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H I G H L I G H T S

• The microstructure design of stronger
martensitic stainless steels hinges on
austenization kinetics.

• Cr-rich carbides controls the transfor-
mation kinetics due to Cr partitioning
and stabilization of ferrite.

• Coarse carbides and fast heating rates
lead to a soft-impingement of the
Cr diffusion fields ahead of austenite
interface.

• Ferrite-free microstructures can be
produced for slow heating rate or
smaller initial carbides.
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A B S T R A C T

The design of high-strength martensitic stainless steels requires an accurate control over the stability of
undesired phases, like carbides and ferrite, which can hamper strength and ductility. Here, the ferrite
to austenite transformation in Fe-11Cr-0.06C has been studied with a combined experimental-modelling
approach. Experimental observations of the austenization process indicate that austenite growth proceeds
in multiple steps, each one characterized by a different transformation rate. DICTRA based modelling reveals
that the dissolution of the M23C6 Cr-rich carbides leads to Cr partitioning between austenite and parent
phases, which controls the rate of transformation through (i) a soft-impingement effect and (ii) consequent
stabilization of the ferrite, which remains untransformed inside chromium-enriched-zones even after pro-
longed austenization stage. Slow heating rate and smaller initial particle sizes allow the design of ferrite-free
microstructure.

© 2018 Published by Elsevier Ltd.

1. Introduction

The automotive industry is constantly striving for reduction of gas
emission of vehicles. Together with the improvement of propelling
technologies, the use of stronger and lighter materials as structural

* Corresponding author.
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components is necessary to comply with current safety and envi-
ronmental regulations. Among the last generation of high strength
steels, martensitic stainless steels (MSS) show an interesting com-
bination of workability, strength and high temperature oxidation
resistance, which are highly desirable for hot-stamping applications
[1-4].

After rolling and annealing, Fe-Cr-C alloys present a structure
close to thermodynamic equilibrium of ferrite and M23C6 (M=
Cr,Fe) carbides. In conventional industrial hot-stamping processes,
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Table 1
Chemical composition of the as-received steel.

C Cr Si Mn Ni Nb V P Cu N Fe

wt.% 0.06 11.0 0.4 0.5 0.4 0.10 0.083 0.02 0.04 0.025 Bal.
mol% 0.28 11.6 0.8 0.5 0.1 0.06 0.089 0.04 0.04 0.088 Bal.

the 1–2 mm thick steel sheets are rapidly heated to the austenitic
temperature range to transform ferrite into austenite and to dis-
solve M23C6 particles. Austenite is then transformed to martensite
by rapid quenching to room temperature in the forming tools.

The strength of MSS increases with the volume fraction and car-
bon content of the martensitic phase as well as with the precipitation
of hardening particles, such as MC (M = Nb,Ti) carbides [5-8]. On
the other hand, the presence of residual ferrite leads to stress and
strain heterogeneities during plastic deformation, which promotes
ductile damage [9-17] and undermine the performance in terms of
ductility and tensile strength [18-20]. Recent observations show that
the mechanical strength contrast between ferrite and martensite
increases the magnitude of the plastic strain and of the stress triax-
iality in the former phase, thus accelerating the damage processes
[21-24]. Hence, a deep understanding of the mechanisms controlling
the kinetics of high-temperature ferrite to austenite transformation
in order to design ferrite-free microstructure is of both fundamental
and practical industrial interest.

Whereas the kinetics of austenization of Fe-C alloys is solely
controlled by interstitial carbon diffusion [20,25], the presence of
substitutional alloying elements can decrease the rate of austenite
transformation by several orders of magnitude [26-36]. This effect is
accentuated if the alloying elements are carbide formers like Cr and
Nb, in which case a very strong interaction with carbon is expected
[37,38].

For its predominantly technological relevance, the reversion of
martensite to austenite in more complex, high alloy steels has been
recently investigated using experimental and modelling methods
[39-42]. In some cases, austenite growth is taking place over a broad
temperature window and proceeds in multiple steps, each one char-
acterized by a different transformation rate [43-45]. This is the case
of 16Cr-4Ni SMSS (Super Martensitic Stainless Steel), which shows
an initial fast austenization followed by a rapid decrease of the
austenite growth rate at higher temperatures [44]. This was recently
confirmed by in-situ synchrotron x-ray diffraction combined to ther-
modynamic simulations on a similar alloy [45]. By coupling the
experimental observations with kinetics simulations in DICTRA [46],
Nissen et al. have shown that the transition between the high and
low growth rate could originate from the interaction of Cr and Ni
profiles at the end of the transformation. This phenomenon, known
as soft-impingement, describes the overlapping of diffusion fields
ahead of the reaction front which is frequently observed in the late
stage of austenite to ferrite transformation in steel [47-49].

