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a b s t r a c t   

Multicomponent as well as high-entropy-based nitrides have received increasing interest in the field of 
materials science and engineering. The structural characteristics of these compounds result in a mix of 
covalent, metallic, and ionic bonds that give rise to a number of attractive properties including high 
hardness, electrical and thermal conductivities as well as chemical stability. These properties render these 
materials promising candidates for various industrial applications involving harsh operating conditions. 
Herein, the corrosion resistances of dc magnetron sputtered nitrogen-containing TiZrTaNby thin films with 
Nb content ranging from 8.0 to 24.5 at% have been investigated to provide insights regarding the corrosion 
resistances of multicomponent systems containing more than one passive element. The corrosion re-
sistances and anodic behavior of the films were examined by electrochemical means in 0.1 M H2SO4 and 
0.1 M HCl solutions. The results demonstrate that despite the significant differences in the concentration of 
one of the two main passive elements in the films i.e., Nb, the corrosion resistance did not differ sig-
nificantly between the films. To provide insights into this phenomenon, the surface chemical state and 
composition of the prepared films were probed using X-ray photoelectron spectroscopy. It was shown that 
all samples exhibited Ta-rich surfaces after positive polarization up to 3.0 V vs. Ag/AgCl (3 M NaCl) as a 
result of the anodic dissolution of Zr and Ti. The thickness of the oxide layer formed upon different anodic 
polarization was studied using transmission electron microscopy, while complementary electrochemical 
impedance studies were performed. The extent of Nb dissolution from the surface of the films was, on the 
other hand, found to be small. These findings highlight the dominant role of Ta in the passivation of the 
films and demonstrate the minor effect of Nb concentration on the corrosion resistances of the films. 
However, it was demonstrated that the presence of Nb was still important for the corrosion resistance of the 
films above 1.4 V vs. Ag/AgCl (3 M NaCl), when replacing Nb with Cr, due to transpassive dissolution of Cr. 
These results facilitate the design of highly corrosion resistant multicomponent nitrides containing more 
than one passive element. 
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).   

1. Introduction 

Even though the corrosion field attracts a lot of attention, many 
corrosion problems remain unsolved due to difficulties with un-
derstanding fundamental issues about passivation. Passivity is one of 
the major factors that slows down the corrosion process. Some 

metals such as Nb and Ta, show high corrosion resistances and re-
main in a passive state even at potentials above 2.0 V vs. SHE in 
acidic environments [1]. In contrast, other metals, such as Cr and Mo, 
which are typical elements that are added to increase the corrosion 
resistance of steel, do not exhibit passivity above 1.0 V vs. SHE [2,3]. 
According to percolation theory, passivity in an alloy can be achieved 
when a minimum concentration of a passive element is present, 
referred to as the percolation threshold [4–6]. For example, in a 
stainless-steel alloy, the minimum concentration of the passive 
element Cr is about 12–13 at% [4–6], because of the need for a 
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sufficiently high Cr surface coverage facilitating Cr-O-Cr bonding  
[4–6]. Despite the vast number of studies on the corrosion behavior 
of several types of alloys reported in the literature, the percolation 
theory has so far been solely applied to binary systems such as Fe-Cr, 
Ni-Cr and Mg-Al [4–10]. No insights have consequently been pro-
vided regarding the application of the percolation theory to multi-
component alloys containing more than one passivating elements. 

The passivation of metals such as Nb and Ta at significantly high 
potentials suggests that these metals can be used in multi-
component thin films such as high entropy nitrides (HENs) [11], to 
improve their corrosion resistances by extending the passive regions 
to higher potentials. High-entropy nitrides, constitute a large cate-
gory of high-entropy ceramics [12]; the latter constitute a category 
of high entropy alloys (HEAs) [13], when p-elements (i.e., carbon, 
nitrogen, boron, oxygen) are added to a HEA composition, forming 
carbides, nitrides, borides and oxides which are frequently named as 
high-entropy ceramics [12]. HENs can exhibit combined properties 
of ceramics and metals, such as good electrical conductivity, as well 
as high hardness and toughness [14]. The corrosion resistances of 
HEN systems can be affected by parameters such as their micro-
structures [15,18] and their composition [14–17]. Alloying metal 
elements with different passivation behaviors could allow the design 
of high-entropy alloys and multicomponent ceramics for applica-
tions requiring high corrosion resistances. For example, in case of 
TiNbZrTaNx, it has been found that a stable passive region up to 3.0 V 
vs. Ag/AgCl (3 M NaCl) in 0.1 M H2SO4 can be achieved for films with 
x  <  0.64 [16]. It is worth emphasizing that the abovementioned 
anodic potential limit of effective passivation is higher than the 
thermodynamic upper potential limit of aqueous electrolytes, i.e., ca. 
1.23 V vs. SHE under standard conditions, as well as those of most 
non-aqueous electrolytes. This characteristic (i.e., the high anodic 
potential limit) can render these multicomponent composites in-
dustrially attractive towards several applications including electro-
synthesis [19], electrochemical energy conversion [20], storage [21] 
and advanced electronics [22]. 

Previous studies of TiTaNb medium entropy alloy (MEA) thin 
films in 0.5 M H2SO4 solution have shown an improved corrosion 
resistance compared to that of pure Ti due to the formation of a 
stable passive oxide layer upon positive polarization. In this oxide 
layer the concentrations of Nb and Ta were found to be higher than 
that of Ti [23]. Similar studies on equiatomic TiZr (Hf, Ta, Nb) MEAs 
support the idea that alloying with Ta and Nb can significantly im-
prove the corrosion resistance of TiZr alloys [24]. 

The present study aims to provide insights regarding the corro-
sion resistances of multicomponent systems containing more than 
one passive element. Nitrogen-containing multicomponent 
TaTiZrNb composites were prepared using co-sputtering with single- 
element targets where Nb and Ta act as the passive elements. The 
effect of the Nb concentration on the corrosion resistance of the 
films was examined, while maintaining the Ta concentration con-
stant. Ti and Zr were not considered as passive elements on the basis 
of their Pourbaix diagrams [1], which at pH= 1 predict that Zr should 
be present as ZrO2+ (zirconyl ion) above − 1.7 V vs. SHE, whereas Ti 
should be present as Ti2+ between − 1.8 and − 0.4 V vs. SHE, and as 
TiO2 above − 0.4 V vs. SHE. The concentration of Nb in the films, 

given as the ratio between the Nb concentration and the total metal 
concentration in atomic percent, was varied from 0.13 to 0.37. To 
avoid fast etching at high potentials i.e., above 2.0 V vs. Ag/AgCl (3 M 
NaCl), the nitrogen concentration x was kept lower than 0.64 based 
on the findings of previous studies [16,17]. Films with nitrogen 
concentrations higher than 0.64 only featured a stable current pla-
teau up to 2.0 V, indicating that the corrosion resistance depended 
on the nitrogen concentration in the films [16]. Overall, it is en-
visaged that this work will contribute significantly to the ongoing 
research on the design of highly corrosion resistant multicomponent 
nitrides containing more than one passive elements. 

