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Abstract 17 

The identity of passivating oxides on multi-principal element alloys is of great interest as their 18 

optimization offers the potential for exceptional corrosion resistance in aqueous solutions over a 19 

broad range of potential and pH. This study focuses on a non-equiatomic Ni38Fe20Cr22Mn10Co10 20 

solid solution alloy and tracks the fate of each alloying element during linear sweep voltammetry, 21 

low and intermediate potential holds in the passive potential domain as well as during open circuit 22 

relaxation after anodic polarization in slightly acidified Cl- solution. Ni dissolves at all potentials, 23 

Fe and Co are incorporated into oxides or hydroxides in low concentrations whilst Cr and Mn are 24 
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enriched at passive potentials. At low passivating potentials, Mn(II) dissolves and is incorporated 25 

in minor amounts in oxides containing large concentrations of Cr(III). Considerable enrichment in 26 

Mn(II)-species occurs relative to Cr(III) in the oxide at 0.1 V vs. SCE. Electrochemical impedance 27 

spectroscopy suggests the presence of layered oxides with marginal passivation at high Mn(II) 28 

levels. The formation of these oxides depends on a combination of thermodynamic and kinetic 29 

factors as well as the sequence of passivation. 30 

This paper is part of the JES Focus Issue on Characterization of Corrosion Processes in Honor of 31 
Philippe Marcus. 32 
 33 

Introduction 34 

Multi-principal element alloys (MPEAs) have exhibited a range of outstanding mechanical 35 

properties as well as promising catalytic attributes [1, 2]. In some cases, emerging information on 36 

high corrosion resistance of the MPEAs [3, 4] suggests the possibility of utilization in harsh 37 

environments. For instance, these materials may be considered for nuclear waste container 38 

applications [5] due to potentially high corrosion resistance, high strength, and thermal/radiation-39 

damage resistance [6, 7]. In contrast to conventional corrosion resistant alloys [8, 9], MPEAs enjoy 40 

a large compositional design space because of the possible formation of a single solid solution or 41 

two-phase structure over a range of alloying element compositions [10]. Single phase MPEAs are 42 

attributed to the high mixing entropy, which can enhance solid solution phase stability and 43 

chemical homogeneity [4, 11]. Other factors such as grain orientation, short range order vs. 44 

random solid solution, interfacial properties, and interphase heterogeneity undoubtably affect 45 

corrosion but have yet to be explored extensively. 46 

Given the large concentrations of all principal elements in equiatomic alloys (possibly 47 

greater than 20 at.% for 5 elements or less), there is high potential for passive film formation due 48 
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to either dominant single element containing near-stoichiometric or complex oxides at a variety of 49 

potentials, pH levels and in various electrolytes as suggested by potential-pH (E-pH) diagrams [8]. 50 

However, material design for corrosion resistance remains unclear as both scientific details and 51 

figures of merit and are uncertain [10]. Identifying the contribution of the individual alloying 52 

elements to the passivation and dissolution resistance of the MPEAs is critical to understanding 53 

the corrosion behavior of the MPEAs. In this study, we explore one specific alloy within the Fe-54 

Ni-Co-Cr-Mn MPEA system which is a well reported system with significant metallurgy, high 55 

temperature oxidation and aqueous corrosion data existing in the literature [12, 13, 14, 15, 16, 17].  56 

For Cr containing MPEAs, Cr(III) enrichment in the oxide film has been observed [18, 19]. 57 

Cr is often considered to be the main element contributing to the stable passive film formation in 58 

numerous transition metal alloys, as in the case of conventional Ni-Cr alloys and stainless steel 59 

[20, 21, 22]. Cr
2
O

3
 has one of the lowest free energies of formation of the single element oxides 60 

in binary as well as Cr-Mn-Ni-Co-Fe MPEAs [23]. Moreover, thermodynamic calculations suggest 61 

Cr-based corundum and spinel oxides hosting multi-element solid solutions are the most stable 62 

oxide phases over broad E-pH regions [8, 24]. Corundum (Fe, Cr)
2
O

3
, spinel (Fe, Ni, Cr, Mn, 63 

Co)
3
O

4
, cubic (Co, Fe)

2
O

3
, and (Ni, Mn)

2
(Ni, Mn, O)

3
 oxide solid solutions with space group Ia3 64 

(prototype cubic Mn
2
O

3
), are stable over large portions of the E-pH diagram for a particular 65 

Ni38Fe20Cr22Mn10Co10 MPEA [24]. However, Cr containing MPEAs have sometimes been found 66 

to possess inferior corrosion resistance compared to stainless steels [25]. Reports of both high and 67 

low corrosion resistance and high or low Cr-based oxide concentrations in oxides in similar Ni-68 

Fe-Cr-Mn-Co MPEAs render any blanket generalizations regarding corrosion protection afforded 69 

by Cr alloying as untenable [25, 26, 27, 28, 29].  70 
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The role of Mn in the alloys is relatively less well understood. Mn has been added to the 71 

stainless steel as it is a well-known austenite stabilizing element [30], and also attractive for 72 

designing face-centered cubic (FCC) MPEAs. However, formation of MnS inclusions causes 73 

significant degradation in corrosion resistance of the stainless steel [31, 32, 33]. The effect of Mn 74 

on high temperature oxidation of both Fe-Mn-Cr and MPEAs is relatively well established [27, 75 

34, 35]. It is noteworthy that multi-phase oxides of Cr and Mn in Fe alloys are relatively less 76 

protective than Cr oxides without Mn during high temperature oxidation, attributed to fast Mn 77 

cation transport across Mn oxides and surface enrichment with attendant Mn depletion in the 78 

underlying alloy [27, 30, 31]. Voids, spalling, and destabilization of the FCC alloy are also 79 

observed during high temperature (T > 600°C) oxidation of Ni-Fe-Cr-Mn-Co MPEAs [14, 36, 37, 80 

38].  81 

Adding Mn to Fe-Ni-Co-Cr single phase alloys is uniformly detrimental across a variety 82 

of alloys, electrolytes and passivating procedures aside from the benefit of stabilizing the FCC 83 

solid solution. For instance, adding Mn to an equimolar Cr-Fe-Co-Ni MPEA resulted in more 84 

severe pitting corrosion than without Mn in 0.1 M NaCl [26] and poor passivation in 0.1 M H
2
SO

