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evaluated an alloy with relative low Mn (12 wt.%) in cyclic oxidation 

tests at 800, 900 and 1000 °C. Kinetic analysis demonstrated parabolic 

oxidation behavior with rate similar to higher Mn-containing alloys from 

literature. It was also observed internal oxidation, for the first time 
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800 °C as well as Mn-Cr spinel and no continuous silica at 1000 °C. The 

internal oxidation mechanism was related to oxide layer defects and not 

to partial oxygen pressure decrease, considering that the internal 

oxidation presented the same oxides of the external layer. These results 

show that low Mn content does not improve the use viability of these 

alloys at high temperatures, since no decreasing in oxidation rate was 

observed and further internal oxidation occurred. 
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Abstract  

High amounts of Mn in Fe-Mn-Si-Cr-Ni shape memory stainless steels are detrimental for 

oxidation resistance at high temperatures. However, in order to maintain the shape memory 

effect of these alloys the content of manganese must be between 12 and 19 wt.%. Thus, this 

study evaluated an alloy with relative low Mn (12 wt.%) in cyclic oxidation tests at 800, 900 

and 1000 °C. Kinetic analysis demonstrated parabolic oxidation behavior with rate similar to 

higher Mn-containing alloys from literature. It was also observed internal oxidation, for the 

first time in these alloys, and oxide layers composed by Mn2O3 and Mn-Cr spinel at 800 °C as 

well as Mn-Cr spinel and no continuous silica at 1000 °C. The internal oxidation mechanism 

was related to oxide layer defects and not to partial oxygen pressure decrease, considering 

that the internal oxidation presented the same oxides of the external layer. These results show 

*Revised Manuscript
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that low Mn content does not improve the use viability of these alloys at high temperatures, 

since no decreasing in oxidation rate was observed and further internal oxidation occurred. 

Keywords 

High temperature oxidation; Fe-Mn-Si-Cr-Ni; internal oxidation; manganese effect; silica. 
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Introduction 

 The Fe-based shape memory alloys (SMA) Fe-Mn-Si-Cr-Ni were developed as a 

cheapest alternative option to traditional NiTi SMA [1,2]. Furthermore, studies demonstrated 

that this kind of alloy can be used to join tubes by the shape memory effect [3] and have 

suggested applying them at high temperature [4]. Despite the high percentage of Mn being a 

problem for metallic alloys employed at high temperatures, in the last decade, studies 

regarding high temperature oxidation of this austenitic alloys were developed. For instance, 

Ma et al. [5] reported, for an Fe-14.29Mn-5.57Si-8.23Cr-4.96Ni alloy, a mass gain more than 

ten times higher than the conventional stainless steel AISI 304 after 100 h at 800 °C. They 

observed that during oxidation at high temperature the oxide layer presents Mn-rich oxides 

(Mn2O3 and Mn3O4) and Mn-Cr-spinel, causing depletion of Mn and generating a ferrite layer 

near the metal/oxide interface. After that, several studies were developed in order to try 

improving the oxidation resistance of these alloys, named as shape memory stainless steels 

(SMSS) [4,6–8]. 

 As this kind of alloy presents Si and Cr, that are known to provide high oxidation 

resistance in Fe-based alloys, an obvious attempt for improving the performance at high 

temperature would be to increase Cr and Si as well as to decrease Mn amount. Comparing two 

SMSSs, Fe-13.50Mn-3.98Si-9.54Cr-4.51Ni and Fe-12.32Mn-6.16Si-10.15Cr-5.15Ni [6], it was 

observed that the second one, with less Mn and larger amount of ferrite stabilizers elements, 

Si and Cr, presented superior mass gain under isothermal oxidation at 800 °C. The explanation 

was that higher amounts of Si and Cr, both ferrite-stabilizers elements, facilitated ferrite 

stabilization at 800 °C during oxidation due to Mn depletion, making the Mn diffusion rate 

faster when compared with the austenitic structure [9]. Additions of Co [4] have been also 

efficient to reduce at least half the mass gain in isothermal oxidation at 800 °C. However, the 

Fe-8.26Mn-5.25Si-12.80Cr-5.81Ni-11.84Co alloy is more expensive and present a generalized 

precipitation of intermetallic phases due to exposure to high temperature. Addition of Ce [7] 

was also used as a way to improve oxidation resistance during cyclic tests at 850, 950 and 

1050 °C, in an Fe-13.58Mn-5.58Si-9.42Cr-3.86Ni-0.18Ce, but the mass gain was similar to that 

of conventional SMSSs. Indeed, the mechanism related to Ce alloying has not been deeply 

investigated yet.  

