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A B S T R A C T

To save energy and reduce CO2 emissions, the lightweight design of structural components has recently become a 
global issue. Fe–Mn–Al–C based alloys with a low mass density have received considerable attention as structural 
materials enabling such lightweight designs. However, typical strength-ductility trade-off dilemma appears in 
Fe–Mn–Al–C lightweight steels. Dispersion of nano-sized Fe3AlC-type κ-carbides achieves excellent tensile 
properties of high strength (~1 GPa) and large elongation (~50 %). However, further increase in strength (~1.2 
GPa) caused by κ-carbide coarsening reduces elongation significantly (<10 %), limiting the potential applica
tions of lightweight steels in structural parts that require ultrahigh strength and high ductility, such as wear- 
resistant components. Here, we resolve this drawback of lightweight steels by reinforcing the surface layer 
through 3D printing. The composition of base steel plate is Fe–30Mn–8Al-0.7C (wt%), and a lightweight steel 
powder with a relatively higher Al and C contents (Fe–30Mn-9.5Al-1.0C (wt%)) was then deposited on the 
surface of base steel plate through laser powder bed fusion (L-PBF). After L-PBF, an aging treatment led to more 
precipitation of κ-carbides in the surface layer, producing a functionally graded hard surface layer. A developed 
surface-hardened ductile lightweight steel thus has the potential to replace conventional wear-resistant steels, as 
it has excellent tensile ductility (51 %), high surface hardness (410 HV), high wear resistance, and 12 % lower 
mass density.

1. Introduction

Wear is the damage or removal of metal surfaces caused by 
destructive phenomena such as friction or erosion during the operation 
of mechanical devices. Decline in the functionality of devices due to 
wear causes severe economic losses, estimated at 1–4 % of the gross 
national product of an industrialized nation by abrasive wear [1]. Since 
Hadfield manganese steel with high hardness was first introduced in the 
late 19th century [2], various wear-resistant steels have been developed 
to overcome this problem [3–10]. To achieve outstanding wear-resistant 
characteristics, conventional wear-resistant steels generally consist of 

fully austenite or tempered martensite microstructure, which exhibit an 
excellent balance of strength and ductility. Despite their popularity and 
success, more advanced characteristics are now being demanded of 
wear-resistant steels, i.e., lower mass density and higher ductility 
without loss of hardness.

In particular, the lightweighting design of structural components is 
essential for improving the efficiency of energy-conversion devices [11]. 
In addition, an increase in hardness to obtain wear-resistance charac
teristics in conventional steels decreases ductility significantly, the 
so-called ‘strength-ductility trade-off dilemma’. Herein, we solve these 
two challenges ahead of conventional wear-resistant steels by 
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introducing austenitic Fe–Mn–Al–C lightweight steel and a 3D printing 
process. Austenitic Fe–Mn–Al–C steels exhibit an excellent balance be
tween strength and ductility with a low mass density [11–14]. Al 
effectively reduces the density of steel and significantly increases the 
strength of Fe–Mn–Al–C steels owing to precipitation strengthening by 
the formation of nano-sized Fe3AlC-type κ-carbides. However, the 
strength-ductility trade-off dilemma also appears in Fe–Mn–Al–C steels, 
i.e., the precipitation of coarse intergranular κ-carbides by adding 
excessive Al results in a significant loss of ductility [11]. 3D printing is 
an additive manufacturing process that builds metal structures 
layer-by-layer [15–17]. Through 3D printing, a dissimilar surface layer 
that differs from the base steel can be formed.

Considering these facts, we designed a new type of lightweight steel 
with excellent tensile ductility and high surface hardness by creating a 
selectively hardened surface. We call this alloy surface-hardened ductile 

lightweight steel. To develop this alloy, we selected the base steel plate 
of a ductile austenitic lightweight alloy with the composition of 
Fe–30Mn–8Al-0.7C (wt%) and then deposited a lightweight steel pow
der with a relatively higher Al and C contents (Fe–30Mn-9.5Al-1.0C (wt 
%)) on the surface of the base steel plate through laser powder bed 
fusion (L-PBF). Finally, an aging treatment after L-PBF produced a 
functionally graded hard surface layer owing to the acceleration of 
κ-carbide precipitation in the surface layer.

