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Abstract: With multiple principal components, high entropy alloys (HEAs) have aroused great
interest due to their unique microstructures and outstanding properties. Recently, the corrosion
behavior of HEAs has become a scientific hotspot in the area of material science and engineering, and
HEAs can exhibit good protection against corrosive environments. A comprehensive understanding
of the corrosion mechanism of HEAs is important for further design of HEAs with better performance.
This paper reviews the corrosion properties and mechanisms of HEAs (mainly Cantor alloy and
its variants) in various environments. More crucially, this paper is focused on the influences of
composition and microstructure on the evolution of the corrosion process, especially passive film
stability and localized corrosion resistance. The corrosion behavior of HEAs as structural materials in
nuclear industry applications is emphasized. Finally, based on this review, the possible perspectives
for scientific research and engineering applications of HEAs are proposed.

Keywords: high-entropy alloy; corrosion resistance; passive film; heterogeneous structure; lead–bismuth
eutectic; supercritical water

1. Introduction

High entropy alloys (HEAs) or multi-principal elements alloys (MPEAs), generally
consist of five or more principal elements in equimolar ratios and possess high molar
mixing entropy (>1.6 R), however, this definition is not mandatory for the discovery and de-
velopment of new alloys [1]. This kind of alloys breaks the conventional design philosophy
of single principal component alloys and stabilizes the solid solution rather than intermetal-
lic compound. The appearance of HEAs broadens the window of alloy composition design
and explores the medium position of the phase diagrams. HEAs exhibit four unique core
effects: the high-entropy effect, the lattice distortion effect, the sluggish diffusion effect, and
the cocktail effect, which provides an impressive series of mechanical properties [2,3]. Com-
pared to conventional metallic alloys, HEAs present superior mechanical properties, such
as good ductility, high toughness, and outstanding fatigue resistance. In addition, some
HEAs exhibit uniform passive films [4], high temperature phase stability [5], and lattice
distortion [6–8], and thus possess application potentials as corrosion resistant materials,
high-temperature structural materials, and irradiation tolerant materials. Therefore, many
attempts and explorations have been made to apply HEAs to these novel fields.

HEAs can exhibit good protection against corrosive environments, which is at-
tributed to the element effect and microstructure effect. Firstly, a large number of corro-
sion resistant elements can be solidly dissolved in HEAs, such as Cr, Mo, Ti, and other
passivation elements, which provides protection ability by forming dense and stable
passive film [4,9–12]. The unique dissolution and passivation process of HEA as well as
the synergistic action between multiple elements may account for their unique corrosion
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properties, differing from that of traditional alloys. Secondly, owing to the high entropy
effect, HEAs are inclined to form the structure of simple solid solutions [13–15]. The
disordered arrangement of different atoms in these solid solutions leads to a locally
random chemical environment, promoting the growth of single and continuous passive
film, particularly in single-phase solid solution. Nevertheless, single-phase HEAs cannot
satisfy the demands of strength and toughness matching; a lack of strength for face
centered cubic (FCC) alloys and toughness for body centered cubic (BCC) alloys. The
heterogeneous structure of multi-phases can enhance the compatibility of strength and
toughness, but this inevitably initiates localized corrosion [16,17]. Currently, most of
corrosion-related works in HEAs are focused on the elemental interactions and the design
of high corrosion resistant alloys, as well as the improvement of corrosion resistance by
modifying microstructure.

HEAs also show potential applications as structural materials of nuclear power [18–20].
Candidate structural materials for the Generation-IV nuclear power system (Gen-IV) must
stay reliable in extreme conditions, such as liquid lead–bismuth eutectic (LBE), supercritical
water (SCW), and so on. The motivation for transitioning away from zirconium-based
fuel cladding to significantly more oxidation-resistant materials, thereby enhancing safety
margins during severe accidents, is laid out. To design accident-tolerant fuel cladding is an
urgent need. The degradation of material properties can occur inevitably due to radiation
damage, high temperature phase transition, and corrosion. Among the proposed coated
zirconium-based cladding are, ferritic alumina-forming alloy cladding [21], and silicon
carbide [22,23]. These materials are less resistant to corrosion. Compared to the commercial
alloys, the severe lattice distortion and the sluggish diffusion can provide an enhanced
neutron swelling resistance and phase stability for HEAs [7,24]. Recently, more attention
has been focused on the corrosion resistance of HEA in these environments.

In this review, the corrosion behaviors and mechanisms of HEAs in various environ-
ments are elucidated, as shown in Figure 1. Firstly, the electrochemical and passivation
behaviors of common elements in HEAs are summarized, and their mechanisms of pro-
tection or deterioration are elaborated. These understandings are beneficial to perform
the composition design of specific corrosion resistant HEAs. Secondly, microstructure-
dependence on the local corrosion properties of HEAs is reviewed, which is helpful for
the regulation and control of the microstructure of the HEAs with excellent corrosion
resistance. Subsequently, some features and the related mechanisms of HEAs in the nuclear
industry are briefly discussed, which is most likely to expand the application field of HEAs.
Finally, on the basis of this overview, the possible perspectives for scientific research and
engineering applications of HEAs are provided.
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Figure 1. An overview of corrosion behavior and mechanism of HEAs regarding their elements (red 
area), microstructure (green area), and applications (blue area). (a) Passive film stability and pitting 
behavior for various alloys; (b) corrosion mechanism diagram of EHEA in H2SO4 solution; (c) SEM 
results of the cross section of HEAs after LBE corrosion [25–27]. 
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sistance in aqueous solution. Exploring the dissolution, passivation tendency, and pitting 
behavior of alloying elements in HEA systems is helpful for the design of corrosion re-
sistant components. 

2.1. Chromium 
Chromium (Cr) is the principal element that provides corrosion resistance to most of 

the HEAs as well as to conventional alloys, because the passive films containing 
Cr2O3/Cr(OH)3 are relatively compact and protective [4,28–31]. Chai et al. [32] reported 
that FeCoNi experienced active–passive corrosion behavior during the polarization pro-
cess, while the active–passive process was obviously inhibited for FeCoNiCr0.5 as seen in 
Figure 2a. This indicated the introduction of Cr contributed to form a stable passive film. 
In addition, the passive current density (ipass) was significantly reduced, while the re-
sistance of charge transfer (Rt) as well as the phase shift (ndl) increased with the addition 
of Cr. These results showed that a more stable passive film was prone to growing on the 
Cr-rich alloys. Cr also contributes to the improvement of localized corrosion. It is gener-
ally acknowledged that the pitting process are determined by both pitting initiation and 
stable growth. As displayed in Figure 2b, when the content of Cr increased from 0 to 0.5, 
the pit corrosion potential (Epit) elevated from 0.174 to 0.453 VSCE. Meanwhile, Rt of FeCo-
NiCr0.5 reached about 2 × 104 Ω cm2, which was an order of magnitude higher than that of 
FeCoNi (Figure 2c–e), implying that the initiation of pitting corrosion was also retarded. 

Figure 1. An overview of corrosion behavior and mechanism of HEAs regarding their elements (red
area), microstructure (green area), and applications (blue area). (a) Passive film stability and pitting
behavior for various alloys; (b) corrosion mechanism diagram of EHEA in H2SO4 solution; (c) SEM
results of the cross section of HEAs after LBE corrosion [25–27].

2. Influence of Elements on the Corrosion of HEAs

A large selection window for element types and contents is characteristic of HEAs.
The flexibility of composition design customizes many impressive properties, such as
the integration of strength and toughness, oxidation resistance, as well as corrosion resis-
tance. However, it is still not clear how the specific element contributes to the corrosion
resistance in aqueous solution. Exploring the dissolution, passivation tendency, and pit-
ting behavior of alloying elements in HEA systems is helpful for the design of corrosion
resistant components.

