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The α / γ phase equilibria in Fe-Mn based alloys are shown. The large temperature dependence of a
change in the partial molar Gibbs energy accompanied by transfer of one mole of Mn from a dilute solution
of ferrite to austenite results in a peculiar γ -loop of the Fe-Mn-X (X: ferrite stabilizing element) system
due to the magnetic effect. This characteristic feature of α / γ phase equilibria is the origin of the unique
martensitic transformation from the bcc parent to the fcc martensite in the Fe-Mn-al system. a thermodynamic
database on the Fe-Mn based alloys, including the elements of C, al, si and Cr, by the CaLPhad approach
was developed. The design of alloys with high strength and low density using the database is shown. The
stacking fault energy of Fe-Mn based alloys is also discussed.

1. INTRODUCTION
The allotropic transformation of iron shows that three
crystal structures exist, i.e. α (bcc : ferrite), γ (fcc : austenite),
δ (bcc : delta ferrite) and ε (cph), as shown in Fig. 1 of the
P-T (Pressure-Temperature) diagram of iron. The existence
of β-Fe has long been recognized, as shown in Fig. 2, which
shows the Fe-C binary phase diagram by Ledebur’s handbook
of steel published more than 100 years ago 1). It is known that
β-Fe is the same as α ferrite with bcc structure in the paramagnetic state and is not used at present. although β-Fe is an old
designation, the transformation from α-Fe to β-Fe, that is,
magnetic transition, plays a key role in the phase stability of
iron, as pointed out by Zener 2). a typical example of this
magnetic effect is shown in Fig. 3, where the Fe-C binary
phase diagram without consideration of the magnetic contribution in Gibbs energy is presented. If α-Fe is not ferromagnetic, ε-Fe is stable at room temperature, where the ε / γ transition temperature is estimated to be 247°C from extrapolation
of the γ /ε phase boundary in the P-T diagram of Fig. 1.
Manganese is known as an austenite stabilizing element
but the degree of stability strongly depends on temperature
due to the magnetic effect. In this paper, the phase equilibria
and phase transformations between α and γ phases in Fe-Mn
based alloys are presented. The thermodynamic database
constructed by the CaLPhad approach is also shown, and
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the design of alloys with high strength and low density is
reported.

Fig. 1. Pressure-temperature diagram of iron.

Fig. 2. Fe-C phase diagram in handbuch der Eisenhuettenkunde by
a. Ledebur in 1906.
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Fig. 3. Calculated Fe-C phase diagram neglecting magnetic contribution
of αFe.

2. α /γ EQUILIBRIA of the Fe-Mn-X SYSTEM
The α / γ equilibrium in iron alloys can be classified into
two types. One is a γ -loop forming element which stabilizes
the ferrite and the other is an expanded γ -field diagram by
alloying the austenite stabilizing elements. The parameter
ΔGxα/γ Fe, which represents the relative stability of alloying
elements between α and γ, is expressed as 3–6)
ΔGxα/γ Fe = RT In χxα / χxγ

(1)

where χxα and χxγ are the equilibrium compositions of ferrite
and austenite at T K, respectively. In dilute solution, eq. (1)
can be expressed by regular solution approximation 5, 6),
ΔGxα/γ Fe ≈ ΔGxα →γ + ΔΩFαex→γ

(2)

where ΔGxα →γ is the difference in molar Gibbs energy of X
between bcc and fcc structure and ΔΩFαex→γ is the difference
in the interaction parameter between the α and γ phases.
ΔGxα/γ Fe is a change in partial molar Gibbs energy accompanied
by transfer of one mole of each alloying element from a dilute
solution of ferrite to austenite 5, 6). a schematic illustration of

Fig. 4. schematic illustration of α / γ equilibrium vs ΔGxα/γ Fe in Fe-X,
Fe-Y and Fe-X-Y systems.

