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• Creation of film-like austenite without
preserving austenite films present in
the as-quenched microstructure.

• Simulations that incorporate cementite
are in good agreement with in-situ ex-
perimental results.

• Cementite is slow to dissolve and initial
ferrite-to-austenite transformation oc-
curs primarily due to Mn partitioning.

• Mnpartitioning tocementite causes slow
dissolution via decreasing the chemical
potential of carbon in cementite.
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In the present study, in situ high-energy X-ray diffraction (HEXRD), dilatometry, and metallography were con-
ducted for the purpose of understanding microstructure evolution during intercritical annealing of a Fe-0.19C-
4.39Mn steel from a martensitic initial condition. Three different simulations for austenite growth and solute
partitioningduring isothermal holdingwere conductedusing theDICTRA™module of Thermo-Calc®. Themicro-
structures after intercritical annealing exhibit film-like retained austenite; however, in situHEXRD indicates that
retained austenite in the initialmartensiticmicrostructure had decomposed uponheating to the isothermal hold-
ing temperature, suggesting that film-like austenite may be generated during intercritical annealing via nucle-
ation and growth of new austenite and without necessarily preserving initial retained austenite films in the
martensitic microstructure. Metallography and in situ HEXRD also indicate that cementite had formed upon
heating but did not readily dissolve during an 1800 s isothermal hold although considerable growth of austenite
had occurred during the isothermal hold, suggesting that austenite nucleation and initial growth during
intercritical annealing does not solely occur due to carbon partitioning. A simulation incorporating cementite
suggests that the increase in austenite fraction during intercritical annealing initially occurs in association with
Mn partitioning followed by austenite growth induced by gradual cementite dissolution.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Intercritically annealed medium‑manganese (Mn) steels, known to
exhibit relatively high strength and ductility [1–9], have been the
focus of much research for the development of the so-called third gen-
eration of advanced high-strength steels (AHSS). The elevated
strength-elongation performance exhibited by medium-Mn steels is
largely attributed to their relatively high content of metastable retained
austenite, which upon deformation, can undergo transformation in-
duced plasticity (TRIP) [10–14]. TRIP of metastable retained austenite
is often credited for increasing thework hardening rate in steels, leading
to increased strength and elongation [10]. The retention of austenite to
room temperature is made possible through partitioning of austenite
stabilizing solutes, carbon (C) and Mn, during intercritical annealing.
Upon cooling, the enriched austenite is chemically stabilized and
retained to room temperature or partially transformed to martensite,
resulting in austenite-ferrite or austenite-ferrite-martensitemicrostruc-
tures, respectively [15].

The mechanical performance of medium-Mn steel is predicted to be
dependent on not only the volume fraction of retained austenite, but
also the austenite stability. As shown by Gibbs et al., austenite stability
can be tailored using different isothermal holding temperatures to pro-
duce a variety of tensile strength-elongation combinations [16]. Austen-
ite that is relatively unstable transformswith little strain causing a high
work hardening rate that is only sustained to relatively low strains,
resulting in increased strength but limited elongation. Alternatively,
austenite that is relatively stable requires greater strain to induce trans-
formation, causing a relatively low work hardening rate that is
sustained to greater strains, resulting in lower strength but greater
elongation.

The long isothermal hold times (1 week) used by Gibbs et al. are ex-
pected to produce austenite with near-equilibrium compositions, as
there seems to be ample time for even slower diffusing substitutional
solute elements (such asMn) to equilibrate at intercritical temperatures
[16]. However, it is uncertain how solute partitioning proceeds upon
initial austenite formation during intercritical annealing, and how Mn
is distributed in austenite after relatively short intercritical isothermal
hold times. Because the Mn concentration of the retained austenite in-
fluences the austenite stability, it is crucial to understand the solute
partitioning kinetics in order to understand how metastable retained
austenite influences mechanical properties after short-time intercritical
isothermal holds.

Prior to intercritical annealing, medium-Mn steels are generally
in a hot-band (coil-cooled) or cold-rolled state. Due to the high
hardenability provided by the elevated Mn content, medium-Mn
steels in the coil-cooled state have a microstructure consisting
primarily of martensite [3]. To facilitate subsequent processing, tem-
pering/subcritical annealing can be applied to soften the steel prior
to cold rolling and intercritical annealing. Marked differences in
retained austenite morphology have been reported for medium-Mn
steels that are intercritically annealed from the coil-cooled and
cold-rolled conditions [1,5,17–19]. Medium-Mn steels intercritically
annealed from the coil-cooled condition exhibit film-like retained
austenite that produces a microstructure that appears to preserve
the morphology of the martensite in the initial microstructure,
while intercritical annealing from a cold-rolled condition produces
a more equiaxed austenite-ferrite microstructure.

The formation of film-like austenite during intercritical annealing
from a coil-cooled condition has been suggested to occur via the growth
of austenite films that are present in the initial microstructure and pre-
served upon heating to the isothermal holding temperature, or by nu-
cleation and preferential growth along martensite lath boundaries
[20]. Another study concluded that in order to obtain the film-like mi-
crostructure after intercritical annealing, austenite films in the initial
microstructure must be preserved upon heating to the intercritical iso-
thermal holding temperature [21].
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Austenite also forms during intercritical annealing of cold-rolled
dual-phase steels, and different nucleation mechanisms have been
suggested. Some studies indicate that cementite provides the predom-
inant nucleation sites for austenite [22,23], while others have sug-
gested that deformed ferrite grain boundaries predominate [24,25],
and that cementite is found to persist in the microstructure even
after substantial austenite growth [23–26]. Additionally, Mn enrich-
ment in cementite is also observed [25–27], and is suggested to retard
dissolution of cementite during intercritical annealing of steels with
elevated Mn content by reducing the chemical potential of C in ce-
mentite, thereby providing a stabilizing effect [25]. With regard to
medium-Mn steels, the rate of cementite dissolution may influence
the rate of austenite growth and the resulting Mn distribution in the
austenite.

Many studies on austenite formation during intercritical annealing
have includedDICTRA™ simulations for austenite growth [18–20,28,29].
However, these simulations did not include the presence of cementite.
Theabsenceofcementite leadstothecommonfeatureamongstthesesim-
ulation predictions that austenite growth occurs in two stages. The first
stage is often termed ‘negligible-partitioning local-equilibrium’ (NPLE)
and refers to very fast austenite growth that occurswithoutMn enrich-
ment due to the rapid migration of solute C through ferrite to the
austenite-ferrite interface. The second stage is often termed ‘partitioning
local-equilibrium’ (PLE) and refers to austenite growth that occurswith
Mnenrichment asMnmigrates through ferrite to the austenite-ferrite in-
terface. Due to the low diffusivity ofMn in austenite, theMn distribution
withinaustenite isnotpredictedtoequilibrateexceptafterrather longiso-
thermal hold times;Mn redistribution is also accompanied by a reduction
in the austenite fraction.