A two-step austenization kinetics is often associated with car-
bides dissolution [50-56]. In Fe-Cr-C alloy, the dissolution of spher-
ical M23C6 and M7C3 carbides and the simultaneous ferrite to
austenite transformation were studied by Shtansky et al. [52] using
high resolution transmission electron microscopy (HRTEM). In some
cases, the dissolution of M23C6 promotes the formation of a shell
of ferrite, which remains untransformed during the austenization
process. In another work, Beneteau et al. [54] observe a two-stage
austenization in the presence of M23C6 and Cr2N particles in high
nitrogen steel using in-situ X-ray diffraction. While a large amount
of austenite (70 vol.%) forms rapidly between 845◦C and 890◦C, the
end of the transformation is considerably slower, stretching from
890◦C to 1025◦C, and controlled by the rate of carbide dissolution.
However, even though this strongly suggests a correlation between
these events, a full understanding of the kinetics mechanisms could
not be assessed from the results. Precipitation and dissolution of

intermetallics were again associated to a two-step austenization by
Kapoor et al. [57] in precipitation hardening stainless steel, in which
the austenization kinetics seemed to be controlled by element par-
titioning. On the other hand, Bojack et al. [43] found little evidence
of the impact of the carbides dissolution on the ferrite to austen-
ite transformation in high-Cr steel even though the latter shows a
two-stage kinetics, typical of ferrite to austenite transformation in
the presence of large compositional gradients. Thus, there is a need
of additional studies to evaluate the extent of the interaction of
the Cr-rich carbides dissolution and the austenite growth in high-Cr
steel.

The goal of the present study is to scrutinise the complex inter-
action between carbides dissolution and ferrite to austenite trans-
formation in a Fe-11Cr-0.06C alloy with an initial volume fraction
of 1.1 vol.% of M23C6 particles. The experimental results are com-
pared to kinetics simulations performed using DICTRA, which is used
to correlate the observed austenite growth rate to the underline
kinetics mechanisms that control the transformation.

2. Experimental methods

A modified AISI 410 martensitic stainless steel was cast, hot
rolled, annealed and pickled by Aperam Stainless Steel Europe.
The chemical composition is reported in Table 1. The equilib-
rium microstructure at the annealing temperature predicted with
Thermo-Calc consists of ferrite, 1.1 vol.% of M23C6 (M=Fe,Cr) and
0.12 vol.% of NbC carbides. The A1, A3 and M23C6 solvus tem-
peratures calculated with the TCFE6 thermodynamic database of
Thermo-Calc are 783◦C, 826◦C and 816◦C, respectively.

The austenization heat treatments were carried out in a Bahr
805 A/D push rod dilatometer following the standard ASTM A1033-
10(2015) [58]. Cylindrical samples 10 mm in length and 5 mm in
diameter were machined from the aforementioned 6 mm thick
sheets by electrical discharge machining (EDM) so that the rolling
direction (RD) is aligned with the main axis of the cylinder. The
desired heat-treatments were directly programmed. Temperature
was monitored by means of a S-type thermocouple spot-welded
at the centre of the surface of the cylindrical samples. They were
heated to 1000◦C at rates of 0.01◦C/s, 0.5◦C/s and 10◦C/s, followed
by isothermal holding at 1000◦C for 1800 s(30 min). The samples
were then quenched to room temperature using high pressure nitro-
gen (N2) ejected directly on the sample’s surface. The initial cooling
rate equals 80◦C/s between 1000◦C and Ms, then decreases sharply
to 12◦C between Ms and room temperature. This gives an overall
cooling rate of 30◦C/s. All heat treatments were performed under a
pressure of 1×10−4 mbar to minimize oxidation at high temperature.
The temperature at which austenite begins to form during heating
(Ac1) and the temperature at which the ferrite to austenite trans-
formation is complete during heating (Ac3) was determined on a
separate sample as prescribed by the standard.

Samples for microstructure characterization were mechanically
ground with SiC papers followed by polishing to 1 lm diamond
paste and 0.03 lm OPS-A suspension for 30 min. The samples
were then etched with Beraha reagent (0.28 g potassium disul-
phite, K2S2O5, 20 ml HCl 37%, 100 ml distilled H2O) for 8 s at
room temperature or alkaline KMnO4 at 60◦C for 5 min. The lat-
ter reagent allowed the characterization of M23C6 carbides with
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scanning electron microscopy (SEM) equipped with a Bruker energy-
dispersive X-ray spectroscopy (EDX) detector. Transmission electron
microscopy (TEM) specimens were cut using a dual-beam focused
ion beam (FIB)/SEM instrument (FEI Helios Nanolab 650). Scan-
ning TEM energy dispersive X-ray (STEM-EDX) was performed in a
FEI Osiris TEM operated at 200 kV and equipped with a CHEMIS-
TEM detector. X-ray diffraction (XRD) with Cu Ka radiation at 30 kV
and 30 mA was performed to confirm the presence of M23C6 car-
bides. Finally, quantitative image analysis was carried out using the
open-source ImageJ software [59].

