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Abstract Phase transformations and phase stability in the

Fe-Cr-Co-20Mn (at.%) alloy system were investigated

using optical microscopy, transmission electron micro-

scopy, x-ray diffraction, and vibrating sample magnetom-

etry. Thermal-induced martensitic transformation from the

BCC a parent phase to the HCP e martensite phase was

observed in the samples with near 36Fe-24Cr-20Co-20Mn

compositions. Bainitic transformation from the a phase

occurred with aging. Although the a parent phase coexisted

with the e martensite phase in the as-quenched specimen

and transformation did not proceed with sub-zero treat-

ment, the e martensite was completely induced by cold

rolling. Furthermore, the FCC c phase was obtained by

heavy deformation. These results indicate that multiple

martensitic transformations from a to e and e to c occurred.
The c? e martensitic transformation was also observed for

48Fe-16Cr-16Co-20Mn. The phase stabilities of the a, e,
and c phases were similar. The calculated T0 lines suc-

cessfully predicted the a ? e martensitic transformation

when the e phase was more stable in the database. Ther-

modynamic analysis revealed that magnetic ordering in the

a phase affected the phase stability, resulting in the novel e
loop in addition to the conventional c loop.

Keywords CALPHAD � experimental study � phase
transformation � thermodynamic stability

1 Introduction

High entropy alloys (HEAs) [1, 2] have received significant

attention because of their potential good mechanical

properties from cryogenic to high temperatures [3-12] and

unique functional properties, including thermal and mag-

netic properties. [4, 5, 13] The original concept of HEAs is to

form a solid solution because of the large configurational

entropy in equiatomic or near-equiatomic solid-solution

alloys comprising five or more elements. [1, 2] Currently,

research on HEAs has expanded to non-equiatomic multi-

component alloys, [3, 5, 14, 15] in which alloys comprising

three or four elements are termed medium-entropy alloys,
[16] and alloys containing secondary phases which can play

a role in strengthening. [17-20]. Phase stability is a key issue

in HEAs. A thermodynamic database using the CALcula-

tion of PHAse Diagrams (CALPHAD) method has been

developed for the alloy design of HEAs. [21-24]

The equiatomic quinary 20Fe-20Cr-20Mn-20Ni-20Co

(at%) alloy, known as the Cantor alloy, [2] has a single FCC

solid solution and is one of the most popular HEA systems.

The Fe-Cr-Co system is a subsystem of Fe-Cr-Mn-Ni-Co. In

the Fe-Cr system, Cr stabilizes the a (BCC) phase, and in the

Fe-Co system, the c (FCC) solid solution phase exists from

Fe to Co at high temperatures, while a is stable at low

temperatures. [25] Magnetic ordering greatly affects the

phase stability in Fe and Fe alloys [26] and the a phase is
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stable at low (T \ A3) and high (T [ A4) temperatures.

Therefore, the c loop is formed when an a-stabilizing ele-

ment is added to Fe, including in the Fe-Cr system. The c
phase of Fe-Cr expands upon the addition of Co. The FCC

solid solution phase is stable in half of the isothermal section

of the Fe-Co-rich side at high temperatures, for example at

1300 �C in the Fe-Cr-Co system. Conversely, the BCC solid

solution occupies half of the Fe-Cr-rich side. [27, 28] A two-

phase region (FCC ? BCC) exists between them.

A number of phase transformations occur in the Fe-Cr-Co

system. Fe-Cr-Co alloys are permanent magnets with good

workability. Magnetic hardening is achieved by the fine

microstructure due to the phase separation to FeCo (B2) and

Cr (A2). [29-32] Another example is the Co-Fe-Cr Invar alloy
[33] where the coefficient of thermal expansion is low at the

composition of 54Co-37Fe-9Cr (mass%). Our preliminary

study showed that a and e phases coexist in the c phase

matrix. Although the phase stability of the e phase has not

been well determined compared to those of the a and c
phases in the Fe-Cr-Co system, Co-Cr alloys have a highMs

temperature of the c ? e martensitic transformation. [34] e is
not a stable phase at ambient pressure in Fe, but the c ? e
martensitic transformation occurs in the Fe-Mn system. The

phase stability of the e phase in a mixture of Co-Cr and Fe-

Mn is of interest from the viewpoint of thermodynamics. In

particular, reports on the phase transformation between a
and e phases at atmospheric pressure have been very limited

in transition metals, except for Ti, Zr, and Hf-based alloys.

