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Microstructural changes during thermal processing of a medium manganese steel
containing (in wt%) 0.19C and 4.39 Mn were evaluated in situ with a high energy X-ray
diffraction system (HEXRD). Samples with an initial fully martensitic microstructure were
heated to intercritical annealing (IA) temperatures of 600 or 650°C, held for 30min, and
cooled to room temperature. Diffraction data were analyzed to determine the variations in
austenite and ferrite phase fractions and phase lattice constants throughout the ICA
cycles. On heating, the 2 vol. pct of austenite present in the starting microstructure
decomposed, and cementite precipitation then occurred. During isothermal holding, the
austenite fraction increased, up to 20% for the sample annealed at 650°C. The measured
austenite fractions were less than those calculated by Thermo-Calc for equilibrium
conditions, indicating that the 30-min hold time was insufficient to achieve near-
equilibrium conditions. Observed changes in lattice parameters during isothermal
holding were interpreted to reflect composition changes due to redistribution of the C
and Mn between austenite and ferrite. The results are discussed in relation to the potential
for controlling austenite stability during ambient temperature deformation.
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INTRODUCTION

Mediummanganese steels represent one of the third-generation advanced high strength steels (3Gen
AHSS) which have attracted significant attention from the global automotive industry and steel
researchers as potential enablers for vehicle light weighting (Abu-Farha et al., 2018). The enhanced
interest in these steels is due to excellent combinations of strength and formability which have been
shown to reflect the transformation of retained austenite to martensite during forming, a
characteristic referred to as transformation-induced plasticity (i.e., the TRIP effect), and the
potential that automotive components can be formed from lighter gage steels to achieve vehicle
weight reductions (Taub and Luo, 2015).

In contrast to other types of 3Gen AHSS, one of which utilizes the quenching and partitioning
(Q&P) process (Speer et al., 2003), medium manganese steels are typically processed by intercritical
annealing (IA) (Bleck et al., 2019) steels with Mn contents between 5 and 12 wt%, having primarily
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martensitic microstructures after hot and/or cold rolling. The
intercritical annealing process reheats the material to a
temperature between AC1 and AC3 and forms a two-phase
microstructure of ferrite (α) and austenite (γ). With
appropriate alloying to stabilize austenite, the two-phase
microstructure can be mostly retained after cooling to room
temperature. However, due to the potential to utilize wide ranges
of processing parameters, e.g., ICA temperature and holding
time, medium Mn steels which exhibit a wide variety of
properties have been reported. For example, tensile elongations
of an 8 Mn steel annealed for 30 min have been reported to range
from 15% to 35% over the range of IA temperature between 600
and 700°C (Zhao et al., 2014). The observed variations in ductility
can be attributed to the different microstructural characteristics
(e.g., volume fractions of retained austenite, the sizes,
morphologies and distributions of the austenite and ferrite,
etc.) which result from the different annealing conditions.
Specifically, the sample which exhibited the highest elongation
was annealed at 600°C resulting in the highest austenite volume
fraction (around 40%) after cooling to room temperature. In
addition to high elongations, medium Mn steels may also exhibit
substantial yield point elongations (Abu-Farha et al., 2018).

To understand the influences of the IA temperature and
holding time on microstructure, ex situ microstructure
analyses are usually performed at room temperature on as-
annealed samples using various characterization techniques
including light optical microscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and lab scale Cu Kα low energy X-ray diffraction (XRD).
These techniques primarily assess surface or near-surface
microstructures, and there is interest to incorporate alternate
techniques, as discussed below, to more completely analyze
materials by assessing bulk microstructures, both during and
after processing.

