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Abstract: High-entropy coatings are highly promising for protecting steel parts in coastal and marine infrastructure from corrosion and 

tribocorrosion. This study examines the properties of medium- and high-entropy Fe–Co–Cr–Ni–(Cu) coatings produced by vacuum 

electrospark deposition. The coatings, with thicknesses of up to 30 μm and varying copper content, exhibit a single-phase solid solution structure 

with an FCC lattice and a dense, homogeneous morphology. The addition of 14 at.% Cu was found to enhance corrosion resistance, shifting the 

corrosion potential to 100 mV. In friction conditions within artificial seawater, the inclusion of copper also improved tribocorrosion properties, 

raising the corrosion potential during friction to –165 mV. This improvement is attributed to the galvanic deposition of dissolved copper on the 

worn areas of the coating, which also reduces the friction coefficient from 0.37 to 0.26. The Fe–Co–Cr–Ni–(Cu) coatings demonstrate high 

wear resistance, ranging from 5.6 to 9.6 ·10–6 mm3/(N·m). The findings confirm the potential of these coatings for applications in environments 

subject to both friction and corrosion.
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Аннотация: Высокоэнтропийные покрытия представляют большой интерес для защиты стальных изделий, используемых в 

прибрежной и морской инфраструктуре, от коррозионного и трибокоррозионного воздействия. В данной работе исследованы 

свойства средне- и высокоэнтропийных покрытий Fe–Co–Cr–Ni–(Cu), полученных методом электроискрового легирования в 
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Introduction

Due to the active use of marine resources, issues 

related to the quality and longevity of engineering 

equipment have become increasingly relevant [1; 2]. 

Sea water, being an aggressive medium, promotes the 

development of corrosion in metal parts during their 

operation [3; 4]. Most moving components of marine 

and coastal equipment, including pumps, bearings, 

valves, propellers, gears, etc., are subjected to the syner-

gistic effects of wear and corrosion in sea water — a pro-

cess known as tribocorrosion. This inevitably accele-

rates the damage and degradation of mechanical fric-

tion units, shortening their service life [5—8]. Addition-

ally, parts that are in a prolonged contact with sea water 

are prone to biofouling — the growth of microorga-

nisms on the surface, which leads to microbiologically 

influenced corrosion (MIC) [9]. As a result, the service 

life is reduced, and energy consumption of engineering 

equipment increases [10]. 

Stainless steels with high chromium content (up 

to 18 %) are widely used for marine equipment com-

ponents due to the formation of a surface oxide film 

consisting of Cr2O3, which helps reduce corrosion on 

the surface. Recently, a new type of material, high-en-

tropy alloys (HEAs), has been discovered. These alloys 

contain passivating elements such as Cr, Ni, Mo, and 

others, and exhibit superior corrosion and tribocorro-

sion properties in aggressive environments (sea water, 

acids) compared to conventional alloys [11; 12]. It is 

known that copper significantly affects MIC and bi-

ofouling by inhibiting the growth and reproduction of 

microorganisms involved in these processes [13; 14]. 

However, the introduction of Cu into multi-compo-

nent Fe—Co—Cr—Ni-based coatings may lead to 

structural heterogeneity, such as the formation of a 

two-phase structure (FCC/BCC) or Cu segregation, 

вакууме. Показано, что покрытия толщиной до 30 мкм с различным содержанием меди характеризуются структурой однофаз-

ного твердого раствора с ГЦК-решеткой и плотной, однородной морфологией. Выявлено, что введение 14 ат.% Cu положительно 

влияет на коррозионную стойкость, смещая потенциал коррозии до 100 мВ. В условиях трения в искусственной морской воде 

добавление меди также улучшает трибокоррозионные свойства, повышая потенциал коррозии во время трения до –165 мВ. Это 

обусловлено гальваническим осаждением растворенной меди на изношенные части покрытия, что также положительно сказы-

вается на коэффициенте трения, снижая его с 0,37 до 0,26. Полученные покрытия Fe–Co–Cr–Ni–(Cu) обладают высокой изно-

состойкостью на уровне (5,6÷9,6) ·10–6 мм3/(Н·м). Результаты исследования подтверждают перспективность их использования в 

условиях трения и коррозии.
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resulting in the formation of Cu-rich and Cu-deficient 

zones, and consequently, more intense localized cor-

rosion [15]. 