4
 85 

solution [25, 27]. Yang et al. compared Fe-Ni-Co-Cr alloys with and without Mn and observed 86 

that the presence of Mn resulted in degraded film stability and decreased electrochemical 87 

impedance at low frequency in a 0.1 M H
2
SO

4
 solution. Rodriguez et al. investigated a series of 88 

(FeNiCo)
1-x-y

(Cr)
x
(Mn)

y alloys ranging from x + y = 0.23 to 0.40 (in molar fraction), in a pH = 4, 89 

3.5 wt.% NaCl solution at T = 40°C [29]. 1 They found that alloying with a Mn content greater 90 

                                                      
1 In these alloys the Fe, Co, and Ni contents change with modifications in Cr + Mn, but the combination of FeCoNi 
was always maintained at or above 60 at.% although the individual concentrations of Fe, Co, and Ni could vary and 
were not necessarily 1:1:1. Moreover, while the exact at.% varies in all cases, the other consideration is that very 
little Fe, Co and Ni were found in the passive film. 
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than 13–15 at.% resulted in decreased corrosion performance with higher corrosion current 91 

density, and lower pitting potential. The least corrosion resistant alloy contained no Cr while 92 

incorporating 25 at.% Mn. In spite of all the composition variations a critical threshold Cr at.% 93 

could not be estimated, however, it was found that high Mn was detrimental to the passivity. That 94 

said, a Ni38Fe20Cr22Mn10Co10 MPEA exhibited similar passivation behavior to Ni-20 at.% Cr [28] 95 

in 0.1 M NaCl at pH = 4. It is noteworthy that Mn content was, in this case, only 10 at.%.  96 

Mn undergoes anodic oxidation readily as Mn2+ in an acidic solution at potentials below 97 

the reversible potentials for both water and oxygen reduction, according to thermodynamic 98 

predictions [24, 39]. This prediction has been experimentally demonstrated: Mn was depleted in 99 

the passive film of the 304 austenitic stainless steel in 2.0 M H
2
SO

4
 monitored by atomic emission 100 

spectroelectrochemistry (AESEC) [40]. Mn-based oxides were characterized in the passive film 101 

by X-ray photoelectron spectroscopy (XPS) after 6 h immersion in 10 wt.% H
2
SO

4
 in the case of 102 

Fe-xMn (x = 0.7, 2.0, and 5.0 wt.%) alloys [30]. It was concluded that the addition of 5.0 wt.% 103 

Mn to the steel resulted in the formation of a protective oxide, which increased the corrosion 104 

resistance characterized by electrochemical measurements [30]. For Fe-18Cr-xMn alloys (x = 0, 105 

6, and 12 wt.%) in a 0.1 M NaCl solution at pH = 2, the passive film formed for the higher Mn 106 

content alloy resulted in a lower E
pit

 [31], indicative of the less protective oxide. It was concluded 107 

that Mn additions may suppress the passivation process by reducing the activity of adsorbed Cr 108 

species. The correlation between high or low Mn content in oxides on corrosion behavior may 109 

depend on alloy, environment, passivation steps, and most importantly, low vs. high potentials. At 110 

low passivating potentials, Cr-rich oxides were observed with some Mn incorporation [31]. 111 

However, at higher potentials, more Mn oxides were seen coincident with the thermodynamic 112 

stability of Mn
3
O

4
, Mn

2
O

3
, or Mn-containing spinels over a broader pH range [24, 28]. Concerning 113 
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Cr, one study found Cr oxide contents lower than the alloy composition, and in another study much 114 

higher Cr oxide content even at high anodic potentials [25, 41].  115 

A more comprehensive understanding of the role of Mn and Cr is required to understand 116 

its role in the corrosion resistance of FCC MPEAs that often incorporate these elements. The first 117 

step in this process is to track the fate of alloyed Mn in the altered layer as well as the inner and 118 

outer layers of the passive films along with Cr.  119 

We began our studies with a limited investigation into a single-phase 120 

Ni38Fe20Cr22Mn10Co10 MPEA alloy for simplicity in the Ni-Fe-Cr-Mn-Co family as previously 121 

reported [28]. Tracking methods in both oxide and solution are required with elemental specificity. 122 

XPS considering core level analysis and outer shell studies has been shown to be necessary [41]. 123 

AESEC is used for mechanistic investigation of MPEAs as it directly measures the elemental 124 

dissolution rate of each alloying elements coupled with all AC and DC electrochemical 125 

measurements. This technique is useful, in particular, for the selective dissolution in multi-phase 126 

alloys [42] and passivation of Ni-based alloys [22, 43, 44, 45, 46]. It was recently deployed to 127 

examine a nearly equiatomic Al-Ti-V-Cr MPEA in Cl--containing media [47, 48], equiatomic Co-128 

Cr-Fe-Mn-Ni in 0.1 M H
2
SO

4
 [25], and non-equiatomic Ni-Cr-Fe-Ru-Mo-W in 2.0 M H

2
SO

4 
[49]. 129 

In combination with ex-situ XPS surface characterization of the outer layers of oxidized surfaces, 130 

AESEC provides a powerful approach to understand the fate of each alloying element. 131 

In this work, the fate of the alloying elements, whether dissolved in the solution, or 132 

remaining at the surface (in the oxide or metal), was investigated for a Ni38Fe20Cr22Mn10Co10 133 

MPEA in 0.1 M NaCl, at pH = 4.0. It is generally observed that Cr is enriched in the passive film 134 

in the case of Ni-Cr alloys as well as stainless steels [20, 21, 22]. Cr enrichment during the early 135 

stages of passivation was previously monitored by mass-balance calculation via AESEC, 136 
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confirmed by ex-situ XPS and 3D-atom probe tomography (3D-APT) for a Ni38Fe20Cr22Mn10Co10 137 

MPEA in 0.1 M NaCl at pH = 4.0 [28]. However, for the Fe-Ni-Co-Cr-Mn MPEAs, either Cr 138 

depletion or enrichment has been reported in the passive films under different conditions [19, 29]. 139 

