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Thermal (gas) nitridation of stainless steel alloys can yield low interfacial contact resistance (ICR), electri-
cally conductive and corrosion-resistant nitride containing surface layers (Cr2N, CrN, TiN, V2N, VN, etc.) of
interest for fuel cells, batteries, and sensors. This paper presents results of scale-up studies to determine
the feasibility of extending the nitridation approach to thin 0.1 mm stainless steel alloy foils for proton
exchange membrane fuel cell (PEMFC) bipolar plates. Developmental Fe–20Cr–4V alloy and type 2205
stainless steel foils were treated by pre-oxidation and nitridation to form low-ICR, corrosion-resistant
olymer electrolyte/proton exchange
embrane (PEM) fuel cells
itride
etallic bipolar plates
urability
orrosion resistance

surfaces. As-treated Fe–20Cr–4V foil exhibited target (low) ICR values, whereas 2205 foil suffered from
run-to-run variation in ICR values, ranging up to 2× the target value. Pre-oxidized and nitrided sur-
face structure examination revealed surface-through-layer-thickness V-nitride particles for the treated
Fe–20Cr–4V, but near continuous chromia for treated 2205 stainless steel, which was linked to the vari-
ation in ICR values. Promising corrosion resistance was observed under simulated aggressive PEMFC
anode- and cathode-side bipolar plate conditions for both materials, although ICR values were observed

ons o
to increase. The implicati

. Introduction

Thin (∼0.1 mm) stamped stainless steel alloy foils for proton
xchange membrane fuel cell (PEMFC) bipolar plates offer the
otential for significantly lower cost than currently used machined
raphite bipolar plates, and reduced stack volume and better
menability to rapid, high-volume manufacturing than develop-
ental polymer/carbon fiber and graphite composite bipolar plates

1–9]. The key challenges for stainless steels as bipolar plates are
orrosion resistance and interfacial contact resistance (ICR) [1–13].
tainless steels tend to exhibit borderline corrosion resistance in
EMFC bipolar plate environments, which can result in metal ion
issolution and possible poisoning and performance degradation
f the PEMFC membrane [14], although recent work suggests that
embrane proton conductivity may be more tolerant of metal
on contamination than the 5–10 parts per million (ppm) levels
ome earlier work suggested [15]. The primary drawback for stain-
ess steels as bipolar plates is their high ICR values (despite high
ulk electrical conductivity), which results from the passive oxide
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surface layer that confers corrosion resistance to stainless steels
[1–10]. Typical ICR values for stainless steels [11] at the compaction
forces of interest for PEMFC bipolar plates, ∼150–200 N cm−2, are at
least an order of magnitude higher than the United States Depart-
ment of Energy (USDOE) target of 10 m� cm2 (discussed in Ref.
[9]). This leads to high electrical resistance and unacceptable fuel
cell stack performance.

Some metal nitrides are highly corrosion resistant and offer elec-
trical conductivities up to an order of magnitude larger than that of
graphite [16]. Proof-of principle evaluation of nitrided model Ni–Cr
base alloys [9,17–19] indicated that thermally grown Cr-nitride
surfaces exhibited excellent corrosion resistance and maintained
low ICR values in PEMFC environments. A key advantage of the
thermal nitridation approach is that it can potentially yield pin-hole
defect free surface layers due to the high processing temperatures
(∼800–1100 ◦C) favoring reaction of all exposed metal surfaces
[9,17–22]. Other groups have also recently reported promising
results for thermally grown nitrides and/or nitride based deposited
coatings to protect PEMFC bipolar plates [23–39].
The primary drawback of the thermal nitridation approach
is that it only yields protective surfaces for a narrow range of
alloy compositions and processing conditions [9]. Unfortunately,
the Ni–(30–50) Cr weight percent (wt.%) base alloys that have
proven amenable to this approach are too expensive for automotive

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:bradymp@ornl.gov
dx.doi.org/10.1016/j.jpowsour.2010.03.055
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Table 1
Alloy compositions as determined by inductively coupled plasma and combustion analysis.
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Fe–20Cr–4V Sheet Fe–20Cr–3.88V–0.01Si–0.0081N–0
Fe–20Cr–4V Foil Fe–19.97Cr–3.82V–0.07Mn–0.07Si
2205 Foil Fe–22.05Cr–5.64Ni–3.18Mo–0.49M

pplications, although they may be economically viable for some
tationary or portable power applications. Iron-base stainless steel
lloys can potentially meet the USDOE automotive bipolar plate
ost targets (equates roughly to ∼$1–2/plate depending on stack
erformance). However, stainless steels exhibit high permeability
o nitrogen, which results in very poor corrosion resistance due to
xtensive internal Cr-nitride precipitation in the alloy on nitrida-
ion instead of the desired continuous, protective Cr-nitride surface
ayer observed on nitrided Ni–(30–50)Cr base alloys [9,22].

This limitation for nitridation of Fe-base stainless steels can be
ypassed under select conditions if oxygen is also present in the
itriding environment [9,19,21,22]. Two effects were observed: (1)
he formation of a nitrogen-modified passive oxide surface layer
NMPOL) on high-Cr superferritic alloys (∼27–29 wt.% Cr), such
s 446 MOD-1 or AL29-4C®, which was composed of a complex,
eterogeneous surface mixture of Cr-nitrides, Cr and Al oxides,
nd Ti-nitride [19,21]; and (2) the formation of a continuous
r(V)-nitride surface layer overlaying an intermixed Cr(V)-oxide
nd -nitride underlayer which was observed for a developmental
e–27Cr–6V wt.% bipolar plate alloy [9,22]. (The addition of V was
ound to be beneficial in promoting conversion of the thermally
rown oxide to nitride on nitridation [22].) Excellent corrosion
esistance and low ICR values were observed in simulated PEMFC
ipolar plate environments for both types of surfaces.

