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Abstract

Two compositions of Fe-based FesoCrisMogAl, Y»C14Bg and FessCrisMo14Y,Ci5B¢N4 amorphous alloys were developed as alternative bipolar
plate material for polymer electrolyte membrane fuel cell (PEMFC). In this paper, we present results of an investigation on the electrical, mechanical,
corrosion properties and processing ability of these amorphous alloys. The combination of excellent properties indicated that Fe-based amorphous

alloys could be potential candidate materials as bipolar plates in PEMFC.

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

It is desirable to produce bipolar plates for polymer elec-
trolyte membrane fuel cell (PEMFC) as thin as possible, to
replace the bulky graphite bipolar plates, in order to increase
the volumetric power density. Intensive researches were thus
carried on with the aim of developing alternative materi-
als and, for example graphite composite [1], stainless steel
[2], and TiN coating deposited on metallic substrate were
recently proposed [3]. Considering the requirements for bipo-
lar plate, further enhancement of the corrosion properties is
however required for metallic bipolar plates. We previously
introduced a novel idea of using metallic amorphous mate-
rials [4] as bipolar plates from the corrosion stand point. In
this paper, besides the corrosion properties of two Fe-based
amorphous alloys evaluated in simulated PEMFC environ-
ment, other properties such as contact resistance, mechani-
cal and viscosity properties are presented. The potential of
the FespCrigMogAl,Y>Ci4Bg and FeqqCrisMoj4Y2Ci5BgNy
amorphous alloys for bipolar plate applications in PEMFC are
discussed.
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2. Experimental procedure

FesoCrigMogAl,Y2Ci4Bg and FeyqCrigMoj4Y,CisBgNy
(at.%) alloy compositions were prepared by arc melting high
purity metal, Fe (99.9%), Cr (99.9%), Mo (99.5%), Al (99.9%),
Y (99.5%), C (99.9%), B (99.9%) and Fe—Cr-N master
alloy, under an argon atmosphere. Sample plates of dimen-
sion 1.2mm x 5mm x 50 mm were prepared by copper mold
casting. The microstructural characterization of the plates was
performed by X-ray diffraction (XRD) with monochromatic
Cu Ka radiation and transmission electron microscopy (TEM).
A method explained elsewhere [5] was used to measure the
contact resistance of the alloys with the specimen thickness
of 1.1 mm and a cross-section area of 0.7 cm?. To investigate
the surface energy of the samples, the water contact angle was
measured by “CAM + contact angle meter”. The density of the
samples was measured according to the ASTM D792 test pro-
cedure. The fracture strength of the amorphous alloys were
obtained by performing uniaxial compression tests on a cast
cylindrical specimens of 2mm diameter and 4 mm height at
room temperature on an Instron-type machine with an initial
strain rate of 1 x 10~*s~!. The corrosion behavior of the amor-
phous plates was studied by electrochemical measurements in a
simulated aggressive PEMFC environment; all the experiments
were conducted in 1 M HpSO4 +2 ppm F~ at 80 °C [6,7] under
either hydrogen gas or pressurized air bubbled into the solution
throughout the experiments to simulate the respective anodic
and cathodic PEMFC environments, as described by Jayaraj et
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Fig. 1. (a) XRD pattern of Fe41CrigMo14Y2C15BgNy cast plate of dimension
1.2mm x 5 mm x 50 mm showing the amorphous nature; (b) typical dark field
TEM image and corresponding SADP.

al. [4]. The viscosity of the Fe-based amorphous alloys were
measured by means of a Perkin-Elmer thermal mechanical ana-
lyzer (TMAT) with a quartz penetration probe (¥ 3.7 mm) under
argon atmosphere, a static force of 250 mN and a heating rate of
20°Cmin~ 1.

3. Results and discussion
3.1. Microstructural characterization

Fig. 1(a) shows the XRD pattern of the FesiCrigMoja
Y,C15B¢Ny4 amorphous plate. The broad peak observed for the
diffraction angle 26 ranging between 40° and 50° demonstrates
the absence of crystalline phase. The amorphous structure of the
plate was further confirmed by TEM analysis. Fig. 1(b) reveals
a homogeneous structure without any crystalline phase and the
corresponding selected area diffraction pattern (SADP) shows
diffuse halo ring characteristics of the amorphous structure.

