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bstract

Gas nitridation has shown excellent promise to form dense, electrically conductive and corrosion-resistant Cr-nitride surface layers on Ni–Cr
ase alloys for use as proton exchange membrane fuel cell (PEMFC) bipolar plates. Due to the high cost of nickel, Fe-base bipolar plate alloys are
eeded to meet the cost targets for many PEMFC applications. Unfortunately, nitridation of Fe-base stainless steel alloys typically leads to internal
r-nitride precipitation rather than the desired protective surface nitride layer formation, due to the high permeability of nitrogen in these alloys.
his paper reports the finding that it is possible to form a continuous, protective Cr-nitride (CrN and Cr2N) surface layer through nitridation of
e-base stainless steel alloys. The key to form a protective Cr-nitride surface layer was found to be the initial formation of oxide during nitridation,
hich prevented the internal nitridation typically observed for these alloys, and resulted in external Cr-nitride layer formation. The addition of

to the alloy, which resulted in the initial formation of V2O3–Cr2O3, was found to enhance this effect, by making the initially formed oxide

ore amenable to subsequent nitridation. The Cr-nitride surface layer formed on model V-modified Fe–27Cr alloys exhibited excellent corrosion
esistance and low interfacial contact resistance under simulated PEMFC bipolar plate conditions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemical devices ranging from sensors to batteries
nd fuel cells require components with electrically conductive
nd corrosion-resistant surfaces. Metallic alloys such as stain-
ess steels are of interest as materials of construction for these
omponents because they are readily manufacturable, exhibit
ood corrosion resistance in a range of environments, and are
elatively inexpensive. However, the Cr-base protective oxide
urfaces formed on stainless steels tend to yield high values
f interfacial contact resistance (ICR), which can significantly

egrade electrical performance [1–7]. An important technolog-
cal example of this issue is the bipolar plate component for
roton exchange membrane fuel cells (PEMFCs) [1–4,8–10].
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ridation

The bipolar plates serve to electrically connect the anode
f one cell to the cathode of another in a fuel cell stack to
chieve a useful voltage. They also separate and distribute
eactant and product streams through flow-field grooves manu-
actured into the faces of the plates. Developmental bipolar plate
aterials under investigation include graphite/carbon-based

omposites [11,12], polymer-based composites with conductive
raphite/carbon fillers [13–15], and metallic alloys with/without
urface treatments or coatings [5–7,16–24]. Among the bipo-
ar plate candidates, stainless steels such as austenitic type
16 (∼Fe–18Cr–10Ni weight percent, wt.% base) and ferritic
ype 446 (∼Fe–27Cr wt.% base) have received a great deal
f interest [5–7,17–22] because they are amenable to low-
ost/high-volume manufacturing methods such as stamping to

orm the flow-field grooves, offer relatively high thermal and
lectrical conductivities, very low gas permeation rates and
xcellent mechanical properties. However, the high ICR values
rom the oxides formed on their surface and their borderline
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orrosion resistance in the aggressive PEMFC environment
60–80 ◦C, acidic conditions) [5–7] render them unable to meet
urability goals for most PEMFC applications. In particular, dis-
olution of metallic ions such as Fe from stainless steels in the
EMFC bipolar plate environment poisons the sulfonated fluo-
opolymer membranes, and results in significantly reduced fuel
ell performance [20,21].

Transition metal nitrides are promising candidates for pro-
ective coatings for PEMFC metallic bipolar plates due to their
ombination of high electrical conductivity and good corrosion
esistance in many acidic environments [8]. However, deposited
oatings have thus far not proven sufficiently viable due to their
endency to contain local areas of inadequate surface coverage,
.e. pin-hole defects. Such pin-hole defects result in accelerated
ocal corrosion in the PEMFC environment and metallic ion con-
amination of the membrane, resulting in unacceptable fuel cell
erformance [9,20].

