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Recent research progress on the passivation and selective
oxidation for the 3d-transition-metal and refractory multi-

principal element alloys

Zening Wang', Yu Yan

'™ Yuan Wu@?, Yi Zhang', Xinpeng Zhao', Yanjing Su’ and Lijie Qiao'

The wide range of alloy composition controllability for multi-principal element alloys (MPEAs) may provide a great opportunity for
discovering special forms of surface oxides to improve the corrosion and oxidation resistance in extreme environments. Changing
the type and content of promoting passivation elements would not only change the microstructure of the alloy but also
significantly affect the composition and structure of the surface passive film, resulting in a strong impact on the corrosion and
oxidation resistance of the alloy. This article reviews recent research on the effects of alloying elements on the passivation
properties, the contribution of each alloying element, and the synergistic effect between the elements on the passivation
mechanisms and electrochemical dissolution characteristics of surface passive films that form on some MPEAs. In addition, the
composition and structural characteristics of surface oxides relevant to the selective oxidation of elements are elaborated upon.
Finally, several open questions and recommendations for research directions regarding the passivation and selective oxidation of

MPEAs were provided to guide future exploration.
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INTRODUCTION

Multi-principal element alloys (MPEAs) have attracted the interest
of materials scientists and engineers, who have aimed to
investigate their mechanical properties, as well as wear, corrosion,
and oxidation resistance. The high number of principal elements
in MPEAs will increase the degree of freedom in the alloy
composition, especially when non-equiatomic multi-principal
elements are considered. Corrosion resistance is a performance
index that must be met in the design and development of MPEAs
as structural materials. Currently, research on the corrosion
behavior of MPEAs has mainly focused on alloy systems composed
of transition metal elements. The development of corrosion-
resistant MPEAs has mainly considered the alloy composition
design, manufacturing method, microstructure, corrosion mechan-
ism, and surface passive film'™. Most studies have focused on the
effect of adding alloying elements, such as Cu, Al, Mn, Mo, Ti, Nb,
V, and Si, on the corrosion resistance and corrosion mechanisms of
CoCrFeNi-based MPEAs®. The addition of these alloying elements
was found to affect the microstructure and phase structure
evolution, thus affecting the corrosion performance of the
MPEAs’~'°, Based on previous research on the corrosion behavior
of MPEAs, the addition of alloying elements Cr''~'3, Mo®'4, Co™'S,
Ni'718 Ti'®2% and Nb?'?? was found to be generally beneficial, as
long as no second phase formed, and they were usually present in
the passive film. However, the addition of Cu'%?324, AI?>-28, and
Mn’2%3% was found to be oftentimes detrimental to corrosion
resistance, which was mainly due to the phase transition that
produced chemical and structural heterogeneity. The chemical
composition of a bulk alloy will determine the composition of the
passive film that forms on the alloy surface, especially the
enrichment of beneficial elements in the film, thus influencing the
initiation process of local corrosion behavior. The oxides that form

on the surfaces of heterogeneities such as the phases of barren Cr
element will be less protective and will break down or will
undergo preferential dissolution at these regions. Thus, MPEAs
with a single-phase structure and uniform distribution of alloying
elements will be expected, contributing to enhancing the
composition uniformity and structural stability of the passive
films31-33, MPEAs with refractory elements, such as Ti, Zr, Nb, Ta,
Mo, V, W, and Hf, namely refractory multi-principal element alloys
(RMPEAs), have mostly sample BCC crystal structures and may also
contain some intermetallic phases, mainly B2 and/or laves-3°,
Some RMPEAs can maintain stability in the phase structure with
increasing alloying elements and heat treatment tempera-
ture?®=*3, which will be conducive to maintaining high corrosion
resistance. More importantly, these refractory elements will all
easily form protective oxides that are thermodynamically stable
across a broad range of potential and pH values**. Therefore, the
characteristics of the passive film that govern the corrosion
behavior of the MPEAs include the composition and structure
uniformity, compactness, and electronic properties.

MPEAs may form passive films with superior protective proper-
ties against corrosion depending on either the presence of large
amounts of passivating elements or the formation of specific
oxides based on the unusual synergistic effects of alloying
elements*>5, The high-entropy effect of MPEAs will contribute
to achieving a single-phase solid solution, even with the addition
of complex elements at a high concentration, which will decrease
the occurrence of elemental segregation and favor the formation
of a uniform surface passive film. The change in corrosion
resistance and the corrosion mechanism of MPEAs can be
extensively explored by adjusting the composition and content
of alloying elements over a wide range. Passivity models
constructed by single functional elements have been developed
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Fig. 1 The contributions of some research aspects in passivation and selective oxidation to the corrosion and oxide resistance of MPEAs.

for pure metals and conventional single-principal element alloys
(SPEAs) but may not be directly available for MPEAs*’. Beneficial
combinations of alloying elements or vacancies may be envi-
sioned to produce synergistic corrosion benefits such as charge
distribution*®°, passivity promotion and dissolution blocking®°,
the vacancy-mediated diffusion model®', and the point-defect
model*>°3, The chemical potential and activity of each alloying
element may differ in an MPEA substrate, affecting the passivation
and dissolution characteristics of the surface oxides. Thus,
determining the contribution of each alloying element to the
passivation and dissolution characteristics of MPEAs is essential for
understanding the synergistic effect of the alloying elements and
the corrosion resistance mechanism of MPEAs>*>°,

The composition and structure of the surface oxide are also key
factors that affect the corrosion resistance of the oxide film, and the
presence of multi-elements at high concentrations may affect the
formation of surface oxide structures in many ways. The Gibbs free
energy of oxide formation of the elements and the transport rate of
cations will determine the spatial distribution of elemental fractions
in the bulk oxide film®*’. Uneven oxide films with multi-layer
structures have been commonly reported in MPEAs composed of
transition metal elements, such as NiCr,oMo;o>8, FeCr;5Ni;s>°,
CrMnFeCoNi®®%2,  CrFeCoNiMo®, NisgFe,oCrmMn;0C010°*%°, and
NisgCry; FesoRu;3MogW,% alloys after exposure to air or a solution
environment, which was attributed to the selective oxidation
behavior of each component at the metal/oxide interface. Selective
oxidation can also lead to the enrichment or depletion of some
beneficial elements in the oxide film, relative to their concentration in
the alloy matrix. In addition to the formation of layered oxide film
structures, complicated altered layers will likely exist underneath the
oxide film, including modified alloy layers®®6" with void formation by
both vacancy injection and Kirkendall voiding®’. From the study of
pure metals and conventional SPEAs, the surface oxide will generally
form the most thermodynamically stable stoichiometric oxide form,
based on the phase equilibrium expectations. In the case of MPEAs,
superior corrosion or oxidation resistance can also be brought about
by the formation of unexpected compositionally complex oxides®.
More recent work utilizing three-dimensional atom-probe tomogra-
phy (3D-APT) and transmission electron microscopy (TEM) has
confirmed the non-stoichiometric ratios for any alloying elements
and oxygen, suggesting that a metastable oxide formed on the
MPEAs. The oxides could contain a dominant passivator affected by
the other elements, with multiple oxide phases, and the formation of
complex multi-cation oxides, which may result in the solid solution
forming a highly protective oxide instead of phase-separated
stoichiometric oxides. The formation of these multiple oxides was
attributed to the occurrence of nonequilibrium solution capture at
the interface between the metal and oxides during the growth of the
oxide film®°,
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At present, research on the passivation and selective oxidation
of MPEAs is in the preliminary exploration stage. Figure 1
illustrates the contributions of some research aspects in passiva-
tion and selective oxidation to the corrosion and oxide resistance
of MPEAs. However, the role of each element in the formation and
growth of a complex oxide, as well as the electrochemical
dissolution characteristics, the relative mobility, and reactivity of
cations in the oxide film, has remained elusive. Based on recent
investigations, this article reviews passivation and selective
oxidation and reveals the corrosion resistance of MPEAs asso-
ciated with their passive film characteristics. The main contents
include three aspects: (1) the effect of alloying elements on
passivation properties, (2) the contribution of the alloying
elements to the passivation mechanisms and electrochemical
dissolution characteristics of MPEAs, (3) the composition and
structural characteristics of surface oxides due to selective
oxidation.

