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Abstract: In this paper, we investigate what effects heat treatment can have on potentiodynamically
electrodeposited high-entropy thin film (HEA) CoCrFeMnNi alloys. We focused our study on the
corrosion resistance in synthetic seawater, corroborated with the structure and microstructure of these
thin films. Thin films of HEA alloys were deposited on a copper foil substrate, using an electrolyte
based on the organic system dimethyl-sulfoxide (DMSO-(CH3)2SO)-acetonitrile (AN-CH3CN) (in
a volume ratio of 4:1), which contains LiClO4 as electrolyte support and chloride salts of CoCl2,
CrCl3 × 6H2O, FeCl2 × 4H2O, MnCl2 × 4H2O and NiCl2 × 6H2O. Using MatCalc PC software, based
on the CALPHAD method, the structure and characteristics of the HEA system were investigated,
and thermodynamic and kinetic criteria were calculated. The modeling process generated in the
body-centered-cubic (BCC) or face-centered-cubic (FCC) structures a series of optimal compositions
that are appropriate to be used in anticorrosive and tribological applications in a marine environment.
Electrochemical measurements were carried out in an aerated artificial seawater solution at ambient
temperature. In the experimental media, HEA thin films proved to have good corrosion resistance and
were even better than the copper substrate. Corrosion resistance was improved after heat treatment,
as shown by polarization and EIS tests. The structure and microstructure of HEA thin films before
and after corrosion in artificial seawater were investigated by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and energy dispersive spectrometry (EDS). The XRD data showed no
significant changes in the structure of HEA heat-treated thin films after the corrosion in saline media.
The data obtained by polarization and ESI are supported by results from SEM-EDS. This complex
study reveals that, for HEA thin films, heat treatment leads to an increase in corrosion resistance. So,
this finding suggests that thermal annealing is an appropriate method for improving the corrosion
performance of HEA thin films.

Keywords: high-entropy alloy; thin film; heat treatment; corrosion resistance; surface analysis

1. Introduction

Metallic materials have represented one of the underpinning elements of human
civilization throughout the course of its history. The continuous endeavors in the field
of materials science and engineering lead to the development of a wide range of struc-
tural and functional metallic materials for applications encompassing all areas of the
economical specter.
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One of the most recent advances is represented by high-entropy alloys (HEAs), a new
class of metallic alloys that steer away from the conventional approach [1–3].

According to the traditional paradigm, alloys consist of a main component and a small
number of additional chemical elements, whereas HEAs are multi-component cocktails
based on equiatomic mixtures of five or more elements.

The classical metallurgical theory states that such materials should exhibit a microstruc-
ture formed by intermetallic compounds; however, due to their high mixing entropy, HEAs
present the tendency to generate simple solid-solution structures, and the formation of
single-phase crystal structures is quite common.

A triple range of factors, severe lattice distortions, slow diffusion and the high-entropy
effect, determine the structure and properties of these alloys.

These considerations have spurred extensive research efforts aimed at studying these
innovative metallic materials, which resulted in the development of a broad range of alloy
systems exhibiting remarkable properties, such as high resistance to anneal softening, high
strength, high hardness, high corrosion and wear resistance and good electromagnetic
capabilities, which render them suitable for potential industrial application as structural
and functional materials. The main characteristic of HEAs is represented by their capability
to maintain their properties at elevated temperatures [4–9].

HEAs are obtained through the majority of presently known synthesis methods for
bulk materials and functional coatings: furnace melting and casting, mechanical alloying,
rapid solidification, laser cladding, magnetron sputtering, etc. [10–18].

In recent years, the state of play in the supply chain of raw materials considered
critical or strategic has emphasized an urgent need in increasing the efficiency with which
these commodities are used in industrial manufacturing processes. Therefore, fabrication
methods which maximize the production output and minimize the materials losses as
byproducts are continuously developed and improved.

One of such manufacturing techniques is electrochemical deposition, which can lead
to the synthesis of advanced functional materials in the form of thin films and coatings.
Electrodeposition exhibits a series of advantages, such as reduced raw material and en-
ergy consumption, low temperature processing, short time synthesis duration, simplified
equipment design and a high potential of technological scalability [19–21].

The obtaining of HEAs through electrochemical synthesis still remains a pioneering
effort, as few works are known until now in the scientific literature.

Li et al. [22–25] investigated the preparing of TmFeCoNiMn, BiFeCoNiMn, and MgMn-
FeCoNiGd multi-component HEA thin films by electrochemical deposition and researched
their potential as materials solutions for next-generation thermoelectric, magnetic, and
photoelectronic and fuel cell applications.

Other approaches focused on the pulse electrodeposition method to obtain HEA thin
films [26,27].

Our group studied quinary and senary high-entropy alloys in the AlCrCuxFeMnNi
system obtained by potentiostatic electrodeposition in an organic electrolyte [28].

In our previous paper, we investigated the synthesis of CoCrFeMnNi HE alloy thin
films by electrochemical deposition using a similar organic electrolyte. The electrochemical
tests carried out in an artificial seawater environment revealed promising potential for
application as anti-corrosive coatings, owing to the protective behavior exhibited by the
obtained alloys [29].

