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A B S T R A C T   

Lightweight austenitic steels are among the materials of interest which can potentially reduce the CO2 emissions 
and improve the fuel efficiency in automotive sector. Understanding the recrystallization behavior of these steels 
would open the door for a spectrum of structural applications that need a strength-ductility balance. In the 
present work, the recrystallization behavior of cold rolled Fe-30Mn-5Al-1C- (0–3 wt%) Mo austenitic steels after 
annealing at 600–1200 ◦C was investigated through EBSD, FESEM, TEM and hardness. The solubility of mo
lybdenum in austenite and the equilibrium phases is determined through thermodynamic calculations. Alloying 
with more than 0.5 wt% Mo increased the recrystallization temperature by ~ 100 ◦C. M2C type carbides 
precipitated in 2-Mo and 3-Mo alloys leading to grain refinement and delay in recrystallization. The hardness 
increased with increase in Mo content and decreased with increase in annealing temperature. At 1200 ◦C, due to 
grain growth all the alloys have similar grain size and hardness.   

The development of steels with superior strength and ductility, to 
minimize the carbon-di-oxide emissions and improve the efficiency has 
been the goal of automotive sector. Lightweight steels based on Fe-Mn- 
Al-C system are finding interest due to their high specific strength and 
ductility. They offer reduced weight due to the lower atomic mass of 
aluminum and the dilation of iron lattice due to solute aluminum. The 
addition of aluminum and manganese alters the stacking fault energy of 
the steel and changes the deformation mechanism, which leads to better 
mechanical properties. These alloys are categorized based on the phases 
in their microstructure viz., ferritic, duplex (ferrite + austenite) and 
austenitic steels [1–5]. The austenitic class of steels drew attention 
owing to the precipitation hardening by intra-granular κ-carbide, (Fe, 
Mn)3AlCx [6,7]. However, on long term aging the κ-carbide precipitates 
at the grain boundaries and deteriorates the mechanical properties [8, 
9]. Among the alloying additions, silicon accelerates the formation ki
netics of κ-carbide [10,11], while molybdenum retards it [12]. It was 
also reported that alloying with up to 3 wt%Mo decreased the yield 
strength and beyond 4 wt% Mo increased it [13]. It was also shown that 
alloying with chromium along with molybdenum increased the resis
tance to pitting corrosion without loss in ductility [14]. 

The role of molybdenum in the precipitation of κ-carbide and control 
of mechanical properties is important. Static recrystallization is known 

to affect the grain size and thereby the mechanical properties. There is 
no literature on static recrystallization behavior of molybdenum alloyed 
lightweight austenitic steels. In the present work, we investigate the role 
of molybdenum on recrystallization behavior and hardness of Fe-30Mn- 
5Al-1C-xMo lightweight austenitic steels. 

Commercially pure iron, manganese, aluminum, molybdenum and 
graphite were vacuum induction melted to produce the alloys with four 
different Mo concentrations, Fe-30Mn-5Al-1C-xMo (x = 0, 0.5,2 and 3 
wt%). The chemical composition of the alloys obtained through ICP-MS 
presented in Table.1. The as cast alloys were homogenized at 1200 ◦C for 
3hr, hot-forged and then hot-rolled to plates of 7 mm thickness. The hot- 
rolled plates were homogenized at 1100 ◦C for 2hr and cold rolled to 
80% reduction in thickness. The cold rolled alloys were isochronally (1 
h) annealed in the temperature range of 600–1200 ◦C under argon at
mosphere to investigate the recrystallization behavior. EBSD (FESEM, 
JEOL, 7500 M) was used to characterize the microstructural evolution 
during annealing along with fraction recrystallized. Grain orientation 
spread (GOS) approach with GOS of 0–1.5◦ is used to distinguish 
recrystallized and deformed grains in the microstructure. The specimens 
for EBSD were prepared by grinding through a series of SiC papers and 
finish polishing by fine alumina (<0.5 μm) followed by electro polishing 
in 10% perchloric acid in methanol for 10 s at 20 V. The precipitates 
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formed during annealing were identified using the Back Scattered 
Electron (BSE) imaging mode, TEM (JEM 2100F, JEOL) and SAED pat
terns. The TEM specimens were prepared by grinding to 80 µm thick, 
followed by twinjet polishing in the electrolyte 10% perchloric acid in 
methanol at 20 V and 200 mA at -30 deg. 

