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Abstract

:

The isothermal oxidation of a Fe35Mn21Ni20Cr12Al12 high entropy alloy (HEA) was investigated in dry air for 50 h at 500, 600, and 700 °C after 90% cold rolling. The Fe35Mn21Ni20Cr12Al12 HEA behaves according to the linear oxidation rate with rate constants of 1 × 10−6, 3 × 10−6, and 7 × 10−6 g/(cm2·s) for oxidation at 500 °C, 600 °C, and 700 °C, respectively. The activation energy for oxidation of the HEA was calculated to be 60.866 KJ/mole in the 500–700 °C temperature range. The surface morphology and phase identification of the oxide layers were characterized. The formation of MnO2, Mn2O3, Mn3O4, Cr2O3, and Al2O3 in the oxide layers along with Fe2O3 is the key to the oxidation mechanism. The elemental mapping and line EDX scans were performed to identify the oxidation mechanisms.
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1. Introduction


High entropy alloys (HEAs) are a new category of materials comprising more than five metallic elements ranging from 5–35 at. % [1,2,3]. The properties of HEAs are a unique combination of their metallic elements, such as high mechanical properties, good corrosion behavior, and wear and oxidation resistance [4,5,6,7,8]. Researchers have been concentrating on several factors, including composition design, fabrication procedures, and thermo-mechanical treatments, to improve the mechanical performance of HEAs by controlling microstructural features such as grain size and phases constitution. Grain boundaries function as obstacles to dislocation motion, successfully preventing dislocation motion. Thus, by adjusting the grain size, it is feasible to influence the shift of deformation mechanisms during deformation from dislocation slip to mechanical twinning. Thanks to improvements in processing techniques, achieving nanoscale grains is now a realistic aim that should increase the hardness or strength of HEAs [9]. Therefore, it is thought that cold rolling and annealing processes are a simple and very successful way to regulate HEAs’ mechanical and microstructure characteristics while preserving their original composition [10]. According to reports, an increase in grain boundary density causes the oxide layer produced in fine grains to be more stable than that of coarse grains [10]. The diffusion rate of oxygen and metal atoms can be effectively reduced by severe lattice deformation, leading to a sluggish rate of oxide development [11].



HEAs have a little investigation of their oxidation mechanisms and behaviors in different media for industrial applications [12]. Annealing AlCrFeMnNi HEA improved its compressive strength and corrosion resistance [13,14]. The decrease or increase in the alloying elements compositions of HEAs leads to different structures with important influences on their properties. Thus, they are carefully chosen and added in controlled amounts [15,16]. The HEAs have the potential to be used in high-temperature environments. However, studying the effect of different factors affecting the oxidation behavior of HEAs at different temperatures still needs much more work [17]. For example, including elements like Al, Si, and Cr may contribute to producing a stable protective oxide layer on the material surface at higher temperatures and improve oxidation resistance [18,19,20]. Many engineering components, including turbine blades, are covered by Al2O3 scales because the material is resilient across a broad temperature range even in harsh conditions like wet air or sulfidizing environments [20]. The Ni and Co elements are added as FCC stabilizers in Fe-rich HEAs [18,21]. The oxidation resistance of CoCrFeMnxNi HEA with low Mn (x = 0.51 wt.%) was excellent and close in behavior to 304H alloy at 650 °C and even better at 750 °C. The thin oxide layer scale formed at the CoCrFeNi surface was mainly Cr2O3, including some Mn oxides at the oxide/air interface. Increasing Mn content to x equals 20 wt.% in the same HEA leads to more rapid oxidation than low Mn one (especially at 750 °C) which may increase the possibility of oxide scale spallation. The high Mn HEA showed a thicker oxide scale which is Mn-rich at the oxide/air interface and Cr-rich close to the HEA/scale interface [22]. In some cases of HEAs oxidation behavior, it shows a parabolic kinetics nature but after some period instead of starting at time zero. Also, some cases show non-parabolic kinetics at the initial oxidation stages [23] because it needs time to form a protective oxide layer that works as a diffusion barrier and supports selective oxidation [22].



