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Application of highly entropic coatings
at simultaneous spraying of three cathodes in one cycle

In this work, we consider the application of highly entropic coatings while simultaneously sputtering three
cathodes in a single cycle. The cathodes 12Cr15G9ND, Cu, Al were chosen as cathodes. The chemical com-
position of the cathodes was measured using a TESCAN MIRA 3 electron microscope. Using these cathodes,
coatings were applied to polished samples of steel 45.in an NNV-6.6 11 vacuum ion-plasma apparatus. The
measurement was carried out using a MIRA 3 scanning electron microscope, an HVS-1000A microhardness
tester, and a tribological research facility. SEM images show that with an increase of x5000 or more, the
droplet phase is clearly detected. The maximum size of the droplet phase reaches 12.0 pm with a variety of
morphometric parameters varying, for example, in a geometry coefficient K from 0.8 to 1.0. Analysis of the
coating at high magnifications (x7000 and %20,000) without the droplet phase showed that the grain sizes of
the coating are as follows: minimum <— 0.23 microns, maximum — 0.65 microns (average of about 0.47 mi-
crons); while the coating structure is homogeneous. The analyzed type of structure refers to the zone of the
so-called «competing texturey», when a dense nanocrystalline structure is present in the lower region of the
film, and a columnar structure is above it. The results of this study allow us to conclude that the simultaneous
deposition of deposited cathodes of various metals (especially composite) in principle allows to obtain highly
entropic coatings. Two/points must be taken into account here: firstly, the number of atomized cathodes must
be increased; secondly, it is necessary to take into account the values of the erosion coefficient for the cath-
odes used so that-the atomized fluxes are equimolarly proportional. Measurements of coatings showed that
the microhardness of CutAl+12Cr15GIND is not inferior to ordinary steels, but of course it lags behind
nanostructured coatings (30—50 GPa). The proposed coatings have antifriction properties of 3 or more times
and can be used in tribological pairs.

Keywords: multilayer coatings, hardness, ductility, friction, wear resistance, nanostructure, microhardness,
cathode, structure.

Introduction

High entropy alloys (wind farms) began to be investigated 15 years ago. Such alloys usually consist of
five or more components contained in approximately equal (equimolar) proportions. To date, a little more
than 200 wind farms have been studied [1-8]. This is a small number of alloys. In fact, in industry their
number is more than 10,000 alloys used. Add to this the fact that the time when the first alloys appeared, is
estimated at about 5 thousand years.

In this paper, we consider «The application of highly entropic coatings while simultaneously sputtering
three cathodes in a single cycle». In this way, we wanted to show a new method for producing highly entrop-
ic coatings. The cathodes 12Cr15GIND, Cu, Al were chosen as cathodes. The results of this study allow us
to conclude that the simultaneous deposition of deposited cathodes of various metals in principle allows
highly entropic coatings to be obtained.
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This chapter shows for the first time that the wavelength of the studied coatings is of the order of
10 m, i.e. mass transfer rate is ~10~* m/s. Since the mass transfer rate, for the diffusion coefficient we ob-
tain the estimate D ~ 10~ m*/s. This corresponds to the mode of low diffusion. The results obtained above fit
into the model of macroscopic localization of plastic flow.

Methodology for the preparation of research objects

The 12Cr15G9ND, Cu, Al cathodes cut on a lathe for installing NNV-6.611 were polished and cleaned
with Kalosha gasoline and wiped with alcohol. The chemical composition of the cathodes was measured us-
ing a TESCAN MIRA 3 electron microscope and is presented in Table 1.

The cathodes themselves with a diameter of 80 mm have the form as in Figure 1. Before filling the
chamber with working gas (Ar), it was evacuated to a pressure of ~5-107 Pa, after which it was filled with
argon to a working pressure of ~0.15 Pa. The pressure was maintained by a constant electromagnetic leak-
age. As a source of metal plasma, an electric arc evaporator based on an independent cold cathode arc’dis-
charge.

