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A B S T R A C T   

Austenitic high manganese steels exhibit outstanding mechanical properties, such as high energy absorption, 
owing to various deformation-mechanisms such as dislocation slip, twinning-induced plasticity (TWIP) and 
transformation-induced plasticity (TRIP). Here, we show a novel thermomechanical treatment to manufacture a 
high manganese steel Fe–18Mn-0.3C (wt.-%) with excellent mechanical performance by combining these three 
deformation-mechanisms. This process of mechanism-controlled rolling resulted in ultra-high tensile strength of 
the high manganese steel up to 1.6 GPa, simultaneously with uniform elongations up to 15%. 

A thermomechanical process was developed to establish this combination of properties. Warm rolling was 
conducted at 200 ◦C, to suppress TRIP and activate TWIP as deformation mechanism. Thus, a high density of 
deformation twins and dislocations was introduced to the microstructure, avoiding martensite formation. During 
a subsequent recovery annealing at 520 ◦C or 550 ◦C, the dislocation density was reduced, yet the high density of 
deformation twins was preserved. The combination of warm rolling and recovery annealing resulted in an ul
trafine microstructure with a high density of twins and moderate density of dislocations. The TRIP effect is 
predominant during plastic deformation at ambient conditions in the highly twinned microstructure. The 
resulting steel exhibits an ultra-high yield strength and sufficient ductility, favorable properties for lightweight 
construction in automotive or aerospace industry.   

1. Introduction 

Austenitic high manganese steels, as the main constituent of the 
second generation of advanced high-strength steels, have attracted 
immense attention because of their excellent combination of high 
strength and ductility as well as their high specific energy-absorption 
capacity [1]. Their outstanding mechanical performance is attributed 
to additional deformation-mechanisms beside dislocation slip - 
twinning-induced plasticity (TWIP) and transformation-induced plas
ticity (TRIP) [2–5]. Both effects, TWIP and TRIP, can result in a high 
density of crystal defects and substantial microstructure refinement 
during plastic deformation. TWIP leads to a microstructure refinement, 
due to the so-called dynamic Hall-Petch effect [6], thus promoting a 
high work-hardening rate and good ductility [7]. The deformation twins 
act as effective obstacles to dislocation motion, reducing dislocation 
mean free path and increasing strength [8,9]. TRIP, the progressive 

transformation of metastable austenite (face-centered cubic, fcc) to 
ε-martensite (hexagonal close-packed, hcp) or α’-martensite (body-
centered tetragonal, bct) during plastic deformation, is able to retard 
strain localization and facilitate homogeneous deformation [10,11]. 
Especially, ε-martensite is considered to be a strong barrier to disloca
tion movement, due to its hcp structure [12]. Thus, the TRIP effect 
improves work-hardening rate and ductility significantly [13,14]. 

The TWIP and TRIP effects can occur simultaneously or individually, 
which is closely related to stacking fault energy (SFE) of austenite. Such 
an intrinsic material’s parameter depends on chemical composition, 
temperature, and stress state [15–18]. Generally, a low SFE (<20 
mJ/m2) enables the TRIP effect, a higher SFE (~20–50 mJ/m2) results in 
the TWIP effect. Both deformation-mechanisms can occur at the same 
time, when the SFE is within a transition area [19–23]. Due to the 
dependence of SFE on temperature, the deformation-mechanisms and 
mechanical properties can be altered readily by adjusting deformation 
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temperature [24]. 
Despite outstanding work-hardening behavior, high manganese 

steels often show low yield strength because of the soft austenitic matrix 
[25]. Nevertheless, high yield strength is strongly demanded for 
safety-related components. Versatile efforts have been made to enhance 
the yield strength of high manganese steels, such as solid-solution 
strengthening, precipitation strengthening, and dislocation strength
ening [26–30]. Such strengthening strategies often retain the 
strength-ductility trade-off, unfortunately leading to a decline in form
ability. Whereas, grain refinement is known to improve strength without 
sacrificing ductility. In high manganese steels, such a strengthening ef
fect can be realized by reducing austenite grain size and introducing 
twin boundaries. Recent studies revealed that recovery annealing is a 
promising way in TWIP steels, preserving a high density of deformation 
twins while reducing dislocation density after cold rolling [31,32]. Such 
a recovered microstructure possesses high yield strength but rather low 
uniform elongation. The low uniform elongation is a consequence of the 
limited strain hardening. This in turn is the result of the reduced twin
ning rate at high strain levels [33]. 

