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Some regularities of formation of coatings on the basis of nitrides of transition metals obtained by vacu-
um-arc method are determined. The coatings were formed using RF pulse stimulation of the substrate. In
order to eliminate the droplet fraction, ion-plasma flow separation was used. To determine the physical and
mechanical properties of the coatings, scanning electron microscopy and the nanoindentation method were
used. The surface morphology of the coatings was analyzed using an electron-ion microscope. The evolution
of physical and mechanical properties of the coatings was determined by the physical parameters of deposi-
tion. The composition of the sprayed cathodes, reaction gas pressure, the displacement potential applied to
the substrate determine the structural and phase state of the obtained coatings and, thus, their physical and
technical characteristics. The use of silicon as an alloying element allows to form an intercrystalline layer of
SisN4. Segregation of amorphous or quasiamorphic matter in the intercrystalline space determines the com-
posite structure of the coating. Composite coatings are characterized by more advanced physical and me-
chanical properties. The nanocomposite coatings obtained in the work reach the state of superhard coatings
(53 GPa) and high values of the modulus of elasticity (430 GPa). Under certain conditions, the formation of
the coating acquires a textured state. The degree of change in the size of the coherent scattering regions
from the deposition conditions is analyzed. It is established that the optimal control of the physical parame-
ters of deposition allows to form ion-plasma protective coatings with programmable properties.
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1. INTRODUCTION

The paper discusses the physical features of the
creation of new materials in the form of coatings based
on transition metal nitrides. Such coatings are charac-
terized by improved physical, mechanical and thermal
characteristics.

An important property of nitrides is their high
hardness. This property is especially significant when
using such compounds as wear-resistant coatings.
Hardness is a characteristic that reflects the binding
energy, structure symmetry and deformation proper-
ties. The hardness of compounds is associated with the
type and nature of the distribution of interatomic
bonds; it grows with an increase in the lattice energy,
heat of formation and energy of atomization. A higher
value of the interatomic interaction energy corresponds
to a higher hardness. Joints with a high modulus of
elasticity are characterized by high hardness. This fact
is a consequence of the proportionality between the
stress required for the movement of dislocations and
the modulus of elasticity [1].

Thus, the hardness is determined by the features of
the electronic structure [1]. The electronic structure of
nitride films directly depends on the physical and
technological parameters of the formation of coatings
by ion-plasma methods.

The paper examines the regularities of the formation
of multi-element coatings in the form of a single-phase
solid solution based on transition metal nitrides. The
atoms of the alloying elements are embedded in the
crystal lattice of the transition metal nitride and, due to
the difference in atomic radii, create stresses that
prevent deformation. Alloying increases the hardness of
the coatings up to 40-50 GPa and shear resistance.

The formation of composite (multiphase) coatings is
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based on thermodynamic phase separation, which en-
sures the formation of a stable structure. Phase separa-
tion is achieved during the coating process at suffi-
ciently high nitrogen concentrations and activities.
Nitrogen provides high thermodynamic driving forces.
The temperature of the substrate provides diffusion-
controlled phase segregation so that the segregation
process can take place quickly enough during applica-
tion. Maximum hardness can be achieved, for example,
when a monolayer of a covalent nitride such as SisN4 or
BN covers the surface of a polar solid transition metal
nitride nanocrystallite.

This work is devoted to the study of the physical
principles of the formation of coatings obtained by the
vacuum-arc method, based on transition metal nitrides,
in order to determine the possibilities of controlling the
processes of coating formation and achieving program-
mable properties.

2. MATERIALS AND METHODS OF RESEARCH

The coatings under study were formed by vacuum
arc deposition.

The coatings were applied by spraying Ti + Zr + Si,
Ti+Hf+Si, Ti+Zr+Nb solid cathodes onto
12Kh18N10T stainless steel, steel 3, and steel 45 in a
nitrogen atmosphere.

The substrate temperature exceeded 500 °C.