From the information on the phase equilibria and phase

transformation in the binary and ternary systems, phase

transformations among the a, e, and c phases are expected

to occur in the Fe-Cr-Co-Mn system. In this study, the

phase transformation of the a phase in the Fe-Cr-Co-Mn

system was investigated.

2 Experimental and Analytical Procedures

The alloy compositions (at.%) of the Fe-Cr-Co-Mn qua-

ternary alloys are shown in Fig. 1 (20 at.% Mn, except for

one 10 at.% Mn alloy). In particular, detailed results will

be shown for 36Fe-24Cr-20Co-20Mn (Alloy A), 35.6Fe-

24Cr-20.4Co-20Mn (Alloy B), and 35.2Fe-24.8Cr-20Co-

20Mn (Alloy C). Ingots with an approximate diameter of

12 mm and a length of 30 mm were produced by induction

melting under an Ar atmosphere. They were hot rolled at

1300 �C to a thickness of 2 mm. Small pieces of specimens

were sealed in quartz tubes under vacuum and annealed at

1300 �C for 30 min, followed by quenching in water; the

annealing temperature and period were respectively

1300 �C and 24 h to determine the phase equilibria.

The microstructure was observed at room temperature

by optical microscopy after etching using hydrochloric acid

with a few drops of hydrogen peroxide solution. Trans-

mission electron microscopy (TEM) was also performed.

The TEM specimens were prepared by mechanical grind-

ing and twin-jet electro-polishing using a solution of 20%

perchloric acid and 80% ethanol. The equilibrium com-

positions were determined using electron probe micro-

analysis (EPMA). Phase identification was performed using

x-ray diffraction (XRD).

Some of the specimens were cold rolled to induce

martensite formation. To heavily deform the specimens,

they were cut into cubes (1 mm 9 1 mm 9 1 mm) and

converge-milled. [35] The small particles were rotated with

high-carbon chromium steel balls (JIS SUJ2/ASTM A295

52100: 8 mm/) at 600 rpm for 5 h under an Ar atmosphere

in a chamber, in which they were hurled toward a wall by a

guide vane and toward an impact area and crashed into the

wall. [35] This converge-milling process can apply heavy

deformation to a sample. [35]

Thermodynamic calculations were performed using

Thermo-Calc software [36] with the TCHEA2 database

(Thermo-Calc Software AB).

3 Results

3.1 Phase Equilibria

The phase equilibria of the three Fe-Cr-Co-20Mn alloys at

1300 �C were investigated. Figure 2 shows the back-
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Fig. 1 Isothermal section of the Fe-Cr-Co-20Mn system at 1300 �C.
Equilibrium compositions and investigated alloys are indicated. The

solid and dashed lines are phase boundaries based on the results of the

phase equilibria and calculation using the TCHEA2 database,

respectively. Vertical sections of 20Co, 24Cr, and 35Fe are depicted

in Figs. 12 and 14
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scattered electron (BSE) image of the a ? c two-phase

microstructure of the 37.6Fe-22.4Cr-20Co-20Mn alloy

annealed at 1300 �C for 24 h. Table 1 shows the chemical

compositions of the three alloys. Fe and Co are more

strongly concentrated in the c phase, while Cr segregates to
the a phase. Mn is almost equally partitioned into the a and

c phases. Therefore, the equilibrium compositions are

plotted in the isothermal diagram at the 20 at.% Mn section

at 1300 �C, as shown in Fig. 1, where the solid lines denote
the phase boundaries based on the experimental results of

the phase equilibria. The phase boundaries calculated using

the TCHEA2 database are denoted by dashed lines. The

a ? c two-phase region is wider than the experimentally

determined region by a few at.%, but the difference is

within a limited range. Similar to the Fe-Cr-Co ternary

system, the a and c solid solutions formed in the Cr-rich

and Cr-poor regions, respectively, in a wide composition

range, [27, 28] and the Gibbs energy of each phase crossed in

the middle. We investigated the phase transformation,

focusing on the composition range near the phase

boundaries.

