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The Formation of Protective Nitride
Surfaces for PEM Fuel Cell Metallic
Bipolar Plates

M.P. Brady, B. Yang, H. Wang, J.A. Turner, K.L. More, M. Wilson, and F. Garzon

The selective gas nitridation of model
nickel-based alloys was used to form
dense, electrically conductive and cor-
rosion-resistant nitride surface layers,
including TiN, VN, CrN, Cr,N, as well as
acomplex NiNDVN phase. Evaluation for
use as a protective surface for metallic
bipolar plates in proton exchange mem-
branefuel cells (PEMFC) indicated that
CrN/Cr,N based surfaces hold promise to
meet U.S. Department of Energy (DOE)
performance goals for automotive appli-
cations. The thermally grown CrN/Cr,N
surface formed on model Ni-Cr based
alloys exhibited good stability and low
electrical resistance in single-cell fuel
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cell testing under simulated drive-cycle
conditions. Recent results indicate that
similar protective chromium nitride
surfaces can be formed on less expensive
Fe-Cr based alloys potentially capable
of meeting DOE cost goals.

INTRODUCTION

Proton exchange membrane fuel cells
(PEMEFCs) are of interest for power
generation due to their high efficiency
and near-zero emissions.' They are
typically based on an ion-conductive
sulphonated fluoropolymer membrane
such as Nafion® and operate in the
60-80°C temperature range.! Applica-

Figure 1.Aschematic of athree-
cell fuel cell stack showing
bipolar plates (artwork from
Reference 6, courtesy of Los
Alamos National Laboratory
and the U.S. Department of
Energy). Each fuel cell delivers
on the order of only 0.6-0.9
V under typical operating
conditions.! In practice, tens
to hundreds of fuel cells can
be stacked together to achieve
useful voltage levels.

Figure 2. A schematic of limiting cases for
thermal nitridation based on the classic
Wagner Oxidation Theory. (a) Continuous,
external layer formation, (b) internal pre-
cipitate formation.

tions range from portable power (cell
phones, laptops, etc.) to automobiles
and on-site power-generation systems.
Cost and durability concerns are the key
barriers to their widespread use.'”

PEM FUEL CELLS AND
BIPOLAR PLATES

Among the most expensive compo-
nents in PEMFCs, and the dominant
weight and volume of the fuel cell stack,
are the bipolar plates (Figure 1).' The
bipolar plates serve to electrically con-
nect the anode of one cell to the cathode
of another in a stack to achieve a useful
voltage. They also separate and distrib-

-40

-80

-120

Free Energy of Formation (kCal; 2M + N, =2MN)

500 1000 1500
Temperature (°C)

Figure 3. A schematic Ellingham-
Richardson diagram for nitride stability
(based on and redrawn from diagrams
reported in References 47 and 48).
Nitrides of nickel are typically not stable on
reaction with N, atatmospheric pressures,
and would lie above Fe,N on this diagram.
Note that AIN was not pursued as a
protective layer for metallic bipolar plates
due to its poor electrical conductivity.
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ute reactant and product streams. To
accomplish this, flow-field grooves are
manufactured into the faces of the plates
(Figure 1). Graphite is the benchmark
material for bipolar plates because it is
electrically conductive and corrosion
resistant in the highly aggressive anode
and cathode PEMFC environments
(60-80°C acidic conditions, containing
F- leached from the membrane). How-
ever, the brittleness and relatively high
gas permeability of graphite necessitates
the use of thick plates (>2—5 mm), which
lowers the power density of the fuel cell
stack.' Machining of flow fields into
graphite plates is also expensive, making
graphite impractical for most wide-scale
commercial uses. Developmental bipo-
lar plate materials under investigation
include graphite/carbon-based compos-
ites,”!? polymer-based composites with
conductive graphite/carbon fillers,''-'¢
and metals.'”