One effective way proposed in the literature for an Fe-17Mn-5Si-10Cr-4Ni-VC alloy [8] 

to decrease mass gain is the application of a vacuum pre-treatment to promote Mn 

volatilization aiming to form a ferrite layer (170 m in thickness), depleted in Mn upon the 

austenite substrate. In this way, the oxidation rate at 800 °C, during 24 h exposure, was two 
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orders of magnitude smaller than that in samples without vacuum pre-treatment. Similarly, 

vacuum annealing also improved aqueous corrosion resistance of an Fe-17.5Mn alloy [10]. Mn 

depletion was also achieved by pre-oxidation and oxide removal. This strategy has been used 

in an Fe 28.0Mn-6.15Si-5.16Cr to improve both passivity and corrosion resistance [11], and in 

an Fe-18.81Mn-5.61Si-9.31Cr-5.36Ni [12] to create a smart material, with shape memory 

effect and magnetic properties, generated by the ferrite layer presence.  

 Oxidation resistance for other temperatures have also been evaluated for SMSSs. For 

instance, in an Fe-14.29Mn-5.57Si-8.23Cr-4.96Ni, a SiO2 layer was easier formed at 600 °C than 

at 700 and 800 °C, but the oxide layer was again mainly formed by Mn-oxides after isothermal 

oxidation [9]. In cyclic oxidation, Fe-17Mn-5Si-10Cr-4Ni-0.59V-0.14C tested at 800, 900 and 

1000 °C presented also high mass gain coefficients, and an activation energy of 109 kJ/mol 

related to oxide layer formation [13]. This value is considerably smaller than 247 kJ/mol, that 

was observed for conventional chromia-forming stainless steel [14], showing the lower 

oxidation resistance provided by the SMSSs. The oxide layers were characterized only after 

oxidation at 900 °C (identifying typical Mn and Cr presence) because this material presented an 

anomalous oxidation behavior at this temperature. After some oxide spallation and mass loss, 

the material returned to gain mass. This uncommon behavior was first related to the 

roughness increase at the metal/oxide interface, generated by ferrite layer plastic deformation 

[13,15]. After that, a comparison between isothermal and cyclic oxidation was performed at 

950 °C for the Fe-13.58Mn-5.58Si-9.42Cr-3.86Ni-0.18Ce alloy [16], demonstrating that the 

roughness increasing at metal/oxide interface is derived from a chemical and mechanical 

combined effect, as the isothermally oxidized samples also presented rough interfaces in a low 

degree when compared to cyclic oxidized samples. 

 The present study was performed in an Fe-12Mn-5Si-9Cr-4Ni-1Nb-0.1C alloy under 

cyclic oxidation at 800, 900 and 1000 °C. Niobium and carbon were used to improve the 

mechanical resistance at high temperatures, as reported for other steels [17,18], and also 

considering that niobium carbides were already used to improve the shape memory effect in 

Fe-Mn-Si-Cr-Ni alloy [19].  The main aim here was to identify if an alloy with less amount of Mn 

(compared to the literature) could present a better oxidation resistance by evaluating its 

oxidation kinetics. Furthermore, to check if the anomalous behavior during cyclic oxidation 

also occurs for this alloy and to characterize the oxides formed by means of scanning electron 

microscopy with a field emission gun in conjunction with energy-dispersive X-ray spectroscopy 

(FEG-SEM/EDS) and X-ray diffraction (XRD) analyses.  
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Materials and Methods 

 The Fe-12Mn-5Si-9Cr-4Ni-1Nb-0.1C alloy (nominal composition in mass percentage) 

was melted in an induction furnace and sand casted. After cast, the alloy was homogenized at 

800 °C for 3 h. The chemical composition was verified by EDS and carbon was determined by 

combustion. For the oxidation tests, samples were extracted from the ingot and grounding 

until #600 SiC sandpaper. The samples dimensions for higher temperatures were 

approximately 15104 mm, while for 800 °C the size was 252512,5 mm. The sample 

dimensions were larger at the lowest temperature to evaluate wear resistance after oxidation, 

not presented here, as already performed for other alloys in a previous study [20]. Regarding 

the smaller samples size, they followed literature recommendations [21]. 

The cyclic oxidation tests were performed in air lab, using cycles with 1h hour at 

maximum temperature (800, 900 or 1000 °C) and 10 minutes of cooling in an automatic 

furnace. The mass change was measured in arbitrary interval of cycles and the tests were 

performed during 749 cycles at 800 °C, 465 cycles at 900 °C and 383 cycles at 1000 °C. The 

tests durations were related to material performance and, thus, were obviously shorter for 

higher temperatures. Thermodynamic simulations were performed using Thermo-Calc 

software (TCFE7 database) to predict the oxides expected at 800 and 1000 °C according to 

oxygen partial pressure (p(O2)). Finally, aiming to understand the oxidation behaviour, the 

oxidised samples tested at 800 and 1000 °C were characterized by XRD, using Cu-Kradiation 

on top surface, and by FEG/SEM and EDS analyses on the cross-sections. 

