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Structure and properties
of antifriction Ti-Cr-Ni-Cu-Sn-P-C-N coatings
deposited by magnetron sputtering
of composite SHS targets
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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 % N, 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 ¢-TiC(N) and ¢-(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 1.1-107 and 5.0-10° mm?3/(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~* mm?/(N-m).
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CTpyKkTypa 1 cCBOMCTBa aHTUPPUKLMUOHHbBIX MOKPbITUN
B cucteme Ti-Cr-Ni-Cu-Sn-P-C-N,
NOJIyYEHHbIX METOAO0M MarHETPOHHOI O pacnbl/lIeHUs
KOMMNO3ULMOHHbIX CBC-MuweHeu
®. B. Kuproxannes-KopHnees©, A. [I. Yeprosa “,
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AHHOTauMﬂ. Crarbs TMOCBAIICHA TTOJYYCHUIO aHTI/I(I)pI/IKIII/IOHHLIX HU3HOCOCTOMKHX HOKpLITI/Iﬁ METOAOM MAr"H€TPOHHOI'O PACIIbIICHUS

¢ ucnonb3oBanneM Kommo3unuoHHbIX KaromoB-muieHed TiCrNiC u TiCrNiC—CuSnP B cpene Ar u Ar+ 15 % NZ. OTtnenbHOE
BHHMaHHE yJIeJICHO U3YUeHNUIO (Pa30BOTO COCTAaBa U CTPYKTYPBI MUIICHEH, H3TOTOBIEHHBIX C IPUMEHEHHUEM METOa CaMOpacIpoCT-
panstronierocst Beicokoremreparyproro cuare3a (CBC). CrpykrypHble HCCIEIOBaHHS MHIICHEH M MOKPBHITHH BBIIOIHEHBI METO-
JTaMH PEHTTeHO(A30BOTO aHAJIM3a, PACTPOBON AIEKTPOHHOH MHUKPOCKOIHH, YHEPTOAUCIIEPCHOHHOHN CIIEKTPOCKOITUH U ONTHIECKON
SMUCCHOHHOH CTIEKTPOCKONHUH TICIONIETo pa3psiaa. MexaHndeckrue u TpHOOIOTHIeCKrne CBOHCTBA MMOKPBITUI N3MEPEHBI C UCTIONb-
30BaHHEM METO/IOB HAHOMHJCHTHPOBAHMUS, CKPATI-TECTHPOBAHIS H N3MEPUTEIBHOTO CKOTBKEHHS. YCTAHOBIIECHO, UTO TTOIyIEHHBIE
TOKPBITUST 00IaJaiy IIIOTHON Manofe(eKTHOH CTPYKTypOil ¢ paBHOMEPHBIM PAcIpeieIeHHeM 3I€MEHTOB Mo ToimuHe. OCHOBY
nokpeituii cocraBmsumn ['TK-daser ¢-TiC(N) u ¢-(Ni,Cr). Ilpu BBeneHHH B COCTaB MOKPBHITHH Mequ (pOpMUPOBANach IOMOJIHH-
TenbHas amopdHast pasa Ha ee ocHoBe. [TokpbITHs 00aamK TBepRoCThio B nuanazone 18-21 I'Tla u MoayneM yrpyrocti Ha ypoBHe
220-235 I'Tla, a Takxe XapaKTepU30BaIUCh BBICOKOH KPUTHYECKON HArpy3Koi aare3noHHOro paspyumenus 10 60 H. MuHuManbHbIi
kodddunnent tpenus 0,17-0,18 nemoncTpupoBanu HepeakimoHHble MOKPHITUS Ti—Cr-Ni—C, s OCTaJbHBIX COCTaBOB €ro
3HAYESHUsI HAaXOHINCh B nHTepBaie ot 0,22 10 0,25, B TO BpeMsi KaK y CTaJIbHBIX MOAJIOKEK 0€3 MOKPBITHSI ATOT II0Ka3aTelb COCTABIISIT
0,63-0,71. BenuunHa npuBeAEHHOIO U3HOCA, B 3aBUCUMOCTH OT MaTepHaja UCIOIb3yeMbIX KOHTPTEI U COCTABOB IIOKPBITUI, U3Me-
msuiack ot 1,1:1070 10 5,0-107° mm3/(H M), 40 ouTH Ha 1Ba MOPSI/IKA HUKE, 4eM Y Marepuaia nomiokku: (1,2+2,7)- 107 mm*/(H-m).

