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INTRODUCTION

Twinning-induced plasticity (TWIP) steels 
belong to the advanced high strength steels 
(AHSS) group, which are characterised by high 
mechanical properties [1]. As a result of optimal 
combination of high strength, significant ductil-
ity and the ability to absorb deformation energy, 
these steels are widely used in the automotive 

industry, especially for structural elements 
responsible for the passive safety of vehicles [2]. 
The TWIP steels are most often applied for the 
elements located in the controlled deformation 
zone [3]. Due to their high energy absorption 
capacity, TWIP steels can also be used as con-
structional materials in the applications requiring 
shock-resistance, including the elements resis-
tant to explosions or earthquakes [4, 5].

Influence of supersaturation temperature on microstructure 
and tensile properties of austenitic twinning-induced 
plasticity steel 

Marek Opiela1*, Gabriela Fojt-Dymara2 , Barbara Grzegorczyk1 ,
Krzysztof Matus3

1	 Department of Engineering Materials and Biomaterials, Faculty of Mechanical Engineering, Silesian 
University of Technology, ul. Konarskiego 18A, 44-100 Gliwice, Poland

2	 Department of Engineering Processes Automation and Integrated Manufacturing Systems, Faculty 
of Mechanical Engineering, Silesian University of Technology, ul. Konarskiego 18A, 44-100 Gliwice, 
Poland

3	 Materials Research Laboratory, Faculty of Mechanical Engineering, Silesian University of Technology, 
ul. Konarskiego 18A, 44-100 Gliwice, Poland

* Corresponding author’s e-mail: marek.opiela@polsl.pl

ABSTRACT
The paper presents a detailed assessment of the influence of supersaturation temperature on the development of 
the microstructure and mechanical properties of high-manganese austenitic twinning-induced plasticity (TWIP) 
steel. Particular attention was paid to the analysis of changes occurring in the material’s structure and their direct 
impact on the strength and plasticity parameters depending on the applied treatment temperature. The average 
austenite grain diameter after supersaturation in water from 900 °C to 1100 °C changes from about 15 μm to about 
132 μm. The static tensile test showed that the mechanical properties of the tested TWIP steel after supersaturation 
within a given temperature range changed as follows: yield strength (YS0.2) from 485 MPa to 345 MPa, ultimate 
tensile strength (UTS) from 797 MPa to 656 MPa, elongation (UEl) from 39% to 49%, and reduction in area (RA) 
from 43% to 51%. Transmission electron microscopy studies allowed identifying (Ti,Nb)C and (Ti,Nb)(C,N) pre-
cipitations, mainly located at the austenite grain boundaries, ensures fine-grained microstructure. Microstructure 
observations with the use of X-ray and EBSD techniques, after supersaturation of the samples and their subsequent 
tensile testing, also showed the presence of ε martensite, the average content of which – regardless of the super-
saturation temperature – was approximately 8%. In the investigated steel, the presence of non-metallic inclusions 
was also revealed, mainly of the oxide–sulfide type, with an average diameter ranging from 1 μm to 3 μm. These 
inclusions were effectively modified by rare earth elements (La, Ce, Nd).

Keywords: high-manganese austenitic steel, TWIP steel, microstructure, mechanical properties.

https://orcid.org/0000-0002-6487-2874
https://orcid.org/0000-0003-2813-7853
https://orcid.org/0000-0002-4015-5600


169

Advances in Science and Technology Research Journal 2026, 20(10), 168–179

The superior set of performance properties 
of these steels, in particular the excellent com-
bination of strength and ductility, results from 
the occurrence of mechanical twinning. Defor-
mation twins, which divide austenite grains and 
thus shorten the unconstrained path of dislocation 
movement, are formed during plastic deforma-
tion in the austenitic matrix [6]. This phenomenon 
leads to significant strain hardening, which allows 
obtaining high strength and plasticity of the mate-
rial [7]. The presence of the TWIP effect is strictly 
related to the value of stacking fault energy (SFE), 
which in steels exhibiting mechanical twinning is 
usually equal from 20 to 60 mJ/m² [8]. TWIP steels 
are characterised by high concentration of manga-
nese, most often in a range of 15–30%, stabilizing 
austenite along with carbon, and the presence of 
Si and Al, which influence the value of SFE [9]. 
Aluminium plays a particularly important role, as 
it not only increases the stacking fault energy, but 
also contributes to reducing the density and, con-
sequently, the weight of the construction [10]. 

