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Abstract

Metallic alloys have been considered for the fabrication of bipolar plates for polymer electrolyte membrane fuel cells (PEMFC). The corrosion
behavior of 316L stainless steel (316L) and Zr75Ti,s bulk amorphous alloy (AB) in PEMFC environments was studied using polarization resistance
and electrochemical impedance spectroscopy (ELS) methods. The results showed that under natural corrosion conditions, the amorphous bulk alloy
had a corrosion resistance close to that of 316L stainless steel. In all other fuel cell environments studied, the corrosion rate of AB was lower than

that of 316L.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The most widely used material for polymer electrolyte mem-
brane fuel cells (PEMFC) bipolar plates is graphite. The cells
volumetric size and the power/volume ratio could be signifi-
cantly improved by using bipolar plates made of metal alloys.
Metallic bipolar plates could provide additional advantages such
as cheaper material cost, good electrical and thermal conductiv-
ity, and a variety of manufacturing processes.

Several authors [1-13] have investigated the possibility of
using stainless steel for the fabrication of bipolar plates due
to its excellent corrosion resistance in some environments. All
these results indicate that the stainless steel corrosion resistance
should be increased to make possible its use as plate material in
PEMEC. The corrosion of the alloys in their current state would
lead to loss of electrons and metallic ions to the electrolyte and
to the poisoning of the polymer membrane [14].

The general objective of the work was to evaluate the corro-
sion of 316L stainless steel and compare it with that of a Zr75Tips
bulk amorphous alloy (AB). AB was selected for its lack of grain
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boundaries and thus, improved resistance to grain boundary cor-
rosion. The 316L steel properties are the baseline requirements
for metallic bipolar plates in fuel cell environments.

2. Experiment

The corrosion behavior of the alloys in anodic conditions
was determined by potentiostatic polarization followed by mea-
surements of the corrosion current and rate using polarization
resistance methods. The free corrosion behavior of 316L and
AB alloy was examined since the plates remain in contact with
the electrolyte during cell shut down. Their corrosion potential
(Ecorr), corrosion current (icorr) and corrosion rate (Rategqrr) in
the acid solution were recorded using potentiodynamic methods.

2.1. Materials and specimens preparation

The corrosion behavior of small specimens of 316L and
Zr75Tips bulk amorphous alloy plate was tested. Samples were
embedded in acrylic resin leaving an exposed area of about
1.5cm? for electrochemical measurements. The specimens
were polished with 600 grit SiC abrasive paper, washed with
de-ionized water and dried before electrochemical evaluation.
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Fig. 1. X-ray diffraction pattern showing the amorphous nature of Zr;5Tips alloy
plate.

2.2. Experimental conditions

A 1-1 double-walled cell containing 800 ml of the acid solu-
tion (pH 3.2) was used as electrochemical test cell. The solution
contained 12.5ppm of HySO4 and 1.8 ppm of HF in reac-
tive grade water (18 MQ2) and its temperature (25=+0.2 or
80+£0.5°C) was controlled by a flow of water at constant tem-
perature within the double wall. Humidified H, was bubbled and
the solution was stirred magnetically during the experiments.
The counter electrode (CE) was made of platinum foil and a sat-
urated calomel electrode acted as the reference electrode (RE).
A saturated KCl salt bridge was used to maintain a constant dis-
tance of ~4 mm between the reference and the working electrode
(WE). The three electrodes were mounted in a Teflon holder and
the distance between WE and CE was fixed at 20 mm.

Polarization curves were taken using an EG&G Princeton
Applied Research 273 potentiostat/galvanostat using a sweep
rate of 0.2mVs~! and controlled by an IBM computer. 352
SoftCorr III™ was used for polarization data acquisition and
processing. Electrochemical impedance was measured using a
Solartron 1255 HF frequency response analyzer and a Solartron
1286 electrochemical interface in the frequency range from
10kHz to 0.1 Hz. The amplitude of the sinusoidal signals was
30mV (rms) for polarization, and 50 mV (rms) for free corro-
sion at open circuit potential measurements. Zplot™ was used
for acquisition of the impedance data. The Nyquist plots of
the impedance data were analyzed using Zview™ to calculate
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charge-transfer resistance and double layer capacity during the
corrosion process.

