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A B S T R A C T

This work further investigated the mechanical properties of chemically heterogeneous core-shell austenite. It 
demonstrated the ability to enhance work hardening capacity and mitigate the formation of the Lüders band. 
Both experiments and molecular dynamics simulations confirmed that the Mn chemical boundary acts as a 
barrier to martensitic transformation during deformation.

1. Introduction

Medium Mn steels (MMS) are part of the third generation of 
advanced high-strength steels (AHSSs) and have attracted significant 
attention due to their impressive combination of strength and ductility 
[1–3]. It is widely acknowledged that the mechanical performance of 
MMS is influenced not only by the properties of the ferritic/baini
tic/martensitic matrix, but also by the presence of metastable retained 
austenite (RA) [4–8]. The transformation of the soft metastable RA into 
the hard martensite phase enhances work hardening capacity through 
the transformation-induced plasticity (TRIP) effect [9,10]. A good un
derstanding of deformation-induced martensitic transformation (DIMT) 
and the parameters controlling it is crucial for the further development 
of MMS. The transformation of metastable austenite during deformation 
is governed by multiple factors, including stress state, chemical 
composition, strain rate, and grain size, all of which play pivotal roles in 
determining the kinetics and mechanics of this phase transformation 
[11,12].

RA in MMS is typically obtained through an austenite reversion 
treatment (ART), which leading to the formation of a structure that in
cludes ferrite and austenite, resulting in Mn and C partitioning from 
ferrite into the austenite [13,14]. Generally, the reverted austenite 
grains produced via the traditional ART process are chemically 

homogeneous in Mn and C [15]. In contrast, retained austenite grains 
with chemically heterogeneous C and/or Mn distributions have shown a 
great potential to enhance the mechanical properties [16–19]. The 
present authors developed a compositional core-shell structured 
austenite in cold-rolled MMS with a low Mn content in the core and a 
high Mn content in the shell, through a process known as Flash-ART 
[20]. The low Mn core forms during rapid heating to the flash peak 
temperature, while the Mn-enriched shell develops during the subse
quent isothermal hold at the ART temperature. This innovative pro
cessing route results in a much higher amount of RA, with sufficient 
thermal and broader mechanical stability range compared to the con
ventional ART process. Similarly, Sun et al. [21] devised a strategy for 
producing RA with a gradient in Mn concentration, which results in a 
spectrum of mechanical stability. This gradient has been shown to 
prolong the TRIP effect. Accidently, Zhang et al. [22] discovered that the 
presence of austenite with a core-shell structure through two-step ART 
process significantly enhances the resistance to hydrogen embrittlement 
in MMS. It has been proposed that the sequential transformation of 
austenite, with the core transforming first, prevents the formation and 
expansion of hydrogen-induced cracks at the boundaries connecting 
ferrite and deformation-induced martensite. Thus, a well-engineered 
chemical heterogeneity in austenite appears capable of overcoming 
the limitations of the conventional ART process, further improving both 
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the mechanical and service properties of MMS.
However, the mechanism of DIMT in RA grains with a chemical core- 

shell heterogeneity is only qualitatively understood. Several factors, 
most likely the shell thickness and element enrichment within the shell, 
are assumed to have a profound influence on the occurrence of the 
martensitic formation. However, no specific data is available regarding 
the minimum required composition difference between core and shell, 
nor the minimum (relative) thickness of the shell necessary to broaden 
the DIMT range. Additionally, while extensive experimental research 
exists on the martensitic transformation of metastable austenite under 
uniaxial tension [23], discussions on the simulation of individual 
austenite grains during the deformation process remain limited.

In this study, a specific form of chemically heterogeneous austenite, 
referred to as the compositional core-shell structure, is introduced into 
MMS. The influence of the compositional core-shell configuration on the 
stability of austenite and its subsequent mechanical behavior is inves
tigated. Additionally, first ever molecular dynamics (MD) simulations 
for RA grains with varying compositional combinations and shell 
thickness are conducted to elucidate the atomistic mechanisms gov
erning the DIMT within core-shell austenite grains.

