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A B S T R A C T   

(CoCrFeNi)1− xMox thin films with various Mo content (0–10 at.%) were grown by magnetron sputtering on a 
stainless steel substrate. The films with 0–2 at.% presented two crystal structures: one FCC phase and one sigma 
phase, while films with higher Mo content only had the FCC structure. All films have a (111) texture and follow 
the topography of the substrate. The corrosion resistance of the films was evaluated in 0.05 M H2SO4 at room 
temperature and at 80 ◦C. It was observed that the corrosion current densities considerably decreased for Mo > 2 
at%, and that the current densities were higher at the elevated temperature. Scanning Kelvin Probe Force Mi
croscopy showed a large potential difference between the main FCC phase and sigma phase for the Mo0–2 films. 
This would suggest that preferential dissolution of the FCC phase occurs over the sigma and reduces the corrosion 
resistance. Such preferential dissolution does not occur for the higher Mo content films with only the FCC phase. 
The high corrosion resistance was also attributed to the inhibition of Fe and Cr dissolution by Mo and the sta
bilisation of the Cr enriched oxide by incorporating Mo oxides into the passive film, identified by X-ray 
photoelectron spectroscopy. The low corrosion current densities (below 1 µA/cm2) make these thin films possible 
candidates for protective coatings of bipolar plates in PEM fuel cells.   

1. Introduction 

Proton Exchange Membrane (PEM) fuel cells require materials that 
can withstand the acidic and highly corrosive environment present in
side the cell [1–3]. Bipolar plates separate the electrodes inside the fuel 
cell and lead the fuel to the active membranes, and are typically made 
from stamped stainless-steel sheets [4]. However, the corrosion resis
tance of these sheets is often insufficient and, therefore, there is a need to 
find protective coating materials [2]. 

Multicomponent materials, in particular High Entropy Alloy (HEA) 
thin films, have mechanical properties, such as hardness and corrosion 
resistance, superior to conventional materials such as steels and nickel 
alloys. Refractory HEA thin films, such as (CrNbTaTiW)C [5] and 
TiNbZrTaNx [6] have a high corrosion resistance in HCl and H2SO4. 
These materials are designed for high temperature and high hardness 
applications [7]. PEM fuel cells, however, operate at room to medium 
temperatures (<100 ◦C) and the coated bipolar plates should have high 

formability. Other HEA alloys are more suitable for the these applica
tions, such as the Cantor alloy CoCrFeNiMn [8] and its variants. It has 
been shown that the alloys CoCrNi and CoCrFeNi [9–11] have better 
corrosion resistance than stainless steels 316 L and 304 in H2SO4. Var
iants of the Cantor alloy have been made as coatings, for example 
AlCrFeCoCuNiTi by laser cladding [12] showed higher corrosion resis
tance than stainless steel 304 and other HEAs in both H2SO4 and HCl. 
CoCrNi coatings produced by spark plasma sintering of powder [13] 
were also found to be highly corrosion resistant in H2SO4. 

Small additions of molybdenum (Mo) to stainless steel can consid
erably increase the corrosion resistance of the material. The Pitting 
Resistance Equivalent Number (PREN) is commonly used to compare 
different materials in terms of corrosion [14] and is calculated from the 
material composition. The Mo content is taken into account for PREN as 
Mo increases the pitting resistance of stainless steels [15]. For example, 
steel grade 316 only differentiates in composition from grade 304 by 
adding 2 wt% Mo [14], and 316 has a higher pitting resistance in 
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chloride containing environments [16]. This is also valid for HEA alloys 
and the Cantor variant. CrFeMoNiRuW alloys showed similar corrosion 
behaviour to superalloy C-22 in H2SO4 and high pitting resistance in 
HCl. This was attributed to the formation of stable oxides with low 
dissolution rate into the electrolyte [17]. The beneficial effect of Mo has 
also been seen for uniform corrosion mechanisms in acidic media. For 
example, adding Mo to CoCrFeNi considerably increased the corrosion 
resistance of the alloy in H2SO4, and made it more resistant than 
stainless steel 316 L [18]. Furthermore, increasing the Mo content in a 
CoCrFeMoxNi alloy decreased the corrosion current density, i.e. the 
corrosion rate in H2SO4 [19,20]. Similar effects of Mo addition have 
been observed for CoCrFeMoNi coatings. For example, the corrosion 
resistance in NaCl of CoCrFeMoNi deposited by magnetron sputtering 
[21], thermal spraying [22] and laser cladding [23] was significantly 
improved by Mo addition and superior to 304 and 316 stainless steels. 
However, the corrosion resistance in acidic environment of (CoCrFe
Ni)1− xMox thin films deposited by magnetron sputtering and the effect of 
a Mo composition gradient has not yet been fully reported. 

