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The mechanical properties of medium to high-Mn austenitic TWIP/TRIP steels subjected to warm to hot
working were studied. The steel samples were processed by plate rolling at various temperatures ranging from 500 ◦C
to 1150 ◦C. The deformation microstructures depend significantly on the rolling temperature. The discontinuous
dynamic recrystallization readily developed during hot rolling at temperatures of T ≥ 800 ◦C, whereas the work
hardened microstructures with high dislocation densities evolved by warm rolling at temperatures below 800 ◦C.
The warm to hot rolling strengthened the steels remarkably. The ultimate tensile strength in the range of 750–
1250 MPa and the corresponding yield strength of 300–900 MPa could be obtained by processing at designated
temperature.
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1. Introduction

High-manganese austenitic steels with twinning-
induced plasticity (TWIP) or transformation-induced
plasticity (TRIP) effects have attracted a great inter-
est of materials scientists. Such steels exhibit a benefi-
cial combination of mechanical properties. The product
of tensile strength with total elongation of TWIP/TRIP
steels may exceed 50000 MPa×%, which is significantly
larger than that of other structural steels and alloys [1].
The physical mechanisms responsible for the outstanding
strength-ductility combination have been the subject of
numerous studies. It is generally agreed that the excel-
lent combination of strength and ductility results from
pronounced strain hardening caused by mechanical twin-
ning in steels with stacking fault energy (SFE) ranging
from 18 to 40 mJ/m2 or martensitic transformation in
steels with lower SFE [2]. The grain subdivision by thin
twins or martensite plates with thickness of 10–40 nm [3]
decreases significantly the effective grain size and hardens
the steel in accordance with the Hall–Petch relationship.

Mechanical properties of metallic materials including
high-Mn TWIP/TRIP steels are greatly affected by their
microstructures, which in turn depend on the processing
method/condition. The important structural parameters
affecting the mechanical properties of steels and alloys
are the grain size and the dislocation density [4]. Re-
garding high-Mn steels, both a decrease in the grain size
by static recrystallization and an increase in the dislo-
cation density by cold to warm working result in sig-
nificant strengthening, although plasticity degrades re-
markably [5, 6]. An appropriate strength-ductility com-
bination in the steels can be obtained owing to desired
structural parameters, which are directly controlled by
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the conditions of warm to hot working [7]. However, the
effect of thermo-mechanical processing conditions on the
developing microstructures and mechanical behavior of
high-Mn TWIP/TRIP steels has not been studied in suf-
ficient detail. The aim of the present paper, therefore, is
to report our current results on the microstructure evo-
lution during warm to hot rolling and mechanical prop-
erties of advanced high-Mn steels.

2. Experimental

The starting materials, Fe–12Mn–0.6C–1.5Al, Fe–
18Mn–0.4C and Fe–18Mn–0.6C (all in wt%), were hot
rolled at 1150 ◦C. Subsequently, the steel plates were
processed by rolling at various temperatures from 500 ◦C
to 1100 ◦C to a total rolling reduction of 60%. After
each rolling pass with about 10% reduction, the sam-
ples were re-heated to the designated rolling tempera-
ture. The structural observations were carried out us-
ing a JEOL JEM 2100 transmission electron microscope
(TEM) and a Quanta 600 scanning electron microscope
(SEM) equipped with an electron back scattering diffrac-
tion (EBSD) pattern analyzer incorporating an orienta-
tion imaging microscopy (OIM) system. The mean grain
size was measured using the linear intercept method on
the OIM images counting the distance between high-
angle boundaries along the normal direction (ND). The
tensile tests were performed using an INSTRON 5882
testing machine at ambient temperature under a strain
rate of 10−3 s−1 with dog bone specimens cut along the
rolling direction (RD).

3. Results and discussion

Typical deformation microstructures evolved in the
high-Mn steels during warm to hot rolling are shown
in Fig. 1. Two types of the microstructures are de-
veloped. The uniform microstructures consisting of al-
most equiaxed grains with numerous annealing twins
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Fig. 1. Typical OIM micrographs for deformation mi-
crostructures evolved in the Fe–12Mn–0.6C–1.5Al (a–
c) and Fe–18Mn–0.6C (d–f) steels during hot to warm
rolling at 1000 ◦C (a, d), 800 ◦C (b, e), and 600 ◦C (c, f).
The colors indicate the normal direction (vertical in all
pictures).

Fig. 2. Effect of the rolling temperature on the trans-
verse grain size in the high-Mn steels.

