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Phase transformations in an Fe–8Al–30Mn–1.5Si–1.5C alloy
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Abstract

The phase transformations in an Fe–8Al–30Mn–1.5Si–1.5C alloy has been investigated by means of transmission electron microscopy. In
the as-quenched condition, the microstructure of the alloy was austenite phase containing fine (Fe,Mn)3AlC carbides. The fine (Fe,Mn)3AlC
carbides were formed during quenching by a spinodal decomposition. When the as-quenched alloy was aged at temperatures ranging from
550 to 1000◦C, the phase transformation sequence as the aging temperature increased was found to be (Fe,Mn)3AlC carbide+ D03 →
(Fe, Mn)3AlC carbide+B2 → (Fe, Mn)3AlC carbide+α → γ . This transformation has never before been observed in the Fe–Al–Mn–C
and Fe–Al–Mn–Si–C alloys. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phase transformations in the Fe–Al–Mn–C alloys, pre-
pared by conventional casting process or by rapid solid-
ification process, have been extensively studied by many
workers [1–16]. These studies have shown that in the
as-quenched or in the as-solidified condition, the microstruc-
ture of the alloy with a chemical composition in the range
of Fe-(8–11) wt.% Al-(28–35) wt.% Mn-(0.8–1.6) wt.% C
was single-phase austenite (g). After being aged at tem-
peratures ranging from 500 to 750◦C, the (Fe,Mn)3AlC
carbides having an L′12-type structure started to precipi-
tate not only within the austenite matrix but also on the
γ /γ grain boundaries. For convenience, thek′-carbide and
k-carbide were used to represent the (Fe,Mn)3AlC carbide
formed within the austenite matrix and on theγ /γ grain
boundaries, respectively [6]. After prolonged aging within
this temperature range, thek-carbide grew into the adja-
cent austenite grains through aγ → α (ferrite) + κ-carbide
reaction, or aγ → α + κ-carbide+β-Mn reaction [5,6,15].

In order to improve the high-temperature oxidation
resistance and strength, silicon has been added to the
Fe–Al–Mn–C alloys [2,17–21]. Based on their studies, it
can be generally concluded that the silicon addition does
achieve these results. In addition, the effects of silicon on the
microstructures of the Fe–Al–Mn–C alloys have also been
examined principally by either optical microscopy or scan-
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ning electron microscopy [2,22,23]. It was proposed that the
addition of silicon would enhance the formation of the ferrite
phase in the Fe–Al–Mn–C alloys. Recently, we performed
transmission electron microscopy observations on the
phase transformations in Fe–7.8Al–29.5Mn–1.5Si–1.05C
and Fe–9.8Al–28.6Mn–0.8Si–1.0C alloys [25–27]. Conse-
quently, we found that when the alloys were aged at tem-
peratures ranging from 550 to 850◦C, both of the D03 and
B2 phases could be observed and no evidence of the ferrite
phase could be detected. This result is quite different from
that observed by other workers in the Fe–Al–Mn–Si–C
alloys [2,22,23]. However, up to date, all of the exami-
nations were focused on the Fe–Al–Mn–Si–C alloy with
C ≤ 1 wt.%. Little information was available concerning
the microstructural development of the Fe–Al–Mn–Si–C
alloys containing higher carbon. Therefore, the purpose of
this work is an attempt to study the phase transformations
in an Fe–8Al–30Mn–1.5Si–1.5C alloy.

2. Experimental procedure

The alloy examined in the present study was prepared in
a vacuum induction furnace by using 99.5% iron, 99.7%
aluminum, 99.9% manganese, ferrosilicon, and pure car-
bon powder. After being homogenized at 1250◦C for 12 h
under a controlled protective argon atmosphere, the ingot
was hot-forged and then cold-rolled to a final thickness of
2.0 mm. The sheet was subsequently solution heat-treated at
1100◦C for 2 h and rapidly quenched into room-temperature
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water. Aging processes were carefully performed at tem-
peratures ranging from 550 to 1000◦C for various times in
a muffle furnace under a controlled protective argon atmo-
sphere and then quenched.

Electron microscopy specimens were prepared by means
of a double-jet electropolisher with an electrolyte of
60% acetic acid, 30% ethanol, and 10% perchloric acid.
Electron microscopy was performed on a JEOL-2000FX
scanning transmission electron microscope operating at
200 kV. This microscope was equipped with a link ISIS 300
energy-dispersive X-ray spectrometer (EDS) for chemical
analysis. Quantitative analyses of elemental concentra-
tions for Fe, Al, Mn and Si were made with the aid of a
Cliff-Lorimer ratio thin section method.

