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a b s t r a c t 

In this study, high energy synchrotron radiation was used to perform an in-situ diffraction experiment in medium 

Mn Fe-6Mn-0.5C-1Al alloy to study the elemental partitioning and consequent austenite phase evolution at dif- 

ferent stages, namely, during heating, holding and cooling. It has been observed that the austenite phase fraction 

significantly increases on annealing at the inter-critical annealing temperature and remains stable at room tem- 

perature. The austenite phase stability at room temperature is due to the rapid partitioning of manganese (Mn) 

and carbon (C) during annealing. The relative change in d-spacing ( Δd/d) during heating-cooling confirms the 

partitioning of alloying elements during inter-critical annealing. 
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. Introduction 

Research interests in low to medium Mn-containing twinning-
nduced plasticity steels (TWIP) and transformation-induced plasticity
teels (TRIP) have increased in the past few years because these mate-
ials exhibit excellent combination of strength and ductility [1 , 2] . The
roportion and distribution of austenite-ferrite or austenite-martensite
hases play crucial role in deciding the mechanical properties of these
teels. In the past few years, various processing conditions have been
dopted to get the desired properties by tuning the microstructure in-
luding annealing at the inter-critical temperature (ICT) [3–6] and treat-
ents pertaining to reverted austenitic (RA) transformation [7–11] .
mong these two treatments, ICT is the most promising method for sig-
ificantly stabilizing austenite at room temperature. 

The ICT process comprises of short-time annealing at the inter-
ritical temperature during which Mn and C get significantly partitioned
n different phases. The partitioned elements stabilize the austenite
hase at room temperature. The amounts of Mn and C that are parti-
ioned in the austenite phase is very important as it governs the stacking
ault energy (SFE) and hence influences the associated deformation
echanisms. Although this concept has been proposed and practised in

ecent times, the ultimate outcome of the process is obtained through
 post-mortem analysis. No reports are available that clearly reveal
he quantitative estimation of the austenite phase fraction at ICT in
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edium Mn steels and the changes, if any, during cooling. In addition,
he addition of aluminium (Al) to medium Mn multi-phase steels is
nown to stabilize ferrite and the austenite phase [12 , 13] . Suh et al.
12] examined the role of Al addition in microstructure and mechanical
roperties of a Fe-5Mn-0.12C-0.5Si steel. A very clear transition from
 lath-type martensite microstructure to an elongated ferrite-type
icrostructure was observed on increasing Al addition. 

The aim of the present study is to clarify the presence of the austenite
hase at ICT and the rapid transformation of ferrite to austenite during
nnealing. Moreover, the study focuses on finding out the retained
ustenite phase fraction after cooling down to room temperature. 

. Experimental methodology 

The nominal chemical composition that was chosen for the present
tudy was a Fe-6Mn-0.5C-1Al (wt.%) alloy. The alloy was melted several
imes in an arc melting furnace in argon (Ar)- atmosphere to get the best
ossible homogenous composition throughout the sample. The composi-
ion analysis was carried out using optical emission spectroscopy (OES)
nd electron probe micro-analysis (EPMA). The final composition of the
s-cast specimen is listed in Table 1 . The as-cast material was hot rolled
t a temperature of 650 °C to obtain a thickness reduction, from 12 mm
o 1 mm. The hot-rolled sample (1 mm thickness) was used for in-situ
xperiments. The inter-critical annealing temperature was determined
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Fig. 1. (a) Heating schedule for in-situ diffrac- 

tion experimental, the Y-axis indicates the 

heating, holding and cooling temperature, and 

(b) Schematic illustration shows the diffraction 

geometry. The flat sample was placed on a ce- 

ramic holder. 

Table 1 

Chemical composition (wt.%) of the alloy used in the present 

investigation. 

Mn C Al Si Fe 

6.5 0.52 0.94 0.08 Balance 
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Fig. 2. Diffraction patterns showing peak position and intensity for starting ma- 

terial, holding temperature and room temperature. The inset shows the enlarged 

portion of 2 𝜃, 3–5°. 
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ith the help of the Thermo-Calc software, using the TCFE7 database
14] . The ICT, that was calculated was 670 °C and corresponds to a
0% austenite phase fraction in the microstructure. The equilibrium
hase fraction was calculated with respect to the composition. 