The U.S. Department of Energy (DOE)
has set technical targets for bipolar plates
for automotive applications (Table I).*
Thus far, no material has definitively
established itself as capable of meeting
all the target properties for the desired
lifetimes of >5,000 h under drive-cycle
conditions. The graphite/carbon and
polymer-based composites generally
exhibit excellent corrosion resistance
in PEMFC environments. However,
the graphite/carbon composites®>7-10
typically have to be sealed to reduce gas
permeability, have brittleness issues, and
can be difficult to produce at thicknesses
<1 mm to achieve the high power densi-
ties desired for automotive applications.
The manufacture of graphite/carbon
composites can also be costly, especially
when measures are taken to mitigate their
property shortcomings. To meet automo-
tive cost goals, bipolar plates need to be
less than ~$1-$2 for a ~500 cm? plate.
The polymer-based composites are the
current state of the art for bipolar plates
and are available commercially.>-11-16
Cost targets appear achievable, but thus
far through-thickness conductivities are
inadequate for automotive applications.
Currently available plates typically
exhibit conductivities of only ~20-30
S/cm, whereas the DOE goal is >100
S/cm. Better conductivities appear to be
achievable with very high loadings of
conductive phase additions (graphite or
carbon particles, fibers, nanotubes, etc.),
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Figure 4. Cross sections of Ni-10Ti (wt.%) after 48 h at 1,100°C in N,.***° (a) Scanning-
electron microscopy (SEM) image; (b) scanning-transmission-electron microscopy (STEM)
image of nitride layer.
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Figure 5. Cross sections of Ni-10Nb-5V (wt.%) after 24 h at 1,100°C in N,. (a) An SEM
image; (b) STEM image of nitride layer.*
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Figure 7. Interfacial contact resistance
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Figure 6. Polarization data in aerated pH 3
sulfuric acid at 80°C (scan rate of 0.1 mV/s)
vs. SHE.43:55:56

Columnar Cr,N

S pm 0.5 um
a b
Figure 8. Cross sections of nitrided Ni-50Cr (wt.%) (1,100°C, 2 h, N,) after 4,100 h exposure
in a bipolar corrosion test cell.>-*¢ (a) An SEM image of the cathode-exposed face®® and (b)

TEM image of the nitride.* The fine black lines on the columnar Cr,N in the TEM image are
bend contours caused by electron scattering through the buckled sample.
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Table I. DOE Technical Targets: Bipolar Plates*®

Status

Characteristic Units 2004 2010
Cost $/kW 10 6
Weight kg/kW 0.36 <l
H, Permeation Flux cm’ sec”' cm? @ 80°C, <2x10° <2x10°

) 3 atm (equivalent to <0.1 mA/cm?)
Corrosion pA/cm? <1* <I®
Electrical Conductivity S/em >600 >100
Area-Specific Resistance® Ohm cm? <0.02 0.01
Flexural Strength MPa >34 >4 (crush)
Flexibility % deflection at mid-span 1.5t03.5 3t05

a-Based on coated metal plates; b-may have to be as low as 1 nA/cm? if all corrosion product ions remain in ionomer;

c—includes contact resistance.

although this can make the plates more
difficult to manufacture. The high load-
ings also tend to make the plates brittle,
especially when making thin plates on the
order of 0.5 mm to 1 mm thick. Despite
their current limitations, graphite/carbon
and polymer-based composite bipolar
plates remain promising candidates, and
a number of public and private sector
development efforts are currently under
way to address their shortcomings.

See the sidebar on page 54 for details
on metallic bipolar plates.

THERMALLY GROWN
NITRIDE COATINGS

A possible solution to forming a
defect-free protective surface on metal-
lic bipolar plates is to grow a protective
nitride layer from the bipolar plate alloy
by high-temperature nitridation.** Tran-
sition metal nitrides* offer an attractive
combination of high electrical conductiv-
ity and good corrosion resistance, which
makes them of interest for protective
coatings for metallic bipolar plates.” In
thermal nitridation, the goal is to design
the alloy and set the reaction conditions
such that the desired nitride-forming
element diffuses outward from the alloy
to react with the nitriding gas to form a
continuous surface layer (Figure 2a). Pin-
hole defects are not an issue because, at
elevated temperatures, thermodynamic
and kinetic factors favor the reaction of
allmetal surfaces exposed to the nitriding
gas.” As such, it is also not line-of-sight
limited and is amenable to use with com-
plex-shaped surfaces such as the edges
and corners of the flow field grooves in
bipolar plates (Figures 1 and A).