In this work, we demonstrate that Mn in a Ni38Fe20Cr22Mn10Co10 MPEA showed potential 140 

dependent oxide enrichment in 0.1 M NaCl at pH = 4.0. Elements dissolved or accumulated in an 141 

oxidized state at the surface for a given potential were observed by in-situ AESEC and ex-situ XPS 142 

experiments. These were correlated with AC and DC electrochemistry and discussed in the context 143 

of thermodynamic and kinetic oxide factors controlling oxide composition. Potential dependent 144 

Mn enrichment in oxides was found to reduce the electrochemical impedance of the oxides formed 145 

and lower corrosion resistance. 146 

 147 

Experimental 148 

Materials 149 

 The Ni38Fe20Cr22Mn10Co10 MPEA was produced using a computational design approach 150 

and characterized in our previous work [9]. A Ni78Cr22 binary alloy was also investigated for 151 

comparison. All alloys were arc-melted, then solution heat treated at T = 1100°C for 96 h followed 152 

by water quenching. The alloy exhibited a compositionally homogeneous single-phase FCC 153 

characterized by energy dispersive spectroscopy (EDS) mapping and X-ray diffractometry (XRD). 154 

The sample surface was initially degreased with isopropanol in an ultrasonic bath for 15 min, 155 

rinsed with deionized (DI) water (MilliporeTM, 18.2 MΩ cm), and then dried with flowing N
2
. The 156 

sample surface was ground with SiC paper up to P4000 under DI water then dried by flowing N
2
 157 

again. The 0.1 M NaCl electrolyte was prepared from analytical grade materials in DI water. The 158 

final electrolyte pH was adjusted to 4.0 by adding small amounts of 1.0 M HCl solution. The 159 
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electrolyte pH was chosen to represent a slightly acidic corrosive environment based on the 160 

thermodynamic simulation [24]. At this pH, thermodynamically stable soluble species of the 161 

alloying elements as well as non-soluble species will be present in a wide potential range. This pH 162 

is aggressive to challenge and interrogate passivity under conditions that were not benign, for 163 

comparison for stainless steel. The electrolyte was deaerated by bubbling Ar gas for 30 min prior 164 

to and during the experiments. All the experiments presented in this work showed reproducible 165 

results from at least three repeated experiments.  166 

 167 

AESEC technique 168 

 The elemental dissolution rate of each alloy component of the MPEA during the 169 

electrochemical test was monitored in-situ, by the AESEC technique. The principles and detailed 170 

calculations used in this technique are available elsewhere [45, 50]. The sample was placed 171 

vertically in a specially designed electrochemical flow cell [51] where the released cations were 172 

transferred within the electrolyte to an Ultima 2C Horiba Jobin-Yvon inductively coupled plasma 173 

atomic emission spectrometer (ICP-AES). A reference electrode (saturated calomel electrode, 174 

SCE) and a counter electrode (Pt foil) were positioned in a reservoir separated from the working 175 

electrode by a porous membrane enabling ionic current to pass between the two compartments but 176 

which prevented bulk mixing [45, 50].  177 

 A Gamry Reference 600TM was used for the electrochemical tests. The ICP-AES data 178 

acquisition system was specially adapted to measure the analog current and potential signals from 179 

the potentiostat in the same data file as the dissolved elemental emission intensities to facilitate 180 

the direct comparison between spectroscopic and electrochemical data [45].  181 

 182 
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Data analysis 183 

 The detailed data analysis of the AESEC technique is presented elsewhere [45]. The 184 

elemental concentration, C
M

, was calculated from the atomic emission intensity, I
M, λ

, at a 185 

characteristic wavelength of the element, λ, measured by the ICP spectrometer as: 186 

  C
M

 = (I
M, λ

 – I
M,

 
λ
°) / κ

λ
       [1]   187 

where I
M,

 
λ
° is the background signal and κ

λ
 is the sensitivity factor for a given element, obtained 188 

from a standard ICP calibration method. The elemental dissolution rate per unit area, v
M

, can be 189 

calculated from C
M

 with the flow rate (f) of the electrolyte controlled by a peristaltic pump and the 190 

exposed surface area A as: 191 

  v
M

 = f C
M

 / A         [2] 192 

It is often convenient to present the elemental dissolution rate as an equivalent elemental current 193 

density (j
M

) using Faraday’s law: 194 

  j
M

 = z
M

 F v
M 

/ M
M

        [3] 195 

where M
M

 is the atomic weight of M, F is the Faraday constant, and z
M

 is the valence of the 196 

dissolving ions for oxidation such as M  Mz+
 + z

M
 e-. The oxidation states of the dissolved M in 197 

0.1 M NaCl, pH = 4 environment are assumed from thermodynamic prediction as Ni(II), Fe(II), 198 

Cr(III), Mn(II), and Co(II) [24]. It is often convenient to present the normalized elemental current 199 

densities (j
M

’) based on the bulk composition relative to j
Ni

 as: 200 

  j
M

’ = j
M

 (z
Ni

 X
Ni 

/ z
M

 X
M

)        [4] 201 

where X
M

 is the mass fraction of the element in the bulk alloy. Congruent dissolution is indicated 202 

when j
M

’ = j
Ni

; otherwise non-congruent dissolution is suggested. When j
M

’ < j
Ni

, M is being 203 
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retained as a corrosion product or does not completely oxidize while when j
M

’ > j
Ni

 preferential 204 

dissolution of M is indicated. 205 

The total quantity of dissolved element M, Q
M

(t), may be calculated as: 206 

Q
M

(t) = ∫  
𝑡

0
 v

M
(t) dt        [5] 207 

The quantity of the excess element M remained at the surface (Θ
M

) relative to Ni was calculated 208 

by a mass-balance as: 209 

  Θ
M

(t) = [(X
M 

/ X
Ni

) Q
Ni

(t)] – Q
M

(t)      [6] 210 

It is worth mentioning that the interference between AESEC intensity signals of Fe (259.94 211 

nm) and Mn (257.61 nm) were assessed by an individual experiment using the ICP-AES method 212 

in the case of a standard solutions of known concentration. The interference of Fe signal to Mn 213 

was found to be negligible (< 0.6 %), therefore, Fe and Mn signals were not corrected in this work.  214 

