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ABSTRACT

In this study, the contact resistance (CR) and electrochemical properties of TiN, CrN and TiAIN electron
beam physical vapor deposition (EBPVD) coatings and their stainless steel 316L (SS316L) substrate were
investigated in a simulated proton exchange membrane (PEM) fuel cell environment. The potentiody-
namic polarization corrosion tests were conducted at 70 °Cin 1 M H,SO4 purged with either O, or H,, and
the potentiostatic corrosion tests were performed under both simulated cathodic (+0.6 V vs. Ag/AgCl ref-
erence electrode purged with O,) and anodic conditions (—0.1V vs. Ag/AgCl reference electrode purged
with H;) for a long period (4 h). SEM was used to observe the surface morphologies of the samples after
corrosion testing. All the TiN-, TiAIN- and CrN-coated SS316L showed a lower CR than the uncoated
SS316L. While the corrosion performance of the coatings was dependent on the cathodic and anodic
conditions, the CrN coating exhibited a higher (in the anodic environment) or similar (in the cathodic
environment) corrosion resistance to the uncoated SS316L. Thus, the CrN-coated SS316L could poten-
tially be used as a bipolar plate material in the PEM fuel cell environment. Although the EBPVD process
greatly reduced number of pinholes in the coatings compared to other plasma enhanced reactive evapo-
rations, future research efforts should be directed to eliminate the pinholes in the coatings for long-term

durability in fuel cell applications.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The proton exchange membrane fuel cell (PEMFC) is gain-
ing worldwide interest [1-11] due to its advantages over other
fuel cells such as delivering high power density, a low weight
and volume. Moreover, PEM fuel cells operate at relatively low
temperatures (<100 °C), resulting in a better durability of system
components. To date, the major challenges for the commercial
application of PEMFC systems include reducing the cost and weight
of the fuel cell stack. One of the key components of the fuel cell stack
is the bipolar plate which has the main functions of distributing
and separating the cathodic and anodic reactant gases, and collect-
ing and transmitting electric current. In terms of weight, volume
and cost, bipolar plates are one of the most significant parts of a
fuel cell stack [5,8,12]. Thus, to meet the PEMFC cost targets, as
well as meeting the fundamental required characteristics such as
high electrical conductivity, and mechanical and chemical stabil-
ity, the bipolar plate materials are expected to also be inexpensive,
lightweight and easily manufactured.
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Graphite composites have been considered the standard mate-
rial for PEMFC bipolar plates because of their low surface contact
resistance and high corrosion resistance. Unfortunately, graphite
and graphite composites are brittle and have poor cost effective-
ness for high volume manufacturing processes. Metallic bipolar
plate materials such as aluminum, stainless steel, titanium, and
nickel have been considered as possible alternative materials
which have good electrical conductivity, low material cost, ver-
satile manufacturing processes and high mechanical strength
[3,5,6,8,9,13-15]. Stainless steels are widely accepted as one of
the leading PEMFC bipolar plate material candidates [8,9,14-16].
However, the main issue with metals is the degradation of the
PEMFC caused by corrosion of the bipolar plates leading to an
increase in the interfacial contact resistance (ICR) between the
bipolar plates and the gas diffusion layer (GDL). Also, the metal
ions produced by corrosion, will migrate to the Nafion® mem-
brane and displace H* ions in the membrane, thereby, reducing
the conductivity of the membrane and the overall efficiency of
the fuel cell [15]. Thus, metallic plates with protective coatings
have been extensively studied to impart the stainless steel bipolar
plates with sufficient corrosion resistance and contact conductiv-
ity without increasing the cost to the level of that of noble metals
[8,10,11,17-22].
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Physical vapor deposition (PVD) hard ceramic coatings are
widely applied as protective coatings in the fields of wear and
corrosion protection. Titanium nitride (TiN) based and chromium
nitride (CrN)based coatings are commonly used protective coatings
for industrial applications [23-29]. Stainless steel bipolar plates
coated using PVD methods have attracted much interest recently
[18-21,30-32]. However, most of these studies were concentrated
on TiN and DLC coatings. Further studies on the potential applica-
tion of other ceramic hard coatings were needed, for example, CrN
and TiAIN coatings which have been reported to have improved
corrosion protection properties in salt solutions (3.5%) compared
to TiN coatings [25,33]. The performance of TiAIN in a solid oxide
fuel cell (SOFC) environment has been studied and concluded that
TiAIN coatings were good candidates for SOFC interconnect appli-
cations at 700°C [34]. However, few reports have been presented
on the possibility of the coating used for PEM fuel cells.

