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X-ray photoelectron spectroscopy analysis was applied to investigate the thermal

stability under ultra-high vacuum environment of the surface oxide film formed by

electrochemical passivation of a newly designed Cr15Fe10Co5Ni60Mo10 (at.%) multi-

principal element alloy and providing the alloy superior localized corrosion resistance

compared to conventional stainless steels and alloys. A spectral decomposition meth-

odology involving the subtraction of Auger peaks overlapping the Fe 2p and Co 2p

core level regions was applied for quantification of the oxide film composition and

thickness. The results show that, at 100�C, the passive oxide film is mainly dehy-

drated and dehydroxylated. Obvious loss of Ni hydroxide and conversion of Mo (VI) to

Mo (IV) species are observed at 200�C, with further reduction of Mo species to Mo (III)

observed at 300�C. In this temperature range, the total cation quantity in the oxide film

remains stable despite the compositional alteration. At 400�C, Cr (III) oxide forms at

the expense of Fe and Mo oxides, resulting in an oxide film essentially consisting of

chromium oxide. At 500�C, Cr (III) oxide is eliminated, making the passive film unstable

at this temperature. Possible Cr oxide removal mechanisms are discussed.
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1 | INTRODUCTION

Unlike conventional alloys composed of one major element and one

or more minor elements modulating the alloy properties, multi-

principal element alloys (MPEA), first manufactured in 2004,1,2 are

composed of at least two major elements and contain more than three

elements in total.3 The innovative alloying strategy of MPEAs, based

on a predictive computational thermodynamic approach, opens up a

wide and unexplored phase and composition space, which represents

enormous potential for optimizing desired properties. Enhanced cor-

rosion resistance is one of the properties being searched for.4–8

Cr-containing alloys are prime examples of stainless alloys that

self-protect against corrosion by virtue of surface formation of a

passive oxide film.9–11 This protective oxide film has been extensively

studied using diverse surface analytical techniques such as XPS, AES,

ToF-SIMS, and STM.10–17 For conventional Cr-containing stainless

steels and Ni-based alloys, it is generally accepted that the passive

oxide films formed under atmospheric conditions are only a few nano-

meters in thickness and have a bilayer structure, with the inner oxide

layer mainly composed of Cr oxide, ensuring the protective charac-

ter.11,12,16,18,19 It has also been suggested that, instead of stoichio-

metric oxides, the species in the oxide film may exist under non-

stoichiometric form due to nonequilibrium solute capture.20–22 The

addition of Mo to Cr-containing alloys is well known to stabilize passiv-

ity and enhance the localized corrosion resistance. Mechanisms such as

impeding the penetration of aggressive ions,23,24 stabilizing the oxide
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components,25–27 and removing adsorbed sulfur26,28 have been pro-

posed and are still debated. In the case of MPEAs, the literature

concerning passive oxide film composition is less abundant but a strati-

fied in-depth distribution of the alloying elements in the oxide films

formed on the CoCrFeMnNi Cantor alloy and CrFeCoNiMox alloys,
14,29

and a non-equilibrium, non-stoichiometric solid solution state oxide

film formed on a NiCrFeRuMoW alloy13 have been reported.

Great efforts have been undertaken to study the stability of pas-

sive oxide films in various environments in order to extend the range of

applications of self-protected alloys. Regarding thermal stability, many

works addressed the behavior of the surface oxide film formed on con-

ventional alloys upon heating under reducing, oxidizing, or humid condi-

tions for practical applications.30–34 Some works also focused on the

heating-induced alteration of the surface oxide film under inert gas

atmosphere35 or vacuum (technically low pressures)36–38 in order to

provide basic insight into the thermal stability of the oxide components,

which is crucial for further understanding the behavior of oxide films

upon heating in a specific environment.39,40 As for surface oxide films

formed on MPEAs, such investigations are still lacking. Most of the rele-

vant works focused on the oxidation resistance at high temperature in

oxidizing atmospheres,41–44 while investigation of the thermal stability

of the passive oxide films is still in its infancy.40

In this work, we committed to investigate the thermal stability of

the highly protective passive oxide films providing enhanced localized

corrosion resistance to some newly-designed CrFeCoNiMo MPEAs.

