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bstract

The corrosion properties of the Fe Cr Mo C B Y M (with M = Al, Co, Ni, N and x = 0, 2) bulk metallic glasses have been investigated
45−x 18 14 15 6 2 x

n a 1 M H2SO4 + 2 ppm F− solution at 80 ◦C with H2 and air bubbling, which simulate environments of the polymer electrolyte membrane fuel
ell. The partial replacement of 2 at.% Fe led to significant modification of the corrosion behavior and resulted in corrosion resistances superior to
hat of stainless steel.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Among the existing metallic amorphous alloys, the Fe-based
ulk metallic glasses (BMGs) emerged as the most attractive
ystems owing to their combination of remarkable properties
articularly the elevated glass transition temperature, high
ardness, high strength and high corrosion resistance in HCl
nvironments [1–4]. Recently, we introduced a novel idea
f using Fe-BMGs as bipolar plates in polymer electrolyte
embrane fuel cell (PEMFC) [5]. In addition to properties

uch as electrical conductivity, strength and non-permeability
o gases, materials for bipolar plates should be highly corrosion
esistant. The preliminary study demonstrated the effect of
ajor elements such as Cr and Mo on the corrosion properties.
he aim of this paper is to report the effect of minor alloying
lements on the corrosion behavior. The dependence of the
orrosion properties of the Fe45−xCr18Mo14C15B6Y2Mx BMGs
or M = Al, Co, Ni, N and x = 0, 2 under conditions that simulate
ipolar plate PEMFC environments will be demonstrated by

eans of potentiodynamic and potentiostatic polarization

ests.

∗ Corresponding author. Tel.: +82 2 958 5456; fax: +82 2 958 5449.
E-mail address: efleury@kist.re.kr (E. Fleury).
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. Experimental procedure

Starting with a composition developed by Ponnambalam et al. [6],
e45−xCr18Mo14C15B6Y2Mx (with M = Al, Co, Ni, N and x = 0, 2) alloys were
repared by arc melting of high purity metals and Fe–Cr–N master alloy under an
rgon atmosphere. Plates of dimension 1.2 mm × 5 mm × 50 mm were prepared
y copper mold casting. The amorphous nature of the alloys was checked by X-
ay diffraction. As shown in Fig. 1, the XRD traces display broad peaks around
5◦ characteristics of the amorphous structure. Potentiodynamic and potentio-
tatic tests were performed on carefully polished with 1200 grit SiC paper and
ltrasonically cleaned BMG and stainless steel SUS316L plates under conditions
hat simulate PEMFC anodic and cathodic environments [7]. Further details on
he corrosion tests can be found in ref. [5].

. Results

.1. Potentiodynamic behavior of Fe-based BMGs and
tainless steel

Fig. 2(a) shows the polarization curves obtained for the
MGs and SUS316L in solution with H2 bubbling, simulating

he PEMFC anodic environment. The main difference in the cor-
osion behavior consists in the position of the corrosion poten-

ial, Ecorr. Fe43Cr18Mo14C15B6Y2Al2 and SUS316L have neg-
tive values while other BMGs have positive Ecorr values. Con-
idering the potential of −0.1 V corresponding to the operating
otential at the PEMFC anode, the passivation current densities

mailto:efleury@kist.re.kr
dx.doi.org/10.1016/j.jallcom.2006.08.288
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ig. 1. XRD traces of Fe43Cr18Mo14C15B6Y2Al2 and Fe43Cr18Mo14C15

6Y2N2 metallic glasses.
or all alloys are almost similar but Fe43Cr18Mo14C15B6Y2N2
ad the lowest value of about 0.42 mA cm−2. The BMGs
assivated spontaneously whereas the stainless steel exhibited
n active-passive transition behavior, which means that the

ig. 2. Potentiodynamic polarization in 1M H2SO4 + 2 ppm F− at 80 ◦C: (a)
ith H2 bubbling simulating the anodic environment and (b) with air bubbling

imulating the cathodic environment of PEMFC.
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assive layers of the BMGs are more stable than that of
US316L. In view of the corrosion current density (Icorr) esti-
ated from the polarization curves by the Tafel slope method

8], the corrosion resistance of the alloys follows the order:
US316L (Icorr = 1.51 mA cm−2) < Fe43Cr18Mo14C15B6Y2Co2
1.34) < Fe45Cr18Mo14C15B6Y2 (0.68) < Fe43Cr18Mo14C15B6

2Ni2 (0.57) < Fe43Cr18Mo14C15B6Y2N2 (0.43) < Fe43Cr18
o14C15B6Y2Al2 (0.11).
Fig. 2(b) shows the polarization curves obtained in solu-

ion with air bubbling, which simulate the PEMFC cathodic
ondition. For the Fe43Cr18Mo14C15B6Y2Al2 BMG, the
corr increased meaning that the alloy is nobler under air
ubbling in comparison to H2 bubbling. At the potential
f 0.6 V, corresponding to the operating potential of the
EMFC cathode, the passivation current density is the lowest
or the Fe43Cr18Mo14C15B6Y2Ni2 BMG with value of about
.5 mA cm−2. Considering the Icorr in the cathodic environment,
he corrosion resistance of the alloy follows the order: SUS316L
3.26) < Fe43Cr18Mo14C15B6Y2Co2 (0.53) < Fe45Cr18Mo14