The drawback of the thermal nitrida-
tion approach is that it is very substrate-
alloy dependent and it can be difficult to
control the composition and morphology

of the nitride thatis formed. For example,
if the alloy composition or nitridation
conditions are not selected properly,
discrete internal nitride precipitates
(Figure 2b), which would not provide
corrosion protection, can form instead of
the desired external, continuous nitride
surface layer (Figure 2a). Further, even
if a continuous nitride surface layer can
be formed, cracking of the layer can
occur on cooling due to the thermal
expansion mismatch between the nitride
and the substrate alloy. Control of such
phenomena is the basis for protective
oxide scale formation by heat-resistant
alloys (e.g., References 45 and 46), but
has not previously been well explored
as a synthesis method to form protec-
tive nitride surface layers. The proposed
thermal nitridation approach is different
from the more familiar conventional fer-
rous alloy nitridation to achieve surface
hardening, whereby conditions are set
to diffuse nitrogen extensively into the
alloy to form iron nitrides and/or nitro-
gen-saturated iron-based phases tens to
hundreds of micrometers deep. The goal
of bipolar plate protection is to form an
external, continuous nitride layer no
more than a few micrometers thick.
Exploratory work was performed
with the nitridation of model Ni-X
alloys, where X = Cr, Nb, Ti, V, and
Zr to form CrN, Cr,N, NbN, TiN, VN,
ZrN, etc., phases.* Nickel was chosen
as the initial alloy base because it does
not form a stable nitride under typical
nitridation conditions (Figure 3) and has
a low permeability to nitrogen, which,
based on classic Wagner Oxidation
Theory (reviewed in References 45,
46, and 49), favors the formation of a
continuous, external nitride layer on
nitridation rather than discrete internal
nitride precipitates (Figure 2). At the

time this work was initiated (2000), the
cost of nickel was also relatively low
(~$2-3/1b), and potentially able to meet
DOE automotive cost goals. In recent
years, the price of nickel has significantly
increased (~$6-10/Ib), leaving nickel-
based alloys too expensive for PEMFC
bipolar plate automotive applications.
However, the primary purpose of these
studies was proof-of-principle evaluation
of the thermal nitridation approach, and
to identify which nitride compounds
had the most promise for protection in
PEMEFC environments.

Nitride formation was explored in the
temperature range of 800-1,200°CinN,
and N,-4H, environments, rather than
conventional surface-hardening nitriding
conditions of ~500-600°C in NH,, which
produces a highly effective nitrogen
activity and favors internal penetration
of nitrogen. Some representative nitrided
microstructures are shown in Figures 4
and 5.4%% A continuous, external ~10 um
thick layer of TiN was readily formed
on Ni-10Ti (wt.%) (Ni-12Ti [at.%])
after exposure at 1,100°C for 48 h in N,
(Figure4a). The microstructure consisted
of ahighly planar nitride/alloy interface,
with submicrometer, equiaxed grains of
TiN of composition Ti-(45-50)N (at.%)
(Figure 4b). Such a microstructure is
indicative of conditions favoring nitride
nucleation over growth, and is consistent
with the expected high driving force
for nucleation due to the high thermo-
dynamic stability of Ti/TiN relative to
nickel (Figure 3). Detailed studies of
nitride formation in Ni-Ti alloys by
Savva et al.’! indicate that the transition
from internal to external TiN in Ni-Ti
alloys occurs at titanium levels as low
as ~Ni-(1-2)Ti (wt.%) (1-2.5 at.% Ti)
at 1,020°C.

At the opposite end of the spectrum, a
coarse-grained, columnar microstructure
(Figure 5) was formed on Ni-10Nb-5V
(Wt.%) (Ni-6.5Nb-6V [at.%]) after expo-
sure under similar conditions (1,100°C,
24 h, N)) to Ni-10Ti (wt.%).* Both
continuous external nitride layer forma-
tion and internal nitride formation were
evident. Efforts to form an NbN layer on
binary Ni-Nb alloys were not successful,
with very little reaction with nitrogen
observed. Additions of vanadium were
made in an attempt to increase reactiv-
ity with nitrogen, as Ni-V alloys readily
formed VN surface layers. Vanadium
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was also selected because VN is of
intermediate thermodynamic stability
between nickel and NbN (Figure 3),
via the so-called third-element effect,
whereby ternary additions of interme-
diate stability can help promote the
formation of a protective surface layer
at alloy concentrations lower than in
the corresponding binary alloys. (The
classic example of this phenomenon is
chromium additions to Ni-Al and Fe-Al
alloys, which lower the level of aluminum
needed to form a protective Al O, scale
on thermal oxidation relative to binary
Ni-Al and Fe-Al alloys; the third ele-
ment effect is reviewed in References
45 and 46). Interestingly, rather than an
NbN surface layer, a complex nitride of
composition Ni-(12—-15)V-(15-20)Nb-
(20-30)N (at.%) was formed on nitrided
Ni-10Nb-5V (wt.%).>° X-ray diffraction
analysis indicated that both the alloy and
the complex nitride were face-centered
cubic structures (Fm3-m), suggesting
that the Ni-Nb-V-N composition and
columnar structure may be more the
result of a solid-solution type reaction
path than an exclusive selective nitrida-
tion process.