Two significant challenges exist for transferring either approach
o high volume bipolar plate production. First, the surface layers
ere formed in sealed nitriding environments, such that the oxygen
as gettered during the course of the reaction and the environment

radually changed from oxidizing to nitriding. Although possible in
small laboratory-scale furnace, it is unlikely to be sufficiently con-

rollable in large-scale production. Second, these higher-Cr alloys
ere susceptible to the formation of brittle sigma phase during
eating and cooling to/from the 900–1100 ◦C nitridation temper-
ture, which resulted in embrittled bipolar plates that fractured
nder load.

A potential solution to controllably forming surface
itride/oxide mixtures is to perform a short pre-oxidation
tep prior to nitridation. Preliminary attempts for Fe–27Cr–6V
ielded the desired intermixed nitride/oxide surface structure
9,22]. Promising corrosion resistance and ICR values results
ere also recently reported for controlled pre-oxidation and
itridation of type 446 stainless steels [40]. To reduce the risk of
igma phase formation, and improve formability for stamping,
ower Cr levels than the high-Cr superferritics studied to date
re of interest. Part 1 of this paper presents the results of efforts
o form corrosion-resistant, low-ICR nitride-oxide surfaces on
tainless steel alloy foils in a manner amenable to commercial
cale production. Part 2 [41] will present the results of single-cell
uel cell studies using stamped and pre-oxidized/nitrided stainless
teel foils with performance benchmarked relative to untreated
tainless steel foils and graphite bipolar plates.

. Experimental
Exploratory studies of pre-oxidation and nitridation of a series
f ferritic, duplex, and austenitic Fe–(18–27Cr)–(2–6)V–(0–10Ni)
lloys were conducted using coupons obtained from small
aboratory-scale arc-castings (∼100–500 g) [42]. Preliminary eval-
ation suggested that the best combination of low ICR and
2N–0.03Ca–0.018C–0.01Al
Si–0.25Cu–0.2V–0.1Co–0.06W–0.03Nb–0.187N–0.023C

high corrosion resistance on nitriding was exhibited by a ferritic
Fe–20Cr–4V wt.% alloy, which is the subject of the present work.
This Cr level was optimized to be low enough to achieve suffi-
cient alloy ductility to permit foil manufacture/stamping and to
minimize the potential for brittle sigma phase formation, but high
enough in combination with V to yield low ICR, corrosion-resistant
nitride surfaces.

In the present work, Fe–20Cr–4V was studied in two product
forms: (1) 20 mm × 10 mm × 1 mm sheet coupons obtained from a
∼500 g laboratory arc casting that was hot rolled to a 40% reduction
at 900 ◦C and annealed at 900 ◦C for 10 min, and (2) a trial batch
of 0.1 mm thick Fe–20Cr–4V foil processed using conventional
commercial ferritic alloy hot/cold rolling and annealing conditions
(details proprietary). The laboratory sheet coupons were polished
to a #240 grit surface finish using SiC paper. The trial-scale foil
production annealing equipment available for this work did not
have sufficient hydrogen dew point control to prevent foil oxida-
tion during annealing. This resulted in foil with a thin oxide layer
(heat treatment “tint”), which was readily removed by light scrub-
bing with a “non-scratch” (polymer fiber) kitchen scouring pad.
The chemistry of Fe–20Cr–4V bulk coupon and foil are shown in
Table 1. For comparative purposes, 0.1 mm thick commercial foil of
duplex 2205 stainless steel was also studied (Table 1). This alloy was
selected due to its comparable Cr level (22% Cr) to Fe–20Cr–4V and
its reported excellent corrosion resistance in PEMFC environments
(data from commercial sheet material [11]).

Pre-oxidation and nitridation steps were conducted in separate
furnace runs to gain insight into surface chemistry changes that
resulted from each step. Pre-oxidation was conducted in flowing
N2–4H2–0.5O2 (volume percent), which was selected to produce
a low oxygen partial pressure environment sufficient to oxidize
controllably while potentially minimizing migration of Fe to the
oxide surface due to the relatively low thermodynamic stability of
Fe-oxides. Nitridation was conducted in ultrahigh purity N2–4H2
passed through a commercial molecular sieve to getter oxygen and
moisture impurities. A wide range of pre-oxidation and nitridation
conditions and furnace protocols were evaluated. Typical proto-
col initially involved loading samples into a horizontal quartz tube
furnace, evacuation at room temperature to a 10−6 to 10−7 Torr vac-
uum, introduction of flowing N2–4H2–0.5O2 or scrubbed N2–4H2
gas for 2 h at room temperature, 4 h heating to the reaction temper-
ature (typically 900–1000 ◦C), holding at the reaction temperature
and overnight furnace cooling to room temperature.

Some run-to-run scatter in the degree of O/N mass uptake was
observed on nitridation, primarily as a result of varying levels of
oxygen impurities in the furnace likely due to adsorption of mois-
ture on the inner furnace surfaces during sample loading. In the
latter stages of this work, this issue was solved by performing a
200–400 ◦C overnight vacuum bake out of the furnace after loading
with test samples, prior to introducing the pre-oxidation or nitrida-
tion gases. This bake-out step was needed because of the relatively
low thermodynamic stability of Cr with nitrogen as compared with
oxygen. For example, only ∼10 ppm oxygen is needed in N2–4H2 to
favor Cr2O3 formation over CrN at 900 ◦C [9,22]. It should be noted

that the 12 h overnight timeframe for this bakeout was selected for
convenience, and that much shorter bakeout times are feasible.