2. Experimental methods 

Nitrogen-containing TiZrTaNb-based thin films were deposited 
on Si(100) substrates (size: 10 ×10 mm2) using magnetron sputtering 
in an ultrahigh vacuum chamber (base pressure < 10–7 Pa) as de-
scribed elsewhere [25] with elemental targets (Ti, Zr, Ta and Nb) 
with a diameter of 50.8 mm. The distance between the targets and 
the substrate holder was approximately 140 mm. The substrate 
holder was maintained at 400 °C and a constant rotation rate of 
20 rpm. A substrate bias of − 100 V was applied during deposition. 
The total flow of the gas mixture of Ar and N2 was kept at 65 sccm, 
corresponding to a total pressure of 0.47 Pa in the chamber. The flow 
ratio of reactive nitrogen, frgas = N2/(Ar + N2) was set to 4.1%. The 
discharge powers applied to the Ti, Zr and Ta targets were adjusted 
individually to achieve an equimolar composition. The nitrogen- 
containing TiZrTaNby films were deposited under different target- 
power conditions. To control the Nb concentration and retain the 
concentrations of Ti, Zr, Ta, and nitrogen, the total applied power on 
the four targets was fixed at 420  ±  1 W, while the power of Nb 
target was varied from 68 to 159 W. The fraction of the Nb-target 
power with respect to the total power of the four targets was varied 
from 16% to 38%. The specific target power can be found in Table 1. 
Silicon (100) substrates (with a size of 10 × 10 mm2) were cleaned 
sequentially with acetone and ethanol in an ultrasonic bath for 
10 min each and finally blow-dried with nitrogen gas. The substrates 
were preheated for at least 30 min prior to each deposition to obtain 
a homogeneous temperature. The deposition time was 20 min for all 
the films. 

The elemental compositions of the nitrogen-containing 
TiZrTaNbyNx films were determined using energy-dispersive X-ray 
spectrometry (EDS, Oxford Instruments X-Max). The surface chem-
istry and elemental compositions in the surface region of the sam-
ples were studied by X-ray photoelectron spectroscopy (XPS) and 
performed with a Kratos Axis Ultra DLD instrument from Kratos 
Analytical (UK) employing monochromatic Al Kα radiation (hν = 
1486.6 eV). The corroded films were analyzed in the as-received 
(corroded) state, whereas the pristine films were measured before 
and after sputter-etching for 120 s with a 4 keV Ar+ ion beam in-
cident at 70° with respect to the sample normal. The XPS mea-
surements were used to evaluate the surface chemistry of the 
samples before and after the corrosion tests. After this, the Ar+ ion 
energy was decreased to 500 eV for 600 s to minimize surface da-
mage. The binding energy (BE) scale of the spectrometer was 

Table 1 
Target powers used during the depositions as well as the elemental compositions and thicknesses for the TiZrTaNby thin films.              

Material system y Target power (W) Composition (  ±  1.0 at%, EDS)  Thickness (  ±  10 nm) 

Ti Zr Ta Nb Ti Zr Ta Nb N   

TiZrTaNbyNx  0.13  154  115  83  68  18.4  17.5  19.5  8.0  36.5  512  
0.19  144  108  77.5  91  18.8  17.5  19.8  13.0  30.8  503  
0.25  134  100  71  115  16.9  16.4  17.4  16.9  32.4  505  
0.31  124  93  67  136  15.6  14.7  16.3  20.6  32.8  504  
0.37  114  85  62  159  14.3  13.3  14.9  24.5  33.1  500 
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calibrated using the ISO-certified procedure [26]. The sample Fermi 
edge was used as an internal charge reference, to avoid problems 
related to the use of the C 1 s peak of the adventitious carbon [27]. 
The analyzer 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, which is a 
typical calibration reference. Elemental quantification was per-
formed using Casa XPS software (version 2.3.16), based upon the 
peak areas obtained from narrow energy range scans and the ele-
mental sensitivity factors supplied by Kratos Analytical Ltd. 

The crystal structure was evaluated by X-ray diffraction (XRD) 
measurements with a PANalytical X′Pert PRO diffractometer in a 
Bragg-Brentano geometry. Top-view and cross-section surface 
morphologies of the films were examined with a scanning electron 
microscope (SEM, Sigma 300, Zeiss, and a Merlin Zeiss), with an 
acceleration voltage between 2.0 and 5.0 kV. Transmission electron 
microscopy (TEM) characterization was conducted with a FEI Tecnai 
G2 TF20 UT instrument with a field emission gun operated at 
200 kV. The cross-section of some selected samples was studied 
with TEM, before and after the linear sweep voltammetry (LSV) 
measurement. The samples were prepared individually using the 
following steps: firstly, they were glued onto a Ti grid, and then they 
were polished down to 50 µm thickness, followed by Ar+-ion milling 
with a Gatan precision ion polishing system. Initially, the incident 
angle and energy of the Ar+ ions were set at 5.5° and 4.0 keV, re-
spectively. During the final step, the Ar+ energy was decreased to 
2.5 keV. 

In the electrochemical experiments, a Teflon home-made three- 
electrode electrochemical cell was used in connection with an 
Autolab PGSTAT302N potentiostat/galvanostat (Metrohm 
Instruments). The thin films were used as the working electrodes 
and the electrical connection between the films and the potentiostat 
was made using copper tape. The Teflon cell had a 5 mm diameter 
opening at the bottom and the films were secured beneath this 
bottom opening, using a rubber O-ring between the film and Teflon 
cell. The area (0.2 cm2) of the working electrode was delimited by an 
O-ring in the electrochemical cell. An Ag/AgCl (3.0 M NaCl) electrode 
and a Pt wire served as reference electrode and counter electrode, 
respectively. Prior to the experiments, the electrolytes (i.e., 
0.1 M H2SO4 and 0.1 M HCl) were degassed with N2 for about 45 min 
to remove the dissolved oxygen. 