The corrosion resistance of the nitride
surface layers was assessed by polar-
ization in pH 3 sulfuric acid solutions
at 80°C to simulate PEMFC operating
conditions.* Corrosion current densities
of less than 1 X 10°° A/cm?up to ~0.9 V
vs. standard hydrogen electrode (SHE)
under aerated conditions (to simulate
the cathode-side environment) and —-0.2
to +0.1 V vs. SHE under H -purged
conditions (to simulate the anode-side
environment) were considered suf-
ficiently promising to warrant further
investigation. Relatively low corrosion
current densities were observed for the
TiN surfaces formed on Ni-Ti based
alloys, but post-test analysis revealed
local areas of through-thickness attack
in some coupons.* This seemed to cor-
relate with TiN thickness, and was less
prevalent with thinner TiN layers (<1-2
pm). The VN and Ni-Nb-V-N surfaces
were less corrosion resistant under these
conditions, with corrosion current densi-
tiesinthe 10~ to 10* A/cm*range at <0.9
V vs. SHE under aerated conditions.*
Among the nitrided surfaces/nitrides
evaluated, only CrN/Cr,N consistently
exhibited the target corrosion current
densities.*

PROTECTIVE Cr-NITRIDE
SURFACES ON MODEL
Ni-Cr-BASED ALLOYS

Nitridation studies of binary Ni-Cr
alloys have indicated little reactivity
withnitrogen atlow levels of chromium;
however, as the chromium level is
increased, nitrogen permeability (which
favorsinternal rather than external nitride
formation) also increases,’® such that
levels of chromium in excess of ~30-35
wt.%>** are needed to form an external,
continuous nitride. Therefore, Ni-50Cr
was used as a model material to evaluate
the behavior of thermally grown chro-
mium-nitride surfaces. Polarization data
for nitrided Ni-50Cr (1,100°C, 2 h, N,)
in aerated pH 3 sulfuric acid at 80°C is
shown in Figure 6, and interfacial contact
resistance (ICR) data in Figure 7.43535¢
The corrosion resistance of nitrided Ni-
50Cr was significantly better than that
of Ni-50Cr metal and pure chromium,
pure nickel, and type 316 stainless steel
(~18Cr-10Ni [wt.%] base) shown for
comparative purposes. Nitridation also
lowered the ICR of Ni-50Cr ~fivefold,
to the DOE target value of 10 mohm-cm?
at contact pressures of 150-200 N/cm?,
which is an order of magnitude lower
than that of 316 stainless steel.

Figure 8 shows the microstructure of
nitrided Ni-50Cr aftera4,100h exposure
inabipolar corrosion testcell using pH 3
sulfuric acid with 2 ppm F~at 80°C, with
one coupon face exposed to a solution
purged with air and the other with H,.”
The nitrided structure consisted of a thin,
equiaxed CrN layer overlying a dense,
columnar Cr N layer. Significantinternal
nitridation also occurred. No attack of
the nitride surface was evident, despite
the long-term corrosion exposure. There
was also no increase in ICR compared
with the as-nitrided surface.

Based on these promising corrosion
and ICR screening results, single-
cell fuel cell testing was pursued for
nitrided Ni-50Cr. A simple serpentine
50 cm? active area plate architecture
was adopted, using thick Ni-50Cr anode
and cathode plates designed to duplicate
graphite test plate hardware (Figure 9a).
Full nitride surface coverage was readily
achieved across all edge, corner, and flow
field features, with no evidence of CrN/
Cr,Nlayer cracking orloss of adherence.
These plates were initially run for 500 h

under constant 0.7V conditions (80°C).
There was no plate resistance increase
or loss of performance. Analysis of the
membrane electrode assembly (MEA)
by x-ray fluorescence (XRF) indicated
no metallicion contamination within the
detection limits of the measurement, of
the order of ~0.1-1 x 10 g/cm?. This
result provides evidence that thermal
nitridation can protect irregular surface
features such as corners, edges, holes,
and flow field grooves.