Pre-oxidized and nitrided samples were characterized using
techniques selected among X-ray diffraction (XRD) using Cu K�

radiation, Auger electron spectroscopy (AES), field emission gun
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Table 2
Pre-oxidation and nitridation processing summary.

Alloy Pre-oxidation (mass gain mg cm−2) Nitridation (mass gain mg cm−2) Bakeout Figure

Fe–20Cr–4V sheet 925 ◦C/2 h: 0.23 900 ◦C/24 h: 0.18 – Figs. 1 and 2
Fe–20Cr–4V sheet 925 ◦C/2 h: 0.22 1000 ◦C/1 h: 0.06 – Figs. 1 and 2
Fe–20Cr–4V sheet 925 ◦C/2 h: 0.077 1000 ◦C/4 h: 0.38 – Fig. 8
Fe–20Cr–4V sheet 900 ◦C/2 h: 0.18 – – Fig. 9b
Fe–20Cr–4V sheet 900 ◦C/2 h: 0.17 1000 ◦C/2 h: 0.12 – Fig. 9c
Fe–20Cr–4V foil 900 ◦C/2 h: 0.08 1000 ◦C/2 h: 0.13 – Figs. 3 and 4 anode
Fe–20Cr–4V foil 900 ◦C/2 h: 0.09 1000 ◦C/2 h: 0.11 – Figs. 3 and 4 cathode
Fe–20Cr–4V foil 900 ◦C/1 h: 0.04 – – Fig. 10b
Fe–20Cr–4V foil 900 ◦C/1 h: 0.05 1000 ◦C/2 h: 0.15 1 Fig. 10c
2205 foil 900 ◦C/2 h: 0.06 1000 ◦C/2 h: 0.16 – Fig. 4 high ICR
2205 foil 900 ◦C/2 h: 0.07 1000 ◦C/2 h: 0.18 1 Figs. 3 and 4 anode
2205 foil 900 ◦C/30 min: 0.08 1000 ◦C/2 h: 0.14 – Figs. 3–5 cathode
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Table 2 shows specific reaction conditions and O/N mass uptake
for each sample reported in Figs. 1–10. All samples showed
some degree of internal nitridation. Nitridation mass uptakes of
<0.2–0.4 mg cm−2 were generally found to correlate well with suf-
2205 foil 900 ◦C/15 min: 0.06 1
2205 foil 900 ◦C/2 h: 0.07 1
2205 foil 900 ◦C/1 h 0.10 1

: 200 ◦C/12 h vacuum bake out. 2: 400 ◦C/12 h vacuum bake out.

FEG) scanning transmission electron microscopy (STEM) at 200 kV
quipped with an energy dispersive spectrometer (EDS) for acquir-
ng compositions and high-spatial resolution elemental maps,
canning electron microscopy (SEM) also combined with EDS, and
lectron probe microanalysis (EPMA) equipped with wavelength
ispersive spectrometers (WDS). (Not all samples were subject
o the entire aforementioned range of analytical techniques.) AES
pectra were acquired at 20 keV incident electron energy using
PHI 680 Scanning Auger Nanoprobe. AES depth profiles were

btained by sputtering with Ar+ ions at an incident angle of 45◦

rom the surface normal. In the profiles shown in this paper, two
ifferent sputter rates were used: for as-received Fe–20Cr–4V sheet
he sputter rate was 2 nm min−1 (achieved with 2 kV Ar ions) due to
he thinness of the native oxide layer; for all other profiles the sput-
er rate was 84 nm min−1 (using 3 kV Ar ions). Sputter rates were
etermined in separate experiments using 100 nm thick SiO2 stan-
ard films. Compositions shown in the profiles were determined
sing tabulated Auger sensitivity factors from the PHI MultiPak
v.6.0) Analysis software. Deconvolution of the Cr Auger signals
nto oxide, nitride, or metal was accomplished using a linear-least
quares fitting routine contained in the MultiPak software. The
asis spectra used for fitting were taken from regions within the
rofile identified as nitride-rich, oxide-rich and metal-rich. Thin
pecimens for imaging and microanalysis in the STEM were pre-
ared in cross-section from the bulk samples by focused ion beam
FIB) milling.

ICR values were obtained using two pieces of conductive car-
on paper that were sandwiched between the coupon faces and
wo copper plates. The total resistance was measured as a function
f contact pressure, and corrections were made for the resistance
f the carbon paper/copper plate interfaces (RC/Cu) by calibration.
or samples examined after corrosion exposure, in which only one
oupon face was exposed to the test environment, the calculated
CR values were not divided by two and thus represent both sets
f carbon paper/nitride interfaces. For simplicity these values are
eferred to as 2 × ICR, and all data, both as-received and after corro-
ion are plotted as 2 × ICR. Further details of the ICR measurement
echnique are provided in Ref. [11].