3.2. Electrical properties

In general, the electrical resistivity of the amorphous alloy is
higher than that of its crystalline state because of the reduced
mobility of the conduction electrons in the amorphous state.
Fe-based amorphous alloy exhibits an electrical resistivity of
the order of 100-130 w2 cm at room temperature [8] which is
slightly larger than the values for stainless steel. However, the
contact resistance has a stronger influence on the cell perfor-
mance than the bulk resistance of the bipolar plate [5]. The
contact resistance, which includes the bulk resistance of the
bipolar plate material and two gas diffusion layers, as well as
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Fig. 2. Contact resistance of graphite, stainless steel and Fe-based amorphous
alloys measured at various compaction forces (inset shows details around
180N cm™2).

the interfacial resistance between the plate and the gas diffu-
sion layers, was measured as a function of the compaction force.
The contact resistance decreased with the increasing compaction
force as shown in Fig. 2, which can be explained by the decrease
of the interfacial resistance. At a given compaction force the
contact resistance of Fe41CrigMo14Y>C5BgN4 was lower than
that of the Fe50Cri1gsMogAl> Y, C14Bg amorphous alloy similar to
SS316L, however, higher than that of graphite. At stack assem-
bly condition, i.e., about 180 Ncm™2, the difference between
the contact resistance of the amorphous alloys to the stainless
steel and graphite is negligible indicating that these Fe-based
amorphous alloys can be applied as bipolar plates for PEMFC
from the stand point of electrical properties.

3.3. Physical properties

In addition to electrical properties the bipolar plate material
requires gas tightness, low water absorption, sufficient mechan-
ical strength, low weight and chemical stability in the PEMFC
environment. The water absorption at the cathodic part of the
bipolar plate, which depends on the wettability of the material,
affects the cell performance [5]. The surface energy of the Al-
and N-containing Fe-based amorphous alloy was obtained by
measuring the wetting angle (6) and values are given in Table 1.
Values of the surface energy for amorphous alloys are higher than
that of stainless steel (76°) but lower than that of graphite (104°).
Although, not as efficiently as graphite, it can be predicted that
the water produced in PEMFC can flow and be easily removed
when on contact with Fe-based amorphous bipolar plate.

Values of the fracture strength (of) and density (p) of Fe-
based amorphous are given in Table 1. The measured densities

Table 1

Properties of Fe-based amorphous alloy

Alloy T, °O) Tx1 (°C) Tx2 (°C) ot (MPa) p (gem™) 0(°)
FC50C1‘13M03A12Y2C14B6 560 606 669 3617 7.48 92
Fe41CrigMo14Y2C14BsNa 618 656 677 3203 7.75 88




36 E. Fleury et al. / Journal of Power Sources 159 (2006) 34-37

10° 4
}: —a—Fe, Cr, Mo Y.,C BN, - H2 bubbling
= o] —v—Fe, Cr, Mo, Y,C BN, --air bubbling
£ 191 —=—Fe, CrMoyY,C BAI~ H2 bubbling
; -. —o—Fe_Cr,,Mo,Y,C, BAI, - air bubbling <
— 2 i
2 '
£ 3
g 1
2 10%]
o ]
£ 1
[&] 104};
; Cathode potential
. Anode potential
10 . T

-0.4 -0.2 0:0 0.l2 0.|4 ‘ D.IS O.IS 1.0 1.2
Potential Vs Ag/Agcl ( Volt)

Fig. 3. Potentiodynamic behavior of Fe-based amorphous alloys in 1M
H,SO4 +2ppm F~ at 80 °C. The anodic and cathodic potential in PEMFC is
marked.

of the amorphous alloys are similar to that of stainless steel while
the strength of these compositions are approximately 3—4 times
larger. The high values of the mechanical properties can also be
used advantageously since it allows a reduction of bipolar plate
thickness below 1 mm, while still providing high mechanical
performance.

3.4. Corrosion behavior of Fe-based amorphous alloys

The polarization curves for the Fe-based amorphous mate-
rials in 1M H>SO4+2ppm F~ at 80 °C with hydrogen and
air bubbling are shown in Fig. 3. Under hydrogen bubbling,
Fe-based amorphous alloys with Al and N passivated spon-
taneously with a current density, Iy, of the order of 0.133
and 0.031 mA cm™2, respectively, at the approximate operating
potential of the PEMFC anodic environment of —0.1 V. The
corrosion current density, I.orr, Was estimated by the Tafel slope
method [9] from the potentiodynamic curves. The ¢ values for
N- and Al-containing alloys were about 36 and 182 pA cm™2,
respectively. Thus from the values of Iyuss and Icor, the N-
containing amorphous alloy displays higher corrosion resistance
than the Al-containing amorphous alloy in PEMFC anodic envi-
ronment. Under air bubbling, the Ip,g is in the order of 0.57
and 1.41 mA cm~2 for the Al- and N-containing Fe-based amor-
phous alloys, respectively, at the approximate operating potential
of the PEMFC cathodic environment of 0.6 V. The I.o; value
of Al-containing alloy in air bubbling was about 0.1 mA cm~2
and a very low value of about 5 WA cm™2 was obtained for N-
containing alloy indicating a higher corrosion resistance of this
amorphous alloy in the PEMFC cathodic environment. In com-
parison to the hydrogen bubbled environment, the lower /o
value in air bubbled environment reflects the useful effect of the
air (i.e., oxygen) on the formation of the passive layer. The cor-
rosion potential, Eorr of the Al- and N-containing amorphous
alloys in H, bubbling conditions were —0.247 and —0.229V,
respectively. These corresponding alloys became noble in air
bubbling with an Eq value of —0.139 and 0.007 V, indicating

