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Abstract: The present paper analyzes the effect of low aluminum additions and the hot forging process on the 

microstructure and non-metallic inclusions of high manganese steels. Four high-manganese steels (HMnS) were 

obtained by adding low aluminum contents of 1.1 and 1.5 wt. % in four medium carbon austenitic steels (0.3 - 

0.4 wt% C) with manganese contents of 17 and 22 wt. Samples of the as-cast steels were hot forged to 1100 °C 

to obtain a whole reduction of 70 %. The microstructural evolution was studied by microscopy techniques (OM, 

and SEM-EDS) and X-Ray diffraction measurements for the as-cast and hot forged steels. A typical grain 

columnar zone obtained during solidification of an ingot casting was obtained in the as-cast condition where 

the microstructure was constituted by non-metallic inclusions in a fully austenitic matrix. The non-metallic 

inclusions were identified as Al2O3 and MnS particles. The thermomechanical treatment allows the formation 

of an austenitic microstructure characterized by twins in high manganese steels while a duplex austenitic-

martensitic microstructure was obtained for HMnS which contained the lowest manganese contents. The highest 

tensile properties were obtained for the steel 17Mn-1Al which showed the lowest grain size and higher non-

metallic inclusions content. The hardness values were similar to those obtained in the as-cast condition.  
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1. Introduction 

High-manganese steels (HMnS) are ferrous alloys typically containing between 15 to 30 wt. 

% Mn with austenitic microstructure and different contents of carbon, silicon, and aluminum. 

They exhibit either the transformation-induced plasticity (TRIP) or the twining-induced 

plasticity (TWIP) effect [1,2]. The latter shows an excellent combination of toughness, 

ductility, wear resistance, and high work hardening ability that meets the needs of different 

industrial sectors such as automotive, mining, railroading, and naval, among others. 

However, the broader application of HMnS is limited due to the difficulties related to their 

manufacturing and processing, which require complex procedures of thermo-mechanical 

treatment [3]. HMnS in the as-cast condition have an austenitic matrix with complex carbides 

precipitated at the grain boundaries; however, their hardness is relatively low with an average 

wear resistance [4,5]. Carbon contents higher than 0.6 wt % are required to form carbides of 

the (Fe, Mn)3C type and the addition of carbide-forming elements to the high-manganese 



 

 

steels such as chromium improves its hardness and wear resistance [6-8]. On the other hand, 

non-metallic inclusions primarily result from the deoxidation of the steel. Deoxidation occurs 

with the addition of a strong deoxidizer, typically aluminum. The most common compounds 

found in inclusions in commercial Al-killed steels are manganese sulfide (MnS), alumina 

(Al2O3), different types of spinels, and when the steel is treated with calcium, calcium sulfide 

(CaS), and calcium aluminates (xCaO-yAl2O3) are found. Even nitrides and carbides have 

been found to form in the production of micro-alloyed steels [9]. As a generalization, 

inclusions are harmful to the mechanical properties and corrosion resistance of steel. This is 

more so for high-strength steel for critical applications [9]. Nowadays, there is an increasing 

interest in the development of new Advanced High-Strength Steels (AHSS) with enhanced 

combinations of strength and ductility which have led to the Transformation Induced Plastic 

(TRIP), Dual Phase (DP), Complex Phase, and Twinning Induced Plasticity (TWIP) steels 

[10]. Continuous casting (CC) is one of the key technologies and an indispensable 

manufacturing process for the production process of TWIP and TRIP steels however, the 

high-manganese contents has shown to be challenging for the CC and hot strip rolling 

processes [11]. Aluminum and silicon are also added to the HMnS to suppress the cementite 

precipitation, promote solid solution strengthening, and control the stacking fault energy 

(SFE) of retained austenite [12]. The hot ductility is an important parameter that reflects the 

crack sensitivity of the slab. During the solidification process of HMnS, the formation of 

MnS particles and complex precipitates MnS/Ti(N,C) occurs. In addition, AlN precipitates 

at the grain boundary, which leads to the serious deterioration of hot ductility [13,14].  

It is a common industrial practice to apply an annealed heat treatment to dissolve the carbides 

into a solution followed by water quenching to obtain a fully austenitic microstructure. 