In this work, we study (CoCrFeNi)1− xMox thin films, as thin coatings 
(<1 µm) are required for bipolar plates in fuel cells. The effect of Mo 
concentration on the film structure, and how it correlates to the corro
sion properties has been investigated. The corrosion properties of the 
films were investigated in sulfuric acid to get an indication if the Mo 
introduction enables utilization of the films in a PEM fuel cell. 

2. Materials and methods 

2.1. Thin film synthesis 

Cold rolled and bright annealed 304 L stainless steel sheets (30 × 30 
× 1 mm) with an average roughness of 85 nm were used as received as 
substrates. Before the depositions the substrates were ultrasonically 
cleaned in acetone then isopropanol. (CoCrFeNi)1− xMox thin films were 
deposited by direct current magnetron sputtering. The deposition sys
tem is equipped with four 30◦ inclined magnetrons (details about the 
sputtering apparatus can be found elsewhere [24]) and the base pressure 
in the chamber was <10− 7 Pa. Two 50-mm-diameter targets were used: 
one CoCrFeNi compound target (Plansee, Composite Materials GmbH) 
and one elemental Mo target. The power applied to the Mo target was 
varied from 0 to 12 W. The power applied to the compound target was 
adjusted accordingly so that the total power applied to the targets was 
kept constant at 100 W. Argon gas was introduced at each magnetron 
with a total flow of 90 sccm corresponding to a process pressure of 0.53 
Pa. The substrate was rotated at 15 rpm during the deposition to ensure 
uniform deposition. A substrate bias of − 100 V was applied. The de
positions were carried out at room temperature for 20 min, resulting in a 
film thickness of approximately 130 nm for all films. 

2.2. Structural and chemical characterisation 

The crystal structure of the films was characterised by X-ray 
diffraction (XRD) using a Bruker D8 Discover diffractometer in a sym
metric θ/2θ configuration and Cu Kα X-ray source (λ = 1.5406 Å). The 
morphology and chemical composition of the thin films were analysed 
using scanning electron microscopy (SEM) Sigma 70 and Sigma 300 VP 
Gemini (Zeiss, 5 kV acceleration voltage), and an energy dispersive 
spectroscopy (EDS) detector (Oxford Instruments X-MAxN, 5 kV accel
eration voltage) integrated in the microscope. Additional SEM analysis, 
including in lens back scattered imaging and electron backscattered 
diffraction, was perform on a Zeiss 560 Gemini instrument fitted with a 
Symmetry S2 (Oxford instruments) diffractometer. 

Cross-sectional samples suitable for analysis both by SEM and 
(scanning) transmission Electron Microscopy ((S)TEM) were prepared 
using a dual beam SEM-Focused Ion Beam (FIB) microscope (Gemini 
Zeiss 1540 EsB). Pt layers were first deposited on top of the surface of the 
films to protect them during milling. SEM images of the cross sections 

were taken using the same instrument using a 36◦ image correction to 
take account of the sample tilt. Thin lamella (<100 nm) suitable for TEM 
analysis were prepared using the well-established lift-out approach. 
TEM analysis was performed using a FEI Tecnai G2 TF 20 UT microscope 
operated at 200 kV acceleration voltage. Dark field STEM images were 
taken with an angular detector. 

Scanning Kelvin Probe Force Microscopy (SKPFM) was used to 
measure potential maps of the samples in addition to the height maps 
obtained through atomic force microscopy (AFM). A Bruker Dimension 
Icon AFM microscope was used in frequency modulation mode (FM- 
KFM). A PtIr coated Si tip, with a 200–250 µm length and resonance 
frequency of 60–100 kHz, was used for the measurements. The results 
were analysed using the software NanoScope analysis V1.9. 