Pang et al. [11] investigated the behaviour of 
the TWIP steel containing 20% Mn during strain 
hardening at different strain rates (10−4÷103 s−1). 
The authors showed that the strain rate has a sig-
nificant influence on the morphology and number 
of twins formed. At a strain rate of 102 s−1, numer-
ous secondary strain twins were revealed, which, 
in interaction with primary twins, increased the 
resistance to dislocation motion and the plasticity 
of the steel. During plastic deformation at a rate of 
102 s−1, a significantly higher rate of twin formation 
was observed than during deformation at a rate of 
100 s−1. Under quasi-static deformation conditions, 
the number of strain twins revealed was negligible. 
It was demonstrated that plastic deformation is the 
result of a combined interaction between strain 
twins and dislocation slip, which influences the 
hardening rate, strength, and plasticity.

TWIP steels exhibit high mechanical prop-
erties under dynamic loads conditions. It was 
shown in numerous studies that yield strength 
and tensile strength increase along with strain 
rate [12, 13]. It was observed that under dynamic 
deformation conditions, yield strength increases 
from about 1133 MPa to about 1430 MPa, which 
further boosts the ability of material to absorb 
energy during sudden loading [14].

Shen et al. [15,16] analysed the effect of grain 
size on the mechanical properties of TWIP steel 
containing 20% Mn and 0.6% C. The average 
grain size of the examined steels ranged from 3.5 to 

25 μm. It was revealed that the steel with the most 
fine-grained microstructure (d ~ 3.5 μm) achieved 
tensile strength of 1930 MPa, while maintaining 
considerably high plasticity (reduction in area 
above 60%). The conducted studies showed that, 
at a constant strain rate, both the yield strength 
and the tensile strength increased significantly 
with decreasing grain size, while the elongation 
decreased slightly. For the steels with nearly iden-
tical grain size, the yield strength increased with 
increasing strain rate, whereas the tensile strength 
and elongation exhibited the opposite behaviour.

Zhang et al. [17] demonstrated that supersat-
uration and annealing temperature significantly 
affect the microstructure and mechanical proper-
ties of TWIP steel with Al, Si, V and Mo addi-
tions. A minor increase in grain size was noted 
due to revealed MC and M₂C type precipitations, 
inhibiting the increase of austenite grain size. It 
was shown that the ductility of TWIP steel after 
supersaturation, cold rolling, and subsequent 
annealing was significantly higher than that of 
the non-solution heat treatment. This was due to 
the fact that large MC and M2C precipitates redis-
solved in the matrix after solution heat treatment 
and were not retained in the structure subjected 
to subsequent annealing. After supersaturation, 
plastic deformation and subsequent annealing at 
a temperature of 800°C, the steel obtained opti-
mal mechanical properties (YS ~ 877 MPa, UTS 
~ 1457 MPa, UEl ~ 46%).

Tewary et al. [18] observed that the tensile 
strength and elongation of TWIP steel decrease 
along with increasing annealing time and temper-
ature, which is related to the increase in grain size. 
The optimal combination of strength and ductility 
was obtained for partially recrystallised samples 
annealed at 700°C for 30 min (UTS ~ 859 MPa, 
UEl ~ 37%) and annealed at 900°C for 30 min 
(UTS ~ 708 MPa, UEl ~ 63%). Tian et al. [19] 
examined the Fe-22Mn-0.6C TWIP steel with 
ultrafine-grained microstructure. A 12 mm thick 
charge (initial grain size ~21 μm) was subjected 
to multi-stage cold rolling. In the first stage, the 
thickness was reduced to 8 mm, in the second, to 
5 mm, in the third, to 3 mm, and in the fourth, to 
1 mm (with a total thickness reduction of 92%). 
After each rolling stage, the sheet was annealed at 
600°C for 10 minutes.

