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FeMnSiCrNi alloys present good properties, although the oxidation resistance at high temperatures is limited by high manganese amount. Thus, the present study evaluated a vacuum annealing treatment on an Fe-17Mn-5Si-10Cr-4Ni-VC alloy as a surface modification method, aiming to improve oxidation resistance. The treatment was performed during 10 h at 1100 o C, generating an external ferrite layer of 170 µm in thickness (manganese decreased to 2 wt.%). Oxidation tests at 800 o C up to 24 h in untreated and vacuum treatment demonstrated that heat treatment decreased the mass gain rate in two orders of magnitude through more protective oxide formation.

Introduction

High manganese iron-based alloys have good mechanical properties due their austenitic structure and are cheaper than high nickel iron-based alloys [1][2][3][4]. However, considering high temperature oxidation resistance, the high amount of manganese limits the use of these alloys [4]. Oxidation studies in Fe-Mn-Cr alloys demonstrated that even for high amounts of chromium and small amounts of manganese it is difficult to form a protective chromia layer [4][5][6][7][8]. Only when the manganese amount was decreased to a minor element value in an Fe-17Cr-1Mn oxidized at 750 o C, the formation of a Cr 2 O 3 /MnCr 2 O 4 protective layer was observed [8].
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Considering iron-manganese-based shape memory alloys, the original compositions (FeMn and FeMnSi [9]) were replaced by FeMnSiCrNi [10], increasing the corrosion resistance in acid media [11]. However, the oxidation at high temperature is still limited and non-protective Mn-rich oxides formation was observed in all recent articles [1,12,13]. The preferential manganese oxidation generates a Mn-depleted zone during FeMnSiCrNi alloys oxidation, implying in an anomalous behavior in cyclic oxidation [12,14] and allowing surface modification. In this zone the austenite to ferrite transformation occurs and this fact was used in an FeMnSiCr to improve corrosion resistance [15]. Recently, another method to create a Mn-depleted zone by manganese volatilization under vacuum heat treatment was successful for an Fe-17.5Mn alloy [16]. Thus, the present study aimed to evaluate the vacuum heat treatment to improve the high temperature oxidation resistance in an Fe-17Mn-5Si-10Cr-4Ni-VC alloy at 800 o C.

Materials and Methods

The Fe-17Mn-5Si-10Cr-4Ni-0.59V-0.14C (in mass %) alloy was melted, sand casted and homogenized at 800 o C [12]. Additionally, the material was solubilized at 1050 o C during 1 h under argon atmosphere and cooled in water. Samples were cut with dimensions approximately 2 x 4 x 11 mm and polished using SiC carbide P800 paper. After that, some samples were heat treated under vacuum (∼3 x 10 -2 mbar): heating to 1100 o C, 10 h annealing and then cooling inside the furnace. The oxidation tests were performed in air lab at 800 o C up to 24 h, for untreated and vacuum treated samples. The samples were placed into the furnace when the maximum temperature (800 o C) was achieved and after oxidation period (1, 5, 10 or 24 h) they were removed to cool in calm air. Vacuum treated and 24 h oxidized samples were analyzed by XRD (radiation Cu-k α ) and cross-sectioned for SEM/EDS observations. The cross-sections were prepared by polishing using SiC paper until P4000 granulometry and 1 µm diamond suspension finishing. Finally, thermodynamic calculations were performed using Factsage "Pure substances database 2018".

Results and Discussion

XRD analysis performed in untreated and vacuum treated samples are presented in Figure 1a, demonstrating the austenitic structure (ICDD 96-901-4712) for untreated sample. Although FeMnSiCrNi typically present thermally induced εmartensite after solubilization and quenching, the dendritic as cast microstructure, due to the absence of thermomechanical procedure, probably avoided the phase transformation here [12,17,18]. On the other hand, the vacuum treatment has led to a ferritic structure (ICDD 00-006-0696). The Figure 1b presents a SEM cross-section observation, where a ferritic external layer can be noticed (thickness ∼170 µm). The Table 1 brings the phases composition determined by EDS, showing manganese amount decreasing from around 16 to 2 wt% in ferritic phase. This promotes the allotropic transformation from austenitic to ferrite and is achieved by manganese sublimation, as observed before for an Fe-17.5Mn alloy [16]. The chemical contrast obtained using Back Scattered Electrons (BSE) detector (Figure 1b) also evidences the different phases; the apparent atomic number (Z) calculated (Table 1) explains brighter austenitic substrate (24.6 against 24.5 for ferritic layer). Finally, Factsage calculation showed that nearly all the Mn is sublimated into the gas phase during the vacuum treatment for both austenitic and ferritic compositions. Thus, ferritic layer thickness should increase under longer vacuum treatments, as demonstrated for Fe-17.5Mn alloy before [16]. The Figure 2a shows mass variation by surface area (mg/cm 2 ) versus test duration (h) curves for samples tested at 800 o C in untreated and vacuum treated conditions. The vacuum treatment clearly improved the FeMnSiCrNi alloy oxidation resistance, that is generally limited by the high manganese amount [1,12,13]. At Figure 2b, the same data is plotted in kg/m 2 vs. s 1/2 units, determining that the mass variation follows a parabolic law in the both conditions, with coefficient of determination r 2 ∼0.99. The parabolic constant (k p ) values determined show a decrease of two orders of magnitude from 2.2 x 10 -9 to 2.2 x 10 -11 kg 2 /m 4 s. The value of k p observed by the untreated samples is in the range observed for this same alloy in cyclic oxidation tests at 800 o C [12]. Contrarily, the k p value obtained after vacuum treatment is similar to those observed by Hua et al. [8], studying the manganese effect (0.5 to 3.0 wt.%) in the oxidation of Fe-17Cr alloys at 750 o C up to 700 h. Considering their higher amount of chromium and the lower temperature, the present results show the good oxidation resistance after vacuum treatment, that can be also associated to the high silicon content in the present studied alloy, as observed for low chromium alloys [19]. The Figure 3 presents XRD results for samples oxidized during 24 h in both conditions, detailing oxide peaks determination. The Figure 4 shows the cross-section of the same samples observed by SEM, and also the Mn and Cr EDS maps. Ferritic metallic substrate was detected by XRD for the two samples (2θ ∼44.8 o ), as expected by vacuum treated samples and known by manganese preferential oxidation in Fe-high Mn alloys oxidation [1,4,12,13,15]. The detection of metallic substrate by XRD was allowed by thin oxide layers, with ∼10 and 1 µm thick oxide for untreated and vacuum treated samples, respectively.