More recent research has focused on microstructure and corrosion properties of CoCr-
FeMnNi HEAs [30], the examination of microstructure and corrosion properties of multi-
component HEAs [31], the effect of heat treatment on microstructure, wear behavior and
corrosion resistance of bulk HEAs [32], as well as the comparison of corrosion resistance of
CoCrFeMnNi HEAs with pipeline steels in an artificial alkaline soil solution [33].

The present work studies the corrosion behavior and microstructure of CoCrFeMnNi
HEA thin layers deposited electrodynamically or potentiodynamically, depending on
the thermal treatment. Calculations carried out using the CALPHAD method allowed
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for the determination of the thermodynamic and kinetic criteria and the modeling and
investigation of the structure and characteristics of the alloy system. We consider the
obtained results to be new, because we could not compare them with others in the literature
denying similar reports.

2. Materials and Methods
2.1. Alloy Obtaining and Thermic Treatment

A 400 mL Berzelius beaker was used for the electrochemical depositions that were
carried out at room temperature (20 ◦C) All electrochemical measurements were performed
on PAR 263A potentiostat-galvanostat electrochemical workstation (Princeton Applied
Research, Oak Ridge, TN, USA) and PC Power Suite software with a three-electrode cell.
A platinum foil (approx. 10 cm2) and a platinum wire (Ø1 mm) were used as counter and
reference electrodes.

The HEA thin films were deposited on Cu foil substrates (thickness of 1 mm) by
potentiostatic electrodeposition in an organic electrolyte based on dimethylsulfoxide
[DMSO-(CH3)2SO]-acetonitrile (AN-CH3CN) (4:1 by vol.) system containing LiClO4
(0.1 mol × L−1) as supporting electrolyte and CoCl2, CrCl3 × 6H2O, FeCl2 × 4H2O,
MnCl2 × 4H2O and NiCl2 × 6H2O as raw materials (0.01 mol·L−1 for the equimolar
samples). Prior to electrodeposition, the Cu substrates were thoroughly prepared by pol-
ishing with abrasive paper of various sizes, etching in 4 M HNO3 solution, and finally
rinsing with distilled water. For this study, we used three samples noted, 1, 2, 3, obtained at
2.0 V by 60 min electrodeposition and at different temperatures, and the following samples
were obtained: 1(equimolar)-20 ◦C; 2(non-equimolar: Co0.12Cr0.55Fe0.11Mn0.1Ni0.12)-25 ◦C;
3(equimolar)-25 ◦C.

In order to homogenize the microstructure of the submitted samples while releasing
their internal stress, thermal treatment is used as a post-processing technique. The obtained
HEA thin films were annealed at 400–500 ◦C for 1.5–3 h, in an inert Ar atmosphere (>99.9%
purity), in a sealed steel container (diameter: 80 mm, height: 140 mm, approx. 1 L capacity,
IMNR, Pantelimon, Romania), using a CARBOLITE 100–900 electric furnace. The inert gas
was purified through a CRS (chromatography research supplier, Louisville, KY, US) all in
one purifier cartridge. By this method, we obtained the heat-treated samples. Because we
found in preliminary studies that HT at temperatures above 420 ◦C led to partial or total
damage to the HEA thin film, we used for this study only HT at temperatures near this
limit. The HT samples (1HT, 2HT and 3HT) were the same as those as-deposited (1, 2, 3).

2.2. Modeling

The most adequate HEA compositions were identified using kinetic and thermody-
namic criteria [34]. The governing equations are:

a. Boltzmann’s equation to calculate the mixing entropy (∆Smix):

∆Smix = −R ·∑ ci · ln c1 (1)

where: R is the ideal gas constant (8.314 J/mol·K); ci is the molar fraction of the element i.

b. Miedema model was used to determine the alloy mixing enthalpy (∆Hmix) [35]:

∆Hmix = ∑ 4cicj · ∆Hij (2)

where i and j are indices of the containing elements and ∆Hij is the binary enthalpy of the
containing element pair.

c. The following equation determines the atomic size difference (δ) [36]:

δ = 100 ·
√

∑ ci ·
(

1− ri
r

)2
(3)

where r is the average atomic radius and ri is the atomic radius of element i.
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d. A combined criterion for alloy mixing entropy and enthalpy, introduced by [37] as Ω,
was calculated using following formula:

Ω = Tm∆Smix/|∆H mix | (4)

where Tm is the alloy melting temperature and Tmi is the melting temperature of the
element i.

e. The influence of electronegativity was determined by applying the difference ∆χ
criterion, calculated using Equation (5) [38]:

∆χ = 100 ·

√
∑ ci ·

(
1− χi

χ

)2
(5)

where: χi is element i electronegativity after Pauling and χ is the average electronegativity.

f. In order to determine the type of solid solution formed in the alloy, the valence electron
concentration (VEC) criterion was applied. The calculation formula is presented as
follows [39]:

VEC = ∑ ci ·VECi (6)

where VECi is the valence electron concentration of element i.

g. A new criterion was developed to represent the influence of mixing entropy (∆Smix)
and atomic size difference (δ). The geometrical parameter (Λ) is a ratio of both
thermodynamic and atomic configuration units, through the following formula [40]:

Λ =
∆Smix

δ2 (7)

Data for the thermodynamic and kinetic calculations were provided using a dedicated
software, MatCalc Pro edition software, version 6.02. The modeling results were obtained
using CALPHAD (CALculation of PHAse Diagrams) method and is appropriate for perti-
nent thermodynamic calculations, with verified applicability for multicomponent systems.
The database of the program includes most of the thermodynamic parameters for describ-
ing Gibbs free energy, equilibrium calculations, precipitation kinetics and microstructure
simulations. To analyze the solid solution redistribution process during solidification, the
variation of the available phase’s proportions were simulated.

