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A B S T R A C T

To meet the needs of corrosion resistance and electrically conductivity for metallic bipolar plates that are em-
ployed in proton exchange membrane fuel cells (PEMFCs), a TiSiN nanocomposite coating was fabricated on to a
Ti–6Al–4V substrate using reactive sputter-deposition through the double cathode glow discharge plasma
technique. The microstructure of the TiSiN coating comprised nanocrystallite TiN grains embedded in an
amorphous Si3N4 matrix. Electrochemical measurements were employed to investigate the corrosion behavior of
the TiSiN coating in the simulated operating environments of a PEMFC, specifically 0.5MH2SO4 solution con-
taining different HF concentrations (namely 2, 4 and 6 ppm) at 70 °C pumped with H2 at the anode and air at the
cathode. With increasing HF concentration, a higher corrosion current density and lower corrosion potential
were observed from both the coating and the uncoated substrate, indicating that the addition of HF accelerated
their corrosion rates under these conditions. Compared to the uncoated substrate, the TiSiN coating showed a
markedly higher corrosion resistance at all HF concentrations. The passive film that formed on the TiSiN coating,
with a resistance of the order of magnitude of ~107 Ω cm2, displayed good electrochemical stability and was less
affected by changes in HF concentration. For the TiSiN coating, the values of interfacial contact resistance (ICR)
were 14.7mΩ cm−2 and 18.3mΩ cm−2, respectively, before and after 2.5 h potentiostatic polarization with
6 ppm HF under cathodic conditions under a compaction pressure of 140 N cm−2. Both values are much lower
than those for the bare substrate. Moreover, the TiSiN coating was shown to improve the hydrophobicity of
Ti–6Al–4V that would help facilitate water management in the PEMFC operating environment. This coating,
which exhibited excellent corrosion resistance, electro-conductivity and hydrophobicity, is therefore a promising
material for protecting metallic bipolar plates from corrosive attack.

1. Introduction

To meet the ever increasing demands for clean energy, much at-
tention has been devoted to fuel cells that convert chemical energy into
electricity without the generation of pollution and mechanical noise
[1]. Amongst the different types of fuel cells available, the proton ex-
change membrane fuel cell (PEMFC) exhibits commercial potential for
applications in electric vehicles and portable power. This is brought

about mainly by its unique operating capabilities, including high-power
density, low-emission, fast start-up and low temperature of operation
[2–4]. As the biggest contributor to the weight and cost of PEMFC
stacks, bipolar plates are capable of performing several key functions in
the fuel cell, including providing structural support for the cell stack,
separating and distributing fuel gas and oxygen over the active areas of
the cells, facilitating management water and heat generated and con-
ducting electric currents from cell to cell [5,6]. In the PEMFC stacks, the
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bipolar plates are always in contact with the gas diffusion layer (GDL)/
membrane electrode assembly (MEA). When the PEMFC system is
running, these bipolar plates are exposed to a hostile operating en-
vironment containing anions such as SO42−, HSO4−, HCO3− and F−,
etc., which originate from the dissolution of membrane and the MEA
[7].

Candidate materials for bipolar plates should have good electrical
conductivity to minimize electrical losses, high corrosion resistance to
reduce the chemical damage to the proton exchange membrane during
operation and good hydrophobicity to eliminate redundant water pre-
sented in the PEMFC stack [8,9]. In terms of chemical stability and
electrical conductivity graphite-based composites have been commonly
used for the current generation of bipolar plates. However, such ma-
terials present several demerits including high manufacturing cost, in-
adequate mechanical strength and relatively high gas permeability
[10]. To address these problems, metallic bipolar plates made from, for
example, stainless steel or Ti, Al and Ni based alloys, have been con-
sidered [11–14]. Among them, Ti alloys offer many advantages over
other alloys since they exhibit higher specific strength and superior
chemical stability in highly acidic environments [12].

Unfortunately, metallic bipolar plate materials are affected by sur-
face electrochemical corrosion under the harsh acidic and humid op-
erating conditions of the PEMFC [7]. Chemical attack of metallic bi-
polar plates often releases metal cations and the formation of a passive
oxide layer, poses a challenge for commercial application. For example,
the dissolved metal ions, especially at the anode, can diffuse to proton
exchange sites, which poison the catalysts in the MEA and reduce
proton transfer rate, thereby degrading long-term membrane perfor-
mance [15,16]. On the other hand, although passive oxide films may
retard corrosion of metallic bipolar plates, these non-conductive films
may increase the interfacial contact resistance between the bipolar
plate and the adjacent graphite electrode backing layer, thereby in-
creasing potential loss [17]. Therefore, the surface characteristics of
metallic bipolar plates are critical for improving the performance of a
PEMFC.

To resolve issues pertaining to corrosion and contact resistance,
many attempts have been made by employing a range of diverse surface
modification techniques to develop robust coatings to combat surface
degradation in corrosive PEMFC's environments [18]. As such, coated
metallic bipolar plates can be designed to take advantage of the com-
bination of the merits of both metal substrate and the inert, yet elec-
trically conductive, coating. As a common transition metal nitride, TiN
has been extensively applied as a hard and protective coating to im-
prove the working performance of cutting tools and mechanical parts.
This is because of its attractive mix of properties such as good hardness,
high temperature oxidation resistance and wear resistance [19–21]. As
such, TiN is a candidate coating material for protection of metallic bi-
polar plates, owing to its good corrosion resistance and metal-like
conductivity [22]. Zhang et al. [23] evaluated the feasibility of TiN
coatings, prepared through a multi-arc ion plating technique, onto a Ti
substrate as bipolar plate. Fuel cell testing indicated that the maximum
power density of a cell using TiN-coated Ti bipolar plate was
0.68W cm−2 at a current density of 1600mA cm−2, superior to that of
an uncoated titanium bipolar plate. However, to cope with the harsh
environment of the PEMFC, more efforts have focused on the behavior
of multicomponent TiN-based coatings through incorporation of ele-
ments such as Al, Cr, O and Si [24–27]. Lin et al. [28] found that the
corrosion resistance of a (Ti,Zr)N nano-composite coating outperformed
that of compounds such as TiC, TiN and ZrN and improved the corro-
sion resistance of uncoated 304s stainless steel bipolar plates or un-
coated Ti bipolar plates by over 200 times. Kim et al. [29] investigated
the corrosion resistance of the TiNxOy films under PEMFC simulated
conditions. They showed that the corrosion current density of the
TiNxOy films (2.7× 10−6 A cm−2) at a fixed potential of 0.6 V SCE is
much lower than that compared with binary TiN (8×10−6 A cm−2).
They assumed that the presence of oxygen in the TiNxOy films, located

at the columnar grain boundaries, acted to inhibit corrosive media from
penetrating to the substrate.

It should be noted, however, that the TiN based coatings fabricated
by PVD and CVD methods often have inherent microstructural defects,
such as pinholes, micro-cracks and macro-particles. These defects are
detrimental to coating durability under PEMFC conditions, because the
penetration of anions in the electrolyte through innate defects results in
corrosive attack on the underlying substrate. However, recently, double
cathode glow discharge plasma technique was used to prepare en-
gineering coatings free of these defects [30,31]. This is, in part, linked
to the higher deposition temperatures employed in this method, which
increases the mobility of deposited atoms and also helps over the self-
shadowing effects exerted by previously deposited atoms, thereby ef-
fectively decreasing the number of defects.

