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Multi-component (Ti-Zr-Cr-Nb)N coatings’: structure and properties

In the article discusses the results of the deposition of nanostructured coatings obtained by vacuum arc depo-
sition of cathode (Ti-Zr-Cr-Nb), and analyzes their structure, morphology, elemental composition, and
tribological properties (friction, wear and adhesion). Investigated multicomponent coating nitride (Ti-Zr-Cr-Nb)N
in this study were obtained using a well-developed technique of vacuum-arc deposition. Theoretical and ex-
perimental studies show that the chemical composition, microstructure and mechanical properties of coatings
are based closely on deposition parameters (the working gas pressure and bias potential on the substrate). The
microstructure and mechanical properties (Ti-Zr-Cr-Nb)N.coatings were investigated using a scanning elec-
tron microscope (SEM) equipped with energy dispersive microanalysis prefix and X-ray diffraction (XRD).
Phase analysis nitride coatings (Zr-Ti-Cr-Nb)N indicates.a TiN phase, NbTiN2, ZrTiNb, ZrNb, TiCr and
a-Ti. The coating thickness reached 6.8 um and their maximum of hardness was H = 43,7GPa. Tribological
(test «ball-on-disc») and mechanical (scratch test) properties of multi-coating were studied. The experimental
results obtained by studying multicomponent (Ti-Zr-Cr-Nb)N coatings’ are promising and can be used as pro-
tective coatings for cutting tools and structural materials.
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Introduction

The most promising and developing way to increase the efficiency of working surfaces of products is
the formation ion-plasma coatings based on nitrides and carbides of refractory elements on tools and wear-
resistant structural materials [1-8]. However, during the study, we found that they have a number of draw-
backs that limit the prospect of their use in industry. They have poor thermal shock resistance [2]. When
heating an example of the most common TiN-coated product above 400-500 °C [9, 10] on the surface of the
coating begins to grow brittle with a low adhesion layer of titanium oxide, which rapidly destroys the protec-
tive resistance of the coating. The mechanical and tribological properties of the coating are no longer suffi-
cient:

In the last-decade, there has been wide application multi-element coatings obtained with three-(Ti-Nb-N,
Ti-Cr=N, Zr-Ti-N), the four-(Zr-Ti-Si-N), or a five-(Zr-Nb-Ti-Cr-N) of component systems. The structure
properties,and the possibility of a thermal stabilization phase composition of alloy condensates have been
little studied. The stability of the structure and composition, as well as high performance systems provide a
multi-element nitride improve the physical and mechanical characteristics of the surface, and they can be
used as protective films that prevent harmful impurities in the surface layers of the products. Studies of com-
plex mechanical and physical properties of pure metals, such as zirconium, niobium, titanium, molybdenum,
chromium, suggest the advisability of a vacuum plasma condensates based system Ti-Zr-Cr-Nb. This in turn
creates a protective layer (or coating) based on of four items (four transition metals, and nitrogen, as part of
the binder). Among the existing technologies such coatings are the most promising advanced vacuum ion-
plasma methods. These techniques affect the formation of the structure and phase composition of the coat-
ings. During deposition, it is also possible to form an amorphous structure, a decrease in grain size, obtaining
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new chemical compounds, can significantly improve their physical-mechanical properties. Therefore, an ac-
tual problem is currently the application of methods for ion-plasma deposition to obtain multicomponent
coatings based on (Ti-Zr-Cr-Nb)N.The purpose of this work is to study patterns of structures of multicompo-
nent systems based coatings (Ti-Zr-Cr-Nb)N, and the study of their physical and mechanical properties.

Equipment and methods

As a method of producing coating systems (Ti-Zr-Cr-Nb)N was applied by vacuum-arc deposition. Va-
porized material is a cast cathode Ti+Zr+Cr+Nb composition: Ti — 12.32%, Zr — 27.99%, Cr — 37.39%,
and Nb — 22.30%. The cathode is made by electron-beam melting. The coatings were deposited in the set-
ting «Bulat-6», with-, a medium molecular nitrogen N, on the polished surface of the substrate 36 steel grade
AS570. Spray coating was carried out at a working gas pressure of 0.3 - 0.7 Pa. Potential bias was varied from
-100 to -200 V. The substrates were heated to 450 °C prior to the deposition. The distance between the sub-
strates and the cathode was 250 mm. The coating thickness (Ti-Zr-Cr-Nb) N was 6.2—6.8 microns. The coat-
ing deposition parameters (Ti-Zr-Cr-Nb) N are shown in Table 1. A schematic diagram of vacuum-arc up-
graded installation is shown in Figure 1.

