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The effect of reaction gas (nitrogen) pressure on the structural-phase state and properties of vacuum-arc nitride coatings of (TiZrSiY)N
system has been studied. On the surface of the coatings, a significant amount of the droplet fraction and solidified macroparticles of the
sputtered cathode is observed, which is typical for vacuum-arc condensates obtained from unseparated plasma flows. In all samples,
titanium nitride with a cubic fcc lattice is identified. In the coatingobtained at nitrogen pressures 0.08 Pa and 0.2 Pa, the a-Ti phase was
determined, and the measured lattice parameter of this phase suggests that it is a solid solution of nitrogen in titanium. The texture
coefficient of the multicomponent coating obtained at the highest nitrogen pressure of 0.55 Pa has the highest value of 5.95 compared to
others. The Vickers hardness of multicomponent coatings increases depending on the partial pressure of nitrogen from 25.0 GPa to
36.0 GPa. According to the complex of tribo-mechanical parameters (hardness, elastic modulus, elastic strain to failure, friction
coefficient etc.), suggested multicomponent (TiZrSiY)N coatings can be very attractive for tribological applications.

Keywords: Vacuum-arc coatings; Multicomponent nitride coatings; Nitrogen partial pressure; Texture; Vickers hardness; Adhesive
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INTRODUCTION

The formation of functional coatings on the surface of various materials is an effective method for improving their
performance under various thermobaric impacts. The high mechanical properties of the coating, combined with the
thermal stability of the protective layer, can provide the necessary long-term performance of various machine parts,
cutting tools, friction pairs, and other elements of different devices. However, practical experiments have shown that
with an increase in specific loads, worsening in some cases of lubrication conditions for parts, tightening of
requirements for the reliability and durability of various parts and products, coatings based on simple refractory
compounds cease to meet the put forward requirements.

An effective approach that allows, on the one hand, to significantly change the physical and mechanical properties
of the coatings, and, on the other hand, to improve the performance characteristics of structural materials on which such
coatings are deposited, is the use of coatings based on multicomponent systems. Such coatings can be obtained by
alloying well-known coatings based on nitrides and carbides of the refractory metals with the specific elements that
provide increased surface hardness, low coefficient of friction, good adhesion to the substrate, oxidation resistance, and
wear resistance [1-5]. The deposition method of such systems is based on the fact that a multicomponent system can be
obtained in the state of a solid single-phase substitution solution, which by its nature is both stronger and more
thermodynamically stable compared to a multi-phase solution.

The physical and mechanical characteristics of nitride coatings based on multicomponent systems mainly depend on
the amount of nitride-forming elements in the system, as well as on the method and technological parameters of deposition.

A positive increase in properties can be achieved by selecting such a number of components and such a ratio of
their concentrations in the material, at which an increased value of the mixing entropy is realized in the calculated
composition (therefore, according to the Gibbs equation, a reduced free energy of the system). At the same time, such a
value of entropy exists not only in the molten state, but also after solidification. The decrease in free energy causes an
increased resistance of the solid solution during subsequent heat treatment [6]. The improved mechanical characteristics
at high temperatures are realized due to a strong distortion of the crystal lattice (usually bcc) due to differences in the
values of the atomic radii of the substitution elements. In this case, the higher the mixing entropy, the more pronounced
the indicated characteristics of the multicomponent material. The use of multicomponent materials as evaporated
systems for coating deposition slows down diffusion processes, decomposes the solid solution with the formation of
chemical compounds, and, consequently, reduces the entropy of mixing.
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Among the proven physical technologies for obtaining such coatings, the ion-plasma technologies (magnetron
sputtering as well as vacuum-arc deposition) are the most widely used. The specific characteristics of these technologies
significantly affect the structural-phase state of the formed coatings, which, in turn, determines the achieved physical
and mechanical characteristics [7-11].

The crucial physical and technological parameters of deposition that affect the microstructure and physical and
mechanical properties of coatings are the magnitude of the negative bias potential applied to the substrate, the partial
pressure of the reaction gas in the chamber, as well as the amount, concentration, and type of alloying elements. It is
known that the addition of silicon to two- or three-element coatings based on titanium nitride, aluminum nitride, and
zirconium nitride increases the thermal stability of the nanostructural state by thermodynamically controlled segregation
of secondary phases that are insoluble in the volume of crystalline grains [12]. The high hardness of such coatings is
due to the fact that at grain sizes between 5 to 8 pum, the generation and propagation of dislocations are not possible, the
crack propagation and grain boundary sliding are suppressed, and the yield stress has a value close to the theoretical
shear resistance.

