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The corrosion resistance of high entropy alloys was reviewed in the present work. The main 
focus was to explore the correlation between alloy composition, passive film stability and corrosion 
properties and use this information to develop a materials selection procedure based on the Ashby 
approach. Corrosion current densities and pitting potentials were the main design parameters used to 
rank different alloys, based on a careful examination of data published in the literature, considering 
uniform and localized corrosion, respectively. The outputs of the selection process clearly indicated 
a strong dependence of the corrosion resistance on passive film stability, although microstructural 
homogeneity and uniform distribution of alloying elements should not be disregarded. Proper 
combinations of elements such as Co, Al, Ti, Mo and Cr, especially, are effective at enhancing the 
corrosion resistance of high entropy alloys.
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1. Introduction
High entropy alloys (HEAs) brought to light a new 

metallurgical concept in alloy design, breaking the well-
established approach of developing alloys consisting of 
only one individual main element as the matrix and minor 
alloying additions to tailor specific properties1,2. The novel 
design was based on manufacturing alloys with typically 
five or more main elements whose content ranged between 
5 to 35 at.% 3,4. The main structural consequence of such 
innovative concept was the formation of disordered solid 
solutions during solidification instead of intermetallics5. 
Because of their structural homogeneity, HEAs present an 
impressive set of attributes. In this panorama, mechanical 
properties have attracted huge interest for structural engineering 
applications, owing to the superior ductility, toughness, creep, 
hardness and fatigue resistance of HEAs when compared to 
conventional metallic alloys6-8. Detailed knowledge regarding 
the plastic deformation behavior of HEAs is still needed for 
many systems9. Besides mechanical strength, other attractive 
properties have been explored by several research groups, 
widening the interest for high entropy alloys. For instance, 
Chen et al.10 prepared a ultrafine-grained FeCoNiCu0.2Si0.2 HEA 
combining excellent mechanical strength and soft magnetic 
properties. El-Atwani et al.11 developed quaternary refractory 
W-Ta-Cr-V HEA magnetron sputtered films to be used 
as plasma facing materials in magnetic fusion reactors. 
The films showed outstanding irradiation resistance due to 
a favorable crystalline defect mobility in the lattice of the 

HEA, avoiding the formation of clusters that could lead to 
irradiation-induced cracks.

Concerns about the corrosion aspects of HEAs are often 
overridden by their mechanical integrity. However, another 
major outcome of their compositional homogeneity is related 
to corrosion stability12,13. The corrosion resistance of these 
complex compositional alloys has been studied by many 
authors in the past decade. Although the overall homogeneous 
microstructure comprised of simple solid solutions, HEAs 
do present some segregation that leads to local chemical 
heterogeneities, as highlighted by Qiu et al.14. Nevertheless, 
despite the many recent studies devoted to the corrosion 
behavior of HEAs, several aspects remain unclear. Especial 
attention must be given to the passive film stability and its 
relationship with alloy composition15. Passivation is a typical 
characteristic of HEAs, arising due to the common addition 
of passivating elements such as Cr, Ti, Ni, Mo and Al16. 
Each element may influence the alloy structure and passive 
film composition, giving rise to distinct electrochemical 
responses, depending on the alloying type and content17,18.

Due to the central role played by corrosion resistance in 
consolidating the future engineering applications of HEAs, 
this work focuses on exploring the interplay between corrosion 
properties, passive film stability and alloy composition 
based on a materials selection standpoint. In the first part of 
the article, a thorough literature review on the corrosion of 
HEAs is provided, emphasizing critical issues such as the 
effect of alloying elements on microstructure and passive 
film composition and, ultimately, on the corrosion behavior *e-mail: renato.antunes@ufabc.edu.br
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of the multicomponent alloys. By critically assessing the 
information shown in this part, a corrosion-based materials 
selection of HEAs is discussed in the second part. The materials 
selection procedure is centered on the Ashby approach19. As a 
well-established methodology, the Ashby method has been 
successfully employed for selecting materials for a variety 
of engineering applications, such as micro-electromechanical 
systems (MEMS), open-cell foams for energy absorption, 
aircraft materials and automotive body parts20-24. The basic 
steps of this design-driven methodology are: i) translation; 
ii) screening; iii) ranking; iv) documentation. Details on the 
characteristics of each stage can be found in the literature25. 
Briefly, in the first stage the design requirements are defined 
(function, objective, constraints, free variables). The candidates 
that do not meet the constraints of the translation step are 
eliminated from the selection process during screening 
(second step). The remaining candidates are ranked based 
on the objective(s). Next, additional documentation (not 
previously considered in the translation step) can be sought 
by the designer to give further support to the selection results. 
In the present work, this methodology is unveiled as a tool to 
identify and rank corrosion-resistant HEAs. Ashby charts are 
plotted, highlighting straightforward technical criteria for the 
current and future developments of corrosion-resistant HEAs 
for structural applications. This information is not available 
in the current literature, and this will contribute to paving 
the way towards optimized multi-principal alloy design.

2. Alloy Composition and Passive Film 
Stability
The main alloying elements of HEAs are Al, Cr, Fe, 

Ni, Co, Ti, Mo, Mn and Cu. Several other elements may 
also be encountered such as Si, Sn, V, C, N, W, Nb, Ta and 
Zr. Versatile alloy design is triggered by this impressive 
set of possible combinations. As a consequence of this 
unprecedented design freedom in physical metallurgy, 
HEA properties can be tailored to meet different purposes. 
At the core of this scenario, the interplay between alloy 
composition, microstructure and corrosion resistance has 
been targeted by many investigators in the past few years. 
While most studies concentrate on microstructural aspects, 
passive film composition and stability receives little attention. 
In the present section, we review the current literature on the 
corrosion mechanisms of HEAs, giving special emphasis to 
the correlation between alloy composition and passive film 
characteristics. It is important to emphasize, though, that either 
alloy microstructure or processing may profoundly affect the 
corrosion behavior of high entropy alloys. For instance, if a 
multiphase microstructure is formed due to specific alloying 
additions instead of a single solid solution, then galvanic 
corrosion effects are likely to take place, thus influencing 
the electrochemical response of the alloy. Some examples 
are described throughout this part of the paper. Moreover, 
although its effect is not frequently reported, alloy processing 
may also influence the corrosion resistance of high entropy 
alloys13-15. Anodizing, laser surface treatments, aging at 
high temperatures, melting processes, mechanical alloying 
may lead to different corrosion resistances, depending on 
the composition of the surface oxide (anodizing), or the 

formation of heterogeneous microstructures. Phase segregation 
is a major concern in this case14. Whenever the processing 
conditions are a relevant factor for the corrosion behavior 
of the HEAs included in the present review, its effect will 
be properly explained, when applicable.

Kao et al.26 studied the effect of Al content on the corrosion 
resistance of AlxCoCrFeNi alloy in sulfuric acid solution. 
Aluminum promoted the formation of an Al and Ni-rich 
body centered cubic (BCC) phase in addition to the face 
centered cubic (FCC) single solid solution that constituted 
the microstructure of the Al-free alloy. The BCC phase 
was preferentially corroded upon immersion in the acidic 
solution, forming a thick and non-protective oxide layer 
that was linked to soluble complexes of Al and Ni easily 
dissolving in the sulfuric acid medium.

In fact, Shi  et  al.27 observed that the Cr content of 
AlxCoCrFeNi HEAs decreased in the passive film, as the Al 
content increased. The passive film composition was assessed 
by X-ray photoelectron spectroscopy (XPS), indicating 
enrichment of Al2O3 in the passive film and depletion of the 
passivating Cr2O3 component. The passive film was thicker 
and more porous for the Al-containing alloys due to the 
predominance of Al2O3 over Cr2O3. The corrosion resistance 
was, therefore, dependent on the alloy composition and, 
ultimately, on the passive film composition and density.

