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ABSTRACT 

In recent years there has been an increase in the field of research of advanced steels that have 

excellent mechanical properties combining high strength with excellent ductility. Within this 

range of advanced steels are the stable austenitic phase steels at room temperature of 

twinning induced plasticity known as TWIP. An important aspect to highlight about TWIP 

steels is their addition with different microalloying elements, generally less than 0.20 wt. %, 

which are forming precipitated phases such as carbides, nitrides and carbonitrides, and 

directly or indirectly control and/or modify microstructure and mechanical properties in these 

steels. Microalloying elements can cause a higher degree of hardening due to the formation of 

precipitates and grain refinement. The present research work studies the inclusions and 

second-phase particles formed in Fe–21Mn–1.3Si–1.6Al TWIP steels microalloyed with Ti, 

Nb, V, Mo and Ti/B in as-solution condition. TWIP steels melted in induction furnace were 

homogenized and hot-rolled at 1200 °C with reduction of 60 %. Subsequently, rolled plates 

were solubilized at 1100 °C followed by water quench. Thermodynamics-based predictions of 

inclusions and second-phases of different TWIP steels were carried out using 

JMatPro®V.9.1.2. Metallographic characterization was carried out by light optical and 

scanning electron microscopies (LOM, SEM), while second-phase particles characterization 

was performed using energy dispersion spectroscopy (SEM-EDS).  Also, Vickers 

microhardness tests were carried out in accordance to ASTM E92 standard. In general, 

results showed the formation of inclusions of AlN and MnS at higher temperatures, which act 

as nuclei points for the precipitation particles of each type of microalloying element (TiN, 

TiC, Nb (C, N), VC and MoC) at lower temperatures. The studied TWIP steels exhibit similar 

microhardness values, since the microalloying elements are mostly dissolved in solid solution. 

The TWIP steels microalloyed with V and Ti exhibited the highest microhardness values. 

Twinning induced plasticity (TWIP) steels have received increasing attention and 

demand in modern automotive industry which is facing higher steel requirements. TWIP 



steels show good mechanical properties, such as high strength, excellent ductility and 

also good energy absorption capacities [1-5]. Typically TWIP steels belongs to the 

family of the Fe-Mn-Al-C-Si alloys, having large amounts of Mn (up to 25 wt.%), Al (up 

to 3 wt.%) and Si (up to 3 wt.%) [1-7]. An important aspect to highlight about TWIP 

steels is the complementary addition of different microalloying elements, generally less 

than 0.20 wt.%, which form carbides, nitrides and carbonitrides, aiming to directly or 

indirectly control and/or modify the microstructure and mechanical the properties in 

these steels. Since Al, Mn and microalloying elements addition have many advantages, it 

is necessary to study the evolution of inclusions and/or second-phase particles in these 

types of alloys. The high-Mn and Al concentrations in these steels can lead to different 

types of second-phase particles such as AlN and MnS. At present, the research on high-

Mn TWIP steels has mainly focused on the effect of the heat treatment on mechanical 

properties [8], and studies on inclusions behavior in high-Mn TWIP steels have been 

rarely reported [3]. Much attention has been paid to AlN particles, which one of the 

dominating second-phase particles in Mn-Si-Al steels. Kang et al [9] suggested that the 

number of AlN and MnS inclusions should be kept as low as possible to improve the hot 

ductility response. On the other hand, Gigacher et al [10] tried to classify the endogenous 

inclusions formed in 15-25Mn-3Al-3Si steels. Even though the work of Gigacher et al. 

provided useful information on inclusions in high-Mn steels, [10] the effects of Al, Mn 

and even the microalloying elements addition on the formations of oxide, nitride, and 

sulfide compounds in high Mn-Al–alloyed steels are still unknown. Several authors like 

Liu et al [2] Xin et al [3], Zhuang et al [4], Gigacher et al [10], Grajcar et al [11], Park et 

al [12] have reported that the main types of second-phase particles (non-metallic 

inclusions) in TWIP steels are i) single AlN inclusions and some AlON inclusions, ii) 

single Al2O3 inclusions (iii) single MnS(Se), (iv) AlN-MnS(Se), AlN core with MnS(Se) 

wrap, (v) Al2O3-MnS(Se), Al2O3 core with MnS(Se) skin, (vi) MnO- Al2O3, SiO2, single 

particle. (vii) Al2O3-CaO inclusions, (viii) AlN-Al2O3MnS (OSe) compound inclusions. 

