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This study investigated the effect of potential change on the microstructure and corrosion properties of CoCrFeMnNi HEA coatings synthesized by the electrochemical deposition method. The films were precipitated in an electrolyte based on a DMF-CH3CN organic system comprising Co, Cr, Fe, Mn, and Ni cations. GIXRD pattern in all samples showed a single face-centered-cubic structure. SEM-EDS results show that the coating morphology and the elements value in alloy composition vary at different coating potentials. Coatings were uniform and crack-free surfaces. The results of the wettability test showed all coatings were super-hydrophilic. All the alloys exhibited similar passivation and negative hysteresis processes in the CPP test. However, the 5 V sample exhibited a lower Epit value than the 6 V, and none of the samples were sensitive to pitting corrosion. The CPP test result showed that the corrosion current density of the 5 V sample was 0.0525 μA/cm2, the minimum corrosion rate for the coated samples, and has improved the corrosion resistance of the substrate by about 44 times. The EIS test results showed the excellent performance of the coatings in enhancing the corrosion resistance compared to Cu substrate and similar alloy samples in a 3.5 wt% NaCl solution, as the protection efficiency was about 90%. These High entropy alloy coatings are suitable for engineering applications in which higher corrosion protection is needed.
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1 INTRODUCTION
The production of traditional alloys has been based on selecting one or two major elements. To improve their properties, the addition of different other alloying elements in small quantities, families of alloys were produced based on the critical element. With increasing the number and concentration of alloying elements, the alloying system composes more unstable phases and intermetallics (Tsai and Yeh, 2014), limiting the design concept of alloying systems (Ye et al., 2017). In recent years, a new concept of alloys called High Entropy Alloys (HEA) has been introduced as alloys with 5–13 main elements; each element must have a concentration of about 5–35 atomic percent in this group. HEAs can also contain alloying elements in amounts less than five atomic percent. In these alloys, because of the higher mixing entropy they have, the probability of forming intermetallic compounds is reduced compared to conventional ones. In contrast, the stability of the solid solution would be available. Nevertheless, Only a few HEAs can form a mono-phase solid solution structure (Tsai and Yeh, 2014; Ye et al., 2017; Murty et al., 2019). Also, “cocktail effects” have been differentiated the properties of HEAs from their constituent elements due to the components’ interaction (Meghwal et al., 2021). HEAs have shown the unique potential for applications in different environments due to their attractive properties.
The high mixing entropy in these alloys makes them have higher corrosion resistance, mechanical, thermal, and magnetic properties than conventional alloys. Significant and stable corrosion properties in HEAs are one of the major results of their chemical and structural composition homogeneity. Many authors have studied the corrosion resistance of HEAs over the last decade. Achieving optimal properties and investigating the corrosion behavior of cavities while producing with low-cost and available methods still needs further investigation. Studies have shown that different coating potentials affect the alloy composition and morphology; the content of each element may also affect the structure and morphology of the alloy and produce significant electrochemical properties. Because of the pivotal role of corrosion resistance and its improvement in stabilizing future engineering applications of HEA, the study of the interaction of corrosion properties, morphology, and alloy composition is considered in this article (Aliyu and Srivastava, 2022; Nascimento et al., 2022).
A significant focus of the HEA community has been to tune and exploit the above properties by various synthesis routes to manufacture alloys with desirable properties. However, most existing published studies have been done on bulk materials. Although using them as a coating material will enhance its application fields, distinguish damage tolerance, and reduce the cost (Meghwal et al., 2021).
Electrochemical deposition techniques are unique approaches to fabricating HEA coating with the following advantages: creating thin and uniform films on conductive and non-conductive substrates, production of nanostructured materials, good adhesion to the substrate, low process temperature, no need for special equipment, and environment-friendly process (Landolt, 2002; Gamburg and Zangari, 2011; Brenner, 2013).
