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Abstract

Thermal nitridation of AlSI446 mod-1 superferritic stainless steel for 24 h at 1@@6sulted in an adherent, inward growing surface layer
based on (Cr, FeN;_, (x = 0-0.5). The layer was not continuous, and although it resulted in low interfacial contact resistance (ICR) and
good corrosion resistance under simulated polymer electrolyte membrane fuel cell (PEMFC) cathodic conditions; poor corrosion resistance
was observed under simulated anodic conditions. Nitridation for 2 h at“188sulted in little nitrogen uptake and a tinted surface. Analysis
by SEM, XPS, and AES suggested a complex heterogeneous modification of the native passive oxide film by nitrogen rather than the desired
microns-thick exclusive Cr-rich nitride layer. Surprisingly, this modification resulted in both good corrosion resistance under simulated
cathodic and anodic conditions and low ICR, well over an order of magnitude lower than the untreated alloy. Further, little increase in ICR
was observed under passivating polarization conditions. The potential of this phenomenon for PEMFC bipolar plates is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction plied similar thermal nitridation conditions to a relatively in-
expensive, commercially available austenitic stainless steel,
Worldwide interest in the polymer electrolyte membrane 349™. A discontinuous discrete mixture of CrN, £t and
fuel cell (PEMFC) is growing due to its clean chemical en- (Cr, FehN1_, (x=0-0.5) phase surface particles overlyingan
ergy conversion characteristics and its conceptually simple exposed, austenite based matrix, rather than a continuous ni-
design and operatiofi]. The bipolar plate is a key compo- tride surface layer, was formed. This resulted in unacceptably
nent in a PEMFC, but current bipolar plate materials suffer high corrosion rates under simulated PEMFC anodic and ca-
from high costs, and lack of a viable mass-manufacturing thodic conditions. Part 2 of this paper explores the nitridation
pathway. Recently, it was discovered that thermally grown Cr behavior and corrosion resistance of a superferritic stainless
nitrides (CrN/CgN) on a model Cr-bearing alloy, Ni-50Cr  steel, AlSI446 mod 1. This alloy was selected because of its
(wt.%), show great promise in PEMFC bipolar plate envi- high level of Cr (27-28 wt.%), its promising performance in
ronments[2—4]. This alloy is, however, too expensive for simulated PEMFC environmeni], and to survey the nitri-
many PEMFC applications. In Part 1 of this pafigt we ap- dation response of a ferritic stainless steel, as substrate al-
loy composition and structure can have a significant impact
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2. Experimental 3. Results and discussion
2.1. Material 3.1. The 24 h nitrided AIS1446

Stainless steels plates of AlSI446 were provided by  Potentiostatic polarization measurements for 24 h nitrided
J&L Specialty Steel, Inc. The nominal composition is: 0.03 AISI446 in 1M H,SOy + 2ppm F at 70°C are shown in
C, 28.37 Cr, 3.50 Mo, 2.96 Ni, 0.43 Mn, 0.42 Si, 0.75 Fig. 1for 0.6V in air sparged solution (cathodic simulation,
Ti + Nb (wt.%) with Fe as the reminder. This composi- Fig. 1a) and for—0.1V in hydrogen gas sparged solution
tion is representative of the mod-1 variation of AlSI446 (anodic simulationFig. 1b). Low current densities were ob-
(UNS S44660, referred to in the remainder of this paper served under the simulated cathodic conditions, on the order
as AlSI446 for convenience). The analyzed composition of of 2 x 10-8 Acm~2. However, under the simulated anodic
this alloy by inductively coupled plasma (ICP) and gas fu- conditions, high current densities were obtained, which sta-
sion was 0.02 C, 27 Cr, 3.7 Mo, 2 Ni, 0.37 Mn, 0.4 Si, bilized at about 0.8« 10~3Acm~2 over the course of a 5h
0.47 Ti, 0.03 Nb, 0.1 V, 0.1 Cu, 0.06 Co, 0.06 Al, 0.012 hold. Current densities on the order of f0A cm~2 are con-

P, 0.0253 N, 0.001 S, 0.0025 O, balance Fe (wt.%). Alloy sidered sufficiently promising to move forward to fuel cell
plates were cut into samples of 2.54 cm1.27 cm (1.01n. testing (see Part 1 of this paper for further details). The high
x 0.5in.). The samples were ground with #600 grit SiC current densities indicate that the 24 h nitrided material is not
abrasive paper, rinsed with acetone and dried with nitrogen promising for PEMFC bipolar plate applications.

gas.