 215 

X-ray photoelectron spectroscopy (XPS) 216 

 The samples were characterized ex-situ by XPS using PHI-VersaProbe IIITM X-ray 217 

photoelectron spectrometer using an Al Kα X-rays (1468.7 eV) under analysis pressure less than 218 

10-8 bar. A survey of XPS was conducted with a pass energy of 224 eV to obtain the maximum 219 

number of counts. A pass energy of 26 eV was used for the high-resolution spectra. XPS spectra 220 

was analyzed with KOLXPDTM software. Both XPS 2p and 3p core level spectra were obtained to 221 

characterize the sample surface after the electrochemical tests. The 3p core level peak analysis has 222 

an advantage in this work because the 2p peaks for Ni-Fe-Cr-Mn-Co MPEA have interference 223 

with the Auger transitions from some of the other alloying elements [41]. 224 

 225 

Electrochemical analysis 226 
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 The electrochemical impedance spectroscopy (EIS) was conducted after potentiostatic 227 

experiments at a given potential for 4000 s (not coupling with AESEC) in the frequency range 228 

from 105 to 10-2 Hz. Potentiostatic EIS was carried out at a given potential after a potentiostatic 229 

hold for 4000 s at that potential, following to a cathodic reduction step at -1.3 V vs. SCE for 600 230 

s. The data were recorded with 8 points per decade using a 10 mVrms sine wave perturbation. The 231 

electrolyte resistance (R
e
) was corrected from the real part of impedance (R

r
) before the Bode plot 232 

construction for graphical analysis of constant-phase element (CPE) parameters [52] as well as 233 

circuit model fitting. 234 

The linear sweep voltammetry (LSV) was performed with following procedure; 1) a 235 

constant potential at E
ap

 = -1.3 V vs. SCE was applied for 600 s to minimize the effect of air-236 

formed oxide; 2) the potential was swept from -1.3 V to 0.8 V vs. SCE with 0.5 mV s-1 scan rate; 237 

and 3) spontaneous dissolution rate during open circuit exposure as well as open circuit potential 238 

were recorded.  239 

 240 

Results 241 

Elemental dissolution rates during upward potential sweep 242 

Fig. 1 reports the elementally resolved polarization data enabled by coupling AESEC with 243 

conventional DC linear sweep voltammetry (LSV), denoted as AESEC-LSV. The results are 244 

presented for the Ni38Fe20Cr22Mn10Co10 MPEA in deaerated 0.1 M NaCl at pH = 4.0. The 245 

normalized elemental dissolution rates (j
M

’) are presented as equivalent dissolution current 246 

densities to facilitate comparison (Eqs. 3 and 4) with the net anodic or cathodic electrical current 247 

density, j
e
, from the potentiostat. Fig. 2 shows a close-up in the vicinity of the zero-current potential 248 

(E
j=0

) in the LSV.  249 
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Prior to the AESEC-LSV, a constant potential of E
ap

 = -1.3 V vs. SCE was applied for 600 250 

s to minimize the pre-existing air-formed oxide. All five elemental dissolution rates showed two 251 

distinctive elemental dissolution rate peaks in the cathodic reduction step, indicating that the 252 

dissolution was associated with the electrochemical process. This was distinct from the 253 

perturbations of the j
e
 signal which may be related to the hydrogen evolution reaction as shown 254 

for other Ni-based alloys and an MPEA in a similar potential range [22, 44].  255 

The AESEC-LSV results in the potential range from -0.7 V to 0.3 V vs. SCE are magnified 256 

in Fig. 2 including active and passive potential domains. The Ni dissolution equivalent current 257 

density, j
Ni

, is shown as a dashed curve to indicate what the congruent dissolution rate of each 258 

element would be assuming complete Ni dissolution as described in the experimental section. The 259 

onset of anodically polarized elemental dissolution occurred slightly below E
j=0

, near -0.46 V vs. 260 

SCE. The sum of j
M

 (j
Σ
 = j

Ni
 + j

Fe
 + j

Cr
 + j

Mn
 + j

Co
) is also presented in the top panel of Fig. 2. j

e
 is 261 

the equivalent faradaic electrical current density obtained by potentiostat, simultaneously with the 262 

AESEC elemental dissolution rates (j
M

). The formation of oxides is suggested by j
Σ
 < j

e
 while j

Σ
 > 263 

j
e
 may be due to either a significant cathodic current or a non-electrochemical dissolution 264 

mechanism. For E > E
j=0

, two anodic peaks were observed near E = -0.25 V (a
1
) and E = -0.15 V 265 

vs. SCE (a
2
). The total elemental dissolution was nearly faradaic indicated by j

Σ
 ≈ j

e
 at higher 266 

potentials near a
2
. At potentials above a

2
, the formation of a passive film was indicated by j

Σ
 < j

e
 267 

in the passive potential domain. Selective Ni, Fe and Co dissolution is suggested in the passive 268 

potential domain where j
M

’ = j
Ni

 (M = Ni, Fe, and Co), while non-congruent Mn and Cr dissolution 269 

is indicated by j
M

’ < j
Ni 

(M = Mn and Cr). The latter may be due to the accumulation of oxidized 270 

Mn, and Cr species on the surface, probably in a form of oxide or hydroxide. In the potential 271 
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domain above the passive range (Figs. 1 and 2), Mn and Cr continued to exhibit non-congruent 272 

dissolution as shown in the passive domain.  273 

After AESEC-LSV, the spontaneous elemental dissolution rates and the corresponding 274 

open circuit potential were recorded (Fig. 1). Monitoring elemental dissolution rate in this period 275 

can give insight into the elements joining the passive film formed during the polarization 276 

experiment and subsequent relaxation [22, 44, 53 ]. Only Mn showed less than congruent 277 

dissolution (j
Mn

’ < j
Ni

) in this period suggesting a continual build-up of Mn on the surface during 278 

the E
oc

 relaxation.  279 

 280 

Elemental dissolution and passivation at a constant potential 281 

Two potentials in the passive potential domain were chosen from Fig. 2 (i.e., 0.0 V and 0.1 282 

