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In this work, we present an improved thermodynamic modeling of the mc_fe multicomponent database on the Fe-
rich side at low temperatures. This is of special interest for the prediction of bainite and martensite start tem-

peratures. The Fe-Ni, Fe-Mn, and Fe-Cr subsystems of the Fe-Al-C-Cr-Mn-Ni-Si steel system are reassessed
with particular focus on the magnetic contributions to Gibbs energies. Moreover, the predicted C dependence of
the T line in various extensions of the Fe-C system needed improvement, which is realized by the revision of the
Fe—C base in terms of the solubility limit of C in ferrite (BCC). Ternary system descriptions are adapted to the

changes made in the binaries.

1. Introduction

Bainite and martensite are metastable steel microstructures occur-
ring in the course of the decomposition of austenite (y) at low temper-
atures. They have unique properties and are of high technological
importance, and computational prediction of the respective micro-
structures and their evolution is thus of particular interest. Over several
decades, researchers have aimed to model the thermodynamics and ki-
netics of these transformations [1-4]. The Ty-temperature represents an
important pre-requisite. It was proposed by Kaufman and Cohen [5] for
the case of a diffusionless transformation. Ty is the temperature where
the Gibbs energy of the parent phase is equal to the one of the product
phase and both phases have identical chemical composition. The Ty —
concept postulates that the bainite and martensitic microstructure can
only nucleate below the Ty line in any binary or in the multicomponent
steel phase diagram. When considering the bainite growth to be a dis-
placive transformation mechanism, and when considering that the
transformation itself involves elastic stresses and plastic strain [6], the
start temperature obtained from thermodynamic modeling can also be
derived from Ty and is then called Ty’. Ty’ takes the required stress and
strain, to make the transformation occur, into account.

Ghosh and Olson [1] proposed a multi-component Fe-base

thermodynamic database based on the Calphad method for metastable
steel matrix transformation products, which they named kMart. Unfor-
tunately, the parameters of the kMart database were never published.
After comparisons of thermodynamic computations with experiments (i.
e. heat of transformation, magnetic moment and Curie temperature ...),
these data seem to represent the most reliable low-temperature Gibbs
energy, though. As shown by Ghosh and Olson [1], correct modeling of
the magnetism is the key to a successful thermodynamic representation
of the Gibbs energy at low temperature due to its impact on the chemical
driving force and, thus, a correct representation of the Ty-temperature.
Recently, Chen et al. [7] proposed a reassessment of magnetic param-
eters for their prediction of martensitic start temperatures employing a
semi-phenomenological model based on dilatometry within the system
Fe-C-Mn-Ni-Si-Cr, which is also within the scope of our interest.
However, they did not provide the parameters of their Calphad reas-
sessment, either. Palumbo reviewed [2] the accessible data for
martensite start temperatures for steel and shape memory alloys based
on Calphad. Borgenstam et al. [8] reviewed the calculation of low
temperature martensitic transformation in binary systems, such as
Fe-Ni, Fe-Cr, ..., etc, and they show that there are discrepancies in terms
of the predicted martensitic start temperatures, using the SGTE database
available at this time. The difference between experimental data and
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prediction became particularly larger when the alloying content was
increased. This inevitably influences also the multi-component steel
extensions.

In the present work, the multi-component mc_fe [9] (mc stands for
MatCalc [10]) database, version 2.060 [11], is reassessed for its use for
martensite and bainite simulations. This database is freely accessible
and published under the Open Database License (http://opendatac
ommons.org/licenses/odbl/1.0/). For physical consistency, the exten-
sion of phase stabilities to higher temperatures are also considered in the
reassessments. The present work aims to provide a consistent
multi-component database specifically designed for thermo-kinetic cal-
culations involving bainite and martensite.

1.1. Thermodynamic modeling

1.1.1. Calphad modeling

Calphad, standing for Calculation of Phase Diagrams, is a versatile
method [12] to calculate phase equilibria in multi-component systems
and is in the background of software packages for kinetic simulation,
such as, Matcalc [10], Dictra&Prisma [13], JMatPro [14], and Pandat
[15]. Binary system descriptions play a decisive role for the correct
physical extension to multi-component steel thermodynamics and
transformation kinetics. In the present work, the update of thermody-
namic modeling at low temperatures is done on the solution phases FCC,
BCC, and HCP, unless otherwise specified. The molar Gibbs energy of
solution phases is given according to the equation:

Gy =Y x"GI +RTY  In(x!) +"“"G’ + "G, €h)

where OG?’ is the Gibbs energy of the pure elements in its reference state
and is taken from the standard SGTE database [16]. The second term
including temperature dependence is the ideal entropic contribution
RT Y. x? In(x?)) to the Gibbs energy. The last two terms are the essence
of the Calphad modeling. The term "*®"G* (Eq. (1)) represents the
magnetic contribution. Particularly at low temperatures, it plays an
important role [1]. The G}, represents the excess Gibbs energy of
mixing within a solution phase, which describes the deviation from the
ideal mixing behavior.