Recently many studies have considered the effect of Mn enrichment
in cementite on austenite growth [30–34]. Huyan et al. assessed austen-
ite growth during intercritical annealing of medium-Mn steels using
various DICTRA™ simulations that considered different amounts of sol-
ute C in martensite and two different arrangements of cementite and
austenite in the initial simulation cell [35]. One arrangement considered
austenite sharing a common interface with interlath cementite which
represented austenite that nucleated at a cementite-ferrite interface,
while the other arrangement considered austenite isolated from
intralath cementite, which represented austenite formation at a mar-
tensite lath boundary while cementite resided within the martensite
lath. From the simulation predictions it was discerned that the two-
stage NPLE/PLE type austenite growth is still expected unless the initial
ferrite C concentration is specified to be sufficiently low. The rapid NPLE
austenite growth predicted by simulations results from the presence of
solute C in ferrite. Therefore, the extent of the predicted NPLE austenite
growth is only reduced by decreasing the initial solute C concentration
of ferrite in the simulation.

The purpose of this article is to elucidate some aspects ofmicrostruc-
tural development during intercritical annealing of medium-Mn steels
that initially have an as-quenched (AQ) martensitic microstructure, i.e.
after fully austenitizing and quenching to martensite. In particular, the
sequences of austenite decomposition and formation, and cementite
formation and dissolution were studied, with an emphasis on the im-
portance of C and Mn distributions that evolve during intercritical an-
nealing. For comparison with the simulations, in situ austenite volume
fraction assessments were made during intercritical annealing via
high-energy X-ray diffraction (HEXRD) and dilatometry. Microstruc-
tural assessments were conducted with a field-emission scanning elec-
tron microscope (FESEM). Additionally, DICTRA™ simulations for
austenite growth and cementite dissolution during intercritical anneal-
ing were constructed based on experimental observations of themicro-
structural evolution. The DICTRA™ simulation predictions of austenite
fractionswere compared to experimental results, and predictions of sol-
ute distributionswere used to provide further insight on how cementite
dissolution affects austenite growth and the Mn distribution within
austenite.



Table 1
Thermal processing for intercritical annealed samples and identification of corresponding experimental methods.

Intercritical Annealing Full Austenitization

Thermal
History

Method Heating Rate
(°C·s−1)

Isothermal
Hold Temp. (°C)

Isothermal
Hold Time (s)

Cooling Rate
(°C·s−1)

Heating Rate
(°C·s−1)

Austenitizing
Hold Temp. (°C)

Austenitizing
Hold Time (s)

Cooling Rate
(°C·s−1)

A aHEXRD 0.76 650 1800 0.76 – – – –
B bDil./Met. 0.76 650 10 60 – – – –
C Dil./Met 0.76 650 1000 60 – – – –
D Dil./Met 0.76 650 1800 60 – – – –
E Dil./Met 0.76 650 50,000 60 – – – –
F cDil./Aust. 0.76 650 1800 – 10 850 300 100
G Dil./Aust. 0.76 650 50,000 – 10 850 300 100

a HEXRD: in situ high-energy X-ray diffraction.
b Dil./Met.: Processed in dilatometer for metallography.
c Dil./Aust.: Processed in dilatometer for in situ austenite volume fraction assessments.
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2. Experimental

2.1. Material and thermal processing

The material used in this study was a Fe-0.19C-4.39Mn steel that
was vacuum cast as a 35 cm × 13 cm × 13 cm ingot and reheated to
1180 °C for 2 h before hot rolling to a thickness of 4mm and air cooling.
The steel was then annealed for 16 h at 575 °C, prior to cold rolling to a
thickness of 1 mm. To reproduce an AQ condition, 4 mm× 10mm sam-
ples were machined from the sheet steel, heated to 850 °C, and held
300 s (5 min) under vacuum before quenching to room temperature
at 60 °C·s−1 with helium gas in a TA Instruments DIL 805A dilatometer.

Intercritical annealing heat treatments used an intercritical temper-
ature of 650 °C. The various processing routes are described in Table 1
along with the corresponding characterization methods used to evalu-
atemicrostructural developments in samples subjected to each thermal
history. Thermal histories A-E correspond to samples that were
intercritical annealed and quenched, while thermal histories F and G
correspond to samples that were intercritical annealed and then heated
from the intercritical temperature and fully austenitized before
quenching. Fig. 1 illustrates the intercritical annealing (IA) and full
austenitization (FA) temperatures relative to the critical temperatures
Ae1 and Ae3 for the Fe-0.19C-4.39Mn alloy.

2.2. Metallography

Samples for microstructural analysis were cross-sectioned, hot-
mounted in Bakelite, polished using standard metallographic proce-
dures, and etched with a 1 pct Nital solution for 5 s. Metallography
was conducted on a JEOL 7000 FESEMwith a 15 kV accelerating voltage
and working distance of 10 mm.
Fig. 1. Schematic illustrating the intercritical annealing (IA) and full austenitization (FA)
temperatures relative to the critical temperatures Ae1 and Ae3 for the Fe-0.19C-4.39Mn
alloy.

3

2.3. High energy X-ray diffraction

HighenergyX-raydiffractionwasconducted insituduringintercritical
annealing (Table 1: Thermal History A) of a sample at the 11-ID-C
beamlineof theAdvancedPhotonSourceatArgonneNationalLaboratory.
During intercritical annealing, 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. The
high-energy beam penetrated through the 1mm sample thickness and
diffracted according toBragg's law [36].A schematic depicting thegeom-
etry of the experimental setup is shown in Fig. 2. The diffracted X-ray
beamformedaseriesof cones, eachofwhichcorrespondtoaunique fam-
ilyof latticeplanes.A two-dimensionalPerkin-ElmerαSiflatpaneldetec-
tor was positioned at a distance of 1.796m behind the sample to record
Debye rings from the diffracted beamover the full 360-degree range of
β. EachDebyeringcapturedon thedetectorhasa radius thatcorresponds
to the2θangleof adiffractedbeamfromaunique setof latticeplanes. The
distance fromthesample tothedetectorwascalibratedviadiffractionofa
standard CeO2 sample. Heating of the samplewas accomplishedwith a
LinkamTS 1500 heating stage.

