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A B S T R A C T

This paper examines coatings deposited on 40x (analog of 5140) steel 

substrates by electro-spark alloying with TiCNiCr and TiCNiCr–Eu2O3 

electrodes. The techniques of X-ray phase analysis, scanning electron mi-

croscopy, energy dispersive X-ray spectroscopy and glow-discharge optical 

emission spectroscopy were applied to analyze the structure, as well as the 

elemental and phase compositions of the coatings. The mechanical and tri-

bological properties of the coatings were analyzed with the help of nano-

indentation and pin-on-disk tests. The coatings were also subjected to elec-

trochemical testing and annealing. The obtained results did not reveal any 

significant difference between the coatings with Eu2O3 in terms of the struc-

ture and friction coefficient. However, in terms of heat and corrosion resist-

ance, the coatings with Eu2O3 outperform the basic ones. The doped coat-

ings had a more than 20 times lower corrosion current and almost 2 times 

lower the oxidation number compared with undoped coatings. It is shown 

that due to the developed coatings the steel parts can be 2.5 times harder, 

7 times more wear resistant (with half as high the friction coefficient), more 

than 20 times more corrosion resistant, and 18 times more heat resistant.
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1. Introduction

Operational wear of machine parts and steel structures 

poses a serious problem which can entail considerable en-

ergy and financial losses. Wear can be reduced by simply 

modifying the surface of machine parts through depo-

sition of protective coatings [1]. Electro-spark alloying 

(ESA) provides one of the popular deposition techniques 

offering such advantages as high adhesion, a possibility 

to do local surface processing (also on large parts), low 

thermal impact on the substrate, relative simplicity of the 

process, the lack of strict surface preparation specifica-

tions, high reliability of equipment [2].

The most common protective coatings include WC–

Co cemented carbides [3–5]. The use of tungsten-free 

cemented carbides (e.g. titanium carbide based [6–9]) 

would help significantly reduce the cost of reduction and 

hardening. When using TiC–Ni electrodes, titanium 

carbides and a solid solution of nickel in iron form in 

the coating resulting in a sound deposit free of micro- or 

macrocracks [7].  If TiC–Ni electrodes are replaced with 

TiC–NiCr electrodes, the resultant ESA coatings would 

have enhanced mechanical and tribological properties [8] 

and heat resistance [9]. Additions of NbC, WC, ZrO2 and 

Al2O3 to electrodes help modify the structure of result-

ant coatings by making the TiC phase grains finer, which 

leads to an almost 30% increase in microhardness, a 25% 

increase in heat resistance, and a reduction of the friction 

coefficient from 0.26 to 0.15 [9].

Use of rare earth metals (REM) and their compounds 

as alloying elements for ESA electrodes has not been 

properly studied and is of great interest. It is a well-known 

fact that the use of REMs helps decrease the electronic 

work function and increase the emission current [10, 

11]. And Eu has the lowest work function equal to 2.5 eV 

[12]. A study [13] showed that the addition of REMs to 

the Stellit 6 coating produced by plasma cladding can 

increase the hardness of the coating by more than 30%, 

which is due to the effect produced on the parameters 

of gas discharge and the coating structure. Apart from 

the above effects, the addition of REMs can enhance the 

properties of coatings: mechanical strength [14], hardness 

[15], fracture toughness [16], corrosion resistance [17], 

residual stresses, and modulus of elasticity [18]. In our 

previous study [19], we found that the addition of 1 at.% 

Eu2O3 to the TiCNiCr electrode extends the pulse dura-

tion by 19% and increases the coating rate. This research 

aims to thoroughly examine the structure and properties 

of coatings produced on 40x steel substrates by electro-

spark alloying with TiCNiCr and TiCNiCr-Eu2O3 elec-

trodes.

2. Materials and Methods

Powders of titanium carbide, nickel, chromium and eu-

ropium oxide were used as primary components for elec-

trodes. The powders were mixed in an Aktivator-2S plan-

etary centrifugal mill in an argon atmosphere for 5 minutes. 

