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NbsMacb A Telal-ceraTk coTpoabe large! lor Tagnelron spuiienng was labncalea lor !be Aral
nTe byaroboiic coTplex lor !be aelonaiion apraytg o! coaiings e*n”ppea wbb a Tulll -cbatber
aelonalton acceleralor. A T1x!nre o! telal anaceratk NeCr/B4C powaers was aprayea onlo 'be
copper base o! !be cylnancal cotpoaHe large! calboae. Tbe slllay o! Ibe slincllire o! a Telal-ceraTk
coTpoabe coaring large! natg scanntg eleclron Tkroacopy abouwea !ba! !be coanng talenalis
aense wHbown!yxaMe pores; !be eletendal coTposllon eyenly axarxbu™eaT 4be Taderlal. Tbe 3d4unay
0! 4be ca®boae apu™erxng area aller aepo3allion in 4be OC Toae abouea 4ba4 4bere are UnTorT 4races
o! annular eros:on on 4be 4arged surlace. Tbe obl atea ca”boae 4arged wkib an NeCr-70B4C coadlng was
naea 40 aepoaH 4be bl1B-Cr7C3 coadlng on Va4 apecxTens o! 65C adeel naTg e u”pten” lor Tagnedron
apudderlng NbI1COAT 200. The coadlng was appWea in 4ide Olrec4 Currend Toae. A aense bl1B-Cr7C3
coadlng wbb a ~blckneas o! 2 u T was ob4alnea. The bl1B-Cr7C3 coaling bas a “na8”n-atorpboun8
adrucdure. Tbe Tkroamumcll res ana concendradlon o! oxygen ana carbon xTpurlll es 4brongbon4 4be
endlre "blckneas o! 4be coang were xnyea“xaa”ea by Teana o! ManaTxaston elecdron T 1Croacopy.
Tbe reanbs o! 4be 3dnay sbow 4bad 4be coadln8s baye a nanocryakllne Tnldl-pbase adrucdure. The
TXcrobaraneas o! 4be bl1B-Cr7C3 coadlng reacbea 10 CPa, ana 4be aabes:on !racllire 1oaa exceeaea
16 N. Tbe reanbs wlll open np new proapeck !or 4be lurdber elaboradlon o! 4ecbnoloay !or ob4arning,
orlalnal cotpoake ca™boaes !or Tagnedron apudderlng nata aedonadlon apray:ng o! coadlnga.

Keywora3s: borlaes; M173; Tlcrosdrucdure; Tagnedron apuitennyg; Tnldl-cbatber ae4onadlon aeylce

1. 1n'roaunciion

Owue 'o 'be aeyelopTten! o! !be aeroapace, anloToiiye, cbetlcal ana eleclncalinama-
1rles, 'be re”n”retenl8 lor !be properiies o! lunciional ana prolecilye coalings are TcreasaTy,.
s1na”es abow !ba! Tulii-coTponenl coanngs oblalnea by 8ynlbe8”8 !roT acoTblnaiion o!
Taler*al8 wbb ableren! eleten'al cotpoall ons baye nn**ne luncinonal properites [1]. To
creale blgb-leTperalure coalinga, U
Telals, wblcb baye a blgb Teliing poln!ana cbetlcal reara™ance, excellen! baraness, ana
Ibertal ana eleclrlcal conbucyHy o! a Telalll c nalure [2-9]. TbeTa T Te*bob3 o! oblaln-

aaylaable lo nae borraes ana carblaes o! relraclory

ing aucb coannpgs are 'be Te”*boas o! Tagnel!lron apuiterrng o! Tosarc Tulll -cotponen!
cabobes, or 8"tnllaneon8 8puiier*np o! seyeral ca”bobes 8"Tnllaneoun8ly.

Thbe blab baraneas ana br~iilene88 o! !be raw Ttaler™al8 naea !or !'be Tanu'lac!ure o!
Tnlb-cotponenllargels NTba !be po88"b~1LUe8 o! nalng casbnpg lecbnoloa”e8, bo! presanre
lrealtenl, cnllng, elc. 1n!bese cases, powber lecbnolog™e8 are nanally naseb. 1! po88~ble
lo nae, lor 'be Tanun'aclure o! "an8e”8, seb-propagaing blab-letperalure sylllbears (5H5)
1in powTer T1x1lurea, in cotblnabon wWb Ibe pre88”n§ o! a bo! porous proTuc! [10- 14]. Tbe

bHp8://www.tap”.cot/Jon*nal/nanota™eal8
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5H5 lecbnoloay 'orTa large tlernal 3iiesses o! !lbe bralklna 1t !be proawnuc!, wblcb anae
anring bo! presatpn ana subse®uen! cooing, wblcb NTN3 N3 nae lor 'be Tanu'aclure o!
largel!s. Tbe 5H5 Te!lbob MTiheb T WaeleTenl!al coTpoall on whben creaing cotplex
coTpoalld ot atce !be 5H5 reacl!lon poaarble only 7 trxWres wWb snllaen!!berTal
release [15]. Tbe UTkaHona Tberen! T !be 5H5 Te!bob exclube !be posarblLTy ol obl aTTpg
cyWnancal calbobea !roT ceratka or certels. :n aaa:lion, anve !o !be presence o! belec!s
on !be aurlace o! !lbe aTrérea powaer calboae 7 !be nortal operalion o!!be calboae-arc
plaata source wilb a Miler,probleta ate wilb !be 3"blli*y 0! !be blacbarge. The crealion o!
To3akK calbobes wilb ceratlc 13erk exlretely bbonowns !o tanulaclure T coTtpaTton
WWb 'be proposea !lecbnoloay. Tbe known approacbes Tono!take 1! posallle!o oblar
cyiTarkaicallobea !roT ceratka orcertvel.

1n !bl3 ariicle, !be po3aMby o! tanulac!nring a 'arge! lor 'be pby8~cal bepoallon
o! coangs !roT !be yapor pbase (tagnelron spuiienng) w T4 !'be aelonalion apray
coaing (O3C) process [16- 18] was rnyeanpga™a. To mllill !bese !aska, a robol!lc coTplex
lor belonaiion aprayTtg o! coainga (blblMasbln bbC, Moscow, Kwara) e*n~ppea wbb a
Tull -cbaTtber belonalton acceleralor (MC35) wa3s neVelopen [18].

