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PROPERTIES OF MULTILAYER PLASMA COATINGS FROM MATERIALS

BASED ON M-CROLL

The article describes the structures and properties of m-croll plasma powder coatings deposited under optimal
conditions. Most of the modern nickel-based alloys used in technology used to form plasma coatings contain 6-
12% aluminum, 20-30% chromium, and 0.15-1.0% reactive element (yttrium, tantalum, etc.). With an increase in
the concentration of the reactive element, the production of new oxide grains during deposition inside the film
itself is inhibited and, in the presence of more than 0.82% yttrium, it completely stops, and the rate increases with
oxygen diffusion. This is caused by a significant refinement of the oxide film and alloy grains and the formation of
yttrium-rich phases - Ni5Y, Ni9Y, Ni3AlI2Y, (NiCo0)4.25A10.15Y, which have low resistance to high-temperature
oxidation. All this should be taken into account during the formation of the coating when optimizing the content
of rare earth (REM) metals in the alloy. Consequently, the introduction of reactive elements into the plasma coat-
ing contributes to the absence of stresses in the film caused by internal oxidation. However, an increase in the
concentration of the reactive element is limited by an increase in the oxygen diffusion rate and the processes of
alloy embrittlement. Therefore, most NiCrAlYTa alloys for sputtering are limited in oxygen content to 0.05%. The
mechanical properties of alloys are significantly improved when they are alloyed with tantalum, niobium, and
titanium, since in their presence a superlattice of the f-phase (Ni2AITa, Ni2AIND) is formed due to the ordering
of elements in the aluminum sublattice. However, the formation of such a superlattice requires a concentration of
elements that exceeds a certain limit. Niobium has a positive effect on the heat resistance of the NiCrAll alloy, but
reduces its corrosion resistance. Tantalum has the most favorable effect on both the mechanical and protective
properties of MCrAII alloys. In addition to participating in the formation of the -phase superlattice, tantalum
increases heat resistance and resistance to high-temperature salt corrosion of grain boundaries, segregating pri-
marily in the alloy regions, and also binds free carbon into carbides. All refractory elements form inclusions,
which in most cases reduce the diffusion mobility of atoms in the coating. High-quality wear-resistant coatings
based on titanium dioxide - aluminum oxide and nickel-chromium-aluminum-yttrium-tantalum alloy must be
formed from materials with strictly defined sizes and morphology of the particles of the initial powder, with a
chemical and phase composition uniform over the cross section of the initial powders and a minimum grain size
of phase inclusions.

Keywords plasma spraying processes, powder compositions, plasma spraying in air, nickel-based metal alloys,
oxide ceramics, performance characteristics, morphology and structure.
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CBOVMCTBA MHOT'OCJIOMHBIX IVIASMEHHBIX IIOKPBITUI N3 MATEPHUAJIJIOB HA
OCHOBE M-KPO.IEI