2.3. Corrosion Behavior

A Voltalab 80 PGZ 402 (Radiometer Analytical SAS, Lyon, France), equipped with a
special soft Corr, was used to perform the corrosion tests. A thermostatic glass cell with a
standard three-electrode systems was used, with the HEA thin-film sample (well-defined
at 1 cm2 area) as the working electrode (WE), a saturated calomel electrode as reference
electrode (SCE) and a platinum sheet (with a surface area considerably greater than that of
the WE) as the auxiliary electrode (AE). In order to prevent electrical interferences, the cell
assembly was placed in a Faraday cage. The corrosion medium used was aerated synthetic
seawater at room temperature. Because our samples were thin films of HEAs, no surface
preparation was done, in order not to destroy the films. The samples were immersed in
the synthetic seawater before the tests start and were allowed to reach equilibrium, which
usually took around 20 min. In order to obtain the linear polarization curves, the electrode
potential was sweeping by ±20 mV with respect to the OCP starting from the cathode
pinace region, a constant value of the OCP was reached. Tafel polarization experiments
were performed with a constant scan rate of 0.166 mV·s−1, while the potential was shifted
within ±250 mV vs. EOCP.
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Using a frequency range from 100 kHz to 40 mHz and an AC wave of±10 mV (peak-to-
peak), we obtained the EIS techniques at open circuit potential (OCP). The impedance tests
were achieved at a rate of 10 points per decade change in frequency. The Nyquist plots were
fitted by ZSympWin soft, in order to determine the equivalent circuits. All electrochemical
experiments were carried out at room temperature (25 ± 1 ◦C).

2.4. Surface Characterization of the Alloys

The crystalline structure of the samples was determined by “grazing incidence” X-ray
diffraction, in thin-film geometry (GIXRD). The GIXRD measurements were performed with
an Ultima IV “diffractometer” (Rigaku Corp., Akishima, Japan), equipped with parallel
beam optics and a thin-film attachment, using Cu Kα radiation (λ = 1.5405 Å), operated
at 30 mA and 40 kV, over the 2θ range 20–100◦, at a scanning rate of 2◦/min, with a step
width of 0.02◦. The fixed incidence angle ω was set at 0.5◦. The XRD patterns were further
refined using the Whole Pattern Powder Fitting (WPPF) method on the PDXL software
(version 2.6.1.2, Rigaku, Tokyo, Japan). The diffraction peak profiles were modeled by a
split-pseudo-Voigt function and the B-spline background model.

A Quanta 3D field emission scanning electron microscope (SEM, Quanta, Hillsboro,
OR, USA) equipped with an energy dispersive X-ray spectrometer (EDS), presented in our
previous investigation [29], was used to evaluate the surphace morphology and chemical
composition of the HEA thin films.

3. Results
3.1. Modelling of the Concentration Influence over the CAAs Structure

To analyze the solid solution redistribution process during solidification, the variation
of the available phase’s proportions, were simulated.

Figure 1 presents the influence of each element on the formation of solid solution in
the CoCrFeMnNi alloy. In order to obtain the structural evolution, the software varied each
element composition, while the rest of the elements were maintained at constant values.

In general, the influence of the containing elements is specific to their individual
properties. Cr, Fe and Mn are known to be hard elements that favor the formation of hard
intermetallic phases. From Figure 1a, the strong influence of Cr on the increase in the hard
sigma phase can be seen. The same effect has Fe and Mn. In Figure 1a,c,d, a steep decrease
in the FCC phase is observed with the increase in hard elements, also due to the formation
of the sigma phase. A large influence on the formation of the BCC phase is attributed to Co
(Figure 1b) and Fe (Figure 1c), which have the most significant contribution to the decrease
in FCC phase. Increasing the Co (Figure 1b) content in the alloy reduces the FCC A1 solid
solution phase to about 30% but increases BCC A2 solid solution and the Sigma phase
content. Increasing the Fe concentration in the alloy lowers the content of the FCC A1
phase but increases BCC and Sigma beyond a 12 wt. % Fe content (Figure 1c). The increase
in Mn determines the decrease in the proportion of FCC_A1 solid solution (Figure 1d),
while BCC-A2 solid solution and sigma phase proportion are increasing. The addition of
Ni determines an opposite behavior, bringing the FCC phase to high concentrations while
drastically decreasing the Sigma phase (Figure 1e). Regarding the BCC phase, Ni addition
does not have a real effect on the proportion of this phase in the alloy. In order to select a
compositional range for the optimized alloys, it is necessary to provide required properties,
which are influenced by the phase composition. In the present case, a combination of high
hardness and toughness could be achieved if the resulted alloy contains a proper balance
of hard and soft phases. The equimolar alloy is placed in Figure 1 in the area where soft
phases (FCC) have a percentage higher than 60%, leading to the obtaining of a material
with lower toughness.
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Figure 1. Effect of the elemental content on the phase constitution at 350 ◦C: (a) Co; (b) Cr; (c) Fe;
(d) Mn; and (e) Ni.

