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Abstract—Coatings formed on steel 40Kh by electrospark alloying (ESA) using TiC–NiCr and TiC–NiCr–
Eu2O3 electrodes are investigated. The coatings are deposited using an Alier-Metal 303 installation in argon
under a normal pressure in the direct and opposite polarity modes. The structure, elemental composition,
and phase composition of electrodes and coatings are investigated using X-ray phase analysis, scanning elec-
tron microscopy, energy dispersion spectroscopy, glow discharge optical emission spectroscopy, and optical
profilometry. Mechanical and tribological properties of coatings are determined by nanoindentation and test-
ing according to the “pin–disc” scheme, including elevated temperature in a range of 20–500°C. The tests
for abrasive wear are performed using a Calowear tester, the impact resistance is studied using a CemeCon
impact tester, and gas and electrochemical corrosion resistance are studied. The results show that the elec-
trodes contain titanium carbide, the solid solution of nickel in chromium, and europium oxide in the case of
a doped sample. Coating also included these phases, but the solid solution is formed based on iron. Coatings
with the Eu2O3 additive are not substantially different in regards to structural characteristics, hardness, and
friction coefficient, but exceed base coatings by abrasive resistance, cyclic impact resistance, and heat and
corrosion resistance. An increase in impact resistance by a factor of 1.2–2.0, a decrease in the corrosion cur-
rent more than 20-fold, and an almost twofold decrease in the oxidation index are observed upon the passage
to doped coatings.

Keywords: electrospark deposition, TiC–NiCr, europium oxide, coatings, mechanical and tribological prop-
erties, abrasive wear resistance, impact resistance
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INTRODUCTION
One important problem of modern production is

the wear of parts and metallic constructions during the
operation. To increase wear resistance and service life,
it is sufficient to modify only the surface of wares by
the deposition of protective coatings. One promising
deposition method is electrospark alloying (ESA),
which has substantial advantages such as high adhe-
sion, the possibility of local surface treatment, a low
thermal effect on the substrate, and the absence of
severe requirements for surface preparation before the
deposition [1, 2].

The development of materials based on tungsten-
free hard alloys TiC–Ni is a popular direction in the
field of the development of protective coatings [3–6].
Carbide grains in such materials provide high hardness
and wear resistance, while the nickel matrix increases
strength and corrosion resistance [7, 8]. When pro-
cessing steel by TiC–Ni electrodes, titanium carbide
and solid solution of nickel in iron are formed in the
coating, which leads to the formation of a continuous

coating without microcracks and macrocracks [4]. It
should be noted that alloying steel with nickel leads to
an increase in its hardness, strength, and plasticity
[9, 10]. The additional introduction of chromium into
a metallic binder increases mechanical and tribologi-
cal properties, as well as the fire resistance of ESA
coatings [5]. The introduction of ZrO2, Al2O3, NbC,
WC, etc., additives into the composition of TiC–Ni
and TiC–NiCr electrodes makes it possible to
increase the growth rate of coatings by 40–80% and
increase microhardness by almost 40% [11], fire resis-
tance by 25%, and decrease the friction coefficient
almost twofold [6]. Coating alloying by rare-earth
metals and their oxides affects gas discharge running,
increases the coating hardness by 30% [12] and frac-
ture toughness by 35% [13], corrosion resistance more
than by 80%, and lowers the friction coefficient by
30% [14].

We previously found [15] that the introduction of
1 at % Eu2O3 into the composition of the TiC–NiCr
electrode positively affects the gas discharge charac-
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teristics and increases the growth rate of the coating.
In addition to the influence on the regularity of gas
discharge burning, europium oxide improves mechan-
ical and strength properties of electrode materials
[16]. This study is focused on a detailed investigation
into the structure and properties of coatings depos-
ited on substrates made of steel 40Kh by electrospark
alloying applying TiC–NiCr and TiC–NiCr–Eu2O3
electrodes.

