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Abstract 

 
Austenitic high-Mn (15-30 wt.%) based twinning-induced plasticity (TWIP) steels provide great 
potential in applications for structural components in the automotive industry, owing to their 
excellent tensile strength-ductility property combination. In certain cases, these steels might also 
substitute austenitic Cr-Ni stainless steels. The aim of this present work is to investigate the 
high-temperature flow resistance, recrystallisation and the evolution of microstructure of high-
Mn steels by compression testing on a Gleeble simulator. The influence of Al alloying (0-8 
wt.%) in the hot rolling temperature range (800°C-1100°C) is studied in particular, but also some 
observations are made regarding the influence of Cr alloying.  Microstructures are examined in 
optical and electron microscopes. The results are compared with corresponding properties of 
carbon and austenitic stainless steels.  In addition, the mechanical properties are studied briefly, 
using tension tests over the temperature range from -80°C to 200°C. Finally, a preliminary study 
is conducted on the corrosion behaviour of TWIP steels in two media, using the potentiodynamic 
polarization technique. 
  
The results show that the flow stress level of high-Mn TWIP steels is considerably higher than 
that of low-carbon steels and depends on the Al concentration up to 6 wt. %, while the structure 
is fully austenitic at hot rolling temperatures. At higher Al contents, the flow stress level is 
reduced, due to the presence of ferrite. The static recrystallisation kinetics is slower compared to 
that of carbon steels, but it is faster than is typical of Nb-microalloyed or austenitic stainless 
steels. The high Mn content is one reason for high flow stress as well as for slow softening. Al 
plays a minor role only; but in the case of austenitic-ferritic structure, the softening of the ferrite 
phase occurs very , contributing to overall faster softening. The high Mn content also retards 
considerably the onset of dynamic recrystallisation, but the influence of Al is minor. Similarly, 
the contribution of Cr to the hot deformation resistance and static and dynamic recrystallisation, 
is insignificant. The grain size effectively becomes refined by the dynamic and static 
recrystallisation processes.  
 
The tensile testing of TWIP steels revealed that the Al alloying and temperature have drastic 
effects on the yield strength, tensile strength and elongation. The higher Al raises the yield 
strength because of the solid solution strengthening. However, Al tends to increase the stacking 
fault energy that affects strongly the deformation mechanism. In small concentrations, Al 
suppresses martensite formation and enhances deformation twinning, leading to high tensile 
strength and good ductility. However, with an increasing temperature, SFE increases, and 
consequently, the density of deformation twins decreases and mechanical properties are impaired.  
 
Corrosion testing indicated that Al alloying improves the corrosion resistance of high-Mn TWIP 
steels. The addition of Cr is a further benefit for the passivation of these steels. The passive film 
that formed on 8wt.% Al-6wt.%Cr steel was found to be even more stable than that on Type 304 
steel in 5-50% HNO3 solutions. A prolonged pre-treatment of the steel in the anodic passive 
regime created a thick, protective and stable passive film that enhanced the corrosion resistance 
also in 3.5% NaCl solution. 
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1. Introduction 
 
1.1. Preface 
 
The development of new materials, or the improvement of existing materials, is motivated by 
two factors: customer expectations (design, performance, fuel consumption, corrosion, low cost 
usage, etc.) and the legal requirements (tightening environmental regulations, crash safety, 
emissions, etc.). These factors force, for instance, car manufacturers, who are important 
customers of steel producers, to utilize new materials with higher strength-to-weight ratios or 
enhance property combinations. The demands for making cars both environmentally friendly and 
safe have led to the development and use of dual phase (DP), transformation induced plasticity 
(TRIP) and twinning induced plasticity (TWIP) steels.  
 
High-Mn based TWIP steels provide a great potential in applications for structural components 
in the automotive industry owing to their excellent tensile strength-ductility combination. In the 
last decade, an increasing number of researchers have devoted their efforts to develop and 
process high-Mn TWIP steels. Fig. 1 illustrates the tensile strength/ductility combinations for 
FeMn (TWIP) steels as referred to two groups. The first group shows very ductile behaviour, 
with extremely high uniform elongation of up to 80%, and a moderate tensile strength of 800 
MPa. The second group of steels with very high strength > 1750 MPa has currently been 
developed at Arcelor & TKS [1]. In the figure these steels are also compared to “conventional”, 
low-strength automotive steels (interstitial free (IF), bake hardening (BH), or mild steels) or to 
high-strength steels (high strength low alloy (HSLA), DP and TRIP). This figure, or similar 
figures, have evolved from numerous publications and are widely used as a frame of reference 
for assessing new advanced high strength steels (AHSS) [2].  For automotive applications, high-
Mn TWIP steels are attractive owing to their high energy absorption, which is more than twice 
that of conventional high strength steels [3], and high stiffness that improves the crash safety [4], 
as shown in Fig. 2.  
  
A Research Fund for Coal and Steel (RFCS) project currently underway, regarding Fe-C-Mn 
steels, is also aimed at investigating the proper alloying of TWIP steels, for instance the effect of 
Nb, N and Al on mechanical properties [5]. 
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Fig. 1. Comparison of the mechanical properties (tensile strength UTS and elongation A) 
between high-Mn TWIP steels and some other current steel grades [2]. 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Automotive applications of high-Mn TWIP steels (courtesy by ArcelorMittal Flat 
Carbon Europe). 
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Another class of high-Mn based steels bearing also high Al (<12 wt.%) and Si (<6 wt.%) is 
called lightweight steels with induced plasticity, L-IP [6].  Recently, modified high-Mn TWIP 
steels without Al and Si have been developed for Xtreme formability and Xtreme strength, 
referred to as X-IP [7].  TWIP steels, including X-IP and L-IP, are considered the second 
generation AHSS for automotive applications.  
 
Based on metallurgical concepts, high-Mn steels bearing high Al and perhaps Cr are also a 
candidate alloy system for partial replacement of austenitic Cr-Ni stainless steels in applications 
in non-critical corrosive environments [8-10]. Both Ni and Mn elements favour the austenite 
phase. When sufficient amounts of the elements are added, it is possible to preserve the austenite 
phase at room temperature. In Fe-high Mn steels, Al plays the same role as Cr in stainless steels, 
increasing the corrosion resistance [11]. Al is a ferrite stabilizing element, similar to Cr, except 
that Cr can also form carbides that could be expected to impair corrosion properties. 
 
