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Kinetics of Solute Partitioning During
Intercritical Annealing of a Medium-Mn
Steel
H. KAMOUTSI, E. GIOTI,
GREGORY N. HAIDEMENOPOULOS,
Z. CAI, and H. DING
The evolution of austenite fraction and solute partitioning (Mn, Al, and C) during intercritical annealing
was calculated for a medium-Mn steel containing 11 pct
Mn. Austenite growth takes place in three stages. The
ﬁrst stage is growth under non-partitioning local equilibrium (NPLE) controlled by carbon diﬀusion in ferrite. The second stage is growth under partitioning local
equilibrium (PLE) controlled by diﬀusion of Mn in
ferrite. The third stage is shrinkage of austenite under
PLE controlled by diﬀusion of Mn in austenite. During
PLE growth, the austenite is progressively enriched in
Mn. Compositional spikes evolve early during NPLE
growth and broaden with annealing temperature and
time.
DOI: 10.1007/s11661-015-3118-7
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The 3rd generation, medium-Mn, and advanced
high-strength steels are under intense investigation as a
substitute to 1st (low alloy) and 2nd generation
(high-Mn) steels. These steels aim at improved combinations of strength and ductility.[1–4] In medium-Mn
steels, the Mn content is reduced, relative to the
high-Mn steels, in the range between 3 and 12 pct and
the microstructure consists of an ultraﬁne ferrite-austenite mixture. The transformation-induced plasticity
(TRIP) of the retained austenite is responsible for the
enhanced formability in these steels. Several processing
routes have been developed in order to stabilize the
austenite phase for optimum TRIP interactions. For
steels containing between 3 and 8 weight pct Mn, the
quench and partitioning (Q&P) process has been
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proposed.[5,6] In this process, austenite is stabilized by
carbon partitioning from martensite to austenite, the
partitioning taking place between the Ms and Mf
temperatures. For steels containing 5 to 12 pct Mn,
intercritical annealing, following the cold rolling of the
martensitic microstructure, is investigated as a means of
stabilizing the austenite by carbon and Mn partitioning.[7–12] The retained austenite fraction and stability
depend, therefore, on the intercritical annealing temperature and time.
Solute partitioning during intercritical annealing in
medium-Mn steels has been investigated recently. Most
of the research work is concerned with experimental
determination of austenite volume fraction and composition.[13–16] Mn partitioning during intercritical annealing has been studied by atom probe tomography[13,17]
and experimental results have been compared with
simulation predictions. Mn partitioning has also been
studied by TEM[14,18–20] indicating that partitioning of
Mn from ferrite to the austenite is slow. Thorough
thermodynamic analyses of solute partitioning during
intercritical annealing have been performed[21,22] indicating the role of alloying elements. However, kinetic
analysis of the partitioning process is limited to relatively few alloy systems, 3 pct Mn,[23] 5 pct Mn[24,25],
and 12.2 pct Mn.[17] These works considered a speciﬁc
intercritical annealing temperature and examined the
partition of alloying elements at speciﬁc stages of
annealing. Furthermore, the evolution of composition
spikes of the substitutional solutes with annealing
temperature and time is not discussed. It is the aim of
the present paper to investigate the evolution of the
austenite volume fraction, solute partitioning, and
composition spikes during intercritical annealing of
as-quenched martensite as a function of annealing
temperature and time in a medium-Mn steel.
The experimental medium-Mn steel had a nominal
composition (in weight pct) of Fe-0.18C-11Mn-3.8Al.
The selected composition was based on the role of
alloying elements and an equilibrium thermodynamic
analysis that was discussed in recent work.[11] A 40 kg
experimental steel ingot was cast after melting the steel
in a vacuum induction furnace. The ingot was heated at
1473 K (1200 °C) for 2 hours, hot forged into rods of
section size 100 mm 9 30 mm, and then air cooled to
room temperature (RT). Subsequently, the rods were
soaked at 1473 K (1200 °C) for 2 h, hot-rolled to 4 mm
thick strip, and ﬁnally air cooled to room temperature
(RT). The as-hot-rolled strips were then cold-rolled to
1 mm in thickness. Intercritical annealing was carried
out at temperatures in the range of 1003 K to 1123 K
(730 °C to 850 °C) for 3 minutes, followed by immediate quenching in water. For metallographic investigation, the samples were etched with 25 pct sodium
bisulﬁte aqueous solution. The microstructures were
also examined by scanning electron microscope (SEM).
Austenite volume fraction was determined by X-ray
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diﬀraction (XRD) based on the integrated intensities of
(200)a, (211)a, (200)c, (220)c, and (311)c diﬀraction
peaks.[21,22]
The austenite formation and associated solute partitioning during intercritical annealing were simulated
with the DICTRA software[26] using the TCFE6 thermodynamic database and the MOBFE2 mobility
database for ferrous alloys. A single cell planar geometry was employed, Figure 1(a), with a domain size
equal to 1.55lm. This size corresponds to one-half the
measured ferrite-to-austenite mean distance (center to
center), as depicted in the micrograph of Figure 1(b). A
thin austenite slice, 50 nm size, was attached to the left
of the ferrite region. The two regions were discretized
with a linear grid possessing a higher density of grid
points at the interface. The initial compositions of the
austenite slice and ferrite regions were taken equal to the
nominal alloy composition. The initial conditions in
terms of compositions, in weight pct (WC, WAl, and
WMn), and activities (aC, aAl, aMn) are also depicted in
Figure 1(a). Although the compositions in the two
phases are identical, the respective activities are not.
Diﬀusional ﬂuxes are generated between the two phases
as a response to the activity gradients. Zero ﬂux
boundary conditions (closed system) for all elements
were imposed at the lower (x = 0) and upper
(x = 1.55 9 106 m) boundaries of the system.
Throughout the simulation local equilibrium (LE)
conditions were imposed.
The experimental validation of the simulations will be
presented ﬁrst, followed by the evolution of solute
partitioning. A comparison between measured and
calculated austenite volume fractions as a function of
annealing temperature is depicted in Figure 2. The
annealing time is 3 min in all cases. The upper curve