 

Results 

Chemical analysis, Mass variation and Oxidation kinetics 

Regarding the alloy chemical composition, the EDS analysis determined the following: 

Fe-12.0Mn-5.3Si-8.8Cr-3.9Ni-1.5Nb-0.07C. The oxidation tests were then carried out and the 

Figure 1a shows the mass variation observed in the three temperatures by the number of 

cycles while Figure 1b presents the parabolic law fittings using mass gain by time square root, 

allowing the kinetics calculations. The alloy did not present mass loss at 800 °C, but presented 

mass loss at 900 °C, followed by a new mass gain. Before this behavior, the mass variation 

curve of the sample tested at 900 °C followed a parabolic law during some number of cycles, as 

occurred for other temperatures, as shown in detail in Figure 1a’. At 1000 °C, mass gain was 

observed during almost all the test, followed by some oscillation (loss and mass gain) at the 

end. Figure 1b’ presents the plot of neperian logarithms of kp values by the inverse of 

temperature in Kelvin used to calculate the activation energy (Arrhenius plot). Table 1 
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summarizes the values determined and one can see that the fittings to the parabolic law are in 

good agreement (Figure 1a’ and b), with R2>0.99 in all the cases. On the other hand, the linear 

fitting implemented to determine the activation energy presented R2=0.89, although it is clear 

that some of the points are certainly far from the trending line.  

Table 1 – Summarized data of parabolic coefficients (kps) determined for all the temperatures, the activation energy 
(Ea) and the pre-exponential factor (k0) obtained from the Arrhenius plot. 

Temperature (°C) 
Number of 
total cycles 

kp (kg
2
/m

4
.s) 

Interval cycles 
(following kp) 

R
2
 

800 749 9.43x10
-10

 0-286 0.999 

900 465 1.67x10
-9

 0-57 0.995 

1000 383 9.46x10
-9

 0-76 0.998 

Ea = 128.7 kJ/mol    (R
2
=0.893)  k0 = 1.42x10

-3
 kg

2
/m

4
.s  

 

 

Oxide and Sub-scale Characterization 

Oxidation at 800 °C 

  

In the present study, the characterization was focused on the samples oxidized at 800 

and 1000 °C, as the anomalous behavior observed for the oxidized sample at 900 °C was 

previously reported regarding a similar alloy under the same oxidation conditions [13]. Figure 2 

presents the XRD measurements performed on the sample surface after oxidation at 800 °C 

(749 cycles). Regarding the oxide formation, the main contribution observed was Mn2O3 

followed by a spinel Mn-Cr, and also Fe-α peaks.  

Figure 3 presents the cross-section of the sample oxidized at 800 °C, after 749 cycles, 

and observed by SEM/EDS. Several important characteristics can be pointed out by SEM image. 

First, the oxide layer presents some horizontal cracks. Second, the metal/oxide interface 

developed a substantial roughness. Third, a characteristic metallic layer was formed between 

the oxide layer and the metal substrate, with a quite flat interface between them. EDS 

analyses in this region demonstrated a Mn content of 1.2 wt.%, while in the substrate, near 

the ferrite/austenite interface, 12.8 wt.% was observed. A Cr depletion is also noted, 

containing 8.8 wt.% in the substrate whereas 6.2 wt.% in the Mn-depleted zone. Fourth, some 

defects and a lot of globular oxide particles were also observed in this layer. In the cross-

sectional EDS maps, it can be noticed that the oxide layer is mainly formed by Mn and present 

Cr near the metal/oxide interface. In the oxidized particles surrounded by metal, a similar 

behavior occurs with Mn enrichment in the center and Cr near the oxide/metal interface. The 

already mentioned Mn-depleted metallic layer, between the oxide and the substrate, could be 

observed, in which Cr depletion was also noticed.  
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Thermo-Calc simulation for the expected phases at 800 °C as function of the p(O2) is 

presented at Figure 4. Although these simulations do not consider composition changes, as 

manganese and chromium depletion observed at SEM/EDS analysis (Figure 3), as also does not 

consider the formation rates of different oxides, it is still interesting to compare these 

predictions with oxide characterization. The simulation shows the predominance of corundum 

(M2O3) and spinel (M3O4) phases for high values of p(O2), followed by quartz (SiO2). Due to the 

Nb content in the alloy, the presence of an Fe4Nb2O9oxide is also calculated, but it is expected 

in a low amount. As the p(O2) decreases the spinel amount expected increases and the 

presence of other oxide structures are suggested (not detailed here as they were not observed 

by oxide characterization). 

 

Oxidation at 1000 °C 

 

Figure 5 shows the XRD results for the sample oxidized at 1000 °C during 383 cycles. 

M3O4 spinel oxides are noticed in higher amount, with larger concentration of Mn (Mn3O4 and 

Cr0.5Mn2.5O4-tetragonal) or Cr (Cr2MnO4-cubic). Furthermore, some silica peaks could be 

identified, with some doubt due to the background and/or superposition of other oxide peaks. 

