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Abstract. This article focuses on the production of wear-resistant antifriction coatings by magnetron sputtering using composite SHS-

fabricated cathode targets of TiCrNiC and TiCrNiC–CuSnP in Ar and Ar + 15 % N2 atmospheres. Special attention is given to the phase 
composition and structure of the targets, produced via the self-propagating high-temperature synthesis (SHS) method. Structural charac
terization of the targets and coatings was carried out using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), and glow discharge optical emission spectroscopy (GDOES). The mechanical and tribological properties 
of the coatings were evaluated using nanoindentation, scratch testing, and pin-on-disk sliding wear tests. The resulting coatings exhibited 
dense, defect-free microstructures with a uniform elemental distribution through the thickness. The coating matrix was primarily 
composed of FCC phases c-TiC(N) and c-(Ni,Cr). The addition of copper to the coating led to the formation of an additional amorphous 
Cu-based phase. The coatings demonstrated hardness in the range of 18–21 GPa and an elastic modulus of 220–235 GPa. High critical 
loads for adhesive failure were observed, reaching up to 60 N. The non-reactive Ti–Cr–Ni–C coatings exhibited the  lowest friction 
coefficients (0.17–0.18), while other compositions showed values ranging from 0.22 to 0.25, in contrast to 0.63–0.71 for uncoated steel 
substrates. The specific wear rate varied between 1.1·10–6 and 5.0·10–6 mm3/(N·m) depending on the counterbody material and coating 
composition, which is nearly two orders of magnitude lower than that of the substrate material ((1.2÷2.7)·10–4 mm3/(N·m). 
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Аннотация. Статья посвящена получению антифрикционных износостойких покрытий методом магнетронного распыления 
с использованием композиционных катодов-мишеней TiCrNiC и TiCrNiC–CuSnP в среде Ar и Ar + 15 % N2 . Отдельное 
внимание уделено изучению фазового состава и структуры мишеней, изготовленных с применением метода самораспрост
раняющегося высокотемпературного синтеза (СВС). Структурные исследования мишеней и покрытий выполнены мето-
дами рентгенофазового анализа, растровой электронной микроскопии, энергодисперсионной спектроскопии и оптической 
эмиссионной спектроскопии тлеющего разряда. Механические и трибологические свойства покрытий измерены с исполь-
зованием методов наноиндентирования, скратч-тестирования и измерительного скольжения. Установлено, что полученные 
покрытия обладали плотной малодефектной структурой с равномерным распределением элементов по толщине. Основу 
покрытий составляли ГЦК-фазы с-TiC(N) и с-(Ni,Cr). При введении в состав покрытий меди формировалась дополни-
тельная аморфная фаза на ее основе. Покрытия обладали твердостью в диапазоне 18–21 ГПа и модулем упругости на уровне 
220–235 ГПа, а также характеризовались высокой критической нагрузкой адгезионного разрушения до 60 Н. Минимальный 
коэффициент трения 0,17–0,18 демонстрировали нереакционные покрытия Ti–Cr–Ni–C, для остальных составов его 
значения находились в интервале от 0,22 до 0,25, в то время как у стальных подложек без покрытия этот показатель составлял 
0,63–0,71. Величина приведенного износа, в зависимости от материала используемых контртел и составов покрытий, изме-
нялась от 1,1·10–6 до 5,0·10–6 мм3/(Н∙м), что почти на два порядка ниже, чем у материала подложки: (1,2÷2,7)·10–4 мм3/(Н∙м).  

Ключевые слова: карбид титана, магнетронное распыление, композиционные СВС-мишени, антифрикционные покрытия, 
коэффициент трения и износостойкость
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IntroductionIntroduction
As the potential of consolidated materials has been 

largely exhausted, the  development of  new high-per-
formance engineering systems is no longer possible 
without surface modification technologies and the  use 
of  functional coatings. Today, considerable attention is 
focused on the design of coatings for protecting critical 
components operating in aggressive liquid and gaseous 
environments and under various wear conditions. 
Among the  most promising are titanium carbide and 
carbonitride-based coatings, which exhibit high hard-
ness, wear and corrosion resistance, and pronounced 
antifriction properties [1–3]. 