α /γ equilibrium for Fe-X, Fe-Y and Fe-X-Y systems is shown
in Fig. 4, where X and Y are the ferrite and austenite stabilizing elements, respectively and the temperature dependence
Fe
of ΔGxα/γ Fe and ΔGyα/γ Fe is also shown 7). If the sign of ΔGxα/γ
+y
changes from positive to negative value with decreasing
temperature, the α /γ equilibrium of Fe-X-Y system shows
a peculiar γ -loop similar in shape to that of the Fe-Cr system,
where Cr stabilizes ferrite near a4 temperature while it acts
as an austenite stabilizing element near the a3 temperature.
since ΔGMαn/γ Fe has a large temperature dependence due to the
magnetic effect 6, 7), it is expected that the α / γ equilibria of
Fe-Mn-X (X: ferrite stabilizing element) show a γ -loop
similar to that shown in Fig. 4(c), which was confirmed
experimentally in the Fe-Mn-V, Fe-Mn-Mo and Fe-Mn-si
systems 7). Taking account of ΔGxα/γ Fe for various alloying
element, the α / γ equilibria of Fe-Mn-X ternary system at the
section of xMn / xχ = 1 can be classified into seven types 7), as
shown in Fig. 5.

Fig. 5. Classification of γ -loop in Fe-Mn-X systems at χMn / χ x = 1. dotted lines represent the To lines.
(a) ΔGxα/γ Fe < 1046 (J/mol), (b) 1046 < ΔGxα/γ Fe < 1130, (c) 1130 < ΔGxα/γ Fe < 1234, (d) 1234 < ΔGxα/γ Fe < 3264, (e) 3264
< ΔGxα/γ Fe < 4916, (f) 4916 < ΔGxα/γ Fe < 10293, (g) 10293 < ΔGxα/γ Fe.
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3. MARTENSITIC TRANSFORMATION IN
3. Fe-Mn-Al SYSTEM
The peculiar γ -loop of the Fe-Mn-X system as shown in
Fig. 5(d) results in unique martensitic transformation (MT).
Figure 6 shows the same shape of γ -loop as that in Fig. 5(d),
where two To lines and Ms temperatures are drawn. at a lower
concentration of Mn+X, conventional MT from γ to α’ occurs
and Msγ →α ’ is located below the Toα/γ temperature where the
Gibbs energies of the α and that of the γ phase are equal,
while at higher compositions, the Msα →γ ’ temperature of α to
γ ’ transformation exists below another Toα/γ line 8). This situation is the origin of the occurrence of MT from the α to γ ’
phase in the Fe-Mn-al 8) and Fe-Mn-Ga 9) systems. Figure 7
shows the calculated To line for Fe-(20~40) Mn-al (at %)
alloys based on the thermodynamic assessment 10, 11). The
dotted line shows the Curie temperatures of the α phase
estimated from the experimental data. The To lines for
Fe-(20~30) Mn-al curve to lower al content near the Curie
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temperature, which means that the conventional γ →α’ MT
would occur, while those for Fe-(36~40)Mn-al suggest α →
γ ’ MT. Figure 8 shows the optical micrograph of α → γ ’ MT
in the Fe-36Mn-15al alloy. The martensite remains even at
500°C on heating, which shows the non-thermoelastic MT.
Figure 9 shows the X-ray diffraction patterns taken from the
Fe-36Mn-15al alloy sheets (a) as — quenched and (b) coldrolled to a reduction rate of 50%, respectively. It is seen that
while the fcc martensite indexed as the γ ’ phase coexists with
the α bcc parent (P) phase in the as-quenched state, as shown
in Fig. 9(a), the peaks from the α phase disappear in the coldrolled specimen and the γ ’ martensite is perfectly induced by
deformation to 50% reduction (Fig. 9(b)).

4. HIGH STRENGTH Fe-Mn BASED ALLOYS
4. WITH LOW DENSITY
Extensive work has been carried out for the Fe-Mn-al-C
and Fe-Mn-si-C based alloys, which are the basic system for
austenitic stainless steels without Ni and Cr 12–14), cryogenic

Cooling

Heating
Fig. 6. schematic illustration of α / γ phase equilibrium related to To
and Ms temperatures in Fe-Mn-X (X: ferrite stabilizing element).

Fig. 8. Optical micrograph of martensite during heating and cooling
in Fe-36Mn-15al alloy.

Fig. 7. To α/γ lines in Fe-Mn-al system.

Fig. 9. XRd patterns taken from Fe-36Mn-15al alloy sheets.
(a) as-quenched and (b) cold-rolled to a reduction ratio of 50%.

