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bstract

In order to reduce the cost, weight and volume of the bipolar plates, considerable attention is being paid to developing metallic bipolar plates to
eplace the non-porous graphite bipolar plates that are in current use. However, metals are prone to corrosion in the proton exchange membrane
PEM) fuel cell environments, which decreases the ionic conductivity of the membrane and lowers the overall performance of the fuel cells. In
his study, TiN was coated on SS316L using a physical vapor deposition (PVD) technology (plasma enhanced reactive evaporation) to increase the
orrosion resistance of the base SS316L. X-ray diffraction (XRD), scanning electron microscopy (SEM) and electrochemical methods were used
o characterize the TiN-coated SS316L. XRD showed that the TiN coating had a face-centered-cubic (fcc) structure. Potentiodynamic tests and
lectrochemical impedance tests showed that the corrosion resistance of SS316L was significantly increased in 0.5 M H2SO4 at 70 ◦C by coating
ith TiN. In order to investigate the suitability of these coated materials as cathodes and anodes in a PEMFC, potentiostatic tests were conducted
nder both simulated cathode and anode conditions. The simulated anode environment was −0.1 V versus SCE purged with H2 and the simulated

athode environment was 0.6 V versus SCE purged with O2. In the simulated anode conditions, the corrosion current of TiN-coated SS316L is
4 × 10−5 A cm−2, which is lower than that of the uncoated SS316L (about −1 × 10−6 A cm−2). In the simulated cathode conditions, the corrosion

urrent of TiN-coated SS316L is increased to 2.5 × 10−5 A cm−2, which is higher than that of the uncoated SS316L (about 5 × 10−6 A cm−2). This
s because pitting corrosion had taken place on the TiN-coated specimen.

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

With escalating oil prices and increasing environmental con-
erns, increasing attention is being paid to the development of
uel cells [1–9]. Fuel cell technology is cleaner, quieter, and
ore efficient when compared to internal combustion engines

3]. Proton exchange membrane (PEM) fuel cells are regarded
s one of the most promising of the fuel cell types for station-
ry and transportation applications because they operate at low
emperatures and allow for rapid start-up [10].

Currently, the non-porous graphite bipolar plates are mainly

sed because of their chemical and thermal stability. They
ccount for the major portion of the total price, weight and vol-
me of the fuel cell stacks [11]. There is increasing interest
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eing shown to replace the non-porous graphite bipolar plates
ith metallic bipolar plates and thereby generate weight and cost

avings [12]. A number of metallic materials have been investi-
ated including aluminum [13], stainless steel [14,15], titanium
16], nickel [16,17] and a copper alloy [18,19]. However, stain-
ess steel is the only material to have received considerable
ttention in the non-coated condition [12]. Even for the more
orrosion-resistant metallic materials, some researchers [20,21]
ave reported that metal ions, such as those produced by corro-
ion of metallic materials, can migrate to the membrane and
hat levels as low as 5–10 ppm can degrade the membrane
erformance. Furthermore, any corrosion layer that is formed,
ill lower the electrical conductivity of the bipolar plates, and

hereby increase the potential loss because of a higher electrical

esistance.

Physical vapor deposition (PVD) is one of the most promis-
ng coating technologies and is widely used for the improvement
f the mechanical and corrosion properties of metallic materials

mailto:dnorthwo@uwindsor.ca
dx.doi.org/10.1016/j.jpowsour.2006.12.034


294 Y. Wang, D.O. Northwood / Journal of Power Sources 165 (2007) 293–298

Table 1
Chemical composition of 316L stainless steel (wt%)

Metal C Cr Ni Mo Mn P S Si Cu N Fe
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intensity ratio I1 1 1/I2 0 0 is 0.72. However, the intensity ratio
I1 1 1/ I2 0 0 for our samples was about 2. Thus, the growth ori-
entation of the TiN was mainly in the 〈1 1 1〉 direction, which
is consistent with the findings of other researchers [30,31]. The
S316L 0.021 16.32 10.54 2.12 1.82

22]. TiN coatings have been used in many applications, e.g.
utting tools, because of their high wear resistance, hardness
nd low friction coefficient characteristics [23]. TiN coatings
lso have potential application to metallic bipolar plates because
f TiN’s excellent corrosion resistance and metal-like electri-
al conductivity [24]. However, little attention has been paid
o determining the corrosion performance of TiN coatings on
metallic substrate under actual PEM fuel cell working condi-

ions. In this study, TiN was coated on an austenitic stainless
teel (316L) using a PVD technology and the electrochemi-
al characteristics were determined in simulated PEM fuel cell
nvironments. The results are compared with some earlier work
n TiN-coated 410 stainless steel [25]. 410 stainless steel is a
artensitic stainless steel: martensitic stainless steels are chosen

or mechanical strength and their corrosion resistance is lower
han other grades of stainless steel [26,27].