EXPERIMENTAL

Powders of titanium carbide—85.9 wt % (81 wt %),
nickel—5.4 wt % (5.1 wt %), chromium—8.7 wt %
(8.2 wt %), and europium oxide (5.7 wt %) were used
as the initial components for the fabrication of elec-
trodes. The powders were mixed in an Aktivator-2S
planetary centrifugal mill (ZAO Aktivator, Novosi-
birsk) in argon for 5 min. The compaction was per-
formed using a hydraulic press at a pressure of
7.5 MPa. Compacted briquettes were sintered in the
Al2O3 pouring using a VE-3-16 vacuum furnace
(OOO NPP VakETO, Moscow) at 1450°C for 60 min.
TiC–NiCr and TiC–NiCr–Eu2O3 electrodes 4 × 4 ×
50 mm in size were formed. Polished discs made of
steel 40Kh with a size of ∅30 × 5 mm were used as the
substrates. The substrates were ultrasonically cleaned
in isopropanol for 5 min before coating deposition
using an UZDN-2T installation (NPP UkrRosPribor,
Sumy, Ukraine).

The ESA of coatings was performed in argon under
a pressure of 105 Pa applying an Alier-Metal 303
installation (SCINTI, Kishinev, Moldova) using
the following treatment parameters: the current force
was 120 A, the voltage was 20 V, the pulse duration was
20 μs, the frequency was 640 Hz, the duty factor was
1.3%, and the deposition time was 30 min. Coatings
were deposited in two modes, notably, with direct
polarity (DP), when the electrode plays the role of the
anode, and reversed polarity (RP), when the electrode
is the cathode.

The morphology and the elemental and phase
compositions of electrodes and coatings were deter-
mined by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) using an
S-3400N microscope (Hitachi High-Technology
Corp., United States) with the Noran 7 attachment
(Thermo Scientific, United States) and by X-ray dif-
fraction (XRD) using an AXS D8 Advance device
(Bruker, Germany) using CuKα radiation. The Vickers
hardness of electrodes was established using an
HVS-50 digital hardness meter (Time Group Inc.,
China) under a load of 5 kg. The mechanical proper-
ties of coatings such as hardness, Young modulus, and
elastic recovery were studied using a Nano-Hardness
Tester meter (CSM Instruments, Switzerland)
equipped with a Berkovich indenter under a load of
4 mN. Tribological testing on determining the friction
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
coefficient was performed using a high-temperature
tribometer (CSM Instruments, Switzerland) accord-
ing to the pin–disc scheme. The samples were tested
in contact with the Al2O3 little ball 6 mm in diameter
under the following conditions: t = 23 and 500°C, lin-
ear velocity 10 cm/s, and normal load 5 N. To investi-
gate the wear tracks and determine the roughness of
electrospark coatings, we used a WYKO NT 1100 opti-
cal profilometer (Veeco Instruments Inc., United
States). The abrasive resistance of the samples was
evaluated using a Calowear tester (NIITavtoprom,
Moscow) [17] under a load of 10 N and revolution rate
of 153 and 247 rpm. A 100Cr6 steel little ball 27 mm in
diameter was used as a counterbody. The suspension
containing diamond particles 15 μm in size was depos-
ited on the sample surface before testing. The testing
duration was 5 min. The impact testing was performed
using an Impact Tester device (CemeCon, Germany,
Greece). During the impact testing, the counterbody
5 mm in diameter periodically penetrates into the
sample surface under the effect of the established load.
The plastic deformation stage appears in the loading
instant, due to which the region of indenter contacting
with the surface does not recover its initial plane shape
forming herewith the constant imprint (crater). The
technical parameters of the Impact Tester device are as
follows:

The Impact Tester device consists of piston 1, on
which counterbody holder 2 is fastened, two-position
stage 3 for the establishment of samples, mobile block 4,
piezoelectric detector 5, system of sample air-cooling
(Fig. 1), and computer controlling module.

This module consists of a personal computer
equipped with a proportional-integral and differential
controller for installation controlling. The ITEC soft-
ware makes it possible to determine the fatigue coating
properties in the form of the Smith and Wheeler dia-
grams in the case of the computer simulation by the
finite element method of the perpendicular impact
testing process. The testing mode is specified using the
ITControl software (CemeCon) of the device by vary-
ing two main characteristics—the impact force and
number of impacts.

