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Abstract

The electrical and corrosion properties of surface-nitrided AISI316L stainless steel are evaluated to assess the potential use of this material
as a bipolar plate for a polymer electrolyte membrane fuel cell. Chromium is electroplated on the surface of the AISI316L stainless steel before
nitridation. The nitriding condition is selected so as to form Cr, N nitride only and the result is compared with that of a CrN + Cr, N nitride coating.
The stainless steels with the Cr,N nitride protective coating layer exhibit better interfacial contact resistance and corrosion resistance than the

as-rolled or (CrN + Cr,N)-coated AISI316L stainless steels.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells are electrochemical devices that convert the chem-
ical energy of a reaction directly into electrical energy [1]. The
polymer electrolyte membrane fuel cell (PEMFC) is one of the
most promising candidates for vehicular power sources and for
domestic combined heat and power (CHP) systems. The PEMFC
operates at low temperature (60—80 °C) and has a high specific
power and compactness. Nevertheless, its high cost and poor
system durability hinder its commercial application. The bipo-
lar plate is one of the most important components of the PEMFC,
and amounts to nearly 80% of the weight and nearly 40% of the
cost of the total stack [2]. In spite of its poor mechanical prop-
erties and high cost, graphite has been most widely used as a
bipolar plate material. To reduce the cost and weight of PEMFCs,
metallic bipolar plates have been very much sought after as an
alternative. Stainless steels, which have good mechanical prop-
erties and relatively low cost, would be good candidate materials
for metallic bipolar plates [3], but a passive film is formed on
their surface. This film is good for their corrosion resistance
during PEMFC operation but has high electrical resistivity and
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increases the interfacial contact resistance (ICR) between the
bipolar plate and electrode. Methods for improving the ICR as
well as the corrosion resistance of metallic bipolar plates have
been actively researched. Protective layers such as transition
metal nitrides have been suggested as promising coating materi-
als. The thermal nitridation of stainless steels or high chromium
alloys has been attempted to improve the surface properties of
bipolar plates [4—7]. To form a continuous chromium nitrided
layer, the chromium content in the substrate should be as high
as 50%, which incurs a high alloy cost. Chromium electroplat-
ing is a cost-effective way to increase the chromium content on
the surface of stainless steels. Thermal nitridation of chromium
can lead to the formation of two types of chromium nitride,
CrN and Cr;N, and the resulting thermally grown chromium
nitrided layer consists of a surface layer of CrN on top of a
CroN layer [4,8]. The electrical resistivity of CrN is very high,
i.e., 600-800 .2 cm, compared with that of CroN, which is only
79-89 w2 cm [9]. Therefore, removal of the CrN layer would
reduce the surface electrical resistance of the nitrided layer.

In this study, the nitridation conditions for the growth of Cro N
nitride are evaluated thermodynamically and the interfacial con-
tact resistance and corrosion resistance of the thermally grown
CryN layer on the surface of Cr electroplated AISI316L stain-
less steel are evaluated for use of this material as PEMFC bipolar
plates.
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2. Experimental
2.1. Material and surface treatment

AISI316L stainless-steel sheets with a thickness of 2 mm
were used as the substrates. The chemical composition (in wt.%)
of the steel is 0.019C, 0.52Si, 1.49Mn, 0.025P, 0.002S, 16.9Cr,
11.1Ni, 2.06Mo, and the balance Fe. The surface of each sheet
was polished with #600 grit SiC paper and degreased with ace-
tone in an ultrasonic cleaner. Conventional nickel strike was
applied to the polished surface for the purpose of surface activa-
tion. Chromium electroplating was performed in a Sargent bath
that contained ISOgdm_3 CrO3 and 1 gdm_3 H»SOy4 in dis-
tilled water [10]. Nitriding was performed for 2h at 1100 °C in
a furnace with a controlled nitrogen partial pressure. The nitro-
gen gas pressure was set to 100 Torr or 1 atm according to the
thermodynamic calculations. The specimens were cut into discs
of 1 cm diameter and the untreated surface was polished with
#600 grit SiC paper.

2.2. Thermodynamic calculation

The nitridation conditions for the growth of the CrN and Cr,N
nitrides from the electroplated chromium layer were evaluated
[11]. Thermo-Calc Version Q software was used in the thermo-
dynamic calculation of the Gibbs free energy for the formation
of CrN and CrpN chromium nitrides from 1 mol of chromium
with the database, SUB97 [12].

