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Abstract

XPS and ToF-SIMS analysis have been combined with electrochemical measurements to
determine the corrosion behavior of the equiatomic CoCrFeMnNi high entropy alloy. An XPS
methodology based on analysis of the 3p core level spectra was developed to determine the
composition and thickness of oxide films. Both native oxide (~1.4nm) and passive films (~
1.6nm) formed in acidic medium are duplex, comprising Cr and Mn inner layer and Cr/Fe/Co
mixture outer layer. No nickel is observed in the oxide layer. The effects of exposure of the

native film to sulfuric acid and passivation under anodic polarization have been investigated.
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1. Introduction

Equiatomic high entropy alloys (HEAs), compared to the traditional alloys usually comprising
a base metal and alloy elements, are a new class of alloys in which the distinction between
major and minor elements is not relevant anymore. Indeed, they are composed of four, five or
more metallic elements, in near equimolar concentration [1, 2]. For some compositions,
depending mainly on the balance between the entropy of configuration of the solid solution
and the enthalpy of mixing of the intermetallic [3, 4], HEAs form a single phase solid solution
(without any intermetallic or other secondary phases), such as face-centered cubic (FCC) alloys
elaborated from transition metals [5-8] and body-centered cubic (BCC) alloys elaborated from
refractory metals [9-12]. The FCC CoCrFeMnNi HEA, which was first discovered by Brian
Cantor et al. [13], has received a great deal of research interest due to its excellent mechanical
properties [14-16]. Although this type of HEA has been developed since 2004, very little
research focused on the corrosion behaviour of CoCrFeMnNi HEA [17-20].
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E-mail addresses: dimitri.mercier@chimieparistech.psl.eu (D. Mercier),
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The CoCrFeNi alloy was reported to have good anti-corrosion properties due to the formation
of a protective oxide film rich in Cr species [18]. Generally, for conventional alloys containing
chromium, such as stainless steel and Ni-base alloys, a high corrosion resistance is provided
by the Cr-rich oxide layer playing the role of a barrier against the attack of aggressive ions
from the environment [21-25]. The impact of other elements at high contents (Co and Mn) in
the bulk alloys has been rarely studied. Normally, for alloys with high contents of Mn (range
from 21 to 28 wt%), the corrosion resistance will decrease caused by the instability of the Mn
oxide in the film [26]. The high Co concentration (15%) will also decrease the corrosion
resistance of the alloys [27]. The corrosion behavior of CoCrFeNi-based HEAS, including Al,
Cu, W, Mo and Ru[28-33], has been studied. Lee et al. [28] investigated the corrosion
performance of AlxCrFersMnNiosx=00305 HEAs in 1M NaCl solution, and the results
demonstrated that the addition of Al to the alloys reduces the resistance to pitting corrosion.
containing solution, with Al leading to the formation of a porous passive film [29]. The
corrosion behaviour of FeCoNiCrCuxx=0,051 HEA was studied in sulfuric acid, and it was
suggested that the corrosion resistance of the alloys was deteriorated by the segregation of Cu
resulting in galvanic corrosion [31]. The CoCrFeNiMoxx=0.1-05at%) HEAS demonstrated good
corrosion resistance in Cl-containing solution due to the beneficial effect of Mo[32]. Scully et
al. [33] reported excellent passivity for 38Ni-21Cr-20Fe-13Ru-6Mo-2W HEA with the
enrichment of Cr (48 at%) and small amount of Mo (8 at%) in the oxide film. Some recent
work was focused on the corrosion behavior of CoCrFeMnNi HEA. For example, a comparison
between a CoCrFeMnNi HEA and a commercial alloy (Hastelloy® C276) in 3.5wt% NaCl
solution has demonstrated an improvement of the corrosion resistance properties for the HEA
[34]. A similar comparison with a 304 stainless steel in sulfuric acid solution, showing
relatively low anti-corrosion performance of the HEA, could be explained by a lower content
of Cr oxide and large quantity of hydroxide in the passive film. Characterization of oxidized
CoCrFeMnNi HEA in air from 500 to 900°C showed the dependence of the oxide film
composition on oxidation temperature. The oxide film is mainly composed of Mn2Os with a
thin inner Cr oxide at temperatures lower than 800°C, while at 900°C, the oxide film was
composed of Mnz04 [35]. However, up to now, there is a limited number of investigations of
the corrosion behavior of CoCrFeMnNi HEA related to modification of composition and

structure of the surface oxide films.

