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Abstract- This study was performed to evaluate mechanical and microstructural properties of newly developed experimental 
high-manganese steel with low carbon content.  The steel was fabricated by hot and subsequent cold rolling on the 
experimental rolling mill. The following heat treatment was focused to increasing of both tensile and yields strength together 
with a combination of good values of uniform elongation.  
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I. INTRODUCTION 
 
Steels with high concentrations of Mn, Si and Al 
exhibit high strength and plasticity when deformed 
due to the mechanical twinning (TWIP steels) or to 
deformation-induced martensitic transformation 
(TRIP steels) [1]-[5]. The occurrence of these 
transformation mechanisms depends on the stacking 
fault energy (γ SFE), the initial microstructure and 
deformation conditions; martensitic transformation 
from austenite (γ) to ε martensite and/or α´ martensite 
occurs with γ SFE is typically below 20 mJ/m2, 
whereas mechanical twinning is promoted if the 
stacking fault energy lies between 15 and 30 mJ/m2. 
[6] Main elements influencing the SFE is manganese. 
One of the other elements severely influencing the 
SFE and thus the structure and properties of 
high-manganese austenitic steel is carbon. Carbon can 
suppress a martensitic transformation, but the amount 
of C that can be added is limited due to the formation 
of M3C carbides [7]. 
 
Frommeyer and Dobrzanski [2] and [8] shows that the 
steels with 0.01 to 0.2 % of carbon are characterized 
by Rm = 600 - 900 MPa, Rp0.2 = 250 – 450 MPa and 
Ar = 50 – 60 %. The steels with the carbon level from 
0.2 to 1.2 % usually reach up to 80 % of uniform 
elongation with Rm 700 – 1300 MPa and Rp0.2 = 200 – 
350 MPa [8]. Author’s previous studies were focused 
on medium manganese steels with low carbon content 
[5],[9] – [10].  The following experiment shows, that it 
is possible to reach higher values of mechanical 
properties with a low carbon steel with high 
manganese content only by means of choosing the 
proper heat treatment after cold rolling. Low carbon 
content brings the possibility of welding these steels 
together with standard ferritic grades by means of 
TIG, laser or even MAG.  
 
II. EXPERIMENT DESCRIPTION 
 
A. Experimental material 
Chemical compositions of steel employed in this 
experiment are given in Table 1. The heat was 

manufactured in a vacuum induction furnace and cast 
into a round ingot mould. After cooling, the ingot was 
reheated in a furnace to the forging temperature of 
1100 °C. In a universal hydraulic press, the ingot was 
then forged into a slab of 280×130 mm cross-section. 
The slab was then hot-rolled to strip of a final 
thickness of 4 mm. The rolled strip was annealed at 
950 °C for 2 hours. After grinding, the annealed strip 
was rolled in six passes to the final thickness of 1.5 
mm.  

TABLE I.  CHEMICAL COMPOSITION OF 
EXPERIMENTAL STEEL 

 
 
B. Microstructure analysis 
The specimens were prepared using standard 
metallographic techniques of grinding and subsequent 
polishing. Their microstructures were revealed by 
two-stage etching: first with 10 % Nital, and then with 
the Klemm’s II colour reagent. [9]. 
 
The microstructures were documented using a Zeiss 
Axio Observer optical microscope. Phase analysis by 
X-ray diffraction was carried out at room temperature 
using a Bruker D8 Discover diffractometer. The 
diffracted radiation was detected by means of a 
one-dimensional detector. A cobalt X-ray source has 
been used. The instrument was equipped with a 
polycapillary lens focusing the primary X-ray beam 
into a circular spot with a diameter of 0.5 mm. 
 
C. Mechanical properties 
Tests were executed using servohydraulic testing 
system Zwick. Prior to testing, dimensions of samples 
were measured and recorded. Some samples from 
sheet had to be tested by means of a miniature tensile 
test because of lack of sufficient test material for the 
standard test. The dimensions of the miniature tensile 
test sample are 5 mm in gauge length and 0.5 x 1.5 mm 
in cross section. On test specimens of this small size, 
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Digital Image Correlation (DIC)  

 
 

is used for strain measurement instead of conventional 
extensometers. This method of mechanical properties 
measurement on a small amount of experimental 
material has proved successful in earlier studies 
[10]-[16].  Hardness was measured by means of 
Struers Durascan 50 with Vickers indenter. 
 
