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Abstract 
The influence of Cr on the microstructural evolution of austenite in Fe-20Mn-9Al-1.2C-xCr (wt%, x = 0, 3 and 6) low-density 

steels during isothermal aging at 650 °C for various durations was systematically investigated. With the isothermal aging 

processed, the 0Cr and 3Cr samples underwent the divorced eutectoid transformation followed by the eutectoid transforma- 

tion, while only the eutectoid transformation was observed in the 6Cr sample. Meanwhile, increasing Cr content changed 

the eutectoid transformation products from ferrite + κ-carbide in the 0Cr sample to ferrite + κ-carbide + M23C6 carbide in the 

3Cr sample, and to ferrite + M7C3 carbide in the 6Cr sample. The Cr addition significantly increased the A1 temperature (655 

°C) of the 0Cr sample to 712 °C of the 3Cr sample, and to 841 °C of the 6Cr sample. As a result, the temperature difference 

between the A1 temperature and experimental phase transformation temperature (650 °C) was enlarged, which provided a 

greater driving force for the eutectoid transformation and accelerated the transformation rate of eutectoid transformation. In 

addition, the Cr addition had a significant effect on the diffusion of constituent elements, decreased the interlayer spacing 

of pearlite structure from 625 ± 30 nm in the 0Cr sample to 385 ± 25 nm in the 3Cr sample, and to 150 ± 20 nm in the 6Cr 

sample, refining the eutectoid structure. These findings revealed the mechanism regarding the effect of Cr addition on the 

eutectoid transformation of austenite, offering valuable insights into the microstructure design of high-performance low- 

density steels. 

Keywords Low-density steel · Cr addition · Eutectoid transformation · Isothermal aging 

 

1 Introduction 

Recent years, Fe–Mn-Al-C steels have been receiving wide- 

spread attention, due to their excellent mechanical properties 

and low density [1–8]. Especially, the austenite based steels 

with high Mn and Al contents have achieved high ultimate 

 
tensile strength (UTS) of 800–1500 MPa and total elonga- 

tion (TE) of 30–80% [1]. As reported in [2], the high Mn 

content greatly stabilized the austenite structure. The addi- 

tion of Al element not only significantly reduces the density 

of steels (1.3% density reduction per 1 wt% Al addition) [1, 

9], but also promotes the precipitation of κ-carbides favora- 

ble for yield strength increasement. In addition, these kinds 

   of steels have an outstanding strain-hardening behavior due 
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to the dislocation planar slip and corresponding character- 

istic dislocation substructures [10]. Therefore, the Fe-Mn- 

Al-C steels have great application prospects in many fields, 

including aircraft, chemical and automotive industries, etc. 

[1]. 

The excellent mechanical properties of austenite based 

steel are closely related to the constituent phase and micro- 

structure evolution. Austenite plays a vital role on the per- 

formance of steels, not only because of its own excellent 

properties, but also because of its rich phase transforma- 

tion pathways [11]. The common austenite decomposition 

reactions include: discontinuous precipitation, precipitation 
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transformation, cellular transformation and spinodal 

decomposition [11]. Nanoscale intragranular κ-carbide 

could directly form in austenite by spinodal decomposi- 

tion or nucleation-growth mechanisms [1, 12], which could 

significantly improve strength and maintain good elon- 

gation [13–15]. A lamellar discontinuous precipitation 

(ferrite + κ-carbide) was observed along austenite grain 

boundaries in a Fe-27Mn -8.5Al-1.0Si-0.92C (wt%) steel 

after aging at the temperatures ranging from 627 to 777 °C 

[16]. W.C. Cheng et al. [17] have found that a microstruc- 

ture containing ferrite, κ-carbide and M23C6 carbide formed 

by a eutectoid reaction of austenite in a Fe-13.5Mn-6.3Al- 

0.78C (wt%) steel below 650 °C. A cellular transformation 

of austenite → austenite + ferrite + κ-carbide occurred in a 

Fe-17.9Mn-7.1Al-0.85C (wt%) austenitic steel at tempera- 

tures below 775 °C [18]. Therefore, understanding the dif- 

ferent phase transformation behaviors of austenite would be 

potential for obtaining excellent mechanical properties of 

low-density steel. 