EFFECT OF ALLOYING ELEMENTS ON PASSIVATION
PROPERTIES

The changes in types and contents of alloying elements not only
affect the microstructure of MPEAs but also significantly affect the
composition and microstructure of the surface passive film,
thereby influencing its passivation properties. Based on a
thorough assessment of literature reports, the effect of alloying
elements on the passivation properties was obtained for some
MPEAs, as displayed in Table 1. The role of each alloying element
in the stability of passive films on some MPEAs was elaborated as
follows.

Chromium

Cr remains one of the most important alloying elements for
improving the corrosion resistance of alloys. Because its passivat-
ing character is well-known for conventional SPEAs, it is reason-
able to hypothesize that a similar effect could also be produced
for MPEAs. A critical concentration of Cr is considered the key to
enhancing the corrosion resistance of the alloy. It has been
suggested that more than 12-13 at.% of Cr content in Fe-Cr binary
alloys will be needed to achieve to complete primary passiva-
tion’%”". Cr can easily form Cr,0; due to the lowest free energy of
formation, with the content, stability, and distribution in the
passive film remarkably influencing corrosion resistance in binary
alloys as well as MPEAs2,

Shang et al.”? investigated the passivation properties of equal-
atomic NiCo, NiCoCr, NiCoFe and NiCoCrFe alloys in NaCl and HCI
solutions. When the Cr element was added to the alloys, the
passive region in the polarization curves was considerably
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Fig.2 The analysis of pitting resistance and chemical composition of passive film on Al, 5Cr,FeCoNi (x = 0-2.0) MPEAs. a Potentiodynamic
polarization curves of the Al 3Cr,FeCoNi (x = 0-2.0) alloys in the 0.6 M NaCl solution, b XPS spectra of Cr 2ps/, in the air-formed surface films

for the AlgsCrFeCoNi (x=0-2.0) alloys’

extended for NiCoCr and NiCoCrFe alloys in the NaCl solution.
However, the passive region was not observed for NiCo and
NiCoFe alloys in the HCl solution, indicating that the oxides/
hydroxides of Ni, Co, and Fe were unstable and dissolved in the
HCl solution. Thus, the introduction of Cr could inhibit the
dissolution of the passive film for NiCoCr and NiCoCrFe alloys. Chai
et al."" found that the corrosion resistance of FeCoNiCr, (x =0, 0.5,
1.0) MPEAs with an FCC structure was dependent on the Cr
content in H,SO, and NaCl solution. The passive film on
equiatomic FeCoNi alloy was composed of Fe,03, NiO, and CoO,
which was less stable than the Cr-rich passive film on the
FeCoNiCry 5 alloy. A further increase in Cr content would increase
the segregation of Cr elements in the interdendrites in the
FeCoNiCr alloy, deteriorating the corrosion resistance, as a
discontinuous state of the passive film on the alloy surface would
result from the inhomogeneous distribution of the Cr element in
the matrix. Lu et al."? prepared NisgFe,oCrMn1_o.5¢C021_0.5x (X = 6,
10, 14, and 22) MPEAs and investigated the effect of Cr content on
the corrosion resistance in NaCl solution. The microstructure
maintained single-phase FCC with uniformly distributed composi-
tions after solutionization. The pitting resistance of the passive
film increased with increasing Cr content, which was confirmed by
the increased passivation domain in the potentiodynamic
polarization curves. Notably, the alloy with only 6 at.% Cr could
still exhibit self-passivation at the open-circuit potential (OCP),
despite the Cr content being below the typical reported
thresholds.

Yan et al”* found that the microstructure of AlgsCr,FeCoNi
(x=0-2.0) alloys changed from single-phase FCC to FCC + BCC/
B2 structures with increasing Cr content in the alloys. The
increased Cr content induced a high concentration of Cr over
30at.% in both the FCC and BCC/B2 phases, which was much
higher than the other constituent elements, and the corrosion
resistance increased with increased Cr content in the alloys. As
shown in Fig. 2a, the alloys with higher Cr content at x = 1.5-2.0
exhibited no breakdown potential under anodic polarization up to
2.0 Vsce in the NaCl solution, which was attributed to the
formation of passive films enriched in Cr,Os, based on X-ray
photoelectron spectroscopy (XPS) analysis (Fig. 2b). Han et al.””
studied the pitting resistance of passive films on ultra-fine grained
(UFG) and coarse-grained (CG) CoCrFeMnNi alloys and found that
Cr-depleted regions formed in the UFG alloy, whereas a more
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homogeneous chromium element distribution was observed in
the CG alloy. The enhanced diffusion of point defects through the
passive film that formed in the Cr-depleted regions on the UFG
alloy occurred easily, thus weakening the stability of the passive
film. Huang et al.”® showed that the Co element could increase the
stability of the passive film by inhibiting the hydrolysis of Cr3*,
while Ni promoted the hydrolysis of Cr**, weakening the stability
of the passive film on CoCrNiAlTi alloy in H,SO, solutions.

Thus, the change of microstructure due to the introduction of
Cr, the content and distribution uniformity of Cr in the passive
film, and the influence of other elements coupled with Cr
determined the stability of passive films in MPEAs.

Molybdenum

The enhanced corrosion resistance of stainless steel due to Mo
addition has been extensively investigated. Mo-oxides or Mo-
oxyhydroxides can inhibit the formation of active sites on passive
films, thus impeding the pitting corrosion process’”’8. Research
has also shown that Mo can promote the formation of Cr,0s or
the enrichment of Cr content in the passive film because Mo can
promote the deprotonation of OH™ so as to provide 0>~ to
enhance the formation of inner Cr oxides”®-83, Li et al 2* confirmed
the beneficial effects of Mo on the formation of passive films in
NiggCra,Mo4 alloy through a comparison with an Ni,gCr,, alloy
and pure Ni and Mo. Mo could facilitate the active-to-passive
transition in the low potential domain by comparing the
potentiodynamic polarization curves, which were attributed to
the enhanced oxidation of Cr to Cr,0O5 over Cr(OH)s, as promoted
by Mo addition. Dai et al.2 studied the effect of Mo content on the
corrosion behavior of FeCoCrNiMo, (x =0, 0.1, 0.3, and 0.6) MPEAs
and found that the addition of Mo could decrease the point-defect
density and enhance the Cr,03/Cr(OH); ratio in the passive film on
the FeCoCrNiMogy; alloy, which significantly improved the
passivation ability compared to the Mo, alloy. However, pre-
cipitates were observed in FeCoCrNiMog 3 with an increase in the
FeCoCrNiMoye alloys, which induced preferentially localized
corrosion at the regions around the precipitates depleted in Cr
and Mo. Wang et al."* found that the corrosion resistance of the
(CoCrFeNi)g0xMo, (x=1, 2, 3) alloys gradually increased with
increasing Mo content. However, the precipitated phases were
observed in the Mos alloy aged at 900 °C, resulting in decreased
corrosion resistance. The passive film of the (CoCrFeNi);goxMoy
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Fig. 3 Potentiostatic analysis of passivity breakdown and initiation of localized corrosion at 0 Vyse in 0.05 M H,SO, with increasing Cl—
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alloys mainly consisted of Cr,0; and MoOs, and the interface
between Cr,03 and MoO; was more susceptible to the cracking of
Cl~ ions. Chen et al®® reported that Mo addition significantly
improved the pitting resistance of Al-Mn-Mo alloys due to
decreased n-type defect density in the passive film. Moreover,
molecular dynamics simulations showed that the larger intera-
tomic distance in Al-Mn-Mo compared to Al-Mn led to more Al-O
bond formation, resulting in a more compact passive film. Wang
et al.®% investigated the pitting resistance of the passive film on
single FCC phase Cr-Fe-Co-Ni-Mo MPEAs with different Mo
contents in H,SO, with increasing ClI~ ion concentration by
potentiostatic analysis. As shown in Fig. 3, the alloys without Mo
addition, such as CrsysFe,oCosNigg, 316 L SS, and the Cantor alloy,
showed a stable pitting current peak at lower CI~ ion concentra-
tions, which was indicative of the initiation of stable pitting once
breakdown of the passive film occurred. Notably, no passivity
breakdown was observed for the MPEAs containing Mo, even at
high CI~ ion concentrations, confirming the beneficial effect of the
combined alloying of Cr and Mo on the enhanced corrosion
resistance of the passive film. Alloying of Cr mainly provided a role
in passive film formation and protection against generalized
dissolution, as indicated by the negative correlation of the passive
current densities with Cr content in these alloys under the
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condition of potentiodynamic analysis in pure H,SO, solution. The
addition of Mo provided a tremendous beneficial effect on the
corrosion properties with the formation of a passive film resistant
to local passivity breakdown induced by CI~ ion attack.