By adjusting the  stoichiometry of  TiCN coatings, 
it is possible to  tailor their mechanical and tribologi-
cal performance by controlling the  structural type, 
internal stresses, and the  concentration of  free car-
bon, which acts as a solid lubricant in the tribological 
contact zone  [4; 5]. At a C/N ratio close to  1, record 
hardness values of  up to  45 GPa have been reported, 
attributed to significant compressive stresses (–6 GPa) 
arising from distortions in the FCC lattice structure [6]. 
In contrast, coatings with an elevated carbon content 
(C/N = 5.6) achieved a friction coefficient of ~0.1 [5]. 
In these coatings, carbon atoms formed amorphous 
intergranular layers along TiCN crystallite bounda
ries, resulting in a nanocomposite structure described 
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as nc-TiCN/a-C, where nc denotes nanocrystallites and 
a the amorphous phase. 

The performance of TiCN coatings can be further 
enhanced by the addition of metallic elements [7–12]. 
For instance, aluminum improves both wear and oxi-
dation resistance  [7; 8], while nickel and chromium 
exhibit similar effects  [9; 10]. These improvements 
are attributed to the formation of dense oxide films on 
the coating surface during heating in air, which inhibit 
oxygen penetration into the bulk material. 

In recent years, copper-based coatings have 
attracted growing interest  [13–15] due to  copper’s 
relatively low friction coefficient and high thermal 
conductivity, which is crucial for efficient heat dissipa-
tion from the contact zone. Copper can be introduced 
either in its pure form or as part of  brass or bronze 
alloys, offering excellent antifriction performance 
at  relatively low cost  [16]. Notably, the  incorpora-
tion of ductile metals into ceramic matrices underpins 
the  concept of  nanocomposite superhard coatings 
(hardness >40 GPa), as proposed by the author in [17]. 
This concept involves the formation of nc-MeN/metal 
structures (where Me = Ti, Cr, Zr, etc., and metal = Cu, 
Ni, Fe, etc.), with the MeN phase consisting of nano-
crystallites and the  metallic phase being X-ray amor-
phous. Furthermore, all grains are expected to exhibit 
a preferred orientation  [17; 18]. Subsequent research 
extended this concept to carbide-based systems such as 
Ti–Cu–C [19], and nanocomposite nc-TiCN/a-Cu coa
tings with a hardness of 37 GPa were reported in [20]. 

Various methods can be used to deposit titanium car-
bide and carbonitride coatings, including those alloyed 
with transition metals. These methods include plasma 
spraying  [21], electric arc cladding  [22], laser clad-
ding [23], electro-spark deposition [11; 24; 25], chemi-
cal vapor deposition [26], vacuum cathodic arc evapo-
ration  [27], and pulsed laser deposition [28]. Among 
these, magnetron sputtering stands out as a  highly 
promising technique, allowing the deposition of wear-
resistant and antifriction coatings across a broad com-
positional range. The method yields coatings with 
low impurity levels, minimal defects, and smooth sur-
faces that require no post-processing  [1; 12; 29–31]. 
The capabilities of  magnetron sputtering are further 
enhanced when multicomponent ceramic targets pro-
duced via self-propagating high-temperature synthesis 
(SHS) are used  [32; 33]. This approach ensures that 
the atomic flux from the cathode to the substrate con-
tains all necessary metallic and non-metallic elements, 
providing high compositional homogeneity across 
the coating thickness. A promising material for fabri-
cating SHS-based sputtering targets is the  STIM-3B 
alloy (Ti–Cr–C–Ni system), whose combustion and 
structure formation mechanisms have been studied in 

detail  [34]. Tin–phosphor bronze powder can also be 
used as an alloying addition in target preparation.

The aim of  this study was to  develop tri-
bological coatings of  Ti–Cr–Ni–C–(N) and 
Ti–Cr–Ni–Cu–Sn–P–C–(N) compositions by mag-
netron sputtering using multicomponent SHS targets 
in Ar and Ar–N2 atmospheres. Particular emphasis 
was placed on the  synthesis of  targets with tailored 
compositions. 

Materials and methodsMaterials and methods
The starting materials used for fabricating the cathode 

targets were titanium powder (Ti) grade PTS (<60 µm), 
chromium powder (Cr) grade PX-1S (<63 µm), nickel 
powder (Ni) grade PNK-OT2 (<71 µm), technical car-
bon black (C) grade P804-T with a specific surface area 
of  15 m2/g, graphite powder (Cgr) grade MG-1, and 
tin-phosphor bronze alloy powder (BrOF grade; com-
position: Cu–7.8 wt. % Sn–0.48 wt. % P; particle size 
100–200 µm). The compositions of  the  reactive mix-
tures for SHS-based target synthesis were calculated 
assuming complete chemical transformation according 
to the following equation

[70.775 % (Ti + C) – 19.475 % (3Cr + 2C) –

– 5 wt. % Cgr – 4.75 wt. % Ni] + X % Bronze,

where X is the  bronze content in the  charge, set to  0 
or 20 wt. %. The compositions of the powder mixtures 
are summarized in Table 1.