The in-situ diffraction experiment was performed at the high energy
eam line P07 at DESY (Hamburg, Germany). A monochromatic x-ray
eam with an energy of 80 kV ( 𝜆~ 0.01425 nm) and 0.5 mm × 0.5 mm
pot size was used for this investigation. The lattice strain and phase
ractions were calculated from the diffraction patterns. A two di-
ensional (2D) detector was used to record the Debye-Scherrer ring
atterns. The alumina (Al 2 O 3 ) NIST standard was used to calibrate the
ccurate detector distance, misalignment and wavelength. The 𝜃− 2 𝜃
onversion from the Debye Scherrer ring was carried using the Fit2D
oftware [15] . Heating was done using an induction copper coil. The
ample (with dimensions 15 mm × 5 mm × 1 mm) was surrounded
y the copper coil. The temperature evolution was monitored using
roportional-integral-derivative (PID) controller. During the experi-
ent, the total time was calculated from room temperature to 670 °C

nd 670 °C to room temperature. The estimated average heating and
ooling rates were calculated from the heating and cooling temperatures
espectively. It has to be noted that the heating and cooling rates are the
verage heating and cooling rates as the heating and cooling rate was
ot uniform throughout the temperature range. The approximate heat-
ng and cooling rates were 6 °C/s and 2 °C/s, respectively. The detailed
n-situ heating-cooling schedule is given in Fig. 1 a. The diffraction pat-
erns were recorded during heating, holding and cooling of the sample.
he schematic representation of the diffraction geometry is plotted

n Fig. 1 b. The x-ray diffraction patterns were taken at an interval
emperature of ~50 °C and the acquisition time was less than a second.

The microstructural features, incorporating the orientation, were
haracterized using the electron back-scatter diffraction (EBSD) tech-
ique; it was performed in FEI-Sirion FEG-SEM system, operating at
0 kV with a step size of 100 nm. The EBSD data acquisition and
nalysis were carried out using the TSL-OIM 

TM software, considering
 minimum boundary misorientation of 2°. The EBSD scan was carried
ut at the transverse (TD) plane. The elemental mapping, using electron
robe micro-analysis (EPMA) was used for compositional analysis and
o study the elemental distribution in the inter-critical annealed sample.
 JEOL JXA-8530F instrument was used for the composition analysis. 

. Results 

Fig. 2 shows the diffraction patterns that were obtained from
he starting material, at the inter-critical temperature and the room
emperature (after cooling). For brevity, only three patterns (starting
ample, during holding and after cooling to room temperature) are
hown below. The patterns show the presence of austenite and ferrite
hases. A change in intensity of the peaks corresponding to both the
hases was observed during heating and cooling, which indicates
hanges in the phase fraction of the alloy during the experiment. 

In addition to changes in intensity, the peaks got shifted as a re-
ult of annealing treatment (inset of Fig. 2 ). Fig. 3 a depicts the relative
hanges in d-spacing during heating to ICT, holding and then cooling. It
an be seen that there is very small change in the d-spacing for both the
ustenite and ferrite phases during the initial stage of annealing. Sub-
equently, there is a gradual increase in the d-spacing for the austen-
te phase and a rather steep decrease in the d-spacing of the ferrite
hase. The d-spacing for both the phases do not change on cooling. The
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Fig. 3. (a) Relative changes in d-spacing ( Δd/d 0) and (b) evolution of austenite phase fraction during heating, holding at ICT temperature and cooling. 

Fig. 4. (a) Elemental distribution map (for 

Fe, Mn and Al) combined with back-scatter 

electron (BSE) image. (b) Mn concentration 

across the line, marked with yellow color in 

Fig. (a) BSE image. 
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etermination of phase fraction reveals that the austenite fraction in-
reases to 50% during inter-critical annealing and the austenite con-
ent of the microstructure remains stable at this level even after cooling
 Fig.3b ). 

The elemental distribution map in Fig. 4 a shows a large partitioning
f Mn after inter-critical annealing. The microstructure shows the for-
ation of branded Mn-rich and Mn-lean regions. The Mn rich regions
re austenite phase, where enough Mn is available for stabilization of
he austenite phase. However, in Mn-lean regions, the presence of Mn is
ot enough for stabilization of the austenite phase; so, the Mn-lean re-
ions will be ferrite phase. The presence of Mn-rich and Mn-lean regions
akes a banded or lamellar phase morphology, where the austenite and

errite phases are aligned in a lamellar fashion. Fig. 4 b shows the Mn
oncentration across the red line (marked in the BSE image in Fig. 4 a).
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Fig. 5. EBSD generated (a) IPF map and (b) phase map of the starting annealed sample. 
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he concentration profile shows the inhomogeneous distribution of
n (4.5 to 10 wt.%) across the line. Lee et al. [21] showed a similar
n-rich austenite region in Fe-0.1C-10Mn-1Si-0.3Mo-0.5 V steel. The

resence of sufficient amounts of Mn and C in the banded regions at the
nter-critical annealing temperature favours a high fraction of austenite
hase stability at room temperature. It important to note here that after
asting, the specimen was hot rolled prior to inter-critical annealing
n order to eliminate the possible segregation of Mn (during casting).
urther, it is more likely that during hot rolling Mn was dissolved more
r less homogeneously throughout the specimen, as the solubility of
n in Fe is higher in the austenite. 

