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Abstract: A novel Fe-28Mn-10Al-C-0.5Nb low-density steel containing 0.5wt% Nb for automobile was developed, aiming to 

study the effect of Nb addition on the structure and mechanical properties of austenitic Fe-Mn-Al-C low-density steel. With 

the addition of Nb, the average austenite grain size in Fe-28Mn-10Al-C low-density steel is refined from 39.49 µm to 13.67 

µm, and the formation of twins is also suppressed. Besides, the yield strength and ultimate tensile strength of Fe-28Mn-10Al-C 

low-density steel increase by 171 and 64 MPa, respectively, and the elongation after fracture increases by 11.5%, revealing an 

excellent balance of strength and ductility. This is due to the precipitation strengthening of NbC precipitates and fine grain 

strengthening of austenite. Precipitation strengthening plays an important role to increase the yield strength of Nb-added 

low-density steel. 
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With the development of the automobile industry, fuel 

consumption and emission pollution problems have aroused 

concern. As a solution, reducing the mass of cars by safe 

and lightweight steel can decrease the fuel consumption and 

pollution effectively. Fe-Mn-Al-C steel prepared by adding 

Al to Mn-rich austenitic steel can be used in automobile 

manufacturing to realize the mass loss of automobile

[1,2]

 due 

to its low-density, excellent mechanical properties, form-

ability and weldability. Therefore, it is widely concerned 

around the world

[3-5]

. 

Compared with transformation induced plasticity (TRIP) 

steel and twin-induced plasticity (TWIP) steel, the Al content 

in Fe-Mn-Al-C steel is usually more than 10wt%, which is 

beneficial to achieve mass loss and better mechanical proper-

ties. This is because the addition of Al increases the stacking 

fault energy (SFE)

[6]

 of Mn-rich austenitic steel, making 

plane slip become the main deformation mechanism. In addi-

tion, the addition of Al also induces dynamic precipitation of 

κ-carbide. L1

2

 type κ-carbides with face-centered cubic 

structure precipitated through spinodal decomposition of 

austenite. Through precipitation strengthening of κ-carbides, 

dislocation plane slip is prevented, and the mechanical 

properties of low-density steel improve. Sutou et al

[7]

 re-

ported that the fine κ-carbides produced during the quenching 

process improve the yield strength and tensile strength while 

maintaining high ductility of Fe-20Mn-(10, 11)Al-(1.0,1.5)C 

low-density steel. Kalashnikov

[8]

 reported that when the Al 

content exceeds 7wt%, the austenitic Fe-Mn-Al-C steel after 

aging treatment is significantly strengthened due to the pre-

cipitation of nano-scale κ-carbides with elevated yield 

strength and ultimate tensile strength. However, the 

strengthening effect of κ-carbides on low-density steel is af-

fected by the shape and distribution position. Research shows 

that due to the stress concentration at the grain boundary, 

coarse κ-carbides distributed along grain boundaries reduce 

the ductility of low-density steel

[9,10]

. Sutou et al

[7]

 found that 

when fine nano-scale particles of κ-carbides were uniformly 

distributed in Fe-20Mn-11Al-1.2C steel, low-density steel 

exhibits strong strain hardening with high yield strength (530 

MPa) and high elongation (59.1%). As the κ-carbide coars-



                                    Ma Tao et al. / Rare Metal Materials and Engineering, 2021, 50(3): 0860-0866                      861 

 

ens and the volume fraction increases, the strength of the 

material increases while the elongation decreases signifi-

cantly (42%). Lu et al

[11]

 reported that after aging treatment 

of Fe-Mn-Al-C steel at 600 ºC, fine dispersed κ-carbides 

greatly increase the hardness of steel. The coarse κ-carbides 

precipitated after high-temperature aging greatly reduce the 

ductility of low-density steel. Liu

[12]

 confirmed that the fine 

and uniformly distributed κ-carbides precipitated by spinodal 

decomposition of austenite increase the work hardening rate 

of low-density Fe-11Mn-10Al-1.25C steel, which obtains a 

good balance between ductility and strength. Therefore, the 

size and distribution of κ-carbides need to be controlled to 

improve the mechanical properties of low-density steel, 

which limits its development and preparation for automobiles, 

and greatly increases the difficulty and cost of production. 