X-ray photoelectron spectroscopy (XPS) was used for elemental 
analysis and assessment of chemical bonding. O 1 s, Co 2p, Cr 2p, Fe 2p, 
Mo 3d and Ni 2p core level spectra were recorded using an Axis Ultra 
DLD instrument from Kratos Analytical (UK) employing monochromatic 
Al Kα radiation (hν = 1486.6 eV) and an anode power of 150 W. The 
base pressure during spectra acquisition was lower than 1.5 × 10− 7 Pa 
(1.1 × 10− 9 Torr). No charge compensation was used during analysis. 
The analyser pass energy was set to 20 eV resulting in the full width at 
half maximum of 0.55 eV for the Ag 3d5/2 peak of sputter-etched Ag 
sample used for calibration. All spectra were collected at normal emis
sion angles. The area analysed by XPS was 0.3 × 0.7 mm2. As the 
commonly used charge referencing method relying on the C 1 s peak of 
adventitious carbon is not reliable [25], all spectra were referenced to 
the sample Fermi edge. Spectra deconvolution and quantification is 
performed using CasaXPS software package (version 2.3.16) and sensi
tivity factors supplied by the instrument manufacturer. After linear 
background subtraction the core level spectra were fitted using Voigt 
functions. The model constraints include: (i) the 
full-width-at-half-maximum (FWHM) is the same for both peaks that 
belong to the same doublet, (ii) 2:1 intensity ratios are preserved be
tween 2p3/2 and 2p1/2 spin-split components, (iii) the binding energy 
splitting between 2p3/2 and 2p1/2 peaks in the spectra from metals is 
fixed. 

2.3. Electrochemical measurements 

The films were immersed in an acidic environment (0.05 M H2SO4 
adjusted pH to 3 ± 0.1) at room temperature and at 80 ◦C to investigate 
their corrosion properties. Electrochemical measurements were carried 
out with a PARSTAT 3000A-DX potentiostat. A three-electrode set-up 
was used where the working electrode was the thin film, an Ag/AgCl 
saturated with KCl (E = 0.197 V vs SHE) was used as reference electrode 
and a Pt wire as the counter electrode. The open circuit potential (OCP) 
was first measured for 30 min. Potentiodynamic polarisation (PD) was 
carried out from − 0.25 V vs OCP to 1.6 V with a scan rate of 1 mV/s. The 
Tafel module in the software VersaStudio was used to calculate the Tafel 

Table 1 
Average composition of the films determined by EDS and the compound target.  

Mo target 
power (W) 

Sample name Composition (At.%) 

Cr Fe Co Ni Mo 

0 Mo0 19.4 
± 0.3 

29.8 
± 0.1 

28.4 
± 0.8 

22.3 
± 0.7 

0 

3 Mo2 21.3 
± 0.3 

29.0 
± 0.2 

26.8 
± 0.2 

21.0 
± 0.3 

1.9 
± 0.1 

6 Mo4 19.5 
± 0.5 

28.9 
± 0.2 

26.5 
± 0.3 

20.7 
± 0.2 

4.4 
± 0.1 

9 Mo7 20.3 
± 0.4 

27.6 
± 0.0 

25.7 
± 0.1 

19.6 
± 0.2 

6.8 
± 0.2 

12 Mo10 18.3 
± 0.3 

27.5 
± 0.1 

25.3 
± 0.3 

19.0 
± 0.3 

9.9 
± 0.3 

– Compound 
target 

24.0 32.0 24.0 20.0 –  
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slopes and determine the corrosion current density Icorr. The extrapo
lation was carried out 0.1 V away from Ecorr. All measurements were 
repeated for duplicate samples. To investigate the evolution of the 
passive film when exposed to the acidic electrolyte, the samples were 
polarised at 0.4 V for 1 h to passivate the films and then analysed with 
XPS. 

3. Results 

3.1. Thin film structure 

The Mo content was varied in the films by applying different powers 

to the Mo target (0, 3, 6 9, 12 W). The composition of the films was 
determined using EDS. The names and average composition for each 
film is given in Table 1. 

X-ray diffractograms of the films are shown in Fig. 1. The peak 
observed at 2θ ≈ 44◦ corresponds to the 111 reflections of a FCC phase 
which is in agreement with previous studies [18,19,23]. As the Mo 
content is increased from 2 at.%, an angular shift of the peak from 44◦ to 
43◦ for films with higher Mo content is observed. The shift is attributed 
to the lattice expansion when more Mo is introduced into the lattice. The 
lattice parameters calculated using Bragg’s law are 3.84 Å for Mo con
tent <2 at.% and 3.91 Å for higher Mo content. For Mo content <2 at.% 
a secondary sigma phase with reflections at 39◦ and 42◦ was also 
observed. This phase has been observed in CoCrFeNi thin films depos
ited at room temperature and CoCrFeNi alloys [26,27]. 

Fig. 2 shows SEM micrographs of the films’ surface. There is no 
apparent difference in terms of film morphology when the Mo content is 
varied. The parallel lines along the apparent grain boundaries of the 
substrate are slip bands as a result of cold rolling [28,29]. Agglomerates 
with the same composition as the films were observed for all films. Films 
grown on Si wafers do not display these agglomerates (shown elsewhere 
[30]), and therefore it was concluded that the film growth was influ
enced by the structural defects or topography of the stainless-steel 
substrate itself. 