2.1. Chromium

Chromium (Cr) is the principal element that provides corrosion resistance to most
of the HEAs as well as to conventional alloys, because the passive films containing
Cr2O3/Cr(OH)3 are relatively compact and protective [4,28–31]. Chai et al. [32] reported
that FeCoNi experienced active–passive corrosion behavior during the polarization pro-
cess, while the active–passive process was obviously inhibited for FeCoNiCr0.5 as seen
in Figure 2a. This indicated the introduction of Cr contributed to form a stable passive
film. In addition, the passive current density (ipass) was significantly reduced, while the
resistance of charge transfer (Rt) as well as the phase shift (ndl) increased with the addition
of Cr. These results showed that a more stable passive film was prone to growing on the
Cr-rich alloys. Cr also contributes to the improvement of localized corrosion. It is generally
acknowledged that the pitting process are determined by both pitting initiation and stable
growth. As displayed in Figure 2b, when the content of Cr increased from 0 to 0.5, the pit
corrosion potential (Epit) elevated from 0.174 to 0.453 VSCE. Meanwhile, Rt of FeCoNiCr0.5

reached about 2× 104 Ω cm2, which was an order of magnitude higher than that of FeCoNi
(Figure 2c–e), implying that the initiation of pitting corrosion was also retarded.
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high solubility product. Mn and Co were difficult to deposit their oxides/hydroxides upon 
the surface due to the high content of H+ produced by the hydrolysis reaction. These fac-
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Figure 2. The polarization and EIS performance of FeCoNiCrx (x = 0, 0.5, 1) HEAs. Potentiodynamic
curves for FeCoNiCrx in (a) H2SO4 aqueous solution (0.5 M) and (b) NaCl aqueous solution (3.5 wt.%);
(c–e) the Nyquist, Bode curves and electrical equivalent circuit for FeCoNiCrx in 0.5 M H2SO4 aqueous
solution [32].

The passivation ability of Cr is influenced by other alloy elements. Generally, it is
acknowledged that the content of Cr should exceed 12 at.% to achieve perfect passivation.
However, it was unexpected that the CoCrFeMnNi HEA containing 20 at.% Cr exhibited
rather inferior corrosion resistance in a Cl-containing solution. From the perspective of
the solubility–diffusion–deposition model, Feng et al. [33] explained the reason why Cr-
containing HEA was difficult to passivate in a Cl− environment. In the CoCrFeMnNi alloy
system, Cr could serve as the dominating film formation element providing protection for
the alloys, and other elements exhibited interactions with Cr. Ni could block the dissolution
of Cr atoms due to its almost insoluble features. Fe promoted the generation of H+ by
hydrolysis and reduced the supersaturation of oxides/hydroxides on account of the rather
high solubility product. Mn and Co were difficult to deposit their oxides/hydroxides
upon the surface due to the high content of H+ produced by the hydrolysis reaction. These
factors restrained the formation of protective oxide and hydroxide. Therefore, CoCrFeMnNi
exhibited rather weak passivation ability despite the high content of Cr.

2.2. Titanium

Generally, titanium (Ti) performs well in passivation for pure Ti and conventional
alloys, because the protective TiO2-based passive film can spontaneously develop upon the
surface. Therefore, the addition of Ti into HEAs exhibits an excellent passive ability due to
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the formation of a TiO2-rich film. It exhibited spontaneous passivation for AlCoCrFeNiTix
(without going through the active state) at high Ti content, while active–passive transition
occurred without the addition of Ti, as shown in Figure 3a [34]. Simultaneously, ipass
significantly decreased as the Ti content increased from 0 to 0.6 at.%, which indicated that
Ti facilitated the formation and stability of passive film. Furthermore, it was noted that
the Epit of Al2-xCoCrFeNiTix increased with the addition of Ti (Figure 3b) [9]. Meanwhile,
Figure 3c–e shows that the number and size of pits decreased, demonstrating that Ti was
beneficial for pitting resistance. This was due to the appearance of an unoxidized metal
state as indicated in the X-ray photoelectron spectroscopy (XPS) results (Figure 3f,g), which
inhibited the transport of point defects.
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Figure 3. The electrochemical polarization performance, corrosion morphologies, and XPS results
for Ti-containing HEAs. (a) Potentiodynamic polarization curves of AlCoCrFeNiTix (x = 0, 0.2, 0.4,
0.6, 0.8, and 1.0) coatings and AISI1045 steel substrate; (b) potentiodynamic polarization plots of
Al2−xCoCrFeNiTix; corrosion morphologies of Al2−xCoCrFeNiTix HEAs after the potentiodynamic
polarization in 3.5 wt.% NaCl aqueous solution: (c) Ti0Al2, (d) Ti0.2Al1.8, (e) Ti0.5Al1.5; XPS results of
the surface films upon (f) Ti0.5Al1.5, and (g) Ti1.0Al1.0 HEAs [9,34].
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2.3. Molybdenum

Molybdenum (Mo) serves as a crucial pitting resistant element for traditional stainless-
steel materials in chloride-containing environment. Different to Cr, the passive film cannot
form completely on pure Mo and the Mo-containing oxides grow due to the chemisorption
of a monolayer of oxygen [35,36]. The Mo-containing oxides are incorporated into the
Cr-rich oxides and hydroxides, which can facilitate the stability of the Cr-rich passive film
in Cl-containing electrolyte. Mo has been confirmed to have analogous pitting resistance
in HEAs [11,37–40]. FeCoCrNiMox (x = 0, 0.1, 0.3, 0.6) exhibited an increase in Epit with
the addition of Mo in 3.5 wt.% aqueous NaCl as seen in Figure 4a, which demonstrated
that the doping with Mo made the passive film more resistant to Cl− [41]. According
to the XPS results (Figure 4b,c), it could be concluded that the addition of Mo facilitated
the deprotonation of Cr(OH)3, and hence more Cr2O3 were detected in the film [38–41].
Moreover, the existence of Mo-oxide mainly MoO4

2− in the film could defend against
corrosion attack, which also accounted for the high pitting resistance. It was reported that
the alloying of Mo reduced the charge carrier density of the film but elevated the ipass in
0.5 M aqueous H2SO4 (Figure 4d,e) [38]. This was because an increase in Mo interstitial
cations with a higher oxidation state could lead to a decrease in the other interstitial
cations to maintain electric neutrality and lattice conservativeness, and thus resulted in an
enhanced ipass.
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Figure 4. The polarization behavior and the surface chemistry for FeCoCrNiMox (x = 0, 0.1, 0.3, 0.6)
HEAs. (a) Potentiodynamic polarization plots of FeCoCrNiMox in 1 M NaCl aqueous solution; the
content percentages of Fe(ox)(hyd), Cr(ox), Cr(hyd) and Mo(ox) within the surface layers of Mo0, Mo0.1

and Mo0.6 alloys: (b) the surface of the passive layers, and (c) the 1 nm depth of the passive layers;
(d) potentiodynamic polarization curves and (e) Motto–Schottky plots after polarization for 4 h at
0.4 VSCE of FeCoCrNiMox in 0.5 M H2SO4 [38,41].

2.4. Nickel

Nickel (Ni) is an important element to maintain FCC structure in stainless steel or HEA
systems with high Cr content. Al2CrFeCoCuTiNix (x = 0, 0.5, 1.0, 1.5, 2.0) was proven to
exhibit the lowest icorr at x = 1.0 in NaOH and NaCl aqueous solutions [42]. The reason was
that the lattice mismatch increased with the addition of Ni of small atomic radius. In H2SO4
aqueous solution, the increment of the Ni content deteriorated the corrosion resistance of
the HEAs [43]. Ni preferred to be concentrated upon the surface of CoxCr2NiyAlTi and
tended to form a NiS layer that was unstable. This layer could accelerate the dissolution of
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the passive film and induce the diffusion of S inside the alloy. With increasing Ni content,
the content of NiS and S would increase, leading to a decline in corrosion resistance for the
CoCr2Ni3AlTi HEAs.

2.5. Aluminum

Aluminum (Al) is an appropriate choice for the high strength and light weight of
HEAs. But compared with other elements, it ranks lower in the galvanic series, usually
leading to preferential corrosion or dissolution. Generally, the addition of Al can generate
an increment of icorr and a reduction in Ecorr, which shows that Al deteriorates the general
corrosion resistance. Shi et al. designed single phase solution Alx(CoCrFeNi)1−x HEA films
by magnetron sputtering [25], and confirmed the above conclusion (Figure 5a–c). Moreover,
at a higher Al content, the ipass increased, the Epit decreased, and the passive film thickened.
As seen in Figure 5d,e, the content of Al within the passive film increased continually
from 22.3% to 81.7%, while the content of Cr decreased from 37.3% to12.5%, and hence the
integrity and protectiveness of the passive films decreased [44]. Meanwhile, the reduction
in bound water in the passive films reflected another reason for the deterioration in the
corrosion properties. In Cl−-containing aqueous H2SO4, Al tended to generate [Al(SO4)]+

and [Al(OH)SO4], which easily combined with Cl− and dissolved. This process could
induce the initiation of pitting [45]. Despite this, the size and number of pits observed
(Figure 5f,g) were quite small because pitting was much weaker than galvanic corrosion
induced by multi-phase [16].
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and #8 HEA samples after immersion in 3.5 wt.% NaCl aqueous solution for 24 h; (f) enlarged
current fluctuation of potentiodynamic polarization curves for Al0.3CoCrFeNi, red boxes presents the
enlarged current fluctuations; (g) corrosion micrograph after the polarization test at 0.6 VSCE [25,46].