The two-dimensional HEXRD Debye ring data were processed using
the software fit2D [37]. Fig. 3(a) shows Debye rings recorded on the de-
tector at room temperature before thermal processing of the sample.
Fig. 3(b) shows the corresponding diffraction spectrum from the inte-
grated intensities of the Debye rings over the 360-degree range of β
plotted relative to the 2θ position; ferrite (α) and austenite (γ) peaks
are identified in the spectrum; the intensities of the ferrite peaks were
truncated to emphasize the presence of the lower intensity γ peaks.
The diffraction spectrum for each time-step was fit using the software
OriginPro [38]. The integrated area A under each peak corresponding
to a lattice plane i of austenite γ or any phase k was obtained for each
Fig. 2. Schematic depicting the geometry of the experimental setup for in situ HEXRD
during intercritical annealing.



Fig. 3.Debye rings recordedon thedetector at room temperature before thermal processing of the sample (a) and the corresponding diffraction spectrum from the integrated intensities 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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peak. The volume fraction of austenite f γ was then calculated using the
following formula [39]:

fγ ¼ 1
Pγ

∑
Pγ

i¼1
Aγ
i =R

γ
i

� �
∙ ∑

Ph

k¼1

1
Pk

∑
Pk

i¼1
Ak
i =R

k
i

 ! !−1

ð1Þ

where Pγ is the number of peaks associated with austenite, Ph is the
number of distinct phases present, and R is the X-ray normalization fac-
tor associated with each plane from each phase.

The high-intensity X-ray source provided a high peak-to-
background ratio even for short collection times, making it suitable for
in situ retained austenite assessments during heating and isothermal
holding. Additionally, the high peak-to-background ratio and collection
of full Debye rings enabled the detection of small quantities of cement-
ite and amore accurate assessment of the retained austenite fractions in
the sample, especially when retained austenite fractionswere relatively
low (< 2 vol. pct) [40].

2.4. Dilatometry

In situ austenite volume fraction assessments were also made by use
of a rule of mixtures applied to dilation measurements from samples
that were intercritically annealed for 1800 s and 50,000 s at 650 °C
and subsequently fully austenitized (Table 1: Thermal Histories G and
H, respectively). This temporal assessment utilized linear fitting of re-
gions of thermal expansion during heating within temperature regimes
where the samples were presumed to be fully ferritic or fully austenitic.
The austenite volume fraction at any time during intercritical annealing
was then determined from the amount of contraction from the ferrite
thermal expansion linear fit that the sample had experienced relative
to the difference between the linear fits for thermal expansion of ferrite
and austenite extrapolated to the isothermal holding temperature.
Fig. 4. Schematic showing the initial simulation cells for the three DICTRA™ simulations: (a) No
line and initial C distribution with a dotted line. (γ = austenite, α = ferrite, and θ = cementit

4

Further descriptions related to this technique are available in [41,42]
as well as in an ASTM International standard [43].

2.5. DICTRA™ simulations

Simulations for phase evolution during intercritical annealing were
conducted with the DICTRA™ module of the Thermo-Calc® software
package using the TCFE9 and MOBFE4 databases [44]. Simulations
were completed on a desktop computer with a 64-bit version of
Microsoft® Windows 10 operating system, an Intel® Core™ i7–2600
central processing unit (CPU) at 3.4GHz, and 8.0 GB of random-access
memory (RAM). Phases included in simulations were austenite (γ),
cementite (θ), and ferrite (α); which correspond to the Thermo-Calc®
notations FCC_A1, CEMENTITE_D011, and BCC_A2, respectively. Al-
though the simulations are intended to represent microstructural evolu-
tion from an as-quenched, martensitic microstructure, upon heating,
martensite becomes tempered and can effectively be treated as ferrite
for the purposes of the simulations. The simulations were one-
dimensional and predicted the redistribution of elements and themigra-
tion of phase interfaces toward an equilibrium state while referencing
database values for mobility and thermodynamic variables. The simula-
tions utilized closed-cell boundary conditions for conservation of mass
and the nominal composition. Accounting for symmetry, widths of
phase regions in the simulation cells represent half-widths of phase re-
gions in a correspondingmicrostructure. From the one-dimensional sim-
ulation, predicted phase fractions were considered to be equivalent to
the corresponding fractional width of the entire simulation cell.

Three different DICTRA™ simulations, identified as ‘No Cem’, ‘Cem’,
and ‘No C’, were conducted for this study; each simulated microstruc-
tural evolution during intercritical annealing at an isothermal hold tem-
perature of 650 °C. SimulationsNo Cem and Cem consider a ternary alloy
of Fe-0.19C-4.39Mnwt pct, while theNo C simulation considers a binary
alloy of Fe-4.39Mn wt pct. Each simulation cell was specified to have a
Cem, (b) Cem, and (c) No C. In each cell, initial Mn distribution is represented with a solid
e).
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total width of 210 nm to represent half the width of a martensite lath
[45]. Schematics depicting the initial state of each simulation cell are
shown in Fig. 4. The No Cem simulation (Fig. 4(a)) has an initial sim-
ulation cell consisting of a 0.5 nm region of γ adjacent toα; the C and
Mn distributions are uniform throughout the cell. This type of simu-
lation cell construction has been reported in many publications
[14–16,23–25] and represents an initial microstructure consisting
of martensite with retained austenite films. The No Cem simulation
in this study was chosen to reflect an austenite film thickness that
represents virtually no initial austenite.

The Cem simulation (Fig. 4(b)) has an initial simulation cell
consisting ofα adjacent to θwith a uniformMn distribution throughout
the cell. This simulation cell was designed to represent an initial micro-
structure consisting of martensite with intralath cementite. The initial
widths of the ferrite and cementite regions used in the Cem simulation
were chosen to reflect 2.9 volume pct cementite which is predicted by
the TCFE9 database of Thermo-Calc® at 650 °C if austenite is suppressed
by designating it an inactive phase. The C concentration in ferrite was
specified to be 0.003 wt pct, while cementite had the C concentration
designated by Thermo-Calc® of 6.7 wt pct. Austenite was specified to
form adjacent to ferrite on one side, while cementite was designated
to be initially present on the opposing side of ferrite. This simulations
cell was constructed to represent austenite formation at martensite
lath boundaries with intralath cementite, where austenite and cement-
ite do not share a common interface.