Fig. 1. X-ray diffractograms for all films and the substrate. Dotted lines indicate 
the peaks from the substrate. Symbols indicate the FCC and sigma phases in 
the films. 

Fig. 2. SEM micrographs of the surface of the substrate and films with various 
Mo content. Arrows indicate examples of agglomerates. 

Fig. 3. a) High magnification back scattered SEM image of Mo0 film at sub
strate grain boundary, b) EBSD pole figure for the Mo0 film, c) TEM cross- 
section image of the Mo0 film, a columnar structure to the left and an elon
gated structure with defects circled with a dotted line d) Dark field STEM cross- 
section image of the Mo0 film e) STEM image of Mo2 film with both the 
columnar and defect structures f) STEM image of Mo4 with only the 
columnar structure. 
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To further characterise the films and show the different structures 
within the films, higher magnification SEM micrographs and cross- 
sectional TEM and STEM images were acquired, shown in Fig. 3. 

Fig. 3a shows the planar SEM image of the Mo0 film close to a sub
strate grain boundary. The grains are seen to be orientated different 
directions depending on the substrate morphology. Fig. 3b shows the 
EBSD pole figure of Mo0 film. The pattern was indexed to a Ni FCC 
crystal with a (111) texture. Fig. 3c shows a TEM micrograph of Mo0 
where two grain structures are visible. One is a columnar structure, 
typical for PVD deposited thin films. The other (circled by the dotted 
line) is a more elongated structure with the same crystal structure and 
orientation, which is a region with high amounts of defects such as 
stacking faults. In the STEM dark field image in Fig. 3d a detachment of 
the film is visible from the substrate grain boundary, indicating poor 
adhesion of the film to the substrate. The two structures, i.e. columnar 
and elongated are also visible. The elongated are located at the centre of 
the image, right above the substrate grain boundary. Similar structures 
were also observed for Mo2 (Fig. 3e). For Mo4–10 only the columnar 
grains were present (micrographs of Mo4 available in Fig. 3f). The film 
thickness was measured to be approximately 130 nm. Overall, the grains 
in the films are orientated along the substrate morphology but have a 
(111) texture and there are two types of structures (columnar and 
elongated grains) within the Mo0 and Mo2 films. 

Fig. 4 shows the height and potential maps obtained by SKPFM on as- 
deposited films Mo0, Mo2 and Mo10. 

Significant potential differences are visible on the micrometre level 

and seem closely linked to the substrate morphology. For Mo0, the areas 
closest to the grain boundaries of the substrate, in particular where the 
slip bands are visible, have a higher potential compared to the rest of the 
film. Areas with different potential values becomes larger and more 
evident when Mo is added (Fig. 4d). However, when the Mo content is 
further increased (>2 at%) this effect is no longer visible (Fig. 4f, h, and 
j). This potential gradient is not observed for the bare substrate (Fig. 4l). 
Differences in Volta potentials are often related to different crystal 
structures [31]. 

3.2. Corrosion resistance at room temperature 

Fig. 5 shows typical polarisation curves recorded for the different 
films in H2SO4 pH 3 at room temperature. All tested films have a passive 
region and a transpassive region. The corrosion potentials for the films 
are close to each other and around 0 to − 0.1 V vs Ag/AgCl. The passive 
region starts directly after the corrosion potential as no active-passive 
peak is observed, i.e. the passive film is stable after Ecorr. The passive 
region extends until 0.85 V for all films. Above this potential, the 
transpassive region is reached with an abrupt increase of the current 
density indicating the break-down of the passive film. This region also 
corresponds to the onset of the oxygen evolution reaction which con
tributes to the current density. A peak at 1.3 V is visible for all films and 
is corresponding to the start of the repassivation of the films, as the 
current density decreases after this potential [32]. However, the 
reformed passive film is not stable at higher potentials (>1.5 V) as the 

Fig. 4. Height maps (a, c, e, g, i and k) and potentials maps (b, d, f, h, j, l) for Mo0–10 and the bare substrate.  
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current density increases again, indicating film dissolution. 
The Ecorr and corrosion current density Icorr values were extracted 

through Tafel extrapolation and are presented in Table 2. 
The corrosion potential Ecorr is in the same range for the films. The 

corrosion current densities are ~220 nA/cm2 for all films at room 
temperature. The passive current density is ~7 µA/cm2 for Mo0–4 and 
slightly higher for Mo7 and Mo10 (9 and 13 µA/cm2 respectively). The 
breakdown potential is around 850 mV for all films, except Mo10 for 
which it is lower at 830 mV. This would indicate that Mo10 has a slightly 
lower corrosion resistance, given that the passive current density is 
higher than the other samples and the breakdown potential is lower. 
This could be due to the higher Mo/Cr ratio, i.e. less Cr available in the 
passive film which would reduce the protective ability of the passive 
film for Mo10. 