III. RESULTS AND DISCUSSION 
 
D. Microstructure analysis 
The microstructure of the sheet after cold rolling 
without any heat treatment is shown in the Fig. 1 (a 
and b). Since etching with Klemm’s reagent leaves ε 
martensite colourless, it appears white in micrographs. 
The colour of another phase - γ (austenite) is usually 
yellow to brown and could be also light blue to dark 
blue according to the degree of etching. But the colour 
etching itself does not clearly identify the ε martensite 
content, therefore the x-ray diffraction measurements 
results will be shown to properly quantify the volume 
fraction of all phases. 
According to Kim et al. [1] and other authors [2]-[3], 
steels with manganese content above 28 % usually 
show the prevalence presence of γ (austenite). But this 
fact is connected with carbon content above 0.8 %. 
Lower carbon content affects the value of SFE and this 
brings the increasing amount of ε martensite in the 

microstructure especially in the deformed conditions 
of the material after cold rolling. The Fig. 1 a) and b) 
shows the microstructure of deformed austenite with 
the presence of ε martensite (white phase). Fig. 1 c) 
and d) shows fully recrystallized austenitic 
microstructure with twins. 
 
This sample is from the sheet after annealing at 950 °C 
for two hours in with slow cooling in the vacuum 
furnace with a protective argon atmosphere. The 
microstructure is rather coarse-grained in comparison 
to cold rolled state and it shows the grain size G = 6.5 
(according to ASTM E112). Decreasing the 
temperature of annealing leads to the substantial 
decrease of the grain size (see Fig. 2 a) – d)).   
Decreasing the temperature of annealing leads to the 
substantial decrease of the grain size. The influence of 
the annealing temperature on the grain size is 
summarised in the following Table II. 
 

TABLE II.  GRAIN SIZE OF THE SHEET MATERIAL 
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The phase analysis made by means of x-ray diffraction 
(see Table III and example on Fig. 3) shows that the 
lowest volume fraction of ε martensite was detected in 
the sample annealed at 700 °C.  Highest volume 
fraction was measured on the sheet subjected to the 
cold rolling without annealing. On the other hand, 
further increasing of temperature of annealing leads to 
the increase of ε martensite volume fraction (in 
comparison to the lower annealing temperature). 
Possible explaining of this behaviour could lies in the 
coarsening of the microstructure, where larger grains 
could promote the austenite decomposition. Similar 
behaviour was observed in previous studies - in the 
case of medium manganese TWIP steel. [5], [10] - 
[11] and [17]. 
 

TABLE III. VOLUME FRACTION OF STRUCTURAL PHASES 
ACCORDING TO THE X-RAY DIFFRACTION 

 

E. Mechanical properties 
Standard tensile tests were carried out according to EN 
ISO 6892-1: Metallic materials – Tensile testing – Part 
1: Test method at room temperature. The chosen strain 
rate was 0.001 s-1. Prior to testing, dimensions of 
samples were measured and recorded. Evaluated 
mechanical properties Rp0.2, Rm, A50 and hardness, 
are summarised in Table IV and visualised in Fig. 4 a). 
Figure 4 b) shows engineering stress-strain curves. 
This diagram shows that the best combination of 
tensile properties Rm, Rp0.2 and elongation was 
reached by means of annealing the cold-rolled sheet 
from the new TWIP steel at 700 °C for 2 hours.  

Figure 3.  X-Ray diffraction pattern of the cold rolled sample 

ε            γ 

γ   ε    
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CONCLUSION 
 
Microstructural and mechanical properties of the 
experimental heat of low carbon high manganese 
TWIP steel were studied. This steel in the annealed 
condition exhibits austenitic microstructure with the 
low volume fraction of ε martensite – especially after 
annealing at 700 °C.  
A sample of the sheet annealed at 700°C for 2 hours 
(from cold rolled state) also proved the best 
mechanical properties. It shows very fine grained 
microstructure with grain diameter below 3.3 µm 
(Grain size = 13.5 according to ASTM E112). The 
yield strength of such treated steel reaches above 450 
MPa with a tensile strength 763 MPa and elongation 
above 56 %. 
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