Table 1
The chemical composition of the cathodes 12Cr15GIND, Cu, Al
The chemical composition in% steel 12Cr15GIND
C Si Mn Ni S P Cr Cu N, Fe
0.12 0.75 10.5 1.2 0.03 0.060 15.7 2.0 0.2 69.44
Chemical composition in % copper Cu
Cu Bi 0 Pb other items
99.90 0.0005 0.040 0.005 0.03
Chemical composition in % aluminum
Al Si Fe Cu Mn Mg Cr Zn Ti —

99.7 0.100 0.250 0.020 0.010 0:020 0.010 0.040 - -

A bias voltage of 1000 V was applied to the samples under study and ion cleaning and heating to a tem-
perature of 450 °C were carried out for 20 minutes. Then, three cathodes with an arc current of 80 A were
switched on simultaneously and a coating was applied for 20 minutes at a reference voltage of 150 V. After
cooling the samples under vacuum for one‘hour, one sample was removed and the whole process was repeat-
ed again.

Figure 1. Three cathodes: aluminum (left), copper (in the middle) and 12Cr15GIND (right)

Thus, 8 samples 12Cr15GIND+Cu+Al were obtained in a gas medium of argon and nitrogen, the depo-
sition time was 20, 40, 60, 80, 100, 120, 140, 160 minutes. For the deposition of coatings, polished disks of
steel 45 with a diameter of 20 mm were used as substrates (Fig. 2a), which were simultaneously placed on
the substrate holder in order to deposit the coating on different substrates under identical conditions.

Polished discs were prepared as follows:

1. Grinding and polishing a sample on a MetaServ 250 grinding and polishing machine.

2. Sanding SiC with CarbiMet P180 abrasive paper with cold water feed.

3. Polishing with a circle (a fabric with a hard weave, without pile) and diamond paste with particles:
1) with a diameter of 9 microns, 2) with particles of 3 microns.
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4. Circle polishing (soft porous chemically resistant fabric, without lint) using a polished suspension
based on Al,O; (particles with a diameter of 0.05 microns).

As aresult, the specimen surface was obtained, the roughness parameters were studied using an NT-206
atomic force microscope (AFM) and, as an example, are shown in Table 2. The average roughness was
~13 nm.

Before deposition, the substrates were cleaned in an ultrasonic bath in a solution of acetone with ethanol
(Fig. 2b).

a b

Figure 2. Polished disks made of steel 45 (a) and an ultrasonic cleaning bath (b)

Table 2
Roughness parameters and statistical characteristics of substrates
Substrate Roughness R,, nm Dispersion R, Asymmetry Ry Excess Ry,
Steel 45-1 13.34 18.23 0.17 7.35
Steel 45-2 13.00 16.6 0.14 6.46
Steel 45-3 13.89 21.42 0.15 8.97

Electron microscopy was'performed using a TESCAN MIRA 3 scanning electron microscope (SEM)
(Fig. 3). The studies were carried out at an accelerating voltage of 20 kV and a working distance of about

15 mm.

SEM HV: 18.0kV
View field: 770 ym
SEM MAG: 360 x

Electronmicroscopic examination of coatings

wo:1500mm | [ ||| wRa3TESCAN
Det: SE 200 pm
Performance in nanospace

Cepus «dunsukay. Ne 1(97)/2020

. T e y ® )
84 - . [ Qs
SEM HV: 18.0 kV WD: 14.95 mm
View field: 105 pm Det: SE 20 pm
SEM MAG: 2.62 kx

MIRA3 TESCAN

Performance in nanospace




V.M. Yurov, E.N. Eremin, S.A. Guchenko

o e ) L y N o _y )
2 < ) : ) X caaet /’ :
SEM HV: 18.0 kV WO: 10.01 mm MIRA3 TESCAN| SEM HV: 18.0 kV WD: 14.96 mm MIRA3 TESCAN|

View fleld: 103 ym Det: SE View field: 50.5 pm Det: SE
SEM MAG: 2.69 kx Performance in nanospace SEM MAG: 5.48 kx Performance in nanospace

Figure 3. SEM-image of a coating in argon of different resolutions

With an increase of x5000 or more, the droplet phase is clearly detected. The maximum size of the
droplet phase reaches 12.0 um with a variety of morphometric parameters varying, for/example, in a geome-
try coefficient K from 0.8 to 1.0. Analysis of the coating at high magnifications (x7000 and x20,000) with-
out the droplet phase showed that the grain sizes of the coating are as follows: minimum — 0.23 microns,
maximum — 0.65 microns (average about 0.47 microns); while the coating structure is homogeneous.