3. Results

3.1. Dilatometry and metallographic observations

Fig. 1 (a) presents two SEM micrographs of the microstructure in
the as-received conditions and before the austenization heat treat-
ments, showing the presence of ferrite and of some carbides. While
NbC particles with a mean size of 50 nm seem to be homogeneously
distributed in the matrix, M23C6 (M=Fe,Cr), with a mean size of
500 nm, are preferentially clustered into bands along the rolling

direction. The mean ferrite grain size is equal to 10 lm ± 7 lm and
the measured volume fraction of M23C6 and NbC is equal to 1.16 vol.%
and 0.12 vol.%, respectively. The XRD pattern of Fig. 1 (b) confirms
the presence of face-centred-cubic (FCC) type M23C6 particles in the
body-centred-cubic (BCC) ferrite. M23C6 diffraction peaks are dis-
placed of about 1 h to what has been already reported in literature
[60]. This discrepancy could arise from the relative content of Fe and
Cr in the crystal lattice, which would affect the lattice parameter of
M23C6.

The Ac1 and Ac3 temperatures of the alloy, as determined with
dilatometry measurements, correspond to 780◦C and 871◦C, respec-
tively. Fig. 2 (a) shows the dilatometry results during the isochronal
heating of the as-received sample for heating rates equal to 0.01◦C/s,
0.5◦C/s and 10◦C/s. Here, the strain 4 = DL/L0 is plotted with respect
to temperature. Any offset with respect to linear expansion corre-
sponds to the growth of new phases or dissolution of carbides. A
first large offset is detected around 800◦C, which indicates the start
of the transformation from BCC ferrite to the more closely packed
FCC austenite. This transformation stretches from 800◦C to just above
900◦C, the start and finish temperatures depending on the heating
rate. Table 2 summarises the austenite start temperature (AI

s) and the

Fig. 1. (a) SEM micrographs showing M23C6 carbides distributed inside the ferrite matrix along bands in rolling direction and a higher magnification view of M23C6 and NbC
carbides. (b) X-ray diffraction pattern of BCC-ferrite and enlarged peaks that confirm the crystallographic structure of FCC-M23C6 carbides.
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Fig. 2. (a) Variation with temperature of the relative change of length (strain) and
(b) the apparent coefficient of thermal expansion (CTEa) during isochronal heating at
0.01◦C/s, 0.5◦C/s and 10◦C/s. The start (AI

s) and finish (AI
f ), of the first stage of ferrite to

austenite transformation, the subsequent M23C6 dissolution and the beginning of the
last stage of ferrite to austenite transformation, AII

s , can be clearly identified in (b).

temperature at the end of the first austenite growth stage (AI
f ) for the

different heating rates. Both AI
s and AI

f temperatures increase with
heating rate.

The derivative of the relative change of length d(DL/L0)/dT,
referred to as the apparent coefficient of thermal expansion (CTEa),
is shown in Fig. 2 (b). It reveals small deviations from linearity that
were not clearly observed in Fig. 2 (a). Below the magnetic transfor-
mation (Curie temperature, Tc = 700 ◦C), CTEa is equal to 15×10−6◦
C−1. Moreover, between 400◦C and Tc, the measured CTEa remains
constant, which indicates that no significant microstructural trans-
formation related to changes in samples dilatation takes place in this
temperature range. Above Tc, a large CTEa reduction indicates the
start of the ferrite to austenite transformation. Next, CTEa increases
again to values above 20 × 10−6 ◦C−1 before decreasing, although

Table 2
Experimentally determined temperatures for the onset of first (AI

s), second (AI
f ) and

last austenization stage (AII
s ) for the three heating rates.

Heating rate AI
s (◦C) AI

f (◦C) AII
s (◦C)

0.01◦C/s 783 874 945
0.5◦C/s 810 922 > 1000
10◦C/s 820 938 > 1000

only in the case of samples heated at 0.01◦C/s, to values just above
15 × 10−6 ◦C−1.

In order to better identify which phase transformation causes
the observed CTEa variations, samples corresponding to each heat-
ing rate were quenched from T=AI

f and T=1000◦C to freeze the high
temperature microstructures. Fig. 3 (a,b) shows the amount of resid-
ual ferrite and of undissolved M23C6 carbides at these temperatures
during isochronal heating at 0.01◦C/s, 0.5◦C/s and 10 ◦C/s. About
22 vol.% of residual ferrite is still untransformed at T=AI

f for the low-
est heating rate, while, in the case of the heating rate at 0.5◦C/s and
10◦C/s, the amount of ferrite is equal to 6 vol.% and 3 vol.%, respec-
tively. The same trend is observed for undissolved M23C6 particles.
Even though about 0.5 vol.% of M23C6 carbides is still undissolved at
T=AI

f in the case of 0.01◦C/s, only 0.1 vol.% of M23C6 is present at
higher heating rates. At T=1000◦C, the residual ferrite completely
transforms to austenite for samples heated at 0.01◦C/s. On the other
hand, almost no austenite growth is observed at 1000◦C for 0.5◦C/s
and 10◦C/s.