2.3. Microstructure and X-ray diffraction

The planar and cross-sectional microstructures of the
chromium electroplated and thermally nitrided layers of stain-
less steels were observed by means of a JEOL JSM-5600
scanning electron microscope (SEM). The crystal structure of
the nitrided layers was investigated by means of a MAC Sci-
ence M18XHF-SRA X-ray diffractometer (XRD). A Cu Ka
source was used for the XRD measurements at a scanning rate

of 5°min~!.

2.4. Interfacial contact resistance

The ICR of the surface nitride stainless steel was measured
at room temperature by a method similar to that proposed by
Wang et al. [3] and Davies et al. [13] with an Instek GOM-802
milliohm meter. A schematic diagram of the set-up used for the
ICR measurement is shown in Fig. 1. Toray TP-060S carbon
paper was used and strengthened copper chromium alloy was
employed for the copper jigs shown in Fig. 1. The ICR value,
the resistance of the carbon paper and nitrided layer interface
(R(2)), was obtained by subtracting the separately measure value
of R(1)+(3)+(4) from the measured total resistance, R(1)+(2)+3)+4)-
The resistance of the two carbon paper/copper alloy jig interfaces
(R(1)+4)) for each compaction force can be measured by placing
acarbon paper between the two jigs. The resistance of the carbon
paper/substrate interface (R(3)) can be measured by putting an
untreated substrate between the two carbon papers. Considering
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Fig. 1. Schematic diagram of the measurement of the interfacial contact resis-
tance.

the conventional packing load for the stack (100-150 N cm™?),
the compaction force used for the ICR measurements was varied
up to 150N cm™2.

2.5. Corrosion resistance

Bipolar plates are used in a very corrosive environment.
For the corrosion tests, | M H>SO4+2ppm F~ solution at
80°C was used to simulate the internal operating conditions
of PEMFC stacks [14]. A three-electrode system was used, in
which a saturated calomel electrode (SCE) served as the ref-
erence electrode, a platinum sheet as the counter electrode,
and a rotating disc electrode (RDE) with a nitrided stainless
steel as the counter electrode. The rotation speed of the RDE
was 500 rpm and the RDE was stabilized for 5 min before the
test. The potential was changed from the open-circuit poten-
tial (OCP) to 1.2'V at a scanning rate of 5mV s~!. An EG&G
Potentiostat/Galvanostat Model 273 controlled by M352 corro-
sion software was employed for the measurement. The current
densities at an anode potential of —0.1 V and a cathode poten-
tial of 0.6 V were adopted to characterize the electrochemical
properties [15].

3. Results
3.1. Thermodynamic calculations

The Gibbs free energy for the formation of the chromium
nitrides was calculated using Thermo-Calc version Q with the
data base, SUB97 [12], as a function of the nitrogen partial
pressure and temperature. In gas nitridation, CrN will form
at a higher nitrogen partial pressure and at lower tempera-
tures, while CroN will be produced at a lower nitrogen partial
pressure and at higher temperatures. The thermodynamically
stable regions for CroN and CrN nitrides are reconstructed in
Fig. 2 as a function of the nitridation temperature and nitrogen
partial pressure. For the conventional thermal nitriding con-
dition with a nitrogen partial pressure of 1atm (760 Torr) at
1100°C, CrN is more stable and will grow first. At a nitro-
gen pressure of 100 Torr, however, CrpN nitride will form at
1100 °C. In the present experiments, nitrides were grown under
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Fig. 2. Stable region of CrN and Cr, N chromium nitrides calculated by Thermo-
Calc version Q using the database, SUB97 [12].

both conditions and the surface electrochemical properties were
compared.

3.2. Microstructural and X-ray diffraction analysis of
chromium nitrided layer

Scanning electron micrographs of the electrodeposited
chromium layer are shown in Fig. 3. Uniform growth of the
chromium layer on the top of the nickel strike layer can be
observed (Fig. 3(a)). Nickel strike activates the surface of
the stainless steels and improves the throwing power of the
chromium electroplating. Due to the strong tensile stresses that
develop during electroplating, the electroplated chromium layer
contains many cracks which extend from the nickel strike layer
to the surface. A planar view of the electroplated chromium
layer, is given in Fig. 3(b). This reveals the presence of many
cracks. These cracks, which can cause crevice corrosion, should
be eliminated.