V vs. SCE). AESEC chronoamperometry (AESEC-CA, Fig. 3) was conducted while the net anodic 283 

current was monitored from the potentiostat. Previously, a significant Cr enrichment in the early 284 

stage of passivation was observed at a more negative potential (E
ap

 = -0.25 V vs. SCE) in the same 285 

electrolyte for the Ni38Fe20Cr22Mn10Co10 MPEA [28]. 286 

 Fig. 3(a) gives the AESEC-CA at E
ap

 = 0.0 V vs. SCE with j
M

’, j
e
 and j

Σ 
measured after a 287 

cathodic potential hold for 600 s. The complete elemental oxidation was not accounted for by 288 

dissolution shown as j
e
 > j

Σ
, which may indicate passive film formation. j

e
 as well as j

M
 approach 289 

stable values, indicative of a steady state between passive film formation and dissolution. Mn and 290 

Cr showed non-congruent dissolution with j
M

’ < j
Ni

 (dashed line) for the initial 100 s indicating 291 

their retention on the surface. Non-congruent Cr dissolution was also observed (j
Cr

’ < j
Ni

) 292 

throughout the AESEC-CA experiment indicating a continuous Cr-species surface accumulation.  293 
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For E
ap

 = 0.1 V vs. SCE (Fig. 3(b)), passive film formation is again suggested by j
Σ
 < j

e
. In 294 

this case, however, passive film dissolution or local breakdown and pitting may be faster than 295 

oxide formation as both j
e
 and j

M
’ increased with time. Cr and Mn again showed non-congruent 296 

dissolution as both j
Cr

’ and j
Mn

’ were lower than j
Ni

 throughout the measurement. This is in 297 

agreement with the previous AESEC-LSV curve (Figs. 1 and 2) where non-congruent Cr and Mn 298 

dissolution were observed at 0.1 V vs. SCE, indicating Cr- and Mn-based passive film formation.  299 

Further insight into the surface enrichment (Θ
M

) may be obtained by the mass-balance of 300 

AESEC results calculated from Eq. 6, shown in Fig. 4. At E
ap

 = 0.0 V vs. SCE, the excess amount 301 

of oxidized Cr (Θ
Cr

) increased with time to approximately 150 ng cm-2 after 4000 s. At E
ap

 = 0.1 302 

V vs. SCE (Fig. 4(b)) the Θ
Cr

 was approximately 500 ng cm-2, and Θ
Mn

 ≈ 290 ng cm-2 at the end 303 

of the experiment. The fraction of the excess alloying element at the surface during the AESEC-304 

CA experiment is estimated from Fig. 4, and shown in Fig. 5. In both cases, Cr enrichment occurred 305 

in early stage of passivation (after several hundred seconds) in accordance with previous 306 

observation [28]. Mn accumulation was much greater at E
ap

 = 0.1 V vs. SCE where the excess Mn 307 

at the surface increased as a function of time (Fig. 5(b)).  308 

  309 

Dissolution and passivation kinetics at each potential compared to the Ni-Cr binary alloy 310 

 The electrochemical response of the Ni38Fe20Cr22Mn10Co10 MPEA was compared with that 311 

of a Ni-Cr binary alloy with the same at.% of Cr to investigate the effect of minor alloying elements 312 

such as Mn or Co. The electrical current density as a function of potential (LSV) is shown in Fig. 313 

6(a), and the current density decay during a constant potential hold in the passive domain is given 314 

in Fig. 6(b). The dissolution and passivation kinetics during the potential hold experiments were 315 

investigated by potentiostatic EIS a s shown in Fig. 7. The j
e
 in the cathodic potential domain in 316 
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the LSV curve (Fig. 6(a)) for the Ni38Fe20Cr22Mn10Co10 MPEA was lower than that of Ni78Cr22 
317 

binary alloy. The Ni78Cr22 binary alloy showed an anodic peak at a slightly more positive potential 318 

than that of the Ni38Fe20Cr22Mn10Co10 MPEA. 319 

Fig. 6(b) gives the j
e
 decay (in log-scale both j

e
 and time) as a function of time when a 320 

constant potential of either 0.0 V or 0.1 V vs. SCE was applied to the two alloys after 600 s of 321 

cathodic potential hold at E
ap

 = -1.3 V vs. SCE. The j
e
 decay for the Ni38Fe20Cr22Mn10Co10 

MPEA 322 

showed multiple metastable oxide breakdown events indicated by anodic perturbations in j
e
 for t 323 

> 80 s at both applied potentials, whereas the Ni
78

Cr
22 

binary alloy showed much fewer and lower 324 

perturbations in j
e
.  325 

EIS was conducted after a potentiostatic hold for 4000 s at E
ap

 = 0.0 V and 0.1 V vs. SCE, 326 

after a cathodic potential hold for 600 s at -1.3 V vs. SCE. These experiments provide insights into 327 

the dissolution kinetics as well as a possible oxide layer formation verified or corroborated 328 

independently by a simplified equivalent electrical circuit model, as shown in Figs. 7 and 8. The 329 

Bode plots and fitting results are presented in Fig. 7(a). Layered oxide circuit models were used to 330 

simulate the effect of a duplex oxide, as reported for a near equiatomic Ni-Fe-Cr-Mn-Co MPEA 331 

following high temperature oxidation [36, 54, 55] and aqueous passivation at room temperature 332 

[26, 27, 41]. For a Ni38Fe20Cr22Mn10Co10 MPEA at E
ap

 = 0.0 V vs. SCE [27, 41] and Ni78Cr22 333 

binary alloy [43, 56, 57], a two time-constant circuit model with constant-phase elements (CPE) 334 

was used; CPE
1
/R

1
 represents the inner oxide and CPE

2
/R

2
 represents the outer oxide, shown in 335 

Fig. 8(a). For the Ni38Fe20Cr22Mn10Co10 MPEA at E
ap

 = 0.1 V vs. SCE, a circuit model with a 336 

relatively compact porous inner covered by an outer layer [58, 59] was utilized (Fig. 8(b)). The 337 