Due to their attractive surface protection ability, the HEA-based coatings have been electrodeposited on different substrates, such as Cu, St. Q235, and St. 304. The research results on the corrosion behavior of high entropy alloys CoCrFeMnNi have shown significant improvements in resistance properties to various corrosive environments (Soare et al., 2015; Zhang et al., 2016; Shang et al., 2017; Popescu et al., 2021; Yoosefan et al., 2021). Using the electrodeposition process to produce HEA coatings is a simple, inexpensive, and affordable choice for synthesizing compact and crack-free coatings with good corrosion resistance behavior. Development of deposition bath chemistry and operational parameters are needed. In this study, CoCrFeMnNi high entropy alloy coatings were deposited on a Cu substrate by the electrochemical deposition method in chloride baths using DMF-CH3CN solvent. The purpose is to investigate the relationship between coating morphology, phase structure, corrosion properties in 3.5 wt% NaCl solution, and the effect of changes in the coating potential on those.
2 EXPERIMENTAL PROCEDURE
2.1 Substrate Preparation
In this study, the copper (99.98% purity) disks with 10 mm diameter and 0.4 mm thickness were used as substrates. The substrate surfaces were mechanically polished with abrasive emery papers of 120–2,400 granulations. After that, the samples were cleaned ultrasonically in C2H5OH for 15 min. In the following, electro-polishing of each sample was performed at −50 mA/cm2 for 6 min in a solution containing H3PO4 (70%), double distilled water (30%), and +1% PEG. At last, the coatings were rinsed with double distilled water and immediately placed in the electrodeposition bath.
2.2 Synthesis of High Entropy Alloys Coatings
The electrodeposition and electrochemical studies were conducted at 298 K via a DC Power Supply generator model HEP35 Extra. The plating bath (in a 100 ml beaker) based on a DMF–CH3CN (with a 4:1 volume fraction) organic system, containing 0.01 mol/L FeCl2, 0.013 mol/L CrCl3, 0.0103 mol/L MnCl2, 0.001 mol/L NiCl2, 0.01 mol/L CoCl2, and LiClO4 as supporting electrolyte [similar to the solution composition in the previous study (Yoosefan et al., 2020)]. The Cu substrate (cathode) and the platinum electrode (anode) were placed vertically in the beaker, in front of each other at a 1 cm distance.
To choose the deposition potential of elements, cyclic voltammograms (C-V) of Cu electrodes in the exact solutions and ion concentration were performed at a 100 mV/s sweep rate. From the C-V graph (Supplementary Figure S1), There are four reduction peaks (decreases) at 1) −0.8 V, 2) −1.37 V, and 3) −2.59 V, which correspond to the reduction of 1) Cr (III), 2) Fe (II) and Ni (II) and 3) Co (II), and Mn (II) respectively. Three potentials of 4, 5, and 6 V were selected to synthesize the HEA coatings because of the uniformity and adhesion.
Coating time for all the samples was considered 1 hr., and three potentials of 4, 5, and 6 V were selected as process variables. Soon after the deposition, the surface of the coating was washed twice with double distilled water to remove residual chlorides from the plating bath. The electrodeposition potential for each sample is used as the coating code.
2.3 Characterization Techniques
Surface morphology and chemical composition of the high entropy alloy thin films were evaluated via a Philips-XL30 scanning electron microscope (SEM) equipped with a SeronAIS2300C energy dispersive X-ray spectrometer (EDS). The crystal structure of the samples was characterized via grazing incidence X-ray diffractometry (GIXRD) and an Asenware AW-DX300 X-ray diffractometer (Cu anode, 40 kV, 30 mA, Step Time: 1 s, Step size: 0.05). The obtained data were processed via the X’Pert High Score Plus software. The Nelson–Riley function (Yeh et al., 2004; Nelson and Riley, 1945) was used to calculate the lattice parameters and the lattice strain. The crystallite size was computed using the width of the (111) peak at their half-height through Scherrer’s equation (Otte, 1961; Holzwarth and Gibson, 2011).
To investigate the formation of the simple structure of face-centered cubic (FCC) or body-centered cubic (BCC) as a solid solution in deposited alloys, according to Eq. 1, the mixing entropy for each coating is calculated and reported in Supplementary Table S1.
Equation 1:
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Where R (= 8.314 J/Kmol) is the molar gas constant, and Ci is the molar content of component i.