A hydraulic press was used for pressing the powder at 

7.5 MPa. The resultant briquettes were roasted in Al2O3 bed 
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in a VE-3-16 vacuum furnace by NPP VakETO, Russia at 

1,450 °С for 60 minutes. The 4×4×50 mm TiCNiCr and 

TiCNiCr-Eu2O3 electrodes were analyzed by scanning 

electron microscopy (SEM) and energy dispersive spec-

troscopy (EDS) on a Hitachi S-3400N microscope with 

a Noran 7 Thermo EDS; by X-ray phase analysis (XRD) 

on a D8 ADVANCE diffractometer by Bruker, Germany, 

using Cu-K� radiation. The results are given in Table 1. 

It was established that the electrodes contain TiC phase 

grains, a solid solution of NiCr and Eu2O3 (if it is a doped 

electrode). Ø30×5 mm 40x polished steel discs were used as 

substrates. Before deposition, the substrates were subjected 

to ultrasonic cleaning in isopropyl alcohol for 5 minutes. 

A UZDN-2T unit was used for it.

Electro-spark alloying was performed in an Alier-

Metal 303 unit, which is controlled by a microprocessor 

and designed as an independent generator (i.e. the current 

pulses are not synchronized with the touch-down frequen-

cy). Deposition was carried out in an Ar atmosphere at 

105 Pa in the following conditions: current — 120 A, volt-

age — 20 V, pulse duration — 20 μs, frequency — 640 Hz, 

duty factor — 1.3%, deposition time — 3 min/cm2.

Two deposition modes were applied: normal polarity 

(NP) mode, when the electrode functions as an anode; 

and reverse polarity (RP) mode, when the electrode func-

tions as a cathode.

The above mentioned methods of SEM, EDS and 

XRD were used to analyse the morphology, as well as the 

elemental and phase composition of the coatings. The 

mechanical properties of the coatings, such as hardness 

(H), modulus of elasticity (E) and elastic recovery (W), 

were analyzed with the help of a Nano Hardness Tester 

by CSM Instruments equipped with a Berkovich tip at 

4 mN. Tribological tests were performed on a Tribometer 

by CSM Instruments in a rod/disc mode. The specimens 

were tested in contact with a 6 mm Al2O3 ball at room 

temperature, the linear speed of 10 cm/s, and the normal 

load of 5 N. The wear tracks and surface roughness of the 

ESA coatings were analyzed with the help of a WYKO NT 

110 optical profilometer. The electrochemical properties 

of the coatings were analyzed with the help of a VoltaLab 

50 three-electrode cell with a potentiostat by Radiometer 

Analytical. The tests were carried out in a 1N H2SO4 solu-

tion with an Ag/AgCl comparison electrode and a Pt aux-

iliary electrode. All potentials were recalculated against 

standard hydrogen electrode. The Tafel equation was ap-

plied for corrosion current density (icor) calculations. As 

part of heat resistance test, the coatings were loaded in 

a SNOL 7.2/1200 (Umega) pre-heated furnace and air 

annealed at 400, 500, 600, 700 and 800 °C with an iso-

thermal time of 1 h for each temperature. After annealing, 

specimens of the normal polarity coatings were analyzed 

with a Profiler-2 glow-discharge optical emission spec-

trometer (GDOES) by HORIBA Jobin Yvon, France. 

The reverse polarity specimens were not analyzed because 

of excessive roughness. The coating oxidation kinetics 

was also analyzed by gravimetric method using KERN 

770 analytical balances after 10, 30, 60 and 180 minutes 

of annealing at each temperature. The following formula 

was used to calculate the oxidation number (ΔmS), which 

indicates how much the weight of the specimen changes 

due to oxidation per unit of area: ΔmS = (m1 — m0)/S0, 

where m0 — initial weight of the specimen, g; m1 — the 

weight of the specimen with oxidation products, g; S0 — 

surface area of the specimen, m2. 