3.2. Kinetic and Thermodynamic Criteria Calculation

In order to obtain the optimal composition and identify the variation of each con-
stituent element (Figure 2), several calculations were performed to determine appropriate
thermodynamic and kinetic criteria.

In Figure 2a, the ratio between the derived parameters omega, Ω, and lambda is
presented. It can be observed that Fe and Co content have a positive influence over the
formation of the solid solution phase, while Mn, Ni and Cr can shift the alloy from the
optimal area. Analyzing the variation of the parameter Λ with density, it was observed
that increasing the content of Co and Ni raises the possibility of obtaining a solid solution
structure, but with a significant increase in alloy density. The ideal is to increase the Fe and
Cr content to promote solid solution formation and lower the alloy density. Mn lowers
alloy density but also decreases Λ value.
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(d) Ω vs. χAllen; and (e) k1cr vs. ∆Him/∆Hmix, for the CoCrFeMnNi alloy.

Figure 2c presents the variation between derived parameter omega Ω, and the atomic
radius difference δ. Analyzing the elements, it was observed that only Mn has a negative
influence over the formation of solid solutions. Fe and Co have an optimal influence, while
Ni and Cr have a slight influence on decreasing Ω values. The graphic representation of
the ratio between the derived parameters omega, Ω, and Allen electronegativity, χAllen,
shows that most elements tend to push the alloy outside the solid solution zone, except for
Fe and Co, which has a positive effect for the solid solution formation. The ratio between
derived parameters k1cr and ∆Him/∆Hmix is important in analyzing the influence of the
constituent elements on the formation of solid solutions. To obtain the desired phase, the
content of Co, Cr and Fe has to be increased, and the content of the other elements must
decrease. The results of the thermodynamic and kinetic criteria determination provided
information about the structure of the alloy and the influence of the constituent elements.
For the CoCrFeMnNi HEAs, Fe and Co have a positive influence on the evolution of Ω
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and lambda parameters, while Fe and Cr have a favorable influence on the Λ variation
with density.

The phase equilibrium diagram, presented in Figure 3, shows a single-phase FCC-A1
configuration at temperatures higher than 500 ◦C. Phases BCC-A2 and Sigma are increasing
rapidly in the alloy composition as the temperatures decrease towards 200 ◦C, where a
phase fraction of 0.3 is presented. As a result, the FCC phase is found to decrease signifi-
cantly, reaching a 0.4 fraction at 200 ◦C. The simulation indicated the melting temperature
of the alloy at 1400 ◦C.
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3.3. Corrosion of HEA Alloys (Electrodeposited and HT)

In this investigation, one of the best methods to protect metal electrodes against
corrosion in an aggressive environment was to deposit protective thin films which verify
the anodic reaction, the cathodic reaction or both. The polarization behavior was studied
at room temperature in a synthetic seawater environment for all electrodes: Cu uncoated,
Cu coated with HEA thin films and Cu coated with HEA thin films that were heat treated.
The polarization curves of the uncoated, as-deposited and heat-treated samples are shown
in Figure 4 (the inserted figures represent the polarization of the Cu support, for the
comparison of the results), and cathodic and anodic polarization curves indicate in the
presence of HEA thin film a lower current density (Figure 4).

For the electrodes covered with HEA thin films and especially for the heat-treated
samples the polarization curves manifested a positive shift of the corrosion potential. This
indicates the protection of the electrode surface against corrosion by the HEA-deposited
coatings. This behavior demonstrates that the HEA protective thin films had a significant
effect on both cathodic and anodic reactions during the electrochemical process.

From the analysis of the Tafel curves that are presented in Figure 4 and of the data
from Table 1, where the measured and calculated corrosion parameters are given (open
circuit potential/OCP, polarization resistance, corrosion potential/Ecorr and corrosion
current density/icorr, corrosion rate), the differences between the coated and support Cu
samples and between the heat-treated and as-deposited electrodes can be observed. The
experimental results show very good corrosion resistance for the coated samples with the
CoCrFeMnNi thin films (as-deposited 3 and heat-treated 3HT and 2HT), a good behavior
for samples 1HT (heat-treated) and 2 (as-deposited) in the synthetic seawater solution,
while sample 1 exhibited a much lower level of corrosion resistance.
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Table 1. Kinetic and corrosion parameters of the uncoated and coated electrodes, as-deposited and
heat-treated, in synthetic seawater solution.

Sample Ecorr
(mV)

icorr
µA/cm2

Rp
Ohm·cm2

ba
mV/Decade

bc
mV/Decade

R
mpy

P
mm/an

E
%

Cu −263 7.83 1782 63 −125 3.66 0.093 -
1 −247 4.81 3500 96.3 −119 2.24 0.057 40

1HT −187 2.01 6170 64 −106 0.939 0.023 74
2 −289 3.018 6570 161 −92 1.414 0.035 62

2HT −165 1.362 8890 59 −103 0.636 0.0161 83
3 −242 1.19 16,550 117 −99 0.559 0.014 85

3HT −163 0.893 12,380 64 −84 0.417 0.0106 89

This analysis of the polarization curves indicates that the protective films of the heat-
treated and as-deposited HEA thin films had a major influence on the electrochemical
process (cathodic and anodic reactions). This proved also that the deposited HEA film
prevented the attack of the aggressive ions (Cl−) on the surface of the electrode.