Manganese

Manganese is one of the main alloying elements in Co-Cr-Fe-Ni-
Mn MPEAs due to its effect on phase stability. Mn has an adverse
effect on the corrosion resistance of MPEAs in H,SO,4 and NaCl
solutions. Hsu et al3° elucidated the effect of Mn on the
passivation behavior of FeCrNiCoMn, (x=0, 0.3, 0.6, and 1.0)
MPEAs in 0.5 M H,SO, solution and found that a decrease in Mn
addition could provide the improved corrosion resistance of
FeCrNiCoMn, alloys. Increasing the Mn content will reduce Cr,03
in the passive film due to the competitive oxidation of Mn with Cr,
leading to deteriorated corrosion resistance. The effect of Mn on
the electrochemical passivation behavior of equiatomic CoFe-
NiMnCr, (CoFeNi)goCryq, (CoFeNiMn);sCr,s, and equiatomic CoFe-
NiCr MPEAs in 0.1 M H,SO, solution was investigated, which
showed that the addition of Mn mainly suppressed the passiva-
tion processes and increased the chemical dissolution rate of
passive films, as determined by the EIS and potentiodynamic
polarization’. The detrimental effects of Mn on passive film
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stability were caused by the suppression of oxygen or OH™
adsorption during the passivation process. Mn was found to
adsorb oxygen or OH™ more easily than Cr, forming insoluble
compounds®” or weak and porous oxides®®, deteriorating the
passivity. It has been found that the passive film formed on the
equiatomic CrMnFeCoNi alloy was more defective than that
formed on the equiatomic CrFeCoNi alloy, which meant that Mn
addition facilitated the formation and migration of oxygen
vacancies in the passive film2>8°, However, for other MPEAs, such
as Sng1Zng alloy, Mn alloying can markedly reduce the donor
densities of the passive films and enhance their stability®°.

Cobalt

Previous studies have shown that equiatomic CoCr and CoCrMo
alloys showed more corrosion resistance than equiatomic NiCr
and NiCrMo alloys, respectively, indicating that Co was a strong
passivating agent®’. Qiu et al.”?> found that increasing the Co
content resulted in the enhanced corrosion resistance of
Al,CrFeCo,CuNiTi (x=0, 0.5, 1.0, 1.5, 2.0) MPEAs in HCl solution.
Zhao et al.'® showed that the corrosion resistance of the
Co,CrCuFeMnNi (x=0.5, 1.0, 1.5, 2.0) MPEAs in 0.6 M NaCl solution
was enhanced with the increase of Co content, due to the increase
in thickness and resistance of the passive films with the increase of
Co content. In addition, Co enhanced the stability of Cr,0; and
Ni(OH), in the passive film through the formation of the Co(OH),
adsorption layer on the alloy surface®. Wei et al.>* assessed the
pitting resistance of FesoMn,sCryisNijg,Co, (x=0, 5 and 10)
MPEAs in NaCl solution. The pitting potential decreased with the
increase in Co content, indicating a decrease in pitting resistance
due to the increase in grain boundary density in the micro-
structure. However, the passive film composition was not assessed
in detail. Algarni et al.>> showed that Co addition enhanced the
resistance to uniform and pitting for Nis;TizgxCoy (x=0, 1.5, and
4.0) MPEAs in NaCl solution. The chemistry of the passive film was
not dramatically influenced by Co addition and was primarily
composed of TiO,. Moreover, the amount of ClI~ ions that
adsorbed on the passive film significantly decreased with Co
addition, based on the XPS analysis results. The protective
mechanism of the passive film that formed on the non-
equiatomic Fe4oNiygCo,0Crg MPEAS in 0.1 M H,SO,4 was proposed
by Wu et al.?%, based on the XPS results. The study showed that Co
cations tended to invade the lattice of (Cr,Fe),05 (Fe;O5 or Cr,03)
and replace ftrivalent Fe and Cr ions at the octahedral sites,
forming some mixed CoCr,O, and CoFe,O, oxides with more
dense structures and chemical stability, resulting in the formation
of a more compact passive film than that formed on the Co-
free MPEAs.

Aluminum

Al is also an element that is prone to forming compact oxide films
that decrease the corrosion rate. However, for MPEAs, the
introduction of Al can easily cause the formation of multiphase
structures and aggravate element segregation in microstructures,
thus influencing the stability of passive films?’. The influence of Al
on the microstructure and corrosion resistance of Al,(CoCrFeNi); o
(x = 4.5-40) thin films was evaluated by Shi et al.”. The thin films
with a uniform elemental distribution possessed outstanding
corrosion resistance, but the resistance decreased with increasing
Al content. It was found that increasing the Al content resulted in
more Al oxide/hydroxide and less Cr oxide/hydroxide formation,
weakening the compactness and protective effect of the passive
films. Nascimento et al.®® compared the pitting resistance of
equiatomic CoCrFeNi and CoCrFeNiAl alloys in 0.6 M NaCl solution.
The introduction of Al decreased the relative fraction of Cr,05 and
Cr(OH); which are all belong to the p-type semiconducting
compounds but enhanced the n-type semiconducting character
of the passive film due to the increase in Al oxidized species. Al
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addition also yielded the formation of more defective oxides, thus
hampering the pitting resistance of surface passive film on the
CoCrFeNiAl MPEAs. Raza et al.” investigated the pitting resistance
of ALCrFeMoV (x=0, 0.2, 0.6, 1) MPEAs and found that the
addition of Al did not have an adverse effect on the pitting
resistance. This was attributed to the absence of the Cr-depleted
and Al-rich BCC phase in the microstructure, favoring the formation
of uniform composition distribution in the surface passive film.
Recently, the effect of Al addition on the corrosion resistance of
CoNiVAI, (x=0, 0.1, 0.2, and 0.3) MPEAs was investigated'°°. which
showed that Al addition decreased the defect density in the
passive film, thus improving the corrosion resistance of the
CoNiVAI, MPEAs. The increase in Al addition also led to the
increase of metallic oxide in the film, which was confirmed by the
enhanced ratio of Al/V and O /OH™. Fu et al'® prepared
homogenized FeCoCrNiAl, (x = 0.1, 0.3) MPEAs with a single-phase
structure and uniform element distribution and evaluated their
corrosion resistance in HCl and H,SO, solutions. The increasing Al
content enhanced the oxide/hydroxide ratios of Cr, Fe, and Al,
which provided a more compact film to resist the dissolution of
metal ions in the H,SO, solution. However, increasing the Al
content could enhance the combination of CI~ ions with the Al-
containing metastable ion complexes, accelerating the dissolution
of the MPEAs in the HCl solution.