It is worth pointing out that to counterbalance the above-mentioned attractive advantages, high-
Mn TWIP steels offer processing challenges relative to the other automotive steels, due to the 
high cost of Mn alloying [12]. In addition, technical problems are expected during the melting 
process of these steels. The first of these is the high loss of Mn. This is attributed to the high 
vapour pressure of Mn, which leads to the evaporation of a significant percent of it. This implies 
that an abundance of Mn should be added.  The complexity of the melting process increases with 
the addition of Al as an alloying element to a high content due to the large difference in the 
specific gravity between Fe and Mn (7.6 g/cm3) and Al (2.7 g/cm3). Furthermore, Al tends to 
result in a high corrosion rate of the lining refractories (magnesia) of the furnace used in the 
melting process [13]. 
 
1.2. Deformation Modes in TWIP Steels 
 
In austenitic high-Mn TWIP steels, martensite can be formed in plastic deformation as strain-
induced, in reactions such as )( fcc!" austenite )(hcp!"#  martensite or in two-steps 
reaction )( fcc!"  austenite )(hcp!"# martensite )(bcc!"#$ martensite. Besides this phase 
transformation, there are two fundamental modes by which metals and alloys deform plastically 
in a homogeneous way, i.e. glide of dislocations in specific slip systems and mechanical or 
deformation twinning [14].  These deformation modes are closely related to the stacking fault 
energy (SFE) of the austenitic structure. Therefore, SFE has traditionally been used as a rough 
predictor of twinning tendency in TWIP steels. Chemical composition and temperature are 
known to be the main factors in controlling SFE and, consequently, determining the main 
deformation mechanism, as shown in Fig. 3. If SFE is very low (≤ 20 mJ/m2), martensitic-
induced plasticity is favoured [15]. Higher SFE of the order 25 mJ/m2 suppresses martensitic 
phase transformation and favours mechanical twinning until SFE values ≤ 60 mJ/m2 [3,16].  
However, the twinning intensity and type of twins change with SFE, so that with relatively low 
SFE (≈ 25 mJ/m2), twin density is high and localized twinning in a fine scale occurs throughout 
the specimen, giving an almost homogenous deformation. At high SFE values (≥ 60 mJ/m2), the 
partition of dislocations into Shockley partial dislocations is difficult, and therefore the glide of 
perfect dislocations is the dominant deformation mechanism. Hence, alloys with the certain 
intermediate SFE tend to show mechanical twinning instead of phase transformation or 
dislocation glide, as reported by Rohatgi et al. [17].  
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Deformation twinning is a very favorable mechanism, because it gives rise to a proper work 
hardening rate.  The very fine twin lamellae can be regarded as extra intragranular obstacles that 
inhibit dislocation movement (comparable to grain refinement). The morphology (thickness, 
stacking, etc.) and the number of twins determine the properties.  Grässel and Frommeyer 
[3,18,19], among other researchers, have investigated twinning-induced plasticity in Fe-25Mn-
Al-Si type steels in some detail, so the mechanical properties and deformation mechanisms are 
not a major part of the present work. 

 

 
 

Fig. 3. Schematic presentation of the influence of SFE (temperature and composition) on 
the features in deformation of austenite [20]. 

 
It is interesting to note that the deformation twinning and the strain-induced martensitic 
transformation are microstructurally similar, i.e. both of them involve a diffusionless shear of a 
constrained plate-shaped region in the parent crystal, but they differ from each other in that the 
latter is driven by a chemical free energy change.  Both slip and twinning are similar 
macroscopic shear mechanisms and both of them occur on a distinct plane and need a shear force 
to be activated. However, twinning is a shear process that yields a significant reorientation of the 
lattice [21].  
 
1.3. Alloying concept of TWIP steels 
 
Manganese 
 
Manganese is considered the main alloying element in TWIP-steels, where it is crucial to 
preserve the austenitic structure based on the ternary system of Fe-Mn-Al [22]. The main 
influence of Mn in TWIP steels is to control SFE. Fig. 4 shows some experimental data from 
three works investigating the effect of the Mn addition on SFE in the Fe-Mn system [23-25]. The 
data reveal that with an increasing Mn content, SFE first decreases to a minimum value and then 
again increases. However, the Mn content, giving the minimum as well as the lowest value of 
SFE, varies considerably, depending on the reporting author. Hence, with increasing Mn content, 
the deformation mode changes from the TRIP to TWIP type, owing to the increase in SFE with 
the Mn content from low values < 20 mJ/m2 to moderate values > 20 mJ/m2. 
 



 9 

 
 
Fig. 4. Variation of SFE as a function of Mn content in Fe-Mn alloys [23-25]. 

 
 

Aluminium 
The addition of aluminium to Fe-high Mn TWIP steels has several functions. Aluminium 
increases SFE significantly and therefore stabilizes the austenite against the strain-induced 

!"# $%%  transformation that occurs in the Fe-(15-25) Mn alloys during deformation [19,26].  
Furthermore, it strengthens the austenite by solid solution hardening [27]. Finally, owing to its 
high passivity, aluminium enhances the corrosion resistance of such steels. 
 
Silicon  
In contrast to aluminium, silicon decreases the amount of FCC phase and sustains the !" #  
transformation during cooling and deformation [28]. Takaki et al. [29] found that the addition of 
2% Si to an Fe-27Mn steel lowered SFE of austenite, resulting in an increase in the number of 
stacking faults, which are nucleation sites for the ε-martensite. Moreover, addition of Si 
strengthens the austenite, owing to the solid solution hardening by 50 MPa / 1% Si [27]. 
 
Carbon  
Carbon is considered an effective austenite stabilizer and is added in the modified TWIP-type 
steels (X-IP) up to 0.6 wt% [1]. It is well known that the solubility of carbon is high in austenite, 
so that carbon alloying can be used to stabilize the austenite and also to strengthen the matrix by 
solid solution hardening. 
 