Inclusions and also steel cleanliness can great affect the casting process and even modify 

the properties of final products, that’s why, much attention has been paid to AlN particles 

which are one of the dominating inclusions in Fe-Mn-Al steels.  

In the present research work, six TWIP steels were studied, one as a reference 

steel without microalloying elements designated as TWIP-REF, and five, with the 

presence of a different microalloying elements named as TWIP-Ti, TWIP-Ti/B, TWIP-

Nb, TWIP-V and TWIP-Mo. TWIP steels were melted in an induction furnace and cast 

in metal ingots molds solidified at a cooling rate of 0.6 K/s. Chemical compositions of 

the studied steels are listed in Table I. 

 

TWIP steel Fe C Mn Al Si P S Mo V Ti B Nb N 

TWIP-REF Bal 0.54 21 1.6 1.3 0.01 0.001 - - - - - 0.012 

TWIP-Ti Bal 0.56 22 1.8 1.2 0.01 0.001 - - 0.021 - - 0.012 

TWIP-Ti/B Bal 0.54 23 1.5 1.2 0.01 0.001 - - 0.014 0.018 - 0.012 

TWIP-Nb Bal 0.45 20 1.4 1.3 0.01 0.001 - - - - 0.083 0.012 

TWIP-V Bal 0.56 21 1.4 1.3 0.01 0.001 - 0.1 - - - 0.012 

TWIP-Mo Bal 0.62 22 1.5 1.4 0.01 0.001 0.3 - - - - 0.012 

 

It is important to note that current TWIP steels were manufactured with high purity iron 

with low contents of C, S, P and N, therefore S and N contents are relatively lower 

compared to steels manufactured with conventional scrap. In high-Mn TWIP steels it is 



very important to maintain low levels of S and N since these elements tend to form MnS 

and AlN, which negatively affect the mechanical properties, particularly the toughness. 

Additionally, Study of phase transformations was performed using JMatPro® V.9.1.2 

software. The calculations were carried out in the temperature range between 25 to 1600 

°C obtaining equilibrium diagrams for each TWIP steel. 

 

 

After casting, the steels were thermo-mechanically treated according to the schedule 

sketched in Figure 1. First a homogenization heat treatment at 1200 °C was carried out. 

Then, specimens of 7.5 mm x 6 cm x 2.5 cm and 7.5 mm x 2 cm x 2.5 cm were subjected 

to hot rolling after previous reheating at 1200 °C. 16 and 18 rolling passes were imparted 

with temperatures in the range of 1200 and 950 °C to obtain a final thickness reduction 

of 60%. Later, with the aim of refining the highly deformed austenitic grains from the 

thermomechanical treatment, a new solution heat treatment at 1200 °C was carried out. 

In this way, segregation problems were minimized and a relatively fine and equiaxial 

microstructure was promoted. 

 

 
 

Metallographic preparation was carried out using a standard procedure: i) Roughing of 

samples with SiC sandpaper of different particle sizes according to the European 

Federation of Abrasive Producers: 400 (17.3 ± 1 μm), 600 (9.3 ± 1 μm), 800 (6.5 ± 1 

μm), 1200 (3.0 ± 0.5 μm) and 2000 (1 ± 0.3 μm). ii) Polishing of each sample using 9, 6, 

3, 1 and 0.25 µm diamond paste. iii) Etching with a 10% Nital solution at room 

temperature, with varying immersion times for each sample to reveal the microstructure. 

