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a b s t r a c t

This investigation elucidates the phase transformations of the Fe–8.7Al–28.3Mn–1C–5.5Cr alloy
using optical microscopy (OM), scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and energy-dispersive X-ray spectrometer (EDS). As the alloy was solution heat
treated and then quenched, a (� + Cr7C3) → � → (� + (� + B2 + DO3)) phase transition was observed
vailable online 27 August 2009
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within the austenite matrix. During aging treatment at 400–800 ◦C, a � → (� + �) → (� + Cr23C6) →
(� + Cr23C6 + Cr7C3) → (� + Cr7C3) phase transition was observed within the austenite matrix. When the
alloy underwent aging treatment between 400 and 500 ◦C, some (Fe, Mn)3AlCx) �-phase carbides formed
in the matrix and grain boundaries. A � → (DO3 + Cr23C6) → (DO3 + Cr23C6 + Cr7C3) → (DO3 + Cr7C3) phase

n the
hase transformation
lectron microscopy
eat treatment

transition was observed o

. Introduction

Recently, the microstructures, oxidation resistance and
echanical properties of the austenitic Fe–Al–Mn–C alloys have

een studied extensively [1–23]. In Fe–Al–Mn–C alloy system,
l stabilizes the ferritic phase and improves the anti-corrosion
ehavior, because the formation of a protective Al2O3 layer on
he surface continuously [1–3]. Mn is added to stabilize the
ustenitic structure, and enhances mechanical properties at high
emperatures [2,4–6]. Furthermore, C is not only an austenite (�)
ormer but also an important element for promoting precipitating
trength of Fe–Al–Mn–C alloy [6,7]. As C content between 0.5 and
.5 wt.% could lead to some fine �-phase carbides ((Fe, Mn)3AlCx)
ith L′12 structure precipitated coherently within � matrix during
ging [8,9]. The formation of �-phase is considered to be a possible
trengthening mechanism for Fe–Al–Mn–C alloy system as it
aises the yielding strength significantly. It is generally concluded
hat the Fe–Al–Mn–C alloys have numerous superior features

∗ Corresponding author at: School of Dentistry, College of Dental Medicine, Kaoh-
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grain boundaries.
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including low density, low magnetism, well-corrosion resistance,
high strength, good biocompatibility, etc. [7,10–12]. In addition,
an optimal chemical compositions of Fe–Al–Mn–C alloys are in the
range of Fe–(4.9–11.0 wt.%)Al–(23.7–35 wt.%)Mn–(0.5–1.5 wt.%)C
[2,5,13–15]. Thus, the Fe–Al–Mn–C alloys are suitable for industrial
use and in biomedical applications.

However, in order to increases the anti-high temperature cor-
rosion behavior and oxidation resistance as well as strength, some
metallic elements Si, Cu, Ti, V, Nb, Mo, W, Cr etc. are added
[5,9,16,17]. The Mo addition in Fe–Al–Mn–C alloy can promote
the mechanical strength at high temperatures [5]. The addition
of Si would enhance the formation of the ferrite phase in the
Fe–Al–Mn–C alloy [9]. In addition, it revealed that addition of Si
into the Fe–Al–Mn–C alloy improves their high temperature oxi-
dation resistance [18,19]. Among of these metallic elements, Cr
was found to be the most effective to improve the high tempera-
ture oxidation resistance and environmental embrittlement in the
Fe–Al–Mn alloys [17,20,21]. Moreover, Lee et al. [20] also pointed
out that increasing the Cr addition would expand both the A12 �-
Mn and DO3 phase-field regions in the Fe–Al–Mn alloy. As stated
above, no information concerning the microstructural influences

of Cr addition on Fe–Al–Mn–C alloy has been reported. Therefore,
the purpose of the present study is an attempt to investigate the
phase transformations of the Fe–8.7Al–28.3Mn–1C alloy contain-
ing 5.5 wt.% Cr, providing information that is valuable to industrial
applications.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:klou@tmu.edu.tw
mailto:chhswa@kmu.edu.tw
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Table 1
Chemical compositions of the present alloy and phase in different condition revealed by an energy-dispersive spectrometer (EDS).

