometer with CuKα radiation (λ = 0.154178 nm). The studied 2θ-angle range from 30 to 100 deg. was scanned with 0.1 2θ deg. step and 3 s for exposure. A graphite monochromator was used for noise level lowering. In order to remove the stress-induced martensite formed by specimens’ preparation, chemical etching was used. The thickness of the removed layer was 0.5 mm.



An electronic IPC-Pro potentiostat with a three-electrode 200 mL glass cell was used for electrochemical study to measure open circuit potential (OCP) and potentiodynamic polarization curves. During the electrochemical tests, a constant temperature of 37 °C was maintained using a TW-2 Elmi (ELMI Ltd., Riga, Latvia) thermostat. Hanks’ solution, simulating the inorganic composition of bone tissue medium, was used as the electrolyte [24,25]. To ensure stable electrical contact, a copper wire was soldered to the studied specimens, with the subsequent embedment in epoxy resin. Then, samples were further ground with P320 to P1200 emery paper. The working area for the electrochemical experiment was 25 mm2. Each electrochemical experiment was carried out at 37 °C and repeated at least three times to ensure reproducibility of the results. The exposure time of the samples to obtain steady-state OCP values was 7000 s. The polarization diagrams were obtained from the cathodic region, ranging from 250 mV negative to the OCP value of the studied alloy. The top potential values were approximately 100 mV more positive compared to the OCP values. The potential sweep rate for the polarization test was 0.2 mV/s. The saturated Ag/AgCl2 electrode was used as the reference electrode, and the platinum one served as an auxiliary electrode. For the corrosion rate (Cr) estimation, the corrosion current density (icorr) was extrapolated from the polarization curves as follows [42]:


    C   r   =     i   c o r r     10   4     A   M e     n F   d   M e     8.76   m m / year  



(1)




where icorr is the corrosion current density, A/cm2; n—is ionic charge (n = 2 for Fe2+); F = 26.8 A∙h/gram-equivalent is the Faraday constant; AMe is the atomic weight of metal, g; dMe is the metal density, g/cm.



The choice to use the method of corrosion rate estimation by extrapolation of the potentiodynamic polarization curves using Equation (1) is justified by the following factors. Firstly, Equation (1) is widely used to calculate the biodegradation rate of metals and alloys corroding in active dissolution mode. Secondly, previous studies conducted by the authors of this manuscript have shown that long-term corrosion testing, as described in ASTM G31-21 [43], results in the accumulation of corrosion products on the sample surface and in the electrolyte volume. However, in real conditions during the process of biodegradation and bone tissue regeneration, there is a constant release of low-valence ions, such as Fe2+ and Mn2+ (typical for the corrosion of these metals in neutral media), which prevents the formation of solid precipitates as corrosion products on the implant surface. The authors of this manuscript have previously conducted corrosion tests using this standard method. However, the corrosion rate calculated based on the mass loss of the samples was much lower than the corrosion rate of the Fe-30Mn-5Si alloy obtained by extrapolating polarization curves. Analysis of the samples with the X-ray photoelectron spectroscopy showed that after ASTM G31-21 testing, corrosion products in the form of iron (Fe2O3, Fe3O4, FeOOH) and manganese (MnO) compounds were present on the surface of the samples, with the most abundant Fe2+ peaks being most common in the Fe3O4 multiplet. It is known that the corrosion of iron in neutral media proceeds through oxygen depolarization. The anodic and cathodic processes are shown below, respectively [42,44,45]:


Fe − 2e → Fe2+—oxidation;










2H2O + O2 + 4e → 4OH−—reduction;











The following reactions take place on the metal surface in the test at full immersion in the electrolyte:


Fe2+ + 2OH− → Fe(OH)2










4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3












3. Results and Discussion


3.1. Structure and Phase Analysis


Figure 1 shows optical microscopy images of the Fe-30Mn-5Si alloy after the reference heat treatment (RHT), which provides a homogeneous state of chemical composition and structure [23,24,25]. As can be seen, the Fe-30Mn-5Si alloy consists of γ-austenite grains with an average grain size of about 200–300 μm with chaotic shape and ε-martensite plates inside some of the grains. In some areas, smaller equiaxed grains are observed.



