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A B S T R A C T   

The strengthening via precipitation of nano-sized κ-carbides leads to exceptional strength-ductility balance in 
low-density steels. During aging, such nanocarbides form through spinodal decomposition by fluctuations in the 
aluminum and carbon content in the austenite, followed by short-range ordering. At lower aging temperatures 
and short aging times, the κ-carbides are very fine, coherent with the matrix, and homogeneously distributed. 
When the aging temperature increases, heterogeneous nucleation initiates on the grain boundaries, and the 
κ-carbides become coarse and lose coherency with the austenite matrix, leading to the deterioration of the 
mechanical properties. This work studies a fully austenitic hot rolled Fe-29Mn-8.7Al-0.9C alloy after different 
aging treatments. Two aging treatments were selected for a detailed study of the microstructure based on the 
exceptional strength-ductility balance demonstrated by these conditions. The samples aged at 550 ◦C for 8 h 
exhibited an ultimate tensile strength of 1141 MPa and strain at failure around 49%. The second aging treatment 
selected was aging at 600 ◦C for 1 h, and these samples exhibited an ultimate tensile strength of 1084 MPa, with 
strain at failure 62%. The size and morphology of the austenite grains and the annealing twins were studied 
through EBSD. Additionally, the size, morphology, and volume fraction of the nano-sized κ-carbides were studied 
using TEM. Both aging conditions led to microstructures consisting of a matrix formed by equiaxed austenite 
grains with homogeneously distributed intragranular κ-carbides. The κ-carbides were coherent with the matrix 
and showed globular morphology with a diameter between 3 and 6 nm and coherent with the austenite matrix. 
The interaction between gliding dislocations and κ-carbides was analyzed. It was shown that the mechanical 
behavior of the studied material is characterized by very high sensitivity to the size of κ-carbides and, therefore, 
can be tailored by appropriate aging treatment.   

1. Introduction 

Low-density steels have been the subject of many studies in the past 
years. Their exceptional strength-ductility balance attracts the interest 
of many research groups as they pose an alternative option for appli
cations in the automotive industry. Chen [1] and Zambrano [2] have 
conducted extensive overviews on the current state of the art of such 
alloys. The high aluminum (Al) content decreases the steel’s density by 
expanding the lattice parameter and thus results in weight reduction 
[3,4]. On the other hand, the high manganese (Mn) content leads to fully 
austenitic microstructures at room temperature [5]. According to the 
literature [6,7], alloying the steel with 5–11 wt% Al and 0.3–1.2 wt% 

carbon (C) makes it age-hardenable through the precipitation of κ-car
bides. Such carbides are an ordered metastable phase with an L12 
perovskite-type structure [8], composition (Fe,Mn)3AlCx (x < 1), and 
with a cube-on-cube orientation with the austenite matrix [9,10]. They 
form in the temperature range between 450 and 650 ◦C through 
chemical modulation of Al, C followed by Short-Range Ordering (SRO). 
The formation of the κ-carbides leads to precipitation hardening of the 
steel caused by interaction between the κ-carbides and the mobile dis
locations during plastic deformation [11]. Though, at higher aging 
temperatures (650–800 ◦C), intergranular formation of κ-carbides ini
tiates on the γ/γ grain boundaries. These carbides have faster growth 
kinetics than the intragranular carbides due to higher local energy at 
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grain boundaries [12–15]. Previous work from the authors [16] has 
shown that the intragranular κ-carbides favor the properties of the Fe- 
Mn-Al-C alloys, as they increase their strength without compromising 
their ductility due to their ordered structure and coherency with the 
matrix. On the other hand, intergranular κ-carbides should be avoided, 
as they can dramatically degrade their mechanical performance [17]. 

These types of steel have a high Stacking Fault Energy (SFE) due to 
the high Al content, and thus the deformation mechanism changes from 
Twinning Induced Plasticity (TWIP) to dislocation slip [18]. Yoo et al. 
[19] described the glide planar softening effect in which the leading 
dislocation moving through the lattice will eventually face the energy 
barrier by SRO. Then, assisted by the piling of the following dislocations 
activated on the same single slip plane, it will overcome the SRO energy 
barrier by destroying it. On the next stage, the following dislocations 
will glide more easily over the destroyed SRO region on that plane 
following the leading dislocation. According to Frommeyer et al. [4], the 
excellent combination of strength and ductility of these steels is attrib
uted to the micro-band induced plasticity (MBIP). 