A goniometer equipped with a CCD camera and an optical system was used to measure the contact angle between the thin film surface and water drop. This method placed 0.004 ml of a water drop (distilled water with conductivity less than 1 μs) on the coating surface (3 times for each sample). The images were recorded digitally through a CCD camera. Eventually, the mean contact angles were measured using the ImageJ software.
2.4 Evaluation of Corrosion Resistance
The corrosion behavior of the thin films was evaluated in 100 ml of a solution containing 3.5 wt% NaCl, open-air, at 25°C temperature. A three-electrode cell with a saturated calomel electrode (SCE) as the reference, a platinum sheet as the counter, and the studied coating as the working electrode were used. A Princeton Applied Research model PARSTAT 2273A was used to investigate corrosion behaviors. In each turn of the electrochemical analysis, the open-circuit potential (OCP), electrochemical impedance spectroscopy (EIS), linear polarization resistance (LPR), and cyclic potentiodynamic polarization (CPP) tests were recorded sequentially. At first, each sample was immersed in the prepared solution for 15 min to reach a static condition, while the OCP was recorded. The LPR tests were carried out between ±20 mV vs. OCP with a scan rate of 0.16 mV/s. The EIS tests were performed at a frequency range of 100 kHz to 25 mHz sine signals with an amplitude of 5 mV. For the potentiodynamic polarization tests, the electrode’s potential was made at a 1 mV/s scan rate in the potential range of -0.4–0.5 V vs. SCE. The potentiodynamic polarization and impedance data were modeled using Corr-View version 3.1c and Z-View version 3.1, respectively.
The icorr was calculated via extrapolation of the potentiodynamic polarization curves using the Tafel method by the Stern–Geary Eq. 2 (Stern and Geary, 1957; Gerengi et al., 2013):
Equation 2:
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The Rp values were calculated using Eq. 3.
Equation 3:
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Where B is calculated via the Tafel slopes Eq. 4.
Equation 4:
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The ba and bc are the anodic and cathodic Tafel slopes, respectively. B is the proportionality constant (ba = bc = 120 mV/dec) and is 0.026 V for a particular system (Akid and Mills, 2001).
3.RESULTS AND DISCUSSION
3.1 Coating Characterization
3.1.1 Coating Composition
The CoCrFeMnNi high entropy alloy coatings composition evaluated by EDS is presented in Supplementary Table S1. The presence of all five elements in the coating composition prove that the alloy coating has been successfully synthesized. Supplementary Figure S3A shows the changes in the chemical composition of the coating with increasing in the applied potential. It can be seen that, for all the elements except Mn, the element’s content did not follow a specific trend by changing the potential. It is observed that the amount of deposited Mn has increased with increasing potential. In a study by Loukil et al., it was observed that the deposited Mn content in the coating had been raised by the coating potential (Loukil and Feki, 2017). In studies conducted by Lee, Soare, and Yao, it was also observed that by changing the applied potential between 1 and 3 V, the chemical composition of Co, Cr, Fe and Ni did not follow a significant change (Yao et al., 2008; Soare et al., 2015; Li et al., 2017).
The results of studies have shown that changes in applied potential differences lead to changes in the morphology, phase composition, and thickness of thin film (Kozlovskiy and Zdorovets, 2019; Omarova and Kadyrzhanov, 2019). As can be seen from the data presented in this study, increasing the difference in applied potentials (4–6 V) leads to changes in the film’s element concentration and morphology (section 3.1.3), especially in the 5 V sample. This change occurs due to overvoltage during the synthesis process, but no significant relationship was observed between these changes. Besides the effect of applied potential differences, changes in chemical composition can also affect the morphology of the final coating.
The change in the elements amount in the chemical composition of coatings, especially in Fe and Co, is because of differences in the reduction potential of the elements. This change in the 5 V sample is out of linear mode for all elements (except Mn). Kadyrzhanov (Kadyrzhanov et al., 2020) showed that Co recovery from the electrolyte solution occurs slowly at low potential differences, while Zn reduces much faster. However, increasing the potential difference because of the dominance of Co reduction potential over Zn reduction potential leads to an increase in Co content.