Titanium

Wu et al.' found that Ti addition raised the microstructural
heterogeneity weakening of the local galvanic effect. Moreover,
the strong passivation capability of Ti contributed to the formation
of a more protective passive film, suppressing the pitting attack on
the AlCrFeCoNi MPEAs in NaCl and HCI solutions. The contents of
oxidized Cr** and Ti*" in the passive film were the main
contribution to the improved corrosion resistance of this MPEA
system'%3, However, the unoxidized Ti atoms in the passive film
were also a considerable factor that was responsible for the
improved pitting resistance'®. Ti addition promoted the forma-
tion of single-phase structures for FeCoNiCuTi, (x =0, 0.2, and 0.4)
MPEAs, thus improving the stability of the passive film on the
surface’®. Wang et al.'° found that Ti addition produced the high
energy barriers at the Cr,03/TiO, oxide interfaces in the passive
film, which could increase the energy barriers of adsorption and
diffusion for CI~ ions.

Niobium

The effect of Nb addition on the passivation behavior of
CoCrNiNb, (x=0-0.5) MPEAs in NaCl and HCl solutions were
investigated by Wang et al?'. The addition of Nb effectively
improved the repassivation ability and reduced pitting sensitivity,
which was attributed to Nb addition promoting the production of
Cr,05 oxides in the passive film. Moreover, the increase in Nb
alloying degree promoted the structural change in the passive
film from a single layer to a bi-layer structure with a Cr-enriched
outer layer and Nb-enriched inner layer. Wen et al.'%” revealed
that the improved passive film stability was mainly attributed to
the reduced point-defect density in the passive film of Ni; sCrCo-
FepsMog 1Nb, (x =0.55, 0.68, and 0.8) MPEAs due to the increased
content of Nb addition. Taniji et al.'®® showed that increasing Nb
content in the TiHfZrNb, (x=0.2, 0.3, and 0.4) MPEAs resulted in a
greater resistance of the passive film due to decreasing
concentration of point defects. Nb had a smaller atomic radius
(142 &) than Ti, Hf, and Zr (1.46, 1.57, and 1.60 A, respectively),
which facilitated the mobility and diffusivity of the Nb cations,
occupying the formed vacancies, reducing its concentration in the
passive film, and maintaining the electrical neutrality of the
passive film.
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Tungsten

W addition could also improve the pitting resistance and
passivation properties of the CoCrFeNiW, (x =0, 0.2, 0.5) MPEAs
in seawater solution'®®. W-added W,FeCoNiCrMn MPEAs (x =0,
0.2, 04, 0.6, 0.8, and 1.0) had an improved corrosion resistance
referring to the base MPEAs and Wg,g MPEAs had a best
performance. However, for increasing the content of W to 1.0,
the cohesionless phases with a large area could not be covered by
the passive film, which destroyed the continuity of film and would
be as initial sites of pits''°.

Zirconium

The opposite effect of Zr addition on the passive film stability of
CoCrFeNiZr, (x=0, 0.25, 0.5, and 1) MPEAs was verified, which
could be related to the content of beneficial oxide in the passive
film and the reduced thickness of the passive film, according to
XPS analysis'"". Brito-Garcia et al. found that the pitting resistance
of the passive film formed on CoCrFeMoNi MPEAs decreased with
the addition of Zr due to the increased number of defect points in
the passive film''2. The corrosion properties of the AlCoCrFeNiZr,
(x=0, 0.1, 0.2, 0.3, and 0.5) MPEAs first increased and then
decreased with the increase in the Zr contents in 0.5 M H,S0,""3.
A serious galvanic corrosion attack was found for the Al- and Ni-
rich, Cr-depleted B2 phases in both the dendrite and interdendrite
of the Zrq3 alloys.

PASSIVATION MECHANISMS OF MPEAS

Most studies have mainly focused on the properties and
compositions of passive films already formed on the MPEAs, with
limited investigations on the formation process of passive films,
i.e., the passivation mechanism of MPEAs. The passivity of MPEAs
likely consists of a selective oxide process under certain
conditions, which is dependent on the specific chemical and
electrochemical properties of each alloying element, as well as the
interactions with each other''®, Atomic emission spectroelectro-
chemistry (AESEC) is an analytical technique that allows for the
monitoring of the dissolution of a large number of elements
simultaneously and in real-time, during the reaction of MPEAs
with an aggressive electrolyte. The fate of each element, whether
in metals, oxides, or a solution, during spontaneous dissolution,
activation, and passivation could be ascertained by the AESEC
technique.

Ni-Cr-Mo alloys

Lutton et al."’ studied the kinetics of passivation and dissolution
of Ni;gCr,; and Ni;,Cr,,Mog MPEAs in acidic solutions using AESEC
coupled with inductively coupled plasma-mass spectrometry (ICP-
MS). For the passivation of binary NiCr alloys, initially, significant
Ni-rich oxide formation occurred, followed by the continuous
build-up of Cr-rich oxides and an increase in preferential Ni
dissolution. The dissolutions of Cr and Mo were near their
respective limits of detection during passivation, indicating their
accumulation of oxides in the passive films of the Ni;,Cry;Mog
MPEAs. Ni-dissolution was found to almost dominate the
dissolution rate of the passive film until the film reached a stable
thickness. Henderson et al>> found that the spontaneous
passivation of non-equiatomic NiCrMo MPEAs was facilitated by
the accumulation of mainly Mo-rich as well as Cr-rich oxides after
the cathodic activation process in 1M HCl solution. High Mo
content in the alloys was conducive to spontaneous passive film
formation, while all elemental dissolution became congruent and
the rates increased with time for the alloy with low Mo content,
which indicated that an appropriate ratio between the alloyed Cr
and Mo must exist to promote the passivation stability. During the
subsequent electrochemically assisted passivation processes,
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previously accumulated Mo species in the spontaneous passive
film were found to be partially removed, while the accumulation
of Cr species dominated the film formation process. Li et al®* also
noticed that the contributions of Cr and Mo changed markedly
with the potentials in the active-to-passive transition domain (A1)
and the passive domain (A2) during potentiodynamic polarization
for the NiggCr,,Mo;9 MPEAs. The Mo(lV) oxides that formed in A1
facilitated the oxidation of Cr to Cr,Os, which was possibly
considered a step in the nucleation of the passive film, as a high
Cr,03/Cr(OH); ratio has been associated with a more protective
oxide. Mo was potentially conducive to stabilizing oxygen
adsorption, thus rendering the adsorption process more thermo-
dynamically favorable for Cr,O; oxide formation''®. The role of
each alloying element during the transpassive dissolution and
repassivation process of the non-equiatomic NiCrMo and NiCr-
MoFe alloys was explored using AESEC in NaCl solution by
Henderson et al.'"”. As shown in Fig. 4, Ni was selectively removed
from the oxides during transpassive dissolution, while other
alloying elements Cr, Mo, and Fe were enriched at least to some
extent. Immediately following repassivation, the Mo species that
were enriched during transpassive dissolution were released from
the surface oxide, while enriched Cr and Fe maintained stability.
The researchers also found that the increasing Fe content of the
NiCrMoFe alloys could enhance the degree of Mo enrichment and
subsequent transpassive dissolution at the surface, which was
attributed to the rapid hydrolysis of Fe3*, leading to increased
local acidification and the promotion of Mo-species deposition.