Thbe acope o! appbcalion o! belonalton "cbnokAakK3s MTkeb TaTly by !be creaion
o! prolec!rye coalings on !be aurlace o! “u”ckly worn proauc!s. Tbe an'bors ala no! inb
any publkalions on 'be nse o! gas-'bertal belonaiion !lecbnologles v !be liebl o! Tanu-
laclunnpg Telai-ceratic coTpoake largels lor tagnelron sapuiienng. 1n connecon wib
'be aboVe, !be purpoae o! lblawork !o sbow !be eitieciiyeness o! belonaion lecbnoloay
ana relalea aeV”~ces lor oblalnlng orlglnal cotpoake cybnarlcal calboaes lor Tagnelron
spudennpg wilb aceratk orcerTte! aurlace layers, w 74 !beexatple o!NeCr + B4C powber
coTpoallon. TheseTaknak prcryble an oppor!ut!y lo creale coTpoake coalings wkb a
un~~une cotpoalll on anb cbaracknalica w T4 a tagnel'ron.

2. Malerlals anit Melbol18
2.1. Potwiier PtepataHon

ToiTpieTen! !be belonaion coa!lng 'lecbnoloay, a powaer coTpoalll on was naeb:
AP-NoeCrl17514B4 powber (PObEMA |5C, Tula, Kwsla) (70Ne-17Cr, Tpunines 4.3Pe-4.15k
3.6B-1.0C, allTt w! pc!) anb B4C P600 PEPA powber (¥Yakbaky Abras"Ve Plan!|5C, Kuss”"a)
(78B-20C, xTpurll es 0.2B203-0.28"-0.2Pe-1.0N-0.2C !ree). Tbe Torpboloay o! !'be inilia:
powbera, accorblng lo scann™ng eleclron t~croscopy (5EM, TEsCAN M1KA 3 bMW, Brno-
Koboun!loV~ce, Crecb Kepubbc), asbown :n Plgure la,b.

Tbe Tl al powaers were Tlxea mnaralto o!30w!% o!NeCr ana 70 w!% o! B4sC (ae-
nol'eb aa NeCr-70B4C) :n 'be Turbula tixer lor 1 b (Plgure 1c). Tbe par!kle 3ize a”s!lr*bu!~on
was Teasnreb by !be laser scallerng te!bob maing a parlicie 312e analyrer (Analyaelle 22
NanoTec P1lus, Pnkcb CTbH, laar-Obersle®n, Certany) (Plaure 1ii). Tbe powber coTposl-
1on was arlea i1n an eleclrlc OVena! 200 + 5 °C lor 60 711n !o rebuce agalorerallon anb
ebtlnale !be po88~b™1tly o! s!*ck™ng buring !be belonalion apray coaling proceas.
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Maoure 1. MorpPokay anc pariicle sire o! 4ke TWal poccer8 anc °Jnelr ccawposlllons. Poccer
Torpkolo81le8: /1IP-NeCrl17814b64 (a), BaC (b) anc! 4laelr coTpoalll on alier rTxTa (c). Pariicle sire
cUBrriburion oP NeCr-70B4C powcer coTposllon (A).

2.2. Mell1-Ceratk CoTposHe Targe! PrepataHon

Copper cal:boce 4ar8el:o! ern”ptenl: lor Tayt e”tuan 8puiienng PNaJICOAT 200 (MPP
"Elan-prakiik", Orerrbl Tk, Kusgsia) T Mrelort olHe nM-i#”" cyltcncallargel (1001 T
X 57T, 0 71 17) ca8 Talie. A polccler NeCr-7064C c-a8 8prayec on 1log 8urlace o!
cadkocle lar§eP8 by a robolic coTpk x [Mor cOe”onaiioT 3prayTa ofltoanng8 (1nCelMa8bin bbC,
Mo8cocc Kussia) e*n”ppeC cMb a Tulii-ciiatber ceonaioru acceleralor (M Chb5) [16-18].
Tle roboiic coTplex cca8 Tanukcll rec by 1nl;elMCa8bin bbC (Kussia) !or Belgoroc 84ade
TAclnnolog;lecll i tyew Py ¥Y.C. 3Kowukiioy (Belporoc, Kuss:ia).

M C35 proybleB mw!loTT rTx1a o! Piie TIx1;ul*o! Tkro-pacCere, co8T18§ anc penollc
8upply o! polcccer co8eo 10 ™Mae norrk. Al Piie 8aTe iiTe, Pilie mTlorT cl8lribuiion o!
TKro-poccere alon§ 11e norrC3 cro88-8e;ciion 1s pre8eryec, n3eii 84raiiicaion 1s exclucec.
Tle MCO3 n8e8 an oxy8en-bnPane-ba8ec cotbw bl e niixlWre, cHcH !'ort8 tocerale
leTperalure8 o! cotbu8Mon procinc48 (up> 1o 2000 °C), c bl C exclncle o-yeriiea™rng o! TKro -
pocrcer8. M-Her * § 1 8peecl oP pPecoTbuw non procucO- 18 eTurec by plaelraccutnlaiion
'roT He cyiincerical anc Ketl8pliencal cHaTbeT anc 1le !lortation o! a blaii pre88ure
regton (up (o 35alr.) beloreellenng llnenorrk. A raplclTtcrea8e 7 1le pre88ure o! lite
coTbwion procncO ancc a large pre88ure crop !ort8 3iiock \yaye8 1 Mrg norrk anc a
rapbl oul:lloWo o! " coTbw hon procOuc™3s Cp> Po 16100 nT/8). PreW Ttary iM)eciion o! a
co8e o!aTlxlure o! Tkro-poccere Pllo 1le nozrie en8ure8 1lelr Kealing anc acceleraion
mp 1o 1000 1/8. Healec Tlcro-poccer8 are pre88ec al blgii 8peec onlo 1be PargeP 8urlace,
ereaing a cen8e coaing Nel4dl a mnllort C8PMbuPMon o! cbeTkal eleTen4d8. TW1s ceylce
can u8e 1co ortore ceyke8 !or cosing§ anc enlerln§ a tlxlure o! tlcro-poccer8, cblci
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increases 148 Aex1lbll4y ank Take8 14possible 40 creade a 4arged Neldk a w o3ak coang 4row
any Tlx4ure od pow Kere.