Finally, Fe-α peaks related to the ferrite layer formation were also observed.  

Figure 6 presents the cross-section image of a sample oxidized at 1000 °C during 383 

cycles. Similar characteristics to the sample oxidized at 800 °C can be observed: internal 

oxidation, Mn-depleted zone, roughness at the metal/oxide interface and the ferrite layer, 

with a quite flat interface with austenite (Figure 6a). The internal oxidation was more intense 

at this temperature (Figure 6b). While at 800 °C the more internal globular oxide particles were 

placed around 100 µm far from the metal/oxide interface, at 1000 °C this value is higher than 

200 µm. However, in both cases the internal oxidation was confined to the ferrite layer. In 

addition, EDS analysis revealed that Mn-depleted zone also suffered a higher Cr depletion. The 

Mn decreases from 12.0 to 0.9 wt.%, while Cr from 8.8 to 2.7 wt.%.  

Figure 7 brings a more detailed EDS analysis with some maps and spots (compositions 

presented in Table 2). Nb, C and Ni maps were not added as they appeared only in the metallic 

phases. The EDS maps and micro-analyses in the points 1 and 2, performed at the metal/oxide 

interface, demonstrates the higher presence of Si in the oxide layer and the Figure 8 details a 

region where a non-continuous silicon-rich oxide was formed at metal/oxide interface, with 

approximately 2 m in thickness. The EDS micro-analyses related to the points 3 through 7 (in 

Figure 7) demonstrated, as indicated by Cr and Mn maps (see also Figure 7) that the oxide 

layer is mainly composed by a Cr-Mn mixed oxide. Finally, the EDS measurements at points 8, 9 
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and 10 were done in metallic regions near the metal-oxide interface (point 8 is in a small 

“island” of metal inside the oxide layer). The depletion of Mn and Cr can be noticed in these 

regions, where 1.0≤Mn wt.%≤1.5 and 2.4≤Cr wt.%≤3.3, far from the original composition. 

 

Table 2 – EDS chemical micro-analysis in wt.% (points in the Figure 7). 

EDS point 
Chemical elements 

O Si Cr Mn Fe Ni Nb 
1 41.3 22.0 7.2 3.4 23.0 1.7 1.3 

2 47.4 17.2 9.0 16.5 7.7 0.9 1.4 

3 33.8 --- 21.5 42.6 2.2 --- --- 

4 35.0 --- 34.8 26.8 3.5 --- --- 

5 34.8 --- 33.0 29.8 2.4 --- --- 

6 37.2 2.7 27.3 30.9 1.9 --- --- 

7 29.5 --- 23.2 45.4 2.0 --- --- 

8 --- 4.4 3.3 1.5 86.5 4.3 --- 

9 --- 5.8 2.4 1.0 86.0 4.8 --- 

10 1.9 5.9 2.9 1.2 83.2 5.0 --- 

 

 Phases and its amounts were also predicted by thermodynamic simulation using 

Thermo-Calc for different p(O2) at 1000 °C, as shown in Figure 9. The oxide expected in larger 

amount at high p(O2) values is the spinel M3O4. Corundum oxide (M2O3) also appears, but in 

less percentage compared to 800 °C and limited for p(O2) values higher than 10-3. A not 

expected phase is the liquid, as no melting was observed during oxidation tests. The Fe-Nb 

oxide appears again in small amount and SiO2 (tridymite at this temperature) is expected only 

after p(O2) is reduced below approximately 10-4. 

 

Discussion 

 

Chemical analysis, Mass variation and Oxidation kinetics 

 

Although EDS is not the best technique to chemical analysis, the evaluation 

demonstrated a good accordance with the nominal composition, with relatively higher 

niobium and slight low chromium and carbon. However, the correct manganese content (12.0 

wt%) was the result most important for the study purpose. 

Regarding the mass variation (Figure 1), the behavior observed at 900 °C was reported 

previously for an Fe-17Mn-5Si-10Cr-4Ni-VC and considered anomalous [13,15] as usually, after 

the spallation start, the alloy presents continuous mass loss under cyclic oxidation. At 800 °C, it 

is important noticing that no spallation was observed during oxidation what is a detrimental 
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behavior of some austenitic stainless steels at high temperature [14]. The kinetics analysis 

demonstrated that for all temperatures a good agreement to the parabolic law was observed 

(Figure 1b and Table 1). Comparing the present results with a higher Mn content Fe-17Mn-Si-

Cr-Ni-0.59V-0.14C alloy (nominal composition in wt.%) previously studied [13], and tested 

under the same conditions, the reduction of Mn was not enough to reduce the mass gain 

during oxidation; at 800 °C the kp value is similar, being considerably lower at 900 °C and 

higher at 1000 °C. This comparison can help to understand the deviation observed here in the 

Arrhenius plot (Figure 1b’), which can be attributed for the spallation behavior observed at 900 

°C. As the spalled oxide was not collected, it can have been started since the first cycles, 

generating a smaller kp value that is far from the trending line and not allowing a better fitting. 