In order to investigate the presence of the residual ferrite well
above the calculated A3 temperature for the composition presented
in Table 1, the local concentration of elements was probed with SEM-
EDX and STEM-EDX. Fig. 4 (a) shows the microstructure at 1000◦C
for samples heated at 10◦C/s. Darker islands of ferrite, which are
preferentially oriented in the rolling direction, are embedded in the
martensite matrix (transformed austenite). The concentration of ele-
mental Cr measured by SEM-EDX is presented in Fig. 4 (b), which
reveals an enrichment of Cr in the islands of residual ferrite. The
local concentration of Cr in the ferrite ranges from 20 mol % to
25 mol %, which is significantly higher than the nominal steel com-
position. In addition, samples for STEM-EDX were machined by FIB
to quantitatively characterize the Cr concentration gradient at the
interface between residual ferrite and martensite. Fig. 4 (c) shows
the bright field TEM micrograph of the interface machined by FIB
in the location indicated in Fig. 4 (a), while Fig. 4 (d) displays the
respective concentration of Cr across this boundary. The solid blue
line in Fig. 4 (d) represents the average value of Cr concentration
between the respective standard deviation (dotted lines). This addi-
tional characterization confirms the presence of a steep Cr gradient
at the interface between martensite (approximately 15 mol % Cr) and
ferrite (approximately 20 mol % Cr).

Finally, the specimens were held at 1000◦C for 30 min to complete
the austenite transformation. Fig. 5 shows a significant contraction
for samples previously heated at 0.5◦C/s and 10◦C/s. This indicates
transformation of residual ferrite into the more closely packed lat-
tice of austenite phase. On the other hand, in agreement with the
microstructural observations shown in Fig. 3, no significant transfor-
mation is detected for samples previously heated at 0.01◦C/s, which
confirms that austenization is complete before the isothermal hold-
ing. Also shown in Fig. 5, is an unusual large dilatation for the sample
previously heated at 10◦C/s. This dilatation lasts for about 80 s of the
isothermal holding, followed by a contraction and it is due to the
dissolution of M23C6 particles still present in the microstructure at
1000◦C.

3.2. DICTRA modelling

In order to highlight the thermodynamics and kinetics mecha-
nisms driving the observed three-stage austenization, a simulation
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of the austenite growth and simultaneous dissolution of M23C6 par-
ticles in ferrite was carried out with the help of the software DICTRA
[46,61]. The considered system is illustrated in Fig. 6, which con-
forms to the metallographic observations prior to the heat treatment
and consists of a spherical M23C6 particle embedded in a ferrite
matrix. Austenite is expected to nucleate in the surrounding and
to grow inwards in the direction of the carbide particle. The initial
composition of the carbide and the surrounding matrix is deter-
mined with an equilibrium calculation at 725◦C with the software
Thermo-Calc and it is given in Table 3. The size of the M23C6 car-
bide is set to 500 nm and the total size of the cell ensures that its
volume fraction is equal to the experimental value of 1.1 vol.%. The
solvus temperature of NbC, for the composition listed in Table 1,

is equal to 1142◦C, therefore NbC particles are not expected to sig-
nificantly affect the austenization kinetics at 1000◦C. On the other
hand, the presence of 0.12 vol.% of NbC changes the concentration
of carbon and other alloying elements in ferrite and M23C6 carbide.
This effect is included in the initial conditions of the DICTRA simula-
tions. Thermodynamics and kinetics data were taken from the TCFE6
and MOB2 databases while the ferrite to austenite transformation
was modelled with the moving boundary model of DICTRA v.26, that
enforces local thermodynamic equilibrium at the interfaces between
the three phases (M23C6, ferrite and austenite). Only four elements
are considered: Fe, C, Cr and Ni.

Fig. 7 (a,c) presents the results of the kinetics modelling for
heating rates equal to 0.01◦C/s, 0.5◦C/s and 10◦C/s, respectively,
with the volume fraction of austenite and M23C6 particles plotted
against temperature. The simulations successfully reproduce the fast
and slow growth regimes observed experimentally. Austenite nucle-
ation is predicted at 810◦C, 815◦C and 822◦C for the heating rate
of 0.01◦C/s, 0.5◦C/s and 10◦C/s, respectively. Austenite then rapidly
grows in ferrite up to volume fractions between 70 vol.% and 95 vol.%
for the lowest and highest heating rates, respectively. Finally, the
growth rate rapidly decreases, corresponding to the beginning of the
second stage of austenization, during which M23C6 particles rapidly
dissolve into the nearby ferrite. At T=850◦C, the residual volume
fraction of M23C6 is 0.1 vol.%, 0.6 vol.% and 1 vol.% for the heating rate
equal to 0.01◦C/s, 0.5◦C/s and 10◦C/s, respectively. During the second
stage, DICTRA predicts zero austenite growth or, in the case of 10◦C/s,
even a decrease of the austenite volume fraction as a consequence
of ferrite growth. M23C6 dissolution ends at AII

s , which marks the
onset of the last austenization stage characterized by a slow growth
of austenite into the residual ferrite. From these results, the inter-
action between M23C6 dissolution and the shift between stage I and
stage II of the growth rate seems apparent. Finally, fully austenitic
microstructure is predicted after prolonged holding at 1000◦C, as
shown by the evolution of the austenite volume fraction with time
for a heating rate of 0.5◦C/s and 10◦C/s in Fig. 8 (a,b). The ferrite
to austenite transformation is completed after 2000 s(about 33 min)
and 1 h of isothermal holding at 1000◦C for heating rates of 0.5◦C/s
and 10◦C/s, respectively.