Figure 2 shows the optical microscopy images of the Fe-30Mn-5Si alloy after the compression tests at 350, 500, 700, and 900 °C with the strain rate of 1 s−1. It can be observed that, regardless of the studied zone and deformation temperature, the grains’ shape changes, and their size becomes smaller along the deformation axis and larger in the perpendicular direction, which could indicate the absence of the dynamic recrystallization process and, consequently, the presence of the dynamic polygonization process. A similar state is observed up to 900 °C. It is noteworthy to note that there are no differences in structure formation between the three studied zones. This indicates a uniform strain distribution during compression testing. One of the main characteristics that can be observed from Figure 2 is the absence of equiaxed recrystallized grains in all studied zones and deformation temperatures up to 900 °C, which probably indicates high resistance of the Fe-30Mn-5Si alloy to the development of dynamic recrystallization processes up to high temperatures. However, starting at the deformation temperature of 700 °C zone A and zone B (Figure 2g,h), the grains with smaller size (about 100–200 μm) can be observed. At first, it might be assumed that it is the result of partial recrystallization. However, after the deformation at 900 °C, only non-recrystallized grains are observed, which indicates the impossibility of the process of dynamic recrystallization at lower deformation temperature (700 °C). Thus, the smaller non-equiaxed grains in Figure 2g,h at temperature 700 °C are the deformed smaller grains that remained after the RHT regime (Figure 1). It is important to note that the dynamic recrystallization process during thermomechanical treatment can cause a non-uniform structure formation. This may result in uneven load application and lead to the destruction of test specimens.



Figure 3 shows the X-ray diffractograms of the Fe-30Mn-5Si alloy after the RHT and compression test in the deformation temperature range from 350 to 900 °C with a strain rate of 1 s−1. In the diffraction patterns of the Fe-30Mn-5Si alloy after the RHT regime, the presence of two phases, FCC γ-austenite and HCP ε-martensite, is observed. Note that after compression tests in the deformation temperature range from 350 to 700 °C, only a single FCC γ-austenite phase is present. This may be related to the fact that after the deformation with true logarithmic strain e = 0.7 in the above-mentioned deformation temperature range, the temperature of the start of forward martensitic transformation γ→ε (Ms) falls below room temperature. It is noteworthy that the Ms temperature after the RHT is about 21 °C [39]. In this regard, the true logarithmic strain of e = 0.7 should be enough to decrease the Ms below room temperature due to the formation of a highly dislocated substructure, and correspondingly, the ε-martensite phase is absent in the X-ray diffractograms obtained at room temperature. It is also necessary to note the absence of iron carbide (Fe23C6 or Fe3C) lines in the X-ray diffractograms; this will be important for the discussion of the subsequent electrochemical experiments’ results. However, weak ε-martensite is observed in the X-ray diffractograms taken after the deformation at 900 °C (Figure 4), which indicates that at this deformation temperature, the softening processes (dynamical recovery and poligonization) prevail over the hardening process. Therefore, the Ms temperature remains above room temperature.



Table 1 shows the half-height width of {200}γ (B200γ) X-ray diffraction line after the RHT and compression tests. According to Table 1, the RHT produces a less broadening of the {200}γ X-ray line than alloy after compression tests at deformation temperatures from 350 to 700 °C, similar to deformation temperature of 900 °C. This confirms the presence of a more developed dislocation substructure and, consequently, the absence of the ε-martensite phase due to the above-described mechanism. The decrease in the γ-austenite X-ray line width B200γ is associated with the reduction in crystal lattice defect concentration via softening processes, such as dynamic recovery and dynamic polygonization in the dislocation substructure. With the increase in deformation temperature, the formation of subgrains with low-angle (<15°) sub-boundaries occurs. The higher the deformation temperature, the lower the density of free dislocations in the subgrain bodies, and the larger the subgrain size, which leads to a decrease in the X-ray line broadening [39].




3.2. Electrochemical Behavior


The electrochemical behavior of the Fe-30Mn-5Si alloy was studied in Hanks’ solution at 37 °C after the compression tests at deformation temperatures of 350 °C, 500 °C, 700 °C, and 900 °C and strain rate 1 s−1. In order to clarify the features of the alloy’s electrochemical behavior after compression tests, the RHT specimens, as well as pure ARMCO Fe, were also tested for comparison.



Figure 4 shows the OCP curves of the Fe-30Mn-5Si alloy after compression tests, RHT, and pure ARMCO Fe. As can be seen, during the exposure in the solution, the OCP curves of pure Armco Fe monotonically shift down toward the negative value until the stationary value is established (−480 mV). Moreover, with the general tendency of its change on polarization curves, small fluctuations of the potential within ±3 mV are observed, which reflect the processes that occur on the surface of the specimens. Thus, potential shifts to the negative direction (cathodic polarization) can be associated with the filling of primary pores in the film of corrosion products with electrolyte, resulting in an increase in the area of the metal in contact with the solution. The further anodic polarization is associated with the formation of corrosion products in the pores, which shield the metal surface from the electrolyte. The subsequent potential shifts in the negative direction can be associated with the destruction of the corrosion product film and the formation of secondary pores. In the steady-state stage, OCP fluctuates around a certain value, which reflects the stationary state of the corrosion process.