Moreover, from this analysis, it can be seen that the heat-treated samples 3HT, 2HT
and as-deposited 3 HEA thin film demonstrated higher protective properties with an effi-
ciency of 89%, 83% and 85%, compared to heat-treated sample 1HT and the as-deposited
sample 2, which exhibited a good efficiency of 74% and 62%, while sample 1 did not offer
good protection with an efficiency of 40%. All the samples investigated electrochemically



Coatings 2022, 12, 1108 10 of 21

in the artificial seawater solution manifested corrosion protection, but with different effi-
ciency values (1 < 2 < 1HT < 2HT < 3 < 3HT). Nyquist diagrams (Figure 5) for samples
deposited with HEAs and those with HEA heat-treated films determined in the synthetic
seawater. The diagram of uncoated Cu substrate is not presented but we will discuss it.
The impedance diagram of the uncoated Cu substrate can be described by two semicircles,
a smaller one at a high frequency followed by a larger one at lower frequencies. The first
semicircle is attributed to the formation of the corrosion products film and is represented
by the resistance and capacity of the corrosion film. The second semicircle is attributed to
the diffusion of copper cations (soluble CuCl2) in the saline solution and is characterized
by the charge transfer resistance and double-layer capacity and the Warburg impedance
(W). The existence of the Warburg impedance indicates the diffusion of the soluble species.
The corrosion mechanism of the uncoated electrode is under mixed control: by copper
dissolution and diffusion of the copper cations in the electrolyte. Warburg impedance
takes into consideration the diffusion process of the soluble copper compounds from the
electrode surface into the solution bulk. The Nyquist impedance plot of the uncoated
Cu substrate is characteristic for a dissolution process followed by the precipitation of a
corrosion product thin film on the electrode surface.
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The Nyquist diagram for the electrodes coated with heat-treated and as-deposited
protective HEA thin film is modeled using approximately the same equivalent circuit shown
in Figure 6a for Cu substrate. Moreover, the parameter values had a very good fit of the
impedance diagrams and are significantly distinctive from those obtained for the uncoated
Cu substrate. In this case, the first capacitive loop was assigned to the characteristics of
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the coating/electrolyte interface and is represented by the coating resistance and coating
capacity. The second semicircle in the low frequency range is attributed to the coating/Cu
substrate interface and to the processes taking place under the deposited film and it may
be characterized by the charge transfer resistance and double-layer capacity, while also in
the low frequency range it can be noticed that the coated electrodes exhibited a Warburg
impedance, which can indicate the diffusion of soluble corrosion compounds.
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Figure 6. The equivalent electrical circuit model used to fit the experimental data: (a) for uncoated
Cu and (b) Cu/HEA thin films in artificial seawater.

From the analysis of the Nyquist diagrams, it can be noted that the impedance response
of the coated electrode was significantly modified by the protective thin film deposition,
which implies that the presence of the coating was highlighted. It can be seen that the
diameter of the electrochemical impedance loop for the coating was greater than the one
of the uncoated samples, which indicates a higher protective efficiency for the coated
electrodes, especially for the heat-treated 3HT and the as-deposited 3 samples.

The corrosion behavior, the analysis of the corrosion mechanisms and the adsorption
phenomena of the thin films deposited on the surface of the Cu substrate were studied
by electrochemical impedance spectroscopy (EIS) in a synthetic sea water medium. The
experimental EIS results show the electrochemical properties of the protective coating at
the electrode–electrolyte interface.

After analyzing the EIS data, the equivalent electric circuit from Figure 6 was used. An
equivalent Cu in synthetic seawater electrical circuit was proposed in order to match the
impedance spectra of uncoated copper, as shown in Figure 6a. The component parameters
were: electrolyte resistance Rs, phase element constant CPEf (CPE1) related to the corro-
sion film capacity, the corrosion film resistance Rf, phase element constant CPEp (CPE2)
connected to the corrosion compounds and the double-layer capacity, the charge transfer
resistance Rct and the Warburg impedance (W).

An equivalent circuit was suggested to match the impedance spectra of the electrodes
on which the protective coatings were plated, as shown in Figure 6b, where Rs is the
resistance of the solution, CPEc (CPE1) is the phase element constant related to the coating
capacity, Rc represents the coating resistance, CPEct (CPE2) and the phase element con-
stant represent all the frequencies during the electrochemical phenomena comprising the
double-layer capacity, Rct represents the charge transfer resistance and W represents the
Warburg impedance.

Thus, from the fitting and exploration of the EIS experimental data, an equivalent
circuit model (Figure 6) was proposed in the studied frequency range.