The bias potential was applied to the substrate from
an RF generator, which generated pulses of damped
oscillations with a frequency of < 1 MHz. The duration
of each impulse was 60 ms with a repetition rate of
10 kHz. The magnitude of the negative self-bias of the
potential on the substrate, due to the RF diode effect,
was 2 kV at the beginning of the pulse and decreased
at the end of the pulse.
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The structure of the coatings was investigated by
means of transmission electron microscopy. The mor-
phology of the coating surface was determined by a
Quanta 200 3D  electron-ion scanning microscope
equipped with an EDAX X-ray fluorescence microana-
lyzer with software and an automated SURTRONIC 25
precision contact profilometer.

The study of the mechanical characteristics of the
coatings was carried out by the nanoindentation method
on a Nanoindenter G200 device (MES Systems, USA).

Tribological tests were carried out on an automated
friction machine “Tribometer”, CSM Instruments in air
according to the “ball-disk” scheme at a temperature of
20 °C. A 6 mm diameter ball made of certified sintered
material AleOs was used as a counterbody. The disks on
which the coatings were applied were made of steel 45
(HRC = 55) with a diameter of 50 mm and a thickness of
5 mm. The load was 3.0 N, the sliding speed was 10 m/s.

3. ANALYSIS OF RESEARCH RESULTS

The physical factors that make it possible to control
the properties of the formed ion-plasma coatings are:
the pressure of the reaction gas in the vacuum chamber,
the constant or pulsed bias potential applied to the sub-
strate, the composition of the sputtered cathode, and
the percentage of the alloying element. Silicon, boron,
aluminum, niobium, etc. are used as alloying elements.

The study of the regularities of the influence of
physical parameters of deposition on the quality of
coatings is carried out by comparing the physical and
mechanical characteristics of protective coatings based
on (Ti, AN, (Ti, Cr)N, (Ti, Zr)N, (Ti, H)N solid solu-
tions and coatings obtained by alloying solid solutions
with silicon and niobium.

In [2], protective coatings based on the (Ti-Al-Si)N
system were deposited by the vacuum-arc method. It
was found that as the nitrogen pressure in the deposi-
tion chamber increased, a transition was observed from
the nanocrystalline state (Py< 0.04 Pa) to the nano-
composite (Pv=0.04-0.66 Pa) and to the amorphous
(Pn=0.66-1.1 Pa) states. The highest mechanical char-
acteristics and thermal stability were found in coatings
with a nanocrystalline structure and in nanocomposite
coatings with a low amorphous phase content. The
hardness of the coatings of the (Ti-Al-Si)N system
reached 47 GPa.

In [3], films of the (Ti-Si)N, (Zr-Si)N, (Ti-Al-V-Si)N,
and (Ti-Al-Si)N systems were synthesized by vacuum-
arc method in a gaseous nitrogen. The amount of sili-
con in the films varied from 0 to 19 at. %. With an in-
crease in the silicon content, an increase in the hard-
ness of the (Ti-Si)N, (Ti-Al-V-Si)N and (Zr-Si)N films
was found. The maximum recorded hardness is 42 GPa.

Silicon is an amorphous element, therefore, for ex-
ample, in the sequence TiN — TiN + a-Si:N — a-(Si, T)N
phases with silicon are mainly amorphous [4]. For ex-
ample, it was shown in [5] that the addition of Ti atoms
to a-Si:N films revealed that the films remain amor-
phous up to 15 at. % Ti (i.e., the a-(Si, T)N phase is
formed). Upon reaching 15 at. % Ti, the TiN phase is
formed inside the amorphous matrix. At a higher Ti
content, crystalline TiN nanocolumns are formed inside
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the amorphous matrix. The solubility of the crystalline
component in the amorphous component plays an im-
portant role in the process of phase formation. For ex-
ample, high solubility reduces the biphasic region to a
smaller composition range.

The use of the direct-flow regime of the plasma flow
in the vacuum-arc deposition of coatings of the (Ti-Hf-
Si)N system leads to the formation of a non-textured
polycrystalline coating. The coating is characterized by
a significant content in the (Ti, HP)N solid solution of
element Hf, the atoms of which have a higher scattering
power in comparison with Ti atoms [6].