However, the high temperature required in the annealed heat treatment produces considerable 

surface decarburization and manganese loss leading to martensite formation on the surface 

layer [15]. Therefore, it is required an inert atmosphere during the annealing heat treatment. 

The plasticity control of the TWIP steels is achieved by a proper selection of alloying 

elements and the initial microstructure modification by adequate thermomechanical 

treatment. Additions of alloying elements can change the austenite stability and deformation 

mechanism. For TWIP steels, the formation of mechanical twins competes with the formation 

of martensite phases (ε and α'), as a result of the chemical composition, temperature, and 

strain-induced. Aluminum and silicon are commonly added to the TWIP steels, aluminum 

increases the SFE and austenite stability which leads to a suppressed influence on martensite 

transformation; on the other hand, silicon decreases the SFE and allows occurring the 

martensite transformation [16-18]. 

It is generally accepted that in iron-base alloys, aluminum and manganese play a role as 

ferrite and austenite stabilizers, respectively, during phase transformations. Specifically, 

higher manganese content in the alloy produces a higher proportion of austenite, unlike the 

ferrous alloys at low temperatures that are primarily ferrite. Furthermore, in Fe-Mn-Al alloys 

possessing a low concentration of aluminum and a high concentration of manganese, a fully 

austenitic microstructure is preserved even at low temperatures [19]. Nevertheless, a fully 

ferritic microstructure can form as a result of higher aluminum content [20]. 

Studies have been carried out about what conditions in a thermomechanical treatment are 

ideal to obtain new austenitic steels with high-manganese contents that present high strength 



 

 

and good ductility [21,22]. Some authors have reported that SFE energy plays a crucial role 

in the structure and mechanical properties of steels with high aluminum content, they are 

attributed to two main factors that influence the SFE, which are the chemical composition 

and strain temperature [23,24]. The behavior of TWIP steels subjected to hot 

thermomechanical treatments with aluminum contents higher than 2 wt% has been reported 

[25-27]. The mechanical properties were improved, especially the elongation, due to the 

hardening by mechanical twinning [28-30]. To develop the manufacturing methods, it is 

important to determine the flow behavior of steel under hot working conditions. There is a 

scarcity of works reported on the effect of aluminum contents lower than 2 wt% under hot 

working conditions of TWIP steels [31]. Therefore, this article aims to study the effect of 

low aluminum additions of 1.1 and 1.5 wt% to high-manganese steels containing 17 and 22 

wt% Mn on the microstructural evolution and the tensile and hardness properties in the as-

cast and hot forged conditions. 

2. Materials and Methods 

2.1. Casting of steels 

Four steels with high-manganese (Mn) content were manufactured in a vacuum induction 

furnace with a controlled atmosphere of argon (Ar). Steels were produced by using steel 

scrap, low-carbon ferromanganese, and commercial pure aluminum. All the materials were 

melted and homogenized at 1500 – 1520 °C. Steels were poured at 1500 °C into preheated 

steel molds to obtain ingots of 3 x 10 x 20 cm. The ingots were allowed to cool to room 

temperature with air as a cooling agent. The nominal chemical composition in the steels was 

analyzed by a Bruker Tasman Q4, series N0088 emission optic spectrograph, and reported 

values are the average of four measurements on each HMnS. Carbon, nitrogen, and sulfur 

content were determined by combustion analysis using a Leco C/S 744 analyzer. 

2.2. Hot forging process 

Samples of 3 x 5 x 1.8 cm of each HMnS were obtained from the as-cast ingots with a wall 

thickness of 18 mm. The samples were preheated to 1100 °C for 1 h before being deformed. 

Hot forging followed by air cooling was conducted for high-manganese steels at 1100 °C by 

using mechanical presses of 100 and 200-ton capacities. 

The as-cast HMnS samples were hot forged in three passes to obtain the reduction ratios 

of 12, 25, and 33 %. The HMnS samples obtained from the last step of the hot forging process 

were used for the microstructural and mechanical properties evaluations. 