3.2 c ? e Transformation

The phase transformation from the c single-phase region at

1300 �C (Fig. 2) was examined. Figure 3(a) depicts the

optical micrograph of the 48Fe-16Co-16Cr-20Mn alloy

quenched at 1300 �C, and its TEM bright-field image with

the selected area diffraction pattern (SADP) reveals e
martensite with stacking faults in the c matrix (Fig. 3(b)).

The orientation relationship is the Shoji-Nishiyama rela-

tionship: 111ð Þc== 0001ð Þe; �110½ �c== 11�20½ �e. It is well

known that Fe-Mn alloys exhibit a c ? e martensitic

transformation, and that the addition of Cr and Co slightly

decreases the martensitic transformation temperature in the

Fe-Mn-Cr [37, 38] and Fe-Mn-Co [39] ternary alloys. Co-Cr

alloys exhibit the same type of transformation, in which the

addition of Cr increases the martensitic transformation

temperature. [34] Moreover, the relative stability between

the c and e phases has been investigated in (60-x)Fe-30Mn-

10Cr-xCo (x = 0-12.5) quaternary alloys. [40] They show

that the c ? e martensitic transformation, and Ms increases

with increasing Co content. It has also been reported that

the 50Fe-30Mn-10Co-10Cr alloy has an e phase, resulting

in high strength and high ductility. [14] Our results reveal

that Fe-Mn-based alloys with lower Mn and higher Co and

Cr contents can exhibit the c ? e martensitic transforma-

tion, which might provide valuable information for the

alloy design of high-toughness HEAs.

3.3 a ? e Transformation

The phase transformation from the a-single-phase region at

1300 �C was examined. Figure 4(a) and (b) depicts the

optical micrographs of the 40.5Fe-27Cr-22.5Co-10Mn and

36Fe-24Cr-20Co-20Mn (Alloy A) alloys with the same

Fe:Cr:Co ratio (45:30:25) quenched at 1300 �C, respec-
tively. The 10Mn alloy (Fig. 4(a)) contained an a phase,

whereas plate products were observed in the 20Mn alloy

(Fig. 4(b)). Figure 4(c) exhibits a higher fraction of the

plate phase in the 35.6Fe-24Cr-20.4Co-20Mn alloy (Alloy

B) with a slightly higher Co content than Alloy A by

substituting Fe. The TEM bright-field image and corre-

sponding SADP of Alloy B are shown in Fig. 5. The plate

phase was identified as martensite containing a high den-

sity of stacking faults with the HCP structure (e phase)

transformed from the BCC a phase, exhibiting a Burgers

orientation relationship: 110ð Þa== 0002ð Þe; �111½ �a== 11�20½ �e.
Therefore, Fig. 4(a) and (b) infers that Mn stabilizes the e
phase and that the a ? e martensitic transformation occurs

during cooling in the Fe-Cr-Co-Mn system. Fig-

ure 4(d) shows the microstructure of the 35.2Fe-24.8Cr-

20Co-20Mn alloy (Alloy C) with a higher Cr content than

Alloy A by substituting Fe. The martensite phase was not

observed, but the a single phase was observed. Compared

to the martensitic transformation from the c parent to e in
the Fe-Mn and Co alloys, the transformation from the a
parent to e is very rare in any combination of the consti-

tuting elements.

This martensitic transformation is partial, and the

retained a-parent phase is observed. Therefore, Alloy B

was cooled by liquid nitrogen, and the microstructure was

observed. Surprisingly, the martensitic transformation did

not proceed by sub-zero cooling, as shown in Fig. 4(e) and

(f), which will be discussed in Sect. 4.
50 μm

Fig. 2 BSE image of 37.6Fe-22.4Cr-20Co-20Mn alloy annealed at

1300 �C for 24 h
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The results for the martensitic transformation are indi-

cated by different symbols in Fig. 1. It is inferred that Co

stabilizes the e phase, but Cr destabilizes the e phase rel-

ative to the a phase. The relative stabilities of the a and e
phases in Fe have been reported as follows: [41] Mn

strongly stabilizes the e phase, and Cr is also an e-stabi-
lizing element in Fe, while Co is an a-stabilizing element.

The results in the present study are different from those for

Fe. However, the Fe-Cr-Co-Mn alloys are multi-

component, and thus we need to consider the interactions

in many kinds of atom pairs, as well as the change in the

surface of reference for Gibbs energy and configurational

entropy, which is not so simple. Therefore, the phase sta-

bility between the a and e phases was analyzed using the

CALPHAD method and will be discussed in Sect. 4.

