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1 Introduction
Fe-Mn-Al-C system steels are characterized by excellent 
comprehensive mechanical properties and low density, 
which have received extensive attention in automotive 
applications [1-5]. The addition of Al has been shown 
to significantly reduce steel’s density, with reports 
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suggesting that a 12wt.% Al addition could lead to an 
18% density reduction [6]. Generally, the high content 
of Mn and C in low-density steels results in a single-
phase austenitic structure or a dual-phase structure 
with a small amount of ferrite in austenitic matrix, 
thereby achieving excellent mechanical properties and 
deformability [7-10]. In austenitic low-density steels, the 
precipitation of κ-carbide, with a nominal stoichiometry 
of (Fe, Mn)3AlC, plays a crucial role as a strengthening 
phase, contributing significantly to the overall strength 
of steels [11, 12]. Han et al. [13] demonstrated that dispersion 
of nano-scale intragranular κ-carbide could result in 
a strength increase of 200-500 MPa. Moreover, the 
coherent relationship between nano-scale κ-carbide 
and austenitic matrix can facilitate dislocations to cut 
through the κ-carbide, which in turn reduces dislocation 
pile-up and stress concentration. This process effectively 
enhances the yield strength of low-density steel while 
maintaining its plasticity [14, 15]. 



 481

CHINA  FOUNDRYVol. 22 No. 4 July 2025
Research & Development

The regulation of κ-carbide precipitation and growth in low-
density steels is mainly achieved by appropriate heat treatment 
processes and alloy composition design. Research has indicated 
that κ-carbides typically form in high-Mn low-density steels 
within a temperature range of approximately 400-750 °C [16-20]. 
An et al. [21] conducted aging treatments at 500 °C for 1 h and 
700 °C for 1 h on Fe-29.8Mn-7.65Al-1.11C low-density steel, 
resulting in κ-carbide growth from 2 nm to around 20 nm and 
35 nm, respectively. In fact, the formulation of heat treatment 
processes to regulate κ-carbide precipitation is based on the 
alloy composition of low-density steels, particularly the Al and 
C elements and their thermodynamic properties. It has been 
reported that in high-Mn low-density steels, the κ-carbides 
tend to form when the Al content exceeds 7wt.% and the C 
content is above 0.7wt.% [6]. Chin et al. [22] have established a 
correlation between Al content and the precipitation behavior 
of κ-carbides in Fe-30Mn-Al-C (wt.%) low-density steels by 
thermodynamic calculations. With increasing the Al content 
from 5wt.% to 11wt.%, the onset precipitation temperature 
of κ-carbide during the cooling process was increased from 
680 °C to 900 °C. Furthermore, an increase in the C content 
from 0.4wt.% to 1.1wt.% resulted in coarsening of intragranular 
and intergranular κ-carbide in Fe-20Mn-8Al-C (wt.%) steels, 
leading to an intergranular fracture and a sharp decrease 
in impact absorption energy [23]. Wu et al. [24] found that in 
Fe-26Mn-xAl-1C (wt.%) low-density steels, an increase in 
Al content caused the size of the κ-carbide to increase from 
approximately 10 nm to 20 nm. The increase in size promoted 
the strain softening effect during plastic deformation, reduced 
the density of slip bands, and led to a continuous decrease in 
strain hardening rate of the low-density steels.

Additionally, the Mn content is a crucial factor affecting 
the solid solubility of Al and C elements and the formation 
of κ-carbides in low-density steels [25-29]. Generally, higher 
Mn content leads to increased solid solubility of Al and C in 
the austenitic matrix [25]. Furthermore, it raises the formation 
energy of κ-carbide, thereby inhibiting the growth and 
coarsening of κ-carbides [22]. Consequently, high-Mn low-density 
steels with elevated Al and C content, along with dispersed 
nano-scale κ-carbides, would be prone to achieve lower 
density and superior comprehensive mechanical properties. 
Wang et al. [30] found that an increase in C could significantly 
promote the precipitation of κ-carbides in Fe-30Mn-11Al-xC 
steels, while also increasing the yield strength from 800 MPa 
to 1,200 MPa. Ren et al. [31] found that the high Al content 
could promote the formation of DO3 phase and κ-carbides 
in Fe-30Mn-11Al-1.2C steels, enhancing the yield strength 
from 520 MPa to 1,120 MPa, while also increasing the strain 
hardening rate. Studies have indicated that every 0.1wt.% C 
element increased the yield strength by 40 MPa, and every 
1.0wt.% Al element raised the stacking fault energy by 
11.3 mJ·m-2, demonstrating that increase in the content of 
Al and C elements resulted in an enhancement of yield 
strength and the transformation of deformation behavior [32,33]. 
Despite extensive research that has delved into regulating 

the precipitation of the κ-carbide in high-Mn low-density 
steels, the investigations predominantly focus on the impact 
of additional alloying elements (such as Cr, Mo, V, etc.), 
rather than the primary alloying elements [34-36]. The systematic 
calculation and analysis are deficient on the regulation of 
κ-carbide precipitation and the corresponding mechanical 
properties in high-Mn low-density steels, through variations in 
the content of the primary alloying elements Al and C. 