One challenge for the applicability of Calphad-assessed multi-
component databases to thermokinetics is to provide physics-based
excess energy terms that well represent thermodynamic properties and
phase equilibria for a wide range of alloy compositions from low to high
temperature. The excess Gibbs energy is modeled by the following
Redlich-Kister polynomial, given for a binary system (Eq. (2)), as

o n X
G’ = xix; Z LY(x —x)" @
i=1
L is a binary interaction parameter for a phase ¢ and component i, j
and x; is the mole fraction of component i. k describes the order of the
Redlich-Kister polynomial.
In the ternary system, the excess Gibbs energy [17] can be written as:

“GY = i i ix,-x,-xz (L (i + 85) + Lt (3 + 85) + L (3 + 8 ).
=1 51
J / 3
Where
PP k. Bk )

3

For the magnetic modeling, several models exist. In the present work,
we use the Inden-Hillert-Jarl [18] model following the equation:

masn GO — RTIn(B” + 1)f (*). (5)

We use this 2nd generation Calphad model because the application
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Table 1
List of Fe-containing sub-systems of consideration with their original references
in the mc_fe database.

Systems  Original work Critically Comments
used in mc_fe [9] reviewed
Fe-Ni Gabriel et al. [22] Cacciamani Re-optimization of magnetic
et al. [20] contributions
Ohnuma et al.
[23]
Xiong et al.
[19]
Fe-Mn Huang et al. [24] Bigdeli et al. Re-optimization of magnetic
[21] contributions and metastable
HCP.
Fe-Cr Andersson et al. Xiong et al. Revision of magnetic
[25] [26,27] contribution, reassessed by
Jacob et al. Jacob et al. [28]
[28]
Lafaye et al.
[29]
Fe-Si Lacaze et al. [30] Ohnuma et al. Shift parameters back to Lacaze
[31] et al. [30]
Yuan et al. [32]
Cui et al. [33]
Fe-Al Saunders et al. Updated to Rank et al. [35]
[34]
Fe-C Gustafson [36] Naraghi et al. Optimized to improve the slope
[37]1 of Tp in multi-component
extensions

of newer approaches to the magnetic modeling for simulations in multi-
component steel is not yet satisfying. It is emphasized, though, that the
chosen older model is not incorrect and possible limitations, for instance
in the precise predictions of physics of magnetic behavior, which would
require using a more advanced approach, lie outside of our present
database application to martensite and bainite transformations. In the
Inden-Hillert-Jarl model, just like the excess Gibbs energy, the magnetic
contribution, B” and 77, representing the magnetic moment in the form
of Bohr magneton, and the Curie temperature, T, respectively, can be
adjusted and optimized according to experimental or DFT evidence.
Empirical magnetic interactions between elements in a solution phase,
thus alloying to match B” and 7 in multi-component systems, can be
expressed by Redlich-Kister polynomials. A comprehensive discussion of
the magnetic parameters is given, for instance, in Ref. [1]. In the context
of the thermodynamic modeling of bainite and martensite start tem-
perature, it has already been shown that the magnetic contribution has
not been well modeled, for instance, in Fe-Ni [1,19]. Therefore, the
resulting low temperature region of the phase diagram is doubtful [1,2,
19-21] in terms of the computed thermodynamic properties and, thus,
also Ty derived from them (see Eq. (6) below, section IL.c).

1.1.2. Literature assessment

In the present work, the elements of interest are C, Ni, Mn, Cr, Al, and
Si in Fe-based alloys. The multi-component thermodynamic database
mc_fe, version 2.060 [9,11], is reassessed, because it is published under
the Open Database License (http://opendatacommons.org/licenses/
odbl/1.0/) and it can, therefore, be freely used and optimized.

Revision may be required due to inconsistencies of the previously
assessed phase boundaries or thermodynamic properties with available
experimental data, or new data due to more recent papers, including
DFT calculations. To provide an overview, Table 1 lists all Fe-containing
binaries of the considered steel system, their modeling in mc_fe, further
key papers for the respective system, and comments on the performed
type of re-optimization in the present study.

1.1.3. Thermodynamic modeling of Ty

First, some fundamental concepts of the transformation from
austenite to bainite and martensite and their links to Gibbs energy are
defined. T is the temperature, where the Gibbs energy of the parent
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Fig. 1. Calculated T, from the original mc_fe without re-assessments compared
to “experimental” data [40-43].

phase is identical to that of the product phase of the same composition,
as defined by Kaufman and Cohen [5]. For the [5] transformation be-
tween austenite and ferrite, we obtain

(6)

Experimentally, this temperature is not directly accessible. Never-
theless, it has previously been simply approximated from the equilib-
rium austenite solvus temperature (Ag) and the martensite start
temperature (M) with

G'(Ty) = G*(To).