In this study, the contact resistance (CR) and electrochemi-
cal properties of TiN-, CrN- and TiAIN-coated stainless steel 316L
(SS316L) deposited using PVD technology have been determined
in a simulated PEM fuel cell environment. The uncoated stainless
steel 316L (SS316L) substrate was used as a reference material.

2. Experimental details
2.1. Test specimen preparation

TiN and CrN coatings were deposited using a single elec-
tron beam PAPVD system (Tecvac IP70L) [25,30,31]. The TiAIN
coating was deposited using a twin electron beam PAPVD sys-
tem (Tecvac IP35L) [23]. The coating chemical compositions were
determined using glow discharge optical emission spectroscopy
(GDOES). The GDOES used a 1000 RF Jovin-Yvon spectrometer,
equipped with a 35-channel hemispherical monochromator. The
chemical compositions of TiN, CrN and TiAIN were Ti:N=50:50,
Cr:N=70:30 and Ti:Al:N=35:15:50, respectively [35]. These coat-
ings were deposited on mirror polished (Ra<0.1 wm) AISI 316L
stainless steel discs of 30 mm in diameter and 3 mm in thickness.
Uncoated AISI 316L stainless steel discs were also polished and
cleaned for use as a reference material.

2.2. Coating mechanical properties and structural
characterization

Coating thicknesses were measured by a cross-sectional scan-
ning electron microscope (SEM) observation. The crystalline
structure of the coatings was analyzed by X-ray diffraction (XRD)
which was performed on a Rigaku D/max 1200 X-ray diffractometer
in a 6-260 scan mode using CuKa radiation (30kV, 30 mA). Sam-
ples were scanned from 10 to 100° in 26, and the scanning step
was 0.02° in 26. A Hysitron Ub1 nanomechanical test system was
employed to measure hardness and reduced elastic modulus (E; ) of
the coated discs at a normal load of 4 mN using the Oliver and Pharr
analysis method [36]. The indenter used was a three-sided pyramid
Berkovich diamond with a tip radius of curvature of ~100 nm.

2.3. Contact resistance (CR)

The CR measurements were conducted on all coated and
uncoated stainless steel samples. The CR measurement method
used in this study was similar to that reported by Wang et al.
[9]. In this setup (Fig. 1), two pieces of conductive carbon paper
(Electrochem Inc.) were sandwiched between the steel sample
and two copper plates. A GOM-802 DC Mill-Ohm Omega meter
was used in a 4-wire measurement mode to measure the total
resistance drop through this setup with the increase in com-
paction force. The compaction force was applied using a manual

Copper plate
Carbon paper
Test specimen
Carbon paper

Copper plate

Fig. 1. Schematic of the contact resistance test setup.

test stand (Rima Spring tester). Before each measurement, the
copper plates were polished to remove the natural oxide film
using # 1200 ANSI grit SiC abrasive paper. The carbon paper was
only used once for each measurement test. The maximum com-
paction pressure applied in the CR test is 300Ncm~2 (3 MPa).
With this approach, the measured resistance (Ryy) consists of (a)
the bulk resistance of two flat carbon papers, 2Rcp; (b) the bulk
resistance of specimen (stainless steel substrate (Rss) with/without
PVD coatings (Rfjm))» Rs =Rss + (2Raim); (¢) two interfacial contact
resistances between flat carbon paper and test specimen, 2R¢p/rs;
(d) two interfacial contact resistances between copper plate and
flat carbon plate, 2Rcycp. Thus, the measured resistance can be
expressed as Rior =2Rcp + Rss + (2Rf1m ) + 2Repjrs + 2Rcy)cp- Since the
resistance of carbon paper (Rcp) and stainless steel substrate
(Rss) is very small (compared with the other resistances) and
therefore negligible, the measured resistance can be expressed
as Reol ~ 2Rgim + 2Reprs + 2Rcy)cp- The interfacial contact resistance
between carbon paper and copper plates (2R¢ycp) can be gained
by a calibration in which only one layer of carbon paper was
sandwiched between two copper plates. By deducting the Rcycp,
the contact resistance (R¢ = (Reot1 — 2Rcyjcp)/2) consisting of interfa-
cial contact resistance between carbon paper and test specimens
(Repjrs) and electrical resistance of coatings (Rgim ) can be obtained,
i.e, Rc =Rfim *+ RCp/RS'