2.6. Manganese

The addition of manganese (Mn) to HEAs seems to be uniformly harmful to corrosion
resistance aside from contributing to the stability of the FCC solution [47–50]. FeNiC-
oCrMn alloys showed an enhanced activation–passivation transition and a decrease in
electrochemical impedance at low frequency from potentiodynamic polarization curves
and electrochemical impedance spectroscopy (EIS) results [51]. This indicated that the
addition of Mn retarded the process of passivation and reduced the stability of films for
CoCrFeMnNi in aqueous H2SO4 solution. However, the ipass was not affected because
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the passive film compositions changed very little. Han et al. investigated the fate of Mn
for NiFeCrMnCo by using atomic emission spectroelectrochemistry (AESEC) in 0.1 M
NaCl solution [52]. Results demonstrated the passive films with Mn oxides had lower
stability, and the negative effect of Mn on passivation was potential-sensitive. At lower
passivation potential the dissolution of Mn occurred, together with minor amounts of Mn2+

incorporation in Cr-rich oxides. The considerable presence of Mn2+ in the Cr-rich oxides
could be observed at higher potential. Moreover, Mn had a role of deteriorating the pitting
corrosion resistance in Cl−-containing aqueous solution [53]. Mn can be considered for
promoting the production of defects in the passive films and introducing the Mn-depleted
oxide film from Cr compounds. This led to a poor pitting resistance of CoCrFeMnNi in a
chloride solution compared to CoCrFeNi. Simultaneously, the pits grown at grain boundary
paths were larger and deeper with the addition of Mn.

2.7. Other Metallic Elements

In addition to the common metallic elements discussed above, there are several other
elements worth reviewing which have significant effects on corrosion behavior. This section
briefly reviews the role of these metallic elements, including cobalt (Co), iron (Fe), niobium
(Nb), tungsten (W), tin (Sn). It was reported that the appropriate addition of Co could
obviously decrease the passivation current density for CoCrNiAlTi-based HEAs in H2SO4
aqueous solution [43] and the corrosion current density for AlNiYCox in 3.5 wt.% NaCl
aqueous solution [54]. The electrochemical polarization and XPS results indicated that Co
could effectively elevate the passive film stability and inhibit the hydrolysis of Cr3+ [43].
As for Fe element, the corrosion resistance of Fe-containing HEAs gradually deteriorated
with the increase in the Fe content [55]. It was also indicated that pitting corrosion tended
to initiate in Fe-rich HEAs. This was because Fe-based oxide and hydroxide could not have
enough protective capacity. Nb, W, Sn are generally recognized as the pitting corrosion
resistant elements. It was reported that the increasing content of Nb in CoCrFeNiMo
contributed to a more stable passive film and a higher Epit [56]. This was because, firstly, the
Nb2O5 oxide could form upon the Nb-containing alloys, which exhibited low defect density
and high pitting resistance. Secondly, Nb could improve the stability and compactness
of Cr-oxide. Thirdly, Nb could inhibit the formation of Cr-rich M23C6 carbides and the
resulting Cr-depleted zones. These three factors inhibited the initiation of pitting corrosion.
The alloying of W or Sn in CoCrFeNi can possess obvious elevation of Epit. It could be thus
inferred that W or Sn addition increased the stability of the passive film by the formation of
WO3 or SnO2 due to the negative oxide formation energy [57].

2.8. Non-Metallic Elements

The alloying of non-metallic elements can also affect the stability of passive film and
pitting behavior of HEAs. Carbon (C) is generally utilized to elevate the strength and
hardness of commercial steels and stabilize the austenitic phase. In CoCrFeMnNi, it was
reported that the moderate addition of C could increase the Epit, and decrease the number
and size of pits [13]. The results indicated that C could improve the stability of passive film
and the pitting resistance by increasing the enrichment of Cr and bound water within the
film and decrease the point defect density.

In aqueous H2SO4, nitrogen (N) alloying of Cantor alloy greatly reduced the critical
dissolution rate and current density required for passivation [58]. Driven by an oxygen
reduction reaction, N-containing Cantor alloy had an enhanced ability of spontaneous
passivation in acidic solution. It was found that the N alloying led to the decrease in the
critical elemental current density required for passivation, inhibited the onset of active
dissolution, and decreased the potential of primary passivation. The potentiodynamic
polarization (Figure 6a) exhibited higher ipass for N-containing Cantor alloy while the
dissolution rates of the elements remained almost the same between the N-containing and
N-free alloy, demonstrating a higher formation rate of insoluble oxide for N-containing
Cantor alloy in the passive range. In the lower potential region (close to Ecorr), Cantor alloy
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was facilitated to dissolve but N-containing Cantor alloy was promoted to spontaneously
passivate due to the existence of the dissolved oxygen. In Cl−-containing system, N alloying
could increase Epit, protection potential and the modulus of impedance, and simultaneously
reduce pitting number and pit size, as observed in Figure 6b,c [33]. The passive film tended
to be denser and thinner. The Cr content of passive film increased. N alloying inhibited
acidification inside the iso-concentration layer by the following reaction:

[N]+3H+ → NH3 (1)

NH3+H2O � NH+
4 +OH− (2)
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Figure 6. The effect of the addition of N on the polarization behaviors, pitting corrosion performance,
and nucleation and growth processes of CoCrFeMnNiNx. (a) The potentiodynamic polarization
plots for CoCrFeMnNi and CoCrFeMnNiN in 0.1 M H2SO4 aqueous solution; (b) potentiodynamic
polarization plots for CoCrFeMnNi and CoCrFeMnNiNx in 3.5 wt.% NaCl aqueous solution; (c) cor-
rosion morphologies containing enlarged image (inset) after potentiostatic polarization; variation of
nucleation rates of (d) Cr2O3 and (e) Fe2O3 within the passive films of CoCrFeMnNiNx [33,58].

With the dissolution progressing, the drop in pH value was obviously suppressed, and
the degrees of the supersaturation for oxides and hydroxides was enhanced. The calculation
verified the acceleration of the nucleation and growth for oxides and hydroxides such as Cr
and Fe (Figure 6d,e). In the meantime, the consumption of H+ could inhibit the self-catalytic
pitting and improve the re-passivation ability.

Silicon (Si) is generally recognized as a non-passivated element, exhibiting impressive
performance in HEAs. Choudhary et al. reported an AlFeMnSi HEA with low cost and
low density, which exhibited spontaneous passivity and a wide passive range without the
support of passive elements (Cr, Mo, Ti, W, Ta, Nb) [59]. Elemental dissolution analysis
was conducted by using AESEC, which revealed cathodic dissolution of Si and subsequent
precipitation of Si(OH)4. Therefore, it formed a kind of protective passive film, which
was composed of an inner Si/Al-rich oxide layer and an outer/precipitation Si-rich ox-
ide/hydroxide layer. Based on this work, the author provided an idea for the composition
design of corrosion resistant HEAs with no addition of conventional passive elements.
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2.9. Design of High Corrosion Resistant HEAs

As mentioned above, HEAs have great freedom in composition and properties. Scully
et al. [60] have emphasized the importance of the selection of alloying elements to improve
the protectiveness of passive film and proposed some important points such as adding
dopants that can improve the stability of the passive film or selecting elements that can form
a new corrosion-resistant oxide. To date, tremendous amount of research has concentrated
on HEAs that are equimolar or nearly equimolar. Nevertheless, the corrosion resistance
of HEAs is not necessarily optimal with these compositions. In order to determine HEAs
with superior corrosion resistance, it is significant to develop new approaches instead of
only equimolar trial-and-error methods.