The operational principle of the device is based on
the impact (single or cyclic) effect on the surface
under study by the indenter (the ball) with fixed load
and frequency. The alternate voltage with a frequency
of 50 Hz is supplied to the mobile block during testing.

Impact force, N 150–1300
Frequency, Hz 50
Indenter diameter, mm 5
Cycle duration for 1 million 
impacts, h

5.5

Process control Computer controlling
Software ITControl (CemeCon)
l. 60  No. 6  2019
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Fig. 1. Appearance of the Impact Tester installation.
(1) Piston, (2) counterbody holder, (3) stage for sample
establishment, (4) mobile block, (5) piezosensor, and
(6) air duct.
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When moving the entire block along the vertical axis,
the necessary maximal load is established, which is
monitored using a piezosensor, due to which oscilla-
tory motions in the vertical plane with amplitude of
1 mm appear. When touching the sample surface, the
mechanical oscillations transform into the pulse load;
i.e., the kinetic energy transforms into the deforma-
tion energy.

Using this device, we can evaluate the following
characteristics: the wear rate under the conditions of
impact effects, adhesion and cohesion strength of
coatings, and material fatigue strength and crack resis-
tance [18, 19]. A cycle of impacts with a constant fre-
quency of 50 Hz was performed for the coatings under
study using a little ball 5 mm in diameter made of the
WC–Co hard alloy. Each sample was subjected to tests
consisting of 100000 impacts under dry air conditions
at an applied load of 1200 N.

To determine the wear parameters, we used a
WYKO NT 1100 optical profilometer. The electro-
chemical properties of coatings were evaluated using a
three-electrode cell with the VoltaLab 50 potentiostat
(Radiometer Analytical, France). Testing was per-
formed in the 1N H2SO4 solution using the Ag/AgCl
reference electrode and auxiliary Pt electrode. All
potentials were recalculated relative to the standard
RUSSIAN JOURNAL 
hydrogen electrode. The corrosion current density
(icor) was calculated using the Tafel formula. The oxi-
dation of coatings was studied at humidity <30%. The
coatings were charged into a preliminary heated
SNOL 7.2/1200 furnace (Umega, Lithuania) and
annealed in air at t = 400, 500, 600, 700, and 800°C
with isothermal holding for 1 h at each temperature.
Annealed samples of coatings deposited under the DP
were studied using a Profiler-2 glow-discharge optical
emission spectrometer (GDOES) (HORIBA Jobin
Yvon, France). Coatings deposited in the RP mode
were not measured because of their large roughness.
The oxidation kinetics of coatings was investigated by
the gravimetrical method using a KERN 770 analyti-
cal balance (Germany) after annealing for 10, 30, 60,
and 180 min at each temperature. The oxidation index
(ΔmS) was determined according to the procedure
described in [20].

RESULTS AND DISCUSSION
Structure and Properties of Electrodes

The results found using the EDS method showed
that electrode 1 has the following composition, wt %:
Ti 71.0, C 19.0, Ni 2.9, Cr 7.1, while electrode 2 has the
following composition: Ti 69.5, C 15.6, Ni 2.5, Cr 6.9,
and Eu2O3 5.7. According to the XRD data (Fig. 2), it
is seen that TiC grains, a solid solution of nickel and
chromium NiCr, and europium in the form of Eu2O3
oxide are present in electrodes.

Numerous peaks correspond to planes (111), (200),
(311), (222), (400), (311), and (420) of the titanium
carbide-based fcc phase. The peaks of the NiCr solid
solution observed at angles 2θ = 43.8°, 50.8°, and
72.6°, and Eu2O3 peaks at 2θ = 24.8° and 30° are also
present in the case of electrode 2. The titanium carbide
crystallite sizes were found using the Scherrer formula.
The results showed that their values, determined from
the broadening of lines (111), (200), and (311), are 45,
46, and 35 nm, respectively. The TiC crystallite sizes
for other lines were in a range of 18–27 nm. The sizes
for peaks corresponding to Eu2O3 were 44 nm (at 2θ =
24.8°) and 22 nm (at 2θ = 30°).

The SEM images of electrodes (Fig. 3) confirm the
results found by the XRD method. It is seen that the
TiC grains and interlayers of the solid solution of
nickel and chromium are present in the composition
of electrodes 1 and 2. The Eu2O3 grains (bright seg-
ments in SEM images) are observed in the case of the
doped electrode.