2.4. Corrosion properties

The corrosion properties of uncoated and coated samples were
characterized by two electrochemical methods, namely poten-
tiodynamic and potentiostatic polarization tests. The tests were
conducted in a three-electrode system test unit with a platinum
counter electrode of 1 cm? and an Ag/AgCl, 3 M KCl electrode as the
reference electrode using a SP-150 Potentiostat (Biologic Science
Instruments) controlled by a computer. To simulate the aggres-
sive PEMFC environment, all the electrochemical characterizations
were performed in a 1M sulphuric acid solution at 70°C with H,
or O, purging to simulate the anodic and cathodic environments,
respectively.

In the potentiodynamic tests, the initial potential was —0.1V
vs. open circuit potential (OCP), and the final potential was 1.2V
vs. Ag/AgCl electrode. The scan rate was 1mVs~!. The calcu-
lated polarization resistance (Rp) gained from the potentiodynamic
polarization tests were used to evaluate the corrosion protection
characteristic since Ry is inversely proportional to the instanta-
neous interfacial reaction rates, i.e., corrosion rates.

The current density change under the simulated application
potentials in the simulated PEM fuel cell environments during
a period of time was monitored by the potentiostatic polariza-
tion technique. By this monitoring, the corrosion behaviors of
samples during the period of time under the simulated appli-
cation conditions can be observed since the current density is
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Table 1
Coating thickness, hardness and reduced elastic modulus.

Thickness (pm) Hardness (H/GPa) Reduced elastic
modulus
(E:/GPa)
TiN 2.0+ 0.2 25.5 £ 0.5 355.06 + 30.5
CrN 20+0.1 248 £1.0 283.17 £ 5.1
TiAIN 1.9 + 0.05 26.3 £3.0 29439 £5.2

proportional to corrosion rate. The potentiostatic polarization tests
were conducted for 4h at the anodic and cathodic conditions:
the applied potential was —0.1V vs. Ag/AgCl electrode with Hy
purging (anodic) and +0.6V vs. Ag/AgCl electrode with O, purg-
ing (cathodic). The surface morphologies of samples after corrosion
testing were observed using SEM with energy dispersive X-ray
analysis (EDX).

3. Results and discussion

3.1. Coating mechanical properties and structural
characterization

Fig. 2 shows the cross-sectional SEM micrographs of the TiN, CrN
and TiAIN coatings. All the coatings showed a dense microstructure
with a well-defined coating/substrate interface and had a similar
thickness of about 2 pm. Table 1 summarizes the measured coating
thickness, hardness and reduced elastic modulus for TiN, CrN and
TiAIN coatings on the SS316L substrate. The TiAIN coating exhibits
a somewhat higher hardness of 26.3 GPa than the TiN (25.5 GPa)
and CrN (24.8 GPa) coatings. TiN has the highest reduced elastic
modulus, ~355 GPa, while CrN and TiAIN coatings have a similar
reduced elastic modulus, about ~290 GPa.

Fig. 3 shows the XRD patterns of the coatings. In the XRD pat-
tern of the TiN coating (Fig. 3(a)), the main diffraction peaks are
(111),(200), (311) and (222). In the TiAIN coating (Fig. 3(a)),
the major diffraction peaks of (111) and (200) remain. With the
introduction of Al into the TiN structure, the intensity of the (311)
and (2 2 2) diffraction peaks declines. The XRD patterns show that
both the TiN and TiAIN coatings have a cubic TiN (B1 NacCl) struc-
ture and no hexagonal AIN (B4 wurtzite) structure. The CrN coating
(Fig. 3(b)) has an orthorhombic crystal structure, of which (110),
(101),(020)and (130) are the major CrN diffraction peaks, and a
3-CryN phase (inset in Fig. 3(b)).