. Experimental details

.1. PVD coating and electrode preparation

SS316L was chosen as the base material because of its good
orrosion resistance. It is generally recognized that the austenitic
tainless steels have superior corrosion resistance to other grades
f stainless steel such as the ferritic or martensitic [26]. 316SS
s one of the more corrosion resistant austenitic stainless steels
ecause of its higher Ni content (10.5 wt%) and the addition of
o. The 316L grade with its very low C content (0.02 wt%) is

lso less sensitive to depletion of Cr at the grain boundaries due
o carbide precipitation, which can lead to a decrease in corrosion
esistance [26,27]. The chemical analysis of the SS316L used in
his study is given in the Table 1. The coating process for TiN
as plasma enhanced reactive evaporation which is commonly
sed in such commercial operations as turbine refurbishing.

.2. Characterization of TiN coatings

The coated samples were examined both by X-ray diffraction
XRD) using a Philips X-ray diffractometer and by scanning
lectron microscopy (SEM) [JEOL JSM-5800LV].

.3. Electrochemistry

Potentiodynamic and potentiostatic tests were used to ana-
yze the corrosion characteristics of both uncoated and coated
S316L. Potentiodynamic tests were used to measure the polar-
zation resistance of uncoated and coated SS316L at high (70 ◦C)
emperatures. The electrolyte was a 0.5 M sulphuric acid solu-
ion. In order to simulate the working conditions of a PEMFC,
otentiostatic tests were conducted under the following con-

F
(

0.029 0.01 0.58 0.47 0.03 Balance

itions: at the anode, the applied potential was −0.1 V versus
CE purged with H2 and at the cathode, the applied potential
as 0.6 V versus SCE purged with O2 [28]. A Solartron Electro-

hemical Interface (S1 1287) was used for the electrochemical
mpedance spectroscopy (EIS) measurements. The impedance

easurements were made at the open circuit potential and the
erturbation amplitude was 10 mV. The applied frequencies
anged from 1 M to 10−1 Hz and the data were analyzed by
view software.

. Results and discussion

.1. XRD for the uncoated and TiN coated SS316L

Fig. 1 presents the XRD results for (a) the uncoated and (b)
iN-coated SS316L. Both the SS316L and TiN have a FCC
tructure. Comparing Fig. 1a and b, we can see that there are
o SS316L peaks for the coated sample since the penetration
epth of the X-rays is less than the thickness of the TiN coating.
he (1 1 1)TiN diffraction peak is the strongest. In the standard
iN diffraction pattern [29] (2 0 0) is the strongest peak and the
ig. 1. XRD patterns for uncoated and coated SS316L (a) uncoated SS316, and
b) coated SS316.
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Fig. 2. TiN coated SS316L (a) TiN coating surface (secondary electron image), and
image).
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ig. 3. Potentiodynamic tests for uncoated and TiN-coated SS316L at 70 ◦C.

RD pattern for the TiN-coated sample also confirms that the
oating is composed solely of FCC structure.

.2. SEM characterization of TiN coatings

Fig. 2 are SEM micrographs of the TiN coatings on the
S316L surface. Fig. 2a shows that TiN has a ‘dented’ appear-
nce, due to the columnar growth of the TiN during the coating
rocess. Fig. 2b is a cross-sectional view of the TiN coating,
hich is 15 �m thick. It is evident from Fig. 2b that the coat-

ng is multilayered. This layering has arisen because of regular
odulation of the N2 flow and irregular oscillations of the Ti

rom the e-beam pool during the commercial coating process.
hese layers overlap and result in an irregular structure.
.3. Potentiodynamic testing

