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Abstract  

The long-term corrosion resistance of the CoCrFeNi-based high-entropy alloys and austenitic 

stainless steels were investigated. According to the gravimetric tests, in the 0.6 M NaCl + 0.1 M 

HCl solution with and without 10 mM H2O2 the general corrosion rates of Mo-containing 

CoCrFeNiMo0.4 and AISI 316L were higher than that of AISI 304 due to the uneven distribution 

of Cr and Mo and the lower Cr content, respectively. However, both steels were considerably 

prone to intergranular corrosion in the presence of hydrogen peroxide. As for CoCrFeNiMo0.4, 

only the matrix areas depleted in Mo and located proximately to the (Cr, Mo)-rich σ-phase were 

slightly susceptible to pitting corrosion. The corrosion rate of CoCrFeNiMo0.4 was also 

significantly lower than those of both steels in the 0.4 M FeCl3 solution. The small σ-phase 

content in the CoCrFeNiMo0.4 microstructure and overall Cr and Mo distribution effectively 

suppressed its selective corrosion. According to the anodic curves of CoCrFeNiMo0.4, the onset 

of metastable pitting was possible, which could also explain the alloy’s weight loss during the 

long-term corrosion tests. CoCrFeNiAl0.5Cu0.5 did not passivate in any test solution, and the 

oxidizers intensified its active dissolution initiated in the Cu-based precipitates. Comparing the 

results of gravimetric tests and polarization measurements demonstrated quantitative 

discrepancies between them due to the onset of a steady state during the long-term tests and 

with the determination of the average corrosion rate rather than the instantaneous one. This 

phenomenon should be carefully considered when justifying the alloys’ potential applications. 
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1. Introduction  

Currently, high-entropy alloys (HEAs) based on 3d-transition metals, mainly Co-Cr-Fe-Ni 

systems, are being widely studied. Alloying with additional elements such as Mo, Al, and 

Cu allows the properties of the material to be varied, improving its mechanical and/or 

corrosion characteristics [1, 2].  

The effect of molybdenum on the corrosion resistance of the Co-Cr-Fe-Ni HEAs was 

studied in Refs. [3–9]. Hu et al. [3] performed a study of the CoCrFeNiMox (x = 0–1) 

corrosion behavior in 0.005 M H2SO4 and showed that Mo, on the one hand, contributed to 

the passive layer enrichment with Cr2O3. On the other hand, an increase in the Mo 

concentration led to an increase in the relative content of the σ-phase, which was cathodic to 

the FCC matrix. When x equalled 0.6, the positive effect of Cr2O3-enrichment on the 

corrosion resistance surpassed the negative effect of the FCC matrix dissolution. Dai et al. 

[4] conducted immersion tests of the CoCrFeNiMox (х= 0; 0.1; 0.3; 0.6) in 6 wt.% FeCl3 + 

0.05 M HCl at 60°С and showed that the HEAs with х= 0 and х= 0.1 were susceptible to 

pitting corrosion, and it was much more intense on the Mo-free alloy’s surface. In the case 

of CoCrFeNiMo0.3 the areas around the (Cr, Mo)-enriched phases were preferentially 

dissolved, and in the case of CoCrFeNiMo0.6 the entire (Cr, Mo)-depleted matrix was prone 

to localized corrosion. Wang et al. [5, 6] subjected single-phase Co5Cr25Fe25Ni40Mo5 (at.%) 

and Co5Cr15Fe10Ni60Mo10 (at.%) to the passivation treatment in the 0.05 М H2SO4 

background solution and obtained a bilayer protective film [6]. The inner barrier layer 

consisted mainly of Cr2O3, whereas the outer layer was enriched in the Cr(III) hydroxide, as 

well as in the Mo(IV) and Mo(VI) oxides [6]. The film provided high resistance to the 

localized corrosion during subsequent potentiodynamic anodic polarization in the 

background solution with the addition of NaCl up to 5 M [5]. Wang et al. [7] carried out 

potentiostatic polarization of the CoCrFeNiMo HEA in the CO2-saturated 50 g/L NaCl 

solution (pH 3.8). It was shown that an increase in the potential of the passive film formation 

resulted in a decrease in the Cr and Mo content in the film. However, the local passive films, 

formed on the σ- and μ-phases, were enriched in Cr and Mo oxides than those formed on the 

FCC matrix. At potentials corresponding to the transpassive region, the local passive films, 

formed on the matrix, dissolved, and the σ- and μ-phases remained protected, which led to 

the selective corrosion. Corrosion studies of the HEAs based on the Co-Cr-Fe-Ni system 

with the additions of Мо, Al, Ti, Mn, Cu, V, Nb, La, Sn, Ge, Ga, Si were carried out in the 

0.6 M NaCl and 0.5 M H2SO4 solutions. A thorough analysis of the obtained results is 

presented in Refs. [8, 9]. It was shown [9] that, among HEAs of various compositions, 

CoCrFeNiMo0.4 is one of the most resistant to general corrosion in 0.5 M H2SO4, surpassing 

AISI 304 stainless steel (SS).  

The effect of aluminium and copper on the corrosion resistance of the Co-Cr-Fe-Ni 

HEAs was studied in Refs. [10–15]. Fu et al. [10] showed that a slight increase in the Al 

concentration improved the corrosion resistance of CoCrFeNiAlx (x = 0.1, 0.3) in 0.5 М 

H2SO4 due to an increased content ratio of the chromium, iron and aluminium oxides to their 
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hydroxides in the passive layer, which ensured the formation of a denser protective film. 