2.3. Microstructural Characterization 

The microstructural characterization was carried out on the as-cast and hot forged HMnS 

samples by optical microscopy (OM), scanning electronic microscopy (SEM) with energy 

dispersive spectra analysis (EDS), and X-ray diffraction measurements. Standard 

metallography techniques (mechanical grinding and polishing followed by etching with 5 % 

nital) were employed to reveal the microstructure and non-metallic inclusions (NMIs) of the 

as-cast and deformed samples. Optical microscopy was performed on polished and etched 

specimens by using an optical microscope Olympus PMG-3, and the image analyzer with the 



 

 

software Image J 4.1. The NMIs features such as average size, particle count, and volume 

fraction were determined based on the standard specifications of ASTM E45 on polished 

surfaces. Six locations chosen as representative of the sample were examined to 100 X to 

obtain a reasonable estimate of inclusion variations. The grain size estimation (counting both 

the grain and the twin boundaries) was carried out by the linear intercept method and the 

basic shape parameters of Image J software [32] for six representative locations of the whole 

sample. The deviation standard values are reported for the optical measurements. Images and 

qualitative chemical analysis were determined in an SEM Jeol model 6300 and with the 

energy dispersive spectra analysis. The backscattering electrons technique with 25 kV and 

10 A was used for image production. X-ray diffraction measurements were carried out in an 

X-Ray Bruker D8 Focus with monochromatic Cu Kα1 radiation working in θ/2θ 

configuration on the as-cast and deformed samples. The following parameters were set for 

data collection: angular range from 30 to 100°, step size of 0.02°, and counting time of 2° 

min–1. 

2.4. Mechanical properties 

The mechanical properties of hardness, tensile strength, and elongation were obtained from 

the HMnS in the as-cast and deformed conditions. Tensile testing was carried out at room 

temperature using a universal testing machine United STM-10-EZ of 100 kN with 10 

mm/min cross-head speed. The size and geometry of the specimens were manufactured 

following the specifications of standard ASTM E 8. Three specimens from each steel sample 

were tested for tensile test, and the average of the measurements is reported. Rockwell B 

hardness measurements were made on the polished surfaces of each steel sample by using a 

Buehler hardness tester, and an applied load of 98 N and 0.15 cm indenter under the standard 

specification of ASTM E18-20. At least 4 and 6 measurements were taken, and the average 

of the measurements is reported for each steel sample.  

3. Results and Discussion 

3.1. Chemical composition 

The chemical composition was designated by maintaining the carbon content constant at 0.3 

wt% while the manganese and aluminum were set at 17 and 22 wt% and 1.1 and 1.5 wt%, 

respectively. Under these considerations, the aluminum was evaluated for contents lower 

than 2 wt%. as it is observed in Table 1. The manganese content is within the expected for 

HMnS. Aluminum content is related to increasing the stacking failure energy allowing the 

mechanical twinning formation as the primary hardening mechanism. This behavior is 

obtained for aluminum additions higher than 2 wt%, reaching values up to 6 wt% [33] to the 

TWIP steels. The carbon content is usually lower than 1.4 wt% because during processing it 

is lost by decarburization which affects the mechanical properties of the steel surface. The 

chemical composition analyzed in the HMnS is shown in Table 1.  

Table 1. Chemical composition of the HMnS (wt%). 

Steel C Mn Al Si P S N Fe 

17Mn-1.5Al 0.31 16.99 1.54 0.42 0.05 0.099 0.0041 Balance 

17Mn-1Al 0.28 17.6 1.17 0.33 0.08 0.010 0.0047 Balance 



 

 

22Mn-1.5Al 0.31 22.02 1.45 0.31 0.06 0.010 0.0038 Balance 

22Mn-1Al 0.38 22.06 1.05 0.29 0.06 0.014 0.0034 Balance 

It is expected the formation of alumina (Al2O3) particles as the de-oxidation product of the 

steel due to the aluminum contents in the HMnS. Furthermore, the sulfur and manganese 

contents in the HMnS may produce manganese sulfide particles even at low Mn and S levels 

[34]. It was reported [35] for medium manganese transformation-induced plastic steel that 

contents higher than 10 ppm of sulfur are required to form complex inclusions of the AlN-

MnS type. On the other hand, it is also expected the AlN particle formation due to the 

aluminum and nitrogen contents in the HMnS evaluated [35,36]. 