This work focused on the effects of varying Al and C 
content on the precipitation behavior of κ-carbide and its 
strengthening effect on the Fe-Mn-Al-C low-density steel 
with a Mn content of 28wt.% under near-rapid solidification. 
Transmission electron microscope (TEM) was employed to 
quantitatively analyze the κ-carbide precipitation in high-Mn 
low-density steels. First-principles and thermodynamic 
calculations were utilized to elucidate the impact mechanism 
of Al and C content on the precipitation behavior of κ-carbides. 
Furthermore, the strength contribution of κ-carbides with 
different sizes was quantitatively analyzed in detail.

2 Experimental procedure
For the high-Mn austenite-based low-density steels, the 
minimum Al content necessary for κ-carbide precipitation 
is widely considered as 7wt.% [6], and the setting of Al content 
in high-Mn low-density steels is generally above 9wt.% [37].
However, the high content of Al would result in too much 
ferri te [38], changing the phase consti tut ion of steels 
significantly. Therefore, the Al content of low-density steels in 
this work was set to 10wt.%-12wt.%. The Fe-28Mn-xAl-yC 
(wt.%, same as below) low-density steels were prepared using 
induction melting, where x=10, 11, or 12, and y=0.8, 1.0, 1.2, 
or 1.4. Initially, a 100 g alloy ingot was produced from high-
purity Fe (99.99%), Mn (99.9%), Al (99.9%), and C (99.8%) 
using a cold-crucible suspension induction melting apparatus. 
Subsequently, the alloy ingot underwent induction melting 
again and was poured into a copper mold, rotating at 600 rpm 
under an Ar atmosphere, resulting in a near-rapidly solidified 
steel strip with dimensions of (60-80) mm×60 mm×2.5 mm. 
For simplicity, the low-density steels with varying Al and C 
content were named accordingly. For example, the steel with 
10wt.% Al and 0.8wt.% C was named as 10Al0.8C steel.

The chemical compositions of the low-density steels 
were assessed using a CS2800 carbon-sulfur analyzer and 
inductively coupled plasma mass spectrometry (ICP), as 
detailed in Table 1. The density of the steel was determined 
through an SJ-600G electronic water displacement density 
analyzer, with the results also presented in Table 1. To 
identify the phase constitution of steels, an X-ray diffractometer 
(XRD, D/Max-2200, Cu target, operated at 40 kV and 40 mA) 
was used. It operated at a scanning rate of 4°·min-1 and 
scanned continuously across an angle range of 30°-100°. The 
microstructure characterization of steels was carried out 
using Phenom Pro scanning electron microscopy (SEM). 
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Table 1: Measured chemical compositions (wt.%) and 
density (g·cm-3) of the studied steels

Steels Mn Al C Fe Density 

10Al0.8C 29.6 9.7 0.7 Bal. 6.48

10Al1.0C 27.8 9.9 1.1 Bal. 6.46

10Al1.2C 29.3 10.3 1.2 Bal. 6.43

10Al1.4C 28.2 10.2 1.4 Bal. 6.42

11Al0.8C 28.8 10.9 0.8 Bal. 6.31

11Al1.0C 28.6 11.3 0.9 Bal. 6.30

12Al0.8C 27.3 12.3 0.8 Bal. 6.26

12Al1.0C 29.8 12.4 1.0 Bal. 6.24

Prior to the SEM characterization, samples were electro-
polished in a solution consisting of 10vol.% perchloric acid 
and 90vol.% alcohol, operated at 18 V for 15 s. To examine 
the nano-precipitates in steels, a JEM-2100F field emission 
TEM, operated at 200 kV, was employed. TEM specimens 
were prepared through twin-jet electrolytic polishing at 
approximately -25 °C and 40 V, using a solution consisting 
of 10vol.% perchloric acid and 90vol.% alcohol. Room 
temperature tensile tests were performed at a strain rate of 
1×10-3 s-1 using an MTS Criterion Model 44 mechanical 
property tester, with at least four repetitions were carried out 
for each steel strip. The tensile samples were prepared with 
dimensions of 20 mm×4 mm×1 mm.