After these treatments (minimum average 
grain size was equal about 550 nm), the steel 
demonstrated yield strength of approximately 793 
MPa, tensile strength of approximately 1247 MPa 
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and uniform elongation of approximately 47%, 
ensuring a favourable balance between strength 
and plastic properties. 

The aim of the research was to evaluate the 
effect of supersaturation temperature on the 
microstructure and mechanical properties of 
high-manganese austenitic TWIP steel. 

MATERIALS AND METHODS 

The experiments described in the paper were 
performed on austenitic steel with a high manga-
nese content, characterised by TWIP effect, con-
taining 0.054% C, 24.4% Mn, 0.004% P, 0.006% 
S, 3.5% Si, 1.6% Al, 0.029% Nb, 0.075% Ti and 
0.0040% N. The impact of main alloying ele-
ments on the strengthening mechanisms, micro-
structure and selected properties is summarised in 
Table 1. A 26 kg melt was carried out in a Balzers 
VSG-50 induction furnace, which is part of the 
equipment at the Łukasiewicz Research Network 
– Centre for Metallurgical Technologies. 

Non-metallic inclusions were modified using 
rare-earth metals, which were introduced into 
the liquid steel as mischmetal. This process was 
intended to change the chemical composition, 
morphology, and distribution of the inclusions, 
which favourably affects the material’s function-
al properties, particularly ductility and fracture 
toughness. After completing the metallurgical 
process, the ingots were subjected to preliminary 
hot plastic processing. They were transformed 
into flat bars measuring 20 × 180 mm using the 
open-die forging method, which allowed for a 
more uniform material structure, reduced poten-
tial discontinuities, and elimination of internal 
defects, improves plasticity and impact strength.

Flat bars, after austenitising at a tempera-
ture of 1200°C, were subsequently subjected 
to hot rolling in six passes to a 6.5 mm thick 
sheet, with the rolling finish temperature equal 
900°C. A detailed program of flat bar rolling was 
described in [20]. Supersaturation at temperatures 
of 900°C, 1000°C and 1100°C with subsequent 
water cooling was carried out on 20 × 15 × 6 mm 
samples. The mechanical properties of the inves-
tigated steel were determined by static tensile 
testing using flat specimens with a cross-section 
of 6.3  ×  3 mm and a gauge length of 25 mm. 
The experiments were performed in accordance 
with the requirements of the ASTM standard 
[21], ensuring repeatability and reliability of the 

obtained results. Microstructural characterisation, 
performed after supersaturation and subsequent 
tensile test, was carried out using a LM, SEM, 
TEM and X-ray-based techniques. Such a multi-
scale approach enabled a comprehensive analysis 
of the steel’s structural features and phase con-
stituents. Metallographic observations were per-
formed on the specimens etched with nitric acid 
and ethanol solution using an optical microscope 
(AXIO Observer). Examinations were performed 
at magnifications ranging from 100× to 1000×, 
allowing for the assessment of general micro-
structural features, including grain size and distri-
bution. Grain size measurements were carried out 
using the secants method with the requirements 
of the ASTM standard [22], supported by the 
AXIO Vision image analysis computer program. 
Microstructural details and fracture surface anal-
yses of the specimens were examined using SEM 
(Zeiss SUPRA 35). The SEM investigations were 
conducted on nital-etched samples at an acceler-
ating voltage of 20 kV, with magnifications rang-
ing from 1000× up to 30 000×, providing high-
resolution insight into the morphology and dis-
tribution of microstructural constituents. EBSD 
studies were performed in the same device, using 
a scanning step from 0.12 to 1.5 μm. Data pro-
cessing was executed using the TSL®OIM soft-
ware [23]. After standard grinding and polishing, 
the samples were ion polished on a GATAN 682 
polishing machine for approximately 1.5 h at the 
voltage of 2 keV. Lamellae for transmission elec-
tron microscopy (TEM) examinations were pre-
pared using the focused ion beam (FIB) method. 
The process involved applying a protective layer, 
cutting the lamellae with an ion beam, transfer-
ring and mounting them on a TEM grid, and sub-
sequent final thinning with low-current ions. As 
a result of the FIB use, it was possible to obtain 
lamellae with thickness of tens of nanometres, 
suitable for observation in transmission electron 
microscopy. Microstructure studies were carried 
out in TEM, set to 300 kV and featuring a Schott-
ky-type field emission gun. Chemical composi-
tion of revealed precipitations was determined 
with the use of the EDS method. X-ray phase 
analysis was performed in the Bragg-Brentano 
geometry using an X’Pert PRO diffractometer. 
A Co anode X-ray tube was employed (U = 40 
kV; I = 30 mA), ensuring sufficient intensity and 
resolution of the diffraction signal. Data acquisi-
tion was conducted using a step-scanning meth-
od, with a step size of 0.05° in terms of the 2θ 
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angle. The diffraction patterns were recorded over 
a range from 20° to 100°, with a counting time 
of 50 seconds per step, which allowed for pre-
cise detection of diffraction peaks and improved 
signal-to-noise ratio. 