3. Results and discussion
3.1. Microstructure characterization

The X-ray diffraction pattern of the ZrjsTips alloy plate
presents a broad band in the diffraction angle range 26 between
35° and 45° (Fig. 1). The characteristic peaks corresponding to
the crystalline phases of Zr and Ti are absent and this confirms
that the Zry5Tips alloy has an amorphous nature.

3.2. Corrosion behavior in the acid solution bubbled with
Hyat25°C

3.2.1. At open circuit potential

3.2.1.1. Polarization results. Fig.2 shows the evolution of E¢qr
with time at open circuit potential for 316L and AB. The cor-
rosion potential of 316L was always more positive than that
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Fig. 2. Evolution of the corrosion potential of 316L and AB alloy in the acid
solution bubbled with H, at 25 °C.
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Fig. 3. Linear polarization curves of AB alloy (A) and 316L (B) after 20 h of
immersion in the acid solution bubbled with H; at 25 °C. (C) A comparison of
the two curves.
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Fig. 4. Twenty hours evolution of the corrosion rate of 316L stainless steel and
AB alloy in the acid solution bubbled with H; at 25 °C.

of AB alloy. After 20h of immersion, a potential sweep was
performed in a potential range of E.or £25mV at a scan rate
of 0.2mV s~!. Typical linear polarization curves of AB alloy
and 316L are shown in Fig. 3. Ecorr, icorr and corrosion rates
in micrometer per year were calculated based on these curves
using linear polarization resistance method. The results showed
that the corrosion rates of the two alloys were almost the same as
seen in Fig. 4, which shows the corrosion rates of the two alloys
as a function of time during 20 h immersion. Table 1 shows the
corrosion rate after 3 and 20 h immersions.

3.2.1.2. Electrochemical impedance spectroscopy (EIS) results.
A typical Nyquist plot [15] taken on an AB specimen after 4 h
immersion is shown in Fig. 5. The open circles represent exper-
imental data. The solid line is a simulation curve obtained using
the fitting parameters from the equivalent circuit (insert drawing
in Fig. 5) that describes the corrosion process of the AB alloy in
the acid solution. In the equivalent circuit, Ry is solution resis-
tance between the reference electrode capillary and the working

Table 1
Corrosion rate of 316L stainless steel and AB alloy in the acid solution bubbled
with Hp at 25°C

Sample Corrosion rate (um year™!)

3h 20h
316L 0.063 0.058
AB 0.058 0.048
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Fig. 5. Nyquist plot of the AB alloy immersed in the acid solution bubbled with
H, at 25°C for 4 h.

electrode surface; R is the charge-transfer resistance and CPE
is a constant related to the double layer capacity (Cq;) or to the
oxide film capacity (Cr) on the working electrode surface.

Fig. 6 shows Bode plots [16] of the impedance diagram of
316L and AB after 24 h immersion in the acid solution bubbled
with Hy at 25°C. The Z value of AB was higher than that of
316L, especially in the low frequency range. This implies that
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Fig. 6. Bode plots of the ac impedance diagram of 316L and AB alloy after 24 h
of immersion in the acid solution bubbled with H, at 25 °C.
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Fig. 7. Time dependence of Cg; (A) and Cr (B) of 316L and AB alloy in the acid solution bubbled with H; at 25 °C.