In earlier work [25–27], we demonstrated that a protective Cr-
itride surface layer (CrN/Cr2N) could be formed on a model
i–50Cr wt.% alloy by thermal (gas) nitridation. The thermally
rown Cr-nitride surface yielded low ICR values, excellent cor-
osion resistance, and stable behavior in single-cell fuel cell
esting under both static and drive cycle bipolar plate test condi-
ions [26,28]. Unfortunately, Ni-base alloys are far too expensive
or most PEMFC applications, typically 5–10 times greater cost
han Fe-base stainless steel alloys. Similarly nitrided stainless
teel alloys would be of great interest as bipolar plate materials
as well as for components in other electrochemical devices).
owever, the high permeability of nitrogen in commercially
iable Fe–Cr base stainless steel alloy compositions (<30 wt.%
r due to � phase complications) prevents formation of a protec-

ive Cr-nitride surface on thermal nitridation, resulting instead
n extensive internal nitridation and subsequent poor corrosion
esistance [28–37].

Exploratory studies of the effects of nitride-forming alloy-
ng additions (Al, Mo, Nb, Si, Ti, V, and Y), temperature, and
itriding gas on the transition from internal to external Cr-
itride formation for Fe–27Cr wt.% base ferritic alloys were
ursued in an attempt to form a protective Cr-nitride surface.
his paper reports the discovery that surface Cr-nitride layer

ormation is possible on ferritic Fe–27Cr wt.% base alloys, but
nly if an oxide scale is first formed on the alloy. Additions
f V were uniquely found to enhance this effect. The nitrided
-modified Fe–27Cr base alloys exhibited high electrical con-
uctivity, low ICR values, and excellent corrosion resistance
n simulated PEMFC bipolar plate environments, making
hem promising candidates for use as PEMFC bipolar plates,
s well as for components in other electrochemical devices
equiring aqueous corrosion resistance and high electrical
onductivity.

. Experimental procedures
This paper presents findings related to the nitridation of V-
odified Fe–27Cr (at 2 and 6 wt.% V) compared to a control,

inary Fe–27Cr wt.% alloy. The alloys were arc-melted from
igh-purity elemental metal and drop cast into ingots. The as-
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ast ingots were cut into disk or rectangular-shaped coupons
ith dimensions 12–24 mm and ∼1 mm thickness by electri-

al discharge machining (EDM). The coupon surfaces were
hen prepared to a 240 grit finish using SiC paper. The pol-
shed coupons were suspended in Mo wire cages and nitrided
n an Al2O3-tube vacuum furnace. The furnace was first evac-
ated to 1.3 × 10−5 Pa (10−7 Torr) vacuum, backfilled with
6%N2–4%H2 (vol.%) gas (referred to as N2–4%H2 for con-
iseness) to 101 kPa (1 atm), sealed, and then heated to either
50 or 900 ◦C over 4 h. Lower nitriding temperatures were not
sed due to the increased potential for � phase formation and
mbrittlement. The samples were held for 24 h at temperature,
nd then furnace cooled. The N2–4H2 gas was held static dur-
ng the nitriding runs to prevent the constant introduction of
race oxygen/water vapor impurities which would accompany

flowing gas. The furnace system used was equipped with a
ressure-relief valve to accommodate the pressure increase dur-
ng heating associated with the expansion of the N2–4H2 gas
ith increasing temperature.
Nitrided samples were characterized by X-ray diffraction

XRD) using Cu K� radiation, Auger electron spectroscopy
AES), field emission gun transmission electron microscopy
TEM) operated at 200 kV, and scanning electron microscopy
SEM) combined with energy dispersive X-ray spectroscopy
EDS). The AES spectra were acquired at 5 keV incident
lectron energy, with an angle of incidence of 30◦ from the
urface normal. Sputtering was done with 3 keV Ar+ ions. Tabu-
ated values of atomic sensitivity factors (C = 0.476; N = 0.918;

= 1.101; V = 0.919; Cr = 1.15; Fe = 0.517) were used for depth
rofile composition calculations, with an estimated accuracy
ithin ±20% of the value obtained. TEM cross-sections were
repared by focused ion beam milling. Selected coupons were
lso studied for interfacial contact resistance (ICR) and corro-
ion behavior under simulated PEMFC conditions.

