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A CALPHAD type thermodynamic description for the Fe-Mn-Al-C quaternary system has been con-
structed by combining a newly assessed Mn-Al-C ternary description and a partly modified Fe-Al-C
description to an existing thermodynamic database for steels. A special attention was paid to reproduce
experimentally reported phase stability of k carbide in high Al and high Mn steels. This paper demon-
strates that the proposed thermodynamic description makes it possible to predict phase equilibria in
corresponding alloys with a practically acceptable accuracy. The applicability of the thermodynamic
calculation is also demonstrated for the interpretation of microstructural and constitutional evolution
during industrial processes for high Al steels.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

High aluminum steels (Fe-Mn-Al-C) which have been regarded
as a substitution for chromium-nickel stainless steels, are now
attracting renewed industrial interest because of their light-
weight [1]. Numerous researches have been reported on their
deformation or mechanical behavior [2-5], microstructure or
transformation behavior [6-9] and also on fundamental mate-
rials properties such as stacking fault energy that affect their
deformation behavior [10,11]. This class of steels is character-
ized by the formation of cubic carbide which is referred to
as Kk, with the Strukturbericht E2;. The k carbide has a Fe3Al
type L1, ordered structure with a carbon atom in the central
octahedral site, and it can be designated by a formula Fe3;AIC
in the Fe-Al-C system. The effect of the k carbide on the
mechanical properties of high Al steels is not clearly known yet.
However, once precipitated, the amount is expected to be signif-
icant since the composition is rather close to the Fe-rich matrix
phase.

For an elaborate control of materials properties, it is essential
to understand the microstructural and constitutional evolution.
For this purpose, experimental studies on phase equilibria have
been performed for the Fe-Al-C [12] and Fe-Mn-AI-C [13] sys-
tems. In addition to experimental studies on phase equilibria, as
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a means of critically assessing and predicting the phase relations
under arbitrary thermodynamic conditions, CALPHAD [14-16] type
thermodynamic assessments and calculations have been widely
used in materials researches. Such an effort for the Fe-Al-C sys-
tem has been made first by Ohtani et al. [17]. They reported an
optimized thermodynamic parameter set for the Fe-Al-C ternary
system based on descriptions of the Fe-C [18], Al-C [19], Fe-Al
[20] binary systems and first-principles calculation for the enthalpy
of formation of the k carbide. Phase relations were calculated in
a wide range of compositions and temperatures. However, the
phase equilibria involving fcc (austenite), bcc (ferrite) solid solu-
tions, graphite and the k carbide in the Fe-rich region has not
been reproduced satisfactorily. A similar attempt has been made
by Maugis et al. [21] based on the same binary descriptions but
on a new first-principles calculation for the k carbide. Again, the
phase equilibria in the Fe-rich region could not be reproduced
well, which indicates that the Fe-Al-C ternary system may not be
described well by adjusting only the ternary parameters without
modifying the existing descriptions for constituent binary systems.
Recently, Connetable et al. [22] have concluded that the Fe-Al
binary description should be modified in order to reproduce phase
relations in the Fe-rich region of the Fe-Al-C ternary phase dia-
gram in good agreement with experimental information. After a
reassessment of the fcc and bcc solid solution phases in the Fe-Al
system and also after some modifications on metastable parts of
the Al-C binary descriptions, they have reproduced phase relations
in the Fe-rich region of the Fe-Al-C phase diagram satisfacto-
rily.
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Since practical high aluminum steels include a large amount of
manganese, it is necessary to extend the thermodynamic assess-
ment into the Fe-Mn-Al-C quaternary system, which is not
available yet especially for the stability of the k carbide. Based on
the successful thermodynamic description of the Fe-Al-C system
and existing thermodynamic database for Fe-based alloy systems
(for example, TCFE2000 [23] or more recent TCFE5 [24]), the
present study constructed a thermodynamic description for the
Fe-Mn-AIl-C quaternary system. Since thermodynamic descrip-
tions for the Fe-Mn-Al and Fe-Mn-C ternary systems are already
available in the database, it is necessary to add those for the
Fe-Al-C and Mn-Al-C systems to the database. The thermo-
dynamic description for the Fe-Al-C system was taken from
Connetable et al. [22] with some simplifications and the Mn-Al-C
system was newly assessed in the present work. Some quater-
nary parameters were also introduced to better fit experimental
information in the quaternary system. The reliability of the finally
selected thermodynamic description was evaluated by calculating
the stability of the k carbide in the Fe-Mn-AI-C quaternary alloys
and by comparing it with experimental information. The thermody-
namic calculation was also used to understand the microstructural
evolution in practical high Al steels during industrial processes.

