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The aim of this study is to investigate the effect of varying copper (Cu) content on the structure, corrosion, tribocor-

rosion, and bactericidal properties of FeCrNiCo–Cux coatings. Specifically, the main idea is to maximize the Cu 

content without secondary phases formation using Electrospark Deposition (ESD) method characterized by rapid 

cooling rates of the melt, while maintaining the corrosion properties of the Cu-free coating, and simultaneously en-

hancing its antimicrobial and tribocorrosion properties. To achieve this, thick high-entropy Fe–Cr–Ni–Co–(Cu) 

coatings with different Cu content (up to 24 at. %) were obtained in a protective argon atmosphere. All coatings 

exhibited a single-phase structure based on a solid solution with an fcc lattice, dense and homogeneous microstruc-

ture with high continuity. In tribocorrosion conditions, the FeCrNiCo coating demonstrated the lowest corrosion 

current, while the FeCrNiCo–12Cu coating revealed the most positive corrosion potential. However, after a certain 

Cu content threshold, tribocorrosion behavior deteriorated significantly. In terms of wear, coatings with high Cu 

content exhibited the highest wear resistance, which did not correlate with the hardness of the coatings. All coatings 

demonstrated a moderate antibacterial effect against B. cereus Arc30, with the FeCrNiCo–12Cu coating showing 

the highest ability to suppress bacterial growth and further biofilm formation.
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Introduction

In marine and coastal infrastructure, a great variety of 

metal materials such as carbon steel, stainless steel, alu-

minum-, copper-, and titanium-based alloys are common-

ly used for their specific properties and advantages [1–4]. 

However, carbon steel is still a material of choice in many 

applications due to its high strength, cost-effectiveness, and 

ease of welding [2].

Seawater, an aqueous solution of salts and suspended 

particles, is characterized by high salinity, chlorinity, and a 

dissolved oxygen content that varies with temperature and 

depth. It also contains heavy metals and dissolved gases like 

CO2, NH3, and H2S, introduced through effluents discharge, 

which can decompose into toxic, corrosive components [5, 6].

Corrosion of marine infrastructure is influenced by a 

variety of factors, including non-biological (corrosive ions, 

wind, waves, and light) and biological (fouling organisms and 

microorganisms) factors. Recent research has demonstrated 

that fouling organisms significantly impact marine facilities, 

with biofouling emerging as a global challenge that limits the 

development of marine resources [7].

Metallic materials used in marine and coastal infrastruc-

ture encounter several significant challenges. These chal-

lenges primarily include corrosion and tribocorrosion (term 

used to determine combined synergetic processes of wear 

and corrosion), fatigue, strength losses, brittle fracture, and 

cracking [2, 8].

Microbiologically-influenced corrosion (MIC) is also 

a significant issue in marine infrastructure resulting in ac-

celerated corrosion of metallic surfaces [9–11]. Various 

bacteria and microorganisms participate in MIC in marine 

environment including Sulfate-Reducing Bacteria (SRB), 

Iron-Oxidizing Bacteria (IOB), Sulfur-Oxidizing Bacteria 

(SOB), and Manganese-Oxidizing Bacteria (MOB). Ini-

tially, a clean metal surface is exposed to microorganisms in 

a marine environment. These microorganisms attach to the 

surface, forming a biofilm that facilitates microbial adhesion 

and metabolic activities, resulting in corrosive byproducts 

(for example, H2S formation by SRB), changed pH of the 

local environment and localized corrosion. As the biofilm 

matures, it attracts additional organisms, leading to macrobi-

ofouling. Preventing and suppressing biofouling and MIC in 

marine environment involves surface modification, organic 

inhibitors and biocide treatment, and cathodic protection 

[12].

To address these challenges, various strategies are utilized 

with a primary focus on corrosion resistance without alter-

ing their volume or structure [13]. These include the use of 

corrosion-resistant materials like stainless steel and alloys  
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[14,15], cathodic protection via sacrificial anodes or current 

systems [16], surface treatments and coatings [17, 18] like 

marine-grade paints [19], epoxy [20], or metallic/ceramic/

composite coatings [21, 22], and inhibitors that form protec-

tive layers or react with corrosive agents [23].

Copper (Cu) is known to suppress MIC and biofouling 

due to its antimicrobial properties [24–29]. Studies have 

shown that Cu ions disrupt microbial cell membranes, en-

zymes, and DNA, leading to reduced microbial viability 

and ability to colonize metal surfaces [15, 29]. Moreover, 

the formation of Cu complexes with extracellular polymeric 

substances in biofilms can disrupt their integrity.