It is known, the addition of yttrium to the coating promotes an increase in the resistance to oxidation due to the
formation of the YOy phase at the grain boundaries [13, 14]. In addition, this element leads to grain crushing and
destruction of the columnar microstructure of condensates, which is important for improving friction wear resistance
when operating in an oxidizing environment. In this regard, the use of yttrium as an alloying element to improve the
thermal and mechanical properties of nitride multicomponent systems is of scientific and practical interest.

In order to develop modern ideas about the physical processes of the formation of multicomponent nitride coatings
of (TiZrSiY)N-type under highly nonequilibrium conditions of the vacuum-arc deposition, in this paper, we consider
the effect of the nitrogen partial pressure on the structural-phase state (surface morphology, elemental and phase
composition), as well as the tribo-mechanical characteristics of the formed coatings.

EXPERIMENT DESCRIPTION

The all-metal target material was obtained by vacuum-arc melting in a cooled copper mold. The ingot was
produced by pre-mixing the required amount of alloy components, followed by fusion in a high-purity inert gas
atmosphere. To achieve the most uniform distribution of the metal components, the vacuum-arc melting of the target
material was carried out five times, and after each melting, the ingot was turned over in the mold. Then, the target
cathode was made from the obtained ingot. Before coatings deposition for several minutes in an argon atmosphere, a
surface layer was preliminarily sputtered from the cathode to remove oxide films formed during the manufacture of the
cathode.

Experimental coatings were formed by vacuum arc deposition [15] by evaporation the all-metal target with the
following composition of elements (in at %): 72.5 Ti + 20.0 Zr + 5.0 Si + 2.5 Y. The substrates of 18 mm in width,
18 mm in length, and 2.5 mm in thickness were made of steel 12X18H9T (world analogues: USA 321, Japan SUS321,
SUS321TK, United Kingdom 321S51). Technological parameters of coating deposition are submitted in Table 1.

Table 1. Physical and technological parameters adjusted during deposition of multicomponent (TiZrSiY)N coatings

Series No Ig, A I, A Uy, V Pn, Pa h
1 0.08
2 100 0.5 -200 0.2 1
3 0.55

Note: 14 — arc current, Ir— focus coil current, Uy — negative bias potential, Pn— nitrogen pressure, h — deposition time.

Microscopic examination of the surface and cross-section of the coatings was carried out using a scanning electron
microscope Nova NanoSEM 450. The thickness of the coatings was measured based on the cross-section images.

The elemental composition of the coatings was determined from the spectra of characteristic X-ray radiation
generated by an electron beam in a scanning microscope. The spectra were obtained using an EDAX PEGASUS
energy-dispersive X-ray spectrometer installed in a Nova NanoSEM 450 microscope.

The surface topography of the coatings was analyzed using an atomic force microscope produced by NT-MDT
company.

The phase composition and sub-structural studies were carried out on an X-ray diffractometer DRON-3M in
filtered Cu-Ka radiation (A = 1.54060 A°, 45 kV and 40 mA) using a graphite monochromator in the secondary beam.
Diffraction spectra were taken in the scheme of 6-20 scanning with Bregg-Brentano focusing.

The Vickers hardness and the elastic modulus of the coatings were measured on a Shimadzu HMV-G21S
instrument. The load was 245.2 mN, the holding time was 10 seconds, the distance between the measurement points
was 40 microns. The number of measurements was 10 for each sample, and the average values were calculated in the
final.

The adhesive/cohesive strength of the coatings was determined by nanoscale scratching using a Revetest scratch
tester (CSM Instruments) in progressive load testing mode. During the tests, changes in the friction coefficient and
acoustic emission were recorded, as well as the main critical loads were identified. The following classification of the
critical load was chosen: Lcl is the formation of the first chevron crack at the bottom and diagonal cracks at the edges
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of the scratch; Lc2 is the formation of a group of chevron cracks at the bottom of the scratch; L¢3 is the local failure of
the coating after the formation of a group of chevron cracks at the bottom of the scratch; Lc4 is the cohesive-adhesive
destruction of the coating; Lc5 is the plastic wear of the coating to the base [16]. The critical load Lc5 corresponding to
the load when the destruction of the coating occurred, was taken as the criterion for the adhesive strength index.

