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A B S T R A C T

A series of (TiNbZrTa)Nx coatings with a thickness of ~1.1 μm were deposited using reactive magnetron
sputtering with segmented targets. The deposition temperature was varied from room temperature to 700 °C
resulting in coatings with different microstructures. The coatings were characterized by electron microscopy,
atomic force microscopy, compositional analysis, and X-ray diffraction. Effects of the deposition temperature on
the electrical, mechanical and corrosion properties were studied with four-point probe, nanoindentation and
potentiodynamic polarization measurements, respectively. X-ray photoelectron spectroscopy (XPS) analyses
reveal a gradual change in the chemical state of all elements with increasing growth temperature from nitridic at
room temperature to metallic at 700 °C. A NaCl-type structure with (001) preferred orientation was observed in
the coating deposited at 400 °C, while an hcp structure was found for the coatings deposited above 400 °C. The
resistivities of the TiNbZrTa nitride coatings were found to be around 200 μΩcm. In 0.1 M H2SO4 aqueous
solution, a corrosion current density of 2.8 × 10−8 A/cm2 and a passive behaviour up to 1.5 V vs. Ag/AgCl were
found for the most corrosion resistant coating. The latter corrosion current is about two orders of magnitude
lower than that found for a reference hyper-duplex stainless steel.

1. Introduction

Bipolar plates are vital components in fuel cell stacks, with the main
functions of separating the individual cells in the stack, distributing the
fuel and oxidant, collecting the current, and facilitating the manage-
ment of the heat and water. Different stainless steels are promising
industrial candidates for bipolar plate materials, since they have good
mechanical stability, electrical and thermal conductivity and are easy to
process into the desired shape compared to graphite and related com-
posites. However, in polymer electrolyte membrane fuel cells
(PEMFCs), the operating pH should be below three while the tem-
perature is around 100 °C. Therefore, a corrosion-protective coating is
usually necessary for bipolar plates made of metals. The main char-
acteristics of these coatings should include [1–3]: a low interfacial
contact resistance (< 10 mΩcm−2); a good corrosion resistance in a cell
environment (current density< 1 μA/cm2); good gas-tight properties,
and thermal stability up to 100 °C.

Based on the above requirements, various binary and ternary tran-
sition-metal-based coatings have been widely studied using growth
methods such as, physical vapor deposition, chemical vapor deposition

and electroplating. A promising class of coating candidates is based on
the concept of high-entropy alloys (HEAs, alternatively referred to as
multiprincipal element alloys), originally introduced [4,5] to refer to a
single-phase solid solution alloy made of five or more elements in equal
or near-equal proportions. Furthermore, the approach to add light
elements, specifically nitrogen [6], carbon [7,8], boron [9] and oxygen
[10] has led to the development of new-generation high-entropy ma-
terials (HEMs) labelled high-entropy nitrides (HENs), carbides (HECs),
borides (HEBs) and oxides (HEOs). Generally, HEMs tend to simulta-
neously exhibit improved strength and ductility [11], thermal stability
[12,13] and corrosion properties [14,15]. Most HENs are based on d-
block transition metals (TM), and three classes can be identified ac-
cording to the origin of their metallic component: (i) the refractory
transition metals [16] among groups 4 to 6, such as, Ti, Zr, Hf, Nb, Ta
and W; (ii) the TM HENs made up of elements from the late transition
metal groups, for example, CoCrCuFeNiN [17]; and (iii) metals from the
cross-groups, i.e., combining metals from one or both of the above-
mentioned two categories with a main-group element (e.g., Al), such as
in TiZrNbAlYN [18] or AlCrMoNiTiN [19].

In many studies on refractory-metal-based HEN coatings, the
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number of constituent metal elements typically exceeds four [20], and
can even be up to 11 in some cases [21]. This vast composition space,
various nature of the metal elements and different process conditions,
make it a great challenge to explore different HENs in depth, as well as
to find the specific multicomponent coating system with the best
properties for a given set of specifications. Although, quaternary nitride
coatings, such as (TiNbZr)N [22] and (TiZrHf)N [23], as well as mul-
ticomponent nitrides, including (TiHfNbZrTa)N [24], (TiHfNbZrV)N
[25] and (TiHfNbVZrTa)N [26,27] have been studied, there is still a
need for an improved understanding of the properties of multi-
component nitrides.