Such work is a prerequisite needed for interrogating the oxide growth

and ion transport mechanisms in such protective oxide films via high-

temperature reoxidation experiments. These new MPEAs were

designed using the CALPHAD approach and manufactured to verify

whether a much more corrosion-resistant CrFeCoNiMo MPEA could

be obtained by elevating the Mo content26,45 while ensuring the

structural and compositional homogeneity of the alloy.46,47 The ther-

modynamic modeling, the electrochemical investigations demonstrat-

ing enhanced passivity, and the characterization of the passive oxide

films formed at room temperature are reported elsewhere.48,49

Here, we report the XPS investigation of the modifications

brought by thermal heating under ultra-high vacuum (UHV) environ-

ment of the passive oxide film formed electrochemically on the

Cr15Fe10Co5Ni60Mo10 (at.%) MPEA surface. Not only this work pro-

vides a clear vision of the thermal stability of the passive oxide film

but it also confirms the possibility to generalize the applied approach

to compositionally complex MPEA alloys.

2 | EXPERIMENTAL

2.1 | Sample preparation

Experiments were performed with a Cr15Fe10Co5Ni60Mo10 (at.%)

MPEA sample of single-phase fcc structure, denoted as MPEA-

15Cr10Mo hereafter. The sample surface was prepared by mechanical

polishing starting with 1,200 grade SiC paper and finishing with

0.25 μm diamond suspension, successively cleaned in ultrasonicated

baths of acetone, ethanol, and deionized water (Merk Millipore, resis-

tivity of 18.2 MΩ.cm) and dried by compressed air.

Electrochemical passivation was performed in a three-electrode

cell consisting of a saturated mercury sulfate reference electrode

(MSE, ESHE = EMSE + 0.64 V), a Pt wire counter electrode, and the

alloy surface as working electrode, of which an area of 0.38 cm2

(delimited by a Viton O-ring) was exposed to the solution. The poten-

tiostat used was a VersaSTAT4 (AMETEK). Passivation was performed

in an Ar-deaerated 0.05 M H2SO4 electrolyte prepared from ultrapure

chemicals (VWR) and deionized water. After 15 min of stabilization at

open circuit potential, the surface was passivated by stepping the

potential to 0 VMSE for 1 h. The passivation potential, corresponding

to the middle of the passive range, was selected based on previous

potentiodynamic polarization curves measured on the same MPEA-

15Cr10Mo sample.48

The thermal stability of the passive oxide film was studied by

heating the passivated sample under UHV (residual pressure of 10�8–

10�7 mbar during heating) in the preparation chamber of the XPS

platform. To do so, the sample was heated up from room temperature

(RT) to the target temperature and maintained at this temperature for

a time period of 15 min. The temperature ramp rate was �6�C/s. The

tested temperatures were 100�C, 200�C, 300�C, 400�C, and 500�C.

After each heating experiment, the sample was cooled down to RT

and then transferred to the XPS analysis chamber for measurement.

The highest tested temperature was 500�C at which the surface

oxides were eliminated.

2.2 | XPS analytical conditions and spectral
decomposition

XPS measurements were carried out in a Thermo Electron ESCALAB

250Xi spectrometer operating at a pressure of 10�9 mbar using a

monochromatic Al Kα X-ray source (hν = 1,486.6 eV). High-resolution

spectra of the Cr 2p, Fe 2p, Co 2p, Ni 2p, Mo 3d, S 2p, and C 1 s core

levels were recorded at photoelectron take-off angle of 90�, with a

pass energy of 20 eV and a step size of 0.1 eV.