Polarization curves and electrochemical impedance spectroscopy 
(EIS) measurements were used to check the corrosion resistances of 
the thin films. Prior to the recording of the polarization curves, the 

films were left at the open circuit potential (OCP) for 45 min. The EIS 
measurements were conducted after 45 min at the OCP, and the 
impedance plots were recorded at the OCP value using a sinusoidal 
ac perturbation of 10 mV and a frequency range from 100 mHz to 
100 kHz. The polarization curves were obtained with a scan rate of 
1 mV/s, between − 0.7 and 3.0 V vs. Ag/AgCl (3 M NaCl). Moreover, 
two films with low (i.e., 0.19) and high (i.e., 0.37) Nb concentrations 
were subjected to a cathodic pre-treatment by applying a potential 
of − 1.0 V vs. Ag/AgCl (3 M NaCl) for three minutes before recording a 
polarization curve from − 0.7–3.0 V vs. Ag/AgCl (3 M NaCl). The 
purpose of this process was done to study if the cathodic pre- 
treatment had any impact on the electrochemical performances of 
the films. The values of the corrosion potential (Ecorr) and corrosion 
current density (jcorr) were determined based on graphical extra-
polations (i.e., Tafel plots) involving the anodic and cathodic current 
densities close to Ecorr in the polarization curves. The films were 
washed twice with distilled water after each electrochemical ex-
periment. 

3. Results and discussion 

3.1. Composition and morphology 

The Nb concentration y in this study is defined as the ratio be-
tween the Nb concentration and the total metal concentration in 
atomic percent, which increased linearly from 0.13 to 0.37, corre-
sponding to about 8–24.5 at% according to EDS (Table 1). Hereafter, 
these films will be referred as Nb0.13, Nb0.19, Nb0.25, Nb0.31 and Nb0.37. 
The Ti, Zr and Ta metal concentrations in this series of films were 
nearly equimolar (  ±  2.0 at%). The nitrogen concentration in the 
films was varied between 30.8 at%, and 36.5 at%, as measured by 
EDS, indicating that all the nitrogen-containing TiZrTaNbyNx films 
were substoichiometric in nitrogen with small differences between 
the films, given the high uncertainty associated with EDS measure-
ments of nitrogen concentrations. The target power and atomic 
composition estimated by means of EDS measurements are given for 
each component in Table 1. Furthermore, all the films exhibited a 
similar NaCl-type fcc phase structure with a distinct (200) Bragg 
peak at ∼41° (see Fig. S1 in the Supporting Information (SI)). 

The top-view SEM images in Fig. 1 (first row), show that the thin 
films with different Nb concentrations all exhibited a surface mor-
phology with fine grains with a diameter of ∼20 nm. All thin films 
showed a dense nanocolumnar structure in the SEM cross-section 

Fig. 1. SEM top-view (first row) and cross-section (second row) images of the Nb0.13 (a), Nb0.19 (b), Nb0.25 (c), Nb0.31 (d) and Nb0.37 (e) thin films, respectively.  
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images and an average thickness of ∼500 nm (Fig. 1, second row). 
This microstructure of the films was optimized by substrate biasing 
based on the results of a previous study [28] as it was important to 
work with dense thin films in the corrosion studies. Previous cor-
rosion studies on multicomponent AlCrNbYZrN thin films have 
shown that a higher corrosion resistance was observed for denser 
thin films [14]. As the surface microstructures were similar for all the 
films, although the Nb concentrations were different, the influence 
of the microstructure on the corrosion resistance of the films used in 
this study should hence have been negligible. 

Fig. 2 shows high-resolution Nb 3d, Zr 3d, Ti 2p, Ta 4 f, N 1 s and O 
1 s core-level spectra for the as-deposited films. The spectra were 

recorded without any surface-etching, and the results reveal that the 
surfaces of the films consisted of a mixture of oxides. The oxidation 
states of the constituting metals can be attributed to the presence of 
Nb2O5, ZrO2, TiO2, and Ta2O5, respectively. The BE positions for the 
primary oxide peaks were at 207.3 eV for Nb 3d5/2 of Nb2O5, at 
182.3 eV for Zr 3d5/2 of ZrO2, at 458.8 eV for Ti 2p3/2 for TiO2 and at 
26.1 eV for Ta 4 f7/2 of Ta2O5, which were close to the reference va-
lues, i.e., 207.6 eV for Nb2O5 [29], 182.9 eV for ZrO2 [30], 458.9 eV for 
TiO2 [31], and 26.6 eV for Ta2O5 [32]. Since the XPS probing depth 
under present conditions was 6–7 nm [33], i.e., larger than the native 
oxide thickness (∼2.7 nm, see Fig. 3a), the additional peaks corre-
sponding to substoichiometric nitride states were also seen in the 

Fig. 2. High-resolution Nb 3d, Zr 3d, Ti 2p, Ta 4 f, N 1 s, and O 1 s XPS core level spectra recorded for the nitrogen-containing TiZrTaNby films (0.13 ≤ y ≤ 0.37) using pristine films 
(first raw) and after sputter-etching (second raw), respectively. The vertical lines indicate the reference BE values for metals (red lines), oxides (blue dashed lines) and binary 
nitrides (grey dashed lines) [39]. 
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core level spectra of the four metals. For these films, the BE values 
matched the BE values for the substoichiometric nitride peaks (in 
the bottom raw) after removing the native oxide by sputter-etching. 

After Ar+ etching Nb 3d5/2, Zr 3d5/2, and Ta 4 f7/2 peaks shifted 
towards BE values typical for corresponding metals (marked with 
the red lines at 202.3 eV for Nb 3d5/2 [35], at 178.7 eV for Zr 3d5/2  

[36], at 454.0 eV for Ti 2p3/2 [37] and 21.7 eV for Ta 4 f7/2 [38]). XPS 
results after sputter etching also indicated that the studied films 
were substoichiometric with respect to nitrogen (rather than full 
nitrides) as the BE values were lower than the ones found for the 
binary nitrides used as references. This agrees with previous results  
[16] obtained for (TiZrTaNb)Nx films containing 30–36 at% of ni-
trogen. 