Integrated computational materials engineering (ICME) is a new method to develop
materials with satisfactory properties through computational materials models with multi-
scale analysis. Therefore, it is possible to design high corrosion resistance HEAs based on
this new computational approach and corrosion theory. Through this idea, a new HEA,
Ni38Cr21Fe20Ru13Mo6W2 alloy, was designed by Lu et al. [61]. In this system, Cr, Mo, and
W could effectually improve corrosion properties as well as Ru could be useful to facilitate
single FCC phase formation (Figure 7a). The E-pH diagram calculated by a modified
version of CALPHAD, as shown in Figure 7b, indicated that this HEA could maintain a
good passive state at a wide range of potentials and pH values. Indeed, this HEA exhibited
excellent corrosion resistance, even in 6 M HCl solution [62]. Currently, the calculation of
the E-pH diagram generally takes oxides or hydroxides as oxidation products. However,
numerous research has indicated that non-stoichiometric oxides are prevalent in the passive
film. To solve this problem, based on conventional E-pH diagrams, the non-stoichiometric
oxides and the ions in aqueous solution for an FCC single-phase Ni38Fe20Cr22Mn10Co10
HEA were conducted by Wang et al. [61], which presented a general and more accurate
way to determine the reaction products during the corrosion process of HEAs.

Compared with conventional alloys, the composition of the passive film on HEAs
is more complex. Thus, a comprehensive analysis of the species and contents of the film
composition is of great significance for further designing corrosion resistant HEAs. Atom
probe tomography (APT) is a modern method that can track elements and provide spatial
locations for passive film. The compositional distributions of the passive film and the
underlying alloy for Ni38Cr21Fe20Ru13Mo6W2 HEA after pre-passivation were determined
through 3-D APT (Figure 7d–f) [63]. The film was Cr-rich and had the elements of Ni, Fe,
Mo, and W in nonstoichiometric ratios, indicating the formation of a non-stoichiometric
film. There existed an obvious peak of Mo composition adjacent to the alloy/film interface
at about 0.5 nm, while W and Cr peak at about 2 nm, implying that the oxide began to
separate into more stable, discrete stoichiometric phases. The film composition on the
Ni38Fe20Cr22Mn10Co10 HEA was also conducted by 3D-APT tests [62]. An unexpectedly
high Cr enrichment within the passive film was observed, which might be attributed to a
combination of kinetic and thermodynamic effects as well as depletion of other elements
governed by chemical dissolution.

AESEC is a new technology in the corrosion field, especially the HEA corrosion field
since it can directly and simultaneously analyze the dissolution rate of each element [63].
Therefore, this new method can be used to perform real time observations for the formation
and dissolution of passive films on HEAs. Li et al. [63] studied evolution of the passive
film on Ni38Cr21Fe20Ru13Mo6W2 HEA in H2SO4 solution, as shown in Figure 7g–j. In
the cathodic activation process, the normalized Cr dissolution rate was faster than that of
other elements, implying the dissolution of a Cr enriched oxide layer formed in air and/or
water. In the potentiostatic passivation process, obvious enrichment of Cr and Ru occurred
while the dissolution rates of W, Mo and Ni were approximately proportional to their bulk
concentrations. The formation and dissolution of passive film on the Ni38Fe20Cr22Mn10Co10
HEA were also recorded by AESEC and XPS [62]. The cation fraction of Cr in the film (but
not found dissolved in solution) indicated that Cr enrichment occurred from the initial
stage of the potentiostatic treatment.
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Summarily, the emerging class of HEAs offers important opportunities to design new
alloys with superior corrosion properties. Understanding the effect of major and minor
alloying elements on corrosion resistance would enable rapid selection from the large base of
principal elements. To achieve this, some new methods or experiments, such as ICME and
AESEC, should be developed and used to clarify the intrinsic corrosion mechanism of HEAs.
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Figure 7. The design of corrosion resistant HEAs by using integrated computational materials
engineering (ICME), and corresponding characterizations of the film chemistry and electrochem-
ical behaviors. (a) Pseudo-binary phase diagram of the Ni59−xCrxFe20Ru13Mo6W2 alloy system;
(b) CALPHAD-calculated E-pH plots for Ni38Cr21Fe20Ru13Mo6W2 in 1 kg H2O at 25 ◦C and 1 atm.;
(c) potentiodynamic polarization curve of the Ni38Cr21Fe20Ru13Mo6W2 HEA in 0.1 M Na2SO4 solu-
tion with different pH; (d–f) APT characterization of the passive film formed on the HEA; (g–i) the
polarization curve (upper) and the elemental dissolution rates (lower) of the HEA in de-aerated 2 M
H2SO4; (j) elemental dissolution rates during a potentiostatic polarization at 0.6 VSCE [63–65].
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3. Influence of Structure on the Corrosion of HEAs
3.1. Single-Phase Solid Solution

Most of the HEAs take advantage of the high entropy effect to design single-phase solid
solution and avoid the production of brittle intermetallic compound phases. Meanwhile,
this contributes to a uniform and intact passive film. However, the high cooling rate during
casting deviates from the equilibrium solidification, resulting in the growth of dendrites.
Elements with low melting points (especially Cu) will separate into the interdendrites, and
therefore galvanic corrosion will be generated. Homogenization or other methods can
eliminate the element segregation between dendrites and interdendrites to form equiaxed
crystals. In this case, the influence of grain size is worth considering. This section reviews
the effect of element separation and the grain size for single-phase solid solution.

3.1.1. Dendritic Segregation

The solid solution generally crystallizes in a dendritic manner, and non-equilibrium
solidification with a fast-cooling rate results in a difference in composition between the
first crystallized dendrites and the later crystallized interdendrites. Cu with low melting
point has been verified to be easily enriched in interdendrites [66]. It was reported that the
presence of Cu in FeCoNiCrCux alloys induced the change of failure mode from pitting
corrosion to galvanic corrosion between the dendrites and interdendrites. The increase in
Cu content enhanced the trend of localized corrosion. This was because a galvanic cell could
be set up between Cu-rich interdendrites and Cr-rich dendrites, and the galvanic corrosion
caused preferential dissolution along the interdentrites of Cu-containing HEAs [67]. The
cross-sectional transmission electron microscope (TEM) image of CoCrFeNiCu corrosion
features after immersion in 0.6 M NaCl aqueous solution showed the preferential corrosion
of Cu-rich interdentrites, indicating the truth of galvanic corrosion [68]. The Cl− attacked
the Cu-rich areas, resulting in the removal of Cu1+. Galvanic corrosion stemmed from its
different potential between the Cr-rich area (cathode) and the Cu-rich area (anode).

This Cu segregation-induced galvanic corrosion can be inhibited effectively. Yu et al. [69]
reported a strategy of spark plasma sintering (SPS) to modify the formation of Cu from
unwished segregation to homogeneous distribution for AlCoCrFeNiCu0.5. The nanoscale
Cu-rich phase uniformly precipitated in the grains. Compared with 304 stainless steels, the
modified AlCoCrFeNiCu0.5 displayed better corrosion resistance as well as higher strength
and toughness. The plastic strain was increased by 1.65 times, Rct was increased by 3.6 times,
and icorr was reduced by 11.2 times compared to the as-cast one.

Excessive addition of Cr could also cause its segregation. Both FeCoNi and FeCoNiCr0.5
HEAs exhibited a fine columnar grain in the cross section and a cellular grain in the longi-
tudinal section [32]. Nevertheless, in the FeCoNiCr alloy system, a further increment of Cr
changed the microstructure from cellular to dendritic–interdendritic structure, and the Cr
would be enriched at the dendritic arms. The inhomogeneity of the microstructure led to
the obvious activation–passivation transition of the FeCoNiCr in 0.5 M H2SO4 electrolyte,
and a lower Ecorr, higher icorr and ipass in 3.5 wt.% NaCl aqueous solution than FeCoNi and
FeCoNiCr0.5. The deterioration of corrosion resistance was associated with the Cr segre-
gation, since the nonuniform distribution of Cr resulted in the discrete growth of passive
film. Simultaneously, the Cr-depleted area could be exposed to the solution, resulting in
the galvanic dissolution at the interdendrites.

3.1.2. Grain Size

Grain refinement is generally utilized to obtain higher mechanical strength, while the
resulting abundant grain boundaries may adversely affect corrosion resistance. Currently,
there is limited attention on the effect of the grain size and grain boundary upon the
corrosion resistance of HEAs. Wang et al. [70] investigated the influence of the grain
size on the corrosion resistance of CoCrFeMnNi HEAs in 0.5 M H2SO4 aqueous solution.
Potentiodynamic polarization results showed that the fine grain specimen (with an average
grain size of 1.24 µm) and coarse grain specimen (with an average grain size of 145.9 µm)
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all exhibited an activation–passivation region. This was because there existed the abundant
grain boundaries in fine grain specimens. This could induce the galvanic corrosion between
the inter-grains and the grain boundaries. The fewer channels of the coarse grain specimens
might limit the element dissolution and diffusion. Correspondingly, it was less prone to
form a stable and dense passive film. The XPS and nanoindentation tests indicated a more
protective film of the medium grain specimen (with an average grain size of 71.6 µm), which
was conductive to improve the corrosion resistance. Han et al. [71] studied the corrosion
performance of ultra-fine grained (UFG) Cantor alloy in 3.5 wt.% NaCl aqueous solution.
Results showed that the UFG alloy (with an average grain size of 0.689 µm) showed a lower
pit corrosion resistance and an instability in the passive film, which was attributed to the
high density of the grain boundary and the segregation of corrosion resistant elements.