The addition of Cr in the low-density steels has been 

expected to obtain excellent comprehensive mechanical 

properties with high strength and good plasticity [15, 19, 

20]. On the one hand, the Cr addition was found to suppress 

the precipitation and growth of intragranular κ-carbide in 

austenite, which decreased the yield strength [15, 21]. At the 

same time, the Cr addition has been proved to suppress the 

formation of coarse κ-carbides along grain boundaries favor- 

ing good plasticity [22] and promote the formation of DO3 

phase in austenite [22, 23]. On the other hand, some Cr- 

bearing carbides, such as Cr23C6 and Cr7C3, were observed 

in austenite of a Fe-8.7Al-28.3Mn-1C-5.5Cr (wt%) steel 

after aging treatment in a board temperature range [24]. Our 

previous work [21] has found that the Cr23C6 carbides could 

precipitate in Fe-28Mn-9Al-1.2C-9Cr (wt%) low-density 

steel, and significantly increased the tensile strength of the 

steel. In addition, K.W. Kim et al. [22] found that as Cr con- 

tent exceeded 5 wt% in Fe-20Mn-12Al-1.5C (wt%) steel, the 

M7C3 carbides precipitated in austenite and increased tensile 

strength while decreased the elongation. In addition, Cr was 

also found to increase the driving force for the transforma- 

tion of austenite to ferrite in a medium-carbon low-alloy 

steel [25]. However, the effects of Cr addition on the trans- 

formation behavior of austenite in low-density steel during 

isothermal aging is still unclear. This provides a barrier to 

understand how to control the strengthening phase precipita- 

tion and phase transformation in austenite by Cr addition. 

Therefore, in  this work, the effects of  Cr  addition  on 

the austenite transformation mechanism during isother- 

mal aging were investigated in the Fe-20Mn-9Al-1.2C-xCr 

(wt%; x = 0, 3 and 6) steels. For the purpose, the low-den- 

sity steels underwent aging treatment at 650 ˚C for various 

durations, because this temperature has been proven to be  

a suitable temperature for the multiphase transformation of 

austenite [17, 26]. The studied steel strips were prepared 

by near-net shape method under near-rapid solidification. 

Previous works [15, 27] have found that this simple method 

could directly prepare thin steel strips with a thickness of 

several millimeters without additional rolling process, and 

the microstructure and mechanical properties of these steels 

were comparable with those prepared by the conventional 

preparation method, as referred in [28]. The austenite trans- 

formation was then systematically investigated using X-ray 

diffraction (XRD), scanning (SEM) and transmission elec- 

tron microscopy (TEM). The experimental results were dis- 

cussed with the aid of thermodynamic calculations. 

 
2 Experimental 

The Fe-20Mn-9Al-1.2C-xCr (wt%; x = 0, 3 and 6) low- 

density steels, hereafter shortly named to 0Cr, 3Cr and 6Cr 

samples respectively, were prepared by centrifugal casting 

under near-rapid solidification in an argon atmosphere. The 

detailed processes can be referred to our previous works 

[15, 27]. The metal ingots were melted by induction melt- 

ing, and the molten metal was poured into a copper mold 

rotating at 600 rpm to obtain the steel strips with the size of 

80 mm × 60 mm × 2.5 mm. Subsequently, the as-cast steel 

samples with different Cr contents were aged at 650 °C for 

various durations (0.5 h, 1 h, 3 h, 6 h, 9 h and 12 h) to inves- 

tigate the microstructure evolution of austenite. 

The composition of the steel samples was measured by 

using inductively coupled plasma mass spectrometry and a 

CS2800 carbon–sulfur analyzer. The measured compositions 

are shown in Table 1. The phase analysis was performed by 

an X-ray Diffractometer (Rigaku, D/Max-2200, Cu target 

operated at 40 kV and 40 mA), in which the wavelength of 

radiation was λ = 0.154056 nm and the scanning angle was 

30 − 100°, scanning mode was continuous scanning with a 

speed of 4°/min. The microstructures were investigated by 

a scanning electron microscope (SEM, JSM-7800F FEG- 

SEM) equipped with an electron backscattered diffraction 

(EBSD) and an energy dispersive X-ray analysis (EDX) 

detectors. The SEM samples were wet ground to 4000 grit 

and subsequently electro-polished in a solution of 10 vol% 

perchloric acid and 90 vol% ethanol. TEM examination of 

precipitates was carried out using a FEI Tecnai G2-20 twin 

 
Table 1 Measured compositions of the studied low-density samples 

(wt%) 
 

Samples Mn Al C Cr Fe 

0Cr 19.87 8.79 1.17 – Bal. 