SEM-image of the coating in argon is shown in Figure 4.
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Figure 4. SEM-image of a coating in nitrogen of different resolutions
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In both cases, a globular structure is observed when the concentration of additives varies, depending on
the homological temperature. That is, most likely, the analyzed type of structure refers to the zone of the so-
called «competing texture», when a dense nanocrystalline structure is present in the lower region of the film,
and a columnar structure is above it.

X-ray fluorescence electron spectroscopy of coatings

X-ray fluorescence electron spectroscopy (XPS) of coatings for argon and nitrogen is shown in Figure 5
and 6. In argon and nitrogen, the XPS spectra of the coating are significantly different: iron in argon is
~40 weight. %, and in nitrogen ~22 weight. %, i.e. twice smaller; on the contrary, copper in argon is
~14 weight. %, and in nitrogen ~28 weight. %, i.e. twice as much. This is observed in all studied points. The
XPS spectra of coatings in nitrogen contain on average: Cu ~28 wt. %, Fe ~18 wt. %, Al ~16.wt. %,
Cr ~9 wt. %. High entropy alloys (wind farms) should, as a rule, consist of five or more basic elements with
a concentration between 5 and 35 %. We got 4 main elements in the range of 5-35 weight. %, typical for
wind farms, but in non-equimolar proportion.
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Figure 6. XPS of the coating 12X15G9ND + Cu + Al in nitrogen at 4 points
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The results of this study allow us to conclude that the simultaneous deposition of deposited cathodes of
various metals (especially composite) in principle allows to obtain highly entropic coatings. Two points must
be taken into account here: firstly, the number of atomized cathodes must be increased; secondly, it is neces-
sary to take into account the values of the erosion coefficient for the cathodes used (Table 3) [9], so that the
sprayed flows are equimolarly proportional.

Table 3
The values of the coefficient of erosion for some materials [9]

Cathode material T K Erosion coefficient, g/Kl

cd 1038 6.55-10"
Zn 1180 6.2:10"
Mg 1380 0.36:10"*
Al 2740 1.2:10*
Cu 2668 1.15-10°"
Cr 2956 0.4-10"
Ni 3003 1.0-10*
Fe 3343 0.73-10"
Ti 3558 0.52:10"
C 4173 0.17-107*
Mo 4923 0.47-10 "
W 5973 0.62:10°"

It is interesting to find out what hardness and tribological characteristics the obtained alloy has.
Microhardness of coatings 12Cr15GIND + Cu + Al

In the Table 4 and 5 show the microhardness of the coating in argon and nitrogen.

Microhardness is crowned twice in nitrogen. Compare the microhardness with some well-known mate-
rials. The microhardness of Cu + Al + 12Cr15GIND is not inferior to ordinary steels, but of course it lags
behind nanostructured coatings (30—50 GPa).

Table 4
Microhardness of samples from AiSi steel coated with Cu + Al + 12Cr15GIND, 1 hour in argon

Number of The microhardness of the coating Cu + Al + 12Cr15G9ND, MPa — in argon
measurements HV1 = HVO0.5 = HV0.3 = HV0.2= HVO0.1 = HV0.05= | HV0.025 =
=9.807N | =4.903N =2.942N | =1.96IN =0.981N =0.49N =0.245N
1 394 357.2 440.8 385.7 5514 454.6 357.2
2 3177 336.6 371.1 430.2 517.6 530.5 351.5
3 379.5 322.6 363.1 467.6 483.3 504.4 445.6
4 366 435.3 354.7 383.2 524 475.4 367.8
5 346.9 343.9 398.1 386.5 441.2 507.6 487.5
6 3374 397.5 360.6 423.1 465.1 555.2 416.7
7 310.6 339.3 363.5 360.2 521.5 547 502.8
8 312.6 328.4 345.1 417.1 450.6 469.3 454.5
Average 339.7 362 382.6 402.8 489.4 498.7 436
Table 5
Microhardness of samples from AiSi steel coated with Cu + Al + 12Cr15GIND, 1 hour in nitrogen
Number The microhardness of the coating Cu + Al + 12Cr15G9ND, MPa — in nitrogen
of measurements HV1 = HVO0.5 = HV0.3 = HV0.2= HVO0.1 =
=9.807N =4.903N =2.942N =1.961N =0.981N
1 2 3 4 5 6
1 383.6 439 520.6 531.7 821.3
2 391.5 437.2 538.2 518.3 824.6
3 380.5 414.7 495.4 533 789.2
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Continuation of Table 5