The nitrided Ni-50Cr plates were then
subjected to an additional ~1,160 h of
drive-cycle testing using a cycle of 0.94
V for 1 min., 0.60 V for 30 min., 0.70 V
for 20 min., and 0.50 V for 20 min. An
additional 24 full shutdowns (cell cooled
off, gases removed, and opened to air at
connections) were superimposed in an
attempt to induce even more aggressive
conditions. No loss of performance was
observed; in fact, performance slightly
increased during drive cycle testing
(Figure 9b). A small amount of nickel
contamination of the MEA, 2 x 107 g/
cm?, was, however, detected. This small
amount of nickel was likely the result of
leaching from occasional, local regions
of the CrNiN w phase™* that were ini-
tially formed during nitridation, instead
of the more protective CrN/Cr,N sur-
face.” Noattack of the CrN/Cr,N surface
was evident. (Such local  phase forma-
tion can occur at regions of significant
chromium depletion in cast Ni-50Cr.)
Overall, proof-of-principle exploratory
corrosion, ICR, and single-cell fuel cell
studies indicated that thermally grown
CrN/Cr N surfaces show good potential
to meet DOE bipolar plate performance
and durability goals.

EXTENSION OF
PROTECTIVE Cr-NITRIDE
FORMATION TO
Fe-Cr-BASED ALLOYS

With the current high cost of nickel
(~$6-10/1b), Ni-Cr based alloys cannot
meet DOE automotive cost goals.
Therefore, efforts were initiated to form
similar protective CrN/Cr,N surfaces on
Fe-Crbased alloys by thermal nitridation.
This is difficult because at commercially
viable levels of chromium, less than ~30
wt.% chromium due to the ¢ phase field,
the permeability of nitrogen in Fe-Cr
alloys is sufficiently high that internal
chromium-nitride precipitates are gen-
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Figure 9. Single-cell fuel cell testing of
nitrided Ni-50Cr (1,100°C, 2 h, N,-4H,)
anode and cathode plates. (a) Typical
nitrided plate; (b) performance curves.
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Figure 10. Scanning-electron microscopy
cross sections of Fe-27Cr (wt.%) exposed
for 4 h at 900°C in flowing, purified N,-
4H,. (a) Low-magnification view showing
internal chromium-nitride formation (dark
phase); (b) high-magnification view of alloy
surface region showing discontinuous
chromium-nitride surface (dark phase).

erally favored rather than the desired
external, continuous chromium-nitride
layer (Figures 2b and 10).5¢! Nitridation
inmodel Fe-27Cr (wt.%) based alloys as
a function of ternary alloying additions
and nitridation environment (N, partial
pressure, H, level, Oz-impurity level, and
temperature) was studied in an attempt to
form adense, external chromium-nitride
surface. A ferritic based alloy was chosen
rather than an austenitic based alloy to
eliminate the need for costly nickel addi-
tions, with 27 wt.% chromium chosen
because it is representative of the type
446 family of high-chromium, com-
mercial stainless-steel alloys.

Under some conditions, oxygen
impurities presentinan N,-4H, nitriding
environment resulted in the formation
of a thin (submicrometer) Cr,O, layer
on heat-up to the nitriding temperature
(850-900°C). This occurred because
Cr,0, is much more stable thermody-
namically than the chromium nitrides,
with only 5-10 ppm of O, impurities
in N,-4H, needed to form oxide. The

initially formed Cr,O, layer was found
to be highly effective in limiting inter-
nal nitridation of binary Fe-27Cr, with
subsequent conversion of the external
chromium oxide surface to external chro-
mium nitride as the oxygen impurities
in the nitriding environment were con-
sumed.®' The resulting microstructure
was asemi-continuous chromium-nitride
overlying the remaining chromium
oxide, but exhibited borderline to unac-
ceptably high corrosion rates.
However, the use of initial oxide for-
mation to limitinternal nitridation proved
highly effective in Fe-27Cr alloys modi-
fied with 2 wt.% and 6 wt.% vanadium.®'
In the Fe-27Cr-2V and 6V alloys, O2
impurities in the nitriding environment
resulted in the initial formation of a
(V,Cn),0, surface layer during heat-up,
which was subsequently converted to a
dense, fully continuous vanadium-doped
chromium-nitride surface layer, overly-
ing an intermixed oxide/nitride region.
Corrosion resistance and ICR values
comparable to the nitrided Ni-50Cr