3Cr 19.95 8.92 1.15 3.05 Bal. 

6Cr 19.90 8.95 1.16 6.00 Bal. 
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microscope, operated at 200 kV. TEM samples of 3 mm in 

diameter were prepared by a Struers TenuPol-5 twin-jet elec- 

tro polisher operated at around 8 °C and 25 V, using a solu- 

tion consisting of 5% perchloric acid and 95% acetic acid. 

 
3 Results 

Figure 1 shows the equilibrium phase diagram of Fe-

20Mn-9Al-1.2C-xCr (wt%, x = 0–7) low-density 

steels, which  was  calculated by  Thermo-Calc. (TCFE 

9.0 database). According to Fig. 1(a), with increasing 

the Cr content, the equilibrium structures of the sam- 

ples at 650 °C can be changed from α-ferrite + κ-carbide 

to α-ferrite + κ-carbide + M7C3 carbide, then to α-

ferrite + M7C3 carbide. The addition of Cr promotes the 

precipitation of M7C3 carbide, while suppresses the 

formation of κ-carbide. In addition, the Cr addition 

increases the A1 temperature of the low-density steels sig- 

nificantly. According to the calculated equilibrium phase 

fraction diagram of the 0Cr, 3Cr and 6Cr samples shown 

in Fig. 1(b–d), the A1 temperatures of the 0Cr, 3Cr and 

6Cr samples are 655 °C, 712 °C and 841 °C, respectively. 

Therefore, the transformation pathways, austenite → fer- 

rite + κ-carbide, austenite → ferrite + κ-carbide + M7C3 

carbide and austenite → ferrite + M7C3 carbide, are 

expected in the 0Cr, 3Cr and 6Cr samples during isother- 

mal aging at 650 °C, respectively. 

According to the XRD patterns shown in Fig. 2, the as- 

cast 0Cr, 3Cr and 6Cr samples are all consist of austenite 

and ferrite. As the aging begins, the diffraction peaks of 

the κ-carbides appear in the 0Cr and 3Cr samples after the 

aging for 0.5 h, and the volume fraction of ferrite increases 

significantly, as shown in Fig. 2(a) and (b). However, 

almost all the austenite in the 6Cr sample is transformed 

into ferrite after the aging for 0.5 h, and no diffraction 

peak of κ-carbide is found, as shown in Fig. 2(c). With 

the extension of the aging time, the volume fraction of 

ferrite and κ-carbide further increases in the 0Cr and 3Cr 

samples, while that of austenite gradually decreases. After 

the aging for 12 h, the constituent phases of the 0Cr sam- 

ple are ferrite, austenite and κ-carbide. But the diffraction 

peak of the austenite disappears in the 3Cr sample after the 

aging for 9 h, only the ferrite and κ-carbide are remained. 

And the volume fraction of κ-carbides in the 3Cr sample 

is lower than that in the 0Cr sample. In the 6Cr sample, 

 
 

 
 

Fig. 1 a Thermodynamic equilibrium phase diagram of Fe-20Mn-9Al-1.2C-(0–7)Cr samples; b–d are the calculated equilibrium phase fraction 

in the 0Cr, 3Cr and 6Cr samples, respectively 
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Fig. 2 XRD patterns of the samples aged at 650 °C for the various durations: a 0Cr, b 3Cr and c 6Cr samples 

 

only the diffraction peaks of ferrite are visible during the 

subsequent long-term aging treatment. 