Thermal nitridation was carried out in a high vacuum alu-
mina furnace that was backfilled with pure nitrogen to 1 atm,
the nitrogen flow stopped, and then the furnace was heated tc [ (@)
1100°C. The baseline 2 h, 110€ nitridation treatment de- [
veloped for the model Ni-50Cr allgg,3] resulted in nitrogen 410°
uptake on the order of only 0.5 mg crfor the AlSI446, and i
the sample appeared tinted (indicative of a very thin surface
layer) rather than the usual opaque gray appearance assoc
ated with a thick (micron range) nitride surface layer. There-
fore, an additional nitridation treatment with a hold time of
24 h at 1100C was also examined. This resulted in nitrogen
uptake on the order of 4-5mgcrhand the more typical i
uniform gray appearance. o
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The thermally nitrided AlSI446 was characterized by
scanning electron microscopy (SEM), glancing angle X-
ray diffraction (XRD), Auger electron spectroscopy (AES),
X-ray photoelectron spectroscopy (XPS), and cross section
transmission electron microscopy (TEM) using focused ion
beam milling for specimen preparation. Polarization studies
were conducted under simulated aggressive PEMFC environ-
ments using 1 M HSO, + 2 ppm F~ solution at 70 C sparged
either with air (PEMFC cathodic conditions) or with hydro-
gen gas (PEMFC anodic conditions). The potentials reported 3
are relative to the saturated calomel electrode (SCE) unless
otherwise noted. Interfacial contact resistance (ICR) mea-
surements were carried out at room temperature with metal-
lic, as-nitrided, and polarized AlSI446 samples. Details for Al _ T T
the ICR measurements were described elsewfigreor the 0 50 100 150 200 250 300 350
polarized AISI446 samples, potentiostatic polarization was Time, min
conducted only on one face of the sample. ICR data for these
samples is presented as a surbathfaces, polarized and as- Fig. 1. Transient cu_rrents of 24 h nitrided AISI1446 st_ainless steel in sim-
nitrided. Details of the characterization techniques and test- 1/3t¢d PEMFC environments: (a) sample was polarized at 0.6V and the

. . . . solution was purged with air; (b) sample was polarized-@tl V and the
ing protocol are provided in Part 1 of this pajg}. solution was purged with hydrogen gas.
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poor corrosion resistance under the simulated cathodic test
conditions, but did result in very poor corrosion resistance
A - under the simulated anodic conditions.

The microstructure of 24 h nitrided AlS1446 following ex-
posure to the simulated PEMFC anodic conditions is shown
in Fig. 2b. Extensive dissolution and attack was evident at
Internal Nitrides|. - . and along the (Cr,FeN;_,/alloy interfaces, suggestive of

(gray) a local galvanic couple effect. It is speculated that oxygen,

~ ) which is available under cathodic conditions, allowed for lo-
cal passivation and protection of the surface in these regions.
However, under the hydrogen-purged anodic conditions, oxy-

, 2 gen was not sufficiently available, or more likely, the mech-

; : anism of formation sufficiently altered, that a protective pas-
: ' sive layer could not be locally established in the gap regions

of (Cr,FebN1_, coverage.

Surtace (Cr_,Fe_}gN],};

3.2. The 2h nitrided AIS1446

Dynamic polarization of 2 h nitrided AlS1446 steelin 1M
H2SOy + 2ppm F at 70°C in air and hydrogen gas sparged
solutions is shown iifrig. 3. The polarization curves are al-
mostidentical, indicating a minimal effect of the sparging gas.
Polarization curves with fresh AlS1446 steels in the same en-
vironments are plotted for comparison. With fresh AlS1446
samples, the sparging gases have significant influence in the
5 ; e , J corrosion potential and the anodic polarization up to 0.2 V. At
Gy J ¢ : VB & 0.2V and above, their effect is negligible. With 2 h nitrida-

| : : . v tion, the OCP shifts anodically. The corrosion potential of the
v 2 h nitrided 446 was at around0.09 V in hydrogen-sparged
i _ % / 7% o) Wa: - solution and around-0.1V in the air-sparged solution. This
5 : is very close to the expected anodic operating conditions in
b : : PEMFC's 0f—0.1V, and could make it susceptible to dissolu-
tion. The changesin corrosion potential reflect that the surface
condition of the 2 h nitrided AlS1446 steel is clearly different