3.2. Electrochemical experiments 

3.2.1. OCP for 45 min and electrochemical impedance results in 
0.1 M H2SO4 obtained prior to recording polarization curves 

Prior to the recording of polarization curves, the films were im-
mersed in the electrolyte under OCP conditions for 45 min. The OCP 
is a mixed potential based on the cathodic and anodic reactions 
taking place on the passive layer formed prior to this experiment. 
The thickness of the passive layer for a pristine Nb0.31 film was es-
timated to be around 2.5–3.0 nm (Fig. 3a) using TEM. The OCP values 
were found to be about 0.26 V, 0.27 V, 0.27 V, 0.29 V and 0.30 V vs. 
Ag/AgCl (3 M NaCl) for the Nb0.31, Nb0.25, Nb0.37, Nb0.13 and Nb0.19 

films, respectively (Fig. 3b). For the films with different Nb con-
centrations, no significant differences were observed between the 
OCP values. In general, more positive potentials are associated with 
films that are more corrosion resistant. The fact that all studied films 
had similar OCP values indicates that the corrosion resistances were 
similar for all the films under OCP conditions. Nyquist (Fig. 3c) and 
Bode (phase and magnitude) plots (Fig. 3d) were obtained based on 
the EIS data recorded after immersing the films in the electrolyte for 
45 min at the OCP. The qualitative features of the Nyquist plots were 
reminiscent of the ac response associated with a blocking (capaci-
tive) interface. An almost constant real part was observed within the 
applied frequency range, with slight deviations seen at lower fre-
quencies possibly arising by the introduction of frequency dispersion 
effects (i.e., surface inhomogeneities and/or kinetic dispersion ef-
fects). This behavior is close to the ideal capacitor case typically seen 
for corrosion-resistant films. In the phase Bode plots, the phase 
angles reached a plateau between ca. 85–87° below ca. 10 Hz for all 
films. The phase angle values were very close to 90°, as would be 
expected for a blocking interface, indicating a high corrosion re-
sistance for all films under OCP conditions. This was attributed to the 
passive native oxide layers present on the surfaces of the films. Here 
it should, however, be noted that the XPS data presented in Fig. 2 
show that passive films were already present on the surfaces of the 
pristine films. An additional noteworthy finding is that the electronic 
resistances of the films, estimated by the high frequency intercept of 
the Bode magnitude plots within the frequency range where the 

Fig. 3. (a) TEM image of the native oxide layer on a Nb0.31 film. The average oxide thickness was about 2.7 nm. (b) The OCP as a function of time during 45 min in 0.1 M H2SO4. The 
Nyquist plots (c) as well as Bode plots (d) obtained in 0.1 M H2SO4 after 45 min at the OCP, for the Nb0.13 (grey curve), Nb0.19 (red curve), Nb0.25 (blue curve), Nb0.31 (green curve) 
and Nb0.37 (purple curve) films. 
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phase angle was less than 5° (a purely ohmic ac response can thus be 
justified due to a mixed contribution from electronic and electrolyte 
resistances) appeared not to depend significantly on the Nb con-
centration (Fig. S2). This indicates that the Nb concentration did not 
significantly affect the electrical conductivity (estimated as the re-
ciprocal of impedance modulus, assuming solely ohmic contribu-
tions to the total impedance) of the thin films. 

In a corresponding OCP measurement, a Nb0.37 film was im-
mersed for 45 min in 0.1 M HCl (Fig. S3a) prior to the conduction of 
EIS measurements analogous to those described above for 0.1 M 
H2SO4. The EIS results for the Nb0.37 film in 0.1 M HCl indicated an 
analogous capacitive behavior as that seen in 0.1 M H2SO4. There was 
thus only a minor deviation (less than 4°) from the ideal case of a 
straight line parallel to the imaginary axis in the Nyquist plot while a 
phase angle of ca. 86° was found for frequencies below 10 Hz in the 
Bode phase plot. This indicates that the corrosion resistance of the 
Nb0.37 film was comparable in 0.1 M H2SO4 and 0.1 M HCl under OCP 
conditions. 

3.2.2. Potentiodynamic polarization curves recorded between − 0.7 and 
3.0 V vs. Ag/AgCl (3 M NaCl) 

After the OCP measurements, all films were scanned from 
− 0.7–3.0 V vs. Ag/AgCl (3 M NaCl). Fig. 4a shows the polarization 

curves for the nitrogen-containing TiZrTaNby films with different Nb 
concentrations. In these curves, Ecorr is found at the potential where 
the rate of the anodic reactions became equal to the rate of the 
cathodic reactions (i.e., jan = jcath) during the scan. In Fig. 4a, the Ecorr 

values were found to be approximately − 0.13 V vs. Ag/AgCl (3 M 
NaCl) for all films and there was thus no significant dependence on 
the Nb concentration in the films. The different films also featured 
similar corrosion current densities jcorr between 3.2·10–8 and 5.8·10–8 

A/cm2. At potentials near 0.1 V vs. Ag/AgCl (3 M NaCl), the current 
densities were also similar for all films yielding values between 
5.8·10–8 and 1.35·10–7 A/cm2 at 0.25 V vs. Ag/AgCl (3 M NaCl). This 
indicates that the current densities seen in this potential range did 
not depend on the Nb concentrations in the films. A stable current 
density plateau (with current densities of around 5.5·10–6 A /cm2) 
was likewise seen for all the films above about 0.8 V vs. Ag/AgCl (3 M 
NaCl). This behavior is in good agreement with the findings of a 
previous study involving (TiNbZrTa)Nx films with nitrogen con-
centration x  <  0.64 [16]. Similar passive regions have also been ob-
served for related HEAs systems such as TiTaNb [23] and 
HfNbTaTiZr [34]. 

Chart-bars showing the relative concentrations of the different 
elements found in the oxide layers prior to and after of the recording 
of the above-mentioned polarization curves are shown in Fig. 5a and 

Fig. 4. (a) Polarization curves for the TiZrTaNby nitrogen-containing films in 0.1 M H2SO4 recorded between − 0.7 and 3.0 V vs. Ag/AgCl (3 M NaCl) at room temperature and with a 
scan rate of 1 mV/s for the Nb0.13 (grey curve), Nb0.19 (red curve), Nb0.25 (blue curve), Nb0.31 (green curve) and Nb0.37 (purple curve) films. (b) Analogous polarization curves for the 
Nb0.19 and Nb0.37 films recorded after a three-minute cathodic treatment at − 1.0 V vs. Ag/AgCl (3 M NaCl). 