in the ﬁgure corresponds to the amount of austenite
forming at the intercritical annealing temperature. The
amount of austenite, which remains after quenching to
room temperature, was calculated by subtracting the
martensite formed during quenching by employing the
Koistinen-Marburger relation[27]
fM ¼ 1  exp½0:011ðMs  TÞ;
where Ms is the martensite start temperature, the composition dependence of which was recently presented
in Reference 28 as

Fig. 2—Volume fraction austenite as a function of annealing temperature for 3 min annealing time. Comparison of calculated values
with experimental data.

Fig. 1—Simulation domain and initial conditions implemented in DICTRA: (a) initial composition and activity proﬁles for Mn, Al, and C, (b)
SEM micrograph of specimen intercritically annealed at 1023 K (750 °C) indicating the representative domain size for the calculations.
4842—VOLUME 46A, NOVEMBER 2015
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Ms ¼ 545  601:2½1  expð0:868CÞ  34:4Mn
 13:7Si  9:2Cr  17:3Ni  15:4Mo
þ 10:8V þ 4:7Co  1:4Al  16:3Cu
 361Nb  2:44Ti
In the above relation, the compositions of the
elements are in weight pct. The compositions for the
calculation of the Ms temperature were the mean
compositions of the solute proﬁles (C, Mn, and Al) in
austenite after 3 min annealing time, as calculated by
DICTRA. The agreement between the calculated and
measured volume fractions is good. This allows the
implementation of the method for the computational

Fig. 3—Evolution of austenite volume fraction with annealing time
for several intercritical annealing temperatures, indicating the stages
of NPLE and PLE growth.