(As + M)
T() = f .

Derivation of Eq. (7) can be found in Ref. [2]. It represents the
thermodynamic limit for a diffusionless transformation [4]. According
to Kaufman and Cohen [5], this equation can be apply in Fe-based sys-
tems as the difference between A; and M is sufficiently high, i.e.
~400 °C not to be influenced by strain energy. The My temperature may
in fact be influenced by the strain energy in case of the too low difference
with Ag which then could promote a prematurely reverse transformation
and thus bias the indirect characterization of Ty For simplicity, we
denote the resulting Ty from this relation as “experimental”, in the
following, although it is actually derived from As and M;.

From Eq. (7), it is clear that the accuracy of a Tj prediction depends
on the correct representation of the Gibbs energies of parent and product
phases. In the context of modeling bainitic and martensitic trans-
formations, it was shown that improvement of the modeling represen-
tation of magnetic phase transitions [1,7] can also help to improve the
representation of the low temperature phase equilibria. This goes hand
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in hand with a more accurate representation of the Ty and bainite and
martensite start temperatures, which all are influenced by them.

The bainitic and martensitic start temperatures are calculated via the
To concept by including the strain energy Eg, involved in the
transformation,

G (T"™) = G*(To) + Er (8)
where B; and M; are the bainite and martensite start temperatures,
respectively. The value of Eg; depends on the type of transformation. For
bainitic transformation, 400 J mol~! has been proposed and the corre-
sponding temperature is called Ty" [6], for martensite it is
1200<E;<1700 J mol~! [38]. Further discussion on this additional
strain-related term will be given in a follow-up publication focusing on
the prediction of bainite start temperatures [39]. In the following, our
focus is on the improvement of the Calphad base for correct predictions
of Ty temperatures. In Fig. 1, a comparison of “experimental” and
computed T, temperatures using mc_fe, without reassessment, for
various sub-systems is shown.

The calculation of Ty shows good agreement at higher temperatures
but increasing deviations compared to experiments at temperatures
below 500 °C. This concerns the system Fe-Ni, Fe-Cr, and their ternary
extensions to the combination with C, Si, Al, and Mn.

1.2. Thermodynamic reassessment of binary sub-systems

1.2.1. Fe-Ni

In mc_fe, the first Fe-Ni assessment from Gabriel et al. [22] has been
adopted. However, several reassessments appeared since the original
publication [19,20,23]. In Fig. 2, the reproduction of the critical low to
intermediate temperature region of the pure Fe-Ni BCC-FCC system
without intermetallic phases (mimicking a pure alloy matrix phase
transformation), and the critical thermodynamic property for bainitic
and martensitic transformations, Ty, as obtained by different publica-
tions (experimental - symbols and modeling - lines), is shown.

The thermodynamic modeling of Fe-Ni, as included in mc_fe and
based on the parameters of Gabriel et al. [22], shows a too low solubility
of Ni in Fe-BCC, which is inconsistent with the most actual experimen-
tally determined phase boundaries in the system [23]. This results in an
underestimation of the Ty-temperature (Fig. 2b) compared to other
thermodynamic modeling and experiments [1,41,47,48].

Xiong et al. [19] mentioned that the reason for the problematic
BCC-FCC phase boundary compared to experimental data as given by Gabriel
et al. [22] has been an unfortunate choice of the magnetic model pa-
rameters, which has been accepted by the community until recently [19,
20,23]. They proposed a reassessment of the system based on their new

b) —mc_fe ® Kaufman and Cohen (1856)
1200 - — — Cacciamani (2010} m Scheil and Saftig (1960}
—- — Ohnuma (2019) # Ishida (1974)
- =T, mc_fe A Yeo(1963)
«= T, Cacciamani (2010)) 4 Campbell
1000 — =T, Chnuma (2019))
800 -
600 4
400 -

Fig. 2. Calculated Fe-Ni low and intermediate temperature phase diagram including only FCC and BCC (thus mimicking pure matrix transformation) a) Alloy phase
equilibria [14,17,20] compared to experimental data [23,44-46] and according to Ty calculations, compared to experiments from the literature [1,41,47,48]. The

original data of Campbell were taken from Ghosh and Olson [1].
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experimental data from Dench et al. [57] at T = 1050 °C and c¢) Comparison with DFT data [56,58] at T = 298 K with SER reference.
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magnetic model [49] and 3rd generation description of the pure ele-
ments. We determined the appropriate Bfn%%n, and re-adjusted the
magnetic model parameters, which control the Curie temperatures for
FCC and BCC, employing the 2nd generation magnetic modeling [13]
instead. Our results are presented in Fig. 3.