RESULTS AND DISCUSSIONS

The surface morphology and cross-section of one of the experimental coatings are shown in Figures la and 1b.
A significant amount of the craters, droplet fraction and solidified macroparticles of the sputtered cathode was fixed on
the surface, which is typical for the vacuum-arc deposited materials obtained from unseparated plasma flows [15]. The
increase in the size of particles of the droplet fraction, as well as their tendency to agglomerate, is apparently associated
with the erosion of zirconium. The data of different authors on the erosion coefficient of Zr are somewhat different
while indicating that the erosion index for Zr is significantly exceed the erosion coefficients of Ti, Mo, and W [17]. The
droplets exist in two main forms: a flat shape when their surface is parallel to the coating and a spherical shape, which is
bulging with respect to the coating. The different shapes of droplets are probably formed from materials of different
phases. Spherical droplets show the correct geometric shape. Around them, there are regular circles on the surface of the
coating. The flat shape droplets have a microstructure of the surface, similar to the microstructure of the coating.
According to the visual analysis of the boundary between the flat droplet and the coating, it seems that there is a strong
mechanical connection between them. Similar shapes of the droplets on Zr-Si-N coatings deposited by the arc
evaporation at different substrate bias voltages were observed in [18]. During tribological investigations using
microtribometers, these droplets directly influence the results as they are deformed, pulled out from the coating surface,
and participate in the friction process as so-called a third body.

The cross-sectional image shown in Figure 1b was used to measure the coating thickness. The thickness was found
to be 7.37 microns. It is also obvious, that the interface between the steel substrate and the coatings is rather clear, the
coating repeats the shape of the substrate very fine. There are no voids or cracks, thus, the adhesion of the coating to the
based material (substrate) is supposed to be high. The small inclusions of metal drops are visible within the cross-
section image, but they did not cause any structural destruction. In this case, we can summaries that the deposition of
the experimental coatings went well and the structural integrity is verified.

200um ! Electron Imane 1

a b

Figure 1. SEM images of the multicomponent (TiZrSiY)N coating obtained at nitrogen pressure 0.55 Pa (series no. 3):
surface (a) and cross-section (b)

The chemical composition of the experimental coatings obtained via EDX is summarized in Table 2. From the obtained
results, one can see the tendency in the concentration change of the structural elements: Zr, Si, and Y concentrations are
lowering with the N pressure increasing. This goes due to the re-sputtering during the deposition process.

Figure 2 shows AFM surface images of the multicomponent (TiZrSiY)N coatings obtained at different nitrogen
pressures. These figures confirm the rather complex surface topography of both experimental coatings. A comparison of
the surface topography shows that the coating obtained at a lower nitrogen pressure, 0.08 Pa, is characterized by a large
amount of a droplet component with a higher peak height and a large height spread.

Table 2. Elemental composition of the multicomponent (TiZrSiY)N coatings by EDX

Element
Series No N | Ti | Zr | Si Y
Composition, at. %
1 37.2 46.3 13.4 2.2 0.9
2 43.2 41.9 12.5 1.7 0.7
3 44.2 44.8 9.5 0.9 0.6
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Figure 2. 3D AFM surface images of multicomponent (TiZrSiY)N coatings obtained at nitrogen pressure:
0.08 Pa (series no. 1) (a) and 0,55 Pa (series no. 3) (b)

In the coating obtained at the higher nitrogen pressure of 0.55 Pa, better topography uniformity is observed; the
height of the peaks is smaller and the scatter of their heights is also smaller. The change in the surface topography is
associated with the processes of the energy impact of particles on the surface. The sufficiently high energy of particles
incident on the surface, due to a significant bias potential (-200 V), increases the temperature of the substrate. Due to
such heating, diffusion, and recrystallization processes are intensified, which, in turn, leads to the evolution of the phase
composition of the near-to-surface layers of the coating and the formation of areas with a reduced stress level [19]. The
alternation of dark and light protrusions, cones, and pores of nanosized regions is clearly visible, which indicates a
change in the height of individual sections of the surface relief.