3.2. Microstructural characterization 

3.2.1. As-cast condition 

The polished microstructures of the HMnS in the as-cast condition are observed in Figure 1. 

A significant number of particles correspond to non-metallic inclusions and porosities. The 

morphology of the particles corresponds to a globular shape that is mainly attributed to NMIs 

of the oxide type.  

 

  

  



 

 

Figure 1. Unetched microstructures of the a) 17Mn-1.5Al, b) 17Mn-1Al, c) 22Mn-1.5Al, 

and d) 22Mn-1Al HMnS in the as-cast condition. 

Table 2 shows the particle count, the NMIs - and micro-porosities content, and their average 

size for the HMnS. It is observed that the 17Mn-1Al steel contains the lowest NMIs amount 

than other steels with the smallest particle size; however, it is observed that the average 

particle size is similar for the HMnS evaluated in the range of 4 to 5 μm. Figure 1 and Table 

2 show small, numerous, and rather uniformly distributed particles that correspond to 

endogenous inclusions. The most damaging are usually the largest inclusions, especially the 

hard, brittle oxide inclusions, which are often the origin of variability in steel properties [37]. 

Table 2. Features of the NMIs and micro-porosities contained in the HMnS. 

Steel 
Particles count 

(particles mm-2) 

NMIs and micro-

porosities (%) 

Particles average 

size (μm) 

17Mn-1.5Al 513.1 ± 62.31 0.61 ± 0.04 5.32 ± 1.29 

17Mn-1Al 405.4 ± 23.56 0.41 ± 0.11 4.8 ± 0.68 

22Mn-1.5Al 525.2 ± 48.81 0.59 ± 0.22 5.01 ± 1.32 

22Mn-1Al 415.6 ± 38.38 0.65 ± 0.93 5.11 ± 1.48 

 

The four HMnS were analyzed by SEM-EDS techniques to determine the distribution of the 

main elements in the matrix and the particles identified as NMIs. The results were very 

similar for the four steels and Figure 2 shows an SEM micrograph with its microanalysis of 

the 22Mn-1Al steel. 

 

  

Figure 2. a) SEM micrograph and b) Punctual X-ray microanalysis of the 22Mn-1Al steel 

matrix. 

It is observed from Figure 2b a homogeneous distribution of the main elements as a solid 

solution in the matrix of the HMnS, this behavior was obtained for the four steels where there 

was no segregation of the elements. The particles observed in the micrographs of Figure 1 

were analyzed by EDS and the results are observed in Figure 3 for the 22Mn-1Al and 17Mn-

1.5Al steels. The micrograph of Figure 3a shows three big dark particles and a small gray 



 

 

particle. The dark big particles are mainly constituted mostly by aluminum and silicon while 

a small gray particle located at the top of the big particle located in the middle of the 

micrograph are containing also manganese and sulfur. The smallest gray particle contains 

higher concentrations of manganese and sulfur. Thus, the non-metallic inclusions are mainly 

formed by alumina (Al2O3) and manganese sulfide (MnS). The inclusions are compounds 

consisting of non-metallic elements, such as oxygen, sulfur, phosphorous, nitrogen, carbon, 

etc. Non-metallic inclusions result primarily from the deoxidation of the steel by the addition 

of strong deoxidizers, typically aluminum and silicon. The most common compounds found 

in inclusions in steels are manganese sulfide (MnS), alumina (Al2O3), and different types of 

spinels (mainly MgO-Al2O3)[9,37].  

 

   

   
 

   



 

 

   

Figure 3. SEM micrograph and EDS analysis of particles contained in the a) 22Mn-1Al 

and b) 17Mn-1.5Al steels. 