1 2 3 4 5 6
4 416.2 4234 517 555.8 723.7
5 354.7 488.1 580.8 540.6 733.4
6 418.2 425.9 546.9 511.9 751.4
Average 392.7 4354 522.4 531.1 783.3
Table 6
Microhardness of samples of some materials
Material Temporary resistance, 0,, MPa Relative extension, 05, %
Steel 12Cr18N10T 530 40
Steel 3sp 360-460 22
Copper M1 200-260 36
Aluminum ASM 60 30
Tribological characteristics of the coating 12Cr15GIND + Cu + Al
The friction coefficient in argon and nitrogen are presented in Table 7 and 8.
Table 7
Coefficients of friction coated with Cu + Al + 12Cr15GIND in nitrogen
Number of Coefficient of friction
measurements 40 min 1 hour 2 hour 2 hour 20 min
1 0.265 0.296 0.309 0.385
2 0.293 0.340 0.297 0.332
3 0.264 0316 0.291 0.397
4 0.254 0.284 0.276 0.382
5 0.242 0.296 0.263 0.319
Average 0.274 0.298 0.282 0.353
Table 8
Coefficients of friction coated with Cu + Al + 12Cr15GI9ND in argon
Number of Coefficient of friction
measurements 40/min 1 hour 2 hour 2 hour 20 min
1 0.256 0.265 0.296 0.276
2 0.215 0.293 0.340 0.256
3 0.244 0.264 0.316 0.238
4 0.225 0.254 0.284 0.224
5 0.252 0.242 0.296 0.245
Average 0.228 0.274 0.298 0.258

On average, the friction coefficients of the coatings in argon and nitrogen are almost the same and
amount to about 0.270. Let us make a comparison with the friction of various metals (Table 9).

Table 9

Friction coefficients for the same pairs of materials [10]

Material combinations Coefficient of friction
1 2 3
Al Al (1.05-1.35)

Cu Cu 1.0

Steel Steel 0.8

Fe Fe 1.0

Cd Cd 0.5
Cepusi «dusukay. Ne 1(97)/2020 13
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Continuation of Table 9

1 2 3
Cr Cr 0.41
Mg Mg 0.6
Ni Ni (0.7-1.1)
Pt Pt 1.2
Ag Ag 1.4
Zn Zn 0.6

The proposed coatings have antifriction properties of 3 or more times and can be used in tribological
pairs.

High-entropy autowave processes

The microhardness of the coating was measured on an HVS-1000A instrument with data output to a
computer through 0.1 millimeter. The total area of the sample was 20 x 20 mm. Measurements were taken
along and across. For the deposition of coatings, polished disks of steel 45 with a diameter of 20 mm were
used as substrates (Fig. 2a), which were simultaneously placed on the substrate holder in order to deposit the
coating on different substrates under identical conditions. Before deposition, the substrates were cleaned in
an ultrasonic bath in a solution of acetone with ethyl alcohol (Fig. 2b)

A small part (of 50 pieces) of the results is shown in Figure 7. From Figure 7 that the wavelength is of
the order of 10 m, i.e. mass transfer rate is ~10* m/s. Since the mass transfer rate, for the diffusion coeffi-
cient we obtain the estimate D = 10~ m?/s. This corresponds to the mode of low diffusion.

The experimental results obtained by us above fit into the'model of macroscopic localization of plastic
flow developed in [11].

In this work, it is shown that the localization of plastic flow in:metals and alloys has a pronounced wave
character. Moreover, at the stages of easy slip, linear and:-parabolic strain hardening, and also at the stage of
preliminary fracture, the observed localization patterns are different types of wave processes.
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Figure 7. Autowaves in an ion-plasma coating

Conclusion

1. This section discusses the application of highly entropic coatings while simultaneously sputtering
three cathodes in a single cycle. The cathodes 12Cr15G9ND, Cu, Al were chosen as cathodes.

14 BecTHuk KaparaHgmHckoro yHusepcurteTa



Application of highly entropic coatings ...