METALLIC BIPOLAR PLATES

Metallic alloys such as stainless steels would be ideal as bipolar plates (e.g. References
26-30) because they are amenable to low-cost/high-volume manufacturing methods such
as stamping, offer high thermal and electrical conductivities, have low gas permeability
and excellent mechanical properties, and can be readily made in foil form (~< 0.1 mm
thick) to achieve high power densities (Figure A). The primary limitations are high
contact resistance and borderline corrosion resistance and cost. Despite bulk electrical
conductivities which are orders of magnitude greater than the U.S. Department of Energy
(DOE) goal of >100 S/cm, stainless steels generally exhibit interfacial contact resistance
(ICR) values an order of magnitude higher (worse) than the DOE goal of 10 mohm-cm?
(e.g., References 28-30). This is due to the passive oxide layer present on stainless steels,
which is the source of their corrosion resistance. On exposure to the highly aggressive
proton exchange membrane fuel cell (PEMFC) environments, especially on the aerated
cathode side, further growth of the oxide layer and even higher ICR values can result.?s-*
Dissolution of metallic ions from stainless steels can also occur under PEMFC operating
conditions, especially in the reducing anode side environment where protective oxide
film formation can be difficult, and under cyclic operating conditions at high voltages
such as those encountered in automotive applications (e.g., References 2-5, 25, 31, and
32). Sulphonated fluoropolymer membranes are very sensitive to poisoning by metallic
ions, and cell performance can be significantly degraded.>>2>3!32

The degradation in fuel cell performance from metallic ion dissolution and
contamination depends on the complex interaction of a number of factors, including the
degree of capture of the metallic species in the membrane, its specific interaction with
the membrane, the chemistry of the membrane, and the fuel cell stack cell design and
operating conditions.>>?>332 A rough estimate would be that contamination levels of
the order of only 10—100 ppm of metallic ions are a significant concern for performance
degradation. For some PEMFC applications and operating conditions/durability
requirements, untreated stainless steel alloys may provide acceptable performance and
durability. However, for automotive applications, the high ICR and borderline corrosion
resistance are not acceptable, at least with conventional fuel cell designs. The rising costs
of stainless-steel alloy components, especially nickel, also leaves many compositions
unable to meet cost goals. Other metallic materials have also been investigated as bipolar
plate materials, particularly Ni-Cr, titanium, and refractory metals such as niobium and
tantalum (e.g., References 2, 22, 37, and 43). However, the cost of these materials is
generally in excess of DOE automotive goals, and ICR values and/or corrosion resistance
are still borderline with respect to the DOE targets. They remain candidates for some
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were achieved. Vanadium was effective
because VN has greater stability relative
to V0, than does CrN relative to Cr,0,
(approximately 100 ppm O, is required
to form oxide on vanadium in N,-4H, at
900°C vs.~10ppm forchromium), which
aided conversion of the initially formed
oxide tonitride. Vanadiumis alsoreadily
soluble in Fe-Cralloys, and VZO3-CrZO3‘
CrN-VN, and Cer-VZN are all, respec-
tively, mutually soluble. (Formation of
V,0., which is toxic and exhibits a low
melting point, was not observed under
the conditions studied.)

The promising results obtained with
nitrided Fe-27Cr-2V and Fe-27Cr-6V
(wt.%) were accomplished in a sealed
nitriding environment, dependent on a
narrow range of O, impurity levels, and
proved difficult to reproduce consis-
tently.®! Preoxidation studies are cur-
rently under investigation to solve the
reproducibility issues by controllably
introducing a defined level of oxide
formation prior to nitridation, and to
further investigate the proposed reaction

mechanism. Figure 11 shows polariza-
tion data in aerated pH 3 sulfuric acid
at 80°C for Fe-27Cr-6V (wt.%) nitrided
after preoxidation in flowing Ar-20, or
Ar-10N,+O, impurities, followed by
nitridation in flowing O,-gettered N.-
4H,. Corrosion current densities were
in the range of the nitrided Ni-50Cr.
The ICR values for preoxidized/nitrided
Fe-27Cr-6V met the DOE goal of 10
mohm-cm? at a contact pressure of
only ~100 N/cm? (Figure 12), which is
somewhat better (lower) than those for
nitrided Ni-50Cr (Figure 7). Corrosion
screenings were also conducted under
aggressive conditions of aerated pH 0
H,SO, + 2 ppm F~ at 70°C held for 7.5
h at 0.84 V vs. SHE. Interfacial contact
resistance values increased slightly
(Figure 12), but still met the DOE goal
at contact pressures of only ~100 N/cm?.
A scanning-electron microscopy (SEM)
cross section of the nitrided Fe-27Cr-6V
alloy preoxidizedin Ar-10N, + O, impu-
rities is shown in Figure 13. It consisted
of external vanadium-doped chromium

portable or stationary applications, where cost targets and/or operating conditions may
be less severe.