A Scanning Electron Microscope JEOL® (model: JSM-6400), working at 35 kV and 26 

mm Wd coupled with an EDS detector was use to analyze the present phases. Point and 

area (mappings) chemical analysis of the precipitates and particles present in the 

austenite matrix was also done with EDS detector. Accordingly, it was possible to detect 

the formation of particles such as aluminum nitrides (AlN), and manganese sulfides 

(MnS), which are formed during the melting and solidification of the steel, as well as the 
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presence of precipitated phases (carbides, nitrides and carbonitrides) of different 

microalloying elements. Vickers microhardness tests were carried out in a 

microdurometer Tukon 1102 using 1 kgf load for 15 seconds and 25 indentations in each 

sample with a spacing between indentations of 2 mm, in accordance to ASTM E92 

standard test method [13]. 

Through the use of JMatPro® V.9.1.2 software, the equilibrium diagrams of 

each TWIP steels under study could be calculated. Figure 2 displays phase equilibrium 

diagrams of each TWIP steel in a lower percentage of composition. For all TWIP steels, 

the austenitic phase in solid state is identified and phases formed by microalloying 

elements are appreciated. 

 



From figure 2a, it can be noted that, the AlN compound is formed from the liquid state, 

at approximately 1520 °C, and it can be seen that the weight fraction of this compound 

tends to increase as solidification progresses until it reaches room temperature. The 

formation of another compound can also be observed since in the matrix there is S, and 

this one tends to enter into solution with the Mn, so that in the two-phase liquid and solid 

zone MnS is formed at approximately 1310 °C and its formation is maintained until it 

reaches room temperature. For TWIP steel microalloyed with Ti (figure 2b), a new phase 

appears, which is mainly formed by TiN and TiC compounds. Likewise, AlN begins to 

form at approximately 1530 °C, before solidification begins, and the weight fraction of 

this phase is increased just before the TiN compound begins to form in the biphasic 

liquid-solid zone. At high temperatures, the formation of the TiN compound requires part 

of the N that contains the AlN. A very important aspect to note lies in the fact that, if the 

formation of the AlN compound is limited, the TiN could be present at any processing 

temperature. A characteristic can be highlighted in this TWIP steel microalloyed with 

Ti/B (figure 2c) which is the formation of a phase of borides and microalloying carbides 

represented in the diagram by the nomenclature TiB2_C32, which begins to form at 1240 

°C likewise the formation of metal nitrides (TiN), as well as an MnS phase. For TWIP 

steel microalloyed with Nb (figure 2d), at 1310 °C the formation of metallic compounds 

Nb (C, N) begins, just in the biphasic liquid-solid zone and in the same way as the 

temperature decreases, they increase their phase percentage having them in greater 

quantity until room temperature. For TWIP-V steel (figure 2e), it can be noted that, at 

900 °C, the formation of precipitates for this steel V (C, N) begins. It can be noted that 

the compound with the greatest presence is VC, since N were consumed by the formation 

of the compound AlN and this does not lead to the formation of VN, in addition to the 

fact that V tends to combine with C. Finally, for TWIP steel microalloyed with Mo 

(figure 2f), it should be noted that the formation of metal compounds of Mo (C, N) 

begins at lower temperatures in the range of 400 and 600 °C. 

 

Figure 3 displays SEM images of typical inclusions and precipitate particles found in 

each TWIP steel. 