In the present study, we developed a novel thermomechanical 
treatment, combining deformation-mechanism-controlled rolling and 
recovery annealing to further optimize the mechanical performance of 
high manganese steels. This engineering strategy is based on utilization 

of temperature dependence of the SFE and thus deformation- 
mechanisms. We designed a high manganese steel, in which the TRIP 
effect is predominant at room temperature. The TWIP effect dominates 
during warm rolling as temperature determines the deformation 
mechanism. This mechanism-controlled rolling results in a highly 
twinned microstructure. Subsequent recovery annealing reduces dislo
cation density yet preserves the beneficial deformation twins. The 
microstructure evolution during the thermomechanical treatment and 
following tensile deformation is analyzed. The impact of microstructure 
on mechanical properties is discussed. 

2. Materials and methods 

A high manganese steel with the nominal chemical composition of 
Fe–18Mn-0.3C (wt.-%) was investigated. The attained chemical 
composition, determined by wet chemical analysis, is given in Table 1. 

The SFE was estimated using a thermodynamic subregular solution 
model [34]. SFE development within a range from 0◦C to 300 ◦C is given 
in Fig. 1. At room temperature, the SFE is ~12 mJ/m2 and thus the TRIP 
effect is expected to prevail during tensile tests [35,36]. The SFE in
creases to ~46 mJ/m2 at 200 ◦C. Similar investigations on HMnS with 
higher SFE have shown twinning during rolling up to temperatures of 
400 ◦C [37,38]. 

The laboratory processing of the samples is shown in Fig. 2. The steel 
was produced in a vacuum induction furnace followed by ingot casting. 
The steel was forged at 1150 ◦C from 140 mm × 140 mm–160 mm × 60 
mm and then homogenized for 5 h at 1150 ◦C. After homogenization, 
hot rolling was conducted at 1150 ◦C to reduce the sheet thickness to 3 
mm. For subsequent warm rolling, the sheets were heated up to the 
target temperature in an air circulation furnace. The warm rolling was 
performed at 200 ◦C in 6–7 rolling passes until a thickness reduction of 
50% (1.5 mm) was achieved. The temperature-loss during trans
portation from furnace to rolling mill was 15 ◦C, which was determined 
by infrared thermography. The temperature loss was compensated by 
increased furnace temperature. The temperature loss due to contact with 
the rolling mill was not compensated, expecting a small temperature loss 
during rolling and a SFE within TWIP range (Fig. 1). 

Tensile test samples were manufactured perpendicular to the rolling 
direction by water jet cutting and subjected to recovery annealing. Re
covery annealing was conducted in a salt bath furnace using salt GS430 
with an inhibitor to avoid surface depletion of carbon. The mechanical 
properties were evaluated by tensile tests at room temperature at strain 
rate of 0.001 s− 1 according to the standard DIN EN ISO 6892 in a Zwick 
Z250 machine. The gauge length and width of the tensile samples were 

Table 1 
Chemical composition of the Fe–18Mn-0.3C steel and the stacking fault energy (SFE) at room temperature (RT) and 200 ◦C.  

C Mn Al Si S N SFE SFE 

wt.-% 0.32 wt.-% 18.6 ppm <10 wt.-% 0.03 ppm 76 ppm 21 at RT 12 mJ/m2 at 200 ◦C 46 mJ/m2  

Fig. 1. Development of SFE from 0 ◦C to 300 ◦C and estimated deformation 
mechanism during tensile testing [35,36]. 