To clarify the influence of Al and C on the formation of 
κ-carbides, first-principles calculations were performed using 
all spin-polarized density functional theory (DFT) [39-42],
as implemented in the Materials Studio software. These 
calculations were executed in reciprocal space, employing 
the special k-point method in the first Brillouin zone as 
per the Monkhorst-Pack scheme. For the FCC structure, 
2×2×2 supercells were used, and a 3×3×3 k-points grid was 
applied within the Brillouin zone for these supercells. The 
projector augmented waves (PAW) formalism in conjunction 
with generalized gradient approximation (GGA) was used 
for calculating the exchange-correlation potential [43]. The 
plane wave cut-off energy was set to 400 eV, and geometric 
optimization was achieved using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm [43], ensuring adequate 
atomic relaxation. The convergence criteria were: the energy 
difference between consecutive self-consistent calculation 
cycles was below l×10-5 eV·atom-1, the force on each atom was 
not greater than 0.03 eV·Å-1, and the internal stress did not 
exceed 0.03 GPa. To examine the effects of Al and C content 
on κ-carbide formation, variations in total energies and lattice 
parameters of Fe24Al8C8 were calculated as the number of Al 
atoms and C atoms were changed in the supercells. 

Fig. 1: XRD patterns of 10AlyC low-density steels

3 Results
3.1 Structures and mechanical properties of 

steels with different C content
3.1.1 Microstructures and nano-precipitates

Figure 1 presents the XRD patterns of 10AlyC steels, in which 
the steels are composed of austenite (γ) and ferrite (δ). With 
the increase of C content, there is a slight decrease in the 
diffraction peak intensity of δ(110) at 2θ=44.1°, indicating 
a decrease in ferrite content. The microstructure of 10AlyC 
low-density steels by SEM is shown in Fig. 2, revealing 
irregularly shaped ferrite (identified with a yellow arrow) 
distributes uniformly within the austenite matrix. Analysis of 
ferrite content in the SEM images [Figs. 2(a-d)], conducted 
with Image-Pro Plus (IPP) software reveals that the volume 
fraction of ferrite in 10Al0.8C, 10Al1.0C, 10Al1.2C and 
10Al1.4C steels is determined to be 27.3vol.%, 22.6vol.%, 
13.4vol.%, and 8.7vol.%, respectively. Previous research by 
Yoo et al. [8] indicated that when the C content exceeded 1.0wt.%, 
Fe-28Mn-9Al-C low-density steels exhibited a single-phase 
austenite structure. However, this study shows that even with 
C content above 1.0wt.%, a significant amount of ferrite 
remains in the low-density steels. It should be due to the 
high cooling rate during near-rapid solidification, preserving 
high-temperature ferrite at room temperature.

To investigate the influence of C content on κ-carbide 
precipitation, TEM characterization was carried out on the 
κ-carbides in 10AlyC steels. Figure 3 shows dark-field (DF) 
images of the κ-carbides and corresponding selected area 
electron diffraction (SAED) patterns taken along [001]γ zone 
axis. Nano-scale κ-carbides are found to be dispersed within 
the austenite matrix, with the SAED patterns revealing 
coherent characteristics between the κ-carbides and austenite. 
Analysis using IPP software reveals that the mean size of 
κ-carbides in 10Al0.8C, 10Al1.0C, 10Al1.2C, and 10Al1.4C 
steels is measured to be 9.6 nm, 11.0 nm, 15.7 nm, and 38.2 nm,
respectively. The content of κ-carbides in the steels is 
determined to be 10.2vol.%, 12.6vol.%, 15.2vol.%, and 
29.8vol.%, respectively. Additionally, the intensity of the 
diffraction spots corresponding to κ-carbides increases 
proportionally with the rise in C content from 0.8wt.% to 
1.4wt.%. Notably, the κ-carbides precipitated in 10Al1.4C 
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Fig. 3: TEM DF images of κ-carbides in 10Al0.8C (a), 10Al1.0C (b), 10Al1.2C (c), and 10Al1.4C (d) steels with corresponding 
SAED patterns (e-h) along [001]γ

Fig. 2: SEM images of 10AlyC low-density steels (a-d)

steel exhibit a distinct blocky morphology. The evolution of 
the average size and volume fraction of κ-carbides in 10AlyC 
steels is summarized in Fig. 4.