Molybdenum may present different effects depending 
on the electrolyte. Chou et al.28 observed that Mo decreased 
the pitting susceptibility of Co1.5CrFeNi1.5Ti0.5Mox HEAs in 
NaCl solution. Nonetheless, such positive effect depends 
on the Mo content. If it is increased from 0.1 to 0.8 wt.% 
in the base alloy, the formation of Mo and Cr rich-sigma 
phase will be promoted at interdendritic regions. At dendritic 
regions, in turn, Mo and Cr were depleted, giving rise to 
an adverse galvanic effect (low surface area ratio between 
the anodic dendrites and cathodic interdendritic regions). 
Full characterization of the passive film composition was, 
however, not reported. In a recent publication, Dai et al.29 shed 
light on this topic. They studied the effect Mo content on 
the corrosion behavior of FeCoCrNiMox. As also indicated 
by Chou et al.28, the corrosion resistance was dependent on 
the Mo content. For 0.1 wt.% Mo, the passive film consisted 
of a Cr2O3 rich film with the incorporation of Mo oxides, 
increasing its stability and corrosion resistance. However, 
higher amounts of molybdenum led to the formation of galvanic 
couples between the matrix (depleted in Cr and Mo) and 
Mo and Cr-rich precipitates. Hence, if a multi-phase alloy is 
formed, galvanic effects may hamper the corrosion resistance 
of the HEA. Shang et al.30 confirmed this observation for 
CoCrFeNiMox (x = 0.1 to 0.5) alloys in sulfuric acid and 
sodium chloride solutions. For x=0.3 to 0.5 precipitation of 
a secondary-σ phase inside interdendrites was detrimental 
to the corrosion resistance due to a galvanic coupling effect 
between (Mo,Cr)-rich and (Mo,Cr)-depleted regions around 
the σ phase.

Chromium is part of several traditional multicomponent 
alloys. As its passivating character is well-known for 
conventional iron-based alloys, it is plausible to hypothesize 
that a similar effect would also take place for HEAs. 
Confirming the prominent role of chromium in the corrosion 
resistance of HEAs, Chai et al.31 studied the electrochemical 
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behavior of FeCoNiCrx (x = 0, 0.5, 1.0) HEAs in H2SO4 and 
NaCl solutions. The corrosion resistance of the alloy was 
dependent on the Cr content. The highest Cr content entails 
its segregation at interdendritic regions, thus leading to 
severe localized corrosion at these regions. By contrast, 
the intermediate Cr content promoted the formation of a 
highly corrosion-resistant passive film, mainly composed 
of Cr2O3. In the absence of chromium, the passive film is 
comprised of Fe2O3, NiO and CoO that were less stable in 
the acidic electrolyte, dissolving at a much faster rate when 
compared to the Cr-rich passive film of the FeCoNiCr0.5 alloy. 
From these results, it is noteworthy that there is optimum 
chromium content to achieve the best corrosion resistance 
in the FeCoNiCr system. Chen et al.32 studied the effect of 
chromium addition on the corrosion resistance of (CuFeNiMn1-x)
Crx HEAs (x = 0, 0.05, 0.10, 0.15, 0.20 and 0.25) in nitric 
acid solution. The corrosion rate depends on the chromium 
content. Element segregation at dendritic and interdendritic 
regions is associated with the different electrochemical 
responses of the alloys. Cu and Mn were segregated in the 
interdendritic regions, forming a stable FCC phase. Cr, Fe 
and Ni were mainly segregated at dendritic regions, also 
forming an FCC phase. As the Cr content reaches 15% an 
additional BCC phase is formed in the dendritic regions, 
wherein Cr is also segregated. Such elemental distribution 
gave rise to galvanic effects between Cu-rich interdendritic 
and Cr-rich dendritic regions, triggering the corrosion process 
of the HEAs. As the volume fraction of the Cr-rich BCC 
dendritic phase increased with the Cr content, so did the 
corrosion resistance of the alloy. The Cu-rich interdendritic 
region is the anode in this galvanic cell, being preferentially 
corroded. Alloy microstructure was, therefore, an important 
factor for the corrosion behavior of the (CuFeNiMn1-x)Crx 
HEAs. The report by Parakh et al.33 confirmed the relevant 
role played by alloy microstructure for the corrosion behavior 
of AlNiCoCrFe HEA in sodium chloride solution. This alloy 
presented a mixed FCC and BCC structure. Cr and Al were 
enriched in the BCC phase, whereas Ni, Co and Fe were 
enriched in the FCC phase. They mention two competing 
effects related to the chemical stability of the FCC phase. 
As this phase is more compact than the BCC phase, the 
energy to remove an atom from its surface is higher, and 
there is a trend of forming non-porous oxide layers. This, 
in turn, would increase the corrosion resistance of an FCC-
rich alloy. Conversely, the FCC phase is depleted in the 
passivating elements Cr and Al, and richer in the more easily 
corroded Ni, Fe and Co elements. Thus, it is expected that 
higher FCC volume fractions would decrease the corrosion 
resistance of the alloy. In this respect, there should be an 
optimum balance between the two phases in order to achieve 
high corrosion resistance.

However, for other systems, other trends can be found. 
For instance, Yang et al.34 prepared AlCrxFeNi2Cu1.6 HEAs 
and investigated the effect of the Cr content on the corrosion 
resistance in 3.5 wt.% NaCl solution. The surface chemical 
stability was unequivocally enhanced as the Cr content 
increased. The structure of the alloy was not significantly 
altered by the chromium content, being comprised of a mixture 
of FCC and BCC phases at dendritic and interdendritic 
regions, respectively. Distribution of elements in each phase 

and the overall passive film composition should affect the 
corrosion resistance of the alloys. However, passive film 
composition was not assessed in detail. In a recent publication, 
Yan et al.35 have drawn similar conclusions on the effect of 
Cr on the corrosion behavior of Al0.3CrxFeCoNi high entropy 
alloys. The corrosion resistance increased with the Cr content 
in the alloy, mainly due to Cr2O3-enrichment of the passive 
film and not due to microstructural aspects of the different 
Cr-containing alloys. Based on XPS analysis of the passive 
film, they observed an increase in Cr3+ as the chromium 
content was increased. The report by Wang et al.36 reveals 
a similar trend for the passive film of an equiatomic 
CoCrFeMnNi HEA formed in acidic solution. Chromium 
was enriched in the oxide layer due to its slow dissolution 
rate when compared to iron. Another interesting aspect is 
the predominance of Cr2O3 as the oxide phase in the passive 
film, surpassing the concentrations of Fe, Mn and Co oxides, 
while Ni oxide was not detected. The high thermodynamic 
stability of Cr2O3 would explain the prevalence of Cr3+ 
ions in the passive film. Han et al.37 evidenced the central 
role played by Cr-depletion on the corrosion behavior of 
ultra-fine grained CoNiFeCrMn HEAs. Cr-depleted regions 
were formed in the ultra-fine grained alloy whereas a more 
homogeneous chromium element distribution was observed 
for the conventional coarse-grained material. Enhanced 
diffusion of point defects such as oxygen vacancies and 
cation vacancies through the passive film formed on the 
ultra-fine grained material would occur easily in Cr-depleted 
regions, thus reducing the stability of the passive film. 
Based on the reports of such varying effects of Cr addition 
for different HEA systems, Fu et al.13 highlighted the need 
for new investigations that take into account the synergism 
between chromium and different alloying elements with 
potential influence on the corrosion properties of HEAs.