The original work of Gabriel et al. [22] used in mc_fe [9] lacks to
represent correctly the magnetic properties of the system. More recent
thermodynamic modeling, such as the one of Cacciamani et al. [20], is
diverging from the experiments on Bﬁ%%n (see Fig. 10b of the original
paper). Xiong et al. [19] pointed out this problem and reassessed and
optimized the system using a new description of the pure elements based
on the third generation Calphad database description and optimized the
binary introducing more interaction parameters to describe Bpag. It
seems that the model parameters offered by Xiong et al. [19] provide a
more consistent representation of experiments compared to the previous
optimization. Here, we used them as starting points for the present
assessment. In the course of our optimization, only the first interaction
parameters were adjusted, i.e. LO(Bmagn, FCC), and the other parameters
were kept as given in the original work of Xiong et al. [19].

According to Xiong et al. [19], their DFT values of the Curie tem-
perature do not support the experimental results of Peschard et al. [55].
It is to be noted that Xiong et al. [19] offered more “experimental data”
cited as Peschard’s data than can be found in the original work, which
contains only three experimental points, lying within the range of the
BCC phase stability.

Anyway, in the present work, any attempt to fit the data of Peschard
et al. [55] as given by previous thermodynamic modeling [19,20] led to
the wrong Ty (this problem applies most to Cacciamani’s parameter
choice — best match of Peschard et al.’s data, but too low Ty, Fig. 2b).
This supports the decision for low weighing of Peschard et al.’s data in
the present reassessment, and our results go along with those of Xiong
et al. [19]. Concerning the T. (FCC), our optimization follows the
experimental data of Asano et al. [50], while Xiong et al. [19] are of-
fering lower values.

In our re-optimization, we use three interaction parameters for the
excess enthalpies of mixing for both alloy solution phases, different from
the ideal mixing approach from Gabriel et al. [19]. The L° term of the
Redlich-Kister polynomial for BCC and FCC has particular control on the
best match with experimental thermodynamic data [48,49]. This is
clear, since L° represents a symmetric energy modulation in an A-B
system, with the strongest effect at 50 at. % B. Though, first and second
order interaction parameters were used, as discussed later. The results of
enthalpies of mixing are given in Fig. 4.

The enthalpy of mixing of FCC is fitted to the high temperature
measurements of Dench et al. [57] at 1050 °C. While our parametriza-
tion is consistent with their data, it is not possible to get the same good
agreement at low temperatures compared to DFT [56,58]. In their
DFT-based Calphad assessment, it should be noted that Wang et al. [58]
proposed a Redlich-Kister polynomial to fit their enthalpy of mixing

Exper]mem'f- TO Calculated
@ Marinellietal. (1999) — — Bigedeli et al. (2019)
1200 W Troianoetal. (1943) — — mc_fe

Phase boundaries
- Bigdeli (2019)
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— — Chen et al. (2022)

1000
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Xx(Mn)
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Fig. 6. BCC/FCC low to intermediate temperature phase diagram with the
calculated T, line (dashed lines) from mc_fe [9,11] of the Fe-Mn system
compared to the calculated values of Bigdeli et al. [21], Srivastava et al. [61]
and Chen et al. [7], and the experiments of Troiano et al. [42] and Marinelli
et al. [43].

with five interaction parameters. In Calphad modeling, the use of so
many interaction parameters is not advised, especially, when extrapo-
lated to higher order systems as this might potentially lead to unphysical
behavior, such as formations of artificial miscibility gaps. Any attempt to
get better consistency in the DFT data leads to strong deviations from the
values given by Dench et al. [58] and to a wrong representation of the
phase diagram. Therefore, the DFT values were not perfectly fitted to
provide consistency with the phase diagram and the experimental
enthalpy of mixing.

Optimization of 'L and 2L parameters of the Redlich-Kister poly-
nomial had a particular influence on phase boundaries, but they did not
strongly affect the Hy, curves. In this sense, they provided further con-
sistency between the calculated and experimental phase diagrams,
without deteriorating Hy,. During the optimization process, it was found
that a slight shift of the Bg%(g:n can significantly affect the slope of T. The
best results for Ty and related bainitic start temperatures in multi-
component extensions were obtained by following the same trend of
Bﬁ,g(g:n with Ni-alloying as Xiong et al. [19]. It is noticeable that, while it
is possible to obtain a suitable representation of the phase diagram, the
calculation of Ty can still substantially vary [41], especially at high Ni
content (and thus low temperature), depending on the choice of mag-
netic parameters. Our thermodynamic description proposes a higher
solubility limit of Ni in BCC-Fe than the previous thermodynamic
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Fig. 7. Calculated T, for the transformation of FCC into metastable HCP
compared to experiments [62-79] and modeling [9,21,79].

modeling [20,22] and fits better the Ohnuma et al. [23] solubility data.
Also, older experimental data from Yang et al. [45] are in agreement
with our suggestion for the Ni-solubility in BCC-Fe. Our revised ther-
modynamic parameter set allows for a Ty line, which is following the
experimental data from low to high Ni content [41,47,48].

