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The development of steel with high specific strength is required for reducing vehicles’ weight and decrease of carbon
dioxide emissions and fuel consumption. The most promising direction is the development of steels containing light
elements such as manganese, aluminum, silicon, additionally alloyed with carbon. The final mechanical properties
of these steels are affected by hot plastic deformation, which transforms the cast microstructure into a fine-grain
one. Fe—30Mn—10Al-3Si—1C steel in the cast state was studied in this work. Compression tests were carried out
in the range of strain rates of 0.1, 1, and 10 s-! and temperatures of 900—1100 °C on the Gleeble 3800 thermomecha-
nical simulator. The models of the relationship of flow stress and grain size with hot plastic deformation param-
eters were constructed. These models can be used to develop and optimize technologies for hot plastic deformation
of Fe—30Mn—10A1—-3Si—1C steel. The studied steel has a high level of hardness after hot deformation in the tem-
perature range of 1000—1050 °C due to the formation of a fine grain microstructure, which can guarantee a high
specific strength of the final products obtained using optimized hot plastic deformation modes.
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Introduction

High-manganese steels are promising materials for the
automotive industry due to their increased specific strength
and low cost. Such materials have a high strength, ductility,
and impact strength at room temperature [1—6]. In addi-
tion, they show high energy absorption under impact loads,
which can have a significant impact during traffic accidents
|7, 8]. The properties of steel are determined by the chemi-
cal composition and production technology, including high-
temperature deformation [9, 10]. In this regard, the behavior
of these alloys under hot deformation conditions requires
a detailed study.

The alloys of the Fe—Mn—Al—C system can be divided
into 4 categories: ferritic, ferrite-based duplex, austenite-
based duplex, and austenitic steels. The increase in specific
strength in these alloys occurs due to a decrease in the aver-
age atomic mass and dilatation of the crystal lattice.

Austenitic steels usually contain 12—30 % of manganese,
5—12 % of aluminum, and 0.6—2 % of carbon. Manganese
is an austenite stabilizer, however, when more than 6 % Al is
added to steels with 30 % Mn, the steel ceases to be austenit-
ic, and é-ferrite appears [11]. Carbon is an excellent stabilizer
of austenite, therefore, the addition of 1 % C by weight in
Fe—9AI—-30Mn can make steel completely austenitic, but with
adecrease in the carbon content, a ferritic phase appears [12].
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Alloying by Al reduces steel’s density and stiffness, as well
as increases the stacking-fault energy providing the disloca-
tion mechanism of deformation. Dislocation sliding occurs
by waves, the mechanism of transverse dislocation sliding
is activated and dislocation walls are formed [13]. The ad-
dition of more than 3% aluminum contributes to the appear-
ance of spinodal decomposition during the quenching pro-
cess, due to which, first the short-range order L1, is formed,
then coherent with the austenitic matrix carbides with the
structural type E2, (perovskite) of the chemical formula
(Fe, Mn),AIC,, where x < 1 are released.

The formation of (Fe, Mn);AIC, occurs both in the
grain body («x’-carbides) and along the grain boundaries
(k-carbides). After prolonged aging, austenite begins to de-
compose into ferrite and k-carbides or ferrite, k-carbides,
and f-Mn [14].

The addition of a small amount (1—3 %) of Si improves
the casting properties of steel and increases the yield strength
by accelerating the kinetics of the formation of k-carbides
in the grain body and their stabilization at high tempera-
tures. However, further addition of silicon increases the
probability of formation of k-carbides at the grain bound-
ary, which leads to a deterioration of the mechanical prop-
erties [15, 16]. Also, when silicon is added, an oxide layer
(Fe, Mn),Si0, is formed on the surface, which increases the
corrosion resistance of steel.
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Hot deformation is a necessary part of the full produc-
tion cycle of most metal semi-finished products; therefore,
much attention has recently been paid to the study of this
process in steels of the Fe—Mn—Al—C system [17—20]. The
grain microstructure that formed during hot working has
asignificant effect on the final mechanical properties. In this
regard, simulation of the process of hot deformation allows
for optimizing the technology of metal forming, including
using the widely used finite element method [21—-24].

The purpose of this work is the investigation and con-
struction of mathematical models for the evolution of the
microstructure of novel Fe—30Mn—10Al—3Si—1C steel with
increased specific strength under hot plastic deformation.

Materials and methods

Steel with the nominal composition Fe—30Mn—10Al—
3Si —1C was chosen as the object of the study. Ingots
with a diameter of 6 and a length of 60 mm were obtained
from row materials of technical purity by induction melting
in argon using an Indutherm 20V furnace. Casting was carried
out to a copper mold under the pressure of 3 atm. Samples
for hot deformation had a radius of 3 mm and a height of
9 mm. Compression to the true strain of 1 was carried out
on a Gleeble 3800 thermomechanical simulator at tempera-
tures of 900—1100 °C and strain rates of 0.1, 1, and 10 s-1.
The obtained primary stress-strain curves were corrected tak-
ing into account the friction between the dies and the edges
of the sample, as well as taking into account the adiabatic
heating during compression according to the earlier devel-
oped method [25].