Finally, the No C simulation (Fig. 4(c)) has an initial simulation cell
consisting of only ferrite with a uniform Mn distribution. As with the
Cem simulation, austenite forms adjacent to ferrite shortly after begin-
ning the simulation, representing austenite formation at a martensite
lath boundary. This simulation oversimplifies theprediction of austenite
growth by omitting the presence of both C and cementite, but provides
insight on how Mn is predicted to partition to austenite in the absence
of solute C in ferrite.
Fig. 5. FESEM images at two magnifications of the initial AQ microstructure (a, b) and after h
features consistent with rod-like intralath cementite is labelled ‘A’. A region exhibiting feature
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The diffusivity of Mn has been reported in ferrite but notmartensite.
Due to the elevated defect density in martensite, it is expected that Mn
transport through martensite is greater than the MOBFE4 database
value for Mn diffusivity in ferrite. Therefore, the Cem and No C simula-
tions used a mobility enhancement factor (MEF) for Mn diffusivity in
ferrite which acts as a multiplier to the database value for diffusivity
of Mn in ferrite. As shown later in Section 3.4 of this article, an MEF of
1.4 was found to provide the best agreement between the Cem simula-
tion and in situ HEXRD assessments for austenite volume fraction. An-
other study using DICTRA™ simulations also used this approach to
account for the increased diffusivity in martensite when comparing
DICTRA™ simulations to atom probe assessments [46], although an
MEF of 45was found to provide the best agreement between simulation
and experimental results.
3. Results

3.1. Microstructural analysis

Fig. 5(a) and (b) show the microstructure prior to intercritical an-
nealing, and Fig. 5(c) and (d) the microstructure after heating at
0.76 °C·s−1 and isothermal holding at 650 °C for 10 s (Table 1: Thermal
History B). The microstructure prior to intercritical annealing is consis-
tent with lath martensite in low-carbon steel. After a 10 s isothermal
hold, the microstructure is consistent with tempered martensite, con-
taining both intralath and interlath precipitation of additional phases.
The intralath precipitation, labelled ‘A’ in Fig. 5(d), is consistent with
rod-like carbide precipitation in tempered martensite [47], and is pre-
sumed to be cementite. The phase along lath boundaries, labelled ‘B’
in Fig. 5(d), is consistent with the morphology of austenite that de-
velops in medium-Mn steels intercritically annealed from an AQ condi-
tion, and is presumed to be austenite.
eating at 0.76 °C·s−1 and isothermal holding at 650 °C for 10 s (c, d). A region exhibiting
s consistent with interlath austenite is labelled ‘B’.



Fig. 6. Low-magnification FESEM image of the microstructure after heating at 0.76 °C·s−1 to 650 °C and isothermal holding for 1800 s (a) and higher-magnification FESEM image of the
microstructures after heating at 0.76 °C·s−1 to 650 °C and isothermal holding for 1000 s (b) and 1800 s (c). In (b), film-like retained austenite is indicated by thewhite arrows. In (c), rod-
like cementite is indicated by the white arrows.
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Microstructures after heating at 0.76 °C·s−1 and isothermal holding
at 650 °C for 1000 s and 1800 s (Table 1: Thermal Histories C and D, re-
spectively) are shown in Fig. 6. A low-magnification image of the gen-
eral microstructure after 1800 s is shown in Fig. 6(a). Fig. 6(b) shows
film-like retained austenite (identified by white arrows) after 1000 s,
which reflects the prior martensite morphology. Additionally, shown
in Fig. 6(c), fine intralath cementite with a rod or platelet morphology
(identified by white arrows) remains after an 1800 s isothermal hold
at 650 °C.

Fig. 7 shows images of the microstructure from the sample that was
heated at 0.76 °C·s−1 and intercritically annealed at 650 °C with a
50,000 s isothermal hold (Table 1: Thermal History E). After the
50,000 s hold, the microstructure still exhibits fine, film-like austenite.
However, compared to the microstructures shown in Figs. 5(d) and 6,
the amount of cementite within ferrite is significantly reduced after
the longer 50,000 s hold, although, some regions, indicated by arrows
in Fig. 7(b) and (c), still indicate the presence of rod-like cementite in
the microstructure.

3.2. High energy X-ray diffraction

A portion of the 2θ range of the integrated intensities fromHEXRD is
plotted in Fig. 8 for time-steps during heating at 0.76 °C·s−1 to 650 °C.
The peak associatedwith {200}γ is initially present; however, the inten-
sity of the peak is substantially reduced during heating above
approximately 325 °C (i.e. annealing time of approximately 400 s). Ap-
proaching the isothermal holding temperature, the intensity of the
{200}γ peak begins to increase again, and is accompanied by the emer-
gence of the {113}θ and {122}θ peaks. The evolution of these peak inten-
sities during heating indicates the decomposition of retained austenite
initially present in the sample and precipitation of cementite, followed
by austenite formation upon nearing the isothermal holding tempera-
ture. Integrated intensities during both heating and isothermal holding
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(1800 s) are plotted in Fig. 9. For clarity, Fig. 9(a) shows the full inten-
sity of the {200}γ peak, whereas the intensity is truncated in Fig. 9
(b) to emphasize the cementite peaks. The intensity of the {200}γ
peak continues to increase during isothermal holding, while the inten-
sity of the cementite peaks remain consistent throughout the entire
1800 s isothermal hold, indicating that austenite growth occurs during
isothermal holding despite the lack of cementite dissolution.

The thermal history for the sample intercritically annealed with in
situ HEXRD (Table 1: Thermal History A) is plotted in Fig. 10, along
with the corresponding austenite volume fractions calculated from the
in situ HEXRD data. Prior to heating, the sample contained approxi-
mately 0.023 volume fraction austenite. Decomposition of austenite ini-
tiated at approximately 300 s (254 °C), and by approximately 450 s
(368 °C) the austenite was nearly entirely decomposed. Upon reaching
the isothermal holding temperature (650 °C) the austenite fraction in-
creased and reached approximately 0.19 volume fraction during iso-
thermal holding. During cooling there was a small reduction in
austenite, resulting in approximately 0.18 volume fraction remaining
at room temperature after cooling.

3.3. Dilatometry

The dilation response for the sample that was thermally processed
for in situ austenite volume fraction assessments during a 50,000 s iso-
thermal hold via dilatometry (Table 1: Thermal History G) is summa-
rized in Fig. 11(a). Fig. 11(b) shows a magnified view of the boxed
region in Fig. 11(a) showing datameasured during the 50,000 s isother-
mal hold at 650 °C. Austenite formation during the isothermal hold is
evident by the contraction exhibited at 650 °C. After the isothermal
hold the sample was heated at 10 °C·s−1 to 850 °C. During heating,
the dilation measurements indicate expansion up to approximately
730 °C when the slope of the relative dilation with increasing tempera-
ture slightly decreases before immediately increasing until



Fig. 8. Temporal HEXRD assessments for a portion of the 2θ range collected in situ during
heating from room temperature (0 s) to 650 °C (approximately 800 s) at a rate of
0.76 °C·s−1. Diffraction peaks corresponding to cementite (θ) and austenite (γ) are
labelled.