A promising application of corrosion-resistant 

high-entropy alloys is their use as coatings [16]. Eco-

nomically, the cost of bulk HEAs produced by arc melt-

ing or casting is relatively high, considering the addition 

of expensive alloying elements. However, the deposii-

ton of coatings helps mitigate this issue. Currently, 

HEA-based coatings are produced using methods such 

as laser cladding [17; 18], electrospark deposition [12; 

19], magnetron sputtering [20], etc. 

Vacuum electrospark deposition (ESD) is a prom-

ising method for producing wear- and corrosion-

resistant coatings on various steels [21], allowing the 

formation of “thick” coatings (up to 200 μm) with 

high adhesion strength due to the micro-welding 

process between the electrode material and the sub-

strate during deposition. Additional advantages of 

ESD include its simplicity, the possibility of localized 

treatment of large parts, and easy automation of the 

process. 

To improve the surface quality and efficiency of elec-

trospark deposition, the process is carried out in a va-

cuum, which enhances the wettability of the surface by 

the melt [22]. This effect is associated with the simulta-

neous occurrence of two parallel processes — pulsed ca-

thodic arc evaporation of the electrode initiated by spark 

breakdown and classical mass transfer of the electrode 

material onto the substrate.

The aim of this work is to develop Fe—Co—Cr—

Ni—Cu protective coatings with varying copper content 

using vacuum electrospark deposition to protect steel 

parts from corrosion and tribocorrosion during opera-

tion in sea water.
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Materials and methods

Fe—Co—Cr—Ni—Cuх coatings with varying cop-

per content were deposited by vacuum electrospark 

deposition [12]. Discs with a diameter of 30 mm made 

of 30X13 steel were used as substrates. Electrodes with 

different compositions (at.%): Fe25—Co25—Cr25—Ni25, 

Fe20—Co20—Cr20—Ni20—Cu20 и Fe17.5—Co17.5—

Cr17.5—Ni17.5—Cu30, were produced by powder metal-

lurgy methods from elemental metal powders using the 

DSP-515 SA hot-pressing press (“Dr. Fritsch”, Germa-

ny) at a temperature of 950 °C, a pressure of 35 MPa, and 

an isobaric hold time of 3 minutes [20]. 

During the coating deposition process, the pressure 

in the vacuum chamber was maintained at 20 Pa, the 

electrode rotation speed was 1000 rpm, and the scan-

ning step and speed were 0.5 mm and 500 mm/min, re-

spectively. To ensure high coating continuity, the scan-

ning direction was changed to perpendicular after each 

treatment cycle. 

The Fe—Co—Cr—Ni—Cuх coatings were deposi-

ted using the Alier 303 metal electrospark power source 

(Moldova) with the following technological parame-

ters: pulse current amplitude of 120 (± 20 %) A, pulse 

frequency of 1600 (± 20 %) Hz, and pulse duration of 

40 (± 20 %) μs. The deposition time for each coating was 

15 minutes. 

The morphology, elemental, and phase composition 

of the coatings were investigated using scanning elec-

tron microscopy (SEM) on an S-3400N microscope 

(“Hitachi”, Japan) equipped with an energy dispersive 

spectrometer NORAN (“Thermo Scientific”, USA), as 

well as X-ray diffraction analysis using a D8 Advance 

diffractometer (“Bruker”, Germany). 

The electrochemical properties of the coatings 

were studied in a three-electrode cell using an IPC 

Pro MF potentiostat (Russia). A platinum electrode 

was used as the auxiliary electrode, and an Ag/AgCl 

electrode, widely used for its simplicity, reliability, and 

reproducibility of results, was used as the reference 

electrode. Before the experiments, the coating surfac-

es were covered with a non-conductive compound to 

exclude the influence of the substrate material on the 

electrochemical parameters. The working surface area 

was 1 cm2. 