Chromium 
It well known that the addition of Cr to ferrous alloys increases corrosion resistance in various 
media. Furthermore, it enhances the formation of ferrite phase [30]. However, Cr addition to the 
Fe-Mn based alloy system raises SFE [31].  
 
1.4. Motivation of the present work 
 
Several investigations have been carried out to determine the mechanical properties of TWIP 
steels (Fe-Mn-Al, Fe-Mn-Al-Si) in quasi-static and dynamic tensile loading at low and ambient 
temperatures. However, much less attention has been paid to the mechanical behaviour of these 
steels in the upstream hot working operations. Recently, and for the first time in the open 
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literature, Cabanas et al. [32] studied the influence of Mn content on flow stress behaviour and 
dynamic recrystallization of binary Fe-Mn alloys (up to 20 wt.%) by hot torsion testing.   
 
In order to improve understanding of the high-temperature behaviour of TWIP steels and thereby 
help develop manufacturing methods, the influence of Al on the high-temperature flow stress 
and recrystallization kinetics of austenitic 25 wt.% Mn-bearing TWIP steels has been 
investigated in three papers included in this work. In Paper I, the Al alloying between 0 and 3 
wt. % were used and the flow stress and recrystallization were compared with the behaviour of 
low-carbon steel. In addition, tensile properties were determined over the temperature range 
from –80 to 200°C. In another work [Paper II], deformation mechanisms in high-Al (6-8 wt.%) 
bearing TWIP steels were investigated in hot compression and in tension at ambient, slightly 
elevated and low temperatures. In Paper III, the effect of Cr addition on the hot deformation 
behaviour of TWIP steels was investigated and the constitutive behavior of these steels was 
modelled.  
 
In multipass rolling, the interpass softening is an important phenomenon, affecting the rolling 
loads and also the evolution of grain structure. The static recrystallization kinetics of TWIP 
steels has therefore been investigated in detail [Paper IV].  Also, the influence of grain size on 
the onset of dynamic recrystallization was revealed. The microstructures that evolved under 
static recrystallization were characterized using SEM-EBSD.  Comparisons were made with the 
recrystallization kinetics of low-C steel, C-Mn-0.03 wt. % Nb steel and Type 304 austenitic 
stainless steel. 
 
Corrosion resistance of automotive steels is one of the demands of car manufacturers. High-Mn 
steels may also even substitute for austenitic stainless steels in some applications. Two 
approaches can be adopted to enhance the corrosion resistance of high-Mn steels. The first is the 
alloying with Al or Al/Cr that was investigated in Paper V. However, even though Al and Cr 
additions increase the corrosion resistance of these steels, they may have a detrimental effect on 
the mechanical properties, by increasing SFE. The second approach is to modify the surface 
layer by plating, chemical conversion coating, thermal spraying, etc. A potential method for 
improving the corrosion resistance of Fe-Mn-Al alloys by modifying the composition and the 
constitution of the surface layer has been investigated. This consists of reducing the surface 
concentrations of elements that weaken the corrosion resistance and enriching elements that 
improve it by means of electrochemical anodic polarization in an oxidizing electrolytic solution 
[Paper VI].  
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2. Experimental 
 

2.1. Materials  
 
The experimental materials used in this work were seven TWIP steels with the chemical 
compositions as shown in Table I. One of these was Fe-Mn alloy, without Al, and four steels 
containing Al from 1 to 8 wt.%. The last two steels bore different Cr alloying.  All steels had Mn 
contents in the range 25-30 wt.% and relatively low carbon contents. For comparison, low-
carbon, C-Mn-Nb and Type 304 stainless steels were used in the present work.  
 
Table I: Chemical compositions of the investigated high-Mn TWIP steels (wt. %) 

Alloy code C Mn Al Cr Si Nb Ni Fe 
25Mn 0.14 25.8 0.02 0.43 0.40 - 0.03 Bal. 
25Mn1Al 0.16 27.3 1.3 0.40 0.54 - 0.02 Bal. 
25Mn3Al 0.10 24.0 3.4 0.8 0.45 - 0.02 Bal. 
25Mn6Al 0.22 24.0 5.7 0.08 0.48 - 0.04 Bal. 
25Mn8Al 0.20 23.0 8.4 0.08 0.49 - 0.05 Bal. 
30Mn4Al4Cr 0.27 30.0 4.5 4.14 0.43 - 0.06 Bal. 
30Mn8Al6Cr 0.26 29.0 8.3 6.0 0.44 - 0.07 Bal. 
Low-C 0.10 0.45 0.03 - 0.20 - 0.02 Bal. 
C-Mn-Nb 0.15 1.40 0.04 0.02 0.30 0.033 0.03 Bal. 
Type 304 SS 0.02 0.40 - 18.3 0.27 - 8.6 Bal. 

 
The high-Mn TWIP steels ingots were homogenized at 1100°C-1200°C in order to remove the 
segregation of the alloying elements, especially that of Mn. Subsequently the ingots were hot 
rolled from a thickness 60 mm to 11 mm and 3.6 mm thick bands in a laboratory hot rolling mill. 
Cylindrical specimens 10 mm in length and 8 mm in diameter were machined from the 11 mm 
thick bands for axisymmetric compression tests.  
 
Axisymmetric compression tests were carried out on a Gleeble 1500 thermomechanical 
simulator under lengthwise strain control. The specimens were inserted between tungsten carbide 
anvils in a vacuum chamber, where they were resistance-heated.  Tantalum foils were used to 
prevent sticking and graphite foils as a lubricant. At high heating temperatures, such as 1100°C-
1200°C, a nickel foil was also used to prevent carbon diffusion into the specimen.  Pt-Pt 10% Rh 
thermocouple wires (φ 0.3 mm) were percussion welded onto the specimen surface. 
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2.2. Deformation Schedules 
 
2.2.1. Compression test 
 
The compression test was applied in order to characterize the flow stress behaviour of the steels 
at high temperatures 800-1100°C.  Specimens were reheated at 1200 °C for 2 min and then 
cooled at the rate of 5 °C/s to the test temperature between 900 °C and 1100 °C. After a soaking 
of 15 s at the test temperature, the specimens were compressed in a single hit to the true strain 
of 0.8 at the constant true strain rate between 0.005 s-1 and 5 s-1.  
 