Fig. 5 a and 5 b show the hot-rolled microstructure prior to the
n-situ experiment. The microstructure shows the presence of ~11%
ustenite phase (calculated from the 2D EBSD phase map) and the
hase distribution is lamellar. Fig. 6 a displays the microstructure of the
nnealed sample after ICT treatment. The microstructure consists of

60% austenite phase ( Fig. 6 b). The austenite phase is characterized
y a lamellar morphology; such an aligned morphology is a result of
ery fast segregation of Mn and C atoms during short-time annealing.
he hot-rolled microstructure shows the presence of lamellar phase
orphology which can also be an effect in lamellar phase alignment

fter inter-critical annealing. The presence of equiaxed microstructure
ndicates that both the phases are recrystallized during annealing at
CT. The resulting microstructure after dynamic restoration is typified
y a fine grain structure consisting of austenite and ferrite ( Fig. 6 a).
he average grain size was measured as 1.8 μm and 0.8 μm for the
ustenite and ferrite phases, respectively, after inter-critical annealing. 

In the final annealed microstructure, large fractions of annealing
wins (marked with arrow) were observed in the austenite grains
 Fig. 6 a). The misorientation distribution plots, corresponding to the
ustenite and ferrite phases are displayed in Fig. 6 c. A rather small
raction of low angle grain boundaries in the austenite phase suggests
he completion of recrystallization of the austenitic phase during short
ime annealing. 

A very high frequency of misorientation was observed at ~43° for
oth the phases. The peak at ~43° in the misorientation distribution
orresponds to the common misorientation angle between austenite and
errite phases. The sharp maximum in the misorientation distribution at
60° in the austenite phase is attributed to the presence of annealing
wins in the microstructure [25] . The texture is presented by the (111)
nd (110) pole figures for the austenite and ferrite phases respectively
 Fig. 6 d). The locations of intensity maxima in the (111) pole figure
or the austenite phase and those in the (110) pole figure for the ferrite
hase coincide, which is an indication of adherence to the orientation
elationship during annealing: {111} 𝛾 ||{110} 𝛼 ; < 110 > 𝛾 || < 111 > 𝛼 . This
elationship indicates that the close packed plane of the austenite phase
s parallel to the close packed plane of the ferrite phase. 

. Discussion 

During the initial stage of heating, the change in d-spacing could be
ue to relaxation of the residual stresses that had accumulated during
olling ( Fig. 3 a). During holding at a high temperature, the relative
hange in d-spacing can be explained by the change in the lattice
arameter due to change in composition during annealing. At the
nter-critical temperature, the Mn and C atoms move from the ferrite
hase to the austenite phase; as a result the concentrations of these
lements in the austenite phase increases. The enrichment by more Mn
nd C atoms increases the lattice parameter in the austenite phase and
epletion reduces lattice parameter in ferrite phase ( Fig. 3 a). The in-
reased concentrations of Mn and C atoms significantly increases phase
raction of austenite. The partitioned Mn and C atoms in the austenite
hase also increases the stacking SFE towards the higher side. Due
o increase in the SFE deformation is possible by twinning instead of
train-induced martensite transformation [16] . The Rapid segregation
f Mn creates Mn-rich and Mn-lean regions. The relative decrease in
-spacing ( Δd/d 0 ) for the ferrite phase indicates that Mn and C flow
owards the austenitic phase. Simultaneously the increase in lattice
arameter also indicates enrichment of Mn and C during annealing.
lemental partitioning during short-time annealing at ICT temperature
s reported in References [17 , 18] . De Cooman [2] also reported Mn
artitioning in the Fe-7Mn-0.09C-1.3Si alloy after annealing at 600 °C
nd 650 °C for 168 h, which led to a stabilization of 39% and 47%
ustenite, respectively. Therefore, it is well-established that Mn and C
lay major role in stabilizing the retained austenite during inter-critical
nnealing. However, the stability of the austenite phase is attributed to
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Fig. 6. EBSD generated (a) IPF map, (b) phase map, (c) misorientation distribution plot and (d) pole figure corresponds to austenite and ferrite phase of the final 

annealed sample. 
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he equilibrium solubility of Mn in the microstructure during annealing.
he Mn and C get partitioned during short-time annealing and lead
o a higher fraction of retained austenite in the microstructure. The
n atoms diffuse rapidly into growing austenite grains due to the

arge difference in solubility of Mn in the austenite and ferrite phases.
urther, the C atoms diffuse relatively faster compared to Mn due to
maller atomic size. Shen et al. [4] reported that the partitioning of C
rom the martensite to the austenite phase in Fe-1.7Mn-0.2C alloy was
.1–1.85 wt.% during annealing for very short time. The solubility of C
s higher in austenite than in ferrite. Therefore, it is expected that the
 concentration will be higher in the austenite phase. The segregation
f Mn and C is responsible for the stabilization of austenite at room
emperature. Lee et al. [18 , 19] reported Mn and C partitioning during
nnealing at 680 °C for 3 min. The authors emphasize that 8 wt.% of
n and a significant amount of C get partitioned during annealing for

uch a short time to stabilize the austenitic phase at room temperature.
Hence, the concept of mechanical stability can be completely

voided where the presence of a very high dislocation density stops the
rowth of martensite embryos and stabilizes the austenitic phase [24] . 