Correlating kp values between isothermal and cyclic tests is sometimes avoided as in 

cyclic tests the samples are more prone to suffer oxide spallation, as mentioned before. 

However, in Figure 10, literature values of kp are put together for comparative purposes in an 

Arrhenius plot, where open symbols accounts for cyclic tests and filled symbols for isothermal 

ones. A hypothetical linear fitting is presented (R²=0.87), excluding the points regarding the 

alloy with Co [4] and the alloy oxidized after vacuum annealing [8], showing that for all the 

other alloys, independently of the Mn content there is a similar and high mass gain. Clearly, 

the only successful attempts for decreasing mass gain during oxidation in air at high 

temperature in these SMSS alloys were, therefore, through the Co addition or vacuum 

annealing. Thus, the use of a reduced Mn-content alloy here was not able to generate a better 

oxidation resistance in SMSSs. 

Oxide and Sub-scale Characterization 

Oxidation at 800 °C 

 

The results observed by XRD after oxidation at 800 °C (Figure 2) and SEM/EDS (Figure 

3) are in agreement with oxides observed and analyzed by XRD and EDS on Fe-Mn-Si-Cr-Ni 

alloys in previous studies [4-6]. These authors found Mn2O3, in the external layer basically, 

Mn3O4 at middle layer and MnCr2O4 located at the metal/oxide interface. Furthermore, it was 

reported that a Mn-depleted zone was formed below the oxide layer [4-7,11,13], where a 

metallic transformation from austenite to ferrite occurs. This fact explains the Fe-α peaks 

observed by XRD. Although the oxide layer formed was thick, reaching more than 50 m in 

some regions (Figure 3) the defects and regions with lower thickness allowed substrate peaks 

determination. Here, the main Mn2O3 contribution and small peaks of MnCr2O4 are in 

accordance with oxides distribution and the high Mn2O3 thickness (Figure 3). The Mn3O4 oxide 
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was not observed here, but in one of the previous studies it was necessary to remove partially 

the oxide layer to characterize this oxide by XRD [5].  

The XRD results for the sample oxidized at 800 °C are also in agreement with the phase 

diagrams obtained from thermodynamic simulations of Cr-Mn-O system [22,23], where the 

stable oxide, regarding the present Cr/(Mn+Cr) ratio (around 0.45), is only cubic spinel (MnxCr3-

xO4, where 0≤x≤3). However, the fast manganese diffusion probably decreases the Cr/(Mn+Cr) 

ratio to values below 0.4 where Mn2O3 is also stable. On the other hand, as Mn is depleted 

(increase of Cr/(Mn+Cr) ratio) and the p(O2) is decreased, the equilibrium is moved towards 

the stabilization of the cubic spinel alone [22,23]. Furthermore, the oxides predicted by 

Thermo-Calc here, as also already reported for three Fe-Mn-Si-Cr-Ni alloys [5,6] are in 

accordance with the increase of MnCr2O4 phase as p(O2) decreases (Figure 4). Regarding the 

other phases predicted by Thermo-Calc simulation (Olivine, Rhodonite, Halite and so on) none 

of them were found here or reported during previous characterization of Fe-Mn-Si-Cr-Ni alloys 

oxidized [4–8,13]. Silica oxide was also never observed in these alloys after oxidation at 800 °C, 

although it was reported after oxidation at 600 °C [9]. With respect to Mn-rich oxides, in pure 

manganese, Mn2O3, Mn3O4 and MnO are expected in this order from oxide/gas interface to 

metal/oxide interface [24,25]. Based on thermodynamic simulation presented here and phase 

diagrams thermodynamic calculated [22,23] we can assume that in the present alloy, the 

Mn2O3(corundum) is stable at 800 °C from atmospheric pressure up to p(O2) close to 10-6 and 

MnO (halite) is stable between 10-19<p(O2)<10-18. Mn3O4 is a tetragonal spinel, differing from 

cubic Mn/Cr spinel by the small chromium solubility, in the presence of chromium. Although is 

impossible distinguish between both spinels at Figure 4, as the cubic spinel is stable in a wide 

range of p(O2), the p(O2) range where Mn3O4 tetragonal spinel formation is expected can be 

estimated as between approximately 10-18<p(O2)<10-6, the range where the other Mn-rich 

oxides, MnO and Mn2O3 are not stable. This can explain the Mn3O4 placement (when this oxide 

is formed) between external Mn2O3 and internal MnCr2O4 spinel, making difficult the 

characterization. 