Before mixing, all starting powders were dried 
at  100 °C for 24 h. Mixing was performed in a 3 L 
rotary ball mill for 8 h using cemented carbide grinding 
balls at a powder-to-ball mass ratio of 1:8.

The adiabatic combustion temperature ( ), as well 
as the  equilibrium phase composition and the  physi-
cal state of  the  SHS products at , were calculated 

Table 1. Experimental compositions  
of initial powder mixtures 

Таблица 1. Экспериментальные составы  
исходных порошковых смесей

Element
X = 0 X = 20

wt. % at. % wt. % at. %
Ti 48.44 28.14 38.75 25.52
C 20.02 46.37 16.02 42.05

Cgr 5.00 11.58 4.00 10.50
Cr 21.79 11.66 17.43 10.57
Ni 4.75 2.25 3.80 2.04

Bronze – 20.00 9.32
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using the THERMO software package [35]. Composite 
cathode targets of TiCrNiC and TiCrNiC–CuSnP with 
dimensions diameter 120 mm × 10 mm were produced 
using pressure-assisted self-propagating high-tempera-
ture synthesis SHS, as described in [33]. 

The powder mixtures were pre-compacted to 60 % 
of  theoretical density in a steel cylindrical mold 
at  70 atm. The green compacts were further dried in 
a vacuum oven at  100 °C for 4 h to  remove residual 
moisture and adsorbed gases. The key parameters for 
SHS under pressure were as follows: applied pres-
sure – 200 atm; ignition delay – 1 s; dwell time under 
pressure – 5 s. The synthesis was carried out in a sand 
mold using a DA-1532B hydraulic press. The resulting 
billets were then ground and shaped to  the  required 
dimensions using EDM cutting.

The phase composition of the synthesized samples 
was analyzed using a DRON 4-07 X-ray diffractometer 
(Russia) with monochromatic CuKα radiation. Scans 
were collected pointwise over a 2θ range of 10–110°, 
with a step size of  0.1° and exposure time of  3 s per 
step. The microstructure was examined using a scan-
ning electron microscope (SEM) S-3400N (Hitachi, 
Japan) equipped with a NORAN 7  EDS system 
(Thermo Scientific, USA), operated at accelerating 
voltages of 5–20 kV.

Coating deposition was performed using a UVN-2M 
vacuum unit equipped with gas inlets, a substrate posi-
tioning system, a slit-type ion source, and two magnet
rons powered by Advanced Energy DC Pinnacle Plus 
units (USA), as described in [36]. Substrates included 
diameter 30 mm disks of  SCM440 steel (equivalent 
to 40KhFA steel) for mechanical and tribological tes
ting, and VK6M cemented carbide for compositional 
and adhesion strength analysis. The substrates were 
polished using a Struers RotoPol-21 system (Denmark). 
Surface cleaning was performed in an ultrasonic dis-
perser using sequential treatments with gasoline, sol-
vent, and isopropanol. Additionally, model substrates 
of  monocrystalline silicon KÉF-4.5 (100) (Elma, 
Russia), sized 15×15 mm, were coated for structural 
analysis. Both base and model substrates were coated 
under identical conditions. Prior to  deposition, sub-
strates were cleaned using ion etching (0.03 Pa, 2 kV, 
60 mA, Ar+ ions). During coating deposition, the mag-
netron current was 1.5 A, the voltage 500 V, the power 
supply frequency 50 kHz, the  bias voltage –50 V, 
the working pressure 0.2 Pa, and the process duration 
was 10 min. The nitrogen content in the Ar + N2 gas 
mixture (gas purity 99.999 %) was varied between 0 
and 15 %. 