Corrosion behavior was evaluated by static polarization in a
imulated highly aggressive PEMFC environment, consisting of 1 M
2SO4 + 2 ppm F− solution at 70 ◦C, purged either with H2 gas to

imulate the PEMFC anode environment or air to simulate the
EMFC cathode environment. A piece of Pt sheet/foil served as the

ounter electrode and a saturated calomel electrode was used as
he reference. In these measurements, the samples were stabilized
t open circuit (Ecorr) for 5 min, and then a specific potential was
pplied and held for 7.5 h and the current–time curve was recorded.
wo potentials were chosen for the tests: +0.14 V vs SHE for the
/4 h: 0.14 2 Fig. 7
: 0.158 2 Fig. 6a
/2 h: 0.005 1 Fig. 6b

anode conditions, and +0.84 V vs SHE for the cathode conditions.
All voltages in this paper are presented relative to the standard
hydrogen electrode (SHE).

3. Results and discussion

3.1. Pre-oxidation and nitridation processing overview
Fig. 1. Static polarization data for 925 ◦C/2 h pre-oxidized Fe–20Cr–4V sheet coupon
samples nitrided 1000 ◦C/1 h (blue) or 900 ◦C/24 h (red) (further details in Table 2) in
1 M H2SO4 + 2 ppm F− at 70 ◦C. (a) H2-purged simulated anode conditions at +0.14 V
vs SHE and (b) aerated simulated cathode conditions held at +0.84 V vs SHE. Note
that the first 30 min of data for the 1000 ◦C/1 h nitrided sample were omitted from
the plot due to excessive noise scatter.
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Fig. 2. 2 × ICR vs compaction force curves for 925 ◦C/2 h pre-oxidized Fe–20Cr–4V
s ◦ ◦

d
s
n

fi
e

3
p

p
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heet coupon samples as-nitrided 1000 C/1 h (blue) or 900 C/24 h (red) (further
etails in Table 2). Polarized data is after simulated anode (solid line) or cathode
ide (dashed line) conditions (current density data shown in Fig. 1): 1000 ◦C/1 h
itrided (light blue) and 900 ◦C/24 h nitrided (pink).

ciently limited internal nitridation to prevent significant alloy
mbrittlement, with levels of <0.2 mg cm−2 preferred.

.2. Pre-oxidized and nitrided Fe–20Cr–4V sheet coupon

olarization and ICR

Sheet coupons of Fe–20Cr–4V were treated using the same
re-oxidation condition (2 h at 925 ◦C in flowing N2–4H2–0.5O2)

ig. 3. Static polarization data for Fe–20Cr–4V and 2205 foils untreated (metal)
nd after 900 ◦C/2 h pre-oxidation and 1000 ◦C/2 h nitridation (further details in
able 2). (a) H2-purged simulated anode conditions at +0.14 V vs SHE and (b) aerated
imulated cathode conditions at +0.84 V vs SHE.

Fig. 4. 2 × ICR vs compaction force curves. (a) Fe–20Cr–4V and 2205 foils untreated
(metal) and after 900 ◦C/2 h pre-oxidation and 1000 ◦C/2 h nitridation; (b) pre-
oxidized and nitrided Fe–20Cr–4V and 2205 foils after polarization under simulated
anode and cathode conditions (current density data shown in Fig. 3, further details

in Table 2). The after polarization values were essentially the same for pre-oxidized
and nitrided Fe–20Cr–4V and 2205 under both anode and cathode conditions. The
high 2 × ICR value nitrided 2205 foil from Fig. 4a is shown after anode polarization
in Fig. 4 (highest curve shown in Fig. 4b).

and two different nitridation conditions, either 1000 ◦C/1 h or
900 ◦C/24 h in flowing/scrubbed N2–4H2 (Table 2). The 1000 ◦C/1 h
condition is of particular interest as the shorter the nitriding cycle,

the lower the cost. Specific mass changes, which reflect the total
uptake of O or N, were ∼0.22–0.23 mg cm−2 on pre-oxidation. The
900 ◦C/24 h treatment yielded an additional 0.18 mg cm−2 uptake
on nitridation, whereas the 1000 ◦C/1 h treatment yielded an addi-
tional 0.06 mg cm−2 uptake.

Fig. 5. Cross-section to HAADF-STEM image of 900 ◦C/30 min pre-oxidized and
1000 ◦C/2 h nitrided 2205 stainless steel foil (cathode polarized sample shown in
Figs. 3b and 4b, further details in Table 2).
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Fig. 6. AES data for pre-oxidized and nitrided 2205 stainless steel foil (further details
in Table 2) showing range of surface chemistries observed after nominally similar
r
a
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a
s
u

F
1

Fig. 8. Cross-section to HAADF-STEM image and elemental maps for 925 ◦C/2 h
pre-oxidized and 1000◦C/4 h nitrided Fe–20Cr–4V sheet coupon (further details in
eaction conditions. (a) N-rich; (b) O-rich. Note that adventitious C was also present
t the surface, data not included in above plots. The Cr data was deconvoluted into
r-oxygen and Cr-metal/nitrogen curves.