Figure 3b shows that the NMIs are mainly constituted by alumina while the tip of the 

inclusion corresponds to manganese sulfide. It is observed a micro-porosity in the upper part 

of the micrograph. It was reported that the formation of oxides is thermodynamically more 

stable followed by the sulfides formation in the production of ferrous alloys such as gray cast 

irons for lower amounts of Mn, S, and Al while the carbide formation is less stable since the 

thermodynamic point of view [34]. The low carbon content in the HMnS produced avoids 

the carbide formation as is observed in the results reported in Figure 3 where it does not 

observe a high-carbon concentration in the non-metallic inclusions. Therefore, the non-

metallic inclusions formed during the manufacturing of these high-manganese steels 

correspond to alumina and manganese sulfide mainly. Nevertheless, it has been reported 

[35,36] that Al2O3 inclusions can be considered as the nucleation core of the AlN inclusions 

during the solidification process of Fe-0.5Al-2Mn steel. Moreover, the precipitation of MnS 

- and complex AlN – MnS precipitates were identified during the production of medium 

manganese steels (6 – 10 wt% Mn and 1 wt% Al) [36]. In this work, the presence of the AlN 

particles was not evident for the biggest NMIs analyzed, however as can be observed, there 

is a great amount of smaller particles, especially for the 17Mn-1Al steel that could correspond 

to AlN inclusions.  

Figure 4 shows the etched microstructure of the HMnS in the as-cast condition. The 

microstructure is constituted by NMIs in a fully austenitic matrix. It is observed grain 

boundaries of big elongated crystals which are typically obtained during solidification of an 

ingot casting in the columnar zone. Figure 4c shows that the 17Mn-1Al steel has the smallest 

NMIs homogeneously distributed in the matrix while the other steels show bigger NMIs. 

 



 

 

  

  

Figure 4. Etched microstructures of the a) 17Mn-1.5Al, b) 17Mn-1Al, c) 22Mn-1.5Al, and 

d) 22Mn-1Al HMnS in the as-cast condition. 

As expected, the austenitic-ferritic matrix was presented for the four steels because of their 

high-manganese content which lead the austenite to be preserved as a metastable phase. The 

x-ray diffraction patterns of the HMnS are reported in Figure 5 and it is confirmed that the 

microstructure consists of austenite. 



 

 

 

Figure 5. X-ray diffraction patterns corresponding to the HMnS in the as-cast condition. 

It is observed from Figure 5 that the main phase contained in the four steels is austenite (γ) 

which fits with the phases reported for steels with high-manganese content. Manganese 

contents higher than 10 wt.% lead that austenite (γ) becoming a metastable phase at room 

temperature [38].  

3.2.2. Hot forging condition 

The microstructural results of the hot forged HMnS are presented in the micrographs of 

Figure 6 to different magnifications.  

 

  



 

 

  

  

  

Figure 6. Microstructures of the hot forged HMnS (1100 °C, 60 min, air cooled) to a) 

17Mn-1.5Al, b) 17Mn-1Al, c) 22Mn-1.5Al, and d) 22Mn-1Al. 

It is observed that the experimental parameters of the thermomechanical treatment allow for 

refining the microstructure of the HMnS obtaining equiaxed grains and NMIs from the as-

cast condition. The four HMnS show more or less equiaxed austenite grain structure with the 

grain size of 68 ± 11, 53 ± 9, 123 ± 13, and 105 ± 9, μm, for the 17Mn-1.5Al, 17Mn-1Al, 

22Mn-1.5Al, and 22Mn-1Al steels, respectively determined by the linear intercept method 

and the Image J software. It is evident from table 2 that the particle average size is similar in 

the four steels; however, the particle count is higher when the aluminum content was 

increased. Therefore, the average grain size was decreased after the hot forging process 

because a large number of particles pinning the grain boundaries aided to refine the 

microstructure [39]. Z. Wu, et al [40] found that the average size grains are finer and uniform 



 

 

due to the large amounts of finely dispersed inclusions in a deoxidized steel containing 

different amounts of aluminum. Inclusions with an average size of 4.2 µm and a high melting 

point inhibit the growth of austenite grains due to pinning migration of the austenite grain 

boundaries. 

It was observed from Figure 6 that steels 22Mn-1.5Al and 22Mn-1Al show mainly a retained 

austenite microstructure characterized by annealing twins. However, the 17Mn-1.5Al and 

17Mn-1Al steels show a duplex microstructure of martensite and retained austenite. Similar 

microstructures were obtained for HMnS heat treated to 1100 °C followed by water 

quenching [31]. 