The compact ceramics and coatings were exami
ned by scanning electron microscopy (SEM) and 

energy-dispersive spectroscopy (EDS) using an S-3400 
microscope (Hitachi, Japan) equipped with a Noran 7 
spectrometer (Thermo Scientific, USA). X-ray diffrac-
tion (XRD) analysis of the ceramic specimens was per-
formed using a DRON 4-07 diffractometer (Russia), 
while coatings were analyzed using a D8 Advance dif-
fractometer (Bruker, Germany). Diffraction data were 
collected using monochromatized CuKα radiation with 
a step size of 0.1° and an exposure time of 10 s per step; 
the  total scan duration was 1 h. Phase identification 
was carried out using the  EVA software package and 
the PDF2 international database. The elemental com-
position of  the  coatings and their depth distribution 
profiles were determined using glow discharge optical 
emission spectroscopy (GDOES) on a Profiler-2 spect
rometer (Horiba Jobin Yvon, France) [37]. 

Hardness (H) and elastic modulus (E) of  the  coa
tings were determined by nanoindentation using a Nano-
Hardness Tester (CSM Instruments, Switzerland) with 
a Berkovich indenter, at loads of 4–8 mN, loading rates 
of 8–16 mN/min, and a dwell time of 5 s. Calculations 
were based on the  Oliver–Pharr method. Scratch 
testing was conducted in accordance with ASTM 
C1624-05 using a Revetest system (CSM Instruments, 
Switzerland) equipped with a Rockwell C-type dia-
mond conical indenter (tip radius 200 µm). The maxi-
mum load was 60 N, loading rate 59 N/min, scratch 
length 5 mm, and optical magnification 200× and 800×. 
The minimum critical failure loads corresponding 
to the onset of cracking (Lc1 ), the first spallation event 
(Lc2 ), and indenter contact with the substrate (Lc3 ) were 
identified. 

The coefficient of  friction (f ) was measured using 
a Tribometer (CSM Instruments, Switzerland) follo
wing the ASTM G99-95 standard in a pin-on-disk con-
figuration. Test parameters: normal load – 5 N; linear 
velocity – 10 cm/s; wear track radius – 8–10 mm; total 
sliding distance – 1100 m (30 m for 40KhFA steel sub-
strate). Counterbodies were 6 mm radius pins made 
of SKH51 (analogous to R6M5) or SKD11 (analogous 
to Kh12MF) tool steels. Wear tracks and counterbody 
surfaces were examined using a WYKO NT1100 opti-
cal profilometer (Veeco, USA) and an MBS-9 optical 
microscope (Lytkarino Optical Glass Factory, JSC, 
Russia), respectively.

Results and discussionResults and discussion

Composition and structure  Composition and structure  
of SHS targetsof SHS targets

Table 2 presents the  calculated adiabatic combus-
tion temperature ( ) and the equilibrium composition 
of  combustion products at room-temperature initial 
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conditions. It can be seen that an increase in the bronze 
content of the charge (parameter X) leads to a decrease 
in combustion temperature. This is evidently due 
to  the  reduced heat contribution from the TiC forma-
tion reaction and additional thermal losses associated 
with heating and melting the bronze. 

The calculated  values for the system under study 
indicate that the process should occur in a self-sustained 
combustion mode. The adiabatic combustion tempera-
ture exceeds the melting points of  titanium (1941 K), 
nickel (1728 K), and bronze (1358 K), which implies 
that carbon will dissolve in the  resulting melt within 
the  combustion front. As the  melt becomes saturated 
with carbon, crystals of  titanium and chromium car-
bides will begin to form, along with the crystallization 
of  nickel and bronze, with possible mutual solubility 
between them.

The results of  XRD analysis for the  synthesized 
compact materials are shown in Fig. 1 and Table 3. 
The samples contain titanium carbide with a lattice 
parameter significantly lower than the reference value 
for standard TiC powder (0.4315 nm)  [38], which is 
attributed to the dissolution of chromium carbide into 
the  TiC lattice. The phase composition also includes 
chromium carbide Cr3C2 and nickel (Ni) with dissolved 
Cr and Ti, as evidenced by peak shifts in the diffraction 
patterns. Unreacted graphite is also present  – unlike 
carbon black, it does not fully dissolve in the melt over 
the  course of  the  process due to  slower dissolution 
kinetics. The excess carbon in the deposited coatings is 
expected to act as a solid lubricant, reducing the coef-
ficient of friction. The presence of bronze in the X = 20 
sample is confirmed by the  appearance of  Cu reflec-
tions in the diffraction pattern (Fig. 1, b). The absence 
of distinct Ni peaks is likely due to  its dissolution in 
the bronze melt during the SHS process.

The SEM images of  the  cross-sections of  synthe-
sized ceramics with compositions X = 0 and X = 20 are 
shown in Fig. 2. 