2. Materials and methods

Ductile austenitic Fe–30Mn–8Al-0.7C lightweight steel (LWS) plate 
was prepared as the base steel. It was fabricated using commercial 
vacuum induction melting (VIM) and hot-rolling processes. First, an 
ingot sample was prepared using a VIM furnace. After reheating for 2 h 
at 1050 ◦C, the ingot sample was hot-rolled into the base steel sample 
with a thickness of 12 mm.

Next, to deposit a hard layer on the surface of base steel plate, the L- 
PBF 3D printing process was used. A metal powder with the composition 
Fe–30Mn-9.5Al-1.0C (wt%) was prepared through gas atomization and 
then sieved to isolate powder suitable for L-PBF. The mean particle size 
of the separated powder was 24.2 μm. Details of the PBF process include 
a laser power of 170 W, a scan speed of 900 mm/s, a hatch distance of 
80 μm, and a layer thickness of 30 μm. Finally, a thickness of 3D-printed 
surface layer was 5 mm.

After L-PBF, the samples were first solution-treated for 2 h at 1050 ◦C 
and then water-quenched. It should be noted that a solution treatment 
temperature of 1050 ◦C was selected within the austenite temperature 
region of the LWS plate considering the equilibrium phase diagram. 
Fig. 1(a) and (b) show the equilibrium phase diagrams of the LWS plate 

Fig. 1. Equilibrium phase diagram: (a) the LWS plate with the composition of Fe–30Mn–8Al-0.7C (wt.%) and (b) the LWS powder with the composition of Fe–30Mn- 
9.5Al-1.0C (wt.%).

Fig. 2. Schematic diagram showing sampling location of the micro-tensile 
test specimens.

Fig. 3. Schematic illustration for manufacturing surface-hardened ductile lightweight steel via L-PBF: (a) SEM micrograph of Fe–30Mn-9.5Al-1.0C metal powder 
used for L-PBF and (b) band contrast image and IPF map obtained from EBSD analysis near the interface between base steel and surface layer deposited by L-PBF.
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and the LWS powder, respectively. As shown in Fig. 1(a), the LWS plate 
is expected to have a single austenite phase at 1050 ◦C. In the case of the 
LWS powder (Fig. 1(b)), the temperature range of austenite is narrow 
compared to the LWS plate, while the ferrite region is wider. This is 
because the LWS powder includes a higher amount of Al, which is a 
ferrite stabilizer. Next, to make a functionally graded material consisting 
of a hard surface on ductile base steel plate, the solution-treated samples 
were aged for various periods (30, 100, 1000 min) at 550 ◦C.

The microstructures of the samples after solution and aging treat
ments were investigated through optical microscopy (OM), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), 
and electron backscatter diffraction (EBSD) analyses. For the OM and 
SEM observations, the samples were first mechanically polished and 
then etched in a mixed solution of 100 ml ethanol and 4 ml nitric acid. 
For TEM observations, thin foil specimens were prepared by twin-jet 
electrolytic polishing at 20 V and 195 mA with a mixed solution of 

Fig. 4. Metal powder used for PBF: (a) SEM image, (b–d) EDS mapping for Al, Mn, and Fe in metal powder, and (e) size distribution of metal powder feedstock.