RESULTS

The microstructure of the tested TWIP austen-
itic steel, in which deformation twins are clearly 
observed, after supersaturation at temperatures of 
900°C, 1000°C, and 1100°C is shown in Figure 
1. Analysis of the obtained microstructural images 

indicates that with increasing solution heat treat-
ment temperature, a systematic increase in aus-
tenite grain size occurs, which is a characteristic 
effect of the intensified diffusion processes and 
grain boundary migration at elevated tempera-
tures. The samples subjected to supersaturation 
with water cooling from temperatures of 900°C 
and 1000°C are characterised by a fine-grained 
austenitic structure with a relatively uniform grain 
size distribution. The average austenite grain 
diameter under these conditions is 15.0 μm at 
900°C and 20.4 μm at 1000°C, respectively, indi-
cating limited grain growth within the analysed 
temperature range.

Table 1. The influence of individual elements on the strengthening mechanisms, microstructure and 	
selected properties of investigated TWIP steel

Effect C Mn Si Al Nb Ti N

Austenite stability + + + +

Solid solution strengthening austenite + +

Fine-grained microstructure + +

e-martensite refinement +

Hot ductility − + +

Figure 1. Microstructure of the examined steel with twins in austenite grains after supersaturation
at a temperature: a) 900°C, b) 1000°C, c) 1100°C followed by water cooling
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A distinct change in the microstructure is 
observed after the solution temperature exceeds 
1000°C, as shown in Figure 2. In the case of the 
samples solution treated at 1100°C, also with 
water cooling, intensive austenite grain growth 
occurs. The average grain diameter then reaches 
131.6 μm, indicating a significant acceleration of 
austenite grain growth.

In line with the Hall-Petch relationship [24, 
25], the strength of polycrystalline materials can 
be increased via grain refinement. Linear rela-
tionship between stress and grain size (average 
grain diameter – d) for the tested steel, is shown 
in Figure 3.

The results of the static tensile test are sum-
marised in Table 2. Average austenite grain diam-
eter significantly impacts obtained mechanical 
properties. The highest set of mechanical proper-
ties (YS0.2 ~ 485 MPa and UTS ~ 797 MPa) was 
achieved for the samples previously subjected 
to supersaturation at a temperature of 900°C 
with water cooling (d ~ 15.0 μm). Increasing the 
supersaturation temperature to 1000 °C (d ~ 20.4 
μm) results in a slight decrease in strength prop-
erties: YS0.2 to about 463 MPa and UTS to about 
767 MPa. The lowest mechanical properties were 
obtained for the samples subjected to supersatura-
tion at a temperature of 1100°C with water cool-
ing (d ~ 131.6 μm). In the applied supersaturation 
temperature range (900–1100°C), the elongation 
of samples increased from approx. 39% to about 
49%, while the reduction in area from approx. 
43% to about 51%.

