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Abstract
It is vital for emission reduction and energy saving to lighten the weight of automobile. Low-density Fe–Mn–Al–C steels

with high strength and excellent ductility have become a promising type of material in the automotive industry. Thus, a

new approach was proposed by using centrifugal casting to produce the low-density Fe–12Mn–9Al–1.2C steel with high

performance under near-rapid solidification in a near-net shape. The produced steel strips, with a thickness of 2.5 mm and a

density of 6.89 g/cm3, were examined for their microstructures and mechanical properties. The results showed that

mechanical properties of as-cast steel strip reached 1182 MPa in ultimate tensile strength and 28.1% in total elongation.

Aging treatment at 400 or 600 �C for 3 h enhanced tensile strength of the steel strips, while aging at 800 �C dramatically

decreased its elongation. Moreover, Young’s modulus of the steel strip improved with the increment of aging temperature.

The relationship between the mechanical properties and the microstructures was discussed. The results demonstrated that

advanced low-density steels with promising mechanical properties could be directly produced from liquid by this simple

process.
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1 Introduction

Weight lightening of automotive components is a major

way to reduce the greenhouse gas emission and improve

fuel efficiency in the automotive industry [1–4]. To

decrease vehicle weight, there are several approaches from

the perspective of materials: reducing the density of steel,

reducing the amount of steels by enhancing the strength of

steel, or increasing applications of lightweight alloys such

as titanium, aluminum or magnesium alloys. However, it is

unsustainable to decrease the thickness of car components

unlimitedly through enhancing the strength of steel,

because the weight lightening based on gauge reduction

will remarkably reduce the stiffness of the parts [5].

Moreover, the high cost of lightweight alloys is a notice-

able disadvantage for cost-effective automobile compo-

nents [6].

The Fe–Mn–Al–C steel was recently reappraised as the

promising automobile steel on account of its low density,

high strength and excellent ductility [7, 8]. Significant

reduction of density by 10–20% in a low-density Fe–Mn–

Al–C steel is the great advantage in lightening of auto-

motive components, which makes its specific strength more

appealing against lightweight alloys because of the cost [9].

Furthermore, the addition of Al in steels could improve the

capability of resisting hydrogen-associated failure and

oxidation to some extent [10]. It has been widely found that

the deformation mechanisms such as transformation-in-

duced plasticity, twinning-induced plasticity and disloca-

tion slip are helpful to improve the strength and ductility,

which is typically characterized by a high product of
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ultimate tensile strength and total elongation for

30–70 GPa % [11–16].

However, the traditional production process of the low-

density Fe–Mn–Al–C steel not only consumes a lot of

energy due to the repeated heating and cooling but also

produces several problems in the procedures. First of all,

the high contents of Mn and Al usually result in casting

cracks, and severe edge cracks could appear during

hot/cold rolling because of the high deformation resistance

of the steel [17]. Secondly, oxidation at high temperatures

is an evident issue during the annealing and hot rolling

process [7].

A potential approach to fabricate the advanced low-

density steel is using a near-net shape method under near-

rapid solidification. The near-net shape production would

clearly reduce the energy consumption during the rolling

deformation. The near-rapidly solidified material possesses

features of ultrafine microstructure, low segregation, high

solid solution and possibly non-equilibrium or

metastable phases [18–22]. In the traditional process route,

the homogenization treatment is conducted to decrease the

segregation of alloying element, and grain refinement is

achieved during the hot/cold rolling process. The quench-

ing procedure is to promote the formation of non-equilib-

rium phases like martensite, metastable austenite, and

nano-scale particles and to expand the solid solubility limit

of alloying elements. It has been proved by previous

studies [23–25] that the Fe–Mn-based steels directly fab-

ricated from liquid by near-rapid solidification possess

satisfactory mechanical properties, even better than those

obtained from the traditional process.

In this work, a near-net shape method under near-rapid

solidification was used to produce the low-density Fe–

12Mn–9Al–1.2C steel. And, the effects of aging treatment

on the mechanical properties and structures were

investigated.

2 Experimental

The experimental material is Fe–12Mn–9Al–1.2C (wt%)

steel. The material was prepared from high purity Fe

(99.99%), Mn (99.9%), Al (99.9%) and C (99.8%). The

traditional production route of low-density Fe–Mn–Al–C

steels is schematically shown in Fig. 1 [26–29]. The

solidified ingots usually required homogenization treatment

at a high temperature (about 1200 �C) for 2–4 h. Then,

they were hot rolled and cold rolled to produce approxi-

mately 1 mm thick sheet. The subsequent annealing treat-

ments were performed between 500 and 1000 �C for

several hours and then quenched into water.