However, increasing Al content was detrimental to general corrosion resistance in 0.5 M 

HCl. Uniform corrosion with the preferential dissolution of some crystallographic planes 

was observed. Wei and Qin [11] showed that, during the initial corrosion period of the 

eutectic dual-phase CoCrFeNi2.1Al HEA in 0.5 M H2SO4, the FCC and BCC phases formed 

a microgalvanic couple, in which the BCC phase, enriched in aluminium and nickel and 

depleted in chromium, acted as an anode. As the selective corrosion of the BCC phase 

proceeded, the entire lamellar structural constituent (FCC+BCC) began to preferentially 

dissolve compared to the irregular regions. Song et al. [12] subjected the eutectic 

CoCrFeNi2.1Al HEA to potentiostatic polarization in the 0.005 M H2SO4+0.05 M NaCl 

solution at various temperatures. Only pitting corrosion occurred at 5°С. At more elevated 

temperatures (25, 40, and 60°С), selective corrosion developed along with pitting. The 

preferential dissolution of the (Al, Ni)-rich BCC phase accelerated with increasing 

temperature and became the main type of damage. Li et al. [13] showed that the 

CoCrFeNiAl0.5Cu0.5 HEA with the FCC structure could passivate in 0.5 М H2SO4. However, 

there was no passive region on the polarization curves obtained in 0.5 NaCl. This HEA’s 

corrosion resistance was inferior to that of single-phase CoCrFeNiAlCu0.5 with the BCC 

structure but superior to that of dual-phase CoCrFeNiAl1.5Cu0.5 with the duplex structure 

(FCC and BCC). Li et al. [14] managed to enhance the corrosion resistance of the 

CoCrFeNiCu HEA in 0.6 M NaCl by the Cu segregation improvement and grain refinement, 

which resulted in the increased passive film stability. Chen et al. [15] significantly improved 

the corrosion resistance of the CoCrFeNiAl0.3Cu0.3 HEA by its passivation treatment in 

30 wt.% HNO3 and then in 1 wt.% NaOH. However, at a higher Cu content, the effectiveness 

of this procedure was insufficient to suppress the negative effect of the Cu-based phases’ 

preferential dissolution.  

Thus, most HEAs of the CoCrFeNiX (X = Mo; Al; Cu) system are prone to passivation 

in acidic solutions, and their corrosion resistance strongly depends on the alloy’s 

microstructure, composition of the passive film, and its stability. The latter can be diminished 

due to the alloys’ microstructural heterogeneity characterized by different phases and 

segregations. The positive effect of Mo on the HEAs’ passivation was noted. At the same 

time, in the case of CoCrFeNiMox, with an increase of x up to 0.4, the strength and hardness 

increase without substantial ductility degradation [2]. As the Mo concentration becomes 

х≥ 0.5, the HEAs embrittle due to the high content of the σ-phase. Simultaneous alloying 

with Cu and Al up to x ≥ 0.5 contributes to the production of a relatively strong and ductile 

alloy [16, 17] prone to passivation in an acidic medium. 

In the studies of HEAs corrosion, researchers usually used dilute H2SO4 solutions, in 

which the main oxidizing agent was dissolved oxygen. According to the aforementioned 

studies [4, 5, 7, 10, 11–13], the passive state stability and the HEAs corrosion behavior 

change with the presence of chloride ions in the solution and, as was shown in our previous 

publication [18], with the addition of different types of strong oxidizers (H2O2, FeCl3). Given 
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the above, acidic NaCl solutions with and without H2O2 as well as a FeCl3 solution were 

used in the present work. 

The duration of immersion tests in Ref. [4] did not exceed 120 hours, in Ref. [10] – 

15 days, in Ref. [11] – 30 days. The specimens were exposed to the solutions in order to 

further investigate the surfaces, analyse the morphology of defects, and specify the type of 

corrosion damage. In Ref. [2], the authors determined the corrosion current density by 

obtaining the polarization curves and used its value in calculations to estimate the 

instantaneous rate of general corrosion. However, the most reliable approach to determining 

the long-term corrosion resistance is to establish the alloy’s corrosion rates based on the 

gravimetric analysis. Such laboratory and especially field tests are essential to justify the 

possibility of the alloy’s application and ensure safe and reliable operation by predicting the 

alloy’s long-term behavior and the evolution of its properties. 

The purpose of this work was to determine the long-term corrosion behavior and 

resistance of the CoCrFeNiX system (X = Mo; Al, Cu) HEAs in the acidic chloride solutions 

containing different types of the oxidizers. The obtained results were compared with the 

electrochemical properties of these HEAs. The properties of HEAs are often set against the 

properties of SSs, so the HEAs’ corrosion behavior was also compared with the 

characteristics of commercial austenitic steels AISI 304 and AISI 316L, which are widely 

used in industry. These SSs are resistant to general corrosion but susceptible to local 

corrosion in solutions containing chloride ions and an oxidizing agent. 

2. Materials and Methods 

2.1. Materials and microstructural characterization  

The CoCrFeNiMo0.4, CoCrFeNiMo, and CoCrFeNiAl0.5Cu0.5 HEAs, as well as commercial 

austenitic SSs AISI 304 and AISI 316L, were investigated. The results of microstructure 

characterization and gravimetric rests of the CoCrFeNiMo HEA are presented in Ref. [18]. 

The nominal compositions of the HEAs and SSs [19] are given in Table 1 and Table 2, 

respectively. 

Commercially pure metals (with purity higher than 99%) were used. The HEAs 

preparation was carried out via the arc melting method under the protection of a Zr-gettered 

Ar-flowing atmosphere in an arc furnace MIFI-9. First, the pressure in the working chamber 

was reduced from atmospheric to the value of 7⋅104 Pa. Then the continuous purging with 

Ar was maintained during the entire process of the alloys’ preparation. The ingots were 

flipped and remelted 7 times to minimize chemical inhomogeneity and then directly 

solidified in a water-cooled copper mold. The alloys were subsequently annealed at 900°С 

for 1 h in a vacuum furnace SSHVE-1.2,5 and then with the furnace cooled to relieve residual 

stresses. The ingots were cut into specimens. The specimens were then grinded and polished 

by circles with the abrasiveness of P80 to P2500 and diamond suspensions with particle 

dispersion of 9 to 0.01 μm, then cleaned in an ultrasonic bath, degreased with ethanol, and 

washed with distilled water. 
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Table 1. Compositions of the HEAs. 

