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A B S T R A C T

The microstructure and mechanical properties of Fe-18Mn-0.6C and Fe-18Mn-0.4C steels subjected to rolling
with a total reduction of 60% at temperatures of 773 K to 1373 K were investigated. Warm rolling at tem-
peratures of 773–1073 K resulted in flattened grain structure with the transverse grain size of 7 µm, whereas hot
rolling at 1073–1373 K was accompanied by the dynamic recrystallization leading to almost equiaxed grains, the
size of which increased with temperature. Internal stresses and corresponding dislocation densities increased as
the rolling temperature decreased. The steel with higher carbon content exhibited finer grains and higher dis-
location density after rolling. A decrease in the rolling temperature from 1373 K to 773 K resulted in a significant
increase in the yield strength from about 300–400 MPa to 850–950 MPa, while ultimate tensile strength in-
creased from 1000–1100 MPa to 1200–1300 MPa (the higher strength corresponds to higher carbon content). On
the other hand, the total elongation decreased from approx. 85% in the Fe-18Mn-0.6C steel and from 65% in the
Fe-18Mn-0.4C steel to approx. 30% in the both steels as the rolling temperature decreased from 1373 K to 773 K.
The difference in the tensile behavior at room temperature was attributed to the variation in the deformation
mechanisms. Namely, mechanical twinning operated in the both steels during tension, whereas ε-martensite
formation took place in the Fe-18Mn-0.4C steel.

1. Introduction

High-manganese austenitic steels exhibiting the effects of twinning-
induced plasticity (TWIP) or/and transformation-induced plasticity
(TRIP) are one of the most advanced materials used in the automobile
industry [1]. The high-Mn TWIP/TRIP steels deform with a combina-
tion of dislocation glide and secondary deformation mechanisms such
as the formation of ε-martensite, α'-martensite and/or mechanical
twinning that provide a substantial strain hardening leading to out-
standing plasticity [2–6]. The development of mechanical twinning or
martensitic transformation in these steels depends on the stacking fault
energy (SFE), which is in turn determined by alloying content and
deformation temperature [7–10]. The most effective strain hardening
has been reported for high-Mn TWIP steels with a SFE of ~25 mJ/m2.
The proper value of SFE is usually achieved by alloying with Mn (≥
18%), up to 0.6%C and to 6% of (Al+Si) [9,11–14]. Among those, the
steels with reduced alloying content, i.e. those belonging Fe-18Mn-C
system, have been attracting a remarkable interest among materials
scientists and engineers for economic reasons. The total elongation up
to 90% and the ultimate tensile strength of about 1000 MPa can be
attained, although the yield strength is approx. 300 MPa in such steels

with recrystallized microstructure after conventional hot working or
cold rolling followed by annealing [8,15–25]. Commonly, an increase
in the carbon content was favorable for the yield strength, ultimate
tensile strength, and ductility [20,26,27], although even 0.8%C did not
result in significant changes of the strength and plastic properties,
namely, the ultimate tensile strength and yield strength of about 1000
and 300 MPa, respectively, and a total elongation of 80% were reported
for Fe-17Mn-0.6C hot rolled at 1273 K [28].

The strength level should generally depend on processing conditions
including the rolling temperature. A decrease in the rolling temperature
from 1373 K to 773 K resulted in remarkable strengthening of Fe-18Mn-
(0.4–0.6)C steels [29]. Namely, the yield strengths increased from
300–360 MPa to 850–950 MPa, whereas the total elongations reduced
from 70–80% to 30%, although the microstructure mechanisms re-
sponsible to the strengthening were not clarified [29]. The strength-
ening by warm-to-hot rolling is usually attributed to grain refinement
(grain size strengthening) and work hardening (dislocation strength-
ening) [30–32]. Therefore, a modified Hall-Petch-type relationship in-
corporating the dislocation strengthening is frequently used to predict
the yield strength of warm-to-hot worked steels [33–35]. However, the
effect of temperature on the rolled microstructures and mechanical
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properties of high-Mn TWIP/TRIP steels has not been studied in suffi-
cient detail. The effect of processing conditions on the microstructure
evolution and the development of dislocation substructures in high-Mn
TWIP/TRIP steels during warm to hot rolling is still unclear.