Condition Alloy and phase Chemical composition (wt.%)

Fe Al Mn C Cr

Casting Present alloy Bal. 8.72 28.31 1.05 5.53
◦ 8.5310.51 28.1627.03 0.830.12 3.826.03

8.02 9.14 30.5430.44 0.624.51 4.235.03
6.62 28.35 0.83 42.11
8.52 28.14 8.55 52.14
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condition, the microstructure in the present alloy is the mixture
of the � + (� + B2 + DO3)-phases.

While the as-quenched alloy being aged at 400–500 ◦C, some
�-phase carbides formed within the � matrix. The amounts of the
�-phase carbides increased with increasing the aging temperature.
SHT 1300 C/5 min �-Phase(� + B2 + DO3)-Phase Bal.Bal.
Aging 500 ◦C/4 h �-Phase �-Phase Bal.Bal.
Aging600 ◦C/30 min Cr23C6 Bal.
Aging 600 ◦C/8 h Cr7C3 Bal.

. Experimental procedures

The alloy of interest was prepared in an air induction furnace in a protective
tmosphere N2 using AISI 1008 low carbon steel, 99.7% pure electrolytic aluminum,
9.9% pure electrolytic manganese, pure carbon powder, and pure chromium. The
lloy was poured into the Ø40 mm × 100 mm investment casting mould preheated
t 1160–1180 ◦C. The chemical compositions of the present alloy were identified
y inductively coupled plasma atomic emission spectrometry (ICP-AES), as pre-
ented in Table 1. After it was homogenized at 1200 ◦C for 4 h in a protective argon
tmosphere, the ingot was hot-forged to a final thickness of 3.0 mm. The as-forged
pecimens were heat-treated at temperature from 400 to 1400 ◦C for various peri-
ds in a vacuum furnace, before being then quenched rapidly at room temperature.
he surface morphologies of the specimens following treatments were analyzed
y optical microscopy (OM) and scanning electron microscopy (SEM, JEOL JSM-
380). The etching solution used was 5–10% nital solution. Elemental distributions
ere examined using an energy-dispersive X-ray spectrometer (EDS). Quantitative

nalyses of elemental concentration for Fe, Al, Mn and Cr were conducted using a
orrected program on the EDS system. The phase transformation of the specimens
fter treatments was investigated by means of a scanning transmission electron
icroscopy (STEM, JEOL-2000FX) at 200 kV. The TEM specimens were prepared

sing a double twin-jet electropolisher with an electrolyte of 60% ethanol, 30%
cetic acid and 10% perchloric acid. The polishing temperature was maintained in
he range −15 to 0 ◦C, and the current density was maintained in the range from 1.5
o 2.5 × 104 A/cm2.

. Results and discussion

All of the as-forged specimens were underwent solution heat
reatment (SHT) process to cause them to have a single austenite
tructure before their phase transformation was analyzed. As the
lloy had underwent SHT in the range 800–1000 ◦C, its microstruc-
ure was essentially a mixture of � and/or (� + streak precipitates)
egions. These streak precipitates were formed in the matrix and
rain boundaries. Moreover, the amounts of these streak precipi-
ates increased with the SHT temperature and time. Fig. 1 displays
bright field (BF) electron micrograph of the [1 1 1] zone of the �
atrix of the alloy that had been heat treated at 900 ◦C for 30 min,

uggesting that these streak precipitates were Cr7C3-phase carbide
ith a hexagonal structure and lattice parameters of a = 1.393 nm

nd c = 0.452 nm. Therefore, when the alloy underwent SHT at
00–1000 ◦C, its microstructure became a mixture of the � + Cr7C3-
arbide phases. The microstructure of the alloy following SHT at
050–1200 ◦C was a single austenite phase with the (1 1 1) habit
lane annealing twins.

