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Phase Equilibria in Fe-Mn-Al-C Alloys
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Phaseconstitutions of Fe-(20-30)wt"/•Mn-(0-10)wt"I•Al-C alloys have been investigated by electron probe micro-

analysis and transmission electron microscopy. The phase relations between austenite and perovskite carbide, (Fe,

Mn)3AICin the temperature range of 900-1 200'C have been carefully examined. An L12-type ordered structure, which

wasreported to be formed in rapidly solidified alloys as a metastable phase has not beendetected in specimensaged at

temperatures above 600'C.
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1. Introduction

There is currently great interest in studying prop-
erties of the Fe-Mn-A1-Calloys with the aim of
practical applications to an austenitic stainless steel

without Ni and Cr,1,2) cryogenic materials3~6) and
magnetic alloys.7) Furthermore, it has been reported
that high strength materials were obtained by rapid
solidification of the Fe-Al-C base alloys, and that this

high strength was mainly due to the formation of ?"

phase with L12 structure.8,9) However, there have
beenconflicting results on the existence of the r' phase
not only in rapidly quenchedspecimens but also in

bulk specimens. The formation of the T' Phase has
been affirmed by experiments on Fe-Al-Cro-12), Fe-
Ni-A1-C8,9,18) and Fe-Mn-Al-C8,9,14) alloys, while
such occurrence was denied by works on Fe-Al-
C15,16), Fe-Ni-Al-C17,18) and Fe-Mn-AI-C19-21) al-

10ys. It is probable that the similarity of electron
diffraction patterns from both the perovskite carbide
(Fe3AIC; x) and the r' phase caused such confusion.
In the present work, the phase equilibria amongT, T'

and /~ phases in Fe-(20-30)wto/oMn-(0-10)wto/oAl-C
alloys between 900 and 1200'C were studied by
meansof electron probe microanalysis and TEMob-
servation with a view to contributing to the develop-

mentof a promising material.

2. Experimental Procedure

Fe-20wto/oMnA1-Cand Fe30wto/oMn-A1-Cal-

Ioys were madeof electrolytic iron (99.95 olo)' elec-

trolytic manganese(99.99 olo)' Pure aluminium (99.99
o/o) and graphite by induction melting under an argon
atmosphere. They were cut into small pieces and
equilibrated at fixed temperatures between 900 and
l 200'C for 14-210 h.

After examining the microstructure by optical mi-

croscope, the composition of each phase in the two-
phase specimens was determined by electron probe
microanalyzer (EPMA)using a LiF, an ADPand a

Pb stearate crystal for MnKa, A1Kaand CK(~ radi-
ations, respectively. Theaccelerating voltage for the
electron beamand the sample current were kept at
20 kVand 50 nA, respectively. The take-off angle of
the spectrometer was 52.5'. The relative intensities

were converted to weight fractions, taking corrections

on the atomic number, absorption and fluorescence
effects into account.

Transmission electron microscopy wasperformed at
200 kV, where the thin foil specimens were prepared
by electropolishing in a mixture of 200gchromic acid
and 200g phosphoric acid after annealing at 600-
l 100'C.

3. Results andDiscussion

3. 1. PhaseEquilibria

Themicrostructures ofspecimens annealed between
900 and 1200'C were observed by optical microscope.
Fig. I is a typical structure of Fe-30Mn-12Al-1.9C
alloy annealed at I OOO'Cfor 98 h, showing the
Widmanstatten pattern of austenite (?') and perovskite
carbide (~:), which have been reported to be stable
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Fig, l. Optical micrograph for Fe-30Mn-12All.9C alloy

annealed at I OOO'C,showing parallel lamellae of r
and '~' - *1~
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phases at higher temperatures.21) The equilibrium
compositions of each phase in Fe-20Mn-A1-Cand
Fe-30Mn-Al-C alloys are given in Tables I and 2,