1.2.2. Fe-Mn

From low and intermediate temperatures at the Fe-rich side, the
Fe-Mn system is characterized by the presence of FCC and BCC phases.

There are two types of martensitic transformation in the system, at
low Mn content between FCC and BCC, and at concentrations above 10
wt % Mn, the FCC structure transforms into HCP. This transformation is
of primary importance for TRIP steels. In mc_fe [9,11], the thermody-
namic modeling of Huang et al. [24] has been adopted. The system has
been recently re-optimized by Bigdeli et al. [21] using the third gener-
ation data of the pure elements to get better reliability of results below
298 K (see Fig. 5).

According to Fig. 6, the Ty results given by Chen et al. [7] provide
better consistency than the optimization of Bigdeli et al. [21]. The re-
sults of the present mc_fe [9,11] database are too high compared to the
experiments [42,43], thus reassessment is needed. Even though the
parameter optimization of Chen et al. [7] is indeed an improvement to
the Ty line of the system, no parameters and no comparison to experi-
mental thermodynamic data have been provided. Therefore, we propose
an alternative reassessment here. The results of the mc_fe [9,11] data-
base are too high compared to the experiments [42,43] for a proper
reproduction of the Ty line between FCC and HCP. Aside, it is notable
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that, because of the development of high-Mn TRIP steel, the description
of the HCP stability needs to be improved. The actual trend (mc_fe) of
the Ty line of the FCC to HCP phase transformation as function of x(Mn)
is given in Fig. 7 and compared to experimental data (see Fig. 8).

As shown in Fig. 7, the calculated Ty trend obtained from mc_fe is too
flat toward high Mn-content above 20 wt%. Thus, the thermodynamic
modeling adopted from Huang et al. [24] in mc_fe has to be reconsid-
ered. This concerns, in particular, the magnetic model parametrizations,
which have also been observed in the previously discussed Fe-Ni system.

Witusiewic et al. [82] re-optimized the system based on their
experimental data [80]. Their assessment provides better consistency in
the C,, calculation of FCC [82] than the previous thermodynamic pa-
rameters given by Huang et al. [24]. Nevertheless, their suggestion of
the magnetic model is not implemented in the available Calphad soft-
ware [21] and, thus, cannot be directly used. The most recent optimi-
zation given by Bigdeli et al. [21] is not adopted here for the reason
already mentioned previously. They used the third generation of the
pure element, which is not implemented in MatCalc to date.

For the re-optimization of the Fe-Mn system in the present work we
also, as for Fe-Ni, weigh the assessment of magnetic contributions of
FCC, BCC, and HCP high, by choosing appropriate Redlich-Kister poly-
nomials for magnetic interactions. This shifted computed T particularly
close to the proposed ones for the FCC-HCP transformation (see Fig. 7),
while we keep the reproduction of equilibrium phase boundaries in the
system.

The revision of the magnetic contribution of the FCC allows getting
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Fig. 9. Enthalpy of mixing of FCC at T = 1000 K compared to MEAM [83] and
previous thermodynamic modeling [21,24].
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Fig. 11. Calculated enthalpy of mixing of BCC compared to DFT results from
Schneider et al. [84] and previous thermodynamic modeling [21,24].

more consistent modeling for the Ty calculation while the C, remain
similar compared to Witusiewicz et al. [80]. In the following, the result
of the mixing enthalpy in FCC (Fig. 9) at 1000 °C is compared to the
modified embedded-atom method (MEAM) from Kim et al. [83].

The location of the minimum enthalpy of mixing given by Kim et al.
[83] is observed at a slightly higher Mn content than the previous
thermodynamic modeling. Our parametrization follows, in general, the
results of Kim et al. [83], however with a lower minimum, which
allowed for the best agreement between experiments and simulation for
the thermodynamic properties, the phase diagram, and the Ty lines.

From Fig. 10, it is clear that the magnetic model parameters needed
to be revised for BCC. The new parametrization led to consistent results
with recent DFT [84] and experimental data [85]. We also revised
interaction parameters for the BCC phase in the Fe-Mn system to obtain
the best match of experimental and DFT enthalpies of mixing (see
Fig. 11) and phase boundaries of the phase diagram. In Fig. 12a, the
resulting calculated phase diagram is shown. The agreement with
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experimental data is good. The Ty lines of BCC/FCC (Fig. 12b) and
FCC/HCP (Fig. 12c¢) are also improved by our reassessment.