3.1.2 Mechanical properties 

Figure 5 shows the micro-hardness evolution and engineering 
stress-strain curves of 10AlyC steels. With the rise in C 
content from 0.8wt.% to 1.4wt.%, the micro-hardness 
of steels increases from 298 HV to 398 HV, as shown in 
Fig. 5(a). Figure 5(b) shows the engineering stress-strain curves 

of 10AlyC steels, with corresponding mechanical properties 
detailed in Table 2. The strengthening influence of C content on 
low-density steel is evident, as seen by the significant increase 
in yield strength (YS) and ultimate tensile strength (UTS) as C 
content rises from 0.8wt.% to 1.4wt.%. Specifically, the yield 
strength increases from 571 MPa to 1,175 MPa, marking a 
604 MPa increment, while the ultimate tensile strength 
increases from 782 MPa to 1,224 MPa, marking a 442 MPa 
increment. It is worth noting that due to the precipitation of 
large-sized κ-carbides in 10Al1.4C steel, its yield strength is 
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Fig. 4: Average size (a) and volume fraction (b) of κ-carbides in 10AlyC low-density steels

Fig. 5: Micro-hardness (a) and engineering stress-strain curves (b) of 10AlyC low-density steels

Table 2: Mechanical properties of 10AlyC low-density steels

Steels YS (MPa) UTS (MPa) TEL (%)

10Al0.8C 571±21 782±14 10.1 ± 3.6

10Al1.0C 841±13 962±17 17.3±2.1

10Al1.2C 862±24 994±10 16.1±4.3

10Al1.4C 1,175±12 1,224±23 6.2±1.7

significantly increased by 313 MPa compared to 10Al1.2C 
steel. However, the ductility of 10AlyC low-density steels 
initially increases and then decreases with increasing C content. 
The total elongation (TEL) of 10Al1.4C steel is only 6.2%.

3.2 Structures and mechanical properties of 
steels with different Al content

3.2.1 Microstructures and nano-precipitates

Figure 6 displays the XRD patterns of xAl0.8C and xAl1.0C 
low-density steels. In comparison to the 10AlyC low-density 
steels, the phase constitution of the low-density steels with 
varying Al content is still dominated by austenite and ferrite, 
with no new phase observed in the XRD patterns. Additionally, 
as the Al content increases, the intensity of ferrite diffraction 
peaks gradually intensifies. Compared to 10Al steels, there is 
a significant decrease in austenite peak intensity of 11Al and 
12Al steels. This means that higher Al content reduces the 
volume fraction of austenite. Figure 7 presents the SEM images 
of xAl0.8C and xAl1.0C low-density steels. As the Al content 
increases, the ferrite shape becomes more irregular and the 

size and content of ferrite significantly increase. Quantitative 
measurement using IPP software shows that the ferrite content 
is 27.3vol.%, 31.8vol.%, 36.8vol.%, 22.6vol.%, 28.7vol.%, 
and 33.2vol.% for 10Al0.8C, 11Al0.8C, 12Al0.8C, 10Al1.0C, 
11Al1.0C, and 12Al1.0C steels, respectively. During the 
near-rapid solidification process, the δ-ferrite firstly forms 
in the liquid phase, and then transforms into austenite as the 
temperature decreases [44]. Due to Al being an ferritic element, 
an increase in Al content would expand the phase region of 
δ-ferrite [37], resulting in more ferrite remaining during the rapid 
cooling, thereby increasing the content and size of ferrite at 
room temperature.

Figure 8 shows the TEM characterization on κ-carbides 
in xAl0.8C and xAl1.0C low-density steels. In the xAl0.8C 
steels, as the Al content increases from 10wt.% to 11wt.% 
and 12wt.%, the mean size of κ-carbides increases from 
9.6 nm to 10.2 nm and 11.4 nm, respectively, as depicted 
in Figs. 3(a), 8(a), and 8(b). For the steels with 1.0wt.% C, 
the mean size of κ-carbides in the 10Al1.0C, 11Al1.0C, and 
12Al1.0C steels is 11.0 nm, 13.6 nm, and 17.6 nm, respectively, 
as shown in Figs. 3(b), 8(c), and 8(d). The volume fraction of 
κ-carbides in 11Al0.8C, 11Al1.0C, 12Al0.8C, and 12Al1.0C 
steels is measured to be 12.9vol.%, 15.9vol.%, 17.8vol.%, 
and 19.2vol.%, respectively. The mean size and content of 
κ-carbides are increased with the increase in Al content, as 
summarized in Fig. 9.