CPE
l, 1

 represents the CPE contribution of the inner oxide, R
l, 1

 is the inner oxide resistance within 338 
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the pore length, CPE
dl 

is the double layer component at the interface in parallel with a faradaic 339 

impedance (Z
F
), and CPE

l, 2
/R

l, 2
 represents a thin outer oxide layer. Both circuits could be 340 

reasonably well fitted to the experimental data shown in Fig. 7. For the Ni38Fe20Cr22Mn10Co10 341 

MPEA at E
ap

 = 0.1 V vs. SCE, the modulus impedance (Z
mod

) in the low-frequency domain (f < 342 

10-1 Hz, Fig. 7(b)) was three orders of magnitude lower than that observed for E
ap

 = 0.0 V vs. SCE. 343 

This was likely due to the formation of less protective Mn oxide as previously indicated by a non-344 

congruent Mn dissolution, Figs. 3(b) and 4(b), at this potential. Lower Z
mod

 in the low-frequency 345 

domain at E
ap

 = 0.1 V vs. SCE was also monitored for the Ni78Cr22 binary alloy (Fig. 7(b)) as 346 

compared to that at E
ap

 = 0.0 V vs. SCE. For the Ni78Cr22, the difference in Z
mod

 between two 347 

applied potentials was only one order of magnitude. The inner oxide resistance (R
l, 1

) of the 348 

Ni38Fe20Cr22Mn10Co10 MPEA at E
ap

 = 0.1 V vs. SCE obtained from the circuit model fitting using 349 

Fig. 8(b) was 160 Ω cm2 whereas that the inner oxide resistance (R
1
)
 
at E

ap
 = 0.0 V vs. SCE was 350 

1.2 x 105 Ω cm2 using Fig. 8(a). This may indicate a less protective oxide at E
ap

 = 0.1 V vs. SCE 351 

compared to that at E
ap

 = 0.0 V vs. SCE for the Ni38Fe20Cr22Mn10Co10 MPEA. 352 

 353 

Passive film characterization by XPS  354 

The surface of the Ni38Fe20Cr22Mn10Co10 MPEA after each potentiostatic hold experiment 355 

was characterized by ex-situ XPS, shown in Figs. 9 and 10. Analyzing the 2p XPS data for a Ni-356 

Fe-Cr-Mn-Co based MPEA is difficult due to the overlap of 2p and Auger transitions [41]. To this 357 

end, the high-resolution XPS 3p core level spectra were obtained from 35 to 80 eV, shown in Fig. 358 

10.  359 
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 The Cr 2p3/2 spectra were analyzed because there is no interference between 2p Auger 360 

transitions from the other elements and 2p photoelectron signal of Cr. At both applied potentials, 361 

the Cr 2p3/2 spectra could be fitted by Cr(0) metallic (574.2 eV), Cr(III) hydroxide (577.3 eV), and 362 

Cr(III) oxide (576.2 eV) peaks [60]. For Mn, the XPS 2p core level spectrum near 640 eV binding 363 

energy is sometimes explored to examine Mn(II) or Mn(III), and Mn-oxide species [61, 62]. 364 

However, this binding energy largely overlaps with the Ni Auger signal [41], which makes both 365 

quantitative and qualitative analysis of Mn 2p difficult. A shoulder in the peak of the Mn 2p 366 

photoelectron spectrum near 655 eV for the Ni38Fe20Cr22Mn10Co10 MPEA polarized to 0.1 V vs. 367 

SCE was observed, which does not have any interference with Ni Auger transitions. This may 368 

indicate the presence of Mn(II) species, possibly a Mn-oxide [63]. This peak was not observed for 369 

the Ni38Fe20Cr22Mn10Co10 MPEA at E
ap

 = 0.0 V vs. SCE. The suggestion of minimal Mn-based 370 

oxide formation at this potential is consistent with the AESEC results shown in Figs. 3 and 4. 371 

The XPS 3p core level spectrum of the Ni38Fe20Cr22Mn10Co10 MPEA shows distinct peaks 372 

indicative of the presence of Mn-oxide species at E
ap

 = 0.1 V vs. SCE (Fig. 10(b)). A Mn metallic 373 

peak at 47.0 eV and a Mn oxide peak at 48.6 eV, possibly attributed to Mn(II) [64], were similarly 374 

characterized by the XPS 3p analysis of a near equiatomic Ni-Fe-Cr-Mn-Co MPEA [41]. At E
ap

 = 375 

0.0 V vs. SCE (Fig. 10(a)), only a Mn metallic peak was detected.  376 

 377 

Discussion  378 

The role of Mn and Cr  379 

 In this work, it is posited that Mn has a detrimental effect on the passivity of the 380 

Ni38Fe20Cr22Mn10Co10 MPEA in a 0.1 M NaCl, at pH = 4 solution. The effect is potential-381 

dependent and degrades the corrosion resistance of Ni38Fe20Cr22Mn10Co10 MPEA compared to a 382 
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Ni78Cr22 binary alloy under the same conditions. EIS and DC electrochemistry of 383 

Ni38Fe20Cr22Mn10Co10 MPEA indicated that a change in potential from 0.0 V to 0.1 V vs. SCE was 384 

more detrimental to the passive film than the same potential applied to a Ni78Cr22 binary alloy. As 385 

a consequence, increased instability of the passive film (j
e
 decay as a function of time punctuated 386 

with breakdown events, Fig. 6(b)) and lowered Zmod (and the inner oxide resistance, Fig. 7) are 387 

consistent with XPS 3p characterization (Fig. 10), which corroborates with the AESEC mass-388 

balance to indicate excess Mn at the surface (Figs. 4 and 5). 389 

The results herein demonstrate that Mn can congruently dissolve or remain on the surface 390 

depending on the applied potential in the passive potential domain of the Ni38Fe20Cr22Mn10Co10 391 

MPEA in a 0.1 M NaCl at pH = 4 solution. A layered oxide is indicated by EIS analysis using a 392 

circuit model fit, similar to previous observation in the case of an equiatomic Ni-Fe-Cr-Mn-Co 393 

MPEA in 0.05 M H
2
SO

4
 [41]. The cation release detected at E

ap
 = 0.0 V vs. SCE suggested nearly 394 

congruent elemental dissolution rates for Ni, Fe, Co, and Mn but not for Cr, accounting for Cr 395 

enrichment in the oxide (Fig. 3(a)). The surface did not reach a stable state at E
ap