3. Results and discussion

Fig. 1(a) shows an optical micrograph of the as-quenched
alloy, exhibiting austenite grains with annealing twins.
Fig. 1(b) is a bright-field (BF) electron micrograph of the
as-quenched alloy, revealing that a high density of fine

Fig. 1. Micrographs of the as-quenched alloy: (a) an optical micrograph; (b)–(d) electron micrographs, (b) BF, (c) an SADP (the foil normal is [0 0 1],
hkl = austenite matrix,hkl = κ ′-carbide), and (d) (0 1 0)k′-carbide DF.

precipitates with a modulated structure was formed within
the austenite matrix. Fig. 1(c), a selected-area diffraction
pattern (SADP) taken from a mixed region covering the
austenite matrix and fine precipitates, indicates that the fine
precipitates are (Fe,Mn)3AlC carbides (k′-carbides) having
an L′12-type structure [3,11,24–26]. In Fig. 1(c), it is also
seen that satellites lying along〈0 0 1〉 reciprocal lattice di-
rections about the (2 0 0) and (2 2 0) reflections could be ob-
served. The existence of the satellites demonstrates that the
fine k′-carbides were formed during quenching by a spin-
odal decomposition [24,25]. Fig. 1(d) is a (0 1 0)k′-carbide
dark-field (DF) electron micrograph of the as-quenched
alloy, clearly showing the presence of the finek′-carbides.
On the basis of the above observations, it is concluded that
the as-quenched microstructure of the present alloy was
austenite phase containing finek′-carbides.

When the as-quenched alloy was aged at 550◦C for less
than 6 h, the finek′-carbides existing within the austen-
ite matrix grew and no grain boundary precipitates could
be observed. A typical microstructure is shown in Fig. 2.
However, two kinds of precipitates started to appear on the
grain boundaries when the alloy was aged at 550◦C for
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Fig. 2. BF electron micrograph of the alloy aged at 550◦C for 6 h.

a time period longer than 12 h, as illustrated in Fig. 3(a).
Electron diffraction analyses showed that the two kinds of
precipitates were of D03 phase and (Fe,Mn)3AlC carbide
(k-carbide) with lattice parametersaD03 = 0.586 nm and
aκ-carbide = 0.375 nm, respectively. Fig. 3(b), an SADP
taken from an area covering thek-carbide marked as “k” in
Fig. 3(a) and its surrounding D03 phase, indicates that the
orientation relationship between thek-carbide and the D03
phase is [0 0 1]κ//[0 1 1]D03 and (11̄ 0)κ//(11̄ 1)D03. This
result indicates that the precipitation of (κ-carbide+ D03
phase) has occurred on the grain boundaries. By increasing
the aging time at the same temperature, the precipitation of
(κ-carbide+ D03 phase) would proceed toward the inside
of the austenite grains, as illustrated in Fig. 4. Fig. 4(a) is a
BF electron micrograph of the alloy aged at 550◦C for 30 h,
revealing that the precipitation of (κ-carbide+ D03 phase)
has a lamellar structure. Fig. 4(b), an SADP taken from the
plate-like precipitate marked as “D” in Fig. 4(a), shows that
the crystal structure of the precipitate was also D03 phase.
Fig. 4(c), a(11̄ 1) D03 DF electron micrograph of the same

Fig. 3. BF electron micrographs of the alloy aged at 550◦C for 18 h. (a) BF, (b) an SADP taken from an area covering thek-carbide marked as “k” in (a)
and its surrounding D03 phase. The foil normals of thek-carbide and D03 phase are [0 0 1] and [0 1 1], respectively (hkl = κ-carbide,hkl = D03 phase).

area as in Fig. 4(a), clearly shows that the whole D03 plates
were bright in contrast. Apparently, the microstructure of
the alloy in the equilibrium stage at 550◦C was a mixture of
(κ-carbide+D03 phase). Transmission electron microscopy
examinations revealed that the stable microstructure of the
(κ-carbide+ D03 phase) could be observed for aging tem-
perature up to 825◦C.