Figure 3(a–c) show the island-like δ-ferrite distributed 

in the austenite matrix of all the as-cast 0Cr, 3Cr and 6Cr 

samples, respectively. According to our previous work [15], 

the volume fractions of δ-ferrite in the as-cast 0Cr, 3Cr and 

6Cr samples are 3%, 12% and 18%, respectively. Due to the 

cube-on-cube orientation relationship between κ-carbide and 

γ-austenite of [100]κ // [100]γ and (001)κ // (001)γ [1], the 

TEM dark-field (DF) micrographs using (001) superlattice 

reflections show a lot of κ-carbide precipitates in the austen- 

ite of these samples, as shown in Fig. 3(d–f). The size and 

 
 

Fig. 3 SEM and TEM micro- 

graphs of the as-cast 0Cr, 3Cr 

and 6Cr samples: a–c are the 

SEM micrographs of the as-cast 

0Cr, 3Cr and 6Cr samples, 

respectively; d-f are the TEM 

DF micrographs of κ-carbides 

in austenite of the as-cast 0Cr, 

3Cr and 6Cr samples, respec- 

tively. Insets in d-f are corre- 

sponding selected area electron 

diffraction patterns (SADPs) 
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volume fraction of the κ-carbide precipitates are decreased 

by increasing Cr content. 

Figure 4 shows the microstructures of the 0Cr sample 

after the aging at 650 °C for 0.5 h. After the aging, the fer- 

rite grows into the austenite with needle-like protrusions, 

and some spherical precipitates with a size of tens to hun- 

dreds of nanometers (as indicated by C1 in Fig. 4b) form 

along with the transformation of austenite → ferrite, as 

shown in Fig. 4(a–c). According to the nanobeam diffrac- 

tion (NBD) pattern taken from the spherical precipitates in 

ferrite along with [211] zone axis (Fig. 4d), the spherical 

precipitates are proved to be κ-carbides [29]. Therefore, a 

transformation of austenite → ferrite + spherical κ-carbide 

is observed here, the transformation product is not the con- 

ventional lamellar pearlite but spherical κ-carbides and 

ferrite. In addition, no obvious orientation relationship 

between carbide and ferrite is detected by electron dif- 

fraction using TEM. Therefore, it can be inferred that this 

transformation is a divorced eutectoid transformation [30, 

31]. In addition, the superlattice reflections in the SADP 

along [110]α (Fig. 4 e) indicate that so many ordered DO3 

phases are precipitated in the ferrite [15]. Different from 

the spherical κ-carbides in ferrite (Fig. 4c), the nano- 

scaled intragranular κ-carbide in austenite is increased 

in the volume fraction and size (~ 10 nm) after aging, as 

shown in Fig. 4(f). 

 
 

Fig. 4 Microstructure analysis 

of the 0Cr sample after the 

aging at 650 °C for 0.5 h: a and 

b are the SEM micrographs; b 

is the magnified SEM micro- 

graph from the rectangular 

region indicated by red dotted 

line in a; c is TEM bright-field 

(BF) micrograph of ferrite; d is 

the NBD pattern taken from the 

spherical precipitates in ferrite 

along with [211] zone axis; e 

is the SADP taken from ferrite 

along with [110]α zone axis; f 

is the TEM DF micrograph of 

the κ-carbides in austenite and 

the inset is the corresponding 

SADP pattern 
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The microstructures of the 3Cr sample after the aging 

at 650 °C for 0.5 h are shown in Fig. 5. A similar divorced 

eutectoid transformation is also observed in the 3Cr sample, 

as shown in Fig. 5(a–b). Besides the spherical precipitates, 

there are some irregular precipitates produced during the 

phase transformation, as shown in Fig. 5(c). The spherical 

precipitates in ferrite are proved to be κ-carbides by SADP, 

as shown in Fig. 5(d), while the irregularly shaped precipi- 

tates are proved to be M23C6 carbides by NBD along with 

[1 12] zone axis [32], as shown in Fig. 5(e). Therefore, the 

phase transformation of the 3Cr sample can be described as 

austenite → ferrite + κ-carbide + M23C6 carbide after the iso- 

thermal aging. And the average size of κ-carbide precipitates 

in austenite is increased to ~ 8 nm in the 3Cr sample, as 

shown in Fig. 5(f). 