Nickel is another common alloying element of HEAs. 
Nickel content was found to affect the microstructure and, 
ultimately, the hardness of VCrMnFeCoNix and CrFeMnCoNix 
alloys38,39. In both systems, the hardness decreased as the 
nickel content increased. The formation of a single FCC 
phase for the alloys with high Ni content (> 10 at.%) was 
responsible for the “softer” character of the CrFeMnCoNix 
alloys. Regarding the VCrMnFeCoNix alloys, hardness 
decrease was associated with the decrease of the concentration 
of the sigma-phase (matrix) and the formation of a dual-
phase microstructure consisting a mixture of sigma and 
FCC phases (composite structure). The plastic character of 
the alloy was, therefore, dependent on the relative amount 
of each one of these phases. Despite its well-known effect 
on the microstructure and mechanical properties of some 
multicomponent alloys, the relationship between the nickel 
content and the corrosion resistance of HEAs is not frequently 
reported. Qiu and Liu40 gave a contribution towards the 
understanding of the role of Ni on the corrosion properties 
of Al2CrFeCoCuTiNix HEAs prepared by laser cladding. 
The corrosion resistance was improved up to x =1.0. Conversely, 
by further increasing the Ni molar content, the corrosion 
current density increased, accelerating the corrosion rate. 
Such effect was explained based on microstructural aspects. 
However, details regarding the passive film composition 
were missing, and the corrosion mechanism was not clearly 
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described. More recently, Ríos  et  al.41 investigated the 
effect of the nickel content on the corrosion behavior of 
AlCoCrFeNix alloys. Similarly to what was reported by Qiu 
and Liu40, they observed that the corrosion resistance did 
not follow a linear relationship with the Ni content. Such 
varying trend was hypothesized to be originated from the 
possible predominance of other influencing factors such as 
alloy microstructure and distribution of alloying elements 
over the constituent phases. This statement is supported by 
the results. Nonetheless, this complex interaction was not 
addressed in the text. Huang et al.42 studied the corrosion 
behavior of CoCrNiAlTi HEAs with different nickel contents 
in sulfuric acid solution. They observed that nickel does 
not increase the stability of the passive film, acting as a 
hydrolysis promoter for Cr3+ ions, thus decreasing the 
corrosion resistance of the alloy.

The effect of cobalt concentration in the corrosion resistance 
of HEAs has received little attention in the literature. Qiu43 did 
not find a clear connection between the Co content and the 
corrosion resistance of Al2CrFeCoxCuNiTi HEA coating 
either in alkaline or sodium chloride solutions. Zhao et al.44, 
in turn, reported an increase in the passive film stability of 
sintered CoxCrCuFeMnNi HEAs. According to the authors, 
such result arises from two factors. Firstly, as the content of 
passivating elements (such as cobalt) increases, so does the 
passive film stability. Secondly, Co triggers the stability of 
Cr2O3 and Ni(OH)2-rich passive films as an adsorption layer 
of Co(OH)2 is formed. However, full characterization of the 
passive film composition was not shown. Additionally, the 
authors reckoned that corrosion resistance would be also 
determined by alloy’s microstructure which, in turn, depends 
on the Co concentration in the alloy. In fact, the alloys were 
comprised of two FCC phases. The first one (FCC1) was 
(Fe,Cr)-rich while the second one (FCC2) was (Co, Cu, 
Ni, Mn)-rich. The relative concentration of the Co-rich 
FCC2 phase increased with the Co content, and so did the 
corrosion resistance of the HEA. Electrochemical impedance 
spectroscopy measurements suggested that the passive film 
thickness increased with the Co content, thus enhancing its 
protective character against corrosion.

Recently, Wu et al.45 evaluated the corrosion mechanism 
of a non-equiatomic FeNiCoCr alloy (Fe40Ni20Co20Cr20) in 
0.1 M H2SO4 solution at room temperature. The corrosion 
resistance was found to be higher than that of conventional 
316L stainless steel. The explanation for the improved 
performance against corrosion was attributed to the composition 
and stability of the passive film. One aspect is related to the 
high Cr/Fe ratio in the passive film of the HEA. As reported 
in the literature, Ni hinders the access of Fe to the passive 
film, facilitating the increase of chromium concentration 
with respect to iron. An interesting aspect in the passivation 
process of the HEA is the role played by Co. Based on XPS 
results, the authors proposed that Co ions tend to enter the 
lattice of Cr2O3 or Fe2O3, replacing trivalent Cr and Fe ions 
at octahedral positions, thus forming mixed oxides such as 
CoCr2O4 and CoFe2O4. As a consequence of the relative dense 
structure of Co-doped oxides, the passive film tends to be 
more compact than that of a Co-free oxide layer, increasing 
the passive film stability. One further aspect that enhances 
the passive film stability of the HEA is the presence of bound 

water that helps in the healing of the oxide layer in case it 
breaks, preventing corrosion.

Manganese is one of the main alloying elements in 
many HEA systems due to its effect in the phase stability 
and mechanical properties. Thus, its role in the passivation 
processes of these multiprincipal component alloys is worth 
investigating. Hence, the ramifications of alloy composition 
on the corrosion resistance of HEAs were subject of studies 
devoted to understanding the effect of the manganese content. 
Torbati-Sarraf et al.46 gave an important contribution on this 
topic by studying the effect of Mn incorporation on the pitting 
corrosion of CrFeCoNi HEAs at different temperatures. The Mn-
free alloy was less prone to pitting than the Mn-containing one. 
XPS analyses of the passive films were effective at revealing 
that Mn addition depleted the Cr compounds in the passive 
film, thus increasing its dissolution rate, and reducing the 
pitting corrosion potentials. Similar conclusions were drawn 
by Wong et al.47 for Al0.3CoCrFeNiMnx HEAs. Passivating 
chromium and nickel compounds were depleted as the Mn 
content increased, thus hampering the corrosion protection 
ability of the oxide film. The deleterious effect of Mn on 
the corrosion resistance of conventional metallic alloys is 
documented in the literature. Manganese oxide is found to 
be unstable in Fe-Mn alloys48. Sahu et al.49 have confirmed 
the connection between manganese and pitting corrosion 
susceptibility of NiFeCrMnCo non-equiatomic HEAs.

Copper addition is reported to boost the corrosion 
resistance of HEAs10. Abolkassem et al.50 assessed the corrosion 
resistance of FeNiCoCr HEA with Cu addition in acidic 
solutions. The alloys were prepared by powder metallurgy. 
Based on the characterization of the corrosion behavior of the 
alloys, the Cu-containing HEA was less prone to corrosion 
than the FeNiCoCr-base alloy. Homogeneous distribution 
of passivating elements in the passive film (including Cu) is 
assumed as the central cause of the high corrosion resistance 
of the Cu-containing alloy. Even though these results point 
to a beneficial effect of Cu on the corrosion resistance of 
the HEA, one should not neglect the possible detrimental 
nature of Cu segregations. The relevance of avoiding Cu 
segregation in the CoCrFeNiCu system has been recognized by 
Zheng et al.51. The extensive segregation at grain boundaries 
or interdendritic regions arises from high mixing enthalpies 
between Cu and Co, Cr and Fe52. These authors focused on 
the relationship between Cu segregation, microstructure 
and mechanical properties of CoCrFeNiCu HEA. Other 
researchers have also explored the interplay between Cu 
segregation and the electrochemical behavior of the HEA. 
Nene et al.53 gave a clear picture of the prominent role played 
by Cu segregation on the corrosion behavior of vacuum arc-
cast Fe38.5Mn20Co20Cr15Si5Cu1.5 HEA. Cu segregation was 
found to control the corrosion response in sodium chloride 
solution. Non-uniform pitting corrosion was observed for 
the Cu-containing alloy due to Cu segregation at specific 
sites. By eliminating segregation through a friction stir 
processing, the number of pits was significantly reduced, 
as well as pitting susceptibility. Further explanation of the 
corrosion mechanism was based on the lower passivation 
tendency of the alloy in the presence of Cu segregations, as 
the passive film becomes less stable due to microgalvanic 
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cells formed between the alloy matrix (depleted in Cu) and 
the Cu-rich regions.

