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Abstract

Thermal nitridation of a model Ni—50Cr alloy at 1100 for 2 h in pure nitrogen resulted in the formation of a continuous, protective
CrN/Cr,N surface layer with a low interfacial contact resistance. Application of similar nitridation parameters to an austenitic stainless steel,
349™ however, resulted in a discontinuous mixture of discrete CrilN@nd (Cr,FejN;_, (x= 0-0.5) phase surface particles overlying an
exposedy austenite-based matrix, rather than a continuous nitride surface layer. The interfacial contact resistance Bt thas3#¢@iuced
significantly by the nitridation treatment. However, in the simulated PEMFC environments (ByH 2 ppm F solutions at 70C sparged
with either hydrogen or air), very high corrosion currents were observed under both anodic and cathodic conditions. This poor behavior wa:s
linked to the lack of continuity of the Cr-rich nitride surface formed on™49ssues regarding achieving continuous, protective Cr-nitride
surface layers on stainless steel alloys are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the air-formed native oxide filnfi7]. Although this passive
film can protect the substrate stainless steel from further cor-
The polymer electrolyte membrane fuel cell (PEMFC)isa rosion, higher electrical contact resistance is associated with
clean energy conversion device andis of greatinterest for boththis film [6,8], which can result in degradation in fuel cell
transportation and stationary power sourfHs However, performance. Further, under some fuel cell operating condi-
the high cost of its components, especially bipolar plates, re-tions, particularly at the anode, dissolution of metallic ions
stricts the wide application of PEMFCs. The bipolar plates can resultin contamination of the polymer membrane, which
connect the anode of one cell to the cathode of the next cellalso degrades cell performan&10].
in a stack to achieve the required voltage. They also serve Recently, it was determined that thermally grown Cr ni-
to distribute reactant and product gas flow streams. Stainlesdrides (CrN/CgN) on a model Cr-bearing alloy, Ni-50Cr
steels, which can significantly reduce cost relative to the tra- (wt.%), show great promise in PEMFC bipolar plate envi-
ditionally used machined graphite plates, have been shown agonments[11,12] The nitrided Ni—50Cr exhibited a stable
possible candidate materids-6]. However, in PEMFC en-  and very low interfacial contact resistance and little metallic
vironments (especially under cathodic conditions), a passiveion dissolution over the course of a 4000 h corrosion exposure
film is formed on most stainless steels that are thicker than under simulated PEMFC anodic and cathodic operating con-
ditions and a 1000 h single-cell fuel cell test operated at 0.7 V
* Corresponding author. Tel.: +1 303 275 4270; fax: +1 303 2753033. [13]. This alloy is, however, too expensive for many PEMFC
E-mail addressjohn_turner@nrel.gov (J.A. Turner). applications. The goal of the present work was to evaluate the
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properties of similarly nitrided conventional stainless steel chamber was approximately>510~8 Torr. Based on previ-

alloys for use as PEMFC bipolar plates. Part 1 of this pa- ous measurements, a reasonable estimate of the sputtering
per presents results of electrochemical and interfacial con-rate was approximately 80 nm mih

tact resistance studies for an austenitic stainless ste€l'349
relative to nitrided Ni—50Cr (as a control). Part 2 presents
results for a nitrided superferritic stainless steel, AlSI446
mod 1.

2.3. Interfacial contact resistance

Interfacial contact resistance (ICR) measurements were
carried out with metallic and as-nitrided samples at room
temperature. Two pieces of conductive carbon papers were
sandwiched between the sample and two copper plates. A cur-
2 1. Material rentof 1.000 A was provided via the two copper plates and the
total voltage drop was registered. While the compaction force
was increased gradually, the total resistance dependency on
the compaction force could be calculated. Similarly, the ICR

2. Experimental

Stainless steel plates of 38 were provided by J&L Spe-
cialty Steel, Inc. This grade of steel was selected due to its .
already promising performance in simulated PEMFC envi- value of the carbon pqper/_copper plate interfdte;¢,) was
ronments[6]. The nominal composition is: 0.05C, 23.0Cr, compensated bya_cghbratlon._Therefore,onlytheICRvaIues
14.5Ni, 1.5Mn, 1.4Si, 0.13N, 0.40Nb (wt.%), balance Fe. of carbon paper/nitride layer interface are reported. Further

Alloy plates were cut into samples of 2.54 cr11.27 cm details of this technique are provided in referef@le