2. The chemical composition of the cathodes was measured using a TESCAN MIRA 3 electron micro-
scope. Using these cathodes, coatings were applied to polished samples of steel 45 in an NNV-6.6 11 vacu-
um-ion-plasma unit. The measurement was carried out using a MIRA 3 scanning electron microscope, an
HVS-1000A microhardness tester, and a tribological research facility.

3. SEM images show that with an increase of x5000 or more, the droplet phase is clearly detected. The
maximum size of the droplet phase reaches 12.0 um with a variety of morphometric parameters varying, for
example, in a geometry coefficient K from 0.8 to 1.0. Analysis of the coating at high magnifications (<7000
and x20,000) without the droplet phase showed that the grain sizes of the coating are as follows: mini-
mum — 0.23 microns, maximum — 0.65 microns (average of about 0.47 microns); wherein the coating
structure is homogeneous.

4. The analyzed type of structure refers to the zone of the so-called «competing texture», when-a.dense
nanocrystalline structure is present in the lower region of the film, and a columnar structure is above it.

5.In argon and nitrogen, the XPS spectra of the coating differ significantly: iron in argon is
~40 weight. %, and in nitrogen ~22 weight. %, i.e. twice smaller; on the contrary, copper in argon is
~14 weight. %, and in nitrogen ~28 weight. %, i.e. twice as much. The XPS spectra of coatings in nitrogen
contain on average: Cu ~28 wt.%, Fe ~18 wt.%, Al ~16 wt.%, Cr ~9 wt.%. High entropy alloys (wind farms)
should, as a rule, consist of five or more basic elements with a concentration between 5 and35 %. We got 4
main elements in the range of 5-35 weight. %, typical for wind farms, but in non-equimolar proportion.

6. The results of this study allow us to conclude that the simultaneous deposition of deposited cathodes
of various metals (especially composite) in principle allows to obtain highly entropic coatings. Two points
must be taken into account here: firstly, the number of atomized cathodes must be increased; secondly, it is
necessary to take into account the values of the erosion coefficient for the cathodes used so that the atomized
fluxes are equimolarly proportional.

7. Measurements of coatings showed that the microhardness.of Cu+ Al + 12Cr15GI9ND is not inferior
to ordinary steels, but of course lags behind nanostructured coatings (30-50 GPa). The proposed coatings
have antifriction properties of 3 or more times and can be‘used in tribological pairs.

8. The experiments showed that the wavelength-of the studied coatings is of the order of 10 m, i.e.
mass transfer rate is ~10™* m/s. Since the mass transfer rate, for the diffusion coefficient we obtain the esti-
mate D ~ 10~* m?/s. This corresponds to the mode of low diffusion. The experimental results obtained above
fit into the model of macroscopic localization/of plastic flow.

The work was carried out under the program-of the Ministry of Education and Science of the Republic
of Kazakhstan. Grants No. 0118PK000063 and No. @.0781.
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B.M. Opos, E.H. Epemun, C.A. I'yueHko

Y kaToAThIH 0ip HUKIiHAe Oip yaKbITTa TO3aHAATY Ke3iHaeri
JKOFAPBI JHTPONUSIBIK KAOBIHAAPABI KAFY

