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Introduction

W
ear-resistant coatings offer a technically and

WWeconomically viable solution for enhancing theWWstrength and restoring the surfaces of machineWW
components subjected to severe wear. To prevent or delay 

the onset of surface damage, various conventional surface 

engineering techniques are employed, such as Physical

Vapor Deposition (PVD), Chemical Vapor Deposition

(CVD), electroplating, and thermal diffusion (e.g., TD)

processes. While these methods are widely used to im-

prove surface hardness, wear resistance, and corrosion

performance [1], they possess inherent limitations, in-

cluding high capital costs, environmental concerns, and

lengthy processing times.

Electro-spark deposition (ESD) has emerged as a 

promising alternative, offering advantages in cost-effec-

tiveness, operational simplicity, and environmental

friendliness [2–8]. This technique enables the application

of high-quality, durable coatings onto metallic compo-

nents of virtually any size or geometry.

Despite its benefits, ESD faces challenges, notably 

an insufficient understanding of coating microstructure

evolution and a limited selection of optimized anode ma-

terials [9–11]. To address these limitations, high-entropy 

alloys (HEAs) present a compelling candidate material

system for ESD coatings. HEAs are known for their 

tunable properties and exceptional performance under 

severe conditions, attributed to core effects such as high
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configurational entropy, the “cocktail” effect, severe lat-

tice distortion, and sluggish diffusion [12]. Recent studies

have demonstrated that HEAs can surpass conventional

alloys, exhibiting high strength [13], exceptional corrosion

resistance [14], and superior wear resistance [15], which 

underscores their potential for demanding structural ap-

plications [16–18]. Their notable combination of strength

and toughness [19, 20] is particularly advantageous.

Furthermore, ESD, as noted by Jihui Yan et al. [21],

provides a low-cost, precise coating method that mini-

mizes thermal damage to the substrate and ensures strong

adhesion. Literature also highlights that ESD-fabricated

AlCrFeCoNi coatings exhibit excellent wear resistance

and hardness, making them ideal for wear-protection ap-

plications without the need for post-processing [22].

This work investigates the influence of zirconium and

vanadium content in HEA anode materials on the micro-

structure and wear resistance of both the bulk alloys and 

the resulting ESD coatings. Zirconium was selected due to

its well-known ability to form thermally stable intermetal-

lics and oxides, which contribute to dispersion strength-

ening and enhance high-temperature stability. Vanadium

was introduced as strong carbide and nitride former, as

well as an element that increases hardness and wear re-

sistance through solid solution strengthening. The com-

bination of these elements within the Al – Ni – Cr – Ti

system aims to synergistically improve the mechanical and

tribological properties of both the anode alloys and the re-

sulting coatings.

Materials and experimental methods

Coatings were deposited on Grade C4 5 steel samples. 

The choice of this steel is justified by its common use for 

manufacturing machine components and parts. The coat-

ing is designed to serve as a wear-resistant contact surface

under dry friction conditions.

The coatings were applied using high-entropy anode 

alloys fabricated via liquid-phase Self-propagating High-

temperature Synthesis (SHS). The initial charge mixture

consisted of metal oxides (NiO (99.5 wt.%, TU 6-09-

3642–74, Grade 10-2), TiO2 (99.9 wt.%, TU 6-09-2166–

77, Pure Grade), Cr2O3 (99.9 wt.%, GOST 2912–79,

Analyt ical Reagent), V2V O5 (99 wt.%, TU 6-09-4093–75,

Analytical Reagent), ZrO2 (99.9 wt.%, TU 6-09-4709–79, 

Reagent Grade)) and technical-grade calcium fluoride

(CaF2). Aluminum powder (Grade PA-4) with an average

particle size of 50 μm was used as a reducing agent.

The coatings were deposited using an “Elitron-21”

electro-spark treatment unit. A standard vibrating tool 

holder operating at a frequency of 100 Hz was employed 

as the anode holder. To prevent oxidation during the ESD

process, an argon purge was maintained at a flow rate of 

approximately 3.5 L/min.

The quality of the resulting coatings (presence and

quantity of oxides and microcracks) was evaluated visu-

ally using a “Labomet M” metallographic microscope.

The elemental composition of structural components

was analyzed using a Hitachi “SU-70” LS10 Scanning 

Electron Microscope (SEM) equipped with a Thermo 

Fisher Scientific “UltraDry” energy-dispersive X-ray XX

spectroscopy (EDS) detector. The phase composition of 

the anode materials and coatings was determined by X-ray XX

diffraction (XRD) on a DRON-7 diffractometer (Cu-Kα KK

radiation), using qualitative analysis software and PDF 

database standards from PD Win.