TKe Tulll -ckaTber kKedonadion Keyke ank cntuladlye 4ecknolopgy are Nelkely n8ek t
TKWA4ry 4o ok4at ken8e coadTta8 Neldk blak akKesiye ank cokesiye properiies [18-25]. Thl3
4ecknolofy ka8 a kupae podendlal 4or 4ke prokucdton o4 tedal-ceraTtk cotpo8lde 4arged8
4roT a T1x4unre o4 Tkro-poNe ker8 kue 40 4ke !lolloNeTn akyandapne8: 4ke abl4y 40 3pray
alto34 any powker cotpo8l4on8, bl Ak kKepo8l4ion elll ckncy 04 4ke coadtn np 40 90%), 4ke
po881lbllldy 04 8prayTpa large area8 a4 a reladlyely 1oNe co84 o4 4ke proce88, kllleren4laiion T
4K1lckne88 ank sire 04 4ke coadlnp. 1418 po88lble 40 8uppre88 4ke 8earepadton ank oxbladon
04 4ke coadTp Taderlal by condrollng 4xke atound o4 oxypgen 7 4kKe 4nel 11x4ure ank 4ke
lortadton odareknmcrpg adto8pkere kmnnpg 4ke coadrtp proce88.

Bedore kepo81l4ton 04 4ke coadTph, 4ke 8urdace o4 4ke 4arged48 Nea8 keprea8ek ank 8ank-
bla84ek. Tke paraTteder8 04 4ke N Cr-70B4C coadlng 8pray are N84ek 1 Table 1. Tke 84unky
04 4ke 84rucdure ank k184nbudon o4 eletend8 1 4kKe coadlnpg Tadenal Nea8 caTek oud by
8canTtnpg elecd4ron tlcro8copy (8EM, TESBCAbBI M1K/ 3 bMW, Brno-Kokoun4oylce, Creck
KepubWc).

Table 1. Parateder8 04 NeCr-70B4C coa4tp Kepo8l4ion by a robo4k cotplex 4or kedonadton 8prayTy,

04 coadtp8.
Barrel Barrel Oeposllon Powker Plow Kade o4 Pvel Mlixdure
benpdb, OlaTteder, 0154ance, Peek Kade, Cotponen4s, 1 3/b
TT TT TT a/b Oxygaen Propane nir
* 187/ *41/ * 94/
500 16 60 700
** 190 ** 41 ** 82

* CyltkncaldorT coTbumaiion ckatber. ** Cotbualon ckatber T 1ke 4orT o! a Jlak.

2.3. Bonie-Carblle CoaHng PTepataHon

Tke ob4aTek cyknkncal cadkoke 4arged Neldk NeCr-70B4C coadlnpg Nea8 n8ek 4o kepo8l4
4ke MB-CryCs coa4Tpa on Mad8peaTew o! 65C 84eel (Ee-0.65C-0.2051-0.90Mn-0.04P-0.048-
0.20Cwn, allt Nedpcd) w T4 e*un”ptend lor Tagnedron 8punddenng MM COAT 200.

Belore kepo8l4ion o! 4ke coadlnp, 4ke 8urlace8 o! 4ke 8Mb84rade8 Neere Kepgrea8ek ank
cleanek Neldk argon ton8 lor 10 71n a4 a pre88ure o! 8 x 10-2 Pa ank a yol4age a4 an ton
8ource o! 2.2 KY. 1n 4ke proce88 o!!lorTT1pa a coadlngon a 84eel 8ub84rade, 4Neo 4arped8 Noere
W ek a8 4ke 8prayek Taderlal, a 84ankark carbon 4arged Neldk a pundy o! 99.99% ank a copper
4arped Neldk a Tedal-ceraTk coTpo8l4e coadtn o! NeCr-70B4C.

Tke Mepo8l4ion o! 4ke NeB-Cr7C3coadtpg Nea8 catek oud w Tp exdernal carbon 4arged
Neldk an exce88 o! carbon 4orekuce 4ke oxygen cond4endT 4kecoadtn. Tkeb TkTAh ol oxynen
T CO ank 148retoyal kunnpg 4ke kepo8l4iton o! 4ke coadtn 771T112e 4Ke oxypen condend 1
4ke Winal coadTp.

Tke coadTpn Nea8 kepo8l4ek T 4ke Okecd Currend Toke (OC). Parateder8 o! kepo8l4ion
proce88 are glyen 1 Table 2.

To 84uky 4ke pka8e coTpo8l4ion o! 4ke NeB-Cr7C3coadlna8 w 14 an AKIA 9900 8ene8
X-ray Auore8cence 8pec4roTteder (Tkerto Eisker 8aen4liic, Ba8el, & T4rerlank), coad4Tan8
Neere appkek on !re8kly cleayek nla88.

Tke 8peclten8 Neldk NeCr-70B4C ank NeB-Cr7Cs coadlna8 Neere 4ran8yer8ally cu4,
Teckanlcally poi8kek ank preparek by 84ankark Tedallograpklc Te4dkok8—8eciioTna,
Tonn4Tta ank poA8klng—!or 8aTple preparadlon. Tke 8aTple Nea8 preparek by arinking
Noldk blC 8ankpaper8 Neldk yarlomn8 8peaiicadton8 (200, 500, 800 ank 1000#), 'ol1oNeek by
poi8king Neldk 1-1T klaTonk 81urry accorklng 4o 4ke procekure recoTTenkek by 54ruer8
coTpany l!or ceratlc coadlna8. Tke 8peaten8 Neere cleanek Noldk k184Llek Neader ank Krlek
24100 °C lor 3 k.
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Table 2. Parameters of deposition of the NiB-Cr;Cs coating on a 65G steel substrate using UNICOAT
200.

Parameters Meaning
Leaking 0.06 cm?3 /min
Operating pressure 0.17 Pa
Working gas Ar (99.999% purity)
Total argon flow in the chamber 78 sccm *
Current/Voltage
NiCr-B4C 2A/506V
Target
Carbon 0.8 A/489V
Frequency 18 kHz
Cathode material Carbonlzggg;%{;s purity)
Bias 1A/40V
Magnetron-sample distance 70 mm
Deposition time 50 min

* sccm—standard cubic centimeters per minute.

The coating structures were analyzed by scanning electron microscopy (SEM, TESCAN
MIRA 3 LMU, Brno-Kohoutovice, Czech Republic) and transmission electron microscopy
(TEM).

Bright-field transmission electron microscopy (BF-TEM) images, high angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) images and energy-
dispersive X-ray (EDX) spectra and maps were taken on an aberration-corrected Titan
Themis Z microscope equipped with a Super-X detection system and operated at 200 kV.

To study the coating structures and concentration of oxygen and nitrogen impurities
across the thickness of the coating, a sample of steel 65G with an NiCr-70B4C coating 1 pm
thick was made. Thin foils for TEM studies were prepared from 3-mm disks, ground to a
thickness of about 0.05 mm and electropolished from one side in an electrolyte.