α/γ
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materials 15–17) and magnetic alloys 18). The mechanical properties of Fe-Mn-al-C alloys show high strength and good ductility 19–22). since the Fe-Mn-C based alloys are very attractive
for various applications, the thermodynamic database has
been constructed by the CaLPhad approach 23), which is
utilized for Fe, al, Mn, si, Cr and C. Thermodynamic assessments of binary and ternary systems, which had not been
performed or need re-evaluation to extend them to multicomponent systems, were carried out making use of previous
and present experimental information. In the Fe-al-C ternary
system, κ-Fe3alC1–χ (E21 perovskite carbide) is formed as
shown in Fig. 10 together with the isothermal section diagram
at 1200°C 24). The three sublattice model, (Fe, Mn, al)3(Fe,
Mn, al)1(C, Va)1, is applied to describe the non-stoichiometric
composition, which is compared to the recent work of
sublattice model, (Fe, Mn)3al1(C, Va)125). The liquid, fcc (γ ),
bcc (α ), cementite (M3C), graphite (Gr) and other compounds
(al8Mn5, M7C3) are taken into account.

The calculated isothermal sections of Fe-20Mn-al-C and
Fe-30Mn-a1-C (mass %) at 1100°C are shown in Fig. 11
compared with the experimental data 26). Using the developed
thermodynamic database, several alloys with low-density
austenitic steels were designed. a typical example of stressstrain curves of Fe-20Mn-al-C-5Cr alloys is presented in
Fig. 12, which shows high strength (900–1200 MPa) and good
ductility (20–65% elongation). Figure 13 shows the stressstrain curves obtained in the Fe-20Mn-10al-1.5C-5Cr γ alloy
quenched in water and air cooled to room temperature from
the annealing temperature of 1100°C, where the cooling rates
of the water quenching and the air cooling were about
1100°C/s and about 15°C/s, respectively. The air-cooled
specimen had a much higher yield strength than the waterquenched specimen and showed an upper yield point followed
by almost constant flow stress. such stress-strain behaviors
are quite similar to that of the Fe-20Mn-11al-1.8C-5Cr
quinary γ alloy quenched in water, as shown in Fig. 12.

Fig. 10. Crystal structure of E21, perovskite carbide Fe3alC1–χ .

Fig. 11. Calculated isothermal section diagram compared with the observed ones at 1100°C.
(a) Fe-20Mn-xal-yC and (b) Fe-30Mn-xal-yC.
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Fig. 12. stress-strain curves at room temperature of Fe-Mn-al-C-5Cr
alloys.

Fig. 14. diffraction patterns taken from (a) water-quenched and (b)
air-cooled Fe-20Mn-10al-1.5C-5Cr alloy, and dark field
images of the (100)κ superlattice reflection in (c) waterquenched and (d) air-cooled specimens.

Fig. 13. stress-strain curves in Fe-20Mn-10al-1.5C-5Cr alloy annealed
at 1100°C for 15 min followed by water quenching (WQ) and
air cooling (aC) to room temperature.

Figures 14(a) and 14(b) show the diffraction pattern taken
from the water-quenched and the air-cooled Fe-20Mn-10al1.5C-5Cr alloys, respectively. although both patterns reveal
extra spots between the fundamental reflections, which should
indicate the formation of the κ phase with the perovskite
structure, the intensity of the superlattice reflections in the
air-cooled specimen is much higher than that in the waterquenched specimen. Figures 14(c) and 14(d) show dark field
images of the (100)κ superlattice reflection in the waterquenched and air-cooled Fe-20Mn-10al-1.5C-5Cr alloys,
respectively. In the water-quenched specimen, very fine κ