In this paper, we investigate the corrosion behavior of an equimolar CoCrFeMnNi high entropy

alloy using electrochemical measurements coupled with advanced surface characterization



techniques, including Time-of-Flight Secondary lons Mass Spectrometry (ToF-SIMS) and X-
ray Photoelectron Spectroscopy (XPS). Particularly, the composition of the surface oxide layers
(native oxide and passive films) was determined using a new XPS approach based on the peak

fitting of the 3p photopeaks.

2. Experimental procedures

2.1 Sample preparation

Pure Fe, Co, Cr, Ni and Mn ingots (purity exceeding 99.9 wt%) were used to prepare the HEA
by high frequency electromagnetic induction melting in a water-cooled copper crucible under
He atmosphere. Before melting, samples were prepared by mechanical polishing of raw
materials. Afterwards, the ingot was shaped into a rod with a diameter of 13 mm and a length
of around 8 cm by gravity casting. The cooling rate was estimated to be about 10° K.s. Finally,
the samples were wrapped into a tantalum sheet, and were annealed at 1373 K during 13h under
a He atmosphere to limit oxidation. At the end of the annealing, the samples were air quenched.
The objective of this homogenization annealing is to eliminate the dendritic microstructure
formed during casting process. To refine the grain size, HEA samples were rolled and then
annealed at a temperature of 900°C for 30min under a He atmosphere, followed by air
quenching. The average grain size of the HEA is ~ 30um. Table 1 presents the measured
chemical composition of the HEA in atomic percentage (measured by scanning electron
microscopy coupled with Energy-dispersive X-ray spectroscopy (EDX)). As shown in previous
papers[6, 36], the obtained CoCrFeMnNi is a face centered cubic solid solution, which is
representative of the high temperature (i.e.: 1373 K) stable state.

Elements Fe Co Ni Cr Mn
at.% 19.8 20 19.9 20.3 20
Table 1 Chemical composition of the CoCrFeMnNi alloy obtained by EDX

The samples were ground with SiC paper from 320 up to 2400 grit, and then polished with
6pm, 3um, 1um and 0.25um diamond suspension until a mirror like finish is obtained. They
were then cleaned in ultrasonic baths of acetone, ethanol and ultra-pure water for 10 mins, and
dried in compressed air. The sample surfaces were mechanically polished before each

electrochemical experiment.
2.2 Electrochemical measurements

A three-electrode cell comprising a saturated calomel reference electrode (SCE,



+0.245V/NHE), a Pt wire as the counter electrode and a HEA sample as a working electrode
(area 1.3cm? delimited by a Viton O ring) was used. The electrochemical measurements were
carried out at room temperature in 0.05 M H2SO4 (aq) prepared with ultra-pure water (Millipore,
resistivity 18.5Mohm.cm) pre-deaerated by Ar bubbling for 30 min. An EC_Lab SP200
potentiostat from Bio-Logic was used. Before the potentiodynamic and potentiostatic tests, the
open circuit potential (OCP) was monitored for 30 min, corresponding to the stabilisation time
of the potential. The potentiodynamic polarization tests were performed at a potential scan rate
of 1 mV.s%, and the potential range was from -800mV/SCE to 1200mV/SCE. The potentiostatic
tests were carried out at 200mV/SCE, 400mV/SCE and 600mV/SCE.

2.3 Surface characterization

Surface analysis was performed by a combination of X-Ray Photoelectron Spectroscopy (XPS),
and Time-of-Flight Secondary lons Mass Spectrometry (ToF-SIMS).

X-ray Photoelectron Spectroscopy (XPS) analysis was performed using a Thermo Electron
Escalab 250 spectrometer, with a monochromatic Al Ka X-ray source (hv=1486.6eV) operating
at a pressure around 10" mbar. The analyser pass energy was 50eV for survey spectra and 20eV
for high resolution spectra. Beforehand the spectrometer was calibrated using Au4fz,, at 84.1eV.

Spectra were recorded and analysed using Thermo Avantage software (\ersion 5.956).

Elemental depth profiles were obtained using a ToF-SIMS 5 spectrometer (IONTOF GmbH).
The spectrometer was run at an operating pressure of 10° mbar. A pulsed 25 keV Bi* primary
ion source was employed for analysis, delivering a current of 1.2 pA over a 100 x 100 um? area.
Depth profiling was carried out by interlacing static analysis with sputtering using a 0.5 keV

Cs" sputter beam giving a 17 nA target current over a 300x300 um? area.