The data set together in Table 2 also show that 
the examined steel has low values of the YS0.2/

UTS ratio (from 0.61 for the supersaturation tem-
perature of 900°C to 0.52 for the supersaturation 
temperature of 1100°C), which is particularly 
advantageous from hot rolling process the point 
of view of. Noteworthy are also high values of 
the UTS×UEl product (from 31 003 MPa×% to 
32 209 MPa×%). The microstructures of tested 
TWIP steel, after supersaturation at temperatures 
of 900°C and 1100°C followed by tensile testing, 
are shown in Figure 4. After plastic deformation 
to fracture, the examined steel samples display 
austenitic microstructure with numerous twins 
and slip bands. The slip bands are most frequent-
ly located in larger grains, often intersecting each 
other due to slip occurring in at least two systems. 

X-ray diffraction analysis revealed the pres-
ence of ε-martensite (Figure 5). The presence 
of e martensite in the microstructure of the steel 
subjected to tension after prior supersaturation at  
temperatures ranging from 900°C to 1100°C with 
water cooling, was confirmed by EBSD tests. The 
EBSD analysis results, after supersaturation at 
a temperature of 1000 C and subsequent tensile 
testing, are presented in Figure 6.

The average volume fraction of e martensite 
(marked in green in Figure 6b) after tension is 
equal 8.4%. The minor fraction of this phase – not 
changing significantly across the applied super-
saturation temperature range – does not affect 
the mechanical properties of the steel studied. 
Lamellae of e martensite occur locally, mainly 
in highly deformed grains where two slip bands 
intersect. The e martensite lamellae are indicated 
by yellow ellipses in Figure 6c. The e martensite 

Figure 2. Effect of supersaturation temperature
on grain size (GS) and yield strength (YS0.2)

Figure 3. Dependence of grain sizes on UTS
and YS0.2 of investigated TWIP steel
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was also observed in TWIP austenitic steel with a 
chemical composition similar to the investigated 
steel, as reported in [26, 27].

The results of microstructural examination 
of the lamellae, taken from samples after tensile 

testing and prior supersaturation, using a transmis-
sion electron microscope, are presented in Figures 
7 and 8. Dispersive carbides of the (Ti,Nb)C type, 
located mainly at the austenite grain boundaries, 
were identified in the microstructure (Figure 7). 

Table 2. Influence of supersaturation temperature on grain size and strength and plastic properties of the tested 
steel with TWIP effect

Supersaturation temperature, 
°C

Grain
size, mm

YS0.2,
MPa

UTS,
MPa

YS0.2/
UTS

UEl,
%

RA,
%

UTS·UEl,
MPa·%

900 15.0 485 797 0.61 38.9 43.0 31 003

1000 20.4 463 767 0.60 43.2 46.3 33 134

1100 131.6 345 656 0.52 49.1 50.8 32 209

Figure 4. Microstructure after supersaturation at temperature: 900°C (a) and 1100°C
(b) with water cooling and subsequent tensile testing

Figure 5. X-ray diffraction patterns of the tested steel after supersaturation in water and
subsequent tensile testing; supersaturation temperature: 900°C (a) and 1100°C (b)
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Complex (Ti,Nb)C type carbides, with an average 
size ranging from 3 nm to 10 nm, were detect-
ed using energy dispersive spectroscopy (EDS). 
Microanalysis of these precipitations revealed 
that, in most cases, they are particles with the 
approximate chemical formula (Ti0.5Nb0.5)C. The 
studies conducted in transmission electron micro-
scope also revealed complex carbonitrides pre-
cipitations of the (Ti,Nb)(C,N) type (Figure 8), 
with an average size of 20 nm to 50 nm.

The examined surfaces of the samples sub-
jected to static tensile testing after supersatura-
tion at  temperatures of 900°C and 1100°C, are 
shown in Figure 9. Examinations confirmed the 
ductile nature of the fractures. The topography of 
the fracture surface is characterised by the pres-
ence of many craters and voids of varying sizes. 
The craters in the sample solution heat-treated at 
a temperature of 1100°C (Figure 9b) are notably 
larger than those in the sample subjected to super-
saturation at a temperature of 900°C (Figure 9a). 
Non-metallic inclusions are present on the exam-
ined surfaces – they are most frequently globu-
lar, located inside the craters (Figure 9b). The 
diameter of the observed non-metallic inclusions 
ranged from 1 μm to 3 μm. In most cases, the non-
metallic inclusions were identified as complex 
sulphide-oxide type effectively modified by rare-
earth metals (La, Ce, Nd) – Figure 10.