KnioueBbie cnoBa: xapOuj THTaHA, MarHETPOHHOE paclblUIeHHE, KoMIo3uInoHHble CBC-MuIIeHH, aHTH()PUKIMOHHBIC MOKPBITHS,

KO3((OHUIMEHT TPEHHsI U U3HOCOCTOHKOCTD

BbnaropgapHocTy: Pabota BhIONHEHa TPU (QUHAHCOBOIT Mojnep)kke MUHHUCTEpCTBA HAYKH M BBICIIEro oOpa3zoBanus PO B pamkax rocy-

napcerBeHHoro 3ananus (mpoekt Ne FSME-2025-0003).

Astops! npusHarenbHbl M. [letpxuky 1 M.S1. BerakoBoii 3a ToMoIIb B IPOBEACHAN MEXaHHYECKUX U TPUOOTOTHUSCKIX UCIIBITAHIN

MTOKPBITHUI.

Ana yntuposanma: Kuproxanues-Kopuees ®.B., Ueproa A.Jl., [Toroxes 10.C., Jleamos E.A. Crpykrypa u cBOWCTBa aHTU(PHK-
1roHHBIX TOKpBITHH B cucteMe Ti—Cr—Ni—Cu—Sn—P—C—N, 1oJIy4eHHBIX METOZI0OM MarHeTPOHHOTO PACIIBIICHHS KOMIIO3UIIMOHHBIX
CBC-mutneneit. Hzsecmust 6y306. [lopowkosas memannypeust u (hyHkyuonanvhvle nokpvimusi. 2025;19(3):60-73.
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Introduction

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
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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-N, atmospheres. Particular emphasis
was placed on the synthesis of targets with tailored
compositions.

Materials and methods

Thesstarting materials used for fabricating the cathode
targets were titanium powder (Ti) grade PTS (<60 um),
chromium powder (Cr) grade PX-1S (<63 pm), nickel
powder (Ni) grade PNK-OT2 (<71 pm), technical car-
bon black (C) grade P804-T with a specific surface area
of 15 m?/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 pm). 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 (7,%), as well

as the equilibrium phase composition and the physi-
cal state of the SHS products at 7!, were calculated

Table 1. Experimental compositions
of initial powder mixtures

Ta6nuya 1. IkcnepuMeHTAIbHbIE COCTABBI
HCXOTHBIX MOPOIIKOBBIX cMeceil

Element X0 X=20
wt. % at. % wt. % at. %
Ti 48.44 28.14 38.75 25.52
C 20.02 46.37 16.02 42.05
o 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 CuK radiation. Scans
were collected pointwise over a 26 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 KEF-4.5 (100) (Elma,
Russia), sized 15x15 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 —50V,
the working pressure 0.2 Pa, and the process duration
was 10 min. The nitrogen content in the Ar + N, 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 CuK, 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 (£) 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 pm). 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 (L ,), the first spallation event
(L.,), and indenter contact with the substrate (L ,) 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 R6MS5) 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 discussion
Composition and structure
of SHS targets

Table 2 presents the calculated adiabatic combus-
tion temperature (7*') 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 T 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 Cr,C, 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

The microstructure of the X'=0 sample included
TiC with dissolved Cr, chromium carbide Cr,C,, 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

@ TiC
o
A Ni
v Cr,C,
¢ Cu

Intensity

Intensity

.

10 20 30 40 50 60 70 80 90 100 110
20, deg

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

Puc. 1. [JudpaxrorpaMMbl KOMIIAKTHOH KepaMUKH
coctaBoB X =0 (a) u X =20 (b)

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

Ta6nuya 3. ®a30Bblii COCTAB KOMIIAKTHOH KepaMUKH
cocrtaBoB X =01 X=20

Ta6nuya 2. PacueTHble aquadaTuyeckas Temieparypa X=0 X =20
TOpeHHsl U PABHOBECHBII COCTaB NPOAYKTOB IOpeHust Structure i : i :
NpH KOMHATHOH HaYa/IbHOM TeMIepaType Phase ¢ Con lLgiiites | (Com LLETES
ype tent, | parameter | tent, | parameter
HCXOJHBIX KOMIIOHEHTOB
wt. % a, nm wt. % a, nm
. Combustion product TiC cF8/2 79 0.4271 68 0.4269
MleLl.I‘? 7% K composition, wt. % Cgr hP4/1 14 - 7 _
composition | ¢’ . . >
TiC | Cr,C, | Ni C | Bronze Ni cF4/1 3 0.3547 -
X=0 2452 | 67.24 | 18.50 | 4.75 | 9.51 - Cr,C, | 0C20/7 4 - 1 -
X=20 2103 |49.08 | 20.37 | 3.85 | 6.70 | 20.00 Cu cF4/1 - 24 0.3632
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Fig. 2. Microstructure of synthesized ceramics with compositions X = 0 (a) and X = 20 (b)

Puc. 2. MukpocTpykTypa cuHTe3upoBaHHOH kepamuku X = 0 (a) u X =20 (b)

phase. The average grain size of the primary carbide
phase was approximately 3 pm.

