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Abstract
Effects of reduced (– 40 °C), ambient (20 °C), and elevated (200 °C) deformation temperatures on the microstructure evolu-
tion and strain hardening behavior of two low-C thermomechanically processed high-manganese steels were studied. The 
microstructure was characterized by means of scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), 
and transmission electron microscopy (TEM) techniques. The temperature-dependent tendency of austenite to strain-induced 
ε/α′-martensitic transformation and mechanical twinning was qualitatively and quantitatively assessed using the EBSD 
technique. The steel containing 26 wt% of Mn showed the beneficial strength–ductility balance at reduced deformation 
temperature -40 °C due to the intense Transformation-Induced Plasticity (TRIP) effect which resulted in the formation of 
significant ε- and α′-martensite fractions during tensile deformation. The mechanical properties of steel containing 27 wt% 
of Mn were more beneficial at elevated deformation temperature 200 °C due to the occurrence of intense Twinning-Induced 
Plasticity (TWIP) effect expressed by the presence of significant fraction of mechanical twins. Moreover, at the highest 
deformation temperature 200 °C, the evidence of thermally activated processes affecting the mechanical behavior of the 
higher Mn steel was identified and described.

Keywords High-manganese steel · Deformation temperature · Steel sheet · Twinning-induced plasticity · Transformation-
induced plasticity · ɛ/α′-Martensite

1 Introduction

Twinning-induced plasticity (TWIP) and Transformation-
induced plasticity (TRIP) high-manganese steels are char-
acterized by high strain hardening potential, large uniform 
and total elongations, and high ultimate tensile strength 

[1]. These unique properties make these materials poten-
tially useful for lightweight constructions in the automotive 
industry [2]. The beneficial mechanical properties of high-
manganese steels (excellent strength–ductility combina-
tion) are related to the TWIP or TRIP effects, which occur 
besides dislocation slip during plastic deformation [3]. The 
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deformation twins act as obstacles for dislocation move-
ment, leading to a decrease in a dislocation glide distance 
[4]. This evidence, called the dynamic Hall–Petch effect, 
results in an increase of strain hardening rate, and as a con-
sequence, it allows to obtain high tensile strength levels and 
substantial uniform and total elongations [5]. The high-Mn 
steels show excellent mechanical properties; the product of 
ultimate tensile strength and total elongation may exceed 
60,000 MPa% [1]. The martensitic transformation occurring 
during deformation also provides the high work hardening 
rate and mechanical properties due to the presence of ε- or 
α′-martensite plates [6]. The deformation mode of high-Mn 
steels is strongly related to the stacking fault energy (SFE) 
[7]. The dominant deformation mechanism changes from 
martensite formation (TRIP effect) for low SFE values to 
mechanical twinning (TWIP effect) for higher SFE values 
[8].

The data available in the literature are focused mainly on 
the microstructure–property relationships of the high-Mn 
steels with increased C contents [9]. Besides the outstanding 
mechanical properties of high-Mn steels with the increased 
carbon contents (0.4–0.8 wt%), the industrial application of 
such steels is rather limited. The increased C content dete-
riorates weldability of these steels [10], which significantly 
reduces their use for automotive components. Moreover, 
high-Mn steels with the increased C content are prone to 
dynamic strain aging (DSA) effect, leading to reduced form-
ability of steel sheets [11]. Therefore, the low-C high-Mn 
steel is the perspective material in automotive industry. 
In order to use the full potential of such steels, their strain 
hardening behavior and mechanical properties at reduced 
and elevated temperatures should be investigated. Jabłońska 
[12] reported that the heat generated during plastic deforma-
tion of TWIP steels had higher values than for conventional 
steels. The thermal effect of plastic deformation affects the 
microstructure and mechanical properties of high-Mn steels. 
Most of the previous research has been focused on the room 
temperature behavior of high-Mn steels [8]. The studies con-
cerning the influence of reduced and elevated temperature 
on the intensity of TRIP/TWIP effects are still limited [13]. 
Most available studies concern the qualitative analysis of 
the microstructure evolution during deformation at differ-
ent temperatures [14]. The quantitative analysis is typically 
provided using the XRD method [15]. However, it cannot 
provide the information on microstructural details.