The addition of Si to TiN coatings, where Si replaces Ti, which
promotes the formation of an amorphous nitride, is known to be a
suitable way to optimize this material's surface chemical and mechan-
ical properties. However, up to now, the application of ternary TiSiN as
a protective nanocomposite coating for metallic bipolar plates has not
been investigated. Nevertheless, concerns remain over the release of
fluoride ions in the form of HF from fluorinated membranes, which
facilitates the initiation of corrosion of the metallic bipolar plates. In
this work, a reactive sputtered TiSiN nanocomposite coating was de-
posited on to a Ti–6Al–4V substrate using a double cathode glow dis-
charge plasma technique. The electrochemical corrosion behavior of
the TiSiN nanocomposite coating was investigated in a simulated
PEMFC environment, with different HF concentrations in an effort to
understand the improvements possible in the corrosion resistance of
titanium alloy bipolar plates. In addition, the interfacial contact re-
sistance and contact angle of the TiSiN nanocomposite coating were
also measured and compared with uncoated Ti–6Al–4V.

2. Experimental procedure

2.1. Sample preparation

The TiSiN coating was deposited on a Ti–6Al–4V substrate by re-
active sputter-deposition technique called double cathode glow dis-
charge plasma. In this process, the target and the substrate act as the
two cathodes, respectively. Details of the method are described in detail
elsewhere [32]. The substrate was cut into discs, ~3mm in thickness,
from a titanium alloy rod (the nominal composition used here (in wt%)
was: Al, 6.42; V, 4.19; Fe, 0.198; O, 0.101; C, 0.011; N, 0.006 and the
balance, Ti.) with a disc diameter of ~30mm. The substrate was ground
to a fine surface finish (Ra) of 0.2 μm. It was then subject to cleaning,
using acetone, then alcohol and, finally, distilled water and then dried
before the deposition. The sputtering target was prepared from a mix-
ture of ball-milled Ti powder (300 mesh,> 99.9% purity) and Si
powder (200 mesh,> 99.9% purity) with ratio of 86 at.% and 14 at.%,
respectively, was pressed into a disk shape with dimensions
Φ80× 4mm by cold compaction using an applied pressure of 600MPa.
The applied voltages on the target and substrate were −900 V and
−300 V, respectively, with a 10mm distance between them. The de-
position temperature was monitored via a thermocouple located near
the sample. For this experiment the substrate was held at 600 ± 20 °C.
The pressure in the chamber during the deposition process was main-
tained at 35 Pa consisting of a mixture of Ar/N2. The Ar:N2 flux ratio
was held at 10:1. For this coating, the deposition time was 3 h and the
deposition rate is ~3.5 μm/h, such that a coating of ~10 μm thick was
formed.

2.2. Structural characterization

The phase composition of the coating was analyzed by X-ray dif-
fraction (XRD) using D8 ADVANCE with a Cu-Kα radiation, operating at
40mA and 35 kV. The 2θ scan range used was from 20° to 90° using a
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scan rate of 10°/min. A grazing incidence angle of 2° was used to
minimize any interference effects from the substrate.

The coating cross-section and sample surface following corrosion
testing were examined using a Fei Quanta200 scanning electron mi-
croscope (SEM). The composition of the coating was investigated
through energy dispersive spectroscopy (EDS) analysis. Higher resolu-
tion analysis was performed by a JEOL2100 transmission electron mi-
croscope (TEM) operating at a 200 kV accelerating voltage. Plan-view
TEM specimens were prepared by slicing thin sections, mechanical
grinding, dimpling and finally electropolishing from the uncoated side
of the sample. Cross-sectional TEM samples were sectioned using a dual
beam focused ion-beam (FIB) microscope (Nova Nanolab 200, FEI,
Hillsboro, Oregon, USA).

The chemical states of the elements on the surface of the coating,
both before and after corrosion, were investigated using X-ray photo-
electron spectroscopy (XPS). The instrument used was a Kratos AXIS
Ultra ESCA System. A monochromatic Al Kα X-ray source
(hν=1486.68 eV) with an emission current of 12mA and an applied
voltage of 12 kV was used. For the survey scans, the pass energy was set
at 100 eV, and 20 eV was used for feature scans to acquire the high-
resolution spectra. A base pressure of ~10−10 Torr was maintained in
the sample analysis chamber during acquisition. The Shirley back-
ground, Gaussian and mixed Gaussian/Lorentzian functions with least-
square routines were used for spectra fitting of the data. The C1s
binding energy peak at 285 eV, arising from hydrocarbon contamina-
tion, was used to calibrate the spectral positions. Peaks were identified
with reference to the NIST XPS database (V4.0).

2.3. Nanoindentation and scratch testing

The hardness and the modulus of the as-deposited coating and the
bare titanium alloy substrate were evaluated through nanoindentation
testing. A Berkovich diamond tip, with a radius of 5 μm, was employed.
Before testing fused silica was employed as a standard for calibration of
the tip. In order to reduce substrate effects, the maximum load applied
by nanoindentation was 20mN. The tip was pressed into the surface of
the samples at a loading rate of 40mN/min. The hardness and elastic
modulus of each set of specimens were calculated from at least five sets
of indentation data through the Oliver and Pharr method [33].

To determine the adhesion behaviour between the TiSiN coating
and the substrate scratch testing using a CSM REVETEST (CSM
Instruments, Switzerland) scratch tester equipped with a diamond
stylus with a tip radius of 200 μm. A progressive load from 0N to 100 N
was applied to the stylus at a loading rate of 12.5 N/min. The scratch
track length was set to be 8mm and the scratch speed was 8mm/min.
The frictional force and penetration depth, as a function of normal
force, were recorded simultaneously.

2.4. Electrochemical measurements

Electrochemical measurements were recorded with a CHI660C
workstation (Shanghai ChenHua Instruments Inc., China). A standard
three-electrode cell configuration, consisting of the test sample, as a
working electrode with an exposed area of 1.0 cm2, a saturated calomel
electrode (SCE), as reference (all electrode potentials in this paper were
referred to the SCE), and a sheet of platinum as a counter electrode, was
used for the electrochemical experiments. To simulate the hostile en-
vironment in the PEMFC, a solution was made up of 0.5MH2SO4 with
differing HF concentrations (specifically, 2, 4 and 6 ppm) that were
used at a temperature of 70 °C. In addition, H2 was pumped to simulate
the anodic operating PEMFC environment and, similarly, air was sup-
plied for the cathodic condition. The open-circuit potential test was
carried out after 10min of depolarization and lasted 1 h. For the po-
tentiodynamic polarization measurements, the voltage sweep rate was
20 mVmin−1. For the potentiostatic polarization measurements, the
applied potential was −0.1 VSCE and +0.6 VSCE for the anode and

cathode, respectively. A test time of 2.5 h was used. For electrochemical
impedance spectroscopy (EIS) tests, the frequency sweep ranged from
105 Hz to 10−2 Hz with a sinusoidal voltage of 10mV and 12 steps were
divided for each decade of frequency.