Synchrotron-based high energy X-ray diffraction (HEXRD) is
a volumetric characterization technique where X-rays possess
sufficient energy to penetrate samples up to dimensions of
multiple millimeters. Data obtained can be used to calculate
multiple important properties including phase volume
fractions, lattice distortions, and variations in lattice
parameters which can be correlated to individual phase
compositions, etc. Furthermore, in situ HEXRD techniques
have been well developed to measure the microstructural
changes during heating/cooling (Michalik et al., 2016) or
during deformation (Hu et al., 2016; Hu et al., 2017). In situ
HEXRD characterization of medium Mn steels during the ICA
heat treatments can provide opportunities to obtain information
on phase transformations and microstructural development
during processing. It can provide, for example, continuous
austenite and ferrite/martensite volume fraction measurements
at different temperatures for different IA stages, e.g., heating,
isothermal annealing, and cooling, etc. It can also characterize the
evolution of lattice parameters and phase chemical compositions
between constituents during an IA thermal cycle.

This current work focuses on evaluating microstructural
evolution using in situ HEXRD IA during processing of a
medium manganese steel subjected to IA. The results are

discussed together with the equilibrium calculations using
Thermo-Calc (Thermo-Calc, 2020).

EXPERIMENTS

The material used in this study, a Fe-0.19C-4.39 Mn (wt%)
medium Mn steel, was vacuum cast as a 35 cm × 13 cm ×
13 cm ingot, reheated to 1,180°C for 2 h, hot rolled to a
thickness of 4 mm, and air cooled (Mueller et al., 2021). The
steel was then annealed for 16 h between 550 and 600°C prior to
cold rolling to a thickness of 1 mm. To reproduce an as-quenched
(AQ) condition, 4 mm × 10 mm samples were machined from the
sheet steel and heated to 850°C and held 300 s (5 min) for
austenitization under vacuum before quenching to room
temperature at 60°C·s−1 with helium gas in a TA Instruments
DIL 805A dilatometer.

Samples for microstructural analysis were cross-sectioned,
hot-mounted in Bakelite, polished using standard
metallographic procedures, and etched with a 1 pct nital
solution for 5 s. Metallography was conducted using a JEOL
7000 FESEM with a 15 kV accelerating voltage and working
distance of 10 mm. Figure 1 shows a scanning electron
micrograph of the as-quenched martensitic microstructure
present in the material which was the basis for subsequent
ICA treatments and analysis.

High energy X-ray diffraction was conducted in situ during
intercritical annealing (IA) of a sample at the 11-ID-C beamline
of the Advanced Photon Source at Argonne National Laboratory.
Sample heating was accomplished with a Linkam TS1500
microheating stage (Linkam, 2020) where the chamber can be
heated to 1,500°C. In the current work, IA heat treatments were
accomplished by first heating the sample which is seated in the
chamber at a rate of 0.76 °C/s to either 600°C or 650°C, the two IA
temperatures selected for this study, and then holding for 30 min.
This was followed by cooling to room temperature again at a rate
of 0.76 °C/s. The IA temperatures were between the AC1 (550°C)

FIGURE 1 | Scanning electron micrograph of the as-quenched
microstructure of the Fe-0.19°C-4.39 Mn steel (nital etch).
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and AC3 (730°C) temperatures, based on Thermo-Calc
calculations for the experimental alloy with the use of TCFE9
database (ThermoCalc, 2020).

During IA, a monochromatic synchrotron-source X-ray
beam with an energy of 106.42 keV and a wavelength (λ) of
0.01165 nm impinged the sample over a 500 μm × 500 μm area
through the circular glass window of the TS 1500 microheating
stage. The high-energy X-ray beam penetrated through the
1 mm sample thickness and diffracted according to Bragg’s
law (Bragg, 1929):