For example, Cu–Ti coatings demonstrated effective and 

long-term antifouling performance by enabling controlled 

release of Cu ions from Cu–Ti micro-galvanic cells [27]. 

Also, composite Cu–Cu2O coatings deposited on submarine 

screen doors released Cu ions via electrochemical dissolu-

tion, forming a copper-rich water film that deterred biofoul-

ing [24]. Cu-modified pipeline steel and Cu-bearing bainite 

type grade R5 mooring chain steels have shown improved 

resistance to MIC [30, 31]. Additionally, the Cu-alloyed  

AISI 8630 and duplex 2205-Cu-DSS steels showed a reduc-

tion of pit depth and inhibition of biofilm growth due to the 

formation of protective Cu2O and CuO layers [32, 33]. 

Coatings based on high-entropy coatings (HECs) have 

demonstrated excellent properties such as high strength [34], 

toughness [35], temperature oxidation resistance [36], cor-

rosion resistance [37], wear resistance [38], unique electri-

cal and magnetic properties [39], and biocompatibility [40]. 

Main reason behind the novel behavior of HECs is the four 

different core mechanisms/effects: (1) high entropy effects, 

(2) severe lattice distortion, (3) sluggish diffusion, and (4) 

cocktail effects [41]. 

HEA systems, which contain one or more passivating 

elements (Cr, Ni, Mo, etc.) revealed equivalent or superior 

corrosion-resistant properties compared with conventional 

alloys [42]. Economically, cost of HEAs production can be 

high due to the expensive alloying elements, while coatings 

offer a cost-effective solution to this issue. Moreover, it is 

reported that coatings based on high-entropy alloys (HECs) 

with the same composition as the bulk material demonstrate 

even better corrosion-resistant properties [42].

A range of high-entropy coatings (HECs) demonstrat-

ing enhanced corrosion resistance in chlorine-containing 

media, such as (Al)FeCoNiCr [43], FeCoNiCrCu [44], 

CoCrFeNiTi–(Mo) [42], Al(Cr)NiCoFeCu [45] and  

FeCoNiCuSnx [46] have been recently developed. Popu-

lar methods for HECs deposition include laser cladding, 

electro-spark deposition, chemical-vapor deposition, and 

magnetron sputtering [42]. Main approach here is the al-

loying of base FeCrNiCo material with additional elements 

such as Al, Ti, Mo, Cu etc. and playing with portion of Fe, 

Cr, Ni and Co in the base coatings. However, in most cases 

base non-alloyed FeCrNiCo HECs demonstrated superior 

corrosion characteristics.

Introduction of Cu into FeCrNiCo may lead to forma-

tion of two-phase fcc/bcc structure [45] or Cu segregation 

in interdendrites leading to Cu-rich and Cu-depleted zones 

formation [46]. Due to the weaker binding force with other 

elements such as Fe, Co, Ni, and Cr, copper tends to seg-

regate as Cu-rich clusters, which leads to intensified local-

ized corrosion. However, recent investigations demonstrated 

that in FeCrNiCo–Cu coatings with 13 at. % Cu obtained 

by electrospark deposition in vacuum no secondary phases 

formation was observed due to rapid solidification typical 

for ESD [47]. Also, studies on Fe–Cr–Ni–Co–(Cu) HECs 

revealed their superior tribocorrosion resistance in marine 

environment [47–49]. 

The aim of this study is to investigate the effect of vary-

ing copper (Cu) content on the structure, corrosion, tribo-

corrosion, and bactericidal properties of FeCrNiCo-Cux  

coatings. Specifically, we aim to maximize the Cu content 

without secondary phases formation using Electrospark 

Deposition method, while maintaining the corrosion prop-

erties of the Cu-free coating, and simultaneously enhancing 

its antimicrobial and tribocorrosion properties.

2. Experimental part

2.1. Electrodes

For the high-entropy FeCrNiCo–Cux coatings deposi-

tion, Fe–Co–Cr–Ni–Cux electrodes (x = 0, 10, 15, and 30 

at. %) with varying copper content were produced using pow-

der metallurgy methods described elsewhere [50]. Metallic 

powders of iron (VK-3, 9 μm), nickel (PNK-UT3, 10 μm), 

cobalt (PK-1u, 45-71 μm), chromium (PM-ERKh, 80 μm), 

and copper (PMS-1, 50–70 μm) were used as precursors.