The XPS analytical methodology based on the decomposition of

the 3p core level spectral region (30–80 eV BE), previously proposed

for the equimolar CrFeCoNiMn Cantor alloy29 and AlxCoCrFeNi

alloys,7 could not be employed in the present work because of the

weak intensities of Co, Fe, and Mo constituents, of lower concentra-

tion, 10, 5, and 10 at.%, respectively, than in the Cantor alloy. Instead,

we applied the spectral decomposition methodology previously devel-

oped for this alloy and involving the subtraction of Auger peaks over-

lapping the 2p core level spectra.49 The area of the Co L2M23M45 and

Ni L3M23M45 Auger peaks overlapping the Fe 2p core level region

was determined according to the corresponding 2p3/2 peak area and

the reference Auger/2p3/2 area ratios of 0.615 and 0.350 previously

obtained for pure nickel for pure cobalt, respectively.

Data processing (curve fitting) was performed with CasaXPS

applying a Shirley-type background subtraction. For Ni, only the Ni

2p3/2 spectral region was decomposed, while for Cr, Fe, Co, S, and
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Mo, the entire 2p or 3d core level region was decomposed due to the

overlaps between the 2p3/2-2p1/2 or 3d5/2-3d3/2 spin-orbit doublets.

Constraints on Binding Energy (BE), Full Width at Half Maximum

(FWHM), intensity ratio and splitting of spin-orbit doublets, and line

shape were applied. For the metallic components, we used in-house

reference line shapes, either fitted with LF (α, β, w, m) line shapes for

representing the asymmetry or without detailed decomposition when

more than two peaks were needed for fitting.49 The LF (α, β, w, m) line

TABLE 1 Parameters and assignments of the component peaks obtained by XPS curve fitting for the passivated MPEA-15Cr10Mo surface
before and after heating at different temperatures

Core level region Peak assignment BE (s = þ1
2 /s = �1

2) (±0.1 eV) FWHM (s = þ1
2 /s = �1

2) (±0.1 eV)

Cr 2p Cr(0)met (A: Cr 2p3/2) 574.0/A + 9.3 (RT-200 �C) 1.1/1.4 (RT, 100�C)

1.1/1.6 (200�C)

1.4/1.9 (300�C)574.2/A + 9.3 (300–500�C)

1.6/2 (400�C)

1.2/1.8 (500�C)

Cr (III)ox A + 2.7a -b

Cr (III)hyd A + 3.3/A + 13.0 2.6/2.6

Fe 2p Fe(0)met (B: Fe 2p3/2) 707.0a -b

Fe (II)ox/hyd B + 2.4/B + 15.4 2.5/2.5

Fe (II)ox/hyd satellite B + 5.9/B + 19.2 3.7/3.7

Fe (III)ox/hyd B + 4.1/B + 17.4 2.5/2.5

Fe (III)ox/hyd satellite B + 7.1/B + 20.4 4.2/4.2

Ni L3M23M45 Auger D-140.4 -b

Co L2M23M45 Auger C-65.4 -b

Co 2p Co(0)met 778.2a -b

Ni 2p3/2 Ni(0)met (C: Ni 2p3/2) 852.8 0.8

Ni(0)met satellite C + 6.1 (RT-200�C) 3.0 (RT, 100�C)

C + 6.3 (300�C) 2.8 (200�C)

C + 6.5 (400�C, 500�C) 2.6 (300–500�C)

Ni (II)hyd C + 3.3 2.0 (RT, 100�C)

1.7 (200�C)

Ni (II)hyd satellite C + 8.8 3.3

Mo 3d Mo(0)met (D: Mo 3d5/2) 227.8/D + 3.2 (RT-300�C) 0.6/0.7

228.0/D + 3.2 (400, 500�C)

Mo (III)ox D + 0.7/D + 3.9 1.3/1.3

Mo (IV)ox D + 1.4/D + 4.5 1.5/1.5

D + 3.6/D + 6.8 2.0/2.0

Mo (VI)ox D + 4.8/D + 8.0 1.3/1.3

S 2p SO4
2� (E: S 2p3/2) 168.8/E+1.3 (RT) 1.2/1.2

169.0/E+1.3 (100–300�C)