According to Fig. 7 (a,c), the transition of kinetics, as observed
experimentally, seems to be strongly related to the dissolution of
the M23C6 particle. Hence, additional simulations were carried out
to investigate the possible effect of initial carbide size on the trans-
formation rate, while the initial volume fraction is kept constant and
equal to V0 = 1.1 vol.%. Fig. 9 shows the evolution of the austenite
volume fraction during heating at 0.5◦C/s for initial M23C6 size, d0,
of 100 nm or 1000 nm. A smaller initial carbide size promotes faster
austenite transformation and smoother transition between the two
growth regimes. When d0 = 100 nm, the M23C6 carbides are com-
pletely dissolved at 926◦C, whereas dissolution is delayed to 986◦C
when d0 = 1000 nm. At 1000◦C, these different dissolution rates
respectively produce a fully austenitic structure and a dual phase
microstructure with 15 vol.% of residual ferrite.

4. Discussion

4.1. Dilatometry experiments and DICTRA simulations

The dilatometric measurements of ferrite to austenite transfor-
mation presented in Fig. 2 (a,b) and the ex-situ metallographic
observations in Fig. 3 (a,b) reveal a complex mechanism of fer-
rite transformation, which seems to take place in multiple steps, as
previously reported in the literature for alloys of similar composi-
tion [43,44]. Even if the accuracy of dilatometry measurements of
phase transformations was recently questioned on the basis of com-
parable densities of martensite and austenite at high temperature
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Fig. 4. (a) SEM micrograph of the room temperature microstructure quenched from 1000◦C for a sample previously heated at 10◦C/s. (b) SEM-EDX mapping of Cr mole fraction
over an area indicated in (a). (c) Bright field TEM and (d) STEM-EDX analysis of Cr mole fraction across the interface between martensite (transformed austenite) and residual
ferrite. The blue line in (d) represents the average value of the measurements and the standard deviation (dotted lines).

(above 850◦C) [62,63], when carefully analysed, CTEa is represen-
tative of the ferrite to austenite transformation [64]. The measured
CTEa values between 400◦C and the Curie temperature confirm that
no other precipitation occurs on heating and its mean value is con-
sistent with CTEa of ferrite for similar alloy composition [56]. At T
= AI

s, the first CTEa reduction shown in Fig. 2 (b) corresponds to
the main ferrite to austenite transformation. Next, T= AI

f marks the
end of the first stage of rapid ferrite to austenite transformation
and the onset of dissolution of M23C6 carbides. Due to the larger
lattice atomic volume [65] of M23C6 carbides compared to the one
of ferrite or austenite, a dissolution of such carbides should lead
to a net contraction. However, the dissolution of M23C6 particles
releases Cr and C atoms in the matrix, which increases the lattice
constant of ferrite and austenite, respectively [56,66]. This leads to
a net dilatation of the samples, as shown in Fig. 2 (b). Moreover,
at least in the case of the lowest heating rate of 0.01◦C/s, metal-
lographic observations summarised in Fig. 3 (b) confirm that the
CTEa increases due to the dissolution of M23C6 particles, which are

completely dissolved at 1000◦C. In addition, the maximum CTEa val-
ues during M23C6 dissolution change depending on the heating rate,
which confirms that the dissolution rate strongly depends on the
processing conditions, as previously reported [50]. Indeed, Fig. 2 (b)
suggests that for a heating rate of 0.5◦C/s and 10◦C/s the complete
dissolution of M23C6 particles is delayed to the isothermal holding at
1000◦C. Finally, the CTEa reduction at 918◦C for the heating rate of
0.01◦C/s corresponds to the completion of ferrite to austenite trans-
formation, as confirmed by the metallographic observations in Fig. 3
(a).

As discussed above, phase transformation seems to be highly
dependent on the chosen heating rate. In the case of the slow
heating rate (0.01◦C/s), austenite shows a two-stage growth
regime, the first one between 800◦C and 850◦C, while the sec-
ond one starts above 925◦C. On the other hand, austenite frac-
tion increases up to around 95 vol.% in one single step during
isochronal heating at 0.5◦C/s and 10◦C/s. Furthermore, austenite
does not grow up to isothermal holding at 1000◦C, during which
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Fig. 5. Relative change of length, DLH/L0 = (DL - DLHi)/ L0, for the isothermal heat
treatment at 1000◦C for the three samples previously heated at 0.01◦C/s, 0.5◦C/s and
10◦C/s, respectively.

residual ferrite eventually transforms to austenite. In other words,
for faster heating rates, the second stage of austenite transfor-
mation is delayed to the isothermal holding at 1000◦C. These
conclusions agree with recent results reported by Bojack et al.
[43].