Alloy Ratio type 
Element content 

Сo Cr Fe Ni Mo Al Cu 

CoCrFeNiMo0.4 
at.% 22.7 22.7 22.7 22.7 9.1 – – 

wt.% 22.3 19.7 21.2 22.3 14.5 – – 

CoCrFeNiMo 
at.% 20.0 20.0 20.0 20.0 20.0 – – 

wt.% 18.3 16.2 17.4 18.3 29.9 – – 

CoCrFeNiAl0.5Cu0.5 
at.% 20.0 20.0 20.0 20.0 – 10.0 10.0 

wt.% 21.8 19.2 20.6 21.7 – 5.0 11.7 

Table 2. Compositions of the SSs. 

Steel 
Element content (wt.%) 

Fe C Cr Ni Mn Mo 

AISI 304 Bal. 0.08 19.0 9.5 2.0 – 

AISI 316L Bal. 0.03 17.0 12.0 2.0 2.5 

The microstructure of the specimens and the morphology of their surfaces were studied 

using a scanning electron microscope (SEM) Carl Zeiss EVO 50. The accelerating voltage 

was 20 kV, and the beam current was 750 pA. The elemental composition and distribution 

of elements were analysed using an energy-dispersive spectrometer (EDS) INCA 350x-Act, 

equipped with a silicon drift detector, at 10 kV. X-Ray diffraction (XRD) measurements 

were performed on a Bruker D8 Advance diffractometer to investigate the HEAs’ phase 

composition. The characteristic Kα radiation of a copper anode with a wavelength of 

1.54060 Å was used. The measurements were carried out in the symmetric Bragg–Brentano 

geometry (θ–2θ). The spectra were decoded using the DIFFRAC.EVA software and 

international database ICDD PDF-2. 

2.2. Corrosion tests 

Dimensions of the specimens were 50 mm×10 mm×5 mm for the gravimetric tests. The 

tests were carried out using different acidic chloride solutions (Table 3). The solutions were 

prepared from reagent-grade chemicals, supplied by Labtech Ltd, and distilled water. For 

convenience, the test solutions were designated as S1, S2 (with the oxygen-containing 

oxidizer H2O2), and S3 (the cationic oxidizer FeCl3) in accordance with Table 3. During the 

corrosion tests and electrochemical measurements, the solutions were naturally aerated at 

22±1°С. It was shown in Ref. [18] that the weight losses of the CoCrFeNiMo HEA and 

SS 430 are low and can be reliably detected only after more than 3000 h of testing. 
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Therefore, in this work, the tests of alloys in the S1 and S2 solutions were carried out for 

4320 hours. 

Table 3. Solutions characteristics and test durations. 

Solution Composition pH Test duration (h) 

S1 0.6 M NaCl + 0.1 M HCl 0.9 4320 

S2 0.6 M NaCl + 0.1 M HCl + 10 mM H2O2 0.9 4320 

S3 0.4 M FeCl3 1.1 2352 

The specimens’ weights before and after the corrosion tests were recorded using the 

electronic balance CAUW 120D with a resolution of 0.01 mg. At least 4 samples of each 

alloy were subjected to the long-term corrosion tests in each solution using individual 

containers to ensure reproducibility. The average general corrosion rates v (mm/year) were 

calculated using the following equation [20]: 

 
48.76 10 W

v
t A D

 


 
 (1) 

where W (g) is the total weight change after the exposure time; t (h) is the immersion 

duration; A (cm2) is the specimen’s surface area exposed to the test solution; D is the density 

of the test alloy (g/cm3). The densities D (g/cm3) used for the calculations were the 

following: 8.42 for CoCrFeNiMo0.4; 7.49 for CoCrFeNiAl0.5Cu0.5 [2, 21]; 7.94 for AISI 304, 

and 7.98 for AISI 316L [22]. 

2.3. Polarization measurements  

Dimensions of the specimens were 10 mm×10 mm×5 mm for the polarization 

measurements. The specimens were cold-mounted in epoxy with a 1 cm2 working area 

exposed to a solution. The measurements were carried out using a standard three-electrode 

cell. A saturated Ag/AgCl electrode was used as the reference electrode, and a platinum 

plate was used as the counter electrode. In this work, the potentials are reported versus 

standard hydrogen electrode (SHE). Prior to the polarization tests the specimen was 

immersed in the test solution, and the corrosion potential (Еcor) was monitored for 1 h. After 

that, starting from Ecor, the potentiodynamic curves were obtained by linear polarization 

technique at a potential sweep rate of 0.2 mV/s. The pitting potential (Epit) and pitting basis 

(ΔE = Epit–Ecor) were determined from the anodic polarization curve. Each measurement was 

performed on independent specimens, using freshly prepared solutions at least 4 times, to 

ensure reproducibility. 
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3. Results and Discussion 

3.1. Microstructure and composition characterization 

SEM images of the CoCrFeNiMo0.4 and CoCrFeNiAl0.5Cu0.5 HEAs are shown in Figure 1. 

The elemental analysis of the regions marked in Figure 1 is presented in Table 4. Spectra 1 

and 4 correspond to the signal obtained from an area of about 1 mm2. Spectra 2, 3, 5, and 6 

correspond to the local signals obtained from particular points (the depth and diameter of 

interaction between the electron beam and specimens were 0.4–0.5 µm and 0.8–0.9 µm, 

respectively). 

The alloys’ actual compositions are close to the rated ones. Hypoeutectic microstructure 

and phase precipitates, enriched in Cr and Mo, with a size of about 10 µm were observed in 

CoCrFeNiMo0.4. The relative content of this phase was significantly lower than that in 

CoCrFeNiMo [18]. This is due to the initially lower concentration of Mo in the 

CoCrFeNiMo0.4 HEA and is explained below. It was shown [18] that the CoCrFeNiMo HEA 

had the hypereutectic microstructure with a high relative content of the dendritic phase 

enriched in Mo. The CoCrFeNiMo0.4 matrix (dark areas in Figure 1) was less depleted in 

Mo. Nano-sized needle-shaped irregular particles were also observed along the edges of the 

bright areas. 

 
Figure 1. SEM images of the (a, b) CoCrFeNiMo0.4 and (c, d) CoCrFeNiAl0.5Cu0.5 

microstructures. 
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Table 4. Elemental analysis of the HEAs specimens. 

