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7 inperciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TekcTu craTeil MaloTh Ta-
KOXK MICTUTY! Ha3BY CTATTi, CIIUCOK aBTOPiB, IIOBHi HA3BH Ta IOIITOBI a/IPeCH yCTaHOB, B AKX BOHY IIPAITIOIOTD,
aHoraniro crarri (200—-250 ciiB), 5—7 KIIOYOBUX CJIB ABOMAa MOBaMU (aHIVIICHKOIO Ta YKPATHCHKOI0), & 3aro-
JIOBKY TabJINIb 1 MigIHUCH [0 PUCYHKIB MAIOTh MOAABATUCS AK MOBOIO PYKOIINCY, TAK i AHIUIIICHKOI0 MOBOIO;
aHTJIOMOBHA aHOTAIliA MOXKe OyTH IIPEeCTABJIEHOIO B OLIbIIT posropuyToMy BapisuTi (1o 500 ciis). Hassa crarri,
i aHOTAIlifA Ta KIIIOYOBI CJIOBA MAIOTh HE MiCTUTHU CKJIALHI (DOPMY.IM, MAaTeMaTUYHi BUPA3!U YU IOBHAYEHHA.

7. EnexTpoHHi Bepcil pucyHKiB MaoTh 6yTH IpeACTaBIeHUMY ¥ BUTVIAAL okpeMux (daiiiis (y popmarax
TIF, EPS, JPG, PNG 3 pospiskaerusm y 300—600 dpi) 3 HasBamu, 1[0 CKJIAAAIOTHCS 3 IPi3BUINA MIEPIIIOro
aBTOpa (JAaTHHHUIIEIO) Ta HOMepa pPUCyHKa, Hanpukiazn, Hotovchenko_fig2a.jpg. HomarkoBo puCYHKHU
HaJAThCA y hopMari mporpaMu, B IKiff BOHU CTBOPIOBAJIVICA.

8. Hammcn Ha pucyHKax (0cO6G/IMBO Ha ITiBTOHOBUX ) CJIiJ| 10 MOKJIMBOCTI 3aMiHUTH JIi TEPHUMY IO3HAYEHHIMU
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BiacTuBocTi TPHM00EIEKTPUUHOTO HIAPY 3 BTIIEHUMH
cpepoimaIbHUMH METAJIeBUMH HAHOYACTHHKAMU

A.B. Koporya™", B. II. Kyp6amnskuii', P. JO. Kopoaskos®, I'. B. Mopos”

‘Hauyionanvruil ynisepcumem «3anopizvka noaimexuixa»,
8yJ. YHigepcumemcvka, 64,
69011 3anopixcicsa, Ykpaina
“Tnemumym memanogisuru im. I'. B. Kypdromosa HAH Ykpainu,
6ynve. Axademira Beprnadcvrozo, 36,
03142 Kuies, Ykpaina

B MuHyJi KinbKa POKiB OyJIO €KCIIEPMMEHTAJIbHO BCTAHOBJIEHO (haKT IIiBU-
meHHA e(heKTUBHOCTU POOOTH TPUOOEJIEKTPUYHUX I'eHepaTopiB 3a 30yAKeHHA
y BTiJIeHMX B aKTUBHUMU IIap TeHepaTopa MeTaJeBUX HAaHOCTPYKTypax abo Ha-
HOYACTUHKAX IIOBEePXHEBUX IJIABMOHHUX pedoHaHCiB. IIpumunHOI0 Takoro mo-
JIOITeHHA eKCIIyaTallifHUuX XapaKTePUCTUK TPHUOOEJEKTPUUYHUX I'€HepaTo-
piB, Ha HAIly AYMKY, € 30i/IbIIIeHHA TYCTUHY 3apAAY Ha KOHTAKTYIOUUX IIOBeE-
PXHAX TPUOOEJEKTPUUHUX IIapiB BHACJIIOK MOJSAPU3aIlil y IPUIOBEPXHEBIH
aKTHUBHIiM 06J1acTi 3i 30y AKeHUMU IIJIa3MOHAMY TiJ BIIMBOM TIOJIA TPUOOETIeK-
TPUYHUX 3apaaiB. B 1iit po6oTi mpoBeIeHo JOCIiI:KeHHA BJIaCTUBOCTEH TPubO-
eJIEKTPUUYHUX IIapiB, AKi ABISIOTHL CO00I0 KOMIIOBUTHE CEePeIOBHUIIE TIOJIigu-
metuiacuinokcan (PDMS)—wmeraneBi HaHouacTuuku. Ilepenbavaerses, 110 yac-
TUHKN MaioTh GOPMY BUTATHYTUX ab0 CIJIIOCHEHUX chepoifiB, PO3MOgiIeHl ¥
TPHUOOEJEKTPUYHOMY Iapi HEBIOPAZKOBAHO U ONMPOMiHIOIOTHCA IPUPOTHIM
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550 A.B.KOPOTVH, B.II. KYPBAIIbKUH, P. 0. KOPOJILKOB, I'. B. MOPO3

cBiTsioM. OCKiIBKY IpoIiec reHepyBalHsA IIJIa3MOHIB Y YUACTUHKAX-BTiJIeHHAX €
YaCTOTHO-3aJE€KHUM, IJIA AOCJIiIKeHHsS BILJINBY IIJIa3MOHHOI'O PEe30HAHCY Ha
XapaKTePUCTUKNU TPUOOEJEKTPUYHOTO IIapy MU CKOPUCTAJNCA UYaCTOTHO-
BaUIEKHOIO HieJeKTPUYHOI (yHKIico. B pamkax Maxcsesa-IapHeTToOBOro
MoJeJII0 1A eheKTHBHOTO cepefoBuina Ta Makcsest-I apHeTTOBOrO MOZEIIO 3
PO3MipHOIO KOPEKIli€l0 BUKOHAHO PO3PaXYHKH e(eKTHUBHOI dieJeKTPUUYHOI
byHKII TPHUOOEJIEKTPUUHOrO IIapy, I'YCTHUHU MIOJAPU3AI[iAHOT0 3apaay Ha
ioro moBepxHi Ta (aKTopa AKOCTH TpubOoeaeKTpuuHOro mMarepisny (FOM) i
TIPOBEJIEHO MTOPiBHAHHS PEe3yJbTATiB 3 METOIO OI[iHKY 3HAYMMOCTHU PO3MipHOIL
KopekItii. [ociigsxeHo i1 0OGTOBOPEHO BILIUB €KCIIEHTPUCUTETY, MaTepiany i
06'€MHOI'0 BMiCTy YaCTUHOK-BTLJIEHDb HA AifiICHY ¥ YABHY YacTUHU e()eKTUBHOI
mieqeKTpuuHOI (PYHKIiI, BiZHOCHY IIOBEepXHEBY T'YyCTHHY IOJAPUIAIIAHOTO
3apany Ta GakTop AKOCTU. BUABIEHO, IIT0 MATEPiAJ BTiIeHNX HAHOYACTHUHOK
Ta IXHil 00'€MHMH BMiCT iCTOTHO BILIMBAIOTL HA XapPaKTEPUCTUKU TPHUOOEJIEK-
TPUYHOTO I1apy. [loBeseHo, 110 BTiJIeHHA y TPUOOEIEKTPUUHMI IIIap BUTATHY-
TuX chepoifalbHNX YACTUHOK IIPUBOAUTH A0 OiJbIIOI ITOBEPXHEBOI I'YyCTHUHU
TPUOOEJEKTPUYHOTO 3apAxy Ta Oinbimoro 3uHaueHHsa FOM y mopiBHaHHI 31
CILTIOCHEeHUMU chepoigamu.

KarouoBi cmoBa: TpuboeseKTpuUHMI HAHOTeHEePaTOp, chepoigaibHa MeTaaeBa
HAHOYACTUHKA, epeKTHUBHA HieJeKTpuuHa (PYHKIIid, MOJIApU3aliiuuil 3apa,
(haKTOp IKOCTH TPUOOELIEKTPUYHOTO MaTEPiAIy.

In recent years, it is experimentally established that the efficiency of tribo-
electric generators increases, when surface-plasmon resonances are excited
in metallic nanostructures or nanoparticles embedded into the active layer of
the generator. We believe, this improved performance of triboelectric gen-
erators is explained by an increase in charge density on the contacting sur-
faces of the triboelectric layers due to polarization in the near-surface active
region with excited plasmons under the influence of the triboelectric-charge
field. In this paper, we investigate the properties of triboelectric layers being
the polydimethylsiloxane (PDMS)-metallic nanoparticles’ composite me-
dium. The particles are assumed prolate or oblate spheroids randomly dis-
tributed within the triboelectric layer and irradiated with natural light.
Since the process of plasmon generation in the inclusion particles is fre-
quency-dependent, we use a frequency-dependent dielectric function to study
the influence of plasmon resonance on the characteristics of the triboelectric
layer. Within the Maxwell Garnett model for an effective medium and the
same with a size correction, the effective dielectric function of the triboelec-
tric layer, the polarization-charge density on its surface, and the figure-of-
merit (FOM) of the triboelectric material are calculated and a comparison of
the results is carried out to assess the significance of the size correction. The
influence of the eccentricity, material, and volume fraction of the inclusion
particles on the real and imaginary parts of the effective dielectric function,
the relative polarization-charge surface density, and FOM are investigated
and discussed. As found, the material of the embedded nanoparticles and
their volume fraction influence significantly the characteristics of the tribo-
electric layer. As demonstrated, the embedding of prolate spheroidal parti-
cles into the triboelectric layer leads to a higher triboelectric-charge surface
density and a higher FOM value compared to oblate spheroids.
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Key words: triboelectric nanogenerator, spheroidal metal nanoparticle, ef-
fective dielectric function, polarization charge, figure-of-merit of the tribo-
electric material.

(Ompumano 4 mpaeus 2026 p.; ocmamouH. apiaum — 15 mpasrns 2026 p.)

1. BCTYII

CTpiMKHil pO3BUTOK HOPTATUBHUX €JIEKTPOHHUX TEXHOJIOTIH YIPOLOBK
OCTaHHIX POKiB 3HAYHO IIiABUIIMB BUMOTH OO CHCTEM eHeprosabdesiie-
YeHHsS MaJjorabapuTHUX HIPHUCTPOiB. o TaKmMX HPUCTPOIB HaJIeKAThb
cMmapTdoHU, CMApPT-TOAUHHUKIM, 0€3IPOTOBL CEHCOPHI MOy i, MeTuuHi
iMmianTaTty i iHOIL eTeMeHTH cydacHOI enekTpoHikm [1]. BimbmricTs 3
HUX (PYHKITIOHYe Ha OCHOBi TpaguIiHUX aKyMyJSTOpiB a6o GaTapeii,
AKi MaoThL 00MeKeHu pecypc poOdoTH, IOTPeOYyIOTh PeryIsapHol migsa-
panKu abo 3aMiHM Ta CTBOPIOIOTH MeBHI €KOJIOTiuHiI mpolbieMu Imig uac
yTuaisamii. ¥ 3B 3Ky 3 UM 0COOJMBOI aKTYaJIbLHOCTH HAOYBAIOTH TEX-
HOJIOTii aBTOHOMHOTO eHepro3abesnedyeHts, AKi 0a3y0ThCsa Ha IIEPETBO-
PEeHHi eHeprii HABKOJUIITHLOTO cepeqoBUIla B eJeKTpuuHy. Taki TexHO-
Jorii m1aioTh 3MOT'Y CTBOPIOBATHU IIPUCTPOI, 3MaTHI PYHKIIIOHYBATH TPU-
BaJImii yac 0e3 i AKJII0UeHHA A0 30BHIIIHIX A:Kepest eHeprii [2].

Cepen HalImepCIeKTUBHIININX HANPSIMIB oAep:KaHHS eHeprii 3 mo-
BKLJIJIA BUALIAIOTE TEXHOJIOTI MeXaHidyHOIr'o, TEIJOBOI'0 Ta CBiTJIOBOTO
€HEeProKUBJICHHS. ¥ IILOMY KOHTEKCTI aKTHUBHO JOCJIIMKYIOTHCA I €30-
enexkrpuuHi reaeparopu (PEG), repmoenekTpuuHi reaeparopu (TEG) Ta
rpuboenexkTpruni manoremeparopu (TENG). IT'esoenexkTpuuni remepa-
TOPU BUKOPUCTOBYIOTHL BJIACTUBICTH MeAKUX MaTepidAJiB r'eHepyBaTu
eJIeKTPUYHUN 3apsan mig giero mexariunoi gedopmarrii. TepmoensexTpu-
YHi I'eHepaTOpPU HIPAIIOI0Th HA OCHOBi 3e€0eK0BOTO e(heKTy, AKUI IIOJI-
rae y BUHUKHEHHI eJJeKTPUYHOI HaIlpyru BHACJHIIJOK BiIMiHHOCTU TeM-
nepatyp. OcobauBuii inTepec BUKJIMKAIOTL TPUOOEIEKTPUUHI HaHOI'e-
HepaTopu, OCKiJIbKM BOHU 3IaTHiI e(peKTUBHO IIEPETBOPIOBATH HUBBKO-
YaCTOTHI MexaHiuHi KOJIMBAHHSA, IITNPOKO IIPUCYTHI Y HABKOJIUIITHHBOMY
CepesoBUIli, V eIeKTpuuHy eHepriio. TpuboenexkTpuunnuii eeKT I'PyH-
TYEThCS Ha BUHUKHEHHI eJIeKTPUYHUX 3apAMiB Ha ITIOBEPXHi MaTepidIiB
mig yac IXHBOT'O KOHTAKTY Ta MOJAJILIIIOTO pPo3BeaeHHs. Koiu n1Ba mare-
pifgau 3 pisHMMU TPUOOENEKTPUUYHUMMU BJIACTHUBOCTIMU KOHTAKTYIOTH
OJINH 3 ONHUM, BilOyBaeThCs IIEPEPOIMOIia eIEKTPOHIB MiK IXxHiMM TO-
BEePXHAMMU, 110 IIPUBOAUTH A0 BUHUKHEHHS PisKHUIIL MOTeHITiAaiB. BHa-
CIiOK IIOAJBIIIOTO PYyXYy UM MeXaHiuHOl B3a€MOil IIOBEPXOHb MOKE
T'eHepyBaTHUCS eJIEKTPUUYHUI CTPYM Y 30BHIIITHBOMY KoJii. CamMe Ha Iux
OpuUHIINOAX 6a3yeThCcsa podoTa TPpUOOEIeKTPUUYHNX HaHOT eHepaTopiB.

Ognpasy nicas moasu xourmenitii TENG [3] s TexHosoTia npuBepHY-
Ja 3HAUHY yBary JOCHigHUKiB. By/o 3anpomoHoBaHO pisHi KOHCTPYKTH-
BHIi cxeMu Ir'eHepaTopiB i pexumMu iXHBOI poOOTH, cepel TKUX KOHTAKT-
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HO-PO3IiTI0BAaIBbHUN PEXKUM, PEKUM KOB3aHHA IIOBEPXOHDb, OJTHOEJIEKT-
poaHa KoH@irypalia Ta TpuboeIeKTPUUHNI I'eHepaTop Ha OCHOBI Bijb-
Horo miapy [4—9]. Ko:xHa 3 mux Koudiryparliii mae cBoi mepeBaru i 00-
JacTi 3acToCcyBaHHA, III0 YMOMKJINBIIOE BUKopuctoByBatu TENG y 11u-
POKOMY CIIEKTPi CHCTEeM — BijJf CEHCOPHUX IIPUCTPOIB O aBTOHOMHUX
JIKepes :KUBJIEHHS IJIS MiKpPOeJeKTPOHIKH.

OgHUM i3 KJIIOUOBUX IapaMeTpiB, 1110 BU3HaUa€ e(peKTUBHICTL POOOTH
TENG, € moBepxHeBa I'yCTHHA 3apAny Ha TPUOOENEKTPUUHHUX IIapax.
Came BOHA BU3HAYa€ BeJIUUNHY HAIIPYTX Ta I'eHEePOBaHOT0 cTPyMy. Tomy
MigBUINEHHA ITOBEPXHEBOI I'yCTUHHU 3apAAY € OAHielo i3 HaliBaKJIMBi-
mux 3agad mig yac po3podku BucoxoedpexkTuBHux TENG. Ins mboro
BUKOPHUCTOBYIOTHL Pi3HiI MeTOaM, BKJIOUAIOUN MIKPO- Ta HAHOCTPYKTY-
PpYBaHHS IIOBEPXHi, 3aCTOCYBaHHS HOBHUX IIOJIMEpPHUX MaTepisiis, a
TaKOK BTIJIEHHA YaCTMHOK MeTAJIiB a60 HAMBIPOBIAHUKIB B 00 €M TpH-
00eJIeKTPUUHUX ITapiB.

OcraHHi moCHimKeHHA MMOKas3ajlu, II0 BUKOPUCTAHHS IIJIa3MOHHUX
HAHOCTPYKTYpP (MeTaJeBUX HAHOYACTUHOK) MOK€ iCTOTHO IOJIIIIIUTHU
XapaKTEePUCTUKU TPUOOeJeKTPUUHNX I'eHepaTopiB. Ilnasmouni epekT
BUHUKAIOTHh ¥ MeTaJIeBUX HAHOUACTUHKAX ITiJ Ti€l0 eJIeKTPOMAarueTHOTO
BUIIPOMiHEHHS Ta CYHPOBOMKYIOTHCA KOJEKTUBHUMHU KOJUBAHHAMU
eJIEKTPOHIB IIPOBiTHOCTY Ha IXHiM moBepxHi. B pe3ynabTari posnany mo-
BEepXHEBUX IIJIa3MOHIB Bif0OyBa€ThCs T'eHEePYBaHHS BUCOKOEHEPTeTHU-
HUX HOCiiB 3apdAny — TaK 3BaHUX rapauymx ejeKTpoHis. I1li enrekTporn
3IaTHI HaKONMUYYyBaTHCA Y CTPYKTYPi MaTepisaay Ta opMyBaTu AOIAT-
KOBi meuTpu Jokaiaisamii sapany [10, 11], 1o cripuse migBuUIleHHIO T'yC-
TUHU IIOBEPXHEBOTO 3apALY V TPUOOCJIEeKTPUYHUX MaTepidiax.

B po6ori [12] 6y10 3amIpomIoHOBaHO KOHCTPYKITiI0 BUCOKOE(EKTUBHO-
ro TpubOOeJIeKTPUUYHOTO HaHOI'eHepaTopa, CTBOPEHOr0 Ha OCHOBI KOMIIO-
sutHoro Marepiany g-C;N,/MXene—Au. ¥ 1i#i cTpyKTypi MaTepian g-
C;N, Bukonye QyHKIIiI0 (Q)OTOUYTIUBOTO eJIeMeHTa, AKuil 3gaTHuii BOu-
paTu CBiTJIOBe BUIIPOMiHEHHS Ta r'eHepyBaTu Hocii sapAny. B HaHouac-
THHKaX AypyMy 30yIKyeTbCsA IOBEePXHEBUI IJIAa3MOHHUII pes3oHAaHC,
IIT0 CYIPOBOIKYETHCA YTBOPEHHAM rapsuux eJeKTPOHIiB, TOAi AK ABO-
BUMipHUI MaTepiana MXene 3 BICOKOIO eJIeKTPOIPOBimHicTIO 3abesme-
yye e(peKTUBHUM TPAHCIIOPT eJIeKTPOHiB. B pe3yabTari crmocrepiraerbes
dopMyBanHA 3HAUHOI KiIbKOCTH MACTOK 3apAMY, IO IPUBOAUTH I0 Ha-
KOMMMUYeHHA 3apANy Ha MOBEePXHi TpuboeJeKTPUUHOro I1apy. Pesyabra-
TU eKCIIEPUMEHTIB IT0OKa3aJiu, 110 TaKUi IPUCTPil 31aTHUI I'eHEPYBATH
"Hanpyry g0 510 B, ctrpym 6ausbko 80 MA i MakxcuMaabHy IMOTYKHICTD ¥
20 MBT 118 akTUBHOI HOBepxHi 4x4 cMm?.

B immux gocaimsxenuax [10] 6ymo BUKOpUCTAHO HAHOYACTUHKY TUITY
Ag@Si0,. B rakux HaHOYACTHHKAX cpibHe AApPO OTOUeHe TOHKUM Jie-
JEeKTPUUYHUM ItapoM Kpemuedemy. Ilomibma KoH(iryparmia mae smory
3HAUHO 3MEHIITUTH arperaiiio YacTUHOK, a TaAK0K O0OMEeXUTHU BUTIK IIO-
BEePXHEBOTO 3apAIY, III0 € TUIIOBOIO IPO00JeMOIO I MEeTaJeBUX BKJIIO-
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yenb. KpiM Toro, maa3sMoOHHI BJIACTHUBOCTI CPiOHOTO AApa COPUAIOTE JO-
JaTKOBOMY IIOJIMIIIEHHIO BUXiTHIX XapaKTepUCTHUK I'eHepaTopa. 3a OIl-
TUMAJbLHUX YMOB OYJI0 OfepsKaHo IIiKOBY MOTYKHicTh 10 70 MBT, cTpy™m
y 248 MA i rycTury noryskHOocTH y 4,375 MBTr/cM?; BogHOpas BuXinHa
Hampyra nepesuinuiaa 1 xB.

AnbTepHATUBHUN IMiAXiJ A0 MOJIIINIEHHSA eKCILIyaTaIlliiHUX Xapak-
TEPUCTUK TPUOOEJTeKTPUUHUX T'€HepaTOpiB 3alpOIOHOBAHO Yy po6OTi
[11]. B nmbomy mociim:xenui 3acTocoByBaauca audpaxiiiiiui eadekTponu,
3IaTHI 30yI)KyBaTH IIOBEPXHEBi ILIa3MOHU Y METaJeBUX CTPYKTypax.
Posnang Takux miaasMoOHIB CYIIPOBOMIKYETHCA T'eHEPYBAHHAM €JeKTPOH-
HO-TipKOBUX map. B pe3yabTaTi 30iabITyeThHCSa KiTbKicTh HOCIIB 3apAny,
BHACJIJJOK YOro IIiABUINYETHCSA BUXiTHA MHOTYKHICTHL I'eHepaTopa Ta
3MEHIYETLCA MOr0o BHYTPiMmIHINA iMmmemamc. Takmii migxis yMOKJINBUB
oIleps;KaTH IiKOBY IIOTY:KHiCcThL 01u3bKO 3,6 MBT 3a HaBaHTa'KeHHS Y
1 MOw, 110 Bigmosimae npubamnsao 4,5-pazoBomMy 30iIbIIIEHHIO BUXiTHOI
MMOTYKHOCTH I iCTOTHOMY 3MEHIIIeHHIO BHYTPIIIIHHLOTO OIIOPY IPUCTPOIO.

TakuM YMHOM, BUKOPUCTAHHS IJIA3MOHHUX HAHOCTPYKTYP i KOMIIO-
BUTHUX MATEPisdjiB € MepPCIeKTUBHUM HANIPAMOM MiABUINEeHHA e()eKTH-
BHOCTH TPUOOEJIEKTPUUHNX HaHOreHepaTopiB. IloeqHanua TpuboOeIeKT-
puuHUX edeKTiB i3 IIa3MOHHUMY ABUINAMY BiIKPUBAE HOBI MOXKJIUBO-
CTi IJIsT CTBOPEHHS BUCOKOe(heKTHBHUX ABTOHOMHUX IKepesl eHeprii,
3TaTHUX 3a0e3lMeuyBaTH KUBJIEHHS MAaJIOIMOTYKHUX €JIeKTPOHHUX CHC-
TeM i CEHCOPHUX MePeK Y PIBHUX rajys3aX CydacHOl TeXHIiKHU.

BmiuB BTieHUX y TpHUOOEJNEKTPUUHUNN ITap cPepUUIHUX MEeTAaJTEeBUX
HAHOYACTMHOK HA XapaKTePUCTUKU TPUOOEIeKTPUUYHUX I'eHepaTopiB
mocaimxyBaBea B pobori [13]. IIpore, AK Bigomo, Uuepes BTiJeHHA y HOie-
JEeKTPUYHE CEPEOBUINe MOKJIMBA JedopMaliii HaHOYACTHUHOK. Tomy
IOCJIi;KeHHA BILJIMBY MJIa3MOHHUX e()eKTiB y cepoimaibHUX HaHOYAC-
THHKAaX-BKJIOUEHHAX HA BJIACTUBOCTI TpuboedeKTpuuHux mapis TENG
€ aKTyaJbHOIO 3aJlauelo.

2. OIITHYHI BJIACTUBOCTI TA EKCILJIY ATAIIIMHI
XAPAKTEPUCTHKH MOJTU®IKOBAHOI'O METAJJEBUMHU
HAHOYACTHUHKAMU TPUBOEJEKTPUYHOTIO IIIAPY
HAHOI EHEPATOPA

2.1. ITpupoga TpUOOEIEKTPUIHUX STBUIIL

Tpuboenekrpusarisa (TE) — 1e TepMiH, AKUH BUKOPUCTOBYETHCS IJIs
mo3HaueHHA KoHTaKTHOI enexkTpusarllii (KE). Xoua TE Bigoma B:xe 2600
POKiB, moci TouaThCA CyIepeuKu Ipo Te, uu symoBieHo KE mepemocom
eJeKTPOHiB, mepeHocoM HOHIB a00 HaBiTh MepPEeHOCOM YaCTHHOK MaTepi-
any. Ile moB s13aHO 3 HEJOCKOHAJICTIO METOIB MipAHHA I YCKIagHEH-
HaMm KE nopormecamu tepta. KE BindoyBaeThcsa y Beix pasax, BKIOUAIOUN
TBepAi, piAKi Ta razomoaibHi, i € HANIOMINPEHIIINM ABUIIEM Ha MeXi
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moxiny ¢das. Jluiie HelrogaBHo 0yJI0 BCTAHOBJIEHO AOMiHYBAJIbHY POJb
nmepeHeceHHs eeKTpoHiB Y KE [14].

Edext KE mix meTasoMm i gieJJeKTPUKOM OONMCYIOTh B paMKaxX MoOJe-
Jaro piBua Pepmi MeTasy Ta MOBEPXHEBUX CTaHiB y miereKTpukry. B 3a-
raJbHOMY BUNIAIKY AJA IOACHEHHA €JIEKTPOHHOTO Mepexoay KOPUCTY-
IOTHCS MOJeJIeM IIEPEKPUTTA eJIEKTPOHHUX XMap aToMis (puc. 1).

3a cCUJIBHOTO 30JM)KeHHA aTOMiB, KOJIU IXHi eJIeKTPOHHI XMapu 1mepe-
KPHUBAIOTHCA, BiAOYBAETHCA MOHMKEHHA IOTEHIIAILHOrO 6ap’epa Iisa
€JIEKTPOHIB, IO CIIPUSAE IXHBOMY IIePeXO0ay BiJl OMHOTO aToMa 0 iHIIIOTO0
[15]. Lleit moment PO3TAANAETHCA AK YHiBepCANbHUUN AJA PO3YMiHHS

t o
H B
= i
=) o
5 3
] o]
0 0
=] 2]
® sl — [l = — —
- |[Misxaromosa BizcTaHb 5 MisxaToMOBEa BiACTAHD
o, 2,
) )
i M
£l £a)
F F F F
= @ & = =
Cuya mpuTsranasg nia Bi%IHTOBXyBaHH}I
a e

Puc. 1. Mopenn eJIEKTPOHHUX XMap, II[0 IEPEKPUBAIOTLCA, AJIA MOSICHEHHA KO-
HTaKTHOI esmeKTpu3saiii [14]: emeprisa Bsaemoii 1BOX aTOMiB B 3aJI€KHOCTI Bif
Mi’KaTOMOBOI Bimmasi y BUNIAAKY IPUTATYBAJLHOI Ta BiAIITOBXYBAJIbLHOI CUIN
BigmoBimHO (a, 6); cxemMaTuuHe 300pasKeHHA eJIEKTPOHHUX XMap Ta eHepreTud-
HUX CTaHiB eJIEKTPOHIB ABOX aTOMiB, IO Haje:kaThb Marepismram A i B, xkoau
aToMU 3HAXOAATHCS Ha Pis3HiM Bigmasi oguH Bix ogHOTO (IIepexif eJleKTpoHa Bif
aTtoma A mo atroma B mokasamo uepBOHOIO CTPiIKO0I0) (8, 2).

Fig. 1. Overlapping electron-cloud model for explaining contact electrifica-
tion [14]: interaction energy of two atoms depending on the interatomic dis-
tance in the case of attractive and repulsive forces, respectively (a, 6); sche-
matic representation of electron clouds and energy states of electrons of two
atoms belonging to materials A and B, when the atoms are at different dis-
tances from each other (the transition of an electron from atom A to atom B is
shown by the red arrow) (s, 2).
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€JIeKTPOHHOTO IIEPEeXoay MisK OyAb-IKUMU JBOMA MaTepidgaMu Ta MOKe
OyTH HOIIMPEHUN Ha BUIAAKMN KOHTAKTY pifuHa—TBepAe TijJo Ta pimu-
Ha—pigmHa, ra3—TBepe Tijio it raz—piguHa [16]. EnekTponnuii nepexin,
moKasaHuii Ha puc. 1, 2, Ha3WBalOTL BaHT0BUM IIepeX0I0M AJIA KOHTaK-
THOI esiekTpu3aIlrii. B mpoiieci mepexoay Big0OyBaeThCcs BUIPOMiHIOBAH-
HA (POTOHiIB, IO OYJO MHiATBEPAKEHO eKCIepUMEHTAJIbLHUMMU TOCJIi-
IKeHHAMu. MoMKJaMBO, IIi MOCTiAKeHHS 3all0oYaTKOBYIOTH (POTOHHY
CIIEKTPOCKOIIiI0 KOHTAKTHOI eJIeKTpu3allii Ha mexxi moginy das [17].

2.2, I[IpuHIIMTIIH POOOTH TPUOOEJIEKTPUYHINX HAHOT€HEePATOPIB

PospisHAOTh nBa BUAM €JEKTPUYHUX CTPYMiB: CTPYM IIPOBigHOCTH,
AKUHN CTBOPIOETHCA «BIIBHUMWN» 3apAfaMM, IO PYXalThCA, i CTPyM
3MII[eHHA, AKUH II0B' A3YIOTh 13 3MiHHIM Yy Yaci eJIeKTPUYHUM I10JeM. B
eJeKTPOMarueTHOMY I'eHepaTopi reHepyBaHHA BimOyBaeThcs 3a paxy-
HOK CTPYMY IIPOBiTHOCTH — TOTOKY €JeKTPOHIB y IPOBIIHUKY, ITIO0 PY-
xaloThcA mig gieio JlopeHTHOBOI cuin. I eHepaTopy Ha OCHOBI I'€30eIe-
KTPUYHOTO, IMipOeJeKTPUUYHOTO Ta TPUOOETeKTPUUYHOro eheKTiB BUKO-
PHUCTOBYIOTH CTPYM 3MIiIlleHHA AK PYUIiNHY cuiy naa e()eKTUBHOTO IIe-
PETBOPEHHA MEeXaHiuHOI eHeprii y eJJeKTpUYHY eHeprito/curuana. BayT-
PiIlIHE Ta 30BHIIIIHE KO0J4a 3’ €JHYIOTHCA Ha IBOX €JIEeKTPOJaX, YTBOPIOIO-
yu 3aMKHEeHUH KOHTYp. CTpyM 3MillleHHS Y BHYTPiITHLOMY KOJIi MOYKHA
BBasKaTU NPUYNHOIO BUHUKHEHHA €EMHICHOTO CTPYMY IIPOBiTHOCTH Y 30-
BHIIITHBOMY KOJIi.

HocaimHuKy BUIAINAIOTL HACTYIHI PoOOUi perkuMu TPUOOETeKTPUY-
HUX HaHOoTeHepaTopis[18, 19].
Pe:xum KoHTakTy—posginenns. TENG, 1o mpaifioe B pe:XuMi KOHTaK-
TYy—PO3IiJIeHHs, BUKOPUCTOBYE (hi3MUHMIT KOHTAKT MisK IBOMA JieJIeKT-
PUYHUMHU ILJIiBKAMHU 3 Pi3HOIO CIOPifHEHiCTIO IOA0 eJeKTPOHIB (IIpu-
HaMHi, OfHa 3 HUX € i3oaaTopom) (puc. 2, a) [18]. B ymoBax KOHTaKTy
Ha IJIBKAX 3 ABJIAIOTHLCA MPOTUJIEKHL 32 3HAKOM TPUOOEJIEKTPUYHI 3a-
panu. Komu B mogansIioMy MJIiBKY PO3OiNAIOTh, MisK eJleKTpogaMu Ha
HEKOHTAaKTYIOUNX ITOBEPXHAX MIJIiBOK BUHMKAE PisKHUIA IOTEHIIISAIB.
AKIo eleKTpoan 3'€AHAHO Uepe3 HABAHTAMKEHH:A, €JIEKTPOHU 3 OfHiel
eJIeKTPOAHU IIEePEeTiKaTh Ha iHINY, JOKMU He Oyae JOCATHYTO piBHOBAry.
Koau 3a30p 3aKpUBAEThCA, CTPYM Tede Y IPOTHUICKHOMY HATIPAMKY, i
PisKHUIISA TOTEHITIAIIB eJIeKTPo 3HNKAaE. IlepioguuHnii KOHTAKT i pos-
IiJIeHHS 3MYIIYIOTh €JeKTPOHU IepeMiIllyBaTuCa MiK eJIeKTpoJaMu,
CTBOPIOIOUY 3MiHHUY CTPYM Y 30BHIIITHBOMY KOJIi.
Pesxum Giunoro koB3anHA (puc. 2, 6) [18]. Kosiu moBepxHi ABOX MaTepi-
SJIiB i3 PidHOIO TPUOOEIEKTPUUYHOIO MOJAPHICTIO CTUKAIOTHCA Ha BCHOMY
CBOEMY IIPOCTOPi, YTBOPEHi Ha HUX TPUOOENEeKTPUUHI 3apAIN IPOTHIe-
JKHOTO 3HaKy HeHTpaJis3yioTh IIOJSA OAWH OJHOTO 3a MeyKaMu 00JIacTHU
KOHTaKTy. 3a BiJHOCHOI'O 3MillleHHA IOBEPXOHD 3  ABIAIOTHLCA JIATHKHA 3
HEeKOMIEHCOBAHUM TPUOOECIEKTPUUHUM 3aPAIOM, AKUN CIPUUUHSIE TIe-
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Puc. 2. Pe:xxumu poboTu TpuboeIeKTpUUHUX HaHOreHepaTopis [18, 19]: pexum
KOHTaKTy—pO3/iJeHHA (a), pesKuM 6iuHOro KoB3aHHA (6), OMHOEIEKTPOIHUN pe-
SKUM (8), PeKUM 3 BLILHIM TPUOOEJeKTPUYHUM IIapoM (2), PesKuM KoueHHs (0).