This article focuses on the microstructure and related mechanical 
behavior of a fully austenitic hot rolled Fe-29Mn-8.7Al-0.9C steel after 
two different aging treatments at temperatures below 650 ◦C, which 
promotes the formation of intragranular κ-carbides while suppressing 
the formation of intergranular κ-carbides. The aging parameters deter
mine the morphology, size, and volume fraction of intragranular κ-car
bides, which in turn should affect their deformation behavior [11,16]. 
The aim of this research is to explore the sensitivity of tensile mechanical 
behavior (strength and ductility) to the size of intragranular nano-sized 
k-carbides as well as the effect of the latter on the dislocation – κ-carbide 
interaction during plastic deformation. 

2. Materials and methodology 

An Fe-29Mn-8.7Al-0.9C (wt%) steel was selected for this study. The 
casted ingots were reheated to a temperature of 1200 ◦C and hot-rolled 
to a final thickness of 5 mm, with a total reduction ratio of 65%. After the 
last rolling pass, the sheets were directly quenched in water to avoid the 
formation of intergranular κ-carbides. Samples were cut off from the 
sheets and were aged in the muffle furnace, inside a sand bath under 
strict control of the temperature and time. The selected aging conditions 
and sample names are given below in Table 1: 

The aging temperature and time were selected after literature review 
and after hardness measurements. From these experiments, it was shown 
that the peak aging conditions i.e., maximum hardness was achieved 
after 8 h of aging at 550 ◦C, and 1 h of aging at 600 ◦C. After the aging, 
the pieces were cooled in the air, and smaller samples were cut so that 
the rolling’s Transverse Direction (TD) could be observed in the 
microscope. 

For the Electron Back-Scatter Diffraction (EBSD) analysis, the stan
dard metallographic preparation consisting of grinding (up to #2000 
SiC paper) followed by polishing (diamond pastes of 3 μm, 1 μm, and 0.1 
μm colloidal silica) was performed. An FEI Quanta TM 450-FEG-SEM 
was used for the EBSD analysis using the following settings: 20 kV 
voltage, with an aperture size of 50 μm, a probe current of 2.4 nA, a 
working distance of 15 μm, and back-scatter electron (BSE) imaging. For 
EBSD analysis, the sample was tilted 70◦ towards the vertical axis. The 
corresponding orientation data were post-processed with EDAX-TSL- 
OIM-Data Analysis version 7.3.1. software using the following grain 
definition: misorientation with neighboring grains higher than 15◦, a 
minimum number of points per grain was 8, and a confidence index (CI) 

larger than 0.1. Additional maps were obtained to analyze the austenite 
grain morphology and the annealing twins, with a scan size of 100 ×
100 μm and a step size of 100 nm. The grain definition for these maps is 
the same as the one mentioned above. 

For Transmission Electron Microscopy (TEM) analysis, samples were 
produced by grinding up to a thickness of 100 μm and using electrolytic 
preparation equipment with perchloric acid. A Jeol JEM-2200FS, 200 
kV field emission TEM was used. 

For the Transmission Kikuchi Diffraction (TKD) analysis, the same 
TEM samples were placed on the specific holder with a tilt towards the 
EBSD detector of − 30◦. The working distance was 5 mm, and the step 
size used 6 nm. The voltage was set to 20 kV, with a final aperture size of 
50 μm and a probe current of ~2.4 nA. 

Finally, for the tensile tests, sub-size samples with a gauge length of 
25 mm according to the ASTM E8 standard geometry were cut from the 
hot-rolled sheets parallel to the rolling direction. The strain rate for the 
tensile tests was 10− 3 s− 1, and 3 samples per condition were tested. The 
results were found to be reproducible. 

3. Results 

3.1. Austenite morphology 

The microstructure of the hot-rolled and water-quenched (HR&WQ) 
sample consists of austenite grains with annealing twins. The Normal 
Direction (ND) Inverse Pole Figure (IPF) maps (Fig. 1a-c) show the 
orientations of the grains and the twins with different colors, and it can 
be seen that no orientation is preferred. The presence of annealing twins 
adds more orientations to the microstructure. These twins are distin
guished by the Σ3 twin boundaries 〈111〉60◦ shown as yellow in the 
Grain Average Image Quality (GAIQ) maps of Fig. 1d-f. The total number 
of grains in the scan minus the grains excluding twins determines the 
average number of annealing twins within a parent austenite grain. 
Then, dividing the number of twins by the total number of grains gives 
the ratio of twins per grain. This methodology for calculating the twin 
density was used by Field et al. [20] to determine the twin density in 
recrystallized copper alloys. In Figs. 1 and 2a, the average number of 
twins per grain is given, as was calculated by the EBSD scans. For 
example, the total number of grains for the EBSD scan of the HR&WQ 
sample is 504. Then, the number of grains excluding the annealing twins 
is 84. Then, the number of annealing twins is 420, and dividing this 
value by the total number of grains gives an average of 0.833 twins per 
grain. Similarly, the average number of annealing twins per grain is 
0.856 for the 550_8 sample and 0.719 for the 600_1 sample. The grain 
definitions used for these calculations are a 15◦ minimum misorienta
tion angle and a minimum grain size of 15 measurement points. The 
twin boundaries excluded for these calculations are Σ3 type boundaries 
with a tolerance of 5◦. The austenite grains are equiaxed in all samples. 
The grain morphology and presence of annealing twins in all studied 
samples indicates that the recrystallization process occurs during the hot 
rolling, between the passes, and before the final water quenching. 
Finally, it is observed that these values are almost the same for all of the 
studied samples, with insignificant deviation, indicating that no 
recrystallization occurs during the aging process. 