The coating hardness was measured by the method of “instrumental indentation” (ISO
14577-1) using a Dynamic Ultra Micro Hardness Tester Shimadzu DUH-211S at 21.86 mN
indenter load. The hardness of the coating was determined on three experimental samples,
six tests on each. The maximum depth of penetration of the indenter into the coating was
0.25 pm.

To determine the adhesion/cohesive strength, scratch resistance and the coatings
destruction mechanism, the REVETEST scratch tester of CSM Instruments with a diamond
spherical Rockwell C indenter with a radius of 200 um was used. In all tests, the load
increased linearly from 0.9 to 40 N at a scratch rate of 5.5 mm/min. The length of the
scratch was 9 mm. The moment of adhesion or cohesive destruction of the coating was
recorded visually after testing (using an inverted optical microscope OLYMPUS GX51
equipped with a digital camera), as well as based on changes in acoustic emission and
friction coefficient. The minimum (critical) load L., which led to the destruction of the
coating, was determined.

7

3. Results

The surface of the 30NiCr-70B4C coating of a target for magnetron sputtering was
examined by scanning electron microscopy (SEM). It was shown that the surface was
obtained as a result of the melting and spreading of NiCr metal powder particles. B4C
powder particles have a melting point of 2350 °C, which is significantly higher than that of
NiCr metal powder (1080 °C). The B4C powder particles caused no damage and showed
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4race8 o! Telll ng ank Neere k18ikbudek all oyer sue surlace o! 4ke coadtpn (Elpgure 2). Tke
endlre surlace kKak a UNKorT slyer-gray color, nu4iiond y18lble kelec48 ancl pores.

Tke analy818 o! 4ke Kissanbuiion o! 4ke eleten48 o! 4ke niix4ure o! ponkers (13,C, M,
Cr, 81) on 4Ce surlace ank T alceyolwuTe o! 4ke NoCr-70B4C coaiing Neas 84mnklek by EOX
8pec4ro8copy (Elgure8 2 ank 3). Analy818 n! 4ke surlace ank cro88-8ec4ton o! alne NeCr-70B4C
coaiing (Elanre8 2 rTk 3) sio\yek 417 presence o! ponker Tlx4unre eleten48 (B, CI, Ne, Cr,
81) bodk on 4ke surlace ank T 12eyoluTte o! Ckecoang. TKis cONArrw 4ke JOOK rTXTh
o! 4ke coTponen48 oll4ke ponker niixlre T 4ieproce88 o! prepanng 4ke niixdure ank
1N 4Ke process 0! Kesonalioz sprayTa o! 4ke coaiing. "Tke eleTen4al coTposilon o! Tke
cro88-8eciional eminace ol a Tedal-ceratlc coTpo8 ke 4arged Taccorkance Elpure 3 1s
8konn T Table 3.

Tke coaling 2kkkne88 1s 100-150 u T. Tke coalinagka8 a latella-4ype 84ruciinre 4y;]slcal
lor pa8-4kertal coalinga niik Tciwow o! boron carblke par4kle8.

Tke 4arped taderlal (Cwu) 18 pre8end 17 a 8tall atound on 4ke 8urlace o! 4ke coaling
bl1Cr-70B4C. Tkis 18 Kue 40 4ke lacd 4kad copper 13 a lon-teliing Tadenal, ank a8 a re8ul4 o!
4ke brakTtn ol ponker pardkle8 on 4ke 8urlace o! 4ke copper 4arged,14na8 teldek, Kispersek
ank eTbekkek T 4kKe coannp Ttaderlal.

Plgure 2. 8EM EC)X eleTen4 k184nbuiion Tap» o! Mae 8urpace o! NeCr-70B4C coaiing; on 4ke 4arge4
8urlace.
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Mawnre 3. 5EM EC)X eleTtenl Misinbuiion Tap o! 1Ke cro88-8eciion o! BT r-70B4CY coang on 1Ke largel

8urlace.

Table 3. CKeTkal coTposilon o! lite cro88-8eciion o! NeCr-70B4C coaling on liie 6arge! 8urlace

(Plpure 3).

Eleten4 Cotposllon, w4%
PoT4

B C N1 Cr 81 Cu
1 75.49 23.73 0.34 0.08 0.13 -
2 - 7.90 72.96 10.88 4.04 -
3 54.68 20.05 15.14 2.59 0.82 2.64
4 - 8.23 57.53 20.52 2.99 6.30

TKe 5EM 1Tapge o! 1Ke eroaton area (Plaure 4) cleas*ly iieton81lrale8 1Kal boron carbliie
pariicle8 are 8prayeit 81tnll:aneon8ly syellh 1Ke Telal Talilix. EP)X 8pec4ro8copy analy818 o!
1Ke Misi:nbuiion o! 1IKeTt a7 eletenl8 (B, C, N1, Cr, 51) oyer 1Ke 8urlace o! 1Ke largel coaing,
aller iieposilon, coniirT8 1IKemnkorTky o! 8puitenng o! allcoTponen18.
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Maoure 4. 5EM EOX eletenl iiisinbuiion Tap o! 1lite 8urlace o! NeCr-70B4C coaling on 1Ke largel
8nrlace alicer iieposilon o! MB-C~C3 coaiing,.

1n Mae proce88 o! Tagneiion 8puiienna, 1Kepla8Tta o! Mae Tagneiic iiiscHarge burns
8lealiMly wMKoul pukaion. 3praytg o! a Tebl -ceratk cotpo8Ue largel 'or 60 T T
lort8 1lrace8 o! annunlar ero8ton on 1Ke 8urlace o! 1Ke largel. TKe sire o! 1Ke ero8ton 1s
mnllort o Ve 1Ke eniire 8urlace o! 1Ke tebl -cerarTc coTpo8We ihargein 8To0lK, lien8e
anii coninuow NeB-Cr7C3coaiing wWK a 1slclck color witK a green Mnlon 1Ke 8urlace o!
a 65C~ 8leel BubbGiielie wa8 olalclinecl by Tagneiicon lfieposillon w T4 *Ke obl aTeit largel:
wiK a coaiing o! NMCry"0T3: C. Ne B-Cr7Cs coaiing; Ka8 a Miickne88 o! 2 u T (Planre 5a). TKe
coaiing Talenal Ka8 a nanocrysblHne 8iincii;re, anii alllne lale 8lage8 o! arowlK, ac*n”~"e8 a
lexlureir pac|l;o-cry8lcilUnllyrw nK a sire o! 100-150 n 1 (Pigure 5b).