Table 1

2. Thermodynamic models and assessments

In the CALPHAD method [14-16] the Gibbs energy of individ-
ual phases is described using thermodynamic models. Then, the
phase equilibria are calculated on the basis of minimum-Gibbs-
energy criterion, for example, the Hillert’s equilibrium condition
[25]. In the original work of Connetable et al. [22] on the Fe-Al-C
system, the k carbide was modeled as an L1, ordered fcc phase and
a special five sublattice model was used. Since this model was con-
nected with the L1, ordering, information about the effect of Mn
on the metastable L1, ordering in the Fe-Mn-Al system, which is
not known and may not be practically important, was necessary to
describe the Fe-Mn-Al-C quaternary system. For the sake of sim-
plicity and practical efficiency, in the present work, the k carbide
was modeled using a simpler model as will be described later on.
Correspondingly, the fcc solid solution was regarded as a random
solid solution without ordering transformations. The B2 ordering
that occurs in the bcc solid solution has been modeled on the basis
of the two-sublattice compound energy formalism [26,27], and it
has been applied to the Fe-Al [28] and also to the Fe-Mn-Al [29]
system. The compound energy formalism was further extended to
model the D03 ordering in the Fe-Al system [30]. Temporarily in
the present work, however, since the Al content in high aluminum

Thermodynamic parameters for the Fe-Mn-Al-C quaternary system.

Liquid: (Fe,Mn,Al,C);

Lyl. =40861.02 - 33.21138T [19]
L4, = ~124320 + 28.5T + (yc — yre)19300 + (yc — Yre)*(49260 — 19T) (18]
L%, = —168240 + 35.635T + (yc — ymn X(—91760 + 50T) (35]
Li{ﬁk = -91976.5 + 22.1314T + (Va1 — Yre )(—5672.58 + 4.8728T) + (Va1 — Yre)>121.9 [20]
L = —66174 +27.0988T + (ya1 — Y )(—7509 + 5.4836T) + (yar — Ymn ) (—2639) [34]
L:“i:l,Mn =-3950+ 0'489T+(yFe _yMn)1145 [40]
ngm = —49000 [22]
L{, vin = —45675yc — 12379k — 12379y [39]
bcc: (Fe,Mn,Al);(C,Va);
0Ghee = 0Gfec 4 30GEPMI® 1100000 + 80T [22]
Lbee |, = 130000 + 14T [22]
Lpeva = —190T [18]
LBXC o = —122960 + 31.9888T + (yaI — Yre)2945.2 (20]
OTCE\lc,i'e:Va = —437.95 ITCXfCFe:Va =-1719.7 [28]
LBee va = —120077 4 52.851T + (ya1 — Yumn )(—40652 + 29.2764T) [34]
LB va = —2759 +1.237T [40]
OTCIl?:,ﬁVIn:Va =123 [40]
LB 0. = 34052 — 23.467T [39]
fcc: (Fe,Mn,Al);(C,Va);
OGRiie = °Gxr +°GE™" + 81000 [22]
[CC —
i
™ 43433 35]
Mn:C,Va
LECa = —104700 + 30.65T + (ya1 — Yre)22600 + (ya1 — Yre)*(29100 — 13T) [22]
L;clan:Va = —69300 + 25T + (.VAI — YMn )8800 [34]
L;CeC,Mn:Va =-7762 + 3.865T + (yFe — YMn )(*259) [40]
OTClgcec.Mn:Va =—-2282 1Tclr“cec,Mn:Va = —2068 [40]
LI . = —104000 + 80T + (yar — Yre)81000 2]
LIS . = 34052 — 23.467T 139]
Lff{:lfFe,Mn:Va =0 [4]]
Lf\chn:c,va = —50000 Th¥s work
LI v = —679200 + 400T This work
K carbide: (Fe,Mn)3Al;(C,Va);
Gy, ac = 3°Gle + G + chraph“e — 115000 + 25.2T This work
O0G e = 30GHS + 0l 1 0GEPRI® _ 150920 + 40T This work
OGE, piva = € € € <Z=730GKe 1+ 0Gfee — 94000 + 17.6T This work
]’t’[n:Al:Va(i = ???@Z)BOGSI; + OG;CIC This work
Lo Mnzarc = 9600 This work
8 arcyva = 13752 - 24T This work