Nb has many applications in steel

[13,14]

. As a strong carbide 

forming element, Nb can form stable NbC phases and refine 

the austenite grain size, which makes it widely used in steel. 

By micro-alloying with Nb in austenitic Fe-Mn-Al-C 

low-density steel, NbC precipitates uniformly distributed in 

austenite can be obtained, and the size of austenite grain can 

be refined. The mechanical properties of low-density steel 

can be optimized by precipitation strengthening and fine 

grain strengthening through the NbC precipitation. In addi-

tion, due to the strong stability of NbC, it can maintain the 

nano-scale particle size during the high-temperature aging 

process, and effectively avoid the reduction of ductility 

caused by the coarsening of the precipitated phase. Moreover, 

because Nb has a strong affinity for C, NbC phase forms by 

consuming C atoms in the steel, which inhibits the spinodal 

decomposition of austenite. The precipitation and growth of 

κ-carbides can also be restrained to avoid coarsening and 

damage to the mechanical properties of low-density steel. 

Besides, the addition of a trace amount of Nb cannot cause a 

significant increase of density of Fe-Mn-Al-C steel. There-

fore, the present work aims to develop a novel low-density 

Fe-Mn-Al-C-Nb steel. The effect of Nb addition on the mi-

crostructure and properties of low-density steel were studied. 

These results provided theoretical support for Nb alloyed 

low-density steel. 

1  Experiment 

The composition of the low-density steel used in this work 

is shown in Table 1. Except for the Nb content, the composi-

tion of the two steels is basically the same, which are marked 

as A and B, respectively. A 25 kg ingot was prepared by in-

duction melting in the argon atmosphere. The ingot was 

heated at 1150 °C for 2 h, and then forged into a slab with 

sectional dimension of 80 mm×40 mm. After homogeniza-

tion at 1200 °C for 2 h, the slab was hot rolled to a plate with 

thickness of 5 mm. Then the hot rolled plate was solution 

treated at 950 °C for 1 h and water quenched to room tem-

perature. According to the Archimedes principle, the density 

of steel A and B was measured by densitometry (Byes-300A), 

and is 6.30 and 6.63 g/cm

3

, respectively, which is 19% and 

15% lower than the density of pure iron. 

Specimens for tensile test with the dimension of 25 

mm×5 mm×6 mm were machined from the hot-rolled plate 

along the direction parallel to the rolling direction. The ten-

sile test was carried out at room temperature on the univer-

sal testing machine (INSTRON 3382) at an initial strain 

rate of 1×10

−3

 s

−1

. 

The microstructure observation and analysis of the char-

acteristics of the precipitated phase were performed by the 

optical microscope (OM, Leica DMi8), scanning electron 

microscope (SEM, Quanta 650), and transmission electron 

microscope (TEM, Tecnai G2 F20 S-TWIN). The specimens 

used for OM and SEM observation were mechanically pol-

ished and then etched with 4vol% nital. Thin foils for TEM 

analysis were electro-polished by a twin-jet polishing using a 

mixture of 10vol% perchloric acid and 90vol% ethanol with 

an applied voltage of 20 V at −35 °C. TEM observation was 

performed at 200 kV.  

2  Results and Discussion 

2.1  Microstructure 

The optical micrographs of the samples after solution 

treatment are shown in Fig.1. Both A (Fig.1a) and B (Fig.1b) 

steels show the stable austenite structure, and the twins form. 

It can be seen that the austenite grain size of steel A without 

Nb is obviously large. The average grain size of steel A and 

steel B is 39.49 and 13.67 µm, respectively. In addition, 

compared with steel A without Nb, steel B with 0.5wt% Nb 

has fewer twins. 