Figure 6 shows the microstructures of the 6Cr sample 

after the aging at 650 °C for 0.5 h. A large amount of pearlite 

is observed, and some retained austenite and δ-ferrite are 

present, as shown in Fig. 6(a–b). According to Fig. 6(c), 

many precipitates are present in the pearlite structure where 

some precipitates (C2) are irregular-shaped, the others (C3) 

are elongated. In order to determine the C2 and C3 precipi- 

tates, NBD is performed to the two precipitates, as shown 

in Fig. 6(d) and (e). The NBD patterns along with [11 2 0] 

and [10 11] prove that both the precipitates belong to M7C3 

carbides [32, 33]. According to the microstructure shown in 

 
 

Fig. 5 Microstructure analy- 

sis of the 3Cr sample after 

the aging at 650 °C for 0.5 h: 

a and b are the SEM micro- 

graphs; b is the magnified SEM 

micrograph from the rectan- 

gular region indicated by red 

dotted line in a; c is TEM BF 

micrograph of ferrite; d is the 

SADP taken from the ferrite and 

spherical precipitates along with 

[111]α zone axis; e is the NBD 

taken from irregularly shaped 

precipitates along with [1 (12) 

 ] zone axis; f is the TEM DF 

micrograph of the κ-carbides in 

the austenite and the inset is the 

corresponding SADP pattern 
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Fig. 6 Microstructure analysis 

of the 6Cr sample after the 

aging at 650 °C for 0.5 h: a and 

b are the SEM micrographs; 

b is the magnified micrograph 

from the rectangular region 

indicated by red dotted line in 

a; c is TEM BF micrograph 

of ferrite in the 6Cr sample; d 

is the NBD taken from the C2 

precipitates along with [11     0] 

zone axis; e is the   D taken 

from the C3 precipitates along 

with [10 1  1] zone axis; f is the 

TEM DF micrograph of the 

κ-carbides in the austenite and 

the inset is the corresponding 

SADP pattern 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6(c), it can be inferred that a eutectoid transformation 

of austenite → ferrite + M7C3 carbide takes place. In addi- 

tion, no κ-carbide is observed during this transformation, 

but the average size of κ-carbides in the retained austenite is 

increased to ~ 6 nm, as shown in Fig. 6(f). However, although 

a large number of carbides appear in SEM and TEM micro- 

graphs, the diffraction peak of carbides is not observed in 

the XRD patterns, as shown in Fig. 2(c). This may be due to 

the too large difference in intensity of the diffraction peaks 

between ferrite matrix and carbides, making it difficult to be 

observed clearly in the normalized XRD patterns. 

After the aging at 650 °C for 3 h, some lamellar pearlite 

structures form by eutectoid transformation of austenite 

surrounding the divorced eutectoid structures in the 0Cr 

sample, as shown in Fig. 7(a) and (b). The lamellar car- 

bides in this structure are determined as κ-carbides, as 

shown in Fig. 7(c). The average size of intragranular κ-

carbide in austenite is significantly increased to ~ 15 nm, 

as shown in Fig. 7(d). Similarly, a eutectoid transforma- 

tion is also observed in the austenite of the 3Cr sample, as 

shown in Fig. 8. And the transformation products are the 

same as the previous divorced eutectoid transformation, 

i.e. ferrite + κ-carbide + M23C6 carbide. Compared with the 

0Cr sample, more austenite in the 3Cr sample is decom- 

posed by eutectoid transformation. The average size of 

intragranular κ-carbide in the 3Cr is increased to ~ 13 nm, 
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Fig. 7 Microstructure analysis 

of the 0Cr sample after the 

aging at 650 °C for 3 h: a and b 

are the SEM micrographs; b is 

the magnified micrograph from 

the rectangular region indicated 

by red line in a; c is TEM BF 

micrograph of ferrite in the 

0Cr sample; d is the TEM DF 

micrograph of the κ-carbides in 

the austenite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

which is still smaller than that in the 0Cr sample. Further, 

the microstructure of the 6Cr sample is mainly lamellar 

pearlite structures and retained δ-ferrite, and the austenite 

is almost completely decomposed, as shown in Fig. 9. The 

lamellar pearlite structure consists of ferrite + M7C3 car- 

bides, no new transformation product is observed. 