DICTRA simulations are in fairly good agreement with the exper-
imental measurements of austenite transformation kinetics. While

Fig. 6. Schematic representation of the system considered for the modelling with DIC-
TRA. The initial configuration represents the microstructure after the batch annealing
and prior to the austenization heat treatment. A spherical M23C6 particle (R= 500 nm,
vol. fraction = 1.1%) is embedded within the ferrite matrix. Austenite is initially set as
an inactive phase, which is allowed to nucleate at the cell boundaries when the system
meets the thermodynamic conditions for austenite nucleation.

Table 3
Composition of M23C6 and ferritic matrix at the beginning of the DICTRA simula-
tion determined by an equilibrium calculation at 725◦C in ThermoCalc with TCFE6
database.

Elements Ferrite (wt.%) M23C6 (wt.%)

Cr 10.69 71.28
C 0.00058 5.59
Ni 0.4 0.051
Fe bal. bal.

austenite nucleation temperature (AI
s) is well-captured by the sim-

ulations, the AI
f temperature is underestimated by about 43◦C, 77◦C

and 82◦C for 0.01◦C/s, 0.5◦C/s and 10◦C/s, respectively. This dis-
crepancy can be rationalized based on different factors. First of all,
only four major elements, namely Fe, Cr, Ni and C, are included in
the DICTRA model. However, other elements like Mn and Si, which
are not considered, are known to strongly affect the kinetics of
austenite growth in steel [29]. Furthermore, only an average M23C6

volume fraction is considered. While this choice greatly simplifies
the simulation, the true local M23C6 volume fraction is likely to
have important consequences on austenite nucleation and growth.
It was indeed observed that M23C6 particles are elongated and seg-
regated in bands along the principal rolling direction, which is a
consequence of the segregation of Cr and other alloying elements
during the casting process [67]. Hence, austenite is likely to nucle-
ate at lower temperatures and to quickly grow outside these Cr-rich
bands, while the opposite is true in regions of higher local volume
fraction of M23C6 particles. Thus, while DICTRA simulations describe
the average behaviour of the real system, the austenite start (AI

s)
and austenite finish (AI

f ) temperatures are, in practice, scattered in a
broad temperature window.

Finally, the size distribution and morphology of carbide particles
in the real material are other important factors that might control
the transformation kinetics. On the one hand, Fig. 9 clearly shows the
effect of carbide size on its dissolution kinetics and, as a consequence,
on the ferrite to austenite transformation. Smaller carbides dissolve
faster, thus increasing the rate of ferrite transformation. Hence, in
order to better represent the true particle distribution seen exper-
imentally, a multi-cell simulation, although more computationally
demanding, would better reproduce the experimental observations
at the beginning of the transformation process [68]. On the other
hand, the initial morphology of M23C6 particles has been found to not
significantly influence the kinetics of the transformation. An addi-
tional DICTRA simulation for an initial cylindrical configuration, in
which the M23C6 particle is considered as an elongated cylinder
(aspect ratio, AR �1) results in a M23C6 dissolution and growth of
austenite comparable to the case of spherical particle (AR=1). The
M23C6 particle dissolution temperature equals 929◦C and 941◦C for
a spherical and cylindrical configuration, respectively. Hence, the
actual morphology of carbides is not expected to significantly impact
the overall transformation kinetics.

4.2. Description of the kinetics mechanisms

As already suggested in past researches on austenite formation
in high alloy steels, but never directly observed in the case of MSS,
the inhomogeneous distribution of alloying elements across the
microstructure strongly influences the austenization process. Fig. 10
(a,c) shows the concentration gradient of Cr in the simulation cell at
different temperatures for the three considered heating rates in this
study. The amount of Cr is given as the site fraction occupied by Cr
atoms in the lattice, UCr, defined as UCr = XCr/(1 − XC), where XCr

and XC are the mole fractions of Cr and C atoms, respectively. With
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reference to Fig. 10, austenite nucleates from the periphery (right-
hand side of the figure) and grows towards the centre (left-hand
side of the figure), where it meets an increasing Cr gradient due to
the dissolution of the M23C6 particle. Based on the analysis of the
UCr profiles, the three austenization stages outlined in Fig. 7 can be
rationalized as follows:

• Stage I: nucleation and rapid growth of austenite
Cr profiles at T=820◦C for 0.01◦C/s, 0.5◦C/s and T=840◦C

for 10◦C/s reveal the Cr gradient present in the cell immedi-
ately after the nucleation of austenite (at the periphery of the
simulation cell). During the first rapid growth, two gradients of
Cr develop: the first one originates from the partial dissolution
of M23C6 (on the left-hand side of the cell) while the second
one follows the fast displacement of the ferrite/austenite inter-
face, which, for higher heating rates, produces a “spike” of Cr
concentration in front of the interface as shown in Fig. 10 (b,c).
Hence, below T=AI

f , the rapid growth of austenite seems to
be sustained by diffusion of Cr in the ferrite, which is thus
enriched in Cr.