The first aim of the present work is to study the effect of rolling
temperature on the deformation microstructures and dislocation den-
sities in Fe-18Mn-(0.4–0.6)C steels. The second aim is to reveal the
relationship between the deformation structures/substructures and the
mechanical properties of the warm to hot rolled steels with different
SFE.

2. Materials and methods

Two high-Mn steels designated as Fe-18Mn-0.4C and Fe-18Mn-0.6C
were examined. The actual chemical compositions were Fe–17.4Mn–0.44C
–0.33Si–0.09Cr–0.01Al and Fe–18.0Mn–0.62C–0.24Si–0.04Cr–0.01Al (all
in weight percent). The steels were produced by an induction melting and
hot rolling at 1423 K with 60% reduction. The starting materials were
characterized by uniformmicrostructures consisting of equiaxed grains with
average sizes of 60 µm and 50 µm in Fe-18Mn-0.4C and Fe-18Mn-0.6 C
steels, respectively. The steels were subjected to plate rolling at various
temperatures from 773 K to 1373 K to a total rolling reduction of 60%. After
each rolling pass with about 10% reduction, the samples were re-heated to
the designated rolling temperature.

The specimens were cut from the central parts of the rolled sheets
with RD-ND sections for microhardness tests, microstructure observa-
tions and X-ray diffraction analysis (Fig. 1). The microstructural ob-
servations were carried out using a Jeol JEM 2100 transmission elec-
tron microscope (TEM) and a Quanta 600 scanning electron microscope
(SEM) equipped with an electron back scattering diffraction pattern
(EBSD) analyzer incorporating an orientation imaging microscopy
(OIM) system. For the SEM observations and X-ray diffraction, the
samples were electro-polished at a voltage of 20 V at room temperature
using an electrolyte containing 10% perchloric acid and 90% acetic
acid.

The OIM images were subjected to clean up procedure, i.e. the or-
ientations with confidence index below 0.1 were replaced by their

confident neighbors (the number of replaced points did not exceed 10%
for each OIM image). The high-angle boundaries were defined when the
adjacent pixels in the orientation map had a misorientation of ≥ 15°
and depicted in misorientation maps using black lines. The low-angle
subboundaries with misorientations below 15° are not indicated in the
OIM micrographs. The mean grain size was measured using the linear
intercept method on the OIM images counting the distance between
high-angle boundaries. The recrystallized fraction was evaluated as the
area fraction of recrystallized grains (calculated by OIM Analysis 6.2).

The dislocation density was evaluated by X-ray diffraction profile
analysis using an ARL-Xtra diffractometer operated at 45 kV and 35 mA
with Cu Kα radiation. The dislocation density was determined using the
associated X-ray line broadening for {111} and {222} reflections. The
X-ray line broadening was obtained using Lorentz function to approx-
imate the spectrum as follows [36–39]:

=β B B–m i (1)

where Bm is the measured full width at the half maximum height
(FWHM) of Kα1 line and Bi is FWHM of an annealed silicon powder.
The dislocation density (ρ) was calculated from the average values of
microstrain (ε) by the following relationship [40]:

= −ρ εb16.1 2 (2)

where b is the Burgers vector, and the microstrains were evaluated by
the Williamson-Hall method using the β values obtained by Eq. (1)
[38,41].

For the TEM microstructure characterization after tensile tests, the
thin foils of 3 mm in diameter were cut out parallel to RD-TD plane and
ground to 0.1 mm in thickness. Then, the discs were polished using a
double jet TENUPOL-5 electrolytic polisher at voltage of 40 V at−30 °C
with an electrolyte containing 5% perchloric acid and 95% ethanol. The
tensile tests were performed along the rolling direction at ambient
temperature at an initial strain rate of 10−3 s−1 using an INSTRON
5882.