(2.0in. x 0.5in.). The samples were polished with #600 grit

SiC abrasive paper, rinsed with acetone and dried with ni- 2.4. Electrochemistry

trogen gas. Comparable coupons of Ni-50Cr were made by

arc-casting (details are presented in referefites13)). Electrode contact with the nitrided alloy coupons was
Initial optimization studies identified nitridation at made by connecting one side of the sample to a copper wire

1100°C for 1-2h in pure nitrogen as yielding the most by means of silver paint. The side for electrical conduction

corrosion-resistant surface on the model Ni—50Cr alloy (backside) and the edges of the samples were mounted with

[11,12] The thermal nitridation was accomplished in an epoxy, leaving the other side for electrochemical measure-

alumina high-vacuum furnace. High purity nitrogen was ments. The sealing process was repeated to eliminate possi-

purged and backfilled at a pressure of 1atm. The nitrogenble leakage. Details of the procedure can be found elsewhere

flow was stopped and the samples were heated to 4200 [6].

and held for 2h for Ni-50Cr and for 2—7h for 349, To simulate an aggressive PEMFC environment, a 1M

followed by furnace cooling. The longer nitridation times H2SO, + 2ppm F solution at 70C [5,14] was used,

used for the 348V reflect its moderately slower nitrida-  bubbled thoroughly either with hydrogen gas (for simu-

tion kinetics under these conditions. Nitrogen uptake was lating the PEMFC anode environment) or pressured air

1.9-2.3mgcm? for Ni-50Cr, 1-1.1mgcm? for 349™ (for simulating the PEMFC cathode environment) prior to

(2h), and 2.3—-2.7 mg cn? for 349™ (7 h). and during the electrochemical measurements. The solu-
tion was bubbled at least 20 min before starting the ex-
2.2. Microstructural characterization periment. Aconventional three-electrode system was used

in the electrochemical measurements, in which a platinum

Details of the microstructural characterization of the ther- sheet acted as the counter electrode and a saturated calomel
mally nitrided Ni—50Cr are presented elsewh§té—13] electrode (SCE) was used as the reference electrode. The
The structure of the thermally nitrided 34 was inves- potentials reported are relative to SCE unless noted otherwise.
tigated by means of X-ray diffraction (XRD), Auger elec- A Solartron 1287 potentiostat interfaced to a computer was
tron spectroscopy (AES), and scanning electron microscopyused to conduct the electrochemical experiments. Dynamic
(SEM) combined with energy dispersive X-ray spectroscopy polarization technique was used to compare the general elec-
(EDS). The XRD was conducted using a four-circle Scintag trochemical behavior of the nitrided coupons. In these tests,
X-1 diffractometer (ThermoLab) with a Cudkanode source  the samples were stabilized at open circuit potential (OCP)
at a scanning speed of 0.03 degree per min. Glancing anglefor 5min. The potential was then swept from the OCP in
XRD technique was also used to investigate the structurethe anodic direction with a scanning rate of 1 m*sPo-
of the near-surface layers (0.02 degree per step and a presdentiostatic polarization experiments were also conducted to
time of 3s per step). AES was used to identify the nitride investigate the corrosion resistance and stability of the nitride
layer's composition and to determine the depth profile, using layer under PEMFCs’ operation conditions. In these mea-
a Phi670 Auger Nanoprobe. The chamber base pressure wasurements, samples were stabilized at OCP for 5 min, then a
3 x 107 1%Torr. The depth profiles were obtained by sput- specific potential was applied and the current—time curve was
tering with 3keV argon ions and a current density of around registered. Two potentials were chosen for the tes@s1 V
1 wA mm~—2. During the sputtering, the system pressure inthe (equivalent to~0.1 Vnng) [15] for the simulated PEMFC
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3. Results and discussion
3.1. Nitrided Ni-50Cr control

A typical microstructure of Ni-50Cr nitrided at 110G
for 1-2 h in pure nitrogen is shown Fig. 1 It consisted of
a nearly continuous-1 um thick layer of CrN overlying a
dense, continuous 3-4am thick layer of CpN. Underlying
Ni(Cr-) the CpN layer was a continuous layer of the ternary Cr—Ni—N
w phase, and an internally nitrided zonexgfhase intermixed
with Cr-depleted Ni(Cr-) metal. Total nitrogen uptake was on
the order of 1.9-2.3 mgcn?, with a substantial portion of
Cr,N the nitrogen incorporated into the internally nitrided zone.
10 microns ICR data as a function of compaction pressure are shown
in Fig. 2 The Ni-50Cr alloy (no nitridation treatment)
Fig. 1. SEM cross-section showing typical microstructure of nitrided had a lower contact resistance than 316L stainless steel,

Ni-50Cr (wt.%) after 1-2 h at 110 in pure nitroger11]. Ni(Cr-) refers shown for comparative purposes. Subsequent nitridation of
to Cr-depleted Ni(Cr) relative to the bulk alloy concentration of Cr.

