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Abstract: Lightweight Fe-Mn-Al-C steels have low density, and high mechanical properties, which
makes them a possibility for weight reduction in vehicles for road transport. In steel production,
as-cast microstructure is an important parameter for further processing. The as-cast microstructure
of five lightweight duplex steels was investigated: Fe-15Mn-10Al-0.8C, Fe-15Mn-10A1-1.7Ni-0.8C,
Fe-15Mn-10A1-3.9Ni-0.8C, Fe-15Mn-10Al-5.6Ni-0.8C and Fe-15Mn-10A1-8.6Ni-0.8C. The influence
of Ni was analysed through thermodynamic calculations and microstructural characterization. The
samples were analysed through an optical and electron microscopy. The base microstructure of the
studied steel consists of ferrite and austenite. Further investigation showed that the decomposition
of austenite was accompanied by the formation of kappa carbides and the B2 ordered phase. The
addition of Ni prevented the formation of a lamellar kappa ferrite morphology, but at 5.6 wt.% Ni,
the decomposition of austenite was most severe, resulting in a large amount of kappa carbides and a
B2 ordered phase.

Keywords: duplex steel; lightweight steel; microstructure; Fe-Mn-Al-C steel; kappa carbides

1. Introduction

In the European Union (EU), about 20% of greenhouse gas (GHG) emissions come
from transport, with road transport responsible for about 72% [1-3]. Of these, passenger
cars and vans (light-duty vehicles) account for around 15% of CO, emissions in the EU’s [4].
Therefore, reducing CO, emissions by minimising vehicle mass [3-5] is an important aspect
for sustainable transport. Mass reduction is the main driving force for the development of
Fe-Mn-Al-C steels for automotive applications [6-8]. The matrix phase of lightweight steels
can be ferritic, austenitic, or duplex (ferritic and austenitic) depending on the chemical
composition, mainly Al, C, and Mn [6,9-12]. The Fe-Mn-Al-C steels have high strength and
low density, with the density decreasing by 1.3% with each wt.% of Al [13-15]. However,
the high Al content also promotes the formation of a B2 ordered phase and nano-sized
kappa carbides (k). The formation of the aforementioned phases increases the mechanical
properties, namely tensile strength and hardness through the precipitation hardening mech-
anism. The addition of Ni to the Fe-Mn-Al-C steel system can promote the precipitation of
the B2 ordered phase in the y-austenite matrix (FCC) [16-21]. The B2 ordered phase also
increases corrosion resistance [22]. The addition of Ni is widely used in stainless steels to
promote the y-austenite region, especially in austenitic and duplex stainless steels [23,24].
The addition of 8 wt.% Ni provides a fully austenitic microstructure after heat treatment.
The effect on Fe-Mn-Al-C lightweight steels is somewhat different and is the subject of this
article. The as-cast microstructure of steels is important for applications in castings as well
as for further processing of ingots, billets, slabs, etc. The as-cast microstructure can cause
cracks, prove difficult to machine and dictates the regime of further annealing due to the
dissolution of different phases. The formation of different phases in the microstructure of
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five different Fe-15Mn-10Al1-0.8C-XNi steels with different Ni contents (0, 1.7, 3.9, 5.6 and
8.6 wt.%) was investigated.

2. Materials and Methods

A total of 10 kg of steel was melted in a vacuum induction melting furnace under a
300-mbar argon protective atmosphere. Pure elements, Al, Mn, Ni, and C and mild steel
were used to produce the steel. The steels were cast into a 210 mm long ingot, which was
80 mm wide at the bottom and 90 mm wide at the top.

The chemical composition (Table 1) was measured by a wet chemical analysis and
infrared absorption after combustion with ELTRA CS-800 (ELTRA GmbH, Haan, Germany).
The samples were then prepared for metallographic analysis by grinding and polishing.
For microstructural observations, the samples were etched in 10% Nital and for electron
backscattered diffraction measurements the polished samples were additionally polished
with oxide polishing suspension (OPS) for 5 min.

Table 1. Chemical composition of samples is expressed in percent by weight.

Sample C Si Cu Ni Mn Al Fe
FeMnAIC 0.81 0.20 0.17 0.1 15.0 10.0 Balance
FeMnAlI1.7NiC 0.81 0.21 0.17 1.7 14.9 10.2 Balance
FeMnAI3.9NiC 0.83 0.19 0.17 3.9 14.8 10.0 Balance
FeMnAI5.6NiC 0.82 0.20 0.17 5.6 14.8 10.1 Balance
FeMnAIS8.6NiC 0.83 0.19 0.16 8.6 14.7 10.1 Balance

Microstructural characterization was performed through an optical microscope Mi-
crophot FXA, Nikon (Nikon, Minato City, Japan) with a 3CCD video camera Hitachi
HV-C20A (Hitachi, Ltd., Tokyo, Japan) and a scanning electron microscope JEOL JSM
6450-F (Jeol, Tokyo, Japan). An additional microanalysis was performed using an energy
dispersive spectroscopy (EDS) (Ultim® Max, Oxford Instruments, Abingdon, UK) and
electron backscatter diffraction (EBSD) (EDAX, Mahwah NJ, USA).

