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Abstract

The growth kinetics of ferrite during intercritical annealing of steel has been investigated
using in situ high energy X-ray di�raction with a specially designed furnace allowing
highly quantitative measurements of phase volume fractions. Kinetics have been obtained
at 730◦C, 750◦C and 775◦C in di�erent ternary Fe-C-X (where X : Mn, Ni, Mo and
Cr) alloys and in a quaternary Fe-C-1Mn-1Cr (wt.%) alloy. The obtained results were
compared with the predictions of classical Local Equilibrium and Para-Equilibrium models
as well as an improved version of a three-jump solute drag model, where the interactions
between the solute elements and the moving interface are described comprehensively.
Good agreement was obtained between the measured ferrite growth kinetics and the
predictions of the solute drag model for the di�erent Fe-C-X systems using only one �tting
parameter, namely the Fe-X interaction parameter at the interface. The interactions
found here qualitatively match those reported in literature for all solutes except for Ni,
which displayed an attractive interaction with the interface. For the quaternary Fe-C-
Mn-Cr system, the solute drag model succeeded in predicting ferrite growth kinetics
using the same interaction values as used for the ternary Fe-C-Mn and Fe-C-Cr systems.
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1. Introduction10

Tailoring microstructures by means of solid-solid phase transformations and adapting
chemical compositions is the main avenue to control mechanical properties in steels.
Among a large variety of solid state phase transformations, austenite-to-ferrite has been
the most studied reaction from both technological and scienti�c standpoints [1, 2, 3, 4,
5, 6]. Ferrite growth kinetics in steels is highly conditioned by the partitioning behavior15

of substitutional alloying elements between the parent and child phases. This is due to
the low di�usivity of these elements compared to interstitial elements, notably carbon.
As a result, the transformation can proceed with either full or negligible partitioning
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of the substitutional elements between the growing ferrite and austenite [7, 2]. In the
former case, the transformation kinetics is controlled by their slow di�usion (LEP mode),20

whereas in the latter, it is mainly dictated by the much faster di�usion of carbon. Two
models representing the limit cases of negligible partitioning transformations known as
para-equilibrium (PE) and local equilibrium with negligible partitioning (LENP) have
been proposed to describe the rate of austenite to ferrite transformation in ternary
and higher order systems [8, 9, 10, 2]. Both models were used to successfully predict25

ferrite growth in ternary Fe-C-X systems under particular conditions of temperature and
composition [11, 6, 5, 3]. However, experimental observations showed a more complex
behavior of the interface conditions during ferrite growth in some systems where such
models failed to predict the measured growth kinetics. One of the theories generally
invoked to explain the mentioned discrepancies between calculated and measured kinetics30

is that substitutional element interactions with the moving (α/γ) interface lead to a
dissipation of the available driving force and thus, to a retardation of ferrite growth.
The so-called 'Solute Drag e�ect' (SD) involves solute segregation at the mobile (α/γ)
interface, thereby reducing its velocity. The solute drag based models display a better
aptitude at predicting kinetics for broad ranges of composition and temperature in35

ternary systems. The three-jump solute drag based model was proposed by Zurob
et al. [12] to describe ferrite growth kinetics in Fe-C-X alloys using the dissipation
approach developed by Hillert and Sundman [13]. Zurob's model was applied to a large
kinetic dataset from decarburization experiments in ternary Fe-C-X systems (X : Mn,
Ni, Mo, Co, Si, Cr ...) [12, 14]. In most cases, good agreement was obtained between40

the experimental results and the predicted ferrite growth kinetics. In multicomponent
systems, the segregation behavior of solute elements at the interface becomes more
complex [15, 16]. The simultaneous presence of multiple solutes at the interface may
a�ect the interaction behavior of each element with the moving interface [17]. Beside
the solute-interface interaction of each solute element, inter-elemental interactions must45

be considered when modeling growth kinetics in Fe-C-X1-X2 systems, giving rise to the
so-called 'coupled-solute drag e�ect' [15, 18, 19]. Carbon is reported to segregate at the
interface [20] and thus, it is important to consider its interactions with substitutional
elements. These can vary drastically, from strongly repulsive to strongly attractive,
and result in complex segregation behaviors when three elements (X1,X2,C) or more50

are present.The XC interaction e�ect on the dissipated energy due to solute drag was
evaluated by Enomoto et al.[21] and Guo et al.[22] for di�erent Fe-X-C systems. Results
showed that this parameter plays an important role in the segregation behavior of the
substitutional elements at the austenite/ferrite interface. In Zurob's approach [12],
the only modi�ed parameter to express the mutual interaction between elements at55

the interface is the Fe-X interaction parameter (using L parameters from ThermoCalc
database). However, modifying this parameter can implicitly lead to an e�ective change
in the Wagner interaction parameter between X1 and X2[23]. Moreover, experimental
observations show that carbon segregates at the transformation interface [24, 25], a
phenomenon that was not accounted for in Zurob's original version of the three-jump60

model. Thus, a more in-depth study is needed on the e�ect of interaction terms on the
apparent binding energy and thus the segregation behavior of solute elements at the
interface. In the declinations of the three-jump solute drag model reported so far, the
e�ect of these interactions on the segregation behavior of solute elements at the interface
has not been integrated. Based on these experimental observations as well as Enomoto65
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et al.[21] and Guo et al.[22] works, we propose in the present study, the integration of
the di�erent interaction parameters to the three-jumps solute drag model.

The three-jump model has, until now, been mostly applied to the simulation of ferrite
growth during decarburization experiments [12, 16, 15, 14, 26], where the progression
rate of the transformation front is obtained by metallography. There are only few reports70

comparing experimental precipitation kinetics and solute drag modelling, although precipitation
is more representative of the microstructural evolution in industrial conditions. This
is mainly due to the di�culty to obtain high quality measurements of ferrite growth
kinetics using standard metallography due to stereological and sectioning e�ects [27, 28].
Dilatometry o�ers the advantage of an in situ investigation of phase transformations in75

steels [29, 30, 31, 32]. However, obtaining quantitative data from this method relies
on assumptions regarding, notably, the austenite and ferrite lattice parameters and
their evolutions during phase transformation [30]. Alternatively, high energy X-Ray
di�raction (HEXRD), performed using a synchrotron X-ray source, can be used to obtain
accurate quantitative data on the transformation, especially the nature of phases and80

their respective fractions [33, 34, 32, 35], provided that a su�cient number of grains is
illuminated by the X-ray beam to ensure powder di�raction conditions. By coupling this
method with the appropriate sample environment, phase transformation kinetics can be
studied with sub-second time resolution.

In the present work, ferrite precipitation kinetics have been investigated using HEXRD85

in ternary Fe-C-X and quaternary Fe-C-X1-X2 systems. Di�erent substitutional elements
were considered (Mn, Ni, Mo and Cr), in order to determine their interaction with the
moving interface. Varying temperature and solute content enabled the evaluation of
their e�ects on the transformation kinetics. The experimental results were compared to
the predictions of a modi�ed version of the solute drag model developed by Zurob et90

al.[12], which accounts for the interaction of carbon with the interface, as well as for the
interaction of the various solutes at the interface.

2. Material and methods

The materials used in this study were cast, hot-rolled and homogenized at 1200◦C
for 18 h and their precise initial composition is provided in Table 1. Cylindrical samples95

with a 30 mm length and a 3 mm diameter were cut from the billets. The samples
were austenized at 910◦C for 1 min and quenched into water to obtain a martensitic
microstructure.

Table 1: Chemical composition (wt. %) of the di�erent alloys used to investigate ferrite growth kinetics
using HEXRD experiments. The measurements were realized by Spark-OES method.
Composition %wt C Si Mn Mo Cr Ni Al Other Fe

Fe-C-1Mn 0.26 0.029 0.98 <0.002 <0.002 <0.002 0.003 <0.002 Bal.
Fe-C-0.7Mn 0.26 0.03 0.7 <0.002 <0.002 <0.002 0.003 <0.002 Bal.
Fe-C-0.3Mn 0.26 0.03 0.3 <0.002 <0.002 <0.002 0.003 <0.002 Bal.
Fe-C-0.2Mo 0.26 0.019 0.004 0.21 <0.002 <0.002 0.003 <0.002 Bal.
Fe-C-1Ni 0.22 0.02 0.004 <0.002 <0.002 1.05 0.003 <0.002 Bal.
Fe-C-1Cr 0.26 0.027 0.004 <0.002 0.98 <0.002 0.003 <0.002 Bal.

Fe-C-1Mn-1Cr 0.26 0.02 0.98 <0.002 1.01 <0.002 0.006 <0.002 Bal.
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In situ High energy X-ray di�raction experiments were performed at the beamline
P21.2 of the DESY PETRA III synchrotron in Hamburg, Germany, using an energy100

of 82 keV (λ = 0.1512 Å). The high-energy beam allows to obtain di�raction data in
transmission. To maximize the number of grains in the illuminated volume, a beam size
of 0.5 x 0.5 mm2 was used. The Debye-Scherrer di�raction rings were collected using
a high-resolution 2D VAREX 4343CT detector with a 10 Hz acquisition rate placed
1 m away from the sample. The cylindrical samples were heated using a radiative105

heating furnace specially developed to perform thermal treatments with a controlled
rotation of the sample (Fig.1)[36]. This controlled rotation drastically increases the
number of grains in di�raction conditions during the measurements, thereby approaching
random powder di�raction conditions and ensuring the quantitative character of the
phase fraction measurements. The rotation speed was set at 5 full rotations per second,110

leading to a 180◦ rotation per detector frame. Heating was achieved by a set of lamps
surrounding the sample and the temperature was regulated using a type-S thermocouple
spot-welded on the sample, close to the beam path. An argon �ow of 0.4 l.min−1 was
used to limit decarburization and oxidation during the experiments.

Figure 1: Diagram of the experimental setup used for HEXRD experiments. A rotation system was used
to maximize the number of analyzed grains in the di�racted volume.