Fig. 1a shows the GOS maps at different isochronal (1 h) annealing 
temperatures for all the alloys. Grains with grain orientation spread 
(GOS) less than 1.5◦, considered as recrystallized grains were indicated 
with green color. Fig. 1b and c shows the fraction recrystallized (frcx) and 
grain size, respectively extracted from the GOS maps. It is clearly 
observed from Fig. 1a that the significant fraction of recrystallized 
grains were observed in case of 0-Mo compared to other alloys at 600 ◦C. 
The fraction recrystallized (%) increased with increase in the annealing 

temperature in all the alloys. At 700 ◦C, 0-Mo and 0.5-Mo alloys showed 
~ 90% recrystallization, however 2-Mo and 3-Mo alloys showed ~50% 
and ~78% recrystallization respectively. The temperature at which 
~90% recrystallization occurred is taken to be the recrystallization 
temperature in this study. The recrystallization temperature is 700 ◦C in 
0-Mo and 0.5-Mo alloys, and is ~800 ◦C in 2-Mo and 3-Mo alloys. This 
indicates that molybdenum is retarding the recrystallization kinetics and 
increasing the recrystallization temperature by ~100 ◦C. At 800 ◦C and 
above, all the alloys showed greater than or equal to 90% recrystalli
zation and grain growth. In general, in all the alloys grain size increased 
with increase in the annealing temperature and decreased with increase 
in molybdenum content. The difference in grain size between 0-Mo and 
0.5-Mo as compared to 2-Mo and 3-Mo is initially significant up to 
900 ◦C, whereas it is very minimal at 1200◦C. However, in the 2-Mo and 
3-Mo alloys, the grain size after annealing at different temperatures is 
similar. Fig. 2a shows the BSE micrograph of all the alloys after 
annealing at 700–1200 ◦C for 1 h. The alloys 0-Mo and 0.5-Mo shown a 
single-phase austenitic structure at all annealing temperatures. In 2-Mo 
and 3-Mo alloys, a secondary phase is present at the grain boundaries as 
well as in the matrix. This secondary phase, shown in inset figure (as 
well as in supplementary fig.S1) was distinctly observed on annealing 
from 700 ◦C up to 900 ◦C. At 1200 ◦C, secondary phase was not observed 
indicating its dissolution. Fig. 2b shows the TEM-SADP and EDS map
ping of the 2-Mo alloy after annealing at 900 ◦C. The SADP of the matrix 
phase (marked as 1) confirmed the FCC structure and austenitic phase. 
The elemental mapping with the EDS detector showed that the 

Table. 1 
Chemical composition of the alloys obtained through ICP-MS.  

Alloy 
Designation 

Chemical Composition (in wt%) 
Fe Mn Al C Mo 

0-Mo Bal 28.1 
(±0.3) 

4.5 
(±0.1) 

1.1(±0.1) 0 

0.5-Mo Bal 31.6 
(±0.3) 

5.1 
(±0.1) 

0.95 
(±0.06) 

0.51 
(±0.01) 

2-Mo Bal 31.7 
(±0.3) 

4.9 
(±0.1) 

1.1(±0.1) 1.92 
(±0.04) 

3-Mo Bal 31.2 
(±0.3) 

5.0 
(±0.1) 

1.1(±0.1) 2.94 
(±0.05)  

Fig. 1. Isochronally (1hr) annealed alloys showing: (a) Grain orientation spread maps with microstructural evolution, (b) recrystallization fraction (%) and (c) Grain 
size (in μm). 
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precipitates were rich in molybdenum and the SADP (marked as 2) 
revealed the precipitate to be hexagonal close-packed structure carbide. 
This is also confirmed by high-resolution TEM, EBSD phase map and 
Raman spectroscopic analysis (presented in supplementary Fig. S2, 
Fig. S3 and Fig.S4, respectively). 