Fig. 3 presents the potentiodynamic results for uncoated and
oated SS316L. The open circuit potential of the base SS316L

c
(
t
T

able 2
olarization parameters of uncoated and coated SS316L in a 0.5 M sulphuric acid sol

etal βa (V) βc (V)

ncoated SS316L 0.055 0.074
oated SS316L 0.224 0.026
(b) cross-sectional view of TiN coating on SS316L (back-scattered electron

s −0.26 V versus SCE. However, the open circuit potential of
he TiN-coated SS316L increased to 0.16 V versus SCE. Thus,
he increased potential retards corrosion of the base SS316L.
omparing the two curves in Fig. 3, we can see that the base
S316L shows a typical potentiodynamic curve for an austenitic
tainless steel, in that it is divided into three regions, namely
ctive, passive and transpassive. However, the corrosion curve
or TiN-coated SS316L has no visible transpassive region. In
ur earlier study of another TiN-coated stainless steel [25],
he base martensitic stainless steel (SS410) did not exhibit a
assive region at 70 ◦C, However, the TiN-coated SS410 had
lmost the same polarization curve as shown here for TiN-coated
S316L. Based on the linear polarization data, we can obtain

he polarization resistance of uncoated and coated SS316L at
0 ◦C:

p = βaβc

2.3icorr(βa + βc)
(1)

here βa, βc, icorr, and Rp are the Tafel slopes of the anodic and
athodic reactions, the corrosion current density and polarization
esistance, respectively [32].

From Table 2, we can see that the polarization resistance of
iN-coated SS316L is increased by about 30 times, and the cor-
osion rate is decreased by about 40 times, by coating with TiN.
hese results are consistent with those for TiN-coated SS410

eported in our earlier paper [25].
Fig. 4 presents SEM micrographs for both uncoated and TiN-
an see that the uncoated SS316L corrodes by grain boundary
intergranular) corrosion. However, from Fig. 4b, we can see
hat there is no evidence of grain boundary corrosion for the
iN-coated SS316L.

ution at 70 ◦C

Ecorr (V) icorr (�A cm−2) Rp (� cm2)

−0.268 40.318 340
0.160 1.020 9930
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b) TiN
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SS316L to become negative. Thus, in the first 50 s, SS316L
can corrode in the simulated anode environment. The corro-
sion current density of TiN-coated SS316L is negative at all
Fig. 4. SEM micrographs for (a) uncoated, and (

.4. Impedance tests

Fig. 5 presents the EIS spectra for uncoated and TiN-coated
S316L. Comparing the two curves in Fig. 4, we can see that

he impedance value for TiN-coated SS316L is much higher than
hat for the uncoated SS316L over the complete curve. This is
onsistent with the values for the polarization resistance that
ere obtained in the potentiodynamic tests.

.5. Potentiostatic testing in simulated anode and cathode
onditions

In actual PEMFC working conditions, the anode is at a poten-
ial of about −0.1 V versus SCE and the cathode is at a potential
f about 0.6 V versus SCE [28]. Because the open circuit poten-
ials of uncoated and TiN-coated SS316L are −0.26 V versus
CE and 0.16 V versus SCE, respectively, the simulated anode
otential is anodic to uncoated SS316L and cathodic to TiN-
oated SS316L. The simulated cathode potential is anodic to
oth uncoated and TiN-coated SS316L. Under these PEMFC
onditions, any corrosion that takes place is not the same as the
ree potential corrosion. In order to study the corrosion behavior

f metallic bipolar plates in actual PEMFC working conditions,
otentiostatic tests were conducted at −0.1 V versus SCE purged
ith H2 to simulate the anode working conditions and at 0.6 V
ersus SCE purged with O2 to simulate the cathode working

ig. 5. Electrochemical impedance spectra for the uncoated, and TiN-coated
S316L.

F
c

-coated SS316L after potentiodynamic testing.

onditions. The test results are shown in Fig. 6, for both the
imulated cathode and anode conditions.