ICR values were obtained using two pieces of conductive
arbon paper that were sandwiched between the coupon faces
nd two copper plates. The total resistance was measured as a
unction of contact pressure, a key parameter for fuel cell stack
pplications. Corrections were made for the resistance of the
arbon paper/copper plate interfaces (RC/Cu) by calibration, and
he obtained values were divided by two to obtain ICR values
or a single carbon paper/nitride interface. For samples exam-
ned after corrosion exposure, in which only one coupon face
as exposed to the test environment, the calculated ICR values
ere not divided by two and thus represent both sets of carbon
aper/nitride interfaces. For simplicity these values are referred
o as 2× ICR. Further details of the ICR measurement technique
re provided in Ref. [5].

Corrosion behavior was evaluated by linear sweeping
0.1 mV s−1) anodic polarization in H2SO4 solution of pH 3
t 80 ◦C, a simplified simulation of the PEMFC bipolar plate
nvironment. A conventional three-electrode system was used,
ith a platinum counter electrode and a saturated calomel
lectrode (SCE) as reference. For cathode-side simulation, the
lectrolyte was constantly purged with air. Static polarization
tudies were also performed in a simulated highly aggressive
EMFC environment, consisting of 1 M H2SO4 + 2 ppm F−
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olution (pH ∼ −0.3) at 70 ◦C, purged either with H2 gas to
imulate the PEMFC anode environment or air to simulate
he PEMFC cathode environment. In these measurements, the
amples were stabilized at Ecorr for 5 min, and then a specific
otential was applied and held for 7.5 h and the current–time
urve was registered in situ. Two potentials were chosen for the
ests: +0.14 V versus SHE for the anode conditions, and +0.84 V
ersus SHE for the cathode conditions (all voltages in this paper
re presented relative to the standard hydrogen electrode (SHE)
cale unless otherwise noted).

. Results

.1. Corrosion behavior

Anodic polarization curves for nitrided Fe–27Cr, Fe–
7Cr–2V, and Fe–27Cr–6V in aerated pH 3 sulfuric acid at
0 ◦C are shown in Fig. 1. Also shown for comparison are
ata for the model nitrided Ni–50Cr alloy, type 316 stainless
teel (a baseline, candidate bipolar plate stainless steel alloy),
nd untreated Fe–27Cr–6V (metal). The nitrided Fe–27Cr–6V
nd Fe–27Cr–2V alloys were observed to have open circuit

otentials at ∼400 mV (SHE), and low current densities of
ess than 1 �A cm−2 up to ∼900 mV, comparable to those of
itrided Ni–50Cr (Fig. 1a). The corrosion resistance of the
itrided Fe–27Cr–2V and Fe–27Cr–6V was also significantly

ig. 1. Anodic polarization curves in aerated pH 3 H2SO4 at 80 ◦C. (a)
e–27Cr–6V, Fe–27Cr–2V, and Fe–27Cr nitrided in static N2–4H2 at 850 ◦C
or 24 h, and the Ni–50Cr nitrided in static N2 at 1100 ◦C for 2 h, as well as the
s-received 316 stainless steel. (b) Fe–27Cr–6V under various treatments of (i)
ntreated; (ii) nitrided in static N2–4H2 at 850 ◦C for 24 h; (iii) nitrided in static

2–4H2 at 900 ◦C for 24 h.
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etter than that of type 316 stainless steel (Fig. 1a) and untreated
e–27Cr–6V metal (Fig. 1b), with an order of magnitude lower
urrent densities up to 0.8–0.9 V versus SHE (PEMFCs typically
perate at 0.6–0.8 V, although excursions to 0.9 V and higher are
ncountered, particularly in automotive applications). In con-
rast, the open circuit potential of the nitrided binary Fe–27Cr
oupon was only ∼150 mV (SHE) and the current densities
ignificantly higher (worse) than the other materials over the
.6–0.9 V potential range of interest.