CALPHAD based Thermo-Calc software was used to predict ther
modynamically equilibrium phases. The pseudo-binary phase diagram 
consisting of Fe-x Mo (for fixed Mn, Al and C), constructed using TCFE 9 
data base, is shown in Fig. 3a. The composition of manganese, aluminum 
and carbon are taken as 30, 5 and 1 wt% respectively and iron is 
adjusted as balance for ‘x’ wt% Mo. The equilibrium phases predicted 
(Fig.3a) in 2-Mo and 3-Mo alloys at temperature above 700 ◦C are 
austenite and M2C with HCP structure. This confirms that the secondary 
phase present in the system as observed in Fig. 2b is molybdenum rich 
carbide (M2C). The corresponding lattice constants calculated using 

[01–10] zone axis are a = 4.67 Å and c = 7.4Å These values are slightly 
higher compared to the lattice constants of Mo2C [15] which may be due 
to the partitioning of Fe, Al and Mn to the Mo sublattice. Further, the 
formation of κ-carbide in the 0-Mo alloys is investigated by 
non-isothermal annealing at 550 ◦C for 5 min. Fig. 3b–d shows the bright 
field TEM micrograph and the high-resolution image with SADP in 
showing that there is no κ-carbide formed in the 0-Mo alloy. 

From Fig 2a, it is observed that precipitation of M2C and recrystal
lization are two events occurring during annealing of 2 and 3% Mo 
samples. Further, the precipitates are observed even at 700 ◦C where the 
alloys are in the partially recrystallized condition. The recrystallization 
of 2-Mo and 3-Mo alloys had resistance from secondary phase while not 
with the case of 0-Mo and 0.5-Mo alloys. The solubility limit of mo
lybdenum in the austenite matrix could explain the differences in 
recrystallization among the alloys. 

Fig. 2. (a) SEM micrographs of alloys with varying annealing temperatures showing the formation of Mo-rich precipitates, (b), TEM micrograph of 2Mo alloy 
annealed at 900 ◦C 1hr showing the austenite matrix and the Mo-rich carbide. 
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According to equilibrium thermodynamic calculations (Fig. 4a), the 
solubility of Mo in the alloy is upto 0.5 wt% at 700 ◦C. As a strong 
carbide former, the dissolved molybdenum present in the austenite 
matrix (up to 1.5 Mo) is having negative grain boundary-solute inter
action energy which drags the grain boundary and makes the recrys
tallization and grain growth sluggish as compared to 0-Mo case[16]. 
This was further confirmed from the TEM-EDS Mo-concentration line 

profile for the 2Mo alloy annealed at 800 ◦C for 1 h, shown in Fig. 4b. It 
is observed that the molybdenum content was higher at grain boundary 
as compared to the grain interior. The average concentration of Mo 
obtained by EDS point spectrum at several locations both at the 
boundary and at the grain interior are 2.4 (±0.5) wt% and 1.4 (±0.35) 
wt% respectively. These observations clearly suggesting that molybde
num is segregating at the grain boundaries during annealing due to the 

Fig. 3. (a) Pseudo binary phase diagram of Fe-Mo(Al-C-Mn fixed) showing the equilibrium between austenite (γ) and M2C carbides at annealed temperatures,(b) 
Bright field TEM micrograph of 0-Mo alloy annealed non-isothermally at 550 ◦C for 5 min, and corresponding (c) High resolution TEM image, (d) SADP of selected 
regions showing no κ-carbide formation. 

Fig. 4. (a) Solubility limit of molybdenum in austenite separated by austenite-austenite + M2C phase boundary, (b) Molybdenum concentration profile across the 
grain boundary in 2-Mo alloy annealed at 800 for 1hr showing the segregation of molybdenum at grain boundary. 
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negative grain boundary-Mo solute interaction energy [16]. Therefore, 
the presence of Mo in the alloy can effect grain boundary migration due 
to solute drag, which can effect both recrystallization and grain growth 
kinetics. The solubility limit curve shows that with the increase in mo
lybdenum beyond 0.5 Mo at 700 ◦C, the austenitic phase decomposes to 
austenite + M2C precipitate. In the 2-Mo and 3-Mo alloys in addition to 
solute drag, the presence of M2C precipitates also contributed to the 
grain refinement. These precipitates pin the grain boundaries and exert 
pressure against its migration. Thus, Zener pinning along with solute 
drag could be the two contributing factors for the grain refinement as 
well as shift in the recrystallization temperature in 2-Mo and 3-Mo al
loys. At 1200 ◦C, there are no precipitates present in 2-Mo and 3-Mo 
alloys and consequently all the alloys have a similar grain size (~ 
70–76 um). 