3. Results

3.1 The native oxide film
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Fig.1 High resolution XPS (a) survey spectrum, (b)-(f) 2p core level spectra and (g) 3p core level spectrum recorded for the
native oxide film formed on the HEA and Auger transitions of pure elements constituting the CoCrFeMnNi alloy
X-Ray Photoelectron Spectroscopy (XPS) is an appropriate method to investigate the
composition of nanometer-thick surface oxide films[21, 22, 37-40]. Generally, for alloys
containing Fe, Cr, Ni, Co and Mn, the 2p core level peaks are recorded with high resolution
and many references are available to study the chemical states of the analyzed elements[41-
46]. However, for the CoCrFeMnNi HEA with five elements in equiatomic ratios, new
challenges appear to analyze the XPS data due to the interference of the Auger transitions

which overlap with 2p peaks of the main elements in the alloy.

The characteristic high resolution XPS 2p core level spectra obtained for a native oxide film
formed on the equiatomic CoCrFeMnNi HEA are presented on Fig.1(b)-(f). For each spectrum,
the Auger transitions of constituting elements of the HEA have been added. It is observed that
using the Al Ko X-ray source all photopeaks overlap with Auger transitions except the Cr 2ps2
peak (Co2pzi2 / NiLsM23M2z and FelLsVV, Mn2ps2 / NiLsVV, Fe2ps2 / NiLsM23V and CoLsVV,
Ni2ps2 / MnL3VV). An Mg Ka X ray source could be used, but overlap with Auger transitions
(Fe2psi2 / Mn LzsM23M23) still exist making quantification difficult.

Thus, another approach based on the 3p core level peaks (Fig.1(g)) was developed to
characterize the HEA surfaces. Although the sensitivity of 3p peaks is lower than for 2p peaks,
the 3p spectra do not present overlapping with Auger peaks and the narrow energy range for

the analyzed elements allows probing the same thickness for all elements.

To develop this new approach, a new database for 3p core level spectra must be established.



BE (eV) FWHM (eV) L/G Mix (%) Tail Mix (%) Tail Height (%) Tail Exponent

Cr3pmey 41.62 121 30.26 0.01 0.15 0.0929
Mn3p(mey 46.78 1.09 37.8 0 0.02 0.0926
Veta Fe3p(mey 52.65 0.96 10.9 0.33 99.97 0.0545
Co3p(men) 58.94 1.26 85.89 8.63 0 0.0431
Ni3par2(met) 66.25 2.06 60.54 0 0.12 4.0958
Ni3pu2(met) 68.1 2.06 60.54 0 0.12 4.0958
Cr3pex 43.72 2.4 30 100 0 0
Cr3pehye) 44.45 2.4 30 100 0 0
Oxide  Mn3pwy 48.09 2.4 30 100 0 0
Fe3pex) 54.73 2.9 30 100 0 0
Co3p(y 59.74 2.2 30 100 0 0

Table 2 The parameters for fitting the XPS 3p spectra of the pure metals and oxides

Firstly, the standard 3p core level peaks for the pure metals were recorded using pure metals
from batches used to manufacture the CoCrFeMnNi HEA. These pure metal samples were
polished with 2400 grit SiC paper, and then introduced into the XPS analysis chamber. Samples
were sputtered using an Ar* ion beam to remove surface oxides and contaminants and obtain
metallic surfaces. High resolution XPS 3p core level spectra were recorded and curve fitted
using the Thermo Electron software Avantage with an iterative Shirley-type background
subtraction. All the parameters, including binding energy (BE), full width at half maximum
(FWHM), Gaussian-Lorentzian(GL) ratio and asymmetry factor, were automatically adjusted
by the software to best fit the peaks of pure metals. An asymmetric function was necessary for
the peak fitting of metal peaks, as expected for transition metals (owing to the conduction
electron scattering amplitude for inter-band absorption or emission in metals, at the Fermi
level[47, 48]). The detailed parameters for fitting the 3p peaks of pure metals are shown in
Table 2. For Ni 3p, a splitting of the metallic component is observed (spin orbit coupling is due
to the coupling between the electron spin momentum and its orbital angular momentum).
Generally, this effect is visible for p, d and f core levels but spectral resolution can limit this

splitting. It is the case here for the 3p orbitals of Cr, Mn, Fe and Co.

A similar approach based on the decomposition of the native oxide covering the pure metals
has also been used. For components characteristic of the oxide layer, a Lorentzian/Gaussian
peak shape with a fixed ratio of 30/70 was used. The detailed parameters for fitting the 3p peaks

of oxides are shown in Table 2.
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Fig.2 XPS core level spectra for the native oxide film formed on the HEA:(a) Cr 3p, Mn 3p, Fe 3p, Co 3p, Ni 3p and (b) Cr
2pa3r2. The black dots represent the experimental spectra and the colored lines show the peak fitting.