3.2. Multi-Phase Solid Solution

Single-phase FCC or BCC HEAs have a single high toughness or high strength, but
their incompatibility limits their development. Multi-phase HEAs balance the high strength
and toughness and possess further application potential. However, the presence of a phase
interface generally deteriorates corrosion resistance, and the potential difference between
the two phases possibly induces severely galvanic corrosion.

The alloying of Al contributes to high strength for the generation of the Al-rich BCC
phase. However, the adverse effects of this phase on corrosion resistance have been reported.
Shi et al. [16,44,46] indicated that the BCC phase (rich in Al/Ni) gradually appeared in the
FCC matrix (rich in Fe/Co/Cr) with the increase in Al content in AlxCrFeCoNi (x = 0.3, 0.5,
0.7), as depicted in Figure 8a. The Eb decreased distinctly and ipass increased, demonstrating
that the stability of passive film deteriorated with the increment of Al content, as shown in
Figure 8b and Table 1. EIS results presented an accelerated rate of ions through the double-
charge layer as indicated by the charge-transfer resistance. This reflected the relatively poor
resistance to corrosion for high Al content HEAs. XPS implied that with the increase in
Al content, the film became thicker with more Al oxide, which weakened the protective
ability. The BCC phase was proven to be attacked by Cl−, promoting the galvanic corrosion
between two phases. There occurred the transition of the corrosion failure mode from
pitting corrosion to selective corrosion of the BCC phase, as observed in Figure 8(c1−c3).
Additionally, the higher the Al content (the lower the Cr content) in BCC, the easier the
transition of metastable pitting corrosion to stable pitting became.

The aforementioned phase separation in multi-phase HEAs can be eliminated by
homogenizing treatment and the galvanic corrosion is mitigated. Homogenization heat
treatment effectively reduced the chemical segregation and improved corrosion resistance
for AlxCoCrFeNi [17]. The heat treatment at 1250 ◦C for 1000 h caused a considerable
variation of the microstructure. In Al0.7CoCrFeNi, the dendritic structure transitioned
into ~50 µm equiaxed grains (see Figure 9(a1–a3,b1–b3)). It was noted that, as shown in
Figure 9(c1,c2), there occurred apparent compositional changes, particularly the Al, Cr, and
Ni elements, across the interface of A2/B2 phases of the as-forged Al0.7CoCrFeNi. Never-
theless, after the homogenizing process, there existed only a slight compositional gradient
across the interface of A2/B2. From the polarization results (Figure 9(d1,d2)), AlxCoCrFeNi
all exhibited a nobler Epit and lower ipass after homogenization heat treatment, indicating
a better passive film stability and resistance to galvanic corrosion. This was ascribed to
the reduction in the contact potential difference (VCPD) or work function (WF) variations
among phases (Figure 9(e1,e2)). The decreased tendency in WFs followed a sequence of
A1 > A2 > B2. According to the corrosion morphology after polarization, the selective dis-
solution of Al0.7CoCrFeNi after homogenization heat treatment was significantly relieved
(Figure 9(f1,f2)).
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Figure 8. The microstructure, polarization behaviors, and corrosion failure morphologies of dual-
phase AlxCoCrFeNi (x = 0.3, 0.5, and 0.7) HEAs. (a) The elemental distribution by EDS mappings in
AlxCoCrFeNi, in which the brown colour represents Al, the violet colour represents Ni, the yellow colour
represents Ni, the blue colour represents Cr, and the green colour represents Fe; (b) potentiodynamic
polarization curves in the 3.5 wt.% NaCl aqueous solution, in which the black curve is Al0.3CoCrFeNi,
the red curve is Al0.5CoCrFeNi, the green curve is Al0.7CoCrFeNi; and SEM micrographs after potentio-
dynamic polarization for the Al0.3CoCrFeNi (c1), Al0.5CoCrFeNi (c2) and Al0.7CoCrFeNi (c3), the white
arrows represent the corrosion pits and selective corrosion of BCC phase. [44].

Table 1. Electrochemical parameters of HEAs with various microstructure in the chloride-containing
solution at room temperature.

Alloy Microstructure Solution Ecorr (mV) icorr (A/cm2) Epit (mV) Ref.

As-forged Al0.3CoCrFeNi FCC 3.5 wt.% NaCl −189 6.23 × 108 552 [17]
As-forged Al0.5CoCrFeNi FCC + BCC + B2 3.5 wt.% NaCl −261 1.87 × 107 316 [17]
As-forged Al0.7CoCrFeNi FCC + BCC + B2 3.5 wt.% NaCl −292 3.92 × 107 118 [17]
As-equilibrated
Al0.3CoCrFeNi FCC 3.5 wt.% NaCl −180 2.89 × 108 808 [17]

As-equilibrated
Al0.5CoCrFeNi FCC + B2 3.5 wt.% NaCl −228 7.14 × 108 496 [17]

As-equilibrated
Al0.7CoCrFeNi FCC + BCC + B2 3.5 wt.% NaCl −258 2.67 × 107 256 [17]

Al0.5CoCrFeNiTi0.5 FCC + BCC 3.5 wt.% NaCl −320 5.32 × 107 [12]
Al0.8CoCrFeNiTi0.2 FCC + BCC 3.5 wt.% NaCl −690 7.96 × 106 [12]
Al1.0CoCrFeNi BCC 3.5 wt.% NaCl −270 5.61 × 107 [12]

As cast AlCoCrFeNi2.1
Eutectic (FCC + B2) +precipitate
(L12 + BCC) 3.5 wt.% NaCl −423 1.42 × 106 298 [72]

Solution AlCoCrFeNi2.1 Eutectic (FCC + B2) 3.5 wt.% NaCl −422 1.48 × 106 255 [72]

Aging AlCoCrFeNi2.1
Eutectic (FCC + B2) +precipitate
(L12 + BCC) 3.5 wt.% NaCl −428 1.94 × 106 361 [72]

Al0.6CrFeNi2.4
Eutectic (FCC + B2) +primary
(FCC) 3.5 wt.% NaCl −246 4.90 × 108 263.3 [73]

Al0.8CrFeNi2.2 Eutectic (FCC + B2) 3.5 wt.% NaCl −256.6 2.44 × 107 199.2 [73]

Al1.0CrFeNi2.0
Eutectic (FCC + B2) +primary
(B2) 3.5 wt.% NaCl −296.2 4.59 × 107 165.8 [73]
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Table 1. Cont.

Alloy Microstructure Solution Ecorr
(mV) icorr (A/cm2) Epit (mV) Ref.

CoCrFeNiNb0.15 Eutectic (FCC + Laves) 3.5 wt.% NaCl −426 1.12 × 106 >1 [74]
CoCrFeNiNb0.3 Eutectic (FCC + Laves) 3.5 wt.% NaCl −409 7.10 × 107 >1 [74]
CoCrFeNiNb0.45 Eutectic (FCC + Laves) 3.5 wt.% NaCl −373 7.70 × 107 >1 [74]
FeCrNiCoNb0.5 (L80) eutectic (FCC + Laves) (L80) 3.5 wt.% NaCl −173 2.29 × 108 993 [75]

FeCrNiCoNb0.5 (L140) Eutectic (FCC + Laves)
(L140) 3.5 wt.% NaCl −283 6.69 × 108 974 [75]

FeCrNiCoNb0.5 (L250) Eutectic (FCC + Laves)
(L250) 3.5 wt.% NaCl −299 1.46 × 107 958 [75]

FeCrNiCoNb0.5 (L700) Eutectic (FCC + Laves)
(L700) 3.5 wt.% NaCl −301 1.93 × 107 631 [75]

FeCrNiCoNb0.5 (L1500) Eutectic (FCC + Laves)
(L1500) 3.5 wt.% NaCl −310 2.17 × 107 411 [75]

The addition of Mo generally enhances the pitting resistance of the alloy, regardless of
conventional alloy and HEAs. When Mo content was high, σ-CrMo tended to be precipitated
as a strengthening phase, but it had the adverse effect on corrosion resistance. Dai et al. [38,41]
analyzed the influence of the content of Mo on the microstructure and corrosion performance
of FeCoCrNiMox. At lower Mo content, there occurred a transition from columnar grains
(FeCoCrNi) to dendritic structure (FeCoCrNiMo0.1) as seen in Figure 10(a1,a2). These two
alloys presented severe surface spalling and pits (Figure 10 b1,b2 and c1,c2). With the increase
in Mo content, the strip-shaped σ-CrMo phase clearly precipitated in the interdendrite region
for FeCoCrNiMo0.3 and FeCoCrNiMo0.6 (Figure 10(a3,a4)). Scanning kelvin probe force
microscopy (SKPFM) tests verified that the potential value of σ-CrMo was nobler than that
of the nearby matrix (Figure 10d–f), and thus the matrix suffered from galvanic corrosion for
the FeCoCrNiMo0.3 and FeCoCrNiMo0.6 (see Figure 10(b3,b4,c3,c4)).