Analysis of the films after the polarisation at room temperature 
reveal the films containing Mo had partially peeled off, whereas the film 
without Mo had completely peeled off (observable by naked eye after 

electrochemical measurements). The peeling-off was observed after 
polarisation in the transpassive region which would indicate that the 
passive film has broken down and the dissolution can occur freely. SEM 
micrographs for Mo10 are shown in Fig. 6. EDS analysis of the remaining 
films indicates that the corrosion products (darker regions in SEM 
image) contain mainly Mo, Fe, Cr, Ni and O whereas Co is only present in 
form of small agglomerates (light particles in SEM image). 

Fig. 7 shows XPS spectra acquired from the as deposited (pristine) 
films and passivated films at 0.4 V in H2SO4 at room temperature. The 
passivation potential was selected in the passive region of the polar
isation curves shown in Fig. 5. Quantification was carried out to deter
mine the at% of the oxide films and is shown in Table 3. 

The native oxide formed on the as-deposited films appears to be a 
mix of Mo, Cr, Fe, Co and Ni oxidised species. The oxide peaks in Fe 2p 
and Cr 2p spectra increase with increasing Mo content. Different be
haviours are observed in the Co 2p signal: the oxide peaks increase for 
the Mo0–2 films and decrease again for the Mo4–10 films, which could 
also be seen in the quantification. Ni 2p shows relatively small peak 
intensities for oxidised species, much weaker compared to the other 
elements. For Mo 3d, the total signal increases with increased Mo con
tent showing both metal and oxide peaks. Mo 3d can be deconvoluted 
into two peaks for Mo(IV) (long dash) and Mo(VI) (short dash) oxide 
species. All O 1 s spectra exhibit two distinct peaks. The lower binding 
energy component is assigned to the metal-oxide, while the high binding 
component is assigned to metal-hydroxide. There is also contribution 
from C–O, C = O species at 530 eV due to surface contamination layers. 

After passivation, the relative intensity of Cr 2p peaks increased 
considerably and the Cr at% in the oxide increased. The hydroxide peak 
become more intense than the oxide peak as compared to the spectra 
recorded from pristine films. Furthermore, for all films the O 1 s spectra 
show more intense hydroxide peaks compared to the native film and the 
oxygen content in the oxide increased as well. For Mo0 and Mo4 the 
hydroxide peak is higher than its oxide peak. Co 2p and Fe 2p spectra 
reveal that the intensity of the oxide peaks in all films is lower after 
passivation and the Fe and Co at% in the oxide film decreased. Similar 
trend is observed in Ni 2p spectra from Mo0–4 films. However, Ni 2p 
spectra from films with the highest Mo content (Mo7–10) show new 
peaks at binding energy of 874 eV, which may indicate higher oxidation 

Fig. 5. Potentiodynamic polarisation curves recorded for the films in 0.05 M 
H2SO4 pH 3 at room temperature, scan rate 1 mV/s. Plateaus around the Ecorr 
(− 0.2 – 0.2 V) are related to noise in the signal. 

Table 2 
Corrosion potential (Ecorr)corrosion current density (Icorr), passive current density (Ipass) and transpassive breakdown potential (Etrans) extracted from polarisation 
curves in Fig. 5.   

Mo0 Mo2 Mo4 Mo7 Mo10 

Ecorr (mV) RT − 76 ± 6 − 59 ± 20 − 44 ± 9 − 53 ± 2 − 48 ± 19 
Icorr (nA/cm2) RT 262 ± 53 230 ± 43 196 ± 58 203 ± 11 216 ± 30 
Ipass (µA/cm2) RT 7.9 ± 1.7 6.8 ± 1.1 7.0 ± 0.9 9.4 ± 1.8 13 ± 0.1 
Etrans (mV) RT 847 ± 2 859 ± 7 850 ± 6 847 ± 4 831 ± 2  

Fig. 6. SEM micrographs of the surface of the Mo10 film after polarisation up to 1.6 V vs Ag/AgCl. Area 1 is the substrate, 2 the remaining film and 3 the 
macroparticles. 
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states such as Ni2O3 [33]. For Mo 3d spectrum, the peak intensities 
remain the same after passivation and so does the Mo content. Above 
changes indicate that the native oxide continues to grow under polar
isation. After passivation, it is composed of mainly Cr and Mo oxide, Cr 
hydroxide species and to lesser extents Fe, Co and Ni oxides. 

