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Abstract

Ferrite stainless steels (AISI441, AISI444, and AISI446) were successfully coated with 0.6 wm thick SnO,:F by low-pressure chemical vapor
deposition and investigated in simulated PEMFC environments. The results showed that a SnO,:F coating enhanced the corrosion resistance
of the alloys in PEMFC environments, though the substrate steel has a significant influence on the behavior of the coating. ICP results from
the testing solutions indicated that fresh AISI441 had the highest dissolution rates in both environments, and coating with SnO,:F significantly
reduced the dissolution. Coating AISI444 also improved the corrosion resistance. Coating AISI446 steel further improved the already excellent
corrosion resistance of this alloy. For coated steels, both potentiostatic polarizations and ICP results showed that the PEMFC cathode environment
is much more corrosive than the anode one. More dissolved metallic ions were detected in solutions for PEMFC cathode environment than those in
PEMFC anode environment. Sn>* was detected for the coated AISI441 and AISI444 steels but not for coated AISI446, indicating that the corrosion
resistance of the substrate has a significant influence on the dissolution of the coating. After coating, the ICR values of the coated steels increased
compared to those of the fresh steels. The SnO,:F coating seems add an additional resistance to the native air-formed film on these stainless

steels.
Published by Elsevier B.V.
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1. Introduction

Major challenges for the use of stainless steels as bipolar
plates in a polymer electrolyte membrane fuel cell (PEMFC)
include the corrosion resistance in the fuel cell anode and cath-
ode environments and the interfacial contact resistance (ICR)
[1]. Although previous investigations showed that stainless
steels have a reasonably low contact resistance and good cor-
rosion resistance in PEMFCs [2-8], the contact resistance with
these bare stainless steels is still too high, resulting in reduced
fuel cell performance. In terms of the corrosion resistance of
the steels, it is clear that the lower the corrosion rate the better.
Dissolution of thin plates can lead to breakthrough and fuel cell
failure. Additionally, metallic ions coming from the corrosion
may contaminate the membrane, significantly decreasing mem-
brane conductivity and lowering the efficiency of the fuel cell.
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Therefore, approaches to improve the stainless steel surface so
as to have a lower contact resistance and better corrosion resis-
tance are needed. Previously, the surface modification of ferritic
AISI446 via thermal nitridation resulted in a modification of the
native passive film of the alloy, significantly decreasing the ICR
and improving the corrosion resistance in simulated PEMFC
environments [9]. This approach may not be viable in all cases,
which led us to investigate other possibilities. Our approach in
looking for coatings is to identify base metals with high corro-
sion resistance and then apply a coating that is not only corrosion
resistant but also provides low interfacial contact resistance. In
this approach, the metal does not need to be pin-hole free since
any exposure of the base metal will result in passivation. Previ-
ous work was conducted on applying conductive SnO; coatings
onto metal substrates for the PEMFC bipolar plate, mostly as a
protective coating on a porous substrate or as a catalyst [4,7]. In
aprevious paper, we reported on the results for a SnO»:F coating
on austenite stainless steels [10]. In this paper we will describe
our work with this coating on ferritic stainless steels. Ferritic
AISI446 showed much better corrosion resistance in the accel-
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erated PEMFC environments than 316L [6], while AISI441 and
AISI444 are low cost alloys due to their low alloying elements
content [6].

2. Experimental
2.1. Materials and electrochemistry

Stainless steels plates of AISI441, AISI444, and AISI446
were provided by J&L Specialty Steel, Inc., now part of Allegany
Ludlum. The chemical compositions have been given elsewhere
[6]. Alloy plates were cut into samples of 2.54cm x 1.25cm
(1.01n. x 0.51n.). The samples were treated with #600 grit SiC
abrasive paper, rinsed with acetone, and dried with nitrogen gas.