At the same time, the high energy of metal particles bombarding the coating at low nitrogen pressure and applying
a sufficiently high negative bias potential (-200 V) to the substrate, as well as the large difference in the size of the
atoms of the multicomponent system (Table 3), leads to the coating deformation as micro- and at macrolevels and
stimulates the formation of rough surface topography for the coating series no. 1.

Table 3. Atomic radius of elements of a multicomponent TiZrSiY coating [19]

Element Ti Zr Si Y
Radius, nm 0.140 0.155 0.110 0.180

Increasing the nitrogen pressure in the deposition chamber leads to a decrease in the average energy of the
evaporated particles (losses during collisions in the interelectrode gap affect) and deformation of the coating, as well as
to increase the saturation of the coating with nitrogen atoms. The latter form chemical bonds with the metal base and
occupy octahedral interstices characteristic of a NaCl-type crystal lattice, thus preventing shear displacement of the
planes with the formation of stacking faults. The mentioned structural changes can led to an increase in the mechanical
properties of the coating, especially hardness, which is expected to see for the samples obtained at the maximum
nitrogen pressure of 0.55 Pa.

Figure 3 shows the diffraction patterns of multicomponent (TiZrSiY)N coatings deposited at different partial
pressures. A cubic TiN phase (ICCD: 04-001-2272) with a crystal lattice of NaCl-B1 type is formed in all experimental
coatings. For all diffraction spectra, the (111) diffraction line has the highest intensity. There are also a number of low-
intensity diffraction reflections corresponding to a mixture of (200) + (220) + (311) + (222) oriented grains.

In the coating deposited at nitrogen pressures of 0.08 Pa (see Figure 3a), the presence of cubic TiN and the a-Ti
phase was identified. The lattice parameter of TiN nitride is a = 0.4262 nm. Calculation of substructural characteristics
showed that the crystallite size of titanium nitride is 19.5 nm at the level of microdeformations & = 4.66-1073. The a-Ti
lattice in the coating has the following lattice parameters: a = 0.2968 nm, and ¢ = 0.4757 nm, which exceeds the values
known from the scientific sources (a =0.29505 nm, and ¢ = 0.4697 nm) [20]. Therefore, the a-Ti phase is probably a
solid solution of nitrogen in titanium.

The coating obtained at nitrogen pressure of 0.2 Pa (see Figure 3b) contain the same phases: cubic titanium nitride
TiN and o-Ti. The lattice parameter of TiN nitride is a = 0.4268 nm, while the crystallite size is larger and equal to
26.5 nm at the lower level of microstrains € = 4.27-1073. The lattice parameters of the a-Ti phase is the same as for the
coatings obtained at nitrogen pressure of 0.08 Pa.

In the coatings obtained at nitrogen pressure of 0.55 Pa (see Figure 3¢), one phase was identified as cubic titanium
nitride, TiN, with a lattice parameter a=0.4291 nm and the largest crystallite size of 34.9 nm at the lowest
microdeformation level € = 3.79-1073.
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It is known that the value of the texture coefficient Tceii is proportional to the number of crystallites (grains) that
are oriented in a certain crystallographic direction. In cases of Tciy > 1, a large number of crystallites are oriented to a
certain crystal plane. When Tcmky) < 1, the opposite variant is observed — a significant disorientation of crystallites. The
calculated texture coefficient of the coating obtained at nitrogen pressure of 0.55 Pa is 5.95. This coating is
characterized by the highest level of texturing compared to the coatings obtained at a lower nitrogen pressure
(Tcauay = 3.50 for the coating obtained at nitrogen pressure of 0.08 Pa, and Ty =4.99 for the coating obtained at
nitrogen pressure of 0.2 Pa).
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One of the most important mechanical characteristics of multicomponent coatings are hardness (H) and elastic
modulus (E). The results of measuring the abovementioned parameters as well as calculated values of the elastic strain
to failure (H/E) and the resistance to plastic deformation (H*/E?) are shown in Table 4.