The spectrum (35-75eV) characteristic of the 3p peaks of Cr, Mn, Fe, Co and Ni, and the peak

fitting for a native oxide film formed on CoCrFeMnNi HEA surface are presented in Fig.2(a).

This decomposition has been carried out by introducing the fit parameters determined

previously for each element (metal state and oxide state) (Table 2).

The Cr 3p core level spectrum is fitted with three peaks, corresponding to metallic Crmet
(BE=41.6+0.1eV), oxide Crox (BE=43.7£0.1eV) and hydroxide Crna (BE=44.4%£0.1eV)



chemical states. As previously indicated, the absence of overlap between the Cr 2ps/2 core level
spectrum and Auger transitions of other metals makes it possible to decompose the Cr 2pzp
photopeak and compare the decomposition of the Cr 3p core level. Fig.2(b) shows the fitting
of Cr 2ps; core level spectrum. The Cr 2ps2 spectrum is fitted by three components
characteristic of metallic Crmet (BE=573.9+0.1eV, FWHM=1.25eV), hydroxide Crnyqg
(BE=577.1+£0.1eV, FWHM=2.55eV) and oxide, which is represented by five peaks, based on
the peak fitting method proposed by Biesinger [41], Crox (BE=575.7£0.1eV, 576.6£0.1eV,
577.4+0.1eV, 578.4+0.1eV and 579%0.1eV, FWHM=1.05eV). In our work, the area ratio
between the 5 components of decomposed Cr 2psjzox (Chromium oxide) has been determined

and considered as fixed for all analysed surfaces.

The Co 3p, Fe 3p and Mn 3p spectra show two components representing the metallic states
Comet (BE=58.9£0.1eV), Femet (BE=52.7+0.1eV) and Mnme: (BE=46.8+0.1eV), and the oxide
states Coox (BE=59.7£0.1eV), Feox (BE=54.7+0.1eV) and Mnox (BE=48.1+0.1eV). The
decomposition of Ni 3p into two components, Ni 3ps/. at 66.3eV and Ni 3py2 at 68.1eV only
shows the presence of metallic nickel underneath the oxide layer. No oxidized nickel is

observed in the surface oxide layer.

To calculate the thickness of the oxide film and the chemical composition of the film and the
modified alloy layer under the oxide, a model consisting in a homogeneous and continuous
oxide layer on the sample surface, comprising Feox, Croxhyd, Mnox and Coox, and a modified
alloy layer with Femet, Crmet, MNmet, Comet and Nimet Was assumed. Based on this model, the
following 11 equations with 11 unknowns (k,dgyiqe , DMt , Difet  DMet plMet pMet

D&* DG DR, DZ*) was used :

I3t = koy AYet DY Tyexp(— “2449), with X=Cr, Mn, Fe, Co and Ni 1)
X
9% = ko, A9 DT, |1 — exp(—2242) |, with Z=Cr, Mn, Fe and Co @)
Z
D%Ft + D]\I\/;Iﬁt + DI{_\/éet + Dg/f)et + DII\\I/Iiet — DMet (3)
D¢ + Dy, + Dre' + D' = D% (@)

with IY the intensity of photoelectrons (cps eV) emitted by the considered core level X in the
matrix Y, k a constant characteristic of the spectrometer, oy the photoionization cross-
section of the considered core level X, A% the inelastic mean free path of photoelectrons
emitted by the considered core level X in the matrix Y(in nm), Ty the transmission function

of the analyse for the considered core level X, d,,iqe the thickness of the oxide layer (nm)



and DY the density of the element X in the matrix Y (mol.cm™) defined by DY = I‘V’I—Y X x¥
Y

with py, the density of the matrix Y (g.cm™), M, the molar mass of the matrix Y (g.mol™?) and
x¥ the atomic percentage of the element X in the matrix Y. The py.; Value is 8 g.cm™ [49,
50]. The po, Value is taken as 5.22 g.cm, which is the density of chromium oxide, as it is
shown later that the surface oxide layer is enriched in Cr(l11). The density of Fe2O3 would be
similar (5.24 g.cm™). The values of the photoionization cross-sections (o) at 1486.6 eV are
taken from Scofield[51] and the inelastic mean free paths (A%) calculated by the TPP2

formula[52] are compiled in the Table 3.

Core level Cr3p Mn 3p Fe 3p Co3p Ni 3p

5% 1.173 1.423 1.669 1.93 2.217
Agride(nm) 2.6 2.6 2.59 2.58 2.57
Ametalnm) 2.14 2.14 2.14 2.14 2.14

Table 3 Values of the photoionization cross-section (a) and inelastic mean free paths (1%) used for XPS quantification

Using the intensities of the 3p peaks obtained after peak fitting and equations (1) to (4), the
thickness of the oxide layer as well as the elemental compositions of the oxide layer and of the
modified layer under the oxide (alloy/oxide interface) are determined. The results are reported
in Table 4.