3.4 Bainitic Transformation

The Fe-24Cr-20Mn-20Mn alloy (Alloy A) was aged at

200 �C, 300 �C, and 400 �C for 24 h; the optical micro-

graphs are shown in Fig. 6. This alloy exhibits the a ? e
martensitic transformation shown as thick white plates in

Figs. 4(b) and 6(a), and thin plates are observed after aging

at 200 �C in the matrix in Fig. 6(a). The fraction of the thin

plates increased with increasing aging temperature

(Fig. 6(a)-(c)), and the hardness increased from *250 HV

to 400 HV by increasing the aging temperature from 200 to

400 �C (Fig. 6(d)). This is not a feature of martensite, and

we further investigated this phase using TEM. The optical

micrograph and TEM bright-field image with SADP of as-

quenched 34.4Fe-24.8Cr-20.8Co-20Mn are shown in

Fig. 7(a) and (b), respectively. Similar thin plates, in

addition to the thick martensite plates, are observed in

Fig. 7(a). As shown in Fig. 7(b), the width of the plate is

approximately 250 nm, which is considerably thinner than

that of e martensite, and it contains defects. The SADP

indicates that this plate has a 6M structure. Based on the

morphology, aging-induced transformation, and hardening,

thin plates are presumably obtained by a bainitic transfor-

mation. The microstructure and crystal structure are similar

to those in the early stage bainite (6M, 9R) in Cu-Zn and

Cu-Al-Mn alloys. [42-48]

3.5 a ? e? c Transformations

Cold rolling was applied to 35.6Fe-24Cr-20.4Co-20Mn

(Alloy B) to further induce the e martensite phase. The

XRD results show that the as-quenched specimen has e
martensite with a retained a parent phase (Fig. 8(a)), which

is consistent with Fig. 5. Further, an almost full e
martensite phase was obtained after 50% cold rolling

200μm

200nm

000

0002ε
111γ

200γ

1100ε

1101ε

(a)

(b)

111γ

Fig. 3 (a) Optical micrograph of e martensite transformed from the c
phase. (b) TEM bright-field image with selected area diffraction

pattern of the 48Fe-16Cr-16Co-20Mn alloy. The incident beam

direction is �110½ �c and 11�20½ �e

Table 1 Equilibrium

compositions between a and c
phases in Fe-Cr-Co-Mn alloys

at 1300 �C

Nominal alloy composition, at.% Equilibrium composition, at.%

a (BCC) c (FCC)

Fe Cr Co Mn Fe Cr Co Mn

Fe-20Cr-20Co-20Mn 39.5 22.0 19.1 19.4 40.7 18.8 21.1 19.4

Fe-22.4Cr-20Cr-20Mn 37.4 23.1 19.9 19.6 38.4 20.0 22.0 19.6

Fe-24Cr-21.6Co-20Mn 34.2 24.6 21.6 19.6 35.3 21.2 23.9 19.6
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(Fig. 8(b)). Therefore, it can be concluded that the a ? e
martensitic transformation was induced by cold rolling.

Heavy deformation was applied to Alloy B by converge-

milling. The XRD profiles before and after converge-mil-

ling are shown in Fig. 8(c) and (d), respectively. The as-

quenched particles have a and e phases, similar to Fig. 8(a),

but the fraction of the e phase is drastically decreased and

the c phase is induced by converge-milling. This result

indicates that both the a ? e and e ? c transformations

were induced by heavy deformation, which is probably a

martensitic transformation. These results showed that

multiple martensitic transformations of a? e by cooling or
deformation and e ? c by deformation occurred in this

system. Interestingly, the present alloy exhibits a path the

opposite to that of the c ? e ? a0 (BCC) martensitic

transformations in Fe-Cr-Ni [49-52] and Fe-Mn [53-55] alloys.

The lattice parameters of the a, e, and c phases were

determined by XRD experiments and are listed in Table 2.

The volume change from a to e is - 2.39%, whereas that

from e to c is close to zero.