Increasing the SHT temperature to between 1250 and 1400 ◦C
roduced some re-solidificated (RS) regions on the grain bound-
ries. The sizes of the RS regions increased with the SHT
emperature. Fig. 2 presents a BF electron micrograph of the alloy
hat had been solution-treated at 1300 ◦C for 5 min, which was
aken from the RS region in the [1 1 0] zone, revealing that the
S region was �-phase with BCC structure. Selected area diffrac-
ion pattern (SADP) also revealed the DO3-phase in the �-phase
egion, and since the �g = 2 0 0 reflection intensity was similar to the

� = 1 1 1 reflection intensity, the B2 and DO3-phase were consists in

he same �g = 2 0 0 reflection spot (not shown). The DO3-phase and
2-phase lattice parameter were a = 0.565 and 0.282 nm, respec-
ively. No �-phase carbide was formed on the grain boundaries.
asically, when the temperature was increased to 1400 ◦C, the
icrostructure of the alloy was dendritic. Therefore, in the SHT
Fig. 1. An electron micrograph of the alloy that had been SHT at 900 ◦C for 30 min
(hkl = � matrix; hkil = Cr7C3-carbide).
Fig. 2. An electron micrograph of the alloy that had been SHT at 1300 ◦C for 5 min.



248 C.-F. Huang et al. / Journal of Alloys and Compounds 488 (2009) 246–249

F
h

F
h
a
t
s
i
t
l
r
a

s
p
F
z

boundaries. Fig. 6 displays a BF electron micrograph of the �
◦

ig. 3. An electron micrograph of the alloy aged at 450 ◦C for 8 h (hkl = �-phase;
kl = � matrix).

ig. 3 presents a dark field (DF) electron micrograph of the alloy that
ad been aged at 450 ◦C for 8 h; it was taken from the � matrix of the
ged alloy in the [1 0 0] zone, revealing that as well as the reflec-
ion spots associated with the �-phase, the SADP also comprises
mall superlattice spots. Therefore, the tetragonal shape precipitate
s �-phase carbide ((Fe, Mn)3AlCx) with an ordered L′12-type struc-
ure with the lattice parameter a = 0.383–0.386 nm [7,9,22]. The
attice parameter of (Fe, Mn)3AlCx �-phase carbide has been widely
eported by other researchers [8,9,23]. The microstructure of the
lloy that had been aged at 400–500 ◦C was a mixture of (� + �).

◦
When the aging temperature was increased to 550–650 C for a
hort period approximately 30 min, some small black particles were
recipitated in the � matrix and grain boundaries as shown in Fig. 4.
ig. 5 depicts a BF electron micrograph of � matrix of the [1 0 0]
one of the alloy that was aged at 550 ◦C for 30 min, revealing that

Fig. 4. An optical micrograph of the alloy aged at 550 ◦C for 30 min.
Fig. 5. An electron micrograph of the austenite matrix of the alloy aged at 550 ◦C
for 30 min (hkl = Cr23C6-carbide; hkl = � matrix).

in addition to the reflection spots of the �-phase, the SADP consist
of some extra superlattice spots. The black needle precipitate had
a simple cubic structure with lattice parameter a = 1.054 nm. These
needle precipitates were chromium carbide Cr23C6. The SADP also
demonstrated that the orientation relationship between the matrix
and the Cr23C6-phase carbide was cubic to cubic.

Furthermore, some DO3 regions were observed on the grain
boundaries. However, as the aging time increased, some coarse
particulate precipitates were found in the matrix and grain
matrix of the [1 1 0] zone of the alloy that was aged at 550 C
for 8 h, indicating that the coarse particulate precipitates were
chromium carbide (Cr7C3) The SADP also demonstrates that the
orientation relationship between the matrix and the chromium

Fig. 6. An electron micrograph of the alloy aged at 550 ◦C for 8 h (hkl = � matrix;
hkil = Cr7C3-carbide).
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arbide (Cr7C3) is [1 1 0]�//[0 1 1 0]Cr7C3
and (1 1 1)�//(0 0 0 1)Cr7C3