COMP 15 8k\ #4080 180pm “WD1 1
(b)

Fig. 2. SEM cross-section of 24 h nitrided AISI446 steels: (a) sample ex- 0.1
posed in simulated PEMFC cathode environment; (b) sample exposed in F
simulated PEMFC anode environment. 0.01 £ | Anode potential
E in application
0.001 £

SEM cross-sections of the polarized samples are shown in‘g E
Fig. 2 The sample exposed in the PEMFC cathode environ- i R E Fresn Alal4de /
ment Fig. 2a) showed a similar microstructure to as-nitrided 2 s [ ;///)J,,/
AlISI446 material, and consisted of an inward growing Cr- i oh nitrided AISI446
rich nitride scale overlying an extensive zone of internal Cr- £ 0%k
rich nitrides. XRD and EDS data indicate that the Cr-rich © F .

. . . . 7 Cathode potential

nitride external and internal phases were consistent with the 0 in application
(Cr,FebN1_, (x = 0-0.5) phase rather than with £t (al- o b
though trace quantities of CrN were also detected). This mi- i ‘
crostructure is in contrast to that observed for nitrided349 o Ligya ey e ¥ e g nmnpye
stainless stedb], which showed isolated, loosely adherent 04 02 0 02 04 06 08 1 1.2
discrete CsN/(Cr,FedN;_, (x= 0-0.5)-based surface parti- Potential, V(SCE)

cles. However, unlike the inward growing Bt layer formed ] . o . . )
on nitrided Ni~50C15], the (Cr,F&)N1_, (x = 0-0.5) layer Fig. 3. Dynamic polarization behavior of 2 h nitrided AISI446 stainless steel

o . . IN1MHSOs + 2ppm F at 70°C purged either with air or hydrogen gas.
formed on 24 h nitrided AlSI446 was not continuous. It i the anode and cathode potentials in PEMFC application are marked. Polar-

interesting to note that this lack of continuity did not resultin ization curves with untreated (fresh) AISI446 are plotted for comparison.
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Fig. 4. Transient currents of 2 h nitrided 446 stainless steel in simulated
PEMFC environment: (a) sample was polarized at 0.6 V and the solution
was purged with air; (b) sample was polarized-@.1V and the solution
was purged with hydrogen gas.

from that of the fresh steel. Also noted is that the broad cur-
rent peak at approximately 0.7 V with fresh AlIS1446 seems
shifting cathodically to 0.5-0.55 V. Overall, compared to the
fresh steel, the current densities of the 2 h nitrided AlSI446
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Fig. 5. Comparison of the influence of polarization in simulated PEMFC

cathode environment on the ICRs of nitrided and un-nitrided 446. Note that
the y-axis uses two times of ICR meaning that two interfaces are plotted
altogether.

and are sufficiently low to indicate promise for PEMFC ap-
plications.

A significant, and highly beneficial effect of the 2 h nitri-
dation became apparent on examination of IERJ(5). Ni-
tridation decreased the ICR of AlS1446 stainless steel by well
over an order of magnitude. The effect was particularly evi-
dentatthe low loads relevant to fuel cell stacks, in the range of
100-150 N cm2. Polarization under simulated cathodic con-
ditions did raise the ICR of the 2 h nitrided AISI446 stainless
steel, which increased with time for the first hour of polar-
ization in the air purged solution at 0.6 V, and then reached a
limiting value between 1 and 7.5 h of polarization time. Sim-
ilar behavior trends of reaching a limiting value of ICR with
a polarization time between 1 and 7.5h was also observed
for untreated 348 stainless steel alloy under these same
test condition$8]. However, the magnitude of the increased
ICR for the nitrided AISI446 with polarization was small,
with the ICR levels remaining below 40 103 Qcn? at a
load of 150 N cn2. Therefore, the 2h 110 nitridation

are reduced over the potential range of interest, indicating atreatment for AlS1446 stainless steel modified the surface
moderate improvement in the corrosion resistance resultingsuch that the ICR was significantly decreased, and further,

from thermal nitridation.

