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a b s t r a c t

The corrosion behaviors of the as-quenched Fe–30 wt.%Mn–7 wt.%Al–x wt.%Cr–1 wt.%C alloys (x = 0, 3, 6
and 9) in 3.5% NaCl have been investigated. Passivation could be observed for all the alloys except for
the alloy without Cr content. The corrosion potential (Ecorr) and pitting potential (Epp) increased pro-
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nouncedly with increasing Cr content up to 6 wt.%, and decreased as Cr content up to 9 wt.%. The decrease
of Ecorr and Epp of the alloy containing 9 wt.% Cr was due to the formation of (Fe,Mn,Cr)7C3 carbides in the
austenite matrix and on the grain boundaries. It is noted that the corrosion behaviors of the austenitic
Fe–Mn–Al–Cr–C alloys with higher Cr (≥3 wt.%) content have never been reported in previous literatures.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The austenitic Fe–Mn–Al–C quaternary alloys have many advan-
ages, such as low cost, low density, high strength, high toughness,
nd good oxidation resistance [1–6]. However, the corrosion resis-
ance of the austenitic Fe–Mn–Al–C alloys in aqueous environments
as not adequate for applications in industry [5–13]. Therefore,
any researchers tried to improve the corrosion resistance of the

ustenitic Fe–Mn–Al–C alloys by adding chromium and decreasing
arbon content [6,9,14–17]. Since Cr and C are ferrite and austenite
ormers in ferrous alloys, respectively, the Fe–Mn–Al–Cr–C alloys
ith higher Cr and lower C contents consist of (austenite + ferrite)
ual-phases. Some literatures showed that Fe–(21.5–27.7) wt.%Mn–
8.9–9.9) wt.%Al–(3.1–6.2) wt.%Cr–(0.33–0.42) wt.%C alloys exhib-
ted austenite and ferrite dual-phases, and the mechani-
al properties of the dual-phase Fe–Mn–Al–Cr–C alloys were
ar inferior to those of austenitic ones. In order to obtain
ull austenitic structure, a proper combination of chromium
nd carbon contents was treated. In the previous stud-
es [5,6], it was reported that the Fe–(29.5–31.3) wt.%Mn

(8.4–8.9) wt.%Al–(2.6–2.8) wt.%Cr–(0.98–1.06) wt.%C alloys had

single-phase austenite, and the corrosion resistance of the
ustenitic Fe–Mn–Al–Cr–C alloys was indeed superior to that of
he austenitic Fe–Mn–Al–C or dual-phase Fe–Mn–Al–Cr–C alloys.

∗ Corresponding author. Tel.: +886 3 5131288; fax: +886 3 5713987.
E-mail addresses: tfliu@cc.nctu.edu.tw, yixduan@gmail.com,

hyxsiusmilo@gmail.com (T.F. Liu).
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owever, to date, information concerning the corrosion behaviors
f the austenitic Fe–Mn–Al–Cr–C alloys with higher Cr (≥3 wt.%)
ontent is very deficient. In this study, the electrochemical corro-
ion properties of four austenitic Fe–30 wt.%Mn–7 wt.%Al–1 wt.%C
lloys with 0, 3, 6 and 9 wt.% Cr contents in 3.5% NaCl solution were
nvestigated to evaluate the effects of Cr content on the corrosion
esistance.

. Experimental procedure

The chemical compositions of the alloys are shown in Table 1. The alloys were
repared by melting commercial pure Fe, Mn, Al, Cr and carbon powder in an induc-
ion furnace under a controlled protective argon atmosphere. The melt was cast into
0 mm × 50 mm × 200 mm ceramic shell mold. After being homogenized at 1473 K
or 24 h, the ingots were sectioned into 12 mm × 12 mm × 5 mm slices. These slices
ere subsequently solution heat-treated in vacuum furnace at 1373 K for 2 h and

hen rapidly quenched into room-temperature water. Potentiodynamic polarization
urves were measured in 3.5% NaCl solution at 298 K. Electrochemical polarization
urves were obtained by using an EG&G Princeton Applied Research Model 273
alvanostat/potentiostat. Specimens with an exposed surface area of ∼1 cm2 were
round with 2000-grit SiC paper and then with 1.5 �m Al2O3 powder, washed in
istilled water and rinsed in acetone prior to passivation. Potentiodynamic polar-

zation curves were obtained at a potential scan rate of 5 mV s−1 from −1 to 0.5 V.
he concentration of elements in the passive film was examined by Auger electron
pectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). As well known, the
omposition quantification of AES is very poor due to matrix effect, peaks overlap-
ing and surface roughness, etc. However, the depth profiling is one of the most
mportant and convenient application of AES for analyzing the composition of thin
urface layer. Therefore, the depth profiling of AES is an appropriate and effec-
ive method for analyzing the composition distributions of the passive film in this
xperiment [18,19]. Microstructures were examined by using optical microscopy and
ransmission electron microscopy (TEM). TEM specimens were prepared by means
f a double-jet electropolisher with an electrolyte of 15% perchloric acid, 25% acetic
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Fig. 1. Optical micrographs of the Fe–30 wt.%Mn–7 wt.%Al–(6, 9) wt.%Cr–1 wt.%C
alloys. (a) 6 wt.%Cr, and (b) 9 wt.%Cr.