DISCUSSION

The microstructures shown in Figure 1 and 
the data set together in Figure 2 indicate that 

the supersaturation temperature has a significant 
impact on the austenite grain size, which deter-
mines the mechanical properties of the tested 
TWIP steel. The samples supersaturated from a 
temperature of 900°C have a fine-grained struc-
ture with an average grain diameter of ~ 15 μm 
(Figures 1a and 2). Increasing the supersatura-
tion temperature by 100°C does not cause sig-
nificant grain growth (~ 20 μm) – (Figures 1b 
and 2). However, the consequence of supersatu-
ration of samples from a temperature of 1100°C 
is obtaining a coarse-grained structure (d ~ 132 
μm) with a considerable quantity of twins (Fig-
ure 1c). Comparable results were obtained by 
Ueji et al. [28, 29], Dini et al. [30] and Yuan et 
al. [31], who investigated the role of grain size 
in high-manganese TWIP steels. According to the 
data in [32], the energy required to form deforma-
tion twins must be greater than the critical stress. 
Considering that the critical stress needed to form 
deformation twins increases as grain size decreas-
es, deformation twins are less likely to form in 
fine-grained microstructures and more likely in 
coarse-grained microstructures [30, 33, 34]. This 
explains the increase in elongation with increas-
ing grain size (Table 2).

The tested steel demonstrates a favourable 
combination of mechanical properties, particu-
larly after supersaturation at temperatures of 
900°C and 1000°C. The highest strength proper-
ties (YS0.2 ~ 485 MPa and UTS ~ 797 MPa) were 
obtained for the samples previously supersatu-
rated from a temperature of 900°C (d ~ 15 μm). 
As a result of increasing the supersaturation tem-
perature to 1100°C (d ~ 132 μm), the strength 

Figure 6. Microstructure after supersaturation at a temperature of 1000°C and subsequent tensile testing: 
distribution map of grains with different crystallographic orientation (a),

areas of e martensite presence highlighted in green (b), and image quality map (c)
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properties decreased while the plastic properties 
increased (Table 2). A similar trend in the change 
of mechanical properties was observed by Lee et 
al. [35] when investigating steel containing 24% 
Mn, solution heat treated at temperatures of 800°C 
and 1100°C, as well as by Yuan et al. [31] who 
tested steel containing 25% Mn after supersatura-
tion in water at temperatures ranging from 700°C 
to 1000°C. The observed increase in plasticity 
with simultaneous decrease YS0.2 and UTS (with 

increasing supersaturation temperature), is typi-
cal for TWIP steels and is attributed to the effect 
of deformation twins [36], and more specifically 
– a significant increase in the number of defor-
mation twins. As demonstrated by Dini [30], El-
Danaf [32], De Cooman [36], and Bouaziz [37], 
as grain size decreases, the stress required to form 
strain twins increases. Therefore, grain refinement 
affects the kinetics of twin formation. Although 
too small a grain may hinder twin formation, 

Figure 7. (Ti,Nb)C type carbides at the austenite grain boundary (a, b), EDS spectrum from point “001” (c), 
EDS spectrum from point “002” (d); supersaturation temperature of 900°C
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– regardless of the supersaturation temperature 
– at approximately 8%. This phase was detected 
both by X-ray examination (Figure 5) and by the 
EBSD method (Figure 6). The occurrence of e 
martensite in the examined steel is likely attribut-
able to low aluminium content, which leads to an 
increase in the tendency of the g → e transforma-
tion occurring during cooling after hot working. 
The presence of e martensite with similar mor-
phology in high-manganese TWIP steels has also 
been reported in [26, 27, 39, 40].