Fig. 2. Operating modes of triboelectric nanogenerators [18, 19]: contact—
separation mode (a), lateral-sliding mode (6), single-electrode mode (8), free-
standing triboelectric-layer mode (2), and rolling mode (9).

PepPO3NIOIia 3apAAY B €eJIeKTPOoIax i CTpyM Y 30BHIITHBOMY KOJIi.
OnHoenexkTpoguuii pesxkuM. OIHOETEKTPOAHUN TPUOOECTEKTPUYHUN T'e-
HepaTop € HaWOiJabII KOPUCHUM MOJd BUKOPHUCTAHHSA BiJIBHOTO PYXY
00'eKTa 6e3 mMiIKII0UeHHA 3' € JHYBAJIbHOI0 APOTy. fIK IIOKa3aHOo Ha puC.
2, 8, 3a mepiogMUYHOro 30JIM:KeHHA I BigmaleHHs i30J1bOBAHOTO 3aps-
IKEeHOTO TPUOOEJEeKTPUUHOTO IMTapy BiTHOCHO TPHUOOEJIEeKTPUYHOTO IIIa-
Py Ha HEPYXOMill 3a3eMJIeHil eJIeKTPOJi CTBOPIOETHCS CTPYM y KOJIi
eJeKTpoma—3eMJs.

Pe:xum 3 BiTbHUM TPHOOEIEKTPUYHUM mapoM (puc. 2, 2). B mpomy Ba-
piauaTi koucTpykiii TENG [18] cTpyMm MixK gABOMa eJIeKTpPoAaMHU yTBO-
PIOETHCA BHACJIIIOK aCHMETPUYHOTO PO3MOALITY 3apAny, AKUN BUHUKAE
OiJg yac pyxy BiIBLHOTO 3apAA:KeHOT0 TPUO0EJeKTPUUYHOTO IIIapy B3L0BK
HEpPYyXOMOTO IIIapy, 3 €AHAHOIO 3 eJeKTpomamu (puc. 2, 2). Ileit pesxum €
3pYYHUM IJs 3a0MpaHHA eHeprii Bif pyxomoro o6 €KTa; BOSHOUYAC BCA
clrcTeMa 3aJINIIAaEThCA MOOITBLHOI0, 00 He MOTPedye 3a3eMIeHHA.

Pe:xum rKouennsa (puc. 2, 0). [Ipuanun reuepyBaiHsa CTPYMY B PeKUMi
KOUeHHA TOH )Ke caMuil, AK i B IIONepeHbOMY PeXKUMi, ajie 3aMicTh py-
XOMOT'O TPUOOEJIEKTPUYHOTO MIapy BUKOPUCTOBYETHCA MACHUB KYJIbOK,
SAKI MOMKYTBH IIEPEeKOUYYBATUCA II0 IIOBEPXHI HEPYXOMOTO TPUOOETEeKTPH-
yHoro 1mapy [19]. TpuboenekTpuunuii 3apsan 30MpaeThca Ha ITOBEPXHI
KyJboK. PeskuM KoueHHA a€e 3MOT'Y MTOHU3UTHY 3HOIITYBaHHA MaTePiAIiB
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mig yac TpuboeaeKTpus3allii, He MOTipIIyIour BOJHOPA3 BUXiAHI Xapak-
repuctuxku TENG.

Hesane:xuo Bim pe:xumy, pospisasemo nBi ¢asu poboru TENG: 1)
(hasa MOBHOTO KOHTAKTY, KOJU BimOyBaeThcsa (OPMYBAHHA 3apALy Ha
MMOBEPXHAX TPUOOEJEKTPUUHHUX IIapiB, a eJIeKTPUUHE IIOJIe 30CepesKe-
He B 00JIacTi KOHTaKTy, 2) (hasa po3mijieHHA 3apALiB, KOJU BHACIIIOK
poO3BeeHHA TPUOOEJIEKTPUUHNX IIapiB a00 BiTHOCHOTO 3CyBY iX BUHIU-
Ka€ PisKHUIA TOTEeHITiAJIB eJIEKTPO/ i B 30BHINITHBOMY KOJIi T€Ue CTPYM.

B npoMy KOHTEKCTi po3TITHEeMO MOYKJINBI MeXaHi3Mu BILJIMBY Ha PO-
6oty TENG 1m1a3MOHHOTO pe30oHAHCy B MeTaJIeBUX UaCTHUHKAX, BTiJje-
HUX ¥ TpuboeJeKTpuUHU 1map. Hexaii TpuboeIeKTPUUHUIM IIIap OIPO-
MiHIOETBCA TpupoAHiM cBiTsoM. IIpupoaHe ¢BiT/IO MOKHA BBasKaTHU Cy-
KYIIHICTIO BeJIMKOI KiJIbKOCTH JIiHiAHO-IOJAPN30BAHNX XBUJb 3 YaCTO-
TaMl B IIHPOKOMY iHTepBaJi, XaOTUUYHUMHU (asaMM Ta HAIPAMKAMU
mosapuaaiii. Ha uacToTax moBepXHeBOTO IJIa3MOHHOTO Pe30HAHCY 306Y-
IKYIOThCA KOJUBAHHA 3apANY B MeTaJIeBUX YaCTUHKAaX-BKJIIOUEHHAX. B
KOJKeH MOMEHT Yacy YaCTUHKHU MOKHA PO3TJIAAATH AK AUIIOJL 3 BUIAI-
KOBUM PO3MIOJAiJIOM MOMEHTIB 3a HAIPAMKOM i BeJanunHoi0. B 060X (a-
3ax pobouoro nmukjay TENG gumoJi B mpumoBepxHeBii obacTti Tpubdoe-
JeKTPUUYHUX IMIapiB 3HAXOAATHCA IiJ Ai€l0 IO TPubGOeJeKTPUUHUX
3apaniB. Hesase:XHO Bil IPUUYMHMA, UM € TO OPi€eHTAI[ilIHA HMOJAPU3AI[id
(YacTKOBe BONOPAIKYBAaHHSI MOMEHTIB AUIIOJIiB 3a HanpAMKoMm) [13], uu
YTBOPEHHA IIap eJeKTPOH—IipKa Iim uac posmany miaasmoHiB [11], pe-
3yJIBbTATOM € BUHUKHEHHS B MPUIOBEPXHEBiil 00JacTi TpuboeIeKTpud-
HUX IIapiB 3apany, AKUH MU OyaeMo Ha3uBaTHU MOJAIpU3aliiHuM. SHAK
MOJIAPUBAIIIAHOTO 3apALY € IPOTUJICKHUM 3HAKy TPUOOEJIEeKTPUUHOTO
3apany; Tomy B dasi 1 mosie moasapusaIifHuX 3apsamgiB CIPUIE ePexXony
€JeKTPOHIB MiK KOHTAKTYIOUMMH ITapaMu, 30iJbIIYIOUN IIOBEPXHEBY
TYCTUHY TPUOOEJIeKTPUUHUX 3aPAIiB.

OcKiJbKU Tpollec T'eHepyBaHHS IJIA3MOHIB € UaCTOTHO-3aJIeXKHUM,
IS OIMiHKM BIJIMBY IIJIA3MOHHOTO PE30HAHCY B YACTUHKAX-BTiJIeHHIX
Ha xapakTtepucTuku TENG Mu BUKOPHUCTOBYEMO YACTOTHO-3AJNEKHY IIi-
eJIeKTPUUYHY PYHKI[I}0 KOMIO3UTA Ha OCHOBi chepoifalbHNX MeTAJIeBUX
HAHOYACTUHOK, BTiJIEHUX ¥ IIap moJdiguMeTuacuiokcany (PDMS).

2.3. MaTeMaTHYHHNI MOAEJIb

Bynmemo mocaim:xyBaTu TpuOOEIeKTPUYHMM IIap HaHOT'eHepaTopa, SKuii
ABJsA€ co00I0 MaTpUUHE AieJIeKTpUUHe cepemoBuile (uacTilie 3a Bce —
PDMS) i3 BrileHMMHN Y HBOTO XAOTHUUYHO OPi€HTOBaHUMU chepoigaib-
HUMU METAJIeBUMU HaHOUYACTHHKaMM. TpuboeleKTPUUHUN IIap Mae
BJIACTHBOCTi KOMIIO3UTA i3 3aJI€}KHOI0 BiJl YacTOTU e)eKTUBHOIO JTieseK-
TPUYHOIO PYHKITi€TO.

OCKiJIbKU CTPYM, II[0 I'eHEePYETLCI BIPOLOBK pobouoro nnukiay TENG,
BU3HAYAETHCA 3aPAIOM, AKUN (QOPMYETHCA Ha IIOBEPXHIAX TPUOOETIEKT-
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PUYHUX I1apiB Iij yac iXHbOTO KOHTAKTY, TO OMHI€I0 3 OCHOBHUX XapakK-
repuctuk TENG € moBepxHeBa rycTrHAa IMOJapU3aIiiinoro sapany. as
OIIHKM ITi€l BeIMUNHU CKOPUCTAEMOCA CITiBBimHOIIeHHAM [13]

Gpol/Gtr = 1_(1+|8eff _1|)71, (1)

7ie G, 1 Gy, — IOBePXHEeBi I'yCTUHH MOJIAPU3AIiAHOr0 Ta TPUOOEIeKTPH-
YHOTO 3aPAMiB, & — e(PeKTHUBHA AieJeKTpruuHa QYHKIIIA KOMIIO3UTHO-
o TpuOOEJIEKTPUYHOTO IIIapy.

Hapasi BBaskaTuMemo, IO KOHIIEHTpAIlid MeTaJieBUX BTiJeHb € Ma-
JIOI0; OTJKe, IJIA JOCIHiIKeHHA eJIeKTPOiBMUHUX ¥ ONTUYHUX BJIACTU-
BOCTEe HAHOKOMIIO3UTa MOXKHA CKOPHUCTATHCA MojaeaaMm Ttuiry Makc-
Besui-IapHerToBOro. V 3Buuaiinomy MakcBesi-I apHETTOBOMY MOZEJII0
BUpAas g e(peKTUBHOI AieJeKTpUUYHOI PYHKIIII KoMIIo3uTa 3i chepoina-
JPHUMHU METAJIEBUMHU BKJIIOUEHHAMU Ma€ BUTJALA (IUB., HaIPUKJIAT,
[20]imocunanusa Tam)

(1-B)e,, +B2Y e +9¢)/3

(2)
1-B+p29, +9,)/3

Eopr (@) =

Ie €, — miejrekrpuuHa npoHukHicTs PDMS, B — 06 emuuii BmicT mera-
JIy B KOMIIO3UTIi,

SL(H) = gm/(s +L (H)(S — am)) . 3)

HiaronasbHi KOMIIOHEHTH AieJIEKTPUUYHOTO TEH30pa METAJeBOl YaCTUH-
Ku B Mozeato Hpyne —

2

(4)

€ w)=¢" -——5L —
i(H)( ) (,0(0)+ l,ye(H))

(haxTopu memonApusaIil i eKCIleHTPUCUTETH SOPiBHIOIOTh: IJISI BUTSI-
HyTuUX chepoinis (a, > b,)
1- e 1 l1+e,
L=— 1+—ln1 L, =QA-L)/2, (5)
p

e Zep —e

= J1-v2/a?, (6)
IJIs CILIIOCHeHUuX cepoinis (a, < b,)
- e &
4= es ﬁ \W
e, =\1-a /b (8)

—arctg

Lo=a-£)/2, (M
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e a, i b, — Besqimka (Maja) Ta Maja (BeJiMKa) miBBici BUTATHYTOTO (CILJIIO-
cHeHoro) cepoizga.

Y dopmyui (4) ®, — IIa3MOBa YaCTOTa, &€  — BHECOK KPHCTAJidHOL
I'PATHUIIL B JieJIeKTPUUYHY IIPOHUKHiCTL MeTainy. Ilomepeuna Ta mosmo-
ByKHA KOMIIOHEHTH TeH30pa e(peKTUBHOI IIBUAKOCTH peJaKcallii BKJIIo-
YaloTh AUTHUBHI BHECKHN 34 TPhOMAa MeXaHizMaMu — 00 €MHOI i ImoBep-
XHEeBOI peJiakcallii Ta pagiAamiiHOTro 3racants:

LAy _ ()] LD
Yol =y 720+ 920, )

Ie IMBUAKicTh 06 eMHOTO 3racanHs Y™ =const mma obpaHoro merany,

morepevHi (II0340BKHI) KOMIOHEHTHU IIIBUAKOCTEH IIOBEPXHEBOI peak-
carrii Ta pagiAiiiHoro sracanuA Bu3HaUYa0Theda Bupasamu [20]

r 2
:—(H) — i L(D & v_F FL(“)(ep) , (10)
16¢, +L,,1-¢,)\ © ) 2b
v r o Vo P
Yjﬂ) = an 0 (_pj [_pJ U_FFL(”)(ep) , (11)
8m \/‘c'm(gw + (@=L, /L) \ € © ) 2b,

Y dopmynax (10) i (11) vy — PepmiiioBa MIBUAKICTL €JIEKTPOHIB, ¢ —
MIBUAKiCTE cBiToa, V = 4nalbt2 /3 — 06'eM BUTATHYTOTO (CILJIIOCHEHOTO)
cthepoina. PosamipHo 3a1ekHI (PDYHKI[II MalOTh BUTJIAL: AJIA BUTATHYTUX
cepoizniB

F(e)= e%{ep,ll—ei (%+ep,/1—e§)+2(e§ —ij(g—arcsina/l—ei ]}, (12)

p

f(e,) = e%{g —arcsin\ll—es + ep\jl —es (2e§ —1)}; (13)
p
LIS CILIIOCHEeHUX cepoinin
1-e)"?[e@+e?) 1 1+e
F(e)= b P P24 - (1+3€%)In LI 14
L6) = T g g A (14)

1-e2)"2 [e (1+ €2 1+e
fey -T2 jalra) 1,10
2e; (1-e)) 2 1-e¢,

(15)

g BpaxyBaHHA PO3Mipy YaCTUHOK BUKOPUCTOBYIOTH PO3MipHO CKO-
purosanuii Maxcsesa-IapaerTiB Mozens [21]. BasHaummo, 1m0 GesIo-
cepenHsa PO3MipHa KOpeKIlisg cmiBBigHomreHHs (2) Hemo:xJjamBa. Tomy
CKOPHCTAEMOCSA BUPA3aMU JJIsI PO3MIPHO CKOPUTOBAHUX HisITOHAJIBHUX
KOMIIOHEHT TeH30pa moasapusoBHocTH [22]:
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- Ay
Ay = — (16)
1-A o

3 ,Z[iHI‘OHa.HBHI/IMI/I KOMIIOHEHTaMU TeH30pa II0JIAPN30BHOCTHA

SL(H) —&

o, = m 1n
O e+ A-L))e, /Ly,

i KopuryBaJbHUM PO3MipHUM (PaKTOPOM

2 b, oa,
_ 2 . 3 _ t _
Ay =X + 3 ¥ = \Vm = A= \m P (18)
ITixcraBnsaioun B (2) Bupasu giaa 3, i € ¢
L +A-L )

Sy =1=04, &) =&y —0—0, (19)
LA —oy)

OZlepPyKy€e€MO HACTYIIHEe CIiBBiAHOIIIEHHS AJIA PO3MipHO CKOPUI'OBAHOI Mi-
eJIeKTPUYHOI (PYHKITiT KoMImo3uTa:

1+[3(2(1—£L)6Ll / L+ A= L7, /4‘)/3
1-p20, +a,)/3 |

size

8eff (0‘)) = 8m

(20)

Y rpaHHYHOMY BUIAAKY A, ) —> 0 Bupas (20) mabyBae Buriany (2).

MoaudiryBanua Tpub0OeIeKTPUUHOTO APy IJIa3MOHHUME HaHOYAC-
TUHKaMU IPUBOAUTE J0 3POCTaHHSA (haKTopa SKOCTH TPUOOEIEeKTPUUHO-
ro MaTepisary

FOM, = o°, (21)
Ie IOBepPXHeBa I'yCTHHA 3apAAYy Ha TPUOOEIeKTPUYHUX IITapax —

G =0, +0,> (22)
Oy — 3apsA/[, 3yMOBJI€HUI KOHTAKTHOIO eJIEKTPU3alIli€lo, G,, — JOJaHOK,
110 BUHUKA€E BHACJIIJOK MOJAPMU3aIrii.

Kopucryrouncs (1) i (22) 3 (21), mokHa ofiep:KaTy BUPa3 Iy 0e3p03-
mipaoro FOM :

2 2
ror. [ Cu %) _[;, lea= | 23)
G, 1+ aeff—1|

Hapmani gna pospaxyHKiB OyAyTh BUKOPHCTOBYBATHUCS CIIiBBiIHO-
urennd (1), (2), (20)i(23) 3 ypaxyBanuam (3)—(19).
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3. PE3YJIBTATH PO3PAXYHEKIB TA IX OBTOBOPEHHSI

PospaxyHKU 4yacTOTHUX 3ajesKHOCTel e)eKTUBHOIL ieJIeKTPUUYHOI (DYyH-
KIIii, BiIHOCHOI MOBEPXHEBOI I'yCTUHHU ITOJAPUISAI[IMHOTO 3apAay Ta HO-
pMmoBaHoro FOM mpoBoguancs s TPpubOOeJeKTPUUHOTO IIapy, M0 SIB-
Jisie co00I0 KOMIIOBUT Ha OCHOBi mouiimmMermicuiokcany (€, =2,7) 3
XAOTHUUYHO PO3TAIIOBAHUMU cPepoifalbHUMU HAHOUACTUHKAMU PisHUX
poaMmipis i3 pisuux meranis. Ilapamerpu, HeoOXigHI A PO3pPaxyHKIB,
HaBeJeHO B TabJ1. 1.

Ha pucynky 3 HaBeeHO MOPiBHAHHSA YaCTOTHUX 3aJeKHOCTel miiic-
HOI I YSIBHOI YyacTUH e()eKTUBHUX AieJIeKTPUUYHUX (PYHKI[IF, po3paxo-
BaHUX 3 BUKOpHCTAHHAM MakcBeiI-I apHETTOBOrO MOZENIIO i Po3MipHO
ckopurosaxoro Maxcsesi-I apHETTOBOrO MO0, IS TPUGOEIeKTPU-
YHUX IIapiB, MOAU(MIKOBAHUX BUTATHYTUMHU Ta CILTIOCHEHUMU chepoi-
ITaJIbHUMU MeTaJIeBUMHM HAHOUYACTUHKaAMMH. 3a3HAYMMO, IO PO3MipHAa
KOpeKIlid icToTHO BIJMBae Ha e(EeKTUBHY [ieJIeKTPUUYHY (YHKILifO
KOMIIO3UTiB 3 YacTUHKaMu 060x GopMm (kpuBi 1, 21i 3, 4 ua puc. 3). Lleit
BILINB BHUPAXXa€TbCA y 3MEHIIEGHHI aMIUITyAM eKCTPeMyMiB
Re(Im)el} (0) y mopiBHaHHI 3 Re(Im)e,,,(®) Ta y IXHBOMY «4epBOHOMY »
3cyBi. Omep:kaHuii pe3yJbTAT KOPEJIIOoE 3 Pe3yJIbTaTOM AJIA KOMIIO3UTA
3i chepuyHEME MeTaJIeBUMU BKJIIOUeHHAMU [13], mpoTe AJIA KOMIIO3H-
TiB i3 BUTATHYTUMHU Ta CILIIOCHEHUMHU chepoiaMu «UYepBOHUI» 3CYB
€KCTPEMYMIiB Yy PO3MIipHO CKOPUI'OBAHOMY MOJEJI0 € OiJIbII iCTOTHMM.
Excrpemymu niticHol # ysABHOI yacTuH e(peKTHUBHOI AieJeKTPUUYHOI QY-
HKIIil BiZIIOBiZafoTh YacTOTaAM IMO3MOBYKHLOTO Ta IOIEPEYHOr0 MOBEPX-
HeBUX IIJIa3MOHHUX PE30HAHCIB AJA KOMMIO3UTIB i3 BUTATHYTHUMH Ta
CILTIOCHeHUMU cepoifalbHUMU BKJIIOUEHHAMHY BigmoBigmo. PospaxymH-
KU CBijuaTh IPO Te, IO B 00JIACTI IIUX eKCTPEMYMiB i3 BEJIMKOIO TOUHIC-
TI0O BUKOHYETHCSA YMOBA 30yI:KeHHA MOBEPXHEBUX IIJIa3MOHHUX Pe30Ha-
HciB Ha Mexxi meran—PDMS:

Reg, ,(o,") = - ((1 = Lyg)/ Ly ) €n

JIJIA CILIIOCHEHUX (BUTATHYTUX) BKJIIOUEHDb, 4 He3HAUHI BiAXUJIeHHSA I10-
B sA3aHi 3 pi3HUM 00 €MHMM BMiCTOM BKJIIOUEHb Y KOMIIO3HUTI.

ITepen Tum K mepeiiTu 10 0OTOBOPEHHS HACTYIIHUX Pe3yJIbTATiB, 3a-
3HAUUMO, II10 HaJaJi OyayTh PO3TJIALAaTHCA PO3PAXYHKM YaCTOTHUX 3a-
JIeKHOCTEH JINIle IJIA TPUOOeJeKTPUUHUX MIapiB, MoaudiKoBaHUX BHU-
TATHYTUMHU cpepoizaMu, OCKiIbKM BiAIIOBiAHI pe3yJabTaTH AJIS CILJIIOC-
HeHUX chepoimiB Bi HUX MalxKe He BigpisuatoThcsd. Ile moacHioeThCA
6iusbKuMu 3HaueHHAME Re(Im)el” () 1A KOMIO3UTIB i3 BUTATHYTH-
MU Ta CILIIOCHEHUMU c(hepoifalbHUMU BKJIIOUEHHAMM ¥ BCbOMY YaCTOT-
HOMY iHTepBaJi (Kpusi 2 i 4 Ha puc. 3).

Kpusi uacroraux sanesxkHocTeil gificHol I yABHOI YacTHUH PO3MipHO
CKOPUT'OBAHOI HieJeKTpuUHOI PYHKIII TpuboeIeKTPHUUHOTO IIIapy 3 BU-
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TABJUIIA 1. ITapamerpu merauiB (zus. [20, 23] i nocunanusa Tam).

TABLE 1. Metals’ parameters (see Refs. [20, 23] and references therein).

ITapameTte Meran
panerep Pd | Ag | Pt | Au Cu
g” 2,62 3,70 4,42 9,84 12,03
v-107%, m/c 2,84 1,49 2,98 1,41 1,34
ho,,eB 9,70 9,17 15,2 9,07 12,6
1y, €B 0,091 0,016 0,069 0,023 0,024
8 - - ‘ r 8 ,
) :
’ 2 firt 6}
<4 g I ] Lo
m 2 :l:‘;” L g 'I.:
¥4 -

2 3
hv, eB
a 0

Puc. 3. HacroTHi 3amexHoCTi giticHol (a) # yaABHOI (6) uacTuH e(PeKTHUBHOI Iie-
JekTpuuHOl PYHKIIiT, pospaxoBaHi B MakcBeni-I apHeTTOBOMY MOAE 0 (KPUBi
11i 3) i posmipro crkopurosanomy Maxkcsesi-I apHeTTOBOMY MOzeo (KpuBi 2 i

4) nnsa BUTATHYTUX (4epBOHI KpuBi) i cmmrocHeHuX (cuHi KpuBi) cdhepoigaib-
HUX BKJIIoueHb Au iz 3=0,10.

Fig. 3. Frequency dependences of the real (a) and imaginary (6) parts of the
effective dielectric function calculated within the Maxwell Garnett model
(curves 1 and 3) and the size-corrected Maxwell Garnett model (curves 2 and

4) for prolate (red curves) and oblate (blue curves) spheroidal inclusions Au at
f=0.10.

TATHYTUMU c(PepoifabHUMU YaCTUHKAMU-BTIIEHHIMU Pi3HOI'O eKclie-
HTPUCUTETY 300paskeHo Ha puc.4. PesyabTaTy po3paxyHKiB JIeMOH-
CTPYIOTh ~ He3HAaUYHMI BIUIMB €KCIEHTpucurery cdepoiza Ha
Re(Im)ely’ (0) mpakTuuHO y Beifl JocaimxyBaniii obsacTi gacror, Kpim
BY3bKUX iHTepBaJiB m00JIU3Y eKCTpeMyMiB. 3i 30iIbIIeHHAM €KCIIeHT-

pucurety (Koau cepoif cTae CUILHO BUTATHYTHUM ) 30iJIbIITYIOTHCA MaK-

cumaibHi 3HaueHHA Re(Im)el;’ . Kpim Toro, 3i 36inbIIeHHAM €KCIIeHT-

PUCUTETY MAKCUMYMHU BUSABJIAIOTH HE3HAUHNI «UePBOHUI» 3CYB.
YacToTHiI 3ajIe:KHOCTI BiJHOCHOI HOBEpPXHEBOI I'yCTHMHHU MHOJISIpU3a-
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Puc. 4. YacrorHi 3amexHocCTi mgiticHol (a) # yaABHOI (6) uacTuH e(PeKTHUBHOI Iie-
JexkTpuuHOl (QYHKIiI, po3dpaxoBaHi B posMipHO cKopuroBanomy Makcses-

apHETTOBOMY MOJENI0 AJIs BUTATHYTHUX cPepoifalbHUX BKJIKUYEHb Au i3
=0,10 3a pisHuX 3HaYeHb eKcueHTpUCcUTeTy: I —¢,=0,2,2 — ¢,=0,5, 3 —
e,=0,8.

Fig. 4. Frequency dependences of the real (a) and imaginary (6) parts of the
effective dielectric function calculated within the size-corrected Maxwell
Garnett model for prolate spheroidal Au inclusions at f=0.10 and different
eccentricity values: 1—e,=0.2, 2—e =0.5, 3—e,=0.8.

IiAHOTO 3apAAy IPOJEMOHCTPOBAHO Ha puUC. d i 6. 3asHaYMMO, 110 KPUBI
Ha puc. 5, a axicHo nozAi6Hi kpuBuM Rece (®) i Reel; (w), HaBegeHUM
Ha puc. 3,a Ta puc.4,a BigmoBimmo. BigHocHa moBepxHeBa T'yCcTHHA
Gpol/ O CHAOKO 3pocTae 3i 30iMBIIEHHAM eKCIEeHTPUCUTETy YaCTHHOK-
BTineHb (puc. 5, 6). Binbir icToTHe 30iMbINIeHHA BiJHOCHOI ITOBEPXHEBOI
T'YCTUHU TOJAPUIAIiHOrO 3apAly CIIOCTepiraeTbes 3i 3MiHOIO MaTepi-
SLIy BTiJIEHMX HAHOYACTHUHOK y pany Pt — Pd - Cu — Ag — Au (puc. 6,
a), a TaKOoxX i3 30iabIIeHHAM 00 €MHOI0 BMIiCTy MeTaJIeBIX HAHOYACTH-
HOK [} y TpuboesekTpuyHOMYy 11api (puc. 6, 6). Ile moacHoeTbCa BigMiH-
HOCTAMU ONTUYHUX BJACTHUBOCTEH MeTaJIiB i MOCUJIEHHAM IIPOABY ILja-
3MOHHUX e(eKTiB (BpOCTaHHAM IOBEPXHEBOI I'YCTUHU 3apAAY Ha TPUOO-
eJIeKTPUYHMX Iapax) 3i 30iJbIIeHHAM 00 €MHOrO BMICTY YaCTUHOK-
BTiJIeHb.

Ha pucynky 7 HaBeaeHO YaCTOTHI 3aJIeKHOCTi 0e3po3MipHOro paKTo-

pa axoctu FOM, wmarepisnay TpuboenaexTpuuHoro mapy. IloBeminka

size

FOM: kopeJroe 3 IOBEiHKOIO YACTOTHUX 3asexxkHocTell Re € 16,,/0;:

B 000X MozeaaIxX e()eKTUBHOTO CepeJOBUINA Ta He3aJe:KHO BiJ reomeTpil
YaCTHUHOK-BKJIIOUEHb.

Hna omep:xaHHSA BUITOTO (PaKTOpa SKOCTH JOIIJIBHO BTiJIIOBATHA Y
TPUOOENIeKTPUUHII IITap CUILHO BUTATHYTI cepoigaibHi HAHOUACTMH-



564 A.B.KOPOTVH,B.II. KYPBAIIbKUMH, P. 0. KOPOJILKOB, I'. B. MOPO3

1,0 .8 r T T .
0.8
b= b-s
L o6 S
o o
0,4
0.2 . . . L
o 1 2 3 4 5 0’50 1 2 3 5
v, eB hv, eB
a 0

Puc. 5. YacToTHi 3a/Ie3KHOCTi BiJHOCHOI IMOBEPXHEBOI I'yCTHUHU IIOJISAPU3ALlili-
HOTO 3apAny Aad chepoifanbHUX BKIIOUeHb Au i3 3 =0,10: po3paxoBaHi B Ma-
KcBessi-I apHEeTTOBOMY MOJENI0 Ta PO3MiIpHO CKOpuropamomy MaKcBeJi-
T'apHeTTOBOMY MOZe 0 (IIO3HAUEHHA TaKi :x cami, 4K i Ha puc. 3) (a); po3paxo-
BaHi B po3MipHO cKopurosanomy Maxkcsea-I apHETTOBOMY MOJEJNIO AJIA BUTA-
THyTHuX chepoinis 3a pisHUX 3HAUEHDb €KCIIEHTPUCUTETY (6).

Fig. 5. Frequency dependences of the relative polarization charge surface
density for spheroidal Au inclusions at f=0.10: calculated within the Max-
well Garnett model and the size-corrected Maxwell Garnett model (the nota-
tions are the same as in Fig. 3) (a); calculated within the size-corrected Max-
well Garnett model for prolate spheroids at different eccentricity values (6).

Ku (38 akomora Oinbimum excienrpucutrerom). I[o spocramuaa FOMn
IIPUBOAUTH TAKOK 30i/JbIIIeHHA 00 €MHOI'0 BMICTy BTijleHHX y Tpuboe-
JIEKTPUYHUH I11ap METAJIEBUX YACTUHOK.

Hampurinmni sasmauumo, 1110 pospaxyHku 3a popmyJioro (1) cainx BBa-
JKaTH OIiHOYHUMM, OCKIIBKY I popMyJia IPYHTYETHCA HA IPUIYIIEH-
Hi, 1[0 AWUTIOJi-TIJTa3MOHM, 3T€HEPOBaHi CBIiTJIOM, OJEPKYIOTH BUCOKOTO
CTYIIeHsA BIOPSAAKYBaHHSA 3a HATIPSIMKOM Y IIOJIi TPUOOEJTEKTPUUYHUX 3a-
pANiB, HE3BAYKAIOUM HA XAOTUYHI 3MiHU IT0JIA HETOJIAPHU30BAHOI CBiTJIO-
BOI XBUJIi.

3 1iel npuumHY 30iAbINIeHHA TOBEPXHEBOI I'YCTUHY 3apAny Ha TPUOO-
eJIeKTPUYHUX IIapax BHACJIJOK IJIa3MOHHUX PE30HAHCIB y MeTaJieBUX
YaCTUHKAaX-BTIIEHHAX, Ofep:KaHe 3 BHUKopucTaHHAM Gopmyau (1), €
3aBUINEHUM.

4. BUCHOBRH

OOrpyHTOBAHO MexXaHi3M BIIJIMBY IMOBEPXHEBUX ILJIA3MOHHUX PE30HAH-
ciB y MeTaJyieBUX HaHocepoifax, BTiJIeHUX y TPUOOEIeKTPUUHUIM 14D,
Ha T'YCTUHY 3apAny Ha TPUOOEJeKTPUUHUX IMapax Ta eKCILIyaTalliiiHi
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Puc. 6. YacToTHi 3aJIe3KHOCTi BiJHOCHOI ITOBEPXHEBOI I'YCTUHU MOJAPU3AILiii-
HOTO 3apdaay, po3paxOBaHI B poaMipHO ckKopuroBamomy MakcBesn-
[ apHETTOBOMY MOJEJO, AJIA BUTATHYTUX C(epOifalbHUX BTiIeHb PISHUX Me-
ranis iz p=0,10 (a) Ta Brizens Au 3 pisHuEM 00 €eMHUM BMicToM (0).

Fig. 6. Frequency dependences of the relative polarization-charge surface
density calculated within the size-corrected Maxwell Garnett model for
prolate spheroidal inclusions of various metals at f=0.10 (a) and Au inclu-
sions with different volume contents (6).

xapakrepuctuku TENG.

OmepsKaHo YaCTOTHI 3aJIe’KHOCTI e)eKTUBHOI AieJeKTPUUHOI (PYHK-
1ii, MoBepXHEeBOl I'YCTHUHHU IIOJAPU3AIiAHOr0 3apAay Ta 6e3po3MipHOTo
FOM TpuboeseKTpUUYHNX IITapiB 3 MeTaJeBUMU BTiJIeHHAMHU y ¢opmi
BUTATHYTHUX i crmtocHeHUX c(epoiniB. g epeKTUBHOTO cepemoBUIITa
Buropucrano Makcsesa-IapHeTTiB Mozeas i posMipHO CKOpHUr'OBaHUIA
MaRCBe.H.H—rapHeTTiB MOJEeJb.

ITopiBHAHHS Olep:KAaHUX B paMKaX 000X MOJEJIiB YNCEeIbHUX Pe3yib-
TaTiB BUABUWJIO iCTOTHUI BIJIUB PO3MipPHOI KOPEKIIii AJId KOMOIO3UTIiB 3i
chepoifaIbHUMM HaHOYACTMHKAMHU, a caMe, «UePBOHUM» 3CYB €KCTpe-
MYMiB AificHOI i1 YSIBHOI YacTUH e(peKTHUBHOI AieJJeKTPUUHOI PYHKIIII Ta
3HaYHe 3MEHIITeHH IXHbOI aMILIiTy 1.

BcranoBieno, 110 excTpeMyMu e(DeKTHUBHOI AieJIeKTPpUUHOI PYyHKITIL
HAHOKOMIIO3HUTA BimmoBigaioTs mosgoB:xubomy IITIP (BuTArHyTi uacTu-
HKU-BKJIOUEHHs) Ta momepeudnomy IIIIP (cmaiocHeHi YacTUHKU-
BKJIIOUEHHS).

PesyapraTu pospaxyHKiB B posMipHO ckKopuroBaHomy MakcseJ-
T apHETTOBOMY MOJEJI0 IIOKA3aH, IO 36iTbIIeHHA eKCLEeHTPUCUTETY
YaCTUHOK-BTiJIeHb IPUBOIUTD 0 IIOMITHOI 3MiHM KPUBUX YaCTOTHOI 3a-
JEeXKHOCTHU AifiCHOI #1 yABHOI YaCcTUH AieleKTPUUHOI (DYHKITiI JIuITe y BYy-
3bKilf 00J1aCTi B OKOJIi eKCTpeMyMiB.