Static polarization curves under simulated highly-aggressive
EMFC bipolar plate conditions using 1 M sulfuric acid + 2 ppm F−
t 70 ◦C are shown in Fig. 1 for simulated anode-side conditions
t +0.14 V and H2 sparging (Fig. 1a) and simulated cathode-
ide conditions at +0.84 V and air sparging (Fig. 1b). The curves
nder the simulated anodic conditions were essentially the same

ig. 7. Cross-section to HAADF-STEM image of 900 ◦C/15 min pre-oxidized and
000 ◦C/4 h nitrided 2205 stainless steel foil (further details in Table 2).
Table 2). This particular sample was polarized under simulated anodic conditions
and yielded a current density of ∼6 × 10−6 A cm−2 after 7.5 h polarization (same
conditions and similar behavior to pre-oxidized/nitrided Fe–20Cr–4V sheet coupon
results shown in Fig. 1a).

for the two treatment conditions, and reached a limiting value
of −6 to 8 × 10−6 A cm−2 after 7.5 h (450 min) of polarization.
These values are comparable to/moderately higher than the −1
to −6 × 10−6 A cm−2 range current densities observed for nitrided
high-Cr Ni–Cr (30–50 wt.% Cr) and Fe–Cr (27–29 wt.% Cr) alloys
previously studied under this test condition [19–22]. Under sim-
ulated aggressive cathodic conditions, the 1000 ◦C/1 h treatment
yielded higher (worse) current densities, 14 × 10−6 A cm−2 after
7.5 h vs 3 × 10−6 A cm−2 for the 900 ◦C/24 nitrided sample. Current
densities for nitrided high-Cr Ni–Cr and Fe–Cr alloys previously
studied under this test condition were typically in the range of
1–2 × 10−6 A cm−2 [19–22]. The moderate increase in current den-
sity with time observed under the simulated cathodic conditions
(Fig. 1b) is not uncommon in static polarization curves for nitrided
stainless steel surfaces under these test conditions, and is sug-
gestive of a minor degree of susceptibility to surface attack. It
is considered a consequence of the 1 M sulfuric acid + 2 ppm F−

test solution, which is far more aggressive than the environment
expected under stable fuel cell operating environments (∼pH 3
sulfuric acid and lower levels of F−) [1–10].

As-nitrided ICR values for Fe–20Cr–4V sheet after the two differ-
ent nitridation conditions were similar (Fig. 2) and met the USDOE
target of <20 m� cm2 at loads of ∼150–200 N cm−2. Note that Fig. 2

effectively plots ∼2× the ICR value as it includes both top and bot-
tom coupon/carbon paper interfaces. This convention was adopted
because only one coupon face was exposed in polarization testing,
which means that ICR values obtained after polarization included
both polarized and un-exposed faces. The USDOE target was also
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Fig. 9. AES data for Fe–20Cr–4V sheet coupons. (a) As-received; (b) after 900 ◦C/2 h pre-oxidation; (c) after 900 ◦C/2 h pre-oxidation and 1000 ◦C/2 h nitridation. Further details
in Table 2. Note that adventitious C was also present at the surface (data not included in above plots). The Cr data was deconvoluted into Cr-oxygen and Cr-metal/nitrogen
curves.

Fig. 10. AES data for Fe–20Cr–4V foil. (a) As-received; (b) after 900 ◦C/1 h pre-oxidation; (c) after 900 ◦C/1 h pre-oxidation and 1000 ◦C/2 h nitridation. Further details in
Table 2. Note that adventitious C was also present at the surface (data not included in above plots). The Cr data was deconvoluted into Cr-oxygen and Cr-metal/nitrogen
curves.
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oubled from <10 m� cm2 to <20 m� cm2 for consistency with this
onvention. Untreated stainless steels typically exhibit as-received
CR values an order of magnitude higher than the USDOE target and
he values obtained for the nitrided Fe–20Cr–4V [9,11]. An increase
n ICR was observed on polarization of the nitrided Fe–20Cr–4V,
imilar to that reported for nitrided high-Cr Fe–Cr alloys previ-
usly studied [19,21,22]; however, as with the high-Cr Fe–Cr alloys,
he increase remained within the USDOE target. Interestingly, the
igher current density reported for the 1000 ◦C/1 h treated mate-
ial under simulated aggressive cathodic conditions did not result
n a greater increase in ICR after polarization than the 900 ◦C/24 h
itridation conditions.

.3. Pre-oxidized and nitrided Fe–20Cr–4V and 2205 foil
olarization and ICR

Fig. 3 shows static polarization curves in 1 M sulfuric
cid + 2 ppm F− at 70 ◦C for 0.1 mm thick foils of Fe–20Cr–4V
nd 2205 stainless steel, both as-received (no surface treatment)
nd after pre-oxidation (900 ◦C, 2 h N2–4H2–0.5O2) and nitri-
ation (1000 ◦C/2 h scrubbed N2–4H2) (Table 2). The untreated
e–20Cr–4V foil exhibited relatively poor behavior under simu-
ated anodic conditions (Fig. 3a) with current densities in the range
f −20 × 10−6 A cm−2. In contrast, the untreated 2205 stainless
teel foil exhibited a current density in the −8 × 10−6 A cm−2 range
fter 7.5 h static polarization under simulated anodic conditions.
oth Fe–20Cr–4V and 2205 foils exhibited significant reduction

n current densities after the pre-oxidation/nitridation treatment,
ith values approaching −3 × 10−6 A cm−2 and −4 × 10−6A cm−2,

espectively, after 7.5 h static polarization.
Similar trends were observed under simulated cathode-side

onditions, with the pre-oxidation and nitridation treatments
ielding significant improvements (reduction) in current densi-
ies. (A logarithmic scale is used for current density in Fig. 3b
o better plot the entire range of data observed.) The pre-
xidized and nitrided 2205 foil exhibited current densities of
nly 1 × 10−6 A cm−2, which is in the range of nitrided high-Cr
i–Cr (30–50 wt.% Cr) and Fe–Cr (27–29 wt.% Cr) alloys previously

tudied [19–22]. The pre-oxidized and nitrided Fe–20Cr–4V foil
xhibited moderately higher current densities, in the range of
× 10−6 A cm−2 after 7.5 h of static polarization.