Scully et al.54 gave an excellent overview to drive the 
development of corrosion resistant multi-principal alloys. 
The importance of selecting alloying elements that enable 
the formation of protective oxide films was highlighted. As a 
rule-of-thumb for successful design against corrosion, some 
points were pinpointed such as the passivation ability of the 
chosen element, thus forming a prominent part of the oxide, 
adding dopants that are known to enhance the passivation 
stability of the dominant oxide, and choosing elements that 
are capable of forming a new oxide compound.

3. Corrosion Properties
In the previous section, fundamental aspects of the 

complex relationship between microstructure, chemical 
composition, stability of the passive film and the corrosion 

behavior of HEAs were reviewed. In the past few years, 
many researchers have developed huge variety of new multi-
principal element alloys, exploring different compositions 
and properties. Alloy composition has an obvious importance 
in this regard, determining the most important structural 
features and deeply affecting the passive film stability. 
The main goal of the present section is to provide the reader 
a detailed panorama of the current literature with respect 
to alloy composition, structure and corrosion properties of 
HEAs. Based on a thorough assessment of literature reports, 
relevant data were obtained for different materials, as displayed 
in Tables 1 and 2, for results obtained in acidic and sodium 
chloride solutions, respectively. Corrosion potential (Ecorr) 
and corrosion current density (icorr) values are presented. 
Pitting potentials (Epit) and passive current densities (ipass) are 
also shown, when available. All potentials were converted 
to the saturated calomel electrode (SCE) unit. Electrolyte 

Table 1. Alloy composition, structure and corrosion properties of different HEAs. Data obtained in acidic solutions.

Alloy composition Structure Ecorr 
(mVSCE)

icorr (µA.
cm-2)

ipass (µA.
cm-2)

Epit 
(mVSCE)

Additional 
comments Reference

CoCrFeNi FCC 161 15.8 4.5 244 Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

26-a

AlCoCrFeNi FCC + BCC 148 13.1 13.9 252 26-b

Co1.5CrFeNi1.5Ti0.5 FCC 150 30 9 1089

Interdendrites 
rich in Ti and Ni; 

dendrites rich 
in Fe and Cr; 

Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

28-a

Co1.5CrFeNi1.5Ti0.5Mo0.8
FCC + Cr and Mo-
rich sigma phase 172 69 22 1089

Interdendrites 
rich in Cr and 
Mo; dendrites 

rich in Co and Ni; 
Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

28-b

CoCrFeNiMo0.4
FCC + Cr and Mo-
rich sigma phase -289 0.712 6 88.5

Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

30

CoCr2Ni2AlTi Two BCC phases + 
AlxCo -240 7.24 2.45 886

Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

42-a

Co2Cr2Ni2AlTi FCC + BCC + 
NiCoCr + AlxCo 107 0.654 1.54 901 42-b

CoCr2Ni3AlTi Two BCC phases + 
FCC + AlxCo -102 4.3 2.23 936 42-c

Fe40Ni20Co20Cr20 FCC 34 ---- 4.7 862
Electrolyte: 0.1 
mol.L-1 H2SO4 
solution at RT

45

AlCuCoFeNi FCC + BCC -58 7.9 ---- ---- Cu-rich FCC 
phase; Al and 
Ni-rich BCC 
phase; Ti and 
Cr promoted 

grain refinement; 
Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

55-a
AlCoCuFeNiCr BCC + FCC -75 5.1 ---- ---- 55-b
AlCoCuFeNiTi FCC+BCC+Laves -253 44.8 ---- ---- 55-c

AlCoCuFeNiCrTi FCC+BCC+Laves -256 39.6 ---- ---- 55-d
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Table 1. Continued...

Alloy composition Structure Ecorr 
(mVSCE)

icorr (µA.
cm-2)

ipass (µA.
cm-2)

Epit 
(mVSCE)

Additional 
comments Reference

AlCoCrFeNi FCC + BCC + B2 
(ordered BCC) -188 30.4 2.12 1008

Annealed at 
1100°C for 48 h 
and quenched in 

water; Cr enriched 
in the BCC phase; 

Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

56

FeCoCrNiAl0.3 FCC -294 17.93 2.58 901
Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

57

AlCoCrFeNiTi0.5 ---- -100 0.57 26 950
Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

58

CoFeCrNi FCC -250 ---- 4.63 ---- Mn degraded 
passive film 

stability; 
Electrolyte: 0.1 
mol.L-1 H2SO4 
solution at RT

59-a
CoFeCrNiMn FCC -320 ---- 4.37 ---- 59-b

(CoFeNiMn)75Cr25 FCC -310 ---- 4.33 ---- 59-c

(CoFeNi)80Cr20 FCC -240 ---- 3.59 ---- 59-d

CrMnFeNi FCC 26 191 ---- 1568 Homogeneous 
element 

distribution in 
dendrites and 
interdendrites; 
Electrolyte: 0.5 
mol.L-1 H2SO4 
solution at RT

60-a

CrMnFeNiLa0.1 FCC 73 338 ---- 1346 60-b

Table 2. Alloy composition, structure and corrosion properties of different HEAs. Data obtained in sodium chloride solutions.

Alloy composition Structure Ecorr 
(mVSCE)

icorr (µA.
cm-2) ipass (µA.cm-2) Epit (mVSCE) Additional 

comments Reference

CoCrFeNi FCC -234 ---- 4.0 ----
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

17-a

CoCrFeNiAl BCC + B2 
(ordered BCC) -300 ---- 6.3 667

Al0.3CoCrFeNi FCC -195 0.0835 1.24 460

Increasing Al 
content reduces 
the corrosion 

resistance (thicker, 
less stable passive 
film); Electrolyte: 

3.5 wt.% NaCl 
solution at RT

27

CoCrFeNiMo0.4

FCC + Cr and 
Mo-rich sigma 

phase
-261 0.082 16 948

Electrolyte: 
3.5 wt.% NaCl 
solution at RT

30

FeCoNiCr0.5 FCC -319 2.36 ---- 453
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

31

AlCr2.5FeNi2Cu1.6 FCC + BCC -516 1.25 ---- -21
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

34

CoCrFeMnNi FCC -230 0.14 ---- ----
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

37
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Table 2. Continued...