The volume fractions of α'-martensite/ferrite phase in the specimens
after tensile tests were measured by the magnetic induction method
using a Feritscope FMP30 (Fischer Technology, Inc., Windsor, CT).
Before each measurement the sensor was calibrated against steel stan-
dards with 0.56%, 3.25%, 10.3%, 54.6% and 100% ferrite. The mag-
netic measurements were carried out near the fracture surface of ten-
sioned specimens.

3. Results

3.1. Warm to hot rolled microstructures

Fig. 2 presents typical deformation microstructures of the warm to hot
rolled steels. The warm rolling in the temperature interval of 773–973 K
results in the development of pancake grain structure. Representative mi-
crostructures evolved at 873 K are shown for this temperature range in
Figs. 2a and 2d. The deformation grains are flattened and highly elongated
along the rolling direction. On the other hand, almost equiaxed grains
evolve during the hot rolling at 1173–1373 K (representative micro-
structures evolved at 1373 K are shown for this temperature range in
Figs. 2c and 2f). The grain structures developed during hot rolling involve a
number of annealing twins. This suggests that the hot rolled microstructures
resulted from discontinuous dynamic or post-dynamic recrystallization. At
an intermediate temperature of 1073 K, partially recrystallized micro-
structures are developed, and the volume fraction of recrystallized grains
strongly depends on the chemical composition of steels (cf. Figs. 2b and 2e).
The deformation microstructure in the Fe-18Mn-0.6C consists almost
completely of equiaxed fine grains. In contrast, the Fe-18Mn-0.4C steel
processed by rolling at 1073 K is characterized by a necklace-like micro-
structure, where the original flattened grains are surrounded by chains of
fine recrystallized ones [42]. The fraction of recrystallized grains does not
exceed 0.4.

Fig. 1. Schematic representation of the sample sections for microstructural observations
and tensile tests. RD, ND and TD are the rolling direction, normal direction and transverse
direction, respectively.
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The transverse grain size for the Fe-18Mn-0.6C and Fe-18Mn-0.4C
steels subjected to warm to hot rolling is shown in Fig. 3 as a function of
the rolling temperature. The transverse grain size does not depend on
the rolling temperature and is about 7 µm in both steels processed by
rolling at temperatures of 773–1073 K. This rolling temperature domain
corresponds to warm deformation, when the original grains are flat-
tened in accordance with rolling reduction, which predicts the trans-
verse grain size of about 20 µm (i.e., 60% reduction of 50–60 µm initial
grains). The smaller transverse grain size obtained by microstructural
observations could result from the development of strain-induced grain
boundaries. The grain subdivision by newly developed boundaries is
frequently observed process during large strain deformations [33]. It is
interesting to note that the number of strain-induced boundaries is the

same in the both steels and does not vary with rolling temperature in
the range of 773–973 K. In contrast, the transverse grain size evolved
during hot rolling increases to 19 µm and 32 µm in the Fe-18Mn-0.6C
and Fe-18Mn-0.4C steels, respectively, as the rolling temperature in-
creases to 1373 K. Commonly, the recrystallized grain size depends on
nucleation rate and growth rate [43]. An increase in the rolling tem-
perature promotes the grain boundary mobility and suppresses the re-
crystallization nucleation because of a decrease in the deformation
stored energy and, therefore, increases the recrystallized grain size. The
Fe-18Mn-0.6C steel is characterized by finer grains as compared to Fe-
18Mn-0.4C one after hot rolling that could be affected by a difference in
the solute drag pressure retarding the grain growth [29].