Fig. 4a shows ICR data for untreated and pre-oxidized and
itrided Fe–20Cr–4V and 2205 stainless steel foils (900 ◦C, 2 h
2–4H2–0.5O2 and 1000 ◦C/2 h scrubbed N2–4H2, respectively).
he untreated foils yielded ICR values ∼20–30 times higher than
he USDOE target of <20 m� cm2 at loads of ∼150–200 N cm−2,
onsistent with reported value ranges [11] for stainless steel sheet
aterial. In contrast, the pre-oxidized and nitrided Fe–20Cr–4V foil

xhibited a 2 × ICR value of ∼15 m� cm2 at 150 N cm−2, which was
lightly higher than that observed for pre-oxidized and nitrided
e–20Cr–4V sheet material (Figs. 2 and 4a), but nonetheless meets
he USDOE target. Run-to-run scatter was observed for the pre-
xidized and nitrided 2205 stainless steel foil, with values ranging
rom 20 to 50 m� cm2 at 150 N cm−2.

ICR values after polarization for pre-oxidized and nitrided
e–20Cr–4V and 2205 stainless steel foil (data from Fig. 3) are
hown in Fig. 4b. The 2 × ICR vs compaction force curves were
ssentially identical for Fe–20Cr–4V and 2205 stainless steel foils
fter static polarization under both anode-side and cathode-side
onditions, with 2 × ICR values in the range of 40–50 m� cm2 at

50 N cm−2. These resulting ICR values were approximately twice
hose observed for pre-oxidized and nitrided Fe–20Cr–4V sheet

aterial after similar polarization (Fig. 2), and exceeded the USDOE
CR target by a factor of 2–2.5. Although these results indicate

lower level of performance by the pre-oxidized and nitrided
ources 195 (2010) 5610–5618

Fe–20Cr–4V foil, it should be noted that the 1 M H2SO4 + 2 ppm F−

test environment used in the present work was much more aggres-
sive than that expected in an operating fuel cell environment, such
that similar ICR increases may not occur in actual fuel cell service.
Immersion polarization testing may also represent a more severe
condition than actual in-cell fuel cell service, as complete liquid
immersion is akin to a flooded fuel cell, which in itself represents
a significantly degraded fuel cell operational state. Also shown in
Fig. 4b are ICR data for the high ICR pre-oxidized and nitrided 2205
(Fig. 4a) after polarization under simulated anode-side conditions
(Table 2). This sample showed a significant increase in the 2 × ICR
value, from ∼50 to ∼125 m� cm2 at 150 N cm−2, despite exhibiting
a relatively low current density of −2 × 10−6A cm−2 after 7.5 h of
polarization (polarization curve not shown).

3.4. Microstructure and surface chemistry

Pre-oxidation and nitridation of 2205 stainless steel foil resulted
in a highly heterogeneous and varied range of surface structures
(Figs. 5 and 6). A high-angle annular dark field (HAADF) cross-
section image for the cathode polarized sample (Figs. 3b and 4) is
shown in Fig. 5. The surface consisted of CrxN (x = 1,2) particles dis-
persed in Cr2O3, with some local regions of SiO2 at the alloy/layer
interface (phase identification based primarily on EDS/WDS data).
In most regions the CrxN did not appear to be continuous from the
surface into the alloy (little through-layer thickness continuity).
Fig. 6 shows a representative range of surface chemistries obtained
after pre-oxidation and nitridation of 2205 stainless steel foil under
conditions similar to that used for the sample shown in Fig. 5
(Table 2). The surface chemistries obtained by AES were consis-
tent with the cross-section structure observed by STEM, CrxN and
Cr2O3, but with significant variability in the relative amounts of
oxide/nitride at the surface. Chromia exhibits poor electrical con-
ductivity, and it is likely that the near-continuous nature of the
Cr2O3 was responsible for the variability of ICR values observed
for pre-oxidized and nitrided 2205 stainless steel foil (Fig. 4). It is
also possible that preferential electrical conduction across the Cr-
nitride rich surface, as opposed to through-thickness conduction,
may have contributed to the relatively low ICR values obtained for
pre-oxidized and nitrided 2205 stainless steel foil, i.e. the functional
values of ICR may effectively be higher than those measured (issue
discussed in Ref. [9]). For example, the material shown in Fig. 6b
was resistive when evaluated by a multi-probe (and hence was not
measured for ICR), consistent with its very low mass gain on nitri-
dation of 0.005 mg cm−2 (Table 2). The reacted surfaces formed on
2205 stainless steel foil were, however, very rich in Cr, with only
small amounts of Fe or Mn (Fig. 6). The good corrosion resistance
observed for surface treated 2205 foil (Fig. 3) is attributed to this Cr-
rich surface chemistry. The segregation of Mn and Si to the reacted
surface layer is consistent with their greater thermodynamic sta-
bility over that of Cr in oxygen.

Fig. 7 shows the results of an attempt to improve the continuity
of CrxN in 2205 stainless steel foil by decreasing the pre-oxidation
stage to 900 ◦C/15 min and increasing the nitridation stage to
1000 ◦C/4 h in conjunction with a 400 ◦C/12 h vacuum bake out
prior to nitridation (Table 2). Continuous surface CrxN was formed
under these conditions, however, a near continuous Cr2O3 layer,
with local regions of SiO2 at the alloy/layer interface (as well as
some internal nitridation of Cr) was still observed beneath the
surface CrxN layer. Such a structure may exhibit good corrosion
resistance and surface conductivity, but would not be expected to

exhibit sufficient through-thickness conductivity to function as a
bipolar plate.