Magnetization was measured at room temperature and

the results are shown in Fig. 9. The as-quenched sample

with the a parent and e martensite phases showed high

magnetization of * 100 emu/g. However, the magnetiza-

tion reduced to approximately 20 emu/g in the e martensite

phase induced by 50% cold rolling. The c martensite phase

induced by converge-milling with a smaller amount of

retained e and a phases also exhibited a lower magneti-

zation of * 30 emu/g. The magnetic phase diagrams of

BCC (80-x)Cr-20Fe-xMn and (75-x)Cr-25Fe-xMn have

been reported, and these alloys were ferromagnetic, anti-

ferromagnetic, or spin glass depending on the composition

and temperature. [56, 57] The Curie temperature increased to

200μm 200μm

200μm 100μm

Martensite

200μm

after sub-zerobefore sub-zero

(a) (b)

(c) (d)

(e) (f) 

Fig. 4 Optical micrographs of

(a) 40.5Fe-27Cr-22.5Co-10Mn,

(b) 36Fe-24Cr-20Co-20Mn

(Alloy A), (c) 35.6Fe-24Cr-

20.4Co-20Mn (Alloy B), and

(d) 35.2Fe-24.8Cr-20Co-20Mn

(Alloy C) alloys annealed at

1300 �C for 30 min. Optical

micrographs of Alloy B

(e) before and (f) after sub-zero

treatment using liquid nitrogen
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approximately - 70 �C upon increasing the Fe content to

25%. In the present study, the a phase was ferromagnetic at

room temperature, which was due to the higher Fe content.

Magnetism can affect phase stability, as discussed in the

next section.

4 Discussion

Here, the martensitic phase transformation is discussed

based on the Gibbs energy of each phase. The calculated

Gibbs energy difference, DGa=u
m ¼ Gu

m � Ga
m (u: e or c) in

Fe-24Cr-20Co-20Mn (Alloy A) is illustrated in Fig. 10 as a

function of the temperature. The calculated Gibbs energy

curves of the a, e, and c phases at temperatures between

200 and 1300 �C in the Fe-Cr-20Co-20Mn section are

shown in Fig. 11. First, the phase stability between the a

and e phases is discussed. Figure 10 shows that DGa=e
m

remained positive over the entire temperature range, indi-

cating that the a phase is more stable than the e phase.

However, Figs. 4 and 5 show that the experiments in this

study revealed the a ? e transformation on cooling. Fur-

thermore, the c ? e transformation in the 48Fe-16Co-

16Cr-20Mn alloy could not be explained by the calculation.

These contradictions are resolved by the stabilization of e

40nm

(a)

(b)

000

110α
0002ε

101α
1101ε

(c)

α
ε

Fig. 5 (a) TEM bright-field image of e martensite, (b) selected area

diffraction pattern, and (c) its key diagram of 35.6Fe-24Cr-20.4Co-

20Mn (Alloy B). The incident beam directions are �111½ �a and 11�20½ �e
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Fig. 6 Optical micrographs of

36Fe-24Cr-20Co-20Mn (Alloy

A) aged at (a) 200 �C,
(b) 300 �C, and (c) 400 �C for

24 h. (d) Vickers hardness

against aging temperature in

Alloy A aged for 24 h
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by 1 kJ/mol independent of temperature (denoted as

Ge �1kð Þ
m ) in the calculation. The e phase becomes more

stable at temperatures between 94 and 575 �C, which are

T
a=e �1kð Þ
0 points. In the isoplethal section of Fe-Cr-20Co-

20Mn in Fig. 11, the T
a=e �1kð Þ
0 points are indicated by filled

circles. Although Ge
m is higher than Ga

m at any Cr content at

200-1300 �C, Ge �1kð Þ
m intersects with Ga

m at 600 �C and

lower temperatures; thus, T
a=e �1kð Þ
0 exists. The T

a=e
0 and

T
a=e �1kð Þ
0 lines are illustrated in the same Fe-Cr-20Co-20Mn

section in Fig. 12(a) and (b), respectively. In Fig. 12(a), the

24Cr alloy does not cross the T
a=e
0 line, which disagrees

with the experimental result of the a ? e martensitic

transformation, and T
a=e
0 is only observed at high Cr con-

tents. In contrast, Fig. 12(b) shows that the T
a=e �1kð Þ
0 the

24Cr alloy occurs at 575 �C, and the c ? e martensitic

transformation seems to occur as shown in the T
c=e �1kð Þ
0

line, unlike the T
c=e
0 line. Therefore, the e phase should be

more stable than the thermodynamic parameters assessed

in TCHEA2.