The representative diffraction patterns for the steels subjected to
rolling at different temperatures are shown in Fig. 4 and the effect of
the rolling temperature on the dislocation density as revealed by X-ray
analysis is shown in Fig. 5 (the lines in Fig. 5 represent the best fit by
equations like ρ~ k1 exp (k2/T), where k1 and k2 are constants, and T is
the temperature). Commonly, the dislocation density decreases with an
increase in the rolling temperature, and the Fe-18Mn-0.6C steel exhibits
higher dislocation density than Fe-18Mn-0.4C one irrespective of the
rolling temperature. It is worth noting that the deformation micro-
structure evolved during warm rolling is characterized by very high
dislocation density, which is comparable with that observed in a similar
TWIP steel after cold rolling [44]. The dislocation density rapidly de-
creases from 3.6 × 1015 m−2 and 2 × 1015 m−2 in the Fe-18Mn-0.6C
and Fe-18Mn-0.4C steels, respectively, with an increase in the rolling
temperature from 773 to 1073 K. Then, the rate of dislocation density
change slows down in the hot rolling temperature domain, leading to
dislocation density of 2.2 × 1014 m−2 and 7.9 × 1013 m−2 in the Fe-
18Mn-0.6C and Fe-18Mn-0.4C steels, respectively, as the rolling

Fig. 2. Typical OIM images of microstructures in the Fe-18Mn-0.6C steel (a, b, c) and the Fe-18Mn-0.4C steel (d, e, f) after rolling at 873 K (a, d), 1073 K (b, e), and 1373 K (c, f). The
colors correspond to the normal direction.

Fig. 3. Variations of the transverse grain size with the rolling temperature.
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temperature increases to 1373 K. The high dislocation densities and
their characteristic temperature dependencies suggest that static re-
crystallization scarcely affected the finally developed microstructures
even after hot rolling. The microstructure evolution, therefore, results
from dynamic recrystallization with a partial effect of post-dynamic
recrystallization during the inter-pass re-heating period.

3.2. Tensile behavior

The true stress vs true strain curves for the Fe-18Mn-0.6C and Fe-
18Mn-0.4C steels subjected to warm to hot rolling are shown in Fig. 6. The
tensile tests show high levels of the maximal true stress, i.e.,
1600–1900 MPa for Fe-18Mn-0.6C and 1500–1800 MPa for Fe-18Mn-
0.4C. The flow curves of the samples rolled at 873–1373 K are char-
acterized by serrations with amplitude increasing with straining that is
typical feature of the deformation behavior of high-Mn austenitic steel
alloyed with carbon [28,45]. A decrease of the rolling temperature results
in a reduction in the number of serrations on the tensile curve (Fig. 6),
although the frequency and amplitude of serrations depend also on the
chemical composition of the steels. Both the frequency and amplitude
increase with increasing the carbon content. After rolling at 773 K, any
serrations on the tensile stress-strain curves can hardly be observed.

An increase in the rolling temperature from 773 K to 1373 K leads to
a monotonic decrease in the yield strength from 950 MPa to 320 MPa
and from 865 MPa to 255 MPa for the Fe-18Mn-0.6C and Fe-18Mn-0.4C
steels, respectively (Fig. 7). On the other hand, the effect of rolling
temperature on the ultimate tensile strength is much less pronounced. A
decrease in the ultimate tensile strength with an increase in the rolling
temperature is about 400 MPa for both steels. It is worth noting that the
steels are characterized by quite different effect of the rolling tem-
perature on the total elongation, although the temperature de-
pendencies for the yield and tensile strength are similar in both steels.
An increase in the rolling temperature leads to a monotonous increase
of total elongation from about 30% to 80% in the Fe-18Mn-0.6C. In
contrast, total elongation in the Fe-18Mn-0.4C steel increases from 30%
to 65% with an increase in the rolling temperature from 773 K to 973 K
and then does not change remarkably with further increase in the

Fig. 4. XRD patterns for the Fe-18Mn-0.4C (a) and Fe-18Mn-0.6C (b) steels after hot/
warm rolling at temperatures of 773 K, 973 K and 1173 K.

Fig. 5. Relationship between the rolling temperature and the dislocation density evolved
in the Fe-18Mn-0.6C and Fe-18Mn-0.4C steels.

Fig. 6. True stress–strain curves obtained by tensile tests of the Fe-18Mn-0.6C (a) and Fe-
18Mn-0.4C (b) steels processed by rolling at various indicated temperatures.