The details of the heat treatments for in situ HEXRD experiments were as follows.115

The samples were heated to 910◦C at 10◦C/s and held for 30 s at this temperature to
reach complete austenitization, which was checked using the di�raction patterns recorded
during this step. Samples were then rapidly cooled at 60◦C/s down to the inter-critical
temperature (730◦C, 750◦C, and 775◦C), and held for 15 min at this temperature to
monitor the austenite-to-ferrite phase transformation. Finally, samples were quenched to120

room temperature at 60◦C/s. The obtained Debye-Scherer di�raction rings, as illustrated
in Fig.2-a, were converted to classical intensity-2 θ di�raction diagrams, as shown in
Fig.2-b, by circular integration using the pyFAI software package [37]. Rietveld re�nement
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Figure 2: a) Debye-Scherer di�raction rings obtained from HEXRD experiments. b) Integrated 1D
di�ractogram (intensity vs 2θ).

was used to calculate phase fractions using the FullProf software package [38]. A pseudo-
Voigt function was used to model the experimental di�raction peaks and a total of125

18 parameters were used for Rietveld re�nement, including scale and shape factors,
temperature e�ect and lattice parameters.

3. Modeling

Experimental results were compared with the predicted ferrite growth kinetics using
local equilibrium (LE), para-equilibrium (PE) and solute drag (SD) models. LE and130

PE calculations were carried out using the Thermo-Calc DICTRA software package,
with the TCFE9 and MOB2 databases. Calculations were performed using an initial
spherical parent grain. The initial grain size of austenite was measured by metallography
techniques for each sample after the end of the partial transformation to ferrite, based
on the assumption that ferrite nucleates at the boundary of austenite and grows into135

the spherical grain. An initial ferrite nucleus of thickness 100 nm was considered at the
start of modeling, and thus nucleation was not taken into account.This initial condition
is chosen as the nucleation happens exclusively intergranularly in the studied cases
and is assumed to be complete in the �rst few seconds of the isothermal hold. As
illustrated in Fig.3, ferrite (bright etched phase) is shown to nucleate on the whole140

austenite grain boundary indicating nucleation site saturation. Moreover, almost all
the measured growth kinetics show some ferrite formation at time t=0. These data
support the assumption that the e�ect of nucleation is signi�cant only in the early stages
of precipitation and that the overall transformation kinetics is mostly governed by the
growth stage, save perhaps for the conditions where a more pronounced lag is observed.145

Thus, the e�ect of nucleation was ignored for analysis simplicity, as was the case in other
ferrite precipitation studies [11, 39, 40, 41].

We developed a modi�ed version of the three-jump solute drag model proposed by
Zurob et al.[12] to predict the e�ect of composition and temperature on ferrite growth
kinetics. In this model, the austenite-ferrite interface is considered as a thick interface150

comprising two discrete atomic layers. During ferrite growth, di�usion of substitutional
5



Figure 3: Micrographs showing microstructures of three samples : a) Fe-0.26C-0.3Mn, b) Fe-0.22C-1Ni,
c) Fe-0.26C-1Cr and d) Fe-0.26C0.2Mo transformed at 750◦C during 15 min. Ferrite is shown in bright
and martensite in dark. The samples were etched using 4% metabisul�te (100 ml H2O + 4 ml Na2O5)

elements across the interface involves three jumps across the interface, from ferrite to the
�rst atomic layer, a second jump within the interface and a �nal jump to austenite. The
solute di�usion across the interface results in a dissipated energy referred as the solute
drag energy. The details of the di�erent calculations in the three-jump model can be155

found in [12].
In this model, the thermodynamic properties of the interface are described using an

approach developed by Hillert [12, 42]. The interface properties are modi�ed from those
of austenite by shifting the reference state for the free energy by 3.5 kJ.mol−1. This value
was chosen to capture an interfacial energy of 0.5 J.m−2. In the present study, and in160

order to capture the signi�cant segregation of carbon at the interface observed using atom
probe experiments [25, 43], the interaction parameter between carbon and iron at the
interface was adjusted from -34 kJ.mol−1 (value in austenite) to -50 kJ.mol−1 (see Fig.S6
and Fig.S7). This parameter is explained further in the text. A key feature of Zurob's
model is the choice of two parameters: the binding energy of the substitutional element165

at the interface and the trans-interface di�usion coe�cient of the solute element. These
two parameters are not known experimentally, and generally used as �tting parameters.
The binding energy (E0) is generally de�ned as the di�erence between the chemical
potential of solute X at the interface and the average chemical potentials of X in ferrite
and austenite as shown in �gure 4 [12, 44, 45]. ∆E is half the di�erence between the solute170

chemical potentials in austenite µγ
X and in ferrite µα

X . The binding energy parameter
has been used to express the segregation behavior of the substitutional element at the
interface [12, 14, 15, 45, 46, 47]. However, this parameter as calculated with this approach
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depends on the conditions under which the calculations are made. The interface velocity
and its associated carbon segregation a�ect the calculated binding energy signi�cantly.175

Figure 4: Schematic illustration of the potential well for (a) ferrite stabilizer and (b) austenite stabilizer
inside the interface and the calculation of the binding energy in solute drag models.

The binding energies (E0) predicted by solute drag models as shown in �gure 4 have
been compared to that obtained from APT measurements, which have been derived from
the enrichment factor (Kmax) [48, 25] using Eq.1, where xX,max and xX,0 are the maximal
X segregation at the interface and the bulk content, respectively. R and T are the gas
constant and temperature, respectively.180

Kmax =
xX,max

xX,0
= exp(

E0 −∆E

RT
) (1)

It should be noted that the e�ect of carbon co-segregation is not accounted for in the
derivation of Eq.1. As a result, using Eq.1 to deduce the binding energy of an element
from its segregation data returns a value that encompasses inter-elemental interactions.
It may di�er from the intrinsic binding energy of this element if the segregation data
originates from multi-component systems.185

In the present study, we propose to overcome this ambiguity, by evaluating the
segregation behavior by means of an enrichment factor calculated at slow velocities (when
equilibrium conditions are approached). To di�erentiate between the two calculated
binding energies, shown in �gure 4 and the one calculated using Eq.1, the latter will be
called the e�ective binding energy (Eb).190

In the present study, di�usion coe�cients for the three jumps were chosen as the
di�usion coe�cient of element X in ferrite Dα for the jump from ferrite to the interface,
the di�usion coe�cient in austenite Dγ for the jump from the interface to austenite, and
the geometrical average of Dα and Dγ for the jump within the interface. It is important
to note that this choice of coe�cients was retained for all studied systems. As a result,195

interfacial di�usion is not a �tting parameter as in previous studies [44]. The only �tting
parameter remaining in the present study is the interaction parameter between Fe and
substitutional element X at the interface. It must be emphasized that this parameter
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does not express directly the segregation behavior of element X at the interface, which
also depends on its interactions with the other elements of the system (carbon and other200

substitutional elements). For example, an element with a high a�nity with carbon such as
molybdenum will highly segregate at the interface due to the presence of carbon [27]. The
interaction between Fe and element X is expressed using the 0LFe,X:V a thermodynamic
parameter in the ThermoCalc database. The interaction parameter between carbon
and iron is expressed using the 0LFe:C,V a thermodynamic parameter in the ThermoCalc205

database. Changing these parameters leads to a modi�cation of the Wagner interaction
parameter between X and C at the interface (ϵXC). In the present study, this value
(ϵXC) was considered to have the same value as in austenite [20]. To this end, the
Wagner interaction parameter was calculated both in austenite and at the interface and
the di�erence was adjusted to obtain a similar value between the two parameters using210

Eq.2 [23].

ϵXC = −{ (0LFe,X:V a +
1 LFe,X:V a +

2 LFe,X:V a) + (0LFe:C,V a −1 LFe:C,V a+
2LFe:C,V a)− (0LX:C,V a −1 LX:C,V a +

2 LX:C,V a)− (0LFe,X:C +1 LFe,X:C

+2LFe,X:C)− LFe,X:C,V a } /RT

(2)

In quaternary systems, the Wagner interaction between the two solutes X1 and X2

(ϵX1X2) at the interface is also a�ected by the �tting parameters (0LFe,X1:V a
0LFe,X2:V a)

interaction parameters. Again, the (ϵX1X2) interaction parameter in the interface is
assumed similar to the one in austenite [20]. Once the 0LFe,X1:V a and 0LFe,X2:V a215

interaction parameters are adjusted, the Wagner interaction parameter between X1 and
X2 (ϵX1X2) is calculated in both austenite and the interface and the di�erence is adjusted
to capture the same ϵX1X2 Wagner parameter as in austenite using Eq.3 [23].

ϵX1X2 = −{ (0LFe,X1:V a + 2(1LFe,X1:V a) + 3(2LFe,X1:V a)) + (0LFe,X2:V a+

2(1LFe,X2:V a) + 3(2LFe,X2:V a))− (0LX1,X2:V a)− (LFe,X1,X2:V a) } /RT
(3)

To summarize, in the present study, the only used �tting parameter was the interaction
between Fe and the substitutional element X at the interface expressed by the LFe,X1:V a220

parameter. The interaction parameter between iron and carbon at the interface was set
to a constant value of -50 kJ.mol−1 for the whole studied conditions (thus it was not
used as a �tting parameter). Moreover, the interaction between X and C were also set
to �xed values (equal to those in austenite) for the whole conditions, which makes them
not �tting parameters. Finally, the di�usion coe�cient at the interface was also set to225

a de�ned value (as the geometrical average of the two di�usion coe�cients of carbon in
austenite and ferrite) and thus not considered as a �tting parameter.

4. Results

4.1. Fe-C-Mn system

Three di�erent manganese compositions (0.3, 0.7 and 1%wt.) were examined at three230

di�erent temperatures 730◦C, 750◦C and 775◦C. Figure S2 a, b and c show the isothermal
sections of the Fe-C-Mn system calculated using the TCFE9 database of ThermoCalc,
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at 730◦C, 750◦C and 775◦C, respectively. At 730◦C and 750 ◦C, the three studied
compositions are located below the zero partition line, where both LENP and PE growth
modes are expected. At 775◦C, the 0.3%-Mn containing alloy (Fe-C-0.3Mn) is located235

below the zero partition line, Fe-C-0.7Mn lies on the zero partition line and Fe-C-1Mn is
located above the LENP/LEP boundary.