The power mixture for the electrodes was obtained by 

high-energy mechanical alloying using a planetary centrifu-

gal mill (PCM) “Activator-2s” (OOO “Zavod Khimichesko-

go Mashinistroeniya”, Russia). Rotation speed of the drums 

was 694 rpm, mill operating time was 30 min, and mass ratio 

of grinding bodies (steel balls) and the powder was 15:1. The 

mill drums were filled with Ar to avoid powder oxidation.

The electrodes were produced from the prepared mixture 

by direct hot pressing using a DSP-515 SA press (Dr. Fritsch, 

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

and an isobaric holding for 3 min. 

2.2. Coatings deposition

High-entropy Fe–Co–Cr–Ni–Cux coatings were ob-

tained by electrospark deposition (ESD) using an “Alier-303 

metal” setup in manual mode in an Ar environment under fol-

lowing regimes: pulse frequency 1600 Hz, pulse current 120 A 

and pulse duration 40 μs. Discs with a diameter of 30 mm  

made of 30Kh13 steel were used as a substrate. The deposi-

tion time of each coating was 25 min. The coatings labelled 

Cu0 (without copper), Cu1, Cu2, Cu3 were obtained using  

Fe–Co–Cr–Ni, Fe–Co–Cr–Ni–Cu10, Fe–Co–Cr–Ni–Cu15,  

FeCo–Cr–Ni–Cu30, electrodes, respectively.

2.3. Structure and elemental composition

The structure, elemental and phase composition of 

the electrodes and coatings were investigated by scanning 

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

(Hitachi) equipped with a NORAN energy dispersive de-

tector (EDS) and X-ray diffraction analysis (XRD) using  
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a D8 Advance diffractometer (Bruker). Electrodes structure 

was studied on cross-sections prepared by polishing using 

abrasive paper from 320 to 1200 followed by finish polishing 

with OP-S suspension.

2.4. Coatings’ properties investigations

Hardness of the coatings was measured by a microin-

dentation method using a DuraScan 70 microhardness tester 

(EMCO-TEST Prüfmaschinen GmbH, Austria) at a load of 

0.5 N. For each coating, ten individual measurements were 

carried out and average hardness values were calculated. 

All corrosion and tribocorrosion studies were performed 

in artificial seawater prepared in accordance with ASTM  

D 1141-98 (paragraph 6, solution without heavy metal ions).  

Tribocorrosion behavior was studied using a tribometer 

(CSM Instruments) operating in a “ball-on-disc” under 

the following conditions: Al2O3 ball counterbody (6 mm in 

diameter), load 5 N, sliding speed 10 cm/s, distance 500 m. 

Surface roughness and wear tracks profiles of the coatings 

were investigated using optical profilometer Wyko-NT1100 

(Veeco, USA). The tribometer was equipped with a rotat-

ing three-electrode cell to carry out electrochemical ex-

periments both under steady-state conditions and during 

tribological tests. The cell was equipped with an Ag/AgCl 

reference electrode and an auxiliary Pt electrode. Potential 

and corrosion currents were measured using a VoltaLab 50 

potentiostat (Radiometer Analytical). Potentiodynamic 

measurements were carried out at polarization ranging from 

–200 to +500 mV with respect to open circuit potential 

(OCP) at a 1 mV/s scan rate. All potentials were recalculated 

to a standard hydrogen electrode (SHE). Corrosion currents 

were calculated using the Tafel extrapolation method.

Antibacterial activity of the coatings was assessed 

against B. cereus Arc30 bacteria. All samples were steri-

lized using UV radiation for 60 min before experiments. 

Each sample was placed in a well with 4 ml of saline solu-

tion, and two more wells without samples were used as a 

control. Simultaneously, 0.05 ml of a suspension containing 

3h-broth culture of the test strain with a concentration of 

10 9 CFU/ml in saline solution was added to all wells. Incu-

bation was carried out at 37 °C. After 0, 6 and 24 h of incu-

bation, 0.04 ml was taken from each well to determine the  

CFU concentration.

The CFU concentration was determined by decimal 

dilutions in 0.3 ml of saline. From each dilution, 0.01 ml 

of bacterial suspension was transferred to Petri dishes with 

Mueller Hinton Agar nutrient medium (HiMedia, India), 

dried in a closed cup at room temperature for 10 min, and 

then cultured at 37 °C for 24 h.