S 2 s SO4
2� E+64.4 2.9

C 1 s C-C, C-H (F) 285.0 (RT, 100�C) 1.5

284.8 (200�C, 300�C)

284.6 (400�C, 500�C)

C-OH F + 1.5 1.5

C=O F + 3.0 1.5

O-C=O F + 4.0 1.5

CO3
2� F + 5.0 1.5

Carbide 283.0 (500�C) 0.8 (500�C)

aNo 2p1/2 component since the reference line shape measured on the pure substance was not decomposed in a doublet.
bThe FWHM was fixed to that obtained for the reference line shape measured on the pure substance.
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shape represents an asymmetric Lorentzian curve convoluted by a

Gaussian curve, with α and β defining the spread of the Lorentzian

tail of each side of the peak, w the damping of the tail, and m the

width of the Gaussian. An in-house reference line shape was also

used for Cr oxide to take into account its discrete structure result-

ing from multiplet splitting.50 The other non-metallic peaks were

fitted with symmetric Gaussian/Lorentzian line shape products GL(x)

with x ranging from 0 to 100 and defining the percentage of Lor-

entzian character.

Similar to previous work, a 3d5/2-3d3/2 doublet between the

widely reported Mo (IV) and Mo (VI) doublets was detected and

assigned to Mo (IV) in the present work.49,51 For the sake of visibility,

the two symmetric doublets of Mo (IV) are fused into an asymmetric

one in the reported figures. After heating, BE shifts were observed for

several components, which is also reported in the literature.52 The C

1s spectra were decomposed to quantify adventitious carbon contam-

inations, thereby quantifying the oxygen contained in contamination

species. Peak assignments, BE values, and FWHM values are compiled

in Table 1.

3 | RESULTS

Figure 1 shows as examples the peak-fitted Cr 2p, Fe 2p, Co 2p, and

Ni 2p spectra obtained after heating at 100�C and the Mo 3d spec-

trum obtained after heating at 300�C, the latter being chosen to illus-

trate the presence of the Mo (III) doublet. Ni (II) and Cr (III) hydroxide,

Cr (III), Mo (IV), Mo (VI), and Mo (III) oxide and Fe (II), Fe (III), and Co

(II) (hydr)oxide species were identified depending on temperature. The

hydroxide species only exist below 300�C because of dehydroxyla-

tion. Mo (III) oxide, initially undetected at lower temperature, was

identified after heating at 300�C and 400�C, with its 3d doublet

located at 232.6–235.8 eV between metallic Mo(0) and oxidized Mo

(IV).53 The nature (oxide and/or hydroxide) of the Fe (II), Fe (III), and

Co (II) species cannot be unambiguously determined due to the very

weak intensities of the 2p component peaks compared to the overlap-

ping Auger peaks.

Quantification of the passive oxide film composition and thick-

ness was done after each heating step using a single-layer model of

photoelectron intensity attenuation,54 that is, considering abrupt,

F IGURE 1 XPS spectral
decomposition of the Cr 2p (A), Fe 2p (B),
Co 2p (C), Ni 2p (D), and Mo 3d (E) core
level regions for the MPEA-15Cr10Mo
surface passivated at 0 VMSE in 0.05 M
H2SO4 for 1 h. (A–D) Obtained after
heating at 100�C and (E) after heating at
300�C under UHV
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non-diffuse metal/oxide/environment interfaces and a homogeneous

in-depth distribution of the different species in the oxide layer. Thus,

all identified oxidized components were attributed to the cations in

the oxide film, whereas the metallic components were attributed to

the alloy underneath. Values of the photoionization cross-section of

each element for Al Kα emission at 1,486.6 eV were taken from

Scofield,55 and the inelastic mean free paths of the emitted photo-

electrons were calculated according to Tanuma et al.56 For each spe-

cies, the intensities of the main and satellite peaks were taken into

account for quantification since originating from the same measured

orbital.57 Ion densities (at�cm�3) of each element were then calculated

with an assumed oxide film density of 4.5 g�cm�3 and weighted by

the oxide film thickness to obtain the surface ion density expressed in

at�cm�2 and used to express the absolute variation of the amount of

each species in the oxide film. The oxygen in adventitious carbon con-

tamination, C-OH, C=O, O-C=O, and carbonate, was calculated and

subtracted for quantification of the oxygen content of the oxide film

according to the O/C stoichiometric ratios. Ion surface densities and

film thickness are plotted in Figure 2 as a function of heating

temperature.