Fig. 7. FESEM images of the microstructure after heating at 0.76 °C·s−1 and isothermal holding at 650 °C for 50,000 s at lower (a) and higher (b, c) magnifications. Regions showing the
presence of some remaining rod-like cementite are indicated by arrows.
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approximately 750 °C. This dilation response between 730 and 750 °C is
interpreted as an artifact due to the endothermic transformation of
ferrite-to-austenite transformation upon heating. (i.e. As austenite be-
gins to form again upon heating, additional power must be supplied to
the heating coil to maintain the prescribed heating rate. The slight
delay in the feedback loop causes the decrease in slope followed by an
overcompensation of heating and a subsequent increase in slope.)
Upon reaching approximately 750 °C, the remaining ferrite in the sam-
ple transforms rapidly to austenite resulting in a contraction until about
800 °C when the transformation is complete. Expansion is again indi-
cated upon further heating to 850 °C, presumably, thermal expansion
of a fully austenitic sample. Austenite volume fractions assessed in situ
during isothermal holding at 650 °C from the samples subjected to ther-
mal histories F and G, listed in Table 1, are shown later in Section 3.4
along with simulation predictions for austenite volume fraction.
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3.4. DICTRA™ simulations

Predictions for austenite volume fraction andMndistribution in aus-
tenite at various times during isothermal holding from theNo Cem sim-
ulation are shown in Fig. 12(a) and (b), respectively. Isothermal holding
time is presented on a log scale in Fig. 12(a), which emphasizes the so-
called NPLE and PLE regions of austenite growth predicted by this simu-
lation. These regions have been reported in other studies [15–17,25–27]
with DICTRA™ simulations that utilized a similar simulation cell struc-
ture. Fig. 12(b) shows Mn composition profiles at time increments of
500 s, 5,000 s, and 50,000 s. For each profile, the vertical line indicates
the position of the austenite-ferrite interface (austenite is left of the
line and ferrite to the right). The Mn profile at 500 s exhibits a lower-
Mn region in the austenite that arose due to the NPLE austenite growth
earlier in the simulation, and a higher-Mn region that formed later dur-
ing PLE austenite growth. Due to its low diffusivity in austenite, the Mn
concentration in austenite is not uniformeven after a 5,000 s isothermal
hold. After a 50,000 s isothermal hold, theMn concentration in austenite
has redistributed somewhat, and the austenite-ferrite interface has mi-
grated slightly back into the austenite; this corresponds to theMnRedis-
tribution region in Fig. 12(a), which shows the decrease in austenite
fraction.

Cem simulations were initially conducted using different mobility
enhancement factors (MEFs) for Mn in ferrite. Fig. 13(a) shows pre-
dicted austenite volume fractions during isothermal holding at 650 °C
for Cem simulations usingMEF values of 1.0, 1.4, or 1.8 for Mn in ferrite.
As shown in Fig. 13(a), the three Cem simulations all exhibit similar
functionality for austenite growth with isothermal holding time; how-
ever, a greaterMEF utilized in the simulation corresponds to an increase
in the predicted austenite growth rate. Also included in Fig. 13(a) are
the experimentally-determined austenite volume fractions based on
the in situ HEXRD data. The comparisons show that using an MEF of
1.4 results in good agreement between simulation predictions and the
experimentally-determined HEXRD results.



Fig. 9. Temporal HEXRD assessments for a portion of the 2θ range collected in situ duringheating at 0.76 °C·s−1 and isothermal holding at 650 °C for 1800 s.Diffraction peaks corresponding
to cementite (θ) and austenite (γ) are labelled. The full {200}γ intensity is shown in image (a), along with truncated intensity in image (b) to emphasize the θ peaks.

Fig. 10. Thermal profile and corresponding austenite volume fraction for the sample that
was thermally processed with in situ HEXRD.
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Fig. 13(b) compares predicted austenite volume fractions as a func-
tion of time at 650 °C from theNo Cem, Cem, and No C simulations (Cem
andNo C utilize anMEF forMn in ferrite of 1.4 as this MEF was found to
provide the best agreement between the Cem simulation and the
HEXRD results for austenite volume fraction) along with comparisons
of the experimentally-determined austenite volume fractions based
on the HEXRD and dilatometry. While there is some variation amongst
the experimentally determined austenite volume fractions with iso-
thermal holding time, all three experimental assessments exhibit simi-
lar functionality for austenite volume fraction with isothermal holding
time. The assessments obtained via two separate dilatometry analyses
are in very good agreement, while the HEXRD assessments indicates a
Fig. 11.Dilation response upon heating at 0.76 °C·s−1 to 650 °C and isothermal holding for 50,00
view of inset in (a) showing dilation response during heating to 650 °C, isothermal holding fo
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slightly greater amount of austenite relative to the dilatometry analyses.
The difference between the HEXRD and dilatometry results may be the
result of additional factors contributing to expansion of the sample dur-
ing dilatometry analyses (e.g. delay in temperature uniformity in the
sample), causing the dilatometry assessments to yield slightly lower re-
sults for austenite fraction. Nonetheless, the relatively good agreement
amongst all three experimental analyses indicates the general behavior
of austenite volume fraction with respect to isothermal holding time.

Comparison of the simulation results in Fig. 13(b) shows that the
Cem and No C simulations predict gradual austenite growth, while the
No Cem simulation predicts very rapid initial austenite growth followed
by more gradual growth. The austenite volume fraction predictions
from theCem andNo C simulations are also in relatively good agreement
with the experimental results up to 1800 s; however, the rapid initial
austenite growth predicted by theNo Cem simulation does not resemble
the experimentally-determined HEXRD and dilatometry data.

Fig. 13(c) shows austenite fraction predictions from the No Cem,
Cem, andNo C simulations compared to the dilatometry-based austenite
volume fractions during a 50,000 s isothermal hold at 650 °C and is pre-
sented to evaluate effects of longer isothermal holding times. Fig. 13
(c) shows that the Cem simulation exhibits rapid austenite growth
followed by gradual growth for the remainder of the simulation. The
austenite volume fractions based on dilatometry exhibit similar func-
tionality to the Cem simulation, albeit with a smoother transition be-
tween the rapid initial austenite growth and later gradual growth. The
Cem simulation over-predicts the austenite volume fractions relative
to those based on dilatometry at intermediate isothermal hold times;
however, after the 50,000 s hold, the Cem simulation is in good
0 s before further heating at 10 °C·s−1 to 850 °C, holding for 5 s, and cooling (a).Magnified
r 50,000 s, and further heating to 850 °C (b).



Fig. 12. Predictions for austenite volume fraction (a) andMn distribution in austenite (b) from the No Cem simulation during isothermal holding at 650 °C. In (b) the vertical segments at
each time-step correspond to the current positions of the austenite-ferrite interface, where austenite is left of each vertical segment and ferrite is to the right.