3. Results and Discussion 

3.1. Elemental Composition 

The specimen numbers and the elemental composi-

tions of the ESA coatings produced with the TiCNiCr and 

TiCNiCr-Eu2O3 electrodes in normal and reverse polar-

ity modes are given in Table 1. For coatings 1 and 2, the 

concentrations of Ti, С, Ni, and Cr differed by 2.7, 0.3, 

0.7 and 0.1 wt%, correspondingly. Addition of Eu2O3 ex-

pectedly resulted in reduced concentrations of elements 

in the electrode, but the ratio between them stayed the 

same. When going from coating 1 to coating 2, the con-

centration of Fe as the key component of the substrate 

would drop by 21%, which can be attributed to a greater 

thickness of coating 2 due to the addition of Eu2O3. In the 

case of coatings 3 and 4, the difference in the concentra-

tion of the substrate component was 14%. 

A GDOES study showed an expressed concentration 

gradient present in the coatings. The signal produced by 

Fe is monotonely increasing from the surface of the coat-

ing to the substrate, while the concentrations of the elec-

trode components are decreasing (Fig. 1). Such results are 

typical of ESA coatings. The GDOES also confirmed the 

presence of Eu in the coatings that were produced with 

the TiCNiCr–Eu2O3 electrode.

3.2. Microstructure and Phase Composition 

Fig. 1 shows X-ray patterns of the coatings. Peaks were 

identified for all the coatings, which are related to the re-

flections from planes (111), (200), (220), (311), (222) of 

Table 1. Elemental Composition of Powder Mixtures, Electrodes 

and Coatings

Composition, wt% 

# Name Ti C Ni Cr Eu Fe

Powder mixture, wt% 

1 TiCNiСr 68.7 17.2 5.4 8.7 – –

2 TiCNiCr–Eu2O3 65.8 15.2 5.1 8.2 5.7 –

Electrode (EDS), wt%

1 TiCNiСr 71.0 19.0 2.9 7.1 – –

2 TiCNiCr–Eu2O3 69.5 15.6 2.5 6.9 5.7 –

Coating, wt%

1 TiCNiСr NP 31.7 11.3 3.6 6.8 – 46.6

2 TiCNiCr–Eu2O3 NP 34.4 11.0 4.3 6.9 6.5 36.9

3 TiCNiCr RP 36.7 14.2 3.6 5.5 – 40

4 TiCNiCr–Eu2O3 RP 33.9 11.9 3.1 4.9 11.9 34.3
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the titanium carbide FCC phase. 

It was established that the peaks 

corresponding to planes (110) 

and (211) belong to the α-Fe 

phase. Peaks of the solid solution 

of Ni and Cr in iron are also pre-

sent. In the case of ESA coatings 

2 and 4 produced with a doped 

electrode, peaks in the positions 

2θ = 31.4 and 32.4 can be found 

in the X-ray patterns, which are 

typical of Eu2O3 [20, 21].

The Scherrer equation was 

used to calculate the size of ti-

tanium carbide crystallites. The 

results showed that the crystallite 

size determined on the basis of 

line (111) broadening, is the same 

for coatings 1–4 and is equal to 

22 nm. Calculations performed 

for the strongest line (200) 

showed that, when going from 

coating 1 to coa ting 2, the TiC 

crystallite size stayed the same 

and was equal to 30 nm, whereas 

for line (220) the crystallite size 

reduced from 25 to 20 nm. The 

same refers to coatings 3 and 4, 

for which the TiC crystallite size 

on line (200) reduced from 30 to 

18 nm following the addition of 

Eu2O3. Calculations performed 

on the other lines, which have 

a lower intensity, showed either 

similar results or a slightly bigger 

size of the crystallites induced by 

doping. It should be noted that base phase grain refinement 

is characteristic of europium oxide [22]. The Eu2O3 phase 

grain size for coatings 2 and 4 was approximately 20 nm.