Al-Ti-V-Cr alloys

Qiu et al>? reported a single-phase AI-Ti-V-Cr MPEA, which
exhibited excellent passivity and repassivation behavior in NaCl
solution (with Epit>1.27 Vscg). The dissolution and repassivation
behavior of this MPEA were further investigated in NaCl solution
using an AESEC cyclic polarization test by Choudhary et al.''®, As
shown in Fig. 5, Cr, followed by V, underwent preferential
dissolution at a higher fraction during anodic polarization,
resulting in a surface enriched with Al and Ti just prior to the
final breakdown. Subsequently, the dissolution rate of Al increased
significantly above +1.4 Vs, leading to a surface that was
predominantly enriched with Ti, which in turn could play a major
role in repassivation. The dissolution rate of Ti decreased quickly
during the reverse potential scan, reaching a negligibly low value
and showing rapid repassivation on the alloy surface by the
formation of the Ti oxide. This also suggested the highest
repassivation ability of Ti among the alloying elements and a
greater contribution from Ti in repassivation''®. XPS analysis also
confirmed that the fraction of TiO, in the passive film increased
during the transpassive dissolution of V and Cr. The dissolution of
V,03 and Cr,0; would also increase the defect density in the
passive film, thus providing an easy path for the oxygen to
migrate in, and assist in the growth of stable TiO,. Moreover, the
transpassive dissolution reactions of V,05; and Cr,Os led to the
localized acidification of the adjacent electrolyte by releasing the
protons, which could also increase the dissolution kinetics of
Al,05'%°. Qiu et al.’"® also found that Al dissolution was 1-2 orders
of magnitude greater than V, Cr, and Ti for unequiatomic Al, sTiVCr
MPEAs in NaCl solutions. The dissolution rate of Al was found to
decrease with increasing fractions of Cr,03, TiO,, and V,05 oxides
in the passive film of AITiVCr.

Co-Cr-Fe-Ni-Mn alloys

Luo et al.”>' employed the AESEC approach to investigate the
overall dissolution rate of the equiatomic CoCrFeMnNi MPEAs in
0.1 M H,SO, solution. The researchers found that no obvious
selective dissolution of Mn, Co, Ni, and Fe occurred during
passivation on the MPEAs, resulting in Cr content in the passive
film that was much lower than that in the 304 SS passive film. Han
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et al.>* focused on non-equiatomic NisgFe,CrosMn;oCoqo MPEAS
and tracked the fate of each alloying element during linear sweep
voltammetry in a slightly acidified chloride solution. Ni was found
to dissolve into the solution and only minor or trace amounts of Fe
and Co were incorporated into the oxides or hydroxides at low
concentrations. Both Cr and Mn enrichment occurred during the
active-to-passive transition and the complete passive regions,
reflecting that Mn contributed to the surface film. Potentiostatic
polarization indicated that Mn dissolved congruently with Cr
enrichment at a lower anodic passive potential, whereas
significant enrichment of Mn was observed at a higher anodic
passive potential. In addition, Cr enrichment occurred in the early
stage of passivation, while Mn accumulation was much greater as
a function of time compared to Cr®*. Han et al."'* also found that
the selective dissolution rate of Mn increased with time at an
applied potential in the passive potential domain, while the other
alloying elements showed typical passivation trends for
NizgFe,oCrsMn;oCoq9 MPEASs in the 2 M H,SO, solution, showing
a less stable and high dissolution rate of the formed Mn-based
passive film.

Dworschak et al.'?2 studied the electrochemical passivity
characteristics of a library of alloys, spanning from equiatomic
binary alloys up to equiatomic NiCoCrFeMn MPEAs using normal
pulse voltammetry (NPV) combined with ICP-MS in NaCl solution.
As shown in Fig. 6, with higher Ni, the Fe-anodic dissolution peak
from equiatomic NiCoFeMn MPEAs demonstrated difficulty
establishing stable passivity at a high anodic potential, which
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showed that the Fe and Ni-induced oxide film was less
pronounced, if no Cr was present. Fe showed a low anodic
dissolution rate with time and a pronounced cathodic peak profile,
indicating that its oxide could be deposited at applied anodic
potentials and stripped at negative potentials in equiatomic
NiCoCrFe MPEAs. No significant Cr anodic dissolution was
observed, even if high anodic potential was applied. This slow
current evolving profile at higher polarizations from anodic to
cathodic transition was indicative of delayed Cr-dissolution after
polarization switching, which corresponded to the initiation of
cathodic Fe dissolution. This confirmed the synergistic stabilizing
effect of Fe and Cr in the passive film, where moderated and
delayed Fe dissolution resulted in a gradient of Fe with increased
concentration at the oxide/liquid interface and which delayed Cr-
dissolution, leading to enriched Cr at the metal/oxide interface.
However, anodic dissolutions for Cr and Fe at high applied
potentials were more significant for equiatomic NiCoCrFeMn
MPEAs. Mn addition was found to effectively change the Fe
dissolution pattern from cathodic to anodic transition, thus
catalyzing the dissolution of the Fe/Cr layer and preventing the
formation of stable oxides.

COMPOSITION AND STRUCTURES OF SURFACE OXIDE

The inhomogeneous oxide structure in MPEAs, such as lamellar
characteristics and embedded oxide structure, have been verified
by scanning transmission electron microscopy (STEM), 3D-APT,
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and time-of-flight secondary ions mass spectrometry (TOF-SIMS).
The occurrence of selective oxidation due to the significant
differences in Gibbs free energy of oxide formation of the
elements and the transport rate of cations can prompt the uneven
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distribution of elements in space, thus resulting in the inhomo-
geneous oxide structure. In addition, the solid solution of cations
in other elemental oxides and cation dopants can lead to the
formation of complex multi-element oxides. For the MPEAs, multi-
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element oxides containing many elements within one phase
instead of phase-separated stoichiometric oxides were confirmed
by STEM and 3D-APT. According to the driving force for oxidation
of elements in the MPEAs, they are mainly divided into naturally
formed oxide, electrochemically grown oxide, and high-
temperature formed oxide.

Native oxide

Recently, Sasidhar et al."?®> performed high-resolution structural
and chemical characterization of the native oxide film that formed
on a Feg;Cry3 alloy. This steady-state oxide film was enriched with
Cr at the oxide/metal interface and depleted in Cr at the oxide/
environment interface, which was attributed to the higher
mobility of the Fe3* cations compared to Cr** cations, leading
to a greater extent of Fe3* cation diffusion through the Cr-
enriched oxides and accumulation at the oxide/environment
interface. Zhang et al.>® observed the growth process of a native
oxide film on a ternary FeCr5Nijs alloy, where the initial oxide
consisted of a layer of amorphous Cr-rich oxide. Subsequently, the
dominant outward diffusion of Fe yielded a bi-layer structure with
an inner Cr-rich layer and an outer Fe-rich layer. The native oxide
layer was consistent with the early stages of oxidation of high-
temperature oxides in the FeCr;gNi;4 alloy'?*. With long-term
aging in air, the amorphous oxide first turned to a crystalline NaCl-
structured Cr,05-FeO mixture, and then, Fe?* at the outer layer
was oxidized to higher valance Fe3*, causing the NaCl structure to
partially transform into a spinel structure. Moreover, Cr,05 further
oxidized to the higher valence state of CrOs;, forming the
outermost amorphous oxide layer. Adjacent to the oxide film/
matrix interface, a Ni enrichment layer would always exist. Wang
et al.?® investigated the compositions of native oxides and passive
films of equiatomic CoCrFeMnNi MPEAs using TOF-SIMS and XPS.
A duplex passive film formed on the substrate, where Fe and Co
were located preferentially in the outer layer, Mn was in the inner
layer, and Cr was distributed in the entire film. A modified alloy
layer, enriched in Ni, was observed under the oxide film.