Some non-metallic elements can also induce inferior corrosion properties, such as the
precipitation of Cr-containing borides and carbides. Lee et al. [76] reported that with the
increase in the B content the Ecorr decreased and the icorr increased for Al0.5CoCrCuFeNiBx
(x = 0, 0.2, 0.6 and 1.0). The deterioration of corrosion resistance was due to the depletion
of Cr caused by the production of (Cr, Fe)B borides. The appearance of (Cr, Fe)23C6 could
also reduce the content of Cr in the surrounding matrix, leading to the risk of pitting [13].

3.3. Eutectic High Entropy Alloys

Multi-phase HEAs can effectively accomplish the combination of the high strength
and good ductility/toughness by a mixture of soft FCC and hard BCC phases. Nevertheless,
the poor casting performance is always not ameliorated, which is a challenge especially
at a large scale (kilogram scale). The emergence of eutectic high entropy alloys (EHEAs)
seems to be a good solution direction. EHEAs exhibit bi-phase or tri-phase microstructure
with mainly fine lamellar and a few rods, and thus are likely to present outstanding
mechanical properties. Because of the isothermal process of the eutectic reaction, the
casting defects such as shrinkage cavity and pore can be inhibited. However, the abundant
phase interfaces provide conditions for local corrosion, which may limit its application in a
corrosive environment.

An AlCoCrFeNi2.1 alloy developed by Lu et al. [77–79] was the first EHEA system.
This alloy consisted of FCC (rich in Fe/Co/Cr) and B2 (rich in Al/Ni) lamellar eutectic
structure. Despite the good combination of hardness and fracture, AlCoCrFeNi2.1 exhibited
very similar icorr with 304 stainless steel but a lower Epit [80]. Selective dissolution of the B2
phase was proved to be the dominant mechanism of corrosion failure (see Figure 11(a1–a5)).
This was because the loss of Cr in B2 promoted the generation of localized galvanic cells.
The B2 phase with high tip potential was identified as anodic compared to the FCC matrix.
The“area effect” of the B2 phase caused the accelerated corrosion. The FCC phase was
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under protection during the corrosion process. Both FCC and B2 phases were covered by
oxide scales after immersion, as seen in Figure 11(b1–b7). There appeared a dense film with
a thickness of 20 nm upon the FCC phase, containing Fe, Cr, Ni, Co and O elements. As for
B2 phase, the surface oxide scale was thicker and looser than the film on the FCC phase,
mainly rich in Cr and O. HRTEM and the electron-diffraction patterns demonstrated that
the two oxides had typical amorphous structures.
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Figure 9. The effect of homogenization on the microstructure characterizations, electrochemical
polarizations, and surface corroded morphologies for Al0.7CoCrFeNi HEAs. The surface morphol-
ogy images, phase maps, and inverse pole-figures (IPF) of (a1–a3) the as-forged and (b1–b3) the
as-equilibrated Al0.7CoCrFeNi, the red areas are A1 phases while the blue areas are A2/B2 phases in
(a2,b2), the different colours in (a3,b3) represent the grains with different oriented; the elemental dis-
tribution line-scanning by TEM-EDS of (c1) the as-forged and (c2) the as-equilibrated Al0.7CoCrFeNi,
the different colours of the lines represent different elements; potentiodynamic polarization plots
of (d1) the as-forged and (d2) as-equilibrated Al0.7CoCrFeNi in 3.5 wt.% NaCl solution, in which
the black curve is Al0.3CoCrFeNi, the red curve is Al0.5CoCrFeNi, the green curve is Al0.7CoCrFeNi;
(e1) the contact potential difference (VCPD) map and line scanning of the as-forged Al0.7CoCrFeNi,
the net-like A2 precipitates with a lower VCPD distributed inside the bright B2 matrix; (e2) VCPD maps
and line profiles for the as-equilibrated Al0.7CoCrFeNi at the phase boundary, the blue arrows are the
line scanning sites, the bright areas are the phases with high VCPD, and vice versa, the red dotted
lines represent the average values of different phases; surface morphologies of (f1) the as-forged and
(f2) the as-equilibrated Al0.7CoCrFeNi after the potentiodynamic polarization tests, the white arrows
represent the selective corrosion of phases. [17].
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Figure 10. SEM morphologies and 3D characterizations of the FeCoCrNiMox (x = 0, 0.1, 0.3, 0.6)
alloy after the anodic polarization in 1 M NaCl aqueous solution: (a1–c1) FeCoCrNiMo0 alloy,
(a2–c2) FeCoCrNiMo0.1 alloy in which the red circles are the regions of the anodic dissolution,
(a3–c3) FeCoCrNiMo0.3 alloy, and (a4–c4) FeCoCrNiMo0.6 alloy. (a1–a4) and (b1–b4) SEM and 3D
images after anodic polarization for 600 s; (c1–c4) 3D images after anodic polarization for 1800s;
(d) topographical, (e) potential distribution mapping of the FeCoCrNiMo0.3 alloy and (f) line-
scanning results of the white line in (e) [41].

It was indicated that there occurred the island-like irregular regions and lamellar
regular eutectic regions in AlCoCrFeNi2.1 (Figure 11(c1–c4)) [27]. This special structure
induced the formation of a new galvanic cell. The preferential corrosion of the B2 phase
occurred in short-term corrosion, while the corrosion of the entire lamellar area took place
dominantly in long-term corrosion as seen in Figure 11(d1–d4). As for AlxCrFeNi3−x (x = 0.6,
0.8, 1.0) EHEAs, they showed similar corrosion behavior and failure mechanisms [73]. It
was found that the B2 phase (rich in Al, Ni) possessed higher VCPD and lower WF. This
reflected that, more probably, the B2 phase was selectively dissolved in the NaCl aqueous
solution. And such a dissolution corrosion was enhanced with the increment of Al in
these alloys.

A number of works have been made to improve the corrosion performance of EHEA.
Firstly, it was reported that the introduction of precipitation with nano-size could improve
the corrosion resistance for EHEA. For example, a large number of L12 and BCC particles
with a nano-size could precipitate in AlCoCrFeNi2.1 after aging treatment [72]. This was
beneficial to enhance the Epit, and the corresponding electrochemical parameters are listed
in Table 1. The average size of Al-rich L12 phase (~5 nm) inside FCC was too small to change
the film upon the FCC phases, which maintained continuous and dense. The generation of
Cr-rich BCC intermetallic inside the B2 phase enriched the Al content, and thus enhanced
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the film stability. Secondly, substitution of Al with Nb has been verified to be a good choice
to improve the corrosion properties of the alloy as seen in Table 1. As seen in Figure 12a–c,
there appeared a typical lamellar eutectic structure with Laves (rich in Nb) and FCC (rich in
Fe/Cr/Ni). It was noted that FeCoCrNiNb0.5 exhibited unique integration of a lower icorr,
a nobler Eb and an enhanced re-passivation ability in 1 M NaCl aqueous solution, superior
to most of traditional alloys and other HEAs [74,81]. Additionally, research showed that the
corrosion properties of the EHEAs could be controlled by modifying the size of its lamellar
eutectic structure [75]. A refined lamella microstructure in the EHEAs could lead to a
more positive transpassivation potential as well as a lower icorr compared with a coarsened
lamella structure (Figure 12(d1–d5,e1–e5,f1–f5)). This was due to the formation of a more
stable passive film to resist the absorption of Cl−.
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Figure 11. (a1) SEM morphology of the eutectic AlCoCrFeNi2.1 specimen surface; (a2) line-scanning of
eutectic AlCoCrFeNi2.1 immersed in 1 wt.% NaCl aqueous solution at different time interval obtained
at the dashed line; (a3) corrosion morphology of the specimen after immersion for 5 days; 3D image
(a4) and line profile (a5) of the corroded specimen showing preferential dissolution of B2 phase. TEM
characterizations of corrosion product film upon specimen at 2 h: (b1) BF-TEM morphology; (b2,b3) the
magnified TEM images of films upon FCC and BCC phases; (b4,b5) elemental distribution of films
upon FCC and BCC phases; (b6,b7) HRTEM images of film on FCC and BCC phase; (c1–c4) corrosion
morphologies in different regions of EHEA in 0.5 M H2SO4 aqueous solution after being immersed for
different times: 5 min and 8 h. The schematic of corrosion mechanism of EHEA: (d1) micro-galvanic
corrosion effect; (d2) short-term self-protection; (d3) the dissolution of surface BCC phase and the
dissolution of FCC lamellas; (d4) localized dissolution of lamellar region [27,80].
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Figure 12. (a) the SEM morphology of the FeCrNiCoNb0.5 EHEA; (b) the low magnification TEM
morphology of FCC and Laves phases, and the corresponding FFT images in the inset; (c) the HRTEM
image of the boundary of the phases; (d1–d5) XRD results and (e1–e5) the SEM images of the lamellar
structure for the samples with different sizes of lamellar (note that scale bars are equal to 2 µm in
(e1–e5)). (f1–f5) potentiodynamic polarization plots of samples with different sizes of lamellar [75,81].