Table 2. Calculated adiabatic combustion temperature  
and equilibrium composition of combustion products 

assuming room-temperature initial components 
Таблица 2. Расчетные адиабатическая температура 
горения и равновесный состав продуктов горения  

при комнатной начальной температуре  
исходных компонентов

Mixture 
composition , K

Combustion product 
composition, wt. %

TiС Cr3C2 Ni C Bronze
X = 0 2452 67.24 18.50 4.75 9.51 –
X = 20 2103 49.08 20.37 3.85 6.70 20.00

Fig. 1. XRD patterns of compact ceramics  
with X = 0 (a) and X = 20 (b) compositions 

Рис. 1. Дифрактограммы компактной керамики 
составов X = 0 (а) и X = 20 (b)

Table 3. Phase composition of compact ceramics  
of X = 0 and X = 20 compositions 

Таблица 3. Фазовый состав компактной керамики 
составов X = 0 и X = 20

Phase Structure 
type

X = 0 X = 20
Con
tent, 

wt. %

Lattice 
parameter

а, nm

Con
tent, 

wt. %

Lattice 
parameter

а, nm
TiC cF8/2 79 0.4271 68 0.4269
Cgr hP4/1 14 – 7 –
Ni cF4/1 3 0.3547 –

Cr3C2 oC20/7 4 – 1 –
Cu cF4/1 – 24 0.3632

The microstructure of  the  X = 0 sample included 
TiC with dissolved Cr, chromium carbide Cr3C2 , nickel 
(Ni), and graphite. In the  X = 20 sample, additional 
copper-rich layers were observed, with nickel dis-
solved in them without the  formation of a distinct Ni 
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phase. The average grain size of  the  primary carbide 
phase was approximately 3 µm.

Composition, structure,  Composition, structure,  
and properties of the coatingsand properties of the coatings

Coating  1 consisted of  (at. %): 22.2 Ti, 65.3 C, 
10.2 Cr, and 2.3 Ni. Introducing nitrogen into the gas 
atmosphere (сoating 2) resulted in a nitrogen concent
ration increase from 0 to 26.3 at. %, accompanied by 
a  reduction in carbon content to 45.7 at. % (Table 4). 
The concentrations of the remaining elements decreased 
by approximately 15–20 %. Coatings  3 and  4, which 
were alloyed with bronze, contained, in addition 
to  the  main elements, the  following (at. %): 12.0 Cu, 
0.4 Sn, and 0.3 P (сoating 3); and 9.6 Cu, 0.4 Sn, and 
0.1 P (сoating 4).

It is important to note that energy-dispersive X-ray 
spectroscopy (EDS), while widely used for elemental 
analysis, is highly sensitive to surface topography and 
may produce inaccurate results for light elements such 
as C, N, and O. To obtain more reliable data, glow dis-
charge optical emission spectroscopy (GDOES) was 
employed. This method allows accurate determination 
of both metallic and non-metallic elements [37]. 

The GDOES analysis demonstrated that all elements 
are uniformly distributed across the coating thickness 
(Fig. 3). 

A slight decrease in signal intensity was observed 
at the surface of the coatings, which may be attributed 
to  surface contamination, the  presence of  adsorbed 
gases, and the  formation of  a natural oxide film. 
The gradual rise in substrate signal is due to increased 
surface roughness resulting from ion etching carried 
out prior to  deposition. According to  the  GDOES 
results, the elemental composition of the coatings was 
as follows (at. %): 31.4 Ti, 52.1 C, 3.5 Ni, 13.0 Cr 
(coating  1); 23.0 Ti, 37.0 C, 2.5 Ni, 9.0 Cr, 28.5 N 
(coating  2); 27.5 Ti, 46.5 C, 3.8 Ni, 10.5 Cr, 11.7 Cu 
(coating  3); 22.8 Ti, 33.7 C, 2.7 Ni, 8.0 Cr, 9.4 Cu, 
23.4 N (coating 4). 

The atomic Ti/C ratio in the SHS targets was 0.48, 
while in the resulting coatings it increased to 0.59–0.68. 
This reduction in the  carbon atom concentration in 
the coating, compared to that in the target is likely due 
to the higher scattering cross-section of carbon atoms 
compared to  heavier titanium atoms in the  plasma 
during deposition  [39]. As shown below, the GDOES 
results are consistent with the XRD data.

