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Research Progress of Ordered Precipitates in Low-density Steels
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W ith the growing popularity of the green manufacturing concept of “weight reduction, energy saving and carbon emission reduction”, the re-
quirement for upgrading traditional steel materials is particularly urgent. The third generation of automobile steel has become a focus of in-
creasing attention of research and development institutions and enterprises in various countries. As a new research and development direction of
the third generation automotive steel, high strength and toughness low-density advanced steel is mainly designed by adding more light elements
such as Al, Mn and Si elements into steel, which can significantly reduce the density of steel. The strength and plasticity of steel can be balanced
by adjusting matrix structure and precipitated phase composition and morphology, so that it has high strength and plasticity and low density.

In the presentation, the lattice parameters and related properties of Kappa carbides, (Fe, Mn) Al, NiAl-type B2 phase, (Fe, Mn);Al-type
DO, phase and B-Mn phase in low-density steels are introduced according to the composition and structure characteristics of Fe-Al, Fe-Mn-Al and
Fe-Mn-Al-C low-density steels. Based on the latest research on low-density steels in China and overseas, the thermal and dynamic calculation of
phase diagrams of low-density steels, the elemental partition and precipitation behavior ( characteristics, morphology, size) , the effect of precipi-
tation on the microstructure evolution and strength-toughness mechanism of steels are summarized. Based on current research, the future re-
search directions of high strength, high toughness and low density steels are prospected.
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Table 1 Lattice parameters of base phase and precipitated phase in low-density steels

Phase Molecular Pearson Space Prototype Lattice parameter Ordered critical References
formula symbol group a=b=c¢/nm temperature/ “C

bee-Fe a-Fe(Mn, Al) cl2 Im3m W 0.286 — [31,35-36]

fce-Fe v-Fe(Mn,Al,C) cF4 Fm3m Cu 0.359 — [31,35-36]
K Carbide Fe;AlC cP5 Pm3m CaTiO, 0.372—0.377 825—1 315 [31-32,35-36]

bee-B2 FeAl cP8 Pm3m CsCl 0.289—0.291 540—1 200 [31-32,34-36]
bee-DO, Fes Al cF16 Fm3m BikF, 0.576—0.579 540 [31-32,35-36]
CUB-Mn -Mn cP20 P4,32 B-Mn 0.629—0.633 727—1 095 [33,36]
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Fig.9 (a) Medium-high temperature equilibrium phase diagram, (b) TTT isotherm curve and (¢) medium CCT curve of a medium manganese low-density
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Fig.10  Diagram of decomposition of solid solution in hardened alloy Fe-
28%Mn-8.5% Al-1%C-1.25%S1 during isothermal holds in the aging tempera-

ture range- 64]
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Fig.11 Lamellar-shaped phases such as Kappa carbide and ferrite on the
austenite grain boundary'®); (a) TEM bright-field images, (b) SAD dif-
fraction pattern

B 12 Fe-2Mn-8A1-0.2C §{°F Kappa BRALYIIN 4 HIZLSUR SEM TE L) .
() GALL, (b) SEMIESL, (o) WA SEM 5

Fig.12 Microstructures and SEM morphology of Kappa carbide in Fe-2Mn-
8A1-0.2C alloy™*! ; (a) optical micrograph, (b) scanning electron microsco-
py micrograph, (c¢) SEM micrograph after deep etching
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Fig.13
6A1-0.15C low-density steel! ™) ; (a) OM micrograph of the specimen aged at
550 °C for 1 h, (b) SEM micrographs showing carbides precipitated at the
grain boundary of d-ferrite, (c¢) interphase boundaries between 8-ferrite and

Isothermal precipitation morphology of Kappa carbides in Fe-9Mn-

y-austenite and between d-ferrite and martensite, (d) TEM image and a se-
lected area diffraction pattern ( SADP) taken from a carbide precipitated at
the grain boundary of &
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14 Fe-10A1-15Mn-0.8C-5Ni Po4LIE A b At rh B2 A 7 B HB S 7
Fig.14  Annealed microstructure having fine B2 precipitates in Fe-10Al-
15Mn-0.8C-5Ni cold rolling steel 7!

B 15 SRS M B2 #r k100 EBSD E172 . (a) ZSpIR 0 B2 A1,
(b) BER KL B2 kL

Fig.15 EBSD of B2 precipitated particles in a low-density steel!?! ; (a) the
EBSD maps of triangle-like B2 precipitate, (b) disk-like B2 nano-particles
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Fig.16 B-Mn’s EBSD phase map of Fe-31.4Mn-11.4A1-0.89C low-density
steel at different aged conditions!”*'; (a) 30 min specimens, (b) 300 min

specimens, (c¢) 1 000 min specimens, (d) 10 000 min specimens

(@)

Bl 17 Fe-30Mn-10A1-2C R FEMh B-Mn MHIZAEAT /R KB L (a)
B DA R X B R HE T o PR MAAE i AL U, (b) &4 X B
B B-Mn (B, (o) ARIFBAIE Y B-Mn 5 I

Fig.17 Skeiches illustrating the B-Mn transformation behavior of Fe-30Mn-
10A1-2C steel!™ ; (a)the formation of C-poor and Al-rich regions promoted
that a nucleated at the grain boundaries, (b) the formation of Mn-rich regions
and then B-Mn appeared, ( c) B-Mn formed from different sites merge
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Fig.18 The relations between tensile properties, work hardening rate and Al
content in low-density steel with different lattice structure and the solid solu-
tion hardening phases'?™! . (a) the influence of Al content on tensile proper-
ties, (b) the relations between work hardening rate and Al content
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Fig.19 Scanning TEM images of Fe-10Al-15Mn-0.8C-5Ni after tensile de-
formation showing interaction of dislocations and B2 paﬁicles:ﬂ] . (a) dislo-
cations pile up at the interface of B2 particle and austenite (7y) matrix, (b)
a dislocation bows out at the B2/+y interface
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