Alloy composition Structure Ecorr 
(mVSCE)

icorr (µA.
cm-2) ipass (µA.cm-2) Epit (mVSCE) Additional 

comments Reference

Al2CrFeCoCuTiNi FCC + BCC -220 13 ---- ----

Increasing Ni 
contents reduced 

the corrosion 
resistance; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

40-a

Al2CrFeCoCuTiNi2 FCC + BCC -500 67 ---- ---- 40-b

Al2CrFeCo1.0CuNiTi ---- -220 0.013 ----

No passivity 
breakdown up to 

1.2 VSCE

Laser-cladded 
coatings on Q235 

steel substrate; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

43-a

Al2CrFeCo1.5CuNiTi ---- -510 0.074 ---- 43-b

Co2CrCuFeMnNi Two FCC 
phases -787 6.95 ---- 19

Sintered alloy; the 
FCC phase with 

higher Co content 
is more resistant 

to corrosion; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

44

CrMnFeCoNi FCC 142.5 0.105 ---- 460

Cr-depleted 
interdendrites are 
the starting point 

for corrosion; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

61

‘(CoCrFeNi)95Nb5 FCC -128 7.23 41.3 502

Plasma sprayed 
coating on Q235 
steel substrate; 

Electrolyte: 
3.5 wt.% NaCl 
solution at RT

62

Al0.9CoCrFeNi
FCC + BCC 

+ B2 (ordered 
BCC)

-216 0.093 ---- 164
Electrolyte: 

3.5wt.% NaCl 
solution at RT

63-a

Al0.9CoCrFeNiTi0.5

BCC + B2 
(ordered BCC) 
+ Fe-Cr sigma 

phase

-347 0.310 ---- 184 63-b

CoCrFeNi2 FCC -290 0.129 ---- 320

Mo enrichment 
in the passive 
film reduces 

pitting corrosion 
susceptibility; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

64-a

CoCrFeNi2Mo0.25 FCC + HCP -260 0.125 ---- 910 64-b

(Fe-Co-Ni)15(Al-Ti-Zr)85

FCC + 
amorphous 

phase
-460 2.046 ---- ----

Multi-component 
films obtained 
by sputtering 

on Si substrate; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

65-a

(Fe-Co-Ni)20(Al-Ti-Zr)80

FCC + 
amorphous 

phase
-281 0.586 ---- ---- 65-b
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Table 2. Continued...

Alloy composition Structure Ecorr 
(mVSCE)

icorr (µA.
cm-2) ipass (µA.cm-2) Epit (mVSCE) Additional 

comments Reference

(Fe-Co-Ni)25(Al-Ti-Zr)75

FCC + 
amorphous 

phase
-260 0.062 ---- ---- 65-c

Al0.3Cr0.5FeCoNi FCC -185 0.1 ---- 350

Increasing the 
Cr content in 
the alloy, the 

FCC and BCC 
phases became 
enriched with 

Cr; Electrolyte: 
3.5 wt.% NaCl 
solution at RT

66-a

Al0.3Cr2FeCoNi
FCC + BCC 

+ B2 (ordered 
BCC)

-99 0.01 ---- No breakdown 
up to 2 VSCE

66-b

TiCrVNb0.5Al0.5 BCC -450 0.089 ---- 1950

Uniform 
distribution of 

elements without 
segregation; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

67

Al0.5CoCrFeNi FCC -570 0.17 ---- 130

As-cast condition; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

68

CoCrFeNiMo0.2 FCC -192 0.00184 ---- 827

Mo enhances 
passivity (passive 
film composition 

not shown); 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

69

(CoCrFeNi)98Mo2 FCC -191 0.07 ---- ----

Aging at 900 
°C for 16 h, 

followed by water 
quenching; Co and 
Fe-rich dendrites; 
Cr and Mo-rich 
interdendrites; 

Electrolyte: 
3.5 wt.% NaCl 
solution at RT

70-a

(CoCrFeNi)98Mo3

FCC + 
Mo-rich 

precipitates
-194 0.22 ---- ---- 70-b

AlCoCrFeNiCu0.5 FCC + BCC -282 1.77 ---- ----

Equiaxed grains 
(grain size smaller 
than 30 µm); no 

Cu segregation in 
grain boundaries; 

Electrolyte: 
artificial seawater

71
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Table 2. Continued...

Alloy composition Structure Ecorr 
(mVSCE)

icorr (µA.
cm-2) ipass (µA.cm-2) Epit (mVSCE) Additional 

comments Reference

CoCrFeNi FCC -238 ---- ---- 575

Sn increases 
the corrosion 
resistance of 
CoCrFeNi, 

whereas Al and 
Cu decrease; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

72-a

CoCrFeNiAl BCC + B2 
(ordered BCC) -303 ---- ---- 316

72-b

CoCrFeNiCu

FCC (matrix) 
+ Cu-rich 
FCC (Cu 

segregation)

-161 ---- ---- -50
72-c

CoCrFeNiSn FCC + HCP -233 ---- ---- 1118 72-d

CoFeMn1.2NiGa0.8 FCC + BCC -416 1.11 ---- 790
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

73

Al10Co24Cr10Fe15Ni34Ti6Cu1 FCC -63 0.022 ---- ----

Fe, Co and Cr 
enriched in the 

dendrite region; Al 
and Ti enriched in 
the interdendrite 

region; 
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

74

CoCrFeNiGe0.3 FCC -34 0.56 2.51 1410

GeO2 oxide 
present in the 
passive film 
increases the 

corrosion 
resistance 

with respect to 
CoCrFeNi HEA; 

Electrolyte: 
3.5 wt.% NaCl 
solution at RT

75

Co30Cr20Fe30Ni20 ---- 12 2.32 2.01 970
Electrolyte: 

3.5 wt.% NaCl 
solution at RT

76

Ni2CrFeMo0.2 ---- -179 0.896 5.404 920 77

composition is mentioned to allow comparing the alloys in 
compatible environments. Additional comments are also 
given to highlight critical aspects related to distribution of 
elements, as well as the effect of specific alloying elements 
on the corrosion resistance and passive film stability of the 
HEAs. Also, the heat treatment condition of the alloy is 
mentioned, whenever it is a relevant part of the experimental 
procedure. If not mentioned, the alloy was not heat treated 
after processing. The information shown in these tables 
will serve as the basis for the materials selection procedure 
developed in the next section.

4. Materials Selection
The first step of the materials selection process based 

on the Ashby method is translation. In this step, design 

requirements are defined such as the function played by the 
material, the objective (what is to be maximized), constraints 
and free variables. A general function will be defined for this 
purpose, considering a structural component manufactured 
from a multi-principal alloy. The objective is to maximize 
the corrosion resistance of the alloy. The constraints are 
related to the corrosive environment (acidic or sodium 
chloride solutions). The free variables are the choice of 
material, component size and section area. This information 
is shown in Table 3.

The second step is to screen the candidates based on the 
constraints. This part of the selection process can be promptly 
done based on the information shown in Tables 1 and 2, as 
the corrosion properties displayed therein were obtained for 
acidic and sodium chloride solutions, respectively. However, 
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from this point on, we will separate our selection process in 
two parts. The first one is devoted to materials to be used in 
acidic environments and the second one is referred to sodium 
chloride solutions. Such assumption makes the outputs of 
the materials selection procedure more accurate, as we avoid 
comparing materials exposed to different environments that 
could lead to distinct corrosion behaviors.

By defining the constraints, the candidates that should 
be ranked in the third step are taken from Tables 1 and 2. 
Ranking is based on the objective previously defined in 
Table 3. Now, the central question is what criterion should be 
considered to maximize the corrosion resistance of the HEAs. 
A good measure of the uniform corrosion susceptibility can 
be based on the corrosion current density (icorr), as a criterion 
to rank the anodic dissolution rate of different materials. 
In acidic solutions, graphical representation of icorr and 
Ecorr can provide useful insights on the uniform corrosion 
resistance of HEAs13. Low values of icorr indicate the best 
corrosion resistance with respect to slow corrosion kinetics.

However, for passive metals in sodium chloride solutions, 
as many types of HEAs, icorr is not the most suitable parameter, 
as localized corrosion is the dominant degradation mode. 
In this case, pitting potential (Epit) and the passive range 
(Epit-Ecorr). Large values of both parameters indicate the best 
resistance to localized corrosion.