15B6Y2 (0.38) < Fe43Cr18Mo14C15B6Y2Al2 (0.09) < Fe43
r18Mo14C15B6Y2Ni2 (0.024) < Fe43Cr18Mo14C15B6Y2N2

0.016). For BMGs, these values were lower that those recorded
nder H2 bubbling. The higher corrosion resistance of Fe-
MGs under air bubbling reflects the positive effect of the air

i.e., oxygen) on the formation of the passive layers. These
esults indicated that Fe-BMGs have higher corrosion resistance
han SUS316L in PEMFC environment and that the corrosion
roperties are sensitive to minor modification of the alloy
ompositions.

.2. Potentiostatic behavior of Fe-based amorphous alloy

The stability of the passive layers was studied by potentio-

tatic polarization tests in simulated PEMFC environment for
h. Fig. 3(a) shows that, under a constant applied potential of
.6 V in solution with air bubbling, the current density decreased
apidly to reach low values. This reduction of the current den-

ig. 3. Potentiostatic polarization in 1 M H2SO4 + 2 ppm F− at 80 ◦C: (a) H2

ubbling simulating the cathodic environment and (b) air bubbling simulating
he anodic environment of PEMFC.
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ity reflects the passivation behavior of the films formed on the
urfaces of the Fe-BMGs under such environment.

With the exception of Fe43Cr18Mo14C15B6Y2Al2 BMG [5],
n solution with H2 bubbling and a constant applied voltage of

0.1 V (Fig. 3(b)), the initial current was negative because the
orrosion potentials were larger than the applied −0.1 V poten-
ial. The negative current densities increased rapidly at the very
rst stage of polarization and after a short time tended to reach

ow values. The negative current indicated that the passive layers
ere cathodically protected, which means there was no active
issolution of the BMGs. The time required to reach stabilization
s well as the final values of the current density are dependent on
he alloy composition, which suggests a strong influence of the

inor elements on the thickness and composition of the passive
ayers.

. Discussion

In the late 1970s, and early 1980s, Hashimoto [3] demon-
trated the high corrosion properties of Fe-based amorphous
lloys in HCl environments. Similar to the effect observed for
tainless steel, Cr is one of the key passivating elements responsi-
le for the high corrosion resistance of Fe-based metallic glasses
4]. Jayaraj et al. [5] have shown that, for identical Cr content,
e-BMGs have superior corrosion properties than SUS316L

n conditions simulating cathodic and anodic PEMFC environ-
ents. In Fe-BMGs, Mo is necessary for the formation of the

morphous phase. However, as demonstrated by Pang et al. [4],
he excess of Mo degraded the corrosion properties in HCl solu-
ion. This dependence was confirmed under simulated PEMFC
nvironments and the best corrosion properties were obtained for
n alloy with 8 at.% Mo [5]. Also XPS analyses indicated that
he passive films were essentially composed by Cr2O3 covering
e2O3 and MoO oxides [5].

In the present work, the potentiodynamic studies under sim-
lated PEMFC environment indicated that the replacement
f 2 at.% of Fe by elements such as Al, Ni and N pro-
ided significant enhancement of the corrosion resistance. The
e43Cr18Mo14C15B6Y2Al2 show higher corrosion resistance in
nodic environment while Fe43Cr18Mo14C15B6Y2N2 exhibited
significantly higher corrosion resistance in cathodic environ-

ent. The reason why the elements resulted in better corrosion

esistance in these particular environments is not clear yet. How-
ver, it is well known that, Al and Ni tend to form highly
rotective Al2O3 and NiO oxides. By replacing Fe, which forms

[
[
[

[
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porous oxide layer, it is believed that they tend to reduce the
orrosion reaction by forming impervious oxide layers protect-
ng more efficiently the underlying amorphous matrix.

The effect of N on the corrosion resistance follows a differ-
nt mechanism. In contrast to Al, Ni and Co elements, N in the
lloy is negatively charged like N−. So if negatively charged N−
ons are present in the passive film, they will repel the SO4

− and
− ions, which would result in a decrease of the corrosion reac-

ion and corrosion current [9]. Moreover, owing to the presence
f Mo, a synergetic effect between Mo and N elements on the
orrosion properties is believed to have an active role, as demon-
trated on conventional Fe-based alloys [9]. Further analyses are
urrently in progress to determine the exact role of Al, Ni and

on the formation of the passive layers.

. Conclusion

This work emphasizes the effect of minor alloying elements
n the corrosion properties of Fe-based BMGs in conditions
imulating the PEMFC environments. The partial replacement
f Fe by Al resulted in high corrosion resistance in solution with
2 bubbling, while N provided significantly higher corrosion
roperties under air bubbling. Furthermore, the potentiodynamic
tudies under PEMFC environments demonstrated the superior
orrosion properties of the Fe-based BMGs in comparison to
hat of the SUS316L.
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