The behavior of HEAs under oxidation has much attention recently for investigation. Several issues are studied, including the effect of oxide-forming elements and the shear deformation on the oxide layer stability of HEAs. The amount of stable oxide-forming elements is the major factor affecting the HEAs’ ability to withstand oxidation [24]. As a result, numerous research alter the concentration of stable oxide-forming components, particularly Al, to increase the oxidation resistance of HEAs [11]. The different alloying elements start to oxidize at different temperatures depending on their affinity as well as their evaporation partial pressure, for example, Mn > 300 °C, Al > 300 °C, Cr > 400 °C, Ni > 500 °C, and Fe > 700 °C are confirmed to oxidize [24]. Therefore, there is a greater chance that Mn and Al first produce oxide products. Certain fundamental information of multicomponent alloy that has been documented in previous work has shown that a transient oxidation state has been observed in the initial few hours before steady-state circumstances of oxidation. As a result of the first oxygen consumption, oxides, and other localized, non-uniform oxides have been detected during this brief interval. The following are potential oxidation orders: Mn → Al → Cr/Fe. As a result, at the beginning of the oxidation, oxidation behavior was changed [24]. Equimolar CrMnFeCoNi HEAs at 500–900 °C were also reported by Laplanche et al. Initially, liner behavior was seen throughout the oxidation process, but later, parabolic behavior was noted. Primarily α-Mn2O3, with a small layer of Cr2O3 (chromium) close to the edge where the oxide scale and HEA meet [24].



The plastic deformation produces a variety of microstructural characteristics, including high- and low-angle boundaries and a heterogeneous distribution of dislocations inside the material. In materials with high stacking fault energy, deformation may result in the formation of a tangled dislocation structure. Hence, a complex microstructure that influences the mechanical properties and strengthening mechanisms is produced by the deformation-induced substructures and the associated boundaries in the materials during deformation [25]. The deformation may be formed by a high density of accumulated dislocation and ultrafine/nano deformation twin bundles can hardly get a high work-hardening ability by weakened/suppressed activities of dislocation slip and twinning [26].



Reportedly, the cold-rolling technique worked well for fine-tuning the HEAs’ grain structure. Most of these investigations concentrated on the changes in texture and microstructure that occurred during the annealing process of HEAs made by cold rolling [27]. The 90% reduction in thickness of the cold-rolled AlCoCrFeNi2.1 HEA demonstrates a significant boost in strength. However, the investigation of a severe cold-rolled FeCoCrNiMn HEA with a reduction ratio greater than 90% has received very little attention [28].



The produced complex oxides of the HEAs cause slow oxidation kinetics, which could offer suitable intrinsic oxidation resistance for advanced applications. It is unclear; therefore, how compositional complexity and microstructure affect these alloys’ oxidation processes [29]. Fe35Mn28Ni20Cr12Al5 HEA was manufactured with FCC structure with good mechanical characteristics [30,31]. In addition, the oxidation behavior was examined in the air for 100 h at 900, 1000, and 1100 °C [1]. At this temperature range, it follows a parabolic rate law in oxidation with rate constants of 3.34 × 10−11, 8.23 × 10−11, and 1.42 × 10−10 g2/(cm4·s) for 900 °C, 1000 °C, and 1100 °C, respectively, while the activation energy is 100.6 KJ/mol. In the present work, Fe35Mn21Ni20Cr12Al12 HEA with (FCC + BCC) phase mixture is investigated. This new alloy has relatively higher strength than Fe35Mn28Ni20Cr12Al5 and is still cold workable. The oxidation behavior of this new Fe35Mn21Ni20Cr12Al12 HEA in the cold rolled condition is studied at the medium temperature range of 500, 600, and 700 °C for 50 h in dry air.




2. Experimental Work


Fe35Mn21Ni20Cr12Al12 HEA was manufactured from pure elements using an arc melting furnace in an inert atmosphere and then cold rolled to a reduced thickness of 90% [3]. The cold rolled sheet was cut into 5 × 5 × 0.5 mm3 samples using a wire cutter. The basic roles of Al and Cr in this HEA are to stabilize the BCC phase, increase strength, decrease the oxidation rate, and increase the stability of the oxides more than the other present elements; Fe, Ni, and Mn [23,32]. The samples were ground from all surfaces with emery papers from 220 to 1000 grit, then polished with alumina paste 0.3 µm then cleaned with alcohol before oxidation. The phases formed were studied by X-ray diffractometer with the model (PRO PAN analytical diffractometer, X’Pert, Almelo, Netherlands) and the Cu Kα radiation source λ = 0.15406 nm, 45 V, and 40 mA with angles from 30 to 100. Transmission electron microscopy (TEM, JEM-ARM1300S, JEOL, Akishima, Japan) was used to characterize the phases of the alloy.