2.5. Interfacial contact resistance (ICR) and contact angle measurements

The ICR between the surface of the sample and a gas diffusion layer
(GDL) was determined; details have been described elsewhere [34].
During the experiment, the sample was placed between two pieces of
conductive carbon paper (Toray TGP-H-090), which were sandwiched
between two plates of Au-coated copper plates. The applied current was
stabilized at 5A with the compaction force on the two Au-coated copper
plates gradually increasing from 20 to 260 Ncm−2. The corresponding
total voltage was recorded to calculate the total resistance as a function
of compaction force. The resistance of the carbon paper that was
sandwiched between two Au-coated copper plates was measured in the
same way and that was subsequently subtracted from the total re-
sistance. Further, the ICR of the TiSiN coated and uncoated Ti–6Al–4V
before, and after, 2.5 h potentiostatic polarization at the cathode con-
dition in a 0.5M H2SO4 + 6 ppm HF solution, was measured to de-
termine the effect of corrosion on the interfacial contact resistance.

The contact angles of the coated and uncoated substrate were
measured to evaluate hydrophobicity. The sessile drop method was
employed using a Hamilton syringe to produce water drops at room
temperature. A contact-angle meter (JC2000C, POWEREACH) was used
to evaluate the contact angle of the droplet. Average values were ob-
tained from at least 3 experiments.

3. Results and discussion

3.1. Phase identification and microstructural analysis

Fig. 1 shows a typical X-ray diffraction (XRD) spectrum for the TiSiN
coated Ti–6Al–4V substrate. From this XRD spectrum, it can be seen
that three main diffraction peaks centered around 2θ values of 36.3。,
42.6。and 61.7。are present that can, respectively, be assigned to the
(111), (200) and (220) crystallographic planes, respectively, of cubic
B1 NaCl-type structured TiN. Compared with the standard powder XRD
data, recorded in the JCPDS card (No.38–1420, marked by vertical lines
in Fig. 1), the addition of Si shifts the characteristic peaks slightly to-
wards lower 2θ values. Further, there is an absence of peaks associated
with crystalline phases of silicon nitride or titanium silicide, suggesting
that the incorporated Si is present as either a TiN solid solution or as an
amorphous phase. This is also in agreement with observations reported
elsewhere [35]. The peaks in the spectra were broad and with low in-
tensity suggesting the presence of very fine grains in the TiSiN coating.
XRD peak broadening analysis was used to estimate the mean mono-

Fig. 1. Typical X-ray diffraction pattern recorded from the as-deposited TiSiN
coating.
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crystalline size in a direction perpendicular to the diffracting lattice
plane, using Scherrer's formula

=D K
coshkl (1)

where Dhkl is average crystallite size, β is the corrected width at half-
height of its maximum intensity, θ is the Bragg angle, λ is the X-ray
wavelength (0.154 nm for Cu Kα radiation), K is a dimensionless shape
factor (0.94). As shown in Table 1, the average crystallite sizes calcu-
lated from the (111), (200) and (220) lines were estimated to be 7.4,
6.7 and 6.3 nm, respectively.

For coatings prepared by sputter-deposition technologies, preferred
growth orientation is commonly observed. To gain insight into the
preferred orientation of the crystal planes for this coating, the texture
coefficients were calculated to compare the relative intensities of the
observed diffraction peaks. The texture coefficient (TChkl) describes the
texture intensity generated by grains oriented in a given (hkl) reflection
and can be determined from the normalized XRD peaks by using the
following formula [36]:

=TC I hkl I hkl
I hkl I hkl
( )/ ( )

( )/ ( )
hkl

m

n
n

m

0
1

1 0 (2)

where, for a given (hkl) reflection, Im(hkl) and I0(hkl) represent the
peak intensity from the TiSiN coating and a standard reference sample,
respectively; n is the total number of diffraction peaks used in the
calculation. When the TC(hkl) ranges from 0 to 1, preferred crystal
growth along a given crystallographic direction is restrained; while
when TC(hkl) > 1 a preferential orientation of crystal growth along a
given crystallographic direction is indicated. It can be seen from Table 1
that the TiSiN coating exhibits a preferential growth along the [200]
crystallographic direction. The evolution of preferred orientation in the
TiSiN nanocomposite coating arises from minimizing the overall Gibbs
free energy of the coating, composed of surface and strain energy [37].
For the NaCl-type structured TiN, the (111) preferred orientation occurs
under high stress conditions, where strain energy is the dominant
contribution to the total free energy, while the (200) preferred or-
ientation is favored under low stress conditions in which the surface
energy contribution is the dominant [38]. Therefore, the competition
between surface energy and strain energy controls the preferred grain
growth in the coating. Several researchers have suggested that the
growth stress during coating deposition is lower at a higher deposition
temperature [39,40]. This is consistent with the (200) preferred or-
ientation observed here, presumably due to the relatively high de-
position temperature employed.

Surface chemical bonding status and elemental concentrations of
the TiSiN coating were determined by XPS. Before examination, the
coating surface was etched with a 1 keV Ar+ ion beam for 3min to
remove any surface contamination. From the XPS full spectrum of the
coating (Fig. 2), peaks from Ti 2p, Si 2p, N 1s and C 1s are observed,
among which a negligible C 1s peak can be observed resulting from
hydrocarbon contaminant covering the sample surface. According to
the results of elemental quantification calculated from the areas of the
Ti 2p, Si 2p and N 1s XPS peaks, the composition of the TiSiN nano-
composite coating can be expressed in the form Ti44Si7N49. From the
core–electron level Ti 2p spectrum (Fig. 2(b)), a doublet with Ti 2p3/2
and Ti 2p1/2 peaks located at 454.8 and 460.6 eV, with a spin orbit
splitting of 5.8 eV, is identified as from Ti–N bonds in TiN [54]. From

Fig. 2(c), it is found that the N1s peak can be deconvoluted into an
intense peak at 397.06 eV and a weak shoulder peak at 398.8 eV, which
are attributable to the N–Ti bonds in TiN [41] and the N–Si bonds in
amorphous Si3N4 [42], respectively. From quantitation of the N1s
spectrum, the phase fractions for the TiSiN nanocomposite coating can
be obtained as. 96.2% TiN and 3.8% Si3N4, respectively. The Si 2p
signal (Fig. 2(d)) was observed as a symmetric single peak at a binding
energy of 101.5 eV, in good agreement with the value for stoichiometric
Si3N4 [48]. No evidence for Si–Si bonds (at 99.2 eV) and Si–Ti bonds (at
98.4 eV) were detected [43], suggesting a high ionization rate of ni-
trogen gas during deposition.

Fig. 3(a) is a typical cross-sectional secondary electron micrograph
of the coating that exhibits a distinct contrast difference between the
coating and substrate. The TiSiN nanocomposite coating, with an
average thickness of ~10 μm, appears to exhibit a brighter contrast,
showing a homogeneous and compact structure, free of defects, such as
voids or pinholes, across the entire coating thickness or at the coating/
substrate interface. The interface between the coating and the substrate
exhibits a smooth transition with strong metallurgical bonding. As
mentioned above, the anions present in the PEMFC operating en-
vironment can penetrate into the coating through such defects, re-
sulting in the electrochemical reactions at the interface between the
coating and substrate. Thus, the dense microstructure of this coating
can act as a barrier layer to impede the transport of electrons and ions
between the electrolyte and substrate, thereby reducing the electro-
chemical reaction rate. EDS microanalysis (Fig. 3(b)) revealed that the
composition of alloy elements is broadly in accordance with the result
of XPS analysis.