 = 0.1 V vs. SCE 396 

as indicated by both j
e
 and j

M
 increasing as a function of time (Fig. 3(b)). At E

ap
 = 0.1 V vs. SCE, 397 

nearly congruent dissolution of Ni, Fe and Co was observed. In contrast, Cr and Mn dissolution 398 

was found to be non-congruent. For an equiatomic Ni-Fe-Cr-Mn-Co MPEA, both the natively 399 

formed oxide and electrochemically formed passive film were characterized to have an outer Cr, 400 

Fe and Co-based oxide, and an inner Cr- and Mn-based oxide as analyzed by the XPS 3p core level 401 

spectra and time of flight-secondary ion mass spectroscopy (ToF-SIMS) [41]. A strong segregation 402 

of Cr and Mn in the presence of O on the surface and in oxide phases is predicted for the Cr-Mn-403 

Fe-Co-Ni MPEA by an ab initio thermodynamic simulation [23]. The result at E
ap

 = 0.1 V vs. SCE 404 

may be explained by this thermodynamic prediction assuming the outer Cr-, Fe-, and Co-based 405 
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oxide layer dissolved at least partially at this potential whereas the inner Cr- and Mn-based oxides 406 

remained (Fig. 3(b)) due to the strong low segregation free energy of Cr and Mn [23].  407 

It should be noted that the Cr oxide formation and congruent Mn dissolution at E
ap

 = 0.0 V 408 

vs. SCE observed in Fig. 3 is in accordance with the thermodynamic predictions for the same 409 

MPEA composition and electrolyte used in this work [24]. However, the apparent build-up of Mn 410 

at E
ap

 = 0.1 V vs. SCE contradicts the thermodynamic calculations which predicted that Mn would 411 

be completely oxidized to soluble Mn2+ over a broad potential range at pH = 4 [24]. The 412 

thermodynamically stable formation of (Fe,Cr)
2
O

3
 was predicted due to the low mixing Gibbs 413 

energy of Cr
2
O

3
 and Fe

2
O

3
. In contrast, Mn

2
O

3
 mixing on the corundum lattice was not favored 414 

[24]. Limited Fe
2
O

3
 formation, if any, and non-congruent Mn dissolution was observed by AESEC 415 

at E
ap

 = 0.1 V vs. SCE (Fig. 3(b)). Therefore, it can be speculated that Mn-based oxides such as 416 

MnO, Mn
2
O

3
, Mn

3
O

4
, or a MnCr

2
O

4
 spinel are more likely possibilities in this system at this 417 

potential. Except for the spinel, these oxides are not likely mixed with Cr
2
O

3
. These Mn oxides 418 

may have similar free energy of formation to each other and compared to other transition metal 419 

oxides, the thermodynamic probability of the formation of one versus the other is similar [65]. 420 

Hence, the Cr
2
O

3
 and Mn oxides, whether MnO, Mn

3
O

4
 or Mn

2
O

3
, likely exist as phase separated 421 

layers as seen during high temperature oxidation [37]. This situation is detrimental to corrosion 422 

resistance of an oxide film. Hence the Mn oxide formed on other MPEAs and steel surfaces are 423 

not protective in aqueous solutions [30, 31, 37].  424 

 425 

The role of other alloying elements 426 

 Ni was observed to dissolve into solution and only minor or trace amounts of Fe and Co 427 

were found in oxides on the Ni38Fe20Cr22Mn10Co10 MPEA (Figs. 4 and 5). The Fe 3p spectrum of 428 
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the Ni38Fe20Cr22Mn10Co10 MPEA after E
ap

 = 0.1 V vs. SCE (Fig. 10(b)) showed metallic and oxide 429 

state peaks at 52.8 eV and 55.2 eV, respectively. Fe dissolved congruently during AESEC-CA 430 

experiments as shown in Fig. 4 and was estimated to be accumulated at the surface at 431 

concentrations of only 50 ng cm-2 after 4000 s at both applied potentials (Fig. 5). A small amount 432 

of oxidized Co is also seen in XPS 3p spectra. It is proposed here that remaining oxidized Fe and 433 

Co might form spinels with Cr but these cannot be a source of protection as they could not account 434 

for all the Cr which is oxidized and also would not be present in sufficient amount to cover the 435 

surface. It should be also noted that an air-formed oxide possibly formed during sample transfer 436 

to the XPS instrument. The Fe 3p oxide component after AESEC-CA experiments might be due 437 

to the Fe-based oxide formation during sample transfer after polishing, which was not maintained 438 

in a vacuum. Hence, the dominant oxides are Cr and Mn-rich and likely in a layered unmixed state 439 

with dissolution of Fe, Ni, and Co. 440 

 441 

Conclusions 442 

 The fate of alloying elements during dissolution and passivation of the 443 

Ni38Fe20Cr22Mn10Co10 MPEA differs distinctly depending on the applied potential. Ni 444 

dissolves at all potentials investigated in this work, Fe and Co are incorporated into oxides 445 

or hydroxides in low concentrations, while Cr is enriched in the oxide at passive potentials. 446 

Mn(II) both dissolves and is incorporated in minor amounts in oxides containing large 447 

concentrations of Cr(III) at low passivating potential. Considerable presence of Mn(II) is 448 

observed in the oxide relative to Cr(III) at E
ap

 = 0.1 V vs. SCE.  449 

 It is posited that Mn has a detrimental effect on passivity of the Ni38Fe20Cr22Mn10Co10 450 

MPEA. The effect is potential-dependent and degrades the corrosion resistance of the 451 
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Ni38Fe20Cr22Mn10Co10 MPEA compared to a Ni78Cr22 binary alloy in 0.1 M NaCl at pH = 452 

4. EIS and DC electrochemical tests indicate that change in potential from 0.0 V to 0.1 V 453 

vs. SCE is detrimental to corrosion resistance of the electrochemically formed passive film 454 

compared to the Ni78Cr22 binary alloy. 455 

 The presence of Mn-based oxide was indicated indirectly by non-congruent dissolution in 456 

AESEC results and corroborated by XPS spectra, including 3p core level analysis at E
ap