Based on the promising dynamic polarization behavior,
he 850 ◦C nitrided Fe–27Cr–6V alloy was selected for fur-
her study. Static polarization studies under simulated highly
ggressive PEMFC bipolar plate conditions using 1 M sulfuric
cid + 2 ppm F− at 70 ◦C were pursued to better assess sta-
ility in the fuel cell environment (effectively an accelerated
orrosion screening protocol) (Fig. 2). Under simulated cath-
de conditions at +0.84 V and air sparging (Fig. 2a), the current
ensities reached 3 �A cm−2 in 60 min, and gradually stabilized
t 1.5–2 �A cm−2 at the end of the test. Under simulated anode
onditions at +0.14 V and H2 sparging (Fig. 2b), the current den-
ities decreased to about −9 �A cm−2 in 300 min, then gradually
tabilized at −6 �A cm−2. The negative sign indicates that the
urface was cathodically protected, which mitigates the anodic

issolution of the sample. These low current densities indicate
he potential for excellent corrosion resistance of the nitrided
e–27Cr–6V surface in PEMFC environments.

ig. 2. Static polarization of nitrided Fe–27Cr–6V (850 ◦C, 24 h, N2–4H2) for
.5 h. (a) Held at 0.84 V in 1M H2SO4 + 2 ppm F− at 70 ◦C with air purge
PEMFC cathode environment). (b) Held at 0.14 V in 1 M H2SO4 + 2 ppm F−
t 70 ◦C with H2 purge (PEMFC anode environment).
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Fig. 3. ICR of stainless steels. (a) ICR of 316 metal, 446 metal, Fe–27Cr–6V
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Fig. 4. XRD data for 850 ◦C nitrided Fe–27Cr–6V. The peaks were consistent
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etal, Fe–27Cr metal, nitrided Fe–27Cr–6V and Fe–27Cr at 850 ◦C for 24 h in

2–4H2. (b) ICR of nitrided Fe–27Cr–6V at 850 ◦C for 24 h in N2–4H2 before
nd after static polarizations in 1 M H2SO4 + 2 ppm F− at 70 ◦C for 7.5 h.

.2. ICR measurements

Interfacial contact resistances as a function of contact pres-
ure are summarized in Fig. 3. ICR is a key parameter for
uel cell stacks, where loads are expected to be in the range
f only 100–200 N cm−2. Target ICR values at these loads are
∼10 m� cm2, depending on the stack design and application
28]. For all alloys examined, ICR decreased with increased
ontact pressure. The ICR values for Fe–27Cr–6V metal and
ype 446 and 316 stainless steels (shown for comparative pur-
oses) were nearly two orders of magnitude higher than the
arget value. The ICR values for Fe–27Cr metal were an order
f magnitude lower, but still well above the target value (Fig. 3a).
ubsequent nitridation decreased ICR values by two orders of
agnitude for Fe–27Cr–6V, and one order of magnitude for
e–27Cr (Fig. 3a), to the target range of <∼10 m� cm2 at loads
f 100–200 N cm−2. Fig. 3b shows the ICR values for the 850 ◦C

itrided Fe–27Cr–6V alloy before and after the static 7.5 h
olarization holds under simulated highly aggressive anode and
athode conditions (Fig. 2). Polarization in both environments
esulted in only a slight increase in the ICR values, but still

f
i
w
t

ith phase mixtures of Cr2O3–V2O3 and CrN–VN, in accordance with the
nown phase equilibria, which indicates complete mutual solubility of these
xide and nitride phases, respectively.

emained within the target range. In contrast, untreated stainless
teel alloys can show high initial ICR values and/or significant
ncreases in ICR values on polarization [5–7].