Table 1
Process of deposition parameters (Ti-Zr-Cr-Nb)N
(sel;figes) Deposited material Arccurrent, 1, A Nitrogenpressure, Py, Pa Biasvoltage, Ugy, V'
1 0.3 -100
2 . 0.7 -100
3 (Ti-Zr-Cr-Nb)N 110 03 00
4 0.7 -200

Ti, Zr, | 1

Cr, NB

Figure 1./Scheme of «Bulat-6» device: / — vacuum chamber; 2 — automatic control system of the nitrogen pressure;
3,4 —Ti, Zr, Cr, Nb evaporator; 5 — substrate holder; 6 — substrate; 7 — DC voltage source;
8 — high voltage impulse generator

The thickness of the coating, the condition of the boundaries between the base (substrate), and coating
and surface morphology were studied using a scanning electron microscope scanning «JSM-6390LV»
(Japan) with an accelerating voltage of 20-30 kV. The elemental composition of the coatings was analysed
by an X-ray spectra characteristic with the built-in microscope «INSA Energy OXFORD» System X-ray en-
ergy dispersive spectrometer (UK).

X-ray diffraction analysis was carried out by analysing the diffraction patterns of the samples obtained
on a diffractometer «Shimadzu XRD-7000S» (Japan). Diffraction patterns were recorded using CuKy,,, ra-
diation. The following parameters were used during the experiment: scan speed — 2° per minute — 0.03° —
scanning step and a 10-90° range of angles, and an accumulation at 1.5 seconds. The average crystallite size
was determined using the Debye-Scherrer equation from the broadening of the diffraction peaks, taking into
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account the instrumental broadening and software «PowderCell 2.4». The instrumental broadening was de-
termined on the half-width of a standard silicon powder and the maximum was 0.14.

The analysis of surface roughness and morphology, as well as the amount of material removed was de-
termined by coating the wear track cross-section on the surface of the sample by an automated contactless
profilometer model «Micro Measure 3D Station» (France).

Microhardness measurements were performed on an automated hardness tester model «Durascan-20»
(Switzerland) with a load on the indenter of 0.05 N and the nanohardness and elastic modulus were investi-
gated under dynamic conditions on nanohardness «NANO Hardness Tester» (Switzerland). Imprints were
made at a distance of 1.0 mm from each other. Each sample was held for 10 measurements. Components
were polished prior to surface roughness measurements to improve accuracy. Adhesion-cohesion strength,
scratch resistance and coating failure mechanisms were studied in air using a scratch tester «Micro-Scratch
Tester» (Switzerland). Scratches were made on the coatings with continuously increasing load values of the
Rockwell C diamond indentor with a spherical radius of curvature of 100 micrometres and the parameters
such as acoustic emission, the friction coefficient of the indenter, and the penetration depth were registered.
The following basic critical loads for changing the coefficient of friction curves and acoustic emission load
were fixed: L., — characterizes the time of occurrence of the first chevron cracks, L.s— the time of occur-
rence of chevron cracks, L.; — destruction is cohesively-adhesive character, L., — local exfoliation of the
coating areas, and L.s — plastic abrasion coating to the substrate.

The tribological tests were performed in air on a «ball-ROM» drive friction «PC-Operated High Tem-
perature Tribometer» (Switzerland). The counterface was a bead with @ diameter of 3.0mm-, made of certi-
fied sintered material — Al,0;. The load was 5.0N, and the sliding speed was 2.5¢m/s. Test conditions meet
international standards ASTM G99 and DIN50324.

Results and its discussion

The research results of the elemental composition based on coatings systems (Ti-Zr-Cr-Nb)N, depending
on the physical-technological deposition parameters are given in Table 2.