The microhardness of the cast alloys and the resulting

coatings was measured on a Shimadzu “HMV-G” micro-

hardness tester. Additionally, to assess the micro-brittle-

ness of the coatings, indentation imprints (load 150–200 g)

obtained on polished cross-sections of the coatings were 

examined using the same Shimadzu “HMV-G” instru-

ment, following an established methodology and rating

scale [23].

Wear resistance tests were conducted on a CALOTEST

unit (CSM Instruments) using a “ball-on-plane” configu-

ration under abrasive wear conditions. A normal load of 

0.24 N and a constant sliding speed of 0.61 m/s were ap-

plied. A 20 mm diameter ball made of VK6 (WC-6%Co) 

carbide served as the abrasive counter-body. A suspension 

containing Al2O3 powder (5 g) and RENEP CGLP 68 oil 

(50 ml) was supplied to the contact zone. Wear resistance 

was measured gravimetrically using a “Gosmetr VL-210” 

electronic balance.

Results and discussion

Table 1 presents the elemental composition of the

as-cast alloys (1–5) used as anode materials for coating

deposition. The primary compositional differences among 

the alloys lie in the zirconium and vanadium content, with

their concentrations increasing from 5 to 18 wt.%.

Metallographic analysis of the anode alloys was per-

formed on cross-sectional, ground samples of the obtained

ingots. The macrostructure of the metallic ingots exhibits

fine pores (up to 0.3 × 10–4 m), occasionally filled with

slag inclusions. The porosity is of a scattered nature, pri-

marily located in the central part of the ingots. The micro-

structure of the alloys (1–5) does not differ significantly 

from one another, exhibiting a uniform and fine-grained 

structure (Fig. 1, a, b), which is attributed to their similar 

elemental composition and identical melting conditions.

Fig. 1, e presents thee X-ray diffraction (XRD) patternsXX

of the synthesized alloys. The discrepancies in the intensi-

Table 1
Elemental composition of the fabricated anode alloys

Alloy
Content of elements in the alloy, wt. %

Al Ti V Cr Ni Zr

1 25.55 16.72 17.84 18.88 16.55 4.46

2 25.90 16.38 13.40 21.57 17.14 5.62

3 26.83 15.84 10.15 20.52 18.73 7.92

4 27.11 15.01 7.52 21.02 18.93 10.40

5 25.70 17.72 5.36 20.86 19.19 11.17
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ty and position of the reflections between the experimen-

tal XRD patterns and the standard PD Win database files

are attributed to the varying crystallographic orientation

of the crystals (Fig. 1, a–e) in local areas of the samples. 

Furthermore, the peak shifts in the diffraction patterns are

caused by the presence of complex alloying elements and

fine pores within the alloys.

Based on the analysis of the obtained results, it is es-

tablished that the primary phase in the anode alloys is a 

solid solution based on Al – Ni – Ti – Cr, alloyed with Zr 

and V. The phase composition of the matrix in the synthe-

sized alloys is corroborated by the microhardness analysis

results (Table 2), which are consistent with findings from 

other studies.

The presence of scattered porosity and oxide inclu-

sions in the central part of the ingots, characteristic of the

SHS process, did not critically affect the homogeneity and 

adhesion of the resulting ESD coatings. This is explained

by the localized nature of melting and material transfer 

during electro-spark deposition, where the surface layer of 

the anode plays the primary role.

Some variations in the composition of alloys 1–5

(Fig. 1, a–e) are recorded in Table 2. The structure

of the synthesized anode alloys consists of grains of 

an Al, V, Ti, Cr-based solid solution, alloyed with Ni, 

along whose boundaries complex AlNi-based interme-

tallic compounds are located (Fig. 1, b). The composi-

tion of the Al, V, Ti, Cr-based solid solution includes 
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all alloy components except Zr. 

In contrast, the inter metallic 

inclusions contain Zr. An in-

crease in zirconium content 

above 10 wt.% (Alloy 4) leads to 

a higher volume fraction of fine-

dispersed intermetallic phases 

based on Zr (e.g., ZrAl2, ZrAl3), 

which, according to the litera-

ture, act as effective barriers to 

dislocation movement. This dis-

persion strengthening mecha-

nism is the primary reason for 

achieving the maximum micro-

hardness (1088 HV) and wear 

resistance in these coatings.