 

 

 



In the case of the TWIP-REF steel two types of inclusions namely, AlN and 

MnS, were noticed as shown in figure 3a. The MnS inclusions are elongated along the 

rolling direction, while the AlN displays an irregular shape. The size of each inclusion 

can reach up to 6 µm. TWIP steel microalloyed with Nb displayed the same particles 

than the TWIP-REF steel plus precipitated particles of Nb (NbC) with a near-spherical or 

irregular shape with size around 8 µm located near to grain boundaries, as shown in 

figure 2b. On the other hand, figure 3c it is shows AlN/MnS and AlN/VC complex 

particles in the TWIP-V steel. The size of these particles reaches up to 8 µm. It was clear 

that complex particles of AlN/MnS can act as nucleation sites for VC particles since 

these latter types of particles are found on the boundaries of these complex AlN/MnS 

particles. Finally, precipitated particles in the TWIP-Ti and TWIP-Ti/B steels are shown 

in figures 3d and 3e, respectively. Most of the particles found in these steels were again 

AlN and MnS which are acting as nucleation sites of the present microalloying particles 

(TiC of 5 µm). In the case of TWIP-Ti/B steel, B particles were not detected, most 

probably for the lack of resolution of the SEM-EDS. It is worth noting that in hot 

ductility of TWIP steels is very important the addition of Ti as microalloying element, 

since this element tends to combine with N substituting the formation of AlN particles, 

similar to what occurs with B additions. Lastly, for TWIP-Mo (figure 3f), all inclusions 

found were of the AlN type with irregular shape and 5 µm in size. Mo particles were not 

detected, most probably for the lack of resolution of the SEM-EDS, similarly that B 

particles. AlN inclusions were found in all the studied TWIP steels, because AlN forms 

from liquid phase and remains until room temperature, as shown in figure 2.  

 

Figures 4-6 show the elemental chemical mappings and their corresponding 

EDS spectra of microalloyed TWIP steels. 

 

 

 



The formation of complex particles of AlN and MnS can be unambiguously 

identified for the TWIP-REF steel, as shown in figure 4a. These particles were found 

dispersed both in the grain boundaries and within the grain. Both compounds are eutectic 

in nature and they were presumably formed at high temperatures. Liu et al. [14] 

determined by thermodynamic calculations that the precipitation of AlN occurs first than 

MnS. They also determined that AlN inclusions that precipitate in the liquid state can act 

as nuclei of MnS inclusions. On the other hand, the formation of same complex particles 

of AlN and MnS can be observed in figure 4c in the TWIP-Nb steel, as already stated. 

According to Hamid et al [15], NbC particles maintain their pinning effect at grain 

boundaries while providing a finer grain microstructure after rolling and solution 

conditions than other steels. Haddrill et al [16] and Hee et al [17] reported that the dense 

precipitation of NbC and Nb (C, N) particles in the austenitic matrix occurs during heat 

treatment at high temperature, which promotes by the presence of crystalline defects 

(vacancies and dislocations). Likewise, Scott et al. [18] investigated the effect of Nb 

microalloying in Fe-22Mn-0.6C TWIP steel. They reported that Nb addition resulted in 

grain refinement and strengthening effect. 

 

The formation of complex particles of AlN and MnS is also observed in figure 

5a for TWIP-V steel. Again, the formation of VC particles can be appreciated close to 

the AlN and MnS inclusions, corroborating the fact that, this inclusions act as nucleation 

sites of microalloying precipitates particles. According with Chateau et al. [19] hardening 

is performed by small VC precipitates formed in recrystallized grains. Larger precipitates 

formed in non-recrystallized grains do not participate much in hardening. The presence 

of VC does not seem to block the propagation of twins and does not alter the hardening 

efficiency of TWIP effect. Studies developed by Baker et al [20] shows that VC 

solubility in austenitic matrix for low alloyed carbon steels is significantly higher than in 

other microalloyed steels. According with Salas-Reyes et al [21] V microalloying 

particles can precipitate at lower temperatures. In this case, the equilibrium phase 

diagram of TWIP-V steel calculated by JMatPro® V.9.1.2 software (figure 2e) shows 

that the formation of VC precipitates begins at 900 °C. On the other hand, it is worth 

noting that the high temperature (1200 °C) and cooling rate (water quenching) of the 

solution heat treatment do not allow the total formation of precipitates. Therefore, under 

these heat treatment conditions the precipitates tend to dissolve in the austenite matrix. 