Regarding oxygen, its content in the oxide film continuously

decreases after UHV heat treatment at 100�C, 200�C, and 300�C. At

400�C, oxygen loss appears stopped, but it resumes when the temper-

ature is increased to 500�C. In contrast to oxygen, the overall cation

content of the oxide film remains rather stable up to 400�C but signif-

icantly drops at 500�C. Although the total quantity of cations does

not change at 200�C, one observes the loss of Ni cations, whereas the

quantity of the other cations slightly increases. At 300�C, Ni cations

are no longer detected by XPS, and the decrease in Co cations is

marked. The content in Co cations is very low throughout the whole

sequence due to the low Co bulk content (5 at.%) in the substrate

alloy; thus, the role of Co will not be further discussed. At 400�C, the

Fe and Mo contents decrease, whereas the Cr content markedly

increases. At 500�C, the Cr content drastically drops accompanying

the loss of the other oxidized elements. The oxide film is eliminated.

At this temperature of 500�C, the metallic surface underneath the

residual oxide film becomes strongly enriched in Cr. The percentage

of metallic Cr in the alloy raises sharply from 9–14 at.% for heat treat-

ments up to 400�C to 25% after heating at 500�C. Besides, carbides

are also detected after heating at 500�C, with a C/cations ratio of

about 0.09.

Regarding Mo, previous work on this alloy has shown that Mo

cations are present in different oxidation states, that is, Mo (IV) and

Mo (VI), with a stratified in-depth distribution proposed to be at the

origin of the enhanced passivity of this alloy.49 An important feature

of the present work is that new Mo species of lower valence (Mo (III))

are observed after heating at 300�C, indicating that Mo reduction

occurs upon UHV heating. The evolution of the content in each Mo

species in the oxide film is plotted in Figure 3. The content in Mo

(VI) decreases after each heating step, first slowly at 100�C and then

more rapidly at 200�C and above. At 500�C, Mo (VI) finally becomes

undetectable. Concomitantly, Mo (IV) content continuously increases

at 100�C and 200�C and then drops above 300�C until vanishing at

500�C. Mo (III), not initially present, is detected after heating at 300�C

and decreases at higher temperature, becoming undetectable at

500�C.

4 | DISCUSSION

The above results allow us to discuss the overall mechanism of alter-

ations of the passive oxide film induced by thermal heating under

UHV (Figure 4). After heating at 100�C, the decrease in the oxygen

surface density is not accompanied by any significant change in cation

content or oxide film thickness. Besides, the O2�/OH� (O 1s spec-

trum not shown) and Crox/Crhyd intensity ratios increase from 0.4

(RT) to 0.6 (100�C) and from 0.3 to 0.5, respectively. This indicates

F IGURE 2 Oxide film thickness and surface densities in metal
cations and oxygen for the passivated MPEA-15Cr10Mo surface
before and after UHV heating at temperature up to 500�C. RT refers
to room temperature.

F IGURE 3 Surface densities of Mo cations of different chemical
valence for the passivated MPEA-15Cr10Mo surface before and after
UHV heating at temperature up to 500�C
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that, at this stage of thermally induced alteration, the passive film is

mainly dehydrated and dehydroxylated, in agreement with dehydra-

tion and dehydroxylation of Ni hydroxide and Cr hydroxide that start

below 100�C.58,59 However, NiO, the product of Ni (OH)2

dehydroxylation,58,60 is not observed in our experiments, like in previ-

ous work on Ni-Cr alloys.38 This suggests that NiO could be a transi-

tory species immediately reduced to metallic Ni after formation,

which is supported by the slight decrease of Ni cations. Thermody-

namically, the reducing agents could be Cr, Fe, and Mo diffusing from

the alloy since they all have lower Gibb's standard free energy of

oxide formation than Ni.61

At 200�C, the surface density of oxygen continues to decrease.