3.2.2 Mechanical properties 

Figure 10 shows the micro-hardness of xAl0.8C and xAl1.0C 
steels. The data show a notable increase in micro-hardness as 
the Al content rises. For the xAl0.8C steels, the micro-hardness 

(a) (b)

(a) (b)
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Fig. 6: XRD patterns of xAl0.8C (a) and xAl1.0C (b) low-density steels

Fig. 7: SEM images of xAl0.8C and xAl1.0C low-density steels (a-d)

Fig. 8: TEM DF images of κ-carbides in 11Al0.8C (a), 12A0.8C (b), 11Al1.0C (c), and 12Al1.0C (d) steels with corresponding 
SAED patterns (e-h) along [001]γ or [011]γ

(a) (b)
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Fig. 10: Micro-hardness of xAl0.8C and xAl1.0C 
low-density steels

Fig. 9: Average size (a) and volume fraction (b) of κ-carbides in steels with different Al content

value increases from 298 HV to 342 HV with increasing the 
Al content. However, when the C content reaches 1.0wt.%, the 
impact of increasing Al content on micro-hardness diminishes 
significantly.

Figure 11 displays the engineering stress-strain curves of 
xAl0.8C and xAl1.0C steels, revealing that the yield strength 
of steels increases with an increase in Al content. Interestingly, 
the impact of increased Al content on the strength enhancement 
is less pronounced in low-density steels compared to those 
with varying C content. Specifically, comparing to 10Al0.8C steel, 
the yield strength of 11Al0.8C and 12Al0.8C steels increases 
by about 126 MPa and 236 MPa, respectively. Similarly, for 
11Al1.0C and 12Al1.0C steels, their yield strength increment 
is roughly 48 MPa and 105 MPa compared to 10Al1.0C steel. 

Fig. 11: Engineering stress-strain curves of xAl0.8C (a) and xAl1.0C (b) low-density steels

Table 3: Mechanical properties of xAl0.8C and xAl1.0C 
low-density steels

Steels YS (MPa) UTS (MPa) TEL (%)

10Al0.8C 571±21 782±14 10.1±3.6

11Al0.8C 697±12 903±21 19.4±4.7

12Al0.8C 807±21 861±34 3.1±0.7

10Al1.0C 841±13 962±17 17.3±2.1

11Al1.0C 889±31 1,100±9 26.4±3.3

12Al1.0C 946±18 1,039±12 9.0±3.1

In the low-density steels with varying Al content, the impact 
of increasing C content on enhancing yield strength diminishes 
as Al content increases. For the steels containing 10wt.% Al, 
the increase of C content from 0.8wt.% to 1.0wt.% results in a 
yield strength increment of 270 MPa. However, for the steels 
with 11wt.% and 12wt.% Al, the strength increments between 
the steels with C content of 0.8wt.% and 1.0wt.% are 192 MPa 
and 139 MPa, respectively. Concurrently, the ductility of the 
low-density steel initially increases and then decreases with the 
rise in Al content. When the C content is 0.8wt.% and 1.0wt.%, 
the 11Al steels exhibit the best ductility, 19.4% and 26.4%, 
respectively, while the 12Al steels exhibit the poorest ductility, 
3.1% and 9.0%, respectively.

(a) (b)

(a) (b)
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Fig. 12: Relationship and fitting curve between average size (a) and volume fraction (b) of κ-carbides 
and Al and C content in different steels

4 Discussion
4.1 Impact of Al and C content on κ-carbide 

precipitation 
Quantitative analyses were performed on the average size 
and volume fraction of κ-carbides in Fe-28Mn-xAl-yC 
low-density steels to clarify the influence of Al and C content 
on the precipitation behavior of κ-carbides, as shown in Fig. 12. 
Figure 12(a) displays the relationship and fitting curve between 
average sizes of κ-carbide and Al and C content in different 
steels. To demonstrate the accuracy of the fitting curves, the 
coefficient of determination (R2) for the fitting curves was 
calculated. The value of R2 greater than 0.8 and closer to 1 
indicates a higher accuracy of the fit curves. The calculated 
range of R2 for this work is found to be between 0.85 and 0.95, 
suggesting a relatively higher accuracy, as shown in Fig. 12. 
The slope of the fitting curve for C content is significantly 
greater than that of the fitting curve for Al content, suggesting 
that the impact of C content on the average size of κ-carbides 
is much more pronounced compared to that of Al content. 
Even with an increase in Al content up to 12wt.%, the size of 
κ-carbides in steels with 1.0wt.% C content remains below 
20 nm. However, in the 10Al1.4C steel, the average size 
of κ-carbides reaches 38.2 nm, as depicted in Fig. 4. The 
pronounced effect of C element on κ-carbides is also evident 
in the evolution of κ-carbide volume fraction, as shown in 
Fig. 12(b). As the C content increases, the volume fraction 
of κ-carbides rises from 10.2vol.% in 10Al0.8C steel to 
29.8vol.% in 10Al1.4C steel. For the steels with C content of 
0.8wt.% and 1.0wt.%, as the Al content increases from 10wt.% 
to 12wt.%, the volume fraction of κ-carbides only increases by 
7.6vol.% and 6.6vol.%, respectively.