Fig. 2. Laboratory process chain of the investigated Fe–18Mn-0.3C.  
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30 mm and 6 mm, respectively. A Zwick multiXtens system was 
employed for a strain measurement (accuracy class 0.5). To identify 
promising process windows for recovery annealing, hardness measure
ments (HV10 - DIN EN ISO 14577) were carried out to evaluate the 
softening degree [39]. 

The microstructure was characterized from the cross section of ten
sile samples. The surface was prepared by mechanical grinding with SiC 
grinding paper down to 4000 grit and followed by polishing with 3 μm, 
1 μm and 0.25 μm diamond suspension, finalized by electro-polishing. 
Electron backscatter diffraction (EBSD) measurements were performed 
using a JEOL JSM 7000 F equipped with an EDAX Hikari detector. The 
acceleration voltage of the electron beam was 20 kV and the step size 
was 0.20 μm. Sigma 3 twin boundaries are indexed in the EBSD images 
within a orientation misfit of ±3◦. Moreover, synchrotron high-energy 
X-ray diffraction (HEXRD) was conducted at beamline P02.1 [40] of 
PETRA III at Deutsches Elektronen-Synchrotron (DESY) to quantify the 
phases and dislocation density of austenite. The wavelength of the 
monochromatic X-ray beam was ~0.207 Å. Debye-Scherrer rings were 
recorded by a PerkinElmer XRD1621 area detector. The beam size was 
0.6 mm × 0.6 mm. The exposure time for one measurement was 10 s. 
The diffraction profiles were analyzed by the Rietveld refinement 
method using the MAUD software and the detailed procedures were 
documented elsewhere [41]. The XRD peaks indicate the imperfections 
of materials and in particular the peak broadening is strongly affected by 

microstrain and crystallite size. Dislocations as major crystal defects 
significantly contribute to microstrain [42]. The Popa model [43] inte
grated into the Rietveld Refinement software MAUD was used to 
calculate crystallite size and microstrain for austenite. These values 
were used as input to calculate the dislocation density by the 
Williamson-Smallman equation [44]. 

ρ= 3
̅̅̅̅̅
2π

√
(ε2)

1/2

Db
. (1) 

(ε2)
1/2 is the average microstrain, D is the average crystallite size, 

and b is the Burgers vector. The instrument broadening was subtracted 
for each measurement, which was measured using a standard sample 
CeO2. The dislocation evolution qualitatively describes the reduction of 
dislocation density during annealing within the austenite phase. 

3. Results 

The warm-rolled high manganese steel revealed an austenitic 
microstructure as confirmed by the HEXRD measurement. The disloca
tion density in austenite was about 7.2 × 1015 m-2. The as-rolled ma
terial was annealed at 480 ◦C, 520 ◦C and 550 ◦C for up to 32 min. As 
shown in Fig. 3 a), the hardness decreased with an increase in annealing 
temperature and time. The hardness drastically declined after annealing 
for 8 min at 520 ◦C (red line) and 4 min 550 ◦C (blue line), respectively. 

Fig. 3. a) Hardness evolution (HV10) of warm-rolled material upon recovery annealing at 480 ◦C, 520 ◦C and 550 ◦C for up to 32 min. b) Development of dislocation 
density from HEXRD peak analysis. 
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Annealing at 480 ◦C led to slow kinetics, thus was not further 
investigated. The HEXRD results also indicated a subtle decrease in 
dislocation density in the specimen annealed at 520 ◦C for up to 8 min. 
However, the dislocation density was significantly reduced in the 
specimen annealed at 550 ◦C for 8 min to 0.6 × 1015 m− 2 (Fig. 3 b)). 