001 g
anode environment where the solution was sparged with hy-

drogen gas, and 0.6 V (which is equivalentt0.8VyyE) for oo L
the simulated PEMFC cathode environment where the solu- i
tion was sparged with air. Corrosion current densities of the ;001 L
order of 106 Acm~2, under these conditions, are considered = :

Un-nitrided Ni-50Cr
Nitrided Ni-50Cr

sufficiently promising to warrant long-term corrosion testing 10°
and single-cell fuel cell testing. It should be emphasized that
such polarization studies are a screening technique and the 8 ;¢

10-% Acm—2 corrosion current density goal is merely arough E
guideline to gage-expected fuel cell behavior, rather than a 3 157 L
well-established property target. The key issue is the extent d
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Fig. 3. Anodic behavior of non-nitrided and 2 h nitrided Ni-50Cr alloy in
Fig. 2. Interfacial contact resistance for non-nitrided and nitrided Ni-50Cr 1M H>SO + 2ppm F at 70°C. The solution was sparged either with
alloy as a function of compaction force. Data for 316L are shown for com- hydrogen gas (a) or air (b). The scanning rate was 1V Ehe anode and
parison. cathode operation potentials in a PEMFC are marked.
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Ni—50Cr significantly lowered the contact resistance, espe- ICR was associated with this polarization behavieg(4b).

cially at the low compaction forces relevant to PEMFC stacks The results of these electrochemical and contact resistance

(~100-150 N cnT? range) Fig. 2). studies were therefore consistent with the excellent behav-
In the 1M H,SOy + 2ppm F solution at 70C, an- ior exhibited by nitrided Ni—50Cr in the long-term corrosion

odic polarization curves for Ni-50Cr and nitrided Ni-50Cr testing and single-cell fuel cell testing reported previously

showed a significant decrease in corrosion currents ungter H [13].

purged (anodic) conditions and air-purged (cathodic) condi-

tions for the samples undergoing the nitridation treatment 3.2. Nitrided 349M stainless steel

(Fig. 3). Additionally, the OCP under cathodic conditions

was raised from~0.2V for Ni-50Cr metal to~0.5V for 3.2.1. Microstructure

nitrided Ni—50Cr,Fig. 3b. A similar comparison for anodic XRD indicated the presence of £, (Cr,Feb)N1_, (x =

conditions was not possible due to the very low corrosion cur- 0-0.5), CrN, andy austenite phases for 349 after nitrida-

rents and correspondingly high level of noise for the nitrided tion at 1100°C in pure N. The diffraction patterns after 2 and

Ni-50Cr sample. However, potentiostatic polarization data 7 h of nitridation were nearly identical, except that the relative

for nitrided Ni—50Cr in the I purged anodic environment intensities of the CrN peaks were moderately higher in the

held at—0.1V for 4—-6 h showed a stable cathodic current 7 h sample. To more definitively investigate the structure of

in the range 3—4x 1078 Acm~2, which is consistent with  the outermost regions of the nitrided surface of 34gglanc-

protective behavior, not dissolutioRif. 4a). No increase in  ing angle XRD was carried out with the 7 h nitrided sample

(Fig. 5). The austenite peak §f2 0 0] disappeared when the

710° grazing angle was decreased beldwy Quggesting that the
. outmost surface layer was nitrided and did not contain sig-
610° - nificant amounts ofy. The overlapping peaks of CrN[2 0 0]
T and~y[111] also decreased to a low level at grazing angle
e below 2, in agreement with the aforementioned change in
k& - i v[2 0 0]. Ata grazing angle of 0°2considered representative
::; I of the outermost surface region, the data suggest that CrN,
g anpot | Cr;N and (Cr,Fe)N;_, phases were all present.
E ! An SEM surface micrograph of 7h nitrided 349 is
E 210° - shown inFig. 6a. Based on EDS analysis, the surface con-
© ni sisted of discrete particles of a Cr-rich nitride phasecontaining
bl a minor amount of Fe, overlying a matrix of a Fe—Cr-rich
5 region. Cross-sectional analysis confirmed the lack of con-
| —— , tinuity of the Cr-rich nitride surface particles=ify. 6b).
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Fig. 4. (a) Behavior of the 2h nitrided Ni-50Cr alloy a0.1V in 1M