3. Results and discussion

3.1. Electrodes

Fig. 1 shows SEM images of Fe–Co–Cr–Ni–Cux  

(x = 0, 10, 15, 30 at. %) electrode crosssections. All electrodes 

exhibit high continuity (residual porosity less than 1 %). The 

Fe–Co–Cr–Ni electrode without copper was characterized 

by a homogeneous morphology, while introduction of cop-

per in electrodes led to bright Cu-rich clusters formation. As 

the copper content in the electrodes increased, the clusters 

became larger, however, their total number decreased.

3.2. Mass transfer kinetics

Fig. 2 demonstrates the results of the mass transfer kinet-

ics studies for Cu0 and Cu3 coatings deposited with Cu-free 

(FeCrNiCo) and Cu-maximum (FeCrNiCo–Cu30) elec-

trodes, respectively, as a function of the processing time. In 

case of both electrodes, a monotonous increase in the mass of 

the coatings and erosion of the electrodes are observed when 

the processing time is increased from 3 to 12 min. However, 

Cu-maximum electrode demonstrated two times more effi-

cient mass transfer starting from 3 min of processing, which 

is probably due to the presence of low-melting copper in the 

electrodes.

Fig. 1. Cross-section SEM images of Fe–Co–Cr–Ni–Cux electrodes ( x = 0, 10, 15, 30 at. %)

Fig. 2. Change in mass of Fe–Cr–Ni–Co and Fe–Cr–Ni–Co–
Cu30  electrodes and corresponding Cu0 and Cu3 coatings 
as a function of processing time
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3.3. Composition and microstructure of coatings

Fig. 3 displays SEM images of the surface of Fe–Cr–Ni–

Co–Cux coatings and corresponding elemental distribution 

EDS maps. Coatings Cu0, Cu1 and Cu2 demonstrate homo-

geneous, crack-free morphology. Coating with the maximum 

copper content (Cu3) reveals the local defects in the form of 

cracks. The roughness of the coatings (Ra) is similar and falls 

in the range of 3.2–3.5 μm. 

Fig. 4 shows the cross-sectional SEM images of the coat-

ings, as well as corresponding Cu and Fe maps and distri-

bution profiles.  All coatings, including Cu3, demonstrate 

continuous and defect-free structure. In Cu1–Cu3 coatings, 

copper is distributed uniformly (Fig. 3b). With increase in 

Cu content, increase in the coatings thickness is observed 

from 14 (Cu0) to 23 μm (Cu3) caused by the intensifica-

tion of mass transfer when using Cu-containing electrodes 

(Fig. 2). In Cu0 and Cu1 coatings, a monotonous increase 

in Fe content in the direction from surface to substrate from 

39 to 87 at. %, respectively, was observed. In Cu2 and Cu3 

coatings, two areas can be distinguished: the main coating 

layer up to 17 μm thick, characterized by a relatively uniform 

distribution of elements, and the transition layer between 

the coating and the substrate with a smooth increase in Fe 

and a decrease in Co, Ni and Cu concentrations (Table 1). 

The thickness of the transition layer in Cu3 coating is sig-

nificantly greater than that of Cu2 coating (13 and 7 μm,  

respectively).

The EDS elemental composition of the coatings was de-

termined both on the surface and on the cross-sections and 

the average values are presented in Table 1. The Cu content 

in the coatings increases proportionally with the increase in 

Cu content in the electrodes being 8 (Cu1), 12 (Cu2) and 

25 at. % (Cu3), respectively.  With increase in Cu content, 

the concentration of Fe monotonically decreases from  

59 (Cu0) to 34 at. % (Cu3), while the content of other metal-

lic elements remains almost constant. All coatings are char-

acterized by high Cr (17–20 at. %) and moderate Co and  

Ni (11–14 at. %) content.