 

Same situation it is presented in figure 5c for TW-Ti steel, where AlN particles 

were the dominated ones. According to Dobrzański et al [22]. The beginning of the TiN 

precipitation in a TWIP 26Mn-3Si-3Al-0.034Nb-0.009Ti steel occurs at temperature 

1350 °C, which allows the formation of large particles from other precipitates. 

 

It has been established [23, 24] that the precipitation of TiN prevents the 

formation of AlN. TiN precipitates uniformly in austenite are less detrimental to ductility 

than AlN nucleating at austenite grain boundaries. The formation of complex particles of 

AlN with TiC particles can be noticed in figure 6a for TWIP-Ti/B steel. Again, elemental 

B was not detected. According with Sellars [25] the addition of Ti (<0.02 wt%) on TWIP 

steels allows the precipitation of stable TiN particles during solidification, which 

prevents the growth of austenitic grain in the reheating stages in the range of 1200 to 

1300 °C. At higher concentrations of Ti (0.1 to 0.2 wt.%), the precipitation of TiC is 

more evident and retards dynamic recrystallization. Finally, AlN particles were the 

predominant ones in the TWIP-Mo (as in the other studied TWIP steels). Also, 

precipitated Mo particles were briefly observed with the chemical mapping technique. 

Pierson [26] reported that Mo is a carbides-generating element and these are formed in 

the grain boundaries being the main carbide of the (Fe,Mo)3C type. 



 

 

 

 
 



Table II shows the results of Vickers microhardness tests performed on TWIP steels in 

as-solutioned condition. 

TWIP steel HV Std. Dev. 

TWIP-REF 195 8.0 

TWIP-Ti 197 9.7 

TWIP-Ti/B 182 10.5 

TWIP-Nb 190 7.9 

TWIP-V 196 7.3 

TWIP-Mo 189 7.4 

In general, the hardness of studied TWIP steels exhibit similar values because of the 

microalloying elements are mostly in solid solution due to the solution heat treatment. 

However, a slight increase is presented in TWIP-V and TWIP-Ti steels (196.39 and 

197.26 HV, respectively). This increase is mainly associated with grain refinement effect 

and solid solution hardening generated by the microalloying elements. Chateau et al [19] 

reported that a fine precipitation of vanadium carbides increased the yield stress of 

Fe22Mn0.6C TWIP steel up to 140 MPa, without decreasing the strain hardening rate. 

The hardening effect is generated by small VC precipitates formed in boundaries of 

recrystallized grains. They show also that the presence of carbides does not affect the 

propagation of microtwins, and the hardening efficiency by TWIP effect is not affected. 

On the other hand, Kang et al [27] investigated the effects of Nb on mechanical twinning 

and tensile deformation behavior in hot-rolled Fe18Mn0.6C1.5Al-0.1Nb TWIP steel. 

They reported that the increase in strength (YS and UTS) of TWIP steel microalloyed 

with Nb is mainly generated by the increase of dislocations density in non-recrystallized 

grains rather than the precipitation hardening of NbC particles or the solid solution 

hardening of Nb atoms. Base on the above, twinning mechanism could be little affected 

by the presence of precipitated particles of microalloying elements for increase strain 

hardening. 

 

1. AlN inclusions are predominant in the present TWIP steels. These inclusions 

were found dispersed in the austenite matrix, as well as MnS inclusions. 

2. The second-phase particles found in the TWIP steels microalloyed with Ti, 

Ti/B, Nb, V and Mo were TiN, TiC, NbC, VC, and MoC, respectively. B bearing 

precipitates could not be detected due to the lack of resolution of the SEM used.  

3. Most of the second-phase particles are associated to large AlN and MnS 

inclusions, showing that they act as nucleation sites for precipitated particles of 

microalloying elements. 

4. The studied TWIP steels exhibit similar microhardness values, since the 

microalloying elements are mostly dissolved in solid solution. The TWIP steels 

microalloyed with V and Ti exhibited the highest microhardness values.  
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