After the aging at 650 °C for 9 h, the eutectoid transfor- 

mation continues to advance around the divorced eutectoid 

structure in the 0Cr sample, as shown in Fig. 10(a) and (b). 

However, the austenite is almost completely decomposed 

by eutectoid transformation in the 3Cr sample, only the 

lamellar pearlite structures and retained δ-ferrite are pre- 

sent just like that in the 6Cr sample, as shown Fig. 10(e–f). 

The difference of microstructure between the 3Cr and 6Cr 

samples is that the pearlite structures in the 3Cr sample 

consist of κ-carbides + M23C6 carbides + ferrite, while 

M7C3 carbides + ferrite in the 6Cr sample. Therefore, it 

can be concluded that with extension of the aging time, 

the eutectoid transformation becomes dominant while 

divorced eutectoid transformation only takes place sur- 

rounding the original δ-ferrite at the first transformation 

stage. It should be noted that the interlayer spacing of 

pearlite structure is decreased with increasing Cr content 

at this aging stage. The interlayer spacing of pearlite struc- 

ture in the 0Cr, 3Cr and 6Cr samples after the aging for  

9 h is measured as about 625 ± 30 nm, 385 ± 25 nm and 

150 ± 20 nm, respectively. This indicates that the addition 

of Cr can refine the pearlite structure significantly. 

 

 
4 Discussion 

As shown above, the aging treatment at 650 °C causes the 

0Cr and 3Cr samples to first undergo a divorced eutectoid 

transformation at the phase boundary between δ-ferrite and 

austenite. With the extension of aging time, the eutectoid 

transformation begins to take place around the divorced 

eutectoid structure, and finally the austenite is completely 

transformed into the pearlite structure. However, only eutec- 

toid transformation is observed in the 6Cr sample. The 

phase transformation sequence in the 0Cr and 3Cr samples 

is summarized schematically, as shown in Fig. 11. The as- 

cast low-density samples consist of austenite and a small 

amount of δ-ferrite, as shown in Fig. 3. As the aging pro- 

gresses, a transformation of austenite → ferrite occurs at the 

phase boundary between austenite and δ-ferrite. The ferrite 

continuously grows toward austenite at the phase boundary 

in the form of needle-like protrusions. At the same time, 

some spherical or irregularly shaped carbides (in the 3Cr 

sample) form at the phase boundary with the growth of fer- 

rite by divorced eutectoid transformation. After the divorced 
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Fig. 8 Microstructure analysis 

of the 3Cr sample after the 

aging at 650 °C for 3 h: a and b 

are the SEM micrographs; b is 

the magnified micrograph from 

the rectangular region indicated 

by red dotted line in a; c is 

TEM BF micrograph of ferrite 

in the 3Cr sample; d is the 

SADP taken from the irregu- 

larly shaped M23C6 carbides 

along with [111]M23C6 zone 

axis; e is the NBD taken from 

lamellar κ-carbide precipitates 

along with [310]κ zone axis; f is 

the TEM DF micrograph of the 

κ-carbides in the austenite and 

the inset is the corresponding 

SADP pattern 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

eutectoid transformation, the austenite gradually transforms 

into lamellar pearlite structure by eutectoid transformation. 

It should be noted that the intragranular κ-carbides in 

austenite gradually increase in size with the extension of 

the aging time, and disappears after the austenite is com- 

pletely decomposed. During the eutectoid reaction, the 

lamellae of carbide and ferrite progressively grow into aus- 

tenite, the phase transform interface is shown in Fig. 12, 

as pointed by the white arrow. W.C. Cheng et al. [34] have 

found that in a Fe-17.9Mn-7.1Al-0.85C (wt%) sample, the 

intragranular κ-carbides in austenite could grow into large 

rafted precipitates, and then change to lamellar phase after 

prolonged aging. A similar phenomenon was also discovered 

by C. Mapelli et al. [11]. Therefore, it can be inferred that 

the nano-scale intragranular κ-carbides constantly coarsen 

and eventually become a lamellar structure during eutec- 

toid reaction. W.K. Choo et al. [35] have also found that the 

pre-existing ordered κ-carbide particles in the matrix were 

converted to coarser lamellar κ-carbide at a grain boundary 

reaction front in a Fe-30Mn-7.8Al-1.3C (wt%) sample. 