The native oxide films of amorphous Cu,Zr,_, (x=0.33, 0.5, 0.67,
and 0.75) alloys were studied by Xu et al.'®. A thin ZrO, film
formed on top of the amorphous alloys due to a higher affinity for
oxygen, with a Cu-enriched alloy layer located below and
tetragonal ZrO, nucleates located between the oxide film and
the alloy. For the alloys with dominant Cu content, the Cu atoms
with a smaller atomic radius that diffused faster to the surface and
reacted with oxygen gradually formed an amorphous Cu,O layer
on top of the oxide film, with an amorphous ZrO, oxide layer
below. The researchers further studied the oxidation mechanism
of Cuy(Zros7Alo33)100x (25<x<50) amorphous alloys at high
temperatures'?®, Native surface oxides on Cus;ZrssAlg metallic
glassy formed under ambient conditions, which were observed by
aberration-corrected STEM'?’, and consisted of dominant Al,O;
and ZrO, amorphous oxides with homogenously embedded
crystalline Cu,0 nanoparticles that formed at the metallic glass/
oxide interface and were attributed to the much lower formation
Gibbs free energies of Cu,O (-110kJmol™") than that of ZrO,
(<990 ki mol™") and Al,O3 (-1580 k) mol™"). Single-phase amor-
phous Zr-Al-O films with a fixed stoichiometric composition of
(Zro67Alp33)01.83 formed on the top of the alloys with relatively
low Cu alloying content. However, for alloys with relatively high
Cu content, the relatively strong chemical interactions of Cu with
Al reduced their atomic mobilities compared to Zr, leading to
immobilized Cu and Al by the nucleation of tiny intermetallic
precipitates in the Cu-enriched zone directly behind the oxide
growth front. Thus, only Zr was preferentially oxidized to form
ZrO, at the outer layer. In addition, Mendis et al."?® studied the
oxidation of Tijgo_xTay alloys (x =10, 20, 30, 50, 60 and 75) alloys
and found that the volume fraction of Ta measured in the
underlying substrate was consistently higher than its nominal
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fraction in the bulk alloy. This suggested that the oxidation of Ta
was inhibited due to the preferential oxidation of Ti. As more Ti
was depleted due to preferential oxidation, the dealloying layer
under the oxide film became Ta-rich, allowing for the formation of
Ta-rich oxides'?. As indicated by the above research, the lamellar
characteristics of the oxide film components of the MPEAs were
the result of selective oxidation of the constituent elements, which
was related to the oxidation Gibbs free energy of the constituent
elements, the migration rate of the cations, the interactions
between the constituent elements, and the formation of special
alloy phases due to the dealloying process.

Electrochemically grown oxide

Gerard et al.’*° characterized the passive films formed on the non-
equiatomic NisgFe,oCrigMn;7Coq7; MPEA during potentiostatic
hold experiments with 3D-APT, as shown in Fig. 7. An obvious
enrichment of Cr and Mn was observed in the outer layer, and an
accumulation of Fe and Co was observed within the inner oxide.
Enrichment of Ni within the altered zone at the metal/oxide
interface and altered zone could be found. Kim et al.’3'! found that
the lower corrosion resistance of austenitic stainless steels
(FegaCrigMn,g) compared to 304 and 316 stainless steels was
due to their instability in the passive film structure. As shown in
Fig. 8a, the STEM image and corresponding Energy Dispersive
Spectrometer (EDS) maps showed that nanocrystalline MnO
oxides were embedded in the passive film subjected to the
potentiodynamic polarization test. The High Resolution Transmis-
sion Electron Microscope (HRTEM) image of MnO and the
corresponding Fast Fourier Transform (FFT) pattern confirmed
that the crystal structure of MnO had a hexagonal wurtzite
structure (Fig. 8b, c). Cracks or pores were observed in the vicinity
of MnO, which potentially deteriorated the passive film stability.
While adding Mo and Ni, which could reduce the density of MnO
by absorbing oxides, the presence of embedded nanocrystalline
oxides possibly facilitated the local short-circuit diffusion of
oxygen through the grain boundaries to the base alloy and the
outward diffusion of cations, thus potentially influencing ele-
mental redistribution, particularly Mn, as demonstrated in a
previous study for Cantor alloys®’. Zhang et al.”*? showed that
some nanocrystalline oxides were embedded in the amorphous
passive film that formed on FeCrysNi;s single-crystal alloys in
chloride-containing media. The energy barriers for ClI~ ion
diffusion from one oxygen vacancy to its neighboring one were
the lowest at the interfacial region than in the interior of the
amorphous or nanocrystalline oxides.

Rost et al." confirmed the formation of single-phase structure
oxides when five equiatomic binary oxides were mixed, such as
MgO, CoO, NiO, CuO, and ZnO. Moreover, all cation distributions
were proven to be random and homogeneous (Fig. 9), which
showed that many elements could be substituted on a single
sublattice and that a host structure could be retained even when
adding elements that formed different crystal structures'>*'%°, Yu
et al.?° studied the oxide compositions and structures that formed
on Ni;»Cry;sMog MPEAs during both high-temperature oxidation
and aqueous corrosion. The researchers verified the presence of
rock salt (Cry_,Ni,O;5_,) or corundum (Cr,_,NiOs) structure
oxides close to the alloy/oxide interface, and the chemical
composition was far from equilibrium (Fig. 10a). The formation
of non-stoichiometric oxides was the result of nonequilibrium
solute capture at the moving oxidation fronts, as illustrated in
Fig. 10b. The velocity of physical interfacial motion achieved by
the cations and vacancies moving into the oxides was significantly
larger than the interfacial diffusion coefficient of the cations,
resulting in local equilibrium breakdown at the interface and the
formation of metastable multi-element oxide solid solutions. The
metastable oxide solid solutions were possible across the entire
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Fig. 7 3D-APT element analysis of the electrochemically formed passive film on NisgFe,oCrioMn;;C0,; MPEA during potentiostatic hold
at 0 Vs for 10 ks in deaerated NacCl + HCl solution. a The concentration profile (the standard error o in the concentration profiles is defined
as: 0 =4/¢(100 — ¢;)/Nr, where ¢ is the local concentration of species i, and Ny is the total number of atoms in the concentration
measurement), b The 3D element distribution maps'3°. (Elsevier Copyright, Original Order Number: 501847135, https://s100.copyright.com/
CustomerAdmin/PLF.,jsp?ref=f6716687-7122-49d4-810f-151cbfeb59¢e9).

Fig. 8 TEM characterization of microstructure for the passive film on the austenitic stainless steels (Feg,Cr;gMn,g). a TEM image of the
passive film on the Feg,CrigMn;g subjected to potentiodynamic polarization test, and corresponding EDS maps of Mn and O, b TEM image of MnO,
showing crack formation at the interface between the pre-existing MnO and surrounding oxide, ¢ HRTEM image of MnO, corresponding FFT pattern
and Fourier Transform fringes (bottom) under [010] zone axis, revealing hexagonal wurtzite MnO'3". (Open access article, no permission is required to

use this article, https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentlD=51359646221003924&orderBeanReset=true).

compositional range, which was a function of the interfacial
velocity.

The potentiostatically formed passive film on the AlysCros-
Fe,Mng5Mog 15Nii 5Tigs MPEAs were found to be enriched in Ti,
Cr, and Al using XPS analysis by Inman et al.'*% as shown in
Supplementary Fig. 1a, b. It was found that the existence of complex
Al, Cr, and Ti containing solid solution oxides, such as Ti,CrOs and
TiALOs that are suggested to potentially be stable from thermo-
dynamic calculations, as illustrated by the convex-hull diagrams in
Supplementary Fig. 1c, d. Quiambao et al.?® showed that an oxide
containing all elements in the bulk NizgCry;FeyoRu;3MogW, alloy in a
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non-equilibrium, non-stoichiometric solid solution formed without
distinct phase separation into single-element oxide phases during
potentiostatic potential passivation. Meanwhile, the oxide film
showed significant enrichment in Cr and Ru, with Mo and W near
their bulk composition, and the depletion of Fe and Ni due to
selective dissolution at the solution/oxide interface. The enrichment
of Cr and Ru in the oxides was due to the significant dissolution of
Ni, Fe, Mo, and W at rates approximately proportional to their bulk
concentrations.