The oxidation experiments were conducted in dry air with a 2 lit/min flow rate at 500, 600, and 700 °C temperatures on the cold rolled specimens surfaces of the investigated HEA. To control the oxidation process, a vertical tube furnace (model EVA 12/300B, CARBOLITE GERO, Hope Valley, England) was used in conjunction with a program called “version programmer 3216 P5”. The difference in weight of the oxidized HEAs in a 5h interval was monitored along the oxidation period by a high-accuracy electrical balance (Model MS 204 S/01, METTLER-TOLEDO, Greifensee, Switzerland) with an accuracy of 10−4 g. Scanning electron microscope (SEM, Quanta 250 FEG, FEI Company, Eindhoven, Netherlands) attached with energy dispersive X-ray analysis (EDX) was used to examine the surface morphology of the oxidized samples at 20 h and 50 h (Burker, AXS-flash detector 410 M, Leipzig, Germany). The oxidized HEAs cross-section at 50 h was prepared using mounting, then ground and polished to be characterized by SEM and line EDX across the oxide film.




3. Results


Figure 1 shows the structure of the present alloy and the phases constitution before the oxidation process. Figure 1a, and b are bright field (BF) TEM images and selected area diffraction (SAD) pattern images of the alloy, respectively, that show the alloy consists of FCC and BCC/B2 phases. This is confirmed in the XRD diffraction patterns shown in Figure 1c. Cold rolling is a common deformation method to produce metallic sheets for different applications. Cold rolling results in work hardening and some retained residual stress as well as possible texturing depending on the level of deformation [25]. The mechanical properties and detailed microstructure investigation of this alloy will be presented elsewhere. Below, we study the oxidation behavior of this new Fe35Mn21Ni20Cr12Al12 HEA in the 90% cold rolled condition which is the working condition for some sheet metals at such a moderate temperature range.



3.1. Oxidation Kinetics


The weight change of the present HEA samples was recorded during the oxidation process, and then the weight gain was calculated. Here we consider only the oxidation process, so, dry air is considered to avoid complications if oxidation happens in humidified air [25]. Figure 2 illustrates the mass change/surface areas of tested samples during isothermal oxidation in dry air for 50 h at 500 °C, 600 °C, and 700 °C. Figure 2 shows the relation between the weight change vs. time which follows a linear relation, not parabolic. The oxidation kinetics of cold-rolled Fe35Mn21Ni20Cr12Al12 HEA for 50 h at 600 and 700 °C follow the linear rate law. According to linear rate law Equation (1) [33] as presented in Figure 2, the oxidation rate exponent, n, nearly equals one, as reported in Table 1. The linear rate constant increases with increasing the oxidation temperature.


(ΔW/ΔA)n = KL t



(1)




where t denotes the oxidation time, KL denotes the linear rate constant,  Δ W denotes the weight gain per unit area, n represents the rate exponent, and r represents the correlation coefficient.



By applying the Arrhenius Equation (2), it could calculate the apparent activation energy of oxidation of the alloy as illustrated in Figure 3 [34,35].


KL = A exp (−Q/RT)



(2)







R denotes the gas constant, Q represents the activation energy, T represents the oxidation temperatures in kelvin, and KL represents the linear oxidation rate.



In comparison to the relevant system of Fe35Mn28Ni20Cr12Al5 HEA, which has an activation energy of 100.6 kJ/mole in the temperature range between 900 °C and 1100 °C [1], the oxidation reaction of present HEA has a lower activation energy of 60.866 KJ/mole in the range of 500 °C to 700 °C. The activation energy in laboratory air in the temperature range of 650–750 °C for 1100 h for CoCrFeMnxNi with low Mn-content (x = 0.51 wt.%) is 162 KJ/mole, while by increasing Mn to 20.27 wt.% led to decreasing the activation energy to 111 KJ/mol [22]. Thus, a lower activation energy with a decrease in oxidation temperature range (500 °C to 700 °C) means the oxidation reaction occurs more readily at these temperatures due to the higher Al and lower Mn content. This alloy is in cold rolled condition (with high residual stresses) and with a duel phase BCC + FCC structure compared to the single FCC phase Fe35Mn28Ni20Cr12Al5 alloy, thus, more factors activates oxidation process. The combined effect of Al and Mn in the HEA on the oxidation activation energy depends on their relative concentrations and interactions with other alloying elements along with the structure of the formed oxide layer. The oxidation behavior in HEAs is a complex phenomenon influenced by multiple factors; including the composition, microstructure, temperature, and the specific environment in which the oxidation takes place. It needs much investigation in the future to clearly understand these factors.