In present work, centrifugal casting was used to produce

the low-density steels in a near-net shape. It was a cus-

tomer-designed method to produce larger size thin strips

under near-rapid solidification, different from the injection

casting or suction casting [25]. The setup of the centrifugal

casting is illustrated in Fig. 2. The whole production pro-

cess was conducted as follows. The cylindrical cavity was

vacuumed and then filled with high purity argon. The

sample was heated to melt by induction coils. After the

rotary platform reached a given speed of 600 r/min stea-

dily, moveable baffle was manually drawn out. Finally, the

molten metal flowed into the rotary copper mold through a

graphitic funnel and solidified within a short period of time

(the calculated cooling rate is about 5 9 103 K/s [30]). A

thin strip with size of (70–90) mm 9 60 mm 9 2.5 mm

was obtained. Then, the steel strip was divided into two

parts along the central line in thickness direction. Both

parts were mechanically polished to 1 mm in thickness for

mechanical property test. In addition, microstructure

observation was carried out in position of 500–600 lm

beneath the surface.

The composition of the steel strip was Mn 11.75, Al

9.12, C 1.23, and Fe balance (all in wt%), measured by

inductively coupled plasma-optical emission spectrometer

(PERKINE 7300DV) and carbon–sulfur analyzer (CS

Fig. 1 Production route of low-density steel reported in the studies [26–29]

Fig. 2 Schematic setup of centrifugal casting
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600CR). Archimedes’ principle–gas expansion displace-

ment method was adopted to measure the density of the

steel strip (ACCUPYC II 1340 density analyzer). The

measured density of the steel was about 6.89 g/cm3, which

decreased by 12.34% compared with ferrite. Some strips

were heated to 400, 600 and 800 �C within 3 h, and aged

for 3 h inside a tubular vacuum furnace (10-4 Pa vacuum),

then cooled to room temperature.

Microstructure was characterized using an optical

microscope (OM, Zeiss Axio Imager A2 m) and a scanning

electron microscope (SEM, Phenom ProX). Samples for

OM and SEM observations were mechanically polished

and then etched by a solution containing 3.3 vol.% nitric

acid, 3.3 vol.% acetic acid and 0.1 vol.% hydrofluoric acid.

For observation with a transmission electron microscope

(TEM, JEM-2100F operated at 200 kV), samples were

electrolytically thinned by a twin-jet polisher in a solution

of 10 vol.% perchloric acid at temperature of - 30 �C at

30 V. The constituent phases were identified using an

X-ray diffractometer (XRD, D/Max-2200, Cu target,

operated at 40 kV and 40 mA) with a scan rate of 4 (�)/
min, and the volume fraction of ferrite phases was deter-

mined by a ferrite instrument (FERITSCOPE FMP30).

Young’s modulus of the specimens was tested by three

points bending method (NETZSCH-TMA402), and the

gauge section is 22 mm 9 2 mm 9 0.7 mm. Two speci-

mens were prepared for each condition, and each specimen

was measured by two times, giving four measurement data

for each steel strip. Tensile tests were performed up to

failure using an MTS Criterion Model 44 tensile testing

facility with a 12-mm gauge extensometer at room tem-

perature, with strain rate of 2.5 9 10-4 s-1. The tensile

specimens contained gauge section of 20 mm 9 4 mm 9

1 mm, and their surfaces were mechanically polished.

Moreover, four samples were tested for the tensile test of

each steel strip.

3 Results and discussion

3.1 Microstructure

Figure 3 shows OM images of as-cast, and 400, 600, and

800 �C-aged steel strips. In all strips except the one aged at

800 �C, irregular short rod or granular ferrites are uni-

formly embedded in austenite matrix, while in the low-

Fig. 3 Optical images of steel strips. a As-cast; b aged at 400 �C; c aged at 600 �C; d aged at 800 �C. Inset in (d) is an SEM image
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density steel with the similar compositions made by tra-

ditional method, ferrites are banded [31, 32]. Aging treat-

ment at 400 or 600 �C for 3 h does not evidently change

the microstructure of these steel strips, although the ferrites

fraction is slightly increased, as shown in Fig. 3c. How-

ever, after aging at 800 �C, irregular short rod or granular

ferrite disappears, which is replaced with dispersed fine

microstructure, as shown in Fig. 3d. SEM observation in a

higher magnification reveals dense lamellar microstructure,

as shown in the inset of Fig. 3d.

From XRD results as shown in Fig. 4, austenite is the

major constituent phase in the as-cast, and 400 and 600 �C-

aged steel strips. There are only two weak diffraction peaks

of a-ferrite phase at 42.5� and 80.9�, respectively, in these

three samples. No reflections from j-carbide are present.