4.1. Acidic solutions
Firstly, the corrosion resistance of HEAs in acidic 

electrolytes is considered. In Figure  1, the alloys whose 
corrosion properties are shown in Table  1 are displayed 
in a materials property chart of Ecorr vs. icorr. Each bubble 
represents a different alloy. The numbers in square brackets 
are referred to the references from which the corrosion 
properties were collected. Data for a 304 stainless steel, 
Cu, Ti and Ni alloys are also shown in this chart to allow 
for the comparison of its corrosion resistance with that of 
the HEAs. To avoid misleading conclusions, only alloys 
immersed in the same type of electrolyte were plotted in 
Figure 1 (0.5 mol.L-1 H2SO4 solution at room temperature). 
Hence, alloys from references [45] and [59], which were 
immersed in a more diluted solution (0.5 mol.L-1 H2SO4), 
were not included in Figure 1.

Based on the design criterion defined in the beginning 
of the present section, the most corrosion resistant materials 
are those with lowest values of icorr. They are indicated by the 
green and yellow balloons in Figure 1. The best candidates 
are ranked in the following order: 5 > 42-b > 30 > 42-c > 55-b 
> 42-a > 55-a.

As shown in Table 158, is the AlCoCrFeNiTi0.5 alloy, 42-b 
is the Co2Cr2Ni2AlTi alloy, and30 is the CoCrFeNiMo0.4 alloy. 
These alloys are the top ranked materials in Figure 1, followed 
by the Ti-6Al-4V alloy79. It is evident that the corrosion 

resistance of HEAs suppresses that of conventional Cu and 
Ni alloys, 304 stainless steel, and even of the Ti-6Al-4V alloy, 
depending on the alloy composition. Zhang et al.58 did not 
evaluate the composition of the passive film. They associated 
the high corrosion resistance of the AlCoCrFeNiTi0.5 alloy 
with an increase in the proportion of the Al-rich BCC phase 
with respect to the FCC matrix as the Al content increased 
in the alloy. With regard to the good performance of 
Co2Cr2Ni2AlTi alloy against corrosion, Huang et al.42 explain 
its high corrosion resistance based on the stability of the 
passive film that is promoted by the concomitant presence 
of Co and Cr. According to the authors, Co potentially 
inhibits Cr2O3 hydrolysis in the sulfuric acid solution, thus 
promoting the stability of the passive film. In fact, if one 
considers the pitting potential for this alloy (Table 1), it is 
higher than 900 mVSCE, denoting the formation of a stable 
surface oxide film. Another effect mentioned by the authors 
is that Co suppresses diffusion of sulfur, further enhancing 
the passive film stability by avoiding the formation of NiS. 
The results shown in Figure 1 give a clear indication that 
combining Co and Cr is an effective method of enhancing 
the corrosion resistance of HEAs in the CoCrNiAlTi system, 
provided that Ni is not excessively increased, as it would 
favor the formation of a more porous and non-protective 
passive film. Shang  et  al.30 ascribed the high corrosion 
resistance of CoCrFeNiMo0.4 alloy to the beneficial effect 
of Mo when present in the Mo6+ state (MoO3), provided it 
does not lead to the formation of σ-phase that may originate 
galvanic coupling with surrounding Mo-depleted regions, 
accelerating the corrosion rate. Hence, the passive film 
composition is critical for achieving stable surfaces. This is 
in line with the study by Scully et al.54, which highlighted the 
importance of the passive film to obtain corrosion-resistant 
HEAs. However, other aspects that must be taken into account 
to develop corrosion resistant HEAs, as also highlighted by 
Scully et  al., such as phase stability, substrate properties 
(metal-metal bonds), and structural heterogeneities.

The candidates with intermediate performance are 
circled by the yellow balloon in Figure 1. These alloys are 
described as follows from Table 1:42-c is the CoCr2Ni3AlTi 
alloy, 55-b is the AlCoCuFeNiCr alloy, 42-a is the CoCr2Ni2AlTi 
alloy, and 55-a is the AlCuCoFeNi alloy. As mentioned in 
the previous paragraph, Huang et al. 42 explain the different 
corrosion resistances of the CoCrNiAlTi HEAs based on the 
composition of the passive film, depending on the Cr2O3 content. 
For example, the reason why42-c displays larger icorr than 42-b 
is attributed to the formation of the unstable NiS layer due 
to its relatively high Ni content. Passive film stability is also 
the key to explain the relatively low icorr of 42-a with respect 
to 42-c. In this case, the low Co content of 42-a enables the 
formation of a less stable passive film when compared to 42-b. 
The beneficial role of Cr addition in enabling the formation 

Table 3. Design requirements for corrosion resistant HEAs.

Design requirements
Function Structural component

Constraints Acidic or sodium chloride electrolytes
Objectives To maximize the corrosion resistance

Free variables Component size and section area; choice of material
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of a stable passive film is also mentioned by Xiao et al.55 to 
explain the low icorr of 55-b when compared to 55-a.

Manganese is often reported as a deleterious element with 
respect to the passive film stability of HEAs46,47. In fact, the 
candidates with the worst corrosion resistance in Figure 1 are 
60-a and 60-b, as indicated by the red balloon. As shown in 
Table 1, Mn is a common alloying element for these alloys. 
There are, of course, further aspects that must be taken into 
account to explain the corrosion resistance of Mn-containing 
HEAs. The simple presence of Mn is not sufficient, per se, 
to hamper the corrosion resistance of the alloy. Interaction 
with other alloying elements is important, especially with 
regard to the composition of the passive film. However, it is 
known that manganese oxides are not as protective as other 
oxides, such as Cr2O3. Hence, alloy composition must be 
carefully designed to enhance passive film stability.

To further document the results displayed in the Ashby 
chart in Figure 1, additional information were collected from 
the references shown in Table 1. In this respect, the values of 
passive current densities (ipass) of selected HEAs are plotted 
in Figure 2. Only the alloys for which the ipass values were 
given in the corresponding reference have been included in 
Figure 2. This parameter can be envisaged as a measure of 
the anodic dissolution rate for passive metals. Low values 
of ipass indicate a slow dissolution rate. Although it is not 
always reported, it is useful to complement the insightful 
information plotted in the Ecorr x icorr Ashby chart. The data 
are referred to HEAs immersed in 0.5 mol.L-1 H2SO4 solution 
at room temperature, as in Figure 1.

If one compares the information in the bar chart shown 
in Figure 1 with the Ashby chart shown in Figure 1, some 
noticeable differences are seen. The most striking one is 
related to AlCoCrFeNiTi0.5 alloy58. It displays the lowest 
value of icorr but, as shown in Figure 2, its ipass is the highest 
one, indicating it is not a good candidate if one takes the 
resistance to localized corrosion into account. Similarly, the 
CoCrFeNiMo0.4 alloy30, which is the third best candidate 
according to the icorr values shown in Figure 1, is only at an 
intermediate position in Figure 2. Conversely, the best candidates 
in Figure 2 are in the following sequence: 42-b > 56 > 42-c > 42-a. 
So, alloys of the CoCrNiAlTi system42 have a remarkable 
corrosion resistance, independently if one looks to the general 
corrosion (icorr) or localized corrosion resistance (ipass). This 
result confirms the crucial role of passive film composition 

linked to the alloy design to yield the formation of a stable 
material against corrosion. If the HEA displays passivity, 
it is imperative to evaluate the electrochemical parameters 
related to localized corrosion in order to have a clear picture 
of the corrosion resistance in acidic solutions.