Even though the Fe-Mn system has been re-optimized focusing on
the revision of the magnetism to provide a most reliable base for the
computations of phase transitions at low and intermediate temperatures,
the achieved FCC/BCC Ty line is still slightly higher than the experi-
mental results and the two latest calculations [21,79]. It is notable that
Ty remains a derived property from thermodynamic data, compared to
more robust thermodynamic properties, as obtained by calorimetry, and
magnetic contributions to the Gibbs energies. Moreover, the experi-
mental data of Ty, as given by Troiano and McGuire [42], lack accuracy
due to inconsistent lattice parameters of BCC and FCC, while Marinelli
et al. [43] provided questionable M (lower My temperature as previous
studies, see Fig. 2 of the original work). Thus, we justify the difference of
the Ty calculated in the present work compared to experimental find-
ings, since we put a high weight on calorimetrically measurable and
magnetic contributions to the Gibbs energies.

1.2.3. Fe-Cr, Fe-Si, and Fe-Al

In mc_fe [9,11], model descriptions of the Fe-Cr system were
adopted from the original work of Andersson and Sundman [25].
Recently, there have been several updates to this system. While Xiong
et al. [27] remodeled it using the 3rd generation of pure elements, Jacob
et al. [87] and Lafaye et al. [29] used the standard SGTE pure elements
database. Jacob et al. [87] revised the system completely, particularly
by reassessing the miscibility gap and magnetic parameters. Lafaye et al.
[29] focused mainly on the ¢ phase, and no details are given on the
thermodynamics of the different phases. Thus, the Fe-Cr assessment
from Jacob et al. [87] is used in the assessed multi-component database
of this study instead of the data from Andersson and Sundman [25].

The Fe-Si thermodynamic model parameters in mc_fe [9,11] were
adopted from the original work of Lacaze and Sundman [30] with the
revised liquid description from Miettinen [88]. This system has been
re-optimized several times [31-33]. Ohnuma et al. [31] reassessed the
systems based on their experiments obtained by deformed particles and
solution annealing treatment and provided a consistent dataset for
order-disordered transition for the FCC phase in the system. Yuan et al.
[89] revised the system but kept the original parameters of Lacaze and
Sundman [30] for BCC and FCC phases. The latest optimization of the
system was provided by Cui et al. [90] who justified a re-optimization
based on the work of Ohnuma [31] as the later one did not properly
consider the intermetallic phases. In the present work, we checked the
influence of different alloy interactions and magnetic parameters on the
calculation of Tj and calculated Bg in a multi-component environment. It
was found that the work of Cui et al. [90] lead to the improvement of the
calculation [90] in multi-component systems. Therefore, the parameters
of Cui et al. [90] were updated in the present work as previously edited
in the mc_fe database.

Al is used as a cementite destabilizer in steel making, in the same way
as Si. These two elements thus contribute to carbide-free bainite, and the
Fe—Al system is also of interest to the present investigation. In the mc_fe
database, parameters were adopted from Saunders [34]. Since this work,
there have been several new assessments published [35,91,92]. The
optimization of Sundman et al. [91] is widely accepted [93] in
multi-component systems but the FCC parameters have been questioned,
recently, by Rank et al. [35]. In the present work, we updated the pa-
rameters to the most recent ones given by Rank et al. [35] due to the
shift of the sublattice model for the intermetallic phases and associated
modification of the solution phases. It results in a better shape of the
y-loop, while still using the magnetic contribution from Sundman et al.
[91], since calculated B are consistent with experimental results from
Tian et al. [94].

1.2.4. Fe-C
The Fe-C system is of primary importance for steel, and the opti-
mization of Gustafson [36] is well accepted and widely used in Fe-based
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Fig. 13. Results of the Fe-C phase diagram calculation from Gustafson [36] at low temperature in the Fe-rich corner compared to experimental information [95,
100-104] and thermodynamic modeling from Naraghi et al. [37].

multi-component databases (Fig. 13). Several thermodynamic de- Fe-C descriptions until 1992. Naraghi et al. [37] fully revised the
scriptions [95-97] have been proposed before the one of Gustafson [36], thermodynamic modeling of the system. Their reassessment is based on
while, since then, the amount of revision of the thermodynamic the 3rd generation of the Calphad database development. While the
modeling is limited [37,98]. Okamoto [99] made a compilation of the thermodynamic modeling of Gustafson is indeed accurate in terms of
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phase boundaries and thermodynamic properties computations, its use
for Tp and Ty’ (see Eq. (7)) calculations in multi-component extensions
based on their description results in a deviating slope from experimental
data (see Fig. 19), with increasing discrepancy found with increasing
C-content.