Fig. 13. Austenite volume fraction during isothermal holding at 650 °C assessed via in situHEXRD (solid line) compared to CemDICTRA™ simulations for austenite growth, usingmobility
enhancement factors for Mn in ferrite of 1.0, 1.4, and 1.8 (dashed lines) (a). Austenite volume fraction predictions from the No Cem, Cem, and No C simulations (dashed lines) and
experimentally determined in situ austenite volume fractions from HEXRD and dilatometry (solid lines) during isothermal holding at 650 °C for up to 2,000 s (b) and 50,000 s (c).
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agreementwith the dilatometry results. TheNo C simulation predictions
are in relatively good agreement with the dilatometry results until ap-
proximately 5,000 s, when the austenite growth ceases for the remain-
der of the simulation, while the dilatometry assessment indicates
continued austenite growth. The No Cem simulation predicts rapid ini-
tial austenite growth that greatly exceeds the dilatometry assessments.
As also shown in Fig. 12(a), the No Cem simulation predicts a peak in
austenite volume fraction at approximately 10,000 s followed by a grad-
ual decrease for the remainder of the simulation; this is also not consis-
tentwith the dilatometry assessments for long-time isothermal holding
shown in Fig. 13(c).

Fig. 14(a) shows the predicted cementite dissolution as a function of
isothermal hold time at 650 °C based on the Cem simulation up to
50,000 s. Fig. 14(a) shows that cementite is predicted to dissolve rapidly
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during the initial 10,000 s, before the rate of dissolution slows substan-
tially for the remainder of the simulation. Fig. 14(b), an expanded view
of thepredictionsup to 300 s, indicates that the predicted cementite dis-
solution rate is even more rapid during the initial 50 s.

To better understand the predicted microstructural evolution from
the Cem simulation, the associated Mn distributions for selected times
during isothermal holding at 650 °C are shown in Fig. 15(a) across the
entire simulation cell, which encompasses the austenite-ferrite and
ferrite-cementite interfaces. Expanded views of the Mn distribution
predictions near the austenite-ferrite interface are shown in Fig. 15
(b) and near the ferrite-cementite interface in Fig. 15(c). In each figure,
the vertical lines in eachMn concentrationprofile represent theposition
of the relevant interface for the indicated time. Fig. 15(b) shows that
austenite growth is predicted to occur with Mn enrichment early in



Fig. 14. Cementite volume fraction predictions from the Cem simulation for isothermal holding at 650 °C for up to 50,000 s (a). An enlarged view of initial 300 s of the isothermal hold (b).

Fig. 15. Mn distribution predictions throughout the entire simulation cell from the Cem simulation at various time-steps during isothermal holding at 650 °C (a). Enlarged view Mn
distributions near the austenite-ferrite interfaces (b) and ferrite-cementite interfaces (c). Each timestep in (b) and (c) is labelled with the corresponding isothermal hold time in
seconds. Vertical segments in (b) correspond to the current position of the austenite-ferrite interface, where austenite is left of the vertical segment and ferrite is to the right. Vertical
segments in (c) correspond to the current position of the ferrite-cementite interface, where ferrite is left of the vertical segment and cementite is to the right.
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the simulation, resulting in austenite that has a relatively uniform Mn
distribution for any length of isothermal hold. Fig. 15(c) shows that
Mn enrichment is also predicted to occur in the cementite. Between
the timesteps of 1,000 s and 5,000 s, Fig. 15(b) shows a substantial in-
crease in the austenite width, which also corresponds to a reduction
in the width of the cementite region shown in Fig. 15(c), indicating
how austenite growth after 1,000 s is influenced by cementite
dissolution.

The predicted C distributions from the Cem simulation near the
austenite-ferrite interface at various time steps during isothermal hold-
ing at 650 °C are shown in Fig. 16. Vertical segments correspond to the
position of the austenite-ferrite interface at each indicated time-step,
where austenite is left of the vertical segment and ferrite is to the
right. With time, the austenite width increases; however, the C
10
concentration is relatively constant in the first 1,000 s. After 1,000 s
the C concentration increases with time. Due to the rapid diffusivity of
C, the C concentration distribution in austenite at each time-step are
shown to be essentially constant. Only at isothermal hold times greater
than 5,000 s are there slight variations in the austenite C concentration,
which is likely due to the effect of the Mn distribution in austenite
(Fig. 15(b)) on the local chemical potential of C. The C concentration
in austenite increases substantially between the 1,000 s and 5,000 s;
this is during the timeframewhere substantial cementite dissolution oc-
curs, suggesting that cementite dissolution is responsible for inducing
further austenite growth. Note that in the composition scale used in
Fig. 16, the C concentration in the ferrite appears negligible, obscuring
any potential minute variations in the ferrite C content with position
or time.



Fig. 16. Predicted C distributions from the Cem simulation near the austenite ferrite
interface at various time-steps during isothermal holding at 650 °C. Vertical segments in
each timestep correspond to the current position of the austenite-ferrite interface,
where austenite is left of the vertical segment and ferrite is to the right. Each timestep is
labelled with the corresponding isothermal time.
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4. Discussion

4.1. Austenite decomposition and formation

This work indicates that ferrite-austenitemicrostructureswith film-
likeaustenitecanbegeneratedduring intercritical annealingwithoutpre-
serving retained austenitefilms present in the initial AQmicrostructure.
Retained austenite after intercritical annealing predominantly exhibits a
film-like morphology (Figs. 5(a), 6, 7), typical for medium-Mn steels
intercritically annealed from theAQ condition. Austenite volume fraction
measurements based on in situHEXRD indicate that retained austenite
present in the initial AQ condition decomposed upon heating. Therefore,
it is interpreted that the increase in austenite volume fraction during
intercritical annealing predominantly resulted fromaustenite nucleation
at martensite lath boundaries. It is also possible that some austenite
growthduringintercriticalannealingresultedfromsmallremnantsofaus-
tenite fromtheAQcondition thatdidnotdissolveuponheatingandthere-
foreprovideda site for austenite to growwithouthaving freshnucleation.

The prospect of consistent interlath austenitefilms existing through-
out heating to the intercritical temperatures seems unlikely. Shown in
Fig. 10, during heating, the austenite fraction drops to approximately
0.0025 volume fraction before the austenite growth was observed dur-
ing isothermal holding, suggesting the existence of only small remnants
of austenite that do not completely dissolve upon heating. These aus-
tenite remnants would enable austenite growth without necessitating
fresh nucleation; however, considering this very low austenite fraction,
it seems unlikely that any austenite that may not have dissolved upon
heating would exist as an interlath film. A consistent interlath film cor-
responding to approximately 0.0025 volume fraction existing amongst
martensite would have a width on the order of 1 nm. An austnite film
of this thickness is unlikely due to the high interfacial area to volume
ratio and the higher energy associated with interfaces. Rather, it
seems more plausible that the minute quantity of austenite remaining
upon heating would be associated with larger, more spherical, and
sparsely distributed regions of austenite that may also be associated
with increased stability due to Mn and/or C enrichment upon heating.
Regardless ofwhether freshly nucleated or growth fromanexisting aus-
tenite remnant, it is clear that the film-like austenite present in the AQ
microstructure does not need to be preserved upon heating in order
to produce the film-like austenite observed after intercritical annealing.