For CALPHAD calculations, the commercial software Thermo-Calc version 2021b
(Thermo-Calc Software AB, Stockholm, Sweden) [25] was used. The Thermo-Calc soft-
ware TCFE10 Steels/Fe-alloys database was selected to obtain the thermodynamic data
for the calculations [26]. We used the Equilibrium Calculator and selected the Property
Diagram calculation type, from which we obtained diagrams, showing the characteristic
temperatures and the amount of thermodynamically stable phases in the steels studied.

3. Results and Discussion
3.1. CALPHAD Calculations

The CALPHAD calculations (Figure 1) show the amount of thermodynamically stable
phases in the steels studied. In Table 2, the characteristic temperatures of the equilibrium
phases are provided, i.e., the temperatures of precipitation, transformation, liquidus, and
solidus. Ni increases the solidification interval, its influence on solidification was already
described in detail in our previous research [27]. The calculation results show that the
addition of Ni decreases the liquidus temperature (Table 2) from 1407 °C (FeMnAIC) to
1380 °C (FeMnAI8.6NiC). The same trend is observed in the solidus temperature, which
decreases from 1299 °C (FeMnAIC) to 1245 °C (FeMnAl8.6NiC). This means that the
liquidus temperature decreased by 27 °C and the solidus temperature decreased by 54 °C.
On the other hand, the precipitation temperature of y-austenite (FCC_A1 in Table 2)
decreases from 1340 °C (FeMnAIC) to 1252 °C (FeMnAl8.6NiC) due to the addition of Ni.
The same trend is observed in the stability of y-austenite (FCC_A1_finish in Table 2) in the
studied steels, where in the sample without Ni addition (FeMnAIC) y-austenite is stable up
to a temperature of 702 °C and in the sample with 8.6 wt.% Ni addition (FeMnAI8.6NiC)
y-austenite is stable up to a temperature of 436 °C. This means, that the precipitation
temperature of y-austenite (FCC_A1) is decreased by 52 °C and the stability of y-austenite
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(FCC_A1_finish) decreased by 266 °C. The precipitation temperature of d-ferrite (BCC_A2
in Table 2) is also decreased from 1407 °C (FeMnAIC) to 1380 °C (FeMnAl8.6NiC), but
on the other hand, the transformation temperature of 5-ferrite (BCC_A2 in Table 2) to the
ordered B2 phase (BCC_B2 in Table 2) is increased from 715 °C (FeMnAIC) to 1247 °C
(FeMnAI8.6NiC). This means that the precipitation temperature of d-ferrite (BCC_B2)
decreases for a temperature of 27 °C and, the transformation temperature of 5-ferrite
(BCC_A2) to the ordered B2 phase (BCC_B2) increases to 532 °C. The transformation
temperature of o-ferrite (BCC_A2) to the ordered B2 phase (BCC_B2) also affects the
starting temperature of the B2 ordered phase transformation, which is 739 °C for the sample
without Ni addition (FeMnAIC) and 1248 °C for the sample with an 8.6 wt.% Ni addition
(FeMnAI8.6NiC). It can be concluded that the starting temperature of the B2 ordered phase
transformation is increased to 509 °C. On the other hand, the precipitation temperature
of kappa carbide (KAPPA_E21 in Table 2) decreases from 947 °C (FeMnAIC) to 827 °C
(FeMnAI8.6NiC) with the addition of Ni i.e., it decreases by 120 °C. However, when the B2
ordered phase (BCC_B2) is transformed to a-ferrite (BCC_A2 in Table 2), the temperature
increases from 564 °C (FeMnAIC) to 661 °C (FeMnAl8.6NiC). It is also evident that the
Ni addition affects the transformation sequence of x-ferrite (BCC_A2). For steel without
Ni addition, the transformation proceeds from B2 ordered phase (BCC_B2) to x-ferrite
(BCC_A2), the higher the Ni addition, the more we approach the transformation from y-
austenite (FCC_A1) to a-ferrite (BCC_A2). With the Ni addition of 8.6 wt.% (Figure 1e), the
decrease in the B2 ordered phase (BCC_B2) is minimal, which means that the transformation
is almost exclusively from y-austenite (FCC_A1) to x-ferrite (BCC_A2).
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Figure 1. CALPHAD calculations of the equilibrium amount of phases in the steels studied, (a) FeMnAIC, (b) FeMnAIl1.7NiC,
(c) FeMnAI3.9NiC, (d) FeMnAl5.6NiC, and (e) FeMnAI8.6NiC.
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Table 2. Characteristic temperatures of the equilibrium phases.