In the present work, therefore, multicomponent refractory
(TiNbZrTa)Nx (x = 0.25–0.59) coatings were deposited by reactive
magnetron sputtering with four segmented targets and a nitrogen flow
ratio [RN=N2/(Ar + N2)] of about 3%. The effect of the deposition
temperature on the structural, mechanical, electrical properties and
corrosion resistance of the above-mentioned system was investigated in
order to provide fundamental material-level understanding needed for
the future application of these coating materials, such as protective
coatings on metallic bipolar plates, hard and conductive coatings in
acid and humid environments. The purpose of the present work is to
evaluate the coating material itself (on silicon substrates), while future
work will be directed towards assessing the system with the coatings on
metallic bipolar plates.

2. Experimental details

TiNbZrTa nitride coatings were deposited on Si(100) substrates by
reactive magnetron sputtering in a high vacuum chamber (base
pressure < 10−8 Pa) using two segmented targets of Nb/Zr and Ti/Ta
with an area ratio of 50/50. The depositions were carried out with
constant DC power of 200 W for the two segmented targets. The Ar/N2

gas (97% Ar and 3% N2) flow rate was kept at 65 sccm corresponding to
a total pressure of 0.48 Pa (3.6 mTorr). Silicon (100) substrates with a
size of 10 × 10 mm2 were cleaned sequentially with acetone and
ethanol in an ultrasonic bath for 10 min, and finally blow-dried with
nitrogen gas. The substrate holder, which was maintained at different
temperatures from non-intentional heating (named “room tempera-
ture”, RT) to 700 °C, was rotating, and the substrates were electrically
floating. The substrate temperature was calibrated using an infrared
thermometer (Cyclops 160B) in absence of any contribution from the
plasma heating (the latter contribution is small in this lab-scale system
but can be substantial in industrial-scale systems). Prior to each de-
position, the substrates were preheated for at least half an hour to ob-
tain a stable temperature. Each deposition was maintained for 30 min
yielding a coating thickness of ~1.1 μm.

The elemental compositions of the (TiNbZrTa)Nx coatings were
determined by energy-dispersive X-ray spectrometry (EDS, Oxford
Instruments X-Max) and XPS measurements. The XPS measurements
were performed in a Kratos Axis Ultra DLD instrument from Kratos
Analytical (UK) employing monochromatic Al Kα radiation
(hν= 1486.6 eV). The surface contamination due to the exposure of the
sample to air was first removed by sputter-etching the films for 120 s
with a 4 keV Ar+ ion beam incident at 70° with respect to the sample
normal; the Ar+ ion energy was then reduced to 0.5 keV for 600 s to
minimize surface damage [28]. The size of the sputter-etch cleaned area
was 3 × 3 mm2 while the spectra were collected from the
0.3 × 0.7 mm2 area centered in the middle of the etched crater and
with electrons emitted along the surface normal. The binding energy
(BE) scale of the spectrometer was calibrated using the ISO-certified
procedure [29] to avoid problems related to the use of the C 1s peak of
adventitious carbon [30,31]. The analyser pass energy was set to 20 eV
which resulted in the full width at half maximum of 0.55 eV for the Ag
3d5/2 peak. Quantification of the elements in the samples was per-
formed using Casa XPS software (version 2.3.16), based upon the peak
areas obtained from narrow energy range scans and the elemental

sensitivity factors supplied by Kratos Analytical Ltd.
The crystal structure of the coatings was determined by X-ray dif-

fraction (XRD) measurements performed with a PANalytical X'Pert PRO
diffractometer with a Cu Kα radiation and a nickel filter with a Bragg-
Bretano geometry. Pole figures were acquired using Philips X'Pert-MRD
operating with Cu Kα radiation with a configuration of crossed slits
(2 × 2 mm2) as primary optics and a parallel plate collimator (0.27°) as
secondary optics.

Top-view and cross-section surface morphologies of the coatings
were observed by a scanning electron microscope (SEM, LEO Gemini
1550, Zeiss), with an acceleration voltage of 5.0 kV. A Bruker
Dimension 3100 atomic force microscopy (AFM) operated in the tap-
ping mode was used to estimate the roughness of each coating and the
data were processed with the WS × M analysis software.

The mechanical properties (hardness and elastic modulus) of the
TiNbZrTa nitride coatings were determined from nanoindentation
measurements (Triboindenter TI 950) performed using a Berkovich
diamond tip with an apexradius of 100 nm where the tip area function
was calibrated using a fused-silica reference sample. The indentation
measurements were carried out in the load-controlled mode and the
hardness and reduced elastic modulus were obtained from load–dis-
placement curves following the Oliver and Pharr method [32].