From Fig. 6a, which is the simulated anode working condi-
ions, we can see that the current density of the uncoated SS316L
tabilizes at about −1 × 10−5 A cm−2. For the TiN-coated sam-
les, the current density stabilizes at about −4 × 10−5 A cm−2.
his implies that H+ ions can form H2 more easily on the TiN-
oated surface because TiN has a more positive potential than
S316L. Also, the corrosion current of TiN-coated SS316L
ecame negative immediately after the start of the experiments.
owever, it took about 50 s for the corrosion current for the base
ig. 6. Potentiostatic tests for the uncoated and TiN-coated SS316L in simulated
athode conditions (a) anode side, and (b) cathode side.
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Fig. 7. SEM micrographs for the coated SS316L after potentiostatic tests in

imes. This negative current provides cathodic protection for
oth the uncoated and TiN-coated SS316L. Therefore, the TiN-
oated SS316L undergoes no corrosion in the simulated anode
nvironment of PEM fuel cells.

Fig. 6b presents the potentiostatic test results for the sim-
lated cathode working conditions. For uncoated samples, the
urrent density is 8 × 10−6 A cm−2, and for the coated samples,
he current density stabilizes at about 2.5 × 10−5 A cm−2. It is
omewhat surprising that the corrosion current density increased
y a factor of about three after coating with TiN. This is because
he base SS316L is in the passive region in the simulated cathode
nvironment. Also, the thin TiN coatings, such as those produced
y plasma enhanced reactive evaporation, are not ‘perfect’ and
ypically contain defects such as pinholes which can give rise
o pitting corrosion [31,33,34]. The incidence of these pinhole
efects can potentially be reduced through modification of the
rocessing parameters for the plasma enhanced reactive evap-
ration. Such processing parameter modification would lead to
hanges in the thickness and chemistry of the TiN-layer. An
lternative approach is the use of direct nitriding process, such
s plasma nitriding, to produce a dense nitrogen-rich austenitic
ayer on the surface of the stainless steel [35].

Comparing the present results for TiN-coated SS316L with
hose for TiN-coated SS410 in our earlier work [25], we find
hat the corrosion current density for the two materials is almost
he same at the simulated cathode side. However, the corrosion
urrent density is of opposite sign at the simulated anode side:
he corrosion current density of TiN-coated SS316L is negative,
hereas the corrosion current density of TiN-coated SS410 is
ositive. This is because of the different open circuit potentials
OCP) of the two stainless steels. The OCP of SS316L is about
0.25 V, whereas the OCP of SS410 is about −0.5 V. Our earlier

esearch [36] has demonstrated that H+ ions more readily form
2 on the SS316L surface rather than corrosion taking place.

.6. SEM examination of coated SS316L surfaces after
otentiostatic tests in simulated anode and cathode

onditions

Fig. 7 presents the SEM micrographs of TiN coated SS316L
fter potentiostatic testing in the simulated PEM fuel cell work-

T
S
(
N

mulated anode and cathode conditions (a) anode side, and (b) cathode side.

ng environments. From Fig. 7a, we can see that there is no
vidence of corrosion at the anode side. However, there is pit-
ing corrosion at the cathode side. So, if TiN-coated SS316L,
abricated using plasma enhanced reactive evaporation, is used
s the bipolar plates of PEMFCs, there will be corrosion
roblems at the cathode. Methods should be developed to pro-
uce improved, i.e. defect-free, TiN coatings to prevent pitting
orrosion.

. Conclusions

TiN was successfully coated on SS316L and the coatings
ere about 15 �m thick. The open circuit potential of the TiN-

oated SS316L increased to 0.16 V versus SCE from −0.26 V
ersus SCE for the base SS316L. The TiN-coating increased
he polarization resistance by a factor of 30 and reduced the
orrosion current density by a factor of 40. EIS showed that
he electrochemical impedance of TiN-coated SS316L was
onsiderably higher than for uncoated SS316L, which is con-
istent with the polarization resistance measurements from the
otentiodynamic tests. In the simulated anode environment, the
orrosion current density of TiN-coated SS316L immediately
ecomes negative, which would provide cathodic protection
o the metallic bipolar plates. In the simulated cathode envi-
onment, the TiN-coating increased the measured corrosion
urrent density because of the presence of pitting corrosion.
herefore, the cathode side will have corrosion problems if
iN-coated SS316L is used for the bipolar plates of PEM fuel
ells. Improved TiN coatings, which do not contain defects
uch as pinholes, are required if TiN-coated SS316L is to be
sed to fabricate bipolar plates, particularly for use the cathode
nvironment.
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