Table 2
The results of the energy dispersive analysis of coating systems (Ti-Zr-Cr-Nb)N
Elemental composition of the coatings, at. %
Numberof series Ti | 2 | Cr | Nb

The elemental composition of the cathode before deposition

12.32 27.99 37.39 22.30

1 13.47 27.87 14.89 43.77

2 12:07 23.55 14.82 49.56

3 25.73 18.54 36.95 18.78

4 28.15 20.74 31.27 19.84

According to the results of scanning electron microscopy, vacuum-arc condensation of a multi-
component system-has a number of features in the formation of the surface morphology. Figure 2 shows the
SEM image of one of the resulting coating system (Ti-Zr-Cr-Nb)N.

a—Py=03Pa, U=-100 V; b —Py=0.7Pa, U=-200V

Figure 2. SEM image of the surface (Ti-Zr-Cr-Nb)N coating
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The main difference of the vacuum arc deposition, in particular, in operation of the cathode spot of the
arc, is the production of molten droplets, which can be incorporated into the coating in the form of
microparticles. As seen in Figure 2a, coating (Ti-Zr-Cr-Nb)N contains inclusions of droplet fractions of vari-
ous sizes (up to 8 mm in diameter). In this case, the microdroplets are in the form of an ellipsoid, which indi-
cates that the droplets fly almost parallel to the substrate plane. Raising the deposition temperature using the
flow bias (U = -200 V) significantly reduces the concentration of drops on the surface fraction (Fig. 2b). Re-
duced droplet content can occur by melting the surface of the coating process.

RBS analysis results of the elemental composition of the coating (Ti-Zr-Cr-Nb)N are shown in Fig-
ure 3. As can be seen from the depth profiles of the elemental composition, the surface layer is enriched with
atoms of N and Ti. Furthermore, the concentration of each constituent element is kept roughly constant with
depth, indicating uniformity of the coating composition across the layer thickness. It should be noted'that the
(Zr-Ti-Cr-Nb)N coatings contain a small amount of oxygen and carbon.

5 .
5,5 G s
5 . P Zr
4.5 ¥ 4 Ao At A et —Ti
4 4 -
= - b
S35 : c
> / =—Lr
g 3 I( /
Z 25 1 / =
2 [ =
| /
15 A1 . o
1 4]
T | e - . W WA
= — _
0 -+ = = T
10 20 30 40 50
Depth, nm

Figure 3. Graph coating of elemental analysis (Ti-Zr-Cr-Nb)N depth (Py= 0.3 Pa, U=-200 V)

Figure 4 shows the X-ray diffraction spectra of the coatings. The results of the structural state of the re-
sulting coatings are shown in Tables 3 and 4. As shown in Table 3, with increasing values of the bias poten-
tial applied to the substrate, there is andncrease in crystallite size (L) of the TiN main phase.

Analysis of Table 3 indicates a significant dependence between the coating composition and the bias
potential applied to the substrate; An increase in the bias potential energy of the incident particle leads to a
higher radiation component insthe formation of coating patterns. Thus, increasing the bias potential to -200
leads to an increase in the contentof strong nitride-forming components Ti, Nb, Cr, and Zr.

110} NiTj, Toa
GIRpR i e Ti-Zr-Cr-Nb-N

(111} ZrTiNb

(111) ZrNb
> P S
==
S ——(200) TiN

(110) Ticr

-

< (200) ZrTiNb

<— (200) Ti

< (200) NiTip g Zrz
<« (220)TIN

e (221)ZrTiNb

€ (200) TiCr

S

A

30 40 50 60 70

20, rpaa.

Figure 4. X-Ray patterns of coatings (Ti-Zr-Cr-Nb)N, obtained by different values of U and Py
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Table 3
Crystallite size (L) and the lattice constant (a) single phase TiN, coating systems based on (Ti-Zr-Cr-Nb)N

Number of samples
Parameters 1 > 3 7
L, nm 8.06 8.06 11.16 14.80
a, A 4.2434 4.2391 4.1993 4.2218

Phase analysis of nitride coatings (Zr-Ti-Cr-Nb)N indicates a TiN phase, NbTiN,, ZrTiNb, ZrNb, TiCr
and o-Ti. This included a NiTiy¢Zro, phase. This is connected with the substrate, because the substrate
composition includes Ni. In the deposition, the surface of the substrate is heated to the melting point.of Ni,
and there is a bonding with precipitating elements Ti and Zr to form a new phase.