This meant that the formation process of the multi-element
oxide solid solutions on the MPEAs in the aqueous solutions was
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Fig. 9 STEM-EDS analysis of an oxide system consisting of an equiatomic mixture of MgO, CoO, NiO, CuO, and ZnO. a High-angle annular
dark field (HAADF) image shows the arrangement of atomic structure for the mixed oxide. The individual EDS maps show uniform spatial
distributions for b Mg element, ¢ Co element, d Ni element, e Cu element, and f Zn element'*3. (Open access article, no permission is required
to use this article, https://s100.copyright.com/AppDispatchServlet?title=Entropy-stabilized%20oxides&author=Christina%20M.%20Rost%20et
%?20al&contentlD=10.1038%2Fncomms9485&copyright=The%20Author%28s%29&publication=2041-1723&publicationDate=2015-09-
29&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY).

likely controlled by a combination of thermodynamics and
kinetics. According to thermodynamic databases for multicompo-
nent systems based on the methodology known as the
CALculation of PHAse Diagram (CALPHAD), some of the oxide
solid solution phases, i.e, corundum (FeCr),0s spinel
(Fe,Ni,Cr,Mn,C0)30,4, cubic (Co,Fe),03, and (Ni,Mn),(Ni,Mn,0);
phases, that formed on NisgFe,oCryMn;9Co;9 Were found to be
thermodynamically stable for the low Gibbs energy of formation
of the compounds over large portions of the E-pH diagram, as
shown in Supplementary Fig. 24*. The enrichment or depletion of
select elements was dependent on the details of the various rate-
determining processes, such as selective oxidation at the metal/
oxide interface, preferential dissolution of the cations and
redeposition rate combined with the oxygen and oxyhydrogen
jons at the solution/oxide interface, and the differential ionic
transport rates across the oxides. Gerard et al.®* found that much
greater enrichment of Cr in the oxide occurred to a greater extent
in the NizgFe,oCry,Mn;Co4g alloy than in the NiyeCr,4 binary alloy,
for which selective dissolution did not fully explain the observed
Cr enrichment. The unusual combination of multiple vacancy
sources came from the different rates of vacancy-mediated
transport as a result of the dissolution of multiple elements, and
the differences in the interfacial or surface reaction rates may have
enhanced the transport of Cr to the metal/oxide interface, which
could have contributed to the observed Cr enrichment.

High-temperature formed oxide

The oxide films formed at high temperatures have semiconductor
characteristics similar to that of the electrochemically grown oxide
films'3”. The semiconductor properties of oxide films are
determined by their composition and structure, which is expected
to be crucially important in studying the protective characteristics
against corrosion. In addition, the surface oxide formed in the air
at high temperatures presents great thickness, which is beneficial
for characterizing its microstructure and can help in under-
standing the transport characteristics of cations and oxygen.
Consequently, it is necessary to gain a detailed perception of the
structural and compositional information of the oxide films
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formed at high temperatures for a comprehensive understanding
of the growth mechanisms behind the electrochemically grown
oxide films.

The oxide film of the ternary Ni,sCrsFeg alloy after oxidation at
350 °C consisted of a duplex structure: an inner Cr-rich layer and
an outer layer that was rich in Ni and Fe, and the inner layer from
pure Cr,0; toward spinel (NiCr,0,)'%. Li et al.%° analyzed the
elements distribution throughout the oxide films on nanocrystal-
line CrMnFeCoNi thin films exposed to air at 500 °C for 5 min using
3D-APT. Mn and Cr oxides formed on the top of the oxide film,
suggesting outward diffusion through the high-density grain
boundaries and triple junctions supplying the shortest diffusion
path. The resultant high concentration of Fe and Co, as well as
reduced Ni content, led to decomposition at the oxide/alloy
interface and the formation of the FeCo-rich B2 phase, which
potentially accelerated the outward diffusion of Mn and Cr, as
shown in Supplementary Fig. 3. From the above research results, it
could be seen that the composition and elemental distribution of
the oxide film would be affected by the composition ratio,
microstructure and oxidation methods of MPEAs.

Yu et al.% investigated the early-stage oxidation of an
equiatomic CoCrFeNi alloy and found that the formation of
multi-element oxide solid solutions was dependent on the
competition between thermodynamics and kinetics involving
the relative diffusion rate of the cations and oxygen. As shown in
Supplementary Fig. 4, the oxide layers consisted of inner
corundum and outer spinel structures, which were determined
by electron diffractions. The EDS compositional line scan showed
that Ni was abundant at the metal/oxide interface, while Cr and Fe
were depleted. Cr dominated in the corundum layer, and Fe, Co,
and Ni were rich in the spinel phase (Supplementary Fig. 4b). The
dominant oxygen transport in the Cr-rich corundum led to inward
growth of the corundum phase. The growth of the Fe-rich spinel
oxides with Co and Ni dopants was dominated by outward cation
diffusion. The diffusion of Fe and Co in the corundum solid
solution was significantly faster than that of the host Cr cations, as
the Gibbs energy of formation of Cr,0; was significantly lower
than that of Fe,O3 and Co,03, meaning higher permeability of Fe
and Co in the corundum phase. Yu et al."*° also found that the
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Microstructure analysis of surface oxide film formed on Ni;,Cr,,Mo, alloy oxidized in situ at 700 °C in an oxygen environment.

a A bright field image of Ni;,Cr,,Mog sample, showing fringes characteristic of the corundum structure oxide, A high-angle annular dark field
image with the corresponding electron energy loss line scan, showing the corundum structure adjacent to the metal has a composition of
approximately CrNiOs, b Diagram of an oxidation front with a rocksalt oxide moving into an alloy with a velocity v, with the different types of
atoms color-coded, with a number of metal vacancies®. (The American Physical Society Copyright, Order identification number RNP/23/SEP/
070493, https://powerxeditor.aptaracorp.com/sciprisaps/RnPRequest/ViewRequest?Collection=T48pzZLYz15%3d).