S. Jin et al. / Journal of Power Sources 162 (2006) 294-301 297

800
700} |+ 316L
= AB
600}
o~
§ so0f /*/\
g 400 - /
é’ 300
200+
/s
100 1
0 ' 1 s 1 L 1 1 L 1 L |
0 4 8 12 16 20 24

Time, h

Fig. 8. Time dependence of the charge-transfer resistance of the corrosion pro-
cess of 316L and AB alloy in the acid solution bubbled with H; at 25 °C.

the corrosion impedance of AB was higher than that of 316L.
The phase angle theta () for AB was slightly bigger than that of
316L, especially in the medium frequency range. This indicated
that the Cg of 316L was bigger than that of AB alloy, because 8
is inversely proportional to capacity. Calculations of the Cq; val-
ues from the Nyquist plots confirmed this statement as showed
in Fig. 7. The Cq difference between 316L and AB ally was
probably due to surface differences between the two alloys. A
higher Cq; implies a higher surface roughness or porosity. In
general, stainless steel has small Cyq; when its oxide film is con-
tinuous, nonporous, insoluble and self-healing. In this case, the
lack of oxygen in the solution and the presence of hydrofluo-
ric acid prevented stabilization of the oxide film which in turn
accounted for the higher Cg;. In the case of AB alloy, the amor-
phous structure increased the resistance to the HF attack and
thus, led to the lower Cg; value. This suggestion is supported
also by the calculation of the oxide film capacity (Cf) shown
in Fig. 7B which reveals that the Cr of 316L decreased with
immersion time, while that of AB alloy remained rather stable.
The fact that the Cy value of 316L was always bigger than that of
AB alloy resulted probably from the difference of the dielectric
constants and the thicknesses of the oxide films of the two alloys
[15].

Fig. 8 compares the charge-transfer resistance as a function of
time for 316L and AB at open circuit potential. At the beginning,
the two alloys showed similar R values; but later the AB alloy
exhibited higher R than 316L. At the end of 24 h immersion, the
charge-transfer resistance of AB was 757 k2 cm?, while that of
316L was 631 k2 cm?. These results indicated that the metallic
atoms in the AB alloy had more difficulty to loose electrons than
those in 316L. Thus, AB exhibited a higher corrosion resistance
than 316L.

3.2.2. Electrochemical behavior of 316L and AB alloy in
simulated PEMFC anode environment at 25°C

3.2.2.1. Polarization results. Fig. 9 displays the potentiostatic
curves of 316L and AB alloy polarized at a potential of —444 mV
versus SCE in the acid solution bubbled with H,. The 316L
stainless steel showed higher polarization current density during
the first 4 h immersion. However, the polarization current of AB
increased more quickly with time than that of 316L. The current
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Fig. 9. Time polarization curves of 316L and AB alloy at a constant potential
of —444 mV versus SCE (—400mV vs. Ag/AgCl) in the acid solution bubbled
with Hy at 25°C.
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Fig. 10. Potential decay of 316L and AB alloy during the first 5 min after poten-
tiostatic polarization at —444 mV versus SCE (—400mV vs. Ag/AgCl) in the
acid solution bubbled with H, at 25 °C.

difference between the two materials became negligible after 4 h
of polarization.

The potential decay was recorded immediately at the end of
the potentiostatic polarization, as shown in Fig. 10. The free cor-
rosion potential of 316L was lower than that of AB during the
first 2 min. This can be explained by the quantity of the adsorbed
hydrogen formed during the cathodic polarization. Since stain-
less steel contains iron and nickel and the formation of their
hydrides is thermodynamically favored, a part of the hydrogen
stayed on the metal in the form of hydride or adsorbed hydro-
gen (H,gs), phenomenon that has been previously reported by
many researchers [7,14,17,18]. Instead, in AB which mainly
contained Zr and Ti, it was the molecular hydrogen that formed

Table 2

Corrosion potential and current, polarization resistance and corrosion rate after
5h of potentiostatic polarization followed by 5 min potential decay in the same
conditions

Sample Ecorr (mV icorr Ry Ratecorr
versus SCE) (LA cm™2) (k2 cm?) (pm year_] )

316L —226 0.158 137 1.98

AB —250 0.092 236 1.34
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Fig. 11. Three hours potential decay of 316L and AB alloy after 5 h potentiostatic
polarization at —444 mV versus SCE (—400 mV vs. Ag/AgCl) followed by 5 min
E decay in the acid solution bubbled with Hj at 25 °C under fuel cell conditions
at 25°C.

and released from the metal during polarization. The quantity
of the adsorbed hydrogen formed during the AB cathodic polar-
ization was lower than in the case of 316L. When the cathodic
potential was removed, the hydride and/or Hygs on 316L began to
oxidize at lower corrosion potential and higher corrosion current
than those of the AB alloy, as shown in Table 2 and Fig. 10.