To meet DOE bipolar plate targets for automotive applications, metallic bipolar
plates will require conductive and corrosion-resistant coatings or surface treatments.
Unfortunately, coatings for metallic bipolar plates have thus far not proven sufficiently
viable due to local areas of inadequate surface coverage (i.e., pin-hole defects),** which
result in local corrosion and metallic ion contamination of the membrane. For many non-
fuel-cell applications, such coating defects are not a significant issue. However, due to the
sensitivity of the sulphonated fluoropolymer membranes to poisoning by metallic ions
and the aggressiveness of the PEMFC operating environment, bipolar plates require a
fully dense, essentially defect-free protective coating. This is especially true for low-cost
but less corrosion-resistant metal substrates such as low-alloy steels or aluminum, which
can be rapidly attacked in PEMFC environments.>>2*4! Methods to mitigate the presence
of pin-hole defects (i.e., the use of interlayers) are being pursued (e.g., Reference 33),
but can significantly increase costs. Difficulties are also encountered in obtaining full
coverage of complex flow field corner and edge geometries. Emerging approaches
include the use of claddings on low-cost substrates** and the use of low-ICR coatings or
surface treatments that are used in combination with stainless-steel alloy substrates to
provide corrosion resistance.?*2!:3.60

a b

Figure A. Metallic bipolar plate flow field features can be manufactured by high-volume
manufacturing methods such as stamping. (a) Stamping of metallic bipolar plates; (b)
stamped flow-field features. (Photographs courtesy of GenCell Corporation, Southbury,
Connecticut.)

nitride with finger-like projections into
aninner region of V-Cr oxide, consistent
with (V,Cr),0, (identification based
solely on SEM and energy-dispersive
x-ray analysis in this sample). Little
internal nitridation was evident.

The use of oxide to aid in external
nitride formation is a concern with
regards to through-thickness electrical
conductivity. The ICR data reported in
this paper were determined by measur-
ing the voltage drop from a coupon
placed between copper plates and carbon
contact paper as a function of compac-
tion pressure?3033366 and showed no
indications of limited through-thickness
conductivity. The intermixed nature of
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Figure 11. Polarization data in aerated
pH 3 sulfuric acid at 80°C (scan rate of
0.1 mV/s) vs. SHE for preoxidized and
nitrided Fe-27Cr-6V vs.Ni-50Cr. 'Ni-50Cr:
1,100°C, 2h,N,.?Fe-27Cr-6V:preoxidized
at 900°C for 8 h in flowing Ar-10N, +
O, impurities followed by 900°C for 24
h in flowing, purified N,-4H,; 3Fe-27Cr-
6V: preoxidized at 800°C for 20 min. in
flowing Ar-20, followed by 900°C for 24
h in flowing, purified N,-4H,.
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Figure 12. The ICR data for Fe-27Cr-6V
preoxidized at 900°C for 8 h in flowing
Ar-10N, + O, impurities followed by 900°C
for 24 h in flowing, purified N,-4H,. As-
nitrided and after a 7.5 h hold in aerated
pH 0O sulfuric acid + 2 ppm F-at 0.84 V
vs. SHE. Note that the plotted ICR values
include resistance contributions from both
major coupon faces. The data are typically
divided by 2 to obtain ICR; in this case that
was not possible as only one major coupon
face was exposed to the sulfuric acid.
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Figure 13. Scanning-electron microscopy
cross sections of Fe-27Cr-6V preoxidized
at 900°C for 8 h in flowing Ar-10N, + O,
Impurities followed by 900°C for 24 h in
flowing, purified N,-4H, from Figure 12.
(a) Low-magnification view showing little
internal chromium-nitride formation (dark
phase); (b) high-magnification view of
surface layer showing mixed nitride/oxide
structure.