The electrical resistivities of all samples were determined by mea-
suring the sheet resistances of the films using a four-point-probe Jandel
RM3000 station. The resistivity was obtained by multiplying the sheet
resistance with the sample thickness, which was obtained from cross-
section SEM images.

Potentiodynamic polarization measurements were performed at RT
to evaluate the corrosion resistances of selected TiNbZrTa nitride
coatings deposited at RT and at 400 °C. These curves were compared
with the polarization curve obtained for a hyper-duplex stainless steel
sample (SAF 3207HD, Sandvik AB) [15], used as a reference sample. A
PGSTAT302N potentiostat/galvanostat (Metrohm Instruments) was
used in conjunction with a typical three-electrode electrochemical cell,
containing a 0.1 M H2SO4 aqueous solution. The thin film sample was
used as the working electrode while an Ag/AgCl (3.0 M NaCl) electrode
and a Pt wire served as reference electrode and counter electrode, re-
spectively. Prior to the polarization curve experiments, the samples
were kept in the electrolyte solution for 90 min under open circuit
potential (OCP) conditions. All polarization curves were recorded with
a scan rate of 1 mV/s. The polarization curves were recorded between
−0.7 V and 1.5 V vs. Ag/AgCl and the corrosion potential (Ecorr), and
corrosion current (icorr) were determined from the polarization curves.

3. Results and discussion

The elemental compositions of the coatings are presented in atomic
percent (Fig. 1) with a standard deviation of± 0.5 at. %, while the
uncertainty in the nitrogen content is about 3–7 at.%, according to EDS
and XPS measurements. The atomic percentages of the metals are es-
timated from the EDS, while nitrogen percentage is calculated using the
N/(Nb + Zr) ratio based on the XPS results. The inset shows that the
Zr/Nb ratios determined by EDS and XPS both are around 1.0, in-
dicating that the two techniques are consistent with respect to the de-
termination of these metal concentrations. The compositions regarding
Ti, Nb, Zr and Ta are kept close to the equimolar ratios. The N content
was 37 at.%, i.e., MeN0.59, for the film deposited at room temperature
and decreased with temperature to 20 at.%, i.e., MeN0.25 for the film
deposited at 700 °C. These results indicate that all the (TiNbZrTa)Nx

samples are more metallic and much less stoichiometric in nitrogen
(with x = 0.25–0.59). The decrease in the N content at elevated de-
position temperatures might be due to the higher nitrogen desorption
rates at higher substrate temperatures. The measured oxygen contents
in the series of samples are below 1.5 at.%.

High-resolution XPS spectra recorded over the Nb 3d, Zr 3d, Ti 2p,
Ta 4f and N 1s core-level regions, are displayed in Fig. 2(a–e) for films
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deposited in the temperature range from RT to 700 °C. There is a clear
shift of all peaks towards lower binding energies (BE) with increasing
deposition temperature. Comparisons with reference values (see the
black vertical lines in Fig. 2a–e) reveal that the metals in the films
deposited at RT are close to their nitride state, while those deposited at
700 °C are close to their metallic states (see the red vertical lines). While
the BE of the Nb 3d5/2 peak varies in the range from 203.8 eV to
202.5 eV, a value of 204.0 eV was reported for stoichiometric NbN [33]
whereas a value of 202.0 eV was found for pure Nb metal [34]. Simi-
larly, the BEs of Zr 3d5/2, Ti 2p3/2, Ta 4f7/2 shift from 179.8 to 178.5 eV
(the reference ZrN [33] and Zr [35] signals are located at 180.0 and
178.5 eV), and from 454.9 to 454.3 eV (with the TiN [33] and Ti [36]
reference signals located at 455.0 and 454.0 eV), and from 23.6 to
22.3 eV (with the TaN [33] and Ta [37] reference signals positioned at
23.9 and 21.9 eV), respectively. The abovementioned shift in the peak
position indicates a gradual change in the states of the elements from
(mainly) nitridic (when deposited at RT) to almost metallic when de-
posited at 700 °C. This shift is consistent with the decrease in the ni-
trogen content (see Fig. 1).