.3. Microstructure characterization

The nitrided Fe–27Cr and Fe–27Cr–6V alloys were chosen
or detailed microstructural characterization. Phase identifi-
ation was based primarily on XRD data, with SEM image
icrostructural features identified via EDS analysis in light of

he XRD results. TEM studies were also performed, and were
onsistent with the SEM/EDS, XRD, and AES data. A typical
RD pattern is shown in Fig. 4 for 850 ◦C nitrided Fe–27Cr–6V.
Fig. 5 shows cross-section TEM and SEM micrographs of

he surface layer formed on Fe–27Cr nitrided for 24 h at 850 ◦C
n N2–4H2. It consisted of a single grain thick layer of CrN,
pproximately 200 nm thick, overlying a continuous underlayer
f Cr2O3, generally on the order of 0.5–1 �m thick. Regions
ith poor oxide coverage and little to no nitride surface were also
bserved (Fig. 5c). Little internal nitridation was evident, con-
istent with the specific mass change for this alloy on nitridation
0.46 mg cm−2) and the thickness of the surface nitride/oxide
ayers.

Fig. 6 shows corresponding TEM and SEM micrographs
or Fe–27Cr–6V nitrided for 24 h at 850 ◦C in N2–4H2. The
icrostructure consisted of a surface layer of V-doped CrN,

Cr,V)N, with finger-like projections that extended into an inner,
ixed region of (Cr,V)N and (Cr,V)2O3. At the alloy/layer inter-

ace, the (Cr,V)2O3 phase was semi-continuous. The grain size
f both phases was on the order of ∼200 nm, and the total layer
hickness was ∼1.5 �m. EDS analysis in the TEM indicated
hat the V content in the (Cr,V)2O3 phase varied as a function
f depth, with the oxide more V-rich near the alloy/layer inter-

ace (approximately 2 V:1 Cr). Fig. 6c shows a low magnification
mage of the surface layer and the underlying alloy substrate. As
ith the nitrided Fe–27Cr alloy, essentially no internal nitrida-

ion was evident, consistent with the specific mass change for this
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Fig. 5. Microstructure of nitrided Fe–27Cr (850 ◦C, 24 h, N2–4H2). (a)
Bright-field cross-section TEM image of the surface scale. (b) Cross-section,
backscattered electron SEM image. (c) Occasional gap observed in surface scale
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Fig. 6. Microstructures of nitrided Fe–27Cr–6V (850 ◦C, 24 h, N2–4H2). (a)
B
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S
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w
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tent with the SEM and TEM analysis. Three different V signals
egion with poor oxide coverage (SEM backscattered electron cross-section
mage).

lloy (0.26 mg cm−2) and the thickness of the nitride/oxide sur-
ace layers (internal nitridation for Fe–27Cr alloys under these
itridation conditions results in coarse Cr2N precipitates readily
isible at this low magnification [28]).

Fig. 7 shows corresponding cross-section micrographs for the
urface layer formed on Fe–27Cr–6V nitrided for 24 h at 900 ◦C
n N2–4H2. The microstructure was similar to that formed on
e–27Cr–6V at 850 ◦C (Fig. 6), except that (Cr,V)2N rather than
Cr,V)N was formed at the surface (based on XRD data). The
urface (Cr,V)2N layer was also thicker than the correspond-
ng (Cr,V)N layer formed at 850 ◦C, and the grain size coarser.

gain, the finger-like projections of the nitride penetrated into

n inner region mixed with (Cr,V)2O3. Internal nitridation was
ot observed.

c
f
t

right-field cross-section TEM of surface scale. (b) Cross-section SEM image
f the scale region (backscattered electron), (c) low magnification cross-section
EM image (backscattered electron).

To gain further insight into the chemistry of the surface layer
ormed on 850 ◦C nitrided Fe–27Cr–6V, AES measurements
ere performed on samples as-nitrided and after polarization

Figs. 2b, 3 and 8). No Fe was detected in the as-nitrided or polar-
zed sample surface layers. Rather, the surface layers consisted
f Cr, N, V, and O species, with enrichment of Cr and N in the
uter layer regions and V and O in the inner layer regions, consis-
ould be distinguished from the differences in binding energy
or the AES data from the as-nitrided sample and were assigned
o nitride, oxide, and metal, respectively, as shown in Fig. 8b.
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ig. 7. Microstructure of nitrided Fe–27Cr–6V (900 ◦C, 24 h, N2–4H2). (a)
right-field cross-section TEM image of the surface scale. (b) Cross-section
EM image (backscattered electron).