4. Application for the Nuclear Industry
4.1. Lead–Bismuth Eutectic Environment

LBE alloy has great potential as coolant of nuclear reactors and nuclear waste disposal
since it holds several advantages: high thermal conductivity of 14.2 W m−1 K−1 (723 K),
high boiling point (1943 K) and low melting point (398 K). Therefore, LBE can provide an
unrivalled efficiency, and avoid the risk of high temperature boiling and low temperature
condensation. However, one of the crucial problems restricting its application is the capability
of structural materials to resist the corrosion of high temperature liquid LBE [18,82,83].

The corrosion degradation of structural materials in liquid LBE environments is
mainly divided into liquid metal embrittlement (LME) and liquid metal corrosion (LMC).
Generally, LME could be initiated by the following mechanism [18]: the reduction in surface
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energy and cohesion, dislocation emission, stress-assisted dissolution, atomic diffusion
induced grain boundary penetration, and reinforced work hardening. LMC mainly includes
dissolution and oxidation. Firstly, the metallic elements tend to dissolve directly in the
LBE, which severely limits the service life of materials. Nb and Mo exhibit almost insoluble
properties in LBE, while Ni, Mn, Ta, Co, Cr, and Fe have high solubility [83]. Secondly,
oxidation is also a crucial problem during service. The presence of an appropriate level of
dissolved oxygen, CO, in LBE is necessary to ensure the protective oxide scales are formed.
The oxide scales possibly protect matrix from dissolution. However, it can still form oxide
inward without limit when the scales possess inadequate protection at a high Co level.
“Active oxygen control” by controlling dissolved oxygen in LBE is an effective means
of controlling corrosion rate [84,85]. But the high economic cost still drives the further
development of structural materials to resist dissolution and oxygen corrosion.

In the past few decades, two kinds of commercial steels used in LBE environments,
namely ferritic-martensitic steels (F/M steels) and austenitic stainless steels (AuSS) have
received much attention. The tremendously investigated F/M steels [86] and AuSS [87,88]
are the T91 (9Cr-1Mo grade) and the 316L, respectively. Other materials have also been
developed, such as refractory alloys [89], oxide dispersion strengthened steels (ODS) [90–92],
SiCf/SiC composites [93], the MAX (Mn+1AXn) phases [94,95], and HEAs [19,26,96]. Among
these materials, HEAs exhibit good neutron swelling resistance, phase stability, and oxidation
resistance, which possess great application potential.

Gong et al. reported the LME behavior for AlxCoCrFeNi HEAs in a liquid LBE
environment. As for Al0.7CoCrFeNi HEA [96,97], it exhibited a dual-phase structure with a
FCC phase (rich in Fe/Co/Cr) and a BCC phase (rich in Ni/Al). This alloy tended to be
embrittled by LBE at 350 ◦C and 500 ◦C. The microstructure and embrittlement mechanism
are depicted in Figure 13(a1–a3,b1,b2). At 350 ◦C, BCC phase was easily embrittled, resulting
in the intragranular cracking. However, the main embrittlement mode transformed to
the decohesion of the interface between the BCC and FCC phase at a temperature of
500 ◦C. Additionally, it was reported that there existed a BCC intergranular phase (rich
in Ni/Al) containing a large number of Cr-rich nanosized particles in Al0.4CoCrFeNi
HEA (Figure 13(c1–c3)) [19]. It exhibited a penetration exceeding an order of magnitude
deeper than that of Al0.3CoCrFeNi with single-phase FCC structure (Figure 13(d1,d2)). This
degraded corrosion property was associated with the energetic character of the boundaries
of the BCC/FCC interphase and resultant wetting. Simultaneously, LBE could selectively
leach Ni, which induced the transition from FCC to BCC. This would give rise to a serious
LME problem.

Shi et al. investigated the oxidation behavior of AlxCrFeNi HEAs in an LBE en-
vironment. It displayed the protective bi-layer oxidation scale: (Fe,Cr)3O4/Al2O3 or
Cr2O3/(Al,Cr)2O3 [24]. The Cr2O3/(Al,Cr)2O3 bi-layer tended to be thinner with increas-
ing Al content. Further, it was noteworthy that the evolution of oxide scale in this alloy
system was sensitive to the addition of elements [26]. With the addition of Cu, a thick
oxide scale was identified in the form of a Fe(Cr,Al)2O4 outer layer and Al2O3 inner layer
(Figure 14a). There existed a segregation of Cu between the oxide scale and alloy matrix,
deteriorating the adherence of the oxide scale. The addition of Ti could facilitate the for-
mation of TiO2 and TiAl2O5 after 1000 h exposure. However, the oxide scale was changed
as an outer layer of PbTiO3, Cr2O3 and an inner layer of Al2O3 after a 2000 h exposure
(Figure 14b), resulting in the degradation of the oxidation resistance. The addition of Nb
exhibited beneficial effects on the oxidation resistance (Figure 14c). There appeared a thin
oxide scale with Cr2O3 and Al2O3 after 1000 h exposure, and more Al2O3 tended to be
formed in the oxide scale with the increase in exposure time.
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Figure 13. (a1) SEM image, XRD pattern, and EBSD phase map; (a2) HAADF morphology and (a3)
EDS elemental distribution of the dual-phase Al0.7CoCrFeNi HEA; SEM micrographs of the dual-
phase Al0.7CoCrFeNi HEA after being immersed in LBE at (b1) 350 ◦C and (b2) 500 ◦C; (c1) optical
micrograph and XRD pattern of the Al0.4CoCrFeNi HEA; (c2) BSE morphology of intergranular
precipitates; (c3) TEM-EDS maps of the intergranular precipitates; (d1) the LBE ingress depth at grain
boundaries of Al0.3CoCrFeNi and Al0.4CoCrFeNi HEAs; (d2) BSE image of the Al0.4CoCrFeNi after
being immersed in LBE at 500 ◦C for 500 h [19,96].
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Figure 14. SEM and EDS line-scanning of the cross section of (a) AlCrFeNiCu, (b) AlCrFeNiTi and
(c) AlCrFeNiNb after being immersed in 10−6 wt.% oxygen containing molten Pb at 600 ◦C for 1000 h,
the red arrows represent the positions of the line-scanning, the blue arrow represent the transitional
layer, the different colours of the lines represent different elements, and the dotted lines represent the
boundary of the different layers [26].
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Recently, the AlCrFeMoTi HEA coating with amorphous structure was prepared on
F/M steel by magnetron sputtering [20]. This coating displayed high hardness, good
interface adhesion, and phase stability at 500 ◦C. Compared with the F/M steel, it exhib-
ited much better oxidation resistance with significantly thinner oxide scale as well as a
lower weight loss of coating in LBE. The oxide scales were composed of Cr2O3, TiO2 and
(Fe,Cr)3O4. However, when the temperature reached 650 ◦C, there appeared elemental
aggregation and oxidation in the coating, which enhanced the oxidation and failure of the
coating. The addition of Si could further enhance the corrosion property [98]. A decrease
in the coating weight loss could be obtained, which was due to the formation of more
protective Cr2O3 and Al2O3 oxide scale. In addition, the effect of Au ions irradiation on
the corrosion performance for coating was also investigated [99]. The Au-ions irradiation
could lead to the crystallization of the AlCrFeMoTi amorphous HEA coating and created
abundant grain boundaries, void defects, and dislocations. At low irradiation damage dose,
the Au-ions’ irradiation inhibited the weight loss and oxidation of coatings, which could
be ascribed to the continuous and dense Cr-oxide scale. Nevertheless, at high irradiation
damage dose, the elemental diffusion rate was accelerated, and the Cr-oxide layer became
more porous, promoting the oxidation of the coating.