The fluorine-doped SnO; (SnO;:F) coating was prepared
via a low-pressure chemical vapor deposition (LPCVD) system
[11], using ultrahigh-purity (UHP) tetramethyltin (TMT, Mor-
ton International) and bromotrifluoromethane (CBrF3) as tin and
fluorine precursors, respectively, and UHP-grade oxygen as the
oxidizer. The reaction chamber pressure for this study was kept
at 50 Torr during deposition and the deposition temperature was
550°C. The film thickness and the sheet resistance were mea-
sured by depositing SnO;:F films on a glass substrate and using
a stylus profilometer (Dektak3) for the thickness measurement
and a Tencor M-gauge for the resistivity. Under the stated reac-
tion conditions, a 0.6 pm thickness of SnO;:F film was formed
with a sheet resistance of 8 €2/sq (or a resisitivity of 5 €2 cm). No
attempt was made to form pin-hole free films.

The electrode preparation for electrochemical measurements
has been described previously [5,6,8]. All electrochemical
experiments were conducted at 70°C in 1M H>SO4+2 ppm
F~ solution and the solution was bubbled thoroughly with either
hydrogen gas (for simulating a PEMFC anode environment) or
pressured air (for simulating a PEMFC cathode environment)
prior to and during the electrochemical measurements. The setup
for the electrochemical measurements has been described in
detail [5,6,10]. These conditions are for accelerated laboratory
tests and effectively simulate the direct contact between the
bipolar plate and the membrane.

2.2. Interfacial contact resistance

All ICR measurements were carried out at room tempera-
ture. The method for conducting ICR measurements has been
previously described [5]. Briefly, two pieces of conductive car-
bon paper were sandwiched between the stainless steel sample
and two copper plates. A current of 1.000 A was provided via
the two copper plates and the total voltage drop was registered.
Gradually increasing the compaction force allowed us to calcu-
late the dependence of the total resistance on the compaction
force. The ICR value of the carbon paper/copper plate inter-
face (Rc/cu) was compensated for with a calibration, so in this
paper we give only the ICR values for the carbon paper/stainless
steel interface. Both fresh and SnO;:F coated steels were inves-
tigated. Fresh steel samples were used to baseline the carbon
paper/stainless steel interface resistance (Rcyss ). For the SnO;:F
coated steel samples, the interfacial contact resistance due to

the uncoated backside was deducted using the previous mea-
surements with the fresh steel samples, so only the ICR of the
carbon paper/SnO;:F coated steel interface (Rc/ro) was used in
this paper.

2.3. Characterization with XRD, AES, and ICP

X-ray diffraction (XRD), was accomplished with a four-
circle Scintag X-1 diffractometer (ThermoLab) with a Cu Ka
anode source, and was used to investigate the structure of the
SnO;:F on the coated steel samples. A glancing angle XRD
technique was used to investigate the structures of the bulk and
surface layers. The noise-to-signal ratio was reduced by using a
slow scanning speed of 0.02 °/step and a preset time of 3 s/step
for all of the measurements.

The SnO;:F coating’s composition and the depth profile was
determined by Auger electron spectroscopy (AES) analysis and
was carried out using a Phi670 Auger Nanoprobe with a cham-
ber base pressure of 4.0 x 1078 Pa (3 x 107! Torr). The depth
profiles were obtained by sputtering with 3 keV argon ions with
a current density of around 1 wA/mm?, and a system pressure in
the chamber of approximately 6.67 x 107 Pa (5 x 1078 Torr).
Based on the previous measurements, a reasonable estimate of
the sputtering rate was approximately 35 nm/min.

Test solutions (80—100 ml) were collected after 7.5 h of poten-
tiostatic polarization with both coated and uncoated steels,
purged either with air or hydrogen gas. An inductive coupled
plasma (ICP) spectrometer was used to quantify the metallic Fe,
Cr, Ni, and Sn ions dissolved in the collected solutions. The ICP
system was a Varian Liberty 150 ICP Emission Spectrometer
controlled by a PC. A standard solution, containing 100 ppm of
each of the metal ions in 1 M H>SO4, was purchased from Inor-
ganic Ventures, Inc. The estimated relative uncertainty for ICP
analysis, mainly due to variability in the plasma, pump rate, and
nebulizer efficiency, is 5% [12].

