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Abstract: The microstructures and mechanical properties of Fe-0.4C-18Mn and Fe-0.6C-18Mn steels
subjected to large strain cold rolling followed by annealing were studied. Cold rolling with a total
reduction of 86% resulted in substantial strengthening at expense of plasticity. The yield strength
and the ultimate tensile strength of above 1400 MPa and 1600 MPa, respectively, were achieved in
both steels, whereas total elongation decreased below 30%. Subsequent annealing at temperatures
above 600 ◦ C was accompanied with the development of recrystallization leading to fine-grained
microstructures with an average grain size of about 1 µm in both steels. The fine-grained steels
exhibited remarkable improved mechanical properties with a product of ultimate tensile strength by
total elongation in the range of 50 to 70 GPa %. The fine-grained steel with relatively high carbon
content of 0.6%C was characterized by ultimate tensile strength well above 1400 MPa that was
remarkably higher than that of about 1200 MPa in the steel with 0.4%C.
Keywords: high-Mn steels; twinning induced plasticity; cold rolling; recrystallization annealing;
grain refinement; strengthening

1. Introduction
High-Mn steels have aroused a great interest among material scientists and metallurgical engineers
because of excellent mechanical performance [1]. These steels have a unique ability to strain hardening,
which leads to extraordinary plasticity at room temperature [2–4]. The total elongation during standard
tensile tests reaches 100%. Such properties are provided by deformation twinning (i.e., twinning
induced plasticity, TWIP effect) and/or deformation martensite (transformation induced plasticity,
TRIP effect). Both TWIP and TRIP effects contribute to the hardening of the material during plastic flow,
prevent the localization of deformation and increase plasticity. The main consumers of high-Mn steels
with TRIP and TWIP effects are car manufacturers such as BMW, Porsche, etc. [5]. These materials
are designed to provide a higher level of safety for drivers and passengers and to increase the overall
efficiency of road transport. In addition, practical studies of high-Mn steels have recently launched
in order to develop technologies for the production and use of such steels as damping elements for
seismic resistant structures [6].
A combination of mechanical properties of high-Mn TWIP/TRIP steels depends on their alloying
extent and microstructures [7,8]. Specific chemical composition including mainly Mn, C, Al and Si
stabilizes austenite and provides appropriate stacking fault energy (SFE), which, in turn, results in
TRIP (at SFE below about 20 mJ/m2 ) or TWIP (at SFE of 20 to 50 mJ/m2 ) effects [1,2]. Regarding
the microstructure, it can be controlled by thermo-mechanical treatment involving warm to hot
working [9,10]. Depending on application, desired level of strength and ductility of the steels
can be obtained by rolling under appropriate conditions. A decrease in rolling temperature
commonly promotes the strain hardening of steels with dynamically recrystallized and/or recovered
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microstructures [11]. A decrease in rolling temperature from 1100 to 500 ◦ C has been shown to result
in a significant increase in the yield strength of 18%Mn steels from about 300–400 MPa to 850–950
MPa, while ultimate tensile strength increased from 1000–1100 MPa to 1200–1300 MPa, whereas total
elongation decreased to 30% [10]. The development of ultrafine grained microstructure in high-Mn
TWIP steels through multiple primary recrystallization has been suggested as another promising
method of steel processing [12]. A decrease in the recrystallized grain size provides strengthening
without significant degradation of plasticity.
The aim of the present paper is to report our current studies on the microstructure and properties of
advanced Fe-0.4C-18Mn and Fe-0.6C-18Mn steels processed by cold rolling followed by recrystallization
annealing. It places particular emphasis on a comparison of the microstructures and properties obtained
by dynamic recovery/recrystallization and static primary recrystallization. The properties of these
steels with dynamically recovered/recrystallized microstructures depended remarkably on the carbon
content [10]. Therefore, two steels with different carbon content were studied to reveal a possible
solute effect on the mechanical properties of statically recrystallized steels.