In this case, the phase element constant CPE is introduced in the circuit instead
of a regular double-layer capacitor (Cdl) in order to provide a more accurate match:
Cdl = Y0 (ωmax)n−1; CPE is used to describe the deformation of the capacitive semicir-
cle corresponding to the heterogeneity of the electrode surface due to its roughness and the
presence of impurities.
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The CPE impedance can be defined as: ZCPE = Y0
−1 (jω)–n, where ω is the angular

frequency (ω = 2πf), j is an imaginary number (j2 = −1), Y0 is the amplitude compared to a
capacitance and n is the phase change. The value of n provides details about the degree
of in homogeneity of the metal surface. A higher value for n is associated with a lower
surface roughness (reduced in homogeneity).

Depending on the value of n, the phase element constant may be taken into account as
acting as a resistance when n = 0 and Y0 = R, as a capacitance when n = 1 and Y0 = C, as an
inductance when n = −1 and Y0 = 1/L or as a Warburg impedance for n = 0.5 and Y0 = W.

It may be stated that the higher Rct values for the coatings are attributed to the
high efficiency barrier effect, and the lower value of CPE for the films ensures a higher
anticorrosive protection of the coated electrode, especially for the heat-treated 3HT and
the as-deposited 3 samples studied in the corrosive environment of artificial seawater.
It is obvious that a very good fit has been achieved with this equivalent circuit model.
All experimental EIS data are in good agreement with those obtained by polarization
experiments. Moreover, the best corrosion protection performance of the coated electrode
in the artificial seawater solution was revealed by the higher Rct and lower Cdl values.

From the analysis of the EIS data, it can be concluded that some of the coated electrodes,
both heat-treated and as-deposited (3HT, 3 and 2HT), exhibited a much better polarization
behavior and provided excellent anticorrosive protection compared to other samples (heat-
treated 1HT, as-deposited 1). Sample 1 demonstrated a mediocre behavior, which may
suggest that during the corrosion process the protective film underwent more changes than
the other samples and it can be said that the film was partially destroyed and the aggressive
ions (Cl−) penetrated and corroded the electrode surface.

The parameters obtained after assessing the equivalent circuit of the coated and
uncoated electrodes are presented in Table 2.

Table 2. Electrochemical parameters of the uncoated and coated electrodes as-deposited and heat-
treated, in a synthetic seawater solution.

CPE1 CPE2

Sample Rs
ohm·cm2

Q-Yo
S·s−n·cm−2 Q-n R

ohm·cm2
Q-Yo

S·s−n·cm−2 Q-n R
ohm·cm2

W
S·s−1/2·cm−2 χ2

Cu 16.75 1.157 × 10−4 0.725 238 1.653 × 10−4 0.643 1864 2.257 × 10−3 6.23 × 10−4

1 16.56 5.979 × 10−4 0.6575 3300 0.09261 0.785 0.06118 4.736 × 106 5.317 × 10−3

1HT 6.588 1.075 × 10−6 0.992 9.518 6.253 × 10−3 0.6825 3268 0.00249 4.603 × 10−4

2 7.46 3.204 × 10−4 0.763 5745 1.15 × 10−3 0.964 1393 5.6 × 106 1.690 × 10−3

2HT 5.215 1.208 × 10−6 0.991 16.2 2.66 × 10−5 0.679 6041 0.00134 1.111 × 10−3

3 6.134 2.308 × 10−4 0.7381 23.88 3.39 × 10−5 0.918 11,070 0.002646 5.13 × 10−4

3HT 5.086 2.894 × 10−5 0.7062 10,100 4.77 × 10−4 0.992 1381 6.223 × 10−3 3.301 × 10−3

The Bode diagrams (Figure 7) are consistent with the Nyquist diagram. It can be seen
that a higher value at low frequency for the impedance modulus (Zmod) represents a better
efficiency on corrosion of the surface protection, which was observed for the as-deposited
and heat-treated electrodes. Both Nyquist and Bode diagrams suggest that the protective
coatings formed on the surface of the HEA heat-treated and as-deposited electrodes halted
the corrosion process, especially in the case of the 3HT, 3 and 2HTsamples. This behavior
acted as a barrier through the charge transfer phenomenon.

We can conclude that EIS and potential polarization data are in good agreement.
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3.4. Microstructure of HEA Alloys

The structure of the HEA thin film was studied by XRD.
For the as-deposited CoCrFeMnNi HEA thin films the XRD data ascertained the

amorphous nature (Figure 8a), which is typical for very thin films or nano films. So, we
hoped to obtain better results on the heat-treated HEA thin films.
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Figure 8. XRD patterns obtained on the HEA CoCrFeMnNi thin films: (a) as-deposited;
(b–d) heat-treated and corroded.

The result of the X-ray diffraction for the HEA heat-treated samples and after cor-
rosion in artificial seawater medium (Figure 8b–d) shows that the obtained films have a
polycrystalline structure.

The diffraction lines marked by the black circle at around 43.36◦, 50.48◦, 74.29◦,
90.08◦, and 95.18◦ can be indexed to (111), (200), (220), (311) and (222) planes of the
face-centered cubic (FCC) structure. The diffraction lines corresponding to Cu2O (JCPDS
card no. 00-900-5769) and CuO (JCPDS card no. 00-901-5822) arise from the substrate,
suggesting that the thickness of the films is small.