3. Results and discussion
3.1. XRD and AES characterization

Examples of the typical glancing angle XRD patterns for the
SnO;:F coated AISI446 stainless steel are shown in Fig. 1. At
a glancing angle of 5°, both the ferrite structure of the steel and
the coated SnO;:F can be seen, corresponding to sampling a
relatively deeper part of the surface. With a decreasing glancing
angle, both the ferrite and the SnO;:F peaks decrease, and at
glancing angle of 1°, the ferrite peaks are negligible. On the
other hand, all of the SnO;:F peaks at a 1° glancing angle are
still at a reasonable intensity, suggesting that the investigated
area is totally composed of the SnO;:F coating. Decreasing the
angle further eliminates all of the signals. XRD patterns suggest
that the SnO»:F coating is in the pum scale, in agreement with the
profilometer measurement. The XRD patterns at lower glancing
angles for coated AISI446 are similar to those of the coated
349™ [10], as might be expected for the same surface coating.

Fig. 2a shows the AES depth profile of the SnO;:F coated
AISI446 stainless steel. At the start, only Sn and O are observed
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Fig. 1. Glancing angle X-ray diffraction patterns for AISI446 coated with
SnO;:F. Corresponding grazing angles (£2) are marked.
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Fig. 2. AES depth profile for SnO,:F coated AISI446 steel (a); and the Sn:O
ratio of the surface coating (b).

while the main steel compositional elements appear at longer
sputtering times. This is very similar to results for SnO;:F coated
349™ geel [10], except for the difference in the substrate steel
composition. Fig. 2b shows the Sn:O ratio against the sputtering

time; it also gives the general chemical composition of the SnO»
coating. Because F is added only as a dopant, its concentration
is insufficient to change the composition of the coating. Again,
using the half value of the Sn:O ratio as the boundary of the
SnO;:F and substrate steel, it took 17.0 min to sputter off the
oxide coating. Assuming a sputtering rate of 35 nm/min, the
coating thickness then is 0.60 pum, agreeing with the estimated
value of 0.6 wm according to the deposition conditions as well
as the XRD patterns.

3.2. Dynamic polarization of SnO;:F coated stainless steels

Fig. 3 shows the anodic polarization curves of SnO;:F coated
stainless steels in 1 M HpSO4 42 ppm F~ at 70 °C purged with
hydrogen gas. The PEMFCs anode operation potential of around
—0.1V is marked in the figure. The SnO,:F coating shows
a behavior similar to the bare substrate for the AISI441 and
AISI444 steels. It actually lowers the critical passivating current
(Fig. 3a) for AISI441 and the passivation current (the lowest cur-
rent to maintain passivation) for AISI444 (Fig. 3b) as compared
to those of the fresh (bare) samples [6]. We noticed that —0.1 V
is in the passive region for both coated steels and currents for
coated AISI441 and AISI444 at this potential are lower than
those for fresh steels, indicating the corrosion protection of the
coating. For AISI441 and AISI444, Fig. 3a and b suggest that the
difference in the polarization curves between coated steel and
uncoated steel is not very significant. This could be related to
the high passivating current for both steels in the environment.
After experiencing the heavy surface dissolution, the dynamic
behavior of the coated steels should be similar to the uncoated
steels. The possible instability of SnO, at —0.1 V was noted
also in the previous paper [10]. SnO;:F coated AISI446 shows
a significantly different behavior from that of the fresh steel,
Fig. 3c. The open circuit potential (OCP) of the coated AISI446
shifts anodically to ca. 0.09 V as compared with ca. —0.20V
for fresh AISI446 under the same conditions. Therefore, the
anode potential in PEMFC application is located in the cathodic
range of the polarization curve, indicating that a cathodic cur-
rent (though likely very low) would be expected if the coated
steel is polarized at this potential. Moreover, the current density
for coated AISI446 throughout the whole polarization region is
significantly reduced by over 1 order of magnitude. Both results
for the SnO,:F coating on AISI446 are beneficial for its appli-
cation as a PEMFC bipolar material. For comparison purposes,
the dynamic polarization curves for all SnO;:F coated steels are
shown in Fig. 3d. We see that the current density at —0.1V is
rather high for the SnO5:F coated AISI441 (~200 wA/cm?) and
the AISI444 (~50 wA/cm?) steels, suggesting that these coated
alloys would experience high current if operated at this poten-
tial. In comparison, the current at —0.1 V for the coated AISI446
is ~—0.4 wA/cm?.