2. Method

The steel used in this study has the composition of 0.23C–5.38Mn- 
1.70Al (wt.%). Specimens of 10 × 4× 1 mm3 were cut from the cold 
rolled plate and heat treated in a DIL-805ADT type dilatometer. Fig. S1
shows the sketch of Flash-ART. The sample was initially heated to 840 ◦C 
(flash temperature) at a rate of 100 ◦C/s, then rapidly cooled to 660 ◦C 
(ART temperature) at 100 ◦C/s and subsequently annealed for 10 min or 
60 min at this temperature [20]. These samples are referred to as 

FART-10 and FART-60, respectively. The microstructure was charac
terized using field-emission scanning electron microscopy (FE-SEM) and 
a PHI-710 type nano-auger electron spectroscopy equipped with elec
tron backscatter diffraction (AES-EBSD). Detailed information can be 
found in Supplementary Materials.

Dog-bone-shaped tensile specimens had a gauge length, width and 
thickness of 8 mm, 2 mm and 1 mm, respectively. Tensile tests were 
performed on an Instron 5565 machine at a strain rate of 10− 3/s at room 
temperature using a non-contact video extensometer. The evolution of 
RA fraction during tensile testing was recorded by the magnetic induc
tion experiment implemented by an FMP-30 type Feritscope. Ex-situ 
three-point bending experiments combined with an EBSD analysis 
were carried out to investigate the mechanical stability of core-shell 
structured austenite. The kinetics of austenite reversion and the Mn 
diffusion during isothermal annealing were simulated using DICTRA 
coupled to the TCFE 7 and MOB 2 databases.

The martensitic transformation of single chemically heterogeneous 
RA grains during uniaxial straining up to 7.0 % strain was simulated by 
MD simulations. A spherical FCC (austenite) structure was placed at the 
center of a BCC (martensite) supercell, and the BCC/FCC interface was 
designed as an incoherent interface, a design approach that has been 
validated [24]. The meta-stability of the shell was varied by adjusting 
the Mn concentration and the thickness. Details of the MD model can be 
found in the Supplementary Materials.

3. Results and discussion

The microstructures of the FART-10 and FART-60 samples are shown 
in Fig. 1(a and b). It is obvious that these samples have a typical duplex 
microstructure consisting of equiaxed RA and granular ferrite. From 

Fig. 1. Microstructure of the (a) FART-10, (b) FART-60 samples: (a1, b1) EBSD phase maps combined with image quality, (a2, b2) SEM micrographs. (c,d) The 
secondary electron image of austenite and corresponding Mn profile by AES-EBSD in the FART-10 (c) and FART-60 (d) sample. (e) A sketch of the evolution of phase 
boundary (PB) during annealing. (f) Evolution of Mn profiles after annealing at 660 ◦C for 0, 10, and 60 min. (γ: austenite; α: ferrite).
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SEM images, it is evident that the RA grains have a distinct interior 
structure with a different response to the electro-polishing process, 
which is identified as a core-shell structure with a graded distribution of 
Mn. The volume fraction of RA in the FART-10 sample is slightly lower 
than that observed in the FART-60 sample, as evidenced by the EBSD 
phase images. The distribution of Mn in the core-shell austenite was 
characterized by AES-EBSD in Fig. 1(c and d). It was found that the Mn 
content in the austenite core is similar to the nominal bulk composition, 
while the austenite shell, which is marked by blue dashed line, has a 
higher Mn content. The low Mn core is formed during the flash heating 
process, while the Mn-rich shell is formed during subsequent ART. It can 
be clearly seen that the Mn-rich shell of the FART-10 sample is thinner 
than that of the FART-60 sample. For more information on the detailed 
formation mechanism of this core-shell austenite, please refer to 
Ref. [20].

DICTRA simulations were conducted to analyze the formation of the 
high Mn shell during ART process. During annealing, the phase 
boundary (PB) of austenite/ferrite migrates towards the ferrite side, 
which can be derived from the predicted Mn profiles. This indicates that 
austenite is growing. As illustrated in Fig. 1(e and f), it is predicted that a 
Mn-rich shell region will emerge. A comparison of the 10 min and 60 
min curves revealed that the shell thickness differed by approximately 
twofold, while the average Mn concentration in the shell remained 
largely unchanged. This finding is in a qualitative agreement with the 
microstructure measurements in AES results.