An increase in the diffraction lines intensity was observed for the thermally treated
films (Figure 8). According to the preferred orientation, the most preferred orientation of
the FCC structure is the (1 1 1) plane, which is perpendicular to the substrate, and both
(2 0 0) and (2 2 0) have weak intensity [38]. In the case of both films (Figure 8b), thermally
treated (2HT) and corroded (2HT corr), the high intensity of the 220 reflections shows that
both develop a preferred orientation in the {110} direction.

The calculated lattice parameters of FCC structured HEAs (CoCrFeMnNi) were
3.6126(5) (1HT), 3.6163(5) (1HT corr), 3.6127(6) (2HT), 3.6141(5) (2HT corr), 3.6144(6) (3HT),
and 3.6167(5) (3HT corr), respectively.

A slight increase in lattice parameters of the FCC phase was observed as a consequence
of the corrosion procedure for all the films.

The XRD data proved no significant changes in the structure of HEA heat-treated thin
films after the corrosion in saline media.
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The microscopic structure of the HEA samples, as-deposited and heat-treated, in
the initial stage and after corrosion, was studied by SEM-EDS measurements. The SEM
image of the cross-section of the thin films indicates that the thin films had a thickness of
1.457–1.996 µm at different points of the sample.

SEM images of the heat-treated CoCrFeMnNi thin film, sample 1, are presented in
Figure 9. The deposited film consists of fiber-like structures, tens of microns long and
several microns wide (Figure 9a). The surface of these fiber-like structures is covered with
globular particles with a sub-micron diameter. After corrosion (Figure 10), the globular
particles are not present, leaving only smooth surfaces of the fiber-shaped structures, with
some local pores and micro-cracks (such as that marked with an arrow in Figure 10b). The
EDS spectra (Figure 11) of the corroded film detects, besides the film elements Co, Cr, Fe,
Mn and Cu from the substrate, an additional feature at 2.3 keV that correspond to S.
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Figure 10. SEM morphology of the equimolar CoCrFeMnNi thin film, sample 1 (corroded): (a)×1000;
(b) ×10,000.

In “Supplementary Materials” (SM), we present the SEM and EDS of the CoCrFeMnNi
thin-film HT. The study of the CoCrFeMnNi film sample 1HT by SEM, presented in
SM, Figure S1, shows the formation of a uniform layer (Figure S1a) with a dendritic
microstructure and as seen in the higher magnification image (SM, Figure S1b, marked
with an arrow). After corrosion (SM, Figure S2), the film layer appears with macro-cracks,
also delaminated in many areas. Parts of the film have come off the substrate surface, and
there are also areas of bare substrate without film (SM, Figure S2a,b).

The EDS spectra (SM, Figure S3) of the thin films detect the alloy elements Mn, Fe, Co
Ni, and Cu from the substrate on both samples before and after corrosion.
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Figure 11. EDS spectra for the equimolar CoCrFeMnNi thin film, sample 1, after corrosion.

SEM images of the CoCrFeMnNi thin-film sample 2 (Figure 12) show an outer layer of
submicron globular particles with significant gaps between particles (Figure 12b). After cor-
rosion, the SEM images (Figure 13) show that the shapes in the outer layer have sharpened
significantly, leaving a uniform outer layer of thin walls, replacing the globular shapes of
the original film.
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Figure 12. SEM morphology of the non-equimolar CoCrFeMnNi thin film, sample 2: (a) ×1000;
(b) ×10,000.
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The EDS spectra (Figure 14) of the corroded sample 2 detect Cu from the substrate,
the film elements Co, Cr, Fe, and Mn, and the additional S peak.
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The SEM images of the CoCrFeMnNi thin film, sample 2HT (SM, Figure S4), also show
fiber-like structures, tens of microns long and several microns wide. Aggregates of globular
particles can be observed that fill the gaps between the fiber-shaped structures, and some
individual particles scattered along the surface of the fibers. After corrosion, there are areas
of the film coming off from the substrate surface (Figure S5a), and bare substrate areas
without film, marked with an arrow in SM, Figure S5a and shown in more detail in SM,
Figure S5b. The EDS spectra (SM, Figure S6) of the films detect the following elements
from the substrate: Co, Fe, Mn, Ni, and Cu. After corrosion, the presence of S, Na and Cl is
also detected.

Figure 15 shows SEM images of the heat-treated CoCrFeMnNi thin film, sample 3. The
deposited film consists of fiber-like structures, tens of microns long and several microns
wide (Figure 15a). The surface of these fiber-like structures is only partially covered with
globular particles with a sub-micron diameter and also appears in some pores (Figure 15b).
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Figure 15. SEM morphology of the Co0.12Cr0.55Fe0.11Mn0.1Ni0.12 film, sample 3: (a) ×1000;
(b) ×10,000.

After corrosion, the SEM images (Figure 16) shows bare surfaces of the fiber-shaped
structures and pores, such as those marked with an arrow in Figure 16b, without globular
particles. The EDS spectra (Figure 17) of the corroded film detect the presence of S besides
the film elements Co, Cr, Fe, Mn and Cu from the substrate.
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Figure 17. EDS spectra for the Co0.12Cr0.55Fe0.11Mn0.1Ni0.12 thin film, sample 3 after corrosion.