The coating thicknesses determined from 
the GDOES profiles, along with the calculated deposi-
tion rates, are summarized in Table 4. For coatings  1 
and 2 – deposited from SHS targets without bronze – 
the  thickness and deposition rate were similar, mea-
suring 2.0 µm and 91 nm/min, respectively. The use 
of  bronze-containing targets resulted in a 10–15 % 

Table 4. Elemental composition, thickness, and deposition rate of the coatings 
Таблица 4. Элементный состав, толщина и скорость роста покрытий 

Coating Target Gas 
atmosphere

Concentration, at. % Thickness, 
µm

Deposition 
rate, nm/minTi C Cr Ni Cu Sn P N

1
Х = 0

Ar 22.2 65.3 10.2 2.3 0 0 0 0 2.0 91
2 Ar + N2 17.8 45.7 8.3 1.9 0 0 0 26.3 2.0 91
3

Х = 20
Ar 20.9 54.0 9.1 3.3 12.0 0.4 0.3 0 2.2 100

4 Ar + N2 16.7 44.4 7.2 2.0 9.6 0.4 0.1 19.6 2.3 105

Fig. 2. Microstructure of synthesized ceramics with compositions X = 0 (a) and X = 20 (b) 

Рис. 2. Микроструктура синтезированной керамики Х = 0 (а) и Х = 20 (b)
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increase in both coating thickness and deposition rate. 
This effect can be attributed to  the  higher electrical 
conductivity (5.8·107 S/m)  [40] and sputtering yield 
(3–6 atoms/ion)  [41] of  copper compared to  titanium 
carbide (3.0·107 S/m and 0.5–1.0 atoms/ion)  [42; 43]. 
It is worth noting that the reduction in deposition rate 
typically observed in reactive sputtering [44; 45] dur-
ing transitions from conditions 1 → 2 and 3 → 4 was 
not observed in this study. 

Typical SEM images of  coating fracture surfaces 
are shown in Fig. 4, a. All coatings exhibited a dense, 
defect-free structure with no pronounced columnar 
features typically observed in TiC-based ion-plasma 
coatings [46; 47]. It is important to note that the pres-
ence of columnar grains in the structure generally has 
a detrimental effect on the mechanical and tribological 
properties of coatings [48].

The diffraction patterns of  the  coatings are shown 
in Fig. 4, b. The main structural component of all coa
tings was the  face-centered cubic (FCC) c-TiC phase 
(ICDD  31-1400). The crystallite size of  this phase, 
calculated using the  Scherrer equation for the  most 
intense (200) reflection, was 36, 34, 32, and 29 nm 
for coatings  1 through 4, respectively. The lattice 
parameter  (a) of  the  c-TiC phase ranged from 0.433 
to  0.434 nm, which is consistent with the  standard 

powder reference. Reflections at 2θ = 44.2° and 51.5° 
correspond to a solid solution of nickel and chromium, 
c-(Ni,Cr) (ICDD  77-7616). For coatings  1 and  2, 
the  crystallite size of  this phase was similar, falling 
within the range of 22–23 nm. The addition of bronze 
to  both non-reactive and reactive coatings led to  a 
reduction in the crystallite size of  the c-(Ni,Cr) (111) 
phase to  15 nm in coating  3 and 8 nm in coating  4. 
In coatings 3 and 4, which were alloyed with bronze, 
an additional peak was detected at  approximately 
2θ ~ 43°, close to the position characteristic of copper 
(c-Cu, ICDD  04-0836). The  pronounced peak broad-
ening and the absence of other copper reflections sug-
gest that copper is predominantly present in an amor-
phous state, forming intergranular layers that separate 
the  crystallites of  the  primary phase and hinder their 
coalescence during growth [17–19]. 

Scratch testing results are presented in Fig. 5, and 
the critical load values Lc1 and Lc2 are summarized in 
Table 5.

Coating  1 demonstrated the  highest critical loads, 
with Lc1 = 26.5 N and Lc2 > 60 N. For coating  2, 
the  onset of  cracking and the  first spallation event  – 
accompanied by fluctuations in acoustic emission and 
the coefficient of friction – occurred at a load of 15.7 N. 
Coating  3 exhibited the  lowest crack resistance, with 

Fig. 3. GDOES depth distribution profiles of coatings 1 (a), 2 (b), 3 (c), and 4 (d) 

Рис. 3. ОЭСТР-профили покрытий 1 (а), 2 (b), 3 (c) и 4 (d)
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Lc1 = 2.6 N, although no spallation was observed over 
the  entire load range. Coating  4 showed Lc1 = 19.9 N 
and Lc2 > 21 N. For all coatings, no indenter contact 
with the substrate was observed, indicating that the Lc3 
value exceeded 60 N. Overall, coating  1 exhibited 
the best performance in terms of crack resistance and 
adhesion strength. 