According to our data found using the hardness
meter, europium oxide affects the mechanical proper-
ties of electrodes. The hardness of electrode 2 (18–
20 GPa) is 25% higher than the values for the elec-
trode without the Eu2O3 addition (14–16 GPa). An
analysis of the published data shows that the TiC–Ni
electrode formed by the SHS method has hardness
OF NON-FERROUS METALS  Vol. 60  No. 6  2019
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Fig. 2. X-ray diffraction patterns of coatings 1–4. X-ray diffraction patterns of TiC–NiCr (1) and TiC–NiCr–Eu2O3 (2) elec-
trodes are shown in insert.
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13.8 GPa. Various additives (ZrO2, Al2O3, NbC, etc.)
to the base composition allow us to increase the hard-
ness characteristics to 16.9 GPa [21]. The introduction
of Mo into the composition of the TiC–Ni electrode
(H = 13 GPa) increases its hardness by 30% [22].

Elemental Analysis of Coatings

Elemental compositions of ESA coatings on sam-
ples 1–4 fabricated using TiC–NiCr and TiC–NiCr–
Eu2O3 electrodes under the DP and RP are presented
in Table 1.

Contents of Ti, C, Ni, and Cr for coatings 1 and 2
differed by 2.7, 0.3, 0.7, and 0.1 wt %, respectively. The
Eu2O3 addition had led to a regular decrease in the
concentration of other electrode elements; however,
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo

Table 1. Composition (wt %) and properties of coatings 1–4

Sample Coating Mode Ti C N

1 TiC–NiСr DP 31.7 11.3 3.
2 TiC–NiCr–Eu2O3 DP 34.4 11.0 4.
3 TiC–NiCr RP 36.7 14.2 3.
4 TiC–NiCr–Eu2O3 RP 33.9 11.9 3.1
the ratio between them remained invariable. The con-
tent of the main substrate component—Fe—upon the
passage from coating 1 to coating 2 decreased by 22%,
which can be explained by the larger thickness of coat-
ing 2 with the Eu2O3 additive. The difference in the
substrate component (Fe) content for coatings 3 and 4
was 12%.

The GDOES analysis showed that a clearly pro-
nounced concentration gradient is present in coatings.
The signal from Fe increases monotonically from the
coating surface to the substrate, while the concentra-
tions of electrode components decrease. Similar
results are typical of the coatings prepared by the ESA
method. The GDOES results confirmed the presence
of Eu in coatings formed using the TiC–NiCr–Eu2O3
electrode.
l. 60  No. 6  2019

i Cr Eu Fe H, GPa E, GPa W, % ƒ

6 6.8 – 47.3 23.7 252 66 0.33
3 6.9 6.5 36.9 20.8 230 62 0.36
6 5.5 – 40.0 26.5 333 62 0.30

4.9 11.9 35.2 18.9 285 55 0.34
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Fig. 3. Microphotographs (SEM) of (a) TiC–NiCr and (b) TiC–NiCr–Eu2O3 electrodes and transverse metallographic sections
(c) 3 and (d) 4.
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Microstructure 
and Phase Composition of Coatings

Figure 2 shows X-ray diffraction patterns of coat-
ings 1–4. The peaks associated with reflections from
planes (111), (200), (220), (311), and (222) of the tita-
nium carbide-based fcc phase are found for all coat-
ings. It is established that the peaks corresponding to
planes (110) and (211) belong to the α-Fe phase. The
peaks in positions 2θ = 31.4 and 32.4° characteristic of
Eu2O3 are revealed in X-ray diffraction patterns in the
case of coatings 2 and 4 formed using the doped elec-
trode [23, 24].

The size of titanium carbide crystallites, determined
from the broadening of lines (111) for coatings 1–4, is
identical, being 22 nm. Calculations for the strongest
line (200) showed that, when passing from coating 1 to
coating 2, the size of TiC crystallites remained invari-
able, being 30 nm, while for line (220), it decreased
from 25 to 20 nm. The size of TiC crystallites for coat-
ings 3 and 4 found from line (200) also decreased from
30 to 18 nm with the introduction of Eu2O3. We note
that grain refining of the host phase is a characteristic
feature of europium oxide [25]. The size of Eu2O3
grains for coatings 2 and 4 was ~20 nm.