Fig. 7. Tensile behavior of the Fe-18Mn-0.6C and Fe-18Mn-0.4C steels processed by
warm to hot rolling at temperatures of 773–1373 K.
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temperature. It should be noted that the transition from warm to hot
rolling is not accompanied by any sudden change in the temperature
dependences of strength properties. In contrast, ductility of the
Fe–18Mn–0.4C steel exhibits rather strong temperature dependence in
the range of warm rolling and becomes apparently temperature in-
variant in the range of hot rolling (Fig. 7).

Fig. 8 shows several distinctive examples of microstructural changes
caused by tensile tests of the Fe-18Mn-0.6C and Fe-18Mn-0.4C steels
processed by warm to hot rolling. The samples for TEM observations
were cut as close to the fracture surface of tensile specimens as possible.
It is clearly seen in Figs. 8a to 8c that tensile tests of the Fe-18Mn-0.6C
steel are assisted by the frequent deformation twinning, which results in
the formation of nano-twinned microstructure consisting of numerous
twins with an average transverse size well below 100 nm irrespective of
the temperature of preceding rolling in the range of 773–1373 K. On the
other hand, the ε-martensite appears along with deformation twinning
in the Fe-18Mn-0.4C steels during the tensile tests (Fig. 8d). The
thickness of ε-martensite plates does not exceed 20 nm and they are
arranged parallel to deformation twins as evidenced by the diffraction
pattern and dark field image in Fig. 8d.

Besides ε-martensite, the present steels are also characterized by the
different development of α'-martensite after tensile tests (Fig. 9). The
fraction of magnetic phase is almost zero (at the background level) in
the Fe-18Mn-0.6C steel irrespective of the temperature of previous
processing. In contrast, the Fe-18Mn-0.4C steel is characterized by a
small amount of α'-martensite, whose percentage increases from 1% to
5% as the rolling temperature increases from 773 K to 1373 K.

4. Discussion

The microstructure evolution in the present steels during warm and
hot rolling is typical for fcc metals with low to medium SFE [35,46].
The warm rolling leads to the elongation of original grains along the
rolling axis and brings about a high dislocation density [29,30,47,48].
An increase in the rolling temperature promotes the development of
discontinuous dynamic (and post-dynamic) recrystallization resulting
in the new fine grains, the size and volume fraction of which depend on
processing temperature. The fully recrystallized microstructure in the
present steels is observed after hot rolling at temperatures above
1173 K. The formation of new grains in the Fe–18Mn–0.6C steel is

Fig. 8. TEM images of microstructures after tensile tests at room temperature; (a) Fe-18Mn-0.6C processed by rolling at 1373 K, (b) Fe-18Mn-0.6C processed by rolling at 1073 K, (c) Fe-
18Mn-0.6C processed by rolling at 773 K, (d) Fe-18Mn-0.4C processed by rolling at 1073 K, (e) and (f) are representations of diffraction patterns for twins and ε-martensite in fcc crystals,
respectively, along with a schematic clarification of the TEM specimen preparation.
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observed at lower temperature than in the Fe–18Mn–0.4C steel. The
number of fine grains in the rolled Fe-18Mn-0.6C steel at 1073 K, which
is close to a critical recrystallization temperature, is much larger than
that in the Fe-18Mn-0.4C steel. Increasing the rolling temperature leads
to the formation of larger grains in accordance with general regularities
of dynamic recrystallization, which predict the dynamic grain size (D)
being a power law function of flow stress (σ), i.e., (σ/G)(D/b)2/3=K,
where G is the shear modulus and K is a constant [32]. Correspond-
ingly, the dislocation density, which can be related to the flow stress
increment, i.e. Δσ ~ Gb√ρ [31,49], increases with a decrease in the
rolling temperature. The average grain size is lower while the disloca-
tion density is higher in the Fe–18Mn–0.6C steel than those in
Fe–18Mn–0.4C steel. This behavior may be caused by different carbon
content in these steels. The carbon provides an additional solution
hardening and, therefore, increases the flow stress. The warm to hot
working under higher flow stresses should be accompanied by the
evolution of finer recrystallized grains with higher dislocation density.
Moreover, an increase in the flow stress increases the stored energy and
provides additional driving force for recrystallization nucleation.