According to Van Bohemen et al. [105], the bainite start temperature
(Bs) at high C content is higher than the given calculation with the
revised thermodynamic modeling of the alloy systems (see Fig. 19).
Since By is highly dependent on the C content, it was obvious that a
re-assessment of Fe-C parameters would improve the agreement be-
tween predicted and experimental transformation temperatures.

In the present reassessment of the system, the BCC phase stability at
the higher temperatures was decreased by refinement of the Gustafson

0 [BCCaz

[36] parameter "Lg, ¥, = =190+ T, thus reducing the high entropic

contribution to its Gibbs energy.

Further, for the revision of the C-solubility in BCC, even though the
C-solubility in BCC-Fe is very low, the carbon redistribution between
FCC and BCC is particularly critical for the modeling of the bainitic
transformation. Activity measurements from Lobo et al. [101] and Dunn
et al. [106] were used to optimize the LO(BCC_AZ,Fe:C,Va) parameter
and compared to the present modeling (Fig. 14).

While the calculated activities in BCC show negligible differences
from the previous optimization at the studied temperatures, the present
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Fig. 16. Results of the Fe-C phase diagram calculation obtained from the present work at low temperature in Fe-rich compared to experimental [95,100-104] and
thermodynamic modeling from Gustafson [36] and Naraghi et al. [109]. a) Equilibrium phase diagram, b) metastable phase diagram considering cementite.
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optimization of the parameter L° = +138000-283 T allows suppressing
the miscibility gap forming due to the parametrization suggested by
Gustafson [36]. Particularly valuable low-temperature input data for a
Calphad reassessment represents the enthalpy of formation of BCC by
DFT analysis [107,108]. These data from Jiang et al. [107] and Hristova
et al. [108] were used for the optimization in the present work. The
calculated enthalpy of formation is compared to the DFT-derived A¢H in
Fig. 15.

The regular solution model parameter G(BCC_A2,Fe:C) was then
optimized to fit the experimental phase equilibria data between BCC,
FCC, and graphite from Lobo [101], Chipman [95], and Smith [100].
The resulting agreement between experimental and simulated phase
boundaries is good, as shown in Fig. 16a. The metastable phase diagram
including cementite (FesC) is compared with experiments [95,102-104]
and previous thermodynamic modeling [36,109] in Fig. 17b. The pa-
rameters of cementite were adopted by Hallstedt et al. [110]. It is
emphasized that the major modification of our thermodynamic
modeling is given by the improved, higher solubility of C in a-Fe in the
metastable Fe-C phase diagram. The higher solubility limit is consistent
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Fig. 20. Calculation of activities in FCC at T = 1000 °C in Fe-Cr—C compared to
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Fig. 21. Isoactivity of FCC in the Fe-Mn-C using the ternary interaction
parameter of Djurovic [117] compared to experimental data of Wada
et al. [118].

with the experimental data [95,100,104] and allows consistent calcu-
lations of bainite and martensite start temperatures (see Fig. 24, later).

The FCC parameters were adopted from Naraghi et al. [37] except for
the temperature dependence of the G(FCC_A1,Fe:C) parameters, which
were re-optimized to fit the invariant reactions. The activities in the FCC
phase are shown in Fig. 17 and show consistent results with experi-
mental data, from Refs. [100,111].

The liquid phase was slightly updated compared to the original work
of Gustafson [36], i.e. L? — 123320 + 28.5 x T, in order to obtain

Liquid —
consistent phase boundaries for the solid phases in the high temperature
region. The Fe-C diagram in the region of the peritectic transformation
is shown in Fig. 18.
Finally, the improved results of Bs using the newly optimized pa-
rameters for Fe-Ni, Fe-Mn, Fe-Cr, and Fe-C provide consistent calcu-
lations compared to experimental results as shown in Fig. 19.
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1.3. Ternary extensions - Fe—-Cr-C, Fe—-Mn-C, Fe-Ni—C, Fe-Cr-Ni

The modification of the thermodynamic parameters of binary sys-
tems implies that the ternary systems will need to be revised as well. The
latest thermodynamic modeling of the Fe-Cr-C system has been re-
ported by Khvan et al. [116], where all the required experimental data
are available. In consequence of the re-optimization of two binary sys-
tems, the interaction parameter of the ternary FCC phase was revised
(see Appendix 1), whereas the parameter for BCC was adopted from
Khvan et al. [116]. Activity data in FCC are available, and the results of
the mc_fe with updated binaries Fe-C and Fe—Cr are plotted in Fig. 20
and compared to experimental data from Nishiwaza [114].

The latest thermodynamic modeling of the Fe-Mn-C is given by
Djurovic et al. [117], and the influences due to our modification of the
Fe-Mn and Fe-C, using the ternary parameters of Djurovic [117], were
found to be negligible (see Fig. 21).