 2.2.2. Double hit compression test   
 
The static recrystallization rate is most conventionally determined by the double deformation 
technique, which simulates two successive hot-rolling passes.  The static recrystallization (SRX) 
kinetics of the steels was studied by employing the double-compression test technique at 
temperatures between 900°C and 1100 °C, at the constant strain rate of 0.05 s-1. The applied 
strain was 0.2 and the holding times were between 1-1000 s. The typical test schedule is shown 
in Fig. 5.  The 5% total strain reloading method was adopted in determining the recrystallized 
fraction, in order to exclude the effect of recovery from the softening data [33,34]. 
 

 
 
Fig. 5. Schedule used in double hit compression tests. 
 
2.2.3. Tensile tests   
 
Tensile tests were conducted in order to study the deformation mechanisms and the interrelation 
between the SFE and mechanical properties.  Specimens were machined from the heat-treated 
(1100 °C, 30 min, water quench) 3.6 mm thick hot-rolled bands, with the gage section of 3.4 mm 
in thickness, 6.25 mm in width and 38 mm in length. Tensile tests were conducted at the constant 
crosshead speed of 5 x 10-2 mm/s (this means an average strain rate of about 10-3 s-1) with a 
Zwick Z 100 tensile machine. The low temperatures of 0,  -40 and -80 °C were obtained by using 
a chamber cooled by a flow of liquid nitrogen. A number of tests were carried out at 100°C and 
200°C, by heating the same chamber. Each test was repeated at least twice, under the same 
conditions. 
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2.3. Microstructure analysis   
 
The compressed cylindrical samples were sectioned perpendicularly to the compression axis, 
mounted, mechanically ground up to 1200 grit, and polished with the 1 µm diamond paste. For 
optical microscopy (OM), the specimens were etched with the 5% Nital for approximately 30 to 
45 s.  For electron back-scattering diffraction (SEM-EBSD) examinations, the specimens were 
polished using a 0.05 µm colloidal suspension of silica after mechanical polishing down to 1 µm. 
In a SEM, a conventional 70° tilt was used at 20 kV. Automatic scans were performed with a 
short step of 0.5 µm in order to capture the microstructural features. 
 
For transmission electron microscopy (TEM), specimens were mechanically polished to a 
thickness of 0.1 mm. Thin foils were obtained using a double jet TENUPOL-5 electrolytic 
polisher at a voltage of 32V and a temperature of 10°C. The electrolyte contained 5 volume 
fractions in % of perchloric acid and 95 volume fractions in % of acetic acid. 
 
2.4. Corrosion tests 
 
The electrochemical behaviour of high-Mn steels bearing Al and/or Al-Cr was investigated in 
aqueous nitric acid and NaCl media. For testing, circular samples with the diameter of 15 mm 
were machined from the cold-rolled as well as annealed strips. The samples were wet-ground to 
the 600-grit finish, ultrasonically cleaned and rinsed with ethanol and finally dried. A 
conventional three-electrode cell in a single compartment-cylindrical glass cell of 1 litre was 
used with graphite as a counter electrode. All the potentials were recorded with respect to a 
saturated calomel electrode (SCE) as a reference electrode at 25 °C. The SCE was connected via 
a Luggin capillary, the tip being very close to the surface of the working electrode to minimize 
the potential drop. Samples were immersed in the solution for 1 h at open circuit preceding 
polarization. The polarization was initiated at about 250 mV, negative to the corrosion potential 
(Ecorr), followed by scanning toward the noble direction at a rate of 1 mVs-1.  A computerized 
Potentiostat/Galvanostat (EG&G model 273), a lock-in amplifier (model 5210) and an M325 
corrosion software from EG&G Princeton Applied Research were employed in the polarization 
tests. 
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3. Results 
 
 

3.1. Flow stress behaviour in high temperature deformation 
 
The flow resistance of the all steels in hot rolling temperatures was investigated and reported in 
three papers [Papers I, II, III]. A typical example of the true stress-true strain curves of the 
investigated high-Mn TWIP steels bearing different Al and Cr contents, deformed at 1000°C at 
0.1 s-1, are displayed in Fig. 6.  For comparison, the corresponding flow stress curves for low-C, 
C-Mn-Nb and Type 304 steels are also included. 
 

 
 

Fig. 6. Flow stress curves of the investigated steels at 1000°C/0.1 s-1. 
 
It can be seen that the austenitic high-Mn TWIP steels exhibit much higher deformation 
resistance compared to that of the low-C and C-Mn-Nb steels and even higher than that of Type 
304 steel. This is attributed to the strengthening effects of high Mn and Al contents (Paper I). 
The flow resistance increases systematically with increasing Al content close to 6 %. At the 6 % 
Al level, the flow curve is featured with rapid work hardening up to 0.2 strain, beyond which the 
flow stress stays somewhat lower than that of 3 % Al steel, as a result of enhanced dynamic 
recovery, owing to its higher SFE. A further increase of Al, from 6 to 8 %, resulted in a 
significant drop in the flow stress, due mainly to the presence of ferrite phase at high 
temperatures, as reported in Paper II. The hot deformation behaviour of the Cr-bearing TWIP 
steel is almost identical to that of the 6 % Al steel. However, at high strains, its flow stress level 
is the lowest among the steels. Anyhow, the influence of Cr on the flow resistance of TWIP 
steels is small, as described in Paper III. 
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The investigated high-Mn TWIP steels, save the 8% Al steel, exhibit peak stress behaviour, even 
though the peaks are very broad and the amount of subsequent flow softening is small. This 
behaviour reveals the occurrence of dynamic recrystallization (DRX). The peak strains of these 
steels are much higher than those of the low-C steel.  Hence, the high-Mn content such as 25 
wt.% retards the onset of DRX considerably. On the other hand, it was found that Al alloying 
also delays markedly the onset of DRX, as shown in Paper I. Similar to carbon and stainless 
steels, it was observed that the volume fraction of DRX grains and the resulting grain size of 
TWIP steels decrease with decreasing deformation temperature from 1100 to 800°C, Papers I 
and III. At 800°C-900°C, only a small fraction of DRX could be seen even at the lowest strain 
rate. Examples of DRX structures of high-Mn TWIP steel containing 6 % Al at different a 
temperature are shown in Fig. 7.  
 