The values refer to one mole of formula units and are given in SI units.
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steels currently investigated remains in the disordered solid solu-
tion range, the B2 and D03 ordering part in the thermodynamic
description of the bcc phase was not included for the sake of sim-
plicity.

2.1. Thermodynamic models

An ordinary two-sublattice model and one-sublattice model
with Redlich-Kister polynomials for the excess energy term were
used for the Gibbs energy of fcc or bcc solid solution and liquid
phase, respectively.

The k carbide in the Fe-Al-C ternary system has been modeled
[17,22] using formulas that allow intermixing between Fe and Al,
and non-stoichiometry in the carbon content. However, the exper-
imental composition range of the k carbide was unclear and the
calculated Al content range was narrow in both literatures. On the
other hand, it was clear that the carbon content in the Fe-Al-C
system deviates toward the low carbon content region from the
stoichiometric composition Fe3AlC [12] while that in the Mn-Al-C
system exactly meets the stoichiometric composition Mn3AIC [31].
Therefore, in the present study, the k carbide was modeled using
a three-sublattice model, (Fe,Mn)3;Al;(C,Va); that allows intermix-
ing between Fe and Mn atoms on the cube face site and incomplete
filling of C atoms in the central octahedral site of the ordered L1,
structure. By this model, the Gibbs energy of the k carbide for one
mole of formula unit, (Fe,Mn)3Al;(C,Va);, is expressed as follows:

1 0 1 1110 I L0
Gm = Ygo¥Yc = Gre:Al:c +YmnYc - GMn:Al:C + YEeYva GFe:Al:Va

+Y{v[ny{yaOGMn:Al:Va + 3RT(.V¥:e lny}:e +Y{v[n ln}’i/[n)

Table 2
Enthalpy of formation of L1, Fe3Al, E2; Fe3AlC and Mn3AIC selected in the present
study, in comparison with other calculations (in kJ/gram-atom).

Compound Present study (298.15K) Other calculations (0K)

L1, FesAl -17.5 -19.32, -19.3b, —21.4¢, —18.84
E2; Fe3AIC -18.2 -16.0%, —18.4¢, -21.74, —27.9¢
E2; Mn3AIC -273 —20.24

The reference states are bcc Fe, fcc Al, cbcc Mn and graphite C.
2 Ref. [22], CALPHAD assessment.
b Ref. [37], first-principle calculation.
¢ Ref. [38], first-principle calculation.
d Ref. [36], first-principle calculation.
¢ Ref. [17], first-principle calculation.

+RT(y¢" Inye' +yys INYYL) + VeeVhnY ¢ LreMn:aL:c
Lyl iy I
+YEeYMnYvalFeMn:Al:va + YgeYc YvalFe:Al:Cva
I
+YMnYc Yvalmn:al:cva- (2)
Here, y' and y'! represent site fraction of individual components

in the first and third sublattices, respectively. OG,-,]-;,< represents the
Gibbs energy of a compound where the first, second and third sub-
lattices are completely filled with componenti,jand k, respectively.
In the L parameters, the comma separates the components inter-
acting on the same sublattice and the colon separates components
on different sublattices.

2.2. Thermodynamic assessments

The optimization is performed with a selected set of experi-
mental data. Each piece of information is given a certain weight

Fig. 1. Calculated isothermal sections at (a) 800°C, (b) 1000°C, (c) 1200 °C and (d) liquidus projection of the Fe-Al-C ternary phase diagram, in comparison with experimental

information [12].



220 K.-G. Chin et al. / Journal of Alloys and Compounds 505 (2010) 217-223

reflecting the experimental uncertainty. The weight can be changed
until most of the selected experimental information is satisfacto-
rily described. All calculations are carried out by using a computer
program, Thermo-Calc, developed by Sundman et al. [32].