The temperature factor occurs during forming of steel 
sheets and arises from adiabatic heating during dynamic 

deformation [16]. The most advantageous TRIP or TWIP 
effects should take place at a temperature corresponding 
to the conditions of steel processing and exploitation [17]. 
Therefore, the chemical composition of the steel should 
provide the desired strain hardening in a wide temperature 
range. Hence, the aim of this study was to characterize the 
influence of deformation temperature in a range of – 40 to 
200 °C on the microstructure and mechanical properties of 
two low-C high-manganese steels characterized by different 
chemical compositions. The EBSD method providing both 
qualitative and quantitative analyses of the microstructure 
was applied in the current study. The microstructural results 
were analyzed together with the strain hardening behavior 
of investigated steels at different deformation temperatures 
(negative, room, and elevated). The tendency of the inves-
tigated steels to induce TRIP/TWIP effects was correlated 
to the SFE value. Understanding the relationships between 
temperature, the intensity of TRIP/TWIP effects and strain 
hardening behavior is critical for proper design and indus-
trial application of high-Mn steel sheets.

2  Materials and experimental methods

2.1  Materials and thermomechanical processing

The materials used in the study were X6MnSiAlNbTi26-3–3 
and X4MnSiAlNbTi27-4–2 type steels (Table 1). The inves-
tigated steels were prepared under the same conditions. First 
step included induction melting in a vacuum furnace and 
casting under argon atmosphere. After melting, the ingots 
were reheated at 1200 °C and hot forged in the tempera-
ture 1200 °C–900 °C. Then the steel was roughly rolled in 
4 passes to 4.5-mm-thick plates, which were subjected in 
the next step to thermomechanical processing in 3 passes 
to sheets of 2.5 mm in thickness. The finishing rolling tem-
perature was 850 °C.

2.2  Static tensile tests

Tensile specimens of 2.5 mm thickness and 12.5 mm width 
were prepared from the hot-rolled sheets and machined 
along the rolling direction. Tensile tests were carried out at a 
constant strain rate of  10–3  s−1 using an INSTRON 4505 uni-
versal testing machine equipped with the extensometer and 
an environmental chamber. The tensile tests were performed 
according to the requirements of the ASTM standard [18] at 

Table 1  Chemical composition 
of investigated steels (wt.%)

Steel type C Mn Si Al Nb Ti P S Fe

X6MnSiAlNbTi26-3–3 0.065 26.0 3.08 2.87 0.034 0.010 0.002 0.013 balance
X4MnSiAlNbTi27-4–2 0.040 27.5 4.18 1.96 0.033 0.010 0.004 0.017 balance
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reduced (– 40 °C), ambient (20 °C), and elevated (200 °C) 
temperatures. Before the tensile tests, the samples were held 
at a given temperature for 30 min to obtain uniform tem-
perature distribution over the entire section. The mechanical 
properties were determined based on the average values of 
three measurements per each deformation temperature.

2.3  Microstructure characterization

Two types of specimens were prepared for microstructural 
observations: at the initial state and after tensile tests at 
different temperatures. The specimens for microstructural 
observations carried out by means of scanning electron 
microscope (SEM) were mechanically ground using SiC 
papers (up to 2000 grit), polished with diamond suspension 
(up to 1 µm), and etched using 3% nital. The microstructural 
details at different deformation temperatures were revealed 
with the scanning electron microscope FEI Inspect-F operat-
ing at a voltage of 15 kV, working in a secondary electron 
(SE) detection mode.

The electron backscatter diffraction (EBSD) measure-
ments were performed using the high-resolution JEOL 
JSM 7200F scanning electron microscope. Specimens were 
prepared by mechanical grinding followed by electrolytic 
polishing using a TenuPol-5 device working at a voltage 
of 50 V for 11 s. The A3 electrolyte by Struers at 21 °C 
was used. Kikuchi patterns were collected at an accelerat-
ing voltage of 17 kV, a working distance of 15 mm, and 
a step size of 10 nm; a sample tilt of 70° was used. The 
orientation data were postprocessed with OIM-TSL® data 
Analysis software v. 8.0 after applying one-step grain con-
fidence index (CI) standardization clean-up procedure. 
The remained pixels with a confidence index CI < 0.1 were 
removed from the collected EBSD data. The criterion for the 
detection of twin boundaries was 60° misorientation about 
the < 111 > axis, with an angular tolerance of 5° within the 
austenite (FCC) matrix according to [19, 20]. Fractions of 
ɛ/α’-martensites and twin boundaries were estimated based 
on 10 measurements.