Introduction of Nb (0.029%) and Ti (0.075%) 
microadditions to the tested steel was intended 
to promote the formation of carbides and carbo-
nitrides during hot working and thus creating a 
fine-grained microstructure [41–43]. Dispersive 
(Ti,Nb)C carbides were identified in the examined 
steel – Figure 7 as well as (Ti,Nb)(C,N) carbo-
nitrides – Figure 8. The mentioned particles are 
responsible for inhibiting the growth of austenite 
grains and thus for obtaining a fine-grained micro-
structure. Microstructural observations made 
using transmission electron microscopy were fully 
consistent with the grain size results. The speci-
mens subjected to supersaturation at temperatures 
of 900°C and 1000°C maintain a fine-grained 
microstructure (d ~ 15–20 μm) due to the presence 
of dispersive (Ti,Nb)C and (Ti,Nb)(C,N) precipi-
tations. At a temperature of 1100°C, a significant 
volume fraction of Nb and Ti remains dissolved in 
the solid solution, resulting in the development of 
a coarse-grained microstructure (Figure 1c). 

The research conducted in scanning electron 
microscope enabled the determination of the 
effect of supersaturation temperature on the sur-
face morphology of fractured samples after per-
formed tensile testing. The observations revealed 

Figure 8. (Ti,Nb)(C,N) type carbonitrides; 
supersaturation temperature of 1000°C

Figure 9. Fractures of samples after supersaturation and subsequent tensile testing:
a – supersaturation temperature of 900 °C, b – supersaturation temperature of 1100°C

optimal refinement will provide the best compro-
mise between strength and elongation.

The research carried out showed that the 
analysed steel exhibits low values of the YS0.2/
UTS ratio (from 0.61 to 0.52), which indicates an 
intensive course of strain hardening occurring in 
the range of uniform elongation of the samples. 
Comparable values were obtained in [38] for aus-
tenitic steel containing 30% Mn. Moreover, the 
examined steel, within the supersaturation tem-
perature range of 900°C to 1100°C, is character-
ised by high values of the UTS×UEl (from 31003 
MPa×% to 32209 MPa×%), which determines the 
stability of deformation conditions during poten-
tial sheet stamping process.

The presence of e martensite was identi-
fied in the tested steel, with its volume fraction 
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that, irrespective of the supersaturation tempera-
ture, the fractures in the studied steel were duc-
tile with numerous craters and voids, the size 
of which increased significantly in the case of 
samples solution heat treated at a temperature 
above 1000°C. This corresponds to significant 
growth of austenite grains after this temperature 
is exceeded. Small (from 1 μm to 3 μm), globu-
lar non-metallic inclusions were detected on the 
fracture surface (Figures 9b and 10a). In most 
cases, the non-metallic inclusions were identified 
as complex sulphide-oxide type modified by rare-
earth metals (La, Ce, Nd).

CONCLUSIONS

The tests conducted on high-manganese aus-
tenitic TWIP steel allow the following conclu-
sions to be drawn:
	• an increase of the temperature (from 900 °C to 

1100 °C), leads to growth of austenite grains 
from approx. 15 μm to approx. 132 μm,

	• within the applied range of supersaturation 
temperature, a decrease in YS0.2 and UTS is 
observed (YS0.2 from approx. 485 MPa to 
about 345 MPa, and UTS from approx. 797 
MPa to about 656 MPa) whilst plastic proper-
ties increase (EUl from approx. 39% to about 
49%, and the reduction in area from approx. 
43% to about 51%),

	• low values obtained for the YS0.2/UTS ratio 
(from 0.61 to 0.52) indicate an intensive 
course of strain hardening, occurring within 
the uniform elongation range of samples,

	• the presence of e martensite was revealed in 
the tested steel, with its portion – regardless 
of the supersaturation temperature – equal 
approximately 8%,

	• the presence of dispersive (Ti,Nb)C carbides 
and (Ti,Nb)(C,N) carbonitrides, mainly locat-
ed at the austenite grain boundaries, ensures 
fine-grained microstructure,

	• after tensile test, samples have ductile frac-
tures with numerous craters, the size of which 
increases significantly after exceeding super-
saturation temperature of 1000 °C,

	• non-metallic inclusions (in most case sul-
phide-oxide type) observed on the fracture 
surface, effectively modified with rare earth 
metals (La, Ce, Nd), are globular in shape,

	• proposed supersaturation temperature is 
900 °C because of optimal combination of 
mechanical properties (YS0.2 = 485 MPa, UTS 
= 797 MPa, RA = 43%).
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