Table 1
Chemical compositions of the present alloys (wt.%).

Alloy Mn Al Cr C Fe

A(0Cr) 29.18 7.05 0 0.96 Bal.
B(3Cr) 29.92 7.12 3.01 1.04 Bal.
C(6Cr) 30.12 7.06 5.96 1.01 Bal.
D(9Cr) 30.02 7.08 9.05 0.98 Bal.

Fig. 2. Potentiodynamic polarization curves for the five Fe–30 wt.%Mn–7 wt.%Al–(0,
3, 6, and 9) wt.%Cr–1 wt.%C alloys in 3.5% NaCl solution.

Table 2
The electrochemical parameters from potentiodynamic polarization curves for the
Fe–30 wt.%Mn–7 wt.%Al–(0, 3, 6 and 9) wt.%Cr–1 wt.%C alloys in 3.5% NaCl solution.

Alloy Electrochemical parameters from polarization curves

Ecorr (mV) Ecr (mV) Epp (mV) Ip (A cm−2)

A(0Cr) −877 – – –
B(3Cr) −712 −588 −224 4.1E−05
C(6Cr) −556 −518 −27 5.75E−06
D(9Cr) −754 −599 −472 1.78E−05

Ecorr, corrosion potential; Ecr, critical potential for active–passive transition; Epp,
pitting potential; Ip, passive current density, minimum value.

Fig. 3. AES depth profiles for the passive film of the Fe–30 wt.%Mn–7 wt.%Al–(0, 6,
and 9) wt.%Cr–1 wt.%C alloys. (a) 0 wt.%Cr, (b) 6 wt.%Cr, and (c) 9 wt.%Cr.
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ig. 4. Transmission electron micrographs of the Fe–30 wt.%Mn–7 wt.%Al–9 wt.%Cr–
arbide in (a). The zone axis of the (Fe,Mn,Cr)7C3 carbide is [2 1̄ 1̄ 0] (c) and (d) two
earby the (Fe,Mn,Cr)7C3 carbide, respectively.

cid and 60% ethanol. Electron microscopy was performed on JEOL-2000FX STEM
perating at 200 kV. This microscope was equipped with a Link ISIS 300 energy-
ispersive X-ray spectrometer (EDS) for chemical analysis. Quantitative analyses of
lemental concentrations for Fe, Mn, Al and Cr were made using the Cliff-Lorimer
atio thin section method.

. Results and discussion

Optical microscopy examinations showed that the as-quenched
icrostructure of the alloys A(0Cr) through C(6Cr) was single-

hase austenite. Fig. 1(a) shows a typical optical micrograph of
he alloy C(6Cr), indicating single-phase austenite with annealing
wins. Transmission electron microscopy examinations indicated
hat besides the austenite phase, no evidence of carbides could be
etected in the as-quenched alloys A(0Cr) through C(6Cr). Fig. 1(b)

s an optical micrograph of the alloy D(9Cr), revealing the presence
f some carbides in the austenite matrix and on the grain bound-
ries. It seems to imply that Cr could be completely dissolved in
he austenite matrix at 1373 K as Cr ≤6 wt.%, and carbides could
e formed at this temperature as Cr up to 9 wt.%. Potentiodynamic
olarization curves for the four Fe–Mn–Al–Cr–C alloys in 3.5% NaCl
olution are shown in Fig. 2. The electrochemical parameters are

ummarized in Table 2. Ecorr of the alloys with different Cr content
as varied from −556 to −877 mV. Alloy C(6Cr) has the noblest Ecorr

−556 mV). Similarly, with increasing Cr content from 3 to 6 wt.%,
he Epp was drastically increased from −224 to −27 mV. How-
ver, with further increasing the Cr content to 9 wt.%, Epp became

b
w
i
t
n

C alloy. (a) BF, and (b) a selected-area diffraction pattern taken from a (Fe,Mn,Cr)7C3

al EDS profiles obtained from the (Fe,Mn,Cr)7C3 carbide and the austenite matrix

ore negative (−472 mV). The results indicate that the alloy C(6Cr)
ad the highest resistivity to pitting damage. Passivation could be
bserved for all the alloys except for the alloy without Cr content.
n Fig. 2, it is clearly seen that the passive region increased as Cr
ontent increased from 0 to 6 wt.%, and decreased as Cr content
p to 9 wt.%. In order to determine the chemical composition and
he valence state of element in passive film formed on the alloys
n 3.5% NaCl solution, the technique of AES/XPS was undertaken.
ig. 3 indicates that the depth-concentration profiles for passive
lm formed on the alloys A(0Cr), C(6Cr) and D(9Cr). The detection
f carbon concentration of outmost layer may be due to surface
ontamination. The O concentration of the alloy A(0Cr) was much
maller than that of the alloys C(6Cr) and D(9Cr) in depth profile.
n Fig. 3(a), it is clear that passive film was not obvious in the alloy