Fig.2 shows the SEM morphologies and EDS analysis of 

B steel. As can be seen from Fig.2a, by adding a small 

amount of Nb to the low-density steel, precipitated phases 

form, and are distributed continuously along the austenite 

grain boundaries. The EDS element mapping results show 

that the distribution positions of Nb and C are almost the 

same, indicating that the precipitates are NbC. In order to 

further analyze the morphologies of the precipitated phases, 

Fig.3 shows the bright-field TEM images and selected-area 

electron diffraction patterns (SAEDPs) of B steel. Analysis 

of SADPs indicates that, after solution treated at 950 °C, 

satellite spot distribution near the main diffraction spot, in-

dicates that the action of spinodal decomposition of austen-

ite takes place, and the ordered phase with the same struc-

ture as austenite formed. In addition, lattice constant also 

change accordingly. Besides, as is shown by bright-field 

TEM images, the second phase will precipitate in B steel 

after solution treatment, which has ellipsoid shape. The 

precipitates are distributed in austenite grains and at grain 

boundaries, with a particle size of 450 nm and an ellipsoidal 

shape, and the EDS results show that the precipitates are 

NbC. 
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Table 1  Chemical composition of low-density steel (wt%) 

Steel C Mn Al Nb S P Fe 

A 0.98 28.53 10.21 - �0.003 �0.003 Bal. 

B 1.05 29.82 10.95 0.56 �0.003 �0.003 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  OM images of Fe-28Mn-10Al-C (a) and  

 Fe-28Mn-10Al-C-0.5Nb (b) steel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  SEM image (a) and EDS element mapping (b~d) of 

Fe-28Mn-10Al-C-0.5Nb: (b) C; (c) Nb; (d) C and Nb  

 

2.2  Stacking fault energy 

It is known that Al can improve the stacking fault energy 

of Mn-rich austenitic steel. SFE determines the deformation 

mechanism of low-density steel, which further affects the 

mechanical properties. Based on the thermodynamic model 

established by Olson-Cohen, SFE (τ) can be estimated as 

follows: 

=2 G+2τ ρ σ�
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 is the Gibbs free energy for phase transition 
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, ρ is the molar planar density of {111} plane, σ is the 

γ/ε interfacial energy, α is the lattice constant of γ
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, and N 

is Avogadro number. For the single-phase (φ) binary solu-
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Fig.3  TEM bright field images (a, b), SAED patterns (a

1

, b

1

), 

and EDS analysis (a

2

, b

2

) second phase in grain of Fig.3a 

and at grain boundary of Fig.3b for 

Fe-28Mn-10Al-C-0.5Nb steel 

 

where X is the mole fraction, 

mg

G

ϕ

 is the Gibbs free energy 

of φ phase in the magnetic state, L

0

 is the temperature-based 

parameter, L

1

 is the constant, T

neel

 is the Neel temperature, 

and β is the magnetic moment. By Eq.(3)~Eq.(5), the 

G

γ ε→

∆

 for γ/ε transformation of the binary austenitic steel 

is given as follows: 
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mgi i j j i j ij

G X G X G X X G

γ ε γ ε γ ε γ ε γ ε→ → → → →

∆ = ∆ + ∆ + Ω +∆

  (6) 

According to Eq.(6) and the regular solid solution model, 

the Gibbs free energy of Fe-Mn-Al-C and Fe-Mn-Al-C-Nb 

low-density steel can be expressed as follows: 

Fe Fe Mn Mn Al Al

C C Nb Nb Fe Mn FeMn

Fe Al FeAl Fe C FeC Fe Nb FeNb

Mn C MnC mg

              

              

              

G X G X G X G

X G X G X X

X X X X X X

X X G

γ ε γ ε γ ε γ ε

γ ε γ ε γ ε

γ ε γ ε γ ε

γ ε γ ε

Ω

Ω Ω Ω

Ω

→ → → →

→ → →

→ → →

→ →

∆ = ∆ + ∆ + ∆

+ ∆ + ∆ + +

+ + +

+ ∆

(7 ) 

Based on Eq.(1), Eq.(7), and the parameters and func-

tions listed in Table 2

[15]

, the 

G

γ ε→

∆

 and SFE of A steel 

at room temperature are estimated as 1083 and 82 mJ/m

2

, 

respectively. And for B steel with 0.5wt% Nb, the 

G

γ ε→

∆

 

and SFE are 1128 and 84 mJ/m

2

, respectively. 