his analysis suggests that V was present in both the nitride and
xide regions, with the highest relative levels of V located in
he respective inner regions of the nitride and oxide layer areas,
onsistent with its greater thermodynamic stability compared to
r. The surface chemistries after the static polarizations (Fig. 8c
nd d) under simulated anodic and cathodic conditions shown
n Fig. 2 were very similar to the as-nitrided surface, with the
ery minor differences, likely, the result of sample to sample
ariation. This finding is consistent with the excellent corrosion
esistance of the nitrided surface (Figs. 1 and 2) and the lack of
ignificant increase in ICR after polarization (Fig. 3b).

. Discussion

The current densities observed for the nitrided Fe–27Cr–2V
nd Fe–27Cr–6V alloys in pH 3 sulfuric acid at 80 ◦C were
omparable to those observed for nitrided Ni–50Cr, which has
hown good behavior in single-cell fuel cell testing (Fig. 1)
28]. Further, during highly aggressive static polarization holds

n 1 M sulfuric acid + 2 ppm F− under simulated anodic and
athodic conditions, relatively low current densities in the range
f 2–6 × 10−6 A cm−2 were also observed (Fig. 2). Collectively,
hese data indicate that the nitrided surface layer formed on the

t
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ources 174 (2007) 228–236 233

-modified Fe–27Cr alloys offers the potential for a high degree
f corrosion resistance under PEMFC conditions.

The nitrided Fe–27Cr–6V alloy also meets the target ICR
alues. By contrast, untreated type 316 and 446 stainless steels,
hich have been considered for bipolar plate applications,

xhibited ICR values several order of magnitude higher than the
arget level (Fig. 4a). A key finding was that the low ICR values of
he nitrided Fe–27Cr–6V were also retained after static polariza-
ion under simulated aggressive anodic and cathodic conditions
Figs. 2 and 4b), with the slight increases observed on polar-
zation still at or below the target 10 m� cm2 value at loads of
nly 100–200 N cm−2. The combination of corrosion resistance
nd low ICR values makes these materials of significant interest
or PEMFC bipolar plates, as well as for other electrochemi-
al device components requiring a combination of high surface
lectrical conductivity and corrosion resistance.

The formation of oxides in the surface layer during the
itridation treatment (Figs. 4–8) was a consequence of oxygen
mpurities in the N2–4H2 nitriding environment. The oxygen
ources included both N2–4H2 water vapor and oxygen gas
mpurities, and adsorption of oxygen/water vapor in the furnace
hen the samples were loaded. Thermodynamically, Cr2O3 is
uch more stable than CrN/Cr2N.
The effect of oxygen impurities can be calculated from the

quilibrium

2 + (1/2)O2 = H2O (1)

sing standard thermodynamic data. In this way, it was found
hat at 900 ◦C, only ∼10 ppm of oxygen (present as water vapor)
s needed to form Cr2O3 in N2–4H2, as shown in the calculated
r–N–O stability diagram (Fig. 9). The oxide becomes more

avored relative to the nitride with decreasing temperature. It is
herefore likely that the oxide was formed during heating to the
itridation temperature. Furthermore, because nitridation in the
resent work was conducted in a sealed furnace system, oxygen
mpurities were consumed during the initial reaction stages, with
itride formation subsequently becoming more favored.

Extensive internal nitridation is typically encountered in
e–Cr base stainless steel alloys during nitriding [28–37]. In

he present work, little internal nitridation was observed. This
s attributed to the initial formation of the oxide layer during
itriding: Cr2O3 for the Fe–27Cr alloy and (Cr,V)2O3 for the V-
odified Fe–27Cr alloys. The presence of oxide on the surface

f the alloy is proposed to have retarded the ingress of nitro-
en into the alloy, effectively mitigating internal nitridation and
ermitting external nitride layer formation to occur.