The observed OCP kinetics is characteristic of metals that corrode in active mode. Pure ARMCO Fe contains a small amount of cementite (Fe23C6 or Fe3C [40]), which acts as an effective cathodic structural component. During the exposure, corrosion products (iron hydroxides) form on the surface of the studied specimens [46], which impedes the access of the depolarizer (dissolved oxygen) to the cathode areas of the surface and leads to the inhibition of the cathodic depolarization process due to the diffusion overvoltage generation and, as a result, to a negative potential shift and the decrease in the corrosion rate.



The steady-state OCP values of the Fe-30Mn-5Si alloy, after all studied TMT modes, exhibit much more negative values (−675 ± 7 mV), which is obviously due to the presence of strongly electronegative Mn (the standard electrode potential of the Mn ↔ Mn2++ 2e reaction is −1.18 V) in the alloy composition. The corrosion of the Fe-30Mn-5Si alloy also proceeds by the active dissolution mode; however, the nature of the OCP changing during the exposure, in this case, indicates some specific corrosion process features. In all cases, in the initial period of exposure (100–200 s), there is a slight but quite noticeable OCP shift toward the negative values, which indicates a similar nature of the effect of primary corrosion products.



In this case, the OCP values of the RHT specimens after the initial cathodic polarization are established at a value of −748 ± 2 mV and are stable during further exposure. At the same time, alloy specimens after the compression test experience anodic polarization of more than 100 mV. Such behavior of the alloy is related to its fully austenitic (FCC γ-phase) structure after all modes of compression testing. The exception is the specimens after the compression test at 900 °C, after which (according to the results of X-ray phase analysis, Section 3.1) a small amount of the HCP ε-martensite phase is formed, which acts as the anodic structural component [24,47]. However, this does not alter the overall OCP change trend during the exposure. The absence of the ε-martensite in the alloy (or its low content) suggests that active grain boundaries, subgrains, and subgrains themselves will act as the main anode structural component, which should lead to their selective dissolution. This should lead to a relative increase in the cathode γ-austenite area fraction and, consequently, the accelerated cathodic process and a corresponding corrosion rate increase with the observed potential shift towards the positive direction.



After undergoing the RHT, the Fe-30Mn-5Si alloy exhibits a two-phase structure consisting of γ-austenite and ε-martensite, with a higher volume fraction of the ε-martensite phase [40,44,48,49]; therefore, the “cathode efficiency” of γ-austenite is less manifested, and the corrosion process occurs mainly by ε-martensite phase dissolution. It should be noted that both for the Fe-30Mn-5Si alloy and for pure Fe, the process of establishing the steady-state corrosion stage, the potential fluctuations are observed, but in the case of Fe-30Mn-Si alloy, the oscillation magnitude reaches 20 mV. Larger OCP fluctuations may indicate the formation of more friable corrosion products with low adhesion and, accordingly, poor protection ability.



It also seems appropriate to consider another option to justify the spontaneous anodic polarization observed during the exposure of the alloy specimens after all modes of the compression test. In theory, the formation of sustainable corrosion products exhibiting even minor protective ability can lead to inhibition of the anodic process and, accordingly, to the corrosion rate decrease. The structure of the alloy after compression testing is represented only by the cathodic γ-austenite, and the active grain and subgrain boundaries [39], which occupy an insignificant part of the surface area compared to the area of the grains themselves, act as the anodic structural component. Since the anodic process turns out to be highly localized, it is impossible to cover the predominant part of the specimen surface with corrosion products. But, due to the metal atom ionization becoming largely inhibited, we should expect the anodic process to slow down and, therefore, spontaneous anodic polarization to take place. However, this explanation contradicts the data obtained for the RHT mode. Since the anodic structural component (ε-martensite) dominates in the two-phase structure of the alloy after RHT, the corrosion products should occupy a significant part of the specimen surface during the dissolution process. This should lead to a significant inhibition of the anodic process and cause a large OCP shift toward the positive direction. However, according to Figure 4, the OCP value of the RHT is almost constant during the exposure and is about −750 mV, which is 50–70 mV lower than the steady-state OCP values of the alloy after compression tests. The inconsistency of such an explanation for the observed regularities of OCP changes during the exposure is supported by the results of the corrosion current density measurements presented below, according to which the highest corrosion rate is achieved for the alloy right after RHT.