However, in the 800 �C-aged steel strip, reflections from

austenite phase disappear; instead, a phase becomes the

major constituent phase, along with the j-carbide. These

results are consistent with the observation in Fig. 3d.

Table 1 lists the ferrite volume fractions of the four steel

strips. The ferrite fraction increases with the aging treat-

ment temperature.

3.2 Mechanical properties

Figure 5 shows the tensile properties of the four steel

strips. From the engineering stress–strain curves, ultimate

tensile strength (UTS) and total elongation (TE) of the as-

cast steel strip are determined as 1182 MPa and 28.1%,

respectively. Aging treatment at 400 and 600 �C increases

the UTS to 1266 and 1393 MPa, respectively, while their

TE first increases to 30.7% and then decreases to 12.6%.

However, for the steel strip aged at 800 �C, both the

strength and elongation sharply decrease to 1092 MPa and

0.6%, respectively, because of the appearance of dense

coarse j-carbides. The product of UTS and TE of the

400 �C-aged steel strip reaches 38.9 GPa %, which is the

best comprehensive mechanical property in these four steel

strips.

Figure 6 shows the true stress-true strain and strain

hardening rate (SHR) curves of the as-cast, 400 and

600 �C-aged steel strips. All these three steel strips possess

a very high initial SHR at approximately 4500 MPa, which

Fig. 4 XRD profiles of as-cast and aged steel strips

Fig. 5 Tensile properties of as-cast and aged steel strips

Table 1 Ferrite volume fractions of as-cast and aged Fe–12Mn–9Al–

1.2C steel strips

Specimen As-cast 400 �C 600 �C 800 �C

Ferrite fraction/vol.% 13.3 14.6 22.7 78.6
Fig. 6 True stress-true strain and strain hardening rate curves of as-

cast and aged steel strips
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decreases drastically until the true strain attains 0.05 in the

first strain stage. In the second strain stage, the as-cast steel

strip maintains a constant SHR level around 2000 MPa,

and the 400 �C-aged steel strip exhibits an increased SHR

from 1764 to 2042 MPa with the increase in the strain,

while SHR of the 600 �C-aged steel strip is only

1312 MPa. In the third strain stage, starting from 0.23 and

0.25, respectively, the SHRs of the as-cast and 400 �C-

aged steel strips decrease rapidly until fracture. The steel

strip aged at 600 �C does not exhibit the third stage clearly.

Figure 7 shows the Young’s modulus of the four steel

strips. The Young’s modulus is improved by 19.2, 46.8 and

61.1% after the aging treatment at 400, 600 and 800 �C,

respectively, compared with as-cast steel strip. The aging

treatment effectively improves the Young’s modulus of the

steel strips.

3.3 TEM analysis

To investigate the changes of mechanical properties by

aging treatment, TEM analysis was carried out. TEM

images of as-cast steel are shown in Fig. 8. In the bright

field (BF) image in Fig. 8a, a piece of ferrite inserts into the

austenite matrix, as confirmed by selected-area diffraction

pattern (SADP) in Fig. 8c. Figure 8b shows a BF image of

the austenite matrix, where the circled area is selected for

electron diffraction, as shown in Fig. 8d. A set of weak

superlattice reflections (marked with green arrows) are

observed, which are from the precipitation of (Fe,Mn)3-

AlCx type j-carbides with L012 structure [33]. However,

the content of j-carbide is too low to be detected clearly in

XRD (Fig. 4). In the high-resolution TEM images in

Fig. 8e, f, crystalline planes of j-carbide marked with j are

visible, with lattice spacing twice as that of the austenitic

matrix. The size of j-carbide is approximately 5–10 nm.

Figure 9 shows the TEM analysis of 600 �C-aged steel

strip. Some lamellae containing a-ferrite and j-carbide

appear, as shown in Fig. 9a. Figure 9b shows a magnified

image of the lamellar microstructure, showing the width of

j-carbide in 20–50 nm. The SADPs in Fig. 9c, d confirm

the a and j phases. Thus, a eutectoid transformation of

c ? a ? j occurred partially in austenite during 600 �C
aging treatment. In Fig. 9e, an isolate ferrite appears in the

austenite matrix, which is similar to the microstructure

observed in the as-cast steel strip. Moreover, larger island

j-carbide is also observed, as shown in Fig. 9f, and its

elemental composition is determined as Fe 58.37, Mn

12.94, Al 13.34 and C 15.35 (all in wt%) by EDS.

It can be concluded that aging treatment increases the

fractions of ferrite and j-carbides since the

metastable austenite of the near-rapidly solidified steel strip

transforms into the ferrite and j-carbides. As Dalai et al.