Whiles the amount of Mn, Cr, and Ni did not change significantly in the potential change from 4 to 6 V, the Co reduction occurred faster than other elements, but with increasing potential up to 6 V (increasing potential difference), Co reduction decreased. The reduction of Fe at the potential of 5 V was the lowest value compared to the potentials of 4 and 6 V.
Due to the low thickness of the coatings, peaks of the Cu (substrate metal) are observed in the EDS results (Supplementary Figure S3B). According to the Cu content in the EDS analysis results, it can be concluded that the thickness of the applied coatings increases in the potential of 4 V (8.32 at.% Cu), 6 V (3.64 at.% Cu), and 5 V (1.89 at.% Cu) for 1 hr., respectively.
3.1.2 The Structure and Phase Analysis
The GIXRD patterns of the coatings on the Cu substrates were examined within a range of 2θ = 10°–80° and are presented in Supplementary Figure S4. No diffraction peaks can be found for the coatings, except those relating to the simple FCC solid solution structure. After identifying the phase present in samples by X’Pert High Score Plus software, the lattice constant (a) and lattice strain (ε) were calculated via Bragg’s law.
It can be seen that the 6 V sample has the highest peak intensity and the 4 and 5 V samples have almost equal peak intensity. The increase in peak intensity in these samples could be attributed to the increase in order and arrangement of grains and change in coating conditions. According to the reported values of the elements in different coating conditions (Supplementary Table S1), it is observed that the 6 V sample with the highest peak intensity among the other samples had lower amounts of Cr and Mn (larger atomic radius) and had more elevated amounts of Ni and Co (smaller atomic radius); Therefore, it can be concluded that the sample crystal lattice is more compact than the rest. Also, for lightweight elements, the peak intensity is reduced; as can be seen, in the sample with higher peak intensities, heavier element amounts (Ni and Co) were higher, and lighter element levels (Cr and Mn) were less. The results of Rini’s research also showed that the intensity of the diffraction pattern is affected by the cation’s ionic radius. However, the change in the peaks intensity is not uniformly related to the ion radius due to the factors affecting the X-ray scattering in the crystals (Rini, 2019).
The crystallite size of the alloys was calculated through Scherrer’s equation and is reported in Supplementary Table S1. The absence of complex, ordered, and intermetallic phases can be attributed to the lower free energy (∆G) relating to the effect of the mixing high entropy (∆S). According to the literature (Tsai and Yeh, 2014), the high entropy of mixing can reduce the free energy remarkably and make a random solid solution more stable than the ordered phases.
3.1.3 Coating Morphology
Supplementary Figure S5 represents surface morphologies of the CoCrFeMnNi high entropy alloy coatings produced after 1 hr. electrochemical deposition in different potentials of 4, 5, and 6 V.
As shown in Supplementary Figure S5A, the coated samples at a potential of 4 V have a surface without cracks and any specific morphology, the crystallite size of which has been calculated according to the results of GIXRD analysis at about 121 nm. Some hydrogen blisters are observed on the surface of the coating, which can be due to the low overvoltage at this potential and the production of H2 after the decomposition of chromium hydrides (CrHx) (Adelkhani and Arshadi, 2009). According to the results of EDS analysis, it is observed that the coating created in this potential has a minimum amount of Mn compared to other samples. Because of the large atomic radius of the Mn, which leads to internal stresses in the coating and cracking; therefore, justified the absence of cracks in this coating compared to other samples. In addition, in the BSE image of the sample surface, it can be seen that even at low thickness, the coating completely covers the substrate surface.
Supplementary Figure S5B shows the morphology of the coated samples at the potential of 5 V. As can be seen; the coating has an uneven surface. There are blisters on the coating surface, and in some places, the effects of blister bursting are also observed. The surface comprises several cracks, which in some parts of the cracks are branched with greater width and depth. According to the results of the GIXRD analysis, the crystallite size was calculated to be about 143 nm. According to EDS results, this coating contains the maximum amount of Co and Cr and the minimum amount of Fe and Ni compared to other samples; therefore, cracks on the coating surface can be attributed to low amounts of Ni and high quantities of Co.