The tribocorrosion resistance of the coatings was 

evaluated using a Tribometer (“CSM Instruments”, 

Switzerland) equipped with a special three-electrode 

cell that allows the registration of electrochemical 

corrosion potential during tribological tests in a ball-

on-disk configuration. The tests were conducted in 

artificial seawater at a load of 5 N, a sliding distance 

of 500 m, and a sliding speed of 10 cm/s. An alumi-

num oxide (Al2O3) ball with a diameter of 6 mm and 

a roughness of 0.8 μm was used as the counterbody. 

The wear tracks on the coatings were studied using 

optical profilometry on a WYKO NT1100 profilo-

meter (“Veeco”, USA) [21]. The wear volume of the 

coatings was calculated according to the method 

described in [22]. 

The hardness of the coatings was measured by mi-

croindentation on their surface using an automatic mi-

crohardness tester DuraScan 70 (“EMCO-TEST Prüf-

maschinen GmbH”, Austria) by calculating the average 

value from 10 measurements. The indentation load was 

0.01 HV.

Results and discussion

Figure 1 presents SEM images and corresponding 

element distribution maps of the surface of coatings ob-

tained using Fe—Co—Cr—Ni—Cux electrodes (x = 0, 

20, 30 at.%) with samples designated as Cu0V, Cu2V, 

and Cu3V, respectively. All coatings exhibit uniform 

morphology without visible cracks or chips. According 

to the element distribution maps, the primary elements 

(Fe, Cr, and Cu) are evenly distributed (Fig. 1, b). The 

elemental composition of the coatings is provided in 

Table 1. It can be observed that the iron content is ap-

proximately the same, ranging from 39 to 43 at.%. The 

Cu2V and Cu3V samples contain 14 and 19 at.% cop-

per, respectively, and with increasing copper concen-

tration, the content of Cr, Ni, and Co decreases from 

18—21 at.% to 12—16 at.%.

Figure 2 shows SEM images of cross-sections of 

high-entropy Fe—Co—Cr—Ni—Cux coatings. All coat-

ings have dense and a defect-free structure (no cracks or 

pores). The distribution of Cu across the coating thick-

ness is uniform with a slight decrease from the surface to 

the substrate (Fig. 2, b). As the copper content increases 

from 0 to 19 at.%, the coating thickness decreases from 

30 to 21 μm. 

Figure 3 shows the XRD patterns of Fe—Co—

Cr—Ni—Cux coatings. All samples have a single-

phase structure with an FCC lattice based on a so-

lid solution of all metallic elements. Additionally, the 

structure of the coatings is characterized by a strong 

texture in the (200) direction, associated with direc-

tional crystallization during the solidification of the 

melt. As the Cu content in the coatings increases, 

the FCC peaks shift towards lower angles, which is 

associated with an increase in the lattice parameter 

from 3.570 to 3.582 Å due to the incorporation of 

more copper into the cubic phase (see inset in Fig. 3). 



90

Izvestiya. Non-Ferrous Metallurgy  •  2024  •  Vol. 30  •  No. 3 •  P. 87–96

Fatykhova M.N., Kuptsov K.A., Sheveyko A.N. et al. High-entropy Fe–Co–Cr–Ni–(Cu) coatings with enhanced corrosion and tribocorrosion...

No separate copper-based phases were detected, 

indicating that all the copper dissolved in the main 

FCC phase. The crystallite size, estimated using the 

Debye-Scherrer method, showed minimal inf luence 

of copper on this parameter. The introduction of 

19 at.% Cu led to a slight decrease in crystallite size 

from 36 nm (Cu0V) to 34 nm (Cu3V).

