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a b s t r a c t

The high temperature microstructures in the Fe–8.7Al–28.3Mn–1C–5.5Cr alloy were investigated by
means of optical microscopy, electron microscopy and energy-dispersive X-ray spectrometry. When
the alloy underwent heat-treatment between 800 and 1400 ◦C, a (� + Cr7C3) → � → (� + (� + B2 + DO3))-
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phase transition was observed. In addition, the aluminum and chromium contents influenced the
liquidus temperature of the alloy. Other researchers have not previously observed these features in the
Fe–Al–Mn–C–Cr alloy system.

© 2009 Elsevier B.V. All rights reserved.
igh temperature microstructure
lectron microscopy

. Introduction

Fe–Al–Mn–C alloys have been extensively investigated by many
esearchers because of their superior features, such as low density,
ow magnetism, high strength, high ductility, and good biocompat-
bility [1–7]. Hence, Fe–Al–Mn–C alloys are suitable for industrial
se and in biomedical applications. The typical chemical compo-
itions of Fe–Al–Mn–C alloys are in the ranges of Fe—(4.9–11.0)
ass% Al—(23.7–35.0) mass% Mn—(0.5–1.5) mass% C [8–12]. Fur-

hermore, it is generally concluded that Fe–Al–Mn–C alloys exhibit
ood oxidation resistance at high temperatures because a compo-
ition of Al between 8.5 wt.% and 10.5 wt.% results in the formation
f a continuous protective Al2O3 layer on the surface of the alloys
13–15]. However, the corrosion resistance of Fe–Al–Mn–C alloys
s inferior to that of conventional stainless steel [16]. Therefore, to
ncrease the corrosion resistance and oxidation resistance as well
s strength at high temperatures, some alloy elements such as Si,
u, Ti, V, Nb, Mo, W and Cr, are added [17–21].

The addition of Si to Fe–Al–Mn–C alloys can significantly
mprove corrosion resistance [22–24]. In addition, its effects of on
icrostructures of austenite Fe–Al–Mn–C alloys have been exten-
ively studied [17–19,25]. It was proposed that the addition of Si
ould enhance the formation of the ferrite (�)-phase in these alloys

25]. Cr was also found to be the most effective element in improv-
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ing the corrosion resistance, high temperature oxidation resistance
and environmental embitterment in Fe–Al–Mn alloys [26,27]. Liu’s
studies [16,28], indicate that increasing the amount of added Cr
would expand both the A12�-Mn and DO3-phase-field regions in
the Fe–Al–Mn alloy.

However, no information concerning the addition of Cr to
the Fe–Al–Mn–C alloy system has been reported. Furthermore,
there are still some problems with the Fe–Al–Mn–C–Cr alloy dur-
ing high temperature plastic deformation processes. Therefore,
the purpose of the present study is to investigate the high tem-
perature microstructure of the Fe–8.7Al–28.3Mn–1C–5.5Cr alloy
heat-treated to 800–1400 ◦C.

2. Experimental procedure

The present alloy was prepared in an air induction furnace in a protective N2

atmosphere using AISI 1008 low carbon steel, 99.7% pure electrolytic aluminum,
99.9% pure electrolytic manganese, pure carbon powder and pure chromium. The
alloy was poured into a �40 mm × 100 mm investment casting mould that had been
preheated to 1160–1180 ◦C. The chemical compositions of the present alloy were
identified by inductively coupled plasma atomic emission spectrometry. After it was
homogenized at 1200 ◦C for 4 h in a protective argon atmosphere, the ingot was hot-
forged to a final thickness of 3.0 mm. The as-forged specimens were heat-treated
at temperatures from 800 ◦C to 1400 ◦C for various periods in a vacuum furnace
and then rapidly quenched in room temperature water. The surface morphologies
of the specimens following treatments were analyzed by optical microscopy (OM)

and scanning electron microscopy (SEM, JEOL JSM-6380). The etching solution used
was 5–10% nital solution. Elemental distributions were observed using an energy-
dispersive X-ray spectrometer (EDS). Electron microscopy specimens were prepared
by means of a twin-jet electropolisher with an electrolyte of 60% ethanol, 30% acetic
acid and 10% perchloric acid, and then examined in a JEOL-2000FX STEM operated
at 200 kV.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:klou@tmu.edu.tw
dx.doi.org/10.1016/j.jallcom.2009.08.072