The initial grain size affected the peak strain of DRX. A finer grain size leads to a lower peak 
strain, as discussed in Paper IV. Fig. 8 shows the different progress of DRX in the coarse and 
fine-grained steels. In the coarse-grained steel, the fraction of DRX is about 50%, while in the 
fine-grained steel DRX is almost completed, showing effectively refined grain structure with the 
fine grain size of 6 µm.   
 

     
 

Fig. 7. Dynamically recrystallized structures of high-Mn TWIP steel bearing 6 % Al s-1 at 
0.005 s-1/0.8 strain, (a) 900°C (OM) and (b) 1000°C (SEM-EBSD). 
 

     
 
Fig. 8. Progress of dynamic recrystallization (1000°C/0.8/0.1 s-1) in the 25Mn1Al steel with 
the initial grain size of (a) 140 µm and (b) 35 µm. (SEM-EBSD). 
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3.2. Static recrystallization kinetics after high temperature deformation 
 
The effects of the alloying elements on the SRX kinetics of the high-Mn TWIP steels have been 
studied and compared with that of low-C, Nb-bearing and Type 304 steels in Papers I, III and IV. 
Based on the data in those papers, time for the 50% recrystallization t50 is plotted against 
temperature in Fig. 9. It can be seen that t50 of the TWIP steels is much longer that of the low-C 
steel, but shorter than those of Nb-steel and Type 304 steel, i.e., the SRX kinetics of TWIP steels 
is faster than that of Type 304 and the 0.03%Nb-steel and slower than that of low-C steel. This 
can be attributed to the high Mn content, whereas Al seems to have only a marginal effect, when 
the structure is completely austenitic. The formation of the ferrite phase at high temperatures in 
the high Al bearing TWIP steels enhances the SRX kinetics, as reported in details in Paper III. 
The influence of Cr was found to be insignificant, as seen also in Fig. 9. The strain rate used in 
this study, 0.05 s-1, is very small compared with the practical strain rate applied in rolling, and 
this difference has to be accounted for estimating the progress of SRX in rolling conditions.   
 

 
 
Fig. 9. Time for 50% recrystallization (t50) vs the inverse absolute temperature for the 
investigated TWIP steels. Some values for the low-C, C-Mn-Nb and Type 304 steels are 
included.  

 
Commonly, the following regression relation is used to describe the time (t50) for the 50% 
recrystallized fraction [35]: 
 

t50 = A εp  ε'q ds  exp(Qapp/RT)  
 
where A is a material constant, ε strain, ε' strain rate, d grain size, Qapp the apparent activation 
energy of recrystallization, R the universal gas constant and T the absolute temperature. Material 
dependent constants p, q and s are the strain, strain rate and grain size exponents, respectively.  
 
Based on the experimental data generated in double-compression tests, a regression model has 
been proposed in order to predict the SRX kinetics and the recrystallized grain size in TWIP 
steels at high temperatures at different strains and strain rates (Paper IV). The powers of strain 
and strain rate were calculated from the slopes of the plots shown in Figs. 10 and 11. Values of -
2.7 and -0.3 are obtained for the strain and strain rate exponent, respectively. However, the 
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power of grain size (s) was not determined but taken from Refs. [36, 37], where it was shown to 
be dependent on the initial grain size, as follows: 
 

s = 2.13 d-0.105 
 
 

    
            
        Fig. 10. Dependence of t50 on strain   Fig. 11. Dependence of t50 on strain rate 
        (GS=140 µm).                                                    (GS=140 µm). 
 

 
 

3.3. Tensile Properties 
 
TWIP steels exhibit abnormally high elongation at low temperatures, even at sub-zero 
temperatures, due to strain induced mechanical twinning if SFE is favorable in the range 25-60 
mJ/m2.  
 
Fig. 12 shows typical examples of tensile true stress-true strain curves at -80°C, RT and 100°C, 
obtained for the investigated steels with different Al contents.  Both Al alloying and temperature 
have significant effects on strength and elongation. A higher Al raises the yield strength, owing 
to the solid solution strengthening. However, the strain hardening rate, tensile strength and 
elongation, essentially depend on the deformation mechanism, i.e. on SFE, which is related to 
Mn and Al contents and test temperature. It has been observed in Paper I that 25Mn steel 
displays the highest work hardening rate at -80°C, due to strain-induced martensitic 
transformation, which in turn can be accounted for by its low SFE, ≈ 20 mJ/m2, as computed 
from the thermodynamic model of Olson and Cohen [38]. With an increasing temperature, SFE 
increases, and, consequently, the deformation mechanism changes gradually to deformation 
twinning.  25Mn3Al possesses high elongation at -80°C, where SFE is 42 mJ/m2 (found to be the 
optimal value for high twinning intensity). With increasing temperature to RT, both strain 
hardening rate and elongation decrease, which is attributed to increased SFE to 48 mJ/m2 and 
consequently a lower density of deformation twins.   
 
With an increasing Al level, from 3 to 6%, tensile strength and elongation decrease, for SFE 
increases to 63 mJ/m2 at RT (Paper II).  The 8%Al steel with duplex structure displays poor 
elongation, owing to high SFE and scarce twinning. 
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Fig. 12. Examples of tensile true stress-true strain curves of high-Mn TWIP steels at 
temperatures -80°C, RT and 100°C.  
 
Fig.13 shows the strain hardening exponents (n-values) for three high-Mn steels tested at RT. It 
can be seen that 25Mn and 25Mn3Al displayed high n-values. These n-values increase 
continuously with increasing strain and reach maximum values even higher than 0.6 and 0.55 at 
the uniform elongation for 25Mn and 25Mn3Al, respectively.  These results are identical with 
those obtained by Hofmann et al. [6] for X-IP steel.  However, n-values of 25Mn8Al are low and 
remain below 0.25. This can be attributed to suppressing mechanical twinning in the austenite 
phase, through its higher stacking fault energy. 
 