Fig. 3 presents XRD patterns of the (TiNbZrTa)Nx coatings deposited
at different temperatures. For temperatures between RT and 300 °C, the
coatings exhibit reflections corresponding to an fcc NaCl-type phase.
The lattice parameter values of these coatings, determined by calcula-
tion from all film peaks in the XRD patterns, are close to
4.37 ± 0.01 Å. For the coatings sputter-deposited between 400 °C and
600 °C, the structure is the same as for the samples deposited at lower
temperatures, but a (001) texture is apparent. With increasing tem-
perature, there is also a shift of the (002) peak to lower 2θ angle,
translating to an increasing lattice parameter, and the peak width is
increased, which may be due to the presence of different fcc phase or
stress in the films. For the latter sample, a small peak appeared at
2θ = 46.8°, and several additional peaks are also found for the coating
deposited at 700 °C. All these peaks could be attributed to an hcp phase
similar to the cases observed in HfNbTiVZr [38] and HfNbTaTiZr [39]
high-entropy alloys annealed at 600 °C. The lower nitrogen content in
the coatings deposited above 600 °C, results in similar structures as for
related refractory high-entropy alloys [38,39], which might be due to
the limited amount of nitrogen in the fcc crystals.

In order to further investigate how the texture of the TiNbZrTa ni-
tride coatings depends on the deposition temperature, pole figures were
acquired. Fig. 4 shows pole figures of the (111) and (001) planes in the
fcc phase for the coatings deposited on Si in the temperature range from

RT to 600 °C. The {111} pole figures of the coating deposited at RT
exhibit a broad spot at the centre, while a broad ring around ψ ≈ 35.6°
is seen for the coatings deposited at 200 °C and 300 °C. The {001} pole
figures for the coatings deposited between RT to 300 °C exhibit the
corresponding features. These observations indicate a (111) preferred
orientation for the RT sample, and a (110) preferred orientation for the
samples deposited at 200 °C and 300 °C. In contrast, for the coatings
deposited at 400 to 600 °C, one sharp peak at the centre is observed in

Fig. 1. Element composition determined by EDS and XPS of TiNbZrTa nitride
coatings as a function of the substrate temperature.

Fig. 2. (a–e) High-resolution XPS spectra of the core levels: Nb 3d, Zr 3d, Ti 2p,
Ta 4f and N 1s for all the series of MeNx (Me= TiNbZrTa) coatings. The vertical
lines indicate the reference binding energy values for binary nitrides (black
lines), and metals (red lines). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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the 001 pole figure, while a distinct ring is seen at ψ ≈ 54.0° in the
{111} pole figure, showing that the films deposited at 400 to 600 °C
exhibit a fibre-texture with (001) out-of-plane orientation. The change
in texture from the (111) plane to the (001) plane in this work is likely
due to the enhanced surface mobility of adatoms on the (001) planes
obtained when increasing the substrate temperature [40].

Fig. 5 shows top-view and cross-sectional SEM images of the
(TiNbZrTa)Nx coatings deposited at various temperatures, while the
insets depict AFM images of each sample. The coatings deposited be-
tween RT and 200 °C show a similar structure with a rough surface (6.2
to 7.0 nm, root-mean-square roughness, Rrms) and a porous columnar
structure (Fig. 5a and b). At 300 °C, the microstructure of the coatings
became denser and with fewer micropores. For substrate temperatures
of 400, 500 and 600 °C, the surface roughness values were 0.9, 0.8 and
1.2 nm, respectively. At 700 °C, grain coarsening occurred due to the
elevated deposition temperature leading to an increased roughness
(Rrms = 10.1 nm). In addition, Fig. 5h shows the deposition rate cal-
culated from the measured thickness from the SEM images, yielding
values between 35 and 41 nm/min.

Fig. 6 shows cross-section TEM micrographs of the TiNbZrTa nitride
coatings deposited on Si substrates at RT and 400 °C. The rough surface
of the coating deposited at RT can be seen in Fig. 6(a). A selected-area
electron diffraction (SAED) pattern (Fig. 6b) was obtained near the
surface region. The observed diffraction spots can be assigned to the
reflections of the NaCl-type phase, suggesting a polycrystalline struc-
ture. High resolution TEM images (Fig. 6c), show a columnar micro-
structure with fine columns, in addition to some microcracks (marked
by arrows) and defects along the grain boundaries. In the cross-section
TEM images of the coating deposited at 400 °C, a dense and uniform
granular structure is observed, without visible microcracks. Columns
with a diameter of around 15 to 20 nm are observed in Fig. 6d. Fig. 6e
shows the corresponding SAED patterns, in which a broad arc appears
in the growth direction. The latter suggests a (001) texture of fcc phase,
consistent with the broad 002 peak in the corresponding XRD pattern.
Two local Fast Fourier Transform (FFT) patterns (A and B), which were
taken from the marked area of two neighbouring columns in the
HRTEM image (Fig. 6f), provide further confirmation of the well-crys-
talline fcc structure. At the same time, the ordered diffracted spots re-
veal an improved crystalline structure along the growth direction
(compared to Fig. 6c) in each column, which is identified by the
HRTEM image (Fig. 6f).