As shown in Fig. 4 (a) and (b), the plan-view bright-/dark-field TEM
images and a cross-sectional bright field TEM images, respectively,
show that the microstructure of the TiSiN coating is characterized by a
homogeneous distribution of equiaxed grains. The size of these grains
ranges from 4 to 18 nm, with a mean grain size of ~10 nm, determined
from the statistical analysis of the grain size distribution (Fig. 4 (c)).
Compared to the calculated grain size obtained from the XRD data, the
measured mean grain size is slightly larger, due to the presence of
structural defects and the disordered nature of the grain boundaries
[44]. From the selected area electron diffraction (inset in Fig. 4(b)), it is
observed that there are three clear diffraction rings representing the
(111), (200) and (220) reflections for cubic B1 NaCl-type structured
TiN. The (200) ring exhibited the highest diffracted intensity providing
further evidence that the (200) plane is the preferred orientation. A
bright-field HRTEM image (Fig. 4(d)) shows the nanocrystalline lattices
of TiN that are embedded in an amorphous matrix, which is identical
with that previously reported in the literature [45]. As evident in Fig. 4
(e), which shows a cross-sectional TEM bright-field image, the coating
exhibits a granular morphology with no evidence of the columnar
structure that is typical for TiN-based coatings.

3.2. Nanoindentation and scratch testing

Fig. 5 shows the typical load-displacement curves for the TiSiN
coating and the bare Ti–6Al–4V substrate at a maximum load of 20mN.
It is clear that the TiSiN coated sample exhibits a higher resistance to
local deformation with a smaller maximum penetration depth and re-
sidual indentation depth compared with the uncoated substrate. The
hardness and the elastic modulus of the specimens were determined
from the indentation data through the Oliver and Pharr method. The
presence of the TiSiN coating increases the hardness (H) from
6.3 ± 0.83 GPa to 35.9 ± 2.1 GPa and the elastic modulus (E) from
146.6 ± 6.8 GPa to 380.7 ± 9.2 GPa, respectively. As reported else-
where, the microstructure, hence hardness and elastic modulus, of
TiSiN coatings are significantly affected by silicon concentration [46].
Coatings with a Si content of less than 4 at.% exhibit columnar grains
rather than a nanocomposite structure [47]. Moreover, Si contents ex-
ceeding 9 at.% leads to increases in the thickness of the amorphous

Table 1
The calculated grain sizes of TiN based on the (1 1 1), (2 0 0) and (2 2 0) planes
and the texture coefficient for the crystallographic planes in the TiSiN coating.

Crystal plane (111) (200) (220)

D (nm) 7.4 6.7 6.3
TChkl 0.83 1.35 0.86
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intergranular Si3N4 phase [48]. In both cases this. leads to a reduction
in hardness and elastic modulus for TiSiN coatings. Therefore, the Si
content of the as-deposited TiSiN coating (determined to be ~7 at.%) in
this study is appropriate to maximize the hardness of the coating.

Under contact deformation, the intrinsic strength of the coating and
the bonding strength between the deposited coating and underlying
substrate are in competition. Interfacial delamination is more likely to
occur in hard coatings due to their high intrinsic strength [49,50]. Thus,
the adhesion strength between the TiSiN coating and the substrate
should be investigated to evaluate the performance and reliability of
TiSiN coated bipolar plates. Fig. 6(a) shows the frictional force and
penetration depth as a function of applied load in a scratch test per-
formed on the TiSiN coating. For progressive load scratch tests, two
critical loads are used as measures of coating adhesive strength, i.e. LC1
and LC2. LC1 represents the load where the initial failure event of the
coating occurs, and LC2 is defined as the load where complete failure

occurs leading to exposure of the substrate. As observed from Fig. 6(a),
LC2 was determined to occur at a normal load of 59 N, where a sudden
increase in the frictional force and the penetration depth occurred. This
was confirmed by SEM analysis of the scratch track (shown in Fig. 6 (b)
and (d)), where the TiSiN coating completely peeled away (adhesive
spalling) resulting in substrate exposure at the corresponding position.
Before the load reached LC2, some parallel stripes, regarded as resulting
from plastic deformation, were observed perpendicular to the scratch
direction in the groove of the scratch track. The discontinuous chips
(cohesive chipping) present at the rim of the scratch track are also
considered to be failure events [51,52]. It is difficult to detect the initial
failure at LC1 from the frictional force or penetration depth plots.
However, according to observations of the scratch track surface mor-
phology at the lower normal load, the initial chipping of the TiSiN
coating (shown in Fig. 6(c)) occurred at a normal load of 47 N which is
identified as LC1. In general, coatings exhibiting a critical load over 30 N

Fig. 2. (a) XPS survey spectra and the high-resolution XPS spectra for Ti 2p (b), Si 2p (c) and N1s (d) peaks collected from the TiSiN coated sample.

Fig. 3. Typical cross-sectional SEM micrograph (a) and corresponding EDS spectrum (b) for the TiSiN coating.
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are sufficient for sliding contact applications [53]. Thus, the TiSiN
coating exhibited good adhesion strength and scratch resistance ade-
quate to survive superficial damage during transit and assembling
processes.

3.3. Electrochemical analysis

3.3.1. Open circuit potentials
The variation of open circuit potential (EOCP) over a period of

60min for the TiSiN coating and the uncoated titanium substrate ex-
posed to 0.5MH2SO4 solutions, with differing HF concentrations, at
70 °C are presented in Fig. 7. This shows that the EOCP values of both

specimens exhibit a rapid drift in the positive direction until reaching
constant values. The increase in the EOCP values at the initial stage is
related to the spontaneous formation of protective oxide films on the
specimen surface. With increasing HF concentration, the EOCP values of
both specimens shift towards more negative values indicating an in-
creasing tendency towards corrosion for the surfaces of both specimens
[54]. This is because the TiO2 and Ti2O3 present in these oxide films
have been demonstrated to be dissolved by HF [55]. However, under
the same HF concentration, the EOCP values of the TiSiN coating are
more positive than that for the Ti–6Al–4V substrate, revealing that the
oxide films formed on the TiSiN coating exhibit more stability in HF
containing acidic solutions compared with the bare substrate.

Fig. 4. Typical plan-view TEM bright-field (a) and dark-field (b) images of the TiSiN coating with the corresponding SAD pattern inset. (c) The statistical histogram of
the grain sizes in TiSiN coating. (d) A high-resolution electron microscopy (HRTEM) image of the TiSiN coating. (e) Cross-sectional TEM bright-field image of the
TiSiN coating.
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3.3.2. Potentiodynamic polarization studies
The potentiodynamic polarization curves of the TiSiN coating and

the uncoated substrate in simulated anodic (pumped with H2) and
cathodic (pumped with air) PEMFC environments with different HF
concentrations are shown in Fig. 8 (a) and (b), respectively. These data
show clear differences in the shapes of the anodic branches between the
two specimens. The TiSiN coated sample exhibits chemical inertness,
with a wide potential plateau presented in the anodic branch, where the

current density is independent of the potential. However, the uncoated
Ti–6Al–4V substrate displays narrower passivation region and trans-
passivation behaviour in the anodic branch exhibiting poor passivation
capability. The electrochemical parameters (that is, corrosion potential
(Ecorr), corrosion current density (icorr), anodic Tafel slope (βa) and
cathodic Tafel slope (βc)), obtained from these curves through the Tafel
extrapolation method [56], are summarized in Table 2. The protective
efficiency (Pe) of the coating and the current densities at the operating
potential (i0.6V or i-0.1V) in both anodic and cathodic conditions are also
given in Table 2. When the HF concentration increased from 2 ppm to
6 ppm, or the environment transformed from anodic to cathodic, both
the coated and uncoated substrates display an increase in icorr and a
decrease in Ecorr. This indicates that increasing the concentration of HF
or dissolved oxygen in the solution can accelerate the rate of the cor-
rosion reactions taking place on the surface of both two specimens.
Nevertheless, under the same conditions, the TiSiN coating shows a
higher icorr and a more negative Ecorr compared with the uncoated
Ti–6Al–4V. Moreover, the current densities of the TiSiN coating are
nearly three orders magnitude and four orders magnitude lower, re-
spectively, than that of the bare substrate at the operating potential in
anodic and cathodic conditions. This indicates that the TiSiN coatings
reduce the corrosion rate and offer efficient protection for the titanium
alloy substrate. The protective efficiency (Pe) of the TiSiN coating can
be derived using the following equation [57]:

= ×P (%) [1 ( i
i

)] 100e
0.6V

0.6V
0 (3)

where i0.6V and i00.6V are the current densities at the operating potential

Fig. 5. Load–displacement curves of the as-deposited TiSiN coating and bare Ti-
6A1-4 V substrate.

Fig. 6. Curve showing the frictional force and penetration depth as a function of normal force (a); secondary electron micrographs of the entire scratch track (b) and
the surface morphology of the scratch track when the normal force reached LC1(c) and LC2(d).
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in cathodic condition for the TiSiN coating and uncoated Ti–6Al–4V,
respectively. As shown in Table 2, the values of the protective efficiency
are above 99% for all conditions. It is worth noting that the Pe increases
with increasing HF concentration. This may be because the corrosion
resistance of the Ti–6Al–4V substrate deteriorates more severely than
that for the TiSiN coating with increasing HF concentration.

Evans’ diagrams were applied to give a theoretical explanation for
the influence of the gas pumped into the solution (shown in Fig. 9 (a))
and the effect of variations in HF concentration (shown in Fig. 9 (b)) on
the corrosion system. During the polarization process, the corrosion
reactions consist of a number of local oxidation reactions and local
reduction reactions. With the applied potential lower than Ecorr, the
reduction of H+ ( ++H e H2 2 2) and O2 ( + +O H O e OH2 4 42 2 )
are the dominant reactions on the work electrode. With the applied
potential beyond Ecorr, the oxidation and dissolution of the metal atoms
at the surface of the TiSiN coating or uncoated Ti–6Al–4V are the
dominant reactions on the work electrode. The theoretical current
densities for the reduction of H+ and O2 as a function of applied po-
tential can be calculated according to Ref. [58], and the total current
densities of the oxidation reactions can be plotted according to the
experimental data.

For a given HF concentration of 2 ppm, the current density of the
oxidation reactions and reduction reactions as a function of applied
potential supplied under the anodic and cathodic conditions are shown
in Fig. 9 (a). With air pumped into the solutions, the O2 reduction curve
displays a shift towards the region with a higher current density and

lower potential (i.e. the top left of the diagram in Fig. 9 (a)), but the H+

reduction curve exhibits little difference. From the mixed potential
theory, the values for Ecorr and icorr can be defined by the intersection of
the total reduction curve and the total oxidation curve [59]. As can be
seen from Fig. 9 (a), pumping air results in the intersection for the
uncoated substrate shifting from point A to point B, indicating an in-
crease in the values of Ecorr and icorr for the uncoated alloy. However,
there is little shift of the intersection point, D, for the TiSiN coating.
Moreover, pumping air also accelerates the oxidation reactions and thus
increases the current density on the anodic branches in Tafel curves for
both specimens, which leads to the intersection of the uncoated
Ti–6Al–4V moving from point B to C and the intersection of the TiSiN
coating moving from point D to E. Therefore, the TiSiN coating exhibits
a smaller increment in corrosion rate than the bare substrate as it is
only affected by oxidation reactions under the cathodic condition.

Under the cathodic condition (i.e. pumping air), the current density
of the oxidation reactions and reduction reactions as a function of ap-
plied potential with different HF concentration are shown in Fig. 9 (b).
With respect to reduction reactions, the HF concentration has little ef-
fect on the reduction curves due to the low degree ionization of HF and
thus little contribution to the H+ concentration. With respect to the
oxidation reactions, as presented in Fig. 9 (b), the total oxidation curves
exhibit a linear characteristic in the absence of any passive layers
[60,61]. Further, the oxidation reactions are inhibited, due to barrier
effects derived from the passive layers, which exhibits a non-linear
oxidation curve with an increase in the value of βa [62]. Therefore, at a

Fig. 7. The open circuit potential (EOCP) values as a function of immersion time for the as-deposited TiSiN coating (a) and uncoated Ti-6A1-4 V (b) in 0.5MH2SO4
solution with different concentrations of HF (namely, 2,4 and 6 ppm) at 70 °C.

Fig. 8. The potentiodynamic polarization curves for the TiSiN coating and uncoated Ti-6A1-4 V in simulated anodic (purged with H2) (a) and cathodic (purged with
air) (b) condition in 0.5MH2SO4 solution with different concentrations of HF (namely, 2,4 and 6 ppm) at 70 °C.
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HF concentration of 2 ppm, the intersection of the uncoated substrate
shifts from A to C with a ΔEcorr of ~0.24 V and Δicorr of ~ -1.5× 10−5

A/cm2, and the intersection of the TiSiN coating shifts from D to F with
a ΔEcorr of ~0.12 V and Δicorr of ~ -2.3×10−7 A/cm2. The larger va-
lues of |ΔEcorr| and |Δicorr| for the uncoated substrate indicate that the
uncoated alloy depends more on protection from the passive film
compared with the TiSiN coating. That is, the corrosion rate of the
uncoated Ti–6Al–4V is more sensitive to deterioration of the passive
layer. As the HF concentration increases from 2 ppm to 6 ppm, the in-
tersection of the uncoated alloy shifts from C to B with a ΔEcorr of
−0.11 V and Δicorr of −1.2× 10−5 A/cm2, and the intersection of the
TiSiN coating shifts from F to E with a ΔEcorr of −0.05 V and Δicorr of
~5.8×10−8 A/cm2. The larger values of |ΔEcorr| and |Δicorr| for the
uncoated substrate indicate that the passive layers formed on the un-
coated alloy deteriorate more severely than that on the TiSiN coating
with increasing HF concentration. Therefore, the TiSiN coatings exhibit
higher chemical inertness against the aggressive attack from HF than
the uncoated substrate in simulated PEMFC environments.

3.3.3. Potentiostatic polarization measurements and XPS analysis
In order to investigate the corrosion behavior of the TiSiN coating

and the uncoated alloy under the harsh working conditions of a PEMFC,
the current density as a function of time was obtained in simulated
anodic (at −0.1 VSCE shown in Fig. 10 (a)) and cathodic (at 0.6 VSCE
shown in Fig. 10 (b)) PEMFC environments with different HF

concentrations. The current densities of the TiSiN coating and the un-
coated substrate at the steady-state are summarized in Table 3. With
increasing HF concentration, a higher current density can be observed
for both the uncoated Ti–6Al–4V and the TiSiN coating. This shows that
the HF can accelerate the corrosion process in both cases. For a given
HF concentration, the current density of the uncoated Ti–6Al–4V is
about three orders of magnitude greater than that of the TiSiN coating
under a simulated anodic environment, and this difference in the cur-
rent density is larger at the simulated cathodic environment due to the
transpassivation of the uncoated substrate. As such, the TiSiN coating
exhibits much higher corrosion resistance than the substrate under si-
mulated PEMFCs operational environments. Finally, the values of the
current density of the TiSiN coating stabilized at approximately 10−7 A
cm−2, and so readily meet the U.S. Department of Energy (DoE) 2020
target of 1 μA cm−2 for the corrosion rate under PEMFC operating
conditions [63].