the nitride/oxide and N-doping and/or
partial conversion of the oxide still pres-
enttonitride or oxy-nitride likely resulted
in high-conductivity through-thickness
paths. VO, is also highly conductive
for an oxide.®* Above room tempera-
ture and/or on doping with chromium,
there is a transition to more insulating
behavior. However, resistivity values are
still of the order of only ~2 ohm-cm at
chromium levels of 10 at.% substitution
for vanadium in (V,Cr),0,,* although
chromium levels in some regions of the
(V,Cn),0, formed on the Fe-27Cr-6V
exceeded 10 at.%. It should be noted
that preoxidized and nitrided binary
Fe-27Cr coupons also showed low ICR
values despite inner Cr,0,-based layers
on the order of 0.5 um thick® (Cr,0, is
not conductive at room temperature).
Thisresultindicates thateither there were
also high-conductivity paths through the
inner Cr,O, layer, due to nitrogen doping
or local areas of nitride, or that conduc-
tion along the surface nitride across the
coupon edges contributed to the low
ICR values. Calculations suggest that
the limited edge surface area would have

resulted in higher ICR values than those
measured; however, further study and
evaluation of this issue are planned.

An advantage of using oxidation to
initially enrich the surface in chromium
and vanadium prior to converting to
nitride is that such selective oxidation
may be accomplished at relatively low
levels of chromium and vanadium due
to the low solubility of oxygen in iron-
based alloys and the high thermodynamic
stability of Cr,0, and V,0,. Although
ICR and corrosion studies have only
been pursued for nitrided Fe-27Cr-6V
and Fe-27Cr-2V to date, it is estimated
that the composition range amenable
to this approach can likely be extended
downward to ~15-20 wt.% chromium
and 0.5-2 wt.% vanadium, which will
lower alloy cost.

CHALLENGES AND FUTURE
DIRECTIONS

The chromium-based nitride surfaces
formed onFe-27Cr-6V have not yetbeen
evaluated in fuel cell testing. However,
based on the single-cell test behavior of
the thermally grown CrN/Cr,N surfaces
on the nitrided Ni-50Cr material, similar
good performance is expected. Several
key issues remain to be addressed to fully
establish the potential of nitrided Fe-Cr-
V alloys to meet DOE performance and
durability goals.

First, to meet cost goals, metallic
bipolar plates must be in the form of thin
foil (0.1 mmrange), and thermal nitrida-
tion could potentially warp or otherwise
compromise the properties of stamped
alloy foil bipolar plates. Preliminary
assessment with stamped and nitrided
Ni-Cralloy foil suggested that significant
warping does not occur;* however, the
slight warping observed could cause
issues with regards to sealing the edges
of the fuel cell stack. Nitridation was,
however, observed to embrittle thin Ni-Cr
alloy foil under conditions where internal
nitridation accompanied the external
nitride layer formation.®® The use of an
initial oxide layer to limit internal nitro-
gen penetration and aid external nitride
formation on vanadium-modified Fe-Cr
based alloys should help ameliorate this
issue.

Second, although single-cell fuel cell
testing has indicated good durability
for thermally grown CrN/Cr,N sur-
faces, more aggressive conditions can

be encountered in fuel cell stacks. In
particular, short-term local voltages in
excess of 1V may occur under start-
up conditions if oxygen gains access
to the anode side of the cell. Corrosion
current densities increased significantly
for thermally grown CrN/Cr,N surfaces
above 0.8-0.9 V vs. SHE in polariza-
tion testing in sulfuric acid solutions
(Figures 6 and 11). On nitrided Ni-
50Cr, this increase was partially linked
to oxygen incorporation in the form of
a graded, mixed Cr-O/Cr-N-O species
solid solution,> which does not appear
to increase contact resistance, at least
after short-term exposures. Taguchi and
Kurihara® report increased corrosion
current densities and transpassive dis-
solution of chromium metal and nitrided
pure chromium as Cr,O,* in 1 kmol-m™
sulfuric acid at40°C at potentials higher
than ~1.2V vs. SHE, which suggests
that degradation of thermally grown
chromium-nitride surfaces on Fe-Cr-V
alloys may occur above 1V. Although
such excursions greater than 1V may be
for only for a few seconds, their effects
can accumulate per shut-down/start-up
over time under automotive drive-cycle
conditions. Approaches to reduce or
eliminate transient high voltages on
start-up are being pursued (e.g., Refer-
ence 65), and it should be noted that the
MEA carbon catalyst supports are also
attacked under these conditions. Fuel
cell stack testing, including frequent
shut-down/start-up cycles, is planned to
evaluate these effects for nitrided Fe-Cr-
V bipolar plates.
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