The lattice constant of undoped coatings was in a
range of 0.429–0.430 nm, while its values for coatings
RUSSIAN JOURNAL 
with Eu2O3 differed insignificantly (0.430–0.431 nm)
and were somewhat lower than for bulk TiC (0.433 nm).
A decrease in the lattice parameter can be explained by
the presence of tensile stresses [26] or by the deviation
of the composition of the TiC phase from stoichio-
metry [27].

It is seen in photographs of transverse metallurgical
sections of coatings (Fig. 3) that titanium carbide
grains and interlayers of the NiCr solid solution in Fe
are present in their composition and the Eu2O3 grains
are additionally present in the case of coatings 2 and 4.
It should be noted that europium oxide is situated both
at the coating interface with the substrate and in the
coating bulk. The TiC grain size evaluated by micro-
photographs was from 10 to 70 nm. No substantial
structural distinctions were found for coatings formed
at various types of polarity. The composition of TiC
and Eu2O3 phases was close to stoichiometric accord-
ing to the EDS data. The Ni and Cr contents in the
iron-based solid solution were of about 20 and 25%,
respectively.

It was established that the roughness of coatings is
mainly affected by polarity. Roughness parameter Ra
for coatings 1 and 2 was 2.95 μm, and it was 5.10 and
5.98 μm for coatings 3 and 4, respectively. When pass-
ing from the DP to RP, the coating roughness
OF NON-FERROUS METALS  Vol. 60  No. 6  2019
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Fig. 4. Friction coefficient of coatings 1–4 and substrate 5 depending on temperature. The wear rate of coatings 1–4 is shown in
insert.
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increases by a factor of 1.7–2.7. The Eu2O3 addition
affects the coating roughness more weakly.

Mechanical Properties of Coatings

Sample testing by nanoindentation was performed
for transverse metallurgical sections of coatings. Coat-
ing 1 had hardness H = 23.7 GPa, the Young modulus
E = 252 GPa, and elastic recovery W = 66% (Table 1).
When introducing the additive, these characteristics
for coating 2 became 6–12% lower and were H =
20.8 GPa, E = 230 GPa, and W = 62%. Coating 3 had
the highest hardness (26.5 GPa) and elasticity modu-
lus (333 GPa). Sample 4 had a low hardness and low
elastic recovery of 55%. It is noteworthy that the coat-
ing hardness decreased by 12–28% due to the intro-
duction of europium oxide into the electrode compo-
sition. However, the hardness of all ESA coatings
exceeded the values found for the substrate made of
steel 40Kh (H = 11 GPa) by more than a factor of 1.7.
A decrease in E is associated with the presence of the
substrate component in the coating composition. We
note that the low Young modulus in combination with
high hardness can positively affect the wear resistance
of coatings [28]. According to the published data, the
ESA coatings prepared using the TiC–Ni electrodes
have a hardness of 13.9 GPa [29]. When introducing
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
Cr into this composition, it increases to 15 GPa [5].
The coating hardness increases to 17 GPa after alloy-
ing the TiC–Ni base composition by various elements
(such as Mo, Al2O3, and ZrO2) [29]. Thus, ESA coat-
ings prepared in our work have the higher mechanical
characteristics when compared with those studied pre-
viously.

Friction Coefficient 
and Wear Resistance of Coatings

According to the results of room-temperature tri-
bological testing, coatings 1 and 2 had close initial
friction coefficient (f) at a level of 0.2. The magnitude
of f gradually increased throughout testing, reaching
~0.4. Average values for coatings 1 and 2 were 0.33 and
0.36, respectively (Table 1). Coating 3 had the lowest and
stable f ~ 0.30. The friction coefficient of coating 4 was
0.30 up to a distance of 100 m, after which its average
value increased to 0.34. No wear of coatings 1–4 was
found for a distance of 200 m.

The results of high-temperature tribological tests in
the form of temperature dependences of the friction
coefficient are shown in Fig. 4.