3.2. Contact resistance (CR)

The contact resistance (Rc) results are shown in Fig. 4. The
inset in Fig. 4 is an expanded plot at compacting pressures in
the range 200-300 N cm—2. With increasing compaction pressure,
the resistance of the materials decreases rapidly at a low com-
paction pressure range (<70 N cm~2) and then decreases gradually
at higher compaction pressures. At a given compaction pressure,
the resistance increases in the order of TiAIN <CrN <TiN <SS316L.
For example, at a compaction pressure of 274.4 N cm~2, the contact
resistance of TiAIN, CrN, TiN and uncoated SS316L are 7.5, 21.8,
35.0 and 66.4 mS2 cm?, respectively. The uncoated stainless steel
sample has a higher contact resistance than the coated samples,
which can be attributed to the natural oxide passive layer on the
steel surface. The contact resistance of CrN coating appears to be
lower than that of the TiN coating, and the TiAIN coating shows
the lowest value in contact resistance. According to the band struc-
ture, strongly hybridized N 2p and Ti 3d orbitals contribute nine
valence electrons to the electrical conductivity of TiN [37]. The Al
atoms introduced into the TiN structure should generally give a
polar interphase resulting in metallic bonding between Ti-Al or
covalent bonding (Ti-N and Al-N) [38] and, therefore, lead to an

Fig. 2. Cross-sectional SEM micrographs of (a) TiN, (b) CrN and (c) TiAIN coatings.

increase in the electrical conductivity of the TiAIN coating com-
pared to the TiN coating. It has been reported that the electrical
resistance of TiN and TiAIN coatings are significantly affected by
the phase structure, N content and the defect density in the coat-
ings [37-39]. For instance, since AIN is a good electrical insulator,
the electrical conductivity of a TiAIN coating should be significantly
decreased if the hexagonal AIN (B4 wurtzite) structure is present
in a TiAIN coating. However, there was no AIN phase formed in the
TiAIN coating deposited in this study. The low contact resistance of
the CrN coating was due to the composition (i.e., 30% N) of the coat-
ing and the presence of two Cr nitride phases (i.e., CrN and Cr,N)
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Fig. 3. XRD patterns of coatings (a) TiN, TiAIN and (b) CrN. The peaks labelled “x”
originate from the 316L stainless steel substrate.

as shown in the XRD pattern of Fig. 3(b). A Cr,N phase is usually
electrically conductive. The CrN phase in this paper likely was a
substoichiometric CrNy (x < 1) phase which is often reported to be
metallic-like [40]. Alow CRvalue of CrN/Cr, N layer formed on Ni-Cr
base and Fe-base stainless steel alloys by thermal (gas) nitridation
has also been reported by Brady and co-workers [41-43].

3.3. Potentiodynamic polarization behavior

Fig. 5 shows the potentiodynamic polarization curves for TiN-,
CrN-, TiAIN-coated, and uncoated SS316L specimens in the sim-
ulated anodic and cathodic environments, i.e., with Hy purging
(Fig. 5(a)) and O, purging (Fig. 5(b)). The corrosion potential (Ecorr),
current density (icorr) and polarization resistance (Rp) obtained
by Tafel calculations for uncoated and coated SS316L are given
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-
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Compaction pressure, N.cm?