The measured ferrite fractions as a function of time in the Fe-0.26C-0.3Mn, Fe-0.26C-
0.7Mn and Fe-0.26C-1Mn systems are shown in �gures 5 and 6, for the three temperatures
730◦C, 750◦C and 775◦C. Table 2 summarizes the measured ferrite fractions at the end240

of the isothermal holding and the ones obtained using the di�erent models as well as the
measured grain sizes using metallography, for all the studied systems.
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Figure 5: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions
of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the : a)
Fe-0.26C-0.3Mn at 730◦C, b) Fe-0.26C-0.3Mn at 750◦C, c) Fe-0.26C-0.3Mn at 775◦C, d) Fe-0.26C-0.7Mn
at 730◦C, e) Fe-0.26C-0.7Mn at 750◦C and f) Fe-0.26C-0.7Mn at 775◦C.
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Figure 6: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions
of PE (dashed blue line), LE (dashed green line) and solute drag (dashed black line) models for the : a)
Fe-0.26C-1Mn at 730◦C, b) Fe-0.26C-1Mn at 750◦C, c) Fe-0.26C-1Mn at 775◦C.

For almost all the studied systems, the experimental ferrite growth tends toward a
plateau where ferrite fraction is nearly constant. One can notice that for some cases,
the volume fraction of ferrite at time 0 second starts from a non-zero value. This can245

be related to inaccuracy of ferrite measurements using Rietveld technique when ferrite
fraction is below 5%, but also to nucleation starting during the transition from the
austenitizing temperature to the transformation temperature, even though this transition
was made to be as short as possible with the experimental setup. The measured growth
kinetics as well as the �nal ferrite volume fraction reached at the plateau decrease with250

increasing temperature and manganese content. The predicted growth kinetics using
the PE model is faster than the experimental measurements and the calculated ferrite
fractions at the end of the transformation are overestimated by the PE model for all
temperatures and manganese compositions. The LE predicted kinetics are slower than
the PE calculated ones, and are for most Fe-C-Mn cases close to the experimental255

measured ones. For the 0.7-Mn containing system, one can notice that the measured
kinetics at 730◦C and 775◦C lie between the PE and LE predicted ones. The solute
drag model was also able to predict the measured ferrite growth kinetics at the three
temperatures and for almost all the studied manganese compositions.
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Table 2: Comparison between the measured �nal fraction (%) and the predicted ones using LE, PE and
SD models for the Fe-C-Mn system.

Fe-C-Mn T(◦C) f(Exp.) f(LE) f(PE) f(SD) Grain size(µm)
Fe-0.26C-0.3Mn 730 58 58 64 60 50 (± 10)
Fe-0.26C-0.3Mn 750 49 47 55 48 80 (± 16)
Fe-0.26C-0.3Mn 775 27 28 38 28 120 (± 25)
Fe-0.26C-0.7Mn 730 47 41 59 47 120 (± 25)
Fe-0.26C-0.7Mn 750 27 27 47 27 120 (± 24)
Fe-0.26C-0.7Mn 775 10 0.5 25 2 120 (± 24)
Fe-0.26C-1Mn 730 26 25 52 25 120 (± 25)
Fe-0.26C-1Mn 750 9 8 38 8 120 (± 30)
Fe-0.26C-1Mn 775 <2 1 13 1 120 (± 28)
Fe-0.22C-1Ni 730 57 60 67 56 40 (± 10)
Fe-0.22C-1Ni 750 40 44 53 41 40 (± 12)
Fe-0.22C-1Ni 775 2 12 21 7 70 (± 15)
Fe-0.26C-1Cr 750 48 52 55 48 120 (± 25)
Fe-0.26C-1Cr 775 23 30 39 22 120 (± 25)
Fe-0.26C-02Mo 730 62 65 65 62 50 (± 10)
Fe-0.26C-02Mo 750 55 60 60 56 50 (± 12)
Fe-0.26C-02Mo 775 40 46 46 40 60 (± 15)

4.2. Fe-C-Ni system260

The isothermal sections of the Fe-0.22C-1Ni (%.wt.) system at the three examined
temperatures 730◦C, 750◦C and 775◦C are shown in �gure S3. The studied composition
is located below the zero partition line for 730◦C and 755◦C temperatures, and on the
partition boundary at 775◦C.

The measured ferrite fractions as function of time for the Fe-C-Ni alloys are shown in265

�gure 7 for the three temperatures 730◦C, 750◦C and 775◦C, respectively. At 730◦C and
750◦C, the measured kinetics tends towards a plateau with a constant ferrite fraction. At
775◦C, the growth kinetics is very slow and the �nal fraction at the end of the isothermal
hold is (less than 1%). The comparison with the predicted ferrite growth kinetics using
LE and PE models shows that the experimental results are slower than both modeled270

kinetics. The LE calculations predict closer �nal fractions at 730◦C and 750◦C. At
775◦C, the measured ferrite fraction (2%) is much lower than the predicted one using
LE calculations (12%) as well as the PE model (32%). The solute drag (SD) predicted
kinetics are very close to the measured ones at both 730◦C and 750◦C and higher than
the measured values at 775◦C.275

4.3. Fe-C-Cr and Fe-C-Mo systems

The measured ferrite growth kinetics for the Fe-C-Cr system is shown in �gure 8 for
the two temperatures 750◦C and 775◦C. The data obtained at 730◦C are not shown here
due to the formation of pearlite during the isothermal holding. At both temperatures,
the measured ferrite growth kinetics are slower than those obtained using LE and PE280

models. The solute drag model predicts kinetics slower than both the PE and LE models
and closer to the measured ones.
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Figure 7: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions
of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the : a)
Fe-0.22C-1Ni at 730◦C, b) Fe-0.22C-1Ni at 750◦C, c) Fe-0.22C-1Ni at 775◦C.
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Figure 8: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions
of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the : a)
Fe-0.26C-1Cr at 750◦C, b) Fe-0.26C-1Cr at 775◦C.
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Figure 9: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions
of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the : a)
Fe-0.26C-02Mo at 730◦C, b) Fe-0.26C-02Mo at 750◦C, c) Fe-0.26C-02Mo at 775◦C.

Figure 9 shows the obtained ferrite fractions as function of time for the 0.2Mo
containing system at the three temperatures 730◦C, 750◦C and 775◦C, respectively.
Under the chosen conditions, the predicted ferrite fractions using the PE and LE model285

are similar as shown in �gure 9. Like the previous cases, ferrite fraction tends toward a
plateau. For the three examined temperatures, the ferrite fractions at the plateaus are
lower than the LE/PE predicted values (table 2). The SD predicted kinetics are slower
than the LE/PE kinetics and agree well with the HEXRD measured kinetics.

4.4. Fe-C-Mn-Cr system290

The measured ferrite fraction as a function of time for the quaternary Fe-0.26C-1Mn-
1Cr system at 730◦C is shown in �gure 10. Ferrite fraction increases with time and tends
towards a constant fraction (31%). The experimental kinetics lies between the LE and
PE predicted ones and is well described by the SD model.

5. Discussion295

5.1. Fe-C-Mn system

The solute drag (SD) model was applied to predict the measured ferrite growth
kinetics in the Fe-C-Mn system as a function of composition and temperature. The
predicted kinetics are plotted along with the measured ones as well as the LE and PE
calculations in �gures 5 and 6. In all cases except the 0.7wt.%-Mn alloy at 775◦C,300
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Figure 10: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions
of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the Fe-
0.26C-1Mn-1Cr at 730◦C.

excellent agreement was obtained between the SD model and the experiments. The SD
model successfully predicts the measured kinetics in cases where both LE and PE fail
to do so. It must be noted that two conditions (0.7wt.% and 1wt.% at 775◦C) are
located on and above the zero partition line where growth mode can be controlled by
manganese di�usion in austenite (LEP mode). As mentioned before, the three-jump305

model considers that ferrite growth is always controlled by carbon di�usion only and
the deviation from PE conditions is due to a dissipation of the available transformation
energy by the di�usion of manganesein the interface. Thus, the model is not applicable
when the partitioning of substitutional element is not negligible.

The Fe-Mn interactions parameters (0LFe,Mn:V a) used in the solute drag model310

to obtain the best �t of the experimental results are summarized in table 3. Results
show a small decrease of the Fe-Mn interaction parameter with increasing temperature
(∆0LFe,Mn:V a : -0.5 kJ.mol−1 when increasing temperature from 730◦C to 775◦C).
However, the Fe-Mn interaction seems to be independent of composition (or at least this
dependence is weak).315

Table 3: The Fe-Mn interaction parameter 0LFe,Mn:V a used in the solute drag modeling for the di�erent
Fe-C-Mn systems.

T(◦C) Fe-C-Mn
0LFe,Mn:V a

(kJ.mol−1)
Fe-C-Mn

0LFe,Mn:V a

(kJ.mol−1)
Fe-C-Mn

0LFe,Mn:V a

(kJ.mol−1)

730 0.3Mn -1.4 0.7Mn -1.5 1Mn -1.5
750 0.3Mn -1.6 0.7Mn -1.8 1Mn -1.8
775 0.3Mn -1.9 0.7Mn -2.0 1Mn -2.0

Zurob et al.[12] investigated the ferrite growth kinetics using decarburization experiments
in Fe-C-Mn systems and reported a binding energy of -2.5 kJ.mol−1 to model the observed
kinetics. The binding energy was calculated under PE conditions (i.e. at high interface
velocity). Using the same calculation conditions, the obtained binding energy in the
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present study is +1.5 kJ.mol−1 for all the studied manganese compositions and at the320

three temperatures. In both Zurob's modeling and the present one, only the Fe-Mn
interaction parameter was used as a �tting parameter. The di�erence between the two
obtained binding energies (+1.5 kJ.mol−1 and -2.5 kJ.mol−1) can be attributed to the
di�erence in the thermodynamic properties of the interface as used by Zurob et al.[12]
and in the present study. The carbon-iron interaction parameter (expressed using the325

0LFe:C,V a parameter of ThermoCalc database) used by Zurob [12] was -34 kJ.mol−1

(as in austenite) versus a value of -50 kJ.mol−1 in the present study. Moreover, in the
present version of the model, the interaction between manganese and carbon (ϵXC) was
modi�ed to capture a similar value as in austenite. As already mentioned, modifying the
Fe-Mn (0LFe,Mn:V a) and Fe-C (0LFe:C,V a) interaction parameters results in a change330

of the Wagner interaction parameter between manganese and carbon at the interface
(ϵMnC). In this study this parameter was re-adjusted to a similar value as in austenite.
In Zurob's model[12], this parameter was not re-adjusted meaning that the Wagner
interaction parameter (ϵMnC) can be di�erent from that in austenite.