2dhkl · sinθhkl � λ, (1)

where hkl denotes Miller indices for the diffracting plane of
interest, dhkl is the interplanar spacing, and θhkl is the

diffraction angle. A schematic depicting the geometry of the
experimental setup is shown in Figure 2. The diffracted X-ray
beam formed a series of cones, each of which corresponded to a
unique family of lattice planes. A two-dimensional Perkin-
Elmer αSi flat panel detector was positioned at a distance of
1.796 m behind the sample to record Debye rings from the
diffracted beam over the full 360-degree range of β. The radius
of each Debye ring captured on the detector corresponded to a
2θ angle from the incident beam. The distance from the sample
to the detector was calibrated via diffraction of a standard CeO2

sample.
The two-dimensional HEXRDDebye ring data were processed

using the software fit2D (Hammersley, 2020). As an example,
Figure 3A shows the Debye rings recorded on the detector at
room temperature before thermal processing of the sample.
Figure 3B shows the corresponding diffraction profile from
the intensities of the Debye rings integrated over the 360-
degree range of β plotted relative to the 2θ position,
identifying ferrite (α) and austenite (γ) peaks. Intensities for
selected peaks were truncated to emphasize the presence of the
lower intensity γ peaks. The diffraction profile for each time-step
was fit using the software OriginPro (Edwards, 2002). The
integrated area A under a peak of lattice plane i of phase j was
obtained for each peak. The volume fraction f j of phase jwas then
calculated using the following equation (Gnäupel-Herold and
Creuziger, 2011):

f j � 1
Pj

∑Pj
i�1
(A j

i/R j
i) ·⎛⎝∑Ph

k�1
⎛⎝ 1
Pk

∑Pk
i�1

Ak
i /R

k
i
⎞⎠⎞⎠− 1

, (2)

where Ph is the number of phases present, Pj is the number of
peaks for phase j, and Ri

j is the X-ray normalization factor for
peak i of phase j and can be theoretically calculated (E975-13, A.,
2013; Kim, 1979).

FIGURE 2 | An illustrative sketch of the in situ HEXRD set up at the 11-
ID-C beamline of the Advanced Photon Source at Argonne National
Laboratory. Adapted from Mueller et al. (2021). Elsevier © 2021.

FIGURE 3 | Debye rings recorded on the detector at room temperature before thermal processing of the sample (A) and the corresponding diffraction spectrum
from the integrated intensity of the Debye rings over the 360-degree range of β plotted relative to 2θ position (B); ferrite (α) and austenite (γ) peaks are identified in the
spectrum.
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Equation 1 was used to calculate dhkl values from 2θhkl
measurements and the corresponding lattice constants were
calculated from the following equation:

ahkl �










h2 + k2 + l2

√ · dhkl. (3)

As both ferrite and austenite crystal structures are cubic, only one
independent lattice constant awas calculated for each. In the current
work, martensite was not differentiated from ferrite since both have
similar lattice constants even though the later has a body centered
tetragonal (BCT) crystal structure which is slightly distorted from
the ferrite cubic crystal structure. The subscript hkl for a inEq. 3was
used to correlate specific calculations of ahkl to a specific interplanar
spacing, since calculated a-values may not be the same when
referenced to different planes within each crystal structure.

In the current work, the (200) and (211) peaks were used to
calculate the lattice constant ahkl of the ferrite/martensite (α)
phases and to find the average value, i.e., a�(a200+a211)/2. A
normalized value was used to represent lattice constant variations
during processing relative to the value measured for the starting
as-quenched condition defined as a0 (i.e., the normalized values
equal a/a0-α). Similarly, (200) and (220) peaks were used for the
calculation of normalized lattice constants of the austenite (γ)
phase (a/a0-γ) relative to the as-received condition.

RESULTS

Austenite Volume Fraction
Figures 4A, 5B, respectively, show the variation in austenite
volume fraction with temperature and time for samples processed
to holding temperatures of 600°C and 650°C. Note in each figure
the data are shown for a complete thermal cycle starting from
room temperature at time “0,” through heating to the isothermal
hold temperatures, and on cooling back to room temperature.
The thermal cycle is emphasized by the arrows in Figure 5A. It
can be seen from Figures 4A,B that the initial austenite volume

fraction of the as-quenched material is about 0.02. The austenite,
however, almost completely disappears when the sample reaches
370°C which takes 7.6 min. On continued heating to the holding
temperature, there is a very slight increase of austenite fraction.
The temperature of 370°C is quite close to the expected
temperature for cementite precipitation of this alloy shown in
Figure 5 which presents predicted (Thermo-Calc) variations in
equilibrium mole-fractions with temperature for austenite,
ferrite, and cementite.