To understand the impact of Al and C content on κ-carbide 
precipitation, thermodynamic calculations were carried out on 
Fe-28Mn-xAl-yC system steels. Using FactSage 8.3 software, 
the Gibbs free energy of κ-carbide between 400 °C and 800 °C
was calculated for 10AlyC and xAl0.8C steels, as depicted in 
Figs. 13(a) and (b). A lower energy of κ-carbide indicates 
higher stability, facilitating its precipitation. Results reveal 
that with increasing Al or C content, the Gibbs free energy of 
κ-carbide consistently decreases, suggesting that higher Al or 

C levels enhance κ-carbide precipitation. This corresponds 
to the TEM results shown in Figs. 3 and 8. Notably, the 
impact of C content on the Gibbs free energy of κ-carbide 
is more pronounced. Linear fitting analysis was performed 
on the relationship between Gibbs free energy of κ-carbide 
and Al and C content at 500 °C and 700 °C, as shown in 
Figs. 13(c) and (d). Across different temperature ranges, the 
slope of fitting lines corresponding to C content is consistently 
lower than that of Al content, implying that the increase in C 
content leads to a greater reduction in the Gibbs free energy of 
κ-carbide compared to Al content. Therefore, the increase in C 
content results in a greater driving force for the formation of 
κ-carbides.

In addition, our previous work has found that the ordered 
nuclei of κ-carbide could form directly in the disordered 
austenite, following the nucleation and growth mechanism [45].
Based on the classical nucleation theory, the minimum 
activation energy barrier for the nucleation of κ-carbides can 
be expressed as [46]:

(2)

where Eκ/γ is the interfacial energy between κ-carbides and 
austenite, with a value of 0.2 J·m-2 [47], ΔGV is the chemical 
driving force of κ-carbides, and ∆GS is the elastic strain energy. 
Among them, ∆GS can be expressed as [46]:

with lattice mismatch of

where E is the Young’s modulus, c is the nucleation 
composition, c0 is the nominal composition, v is the Poisson’s 
ratio, aκ is the lattice constants of κ-carbide, and aγ is the 
lattice constant of austenite. Generally, the elastic strain 
energy (∆GS) is proportional to the square of lattice mismatch 
between κ-carbides and austenite [46]. Therefore, a lower lattice 
mismatch corresponds to a reduction in elastic strain energy.

In this work, it is challenging to determine the lattice 
mismatch between κ-carbide and austenite in steels with 
varying Al and C content by direct XRD measurement, 

(1)
πE

(3)γ κ

κ
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Fig. 13: Gibbs energy of κ-carbides in 10AlyC (a) and xAl0.8C (b) low-density steels at different 
temperatures, and fitting curves between Gibbs free energy of κ-carbides and Al and C 
content at 500 °C (c) and 700 °C (d)

because of the indistinct diffraction peak of κ-carbide in 
Figs. 1 and 6. The austenite lattice constants obtained from 
XRD measurements are shown in Table 4. During the X-ray 
diffraction measurement process, the BBDD monochromator 
was utilized to monochromatize the radiation, thereby 
preserving only the necessary K-alpha radiation. The acquired 
data were then smoothed and subtracted from the background 
by Origin software. Subsequently, the processed data were 
analyzed by JADE software and PDF cards. Following this, 
the austenite peak was fitted to determine the corresponding 
lattice constant.

First-principles calculations were further performed using 
Materials Studio to analyze the impact of Al and C content 
on the theoretical lattice mismatch between the two phases. 
The supercell lattice constant was set to 0.716 nm from XRD, 
and each supercell was subjected to at least three calculations 
to ensure the accuracy under the condition of vivo modulus 

with 250 GPa. Then, it performed by CASTEP (a procedure 
for computing quantum mechanics from initial states based on 
density functional methods) to figure out the difference of lattice 
constants with different Al and C content. Figure 14(a) shows 
the 2×2×2 FCC-Fe structure cells (austenite, aγ=0.341 nm) 
supercell structure with 32 Fe atoms, whereas Fig. 14(b) shows 
the supercell structure of κ-carbide (Fe3AlC, aκ=0.367 nm). 
To elucidate the impact of Al and C content on the austenite 
lattice constant, supercell structures with an approximate ratio 
of real Al and C content in Fe-28Mn-xAl-yC steels were 
constructed, based on the fundamental FCC structure. The 
10Al0.8C steel, for instance, matches a supercell structure 
with 6Al atoms (18.14at.%) and 1C atoms (3.26at.%) added. 
The specific correspondence between Al and C content and 
supercell structure is also shown in Table 4. After optimization, 
the changes in austenite lattice constant with increasing Al or 
C content are shown in Figs. 14(c) and (d), as well as Table 4. 