Figure 5 shows the potentiodynamic polarization diagrams of pure ARMCO Fe and Fe-30Mn-5Si alloy after compression tests and RHT mode. It can be seen that regardless of the test mode, there is a similar pattern of OCP change upon the potential application. The anodic and cathodic branches of the polarization curves represent, respectively, the reaction of the dissolution of metal (alloy) atoms and the reaction involving oxygen in the depolarization process. A significant slope of the cathodic (lower) branches of the polarization curves indicates that the corrosion process, in all cases, proceeds with cathodic control. The cathodic process in neutral media is described by the following reaction:


O2 + 2H2O + 4e− = 4OH−,



(2)




which is the sum of sequential elementary reactions, four of which are electrochemical with the participation of one electron in each [42,44,45]. It is believed that the rate-limiting stage of the process is the formation of a molecular oxygen ion by an electrochemical reaction


O2 + e− → O2−,



(3)




whose slowness causes the cathodic process overvoltage. As follows from the polarization diagrams plotted in the Tafel representation (Figure 5), the cathodic branches are straight lines in a wide potential range, with the same slope b of the Tafel equation, accounting for 0.2 ± 0.01, but with different cathode current densities under the same applied polarization potentials. Taking into account that the mechanism of the cathode process is the same, one can indicate the difference in kinetic parameters.


  b =   R T   a n F   · 2.303 ;  



(4)




where   R = 8.314   J   m o l · K    ; T is the temperature, K; a is the charge transfer coefficient; n is the number of electrons involved in the reaction;   F = 96,500 ·   c   g − e q u i v a l e n t    , Faraday constant.



Considering that n = 1 and T = 310 K, the charge transfer coefficient for the cathodic reaction is α = 0.3 ± 0.01, as follows from Equation (4). The α coefficient characterizes the degree of impact of the electrode electric field on the activation energy of the electrochemical stage, and the obtained value indicates the asymmetry of the activation barrier of the electrochemical reaction.



The electrochemical parameters of Fe-30Mn-5Si alloy specimens after compression tests and the RHT mode, compared to pure ARMCO Fe, obtained by extrapolation of the Tafel parts of the polarization curves in Hanks’ solution at 37 °C, are listed in Table 2.



As can be seen from Table 2, the following regularity takes place: for Fe-30Mn-5Si alloy after compression tests, with an increase in deformation temperature from 350 to 900 °C, the corrosion potential shifts toward the positive values, which indicates a decrease in the electrochemical activity of the alloy; at the same time, the expected decrease in the corrosion current density is observed only with an increase in the deformation temperature to 700 °C, while deformation at 900 °C, on the contrary, leads to a significant increase in the corrosion current density despite the apparent higher thermodynamic (electrochemical) stability of the studied alloy.



The observed trends in the electrochemical parameters are related to the structure of the specimens. As shown above, the structure of Fe-30Mn-Si alloy after compression tests in the temperature range from 350 to 700 °C is characterized by the single-phase state (FCC γ-austenite). However, the observed changes in Ecorr and icorr indicate the necessity to consider the structural features that affect the electrochemical characteristics of the alloy. The compression test at the temperature of 350 °C is accompanied by the formation of a dynamically polygonized dislocation substructure in the deformed grains of the γ-austenite matrix, characterized by an increased density of dislocations in the subgrain body. The strongest broadening of the X-ray lines also indicates the most strengthened state of the structure (Table 1). With an increase in the temperature of compression tests to 500 and 700 °C, dynamic recovery is observed, leading to a decrease in the concentration of point defects and a decrease in dislocation density not associated with the formation and movement of grain boundaries and dynamic polygonization—redistribution of dislocations by slip and diffusion, which is accompanied by their partial annihilation and the formation of subgrains inside crystallites free of dislocations [39,50,51]. The observed changes in the state of the structure cause an “elevation” of the potential and a decrease in the corrosion rate.



The electrochemical parameters of specimens after compression test at 900 °C are influenced by two factors: (1) the ongoing process of dynamic recovery and dynamic recrystallization, accompanied by the formation of fine equiaxed grains, which should cause further “elevation” of the corrosion potential; (2) the appearance of an additional anodic phase—ε-martensite in the structure of the specimen, which should lead to an increased corrosion rate. However, judging by the significant increase in the corrosion current density, in this case, the determining factor in the electrochemical behavior of the specimens is the appearance of the ε-martensite. This is indicated by the electrochemical parameters of the RHT mode, which is in a two-phase (γ-austenite and ε-martensite) state of the structure, in which the ε-phase predominates. The present data correlate well with studies of the Fe-29Mn-5Si alloy, which also contains only FCC γ-austenite phase and consequently has a corrosion rate in the range of 0.21–0.25 mm/year [52].