The work hardening by warm to hot rolling is commonly related to
an increase in the dislocation density [31,35]. Then, the yield strength
of work hardened metallic materials can be expressed as follows:
[31,43]:

= + √σ σ a MGb ρ0.2 0 (3)

where σ0 is the strength of the same material without dislocations, M is
the Taylor factor and α is a constant. The first term in Eq. (3), σ0, in-
cludes the Peierls stress of about 28 MPa for the present steels [50] and
the solid solution strengthening [51]:

∑=Δσ K Css i i
n (4)

where KMn = 2.8 MPa wt%−1, KC = 250 MPa wt%−1 and n = 2/3
[51]. Thus, σ0 is about 190 MPa and 230 MPa for the Fe-18Mn-0.4 C
and Fe-18Mn-0.6 C steels, respectively. Taking α = 0.23 [52], the
dislocation densities can be calculated from Eq. (3). Fig. 10 presents the
work hardening (dislocation strengthening) by rolling at various tem-
peratures of the present steels and the relationship between the dis-
location densities evaluated by X-ray diffraction (Eq. (2)) and work
hardening (Eq. (3)). The direct linear relationships in Fig. 10b for the
both steels testify to the speculations about the dislocation strength-
ening of the warm to hot worked steels above. The different slopes in
Fig. 10b may result from effect of carbon content on the dislocation
strengthening efficiency in the steels. The steel with smaller carbon
content has lower SFE and, therefore, is less susceptible to dynamic
recovery, which promotes the dislocation rearrangement and may di-
minish the efficiency of dislocation strengthening, although this inter-
esting phenomenon should be further investigated in more detail.

Products of strength and total elongation are frequently used to
compare the mechanical behavior of various structural steels and alloys
in quantitative manner. The values of σ0.2×δ and UTS×δ for the pre-
sent steels processed by warm to hot rolling are represented in Fig. 11.
It is clearly seen in Fig. 11 that the present steels are characterized by a
quite different effect of the rolling temperature on their mechanical
properties. The strengthening with a decrease in the rolling tempera-
ture is commonly accompanied by a degradation of ductility. Therefore,
a decreace in the yield strength with increasing the temperature is
compensated with an increase in the total elongation, and σ0.2×δ
slightly decreases in the range of 30–35 GPa % with an increase in the
rolling temperature from 773 K to 1373 K for the Fe-18Mn-0.6C steel.
The values of UTS for the present steels processed by warm to hot
rolling do not depend on the magnitude of work hardening (Fig. 7)
similar to other studies on high-Mn TRIP/TWIP steels subjected to
conventional rolling [17,34,53,54]. Therefore, the product of UTS×δ
progressively increases from 35 to 95 GPa % with an increase in the
rolling temperature from 773 K to 1373 K. It is worth noting that the
Fe-18Mn-0.6C steel processed by warm rolling exhibits very high value
of the yield strength up to 950 MPa provided by high dislocation den-
sity of 3.6×1015 m−2, which is comparable to that of
(3.5–4.5)×1015 m−2 observed in other high-Mn steel after large strain
cold rolling [44]. However, such high dislocation density above
1015 m−2 in the warm rolled steel does not lead to significant drop in
ductility, which retains at rather high level of δ>30% resulting in
UTS×δ being about 45 GPa %.

In contrast to the Fe-18Mn-0.6C steel, the Fe-18Mn-0.4C one is
characterized by a lower ductility. The total elongation in the Fe-18Mn-

Fig. 9. Relationship between the magnetic phase and rolling temperature in the Fe-18Mn-
0.6C and Fe-18Mn-0.4C steels after tensile tests.