TEM lamellae obtained by focused ion beam (FIB) mill-
ing were observed with Titan 80–300 FEI S/TEM equipped 
with the high-angle annular dark-field (HAADF) and bright-
field/dark-field (BF/DF) detectors operating at an accelerat-
ing voltage 300 kV. Specimens for microstructural analysis 
were cut from tensile samples according to Fig. 1.

3  Results

3.1  Microstructure in the initial state

Figure 2 shows the microstructure of investigated steels in 
the initial state. Observed austenite grains are elongated 

Fig. 1  Scheme showing samples’ areas for SEM, EBSD, and TEM 
preparation

Fig. 2  SEM micrographs of the investigated steels in the initial state: 
X6MnSiAlNbTi26-3–3 (a); X4MnSiAlNbTi27-4–2 (b)
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according to a rolling direction and numerous annealing 
twins were observed for both investigated steels (Fig. 2a, 
b). Single non-metallic inclusions were also observed. The 
microstructure of both steels in the initial state is fully auste-
nitic (Fig. 3a, b). They are elongated to the rolling direction 
as a result of finishing rolling at a relatively low temperature 
of 850 °C controlled by dynamic recovery occurrence. The 
presence of α’ or ɛ martensite was not detected (Fig. 3a, b).

3.2  Microstructure characterization at different 
deformation temperatures

Figure 4a–f shows the SEM images of the investigated steels 
deformed at different temperatures. The activation of twin 
systems in austenite grains was observed for both steels 
independently on a deformation temperature (some exam-
ples are marked by white arrows). Some austenite grains 
exhibited twinning in one preferred twin system, which may 
be primary twinning initiated in the low strain level. Dastur 
et al. [21] reported that an increase in temperature leads to 
an increase of twin length and thickness, which is related to 
an increase in the SFE. With increasing deformation temper-
ature, the twinning intensity increased while the efficiency of 
strain-induced martensitic transformation decreased [14, 22, 
23]. Therefore, at higher deformation temperature 200 °C, 
the number of active twin systems was higher (Fig. 4e, f). 
It was also consistent with the results obtained by other 
authors [19–21]. However, the detailed quantitative analysis 
was provided using the EBSD method. Besides deformation 
twins, the presence of slip lines was also observed regardless 
of the deformation temperature.

The temperature-dependent microstructure evolution 
of investigated steels was characterized using the EBSD 
method. The quantitative analysis was provided to esti-
mate the intensity of the TRIP/TWIP effects at different 

deformation temperatures. The structural effects of tensile 
test carried out at -40 °C are observed in Fig. 5. The pres-
ence of ɛ martensite (marked as green) and a small fraction 
of α’-martensite (marked as red) was observed for both 
the investigated steels. The areas containing ε-martensite 
bands act as preferential sites for α’-martensite nuclea-
tion [9, 14]. The ɛ martensite nucleated preferentially 
in coarse-grained austenite grains [21]. The fraction of 
ɛ martensite was significantly higher for X6MnSiAlN-
bTi26-3–3 steel (Fig. 5a). Based on the literature data 
[1, 19], the formation of ɛ martensite is suppressed for 
the SFE higher than ca. 25 mJ  m−2. The SFE calculated 
using the JMatPro software was ~ 14 mJ  m−2 for X6MnSi-
AlNbTi26-3–3 and 24 mJ  m−2 for X4MnSiAlNbTi27-4–2 
steels, respectively (Table 2).

The intensity of strain-induced martensitic transforma-
tion was higher for the steel with the lower SFE value. The 
fraction of twin boundaries (marked as blue in Fig. 5c, d) 
was similar for both investigated steels: 5% and 4% for 
X6MnSiAlNbTi26-3–3 and X4MnSiAlNbTi27-4–2 steels, 
respectively. However, the twin boundaries observed in 
X4MnSiAlNbTi27-4–2 were thicker and more developed. 
Moreover, the mechanical twinning was activated in more 
than one system.