The activation energy for grain growth was calculated using the 
grain sizes obtained after annealing (Fig. 1c) and the classical equation 
for isothermal grain growth. In Eq. (1) the growth exponent is assumed 
to be equal to 2. 

dn − dn
0 = k t = k0.exp

(

−
Q

RT

)

t (1)  

where, t is the annealing time which is equal to 1 hr in the present work, 
d0 is the initial grain size corresponding to annealing at 800 ◦C for 1 hr, 
d is the final grain size, n is grain growth exponent, k0 is the pre- 
exponential constant, Q is the activation energy for grain growth and 
R is the gas constant. The activation energy for grain growth calculated 
as a function of Mo content is given in Table 2 and corresponding curves 
in supplementary Fig.4. The activation energy increases with the in
crease in the Mo content in both n = 2 and n = 3 and inhibits grain 
growth. 

The strength of all the alloys is measured in terms of Vickers hard
ness. Fig. 5 shows the hardness of all the alloys after annealing at 
different temperatures. In general, the hardness increased with increase 
in Mo content and decreased with increase in annealing temperature in 
the alloys. The difference in the strength of the alloys can be explained in 
terms of the differences in their microstructure. In the 0-Mo and 0.5-Mo 
alloys, the microstructure is austenite, while in the 2-Mo and 3-Mo alloys 
the microstructure is austenite and M2C precipitate. The hardness of 0- 
Mo alloy dropped readily with increase in annealing temperature while 
it increased slightly at 600 ◦C in other alloys before it continuously 
dropped. This observed difference could be due to segregation of mo
lybdenum atoms during annealing. The difference in hardness among 
the alloys reduced with the increase in the annealing temperature. The 
significant difference in hardness (ΔH) between 0-Mo and 0.5-Mo is 
observed up to 700 ◦C, whereas between 2-Mo and 3-Mo, ΔH is observed 
up to 800 ◦C. This is because the alloys underwent complete recrystal
lization (>90%) by 700 ◦C and 800 ◦C, respectively. 

The grain size and the hardness differences observed between 0-Mo 
and 0.5-Mo alloys convey that in 0.5-Mo, the strength contribution is 
from the grain refinement as well as the solid solution strengthening. 
However, in 2-Mo and 3-Mo alloys, along with the grain refinement and 
the solid solution strengthening, the precipitation strengthening also 
contributes to the strength. The hardness at 1200 ◦C is similar in all the 
alloys, which is consistent with the similar grain size in all the alloys 
(~70–76 μm). 

Conclusion 

The effect of molybdenum on recrystallization behavior of Fe-30Mn- 
5Al-1C-(0–3wt%) Mo alloys was investigated through the EBSD, FESEM, 
TEM and hardness. The microstructural evolution with annealing tem
perature and wt% of molybdenum was studied. The major conclusions 
drawn from the findings are:  

(a) Alloying with more than 0.5 wt% molybdenum, increased the 
recrystallization temperature by ~ 100 ◦C, indicating retardation 
in the recrystallization kinetics.  

(b) There are formation of Mo-enriched carbides in 2-Mo and 3-Mo 
alloys that affected the recrystallization kinetics.  

(c) In the 0.5-Mo alloy, the solute-drag interface migration is 
responsible for delayed recrystallization. In the 2-Mo and 3-Mo 
alloys, pinning by the grain boundary precipitates (Zener drag) 
along with solute drag is responsible for the delayed recrystalli
zation and grain growth.  

(d) The increase in hardness upto 0.5 wt% Mo is a result of grain 
refinement along with solid solution strengthening whereas, in 2- 
Mo and 3-Mo alloys precipitation strengthening also contributed 
to hardness. 
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Table. 2 
The activation energy for the respective alloy found using the grain growth 
equation with grain size exponent equal to two.  

Wt% Mo Activation energy Q (kJ-mole− 1) 
n = 2 n = 3 

0 231(±10) 326(±10) 
0.5 250(± 70) 351(± 94) 
2 385 (± 130) 540 (± 177) 
3 450 (± 73) 760 (± 146)  

Fig. 5. Micro Vickers hardness of all alloys at different annealing temperatures.  
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