Curves f(t) for all coatings were similar, notably, the
magnitude of f gradually increases in a temperature
range from 28–35 to 380°C, while the inflection point
l. 60  No. 6  2019
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Fig. 5. Abrasive wear of coatings 1–4.
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observed at t = 400°C evidences carbon burning out
from the surface of coatings [30], due to which the
friction coefficient increases abruptly. Coating 1 had
low f = 0.30 up to t = 380°C. The friction coefficient
fell by 12% upon the passage from coating 3 to doped
coating 4. A decrease in f for a steel substrate after t =
300°C occurs due to the formation of iron oxides in
the tribocontact zone, which can exert the lubricating
effect [31]. All coatings can be successfully applied to
improve the tribological properties of steel at tempera-
tures up to 400°C.

An analysis of wear tracks after high-temperature
testing showed that the wear traces of the coating sur-
face are difficult to find using an optical and electron
microscope because of their high roughness (Ra = 2–
6 μm). Nevertheless, the wear rate was evaluated using
calculations by profilograms found using an optical
contactless profilometer. The wear rate of coatings 1,
3, and 4 differs insignificantly, being V = (1.3–1.5) ×
10–8 mm3/N/m. Sample 2 has the highest wear resis-
tance (0.8 × 10–8 mm3/N/m) at the minimal rough-
ness (Ra = 2.2 μm). Despite the fact that the europium
oxide addition does not affect the room-temperature
tribological properties of coatings, the sample with
Eu2O3 showed the best wear resistance in high-tem-
perature testing.
RUSSIAN JOURNAL 

Table 2. Diameter (D) and depth (h) of craters

Sample Coating Mode
1200 N

D, μm h, μm

1 TiC–NiСr DP 800 27.5

2 TiC–NiCr–Eu2O3 DP 760 14.0

3 TiC–NiCr RP 1030 22.5

4 TiC–NiCr–Eu2O3 RP 790 17.5
Abrasive-Wear Resistance of Coatings
Figure 5 shows the results of the abrasive-wear test-

ing of coatings for various counterbody revolution
rates. Coating 1 showed a decrease in the weight at V =
153 rpm, which is directly conditioned by the coating
wear.

The partial pickup of wear products was observed
with an increase in the counterbody revolution rate to
247 rpm. An increase in the weight was characteristic
of coatings 2–4, which can be associated with the
coating roughness level and presence of microcracks
and pores [32, 33]. Coating 2 had the smallest wear,
with a little-ball revolution rate of 247 rpm. At the
same time, coating 4 had the best wear resistance at
V = 153 rpm. Coatings 2 and 4, prepared using the
doped electrode, had the best abrasive-wear resistance.

Cyclic Impact Load Resistance of Coatings
Geometric parameters of craters formed after

impact dynamic testing and calculated based on 2D
and 3D profiles (Fig. 6) are presented in Table 2.

The following crater sizes were characteristic of
coating 1 after testing under an applied load of 1200 N:
the diameter is 800 μm and the depth is 27.5 μm
(Fig. 6).

Coating 2 with the Eu2O3 additive had the smallest
crater depth (h = 14 μm). Sample 3 had a larger crater
diameter after the impact but a smaller depth when
compared with the sample of the same composition
formed under the DP. The crater depth for coating 4 is
22% smaller that for sample 3. The results showed that
the coatings prepared when applying the TiC–NiCr–
Eu2O3 electrode had the higher impact resistance,
while the crater depth did not exceed the coating thick-
ness. We note that electrospark TiCNi coatings were
previously studied. The crater depth after testing at a
load of 1500 N was of about 40 μm in this case [34].

Electrochemical Properties of Coatings
The results of the electrochemical analysis (corro-

sion potential ϕ and corrosion current density icor) are
presented in Table 3.

Corrosion potentials of all coatings deposited on a
steel substrate correspond to the free iron corrosion
potential (190 V). This is associated with the fact that
the electrolyte reaches the substrate through the
cracks and coating defects, and the abundant dissolu-
tion of iron occurs.

The corrosion current density for all coatings was
determined by polarization curves (Fig. 7).