Fig. 5. Relative elemental concentrations obtained by peak-fitting the Nb 3d, Zr 3d, Ti 2p, Ta 4 f, XPS core level spectra recorded from the nitrogen-containing TiZrTaNby films 
(0.13 ≤ y ≤ 0.37) in the pristine state (a) and after recording the polarization curves shown in Fig. 4a (b), and in Fig. 4b (c), respectively. 
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b, respectively. In these figures, different colors were used to depict 
the different elements and their relative intensities, i.e., Nb (yellow), 
Ta (mauve), Zr (green) and Ti (orange). The relative elemental ratios 
were obtained by fitting the high resolution XPS spectra shown in  
Fig. 2 and S4. The latter displays XPS spectra acquired from the ni-
trogen-containing TiZrTaNby films prior to and after the recording of 
the polarization curves. The spectra are dominated by peaks corre-
sponding to metal oxides, i.e., Nb2O5 at 207.3 eV, ZrO2 at 182.3 eV, 
TiO2 at 458.8 eV and Ta2O5 at 26.1 eV. In contrast to the spectra re-
corded from the pristine films (see Fig. 2), nitride peaks could not be 
seen after the recording of the polarization curves, indicating that 
the oxide thickness had increased. This observation is consistent 
with the high resolution XPS spectra recorded from a similar ni-
trogen containing (TaTiZrNb)Nx film after scanning up to 4.0 V vs. 
Ag/AgCl (3 M NaCl) in 0.1 M H2SO4 [16]. After such scanning to 4.0 V 
vs. Ag/AgCl (3 M NaCl) the thickness of the oxide layer was found to 
be about 25–30 nm, i.e., significantly larger than the XPS probing 
depth, whereas the native oxide layer only had a thickness of a few 
nm according to literature values [16]. The XPS analyses of the native 
oxides also showed that the relative Nb concentration in the oxide 
layer increased with increasing the Nb content in the films (Fig. 5a). 
In addition, the relative ratios of all elements in the native oxide 
layer were close to the corresponding ratios in the bulk of the films 
(Fig. S5). 

After having recorded the polarization curves shown in Fig. 4a, 
the relative Nb elemental concentrations remained similar to the 
relative intensities found in the native oxides (Fig. 5a and b). Sig-
nificant increases in the Ta concentrations were, however, seen 
(Fig. 5b) for all films independent of the Nb concentration in the 
films. Lower relative concentrations were, consequently, seen for 
both Ti and Zr after recording polarization curves up to 3.0 V vs. Ag/ 
AgCl (3 M NaCl). This indicates that the corrosion rate was higher for 
Ti and Zr than for Nb and lowest for Ta. Based on the observed Ta 
surface enrichment, Ta should hence be considered as the main 
passive element in the films. The analysis of the polarization curves 
obtained in 0.1 M H2SO4 therefore indicates that the presence of the 
native oxide led to polarization curves (Fig. 4a) with shapes that did 
not depend on the Nb concentration in films. More importantly, the 
results clearly show that the variation in the Nb concentration in the 
films had very little impact on the corrosion resistances of the films 
due to the fact that the films already had a sufficiently high con-
centration of Ta. 

To further study the influence of the native oxide layer on the 
corrosion resistance of the films, a cathodic electrode pretreatment 
potential step (to −1.0 V vs. Ag/AgCl (3 M NaCl) for three minutes) 
was included prior to the recording of the polarization curves [5,10] 
for the Nb0.19, Nb0.25, Nb0.31 and Nb0.37 films. Fig. 6 shows a plot of 
the calculated charge (calculated by integrating the currents, see Fig. 
S6) associated with this potential step as a function of the Nb con-
centration in the films. As the reduction charges were found to be 47, 
64, 105 and 140 mC/cm2 for the Nb0.19, Nb0.25, Nb0.31 and Nb0.37 re-
spectively, it is clear that there was an almost linear increase in the 
reduction charge when increasing the Nb concentration in the films. 

The results shown in Fig. 6 hence indicate that a larger fraction of 
the native oxide layer was reduced for a film containing a higher 
concentration of Nb during the cathodic pre-treatment step. It is 
therefore reasonable to assume that the reduction involved a re-
duction of a Nb oxide such as Nb2O5. Since the standard potential for 
the reduction of Nb2O5 to Nb is − 0.8 V vs. Ag/AgCl (3 M NaCl), see the  
Supplementary Information, one would expect this reaction to take 
place at − 1.0 V vs. Ag/AgCl (3 M NaCl), assuming standard conditions 
(e.g., [H+] = 1.0 M). This also means that it is possible that there was a 
reduction of Nb2O5 in 0.1 M H2SO4 (and most likely also in 
0.1 M HCl). 

Following the cathodic pretreatment at − 1.0 V vs. Ag/AgCl (3 M 
NaCl), polarization curves were recorded from − 0.7–3.0 V vs. Ag/ 

AgCl (3 M NaCl) for the Nb0.19 and Nb0.37 films. The results shown in  
Fig. 4b, demonstrate that the shape of the first part of the polar-
ization curves was significantly altered with respect to the polar-
ization curves seen in Fig. 4a, which were recorded without the 
cathodic pretreatment. This can be explained by the fact that some 
of the oxides (e.g., Nb2O5) in the passive layer most likely underwent 
reduction during the cathodic treatment as discussed above. The 
different shapes of the polarization curve recorded after the cathodic 
pretreatment step should hence reflect the electrochemical reac-
tions needed to restore the passive layer. 

The Ecorr values, obtained after having used the cathodic pre-
treatment, were about − 0.23 V vs. Ag/AgCl (3 M NaCl), whereas the 
corrosion current densities jcorr were approximately 1 × 10–7 A/cm2 

for the Nb0.19 and Nb0.37 films. This means that the Ecorr values in  
Fig. 4b were about 100 mV more negative compared to those in  
Fig. 4a. During the anodic scan, the current density increased to 
reach a stable value of about 5.5 × 10−6 A/cm2, at ∼1.3 V vs. Ag/AgCl 
(3 M NaCl) for the Nb0.19 film, and at ∼0.9 V vs. Ag/AgCl (3 M NaCl) 
for the Nb0.37 film (Fig. 4b). The fact that the passivation was seen at 
a lower potential for the film with the higher Nb concentration in-
dicates that Nb affected the kinetics of the surface re-passivation 
process. The results, on the other hand, also show that the Nb con-
centration did not affect the corrosion resistances of the films coated 
with more mature passive films significantly. 

The latter conclusion is further supported by the fact that the XPS 
surface analysis of the surfaces of the cathodically treated Nb0.19 and 
Nb0.37 films, polarized up to 3.0 V vs. Ag/AgCl (3 M NaCl), did not 
show any significant differences depending on whether the cathodic 
treatment was used or not (Fig. 5b and c). In both cases (i.e., with and 
without the cathodic pretreatment step), lower relative intensities 
were seen for both Zr and Ti, while the Nb intensities were about the 
same as for the pristine films. As a result, the surfaces of the Nb0.19 

and Nb0.37 films became enriched in Ta. This indicates that a stable 
passive layer (with approximately the same composition) was 
formed when scanning up to 3.0 V Ag/AgCl (3 M NaCl) with and 
without the cathodic pretreatment step. 