Thus, the parameters of Djurovic et al. [117] for Fe-Mn-C were
adopted in the present work, since, as shown in Fig. 21, this allowed for a
perfect fit with the experimental results of Wada et al. [118].

In consequence of the revision of the binary alloy systems Fe-Cr and
Fe-Ni, it was necessary to re-adjust the parameters in the ternary
Fe-Cr-Ni BCC and FCC phases. The calculated phase diagram is given in
Fig. 22. The present work does not consider the intermetallic phase o,
since it is not in the scope of the present work, and the phase will not
show up in the relatively dilute applications of bainitic and martensitic
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Fig. 24. Calculated T, using the re-assessed mc_fe database of this study (full
symbols) compared to the original mc_fe [9] (empty symbols) compared to
experimental data [40-43].
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steels. A full optimization considering multi-component extension with
applications to higher alloying has been reported by the present authors
in a previous publication [121].

1.4. Consequences of the re-optimization of the sub-systems on multi-
component thermodynamic databases

The current thermodynamic database was developed with the spe-
cific purpose of improving the description of the low temperature part of
the Gibbs energy. Nevertheless, the thermodynamic database mc_fe [9,
11] had been previously designed for several applications and provides
already good benchmark with experimental findings [122]. These au-
thors demonstrated predictive calculations of the carbide stability with a
previous version of the mc_fe in a multi-component alloy, being
consistent with their findings. The formation of carbides may play an
important role in many martensitic and bainitic steel grades. Thus, using
the developed database of this study, the stability of carbide phases in
multi-component is critically compared to previous calculations [122]
(Fig. 23).

Within the present work, the parameter LY, (Cr, Fe : C) was opti-
mized considering the DFT calculation of Zhang et al. [123] and is set to
-32045-10T, which gives a calculated A¢H = —12.64 kJ mol ! in good
agreement with the DFT given at —11.4 kJ mol~’. In addition, the pa-
rameters of the My3Cg phase in the Cr-Fe—C system were revised to keep
the same solubility limit as in the previous version of the mc_fe database
(see Appendix A for parameters). The present calculations are compared
to the Fe-database TCFE11 of Thermocalc® offering a benchmark point
(Fig. 23). In general, the computed stability of the carbides shows
similar trends except for MgC. Note that the difference in M¢C stability
between TCFE11 (Thermocalc steel database) and MatCalc mc_fe shown
in Fig. 23 is due to a revised sublattice description of the phase, which
has been implemented in mc_fe. While TCFE11 predicts a gap of its
occurrence, with a “first” dissolution around T = 620 °C, and
re-appearance around T = 810 °C, replacing dissolved M33Cg in a very
narrow temperature range. The mc_fe_v2.060 and mc_fe_bainite suggests
that MgC would be continuously stable from low temperatures up to
T~840 °C with an even increased phase fraction after My3Cg has dis-
solved. This stability issue of M¢C is not clear to date but requires further
research. Typically, carbide formation and transformations between
M23Ce, MeC, and M;Cg are complex. Often, non-equilibrium phase sta-
bilities are conserved, and it is difficult to decide on the correct equi-
librium state of carbides and a steel treatment to reach an unambiguous
equilibrium below the austenitization temperatures. This difficulty is
even increased due to complex microstructures, heterogeneities, and
carbon partitioning.

Fig. 24 summarizes the improved agreement of the computed Ty
temperatures of different binary and ternary systems with the reassessed
steel database of this study.

The present re-assessment of important Fe-containing sub-systems of
the multi-component steel database mc_fe is one of the cornerstones for
the predictive simulation of the bainite phase transformation, which
finally includes kinetic aspects of C redistribution and C-trapping, too
[124]. The corresponding computation of bainite start temperatures will
be provided in a separate publication, which is based on the thermo-
dynamic data developed here.

2. Conclusion

In the present work, we focused on the re-assessment of Fe-
containing binary and ternary sub-systems of the Fe, C, Cr, Mn, Ni, Al,
and Si steel database, to improve the computation of Ty, as well as
bainite and martensite start temperatures. It was confirmed that the
magnetic contribution to the Gibbs energies of alloy solution phases
represents a key to a consistent dataset for the reproduction of the low
and intermediate temperature part of the binary and ternary phase

Calphad 81 (2023) 102531

diagrams, thermodynamic properties, and T, lines with transition
elements.

The Fe-C system was revised to improve the solubility of C into
ferrite, which plays a decisive role in bainite modeling.

As consequence on the revision of the binary systems, ternary pa-
rameters were re-optimized or edited to more recent publications. We
present here a complete thermodynamic parameter set of the Fe-rich
region of the multi-component steel system Fe-Cr-Ni-Mn-Al-Si-C,
which can be used for computational thermodynamics from room tem-
perature up to high temperatures close to the solidus, and in a mean-
field or full field approach for predictive kinetic simulation.
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