Increasing the deformation temperature to 20 °C resulted 
in reduced fractions of ɛ-and α’-martensites in steel contain-
ing 26 wt% of Mn (Fig. 6a). The presence of martensite 
was not observed in steel with the higher Mn content 
(Fig. 6b). The calculated SFE was ~ 24 mJ  m−2 for X6Mn-
SiAlNbTi26-3–3 and 34 mJ  m−2 for X4MnSiAlNbTi27-4–2 
steels, respectively (Table 2). The SFE for the steel contain-
ing 27 wt% of Mn is within the SFE range characteristic for 
TWIP steels [1, 19]. The amount of twin boundaries slightly 
increased when compared to the specimens deformed at 
– 40 °C (Fig. 6c, d). Deformation twins nucleate and grow 

Fig. 3  EBSD maps of the investigated steels in the initial state: IQ combined with phase maps (austenite marked in gray) for X6MnSiAlN-
bTi26-3–3 steel (a) and X4MnSiAlNbTi27-4–2 steel (b)
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mainly in coarse austenite grains because grain boundaries 
act as strong obstacles for their growth [13].

The calculated SFE at 200 °C rose to ~ 42 mJ  m−2 for 
X6MnSiAlNbTi26-3–3 and 51 mJ  m−2 for X4MnSiAlN-
bTi27-4–2 steels, respectively (Table 2). Therefore, no 
ɛ-or α′-martensites were observed in the deformed samples 

(Fig. 7a, b). The fractions of twin boundaries observed 
in both investigated steels deformed at 200 °C (Fig. 7c, 
d) were significantly higher than those at lower defor-
mation temperatures. It is related to the further increase 
of SFE. At the highest deformation temperature, both 
investigated steels showed the SFE values typical for the 

Fig. 4  SEM images of investigated steels deformed at different tem-
peratures. X6MnSiAlNbTi26-3–3 steel deformed at – 40  °C (a), 
20 °C (c), and 200 °C (e); X4MnSiAlNbTi27-4–2 steel deformed at 

– 40 °C (b), 20 °C (d), and 200 °C (f). Activated twins systems are 
marked by white arrows



 Archives of Civil and Mechanical Engineering (2023) 23:184

1 3

184 Page 6 of 15

intense TWIP effect [1, 19]. The distribution of mechani-
cal twins in X4MnSiAlNbTi27-4–2 steel was very dense 
leading to small twin spacing (Fig. 7d). A high fraction of 
mechanical twins and small spacing between individual 
twins provide the increased strain hardening rate [13]. 
It means that the mechanical twinning was very effecive 
in X4MnSiAlNbTi27-4–2 steel deformed at 200 °C. The 
spacing between individual twin boundaries in X6Mn-
SiAlNbTi26-3–3 steel was considerably lower; thus, the 

contribution of mechanical twinning to the strain harden-
ing was smaller.

3.3  Mechanical properties and strain hardening 
behavior at different temperatures

The SFE controls the effectiveness of deformation mecha-
nisms in TRIP/TWIP steels. Since, the SFE strongly depends 
on temperature, it has a major influence on mechanical prop-
erties of investigated steels. True stress–strain curves at dif-
ferent deformation temperatures obtained in static tensile 
tests are shown in Fig. 8a. The flow behavior of investigated 
steels is homogeneous without serrations in the stress–strain 
curves regardless of the deformation temperature.

For both investigated steels, the yield and tensile 
strengths decreased with increasing deformation tempera-
ture. The most beneficial strength properties were observed 
at – 40  °C for both the tested steels (Table  3). It was 
expressed by the lowest YS/UTS ratio. The YS and UTS for 
X6MnSiAlNbTi26-3–3 steel were 577 MPa and 834 MPa, 
respectively, whereas the obtained YS and UTS values for 

Fig. 5  EBSD maps of the investigated steels deformed at reduced 
temperature – 40 °C: IQ maps combined with phase maps (austenite 
marked in gray, martensite ɛ marked in green, martensite α’marked 

in red): X6MnSiAlNbTi26-3–3 steel (a), X4MnSiAlNbTi27-4–2 steel 
(b); IQ maps with twin boundaries marked in blue: X6MnSiAlN-
bTi26-3–3 steel (c), X4MnSiAlNbTi27-4–2 steel (d)

Table 2  Stacking fault energy (SFE) of investigated steels at different 
deformation temperatures calculated using JMatPro software

