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Abstract. High-Mn steels have great plasticity when subjected to deformation due to TWIP or 
TRIP effects. This work evaluated the microstructural evolution, the formation of the ε-Martensite 
phase taking into account the hot rolling of 80-60% and the solution annealing. Afterwards, 
microstructures were analyzed by SEM. Volume fraction of the Austenite and ε-Martensite phases 
were measured by EBSD technique. The steel obtained low energy levels of stacking fault, 
favoring the effect TRIP. Corrosion resistance in 0.1M NaCl solution was analyzed by open 
potential circuit and potentiodynamic polarization techniques. The analysis of the curves and the 
surface of the steel after the polarization tests showed that the steel with less strain had relatively 
nobler potential than the steel with more strain. 
Introduction 
High manganese steels are called cryogenic steels because they have high mechanical strength and 
good toughness at temperatures close to that of liquid Nitrogen. In applications at cryogenic 
temperatures, metals with FCC structure are widely used because they have good mechanical 
properties at low temperature, while metals with BCC structure show a brittle ductile transition 
[1]. FeMnC alloys with high levels of Manganese (20-30 wt.%) represent a very recent 
development of austenitic steels, which, through their differentiated mechanisms of deformation, 
in TWIP effect (Twinning Induced Plasticity) plastic deformation induced by twins and TRIP 
(Transformation Induced Plasticity) transformation induced by phase transformation, are of great 
scientific and economic relevance. Thus a work-scale study following the traditional routes of 
manufacture of austenitic steels (casting followed by hot mechanical conformation at temperatures 
above 1000 °C) is necessary, just as it has been practiced by several foreign research groups [2]. 

Two types of Martensite may occur in austenitic steels. The formation of ε-Martensite, whose 
crystalline structure is hexagonal compact (HC), and of α'-Martensite, of structure of body-
centered cubic or body centered tetragonal (BCC / BCT) [3,4]. The ε-Martensite is still little 
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explored in austenitic steels. The chemical composition with high manganese content and very low 
carbon content is very little reported in the literature, mainly by the non-formation of α’-Martensite 
phase, maintaining the tenacity and ductility properties of the steel. However, the results obtained 
so far are very promising for the industrial application in very low temperatures of the steel in 
question. For a research on how the TRIP effect occurs that has the consequence of the formation 
of ε-Martensite plates is of great relevance. The Stacking Fault Energy (SFE ) increases with 
increasing Mn content, and the TWIP effect is well activated in the SFE range between (18-60 
mJ/m2), thus occurring to the formation of mechanical macros and to values of (SFE < 18 mJ/m2) 
the martensitic transformation occurs in the microstructure of the material [4–6]. The ε-Martensite 
phase also forms at low temperatures in the absence of plastic deformation, whereas for the 
formation of α'- Martensite a more severe plastic deformation is required. As shown by some 
authors [5,7–10], the amount of ε-Martensite increases with deformation, reaches a maximum, in 
larger deformations decreases, while the amount of α'-Martensite increases progressively. Prior to 
the development of high strength low alloy steels or microalloyed steels (HSLA), carbon and 
manganese hardened steels thus had poor weldability. The carbon content of the steels produced 
was around ≅ 0.25%, and today the content has been reduced to around ≅ 0.05%. This reduction 
substantially improves the weldability of steel [11,12]. That is why the choice of such a low value 
of carbon in the composition of the steel under study. 

In general, the corrosion behavior of high Mn steels in 3.5% NaCl solution is attributed to the 
high dissolution rate of Mn and Fe atoms in Chloride solutions [13,14]. The formation of unstable 
oxides in these types of steel allows Mn to be preferably dissolved at the oxide/electrolyte 
interface. There are some works on the electrochemical polarization behavior of Fe-Mn-Al alloys 
where some authors have reported that these steels do not passivate in aqueous solutions of 3.5% 
NaCl, 10% HCl, 0.01M H2SO4 or 10% HNO3 and are susceptible to pitting corrosion, but this 
depends on the alloying elements and their amounts [14-17]. It is also reported that increasing 
manganese content above 25%, decreases the corrosion resistance of the alloy in aqueous solutions 
[13-15], as well as adding aluminum to a 25% manganese steel has resulted in increased corrosion 
resistance in 1M Na2SO4, 50% HNO3 and 10-50% NaOH solutions, but this same steel showed 
no passivation in 10% HCl and 3.5% NaCl solutions [16]. Finally, it is mentioned that as the 
manganese content in high manganese steels increases, its corrosion resistance decreases [13-18], 
but the analysis of corrosion in Fe-C-Mn-Si steels is still little reported in the literature, especially 
for such low carbon values, hence the importance of the current research. 
Materials and Methods 
Material 
The material used in this work was a steel model Fe-Mn-Si-C, manufactured by centrifugal casting, 
with chemical composition listed in Table 1. Chemical composition obtained in an optical emission 
spectrometer and compared to that provided by the manufacturer. 
 