3.3. Corrosion resistance at 80 ◦C 

The operating temperature of a PEM fuel cells is usually around 
80 ◦C. To ensure the films’ corrosion resistance is sufficient at higher 
temperature, potentiodynamic polarisation was carried out at 80 ◦C and 
are shown in Fig. 8. 

The shape of the polarisation curve is very similar to the ones at room 
temperature, indicating the films have the same corrosion behaviour 
regardless of temperature. Differences between the films becomes 
clearer at 80 ◦C, i.e. the difference in corrosion potential and current 
density are more significant as it can be seen in Table 4. There are more 
differences in current densities in the passive region of the films (0.2 
V–0.85 V) at 80 ◦C compared to room temperature. The current density 
decreases with added Mo, which can also be seen in Table 4. 

The corrosion potential and breakdown potentials at 80 ◦C are 
slightly lower compared to the room temperature condition. For Mo 
contents >4.4 at% the current densities are significantly decreased 
compared to films with lower Mo contents. The passive current density 
decreases with added Mo, from 30 to 15 µA/cm2 by adding 2 at% Mo and 
even further for Mo > 4 at.% approximately 10 µA/cm2. The breakdown 
potential does not follow this trend. 

Fig. 7. High resolution core-level spectra a) Mo 3d, b) O 1 s c) Cr 2p, d) Fe 2p, e) Co 2p, and f) Ni 2p of as-deposited films (pristine) and after passivation at 0.4 V in 
H2SO4. Solid lines indicate the metallic components, dashed lines the oxide species and dotted lines the hydroxide species. 

Table 3 
XPS quantification of native oxide and passivated film extracted from Fig. 7.  

At% Sample name Co Cr Fe Mo Ni O 

Native oxide Mo0 16.8 14.5 5.9 0 5.9 37.9 
Mo2 14.7 11.2 19.7 0.8 4.1 49.4 
Mo4 11.7 12 23 1.9 4.8 46.7 
Mo7 13.7 12.2 20.2 3.4 3.9 46.6 
Mo10 13 11.6 20.7 4.5 4.5 45.8 

Passivated Mo0 9.7 14.3 11.5 0 4.6 59.9 
Mo2 8.3 17.3 16.6 1.2 5.8 50.8 
Mo4 5.3 13.2 11.7 2.5 5.3 62 
Mo7 6.8 16.7 13.6 4.4 4.2 54.2 
Mo10 6.8 17.6 12.6 5.7 5.1 52.2  
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4. Discussion 

4.1. Thin film crystal structure 

The crystal structure of the films shifts from a mixed FCC and sigma 
phase to a single FCC phase with increased Mo content (Fig. 1). The 
sigma phase has been observed in CoCrFeNi films previously both at 
room temperature and with external heating, with and without Mo [26, 
27,34]. As the deposition was performed at room temperature, the 
adatoms from the plasma are not likely to diffuse once they have reached 
the substrate which could promote the formation of segregated sec
ondary phases, i.e. the sigma phase. The formation of sigma phase 
seemed to be enhanced by small Mo additions (<2 at.%) as the sigma 
phase peak intensity in the x-ray diffractograms is higher for Mo2 
compared to Mo0 (Fig. 1). When the Mo content is further increased, the 
sigma phase disappears, indicating the incorporation of Mo atoms (>2 at 
%) in the FCC lattice inhibits the formation of sigma phase in addition to 
distorting the main FCC lattice. The opposite effect is observed for bulk 
alloys, e.g., increasing the Mo content promotes the sigma phase for
mation [35]. However, the phase formation in thin films differs from 
bulk alloys and higher amounts of Mo adatoms leads to incorporation of 
Mo in the main phase rather than formation of a separate phase. 

As both the 304 L substrate and the films have an FCC structure there 
could be overlaps in the x-ray diffractogram (Fig. 1). However, EBSD 
analysis (Fig. 3b) confirmed that the films are (111) orientated. CoCr
FeNi has been reported as highly (111) texturized when deposited at 
room temperature on Si (100) wafers [36,37], indicating the films 
texture is independent of the substrate and is intrinsic to the material 
system itself. At higher deposition temperatures the mobility of the 
adatoms increases [38] and allows the grains of the films to grow in 
several orientations [21,34]. 