oxide films that grew on the surfaces of the grains with different
crystal orientations in the NiCr binary alloy had markedly different
structures and compositions. A solute that captured rock salt
oxides formed with a cube-cube epitaxial orientation on the (100)
oriented grains, while a solute that captured corundum oxides
formed, with the (0001) basal plane parallel to the (111) oriented
grain. For the (100) plane, the oxide composition at the alloy/oxide
interface was controlled by how rapidly the cations crossed the
interface versus exchanged with the alloy. For the (111) plane, it
was controlled by cation addition at the interface versus exchange
across the interface. The surface passive films formed by
galvanostat experiments in 0.1 M deaerated NaCl solution on
NiCr and NiCrMo alloys were studied by TEM'4°. Compared to the
chemical composition of rock salt oxide on the top layer for NiCr
alloy, the corundum in the external oxide layer for NiCrMo alloy
contains obviously more Ni by EDS line scanning, as shown in
Supplementary Fig. 5. The results confirmed that Mo addition
promoted the formation of a metastable corundum phase as a
consequence of nonequilibrium solute capture of Ni in corundum.
The external corundum oxide layer could change the transport
mechanism as well as the diffusivity of oxygen through the
passive film and across the metal/oxide interface, thus changing
the localized oxygen penetration and improving the passive film
protectiveness. Under high-temperature oxidation conditions,
compared to the NiCr alloy, Mo doping possibly stabilized the
cation vacancies and inhibited Kirkendall void formation by
promoting the nucleation of the metastable Ni,_,Cr,O3 corundum
structure phase at the metal/oxide interface for the NiCrMo
alloy'*'. Therefore, nonequilibrium solute capture during oxide
film growth controlled by diffusion dynamics was a general
phenomenon independent of whether the oxides formed by dry
oxidation under high temperature or in aqueous conditions.
Studying the structure of oxide and the sequence of phase
nucleation during the high-temperature oxidation could help to
understand the migration in the mass transportation process,
which was important to understand the morphological stability
and breakdown mechanism of protective passive film on alloy
surface.
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Thus, the formation of multi-element oxides was related to the
occurrence of nonequilibrium solute capture during oxide film
growth. The nonequilibrium solute capture leads to the trapping
of large dopant concentrations in the oxide, which could affect the
protectiveness of passive film against breakdown in corrosive
environments'*2, The dopant cation has a lower valence state,
such as Al-doped TiO,'** and Ni-doped Cr,05'**, which has been
shown to promote an increase in positively charged oxygen
vacancies, in order to increase the electron charge carriers to
maintain charge neutrality of the passive film. For the situation
where Mo®* is substituted onto a Ni*™ or Cr®* lattice site'*?, and
Nb>* is substituted onto a Ti** lattice site’*>'%5, the net positive
charge would result in the annihilation of electron holes and
attraction of negatively charged defects, such as cation vacancies.
Shuang et al."*” found that the chemically complex multi-element
oxide film containing all alloying elements that formed on the
FeCrNiCoNbys MPEAs was a less defective or a more compact
amorphous structure, which contributed to high anti-corrosion
performance. Thus, the composition and structure of the formed
multi-element oxides were complex, as some factors were at play,
such as the oxidation temperature, bulk alloy composition, grain
orientation, selective oxidation at the metal/oxide interface, the
diffusion coefficient of the cations in the oxide, and cation doping
through substitution into a host oxide lattice.

OPEN QUESTIONS

The passivation ability and stability of the formed passive film
have significant effects on the corrosion resistance of the MPEAs.
In-depth research on the passivation mechanism will be helpful in
understanding the specific role of constituent elements in the
passive film formation process. It is extremely challenging to select
an appropriate composition to optimize the protectiveness of
passive films for different corrosion environments by trial-and-
error experiments. The composition and structure of surface
oxides affected by alloy composition and selective oxidation are
complex and play an important role in the corrosion resistance of
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MPEAs. Some key issues for exploration are summarized as
follows.

(1) What are the contributions of individual alloying elements or
synergistic effects between the elements on the improved
protectiveness of the passive film on an MPEA substrate? The
corrosion resistance of the passive film will be determined by the
dissolution rate of surface oxides and the vulnerability to pitting
corrosion. Therefore, it is necessary to determine whether the
main contribution of specified alloying element addition will slow
down the chemical dissolution of the passive film or improve the
pitting resistance of the passive film.

(2) What is the critical concentration of a single passivating
element or optimal combination of elements that needs to be
applied, to a large degree, to optimize the corrosion resistance of
a passive film on MPEAs under a condition where the alloy
composition will be systematically altered without changing alloy
phase structure?

(3) For the MPEAs, how does selective dissolution at active
surfaces or oxide/electrolyte interfaces contribute to surface
modification and multi-element oxide formation? How does each
element contribute to the passivation mechanism and dissolution
kinetics characteristic of the MPEAs?

(4) How does the formation of phase-separated or complex
multi-principal oxides contribute to the corrosion and oxidation
resistance of MPEAs?

(5) What are the composition and structure of initially formed
complex multi-principal oxides, and how do they evolve with
time? Will the cation substitution process occur, and whether it
will affect the ionic and electronic defect concentrations in
the oxide?

(6) How do changes in alloy composition affect the synergistic
effect of multiple principal components, thereby altering the
cation dissolution kinetics and microstructure of the passive film,
which is crucial for revealing the uniform corrosion and pitting
resistance mechanisms of MPEAs?

SUMMARY AND OUTLOOK

Emerging MPEAs open up a large compositional space, with the
possibility of complex oxides with enhanced passivity properties,
demonstrating excellent corrosion and oxidation resistance. The
stability of passive film, passivation mechanism, and surface oxide
film characteristics of the MPEAs, have been preliminarily studied.
(1) The formation of stable passive film was found to be dependent
on the microstructure of the MPEAs with a single-phase structure
and uniform elemental distribution. It is necessary to use machine
learning, phase diagram calculations, and high-throughput technol-
ogy to comprehensively and efficiently optimize the microstructures
of MPEAs, to improve the protectiveness of passive films. From the
research results on the influence of alloying elements on the
corrosion resistance of MPEAs, Cr was found to be the most
important passivating element. The stability of the passive film on
MPEAs was found to be significantly affected by the concentration
and distribution uniformity of Cr in the passive film and by the
influence of other elements, such as Al, Ni, Mo, Co, and Ti coupled
with Cr, which influenced the occurrence of galvanic corrosion. In
general, the addition of Mo and Co could enhance the stability of
Cr,0s, improving the protectiveness of the passive film, while the
introduction of Mn and Al could decrease the concentrations of
Cr,03, with a deleterious effect on passive film stability. The addition
of Mo was found to provide a tremendous beneficial effect on the
corrosion properties with the formation of a passive film resistant to
pitting corrosion. (2) For the MPEAs, elements dissolved incon-
gruently, modifying the surface chemistry and leading to the
enrichment or accumulation of elements in an oxidized state on the
surface at the open-circuit potential or a given potential, which
could be determined by in situ AESEC. The preferential dissolution of
Ni in the oxides of some MPEAs consisted of transition metal
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elements, such as NiCr, NiCrMo, and CoCrFeNiMn, which was
confirmed by AESEC analysis, thus causing a significant lack of Ni in
the oxide film. The preferential dissolution of some specific elements
in the MPEAs could increase the defect density in the oxide, thus
providing an easy path for the oxygen to migrate in and assist in the
growth of oxides of other elements. Many important aspects of
passivity including transpassive dissolution and repassivation
behavior associated with elements’ selective dissolution and
reprecipitation characteristics, should be studied on MPEAs. Further
experiments using AESEC combined with the analysis of oxide
composition using XPS and 3D-APT are needed to understand the
correlation of preferential element release, the bonding environ-
ment, formation mechanisms, and passivity of these oxide films, as
well as their impacts on the corrosion kinetics and material chemical
durability. (3) The formation of phase-separated oxides, such as
layered oxide structures and embedded oxide structures, on MPEAs
was found to be the result of selective oxidation of elements at the
metal/oxide interface, differential cation transport rates across the
oxides, the interactions between constituent elements, and the
formation of some alloy phases due to the dealloying process. (4)
The oxides were found to grow too fast or the fluxes through the
interface were too large for local interfacial equilibrium to exist,
resulting in the occurrence of nonequilibrium solute capture. The
formation of non-stoichiometric multi-element oxides was found to
be related to nonequilibrium solute capture, which occurred at the
interface of the alloy/film during oxide growth and was controlled
by a combination of thermodynamics and kinetics. For the MPEAs,
determining whether high-entropy oxides containing many ele-
ments with one phase are thermodynamically stable needs to be
further studied. Multi-element oxide databases also need to be
established based on the CALculation of PHAse Diagram method to
understand the corrosion or oxidation of MPEAs. The stability of
solid solution oxide compositions based on common crystal
structures, such as corundum, spinels, and rock salt, will have to
be further explored, through modern high-resolution microscopy
techniques such as STEM and 3D-APT, to determine whether the
cocktail effect of these multi-element oxides with a very wide range
of compositions can lead to lower diffusion rates or influence the
transport mechanism of the existing point defects, and this may
present kinetic barriers to enhance the corrosion or oxidation
resistance of MPEAs.
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