4.2. NaCl solution
The selection criteria for alloys immersed in sodium 

chloride solutions will follow a different approach from 
that discussed in the previous section. In this case, passivity 
breakdown is a major concern, as many HEA systems 
behave as passive metals in chloride-containing solutions. 
Consequently, pitting corrosion parameters should be of 
prime interest to select the most corrosion resistant materials 
instead of uniform corrosion parameters (corrosion potential 
and corrosion current density). In this regard, the Ashby chart 
displayed in Figure 3 is plotted, showing pit potentials (Epit) 
as a function of the passive range (Epit – Ecorr), based on the 
data presented in Table 2. The conventional 304 stainless 
steel, Ti-6Al-4V82 and Ti-6Al-3Nb-2Zr-1Mo83 alloys are also 
plotted as references. The most corrosion resistant materials 
should present large values of both parameters, indicating 
the stability of the passive film in the sodium chloride 
solution. The passive current density (ipass) could also be 
used as a design criterion for selecting corrosion resistant 
alloys in sodium chloride solutions, as it is a measure of the 
anodic dissolution rate for passive metals. However, as it 
is only available for a minor part of the alloys displayed in 
Table 2, it was not included in this chart. All alloys displayed 
in Figure 3 were immersed in 3.5 wt.% NaCl solution at 
room temperature, allowing an accurate comparison of their 
corrosion parameters. As in Figure 1, each bubble represents 
a different alloy, and the numbers in square brackets are the 
references from which the data were collected.

Most alloys are concentrated in the third quadrant of 
the chart, as shown in Figure 3. There are three alloys in 
the first quadrant that show superior resistance to localized 
corrosion, allying large Epit and passive range values, along 
with the Ti-6Al-3Nb-2Zr-1Mo83 alloy. Now, to clearly 
rank the candidates it is necessary to make additional 
assumptions. The best choice would be the one that gives 
the best compromise between the two parameters shown 
in the Ashby chart. It is evident from Figure 3 that 66-b and 
67 are the best candidates, followed by 75. However, the 
choice between 66-b and 67 is not clear at this point. To make 
it more evident, it is mandatory to give a further step to 
optimize the selection process. It is imperative to seek for 
the best compromise between the two properties. There 
are different ways of managing this dilemma. One simple 
solution is to ascribe different weights to each parameter, 
thus giving more importance to one of them in the selection 
process. Although this is an arbitrary decision, it is very 
useful, if employed with a fair assessment of the available 
information on the material’s performance to the intended 
application. A more quantitative approach can be derived 
from the Ashby method based on conflicting objectives, 
and the use of penalty functions. The interested reader can 
find detailed information about this method in reference 25. 
Briefly, a penalty function (Z) can be expressed as displayed 
in Equation 1, where α is called exchange constant. It is a 

Figure 1. Ashby chart showing Ecorr vs. icorr for the alloys displayed 
in Table 1 (corrosion properties in acidic solution).
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measure of the increase in penalty when a unit increment 
of a specific performance metric (P), if all other metrics 
are constant. P is a performance metric. Each objective of 
the materials selection process is a performance metric25.

1 1 2 2 3 3 .Z a P a P a P= + + … 	 (1)

In this work, we adopt the second strategy in order to 
more clearly view the distinct performances of the alloys in 
Figure 3. Following this approach, the data in Figure 3 were 
replotted in the trade-off plot shown in Figure 4, displaying 
the reciprocal of the metric parameters (1/Epit and 1/(Epit-Ecorr) 
in the plot axes. This step is needed because, when penalty 
functions are used, the best choice is the one that minimizes 
its value25. Thus, to select the most corrosion resistant HEAs 
we need to choose the candidates with the lowest values of 
1/Epit and 1/(Epit-Ecorr) in Figure 4. We can, therefore, define 
a penalty function (Z), as shown in Equation 2, where 
α1 and α2 are exchange constants whose values are arbitrary, 
depending on the relative weights given by the designer 
to each performance metrics. In the present work, we will 
consider the same weight to both metrics (Epit and Epit-Ecorr), 
so α1 is equal to α2.

( )1 2 .1/ .1/pit pit corrZ a E a E E= + −  	 (2)

The trade-off surface gives a visual indication of the 
best candidates. They are located close to the surface, giving 

the lowest values of Z. It is evident that the best candidates 
are67 and 66-b, followed by 75. However, the candidate that 
gives the best compromise between the two performance 
metrics is67, as it minimizes the value of the penalty function. 
As shown in Table 2, 67 is the TiCrVNb0.5Al0.5 alloy, 66-b is 
the Al0.3Cr2FeCoNi alloy and 75 is the CoCrFeNiGe0.3 alloy. 
The best candidate is the TiCrVNb0.5Al0.5 alloy manufactured 
by Li et al.67. It is a single phase BCC alloy. According to 
the authors, this fact, allied to the presence of passivating 
elements such as Ti, Nb and Cr in the passive film, promoted 
the formation of a highly stable passive film. The main 
components in the passive film were the highly stable species 
TiO2 and Cr2O3, thus giving rise to a remarkable resistance 
against pitting corrosion. The second best candidate is the 
Al0.3Cr2.0FeCoNi alloy developed by Yan et al.66. Chromium 
addition to the Al0.3FeCoNi alloy enabled the enrichment 
of Cr2O3 in the passive film, thus improving the corrosion 
resistance of the base alloy. As a consequence, pitting 
formation was suppressed (no pitting potential was observed 
up to 2.0 VSCE) and the corrosion current density decreased. 
The composition of the passive film was scrutinized by XPS 
analysis, confirming Cr2O3 enrichment in the passive film. 
This work consistently shows the importance of Cr addition 
to obtain corrosion resistant HEAs. Furthermore, tailoring of 
passive film composition can give a remarkable increase of 
resistance to pitting corrosion. The beneficial role played by 
Cr addition is the central aspect of this achievement. The third 
best candidate was the single-phase FCC CoCrFeNiGe0.3 alloy 
developed by Liu et al.75. The superior corrosion resistance of 
the Ge-containing alloy with respect to the base CoCrFeNi 
alloy was ascribed to the formation of GeO2 as part of the 
passive film.

From Figure 4, the ranking of corrosion resistant HEAs 
would proceed as follows: 30 > 77 > 64-b > 73 > 69 > 76 > 17-b. 
As shown in Table 2, 30 is the CoCrFeNiMo0.4 alloy, 77 is the 
Ni2CrFeMo0.2 alloy, 64-b is the CoCrFeNi2Mo0.25 alloy, 73 is the 
CoFeMn1.2NiGa0.8 alloy, 69 is the CoCrFeNiMo0.2 alloy,76 is 
the Co30Cr20Fe30Ni20 alloy, and 17-b is the CoCrFeNiAl alloy. 
According to Shang et.30, Mo can enhance the corrosion 
resistance of CoCrFeNiMox HEAs, depending on its content, 
if the formation of galvanic couples by the precipitation of 
Mo-rich phases is avoided. Similarly, Wei et al.77, have point 
to the beneficial effect of Mo to the corrosion resistance of 
HEAs of the Ni2CrFeMox, as it enhances passivity, since 
precipitation of Mo-rich σ-phase is restricted by proper additions 

Figure 2. Bar chart showing the values of ipass for selected HEAs 
in 0.5 mol.L-1 H2SO4 solution at room temperature.