Spectrum 
Component’s content (at.%) 

Co Cr Fe Ni Mo Al Cu 

1 22.6 23.3 22.2 22.8 9.1 – – 

2 23.5 22.5 23.5 23.6 6.9 – – 

3 18.4 27.7 17.7 14.4 21.8 – – 

4 20.4 21.4 20.5 20.5 – 7.1 10.1 

5 21.5 22.4 21.6 20.1 – 6.5 7.9 

6 5.2 4.6 5.0 13.3 – 11.7 60.2 

According to the results of the EDS analysis, the total concentration of Cr and Mo in 

the bright phases were 50 and 51 at.% in CoCrFeNiMo0.4 and CoCrFeNiMo [18], 

respectively. The sufficient contents of Mo and Cr can result in the σ-phase formation in 

steels and other alloys due to the number of electron holes exceeding a critical value [23, 24]. 

Calculating equivalent chromium content (ECC) allows one to estimate the tendency of the 

FCC solid solution to decompose and to predict the σ-phase formation [23]:  

 ECC (wt.%) = [Cr] + 1.76×[Mo] + 0.31×[Mn] + 0.97×[W] + 1.7×[Nb] + 2.02×[V] + 

 2.44×[Ti] + 1.22×[Ta] + 1.58×[Si] – 0.177×[Co] – 0.266×[Ni] (2) 

where [X] is the component’s content (wt.%). 

If the value of ECC exceeds 17–18 wt.%, then the σ-phase is likely to appear. The ECC 

values, calculated from the results of the EDS analysis, were 36 and 58 wt.% for 

CoCrFeNiMo0.4 and CoCrFeNiMo [18], respectively. Thus, the excess of Cr and Mo in the 

solid solution (dark phase) led to its supersaturation and subsequent decomposition, resulting 

in the σ-phase formation (bright phases) during cooling and solidification. This effect is more 

pronounced in CoCrFeNiMo than in CoCrFeNiMo0.4. 

Figure 2 shows the XRD peaks of the CoCrFeNiMo0.4 and CoCrFeNiAl0.5Cu0.5 HEAs. 

The dark phase (spectrum 2 in Table 4) corresponds to the Ni-type FCC matrix; the bright 

phase (spectrum 3 in Table 4) corresponds to the σ-CrFeMo; and nano-sized needle-shaped 

particles at the edges of the σ-CrFeMo correspond to the µ-Co7Mo6. The σ- and μ-phases 

were indexed as the tetragonal and rhombohedral structures, respectively. The µ-phase could 

be formed through the σ-phase transformation by the diffusion of the atoms with a lower 

radius and the dislocation climb mechanism [25]. 

The XRD pattern of the CoCrFeNiAl0.5Cu0.5 HEA fully corresponds to the shifted 

spectrum of FCC Ni. It can be then concluded that the matrix exhibits the FCC solid solution 

structure. However, according to Figure 1 and Table 4, Cu-based phases are clearly present 

in the microstructure as well. Their diffraction peaks might not appear in the spectrum due 

to the strong texture of the specimen and/or the broadening of the main peaks. In turn, the 

broadening of the diffraction peaks can be attributed to the presence of crystallites of 
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different sizes and, if the annealing process was not sufficient in this case, to residual 

stresses. According to Ref. [26], the copper-containing secondary phases may be Al2Cu and 

Al4Cu9. 

 
Figure 2. XRD patterns of the CoCrFeNiMo0.4 and CoCrFeNiAl0.5Cu0.5 HEAs. 

3.2. Corrosion behavior  

Table 5 shows the weight losses and calculated corrosion rates of the HEAs and SSs in the 

S1 and S2 solutions. 

Table 5. Results of the corrosion tests in the S1 and S2 solutions. 

Alloy Test solution 
Weight loss 

(mg/cm2) 

Corrosion rate 

(μm/year) 

CoCrFeNiMo0.4 
S1 0.5±0.2 1.3 

S2 1.46±0.07 3.5 

CoCrFeNiAl0.5Cu0.5 
S1 14.6±1.6 40 

S2 81.32±0.14 220 

AISI 304 
S1 0.20±0.05 0.5 

S2 0.48±0.01 1.23 

AISI 316L 
S1 0.40±0.04 1.0 

S2 0.49±0.01 1.26 
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The corrosion rates of CoCrFeNiMo [18], CoCrFeNiMo0.4, SS 304, and SS 316L were 

not higher than 3 µm/year in the acidic NaCl solution. Nevertheless, it can be seen that the 

corrosion rates of the molybdenum-containing HEAs and SS 316L were higher compared to 

the SS 304. Indeed, if the Cr concentration is insufficient, adding molybdenum to the Fe-Cr-

Ni alloys becomes less effective or even detrimental to their corrosion resistance in acidic 

chloride solutions [27, 28]. Thus, the higher corrosion rates of the molybdenum-containing 

alloys compared to the SS 304 may be due to the lower Cr content (CoCrFeNiMo, SS 316L) 

and uneven distribution of Cr and Mo (CoCrFeNiMo, CoCrFeNiMo0.4). The latter leads to a 

situation where the potential ennoblement occurs non-uniformly over the surface. As a result, 

in the case of molybdenum-containing HEAs, the σ-phase and matrix form a microgalvanic 

couple. This effect may manifest itself mainly during the initial stages of corrosion, before 

the stabilization of a stationary passive state. The corrosion rate of the CoCrFeNiAl0.5Cu0.5 

HEA in the S1 solution was approximately 40 µm/year. The corrosion rate of CoCrFeNiMo 

increased by an order of magnitude (from 1 to 21 μm/year) in the presence of 10 mM H2O2 

[18]. The corrosion rates of CoCrFeNiMo0.4 and SSs in the S2 solution were not higher than 

5 μm/year. The corrosion rate of CoCrFeNiAl0.5Cu0.5 increased by 5.5 times with the 

addition of 10 mM H2O2. 

 
Figure 3. Weight losses of the (a) CoCrFeNiMo0.4, (b) CoCrFeNiAl0.5Cu0.5, (c) SS 304, and 

(d) SS 316L alloys during the corrosion tests in the S3 solution. 
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Figure 3 shows the HEAs and SSs weight losses in the S3 solution. The lower and upper 

boundaries of the rectangles correspond to the 25th and 75th percentiles, respectively. The 

line inside the rectangle corresponds to the 50th percentile (median). The lower and upper 

horizontal lines of the “whiskers” represent the minimum and maximum measurement 

values, respectively. The corrosion rates, calculated via equation (1), are presented in 

Figure 4a. 