All coatings are characterized by a single-phase solid 

solution structure with FCC lattice (Fig. 5). No secondary 

copper-based phases were detected. The lattice parameter 

increases from 3.557 (Cu0) to 3.583 Å (Cu3) with increas-

ing Cu content in the coatings due to higher incorporation  

Fig. 3. 3D profiles (a) and SEM images of the surface of Fe–Cr–Ni–Co–Cux coatings (b), as well as the corresponding element 
distribution maps (c)

 Table 1. Elemental composition and typical thicknesses of Fe–Cr–Ni–Co–Cux coatings

Coatings Thickness, μm Transition layer thickness, μm
Cr Fe Co Ni Cu

at. %

Cu0 14 < 1 20 56 12 12 –

Cu1 20 < 1 19 48 12 13 8

Cu2 24 7 19 42 13 14 12

Cu3 29 13 17 34 11 13 25
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Fig. 4. Cross-sectional SEM images of Fe–Cr–Ni–Co–Cux coatings at different magnifications (a, c), EDS maps of Cu and Fe 
distribution in the coatings (b) and profiles of element distribution over the thickness of coatings (d)

Fig. 5. XRD patterns of Fe–Cr–Ni–Co–Cux coatings (a, b) 
and corresponding lattice parameters (c)

Fig. 6. Coefficient of friction and corrosion potential values 
of Fe–Cr–Ni–Co–Cux coatings measured during 
tribocorrosion tests in artificial seawater

of Cu into the fcc phase (Fig. 5 b, c). Low intensity peaks  

at 44.5° and 82° correspond to 	-Fe from substrate.

3.4. Tribocorrosion and electrochemical behavior

Fig. 6 exhibits the dependencies of the coefficient of fric-

tion (CoF) and corrosion potential (CP) of the coatings on 

the sliding distance. At the first stage of tribocorrosion stud-

ies, the coatings were kept under stationary conditions to 

stabilize the corrosion potentials. It is revealed that increase 

in Cu content is associated with a decrease in the open cir-

cuit potentials from +0 (Cu0) to –53 mV (Cu3). This effect 

is probably due to the formation of a higher amount of loose 

CuO in the passive film, which deteriorates its properties [51].

Under friction, all coatings showed a sharp drop in CP 

due to the removal of the passive film. After the sharp drop, 

there was a slight monotonic decrease in CP until the end of 

the experiment. For the Cu-free coating, the CP decreased 

from –180 to –225 mV. Cu1 and Cu2 coatings exhibited 

higher CP values from –160 mV (beginning) to –200 mV 

(end). The coating with maximum Cu content possessed the 

minimum CP drop during friction (from –150 to –160 mV), 

demonstrating better corrosion resistance during wear.

After friction was stopped, an immediate increase in CP 

was observed, indicating passive film recovery in the wear 

tracks. In Cu0 coating, the CP increased to the initial value 

of –20 mV, while Cu-containing coatings only partial CP 

recovery to –60, –80 and -90 mV (Cu1, Cu2, Cu3) was  
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observed. This effect is probably due to the dirrefern com-

position of recovered passive film compared to that of the 

initial surface. 

The CoF values of the coatings during tribocorrosion 

experiments differed insignificantly and monotonically in-

creased with increasing distance from 0.20 to 0.26.

Fig. 7 compares SEM images of the wear tracks of  

FeCrNiCo–Cux coatings. All wear tracks have a similar mor-

phology representing partial wear of the surface roughness 

(Fig. 7a, b). The areas between the worn areas are filled with 

wear and corrosion products consisting mainly of Fe and  

Cr oxides and artificial seawater components.

Fig. 7c shows optical images of the counterbody (Al2O3 

ball) after tribocorrosion studies. All balls show traces of wear 

products. The ball surface after friction of Cu0 coating was 

characterized by severe wear. With the increase in Cu content 

in the coatings, a decrease in the wear spot on the counter-

body was observed, probably due to the increase in content 

of soft copper oxide in the wear debris.

For reliable assessment of the wear rate, the surface of 

the coatings was polished to roughness Ra = 0.2 μm and tri-

bological tests were repeated.

The wear track profiles of Fe–Cr–Ni–Co–Cux coat-

ings with the corresponding wear rate values are combined 

in Fig. 8.  All coatings reveal enhanced wear resistance, how-

ever, the Cu2 and Cu3 coatings were the most wear resistant 

demonstrating wear rates of 6.2×10–6 and 6.7×10-6 mm3/Nm, 

respectively. Cu0 and Cu1 coatings showed more significant 

wear in tribocorrosion tests (9.8–12.4×10-6 mm3/N×m).

Interestingly, the wear resistance of the coatings does not 

show a correlation with their hardness. As the Cu content 

increases, the hardness of the coatings consistently decreases 

from 3.3 (Cu0) to 2.9 GPa (Cu3), as depicted in Fig. 9a. 
In addition, all coatings are characterized by a high crack 

resistance. In microindentation tests, neither radial nor ring 

cracks are observed in the indentation region (Fig. 9b).