The distribution of the austenite grain size with the annealing twins 
for the studied samples is shown in the diagram of Fig. 2b. The scan size 
for the austenite grain size analysis was 1000 × 1000 μm, and the step 
size was 0.6 μm, resulting in maps containing approximately 35,000 
grains. All samples have similar grain sizes, on average ~ 8 μm. The 
peaks of the aged samples are shifted slightly to the right of the diagram, 
but no significant grain growth is expected to occur at these relatively 
low aging temperatures. 

3.2. Mechanical properties 

Tensile tests were performed in the aged samples at a strain rate of 

Table 1 
The names and aging conditions of the studied samples.  

Sample name HR&WQ 550_8 600_1 

Aging temperature (◦C) – 550 600 
Aging time (h) – 8 1  

A. Banis et al.                                                                                                                                                                                                                                   



Materials Characterization 205 (2023) 113364

3

10− 3 s− 1. In Fig. 3a, the engineering stress-strain curves are shown. 
Three specimens were tested per condition, but only two representative 
curves are given in the diagram. In addition, the average values of the 
tensile properties from all three measurements are given in the imposed 
table. Both samples exhibited continuous yielding. The 550_8 sample 
demonstrates higher yield strength (σYS) of 1015 MPa, compared to the 
920.5 MPa exhibited by the 600_1 sample. Then, the Ultimate Tensile 

Strength (σUTS) is 1141 and 1084 MPa for the 550_8 and 600_1 samples, 
respectively. The total strain at failure (εTE) may reach 49.1% for the 
550_8 sample and 61.92% for the 600_1 sample. In Fig. 3b, the true 
stress and work hardening rates (dσ/dε) are shown as a function of the 
true strain. For clarity, the polynomial trendline is given as dashed lines 
for the work hardening rates. It can be observed that for both samples, 
the work hardening rates show the same trend. At the initial stages of 

Fig. 1. ND IPF maps of the a) HR&WQ, b) 550_8, and c) 600_1 sample. GAIQ maps with Σ3 twin boundaries plotted in yellow for the d) HR&WQ, e) 550_8, and f) 
600_1 sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. a) The twin density calculated for the studied samples b) the studied samples’ austenite grain size (equivalent circular diameter) distribution.  
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strain, the work hardening rate is increasing until it reaches a maximum 
value, which is 1800 MPa at strain around 0.15 for the 550_8 sample, 
and 2000 MPa at approximately the same levels of strain for the 600_1. 
After the maximum value is reached, the work hardening rate decreases 

for both samples, as the strain increases. 
Fractographic analysis performed on the fracture surface of both 

samples (Fig. 4) shows ductile fracture. The dimple size varies in a wide 
range from 1 μm to 12 μm, and the aging treatment does not affect the 

Fig. 3. a) Engineering stress-strain curves for the aged samples. The average values are given in the superimposed table; b) true stress – true strain curves for the aged 
samples along with the corresponding work hardening rate curves. 

Fig. 4. SEM fractography images of the aged samples after the tensile tests show ductile type of fracture with dimples.  
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morphology of fracture surface. 

4. Discussion 

TEM analysis is used to explain the difference in the tensile proper
ties between the aged samples. As aging treatment does not affect the 
morphology and size of the austenite grains, the precipitation-hardening 
effect of the κ-carbides seems to be the main reason for the changes in 
the mechanical properties and it was investigated in detail. Fig. 5 shows 
the Scanning TEM (STEM) images for the HR&WQ, 550_8, and 600_1 
samples. Before the aging stage, no intergranular or intragranular 
κ-carbides are observed due to the water quenching of the sheets after 
the final rolling pass. In the aged samples, some very fine particles can be 
observed inside the grains. Also, it is unclear if precipitation has started 
on the grain boundaries, but no coarse carbides have been observed. 