When separating the plasma beam, the synthesized
coatings of the (Ti-Hf-Si)N system are characterized by
a different degree of texture. With an increase in the
bias potential voltage to —200V and the use of a
scheme with separation during deposition, coatings
with a smaller average crystallite size (up to 5 nm) are
formed and the fraction of textured crystallites (less
than 20 vol. %) is significantly reduced. In this case,
the texture axis has the [001] orientation.

Fig. 1 shows the dependences of the crystallite sizes
of the coatings of the (Ti-Zr-Si)N and (Ti-Hf-Si)N sys-
tems on the reaction gas pressure P and the bias poten-
tial U. The use of annealing significantly affects the
crystallite sizes and leads to their increase.

It follows from the research results that an increase
in the bias voltage from U=-100V to U=-200V (.e.,
an increase in the energy of the plasma flow) leads to an
increase in the texture of the fractions and the formation
of a lattice with the same value of the spatial period.

Analysis of the data of X-ray diffraction studies
[6-8] indicates the characteristic structural features of
coatings formed from targets of identical composition.
The properties of the coatings differ greatly depending
on the separation application, pressure of the reaction
gas and magnitude of the displacement potential.

The reason for this phenomenon may be the inho-
mogeneity of the distribution of hafnium atoms in the
coating, with their predominant content in the lattice
sites of textured crystallites. In this case, the formation
of a texture leads to an increase in the average crystal-
lite size in the direction of incidence of the atoms form-
ing the coating, that is, perpendicular to the plane of
the growing surface. The above results refer to samples
obtained at a nitrogen pressure of 0.6-0.7 Pa in a work-
ing chamber during application. In the case of a de-
crease in the nitrogen pressure to 0.3 Pa carried out for
a mode with separation at a bias potential voltage of
— 200V, an increase in the relative content of heavy Hf
atoms in the coating occurs. In addition, as the pres-
sure of the reaction gas decreases, the average crystal-
lite size decreases [7].

In the formation of ion-plasma (Ti-Hf-Si)N coatings,
the determining factor is the separation of the ion-
plasma flow, which results in a decrease in the concen-
tration of Hf atoms in the coating.

An increase in the bias potential applied to the sub-
strate during deposition by selective removal of light
atoms stimulates the enrichment of the coating with Hf
atoms. When a coating is deposited with segregation,
there is an axial structuring of predominant crystal
growth [4, 5, 7].
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Fig. 1 — Dependence of the crystallite size of the coating on
the nitrogen pressure: 1— coatings of the (Ti-Hf-Si)N system
obtained at U =— 200 V; 2 — coatings of the (Ti-Zr-Si)N system
obtained at U =— 200 V; 3 — coatings of the (Ti-Zr-Si)N system
obtained at a bias potential U=—- 200V after annealing at a
temperature of 1273 K

In films deposited without segregation, no texture is
observed. The conditions for the formation of nanocom-
posite (Ti-Hf-Si)N coatings lead to significant defor-
mation of the crystal lattice, which determines the de-
velopment of compressive stresses in the coating.

Fragments of X-ray photographs illustrate the de-
termination of the crystal lattice deformation of the
(Ti-Hf-Si)N coating with separation by superimposing
lines under oblique shooting conditions: for the sample
(U=-100V) a deformation of — 1.9 % is observed (the
lattice parameter a =0.4305nm), and — 1.6 % for the
sample (bias potential of — 200 V, a = 0.4303 nm) [6-8].

Fig. 2 and Fig. 3 show graphs characterizing the
dependence of the hardness and elastic modulus of the
coatings on the nitrogen pressure and the values of the
accelerating voltage applied to the substrate.

It follows from the graphs that increasing the nitro-
gen pressure to a certain value improves the mechani-
cal characteristics of the coatings. An increase in the
hardness and modulus of elasticity of the formed coat-
ings is observed.