Thickness(nm) Oxide composition(Atomic%o) Modified alloy composition(Atomic%b)

Cr(ox) Cr(hyd) Mn(ox) Fe(ox) CO(OX) Cr(met) Mn(met) Fe(met) Co(met) Nl(met)

Native oxide 14 26.5 19.8 15.2 30.3 8.2 117 125 171 249 338
OCP 1min 1.4 30.4 26.0 18.5 13.9 11.2 15.6 12.4 17.8 19.5 34.7
OCP 30min 1.8 36.5 31.4 19.0 8.7 4.5 16.6 15.0 16.9 21.3 30.2
OCP 60min 2 36.2 329 16.7 8.0 6.2 16.8 16.3 17.9 17.6 315
Passivation 200mV 1.6 48.8 13.8 18.1 14.2 5.2 16.2 15.3 18.2 21.3 29.1
Passivation 400mV 1.7 53.4 11.8 13.1 16.4 5.4 16.8 15.4 18.0 20.6 29.1
Passivation 600mV 1.6 49.2 19.7 14.4 12.2 4.6 16.3 14.9 18.4 20.7 29.8
Passivation(400mV) 10pA 1.6 355 32.2 11.0 16.4 5.0 16.8 16.6 17.3 21.0 28.4
Passivation(400mV) 1pA 1.6 48.7 19.2 12.9 14.0 5.2 16.5 15.7 18.1 21.0 28.7
Passivation(400mV)  0.1pA 1.7 53.4 11.8 131 16.4 5.4 16.8 15.4 18.0 20.6 29.1

Table 4 Thickness and chemical composition of the native oxide, the oxide after exposure to acidic solution at the open
circuit potential (OCP) and passive films formed in 0.05M H2SO4 on equiatomic CoCrFeMnNi HEA surface

The thickness for the native oxide film is estimated at 1.4 nm. The native oxide film presents a
strong enrichment of chromium (46.3 at%, including 26.5 at% of oxide and 19.8 at% of
hydroxide) and iron (30.3 at%) while a depletion of Co (8.2 at%) is clearly observed. No nickel
oxide is detected by XPS in the oxide layer.

In the modified metallic alloy layer under the native oxide, a depletion of metallic Cr (11.7

10



at%), Mn (12.5 at%) and Fe (17.1 at%) is observed, while the concentration of metallic Ni
(33.8 at%) and Co (24.9 at%) are significantly higher than in the bulk. The chromium depletion
zone in the modified alloy layer is correlated to the enrichment of chromium oxide in the oxide
film. The chromium enrichment in the oxide is due to the higher oxygen affinity to Cr [53]
(standard free energy of formation for chromium oxide (AGzgs.15¢") is -1058.067 kJ/mol [54],
i.e more negative than for the other alloy elements). A Cr depleted-zone in the alloy beneath

the oxide film appears due to slow diffusion in the alloy matrix at room temperature [55, 56].
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Fig.3 ToF-SIMS depth profiles for the native oxide film formed on the HEA

Fig.3 shows the ToF-SIMS negative ion depth profiles for the native oxide film formed on the
surface of the HEA sample. The intensity is plotted in logarithmic scale versus sputtering time.
The 84CrO; ion profile is used to define the oxide film region (ending at 84% of the maximum
intensity in the depth profile) since the chromium oxide is located throughout the oxide film
region, and the 2Fe, ion profile is used to define the metallic region (starting at beginning of
the intensity plateau). Thus, an intermediate region is determined from 35s to 70s of sputtering.
The colour dashed lines mark the limits between the oxide film, modified alloy layer and

metallic substrate.

In the oxide region, one observes that the #FeO, profile peaks in the outer part of the oxide
film region and decreases slowly through the oxide. Oxidized iron is therefore mainly located
in the outer part of the film, although its presence in small amount in the inner oxide cannot be
excluded. The %*Co0O, profile also has its maximum in the outer region of the oxide film,
indicating that the cobalt oxide is mainly located in the outer oxide. Furthermore, **CoOy

appears to peak before the maximum intensity of the 88FeO, signals, indicating that Co oxide

11



is the main species at the surface. The 8CrO, profile exhibits a wide peak throughout the whole
region of the film. Oxidized chromium is thus distributed in the whole film. Finally, the
8"MnO;  profile has its maximum in the inner region of the oxide film (around 20s of sputtering
time), indicating that manganese oxide is preferentially located in the inner oxide film region.
The *°NiO; ion is not plotted in Fig.1, since its intensity is extremely low compared to those
of 84Cr0Oy’, 8Fe0y, “1Co0, and 8’MnO; ions. It means that Ni oxide is present only at trace

level in the oxide film.