Fig. 5. Microstructure evolution of printed surface-hardened ductile lightweight steel during the solution and aging treatments.
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10 % perchloric acid and 90 % methanol at − 30 ◦C. The samples for 
EBSD analysis were prepared by mechanical polishing using a colloidal 
silica suspension. The distribution of the κ-carbide in the base steel and 
3D-printed surface was analyzed using atom probe tomography (APT) 
with a CAMECA LEAP 4000X HR. Tip specimens for APT analysis were 
prepared using focused ion beam (FIB) equipment with an FEI Helios 
NanoLab G3 UC. The tip specimens were then held in a vacuum of 2.0 ×
10− 11 Torr at − 223.15 ◦C (50 K), after which they were field-evaporated 
at a detection rate of 1.0 % with 355 nm UV laser at a laser pulse energy 
of 100 pJ and a laser pulse rate of 125 kHz. APT data were analyzed 
using the Interactive Visualization and Analysis Software (IVAS 3.8.4) of 
CAMECA instruments.

The stress-strain response of the samples was evaluated by tensile 
testing at a nominal strain rate of 6.5 × 10− 3 s− 1. For tensile testing, 
micro-tensile specimens were machined. Fig. 2 shows sampling location 
of micro-tensile test specimens. As shown in Fig. 2, a 10 mm thick 3D- 
printed surface was additionally deposited on the base steel to 
perform micro-tensile tests as each location (base steel, 3D-printed 
surface, and their interface). The length of the gauge was 5.12 mm, 
the width of the reduced section was 1 mm, and the overall length of the 
specimen was 16 mm.

Finally, we performed wear resistance tests using a ball-on-disc 
apparatus. The test was conducted on the base steel and the 3D-printed 
surface with the reference material (commercial 400HV-grade wear- 
resistant steel) under the following conditions: Si3N4 ball as the 
counter material, applied load of 5 N, rotational speed of 100 RPM, wear 

radius of 5 mm, and a total of 50,000 revolutions. The wear resistance of 
the samples was evaluated by measuring the weight loss before and after 
testing.

3. Results and discussion

3.1. Base steel plate and metal powder used for L-PBF

Fig. 3 shows a schematic illustration of surface-hardened ductile 
lightweight steel manufactured through the L-PBF 3D printing process. 
For the base steel plate, we selected a Fe–30Mn–8Al-0.7C (wt%) light
weight steel with an austenite matrix because of its excellent ductility 
(65 % in solution-treated state) and high tensile strength (757 MPa in 
solution-treated state) at low mass density. To create a hard layer on the 
surface of the base steel plate, we performed PBF 3D printing using 
lightweight steel powder with the composition Fe–30Mn-9.5Al-1.0C (wt 
%), which contains higher Al and C contents than the base steel plate. 
Fig. 3(a) shows an SEM micrograph of the lightweight steel powder used 
in this investigation. Through the gas atomization process, spherical 
powders were fabricated and powders with a size range of 10–45 μm 
were then separated for the L-PBF process. Fig. 4 shows the distribution 
of alloying elements inside the powder and their size distribution. As 
shown in Fig. 4(b–d), all elements were distributed homogeneously in 
the powder, and the mean size of the powder was 24.2 μm (Fig. 4(e)). 
Fig. 3(b) shows a band contrast image and inverse pole figure (IPF) map 
obtained from EBSD analysis at the interface between the base steel 
plate and the 3D-printed surface layer.

3.2. Microstructure and strength change during the heat treatment

To develop a functionally graded austenitic lightweight steel with a 
ductile matrix and a hard surface at a low mass density, we carried out a 
solution and aging heat treatment after L-PBF. The aging treatment led 
to the precipitation of κ-carbides, and such behavior was accelerated at 
the 3D-printed surface region owing to higher Al and C content, facili
tating selective hardening of the surface layer compared to the base 
steel. Several previous studies have reported the effects of Al and C on 
the precipitation behavior of κ-carbide in Fe–Mn–Al–C-based light
weight steels [11, 18–20]. Al and C constitute Fe3AlC-type κ-carbide, 
and thus increasing the Al and C contents enhances the driving force for 
precipitation of κ-carbide.