IIpomeMoHCTPOBAHO, IO MaTepidya i 06’ €MHUI BMIiCT BTiJIeHMX HAaHO-
YaCTUHOK CUJIbHIIIIe BILIMBAIOTH HA IIOBEPXHEBY I'YCTUHY ITOJAPU3AIiii-
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Puc. 7. HacroTHi 3amexHOCTI 6e3po3MipHOro haKkTopa SKOCTU s TPUboeIeK-
TPUYHOTO I1apy 3i chepoinanpaumu Brisenaamu Au is f=0,10: pospaxoBani y
MaxcBesi-I apHETTOBOMY MOZENI0 Ta PO3MIpHO CKOpHUroBaHoMy MaxcBeLI-
T'apHeTTOBOMY MO/eJ0 (I03HAUEHHS TaKi K, AK i Ha puc. 3) (a); pospaxoBaHi B
posMipHO cKopurosanoMmy Makcseia-I apHETTOBOMY MOZENIIO AJIA BUTATHYTUX
cepoifanbHNX BKJIIUYEHDb 34 Pi3HUX 3HAUYEHDL eKCIleHTpucurery (0); po3paxo-
BaHi B po3MipHO cropurosanomy Maxkcsea-I apHETTOBOMY MOZEJIIO IS Pi3HO-
ro o6 eMHOTO BMicTy (8).

Fig. 7. Frequency dependences of the dimensionless FOM for the triboelectric
layer with spheroidal Au inclusions at $=0.10: calculated within the Maxwell
Garnett model and the size-corrected Maxwell Garnett model (the notations
are the same as in Fig. 3) (a); calculated within the size-corrected Max-
well Garnett model for prolate spheroidal inclusions with different eccentric-
ity values (6); calculated within the size-corrected Maxwell Garnett model for
different volume contents.

HOTO 3apAny, HisK eKcIeHTpucurer. lle moscHIOETbLCSA iCTOTHUMU Bif-
MiHHOCTAMU ONTUYHUX ITapaMeTPiB MeTaJiB i MOCUJIeHHAM IIJIa3MOHHO-
I'o BiATYKY 31 301/IbIIIeHEAM 00 € MHOI'O BMiCTY YACTHHOK-BTiI€Hb.
PesyabpraTtu pospaxyaky FOM ykasyioTh Ha Te, 10 AJd JOCATHEHHSA
MaKCHUMaJIbHOTO (haKTopa AKOCTU MOIiJIBHO BTiJIOBATH y TPUOOEIEKT-
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puunuii map TENG ButaruyTi cepoizaabHi HAaHOYACTUHKH (3 JOCTAT-
HBO BEJINKUM 00 € MHUM BMiCTOM).
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The motion of a critical segment of a dislocation in a field of stochastic shear
stresses within the glide plane in a multicomponent alloy can be considered as
one-dimensional motion of an effective point object to analyse thermal acti-
vation. However, such point objects should be regarded as under the influ-
ence of an effective one-dimensional distribution of shear stresses, the char-
acteristics of which differ from the characteristics of a real two-dimensional
distribution. A method for determining the characteristics of an effective
distribution is proposed. Such distribution can be found by averaging the
field of stochastic shear stresses over a characteristic region of the glide
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plane, which is a rectangle with dimensions equal to the length and height of
the average bulge of the critical segment. It is possible because moving criti-
cal segments can be considered as ‘smeared’ ones over this characteristic re-
gion. Thus, the standard deviation and correlation length of an effective dis-
tribution can be determined from the known two-dimensional distribution.
With the use of computer simulation, the dependence of the characteristics
of the one-dimensional distribution on the characteristic averaging length is
determined. As shown, the standard deviation of an effective distribution
decreases and its correlation length increases with increasing averaging
length, i.e., the height of the average bulge. Therefore, the effective distribu-
tion has a smaller standard deviation and a longer correlation length com-
pared to the corresponding characteristics of the field of stochastic shear
stresses. The estimation of characteristics of effective distribution of shear
stresses is important to analyse dislocation motion assisted with thermal ac-
tivation in a multicomponent alloy.

Key words: multicomponent alloy, dislocation, shear stress, standard devia-
tion, correlation length.

Hna amamisy TepMiuHOI aKTHBAIl PYyX KPUTUYHOTO CEI'MEHTA AUCIOKAIIil y
IIOJIi CTOXACTUYHMX 3CYBHUX HANIPYKEHBb y IJIOIIWHI KOB3aHHA y 0araToKoM-
TIOHEHTHOMY CTOIIi MOJKHA PO3TJIAAATH AK OSHOBUMIDHUN PyX MeAKOro edex-
THBHOT'O TOYKOBOTO 00 €KTa. OgHaK TaKi TOUKOBi 00 €KTH CJIiL PO3IVIALATA AK
Taki, 1[0 BHAXOAATHCA Wi BIJINBOM e(heKTUBHOTO OLHOBUMiPHOTO PO3IIOAiITY
3CYBHUX HAIPYKEeHb, XapaKTePUCTUKYU AKOT0 Bi[PiBHAIOTHCA Biff XapaKkTepu-
CTUK PeajbHOr0 JBOBUMIiPHOI'0 PO3IOLiNY. 3aIIPOIIOHOBAHO METOLY BU3HAUEH-
HA XapaKTEepPUCTUK TakKoro edekTmBHOro posnoginy. Taxmil posnmogin MoxkHA
3HANTH MIJIAXOM yCEePeIHEHHS MMOJIs CTOXACTUYHUX HAIPYIKEeHDb 3CYBY IO Xa-
PaKTepHi# 00J1aCTi IJIOIMHYU KOB3AaHHS, KA SBJIAE CODOI0 HPAMOKYTHUK 3
posMipamu, 1110 JOPiBHIOIOTH MOBKUHI Ta BUCOTi CepPeIHBOI OTMYKJIOCTY KPUTH-
yHOTro cermeHTa. 1le MOKINBO, OCKiTBKY PyXOMi KPUTHUYHI CEI'MEHTHU MOYKHA
BBaYKATU «PO3MAa3aHMMMU» II0 Iill XxapakTepHiit obsacri. Takum umHOM, CTaH-
TapTHUY BiIXWJI i JOBKUHY KOpeasIlil eheKTUBHOTO PO3IIOAIIY MOYKHA BU3HA-
YNTH 3 BiZJOMOTO ABOBMMIiPHOT'O PO3IIOALIY. 3a AOIOMOTOK KOMII IOTEPHOIO
MO/IeJIIOBAHHSA BU3HAUEHO 3AJIEIKHICTh XapaKTEePUCTUK e(DEeKTUBHOTO OJHOBH-
MipHOTO po3HOAiny Bif XapaKTepHOI IOBKUHU ycepenHeHHA. Ilokasano, 1110
CTaHJAPTHUM BifXuJ e(eKTUBHOTO POIIOAiIY 3SMEHIIIYEThCS, a 10T0 MOBKUHA
KopeJAllii 30iibITyeThcs 31 30iMbIIIEHHAM MOBKUHU yCepeaTHEeHHA, TOOTO BU-
COTH cepemHboi onmyKgocTu. OTiKe, eDeKTUBHUNU POSIOAiJ Ma€ MEHIITUIN CTaH-
TapTHUY BiAXWJ i OiIBITY HOBKUHY KOPEJIAIlil mOPiBHAHO 3 BiAMOBifHUMY Xa-
PaKTEePUCTUKAMU II0JISI CTOXACTUYHUX 3CYBHUX HanpyKeHb. OIiHKa XxapakTe-
pucTuK edeKTUBHOTO OJHOBUMIiDHOTO PO3IO/iy 3CYBHUX HANPY’KEHDb € BaiK-
JIMBOIO AJIA aHAJi3W TepMOAKTUBOBAHOTO PYyXY AMCJIOKAIiM y OaraToKOMIIOHe-
HTHOMY CTOIIi.

Karouogi ciioBa: 6araTOKOMIIOHEHTHUH CTOI, JUCJIOKAIlisd, 3CyBHE HAIPYKEH-
HS, CTAHZAPTHUH BiIXUJ, TOBMKUHA KOPEJIAITii.

(Received 26 February, 2026; in final version, 13 March, 2026 )
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1. INTRODUCTION

In many cases, multicomponent alloys can be used at elevated tempera-
tures, and then the temperature dependence of their yield point will be
critical. This dependence is caused by the thermally activated motion of
dislocations in the stochastic shear stress field in the glide plane gener-
ated by solute atoms. Since these materials are promising from the
point of view of engineering applications[1, 2], a detailed study of such
dependence remains relevant. Many works are devoted to the study of
various aspects of solid solution strengthening, which is the basic
mechanism for the formation of the mechanical behaviour of multi-
component alloys [38—26]. Modelling of dislocation motion provides
great help in such studies. An important issue in this case remains the
correct description of the stochastic shear stress field in the glide plane.

The main characteristics of such a stress field in a multicomponent
alloy are four parameters: standard deviations and correlation lengths
of its short- and long-wave components [27—-29]. It should be noted
that the main role for thermally activated motion is played by the
short-wave component of the shear-stress field [30, 31]. The issues of
crystal-lattice distortion, the yield strength of multicomponent alloys
and its temperature dependence, together with the modelling of dislo-
cation motion within the glide plane by the method of discrete disloca-
tion dynamics, have been considered in many other works [32—38].

The classical approach to describing the thermally activated motion
of a dislocation through a potential barrier or a corresponding force
barrier is to consider the dislocation as a point object moving along one
direction, where there is a certain distribution of potential energy and,
accordingly, the force acting on this object [39, 40]. Since the motion
of a dislocation does not occur as a whole, but rather in parts as the
movement of individual critical segments by the formation and trans-
formation of bulges on them [30, 31], the real object of the dislocation
motion is its part, which occupies a certain area on the glide plane, i.e.,
in reality, it is not at all a point object, to which a single co-ordinate
corresponds. In addition, in the region of the glide plane, in which the
critical segment of the dislocation is located, in a multicomponent al-
loy, there is not a single force, but a whole distribution of shear stress-
es, which are generated by solute atoms [27—-29]. Thus, the motion of
the critical segment in the glide plane is more likely a subject of model-
ling, for example, by the method of discrete dislocation dynamics.
However, such modelling has its drawbacks, especially, in the case of
multicomponent alloys, where we have a complex field of stochastic
shear stresses in the glide plane. First, it is a very laborious and time-
consuming process. In addition, such modelling does not make it possi-
ble to distinguish clearly the key parameters of the process and, there-
fore, it is quite difficult to generalize its results. In comparison, the
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simplified consideration of the dislocation motion as a one-dimensional
motion of an effective point object has certain advantages. First, it is a
significant reduction in time costs, i.e., faster obtaining of results. Sec-
ond, it is a clearer interpretation of these results and a simpler compari-
son of them with the classical approach. However, the consideration of
such a point object also has its problems. Instead of a two-dimensional
distribution of shear stresses on the glide plane, it is necessary to find a
single effective force that will act on such an object or, more precisely,
an effective one-dimensional distribution of shear stresses.

The goal of this work is to consider the motion of a critical dislocation
segment in a multicomponent alloy as a one-dimensional motion of an
effective point object for a known two-dimensional distribution of sto-
chastic shear stresses in the glide plane to develop a method for deter-
mining the characteristics of the effective one-dimensional distribution
of shear stresses that will act on such a point object, and to determine
the dependence of the characteristics of the one-dimensional distribu-
tion on the characteristic averaging length using computer modelling.

2. CALCULATION ALGORITHMS

The critical segment of the dislocation, like the dislocation itself, can-
not move in the glide plane as a whole without changing its shape. On
the critical segments, bulges are formed, which, under the action of
external stresses, begin to change their shape, and only this causes the
segment to move in a certain direction. Each bulge is characterized by
its height (the size of the bulge perpendicular to the dislocation line)
and length (the size of the bulge along the dislocation line). It is clear
that a large number of such bulges with various heights and lengths
are formed on the dislocation line. Nevertheless, we can consider some
averaged bulge, which will represent all other bulges. The determina-
tion of the parameters of such a bulge is considered in Ref. [36]. If we
use the approximate bulge parameters found in this work for the Cr—
Co—Ni—Fe—Mn alloy for certainty, we can show schematically the ideal-
ized process of movement of the averaged critical dislocation segment
(Fig.1). The main characteristic shapes and positions of the segment
are depicted by solid black lines and are sequentially numbered. The
grey lines show the intermediate shapes, which exist between the main
shapes. The horizontal dashed lines show the average co-ordinates of
the corresponding bulges. We assume that the segment movement oc-
curs in the positive direction of the x axis, and the dislocation is locat-
ed along the z axis. We will assume that there is initially a bulge 1 di-
rected downwards against the direction of movement with a certain
length and height at zero external stress. We can assign it the average
co-ordinate x = 0. If we apply sufficient external stress, the bulge 1 will
straighten to state 2. The absolute height of the bulge under these con-
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2, nm

Fig. 1. Idealized process of movement of the averaged critical segment for the
Cr—Co—Ni-Fe—Mn alloy.

ditions will decrease to zero with a constant length of the bulge. The
average co-ordinate will increase. Further changes in the shape of the
bulge will make it directed upwards in the direction of the segment
movement. The absolute height will start to increase again, and the av-
erage co-ordinate will continue to increase. In the next step, the bulge
will take shape 3. Note that, in this part of the movement from shape 1
to shape 3, the ends of the segment remain stationary, while the rest of
its parts move. Next, the bulge goes from shape 3 (directed upwards) to
shape 4 (straightened). The absolute height will then decrease to zero
again; the average co-ordinate will increase. After shape 4, the bulge
will become again directed downwards, and the absolute height will
start to increase again. From shape 4, the bulge passes into shape 5,
which is a repetition of shape I. After that, the process is repeated.
Note that, when moving from shape 3 to shape 5, all parts of the seg-
ment move.

The change in the absolute height of the bulge with a change in the
average co-ordinate of the critical segment is shown in Fig. 2. The
numbers correspond to the numbers of the base shapes of the segment
in Fig. 1. Periodic changes in the height of the bulge during the move-
ment of the critical segment are visible. It is also possible to introduce
the concept of the average height of the bulge.

The idealized process of movement of the averaged critical segment
of a dislocation is a somewhat simplified representation of how the dis-
location actually moves, but it clearly shows that different parts of the
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Fig. 2. Change in the absolute height of the bulge with a change in the average
co-ordinate of the critical segment during the idealized movement process for
the Cr—Co—Ni—Fe—Mn alloy.

segment at the same time occupy different positions on the glide plane.
That is, a whole set of forces acts on the segment at each time point, not
a single force. In addition, we considered this idealized process here
also in order to demonstrate that the critical segment as a set of its in-
dividual parts with different co-ordinates at each time point can be
characterized by a single average co-ordinate x. Moreover, the critical
segment in the idealized process is averaged, that is, it represents ef-
fectively a whole set of real segments with different bulges. That is,
some part of the averaged segment does not correspond in the ideal-
ized, simplified process, but, in reality, to a whole set of parts of real
segments with different locations. Thus, the co-ordinates of such a
part are to some extent uncertain. This gives reason to believe that it is
possible to consider such an averaged segment as a ‘smeared’ one over a
certain characteristic region of the glide plane. Moreover, this, in
turn, suggests a way, in which such an object distributed over some
two-dimensional region can be represented as a point object.
Considering an effective point object located in the centre of a char-
acteristic region on the glide plane, where the critical segment is
‘smeared’, the effective force that will act on it is simply the force act-
ing from the side of the field of stochastic shear stresses averaged over
this characteristic region. We note that the linear tension forces of a
two-dimensional segment, when averaged, give zero because the direc-
tion of action of these forces depends on where the bulge is directed,
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and the probabilities of bulges, which can be located in the characteris-
tic region and directed ‘down’ or ‘up’, are the same. For every linear
tension force directed ‘downward’, there will be necessarily a linear
tension force of the same absolute magnitude directed ‘upward’.

It is obvious that the simplest and most reasonable shape of the
characteristic region is a rectangle (Fig. 3). The size of this rectangle
along the z axis should be equal to the length of the averaged bulge L
[36], and the question of its size A =& (the characteristic length of av-
eraging) along the x axis is not so well defined, since the height of the
bulge is variable in time, and the average length of the bulge is con-
stant. It is possible to equate this size to the average height of the bulge
within the first approximation, which is similar to that shown in Fig. 2
for the Cr—Co—Ni—Fe—Mn alloy, but it should be remembered that this
figure shows the dependence for an idealized (simplified) process, so, a
definition similar to that in Fig. 2 gives a rather inaccurate estimate of
the average height. For rational reasons, this size is rather in the range
from the average height as in Fig. 2 to the maximum height in this fig-
ure. The effective one-dimensional shear-stresses’ distribution along
the x axis (z =0) for a point object representing a critical segment can
be found by averaging the field of stochastic shear stresses over the
characteristic region shown in Fig. 3:

< 1,(x) >= i.[;l‘rs(x, 2)dA , (1)

where A =\L is the area of the characteristic region, 1s(x, 2) is the dis-
tribution of stochastic shear stresses around the point with co-
ordinates x and z=0 on the slip plane, which can be determined by the
method described in Refs. [27, 28]. The double integral (1) can be re-
written as a repeated integral, if we take into account the characteris-

L/2 L/2

Fig. 3. Characteristic region on the glide plane, where the critical segment is
‘smeared’. The black dot inside the rectangle represents the effective point
object. The grey line shows one of the probable bulges of the critical segment,
which fits into the characteristic region.
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tic region, which is depicted in Fig. 3:

1 x+A/2 L/2
<1, (x) >= — j { j rs(u,z)dszu, (2)
AL e

x-1/2
where u is the integration variable along the x axis.

Now, let us consider some features of the distribution of shear
stresses 1(x, 2), in order to determine the internal integral in the re-
peated integral (2). The calculation of stochastic shear stresses within
the glide plane requires a rather significant amount of time and, there-
fore, these stresses are usually determined only at a finite number of
points. Along the z axis, these points are spaced at a step Az, which is
usually not less than the correlation length of the shear-stress field.
Thus, the stresses at these points along the z axis as random variables
will be independent of each other. Along the x axis, these points are
spaced at a step, which is usually less than the correlation length [27,
28]. When modelling, for example, by the method of discrete disloca-
tion dynamics, it is also necessary to know the shear stresses at points
along the x axis, which lie between the points, where the stresses are
calculated using the method described in Refs. [27, 28]. In this case,
linear interpolation is used. The stresses determined in this way also
fit well to a normal distribution with the same parameters as the
stresses calculated using the method described in Refs. [27, 28]. Thus,
the distribution of shear stresses within the glide plane can be shown
schematically as in Fig. 4. Shear stresses are defined on the glide plane
in strips, which are parallel to the x axis and have a width Az. With this
definition, the inner integral in Eq. (2) can be replaced by a sum with
stresses, which are defined for a single co-ordinate u along the x axis
and with different co-ordinates z;:

n

1 x+h/2 .
< 1,(x) = j (;ts(u,zi)Aszu, (3)

x-1/2
where n,~L/Az. This is valid under the condition L >> Az, which is
usually fulfilled for critical dislocation segments in multicomponent
alloys [36].

Recall that, in our conditions, the shear stresses at points along the
z axis, which are located at a distance from each other not less than the
correlation length of the shear-stress field, are actually independent
normal random variables t«(u, z;)=s(A2)N(0, 1), where s(Az) is the
standard deviation of the distribution of shear stresses in the glide
plane, which is defined for the given Az [27, 28], N(0, 1) is the standard
normal variable with zero mathematical expectation and a variance
equal to one.

Then, the sum in Eq. (3) will be equal to
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er(u, 2)Az = ZS(AZ)N(O,I)AZ = s(Az)AzN(0,n,) = s(Az)vLAzN(0,1), (4)

i=1 i=1
that is, the sum will be a normal random variable with zero mathemati-
cal expectation and a standard deviation equal to s(Az)vLAz and inde-
pendent of the co-ordinate u along the x axis. Thus, the standard devi-
ation s(Az)vLAz can be taken out behind the integral sign. Note that
the distributions of shear stresses in each strip parallel to the x axis
(Fig. 4) have the same correlation length, and the distribution of the
sum (4) along the x axis will have the same correlation length.

What in this case will remain under the integral sign in Eq. (3)? On
the one hand, this is a standard normal variable N(0, 1), but this is not
enough for a complete definition and calculations. In practice, we will
have certain numbers, which are given at points with co-ordinates x;
and z=0 with a step Ax along the x axis. These numbers will have a
standard normal distribution with zero mathematical expectation and
a variance equal to one, i.e., confirm that these are realizations N(0, 1)
at different points of the glide plane. In addition, the correlation
length of the distribution of these numbers along the x axis will be
equal to the correlation length of the shear-stresses’ distribution in
each strip parallel to the x axis. The simplest way to obtain the distri-
bution of such numbers is to use the shear-stresses’ distribution
ts(x;, 0), which is calculated for the given Az by the method described in

T A
E

Direction of dislocation motion

Fig. 4. Distribution of stochastic shear stresses within the glide plane.
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Refs. [27, 28]. Such a distribution will have zero expectation and
standard deviation s(Az) together with the necessary correlation
length. If we divide each ts(x;, 0) by s(Az) (N;=1s(x;, 0)/s(Az)), then, the
expectation and correlation length of the distribution will not change,
and the standard deviation will become equal to 1, which is required.
The value at a point with the co-ordinate u along the x axis and the co-
ordinate z=0 in the interval between the points with the co-ordinates
x;and x;1 (z=0) can be calculated using linear interpolation:

N, -N,
Nw =N+ —L@u-x), (5)

LT
where N; is the number given at the point with co-ordinate x;, N1 is the
number given at the point with co-ordinate xj.1; x.1—x;=Ax. Thus,
formula (3) becomes:

x+h/2
<t (x) >= 382) [Az [ N@wadu, (6)
7\' L x-A/2

If we calculate <t4(x)> along the x axis according to formula (6),
then, for this averaged (smoothed) with a characteristic averaging
length A of the distribution, we can determine the zero mean value, as
well as the standard deviation and the correlation length, which will
differ from the standard deviation and the correlation length of the
distribution ts(x;, 0) [27, 28]. The correlation length was defined as the
average length of segments along the corresponding distribution,
where the stresses had the same sign, that is, were positive or negative
within the boundaries of one segment [28, 35].

In the process of integration according to formula (6), the numbers
N(u) at points along the x axis, which lie between the points, where the
stresses are calculated using the method described in Refs. [27, 28], are
determined using linear interpolation. The numbers and their corre-
sponding stresses calculated in this way also fit well into the normal
distribution with the same parameters as the numbers and stresses cal-
culated using the method described in Refs. [27, 28]. However, the
stresses and the corresponding numbers N(u) at intermediate points
can also take other values, which are different from those calculated
using linear interpolation. This will certainly affect the accuracy of the
estimate of <t4(x)> using formula (6). The complexity of determining
the stresses at intermediate points is because such a stress is a correlat-
ed random variable, the value of which will be random, on the one hand,
and, on the other hand, will depend on the known values at neighbour-
ing points. This problem is shown schematically in Fig. 5. The point B
corresponds to the stress 1;=14(x;, 0) at the point A with co-ordinate x;.
The point D corresponds to the stress 11 =ts(xj1, 0) at the point E with
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Fig. 5. Diagram showing the problem of determining stresses at intermediate
points.

co-ordinate xj.1.

The dotted line 1, which connects B and D, shows the values, which
can be found using linear interpolation. The values 1; and 7.1 in our con-
sideration are not random, but given, that is, they can be conditionally
considered as random variables with mathematical expectations t; and
1141, and zero standard deviations. At a distance of the correlation length
w and a greater distance to the right of the point A and to the left of the
point E, the stresses become independent normal random variables with
zero mathematical expectation and standard deviation s, such that al-
most all of their possible values lie in the range from —3s to +3s. Closer to
the points A and E, we have random variables, which are correlated with
the values at the points A and E. We will consider them to be normally
distributed with mathematical expectations and standard deviations,
which depend on the distances to the points A and E, respectively.

Lines 2 show, within the first approximation, the mathematical ex-
pectations of such correlated random variables (Fig. 5). At points A
and E, these mathematical expectations are equal to t; and 7.1, respec-
tively, and, at a distance of the correlation length w and a greater dis-
tance to the right of the point A and to the left of the point E, these
mathematical expectations are equal to zero. Lines 3 in Fig. 5 show,
within the first approximation, the boundaries of the regions, in which
lie almost all possible values of random variables, which are correlated
with the values at points A and E, respectively. At the points A and E
themselves, these regions have zero size, i.e., zero standard deviations,
and, at a distance of the correlation length w and a greater distance to
the right of the point A and to the left of the point E, these regions ex-
tend from —3s to +3s.
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Between points A and E, the values are possible, which are correlated
simultaneously with the values at both of these points. That is, almost
all possible values of such correlated random variables must lie inside
the quadrangle BCDF (Fig. 5). The most probable values will be on lines
2, but it is clearly seen that line I lies relatively close to these lines of
most probable values. This explains that linear interpolation gives a
good approximation for intermediate points. Nevertheless, the stresses
and, accordingly, the numbers N(u) at intermediate points can take oth-
er values, with a small probability even outside the quadrangle BCDF. In
order to estimate the deviations of <ts(x)>, to which these other values
can cause, it is enough to analyse the results of integration according to
formula (6), when N(u) is determined not by linear interpolation along
line 1, but along broken lines BCD and BFD, respectively.

For line BCD,

N, -N;,
Nw)=N,+—@u-x;),x; <u<x,, (7a)
Xo — X,
Nj+1 - Nc
N(u):NC+—(u_xc),xCSquJJrl, (7b)
j+1 %
where
w+Bs—1,)(x, —x,
N, = B w2 %) (8a)
s(A2)w
. - (T —tw+Bs—1)x; + (s —1,,,)x,,, (8b)
¢ 6S_Ti ~Tia ’
For line BFD,
N, - N,
Nw)=N,+—(@u-x)), x; Su<x, (9a)
P
Nj+1 _NF
Nw)=N, +—(@u-x;), x, Su<x,,, (9b)
1 T Xp
where
Tw—-38s+1)x, —x;)
L= L L (10a)
s(A2)w
v - (t, -t )w+Bs+1)x;, +(Bs+1,,)x, 4 (10b)
F 6s+1, +1,, ’

Depending on the relative location of the points B and D, the re-
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gions, in which lie almost all possible values of the random variables,
which are correlated with the values at the points A and E, respective-
ly, may not intersect. Then, the region of possible values BCDF degen-
erates into a line 1, which connects the points B and D. Then, almost all
possible values between the points A and E, which are correlated simul-
taneously with the values at both of these points, will lie on this line.

3. RESULTS AND DISCUSSION

To verify the method of determining the characteristics of the effec-
tive one-dimensional distribution of shear stresses, which will act on a
point object representing a critical segment of a dislocation in a field of
stochastic shear stresses in the glide plane, a study of the influence of
the characteristic averaging length A on these characteristics was car-
ried out using computer simulation. First, several distributions
1s(x;, 0) of shear stresses generated by solute atoms were calculated for
a given Az=2nm using the method described in Refs. [27, 28] for a
multicomponent Cr—Co—Ni—Fe—Mn alloy. The initial parameters for
modelling the shear-stress field in this alloy are given in Table 1. The
shear stresses were calculated along the x axis at points with co-
ordinates x from 0 to 125 nm with a step of Ax=0.125nm and a fixed
co-ordinate z=0. The calculated distributions had zero mathematical
expectation, standard deviations s(Az)=197, 206, 210 MPa and corre-
lation lengths w=0.41, 0.4, 0.43 nm, respectively. The averaged bulge
lengths L were calculated for our distributions using the technique de-
scribed in Ref. [36]. These lengths were of 15, 14.6 and 14.4 nm, re-
spectively. Second, for each distribution separately, we determined
N;=14x;, 0)/s(Az) at points with x;. Third, each distribution t(x;, 0)
was averaged separately according to formula (6) with different char-
acteristic averaging lengths A ranging from 0 to 1.25 nm, and the val-
ue N(u) was determined using linear interpolation. The value A =0 cor-
responds to the absence of averaging along the x axis, i.e., only averag-
ing along the z axis is present. For each averaged distribution, its
standard deviation s, and correlation length w;, were found. In order to
estimate the deviations < 1s(x)>, which may be caused by possible val-
ues N(u), which do not correspond to linear interpolation, the integra-
tion was performed additionally according to formula (6), when N(u)
was determined not by linear interpolation, but along broken lines BCD

TABLE 1. Initial parameters for modelling the shear-stress field within the
Cr—Co—Ni—Fe—Mn alloy [28].

G, GPa ‘ K, GPa ‘ v b, nm Va, nm?
81 176 0.3 0.25 0.011
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and BFD, accordingly, as described in the previous section.

The dependences of the relative standard deviations and correlation
lengths of the averaged shear-stresses’ distributions in the case, when
the value N(u) was determined by linear interpolation on the relative
averaging length A/w,, are shown in Fig. 6. Each value s, and w; is di-
vided into the corresponding values so and wo, for which A =0, for each
averaged distribution. Therefore, for A/wo=0, we always have 1. In
addition, we note that so = s(Az)(Az/L)"? and wo = w, since

x+Lh/2
lim — N@w)du =t (x,0) /s(Az),
MM!M (w)du = 1,(x,0) / 5(A2)

and the standard deviation of this random variable is equal to 1. The
dashed vertical line on the left corresponds to 1 and, on the right, to 2.
These lines limit the range of the most probable values in the sense of
effective averaging. The effective average height of the convexity of
the critical segment is in this range. The standard deviation decreases,
when the averaging length increases. The value is always less than 1,
when the correlation length, on the other hand, increases, when the
averaging length increases. The value is always equal to or greater
than 1. The dashed vertical line on the left corresponds to A/wo=1 and,
on the right, to A/wo = 2. These lines limit the range of the most proba-
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Fig. 6. Dependences of relative standard deviations and correlation lengths of
averaged shear-stresses’ distributions on the relative averaging length.
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ble values of A/wo in the sense of effective averaging ts(x;, 0). The ef-
fective average height of the convexity of the critical segment isin this
range. The standard deviation s; decreases, when the averaging length
increases. The value s,/s¢ is always less than 1, when A/w, > 0. The cor-
relation length w;, on the other hand, increases, when the averaging
length increases. The value w;/wo is always equal to or greater than 1.

We also add that the average values of all averaged shear-stresses’
distributions obtained under the condition that the value N(u) was de-
termined by linear interpolation were close to zero that corresponds to
a zero mathematical expectation. Integration according to formula (6),
if N(u) determined along the broken lines BCD and BFD and not by lin-
ear interpolation, leads to distributions with standard deviations and
correlation lengths, which are close to the corresponding values in the
case of linear interpolation, but the average values of these distribu-
tions are not close to zero. These average values are close to each other
in absolute value, positive for the line BCD and negative for the line
BFD. That is, they show a distribution shift, if we consider the values
at intermediate points, which are greater than those ones calculated by
linear interpolation (line BCD) and smaller than those calculated by
linear interpolation (line BFD), and these shifts are close in absolute
value. These biases can be used to estimate the inaccuracy of the calcu-
lation of the standard deviation s, of the averaged distribution. The
upper bound s, for the possible values s, can be estimated, if, in the
corresponding averaged distribution calculated using linear interpola-
tion, the mean value of the corresponding distribution for the line BCD
is added to each positive value and the absolute value of the mean value
of the corresponding distribution for the line BCD is subtracted from
each negative value. The lower bound s, for the possible values s; can
be estimated by subtracting from each positive value in the corre-
sponding averaged distribution and adding to each negative value the
absolute value of the mean value of the corresponding distribution for
the line BFD. The results of the calculations, s /s, and s, /s,, are
shown in Fig. 6 as the upper and lower bounds of the grey band, in
which the possible values s,/so lie.

The inaccuracy of the standard deviation s, leads to the inaccuracy
of the correlation length w,. The correlation length can be estimated by
the formula w =ns/s,, where s and s, are the standard deviations of the
shear stress and its gradient, respectively [29]. In our case, it will be
w). =msy/Sg. The standard deviation of the shear-stress gradient s, is
usually unknown, but, in the case, when we know w,, s;, the upper
bound s, of the standard deviation and its lower bound s, , we can es-
timate the upper bound w, of the correlation length and its lower
bound w, , assuming that s, is the same for w;, w, and w, . Then, we
have sg=msy/wi, w, =w,s, /s,, and w, =w,s, /s, . The results of the
calculations, w, /w, and w, /w,, are shown in Fig. 6 as the upper and
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lower bounds of the grey band, in which the possible values of w;/wo
lie. This grey band expands quite strongly, i.e., the accuracy of the de-
termination decreases, when the averaging length increases.

In the range from A/wo =1 to A/wo =2, the relative average height of
the critical segment bulge, i.e., the effective relative averaging length
to calculate the effective one-dimensional distribution of shear stress-
es, which will act on the point object representing the critical segment,
lies. The relative standard deviation s;/so varies from 0.46 to 0.88, and
the relative correlation length w;/w, varies from 1.61 to 2.98 in this
range of A/wo. Thus, the effective averaging gives the standard devia-
tion s, ~0.67s(Az)(Az/L)? and w, = 2.3w. It is interesting to note that
the expression for s, is very close in structure to the expression de-
scribing solid-solution hardening in Ref. [41]. In Ref. [39], an effec-
tive one-dimensional sinusoidal distribution of internal stresses was
proposed for the analysis of thermally activated dislocation motion.
An interesting point is that, for a given characteristic length w, at
which the internal stresses have the same sign, the effective sinusoid
in this work has a half-period 8w/3, i.e., 2.67 times longer than the real
characteristic length. This is explained by the fact that a quarter of the
sinusoid period (from O to the maximum stress) is associated with the
transition of the critical segment from the convex shape 1 to the
straight shape 2 as in Fig. 1. In this case, the average co-ordinate of the
segment will change to 4w/3, if shape 1 is a parabolic bulge with height
2w. The half-period will then be 8w/3, respectively. That is, this dif-
ference between the real and effective periods is due to the fact that the
two-dimensional segment is averaged in a certain way. The result of
our averaging, w; = 2.3w, is close to 8w/3 from work [39].