The lattice parameter of the undoped coatings was 

0.429–0.430 nm, and the coatings with Eu2O3 had 

slightly different values, which were within 0.430–

0.431 nm. These are slightly lower than for the volume 

TiC (0.433 nm). The smaller lattice parameter can be 

attributed to the presence of tensile stresses [23] or a de-

viation from the stoichiometric composition of the TiC 

phase [24].

The sectional views of the coatings (Fig. 2) show ti-

tanium carbide grains and areas of the solid solution of 

Fe(NiCr), and in the case of coatings 2 and 4 — also 

Eu2O3 grains (lighter areas in the SEM images). Europium 

oxide can be found both at the coating/substrate bound-

ary and in the coating. With the help of micrographs, the 

TiC grain size was estimated to be between 10 and 70 nm. 

No significant structural difference was found between 

coatings produced under different polarities. According 

to EDS data, the composition of TiC and Eu2O3 phases 

was close to stoichiometric. The concentrations of Ni and 

Cr in the solid solution were around 20 and 25%, cor-

respondingly.

The authors established that the roughness of coat-

ings is mainly affected by polarity. For coatings 1 and 2, 

roughness Ra was 2.95 and 2.22 μm, and for coatings 3 

and 4 — Ra = 5.10 μm and Ra = 5.98 μm, appropriately. 

Transition from NP to RP equates to a 1.7–2.7 time in-

crease in roughness. The addition of Eu2O3 produces a 

smaller effect on roughness.

3.3. Mechanical Properties

The coatings cross-sections were used for nano-

indentation tests. The results are given in Table 2. 

Coating 1 had the following characteristics: hardness 

— 23.7 GPa, modulus of elasticity — 252 GPa, elastic 

recovery — 66%. Characteristics of coating 2: H = 20.8 

GPa, E = 230 GPa, W = 62%. When going from coat-

ing 3 to coating 4, the above characteristics would drop 

by 29, 14 and 11%. Thus, the mechanical properties of 

the basic coatings 1 and 3 superseded those of coatings 2 

and 4 doped with Eu2O3. It should be noted that in terms 

Fig. 2. SEM data for coating cross-sections:
а — coating 1; b — coating 2

а b

Fig. 1. X-ray patterns (left) and elemental profiles (right) of the coatings: 
 а — coating 4; b — coating 3; c — coating 2; d — coating 1

а

c

b

d

d

c
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of hardness, all the coatings outperformed the 40x sub-

strate and had high elasticity and ductility. The decrease 

of the modulus of elasticity E was due to the presence 

of the substrate component in the coating. We should 

note here that a low modulus of elasticity combined 

with a high hardness can contribute to wear resistance 

in coatings [25]. According to literature, the hardness of 

ESA coatings produced with TiC–Ni electrodes is 13.9 

GPa [7]. The addition of Cr makes the hardness rise to 

15 GPa [8]. After doping of the basic TiC–Ni compo-

sition with different elements, such as Mo, Al2O3 and 

ZrO2, the hardness of coatings can rise to 17 GPa [7]. 

Correspondingly, the ESA coatings produced in this re-

search have superior mechanical properties compared 

with the coatings from the previous studies.