 
 
Fig. 13. Strain-hardening exponents (n-values) from the Hollomon equation vs. true strain 
for three high-Mn TWIP steels at RT. 
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The plots of strain hardening rates !" dd  of these three high-Mn steels, shown in Fig. 14, serve 
well to distinguish the different strain-hardening responses and display the specific influence of 
SEE. 
 

 
 

Fig. 14. Strain-hardening rates of three high-Mn steels at RT. 
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3.4. Corrosion behaviour 
 
Naturally, high corrosion resistance of automotive steels is one of the demands of car 
manufacturers. Another objective is to find a cheaper steel to replace austenitic Cr-Ni steels, and 
high-Mn austenitic steels seem to be a solution for this [8-10]. In order to gather data the 
potential of TWIP steels, a preliminary study was conducted on the corrosion behaviour of high-
Mn TWIP steels in two media. Two objectives encouraged testing in the nitric acid medium. The 
first was to clarify the effect of the alloying elements such as Al and Al-Cr on the passivation 
mechanism in this type of steels.  Secondly, containers for HNO3 process streams, such as pipes 
and store vessels, are typically made from Type 304 stainless steel. Therefore, one aim was to 
explore the possibility of developing a new Fe-Mn-Al “stainless” steel alloyed with Cr to be used 
in the nitric acid media.  
 
The results reported in Paper V showed that the corrosion resistance of Al-Cr bearing high-Mn 
steels is superior to that of steels without Cr. The passive film that formed on 8wt.% Al-6wt.%Cr 
steel was found to be even more stable than that on Type 304 steel in 5-50% HNO3 solutions.  
High-Al bearing TWIP steels exhibited salt film precipitation as a passivation mechanism, while 
Al-Cr bearing steels exhibited nucleation and growth of a passive oxide film as a passivation 
mechanism, as discussed in Paper V. 
  
The major corrosion type of high-Mn TWIP steels in chlorine solutions is general corrosion, as 
investigated using polarization scans (reported in Paper VI) and direct immersion corrosion tests 
that study the corrosion under natural environmental conditions for the precipitation of corrosion 
products. It could be concluded from immersion tests, as shown in Fig. 15, that Al and Cr 
alloying increase the general corrosion resistance of these steels, while the dark stain layer of 
corrosion products are formed on the surfaces of 25Mn6Al and 25Mn8Al. 
 

 
 

Fig. 15. Appearance high-Mn steels bearing high Al and high Al/Cr after immersion in 
3.5%  NaCl solution for 7 days. 
 
The micrographs of two steels, after polishing off the stain layer, are displayed in Fig. 16, 
revealing some pitting. Large and deep pits of irregular shapes are present on the surface of the 
corroded 25Mn6Al sample, but the pit location is not related to any structural feature, such as 
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grain boundaries. Contrary to this, large irregular shallow pits are located distinctly at the ferrite 
phase in the duplex 25Mn8Al sample, after 7 days of immersion. Fe-Mn steels are conclusively 
prone to pitting in chloride ion environments. 
 
 

      
 
Fig. 16. Micrographs of corroded surfaces of two high-Mn steels after immersion in 3.5% 
NaCl solution for 7 days: (a) 25Mn6Al and (b) 25Mn8Al. 
 
The anodic passivation property in nitric acid was used for improving the corrosion resistance of 
Fe-Mn-Al alloys in 3.5% NaCl solution, by modifying the composition and the constitution of 
the surface layer.  This was done by reducing the surface concentrations of elements that 
decrease the corrosion resistance (e.g. Mn) and enriching elements that improve the corrosion 
resistance (Al) and (Cr) (Paper VI). The results showed that a prolonged anodic ageing time (5 h) 
in 30% HNO3 aqueous solution can result in the modification of the passive layer, which has a 
beneficial influence on the stability of the passive film and, consequently, on the corrosion 
resistance of these steels in 3.5% NaCl solution. 
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4. Discussion 
 
 

4.1. High temperature behaviour 
 
The rolling loads are sensitive to the flow resistance, i.e. mean flow stress at high temperatures. 
In the present work, compression testing on the Gleeble simulator approximately simulates a 
pass in hot rolling. The results, reported in Papers I and IV show that the investigated high-Mn 
TWIP steels containing Al (0-6%) with the austenitic structure have distinctly higher hot flow 
stress levels compared to those of the low-C and C-Mn-Nb steels, as shown in Fig. 17. It can be 
therefore be concluded that the rolling load encountered would be correspondingly higher. With 
increasing Al content up to 6%, the flow stress increases. However, with a further increase to 8% 
Al, flow stress decreases significantly to a value that almost equals the flow stress of Type 304 
stainless steel. This is attributed mainly to the formation of ferrite matrix in 8% Al steel at hot 
deformation temperatures (Paper II). 
 

 
 

Fig. 17. Dependence of the flow stress at 0.15 strain on Al content in high-Mn TWIP steels. 
Corresponding flow stress values of Low-C, C-Mn-Nb and Type 304 steels are included.  
 

 
In Paper III, the strengthening effect of the alloying elements Mn and Al during hot deformation 
of TWIP steels has been estimated. The comparison between flow stress at 0.15 strain (σ0.15) of 
low carbon steel and that of 25Mn indicated that Mn strengthens about 2-3 MPa/wt.% at 1000°C. 
Cho et al. [35] report that the strengthening coefficient of Mn in the austenite of C-Mn steels is 
low, due to the similarity of Fe and Mn atom diameters. Comparison of flow stresses at 0.15 
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strain of 25Mn and that of Al bearing TWIP steels, indicated that Al strengthens the steels about 
13-15 MPa/ wt.% at 1000°C.  
 
For experimental reasons, the strain rate applied in most tests was considerably lower than that in 
plate rolling, so that for absolute stress values in rolling, the influence of higher strain rate must 
be accounted. A constitutive model was developed in Paper III, and according to that the power 
of strain rate is 0.12 around 1000°C. Hence, for example, the peak stress at the strain rate of 5 s-1 
is 60% higher than at 0.1 s-1.  
 