In the PEMFC cathode environment, the SnO,:F coated
AISI441 again shows a behavior similar to that of fresh AISI441
steel, Fig. 4a, but with a reduction in the critical passivating cur-
rent. A current around 45 pA/cm? is seen at 0.6 V. Combined
with Fig. 3a, SnO;:F coated AISI441 under such conditions
seems unsuitable for application as a PEMFC bipolar plate mate-
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rial. Fresh AISI444 has a current density of ca. 20 pA/cm? at
0.6V in air-purged solution, while the SnO,:F coated AISI444
shows a current jump, with a value of ca. 75 wA/cm? at this
potential (Fig. 4b). At this time, this current increase is not
understood. The current for the SnO;:F coated AISI446, is gen-
erally lower compared to the uncoated one (Fig. 4c). The current
density at 0.6 V is ca. 2.7 wA/cm? with the coated steel as com-
pared with ca. 20 pA/cm? for the fresh steel sample. Moreover,
the OCP with coated steel shifts in the cathodic direction to ca.
—0.2V, as compared to ca. —0.1 V with uncoated steel. When
compared with Fig. 3, we see that SnO,:F coated AISI446 is the
best of this group in the simulated PEMFC environment. Again,
this is likely related to the composition of the substrate steel.

3.3. Potentiostatic polarization of SnOz:F coated stainless
steels

To investigate the stability of the SnO;:F coating in a simu-
lated PEMFC anode environment, we carried out potentiostatic
polarization measurements for the coated steels at —0.1 V in a
solution purged with hydrogen gas; the current ~ time behavior
is shown in Fig. 5. As soon as the potential is applied, there
is a sharp current decrease for coated AISI441 and AISI444
(Fig. 5 inset), with the SnO,:F coated AISI446 showing the
sharpest current drop. SnO»:F coated AISI441 takes ca. 30 min
before stabilizing at ca. 10 wA/cm? followed by a slow but
steady current increase after ca. 70 min polarization. The cur-
rent increases to ca. 35 wA/cm? at the end of the experiment.
For coated AISI444, there is an anodic ~ cathodic current tran-
sition at ca. 50 min. A similar transition was reported previously
[5]. The current crosses back to anodic again at ca. 210 min of
polarization, followed by a slight current increase. The current
reaches ca. 7.5 wA/cm? at the end of the experiment. As for
the SnO;:F coated AISI446, except for the current drop in the
beginning of the test, the current is cathodic in the whole polar-
ization period. A cathodic current indicates that the material is
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Fig. 5. Transient currents of SnO,:F coated ferrite stainless steels at —0.1V in
1 MH;SO4 +2ppmF~ at 70 °C purged with hydrogen gas (anode environment).
Insert shows the transient currents in the first hour of testing.
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cathodically protected and anodic dissolution (corrosion) is sig-
nificantly eliminated, i.e., at the lowest possible rate. It should
be mentioned that the reduction of Sn* from SnO; is also ther-
modynamically possible under these conditions. The current
for the coated AISI446 is very stable, at —1 to —3.5 pA/cm?
(Fig.5). Such behavior was seen with thermally nitrided Ni-50Cr
alloy and AISI446 steel in the same environment [9,13,14]. The
potentiostatic polarization illustrates the superior performance
of SnO,:F coated AISI446 in the PEMFC anode environment
and its possible suitability as a coating for this bipolar plate
material.