Table 1.  Chemical composition (wt.%) of the cryogenic steel used in this work. 
Mn C Si Ni Cr Fe  

27 0.027 1.0 0.19 0.41 Bal.  

 
Characterization 
The material was manufactured by centrifugal casting, aiming at the reduction of porosities and 
defects from the casting process. The SFE calculation was produced for the particular program in 
Microsoft Excel, fitting it to the alloy under study. The quantification of stacking fault energy was 
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calculated by the proposed thermodynamic mathematical model and used by the author [19] for 
the Fe-Mn and FeMnC system [20]. The values of free energy, chemical composition, temperature 
and grain size ASTM of high steel Mn were used. The SFE calculation was carried out using a 
program specially in Microsoft Excel in order to adapt it to the alloy under study. The samples 
were hot rolled at 1200 °C, with five passes of the same reduction for deformed samples of 80-
60%, with an initial thickness of 9.0 mm. The steel was solution annealed at 1100 °C for 60-90 
minutes. After the solution annealing, the steel was cooled in water. After the thermal and 
mechanical treatments, the samples were prepared for the metallography and polished with 
alumina. Subsequently, electrolytic polishing was carried out for 20 min, with voltage parameters 
of 12-15 V and current ranging from 0-2 A. A chemical etching with HNO3 + H2O solution was 
used for a time of 1-5 s. For each condition, several micrographs were obtained in order to analyze 
the microstructure of Fe-Mn-Si-C steel as received and after deformation/solution annealed. The 
examined section corresponds to the thickness, plans of the rolling direction, DL. Microstructural 
analyzes were also carried out on the samples using a scanning electron microscope (SEM) (FE-
SEM, Quanta 3D FEG, FEI) used in backscattering electron (BSE) mode. In this same equipment, 
maps were obtained from the Electron Backscatter Diffraction (EBSD) technique, using the 
software CHANNEL 5 for the acquisition of maps and quantification of phases. The maps were 
obtained with an average index of 80% of identified points. 
 
Corrosion test 
Corrosion tests were carried out using the Autolab potentiostat/galvanostat PGSTAT 302N 
controlled by the NOVA® program for data acquisition and treatment. The techniques of open 
circuit potential (OCP) and potentiodynamic polarization were used in a conventional three-
electrode cell at room temperature and in triplicate. The reference electrode used was Ag/AgCl 
(saturated KCl), the counter electrode was a platinum plate with a rectangular geometrical area of 
approximately 150 mm2, and the working electrodes were the samples of Fe27Mn1Si alloy (80-
60%) deformed with an area of approximate 30 mm2. Before the electrochemical measurements, 
the samples were ground and then washed with deionized water and ethanol. The OCP test was 
performed for 1 h. Potentiodynamic polarization curves were obtained in a potential range from -
50 to +300 mV around the OCP. The scanning rate used was 1 mV/s and the measurements ended 
when 1 mA current was reached [14,15,17,18]. Due to the potential application of this steel in the 
construction of cryogenic storage tanks that are commonly located on ships or in areas close to the 
sea, the NaCl solution was chosen for conducting electrochemical tests. A 0.1M NaCl solution was 
used and the pH was measured before and after testing. After the corrosion tests, the corrosion 
products were analyzed with the help of the SEM coupled with an EDS detector. 
Results and discussion 
Stacking fault energy analysis 
The performance fault energy quantification was balanced by the proposed mathematical model 
and used by Allain et al [21] for the Fe-Mn and FeMnC system. The following free energy 
components were used: apical temperature, temperature and ASTM grain size of high steel Mn. 
The addition of alloying elements such as Al and Ni increases SFE and tends to inhibit the 
martensitic transformation (γ →ε).  The addition of Si decreases SFE, thus favoring ε-Martensite 
formation during cooling and deformation. The temperature and grain size of the steel also 
influence the SFE values. The SFE (Γ) in a TRIP / TWIP steel can be estimated using the model 
proposed by Dumay et al, according to Eq. 1 and Eq. 2. 