Varying testing conditions were applied in the testing of SRX behaviour in the present work and 
the values differ from practical values present in hot rolling. In particular, the strain rate applied 
was relatively low in many tests (e.g. 0.1 s-1) so as to record flow stress curves of good shape and 
thereby estimate the softening fraction as accurately as possible. A model is therefore needed to 
obtain a more general understanding of the softening kinetics in hot rolling conditions. The strain 
exponent of -2.7 was obtained for the 1wt.% Al bearing Fe-25Mn steel, but it can be considered 
reasonable for all the austenitic high-Mn TWIP steels, because of the low effect of Al on the 
SRX characteristics and kinetics. This value is slightly lower than that reported for Type 304  (≈ 
-3) and almost equals the used values for C/C-Mn-Nb steels (-2.8) [36,39]. The calculated power 
of strain rate is -0.3. The corresponding values of the strain rate exponent equal to -0.38 are 
commonly reported in the literature [40,41] for Type 304 and Type 316 steels. All these values 
are relatively high compared to the values obtained for C and C-Mn steels (-0.11), medium 
carbon steels (-0.13) and also Ti-steels (-0.12) [42,43]. However, Nb-bearing microalloyed steels 
show the strain rate exponent of about -0.23 [37]. The Avrami exponent was found to vary with 
temperature, but it was about 0.7-1.2, i.e. lower than generally found for carbon, C-Mn and 
microalloyed steels (the exponent between 1-2) [33,36]. 
 
Using the regression model that was developed, the fractional softening in any given conditions 
can be predicted. As an example, at 950°C, with a pass strain 0.2, strain rate 5 s-1, the grain size 
30 µm and the interpass time 20 s, the predicted model gives t50 = 2.3 s and using the Avrami 
exponent of 0.7, the  recrystallized fraction is 95 %. 
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4.2 Low temperature behaviour 
 
Enhancement of the twining-induced plasticity effect in high-Mn steels is related mainly to SFE, 
which depends on chemical composition and temperature. Fig. 18 displays the Al alloying and 
temperature dependencies of SFE and, consequently, the influence on the tensile elongation. SFE 
values were calculated as a function of Al content and temperature using Olson and Cohen’s [38] 
thermodynamic model. 
 
It can be concluded that Al alloying and temperature have significant effects on the deformation 
mechanism that is related to the SFE in TWIP steels, since stacking faults can act as nucleation 
sites for the transformation of austenite to ε-martensite or deformation twin.  At a low SFE in the 
order of 20 mJ/m2, the predominant deformation mechanism is strain-induced martensitic 
transformation, as confirmed by SEM-EBSD and X-ray diffraction in Paper I. The martensitic 
transformation during straining effectively increases the strain-hardening rate, but the elongation 
remains ∼ 40% level, as discussed in detail for Fe-25Mn-0.14C in Paper I. The Fe-25Mn-3Al 
steel exhibited the highest elongation at -80°C. This is attributed to the optimal SFE (38 mJ/m2). 
TEM observations reveal that glide dislocations and deformation twins are formed at such 
temperatures, as shown in Fig. 19a.  Parallel microtwins of a few tens of a nanometer thick can 
be seen inside the twins. Allain et al. [44] observed that microtwins are a fine microstructure of 
deformation twins in Fe-22Mn-0.6C. Fig. 19b shows a local deformation region with a high 
density of parallel deformation twins. Thus, it can be concluded that the predominant mechanism 
at this temperature is twining.  At a high SFE (> 70 mJ/m2) as that of 25Mn8Al, elongation is 
low as a result of suppressed deformation twinning and active dislocation glide, as discussed in 
Paper II.  
 
 

 
 

Fig. 18. The relation between elongation and SFE of Fe-25%Mn steels based on the Al 
content and testing temperature. 
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Fig. 19. TEM bright field micrographs of Fe-25Mn-3Al after straining at -80°C and true 
strain 0.59 showing (a) mechanical twins and dislocations and (b) parallel twins in a local 
deformation region. 
 
The mechanical properties of the investigated high-Mn TWIP steels are close to those of Fe-
25Mn-3Al-3Si steel, reported by Grässel et al. [18]. It can be observed from Fig. 20 that the yield 
strengths are almost identical Rp0.2 ≈ 230-250 MPa. However, the tensile strength (Rm) of 25Mn 
is the highest, because of the martensite formation during straining. Fe-25Mn-3Al-3Si shows the 
highest ductility, which can be attributed to the Si alloying that decreases SFE and increases the 
density of deformation twinning [29]. Despite this, the difference in ductility between 25Mn3Al 
and Fe-25Mn-3Al-3Si is small, about 5 %-unit.  
 
Moreover, Fig. 20 shows an interesting comparison between the quasi-static tensile mechanical 
properties of the investigated high-Mn TWIP steels and with those of three kinds of automotive 
steel, TRIP700, dual phase DP600 and micro-alloyed H340LAD, which are now used in all 
modern vehicles [45]. 
 
Whereas the three automotive steels exhibit higher yield strength, for example the yield strength 
of TRIP700 (Rp0.2 = 480 MPa) is higher than that of 25Mn (Rp0.2 = 245 MPa), high-Mn TWIP 
steels display much higher elongation with high tensile strength, for example Ag = 50% and Rm = 
733 MPa for 25Mn, while Ag = 24% and Rm = 760 MPa for TRIP700.  This is attributed to the 
intense mechanical twins in the investigated high-Mn TWIP steels during deformation. 
 
Fig. 21 shows the ratio of the yield stress to the tensile strength (Rp0.2/Rm) in quasi-static tensile 
tests for the present TWIP steels and also for three automotive steels [45]. The plot includes the 
strain-hardening exponent (n-value for full curve 2%-Ag). It can be seen that Rp0.2/Rm ratios of 
TWIP steels are lower than those of the automotive steels. This means that TWIP steels enhance 
strain-hardening potential. Furthermore, the n-values of TWIP steels are much higher than those 
of the automotive steels. 
 