In the present investigation, phase fractions of the austenite and
errite phases in the starting material and the corresponding changes
uring heating and cooling were calculated using the direct comparison
ethod [20] . The Fig. 3 b shows the austenite phase fraction evolution
uring heating, holding and cooling. In the direct comparison method,
he (111) and (200) peaks for austenite phase, and the (110) and (200)
eaks for ferrite phase were used for phase fraction calculation. The
tarting material was characterized by ~25–30% of the austenite phase.
fter annealing, the austenite phase fraction increased to 50–55%. The
ost important observation is that during cooling, the austenite phase
raction remained unchanged up to room temperature. This suggests
hat there was no reverse flow of Mn and C atoms, or any reverse phase
ransformation during cooling. 

During inter-critical annealing, grain growth was restricted as
rain growth is dependent on inter-phase interface mobility (interface
etween the austenite and ferrite phases) and the recrystallization
emperature. In general, it is likely that the energy associated with in-
erface mobility is higher than the grain boundary mobility; as a result,
rain growth was not observed in both the phases. The inhomogeneous
istribution of the austenite phase is due to the anisotropic mobility of
n and C atoms during short time annealing. 

The distribution of Mn in an inter-critical annealed sample is shown
n Fig. 4 a. The elemental distribution map indicates an inhomogeneous
istribution of Mn atoms throughout the microstructure, where Mn-rich
nd Mn-lean regions were observed. This could be due to inhomoge-
eous or anisotropic partitioning of Mn, where partitioning depends
n the anisotropic mobility of Mn and C atoms during annealing. In
ddition to the elemental partitioning of Mn and C, factors such as
rain size and plastic strain also affect the stability of the metastable
ustenite phase [18 , 19 , 22] . In the present case, strain accumulation
uring rolling has a strong influence on the partitioning of Mn and
 atoms. The atomic diffusivity is faster in the regions of high accu-
ulated plastic strain compared to low plastic strain regions, which

urther introduces inhomogeneous austenitic phase distribution in the
icrostructure. Yang and Bhadeshia [23] have reported that the prior

ustenitic grain size also contributes to the austenitic phase stability
t room temperature. In the present case, the plastic strain in the
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icrostructure was high before inter-critical annealing and the prior
ustenitic grain size was in the sub-micrometer range which could also
lay a crucial role in higher Mn and C partitioning. 

The experimental results suggest that the austenite phase fraction, as
redicted by Thermo-Calc is very close to the experimentally observed
ustenite phase fraction that the retained phase fraction of austenite at
oom temperature can be tuned by changing the inter-critical annealing
emperature. Since the phase fraction of retained austenite plays an
mportant role in TRIP steels for maintaining a good balance between
trength and ductility [26] , the findings of the present investigation
re of immense significance in tailoring the properties of medium Mn
WIP/TRIP steels. 

. Summary and conclusions 

In the present investigation, the evolution of the austenite phase
uring heating, holding at the inter-critical temperature and subse-
uent cooling had been investigated by in-situ high energy synchrotron
iffraction experiment. During the in-situ experiment, relative changes
n d-spacing during heating, holding and cooling are attributed to the
lemental partitioning and hence the stability of austenite phase during
nter-critical annealing. The resulting microstructure clearly reveals
he presence of ~ 50% austenite phase at the inter-critical temperature
nd it remains stable even after cooling down to room temperature.
xperimentally observed austenite phase fraction is very close to phase
raction predicted by Thermo-Calc. The partitioned elements, Mn and
, during inter-critical annealing are responsible for the change in the

attice parameter as well as increase in the austenite phase fraction.
he final microstructure is an austenite-ferrite microstructure with
 fine grained structure of austenite and ferrite phases, where the
verage grain sizes are 1.8 μm and 0.8 μm respectively. The fine grain
icrostructure is a result of very short term annealing and lower inter-

ritical annealing temperature. The morphology of the microstructural
onstituents is lamellar with alternate layers of austenite and ferrite
hases, where both the phases follow crystallographic orientation
elationship. The combined effect of strain accumulation during rolling
s well as the elemental partitioning during inter-critical annealing
lays crucial role for development of such a microstructure. 
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