Table 4
Results of X-ray studies of coatings based on (Ti-Zr-Cr-Nb)N systems

Name of The content of The latice The crystal-
samples Phasedetection the phase, lite size for Microstress
(series) volume, % parameters OCD nm
NiTig 4710, 7.62 a=3.0412 7.83 0.006027
TiN 57.70 a=4.2434 8.06 0.006234
ZrTiNb 5.21 a=3.3696 13.22 0.003221
1 ZrNb 2.00 a=3.4225 20.42 0.004669
NbTiN, 1.50 a=4.3401 13.22 0.001671
TiCr 9.82 a=3.1220 7.74 0.005611
Ti 16.14 a=3.2989 10.43 0.004045
NiTig 4710, 10.93 a=3.0468 7.84 0.006041
TiN 60.27 a=4.2391 8.06 0.006226
ZrTiNb 4.64 a=3.3702 11.37 0.003248
2 ZrNb 2.79 a=3.4382 12.56 0.003042
NbTiN, 2.15 a=4.3376 16.56 0.000421
TiCr 14.54 a=3.1263 8.56 0.006011
Ti 4.68 a=3.3074 11.54 0.003011
NiTig 4710, 20.28 a=3.0439 9.30 0.006393
TiN 39.63 a=4.1993 11.16 0.006094
ZrTiNb 4.24 a=3.3736 14.46 0.001986
3 ZrNb 1.29 a=3.4152 26.22 0.002938
NbTiN; 0.54 a=4.3308 26.09 0.001288
TiCr 25.33 a=3.1281 7.75 0.005627
Ti 8.70 a=3.2670 7.92 0.005985
NiTig 4710, 24.72 a=3.0569 8.36 0.005529
TiN 44.28 a=4.2218 14.80 0.004635
ZrTiNb 3.56 a=3.3772 12.09 0.002732
4 ZrNb 1.58 a=3.4243 15.12 0.002455
NbTiN, 5.27 a=4.4277 8.23 0.006551
TiCr 20.07 a=3.1282 12.03 0.006995
Ti 0.53 a=3.3210 21.34 0.001654

Profilograms results indicate that the average surface roughness is R, = 0.089 m, and it changes after
plating. Figures 5, 6 show AFM images of the surface topography of the coating on the basis of a series 4 of
systems (Ti-Zr-Cr-Nb)N.

A comparison of the data shows that the change in the roughness of the coating (Ti-Zr-Cr-Nb)N is di-
rectly dependent on the pressure of the reaction of nitrogen dioxide and mixing capabilities. At a pressure of
Py = 0.7 Pa, a more uniform surface is obtained by coating, with pronounced drip inclusions of small sizes.
At a pressure of Py = 0.3 Pa, the coating formed on the surface is not a completely melted compound of ele-
ments Ti, Zr, Cr, Nb, and nitrogen.
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a—Py=0.3Pa, U,=-100V, R, =1.69 mm (Series 1); b — Py=.0.7 Pa, U, =-100 V, R, = 1.83 mm (Series 2);
¢c— Py=0.3Pa,U,=-200V, R, = 1.88 mm (Series 3); d — Py=0.7.Pa, U, =-200 V, R, = 1.55 mm (Series4)

Figure 5. Dimensional AFM image of the surface coating (Ti-Zr-Cr-Nb)N
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Figure 6: A dimensional AFM image (@) and profilogram (b) of the coating surface of the friction track.
(Ti-Zr-Cr-NDb)N, Py nitrogen at a pressure of 0.3 Pa and U, =-200 V

Results of adhesion-cohesive strength and resistance to scratching studies are shown in Figures 7, 8, and
9. Changing the coefficient of friction values and acoustic emission signals by increasing the scribing load
(Fig. 7) determines the characteristic values of the critical loads L¢: Ly — the first appearance of chevron
cracks at the bottom, and diagonal cracks on the boundaries; L, — forming a plurality of chevron cracks in
the bottom of the crack and peel local coverage, chevron formation of cracks at the bottom of scratches;
Ly — cohesively-coating adhesion failure; L, — plastic coating abrasion. During the test, the adhesive
strength was taken as the L4 critical load value of the abrasion resistance of the coating.

In accordance with these criteria, the process of the destruction of the coating evidenced by the scratching
by indenter can be divided into four stages. At the load range of /' = 0.01 to 5.50 N there ismonotonic pene-
tration into the coating, and the coefficient of friction increases significantly, and the acoustic emission sig-
nal is kept unchanged. At the load of F = 6.01 A, the indenter is completely immersed in the coating, and the
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friction coefficient is 0.25. When the load increases (F' = 12.01-30 N) takes place before the material squeez-
ing the indenter in the form of hillocks, and increase the penetration depth of the indenter.
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Figure 7. The results of measurements of mechanical characteristics of the applied load during scratch testing
of the coating (Ti-Zr-Cr-Nb)N, obtained by Py= 0.7 Pa and U, =-100 V

Figure 8. Photomicrographs of the diamond indenter contact area of coatings based on (Ti-Zr-Cr-Nb)N,

obtained by Py=0.7 Paand U, =-100 V
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Comparative analysis demonstrates that coating abraded but did not peel off during scratch tests.
The breaking of the cohesive mechanism is associated with plastic deformation and the formation of fatigue
cracks in the coating material (Fig. 9).