Fig. 7 shows the nanoindentation hardness (H), the reduced elastic
modulus (Er) and the H/Er and H3/Er2 ratios for the TiNbZrTa nitride

coatings as a function of the deposition temperature. The hardness first
increased from 17.4 ± 1.0 GPa to 26.0 ± 0.3 GPa when the de-
position temperature was increased from RT to 400 °C, but then de-
creased to about 17.8 ± 2.0 GPa at 700 °C. The elastic modulus only

Fig. 3. XRD patterns of the TiNbZrTa nitride coatings deposited at different
temperatures from room temperature to 700 °C. The fcc reference values were
based on the theoretical power diffraction pattern of (TiNbZrTa)N while, the
hcp reference values were obtained from ref. [39].

Fig. 4. The evolution of 111 and 002 pole figure of the fcc TiNbZrTa nitride
coatings deposited on Si (100) as a function of the substrate temperature.
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showed a slight increase up to 230.5 ± 10.4 GPa at 300 °C followed by
a decrease to 199.0 ± 14.9 GPa at 700 °C. The error bars of H and Er
correspond to the standard deviation of 25 measurement points and are
related to the roughness of the coatings shown in Fig. 5h. The load-
displacement curves of the 25 indentations for the TiNbZrTa nitride
coatings deposited at RT and 400 °C are displayed in Fig. 8. The black
RT curves exhibit large scatter due to the high film roughness, while the
uniform green curves resulted from the small roughness of the coating
deposited at 400 °C. A high H/Er ratio and a lower E value are indicative
of improved toughness and good wear resistance [41], while the H3/Er2

ratio is an indicator of the resistance to plastic deformation [42]. The
coating deposited at 400 °C has the highest H/E value (i.e. 0.12) and
H3/Er2 value (i.e., 0.34 GPa), which might be due to the strong (001)
texture. Considering the change in N content due to the higher de-
position temperature, the highest hardness in these multicomponent
(AlCrSiTiZr)Nx coatings were observed for 22.4 at.% nitrogen [14],
owing to their amorphous and dense structure combined with Me-N
bonding in the film.

Fig. 9 shows the room-temperature resistivities of the TiNbZrTa
nitride coatings deposited on Si as a function of the deposition tem-
perature. The electrical resistivity first increases from 184 to 230 μΩcm
when the deposition temperature is increased from RT to 500 °C, but
then decreases to 135 μΩcm for a deposition temperature of 700 °C. The
variation in the resistivity values, which is much larger than those (i.e.
a few tens of μΩcm) seen for stoichiometric TiN [43,44], NbN [45] and
ZrN [46], but comparable to those seen for stoichiometric TaN
(~220 μΩcm [47]) and other multicomponent nitride coatings [48,49].
The electrical properties of multicomponent nitride coating could be
general affected by various parameters such as the defect [50] or ni-
trogen contents [51].

Potentiodynamic polarization curves were recorded to evaluate the
corrosion resistance of the coatings deposited on Si substrates at RT and
400 °C, as well as the hyper-duplex stainless steel SAF 3207HD used for
comparison (Fig. 10). The corrosion potential (Ecorr) for the hyper-du-
plex stainless steel was found to be approximately −0.3 V vs. Ag/AgCl,
while more positive corrosion potentials, i.e. −0.15 and −0.05 V vs.
Ag/AgCl, were seen for the RT and 400 °C nitride coatings. The cor-
rosion current (icorr) densities were 9.0 × 10−8 and 2.8 × 10−8 A/cm2

for the RT and 400 °C samples, respectively. As these values are about
two orders of magnitude lower than the value of 2.5 × 10−6 A/cm2