The microhardness of the coat-

ings was measured on poli shed 

cross-sections (Table 3). The mi-

crohardness values exhibit minor 

variations (±12%) across the coa-

ting thickness. The ave rage valu-

es are given in Table 3. A notable 

increase in microhardness values 

should be noted in all parts of the 

coatings formed by alloys 4 and 5, 

where the Zr content is 4.45 and 

5.5 wt.%, respectively.

Examination of the coating surface structure revealed

the presence of individual microcracks up to 180 μm in 

length. The microcracks are distributed relatively uni-

formly over the surface, with no predominant localiza-

tion established. The coating microstructure was studied 

on cross-sectional specimens. No significant diffe rences 

were found in the microstructure of coa tings produced 

using anode alloys 1–5. In all cases, the interface between 

the coa ting and the substrate is indistinguishable without 

etching (Fig. 2, a), and longitudinal microcracks are ab-

sent, indicating high coating-to-substrate adhesion. The 

microcracks previously detected on the coating surfaces

were also observed in the cross-sectional structure and 

identified as transverse microcracks.

The obtained results from “ball-on-plane” abrasive 

wear tests demonstrate the potential of the coatings for 

applications involving dry friction and moderate loads.

For a complete assessment of suitability in specific fric-

tion pairs (e.g., guides, shafts), further testing under lubri-

cated conditions and cyclic loading is required, which is

the subject of our ongoing research.

Fundamentally, the formation of microcracks is attri-

buted to two primary factors: firstly, the tensile stresses

gene rated during coating deposition by the electro-spark 

deposition (ESD) process, and secondly, the inherent brit-

tleness of the anode alloy system. The regular spacing and

vertical orientation of the microcracks observed in the

coating cross-sections confirm the predominance of the

first factor.

The application of ion etching and Scanning Electron

Microscopy (SEM) enables the examination of the fine

structure of the coating constituents (Fig. 2, a)a . The struc-

ture of all coatings is characterized by columnar crystal-

lites. Regions consisting of two distinct layers, both free 

from microcracks, were identified within the coating 

structure (Fig. 2, a)a . The crystallites in these layers differ 

in their iron concentration. The lower layer (points 4–6) 

exhibits a high concentration of Fe (≈55–73 at.%).

The Fe concentration in the crystallites of the upper 

layer (points 1–3) does not exceed 5 at.%, which is con-

sistent with its content in the crystallites located in regions

containing microcracks (Fig. 2, a, Table 4).
Results of the line analysis (Fig. 2, c)c  conducted across

various crystallites traversed by a microcrack show a rela-

tively monotonous variation in element concentrations

Table 2
Elemental composition of the structural constituents in the anode alloys and the

microhardness of the matrix grains

Structural constituents Al Ti V Cr Ni Zr
Microhardness
of the matrix, 

HV0.1

Alloy 1

AlNi + (Al,Ni)3Ti2 + Al16Ni7Ti6 43.83 23.13 4.89 6.88 16.42 4.84

Al16Ni7Ti6 50.97 16.59 4.57 5.39 18.52 3.97

(Cr,Ti)(AlV) 33.30 8.42 27.95 27.10 3.23 – 824

Alloy 2

AlNi + (Al,Ni)3Ti2 + Al16Ni7Ti6 42.30 22.88 4.18 9.72 13.71 7.22

(Cr,Ti)(Al,V) 31.65 8.78 23.24 33.30 3.03 – 886

Alloy 3

AlNi + (Al,Ni)3Ti2 + Al16Ni7Ti6 41.65 20.57 3.67 9.82 16.54 7.75

(Cr,Ti)(Al,V) 28.61 7.00 21.82 39.12 3.46 – 924

Alloy 4

AlNi + (Al,Ni)3Ti2 +  Ti6Al16Ni7 44.57 19.82 3.06 10.81 11.69 10.05

(Cr,Ti)(Al,V) 45.37 7.85 13.42 29.15 3.80 – 778

Alloy 5

AlNi + (Al,Ni)3Ti2 + Al16 Ni7Ti6 48.04 14.84 3.08 11.62 16.67 5.75

(Cr,Ti)(Al,V) 35.75 8.13 13.89 39.68 2.56 35.75 840

Table 3
Parameters and properties of the obtained coatings

Alloy No. HV hp*, μm Ψ**

1 944 68.78 2.4

2 952 50.48 3.3

3 956 31.76 1.9

4 1043 40.42 4.4

5 1088 38.82 3.9

  *hp – average coating thickness.
**Ψ – relative wear resistance indicator.
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along the length of the crystallites (Fig. 2, c, Table 4). In

other regions of the coating where microcracks are absent,

the crystallites may contain an elevated iron concentra-

tion, though not exceeding 5–6 at.%.