4. CONCLUSION

The motion of a critical segment of dislocation in a field of stochastic
shear stresses in a glide plane in a multicomponent alloy can be consid-
ered for the purpose of thermal activation analysis as a one-
dimensional motion of an effective point object. However, such a point
object should be considered under the action of an effective one-
dimensional shear-stresses’ distribution, the characteristics of which
differ from the characteristics of the real two-dimensional distribu-
tion in the glide plane. The effective one-dimensional shear-stresses’
distribution can be found by averaging the field of stochastic shear
stresses over a characteristic area, which is a rectangle with dimen-
sions equal to the length and height of the averaged bulge, since the
critical segment of dislocation in the process of motion is as if
‘smeared’ one over this characteristic area of the glide plane. The
standard deviation of the effective distribution decreases, and its cor-
relation length increases with increasing averaging length, i.e., the
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height of the averaged bulge. Therefore, the effective distribution has
a smaller standard deviation and a longer correlation length compared
to the corresponding characteristics of the stochastic shear-stress field
in the glide plane. The evaluation of the characteristics of the effective
one-dimensional shear-stresses’ distribution is important for the anal-
ysis of thermally activated dislocation motion in a multicomponent al-
loy.
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ITickoctpymunue o0pobaerrs (II0) moBepxHi aaomiHifioBOTO cromy
AlSi10Mg npoBeseHo micas afUTUBHOI CUHTE3W METO0I0 CeJIEKTUBHOTO Jiase-
PHOTO TOILJIEHHSA IOPOIIKY Ta HOJATKOBOTO TepMiuHOTO 00pobsienusa T6 (Bix-
maz 3a remneparypu y 520 = 10°C ynpoznos:x 1,5 rogvs i3 rapTyBaHHAM Y BOLY
Ta HACTYIHUM IITYyYHUM cTapinuam 3a Temmepatypu v 150 + 10°C ympomoBix
10 roguH 3 0XOJIOMKEHHAM Ha noBiTpi). Bukopucrano crangaptay cxemy 110
vyacTuaKamu abpasuBy Al:0s ma mosiTpi Tpusasictio Big 10 ¢ mo 120 c. IToka-
3aHO, II10 OCHOBHI BiIMiHHOCTi afUTUBHO JPYKOBAaHUX i TepMiuHO 0O6POOIEHUX
3paskiB micaa IO crocyroThecsa BTpaT Macu, MiKpPOTBEPAOCTH, IIIEPCTKOCTU Ta
xapaxTepy Mop@oJiorii, 3HaueHb 3aJUITKOBUX HANPYKeHb. [[OKJIaIHO TOCIi-
IKEeHO MiKPOCTPYKTYDPY, ha30oBuil i xeMiuHmMM cKJIaau, 06rOBOPEHO MeXaHi3Mu
3MiITHEeHHS.

KarouoBi ciioBa: aguTuBHE BUPOOHUIITBO, CEJIEKTUBHE Jla3epHEe TOMJIEHHS, ITi-
CKOCTpYyMUHHE 00pobJieHH s, MopdoJioris, nedpopmairis, cron AlSi10Mg.

Sandblasting (SB) of the surface of the AlSi10Mg aluminium alloy is per-
formed after additive synthesis by selective laser melting (SLM) and addi-
tional T6 heat treatment (annealing at a temperature of 520+ 10°C for
1.5 hours followed by water quenching and subsequent artificial ageing at a
temperature of 150 + 10°C for 10 hours followed by air cooling). A standard
SB scheme with abrasive Al:0s particles in air is used for 10—120 s. As shown,
the main differences between additively printed and heat-treated samples
after SB relate to their mass loss, microhardness, surface roughness and
morphology, and residual stresses. The microstructure, phase and chemical
compositions are studied in detail, and the hardening mechanisms are dis-
cussed.

Key words: additive manufacturing, selective laser melting, sandblasting,
morphology, deformation, AISi10Mg alloy.

(Ompumano 18 nromoeo 2026 p.; ocmamoun. eapianm — 20 mpaeusa 2026 p.)

1. BCTYII

Hobpe Bimomo, 110 6araTo BIacTHUBOCTell MeTaJeBUX OETAJIB i BUPOOiB
BUB3HAYAIOTLCA CTPYKTYPOIO Ta (PiBMKO-XEMIiUYHMM CTAaHOM iXHBOI IPH-
TIOBEePXHEeBO1 00JIacTi. Y CyUacHOMY MAaIIMHOOYAYBAHHI IIMPOKOTO 3a-
CTOCYBaHHA 3HAXOMATH TEXHOJIOTIYHI MeTOoM, IT0 AAIOTh 3MOTY MOJI-
dikyBaTu poboui IMOBEpPXHi AeTasiB 3 MeTO0 3abe3leueHHsa IOTPiOHUX
eKCILIyaTallilHNX XapaKTePUCTUK, Y TOMY YHCJIi 3HOCOCTIHKOCTH, KOH-
TAKTHOI JKOPCTKOCTH, a TAKOK KOPO3ilfHOI Ta BTOMHOI CTiAKOCTeM.
JocaimxeHHA ocTaHHIX POKiB mOKasaju, IM0 A0 TAKUX METOIiB Bii-
HOCHUTBCS 1 IIOBepXHEBe IJIacTUYHe AedopMyBaHHS, 3yMOBJIEHE MiCKO-
crpymuaHUM 00pobsenuam (I10). Ilepin 3a Bce, IIO BUKOPUCTOBYETHCS
IJISTI OUHUINEHHS IIOBePXHI MaTepisAiB BiJ TeXHOJIOTiYHMX OOMIIIOK i
IPOAYKTiB Kopo3ii [1-3]. ¥ nmbomy pasi moBepxHIO 3pasKa 6araTropasoBo
00POOJIIOIOTh BHCOKOINBUAKiCHMMU OKcumsHumu dacTuHKamu (AlqOs,
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SiOg, TiO:). Kpim nmporo, I10 BUKOPUCTOBYIOTH OJIA (GOPMYBaHHSA CIIPUI-
TJINBOTO HOBEPXHEBOTO peabedy, HaOPUKJIAL, IJSd IIOTaJbIIOr0 HaHe-
ceHHA pisHOMaHITHUX MOKPUTTiB. Tarko:k sa meBHuUx pesxumis I1O 3y-
MOBJIIOE€ 1HT€HCUBHY ILJIaCTUUHY JedopMallilo IoBepXHeBUX IIapiB Me-
TaJeBUX MaTepisaiB, BHACJIZOK YOr0 y IIPUIOBEPXHEBiit obaacTi BUHMI-
KaloTh 3aJIMIITKOBL HAIIPYKEeHHs CTUCHEeHHSA, AKi IOJIIINTIYIOTh XapaKTe-
puctuku BToMHOI MimtHOCTHU [4—8]. [lomaTkoBO, 3acTocoByiouu 110, mo-
JKHA OoJlepKaTy HAaHOKPUCTAJNIUHUM CTaH IOBEPXHi 3 YHiKaabHUMH (i-
SBUYHNMHU, XEMiYHIMU Ta MEeXaHiYHMMHU BJACTUBOCTSIMU, HE 3MiHIOIOUYN
CTPYKTYPY Ta BaacTHUBOCTi 06’emy marepisany [9]. IIO, Ak oguu 3 meTo-
IiB inTeHcuBHOI miaactuuHol medopmartii (IIII) moBepxHi, r'eHepye BuU-
COKY T'yCTHHY IUCJOKAaIliii, mepedymoBa aKkux 3abesmeuye GpopMyBaHHS
HaHOKPHCTAJIUHNX 3epeH. AK npurganu sacrocyBanus 110 11 HAHOK-
pucTaJisaIii MeTaJeBUX IIOBEPXOHL, HaBeJeMO HACTYIIHI poboTi. BHa-
caigok I1O 3paskiB jgaryni y [10] BuaBieHo opMyBaHHSI HaHO3EPEH i3
cepenuiM posMipoMm y 20 HM i BifmIoBigHe migBUINEHHA 3HOCOCTIAKOCTH,
a 3a fanumu [11] HaHOBepHA MAIOThH Melo Oiabimuit po3mip y 50—70 um
mo raubuHu y 5 MKM. ABTopu [12] ma mpukriani I1O meipsxasiiinoi Kpuiri
304 moBenu, 10 HAHOKPUHCTAJIIUHA IIOBEPXHS XapaKTepPU3YETLCA IIif-
BUIIIEHOIO KOPO3iiHOIO CTiMiKiCTIO Ta 3MEHIIIeHIM 3HOCOM 34 YMOB TEPTA.
I1O 3paskiB aJdOMiHiI0O TAKOXK YMOMKJIUBIIIOE chOPMYyBAaTH HAHO3epHA B
nmianasoni posmipiB 50—70 am [13].

Hosuii coieck samikasiaernaa metogoM 110 ocTaHHIM YacoM BUHUK Y
3B’ABKY i3 3ampoBaAKeHHAM agUTUBHOTO BupoOHuUIITBa (AB) KoMIIOHE-
HTiB 31 CKJIQZHOIO I'eOMEeTPicio, 30KpeMa B aepPOKOCMIiUHil, eHepreTuy-
Hill, aBTOMOOiIBHIN 1 MegUUHiN TpoMuCI0OBOCTAX. AB — 11e TexHOJIOTIi A
BUT'OTOBJIEHHS, 3a IKOI TPUBUMIiPHUY TBepAUit 00’€KT (YacTUHA, TETAaJb)
CTBOPIOETHCS IIOETAIIHO IIIap 3a IIIapoOM, TOUKAa 3a TOUKOI0 a00 JIiHisd 3a Ji-
Hielo 0e3 medopMmairii abo BuAAIEHHS MaTePisaay 3a JOIIOMOI0OI0 IPOorpaM-
HOT'0 3a0e3IMeUeH A ABTOMATU30BAHOT0 IPOoeKTyBaHH [14—19].

Jlo urcia afuTUBHUX TE€XHOJOTi# BiIHOCUTHCA METOJ CEeIeKTHUBHOTO
nazeproro tomaenud (CJIT), axuii 3HaX0oAUTL Bce OiJbIIIOT0 BUKOPIUC-
TaHHA 3aBAAKU TAKUM IIepeBaram, IK KOPOTKUI Yac BUXOAY Ha PUHOK,
3MEHIITeHHA MaTEePissIbHUX BiZXO0IiB, MOMKJMBICTH OIep:KaHHS CKJAJI-
HUX i 3amyIyTaHuX TreoMeTpill, YHiBepcaJabHiCTb, 3MaTHICTL BUPOOIATHU
dyHKIiOHANLHI AeTasi 3 YHIKAILHUMU iHMKEHEePHUMH OCOOJMBOCTSIMU
Ta nusaitHoM [3, 20—23]. BinblricTh HayKOBUX MyOJIiKaIii TPUCBAYEHO
mociimxenmio BimuBy pe:xkuMiB CJIT ma cTpyKTypy Ta BIacTHUBOCTI Ta-
KHMX MeTaJIeBUX MaTepisiiB, AK Byrieneni kpuii, cronu Ti6Al4V, Co—
Cr, Inconel. ITopiBHAHO 3 iHIIMMK, BUPOOHUIITBO JEeTAJIiB 3 aJIOMIiHiHAO-
BUX CTOIIiB 3a ;omomoroo AB Bumarae oco0JMBOI TOUHOCTH UepPe3 BICO-
Ky BilOMBHY 3JATHICTDH i TEILIOMPOBiAHICTE aloMiHi0, AK i 6iJabIITYy mO-
TYy;KHiCcTL Jasepa [23,24]. Tum He wMeHIn, BuKopucTanHa AB-
aJIOMiHiMOBUX CTOIIiB 3pocTae B aBTOMOOiIbHil, aepoKOoCMiuHii, Mop-
CBKili i TenmI000MiHHIN IPOMUCIOBOCTAX 3aBAAKYN BUCOKil ITMTOMIM Mi-
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IIHOCTi, HUBLKIA I'yCTHMHiI, HU3BKOMY Koepimieuty Tepmomampysii Ta
mpuBabyuBiit BaprocTi. Cepes cTomi Al HafGiIbII IIIMPOKO BUKOPHUCTO-
ByBaHUM i gocaimxenum € crora AlSi10Mg (% mac.: Al 6amanc, Si 9-11,
Mg 0,2-0,45, Mn <0,45, Fe <0,55, Cu <0,05, Zn <0,1, Ti <0,15),
AKUU JeMOHCTPYE IIiKaBi MeXaHiuHi BJIACTUBOCTIi, AK Y TOTOBOMY CTaHIi,
Tak i 3a yMOB TepMiuYHOT0 00POOJIEHHS, a TAKOMK XOPOIITy CTiHKiCTh I110-
IO KOPO3ii Ta TemJIONPOBiAHICTE, HU3BKY B’ A3KiCTh i Yac TOILJIEHHS Ta
MaJly YyCaaKy BUJIMBKIB, a TAKOK BUCOKY TeXHOJIOTiUHiCcTh [25—27].

Oxuum 3 icroraux Hemouikis CJIT 3i cromiB amromiHiio, € 3aBenKa
HIePCTKiCTh, MOPHUCTICTh, 3aJUIIIKOBI HAIIPYKEHHA Ta moraHe (QiHimnrHe
00po0JIeHHs, a4 TAKOMK HAABHICTh JOMIIIIOK i YACTMHOK BUXiZHOTO IIOPO-
ITKOBOT0 MaTepisany. IlopucTicTh BUHMKAae uepe3 6araTo YMHHUKIB: po-
30pMBKYyBaHHS po3TONy Ta MOTiK MapaHI'OHI IIi yac J1a3epHOTO CKaHY-
BaHHA, 3aXOIJIEHHA Tady uepe3 BUIAPOBYBAHHSA JIETKOTOIIKUX KOMIIO-
HEHTIiB y CTOIIi, ycaZKOBa IMOPUCTICTh, II[0 YTBOPIOETHCS IIiJ Yac 3aTBEP-
OiHHSA, BiICYTHICTH CTOILNIEHHS, CIIPUYMHEHA IIOTAHUM HEePEeKPUTTAM
OaceiiuiB posrony [6, 28]. IIlo cTocyeThea 3aIUITKOBUX HAIPY:KEHb, TO
BOHM IHAYKYIOTBCS JIOKAJIbHO KOHIIEHTPOBAHUM BBEIEHHSIM €Heprii, Io
BU3HAUA€E BeJUKi TeMHepaTypHi I'paJlieHTH, AKi, Y CBOIO Uepry, 4aCTKOBO
IIPUBBOIATE OO AedopMmarriii abo HaBiTh Tpitmuu [16, 29]. IllepcTKicTh 1mO-
BepxHi moB’s13aHa 3 epeKTOM «cxomuHKM» (‘stair step’ effect), To6TO CcTY-
miHYacTHUM 3’ €THAHHAM IIapiB Ha KPUBOJIHIMHNX i MOXUINX ITOBEPXHAX,
a TAKOJK SBUIIEM CKOUYYBaHHS a00 «yTBOpeHHA KyJaboK» (‘balling’ phe-
nomenon), 110 BUKJINKAE YTBOPEHHS PO3PUBHUX TOPisKOK i 3amobirae pis-
HOMipHOMY OCA;KEeHHIO HOBOTO ITIAPY MOPOINKY, TAKOYK CTBOPIOIOUU IIO-
pucCTicTh i posmTapyBaHHA uepes IoraHe MisKIapoBe 3B’ A3yBaHHa [6, 30—
32].

3 MeTOIO HMiABUIIEeHHS AKOCTH IIOBEPXHi, 110 3abe3meuye MiJBUIIEHY
TBEePAiCTh i BUCOKHMI PiBeHb BTOMHOI MiITHOCTH, AK IPaBUJIO, PEKOMEH-
IyeTbeda (iminiae o6podaenns. Cepen Takux o0podieHb, AK APOOOCTPY-
MUHHE, YIbTPa3ByKoBe (a00 yIbTPa3sByKOBe HAHOKPHUCTATIUHEe MOIM(i-
KyBaHHS IIOBEePXHi), JladepHe yIapHe, KaBiTaliline, Bibparifine, Mmexa-
HiuHe, eJIeKTpoxXeMiuHe, moJipyBaiabHe, I10 BUpisHAETHCA MOMKIUBICTIO
ONpAaITIOBAHHA BUPOOiB OyAb-AKMX PO3MipiB, opMU Ta CKJIATHOCTH, a
TaKOoK IIiTBUINEHHS TBEPJOCTHU 3a PaXYHOK (OpMyBaHHSA IOBEPXHEBOI
HAHOKPUCTAJIIYHOI CTPYKTYPHU BiZgpyKoBaHOro BUpoOy. 3a zanumu [33]
3HaUeHHsA TBepmocTu 3paskis AlSil0Mg s3Haumo HOJIINIIyeThLCSA depes
medopmalliiine sMilfHeHHs, BUKJINKaHe mporecom 110, mpumaiiMmui, 10
raubuHu y 175 MKM Big moBepxHi. I[losutuBuuit epext IIO Ha BTOMHY
MIiITHICTEL 3paskiB afuTUBHO BUroToBJeHOro crorny AlSil0Mg moxasaHo
asropamu [6]. KimeTuune o6po0JieHHA MOBEPXHiI BUABUJIOCSA OCOOJIMBO
0araToobilAI0OUNM AJIA OfeP:KaHH I1JIOTO KOMILIEKCY YYAOBUX Xapak-
TEPUCTUK, YCYBAIOUM BOAHOPAa3 MOTPe0y B HOLATKOBUX CTALiAX 00POO-
JeHHA TOBEPXHi, AKi MOKYTh HNPHU3BECTH A0 HEIMOCJIiJOBHUX TaHUX,
0COOJIMBO TOMY IIIO B OiJIBIITOCTI BUIAAKiB IOPHU He JOKATi3YIOThCS pery-
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JITPHO ITO0JIM3Yy TOBEPXHEBOTO IMIapy.

TuM He MEHIII, JOCTATHLO YaCTO BUKOPHCTOBYIOTEL 1 KOMOiHOBaHI Me-
ToguKM, HanpukJiaan, I10 + rapade izocraruune npecyBanusa, 110 + ere-
KTpoxemiune miaBiaeHHsa, 110 + repmiune o6pobiennsa. Hanpukiaan, mo-
ennanud I10 3 BizmoBimHMM TepMiuHUM O00pOOGJIEHHAM (3a3BUYAM IJIs
I[BOT0 KOHKpeTHOro cTory AlSi10Mg pexomernayeTbesa pesxum T6 [34]) €
e(PeKTUBHIM CIIOCOOOM IIiABUINeHHI MexaHiunux xapaxkrepuctuk CJIT-
IeTajiB KOHCTPYKIIi#M 3a YMOB IMHAMiUHOTO HaBaHTa:keHHA [35]. Baa-
raji, o0 ofep:xaTy OFHOUACHO BUCOKY MIITHiCTh Ha PO3PUB i MiIHiCTE
Ha BTOMY, KiHeTnuHe OOpOOJIEHHS IIOBEPXHi MOXKe IIPOBOJUTICHL i 6e3
TePMiUHOTO 00POOJIeHHS, ajle AKIO IIJIAaCTUYHICTh i BUCOKA BTOMHA Mi-
IHicTL TOTPidHI omHOUacHO, Tomi ITO moTpibHO KOMOiHyBAaTH 3 HAJIEMK-
HUM TePMiuHUM OOPOOJIEHHSAM, aJallTOBAHKNM BiJIIOBiTHO SO KOHKPET-
HUX BUMOT.

OmHakx ofep:KaHi Ha CLOTOAHI pe3yJibTaTH BKas3yIOTh Ha Te, IO IIPO-
IeAypu TMOCTOOPOOIeHHA, AKi 3aCTOCOBYIOTBCS MIJIA CTOIIB aJIOMiHiIO,
BUTOTOBJIEHUX 34 CTAHJAPTHUMH TEXHOJIOTifIMHU, He 3aBMKAU IILJIKOM
OpUAATHI AJd IMOJIMIIeHHs KoMmmjaekcy Biactubocteii CJIT-BupoObis,
Xoya I MAalOTh IIEBHUU IMO3UTUBHUN e(peKT, TaKUHA AK IOMOIeHisaIis
ctpyKTypu [36]. Tomy HeoOXimHi momasbIlli JOCTiMKeHHSA IJA BU3HA-
YeHHA ONTHUMAaJbHUX mapamerpie IIO aguTHBHO BUTOTOBJIEHOrO Ta TEP-
Moo6pob.ieroro crony AlSil10Mg.

Mertoio 11iel poboTH € JOCTiAKeHHA BIJIUBY IIiCKOCTPYMUHHOTO 00pO-
OJIeHHS Pi3HOI TPUBAJIOCTU HA CTPYKTYPY, (PasoBUil cKIam, MiKpOTBEp-
IicTh, IIepcTKicTh i xapakTep mopdosorii moeepxHi cromy AlSi10Mg,
OIeP;KaHOT0 METOMOIO CEJIEKTUBHOTO Ja3ePHOT0 TOILJIEHHA IIOPOIIKY, a
TAKOK IIiCJIS MOro JOAATKOBOT'O TEPMiUHOI0 00pOoOJeHHS — BigmaJy 3a
remnepatypu y 520 + 10°C yopomos:k 1,5 rogus 3 rapTyBaHHAM y BOIY
Ta HACTYIIHMM HITYYHUM CTapiHHAM 3a Temuepatypu y 1560 +10°C ym-
pomos:xk 10 rogus 3 oxosoakeHHAM Ha moBiTpi (T6).

2. MATEPIAJIN TA METOIU

HocaimsxyBanucs 3pasku ajominiiioporo cromy AlSilOMg y Burasni
napaJsenenineny posmipamu 20x10x5 MM i ryetunoio y 2,66 r/cm®, Bu-
TOTOBJIEHI 3a TEXHOJIOTi€I0 CeJIeKTUBHOTO JIa3€PHOTI'0 TOILJIEHHS IIOPOIII-
Ky Ha npuHTepi Alfa-150D xomnanii «AJIT Vipaiuu» (AguTuBHI Jase-
pHi TexHoJOTil YKpainu). [IpuHIIMIOBA cxeMa APYKY Ta TeXHiUHi xapa-
KTEePUCTUKY BUKOPUCTAHOTO IPUHTepa HaBemeHo B [37].

SAr BuXigHMI MaTepifJ BUKOPHCTOBYBABCA CHEPUUHUII ITOPOIIOK
crorry AlSi10Mg 3 posmipamMu yacTuHOK y AismasoHi 20—63 mxm. ITpu-
ctpiit Alfa-150D 3 posmipom po6ouoro moasa 150x150x180 mm ocHailre-
HO BOJIOKOHHUM iTepOifioBUM J1a3epoOM 3 HMOBITPAHUM OXOJIOMKEHHAM i
HoMiHaJbHOIO OoTy KHIicTIO ¥ 200 BT, misMeTpoM Ja3epHOT0O IPOMEHS Y
=45 mMKM i moB:kuHOO XBuJai y 1070 = 2 um. ITapamerpu, BUKopucTaHi
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IS BUTOTOBJIEHHS 3pasKiB: MBUAKiCcThL ckamyBaHHI — 500 mm/c, TOB-
ITUHA mapy — 25 MKM, Biggaas mrpuxyBanaa — 150 mxm. lia sarmo-
OiraHHsS OKMCHEHHIO BUTOTOBJIEHHS 3Pa3KiB MPOBOAMJIOCSA B iHEPTHOMY
cepemoBuilli aprouy [38].

ITickocTpymMuHHE 00pOOJIEHHS ITPOBOAUJIOCS IJIA IIOIEePeIHbO BiAIIo-
JIipOBaHUX IOBEPXOHBb 3pPas3KiB, OCKiNIbKY 3a manumu [39] moaipyBanusa
IIOBEPXOHb Iepel JOAATKOBUM OOpoOJeHHAM a00 HAaCTyIHE BUAAJICHHS
MaTepiany mpubansHo Ha 25—30 MKM 3 IMOBEPXHi ITOJIIIIITyE OIip BTOMI.
s I10 rpuBasicTio Big 10 ¢ ;o 120 ¢ BuKopucToByBaBcA mpuiiang EASY
SAND (cromarosorisa «I[oxrop I'ypum»; puc. 1).

BrpaTtu macu BusHavaJIncs IMJISAXOM 3BasKyBaHHA 3pas3KiB [0 Ta micys
I1O ma Barax FX-300i 3 TounicTio y 0,001 r.

BuwmiproBanHA MiKpoTBepaocTu 3a BikKepcoM BHKOHYyBaJiocA Ha
npunani LHVS-1000Z misxoM BAABIIOBAHHS Y IMOBEPXHIO 3pasKa Mi-
SAMAaHTOBOI IIipaMiZIK¥ 3 KBaAPATHOIO MiJICTABKOIO Ta IBOIPAHHUM KYTOM
3 BepimuHO0 y 136° 3a maBanTaxkeuuaay 10 ri 100 r supoxos:x 10—-12 c.
3anasa 3MeHIIeHHS IMOXMOKM cepefHE 3HAUEHHS MiKPOTBEPIOCTH BU-
3HavaJIoCcd 3a KiJTbKiCcTIO MipAHEL He MeHIIIe 7.

Amnajiszy mapaMeTpiB IIIEPCTKOCTH IPOBEIEHO 34 JOIIOMOTOI0 OITMU-
Horo mpodinmomerpa Mahr (‘Steelcut’ LLC). Busnauanucsa cepenHe apu-
dMeTUUHE 3HAUEHHA IMepPCTKocTu R,, Haitbisbina BucoTa mpodiao R.,
IMOBHA BUCOTA IPOMiII0 Ryax i cepeqHiit KpoK HepiBHOCTEH IPOMiaio Sy,.

JocaimxeHHA MiKPOCTPYKTYPH IIPOBEAEHO 3a JOIOMOIOI0 METAaJIor-
padiuHoro TPMHOKYIAPHOro MiKpocKoma iScope 1S.1053-PLMi 3i 36i-
apimeHHamMu y x200, x500 pasiB. a5 1mb0ro mosipoBaHi 3pasKu CTOITY
AlSi10Mg nposaBsaan B 1% -Boguomy posunni HF.

Bukopucrano TaKOX CKaHyBaJIbHUU eJeKTPOHHUN MiKpPOCKOII

Puc. 1. 3oBHimHi# Buraan mickocrpymurHoi ycranoBku EASY SAND.
Fig. 1. View of the EASY SAND sandblasting device.
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TESCAN Vega3 SBH SEM 3 eHeprogucmepciiinuMm aHajizaTopom. B
pekuMi 310OMKU MOBEPXHi 3pasKiB NpUMIBUAIITYBaJbHA HAIIpyTra CTaHO-
Busa 10 KeB. [lociaimsKeHHsS IPOBOAMJINCS B PEKMMi BTOPUHHUX (pe-
JKUM penabedy HOBepxHi) Ta BimdOuTmx (pekumM (PasoBOr0 KOHTPACTY)
eJeKTpoHiB. B pexkumi 37iOMKM TOBepXHi AJid BUBUEHHA Tomorpadil
MIPUIIBUAITYBaJIbHAa Hanpyra ctaHoBusa 10 KeB, cTpyM eleKTPOHHOTO
nyuxa — 1071° A, giamerep nyuxa — 0,03 mxm. XemiuHa aHaIiza mose-
PXHi cTomiB mpoBoAmMJAaCS 3a MTOIIOMOIOI0 €HepProguCIIePCiiHOro aHaJIi-
szatopa (EA) INCA Energy 450X T 3 mpuImIBUANTYBaJIbHOIO HAIIPYTOIO Y
20 xeB.

JJIs peHTI'eHOCTPYKTYPHUX JOCIHiIKeHb BUKOPUCTAHO AudpaxKToMe-
tep Rigaku Ultima IV (Bumpominenusa CukK,): iHTepBag KyTiB —
20 =20°-120°, kpok peecrpaitii — 0,04°, yac BUTPUMKH B TOUI[i — 2 C.
Jisa aHamisay ofep:KaHUX PEHTI€HIBCBKUX CIIEKTPiB, PO3PAXyHKY PO3-
Mipy obsacteit KorepeuTHoro poscigsuaa (OKP), crymena medpopmarrii
KpucTradiunoi rpaTuuili (¢) Ta KimbKicHoi (ha30B0i aHaIi3W BUKOPHUCTAHO
mporpamHue 3abesneuentua PDXL, mikHapogHy 0asy manmx mudpaxirii
ICDD (PDF-2 (2025)); kinbkicHy (pazoBy aHaAJIi3y IIPOBEIEHO METOLOIO
RIR (Reference Intensity Ratio), sxa monsarae y mopiBHAHHI BimHO-
ITeHHA iHTeHCUBHOCTEe! HaNO1IBINT CUIbHUX pedieKciB a3y Ta KOpYyH-
Iy BixHi cyMinIi 3 MacoBUMM YaCTKaAMMU.

BuznaueHHA BeJIMYMHY HAIIPYsKEHb IIEPIIIOr0 POAY IIPOBEIEHO METO-
I010 sin?y 3a 3MiHOIO KyTOBOTO ITOJIOMKEHHS AUPPAKIiHHOr0 MaKCUMY-
my Al(420) nns suavens KyTiB y =0°, —10°, —-20°, —-30°, —40°. In1a srya-
IKyBaHHA NPodigiB AuPPaKIiiHX MaKCUMyMiB BUKOPHCTOBYBaJacs
dyuruia Savitzky—Golay, a muaa BigoxkpemiieHHa (GOHY — (PYHKILA
Sonneveld—Vissers. BuzHaueHHa KyTOBOI'O IIOJOMKEHH AUPPAKIIIAHIX
MAaKCHMYMiB IIPOBOAUJIOCS Ha OCHOBI 3HAUEHD MOJIOMKEHHS [[EHTPY Baru.
OO6po0IeHHA Oofep:KaHX JaHUX IIPOBENEeHO 3 BUKOPUCTAHHSAM IIporpa-
mHoro 3abesneuenHs Rigaku Residual Stress Analysis.

Harpisamusa 3paskiB mpoBoguioca 1o temuepatrypu y 520 +10°C ym-
POIOBK OOHi€l rogMHM; BUTPUMKA 3a Ii€l K TeMIlepaTypu cKJagaja
1,5 roguau 3 MOJANBITNM rapTyBaHHAM y Bony. IlITyuwne crapinua yu-
pomos:xk 10 roguu BigbyBasocsa 3a Temuepatypu y 150 + 5°C. Taxuii pe-
sKuMm 3a craggaprom EN1780 mis amoMiHifioBuX cToImriB Bigmosimae T6
[40]. IIpuitHaTi TO3HAYEHHA 3pa3KiB HaBeeHO y Tab. 1.

3. PE3YJIBTATH 1 OBTOBOPEHHSA

Ha pucysky 2, a, 6 mpezncTaBieHO MiKpocTpyKTypy cromy AlSilOMg,
oxmep:xamoro 3a Ttexuosorieio CJIT. Coocrepiraerbesa Tunosa muas CJIT
HEOJTHOPigHA MIKPOCTPYKTYpPaA 3 OKPEMUX CEI'MEHTIiB — MepesKa 3Bapio-
BaAJIbHUX BaH HAHiBKPyrJol (opmu 3a Tumom «pubd’ suoi aycku» (fish-
scale) [41]. Taxa xBuasicta MopdoJIoTid POPMYy€ETLCA B IIPOIIECi Jasep-
HOT'O PO3TOIJIEHHS IIOPOINKY BHACJIMOK IIOCJiJOBHOIO TBEPHiHHS Kpa-
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meJbHUX 0aceliHiB PO3TOIly, BCEPEANHI AKUX CIIOCTEPIiraeThCA AYyKe TO-
HKAa JeHIPUTHA CTPYKTypa MaTpuili o.-Al 3 BOJIOKHUCTOIO CiTKOI €BTeK-
tuku [Al + Si + Mg,Si].

IIig yac Tepmiumoro ob6pobsenua T6 cmemmdiuHa MiKpPOCTPYKTypa
TUIy «pub’Avuoi JycKu» pyuHyeThedA (puc. 2, 8, 2), eBTEeKTUYHA CTPYK-
Typa Si B mopucTiit ciTii parmMeHTyeThCA Ta BigOyBaeThCA mporiec cde-
poigmsalii Buminens Si. HactuuaKku Si okpyrioi ¢GopMu HepiBHOMIipHO
pucneprosani y marpuii Al; BomHOUac ApiOHOAMCIIEPCHI YACTUHKU

TABJINIIA 1. IlosHaueH s JOCIIIKYyBAHIX 3PAa3KiB.
TABLE 1. Indication of the studied specimens.

ITosunauenua | ITocomimoBHIiCTE TEXHOJOTIUHMX OomepaItii
CJITO Buxiguwii cras nicia 3D-npyry
CJIT CraH nicia 3D-npyKy Ta moripyBaHHA
CJIT + IO CraH nicaa 3D-apyKy, MoJaipyBaHHA

Ta MiCKOCTPYMUHHOTO 00PO0IeHHA
CraH nicna 3D-apyKy, TepMmiuHOoro oopodaernua T6
Ta TOJipyBaHHSA
Cran nicaa 3D-apyKy, TepMmiuaoro oopobdsentsa T6,
TOJIipyBaHHA Ta MiCKOCTPYMUHHOTO 0OPOOIeHH A

CJIT +T6

CJT +T6 +I10

Puc. 2. Ontuusni mikpodororpadii CJIT-crony AlSilOMg y Buxignomy crasi
(a, 0) Ta micsa TrepmiurOTO 00POOIEeHHSA T6 (8, 2).

Fig. 2. Optical microphotographs of SLM alloy in the initial state (a, 6) and
after thermal treatment T6 (s, 2).
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dasu Mg,Si 3abe3neuyoTh Jo4aTKOBe 3MilfHeHHA cToriB Al-Si—Mg.

s meTanmbHOTO HOCIHiIKEeHHA MIKPOCTPYKTYPHM NOBEpPXHi 3paska
crorry AlSil10Mg micua pisaux pexkumis IIO 3acTocoBaHO PacTPOBY eJre-
KTPOHHY MiKpockomito. Ha pucyHry 3 s OpUKJIALy HaBeLeHO MiKpo-
CTPYKTYPY O TpuBajgocTu o0podseHHA Yy 10 ¢ Ta 90 ¢, aKa € HaiibiabII
IIOKAa30BOI0, a TaKo:K Bigmosigui EDX-manu gis Al, Si, Mg, O.

B tabaui 2 mpeacTaBieHo pe3yabTATH XeMiuHOI aHaIi31.

ITicaa CJIT cunocrepiraersesa 91,69% sar. Al, 7,53% Bar.Sii 0,78%
Bar. Mg; Oxcuren Bigcyrtuiii. Ilicaa I1O yopomos:xk 10 ¢ xapakTep pos-
moxiny Cuiiiito Ta Maruito Ha Mamax IPaKTUYHO He 3MiHOeThCA. Ki-

Puc. 3. MikpocTpyKTypa Ta Malu PO3IOLIIY XE€MIUHOTO CKJAAy IJs 3paskKiB
CJIT +1I0: t =10c (a), t =90 c (6) Ta CJIT + T6 + I1O: t =10 c (8), t =90 c (2).

Fig. 3. Microstructure and distribution maps of chemical composition for sam-
plesSLM +SB:t=10s(a), t=90s(6) and SLM+T6 +SB: t=10s(8), t =90 s (2).