2.2.1. The Fe-Al-C ternary system

Thermodynamic parameters of only the k carbide were re-
optimized for the Fe-Al-C system, keeping all other parameter
values the same as in Ref. [22]. The parameters whose values should
be determined were OGFe:AI:Cv OGFe:AI:Va and LFe:Al:C,Va- OGFe:Al:C
and %Gge.a1.va correspond to the Gibbs energy of stoichiometric
FesAIC and L1, ordered Fes3Al, respectively. Even though those
compounds do not exist on phase diagrams and no experimental
information on their thermodynamic properties is known, first-
principles calculations were available for the enthalpy of formation
of those compounds. Therefore, the enthalpy of formation val-
ues of Fe3AIC and L1, ordered FesAl were maintained within the
scattering range of first-principles values during the parameter
optimization process. Only the entropy of formation of both com-
pounds and the L parameter in a temperature dependent form
were optimized by fitting them to the experimental information
[12] on the phase relations at 1073 K, 1273 K and 1473 K and lig-
uidus projection. Several equally good parameter sets could be
obtained using the first-principles and experimental information
for the Fe-Al-C ternary system. After determining the parameters
for the Mn-Al-C ternary system, the thermodynamic stability of
the k carbide was calculated for some Fe-Mn-Al-C quaternary
compositions. A final adjustment and selection of the above-
mentioned parameter sets were made through a comparison with
relevant experimental data [33] on the stability of the k carbide
in the quaternary alloys. The result of optimization is presented

in the next section in comparison with relevant experimental
data.

2.2.2. The Mn-AIl-C ternary system

The experimental information on the phase diagram of the
Mn-AI-C ternary system was obtained in the form of isother-
mal sections at 1000°C and 700°C through a compilation [31].
Those isothermal sections are characterized by the existence of
many three-phase equilibrium triangles. In the present assess-
ment, the Gibbs energy parameters for the Mn3AIC carbide and
Al-rich fcc solid solution were determined so that the constituent
phases of individual three-phase equilibrium triangles are cor-
rectly reproduced, on the basis of already available thermodynamic
descriptions for the Mn-Al [34], Mn-C [35] and Al-C [19] binary
systems. As in the Fe—-Al-C ternary system, several sets of equally
good thermodynamic descriptions were obtained from the infor-
mation on the Mn-AI-C ternary system because the experimental
information on thermodynamic properties of the Mn-Al-C system
was not enough to definitely determine the parameter values. The
final selection was made by calculating the stability of the k car-
bide in the Fe~-Mn-Al-C quaternary alloys as has been done for the
Fe-Al-C system.

The thermodynamic parameters newly determined in the
present study are listed in Table 1. The enthalpy of formation of L1,
FesAl, FesAIC and Mn3AlC selected in the present study is compared
with first-principles values in Table 2.

3. Results and discussion

The calculated isothermal sections and liquidus projection of
the Fe-Al-C system are illustrated in Fig. 1. Since only the k car-

Fig. 2. Calculated and experimentally compiled [31] isothermal sections of the Mn-Al-C ternary phase diagram at (a) 700°C and (b) 1000 °C.
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Fig. 3. Calculated phase relations in Fe-20 wt%Mn-Al-C alloys at (a) 900 °C and (b) 1200 °C, in comparison with experimental information [13].