The microstructures of the thermally nitrided chromium layer
are presented in Fig. 4. The chromium nitrided layer is uni-

(a)
\ _Crltasge_rrl _
Ni strike layer

~ Substrate

formly formed on the top of the surface of the stainless steel.
Columnar growth of chromium nitride is observed below this
uniformly grown nitrided layer (Fig. 4(a)). The nitrided layer
is free from cracks. The cracks, which develop in the electro-
plated chromium layer, are all sealed off during growth of the
nitride. Traces of sealed-off microcracks can be seen on the sur-
face of the nitrided layer (Fig. 4(b)). No major defects are found
in the chromium nitrided layer except for numerous isolated
microvoids (Fig. 4(a) and (c)). These microvoids are believed to
form during heating of the specimen to the nitriding tempera-
ture, because of the volume differences between amorphous and
crystalline chromium.

The XRD patterns of electroplated chromium and the
chromium nitrided layer formed at nitrogen partial pressures of
100 Torr and 1 atm are compared in Fig. 5. The diffraction peaks
from the electroplated chromium layer are very weak, which
suggests that most of this chromium layer is not crystalline.
The XRD pattern from the nitrided layer formed at 1100 °C and
a nitrogen pressure of 100 Torr shows diffraction peaks only
from Cr;N nitride, which corresponds with the result of the
thermodynamic calculation. The XRD pattern from the nitrided
layer formed at a nitrogen pressure of 1atm shows diffraction
peaks from CrN nitride as well as from CrpN nitride. Accord-
ing to the Thermo-Calc evaluation, CrN is expected to form at
1100°C at a nitrogen pressure of 1atm. Once the CrN layer
forms on the top of the surface, however, it acts as a barrier to
nitrogen diffusion and CrpN nitride grows below the CrN layer
[16,17].

The electrical resistivity of CrN nitride is 600—800 €2 cm,
which is about eight times higher than that of Cr,N nitride, viz.,
79-89 w2 cm [9]. By suppressing the formation of the CrN layer
on the top of the nitrided layer, a reduction in the ICR of the
bipolar plate can be expected.

According to the JCPDS data for Cr,N [ 18], the peak intensity
of the (300) plane is 15% of that of the (1 1 1) plane. The peak
intensities of the (3 00) plane in Fig. 5 are 190% and 280% of
those of the (1 1 1) plane for nitrogen pressures of 100 Torr and
1 atm, respectively. This means that the chromium nitrided layer
is strongly textured. The mechanism of texture formation during
the growth of the nitride is not yet clearly understood [16].

Fig. 3. SEM micrographs of (a) cross-section and (b) surface of Cr electroplated AISI316L stainless steel.



D.-G. Nam, H.-C. Lee / Journal of Power Sources 170 (2007) 268-274 271

Cr nitride

18 mm

Cr nitride

Fig. 4. SEM micrographs of the cross-section and surface of thermally nitrided AISI316L stainless steel (a and b) in 100 Torr N, (c and d) in 1 atm Nj.

3.3. Interfacial contact resistance

The results of ICR measurements on the chromium nitrided
specimens are plotted in Fig. 6. The ICR data for bare AISI316L
stainless steel and graphite are added for comparison. With
increasing compaction force, the ICR decreases due to an
increase in the contact area between the carbon paper and
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Fig. 5. XRD patterns of electroplated chromium and chromium nitrided layer.

the specimen. The ICR values of the as-rolled, commercial,
AISI316L stainless steel and graphite at a compaction force of
150N cm™~2 are 84 and 13 mQ2 cm?, respectively. At a low com-
paction force, the ICR values of the nitrided stainless steels are
higher than that of bare AISI316L stainless steel, but become
lower than that of bare AISI316L stainless steel when the com-
paction force is greater than 50 N cm~2. This change may reflect
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Fig. 6. Interfacial contact resistance of chromium nitrided AISI316L stainless
steels as a function of compaction force. The results for AISI316L stainless steel
and graphite are added for comparison.
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the differences in the surface roughness of the nitride and bare
stainless steels. The effect of the compaction force may be
greater for a rough surface. The ICR values of the specimens
nitrided at a nitrogen pressure of 100 Torr are lower than those
of the specimens nitrided at 1 atm for all packing loads. The ICR
values of the specimens nitrided at 100 Torr and 1 atm are 50 and
66 mS2 cm?, respectively, at a compaction force of 150N cm™2.
Higher ICR values are expected for the specimens nitrided at
1 atm based on the higher electrical resistivity of the top CrN
layer.