TABJUIISA 2. BmicT esiemeHTiB HA TOBEPXHi 3pasKiB 3a JaHUMU MiKpPOPEHTI e-
HOCIIEKTPAJILHOI aHATi3HU.

TABLE 2. Content of elements on the specimen surface based on EDS analysis.

Bwict, % Bar.

Y™moBu 00pobeHHSA

0 Mg [ Al | Si
CJIT, - 0,78 91,69 7,53
CJIT+II0,t=10c 22,68 0,56 69,79 6,08
CJIT+I10,t=90c 21,94 0,53 70,83 6,00

CJIIT+T6+1II0,t=10c 21,32 - 70,79 6,77
CJIT +T6 +I1I0,t=90c 23,98 0,52 68,33 6,16
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JBbKiCTh OCHOBHUX €JIEMEHTIiB 3MEHINYETLCA 34 PAXYHOK 3HAUYHOI KiJb-
Koctu Okcureny y 22,68% Bar., To0TO BigOyBaeThcsi a00 OKMCHEHHS
IMOBepPXHi, 4060 BTiseHHs yacTuHOK Al:O;. IIporecu oxucHeHHs, IOAPio-
HEHHs Ta BTiJIeHHS YacTUHOK abpasuBy AlyO; mix uac ITO ma moBiTpi €
mobpe BimoMuMu Jis TUBapHUX CTOIIB [42].

ITicaa 90 ¢ 06pobaeHHs BisyaabHO KinbKicTs OKCUI'eHY 3HAUHO 3Me-
HIOTyeThCA Ha Malli Ta GiKcyoTbcd AiIAHKYU YKUCTOrO adroMiHiro. Ile —
€IVUHUN PerKUM, 3a AKoro He BuaBimeno Mg. lasa spaska CJIT + T6 + I1O
yupomoB:k 10 ¢ ocHOBHOIO BiAMiHHiCTIO € 3HAYHO OijbIna KinmbkicTs Cu-
Jimiroo, ajge YiTKUX c(epuUYHUX BUIiJIEHb HOT0 HE CIIOCTepiraerbes,
OoCKinbKM HagBHiCcTb OKCUI'eHY rajbMye 3arajabHy KapTury. OKcureny y
IbOMY BHIAAKY S3HAYHO MeEHIle, Hi)K, HAIPUKJIAL, IJd 3paska
CJIT + I1O micasa o6pobaenns TpusajdicTio y 10 ¢, aige 6e3 momepegHbOTO
TepMiuHOTO 00pPOOJeHHA. B 1boMy BUIIAAKY J00pe (piKCyeThCA TaKOMXK
Marwuii. ITicaa 90 ¢ IIO Oxkcureny crae 3HaYHO OijbIile, AJIOMiHiI0 Bif-
noBiguHo menime. Tax camo Qixkcyerbea Maruiit, a Cuirinfito BisyaabHO
cTae 3HAYHO MEHIIIe, IO CBIIYUTD IIPO MOMKJINBY (PparMeHTaIio chepu-
YHUX BUALIEHD Simig uac I10.

MopdoJorito moBepxHeBoro pesbedy cromy AlSil10Mg miciaa micko-
CTPYMHUHHOT0 00pobmenns yactuakamu Al:Os yapomos:xk 10c¢ i 90 ¢ sa
KiMHaTHOI TeMIepaTypu Ha IOBiTpi moxkasano Ha puc. 4. ITicaa I1O do-
PMyeThCA NMIEPCTKa Ta PO3BMHEeHa NMoBepxXxHA. IlopiBHAHO i3 BUXigZHUM

Puc. 4. Mopgosoris mosepxueporo peabedy mia 3paskis CJIT +I10: t=10c
(@), t=90c(6) TaCJIT+T6+110: t=10c(8), t=90c (2).

Fig. 4. Morphology of surface relief for samples SLM +SB: t=10s (a), t=90s
(6) and SLM +T6+SB: t=10s(8), t=90s (2).
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cranoMm CJIT (micass MexaHiUYHOrO IOJipyBaHHA) CIIOCTEPIraeThCcs TEH-
JEeHIlid O 3POCTAHHS IIIEePCTKOCTU IIOBEPXHEBOro penabedy micas 110
IJIA yeix mociimsxeHux 3paskis. I3 30iabimenuam vacy 110 sminm inTen-
cuiKkyoThCA Ta 3’ SABISIOTHLCA IOITKOAMKEHHS I 3araubjaeHHsa, AKi €
O1JIBII iCTOTHUMMU IJI TEPMOOOPOOJIEHOTO 3pas3Ka, 1o MOoB’ A3aHe i3 Horo
MEHIII0I0 MikpoTBepaicTio mopiBuaHO i3 CJIT-3paskom. Takum UmHOM,
nsa 3paskiB CJIT + T6 + ITO micas 90—120 ¢ 06pobieHHA cIIoCTepPiraeTh-
csA MEHIII PeryJasapHUI CTAH IIOBEPXHIi 3 ABHO IMUPIINMHA Ta TIUOIIMMU
moBepxHeBUMU KpaTepamu. Crimis ¢parMeHTOBAaHMX yJIaMKiB UaCTU-
HOK Al»O3 Ha 1MOBepXHi He BUABJIEHO.

CepenHs IMIepPCTKiCcTh MOBepxHI R, y BUXiZHOMY cTaHi micasa moaipy-
BaHHA cTaHoBUTEL 0,088 MKM, micasa o6pobeHHa yupomos:k 10 ¢ 3pocTae
y 24 pasu go 2,092 mKMm, a micasa 90 ¢ gocarae 2,219 mgm. Ilicaa Tepmi-
yHoro obpodseHHsa T6 i macrymmoro IIO ympomos:xk 10 c¢ 3mauenus R,
ckaamae 2,078 MxM, a micaa 90 ¢ HabyBae MaKCHMAJLHOTO 3HAUCHHS
cepen ycix pexxkumiB — 2,285 mrm. [aa spaskis CJIT + T6 + I1O 3 Tpu-
BaJricTio 00pobsenHA y 90 ¢ xapakTepHa i HaiibisbIna BucoTa mpodiaio
R, — 14,8 mkm. To6To ITIO CJT-crony AlSilOMg micass momaTKOBOI'O
TEePMiuHOTO 00POOJIEeHHA 3yMOBJIIOE AesdKe 30iJbIIMeHH IIIePCTKOCTHU II0-
BepxHi mopiBHaHo i3 I1O 3paska y BuximHomy craHi, i mei edexT 3aie-
JKUTH Bif yacy o0pobsenHsA. 1151 mopiBHAHEA B TabJ. 3 HaBeIeHO TaKOXK
nmaui gasa cramy CJITO.

IIi mami moOpe y3TOmKYIOTHCA i3 3aJIe;KHOCTAMU BTPATHU Baru Bix Tpu-
Basoctu ITO gus spaskis AlSilOMg GesmocepesHbBO IIiCIA OLepKaHHS
(CJIT +II0) Ta micaa momatkoBoro Tepmooopodsenusa (CJIT + T6 + I10),
AKUX IPeACcTaBJIeHO Ha PUC. 5.

ITicis obpobsenns yupogos:xk 10 ¢ Brpat macu misa 3paska CJIT + 11O
He ciocTepiraersed, a ajasa 3paska CJIT + T6 + I1O, To6To micasa Tepmiu-
HOTO 00pOOJIeHHs, BOHM CKJIagaoTh 2,75 mr. Tak camo i ama Haiibiab-
moro uacy I1O (120 ¢) srpatu macu piasa 3paska CJIT + TO + 110 e 6iab-
mumu (1o = 2,5 mr), a"isxk aaa CJT +I10. xa npomikHUX 3HAUEHD Ya-

TABJUIIA 3. ITapamerpu 11epcTKOCTH TOBEPXHi 3paskis cromy AlSi10Mg y
pisHUX cTaHaX.

TABLE 3. Surface roughness parameters for samples of AISi10Mg alloy in
different states.

YMmoBu 06pO0OIEeHHS Ra, MKM R., MKM Rmax, MKM Sm, MM
3,02 16,847 21,567 0,1751

CJITo 0,088 0,661 0,855 0,0761
CJT+1I1I0,t=10c 2,092 13,494 14,870 0,0630
CJT +I1I0,t=90c 2,219 13,615 15,288 0,0627
CJIAT+T6+110,t=10c¢c 2,078 14,079 17,155 0,0593

CJIT +T6 +1I1I0,t=90c 2,285 14,8 16,442 0,0668
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Puc. 5. 3anexuicts BrpaTu Baru 3paskis cromy AlSi10Mg Bix TpuBasiocTu mic-
KocTpymMuHHOTO 00pobaennsa: I — CJIT +T6 + 110, 2 — CJIT +I10.

Fig. 5. Dependence of mass losses of AISi10Mg-alloy samples on the duration
of sandblasting: 1—SLM + T6 + SB, 2—SLM + SB.
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Puc. 6. 3amexHicTs 3Minu MiKpoTBepaocTu moBepxHi crony AlSi10Mg Bif Tpu-
BaJIOCTHU icKocTpyMuHHOTO 00pobaenusa: I —CJIT + 110, 2—CJIT + T6 +I10.

Fig. 6. Dependence of surface microhardness of AlSi10Mg alloy on the dura-
tion of sandblasting: 1—SLM + SB, 2—SLM + T6 + SB.

cy icToTHUX Po30isKHOCTeI He cmocTepiraeTbesa. To6TO MOKHA 3pOOUTH
IoIepenHilli BHUCHOBOK, IO 3HEMIITHEHHS IIOBEPXHEBOT'O IMapy CTOIIY
AlSi10Mg BHacIiOK TepMOOOPOOIEHHS 3YMOBJIIIOE OLIBIIT 3HAYHI BTPA-
T Macu mifg uac I10, oco6InBo Ha ITIOYaTKOBUX CTAL1AX 00POOIeHH.
Posrasuemo sMiHM MiKpPOTBEPIOCTY HA MOBEPXHi (3a HaBaHTaKeHHS
y 100 r) gyia mocaimskyBaHUX 3paskiB y 3ajieskHoCTi Big TpuBasoctu I10
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(puc. 6). [lyia aguTUBHO BUTOTOBJIEHOTO CTONTY YV BUXiTHOMY CTaHi xapa-
KTepHe 3HAaUeHHs MiKpoTBepmoctu y 1,38 I'lla, AKe € BUIIUM IIOPiBHAHO
3i cTaHOM micya 3BUUaliHOTO JUBapHOro BupobuuIirTea (0,75 I'Tla). 3a-
BOaKu ocobauBocTaM CJIT-Trexmomorii hopmyeThcsa HaA3BUUAKHO TOHKA
MiKpPOCTPYKTYpa, BiiOyBaeThCsa moApiOHEeHHA 3epHa Ta, K HaCIiI0K, —
MeXKi 3epeH, AKi 3aliMaloTh BeJIUKUH 00’€M, CTAIOTH OCHOBHUM UMHHMU-
KOM OOMeE)KeHHs PyXy ANCJOKAIIiN i, OT:Ke, 3yMOBJIOIOTEL BHCOKY MiIl-
HicTh 3paskiB AISi10Mg.

3HaueHHA MiKPOTBEPAOCTH TEPMOOOPOOIEHOTO 3pas3Ka IiC/Isd PeKUMY
T6 € meHmIUM, aHiK OJIA BUXiTHOTrO cTamy, i ckiaagae 1,12 I'Tla. Ile 3y-
MOBJIEHO B MepHIy Uepry pyHHyBaHHAM cIenn@iuyHol MiKpOCTPYKTYpH
«pub’suoi aycku» (puc. 2, 8, 2), Aka s3abesmeuyBajia BUXiTHY BHCOKY
TBepAicTs. Bupminenna Si i1 iHIMNX 3MiITHIOBAJIbHUX (a3, AKUX JOCTAT-
HbBO IJId 3a0e3IIeUeHHA BCOKOI TBePAOCTH JUBAPHUX CTOIIIB mmicisa T6, y
ITaHOMY BUNAJKY BilirpaioTh MEHIITY POJIb.

ITicna I1O 3HaueHHS MiKPOTBEPAOCTU 3POCTAIOTh AJIS YCiX cepiii 3pa-
3kiB. Ha mepmriii crazii sminmaenss o 30 ¢ o6podaenHs 3uauenua HV
pisko 36inbimyrorbesa Brpuui guas crany CJIT +II0 i BaBiui gma cramy
CJIT + T6 + I1O. Ha gpyriii crazxii, axka Tpusae 10 90 ¢, mpollec 3MiIlHeH-
HsA CIIOBLIBHIOETHCA, 3HaUueHHA HV KomBaoThLCA B Mexkax 4,5—5,2 I'Tla
nna 3paskis CJIT+1II0 i 2,25-2,75T'Ila gaa CJIT + T6 +I10. Ilicasa
120 ¢ 0o0pobJaeHHs IMOUNMHAETHLCA TPETA CTabisd, AKa CYIPOBOIKYETHCS
3MEHIIIeHHAM B3HAaUYeHb MIiKPOTBEPAOCTH BHACIIAOK peJaKCallilfHuX
IIPOIIECiB, IO € XapakTepHuM ApuiieM mjad Al-crouis. Hampukaan, mo-
nioHmit edeKT OaraTocTamgifiHOrO xXapaKTepy IIOBepxHeBoi medopmarrii
pamimre BusBiaeHo AJa cromy J[16 mim uac yJIsTpasBYKOBOTO yIapHOTO
00pobsenua (Y3YO0) Ha mIoBiTpi, 1110 moJIATae y YepryBaHHi cTamiil 3MiIl-
HeHHd Ta maactudikarii. [43, 44]. S3aBaaku gucuIallii mpy:KHLOI eHep-
rii y nporecax HU3bKOTEMIIEPATYPHOI'O IMHAMIYHOT'O IOBEPHEHHSA Ta IU-
HaMiuHOI peKpucTaJisallii IIoBepXHeBa ILJIacTAYHA Aedopmallid MoxKe
HEOIHOPA30BO IIOBTOPIOBATHCS, PO3IMOUNMHAIOUNCH HAUe «3 YUCTOTO ap-
KyIa».

Caix sasHaumTu, mo 3actocyBauua II0 mae 3Mory JomaTKOBO 3Mill-
HIOBATHU IIOBepXHeBUi Imap spaskis AlSil10Mg, sKux moIepeqHbO BiKe
OiggaHo IMTyyHOMY cTapiHHio. MakcuMaabHUI e(peKT TAaKOoro cuHepre-
THYHOTO (TepMiuHoro Ta gedopmaliiiinoro) sminuenss csarae 245%.

Ha pucyuky 7 moxasaHo 3sMiHI MiKpoTBepAocTH (3a HaBaHTAaKEHHI Y
10 1) i3 rambuHOIO 3MIiITHEHOTO IIapy, a Ha puc. 8 — MiKPOCTPYKTYpPY
morepeuHoro mepepisy. MosxkHa 6auntu, 1o s 3paskiB CJIT +I10 si
30iJIBIIIEHHAM TPHBAJOCTH OOpPOOJEHHsI, TOBIIMHA Ta MiKpPOTBEpAiCThb
Mo (iKOBAHOTO IIAPY 3POCTaiOTh, a A CJIT + T6 + I1O nmpaxkTuumo He
3MiHIOIOTHCA. 3a JaHUMHU OIITUYHOI MiKPOCKOIIil MakcuMaJJabHa TJINOMHA
piBHOMipHO 3MimHeHoro moBepxHeBoro mrapy aas CJIT +II0 ckaamae
npubansuo 350 mxMm, a gasa CJIT + T6 + I10 — 210 mxMm. ITicaa ITO amgu-
THBHO BUTOTOBJICHIX 3Pa3KiB BUXiflHA MiKpPOCTPYKTypa pud’ auoi JycKu
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Puc. 7. 3anexxuocti aminu MikporBepgoctu cromy AlSi10Mg i3 raubumoo Mo-
mudikoBamoro mapy: 1 — CJT+1I0 (¢=120c), 2 — CJIT +1I0 (¢t=60¢c), 3 —
CJIT+T6+1I10(t=120¢c), 4 — CJIT + T6 +I1IO (¢ = 60 c).

Fig. 7. Depth dependences of microhardness of AlSi10Mg-alloy samples: 1—
SLM +SB (¢ =120s), 2—SLM +SB (¢ =60 s), 3—SLM + T6 +SB (t =120 s), 4—
SLM +T6 +SB (t =60 s).

3HIKAE aHaJOTiuHO Jii TepMiuHOTO 00POOJEHHS Ta BifAOyBa€ThLCA BUI-
JeHHa Api6bHMX vacTmHOK CHJIiIlito 3 mepecruyeHOoro TBEPAOrO PO3UMHY
Ha OCHOBI amoMiHiio (puc. 8, 2). PopMyeThC TaKOMK IIepeXigHui M1ap, B
SIKOMY YacCTKOBO 3aJIMINAIOTHCA 3aCTUIJII BaHHU PO3TOIY, AKi OKAHTO-
BaHi vactTuaKamu Si. CKOpiIll 3a Bce, TaKa CTPYKTypPa Ta BUCOK1 3HAUEH-
HSA IIOBePXHEBOI MiKPOTBEPAOCTH CBifYaTh IIPO BTiJIEHHS YAaCTHUHOK
Al;O3, sKi icToTHO HOAPiIOHIOIOTHEA ITi Yac yaapuoi zedpopmarrii.

Y Bumaaky 3paskiB CJIT + T6 + IO mpuIIBUAIIIEHNMHI YaCTUHKAMU
00p00JIAeTHLCA BiKe TOMOTeHi30BaHa CTPYKTYpa, B AKill cepuyuHi Bumi-
JeHHsA Si JoCTaTHLO PiBHOMipHO po3momaisieHi B 00’emi maTepianxy. Tomy
SICKPaBO BUPAYKEHOT0 3MiITHEHOTO IITapy He CIIOCTePiraeThCs.

MosxHa JImiie 3po0KUTH BICHOBOK, IO Y 00po0JIeHiil o6aacTi moapioHe-
Hi yacTUHKY Si BUOYOBYIOTHCA Y PAAM, IapajeabHi IITOA0 IIOBEePXHi 3pa-
3Ka, TOOTO CIoCcTepiraeThesA OiIbIN YHOPALKOBAHA CTPYKTYpPAa, TOAL K B
00’eMi 11i BUAiJIEHHS B JesAKii Mipi IOBTOPIOIOTE cerMeHTH Buxigaoi CJIT-
CTPYKTYPHU 3 IepeXPeIeHHIAMEI, TOOTO PO3TAIIIOBAHI 0iIbIIT XaOTHYHO.

Hna mopiBHAHHA aBTopu [35], BUKOPHCTOBYIOUM ITiCKOCTPYMUHHE
00pobaenns mikpochepamu SiO: miamerpom y 200—-300 MxM mim Tmc-
kom y 0,7 MIla 3 Bigmanaio y 20 cm yrpogos:x 40 ¢, mocaran epeKTy mo-
BepxueBoro sminmueHHsa Ha 20% i ToBHMHMN ypaskeHoro mapy y =200
MKM. BogHOouac 3aauINIKOBI HAaNIPy KeHHA CTUCHEHHA, CIIPUYMHEHI yaa-
pHUM 00pPOOJIeHHAM IMOBEPXHi, cKIaganu npubausuao —90 MIla i caranu
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Puc. 8. MikpocTpyKTypa HonepevyHoro nepepisy 3a pisHuX 30i/IbIIIeHb A1 3pa-
3kiB crony AlSi10Mg micast 06pobiiennsa Ha MakcumMaabuy minaicTs: CJIT + 11O
(a—2), CJIT + T6 + 110 (2, e).

Fig. 8. Microstructure of cross-sections of AISi10Mg alloy samples at various
magnifications after treatment to maximum strength: SLM +SB (a—2),
SLM +T6 + SB (9, e).

mikoBoro sHaueHHs y —155 MIla ma raubuni y 0,12 mm. ITicaa ITIO Tep-
MiuHO 00pPO6JIEHOTO 3pas3Ka 3aJMINKOBI HAIPY:KEeHHA MaJU MeHIIe 3Ha-
YeHHA; MaKCHMaJbHe HAIIPYKeHHs 0yJI0 BUABJICHO Ha IIPHUOJIM3HO aHa-
JoriuHiil ranbOuHI MOPiBHAHO 3 BiAIIOBiAHOIO cepieio 6e3 TepMiuHOro 00-
pob6uenusa (0,14 mm). Bogmopas 3arayibHa ranbuHa Mapy, Ha SKUHA BILIN-
BAIOTh 3AJIUINTKOBI HAIIPY:KeHHs CTHUCHEHH:A, OyJia O0iJbIIoIo Ta mocsaraJia
0,36 mm.

Hia BUSABIEHHSA HaOpPy’KeHb Ieprioro poxay (or), 3MiH (aszoBoro
CKJIAAY Ta MepiofiB KpHCTAIiuHOI I'paTHUINI, aHAJIi3u 0bJacTeil Korepe-
HTHOTrO posciauud (OKP) i crymensa gedopmarliii KpucraaivuHol r'paTHUIL
(€) amroMiHiIO 3aCTOCOBAaHO PEHTI'€HOCTPYKTYPHY aHamisy (puc. 9 i 10).
Ha pucynky 9 HaBemeno pparmMeHTu audpaxTorpaM, AKi yMOMKJIUBIIIO-
IOTh IIPOAHAJIIBYBaTH KYTOBI IIOJIOKEHHSA 1 iHTEHCUBHICTh qudppaKITiii-
Hux w™makcumymiB Al(111), Al.03(012), Si(111) pas CJIT-cromy
AlSi10Mg y Buximmomy cTaHi Ta Imicas TepMmiuHoro oopobJieHHsS, a Ta-
KOK micyisa pisaux pesxumis I10.
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Puc. 9. 3minu iHTEHCUBHOCTY Ta MOJOMKEHHA TUGPAKIITHIX MAaKCUMYMIB s
3paskis cromy AlSi10Mg: Al(111), CJIT +1IIO (a); Al(111), CJIT +T6 +IIO (6);
Al:03(012), CJIT +1II0 (8); Si(111), CJIT + T6 +I1O (2).

Fig. 9. Changes in intensity and positions of diffraction peaks for A1Si10Mg
alloy samples: Al(111), SLM + SB (a); Al(111), SLM + T6 + SB (6); Al203(012),
SLM +SB (8); Si(111), SLM + T6 + SB (2).

KinsxicHuit pasoBuii ckIam IpeacTaBIeHo B TA0I. 4.

Caix sasmauntu, mio y Buxignomy craui CJIT ta CJIT + T6 nasasui gu-
dpaxuiiini makcumymu Bin amrominmiro (PDF-2 ID: 03-065-2869, mpoc-
TopoBa rpymna 225: Fm—-3m) ta Si (PDF-2 ID: 00-005-0565, mpocTopoBa
rpyna 227: Fd—3m). 3a manuMu KiJgbKicHOI peHTTreH0o(ha30B0Oi aHAiI3U
BMmicT Si cramoBuTh =9,7% Bar. ¥ piBHOBasKHOMY CTaHi AJs GiHapHOI
cucremu Al—Si MmakcuManbHA PO3UMHHICTE Siy o-Al cranosuTs 1,65%
3a temmeparypu y 577°C. Ogumak y mporeci CJIT Bumcoxa HIBUAKiCTH
OXOJIO[KEeHHS CIpHUse 30iJbIIeHHI0 KinmsKoeTr Si B a-Al, 1o cTBOpIoe
nepecuUeHy CTPYKTYPY TBEPOT0 PO3UMHY Ha OCHOBI aJlfoMiHif0.

Posmip OKP amrominiio ckaazae 44 am i 105 um gy1a 3paskiB 6e3 Tep-
MiuHOro 00poGsenHsa Ta micaa T6 Bigmoimmo. Cryminb medopmarrii
Kpuctaaiugoi rpatauni € BummMm aasg CJIT+II0 mopiBHaAHO 3
CJIT + T6 + I1O Ta mopiBHmoE = 0,16% mnopisuano 3 0,075%.

Hanpy:xeHHs mepIrioro pony (or) € CTUCKAILHUMU B 000X BHOAZKaX
(50-100 I'TIa), 1o moB’A3aHe 3 MeXaHiUYHUM ITOJipyBaHHAM 3PasKiB Mo
mpoBenenns I10.

Ilicia CJIT+II0O Ta CJIT+T6 +1I0 3’aBasioThbca pedJexkcu Bifg



MOIN®IKYBAHHSA ITOBEPXHI AIMTBHO BUT'OTOBJIEHOI'O CTOIIY 603

5 120
= 0,4055{% ? 2 6
g /‘" g:1 001
= 0,4054 %
g o 8071,
2 2
= 0,4053 s 60l
o 2 1
2 2 g *@Q
20,4052 4017 T
2 Q ! , ! | ] ! ; : ! !
g 0 20 40 60 &0 100120 0 20 40 60 &0 100120
TpusamicTs 06pobIeHHA, C TpusanicTs 06pobIeHHT, C

= 025

. g

i

5 0,201

2 1

2 0,151

Q

X

é 0,10 9

B B

= 0,05 <

5 0 20 40 60 80 100 120D 0 20 40 60 80 100120

Tpusajiicts o6pobieHss, ¢ TpusanicTs 06po6aeHH, ¢

Puc. 10. ITapamerep KpucTasiuHOI I'paTHUI agroMiHi0 (a), posmip obiacreit
KOTEPEeHTHOr0 po3cignuda (6), cTyminb nedopmarnii kpucranaiuyaoi rpatHUIi (8)
Ta PiBeHb BAIUIITKOBUX HAIIPYKEHD IIEPIIIOTO POy (2) micyia micKoCTpyMUHHOTO
00pobJienus croay AlSil0Mg: 1 — CJIT +I10, 2 — CJIT + T6 +I1O.

Fig. 10. Crystal-lattice parameter of aluminium (a), coherent scattering area
size (0), lattice microstrains (8), residual stresses of the first kind (2) after
sand-blasting of AISi10Mg alloy: I —SLM + SB, 2—SLM + T6 + SB.

Al:Os; KinbkicTs 1iel (pasu xKomuBaeThed Big 26% Bar. 1o 35% Bar. i e
JIerro OiJBIIO0 AJIS TePMOOOPOOIeHNX 3pasKiB. AJle iCTOTHOI 3a/I€KHO-
ctu Big uacy I1O He crmocTepiraerncsa.

Opmmiero 3 MpUYMH 3MIiITHEHHS ITIOBEPXHi CTOIIB alioMiHii0 MOKe OyTH
IPoIleC MEeXaHOXeMiUYHOT0 OKMCHEHH ITiJ Ji€I0 iHTeHCUBHOI IIJIaCTUYHOI
medopmarrii Ha moBiTpi. IK Bimomo, anOMiHilT He iCHye B YMCTOMY BU-
TAALL YV OPUPOJL uepe3 MOro BHUCOKY aKTHUBHIiCTH Ifomo OKcureny. ¥
MIPUPOAHBOMY CTaHi BOHU IITBUIAKO PearyioTh, YTBOPIOIOUN HACUBYBAaJIb-
HY ILIiBKY okcuny Amominiio (AlxOs), AKa IOKPHUBaE IIOBEPXHIO AJIIOMi-
Hifo. IloBizoMmasarocs, 110 3a YMOB HIPUPOAHLOI aTMOC(hepPH IIap OKCHUIY
AntoMiHio TOBITHOIO ¥ 1 HM (hOPMYETHCS YIPOAOBIK HMePIIUX 2 TOIUH i
3pemToio carae ToBiuHN Yy 10 HM [45].

Okcun AJIOMiHIIO € TAKKOTOONKHM i3 TeMmepaTypoi0 TOILJIEHHS Y
=~ 2050°C; Tomy, He3BaKalOUU Ha KOPCTKUHA KOHTPOIL OKCUI'eHY, IOTO
HasgBHICTh MOKe OyTu 3adikcoBaHO HABiTh Ha IEPETOIJIEHIHN Jlazepom
nmosepxHi miciaa CJIT. ITig gac I1O wactunku Al:Os; BHaAcCIiZoK ymapy
MOXKYThb 3PpYHHYBATH BUXiTHY ILUIIBKY OKcuAy AJIIOMiHiI0, aje HOBa ILJIi-
BKAa IMIBUIKO YTBOPIOETHCSA 3HOBY B IIPUPOAHLOMY CEPEIOBUIIL, ITI0 MOXKe
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TABJINIA 4. KinskicHuit dazoBuil cKiIan 3a JaHUMU PEHTIE€HOCTPYKTYPHOL
aHamisu.

TABLE 4. Quantitative phase composition according to x-ray diffraction
analysis.

1 0,
O6pobieHHSA Tpusaiicts I10, ¢ Al ]TMICT’SiA) Bar|. ALO:
CJIT - 90,3 9,7 0
10 64 6 30
30 67,2 6,5 26,3
CJIT + 110 60 66 6,4 27,6
90 65 6 29
120 64 6,7 29,3
10 65 7 28
30 62 7 31
CJIT +T6 +I10 60 63 7 30
90 62 6 32
120 60 5 35

noscHioBaTH OiK OKCUT'eHY, BUABJCHUN Ha MOAN(MIKOBAHIN IiCKOCTPY-
MUHHUM OOpPOOJIEHHAM IIOBEPXHi MiKPOPEHTI'€HOCIIEKTPAJIbLHOIO aHaJi-
3010 (Tabi. 2, puc. 3,6). Ha momepeunomy Imepepisi 3paska I TOHKA
ILUTiBKA OKCHUAY HJOCTATHBO HAOUHO CIIOCTepiraeThes. AJle mig Heo MOIU-
dixkoBauwmii map MmictuTk BrijieHi yactTuaku Al:Os, 1110 i € ogHi€I0 3 MOXK-
JVBUX IIPUYNH 3MiITHeHHS IIOBEPXHi.

Y Bumagky, KoJau Ha IIOBEPXHi MaTepidAly IiJ Aiero iHTEeHCUBHOI I1Ja-
cTuvHOi medopmartii (PoOopMyeTHCSA CYILJIbHUNA 3MIIHEHUNA OKCUIHUHI
«bOinmuii map», AK HATPUKJIAL, O crony [[16 mix BoauBom Y3VO Tpu-
BaiicTio v 80 ¢, KoumenTpaiiga OKCUI'eHYy Ha IOBEPXHIi Ta i3 TIMOMHOIO
IIPUIIOBEPXHEBOro IIapy HabamxyeTbed g0 60 at.% , a cam 11ap Mae 30-
Bcim immry mopdoaorito [44].

IIle ommielo mpUUMHOIO AedOPMAIifHOTO 3MiITHeHHSA, IIOB’SI3aHOIO 3
iHTEeHCHBHOIO ILJIACTUYHOIO AedopMallieio, BUKJINKAHOI IIOBTOPIOBAHUM
BILIMBOM a0pasvMBHUX YACTUHOK HA IIOBEPXHIO 3Pas3KiB, € MOMKJINBE 3Me-
HIITeHHS PO3Mipy KPHUCTANITiB, Ha AKUX BigOyBaeThca AU(dpaKiis, a Ta-
KOJK 3MiHM 3aJUIITKOBOTO HAIIPYKEHOT'0 CTaHy.

IIlo crocyerheca po3mipy kpucramitis (puc. 10, 6), To Ieil YMHHUK
BILIMBY Ma€ 3HAUEHH JIUIIIE OIS 3pas3KiB IIic/asa TepMiuHoro o0pobIeHHa
T6, ockinbKy Ha mouaTkoBuX cramiax IIO BimOyBaeThbcA 3MEHIIIEHHS
OKP B 2,3 pasu 10 45 um. [[1a spaskiB CJIT + IIO 6e3 Tepmiuroro oopo-
osennsa posmip OKP icToTHO He 3MiHIOETBECA TAa 3HAXOJUTLCA B MeKax
40-60 uM.

Hampy:xeHHSA CTHUCHEHHs, HABIAKM, MAlOTh 3HAUEHHS IJd 3Pas3KiB
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CJIT + I1IO Ta mpakTHYHO He 3MiHIOIOTHCS BiJf BUXiTHOTO PiBHSA AJd 3pa-
3kiB CJIT + T6 + I1IO (puc. 10, 2). Tax, naa uacy o6pobaerrs y 90 ¢ mocs-
raeThbca MaKcuMandbHe 3HaueHHA y —450I'Tla, mjo 3mauHo OinbIie 3a
—150TI'IIa, mpo ake moBigoMJAOTE aBTOPH [35]. OUiKyeThCS, IO BUCO-
KUH piBeHb HAIIPYKE€Hb CTUCKY MO3UTHUBHO BILJINHE HA BTOMHY IIOBEIiH-
Ky cTomy, AK ImpomeMoHcTpyBasu aBTopu [6]. Kpim Toro, Bumipani sHa-
YeHHs H00pe Y3TOMKYIOTHCS 3 BUCHOBKAMM iHININX MOCJHiTHUKIB IOIO
crorry AlSil0Mg y roroBoMy CTaHi Ta MiAZAHOMY IIiCKOCTPYMUHHOMY
00pobsenHIo [33]. Hia wacy obpodaenusa y 90 ¢ sapaskis CJIT + T6 + ITO
cIlocTepiraeTbcsa U HaWMeHINUWI mapaMeTep KpHCTaJiuHOI I'paTHUIIL
amominmito (puc. 10, @), a Tako:x HaWOiALINIMI CTYHiHBL il medopmarrii
(puc. 10, 8). HIna 120 c o6pobeHHA HAPYKEHHA CTUCKY Pi3sKO 3MeH-
IIYIOTBCSA OO0 BUXiJTHOI'O CTAHY, a CTYIiHBL AedopmMmailrii crae HaBiThH MeH-
mum 3a Buxigauii CJIT-cTtan; mapameTrep I'paTHUIIL aJOMiHiI0O BogHOYAC
30impmryeThbesa. i gami mizTBepakyioTh mepedir pesakcaliiHux Impore-
CiB, AKUI CYIPOBOIKYETHCSI 3MEHITIEHHAM MiKpoTBepmocTu (puc. 6, a).
3MmiHa mosorkeHHsa qudparmiiinnx makcumymis Al(111)1i Si(111) Tarkox
OiATBEPAKY€E peJIaKkCcallilo HAOpy:KeHb: AK aJd 3paskis CJIT +I10, Tak i
CJIT +T6 + ITO micaa 120 ¢ 06pobaeHHS 3HaUeHHA KyTa U paKIlii mose-
pTaeThCs 40 MOUAaTKOBOTr0, AKe 0yio 3adikcoano s 10 c.