In the process of research, the optimal values of the
bias potential applied to the substrate are determined.
The bias potential value of — 200 V for most of the coat-
ings considered in the work corresponds to the maxi-
mum values of hardness and elastic modulus.

For the curves of the graphs in Fig. 2 and Fig. 3, the
maximum values of the mechanical characteristics H
and E of the coatings are characteristic. The maxima
are presumably caused by the approach of the chemical
composition of the formed coatings to the stoichiometric
composition under the conditions of certain deposition
parameters. A further increase, for example, in the
pressure of the reaction gas leads to a supersaturation
with nitrogen. An increase in the bias potential leads to
increased radiation exposure, which negatively affects
the quality characteristics of the coating.

For nitrides of transition metals, the formation of
interstitial phases by them is characteristic [6]. The
introduction phases of the stoichiometric composition
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have relatively simple crystal lattices based on typical
metal packings. Interstitial atoms are located in the
interatomic spaces of the lattice. Interstitial solid solu-
tions at certain compositions are capable of ordering
with decreasing temperature.

An important difference between refractory com-
pounds, built according to the type of interstitial phas-
es, is the ability to form defect structures with a lack of
non-metal atoms in the lattice. Defectiveness of the
structure to a large extent affects their properties. Ide-
al stoichiometry is usually not observed in these phas-
es; deviations from stoichiometry are more typical for
them [4, 6]. With the formation of such defect struc-
tures, up to a certain content of non-metal, the struc-
ture remains unchanged, only the parameter of the
corresponding crystal lattice changes, as well as the
physical properties. Below this non-metal content, the
lattice is rearranged.

Thus, metal-like refractory compounds constructed
according to the type of interstitial phases have certain
regions of homogeneity. These areas are narrowed with
increasing number of the group of their constituent
metals [5, 7].
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Fig. 2 — Dependence of hardness H and elastic modulus E on
nitrogen pressure for coatings based on the systems:
(Ti-Zr-Si)N (H —line 1, E —line 2); (Ti-Zr-Nb)N (H — line 3,
E —line 4); (Ti-Hf-Si)N (H — line 5, E — line 6)

The unit cell volume of the interstitial solid solution
at a low concentration of the metalloid increases with
an increase in the latter. This effect is quite natural,
since the diameter of the metalloid atom is larger than
the diameter of the sphere inscribed in the correspond-
ing interatomic gap of the metal sublattice. However,
at high concentrations of non-metal, the dependences of
the lattice periods on the concentration of non-metal
are different.

While the lattice periods of titanium nitrides in-
crease upon saturation with nitrogen up to the compo-
sition MeN, inverse dependences are observed for zir-
conium and hafnium nitrides. The largest values of the
periods of ZrNy and HfNy correspond to the phases with
minimum nitrogen content; with an increase in nitro-
gen content, the period decreases.

Apparently, there are two possible reasons for the
decrease in the lattice period with an increase in the
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concentration of the metalloid. First, it is the defective-
ness of the metal sublattice. Second, the peculiarity of
the electronic structure of the phase and the increase
in the bond forces in the lattice caused by these fea-
tures with an increase in the concentration of the met-
alloid near the stoichiometric composition, leading to
the compression of the lattice [4, 5].
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Fig. 3 — Dependence of hardness H and elastic modulus E on
the displacement potential for coatings based on systems:
(Ti-Zr-Si)N (H —line 1, E —line 2); (Ti-Zr-Nb)N (H - line 3,
E —line 4); (Ti-Hf-Si)N (H - line 5, E — line 6)

The temperature effect on the ion-plasma coatings
obtained in the course of research significantly affects
their properties. A change in the structural-phase state
is observed. The sizes of the coherent scattering regions
change. In our case, an increase in the crystallite size
was observed upon annealing of the initial coatings.
Annealing enhances the segregation of the intercrystal-
line amorphous substance.