In the following section, the e�ect of these two changes (Fe-C (0LFe:C,V a) and X-335

C (ϵMnC) interaction parameters) on the solute segregation behavior is detailed. To
this end, three cases representing the di�erent modi�cations are studied. In the �rst
case, no changes were made to either the Fe-C or the X-C interaction parameters. This
approach is similar to the one used by Zurob et al.[12]. In the second case, the Fe-
C interaction parameter (0LFe:C,V a) at the interface is modi�ed to -50 kJ.mol−1 but340

the X-C interaction parameter (ϵMnC) is not re-adjusted to a similar value as that in
austenite. Finally, the last case represents the current con�guration of the model, where
the Fe-C (0LFe:C,V a) interaction parameter is modi�ed to -50 kJ.mol−1 and the X-C
interaction parameter (ϵMnC) is re-adjusted to the austenite value. In all three cases,
the Fe-Mn (0LFe,X:V a) interaction parameter (and thus the binding energy) was modi�ed345

to obtain the best �t of the experimental data.

Table 4: The binding energies, E0 (kJ.mol−1) used to obtain the best �t of the experimental growth
kinetics using the three di�erent approaches for the Fe-C-Mn system. Approach 1 : 0LFe:C,V a :-34
kJ.mol−1 , ϵMnC : not re-ajusted. Approach 2 : 0LFe:C,V a :-50 kJ.mol−1 , ϵMnC : not re-ajusted.
Approach 3 : 0LFe:C,V a :-50 kJ.mol−1 , ϵMnC : ϵMnC in austenite.

Fe-0.26C-xMn T(◦C)
E0

Approach 1

E0

Approach 2

E0

Approach 3

0.3Mn 730 -1.5 -1.5 +1.5
0.3Mn 750 -1.5 -1.5 +1.5
0.3Mn 775 -1.5 -1.5 +1.5
0.7Mn 730 -1.5 +0.5 +1.5
0.7Mn 750 -1.5 +0.5 +1.5
0.7Mn 775 -1.5 / /
1Mn 730 +0.5 +1.5 +1.5
1Mn 750 +0.5 +1.5 +1.5
1Mn 775 +0.5 +1.5 +1.5

Table 4 summarizes the calculated binding energies that yielded the best �t of the
experimental data for the Fe-C-Mn using the three approaches. One can notice that the
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binding energy required to get the best �t of the experimental data changes when other
thermodynamic parameters of the interface are modi�ed.350

Figure 11 shows the evolution of the total dissipated energy and the dissipation due
to manganese transfer at each atomic plane, as a function of velocity for the Fe-C-
1Mn alloy at 730◦C using the 3 di�erent approaches used to model the experimental
growth kinetics. The total dissipated energies are comparable for the three cases, with
a maximum of 45 J.mol−1 attained at medium velocities (1e−7 to 1e−9 m/s). At high355

velocities, the dissipated energy is mostly due to the di�usion of manganese from ferrite
to the �rst interfacial atomic plane (the �rst jump, named �ux J1). It can be seen from
Fig.11 that this dissipated energy (SD1) depends on the used approach.
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Figure 11: The dissipated free energy due to Mn di�usion across the interface (at each jump) as function
of the interface velocity for the Fe-0.26C-1Mn at 730◦C calculated using the three approaches to describe
the interaction parameters at the interface. Approach 1 : Fe-C : -34 kJ.mol−1, Mn-C : not re-adjusted.
Approach 2 : Fe-C : -50 kJ.mol−1, Mn-C : not re-adjusted. Approach 3 : Fe-C : -50 kJ.mol−1, Mn-C :
as in austenite.

With decreasing velocity, the dissipated energy, SD2, due to manganese di�usion
within the interface starts to increase. The maximum dissipated energy SD2 follows the360

same trend as SD1. At low velocities, the total dissipated energy is mostly due to the �ux
of Mn atoms from the second interfacial atomic plane to the austenite interface side. The
maximum dissipated energy due to this �ux (J3) is independent of the used approach.

The e�ect of the approach used to describe the interaction parameters at the interface
is more noticeable when comparing the solute segregation at the di�erent interfacial365

atomic layers. The evolution of manganese contents at the di�erent atomic planes as well
as the carbon content at the austenite interface side are plotted as function of velocity
in �gure 12. The carbon content on the austenite side of the interface increases with
increasing interface velocity and its evolution is comparable for the three approaches.
When no modi�cations are made to the Fe-C and Mn-C interaction parameters (Fig.12-370

a), the segregation of Mn at the interface (Mn1 and Mn2) reaches a maximum of 340%
of the the bulk composition (Kmax= 3.4) at low interface velocities (< 1e−9 m.s−1).
The Mn content at the austenite interface reaches a maximum of 310% at low velocities.
When changing the Fe-C interaction parameter (0LFe:C,V a) to -50 kJ.mol−1 (Fig.12-
b), the maximum of Mn segregation at the two atomic planes decreases to 270%. This375
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Figure 12: Evolution of Mn content at the di�erent atomic planes (1, 2 and 3) of the interface as well as
the carbon content at the austenite interface side as function of interface velocity for the Fe-0.26C-1Mn
at 730◦C calculated using the three approaches to describe the interaction parameters at the interface.
a) Fe-C : -34 kJ.mol−1, Mn-C : not re-adjusted. b) Fe-C : -50 kJ.mol−1, Mn-C : not re-adjusted. c)
Fe-C : -50 kJ.mol−1, Mn-C : as in austenite.

can be explained by the higher content of carbon present at the interface when using a
Fe-C interaction of -50 kJ.mol−1. As a result, less manganese is needed to obtain the
same ferrite growth kinetics (the same carbon evolution at the austenite interface side).
Moreover, setting the Fe-C interaction parameter to -50 kJ.mol−1 induces a change in
the Mn-C interaction parameter (ϵXC) and results in a less attractive value between Mn380

and C at the interface compared to austenite.
When re-adjusting the Mn-C Wagner interaction parameter (ϵXC) at the interface to

a similar value as in austenite (Fig.12-c), the maximum of Mn segregation at the interface
increases to 290% of the bulk composition (Kmax= 2.9). As stated before, the Mn-C
interaction parameter is dependent on the Fe-Mn and Fe-C interaction parameters at the385

interface. By taking into account this e�ect, the new interaction between Mn-C is more
attractive compared to the case where only the Fe-C interaction parameter was changed.
As a result, the required Mn content at the interface in order to obtain the same ferrite
growth kinetics is lower than the former case (only the Fe-C interaction parameter is
changed).390
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5.2. Fe-C-Ni system

The solute drag model was also applied to the Fe-C-Ni system at the three temperatures
730◦C, 750◦C and 775◦C. As in the Fe-C-Mn system, the interaction parameter between
iron and carbon at the interface (0LFe:C,V a) was set to -50 kJ.mol−1 and the Wagner
interaction parameter between nickel and carbon (ϵNiC) at the interface was modi�ed to395

capture the same value as in austenite. The interaction parameter between nickel and iron
at the interface was used as the only �tting parameter. Using this set of parameters, good
agreement between the experimental results and the predicted kinetics were obtained at
730◦C and 750◦C as shown in Fig.7. For the 775◦C temperature, the predicted growth
kinetics is faster than the measured one. The Fe-Ni interaction parameter that gave the400

best �t of the experimental data is -11.7 kJ.mol−1 at 730◦C, -11.8 kJ.mol−1 at 750◦C
and -11.9 kJ.mol−1 at 775◦C corresponding to a binding energy of -6.5 kJ.mol−1 for
the three temperatures, when calculated under para-equilibrium conditions. Qiu et al.
[14] used a binding energy (calculated under the same conditions) of +1.5 kJ.mol−1 for
predicting ferrite growth kinetics in Fe-C-Ni alloys. Oi et al. [6] on the other hand405

reported a nickel binding energy calculated under the same conditions of -4 kJ.mol−1.
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Figure 13: Evolution of Ni content at the di�erent atomic planes of the interface as well as the carbon
content at the austenite interface side as function of interface velocity for the Fe-0.22C-1Ni at 730◦C.

An example of the dissipated energy as function of velocity for the Fe-C-Ni alloy at
730◦C is shown on �gure S4 . The evolution of nickel segregation at di�erent atomic
planes as well as the interfacial carbon content as function of interface velocity are
illustrated in �gure 5.2. It can be noticed that the transformation energy is mostly410

dissipated by di�usion of nickel from ferrite to the �rst atomic plane and from the �rst
atomic plane to the second one. The maximal dissipated energy (63 J.mol−1) is reached
at 1e−8 m.s−1. The maximum segregation of nickel at the interface (atomic planes 1 and
2) is 360% (Kmax = 3.6) compared to the bulk composition and 1.6 times higher than
the nickel segregation at the austenite interface side which represents the LENP spike.415

When increasing the temperature to 750◦C, the maximal dissipated energy increases
to 65 J.mol−1 and the enrichment factor of nickel (Kmax) at the interface to 3.7. At
775◦C the maximum dissipated energy is 80 J.mol−1 and the nickel segregation is 380%
compared to the bulk composition (Kmax = 3.8). Although the highest dissipated energy
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is obtained at 775◦C, the predicted kinetics is faster than the HEXRD measurements.420

It is interesting to notice that this condition (1wt.% at 775◦C) is located on the zero
partition line. The very low measured ferrite fraction indicates that the transformation
is controlled by nickel di�usion in austenite i.e. under LEP conditions. Again, the present
model is not applicable under such conditions.