Bepinren >xympIcTa yII KaTOATHI TO3AHAATYIBIH Oip HUKIIHIE XOFAphl SHTPOMHSUIIEI JKAaOBIHIBLIAPIABI Oip
yaKbITTa Jary Kapacteippural. Karonrap perinme 12X15T9HJ], Cu, Al xaroarapsl TaHaam aibIHIBL
Katonrapnery xummsutslk  Kypambl TESCAN  ¢upmacemely MIRA 3 snekTpoHAB MHKPOCKOMBIHIA
enuienred. byn karoarapaeiH kemeriven HHB-6.6 M1 BakyyMAabIK HOHABI-IIa3MaNIbIK KOHIBIPFbIOA 45
OonmarTaH KacajJFaH, OHJENTeH YJriiepre kaObHAbUIap skarbuidbl. Ommeyrep MIRA 3 paerpibik
MEKTPOHABl MHKpockonbiHAa, HVS-1000A MHKpPOKATTBUIBIKTHI — OJIIIETILITE KOHE TPHUOOIOTMSIIBIK
3epTTeyliepre apHajfaH KOHABIPFbIAa Kypriziiren. POM-cyperrep x5000 jkoHe ofaH /a KOM WIFAUTY
Ke3iHAe TaMIbLIbl (a3aHbIH aiikblH OaiiKanaThIHIBIFBIH KepceTTi. Tamublibl (a3aHblH €H MaKCHMaiabl
enmeMi MOpGOMETPUSIIBIK ITapaMeTpIIepAiH opTypuimiri kesinme 12,0 MkM-Te fAedin skerexi, mbicamsl, K
reomeTpust koddunuenti OoipHma 0,8-men 1,0-re nmeitin. Tammsuter ¢asaces (X7000 sxone %20 000)
WIFal0 Ke3iHJe >KaObIHABUIAP KaNnTaMaJapbIHBIH TalIaybl >KaOBIHIBI JIOHJCPIHIH (©MeMIepl MBIHaTan
OoJaThIHBIH KepceTTi: ex kimici — 0,23 mMxM, eH yinkeni — 0,65 Mk (opramacs! mamamer 0,47 MxM); Oy1
Karaaiaa sxkaObIHABUIAD KYpPBUIBIMBL OipTekTi. KypbUIBIMHBIH TaylaHaThIH. THII KaOBIPIIAKTHIH TOMEHTI
aliMarblHIa THIFBI3 HAHOKPUCTAIIBIK, a4l OHBIH JKOFAaphbl JKaFblHAA OaraHaNbl KYPHUIBIM OOJBIN KeJeTiH
«Dacekernec KypbuIbIM» JIeT aTajlaThblH aiMaKKa JKaTaabl. By 3epTTey/iH HOTHKeAepi KeJieci KOPBIThIH/IBIHBI
yKacayra MYMKIHIIK Oepemi: opTypii MeTanaapibiH (scipece KOMIIO3MIMSIIBIK) TYHABIPBUIFAH KaTOATAPbIH
0ip yakbITTa Xary >KOFapbl SHTPOIHMSUIBIK KaOBIHABIIAP/BI allyFa MYMKIHAIK Oepeni. by skarnaiina exi corTi
eckepy KaxeT: OIpiHIIIJIEH, TO3aHAATYIIBl KaTOATAp CAaHBIH apTTHIPY KAXKET; eKIHIIIJEeH, TO3aHAaTyIIbI
arelHIAp SKBUMOJAPIBI IPONOPHMOHAT OONysl VIIIH KOJJAHBUIATBIH KaTOATapFa apHAIFaH JPO3US
KOX(QQUIMECHTIHIH MOHJEPIH eckepy Kaxer. JKaOwmHmputapaeH . emmeynepi Cu + Al + 12X15T'9H/
MHKPOKATTBUIBIFBI KOAIMI OolaTrapiaH KeM eMec eKeHIH KOpCeTTi; Oipak opHHe, olap HAHOKYPBUIBIMJBI
sxabbiaapuiapaan (30-50 I'Tla) apteik emec. ¥ChIHBUIFAaH KaOBIHIAP/ABIH aHTUGPUKIMSUIBIK KacueTrTepi 3
HeMece 0/1aH J1a Kol XKoHe oJIapsl TpHOOTYHiHAECY KYNTaphlHAa KOJAaHYFa O0Iaabl.

Kinm ce30ep: xen KabaTThI )KaObIHABLIAP, KATTHUIBIK, HUITIMITIK, YHKEIiC, TO3yFa TO3IMALTIK, HAHOKYPBUIBIM,
MHUKPOKATTBUIBIK, KATOJ, KYPhUIbIM.