Focussing on the intermediate region, one can see that it is characterised by increasing
intensities of the signals of the metallic compounds (*'?Fez", *°Mn;’, 1'®Ni;” and *8Co,") and a
fast decrease of the intensity of the signals characteristic of the oxides, i.e. MOz (with M=Cr,
Fe, Mn, Co), making the passage of the oxide/alloy interface. The alloy region under the oxide
is enriched in Ni and Co, as indicated by the hump in the Niz” and Coz signals. The *%Cry

profile shows very low intensity due to low secondary emission yield.

From ToF-SIMS observations, it is thus possible to establish the presence of a duplex oxide
structure composed of chromium, iron and cobalt oxides in the outer layer and chromium and
manganese oxides in the inner layer. Under this duplex oxide film, near the metal/oxide
interface, there is a modified alloy layer, enriched in Ni and Co. The alloy substrate can be

located for sputtering times over 70s.

3.2 Surface oxide film after exposure to acidic aqueous solution at the open circuit
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Fig.4 (a) Open circuit potential evolution for the CoCrFeMnNi HEA with a native oxide film in 0.05M H2S04 and (b)
Potentiodynamic polarization curve of the CoCrFeMnNi HEA in 0.05M H2SO4 (scan rate of 1mV/s)

The evolution of the open circuit potential (OCP) for the CoCrFeMnNi HEA with a native
oxide film in 0.05M H>SO4 electrolyte is presented in Fig.4(a). The potential exhibits a sharp
decrease and reaches its minimum value after ~1min of immersion, suggesting some
dissolution of the native film. Then the potential increases slightly to reach a stabilisation
plateau after 600s. In order to determine the chemical changes at the surface during immersion
at OCP, surfaces immersed for 1min (minimum potential), 30 and 60 min were analysed by
XPS and ToF-SIMS. The XPS data are compiled in Table 4 and ToF-SIMS profiles are
presented on Fig.5.
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Fig.5 ToF-SIMS depth profiles for the HEA with a native oxide film after exposure to 0.05M H2SO4 at OCP for (a) 1min, (b)
30min and (c) 60min

Fig.5 shows ToF-SIMS depth profiles obtained on HEA samples after exposure to acidic

aqueous solution at the OCP. The general behaviour is similar to the one observed on the native

oxide. Fe and Co oxides are located in the outer layer while Mn oxide is in the inner layer. Cr

oxide is distributed in the whole film. The maximum intensity of 88FeO, strongly decreases

with increasing immersion time (compared to the native oxide) indicating a decrease of the

iron content in the outer oxide.

The sputtering time associated to the thickness of the oxide layer is increasing from 60s to 90s
for Imin and 60min immersion in acidic aqueous solution at OCP, meaning that the thickness
of the oxide film is increasing with prolonged immersion time, which is in agreement with XPS

data (1.4 and 2 nm, respectively).
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The immersion time in sulfuric acid has also an effect on the shape of the oxide depth profiles.
For all characteristic ions of the oxides, a slow decrease of the signal is observed in the metallic

substrate region. This indicates a roughening of the metal/oxide interface.

The chemical composition and thickness of the film and modified alloy layer for different
immersion times in 0.05M H2SO4 are reported in Table 4. Although the thickness of the film
after 1 minute of immersion is similar to the one of the native oxide layer, the chemical
composition is strongly modified. A sharp decrease of iron content is observed (13.9 at%
compared to 30.3 at% for the native oxide), which can be explained by the dissolution of iron
oxide during the immersion in acidic solution. The content of chromium compounds, and
particularly the chromium hydroxide, increases strongly (26.0 at% as compared to 19.8 at% for
the native oxide). For increasing immersion time at the open circuit potential, the amount of
iron in the oxide layer continues to decrease until it becomes stationary (8.7 at% after 30min
and 8.0 at% after 1h), and the amount of chromium in the oxide film continues to increase until
it becomes stationary (Cr oxide: 36.5 at% for 30min and 36.2 at% after 1h; Cr hydroxide: 31.4
at% for 30min and 32.9 at% after 1h). During the immersion, the amounts of cobalt and
manganese oxides remain nearly constant. Nickel oxide is not detected. A thickening of the