A Nb0.37 film was likewise cathodically treated at − 1.0 V vs. Ag/ 
AgCl (3 M NaCl) for three minutes in 0.1 M HCl prior to the recording 
of a polarization curve as described above. From the polarization 
curves shown in Fig. 4b it can be seen that the obtained Ecorr and jcorr 

values were very similar in 0.1 M HCl and 0.1 M H2SO4 (i.e., 8 ×10–8 A/ 
cm2 and −0.20 V in 0.1 M HCl compared to 6 ×10–8 A/cm2 and −0.23 V 

Fig. 6. Calculated charge density associated with the cathodic pre-treatment at − 1.0 V 
vs. Ag/AgCl (3 M NaCl) for three minutes as a function of the Nb concentration in the 
films in 0.1 M H2SO4. 
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vs. Ag/AgCl (3 M NaCl) in 0.1 M H2SO4). At potentials above Ecorr both 
polarization curves featured the same shape, and the passivation 
was also reached at almost the same potential, i.e., about 0.85 V vs. 
Ag/AgCl (3 M NaCl) after which a stable current of 5.3 × 10−6 A/cm2 

was seen up to 3.0 V vs. Ag/AgCl (3 M NaCl). Here it should be 
mentioned that a Zr film was found to start to undergo dissolution at 
about 0.5 V vs. Ag/AgCl (3 M NaCl) in 0.1 M HCl but not in 0.1 M 
H2SO4 (Fig. S7). For pure Nb, Ti and Ta electrodes an increase in the 
oxidation current was merely seen at about 2.1 V for the Ta and Ti 
electrodes and at about 2.5 V vs. Ag/AgCl (3 M NaCl) for the Nb 
electrode. The fact that the Nb0.37 film retained a stable passive re-
gion in 0.1 HCl hence demonstrate that although Zr may corrode in 
0.1 M HCl, a passive layer, was still obtained for the Nb0.37 film. The 
similar relative intensity values seen for all elements in the XPS 
surface analyses after scanning to 3.0 V vs. Ag/AgCl (3 M NaCl) in 
0.1 M HCl and 0.1 M H2SO4 (Fig. 5c), can thus be explained by the fact 
that the surfaces of the films became enriched in Ta and Nb. This 
finding, which explains the similar corrosion resistances seen for the 
Nb0.37 films in 0.1 M HCl and 0.1 M H2SO4, clearly implies that Zr and 
Ti were lost from the surfaces of the film to about the same extent in 
both electrolytes. 

After the anodic polarization up to 3.0 V vs. Ag/AgCl (3 M NaCl), 
no significant changes in the surface morphology were found for any 
of the TiZrTaNby films (Fig. 7). The fine-grained feature observed for 
the pristine films was hence still visible even after the polarization. It 
is assumed from the results that a uniform corrosion type was 
mostly seen from the experiments which is in accordance with the 
absence of a pitting potential in the polarization curves. Therefore, a 
few pits could be seen in a low-magnification SEM images in some 
cases (Fig. S8) revealed the presence of larger surface defects prior to 
the corrosion experiments, which appeared to have been remained 
mostly unaffected by the recording of the polarization curve. 

The results from this study have clearly shown that the Nb 
concentration in the films did not affect the corrosion resistance of 
the films. The XPS results show that the surfaces of all films became 
Ta-rich after of the recording of polarization curves up to 3.0 V in 
both 0.1 M HCl and 0.1 M H2SO4. This demonstrates that Ta played a 
significant role in the passivation process. Since the Ta concentration 
(i.e. about 15–19.5  ±  1.0 at%, see Table 1), remained almost stable in 
the composition of the different studied films (i.e. no significant Ta 
loss upon anodic polarization), the results indicate that the sum of 
the concentrations of Ta and Nb was always above the percolation 
threshold even for the lowest Nb concentration (i.e. about 8 at%, see  
Table 1). Although the different Nb concentrations in the films did 
not affect the overall corrosion resistance, the use of Nb as a second 
passivating element was still of high importance. By replacing Nb 
with Cr, the corrosion resistance of a film was found to decrease 
significantly as is described below. While morphological character-
izations of these Nb or Cr containing films have been presented in a 
separate work [28], the corrosion resistances of the two films were 
not studied. Polarization curves for TiTaZrCrN0.60 and TiTaZrNbN0.60 

films recorded in 0.1 M H2SO4 are, however, shown in Fig. S9. A 

corrosion current density of around 3·10−8 A/cm2 was observed for 
the Cr containing film whereas that for the Nb containing thin film 
was about 1.5 10−7 A/cm2. The corresponding Ecorr values were about 
0.03 V and − 0.26 V vs. Ag/AgCl (3 M NaCl) for Nb and Cr containing 
films, respectively. Despite the lower corrosion current density and 
more positive corrosion potential obtained for the Cr containing film, 
indicating an improved corrosion resistance in the vicinity of Ecorr, 
the polarization curve for the TiTaZrCrN0.60 film showed a high 
current increase above about 1.45 V vs. Ag/AgCl (3 M NaCl). This is, 
however, not surprising as the corrosion protection offered by the 
Cr2O3 cannot be retained above 1.15 V vs. Ag/AgCl (3 M NaCl) due to 
the oxidation yielding soluble Cr(VI) species (e.g., HCrO4

-, based on 
the reaction: 2 HCrO4

- + 6 e- + 8 H+ ↔ Cr2O3 + 5 H2O with E0 =1.35 V 
vs. SHE (or at 1.15 V vs. Ag/AgCl (3 M NaCl)). For the Cr containing 
thin film it was, consequently, not possible to maintain the stable 
passive layer up to 3.0 V vs. Ag/AgCl (3 M NaCl) seen for the Ti-
TaZrNbN0.60 film (Fig. S9, green line), despite the fact that the Ta 
concentration was the same in both films. These results clearly show 
that the replacement of Nb with Cr results in a lower corrosion re-
sistance at high potentials. 

This study suggests that even though the different Nb con-
centrations in the thin films did not affect their corrosion resistance, 
the presence of a second passive element in the composition could 
still be of high significance. This is due to the fact that the presence 
of more than one passivating element in the composition could 
further improve the corrosion resistance, but it might also affect 
other parameters such as the production cost of an alloy, the me-
chanical or electrical properties [40,41]. The above results are im-
portant for perfecting the design of multicomponent thin films such 
as HEA-based compositions with improved corrosion properties. 