Composition, structure,
and properties of the coatings

Coating [ consisted of (at. %): 22.2 Ti, 65.3 C,
10.2 Cr, and 2.3 Ni. Introducing nitrogen into the gas
atmosphere (coating 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 (coating 3); and 9.6 Cu, 0.4 Sn, and
0.1 P (coating 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. %): 31.4Ti, 52.1 C, 3.5Ni, 13.0Cr
(coating 7); 23.0Ti, 37.0C, 2.5Ni, 9.0 Cr, 28.5N
(coating 2); 27.5Ti, 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 /
and 2 — deposited from SHS targets without bronze —
the thickness and deposition rate were similar, mea-
suring 2.0 pum 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

Ta6nuya 4. JneMeHTHBIH COCTAB, TOJIIMHA U CKOPOCTh POCTA MOKPBITHIT

Coating Target Gas ‘ Concen'tration, at. % Thickness, Depositior.l
atmosphere | Tj © Cr Ni Cu Sn N pm rate, nm/min

1 Y0 Ar 222 653 | 102 | 23 0 0 2.0 91

2 Ar+N, | 17.8 | 457 | 83 1.9 0 26.3 2.0 91

3 Y20 Ar 20.9 | 54.0 | 9.1 33 | 120 ] 04 | 03 0 2.2 100

4 Ar+N, | 167 | 444 | 72 | 20 | 96 | 04 | 0.1 | 19.6 2.3 105
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Fig. 3. GDOES depth distribution profiles of coatings I (a), 2 (b), 3 (¢), and 4 (d)
Puc. 3. OOCTP-npodunu nokpsituii 1 (a), 2 (b), 3 (c¢) u 4 (d)

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 / — 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) ¢-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 [ through 4, respectively. The lattice
parameter (a) of the ¢-TiC phase ranged from 0.433
to 0.434 nm, which is consistent with the standard
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powder reference. Reflections at 20 = 44.2° and 51.5°
correspond to a solid solution of nickel and chromium,
c-(Ni,Cr) (ICDD 77-7616). For coatings / 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 ¢-(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
20 ~ 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 L , and L , are summarized in
Table 5.

Coating / demonstrated the highest critical loads,
with L, =26.5N and L,>60N. 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
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Fig. 4. SEM images of cross-sectional fracture surfaces
of coatings 3 and 4 (a), and XRD patterns of coatings /—4 (b)

Puc. 4. COM-u300paxeHus IOIEPEUHbIX U3JI0MOB
TOKpBITHH 3 1 4 (a) ¥ peHTTeHOTPaMMbl IOKPBITHIA [—4 (b)

L., =2.6 N, although no spallation was observed over
the entire load range. Coating 4 showed L, =19.9 N
and L_,>21 N. For all coatings, no indenter contact
with the substrate was observed, indicating that the L ,
value exceeded 60 N. Overall, coating / 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 H3/E? 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 H3/E* = 0.174 GPa. Coatings I, 3, and 4 displayed
similar H/E values of 0.082-0.083 and H?*/E? values
of 0.122-0.132 GPa. The relatively moderate hard-

FNr f AE, % - d, ym
64 - 0.8 d 80 1
48 0.6 60 3
32} 04 E 40 5
6102l 7y H 20 7
F
ol o L L T ) 9
0.90 12.72 24.53 36.35 48.17 L, N

cl>

a
FNrF- f AE, % - d, pum
64 - 0.8 d - 80 10
48 0.6 60 20
3204 40 30
AE
16 - 0.2 MWMM; 20 40
oL o E ] | L 11y 50

0.90 12.72 24.53 36.36 48.18 L, N

b

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

Puc. 5. Pe3ynbTarhl cKpaTd-TeCTHPOBAHUS
nokpeituii / (a) u 3 (b)

Table 5. Mechanical properties of coatings

Tabnnya 5. MexaHuvecKue XapaKTepHUCTHKHU

TMOKPBITHI
Coating Lﬁ} ’ Lﬁ ’ é-lI)’a (ﬁga HIE Hé/f:’
1 26.5 | >60.0 | 18 221 | 0.083 | 0.127
2 15.7 | 157 21 234 1 0.090 | 0.174
3 26 |>60.0| 19 235 | 0.082 | 0.132
4 199 | >21.0 | 18 220 | 0.082 | 0.122
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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 /
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 / had the lowest friction coefficient,
£=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 / resulted in a 20 %
increase in the coefficient of friction.