4. Conclusions


	
The theoretical justification for the atypical changes in the electrode potential during the exposure of the Fe-30Mn-5S alloy, which corrodes via active dissolution mode in a biological solution, was provided. It is shown that the cause of the spontaneous anodic polarization of the Fe-30Mn-5Si alloy after compression tests at temperatures of 350, 500, 700, and 900 °C is the absence (or low content) of the anodic structural component (HCP ε-martensite) after the compression test at 900 °C. Wherein the active grains and subgrains boundaries, and subgrains themselves act as the anodic structural components, with their selective dissolution increasing the relative amount of cathodic structural components on the surface of the studied specimens that leads to an accelerated cathodic process and corresponding increase in biodegradation rate with an observed shift toward the positives values of the electrode potential;



	
The biodegradation rates of the Fe-30Mn-5Si alloy were calculated using the extrapolation method of polarization curves after compression tests at deformation temperatures of 350, 500, 700, and 900 °C and a strain rate of 1 s−1. The analysis of polarization curves allowed for the establishment of the causes and patterns of changes in the electrochemical parameters of the studied alloy, depending on the thermomechanical treatment regimes. The observed elevation of the corrosion potential and the decrease in the corrosion current density of the Fe-30Mn-5Si alloy after compression tests at the deformation temperatures of 350, 500, and 700 °C, which consist only of the FCC γ-austenite phase, are due to dynamic recovery, which leads to a decrease in the concentration of point defects, and dynamic polygonization;



	
Based on the results of the rheological compression tests, taking into account the biodegradation rate of the Fe-30Mn-5Si alloy, the radial–shear rolling, multiaxial forging, and longitudinal rolling should be carried out at a deformation temperature of 900 °C and strain rate of 1 s−1 due to the following reason: these chosen deformation conditions result in a two-phase state, comprising FCC γ-austenite + HCP ε-martensite, which provides the highest biodegradation rate. It is worth noting that the results of this study on electrochemical behavior established that thermomechanical treatment at a specific deformation temperature from 350 to 900 °C and strain rate 1 s−1 can regulate the biodegradation rate of the Fe-30Mn-5Si alloy, which ranges from 0.14 to 0.42 mm/year, depending on the desired recovery rate for damaged bone tissue.
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Figure 1. Typical optical microstructure images of the Fe-30Mn-5Si alloy after RHT were taken from various areas of specimens: (a) grains with average size of 200 µm; (b) grains with average size of 300 µm. 
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Figure 2. Schematic representation of different zones (the arrow indicates the load axis) and optical microscopy images of the Fe-30Mn-5Si alloy microstructure after compression test at strain rate 1 s−1 and deformation temperatures of 350 °C (a–c), 500 °C (d–f), 700 °C (g–i), and 900 °C (j–l) in zone A (zone of action of tangential tensile stresses), zone B (peripheral zone of localized compressive stresses), and zone C (central zone of localized compressive stresses). 
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Figure 3. X-ray diffractograms of the Fe-30Mn-5Si alloy after RHT and compression tests in temperature range from 350 to 900 °C. 
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Figure 4. OCP curves of the Fe-30Mn-5Si alloy after compression test obtained at temperatures of deformation of 350, 500, 700, and 900 °C and strain rate 1 s−1 immersed in Hanks’ solution at 37 °C. 
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Figure 5. Polarization diagrams of the Fe-30Mn-5Si alloy immersed in Hanks’ solution at 37 °C after compression tests at deformation temperatures 350, 500, 700, and 900 °C and strain rate of 1 s−1. 
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Table 1. X-ray line half-height width B200γ of Fe-30Mn-5Si alloy after RHT and compression tests at deformation temperatures 350–900 °C with strain rate 1 s−1.
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	RHT and TMT Regimes
	B200γ, 2θ deg.





	RHT
	0.39 ± 0.02



	350 °C
	0.51 ± 0.03



	500 °C
	0.50 ± 0.03



	700 °C
	0.43 ± 0.03



	900 °C
	0.39 ± 0.02










 





Table 2. The electrochemical parameters of Fe-30Mn-5Si alloy specimens after compression tests and the RHT mode, compared to pure ARMCO Fe, obtained by extrapolation of the Tafel parts of the polarization curves in Hanks’ solution at 37 °C.
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