Figure 3. Ashby chart showing Epit vs. Epit - Ecorr for the alloys 
displayed in Table 2 (corrosion properties in sodium chloride solution). Figure 4. Trade-off plot showing 1/Epit versus 1/(Epit-Ecorr).
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of Mo to the base alloy. Rodríguez et al.64 ascribed the high 
corrosion resistance of the CoCrFeNi2Mo0.25 to the formation 
of Cr2O3 and MoO2 in the passive film. Sun et al.73 explained 
the high corrosion resistance of the CoFeMn1.2NiGa0.8 alloy 
due to homogeneous distribution of Ni and Co on the 
surface oxide film, forming a protective layer against 
corrosion. Any specific role is ascribed to Ga as a relevant 
element to the corrosion protection ability of the passive 
film. In reference 69, the good corrosion resistance of the 
CoCrFeNiMo0.2 alloy is associated with the positive effect of 
Mo in forming a passive film with high stability. However, 
no further details are given about the composition of the 
passive film and how Mo affects the corrosion behavior of 
the HEA. Nascimento et al.17 explained the high corrosion 
resistance of the CoCrFeNi alloy due to the high concentration 
of Cr2O3 in the passive film.

The design criteria shown in Figure 4 can effectively drive 
the development of new corrosion resistant HEAs. If one 
bears in mind that homogeneous microstructure favors the 
formation of a stable passive film (single phase alloys without 
precipitates), then, specific passivating elements can lead to 
outstanding resistance to localized corrosion. The outputs of 
our selection process indicate that Ti, Nb and Ge can greatly 
enhance the stability of the passive films of HEAs, provided 
a homogeneous microstructure is formed. Notwithstanding 
the usefulness of the data shown in Figure 4, it is important 
to highlight the lack of published data regarding the passive 
current densities of HEAs in sodium chloride solution. 
As shown in Table 2, few reports bring this information. 
However, it plays a pivotal role in the corrosion kinetics of 
passive metals. Future reports should provide this information 
to help consolidating materials selection criteria that could 
consistently drive the development of corrosion resistant 
HEAs. Despite this limitation, it is clear that most of the 
HEAs whose data are plotted in Figure 4 greatly surpass the 
corrosion resistance of the conventional 304 stainless steel 
and Ti-6Al-4V alloy, revealing the great interest that this 
new class of materials brings to the scientific community.

Documentation can be sought to further consolidate the 
design criteria established in Table 3. One further step into 
this direction may be realized from the bar chart shown in 
Figure 5. It displays the values of Epit for selected HEAs, as 
collected from Table 3. Additionally, Epit for conventional 
304 stainless steel42, and for the Ti-6Al-3Nb-2Zr-1Mo83 alloy 
are also included for comparison purposes. The best 
candidates to withstand localized corrosion are those with 
the largest values of Epit. Careful analysis of Figure 5 allows 
one to reach to similar conclusions than those obtained from 
the trade-off plot shown in Figure 4 by showing that the 
most corrosion-resistant HEAs are 66-b, 67 and 75. However, 
ranking does not follow the same order than that shown in 
Figure 4. Subtle differences can be perceived. For instance, 
Al0.3Cr2FeCoNi alloy66-b displays the largest Epit, followed 
by TiCrVNb0.5Al0.5 alloy67, which is an inverted position if 
one compares with the trade-off plot of Figure 4. On one 
hand, a more complete picture of the passive film stability 
is built when both criteria, Epit and Epit-Ecorr (passive range) 
are considered simultaneously, as shown in Figure 4. On the 
other hand, Figure 5 is useful to confirm and support this 
interpretation, as a simple way of visualizing the performance 

of HEAs against localized corrosion exposed to sodium 
chloride solutions.

5. Future Prospects
Next steps towards the development of corrosion resistant 

HEAs must encompass the critical aspects revealed in the 
previous sections. The major design guidelines must rely 
on the basic principles of achieving an alloy with uniform 
distribution of alloying elements, homogeneous microstructure 
and compact passive films. From the materials selection 
procedure undertaken in the previous section, chromium is 
the most important individual passivating element. However, 
proper combinations of other passivating elements such as 
Al, Ni, Mo, Co and Ti may improve the corrosion resistance 
at specific compositions. Conversely, Mn and Cu are mainly 
reported as having deleterious effect on the passive film 
stability, especially if segregations are formed. Based on 
these observations, a general framework of the main practical 
recommendations for enhancing the corrosion resistance of 
HEAs can be synthesized as shown in Figure 6.

In spite of the practical utility of these guidelines, this design 
problem is quite complex. Roy and Balasubramanian84 highlight 
the challenging task of designing HEAs due to the huge 
number of possible combinations, exceeding 590 billion, if 
one considers 75 different stable elements and a 10% change 
in the atomic fraction of each element in HEAs with three 
to six elements. As a consequence, computational tools 
may give a valuable contribution to future studies not only 
devoted to new HEA formulations but also to tailor specific 
properties for desired applications. Recent works show the 
importance of integrated computational materials engineering 
(ICME) in the development of corrosion resistant alloys85,86. 
Combination of such tools with empirical knowledge of 
already developed materials is the next step in this dynamic 
research field.

In addition to support of computational tools to formulate 
new HEAs, it is imperative to expand the current knowledge 
on the corrosion behavior of these materials by further 
characterizing their electrochemical properties in typical 
corrosive environments such as acidic solutions and sodium 
chloride solutions. There is a lack of information regarding 
some electrochemical parameters, especially passive current 
densities. Moreover, further understanding on the correlation 

Figure 5. Bar chart showing the values of Epit for selected HEAs 
in 3.5 wt.% NaCl solution at room temperature.
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between passive film composition and corrosion properties 
is still needed for several HEA systems. Future experimental 
works should be devoted to clarifying such as aspects. 
Additionally, novel studies on the local electrochemical 
activity of multiphase HEAs are also lacking in the current 
literature. In this scenario, scanning high resolution probe 
techniques such as scanning electrochemical microscopy 
(SECM) should valuable information to understand the 
influence of different crystalline phases on the corrosion 
resistance of HEAs with heterogeneous microstructures. 
This is still an open field in the current literature.

6. Conclusions
The corrosion resistance of multi-principal element 

alloys depends on the combination of a set of attributes that 
are mainly related to chemical homogeneity with respect 
to elemental distribution through grain boundaries and 
crystalline phases. Moreover, passive film stability plays 
a central role in this regard. To meet the best performance 
against corrosion, careful composition control is, therefore, 
demanded. The Ashby method was effective at identifying 
the most corrosion resistant HEAs developed up to date 
whose corrosion properties are available in the literature. 
Based on the values of corrosion potential and corrosion 
current densities, the best candidate was Co2Cr2Ni2AlTi alloy 
in acidic solutions. In sodium chloride solution the design 
criteria were based on pitting potentials (Epit) and passive 
range (Epit-Ecorr), seeking for alloys with high resistance to 
localized corrosion. The use of a trade-off plot and penalty 
function (Z) was useful to represent the corrosion data, 
consistently indicating the best way to rank different HEAs 
with respect to their resistance to pitting and/or crevice 
corrosion. The best candidates were TiCrVNb0.5Al0.5 and 
Al0.3Cr2FeCoNi alloys. Further documentation steps can give 
additional support to the materials selection process. In this 
regard, passive current densities (ipass) may be individually 
assessed with this purpose, giving a clear assessment of the 
anodic dissolution rate in passive metals. Likewise, pitting 
potentials may be represented individually as bar charts in the 

documentation step of the Ashby process, giving additional 
support to the information obtained in the ranking step.

The stability of the passive film depends on the alloying 
elements, and the formation of a homogeneous microstructure. 
Titanium and chromium are the most attractive passivating 
elements, as reported in the literature, provided microstructural 
and compositional homogeneities are maintained. In the same 
way, molybdenum can enhance the stability of the passive 
film of in Co and Cr-containing HEAs, if galvanic couples 
are not formed due to the precipitation of Mo-rich phases.
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