Enhancing the ductility, the strength and strain hardening of material is known to be 
advantageous for crash energy absorbing characteristics. Based on Figs. 20-21, high-Mn TWIP 
steels promote higher ductility and higher strain-hardening with high strength compared to 
conventional automotive steels. Hence, TWIP steels could have higher crash energy absorption 
and consequently higher crash safety than the automotive steels TRIP700, DP600 and 
H340LAD. 
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It must be noted that also the deformation rate has a significant influence on the deformation 
mechanism, strain hardening and flow stress behaviours, and the behaviour at very high strain 
rates is of interest for automotive applications. This behaviour has been studied by Kuokkala’s 
group, among others [46]. 
 
 

 
 
Fig. 20. Comparison between the mechanical properties, yield strength Rp0.2, tensile 
strength Rm, and uniform elongation Ag of the present high-Mn TWIP steels and those of 
Fe-25Mn-3Al-3Si-0.03C [18] and three automotive steels TRIP700, DP600 and H340LAD 
[45] at RT (at the strain rate ≈ 10-3 s-1). 
 
 

 
 
Fig. 21. Comparison between the stress ratio and full curve n-value of the present TWIP 
steels and those of the automotive steels TRIP700, DP600 and H340LAD [45].  



 27 

 
4.3. Corrosion behaviour 
 
Based on the results of the corrosion tests in nitric acid solutions (Paper V), the efficient 
passivation of the Fe-30Mn-4Al-4Cr and Fe-30Mn-8Al-6Cr steels is due to the presence of Al 
and Cr, which induce the formation of a passive film with a higher stability than that formed in 
the steels without Cr. The self-passivation, a spontaneous active-passive transition, of high-Mn 
steels containing Al and Al with Cr, can be attributed to the autocatalytic nature of HNO3 
reduction [47]. Furthermore, the high passivity coefficients of Al (0.82) and Cr (0.74) promote 
such passivation of high-Mn steels bearing Al and Cr. 
 
The general corrosion type behaviour of high Mn steels in 3.5% NaCl is attributed to the high 
dissolution rate of Mn and Fe atoms in chlorine solutions. Zhang et al. [48] reported that the 
stability of Mn in Fe-high Mn base alloys containing Al is low. It is easy to form unstable oxides 
and Mn will be preferentially dissolved at the oxide/electrolyte interface. 
 
The autocatalytic nature of the high concentration (30-50%) of HNO3 induces the preferential 
dissolution of Mn and Fe and the enrichment of Al and Cr that enhanced the corrosion resistance 
in 3.5% NaCl solution, as discussed in Paper VI.  
 
On the basis of the present results, it can be concluded that Fe-high Mn steels bearing Al and Cr 
can be used as replacement for Ni-Cr stainless steels in nitric acid media. They exhibit a strong 
passive film, which is enriched with Al and Cr oxides. However, in chlorine solutions, the 
corrosion resistance of Fe-high Mn steels is low. Thus, for automotive applications, a surface 
modification approach should be applied on Fe-high Mn steels.  
 
A zinc coating is most widely used for the protection of steel against corrosion. For economical 
considerations and to avoid problems from alloying reactions [49], an electro-galvanized coating 
is more applicable. The parameters that affect the efficiency of electro-galvanized coating on the 
corrosion behaviour of high-Mn TWIP steels will be studied in a future work.  
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5. Conclusions 
 
 
(1) Hot deformation resistance of high-Mn TWIP steels increases with increasing Al alloying 
close to 6%. With the Al content beyond this, the flow stress decreases, owing to the presence of 
the ferrite phase at high temperatures. The austenitic high-Mn TWIP steels, bearing 0-6 wt% Al, 
exhibit higher deformation resistance than those of low-C, C-Mn-Nb and austenitic stainless 
steels. 
 
(2) The activation energy of the deformation of TWIP steels depends on Mn and Al contents. 
The values determined are higher than those of low-carbon steel and lower than typical values 
reported in the literature for austenitic stainless steels. 
 
(3) Flow stress curves exhibit broad stress peaks at quite low strains as an indication of dynamic 
recrystallization. However, the completion of dynamic recrystallization occurs slowly. A fine 
grain size can be obtained as the result of dynamic recrystallization; but in practice, a significant 
amount of dynamic recrystallization can be expected only in small grain sized TWIP steels and 
at high temperatures.  
 
(4) Mn is the main element retarding the rate of static recrystallization, while Al and Cr 
contribute in a minor way only.  In the case of compositions, which induce ferrite formation at 
high temperatures, static recrystallization is very rapid. A simple regression model can be used to 
predict the static recrystallization rate in TWIP steels under given high temperature deformation 
conditions. 
 
(5) The tensile properties of TWIP steels depend essentially on the stacking fault energy, which 
is related to Mn and Al contents and test temperature. At a constant Mn content, Al increases the 
stacking fault energy, and therefore the deformation mode can change from strain-induced 
martensitic transformation to deformation twinning and finally to dislocation glide. 
Consequently, strain hardening rate, elongation and tensile strength vary in quite a complicated 
way. 
 
(6) The corrosion resistance of Fe-high Mn-Al steels is not dependent on their phase structure, 
but rather on the chemical composition. The corrosion resistance of Cr-bearing steels is superior 
to that of steels without Cr.  The passivation mechanism of high Al bearing steels in 5-30% 
HNO3 solution is salt film precipitation, however, Cr-bearing steels passivated by nucleation and 
growth of the passive oxide film on the steel surface, where the enrichment of Al and Cr and the 
depletion of Fe and Mn have occurred.  
 
(7) Cr alloying improves the passivation ability of high-Mn steels. A prolonged anodic ageing in 
30% HNO3 aqueous solution can result in the modification of the passive layer, which has a 
beneficial influence on the stability of the passive film and consequently on corrosion resistance. 
Hence, anodic passivation ageing of passive films in an oxidizing electrolytic solution can be 
suggested as a surface modification method for improving the corrosion resistance of Fe-Mn-Al 
and Fe-Mn-Al-Cr type high-Mn steels. 
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Politics without principles, 

Commerce without morality 

Education without characters, 

Science without ethical codes,  

Are not only useless, but seriously destructive. 
 

Knowledge without action is useless; action without knowledge is foolishness. 

Research is not honored unless it provides a direct effect on  

the development of our life 

Finally Tomorrow is made today! 
 

 
 

 