5.3. Fe-C-Mo and Fe-C-Cr systems425

Both molybdenum and chromium are ferrite-stabilizing elements and hence it is
interesting to compare ferrite growth in these systems with that obtained in systems
containing austenite stabilizers such as nickel and manganese. Moreover, chromium and
molybdenum are known to have a strong interaction with the interface when compared
to that of nickel and manganese [27, 19].430

The measured ferrite growth kinetics in the Fe-C-Mo system showed slower kinetics
than those predicted by both PE and LE, meaning that the observed experimental
deviation from both models is due to an additional dissipated energy during the phase
transformation. Moreover, at the chosen composition and temperatures, both LE and
PE predicted similar kinetics. This is attributed to the fact that under these conditions,435

the chemical potentials of molybdenum in austenite and ferrite are almost the same.
The predicted kinetics using the solute drag model are in good agreement with the
experimental ones at all three temperatures, indicating that the additional dissipated
energy can be attributed to molybdenum di�usion across the interface. The best �t
of the experimental results was obtained using a Fe-Mo interaction parameter of -7.1440

kJ.mol−1, -7.5 kJ.mol−1 and -7.9 kJ.mol−1 corresponding to a binding energy of -15
kJ.mol−1 for the three temperatures as calculated under para-equilibrium conditions.
Zurob et al. [12] reported the same binding energy calculated under the same conditions
to model ferrite growth kinetics in a Fe-0.51Mo-0.54C (%wt.) alloy at 806◦C and 825◦C.

Hutchinson et al. [27] measured the ferrite growth kinetics in a Fe-0.54C-0.51Mo445

(%wt) steel at 775◦C using decarburization experiments. The authors reported a deviation
from the LENP/PE model predictions and attributed this di�erence to an additional
energy dissipation due to solute drag e�ect. The estimated dissipated energy needed to
shift the LENP/PE kinetics to the measured ones was 43 J.mol−1. The authors reported
that the magnitude of this energy decreases with increasing temperature. In the present450

study, the same trend was observed concerning the maximal dissipated energy as function
of temperature, 84 J.mol−1, 70 J.mol−1 and 56 J.mol−1 at 730◦C, 750◦C and 775◦C,
respectively.

Figure S5-a shows an example of the dissipated energies due to molybdenum di�usion
across the interface as function of velocity for the 730◦C temperature. The corresponding455

evolution of molybdenum segregation at the interface as well as carbon interfacial content
as a function of interface velocity is plotted in �gure 14-a. It can be noticed that the
total dissipated energy is mostly due to molybdenum di�usion across the interface and
that the molybdenum spike (third plane) has a small e�ect on the dissipated energy.
The maximum dissipated energy decreases with increasing temperature as well as the460

molybdenum segregation at the interface.
The experimental results obtained for the Fe-0.26C-1Cr system at 750◦C and 775◦C

were �nally compared with the predictions of the di�erent models. Both PE and LE
predicted kinetics are slower than the experimental observations indicating an extra
dissipation of energy due to solute drag. The Fe-Cr interaction parameter was modi�ed465
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Figure 14: The evolution of Mo (a) and Cr (b) content at the di�erent atomic planes of the interface as
well as the carbon content at the austenite interface side as function of interface velocity for Fe-0.26C-
0.2Mo at 730◦C and Fe-0.26C-1Cr at 750◦C, respectively.

to �t the experimental kinetics. The best �t was obtained using an Fe-Cr interaction
parameter of +5.1 kJ.mol−1 at 750◦ C and +4.9 kJ.mol−1 at 775◦C, corresponding to
a binding energy calculated under para-equilibrium conditions of +1.5 kJ.mol−1 and
-1.5 kJ.mol−1, respectively. Panahi et al. [49] used the solute drag model to predict
ferrite growth kinetics in a Fe-0.58C-2Cr (%wt.) alloy at di�erent temperatures (775470

◦C to 850◦C) and reported a binding energy of -1.5 kJ.mol−1 as calculated under para-
equilibrium conditions. Results show a temperature dependence of the Cr binding energy
which was not observed in other systems. Given the small magnitude of this dependence,
one should not draw de�nitive conclusions about chromium segregation behaviour from
these two experimental results. It is clear however, that this observation should be475

investigated more deeply using additional experimental conditions.
The dissipated energies as a function of velocity are shown in �gure S5-b for the

750◦C case. The corresponding segregation behavior of molybdenum at the interface is
shown in �gure 14-b. As for the Fe-C-Mo system, the dissipation due to solute di�usion
across the interface contributes the most to the total dissipated energy. In contrast to480

the previous observation in the Fe-C-Mo system, a similar dissipated energy is observed
at higher temperatures. At 750◦C, the maximal dissipated energy is 68 J.mol−1, as is
the case at 775◦C. Béché et al. [26] estimated the dissipated energy necessary to bring
the PE model in agreement with the observed kinetics in a Fe-0.58C-2Cr (wt.%) steel.
At 775◦C, the authors reported a dissipated energy of 50 J.mol−1.485

5.4. The segregation behavior of the di�erent substitutional elements

As stated above, comparing the binding energies as calculated under para-equilibrium
conditions to express the segregation behavior of the element to the interface can be
misleading.

This issue can explain the discrepancy between the binding energies that can be490

found in the literature for the same element. Zurob et al.[12] and Chen et al.[45] both
studied ferrite growth kinetics in the Fe-C-Mn system using solute drag based models.
The binding energy of manganese was reported to be around -2.5 kJ.mol−1 in Zurob's
calculations [12] and -9.9 kJ.mol−1 in Chen's [45] study. However, when comparing the
enrichment factors of manganese (Kmax), from the two models, similar values are found,495
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3.3 at 755◦C in Zurob's study and 3.4 at the same temperature in Chen's study. This
di�erence in the calculated binding energies can originate from the considered conditions
in the calculations. In Zurob's [12] approach, the binding energy is calculated at the
initial PE conditions, i.e. high interface velocity and no carbon segregation. This value
can be highly di�erent from the calculated one at the local equilibrium conditions. In500

Chen's approach, it is not clear under which conditions the binding energy was calculated.
For a better understanding of the segregation behavior of solute elements at the

interface, one should compare the segregation pro�les. In Zurob's study [14], the manganese
enrichment factor (Kmax) calculated at 775◦C for a Fe-0.57C-0.94Mn (%wt.) steel
composition is 3.1. At the same temperature, the manganese enrichment factor obtained505

by the present modeling for the Fe-C-1Mn alloy is 2.17. Van Landeghem et al. [43]
used atom probe tomography (APT) to study solute segregation at the austenite/ferrite
interface in Fe-C-X alloys. The authors reported an enrichment factor of 2.47 for a Fe-
0.57C-0.94Mn (%wt.) alloy transformed at 775◦C. One has to note that the interface
width obtained in Van Landeghem et al.'s [43] study is 3 nm compared to 1 nm in the510

present model. As a result, the enrichment factor as calculated by Van Landeghem et
al. can be higher if a 1 nm interface width is considered. Danoix et al.[25] measured
the segregation of manganese at the austenite ferrite interface of a Fe0.12C-2Mn (wt.%)
alloy at 680◦C obtained by precipitation experiment. In their study, Danoix et al. found
an interface width of 1 nm, similar to that considered in the present study. The authors515

reported an enrichment factor of manganese of 3.7 at 680◦C. Using the expression of
the enrichment factor as function of the e�ective binding energy and temperature (Eq.1)
and assuming that the e�ective binding energy is independent on temperature, the Kmax

estimated at 775◦C is 3.2. The obtained enrichment factor in the present study (2.17)
is slightly lower but comparable to the measured ones (2.47 and 3.2). The di�erence520

could be explained by joint e�ects of carbon content and temperature. Elucidating this
e�ect would require data points with varying carbon contents at the same transformation
temperature and same manganese composition.

As it was shown in �gure 5.2-b, the predicted segregation values of nickel at the
interface are surprising since the reported APT measurements on the Fe-C-Ni system525

show no segregation or very low segregation of nickel at the interface [43]. Qiu et al. [14]
studied ferrite growth kinetics in a Fe-0.74C-1.46Ni (wt. %) alloy and reported a Kmax of
2.4 at 755◦C. It has to be noted that the authors used a binding energy of +2.5 kJ.mol−1

(as calculated under para-equilibrium conditions). This again shows that calculating the
binding energy under these conditions is not representative of the segregation tendency530

of an element.
The predicted enrichment factors for molybdenum at the interface were 20, 18 and

14.5 at the temperatures 730◦C, 750◦C and 775◦C, respectively. The reported APT
measurements conducted by Van Landeghem et al.[43] on the Fe-0.57C-0.5Mo (wt.%)
system at 806◦C showed a Kmax of 8.48 corresponding (Eq.1) to a Kmax of 9 at 775◦C.535

The experimental value is thus lower than the value predicted by the present modeling
(14.5). One possible cause of this di�erence can emerge from the interface thickness in
the APT measurements (3 nm) and the assumed one in the SD model (1 nm). Using
the reported e�ective binding energy by Van Landeghem et al.[43] for the same alloy
considering a 1 nm interface width, the adjustedKmax from APT results is 12.5 compared540

to 14.5 in the present study.
The chromium enrichment factor was 4.3 for both temperatures 750◦C and 775◦C,
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respectively. The Kmax value reported by Van Landeghem et al. [43] using APT
measurements is 2.7 for a Fe-0.57C-2Cr (%wt.) at 806◦C corresponding to 2.9 for 775◦C.
This value is lower than the predicted one using the present model, namely 4.3. However,545

if one considers the e�ect of the interface thickness, the new experimentalKmax estimated
in Van Landeghem's [43] study is 5.3, which is comparable to the predicted value in the
present work (4.3).

5.5. The intrinsic segregation energy

Danoix et al. [25] estimated an e�ective binding energy of manganese of -6 kJ.mol−1
550

using the formula in Eq.1. Using the same approach, the e�ective binding energy
calculated for the Fe-C-1Mn at 730◦C in the present study is -5 kJ.mol−1 with ∆E as -4.4
kJ.mol−1 calculated using TCFE9 database of ThermoCalc. This value is comparable
with the reported segregation energies of manganese on austenite grain boundaries (-8
(+/- 3) kJ.mol−1 [20]) or at ferrite grain boundaries [50] (-5.5 kJ.mol−1). However, the555

reported values represent the intrinsic segregation energies (intrinsic binding energies) of
manganese. As it was mentioned, the e�ective binding energy as calculated using Eq.1
does not take into account the e�ect of other segregated elements at the interface such
as carbon in the present case.