3.2. Phase Identification of Oxide Layer


The difficulty of distinguishing phases by XRD for HEAs may be due to their multi-component/phase nature [22]. Peaks are overlapping for MnFe2O3 with those of Mn3O4, Fe2NiO4, Mn2NiO4, and Fe3O4. Also, Fe2O3 peaks overlap with Mn2O3 and MnFeO3, or FeO from MnO or Mn0.5Fe0.5O [22]. Figure 4 represents the XRD analyses of cold-rolled Fe35Mn21Ni20Cr12Al12 HEA oxidized at 500, 600, and 700 °C in dry air for 50 h. The existing phases are mainly Fe2O3 (JCDPS 33-0644), MnO2 (JCDPS 44-141), Mn2O3 (JCDPS 089-4836), Mn3O4 (JCDPS 02-0734), Cr2O3 (JCDPS 38-1479) and Al2O3 (JCPDS 46-1212). The iron/BCC phase (JCDPS 06-0696) appears at 500 °C only. It may be due to high oxidation resistance at 500 °C, resulting in a thin oxide layer; thus, the Fe/BCC phase appears in the XRD patterns. The low evaporation partial pressure and the high Mn content in this HEA (i.e., 21 at. %) resulted in different Mn-oxides appearing in the three oxidation temperatures and they are the main components of the oxide layer. It is clear that the angles of peaks are slightly shifted from their position which may be due to formation of spinel or complex phases due to the cocktail effect of the HEA formation. Those phases may be too small to be detected by XRD.




3.3. Surface and Cross-Section Morphologies of the Oxide Layer


3.3.1. Oxidation at 500 °C


Figure 5 provides the SEM morphologies in the normal plane and the corresponding area analysis by EDX of the oxide layer after oxidation for 20 h and 50 h at 500 °C. The EDX analyses are given in Table 2. Increasing the oxidation time increases the manganese content on the surface of the oxide layer, which matches well with the line EDX scan results shown in Figure 6 along the cross-section. As shown in Figure 6, the oxide layer thickness is about 6 to 7 µm after 20 h and almost the same after 50 h. Figure 7 provides the EDX mapping of the elements after 50 h at 500 °C, which is in line with the previous investigation. The oxide layer contains mainly manganese oxides and iron oxide with small amounts of chromium oxides, and alumina.



The protective Al2O3 typically forms on the air/oxide layer interface due to the high reactivity of aluminum with oxygen. The formation of the protective Cr2O3 can occur both on the air/oxide layer interface and within the oxide layer. The formation of manganese oxides in the investigated HEA can be more complex and they can form at various locations, including the air/oxide layer interface, oxide grain boundaries, or internal regions depending on the oxidation mechanisms involved.




3.3.2. Oxidation at 600 °C


Figure 8 shows the normal plane SEM images and the corresponding area analysis by EDX of the oxide layer after oxidation for 20 h and 50 h at 600 °C. The EDX results are reported in Table 3. The oxide layer becomes coarser and more porous compared to the one formed at 500 °C. Increasing the oxidation time resulted in an increase in Al content on the air/oxide layer interface and much higher within the oxide layer, while manganese is almost the same. Figure 9 illustrates the line EDX analysis after 20 h that the manganese oxide is on the outer surface. After 50 h, the iron oxide layer with aluminum oxide under the manganese layer was reported. The oxide layer thickness is about 6 to 9 µm after 20 h oxidation while it is about 12 to 14 μm after 50 h. The EDX analyses of the cross-section for the oxide layer formed after 50 h at 600 °C are seen in Table 3, where Spot (3) is in the oxide layer and Spot (4) is in the base HEA. The increase in Al content in the interior of the oxide layer may be due to the formation of oxide precipitates [1]. Figure 10 demonstrates the cross-section mapping of the elements after 50 h at 600 °C, which aligns with the previous results. The elemental mapping shows the formation of duplex oxide layers that explain the seen layers in the line EDX analysis. Mn is well distributed among all oxide layers; however, the outer oxide layer is rich with Cr, Fe, and Al oxides.