The optimal combination of the composition of the
sputtered cathodes, nitrogen pressure and accelerating
bias potential made it possible to achieve the following
indicators of the mechanical characteristics of the stud-
ied coatings: (Ti-Zr-Si)N — H =48 GPa, E =425 GPa;
(Ti-Zr-Nb)N — H = 44 GPa, E = 398 GPa; (Ti-Hf-Si)N —
H =53 GPa, E =430 GPa.

Tribological studies have shown that the use of sili-
con as an alloying element contributed to a significant
decrease in the coefficient of friction of the investigated
coatings.

The values of the friction coefficient ¢ and wear re-
sistance obtained during the tests “(Ti, HP)N coating —
Al203” and “(Ti-Hf-Si)N coating — Al203” are shown in
Fig. 4a and Fig. 4b, respectively. The study of the fric-
tional properties of coatings indicates that the coeffi-
cient of friction of (Ti-Hf-Si)N coatings is 3.5 times low-
er than for coatings based on (Ti, Hf)N. This fact is de-
termined by the structural-phase composition of the
coatings. The composite coating structure (Ti-Hf-Si)N
is provided by Si doping. The mechanical properties of
the compared coatings differ significantly. In particu-
lar, the hardness of (Ti-Hf-Si)N coatings H = 38-39 GPa
and for (Ti, Hf)N coatings H = 29-30 GPa.
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Fig. 4 - Results of tribological tests of the following systems:
a — “(Ti, HHN coating — Al203”; b — “(Ti-Hf-Si)N coating — Al203”

From the results of tribotechnical tests of coatings
based on the (Ti-Hf-Si)N system, it follows that the
wear resistance of the coatings increases with an in-
crease in the test temperature from 300 °C to 500 °C.
So, for the system with 40.0 at. % Ti, 9.0 at. % Hf,
8.0 at. % Si, 43.0 at. % N, the wear factor of the coating
at a temperature of 300 °C is 2.22-10~> mm?3/(N-m), and
at a temperature of 500 °C it is 1.49-10 > mm3/(N-m).
In this case, the wear factor of the counterbody at these
temperatures varies from 3.14-10 -5 mm3/(N-m) (300 °C)
to 2.81-10-> mm?3/(N-m) (500 °C).

It is known that the process of formation of silicon
nitride, depending on the supplied nitrogen, can proceed
in two ways. The first way is at a relatively low pres-
sure, when nyy/ny, < 1. In this case, as shown in [9, 10],

the formation of the SiN phase with a cubic lattice of
the TiN type can occur. At the same time, the amount of
free energy is relatively low and amounts to 192 kd/mol.
The second way is realized at high nitrogen fluxes to the
growth surface. In this case, in accordance with the
thermodynamic approach based on minimizing the
Gibbs free energy, at a sufficiently high nitrogen activi-
ty, the reaction 3SiN + 0.5N2 = Si3N4 can occur, and the
energy value is 168 kd/mol [10]. This fact indicates a
significant thermodynamic gain in the formation of
more stable SisNs. The free energy in the formation of
Si3Ny directly from Si and N atoms is 45 kd/mol.
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In our case, due to temperature, partial release of
nitrogen atoms occurs, which leads to the formation of
a second phase with a high formation energy — SisNy,
i.e., the mechanism of structural transformations
(transition) from the metastable state of SisN4 to a sta-
ble one. The formation of such a stable phase contrib-
utes to the retention of a higher relative concentration
of Si atoms in the formed coating and an increase in
hardness.

The data obtained indicate that by varying the ni-
trogen pressure and bias potential applied to the sub-
strate, by selecting the appropriate composition of
cathodes and alloying elements, it becomes possible to
optimize the coating deposition modes.