In addition, the current density of the TiSiN coating decreases sig-
nificantly at the initial stage of corrosion and then stabilizes within
200 s. However, more time is required to reach the steady state for the
uncoated alloy. Furthermore, the current density curves of the TiSiN
coating are smooth and nearly constant compared to the uncoated
substrate. This shows that the TiSiN coating inhibits corrosion reactions
more rapidly and steadily than the passive layers present on the un-
coated alloy under the simulated working conditions of a PEMFC.

To elucidate the chemical state of the surface of the TiSiN coating

Table 2
Electrochemical parameters for the TiSiN coating and uncoated Ti–6Al–4V obtained from polarization curves.

Samples Ecorr icorr βa -βc i0.6V or i-0.1V Pe

(V vs. SCE) (A cm−2) (mV/decade) (mV/decade) (A· cm−2)

Cathode
Ti–6Al–4V 2 ppm −0.5 1.24× 10−5 247.15 189.64 8.51×10−4 –
Ti–6Al–4V 4 ppm −0.55 4.45× 10−5 223.45 200.45 2.75×10−3 –
Ti–6Al–4V 6 ppm −0.61 6.83× 10−5 212.34 212.35 6.19×10−3 –
TiSiN 2 ppm −0.22 7.14× 10−8 265.62 118.94 1.46×10−7 99.98%
TiSiN 4 ppm −0.24 8.32× 10−8 258.39 119.76 2.54×10−7 99.99%
TiSiN 6 ppm −0.27 9.78× 10−8 234.53 123.17 5.68×10−7 99.99%
Anode
Ti–6Al–4V 2 ppm −0.48 8.03× 10−6 258.53 201.36 5.75×10−5 –
Ti–6Al–4V 4 ppm −0.54 1.02× 10−5 235.42 214.53 1.13×10−4 –
Ti–6Al–4V 6 ppm −0.59 1.16× 10−5 221.13 234.43 1.91×10−4 –
TiSiN 2 ppm −0.2 2.35× 10−8 271.15 118.45 1.21×10−7 99.79%
TiSiN 4 ppm −0.22 3.47× 10−8 265.12 121.34 1.85×10−7 99.84%
TiSiN 6 ppm −0.24 4.13× 10−8 242.17 122.21 2.74×10−7 99.86%

Fig. 9. Evans' diagram illustration for the corrosion behavior of the TiSiN coating and the uncoated Ti-6A1-4 V at the given HF concentration of 2 ppm (a) and under
the cathode condition (b).
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after corrosion, XPS was performed on sample subjected to the po-
tentiostatic polarization test under the cathodic condition with a HF
concentration of 6 ppm. XPS survey spectra and the high-resolution XPS
spectra for Ti 2p, Si 2p and N1s are shown in Fig. 11 (a)-(d). From the
XPS full spectrum of the coating (shown in Fig. 11 (a)), an additional
intense peak from O1s is observed on the corroded specimen compared

with the XPS analysis of the specimen before corrosion. This indicates
that an oxide passive layer formed on the TiSiN coating.

Fig. 11 (b) shows the doublet Ti 2p3/2 and Ti 2p1/2 peaks, ex-
hibiting evident asymmetry, can be fitted to six Gaussian functions. The
doublet peaks located at 454.83 eV and 460.63 eV were assigned to
Ti–N bonds in TiN. The strong signal from TiSiN coating in the XPS
spectra shows that the oxide layer on the TiSiN coating is thin. The
doublet peaks, with the highest binding energies at 457.88 eV and
463.68 eV, corresponded to Ti–O bonds in TiO2 [64]. Between these
two sets of peaks, the other doublet peaks, with binding energies of
455.72 eV and 461.52 eV, are regarded as an intermediate phase be-
tween TiN and TiO2 ascribed, by others, to the suboxides of titanium
[64–66]. According to the N 1s spectrum, these doublet peaks are
suggested to originate from titanium oxynitrides (TiOxNy) in this study,
which explains the presence of the shoulder peak with a binding energy
of 396.48 eV, lower than that of the N–Ti bonds in the N 1s spectrum
(shown in Fig. 11 (c)) [65,66]. From quantitative evaluations of the Ti

Fig. 10. Potentiostatic polarization curves of the TiSiN coating and the uncoated Ti-6A1-4 V at cathode (+0.6 VSCE purged with air) (a) and anode (−0.1 VSCE purged
with H2) (b) potentials in 0.5MH2SO4 solution with different concentrations of HF (namely, 2,4 and 6 ppm) at 70 °C.

Table 3
Electrochemical parameters for the TiSiN coating and uncoated Ti–6Al–4V
obtained from potentiostatic polarization.

Samples Cathode Current Density Anode Current Density

Ti–6Al–4V 2 ppm 1.17×10−4 A cm−2 5.91× 10−5 A cm−2

Ti–6Al–4V 4 ppm 2.92×10−3 A cm−2 1.46× 10−4 A cm−2

Ti–6Al–4V 6 ppm 6.73×10−3 A cm−2 2.39× 10−4 A cm−2

TiSiN 2 ppm 1.62×10−7 A cm−2 1.31× 10−7 A cm−2

TiSiN 4 ppm 2.84×10−7 A cm−2 1.94× 10−7 A cm−2

TiSiN 6 ppm 5.88×10−7 A cm−2 3.93× 10−7 A cm−2

Fig. 11. (a) XPS survey spectra and the high-resolution XPS spectra for Ti 2p (b), Si 2p (c) and N1s (d) peaks collected from the TiSiN coated sample after the
potentiostatic polarization test at +0.6 VSCE purged with air for 2.5 h in a 0.5MH2SO4 + 6 ppm HF solution.

S. Peng, et al. Ceramics International 46 (2020) 2743–2757

2752



2p spectrum, the phase fraction of TiOxNy is higher than that of TiO2
suggesting that the oxide passive layer present on the TiSiN coating is
highly doped by nitrogen atoms.

The N1s core level spectrum can be deconvoluted into four Gaussian
peaks shown in Fig. 11 (c). The peaks with binding energies of
396.48 eV, 397.08 eV and 398.71 eV arise from TiOxNy, TiN and Si3N4,
respectively. The peak located at 399.71 eV is considered to be the
characteristic of NH4+ corresponding to nitride corrosion products
[67,68]. The formation of NH4+ neutralizes H+ and partially buffers
the acidity on the surface of the TiSiN coating during the potentiostatic
polarization test [69].

As shown in Fig. 11 (d), the Si 2p spectrum can be deconvoluted
into a strong peak at 101.50 eV and a weaker shoulder peak at
103.55 eV corresponding to the Si–N bonds in Si3N4 and Si–O bonds
in SiO2, respectively [70]. From quantitative evaluations of the Si 2p
peak, the phase fraction of SiO2 is much lower than that of Si3N4 in
the oxide passive layer due to etching by HF (i.e.

