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The multiple length scale analysis of previously designed Fe-Mn-Al-C based low-density
model alloys reveals the difference in ordered x-carbide, (Fe,Mn),AlIC,, between Fe-25Mn-
16A1-5.2C (at%) alloy and Fe-3Mn-10Al-1.2C (at%) alloy. For the former alloy composition
consisting of fully austenite grains, k-carbide showed majorly cuboidal and minorly pancake
morphology and its chemical composition was not changed through aging for 24 h and 168
h at 600°C. Meanwhile, for the isothermally annealed ferritic alloy system for 1 hr at 500
and 600°C, the dramatic change in the chemical composition of needle-shape k-carbide,
(Fe,Mn),(Fe,Al)C,, was found. Here we address that the compositional fluctuations in the
vicinity of the carbides are significantly controlled by abutting phase, either austenite or
ferrite. Namely, the cooperative ordering of carbon and Al is an important factor contributing
to carbide formation in the high-Mn and high-Al alloyed austenitic steel, while the carbon
and Mn for the low-Mn and high Al alloyed ferritic steel.
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INTRODUCTION

Recently, a novel class of steels with varying Al contents
has received great attention for structural and automotive
engineering applications (Springer & Raabe, 2012; Seol et al.,
2012; Seol et al., 2013; Gutierrez-Urrutia & Raabe, 2013; Raabe
etal., 2014; Choi et al., 2010). In particular, high-Al containing
Fe-Mn-Al-C alloys offer a superior combination of low mass
density, improved corrosion resistance, high strength and
excellent ductility in comparison to those of transformation-
induced plasticity (TRIP) or twinning induced plasticity
(TWIP) steels (Seol et al., 2013; Gutierrez-Urrutia & Raabe,
2013; Raabe et al., 2014). High amounts of Al are reported
to promote the precipitation of ordered k-(Fe,Mn);AIC,
with perovskite-type structure, which can control the
overall mechanical properties of the steels. Pronounced
manufacture of high-Al advanced steels with superior
mechanical properties has been achieved via varying with
the chemical composition of materials, especially controlling
Mn and C contents. Alloying of Fe,AlC, with Mn and C

carbides, Transmission electron microscopy, Atom probe tomography

produces a structural change in the characteristics of carbide
precipitation from BCC based DO; structure, Fe,Al, to FCC
based perovskite-type L'1, structure, (Fe,Mn),AlC, (Springer
& Raabe, 2012; Seol et al., 2013; Raabe et al., 2014; Choi et al.,
2010). Such high-Al bearing lightweight steels can be classified
into two main steel grades, namely, the ferritic Fe-Mn-Al-C
alloys of low-Mn contents between 3 and 8 wt.% and the
austenitic alloys containing high-Mn contents between 18
and 30 wt.%. In recent years, we reported that lamellar-type
K-carbides were formed in a ferritic Fe-3.0Mn-3.0A1-0.3C
(wt.%) alloy as a result of a eutectoid reaction associated
with nucleation and growth during isothermal annealing
between 500°C and 600°C (Raabe et al., 2014). For austenitic
lightweight alloys with high-Mn content, the «-particles with
rectangular shape were reported to precipitate out mainly
from the austenitic matrix via spinodal decomposition
during aging between 500°C and 600°C (Seol et al., 2013;
Gutierrez-Urrutia & Raabe, 2013; Raabe et al., 2014; Choi et
al., 2010). The strong effects of Al on the precipitation in Fe-
30.5Mn-8.0A1-1.2C (wt.%) alloys, allows the steel grade to
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be considered as promising lightweight structural materials
exhibiting a superior strength-ductility-density balance (yield
strength: ~990 MPa; ultimate tensile strength: 0.9~1.2 GPa;
uniform elongation: 37~65%; 5~9 g cm”) (Gutierrez-Urrutia
& Raabe, 2013; Raabe et al., 2014). However, an atomistic
understanding of k-carbide precipitates formed in austenitic
alloys is still unclear from an experimental point of view. In
addition, it has been a lack of comparative studies on the
morphology, chemical composition, and formation of the
carbides existing in the ferritic steels to the austenitic steels.
The present study aims at revealing the detailed aspects of
k-carbide in both thermally aged austenitic steels and iso-
thermally annealed ferritic steels from an atomic-scale
regime, such as morphology, crystalline structure, chemical
composition, and elemental partitioning using transmission
microscopy and atom probe tomography (Bang et al., 2015;
Seol et al., 2013).