C.-M. Liu et al. / Journal of Alloys and Compounds 488 (2009) 52–56 53

F h, (b–d) electron micrographs, (b) bright field (BF), (c) selected area diffraction pattern
{ (d) a zone axis [1 1̄ 0 0] SADP taken from the Cr7C3-carbide.
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ig. 1. Micrographs of the alloy heated at 900 ◦C for 30 min, (a) optical micrograp
SADP} (the foil normal is [1 1 1], hkl = austenite matrix, hkil = Cr7C3 − carbide) and

. Results and discussion

All of the as-forged specimens underwent a solution heat-
reatment process to cause them to have a single austenite
tructure before their phase transformation was analyzed. As
he alloy had undergone heat-treatment (HT) in the range
00–1000 ◦C, its microstructure was essentially a mixture of �
nd/or (� + precipitates) regions as shown in Fig. 1(a). These pre-
ipitates were formed within the matrix and grain boundaries.
oreover, the amounts of these precipitates increased with the
T temperature and time. Fig. 1(b) displays a bright field (BF) elec-

ron micrograph taken from the � matrix of the alloy heat-treated
t 900 ◦C for 30 min, indicating that some particle precipitates
ere formed within the � matrix. Fig. 1(c) shows a foil normal

1 1 1] selected area diffraction pattern (SADP) taken from the �
atrix, revealing that in addition to the reflection spots of the �-

hase, the SADP also consisted of small superlattice spots. Fig. 1(d)
hows a [1 1̄ 0 0] zone axis SADP taken from the particle precipi-
ates, suggesting that these precipitates were Cr7C3-phase carbide
ith a hexagonal structure and lattice parameters of a = 1.393 nm

nd c = 0.452 nm. Accordingly, when the alloy underwent HT at
00–1000 ◦C, its microstructure became a mixture of the � + Cr7C3-
arbide phases.

The microstructure of the alloy following HT at 1050–1200 ◦C
as a single �-phase with (1 1 1) habit plane annealing twins.

ig. 2(a) is a BF electron micrograph taken from the � matrix of
he alloy heat-treated at 1100 ◦C for 30 min, indicating that some
islocations were also found within the � matrix. Fig. 2(b) shows

[1 1 0] SADP, revealing that the �-phase has a face-center-cubic

tructure with the lattice parameter a = 0.380 nm. Annealing twins
ith a (1 1 1) habit plane were observed within the � matrix. The

win result was similar to that reported in the Fe–Al–Mn–C alloy
y other researchers [29]. No �-phase carbides could be detected.

Fig. 2. Electron micrographs of the alloy heated at 1100 ◦C for 30 min, (a) BF and (b)
a zone axis [1 1 0] SADP taken from the austenite matrix.
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Fig. 3. Optical micrographs of the alloy heated at (a) 1250 ◦

ig. 4. Electron micrographs of the alloy heated at 1300 ◦C for 5 min, (a) BF, (b) a zone a
ADPs, respectively, taken from the DO3-phase.
C, (b) 1300 ◦C, (c) 1350 ◦C, and (d) 1400 ◦C for 5 min.

xis [1 1 1] SADP taken from the RS region, (c) and (d) foil normal [1 0 0] and [1 1 0]
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Table 1
Chemical compositions of the phases revealed by an energy-dispersive spectrometer
(EDS).

Chemical composition (wt.%)
ig. 5. Electron micrographs taken from the DO3-phase of the alloy heated at 1300 ◦C
or 5 min, (a) (1 1 1) DO3 DF, and (b) (2 0 0) DO3 DF.

After increasing the HT temperature to between 1250 ◦C and
400 ◦C for 5 min, some re-solidified (RS) regions were formed
ithin the � matrix and grain boundaries as illustrated in Fig. 3.

n addition, the sizes of the RS regions increased with the HT tem-
erature. Fig. 4(a) shows a BF electron micrograph taken from the
matrix of the alloy heat-treated at 1300 ◦C for 5 min, revealing