The film Co0.12Cr0.55Fe0.11Mn0.1Ni0.12, sample 3HT presents cracks associated to areas
where the film appears lifted (SM, Figure S7). The film consists of closely packed globular
particles (SM, Figure S7b). After corrosion, the film is not present in many areas (SM,
Figure S8). The EDS spectra (SM, Figure S9) of the film detects only the film elements Co,
Fe, Mn, Ni, and Cu from the substrate.

We can conclude that films 1 and 2 and have a tendency toward local delamination,
leaving the bare substrate exposed. On the other hand, the thermally treated films (1HT,
2HT, 3HT) tend to be uniformly corroded along all the film surface, compared to the
as-deposited films. We believe this effect can be explained by the relaxation of stresses
between the as-deposited films and the substrate in thermally treated samples.

Good agreement was found between data from SEM-EDS and potential polarization
and EIS study.

4. Conclusions

Using potentiostatic electro-deposition at various potentials in the DMF-CH3CN
organic system with LiClO4 additive, we obtain the CoCrFeMnNi HEA thin films on
copper support.

The HEA thin films were obtained as-deposited and then were subjected to heat
treatment. For both of the samples, the analysis of structural and corrosion behavior in
artificial seawater was conducted.

CALPHAD software was used to make a simulation of alloy obtaining and to compare
results with an experimental one. A structure composed mainly of solid solutions of FCC
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and BCC types was obtained after simulation. The results of the thermodynamic and
kinetic criteria determination provided information about the structure of the alloy and the
influence of the constituent elements.

The equimolar alloy with soft phases (FCC) has a percentage higher than 60%, leading
to the obtaining of a material with lower toughness. The simulation indicated the melting
temperature of the alloy at 1400 ◦C.

The results of the corrosion polarization curve in artificial seawater show that the
as-deposited HEA thin films have good corrosion resistance and the coating after annealing
treatment has even better corrosion resistance. Sample 1, as-deposited at 20 ◦C, and HT
demonstrated a mediocre behavior, which may suggest that during the corrosion process
the protective film underwent more changes than the other samples, and it can be said
that the film was partially destroyed. The best corrosion rate was obtained for the as-
deposited sample 3 equimolar (85%) and heat-treated thin films, 2HT and 3HT (83%; 89%).
The impedance tests proved the same good corrosion resistance. So, we can conclude that
the best deposition temperature was 25 ◦C and that HT has a positive effect on these HEA
thin films.

XRD data show that corrosion in artificial seawater does not significantly change the
structure of the heat-treated HEA thin films. A slight increase in lattice parameters of the
FCC phase was observed as a consequence of the corrosion procedure for all the films.

HEA thin films, as-deposited, consist of two types of particles (fiber-like and globular),
while the heat-treated films consist of three types (dendritic, fiber-like and globular), as
revealed by SEM surface analysis. The het-treated HEA thin films exhibit better growth and
more homogeneous distribution of the particles compared with the as-deposited samples.

The EDS data proved the presence of all elements in the HEA thin films. The samples
2HT and 3HT showed better SEM and EDS results, proving the positive result of the heat
treatment on these samples.

The influence of heat treatment on the HEA thin films deposited on copper electrode
was analyzed during immersion in artificial seawater. It was proved that the HEA thin-film
amorphous alloy coating can be used in high-temperature and aggressive environments.
The HEA film, heat-treated, had a corrosion efficiency of 74–89%, which proved a good level
of protection of the copper electrode during immersion in artificial seawater. However, the
imperfections present in the film structure could influence the corrosion behavior for long-
term corrosion in aggressive artificial seawater, and so the HEA anti-corrosion protection
could change over time. The suitable usage to form surface protection layers by these
HEA coatings is proven by this study. So, this study suggests that thermal annealing is
an appropriate method for improving the corrosion performance of HEA thin films. This
conclusion is subject to long-term corrosion studies on as-deposited and heat-treated HEA
thin films, using also AFM and XPS experiments.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings12081108/s1, Figure S1: SEM morphology of the
equimolar film CoCrFeMnNi electrodeposited and heat treated, sample 1HT: (a) ×1000;
(b) ×10,000, Figure S2: SEM morphology of the equimolar film CoCrFeMnNi sample 1HT cor-
roded in artificial seawater: (a) ×1000; (b) ×10,000, Figure S3: EDS spectra for the CoCrFeMnNi
alloy, sample 1HT, in the initial stage(a) and after corrosion (b), Figure S4: SEM morphology of the
Co0.12Cr0.55Fe0.11Mn0.1Ni0.12CoCrFeMnNi film, sample 2HT: (a) ×1000; (b) ×5000, Figure S5: SEM
morphology of the Co0.12Cr0.55Fe0.11Mn0.1Ni0.12 film, sample 2HT(corroded): (a) ×1000; (b) ×10,000,
Figure S6: EDS spectra for of the Co0.12Cr0.55Fe0.11Mn0.1Ni0.12 film, sample 2HT, in the initial stage
(a) and after corrosion (b), Figure S7: SEM morphology of the equimolar CoCrFeMnNi thin film,
sample 3: (a) ×1000; (b) ×10,000, Figure S8: SEM morphology of the equimolar CoCrFeMnNi
thin film, sample 3 (corroded): (a) ×1000; (b) ×10,000, Figure S9: EDS spectra for the equimolar
CoCrFeMnNi thin film, sample 3 in the initial stage(a) and after corrosion (b).
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