EXPERIMENTAL PROCEDURE

The austenitic alloy studied in the work contains 25.0 Mn,
15.8 Al, and 5.6 C in at%. Details of the sample processing
were reported elsewhere (Raabe et al., 2014). This alloy
was solution-treated at 1100°C for 2 h followed by water
quenching. Subsequently, aging were carried out at 600°C
for 24 h and 168 h. Meanwhile, a ferritic-based alloy with a
composition of 3.2 Mn, 10.0 Al, and 1.2 C in at%. Details of
the alloy preparation and the thermo-mechanical processing
have been published elsewhere (Seol et al., 2013). Two-
step isothermal annealing was applied to the cold-rolled
steels, namely, intercritical annealing at 900°C for 30 min in
protective Ar atmosphere followed by isothermal annealing at
500°C or 600°C for 60 min and water quenching. The cooling
rate from 900°C to the holding temperature was ~100 K/s.

Microstructure characterization was done by TEM (JEM
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2010F) and selected area diffraction pattern (SADP). The
TEM samples were prepared by electrochemical polishing.
The lattice parameters of the k-phase and the austenite were
determined by high resolution TEM (HRTEM). The chemical
composition of the k-phase was determined by energy
dispersive spectroscopy (EDS) on a Cs-corrected STEM (JEM
2100F) and atom probe tomography (APT).

RESULTS AND DISCUSSION

A representative TEM dark-field image of high-Mn and high-
Al containing steel after annealing is shown in Fig. 1A. It reveals
the microstructure consisting of an austenitic matrix and
secondary-phase particles. Analysis of selected area diffraction
patterns along the [001] zone axis shows the presence of
{100} and {010} superlattice reflections. This indicates that
the particles are ordered k-carbides of L'l,-type structure
with a cube/cube orientation with the austenite matrix. TEM
images confirm that at the present annealing conditions,
the Kk-carbides consist of cuboid (20x17 nm) and plate-type
(8x18 nm) rectangular shaped particles. The k-carbides have
been commonly observed in Fe-Mn-Al-C steels with high Al
(between 6 and 11 wt.%) and C (between 0.2 and 1.8 wt.%)
contents. It has been reported a change in the morphology of
the k-carbides with annealing time which is associated to the
loss of particle coherency upon coarsening. Higher particle
coherency has been observed in austenitic Fe-Mn-Al-C alloys
(Gutierrez-Urrutia & Raabe, 2013; Choi et al., 2010) than
in ferritic systems (Seol et al., 2013). Accordingly, different
morphological evolution upon annealing has been reported.
For instance, for the ferritic lightweight Fe-3.0Mn-6.0A1-0.3C
(wt.%) alloys after isothermal transformation, an increase in
the annealing temperature from 500°C to 600°C allows the
shape of the k-phase to change from extremely elongated rod-
type to cylindrical-type as a result of higher 6 value between

Fig. 1. TEM micrographs of k-carbides,
obtained from (A) high-Mn high-Al
austenitic steels (Gutierrez-Urrutia &
Raabe, 2013; Raabe et al., 2014) and from
(B) low-Mn high-Al ferritic steels (Seol et
al., 2013).
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Fig. 2. Atom maps of C, Mn and Al, and corresponding concentration profiles across matrix-carbide interfaces, taken from (A) high-Mn high-Al austenitic
steels (Raabe et al., 2014) and (B) low-Mn high-Al ferritic steels (Seol et al., 2013).

(Gutierrez-Urrutia & Raabe, 2013; Raabe et al., 2014; Choi et
al.,, 2010).

Fig. 1B shows a representative TEM micrograph and corre-
sponding diffraction pattern, taken from the intercritically
annealed and isothermally holding steel. The final micro-
structure is composed of a polygonal ferritic matrix (a,) and
the lamellae formed along the prior y grain boundaries. In
the lamellar structure, there are three other phases, such as
fine ferrite, k-carbide, and retained austenite (yg). Hence, the
v phase is partially decomposed into ferrite and needle-like
K-carbide (y — Kk + @, + ). Details of the interpretations been
published elsewhere (Seol et al., 2013).