Fig. 3. Stress-elongation curves of the high-Mn steels
subjected to rolling at the indicated temperatures.

evolve in the steels during hot rolling at temperatures of
T ≥ 800 ◦C. These microstructures result from discontin-
uous dynamic recrystallization (DRX), which commonly
takes place in low SFE steels during hot working [8]. A
decrease in the deformation temperature should suppress
discontinuous DRX. Indeed, the deformation microstruc-
tures composed of flattened original grains evolve during
warm rolling at T < 800 ◦C. The transverse grain size
decreases from 50–80 to 5–10 µm with a decrease in the
rolling temperature from 1150 to 800 ◦C in the range of
hot working accompanied by discontinuous DRX (Fig. 2).
Further decrease in the rolling temperature below 800 ◦C
does not lead to remarkable variation of the transverse
grain size, which seems to be dependent on the original
grain size and the total rolling reduction.
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Fig. 4. Effect of the rolling temperature on the yield
strength (σ0.2), the UTS, and total elongation (δ) of the
high-Mn steels.

Series of tensile stress-elongation curves for the warm
to hot rolled steels are shown in Fig. 3 and the mechani-
cal properties, i.e., yield strength (σ0.2), ultimate tensile
strength (UTS), and total elongation (δ), are represented
in Fig. 4. Generally, a decrease in the rolling temperature
results in an increase in strength and a decrease in plas-
ticity. It should be noted that the 18%Mn steels exhibit
higher strength and elongation than the 12%Mn steel af-
ter rolling at each temperature within the studied range.
The temperature effect on the strength/ductility prop-
erty of the rolled steels is more pronounced for the warm
working domain than for the hot working conditions, es-
pecially, for the 18%Mn steels. The yield strength pro-

Fig. 5. TEM images of microstructures after tensile
tests at room temperature of the Fe–18Mn–0.4C (a) and
Fe–18Mn–0.6C (b) steels processed by rolling at 800 ◦C.
The insets are dark field images showing deformation
martensite in (a) and twining in (b).

gressively increases with a decrease in the rolling tem-
perature, and the rate of strengthening accelerates as the
temperature decreases. Similarly, UTS slightly increases
with decrease of the rolling temperature from 1150 to
700 ◦C followed by substantial increase as the rolling tem-
perature decreases to 500 ◦C, although the 12%Mn steel
is more susceptible to strengthening as compared to the
18%Mn steels at all the rolling temperatures. The total
elongations of the Fe–12Mn–0.6C–1.5Al and Fe–18Mn–
0.6C steels almost linearly decrease with a decrease in the
rolling temperature. In contrast, the Fe–18Mn–0.4C steel
exhibits bimodal temperature dependence for total elon-
gation, which is about 60% after rolling at 700–1150 ◦C
and decreases to 30% with a decrease in the rolling tem-
perature to 500 ◦C.

The steels of Fe–12Mn–0.6C–1.5Al and Fe–18Mn–0.6C
are characterized by monotonous dependences of the me-
chanical properties on the rolling temperature irrespec-
tive of the operating mechanisms of microstructure evo-
lution in the range of 500–1150 ◦C. Namely, the yield
strength gradually decreases while the plasticity increases
with increase of the rolling temperature. However, the
Fe–18Mn–0.4C steel demonstrates an apparent satura-
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tion for the total elongation as the rolling temperature
increases above 700 ◦C, although the strength contin-
uously decreases. Such a behavior can be associated
with the deformation mechanisms operating during ten-
sile tests. The Fe–18Mn–0.4C steel specimen experi-
enced ε-martensitic transformation during tensile tests
(Fig. 5a), whereas the tensile deformation of the Fe–
18Mn–0.6C steel specimen was accompanied by defor-
mation twinning (Fig. 5b). This difference in deforma-
tion mechanisms results from the difference in SFE. The
steel with lower carbon content has lower SFE [9] and,
thus, involves strain-induced martensite upon cold defor-
mation. In spite of similarities in structural parameters
of deformation martensite and twinning, the latter pro-
vides much larger elongation during tensile tests. The
Fe–18Mn–0.4C steel subjected to warm rolling at 700 ◦C
exhibits the maximal plasticity, which can be supported
by strain-induced martensitic transformation. Hence,
further increase in the rolling temperature does not im-
prove plasticity irrespective of increase of the DRX grain
size and decrease of the dislocation density, although the
yield strength certainly depends on the grain size and
dislocation density.

4. Summary

The desired combination of strength and plasticity of
medium to high-Mn austenitic TWIP/TRIP steels, such
as Fe–(12–18)%Mn–(0.4–0.6)%C, can be obtained by
warm to hot rolling under appropriate conditions. The
ultimate tensile strength in the range of 750–1250 MPa,
the yield strength of 300–900 MPa, and corresponding
total elongation of 80–20% are achieved in the steels
after warm to hot rolling at 500–1150 ◦C. The yield
strength of the steels gradually increases with a decrease
in the rolling temperature irrespective of the mechanisms
of microstructure evolution under different deformation

conditions, i.e., discontinuous DRX or work hardening
during hot or warm rolling, respectively. On the other
hand, an increase in the total elongation by increasing
the rolling temperature can be limited by deformation
mechanisms. High-Mn TWIP steels with moderate SFE
are characterized by increase of ductility above 80% with
increase of the rolling temperature. In contrast, steels
with rather low SFE exhibit TRIP effect, which do not
provide total elongation above approximately 60%.
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