The O2�/OH� and Crox/Crhyd ratios raise to 1.3 and 1.6, respectively.

These changes suggest that the dehydration/dehydroxylation of the

passive oxide film continues. At the same time, the loss of Ni cations

attributed to dehydroxylation, and reduction is more marked. Regard-

ing the amounts of Mo species, Mo (VI) decreases, while Mo

(IV) increases, suggesting the reduction of Mo (VI) to Mo

(IV) following the reaction: 2MoO3 + Mo ! 3MoO2.
62 Thermody-

namically, the reduction of Mo (VI) by Cr and Fe is also possible

according to the Gibb's free energies of oxide formation. Assuming

that all variations of the cation quantities are solely due to redox reac-

tions, the charge gained by the reduced species and charge lost by the

oxidized species are calculated to be 2.6 (±0.2) � 1015 e�/cm2 and

2.3 (±0.2) � 1015 e�/cm2, respectively, which balance confirms that

redox reactions predominate the oxide film alteration.

At 300�C, the surface density of oxygen still decreases. The resid-

ual Ni cations disappear, and there is a remarkable raise in the Crox/

Crhyd ratio from 1.6 to 4.9, suggesting the complete reduction of Ni

cations and advanced dehydroxylation of the passive oxide film,

respectively. Although the total amount of Mo cations (Figure 2)

remains unchanged, the surface density of both Mo (IV) and Mo

(VI) cations decreases, while the lower Mo (III) oxidation state is iden-

tified (Figure 3), indicating that both Mo (IV) and Mo (VI) are reduced

to Mo (III), likely by metallic Fe, Cr, and Mo. The diffusion of elements

from the alloy into the oxide and the redox reactions may cause modi-

fications of the physical surface/interface morphology and chemical

environment and lead to the changes in the XPS peaks FWHM

observed after heat treatment (Table 1). The possible formation of a

tiny amount of suboxide such as CrO, and thus the presence of

another minor oxide peak resulting in the observed apparent peak

broadening, cannot be excluded.

Besides, at this temperature of 300�C, the charge calculations are

clearly unbalanced with values of charge gained by the reduced spe-

cies and charge lost by the oxidized species of 1.8 (±0.1) � 1015

e�/cm2 and 1.1 (±0.1) � 1015 e�/cm2, respectively. This unbalance

suggests that the redox reactions were also accompanied by oxide

volatilization or decomposition, possibly of Mo (VI) species.62–64 It is

also reasonable to suppose that the remaining Mo (IV) and Mo

(VI) may subsist due to kinetic limitation and may be further or even

totally removed by more prolonged heating.

At 400�C, the unchanged oxygen surface density confirms that

the dehydroxylation is completed after cumulative heating up to

300�C. Referring to the Ellingham Diagram61 and thermodynamic

data,65 the decrease in Fe cations and Mo cations and the increase in

Cr cations may be due to the reduction of Mo oxides and Fe oxides

by metallic Cr, accompanied by volatilization or decomposition of Mo

species as suggested by the charge balance calculation, yielding a

charge gain of 4.4 (±0.3) � 1015 e�/cm2 and a charge loss of 2.1

(±0.2) � 1015 e�/cm2. Consequently, UHV heating at 400�C results in

a passive oxide film markedly more enriched in Cr (79 at.% Cr cations)

compared to the initial oxide film formed at RT (53 at.% Cr cations).

At 500�C, the sharp drop in the quantity of all species indicates

that the passive oxide film is unstable under UHV at this temperature.

The tiny equivalent thickness of residual oxide (0.1 nm) suggests that

the remaining oxide species should not form a fully covering layer.