Fig. 4. Contact resistances for the coated and uncoated stainless steel samples.
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Fig. 5. Potentiodynamic polarization curves for TiN-, CrN-, TiAlN-coated and
uncoated stainless steel 316L samples in a 1 M sulphuric acid solution at 70°C with
(a) Hy purging and (b) O, purging.

in Table 2. The corrosion resistances in anodic (H, bubbled) and
cathodic (O, bubbled) environments increase in the order of
TiAIN <SS316L<CrN<TiN and TiAIN<TiN<CrN<SS316L, respec-
tively. The SS316L substrate shows a typical polarization curve of
passive metals in either H; or O, (Fig. 5(a and b)) bubbled environ-
ments with active, passive and transpassive regions. The corrosion
potential (Ecorr) in O, bubbled environment (—0.24V) is higher
than that of in Hp bubbled environment (—0.27 V) and corrosion
current density is about 7 times lower in O, bubbled environ-
ment than the H, bubbled one. This is not unexpected, because
stainless steel is more readily passivated in an O,-containing envi-
ronment and the passive layer formed is more stable and thicker
than in a H,-containing environment [ 16]. For the TiN-coated sam-
ple, the corrosion potential is higher in an O, bubbled environment
(-0.34V) than in a H, bubbled environment (—0.38V) but the
corrosion current density is higher in the O, environment. The
polarization resistance of TiN is 20 times higher in a H,-purged
environment than in O,-purged environment. The effect of gas
purging is not significant for the CrN coating and the corrosion
current density and corrosion potential are similar in both environ-
ments. The TiAIN-coated material has a similar corrosion potential
in either a Hy or an O, environment but a higher corrosion current
density in a H, environment than in an O, environment (Table 2).
For the CrN and TiAIN coatings, the polarization corrosion resis-
tances in the simulated cathodic environment are 2 and 11 times
higher than those in an anodic environment.

From the potentiodynamic polarization curves (Fig. 5), at the
anode application potential (Ep), i.e., —0.1V vs. Ag/AgCl electrode,



3818 L. Wang et al. / Journal of Power Sources 195 (2010) 3814-3821

Table 2
Potentiodynamic polarization parameters of uncoated and coated SS316L in a 1 M H, S04 solution with either H, or O, purging.
Ba (V/dec) Bc (V/dec) Ecorr (V) fcorr (LA cm~2) Rp (2cm?)
SS316L H, 0.075 0.093 -0.27 20.2 893.63
0, 0.048 0.064 -0.24 1.90 6276.56
TiN H; 0.14 0.11 -0.38 4.07 6580.49
0, 0.057 0.036 -0.34 31.50 304.55
CrN H, 0.011 0.0096 -0.32 1.41 1580.70
0, 0.021 0.025 -0.34 1.31 3787.93
TIiAIN H, 0.027 0.032 -0.36 317.00 20.09
0, 0.018 0.020 —-0.36 18.6 221.45

Note: Ba, Be, Ecorr, icorr, and Ry, are the Tafel slopes of the anodic and cathodic reactions, the corrosion potential, corrosion current density and polarization resistance,

respectively.

the SS316L is in the passive state. However, since the primary pas-
sive potential (Epp) is —0.15V, which is very close to the anode
application potential (Eap), the current density of SS316Lat —0.1 Vis
still very high at 1.53 x 10~ Acm~2. The Epp, in the anodic environ-
ment of coatings TiN, CrN and TiAIN are —0.26, —0.23 and —-0.17V,
respectively. Thus, at the E,p, the TiN-, CrN- and TiAIN-coated mate-
rials are all in a passive state, with corrosion current densities of
1.04 x 107>, 2.10 x 107>, and 3.96 x 10~2 Acm~2, correspondingly.
At the cathodic environment (Fig. 5(b)) and cathodic application
potential (Ecp =+0.6 V vs. Ag/AgCl electrode), the uncoated and TiN-
, CrN-, TiAIN-coated specimens are all in the passive state (Fig. 5(b))
and the current densities are 1.0 x 107>, 1.16 x 1074, 5.24 x 10>,
and 1.69 x 102 Acm~2, respectively. At the simulated anodic con-
ditions, the current density of CrN is higher than that of TiN but in
the same order of magnitude (10~ Acm~2), which is one order of
magnitude lower than that of uncoated SS316L. In the simulated
cathodic conditions (Fig. 5 (b)), uncoated SS316L has the lowest
corrosion current density and the CrN coating has a lower current
density than the TiN coating.