investigation of solute partitioning during the intercritical annealing of the steel.
The evolution of the volume fraction of austenite
during intercritical annealing is depicted in Figure 3 for
several annealing temperatures and consists of three
stages. In stage I, the initial rapid increase of austenite
fraction is due to growth under no-partitioning local
equilibrium conditions (NPLE mode), where the growth
is controlled by carbon diﬀusion. In stage II, the
intermediate slow growth of austenite is controlled by
Mn diﬀusion in ferrite and takes place under local
equilibrium with partition of Mn and Al (PLE mode). In
stage III, the ﬁnal very slow equilibration is controlled
by Mn diﬀusion in austenite and is associated with the
shrinkage of austenite. Points B in Figure 3 indicate the
NPLE to PLE transition, for each annealing temperature. Points C mark the maximum austenite volume
fraction, corresponding to the transition between PLE
growth controlled by diﬀusion of Mn in ferrite and PLE
growth controlled by Mn diﬀusion in austenite. Points
D mark the ﬁnal stable volume fraction of austenite
corresponding to the equilibrium volume fractions
computed by Thermo-Calc (points E). Similar transformation stages have also been reported in References 23,
24 With increasing the intercritical annealing temperature, the aforementioned transitions take place at
shorter times. It is important to note that the amount
of austenite formed under NPLE relative to that formed
under PLE depends on the annealing temperature. The
higher the annealing temperature, the higher the fraction
of austenite formed under NPLE mode. In addition, the
higher the annealing temperature, the shorter the
equilibration stage, and the lower the excess austenite
over the equilibrium amount. Solute partitioning during
intercritical annealing is presented for each stage below.
Solute partitioning in the NPLE region (stage I) is
depicted in Figures 4(a) through (c) for Mn, Al, and
carbon for 1023 K (750 °C) annealing temperature
and times between 1 9 106 and 1 9 101 seconds. The

Fig. 4—Proﬁles of (a) Mn, (b) Al and (c) carbon, after intercritical annealing at 1023 K (750 °C) for the times indicated in the NPLE region of
austenite growth (stage I). The austenite and ferrite regions, for each annealing time, are on the left and right of the interface, respectively.
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negligible partitioning of Mn results in constant Mn in
the two phases, except from a spike of Mn, which forms
due to the local equilibrium conditions imposed. The
height of the Mn spike at 13 pct is determined by the tie
line deﬁned by the intersection of the c/a+c phase
boundary with the isoactivity line for carbon in austenite.[29] Similar Mn spikes have been reported[13,30] for
steels containing 1.7 and 3 pct Mn, respectively. A
corresponding ‘negative spike’ (solute depletion) is
exhibited in the Al proﬁle, as well as a carbon spike in
the carbon proﬁle. The behavior of these compositional
spikes will be discussed in detail later. As stated above,
the Mn content in both austenite and ferrite is constant
due to NPLE mode up to time t = 1 9 102 seconds.
For longer times, Mn starts to diﬀuse from ferrite to
austenite. Therefore the NPLE to PLE transition is at
t = 1 9 102 seconds for the annealing temperature of

1023 K (750 °C). Similar behavior holds for Al. Growth
of austenite under NPLE is controlled by carbon
diﬀusion in ferrite. The carbon proﬁle in ferrite is
homogenized at t = 9 9 103 seconds. In the remaining
time up to 1 9 102 seconds, the NPLE growth is
controlled by carbon diﬀusion in austenite.
Solute partitioning for Mn, Al, and C is depicted in
Figure 5 for the PLE region, stage II, and Figure 6 for
the PLE region, stage III. Austenite growth under PLE
mode (stage II) is controlled by Mn diﬀusion in ferrite.
There is a signiﬁcant enrichment of austenite in Mn at
the interface with ferrite. This is attributed to the low
diﬀusivity of Mn in austenite, which does not allow the
accommodation of the Mn diﬀusive ﬂux from ferrite.
This Mn enrichment of austenite at the interface region
has been veriﬁed experimentally in a 12.2 pct Mn
steel.[17] Stage II growth takes place up to time

Fig. 5—Proﬁles of (a) Mn, (b) Al, and (c) carbon after annealing in the PLE region stage II for annealing temperature of 1023 K (750 °C) and
the annealing times indicated. The austenite and ferrite regions, for each annealing time, are on the left and right of the interface, respectively.