hat a RS region was formed at the grain boundaries. Fig. 4(b–d)
hows foil normal [1 1 1], [1 0 0] and [1 1 0] SADPs, respectively,
aken from the RS region. Fig. 4(b) indicates that the RS region is
errite (�)-phase which has a body-center-cubic structure. In addi-
ion, Fig. 4(c) and (d) also reveal that the DO3-phase consists of
he �-phase, with the DO3-phase lattice parameter a = 0.565 nm.
urthermore, according to previous studies [30–32], (2 0 0) DO3
eflections overlap with (1 0 0) B2 reflections, so the (2 0 0) DO3 dark
eld (DF) images were possibly also derived from the B2 superlat-
ice. If this situation occurred, the B2 domains shown in the DF
lectron micrograph of (2 0 0) DO3 reflections would be expected
o be somewhat larger than the DO3 domains shown in that of
he (1 1 1) DO3 reflections for the continuous ordering transition.
ig. 5(a) and (b) shows �g = 1 1 1 and �g = 2 0 0 DF electron micro-
raphs, respectively, taken from the DO3 region. It is clearly seen in
ig. 5(b) that the (2 0 0) DO3 is somewhat larger than that observed
n the (1 1 1) DO3 shown in Fig. 5(a). Hence, it could be proved that
he B2 structure was observed in this study. This result was the
ame as that observed by other research with the Fe–Al alloy [33],
e–Al–Mn–C alloy [31] and Fe–Al–Mn–C–Si alloy system [34,25].
ut, other researchers have not observed these results at this tem-
erature range in the Fe–Al–Mn–C–Cr alloy system. Basically, when
he temperature was increased to 1400 ◦C, the microstructure of the

lloy was dendritic as shown in Fig. 3(d). Therefore, in this temper-
ture range, the microstructure in the present alloy was a mixture
f the � + (� + B2 + DO3)-phases.

In the Fe–Al–Mn alloy system, it is well known that Mn
nd Al are austenite and ferrite formers, respectively [30]. An
Heat-treatment Phase Fe Al Mn C Cr

1300 ◦C/5 min �-phase Bal. 8.53 28.16 0.83 3.82
(� + B2 + DO3)-phase Bal. 10.51 27.03 0.12 6.03

amount of Al above 6.5 wt.% results in the formation of a contin-
uous protective Al2O3 layer on the surface of Fe–Al–Mn alloys.
Thus, the corrosion and oxidation resistance characteristics can
be improved. However, if the amount of Al is over 10.5 wt.%, an
� → ˛ + B2(FeAl) → � + DO3(Fe3Al) ordering transition will occur.
The B2-phase results in embitterment of the Fe–Al–Mn alloy system
[13–15,35]. Based on the above results, when the alloy under-
went HT at 1300 ◦C, some RS regions were formed within the
matrix and at the grain boundaries. It can be deduced that this
occurred because the melting point of the Al element was lower
than that of other elements in the alloy. Hence, the Al element dif-
fused and/or segregated at this high temperature. In order to clarify
this deduction, an SEM-EDS study was undertaken. The average
atomic percentages of alloying elements were examined by ana-
lyzing at least five different EDS spectra of each phase, as listed in
Table 1. It was clearly demonstrated that the Al and Cr contents
in the RS region exceeded those in the � matrix. Accordingly, the
RS regions were formed on the grain boundaries because of the
Al diffusion and/or segregation of the alloy that underwent HT at
1300 ◦C. In addition, the Cr content in the RS region exceeded that
in the � matrix, suggesting that the Al and Cr contents influenced
the liquidus temperature in the alloy. The liquidus temperature of
the Fe–8.7Al–28.3Mn–1C–5.5Cr alloy was around 1300 ◦C. Further-
more, the Al content within the RS region was about 10.5 wt.% as
shown in Table 1. Therefore, it is reasonable that when the present
alloy underwent SHT at 1300 ◦C, the (� + B2 + DO3)-phases were
observed within the RS regions.

4. Conclusions

When the present alloy underwent HT between 800 ◦C and
1000 ◦C, the microstructure of the alloy was a mixture of
(� + Cr7C3)-phases. The Cr7C3-phase carbide had a hexagonal struc-
ture and lattice parameters of a = 1.393 nm and c = 0.452 nm.

The microstructure of the alloy following HT at 1050–1200 ◦C
was a single �-phase with (1 1 1) habit plane annealing twins. The �-
phase has a face-center-cubic structure with the lattice parameter
a = 0.380 nm. No �-phase carbides could be detected.

After increasing the HT at temperatures ranging from 1250 ◦C
to 1400 ◦C, the microstructure of the alloy was a mixture of the
� + (� + B2 + DO3)-phases. The lattice parameter of the DO3-phase
was a = 0.585 nm.

RS regions were formed on the grain boundaries because of the
Al diffusion and/or segregation of the alloy that underwent HT at
1300 ◦C. In addition, the Cr content in the RS regions exceeded that
in the � matrix, suggesting that the Al and Cr contents influenced
the liquidus temperature in the present alloy.
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