The polarization curves of the coatings, derived from 

electrochemical tests in artificial seawater, are illustrated in 

Fig. 10. With the increase in Cu content from 0 (Cu0) to  

12 (Cu2) at. %, a shift of the corrosion potential in the posi-

tive direction from +44 to + 130 mV occurs, which is ac-

companied by an increase in corrosion current density from 

Fig. 7. SEM images of wear tracks of Fe–Cr–Ni–Co–Cux coatings (a) and their corresponding 3D profiles (b), as well as optical 
images of the counter-body (Al2O3  ball) after tribocorrosion studies (c)

Fig. 8. 2D profiles of wear tracks of Fe–Cr–Ni–Co–Cux 
coatings (a) and their corresponding wear rate values (b)

Fig. 9. Hardness of Fe–Cr–Ni–Co–Cux coatings (a), 
indentation zone on Cu3 coating (b)
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1.05 (Cu0) to 4.5 (Cu2) μA/cm2. In contrary, the coating 

Cu3 with the maximum copper content (24 at. %) exhibited 

a significant drop in corrosion potential to 0 mV and the 

highest corrosion current density of 12 μA/cm2.

It can be assumed that moderate copper alloying contrib-

utes to degradation of the passive film formed on the coating 

surface due to the inclusions of loose copper oxides leading 

to an increase in the corrosion currents. However, a more 

positive corrosion potential of copper leads to a monotonic 

shift of the coating surface potential in the positive direc-

tion. When copper concentration exceeds some threshold 

value (24 at. % in our case), copper accumulation on the 

coating surface occurs as Fe and other components dissolve. 

This process may result in the emergence of cathodic regions 

on the surface, subsequently leading to the establishment of 

galvanic pairs. This phenomenon initiates a pronounced in-

crease in the corrosion current and a negative shift of the 

corrosion potential.

3.5. Antibacterial properties

The antibacterial properties of FeCrNiCo–Cux coatings 

were evaluated against the Gram-positive strain B. cereus 

Arc30, which is the dominant strain involved in biofouling. 

In addition, this strain is resistant to aggressive conditions. 

Fig. 11 shows the CFU/mL values, after inoculation for 

0, 6 and 24 h in the test solution with FeCrNiCo–Cux coat-

ings. All coatings demonstrated a moderate antibacterial ef-

fect. After 6 h, Cu0 and Cu3 coatings showed 85 and 95 % 

decrease in CFU, respectively. Increasing the exposure time 

up to 24h resulted in even greater reduction of CFU up to 

98.5 and 99 %. The maximum bactericidal effect (99.55 % 

of bacteria died) was observed for Cu2 coating. Coating 

Cu1 after 6h inoculation showed high antibacterial activity  

(98.5 CFU reduction), however, further exposure of 24h re-

sulted in a slight increase in CFU to 97.5 %.

Conclusions

1) Thick (up to 23 μm) high-entropy Fe–Cr–Ni–Co–

(Cu) coatings with different Cu content between 0 and  

24 at. % were obtained by electrospark deposition in a pro-

tective argon atmosphere. All coatings are characterized by a 

single-phase structure based on solid solution with fcc lattice, 

dense and homogeneous microstructure with high continuity.

2) In tribocorrosion conditions, when both corrosion and 

wear actions are implied, coating FeCrNiCo demonstrated 

lowest corrosion current, while FeCrNiCo–12Cu coating 

revealed the most positive corrosion potential. After a cer-

tain Cu content threshold (24 at. %), tribocorrosion behavior  

of the FeCrNiCo–Cux deteriorated significantly due to for-

mation of cathodic areas on the coating surface.

3) In terms of wear, coatings with high Cu content  

FeCr–NiCo–12Cu and FeCrNiCo–24Cu exhibited the 

highest wear resistance (6.2–6.7×10-6 mm3/Nm). Interesting-

ly, that wear resistance did not correlate with hardness of the 

coatings, which is usually a case in tribocorrosion conditions.

4) All coatings demonstrated a moderate antibacterial 

effect against B. cereus Arc30, however, coating FeCrNiCo–

12Cu was characterized by the highest ability to suppress 

bacterial growth and further biofilm formation.

The work was financially supported by the Russian Science 
Foundation (Agreement No. 20-79-10104-П).
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