A HAADF-STEM image of a typical cross-section structure
formed on pre-oxidized and nitrided Fe–20Cr–4V is shown in
Fig. 8 for a sheet coupon of Fe–20Cr–4V pre-oxidized for 2 h at
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which as shown for 2205 stainless steel can segregate to the reac-
tion layer and potentially degrade properties. The present work
M.P. Brady et al. / Journal of Po

25 ◦C in N2–4H2–0.5O2 and nitrided for 4 h at 1000 ◦C in flow-
ng scrubbed N2–4H2 (Table 2). The surface structure consisted
rimarily of intermixed Cr2O3 and VxN. CrxN surface particles
ere also observed, but not retained in the cross-section region

hown in Fig. 8 (phase identification based on elemental maps
nd XRD results for similarly treated samples). Some internal
itridation, primarily as VxN, was also present (not shown in
ig. 8). In contrast to the pre-oxidized and nitrided 2205 material,
he Fe–20Cr–4V material formed through-layer thickness nitrides,
hich likely accounts for its lower, more consistent ICR values.

imilar structures containing through-thickness VxN were also
bserved in pre-oxidized and nitrided Fe–20Cr–4V foils, although
here was some scatter in the relative amounts of oxide vs nitride.
heet coupon material generally exhibited a greater proportion of
hrough-thickness nitride than did foil material, despite similar
re-oxidation and nitridation processing steps.

Figs. 9 and 10 show surface chemistry as a function of depth
etermined by AES for representative Fe–20Cr–4V sheet coupon
nd foil material as-received, after pre-oxidation (1 or 2 h at 900 ◦C
n flowing N2–4H2–0.5O2) and pre-oxidation and nitridation (2 h
t 1000 ◦C in flowing scrubbed N2–4H2) (Table 2). The native oxide
urface on the sheet coupon material was <∼4 nm thick and rich
n Fe, whereas the native oxide layer on the foil was ∼150 nm
hick (i.e. it contained remnant oxide from the heat treatment) and
ich in V (Figs. 9a and 10a). On pre-oxidation (Figs. 9b and 10b),
oth sheet and foil material formed X2O3 based surfaces (X = Cr,
) ∼1000–2000 nm thick, which overwhelmed the thinner, as-
eceived native oxide surface layers. Iron was present in both
urfaces, with approximately 5 atomic percent (at.%) detected at the
heet material surface and 8 at.% in the foil surface. The Fe–20Cr–4V
heet material tended to form a thicker oxide, with lower Fe surface
ontent, than foil material under most pre-oxidation conditions
xamined, although it is noted that for the case of the AES data
hown in Figs. 9a and 10a the sheet material had the longer pre-
xidation treatment.

Figs. 9c and 10c show pre-oxidized material from the same
atches as shown in Figs. 9b and 10b after nitridation for 2 h at
000 ◦C in flowing, scrubbed N2–4H2 (note that the foil and sheet
amples were treated in different furnace batch runs) (Table 2).
onsistent with the STEM cross-sections, the sheet material gener-
lly exhibited higher levels of nitrogen and lower levels of oxygen at
he surface after pre-oxidation and nitridation. Both surfaces were
ery rich in Cr and V, with virtually no Fe in the sheet coupon sur-
ace layer but ∼3–4 at.% retained Fe in the foil coupon surface layer.
he higher O levels and small amount of retained Fe in the surface
f the nitrided Fe–20Cr–4V foil likely accounts for its higher initial
CR values than the sheet material (Fig. 4).

The mechanism behind the greater enrichment of nitrogen in
he Fe–20Cr–4V sheet material surfaces compared to foil under
stensibly similar conditions is not understood. The sheet mate-
ial was coarse grained (>100 micron grain size) compared to the
.1 mm thick foil, which had an order of magnitude finer grain size.
hese grain size differences could potentially affect outward trans-
ort of Cr and V to the surface layer, although the pre-oxidized
urface chemistries were similar and the 900–1000 ◦C reaction
emperatures are sufficiently hot that alloy grain boundary trans-
ort would not be expected to control alloy diffusion. There were
lso differences in surface finish, as the sheet material was pol-
shed to a uniform surface finish using #240 grit SiC paper, while
he foil was treated in the as-processed foil condition, albeit after a
ight abrasive surface scrubbing to remove the remnant heat treat-

ent oxide formed during foil production. There were differences
n the amount of Fe in the pre-oxidized sheet and foil surfaces, with

reater retention of this Fe after nitridation of foil than sheet, which
oes suggest possible differences in surface layer or alloy transport
roperties between foil and sheet.
urces 195 (2010) 5610–5618 5617

3.5. Implications for bipolar plates

Previous efforts using model high-Cr, Ni–Cr and Fe–Cr base
alloys treated in static N2–4H2 mixtures with oxygen impurities
yielded continuous Cr-nitride base surface layers with low and
stable ICR values and excellent corrosion resistance in simulated
PEMFC environments [9,17–22,43]. The lower alloy Cr and V lev-
els and use of short, distinct pre-oxidation and nitridation steps,
which were taken to meet bipolar plate cost and production targets,
resulted in a fundamentally different surface structure. Instead of
continuous Cr-nitride, the Fe–20Cr–4V material yielded VxN dis-
persed in chromia (Fig. 8). From a thermodynamic perspective this
is not surprising as V is far more stable in nitrogen than is Cr
[22]. This nitride/oxide structure was somewhat reminiscent of the
NMPOL surfaces formed on high-Cr superferritic alloys 446 MOD-1
or AL29-4C® [19,21]. The resultant ICR values and corrosion resis-
tance for the pre-oxidized and nitrided Fe–20Cr–4V foil, although
not quite as good as earlier work with model materials and lab
scale conditions, still yielded significant improvements over that
of untreated stainless steel foils.