To better observe the nano-sized κ-carbides, higher magnification 
was used. Fig. 6a,b show High Resolution (HR) TEM images. The zone 
axis is [001], and the atoms of the austenite matrix and the κ-carbides 
can be observed. Using the Inverse Fast Fourier Transformation (IFFT), it 
is possible to distinguish the κ-carbides, as shown in Fig. 6c,d. In these 
figures, the atoms belonging to the κ-carbides are shown in white and 
blue, depending on the intensity of the reflection. At this stage of aging, 
the κ-carbides have a globular shape and are randomly and homoge
neously distributed in the matrix. Their precipitation occurs during the 
concurrent fluctuations in the chemical composition and SRO [21]. 
Increasing the aging temperature increases the kinetics of particle 
coarsening [22], and the κ-carbides obtain cuboidal or plate-like shapes 
and form parallel stacks with narrow and broad γ-channels in between 
[23,24]. However, in this case, the increase of the aging temperature 
from 550 to 600 ◦C is compensated by the low aging time, and thus, the 
formation of stacks is avoided. 

The observed gradient in the reflection intensity is attributed to the 
SRO, as no clear phase boundaries can be determined. In addition, the 
arrangement of the atoms has the same orientation for all of the κ-car
bides. This orientation is the same as the austenite matrix, indicating the 
coherency between the matrix and the carbides. 

The size (diameter) of the κ-carbides has been measured for the two 
samples to quantitatively analyze their effect on tensile properties. The 
size of the κ-carbides is analyzed in Table 2. The average size of the 
κ-carbides after aging for 8 h at 550 ◦C is 2.98 nm, almost double the size 
of the carbides of the 600_1 sample, which is 1.46 nm. The gaussian 
distribution of the measurements is also plotted in Fig. 7. It can easily be 
observed that the curve for the 600_1 sample is shifted to lower di
ameters, indicating a smaller carbide size. Also, it can be observed that 
the distribution of carbide size is more narrow for the 600_1 sample, 
between 0.8 and 2.5 nm, while for the 550_8 sample the distribution of 

carbide size is wider, between 1.5 and 4.5 nm. This also corresponds to 
the smaller standard deviation seen in Table 2. This means that for the 
550_8 sample, there is larger variation in the size of the κ-carbides. 

Based on XRD analysis in Fig. 8, it was observed that the aged 
samples had peaks that shifted slightly towards the right when 
compared to the hot-rolled sample. According to Kim [25], compressive 
strains are imposed on the austenite matrix, whereas tensile strains 
exerted on the κ-carbides. This explains the shift in peaks and also the 
slightly broader peak of the 550_8 sample, which had larger κ-carbides 
that created more strains. In specific, the Full-Width at Half Maximum 
(FWHM) is measured at 0.267 and 0.258 for the 550_8 and 600_1 
samples, respectively. However, the fact that the peaks were in the same 
position for the aged samples suggests that the lattice parameter of the 
κ-carbides is similar to that of the austenite matrix and that the fraction 
of κ-carbides in both samples is almost identical. 

This difference in the size of the κ-carbides is attributed to the 
different aging treatments. It can be assumed that during aging at 600 ◦C 
for 1 h, the formation of κ-carbides is less pronounced than in the 550_8 
sample, while the volume fraction is similar for both samples. This 
means that the interparticle spacing or the size of the austenite channels 
between the carbides is larger in the 600_1 sample. The dislocations 
glide [26] during deformation and interact with the κ-carbides by 
shearing them [23,27]. The shearing occurs as the carbides are coherent 
with the austenite matrix. According to the literature [25,28], the fully 
coherent κ-carbides reduce the lattice misfit strain, and their precipita
tion generates a negligible amount of lattice strains, namely <3%. Also, 
bypassing such small carbides is impossible due to the very small 
interparticle spacing [29], as in this case. In [23], it was shown for the 
Fe-30.4Mn-8Al-1.2C aged alloy that the Orowan mechanism is possible 
if the interparticle spacing is larger than ~20 nm. Therefore, Orowan 
bypassing of κ-carbide stacks would be possible at later stages of aging 
and κ-carbide growth [23]. In Fig. 9, the IFFT image of a single κ-carbide 
is shown. In this IFFT, the atoms that give super-lattice reflections are 
isolated, namely the ordered atoms. As it appears, the SRO is not clearly 
visible in the part of the carbide annotated with the yellow dashed line, 
which is caused by the glide planar softening effect that has been 
described in [19,27]. Also, a small step can be observed, which indicates 
that the specific carbide has been sheared by dislocations. 