Temperature/°C
Sample Ligidus Solidus FCC_A1l FCC_Al_finish BCC_A2 BCC_A2 finish BCC_B2 Kappa BCC_A2
FeMnAIC 1407 1299 1304 702 1407 715 739 947 564
FeMnAI1.7NiC 1404 1286 1294 666 1404 960 973 952 581
FeMnAI3.9NiC 1398 1271 1282 588 1398 1080 1101 899 623
FeMnAI5.6NiC 1393 1258 1271 478 1393 1159 1183 868 636
FeMnAIl8.6NiC 1380 1245 1252 436 1380 1247 1248 827 661

3.2. Optical Microscopy

The microstructure of the as-cast samples appears to consist of two phases, an x-ferrite,
and a y-austenite phase with precipitated kappa carbides. The lighter phase is x-ferrite,
and the darker phase is y-austenite (Figure 2). The dendritic morphology of a-ferrite shows
a typical as-cast microstructure. The carbides at the ferrite/austenite grain boundaries are
coarser and needle shaped in the sample without Ni addition (FeMnAIC). Lower additions
of Ni, FeMnAI1.7NiC and FeMnAI3.9NiC seem to promote the formation of finer round
carbides. However, higher additions of Ni, FeMnAI5.6NiC, promote the precipitation of
very fine carbides within the austenite grains. FeMnAl8.6NiC, on the other hand, shows
a similar morphology to the samples with lower additions of Ni (FeMnAIl1.7NiC and
FeMnAI3.9NiC).

__FeMnAIC

Figure 2. Optical microscopy of Fe-Mn-Al-XNi-C steel as-cast microstructure, with different Ni
contents.
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FeMnAIC

3.3. Scanning Electron Microscopy

The SEM EBSD mappings of all samples are shown in Figure 3. The ferrite (BCC)
phase is shown as red, while the austenite (FCC) phase is shown as blue. The orientation
of each phase is also provided by the inverse pole figures.

FeMnAI1.7NiC _ FeMnAI3.9NiC FeMnAI5.6NiC FeMnAI8.6NiC
- L & e

V&

- BOdy Centred Cubic Face Centred Cubic Body Centred Cubic
111

111

I Face Centred Cubic f f

001 101 001 101

Figure 3. Electron backscattered diffraction analysis of as-cast FeMnAIC samples with different Ni contents.

A lamellar morphology of kappa carbides was observed in the ferrite matrix (Figure 4).
These were formed by the y = k + « reaction, and the kappa carbides are ~1 pm wide.
While the kappa carbides in y-austenite are in the nanoscale. The kappa carbides formed
in 'y-austenite are the result of spinodal decomposition [28,29]. However, the lamellar
morphology is not observed at every «-ferrite/y-austenite phase boundary; in fact, for
most interphases this is not the case. The transformation fronts consist of larger grains of
FCC phase (face-centred cubic) and smaller grains near the FCC phase (Figure 4). Both the
kappa carbides and austenite are characterised as FCC in the EBSD mapping, which is due
to the inverse perovskite crystal lattice of the kappa carbides, which is very similar to FCC.
However, the enrichment of Mn and Al in the EDS mapping, indicates kappa carbides.
Moreover, the kappa carbides and untransformed y-austenite maintain the same crystal
orientation, as shown in Figure 5.

Samples with Ni additions do not show a lamellar morphology of kappa carbides,
they show the previously mentioned transformation fronts, where some of the FCC islets
are untransformed in the body-centred cubic (BCC) structure. These FCC islets are enriched
in Mn and Al, they also maintain the crystal orientation of the parent FCC y-austenite, as
seen in Figures 6 and 7. Some ordering between «-ferrite (x = B2 + ) and y-austenite
(y = B2 + k + v’) is visible but not clearly defined, as seen in Figure 5. Small additions of
Ni lower the temperatures for the formation of kappa carbides as shown by the thermody-
namic calculations in Figure 1. The decreased appearance of kappa carbides is also visible
in the microstructures in Figures 6-8.
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Figure 4. Lamellar morphology of kappa carbides.