To test the proposed mechanism, nitridation experiments
ere conducted with flowing N2–4H2 gas purified with a com-
ercially available molecular sieve cartridge to reduce the level

f oxygen and water vapor impurities. Surface and cross-section
EM images of Fe–27Cr–6V nitrided at 900 ◦C for 4 h using the
urified N2–4H2 gas are shown in Fig. 10. Under these condi-

ions, the alloy was extensively internal-nitrided, with isolated
r-nitride particles formed on the surface rather than the pre-
iously observed continuous Cr-nitride layer (Fig. 10 versus
ig. 7) (some oxide was still formed in the purified gas, but con-
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ig. 8. AES depth profile for nitrided Fe–27Cr–6V alloy (850 ◦C, 24 h, N2–4H2

ample. (c) Polarized at 0.84 V in 1 M H2SO4 + 2 ppm F− at 70 ◦C with air pu
urged for 7.5 h. The composition data was calculated based on tabulated sensi

iderably less than the previous conditions). This result therefore
upports the hypothesis that initially formed oxide limited inter-
al nitridation, thus permitting external, continuous Cr-nitride
ayer formation to occur. The initial ease in forming external
r-oxide on oxidation, relative to internal Cr-nitride formation
n nitridation, is attributed to the lower permeability of oxygen
n stainless steels than nitrogen.
The corrosion resistance of the CrN/Cr2O3 layers formed
n Fe–27Cr was relatively poor (Fig. 1). This is attributed
o local areas of inadequate surface coverage by the outer
rN layer on Fe–27Cr (Fig. 5). By contrast, the (Cr,V)xN

ig. 9. Calculated Cr–N–O stability diagram for pure Cr exposed at 900 ◦C in

2–4H2 with oxygen impurities.
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s-nitrided. (b) The vanadium distribution in nitride and oxide of the as-nitrided
for 7.5 h. (d) Polarized at 0.14 V in 1 M H2SO4 + 2 ppm F− at 70 ◦C with H2

factors, and is estimated to be within ±20% of the value obtained.

ayer formed on Fe–27Cr–6V at 850 and 900 ◦C was dense,
ontinuous (Figs. 6 and 7), and yielded corrosion resistance
omparable to the model nitrided Ni–50Cr material (Fig. 1).
ffectively, there was a greater proportion of nitride to oxide

ormed on the Fe–27Cr–6V alloy than on the binary Fe–27Cr
lloy (Figs. 6 and 7). This greater extent of nitride formation
ed to the continuous (Cr,V)xN surface layer and the excellent
orrosion resistance of nitrided Fe–27Cr–6V.

Fig. 11 shows a calculated stability diagram for pure V in
2–4H2 with oxygen impurities at 900 ◦C. Compared with the

alculation for pure Cr (Fig. 9), VN has greater stability rela-
ive to V2O3 than does CrN relative to Cr2O3, such that the VN
s stable to about 100 ppm of oxygen in N2–4H2, while CrN
s stable only to about 10 ppm. Therefore, a Cr–V oxide mix-
ure would be expected to be nitrided in a N2–4H2 environment
ontaining a higher level of oxygen impurities than would Cr-
xide alone. In other words, V destabilizes the oxide relative to
he nitride to a greater degree than does Cr. Thus, the initially
ormed oxide layer could be more readily converted to nitride
i.e. exhibit the transition to nitride formation at a higher level
f oxygen impurities) if it contained V. Vanadium appears to be
unique addition to accomplish these effects in that in addition

o the relative thermodynamic oxide/nitride stability properties
oted, V2O3, V2N, and VN are all completely soluble in Cr2O3,

r2N, and CrN, respectively.

The dependence on oxygen impurities in the nitriding envi-
onment to initially form oxide to achieve protective Cr-nitride
ormation resulted in run-to-run variability in the nitrided sur-



B. Yang et al. / Journal of Power S

Fig. 10. Microstructure of nitrided Fe–27Cr–6V (900 ◦C, 4 h, flowing N2–4H2,
with O2 scrubber). (a) Surface SEM image (secondary electron). (b) Cross-
section SEM image (backscattered electron).