found for the hyper-duplex stainless steel it is immediately clear that
the (TiNbZrTa)Nx coatings exhibited significantly higher corrosion re-
sistances. Also, the fact that the coatings are more corrosion resistant is
confirmed by the fact that the values of their corrosion potentials are
more positive than that of the stainless steel (Fig. 10). The somewhat
higher corrosion current seen for the RT coating than for the 400 °C
coating can most likely be explained by its higher porosity, which can
be seen in the SEM images (Figs. 5, SI 1 and 2). It should also be noted,
that the nitride samples exhibited a passive behaviour up to 1.5 V vs.
Ag/AgCl but the true extent of the passivity region has not been eval-
uated, whereas a transpassive behaviour featuring a dramatically in-
creasing current could be seen above around 0.8 V vs. Ag/AgCl only for
the stainless steel. In Fig. 10, the passive regions are seen to start at
about 0.4 and 0.6 V for the 400 °C and RT samples, respectively. In both
cases the passive regions are characterized by stable plateaus with
current densities of about 0.5 to 1.0 × 10−6 A/cm2. The latter indicate
that the metal oxides formed upon the oxidation of the nitrides are
highly stable in this potential region, at least in 0.1 M H2SO4. The re-
corded polarization curves of the pure elements, i.e. Ti, Ta, Nb and Zr
samples, in 0.1 M H2SO4 clearly demonstrate that all the elements

Fig. 5. (a–g) Top-view and cross-section SEM image of the (TiNbZrTa)Nx coatings deposited at different temperatures. AFM images are shown in the insets (the scale
bars represent 200 nm); (h) deposition rate (nm/min) determined using the thickness and deposition time, and the root-mean-square roughness (Rrms) determined
from the AFM images.
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exhibit a passive behaviour up to 1.5 V vs. Ag/AgCl (Fig. SI 3). This is
consequently the main reason for the high corrosion resistance ex-
hibited by the present (TiNbZrTa)Nx coatings, while previous results
obtained for TiNbZrTa alloys tested in different electrolyte solutions
[52] confirm the growth of the thickness of the passive layer when
potential increases. Moreover, according to the Pourbaix diagrams
[53], the Ti, Nb, Zr, and Ta elements should be present as TiO2, Nb2O5,
ZrO++(zirconyl ion) and Ta2O5 at these potentials and pH, in good
agreement with the XPS results in Fig. SI 4. Therefore, it is reasonable to
assume that the thickness of the passive oxide layer is increasing when
the potential increases, giving this stable plateau.

The corrosion current densities obtained for the RT and 400 °C
samples, i.e. 9.0 × 10−8 and 2.8 × 10−8 A/cm2, respectively, are
about two orders of magnitude lower than the value maximum corro-
sion current density accepted for application in a PEMFC. Future studies
are, however, needed to evaluate the corrosion resistance of the present
coatings in more corrosive environments (e.g. in the presence of
chloride or fluoride) as well as the contact resistances and durability of
the coatings in PEMFCs.

4. Conclusions

Coatings in the multicomponent nitride system TiNbZrTa-N were
deposited using reactive magnetron sputtering. This series of coatings
deposited with different temperature and a constant nitrogen flow ratio
of 3% were much less stoichiometric from MeN0.59 at RT to MeN0.25 at
700 °C. XPS data indicates a gradual change in the chemical state of the
transition metals with increasing growth temperature Ts, from nitridic
with Ts = RT to metallic with Ts = 700 °C. For low-temperature de-
position, the coatings exhibited fcc solid-solution polycrystalline
structures, with a rough surface (i.e. 6.2 to 7.0 nm). Upon increasing the
temperature in the range of 400–600 °C, the coatings developed a
(001)-texture, a roughness of 0.9 to 1.2 nm and dense structures

without visible grain features. An hcp structure was observed together
with the fcc phase in the coating deposited at 700 °C which had a
roughness of 10.1 nm due to a grain coarsening effect caused by the
elevated temperature. The maximum hardness value of 26 GPa as well
as the highest H/Er and H3/Er2 values (0.12 and 0.34 GPa) were ob-
tained for the coating deposited at 400 °C. The RT electrical resistivities
of the TiNbZrTaN nitride coatings were found to be around 200 μΩcm.
The corrosion behaviour of the RT and 400 °C coatings seen in 0.1 M
H2SO4 aqueous solutions demonstrate that these coatings were more
corrosion resistant than the hyper-duplex stainless-steel reference
sample. This makes the present type of TiNbZrTaN nitride coatings
potentially well-suited for use as corrosion resistant coatings on me-
tallic bipolar plates in PEMFCs.
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Fig. 6. Cross-sectional TEM micrograph of the (TiNbZrTa)Nx coating deposited on Si (100) substrate at RT (a–c) and 400 °C (d–e). (a) and (d), low-magnification TEM
images of the film and surface; (b) and (e) SAED patterns; (c) and (f) HRTEM images of nearby columnar crystal. The insets in (f) show local FFT patterns for the zones
A and B indicated in image (c).
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