The austenitic grains of the as-cast HMnS were severely deformed and dynamically 

recrystallized after the hot deformation process. The recrystallized grains (sub-grains) were 

formed near the deformed austenitic boundaries and martensitic transformation occurred in 

larger recrystallized austenitic grains. The optical micrograph (OM) in Figure 7a shows that 

the alloy grains contain irregular sub-grains within their boundaries. The micrograph in 

Figure 7b shows that the alloy matrix comprises martensitic laths in retained austenite grains. 

Martensite transformations are characterized by a surface relief that indicates a shape change 

resulting from slip or twinning, as can be observed in Figure 7c. Thus, the 17Mn-1Al steel 

possesses dual phases of martensite and retained austenite. However, optical microscopy is 

not effective to characterize this kind of structure, so observations are only qualitative. 

 

   

Figure 7. Microstructure of the 17Mn-1Al steel using OM showing a) grains (solid lines) 

and subgrains (dashed lines), b) martensite laths, and c) a surface relief of martensite. 

Figure 8 shows that the constituent phases of the HMnS after hot forged and air-cooled 

examined by XRD are mainly austenite for the 22Mn-1.5Al and 22 Mn-1 Al steels. However, 

the steels with the lower manganese contents showed a dual phase of martensite and retained 

austenite. The X-ray diffraction measurements match the optical microscopy results. 

 



 

 

 

Figure 8. X-ray diffraction patterns corresponding to the HMnS in the hot forging 

condition. 

Figure 9 shows a micrograph of the 22Mn-1.5Al steel showing the austenitic microstructure 

with twins, NMIs, and micro-porosities. It is observed a homogeneous distribution of the 

chemical elements that constituted the matrix steel. It also was observed for the four steels a 

relationship between NMIs which are formed by Al2O3 and MnS particles.  

 

   



 

 

   

Figure 9. SEM micrograph and EDS analysis of the deformed 22Mn-1.5Al steel. 

3.3. Mechanical properties 

Samples of the as-cast and hot-forged HMnS were obtained to evaluate the mechanical tests 

of hardness and tensile strength. The Rockwell B hardness for the as-cast and hot forged 

conditions is shown in Table 3. 

Table 3. Hardness Rockwell B for the as-cast and hot forging conditions of the HMnS 

steels. 

Steel 
Hardness (HRB) 

As-cast Hot forged 

17Mn-1.5Al 82 ± 2.0 82 ± 2.3 

17Mn-1Al 82 ± 2.0 83 ± 2.0 

22Mn-1.5Al 85 ± 2.5 84 ± 2.2 

22Mn-1Al 84 ± 2.1 83 ± 2.3 

It is observed from Table 3 that the hardness results remain constant for the as-cast condition 

and after the hot forging treatment of the HMnS evaluated. The hardness results are related 

to the amount of carbon, NMIs, and phases contained in the matrix. In addition, the low 

carbon content in the steels samples, and the similar content of NMIs for the as-cast condition 

and after the hot forging treatment, allow for obtaining hardness values in the range from 82 

to 85 HRB which fits with the results reported of 98 to 100 HRB for high-manganese steels 

with higher carbon contents (1 and 1.2 wt. % C) [41, 42]. A low hardness of 11.5 HRC was 

reported for 20Mn-3Al steel containing 1 wt% C. The low hardness was attributed to a matrix 

dominated by the dendrite of Fe-Al-C structure and austenite matrix. Therefore, the hardness 

results are mainly attributed to a solid solution hardening by the low aluminum content in an 

austenitic matrix [5]. The hardness results show that the hot forging treatment does not affect 

the hardness due to the formation of retained austenite as the main phase in the HMnS 

evaluated. This behavior could be beneficial for the machinability of these steels in 

engineering applications. It has been reported that HMnS (20-21 wt. % Mn) required a 

subsequent homogenization treatment of 1150 °C and 5 h to be processed [43].  