 = 457 

0.1 V vs. SCE. This Mn-containing oxide layer was not as protective as the Cr-rich oxide 458 

indicated by increasing elemental dissolution rates with time at this potential. A lower Z
mod

 459 

in the low-frequency EIS as well as lower inner oxide resistance obtained from a model 460 

circuit fitting for the Ni38Fe20Cr22Mn10Co10 MPEA at this potential are also indicative of 461 

the less protective oxide. This was corroborated by j
e
 versus time in constant potential 462 

experiments, which indicated increased anodic current densities and local breakdown in 463 

the MPEA compared to the Ni78Cr22 binary alloy. 464 

 For the Ni38Fe20Cr22Mn10Co10 MPEA, a layered oxide is suggested by EIS and supported 465 

by thermodynamic calculations when a constant potential is applied in the passive potential 466 

domain. At E
ap

 = 0.1 V vs. SCE, a porous oxide is indicated and interpreted to occur by 467 

selective dissolution of Ni, Fe, and Co leaving behind Cr and Mn-based oxide layers.  468 

 469 
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Figures 479 

(a) 

 

Fig. 1. AESEC-LSV of the Ni38Fe20Cr22Mn10Co10 MPEA in a deaerated 0.1 M NaCl, pH = 4 

solution with 0.5 mV s-1 scan rate. Prior to the LSV measurement, a constant potential at E
ap

 = 

-1.3 V vs. SCE was applied to reduce the pre-existing air-formed oxide. After the potential 

release, elemental dissolution rates were recorded during open circuit measurement (E
oc

 

relaxation). Normalized elemental dissolution rates equivalent to current densities (j
M

’) using 

Eq. 4 are given to demonstrate deviations from congruent dissolution. 
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Fig. 2. Results from AESEC-LSV of the Ni38Fe20Cr22Mn10Co10 MPEA in a deaerated 0.1 M 

NaCl, pH = 4 solution. j
M

’, the sum of j
M

 (j
Σ
) and electrical current density (j

e
) magnified in the 

active and passive potential domain from Fig. 1 are presented. j
M

’ curves are given with offset. 

Horizontal lines indicate zero value (j
M

’ = 0). Dashed line indicates the j
Ni

 to determine 

congruent dissolution of each alloying element. If j
M

’ equals to the dashed line, that may indicate 

congruent dissolution of M. If j
M

’ is lower than the dashed line, dissolution of M is non-

congruent. 
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(a)  

 

(b) 

 

Fig. 3. AESEC chronoamperometry (AESEC-CA) of the Ni38Fe20Cr22Mn10Co10 MPEA at a 

passive potential; (a) E
ap

 = 0.0 V, and (b) E
ap

 = 0.1 V vs. SCE in 0.1 M NaCl, pH = 4.0, deaerated 

solution, after a cathodic reduction at E
ap

 = -1.3 V vs. SCE for 600 s. The vertical dashed line 

indicates t = 0 when the potentiostatic hold started after the cathodic reduction step. 
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(a) 

 

(b) 

 

Fig. 4. The excess element M (Θ
M

) in ng cm-2 oxidized and residing in solid form at the alloy 

surface calculated by a mass-balance (Eq. 6) during each AESEC-CA experiment from Fig. 3; 

(a): E
ap

 = 0.0 V vs. SCE and (b): E
ap

 = 0.1 V vs. SCE. The vertical dashed line is t = 0 when the 

potentiostatic hold started after a cathodic reduction for 600 s. 
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(a) 

 

(b) 

 

Fig. 5. Surface cation fractions obtained from Fig. 4 of the Ni38Fe20Cr22Mn10Co10 MPEA during 

(a) E
ap

 = 0.0 V vs. SCE, and (b) E
ap

 = 0.1 V vs. SCE in 0.1 M NaCl, pH = 4, deaerated solution. 

The vertical dashed line indicates t = 0 when the potentiostatic hold started after a cathodic 

reduction for 600 s. 
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(a) 

 

 
Fig. 6. (a) LSV, and (b) potentiostatic hold current density versus time at the indicated potentials 

of the Ni38Fe20Cr22Mn10Co10 MPEA and Ni78Cr22 binary alloy in a 0.1 M NaCl, pH = 4, 

deaerated solution. Note that experiments were performed after 600 s at E
ap

 = -1.3 V vs. SCE to 

minimize the effect of the air-formed oxide. 
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Fig. 7. (a) Bode magnitude, and (b) phase plot after each 4000 s potentiostatic hold on the 

Ni38Fe20Cr22Mn10Co10 MPEA and Ni78Cr22 binary alloy, following a cathodic reduction at E
ap

 = 

-1.3 V vs. SCE for 600 s. Equivalent circuits used to fit the EIS spectra are given in Fig. 8 and 

the fitting results are shown by solid lines while the symbols represent the data points. 
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Fig. 8. Simplified EIS circuit model to account for the EIS spectra of (a) Ni38Fe20Cr22Mn10Co10 

MPEA at E
ap

 = 0.0 V vs. SCE and Ni78Cr22 binary alloy; (b) Ni38Fe20Cr22Mn10Co10 MPEA at 

E
ap

 = 0.1 V vs. SCE. 

 544 

 

Fig. 9. XPS spectra of Mn 2p, Ni 2p
3/2

, Cr 2p
3/2

, Fe 2p
3/2

, and Co 2p
3/2 XPS regions for the  

Ni38Fe20Cr22Mn10Co10 MPEA after potentiostatic experiments at E
ap

 = 0.0 V and 0.1 V vs. SCE 

Page 29 of 34

https://mc04.manuscriptcentral.com/jes-ecs

Journal of The Electrochemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

30 
 

for 4000 s in 0.1 M NaCl, pH = 4.0, deaerated solution followed by an air transfer for XPS 

analysis. 

 545 
 546 

 
 

Fig. 10. XPS 3p core level spectra of Ni, Fe, Cr, Mn and Co after potentiostatic hold 

experiments on the Ni38Fe20Cr22Mn10Co10 MPEA at (a) E
ap

 = 0.0 V vs. SCE, and (b) E
ap

 = 0.1 

V vs. SCE for 4000 s in 0.1 M NaCl, pH =4.0 deaerated solution. 
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