The instability of Cr oxide at moderate temperature under dry condi-

tions has been reported in many works38,39,66 and attributed to the

reaction:

Cr2O3 sð Þ þ3
2
O2 gð Þ !2CrO3 gð Þ: ð1Þ

In this work, considering the ultra-low oxygen partial pressure

and the enrichment of metallic Cr after the elimination of Cr oxide,

another CrO3(g) formation reaction is also suggested:

Cr2O3 sð Þ !Cr sð Þ þCrO3 gð Þ: ð2Þ

Thermodynamically, at p(O2(g)) < 10�7 mbar, the theoretical CrO3

(g) pressure needed to trigger reaction (1) is lower than 10�19 mbar,

and that to trigger reaction (2) is even much lower, around

10�42 mbar, independently of the oxygen partial pressure. Although

the thermodynamic thresholds to generate CrO3(g) are hard to reach,

F IGURE 4 Alteration mechanisms of the passivated MPEA-
15Cr10Mo surface upon vacuum heating
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the low bulk Cr concentration, the fact that the Cr oxide in the passive

oxide film is not well crystallized,39,67 and the redeposition of CrO3(g)

in the form of Cr2O3
35,36 in the colder parts of the chamber may

reduce the threshold of the reactions. The possibility of having Cr

oxide reduction by residual reductive gas, for example, H2(g) or CO(g),

cannot be excluded.

On a thermodynamic basis, Cr oxide elimination via decomposi-

tion can also be considered. Theoretically, the oxygen partial pressure

to trigger the direct decomposition of Cr2O3(s) to Cr(s) and O2(g) at

500�C is 10�40 atm, which is far lower than the residual pressure in

our experiment. Moreover, no evident increase of O2 partial pressure

was detected during heating. Therefore, a decomposition mechanism

driven by oxygen dissolution into bulk alloy towards the thermody-

namic equilibrium of M-O system is considered. For an oxygen solubil-

ity of 0.1 at.% in the alloy,68–70 the total oxygen decrease at 500�C

would lead to the oxygen dissolution into the substrate alloy reaching

about 860 nm in depth, which is too deep to be achieved with an oxy-

gen diffusion coefficient lower than 10�13 cm2�s�1.69,71,72 Thus, an

oxide decomposition mechanism driven by oxygen diffusion into alloy

is not excluded but cannot be the only mechanism of the oxide elimi-

nation observed at 500�C.

5 | CONCLUSION

Quantitative XPS analysis was applied to investigate the thermal sta-

bility under UHV of the protective oxide film formed by electrochemi-

cal passivation on fcc single-phase Cr15Fe10Co5Ni60Mo10 (at.%)

MPEA. A specific spectral decomposition methodology involving the

subtraction of overlapping Auger peaks in the Fe 2p and Co 2p region

was adopted for XPS curve fitting.

The results show that thermal heating at 100�C in UHV mainly

leads to dehydration and dehydroxylation of the passive oxide film.

Compositional alterations are observed after heating at 200�C and

above. At 200�C, dehydroxylation and reduction of Ni hydroxide by

elements diffusing from the alloy results in the loss of Ni

(II) components without significant thinning of the oxide film. Reduc-

tion of Mo (VI) to Mo (IV) is also observed at 200�C, and further to

Mo (III) at 300�C, together with slight volatilization or decomposition.

At 400�C, Fe and Mo oxides are reduced by Cr diffusing from the

alloy, causing the passive oxide film to become more strongly enriched

in Cr (III) oxide than initially. At 500�C, the passive oxide film is unsta-

ble and eliminated, likely via the formation of volatile CrO3(g). Decom-

position driven by oxygen diffusion from the surface oxide into the

bulk alloy or reduction by residual reductive gas cannot be excluded.

This work shows also that stepwise in situ XPS analysis combined

with thorough quantitative data exploitation is insightful to study the

thermal stability of surface oxide films. The employed XPS spectral

decomposition approach is not only proven to be appropriate for the

studied MPEA but also enlightening for developing a generalized sys-

tematic decomposition methodology applicable to all MPEAs, which

requires intensive reference XPS measurements and proper data

processing.
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