4. CONCLUSIONS

Silicon alloying of solid solutions of transition metal
nitrides determines the formation of composite phases
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EBouonia BmacTusocTe iOHHO-IIJIa3MOBHUX OKPUTTIB
HA OCHOBIi HITPHUAIB TYyromjiaBKMX MeTAaJIiB

I1.B. Typ6in, B.M. Bepecues, /I.B. I'opox

Xapriscorutl HayionanvHull yHisepcumem imerni B.H. Kapazina, maiidarn Ceoboou, 4, 61022 Xapkis, Vrpaina

Busnauarorscs nesikl 3axoHOMIpHOCTI OPMYBAHHS IIOKPUTTIB HAa OCHOBI HITPHUIIB IIEPEXiTHUX MeTAaJIiB,
OTPUMAaHUX BaKyyMHO-ayroBum mertogoMm. [loxpurrss dopmyBases i3 3acrocyBarusm BY immysscHol cTu-
MyJIAMil MIKJIQIUHKA. 3 MeTOI YCYHEHHS KpamesbHOI (PPaKINi 3acTOCOBYBAJIACS Cemapalrs 10HHO-
I71a3MOBOTO HOTORY. J71s Bu3HAUYeHHs (Pi3MKO-MEeXaHIYHUX BJIACTHBOCTEHN IIOKPUTTIB ¥ POOOTI BUKOPUCTOBY-
BaJIacs PacTpoBa e€JIEKTPOHHA MIKPOCKOINA 1 MeTo] HAHOIHAeHTyBaHHA. MopdoJioria moBepxHi HOKPUTTIB
aHaJIi3yBaJIacA 13 3aCTOCYBAHHAM €JIEKTPOHHO-I0HHOrO MiKpocKoma. EBosoris ¢isuKko-MexXaHiuHuX BJIACTH-
BOCT€i1 IOKPUTTIB BU3HAYAETHCA (PI3UYHUMHE mapaMerpamu ocasskerHsi. CKiIa KaToiB, 110 POSIOPOIIYOTh-
CsI; THICK PEAKIIHHOrO rady; HOTeHIiasl 3MINEeHHS, SKUH TOAAEThCS HA MIAKIATUHKY, BUSHAYATH CTPYKTY-
PHO-(ba30BUIA CTAH OTPUMAHUX HOKPHUTTIB 1, THM CAMHUM, iX QPI3MKO-TeXHIUHI XapaKTEePUCTUKHU. 3aCTOCYBAHHSA
KPEMHII AK JIEry4oro eJeMeHTa J03BoJisAe popMyBaTu MiskkpucramTHni map SisNa. Cerperaitis amopd-
Hol 260 KBa3diaMOP(HOI PEYOBHMHM B MIsKKPHUCTAJITHHN IIPOCTIPp BU3HAYAE KOMIIOSUTHY CTPYKTYPY B IIOKPHUT-
Ti. KOMITO3MTHI MHOKPUTTS XapaKTepHU3YIOThCS IOCKOHANIIIMMU (PISMKO-MEXaHIYHUMHU BJIACTUBOCTSIMU.
Orpumani B poO0TI HAHOKOMIIO3UTHI IIOKPUTTSI JOCSITa0Th cTaHy HaaTBepaux mokpuTTis (53 I'Tla) 1 Bucokux
3Hadenb mMoxayJs npy:kHocri (430 I'Ta). Ilpu neBHux ymoBax dopMyBaHHS HOKPUTTS HAOYBAaIOTH TEKCTYPO-
BaHoro crany. IIpoanasizoBana crymiHb 3MIHH PO3MIpIB 00J1acTell KOTepeHTHOIO PO3CiI0BAHHS BiJI yMOB OCa-
JJKeHHs. BeraHoBII€HO, 10 ONTUMAJIbHE YIIPABIIHHA (DISMYHUME IIapaMeTPaMU OCAJMKeHHS J03BOJIsAE op-
MyBATH 10HHO-IIJIA3MOBI 3aXUCHI IIOKPUTTS 3 IPOrPAMOBAHUMU BJIACTHBOCTSIMH.

Kmiouosi cinosa: Meron BakyymHo-myroBoro ocamkenHs, Dismumi mapamerpu (POpMyBAHHS IIOKPHTTIB,

Di3MKO-TeXHIUHI BJIACTUBOCTI IOKPUTTIB.
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