Results of the line analysis (Fig. 2, c) c conducted across

various crystallites traversed by a microcrack show a rela-

tively monotonous variation in element concentrations

along the length of the crystallites (Fig. 2, c,
Table 4). In other regions of the coating

where microcracks are absent, the crystallites

may contain an elevated iron concentration,

though not exceeding 5–6 at.%.

Given the bibliographic research data and

the obtained results, it can be suggested that

the abrasive wear resistance of the coatings

is influenced by their brittleness. Therefore,

the micro-brittleness of the coatings on the

sample sections was evaluated by us using an

established method [23], where an increase

in the rating score indicates increased mi-

cro-brittleness of the tested material.

Conclusions

• It has been experimentally confirmed 

that all investigated complexly alloyed anode

materials, based on solid solutions, enable the

formation of coatings via the ESD process that

enhance the wear resistance of Grade C45

steel. A maximum fivefold increase in wear 

resistance was achieved for the coating depos-

ited from the alloy with a zirconium content

of 10.4 wt.%, which is presumably attributed

to dispersion strengthening by intermetallic

phases.

• A direct correlation between the wear 

resistance and microhardness of the coat-

ings under abrasive wear conditions has 

been established: the maximum values for 

both parameters were recorded for the same alloys 

(No. 4 and 5).

• The microstructure of all coatings is characterized

by columnar crystallites. The presence of transverse mi-

crocracks is associated with the action of thermal tensile

stresses during ESD and the inherent brittleness of the

alloy materials.

Table 4
Elemental composition in the coating crystallites

Analysis points
Element content at analysis points, at.%

C Al Si Ti V Cr Mn Fe Ni Zr

1 8.87 33.51 – 7.22 14.49 15.83 – 3.95 14.80 1.34

2 4.53 35.01 – 8.09 15.52 16.24 – 3.15 16.00 1.45

3 8.69 33.91 – 8.38 13.45 14.82 – 5.35 13.98 1.41

4 8.21 14.63 0.39 3.02 5.34 6.15 0.35 55.97 5.37 0.56

5 10.98 12.35 0.64 2.42 4.59 5.13 0.34 58.78 4.32 0.45

6 9.92 5.83 0.60 1.51 2.68 2.96 0.49 73.16 2.54 0.32

7 3.59 – 0.80 – – 0.58 0.51 94.52 – –

8 3.68 – 0.64 – – 0.39 0.74 94.56 – –

9 4.02 – 0.60 – – 0.34 0.75 94.28 – –

10 3.95 – 0.65 – – 0.22 0.81 94.36 – –

11 4.39 – 0.91 – – 0.22 0.66 93.82 – –

12 4.24 – 0.67 – – 0.19 0.69 94.21 – –

Fig. 2. Microstructure and micro-X-ray spectral analysis points of the coatings:XX
a – coating with a microcrack; b, c – elemental distribution maps acrossc
the coating cross-section
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A key factor suppressing microcrack formation is the

development of a two-layer structure in localized coating

regions. The columnar crystallites in the lower (“barrier”)

layer of these zones are characterized by an anomalously 

high concentration of iron (≥17 at.%) diffused from the

substrate.

The most promising direction for further research is

the targeted investigation of the formation mechanism of 

this defect-free, two-layer coating with an iron-rich bar-

rier layer. Controlling this process will make it possible to

minimize brittleness and further enhance the coatings’

performance characteristics

Based on the conducted research, for enhancing the

wear resistance of steel components under abrasive wear 

conditions, the use of anode alloys from the Al – Ni –

Cr – Ti system with a zirconium content of approximately 

10–11 wt.% (analogous to Alloys 4 and 5) is recommen-

ded. Coatings based on these alloys provide the maximum

increase in microhardness (up to 1088 HV) and wear re-

sistance (4–5 times higher than Grade C45 steel). For con-

ditions where toughness and thermal fatigue resistance are

critical, the targeted formation of a two-layer structure with

an iron-saturated barrier sublayer is a promising direction
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