Fig. 5(a) shows a BF electron micrograph of the alloy
aged at 850◦C for 1 h and then quenched, revealing the pres-
ence of the lamellar product. This feature is similar to that
observed in the alloy aged at 550◦C. Analyses by the SADP
indicated that these two plate-like precipitates were also of
the k-carbide and D03 phase, respectively. Therefore, it is
likely to conclude that the stable microstructure of the alloy
at 850◦C was also the mixture of (κ-carbide+ D03 phase).
However, the (2 0 0) D03 (or equivalently (1 0 0) B2 [28–29])
DF electron micrograph revealed that the whole plates were
bright in contrast, as shown in Fig. 5(b), whereas the(11̄ 1)
D03 DF electron micrograph showed that only extremely
fine D03 domains were present within each plate, as indi-
cated in Fig. 5(c). This indicates that the microstructure of
these plates present at 850◦C should be B2 phase and the
extremely fine D03 domains were formed by a B2→D03
continuous ordering transition during quenching from the
quenching temperature [28–30]. Accordingly, the stable mi-
crostructure of the present alloy at 850◦C was a mixture of
(κ-carbide+ B2 phase).

Transmission electron microscopy of thin foils indi-
cated that the (κ-carbide+ B2 phase) was preserved up
to 925◦C. However, when the alloy was aged at 950◦C
for 1 h and then quenched, the(11̄ 1) and (2 0 0) D03 DF
electron micrographs revealed that only extremely fine
D03 domains and small B2 domains were present within
the D03 plates. An example is illustrated in Fig. 6. This
indicates that anα → B2 → D03 continuous ordering
transition has occurred within the D03 plates [28–30]. It
means that the stable microstructure of the present alloy
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Fig. 4. Electron micrographs of the alloy aged at 550◦C for 30 h: (a) BF (k = κ-carbide, D= D03); (b) an SADP taken from the plate-like precipitate
marked as “D” in (a). (the foil normal is [0 1 1],hkl = D03 phase); (c)(11̄ 1) D03 DF.

at 950◦C was a mixture of (κ-carbide+ α phase). When
the alloy was aged at 1000◦C and then quenched, only
fine k′-carbides were formed within the austenite matrix
and no evidence of the grain boundary precipitation could
be detected. This feature is similar to that observed in the
as-quenched alloy. This indicates that the microstructure of
the alloy present at 1000◦C or above should be an austenite
phase.

On the basis of the above observations, it is clear that when
the present alloy was aged at temperatures ranging from 550
to 1000◦C, the phase transformation sequence was found to
beκ → D03 → κ → B2 → κ+α → γ . This result is quite
different from theγ +κ +D03 → γ +κ +B2 → γ +B2 →
γ transition found in the Fe–9.8Al–28.6Mn–0.8Si–1.0C
alloy [26,27] and theγ + κ + D03 → γ transition in the
Fe–7.8Al–29.5Mn–1.5Si–1.05C alloy [25]. Compared to
the previous studies [25–27], three different experimental
results are given below: (i) In spite of the aging temperature,
the austenite phase was always observed in the previous
alloys, whereas the austenite phase could be found to exist
only when the present alloy was aged at 1000◦C or above.

(ii) In the present alloy, the higher carbon content not only
increased the amount ofk-carbides but also stabilized the
k-carbides to preserve at a higher temperature. (iii) In the
previous studies, the ordered b.c.c. (body-centered cubic)
D03 and B2 phases were found to exist at temperatures
below 850◦C and no evidence of the ferrite phase could be
detected. However, in addition to the D03 and B2 phases, the
1
4a〈1 1 1〉 anti-phase boundaries (APBs) could be observed
in the present alloy aged at 950◦C and then quenched. This
strongly demonstrates that the ferrite phase not only was
formed but also could exist up to 950◦C. It means that
in the present alloy, the b.c.c.-type phase was preserved
to a higher temperature than that found in the previous
Fe–Al–Mn–Si–C alloys. Compared to the previous study
[25], it is clear that besides containing higher carbon con-
tent, the chemical composition of the present alloy is similar
to the Fe–7.8Al–29.5Mn–1.5Si–1.05C alloy. Furthermore, it
was reported that in the Fe–Al–Mn–C quaternary alloys, the
increase of the carbon content would pronouncedly expand
the (γ + κ) phase field [15]. Therefore, it is expected that
the addition of the higher carbon content would expand the
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Fig. 5. Electron micrographs of the alloy aged at 850◦C for 1 h: (a) BF (k = κ-carbide, D= D03), (b) (2 0 0) D03 DF, and (c)(11̄ 1) D03 DF.

austenite phase field and suppress the b.c.c.-type phase field.
Surprisingly, the reverse result was obtained in the present
study. In order to clarify this discrepancy, an STEM-EDS
study was undertaken. Fig. 7(a) and (b) shows two typical

Fig. 6. Electron micrographs of the alloy aged at 950◦C for 1 h: (a)(11̄ 1) D03 DF, and (b) (2 0 0) D03 DF.