that for these compositions H, bubbling was more aggressive
than air bubbling. Also, the Fe-based amorphous alloy show
better corrosion resistance than the stainless steel SS316L in the
PEMFC environment [4]. The existence of chemical heterogene-
ity in the crystalline alloy (stainless steel) prevents the formation
of the uniform passive film and the grain boundaries act as poten-
tial sites for preferential dissolution to occur, resulting in a higher
corrosion rate [10]. Whereas, the corrosion mechanism of this
Al-containing Fe-based amorphous alloy was explained by the
formation of uniform and thin Cr-rich oxide layer [4]. The effect
of N on the corrosion resistance in PEMFC environment has not
been elucidated, yet. However, analyses by means of XPS for the
passive layer formed in HCI solution were recently reported for
N-containing Fe-based amorphous alloy [11]. The presence of
N element in the alloy was found to result in the form of nitrides
on the outer surface of the passive layer which are negatively
charged, like MoN . In addition to the Cr-oxide enrichment, the
negatively charged N will repel the C1™ ions of the HCl solution
[11], which would result in an enhanced corrosion resistance.
Similarly, this mechanism is believed to take place in solution
simulating PEMFC environment with the repulsion of SO4~ and
F~ and investigations by means of XPS technique are currently
in progress.

3.5. Viscosity

Metallic glassy alloys exhibit a superplastic [12] behavior in
the super-cooled liquid region, defined as the temperature range
between the glass transition () and crystallization tempera-
ture (Tx). The superplastic behavior of the amorphous alloys
in the super-cooled liquid region can be used advantageously
[12,13] to process the required flow channels in the bipolar plate
at relatively low temperature by metal processing technique like
stamping.

The viscosity properties of both amorphous alloys are pre-
sented in Fig. 4. The initially high values of the viscosity
decreased as the temperature increased, and values became
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Fig. 4. Measured viscosity of the Fe-based amorphous alloy in the super-cooled
liquid region.
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particularly low between the 7, and Tx (given in Table 1,
obtained from the DSC traces of the amorphous alloy at a
heating rate of 20 °C min~!). However, as crystals start to pre-
cipitate in the amorphous matrix, the viscosity increased again.
The minimum values of the viscosity are about 3 x 10~8 and
5.5 x 1078 Pas at 687 and 647 °C for the Al- and N-containing
alloys, respectively. Thus, in addition to the larger super-cooled
liquid region, the Al-containing alloy displays a lower viscos-
ity than N-containing alloy, suggesting that the Al-containing
alloy could be more easily formed in the super-cooled liquid
region. Since processing is also an important aspect to take into
consideration for the potential of materials for bipolar plates,
these data indicated that flow channels can be easily processed
in Fe-based amorphous alloys by means of forming technique
in the super-cooled liquid region. Recently, Ni-based amor-
phous bipolar plates have been fabricated by utilizing the super-
plastic behavior in the super-cooled liquid region [14]. Bipo-
lar plates for PEMFC with the FesoCrigMogAl, Y2C14Bg and
Fe41CrigMo14Y2C15BgN4 compositions are under construction
in the authors’ laboratory and will be investigated under real
operating conditions.

4. Conclusions

The contact resistances of the Fe-based amorphous alloys
were found to be similar to that of stainless steel. These alloys
characterized by fracture exhibit strength beyond 3 GPa. These
high values of the mechanical properties can be used advanta-
geously since it would allow reduction of bipolar plate thickness
below 1 mm. As demonstrated by potentiodynamic studies, both
the Fe41CrlgM014Y2C14B6N4 and Fe50Cr18M08A12Y2C14B6
amorphous alloys exhibit higher corrosion resistances than
SS316L. Based on these remarkable properties, Fe-based amor-
phous alloys appeared as potential candidate materials for bipo-
lar plate in PEMFC.
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