3.2.3. Polarization curves recorded between − 0.7 and 0.45 V vs. Ag/AgCl 
(3 M NaCl) in 0.1 M H2SO4 

To study the identity of the electrochemical behavior of the films 
seen at potentials lower than 0.8 V vs. Ag/AgCl (3 M NaCl) in Figs. 4a 
and 4b, polarization curves were also recorded between − 0.7 and 
0.45 V vs. Ag/AgCl (3 M NaCl) in 0.1 M H2SO4 for a cathodically pre-
treated and an as-prepared Nb0.31 film, respectively. From the data 
presented in Fig. 8a, it can be seen that the Ecorr values were about 
− 0.3 V and − 0.18 V vs. Ag/AgCl (3 M NaCl) with and without the 
cathodic pretreatment step, respectively. The corresponding jcorr 

values were around 1.5·10−7 A/cm2 and 4.2·10−8 A/cm2. For the 
cathodically treated film, the oxidation current was more stable 
reaching approximately 5·10−7 A/cm2 at about 0.1 V vs. Ag/AgCl (3 M 
NaCl). The corresponding value without the cathodic pretreatments 
was lower, i.e., about 1·10−7 A/cm2. The observed difference can be 
attributed to the need to oxidatively restore the passive film after 
having reduced oxide, e.g., Nb2O5, present in the native passive layer 
during the cathodic pretreatment step. The results shown in Fig. 8 
clearly show that the cathodic pretreatment step affected the elec-
trochemical properties at potentials up to 0.45 V vs. Ag/AgCl (3 M 
NaCl) as the passive layer had to be restored after the cathodic 

Fig. 7. SEM images of the nitrogen-containing TiZrTaNby films after the recording of the polarization curves up to 3.0 V vs. Ag/AgCl (3 M NaCl) in 0.1 M H2SO4.  
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pretreatment step. It is, however, important to note that this re-
storation of the passive layer was a time-dependent process, and the 
composition of the restored passive layer was very similar to that 
obtained in the absence of the cathodic pretreatment step. (i.e., 
samples scanned for higher potentials, see paragraph 3.2.2.). 

Subsequent to the polarization experiments between − 0.7 and 
0.45 V vs. Ag/AgCl (3 M NaCl), XPS was used to probe the surface 
composition of both Nb0.31 films (Fig. 8b), and the thicknesses of the 
oxide layers were also determined by TEM (Fig. 9). The high-re-
solution XPS spectra (Fig. S10) showed that a mixture of oxides was 
present on the surface of the films and that the peaks could be as-
signed to Nb2O5, ZrO2, TiO2 and Ta2O5, in agreement with the results 
for the pristine films (Fig. 2). The TEM results indicated that the 
average oxide layer for the Nb0.13 film obtained without any cathodic 
pre-treatment was thinner i.e., ∼1.7 nm (Fig. 8) than the native oxide 
layer i.e., ∼2.7 nm (Fig. 3a). After the cathodic treatment, the thick-
ness of the oxide layer was, on the other hand thicker than the non- 
cathodically pretreated sample, i.e., about ∼2.9 nm (Fig. 9). The latter 
finding is in accordance with the larger oxidation current seen in the 
polarization curve for the cathodically pretreated film (Fig. 8a). The 
limited growth of the oxide layer during the scan up to 0.45 V vs. Ag/ 
AgCl (3 M NaCl) explains why nitride peaks also could be observed in 

the XPS high-resolution spectra (Fig. S10) since the probing depth of 
the XPS technique was about 5–10 nm [33]. 

The higher oxidation current seen in the polarization curve 
(Fig. 8a) for the cathodically treated film compared to the non 
cathodically treated film thus agrees with the lower relative ratio for 
Ti and Zr in Fig. 8b, indicating a faster etching of the latter two 
elements. The corrosion of Nb was rather limited compared to that 
for Ti and Zr but more pronounced than for Ta. The preferential loss 
of Ti and Zr hence resulted in a passive layer enriched in Ta, with a 
higher Ta relative intensity ratio for the cathodically treated film. The 
higher relative intensity for Ta along together with the lower in-
tensities for Ti and Zr indicate that the preferential loss of Ti and Zr 
was facilitated by the cathodic pretreatments step. This resulted in 
an about 40% thicker Ta-rich passive layer for the cathodically 
treated film (Figs. 9a and 9b). 

The results also show that the use of a cathodic pretreatment 
step, yielding a higher etching rate for Ti and Zr, resulting in higher 
currents (i.e., a lower corrosion resistance) at potentials up to 0.45 V 
vs. Ag/AgCl (3 M NaCl) as a result of the need to restore the disturbed 
passive layer. 

Fig. 8. Polarization curves recorded for the Nb0.31 film in 0.1 M H2SO4 from − 0.7–0.45 V vs. Ag/AgCl (3 M NaCl) at room temperature using a scan rate of 1 mV/s, without (dark 
pink) and with (light pink) a cathodic treatment at − 1 V vs. Ag/AgCl (3 M NaCl) for three minutes (a). Relative elemental concentrations obtained by fitting the metal core levels of 
a Nb0.31 pristine film (first column) and a Nb0.31 film subjected to the recording of a polarization curve from − 0.7–0.45 V vs. Ag/AgCl (3 M NaCl) in the presence (second column), 
and absence (third column) of a cathodic pretreatment step (b). 

Fig. 9. TEM image acquired near the film surface region for the non-cathodically pretreated (a) and the cathodically pretreated Nb0.31 film (b) after the recording of a polarization 
curve from − 0.7 0.45 V vs. Ag/AgCl (3 M NaCl) in 0.1 M H2SO4. 
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3.2.4. Electrochemical impedance spectroscopy after anodic 
polarization in 0.1 M H2SO4 

The EIS data were recorded under OCP conditions after the re-
cording of polarization curves up to 0.45 V vs. Ag/AgCl (3 M NaCl) for 
the Nb0.31 films, with and without the cathodic pretreatment step. 
EIS data were also recorded under OCP conditions after the recording 
of polarization curves up to 3.0 V vs. Ag/AgCl (3 M NaCl) for both 
Nb0.13 and Nb0.25 films. 

As seen in the Nyquist plots in Fig. S11a, a capacitive-like beha-
vior was seen before and after the recording of the polarization 
curves in agreement with the results for the pristine Nb0.31 film. The 
inset of Fig. S11a shows the impedance values for the Nb0.31 films at 
a higher magnification. The electronic resistance of the films before 
and after the polarization to 0.45 V vs. Ag/AgCl (3 M NaCl) was es-
timated following the approach applied for the pristine materials 
(see Section 2.1). From the data presented in Fig. S11b, minor var-
iations in the high frequency resistance are seen, suggesting a neg-
ligible effect of the anodic polarization treatment (up to 3.0 V vs. Ag/ 
AgCl (3 M NaCl)) on the electronic properties of the composites. 