As shown in Supplementary Figure S5C, the coating created at a potential of 6 V is a crack-free coating in which the effects of small hydrogen bubbles are observed. According to the results of GIXRD analysis, the crystallite size of the sample was calculated to be about 119 nm. The results of EDS analysis showed that, in this coating, there is a minimum amount of Cr and Co and a maximum amount of Mn and Ni; According to the amounts of Co and Ni can be justified without cracking the coating.
For the morphological study, besides the amount of each element, it is necessary to consider the effect of the element’s presence along with each other. According to the literature, in the 6 V sample, the maximum amount of Ni (prevents crack formation) and the minimum amount of Co (crack formation factor) prevail over the higher amount of manganese than the 4 V sample (crack formation factor). Whereas in the 4 V sample, besides the amount of Ni and Co elements close to the 6 V composition, the minimum amount of manganese was also influential in forming a crack-free morphology.
3.1.3.1 The Effect of Potential Change on Coating Morphology
In the present study, it is observed that the coating structure in the two samples coated using 4 and 6 V potentials is smooth and has a spherical and prominent morphology on the surface. In the samples coated using 5 V potential, the surface is uneven and has deep cracks and multiple porosities. In a study by Chung et al., it was observed that with increasing the potential, due to increasing the applied current density and sedimentation rate, a more uneven surface is created (Chung and Chang, 2009; Tsai and Chung, 2014).
Loukil et al. researched ZnMn electrodeposited coatings, and it was observed that increasing the current density from 60 to 140 mA/cm2 increased the crystallite size (Loukil and Feki, 2017). In the present study, according to Supplementary Table S1, it is observed that with increasing the coating potential from 4 to 6 V, the crystallite size has increased. However, at the potential of 5 V, the largest crystallite size has been reported, which can be considered due to the highest amount of Cr (low atomic mobility due to large atomic radius) and the lowest amount of Ni (high atomic mobility due to small atomic radius).
3.1.4 Contact Angle Measurements
The work of corrosion resistance is related to the wettability of coatings. For this purpose, the contact angle of water droplets with the surface was used as a criterion for checking the wettability of the coating.
As shown in Supplementary Figure S6, in all three coatings, the water droplet completely spreads over the surface. In constant potential coated samples, it is observed that in 4 and 6 V samples where the coating surface was smooth and fully compacted, the wetting angle is less than 5 V sample; where the coating surface is uneven, and it has porosity and cracks. 4 and 6 V samples with a smaller contact angle and having a rough surface compared to others, have a surface close to super-hydrophilic models.
Published articles have shown that the chemical composition of coatings affects the contact angle. Mani et al.’s research showed that higher contact angles in coatings were attributed to low electronegativity elements such as Cr compared to the high electronegative element (Mani et al., 2022). In the 5 V sample, the most cobalt content (the higher electronegativity) can be considered an influential factor in the coating’s wettability. However, due to elements with close electronegativity in this alloy, the effect of electronegativity on wettability does not follow a specific trend.
3.2 Corrosion Resistant Behavior
To investigate the corrosion-resistant behavior of coatings, Linear Polarization, Electrochemical Impedance Spectroscopy, and Cyclic Potentiodynamic Polarization were performed on the coatings. The 4 V sample did not stabilize even after 40 min due to the high resistance of the coating; therefore, no corrosion test was performed on it.
The OCP diagram is shown in Supplementary Figure S7A. The OCP goes through a minimum before a positive increase to -0.3 V within the first 500–900 s. Afterward, the potential stabilizes at this value for the immersion period. In contrast, the 5 V sample positively changed the whole experiment.
3.2.1 Linear Polarization Resistance
Supplementary Figure S7B shows LP curves of coatings. The intersection point and slope were obtained from the LP resistance graphs, which determine Ecorr and Rp values, respectively. The icorr can be calculated using Eq. 3 to determine charge transfer control reaction kinetics in slight corrosion potential deflection (Popova and Christov, 2006; Gerengi et al., 2013). The Rp, icorr, and Ecorr values calculated from LP measurement results are also listed in Supplementary Table S2. The value of B was calculated as 19.37 for the 5 V sample and 41.58 for the 6 V sample.