+ + = ++SiO H F H O SiF4 6 22 2 6
2 ) [71]. Nevertheless, the reaction

between SiO2 and F− ions can inhibit the permeation of F− ions into
the coating. Meanwhile, the SiF6

2 ion, as a chemically stable product
of this reaction, undergoes competitive adsorption with F− ions on
the surface of the passivation layer. Thus, with the addition of Si, the
TiSiN coating is slightly influenced by the HF concentration com-
pared with the uncoated substrate.

To simply compare the corrosion resistance of the TiSiN coating and
the uncoated alloy, typical surface morphologies of both samples be-
fore, and after, 2.5 h potentiostatic polarization in the simulated
cathodic condition with addition of 6 ppm HF were examined using a
SEM. As shown in Fig. 12, the surface of the uncoated Ti–6Al–4V
sample is severely corroded with evidence of active dissolution and
pitting corrosion clearly observed. However, almost no pits, pinholes or
micropores were observed on the surface of the TiSiN coating. Thus, the
enhancement in protection afforded by a TiSiN coating to bipolar plates
in a simulated PEMFC environment is evident.

3.3.4. Electrochemical impedance measurements
Typical Bode and Nyquist plots for the TiSiN coating and bare ti-

tanium alloy at their respective EOCP in 0.5MH2SO4 solution

containing different HF concentrations (i.e. 2 ppm, 4 ppm and 6 ppm) at
70 °C after potentiostatic polarization testing under cathodic conditions
are shown in Fig. 13 (a)-(d). For any given HF concentration, the Ny-
quist plots for both samples display an incomplete capacitive semicircle
over the complete frequency range. The diameter of the capacitive arc
for the TiSiN coating is larger than that for the uncoated substrate.
From the Bode plots, the TiSiN coating shows a broad plateau with the
phase angle maxima near −90° corresponding to the linear variation
between log |Z| and log f (frequency) with a slope of almost −1 at the
low and middle frequency range. By comparison, the titanium alloy
substrate exhibits a single monosymmetric narrow peak with phase
angle increase up to a maximum of −75°. The linear region is not
maintained at low frequencies (below 0.1 Hz) with a decrease of phase
angle. These plots suggest that the passive films on the TiSiN coating
exhibit a purer capacitive behavior [72] when immersed in an ag-
gressive medium compared to that on the uncoated substrate [73]. With
increasing HF concentration, more depressed capacitive semicircles are
observed in the Nyquist plots for both samples. Meanwhile, the max-
imum phase angle deceases together with a narrower linear region and
low-frequency limit |Z| as shown in the Bode plots, suggesting that the
corrosion resistance of both samples is reduced by HF.

To extract detailed information about the kinetics of the complex
electrochemical processes, the appropriate equivalent electrical circuits
(EECs) were chosen to model and interpret the EIS data. For the un-
coated Ti–6Al–4V, an equivalent electrical circuit Rs(QpRp) (given in
Fig. 14 (a)) is adopted due to the one time constant process presented in
the Bode phase plots over a range of frequencies from 10−2 – 105 Hz. In
this corrosion system, Rs and Rp represents the resistance of the solution
and the passive film, respectively, and Qp is a constant phase element
(CPE) related to the capacitance behaviour of the passive film. In the
case of TiSiN coating, the asymmetric broad peak in the Bode phase
plots appears to derive from two time constant process corresponding to
the electrochemical behaviour in the medium frequency and low fre-
quency regions, respectively. Thus, the equivalent electrical circuit
Rs(QdlRct(QcRc)) (shown in Fig. 14 (b)) was adopted, where Rct and Qdl
in the primary circuit represent, respectively, the charge transfer re-
sistance and double layer capacitance from the interface of the solu-
tion/coating, Rc and Qc in the secondary circuit represent, respectively,

Fig. 12. Secondary electron images of the corroded surface morphologies of (a, b) uncoated Ti-6A1-4 V and (c, d) the TiSiN coating before (a, c) and after (b, d)
potentiostatic testing in the simulated cathodic condition with 0.5MH2SO4 + 6 ppm HF solution for 2.5 h.
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the resistance and pseudo-capacitance of the coating. However, the
parameters of the elements based on this EEC are not reliable due to a
larger value of χ2 (with the order of magnitude greater than 10−2). In
particular, the relative standard error of the parameters for Rct and Qdl
are over 100%, indicating that Qdl and Rct in the secondary circuit are
inappropriate for the electrochemical response arising from the inter-
face of solution/coating. This large fitting error may be related to the
following reasons. First, due to the similar dielectric properties between
the TiSiN coating and the passive film, the capacitive response of the
passive film is difficult to distinguish from that of the TiSiN coating,
which leads to a single time constant [74]. Second, a larger number of
F− ions and oxygen are located on the surface of the TiSiN coating
during the polarization process. This can lead to a diffusion controlling
step [75]. Therefore, in order to better fit the EIS data of the TiSiN
coating, the equivalent electrical circuit Rs(Qp(RpO)) was employed as
shown in Fig. 14 (c). The elements Rp and Qp represent resistance and
the capacitance, respectively, contributed by the passive layer and the
TiSiN coating. The cotangent–hyperbolic diffusion impedance (O) can
be used to simulate the finite length diffusion process on the surface of
the TiSiN coating. The fitting parameters are summarized in Table 4.

At a given HF concentration, Rp for the TiSiN coating is three or four

orders of magnitude greater than that for the uncoated substrate, in-
dicating that the resistance to charge transfer and point defect migra-
tion is much higher for the TiSiN coating than that for the uncoated
alloy. The TiSiN coating retards the oxidizing reaction and the dis-
solution of metal ions and provides good protection for the substrate. In
addition, the constant phase element and the factor n are used to de-
scribe a leaky capacitor deviating from that of an ideal capacitor. When
n is equal to 1 the CPE represents an ideal capacitor. Where n is less
than 1, the CPE describes a frequency dispersion of time constants be-
cause of heterogeneities such as roughness, porosity and other in-
homogeneities which may be present [76]. The value of n for the TiSiN
coating is larger than that for the uncoated alloy, denoting that the
passive film on the TiSiN coating offers a better barrier property against
corrosive attack than that on bare substrate. As the HF concentration
increases, the values of Rp and n for the uncoated Ti–6Al–4V decrease
more sharply than that for the TiSiN coating, suggesting that the TiSiN
coating provides protection for the substrate in solutions that contain
HF. Furthermore, the capacitance of O is slightly influenced by the HF
concentration, indicating that TiSiN can effectively impede the diffu-
sion of F− ions and oxygen. Small variations in the diffusion of F− ions
and oxygen may arise from the microstructure of the TiSiN coating.

Fig. 13. Representative Nyquist and Bode plots for uncoated and the TiSiN coated Ti–6Al–4V at their respective EOCP in 0.5MH2SO4 solution containing different HF
concentrations at 70 °C. The bare Ti–6Al–4V: (a) Nyquist plot, (b) Bode plot; the TiSiN coating: (c) Nyquist plot, (d) Bode plot.

Fig. 14. Equivalent electrical circuits used for mod-
eling experimental EIS data, (a) Rs(QpRp), (b)
Rs(QdlRct(QcRc)), (c) Rs(Qp(RpO)).
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Silicon additions to TiN coatings promote the formation of equiaxed
grains rather than the columnar structures usually seen in PVD pre-
pared coatings (as shown in Fig. 4). The zig-zag grain boundaries of the
equiaxed structure significantly increases the diffusion path for both F−

ions and oxygen and so a sharp reduction in the concentration of F−

ions and oxygen at the interface between the solution and the TiSiN
coating [77].