respectively. In these tables, ferrite, austenite, ce-
mentite and carbide with the perovskite structure are
designated as cr, T, M3Cand /C, respectively. It can
be seen that the ~ phase appears in alloys with high
levels of A1 and Cand that the equilibrium composi-
tions of Mnin the r and ,c phases are not so different

from each other. Therefore, the phase constitutions
of Fe-20Mn-A1-Cand Fe-30Mn-Al-C alloys are
given in two-dimensional figures as Figs. 2 and 3,

assuming that the concentrations of Mnin the Tand
'~ phases are equal. The stable r region in the Fe-
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AljC=3.5/1. The '~lr+h~ phase boundaries for both
the Fe-20Mnand Fe-30Mnbase alloys are consistent

and have a tendency to retrogression, which is similar

to the r'ir+r' phase boundary in the Ni-AI system.22)

Since the perovskite structure is one of the highly
ordered fcc phases, the phase equilibrium between T
and /c phases is regarded as a miscibility gap due to

ordering in the fcc phase. This can be supported by
the fact that the modulated structure wasobserved in

specimens of decomposedr phase.23,24) The present
results on phase relationship given in Figs. 2 to 5
would be useful for desit)crning and understanding of

the microstructure in Fe-Mn-Al-C alloys.

3. 2. Transmission Eleciron Microscopy

TEMobservations were madeon Fe-30Mn-(8
11)AI 12Calloys annealed between600 and 1100'C.
Fig. 6(a) showsa microstructure annealed at I OOO'C
for 150 hand quenchedinto water. Themodulated-
like structure was obtained and a similar structure

=
02H:m

(C)

was also observed in the specimen quenched from
l 100'C. Fig. 6(b) shows the diffraction pattern,
which reveals the extra spots between the fundamental
reflections. Furthermore, the fundamental reflections

exhibit a streaking in the [OIO] direction as shownby
the arrow in Fig. 6(b) and the absence of streaks in

the superlattice reflections is recognized. The length
and direction of the streaks depend on the order of
reflection. The dark field image taken from (OIO)
superlattice reflection is shown in Fig. 6(c). Very
fine domains are seen within the matrix. A11 speci-

mens showing the modulated-Iike structure in the
bright field image exhibit the samestructure in the
dark field image as shownin Fig. 6(c). Onthe basis

of this and the streaks of the diffraction spots as shown
in Fig. 6(b), it was concluded that the streaks arose
from the elastic distortion of the matrix due to the
coherent precipitation of the second phase. Fig. 7(a)

showsan electron micrograph of a specimenwith the

r+h~ two-phase structure obtained by annealing at

900'C for 240 h. The diffraction patterns for the

matrix Tand /~ phases are shovvn in Figs. 7(b) and

(b)

05~m

(a) Bright field micrograph
(b) Diffract:ion pattern having a [100] zone
(c) Dark ficld micrograph from (OIO) superlattice

reflcction

Fig. 6. Electron micrographs and difrraction pattern for

Fe30Mn-IO.5AI- I . 2C alloy quenchcd fi'om

l OOO'C.

Fig. 7.

(a) Bright field micrograph
(b) Difrraction pattcrn taken rrom matrix
(c) Diffraction pattern taken from 'i phase

Electron micrograph and diffraction patterns for

Fe-30Mn-1IAl-1 .2C_~lloj~ quenchedft'om 900'C.

684



ISIJ International. Vol. 30

7(c), respectively. The misflt dislocations are ob-
served at the interphase boundary between the r and
/~- phases. The intensity of superlattice reflection from
the matrix in Fig. 7(b) is very weak in comparison
with that in Fig. 6(b). The electron micrograph of
Fe-30Mn-8A1-1.2Calloy quenched from 800'C is

shownin Fig. 8(a), where the rectangular features are
identified as the /c phase according to the electron
diffraction pattern. The moir~ fringe is visible be-
tween the matrix r and ~c phases. Fig. 8(b) is the
diffraction pattern from the matrix, where the super-
lattice extra reflections are not observed. The dif-