Nanoindentation tests revealed that the  coatings 
had hardness values in the  range of  H = 18÷21 GPa 
and elastic moduli of  E = 220÷235 GPa. The H/E 
ratio, which reflects the  coating’s resistance to  elas-
tic strain to  failure, and the  H 

3/E 
2 ratio, indicative 

of  resistance to  plastic deformation, were calculated 

to  assess potential tribological behavior  [49; 50]. 
Coating  2 showed the  highest values of  H/E = 0.090 
and H 

3/E 2 = 0.174 GPa. Coatings 1, 3, and 4 displayed 
similar H/E values of  0.082–0.083 and H 3/E 2 values 
of  0.122–0.132 GPa. The relatively moderate hard-

Table 5. Mechanical properties of coatings 
Таблица 5. Механические характеристики  

покрытий

Coating Lc1 , 
N

Lc2 , 
N

Н, 
GPa

Е, 
GPa H/E H3/E2, 

GPa
1 26.5 >60.0 18 221 0.083 0.127
2 15.7 15.7 21 234 0.090 0.174
3 2.6 >60.0 19 235 0.082 0.132
4 19.9 >21.0 18 220 0.082 0.122

Fig. 4. SEM images of cross-sectional fracture surfaces 
of coatings 3 and 4 (a), and XRD patterns of coatings 1–4 (b) 

Рис. 4. СЭМ-изображения поперечных изломов 
покрытий 3 и 4 (а) и рентгенограммы покрытий 1–4 (b)

Fig. 5. Scratch testing results for coatings 1 (a) and 3 (b) 

Рис. 5. Результаты скратч-тестирования  
покрытий 1 (а) и 3 (b)
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ness of the coatings may be attributed to the presence 
of an excess carbon-rich phase [4]. This is supported by 
atomic ratios of (Ti + Cr)/C = 0.82–0.85 for coatings 1 
and 3 and (Ti + Cr)/(C + N) = 0.49–0.54 for coatings 2 
and 4.

Tribological tests showed that the  uncoated steel 
substrate exhibited the  highest average coefficients 
of friction, favg = 0.63 and 0.71, in contact with SKH51 
and SKD11 steel counter bodies, respectively (Fig. 6, 
Table. 6). Coating 1 had the lowest friction coefficient, 
f = 0.17÷0.18, likely due to its high carbon concentra-
tion (approximately 50 at. %). Coatings  2,  3, and  4 
showed friction coefficients in the range of 0.22–0.25 
with both counter body types. It is noteworthy that 
nitrogen alloying of  coating  1 resulted in a 20 % 
increase in the coefficient of friction. 

An increase in the  friction coefficient following 
nitrogen incorporation into TiC-based coatings was 

previously reported in [51] and was attributed to struc-
tural modification and a decrease in carbon content. 
Copper addition, in turn, led to  a 40 % and 10 % 
increase in the friction coefficient of Ti–Cr–Ni–C and 
Ti–Cr–Ni–C–N coatings, respectively. A similar rise 
in the  friction coefficient upon copper incorporation 
was observed earlier for TiCN and TiAlSiN coa
tings  [52; 53]. The authors of  those studies attributed 
this effect to  the  adverse impact of  the  brittle Cu2O 
phase that forms during sliding. 

Fig. 7 shows two-dimensional wear track profiles 
and micrographs of  the  counter body surfaces after 
tribological tests of the coatings and substrate. The wear 
depth of  the  substrate exceeded that of  the  coatings 
by factors of 1.5–7.0 and 2.0–10.0 when using SKH51 
and SKD11 counter bodies, respectively. 