ithout Cr content. However, in the alloys C(6Cr) and D(9Cr), the
concentration at the surface was much higher than that in the
atrix, as illustrated in Fig. 3(b) and (c). The Mn and Fe contents

n the outmost surface were much lower than those in the matrix,
ut Cr and Al contents were reverse tendency. It means that the
r and Al enrichment was attributed to the preferential dissolu-
ion of unstable oxides of Fe and Mn into electrolyte solution, and
hen replacement by Cr and Al within the oxide layer. There were
road peaks of Cr and Al at a depth of 0–2 nm, which corresponded

ith the peak of O. This implies that the increase of Cr and Al

n oxides is likely to be responsible for the improved stability of
he passive film. However, the AES analysis for passive film can-
ot explain the reason why the Ecorr of the alloy D(9Cr) decreased
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more negative), as indicated in Table 2. In order to obtain more
nformation, the alloy with 9 wt.% Cr content was examined by
EM. Fig. 4(a), a bright-field electron micrograph, clearly reveals the
resence of carbides in the austenite matrix. Fig. 4(b) is a selected-
rea diffraction pattern taken from a carbide. Compared to the
revious studies [20], it is clear that the carbide is (Fe,Mn,Cr)7C3
ith lattice parameters a = 1.398 nm and c = 0.452 nm. Fig. 4(c)

nd (d) are two EDS profiles taken from a (Fe,Mn,Cr)7C3 car-
ide and the austenite matrix nearby the (Fe,Mn,Cr)7C3 carbide,
espectively. The quantitative analyses of ten different EDS pro-
les showed that the chemical composition of the carbide was
e–0.56 wt.%Al–40.12 wt.%Mn–34.39 wt.%Cr (EDS with the thick-
indow detector can only detect the elements with atomic number

1 or above, hence carbon is unable to be examined by this method),
nd the chemical composition of the austenite matrix nearby
he carbide was Fe–10.51 wt.%Al–25.48 wt.%Mn–2.73 wt.%Cr. It is
learly seen that the Cr content in the (Fe,Mn,Cr)7C3 carbide is
p to 34.39 wt.%, which is much higher than that in the austenite
atrix nearby the (Fe,Mn,Cr)7C3 carbide. It is thus expected that

he conspicuous decrease of the Cr content in the austenite matrix
as ascribed to the formation of Cr-rich (Fe,Mn,Cr)7C3 carbides.

herefore, it is deduced that the formation of Cr-rich (Fe,Mn,Cr)7C3
arbides would lead to the decrease of Ecorr and Epp of the alloy
(9Cr).

Based on the preceding results, it is clear that no evidence
f passivation could be found in the alloy A(0Cr) and the
corr of the alloy was −877 mV. This result is similar to that
xamined by other workers in the as-quenched austenitic
e–(26.0–32.2) wt.%Mn–(8.3–10.0) wt.%Al–(0.85–1.45) wt.%C
lloys in 3.5% NaCl solution, in which they reported that only
arrow passive region could be observed and the Ecorr of the
lloys was in the range from −789 to −920 mV [5–9,14]. How-
ver, an obvious broad passive region could be detected in
he present alloys containing Cr. This shows that the Cr addi-
ion is indeed beneficial for the corrosion resistance of the
ustenitic Fe–Mn–Al–C alloys in NaCl solution, which is in
greement with that examined by other workers in the austenitic
e–(29.5–31.3) wt.%Mn–(8.4–8.9) wt.%Al––(2.6–2.8) wt.%Cr–(0.98–
.06)wt.%C alloys [5,6]. In addition, the Ecorr value for the alloy
(3Cr) was −712 mV, which is comparable to about −720 mV for the

s-quenched Fe–29.5 wt.%Mn–8.4 wt.%Al–2.6 wt.%Cr–1.06 wt.%C
lloy in 3.5% NaCl solution reported by other workers [6]. In the
resent study, we have further shown that the 6.0 wt.% Cr addition
as completely dissolved in the Fe–30 wt.%Mn–7 wt.%Al–1.0 wt.%C

lloy at 1373 K. Thus, the Ecorr and Epp values would be pro-

[
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ouncedly increased to −556 and −27 mV, respectively, in the
lloy C(6Cr). However, when the Cr addition was increased up to
wt.%, the Cr-rich (Fe,Mn,Cr)7C3 carbides could be detected in the
s-quenched alloy D(9Cr). The formation of Cr-rich (Fe,Mn,Cr)7C3
arbides resulted in the drastic decrease of the Ecorr and Epp values.

. Conclusions

The corrosion potential (Ecorr) of the as-quenched
e–30 wt.%Mn–7 wt.%Al–(0, 3, 6 and 9) wt.%Cr–1 wt.%C alloys
ncreased from −877 to −556 mV as Cr content increased from 0
o 6 wt.%. However, the Ecorr of the alloy with 9 wt.% Cr dropped
o −754 mV due to the formation of (Fe,Mn,Cr)7C3 carbides in the
ustenitic matrix and on the grain boundaries. The result indicates
hat the alloy C (6Cr) exhibited the highest corrosion resistance
n 3.5% NaCl solution. Passivation could be observed for all of the
resent alloys except for the alloy without Cr content.
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