To evaluate the corrosion resistance of the coatings, 

electrochemical tests were conducted in artificial sea-

water, and the results are shown in Fig. 4. The corro-

sion potential of the Fe—Co—Cr—Ni coating (samp-

le Cu0V) was +20 mV. The introduction of 14 at.% 

Cu shifted the corrosion potential in the positive di-

rection to +100 mV, but further increasing the copper 

concentration to 19 at.% caused a sharp decrease in 

this value to –150 mV. Interestingly, despite the sig-

nificant inf luence of copper on the corrosion poten-

tial, the corrosion current density (CCD) of the coat-

ings remained almost unchanged, ranging from 1 to 

2 μA/cm2. 

It is likely that when a certain copper concentra-

tion is exceeded, copper accumulates on the surface 

as iron and other components dissolve. This leads to 

the formation of individual copper particles, which 

act as cathodes relative to the surrounding surface. In 

this case, galvanic pairs form on the surface, leading to 

partial activation of the metal substrate near the cath-

odes, which is accompanied by a shift in the zero cur-

rent potential towards negative values. The influence 

of these particles on the corrosion current density has 

two effects. On the one hand, the substrate near the 

particles dissolves more intensively; on the other hand, 

Table 1. Elemental composition of coatings

Таблица 1. Элементный состав покрытий

Coating 

sample

Content, at.%

Fe Co Cr Ni Cu

Cu0V 43 18 21 18 –

Cu2V 43 11 19 13 14

Cu3V 39 12 16 14 19

Fig. 1. SEM images of the surface and element distribution maps on the surface of Cu0V, Cu2V, and Cu3V coatings 

Рис. 1. СЭМ-изображения поверхности и карты распределения элементов  на поверхности образцов покрытий 

Cu0V, Cu2V и Cu3V 
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Fig. 2. SEM images of cross-sections of Cu0V, Cu2V, and Cu3V coatings (a, c), Cu and Fe distribution maps (b), and element 

distribution profiles (d) across the coating thickness

Рис. 2. СЭМ-изображения шлифов покрытий Cu0V, Cu2V и Cu3V (а, c), карты распределения Cu и Fe (b) 

и профили распределения элементов (d) по толщине покрытия

Fig. 3. XRD patterns of Cu0V (1), Cu2V (2), and Cu3V (3) 

coatings and the (200) peak at higher resolution

Рис. 3. Рентгенограммы покрытий Cu0V (1), Cu2V (2), 

Cu3V (3) и отдельно пика (200)

Fig. 4. Corrosion current density versus applied potential 

for coatings with different copper content

Рис. 4. Кривые зависимости плотности тока коррозии 

от приложенного потенциала для образцов покрытий 

с различным содержанием меди
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the presence of cathodes promotes better passivation of 

the matrix in more distant areas. The overlap of these 

effects leads to the retention of the average CCD at the 

previous level, although the likelihood of localized cor-

rosion cannot be ruled out. 

The synergistic effect caused by the simultaneous 

impact of wear and corrosion was evaluated through 

tribocorrosion tests in artificial seawater, during 

which the electrochemical potential was recorded un-

der both stationary conditions (without friction) and 

during friction. The experimental results are shown in 

Fig. 5.

The friction coefficient of the base Cu0V sample 

monotonically increased from 0.3 to 0.37. The intro-

duction of copper into the coating at 14 at.% (Cu2V) 

and 19 at.% (Cu3V) led to the stabilization and re-

duction of the friction coefficient to 0.29 and 0.26, 

respectively.

When friction started, all coatings experienced a 

sharp drop in corrosion potential to negative values 

Fig. 5. Tribocorrosion test results of coatings in artificial seawater

Рис. 5. Результаты трибокоррозионных исследований покрытий в искусственной морской воде

Fig. 6. Wear tracks of Cu0V, Cu2V, and Cu3V coatings

a – SEM images of wear tracks at different magnifications; b – wear track 3D profiles after tribocorrosion tests; c – Cu distribution maps 

in the area of wear tracks

Рис. 6. Дорожки износа образцов покрытий Cu0V, Cu2V и Cu3V

а – СЭМ-изображения дорожек износа при различных увеличениях; b – 3D-профили дорожек износа после трибокоррозионных 

исследований; c – карта распределения меди в области дорожек износа
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due to the removal of the protective passive film from 

their surface. The potential for the Cu0V sample was 

–200 mV, while for Cu2V and Cu3V coatings, it did 

not change during friction and remained at –165 mV, 

indicating more stable tribocorrosion behavior of these 

samples.