In recent years, we confirms that the chemical concentration
of k-carbide particles, Fe,MnAIC, ;, nearly is closed to that
of k-particles formed in the austenitic steels after aged for
96 h at 600°C as shown in Fig. 2A. Even longer aging time of

curr R [ — gy p— 170 h, we do not observe pronounced partitioning of Mn to

R I k-carbides. To date, the stoichiometric structure of k-carbide

Fig. 3. SEM image of slip formation during nano-indentation testing. Fe,AlC has not been reported experimentally (Seol et al., 2013;
Raabe et al.,, 2014). Instead, the exact stoichiometry of the

ferritic grains and k-phase (Seol et al., 2013). In contrast, a carbide has been only addressed using theoretical approaches
cuboidal to rectangular/plated-shape morphological evolution (Chao et al., 1993; Connétable & Maugis, 2008). For instance,
has been commonly reported in austenitic Fe-Mn-Al-C alloys four different stoichiometric structures of k-carbide have been
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theoretically described varying with the Mn content, namely,
Fe,AlC, Fe,MnAIC, FeMn,AlC, and (Fe,Mn),AlC. Note
that the crystalline structures of Fe,MnAlC and FeMn,AIC
exhibit tetragonal symmetry, and hence have two different
lattice constants along the x-axis and z-axis of the tetragonal
structure. Using density functional theory (DFT) calculations,
Noh and Kim (2011) reported that the formation energy
(113 kJ/mol) of k-Fe,MnAIC at absolute zero temperature
is higher than that of k-(Fe,Mn),AlC (90 kJ/mol). This
positively larger value of k-Fe,MnAIC than «-(Fe,Mn),AIC
means an enhanced energetic stability of k-Fe,MnAIC. On the
other hand, the incomplete filling of C atoms in the ordered
K-carbide structure has been conducted by CALPHAD type
thermodynamic descriptions. Based on the above-mentioned
theoretical approaches and our experimental findings, we
propose that the k-carbides formed in our steels after aging
at 600°C is very stable tetragonal structured Fe,MnAl(C,Va),
even after longer aging time.

As following APT measurements shown in Fig. 2B, we
suggest under-stoichiometry of the k-carbide with respect
to C at the body center sites and partial replacement of Al
by Fe or Mn in the corner positions in its fcc-based unit
cell. Thus, the composition of the k-phase can be expressed
as (Fe,Mn);(Fe,Al)C,. Details of the interpretations were
reported elsewhere (Seol et al., 2013). Therefore, we conclude
that during y decomposition into k and a,, both product
phases are competing sites for Al. The solute concentrations
inside k-carbide as determined by APT mass spectrum
analyses amount to 11.2+1.0 at.% C, 19.8+1.2 at.% Al, and
24.7+0.9 at.% Mn. Inside nano-channels between particles,
24.6+2.1 at.% Mn, 12.5+1.9 at.% Al, and 2.2+1.3 at.% carbon
are measured in average. It is important to note that the C
concentrations in the nano-channels are about two times
lower than those of SPR zones (4.8+0.8 at.%). C inside the
channels is relatively depleted, which might lead to locally
a decrease in the stacking fault energy of the present alloy.
This would give a strong hint for understanding interaction
between dislocations and nanoparticles occurring during
deformation (Gutierrez-Urrutia & Raabe, 2013; Gutierrez-
Urrutia & Raabe, 2012). Following our APT results, it is
plausible that the C-depleted channels between particles play
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a substantial role in the development of planar dislocation
substructure or dislocation cross-slip during deformation.
Details of ab initio in our system and the stability of nano-
particles are addressed well in the literature (Yao et al., 2016).
Fig. 3 shows SEM image of planar slip bands formed during
nano-indentation testing. Details of deformed microstructure
are also addressed in the literature (Gutierrez-Urrutia &
Raabe, 2013; Gutierrez-Urrutia & Raabe, 2012).

SUMMARY

Both the stability of y phase at elevated temperatures and
the thermal-processed approaches play a substantial role in
the morphology and the chemical composition of k-carbide
particles. In the austenitic steels, k-carbide particles have a
mixed morphology of cuboidal and lenticular shape, whereas
needle-like shape of a high aspect ratio for the ferritic steels.
APT results revealed the chemical composition of the
corresponding nanoparticles, thus enabling us to understand
the cooperative partitioning of solutes in the vicinity of the
K-phases. The aging of austenitic lightweight steels leads
to cooperative partitioning of C and Al atoms to ordered
K-carbide particles, mainly contributing to the formation
of k-carbide in the austenite matrix. As a result, fully
austenitic microstructure consists of precipitate-free zones
and precipitate regions including C-depleted nano-channels
between particles. Furthermore, we measured a k-carbide
composition that suggests a defected-rich state of k-carbide
containing vacancies.
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