[34] found that an incorporation of 10 vol.% TiC particle in

austenitic manganese steel could boost the increase in

elastic modulus, and it could be speculated that the

increase in strength and Young’s modulus after aging at

400 and 600 �C was attributed to increased nano-size j-

carbides. Moreover, the Young’s modulus (210 GPa) of

pure ferrite is also slightly higher than that of pure austenite

(195 GPa) [34]. Increasing the ferrite fraction is beneficial

to improve both strength and Young’s modulus.

3.4 Comparison with steels prepared
by traditional method

Table 2 lists a comparison of investigated strips with sev-

eral other Fe–Mn–Al–C steels prepared by traditional

methods. Compared with the low-density steels with sim-

ilar composition made by the traditional methods, the

present Fe–12Mn–9Al–1.2C steel strip solidified under

near-rapid solidification contains a higher fraction of

austenite phase. The ferrite is in irregular short rod or

granular shape with smaller size, while in steels made by

traditional methods, ferrites are banded [31, 32]. These

microstructural features favor the mechanical properties.

Moreover, nano-scale j-carbides appear in the austenite

matrix in the present sample, which contributes to the

higher tensile strength. As a result, mechanical properties

of as-cast steel strip are similar to or even better than those

produced by the traditional methods.

The improved strength and Young’s modulus of strips

after aging treatment at 400 and 600 �C are mainly

attributed to more precipitation of j-carbides and slight

increase in ferrite fraction. The improved ductility after

400 �C aging treatment was probably related to the release

of thermal stress and the decrease in dislocation density of

the steel strip caused by rapid cooling rate [25]. In addition,

the specific strength of the steel strip prepared under near-

Fig. 7 Influence of aging temperature on Young’s modulus of steel

strip
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rapid solidification is much higher than that of the low-

density steels with similar composition made by the tra-

ditional methods, and the specific strength of 600 �C-aged

steel strip is even more than 200 MPa cm3/g, which is far

higher than those of low-density steels made by traditional

methods.

The mechanical properties of low-density steels and

lightweight alloys are compared in Fig. 10, according to

the studies [26, 32, 35–46]. Titanium alloy has the best

specific strength, but its plasticity is limited on account of

the fact that the elongation is usually lower than 15%.

Compared with magnesium and aluminum alloys, low-

density steel possesses comparable specific strength while

better plasticity. Considering the comprehensive mechani-

cal property and cost, the low-density steel would have

great potential applications in weight lightening of

automobiles.

It can be concluded that the near-net shape method

under near-rapid solidification condition can directly pro-

duce advanced high strength and low-density Fe–Mn–Al–C

steel from liquid. It may become an alternative way to

produce low-density steels due to its simplified process,

along with other advantages such as energy saving, high

efficiency and benign environment.

Fig. 8 TEM images of as-cast steel strip. a BF image of ferrite in austenite matrix; b BF image of austenite with j-carbide; c SADP taken from

circled area in (a), along [111]a zone axis of ferrite; d SADP taken from circled area in (b), along [001]c//[001]j zone axes; e, f high-resolution

images of j-carbides in austenitic matrix
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4 Conclusions

1. In the as-cast low-density Fe–12Mn–9Al–1.2C steel

strip prepared under the near-rapid solidification, there

were austenite and ferrite (in 27.4 vol.%) two major

constituent phases, and nano-scale j-carbides were

dispersed in the austenite matrix. The ferrite was in

irregular short rod or granular shapes, rather than

banded microstructure reported in steels with similar

composition made by traditional method involving

heat treatment and hot/cold rolling. The as-cast steel

strip possessed UTS of 1182 MPa and TE of 28.1%.

2. Aging treatment at 400 and 600 �C for 3 h enhanced

the tensile strength and Young’s modulus of the steel

strip. However, when the aging temperature was above

600 �C, total elongation significantly decreased,

because of a eutectoid reaction of c ? a ? j.

3. The strength and specific strength of the low-density Fe–

12Mn–9Al–1.2C steel strip were much higher than those

of low-density steels made by traditional methods with

similar compositions. The highest strength and specific

strength are 1393 MPa and 202.2 MPa cm3/g for

600 �C-aged strips.

4. This work demonstrated that the near-net shape under

near-rapid solidification can directly produce high-

performance steel strip from liquid, which can simplify

or even eliminate rolling and heat treatment proce-

dures. It is an efficient and environmentally benign

approach to fabricate the advanced low-density steels

with promising mechanical properties.

Fig. 9 TEM images of 600 �C-aged steel strip. a BF image; b magnified image of a ? j; c SADP along [100]a zone axis of ferrite; d SADP

along [1�10]j zone axis of j-carbide; e BF image of ferrite; f BF image of j-carbide
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