Fig. 5 shows the changes of microstructures during the solution and 
aging treatments. As shown in Fig. 5, a sound 3D-printed surface layer 
was obtained and the interface between the base steel and the 3D- 
printed surface layer was well connected without defects. The melt 
pool boundaries (MPBs) were observed at the 3D-printed surface layer 
immediately after L-PBF and disappeared during the solution heat 
treatment. The base steel had coarse equiaxed grains, while the 3D- 
printed surface layer had a columnar grain that grew in a direction 
perpendicular to the MPBs (see the band contrast and IPF maps in 
Fig. 5). This growth direction of columnar grains vertical to the MPBs is 
same as heat conduction direction caused by the large temperature 
gradient. In addition, Fig. 5 shows that there was no noticeable change 
in texture during the solution and aging treatments, indicating that the 
recrystallization did not occur during heat treatments.

Fig. 6(a) shows the changes in Vickers hardness at the surface layer 
and in the base steel with an increase in aging time at 550 ◦C. It should 
be noted that the hardness values shown in Fig. 6(a) were measured at 
the 3D-printed surface layer and the base steel region on the cross- 
sectional area. As the aging progressed, the strength of both the base 
steel and the 3D-printed surface layer increased, and this aging hard
ening occurred more in the 3D-printed surface layer. As mentioned 
above, the different aging hardening behavior of the base steel and 3D- 
printed surface layer was attributable to a change in the precipitation 
kinetics of κ-carbide depending on Al and C content, i.e., hardening in 
the 3D-printed surface layer occurred faster than that in the base steel 

Fig. 6. Mechanical properties of surface-hardened ductile lightweight steel: (a) 
changes in hardness at the surface and in the base steel with increasing aging 
time at 550 ◦C and (b) tensile properties at each location of the sample aged for 
1000 min at 550 ◦C.
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due to the acceleration of κ-carbide precipitation in the 3D-printed 
surface layer by its higher Al and C content. Fig. 7(d and e) and 7(f–g) 
show TEM dark-field images and selected area diffraction (SAD) patterns 
in the 3D-printed surface layer and the base steel plate, respectively, 
after the aging for 1000 min at 550 ◦C. These results indicate that 
nanosized κ-carbides precipitated within the austenite matrix. To 
quantitatively compare the fraction of κ-carbide in the 3D-printed sur
face layer and the base steel plate, the atom probe tomography (APT) 
analyses was carried out. Fig. 8 shows iso-concentration surface images 
obtained from APT analyses of the sample aged for 1000 min at 550 ◦C. 
The κ-carbides can be distinguished from the matrix by the 4 at.% C iso- 
concentration surface. It should be noted that 4 at.% C is much lower 
that the C content in κ-carbide, but same approach with this study in 
APT analyses has been reported in many previous papers [11, 21–23]. 
These approaches have been accepted as reliable by comparison of the 

actual size of the κ-carbide with the APT observation results. As ex
pected, there was more κ-carbide precipitated in the 3D-printed surface 
layer (Fig. 8(a)) than in the base steel (Fig. 8(b)). A thermodynamic 
calculation also predicts that the κ-carbide may precipitate more in the 
3D-printed surface layer, as shown in Fig. 9. These results indicate that 
the 3D-printed surface layer achieved a considerably higher strength 
than the base steel after the aging due to the greater precipitation of 
κ-carbides, as shown in Fig. 6(a). As a result, we achieved a ductile 
lightweight steel with a high surface hardness of 400HV after the aging 
for 1000 min at 550 ◦C.

Fig. 6(b) shows the results of tensile tests at different locations of the 
sample aged for 1000 min at 550 ◦C. The base steel has an excellent 
balance between high yield strength (460 MPa) and high ductility (50.5 
%). The 3D-printed surface layer exhibits an ultra-high yield strength 

Fig. 7. TEM micrographs of surface-hardened ductile lightweight steel near the interface between the base steel plate and the 3D-printed surface layer after the aging 
for 1000 min at 550 ◦C. (a) STEM image, (b and c) high-resolution TEM image, (d and e) dark-field image and SAD pattern analysis in the 3D printed surface region, 
and (f and g) dark-field image and SAD pattern analysis in the base steel plate.