bide is newly modeled and parameterized over the description in
Ref. [22], the calculated phase relations are the same as in Ref. [22]
except for those related to the k carbide and the high Al Fe-Al
binary side where the B2 ordering is missed. In Fig. 2, the calcu-
lated isothermal sections of the Mn-Al-C system are compared
with experimental compilations [31]. Efforts were mostly made to
estimate a reasonable description for the Gibbs energy of the k car-
bide (Mn3AIC), reproducing the three-phase equilibrium regions.
Even with those efforts, some phase relations could not be repro-
duced exactly by using the present sets of binary descriptions. For
example, at 700 °C, the present calculation predicts the existence of
a k/AlgMns two-phase equilibrium while the experimental phase
diagram shows an Al;C3/3-Mn two-phase equilibrium in the com-
positional range surrounded by k, Al4C3, AlgMns and (3-Mn. Similar
discrepancy between the calculation and experimental data was
found also at 1000 °C as shown in Fig. 2b. Furthermore, the finally
selected enthalpy of formation of the Mn3AIC carbide is larger than
the recent first-principles calculation as shown in Table 2. All those
disagreements were resulted in during the effort to reproduce the
stability of k carbide in the Fe-Mn-AI-C quaternary alloys [33].
Even though the above-mentioned disagreements in the Mn-Al-C
ternary system could be improved by adjusting the Mn-Al binary
descriptions for intermetallic compounds, we finally decided to
wait until such adjustment is needed again in other Mn-Al-metal
ternary systems and until more experimental information for the
stability of the k carbide in high Al and high Mn steels is reported.

The upgraded thermodynamic database was used for calculation
of phase equilibria in Fe-Mn-Al-C quaternary or more practi-
cal higher order alloys. Fig. 3 shows calculated phase relations in
Fe-20 wt%Mn-Al-C alloys at 900°C and 1200°C, in comparison
with experimental information [13]. Even though the agreement is
not perfect, the stability of the k carbide is reproduced fairly well.
There was another set of experimental information for the stability
ofthe k carbide in Fe-30Mn-Al-1Calloys [33]. Fig. 4 shows the tem-
perature and compositional range where the k carbide precipitates
in fcc (austenitic) Fe-30Mn-Al-1C quaternary alloys. The present
calculation (solid line) is comparable with experimental informa-
tion, even though the agreement is not very good, which should
be kept in mind in further applications of the present thermody-
namic database for higher Al steels. It should be also noted here that
according to the present calculation, the bcc solid solution phase
(ferrite) appeared as a stable phase in high Al region, while the
experiment does not show the formation of bcc phase. Believing
that the discrepancy came from a kinetic reason, the calculation
for Fig. 4 was performed suspending the bcc phase.

In this work, we have shown that the proposed thermody-
namic description for the Fe-Mn-Al-C system enables a prediction

of phase equilibria in the corresponding quaternary alloys with
a practically acceptable accuracy. We will also demonstrate that
the thermodynamic calculation can be used for the interpreta-
tion of microstructural evolution in practical multicomponent
alloys during an industrial process. Fig. 5a shows microstructures
of high Al steels with different alloy compositions. Those steels
were annealed at about 1200°C and hot-rolled, resulting in pro-
longed grain structures along the rolling direction. In all steels,
the microstructure looks as if they are composed of two differ-
ent areas, the white grey and dark grey regions. The fraction of
each area varies depending on the alloy composition. Before a
careful TEM work, it is difficult to understand which phases each
area represents. However, with thermodynamic calculations for
the phase fraction vs. temperature as shown in Fig. 5b, it can be
clearly understood that the white and dark grey regions were fer-
rite and austenite, respectively, at the annealing temperature, and
that the ferrite remained while the austenite might have been par-
tially decomposed into ferrite and the k carbide during the rolling
(and cooling). The calculated and experimentally observed phase
fractions show a very good correlation indicating that the thermo-
dynamic calculations using the present thermodynamic database
can be utilized to estimate the microstructural and constitutional
evolution during industrial processes for high Al and high Mn
steels.

Fig. 4. The effect of Al content on the stability of the k carbide in Fe-30Mn-Al-1C
alloys. The solid line represents the phase boundary by the present calculation and
the symbols (squares/triangles) represent phase regions with/without k carbide
from experiment [33].
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Fig. 5. Comparisons between (a) microstructure of hot-rolled high Al steels and (b) calculated phase fractions (gram-atom fraction) vs. temperature at corresponding

compositions.

4. Conclusions

A CALPHAD type thermodynamic description for the
Fe-Mn-AI-C quaternary system is made available now, and
it can be used for thermodynamic calculations, especially the
v/a phase equilibria and the stability of the k carbide, in high Al
and high Mn steels. The proposed thermodynamic description
enables a prediction of phase equilibria in the corresponding alloy
systems with a practically acceptable accuracy, and it can also be
used for the interpretation of microstructural and constitutional
evolution during industrial processes for high Al and high Mn
steels.
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