The strong decrease in hardness and dislocation density indicated the 
occurrence of recrystallization [45], which is expected at temperatures 
above approx. 500 ◦C [46] especially in highly deformed regions [47]. 
The microstructural development was evaluated by EBSD measure
ments, as shown in Fig. 4. The EBSD IPF figures show elongated grains 
after rolling. After 16 min d) and 32 min e) heat treatment small 
recrystallized grains are visible, as shown in the magnification (red 
square). The recrystallized grains have significantly lower KAM values, 
and are, for better recognition, depicted in Fig. 5. The ODF from Fig. 5 a) 
is given in Fig. 5 b) and indicates the alignment of the grains after 
rolling. 

To depict recrystallization a threshold of the kernel average misori
entation (KAM) was set to 0.45. Fig. 5 b) depicts the KAM distribution 
function for all conditions. After 16 min (yellow) and 32 min (red) 
recrystallized areas with significant lower KAM-values are formed. The 
related KAM microstructures are depicted (a), c), d) and e)) and the 
recrystallized (RX) microstructure is highlighted in blue color. After 
rolling the detectable sigma 3 twin boundaries are visible (red lines) in 
Fig. 5 a). Twins are depicted as well after annealing for 4 min in Fig. 5 c), 
showing a high twin density for both states. After annealing at 520 ◦C for 

4 min (Fig. 5 b)), only recovery and yet no RX was observed. Partial 
recrystallization (8%) occurred after 16 min (Fig. 5 c)). The recrystal
lization degree further increased to 22.5% RX after annealing for 32 min 
(Fig. 5 d)). 

According to the hardness tests and microstructure characterization, 
tensile properties were further evaluated of the material annealed at 
520 ◦C and 550 ◦C for 2 min, 4 min, and 8 min, as depicted in Fig. 6 a). 
The as-rolled steel (dashed black line) revealed very high ultimate ten
sile strength (UTS) of 1867 MPa, albeit very limited total elongation 
(TE). The recovery annealing resulted in an excellent combination of 
high strength and superior ductility. The steel annealed at 520 ◦C for 2 
min showed UTS of 1636 MPa with TE of 14.8%. With an increase in 
annealing time to 4 min, the UTS slightly declined to 1558 MPa, while 
TE increased to 18.7%. Annealing at 550 ◦C led to a more rapid change 
in mechanical properties, but the trend was the same as the steel 
annealed at 520 ◦C. UTS of the steel annealed at 550 ◦C for 2 min was 
1550 MPa, decreasing to 1450 MPa and 1308 MPa after annealing for 4 
min and 8 min, respectively. Total elongation raised from 17.5% (2 min) 
to 41.7% (8 min). Strain hardening and true stress-strain curves are 
shown in Fig. 6 b). It is worth pointing out that the specimens annealed 
in different conditions (520◦C/8 min; 550 ◦C/2 min) possessed a similar 
true strength level (~1750 MPa), however, they showed different uni
form elongation. Obviously, an increase in annealing temperature and 
time enhanced the strain-hardening rate and postponed necking of the 
steel, thus resulting in better ductility. The HEXRD measurements 

Fig. 4. EBSD IPF maps of the Fe–18Mn-0.3C steel (a) after warm rolling at 200◦C and after recovery annealing at 520 ◦C for (c) 4 min, (d) 16 min, and (e) 32 min 
with a magnified illustration of the already recrystallized grains. b) depicts the ODF from the given EBSD IPF-X map. Unassignable points are depicted as black. 
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indicated that austenite readily transformed into ε-martensite during 
deformation in all samples (Fig. 6 c)). For the specimen annealed at 
550 ◦C for 8 min, about 4 vol.-% α’-martensite was also observed after 
straining. 

4. Discussion 

Recovery annealing after warm rolling of high manganese steels 
results in high yield strength, as reported in [48]. A disadvantage of the 
concept is the low uniform elongation, due to limited work hardening. 
The work hardening capacity of ultrafine grained or highly twinned 
microstructures is low and accommodation of dislocations is limited 
[49,50]. To overcome this limitation and improve industrial feasibility, 
we designed an alternative thermomechanical treatment. The decisive 
advancement here is to utilize the TRIP effect in the recovery annealed 
and highly twinned microstructure to improve the work hardening 
behavior. Such a strategy enables the combination of the TWIP and TRIP 
effects in individual manufacturing processes to optimize the mechani
cal performance of high manganese steels (Fig. 7). 