3.4. Tribological Properties

Fig. 3 shows that  the friction coefficient depends on 

the distance. Coatings 1 and 2 had a close initial friction 

coefficient of 0.2. The friction coefficient of coatings 

1 and 2 would be increasing up during the entire test 

reaching around 0.4. The average values of the friction 

coefficient for coatings 1 and 2 were 0.33 and 0.36, cor-

respondingly. Coating 3 demonstrated the lowest and 

the most consistent friction coefficient with an average 

value of 0.30. The friction coefficient of coating 4 in the 

distance of up to 100 mm was 0.30, after that distance 

the average value of the friction coefficient increased 

to 0.34. After the tribological tests, the specimens were 

tested with an optical surface tester, which produced 

2D and 3D profiles of the tribocontact areas. Figure 3 

also shows 2D profiles of the substrate and of coating 

1. The substrate profiles clearly show that the depth 

of the track is 3 μm. In the case of the ESA coating, 

the wear is almost indistinguishable and the wearing 

depth is comparable with the surface roughness (Ra =

= 2.95 μm). If the wearing zone is almost indistinguish-

able in the coating 1 profiles, it is not even possible to 

identify signs of wear on the other coatings. However, 

by looking at the wear track on coating 1, which is more 

pronounced than on the other specimens, one can con-

clude that the wear rate of coatings 1–4 does not exceed 

0.4·10–5 mm3/(Nm). Consequently, the addition of eu-

ropium oxide only has a slight effect on the tribological 

properties of the coatings. The friction coefficient and 

the wear rate, to a greater extent, depend on the sur-

face roughness of coatings. A substrate without coating 

tested under the same conditions had a friction coef-

ficient of 0.78 and a wear rate of 3·10–5 mm3N–1m–1 

(the data are shown in Fig. 3). 

3.5. Electrochemical Properties

The results of electrochemical analysis (corrosion 

potential ϕ, corrosion current density icor) are given in 

Table 2. The corrosion potentials of all coatings depos-

ited on steel substrate is consistent with the free corrosion 

potential of iron. It is because the electrolyte, through 

cracks and defects in the coating, reaches the substrate 

causing an abundant dissolution of iron. 

Polarization curves helped determine corrosion current 

density of all the coatings and the substrate (Table 2). For 

coating 1,  icor was 0.84 mА/cm2, which is 42% higher than 

the corrosion current density of coating 2 (0.49 mА/cm2).

The corrosion current density of coating 3 was consist-

ent with that of iron. Coating 4 had the lowest corrosion 

Fig. 3. Friction coefficient of coatings and substrate: 
 a — substrate; b — coating 2; c — coating 4; 

d — coating 1; e — coating 3

 The inserted graphs show the wear track profiles 

of the substrate and of coating 1

Table 2. Mechanical, tribological and electrochemical characteristics of coatings and substrate

No. Coating H, GPa E, GPa W,% ϕ, mV icor, mA/cm2 f Vw·10–5, mm3/N/m

1 TiCNiCr NP 23.7 252 66 179 0.84 0.33 < 0.4

2 TiCNiCr–Eu2O3 NP 20.8 230 62 178 0.49 0.36 < 0.4

3 TiCNiCr RP 26.5 333 62 174 4.21 0.30 < 0.4

4 TiCNiCr–Eu2O3 RP 18.9 285 55 182 0.19 0.34 < 0.4

5 40Х steel 11.0 224 35 190 4.50 0.78 2.8±0.2

H — hardness, GPa; E — modulus of elasticity, GPa; W — elastic recovery,%; ϕ — corrosion potential, mV; icor — corrosion current density, mA/cm2; 
f — friction coefficient; Vw — wear rate, mm3/N/m.
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current density — 0.19 mА/cm2. This can be due 

to both a greater thickness of the coating and the 

positive effect of the REM addition [26, 27], the 

concentration of which is the highest in this coat-

ing. Coatings with an optimum composition would 

lead to reduced icor, which was 20 times lower com-

pared with the substrate.

3.6. Heat Resistance

A common method to analyze heat resistance in-

volves investigation of the kinetics of oxidation. During 

oxidation, C, B and N can burn out forming volatile 

compounds with oxygen. That is why, for the purposes 

of this research, two methods were used to analyze heat 

resistance: by changing weight and by changing concen-

trations of oxygen and carbon in the coatings, which were 

determined based on the elemental profiles of annealed 

coatings. 

Experiments conducted at 400 °C failed to identify the 

oxidation mechanism due to low values (less than 0.2 g/

m2) and a great variability of ΔmS in the case of coatings 

2 and 4 with the Eu2O3 addition. After protective oxides 

[28] formed on the surface in the first 10–30 min, coat-

ings 1 and 3 without the addition experienced almost no 

oxidation. Analysis of the kinetic dependencies of oxida-

tion in specimens at 500, 600 and 700 °C (data for 600 °С 

are given in Fig. 4 as an example) helped understand that 

all the coatings (1–4) have a linear oxidation kinetics. 