Table 4. Mechanical characteristics of multicomponent (TiZrSiY)N coatings

Series Vickers Elastic
No. hardness H, modulus E, H/E H3/E?
GPa GPa
1 25 284 0.088 0.19
2 31 327 0.09 0.27
3 36 347 0.1 0.38

The improvement in all mechanical properties with an increase in nitrogen pressure is obvious. Moreover, the
coating series no. 3 has the smoothest surface. This means that the coating structure is denser, and, therefore, the
hardness is higher.

Generally, such high mechanical properties of the experimental coatings are probably due to the complex
influence of several effects, in particular, (1) the nanosize of grains, (2) the formation of a close-packed crystallite
texture with the [111] axis, (3) the surface roughness, and (4) a certain level of internal stresses.

For the operational characteristics of coatings, an important criterion is their adhesive strength. In this work, the
scratch testing method was used to determine the adhesive strength parameters of the coatings (see Figures 4 and 5).
Based on the tests results, the coefficient of friction at different stages of wear, the amplitude of acoustic emission, as
well as the critical loads were determined.
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Figure 4. The graph of wear parameters obtained for the multicomponent (TiZrSiY)N coating obtained at nitrogen pressure 0.55 Pa
(series no. 3): the coefficient of friction KT (red line, left scale), the amplitude of acoustic emission AE (blue line, right scale), the
normal load to the indentor (brown bottom scale), the length of the scratch (black bottom scale)

A significant scatter in the values of the friction coefficient is due to the presence of a droplet fraction on the
surface of the particles, which have micron sizes and create a large roughness. The composition of these particles differs
greatly from the composition of the main coating layer; therefore, the interaction with the moving indenter also changes,
which confirms the change of the course of the friction coefficient curve.

An analysis of the change in the level of the acoustic emission signal shows that the process of accumulation
of cracks when approaching the load Lc4 leads to a sharp increase in acoustic emission (approximately 5-7 times), the
level of which continues to slightly increase with further loading.

Microscopic images of the scratch at different critical loads for multicomponent (TiZrSiY)N coating obtained
at nitrogen pressure of 0.55 Pa is presented in Figure 5.

Lc2 Lc3

Lcl=7.61 N
Lc2=16.08 N
Lc3=24.02 N
Lc4=42.61 N
Lc5=65.12 N

Lc4 Lcs

Figure 5. Microscopic images of the scratch at different critical loads for multicomponent (TiZrSiY)N coating obtained at nitrogen
pressure of 0.55 Pa (series no. 3)

Table 5 shows the results of adhesion tests of all multicomponent coatings. It is obvious that the coating obtained
at the highest nitrogen pressure of 0.55 Pa is characterized by higher critical loads (Lcl-L¢5) compared to other
coatings.
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Table 5. Critical load values (N) for multicomponent (TiZrSiY)N coatings

Series No. Lcl Lc2 Lc3 Lc4 Lc5
1 4.1 12.8 19.9 29.8 42.3
2 6.9 14.8 21.1 38.4 56.2
3 7.6 16.1 24.2 42.6 65.1

When scratching, the coatings are abraded, but do not exfoliate, i.e., they are destroyed by the cohesive
mechanism associated with plastic deformation and the formation of fatigue cracks in the coating material. The
difference in the level of adhesive strength of the coatings is due, on the one hand, to mechanical interaction due to the
roughness of the contacting surfaces, and on the other hand, to chemical-interatomic interaction at the interface of the
contacting bodies. In this case, the process of accumulation of cracks and local flaking (at Lc4) occurs in the coating in
a rather narrow area of loads, and a large area corresponds to the abrasion of the coating to the substrate (at Lc4 - Lc5).

CONCLUSIONS

Multicomponent (TiZrSiY)N coatings formed using vacuum-arc technique at different nitrogen pressures were
investigated. The analysis of the results of the phase composition and surface morphology suggests as follows:

1. During the formation of coatings under conditions of low nitrogen pressure, cubic titanium nitride TiN with the
{111} texture and titanium (in the form of a solid solution) were identified.

2. Increasing the nitrogen pressure leads to an increase in the lattice parameter of TiN. In this case, an increase in
the crystallite size of titanium nitride and a decrease in the level of microdeformations are observed. The {111} texture
in titanium nitride also becomes stronger with increasing nitrogen pressure.

3. With the increase in the partial pressure of nitrogen in the coating, the texture coefficient increases to 5.795,
which is associated with the formation of a more perfect substructure and the formation of a larger amount of
crystallites with minimal defects.