The cathode side in the PEMFC is oxygen reduction and
the environment is oxidizing. Potentiostatic measurements were
carried out at 0.6 V in a solution purged with air and the typi-
cal current ~ time behavior is shown in Fig. 6. The inset of
Fig. 6 shows the current decay during the first hour of polariza-
tion. As soon as the potential is applied, the currents decay very
fast for coated AISI441 and AISI444, even faster than those
in the PEMFC anode environment, while the SnO;:F coated
AISI446 has almost no current decay. SnO;:F coated AISI441
experiences a stable current of ca. 8-9 wA/cm? after ca. 30 min
polarization, and then after ca. 90 min polarization there is a
steady current increase. This is very similar to its behavior in
the PEMFC anode environment (Fig. 5). However, the current
increase for the coated AISI441 in the PEMFC cathode envi-
ronment is much faster than that in the anode environment. The
current reaches ca. 2.30 mA/cm? at the end of 450 min polar-
ization. Similar behavior is noted for SnO;:F coated AISI444
steel, where a stable lower current of ca. 3.5 pA/cm? is obtained
after ca. 30 min. Moreover, the current shows greater stability
for the coated AISI444 than for the coated AISI441, with a cur-
rent increase after ca. 180 min. After 450 min polarization, the
current for coated AISI444 reaches ca. 1.40 mA/cm?2, which is
lower than that for coated AISI441. In contrast, only a small
current spike is seen with the SnO:F coated AISI446 at the
beginning of polarization (Fig. 6 inset). The current with the
coated AISI446 is extremely stable for the whole test period and
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is within the range of 0.2 to 1 . A/cm?. This is in agreement with
the dynamic polarization results (Fig. 4) in which 0.6 V is in the
middle of the passivation region for coated AISI446 and very low
current is obtained at this potential. To check the possible influ-
ence of the oxygen reduction reaction under these conditions, we
applied 0.6 V to a Pt plate (an excellent oxygen reduction reac-
tion catalyst) at identical conditions. A continuously decaying
anodic current was registered and it reached ca. 1.2 wA/cm? after
~10min. This blank test indicates that the oxygen reduction
does not play a significant role in the observed sample current
when polarized at 0.6 V in the air-purged solution.

The above electrochemical results again show the importance
of the composition of the underlying alloy on the performance
of the SnO;:F coated steels, with the coated AISI446 giving the
best behavior in the simulated PEMFC environments. SnO;:F
coated AISI444 shows improved behavior in a PEMFC anode
environment, while somehow a high anodic current is still seen
in the PEMFC cathode environment. A much higher anodic cur-
rent is also obtained with the coated AISI441 in the PEMFC
cathode environment than in anode environment. This substrate
dependency is mostly due to the porous nature of the coating.
The polarization results suggest that SnO;:F coating is more
protective for AISI441 and AISI444 in the anode environment
than the cathode environment. One would expect a lower anodic
current for steels in the PEMFC cathode environment than in
PEMFC anode one and this is not the case for these samples.
Clearly some additional work is needed to fully understand this
result.

3.4. Interfacial contact resistance

The interfacial contact resistance (ICR) between the SnO;:F
coated stainless steel samples and the carbon paper was investi-
gated as a function of compaction force (Fig. 7). ICR values with
uncoated steels are also shown for comparison. For the uncoated
steels, AISI444 has the lowest ICR values in the whole com-
paction force range investigated, with AISI441 being slightly
higher and AISI446 showing the highest ICR values among the
three steels tested [6]. We see that the ICR values increased for
the steels coated with SnO;:F, which is a different result than
that for austenite steels [10]. Again, the SnO:F coated AISI444
shows the lowest ICR values among the three coated steels;
the SnO;:F coated AISI441 has slightly higher ICR values than
those of the coated AISI444, and the SnO;:F coated AISI446

Table 1
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Fig. 7. Interfacial contact resistances for fresh and SnO; coated stainless steels
and carbon paper at different compaction forces.

shows the highest ICR values among the three coated steels. The
increase of the ICR values is not desirable since this will result in
power losses for the application as a PEMFC bipolar plate. The
behavior could be due to the accumulative effect of the SnO;:F
coating on the native oxide layer. One way to improve the ICR
could be by controlling the deposition processing and parame-
ters such that the native surface oxide film on stainless steels is
modified before or during the SnO;:F deposition process. We
are currently investigating such an approach.

3.5. Dissolved metallic ions

The metal ions dissolved during 7.5 h of potentiostatic polar-
ization with fresh and SnO;:F coated steels were analyzed by
ICP and the results are shown in Table 1.

In all cases, Fe was found in the highest concentration. This is
in agreement with our previous XPS investigation on the passive
film where Fe was selectively dissolved and Cr was enriched at
the surface [8,15], and to be expected based on the steel’s com-
position. Fresh AISI441 showed the highest concentrations of
dissolved Fe, Cr, and Ni, and it experienced higher dissolution in
the PEMFC anode (hydrogen) environment than in the PEMFC
cathode (air) environment. The heavy dissolution indicates that
this bare alloy is not suitable for use as a bipolar plate [6]. When
coated with SnO;:F, there is a significant decrease in the dis-