According to the results above, the phase transfor- 

mation in the 0Cr sample can be concluded as austen- 

ite → ferrite + κ-carbide; while that in the 3Cr sample is 

austenite → ferrite + κ-carbide + M23C6 carbide; that in 

the 6Cr sample is austenite → ferrite + M7C3 carbide. The 

experimental results in the 0Cr and 6Cr samples are in 

good agreement with the results calculated by phase dia- 

gram (Fig. 1), while M7C3 carbides was not observed in 
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Fig. 9 Microstructure analysis 

of the 6Cr sample after the 

aging at 650 °C for 3 h: a and b 

are the SEM micrographs; b is 

the magnified micrograph from 

the rectangular region indicated 

by red dotted line in a; c is TEM 

BF micrograph of ferrite in the 

6Cr sample; d is the NBD taken 

from the precipitates along with 

[1120] zone axis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 10 SEM micrographs of the 0Cr a, b, 3Cr c, d and 6Cr e, f samples after the aging at 650 °C for 9 h, respectively; b, d and f are the magni- 

fied SEM micrographs from the rectangular regions indicated by red dotted line in a, c and e, respectively 

 

the 3Cr sample and M23C6 carbides was present. There- 

fore, it can be inferred that the high Cr content has a high 

driving force for the formation of M7C3 carbides during 

eutectoid transformation and also inhibits the produc- tion 

of κ-carbides. However, the low Cr content is more 

conducive to the formation of M23C6 carbides in this 

eutectoid transformation. 

In this work, a divorced eutectoid transformation takes 

place before the eutectoid transformation in the austenite, 

which is rarely reported in this kind of low-density steels. 
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Fig. 11 Schematic illustration of the phase transformation sequence in the low-density samples during the ageing at 650 °C 

 
Fig. 12 SEM micrographs of 

the 0Cr a, 3Cr b and 6Cr c 

samples after the aging at 650 

°C for 3 h, respectively 

 

 

 

 

 

 
The conditions conducive to the occurrence of divorced 

eutectoid transformation are generally considered to be: a) 

the aging treatment temperature is close to and below A1 

temperature; b) an austenite matrix containing arrays of fine 

and dense carbide particles; c) a lower undercooling [30, 31]. 

According to the calculated equilibrium phase fraction dia- 

gram of the 0Cr, 3Cr and 6Cr samples shown in Fig. 1(b–d), 

the used experimental transformation temperature of 650 °C 

is below the A1 temperatures of the 0Cr and 3Cr samples of 

around 655 °C and 712 °C, respectively. The smaller tem- 

perature difference between the transformation temperature 

and A1 temperature also leads to a smaller undercooling. 

Therefore, a divorced eutectoid transformation is observed in 

the 0Cr and 3Cr samples at the earlier transformation stage. 

As the phase transformation progresses, the composition of 

austenite in the 0Cr and 3Cr samples would change, and then 

the eutectoid transformation begins to occur. However, the 

A1 temperature of the 6Cr sample is calculated as 841 °C, 

which is much higher than the experimental transformation 

temperature (650 °C). The higher austenitizing temperature 

results in a greater tendency to form lamellar structure in the 

annealed sample [30]. As a result, only eutectoid structure is 

observed in the 6Cr sample aged at 650 °C for 0.5 h. 

In addition, the increase in Cr content promotes the 

eutectoid transformation at 650 °C. As shown above, a large 

amount of austenite still exists in the 0Cr sample after the 

aging treatment at 650 °C for 12 h. However, the austenite in 

the 3Cr sample was completely transformed into the eutec- 

toid structure by the aging treatment for 9 h. The austenite 

in the 6Cr sample is completely consumed within only 3 h. 

This can also be attributed to the increased A1 temperature 

of the samples caused by increasing the Cr content, as shown 

 
in Fig. 1. The enlarged difference between the A1 tempera- 

ture and the transformation temperature (650 °C) provides 

a greater driving force for the eutectoid transformation and 

accelerates the phase transformation rate of the eutectoid 

transformation. 