To provide further insights into the effect of anodic polarization 
on the structural properties of the films an estimation of the elec-
trochemically active surface area (ECSA) was made based on the 
assumption that the ECSA value should be affected by changes in the 
surface morphology of the films (e.g., variations in the porosity). A 
change in the ECSA should result in a change in the capacitance, C, of 
the interface since the capacitance should be proportional to the 
ECSA. The capacitance values were extracted from the EIS data 
presented in Fig. 10, using the approach reported by Pickup et al.  
[42,43]. This approach involves plotting the parameter − 1/(2πfImZ) 
(representing the capacitance of the interface) vs. ReZ. From such 
plots, the limiting capacitance value, Clim, can be approximated by 
the plateau of the − 1/(2πfImZ) parameter often seen in the low 

frequency range. The Clim value corresponds to the frequency range 
within which the penetration length of the ac signal is equal to or 
higher than the penetration depth of the electrolyte which means 
that the entire ECSA is probed. In this approach, it is assumed that 
the interface exhibits a blocking behavior at low frequencies and 
that the reactance of the system therefore is solely attributed to the 
double layer capacitance. This assumption should be valid here given 
the phase angle values (> 85°) seen in the Bode phase plots in Fig. 10. 
From the results presented in Figs. S12 and S13, it can be deduced 
that Clim values for the Nb0.13 and Nb0.25 films decreased by a factor 
of about four as a result of their scanning up to 3.0 vs. Ag/AgCl (3 M 
NaCl), but for the Nb0.31 films scanned up to 0.45 V vs. Ag/AgCl (3 M 
NaCl) a slight increase by a factor of ca. 1.2 was instead seen. The 
small difference in Clim seen for the Nb0.31 films indicates that any 
changes in the morphology of the oxide layer did not have a sig-
nificant impact on the ECSA of the composites upon polarization to 
0.45 V vs. Ag/AgCl (3 M NaCl)). Therefore, minor changes are ex-
pected on the overall morphological characteristics (i.e., porosity, 
thickness) of the surface oxide layer. This is supported by TEM in-
vestigations on the non-cathodically pretreated (Fig. 9a) and cath-
odically pretreated (Fig. 9b) Nb0.31 films after polarization to 0.45 V 
vs. Ag/AgCl (3 M NaCl)), which demonstrate the formation of a very 
thin (less than 3 nm thick) oxide layer, with a morphology similar to 
that of the pristine film. This means that the minor increase in Clim 

(and hence ECSA) indicated by the EIS results can be attributed to 
the thin surface oxide layer formed during the initial stages of the 
polarization (see Fig. 8a) as this would alter the roughness factor of 
the film to some extent. The observed significant decrease in Clim for 
the Nb0.13 and Nb0.25 films following anodic polarization up to 3.0 V 
vs. Ag/AgCl (3 M NaCl), can, on the other hand, be ascribed to the 
formation of a much thicker and compact oxide layer. The presence 
of oxide layers with thicknesses of more than 25 nm, previously 

Fig. 10. Electrochemical impedance data, obtained under OCP conditions, presented as Bode phase and magnitude plots before (full color filled squares) and after the recording of 
polarization curves (empty color filled squares). The EIS data were measured for a Nb0.13 (a) and Nb0.25 (b) film scanned from − 0.7–3.0 V vs. Ag/AgCl (3 M NaCl) and two Nb0.31 

films (c and d) scanned up to 0.45 V vs. Ag/AgCl (3 M NaCl) in the presence (c) and absence (d) of a cathodic pretreatment step (i.e., −1.0 V vs. Ag/AgCl (3 M NaCl for three minutes). 
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reported for films with similar compositions upon polarization in 
this potential range [16], have been ascribed to a 3D oxide network 
growth decreasing the overall porosity of the oxide layers. 

4. Conclusions 

Nitrogen-containing TiZrTaNby films, with Nb concentrations 
between 8.0.0 at% and 24.5 at%., were synthesized by magnetron 
sputtering to study the influence of the Nb concentration on the 
corrosion resistances of the films. The results of the electrochemical 
measurements, including the recording of polarization curves and 
electrochemical impedance spectroscopy experiments showed that 
all films exhibited an almost stable current plateau between 0.8 and 
3.0 V vs. Ag/AgCl (3 M NaCl). Despite the significant change in the Nb 
concentration, the corrosion resistances of the films remained es-
sentially unaffected in both 0.1 M H2SO4 and 0.1 M HCl. This effect is 
ascribed to the formation of a passive layer enriched in Ta and Nb as 
a result of the fact that the sum of the Ta and Nb concentration was 
high enough to ensure good passivation even for the lowest Nb 
concentration. During the recording of the polarization curves, the 
passive layer was found to become enriched in Ta, whereas Ti and Zr 
were preferentially lost from the surfaces of the films. This loss of Ti 
and Zr was proven by XPS analyses of the surfaces of the films. 
Although some Nb was detected by XPS means, on the film surfaces, 
its presence had no significant influence for the corrosion resistance 
of the thin films, due to the high Ta concentration in the films. The 
results hence indicate that the employed Ta concentration (i.e., 
15–19.5 at%) allows passivation of the films even if the Nb con-
centration is decreased to 8.0 at%. The introduction of a cathodic 
pretreatment step at − 1.0 V vs. Ag/AgCl (3 M NaCl) for three minutes 
was found to impact the Ecorr and jcorr values, as well as the oxidation 
currents seen at potentials lower than 0.8 V vs. Ag/AgCl (3 M NaCl). 
The cathodic pretreatment did, however, not affect the electro-
chemical performance, of films scanned up to 3.0 V vs. Ag/AgCl (3 M 
NaCl). The XPS and TEM analyses indicate that the cathodic pre-
treatment step resulted in an enhanced preferential loss of Ti and Zr 
from the surface of the films yielding a form a thicker Ta-rich passive 
layer compared to for a non-cathodically treated film when only 
scanning up to 0.45 V vs. Ag/AgCl (3 M NaCl). Although there was no 
significant influence of the Nb concentration in the films on the 
overall corrosion resistance, the presence of Nb was still important. 
When replacing Nb with Cr a low corrosion resistance was observed 
at high potentials due to the onset of the Cr transpassive region at 
about 1.45 V vs. Ag/AgCl (3 M NaCl). These results pave the way for 
the design of new highly corrosion-resistant multicomponent thin 
films, comprising more than one passivating element. 
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