Potentiostatic polarization measurements for 2 h nitrided
AISI446 in 1M H; SO + 2ppm F at 70°C are shown in
Fig. 4for 0.6 V in air-sparged solution (cathodic simulation,
Fig. 4a) and—0.1V in hydrogen sparged solution (anodic
simulation,Fig. 4b). In the simulated cathodic environment,
the corrosion current density quickly stabilized to about 0.6
x 10~ Acm~2. The corrosion current density stabilized on
the order of—1 x 10-6 Acm~2 under the simulated anodic
conditions, with the sign of the current suggesting protection

moderately improved on the already promising corrosion re-
sistance of untreated AlSI1446 under the simulated PEMFC
test conditions examined.

Microstructural examination revealed that the 2 h nitrida-
tion treatment yielded a different microstructure than either
that produced by the 24 h treatmehtd. 2) or was observed
in the nitrided Ni—50Cr model allofb]. SEM cross-section
analysis Fig. 6) shows no evidence of a significant Cr-nitride
surface layer and reveals only a minor amount of near-surface
internal nitride precipitates. Glancing angle XRE. 7) in-

rather than anodic dissolution. These current densities weredicates the presence primarily of ferrite, with minor amounts

comparable to the untreated AISI446 in this environment,

of (Cr,FebN1_, (x = 0-0.5) and CrN. Cross-section TEM
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Fig. 6. SEM cross-section and elements mapping of 2 h nitrided AlS1446 steel.
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Fig. 7. Glancing angle XRD pattern for 2 h thermally nitrided AlSI446 stain-

less steel.

(Fig. 8 revealsisolated, inward-growing surface grains onthe
order of 1um deep, consistent with X (or (Cr,Fe»N1_),

and patches of a possibly semi-continuous surface layer over
both Cr-nitride and ferrite regions on the order of 100 nm
thick, which appeared to consist of distinct Al-oxide and
Ti-nitride particles. XPS analysi$ig. 9) is consistent with

the microstructures observed in TEM, and suggested a near-
surface region rich in Cr-nitrides, Ti-nitrides, Al-oxides, Fe
metal and Cr metal. It is particularly interesting to note that
the levels of oxygen detected at the surface were significantly
higher than the levels of nitrogen. Preliminary, more detailed
analysis by Auger suggested a very complex, chemically het-
erogeneous surface (with many alloy elements and impurities
detected) rather than a uniform or semi-uniform surface layer
exclusively rich in Al, Ti, or Cr (further studies of this surface
are planned).

The data suggest that the 11@D 2 h nitridation treat-
ment for AlSI446 resulted in a nitrogen modification of the
native passive oxide layer on the alloy, which improved corro-
sion resistance in the aggressive simulated PEMFC anode and
cathode environments, and significantly decreased ICR. Fur-
ther, this surface modification proved resistant to significant
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Fig. 8. TEM cross-section of the 2 h nitrided AlSI446 steel and the elements mapping.

ICR increase with polarization under passivating conditions.
Thisis an entirely different surface modification phenomenon
and effect than that observed for the nitriding of the model
Ni—-50Cr alloy, which resulted in a microns-thick exclusive
and protective Cr-nitride surface layer,5].
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Fig. 9. XPS depth profile of 2 h nitrided AlSI446 stainless steel.

4. Concluding remarks

At this stage, it is not clear what aspects of the nitrogen
modified surface are specifically responsible for the low ICR
and good corrosion resistance of the 2 h nitrided AlSI446 or
whether such effects can be induced in other stainless steel
alloys through proper selection of nitridation conditions. A
key aspect is likely the relatively high Cr content of the 446
stainless steel, which was sufficiently high to limit the extent
to which Fe was involved in the nitriding reaction at 120
for 2 h in pure nitrogen, compared with the 3¥9stainless
steel, but not sufficiently high that the desired continuous in-
ward growing Cr-nitride layer was formed, as was observed
for Ni-50Cr. In comparison with 344", the importance of
the austenitic versus ferritic structure is not yet clear, nor is
the role of alloy impurities such as Ti and Al, which were
observed to segregate to the surface in AlSI446. It is pos-
sible that selection of less reactive nitriding conditions for
349™ (lower temperature/shorter time) could resultin a sim-
ilar nitrogen-modified passive layer and associated promising
corrosion and ICR properties. It may also be possible that the
Ti and Al content, or other microalloying additions, are the
key to this effect. Further work is planned to sort out these
issues. Itis also not yet clear if the nitrogen modified passive
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layer formed on the 2 h nitrided AISI446 will translate into References
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