Fig. 10. Relationship between the rolling temperature and the dislocation strengthening
for the Fe-18Mn-0.6C and Fe-18Mn-0.4C steels (a) and the comparison between the
measured and calculated dislocation density.
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0.4 C steel increases to about 65% with an increase in the rolling
temperature to 973 K followed by an apparent saturation at a level of δ
~ 60% in spite of further increasing temperature (Fig. 7). Therefore, the
product of σ0.2×δ for the Fe-18Mn-0.4C steel increases to its maximum
above 30 GPa % with increasing the rolling temperature to 973 K and,
then, drastically decreases below 20 GPa % as the rolling temperature
increases above 1173 K (Fig. 11). Correspondingly, following an in-
crease with temperature in the range of 773–973 K, the product of
UTS×δ for this steel tends to saturate at 60–70 GPa % with an increase
in the rolling temperature above 1073 K.

The difference in the mechanical behavior between the Fe-18Mn-
0.6C and Fe-18Mn-0.4C steels processed by warm to hot rolling is as-
sociated with the different deformation mechanisms operating during
tensile testing. A decrease in the carbon content decreases SFE of high-
Mn TWIP/TRIP steels [9]. Therefore, the Fe-18Mn-0.4C steel with
lower SFE than Fe-18Mn-0.6 C one is more susceptible to ε-martensitic
transformation during cold deformation (see Fig. 8). Moreover, the Fe-
18Mn-0.4C steel is characterized by lower austenite stability than the
Fe-18Mn-0.4C steel as proved by magnetic tests (Fig. 9). In general, the
TWIP effect provides larger ductility than the TRIP effect [55,56]. In the
present study the development of ε-martensite during tensile tests of the
Fe-18Mn-0.4C steel limits its ductility at a level of total elongation
around 60–65%, whereas TWIP effect in the Fe-18Mn-0.6C steel pro-
vides total elongation above 80%. Nevertheless, both steels can be
processed in a desirable strength-ductility combination by using warm
to hot rolling at an appropriate rolling temperature.

5. Conclusions

The effect of rolling temperature ranging from 773 to 1373 K on the

microstructures and mechanical properties of Fe-18Mn-0.4C and Fe-
18Mn-0.6C steels was investigated. The main results can be summar-
ized as follows.

1. The warm rolling at temperatures of 773–973 K resulted in the
evolution of pancake grain structures. In contrast, almost equiaxed
grain structures (recrystallized microstructures) were developed
during hot rolling at temperatures of 1173–1373 K. Rolling at
1073 K resulted in a partially recrystallized microstructure in the Fe-
18Mn-0.4C steel, while almost fully recrystallized microstructure
was observed in the Fe-18Mn-0.6C steel. The Fe-18Mn-0.6C steel
was characterized by a smaller recrystallized grain size and a higher
dislocation density as compared to Fe-18Mn-0.4C one.

2. A decrease in the rolling temperature resulted in remarkable
strengthening, although plasticity degraded. An increase in the ul-
timate tensile strength with a decrease in the rolling temperature
was less pronounced comparing to the yield strength. The Fe-18Mn-
0.6C steel exhibited higher strength and larger ductility as compared
to the Fe-18Mn-0.4C steel in the entire temperature range studied.
An increase in the strength was attributed to work hardening (dis-
location strengthening).

3. A product of the yield strength and total elongation (σ0.2×δ) for the
Fe-18Mn-0.6C steel was above 30 GPa % within the studied tem-
perature range, while that of ultimate tensile strength and total
elongation (UTS×δ) increased from 45 to 95 GPa % with an in-
crease in the rolling temperature from 773 K to 1273 K. Such out-
standing mechanical properties were provided by TWIP effect in the
Fe-18Mn-0.6C steel. On the other hand, σ0.2×δ for the Fe-18Mn-
0.4C steel increased to a maximum of 33 GPa % with an increase in
the rolling temperature to 973 K followed by a rapid drop below
20 GPa % as the rolling temperature increased above 1173 K.
Correspondingly, UTS×δ for the Fe-18Mn-0.4C steel approached an
apparent saturation of about 65 GPa % with increasing the rolling
temperature to 973 K. This different effect of the rolling temperature
on the tensile properties of the Fe-18Mn-0.4C and Fe-18Mn-0.6C
steels was associated with ε-martensitic transformation, which oc-
curred in the Fe-18Mn-0.4C steel during the tensile tests and limited
plasticity at a level of 65% total elongation after hot rolling.
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