TKe re8nll8 o! sy T4 1Ke siruciire o! 1Ke NeB-Cr7C3 coaiing (Plgure 5i) 8Koweii
1italae coaiing Ka8 a manocry8lalline polypKa8e 8!ruclure. TKe iien8er pKa8e (ifiark area8)
reacKe8 asire o! 10 nT.

TKe iiilracloprat (Plgure 5¢) 8Kow811la! 1IKeNe B-Cr7Cs coaing Ka8 a c[nasi-aT orpKou8
sinciire. TKe nlllraciion panern ol 1Ke NeB-Cr7C3 coaing 8Kow8 broaO peak8 belween 10°
anii 30° anii a broalier peak arounii 45°. TKe pre8ence o! broai paeak8 Tciical:e8 only 8Kolla
range oriionng or pre8ence oflcry8laliNl:e8 8taller 1Kan ~2 n T 7 aKe coannpg [26,27].
A8 8Kown TPlaure 5c, 1Ke ob8eryeii lealure8 1 eKre )°-ray iillraciion panern8 can be
arinbunleii lo iilllerenl: boniie (NeB) anit oc3itaxce (Cr7C 3) pKa8e8 1Kal camn coexisiT cKe
iepo8Meii coaiing8. TKe bleniiiicaiion o! 1ite pKasos pre8enlo 1Ke coaling; 1s iiiiicuii 81ce
8elceral nanocryabl Mne pKa8e8 can coexisi:wiiK a c[na8l-clU'tO1l'plion8 Talnx, whicK pkTiie8
aillonal peak broaretrng [28].
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pi8ure 5. NeB-Cr7C3 coaling on 4be Burlace o! a 65(3 84eel Bubslak: sEM mapge o!4be Iraclure (a),
ank 4be suinace (b), X-ray pbase analy818 (c), ank TEM iTage (k).

Thbe coTposilon o:! 4be re8uliing yacuut coaiing bl!lers 'roT Mae Tadenal o! 4be
ca4boke8 anck 4becoTpo81on o” 4be 84ariing Tareklen4s.

Tbe 30NeCr-70B4C coannpg o! a 4arged °or tagnedron apudlenng conate np 40 15 n4%
o! oxypen. Tke keposllon o! 4be N'UMB-C~C3 coaiing; nas cawrriek omd nbb an excess o!
carbon. Tbe bl nkTa o! oxygaen T CO ank 14 retoyal kunng 4be kepo8l4ion o! 4be coa4dTy
TTW Tr *cldbe oxygen condendT 4be Mnal coaiing 4o 1e8adban 2 w4% (Table 4, s EM).

Table 4. CbeTkal coTpo8liion o! 4be NeB-Cl7Cs coanng,.

13 Cc O Al 81 Ca Cr Ee N1

11.89 8.64 1.09 0.16 3.52 0.22 12.50 3.39 58.60

THe atound4 oriTpuniies, bodH Tedallk ank ga8eomn8, 1s crillcal iior Ne B-C~C3 coad-
TA3 [2-5,7,8]. 1n4b18 nork, 4ie analy818 o” carbon ank oxygen xTpuniies T 4iie NeB-CAC3
coainpa8 cam8ek by 4iie n8e o- kedonaion ponker Bpraytg 4ecbnoaogy na8 catek ound.

Elgure 6 8boNe8 Mae area o! 4be cro88-8eciion o! 4iie coaling;, 'roT nblcb 4iie energy-
cMspersiYe analy818 o! 4be concendranon o! oxygen ank carbon na8 catek ou4d neTph
TEM -TKiocopy Tedbok8 along 4be 4blckne88, !ro T 4be 8ub84rade 40 4be 8urlace. Tbe
ayerage concendraon o! oxygen 7 4be coaiing reacbe8 5 a4. %.
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(b)

Mpowure 6. Cro88-8eclional TEM 1Ta8e o! bI3-CnyC3 coal!T§ (a))anc! BOX 8pec!rut tchcabnpg !be
concen!ralton o! oxyaen anc! carbon along rec! anc! green Vnes (1().

Mcan be Been !ba! Ibe concen!ralion olToxy8en anC carbon :ncreases !froT Te "8ub8lrele-
wainp" bounCary 1o !'be anrCace o! lbe coabng (Kaure 6). T\yo BpViceB T oxypgen leyek are
also E]-xecl on !'be 8pec!rut. The MM8!Tcrea8eT oxygen concenlralion (coaiing !blckne88
~250 nT) 18 clne lo 'be re8lcmnal pre8ence o! oxypgen on !be 8urlace o! lbe 8ub8l!rale belore
coaHng.

Tbe 8econc Tcrea8e T oxypen concenlralion (coabng !'blckne88 -1150 nT) 18 parbally
cue 1o 'be passiyaiton o! Tlae 8urlace o! !be con!lng. ]"e8lclmal na8e8 T lbe yacuut cbatber
can be 8ource8 o! acclletcal oxyaen aloT8 ako.

Ba8ec on Mre 8lucle8caTtec ou!, Mcanbe ccneclwCecl 'ba! e re8ulllng yacuunt coaHng
18 a botogeneow cerTte! cotposile consis!Ta o! an alloy o! telal8 (NeCr), cbroTtw T
carbble, nlckel borlce anc an T szgnlcan!atomn! o! Telal ox1cC”8.

Tbe To8!nTyer8al cbaraclen8!lc o! !be Tecbanlcal properiie8 o! coaiinpg8 18 TKro-
barclne88. Tbe nucrobarcne88 o! Tinecoanng a! an Tcen'alton loac o! 21.86 Tbl 13 no! 1e88
'ban 10 CPa. Naure 7 8bo\Y8 !be loac-cl8plaeeTten! curye o!!be 8peaten cepo8llec \ybb
'lbe MB-Cr/C3 coaiing.
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pi18ure 7. boacl-c88placeten! curye o! 8peaten ieposlec! wb MB-C~C3 coaling.