Wear track analysis revealed that the  40KhFA 
steel substrate exhibited a specific wear rate 

Table 6. Friction coefficient and specific wear rate for uncoated substrate and coatings 
Таблица 6. Коэффициент трения и приведенный износ для непокрытой подложки и покрытий

Coating
SKH51 counter body SKD11 counter body

f Vcoat , mm3/(N·m) Vball , mm3/(N·m) f Vcoat , mm3/(N·m) Vball , mm3/(N·m)
1 0.18 1.4·10–6 5.4·10–8 0.17 1.2·10–6 2.4·10–7

2 0.22 1.3·10–6 7.3·10–8 0.22 1.1·10–6 2.9·10–7

3 0.25 5.0·10–6 3.0·10–7 0.24 3.6·10–6 6.9·10–7

4 0.24 2.3·10–6 1.1·10–7 0.23 3.7·10–6 2.2·10–7

Substrate 0.63 1.2·10–4 5.7·10–6 0.71 2.7·10–4 1.2·10–5

Fig. 6. Friction coefficient as a function of sliding distance  
in tests against SKH51 (a) and SKD11 (b) counter bodies 

Рис. 6. Зависимости коэффициента трения от дистанции  
при испытаниях в паре с контртелами Р6М5 (а) и Х12МФ (b)
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of  1.2·10–4 mm3/(N·m) (SKH51 counter body) and 
2.7·10–4 mm3/(N·m) (SKD11 counter body) (Table 6).

Coatings  1 and  2 exhibited the  lowest specific 
wear rates, with Vcoat = (1.3÷1.4)·10–6 mm3/(N·m) and 
(1.1÷1.2)·10–6 mm3/(N·m) in tribological pairs with 
SKH51 and SKD11, respectively. Coatings 3 and 4 sho
wed higher wear rates when paired with SKH51 counter-
bodies – Vcoat = 5.0·10–6 and 2.3·10–6 mm3/(N·m) – and 
comparable Vcoat = (3.6÷3.7)·10–6 mm3/(N·m) when 
tested against SKD11. The reduced wear resistance 
of the coatings upon bronze addition may be attributed 
to the fact that copper, the primary component, is a soft 
phase more prone to abrasion [54]. Microscopic analy-
sis of wear scars on the counterbodies (Fig. 7) revealed 
that the  greatest wear occurred during contact with 
the uncoated substrate (Table 6). The minimum coun-
terbody wear (Vball ) for the SKH51 ball was observed 
with coatings 1 and 2, while for the SKD11 ball it was 
recorded with coatings 1 and 4. 

Thus, deposition of  Ti–Cr–Ni–C–(N) and Ti–Cr– 
–Ni–Cu–Sn–P–C–(N) coatings led to  a 2.5–4.2-fold 
reduction in the  friction coefficient of  the  steel sub-

strate and a two-order-of-magnitude decrease in spe-
cific wear. Notably, coating  1 demonstrated the  most 
favorable combination of  low friction coefficient and 
high wear resistance in tests with both SKH51 and 
SKD11 balls, while also exhibiting the  highest crack 
resistance and adhesion strength.

Conclusion Conclusion 
Ti–Cr–Ni–C–(N) and Ti–Cr–Ni–Cu–Sn–P–C–(N) 

coatings were deposited by magnetron sputtering in 
Ar and Ar–N2 atmospheres using SHS-derived targets. 
The  coatings exhibited dense, defect-free, and uniform 
microstructures. The primary structural components in 
all coatings were FCC phases c-TiC(N) and c-(Ni,Cr). 
For  the  Ti–Cr–Ni–C and Ti–Cr–Ni–C–N coatings, 
the crystallite sizes of  the c-TiC(N) and c-(Ni,Cr) pha
ses were similar, ranging from 34–36 nm and 22–23 nm, 
respectively. The introduction of  bronze resulted in 
the  formation of  an amorphous Cu-based phase and 
a reduction in the crystallite size of c-TiC by 12–15 % and 
c-(Ni,Cr) by 32–64 %. All coatings demonstrated hard-
ness values in the range of 18–21 GPa and elastic moduli 

Fig. 7. Wear track profiles and micrographs counter body wear zones  
from tests using SKH51 (a) and SKD11 (b) balls 

Рис. 7. Профили дорожек износа и микрофотографии зон износа контртел  
при испытаниях шариками Р6М5 (а) и Х12МФ (b)
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between 220 and 235 GPa. The Ti–Cr–Ni–C coating exhi
bited the best combination of crack resistance, adhesion 
strength, lowest coefficient of  friction (0.17–0.18), and 
high wear resistance (1.4·10–6 and 1.2·10–6 mm3/(N·m) 
when paired with SKH51 and SKD11 counterbodies, 
respectively). Deposition of  Ti–Cr–Ni–Cu–Sn–P–C–N 
coatings contributed to  a 2.5–4.2-fold reduction in 
the substrate’s coefficient of friction and a two-order-of-
magnitude decrease in specific wear. 
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