B cmamve onucanvi cmpykmypel u c80UCNE HANBLIEHHBIX NPU ONINUMATLHBIX PEHCUMAX NAA3MEHHBIX
NOPOUIKOBLIX NOKPLIMULL U3 M-KPOLTell. borbuuHcmeo cogpemMeHbiX UCHONb3YeMbIX 8 MeXHUKe CHIA608 HA OC-
HOBe HUKeJsl NPUMEHSIOWUXCS 0TI (POPMUPOBAHUsL NAAZMEHHBIX NOKpbimull, codepicam 6-12 % amnromunus, 20-
30 % xpoma, a maxaice 0,15-1,0 % peaxmusroeo snemenma (ummpus, manmana u op.). Ilpu yeenuuenuu KoHyeH-
mpayuil y peakmugHo20 J1eMeHMA NOLYUEHUEe HOBbIX 3¢PeH OKCUAO8 NPU HANbLIEHUU GHYMPU CAMOU NIEHKU MOp-
mosumesi u npu Haauyuu ummpus 6oaee 0,82 % nOIHOCMbIO OCMAHAGIUBACMCS, YEEIUUUBAEMCS. CKOPOCMb NPU
ougdysuu Kucropooa. dmo 6vl36aH0 3HAUUMETbHIM UIMETbYEHUEeM OKCUOHOU NIEHKU U 3¢PHA CHAA8A U 00pa3o-
sanuem bozamuvix ummpuem ¢gaz - NisY, NigY, NizAlY, (NiC0)a2sAlo15Y, obradarowux nuskoi cmoiikocmuio K
BbICOKOMEMNEPAMYPHOMY OKUCTIEHUIO. Bce 5mo 00adHCHO yuumvl8amucs 60 6pems hopMUPOS8arUs NOKPuIMus npu
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onmumusayuy cooeprcanus peokosemenvhuix (P3M) memannos 6 cnnage. CnedosamenvHo, 86e0eHUsI peaKmus-
HbIX DJIEMEHIO8 8 NIA3MEHHOe NOKPbImue CnocoOCmeyen Omcymcmeuio Hanpsa’CceHull 8 nieHKe, Gbl3bleaeMbIX
sHympenHum oxucnenuem. Tem ne menee, ygeruueHue KOHYSHMpayuu peaxmurHo2o 1eMeHmMa 02PAHUYeHo po-
cmom ckopocmu  Oughgyzuu Kuciopooa u npoyeccamu oxpynyusanus cniaaga. Ilosmomy Oonvuuncmeo
NiCrAlYTa cnrnasoe ons nanviienus umerom o2panuyenus no cooepaicanuio kuciopooa 0o 0,05 %. Mexanuueckue
CBOUCMBA CNAABO8 3HAUUMENLHO YIYUUAIOMCS NPU JESUPOSAHUL UX MAHMALOM, HUODUEM, MUMAHOM, MAK KAK 8
ux npucymemsuu oopazyemces ceepxpeurema f-gazvt (NiAlTa, NiAIND) 6raz00aps ynopsoouenuro snemenmos
6 antomunuesoll noopeutemke. OOnako, 015 06PA3068aAHUL MAKOU C8EpXpeutemKu HeobXo0ouma KOHYeHmpayusl
9NEMEHMO8, NPeGLLUAIOWAst HeKOmopylo npedervhylo. Huobui oxkasvieaem nonoscumenvioe IusHue Ha JHeapo-
cmotikocms cnaasa NICrAll, no cuusicaem e2o kopposuonnyro cmoiikocme. Haubonee bnazonpusmmoe enusnue
KaK Ha Mexanuyeckue, max u Ha sawumusle ceoiicmea cnaagoé MCrAll okaswisaem manman. B oonoanenue x
yuacmuio 8 06pas30eanuu ceepxpeuemxu B-pasvl, manman yseauuugaem JcapocmoukoCmy U CMoUKOCHb K 6bl-
COKOMEMNEPAmypHOUL CONEBOU KOPPO3UU SPAHUY 3ePEH, Cecpecupys npedicoe 6ce2o 8 001AcmsX CHaasd, d maKice
cesAzvIgaem c80000HbIl yenepod 6 kapouovl. Bce myzonnaskue snemenmvl o0pazyiom 6Kuo4eHUs, KOmopble 6
bonvuuHCMSe CYyUaes CHUNCAIom OUPY3UOHHYIO0 NOOBUICHOCTL AMOMO8 8 NoKpuimuu. Kavecmeennvie usno-
COCMOUKUENOKPbIMUSL HA OCHO8E OUOKCUOA MUMAHA - OKCUO AIIOMUHUSA U HUKENb-XPOM-ATIOMUHUTI-UMPULI-MaH-
MAan06020 CNAABA HEODXOOUMO POPMUPOBAND U3 MAMEPUALOBNPU CHIPO2O ONPEOETICHHbIX PA3Mepax u Mopghoio-
2UU 4acmuy y UcCxo0H020 NOPOWKA, C PABHOMEPHBIM NO CEHEHUIO UCXOOHBIX NOPOUKO8 XUMUYECKUM U Pa308bLM
COCMABOM U MUHUMALLHBIM PA3MEPOM 3€PHA (DA308bIX GKIIOUEHULL.

Kniouesvie cnosa: npoyeccol niazmeHno20 HANbLieHus:, HOPOUIKOGble KOMROZUYUL, NIA3MEHHOe HanbLle-
HUe Ha 8030yXe, MEMAIUYeCKUe Cabl HA OCHOBE HUKEIsl, OKCUOHAS KEPAMUKA, IKCNILYAMAYUOHHbIE XaApaKnie-
PUCmUKU, MOPGHONO2UsL U CIMPYKMYDA.