Table 4: Atomic numbers of Al and C atoms, lattice constant, and lattice mismatch in xAlyC steels by experiment and calculation

Steels Corresponding 
Al and C atom number

Lattice constant
by XRD (nm)

Lattice constant
by calculation (nm)

Lattice mismatch 
between κ-carbide 

and austenite

aγ aγ aκ δ

10Al0.8C 6Al1C 0.350 0.347 0.367 0.054

11Al0.8C 7Al1C 0.353 0.350 0.367 0.046

12Al0.8C 8Al1C 0.358 0.352 0.367 0.041

10Al1.4C 6Al2C 0.355 0.349 0.367 0.049
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Obviously, the lattice constant of the FCC structure is raised 
by increasing the number of Al and C atoms, and the impact 
of increasing the number of Al atoms is somewhat stronger. 
The increase of C atoms reduces the lattice mismatch between 
κ-carbide and austenite from 0.054 to 0.049, while the 
increase of Al atoms reduces the lattice mismatch between 
the two phases from 0.054 to 0.041, as shown in Table 4. The 
reason for the difference between the calculated values and 
experimental values by XRD is that the calculated values 
are theoretical calculations based on FCC-Fe, while the 
experimental values are affected by the solid solution of C 
atoms and κ-carbides. Although the increase in Al content 
results in a smaller lattice mismatch, which is more favorable 
for the κ-carbide nucleation, the increase in C content has a 
greater effect on the Gibbs free energy of κ-carbides, which 
in turn greatly enhances the precipitation and growth of 
κ-carbides in austenite, as shown in Figs. 3 and 8.

4.2 Strengthening effect analysis of 
κ-carbides

As mentioned above, the size and volume fraction of κ-carbides 
show a nearly linear increase with a higher Al and C content, 
which is significantly influential in their ability to strengthen 
low-density steels [29]. Computational analyses were conducted 
on steels with varying Al and C content to understand the 
precipitation strengthening of κ-carbides. Due to the coherent 
characteristics between κ-carbides and austenite, variations in 
the size of κ-carbides can lead to different interactions between 
κ-carbides and dislocations during plastic deformation, i.e. 
particle shearing and bypassing mechanisms [48, 49]. Research 
undertaken by Kim et al. [50] established a critical radius 

of 13.4 nm for the shearing and bypassing mechanisms. 
However, multiple studies have shown that κ-carbides with a 
size of around 20 nm could still be cut by dislocations during 
deformation [24, 48]. Furthermore, Yao et al. [48] calculated a critical 
radius of 38 nm for the shearing and bypassing mechanisms for 
κ-carbides, which was supported by TEM characterization. 

In this work, the average size of intragranular κ-carbides in the 
10Al0.8C, 10Al1.0C, 10Al1.2C, and 10Al1.4C steels is 9.6 nm,
11.0 nm, 15.7 nm, and 38.2 nm, while in 11Al0.8C and 12Al0.8C 
is 10.2 nm and 11.4 nm, respectively, as shown in Figs. 4 and 9. 
Based on the computational model by Yao et al. [48], when the 
κ-carbide size is less than 38 nm, it can be cut by dislocations. 
Normally, when dislocations cut through particles, in order 
to maintain the ordered structure of κ-carbide and avoid the 
formation of antiphase boundary (APB), a pair of super-partial 
dislocations would travel through the κ-carbide together [48]. 
When the κ-carbide size is less than 10 nm, such as 10Al0.8C 
steel, the super-partials are weakly coupled, and the strength 
contribution by these κ-carbides can be given by

Fig. 14: Calculated supercell of FCC-Fe structure (a) and κ-carbide (Fe3AlC) (b), and calculated 
lattice constant of FCC-Fe with different numbers of Al (c) and C (d) atoms

where M is the Taylor factor (3.06) [47], b is the Burgers 
vector taken to be 0.25 nm [46], G is the shear modulus of the 
austenite matrix, which is 70 GPa [47], N is the number of pile-up 
dislocations that contributes to shearing the intragranular 
precipitates (N=8 [50, 51]), r is the radius of κ-carbides, and Vf 
is the volume fraction of κ-carbides [52], where γAPB-κ is the APB 
energy generated with κ-carbide shearing (γAPB-κ=350 mJ·m-2 [48]).
When the κ-carbide size is between 10 nm and 38 nm, the 

(4)
π

rκ κ
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super-partials are strongly coupled, and the strength contribution 
by κ-carbides can be given by

where D is the diameter of κ-carbides.
Based on the above computational model, the strength 

contribution by intragranular κ-carbides is calculated to 
be 238.3 MPa, 383.9 MPa, 404.4 MPa, and 583.4 MPa in 
10Al0.8C, 10Al1.0C, 10Al1.2C, and 10Al1.4C steels, and 
420.8 MPa and 474.3 MPa in 11Al0.8C and 12Al0.8C, as 
shown in Fig. 15. It can be observed that although different 
mechanisms are followed, the strengthening effect of κ-carbides 

(6)

still significantly increases with their size and content, and 
results in a maximum strength increment of 583 MPa. 