A Carl Zeiss Axiovert light microscope, a Tescan-
VEGA3LMH scanning electron microscope was used for
the microstructural analysis. Metallographic samples were
obtained by polishing using Struers LaboPol-5. The linear
intercept method was used to determine the average grain
size. Five images were analyzed for each state, and the aver-
age number of measurements was about 100. Microhardness
was determined using Wolpert 402 MVD hardness tester
with a load of 100 g.
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Results and discussion

Fig. 1 shows the image of the Fe—30Mn—10Al—3Si—1C
steel microstructure in the as-cast state. Mainly two phases
are presented in the steel’s microstructure: ferrite (yellow
color) with the following chemical composition Fe—24Mn—
12A1-3.7Si and a volume fraction of 21.2 % and austenite
(blue color) with the following chemical composition Fe—
32Mn—9Al—4, 2Si—1.6C and a volume fraction of 78.8 %.
In addition, a phase with an increased manganese content
and a reduced aluminum concentration (Fe—39Mn—9Al—
4.2Si—1.6C) (white particles in Fig. 1a) were present in the
microstructure.

An analysis of the compression curves at elevated tem-
peratures (Fig. 2) showed that the flow stress decreases with
increasing temperature and decreasing strain rate. Besides,
all compression curves exhibit a maximum at the initial stage
of deformation, which corresponds to the onset of intense
dynamic recrystallization processes, leading to a significant
decrease in the flow stress due to a reduction in the average
dislocation density.

The Ziner-Hollomon parameter (Z) was used for the de-
scription of the relationship between flow stress, strain rate,
and temperature:

Z= ¢ert M
where € is a strain rate (s-!), 7 is a temperature (K), Q is
an effective activation energy of deformation (J/mole), and
Ris the universal gas constant (8.314 J/moleK). It is known
that under the different deformation conditions the rela-
tion between Z and flow stress may be described by a power
law (2), exponential law (3), and hyperbolic sine law (4):

Z = Ajo™ (forlow o) 2)

Z = A,eP7 (for high 0) 3)

Z = As[sinh(ac)]™> (for o values over a wide range) (4)

Fig. 1. Microstructure of Fe—30Mn—10Al—3Si—1C steel in the as-cast state: image in backscattered
electrons (a), phase distribution obtained by electron backscattered diffraction (b)
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Fig. 2. Compression curves of Fe—30Mn—10Al—3Si—1C steel at the strain rate of 1s-1 (a) and the temperature

of 1000 °C (b)

where A4, A,, A;, ny, ,, B, and a are the material constants.
The value of the coefficient a is related to the constants n,
and f by the following equation:
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The values of the unknown constants were determined by

the least-squares method using the values of the peak flow
stress. As a result, the quantified dependence accordingly

equation (4) is following:

A comparison of the calculated and experimental values
of flow stress shows that the average calculation error was
2.8 %. The value of effective activation energy for hot plastic
deformation was 330 kJ/mol, which is significantly lower
than the value of'silicon-free high Mn steels (385 kJ/mol for
Fe—28Mn—8AI—1C steel [26], 432 kJ/mol for Fe—35Mn—
10A1-1C steel [27]), which may indicate the facilitation of
the deformation process due to accelerated dynamic recovery
and recrystallization.

The microstructure of the steel after the hot deformation
is shown in Fig. 3. It can be seen that dynamic recrystalli-

bR =g 1013 [sinh(0.00474)]>65 (6)  zation and grain growth take place at an elevated tempera-
ture. At temperatures below 1000 °C, the structure contains
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Fig. 3. Microstructure of Fe—30Mn—10Al—-3Si—1C steel after hot plastic deformation
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elongated non-recrystallized grains and areas along their
boundaries with small grains formed during dynamic re-
crystallization.

The average grain size was measured in the samples
where dynamic recrystallization fully proceeded. The ob-
tained values were used to construct a mathematical model
for the prediction of dynamically recrystallized grain size
under different temperatures and strain rates:

)

—108700
— . 2—0.128 ,
d = 64500 ¢ exp( RT )

Fig. 4 shows the calculated dependence of the dynami-
cally recrystallized grain size on temperature and strain
rate. The points corresponding to the experimental values
of the grain size are plotted on the graph. The average error
was 22 %.

The studied steel has a high hardness in the cast state
(HV500 £ 4). This high level is also preserved after the
hot deformation. The dependence of microhardness on
the modes of thermal deformation treatment is shown in
Fig. 5.The decrease in microhardness with the deformation
temperature is associated with the occurrence of softening
processes such as dynamic recovery and recrystallization.
However, at a temperature of 950 °C, a minimum is ob-
served, apparently associated with a change in the phase
composition at a given temperature. An increase in the mass
fraction of ferrite with an increased stacking fault energy
leads to an acceleration of the dynamic recovery process
and, as a consequence, a significant decrease in the disloca-
tion density, which affects the overall level of strength after
the deformation at a given temperature.

Conclusions

1. The microstructure and microhardness of Fe—
30Mn—10A1-3Si—1C steel in the as-cast and hot-defor-
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med states were studied. It is shown that during the defor-
mation in the temperature range of 1000—1050 °C, a com-
pletely recrystallized structure with a grain size of 3—8 pm
is formed, which contributes to high microhardness values
of HV500—600.

2. A mathematical model of the relationship between the
flow stress and the parameters of hot plastic deformation has
been constructed. It is shown that doping with silicon leads
to a significant decrease in the value of the effective activa-
tion energy.

3. A model for the relationship between the size of dy-
namically recrystallized grains and temperature and strain
rate was built. The constructed model can be used to predict
the microstructure and optimize hot plastic deformation
technologies. ais
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