Fig. 2(a) illustrates the stress-strain curves of the FART-10 and FART- 
60 samples. Fig. 2(b) shows the evolution of RA fraction during defor
mation. The mechanical properties exhibit contrasting results in these 
two samples. The ultimate tensile strength decreases with the annealing 
time increases from 10 min to 60 min. Conversely, the uniform elon
gation and tensile elongation increased. This is attributed to the 
different mechanical stability of the austenite in these two samples. The 
majority of the RA in the FART-10 sample is transformed into 
martensite, resulting in a higher volume fraction of fresh martensite. 
This leads to a significant increase in work hardening effect. In contrast, 
the kinetics of DIMT in the FART-60 sample is slower, resulting in 
persistent TRIP effects and delayed plastic instability (e.g., necking) 
[21]. A reduction in the amount of deformation-induced martensite also 
resulted in a decreased tendency for crack formation and interface 
decohesion related to fresh martensite [25].

Furthermore, the FART-60 sample exhibits discontinuous yielding 
behavior as called Lüders band phenomenon, as shown in Fig. 2(a), 
which is a characteristic feature commonly observed in cold-rolled and 
annealed MMS [26,27]. However, the Lüders band phenomenon is 
evidently absent in the FART-10 sample. By comparing the KAM value of 
the ferrite matrix in Fig. S3, it can be seen that the ferrite of the FART-10 
sample has a higher dislocation density due to the shorter annealing 
time. Concurrently, the austenite of the FART-10 sample is less stable, 
generating mobile dislocations and work hardening by martensite 
transformation in the early stage of deformation. An elevated mobile 

Fig. 2. (A) Engineering stress-strain curves of the FART-10 and FART-60 samples. (b) Corresponding evolution of RA fraction during tensile testing.

Fig. 3. Mechanical stability of RA grains in the FART-60 sample analyzed by quasi in-situ EBSD measurement. (a) SEM image, (b) Phase-IQ maps and (c) inverse pole 
figure (IPF) maps of RA showing deformation induced martensite transformation of individual RA grains at different strain level. White dashed line depicts the prior 
austenite grain boundaries.
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dislocation density can suppress localized deformation and the forma
tion of Lüders bands [28–30]. Interestingly, the yield strength of 
Flash-ART specimens significantly decreases as the annealing time is 
reduced. This observation is primarily attributed to the decreased sta
bility of austenite, resulting in macro-yielding during the elastic stage 
[5,31].

Fig. 3 illustrates the ex-situ EBSD results obtained in three-point 
bending experiments of the FART-60 sample. It is noted that the DIMT 
behavior varied among individual grains. This variation can be cate
gorized into three distinct types, with several representative austenite 
grains labelled as regions A, B, and C. Classification is based on the 
extent of martensitic transformation of single austenite grain, which 
may be complete, partial, or absent under observed strain conditions. In 
region A, a sequential transformation is observed, with the core area 
transforming first. Statistical analysis of austenite grains of similar 
transformation manner discloses that the remaining components 
invariably exhibit a higher Mn content. The austenite grains in Region B 
exhibit almost no transformation due to the stabilization effect of the Mn 
rich austenite shell. As can be observed from the SEM image, the 
thickness of the shell in this region is notably larger. Furthermore, in 
region C, there are multiple instances of RA grains without a composi
tional core-shell structure undergoing a complete transformation to 
martensite. Earlier studies showed that chemically homogeneous 
austenite grains typically completely transformed at their specific crit
ical strain level, with only a minority exhibiting gradual stepwise 
transformation [21–23]. Conversely, the stepwise transformation of 
metastable RA with chemically heterogeneous structures dominated in 

this sample. The chemical boundary caused by the heterogeneous dis
tribution of Mn will become the barrier to propagation of the martensite 
lath during deformation, which is similar to the effect of chemical 
boundaries observed by Ding [32] during quenching. Such a chemical 
boundary can stop the growth of martensite by a local reduction in 
diving force due to the high chemical composition. New martensite 
formed in the shell will take place in a smaller domain than the complete 
austenite grain, further extending the strain range over which DIMT 
occurs. In the case of a single austenite grain with chemical heteroge
neity, the integrity of the shell is of paramount importance. If the shell is 
incomplete, as observed in the grains of region C, it accelerates the 
progression of the martensitic phase transformation throughout the 
entire austenite grain. Therefore, the design of the chemical composition 
inside a single austenite can directly affect the deformation process of 
martensitic transformation.