The seconC iTporlan! cbaraclen8c o! lbe TecbaTcal propellies o! coalina8 1s !belr
a(Cbesiye 8lreng!b.1n Mis paper, lor M8 iieiiTiion, !be Teleoc! o! 8cralch le8Mna:ya8 weC.
Manre 8 pre8en!8 !be sPur:anC enC poT!8 o! :1le 8cralcb arooye !ortec! on Pste 8urlace o!
lbe coaling a! a proaressiye loacl range !rot 0.9 :0 40 N. Tbe coaiing 3ya8 no! clelatraiing
coTplelely up !'o a proaressiye loacl o! 16 N6, anii !1ke !laliure o! !be coaiing Nea8 lomnc!
T Ibe pla8icitelorTtalion lortal. The Neear T !be coaling area8 1s 8Too!b anii NeWb no
well-iielineit cleayane8, whbich 18 lypkal lor pla8iic abra8ion (Kaure 8). Mben 8cralcbei,
lbe coaiin88 becoTe Neornm ou! bu!co no! peel o!!, wblcb 18 eyblence !ba! !be cobe8ton
TecbanisT relaleii lo pla8iic iielortalion anii laligue laclure T l!be coaling Talenadlis
ltpleTenlenn [29].

P18ure 8. 1Tane8 o! 8cralcb grooye !orteii on !lae 8urlace o! 'lbe MB-CpC3 coanng: 8lar! poT! (a)
ancencpoTt! (b).

4. Concln8lon8

1n Mw 8larcly® a roboiic cotplex lor ifielonalion 8prayTa o! coaitng8 e*n”ppecl \ybb a
Tubl-cbatbeo clelonallo]n acceleoalor \ya8 applilecl lor iieposiion <!l lbe Ne C r-70B4C coaling
on !be copper ourlace8 o! a cylniincal coTposile large! calloite Oor Tagnelron 8pullenng.
Tbe T a1 re8ull8 can be su TTan2ein a8 balornre:

- copper calboiie 'large! o! e*u”pten! lor Tagnel!ron 8pwul!lenng 7 !me lorTt o»l lbe
rolaltg cyWniincal 'large( (100 x 571, 0 71 77) yraa Tacle;

- No Cr-70B4C coaiving (!blckne88 -100-150 u 7)\ybbou! penelrainng cracka \ya8 oblalnecl
on !'be 8urlace o! Ibe cybniincal large! callaoiie 1ay a iielonaiion 8pullenng coTplex;

- No Cr-7064C coaiing ba8 a latella-lype 8lruclure;

- aucllyrigi8 o! 'be 8urMace anc! cro88-8eciion o! !be NeCr-70B4C coaling 8/oweii 'be pre8-
ence o! ponycler niixiicre eleten!8 (B, <, No, Cr, 81) bo!b on !'be 3urlace anii u! !be
yoluTte o!!be coaling;
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- cylTtkncal 4arpge4 cadkoke nink NeCr-70B4C coainpg Nea8 m8ek 40 obdaln a 8T004K,
ken8e ank con4lnuon8 Ne B-Cr7Cs coaing on 4ke 8urlace o! a 65C 84eel 8ub84rade by
Tagne4ron keposilon;

- NeB-Cr7C3coaiing Nek a 4blckne88 0! 2 1 T ank a “na8”-aTo”pkoun8 84rucdure na8
ob4artexk,;

- 40 84nky 4be coainp 84rucdure8 ank concendraiion o! oxyaen ank niirogen :Tpunies
acro88 4ke 4blckne88 o! 4be coainpg, a 8atple o! 84eel65C nitk a NeCr-70B4C coaing
lut 4kkKk na8 take;

- 4Ke ayerafe concendradton o! oxyaen T 4ke coa4dTtp reacke8 5 ad. %,;

- 4ke Tlcrokarkne88 o! 4ke coaling a4 an Tkendaon kep4k o! 0.25 u 1 (12.5% o! 4ke
coannp 4blckne88) ank a4 an Tken4anon loak o! 21.86 TN 15 no41e88 4kan 10 CPa;

- 4ke akKes10M rac4ure loak exceek8 16 N niik pla8ic ank unlorT nadure o! near.

Tke Tedkok8 ank 4ecknolonle8 pre8endek T 4kl8 paper lorob4aTT§ onpgTtal coTtpo8l4e
cynkncal cadkoke8 lor Tagnedron 8puddennag niik ceraTk or certe4 8urlace layer8 take
14po881lble 40 8yn4be8lire a coTpo8l4e nano84rucdnrek coaling /1 bl a prekedertlnek pba8e
coTposilon ank ckarac4en8Mc8.

Nudbor Conbl'buHons: Concep4unall2aiion, ¥.8.; kada curaiion, 8.2. ank O.P.; lortal analy818, M.ii.
ank A.8.; Tye8Wpaiion, M.K., 8.2. ank M.I.; Te4dbokology, O.P., M.ii. ank M.K.; nniing—onpaTal
kral4, ¥.8. ank M.K. All andbor8 baye reak ank agreek 4o 4be publ8bek yereton o! 4be Tannu8cnp4.

Punkrta: Tkie re8earcb na8 !mnkek by 4be Kussian 8cknce Eonnkadton, nnker gran4 No 21-19-00536.
The 84nkle8 nere caTek oudon 4be e”n”ptend o! 4be Cendre lor M ab Tecknoloak8 o! BSTU n8tp
a nn™ue 8ckniic T84allainon No. 3552744, 4be |oT4 Ke8earcb Cender o! Belporok 84ade Naional
Ke8earcb OTyer814y «Tecknolofy ank Madenal8» ank Akyancek 1tagtg Core Eacll4y o! 8koldecb
(Mo8con).

Oada JlyalablMHy 84a4eTenii The kada pre8endek T 4bll8 84nky are ayanable on ~e”ne84 !roT1 4be
corre8ponkTy andbor.

Ncknowlekatend5: The andbor8 noulk WMke 4o 4bank Yun Tyunn (E.O. Padon Elecdnc LelkTp
1n8414mnde, N A8”) lor bl8 belp!nl akiice on yanou8 4ecknkalissves exaTTeK T 4bl8 paper, ank Oleg
Kol8nicbenko (E.O. Padon Elecdnc Ll elkTa 1n8M4nde, N A8~) lor bl8 akyke ank coTTen48.

Conl1c45 oP 1nderesii The andbor8 keclare no conllcd o! T4ere84.

KePerences

1. Ko871718ka, ¥.0,; Kornyn8bcbenko, C.8.; Cannycb, Y.Y.; Perekre84oy, ¥.1. Eabnca4kn ank pby8lcal proper4k8 o! coa4dta8 belonartg
4o LU, Ta, H!, T1, Mo, Cr, Alank C ba8ek Tuliicotponen4 8y84eT18. ]. éupetkatii Maler. 2020, 42, 388-395. [Cro88Ke!]

2. 8beu, H.H.; Treng, ¥.C.; 8yu, |.H. 84uky o! 4be 84renadbetng TecbaT8T 0! elecdrokepo8ldek Ne-B 4bin N1T8 T4 b nldra-lon boron
condend. Maler. bel. 2019, 238, 275-277. [Cro88Ke!]