By comparing the Rp estimated from the LP diagrams with the Rcoat from the EIS results (section 3.2.2), the Rp values are much higher than the Rcoat values; however, the Rp of the 6 V sample is higher than the 5 V sample.
The comparison of this study’s results with similar alloy samples showed that despite the high corrosion potential of the coatings in this study, they have relatively good corrosion resistance; the results of several studies are presented in Supplementary Table S4.
3.2.2 Electrochemical Impedance Spectroscopy
The impedance of the coatings was evaluated after OCP monitoring. The Nyquist plots of the coatings are shown in Supplementary Figure S7C. Considering the single semi-circle shape of the Nyquist curve, the electrical equivalent circuit (EC) model employed to fit the experimental data of the substrate and the coated samples are Rs(RpCdl) and Rs(Ccoat(Rcoat(RpCdl))), respectively. The substrate EC model consists of an uncompensated solution resistance (Rs) in series with the oxide layer capacitance (Cdl) in parallel with a polarization resistance (Rp) accounting for the non-ideal double-layer capacitance. The coatings EC model is comprising the capacitance of the coating (Ccoat), a charge transfer resistance of the coatings (Rcoat), a Cdl, and Rp. Data obtained via the best fitting procedure (using ZView software) are listed in Supplementary Table S3.
The data are presented in Supplementary Figure S8 to clarify the electrochemical impedance parameters changes.
The result of the electrochemical impedance test and the values of the Φ and |Z| parameters are presented in Supplementary Table S3 (from Bode and Bode-phase plots in 0.025 Hz frequency). According to the data, the coating polarization resistance increases compared to the Cu substrate.
It can be seen that the 6 V sample has higher corrosion resistance than the 5 V sample despite its larger CP. The 5 V sample had a higher RP than the 6 V sample with less Cdl. The |Z| values show a higher resistance of the 5 V sample than the 6 V.
The comparison of this study’s results with similar alloy samples showed that despite the high capacity of the coatings in this study, they have relatively good corrosion resistance; the results of several studies are presented in Supplementary Table S4. The capacitance of the double-layer in these HEA coatings is less than similar samples, leading to good polarization resistance in these samples. Another noteworthy point is that, contrary to expectations, these coatings have good corrosion resistance despite being super-hydrophilic.
3.2.3 Potentiodynamic Polarization
The PP curves of the coatings and the Cu substrate are plotted in Supplementary Figure S9A. The kinetic parameters were calculated using the Tafel extrapolation fit method. The curves showed considerably more corrosion-resistant behavior in the coatings than in the substrate. All PP curves of samples showed an aptitude for being a “spontaneously passive” layer (Qiu et al., 2015).
The PP test parameters (corrosion current (icorr), corrosion potential (Ecorr), cathodic (bc), and anodic (ba) slopes) and the corrosion protection efficiency are computed and listed in Supplementary Table S5. The corrosion protection efficiency gained from electrochemical polarization measurements through [image: image], where icorr0 (in A/cm2) represents the corrosion current density of Cu substrate and icorr (in A/cm2) for the coatings.
The Ecorr and icorr of coatings are significantly less than Cu substrate. According to the polarization curves, it can be seen that the coated sample with a potential of 6 V has a higher corrosion current density than the sample with 5 V, and the potential of these samples has also tended towards more positive values. So the 5 V sample has the best corrosion protection performance. As can be seen, the slope of the anodic curve of the 6 V sample (168.406 mv/dec) is higher than the 5 V sample, which shows the more appropriate anodic behavior of these coatings.
Also, as the potential increases (above Ecorr), the PP diagrams show a narrow window of passivity. These HEA coatings offer good pitting corrosion-resistance behavior, with the passive layer having a high resistance to Cl− ion attack. The attack of Cl− ions on the passive film and the replacement of the O element has led to cavities in the passive films and, as a result, causes corrosion (Poornima et al., 2010; Ye et al., 2017).
According to the PP curves, the corrosion density in the 5 V sample had the most significant decrease compared to the substrate; Corrosion potential has also been transferred to more positive values, which show an increase in the corrosion resistance of the 5 V sample. The corrosion protection efficiency of the 5 V sample is 97.71%.