According to Fig. 10, the increase of Cr content decreases 

the interlayer spacing of pearlite, which could be affected by 

the element diffusion [36, 37] and undercooling. M. Honjo 

et al. [36] have found that the lamellar spacing of the pearlite 

structure in Fe-C-Cr samples was refined by increasing the 

Cr content, which was caused by a decrease of the diffu- 

sion coefficient of C in the austenite. The chemical com- 

position of the original austenite in the as-cast samples and 

the pearlite structure after the aging for 9 h were measured 

by SEM–EDX, as shown in Table 2. In addition, the diffu- 

sion coefficients of different elements in austenite (FCC) 

at 650 °C were calculated by Thermo-Calc software with 

TCFE7 and MOBFE2 database, and the results are shown 

in Table 3. First, the Cr addition decreases the diffusion 

coefficient of C in austenite. Then, according to the element 

partition between the transformation products and the dif- 

fusion coefficient of different elements in austenite at 650 

°C, Mn element is the limiting element affecting the phase 

transformation in the 0Cr sample, while Cr element is the 

limiting element in the 3Cr and 6Cr samples. The diffusion 

coefficient of Mn element of 8.1 × 10–19 m2•s−1 in the 0Cr 

sample is larger than those of Cr element of 1.76 × 10–19 

m2•s−1 in the 3Cr sample and of 2.62 × 10–19 m2•s−1 in the 

6Cr sample. It has been found that the faster the diffusion, 

the greater the interlayer spacing of pearlite [36]. Therefore, 

the interlayer spacing of pearlite in the 0Cr sample is the 

largest. However, although the diffusion coefficient of  Cr 
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Table 2 The chemical 
 

 

Samples Phases Fe Mn Al Cr 
composition of the different    

phase in the three samples 

(wt%) 

 

 

 

 

 

 

 

 

 

 

 

Table 3 The diffusion coefficient of different elements in the austen- 

ite (FCC) 
 

Samples Al/ m2 s−1 Mn/ m2 s−1 Cr/ m2 s−1 C/ m2 s−1 

0Cr 4.23 × 10–18
 8.1 × 10–19

 – 3.34 × 10–13
 

3Cr 4.8 × 10–18
 8.23 × 10–19

 1.76 × 10–19
 2.34 × 10–13

 

6Cr 6.01 × 10–18
 9.44 × 10–19

 2.62 × 10–19
 1.2 × 10–13

 

 

in the 6Cr sample is greater than that of the 3Cr sample, 

the interlayer spacing of pearlite in the 6Cr sample is still 

smaller than that of 3Cr sample. This should be attributed 

to the larger undercooling in the 6Cr sample resulting in a 

higher phase transformation rate, and the elements in the 

sample cannot diffuse sufficiently. 

 
5 Conclusions 

In this work, the effects of Cr on the microstructural evolu- 

tion of austenite during isothermal aging at 650 °C in the 

austenitic-based Fe-20Mn-9Al-1.2C-xCr (wt%; x = 0, 3 and 

6) low-density steels were investigated. The principal results 

obtained are summarized as follows: 

(1) The addition of Cr changed the phase transformation 

mode of austenite in the samples during aging at 650 

°C. The 0Cr and 3Cr samples underwent the divorced 

eutectoid transformation and then the eutectoid trans- 

formation. However, only the eutectoid transformation 

was observed in the 6Cr sample. 

(2) The Cr addition had a significant effect on the 

transformation products of the eutectoid trans- 

formation at 650 °C in the three samples: 0Cr: 

austenite → ferrite + κ-carbide; 3Cr:  austen- 

ite → ferrite + κ-carbide + M23C6 carbide; 6Cr: austen- 

ite → ferrite + M7C3 carbide. 

(3) The increase of Cr content significantly increased the 

A1 temperature of the sample and corresponding dif- 

ference between A1 temperature and aging temperature 

(650 °C), which promoted the eutectoid transformation. 

(4) The addition of Cr content had a significant effect on 

the diffusion of elements, resulting in the refinement of 

the pearlite structure. 
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