SFE, mJ  m−2

Steel grade X6MnSiAlNbTi26-3–3 X4Mn-
SiAlN-
bTi27-4–2

– 40 °C 14 24
20 °C 24 34
200 °C 42 51
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X4MnSiAlNbTi27-4–2 steel were 631 MPa and 881 MPa, 
respectively. The lowest strength properties were noted 
for specimens deformed at 200 °C. The YS and UTS for 
X6MnSiAlNbTi26-3–3 steel were 519 MPa and 604 MPa, 
respectively. The obtained YS and UTS values for X4Mn-
SiAlNbTi27-4–2 steel were 494 MPa and 615 MPa, respec-
tively. In general, the X4MnSiAlNbTi27-4–2 steel showed 
higher strength properties when compared to X6MnSiAlN-
bTi26-3–3 steel regardless of the deformation temperature. 
An effect of deformation temperature on ductility of investi-
gated steels was different. The X6MnSiAlNbTi26-3–3 steel 
showed higher total elongation than X4MnSiAlNbTi27-4–2 
steel at reduced (– 40 °C) and ambient (20 °C) temperatures. 
When the temperature increased up to 200 °C, total elonga-
tion of X6MnSiAlNbTi26-3–3 steel dropped up to 22.4%, 
whereas X4MnSiAlNbTi27-4–2 steel showed the highest 
elongation: ~ 47%.

The observed strain hardening behavior of investigated 
steels was directly related to the intensity of TRIP/TWIP 
effects at particular deformation temperatures (Fig. 8b). 
The deformation twinning or the presence of ε- or 

α′-martensite plates contributes to high work hardening 
rate through modification of the dislocation structure [9, 
14] and leads to high uniform and total elongations. At the 
lowest deformation temperature – 40 °C, both the steels 
showed the high work hardening rate (WHR) due to the 
formation of significant fraction of ɛ/α′ martensite during 
deformation. When the strain is above 0.05, investigated 
steels still showed the high WHR values when compared 
to the higher deformation temperature. It may be related 
to the formation of α′-martensite during deformation. The 
formation of this type of martensite requires higher strain 
levels [24]. The WHR decreased with increasing deforma-
tion temperature. For the specimens deformed at 20 °C and 
200 °C when the strain is above 0.05, the WHR decreased 
rapidly and then stabilized at a similar level up to rupture. 
The stabilization of WHR at the strain level above 0.05 
is due to the gradual formation of mechanical twins dur-
ing deformation [1, 24]. The relationship among defor-
mation temperature, the intensity of TRIP/TWIP effects, 
and mechanical properties of investigated steel is shown 
in Fig. 9.

Fig. 6  EBSD maps of the investigated steels deformed at 20 °C: IQ 
maps combined with phase maps (austenite marked in gray, mar-
tensite ɛ marked in green, martensite α’marked in red): X6MnSiAlN-

bTi26-3–3 steel (a), X4MnSiAlNbTi27-4–2 steel (b); IQ maps with 
twin boundaries marked in blue: X6MnSiAlNbTi26-3–3 steel (c), 
X4MnSiAlNbTi27-4–2 steel (d)
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4  Discussion

The SFE is a key factor affecting the mechanical properties 
of the high-Mn steels. Besides chemical composition, the 
change in the temperature affects changes in the SFE, which 
promotes different deformation mechanisms [1, 19, 24, 25]. 
Generally, an increase in deformation temperature causes an 
increase of SFE values. TRIP effect is dominant when SFE is 
lower than 25 mJ/m2—some fraction of austenite transforms 
into ε- or α′-martensite. When the SFE value is in a range of 
25–60 mJ/m2, deformation twins of different intensity occur 
(TWIP effect). If the SFE value is higher than 60 mJ/m2, 
steel is strengthened mostly by dislocation glide [9, 23, 26]. 
The mentioned type of hardening mechanism dominant at 
a specific temperature range depends on the chemical com-
position of the steel. Zambrano [27] calculated the SFE for 
various high-Mn steels. He reported that an increase in the 
Mn content in a range of 20 to 35 wt% results in a significant 
increase in the SFE of austenite. An addition of Si decreases 
the SFE, while for Al the tendency is opposite [28]. This 
study is focused mainly on the differences in SFE values and 

resulting differences in the intensity of TRIP/TWIP effects at 
particular deformation temperatures rather than the effect of 
single alloying additives. The differences in SFE were com-
pared with the quantitative analysis of TRIP/TWIP effects 
using the EBSD method. Results listed in Table 2 showed 
that X4MnSiAlNbTi27-4–2 steel showed the higher SFE 
than X6MnSiAlNbTi26-3–3 steel regardless of the defor-
mation temperature. The SFE increased with the increase 
in temperature, which is similar with the trend observed by 
other authors for high-Mn steels [19, 24, 27, 28].