Γ = 2ρΔGγ→ε + 2σγ/ε                                                                                                     (1) 
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ΔGγ→ε = ΔGFeMnX
γ→ε + xcΔGFeMnX/C

γ→ε + ΔGmg
γ→ε                                                                  (2) 

The calculated SFE values for Fe-27Mn-1-Si-C steel at cryogenic temperatures (T = -196 ° C) 
were approximately 5.0 mJ/m2 and at room temperature of 10.0 mJ/m2. 
 
Microstructural analysis 
Fig. 1 shows the micrographics of the samples 80-60% deformed/solution annealed with water 
cooling. It can be observed that there was an increase of ε-martensite with water cooling. It is 
possible to observe the twins from the heat treatment (Annealing Twins) that differ from the twins 
originated from the high deformation. It is possible to affirm that it is common in some FCC metals 
(structure of the study material) the presence of twins from the heat treatment. 

 
Fig.1. Micrographs of samples deformed with water cooling, 80% deformed (a) and 60% 

deformed (b). 
Unlike the deformation mats, the annealing mats do not occur by shearing, but as irregularities 

in the growth of deformation-free grains from deformed grains. In the FCC metals, the contour of 
the blade is from the family (111), and a blade starts when a plan (111) fits the underlying plan in 
a local configuration of the type HC, rather than the continue FCC configuration. 

Still in Fig. 1, microporosities can be observed. When the porosities appear with a white or light 
green region, it is because the alumina used during the polishing phase in the metallographic 
preparation covers the micropores. Stains from electrolytic polishing are also observed. 

A high grain contour speed (in the fast cooling) favors the formation of annealing mats because 
the fault of growth in the heat treatment, which are responsible for the formation of mats, are then 
more frequent. Of course, a low SFE also favors the formation of heat treatment mats (Annealing 
Twins), since growth fault is easier to achieve [22,23]. 

After analysis by optical microscopy, grain sizes were calculated for all experimental 
conditions, as can be observed in Table 2. The method used was the measurement of the intercepts 
according to ASTM E112 – 13 [24]. The quantification of SFE was calculated by the proposed 
thermodynamic mathematical model and used by Allain et al [21] for the Fe-Mn and FeMnC 
system [20]. The values of free energy, chemical composition, temperature and grain size ASTM 
of high steel Mn were used. The SFE calculation was carried out using a program specially 
developed in Microsoft Excel, adapting it to the alloy under study. 
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Table 2.  Grain size of the 80-60% deformed / solution annealed rolled samples with water 
cooling and the stacking fault energy for the Fe27Mn1Si alloy. 

Condition Cooling Number of intercepts Grain size (µm)   Error (+/-)  

Deformed 80% Water  183 51   0,2  

Deformed 60% Water 157 63   0.4  

SFE (25°) ≅ 10 mJ/m2 -   -  

SFE (-196°) ≅ 5 mJ/m2 -   -  

 
In Fig. 2 it is possible to observe in detail the presence of ε-Martensite inside the grains, as well 

as the absence of it in others. In these cases, it can be explained by the absence of the preferential 
plan for this metastable phase to occur. There was no shear of the plan (111) - γ for the (100) - ε, 
for grains without ε-Martensite. In Fig. 2, the microstructure of the 80-60% hot-deformed sample 
can be observed. Still in Fig. 2, the image of a stunted grain with the presence of ε-Martensite in 
its interior can be better observed. Oxides can be observed in the sample microstructure, which in 
turn can be detrimental to the steel properties such as corrosion resistance and mechanical 
properties. 

 

 
Fig.2. SEM of samples deformed with water cooling, 80% deformed (a) and 60% deformed (b). 

The EBSD technique was an important evaluation for the identification and quantification of 
the phases present in the samples. In addition to the phase identification, it is possible to measure 
the phase quantity, and also plot the reverse pole figure map (IPF) for the analyzed micro-region, 
in addition to identify the preferred crystallographic orientation of each phase under study. Fig. 3 
shows it that an increase of the martensitic phase occurred. This evidences the appearance of more 
epsilon martensite, even when the lamination is hot with subsequent cooling in water. For this and 
other reasons described in the text it is extremely important for research and industry to conduct 
research on the martensitic transformations of austenitic steels with high levels of Manganese. 
EBSD maps were also obtained with a high percentage of indexing, increasing the reliability of 
the technique. 