Table 3 contains aggregate data on the oxidation rates and 

numbers as determined based on the kinetic curves. The 

curves clearly show that because of the Eu2O3 addition 

these values drop by 7–13% at 500 °C and 600 °C, and the 

normal polarity coatings benefit more. At 700 °C, coat-

ing 4  with the Eu2O3 addition had the lowest oxidation 

rate (i.e. 1.926 g/m2). The substrate tested at 600 °С gave 

values that exceeded those for coatings 1–4 by 18 times 

(see Fig. 4).

A GDOES study of the primary coatings and the coat-

ings after annealing indicated that in their initial state 

coatings 1 and 2 have almost the same concentrations of 

carbon. Elemental profiles show a weaker carbon signal 

at 400–600 °C compared with the initial level, which is 

the result of carbon burn-out. No difference was observed 

between coatings 1 and 2 in terms of the degree to which 

the carbon signal dropped. At the same time, following 

annealing at 700 °C, a 25% difference was observed in car-

bon concentration between the two coatings. This trend 

continued with further annealing at 800 °C, and coating 

2 had a lower carbon burn-out rate. 

Based on the GDOES data, bar graphs were built 

which indicate the oxygen penetration depth in coat-

ings 1 and 2 at 500, 600, and 700 °C. The oxidation depth 

in coatings 1 and 2 after annealing at 500 °C was almost 

the same and was within 5–6 μm. At the same time, fol-

lowing the addition of Eu2O3 at 600°С and 700°С, the 

oxygen penetration depth would be 20% smaller. As in-

dicated by both tests, the coatings with Eu2O3 proved 

to have a better heat resistance than undoped coatings, 

with the positive effect being more pronounced at higher 

temperatures.

Conclusion

Coatings were produced on 40x steel by electro-spark 

alloying with TiCNiCr and TiCNiCr–Eu2O3 electrodes 

in normal and reverse polarity modes. The resultant 

coatings contained phases of titanium carbide, a solid 

solution of nickel and chromium in iron, as well as  

Eu2O3 (due to the TiCNiCr–Eu2O3 electrode). Addition 

of europium oxide would lead to a hardness decrease 

from 23–27 GPa to 18–20 GPa while not producing 

any noticeable effect on the friction coefficient. At the 

same time, it would lead to enhanced corrosion and heat 

resistances. Compared with undoped coatings, the coat-

ings produced with the TiCNiCr–Eu2O3 electrode in re-

verse polarity mode and having the maximum amount of 

Eu (around 12%) had a lower corrosion current density 

in H2SO4 (0.19 versus 4.2 mA/cm2) and a lower oxi-

dation number at 700 °С (1.9 versus 3.7 g/min). Steel 

parts with ESA coatings can be 2.5 times harder, 7 times 

more wear resistant (with half as high the friction coef-

ficient), more than 20 times more corrosion resistant, 

and 18 times more heat resistant. 

Table 3. Coating oxidation number and rate

#
Coating

500 °C 600 °C 700 °C

ΔmS, 
g/m2

Voxid ·103, 
g/min

ΔmS, 
g/m2

Voxid ·103, 
g/min

ΔmS, 
g/m2

Voxid ·103, 
g/min

1 TiCNiСr NP 1.162 0.045 1.211 0.046 2.289 0.088

2 TiCNiCr–Eu2O3 NP 1.031 0.039 1.062 0.040 2.938 0.111

3 TiCNiCr RP 1.484 0.053 1.531 0.054 3.741 0.133

4 TiCNiCr–Eu2O3 RP 1.337 0.048 1.373 0.050 1.926 0.070

ΔmS — oxidation number, g/m2; Voxid — oxidation rate, g/min.

Fig. 4. Relationship between the specimens oxidation 
number and time (T = 600 °C): 

 а — coating 3; b — coating 4; c — coating 1; 
d — coating 2; e — substrate.

 The inserted graph shows  how the oxygen 

penetration depth (h) in coatings 3 and 4 depends 

on the temperature, as indicated by GDOES
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