The results of the present study showed the presence 
of ε- and α′-martensites for both the investigated steels 
deformed at − 40 °C. At the reduced deformation tempera-
ture, the amount of ε-bands was high and spacing between 
individual ε-bands was relatively low (Fig. 5a, b). Figure 10 
shows TEM bright-field and dark-field images of X6MnSi-
AlNbTi26-3–3 steel deformed at − 40 °C and selected area 
electron diffraction (SAED) patterns corresponding to the 
ε-martensite.

The detailed EBSD measurements show that α′-martensite 
plates nucleated at the intersections of ε-martensite bands; 

Fig. 7  EBSD maps of the investigated steels deformed at elevated 
temperature 200 °C: IQ maps combined with phase maps (austenite 
marked in gray, martensite ɛ marked in green, martensite α′ marked 

in red): X6MnSiAlNbTi26-3–3 steel (a), X4MnSiAlNbTi27-4–2 steel 
(b). IQ maps with twin boundaries marked in blue: X6MnSiAlN-
bTi26-3–3 steel (c), X4MnSiAlNbTi27-4–2 steel (d)
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however, more frequently they were formed along the 
ε-martensite bands (Fig. 11a). Martensite α′ occurred in the 
darkest areas characterized by low values of the IQ param-
eter (Fig. 11b). The ε-martensite was observed in the areas 
characterized by significantly higher IQ parameter. It means 
that the dislocation density in α′ is very high and the forma-
tion of such type of martensite requires a higher strain level.

The presence of α′-martensite was also confirmed 
using TEM technique. Figure 12 shows the TEM bright-
field and dark-field images of X6MnSiAlNbTi26-3–3 steel 
deformed at – 40 °C and SAED patterns corresponding to 
the α′-martensite. The α′-martensite plates of various thick-
nesses from about 0.1 µm to 0.6 µm were formed in the 
austenite matrix. The α′-martensite plates were located 
in the areas of high dislocation density. The presence of 
stacking faults (SF) located near α′-martensite was also 

observed (Fig. 12a). Olson et al. [29, 30] reported that the 
α′-martensite may nucleate on bundles or SF packets.

The results of the present study and data reported by 
other authors [15, 22] show that austenite in TRIP-aided 
high-Mn steels transforms into α′-martensite according 
to the sequence: γ (fcc) → ε (hcp) → α' (bcc). The gradual 
nucleation of ε- and α′-martensites during plastic deforma-
tion leads to the formation of strong barriers for dislocation 
motion, which increases the strain hardening rate. The num-
ber of slip systems is the least in the ε-martensite due to the 
close packed hexagonal structure [31]. Li et al. [31] reported 
that formation of strain-induced ε-martensite is not favora-
ble for the toughness of high-Mn TRIP steel. The planar 
void sheets along {111}γ are easy to form at intersections 
of ε-martensite plates during impact deformation. However, 
strain-induced α′-martensite transformation enhances the 
toughness at RT because α′-martensite impedes transgranu-
lar relative to intergranular fracture.

More intense TRIP effect accompanied with the forma-
tion of mechanical twins was observed in X6MnSiAlN-
bTi26-3–3 at -40 °C (Fig. 5), which allowed to obtain high 
mechanical properties (Fig. 8, Table 3). An increase in the 
deformation temperature to 20 °C resulted in little reduc-
tion of strength properties of both investigated steels, while 
the plasticity was at a similar level (Fig. 8, Table 3). The 
reduction of strength properties was more pronounced in 
X4MnSiAlNbTi27-4–2 steel. The significant decrease in the 
amount of ε- and α′-martensites was observed in X6Mn-
SiAlNbTi26-3–3 steel deformed at 20 °C (Fig. 6a), while 
this type of constituents was not observed in X4MnSi-
AlNbTi27-4–2 steel (Fig. 6b). Increasing the deformation 
temperature to 200 °C resulted in the suppression of ε- and 
α′-martensite formation in both the investigated steels. It 
is related to the further increase in SFE (Table 2). The sig-
nificant decrease in total elongation was noted for X6MnSi-
AlNbTi26-3–3 steel deformed at 200 °C (TEl = 22.4%). The 
opposite trend was noted for X4MnSiAlNbTi27-4–2 steel 
(TEl = 47.2%). It is due to the higher efficiency of TWIP 
effect and higher density of deformation twins (Fig. 7c, d). 
The most intense mechanical twinning in steel containing 
26 wt% of Mn is shifted to the higher deformation tempera-
tures. It is related to the lower SFE of this steel caused by the 
lower Mn and higher Si contents. The increased plasticity of 
steel containing 27% of Mn at 200 °C is also related to the 
occurrence of thermally activated processes accompanied 