oxide layer is observed during the immersion.
3.3 Passivity of the HEA alloy

To further understand the reactivity of the CoCrFeMnNi HEA surfaces, different passive layers
have been elaborated by chronoamperometry in 0.05M H>SOas. The experimental parameters
for the formation of passive layers have been determined from potentiodynamic polarization
curves in 0.05M H,SO4 solution, presented in Fig.4(b) for a scan rate of 1 mV.s. In the anodic
region, the HEA shows an anodic current peak at -250mV/SCE caused by active dissolution,
then a wide passive range from OmV/SCE to 800mV/SCE. The lowest current density is
observed at 400mV/SCE. To investigate the passive state of the HEA, it was maintained in
0.05M H»>SOg4(aq) at a passive potential until current went down to 0.1pA/cm? for three
different passive potentials (200 mV, 400 mV and 600 mV). The passive film and the alloy
underneath the film were subsequently analysed by XPS, and the XPS 3p core level spectra for

the passive films formed on the HEA for three different passive potentials are shown in Fig.6.
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Fig.6 XPS 3p core level spectra for the passive films formed on the HEA at three different passive potentials:(a) 200 mV, (b)
400 mV and (c) 600 mV

The results of composition and thickness of the passive films, obtained from the XPS 3p core
level spectra, are reported in Table.4. The thickness of the passive films is found to be 1.6 nm
after passivation at 200mV and 600mV, and 1.7 nm at 400mV. Thus, the passivation potential
has no significant effect on the thickness of the film. In the passive film a chromium enrichment
is always observed compared to the native oxide. This enrichment is mainly reflected in a
strong increase of the chromium oxide (48.8 at% at 200 mV, 53.4 at% at 400 mV and 49.2 at%
at 600mV compared to 26.5 at% for the native oxide) while chromium hydroxide is in average
slightly lower (13.8 at% at 200 mV, 11.8 at% at 400 mV and 19.7 at% at 600mV) than in the
native oxide (19.8 at%). The amounts of Mn and Co measured in the passive film are similar
to those measured in the native oxide. The iron content shows a strong decrease, which was

also observed at the OCP, assigned to a selective dissolution of iron oxide.

The Cr, Mn and Fe contents in the modified alloy layer under the passive film are found to be
around 16 at%, 15 at% and 18 at%, respectively. This shows a slight depletion of Cr, Mn and
Fe in the modified alloy layer compared to the contents in the bulk. The concentrations of Co
in the modified alloy region are found to be around 20 at%, i.e. similar to the Co bulk content.
The Ni contents in the modified alloy layer reach 29 at%, revealing a strong Ni enrichment
under the oxide compared to the bulk (20 at%). The composition of the modified alloy layer
under the passive film is similar to the one of the native oxide. It is to be noted that despite the
stronger enrichment of chromium oxide in the passive film compared to the native oxide, the
content of Cr (16 at%) in the modified alloy layer is slightly higher than that for the native
oxide (12 at%). This is related to the passivation process in which there is no dissolution of Cr,

whereas Fe is dissolved.

Table 4 also shows the composition and thickness obtained for the passive film formed at
400mV at different passive currents. Increasing the passivation time at 400mV causes a
decrease of the passive current. The passive film was analysed at three different stages
(10pA/ecm? (45s), 1uA/cm? (530s) and 0.1pA/cm? (4600s)). The thickness of the films remains
unchanged (1.6 nm) with increasing passivation time (decreasing passive current). As for the
concentration of the oxides in the film, the contents of Mn oxide (11 to 13 at%), Fe oxide (14
to 16 at%), Co oxide (5 at%) do not change significantly during prolonged passivation. The
marked modification occurring in the film during the passivation is the increase of the Cr oxide
(from 35.5 at% to 53.4 at%) combined with the decrease of the Cr hydroxide (from 32.2 at%
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to 11.8 at%), indicating dehydroxylation during the passivation process. In the modified alloy
layer, the fractions of metallic Cr (16 at%), Mn (16 at%), Fe (18 at%), Co (21 at%) and Ni (29

at%) are stable.
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Fig.7 ToF-SIMS depth profiles for the passive film formed on the HEA at 400 mV/SCE in 0.05M H,SO. (Passivation time:4600s; passive
current:0.1puA/cm?)
Fig.7 shows the ToF-SIMS depth profile for the passive film formed on the CoCrFeMnNi HEA
sample after passivation for 4600s in 0.05M H2SO4(aq) at 400 mV/SCE.

As previously, the depth profiles can be splitted into 3 regions corresponding to the passive
film, the modified alloy and the metallic substrate. After passivation, the structure of the oxide
film is not modified. The ®1CoO, and 88FeQy; signals in the outer oxide show a lower intensity,
indicating a lower Co and Fe concentration; the oxides of the other elements remain unchanged.