In Fig. 10, the same area of a single grain of the 550_8 sample after 
tensile deformation with a strain of 2% was studied via STEM (Fig. 10a), 
DF TEM (Fig. 10b), and TKD (Fig. 10c-e). From the STEM image, the 
formation of micro-bands can be observed between the dislocation walls 
[27]. Inside the bands, gliding dislocations also appear. The mobility of 
these dislocations will depend on their interactions with the nano-sized 
κ-carbides. As was shown from Fig. 9, the dislocations are shearing the 
κ-carbides, and therefore their movement will be impeded. Therefore, 

Fig. 5. STEM images of the studied samples showing two austenite grains and a grain boundary. The formation of intergranular κ-carbides is avoided in 
all conditions. 
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the smaller size and fraction of κ-carbides in the 600_1 sample means 
that the dislocations may move more freely in the austenite matrix by 
gliding, and the possibility of meeting and shearing a κ-carbide is 
reduced. This results in the higher elongation that was observed in this 

Fig. 6. a,b) HRTEM images of the aged samples on the [001] zone axis. c,d) corresponding IFFT after masking the reflections of the austenite matrix, thus showing 
the atoms that belong to the κ-carbides. 

Table 2 
The average diameter of the κ-carbides with the standard deviation (SD) and 
relative accuracy (RA) of the measurements.  

Sample Diameter (nm) SD (%) RA% 

550_8 2.98 0.9 9.6 
600_1 1.46 0.59 10.4  

Fig. 7. The gaussian distribution plotted based on the diameter of the κ-car
bides for the 550_8 and 600_1 samples. 

Fig. 8. XRD analysis of the HR&WQ, 550_8, and 600_1 sample at a 2θ range 
between 48 and 51◦. 
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sample. Specifically, a difference of ~1.5 nm in the size of the κ-carbides 
leads to an increase in the total elongation of approximately 20%. From 
the Dark Field (DF) TEM image and the selected area diffraction pattern 
(insert on the top left corner), it is shown that this grain has a zone axis 
[001] and hence, the κ-carbides can be observed. The micro-bands can 
also be observed in the Kernel Average Misorientation (KAM) map from 
the formation of dislocation walls and by the IPF map from the slight 
difference in colour. As indicated in the literature [19], in order to 
accumulate the strains, these micro-bands start to rotate. This rotation is 
also visible in the DF image, as the κ-carbides outside this micro-band 
cannot be observed. The thickness of the micro-band was also 
measured from the distance A-B between the dislocation walls from the 
KAM map, at 260 nm, which corresponds to the observations from the 
STEM and TEM images. According to the same literature, increasing the 
strain, will result in decreasing the thickness of the micro-bands. 

The level of micro-banding was also studied with EBSD. Different 
maps were taken on the transverse plane of the tensile sample at 
different distances from the fracture, as can be seen in Fig. 11. The level 
of strain depends on the distance to the fractured surface. 

From the IPF maps, it can be seen that the austenite grains become 
more elongated and the level of misorientations increase as the distance 
from the fracture decreases and the strain increases. This means that the 
density of microbands is increasing, and they rotate in order to accu
mulate the additional strain. This is according to the literature [19]. The 
Kernel Average Misorientation (KAM) maps indicate the level of strain 
inside the austenite grains, by the fraction of misorientations between 
the different points of the map. As expected, at higher levels of strain, 
the level of misorientation increases, with angles between 2 and 3◦

showing up more frequently (Fig. 11i) under the fracture surface. 

5. Conclusions 

This study has focused on the relationship between the κ-carbide size 
and the mechanical properties of a Fe-29Mn-8.7Al-0.9C alloy. It has 
been found that the finer diameter of the precipitates leads to larger 
channels in the deformed austenitic matrix. These channels act as 
pathways for the gliding dislocations until they are impinged by the 
κ-carbides. Then, due to their coherency with the austenite matrix, the 
carbides are sheared by the dislocations, which glide through the micro- 
bands, and lead to a reduction of the total elongation of the steel. The 
impingement of the dislocations leads to the formation of microbands, 
the density and rotation of which depends on the level of strain. It can be 

concluded that the greater the number of interactions between the 
κ-carbides and the gliding dislocations, the more pronounced the 
reduction of the elongation will be. In this case study, the sample aged at 
a slightly increased temperature but for much less time, produced ~1.5 
nm finer precipitates and hence exhibited much higher elongation 
(~20%) without significant loss of tensile strength. Hence, this sensi
tivity needs to be controlled, as such a small difference in the particle 
size can significantly alter the material properties. 
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