Fig. 8  Mechanical behavior of investigated steels at different temper-
atures in the uniform deformation range: true stress–true strain curves 
(a); work hardening rate as a function of true strain (b)

Table 3  Mechanical properties 
of investigated steels at different 
deformation temperatures

Steel grade UTS, MPa YS, MPa TEl, % YS/UTS

26 Mn 27 Mn 26 Mn 27 Mn 26 Mn 27Mn 26Mn 27Mn

-40 °C 834 ± 21 881 ± 26 577 ± 28 631 ± 23 43.4 ± 3.2 35.1 ± 2.8 0.69 0.72
20 °C 743 ± 18 767 ± 20 554 ± 10 561 ± 21 43.8 ± 2.9 33.5 ± 2.4 0.75 0.73
200 °C 604 ± 11 615 ± 15 509 ± 16 494 ± 13 22.4 ± 1.7 47.2 ± 2.4 0.84 0.80
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with subgrains and dislocation cells formation (Fig. 13). It 
means that during tensile deformation, the early stage of 
dynamic recovery took place. Such effect was not observed 
in X6MnSiAlNbTi26-3–3 steel deformed at 200 °C. It may 
be related to the higher strength properties of X4MnSiAlN-
bTi27-4–2 steel resulted in a higher internal friction [32] 
occurring during tensile deformation.

5  Conclusions

In the present study, an effect of deformation temperature 
on the microstructure evolution and mechanical proper-
ties of X6MnSiAlNbTi26-3–3 and X4MnSiAlNbTi27-4–2 

steels of different Mn, Si, and Al contents was analyzed. 
The temperature-dependent tendency of the investigated 
steels to ε/α′-martensite formation and mechanical twin-
ning was correlated with the work hardening behavior. The 
important findings of the current study were as follows:

• The X6MnSiAlNbTi26-3–3 steel of lower SFE showed 
the highest mechanical properties at reduced deforma-
tion temperature – 40 °C. It was due to the intense 
TRIP effect which resulted in the formation of signifi-
cant fractions of ε- and α′-martensites during tensile 
deformation. The YS, UTS, and TEl were 577 MPa, 
834 MPa, and 43.4%, respectively.

Fig. 9  Mechanical properties 
at different temperatures and 
accompanying microstructural 
changes: fraction of ɛ/α′-
martensites and twin boundaries 
(a); summarized tensile test 
results (b)
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Fig. 10  TEM micrographs of X6MnSiAlNbTi26-3–3 steel deformed at – 40 °C: bright field (a); dark field of ε-martensite (b); SAED pattern of 
ε-martensite (c)

Fig. 11  EBSD images for X6MnSiAlNbTi26-3–3 steel deformed at -40 °C: IQ maps combined with phase maps (austenite marked in gray, mar-
tensite ε marked in green, martensite α’marked in red) (a); IQ map (b)
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• The mechanical properties of X4MnSiAlNbTi27-4–2 
steel of higher SFE were more beneficial at elevated 
deformation temperature 200 °C due to the occurrence of 
intense TWIP effect expressed by the presence of signifi-
cant fraction of mechanical twins in the microstructure. 
The YS, UTS, and TEl were 494 MPa, 615 MPa, and 
47.2%, respectively.

• Besides intense mechanical twinning, the increased plas-
ticity of X4MnSiAlNbTi27-4–2 steel at 200 °C was also 

caused by the dynamic recovery accompanied with the 
formation of subgrains and dislocation cells.

• A high fraction of mechanical twins and its very dense 
distribution provided to the increased strain harden-
ing rate of X4MnSiAlNbTi27-4–2 at elevated defor-
mation temperature 200 °C, while the high amount of 
ε-bands and low spacing between individual ε-bands 
contributed to the increased strain hardening rate of 
X6MnSiAlNbTi26-3–3 steel at reduced deformation 
temperature – 40 °C.

Fig. 12  TEM micrographs of X6MnSiAlNbTi26-3–3 steel deformed at − 40 °C: bright field (a); dark field of α′-martensite (b); SAED pattern of 
α′-martensite corresponding to the area marked as point 1 (c); SAED pattern of austenite corresponding to the area marked as point 2
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