The potentiodynamic corrosion tests indicate that R, values of
uncoated and coated SS316L are affected significantly by the O,
or H, environment. The good corrosion protection performance of
uncoated SS316L is attributed to a passive Cr-oxide layer on the
sample surface and an O, environment can accelerate the forma-
tion of a thick Cr-oxide layer, thus, SS316L has a higher Rp in an O;
environment than in H, environment. This same reason can also be
used to explain the higher R, in an O, environment than in H, envi-
ronment for CrN. However, unlike CrN, the passive film on the TiN
coating is an oxynitride (Ti-O-N) compound [44] which gradually
dissolved during the corrosion tests. The oxynitride might allow
rapid diffusion of oxygen, which could accelerate the oxidization
of TiN in the O, environment and deteriorate the coating structure.
Thus, in the O, environment, the TiN-coated material showed a
lower corrosion resistance than in a H, environment.

3.4. Potentiostatic measurements

Fig. 6(a) and (b) shows the potentiostatic polarization curves at
—0.1V vs. Ag/AgCl electrode in a Hy-purged solution and +0.6V
vs. Ag/AgCl electrode in an O,-purged solution, respectively. In
the anodic environment (Fig. 6(a)), SS316L shows a slight increase
in the anodic current density during the first 0.5h then becomes
stable and finally reaches 145 wAcm~2 at the end of the test. At
the beginning stages (within the first 19 min), the TiN- and CrN-
coated materials show lower polarization current densities than
the uncoated stainless steel (Fig. 6(a)) at —0.1V vs. Ag/AgCl elec-
trode which is consistent with the potentiodynamic polarization
curves (Fig. 5(a)). For example, at the 10-min test time, the polar-
ization current densities of TiN, CrN and SS316L are 1.04 x 10~2,
1.79 x 10> and 5.18 x 10~> Acm™2, respectively. However, after
about 35 min test time, the current densities of the TiN- and CrN-

coated materials are higher than that of uncoated stainless steel
and reach up to 0.01 Acm~2 magnitude. TiAIN coating is rapidly
corroded in the simulated anode test environment and the corro-
sion current density increases from the 10~4 to the 10-2 Acm~2
magnitude.

The potentiostatic polarization curves in the simulated cathodic
environment, i.e., +0.6V application potential and oxygen purg-
ing, are shown in Fig. 6(b). Compared with the curves for tests
in the anodic environment (Fig. 6(a)), the current densities of all
the materials in the cathodic environment are much lower. At
the early period (about 45 min), the current densities are in the
order of SS316L<CrN<TiN<TiAIN which is consistent with the
potentiodynamic corrosion test results (Fig. 5(b)). After 45 min test
time, the polarization current density of CrN-coated and uncoated
SS316L are similar at about 1.1 wA cm—2. The current density of TiN
(18.0 wA cm—2) is higher than those of CrN coating and SS316L. The
TiAIN coating, in the initial stages, has a similar current density to
the TiN coating, whereas the current density gradually increases
with time and reaches 0.001 Acm~2 at the end of test, which is two
and three orders of magnitude higher than that of the CrN and TiN
coatings.
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Fig. 6. Potentiostatic polarization behaviors of TiN-, CrN-, TiAIN-coated and
uncoated stainless steel 316L at (a) —0.1V vs. Ag/AgCl reference electrode with H;
purging and (b) +0.6V vs. Ag/AgCl reference electrode with O, purging in a 1M
sulphuric acid solution at 70°C for 4 h.
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Fig. 7. SEM micrographs of (a and b) uncoated, (c and d) TiN-, (e and f) CrN- and (g and h) TiAIN-coated stainless steel 316L after potentiostatic polarization corrosion test
in the simulated (a, ¢, e, and g) anodic and (b, d, f, and h) cathodic environments. The insets in (c) and (e) are the low magnification images of surfaces to show one pitting
hole on the corresponding surface and the inset in (d) is the magnified image of (d) to show the corroded surface.