B.M. KOpos, E.H. Epemun, C.A. I'yuenko

HaneceHnune BbICOKOIHTPONUUHBIX MOKPBITUI
IPU OTHOBPEMEHHOM PACNIbLICHHH B OJJTHOM LIMKJIE TPeX KaTO/10B

B craTtbe paccMOTpeHO HaHECEHHE BEICOKOYHTPOIIMIMHBIX IOKPBITUH IPY OAHOBPEMEHHOM PACIBbIICHUH B OA-
HOM IUKJIC TPeX KaToJoB. B xauecTBe MaTepnana katomoB Obumm BeIOpansl 12X15T'9H/, Cu, Al. Xumude-
CKHUIl cOCTaB ompeaemsuics: Ha 1ekTpoHHOM Mukpockorne MIRA 3 ¢upmel TESCAN. C nomounisio 3THX Ka-
TOJOB" OBUTM HAHECEHBI TMOKPHITHS Ha IOJMPOBAHHBIE 00pa3ubl M3 cTamu 45 Ha BaKyyMHOH HOHHO-
ia3MeHHoi ycraHoBke HHB-6.6 11. M3Mmepenne ocyIecTBIsIIOCh HA PACTPOBOM AIIEKTPOHHOM MHUKPOCKO-
me MIRA 3, muxporBepaomepe HVS-1000A u ycraHOBKe [Uis TPHOOJOTMYECKUX HCClenoBaHUH. POM-
H300paKeHNUsI MTOKA3BIBAIOT, YTO Ipu yBeanueHHH x5000 u Oojiee OTUSTIMBO BBIABISIETCS KalenbHas (asa.
MakcuManbsHBIH pa3Mep KaresbHo# ¢a3sl gocturaer 12,0 MKM npu pa3zHooOpa3sun MOpQoMETpHIEecKHX Ha-
paMeTpoB, BapbUPYIOMNXCS, HapuMep, o kodddunuenty reomerpun K ot 0,8 no 1,0. AHanm3 moKpsITHS
nipu Gonpimmx yBenmaeHusIX (X7000 n 20 000) 6e3 karesbHOM (a3bl MOKa3all, 9TO pa3Mephl 3ePeH ITOKPHITHS
crepyromue: MUHIMaNbHbIN — 0,23 MkM, MakcuManbHbli — 0,65 MM (cpenuuit mopsaaka 0,47 MKM); pH
3TOM CTPYKTypa TMOKPBITHS OZHOPOJAHASA. AHAIU3UPYEMbIH THUII CTPYKTYPBl OTHOCHTCSI K 30HE TaK Ha3bIBae-
MO} «KOHKYPUPYIOIIEH TeKCTypbI», KOTAa B HIXKHEH 001acTH MIEHKH MPUCYTCTBYET IUIOTHAS HAHOKPHUCTAI-
JIMYecKas, a BBIIIE ee — CToJI0YaTas CTpyKTypa. Pe3ynbpTaTel HACTOSIIIETO HCCIEA0BAHNS TTO3BONISIOT CAENATh
BBIBOJI, YTO OJJTHOBPEMEHHOE HAHECEHHE OCaXIAaeMbIX KaTOJ[0B PA3IMUHBIX METAIOB (0COOEHHO KOMITO3HIIH-
OHHBIX), B IPUHIIHIIE, T03BOJISIET MOIYYaTh BHICOKOIHTPOIIMHHEIE MOKPHITUS. [IJIsl 3TOr0 HY>KHO, BO-IIEPBEIX,
YBEIMYNTH YUCIIO PACHBUIIEMBIX KAaTOIOB; BO-BTOPBIX — YY€CTh 3Ha4eHMs Koddduimenta spo3un 1ist uc-
TIOJIb3yEeMBIX KaTO/IOB, YTOOBI pacHbUIIEMBIe IIOTOKH OBIIM SKBIMOJIIPHO NPOIIOPIMOHATBHBIME. M3Meperns
TIOKPBITUH TTOKa3any, 9To MUKpoTBepaocTs Cu + Al + 12X 15I'9H]] He npourpsiBaeT OOBIYHBIM CTAJSIM, OI-
HAaKO MPOUIPHIBAET HAHOCTPYKTYPHBIM NOKPHITHAM (30-50 I'TlIa). [IpeanoxenHsle mokpeITus B 3 1 Oojee pa3
001a1a10T aHTH()PUKLIMOHHBIMU CBOMCTBAMH M MOTYT OBITh MCIIOJIb30BaHBbI B Iapax TPHOOCOIPSIKEHHUS.
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Kniouesvie cnoea: MHOTOCIONHHBIE TTIOKPHITHS, TBEPIOCTD, MIIACTHYHOCTD, TPEHHE, H3HOCOCTOHKOCTh, HAHOCT-
PYKTypa, MUKPOTBEPAOCTb, KaTOA, CTPYKTYpa.
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