In contrast, although good corrosion resistance was achieved
for pre-oxidized and nitrided 2205 stainless steel foil, there was
significant sensitivity to oxygen impurities in the nitriding environ-
ment resulting in scatter of ICR values, attributed primarily to the
retention of near-continuous chromia in the surface layer (possibly
contributed to by local regions of SiO2). Single-cell fuel cell testing
of stamped and pre-oxidized/nitrided Fe–20Cr–4V and 2205 stain-
less steel foils (presented in part 2 of this paper, Ref. [41]) were
consistent with the findings of the present work, with excellent ini-
tial single-cell behavior exhibited by treated Fe–20Cr–4V stamped
foils and poor behavior of treated 2205 stamped foils, ostensibly
due to the pockets of continuous oxide formation (see Ref. [41]
for further details). The structure of the pre-oxidized and nitrided
surface on the Fe–20Cr–4V, and to some extent that of earlier
work with 446 MOD-1 or AL29-4C® [19,22], suggests that addi-
tions of strong nitride-forming elements such as Ti (and of course
V [9,22]) aid in conversion of oxide to nitride and tend to yield the
through-layer thickness nitride particles needed for bipolar plate
applications. This would suggest future selection of commercially
available stainless steel alloy foils containing Ti additions, types 444
and 321 for example, in addition to continued work on develop-
mental Fe–Cr–V alloy foils. Such Ti additions are frequently used
to provide high-temperature strength in heat-resistant stainless
steel grades. Stainless steel grades that are also nitrogen stabilized
may also be of interest as residual nitrogen in the alloy may slow
undesirable inward nitrogen transport and internal nitridation by
reducing the nitrogen gradient into the alloy.

In addition to long term single-cell durability testing of stamped
and pre-oxidized/nitrided foils [41], future efforts will examine
consolidation of the discrete bake out, pre-oxidation, and nitri-
dation steps to a single continuous process. Even with the V
containing alloys, some concerns remain regarding the ability to
sufficiently control oxygen impurities in the nitriding environ-
ment in large-scale production. Also of interest is the use of faster
nitridation heating and cooling rates, which could shorten cycle
time (and therefore cost), as well as potentially permit the use of
high-Cr superferritic alloys by eliminating the potential for brit-
tle sigma phase formation during the surface treatment. It will
need to be demonstrated that such high-Cr alloys are sufficiently
amenable to stamping in foil form. Other scale up and cost con-
siderations include the level of Mn and Si impurities in the alloy,
suggests that as more commercially viable compositions and pre-
oxidation/nitridation conditions are used, the ICR and corrosion
resistance properties of the surface will be compromised relative
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o results obtained under model conditions. Further study will be
eeded to determine if the resultant surfaces, although not as good
s the model materials, may still be sufficiently high-performing
or commercial use. The results of single-cell fuel cell studies of
tamped and pre-oxidized/nitrided stainless steel foils are pre-
ented in part 2 of this paper [41]. In this testing, stamped and
re-oxidized/nitrided Fe–20Cr–4V exhibited behavior comparable
o that of benchmark graphite plates, which indicates the poten-
ial of the pre-oxidation and nitridation approach to meet USDOE
argets.

. Summary and conclusions

1) Pre-oxidation and nitridation of Fe–20Cr–4V and 2205 stain-
less steel foils yielded 10−6 A cm−2 range current densities
on polarization in 1 M H2SO4 + 2 ppm F− solution at 70 ◦C,
purged either with H2 gas to simulate PEMFC anode environ-
ment or air to simulate the PEMFC cathode environment. This
relatively low level of current densities approached those previ-
ously observed for nitrided model and commercial Ni–Cr alloys,
which showed good behavior in subsequent single-cell fuel cell
testing [9,18,19].

2) As pre-oxidized and nitrided ICR values for Fe–20Cr–4V and
2205 stainless steel generally met USDOE targets, and were over
an order of magnitude range lower than untreated alloy foils.
Some scatter and out of USDOE target range ICR values were
observed with the pre-oxidized and nitrided 2205. On polar-
ization, ICR values for pre-oxidized and nitrided Fe–20Cr–4V
and 2205 foils increased ∼2–2.5 times.

3) The pre-oxidized and nitrided surface structures consisted pri-
marily of intermixed Cr2O3 and VxN for Fe–20Cr–4V. A key
finding was the tendency for through-thickness VxN formation,
which is believed to aid attainment of low ICR values. In con-
trast, Cr2O3 and CrxN formation was observed for 2205 stainless
steel foils in which the Cr2O3 was near continuous. The variabil-
ity in ICR values obtained for pre-oxidized and nitrided 2205
stainless steel was attributed to the Cr2O3 continuity.

4) Stainless steel alloy foils containing strong nitride-forming
additions such as V and Ti are of interest for surface treatment
by pre-oxidation and nitridation to achieve electrically conduc-
tive and corrosion-resistant surface layers of interest for fuel
cells, batteries, and sensors.
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