2.3  Mechanical properties 

Fig.4a shows the engineering stress-strain curves of steel A 

and B after solution treatment at 950 °C, and the correspond-

ing properties are summarized in Table 3. Both steels exhibit 

continuous strain hardening effect, and high yield strength (YS) 

and ultimate tensile strengths (UTS). It is noteworthy that the 

UTS of both steel A and B is more than 1 GPa. With high 

strength, the elongation (EI) of steel A and B is 26.0% and 

37.5%, respectively. Especially, with the addition of Nb, the 

YS and UTS of Fe-Mn-Al-C low-density steel increase by 171 

and 64 MPa, respectively, and EI increases by 11.5%. 

The product of strength and elongation (PSE=TS×ef) is 

usually used to describe the balance between ductility and 

strength. Among the low-density steels for automobile indus-

tries, the typical values of PSE for TRIP and TWIP steels are 

15 and 20 GPa·%, respectively. It can be seen from Table 3 

that after adding Nb to the Fe-Mn-Al-C low-density steel, the 

PSE increases from 26.52 to 40.65 GPa·%, which is much 

higher than that of the traditional TRIP and TWIP steels, indi-

cating a good balance of strength and toughness. 

The strain hardening rate (dσ/dε)-true stress (σ) curves of 

the A and B steels are presented in Fig.4b. When the true 

stress is less than 0.2 MPa, the steel A without Nb shows 

higher strain hardening rate. As the true strain continues to 

increase, the B steel with Nb maintains a continuously high 

dσ/dε value, which delays the plastic instability and thus 

has a better ductility. 

3  Discussion 

3.1  Existing form of Nb in Fe-Mn-Al-C-Nb steel 

Based on the solid solubility theory of the second phase 

in steel materials, the solid solubility of Nb in steel is af-

fected by C content and temperature of heat treatment. 

Moreover, the solid solubility of Nb in steel is extremely 

low, and most of Nb is precipitated as the second phase. 

Narita’s

[16]

 research confirmed that the stable compounds of 

Nb and non-metallic elements C and N form in steel. 

Meanwhile, these compounds have high solubility in steel. 

Table 2  Relevant parameters for SFE estimation of 

Fe-28Mn-10Al-C and Fe-28Mn-10Al-C-0.5Nb 

steel

[15] 

Parameter Value or related function 
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Previous research shows that the equilibrium constant of 

NbN and NbC in molten steel at 1500 °C is 0.14 and 14.30, 

respectively. Nb-containing compounds do not precipitate in 

molten steel due to their high solubility, but precipitate and 

grow up in the solid phase after solidification. During the 

heat treatment at 850~1200 °C, the solid solubility of Nb in 

austenite can usually be expressed

[17]

 as follows: 

( )

0.875

C Nb

lg 2.97 7500 0.06C C T⋅ = − ±

                (8) 

where C

C

 and C

Nb

 are the solid solution contents of C and 

Nb in austenite, respectively; T is the thermodynamic 

temperature. In this experiment, the C content of B steel is 

1.15wt%, and the solution temperature is 950 °C (1223 K). 

By Eq.(8), the content of solid-soluted Nb in austenite is 

only 0.000 27wt%, indicating that almost all of the added 
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Fig.4  Engineering stress-strain curves (a) and strain hardening 

rate (dσ/dε)-true stress (b) curves of steel A and steel B 

steels 

 

Table 3  Mechanical properties of a Fe-28Mn-10Al-C and 

Fe-28Mn-10Al-C-0.5Nb steels 

Steel YS/MPa UTS/MPa EI/% PSE/GPa·% 

A 792 1020 26.0 26.52 

B 963 1084 37.5 40.65 

 

Nb in the low-density steel exists as precipitation. Because 

the steelmaking process is carried out in vacuum, the N 

content in B steel is extremely low. Moreover, Nb and C 

have high affinity in steel. Therefore, the added Nb in B 

steel mainly exists in the form of NbC, which is consistent 

with the results of SEM and TEM. 