Fig. 6—Proﬁles of (a) Mn, (b) Al, and (c) carbon after annealing in the PLE region stage III, for annealing temperature of 1023 K (750 °C) and
the annealing times indicated. The austenite and ferrite regions, for each annealing time, are on the left and right of the interface, respectively.
4844—VOLUME 46A, NOVEMBER 2015
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t = 3 9 103 seconds where the interface stops. As stated
above, at this time the austenite volume fraction reaches
a maximum value (point C in Figure 3). Thus the
transition between PLE stage II and PLE stage III is at
t = 3 9 103 seconds. During stage III, the interface
remains stagnant up to time t = 105 seconds, and then
migrates to the reverse direction corresponding to
shrinkage of austenite. The Mn proﬁle in ferrite is
homogenized and austenite shrinkage is controlled by
Mn diﬀusion in austenite. At very long times, above
t = 106 seconds, the Mn proﬁle becomes homogeneous
in both ferrite and austenite. It is important to note that
the Mn proﬁle in austenite is not homogenized during
stage II. Homogenization of Mn in austenite takes place
at very long times during the shrinkage of austenite
(stage III). Al follows a similar behavior. The carbon
content in austenite decreases during PLE growth in
stage II up to t = 3 9 103 seconds. During PLE stage
III, where the austenite shrinks, the carbon in austenite
increases again and reaches a value about 0.26 pct at
very long times, when equilibrium is approached.
The time evolution of the compositional spikes for
Mn, Al, and C are depicted for the three stages of
intercritical annealing at 1023 K (750 °C) in Figures
7(a) through (i). The Mn spike forms very early in the
NPLE region (stage I) due to the LE conditions imposed
at the interface, Figure 7(a). The spike width determined
from the composition proﬁle of Mn in Figure 7(b) is

0.5 9 109 m. A respective value of 1 9 109 m has also
been reported[13] for a 1.7 pct Mn steel. Al develops a
‘negative spike’ in austenite as it diﬀuses from austenite
to ferrite. The evolution of the spikes in PLE stage II, is
characterized by broadening with annealing time, as
depicted in Figures 7(b), (e), and (h). The spikes are
homogenized in PLE stage III, as shown in Figures 7(c),
(f), and (i). The eﬀect of annealing temperature for Mn
and Al spikes is shown in Figure 8(a) through (d). Two
annealing times were considered, t = 1 9 104 seconds
and t = 1 9 101 seconds corresponding to the NPLE
and PLE modes of austenite growth, respectively. In
both modes, spike broadening takes place with increasing the intercritical annealing temperature.
In summary, the evolution of austenite volume fraction
during intercritical annealing takes place in three stages,
(I) NPLE growth controlled by carbon diﬀusion in ferrite,
(II) PLE growth controlled by diﬀusion of Mn in ferrite,
and (III) PLE shrinkage of austenite controlled by
diﬀusion of Mn in austenite. The transition from NPLE
to PLE mode of growth takes place at shorter times with
increasing the annealing temperature. Also the amount of
austenite forming under NPLE relative to that forming
under PLE increases with the annealing temperature.
During PLE growth, the austenite is progressively
enriched in Mn but the Mn proﬁle in austenite is
homogenized at very long times, during austenite shrinkage in stage III. Compositional spikes evolve very early

Fig. 7—Evolution of compositional spikes of Mn (a–c), Al (d–f), and carbon (g–i) during intercritical annealing for the three stages of austenite
growth and the annealing times indicated.
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Fig. 8—Eﬀect of annealing temperature on the compositional spikes of Mn (a, b) and Al (c, d) for two diﬀerent annealing times corresponding
to NPLE growth (t = 1 9 104 s) and PLE growth (t = 1 9 101 s).

during NPLE growth. These spikes broaden with annealing temperature and time.
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