Qiu et al. [14] reported an e�ective segregation energy of -4 kJ.mol−1 calculated using560

Eq.1 for nickel in a Fe-0.74C-1.46Ni (wt. %) alloy at 755◦C. The calculated e�ective
segregation energy using Eq.1 of the Fe-C-1Ni at 730◦C is -7.5 kJ.mol−1 with a ∆E of
-3.4 kJ.mol−1 calculated using TCFE9 database of ThermoCalc. The di�erence between
the present value and the one estimated by Qiu et al. (-4 kJ.mol−1) is partially due to
the carbon segregation at the interface, which is enhanced in the present study due to565

the modi�cation of the interaction parameter between carbon and iron at the interface.
Finally, for molybdenum and chromium, the estimated e�ective segregation energies

using equation 1 are -25 kJ.mol−1 at 730◦C for molybdenum and -12 J.mol−1 at 750◦C
for chromium. Again, the e�ective segregation energies as calculated using Eq.1 are not
representative of the intrinsic segregation energy of the element X.570

To estimate the intrinsic segregation energy, the e�ect of carbon can be decorrelated
using Guttmann's approach [50, 20] of grain boundary segregation in interacting multi-
component systems. The intrinsic segregation of an element X (∆G0

X) in a Fe-C-X
system where X is a substitutional element and C is an interstitial element (carbon) is
estimated using Eq 4.575

∆G0
X = ∆GX + 2βFeX(Y boun

X − Y B
X )− βXC(Y

boun
C − Y B

C ) (4)

where Y boun
X =

xboun
X

1−xboun
X

, Y B
X =

xB
X

1−xB
X

, B is the bulk phase, boun is the boundary

phase and ∆GX is the e�ective segregation energy (similar to E0 in Eq.1) estimated at
equilibrium between the bulk (B) and the boundary (boun) (µboun

X = µB
X) as follows :

Y boun
X

1− Y boun
X

=
Y B
X

1− Y B
X

exp(−∆GX −∆E

RT
) (5)

βFeX and βXC are the interaction parameters of Fe with X and X with C, assumed to
be similar in the bulk phase and at the interface and their values are summarized in table580
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5. The βFeX interaction parameter was estimated using the L interaction parameters of
the two-sublattice model as :

βFeX =0 LFe,X:V a +
1 LFe,X:V a(1− 4YX) (6)

βXC represent the interaction between substitutional elements and carbon and its
value can be calculated using :

βXC =o GFe +
o GXC −o GFeC −o GX (7)

oGFe and oGX are the standard free energy of pure Fe and pure X, respectively.585

oGXC and oGFeC are the Gibbs free energies of hypothetical compounds where all of
the interstitial sites are �lled with carbon and all the substitutional sites are �lled with
elements X and iron, respectively. The values of βXC were extracted from [51].

Table 5: Numerical values of βFeX and βXC coe�cients in Fe-C-X used in austenite and the boundary
phase

X βFeX J.mol−1 βXC J.mol−1 [51]
Mn -7762+3.865×T - (1 - 4 × YX)×259 -48500
Ni -12054.355+3.27413×T 46000
Mo 28347-17.691×T -89080
Cr 10833-7.477×T +1410 ×( 1 - 4× YX) -251160 + 118×T

However, to apply this approach in the present case, a hypothesis must be made on
the nature of the bulk phase. In the following procedure, the bulk phase is considered as590

austenite. Moreover, in Guttmann's approach, the boundary phase is considered to have
the same thermodynamic properties as the bulk with the di�erence that the standard
chemical potentials of Fe and X are shifted by σ1A and σ2A, respectively, where σ1 and
σ2 are the grain boundary energies of pure Fe and elements X and A is the molar area
of atoms at the interface. Using this approach, the intrinsic segregation energy of the595

element X can simply be estimated as (∆G0
X = σ1A− σ2A).

Here again, the present model uses a di�erent approach, where the segregation of
the elements are expressed by modifying the Fe-X interaction parameter of the interface
and the σ1A and σ2A are set to +3500 J.mol−1 for iron and all substitutional elements.
However, Guttmann's approach can be used as an analogy in the present case, meaning600

that the results of the present model (the segregation contents) are used to calculate the
segregation energy using Eq.5 and then the intrinsic segregation energy of the element
X is estimated using Eq.4 assuming a thermodynamic approach of the interface similar
to Guttmann's.

Using this approach, the calculated intrinsic segregation energy of the di�erent elements605

are summarized in table 6.
The solute drag modeling shows that segregation of manganese at the α/γ interface

is increased due to the presence of carbon (e�ective segregation of -5 kJ.mol−1) and that
its intrinsic segregation (-2.2 kJ.mol−1) is weak to such interfaces. Van Landeghem et
al. [24] used APT to measure manganese segregation at the austenite ferrite interface610

in Fe-C-Mn and Fe-N-Mn alloys. Manganese has an attractive interaction with both
carbon and nitrogen in austenite and ferrite. It was reported that nitrogen, in contrast
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Table 6: Numerical values of βFeX and βXC coe�cients in Fe-C-X used in austenite and the boundary
phase

Element
∆G0

(kJ.mol−1)

∆G0 (kJ.mol−1)
in austenite
grain boundaries

∆G0 (kJ.mol−1)
in ferrite
grain boundaries

Mn -2.2 -8 (±3) [20] -5.5 [50]
Ni -9.5 > -7 [20] -3 (±3) [50]
Mo -14.5 -15 (±3) [20] 0.1 [50], -28 [52]
Cr -1.9 -10 [20] 0 [50]

to carbon, segregates little at grain boundaries. Van Landeghem et al.[24] reported a
signi�cant segregation of manganese at the austenite ferrite interface in the Fe-C-Mn and
a weak or nonexistent segregation in the Fe-N-Mn system. These observations suggest615

that the presence of carbon at the austenite ferrite interface is the main factor responsible
for manganese segregation at the austenite and ferrite. This is in agreement with the
calculations made in the present study.

For nickel, the intrinsic segregation energy calculated in the present study indicates a
higher tendency for nickel to segregate to the austenite-ferrite interface, contrary to the620

reported low segregation of this element to such interfaces [14] or at grain boundaries
[20, 50].

The intrinsic segregation energy of molybdenum is in good agreement with the reported
value in austenite grain boundaries [20]. On the other hand, Guttmann et al. [50]
estimated a very low binding energy of molybdenum at ferrite grain boundaries (0.1625

kJ.mol−1) and claimed that the observed molybdenum segregation is only due to carbon
presence at the interface. However, Murayama et al. [52] showed that molybdenum can
segregate at α-Fe grain boundaries and estimated an intrinsic segregation energy of -28
kJ.mol−1 at 800◦C. For chromium, calculations show that the presence of chromium at
the interface is mainly due to its attractive interaction with carbon. This is in good630

agreement with the reported intrinsic segregation energy of chromium at ferrite grain
boundaries [50]. On the other hand, Enomoto et al.[20] estimated an intrinsic segregation
energy of chromium at austenite grain boundaries of -10 kJ.mol−1.

5.6. Fe-C-Mn-Cr system

The quaternary version of the solute drag model was used to predict the ferrite635

growth kinetics in the Fe-0.26C-1Mn-1Cr system at 730◦C. To this end, the same Fe-
Mn and Fe-Cr interaction parameters used to successfully predict growth kinetics in the
Fe-C-1Mn (at 730◦C) and Fe-C-1Cr (at 750◦C) alloys were used to model the expected
kinetics in the quaternary Fe-C-Mn-Cr system. It must be noted that ferrite growth
kinetics could not be modeled in the Fe-C-Cr system at 730◦C due to pearlite formation.640

Like in the ternary systems, the Fe-C interaction parameter (0LFe:C,V a) at the interface
was adjusted to -50 kJ.mol−1, and the Mn-C and Cr-C Wagner interaction parameters
(ϵMnC and ϵCrC) were modi�ed to capture the same Wagner interaction parameters
as in austenite for both Mn and Cr. As mentioned before, the modi�cation of the
Fe-Mn (0LFe,Mn:V a) and Fe-Cr (0LFe,Cr:V a) parameters induces a modi�cation of the645

Mn-Cr Wagner interaction parameter (ϵMnCr). In the present study, this parameter

24



was adjusted to capture the same Mn-Cr Wagner interaction as in austenite. Good
agreement was obtained between the model predictions and the experimental results as
shown in �gure 10. This agreement is especially signi�cant since the parameters used to
successfully predict the growth kinetics were directly extracted from the ternary systems650

and no further calibration was needed.
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Figure 15: a) The dissipated free energy due Mn and Cr elements di�usion across the interface as function
of the interface velocity for Fe-0.26C-1Mn-1Cr at 730◦C. b) The evolution of Mn and Cr contents at the
di�erent atomic planes of the interface as well as the carbon content at the austenite interface side as
function of interface velocity.

The dissipated energies due to manganese and chromium di�usion across the interface
as function of the interface velocity are shown in �gure 15-a. The maximal total dissipated
energy (86 J.mol−1) is reached at medium velocities (5e−8 m.s−1). The maximal dissipated
energy of Mn and Cr are 38 J.mol−1 and 50 J.mol−1, respectively. When comparing with655

the obtained dissipated energies for the ternary systems (Fe-0.26C-1Mn and Fe-0.26C-
1Cr) at the same temperature using the same binding energies, the maximal dissipated
energies for Mn and Cr were 44 J.mol−1 and 96 J.mol−1, respectively.

Figure 15-b shows the evolution of Mn and Cr contents at the di�erent interface
atomic planes as well as the evolution of C at the austenite side of the interface as660

function of velocity. Both Mn and Cr show the same segregation behavior as in the
ternary systems. The Mn and Cr contents start to deviate from PE conditions and
segregate at the di�erent atomic layers with decreasing velocity. A higher maximum
segregation of Cr is reached at low velocities compared to Mn (Cr : Kmax = 3.18, Mn :
Kmax = 2.64).665

The manganese enrichment factor in the Fe-C-Mn-Cr alloy is similar to that calculated
in the ternary Fe-C-Mn system (2.9). On the other hand, the chromium enrichment
factor obtained for the quaternary Fe-C-Mn-Cr system is lower than that calculated in
the ternary Fe-C-Cr system at the same temperature, 730◦C (Kmax : 5). It has to
be noted that the interaction between chromium and manganese is slightly attractive670

(ϵCrMn : -0.13) and thus cannot be the origin of the observed segregation behavior. The
calculated e�ective binding energies for manganese and chromium are, -3.8 kJ.mol−1 and
-9.2 kJ.mol−1 respectively.