3.2  Effect of Nb on grain size 

In the process of high temperature treatment, the element 

diffusion ability improves and the grain boundary migration 

of the steel increases. Therefore, the austenite grains in 

low-density steel grow up during the high temperature 

treatment. As the austenite grain grows, the second phase in 

the steel cuts off the grain boundary, and produces a drag 

force for the grain boundary movement. The austenite grain 

growth is suppressed by the pinning effect of the second 

phase. In this research, due to the addition of Nb in B steel, 

NbC phase is precipitated at the austenite grain boundaries 

and grains. The movement of the grain boundary is hin-

dered due to the pinning effect. As a result, the austenite 

grains in B steel are obviously refined, and their size is 

smaller than that of A steel. According to the growth acci-

dent theory, the formation probability of twins increases as 

the grain boundary migrates. The NbC in B steel acts as 

obstacles to the migration of grain boundary, and sup-

presses the formation of twins

[18,19]

. In contrast, A steel 

shows a relatively high density of twins. 

Based on the effect of the second phase of restraining the 

grain coarsening, the ability of precipitated phases to inhibit 

grain coarsening is related to their volume fraction and size, 

and finally determines the degree of austenite grain refine-

ment. The correlation between the volume fraction and size 

of the second phase with the austenite grain size can be ex-

pressed as follows: 

( )

c 0

6 π 3 2 2R f Zγ = −

 

 

                 (9) 

Where r

c 

is the critical size of the second phase precipitated 

in steel, R

0

 is the average grain size of austenite grains, f is 

the volume fraction of the second phase in the steel, and Z 

is the ratio of the size of grown grain to that of its 

neighboring grains (usually set as 2). In the process of grain 

refinement by precipitation of the second phase, the second 

phase with large volume fraction and small critical size has 

better grain refinement effect of austenite. 

According to the TEM analysis, at the solution tempera-

ture of 950 °C, the particle size of NbC is 450 nm in B steel 

with added Nb. According to the calculated results of 

Eq.(8), the volume fraction of NbC in B steel is about 

0.5wt%. By Eq.(9), through the refinement of NbC, the 

austenite grain size in Nb-added low-density steel is about 

15 µm. This calculation result is basically the same as the 

result obtained by OM (13.96 µm). 

3.3  Correlation between microstructure and tensile 

properties 

In the present study, due to the addition of Nb, the B 

steel exhibits the improved mechanical properties, such as 

YS, UTS and EI, in comparison with the A steel. This is 

determined by the microstructure and precipitate distribu-

tion of the two kinds of low-density steels.  

Under the external stress, SFE plays a vital role in 

improving the mechanical properties of Fe-Mn-Al-C 

low-density steel through changes in deformation mecha-

nism

[20,21]

. According to the previous research, TRIP effect 

is the main deformation mechanism of low-density steel 

when SFE is less than 18 mJ/m

2

. With the increase of SFE, 

deformation twins appear during the deformation process 

and TWIP effect dominates instead of the martensite trans-

formation. Due to the suppression of twins by high SFE, 

when SFE exceeds 60 mJ/m

2

, the deformation mechanism is 

dominated by planar slip for the austenitic steel. Based on 

the previous results, the SFE of A and B steel are 82 and 84 

mJ/m

2

, respectively, implying that the planar slip is the 

main deformation mechanism of the two present experi-

mental steels.  
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In austenitic low-density steel, due to the irregular ar-

rangement of atoms, impurities and defects form at the 

grain boundaries, resulting in higher energy. Therefore, it 

will hinders the slippage of dislocations during the defor-

mation process, restrains the plastic deformation, and 

causes the strengthening of the low-density steel. This be-

havior is defined as the fine grain strengthening effect. 

Meanwhile�when the grain size is fine, the number of grain 

boundaries in the same area increases. Therefore, the de-

formation occurs in more grains, and the dislocation pile-up 

and the stress concentration within a single grain reduce, 

which makes the steel get better fracture toughness. In the 

present study, because of the grain refinement of NbC, there 

are more grains in the same area, and the grain boundary 

density increases. During the deformation, the dislocation 

slip in B steel is more strongly hindered by the grain 

boundary compared with A steel, and the dislocation pile-up 

in a single grain decreases. Thus, in the present study, B 

steel exhibits the improved mechanical properties than A 

steel, such as YS, UTS and EI. 