phase precipitates are slightly confirmed, while the cuboidal
κ phase precipitates aligned in the 〈001〉 directions are
clearly observed in the air-cooled specimen. The microstructure observed in the air-cooled Fe-20Mn-10al-1.5C-5Cr
alloy is very similar in morphology to that observed in
Ni-based superalloys with the γ + γ ’ two-phase. Therefore,
it is concluded that high strength as well as a small workhardening rate obtained in the Fe-Mn-al-C(-Cr) alloys with
a high C content are due to the nano-size precipitation of κ
phase during cooling from the annealing temperature.
Figure 15 27) shows the relationship between specific
strength and tensile elongation in various steels, where the
density of steels not previously reported was estimated. In all
steels, a tendency for the tensile elongation to decrease with
increasing specific strength can be observed. It is seen that
the present Fe-Mn-al-C(-Cr) alloys showed a higher specific strength than the conventional steels such as austenitic,
ferritic, martensitic, precipitation hardened, dual-phase and
super-toughness steels. Moreover, the specific strength of the
present alloys is higher than that of Fe-Mn-si-al TWIP
steels 28). In addition, the present alloys also showed much
higher yield strength than the TWIP steels. TRIP steels reported by Zackay et al,29) possess a much higher specific strength
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Fig. 16. stacking fault energy of Fe-Mn system at room temperature.

In view of the effect of alloying elements on sfe, the
To temperature at which the Gibbs energy of γ and ε phases
is equal is important. Figure 17 shows the effect of alloying
elements on Toγ /ε temperature which was estimated by the
→ ε martensitic transformaMs and As temperatures in the γ ←
tion in Fe-17Mn (at %) alloy using the relation of To (K) =
(As + Ms)/2 45). This means that the alloying elements such as
C, Ti, Nb, Cu, etc., which decreases Toγ /ε temperature increases sfe, while the sfe is not so affected by the addition of si,
Co and Cr. Figure18 shows the effect of alloying elements
on the sfe of γ -iron 45) and the observed ones in the austenitic
stainless steels 46). It can be seen that there is a substantial
agreement between the estimated and observed ones. It is
noted that the alloying effect on sfe systematically changes
in the periodic table. This is due to the similar tendency of
the partial molar Gibbs energy difference ΔGxγ/ε Fe of alloying
element between the γ and ε phases, which is expressed by
the similar equations of (1) and (2) 45).
γ /ε

Fig. 15. Relationship between specific strength and tensile elongation
in various steels.

than the present alloys. however, the high strength of the TRIP
steels can only be obtained through a complicated thermomechanical process. On the other hand, the present alloys
have an advantage in that both high specific strength and large
tensile elongation can be obtained through simple processes
controlling the annealing temperature and cooling rate.

5. STACKING FAULT ENERGY OF
5. Fe-Mn BASED ALLOYS
since stacking fault is related to many phenomena, e.g.,
mechanical properties, precipitation. martensitic transformation,
corrosion resistance, etc., numerous studies have been
conducted and the thermodynamic approach for estimating
stacking fault energy has been developed 30–36). a stacking
fault in fcc can be regarded as a layer of cph phase, and
therefore the Gibbs energy difference between the fcc and
cph forms should be considered as substantial. since the Gibbs
energy of the cph phase is generally higher than that of the
fcc phase, the parallel tangent construction is applied to
estimate the fault concentration 35, 37), that is, the suzuki effect.
The stacking fault energy (sfe) of Fe-Mn alloys by thermodynamic treatment has been studied 38–42) and is shown in Fig.
16, where Mn decreases sfe at a lower concentration of Mn
but increases it with increasing Mn content. It is noted that
the magnetic contribution to sfe is important 35, 43, 44) since the
paramagnetic to anti-ferromagnetic transition occurs in the γ
phase, which results in the increase of sfe at higher Mn
concentration.

Fig. 17. Effect of alloying elements on To γ / ε temperature in Fe-17Mn
alloy.
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Fig. 18. Effect of alloying elements on the stacking fault energy of γ -iron.
(a) calculated and (b) observed.

6. SUMMARY
Phase equilibria between α (ferrite) and γ (austenite) in
the Fe-Mn based alloys were briefly reviewed, focusing on
the temperature dependence of the partial molar Gibbs energy
change of Mn between α and γ phases and the peculiar shape
of the γ -loop formed in the Fe-Mn-X (X: ferrite stabilizing
element). The characteristic features of α / γ equilibria of
Fe-Mn based alloys result in martensitic transformation from
the ferrite to the austenite phase observed in the Fe-Mn-al
and Fe-Mn-Ga systems. The origin of this unique transformation and the magnetic properties of these systems accompanied by martensitic transformation were also shown. The
thermodynamic database of the Fe-Mn based alloys,
including the elements of C, al, si and Cr developed by the
CaLPhad approach, was presented. The design of
high-strength, low-density alloys using this database was
presented.
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