The magnitude of icor for coating 1 was
0.84 mA/cm2, which is larger than the corrosion cur-
rent density for coating 2 (0.49 mA/cm2). This charac-
teristic for coating 3 (4.2 mA/cm2) corresponded to
the corrosion current density of iron (4.5 mA/cm2).
OF NON-FERROUS METALS  Vol. 60  No. 6  2019
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Fig. 6. 3D profiles of craters resulting from the impact testing of samples 1–4.
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Table 3. Electrochemical and gas corrosion of coatings and
substrate

Sample ϕ, mV
Icor, 

mA/cm2

ΔmS, g/m2, at t, °C

500 600 700

1 179 0.84 1.162 1.211 2.289

2 178 0.49 1.031 1.062 2.938

3 174 4.2 1.484 1.531 3.741

4 182 0.19 1.337 1.373 1.926
Coating 4 had the lowest corrosion current density
(0.19 mA/cm2). This can be associated both with its
larger thickness and with the positive role of the REM
additive [35, 36], the concentration of which is maxi-
mal in this coating.

Fire Resistance of Coatings

A widespread method for evaluating fire resistance
is the investigation into the oxidation kinetics [37, 38].
However, C, B, and N, which form volatile com-
pounds with oxygen, can burn out during the oxida-
tion. Therefore, we investigated fire resistance by two
methods, notably, by the variation in weight and by the
variation in oxygen and carbon concentration in coat-
ings determined from elemental profiles of annealed
coatings.

The experiments performed at t = 400°C did not
allow us to reveal the oxidation mechanism because of
small values (<0.2 g/m2) and large spread of ΔmS in the
case of coatings 2 and 4 with the Eu2O3 additive. Coat-
ings 1 and 3 (without the additive), after protective
oxide formed on the surface [39] for the first 10–
30 min, were not oxidized further. The analysis of the
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
kinetic dependences of oxidation of the samples at t =
500, 600, and 700°C allowed us to establish that oxida-
tion proceeds according to the law close to linear in all
cases (coatings 1–4). The data on characteristics of
oxidation determined from kinetic curves (Fig. 8) are
shown in Table 1.

It is seen that the Eu2O3 addition decreases the val-
ues of this characteristic (ΔmS) at t = 500 and 600°C by
10–13%, and the positive effect is stronger for coatings
formed under the direct polarity. The minimal oxida-
l. 60  No. 6  2019
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Fig. 7. Polarization curves of coatings 1–4 and substrate 5.
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Fig. 8. Dependence of the oxidation index of samples 1–4 on the annealing time at t = (a) 500, (b) 600, and (c) 700°C. Curves
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tion characteristic (1.926 g/m2) at t = 700°C was
inherent to coating 4 with the Eu2O3 addition.

The oxidation depth of coatings was determined by
the GDOES data. The penetration depth of oxygen for
samples 1 and 2 after annealing at t = 500°C was in the
limits of 5–6 μm, while the Eu2O3 addition at t = 600
and 700°C led to a 20% decrease in the oxidation
depth. Thus, the Eu2O3-containing coatings showed
higher fire resistance than coatings without the addi-
tion in both types of testing, and the positive effect
largely manifested itself at higher temperatures. This
RUSSIAN JOURNAL 
can be associated with the ability of REMs to stabilize
the oxide phase [40].

CONCLUSIONS

The coatings on the 40Kh steel substrate were
formed by the ESA method using TiC–NiCr and
TiC–NiCr–Eu2O3 electrodes in the direct and
reversed polarity modes. The coatings contained
phases of titanium carbide, a solid solution of nickel
and chromium in iron, and europium oxide (when
using the TiC–NiCr–Eu2O3 electrode).
OF NON-FERROUS METALS  Vol. 60  No. 6  2019
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The addition of europium oxide into the TiC–
NiCr electrode material promoted a 25% increase in
its hardness and strength.

The introduction of Eu2O3 led to a decrease in the
coating hardness from 23–27 to 18–20 GPa and
exerted no noticeable effect on the friction coefficient
in a broad temperature range (t = 20–500°C); how-
ever, a 20% increase in the cyclic impact resistance
and 60% increase in the abrasive wear, a 50% increase
in fire resistance, and 95% increase in the corrosion
resistance of coatings were observed.
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