To highlight the e�ect of taking in consideration the di�erent interaction parameters
(Fe-C, Mn-C, Cr-C and Mn-Cr), the solute drag model was applied to the Fe-C-1Mn-1Cr675

system under three di�erent sets of hypothesis:
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a) the Fe-C (0LFe:C,V a) interaction parameter is not modi�ed, the Mn-C (ϵMnC),
Cr-C (ϵCrC) and Mn-Cr (ϵMnCr) Wagner interaction parameters are not adjusted.

b) only the Fe-C (0LFe:C,V a) interaction parameter was modi�ed
a) the Fe-C interaction parameter (0LFe:C,V a) is modi�ed, the Mn-C and Cr-C680

Wagner interaction parameters (ϵMnC and ϵCrC) are adjusted to their values in autenite,
the Mn-CrWagner interaction parameter (ϵMnCr) is not adjusted to its value in austenite.

In all cases, the same Fe-Mn and Fe-Cr interaction parameters used to obtain the
best �t in ternary systems Fe-C-Mn and Fe-C-Cr were used in to model the quaternary
Fe-C-Mn-Cr.685

The calculated kinetics and the measured one are plotted in �gure 16.
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Figure 16: Comparison between the measured ferrite growth kinetics (solid black line) of the Fe-0.26C-
1Mn-1Cr at 730◦C, and the predictions of the solute drag (dashed lines) model obtained using di�erent
approaches in the description of the interaction parameters.

In a �rst stage, no modi�cations were made on the Fe-C, Mn-C, Cr-C and Mn-Cr
interaction parameters. The model predicts a faster growth kinetic and a lower �nal
fraction compared to measurements. As already mentioned, the used Fe-Mn and Fe-
Cr interaction parameters gave good results for the ternary systems. A similar result690

was obtained when only the Fe-C interaction parameter (0LFe:C,V a) was modi�ed (-50
kJ.mol−1) and no adjustments were conducted on the Mn-C, Cr-C and Mn-Cr Wagner
interaction parameters.

When the Fe-C (0LFe:C,V a), Mn-C (ϵMnC) and Cr-C (ϵCrC) parameters are modi�ed
and the Mn-Cr (ϵMnCr) is not adjusted, the obtained kinetics are in good agreement with695

the experimental result. The dissipated energy and the segregated values are similar to
the case where the all the interaction parameters were modi�ed. This can be explained
by the small di�erence in the Mn-Cr Wagner interaction parameter (ϵMnCr) between
austenite and the interface caused by the modi�cation of the Fe-Mn (0LFe,Mn:V a) and
Fe-Cr (0LFe,Cr:V a) �tting interaction parameters.700

These results highlight the importance of considering the whole thermodynamic description
of the di�erent interaction parameters when modeling ferrite growth kinetics in multicomponent
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systems. The interactions of all the elements in the system should be accounted for,
especially those of substitutional elements with carbon, which have signi�cant e�ects on
the segregation behaviors of those elements, and as a result, on ferrite growth kinetics as705

well.

6. Conclusion

The e�ect of alloying elements and temperature on ferrite growth kinetics during
austenite to ferrite phase transformation was studied using HEXRD experiments in
di�erent ternary Fe-C-X systems (where X : Mn, Ni, Mo and Cr) as well as in a710

quaternary Fe-C-Cr-Mn system. The comparison between the experimental results and
the classical PE and LE models showed that these models cannot be used to describe
ferrite growth kinetics in all conditions. Moreover, the Fe-C-Mo and Fe-C-Cr systems
showed ferrite growth kinetics slower than both LE and PE predictions, indicating that
the transformation generally proceeds under conditions di�ering from the hypotheses715

of those models. These experimental results were compared to the predictions of a
modi�ed version of the solute drag model initially developed by Zurob et al. [12]. In the
present version of the model, the interaction between carbon and iron at the interface
was modi�ed to account for the signi�cant carbon segregation at the austenite ferrite
interface reported in the literature. Moreover, it was shown that the calibration of720

inter-elemental interactions must be carried out in a comprehensive manner as their
e�ect on the calculated transformation rate can be signi�cant. In particular, it was
shown that interactions with carbon can severely a�ect the segregation behavior of
substitutional elements, and in turn, the drag they exert on the interface. The comparison
between the measured kinetics and the solute drag model predictions showed good725

agreement for almost all studied systems. It has to be mentionned again that only
one �tting paramter (i.e the Fe-X interactin parameter expressed using the LFe,X:V a

parameter) was used in the present version of the solute drag model.Table 7 summarizes
the LFe,Xn:V a parameters used to get the best �t of the experimental kinetics as well as
their corresponding binding energies (E0), calculated at the para-equilibrium conditions.730

The estimated intrinsic segregation energies showed a weak a�nity of manganese for the
interface and that its segregation is enhanced by the presence of carbon at the interface.
Nickel on the other hand is predicted to segregate highly to the interface, in contrast to
reported observations at grain boundaries and interfaces. The tendency of molybdenum
and chromium to segregate at the interface is also enhanced by the presence of carbon735

at the interface. The solute drag model was also applied successfully to the quaternary
Fe-C-Mn-Cr system using the parameters of the ternary sub-systems.

These results illustrate the importance of an exhaustive calibration of the inter-
elemental interactions at the interface and show that solute drag models could lead to
reliable and universal modeling of the transformation of austenite into ferrite in multi-740

component steel grades.
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Table 7: The Fe-X interaction parameters (0LFe,X:V a) as well as the corresponding binding energies E0

used in the solute drag modeling for the Fe-C-X systems.

T(◦C) Fe-C-X
0LFe,X:V a

(kJ.mol−1)

E0

(kJ.mol−1)

730 0.3Mn -1.4 +1.5
750 0.3Mn -1.6 +1.5
775 0.3M -1.9 +1.5
730 0.7Mn -1.5 +1.5
750 0.7Mn -1.7 +1.5
775 0.7Mn -2.0 +1.5
730 1Mn -1.7 +1.5
750 1Mn -1.8 +1.5
775 1Mn -2.1 +1.5
730 1Ni -11.7 -6.5
750 1Ni -11.8 -6.5
775 1Ni -11.9 -6.5
730 0.2Mo -7.2 -15
750 0.2Mo -7.5 -15
775 0.2Mo -7.9 -15
750 1Cr +5.1 +1.5
775 1Cr -4.9 -1.5
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Supplementary material930

Solute drag modeling

We developed a modi�ed version of the three-jump solute drag model proposed by
Zurob et al. [12] to predict the e�ect of composition and temperature on ferrite growth
kinetics. Zurob et al.[12] used Hillert's [13] approach tto develop a discrete model of mass
transport across the interface to evaluate solute drag during ferrite growth in Fe-C-X935

systems. In this model, the austenite-ferrite interface is considered as a two atomic layer
thick discrete interface. During ferrite growth, di�usion of substitutional elements across
the interface involves three jumps across the interface, from ferrite to the �rst atomic
layer, a second jump within the interface and a �nal jump to austenite. As a result,
an atomic �ux of solute atoms is generated due to the di�erence of thermodynamic940

properties across the interface. The composition of alloying elements in each of these
atomic planes is estimated using a mass balance equation:

dxi
X

δ

Vmdt
= J i

X − J i+1
X +

v

Vm
(xi+1

X − xi
X) (S1)

where v is the interface velocity and J i is the �ux of the solute element from plane
i− 1 to plane i and is expressed as follows :

J i
X = − Di

X

VmRT
xi−1
Fe xi−1

X

(µi
X − µi−1

X )− (µi
Fe − µi−1

Fe )

δ
(S2)

where µi
X and µi

Fe are the respective chemical potentials of X and Fe at plane i, δ is945

the interface thickness, Vm is the molar volume, R is the gas constant, T is temperature
and Di is the di�usion coe�cient of element X from plane i− 1 to plane i. Assuming a
steady state, the composition of X in each plane can be evaluated from Eq.S1 and S2.
The dissipated energy due to di�usion is then estimated using Hillert's approach [13]:

∆Gdiss,X
m =

i=3∑
i=1

−Vm

v
J i
X [(µi

X − µi−1
X )− (µi

Fe − µi−1
Fe )] (S3)

and the total dissipated energy due to di�usion of all substitutional elements is given950

by :

∆Gdiss
m =

X∑
∆Gdiss,X

m (S4)

The local energy balance at the interface is used to calculate the interfacial conditions
during ferrite growth.