Ax Bimomo, Cuiittiii 3MeHIITye ITapaMeTep I'paTHUIIL aIloMiHio (3a po-
sunmuenHs 1 ar.% Si — = xa 0,06% ). B nanomy pasi gua CJIT + ITO na-
pamerep rpaTHuili smMmeHmyerbesa ajad 10 ¢ i 90 ¢ 06pobienHa Ta 30iJb-
ITyeThC O iHmux 3HaueHb yacy. ia spaskiB CJIT + T6 + I1O mapa-
MeTep I'PaTHUI 30iJIbITyeThCsS, TOOTO Si BUAIIAECTHCA 3 TBEPAOTrO PO3-
YUHY, a IIe TAKOYK CIIPUIE 3MIITHEHHIO.

4. BUICHOBRKH

Ilicia micKocTpyMHMHHOTO OOPOOJIEHHSA MOP(OJIOTisA mMOBepXHi, MiKpO-
CTPYKTYpPa, MiKPOTBEPAICTh 1 3aJUNIKOBI HAIPYysKEeHHA 3pasKiB CTOITY
AlSi10Mg 3a3HaOTh 3HAYHUX 3MiH, IKi MalOThL HEMOHOTOHHUI Xapak-
Tep.

Boaus IIO ma mopdosorito moBepxHi TepM0ooOpoOIeHX 3pasKiB €
OiJMBIIT OUEeBUAHUM, OCKiJIBKU CYIIPOBOIKYETHCA (DOPMYBAHHAM IITHP-
IINX i rAuOIINX KpaTepis i, BiAIOBiAHO, OiJIBIIINMI BTPATAMI MaCH.

Haii6inbiroro gedopmairifinoro sminaenua 3asuaioTs CJIT-3pasku 3a-
BOAKYU crenu@iuHiii BuxigHiii mikpocTpykTypi. Tepmiune oOpobienHs
T6, cupusgour MiKPOCTPYKTYPHiM roMoreHisairii, yCyHeHHIO 30H BILIUBY
Telia Ta cepoigmaarii KpeMHio, paguKaJbHO 3MiHIOE MeXaHiuYHY IIOBe-
miury suroroBiaeHux CJIT-zpaskis. ¥V mboMy pasi saraabHUHA epeKT 3Mi-
IHEHH 3MEHIITYEThCA, a micasd 120 ¢ o6pobaenus BinOyBaeThCa peaaKca-
IIid HAIIPY KeHb i BiAIOBiTHE 3HEeMiITHeHH ITi IIIOBEePXHEBUX IIAPiB.

Mexanismu sminumeHHsa BHachaimok 11O BigpisuaoTbca Aad PisHUX
CcTaHiB aguTHUBHO BuroTosjeHoro cromy AlSil10Mg. Kpim Brisenusa 3mi-
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ITHIOBAJBHUX YacTUHOK abpasuBy Al:Os y xinerkocTti mo 35% Bar., mus
unagaky CJIT +I1O BupimanbHOro 3HAUeHHA Ma€ BHUCOKUIT piBeHb 3a-
JUIMTKOBUX HanpysKeHb cTucHeHHs (—450 I'Tla), a gia CJIT + T6 + 110 —
B OCHOBHOMY HoApi6HeHHA BUXigHOI cTPpyKTypH (po3dmip OKP amenmry-
eThesA OiyIbITie HisK BABiUi 10 45 HM).

Bucoka kimeruuna enepris yactuaok Al:O; mix yac 6araropasoBux
yIapiB IPpuU3BOAUTH M0 YTBOPEHHS IIOBEePXHEBUX Ae(eKTiB i 3 uacom —
I0 1mepebiry mpolleciB pemakcarii y MomudixoBaHOMY IIIapi cTOmy
AlSil10Mg i, TaKuM 4YMHOM, HiBeJIIOBaHHS 0asKaHOro e(peKTy 3MiljHeH-
HA. B mboMy BUmagKy OiJIbII «M’sKe» IiCKOCTPYMUHEE 00PO0JIeHHS II0-
BepPXHi Moike OyTHU OiJIBITT CHPUATIUBUM.

Mexaniune KiHeTrnuHe 00po0aenua noBepxHi crony AlSil0Mg 3ymo-
BJIIOE BHICOKi 3aJIMINIKOBI HAIIPY:KEeHHA CTUCHEHHS Y IIiAIOBEPXHEBUX
mapax, 110 Ma€ IMTO3UTHUBHO BIJIMBATH Ha BTOMHY MiITHIiCTb.

PobGoTy BukoHaHo B paMKax gep:;koOiomxerHoi Temu Ne 2701¢ Harrio-
HAJLHOTO TEeXHIUHOTO yHiBepcuTeTy YKpaium «KuiBcbKU moIiTeXHiU-
Hui imctutyT imeni Iropsa Cikopebkoro» «HaykoBi ocHOBU yIbTpPa3By-
KOBOI yZapHOl Ta afuTHUBHOI TEXHOJIOTifl BUTOTOBJIEHHS BHUCOKOHAaBAaH-
raxkenux geraneit BIIJIA 3 moxpammenon pandbHicTIO» (Nex/p
0124U001001), a raxko:x 3a migTpumxu HAH Vxpainm (Neg/p
0123U102368).

IOUTOBAHA JITEPATYPA

1. H. N. Lim, S. J. Sebastin, and J. Hand, The J. Hand Surgery (Asian-Pacific
Volume ), 27, No. 1: 204 (2022).

2. Qomariah and T. Rochman, Civil Eng. Architect., 11, No. 1: 101 (2023).

3. M. Cao, D. G. Zhang, Y. Gao, R. P. Chen, G. L. Huang, Z. Feng, R. Poprawe,
J. H. Schleifenbaum, and S. Ziegler, Mater. Sci. Eng. A, 801: 140427 (2021).

4. L. A. Rinaldi, R. Gomes da Silva, C. B. Haro, T. Trivico, P. F. Cesar, and
L. Hian da Silva, Int.J. Adhesion Adhesives, 133: 103758 (2024).

5. E. Convens, Sandblasting Basics (Gaelic Victors: 2017).

6. A. Pola, D. Battini, M. Tocci, A. Avanzini, L. Girelli, C. Petrogalli, and
M. Gelfi, Frattura ed Integrita Strutturale, 49: 775 (2019).

7. F. Sausto, C. Tezzele, and S. Beretta, Metals, 12: 898 (2022).

8. A. Avanzini, D. Battini, M. Gelfi, L. Girelli, C. Petrogalli, A. Pola, and
M. Tocci, Proc. Struct. Integrity, 18: 119 (2019).

9. M. O. Vasiliev, G. I. Prokopenko, and V. S. Filatova, Usp. Fiz. Met., 5, No. 3:
345 (2004) (in Russian).

10. L.C.WangandD.Y. Li, Surf. Coat. Technol., 167: 188 (2003).

11. Y.N. Petrov, M. A. Vasylyev, L. N. Trofimova, I. N. Makeeva, and
V.S. Filatova, Appl. Surf. Sci., 327: 1 (2015).

12. X.Y.WangandD.Y.Li, Wear, 255, Iss. 7-12: 836 (2003).

13. X.S.Guan, Z. F.Dong, and D. Y. Li, Nanotechnol., 16: 2963 (2005).

14. A.Bandyopadhyay and S. Bose, Additive Manufacturing (CRC Press: 2021).

15. 1. Gibson, D. Rosen, B. Stucker, and M. Khorasani, Additive Manufacturing
Technologies (Springer: 2021).



16.

17.

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

MOION®IRYBAHHSA ITOBEPXHI AIIMTUBHO BUT'OTOBJIEHOI'O CTOILIY 607

T. Mukherjee and T. DebRoy, Theory and Practice of Additive Manufacturing
(Wiley: 2023)

E. Pei, A. Bernard, D. D. Gu, C. Klahn, and M. Monzyn, Springer Handbook of
Additive Manufacturing (Springer: 2023).

S. Joshi, R. P. Martukanitz, A. R. Nassar, and P. Michaleris, Additive Manu-
facturing with Metals: Design, Processes, Materials, Quality Assurance, and
Applications (Springer: 2023).

V. Kumar, Hybrid Composite Materials and Manufacturing: Fibers, Nano-
Fillers and Integrated Additive Processes (De Gruyter: 2024).

M. O. Vasylyev, B. M. Mordyuk, and S. M. Voloshko, Progress in Physics of
Metals, 24, No. 1: 5 (2023).

M. O. Vasylyev, B. M. Mordyuk, S. M. Voloshko, and P. O. Gurin, Progress in
Physics of Metals, 23, No. 2: 337 (2022).

M. O. Vasylyev, B. M. Mordyuk, and S. M. Voloshko, Progress in Physics of
Metals, 25, No. 3: 614 (2024).

N.Read, W. Wang, K. Essa, and M. M. Attallah, Mater. Design,65: 417 (2015).
L. Thijs, K. Kempen, J.-P. Kruth, and J. V. Humbeeck, Acta Mater., 61: 1809 (2013).
B. Li, H. Wang, J. Jie, and Z. Wei, Mater. Design, 32: 1617 (2011).

P. Fathi, M. Mohammadi, X. Duan, and A. M. Nasiri, J. Mater. Process. Tech-
nol., 259: 1 (2018).

Y.C. Tsai, C. Y. Chou, S. L. Lee, C. K. Lin, J. C. Lin, and S. W. Lim, J. Alloy
Compd., 487: 157 (2009).

M. Tang and P. C. Pistorius, Int.J. Fatigue, 94: 192 (2017).

P. Mercelis and J.-P. Kruth, Rapid PrototypingJ., 12, Iss. 5: 254 (2006).
D.D.GuandY. F.Shen, Mater. Design, 30: 2903 (2009).

A.II. Bypmaxk, C. M. Bonomko, C. I. Cugopenko, 1. A. Bnagumupcbkuii,

M. M. Bopos, B. M. Mopgtok, M. O. Bacunbes, Memanogis. HogimHui mexHo..,
47, Ne 5: 473 (2025).

A.II. Bypmak, M. M. Bopon, C. M. Bosomiko, C. I. CugopeHko,

1. A. Bragumupceruii, C. I. Konopes, B. M. Mopzaiok, M. O. Bacunbes, Mema-
n0Qi3. HogimHi mexHoa., 47, Ne 8: 827 (2025).

M. H. Nasab, A. Giussani, D. Gastaldi, V. Tirelli, and M. Vedani. Metals, 9,
Iss. 10: 1063 (2019).

S. Fini, D. Croccolo, M. De Agostinis, G. Olmi, L. Paiardini, C. Scapecchi, and
M. Mele, Prog. Additive Manufacturing, 10: 1385 (2025).

S. Bagherifard, N. Beretta, S. Monti, M. Riccio, M. Bandini, and M. Guagliano,
Mater. Design, 145: 28 (2018).

E. Maleki, S. Bagherifard, O. Unal, and M. Guagliano, Mater. Design, 248:
113462 (2024).

C. M. Bosomiko, B. M. Mopziok, M. O. Bacuiwes, B. 1. 3akies, A. II. Bypmax,
H. B. ®panuixk, Memanogis. Hogimui mexnoa., 45, Ne 2: 217 (2023).

M. O. Vasylyev, S. 1. Sidorenko, S. M. Voloshko, and T. Ishikawa, Usp. Fiz.
Met., 17, No. 3: 209 (2016).

N. E. Uzan, S. Ramati, R. Shneck, N. Frage, and O. Yeheskel, Additive Manu-
facturing, 21: 458 (2018).
https://european-aluminium.eu/wp-content/uploads/2022/11/aam-materials-
3-designation-system.pdf

B. Efremenko, Y. Chabak, I. Petryshynets, V. Efremenko, K. Wu, S. Arshad,
and F. Kromka, Materials, 18, Iss. 5: 1102 (2025).

M. O. Bacunses, JI. ®. fuenko, C. M. Bonomko, I1. O. I'ypur, Memanogis. Ho-


https://european-aluminium.eu/wp-content/uploads/2022/11/aam-materials-3-designation-system.pdf
https://european-aluminium.eu/wp-content/uploads/2022/11/aam-materials-3-designation-system.pdf

608

C. M. BOJIOIIKO, A.II. BYPMAK, C. I. CMHJOPEHKO Tais.

8imui mexHosa., 38, Ne 5: 683 (2016).

43. T.I.IIpokomenko, C. M. Bosomxko, I. €. Korenko, A. II. Bypmak, Hayxosi gicmi
HTYY «KIII», Ne 3: 42 (2009).

44. T.U.IIpoxonenko, A. JI. Bepesuna, C. M. Bonomko, 1. E. Korenko,

A.TI. Bypmak, Memanogis. Hogimui mexHoda., 32, Ne 3: 397 (2010).

45. H.Y.Fan, A. Witvrouw, F. Wolf-Monheim, R. Souschek, and S. F. Yang, Hy-
brid Additive Manufacturing of Cost-Effective Automobile Parts by Diecasting
(AlLSi7Mg0.3 (A356 ) ) and Selective Laser Melting (AlSi7Mg0.5 (A357)) —
Effects of Substrate Surface Treatments on Bimetallic Interface Bonding Qual-
ity (Prepr./KU Leuven, 2022) (Leuven: 2022).

REFERENCES

1. H. N. Lim, S. J. Sebastin, and J. Hand, The J. Hand Surgery (Asian-Pacific
Volume ), 27, No. 1: 204 (2022).

2. Qomariah and T. Rochman, Civil Eng. Architect., 11, No. 1: 101 (2023).

3. M. Cao, D. G. Zhang, Y. Gao, R. P. Chen, G. L. Huang, Z. Feng, R. Poprawe,
J. H. Schleifenbaum, and S. Ziegler, Mater. Sci. Eng. A, 801: 140427 (2021).

4. L. A. Rinaldi, R. Gomes da Silva, C. B. Haro, T. Trivico, P. F. Cesar, and
L. Hian da Silva, Int.J. Adhesion Adhesives, 133: 103758 (2024).

5. E. Convens, Sandblasting Basics (Gaelic Victors: 2017).

6. A. Pola, D. Battini, M. Tocci, A. Avanzini, L. Girelli, C. Petrogalli, and
M. Gelfi, Frattura ed Integrita Strutturale, 49: 775 (2019).

7. F. Sausto, C. Tezzele, and S. Beretta, Metals, 12: 898 (2022).

8. A. Avanzini, D. Battini, M. Gelfi, L. Girelli, C. Petrogalli, A. Pola, and
M. Tocci, Proc. Struct. Integrity, 18: 119 (2019).

9. M. O. Vasiliev, G. I. Prokopenko, and V. S. Filatova, Usp. Fiz. Met., 5, No. 3:
345 (2004) (in Russian).

10. L.C.WangandD.Y. Li, Surf. Coat. Technol., 167: 188 (2003).

11. Y.N. Petrov, M. A. Vasylyev, L. N. Trofimova, I. N. Makeeva, and
V.S. Filatova, Appl. Surf. Sci., 327: 1 (2015).

12. X.Y.WangandD.Y.Li, Wear, 255, Iss. 7-12: 836 (2003).

13. X.S.Guan, Z. F.Dong, and D. Y. Li, Nanotechnol., 16: 2963 (2005).

14. A.Bandyopadhyay and S. Bose, Additive Manufacturing (CRC Press: 2021).

15. 1. Gibson, D. Rosen, B. Stucker, and M. Khorasani, Additive Manufacturing
Technologies (Springer: 2021).

16. T.Mukherjee and T. DebRoy, Theory and Practice of Additive Manufacturing
(Wiley: 2023)

17. E.Pei, A. Bernard, D. D. Gu, C. Klahn, and M. Monzyn, Springer Handbook of
Additive Manufacturing (Springer: 2023).

18.  S.Joshi, R. P. Martukanitz, A. R. Nassar, and P. Michaleris, Additive Manu-
facturing with Metals: Design, Processes, Materials, Quality Assurance, and
Applications (Springer: 2023).

19. V.Kumar, Hybrid Composite Materials and Manufacturing: Fibers, Nano-
Fillers and Integrated Additive Processes (De Gruyter: 2024).

20. M. 0. Vasylyev, B. M. Mordyuk, and S. M. Voloshko, Progress in Physics of
Metals, 24, No. 1: 5 (2023).

21. M. O. Vasylyev, B. M. Mordyuk, S. M. Voloshko, and P. O. Gurin, Progressin

Physics of Metals, 23, No. 2: 337 (2022).


https://doi.org/10.1142/S2424835522720079
https://doi.org/10.1142/S2424835522720079
https://doi.org/10.13189/cea.2023.110109
https://doi.org/10.1016/j.msea.2020.140427
https://doi.org/10.1016/j.ijadhadh.2024.103758
https://doi.org/10.3221/IGF-ESIS.49.69
https://doi.org/10.3390/met12060898
https://doi.org/10.1016/j.prostr.2019.08.146
https://doi.org/10.15407/ufm.05.03.345
https://doi.org/10.15407/ufm.05.03.345
https://doi.org/10.1016/S0257-8972(02)00894-0
https://doi.org/10.1016/j.apsusc.2014.10.162
https://doi.org/10.1016/S0043-1648(03)00055-3
https://doi.org/10.1088/0957-4484/16/12/040
https://doi.org/10.1007/978-3-030-56127-7
https://doi.org/10.1007/978-3-030-56127-7
https://doi.org/10.1007/978-3-031-37069-4
https://doi.org/10.1007/978-3-031-37069-4
https://doi.org/10.1007/978-3-031-37069-4
https://doi.org/10.1515/9783111019543
https://doi.org/10.1515/9783111019543
https://doi.org/10.15407/ufm.24.01.005
https://doi.org/10.15407/ufm.24.01.005
https://doi.org/10.15407/ufm.23.02.337
https://doi.org/10.15407/ufm.23.02.337

22.

23.
24.

25.
26.

27.
28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

MOIN®IKYBAHHSA ITOBEPXHI AIMTBHO BUT'OTOBJIEHOI'O CTOIIY 609

M. O. Vasylyev, B. M. Mordyuk, and S. M. Voloshko, Progress in Physics of
Metals, 25, No. 3: 614 (2024).

N.Read, W. Wang, K. Essa, and M. M. Attallah, Mater. Design,65: 417 (2015).
L. Thijs, K. Kempen, J.-P. Kruth, and J. V. Humbeeck, Acta Mater., 61: 1809
(2013).

B. Li, H. Wang, J. Jie, and Z. Wei, Mater. Design, 32: 1617 (2011).

P. Fathi, M. Mohammadi, X. Duan, and A. M. Nasiri, J. Mater. Process. Tech-
nol., 259: 1 (2018).

Y.C. Tsai, C. Y. Chou, S. L. Lee, C. K. Lin, J. C. Lin, and S. W. Lim, J. Alloy
Compd., 487: 157 (2009).

M. Tang and P. C. Pistorius, Int.J. Fatigue, 94: 192 (2017).

P. Mercelis and J.-P. Kruth, Rapid PrototypingJ., 12, Iss. 5: 254 (2006).
D.D.GuandY. F.Shen, Mater. Design, 30: 2903 (2009).

A. P. Burmak, S. M. Voloshko, S. I. Sydorenko, I. A. Vladymyrs’kyy,

M. M. Voron, B. M. Mordyuk, and M. O. Vasyl’yev, Metallofiz. Noveishie
Tekhnol., 47, No. 5: 473 (2025) (in Ukrainian).

A.P. Burmak, M. M. Voron, S. M. Voloshko, S. I. Sydorenko,

I. A. Vladymyrs’kyy, S. I. Konorev, B. M. Mordyuk, and M. O. Vasyl’yev,
Metallofiz. Noveishie Tekhnol., 47, Ne 8: 827 (2025) (in Ukrainian).

M. H. Nasab, A. Giussani, D. Gastaldi, V. Tirelli, and M. Vedani, Metals, 9,
Iss. 10: 1063 (2019).

S. Fini, D. Croccolo, M. De Agostinis, G. Olmi, L. Paiardini, C. Scapecchi, and
M. Mele, Prog. Additive Manufacturing, 10: 1385 (2025).

S. Bagherifard, N. Beretta, S. Monti, M. Riccio, M. Bandini, and M. Guagliano,
Mater. Design, 145: 28 (2018).

E. Maleki, S. Bagherifard, O. Unal, and M. Guagliano, Mater. Design, 248:
113462 (2024).

S. M. Voloshko, B. M. Mordyuk, M. O. Vasyl’yev, V. I. Zakiyev, A. P. Burmak,
and N. V. Franchik, Metallofiz. Noveishie Tekhnol., 45, No. 2: 217 (2023) (in
Ukrainian).

M. O. Vasylyev, S. 1. Sidorenko, S. M. Voloshko, and T. Ishikawa, Usp. Fiz.
Met., 17, No. 3: 209 (2016).

N. E. Uzan, S. Ramati, R. Shneck, N. Frage, and O. Yeheskel, Additive Manu-
facturing, 21: 458 (2018).
https://european-aluminium.eu/wp-content/uploads/2022/11/aam-materials-
3-designation-system.pdf

B. Efremenko, Y. Chabak, I. Petryshynets, V. Efremenko, K. Wu, S. Arshad,
and F. Kromka, Materials, 18, Iss. 5: 1102 (2025).

M. O. Vasyl’yev, L. F. Yatsenko, S. M. Voloshko, and P. O. Huryn, Metallofiz.
Noveishie Tekhnol., 38, No. 5: 683 (2016) (in Ukrainian).

H. 1. Prokopenko, S. M. Voloshko, I. Ye. Kotenko, and A. P. Burmak, Naukovi
Visti NTUU ‘KPI’, No. 3: 42 (2009) (in Ukrainian).

G. I. Prokopenko, A. L. Berezina, S. M. Voloshko, I. E. Kotenko, and
A.P.Burmak, Metallofiz. Noveishie Tekhnol., 32, No. 3: 397 (2010) (in Russian).
H.Y.Fan, A. Witvrouw, F. Wolf-Monheim, R. Souschek, and S. F. Yang, Hy-
brid Additive Manufacturing of Cost-Effective Automobile Parts by Diecasting
(AlSi7Mg0.3 (A356) ) and Selective Laser Melting (AlSi7TMg0.5 (A357)) —
Effects of Substrate Surface Treatments on Bimetallic Interface Bonding Qual-
ity (Prepr./KU Leuven, 2022) (Leuven: 2022).


https://doi.org/10.15407/ufm.25.03.614
https://doi.org/10.15407/ufm.25.03.614
https://doi.org/10.1016/j.matdes.2014.09.044
https://doi.org/10.1016/j.actamat.2012.11.052
https://doi.org/10.1016/j.actamat.2012.11.052
https://doi.org/10.1016/j.matdes.2010.08.040
https://doi.org/10.1016/j.jmatprotec.2018.04.013
https://doi.org/10.1016/j.jmatprotec.2018.04.013
https://doi.org/10.1016/j.jallcom.2009.07.183
https://doi.org/10.1016/j.jallcom.2009.07.183
https://doi.org/10.1016/j.ijfatigue.2016.06.002
https://doi.org/10.1108/13552540610707013
https://doi.org/10.1016/j.matdes.2009.01.013
https://doi.org/10.15407/mfint.47.08.0827
https://doi.org/10.3390/met9101063
https://doi.org/10.3390/met9101063
https://doi.org/10.1007/s40964-024-00712-y
https://doi.org/10.1016/j.matdes.2018.02.055
https://doi.org/10.1016/j.matdes.2024.113462
https://doi.org/10.1016/j.matdes.2024.113462
https://doi.org/10.15407/mfint.45.02.0217
https://doi.org/10.15407/ufm.17.03.209
https://doi.org/10.15407/ufm.17.03.209
https://doi.org/10.1016/j.addma.2018.03.030
https://doi.org/10.1016/j.addma.2018.03.030
https://european-aluminium.eu/wp-content/uploads/2022/11/aam-materials-3-designation-system.pdf
https://european-aluminium.eu/wp-content/uploads/2022/11/aam-materials-3-designation-system.pdf
https://doi.org/10.3390/ma18051102
https://doi.org/10.15407/mfint.38.05.0683
https://doi.org/10.15407/mfint.38.05.0683
https://doi.org/10.13140/RG.2.2.16246.06722
https://doi.org/10.13140/RG.2.2.16246.06722
https://doi.org/10.13140/RG.2.2.16246.06722
https://doi.org/10.13140/RG.2.2.16246.06722
https://doi.org/10.13140/RG.2.2.16246.06722




Metallophysics and Advanced Technologies © 2026 G.V.Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 6, pp. 611-626 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.06.0611 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 52.80.Mg. 62.20.Qp, 68.35.F%, 68.55.-a, 81.05.Je, 81.15.-z, 81.40.Pq

Opep:xanasa mokpurriB MoSiz, ZrB,—SiC 3 miazmu BakyymMHO-
IYTOBOTO PO3PAXY

C.I0. Tecaa®, M. A. Tecasa®, II. 1. JIo6oza“, B. M. Hangroka™,
I. O. I'ycaposa™, B. C. Kpaesa™, II. C. Jleonos™, 0. I. Boromou”

“HayionaabHuil mexHiuHuil yHisepcumem Yrpainu
«Kuiscvruil nonimexniunuil incmumym imeni Izopsa Cikxopcvrozo»,
npocn. Bepecmeiicvruil, 37,
03056 Kuis, Ykpaina
“III «Koncmpyrxmopcvke 61opo «Iligdenne» im. M. K. Anzeas»»,
sya. Kpusopisvka, 3,
49008 quinpo, Ykpaina
""""" Texuiunuii yeump HAH Ykpainu,
sy.z. IToxposcvra, 13,
04070 Kuis, Ykpaina!'

Y poboTi mocaimiKeHO MOMKINBICTD OfePIKAHHA KAPOCTIHKUX TOKPUTTIB MoSi2
Ta ZrB:—10SiC Ha Hi06iT0BMX HiAKJIaAWHKAX METOLOI0 BAaKyyMHO-IYT'OBOTO
OCa/)KeHHs 3 BUKOPUCTAHHAM KaToJ, BUTOTOBJIEHUX METOI0I0 iCKpO-
mmasMoBoro cuikanea. IIpoBemeHO peHTreHOMA30BY aHAaNidy, AOCTiAKEeHHA
MiKPOCTPYKTYPH, JIOKAJIHLHOT'O XeMiUHOTO CKJIany, aAresiiitHol MimHocTy, MiK-
POTBEPAOCTH Ta TPUOOJIOTIUHUX BJIACTUBOCTEM OJep:KaHUX MOKPUTTIB. Bera-
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HOBJIEHO, IO Mif Yac ocaIKeHHS MOKPUTTI MoSiz BifOyBaeThca aKTUBHA TU-
dysitina Bzaemomisa mik Cuminiem i Hi00ifi0BOO MiAKIAAUHKOIO 3 YTBOPEHHAM
nepexigmoro mapy NbsSis, skuil crpusie migBUINEHHIO aAre3iifHol MimHoCTH
noxkpurta g0 38—52 MIla. [na nmoxpurrtiB ZrB:—10SiC nigTBepa:xeHO HaAB-
HicTh as ZrBz, SiC i TBepgoro po3unHy Ha ocHOBi ZrB2, a Tak0:x hopMyBaHHA
IIiJIBLHOI ¥ OMHOPiAHOI CTPYKTYypHu 3 MiKporBepaicTio y 1800-2400 HV1. Pe-
3yJbTATU TPUOOJIOTIUHMX BUIPOOYBaHb MMOKA3aJH, ITT0 MOKPUTT ZrB:—10SiC
XapaKTepusyeThbea v 2—2,5 pasu BUINOIO0 3HOCOCTIMKiCTIO TMOPiBHSIHO 3 IIOK-
purtam MoSiz. Beranosaeno, mo mokputrta MoSiz: gudysiiinoro mapy, ak i
norpurta ZrB:—10SiC, meMOHCTPYIOTH BUINy TBEPAICTH i 3HOCOCTiHKiCTB.
OpmepskaHi pesyabTaTu MiATBEPYKYIOTh MEPCIEKTUBHICTH BUKOPUCTAHHS Ba-
KyyMHO-AyroBuX MOKpuTTiB MoSiz Ta ZrB2:—10SiC an1sa 3aXuCTy HEOXOJIOIMKY-
BaHUX BUCOKOTEMIIEPATYPHUX €JIEMEHTIB a6POKOCMIYHOI TeXHIiK M.

KarouoBi ciioBa: BakyyMHO-IyTOBe ocalKeHHsT, MoSiz, ZrB:—10SiC, miobitioBa
miIKJIAaAWHKA, KAPOCTiMKi MOKPUTTA, MiKPOCTPYKTypa, aaresifina MinmHicTs,
3HOCOCTiHKiCTB.

During operation, it is possible to press hot MoSi: and ZrB:—10SiC coatings
on niobium substrates by means of the method of vacuum-arc deposition with
permanent cathodes made by means of the method of spark-plasma cooling.
An x-ray phase analysis, a study of the microstructures, local chemical com-
position, adhesive strength, microhardness, and tribological forces of the
obtained coatings is carried out. As established, during the placement of the
MoSi: coating, an active diffusion interaction between the silicon and the ni-
obium substrate with occurrence of the insulated NbsSis transition layer that
increases the adhesive strength of the coating to 38—52 MPa. For ZrB:—10SiC
coatings, it is confirmed the presence of ZrB;, SiC phases and a hard coating
based on ZrB:, as well as the formation of a smooth and homogeneous struc-
ture with a microhardness of 1800—2400 HV1. The results of tribological
tests show that the ZrB:—10SiC coating is 2—2.5 times more durable than the
MoSi: coating. As established, the coating of the MoSi: diffusion layer, as
well as the same of the coating of ZrB:—10SiC, demonstrates hardness and
wear resistance. The obtained results confirm the perspective of using vacu-
um-arc MoSiz and ZrB:-10SiC coatings for storage of uncooled high-
temperature elements in aerodynamic technology.

Key words: vacuum-arc deposition, MoSiz, ZrB2:—10SiC, niobium substrate,
heat-resistant coatings, microstructure, adhesive strength, wear resistance.

(Ompumano 5 mpaens 2026 p.; ocmamoun. eapianm — 13 mpaerns 2026 p.)

1. BCTYII

Ilomanbiile OCBOEHHSA KOCMOCY BUMarae CTBOPEHHS BUCOKOe(heKTUBHUX
pimmuaHMX paxkerHux AsuryHis (PP/l) i3 MakcuManpHUM TUTOMUM iM-
noyJibcoM Taru. MaxkcmMaJibHa e(peKTHUBHICTh JOCATAETHLCA i3 IMOBHUM
BUKJIIOUEHHSAM CHCTEeMU OXOJIOM)KeHHA KaMepu 3TOPAHHA, Ae TeMIepa-
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Typu caraiotrsb noHax 3000 K [1]. Hio6iiioBi cronu € ogHuME 3 Hebara-
ThOX IIEPCIEKTUBHUX MATEPiAJiB OJISI TAKNX YMOB 3aBAAKN MAaJIiil IIM-
ToMiii Basi Ta BuCOKiii Temmeparypi TomnenHa. My BakyyMmi un imeprHii
arMocdepi BoHHM 30epiraroTh MiIlHiCTH, Ta Ha IOBiTPi 3a TeMIepaTtyp
Buirie 800—-1000°C mIBUAKO OKMCHIOIOTHCSA 3 YTBOPEHHAM KPUXKOTO
mapy. Tomy aiisa 3abesneueHHA POOOTH JeTaIiB 3 Hio0it0 3a TeMIIepaTyp
y 1800-1900°C xpuTmyHO IOTPiOHEe BUKOPUCTAHHS KAPOCTIHKUX MOK-
purttiB [2]. Cepen IMMPOKOro cOeKTpa TAKKOTONKUX CHONYK (6opumis,
KapbimiB, HiTpUAiB) HARIIOIIINM KaHAUAATOM IJIA 3aXUCTy Hio0iOBUX
cromriB BudHaHo aucuiainun Mosiogerny (MoSiz) Ta MmaTepisaau Ha OCHOBI
nubopuny Ilupkoniito (ZrBg). 11i maTepianru matoTs KoedimieHT JiHiiHO-
'O TEPMiUYHOT'O PO3UINPEHHS, IO IPAKTUYHO 30iraeThcs 3 MOKa3HUKAMU
HioOifo Ta 3abe3Ieuye CIIPUATINBUN MeXaHi3M BHCOKOTEMIIEPATYPHOTO
okucHenHdA [3]. Kopoasiiiny crilikicts MoSi; 3ymoBIeHO (hopMyBaHHAM
Ha MOBEPXHi CYILJIbHOI CAMOBiTHOBIIOBAHOI CKJIOIOAIOHOI ILIiBKM TiOK-
cuny Cumimniro (SiO:), AKa cTrae 6ap’epoM AJA KUCHIO. 3a TeMIIepaTyp
Buirie 1500°C msa miiBKa 3maTHa edeKTHBHO 3aJIiKOBYBATH MiKpOTpi-
muHu. IIpane3gaTHiICT, HOKPUTTIB iCTOTHO 3aJIEKUTh Bifl IXHIX CTPYK-
Typu Ta ckJaany [4—9]. HociimkeHnHa MOKa3yoOTh, IO JIET'YBaHHSI MOJIi0-
IeH-cuiriniioBux moxkputriB Ilasamiem 3HaUYHO IIiABUITYyE 1XHIO Kapo-
cTifikicThb 3a Temmeparypu y 1800°C [10]. IIporec merpamaiiii mokpuTTs
3a BHCOKHUX TeMIIepaTyp OB’ A3aHuii i3 TuM, 1o gucuiainun Moaiogeny
BHUcCTymnae mxxkepenoM Cuirimiro AJasd yTBOpPeHHSA 3aXMCHOI ILTiBKU. 3 4a-
com mrap Brpauae Cuiiniifi i mepeTBOpOETHCA Ha HUMKYI cuainmuauy (Ha-
mpuraan, MosSis), aki MatoTh caabri saxucHi BaactuBocrti [8, 9]. I'pa-
HUYHA TeOopeTHYHa TeMmIepaTrypa mnparesgaTHoctu MoSiz; cTaHOBUTH
1800°C, ockinbKu 3a BUIUX TEMIEPATypP aKTHUBi3yeThCA BUIAPOBYBaH-
HA MoHOOKcuny Cuiiilito, 1o pyinHye IijgicHicTs s3axucry. I'omoBHIM
MeXaHi3MOM BTPaTH KapPOCTiMKOCTH € YTBOPEHHS MiKPOTPiIluH, Yepes
saxi OKcureH mpocAaKae 10 oCHOBU MeTaay [6].