It is presumed that the film-like microstructure observed after
intercritical annealing is caused rapid growth of austenite alongmartens-
ite lath boundaries stimulated by interface-enhanced diffusion [48]. After
a lath boundary is coveredwith a thin film of austenite, the austenitefilm
would then predominantly grow via thickening into the martensite lath.
This interpretation is consistent with the microstructure observed in
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samples after intercritical annealing for brief and long isothermal holding
times. Shown in Fig. 4(b), a discontinuous second phase, identified as
austenite, has formed along lath boundaries after isothermal holding
for 10 s. After isothermal holding for 1000 s, shown in Fig. 5(a), austenite
along lath boundaries is more continuous and film-like.

The film-like austenite that results from intercritical annealing of the
AQmartensite likely reflects the resistance ofmartensite to recrystallize
[49]. When martensite lath or block boundaries are maintained upon
heating and holding at intercritical temperatures, some of them offer
potent sites for austenite nucleation. Intercritical annealing from amar-
tensitic initial condition is different than intercritical annealing from a
cold-rolled initial condition,where ferrite recrystallization and austenite
formation occur simultaneously [23,24,50], resulting in amore equiaxed
final microstructure. The retained austenite after intercritical annealing
of an initiallymartensitic conditionmaintains the film-likemorphology
evenafterlongisothermalholdtimes,asshowninFig.7(a)and(b).Thesta-
bilityof thefine,duplexmicrostructure isenhancedbytheMnenrichment
inaustenite,whichnecessitateslong-rangediffusionofasubstitutionalsol-
ute in austenite in order for spheroidization or grain growth to occur [1].

4.2. Incorporating cementite into DICTRA™ simulations

Cementite formation was observed during heating and should be
accounted for in simulations for microstructural evolution during
intercritical annealing.Without accounting for cementite, DICTRA™ sim-
ulations for intercritical annealing predict behavior such as shown for the
No Cem simulation in Fig. 12(a), as well as various other publications
[15–17,25–27], where rapid initial NPLE-type growth of austenite is
followed bymore gradual PLE-type growth before afinal decrease in aus-
tenite volume fraction is predicted. Shown in Fig. 13(b) and (c), in situ
HEXRD and dilatometry assessments of austenite fractions during
intercritical annealing were not found to be consistent with either the
rapid initial austenite growth or the decrease in austenite volume frac-
tion after long isothermal hold times predicted by theNoCem simulation.

The NPLE-type austenite growth predicted by theNo Cem simulation
follows from the assumptions embedded in the initial simulation cell
structure. In theNoCem simulation, ferrite is considered tohave thenom-
inal C andMnconcentrations. Upon simulating the isothermal hold, Cmi-
grationthrough ferrite to theaustenite-ferrite interfaceoccurs resulting in
the prediction of rapid austenite growth to approximately 0.18 volume
fraction after only 0.001 s, well before significant Mn partitioning can
occur. However, the microstructure shown in Fig. 5, and the in situ
HEXRDspectra shown inFig.9, indicate thatcementitepersisted through-
outanentire1800sisothermalholdat650°C.Withaconsiderableamount
of cementite in themicrostructure after 1800 s, it is unlikely that a signifi-
cantamountofaustenitegrowthcouldhaveoccurredearlyduringisother-
mal holding under conditions such as reflected by Fig. 12(a), as the
majority of the carbonwould have been tied up in cementite. Therefore,
it is interpreted that the initialNPLEaustenitegrowthand theMnconcen-
tration distributionwithin austenite predicted by theNo Cem simulation
does not accurately reflect austenite growth in the physical sample.

The microstructures presented here indicate that austenite forms at
lath boundaries while cementite resides inside martensite laths. These
are important characteristics when considering the initial structure for
a DICTRA™ simulation. For an accurate description of the observed mi-
crostructure, the simulation needs to represent austenite that forms in-
dependently of cementite. Thus, the Cem simulation cell was
constructed to have austenite and cementite isolated from each other
on either side of ferrite (martensite).

During heating fromanAQ condition, C,with its highdiffusivity,may
be expected to either partition to retained austenite films or precipitate
as carbides, either of which would rapidly reduce the solute C concen-
tration in ferrite. The in situ HEXRD analysis in the present study indi-
cates that austenite decomposition and cementite precipitation
occurred upon heating as shown in Figs. 8 and 9. While some carbon
partitioning to austenite may occur initially (before austenite



Fig. 17. Chemical potential of C with increasing Mn concentration predicted using the
TCFE9 database of Thermo-Calc® for austenite in equilibrium with ferrite and cementite
in pseudo-equilibrium with ferrite (austenite suppressed) at 650 °C.
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dissolution), it seems reasonable to infer that nearly all the C becomes
concentrated in cementite upon heating. Thus, the Cem simulation in
the present study utilized an initial cementite fraction that corresponds
to the cementite fraction predicted by the TCFE9 database of Thermo-
Calc® at 650 °C if austenite is suppressed in the equilibrium calculation.

4.3. Solute partitioning and cementite dissolution during isothermal
holding

Thermo-Calc® (using the TCFE9 database) predicts complete ce-
mentite dissolution at 647 °C for the steel composition used in this
study. Indeed, after the 50,000 s isothermal hold at 650 °C, there was a
substantial reduction in the amount of cementite observed in themicro-
structure (Fig. 7(a) and (b)), relative to after shorter isothermal hold
times (Figs. 4(b) and 5(a, b)). However, HEXRD results, shown in
Fig. 9, indicate that cementite had remained throughout an 1800 s iso-
thermal hold while the austenite volume fraction increased to 0.19
(Fig. 10), suggesting that austenite nucleation and growth, until at
least 1800 s, occurred predominantly in association with Mn
partitioning, a conclusion consistent with the Cem simulation predic-
tions for Mn enrichment in austenite, shown in Fig. 15(b). The No Cem
simulation, shown in Fig. 12(a), predicts NPLE austenite growth to
nearly 0.20 volume fraction before PLE growth initiates, resulting in
the prediction of austenite formation with a non-uniform Mn distribu-
tion, shown in Fig. 12(b). Comparison of theNo Cem and Cem simulation
results forMn distributions in austenite, shown in Figs. 12(b) and 15(b),
respectively, and the predicted cementite dissolution behavior from the
Cem simulation, shown in Fig. 14(a), suggests that the incorporation of
cementite in the Cem simulation leads to austenite growth with a
more uniform Mn concentration as cementite gradually dissolves.