To correlate with the results shown above (Figures 4, 5),
Figures 6 shows diffraction spectra observed for a sample during

FIGURE 4 |Measured austenite volume fractions as a function of (A) temperature and (B) time. In (A) the large arrows indicate data obtained through the thermal
cycle from heating, holding, and cooling. In (B), the times which correspond to the processing steps (A) are indicated.

FIGURE 5 | Equilibrium mole fraction of different phases in the material
determined by Thermo-calc. BCC stands for ferrite and FCC stands for
austenite.
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heating to 375°C (Figure 6A) and after isothermal holding for
25 min at 650°C (Figure 6B). In both sets of HEXRD data, minor
peaks are associated with the formation of cementite, consistent
with the predictions shown in Figure 5. Note the cementite peaks
were not evident in the spectrum for the starting as-quenched
microstructure shown in Figure 4B.

As shown in Figure 4B, during holding at 600°C, the austenite
volume fraction increases to a maximum value of 4.5% after
isothermal holding for 30 min (which occurs at about 42.7 min,
accounting for the heating time). After cooling to room temperature
(time of about 56 min on the x-axis of Figure 4B), the volume
fraction of austenite reduced to approximately 4%. During holding
at 650°C, the volume fraction increases faster and reaches 20% after
30 min holding (total time of approximately 44 min). It should be
noted that the predicted equilibrium fractions (Figure 5) are 10%
for 600°C and 40% for 650°C; these points are marked as blue
ellipses inFigure 5. The predicted equilibriumvalues at the two ICA
temperatures used here are about twice the measured values in the
current study. This difference between actual and predicted
indicates that thermodynamic equilibrium was not achieved after
30 min of holding, presumably associated with sluggish Mn
redistribution.

Normalized Lattice Constant
Figure 7 shows measured lattice constants normalized by the
values determined at time “0” for austenite (Figure 7A,C) and
ferrite (Figure 7B,D) as a function of time for complete ICA cycles
up to the peak temperatures of 600 and 650°C. Figure 7A shows
that during heating the lattice constant of austenite increases
approximately linearly, an observation interpreted to reflect
thermal expansion. After about 6 min when the temperature
reaches around 300°C, the slope of the lattice constant increase
becomes larger. For times above this point until the initiation of the
isothermal hold, no austenite lattice parameters are registered as
the small amount of austenite present in the initial as-quenched
material dissolves as discussed earlier with respect to Figure 4.
Figure 7C shows that on the initiation of holding at 600°C,
austenite starts to form, and the lattice constant of austenite
increases slightly at first and then decreases gradually during
holding. On cooling to room temperature, the lattice constant
decreases, due to thermal contraction. However, as shown in
Figure 7A, the final lattice constant of austenite is greater than
the value in the as-quenched state (normalized lattice constant of
1.006). Figure 7C also shows that, during isothermal holding at
650°C, the normalized lattice constant of austenite decreases from

A B

FIGURE 6 | HEXRD diffraction spectra for a sample at selected stages in the ICA thermal cycle: (A) before heating, (B) after heating to 375°C, and (C) after holding
for 25 min at 650°C.
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1.019 at the beginning of the isothermal hold to 1.005 just prior to
cooling.

Figure 7B,D show the effects of time on normalized lattice
constants for ferrite/martensite. Initially the lattice constant
increases due to thermal expansion, followed by decreases
during isothermal holding at 600°C or 650°C. After the 30 min
isothermal holds, on cooling to room temperature the lattice
constant decreases due to thermal contraction. Independent of
isothermal holding temperature, the final normalized lattice
constant of ferrite is 0.9991 for both holding temperatures,
indicating a small amount of contraction that occurred as a
result of the ICA thermal cycles.