Jisa hopMyBaHHA CUIIIUAHUX TOKPUTTIB BUKOPUCTOBYIOTH KiJbKa
OCHOBHHUX METOHiB, KOKE€H 3 AKWX Ma€ CBOI IepeBaru Ta HEOOJIKU.
IInikepHUII METOJ BUPiSHAETHLCS IPOCTOTOIO, IIPOTE OJePKaHI IIOKPUT-
TSI MaIOTh BICOKY IIOPHUCTICTh, CJIA0OKY aAresiro i oOMesKeHi TeMmIepary-
poro ekcmayaramnii mo 1400°C [11-13]. Hudysiitauit (xemiko-
TePMiUHMIT) MeTOd HaWOiJIbII MOIMUPEeHUH s HiobifioBUX cTomiB (Ha-
MIPUKJAJ, TaJoreHiTHO-aKTUBOBaHe CHUJIIIiIOBaHHA) Ta 3abesmeuye ¢o-
pMyBaHHA I1apiB 3 BUCOKUM BMIiCTOM TAKKOTONKUX (has, ajie Mae mpo-
0JieMy BiATBOPIOBAHOCTHY AKOCTU IIOKPUTTSA Uepes HepiBHOBaKHI mporie-
cu [5, 6]. MexauiuHi Ta razoTepMiuHi MeTOAM IAIOTH 3MOT'Y OIeP:KyBaTHU
MMOKPUTTA PidHOI TOBIMMHU 6e3 3HAUHOTO BILJIMBY HA HMiAKJIATUHKY, aje
BUMAraioTh CKJIQMIHOTO O0JIafHAHHSA Ta He 3aBKAY I'apaHTYIOTh OITHIMA-
JbHY CTPYKTYpPY [14, 15]. BakyymHo-111a3MOBi MeTOonu (MarHeTpPOHHE
PO3MIOPOIIeHHA TA BAKYYMHO-IyTrOBe BUIIaPOBYBaHHsA), AK i iHIII MeTo-
IV, MAlOTh CBOI IepeBaru Ta HemoJiku. MarseTpoHHe PO3IIOPOIITEHHS
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Iae AKicHI mIiBKU, ajse (JOPMY€e CTOBOUACTY CTPYKTYPY Ta Ma€e HUSBKY
IMIBUAKiCTE ocamkennsa [16, 17]. BakyyMHO-TyroBe BUIlapoBYyBaHHSA Ha-
TOMiCTh 3a0e3meuye HAA3BUUYANHO BHCOKY aAre3ilo Ta IIBUAKICTH 3a-
BISIKM BHCOKOMY CTYyIIeHIO Homisamii mmasmu (mo 80—-95%) [18]. He-
3BasKalOUM Ha 3HAYHI IIepeBaru BaKyyMHO-IYI'OBOI MeTOAM, ii 3aCTOCY-
BaHHA I HaHeceHHs MoSis yCKIaIHSAEThCA HAA3BUUAKHOIO KPUXKic-
TIO IILOTO MaTepisaay. Bucoka KOHIIEHTpAIlid TeIJOoBOI MOTYKHOCTU Ha
KaToai mpu3BOAUTL A0 ii poarpickyBaHHsa [19]. BukopucranHs icKpo-
IJIa3MOBOT'0O CHiKaHHSA OJd (pOPpMyBaHHSA KaTol 3 ONTHUMi30BAHUMU Me-
xaHivHUMEU BilacTuBocTAMY [20] Moike 3a0e3eUnT MOYKJIUBICTH YCITi-
IIHOI peaJjizalrii BaKyyMHO-IYTI'OBOI METOAM OJIsI HAaHECEeHHS CUJIIITHI-
HUX IIOKPUTTIB.

JJis 3MeHIITIeHHA TepMiUyHNX HAIIPY:KeHb ¥ KaToAi mij yac il BaKyyM-
HO-IYTOBOT'O BHUIIaPOBYBAHHA HeOOXiJHO BUKOPUCTOBYBATH METOOU Ke-
PYBaHHA MEPEMIllIeHHAM KATOIHUMH ILJISIMaMM IYTOBOTO Po3pAny (Ha-
MIPUKJIAJ, 3 JOIIOMOTOI0 MarHeTHOTO IOJIsI apouHoi KoHdiryparrii [21]),
110 3ab6e3meunTh PiBHOMipHUI HarpiB moBepxHi Katoau. Kpim Toro, mo-
IiJILHO IPOBOIUTH IPOITEC HaHECEHHS MMOKPUTTA B iMITyJILCHOMY PEKU-
Mi, IIT0 Ta€ MOKJINBICTE OiJIBLIII iHTEeHCHMBHOTO BiBeIeHHA TEILJIOBOTO II0-
TOKY 3 IIOBEPXHi KaToau B ii 00’eM.

IToxkpurTsa Ha ocHOBi pucuiinuny Moaiogeny (MoSiz) € Halimepcuek-
TUBHIIIINM BapisTHTOM [AJIA 3aXWCTy KaMep 3TOPSIHHA 3 Hio0ifloBUX CTO-
miB 3a ekcTpeMandbHUX Temiepatyp (1200-1700°C) zaBasaxu cyMicHOCTI
TEIJIOBOTO PO3IIUPEHHA Ta MeXaHi3My YTBOPEHHSA 3aXUCHOI ILJIiBKH.
Haii6imeimmii MOTeHIiAa OIS MacOBOTO i AKiCHOTO BIPOBAAKEHHSI Mae
TeXHOJIOTisI BaKyyMHO-IYTOBOTO HaHECEeHHs. BIOCKOHaJIEHHS METOHiB
oJlep:KaHHsA KaToJ BICOKOI IiJILHOCTH Ta cTabijiisallii yroBoro posps-
Iy DacTh 3MOTY 3HAYHO HiABUIIUTU PECYPC POOOTH HEOXOJOIKYBaHUX
paxkeTHUX IBUTYHIB HOBOT'O ITOKOJIiHHA.

2. MATEPIAJIN TA METOIM JOCJIIIKEHHSA

Opmep:kaHHA KaTOM AJIA BAaKYYMHO-IYT'OBOTO HAIOPOIIEHHS MOKPUTTIB
3IifiCHIOBAJIM METOAOI0 iCKPO-TIasdMoBOro crmikauua (SPS) mopomikis
MoSi: (cepenmmiit posmip 4acTMHOK — 5 MKM, BUPOOHMK — Sigma-
Aldrich) ra cymimri mopomikis ZrB,—10SiC (cepenHiii po3mip YacTHHOK
— 2 MEKM, BupoOHuk — Stark). Komcouaigarmiro mopomkis MoSiz Ta
ZrB2;—10SiC npoBoauu 3a remmeparyp y 1600°C ta 1850°C BigmoBigHO.
Tuck npecyBauua y 50 MIla mpukiaganau 3 mouaTKy IpoIiecy HarpiBaH-
Ha. IIBugkicTs HarpiBanusa cranoBuja 100°C/xB.; crmikaHHa 3mificHIO-
BaJIX B CEPEOBUII[L AaPTOHY. ¥ Pe3yJIbTATi CHiKaHHs 0yJIO Ofep:KaHO BU-
TpaTHi KaTogu giamerpoMm y 30 mm i BucoToio y 20 MM.

OgmepskaHi KaToau BUKOPUCTOBYBAJM OJIA HaHECEHHS IIOKPUTTIB Ba-
KYYMHO-IYT0OBOIO MeTomo00. Ilicasa cuikaHHA KaTogu MAalOTh IUJIiIHIPH-
yHy GopMy; mepexia Mizk 60KOBOIO Ta TOPIEBUMU IIOBEPXHAMHU BifgOyBa-
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€ThCA I IPAMUM KYTOM 3 YTBOpPeHHAM rocTpoi rpaHi. 11106 samobirtu
PYyUHYBaHHIO KaTOI1 BHACJIIJOK IIepPEMiIIeHHA KaTOAHUX TLJIAM JYyTOBO-
TO PO3PSAAY IO TOCTPiil rpaHi MisK OOKOBOIO I TOPI[EBOIO IIOBEPXHIMIU
KaTojau, ii rocTpy rpaHb ILIi(yBaJIN 40 pagiioca 3aKPyrJIeHHA y 3—5 MM.

[ sMeHITeHHA I'PAfieHTy TeMIIEpaTypyd B KaToAax BUKOPUCTAHO
iMIIyJILCHUHN PesKUM OCAIKeHHSA: D CeKYH] ocal:KeHHA—9 ceKyH] mmayasa.
3a yac maysu Bi0OyBaeThCSA MOHMIKEHHS TeMIIEpaTypPu KaTOAHU.

IIix yac HaHeceHHS MOKPUTTIB BifOyBaBCcA HATPiB KATOAU IO TeMIIepa-
Typ 6inmbire 1200°C i 3paskiB mo temmeparyp y 700—800°C. IToxkpurrsa
HAHOCUJIM Ha IMiIKJAIWMHKN 3 Hio0ifo y BUrIAml auckiB miamerpom y 40
MM i ToBIIMHON y 5 MM. Ilepen HaHeceHHAM MOKPUTTSA IIOBEPXHIO OYJIO
IoIepPesHbO OUMIIEHO B JKeBPiTHOMY PO3psAdi B aTMoc(depi aprony 3 mo-
JaJIBIINM OUUIIEHHAM IIOTOKOM HOHIB MaTepisay KaToou 3a Imogadi Ha
spasku Hanpyru y 1000 B. OcamixeHHs TPOBOAMIIN IO TOBIUHY IIOKPUT-
Ty 50—60 mxM. PexxumMu ocaiKeHHs IIOKPUTTIB HaBeAeHO B TabJI. 1.

MikpoCTPYKTYDPY ¥ eJJeMeHTHUMN CKJIaA Ofep:KaHUX MOKPUTTIB TOCJIi-
IKYBaJII METOI0I0 CKaHyBaJbHOI eJIEKTPOHHOI MiKPOCKOIIil 3a JOIIOMO-
roro Thermo Scientific Axia ChemiSEM, ocHaieHoro eHeproguciep-
ciitaum merexTopom TrueSight X. daszoBuil cKJas IOKPUTTIB aHAIIZY-
BaJII METOJOI0 PEHTIeHiBCBLKOI AM(PpPaKIili 3 BUKOPUCTAHHIM An(ppak-
romerpa Rigaku Ultima IV y CuK.-Bunpominenui (A =0,15406 um).
3iioMKy Au(ppaKTorpaM IIPOBOAMJIU B AiAmasoHi KyTiB 20 = 20—-80° 3
Kpoxkom y 0,02° i mBuaKicTIO ckanyBaHHA v 2°/xB. OminKy aaresiitnoi
MiIITHOCTH IIOKPHUTTIB IPOBOAUWJIN KJEHMOBOIO METOMOI0 i3 BUKOPHCTAH-
HAM eIIOKCHUIHOI cMOoJiu. /14 IbOT0 10 MOBEPXHi IMIOKPUTTA NPUKJIEIOBa-
JU KPUIEeBUH KOHTP3PasoK MUIIHAPUUYHOI (GOopMU 3a MTOIOMOTOIO IBO-
KOMIOHEHTHOI emoKcuaHol kommoawuirii. Iliciia mosaimepmsarii KJero
3pasKy BUTPUMYBAJM 3a KiMHATHOI TeMIepaTypu BIPOAOBK 24 TOTUH.
ITomanbiie BUIIpoOyBaHHS 3AiHCHIOBAJIM Ha YHiBepCAJILHIN DPO3PUBHIil
MamnHi ¥Y05-4 miaxoM IpUKJIagaHHS OCbOBOTO HABAHTAMKEHHSI O MO-
MEHTY BiIpHBY IMOKPUTTA a00 pyHHYBaHHSA KJIeH0OBOro 3’eTHaHHA. 3HA-
YeHHS aJAre3iliHOI MIiITHOCTM BU3HAYAJHN AK BiJHOMIIEHHS MaKCHUMAaJbHO-
ro HaBaHTaXXeHHA A0 IJIONIl KOHTaKTy. MiKpoTBepicTh HOKPUTTIB BU-
3HavaJn MeTomo0 BikKepca 3a momomoroio Mmikporsepaomipa IIMT-3 za

TABJIUIIA 1. PexxuMu BaKyyMHO-IYyTOBOT'O OCAIMKEHHS.

TABLE 1. Vacuum-arc deposition modes.

Yac mporiecy, XB. -
Marepisan Tuck y xamepi, o ecp neey iﬂgg%éﬁ; g}ir;ﬁzl;i
KarTo, To Lpomnecy i ;
ront PP ocamxemnms |ooT AIbHIL ay, A pospany, B
ZrB,—10SiC (7-9)-10™y raso- 125 256 48-52 24-26
MoSi, oMY CCPEAOBHIAL 26 56 80-115  28-25

aprouy
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HaBaHTa)keHHd y 9,8 H i BurpumKku ingenTopa Bupomos:xk 10 c. s ko-
JKHOTO 3pa3ka BUKOHyBaau He MeHIIe 10 MipaHb i3 mogaablinM ycepes-
HEeHHAM OJepP:KaHuX 3HaueHb. OIIHKY 3HOCOCTiMKOCTH IIOKPUTTIB IIPO-
BOAMJIN 34 CTAHZAPTHOIO CXeMOIO TePTs majielb—INCK Ha npujaaai Mik-
pouTpibo. fIX KOHTPTiSIO BUKOPHCTOBYBAJM NiAMAHTOBHI iHIEHTOD.
BumnpobyBaHHs 3mificHIOBaIM 3a HaBaHTakeHHsa y b H Ta mBugkocTu
obepranusa aucka y 150 06/xB. Ilicia BumpoOyBanb BU3HAUATIU BTPATY
MAacH Ta PO3PaxOBYyBaJIU IINTOMUU 3HOC IOKPUTTIB.

3. PE3YJIBTATH 1 OBTOBOPEHHSA

Ha pucynxky 1 maBemeHo peHTTreHo}ha30BYy aHaiidy mokpuTTiB MoSis
(puc. 1,a) i ZrB,—10SiC (puc.1,06). Ha gudparTorpami IOKPUTTS
MoSi; cmocrepiraroTheda iHTeHcUBHI MKy Gasu MoSis, 110 ¢BigunTh IPO
30epesKeHHsa OCHOBHOI CUIiUAHOI (hasu micssd mpoliecy ocamKeHHs. Pa-
30M i3 muM Ha gudpaKTorpami gikcyrorsea peduekcu dasu NbsSis, AKi
BiICyTHI Yy BUXiZHOMY KATOAHOMY MATEpPiaAJi Ta popMyIOThCsa Oesmoce-
peIHbO B IIPOIlECi OcaKeHHs MOKPUTTA Ha HioO0ilOBY HigAKJIaIMHKY.
Vreopenns Nb;Siz MosKHA DOACHUTY aKTUBHOIO B3aEMHOI0 Audysiero Si
ta Nb B yMOBax BHCOKHX TeMIIepaTyp IIOBEPXHi 3pas3KiB Ta axTuBaIil
IXHBOI MOBEPXHi B IIpoIleci HOHHOTr0o OUMINEHHA IIOTOKOM HIPUIITBUJIIIE-
HuX HoHiB. CHUIimiii xapaKkTepus3yeThbCA 3HAUHO BUIIOI0 PYXJIUBICTIO y
cucremi Nb—Si mopiBusuo 3 Monibgenom; Tomy came Si nudyHIAyE 10
IIOBEPXHEBUX ITapiB Hio0it0 Ta pearye 3 MiAKJaIWHKOIO 3 YTBOPEHHAM
IIPOMisKHOTO mAu@ysiiiHOro mrapy HiobifioBux cuiinmuaiB. @PopMyBaHHS
TAKOT0 IIapy € XapakTepuum aiad cucreMm Nb—Si i wacTo cmocrepiraern-
¢ 3a HAHEeCeHHA CUJIIMUIHNX ITOKPUTTIB Ha HiobGiloBi cTonu [22, 23].

o — MoSiy, ¢ — ZrB,, ® — (ZrB,)
A — Nb;Siy, + % — SIC
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Puc. 1. udpaxrorpama BaKyyMHO-IyTrOBUX HOKPUTTiB: (a) MoSiz, (6) ZrBa—
10SiC.

Fig. 1. X-ray diffraction patterns of the vacuum-arc coatings: (a) MoSiz, (6)
ZrB:—10SiC.
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ITosa Nb5Si3 € MO3UTUBHIM YMHHUKOM JJIS €KCILIyaTaliiHNX Xapa-
KTEPUCTUK MMOKPUTTSHA, OCKiJIbKY MTaHa (pa3a BUKOHYE POJIb IIEPEeXiTHoro
IudysitiHOrO ITapy MiK HiIKJaAMHKOIO Ta 30BHIITHIM CUJIINUAHUM IIO-
Kpurtam. Ile cupusde miaBUNIeHHIO aAre3itiHol MilfHOCTH, 3MEHITIEHHIO
piskHUIL Koe(iIlieHTiB TepMiUYHOTO PO3NIMPEHH Ta MOJIiNIIIeHHIO JKapo-
crifikocTu cuctemu 3arajiom. Kpim toro, Nbs;Sis xapaxkTepusyeTses BU-
COKOIO TepMiuHOIO0 cTabiIbHICTIO Ta CTIHKICTIO 100 BUCOKOTEMIIEPATY-
pHOTrO OKUCHeHHs. AHayioTiuHe (QOPMYBaHHS 6araToIapoBuX CTPYKTYP
tury MoSiz/NbSiz/NbsSis Ha Hi00ilfi0BHX cTOIIax OIMCAHO B PsIi pooiT,
III0 CTOCYIOTHCS »KAPOCTINKUX MOKPUTTIB AJIA PAKEeTHUX Ta aBiAMiAHNX
3acTocyBaHb [24].

I moKpuTTs, omep:kanoro 3 karonu ZrB.—10SiC (puc. 1, 6), Ha qU-
dparxTorpami BuaBieHo miku ¢as ZrB; Ta SiC, 1m0 migTBepaAKye mepeHe-
CeHHs OCHOBHUX KOMIIOHEHTIiB KaTOMHOTO MAaTepifay MO CKJIAIy IIOK-
puttsa. BogHouac mpucyTHiCTE pedieKkciB, modHaueHux AK (ZrBg)ss, CBi-
ITUUTH IP0o (OPMYBAHHSA TBEPAOTO PO3UMHY Ha OCHOBi nubopuny Ilupko-
Hif0. VIMOBipHO, YTBOpEHHA JaHOTO TBEPAOTO POSUNHY Bif6YBAETHCA ITie
Ha cTajii iCKpo-IJIa3MOBOTO CIIIKaHHS KaTOAM, KOJIX 34 BUCOKOI TeMIIe-
paTtypu it inTencuBHOI Audy3ii yacTuHa aTomiB Si Ta C MOXKe PO3UMHSI-
THCA Y KPUCTAJiIUHiM r'paTHUIli ZrBs abo popmyBatu nedekTHY O0pUIHY
CTPYKTYDPY [25, 26].

Taxosk He BUKJIOUEHO, 1[0 JO4aTKOBe Jer'yBauHAa 6opuaHoi (asu Bin-
OyBaeThCA BiKe ITiT Yac BAKYYMHO-IYT'OBOTO BUIAPOBYBAHHS BHACJIITOK
HePiBHOBasKHOTO XapaKTepy KOHJeHcallil moKpuTTd. ad BaKyyMHO-
IYTOBUX IIPOIIECiB XxapakTepHUM € (opMyBaHHA MeTacTabilbHUX das i
nepecUUYeHNX TBEPJAUX PO3UMHIB uepe3 HAJIBUCOKI IMTBUIKOCTiI 0XO0JIO-
IKeHHA KOHAeHCOBaHOTro mMaTepiany. Ile Moke IPpUBOAUTHU IO 3MIilITeH-
HA Ta PO3IMIUPEHHA AUPpPaKIifHX MakcuMyMiB ¢asu ZrBs, 1o i cmo-
cTepiraeThes Ha IpeacTaBIeHid gudpakTorpami. HaasaicTs dasu SiC 'y
CKJIa[li MOKPUTTA € BaKJIMBOIO 3 TOUKHU 30PY €KCIIIyaTalliiHUX BJIACTU-
BOCTel, OCKiIbKMU KapOin Cuiimiio 3abesmeuye migBUINeHHS TBEPAOCTH
Ta JKapocTiikocTu moKpuTTA. Kpim Toro, SiC Moike BuCTyIIaTu asxepe-
aom Cuiitito ay1s1 GopMyBaHHSA 3aXUCHUX OKCUIHUX ILTIiBOK SiOz BIIpo-
ITOBXK BUCOKOTEMIIEPATYPHOTO OKUCHeHHA. ZrBs, ¥ ¢BOIO uepry, € yJabT-
paBucoxoremieparypuoio Kepamikoioo (UHTC) 3 Bucoxoio Temmepary-
POIO TOILJIEHHSI, 3HAYHOIO TBEPIIiCTIO Ta XOPOIIOI0 TEeILIOIIPOBiAHICTIO,
IIT0 POOUTH TaKi MOKPUTTS MEePCIEKTUBHUMHY JJIS 3aXUCTY HEOXOJIOIMKY -
BaHUX eJIeMeHTiB aepoxocMiuHol TexHiKM. CJif Tak0K Big3HAUUTH, IO
nudpakTorpama mokputtsa ZrB:—10SiC xapakTepusyeThbeca ITUPITUMU
Ta MEHIII iHTEHCHMBHUMHU HiKaMu HOpPiBHAHO 3 MoSis-moxpurram. Ile
MOJKe CBiIUUTH PO MEHIINI po3Mip KpUCTaJIiTiB, IMiABUINleHNI PiBEHB
CTPYKTYPHUX Me(eKTiB i yacTKOBY aMopdisallio CTPYKTypPU BHACJIITOK
BHCOKOIIBUAKIiCHOI KOHAEHCAIil MaTepiasy miJl Yac BAKYYMHO-IYT'OBOT'O
ocamxenud. Ilomi6HI 0COGIMBOCTI CTPYKTYPU XapaKTepHi ajsa 6ararto-
KOMIIOHEHTHUX OOPUIHO-KapOigfHMX MOKPUTTIB, ofep:KaHUX (hismuHm-
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MU MeTOJaMU OCalKeHHs 3 mapoBoi (asu. Oxep:kani pesyabratu Ghaso-
BOI aHAJi3M IMiATBEPIKYIOTH, IO B IIPOIECi BAKYYyMHO-IYI'OBOI'O OCa-
IKeHHS BigOyBaeThcsa He JIMINE IIePeHeCeHHs MaTepidnly KaTomu, a i
AKTHBHA XeMiuHa B3a€MOisd MisK KOMIOHEHTAMU IIOKPUTTA Ta Hiobiiio-
BOIO MiAKJaIMHKOIO 3 QopMyBaHHAM ANQPY3itiHUX i nepexiguux ¢as. Ie
€ BaAJKJIMBUM YMHHUKOM (popMyBaHHS anresii, MiKpoCTPYKTypHU i eKcC-
IIyaTamniiiHuX BJIACTUBOCTEM »KapPOCTINKMX IIOKPUTTIB.

Ha pucyHkry 2 HaBeIeHO MiKPOCTPYKTYPY IIOIIePeYHUX IIepepisiB mo-
KputtiB MoSi; (a—8) Ta ZrB:—10SiC (2—¢€), ogep:kaHNX MeTO0I0 BaKyYy-
MHO-IYTOBOT'O OCAIKeHHSA Ha IMiIKJaTUHKAaX 3 Hio0iro. AHaaisza MiKpo-
CTPYKTYpPHU IIOKasajia (DOPMYBAaHHA CYLIJIbHUX MOKPUTTIB i3 YiTKO BU-
PasKeHOI0 MerKero IOy MisK MOKPUTTAM i IIiZKJaINHKOIO, OJHAK Xa-
paxTep OymoBu Ta MOPQOJIOTid IIapiB iCTOTHO BiAPiSHAIOTHLCSA 3aJIEIKHO
Big ckianmy karomu. g moxkputta MoSiz (puc. 2, a—8) XapaKTepHOIO €
HeOMHOpiZHA MUCHepPCHA CTPYKTypa 3 PO3BUHEHOIO IPiOHO3epPHUCTOIO
MOpPGOJIOTieI0 BEPXHBOTO ITapy. TOBIMHA IMOKPUTTA CTAHOBUTL ITPUO-
ausuo 120-150 mxMm. ¥V mpumoBepxHeBiit o6jacTi cmocTepiraeTbesa 3Ha-
YHA KiJBbKiCTh APiOHMX OKPYIJINX CTPYKTYPHUX €JEeMEHTiB, IO MOKe
OyTu mOB’sA3aHEe 3 OCOOJMBOCTAME KOHAeHcaIlil KpameabHOI dasu Imifm
Yyac BAKYyMHO-IYT'OBOT'O OCAIKEeHH.

—

Puc. 2. ITonepeunwnii nepepis mokpurtis MoSi: (a—6) Ta ZrB2—10SiC (2—0) 3 Biz-
MMOBiIHUM KapTyBaHHS XeMiUHUX eJiIeMeHTiB (8) Ta (¢€).

Fig. 2. Cross-sectional microstructures of the MoSi: (a—6) and ZrB:—10SiC (z—
0) coatings with the corresponding elemental maps (8) and (¢).
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Huaa nyroBux PVD-mporieciB xapaKTepHUM € IlepeHeCeHHA YaCTUHU
MaTepisany y BUIVISAAL MiKpoOKpaleib, SKi IIicasa KpucTaJaisallii ¢popmy-
IOTh XapaKTepHuil I' 100y IapHuii peabed moxkpurrsa. OcobiuBuii inTepec
CTAHOBUTH HAABHICTDH IIPOMIisKHOIO ITIaPy MisK MOKPUTTAM i Hio6i0BOIO
migkJaaguaKoio (puc. 2, 6, Tabi. 2, Touka +2). 3rifHO 3 pes3yJbTaTaMu
EDS-ananisu (Taba. 2), gauna obsacth mictuth 63,4 mac.% Nb Ta 36,4
mac.% Si 3a IpaKTUUYHO HOBHOI BiscyTHOoCcTH Mosioneny. Takuit crian
I00pe Y3romKyeThea 3 (OPMYBAHHAM CUJIINUIHOTO AUQY3iliHOrO mMIapy
B cuctemi Nb—Si. 3 ypaxyBaHHAM pe3yabTaTiB PeHTI'eHO(PAa30Boi aHAaJi-
3W MOKHA IPUIYCTUTH, IO JaHaA obJacTh Biamosimae dasi NbsSis abo
cyminti curinuais Hiobiro. @opmyBauHA mogibHOro Au@ysiiiHoro mapy
MOSICHIOEThCS BHCOKOIO pyxJuBicTio Curilfito mig uac ocamKeHHs.

Cuniniit Mmae 3HauHO BUIINii KoedimieuT audysii y Hiobii mopiBHAHO 3
Mouni6meHoM, yHACIiIIOK YOTO Si aKTHBHO MPOCAKAE Y ITIOBEPXHEBi Itapu
OigAKJaIMHKY ITle HAa PaHHIiX cTaziax popmyBaHHA NOKpUTTA. Ile mpuBo-
IUTH 10 peakIitiHol Audysii i1 yTBOPeHHA epexilHOro mapy CUJIiuIiB
Hiobito, axuit 3abe3meuye TOCTYIIOBY 3MiHYy X€MiUHOTO CKJIAAY MiK IIOK-
purTam i miakaaguHEK00. AHasoriuni gudysiini npomapku NbsSis 3a
HaHeceHHA MoSiz-MOKpPUTTIB Ha HioOilioBi cTomm ommcamo B poboTax,
NPUCBAUYEHUX JKAPOCTINKUM 3aXMCHUM CHCTEMAaM J[Jis BHCOKOTeMIIepa-
TYPHHUX 3aCTOCYBaHb. ¥ BEepPXHBLOMY Iapi MOKPUTTA (TouKa +1) BuABIe-
HO 65,2 mac.% SiTa 34,8 mac.% Mo, 1110 € OIU3EKUM [0 CKJIAAy CUJIiIM-
nuoi dasu MoSiz 3 ypaXyBaHHAM MOXKJINBOI MOXMOKM JoKaabHOI EDS-
aHaJIis¥ Ta HEOMHOPITHOCTU CTPYKTypu. BomHouyac mpakTuUdHa BiCyT-
HicTs Nb y 11i#i 061acTi ¢BigunTh PO JOKaJIi3amio qudysifinol B3acmomil
mmepeBakHoO y npuintepdeticHiit 3oHi. [lo6mm3y Mmexi mizkaaguuaku (To-
uykKa +3) QikcyeTbcsa Malixke uncTuil Hiob6ii (98,7 mac.% Nb), 110 BKasye
Ha oOMe)keHy rInouHy audysiiinoro npocakHenHa Cuiiiito ta dopmy-
BaHHA BiJHOCHO TOHKOT'O peakIlitiHoro mapy. Ile € mo3auTUBHUM YMHHU-
KOM, OCKiJbKV HaAMipHe 3POCTAHHS TOBIMUHN KPUXKUX CHUJIIIMUIHUX
¢as MoXKe TPUBBOAUTHU 10 MOHUKEHHSA TPIIMHOCTINKOCTY CUCTEMMU.

ITokpurra ZrB;—10SiC (puc. 2, 2, €) xapaKTepusyeTbeA GiJbI MIiIb-
HOIO I OMHOPiAHOI0 MiKPOCTPYKTYPOIO MOPiBHAHO 3 MOSiz-ITOKPUTTAM.
TosiuHA MIapy CTaHOBUTEL 0In3bK0 80—120 MKM. ¥V CTPYKTYpi cmocTe-

TABJINIA 2. Ereprogucuepcifina anajisa B TOUKaX.

TABLE 2. Energy-dispersion analysis at points.

Touxa BwmicT enementis, mac. %

Si Zr B | Mo | Nb
+1 65,2 — — 34,8 —
+2 36,4 — — 0,2 63,4
+3 0,6 — — 0,7 98,7

+4 8,2 72,6 19,2 — —
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piraeTbcsa 3HAYHO MeHINA KiJIbKiCcTh mOP i MaKpomedeKTiB, a Merka MixK
OOKPUTTAM i HMiAKJIAINHKOI € YiTKOIO0 Ta piBHOMipHOI. BomHouac y
IIPUIIOBEePXHEBill obyacTi mpucyTHiI okpemi gedeKTr KpameiabHOI Gasu,
TUIOBL OJIs BaKyyMHO-IYTOBOTO OCAMKEeHHS OOPUIHUX MaTepisaiis.
EDS-anaJisa obaacrti +4 nmokasaJa smicrt 72,6 mac.% Zr, 19,2 mac.% B
ta 8,2 mac.% Si. Takuit ckaag go0pe y3rofKyeThbesa 3i CTPYKTYPOIO II0-
KPUTTA Ha OCHOBI ZrB; 3 momaBanuaM Si-BmicHoi dasu. HaasricTs Cu-
JiIi0 y MOKPUTTI IMiATBepI)Kye mepeHeceHHsA KommoHeHTiB SiC-
KepaMiKu 3 KaToau 0 cKJIany KouaeHcaTy. BogHouac BmicT Bopy € Hu-
JKUMM 3a TEOPETUYHUHN OJA cTexioMeTpuuHOro ZrBg, mo moxke OyTu
OB’ sI3aHe 3 HU3LKOI0 uyTauBicTio EDS-amanisu 10 JerKux eJeMeHTiB,
3oxpemMa Bopy, a Takox MoKJINBUM POPMYBAHHAM AedeKTHOI 60puaHOol
CTPYKTYPH UM TO TBEPAOTO po3umuy (ZrB:)s.. IllinbHa MiKpocTpyKTypa
ZrB;—10SiC-moKpuUTTSI MOKe OyTH 3YMOBJIEHOIO BHCOKOIO TeMIIepaTy-
POI0 TOIJIEHHS Ta MaJIoI AU(Y3iliHOI PyXJaMBicTIO OopuaHOI dasu, 110
CTPUMY€E iIHTEHCHBHE MacollepeHeceHHA Ta (POpMYyBaHHA peaKIiNHUX
IPOIIAPKiB i3 migkaagmnukoo. KpiMm Toro, mpucytHicts SiC cupuse go-
ITaTKOBOMY YIIiJILHEHHIO CTPYKTYPHU Ta MOHUIKEHHIO IIOPUCTOCTU IIOK-
purrsa. Ilomi6mi cTpyKTypHi ocobimBOCTi xXapakTepHi Asa OGOpumHO-
KapOigaux moKputrTtiB cucrtemu ZrB.—10SiC, ogmep:xanux PVD-
MeTOoZaMM [OJI BUCOKOTEMIIEPATYPHOTO 3aXUCTy YJILTPABHCOKOTEMIIE-
partypHux MarepidajaiB. TakuM YMHOM, Pe3yJabTaTH MiKPOCTPYKTYpPHOI
Ta JIOKAJbHOI XeMiuHOI aHai3u IiATBepPIKYIOTh, IO MOKPUTTA MoSis
XapaKTepuayeTheA aKTUBHOIO AU(MPY3iliHOI B3aeMOi€i0 3 HiobGiOBOIO
OiIKJIaIMHKOIO Ta (POPMYBAHHAM CUJIIIUAHOIO IIePeXiJHoro mapy, Togi
AK ToKpuTTa ZrB:—10SiC dpopmye 6iabir cTabiibHY Ta HIiJIBHY OOPM-
HO-KapOiZHY CTPYKTYPY 3 MiHiMaJILHOIO PeaKIliiiHOI0 B3a€EMOIIEI0 3 OC-
HOBOIO.

B rabauii 3 HaBegeHO AaHi ITOJ0 MeXaHIUHMX BJIACTHUBOCTEHN Onmep-
JKaHuX MOKPUTTiB. Omep:KaHi pes3yJabTaTH MOKAa3ajW iCTOTHY BigMiH-
HiCTb Mi’K MeXaHIiYHMMU BJIACTHUBOCTSIMHU ITOKPUTTIB Ha ocHOBI MoSi; Ta
ZrB;—10SiC. IToxkpuTrta MoSi: xapakTepusyBaaocsa BUIIOI0 aATre3iiiHO0

TABJINIA 3. Pesynpraty MexaHiuHMX BHUIPOOyBaHb HOKPUTTIB MoSi: Ta
ZrB2—10SiC.

TABLE 3. Results of mechanical tests of MoSiz and ZrB:—10SiC coatings.