4.2. Supercritical Water Environment

When the temperature and pressure exceed 374 ◦C and 22.1 MPa, respectively, the
chemical and physical behaviors of water, i.e., viscosity, density, and dielectric constant
obviously change, namely SCW. SCW is a good solvent and reaction medium and has
attracted much attention in many fields like nuclear reactors, catalysis and fossil fuel
combustion plants. Nevertheless, the harsh operating conditions cause challenges to the
structural materials utilized in SCW, due to the severity of oxidation caused by the high
content of dissolved oxygen. The oxidation kinetics of alloys can be enhanced greatly in
harsh environments. Therefore, preeminent performance of oxidation resistance is crucial
for structural materials for service in such environments.

It has been reported that an Al0.2CoCrFeNi HEA thin film deposited by magnetron
sputtering displayed a better corrosion resistance than G115 alloy [100]. It exhibited a
bilayer structure in SCW: an outer layer composed of a large number of NiO and an inner
layer composed of NiFe2O4 with a spinel structure. The dense and continuous inner spinel
oxide scale could prevent the film from oxidation damage. Huang et al. reported the
oxidation behavior of FeNiCrCuAl HEA in SCW [101,102]. The microstructure, oxidation
kinetics, and surface oxidation scale are depicted in Figure 15. This alloy consisted of
several different phases: a disordered BCC phase (rich in Fe/Cr) with numerous NiAl
particles, a BCC phase (rich in Ni/Al), and an FCC phase (rich in Cu) (Figure 15a,b).
Different oxide scales tended to be formed upon these phases in SCW. As for the disordered
BCC phase (rich in Fe/Cr), it formed a porous outer FeAl2O4 oxide layer and a dense
inner FeCr2O4 layer (Figure 15d). This bilayer oxide gradually turned into γ-Al2O3 and
CrAl2O4 as the exposure period increased (Figure 15e). As for the BCC phase (rich in
Ni/Al), there appeared a duplex structure oxide scale composed of an outer γ-Al2O3 layer
and inner NiAl2O4 layer (Figure 15f). As for the FCC phase, many irregular Cu2O particles
precipitated upon the surface. This alloy exhibited significantly weakened oxidation
kinetics than that of conventional alloys, indicating a better oxidation resistance.
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Figure 15. SEM morphologies of the FeNiCrCuAl HEA: (a) low magnification image, (b) high
magnification image, and the yellow arrows show the phase distribution; (c) the weight gain curves
vs. exposure period at 550 ◦C and 25 MPa in SCW for different materials; the line-scanning elemental
distribution of the oxide films (d) upon the FeCr-rich BCC phase after being immersed at 550 ◦C and
25 MPa for 100 h, (e) upon the FeCr-rich BCC phase after being immersed at 550 ◦C and 25 MPa for
1000 h, and (f) upon the NiAl-rich phase after being immersed at 550 ◦C and 25 MPa for 100 h, the
dotted lines represent the boundary of the different layers [101].

5. Conclusions

In this review, a general survey of corrosion performance and mechanisms in HEAs
has been made. Especially, the effects of composition and structure of HEAs on their
corrosion resistance, as well as from the perspective of the applications of some HEAs in
special environments, have been summarized in detail.

It has been demonstrated that the corrosion behavior is very sensitive to the type
of elements in HEAs. Cr and Ti are the most favorable passivation elements to ensure
corrosion resistance. Mo is used as an auxiliary element to inhibit the initiation of pitting
corrosion, which plays a role in stabilizing Cr oxide. Al and Mn are generally detrimental
to corrosion resistance because they fail to form stable and dense films in aqueous solutions.
N tends to enhance the ability of spontaneous passivation and accelerate the growth rate
of insoluble oxide, which greatly improves the passive film stability. Dissolution of Si
during cathodic polarization and deposition of Si(OH)4 provide a stable film for HEAs.
Combining corrosion theory and ICME, high corrosion resistant HEAs with a single phase
can be successfully designed.

In the multi-phase HEAs, the galvanic corrosion or pitting corrosion can preferentially
attack weak points, which will seriously deteriorate the corrosion resistance. Cu tends
to form dendritic structures during the solidification, and interdendrites rich in Cu and
poor in Cr suffer from serious corrosion. The increment of Al content is beneficial to
facilitate the formation of the second phase rich in Al and Ni, but it is prone to lower the
corrosion resistance. Cr and Mo can also lead to a degradative corrosion resistance through
the formation of a Cr/Mo rich phase. Although EHEAs with specific microstructure
exhibit higher application potential due to their good casting performance and excellent
combination of toughness and strength, the problem of galvanic corrosion still needs to be
further solved by alloying or microstructural modification.
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Finally, the application of HEAs in LBE and SCW is summarized. The AlxCoCrFeNi
HEA tends to suffer from LME at 350 and 500 ◦C in LBE, because LBE selectively leaches
Ni, which can induce the transition from FCC to BCC. The AlCrFeMoTi HEA coatings
displays high hardness, good interface adhesion, phase stability, and outstanding oxidation
resistance at 500 ◦C. The growth kinetics of the oxide films upon FeNiCrCuAl in SCW
follows a parabolic law, indicating diffusion control of oxide growth. After being immersed
in SCW, different scales on the surface of the alloy appear. This alloy presents good
corrosion resistance in this harsh environment.

6. Future Work

This review aims to improve the understanding of the corrosion behavior and mech-
anism for HEAs. Therefore, based on the anti-corrosion performance improvement and
practical application, some future works are suggested below (Figure 16).
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specific microstructure for highly corrosion resistant HEAs, the blue part represents the application
of HEAs in special environment, and the brown represents the application of HEAs of surface coating
technology [26,63].

6.1. Composition Design for Highly Corrosion Resistant HEAs

The role of elements in corrosion properties in HEAs is still a problem that needs
further elucidation, which could provide guidance for the design of highly corrosion
resistant alloys. At present, although we understand their sluggish diffusion, lattice
distortion and other characteristics, it is difficult to comprehensively find out the intrinsic
difference of corrosion and passivation behavior between HEAs and traditional alloys.
In situ monitoring of the dissolution process of elements by AESEC and analysis of the
structure and composition of passive films by TEM and atomic force microscope (AFM) are
helpful to understand the role of elements. Moreover, the compositional design of HEAs
with high corrosion resistance by means of thermodynamic calculation, high throughput
experiments, and machine learning is a key goal in the field of corrosion.
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6.2. Tailoring Specific Microstructure for Highly Corrosion Resistant HEAs

The design and control of microstructures are essential since the homogenization
of elemental distributions and microstructures could remarkably inhibit local corrosion.
Therefore, it is necessary to predict phase formation and transition in terms of thermody-
namic calculation, simulation, and machine learning. In addition, there is a lack of a certain
guidance of thermo-mechanical treatment, which can enhance the corrosion properties
through the attainment of homogeneous microstructures.

6.3. Applications in Special Environments

The unique structural characteristics of HEAs make them possible to be utilized in
special harsh environments. As reviewed in this article, the neutron radiation resistance
makes HEAs potential structural materials for nuclear power. Simultaneously, a great
number of works are trying to use RHEAs instead of superalloys for temperatures above
1000 ◦C, due to their high temperature stability and oxidation resistance. It should be
the focus of HEAs to optimize alloy systems in special environments and to broaden the
application field.

6.4. Applications of Surface Coating Technology

The high cost of raw material and preparation makes the application of HEAs difficult.
In surface protection, component repair, and other fields, the surface coating technology is
one economical means of utilizing HEAs, such as laser cladding, electrodeposition, plasma-
transferred arc cladding, thermal spraying, magnetron sputtering, and other techniques.
HEA coatings or films may display superior corrosion performance than other coatings
because of their relatively dense and uniform microstructural characteristics.
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