1. Introduction

Almost all oxide powder materials used for deposition of wear-resistant plasma coatings
have a fairly high melting point. The main properties of these materials include their low elec-
trical and thermal conductivity characteristics. The vast majority of oxides are characterized by
high hardness and the ability to resist wear. They can also be used as electrical insulating, heat-
shielding, decorative, corrosion-resistant. Due to the low-cost factor of the used powders of
industrial oxide materials and their versatility, they contribute to the widespread introduction
of sprayed wear-resistant coatings based on them [1-7]. Probably the most common disad-
vantage as a result of the process of plasma spraying of oxide materials is the partial delamina-
tion of the formed coatings, as a rule, if the values of the thermal expansion coefficients of the
product sprayed by the plasma and the oxide powder coating do not match [8]. To significantly
improve the quality characteristics of oxide plasma powder coatings (porosity, cohesive and
adhesive strength, plasticity), plastic components based on metallide-type alloys are added to
them, for example, NiAl, NiCr and NiCrAlY powder compositions. To significantly increase
the antifriction properties of ceramic powder plasma coatings under operating conditions at
high temperatures, it is necessary to introduce a nickel-chromium-aluminum-yttrium-tantalum
composition into the composition of the powders [9-11]. During the last decades, M-rabbit
coatings (MeCrAlY, where Me is Ni, Co, Fe) have been studied as oxidation/corrosion resistant
coatings, and the MeCrAlY alloy has been used not only as a separate coating, but also as a
bond coating for plasma thermal barrier coatings (TBC). Due to their excellent strength prop-
erties, high hardness, low density, oxides are widely used as a matrix for plasma-sprayed com-
posite coatings. In the present study, NiCrAl'YTa/oxide ceramic composite plasma coatings will
be obtained by air sputtering. Formed plasma coatings based on the titanium dioxide-aluminum
oxide-nickel-chromium-aluminum-yttrium-tantalum powder composition have increased tem-
perature and impact resistance, ductility, structure homogeneity, and minimal total porosity in
comparison with the titanium dioxide-oxide powder system. aluminum [12]. The main feature
of nickel-chromium-aluminum-yttrium-tantalum powder material is the ability to plastically
relax stresses during deposition. The reason for their occurrence is an inconsistent change in
the volumes during heating and cooling of the ceramic coating and the materials of the sprayed
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base of the part. As a result of high-temperature oxidation during operation, the plasticity of the
metal base of the product deteriorates significantly, while the layer of ceramic formed during
deposition is permeable to gases, so it is necessary to add a material with impact strength and
high heat-resistance characteristics to ceramics.

2. Study of the structure and properties of plasma-sprayed ceramic powder coat-
ings under optimal conditions

Figure 1 shows the appearance of the Al203-TiO2-NiCrAlYTa coating applied by
plasma spraying. It can be seen from the figure that the coating has a good density and no
surface defects such as cracks are visible. AI203-TiO2 ceramic aggregates are bound to each
other, and some of the large-sized ceramic particles are embedded in the molten NiCrAlYTa
coatings. Such microstructural characteristics are associated with the mobility of molten liquid-
phase NiCrAlYTa components, which can fill the gaps and cracks that occur during the plasma
deposition of an oxide coating and improve the coating density. Figure 2 shows the microstruc-
tures of composite coatings NiCrAlYTa / A1203-TiO2-NiCrAlYTa wt.% Analysis of the mi-
crostructures shows that the AI203-TiO2 ceramic phase looks dark gray, while the NiCrAlYTa
phase looks light gray. It can be seen from the microstructure that the composite coatings are
dense and uniform, pores can be observed, while the quality of the intercontact contacts is good
for all coatings. It can also be seen that NiCrAlYTa is present in the coatings in the form of thin
plates. As shown in Figure 2, particle structures are the result of remelted or non-melted feed-
stock particles. Lamellar microstructures indicate that the sprayed droplets have not yet solidi-
fied before impact, impacting the substrate or previously deposited layers at high speed. The
degree of particle melting largely determines the porosity, microhardness, and subsequent prop-
erties of the coating. It is noticeable that a mutually displaced structural grid is present at the
substrate-coating boundary.

Figure 1. Images of the surface areas of the  Figure 2. Microstructure of the cross-section
formed wear-resistant coating from Al203- of the deposited composite coatings
TiO2-NiCrAlYTa powder material (x1000) NiCrAlYTa / Al203-TiO2 (x500)

Figure 2 shows the microstructures of composite coatings NiCrAlYTa / Al203-TiO2-
NiCrAlYTa wt.% Analysis of the microstructures shows that the AI203-TiO2 ceramic phase
looks dark gray, while the NiCrAlYTa phase looks light gray. It can be seen from the micro-
structure that the composite coatings are dense and uniform, pores can be observed, while the
quality of the intercontact contacts is good for all coatings. It can also be seen that NiCrAlYTa
Is present in the coatings in the form of thin plates. As shown in Figure 2, particle structures are
the result of remelted or non-melted feedstock particles. Lamellar microstructures indicate that
the sprayed droplets have not yet solidified before impact, impacting the substrate or previously
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deposited layers at high speed. The degree of particle melting largely determines the porosity,
microhardness, and subsequent properties of the coating. It is noticeable that a mutually dis-
placed structural network is present at the substrate-coating boundary.
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Figure 3. X-ray pattern of the coating: a- NiCrAlYTa-Al>03-TiO2; b NiCrAlY; c- Al,O3-TiO>