Fe, Cr, Ni, and Sn ion concentrations for bare and SnO,:F coated stainless steels after 7.5 h polarization in PEMFC environments (average of three samples)

Material ITon content after 7.5 h in PEMFC anode (H;) Ion content after 7.5 h in PEMFC cathode
environment (ppm) (air) environment (ppm)
Fe Cr Ni Sn Fe Cr Ni Sn
AISI441 622.9 135.7 1.07 462.8 101.2 0.95
AISI444 141.5 37.86 0.30 328.3 67.97 0.94
AISI446 1.46 - - 0.99 - -
SnO,:F/AISI441 24.15 4.51 - 2.42 330.3 73.53 0.60 22.76
SnO,:F/AIS1444 12.70 2.09 - 1.76 64.42 13.73 0.22 4.50
SnO,:F/AIS1446 1.24 - - - 0.98 - - -




H. Wang, J.A. Turner / Journal of Power Sources 170 (2007) 387-394 393

solution rate. In the PEMFC anode environment, Fe ions for
the coated AISI441 are reduced by a factor of 25, Cr ions are
reduced by a factor of 30, and Ni ions are below the detectable
level as compared to the bare steel. In the PEMFC cathode envi-
ronment, the dissolved metallic ions with coated AISI441 are
roughly reduced 30% compared to those with bare AISI441,
which is still remarkable. The reduction of metal ions in the test
solution from the coated sample as compared to the bare steel in
the simulated PEMFC anode environment is remarkable. On the
other hand, for the coated AISI441, 2.42 ppm and 22.76 ppm of
Sn are detected in the PEMFC anode environment and cathode
environment, respectively. It is interesting that we found a much
higher Sn dissolution in the PEMFC cathode environment than
in the anode environment. This could be related to the corrosion
resistance of the substrate material in the environment and the
coating quality (pin-holes), as well as the stability of the coating
material. Since the AISI446 was coated in identical conditions
and the coated steel has no detectable Sn ion during the tests
(Table 1), the substrate material obviously plays a major role in
the dissolution of the coating. Anyway, this data illustrates the
protection of the SnO;:F coating on AISI441, and is in excellent
agreement with the polarization curves where coated AISI441
experienced amuch higher anodic current in the PEMFC cathode
environment than that in the anode one (Figs. 5 and 6). ICP data
also point out that one could not use the dynamic polarization
curve to predict the anodic dissolution rate. In our case, although
the polarization curves of coated and uncoated AISI441 are simi-
lar, the metal ion concentrations are really rather different. On the
other hand, the potentiostatic polarization experiments provide a
better estimate for comparison. For bare AIS1444 steel, the metal
dissolution rate is lower than AISI441, and the dissolved metal-
lic ions in the simulated cathode environment are about double
those in the PEMFC anode environment. With the SnO;:F coat-
ing in the PEMFC cathode environment, there are five times
fewer dissolved Fe, Cr, and Ni ions than in the uncoated steel.
Significant improvement is also seen in the PEMFC anode envi-
ronment for the coated AISI444 where dissolved Fe ions are
reduced by more than 11 times and Cr is reduced over 18 times
compared to the uncoated sample. Sn ions were detected with
1.76 ppm in the PEMFC anode environment and 4.50 ppm in
PEMEFC cathode environment. This is much less than in the
coated AISI441, due to a higher corrosion resistance of the sub-
strate AISI444 steel in PEMFC environments. Again, these data
confirm the corrosion protection of the SnO;:F coating on the
steels and are in good agreement with the polarization curves
(Figs. 5 and 6). Note that there are more dissolved metallic ions
for coated AISI444 in the PEMFC cathode (air) environment
than in the anode (hydrogen) one, regardless of the coating.
This is the same for coated AISI441. Since the PEMFC anode
environment is reductive and the cathode one is oxidative, the
passive film of stainless steel should be more stable in the later
condition. However, the experimental data, both the polarization
curves and the ICP analysis indicate that the coating is more
protective in the PEMFC anode environment than in the cath-
ode environment. This could be related to the reduction of Sn**
from SnQO; in the later environment. Additional work is needed
to understand this behavior.