After 2.5 min of potential decay, the corrosion potential of
316L overstepped that of the AB alloy and after that the dif-
ference in potential between the two alloys became more and
more important with time. After 3 h, the E¢or of 3161 was about
120 mV more positive than that of AB alloy (Fig. 11); and the
corrosion rate of the former was a little higher than that of the
latter as seen Table 3. However, for both alloys the corrosion
current dropped more than 21 times after 3 h of potential decay
as seen in Tables 2 and 3. Thus, in the short term of poten-
tial decay after the cathodic polarization, the corrosion current
measured was related to the oxidation current of the adsorbed
hydrogen formed during the polarization on the stainless steel
surface. When the adsorbed hydrogen was exhausted, the mea-
sured corrosion current was actually the real corrosion current
of the metal.

3.2.2.2. EIS results. Fig. 12 shows the Nyquist plots of electro-
chemical impedance of the two alloys polarized at —444 mV
versus SCE. The 316L impedance plot is composed of two
semi-circles while that of the AB alloy contains only one semi-
circle, which indicates that the corrosion mechanisms of the
two alloys were different. Calculation of the equivalent circuit
parameters showed that in 316L the resistance of the first step

Table 3

Corrosion potential and current, polarization resistance and corrosion rate after
5h of potentiostatic polarization followed by 3 h of potential decay in the acid
solution at 25 °C

Sample E oy (mV icorr Ry Ratecorr
versus SCE) (nA cm~2) (k2 cm?) (wmyear—!)

316L —-80 0.008 2731 0.09

AB —202 0.0055 3982 0.06
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Fig. 12. Nyquist plots of the electrochemical impedance of 316L (continuous
line) and AB alloy (open circles) polarized at a constant potential of —444 mV
versus SCE (—400mV vs. Ag/AgCl) for 3 h in the acid solution bubbled with
H; at 25 °C under fuel cell conditions at 25 °C.
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Fig. 13. Time dependence of the charge-transfer resistances of the electrode
reaction on 316L and AB alloy polarized at constant potential of —444 mV
versus SCE (—400mV vs. Ag/AgCl) in acid solution bubbled with H; at 25 °C.

(3.4kQ2cm?) of the hydrogen reduction reaction was smaller
than that of the second step (25.4 k<2 cm?). In the case of AB,
the first step (57.1kS2 cm?) was much more difficult than the
second (0.5 k2 cm?), and the two semi-circles could not be dis-
tinguished. Thus, the rate of hydrogen reduction reaction on the
Zr75Tizs bulk amorphous alloy was controlled by the first step
of the cathodic reaction.
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Fig. 14. Three hours evolution of corrosion potential of 316L and AB alloy at
open circuit potential in the acid solution bubbled with H; at 80 °C.
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Table 4
Corrosion potential and current, polarization resistance and corrosion rate of
316L and AB alloy after 3 h of immersion in the acid solution bubbled with Hy
at 80°C

Sample Ecorr (mV icorr R, Ratecorr
versus SCE) (wAcm™?) (k2 cm?) (nmyear—!)

316L 35 0.038 573 0.35

AB —100 0.017 1274 0.2

The charge-transfer resistance of 316L was lower than that of
AB alloy, as shown in Fig. 13. As the R is inversely proportional
to the current, it is clear that the polarization current of 316L
was higher than that of AB. These results are in accordance
with the potentiostatic polarization studies. The two curves in
Fig. 13 got closer to each other with time showing the same
tendency asin Fig. 9. The Zr;5Tiy5 bulk amorphous alloy became
more active for the cathode reaction and finally reached a similar
current level than 316L. The slight increase of the current on
AB was due to the activation of the surface that could include
reduction of the passive oxide layer. In the 316L surface instead,
the current stayed stable mainly due to the reduction of hydrogen
ions.