A comparison between the results of the PP test of these samples with other HEA coatings is presented in Supplementary Table S6. The icorr of sample 5 V is lower than other samples, showing better corrosion resistance. The Ecorr of all samples is more positive than the samples of this study. Therefore, according to the results, sample 5 V was selected as the optimal condition in the coating process for corrosion resistance applications.
Supplementary Figure S9B shows the cyclic potentiodynamic polarization curves to investigate the pitting corrosion behavior. The first cycle (forward) is shown by a black arrow, and the second cycle (backward) is shown with a red arrow. The CPP curve shows a negative hysteresis loop, which means the resistance of the alloy (in all samples) to pitting corrosion. This behavior can be attributed to the uniform composition of the entire coating and its chemical stability. The re-passivation potential (Erp) increases as the coating potential increases.
When Epit > Erp > Ecorr, the coating is resistant to pitting corrosion (Almarshad and Jamal, 2004). According to the second peak of the diagrams, the 5 and 6 V samples are not sensitive to pitting corrosion and have high corrosion resistance.
By comparison of icorr estimated from the LP and CPP diagrams, it can be seen that the values of icorr obtained from the LP diagrams for the 6 V sample correspond to the results of the CPP diagram. Still, the icorr of 5 V sample, from LP, it is higher than the values estimated from the CPP results. However, the icorr value of the 5 V sample is less than that of the 6 V sample, so it has higher corrosion resistance.
For a more detailed study, the 5 and 6 V samples were compared with several similar HEA samples (Supplementary Table S6); the results showed that pitting corrosion occurred in other samples, and the samples were sensitive to pitting.
The corrosion resistance of multi-component alloys depends mainly on microstructural homogeneity and uniform distribution of alloying elements through the grain boundary and crystalline phases. The stability of passive film plays a significant role. The unique point is the suitably combines of alloying elements such as Co and Cr, effectively increasing the corrosion resistance. The studies on HEAs have shown that the Ni content has no linear effect on corrosion resistance. In the 5 V sample, with fewer Ni (support passivation element), the corrosion rate compared to the 6 V sample showed more corrosion resistance. Besides forming Cr2O3 as the main passivation element, Cr increases the surface chemical stability and the protective effect of Fe2O3, NiO, and CoO in corrosion protection. In the 5 V sample, the Cr amount had a more positive effect on protecting the alloy against corrosion than in the 6 V sample. The effect of Co content (as the support passivation element) on the stability of its passive layer and the stability of the Cr2O3 layer has been studied. Mn acts as a destructive agent in reducing the protection of Cr and Ni oxides (causing sensitivity to pitting corrosion) and increasing the probability of passive layer dissolution. The 5 V sample with less Mn content in the alloy composition showed higher corrosion resistance than the 6 V sample. Along with other elements, less Fe has increased the corrosion resistance in the 5 V sample compared to the 6 V sample (Shi et al., 2017; Nascimento et al., 2022). Besides the chemical composition, the uniform distribution of the elements (Supplementary Figure S3B) and the homogeneous microstructure of the alloy (Supplementary Figures 6–8) have led to significant corrosion resistance properties.
4 CONCLUSION
This study synthesized high-entropy CoCrFeMnNi alloy coatings by electrochemical deposition at 4, 5, and 6 V constant potentials. The SEM images showed that the created coating covered the substrate surface well, and a uniform surface was made. The morphology of the coating has been affected by different coating conditions. The results of the potentiodynamic polarization test showed that the corrosion rate of the 5 V sample is the lowest one. All coatings significantly improved the corrosion resistance of the substrate; in the best case, the 5 V sample improved the corrosion resistance of the Cu substrate by over 40 times and was selected as the optimal condition. Also, according to the corrosion curves, none of the samples were sensitive to pitting corrosion. The electrochemical impedance spectroscopy test showed an excellent performance of coatings to improve corrosion resistance compared to similar alloys, with a protection efficiency of over 80%. The results showed that the corrosion resistance of coatings depends on the microstructural and chemical homogeneity caused by the elements distribution of the coatings.
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