3.3.3. Oxidation at 700 °C


Figure 11 shows the SEM and EDX results of the oxide layer after oxidation at 700 °C for 20 h and 50 h. The oxide layer after 20 h seems much courser and porous than all other conditions studied in the present work. The EDX analyses of the oxides are illustrated in Table 4. By increasing the oxidation time, both Mn, Al, and Fe content increase at the air/oxide interface. Figure 12 provides the cross-section and line EDX analyses after 20 h and 50 h. It shows a higher Mn and Fe on the outer surface (air/oxides interface) with a small content of aluminum oxide and chromium oxide. The oxide layer thickness is about 4 to 5 µm which is relatively thinner than other tested conditions and it is not a continuous layer after 50 h oxidation. This means there is a severe peel-off for the oxide layer formed at this oxidation temperature. Figure 13 gives the mapping of the elements after 50 h at 700 °C, which is in line with the previous investigation results. Elemental mapping in the cross-section proves the inhomogeneous thickness of the oxide layer. The oxide layer is rich with Mn, followed by Al, and small amounts of Cr and Ni oxides as precipitates.






4. Discussion


The oxide layers formed in the different investigated temperatures are porous and not continuous may be because the oxidation temperatures are lower than that needed to contain a continuous protective layer by Al2O3 [23,32]. Also, the continuous spallation of the formed layer results in a small amount of Al in the oxide layer as reported in Table 2, Table 3 and Table 4 [36,37]. Since Mn has considerably higher mobility in the spinel than Cr or Fe elements, the Mn oxide often is found rich in the outer layer reducing the protection effect of other formed Al and Cr oxides [38]. However, the significance of Mn in the oxidation mechanism of such HEAs is still not completely understood [39]. Due to the formation of Mn-enrichment spinel in the oxide layer, Mn is used as a stabilizer of the austenite phase in austenitic steels, which impacts the oxidation resistance. Mn diffusion slows down with oxidation time due to the drop in Mn near the oxide/metal boundary caused by the shift of Mn from metal to oxide film. As a result, the diffusion mechanism cannot regulate the pace of total oxidation [17]. High-entropy MnCoCrFeNi alloy has an oxidation activation energy of 130 kJ/mol [17,40], which is lower than the activation energy of diffusion of Mn in HEA (288 kJ/mol) [8]. However, it is still higher than the diffusion of Mn in Mn oxides (122 kJ/mol) [17]. Therefore, the rate-limiting process is the Mn diffusion through the oxide [8].



In the present study, Fe35Mn23Ni20Cr12Al12 HEA has about 60% of the activation energy for oxidation at 500–700 °C range compared to the same HEA system with lower Al content oxidized at 900–1100 °C (Fe35Mn28Ni20Cr12Al5) [1]. In the present oxidation case, the high thermal stresses that resulted from sample cooling and thermal shock may be the cause of the low spallation resistance [41]. In addition to this, the common oxide/metal interface cracking is caused by a mismatch in the thermal expansion coefficients of the oxide scale and bulk material that still occurs. Also, the present alloy is in the cold rolled condition which means high internal stresses and high dislocation density are present that reduce the oxidation resistance and produce non-protective oxide layers (i.e., the oxide layers do not contain/maintain protective layers). This may be the main reason the investigated HEAs follow the linear not parabolic oxidation rate. The Mn content is about twice the Al content in this HEA, thus, the Mn oxides are noticed after the Fe oxides. The linear oxidation rate of the HEA means the oxide layers are non-protective and may be cracked or loose from the outer surfaces. Due to the Pilling-Bedworth Ratio (PB Ratio), the non-protective layers have a PB ratio less than unity. This may be due to the difference in the oxide layers formed on the investigated HEA as given in Figure 4. The XRD patterns and EDX analysis indicated the existence of Al, Cr, Fe, and Mn oxides in almost all conditions.