As for the modified alloy layer, a slight Ni enrichment is observed.

4. Discussion

In this work, XPS and ToF-SIMS have been used to determine the nature (chemical
composition) and thickness of different oxides (native oxide, passive layers) formed on the
surface of a CoCrFeMnNi HEA. The native oxide presents an enrichment of Cr3* (46.3 at %)
and Fe** (30.3 at%) while passive films comprise mainly Cr®* (>60%). In all cases, Ni oxide is
not detected by XPS. The chromium enrichment in the oxide layer is in agreement with the

18



Gibbs standard free energy of formation (AGzgs.sk”) for Cr203, which is -1058.067kJ/mol, i.e.
much more negative than for Fe;O3 (-742.294 kJ/mol), MnO; (-465.138 kJ/mol) and CoO (-
214.198 kd/mol) [54].

A duplex layer covers the substrate. Fe and Co are located preferentially in the outer layer, Mn
in the inner layer. Cr is distributed in the whole film. A modified alloy layer, enriched in Ni, is
observed under the oxide film.

After exposure of the alloy covered by the native oxide to acidic aqueous solution at OCP, the
CoCrFeMnNi HEA shows a marked dissolution of Fe oxide from the film, in agreement with
others [57]. The amounts of Cr oxide and hydroxide in the film are increased after immersion
for 60 min. This is explained by the slow dissolution rate of Cr compared to Fe oxide in the
acid media [22, 38]. Despite the dissolution of species in sulfuric acid, the thickness of the film
is increased after immersion. There is a balance between dissolution of the species and growth
of the oxide which seems to bring a stationary thickness after ~30 min of immersion. The
thickening of the oxide film is observed by both XPS and ToF-SIMS measurements.

The passivity of the HEA at different passive potentials (200mV, 400mV and 600mV) has been
studied. The XPS characterization has shown that the passivation potential has a weak effect
on the composition and thickness of the oxide layer and modified alloy layer. The studied
passive films are found to be enriched in Cr species, particularly Cr oxide, compared to the
native oxide film. The contents of Mn and Co oxides in the passive films are similar to that in
the native oxide film. Much less Fe oxide is observed in the passive film after passivation,
which is consistent with the high dissolution of Fe oxide in the acidic solution. The total
thickness for the passive films is found to be 1.6-1.7 nm, which is of the same order of
magnitude as the thickness of the passive film (1.5-2 nm) on stainless steel after passivation in
sulfuric acid [22, 58]. During passivation at 400 mV in sulfuric acid, the main modification of
the composition observed in the passive film is the increase of Cr oxide and decrease of Cr
hydroxide. Considering that the total content of Cr species (Cr oxide and hydroxide) in the film
is stationary, the passivation process is correlated to the transformation of Cr hydroxide into Cr
oxide. This transformation process is also responsible for the decrease of passive current. This
passivation mechanism has been already proposed by Marcus et al. [38] for the passivation of
stainless steel. The thickness of the film is maintained at 1.6-1.7 nm, hence the passivation time
has no significant effect on the thickness of the passive film, which has already been verified
by Maurice et al. [22] for Fe-17Cr-14.5Ni-2.3Mo stainless steel.
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5. Conclusions

XPS, ToF-SIMS and electrochemical measurements were combined in order to study the
corrosion behavior of the equiatomic CoCrFeMnNi high entropy alloy, with emphasis on
characterization of the native oxide and passive films. A new XPS approach based on the
analysis of 3p core level spectra has been developed. The parameters for fitting the 3p core
level peaks of pure metals were used as reference for fitting the XPS 3p spectra for the oxide
covered high entropy alloy. The decomposition of Cr 3p core level peaks into oxide and

hydroxide have been verified by fitting also the Cr 2p spectra.

For all studied oxide films (native oxide and passive films), a duplex structure is observed. Cr*
is distributed in the whole film, while Fe and Co oxides are located preferentially in the outer
layer and Mn oxide in the inner layer. Ni is not observed in the oxide layer. A modified metallic

layer is observed under the oxide, with a significant enrichment of nickel.

During immersion in sulfuric acid at OCP, a selective dissolution of iron oxide combined with
an increase of the chromium hydroxide is clearly demonstrated. Mn and Co oxide contents and
locations in the film are not significantly modified.

After passivation of the HEA, an increase of chromium content is observed in the passive film.
The transformation from Cr hydroxide to Cr oxide (by dehydroxylation) is observed for
increasing passivation time.
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