In order to determine the process window for recovery annealing, we 
first examined temperature and time for the recrystallization start. 
Hardness evolution of warm rolled samples showed that low recovery 
annealing temperature postpones the onset of recrystallization to 2 min 

and 8 min annealing time at 550 ◦C and 520 ◦C, respectively. This could 
also be monitored by Synchrotron measurement as a strong reduction of 
peak width correlates with the onset of recrystallization. 

After recovery annealing all samples were fully austenitic. During 
plastic deformation at room temperature, the TRIP effect was observed 
as predominant deformation mechanism, which results in pronounced 
strain hardening. ε-martensite develops due to deformation and behaves 
like a hard obstacle for dislocation movement [12] in the highly twinned 
microstructure. The highest yield strength of 1600 MPa has been ob
tained after only 2 min annealing at 520◦C. The highest total elongation 
of ~40% was gained with a yield strength of 1000 MPa when partial 
recrystallization was accepted due to annealing at 550◦C for 8 min. 
However, this high total elongation comes along with the occurrence of 
serrated flow, obviously as a consequence of partial recrystallization 
[51]. 

The mechanical properties of steel processed by this thermo
mechanical treatment outperform other concepts for ultra-high-strength 
cold formable steels. The new process can be divided into 3 steps. 

Mechanism-controlled rolling: The SFE of the Fe–18Mn-0.3C is 
originally 12 mJ/mm2 at RT, thus deformation is supposed to be pre
dominated by the TRIP effect. To manipulate the microstructure and 
introduce twins, rolling can be conducted at an elevated temperature 
(here 200 ◦C, SFE 46 mJ/m2). Such deformation-mechanism-controlled 

Fig. 5. EBSD kernel average misorientation maps (a) after warm rolling at 200◦C with sigma 3 twin boundaries in red, and after recovery annealing at 520 ◦C for (c) 
4 min with sigma 3 twin boundaries in red, (d) 16 min, and (e) 32 min (Grains considered recrystallized (KAM classification <0.45) are depicted in dark blue). KAM 
distribution functions for the given figures are given in b). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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Fig. 6. a) Engineering stress-strain curves of the high manganese steel after recovery annealing at 520 ◦C and 550 ◦C for different annealing times; b) True stress- 
strain curves and strain hardening-strain curves. c) HEXRD-spectra and d) HEXRD-phase analysis of the investigated samples. 
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rolling results in a high density of dislocations and deformation twins. 
Recovery Annealing: To reestablish cold formability, recovery 

annealing is employed to reduce dislocation density. In this stage, 
however, deformation twins should be preserved. Thus, recrystallization 
and high annealing temperatures must be avoided. 

Deformation at room temperature: Because of the highly twinned 
microstructure, the onset of plastic deformation is strongly impeded 
which results in the ultra-high yield strength of 1.6 GPa. Due to the low 
SFE of the steel at room temperature, the TRIP effect plays an important 
role during cold forming. The austenite to martensite transformation 
retards strain localization and promotes a high work-hardening rate. As 
a result, the steel shows an excellent combination of high strength and 
superior ductility. 

The present study demonstrates the successful approach for pro
cessing and property optimization based on the temperature-dependent 
deformation-mechanisms in high manganese steels. The thermo
mechanical treatment consists of a mechanism-controlled rolling and 
a subsequent recovery annealing. Mechanism-controlled rolling pro
duced a highly deformed austenite with a high density of dislocations 
and deformation twins. Recovery annealing reduced the dislocation 
density to recover the cold formability, preserving deformation twins. 
Such a highly twinned microstructure substantially enhanced the yield 
strength of austenitic high manganese steels. The TRIP effect during 
tensile deformation promotes an increased strain-hardening rate and 
thus reduces localization of strain [52,53]. 