DIMT in the core-shell austenite is also investigated by MD model
ling. As the comparison to the FART-10 and the FART-60 samples, the 
thickness of the shell, as well as its Mn concentration are considered as 
the key shell features. Model-1 and Model-2 are designed featuring 
identical shell Mn concentrations but different shell thicknesses. Model- 
3 is designed with a lower Mn% in the shell relative to Model-2, while 
Model-4 is designed with an increasing thickness of shell as compared to 
Model-3. The DIMT evolution as a function of the strain and as calcu
lated in the four models is shown in Fig. 4 and Movie. S1. The model is a 
full 3D model and that the structure evolution is shown for only one FCC 
plane (the (110) plane going through the very center of the particle). 
Different impressions are obtained by viewing the structure evolution on 

Fig. 4. Sketch of (a)Model-1, (b) Model-2, (c) Model-3 and (d) Model-4. Evolution of the microstructure as a function of the strain for the (e) Model-1, (f) Model-2, 
(g) Model-3 and (h) Model-4 when viewing the (1 1 0) FCC plane. Green marks atoms arranged in a perfect FCC pattern, blue marks the atoms in a perfect BCC 
pattern, red marks the atoms arranged in HCP stacking fault orientation and grey marks atoms with a crystallographically undefined local surrounding. Yellow 
dashed line depicts the boundary between core and shell. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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different planes (see Fig. S5). In Fig. 4, up to a strain of 2.5 %, there is 
nearly no transformation of any sort within the austenitic core for all the 
four conditions. At a strain of 3.0 %, the formation of HCP stacking faults 
initiate at the shell-matrix interface, partially propagating into the RA 
grain. At a strain of 4.0 %, the stacking faults (SFs) form a network as 
two systems become operational. Interestingly, the stacking faults do not 
seem to be affected by the presence of the chemical boundaries. Then the 
first cases of martensite formation become visible. BCC nucleates mainly 
at the phase interface and the intersection of the SFs. The chemical 
boundary itself is unlikely to act as a nucleation site for the martensitic 
transformation. Rather than playing a role in the nucleation of 
martensite, it primarily controls the propagation of the transformation. 
With increasing applied strain, the martensite regions grow, in part by 
absorbing the local stacking faults. The biggest differences between the 
model predictions become visible when the strain is above 6.0 %. While 
martensite propagates well into the shell for Model-3 and Model-4, the 
martensite formation is restricted to the central core as the propagation 
of the martensite is halted at the chemical boundary for Model-2 (the 
model with a strong Mn concentration difference and a sizeable shell). 
The same applies to Model-1 but the effect is less visible due to the 
thinner shell. Meanwhile, the 3D structure of the martensite formed in 
Model-2 at 6.0 % strain is shown in the Movie S2. It reveals that the 
martensite has a blocky structure. Therefore, chemical heterogeneity is 
unable to impede the formation of martensite nuclei at the interface. 
However, it does influence the subsequent growth of martensite.

Fig. 5 depicts the BCC evolution averaged over the core and shell of 
RA particle as a function of the applied strain. Initially, BCC phase for
mation begins in the austenite shell via the stacking faults. When the 
strain is less than 4.0 %, the BCC fraction of the core and shell parts of 
austenite are both in the range of 0~2 %. Chemical heterogeneity 
indeed has a significant influence on martensite formation. When the 
strain is increased from 4.0 % to 5.5 %, there is a substantial rise in the 
volume fraction of BCC in the core, while the BCC volume fraction in the 
shell undergoes a transformation of less than 5.0 %. In Fig. 5(a), the 
differences in BCC phase formation within the austenite core among the 
four models are relatively minor. Conversely, as depicted in Fig. 5(b), 
the austenite shells in Model-3 and Model-4 exhibit significantly greater 
instability than those in Model-1 and Model-2, which aligns with the 
findings presented in Fig. 4. The simulations reveal that the BCC 
transformation in the core is largely consistent across the various model 
configurations. Provided that the integrity of the core-shell structure is 
maintained, the BCC formation in the shell is primarily governed by the 
local concentration of Mn, rather than the thickness of the shell.

4. Conclusion

In summary, the investigation into the behavior of chemically het
erogeneous RA in MMS during the DIMT has been expanded. The 
manipulation of the core-shell structure produced using the Flash-ART 
process allows for the modulation of the work hardening behavior of 
the MMS. Combining experiment and MD simulation, it indicates that 
the chemical heterogeneity exerts strong barriers to block the propa
gation of martensitic laths during deformation The higher Mn content in 
the shell exhibits a stronger core shell effect. Consequently, as a repre
sentative example of chemically heterogeneous austenite, the compo
sitional core-shell austenite has demonstrated its considerable potential 
in modulating the mechanical behavior of MMS.
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