The weight loss of CoCrFeNiМо0.4 increased up to 0.75 mg/cm2 over time. However, 

it can be seen in Figure 4a that the corrosion rate gradually decreased over time, with the 

average corrosion rate (over the entire test period of 2352 h) being just 3 µm/year. The 

highest corrosion rate of the CoCrFeNiМо0.4 HEA (8 μm/year) was observed during the 

initial period up to 336 h. The weight loss and corrosion rate of CoCrFeNiAl0.5Cu0.5 steadily 

increased and reached the values of 207 mg/cm2 and 1.08 mm/year, respectively. 

 
Figure 4. Heatmaps of the (a) average corrosion rates and (b) corrosion potential changes. 

The test results for the SS 304 have a significant spread of the data (Figure 3c). 

However, from the average values of the corrosion rates, it is clear that the most rapid 

increase in corrosion rate occurred during the first 672 h of testing (Figure 4a). Then the 

growth slowed down, after which the corrosion rate decreased and reached a constant value 

of 0.4–0.5 mm/year. In the case of the SS 316L, there is also a scatter in the experimental 

data (Figure 3d). Similar to CoCrFeNiMo0.4, the maximum corrosion rate of the SS 316L 

was reached during the first 336 h of testing, after which it decreased and further reached a 

constant value (Figure 4a). The values of weight losses and corrosion rates of the SS 316L 

are an order of magnitude lower than those of SS 304. Thus, the time for the corrosion rate 

to increase to its peak value in the S3 solution was longer in the case of the SS 304 compared 

to the molybdenum-containing CoCrFeNiMo0.4 and SS 316L alloys. Accordingly, 

molybdenum, when present in the alloy in moderate amounts, is beneficial to the long-term 

corrosion resistance in chloride oxidizing solutions. At the same time, the corrosion rate of 

the CoCrFeNiMo0.4 HEA in the S3 solution was lower compared to that of the SS 316L. 

Since the highest corrosion rates were expected in the S3 solution, the corrosion 

potentials were also measured during the specimens’ exposure to this environment 

(Figure 4b). The most negative corrosion potential values corresponded to the highest 
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corrosion rates (CoCrFeNiAl0.5Cu0.5 and SS 304). The corrosion potentials’ changes and the 

corrosion rates’ changes were consistent with each other – the significant potential shifts in 

a positive direction characterized time intervals in which there was a considerable 

deceleration in the growth of the corrosion rate or its decrease. After 336–672 h of testing, 

the corrosion potentials of all alloys, except SS 316L, stabilized and subsequently remained 

close to the stationary values. The corrosion potential of the SS 316L shifted towards both 

more positive and more negative values, which may indicate transitions between active and 

passive states of the surface. 

3.3. Surface analysis after corrosion tests 

The studies were carried out on the specimens tested in the S2 and S3 solutions, since the 

weight losses and, accordingly, the corrosion rates of the alloys were the most significant in 

these solutions. SEM images of the CoCrFeNiMo0.4 surfaces before and after the corrosion 

tests in the S2 and S3 solutions are presented in Figure 5. In the matrix regions proximate to 

the σ-phase, the traces of corrosion were observed in the form of pits with a diameter of less 

than 1 μm. The σ-phase itself and the matrix regions remote from it remained practically 

undamaged. It was shown in Ref. [18] that the entire Mo-depleted matrix was mainly 

corroded during the exposure of the CoCrFeNiMo HEA to the S2 and S3 solutions. However, 

the Mo-enriched areas (σ-phase) also lost their corrosion resistance over time. The overall 

surface damage of the CoCrFeNiMo0.4 HEA was significantly lower than that of 

CoCrFeNiMo. 

 
Figure 5. SEM images of the CoCrFeNiMo0.4 surface morphologies (a) before and (b–d) after 

the corrosion tests in the (b) S2 and (c, d) S3 solutions. 
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Figure 6 shows the EDS mapping results of the CoCrFeNiMo0.4 HEA after the 

corrosion tests in the S2 and S3 solutions. The results of elemental analysis of the surfaces 

before and after testing coincided within the measurement error of the device. Thus, in this 

case, the sensitivity of the EDS method turned out to be insufficient to detect changes in the 

composition of the CoCrFeNiMo0.4 surface. 

 
Figure 6. EDS maps of the CoCrFeNiMo0.4 surface after the corrosion tests in the (a) S2 and 

(b) S3 solutions. 

The results of the CoCrFeNiMo0.4 surface analysis did not show the presence of 

corrosion products on it. It should be noted that on the map of molybdenum distribution the 

areas of pit formation appeared darker compared not only to the σ-phase but also to the 

matrix areas without corrosion defects (Figure 6a). Thus, the damaged matrix regions 

proximate to the σ-phase were depleted with molybdenum compared to the undamaged 

matrix regions distant from the σ-phase and subsequently unaffected by corrosion. It is likely 

that the local passive films, formed on the matrix areas proximate to the boundaries with the 

σ-phase, had a lower protective ability due to the lower Mo content. For the same reason, 

these regions could be anodic to both σ-phase and matrix regions with a higher Mo content. 

SEM images of the CoCrFeNiAl0.5Cu0.5 surfaces before and after the corrosion tests in 

the S2 and S3 solutions are presented in Figure 7. 

 
Figure 7. SEM images of the CoCrFeNiAl0.5Cu0.5 surface morphologies (a) before and (b, c) 

after the corrosion tests in the (b) S2 and (c) S3 solutions. 

Numerous pits of 8–10 μm in size were observed on the surface CoCrFeNiAl0.5Cu0.5 

after the corrosion tests in the S2 solution. The defects tended to coalesce during their growth 

(Figure 7b). The alloy surface was particularly damaged due to corrosion in the S3 solution. 
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Crack-like defects were also visible along with the many large pits (Figure 7c). Figure 8 

shows the EDS mapping results of the CoCrFeNiAl0.5Cu0.5 HEA after the corrosion tests in 

the S2 and S3 solutions. The results of the corresponding elemental analysis in single regions 

are presented in Figure 9. During the analysis of the pits formed in the S3 solution, 

significant signal distortions occurred due to the large depth of the defects. For this reason, 

the analysis results are only shown for the area presented in Figure 8b. 