Fig. 8. Results of APT analyses. Iso-concentration surface images (a) at the 3D- 
printed surface region and (b) in the base steel after the aging for 1000 min 
at 550 ◦C. Fig. 9. Equilibrium phase fraction of κ-carbide in the base steel plate and at the 

3D-printed surface layer.
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(770 MPa) and suitable tensile ductility (21.6 %). Despite the 
strengthening effect of κ-carbide precipitation, coarse intergranular 
precipitation did not occur in the 3D-printed surface layer (see Fig. 7
(a–c)), allowing for high tensile ductility. A previous study [24] reported 
a significant drop in tensile ductility due to the coarse intergranular 
precipitation of κ-carbides. Meanwhile, as shown in Fig. 6(b), the 
interface has tensile properties between those of the base steel and the 
3D-printed surface layer, indicating that the 3D-printed surface layer is 
well bonded to the base steel with a dilution of alloying elements. Fig. 7
(b–c) show a high-resolution TEM image near the interface, indicating 
that a coherent interface is formed by epitaxial solidification during 3D 
printing [25,26], as shown in Fig. 5. That is, at the interface, the atoms of 
the base steel and the 3D-printed surface layer are perfectly matched and 
have same orientation, as shown in Fig. 7(c).

To confirm the potential of the developed alloy, we compared the 
surface hardness and tensile ductility of the developed alloy to those of 
conventional wear-resistant steels. Fig. 10 shows the tensile ductility 
versus surface hardness of the developed surface-hardened ductile 
lightweight steel compared to conventional wear-resistant steels. 
Apparently, conventional alloys typically exhibit a trade-off relationship 
between surface hardness (strength) and ductility. However, the new 
surface-hardened ductile lightweight steel has a significantly higher 
surface hardness while maintaining high ductility in the matrix than 
conventional wear-resistant steels.

Finally, we performed wear resistance tests on the base steel after 
aging for 1000 min and the 3D-printed surface after aging for 1000 min 
with commercial 400HV-grade wear-resistant steel under the applied 
load of 5 N, rotational speed of 100 RPM, wear radius of 5 mm, and a 
total of 50,000 revolutions. The weight loss before and after testing was 
measured as follows: 0.001 mg for commercial wear-resistant steel, 
0.005 mg for the base steel, and 0.001 mg for the 3D-printed surface. 
These results indicate that the 3D-printed surface developed in this study 
exhibits significantly improved wear resistance compared to the base 
steel and a performance level comparable to the commercial wear- 
resistant steel. This confirms the potential of surface modification for 
enhancing the wear properties of lightweight steels.

With this functionally graded alloy design, surface-hardened ductile 
lightweight steel has the advantages of both wear-resistant steel and 
lightweight steel, with excellent tensile ductility (51 %), high surface 
hardness (410 HV), and a significant reduction in mass density (12 %) 

compared to general steels.

4. Conclusion

In summary, we designed a new class of alloy that is lightweight, 
highly ductile, and surface-hardened, to compete with conventional 
wear-resistant steels. The developed surface-hardened ductile light
weight steel is based on a ductile austenitic lightweight steel matrix of 
Fe–30Mn–8Al-0.7C (wt%). The surface layer was deposited through L- 
PBF 3D printing with a lightweight steel powder containing higher Al 
and C content (Fe–30Mn-9.5Al-1.0C (wt%)). After 3D printing, the aging 
treatment promoted greater precipitation of κ-carbide in the surface 
layer, achieving a functionally graded hard surface layer with a ductile 
matrix. This functionally graded lightweight steel thus has the potential 
to replace conventional wear-resistant steels owing to its superior tensile 
ductility (51 %) at high surface hardness (410 HV), high wear resistance 
and 12 % lower mass density.
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