3.3. Corrosion behavior in the acid solution bubbled with
H> at 80°C

3.3.1. At open circuit potential

3.3.1.1. Polarization results. The corrosion potential of 316L.
was always more positive than that of AB. After 3 h of immer-
sion, the corrosion potential of 316L reached a stable value while
that of AB was still increasing, as seen in Fig. 14. The corrosion
potentials and currents, polarization resistances and corrosion
rates of 316L and AB alloy after 3 h of immersion in the acid
solution are given in Table 4. At this temperature, 316L had a
corrosion rate of 0.35 wmyear—!, while that of AB alloy was
only 0.2 wm year~!. Compared to the corrosion rates of 316L
and AB alloy at 25 °C which were 0.063 and 0.058 um year™!,
respectively, it can be concluded that rising temperature resulted
in increase of corrosion rates of both 316L and AB, and
that AB alloy had lower corrosion rate than 316L at the two
temperatures.
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Fig. 15. Time dependence of charge-transfer resistance of the corrosion process
of 316L and AB alloy at open circuit potential in the acid solution bubbled with
H; at 80°C.

3.3.1.2. EIS results. The charge-transfer resistances of both
316L and AB alloy increased with time and the R value of AB
was always higher than that of 316L, as shown in Fig. 15. The Cy
and Cy values of 316L were bigger than those of AB (Fig. 16).
It is admitted that high double layer capacity in certain condi-
tions signifies higher roughness of surface or/and higher porosity
or/and higher geometric area [19,20]. So, the higher double layer
capacity of 316L than that of AB alloy means that the surface of
316L stainless steel was more porous or/and rougher than that
of AB alloy. The oxide film capacity of 316L was always much
bigger than that of AB alloy; the former decreased with time
while the latter value was rather stable as shown in Fig. 16B.
This means that the passive film of AB alloy was more stable in
these conditions.

3.3.2. Electrochemical behavior of 316L and AB alloy in
simulated PEMFC anode environment at 80°C

3.3.2.1. Polarization results. Potentiostatic polarization at
—444 mV versus SCE followed by measurements of E.qr and
icorr Was carried out to evaluate the corrosion behavior of the two
materials in a simulated anode environment at 80 °C. Results
of 5h potentiostatic polarizations are shown in Fig. 17. 316L
showed higher current densities than AB during polarization.
The polarization current of AB decreased slowly from 3.8 to
3.2 wA cm~? during the experiments. Instead, the initial 316L

0 100 200 300 400 500
(B) Time, min

Fig. 16. Time dependence of double layer capacity Cq; (A) and oxide film capacity Cr (B) of the corrosion process of 316L and AB alloy at open circuit potential in

the acid solution bubbled with H, at 80 °C.
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Fig. 17. Polarization current variation with time of 316L and AB alloy at a
constant potential of —444 mV versus SCE in the acid solution bubbled with H
at 80°C.
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Fig. 18. Three hours potential decay of 316L and AB alloy after potentiostatic
polarization at —444 mV versus SCE followed by 5 min potential decay in the
acid solution bubbled with Hj at 80 °C.

current was very high (25 wA cm~2), quickly dropped to about
7.5 WA cm~2, and later slowly increased to 14 pA cm™2.

The potential decay was recorded immediately at the end of
the potentiostatic polarization, as shown in Fig. 18. In the first
40 min, the E.o of 316L was lower than that of AB which
can be explained similarly as in the case of Fig. 10. After
40 min, the 316L corrosion potential became more positive than

that of AB. The corrosion current of 316L was four times that

S. Jin et al. / Journal of Power Sources 162 (2006) 294-301

Table 5

Corrosion potential and current, polarization resistance and corrosion rate after
5h of potentiostatic polarization followed by 3 h potential decay in the acid
solution bubbled with H, at 80 °C

Sample Ecorr (mV icorr Ry Ratecorr
versus SCE) (LA cm~2) (kQ cm?) (nmyear—!)