Regarding the features observed by SEM image (Figure 3) were already reported 

before for similar Fe-Mn-Si-Cr-Ni alloys (horizontal cracks, roughness at metal/oxide interface, 

characteristic metallic layer between the oxide and the original substrate, and some defects 

and a lot of globular oxide particles); the only exception is related to the internal oxidation. 

The horizontal cracks were reported to be the cause of oxide delamination in an Fe-17Mn-Si-

Cr-Ni-VC alloy, generating oxide spallation [13]. In the present case, no mass loss occurred, 

probably due to the mechanical anchoring [13] from the metal/oxide roughness, which was 

observed after cyclic and isothermal oxidation for these alloys [5,7,13]. The layer formed 
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between the oxide scale and the metallic substrate as already mentioned was reported to be a 

ferrite layer in similar alloys, formed due to the Mn depletion during the alloy oxidation 

[5,7,11,13], in good agreement with XRD results presented in Figure 2. However, the internal 

oxidation observed in this layer will be discussed in more details in a next Section as it was 

reported for the first time in these alloys. 

 

Oxidation at 1000 °C 

 

The oxides observed after oxidation at 1000 °C and determined by XRD and EDS 

(Figures 5, 7 and 8) differ from those observed at 800 °C by the absence of Mn2O3, and the 

presence of tetragonal spinel and silica. These results are in accordance with thermodynamic 

simulation (Figure 9), except for the absence of corundum M2O3 structure. At Mn-Cr-O 

diagrams [22,23] no Mn2O3 is expected (contrarily from Thermo-Calc simulation at Figure 9). 

However, the Mn-Cr-O phase diagrams does not consider, obviously, the influences of Fe, Si 

and others elements present in the alloy. Considering the oxides determined in the 

thermodynamic simulation studies of Mn-Cr-O phase diagram, already cited [22,23], the only 

oxide stable at this temperature, considering initial Cr/(Mn+Cr) ratio (around 0.45) is the cubic 

spinel. This phase admits all chemical compositions between Mn3O4 and Cr3O4 (MnxCr3-xO4, 

where 0≤x≤3), depending on p(O2). Another oxide stable at 1000 °C in the Mn-Cr-O phase 

diagrams is the tetragonal spinel (Mn3O4) with small Cr solubility. This spinel is expected as 

Cr/(Mn+Cr) ratio decreases, fact that probably occurs here due to the fast manganese 

diffusion, explaining XRD results. As discussed before the Mn-Cr spinel composition cannot be 

easily determined. EDS results show that the Cr and Mn amount vary at each point, suggesting 

that MnxCr3-xO4 (where 0≤x≤3) is the best chemical representation of this layer, corroborating 

the XRD results. Finally, metallic substrate peaks were also observed in this temperature, and 

despite the thick oxide layer, the defects allowed ferrite indexation. 

Comparing the results obtained after oxidation at 1000 °C with those for the oxidation 

at 800 °C, the first observed difference is the presence of Cr all over the oxide layer, explaining 

the higher depletion of this element in the ferrite layer. Another difference is related to Si 

presence at metal/oxide interface (notice the Si EDS map in Figure 8). Considering the higher 

amount of O in these regions, some silica oxide probably was formed, as suggested by the 

present thermodynamic simulation (Figure 9) and XRD analysis (Figure 5). This was possible 

because at 1000 °C the higher presence of Cr in the oxide layer promotes it depletion and, 

jointly with Mn depletion, increases the content of Si available in the alloy to form the oxide. 

Furthermore, the high chromium presence probably decreases the p(O2) at the metal/oxide 
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interface, important condition to form SiO2 (tridymite at Figure 9). However, the high 

roughness at metal/oxide interface, as discussed before, emphasized by cyclic oxidation [16], 

promoting defects and internal oxidation, probably do not allow the formation of a continuous 

silica layer, which could act as an additional diffusion barrier, thus decreasing the oxidation 

rate of the alloy. Furthermore, for conventional austenitic stainless steel it was observed 

discontinuous silica layer, explained by the higher Si diffusivity in the grain boundaries than in 

the lattice [26]. Perhaps, in isothermal long-term studies this silica layer formation could be 

interesting. 

 

Internal oxidation 

 

The internal oxidation observed here in the ferrite layer was more evident and intense 

after oxidation at 1000 °C, fact explained by the higher O activity and diffusivity. This behaviour 

was never reported in previous studies for Fe-Mn-Si-Cr-Ni alloys [4–9,13], but in all cases the 

amount of Mn was higher (12.32 to 17 wt.%) than here (12 wt.%) and/or the oxidation periods 

were in several studies limited to a maximum of 120 h. The internal oxidation is caused 

normally by a selective oxidation of an element (as is the present case for Mn), which does not 

diffuse quickly to the surface while the region beneath the oxide scale becomes depleted in it 

[27]. The exposure time to oxidizing atmosphere can also influence as mentioned by Douglass 

et al. [28], which not observed internal oxidation for short periods of oxidation in an Fe-Mn-Cr. 