The SEM images of the oxide scales after 50 h at 500, 600, and 700 °C indicate the homogeneity of the layers formed with spallation in some parts of the oxide layer and the formation of the duplex layer at 600 °C. Normally, the formation of protective layers may be explained by the parabolic oxidation behavior of the alloy [35], which is not the case for the present alloy at the investigated temperature range. The oxide layer thickness increases with the increase in the oxidation temperatures from 500 °C to 600 °C. By increasing the temperature to 700 °C the cracks appear and part of the oxide layer falls down and the thickness decreases as confirmed in Figure 12. This is the reason for the linear oxidation rate behavior of the HEA. Due to the HEA composition complexity, the oxidation mechanism at this temperature is inwardly controlled by oxygen. Generally, the formation of Al2O3 and Cr2O3 protective layers decreases the inward diffusion of oxygen through the air/scale interface [42]. Mn outward diffusion is higher than Cr by ~2 orders of magnitude and their oxides have high vacancies which permit the oxygen to diffuse inwardly [43]. The high manganese content in the oxide layer proposes that the oxidation mechanism is done by the outward diffusion mechanism. Almost all the formed oxide layers formed at different conditions contain Mn (mainly), Al, and a smaller content of Cr, Fe, and Ni oxides. Spinel structures may be formed in the oxide layers such as MnCr2O4 and MnFe2O4 formation, however, it is not identified by XRD due to the small amount that may be formed.



There is limited knowledge about the high-temperature oxidation behaviors and mechanisms of HEAs. Most research on HEAs focuses on comprehending the idea of design, forming, phases formation, properties determination, and control as well as advanced production, characterization, and applications. The limited studies conducted on the oxidation behaviors of HEAs have given, in most cases, only partial insights into the kinetics or microstructural details of the oxide scale [1]. Therefore, it is highly needed to go further in studying the mechanism of oxidation in HEAs under different conditions and compositions.




5. Conclusions


The oxidation behavior of 90% cold-rolled Fe35Mn21Ni20Cr12Al12 HEA at 500, 600, and 700 °C in dry air for 50 h has been investigated. This study’s findings are summarized as follows:




	
The oxidation kinetics of HEA are obeying the linear rate law. The linear rate constants at 500 °C, 600 °C, and 700 °C are 1 × 10−6, 3 × 10−6, and 7 × 10−6 g/(cm2·s), respectively.



	
The oxidation activation energy is calculated to be 60.866 KJ/mol at the 500–700 °C temperature range.



	
The oxide layer contains manganese oxides (main phases), iron oxide, aluminum oxide, and chromium oxide at 600 and 700 °C, along with a few iron phase observed at 500 °C.



	
The duplex oxide layer of Fe, Mn Al, and Cr oxides appears at 600 and 700 °C. The oxide layer thickness increases with increasing the oxidation temperature from 500 to 600 °C. By increasing to 700 °C, the oxide layer cracked and spelled out part of them thus the oxide layers thickness decreased.



	
The oxidation mechanism at 500 and 600 °C is proposed to be an outward diffusion of Al, Cr, and Mn and an inward diffusion of O. However, for oxidation at 700 °C, it seems the inward diffusion of O is more dominant due to the high vacancy concentration in the formed Mn-rich oxide layer. 700 °C, the inward diffusion of oxygen through the vacancies of the rich Mn oxides is more active.
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Figure 1. (a) BF TEM image with (b) the corresponding SAD pattern image in the red circle of a, and (c) XRD patterns of cold-rolled Fe35Mn21Ni20Cr12Al12 HEA before oxidation. 






Figure 1. (a) BF TEM image with (b) the corresponding SAD pattern image in the red circle of a, and (c) XRD patterns of cold-rolled Fe35Mn21Ni20Cr12Al12 HEA before oxidation.
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Figure 2. Weight gain (ΔW/A) versus oxidation time of cold-rolled Fe35Mn21Ni20Cr12Al12 HEA at 500, 600, and 700 °C in dry air for 50 h. 
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Figure 3. Variation of log k with 1/T of Fe35Mn21Ni20Cr12Al12 HEA oxidation according to Arrhenius Equation (2). 
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Figure 4. XRD patterns of cold-rolled Fe35Mn21Ni20Cr12Al12 HEA oxidized at 500, 600, and 700 °C in dry air for 50 h. 
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Figure 5. SEM images in the normal plane and corresponding EDX patterns of the surface of the alloy oxidized at 500 °C after (a) 20 h and (b) 50 h. 
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Figure 6. SEM images of the cross-section (CS) of the oxidized HEA at 500 °C for (a) 20 h and (c) 50 h and the corresponding Line–EDX analysis (b) and (d), respectively. 
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Figure 7. SEM/EDX cross-section elemental mapping of the oxide layer formed on the HEA after oxidation at 500 °C for 50 h. 
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Figure 8. SEM morphologies and corresponding EDX patterns of the surface of alloy oxidized at 600 °C after (a) 20 h, and (b) 50 h. 
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Figure 9. SEM images of the alloy cross-section of the oxidized at 600 °C for (a) 20 h and (c) 50 h and the corresponding Line–EDX analysis (b) and (d), respectively. 
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[image: Alloys 03 00004 g009]