3.4. Interfacial contact resistance

Interfacial contact resistance (ICR) arises from the interface that
exists between the gas diffusion layer (GDL) and the bipolar plate. This
parameter is critical in evaluating the conductivity and the power
output loss of a PEMFC stack [78]. The values for the ICR for both
coated and uncoated specimens, as a function of compaction force, both
before, and after, the potentiostatic polarization test are presented in
Fig. 15. Under an applied compaction force of 140 N cm−2 (which is
applied in conventional fuel cell stacks) before the potentiostatic po-
larization test, the ICR values of the uncoated alloy and the TiSiN
coating were 98.9mΩ cm−2 and 14.7mΩ cm−2, respectively. After the
potentiostatic polarization test, the values for ICR for the uncoated
alloy and TiSiN coating increased to 128.2mΩ cm−2 and
18.3mΩ cm−2, respectively. It is evident that the ICR of the TiSiN
coating is much less than the uncoated substrate in a simulated PEFMC
environment. This means that the TiSiN coated bipolar plates exhibit
better conductivity in the PEMFC and thus reduce the power loss of the
PEMFC compared to titanium alloy bipolar plates.

Values of ICR are significantly affected by the surface state of the
bipolar plate, e.g. the composition and roughness at the material sur-
faces [79]. For the uncoated titanium alloy, a TiO2 oxide layer spon-
taneously forms on the sample surface. Due to the low electrical con-
ductivity of TiO2, the uncoated Ti–6Al–4V always exhibits a high ICR
value. Following corrosion, leading to thickening of the oxide layer and
roughening of the outer surface, the resistance of the oxide layer

increased and the effective contact area between GDL and bipolar plate
decreased resulting in a further increase of the ICR for the uncoated
alloy [80]. However, the TiSiN coating exhibits lower ICR due to the
good electrical conductivity of the TiN phase arising from the nine
valence electrons associated with the strongly hybridized Ti 3d and N
2p orbitals [81,82]. After corrosion, a thin and nitrogen-rich-doping
oxide layer formed on the TiSiN coating, the presence of which was
confirmed by XPS analysis. TiOxNy has been shown to exhibit high
metallic conductivity where the electrical conductivity increases with
increasing nitrogen content [83]. As such, the ICR is not strongly in-
fluenced by the oxide layer formed on the TiSiN coating. Furthermore,
no visible change in surface roughness was observed on the TiSiN
coating, so it retains its effective contact area. Thus, the TiSiN coating
maintains a low ICR in the simulated PEFMC environment compared to
the uncoated Ti–6Al–4V.

3.5. Contact angle measurements

Water, as a waste product in PEMFC stacks, can prevent the dehy-
dration of the proton exchange membrane. However, redundant liquid
water blocks access of reaction gases to the electrodes and also in-
creases the rate of corrosion of the bipolar plates. As such, it needs to be
removed in a timely way [84]. Therefore, the bipolar plates that exhibit
good hydrophobicity are beneficial for the water management in the
PEMFC. To determine the hydrophobicity of the TiSiN coating and the
uncoated alloy, the water contact angles were measured from photo-
graphs of water droplets on the surface of the samples as shown in
Fig. 16. The water contact angles for the uncoated substrate and the
TiSiN coating are 61.2°and 93.4°, respectively. Clearly, the TiSiN
coating increases the water contact angle relative to the titanium alloy
substrate. In general, water is a polar liquid and is likely to be adsorbed
on the surface due to its higher polar contributions [85]. Metal nitrides
are reported to increase the hydrophobicity of original surface for the
substrate due to their non-polar nature of their surface chemistry
compared to the substrate [80,86]. Thus, the TiSiN coating gives im-
proved hydrophobicity to the Ti alloy bipolar plates.

4. Conclusion

A dense, uniform TiSiN coating was deposited onto a Ti–6Al–4V
substrate by reactive-sputter-deposition. The TiSiN coating consisted of
TiN grains 5–10 nm in diameter with a Si3N4 amorphous phase located
at the grain boundaries. The electrochemical behavior of both the TiSiN
coating and uncoated titanium substrate were investigated in a simu-
lated PEMFC environment with different concentrations of HF. For a
given HF concentration, the TiSiN coating exhibited a higher corrosion
potential and a lower corrosion current density. This suggests a reduced
tendency for corrosion and a lower rate of corrosion rate compared with
the uncoated alloy. The passive film presented on the TiSiN coating
showed excellent chemical inertness with the significantly higher Rp
than that on the uncoated alloy, which thus provides good corrosion
resistance. With increases in HF concentration, the corrosion rate was
accelerated for both specimens. Deterioration of the corrosion re-
sistance for the TiSiN coatings is much less than the uncoated substrate
due to the coating acting as an effective barrier to the permeation of F−

Table 4
Electrochemical parameters obtained from equivalent circuits simulation.

Rs (Ω cm2) QP (Ω−1 cm−2 sn) RP (Ω cm2) n O (Ω−1 cm−2 s ) χ2

Ti–6Al–4V 2 ppm HF 10.43 ± 0.01 (3.47 ± 0.01)× 10−5 (5.52 ± 0.04)× 104 0.82 – 3.47× 10−3

4 ppm HF 11.56 ± 0.02 (5.62 ± 0.01)× 10−5 (2.41 ± 0.03)× 104 0.78 – 5.21× 10−3

6 ppm HF 11.32 ± 0.01 (6.67 ± 0.02)× 10−5 (9.03 ± 0.02)× 103 0.72 – 4.42× 10−3

TiSiN coating 2 ppm HF 14.36 ± 0.01 (1.13 ± 0.01)× 10−7 (7.56 ± 0.02)× 107 0.92 (4.11 ± 0.01)×10−7 5.26× 10−4

4 ppm HF 14.28 ± 0.02 (4.42 ± 0.02)× 10−7 (4.20 ± 0.01)× 107 0.91 (3.89 ± 0.02)×10−7 3.14× 10−4

6 ppm HF 13.31 ± 0.01 (5.17 ± 0.03)× 10−7 (2.36 ± 0.02)× 107 0.91 (4.06 ± 0.02)×10−7 5.34× 10−3

Fig. 15. The interfacial contact resistance (ICR) as a function of compaction
force from 20 to 260 N cm−2 for the TiSiN coating and uncoated Ti-6A1-4 V
before and after 2.5 h potentiostatic polarization at a cathode potential of +0.6
VSCE in 0.5M H2SO4 + 6 ppm HF solution open to air at 70 °C.
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ions and oxygen. Therefore, the TiSiN coatings provides excellent
protection for the titanium alloy substrate against the corrosion from a
typical PEMFC operating environment. Furthermore, the TiSiN coating
exhibits lower ICR than titanium alloy substrate both before and after
corrosion testing, which helps reduce the power loss of the PEMFC. The
high hydrophobicity of the TiSiN coating also facilitates effective liquid
water removal from the bipolar plates. To sum up, the deposited
coating exhibited a combination of good corrosion resistance, hydro-
phobicity and a low ICR that offers potential for enhancing the dur-
ability and performance of metallic bipolar plates used in PEMFCs.
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