3.4. Polarization curves

Potentiodynamic polarization curves for chromium nitride
coated AISI316L stainless steel in 1 M H2SO4 + 2 ppm F~ solu-
tion at 80°C are shown in Fig. 7. The polarization data for
AISI316L stainless steel and graphite are also given for ref-
erence. Graphite is stable at an anode potential of —0.1 V and
shows a corrosion current density of 1.81 x 107 Acm™2 at a
cathode potential of 0.6 V. A corrosion current density of less
than 1.6 x 107> A cm™? is recommended for a bipolar plate [19]
and is marked as a dashed line in Fig. 7. The corrosion cur-
rent density of bare AISI316L stainless steel is higher than
the recommended value, namely, 1.52 x 100*Acm™2 at the
anode potential and 4.37 x 107> A cm™? at the cathode poten-
tial. Both of the nitride coated steels show a lower corrosion
current density than the recommended value. The corrosion cur-
rent density of the Cr,N nitride coated stainless steel is quite
low at the initial potential (OCP) and is 5.87 x 1077 Acm ™2
at —0.1 V. As the potential is increased, the corrosion cur-
rent density increases to 1.77 x 107 Acm™2 at 0.6 V, which
is well below the recommended value and approaches the
corrosion resistance of graphite. The corrosion current den-
sities of the CrN+Cr;N nitride coated stainless steel, viz.,
4.99 x 107 Acm™ and 8.61 x 107®Acm™ at —0.1V and
0.6V, respectively, are higher than that of the single Cr, N nitride
coated steel.
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Fig.7. Potentiodynamic curves for chromium nitrided AISI316L stainless steels

in IM HSO4 +2 ppmF~ at 80 °C and an RDE rotation speed of 500 rpm. The
results for AISI316L stainless steel and graphite are added for comparison.
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Fig. 8. Potentiostatic curves for 100 Torr Ny nitrided AISI316L stainless steels
in 1 M H2SO4 +2 ppm F~ at 80 °C using an RDE at a rotation speed of 500 rpm.

The potentiostatic polarization test was performed to assess
the stability of the chromium nitrided layer as a function of
time. The potentiostatic polarization curves for the CroN nitride
coated AISI316L stainless steels at the anode and cathode
potentials for 30 min are presented in Fig. 8. In all cases, the
current densities fall sharply after the start of the polariza-
tion test and reach a stable steady-state. The current density
at the anode potential shows an anodic current until about 2 min
and then changes to a cathodic current, which is stable in the
range of (1-2) x 10~7 Acm~2. This means that the chromium
nitrided layer hardly dissolves during the polarization test. The
anodic current density at the cathode potential is in the rage of
(2-25)x 1077 Acm™2.

The results of the potentiodynamic and potentiostatic polar-
ization tests demonstrate that the thermally nitrided CroN layer
grown on chromium electroplated AISI316L stainless steels is
very stable in a PEMFC corrosion environment and provides
good corrosion resistance that is suitable for bipolar plates.

4. Discussion

Bipolar plates serve as blocking plates between the unit cells
of the stack of the PEMFC, make electrical contact with the
membrane electrode assembly (MEA), and transmit the elec-
tricity generated in the unit cell. Since the inside of the unit cell
is a corrosive environment, the bipolar plate must have good
corrosion resistance and the electrical resistivity of the surface
of the plate which is in contact with the MEA should be low
to enhance the electric efficiency of the cell. In addition, since
several hundred bipolar plates are used in one fuel cell stack,
the bipolar plate should be as thin as possible to make the entire
stack compact.

At present, graphite or a carbon composite is generally used
as the bipolar plate material for PEMFCs, and hydrogen and air
pathways are formed in the bipolar plate by moulding or milling.
Graphite bipolar plates have the advantages of good electrical
conductivity and good corrosion resistance. Due to the high cost
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of the graphite material itself and the high machining cost of the
plate, however, the price of graphite bipolar plates is too high for
their commercial application. In addition, due to their gragility,
it is not easy to process graphite bipolar plates to a thickness of
4-5 mm or below. Thus, it is difficult to reduce the size of a fuel
cell stack consisting of several tens to several hundreds of unit
cells to a desirable dimension.

As an alternative to graphite/composite bipolar plate materi-
als, many attempts have been made to use metal alloys. Metals
have many properties required for the bipolar plate and have the
advantages of low material and processing costs. On the other
hand, metals can corrode in the oxidative environment inside
the stack and oxide films that have a large electrical resistiv-
ity can easily form on the surface of the metallic bipolar plate.
Problems such as membrane poisoning or an increase in contact
resistance can also occur. Corrosion of a metallic bipolar plate
can cause the formation of defects and poisoning and the cata-
lyst and electrolyte due to the diffusion of metallic ions into the
electrolyte membrane. When the catalyst is poisoned, its activity
is degraded and when the electrolyte is poisoned, its ion conduc-
tivity deteriorates. In such cases, the performance of the fuel cell
will also be degraded. In addition, because the corroded metal is
in contact with the MEA, the ICR increases and the performance
of the fuel cell will be further aggravated.