In Fig. 3, one can see the austenitic and martensite grains. In Fig. 3a one can observe the IPF-
map. In color, the grains of the austenite phase and in white the ε-martensite phase. In Fig. 3b one 
can observe the IPF-map, colored for the ε-martensite phase and in white, the grains of austenite 
phase. In Fig. 3c one can observe the identification of the phases, 90% austenite - and 10% ε-
martensite. 
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Fig.3. EBSD maps of samples deformed with water cooling. 80% (a) IPF-γ, (b) IPF-ε, (c) phase 
map, 60% (d) IPF-γ, (e) IPF-ε, (f) phase map, (g) corresponding standard IPF color triangle for 

γ and ε. 

In Fig. 3d, the IPF-γ can be observed, in color the grains of austenite phase and the ε-Martensite 
phase in white. In Fig. 3e one can observe the map IPF-ε, in color the ε-Martensite phase and in 
white the grains of the austenite phase. In Fig. 3f one can observe the identification of phases, 89% 
austenite-γ and 11% ε-Martensite.  
 
Corrosion analysis 
The variation of OCP as a function of time for the two Mn high steel conditions evaluated in 0.1 
M NaCl solution is shown in Fig. 4a. The curve presented for each condition of Fe27Mn1Si alloy 
was chosen as the most representative of the triplicate tests performed of each thermomechanical 
treatment condition in which the alloy was subjected. Fig. 4a shows that the steel with 60% 
deformation had slightly more noble behavior than the deformed 80% one. Although the values of 
OCP potentials are close, it is important to remember that it is the same steel, and that the difference 
in deformation could influence the electrochemical behavior, due to the TWIP phenomenon, more 
grain limits on the surface of the steel bring a greater area reactive susceptible to corrosion [14,15]. 

The 60% deformed sample had a decrease in potential in the first minutes of the test, and had 
variations until stabilized in 2000 s. Similarly, 80% deformed steel had variations with the 
difference that this steel was able to stabilize faster. This variation in potential is due to 
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electrochemical interactions between the surface of the sample and the solution, that is, the 
formation of the double electrochemical layer until the steady state equilibrium is found [14,15]. 

 
Fig.4. OCP (a) and anodic polarization curves (b) of samples deformed with water cooling (80-

60%) deformed in 0.1M NaCl solution. 
Fig. 4b shows the potentiodynamic polarization curves in 0.1 M NaCl solution for each 

Fe27Mn1Si alloy condition (80% and 60% deformed). It can be observed that high Mn steels do 
not exhibit passivating behavior. This is indicative of the low corrosion resistance of these steels 
in this medium, as also mentioned by Hyung et al [14-16]. Polarization curves show that the steels 
behaved similarly in both cathodic and anodic branches. There are slight variations in the current 
in the cathodic branch, but it is generally identified that the reaction is diffusion-controlled 
[14,15,25,27].  

In the anodic branch, the behavior between them was similar, active dissolution of the material, 
as presented by Cerra et al [14,15]. More evident variations were found in the corrosion current 
(icorr), it is possible to observe in the graph a lower corrosion rate in the deformed steel 60%. After 
the analysis with the Taffel curves, it was possible to obtain the icorr values, indicated in Table 3; 
these values confirm the less noble character of steel with 80% deformation. These differences 
found could be associated with the applied deformation (TWIP and TRIP effects) depending on 
the fact that it is the same steel (with the same chemical composition). 

In our understanding, the differences in the results both in OCP and in the polarization tests 
could be associated with the deformation employed, thus, with the increased deformation, the 
corrosion resistance can decreases. This reasoning are due to the larger amount of grain boundaries 
per area (TWIP effect), to the amount of porosity and the greater presence of ε-martensite which 
contribute to higher surface reactivity and a faster surface oxidation [14,15,27,28], this was 
confirmed with the corrosion potential (icorr) shown in Table 3, showing a slightly less active 
surface (60% deformed steel) compared to 80% deformed steel. 
 
Table 3.  Corrosion Potentials (Ecorr) of Fe27Mn1Si (80-60%) deformed in 0.1M NaCl solution. 