It can be seen from the obtained AI203-TiO2-NiCrAlY Ta structure that the thickness
of the formed coating layer is approximately 50 pm. Its elemental analysis confirmed the pres-
ence of aluminum, oxygen, yttrium, tantalum, nickel in it with a uniform distribution along the
entire thickness of the layer of these. For comparison, Figure 3b shows the X-ray diffraction
patterns of the NiCrAlY powders and the plasma-sprayed NiCrAlY coating. It can be seen from
the figure that NiCrAlY contains mainly homogeneous Ni crystals and the composite phase
Ni2.9Cr0.7Al0.36; after plasma deposition, a new crystalline phase is not formed, and the in-
tensity of the diffraction peak of all crystalline phases increases significantly, which indicates
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that that, as the sputtering process continues, the crystallinity of the NiCrAlY powders increases
somewhat due to the high-temperature melting effects. Table 2 shows the calculated contents
of homogeneous Ni and Ni2.9Cr0.7Al0.36 crystals in the NiCrAlY phase. This shows that the
Ni2.9Cr0.7Al0.36 composite phase occupies most of the system. After plasma spraying, the
content of the homogeneous Ni crystalline phase decreases, while the content of
Ni2.9Cr0.7Al0.36 increases, indicating that the spraying process is favorable for the crystallin-
ity of the internal elements in the system. The conclusion is consistent with the intensity trend
of the diffraction peak. The elemental composition of the resulting two-layer composite plasma
coatings based on Al203 and TiO2 oxides was studied using the energy-dispersive X-ray spec-
tral microanalysis. The obtained elemental composition of the formed protective coatings is
given in Table 3. Using the obtained spectra of characteristic X-rays, when recorded on layers
with a thickness of about 1-2 um, a detailed analysis of the obtained elemental composition
was carried out from the surface. The upper layer of the formed wear-resistant coating contains
approximately 67.2% oxygen atomic fractions and 32.0% aluminum atomic fractions, which
exceeds the stoichiometry of aluminum oxide. The resulting coating in the form of TiO2 - tita-
nium oxide contains an excess fraction of atoms and about 0.6% atomic fractions of titanium,
due to the presence of impurities in the source material of the powder in the surface layer, there
are 0.2% atomic fractions of silicon. Figure 4 shows the resulting structure of the surface layer
of the plasma coating on a transverse section. It can be seen from the given data that in the
initial state, the near-surface layer of the formed coating is characterized by a large number of
defects - pores, splits, microcracks, propagating in different directions deep into and along the
surface.

Table 1. The content of phases in the NiCrAlY- Al,O3-TiO> coating after plasma spraying

Phase - . .
components a-AlbO3 | y-Al203 | rutile TiO2 | anatase (TiO2) | Cri,12Ni2gsAloss
Components, % 30,4 6,6 154 32,2 15,4
Table 2. Content of phases in NiCrAlY powder and coating
Components Ni, % conten Ni2,0Cro,7Alo,35, % conten
NiCrAlY powder 14,37 83,21
NiCrAlY coating 11,42 87,53
Table 3. Formed elemental composition in the initial state (obtained coating)
Percent Concentration
Elements Present - - - - - -
in weight fractions in atomic fractions
aluminum 43,7 32,0
titanium 1,4 0,6
silicon 0,4 0,2
oxygen 54,5 67,2
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Figure 4. The resulting structure of the surface layer of the plasma coating (transverse sec-