The microstructure of the sample with 5.6 wt.% Ni differs from the other samples, as
the y-austenite phase is almost completely decomposed. The SEM analysis shows the B2
ordered phase + kappa carbides and y-austenite, while the o-ferrite grains remain stable, as
can be seen in Figure 9. The closer examination of the former y-austenite phase is shown in
Figure 10. The microstructure of the decomposed y-austenite consists of kappa carbides, B2
ordered phase and y-austenite. The kappa carbides in y-austenite are the result of spinodal
decomposition as described by Mapelli et al. and Lu et al. [28,29]. The identification of
kappa carbides and the ordered B2 phase can be difficult, but we distinguished them based
on microchemical composition. The kappa carbides are richer in Al and Mn, while the B2
ordered phase contains more Ni. The remaining austenite is denser and can be seen as the
brighter phase in backscattered electron images.
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FeMnAIC Total

Phase Fraction

- Face Centred Cubic  0.663
- Body Centred Cubic  0.337

Face Centred Cubic
111

001 101
Body Centred Cubic
111

Figure 5. Electron backscattered diffraction analysis of a sample as-cast FeMnAIC sample and SEM EDS (Energy-dispersive
X-ray spectroscopy) elemental mapping of Fe, Ni, Mn, and Al

FeMnAI1.7NiC

y-austenite+K

y-austenite

a-ferrite

Figure 6. Fe-Mn-Al-1.7Ni-C steel microstructure with the BCC/FCC phase boundary.
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Figure 7. Electron backscattered diffraction analysis of a sample as-cast FeMnAI1.7NiC sample and SEM EDS (Energy-

dispersive X-ray spectroscopy) elemental mapping of Fe, Ni, Mn, and AL
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Total
Phase Fraction

FeMnAI3.9NiC

- Face Centred Cubic  0.557
- Body Centred Cubic  0.443

Face Centred Cubic
111

001 101

Body Centred Cubic
111

Figure 8. Electron backscattered diffraction analysis of a sample as-cast FeMnAI13.9NiC sample and SEM EDS (Energy-
dispersive X-ray spectroscopy) elemental mapping of Fe, Ni, Mn, and Al

The sample with the highest Ni content (8.6 wt.%) has a simple duplex microstructure,
the y-austenite did not decompose. The increased Ni content was expected to increase the
decomposition rate of austenite, as observed in the sample with 5.6% Ni, but it did not.
The CALPHAD calculations show that the amount of B2 ordered phase is, in fact, severely
lowered at 8.6 wt.% Ni. The secondary B2 ordered phase peak during cooling, which
is attributed to the austenite decomposition, is much lower than the other compositions.
The start temperature of kappa carbide formation is also the lowest and attributed to the
absence of kappa carbides. It is interesting to note that Ni is mainly present in the x-ferrite,
although it is a gamma-forming element. The SEM EDS mapping results confirm the
Thermo-Calc calculations, as can be seen in Figure 11.
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FeMnAI5.6NiC Total
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- Body Centred Cubic  0.711
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Figure 9. Electron backscattered diffraction analysis of a sample as-cast FeMnAl5.6NiC sample and SEM EDS (Energy-

dispersive X-ray spectroscopy) elemental mapping of Fe, Ni, Mn, and Al

FeMnAlI5.6NiC_

o

Figure 10. The decomposed austenite consists of kappa carbides, B2 ordered phase and y-austenite.
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FeMnAI8.6NiC Total

Phase Fraction

- Face Centred Cubic  0.815
- Body Centred Cubic  0.185

Face Centred Cubic
111

001 101

Body Centred Cubic
111

Figure 11. Electron backscattered diffraction analysis of a sample as-cast FeMnAIl8.6NiC sample and SEM EDS (Energy-
dispersive X-ray spectroscopy) elemental mapping of Fe, Ni, Mn, and Al

4. Conclusions

The study of the as-cast microstructure of duplex lightweight FeMnAIC steel with
various additions of Ni showed that the as-cast microstructure consists of different phases
that appear during cooling after solidification. The addition of Ni eliminates the formation
of the lamellar kappa carbide and «-ferrite phase that are present in the samples without Ni.

The addition of 1.7 and 3.9 wt.% Ni did not dramatically affect the microstructure be-
sides eliminating the lamellar kappa carbides, but the addition of 5.6 wt.% Ni dramatically
affected the decomposition of the gamma phase as it decomposed into kappa carbides, the
B2 ordered phase, and y-austenite. Interestingly, the decomposition of y-austenite was not
observed with the addition of 8.6 wt.% Ni.

Ni is preferentially dissolved in the BCC phase, either in o-ferrite or in the B2 ordered
phase.

v-Austenite undergoes spinodal decomposition, forming coherently ordered kappa
carbides. This is most evident in the sample without Ni, while the decomposition of
y-austenite is more subtle at 1.7, 3.9, and 8.6 wt.% Ni, and the ordering of «-ferrite to the
B2 ordered phase is also evident.
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