fraction patterns for specimens quenched from 700
and 600'C also revealed that the matrix phase is of
disorded structure. The superlattice reflections were
observed only for the specimens quenched from the
temperatures above 900'C. Since the diffraction pat-
terns for the T' Phasewith the Llz structure and the
perovskite ,c phase are very similar, it is necessary to
carefully compare the intensities of diffraction spots
from each phase. The structure factor for the T'

phase with randomly distributed carbon atoms is

simply given by F,,ki-fA1~fl"'/hl"' where fAI is the
atomic scattering amplitude for A1 atoms andfF./~I~
is that for Fe or Mnatoms corrected according to
their fraction. On the other hand, the structure
factor for the ~~ phase can be written as

F/'ht = ~f,, exp 2?Ti(hx,, +ky~+1z,,)

=
(1 lfAI +f exp 21Ti~~h+kFc/hl ~ 2 2

(1 1~ I l )J
+ex 21Ti -k+-1 +ex 21Ti -h+-lp 2 2) p 2 2

1 1 1+fcexp 21Ti -h+-k+-l2 2 2
Since the numerical order of these atomic scattering
amplitudes are fF./~l">fAl>fc, IFh,kl is more intense
in the case where h+k+1is odd than whenh+k+1is

even. Taking the carbon content of the /~ phase
given in Table 2 into account, the structure factors
for (100) and (1 10) reflections are calculated as listed
in Table 3. The actual intensity of (lOO) spot for
the /~ phase is also muchstronger than that of (110)
reflection as shownin Fig. 7(c), being in good agree-
ment with the expected intensity ratio. This fact

supports that the phase in equilibrium with r matrix
shown in Figs. 1, 6(a), 7(a) and 8(a) is ~ carbide.
Theobserved superlattice reflections such as Fig. 6(b)
also showthat the intensity of (lOO) reflection is much
stronger than that of (110) spot. All these results

support the conclusion that the observed extra reflec-
tions are due to the presence of the /c phaserather than
T' Phase, and are consistent with the observations on
the rapidly solidified Fe-Mn-Al-C alloys.8,9,14) More-
over, the specimens quenched from the single phase
region of austenite at I OOOand 1100'C exhibit fer-

romagnetic. This fact also supports the precipitation
of ferromagnetic ~~ phase during cooling. Therefore,
it is concluded that the superlattice reflections taken
from the specimens quenchedfrom the temperatures

(1990), No. 8

,(

02~m
(b)

Fig. 8.

Table

r

(a) Bright field micrograph
(b) Diffraction pattern taken from matrix

Electron micrograph and diffraction pattern for

Fe-30Mn-8Al-1.2C quenchedfrom 800"C.

3. Calculated structure factors for (IOO) and
(llO) superlattice reflections from r! and Jr

phases.

Floo

1.
26

3.13

lF1
Io

l .25

O.
35

IF 2
100

IF110 2

1
81

.
02

.7

above900'C are from the precipitation of the " phase
during cooling.

4. Conclusion

The phase constitutions of Fe-(2030)Mn-Al-C
alloys were studied by EPMAand TEM. The re-
sults obtained were as follows.

(1) The phase relationships among(r, ?' and Is

phases were established between 900 and 1200'C.
The /c phase with perovskite structure was formed in
the high AI and high Cregions,

(2) The stable region of austenite in Fe-30Mn-
A1Calloys was more extended than that in Fe
20Mn-A1-Calloys.

(3) The /c/?'+/~ phase boundaries exhibit a retro-
grade shape.

(4) A modulated-like structure I~ras seen in Fe-
30Mn-(8-11)A11 .2C alloys quenchedfrom I OOOand
1100'C. - -1~
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(5) Superlattice reflections were observed in speci-

mensquenchedfrom the temperatures above 900'C,
while no extra spots were conflrmed for quenching
after annealing at 800, 700 and 600'C.

(6) Theobserved superlattice reflections were due
to the precipitation of,: phase during cooling.

(7) The existence of the f phase with L12 struc-
ture wasnot verified in bulk Fe-Mn~1-Calloys.
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