An increase in the friction coefficient following

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 TiAlISiN coa-
tings [52; 53]. The authors of those studies attributed
this effect to the adverse impact of the brittle Cu,O
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 SKHS51
and SKD11 counter bodies, respectively.

Wear track analysis revealed that the 40KhFA

nitrogen incorporation into TiC-based coatings was steel substrate exhibited a specific wear rate
0.5 0.5
08 Substrate 0.8 |-
0.6 |- 06l Substrate
0.4 I 0.4 | 04
0.2 ‘ ‘ ‘ ‘ ‘ 0.2 ‘ ‘ ‘ ‘

Friction coefficient

0_ 1 | | | | 0 1 | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
Distance, m Distance, m
a b
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Fig. 6. Friction coefficient as a function of sliding distance
in tests against SKH51 (a) and SKD11 (b) counter bodies

Puc. 6. 3aBrucuMocTH K03()PHULUESHTA TPEHUS OT AUCTAHIIUU
MIPU UCTIBITAHUSIX B Mape ¢ KoHTprenamu POMS (a) u X12MO (b)

Table 6. Friction coefficient and specific wear rate for uncoated substrate and coatings

Ta6nuya 6. KoapunmeHT TpeHUs! U NPUBEIEHHBIN H3HOC /15 HEMOKPBITOI MOIJI0KKH U NOKPBITHI

Coating SKHS51 counter body SKDI11 counter body
f Vo mm*(N-m) | ¥, omm¥%/(N-m)| f Voo mm*/(N-m) | 7, mm3/(N-m)
1 0.18 1.4-10°° 54-10°% 0.17 1.2:-10°¢ 2.4-107
2 0.22 1.3-10°¢ 7.3-10°8 0.22 1.1-10°¢ 2.9-107
3 0.25 5.0-10°¢ 3.0-107 0.24 3.6:10°¢ 6.9-107
4 0.24 2.3-10°¢ 1.1-107 0.23 3.7-10°¢ 2.2:107
Substrate 0.63 1.2-104 5.7-10°¢ 0.71 2.7-104 1.2:10°
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Fig. 7. Wear track profiles and micrographs counter body wear zones
from tests using SKH51 (a) and SKD11 (b) balls

Puc. 7. TIpodunu 1opoxkek u3Hoca U MUKpodoTorpaduu 30H H3HOCA KOHTPTEI
IIpY UCTIbITaHUAX Mapukamu POMS () u X12M® (b)

of 1.2:107* mm?/(N-m) (SKH51 counter body) and
2.7-10* mm3/(N-m) (SKD11 counter body) (Table 6).

Coatings / and 2 exhibited the lowest specific
wear rates, with V= (1.3+1.4)-10° mm?/(N-m) and
(1.1+1.2)-10° mm?*/(N'm) in tribological pairs with
SKHS51 and SKD11, respectively. Coatings 3 and 4 sho-
wed higher wear rates when paired with SKH51 counter-
bodies— ¥, =5.0-10°and 2.3-10° mm?*/(N-m) — and
comparable V= (3.6+3.7):10° mm*/(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 (V) for the SKHS51 ball was observed
with coatings / and 2, while for the SKD11 ball it was

recorded with coatings / 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 / 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

Ti—Cr-Ni—-C—(N) and Ti—Cr—Ni—Cu—Sn—-P-C—(N)
coatings were deposited by magnetron sputtering in
Ar and Ar-N, atmospheres using SHS-derived targets.
The coatings exhibited dense, defect-free, and uniform
microstructures. The primary structural components in
all coatings were FCC phases ¢-TiC(N) and c¢-(Ni,Cr).
For the Ti—-Cr—Ni—C and Ti—-Cr—Ni—-C-N coatings,
the crystallite sizes of the ¢-TiC(N) and ¢-(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
areduction in the crystallite size of c-TiC by 12—-15 % and
¢-(Ni,Cr) by 32-64 %. All coatings demonstrated hard-
ness values in the range of 18-21 GPa and elastic moduli
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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° and 1.2-10° mm3/(N-m)
when paired with SKH51 and SKDI11 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.

10.
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