Fig. 11. Calculated V–N–O stability diagram for pure V exposed at 900 ◦C in
N2–4H2 with oxygen impurities.
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ace structures that were formed on the V-modified Fe–27Cr
lloys. Structures intermediate to the continuous, protective sur-
ace layer shown in Fig. 7 and the nonprotective surface shown in
ig. 10 have been observed. This, in turn, has manifested as vari-
tions in the degree of corrosion resistance that can be achieved.
n order to eliminate this variability, efforts are now focused
n preoxidation in flowing gases with controlled levels of oxy-
en intentionally introduced to consistently form the initial
Cr,V)2O3 base layer, followed by a nitridation step. Prelimi-
ary results for this approach are promising [28]. Best results to
ate have been obtained via preoxidation at ∼900 ◦C for 30 min
o 4 h in flowing Ar–4H2–0.5O2 or N2–4H2–0.5O2, which yields
xygen uptakes on the order of 0.1–0.2 mg cm−2, followed by
itridation in flowing, oxygen-purified N2–4H2 at ∼900 ◦C for
8–24 h (nitrogen uptake on the order of 0.1–0.2 mg cm−2).
igher reaction temperature would be expected to decrease the

ycle time needed.
An advantage of this approach is that lower levels of Cr and
in the stainless steel alloy than the model Fe–27Cr–6V alloy

f the present work should still be viable, as the oxides of these
lements are very thermodynamically stable, and the permeabil-
ty of oxygen in stainless steels is relatively low. It is estimated
hat the composition range amenable to this approach can likely
e extended downward to 15–20 wt.% Cr and 0.5–3 wt.% V. The
ower levels of Cr would be expected to increase alloy ductility
nd reduce the potential for sigma phase formation, improv-
ng alloy manufacturability and suitability for stamping, while
eduction in V content will lower alloy cost. It is also likely that
he preoxidation/nitridation strategy can be applied to austenitic
r duplex stainless steel alloys modified with V, not just ferritic
lloys. Austenitic stainless steels generally exhibit higher duc-
ilities than ferritic stainless steels, making them more amenable
o manufacturing techniques such as stamping.

. Conclusions

1) Protective, electrically conductive (Cr,V)N and (Cr,V)2N
surfaces were formed on Fe–27Cr–6V and Fe–27Cr–2V
stainless steels by high-temperature nitridation. The nitrided
surfaces demonstrated excellent corrosion resistance and
low ICR values in simulated PEMFC environments, estab-
lishing them as promising candidate materials for bipolar
plates in PEMFCs. These properties also make these mate-
rials of interest for other electrochemical devices where
a combination of high surface electrical conductivity and
aqueous corrosion resistance is needed.

2) The key to establishing nitride surface layer growth was
found to be the initial formation of oxide from oxygen impu-
rities in the nitriding environment. The oxide layer mitigated
the high nitrogen permeability of Fe–27Cr, which prevented
internal nitridation and permitted external Cr-nitride surface
layer formation to occur.

3) Additions of V were found to enhance the external nitride

layer formation on Fe–27Cr alloys. It was postulated that
much of the nitride layer formation resulted from conver-
sion of the initially formed oxide. The beneficial effect of V
was attributed to the greater relative thermodynamic stabil-
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ity of VN to V2O3 than CrN/Cr2N to Cr2O3, which resulted
in a transition to nitridation at a higher level of oxygen impu-
rities, i.e. V made it easier to destabilize the initially formed
oxide to convert it to nitride. Vanadium is uniquely suited
to accomplish this because V2O3 is completely soluble in
Cr2O3, V2N in Cr2N, and VN in CrN.

4) The processing approach based on initial oxide formation
to block rapid nitrogen permeation of the alloy and enable
surface nitride formation during gas nitridation can likely be
extended to alloy compositions with lower levels of Cr and
V than the model Fe–27Cr–6V studied in the present work.
This approach can also potentially be used for the formation
of nitride phases other than CrN and Cr2N, as well as for
carbides, borides, etc. phases.
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