tion)
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Figure 5. Characteristics of sprayed wear-resistant coatings: a - hardness; b - porousness; ¢ -
adhesion strength; g - wear resistance (1-70 % Al2O3-TiO2— 30 % Ni-Cr-Al-Y-Ta; 2 — 60 %
Al203-TiO2— 40 % Ni-Cr-Al-Y-Ta; 3-50 % Al0s-TiO2 - 50% Ni-Cr-Al-Y-Ta; 4-40 % Al,Os-
TiO2— 60 % Ni-Cr-Al-Y-Ta; 5-30 % Al203-TiO2— 70 % Ni-Cr-Al-Y-Ta)
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Figure 6. Dependence of hardness (HRC) on the distance from the surface to the cut of the
plasma torch nozzle during spraying, mm for powders NiCrAllTa-Al,O3-TiO2 (1 — 70 %
Al;03-TiO2 - 30 % Ni-Cr-Al-Y-Ta; 2 — 60 % Al>03-TiO2— 40 % Ni-Cr-Al-Y-Ta; 3 —-50 %
Al,03-TiO2— 50 % Ni-Cr-Al-Y-Ta; fraction 40...63 pm, I=500 A, Rn=45 I/min, Rpor=4.5
kg/h)
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Figure 7. Dependence of porosity (%) on the distance from the surface to the cut of the
plasma torch nozzle during spraying, mm for powders NiCrAllTa-Al,O3-TiO2 (1 — 70 %
Al;03-TiO2— 30 % Ni-Cr-Al-Y-Ta; 2 — 60 % Al203-TiO2— 40 % Ni-Cr-Al-Y-Ta; 3 —50 %
Al>03-TiO2— 50 % Ni-Cr-Al-Y-Ta; fraction 40...63 um, I=500 A, Rn=45 I/min, Rpor=4.5
kg/h)
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Figure 8. Dependence of the adhesion strength (%) on the distance from the surface to the cut
of the plasma torch nozzle during spraying, mm for powders NiCrAllTa-Al20s-TiO2 (1 —
70 % Al203-TiO2 - 30% Ni-Cr-Al-Y-Ta; 2 — 60 % Al,03-TiO2— 40 % Ni-Cr-Al-Y-Ta; 3 —
50 % Al203-TiO2— 50 % Ni-Cr-Al-Y-Ta; fraction 40...63 um, [=500 A, Rn=45 I/min,
Rpor=4.5 kg/h)

The phase composition of plasma coatings based on powders of aluminum and titanium
oxides was studied using X-ray diffraction analysis on a diffractometer. The depth of the layer
under consideration, depending on the applied diffraction angle, was on the order of 10-50 pum.
The main phases in the coating after plasma spraying are alumina a-Al203 and the orthorhom-
bic phase of titanium oxide TiO2, as shown in the X-ray diffraction pattern shown in Figure 3c.
The influence of the spraying distance on the performance characteristics of plasma wear-re-
sistant coatings obtained at optimal spraying conditions are shown in Figures 5, and the values
of performance characteristics are shown in Figure 6-8.

3. Conclusion

The structures and properties of AI203-TiO2-NiCrAlY Ta plasma-sprayed powder coat-
ings deposited under optimal conditions are studied. The coating has a good density, a minimum
number of surface defects such as pores and cracks. AI203-TiO2 ceramic aggregates are bound
to each other, and some of the large-sized ceramic particles are embedded in the molten
NiCrAlYTa coatings. Such microstructural characteristics are associated with the mobility of
molten liquid-phase NiCrAlYTa components, which can fill the gaps and cracks that occur
during the plasma deposition of an oxide coating and improve the coating density. The interface
is not well defined, indicating that during the high temperature deposition process, the ceramic
constituents of the coating are melted into an organic whole with the metallic constituent at the
interface, and that the elements of the two constituents diffuse and penetrate each other, there
are no obvious boundaries between layered structures. In addition to chemical and mechanical
bonds, there are some metallurgical bonds. At the specified values of technological parameters,
a microheterogeneous structure of the sprayed coating is formed, containing elements that en-
sure its wear resistance (Cr1.12Ni2.88, a-A1203, y-Al203, orthorhombic phase of titanium ox-
ide TiO2). In this case, the spreading of molten particles on the substrate is achieved, there is
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no spattering and no loss during collision with the substrate. The main crystalline phases in the
coating system are y-Al203, anatase (Ti02), Cr1.12Ni2.88 phase, in addition to a-Al203 and
rutile TiO2. Rutile TiO2 diffraction peaks are found around 26=32° and 26=70°, its content
increases after sputtering, which indicates that the transition from the anatase phase to the rutile
TiO2 phase occurs at high temperature. According to the results of quantitative analysis, the
content of a-Al203 and rutile TiO2 is 30.4% and 32.2%, respectively; they constitute the main
phase structures of high-temperature ceramic coatings. The influence of the plasma spraying
distance on the adhesion strength, hardness and porosity of the obtained coatings has been stud-
ied. At optimal conditions, the performance characteristics are as follows: hardness - 52-56
HRC; porosity - 7-9%; coating wear (friction with lubrication) - 4.1-4.6 microns; adhesion
strength - 52-57 MPa.
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