.
herefore, when the as-quenched alloy was aged at 550–650 ◦C,
� → (� + Cr23C6) → (� + Cr23C6 + Cr7C3) phase transition occurred
ithin the � matrix. A � → (DO3 + Cr23C6) → (DO3 + Cr23C6 + Cr7C3)
hase transition was observed on the grain boundaries. When the
ged temperature was increased to 700–800 ◦C, the amounts of
r7C3 phase increased with the aging temperature. No Cr23C6 or
O3 phase was found in the matrix or grain boundaries. Accord-

ngly, when the as-quenched alloy was aged at 700–800 ◦C, a
→ (� + Cr7C3) phase transition was observed within the � matrix.
oreover, a � → (DO3 + Cr7C3) phase transition was found on the

rain boundaries.
On the basis of the above observations, when the alloy under-

ent SHT at 1300 ◦C, some RS (� + B2 + DO3) regions were formed
n the matrix and grain boundaries. Accordingly, the melting
oint of the Al element was lower than that of others alloy
lements in the alloy. Hence, the Al element diffused and/or seg-
egated at this high temperature. The liquidus temperature of the
e–8.7Al–28.3Mn–1C–5.5Cr alloy was around 1300 ◦C. Accordingly,
EM-EDS was employed to identify the RS regions in the matrix
nd grain boundaries. Table 1 presents quantitatively the chemical
ompositions of the � matrix and RS region of the alloy that had
nderwent SHT at 1300 ◦C. Table 1 clearly demonstrates that the
l and Cr contents in the RS region exceeded those in the � matrix.
ccordingly, the RS regions were formed on the grain boundaries
ecause of the Al diffused and/or segregated of the alloy had under-
ent SHT at 1300 ◦C. Moreover, the Cr content in the RS region

xceeded that in the � matrix, suggesting that the Al and Cr contents
nfluenced the liquidus temperatures in the alloy.

Table 1 presents quantitatively the chemical compositions of
he � matrix and �-phase carbide of the alloy that had been aged at
00 ◦C for 4 h; the concentration of carbon in the �-phase carbide
ubstantially exceeds that in the � matrix. Therefore, the �-phase
arbides are expected to have been formed in the � matrix and
rain boundaries. Furthermore, when the aging temperature was
ncreased to 550–650 ◦C, the chromium carbides (Cr23C6 and Cr7C3)

ere observed in the � matrix and grain boundaries. Table 1 also
resents quantitative chemical compositions of Cr23C6 phase in the
lloy that had been aged at 600 ◦C for 30 min, and Cr7C3 phase in
he alloy that had been aged at 600 ◦C for 8 h. The concentration of
arbon in the Cr7C3 significantly is much greater than that in the
r23C6, revealing that the carbon content in the � matrix declined
ith the aging temperature and time increased. Thus, no �-phase

arbides were formed within the � matrix and grain boundaries, as
he alloy aged at the temperature in the range of 550–650 ◦C.
. Conclusions

The microstructure of the as-forged specimen was austen-
te with some stress-induced twins. Moreover, when the alloy

[

[
[
[
[
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underwent SHT between 800 and 1000 ◦C, the microstructure
thus formed was a mixture of the (� ± Cr7C3) phases. Increas-
ing the SHT temperature to 1050–1200 ◦C yielded a single
austenite phase with (1 1 1) annealing twins. When the alloy
underwent SHT at 1250–1400 ◦C, some RS regions formed in the
matrix and grain boundaries. The RS region was a mixture of
� + (� + B2 + DO3) phases. When the alloy was aged at 400–500 ◦C,
some (Fe, Mn)3AlCx) �-phase carbides were formed in the
matrix and grain boundaries. Increasing the aging temperature to
550–650 ◦C, caused a � → (� + Cr23C6) → (� + Cr23C6 + Cr7C3) phase
transition in the matrix. Furthermore, a � → (DO3 + Cr23C6) →
(DO3 + Cr23C6 + Cr7C3) phase transition was observed on the grain
boundaries. Moreover, when the alloy was aged at 700–800 ◦C, a
� → (� + Cr7C3) phase transition was occurred in the matrix, and
a � → (DO3 + Cr7C3) phase transition was observed on the grain
boundaries.
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