As shown in Fig. 10, the e phase stabilized by 1 kJ/mol

is more stable than the a phase at temperatures lower than

575 �C and the a phase appears to be stabilized again by

further cooling, crossing Ge �1kð Þ
m =0 at 94 �C. In the vertical

section diagram of Fig. 12(b), the dependence of the

T
a=e �1kð Þ
0 line on the Cr content is weak, being almost

constant at approximately 600 �C, while the T
a=e �1kð Þ
0 line

abruptly bends around 15Cr and 450 �C. This peculiar

behavior is discussed next.

As shown in Fig. 10, the c phase becomes more

stable relative to the a phase at 1148 �C during cooling,

suggesting the possibility of martensitic transformation

from a to c. However, c martensite was not observed in

24Cr (Alloy A) in the experiments. Therefore, this pre-

diction from the thermodynamic calculation might be

incorrect because of the lack of accuracy in the Gibbs

energy of the a and/or c phases. Another possible reason is

the increase in DGa=c
m upon further cooling. Martensitic

transformation can be induced when the chemical Gibbs

energy difference overcomes the non-chemical contribu-

tion below the T0 temperature, including plastic deforma-

tion, elastic strain, and interface. The DGa=c
m obtained by

cooling may be insufficient because of the increase in Ga=c
m

upon cooling in this alloy. This behavior is caused by the

magnetic transition of the a phase. The calculated Curie

temperature Ta
C is 326 �C, which is consistent with the

100nm

000

006 113

100μm

(a)

(b)

Fig. 7 Microstructure of as-quenched 34.4Fe-24.8Cr-20.8Co-20Mn:

(a) optical micrograph, and (b) bright-field image with selected area

diffraction pattern. The incident beam direction is 1�10½ �6M
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quenched sheet, (b) 50% cold-rolled sheet, (c) as-quenched particles,

and (d) converge-milled particles.
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ferromagnetic feature in the magnetization curve of the

quenched sample at room temperature, as shown in Fig. 9.

The magnetic ordering reduces the entropy Sam on cooling

from the paramagnetic reference state at high temperatures.

Thus, DSa=cm ¼ Scm � Sam increases, resulting in the stabi-

lization of the a phase upon cooling. The a phase is even

more stable than the c phase at temperatures below 277 �C,
as shown in Fig. 10. The effect of magnetism of the a phase
is shown in Fig. 13(a) and (c), where the Gibbs energy of

the a phase is expressed as Ga
total ¼ Ga

nonmag þ Ga
mag. The

magnetic transition on the phase stability of Fe and Fe

alloys exhibits a similar effect. [26, 58-61]
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Table 2 Lattice parameters of

a, e, and c phases in 35.6Fe-

24Cr-20.4Co-20Mn (Alloy B)

Condition Phase Lattice parameter, nm Volume change DV, %

a c c/a

As-Quenched a (BCC) 0.2882

As-Quenched e (HCP) 0.2555 0.4133 1.618 - 2.39 (a ? e)

Converge Milled c (FCC) 0.3603 0.0887 (e ? c)
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The T
a=c
0 points of 24Cr are 1148 �C and 277 �C, as

shown in Fig. 10. In the isoplethal section of Fe-Cr-20Co-

20Mn in Fig. 11, the T
a=c
0 points are shown by triangles.

The Ta
C line in this section (Fig. 12) decreases with

increasing Cr content. The Cr content at which Ta
C is

400 �C is 18.7%. At 400 �C (Fig. 11), Ga
m is noticeably

lowered at Cr contents lower than approximately 20%. This

is caused by magnetic ordering, as discussed above and

shown in Fig. 13(d). Since Ta
C decreases with increasing Cr

content, a similar behavior can be observed from a higher

Cr content at a lower temperature of 200 �C. The decrease
in Gibbs energy in the ferromagnetic state results in a

miscibility gap between the ferromagnetic and paramag-

netic states, termed Nishizawa Horn, [32, 62, 63] which is

observed in the present Fe-Cr-Co-Mn system.