 
Figure 8. EDS maps of the CoCrFeNiAl0.5Cu0.5 surface after the corrosion tests in the (a) S2 

and (b) S3 solutions. 

 
Figure 9. Elemental analysis of the CoCrFeNiAl0.5Cu0.5 surface after the corrosion tests in the 

(a) S2 and (b) S3 solutions. 

During the corrosion process in the S2 solution, aluminum and copper dissolved to a 

greater extent than all the other elements included in the CoCrFeNiAl0.5Cu0.5 composition. 

Not only the pits were significantly depleted with Al and Cu but also the areas between them 

(Figure 8a). It is worth noting that the surface areas, depleted with aluminum and copper, 

became enriched with chromium at the same time. It is likely that the presence of Al and Cu 

in corrosion products substantially decreased the stability and protective ability of the Cr-
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based passive layer [29]. As a result, the active local corrosion occurred on the 

CoCrFeNiAl0.5Cu0.5 surface. The dissolution process was presumably initiated at the 

locations of the Cu-based precipitates. According to the elemental analysis results, oxygen- 

and chlorine-containing (8 and 1 at.%, respectively) corrosion products were detected in the 

case of S3 solution (Figure 9b). 

The SS 304 underwent both pitting and intergranular corrosion in the presence of 

10 mM H2O2, which is clearly visible in Figure 10a. The corrosion process was so intense in 

the S3 solution that it led to macroscopic changes in the surface topography. For this reason, 

studying the morphology using SEM seemed impractical in this case. On the surface of the 

316L steel after the corrosion tests in the S2 and S3 solutions, signs of dissolution along the 

grain boundaries are also clearly visible, as well as the pits with sizes less than 1 μm in the 

S2 solution (Figure 10b) and less than 2 μm in the S3 solution (Figure 10c).  

 
Figure 10. Signs of pitting and intergranular corrosion of the (a) SS 304 in the S2 solution and 

(b, c) SS 316L in the (b) S2 and (c) S3 solutions. 

3.4. Electrochemical measurements 

The variation in corrosion potentials during 1 h exposure to the test solutions is shown in 

Figure 11. The corrosion potentials of the CoCrFeNiMo0.4 and CoCrFeNiAl0.5Cu0.5 HEAs 

changed slightly in the S1 solution (Figure 11a). In the case of CoCrFeNiMo and SS 316L, 

the Ecor values shifted in a positive direction, while Ecor of the SS 304, on the contrary, shifted 

to more negative values over time (Figure 11a). In the S2 solution with the oxygen-

containing oxidizer (10 mM H2O2), only Ecor of the CoCrFeNiMo HEA shifted in a positive 

direction (Figure 11b). However, the shift value was less than that in the S1 solution. For all 

the other alloys, Ecor shifted to more negative values over time. Moreover, in the case of the 

SSs 304 and 316L, sharp fluctuations in the potential values were detected during the 

specimens’ exposure to the S2 solution. In the S3 solution with the cationic oxidizer 

(Figure 11c), the positive shift in the CoCrFeNiMo0.4 Еcor along with the rapid steps in a 

negative direction, the stable Еcor values of the CoCrFeNiMo и CoCrFeNiAl0.5Cu0.5 HEAs, 

and the Еcor shifts in a negative direction for the SSs 304 and 316L were observed. Moreover, 

noticeable potential fluctuations in the case of the SS 316L were recorded. When the type of 

the oxidizer changed and its content increased, the corrosion potentials of all the HEAs 

became more positive. The largest shifts were observed in the case of CoCrFeNiMo0.4. For 
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SSs, on the contrary, there was no potential shift between the S2 and S3 solutions, which 

might indicate the ongoing local corrosion process. 

 
Figure 11. Changes of the HEAs and SSs corrosion potentials in the (a) S1, (b) S2, and (c) S3 

solutions and (d) the values after 1 h exposure. 

Figure 12 depicts the anodic polarization curves of the HEAs and SSs. The anodic curve 

of SS 304 had distinctive regions of active dissolution, active-passive transition, passivation, 

and local dissolution in the S1 solution. In the same solution the anodic curves of the 

molybdenum-containing alloys CoCrFeNiMo0.4, CoCrFeNiMo, and SS 316L demonstrated 

passive regions, in which the current density increased slightly or did not change with 

increasing external anodic polarization, as well as a region of passivity breakdown caused 

by the local dissolution of the electrode. The pitting potential of the CoCrFeNiMo0.4 HEA 

was more positive by 680 and 900 mV than those of the SSs 316L and 304, respectively 

(Figure 12a). However, the current density in the passive region was 4–5 µA/cm2. This 

value was several times higher than the corresponding parameters of the SSs 304 and 316L, 

which is consistent with the higher CoCrFeNiMo0.4 corrosion rate in the S1 solution. A 

gradual increase in the dissolution current and the absence of a passive region in the S1 

solution were observed on the anodic curve of the molybdenum-free CoCrFeNiAl0.5Cu0.5 

HEA. The presence of the oxygen-containing oxidizer (10 mM H2O2) in the S2 solution led 
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to the absence of the passive regions of all the alloys except CoCrFeNiMo0.4. Its pitting basis 

decreased by approximately 1.2 times in this case (Figure 13b). Nevertheless, this occurred 

mainly due to the shift of Ecor to more positive values rather than to a decrease in the pitting 

potential (Figure 13a). 

 
Figure 12. Anodic polarization curves of the HEAs and SSs in the (a) S1, (b) S2, and (c) S3 

solutions. Vertical lines represent the corrosion current densities calculated from the corrosion 

rates. 