The mechanical properties of steel processed by the new processing 
strategy show beneficial mechanical properties compared to other 
excellent concepts for ultra-high-strength steels. The comparison of the 
engineering stress-engineering strain curves of several steels in Fig. 8 
indicate the prolonged uniform elongation range of the warm rolled 
material, compared to the concept of a newly developed ultra-fast 
cooled dual phase steel [54] and especially compared to a recovery 

annealed TWIP-steel with a highly twinned microstructure with higher 
SFE during straining [48]. The proposed mechanism-controlled rolling 
provides a new way to manufacture high manganese steels with excel
lent properties. 

5. Summary and conclusions 

A new processing, consisting of warm rolling and subsequent re
covery annealing, was presented and the influence of changes in pro
cessing parameters was investigated. Our aim, to activate the TRIP effect 
in a twinned and recovery annealed microstructure, was successfully 
accomplished during tensile tests. The following conclusions can be 
drawn. 

• The suppression of martensite formation during rolling was accom
plished by control of stacking fault energy during warm rolling. The 
increased stacking fault energy led to twin formation. EBSD mea
surements conducted on the as-rolled microstructure revealed twins 
but determination of twin density by EBSD is rather vague. There
fore, we would recommend further high-resolution measurements to 
describe the evolution of the twin density as a function of the process 
parameters, and thus provide a detailed picture on the microstruc
tural evolution and mechanical properties.  

• Recovery annealing, used to reduce the dislocation density after 
rolling, retained the twinned microstructure of the warm-rolled steel. 
Applied hardness measurements were successfully used to determine 
onset of recrystallization, which was proven by HEXRD. This is a 
simple way to prevent recrystallization and to achieve homogeneous 
mechanical properties avoiding partial recrystallization.  

• Using the new proposed processing route led to excellent mechanical 
properties of more than 1.6 GPa yield strength and more than 15% 
uniform elongation. Since the rolling structure is essentially pre
served and only dislocation degradation takes place, strongly 
anisotropic properties can be assumed, which should be investigated 
further. In addition, the description of the microstructure after roll
ing, in particular the martensite development in the structure, is 
challenging. This will be the focus of further work. 
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[23] T. Hickel, S. Sandlöbes, R. Marceau, A. Dick, I. Bleskov, J. Neugebauer, D. Raabe, 
Impact of nanodiffusion on the stacking fault energy in high-strength steels, Acta 
Mater. 75 (2014) 147–155, https://doi.org/10.1016/j.actamat.2014.04.062. 

[24] A. Asghari, A. Zarei-Hanzaki, M. Eskandari, Temperature dependence of plastic 
deformation mechanisms in a modified transformation-twinning induced plasticity 
steel, Materials Science and Engineering: A 579 (2013) 150–156, https://doi.org/ 
10.1016/j.msea.2013.04.106. 

[25] G. Yang, J.-K. Kim, An overview of high yield strength twinning-induced plasticity 
steels, Metals 11 (2021) 124, https://doi.org/10.3390/met11010124. 

[26] H. Gwon, J.-K. Kim, S. Shin, L. Cho, B.C. de Cooman, The effect of vanadium micro- 
alloying on the microstructure and the tensile behavior of TWIP steel, Materials 
Science and Engineering: A 696 (2017) 416–428, https://doi.org/10.1016/j. 
msea.2017.04.083. 

[27] P. Kusakin, A. Belyakov, D.A. Molodov, R. Kaibyshev, On the effect of chemical 
composition on yield strength of TWIP steels, Materials Science and Engineering: A 
687 (2017) 82–84, https://doi.org/10.1016/j.msea.2017.01.080. 

[28] M. Klimova, S. Zherebtsov, N. Stepanov, G. Salishchev, C. Haase, D.A. Molodov, 
Microstructure and texture evolution of a high manganese TWIP steel during cryo- 
rolling, Mater. Char. 132 (2017) 20–30, https://doi.org/10.1016/j. 
matchar.2017.07.043. 
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