Cover fragments

Figure 9. Image of surviving fragments covering the bottom of the crack
after exposure to the diamond indenter

Micro-hardness testing is known to be the most-versatile option, that allows the rapid evaluation of the
mechanical properties of the coating. The resultscof such measurements for coatings (Ti-Zr-Cr-Nb)N are
shown in Table 5. As can be seen, the maximum-hardness HV = 43.7 GPa is achieved at a pressure of reac-
tion gas Py = 0.7 Pa and the bias potential of 2200 V'= Uj,.

Table 5

The results of measurements of hardness of coating (Ti-Zr-Cr-Nb)N

Number of samples (series) Hardness, HV, ;GPa
1 30.93
2 34.78
3 38.86
4 43.70

Thus, the experimental and theoretical research results represent a new step in the task of creating a pro-
tective coating on the basis of multi-component systems (Ti-Zr-Cr-Nb)N, producing structural and phase
characteristics, that make it possible to increase the performance of different products, operating at high tem-
peratures with a, load and rate of wear. The hardness of the resulting coatings (Ti-Zr-Cr-Nb)N is changed,
depending on the deposition conditions of: pressure of the reaction gas Py and offset potential U,.

Conclusion

By vacuum-arc deposition integrally-molded cathode reaction in a nitrogen gas atmosphere prepared
multicomponent coating system (Ti-Zr-Cr-Nb) N. Experimental and theoretical studies show that the
coatings obtained by the selected deposition parameters-, have a coating thickness of 6.8 microns.
The highest microhardness (43.7 GPa), and wear resistances were obtained by coatings produced with a
maximum nitrogen pressure. For these coatings, the (Ti-Zr-Cr-Nb)N phase typically forms a nitride TiN.
The coatings are characterized by good adhesive strength and a cohesive mechanism for the break during the
tests. On physical and mechanical characteristics of the resulting coating system (Ti-Zr-Cr-Nb)N are
promising for the use of this type of coating.
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J.K. Eckepmecos, I'.K. Yassipxanosa, C.B. [Lnorankos

KemaemenrTi (Ti-Zr-Cr-Nb)N xa0biHaap: KYpbUIbIMbI 7K9HE KacHeTTepi

Makanazia 3eprrenreH KonkoMrmoHeHTTI HUTpUATI xaobiHaap (Ti-Zr-Cr-Nb)N >xakchl JaMbIFaH BaKyyMIIbI-
JOFanbl TYHABIPY OMICIH KONJaHa OTHIPHIT  anmbHBL. TOKIpHOENiK »oHE TEOPHSUIBIK —3epTTeyliep
JKaOBIHAAPIBIH XUMISUIBIK KYpaMbl, MHKPOKYPBUIBIMBL MeH . (r3nKa-MeXaHUKaNbIK KacHeTTepi TYHABIPY
napamerpiepine (KYMBICHIBI Ta3/blH KbICHIMBI MEH TOCEYINITeri IOTCHUMANIbIH bIFBICYbIHA) THIFBI3
cyiienerinin kepcereai. (Ti-Zr-Cr-Nb)N >xaObIHAapbIHBIH MHKPOKYPBUIBIM MeH (H3HMKa-MEXaHUKAJIbBIK
KacHeTTepl SHEepProAMCIIEPCHOHABI MUKPO- KoHE PeHTFEHKYPBUIBIMIBIK capantama KocbiMiracsiMeH (PKC)
JKaOIBIKTAIFaH CKaHepuieyli 3eKTpoHapl Mukpockon (COM) kemerimen 3eprreinmi. HUTpuari »aObIHHBIH
(Ti-Zr-Cr-Nb)N ¢azansix capantamacsl TiN, NbTiN2, ZrTiNb, ZrNb, TiCr xxone a-Ti Topizni dazamapasig
0ap exeHMIriH aiiKpIHAaliAbl. JKaObIH KaIbIHIBIESL 6,8 MKM, )KaOBIHHBIH KOTe3HOHIBI OEPIKTITiH apTTHIPATHIH,
KepHeyqi OunaipeTiH KaTTeuThIK MoHI H =437 I'Tla kypaiinel. KemneMeHTTi ®aObIHHBIH MEXaHUKAJIBIK JKOHE
¢pukmmonasr Kacuerrepi MeHrepinai. (Ti-Zr-Cr-Nb)N sxaObiHIapbsiH MeHrepy OOMBIHIIA aJIBIHFaH 3epTTey
HOTIOKeNepi OoJlaliarsl 30p Qpi KeCKilll Kypajiap MEH KYPbUIBIMABIK MaTepuajgap YLIH KOPFaHBIII XKOHE
TO3yFa Te3iM/i KaObIHIAP PETIHAC KOIAaHbLIa IbI.