DISCUSSION

The HEXRD results presented here provide direct evidence of
changes that occur during ICA of a medium Mn steel, initially

processed with a fully martensitic microstructure. In addition to
quantitative measurements of changes in austenite and ferrite/
martensite volume fractions and lattice parameters, the in situ
high energy X-ray diffraction data provide the first direct
evidence of austenite decomposition during heating of these
steels and the fact that dissolution occurs at a temperature
(370°C) near the onset of cementite precipitation based on
equilibrium calculations as shown in Figure 5.

Thermo-Calc equilibrium calculations can predict equilibrium
phase volume fractions and compositions at different
temperatures. The equilibrium state is an ideal state where the
material is assumed to be placed at a certain temperature for an
infinite amount of time, while the actual heat treatment of a
material ranges from seconds to hours. Equilibrium phase
transformations usually involve a diffusional process.
Therefore, equilibrium is usually not reached, especially at
lower temperatures when the diffusivity (D) is low. Therefore,
austenite fractions after 30 min of holding at both 600°C and

FIGURE 7 | Normalized lattice parameters as a function of time during ICA thermal cycles for peak hold times of 600 and 650°C: (A) austenite and (B) ferrite/
martensite. (C) and (D) are rescaled versions of (A) and (B) to show a clearer trend of lattice constant change during holding.
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650°C for 30 min are well below equilibrium values at those
temperatures. It is to be noted that diffusivity (D) of an
element in a phase has a linear relationship with mobility (μ)
and temperature (T) based on the Einstein relation (Einstein,
1905):

D � μKBT , (4)

where KB is Boltzmann’s constant.
On the other hand, Thermo-Calc does not differentiate ferrite

and martensite, since the latter is a nonequilibrium variant. The
effective rate of atomic transport contributing to a diffusional
phase transformation may be in excess of the bulk diffusivity
value due to the so-called short-circuit diffusion pathways, such
as grain boundaries and dislocations; this may lead to phase
growth that exceeds the rate predicted using a bulk diffusivity
value (Atkinson, 1988). Due to the elevated dislocation density in
low-carbon martensite (Speich, 1969), the effect of short-circuit
diffusion is likely also prevalent in the case of martensite-to-
austenite transformation during intercritical annealing. Using the
diffusion module of Thermo-Calc®, DICTRA™, Mueller et al.
performed one-dimensional calculations of martensite (/or
ferrite)-to-austenite transformation at 650°C with
considerations for elevated diffusivity of Mn in martensite (/or
ferrite) (Mueller et al., 2021). The transformation kinetics, i.e., the
volume fraction changes with time, were in best agreement with
experimental results when a multiplicative factor of 1.5 was
applied to the database value for Mn mobility in ferrite.

Changes in the austenite or ferrite lattice constants during the
intercritical annealing shown in Figure 7 reflect thermal-
expansion (or contraction) and chemical composition changes.

On heating and cooling, the observed changes primarily reflect
thermal expansion or contraction. However, during the
isothermal holding stage, observed variations in the lattice
constants primarily reflect the effects of compositional
changes. As can be seen from Figure 7C, the austenite lattice
constant increases during initial holding at 600°C. This can be
correlated to the chemical composition changes from low to
higher temperatures as calculated by Thermo-Calc of the major
alloy elements: C and Mn (Figure 8). Figure 8 shows increasing
equilibrium C content and decreasing Mn content with
temperature in austenite. Since the lattice constants of both
austenite and ferrite (/martensite) are known to have positive
correlations with C and Mn content (Onink et al., 1993; Fellinger
et al., 2019), the increasing lattice constant fromHEXRD at initial
holding at 600°C should represent the combined effects of Mn
and C redistribution. Since C has considerably higher mobility
(therefore diffusivity) than Mn, it therefore dominates the initial
stage of diffusional partitioning during holding. The increasing
carbon content in austenite from 550°C (AC1 temperature) to
600°C should lead to an increasing lattice constant of austenite,
consistent with the in situ HEXRD measurement. When C
diffusion is almost complete, Mn diffusion then dominates
during the later stages of holding. The decrease of Mn content
in austenite from AC1 to 600°C explains the reason why the lattice
constant decreases during the later stage of holding at 600°C.