EDS spectra taken from the ferrite phase and ak-carbide in
the alloy aged at 950◦C for 1 h, where the iron, aluminum,
manganese, and silicon peaks were examined (EDS with a
thick-window detector is limited to detect the elements of
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Fig. 7. Two typical EDS spectra obtained from (a) the ferrite phase, and
(b) a k-carbide in the alloy aged at 950◦C for 1 h.

atomic number of 11 or above; therefore, carbon cannot be
examined by this method). The average atomic percentages
of alloying elements examined by analyzing at least 10 dif-
ferent EDS spectra of each phase are listed in Table 1. For
comparison, the chemical compositions of thek-carbide,

Table 1
Chemical compositions of the phases revealed by an energy-dispersive spectrometer (EDS)

Heat treatment Phase Chemical composition (wt.%)

Fe Al Mn Si

550◦C aging k-carbide 46.17± 0.54 7.56± 0.38 45.36± 0.50 0.91± 0.32
D03 66.45± 1.05 9.23± 0.57 22.36± 0.96 1.96± 0.39

850◦C aging k-carbide 46.92± 0.61 7.64± 0.41 44.61± 0.58 0.83± 0.31
B2 63.98± 0.92 9.05± 0.49 24.83± 0.82 2.14± 0.31

950◦C aging k-carbide 47.57± 0.69 7.71± 0.40 43.96± 0.62 0.76± 0.28
a 62.07± 0.85 8.91± 0.45 26.51± 0.66 2.51± 0.32

D03 and B2 phases existing in the alloys aged at 550 or
850◦C are also listed in Table 1. It is clearly seen in Fig. 7
and Table 1 that the concentration of the manganese in the
k-carbide is much greater than that in thea, B2 or D03 phase,
and the reverse result is obtained for the concentration of
silicon. In the Fe–Al–Mn–C quaternary alloy systems, it is
known that both of the manganese and the carbon are austen-
ite former [2], and the carbon concentration in thek-carbide
is up to about 3.5 wt.% [5]. In addition, in our previous stud-
ies [25–27], we have shown that the addition of silicon in the
Fe–Al–Mn ternary alloys would lead theα → B2 → D03
continuous ordering transition to occur and suppress the
austenite region. Therefore, it is reasonable to believe that
due to higher carbon content in the present alloy, a greater
amount ofk-carbides was formed at the aging temperature.
Along with the precipitation of thek-carbides, the sur-
rounding austenite phase would lack manganese as well as
carbon, and would be enriched in silicon. As a consequence,
the austenite phase in the vicinity of thek-carbides would
become unstable and readily transformed into the ferrite
phase. Subsequently, the silicon-enriched ferrite phase un-
derwent anα → B2 → D03 continuous ordering transition
during quenching from the aging temperature, as observed
in Fig. 6.

Finally, two more features of the present study are
worthy to note as follows: (i) In the previous studies
[1–15,26,27], it was found that the as-quenched mi-
crostructure of Fe–(8–11)Al–(28–35)Mn–(0.8–1.6)C alloy
or Fe–9.8Al–28.6Mn–0.8Si–1.0C alloy was single-phase
austenite. However, in the present study, finek′-carbides
could be observed in the as-quenched alloy. This feature is
similar to that found in the Fe–7.8Al–29.5Mn–1.5Si–1.05C
alloy [25]. It seems to imply that the amount of silicon
content in the Fe–Al–Mn–C alloys may play an important
role in the formation of thek′-carbides within the austen-
ite matrix during quenching. (ii) In the present alloy, the
precipitation of (κ-carbide+ D03), (κ-carbide+ B2), or
(κ-carbide+ α) exhibited a lamellar structure. In contrast
to the observations, thek-carbides were found to precipi-
tate in the form of coarse particles in the previous alloys
[25–27]. The reason why the precipitation behavior has this
difference is not clear.
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4. Conclusions

In the as-quenched condition, the microstructure of the
Fe–8Al–30Mn–1.5Si–1.5C alloy was austenite phase con-
taining finek′-carbides. Thek′-carbides were formed during
quenching by a spinodal decomposition. When the alloy was
aged at temperatures ranging from 550 to 1000◦C, the phase
transformation sequence as the aging temperature increased
was found to beκ-carbide+ D03 → κ-carbide+ B2 →
κ-carbide+ α → γ .
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