• Stage II: soft-impingement and austenite growth stasis
At T=AI

f , which is equal to 830◦C, 845◦C and 855◦C for
0.01◦C/s, 0.5◦C/s and 10◦C/s, respectively, the two aforemen-
tioned Cr gradients overlap. This marks the beginning of the
so-called soft-impingement effect, which drastically changes
the driving force for Cr diffusion inside the simulation cell and
produces the kinetics shift shown in Fig. 7 (a,c). As a result, the
transformation front slows down and eventually stops.

• Stage III: slow austenite growth
As the temperature is increased above T=AI

f , the Cr pro-
files in Fig. 10 (a,b) indicate a homogenization of Cr in ferrite at
T=865◦C and T=935◦C for 0.01◦C/s and 0.5◦C/s, respectively.
This temperature, named AII

s , marks the complete dissolution of
M23C6 particles and the onset of the last austenization stage. The
Cr gradient that results from soft impingement does not allow
any net atom diffusion from the interface towards the ferrite. At
this point, the interface displacement is solely controlled by the
diffusion of Cr atoms inside the austenite, which results in a net
reduction of the austenization rate. On the other hand, Fig. 10
(c) shows that, in the case of a high heating rate of 10◦C/s, Cr is
not yet homogenized in ferrite at 1000◦C. This event delays ever
further the start of the last austenization stage.

Fig. 7. DICTRA predictions of the austenite growth (left-hand axis) and of the M23C6 dissolution (right-hand axis) during the isochronal heating stage for heating rates equal to
(a) 0.01◦C/s, (b) 0.5◦C/s and (c) 10◦C/s, respectively.
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Fig. 8. DICTRA prediction of austenite growth (left-hand axis) and of M23C6 dissolution (right-hand axis) as a function of time for heating rates equal to (a) 0.5◦C/s and (b) 10◦C/s,
respectively.

4.3. Effect of microstructure and process conditions

The M23C6 dissolution has been found to significantly affect the
kinetics of ferrite to austenite transformation, hence the resulting
microstructure at 1000◦C. This effect is confirmed by the results
of the DICTRA simulations in Fig. 9, which show the effect of the
initial size of the M23C6 particles on the transformation process.
Smaller M23C6 particles dissolve faster and at lower temperature
than larger initial particles. As a result, the extent of Cr enrichment
and soft-impingement is smaller in the former case, while a stronger
interaction between M23C6 dissolution and austenite growth is pre-
dicted for larger M23C6 particles. In this sense, the initial size of the
M23C6 carbides is a critical microstructure parameter that, together
with the heating rate, controls the austenization kinetics [50,69]. This
result confirms recent simulations of austenization in low alloy steels
in the presence of cementite [70].

Even in the case of martensite to austenite transformation in
high-Cr steels, the presence of a low fraction (1–2 vol.%) of M23C6 or
M6C carbides could significantly influence the austenization process.
In a recent work, Bojack et al. found that two-stage austenization
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Fig. 9. Predictions of DICTRA kinetics model of the evolution of austenite and M23C6

volume fraction at a heating rate equal to 0.5◦C/s for two initial carbide sizes (d0) equal
to 100 nm and 1000 nm, respectively.

in 13Cr6Ni2Mo SMSS is promoted by the simultaneous dissolu-
tion of Cr-rich and Mo-rich carbides, which delays austenite growth
and enhances the two-stage character of the transformation [43].
Even though they do not provide any quantitative evidences, they
suggested that the distribution of alloying elements during the trans-
formation could be the origin of this phenomenon, as observed in
Fig. 10 (a,c).

In addition, the austenization depends on the processing param-
eters, as established with the experimental results and DICTRA sim-
ulations. It was found that the heating rate has a strong effect on the
austenization kinetics. In general, larger heating rates increase the
austenite nucleation temperature, AI

s, and the final temperature of
the first stage of austenization, AI

f . This is a well-known phenomenon
that originates from, and confirms, the diffusional mechanism of
austenite growth for conventional heating rates [71,72]. Further-
more, for a heating rate of 10◦C/s, the onset of the third stage is
delayed until the isothermal holding, which results in a large con-
traction of the sample as a consequence of continuous austenite
formation. The same effect is reported for multi-stage transformation
kinetics in SMSS [43,44].

DICTRA simulations confirmed that the soft-impingement effect
in the ferrite increases with the heating rates. Higher heating rates
accelerate the initial transformation rate, thus increasing the Cr com-
position pile-up in front of the ferrite/austenite interface. As the
dissolution rate of M23C6 particle increases, the flux of Cr atoms in
ferrite increases. This produces a larger Cr gradient in the ferrite with
a subsequent increase of the soft-impingement effect. Since the onset
of the second stage requires prior homogenization of Cr inside the
ferrite, a high heating rate delays the transformation of residual fer-
rite to austenite. A similar effect of heating rate on transformation
kinetics was recently observed in SMSS by Niessen et al. [45] using
DICTRA simulations.