Although several studies performed shorter oxidation tests (up to 120 hours) [4–6,8,9], as 

mentioned before, for the Fe-17Mn-Si-Cr-Ni-VC alloy no internal oxidation was observed at 

longer oxidation periods at 900 °C (987 cycles) [13], or at 800 °C (1218 cycles) [29], as also for 

an Fe-13.58Mn-Si-Cr-Ni-Ce alloy oxidized more than 250 cycles at 850 °C [7]. These results 

corroborate the idea that the lower amount of Mn in the present alloy generated this 

behavior. Regarding to the voids presented in the Mn-depleted layer, selective oxidation can 

also be the responsible because the diffusion rates of Mn and other elements are different, 

generating accumulation of vacancies that evolve to voids both inside the grains and the grain 

boundaries, as observed, for example, in selective oxidation of aluminum in Ni-based alloys 

[27,30,31]. 

In a previous study [16], investigating the increase of roughness at the metal/oxide 

interface in an Fe-Mn-Si-Cr-Ni alloy, it was determined that besides the thermo-mechanical 

effects proposed before, a chemical effect was also observed, based on reported study of an 

Fe-Mn-Cr alloy [28] and explained by usual diffusion laws. The roughness at the metal/oxide 

interface increases because the Mn cation diffusion rate in the oxide layer is higher than Mn 
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diffusion rate in the alloy, mainly because of the Mn depletion in the ferrite layer. However, 

this formation of globular oxide protrusions at ferrite layer [16], reported as internal oxidation 

for an Fe-Mn-Cr alloy [28] and explained also in terms of Mn depletion, was different of the 

observed here, as it was physically connected to the continuous oxide layer. Here, it seems 

that the internal oxides are surrounded by metallic substrate. As the alloy studied here 

presents only 12 wt.% of Mn and its depletion achieves final values around 1.2 wt.%, this 

internal oxidation could be observed, contrarily from the observed for a higher Mn-containing 

Fe-17Mn-5Si-10Cr-4Ni alloy, tested at 900 °C up to 987 cycles [13]. In other words, in alloys 

with higher manganese, due to this chemical diffusion effect, the Mn depletion is enough to 

create protrusions in the oxide layer which advances in the metal substrate at metal/oxide 

interface but these protrusions make part of oxide layer. Here, as the manganese content in 

this alloy is small this chemical diffusion effect leads to internal oxidation as the Mn depletion 

near the metal/oxide interface achieves critical values.  

Besides the aforementioned reasons causing the internal oxidation, as pointed before, 

the internal oxidation observed in an Fe-Mn-Cr alloys [28] was physically connected with the 

external oxide layer, justifying the formation of the same oxides. Here, the presence of the 

same oxides separated from the external oxide layer should be better discussed. Evaluating 

internal oxidation in deep, it is a phenomenon often related to different values of p(O2), 

generating internal oxidation with different oxides (present internally) compared to those 

present at the continuous and external oxide layer. For example, in Ni-Cr superalloys 

containing small amount of aluminum, an external Cr2O3 layer is often formed, decreasing 

oxygen activity and promoting Al2O3 internal oxidation [27]. On the other hand, here, the 

internal oxides are the same observed in the external oxide layer. Considering that MnCr2O4 is 

stable even for p(O2) =10-27 (remarkably low) and is the most stable phase at p(O2)<10-18 

(Figure 3), and as Mn-rich oxides Mn2O3 and Mn3O4 are stable only for p(O2) around 10-18 or 

higher is not reasonable assume that oxygen pressure in the internal oxides is lower than at 

external layer. 

The mechanism for internal oxidation in this study can be associated with the 

manganese depletion but is also necessary an easier path for oxygen diffusion, as MnCr2O4 

layer formed at metal/oxide interface is known by avoid internal oxidation in these alloys. Two 

main aspects can be related to the oxygen diffusion and the first one is related to Cr-depletion. 

As observed in Ni-Cr alloys [32], the Cr-depletion, demonstrated here in the ferrite layer, can 

promote voids close to metal/oxide interface and close to grain boundaries, that are the 

preferential diffusion path for Cr. These voids allow oxygen transport with relatively high 

partial pressure. The second aspect is concerned to cyclic oxidation, which can promote oxide 
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layer failures by heating/cooling alternance, generating metal/oxide interface deformation and 

oxide fracture/spallation, as previously observed in similar alloys [13,15,16], and supported by 

the cracks observed (Figure 3, 6 and 7) and the anomalous behavior of mass variation 

observed at 900 °C (Figure 1). Thus, these defects can break the continuous spinel layer and 

expose the Mn-depleted ferrite layer to a high oxygen partial pressure, promoting oxygen 

inward and forming Mn-rich oxides inside the substrate. Is interesting to mention that even 

with internal oxidation, no Fe-rich oxide is observed, showing that Cr/Mn spinel is formed 

protecting the substrate from catastrophic oxidation. 