Another study [51], which conducted intercritical annealing on a
quenched, cold-rolled, and tempered (spheroidized cementite) Fe-
0.1C-3.5Mn steel, has also reported similar austenite growth behavior.
In the study it was concluded that austenite preferentially nucleated
on intergranular cementite-ferrite interfaces, but that prior Mn enrich-
ment in cementite during tempering caused thermodynamic conditions
for austenite growth to occur predominantly via Mn partitioning from
ferrite. Additionally, slow dissolution of cementite during annealing
has been documented in articles that reported findings from studies
on steels with elevated Mn concentrations [23–27]. In some of these
studies, Mn partitioning to cementite during isothermal holding has
been reported and is suggested to be the cause for the observed sluggish
cementite dissolution [25–27]. The Mn distribution in Fig. 15(c) for the
Cem simulation illustrates theMnpartitioning to cementite. BecauseMn
diffusivity is lower in cementite than ferrite, partitioning of Mn causes
the Cem simulation to predict an increase in theMn concentration in ce-
mentite near the ferrite-cementite interface.

Fig. 17 shows the predicted C chemical potentials from the TCFE9 da-
tabase of Thermo-Calc®with increasingMn concentration for austenite
in equilibrium with ferrite, and cementite in pseudo-equilibrium with
ferrite (austenite suppressed) at 650 °C. Overlaid as vertical dashed
lines on the plot are the Mn concentrations shown in Fig. 15(b) and
(c) at the austenite-ferrite and ferrite-cementite interfaces, respectively,
after 1,000 s. The associated horizontal dashed lines in Fig. 17 indicate
the chemical potential of C in austenite near the austenite-ferrite inter-
face, in cementite near the ferrite-cementite interface, and in cementite
with thenominalMn concentration (4.39wt pct). Compared to cement-
ite with the nominalMn concentration, the increasedMn concentration
in cementite near the ferrite-cementite interface reduces the local
chemical potential of C in cementite. As indicated in Fig. 17, this de-
crease in C chemical potential at the ferrite-cementite interface effec-
tively decreases the driving force for C migration from cementite to
austenite (Δμc) from approximately 11.5 kJ·mol−1 (when cementite
has the nominal Mn concentration) to 1.5 kJ·mol−1. This decrease in C
chemical potential suggests that the kinetics of the Mn partitioning to
cementite exacerbates the stabilizing effect of Mn on cementite by
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creating a higher concentration of Mn in cementite near the ferrite-
cementite interface (i.e. C at the outer region of cementite particles
has a decreased chemical potential due to Mn ingress and thus has a
low driving force to migrate through ferrite toward austenite). Addi-
tionally, because the Mn enrichment in cementite necessarily requires
time for Mn ingress, more rapid cementite dissolution is predicted by
the Cem simulation during the initial 50 s of isothermal holding,
shown in Fig. 14(b). Upon initiating the simulation, there is no Mn en-
richment in cementite, however, as shown in Fig. 15(c), after 100 s,
Mn enrichment has developed in cementite near the ferrite-cementite
interface causing the local chemical potential of C to decrease and the
driving force for C migration to austenite to be reduced.

4.4. Austenite growth during isothermal holding

The Cem simulation predictions of austenite volume fraction during
isothermal holding, shown in Fig. 13(b) and (c), are in far better agree-
mentwith the experimentally-determined in situHEXRD and dilatome-
try assessments than those from the No Cem simulation. Despite the
absence of C, the No C simulation predictions for austenite fraction dur-
ing isothermal holding are also in relatively good agreement with the
experimentally determined assessments for up to approximately
5000 s, suggesting that initial austenite growth is predominantly con-
trolled by Mn diffusion through ferrite.

Fig. 15(b) and (c) show that at 5000 s, the Cem simulation predicts
the Mn concentration in ferrite to have decreased to near equilibrium.
After 5000 s, austenite growth slows and occurs with a slightly reduced
Mn concentration at the austenite-ferrite interface as Mn redistributes
within the austenite andC is partitioned to austenite from the dissolving
cementite. Alternatively, further austenite growth after 5,000 s is absent
in the No C simulation, shown in Fig. 13(c), as there is no cementite in-
cluded in this simulation.

The Cem simulation over-predicts austenite fraction at intermediate
times relative to the dilatometry assessments, shown in Fig. 13(c). How-
ever, after 50,000 s, the Cem simulation and the austenite volume frac-
tions based on dilatometry are again in good agreement. This
discrepancy at intermediate isothermal hold times is presumed to be
due to the Cem simulation predicting cementite dissolution at a rate
that exceeds that in the physical sample. This could result from the
Cem simulation not considering partitioning of Mn to cementite prior
to isothermal holding, whereas cementite in the physical sample was
likely enriched in Mn somewhat during heating at 0.76 °C·s−1 to the
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isothermal holding temperature, which would cause the cementite to
dissolve more slowly than predicted in the Cem simulation.

Both theNo Cem and Cem simulations approach identical predictions
for austenite fraction after long isothermal hold times as these simula-
tions (which share identical compositions) tend toward equilibrium
with time. However, it is important to note that the predictions for evo-
lution of austenite, Mn distribution within austenite, and solute
partitioning kinetics differ greatly between theNo Cem and Cem simula-
tions. Considering the similarities between the Cem simulation predic-
tions and experimental results for austenite volume fractions as a
function of time, as well as the indication of slow cementite dissolution
in the physical samples, it is interpreted that the Cem simulation pro-
vides a more accurate description of microstructure evolution during
intercritical annealing and the resulting Mn distribution in austenite.
Because Mn affects the austenite stability, differing distributions of Mn
in austenite would also be expected to alter the TRIP response of the
retained austenite and the overall mechanical properties of the steel
upon forming or in end-use applications.

5. Conclusions

In the present study, different DICTRA™ simulations for austenite
growth and solute partitioning during intercritical annealing of a
medium-Mn steel froman as-quenched (AQ) conditionwere compared
to experimental analyses from in situ high-energy X-ray diffraction
(HEXRD),metallography, anddilatometry.Microstructural observations
indicate thatfilm-like austenite can be generatedduring intercritical an-
nealingwithoutpreservingtheretainedaustenitefilmspresentintheini-
tial AQmicrostructure. The simulation thatwas in best agreementwith
experimental results predicted austenite growth that initially occurred
predominantly viaMn partitioning, followed by further growth of aus-
tenite associated with cementite dissolution; this resulted in austenite
with a relatively uniformMnconcentration. Cementite in the simulation
wasaffectedbyMnpartitioning fromferrite tocementite,whichreduced
the chemical potential of C in cementite and the driving force for C to
migrate from cementite to austenite.
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