4. The microhardness of multicomponent (TiZrSiY)N coatings increases with increasing nitrogen pressure during
deposition from 25.0 GPa (at the nitrogen pressure of 0.08 Pa) to 36.0 GPa (at the nitrogen pressure of 0.55 Pa).

5. Studies of the process of destruction of coatings indicate that, depending on the structural-phase state of the
coatings, their adhesive strength changes. Adhesive destruction of a multicomponent coating obtained at the highest
nitrogen pressure of 0.55 Pa occurs at a load of 65.12 N.

6. According to the complex of parameters, H, E, H/E, HY/E?, friction coefficient and critical loads, the presented
multicomponent (TiZrSiY)N coatings can be very attractive for tribological application.
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BATATOKOMIIOHEHTHI NOKPUTTS HA OCHOBI CUCTEMMU (TiZrSiY)N,
OTPUMAHI METOJJOM BAKYYMHO-IYI'OBOI'O OCAI’KEHHSI
B’siueciiae M. Bepecuer?, Cepriii B. JIutoBuenko?, Mukosa O. AzapeHkos 9,
Oubra B. MakcaxoBa®, Jlenuc B. I'opox?, Borgan O. Mas3inin®
“Xapxiecvruil Hayionanvruil yHisepcumem imeni B.H. Kapa3zina, matioan Ceo600u 4, 61022, m. Xapxkis, Yxpaina
*Hayionanvnuii naykosuii yenmp «Xapxiecvkut pisuxo-mexuiunuii incmumymy, eyn. Axademiuna, 1, 61108, m. Xapxis, Yipaina

BuBueHO BIUIMB THCKY peakIifHOTrO rasy (a30Ty) Ha CTPYKTYpHO-()a30BMH CTaH Ta BIACTHBOCTI BaKyyMHO-IYTOBHX HITPHIHUX
nokputtTiB cuctemu (TiZrSiY)N. Ha noBepxHi MOKPHUTTIB CIIOCTEpiraeThesl 3Ha4uHa KiJIbKICTh KPAIUIMHHOI (pakiuii Ta 3aTBEepIiINX
MaKpOYaCTHHOK pO3MOPOLICHOr0 Karoja, L0 € XapakTepHHM JUIS BaKyyMHO-IYTOBUX KOHJICHCATiB, SIKi OCa/UKYIOTh 3
HecelapoBaHKX IUIA3MOBHX ITOTOKIB. B ycix 3pa3kax y mokputTi 3adikcoBaHo HiTpu TUTaHy 3 KyOiunumu ['T[K-rparamu. ¥ 3paskax
HOKPHTTIB, OCa/pKEHUX HpH THckax a3orTy Pn 0,08 ITa i 0,2 ITa, takox ineHrudikoBana ¢dasza o-Ti, npu 1bOMy BHMipIOBaHHI
napaMeTp TpaTiB wi€l a3y JO3BOJISE HPHITYCTUTH, MO Us (asa € TBEpAUM pPO3YMHOM a30Ty B TuraHi. KoediuieHT TekcTypu
0araTOKOMIOHEHTHOTO TOKPUTTSA, CPOPMOBAHOrO Mpu mHoTeHmianmi 3MmimeHHs -200 B i Py = 0,55 Ila mae Bucoke 3Ha4YeHHS
Tewkny =5,95 B mopiBHSAHHI 3 iHmIMMH 3pa3kaMu. MIKpPOTBEpAiCTh OaraTOKOMIIOHEHTHHX IIOKPHTTIB 3pOCTa€ 3aleXHO BiJ
MapIianbHOTO THCKY a30Ty Bix 25,0 mo 36 I'Tla. HaiiBuiy aaresiiiHy MIiIHICTh TaK0X Ma€ MOKPUTTS, CHOPMOBaHE NIPpU HAHOLIBIIOMY
BUKOPUCTaHOMY THCKY a30Ty Px = 0,55 Ila.

KurouoBi ciioBa: 6axyymno-0yzo6i nokpummsi; 6a2amoKoMnOHeHmHi HimpuoHi NOKpUMms, NaApyianbHutl MucK azomy,; mekcmypd,
MIKpomeepoicmy, adee3itina MiyHicmy