H,SO4 + 2 ppm F at 70°C with the solution sparged with hydrogen gas,  Fig. 5. Glancing angle XRD patterns for 7 h thermally nitrided 348tain-

(b) influence of polarization on the interfacial contact resistance of nitrided less steel. In general, peak intensity decreases with decreasing grazing an-
Ni-50Cr alloy. gles.
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Fig. 6. SEM images of thermally nitrided 3%9 stainless steel. (a) Top view, (b) cross-section view.

surface particles suggests that many were not homogeneous, An AES depth profile of the 7 h nitrided steel is shown in
but rather contained thin surface patches of a more nitro- Fig. 7a. Interpretation of this data is complicated by the het-
genrich (darker) Cr-nitride phase. The underlying Fe—Cr-rich erogenous nature of the surfagég. 6a) relative to the AES
matrix phase contained discrete internal Cr-rich nitride pre- sampling area of approximately 1 Mnit is seen that the sur-
cipitates, of similar nominal composition to those observed face layer was composed mainly of Cr, N and Fe, with a mi-
at the surface, except that the patches of the darker Cr-nitridenor amount of oxygen. Little Ni was observed at the surface.
phase were not observed. In light of the XRD data, the dis- Oxygen in the nitride layer is not surprising, since a native
crete Cr-rich nitride surface particles are likely,Q8rand, oxide film existed on the stainless steel prior to nitridation
possibly, (Cr,Fe)N1_,, with thin patches of CrN at the out-  and there may be some oxygen impurities initially present in
ermost surface. The Fe—Cr-rich matrix phase wagstenite the input nitrogen gas used for the nitridation process. (Oc-
containing internal GiN/(Cr,Fe»N;_ , precipitates. Theout-  casional isolated discrete £03 particles were observed in
ermost surface of the austenite matrix phase may also be the nitride layer formed on Ni-50Q1.3]).

nitrogen-rich, possibly as a thin layer of (Cr,B) _ , and/or It is interesting to note that two peaks for Fe could be
with N dissolved in solution. registered from the analysis of the data, one for metallic Fe
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Fig. 7. AES depth profile of thermally nitrided 3#¥ stainless steel (a), and
the [Cr+Fe(N)]:N ratio (b).

and the other associated with nitrogen, designated Fe[N] in
Fig. 7. This is likely the Fe associated with the (Cr,j¢)_
phase detected by XRD. The [Cr+Fe(N)]:N ratio dependency
on the sputtering time is shownig. 7. The [Cr+Fe(N)]:N
ratio increased with increasing sputtering time, from close to
1 at the outermost surface to a plateau region of 2 through
much of the nitrided zone. This is consistent with the de-
tection of CrN by XRD and the SEM cross-section at the
outermost surface of the discrete®f(Cr,FebN1_, surface
particles.

3.2.2. Interfacial contact resistance

Interfacial contact resistance for both 2 h and 7 h nitrided
349™ stainless steel was investigated as a function of com-
paction force Fig. 8). Very low ICR values were obtained.
For comparison, the inset &ig. 8 gives the ICR values ob-
tained under the same condition for metallic 84%amples.
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Fig. 8. Interfacial contact resistance for thermally nitrided348teel and
carbon paper at different compaction forces. The inset compares the inter-
facial contact resistance of the fresh 3¥steel sample and the thermally
nitrided ones. Solid markers are for 2 h nitrided samples and open markers
are for 7 h nitrided ones.

ICR values for nitrided steel were approximately one decade
lower than those of bare metal, illustrating the beneficial ef-
fect of thermal nitridation on the surface conductivity of the
steel. At a compaction force of around 150 Nththe ICR
values are on the order 6f100 x 10~2 Ohm cn? for fresh
349™ [6] and approximately 1« 10-3Ohmcnt for the
nitrided 349M. This is attributed to a higher conductivity
of the nitride phases over the native oxides that form on the
alloy. It is also consistent with the lack of significant oxy-
gen/oxide content evident in the AES analysis of the surface
of the nitrided material.
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Fig. 9. Anodic behavior of 7 h thermally nitrided 349 steelin 1M SOy