The T
a=c
0 , T

a=e
0 , T

a=e �1kð Þ
0 , and T

c=e
0 lines are illustrated in

the vertical section at Fe-Cr-20Co-20Mn of the calculated

phase diagram in Fig. 12. The phase stabilities of the a,
e(- 1k), and c phases are close to each other near 36Fe-

24Cr-20Co-20Mn; therefore, martensitic transformations

can reasonably easily occur. The bainite formed at

200-400 �C has a 6M structure (Fig. 7), which is a mixture

of the FCC and HCP stacking of the close-packed plane.
[64] This fact may support the close stability of FCC–c and
HCP–e in this composition and temperature region.

The T
a=c
0 line shows a loop in Fig. 12 because of the

magnetic effect, and stabilization of the a phase is observed
below the Ta

C temperature. This is similar to the c loop in

Fe alloys (e.g., the Fe-Cr system). [63, 65] Notably, one can

also find a loop of T
a=e �1kð Þ
0 , that is the e loop. The origin of

the e loop is the same as that of the c loop, namely the

magnetic ordering in the a phase, as shown in

Fig. 13(b) and (c). The e loop indicates that, unlike usual

martensitic transformations, the a parent phase is stabilized

by cooling instead of increasing the driving force for the a
? e martensitic transformation. This type of reentrant

martensitic transformation has been observed in Co-based

Heusler alloys. [66-68] Notably, e martensite is partially

induced by water quenching and the martensitic transfor-

mation does not occur by further cooling using liquid

nitrogen in this system, as confirmed in Fig. 4(e) and (f),

although aging at 200-400 �C induces bainite. These

experimental results support the existence of an e loop. The
direction of the e loop is opposite because the state in

which the e phase is more stable than the a phase exists on

the Cr-rich side. This novel e loop confirms the universal

effect of magnetic ordering on the phase stability.

Finally, the T0 lines in the other sections are discussed.

The experimental results in Fig. 4(a)-(c) and summarized

in Fig. 1 imply that Cr stabilizes the a phase relative to the

e phase in the iso-Co (i.e., Fe/Cr substitution) and iso-Fe

(i.e., Co/Cr substitution) sections, and that Co stabilizes the

e phase relative to the a phase in the iso-Cr (i.e., Fe/Co

substitution) section, where Mn is constant. The T
a=e
0 line

exhibits weak dependence on Cr content in the iso-Co

section in Fig. 12, which does not correlate with the rela-

tive phase stability suggested by the experiments. The T
a=e
0

lines in the iso-Cr (24Cr) and iso-Fe (35Fe) sections are

shown in Fig. 14. The trends for the relative a/e phase

stability depending on Co and Cr content in the calcula-

tions are consistent with those in the experiments. In these

sections, the T0 lines are influenced so that the ferromag-

netic a phase is stabilized and e loops with different shapes,

as well as c loops, are observed. The impact of magnetism

was clearly observed.

5 Summary

The phase transformations and phase stability of the Fe-Cr-

Co-Mn system were investigated through experiments and

calculations. The phase transformation from the a phase

with the BCC structure was examined around the 36Fe-

24Cr-20Co-20Mn composition. Fe-Cr-Co-Mn alloys

exhibited thermal martensitic transformation from the a
phase to the e phase with the HCP structure. The retained a
parent phase was transformed to the e phase by cold rolling,
and the FCC-structured c phase was induced by heavy

deformation via converge-milling, implying the e ? c
martensitic transformation. Therefore, it can be concluded

that multiple martensitic transformations a ? e and e ? c
can occur in this system. The c ? e martensitic transfor-

mation was also observed for 48Fe-16Cr-16Co-20Mn.

These phase transformations can be utilized to enhance the

mechanical properties of HEAs.

The Gibbs energy and T0 lines were calculated to predict

the martensitic transformation, and the phase stabilities of

the a, e, and c phases were similar in this composition

range. More specifically, the experimental results suggest

that the e phase is more stable than that assessed in the

current database of the Fe-Cr-Co-Mn system. The ther-

modynamic calculation revealed that ferromagnetic order-

ing in the a phase affects the relative phase stability,

resulting in the e loop in addition to the conventional c
loop. The predicted relative phase stability of a/e (or e
loop) was supported by the experimental results, which

revealed that the a ? 6M bainitic transformation occurred

by aging at 200-400 �C and a ? e martensitic
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transformation did not proceed by sub-zero treatment using

liquid nitrogen.
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