4.2. Film growth and effect of Mo 

The lattice of the films is distorted, a common effect observed for 
HEA and seen by the amounts of defects in the TEM images (Fig. 3c). The 
addition of Mo enhances the distortion and is evident here in the x-ray 
diffractograms by the shifts towards lower diffraction angles (Fig. 1). 
This distortion induces stress in the films. Because of the heterogenous 
surface of the substrate due to cold rolling, the stress in the films could 
be unevenly distributed over the substrate grains and deformed areas. 

The defects with an elongated structure in Mo0 seen in TEM images, 
grow onto the slip bands of the substrate (Fig. 3c and d). In SKPFM 
measurements the areas of the films grown on these slip bands have a 
different potential compared to the rest of the film, indicating the defects 
have indeed a different structure than the rest of the film, as seen for 
other HEA alloys with dual FCC/BCC structures [39]. The large Volta 
potential differences are only seen for Mo0 and Mo2, i.e. the films with 
the additional sigma phase. This could indicate that the defect rich areas 
over the slip bands are in fact the sigma phase. Such potential differences 
between the main phase and the sigma phase have been reported for 
duplex stainless steels [31]. Increasing the Mo content (> 2 at.%) 
supresses the sigma phase formation and thus makes the film structure 
more homogenous. 

4.3. Corrosion resistance 

In the PD curves in Figs. 5 and 8 there is no active peak, i.e. current 
peak right after the corrosion potential. This shows that the passive film 
formed in contact with the electrolyte is stable enough to prevent 
dissolution of the metallic cations of the films into the electrolyte to 
reform a new passive layer. The native oxide acts as a chemical and 
physical barrier for the films [40]. The active peak in PD curves, i.e. 
native oxide dissolution, has been observed for CoCrFeNiMo alloys [35, 
41], meaning the sputtered films in this study are highly stable in 
comparison. Mo inhibits the dissolution of Fe and Cr [41], two of the 
main elements of the films, which would explain the absence of the 
active peak. However, the active peak was not visible for the film 
without Mo which indicates the native oxide of the PVD films is very 
stable with and without Mo additions. 

At 80 ◦C the difference in corrosion current density becomes more 
obvious compared to the room temperature measurements. Tempera
ture is known to accelerate corrosion and the corrosion mechanisms can 
be better differentiated. The sigma phase seems to impact the corrosion 
resistance of the films, as significant improvement was observed at 80 ◦C 
for Mo >2 at.%, i.e. when the sigma phase is absent. The phases with 
different crystal structure have different Volta potentials as seen in 
Fig. 4. This means the FCC phase is less noble than the sigma phase and 
preferential corrosion of the FCC phase would occur. Such behaviour 
have been observed for AlxCoCrFeNi alloys [39] and in our previous 
study of CoCrFexNi [34]. This suggests that preferential dissolution of 
less noble FCC phase over secondary sigma phase is the main mechanism 
in the early stages of corrosion at 80 ◦C for the Mo0–2 films. For Mo > 2 
at.%, the films have only an FCC phase with a columnar structure, thus 
the passive film is more homogenous and stable, which results in a lower 
corrosion current density. 

In the passive region, the passive film is mainly composed of Cr ox
ides and hydroxides (Fig. 7) which is typical for stainless steels [40,42, 
43] and CoCrFeNi alloys [20,44]. For the Mo containing films, Mo (IV) 
and Mo(VI) oxides were also identified, which has also been observed 
for stainless steel 316 L and HEA alloys. The presence of these Mo oxides 
can stabilise the Cr oxide and hydroxide enriched passive film [35] and 
in our case improve the corrosion resistance as both corrosion and 
passive current densities decrease at 80 ◦C (Fig. 8 and Table 4). In 
austenitic stainless steels it is known that Mo reduces the dissolution rate 
of the passive film by forming Mo complexes with ions from the elec
trolyte thus enhances the passivation of the steels [15,43]. It has also 
been shown that Mo homogenises the passive film of stainless steels by 

Fig. 8. Potentiodynamic polarisation curves recorded for the films in 0.05 M 
H2SO4 pH 3 at 80 ◦C, scan rate 1 mV/s. 

Table 4 
Corrosion potential (Ecorr), corrosion current density (Icorr) passive current 
density (Ipass) and transpassive breakdown potential (Etrans) extracted from 
polarisation curves in Fig. 8.   