However, the hot forging process in the HMnS allows the formation of twins and a duplex 

microstructure of martensite-austenite in the HMnS that contains the lowest amounts of 

manganese, which impacts the behavior of the tensile properties. Tensile tests were carried 



 

 

out for the four high-manganese steels in the as-cast condition and after the hot forging 

process. A series of engineering stress-strain curves obtained during tensile tests of the HMnS 

in the as-cast and hot forged conditions are shown in Figure 10. The values of yield strength 

(σ0.2), ultimate tensile strength (σ UTS), and total elongation (δ) are represented in Table 4. 

  

  

  

Figure 10. Engineering stress–strain curves of the as-cast and deformed HMnS for a) 17Mn-

1.5Al, b) 17Mn-1Al c) 22Mn-1.5Al, d) 22Mn-1Al. 

 

Table 4. The yield strength (σ0.2), ultimate tensile strength (σ UTS), and total elongation (δ) 

of the HMnS. 

Steel  Condition (σ0.2), MPa (σ UTS), MPa (δ), % 

17Mn-1.5Al 
As-cast 315 ± 11 458 ± 29 13 ± 2 

Hot forged 544 ± 39 833 ± 22 24 ± 2 

17Mn-1Al 
As-cast 311 ± 2 487 ± 7 12 ± 1 

Hot forged 496 ± 20 971 ± 49 26 ± 2 



 

 

22Mn-1.5Al 
As-cast 334 ± 7 426 ± 25 9 ± 1 

Hot forged 345 ± 10 756 ± 45 20 ± 2 

22Mn-1Al 
As-cast 321 ± 22 421 ± 19 9 ± 2 

Hot forged 372 ± 3.5 754 ± 76 21 ± 3 

The yield strength was kept almost constant for the four steels samples at around 300 MPa, 

while the ultimate tensile strength reached values from 421 to 487 MPa in the as-cast 

condition. On the other hand, the total elongation of the as-cast steels does not exceed 13 %. 

In general, the mechanical properties of the tensile test were almost constant for the HMnS 

in the as-cast condition. The effect of adding aluminum was evident for the 22Mn-1.5Al steel 

where the highest yield strength was reached. Aluminum raises yield stress by solid solution 

hardening increasing both SFE and matrix strength [44]. 

It is observed that the hot forging treatment leads to a significant increase in the strength of 

the HMnS from the as-cast condition, reaching values in the range of 345 to 544 MPa and 

from 754 to 971 MPa for the yield and ultimate tensile strengths, respectively. The highest 

strength results were obtained for the 17Mn-1Al steel. The results show that elongation was 

kept almost constant for the deformed steels. The low additions of aluminum evaluated in 

the HMnS did not show a significant change in the tensile properties. Although the 17Mn-

1.5Al and 17Mn-1Al steels formed a dual microstructure of retained austenite and martensite; 

in general, the total elongation of the steels remained almost constant for the four steel 

samples evaluated. Mechanical twins cause a strengthening of the material because they 

constitute strong barriers to the dislocation slip while martensite causes fragmentation and 

refinement of the microstructure, leading to the hardening of the HMnS [45]. 

The UTS and elongation are strongly related to alloying elements such as manganese and 

aluminum. As was observed from figure 6, when manganese increased from 17 to 21 wt%, 

the grain size increased twice and the UTS and elongation decreased. Therefore, a larger 

amount of grain boundaries provide a great number of barriers to dislocation movement, 

increasing the strength of the material. Besides, when the aluminum content increased from 

1.0 to 1.5 wt%, the UTS and elongation decreased because of the increase in the NMIs 

content that aided the crack propagation during the tensile test [40]. U. Gürol et al [46], 

reported that by increasing manganese content from 13 wt% to 17 wt%, the stacking fault 

energy was increased, and thus, the shear stress needed for sliding increased, this last 

contribute to increasing UTS and elongation. However, when the manganese content 

increased to 21 wt%, the grain size increased almost two times and as a consequence, the 

UTS and elongation decreased. 