3. YWz, K.AA,; Cenel, K.; Culrer, T. Ellec4 o! elec4role88 No-B ank Ne-LLUIB coadtn8 on 4be corro8ton-ladlane bebaytor o! 7075 Al alloy.
1nl. ]. Palgme 2021,144,106040. [Cro88Ke{]

4. Kilryukban48ey-Korneey, P.Y.; 8y4cbenko, A.3.; Cor8bkoy, Y.A.; Moatoy, P.A.; 8beyeyko, A.N.;*rb kTa, AY.; Meya8boy, E.A.
CoTtplex 84mky o! prodecdlye Cr3C2-NeAl coadtn8 kepo8ldek by yacumnt elecdro-8park alloyta, pul8ek cadbokk arc eyaporadton,
Taane4ron 8pnddenng, ank bybnk 4ecbnoloagy. Cerart. 1nl. 2022, 48,10921-10931. [Cro88Ke!]

5. 2bang, Y. 2bang, 8.; He, ¥.; i, H.; He, T.; Ean, ¥.; 2bang, H. Mecbankal properiie8 ank corrosion re8l84ance o! pul8e elec4roke-
po8l4ek M -B/B4C coTpo8l4e coainna8. ént/. Coa!. Tecknol. 2021, 421,127458. [Cro88Ke!]

6. Wu, H.; 8bang |.; Aa, X.; bl, ¥,; bl, E; bl, |.; Noe, ¥. Ero8ton ank corro8ton bebaytor o! 8bronkek pla8ta 8prayek Cr3Cz-NeCr
coannpg. ént/. Coal. Tecknol. 2020, 388,125534. [Cro88Ke!]

7. Wanga, Y.W,; 8un, X.W.; Wang, b.; Yang, ¥.; Ken, X.X.; Ma, ¥.0.; Oong, ¥.C. Mkro84ruc4ure ank proper41e8 o! CI'B2-Cl'sC2 cotpo814e
coannp8 preparek by pla8ta spray:ng. ént/. Coa!. Tecknol. 2021, 425,127693. [Cro88Ke!]

8. Kwurtar, 0.0.; Kutar, N.; Kalal8elyar, 8.; Kakblka, K.; Kabel, A.M.; Jayayel, K. Trlbo-Tecbanlcal proper4le8 o! reacdlye Tagne4ron
8pudderek 4ran8lilon Tedal carblke coaiing8. Trbol 1nl. 2017,114, 234-244. [Cro88Ke!]

9. 2bao, O.; Aang, X.; Wang, ¥.; Onan, W.; Wang, b. M1cro84rucdure eyoludion, near ank corrosion re8184ance o! CrC nanocotpo8l4e
coaling8 in 8eanader. Appl. ént/. écr. 2018, 457, 914-924. [Cro88Ke!]

10. Klryunkban48ey-Korneey, P.Y.; 8beyeyko, A.N.; Yoro4Mo, 8.A.; beya8boy, E.A. LLear-re8184an4 T"-A1-N"-C-N coa4lna8 prokucek by

Tagnedron 8pudderlng o! 8H8-4arpne48 in 4be OC ank H1IP1IM8 Toke8. Cerat. 1n!. 2020, 46,1775-1783. [Cro88Ke!]


http://doi.org/10.3103/S1063457620060040
http://doi.org/10.1016/j.matlet.2018.12.034
http://doi.org/10.1016/j.ijfatigue.2020.106040
http://doi.org/10.1016/j.ceramint.2021.12.311
http://doi.org/10.1016/j.surfcoat.2021.127458
http://doi.org/10.1016/j.surfcoat.2020.125534
http://doi.org/10.1016/j.surfcoat.2021.127693
http://doi.org/10.1016/j.triboint.2017.04.031
http://doi.org/10.1016/j.apsusc.2018.06.248
http://doi.org/10.1016/j.ceramint.2019.09.152

'blcToTaberuinz 2022,12,3584 13 0! 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kkyukifankey-Korneey, B.Y.; Kupkoy, K.A.; 8beyelko, A.bl.; Beya8ioy, E.A.; 8blan8ky, O.Y. LLlear-resis!lan! TEA1-81-Cbl coaiing8
proiincec by Tagneion 8puiienng o! 8H8 large!8. Kuss. ]. Mon-Perr. Me!. 2013, 54, 330-335. [Cro88Ke!]
HOrymnkbankey-Korneey, P.Y.; 8beyeyko, A.bl.; Kupkoy, K.A.; bloylkoy, A.Y.; 8blan8ky, O.Y. TECr-Bbl coaiina8 prepareii by pukei
calbocK-arc eyaporaiion o! ceratK T1Crb large! proinceT by 8H8. Prol. Mel. PHy3. CHeT. éut/. 2013, 49, 677-681. [Cro88Kel]
lOrynkbankey-Korneey, P.Y.; Okynk, 1.Y.;BbyTiiTa, bl.Y.; beya8loy, E.A.; 8blan8ky, O.Y. Cowparaiiye Tye8/paaiion o! 8i-uclure,
TecbanKalproperiie8, anc oxWalion resislance o! Mo-81-6 anc Mo-A1-8kb coaiing8. Corros. éc!. 2017,123, 319-327. [Cro88Ke!]
lOryukbankey-Korneey, P.Y. Pul8ec Magne!ron 8pu!lenng o! CeraTK 8H8 Targek a8 a ProTisT 4 Tecbn™ue lor Oeposion o!
Mwulitluncitonal Coaling8. Prol. Mel. PHy3. CHet. éut/. 2020, 56, 343-357. [Cro88Kel]

Ya8ylKy, Y.Y.; Bucbawnoy, A.A.; Ke8Melnyak, E.bl.; 8ii-e1'wkkl], Y.E.; Tolwacbeya, C.bl.; PAby!koy, C.A.; Cur8klkb, A.Y.; Knnkcyn,
M.C. AppHcaiion o! powber calbobe8 lor Ti-s1-bl coaiina8 ceposilon IroT !be Willereii yacuut-arc pla8ra. 1nl ]. éut/. écl. Enga.
2015,13,148-163. (1n Kussian)

KoW8tcbenko, O.Y.; Tyunn, ¥Y.bl.; Toybln, K. ELLUckncy o! proce88 o! coaiing 8prayta vsing Tulll ciiatber celonanon unk. Palon
LLleLll. . 2017,10,18-23. [Cro88Kel]

Tyunn, Y.bl.; PobrebTtak, O.0. Melboii anc Oeyke lor Oelonaiion 1T Oeposillon. MA Palen! 83831, 26 Anaun8! 2008. (In
OkraMan).