+ 2ppm F at 70°C. The solution was sparged either with hydrogen gas
or air. The scanning rate was 1 mVs The anode and cathode operation
potentials PEMFC are marked.
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3.2.3. Polarization tion. Trans-passivation started-a0.94 V in both solutions.
The anodic polarization curves of 7 h nitrided 3¥dsteel The current densities at this level are orders of magnitude
in 1M H>SOy + 2ppm F at 70°C sparged either with hy-  too high for the PEMFC bipolar plate application, as well as
drogen or air are shown Fig. 9. Typical operating potentials  significantly higher than those observed for nitrided Ni—-50Cr
in PEMFC’s conditions, approximately0.1V for PEMFC (Fig. 3.
anode environment and 0.6 V for PEMFC cathode environ-  To further investigate the behavior under simulated
ment according tfl5], are marked in the figure. The nitrided PEMFC conditions, potentiostatic polarization measure-
349™ steel qualitatively behaves like the metallic (not ni- ments were carried out either at0.1V for the solution
trided) 349M steel[6], but with much higher corrosion cur-  sparged with hydrogen gas (anode conditions) and at 0.6 V for
rents, rather than lower currents as were observed for nitridedthe solution sparged with air (cathode conditidfig, 10. In
Ni—50Cr relative to metallic Ni-50CiHg. 3). Regardless of ~ both cases, the transient current decays sharply at the begin-
the purging gases, very high anodic currents (on the orderning of polarization, then it stabilizes. When the nitrided steel
of 10-3 Acm~2) were observed for the 7 h nitrided 34 was polarized at-0.1V (Fig. 10a), a current peak of35
steel in the whole potential range investigated. After the po- x 103 Acm~2 appeared at15 min polarization, followed
larization, gray-dark “dusts” were noticed in the solution, a by a secondary decay and stabilization. The stable current
sign of the dissolution of the electrode. The lowest currentin was ca. 15-26« 10-3 Acm~2. In the air-sparged simulated
the passive region was0.4 x 10~3 Acm~2 in Hp-sparged PEMFC cathode environment, the current decayed faster and
solution and~0.9 x 10 3Acm~2 in the air-sparged solu-  was relatively more stable than in the simulated PEMFC an-
ode environmentig. 1. Although there was a tendency
for a slow increase with prolonged polarization, a stable cur-
6.8 rent of ~0.25 x 10-3 Acm~2 was obtained. In the case of
s native (not nitrided) stainless steels, the fast decay of the cur-
rent is generally related to the passive film formation process
[6,7]. With the 1100°C pure nitrogen nitrided 349" steel,
current decay could be also related to this process. However,

005 |

N_E 004 - the very high current densities suggest a difficulty in forma-
‘; r tion of a protective passive film and/or the extensive oxida-
g 003 tion/dissolution of the nitrided surface. The dust in solution
= L by visual investigation after the polarization test is strong
% — evidence of such dissolution.
001 [ 4. Summary and conclusions
= D Thermal nitridation of 348" at 1100°C in pure nitrogen
0.005 resulted in a nitrided surface, composed of a mixture of CrN,
L CrN and (Cr,Fe)N41_, (wherex = 0-0.5) phases, in which
— CrzN and (Cr,FeiN1_, were predominant. CrN was found

on the outermost surface, overlying the (Crdféand CpN.
Due to the low electrical resistance of nitrides, the interfacial
contact resistance was significantly reduced on nitridation,
a key advantage for PEMFC stacks. However, polarization
studies in simulated PEMFC environments indicated unac-
ceptably high corrosion current densities as well as the an-
odic dissolution of the nitrided on 33Y . In contrast, nitrided
Ni-50Cr control coupons showed low contact resistance and
r L_ﬂ_ﬂ__(j\u,,_,\__‘\_u__ low corrosion current densities under these conditions, con-
L sistent with the excellent single-cell fuel cell performance
r observed for this materi§l 3].
e ) S SN U SO PN PEOTE P P The discrete nitride surface particles formed on 349
) 5 coC A under the nitridation conditions and the potential for forming
J e snin local galvanic cells with the underlying exposed substrate al-
Fig. 10. Current—time behavior of the 7 h nitrided 349steel at constant on’.are considered the.prlmary reasons for the poor corrosion
applied potentials: (a) obtained when the electrode was polarized. atv reSIStan_C‘a and EXtenSIVe_ anodic dISSOIUt_Ion observed _under
and the solution was sparged with hydrogen gas, (b) obtained when thethese simulated aggressive PEMFC environments. This re-
electrode was polarized at 0.6 V and the solution was sparged with air. sulted in significantly poorer corrosion resistance than that
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in untreated 348", The incorporation of significant quan- the U.S. Department of Energy (DOE). Oak Ridge National
tities of substrate alloy Fe into the nitrided surfaéég( 7) Laboratory is managed by UT-Battelle, LLC for the US DOE
may also have contributed to the poor corrosion resistance.under contract DE-AC05-000R22725.
Nitridation of Ni—-50Cr resulted in the formation of a con-
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