The strength of the steels is related to their microstructure and the type and non-metallic 

inclusions content. As inclusions inside the material act like stress raisers in the matrix, the 

crack initiation and propagation during the internal fracture are affected by the non-metallic 

inclusion features such as content, size, and inclusion type [47]. Despite the vacuum applied 

during the steels manufacturing, there was the formation of endogenous inclusions; however, 

it was no observed elongation of the MnS inclusions after the hot forging process, thus, there 

was no anisotropy in mechanical properties. In general, a decrease in the grain size allows 

for an increase in the strength of the steel. The 17Mn-1Al steel showed the smallest grain 

size and the finer NMIs homogeneously distributed in the matrix along together with the dual 



 

 

microstructure led to obtaining the higher mechanical properties of strength and elongation. 

It has been reported [48] that carbide inclusion can be used to strengthen austenitic 

manganese steel if it is not allowed to exceed the optimum size that can impede dislocation 

movement and is also not allowed to diffuse into the grain boundaries which might lead to 

embrittlement. For these conditions, NMIs can be considered as precipitation-strengthening 

mechanisms that can be used in improving the wear resistance of HMnS for service 

conditions where abrasive loading is required. The mechanical properties obtained in this 

study are located between those obtained for high manganese steels and advanced steels of 

the second generation [49]. The parameters used of short homogenization time and air 

cooling during the hot forging treatment allowed to obtain recrystallized grains of annealing 

twins and martensite in a retained austenite matrix. The microstructure obtained allows for 

obtaining the highest strength of the 17Mn-1Al steel without an increase in hardness, which 

may be beneficial in the production of this type of HMnS. Despite the attractive properties 

obtained by the HMnS as major structural material mainly for automotive industry 

applications some concerns have been attempted to address for these steels such as their poor 

wet corrosion resistance due to the high dissolution rate of Mn. In addition NMIs act as 

localized corrosion initiation and propagation for these steels, therefore, the evaluation of 

other chemical elements is carried out to enhance the corrosion properties of the HMnS 

[7,50]. The manufacturing process by continuous casting and hot strip rolling of these steels 

is another challenge to be treated due to segregation problems and particle precipitation 

during solidification [36].  

The mechanical properties of high-manganese steels are very dependent on carbon and 

manganese contents [46]. The low carbon content in the studied steels allows for obtaining 

low hardness values as was previously reported for Hadfield and high-manganese steels 

[4,5,7]. In addition, carbide particles were not formed which may increase hardness. 

However, the hot forging process and for the HMnS containing 17 wt% Mn and the higher 

non-metallic inclusion contents allow for refining the microstructure of the HMnS obtaining 

smaller equiaxed grains of retained austenite characterized by a duplex structure of austenite 

retained and martensite which cause a strengthening of the material. Martensite presents 

different orientations and hence effective barriers to slip due to carbon atoms and high 

dislocation density [51], dislocations should change their direction for their movement 

requiring more energy increasing the yield and tensile strength. The HMnS containing 22 

wt% Mn showed a microstructure of retained austenite grains containing twins. The twins 

induce deformation due to the twin boundaries acting as strong barriers to dislocation motion 

which lead to an increase in the strength and elongation of the steels [48]. However, the 

equiaxed grain sizes were bigger than HMnS with 17 wt% Mn obtaining lower mechanical 

results.  

 

 

 

5. Conclusions 



 

 

HMnS with low aluminum contents were manufactured and characterized by microstructural 

and mechanical tests. The results obtained can be summarized as follow: 

1. The as-cast steels produced were constituted by an austenitic matrix and finer non-metallic 

inclusions of Al2O3 and MnS homogeneously distributed in the steels. The increase of 

aluminum in HMnS increases the amount of NMIs. 

2. The hot forging promoted a recrystallized microstructure of equiaxed grains constituted 

by annealing twins in a matrix of retained austenite for the steels containing 22 wt% Mn, 

while a duplex of retained austenite and low amounts of martensite microstructures was 

obtained for the steels containing 17 wt% Mn.  

3. The hardness of the steels was similar to the as-cast and deformed conditions reaching 

values in the range of 82 to 85 HRB because the low concentration of carbon and aluminum 

and the high concentration of manganese allow obtaining a completely austenitic 

microstructure without carbides. 

4. The highest tensile properties were obtained for the relatively low manganese 17Mn-1Al 

steel due to the retained austenite and martensite microstructure together with the highest 

amount of NMIs homogeneously distributed in the steel matrix which aid in the grain size 

refining after the hot forging process. 
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