316L 34 0.087 249 1.01

AB —40 0.021 1043 0.24

of AB after 3h of potential decay as shown in Table 5. This
behavior corresponded to the oxidation of adsorbed hydrogen
on the stainless steel surface. In summary, both materials were
active during the cell shutdown period but no corrosion products
were observed after 3 h of free corrosion following 5h polari-
zation.

3.3.2.2. EIS results. Fig. 19 shows the Nyquist plots of the two
materials polarized at —444 mV versus SCE obtained at the ends
of 20 min (Fig. 19A) and 5.5 h (Fig. 19B) of polarization, respec-
tively. It is seen from Fig. 19 that the semi-circle for AB is much
bigger than that of 316L. Furthermore, the difference of the size
of the two semi-circles corresponding to AB and 316L increases
with polarization time. This means that AB always has a lower
polarization current than 316L. As in the case of the DC polar-
ization studies, higher polarization current on 316L indicated
that the hydrogen ions were reduced (at the polarization poten-
tial) more easily in the case of 316L than AB, producing more
adsorbed hydrogen on the electrode surface. Since the newly
produced hydrogen atoms are very active and can reduce the
passive layer, the higher polarization current means lower sta-
bility of the stainless steel than AB in these conditions.

However, in the acid solution bubbled with air under free
corrosion conditions, the corrosion rate of 316L. was lower than
that of the AB. Under polarization conditions at 600 mV versus
Ag/AgCl, the polarization current of AB was much higher than
that of 316L; and after the polarization, the corrosion rates of
AB were 12 and 255 times greater than those of 316L at 25
and 80 °C, respectively [21]. Thus, a double plate with stainless
steel surface on one side for the simulated cathodic environment
reaction (air) and AB alloy on the other side for the simulated
anodic environment (hydrogen atmosphere) could give long and
excellent performance as bipolar plate for PEMFC.
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Fig. 19. Comparison of the Nyquist plots of 316L and AB alloy polarized at —444 mV versus SCE for 20 min (A) and 5.5h (B), respectively, in the acid solution

bubbled with H; at 80 °C.
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4. Conclusions

From the results of this investigation, the following conclu-

sion can be drawn:

The 316L stainless steel in the acidic solution bubbled with
H; at open circuit potential showed a more positive corrosion
potential than the bulk amorphous Zr75Tis alloy. The corro-
sion rates of Zr;5Tips alloy were 17% (for 20 h of immersion)
and 43% (for 3h of immersion) lower than those of 316L
stainless steel at 25 and 80 °C, respectively.

The 316L polarization current was higher than AB when the
electrodes were polarized at —444 mV versus SCE (—400 mV
versus Ag/AgCl). Longer experimental time is required to
determine if the performance of the two alloys could change
during extended service. Higher 316L polarization currents
were mainly due to the rapid kinetics of the hydrogen
ions reduction reaction and partially to the passive film
reduction.

The AB corrosion rate at free corrosion (3 h immersion) was
lower than the 316L rate after potentiostatic polarization was
stopped. Thus, AB performed better than 316L under condi-
tions similar to cell shut down.

The corrosion rates of both alloys in the acidic solution at
80 °C were much higher than those at 25 °C.

The passive state of stainless steel could not be main-
tained in the presence of a reducing atmosphere (hydro-
gen) and the absence of an oxidant in the simulated anode
environment. In air environment (oxygen) stainless steel
showed better performance than the Zr75Tips bulk amorphous
alloy.

A double plate with stainless steel surface on one side for the
simulated cathodic environment reaction (air) and alloy AB on
the other side for the simulated anodic environment (hydrogen
atmosphere) could give long and excellent performance as
bipolar plate for PEMFC.
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