On the other hand, slow heating rates, which produce fully
austenitic microstructures at 1000◦C, are not industrially viable due
to the very long processing time. Thus, although the primary goal
of this work is to shed light on the fundamental kinetics mecha-
nisms controlling the phase transformation, further work is needed
to design optimised thermal profiles subject to the concurrent objec-
tives of minimizing time while maximizing austenite fraction.

4.4. Thermodynamic considerations on the stability of ferrite

An additional effect of the high heating rate is the transient stabi-
lization of ferrite as a consequence of Cr enrichment, which remains
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Fig. 10. Cr content (site fraction) vs. distance from the centre of the DICTRA simulation cell (Fig. 6) at different temperatures during isochronal heating at a heating rate equal to
a) 0.01◦C/s, b) 0.5◦C/s and c) 10◦C/s. Austenite grows from the periphery (right-hand side of the graphs), while M23C6 dissolves in the centre (left-hand side of the graphs). The
ferrite/austenite interface is indicated by the arrows in each figure, which also reports the volume fraction of austenite.

untransformed even above the A3 temperature for the nominal steel
composition in Table 1. This stabilization is evident from the DICTRA
simulations in Fig. 8 (b), which even predicts an increment of the
fraction of residual ferrite between AI

f and AII
s for the heating rate of

10◦C/s. This is readily explained based on thermodynamic consider-
ations. Fig. 11 (a) shows the isothermal phase diagram of the ternary
Fe-Cr-C system at 900◦C and the average composition of the residual
ferrite from DICTRA calculations at the same temperature (�), which
corresponds to the beginning of the ferrite growth. At this point,
the composition of the residual ferrite falls well within the thermo-
dynamic stability domain of the BCC ferrite in the phase diagram.
However, as the temperature is further increased, the system will
eventually meet the thermodynamic condition for austenite growth,
as shown in Fig. 11 (b). After 10 s of holding at 1000◦C, the average
composition of the residual ferrite (�) quickly falls into the two-
phase ferrite-austenite region, meeting the condition for austenite
growth.

The presence of Chromium Enriched Zone (CEZ) after austeniza-
tion at 10◦C/s was previously observed with SEM-EDX and STEM-
EDX in Fig. 4 (a–d). Both methods reveal CEZ with a Cr fraction as
high as 20 at.%, which is in good agreement with the Cr gradients
predicted by DICTRA in Fig. 10 (c). After further holding at 1000◦C,
residual ferrite in the CEZ eventually transforms into austenite if the
Cr content of the CEZ falls below the threshold value dictated by ther-
modynamic conditions presented in Fig. 11 (b). The presence of CEZ
was recently investigated by Belde et al. [73] who observed Cr con-
tent above 20 wt.% after flash dissolution of M23C6 in a Fe-11Cr-0.3C
stainless steel.

5. Conclusion

Ferrite to austenite transformation and simultaneous M23C6

(M=Fe, Cr) dissolution in MSS were studied using a combined exper-
imental and modelling approach. A considerable fraction (5 vol.%
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Fig. 11. Isothermal section of ternary Fe-Cr-C phase diagram at a) 900◦C and b)
1000◦C. The average composition of residual ferrite at 900◦C and 1000◦C (�) and
after 10 s holding at 1000◦C (�) suggests the stabilization of ferrite as the result of Cr
enrichment.

to 20 vol.%) of ferrite remains untransformed after prolonged heat
treatment in the austenitic temperature range. Based on the simula-
tions results, the austenization kinetics can be rationalized in three
stages, each one characterized by remarkably different austenite
growth rate:

• Stage I: fast austenite growth, mainly controlled by rapid dif-
fusion of Cr in the ferrite, which transforms up to 95 vol.% of
ferrite into austenite.

• Stage II: simultaneous dissolution of M23C6 particles and rapid
increase of the Cr content in the ferrite which results in soft-
impingement and transformation stasis.

• Stage III: homogenization and decrease of Cr content in the
ferrite which allows for new austenite growth, now driven by
slow diffusion of Cr in the bulk austenite.

Austenization is found to be sensitive to both process and
microstructure parameters. Higher heating rates and larger initial
particle sizes increase the extent of Cr enrichment in ferrite, lead-
ing to a stronger soft-impingement and formation of Chromium-
Enriched-Zone (CEZ), which stabilizes residual ferrite to tempera-
tures well within the austenite stability region for the nominal steel
composition. On the other hand, slow heating rate and smaller initial
particle size result in ferrite-free microstructures.

Recent findings on the same alloy showed how the mechanical
strength contrasts between the softer ferrite phase and the sur-
rounding martensite matrix is the leading cause of damage evolution
in the softer phase [24], which decreases the overall ductility of the
alloy. Hence, this work could open interesting pathways for the opti-
mization of hot-stamping process conditions of MSS to design ductile
microstructures with reduced amounts of residual ferrite.
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