[image: Alloys 03 00004 g010] 





Figure 10. EDX mapping of the oxide layer formed on oxidized HEA at 600 °C for 50 h. 
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[image: Alloys 03 00004 g010]







[image: Alloys 03 00004 g011] 





Figure 11. SEM micrographs and corresponding EDX patterns after oxidation at 700 °C for (a) 20 h and (b) 50 h. 
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Figure 12. SEM images of the alloy cross-section of the oxidized at 700 °C for (a) 20 h and (c) 50 h and the corresponding Line–EDX analysis (b) and (d), respectively. 
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Figure 13. Mapping of the oxide layer formed on oxidized HEA at 700 °C for 50 h. 
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Table 1. The linear rate constant KL of cold-rolled Fe35Mn21Ni20Cr12Al12 HEA oxidized at 500, 600, and 700 °C in dry air for 50 h.






Table 1. The linear rate constant KL of cold-rolled Fe35Mn21Ni20Cr12Al12 HEA oxidized at 500, 600, and 700 °C in dry air for 50 h.





	Temperature, °C
	500
	600
	700



	KL, g/(cm2·s)
	1 × 10−6
	3 × 10−6
	7 × 10−6



	r
	0.9038
	0.9608
	0.903



	n
	1.00001
	1.00004
	1.00008










 





Table 2. The EDX analysis for the oxide surface at 500 °C at different oxidation times.






Table 2. The EDX analysis for the oxide surface at 500 °C at different oxidation times.





	
Conditions

	
Elements, at. %




	
O

	
Fe

	
Mn

	
Ni

	
Cr

	
Al






	
500 °C—20 h (Normal plane), Figure 5a

	
47.3

	
17.0

	
13.8

	
6.2

	
5.7

	
7.2




	
500 °C—50 h (Normal plane), Figure 5b

	
54.1

	
13.9

	
15.7

	
4.0

	
5.0

	
4.8




	
500 °C—50 h (CS, spot 1), Figure 6c

	
50.3

	
6.3

	
33.4

	
3.2

	
3.1

	
3.7




	
500 °C—50 h (CS, spot 2), Figure 6c

	
0.0

	
34.1

	
19.6

	
22.5

	
12.3

	
11.6











 





Table 3. The EDX analysis for the oxide surface at 600 °C at different oxidation times and conditions.
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Conditions

	
Elements, at. %




	
O

	
Fe

	
Mn

	
Ni

	
Cr

	
Al






	
600 °C—20 h (Normal plane), Figure 8a

	
55.8

	
10.5

	
22.2

	
1.4

	
4.5

	
3.5




	
600 °C—50 h (Normal plane), Figure 8b

	
60.6

	
5.1

	
21.5

	
0.9

	
1.6

	
6.1




	
600 °C—50 h (CS, spot 3), Figure 9c

	
48.8

	
5.5

	
24.9

	
1.7

	
1.9

	
17.2




	
600 °C—50 h (CS, spot 4), Figure 9c

	
0.0

	
36.9

	
21.6

	
18.4

	
11.6

	
11.5











 





Table 4. The EDX analysis for the oxide surface at 700 °C at different oxidation times and conditions.






Table 4. The EDX analysis for the oxide surface at 700 °C at different oxidation times and conditions.





	
Conditions

	
Elements, at. %




	
O

	
Fe

	
Mn

	
Ni

	
Cr

	
Al






	
700 °C—20 h (Normal plane), Figure 11a

	
64.7

	
5.4

	
20.8

	
0.5

	
1.8

	
3.3




	
700 °C—50 h (Normal plane), Figure 11b

	
60.3

	
6.8

	
23.6

	
0.2

	
2.2

	
5.4




	
700 °C—50 h (CS, spot 5), Figure 12c

	
65.7

	
4.0

	
19.5

	
1.1

	
2.9

	
6.8




	
700 °C—50 h (CS, spot 6), Figure 12c

	
0.0

	
32.7

	
18.3

	
24.9

	
12.0

	
12.1
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