∆Gchem
m = ∆Gdiss

m +∆Gfric
m = 0 (S5)

The interface mobility is considered large enough for the dissipated energy due to
interface friction to be neglected in the present model [14, 11]. Moreover, interface friction955

mainly contributes at very high (> 10e−6 m.s−1) and very low velocities (< 10e−11

m.s−1), which are not the operating velocities during precipitation or decarburization
experiments [14]. The driving force is expressed in terms of substitutional elements as
follows:
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∆Gchem
m =

X∑{
(uα

X + uγ
X)

2
(µγ,i

X − µα,i
X )

}
+

(uα
Fe + uγ

Fe)

2
(µγ,i

Fe − µα,i
Fe) (S6)

Where uFe = XFe

1−XC
and uX == XX

1−XC
are the molar fraction of X and Fe elements at960

the austenite and ferrite interface sides. The interface is considered to be initially in PE
mode and the interface velocity is evaluated from carbon di�usion in bulk phases (ferrite
and austenite in decarburization and austenite only in precipitation):

v =
Jγ
C − Jα

C

xi,γ
C − xi,α

C

(S7)

The carbon chemical potential is assumed constant across the interface. The thermodynamic
properties of the interface are described using an approach developed by Hillert [12, 42].965

The interface properties are modi�ed from those of austenite by shifting the reference
state for the free energy by 3.5kJ.mol−1. This value was chosen to capture an interfacial
energy of 0.5 J.m−2. TCFE9 and MOB2 databases of ThermoCalc and DICTRA were
used to calculate the di�erent thermodynamic properties in austenite and ferrite such
as chemical potentials and di�usion coe�cients. In the present study, and in order970

to capture the signi�cant segregation of carbon at the interface observed using atom
probe experiments [25, 43], the 'L' interaction parameter between carbon and iron at
the interface was adjusted from -34 kJ.mol−1 (as in austenite) to -50 kJ.mol−1 (as
shown in Fig.S6 and Fig.S7). This parameter is explained further in the text. A key
feature of Zurob's model is the choice of two parameters: the binding energy of the975

substitutional element at the interface and the trans-interface di�usion coe�cient of the
solute element. These two parameters are not known experimentally and generally used
as �tting parameters. The binding energy is generally de�ned as the di�erence between
the chemical potential of X at the interface and the average chemical potentials of X in
ferrite and austenite as shown in �gure S1 [12, 44, 45]. ∆E is the average of the solute980

chemical potential di�erence between austenite and ferrite, µα
X and µγ

X are the chemical
potential of the substitutional solute in ferrite and austenite, respectively. The binding
energy is here modi�ed throught the 0LFe,X:V a interaction parameter as follows :

The binding energy E0 is calculated using :

E0 =
(µγ

X + µα
X)

2
− µboun

X (S8)

The chemical potential of element X at the interface is modi�ed to obtain the desired985

binding energy, using :

µX = µ0
X +RT ln(YX) +RT

c

a
ln(1− YC) +

E GX (S9)

where :

aEGX = YFeYC(∆G+ L(Fe,X : V a)− L(Fe,X : C) + L(X : C, V a)

−L(Fe : C, V a)) + Y 2
FeL(Fe,X : V a) + Y 2

CL(X : C, V a)

+Y 2
FeYC2(L(Fe,X : C)− L(Fe,X : V a))

+YFeY
2
C2(L(Fe : C, V a)− L(X : C, V a))

(S10)
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Yi is site fraction. a and c are the number of sites per mole. For austenite a=1, c=1.
For ferrite a=1, c=3 and

L(i : j) =

k∑
kL(Yi − Yj)

k (S11)

The choice of the 0LFe,X:V a interaction parameter to express the segregation behaviour990

of element X at the interface was initially proposed by Zurob et al. [12], based on the
initial proposition by Hillert [42]. One should note that other parameters, including for
instance 0LX:V a, can also be used to express this segregation. However, the choice made
here enabled consistency with the original three-jump model [12].

The binding energy parameter has been used to express the segregation behavior995

of the substitutional element at the interface [12, 14, 15, 45, 46, 47]. However, this
parameter as calculated with this approach depends on the conditions under which the
calculations are made. Carbon segregation and thus interface velocity highly impacts the
calculated binding energy.

Figure S1: Schematic illustration of the potential well for (a) ferrite stabilizer and (b) austenite stabilizer
inside the interface and the calculation of the binding energy in solute drag models.

In the present study, the segregation behavior was discussed in terms of enrichment1000

factor calculated at slow velocities (when equilibrium conditions are approached).
In the present study, di�usion coe�cients for the di�erent jumps were chosen as:

the di�usion coe�cient of element X in ferrite Dα for D1 , the di�usion coe�cient in
austenite Dγ as D3 and the geometrical average of Dα and Dγ as D2. It is important
to note that this assumption was used for all the studied systems. As a result, interface1005

di�usion is not a �tting parameter as in previous studies [44]. The only �tting parameter
used in the present study is the interaction parameter between Fe and X element at the
interface. It has to be noted that this parameter does not express directly the segregation
behavior of element X at the interface. The segregation behavior of element X at the
interface depends on a set of interaction parameters, namely those for Fe-X, Fe-C, X-1010

C and X1-X2 (in case of two substitutional solutes). For example, an element with a
high a�nity to carbon such as molybdenum will highly segregate at the interface due
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to the presence of carbon [27]. The interaction between Fe and X element is expressed
using the 0LFe,X:V a thermodynamic parameter in the ThermoCalc database and the
Fe-C interaction parameter is expressed using 0LFe:C,V a parameter. The interaction1015

parameter between X and C at the interface is estimated using the Wagner interaction
parameter as function of the di�erent L parameters as shown by Eq.S12 [23]

ϵXC = −{ (0LFe,X:V a +
1 LFe,X:V a +

2 LFe,X:V a) + (0LFe:C,V a −1 LFe:C,V a+
2LFe:C,V a)− (0LX:C,V a −1 LX:C,V a +

2 LX:C,V a)− (0LFe,X:C +1 LFe,X:C

+2LFe,X:C)− LFe,X:C,V a } /RT

(S12)

where ϵXC is the Wagner interaction parameter between X and C elements, expressed
in the two-sublattice model [53], where one sublattice is occupied by the substitutional
solute elements and the second one by the interstitial elements (carbon). The thermodynamic1020

parameters L describe the mutual interaction between two elements. LFe,X:V a and
LFe,X:C express the interaction between Fe and X elements when the �rst sub-lattice
is occupied by Fe and X elements and the second sub-lattice by interstitial vacancies
Va and carbon, respectively. The left side superscripts on the L parameters express the
coe�cients of the Redlich-Kister polynomial order.1025

As it is shown by Eq.S12, the Wagner interaction parameter ϵXC is a�ected by
the Fe-X and Fe-C interaction parameters (0LFe,X:V a and 0LFe:C,V a, respectively).
Consequently, changing these two parameters, Fe-X (to �t the experimental results) and
Fe-C (to express the high carbon segregation at the interface) results in a modi�cation
of the interaction behavior between carbon and the solute element at the interface. In1030

the present study, the interaction between X and C at the interface was considered to
have the same value as in austenite [20]. To this end, the Wagner interaction parameter
(ϵXC) is calculated both in austenite and at the interface using Eq.S12 and the di�erence
is adjusted by modifying the LFe,X:C,V a parameter of the interface.

In quaternary systems, the Wagner interaction between the two solutes X1 and X21035

(ϵX1X2
) at the interface is expressed using Eq.S13. This parameter is impacted by the

Fe-X1 and Fe-X2 interaction parameters. Again, the X1-X2 interaction parameter in
the interface is assumed similar to the one in austenite [20]. Once the Fe-X1 and Fe-X2

interaction parameters are adjusted, the Wagner interaction parameter between X1 and
X2 is calculated in both austenite and the interface and the LX1,X2:V a parameter of the1040

interface is adjusted to capture the same X1-X2 Wagner parameter as in austenite.

ϵX1X2 = −{ (0LFe,X1:V a + 2(1LFe,X1:V a) + 3(2LFe,X1:V a)) + (0LFe,X2:V a+

2(1LFe,X2:V a) + 3(2LFe,X2:V a))− (0LX1,X2:V a)− (LFe,X1,X2:V a) } /RT
(S13)
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Figure S2: Isothermal sections of the Fe-C-Mn at a) 730◦C, b) 750◦C and c) 775◦C showing the di�erent
possible growth modes (LEP-LENP and PE) for the studied compositions (grey circles).
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Figure S3: Isothermal sections of the Fe-C-Ni at a) 730◦C, b) 750◦C and c) 775◦C showing the di�erent
possible growth modes (LEP-LENP and PE) for the studied compositions (grey circles).
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Figure S4: The dissipated free energy due to Ni di�usion across the interface as function of the interface
velocity for the Fe-0.22C-1Ni at 730◦C.
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Figure S5: Dissipated free energy due element X (a. Mo and b. Cr) di�usion across the interface as
function of the interface velocity for Fe-0.26C-0.2Mo at 730◦C and Fe-0.26C-1Cr at 750◦C, respectively.

39



Table S1: All the parameters used in the solute drag modeling for di�erent Fe-C-X systems at di�erent
tables. TCFE9 and MOB2 databases of ThermoCalc and DICTRA were used to calculate the di�erent
thermodynamic properties in austenite and ferrite such as chemical potentials and di�usion coe�cients.

T(◦C) Fe-C-X
0LFe,X:V a

(kJ.mol−1)

Eb

(kJ.mol−1)

0LFe:C,V a

(kJ.mol−1)

LFe,X:C,V a

(kJ.mol−1)
ϵXC

Dint

(m2.s−1)

730 0.3Mn -1.4 +1.5 50 -12.7 -5.0 5.17E-18
750 0.3Mn -1.6 +1.5 50 -13.1 -4.9 1.03E-17
775 0.3M -1.9 +1.5 50 -13.5 -4.7 2.36E-17
730 0.7Mn -1.5 +1.5 50 -12.8 -5.0 5.34E-18
750 0.7Mn -1.7 +1.5 50 -13.2 -4.9 1.06E-17
775 0.7Mn -2.0 +1.5 50 -13.6 -4.7 2.47E-17
730 1Mn -1.7 +1.5 50 -13.1 -5.0 5.46E-18
750 1Mn -1.8 +1.5 50 -13.3 -4.9 1.08E-17
775 1Mn -2.1 +1.5 50 -13.7 -4.7 2.45E-17
730 1Ni -11.7 -6.5 50 -18.2 4.73 1.13E-18
750 1Ni -11.8 -6.5 50 -18.4 4.66 2.38E-18
775 1Ni -11.9 -6.5 50 -18.5 4.58 5.79E-18
730 0.2Mo -7.2 -15 50 -33.1 -12.5 9.6E-18
750 0.2Mo -7.5 -15 50 -33.1 -12.2 1.82E-17
775 0.2Mo -7.9 -15 50 -33.1 -11.9 3.94E-17
750 1Cr +5.1 +1.5 50 -13.2 -11.6 4.29E-18
775 1Cr +4.9 -1.5 50 13.3 -11.3 1.09E-17
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Figure S6: Di�erent APT measurements showing carbon and X element distribution across a ferrite
marteniste interface in di�erent Fe-C-X systems, a) Fe-C-Mo [43], b) Fe-C-Ni[43], c) Fe-C-Cr [43] and
d-f) Fe-C-Mn [43, 25].
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Figure S7: Carbon content evolution at the inteface as a function of interface velocity, calculated using
the solute drag model for two di�erent L(Fe:C,Va) parameters.
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