Note that, in contrast to the other alloys, the bare AISI441
alloy showed a much higher dissolution rate in the hydrogen
environment than in the air environment. The stability and the
ability to maintain a passive film in a particular fuel cell environ-
ment clearly depend on the alloy composition. Both the AISI441
and the AISI444 have about the same chromium percentage,
and neither have much nickel. The major difference is the small
amount of Mo (~2%) in the AISI444, again pointing towards
the need to understand the impact of minor constituents on the
performance of the alloy in a bipolar plate application.

Previously, we determined that AISI446 was a good candi-
date steel for PEMFC environments with a low corrosion rate
[6]. The dissolved metallic ions in both PEMFC environments
give only ppm levels of Fe, confirming the low dissolution rate
of the alloy and its high corrosion resistance in the PEMFC
environments. Since AISI446 is already excellent in terms of
its corrosion resistance in PEMFC environments, the possible
improvement by means of a coating is rather limited. Table 1
reveals such performance and indicates that the SnO;:F coating
is only somewhat beneficial to AISI446 in terms of improv-
ing its corrosion resistance. Moreover, Sn ions are below the
detectable level due to the superior corrosion resistance of the
bare AISI446 in the environments. Nevertheless, Table 1 con-
firms that AISI446, with or without SnO»:F coating, has the
lowest dissolution rate of these samples in these environments.
The primary attempt to coat AISI444 with SnO,:F is promising
in terms of corrosion resistance and confirms the feasibility of
the method, though some further work is needed to improve the
corrosion resistance before that alloy/coating combination could
be considered for PEMFC environments.

4. Conclusions

We compared the performance of SnO»:F coated and
uncoated ferrite stainless steels in 1M H»SO4 +2ppm F~ at
70°C purged either with hydrogen gas or pressured air, and
determined that the substrate steel has a significant influence
on the polarization behavior of the coated steel. This could be
related to the porous nature of the coating.

The ICR results were disappointing in that the ICR values
increased significantly with the SnO,:F coating. Clearly the
SnO;:F coating seems to add an additional resistance to the
air-formed film on these stainless steels. So, from the ICR point
of view, the air-formed film of stainless steels should either be
modified before the deposition of the SnO;:F coating, or the
coating parameters must be varied in order to have a lower ICR
resistance in the final coated film.

In the PEMFC anode environment, anodic current for SnO;:F
coated AISI441 reached ~35 pA/cm? at the end of the 7.5h
test. In the PEMFC cathode environment, the current for coated
AISI441 reached ~2.30 mA/cm? at the end of the test. For coated
AISI444 in a PEMFC anode environment, the current after
30 min polarization was reasonably stable at —2 to 8 wA/cm?2. In
the PEMFC cathode environment, the anodic current stabilized
at ~3.5 wA/cm? until ca. 180 min when an increase occurred.
It reached ~1.40 mA/cm? for the coated AISI444 at the end of
the test. As for SnO;:F coated AISI446 in the PEMFC anode
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environment, the current was cathodic for the entire polarization
period, an indication that the material is cathodically protected
and the anodic dissolution is at the lowest possible rate. The cur-
rent stayed in the —I to —3.5 pA/cm? range, and was extremely
stable. In a PEMFC cathode environment, the coated AISI446 is
also very stable, with a current of 0.2 to 1.0 pdA/cm2 for the entire
polarization period. In terms of corrosion resistance in PEMFC
environments, coated AISI446 seems the best for bipolar plate
application among the coated steels.

The ICP results for the dissolved metal ions agreed well
with the potentiostatic polarization experiments. More dissolved
metallic ions were detected in solutions for the PEMFC cathode
environment than for the PEMFC anode environment. Sn>* was
detected for the coated AISI441 and AISI444 steels, but not
for coated AISI446, indicating that the corrosion resistance of
the substrate has a significant influence on the dissolution of
the coating. The SnO»:F coating enhanced the corrosion resis-
tance of all the alloys in the PEMFC environments, showing a
greater enhancement for AISI441 and AISI444 than AISI446,
although bare AISI446 already shows good corrosion resistance
so the ability of the coating to improve its corrosion resistance
is limited. In addition, the high anodic current and high dis-
solved metallic concentration for coated AISI441 suggest that
this material is not suitable for the bipolar plate application. The
attempt to apply this coating on AISI444 is promising, though
further work is needed to improve its corrosion resistance in the
PEMEFC cathode environment.
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