The corrosion problem represents the main obstacle to the
application of metallic bipolar plates in fuel cells. In order to
improve their corrosion resistance and reduce their contact resis-
tance, surface modification of metal plates has been attempted.
Such surface treatment includes the formation of a protective
film on the surface of the base metal plate [7,20].

Among the several coatings that have been tried, chromium
nitride coatings on high chromium alloy steels have been
reported to be the most promising [7]. The cost of high-
chromium alloy steels is still quite high, however, and the
corrosion resistance of the coated layer is insufficient for fuel
cells. The chromium nitrided layers formed on high-chromium
steels have been found to contain two types of nitride, namely
CrN and CrpN. The CrN layers forms first and the CrN layers
forms below the CrN layer. The CrN layer limits the nitrogen
diffusion through the CrN layer and columnar growth of a Cr-
rich CryN layer below the CrN layer has been observed [21]. The
electrical resistivity of CrN is very high, viz., 600-800 w2 cm,
which is about 7 to 10 times higher than that of CrpN, viz.,
79—-89 w2 cm. In addition, due to the limited diffusion of nitro-
gen through CrN nitride, growth of CryN layer is very sluggish
and the m-phase forms below the Crp N layer [22]. In such a case,
further growth of the Crp N layer will be hindered and the thick-
ness of the protective chromium nitrided layer will be limited
by this process. It is very desirable to form a CrpN layer only on
the surface of the bipolar plate.

In this study, the thermal nitridation of an electroplated
chromium layer on AISI316L stainless steel has been attempted.
The nitridation condition was selected so as to form Crp N nitride
only, and uniform growth of the Cr,N layer was possible under
these conditions (Figs. 4 and 5). The thickness of the Cr,N layer
is very much dependent on the thickness of the Cr electroplated
layer but, due to the diffusion of iron into the Cr electroplated

layer, an internal nitridation layer is observed to form below the
uniform Cr,N layer. Micro-voids are observed in the continu-
ous CrpN layer, which are believe to form because of the volume
contraction of electroplated amorphous Cr during heating. These
voids are isolated and may not seriously affect the corrosion or
electrical resistance of the nitrided layer.

The corrosion resistance of the CroN layer, as evaluated by
potentiodynamic polarization in 1 M H>SO4 + 2 ppm F~ solu-
tion at 80 °C, is very promising. Under the present experimental
conditions, the corrosion current density of the Cr,N layer, viz.,
1.77 x 107 Acm™2 at 0.6V, is an order of magnitude lower
than that of the recommended value of 1.6 x 10> Acm™—2 [19],
and approaches the value of graphite, viz., 1.81 x 107 Acm™2.
The ICR of the Cr, N layer, 50 m<2 cm~2at 150N cm—2, is lower
than those of AISI316 stainless steel and the CrN/Cr;N layer.
This value is about four times higher than that of graphite. Some
improvements may be possible if the internal quality and sur-
face roughness of the nitrided layer can be enhanced. A close
transmission electron microscopical investigation of the defects
in the nitrided layer is currently in progress.

5. Conclusions

CryN chromium nitrided layers have been thermally grown
on chromium electroplated AISI316L stainless steels and their
use as a protective coating for metallic bipolar plates ina PEMFC
stack has been evaluated. The conditions for the growth of nitride
from the electroplated chromium layer are thermodynamically
evaluated and are successfully applied to the growth of a uni-
form and continuous Crp N layer on the surface of stainless steel.
The ICR of the CroN layer is an order of magnitude lower than
that of bare AISI316L stainless steel, and is also lower than that
of the CrN +Cr;N layer grown by the conventional nitriding
condition at a nitrogen gas pressure of 1 atm. Potentiodynamic
polarization curves show that the Cr N layer has better corrosion
resistance than the CrN + Cr,N layer, and that the current den-
sity at the cathode potential is similar to that of graphite. The
CrpN layer grown by thermal nitridation of the electroplated
chromium layer exhibits good interfacial contact and corrosion
resistance and demonstrates excellent potential to be used as a
protective coating layer for the bipolar plate of a PEMFC.
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