Fig. 7(a and b) shows the SEM micrographs of the surface of
uncoated stainless steel after potentiostatic polarization testing in
the anodic and cathodic conditions, respectively. In the anodic envi-
ronment (Fig. 7(a)), pits and etched grain boundaries can be clearly

observed. After testing in the cathodic environment (Fig. 7(b)), cor-
rosion occurs not only at the grain boundaries but also all over
the surface and some brown corrosion products are present. For
both the TiN and CrN coatings after potentiostatic polarization test-
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ing in the anodic environment (Fig. 7(c and e) respectively), there
was a large pit in the corroded area though no corrosion or corro-
sion deposits was observed at the other regions of the corrosion
test area. These observations imply that in the anodic conditions,
the corrosion initiated at some specific location, such as a pin-
hole in the coating structure, which were formed during the PVD
deposition processes. Around the initial corrosion spot, the coating
cracked and spalled off due to the adhesion failure along the coat-
ing/substrate interface. With an increase in exposure time, a large
pit gradually formed. For the TiN and CrN coatings in the cathodic
environment (Fig. 7(d and f)), no pits or corrosion deposits were
observed but general overall corrosion had taken place (the inset
in Fig. 7(d)). Thus, the TiN and CrN coatings can protect the stain-
less steel from corrosion at the anode application potential since
the corrosion current density of the coatings is lower than that of
the uncoated stainless steel as shown in both the potentiodynamic
polarization test (Fig. 5(a)) and at the early stages of the potentio-
static corrosion tests (Fig. 6(a)). However, any pinholes existing in
the corrosion test area of TiN and CrN coatings can provide a site for
enhanced local corrosion. After some period of testing, the stain-
less steel substrate began to corrode at the pinhole site. Based on
the potentiodynamic polarization corrosion curves (Fig. 5(a)), the
stainless steel substrate exhibited a higher current density than the
TiN- and CrN-coated materials in the anodic environment (anode
application voltage: —0.1V vs. reference electrode in H, bubbled
environment). Thus, in the anodic environment, accelerated and
localized corrosion would occur at pinhole sites due to the small
exposed surface area of the stainless steel substrate within the pin-
holes. However, in the cathodic environment (cathode application
voltage: +0.6 V vs. reference electrode in O, bubbled environment),
the substrate stainless steel had a lower corrosion current density
than the TiN and CrN coatings based on the potentiodynamic polar-
ization corrosion tests at simulated cathodic conditions (Fig. 5 (b)).
The large surface areas of the coatings, which have less corrosion
resistance than stainless steel in the cathodic environment, would
exhibit general corrosion instead of the localized corrosion. Thus, at
the cathodic conditions, the negative effect of pinholes in the coat-
ings on the corrosion resistance is minor. Moreover, the cathodic
environment also provided a better passivation ability compared
with the anodic environment. Since a passive Cr-oxide layer on the
CrN coating is believed denser than a passive Ti oxide layer on the
TiN coating [45], the CrN coating is superior to the TiN coatings in
both anodic and cathodic environments.

Fig. 7(g and h) shows that the TiAIN coating has the worst cor-
rosion resistance under the potentiostatic test conditions. In the
simulated anodic conditions (Fig. 7(g)), after about 40 min potentio-
static testing, the current density reaches 0.1 Acm~2 and the TiAIN
coating almost disappeared and the stainless steel substrate was
exposed. In the cathodic conditions (Fig. 7(h)) after 4 h potentio-
static testing, several large pits could be observed even by the naked
eye.

The TiAIN coating exhibited the poorest corrosion properties in
the simulated PEM fuel cell conditions in both the potentiodynamic
and potentiostatic polarization corrosion tests. The poorer corro-
sion resistance of TiAIN compared to TiN in acid solution has also
beenreported by Lietal.[33]. At the TiAIN coating surface, a Ti-Al-O
layer exists naturally, and this layer may readily be dissolved in a
sulphuric acid solution. Therefore, unlike the situation for cutting
tool applications, where the TiAIN coating has a higher hardness
and improved high temperature oxidation resistance compared to
a TiN coating, the partial replacement of Ti with Al in the cubic TiN
structure likely degrades the corrosion resistance of the coating
in the simulated PEMFC conditions. The inferior corrosion prop-
erty may be due to the fact that the chemical composition of the
TiAIN coatingin this studyis Ti:Al:N =35:15:50(at.%) and no the AIN
phase exists in the coating. However, a TiAIN coating with different

chemical composition and phase structure could exhibit different
electrochemical behavior.