In this study, the 12Al0.8C steel has the highest ferrite 
content, reaching 36.8vol.%. Therefore, it is necessary to 
discuss the influence of the ferrite phase and nanoscale 
κ-carbides on the mechanical properties. The ferrite phase 
formed from the high-temperature liquid metal during 
sub-rapid solidification, contributes less to the yield strength, 
as demonstrated in previous experiments [53]. Ferrite is a softer 
phase compared to austenite, the nano-hardness of austenite 
exceeds twice than that of ferrite in previous studies [53]. 
The contribution of ferrite to yield strength is less than that 
of κ-carbides. The strength contribution of κ-carbides in 
10A0.8C, 10Al1.0C, 10Al1.2C, and 10Al1.4C low-density 
steels is calculated to be 41.7%, 45.7%, 46.9%, and 49.6%, 
and in 11Al0.8C and 12Al0.8C is 60.4% and 58.7%, as 
shown in the tables inside of Fig. 15. The analysis of strength 
contribution demonstrates that, despite the increase of ferrite 
content due to the rise in Al content, the proportion of strength 
contribution from κ-carbides within the total yield strength is 
significantly amplified to over 50%. This observation suggests 
that κ-carbides impart a greater contribution to the strength of 
the material than ferrite.

where w is a dimensionless constant with a value of 2 and γAPB-κ 
becomes to 700 mJ·m-2 [48]. When the κ-carbide size is larger 
than 38 nm, the interaction between κ-carbides and dislocations 
follows the by passing mechanism. The strength contribution by 
κ-carbides by passing can be expressed as [52]

Fig. 15: Calculated strength contribution of κ-carbides in steels with different Al and C content (a, b)

5 Conclusions
Fe-28Mn-xAl-yC steels were designed to investigate the 
impact of varying Al and C content on the precipitation 
behavior of κ-carbide and its strengthening effect in high-Mn 
low-density steels. The specific conclusions are as follows:

(1) The microstructure of Fe-28Mn-xAl-yC low-density 
steels exhibits a combination of austenite matrix and ferrite. 
For the 10AlyC steels, an increase in C content from 0.8wt.% 
to 1.4wt.% results in a decrease in ferrite content from 
27.3vol.% to 8.7vol.%. However, increasing Al content has 
the opposite effect on ferrite content, with the ferrite content 
in 12Al0.8C and 12Al1.0C steels reaching 36.8vol.% and 
33.2vol.%, respectively.

(2) The increase of Al and C content promotes the 
precipitation and growth of κ-carbides, with C exhibiting a 
more pronounced effect. In the 10AlyC steels, increasing C 
content from 0.8wt.% to 1.4wt.% leads to an increase in the 

average size of κ-carbides from 9.6 nm to 38.2 nm, and the 
volume fraction of κ-carbides from 10.2vol.% to 29.8vol.%. 
In addition, among the steels with a C content of 1.0wt.%, 
the 12Al1.0C steel has the highest κ-carbide content and the 
largest average size, at 17.6 nm and 19.2vol.%, respectively. 

(3) First-principles calculations demonstrate that both 
the increase in Al and C content could reduce the lattice 
mismatch between austenite and κ-carbide, favoring κ-carbide 
nucleation. Furthermore, thermodynamic calculations reveal 
that the increase in C content results in a greater reduction in 
the Gibbs free energy of κ-carbide compared to Al content, 
leading to a stronger driving force for κ-carbide formation. 
Therefore, the increase in C content has a more significant 
promoting effect on the precipitation of κ-carbides.

(4) The increase in Al and C content significantly enhances the 
yield strength of low-density steels by promoting the κ-carbide 
precipitation. Increasing C content from 0.8wt.% to 1.4wt.% in 
10AlyC steels results in a strength increase of 604 MPa. The 

(5)
rκ
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maximum strength contribution by intragranular κ-carbides 
in 10Al1.4C steel could reach 583 MPa. Similarly, increasing 
Al content from 10wt.% to 12wt.% in the xAl0.8C steels, the 
strength is rose by 236 MPa, the strength contribution by 
intragranular κ-carbides in 12Al0.8C steel could reach 474 MPa. 
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