Mo0 Mo2 Mo4 Mo7 Mo10 

Ecorr (mV) 80 ◦C − 82 ± 9 − 101 ±
23 

− 75 ±
23 

− 143 ±
37 

− 70 ±
38 

Icorr (nA/cm2) 
80 ◦C 

1226 ±
31 

635 ± 30 451 ± 14 354 ± 78 405 ± 62 

Ipass (µA/cm2) 
80 ◦C 

31.6 ±
0.3 

15.8 ±
0.7 

10.3 ±
1.7 

8.6 ± 0.2 10.6 ±
2.1 

Etrans (mV) 80 ◦C 792 ± 6 805 ± 7 796 ± 2 800 ± 5 796 ± 1  
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forming nanostructures where local dissolutions have occurred [42]. 
The beneficial effect of Mo on the corrosion resistance has also been 
reported for CoCrFeNiMo alloys [18,35]. The enhanced corrosion 
properties of HEA alloys is also attributed to the decreased dissolution 
rates and thus decreased corrosion current densities for Mo containing 
alloy [19]. Furthermore, the incorporation of Mo oxides in the passive 
film provides stability to the Cr enriched passive film for CoCrFeNiMo 
alloys [20,41] and for coatings [23]. The effect of Mo was also observed 
in this study of CoCrFeNiMo sputtered films. The inhibition of Fe and Cr 
dissolution from the native oxide and the stabilisation by incorporation 
of Mo in the Cr enriched passive film are the two most likely reasons for 
this improvement of the corrosion resistance in the passive region. 

The passive film undergoes a break-down in the transpassive region 
in Figs. 5 and 8, independent of Mo content. The sharp current increase 
at 0.85 V is assigned to the oxidation of Cr (III) to Cr (VI) species [32,45, 
46]. However, the passive film is able to repassivate as the current 
density decreases again at 1.3 V. This could be the formation of Fe2O3 
based on the Pourbaix diagram of Fe [47] and that it can form in acidic 
solution [48]. Fe is present in the passive film in the passive region 
identified by XPS (Fig. 7) and could be oxidised once the Cr-oxide layer 
has been dissolved. After polarisation, the film without Mo has 
completely peeled off, whereas partially peeled off for Mo2–10 (Fig. 6). 
The inhibition of Fe and Cr dissolution by Mo is then more active and 
important in the transpassive region then in the passive region. The 
corrosion products on these films are believed to be HMoO4

− and Fe2O3, 
the stable species for each metallic element in the Pourbaix diagrams. 
This once again shows the importance of Mo additions to the films as Mo 
could facilitate the repassivation and formation of the Fe enriched layer. 
The current density in the transpassive peak at 80 ◦C decreases more 
when the Mo content is increased. And as Mo reduces the dissolution 
rates of metallic cations, i.e. the current density, this could explain why 
the Mo containing films are better protected in the transpassive region 
and able to form stable corrosion products. 

5. Conclusions 

CoCrFeNiMo thin films were deposited on 304 L stainless steel sub
strates by DC magnetron sputtering. The effect of Mo additions on the 
structure of the films and their corrosion resistance in acidic environ
ments was evaluated. The films with Mo content <2 at.% have a mixed 
FCC and sigma structure, whereas films with higher Mo content have a 
single FCC phase. All films have an FCC (111) texture. There are Volta 
potential differences for the Mo0 and Mo2 films in the different regions 
of the substrate. This was attributed to the different structures, i.e. FCC 
and sigma phase in the films. All films have a high corrosion resistance 
(icorr < 1 µA/cm2) at room temperature and at 80 ◦C. No significant 
differences in terms of corrosion and passive current densities were 
observed at room temperature. At 80 ◦C, the corrosion current density 
and passive current density decreased significantly for Mo content >2 at. 
%. This was attributed to the preferential dissolution of the FCC phase 
when the sigma phase is also present (Mo < 2 at%). XPS analysis of 
passivated films revealed that the passive film is mainly composed of Cr, 
Mo oxide and Cr hydroxide, which provided the high corrosion 
resistance. 
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[37] N. Chawake, J. Zálešák, C. Gammer, R. Franz, M.J. Cordill, J.T. Kim, J. Eckert, 
Microstructural characterization of medium entropy alloy thin films, Scr. Mater. 
177 (2020) 22–26, https://doi.org/10.1016/j.scriptamat.2019.10.001. 

[38] J.E. Greene, Chapter 12 - Thin Film Nucleation, Growth, and Microstructural 
Evolution: An Atomic Scale View, 3rd Edit, William Andrew Publishing, 2010, 
https://doi.org/10.1016/B978-0-8155-2031-3.00012-0. 

[39] Y. Shi, L. Collins, R. Feng, C. Zhang, N. Balke, P.K. Liaw, B. Yang, Homogenization 
of AlxCoCrFeNi high-entropy alloys with improved corrosion resistance, Corros. 
Sci. 133 (2018) 120–131, https://doi.org/10.1016/j.corsci.2018.01.030. 
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