The SSs were not passivated in the S3 solution, either (Figure 12c). The 

CoCrFeNiMo0.4 HEA exhibited an even greater decrease in the pitting basis (Figure 13b), 

but the current density in the passive region did not exceed 1 µA/cm2 (Figure 12c). The 

pitting basis of the CoCrFeNiMo HEA turned out to be 2 times greater than that of 

CoCrFeNiMo0.4 (Figure 13b). However, the current density in the passive region of 

CoCrFeNiMo reached 50 µA/cm2 (Figure 12c). 

Thus, the presence of an oxidizing agent and an increase in the concentration of chloride 

ions had a slight effect on the pitting potentials of the molybdenum-containing HEAs 

(Figure 13a). This fact may indicate high resistance to the local corrosion. Due to the 

significant shift of Ecor in a positive direction in the S2 and S3 solutions, the HEAs pitting 

bases decreased. 
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Figure 13. (a) Pitting potentials and (b) pitting bases. 

Current density fluctuations were visible on the CoCrFeNiMo0.4 anodic polarization 

curves, which may be associated with the generation of metastable pits and explain the 

weight losses of this HEA during the long-term corrosion tests. According to the SSs 304 

and 316L polarization curves obtained in the S2 and S3 solutions, the positive effect of 

molybdenum was noticeable and pronounced despite the absence of the passive regions. Mo 

inhibits the dissolution of the steel in the active state [30, 31], which explains the higher 

long-term corrosion resistance of the SS 316L in the oxidizing chloride solutions compared 

to the SS 304. Passive films of austenitic corrosion-resistant molybdenum-containing steels 

[32–34] and nickel alloys [35–37] exhibit a bilayer structure. In the inner layer, defective 

areas, locally enriched in iron oxide and depleted in chromium oxide, are prone to the 

initiation and propagation of corrosion damage in them [38]. However, molybdenum 

effectively prevents passivity breakdown. In Refs. [38–40], the mechanism of it is 

investigated in detail and thoroughly described in terms of mitigating the penetration of 

chloride ions, blocking their ingress to the defective sites, supressing the formation of 

oxygen vacancies in the oxides, and intensifying the selective dissolution of Fe followed by 

the substitution of iron with chromium and molybdenum in the inner layer. Thus, the 

concentration of Mo in CoCrFeNiMo0.4 resulted in such contents of Cr and Mo in the matrix 

and σ-phase that the distribution of these elements between the phases effectively hindered 

passivity breakdown and selective corrosion. 

For the alloy-solution combinations, in which the passive regions were observed on the 

anodic polarization curves (Figure 12), in accordance with equation (3), the corrosion 

current density was calculated based on the corrosion rates determined from the gravimetric 

tests: 

 
cor 33.27 10

v D
i

EW




 
 (3) 

where icor is the corrosion current density (µA/cm2); 
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 is the alloy’s equivalent weight: ni is the valence of the ith element in the alloy; 

fi is the mass fraction of the ith element in the alloy; Wi is the atomic weight of the ith element 

in the alloy. 

The value of n was taken equal to 2 for Co, Fe, and Ni; 3 for Cr and Mo [41, 42]. For 

the HEAs, the values of f were determined by converting the results of elemental analysis 

(Table 4) into mass fractions, and the values corresponding to the rated compositions were 

used for steels (Table 2). The calculated corrosion current densities are shown by vertical 

lines in Figure 12. It can be seen that, in the S1 and S2 solutions, the corrosion current 

densities of the molybdenum-containing HEAs and SSs 304 and 316L were significantly 

less than the current densities in their passive regions. This is due to the fact that the 

stationary passive state is established over time during the long-term corrosion tests. This 

state is characterized by a substantially lower current density compared to the values 

achieved during the polarization measurements after the stabilization of the corrosion 

potential for 1 hour. Additionally, the changes in corrosion rates over time should be 

considered. The method based on obtaining the polarization curves allows one to determine 

the instantaneous corrosion rate, and the gravimetric method – the corrosion rate averaged 

over a long time. However, the calculated corrosion current densities of the molybdenum-

containing HEAs in the S3 solution are consistent with the values in their passive regions on 

the obtained polarization curves. The possible discrepancies between the quantitative results 

of gravimetric and electrochemical tests in terms of corrosion resistance should be taken into 

account when predicting the alloys’ long-term behavior and justifying their industrial 

applications. 

3.5. Surface analysis after potentiodynamic anodic polarization  

SEM images of the CoCrFeNiMo0.4 surfaces before and after the polarization measurements 

in the S2 and S3 solutions are depicted in Figure 14. The surface area covered by the σ-phase 

turned out to be larger after the electrochemical measurements than in the initial state. This 

indicates the preferential dissolution of the matrix. Near the interface between the σ-phase 

and the matrix, numerous local defects with a diameter of less than 1 μm were visible in the 

matrix (Figure 14c and Figure 14e). In the σ-phase, there also were areas clearly affected by 

the dissolution in the S3 solution. 

Figure 15 shows the EDS mapping results of the CoCrFeNiMo0.4 HEA after the 

potentiodynamic polarization in the S2 and S3 solutions. The results of the corresponding 

elemental analysis in single regions are presented in Figure 16.  
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Figure 14. SEM images of the CoCrFeNiMo0.4 surfaces morphologies (a) before and (b–e) 

after the potentiodynamic polarization in the (b, c) S2 and (d, e) S3 solutions. 

 
Figure 15. EDS maps of the CoCrFeNiMo0.4 surface after the potentiodynamic polarization in 

the (a) S2 and (b) S3 solutions. 
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Figure 16. Elemental analysis of the CoCrFeNiMo0.4 surface after the potentiodynamic 

polarization in the (a) S2 and (b) S3 solutions. 

The presence of the corrosion products with an oxygen content of up to 5 at.% (S2 

solution) and up to 3 at.% (S3 solution) was revealed at the locations of the matrix. The most 

damaged areas of the matrix located close to the σ-phase became enriched with nickel as a 

result of the alloy’s anodic dissolution. The depth of interaction between the electron beam 

and the alloy was 0.4–0.5 µm, and the typical thickness of the passive films on the HEAs 

and stainless steels is several nm [6, 43, 44]. Therefore, the results of elemental analysis 

were obtained using the signal from both corrosion products and modified surface layers of 

the alloy. Thus, nickel enrichment can be explained by analogy with the behavior of 

austenitic stainless steels. During the formation of a passive film, the modified layer of an 

alloy’s surface becomes enriched with nickel due to the preferential oxidation of Fe and Cr 

at the metal/oxide interface in comparison with Ni [45]. 