Kinm coe30ep: xaObIH, BaKyyMIbI-TOFAIBIK OYPKY, HUTPHUI, KATTBUIBIK, TO3Y, MUKPOKYPBIIBIM.

JI.K. Eckepmecos, I'.K. Yassipxanosa, C.B. IlnoTHukoB

MmuoroaiemenTHbie NOKPbITHS (Ti-Zr-Cr-Nb)N: cTpykTypa u cBoiicTBa

HcciaenoBannbie MHOTOKOMIOHEHTHbIE HUTpUAHBIE MOKPbITUS (Ti-Zr-Cr-Nb)N B manHol paborte ObUTH IMO-
JIyYEeHBl € UCTIOJIB30BAHUEM XOPOILIO PAa3BUTOI0 METO/A BaKyyMHO-IYrOBOTO OCaKAEHMS. TeopeTHuecKue U
SKCTIEpUMEHTAIbHbIE MCCIIE0BAHHS MOKA3bIBAIOT, YTO XUMHUYECKHH COCTaB, MUKPOCTPYKTYpa M (H3MKO-
MEXaHHYECKHE CBOMCTBA MOKPBITHIA TECHO OMHPAIOTCS Ha MapaMeTphl OCaXICHUs (aBleHne paboyero rasa u
MOTEeHIMala CMEIIEeHNsT Ha TOUI0KKe). MHUKpocTpykTypa U (usuko-mexannueckue cBoiictBa (Ti-Zr-Cr-Nb)N
TIOKPBITUH OBLIHM MCCIIEOBAHbI C TIOMOIIBIO CKAHUPYIOIIETO 3JeKTPOHHOTO MUKpockona (POM), ocHameHHO-
TO MPUCTABKOI 3HEPTOUCIEPCHOHHOI0 MUKPOAHAIN3a B PEHTTeHOCTpYKTypHOro ananusa (PCA). da3oBerit
aHanu3 HUTPUAHBIX MOKPEITHH (Zr-Ti-Cr-Nb)N ykassBaer Ha Hammuue (a3 TiN, NbTiN,, ZrTiNb, ZrNb,
TiCr u o-Ti.TonmuHa NOKPEITHH gocTuria 6,8 MKM, a 3HaUYCHHE TBEPJOCTH, 00YyCIIOBIMBAIOIIEH HampsKe-
HUSI, TIPEBBIMIAIONINE KOTE3HOHHYIO IIPOYHOCTh MOKPHITHA, cocTaBuio H = 43,7 I'Tla. beuu usydens! Tpubo-
Joruyeckue (TeCT «IIap-IUCK») U MEXaHHYECKHe (CKped-TecT) CBOMCTBa MHOTOAJIEMEHTHBIX MOKPHITHH. [1o-
Jy4eHHBIE IKCIIEPUMEHTAbHbIC Pe3yabTaThl 0 u3ydeHnio MokpeiTHs (Ti-Zr-Cr-Nb)N npeacTtaBisioTes nep-
CMEKTUBHBIMU U MOTYT OBITh IPUMEHEHBI B KaUECTBE 3ALIUTHBIX U W3HOCOCTOMKUX MOKPBITHH AT PEXYLIUX
HHCTPYMEHTOB U KOHCTPYKIIHOHHBIX MaTE€PHaJIOB.

Kniouesvie cnosa: NOKPBITHSA, BAKYYMHO-AYTI'OBO€ OCAXKACHUE, HUTPUJ, TBEPAOCTH, U3HOC, MUKPOCTPYKTYpa.
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