EDX and XRD techniques permit to identify the oxides formed on the untreated sample. The Mn and Cr EDS maps (Figure 4b and Figure 4c) present the typical elements distribution, with Mn-rich oxide at external layer and Cr/Mn oxide at inner layer. The XRD results determined a cubic-Mn 2 O 3 and also small peaks of a spinel AB 2 O 4 , allowing to determine an external Mn 2 O 3 (∼8 µm in thickness) and an internal MnCr 2 O 4 (∼2 µm in thickness) oxides, as reported for similar alloys [1,12,13]. For the vacuum treated sample, the Mn and Cr EDS maps (Figure 4e 

Conclusions

The present study demonstrated an enhancement on the oxidation resistance of an FeMnSiCrNi alloy using vacuum annealing to form a ferrite layer in the surface by manganese sublimation. The mass gain kinetic followed a parabolic law for the untreated and vacuum treated samples. However, the k p after vacuum heat treatment was two magnitude orders lower, demonstrating the method efficiency. This result was possible due to the manganese depletion, allowing chromium rich oxide formation, which decreased the oxygen activity and protected the material. Therefore, this study demonstrated that the vacuum annealing treatment can be used to improve oxidation resistance of FeMnSiCrNi shape memory stainless steels, but also other austenitic iron-based alloys stabilized with manganese.
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Figure 1 :

 1 Figure 1: (a) XRD diffractogram for untreated and vacuum treated samples and (b) SEM crosssection view (BSE) after vacuum treatment.

Figure 2 :

 2 Figure 2: (a) oxidation of untreated and vacuum treated FeMnSiCrNi samples in air lab at 800 °C, (b) square root transform.

  and Figure 4f) show highest chromium presence. In XRD analysis the oxide peaks presented small intensity and three different oxides were determined: spinel AB 2 O 4 (probably MnCr 2 O 4 ), corundum A 2 O 3 (probably Cr 2 O 3 ) and Mn 2 O 3 . Considering that spinel MnCr 2 O 4 and Mn 2 O 3 are not known to be protective, Cr 2 O 3 was the responsible oxide for increased oxidation resistance, as known in chromia forming alloys [4].
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 3 Figure 3: XRD diffractograms of the untreated and vacuum treated samples oxidized in air lab at 800 o C during 24 h.

Figure 4 :

 4 Figure 4: SEM cross-section images (BSE) and Mn and Cr EDS maps in untreated (a-c) and vacuum treated (d-f) samples after 24 h oxidation in air lab at 800 o C.
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 1 Figure 1: (a) XRD diffractogram for untreated and vacuum treated samples and (b) SEM crosssection view (BSE) after vacuum treatment.
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 2 Figure 2: (a) oxidation of untreated and vacuum treated FeMnSiCrNi samples in air lab at 800 °C, (b) square root transform.
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 3 Figure 3: XRD diffractograms of the untreated and vacuum treated samples oxidized in air lab at 800 o C during 24 h.
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 4 Figure 4: SEM cross-section images (BSE) and Mn and Cr EDS maps in untreated (a-c) and vacuum treated (d-f) samples after 24 h oxidation in air lab at 800 o C.

Table 1 :

 1 Phase compositions determined by EDS in the cross-section (Figure1b) and apparent atomic number (Z) calculated.

	Phase	Unit	Si	V	Cr	Mn	Fe	Ni	apparent Z
	Austenitic substrate	wt.%	4.9	0.7	10.4	16.4	63.3	4.2	24.6
	Ferritic external layer wt.%	5.8	0.8	12.4	2.1	74.4	4.6	24.5