Koyaleya, M.; 81rola, ¥.; Concbaroy, |.; bloylkoy, Y.; Yaprynkey, M.; Yaata, O.; Paylenko, |; Tynnn, ¥.; Mogucbeya, A. Oneiic8
Tye8Mpaiion o! Ibe lorTaiion o!a gas-resislan! n1a88-lortty layer cunng !be oxMaiion o! 2 rB2-Mos12-Y203-A1coaiina8 T !be
ak alTo8pbere. CoaHna3 2021,11,1018. [Cro88Ke!]

Enco, T.; Obaya8bl, K.; Talil1, T.; O Tura, K.; Moroba8bl, ¥.; [ol12ak1, T.; M1runan, 8. Tbertal 8pray u8tg a bl gb-ii*nency pulse
celonaon cotbun8lor operalec 7 !be 1"n"C-pw-ge Toce. ]. THert. épray TecHno!. 2016, 25, 494-508. [Cro88Ke!]

Mang, O.; 8un, O.; 2bang, M.X.; Neu, X |.; Tang, C.B.; Mang, K.8.; "Mang, 6. Tbe Tinence o! colc anB lielonalion !berwal8praytg
proce88e8 on !be w Kro8lruclure anc properiied o! Al-ba8ec cowpo8ke coaina8 on Mpa alloy. ént/. Coab. TecHno!. 2018, 352, 627-633.
[Cro88Ke!]

Marka8oya, 6.1.; Tynnn, ¥Y.bl.; KoH8Tcbenko, O.Y.; BeriiTkoya, E.bl.; Kn8nareya, O.8.; Poloyekky, E.Y.; Tbkoy, E.P. Bllec! o!
8!ruclure on properiie8 o! A1203 anc Al (or Ti) Teciianlcal T1x!ure coaiina8 proilinceit by Tnulii-cbatber celonailion spraying
Te!boc. Pabon Lelll ]. 2017, 9, 27-32. [Cro88Ke!]

Koyaleya, M.; Prororoya, M.; Ar8eenko, M.; Tyunn, Y.; Ko8nlcbenko, O.; Yapryn(8ey, M.; 81rola, ¥. 21rcon-ba8ec ceratlc coaiing8
lortTec by anew Tnll-cbatber gas-cynartaic acceleralor. CoaHngs 2017, 7,142. [Cro88Ke!]

Koyaleya, M.; Concbaroy, I.; bloylkoy, Y.; Yaprynkey, M.; Yaglna, O.; Paylenko, |.; 81rola, ¥.; Tyurln, ¥.; Kol8nK benko, O. E!lec!
ol beallrealTen! on !be Tlcro8!ruclure anc pba8e coTposilon o! 2 rB2-M 0s12 coaiing. CoaHnas 2019, 9, 779. [Cro88Ke!]
Yasillk, bl.; Tyurrn, ¥.; KoH8nK benko, O. Meiiiioii lor Ca8-Oynatlc Oelonaiing 8peeiinp o! Powiier8 anit OeyKe lor 118 ITpleTen-
lalion. KN Palen! 2,506,341,11 |uly 2012.

Koyaleya, M.; Tyurln, ¥.; YasilK, bl.; Kol18nicitenko, O.; Prororoya, M.; Ar8eenko, M.; Oanslhna, E. Oeposi/lon anc Cbaracleriza-
non o! A1203 Coaiing8 by Mulit-cbatber Ca8-cynatk Acceleralor. éut/. Coab. TecHno!. 2013, 232, 719-725. [Cro88Ke!]

3T0ya, Y. Ylcek, |.; 2urlakoya, 8.; Houska, |.; 8ben, ¥.; fang, |.; Peiina, ¥. Magne!ron 8puiiereB H!-B-81-C-bl I/i1w8 wkb con'rollec
elec!ncal conbuclyky ani opiical !ran8parency, anii wbb nllrablgb oxlcaiion resislance. THT €oHit PHT3 2018, 653, 333-340.
[Cro88Ke!]

Cbang, C.b.; Huang, C.8.; |ao, |.Y. Micro8!ruclural, Tecbatcal anc wear properiie8 o! Cr-Al1-B-bl coaiing8 cepo8Mec by OC
reaciiye tagne!ron co-8puiiering. éut/. Coab. TecHno!. 2011, 205, 2730-2737. [Cro88Ke!]

Oebnaroya, 8.; 8oucek, P.; Bursikoya, ¥.; Han8, M.; Holrap'el, O.M.; Mrar, 8.; Ya3lna, P. Pba8e lorwaion, !berwal 8labll!'y anii
TecihanKal properiie8 o! blb-BC coaitng8 preparec by coTblnalorlal Tagne!ron 8pu!lerlng. ént/. Coa!. TecHno!. 2022, 433,128137.
[Cro88Ke!]

swyrnoya, K.Y.; Poagrebn]ak, A.O.; Bere8ney, ¥.M.; Bboycbenko, 8.Y.; borba-Poarebn]ak, 8.0.; Manokbln, A.8.; KWwenko, 8.A_;
2bollybekoy, B.; Kupcbl8bln, A.l.; Kraycbenko, ¥.0.; e! al. M1cro8!ruclure anc piiy8Kal-tTecbankal properiie8 o! (T1A181Y)bl
nano8iuclurec coaling8 nncer cleren! energy concllon8. Mel. Maler. 1nl. 2018, 24,1024-1035. [Cro88Ke!]


http://doi.org/10.3103/S106782121304007X
http://doi.org/10.1134/S2070205113060075
http://doi.org/10.1016/j.corsci.2017.04.023
http://doi.org/10.1134/S2070205120020124
http://doi.org/10.15407/tpwj2017.10.03
http://doi.org/10.3390/coatings11091018
http://doi.org/10.1007/s11666-015-0354-8
http://doi.org/10.1016/j.surfcoat.2018.08.045
http://doi.org/10.15407/tpwj2017.09.05
http://doi.org/10.3390/coatings7090142
http://doi.org/10.3390/coatings9120779
http://doi.org/10.1016/j.surfcoat.2013.06.086
http://doi.org/10.1016/j.tsf.2018.03.064
http://doi.org/10.1016/j.surfcoat.2010.10.023
http://doi.org/10.1016/j.surfcoat.2022.128137
http://doi.org/10.1007/s12540-018-0110-y