  

Corrosion parameters of the Fe27Mn1Si alloy 
 80% Deformed 60% Deformed 

Ecorr (V) -0.744 -0.776 

Icorr (A/cm2) 3.3E-5 1.8E-5 
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The measured pH of the 0.1 M NaCl solution before and after the tests was close to seven. The 
pH value of 7.0 was used to study and analyze the Pourbaix diagrams of the alloying elements of 
this steel. With the pH and the measured potentials, it was found that in steels with high manganese 
content, the elements Mn and Fe have a greater tendency to pass to solution as ions than to remain 
in the metal matrix, besides forming non-protective oxides on the surface in aqueous solutions [13-
15,17,25,26,29]. 

In Fig. 5a, one can see an image obtained by SEM of the 80% deformed high manganese steel 
sample after potentiodynamic polarization tests. A layer of corrosion products can be observed 
across the sample surface. 

 
Fig.5. SEM of corrosion products in 0.1M aqueous NaCl solution of samples deformed with 

water cooling 80% deformed (a) and (b), 60% deformed (c) and (d). 
In Fig. 5b, one can see an image obtained in SEM, where it is possible to identify the layer of 

corrosion products formed on the surface. These corrosion products (normally formed by the 
oxides γ-FeOOH (lepidocrocite) and α-FeOOH (goethite)) pass directly to the electrolyte, and this 
was observed by the yellow color (green rust) of the solution after the test as described by Reza et 
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al [26] and Cerra et al [14,15]. Still in Table 4, it can observe the result of the EDS punctual 
measurement of the corrosion products of high manganese steel for the conditions studied in this 
work. The composition was observed through the peaks of the elements Fe, Mn, Si and O (It is 
essential to indicate that oxygen was only taken into account for comparative purposes). Fig. 5c 
shows an image obtained by SEM of the sample of high manganese steel, after the potentiodynamic 
polarization tests. Corrosion products may be observed on the sample surface. Fig. 5d shows the 
corrosion products and the sanding marks in more detail. Comparing with the previous condition, 
a layer of corrosion products on the surface was also formed, and dissolved in the electrolyte, 
which was verified by the yellowish coloration of the solution after the polarization test. In Fig. 
5d, one can see the result of the EDS spot measurement of Fe27MnSi alloy corrosion products. 
 

Table 4.  EDS of corrosion products in 0.1M solution of Fe27Mn1Si NaCl, 80% deformed and 
60% deformed, respectively. 

Elements C Norm. [%wt] (80% def) C Norm. [%wt] (60% def) 

O 31.12 29.32 
Si 1.45 1.38 
Mn 13.20 13.58 
Fe 54.23 55.72 

 
Table 4 shows the quantification of the measurement for the elements made in the EDS analysis 

of the corrosion products mentioned above. Analyzing the EDS results made in the corrosion 
products, it was found that the layer contains iron, manganese, silicon and oxygen, which indicates 
that there are mainly oxides of these elements, as mentioned by Cerra et al [14,15].  

Small peaks of the elements manganese and silicon were found, which also form oxides on the 
sample surface. It is important to mention that unlike Ni and Cr alloys, as mentioned earlier, the 
high manganese content negatively influences corrosion resistance. Manganese tends to pass into 
the solution as ions, leaving spaces in the matrix that are used by the electrolyte to corrode the 
steel [13-15,17,26,28]. 
Conclusions 
Based on the experimental results obtained, it is possible to conclude that the FeMnSi steel presents 
well-activated transformation mechanisms (Austenite-γ  ε-Martensite), TRIP effect. The 
microstructure of the FeMnSi steel showed austenitic grains, microporosities from the smelting 
process. It also presented heat treatment twins, difference in grain size and percentage of phase 
before and after processing. The ε-martensite phase was found in greater proportions after 
deformation and heat treatment with cooling in water. It is possible to observe the nucleated 
martensitic phase within the grains due to the shear planes. This shear is due to the low stack failure 
energy and the thermal and mechanical stresses to which the alloy was subjected.  

The phase transformation occurs from the shear of the FCC => HC structure planes and the 
high displacement density. Regarding the corrosion resistance of the high manganese steel under 
study, it did not show passivation due to the large amount of Mn in its composition, which in 
aqueous solutions, this element has an affinity to leave the metallic matrix and pass as ions, in 
addition to forming non-protective oxides on the surface of the metal sample.  

The deformation of the steels influenced the reduction of the corrosion potential, due to the 
greater amount of grain contours per area, the amount of micropores and the greater presence of 
ε-martensite produced during the mechanical process.  
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The corrosion products formed on the surfaces of high manganese steels do not offer protection 
due to the presence of undesirable phases and high porosity, which allows electrolyte ions to reach 
the metal surface, accelerating the corrosion process of the steel. 
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