Due to greater mobility of C at 650°C, diffusion of C is
completed earlier. In addition, from Thermo-Calc calculation
(Figure 8), the C content should decrease from 647°C to 650°C.
Considering Mn content in austenite is consistently decreasing
from low to high temperatures as seen in Figure 8, it is easy to
understand why there is a consistent trend of decreasing lattice
constant during holding at 650°C.

The equilibrium carbon content in ferrite is very low and
ranges from nearly 0 wt% at 300°C to 0.004 wt% at 650°C
(Figure 8). On the other hand, the nonequilibrium martensite
phase should have a composition similar to that of austenite for
the as-quenched condition due to the diffusionless nature of the
martensitic transformation and thus should have a carbon
composition similar to the alloy composition (0.19 wt%).
Combined with the decreasing trend of change of Mn content
in ferrite from 550°C to 650°C (Figure 8), it is understandable
why there is a decreasing trend of lattice parameters while holding
at both 600°C and 650°C.

Looking at the lattice constants of ferrite (/martensite) and
austenite in the as-quenched and intercritically annealed states,
we see in Figure 7A that the lattice constant for austenite
increased (a/a0>1), while that for ferrite (/martensite)
decreased (a/a0<1) during annealing (Figure 7B). This
indicates that the intercritical annealing process leads to an
increase of C and Mn content in austenite and decrease of C
and Mn content in ferrite (/martensite), as expected.

The increase of C and Mn content in austenite considerably
increases the austenite stability and leads to much higher austenite
volume fractions after ICA (19% after holding at 650°C, followed by
cooling down to room temperature) as compared to 2% in the as-
quenched state. The volume fraction of austenite is 20% before
cooling, indicating that only about 1% transforms on cooling. The

FIGURE 8 | Equilibrium predictions of compositions (mass percent) of
selected elements in austenite (FCC A1) and Ferrite/martensite (BCC A2)
based on Thermo-Calc.
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as-quenched sample, on the other hand, is derived from the fully
austenitic state in which the austenite is represented by the bulk
material composition and has much less carbon and Mn in the
austenite; therefore, the austenite is much less stable and is mostly
transformed into martensite during quenching.

The lower lattice constant in ferrite after ICA compared to the
as-quenched state is easy to understand. The as-quenched state
consists of nonequilibrium martensite having a larger lattice
constant due to its substantial content of interstitial C.
Intercritical annealing transforms the martensite into ferrite
with depleted C and Mn concentrations, therefore having a
lower lattice constant.

It needs to be noted that it is quite challenging to assess
quantitatively the variation of C and Mn content from the
HEXRD measured lattice constants during the ICA process.
This is due to the lack of an accurate quantitative correlation
between them at elevated temperature.

SUMMARY

In the current work, advanced in situ HEXRD observation of the
austenite characteristics during intercritical annealing has been
performed using a Linkam 1,500 heating stage positioned on the
high energy synchrotron X-ray beamline. From these in situ
observations, the following conclusions can be drawn:

1. The as-quenched 5 Mn steel contains a mainly martensitic
microstructure with a small amount of austenite, around 2%.

2. The dissolution of the small amount of austenite is observed
during initial heating at around of 375°C, with the associated
appearance of cementite in the microstructure.

3. During holding, the austenite volume fraction increases with time
to about 20% after 30min holding at the temperature of 650°C.

4. The lattice constant of austenite increases considerably during
intercritical annealing, indicating C and Mn enrichment,
which is beneficial for the austenite stability and
transformation induced plasticity during deformation.

5. The lattice constant of ferrite/martensite decreases after
intercritical annealing, indicating C and Mn depletion,
making it closer to equilibrium ferrite.

In situ observation of phase transformation can give a
comprehensive understanding of microstructure responses
during the heat treatment process which can guide intercritical

annealing heat treatment process parameter design for optimum
microstructure and properties.
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