Compared with the stainless steel 316L, the CrN-coated mate-
rial has a better corrosion resistance in the anode environment
based on potentiodynamic polarization corrosion tests and a sim-
ilar corrosion resistance in the cathodic environment as shown
in potentiostatic corrosion tests. Given that the contact resistance
of the CrN-coated SS316L is significantly lower than that of the
uncoated SS316L reference material, the PVD CrN-coated SS316L
could be used as an alternative bipolar plate material which would
have both a low contact resistance and high corrosion resistance.

Generally speaking, this study provided a better understand-
ing of PVD coatings performance in simulated anodic and cathodic
environments of PEMFCs and, as a result, some new directions
for future research on PVD coatings can be suggested. As well as
developing new coating materials, eliminating pinholes will be
among the most critical tasks, particularly for coatings applied to
the anodic bipolar plates. EBPVD is usually considered as a bet-
ter coating deposition process than either magnetron sputtering
or cathodic arc PVD in terms of coating smoothness and density.
Fewer pinholes are also produced in EBPVD coatings, compared to
the coatings prepared by magnetron sputtering and cathodic arc
deposition processes [46]. More attention should be paid to the
cleanliness of the substrates before coating and the contamina-
tion in the vacuum chamber to help avoid pinhole formation. An
interrupted coating process, or multilayered coatings, may “dis-
connect” the pinholes and prevent through-coating pinholes. A
CrN/TiN multilayered coating may be able to synergistically com-
bine their advantages (i.e., TiN is better as an anode and CrN is better
as a cathode material) for a universal coating that has superior
performance as both anodic and cathodic electrodes.

4. Conclusions

Both the EBPVD TiN based (TiN and TiAIN) coatings exhibit a
NaCl-typed phase structure. The CrN coating has an orthorhombic
CrN crystal structure with an amount of the 3-Cr, N phase. Although
the TiN coating had the highest elastic modulus, the TiAIN coating
had the highest hardness among those three coatings. The order of
the contact resistance (CR) is TIAIN < CrN < TiN < SS316L.

The potentiodynamic polarization corrosion test results showed
that the O, and H; environments significantly affected the polar-
ization characteristics of all coatings and uncoated SS316L. The
SS316L, CrN- and TiAIN-coated samples have a higher corro-
sion resistance in the cathodic environment (with O, purging)
than in the anodic environment (with H, purging). On the other
hand, the TiN coating has a higher corrosion resistance in the
anodic environment than in the cathodic environment. The rank-
ing for corrosion resistance in H, or O, bubbled environments was
TiN>CrN>SS316L>TiAIN and SS316L>CrN>TiN > TiAIN, respec-
tively, based on the potentiodynamic polarization corrosion tests.

The potentiostatic corrosion tests show that in the simulated
anodic conditions (—0.1V vs. Ag/AgCl electrode), both TiN and
CrN have a lower corrosion current density than SS316L, but with
increasing test time, the current density increases because corro-
sion has been initiated at pinholes in the coatings. In the simulated
cathodic conditions, since the SS316L substrate at the pinhole sites
can be readily passivated, and thus provide higher corrosion pro-
tection, the negative effect of pinholes in the coatings is minor. TiN
has a higher corrosion current density than SS316L in the cathodic
test conditions, whereas, the CrN coating shows a similar value
to SS316L. The electrochemical test results indicate that the TiAIN
coating prepared in this work has the poorest corrosion resistance
in environments simulating operations in PEM fuel cells.

Since the EBPVD CrN coating has a low contact resistance and
high (in the anodic environment) or similar (in the cathodic envi-



L. Wang et al. / Journal of Power Sources 195 (2010) 3814-3821 3821

ronment) corrosion resistance, compared with the SS316L, the
CrN-coated material can be used as an alternative bipolar plate
material. The EBPVD process greatly reduced number of pinholes
existing in the coatings compared to other PVD processes but more
research work is required to help eliminate pinholes for the long-
term durability of such coatings for PEM fuel cell applications.
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