In addition to the grain size, the role of NbC precipitation 

in low-density steel should also be considered. As shown in 

Fig.2 and 3, due to the addition of Nb in B steel, NbC with 

the same structure as austenite is precipitated. In the proc-

ess of tensile deformation, NbC with high hardness plays a 

role as an obstacle to the dislocation slip, causing precipita-

tion strengthening, so the low-density steel exhibits higher 

YS and UTS. Meanwhile, the shearing of NbC by disloca-

tions is under consideration. When the dislocation shears 

the precipitated phase, the structure is destroyed and diffi-

cult to recover. Once the leading dislocation shears the pre-

cipitate phase, such as NbC, it facilitates the subsequent 

dislocation to propagate on the same glide plane, which 

makes it more easily pass through the precipitated phase 

region on the same plane, promoting the planar slip of dis-

location and the form of planar slip bands, and avoiding the 

stress concentration caused by dislocation pile-up. The sof-

tening phenomenon is also referred as glide plane soften-

ing

[22,23]

. It is worth noting that the interaction between NbC 

and dislocation slip does not alter the planar slip mode in 

low-density steel. Thus, the interaction between NbC and 

dislocation slip in B steel can delay the plastic instability. 

The B steel has higher EI in comparison to steel A without 

Nb. 

In addition, the grain size of A steel is larger and no pre-

cipitates form due to the absence of Nb. The stress required 

for dislocation slip is small. In the initial stage of plastic 

deformation, the density of dislocations in A steel increases 

rapidly under the same stress conditions. Plenty of disloca-

tions pile up at grain boundaries and defects, causing stress 

concentration, so the strain hardening rate of A steel is 

higher than that of B steel. With the increase of the strain, B 

steel maintains continuous high dσ/dε values due to the fine 

grain strengthening and glide plane softening. Thus, the 

plastic instability is delayed, causing that the B steel ob-

tains better strain hardening ability. 

Based on the previous analyses, the refinement of aus-

tenite grain and the precipitation of NbC in B steel can si-

multaneously improve the plasticity and toughness of aus-

tenitic low-density steel. In particular, the addition of Nb 

improves the YS (increment of 171 MPa) of low-density 

steel. To investigate the effects of precipitation strengthen-

ing and fine grain strengthening, based on the Gladman’s 

theory

[24]

 and Ashby-Orowan’s modified model, the contri-

bution of precipitation strengthening on YS of B steel can 

be calculated as follows: 

1 2

P

0.538

ln

2

Gbf D

D b

σ

 

∆ =

 

 

                       (10) 

where, ∆σ

p

 is the YS increment caused by precipitation 

strengthening of the second phase (NbC) in low-density 

steel; G is the shear modulus, the value of which in iron 

matrix usually set as 81 600 MPa; b is the Burgers vector 

mode, the value of which in iron matrix is 0.248 nm; f is the 

volume fraction of the precipitated second phase (NbC), 

which is 0.5% calculated by Eq.(8); D is the diameter of the 

precipitated phase NbC (450 nm). Taking the values into 

Eq.(10), the YS increment of B steel caused by NbC pre-

cipitation strengthening is 116.5 MPa, indicating that the 

increase of YS of Nb-added low-density steel is mainly 

caused by the precipitation strengthening. 

4 Conclusions 

1) Nb exists as NbC in austenitic Fe-Mn-Al-C 

low-density steel. The NbC in the low-density steel has the 

same structure as the austenite, and is distributed in the 

austenite grains and at the grain boundaries with an ellip-

soidal shape and the grain size of about 450 nm.  

2) As the 0.5wt% Nb is added into Fe-28Mn-10Al-C 

low-density steel, the average austenite grain size is refined 

from 39.49 µm to 13.67 µm, and the number of twins also 

reduces.  

3) When 0.5wt% Nb is added into Fe-28Mn-10Al-C 

low-density steel, the YS and UTS increase by 171 and 64 

MPa, respectively, EI increases by 11.5%, and the strength 

and ductility show a good balance, i.e., the product of 

strength and elongation reaches 40.65 GPa·%. 

4) Both the Fe-28Mn-10Al-C and Fe-28Mn-10Al-C- 

0.5Nb low-density steels have high stacking fault energy, 

and the dominant deformation mechanism of the Nb-added 

low-density steels is planar slip. The high strength and 

toughness of Nb-containing low-density steel are related to 

the precipitation strengthening effect of the NbC and the 

fine grain strengthening. The increase of YS of Nb-added 

low-density steel is mainly caused by precipitation 

strengthening. 
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