Based on the considerations regarding internal oxidation, the mass variation curves 

and the EDS and XRD results, it can be inferred that the smaller amount of Mn and its 

depletion during the oxidation is not enough to decrease oxidation rate in cyclic oxidation 

tests. Further isothermal studies in long exposure periods at high temperature should be 

performed to evaluate if the behavior of internal oxidation (as protrusions or as separated 

oxide particles) also occurs or if in a condition of low mechanical stresses (promoted by cyclic 

oxidation), a more protective oxide layer can be formed. SiO2, predicted as a possible oxide in 

both temperatures and observed after oxidation at 1000 °C can also improve the oxidation 

resistance if forms continuously. However, was evidenced here that if the oxide layer does not 

avoid critical manganese depletion, the internal oxidation occurs due to the low content of 

manganese in the ferrite layer. 

 

Conclusions 

The cyclic oxidation tests at 800, 900 and 1000 °C, showed that Fe-12Mn-5Si-9Cr-4Ni-

NbC alloy presented parabolic oxidation behavior in terms of mass gain by surface area, with kp 

values similar to alloys with higher Mn content than the current one. Oxide layers were 

characterized after tests at 800 and 1000 °C, demonstrating higher amount of Mn and Cr. 

Thermodynamic simulations predicted mainly M2O3, M3O4 and SiO2 oxides for both 

temperatures. At 800 °C the oxides identified were Mn2O3 and Mn-Cr spinel, but no SiO2, while 

at 1000 °C different Mn-Cr spinels were observed with strong evidence of silica, together with 

higher amount of Cr in the scale, showing accordance with thermodynamic simulation except 

by the M2O3 absence. The formation of a ferrite layer due to Mn depletion was observed, 

presenting an almost flat interface with the austenite base material, but a rough interface with 

the oxide layer. Internal oxidation was also evident in this ferrite layer, phenomenon that not 

reached the base material. As the oxides formed in the internal oxidation were the same 

observed at external oxide layer, the mechanism proposed emphasizes defects generated by 
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thermal cycles that allow high partial pressure in contact to Mn-depleted ferrite layer. These 

findings demonstrate that decreasing Mn content is not a good solution to increase the 

oxidation resistance of Fe-Mn-Si-Cr-Ni shape memory stainless steels in cyclic oxidation, since 

the Mn depletion can increase the metal/oxide interface roughness and promote internal 

oxidation. However, further studies should be performed at isothermal long-term oxidation 

tests, as formation of a continuous silica layer in the absence of mechanical stresses could 

improve the oxidation behavior. 
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Figure Captions 

Figure 1 – a) mass variation during cyclic oxidation tests at 800, 900 and 1000 °C and in detail (a’) the parabolic 
fitting during the initial cycles; b) square root transform to determination of parabolic constants kp values for all 
temperatures and in detail (b’) the Arrhenius plot for the activation energy determination. 

Figure 2 – XRD analysis performed on top surface of Fe-12Mn-5Si-9Cr-4Ni-NbC oxidized at 800 °C after 749 cycles. 

Figure 3 – Cross-section SEM/EDS analyses of Fe-12Mn-5Si-9Cr-4Ni-NbC alloy oxidized at 800 °C,during 749 cycles, 
detailing oxide layer with horizontal cracks, a ferrite layer, internal oxidation and oxygen, manganese, chromium, 
silicon and iron element maps.   

Figure 4 – Mole fraction expected for each phase in equilibrium (wt.%) at 800 °C versus p(O2); thermodynamic 

simulation performed using Thermo-Calc with the TCFE7 database. 

Figure 5 – XRD diffractogram performed on top surface of sample oxidized at 1000 °C during 383 cycles.  

Figure 6 – SEM cross-section images of the sample oxidized during 383 cycles at 1000 °C, showing an overview (a) 
and more detailed high magnification (b). 

Figure 7 – Detailed SEM/EDS analysis of sample oxidized at 1000 °C during 383 cycles: (a) SEM image with EDS 
points, followed by EDS elemental maps: oxygen, manganese, silicon, chromium and iron. 

Figure 8 – SEM/EDS analysis at metal/oxide interface region, after oxidation at 1000 °C, detailing silicon oxide 
formation. 

Figure 9– Mole fraction expected for each phase in equilibrium (wt.%) at 1000 °C versus p(O2); thermodynamic 

simulation performed using Thermo-Calc with the TCFE7 database. 

Figure 10 – Neperian logarithms of kps by the inverse of temperature (Arrhenius plot) comparing present article 
data (diamonds) with literature data from [4–9,13]; open and filled symbols represent cyclic and isothermal tests, 
respectively. 

 

 

 

 

 