 
Figure 17. SEM images of the CoCrFeNiMo surface morphologies (a) before and (b, c) after 

the potentiodynamic polarization in the S3 solution. 

SEM images of the CoCrFeNiMo surfaces before and after the polarization 

measurements in the S3 solution are depicted in Figure 17. The dissolution of the 

molybdenum-depleted matrix occurred most intensively. However, the Mo-rich σ-phase was 

also damaged. Numerous pits with a diameter of 1–2 µm were observed. The defects 

coalesced, which can be interpreted as a pseudo-uniform dissolution of the dendritic phase. 
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The overall damage degree of the CoCrFeNiMo surface was significantly higher than that 

of the CoCrFeNiMo0.4 HEA. 

After the potentiodynamic anodic polarization of the CoCrFeNiMo HEA in the S2 

solution, the presence of corrosion products with an oxygen content of up to 40 at.% at the 

locations of the alloy matrix was shown [18]. Figure 18 depicts the EDS mapping results of 

the CoCrFeNiMo HEA after the potentiodynamic polarization in the S3 solution. The results 

of the corresponding elemental analysis in single regions are shown in Figure 19. The 

regions of the local defects in the σ-phase were depleted with Mo compared to the 

undamaged σ-phase areas.  

 
Figure 18. EDS maps of the CoCrFeNiMo surface after the potentiodynamic polarization in 

the S3 solution. 

 
Figure 19. Elemental analysis of the CoCrFeNiMo surface after the potentiodynamic 

polarization in the S3 solution. 
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SEM images of the CoCrFeNiAl0.5Cu0.5 surfaces before and after the polarization 

measurements in the S2 and S3 solutions are presented in Figure 20. 

 
Figure 20. SEM images of the CoCrFeNiAl0.5Cu0.5 surfaces morphologies after the 

potentiodynamic polarization in the (a, b) S2 and (c, d) S3 solutions. 

 
Figure 21. Pits coalescence and crack-like defects formation on the CoCrFeNiAl0.5Cu0.5 

surface as a result of the potentiodynamic polarization in the S2 solution. 

The HEA underwent the local dissolution process as a result of the potentiodynamic 

anodic polarization. Numerous pits of up to 8 μm in size were discovered. In some places on 

the surface, the cracking of corrosion products was noticeable (Figure 20d), which indicated 
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their low protective ability. The local defects tended to coalesce during propagation. It led 

to the formation of crack-like defects on the surface (Figure 21). This effect may be 

associated with residual stresses if the annealing process (900°С/1 h) was not sufficient in 

this case. 

Figure 22 depicts the EDS mapping results of the CoCrFeNiAl0.5Cu0.5 HEA after the 

potentiodynamic polarization in the S2 and S3 solutions. The results of the corresponding 

elemental analysis in single regions are shown in Figure 23.  

 
Figure 22. EDS maps of the CoCrFeNiAl0.5Cu0.5 surface after the potentiodynamic 

polarization in the (a) S2 and (b) S3 solutions. 

 

Figure 23. Elemental analysis of the CoCrFeNiAl0.5Cu0.5 surface after the potentiodynamic 

polarization in the (a) S2 and (b) S3 solutions. 
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In the case of the S2 solution, the presence of corrosion products with an oxygen content 

of up to 1 at.% at the locations of the matrix and up to 9 at.% at the locations proximate to 

the pits was revealed. In the case of the S3 solution, the presence of corrosion products with 

an oxygen content of up to 6 at.% at the locations of the matrix and up to 49 at.% inside the 

pits was detected. A halo of corrosion products was observed around the local defects. 

Among all the elements, aluminum and copper dissolved most intensively. Similar to the 

case of free corrosion, it can be assumed that the pitting initiated at the sites of the Cu-based 

precipitates. 

4. Conclusions 

In the acidic NaCl solution, the molybdenum-containing CoCrFeNiMo0.4 HEA and SS 316L 

exhibited higher corrosion rates compared to the SS 304 due to the uneven distribution of Cr 

and Mo in the HEA’s microstructure and due to the lower Cr content in the SS 316L. For 

these reasons, in the case of the molybdenum-containing alloys, the acceleration of the 

selective dissolution might occur at the initial stage of corrosion, before the stabilization of 

the stationary passive state. In the acidic NaCl solution containing 10 mM H2O2 and in the 

0.4 M FeCl3 solution, the SSs 304 and 316L were slightly susceptible to pitting and 

considerably susceptible to intergranular corrosion, while only the small local defects were 

found on the CoCrFeNiMo0.4 surface in the matrix areas proximate to the σ-phase and 

depleted in molybdenum. The general corrosion rate of the CoCrFeNiMo0.4 HEA in the 

0.4 M FeCl3 solution was significantly lower than those of SSs. According to the 

CoCrFeNiMo0.4 anodic polarization curve, the alloy’s weight losses during the long-term 

corrosion tests could be also associated with the initiation of metastable pitting. The 

distribution of chromium and molybdenum in the microstructure of CoCrFeNiMo0.4 along 

with the small σ-phase content provided effective passivation of the surface. As a result, the 

alloy exhibited high corrosion resistance regardless of the oxidizer and chloride 

concentrations. When the concentration of Mo in the alloy was higher (CoCrFeNiMo), the 

intense selective dissolution of the FCC matrix occurred in the presence of the strong 

oxidizers. The CoCrFeNiAl0.5Cu0.5 HEA was not capable of passivation in any test solution, 

and the presence of an oxidizer intensified its active dissolution initiated at the locations of 

the Cu-based precipitates. The analysis of polarization curves gave the results qualitatively 

similar to those of the gravimetric tests in terms of comparative assessment of the alloys’ 

corrosion resistance. However, quantitative discrepancies might arise between the corrosion 

current density and corrosion rate due to the onset of a steady state during the long-term tests 

and to the determination of the average corrosion rate rather than the instantaneous one. This 

phenomenon should be carefully considered when justifying the alloys’ potential 

applications. 
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