Figure 6 presents SEM images, 3D profiles of wear 

tracks, and EDS data of Fe—Co—Cr—Ni—Cux coat-

ings. The wear tracks of all coatings have similar mor-

phology: partial wear of the surface roughness is ob-

served (Fig. 6, a). The areas between the worn regions 

are filled with wear and corrosion products, mainly con-

sisting of Fe and Cr oxides, as well as residual compo-

nents of artificial seawater (Table 2).

A unique feature of the tribology of Cu-contain-

ing coatings is the accumulation of copper in the wear 

tracks (Fig. 6, c and Table 3). Copper concentrates on 

the smooth worn areas of the coating due to its galvan-

ic deposition. During corrosion and wear, some copper 

dissolves into the solution. During friction in the wear 

track, the surface potential drops significantly below the 

equilibrium potential for copper dissolution—deposition 

in this medium. Friction on areas with a worn passive 

film results in the negative potential, leading to copper 

deposition in these areas. The accumulation of copper in 

Fig. 7. Profiles of coating wear tracks

Рис. 7. Профили дорожек износа покрытий 
Table 2. Elemental composition of wear debris 
in wear tracks

Таблица 2. Элементный состав продуктов износа 

в дорожке износа

Coating 

sample

Content, at.%

O C Mg Si Ca Cr Fe Co Ni Cu

Cu0V 45 25 1 1 1 7 15 3 2 –

Cu2V 45 30 1 1 2 3 12 1 2 5

Cu3V 44 27 1 1 1 5 14 3 2 2

Table 3. Composition of coating and worn surface 
of the wear track

Таблица 3. Состав покрытия и изношенной 

поверхности дорожки

Area
Content, at.%

Cr Fe Co Ni Cu O C

Cu0V

Wear track

17

17

40

41

10

11

11

12

–

–

6

6

16

13

Cu2V

Wear track

14

13

32

28

8

10

9

11

9

18

6

5

22

15

Cu3V

Wear track

14

11

33

26

10

9

12

11

15

24

3

5

13

14

Table 4. Results of tribological tests

Таблица 4. Результаты трибологических 

испытаний

Coating 

sample

Specific wear rate, 

10–6 mm3/(N·m)

Hardness, 

GPa

Cu0V

Cu2V

Cu3V

5.6

6.3

9.6

2.8

2.4

2.3

the wear track results in a reduction of the friction coef-

ficient.

To determine the wear rate of the coatings and to 

exclude the inf luence of the roughness of the ESD 

coatings, additional tribological tests were conducted 

on samples with a polished surface. The results ob-

tained are shown in Fig. 7. It was found that all coat-

ings exhibit high wear resistance; however, with an in-

crease in copper content, the wear resistance slightly 

decreased from 5.6 ·10–6 (Cu0V) to 9.6 ·10–6 (Cu3V) 

mm3/(N· m), wich correlates with the hardness 

that decreased from 2.8 (Cu0V) to 2.3 (Cu3V) GPa 

(Table 4).

Conclusions

1. Medium- and high-entropy Fe—Co—Cr—

Ni—Cu coatings with a thickness of up to 30 μm and 

varying copper content were obtained by vacuum 

electrospark deposition. These coatings have a sin-

gle-phase solid solution structure with an FCC lat-

tice and are characterized by a dense, homogeneous 

morphology. 
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potential from +20 to +100 mV. However, further 

increasing the copper content to 19 at.% negative-

ly affected the corrosion potential, shifting it to 

—150 mV. The corrosion current density values 
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