2. Materials and Methods
Two high-Mn steels with different carbon content, i.e., Fe-18Mn-0.4C and Fe-18Mn-0.6C, were
studied. The steels were produced by an induction melting. Then steel melts were hot rolled at 1150 ◦ C
with 60% reduction. The starting materials were characterized by uniform microstructures consisting
of equiaxed grains with average sizes of 60 µm and 50 µm in Fe-18Mn-0.4C and Fe-18Mn-0.6C steels,
respectively. The steel plates were subjected to rolling at ambient temperature to a total rolling reduction
of 86%. After each 15–20% reduction, the samples were subjected to intermediate recrystallization
annealing at 700 ◦ C for 30 min. Following the last intermediate annealing, the final rolling reduction
was 25% for both steels. Then, the rolled samples were annealed at temperatures of 500–800 ◦ C for
30 min.
The structural investigations were carried out on the sample sections normal to transverse direction
(TD) using a Quanta 600 scanning electron microscope (SEM) (FEI, Hillsboro, OR, USA) equipped with
an electron back scattering diffraction pattern (EBSD) analyzer incorporating an orientation imaging
microscopy (OIM) system. The SEM specimens were electro-polished at a voltage of 20 V at room
temperature using an electrolyte containing 10% perchloric acid and 90% acetic acid. The OIM images
were subjected to clean up procedure, setting the minimal confidence index of 0.1, except cold rolled
sample. In the latter case, the EBSD patterns with confidence index below 0.1 were omitted from the
OIM analysis (these data-points appear as black spots in the OIM images). The OIM software (TSL
OIM Analysis 6.2) (EDAX, Inc., Mahwah, NJ, USA) was used for evaluation of the mean grain size (D).
The grain size was evaluated, counting all boundaries with misorientation of θ ≥ 15◦ , including twin
boundaries. The tensile tests were performed along the rolling direction at ambient temperature under
a strain rate of 10−3 s−1 using an INSTRON 5882 on specimens with a gauge length of 12 mm and a
cross section of 1.5 mm × 3 mm.
3. Results and Discussion
3.1. Annealed Microstructures
An example of cold rolled microstructure in Fe-0.4C-18Mn steel is presented in Figure 1a. The cold
rolling results in significant strain hardening and makes the structural observation difficult, although
highly elongated grains along the rolling direction (RD) can be recognized in Figure 1a. The cold
rolled microstructure is commonly characterized by rather strong texture components close to brass
and copper components (Figure 1b). Similar textures have been frequently observed in various face
centered cubic (fcc) metals and alloys subjected to cold rolling [13].

after annealing at 550 °C is about 10% and can be attributed to static recovery leading to a sluggish
softening. A drastic decrease in the hardness takes place as temperature increases to 650 °C followed
by slow softening upon further increase in temperature. It can be concluded, therefore, that
temperature of around 600 °C corresponds to recrystallization temperature of the present steels much
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Figure 2. Effect of annealing temperature on hardness of Fe-0.4C-18Mn and Fe-0.6C-18Mn steels (0.4C
and 0.6C, respectively) subjected to cold rolling.
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with a grain size of about 1 μm irrespective of carbon content and annealing temperature. Numerous
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Corresponding grain boundary misorientation distributions are shown in Figure 4. Commonly,
the misorientation distributions are characterized by a high peak against large misorientations of
around 60°. This maximum corresponds to annealing twin boundaries, which frequently develop in
fcc-metallic materials with low SFE during static recrystallization [15]. The misorientation
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represented by a product of UTS by total elongation in Figure 7b. The values of UTS × δ in the range of
represented by a product of UTS by total elongation in Figure 7b. The values of UTS × δ in the range
50 GPa to 70 GPa are obtained in the present samples. The larger values correspond to the samples
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It should be noted that the Fe-0.4C-18Mn steel samples exhibit almost the same level of mechanical
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Cold rolling
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the
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The
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