Anresitina minuicTs, | MikpoTBepaicTh

MIIa HV1 XapakTep pyiiHyBaHHA

IToxpurra

TmepeBakHO Koresiiine
MoSi: 38—52 850-1100 py#HYBaHHA B 00JIacTi A1-
dysiitHoro mapy
YaCTKOBO afresiiiHe pyii-
ZrB2—108SiC 35-48 1800-2400 HyBaHHA 10 MEXKi IOKPUT-
TA-IiAKJIaTUHEKA
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MiITHiCTIO IIOPiBHAHO 3 OOPUAHUM IIOKPUTTIM, IO OB’ I3aHe, HacaMIIe-
pexn, i3 popmyBaHHAM mepexigHoro nrudysiinoro mapy Nb—Si na mexi 3
Hi00il10BOIO HiAKJIATMHKOIO.

fx OyJo BcTaHOBJIEHO 3a pe3yJabTaTaMU PEHTI'eHO(a30BOI Ta JIOKAJIb-
vHoi EDS-amanisu, mig uac ocamxeHHA MoSiz-TIOKpUTTS BigOyBaeThCs
akTuBHa Audysia Cuiiliio y moBepxHeBi miapu Hiobilo 3 YTBOPEHHAM
cuainuaiB tuny NbsSiz. @PopMyBaHHS TAKOI0O I'PaJi€HTHOro IIapy 3a-
Oesmeuye MJIaBHUN IIepexis XxeMiuHOTo CKJIany Ta KoedillieHTiB TepMmiu-
HOT'O POBIIUPEHHA MisK HOKPUTTAM i TiIKJIaINHKOO. ¥ pe3yJibTaTi 3me-
HIOTYETHCA PiBeHb BHYTPIITHIX HaANPyKeHb i MiABUNIYEThCA e(EKTUB-
HiCTh MeXaHiUHOI0 3UelJeHHsA MOKPUTTS 3 OCHOBOIO. KpiM Toro, cuii-
MUAHI a3y MArOTh BiTHOCHO JOOPY CIOJNYUHICTEL i3 HiobieM yHACJIiZOK
mOAi0HOI IPUPOAU MiKaTOMOBOTO 3B’A3KY Ta BHCOKOI TeMIlepaTypHOI
crabinpHOoCcTH cuctemu Nb—Si—Mo. Came ToMy pyHAHYBaHHSA IIiJ Yac aj-
re3ifHMX BUIIPOOYBaHb ¥ 0araThbox BUOAAKAX MAJIO KOTe3ifHmil xapak-
Tep, TOOTO Iepebirajao BcepeArHi caMoro HMOKPUTTA abo maudysifiHoro
mIapy, a He 6e3mocepe b0 Mo Mexki mominy. IlomiOoma moBeginKka xapak-
TepHAa AJA peakIiiHO-In(y3iiHNX KaPOCTIHKMX MOKPUTTIB HA OCHOBI
cuminugie Momiomerny. Bommouac moxpurta ZrB;—10SiC mpoaemoH-
CTPyBaJI0 3HAYHO BUINIY MiKPOTBEPIiCTb, IO MOACHIOETHCA IIPUPOIOI0
oopugHoi Kepamiku. Pasza ZrB; mageXKuUTL 0 YILTPABHUCOKOTEMIIEpAa-
rypaux kKepamik (UHTC) Tta xapaxkTepu3yeTbcsi BHUCOKOIO IMiJBHiCTIO
KOBaJICHTHOTO 3B’S3KY, 3HAUHOIO KOPCTKICTIO KPUCTAIIUHOI I'paTHUITI
Ta BUCOKMM ONOpOM IIacTUuHil nedopmarii. JogaTkoBe 3MilfHEHHA
CTPYKTypH 3a0esmeuyeThcsa mpucyTHicTio dasu SiC i moxkauBuM Gop-
MYBaHHSIM TBEpPIOTO po3uuHy (ZrB:)s. Pasom i3 TuM HamgBucoKa TBep-
IicTh OOPUAHOTO IIOKPUTTA CYIIPOBOAKYETLCA HMiABUINEHOI0 KPUXKiCTIO
Ta 6iJbINI BUCOKUM PiBHEM 3aJIUINMKOBUX HANPY:KeHb, XapaKTepPHUX IJIs
PVD-moKpuTTiB HA OCHOBI TAXKOTOIKIX OOPUIiB.

Ha sigminy Bix MoSiz-cuctemu, y mokputti ZrB;—10SiC He cmiocTepi-
raeThbcAd BUParKeHUMN MuysiiHUN mepexigHUM Iap MisK HOKPUTTAM i
Hi00ifi0BOIO MiAKJIAAMHKOIO. YHACIIZOK IILOTO MeKa IIOAiJIY 3aJInIIa-
€ThCA OLJIBIN Pi3KOI0, IO IIOTipIIye pejaKcallil0 HaIpy:KeHb i cupuse
JOKaJBbHOMY BiJIlIapyBaHHIO MiJ] HaBaHTaKeHHAM. [{oZaTKOBUM YMWH-
HUKOM IIOHMKeHHSA aaresifinoi mimaoctu ZrB;—10SiC-mokpuTTsa Moxke
OyTH icTOTHA PiKHUILI KoedillieHTiB TepMiUYHOTO PO3MINPEHHA MiK 60-
PUIHOIO KepaMiKoio Ta Hio0iftoBoIo ocHOBOMO. Ilig yac oxomomKeHHs i-
CJISI OCAIKEeHHS ITe IPUBOAUTD A0 (GOPMYBaHHS 3HAUHUX TePMIiUHUX Ha-
Ipy:KeHb y nmpuinTepdeiicHiit obmacTti. ¥ moefHaHHI 3 BUCOKOIO KPUXKi-
cTIO OopuAHOI (hasu Ie cIpusie 3aPOAKEeHHI0 MiKPOTPIIIIUH i YaCTKOBO-
My ajresiitHOMY PYMHYBaHHIO MO MeXXi HOKPUTTA—HiAKJIaguHKA. Ta-
KUM YMHOM, IOKPUTTA MoSi: 3a6ea3meuye Jimmry aare3iiiHy CIoayvHicTs
i3 HiobilioBOIO MiAKJIAAMHKOIO 3aBAAKM pPeakIliiinmiii nudysii Ta dopmy-
BAHHIO IePEeXiJHOrO CIJIIIIUIHOTO Iapy, TOAl AK MOKPUTTA ZrB:—10SiC
XapaKTepu3y€eThCA 3HAYHO BHUIIOI0 TBEPAICTIO Ta IIOTEHI[IMHO JIiIIIIIOI0
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3HOCOCTIiMKiCTIO, OJHAK IIOCTYHAEThCA 3a PiBHEM aAres3iiHOI MiITHOCTH
yepes BUCOKY KPUXKICTB i BiicyTHiCTh po3BUHEHOI Augdy3iliHOI B3aeMo-
Iii 3 OCHOBOIO.

PesynbTaTy TpubosIoTivHENX BUIIPOOYBaHb HOKPUTTIB MoSis Ta ZrBa—
10SiC maBenmeno Ha puc. 3 i 4. AnHajisa 3aJIeKHOCTHU IIIBUIKOCTU 3HO-
ITyBaHHSA BiJl MIIAXY TepTdA MMOKasaja, 0 o0MaBa THUIIN MOKPUTTIB Xa-
pPaxkTepu3yoOThCA IIOCTYIIOBUM IIOHUKEHHAM iHTEHCHUBHOCTU 3HOIITY-
BaHHA 3i 30iJbINIeHHAM mucTaHIlii BumpoOyBaHb. BogHoUac IMOKPUTTS
ZrB;—10SiC geMoHCTPYE iCTOTHO BUIIY 3HOCOCTIHKICTh YIIPOLOBK YChO-
r'o IIUKJIy BUIIPOOYBAaHb IMMOPiBHAHO 3 MOKPUTTAM MoSis. [1d mOKPUTTS
MoSi: (puc. 3, a) Ha MOYaTKOBOMY eTali BUIPOOYBaHb CIIOCTEPiraeThCs

Lo
=

2,54

2,04

1,51

1,04

x10, (vv®/(H 1))

0.5 -

IIsnakicTs 3HOIMIYBAHHSA,

200 400 600 800 1000
lnsx Teprs, M

Puc. 3. llIBuakicTs 3HomyBanuAa TOKpuUTTiB ZrB2—10SiC (a) Ta MoSi: (0).
Fig. 3. Wear rates of the ZrB:—10SiC (a) and MoSi: (6) coatings.

Puc. 4. Tpexu sHorryBanuA noKpuTTiB MoSiz (a—6) Ta ZrB:—10SiC (8—2).

Fig. 4. Wear tracks of the MoSi: (a, 6) and ZrB2:—108SiC (s, 2) coatings.
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HaMObijbIIa IMIBUAKICTL 3HOIIYBAHHS, KA A HLIAXyY Tepta y 200 m
cTaHOBUTH 0Ju3bKO 2,8:10-% mm3/(H-m). Hagani inTencuBHiCTh 3HOIITY-
BaHHA TOCTYHOBO 3MeHINyeThbcAa Ta A 1000 M mocArae mpuOJIM3HO
1,1-10-% mm3/(H-m). ITomi6Ha moBeginka Moske OyTH IIOB’A3aHA 3 IIOCTY-
moBuM (OPMYBAHHAM BTOPHMHHOT'O TPUOOJIOTIUYHOTO IITapy B 30HiI KOHTA-
KTy, AKUHA YaCTKOBO CTa0iIidye mpoliec TEPTA Ta MOHMIKYE IIBUAKICTH
py#HYBaHHS MoBepXHi. Pasom i3 TuM abCcoJIOTHI 3HaUeHHS IITBUSKOCTHU
3HOIITYBaHHSA A1 M0oSi2-IOKPUTTA 3aIUIIAIOTLCSI BUIIMMHI IIOPiBHAHO 3
ZrB;—10SiC. Ile mosCHIOETHCSA BiJHOCHO HUIKYOIO TBEPIiCTIO CUJIiITHI-
HOI dasu Ta GiJBINTOI0 CXUJIBbHICTIO 0 KPUXKOTO JIOKAJLHOT0 PYHHYBaH-
HSA I Ji€10 KOHIIEHTPOBAHNX KOHTAKTHUX HaBaHTAMKEHb.

Kpim Toro, masaBHiCTL APiOHOAMCIIEPCHOI TA YACTKOBO IJIOOYJISIPHOIL
CTPYKTYPU, XapaKTepHOI JJd BaKyyMHO-AYTOBUX CUIIIUIHUX TTOKPUT-
TiB, MOKe CIPUATHU JIOKAJbHOMY BUKPHUIIYBAHHIO ITOBEPXHEBUX [IiJIs-
HOK y mpoiieci Tteptsda. CEM-anajiza TpeKy S3HOIIYBAHHS IIOKPUTTS
MoSi: (puc. 4, a, 6) miATBepaKY€E pearizailiio mepeBakHO adpPa3sUBHOTO
MexaHisMy pyiHyBaHHsA. Ha moBepxHi cmocTepiraroThbes mo3I0BKHI 00-
PO3HU, YTBOPEHi BHACJIIOK Jil JiAMaHTOBOIO iHAEHTOPA, a TAKOMXK JIiJIs-
HKWU JIOKaJbHOTO0 BUKPUNTYBaHHA MaTepiany. HaasHicTs hparmeHToBa-
HUX YaCTUHOK 3HOCY CBiTUMTEL IPO KPUXKE PYHHYBaHHSI OKPEMUX CTPY-
KTYPHUX €JIEMEHTiB IIOKPUTTA. ¥ OEeAKUX O00JIaCTAX TaKOK IIOMIiTHI
O3HaKHU JeJIaMiHAIlii TOBepXHEeBOTO IIapy, I0 MOoKe OyTHu II0B’s3aHe 3
HaKONNYEeHHAM KOHTAKTHUX HANPYsKeHb y IIPUNOBepXHeBil 3oHi. [lada
mokpuTTa ZrB;—10SiC (puc. 3, 6) MBUAKICTL 3HOIITYBAHHSA € IIOMiTHO
HU)KUYO0I0 BiKe Ha MOUYaTKOBil cTamili BUIpPoOyBaHb i CTAHOBUTE OJIM3BKO
1,710 mm3/(H-m) aasa nuiaxy tepta y 200 M. 3 mogaiabiium 36iabIeH-
HAM JWCTAHIIIl TEPTS cIocTepiraeTheA cTabiibHe MTOHNKEeHHA MIBUIKO-
CTH 3HOIIYBAHHA A0 piBHA 6au3bk0 0,5-107% mm3/(H-M) gas 1000 m. Ta-
KUM YMHOM, 3HOCOCTiHKiCcTh OOPUAHOTO MOKPUTTS MPpUOIN3HO v 2—2,5
pasu mepeBUIye aHAJOTIUHNH ITOKAa3HUK AJId MoSiz-TOKpUTTA.

IligBumeny sHococTifikicTs ZrB;—10SiC 3ymMoBIeHO KOMILIEKCOM
ynaHnKiB. Hacammepen, 1e — 3HAaYHO BHUIA TBEPIiCTh IIOKPUTTS, 3Y-
MOBJIeHA IIPUCYTHICTIO YJIbTPAaBUCOKOTEMIIEpATYpPHOI OopmaHoi (dasu
ZrB; Ta Kapbiny Cumimniro. Biicoka TBepAicTL 3MeEHIITY€ TJINOMHY BTiJIeH-
HA KOHTPTiJIa Ta MPUTrHiYye PO3BUTOK IIJTaCTUYHOI Aedopmarliii B 30HI
KoHTaKkTy. Kpim Toro, muiijbpHimna Ta 6iJabI1 oqHOPiAHA MiKPOCTPYKTYpa
MOKPUTTA NOHUIKYE WMOBIPHICTD JIOKAJIBbHOTO BUKPUIITYBAHHSA Ta 3ap0-
IJKeHHS TPIIMH Mg yac IMUKJIIYHOrO HaBaHTasKeHHsA. AHaJiza TpPexy
suomyBaHHa ZrB;—10SiC (puc. 4, 6—2) moxasye, 10 IIOBEPXHI Xapak-
TEePU3YETHCI MEHIIIOIO TJIMOMHOI0 O0PO3€eH i HMKUYNM piBHEM pPyHHYBaH-
Ha mopiBHAHO 3 MoSiz-mokpurrsam. Ha moBepxHi nmpucyTHi okpemi mi-
JSHKY TeMHUX TPUOOOKCHUIHUX ILIIBOK, AKI MOKYTH (hOPMYBATHCH Y
IpoIeci TepTsa BHACJIIOK JIOKAJLHOIO HArpPiBy KOHTAKTHOI 30HU. Dop-
MYBaHHS TaKUX BTOPUHHUX CTPYKTYP 34ATHE JOJATKOBO IIOHMKYBATHU
KoedilieHT TepTs Ta cTabilizyBaTH IIPOIlEC 3HOITYBAHHS.
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Hsa ZrB;—10SiC-mokpuTTA OCHOBHUM MeXaHi3MOM PYHHYBaHHS Ta-
KOXX € abpasuBHE 3HOINYBaHHs, OJHAK HOT0 iHTEHCHUBHICTH € 3HAYHO
MeHIITo. BogHouac o3HAKM MACHITAOHOTO BUKPHUIIYBAHHA a00 Iambo-
Kol mesamiHaIii NpakKTUYHO BiJICYyTHI, ITI0 CBiTYUTH PO BUNTY CTPYKTY-
PHY cTabiJbHICTh HOKPUTTA I Ai€l0 KOHTAKTHUX HaBaHTaKeHb. Ilo-
HUKEHHS MIBUIKOCTH 3HOIITYBAHHS 31 30iJbITeHHAM IIIAXY TePTA s
000X THUIIIB MOKPUTTIB MOKe OyTH IIOB’sI3aHe 3 IIOCTYHOBUM 3TJIAIKY-
BaHHAM IIOBEPXHEBUX HepiBHOCTell i cTabdinizalriero KOHTaKTHOI obJac-
. Kpim Toro, y mpoiieci TepTs MoKJIrBe (DOPMYBAHHSI KOMIaKTOBAHO-
ro mIapy OpPOAYKTiB 3HOCY, AKMHA YaCTKOBO BUKOHYE (DYHKI[II0 TBEPIOTO
MacTHuJia Ta MOHMIKY€E iHTEeHCUBHICTD ITOAAJIBIIIOr0 PyHHYBaHHA IIOBEPX-
Hi. TakuM ymHOM, PE3yJAbTATU TPUOOJOTIUYHUX MOCTiAKeHb MOKAas3aJu,
o moKpuTTa ZrB;—10SiC xapaxkTepu3yeThbcsi 3HAYHO BUIMOIO 3HOCO-
cTilikicTio mopiBHsAHO 3 M0Si2, 1110 3yMOBJIEHO 110r0 6iJIbIIIOI0 TBEPAiCTIO,
HTLJIBHIIITIO0 MiKPOCTPYKTYPOIO Ta HiABUIITEHOIO CTa0iIbHICTIO 60PUIHO-
Kapbigaoi a3y B ymMmoBax aOpasmMBHOIO HaBaHTAKEHHS.

4. BUICHOBRKH

1. MeTozm010 iCKpPO-IIJIa3MOBOTO CIIiIKaHH 0yJIo ofep:kaHo KaTogu MoSis
ta ZrB;—10SiC, mpugaTHi O IOZAJBIIOrO0 BAKYYMHO-IYTOBOTO OCa-
IKeHHS :KapOCTINKNX MMIOKPUTTIB Ha Hio0i OBl MigKIaJMHKI.

2. BcTarnosieHo, 1110 B IpoIieci ocagKeHHsa TOKpUTTAa MoSiz BigoyBaeTh-
ca aKTuBHA audysitina B3aeMonmia mixk Cuiiliem i mHiobiftoBoro migKa-
IWHKOIO 3 YTBOPEHHAM Iepexiguoro mapy Nbs;Sis. @opmyBanud gudy-
3ifiHoro mIapy 3abesIeuye MOJMIIIIIeHHA aAre3iifiHol MilfHOCTH Ta r'pajmie-
HTHUH IIepexil BJIaCTUBOCTEHN MisK IIOKPUTTSIM i OCHOBOIO.

3. Hna moxkpurra ZrB,—10SiC migrBepm:xeHo dpopmyBaHHS a3 ZrBs,
SiC Ta TBepmoro po3uuHy (ZrB:)s. YTBOpPeHHS TBepIOrO PO3UMHY
oB’sI3aHe 3 IIpoIlecaMM BHCOKOTeMIIepaTypHoi mamudysii mig uac SPS-
KOHCOJimaIii kaToay Ta HePiBHOBaKHOIO KOHIEHCAI[i€I0 il Yac BaKyy-
MHO-IYT'OBOT'O OCaI»KeHHA.

4. MikpocTpyKTypHa aHaJiza moxasaJja, 1o mokpuTta MoSi; xapakTe-
puByeThCs O0ibI PO3BUHEHOIO I'TO0YJIAPHOIO CTPYKTYPOIO Ta HAABHICTIO
I1u@ys3iiHOTO MPOIIaAPKY, TOAl AK MOKPUTTI ZrB;—10SiC Mmae mriabHinmy
M OMHOPIAHIIITY CTPYKTYPY 8 MEHIIIOIO KiJIbKicTIO T1e()eKTiB.

5. ITokpurta MoSi; TpogeMOHCTPYBAJIO BUIITY aATe3iliHy MinHicTs (38—
52 MIIa), 110 3yMOBJIEHO (POPMYBAaHHAM CUJIIIIUAHOTO IePeXigHOro I11a-
py NbsSis. Bogaouac moxpurrs ZrB;—10SiC xapakTepusyBajiocsa 3HaU-
HO BuINO0 MikporBepaicTio (1800—2400 HV1) zaBasAKM IPUCYTHOCTI
YIBTPABUCOKOTEMIEPATYPHUX OOpuaHMUX i Kapbigumx das.

6. PesyabraTu TpubOOJIOTiYHNX BHUOPOOYBaHb ITOKA3aJid, IO TOKPUTTS
ZrB;—10SiC mae y 2—2,5 pasu HMIKYY IIBUAKICTL 3HOIITYBAaHHS IIOPiB-
HAHO 3 MoSis-moKpurTaAM. OCHOBHMM MeXaHi3MOM pPYHHYBaHHS IJId
000x cucTeM € abpasuBHe 3HOIIIYBAaHHs, OJHAK OOpUAHO-KapOigHe MOK-
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PUTTS XapaKTepu3yeThCA BUIIOI0 CTPYKTYPHOIO CTabiIbLHICTIO Ta MEH-
IIT0I0 CXUJIBHICTIO IO BUKPUIITyBAHHS.

7. Omep:xkaHi pesyabTaTHU IMiATBEPIKYIOTH MEePCHEeKTUBHICTH BUKOPUC-
TaHHA BaKYyMHO-IYyTroBuX NOKpuTTiB MoSiz i ZrB,—10SiC nna saxucty
HEOXOJIOIPKYBAaHNUX BUCOKOTEMIIEPATYPHUX €JIEMEHTIB aepoKOCMiuHOI
TeXHiKMN, 30KpeMa JeTaliB Ha OCHOBi Hiobifo, IO IIPAIlIOIOTL B YMOBaX
iHTEHCUBHOTI'O TEPMOMEXaHiYHOTr0 Ta TPUOOJJIOTiYHOTO HaBaHTAKEeHHA.
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The Possibility of Using of Aluminium—Titanium Intermetallics
to Obtain Heat-Resistant Metal Coatings on ZrQ.- and Al:Os-
Ceramics

0. V.DurovandT. V. Stetsyuk

I. M. Frantsevich Institute for Problems of Materials Science, N.A.S. of Ukraine,
3, Omeljan Pritsak Str.,
UA-03142 Kyiv, Ukraine

The intermetallic compound AlsTi is tested for metallization of the ZrO: and
Al303 ceramics. For ZrO:, the contact angle of AlsTi melt is of 35°, and for
Al:Os, it is of 47°. Metallization is carried out by both infiltration of titanium
powder layer applied on the ceramic surface with molten aluminium and fur-
ther heating up to melting of formed AlsTi. The coating with high adhesion to
ceramics is obtained for ZrO: ceramics, which can withstand heating in air up
to 1000°C for 60 min. For Al:O3 ceramics, results are much worse, probably,
due to high deoxidation of the interface.

Key words: metallization, zirconia, alumina, AlsTi, wetting, infiltration,
heat resistance.

Iarepmeraniny AlsTi 6yB BunmpoOyBauwmit ajs merasmisamii ZrOs- #t Al:Os-
kepamik. [lasa ZrOz-kepaMmiKyu KOHTaAaKTHUM KyT 3MouyBauHA posTomom AlsTi
cramoBuB 35°, a mis Al:Os-Kepamiku — 47°. Merasisalifito IpoOBOAMIN IILIIS-
XOM TIPOCOUYBAaHHSA IIapy MOPOIIKY TUTAHY, HAHECEHOTO Ha MOBEPXHIO Kepa-
MiK1, PO3TOIJIEHUM AJIOMiHiEM 3 MOJAJBIIINM HArpiBaHHAM 0 PO3TOIJIEHHSA
yrBopenoro AlsTi. [Ina ZrOz:-KepamMiKku 0ep:KaHO0 MOKPUTTS 3 BUCOKOIO afre-
3iero 1o KepaMiKu, sKe BUTPUMYe HarpiBanuA Ha moBiTpi 10 1000°C BupomoBx
60 xB. Iasa Al:Os-kepamiku pesyabraTu Oyau HabaraTo ripiuumu, NMOBipHO,
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1. INTRODUCTION

Titanium is often used in joining (brazing, metallization) ceramic ma-
terials, primarily oxides, as a dopant to filler alloys based on tin, cop-
per, silver, nickel, etc. The adhesion properties of metal melts contain-
ing titanium have been studied in many works [1-3]. Fillers composi-
tions, brazing and soldering technologies have been developed that
provide sufficiently high strength characteristics of joints.

The disadvantage of such technologies is the low heat resistance of
fillers and metallization coatings due to the low melting point, as well
as the oxidation of titanium. Since ceramic joints are required in de-
vices operating at high temperatures (turbine parts, internal combus-
tion engines, electron-beam equipment, fuel cells, etc.), it is necessary
to develop high-temperature fillers with increased heat resistance and
technologies for their application [4—12]. Until now, oxygen-free types
of ceramic materials have been mainly studied [56—12]. As for oxide
materials, aluminium—titanium alloys with high aluminium content
can be used for their metallization and soldering. When metallic mate-
rials with high aluminium content are oxidized, an oxide layer consist-
ing of Al:O; is formed on their surface, which ensures high heat re-
sistance of the alloys [13, 14]. At the same time, aluminium and titani-
um have high affinity for oxygen, which should ensure good wetting of
oxide materials by these alloys[15].

In the aluminium—titanium system [16], there is an intermetallic
compound Al;Ti, which is a suitable candidate, since its melting point
is 1377°C and the aluminium content is high enough to provide oxida-
tion resistance. Al3Ti also has fairly good mechanical properties, in-
cluding high-temperature ones, for example, the strength is 700-900
MPa[17]. In this work, Al;Ti is tested for metallization of oxide ceram-
ics based on Al;Os and ZrO:s.

2. MATERIALS AND METHODS

Single crystals and ceramics made of ZrO; stabilized with 3.5 mol.%
Y203, Al>O3 ceramics and sapphire were used. The surface of the ceram-
ic and single crystal samples was polished with 0.7-0.3 ym diamond
powder. High-purity aluminium and titanium, and technical-grade
titanium powder were used to prepare the metallization composition.
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Wetting was studied on the single crystals using the sessile drop meth-
od in a vacuum of 5:107° Pa. The melt was formed directly during the
experiment: titanium and aluminium weights corresponding to the
Al-25Ti composition were prepared, the titanium part was placed on
the surface of the single crystal, the aluminium part was placed on it
and at a temperature of about 800°C aluminium and titanium reacted
to form Al;Ti. Then, the samples were heated to melting of the Al;Ti
and contact angles were measured.

Metallization was carried out by the infiltration method: a layer of
titanium powder was applied to the ceramic surface in the form of a
suspension in an organic solvent and then part of aluminium was
placed on the surface covered with titanium and heated in a vacuum.
When melted, aluminium infiltrates in titanium, reacts with it and a
loose porous layer of AlsTi is formed. With further heating to 1377°C,
Al3Timelts and covers the ceramic surface with an even layer.

3. RESULTS AND DISCUSSION

In the wetting experiments, the equilibrium contact angle after melt-
ing Al3Ti and reaching a temperature of 1400°C was set during several
seconds. For ZrO:, the contact angle was 35°, and for Al:O3, 47°
(Fig.1). However, after cooling, the AlsTi drop did not stay on the
Al:O; surface and broke off easily. There were not any visible signs of
interaction on the sapphire under the drop; the base of the drop was the
same colour as its top surface.

Samples of Al;O3 and ZrO; ceramics were metallised. The coating
thickness was of 0.5—0.7 mm; photographs of the samples are shown in
Fig. 2. For Al:Os, the joint strength of the coating to the ceramics was
very low, the metallization layer peeled off spontaneously (Fig. 2, a),
but, for ZrO; ceramics, a uniform coating with high adhesion to the
surface of the oxide material was obtained (Fig. 2, b).

The heat resistance of the metallised zirconia-ceramics samples was
estimated by annealing in air at 1000°C for 60 min. The metallised sur-
face turned white, but the thickness of the oxide film was no more than
5 um. There was no peeling of the metallised layer from the ceramic

Zr0, ALO;
Fig. 1. Drops of the AlsTi melt on the ZrO: single crystal (left sample) and sap-
phire (right sample).
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Fig. 3. ZrOz-ceramics metallised with AlsTi after annealing in air at 1000°C
during 60 min.

surface. It should also be noted that the ZrO; ceramics, which, after
metallization in a vacuum, turned black due to the loss of oxygen,
turned white again after annealing in air (Fig. 3).

With drops of the Al;Ti melt on the ZrO, single crystal (left sample)
and sapphire (right sample), a cross-section of the metallised sample
was made. Its micrograph is shown in Fig. 4.

The formation of a transition layer at the oxide—metal boundary is
not visible on the cross-section, and there are also no signs of oxidation
of the metallization coating.

The reason of absence of strong joint between AlsTi and Al2Os ceram-
ics after cooling despite good wetting is not clear and require a special
consideration. Next explanation may be proposed: the strong joint of
aluminium and its alloys to solid oxides is provided by formation of
thin Al:Os interlayer on the interface, which has high adhesion to both
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Fig. 4. Microstructure of AlsTi—ZrO:-ceramics transition zone for sample
annealed in air (x1000).

substrate and metal [18, 19], but presence of titanium in the melt in-
creases the solubility of oxygen within it [20], thus, deoxidizing the
melt and preventing the formation of a transition Al:Os layer. At the
same time, zirconia ceramics has high mobility of anions, so, supplies
enough oxygen to form a transition layer despite titanium oxidation.

4. CONCLUSIONS

The use of Al;Ti as a composition for metallization of zirconia ceramics
allows obtaining metallised samples with increased heat resistance.
This opens up the possibility of obtaining heat-resistant brazed joints
of ceramics with metal, if a heat-resistant metal is used as the metal
part of the joint.

The Al;Os does not form strong joint with Al3Ti despite of good
enough wetting. This phenomenon needs additional study. The absence
of strong joint between AlsTi and Al;O; can be used in refractory tech-
nology, where adhesion of melt to crucible or mould is undesirable.

REFERENCES

1. Y. V. Naidich, Kontaktnyye Yavleniya v Metallicheskikh Rasplavakh [Contact
Phenomena in Metal Melts] (Kiev: Naukova Dumka: 1972) (in Russian).
S. K. Rhee, J. Amer. Ceram. Soc., 54. Iss. 7: 332 (1971).
F. L. Harding and D. R. Rossington, J. Amer. Ceram. Soc., 53, Iss. 2: 87 (1970).
4. Y. Zyang, D. Fengi, Z. He, and X. Chen, J. Iron Steel Res. Int., 13, Iss. 2: 1
(2006).
L. Jungin and X. Ping, J. Mater. Sci., 36, Iss. 6: 1383 (2001).
6. H. Xiong, W. Dong, B. Chena, Y. Kang, A. Kawasaki, H. Okamura, and

R. Watanabe, Mater. Sci. Eng.: A., 474, Iss. 1-2: 376 (2008).
7. J. McDermid, M. Pugh, and R. Drew, Metall. Trans. A, 20, Iss. 9: 1803 (1989).

W N

()8


https://doi.org/10.1111/j.1151-2916.1971.tb12307.x
https://doi.org/10.1111/j.1151-2916.1970.tb12016.x
https://doi.org/10.1016/S1006-706X(06)60032-0
https://doi.org/10.1016/S1006-706X(06)60032-0
https://doi.org/10.1023/A:1017503503711
https://doi.org/10.1016/j.msea.2007.04.026
https://doi.org/10.1007/BF02663211

632

10.

11.
12.

13.

14.
15.

16.
17.

18.

19.

20.

0.V.DUROV andT. V.STETSYUK

A. Koltsov, F. Hodaj, and N. Eustathopoulos, Mater. Sci. Eng.: A, 495, Iss. 1-2:
259 (2008).

H. Xiong, W. Mao, Y. Xie, W. Guo, X. Li, and Y. Cheng, Materials Letters, 61,
Iss. 25: 4662 (2007).

G. Blugan, J. Kuebler, V. Bissig, and J. Janczak-Rusch, Ceram. Int., 33, Iss. 6:
1033 (2007).

K. Weil and J. Rice, Scripta Mater., 52, Iss. 11: 1081 (2005).

H. Xiong, B. Chen, Y. Kang, W. Mao, A. Kawasaki, H. Okamura, and

R. Watanabe, Scripta Mater., 56, Iss. 2: 173 (2007).

J. Park, I. Kim, Y. Jung, H. Kim, D. Park, and B. Choi, Journal of Nuclear
Materials, 437, Iss. 1-3: 75 (2013).

Y. Jang, S. Kim, and D. Lee, M ater. Sci. Forum, 449—452: 825 (2004).

R. Cui, X. Tang, M. Gao, H. Zhang, and S. Gong, Transactions of Nonferrous
Metals Society of China, 22, Iss. 4: 887 (2012).
http://www.factsage.cn/fact/documentation/SGTE/Al-Ti.jpg

R. Ciach, Proc. of the NATO Advanced Study Institute on Advanced Light Met-
als and Composites (Sept.5-15,1997, Zakopane, Poland ).

X. Ning, Y. Lin, W. Xu, R. Peng, H. Zhou, and K. Chen, Mater. Sci. Eng.: B,
99, Iss. 1-3: 479 (2003).

C. Lin and W. Tuan, Int. J. of Applied Ceramic Technology, 13, Iss. 1: 170
(2016).

Y. Kobayashi and F. Tsukihashi, High Temperature Materials and Processes,
19, Iss. 3—4:212(2000).


https://doi.org/10.1016/j.msea.2007.11.092
https://doi.org/10.1016/j.msea.2007.11.092
https://doi.org/10.1016/j.matlet.2007.03.003
https://doi.org/10.1016/j.matlet.2007.03.003
https://doi.org/10.1016/j.ceramint.2006.03.010
https://doi.org/10.1016/j.ceramint.2006.03.010
https://doi.org/10.1016/j.scriptamat.2005.02.010
https://doi.org/10.1016/j.scriptamat.2006.08.067
https://doi.org/10.1016/j.jnucmat.2013.01.338
https://doi.org/10.1016/j.jnucmat.2013.01.338
https://doi.org/10.4028/www.scientific.net/MSF.449-452.825
https://doi.org/10.1016/S1003-6326(11)61261-2
https://doi.org/10.1016/S1003-6326(11)61261-2
http://www.factsage.cn/fact/documentation/SGTE/Al-Ti.jpg
https://doi.org/10.1016/S0921-5107(02)00485-3
https://doi.org/10.1016/S0921-5107(02)00485-3
https://doi.org/10.1111/ijac.12419
https://doi.org/10.1111/ijac.12419
https://doi.org/10.1515/HTMP.2000.19.3-4.211
https://doi.org/10.1515/HTMP.2000.19.3-4.211

Metallophysics and Advanced Technologies © 2026 G.V.Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 6, pp. 633—-654 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.06.0633 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 62.20.Qp, 62.23.St, 62.25.Mn, 68.37.Hk, 68.37.Lp, 81.65.Ps, 81.40.Np

Stability of Physical and Mechanical Properties of Wear-
Resistant Ultrafine-Grained Surface Friction Layers under Ex-
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As established, the transition of the friction pair composed of steel 130Cr17
and steel 20Cr13 to a stationary operating mode with minimal wear and fric-
tion coefficient occurs due to the self-organization of the wear-resistant ul-
tra-fine-grained coatings on the contact surfaces of both solids. These coat-
ings are formed from a qualitatively new ultradispersed and nanostructured
material that can contain up to 25 at.% of oxygen and carbon. As shown, self-
organizing wear-resistant coatings are composed of friction layers, each of
which is the result of a separate act of layering a microvolume of metal on the
working surfaces of the solids. Friction layers differ from the deformed orig-
inal metal of steels in terms of their high hardness and elasticity. They pre-
vent the formation of strong adhesive bonds between rubbing solids and facil-
itate the transition of the system to a stationary operating mode with a min-
imal coefficient of friction and wear. During operation, the material of the
surface friction layers is subject to intense cyclic thermomechanical effects.
Therefore, its ability to retain its unique physical and mechanical properties
under extreme conditions of high temperature and pressure determines the
behaviour and performance properties of friction units. To analyse the possi-
ble influence of external thermal effects on the physical and mechanical
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properties of the rubbing material, the samples obtained after friction tests
are annealed in a vacuum of 0.01 MPa at temperatures of 620°C and 720°C
for 1 hour. As established, these causes complete softening of the original
metal that was deformed by friction. At the same time, the material of the
friction layers retains high hardness and elasticity even after the samples
have been annealed at 720°C. The maximal softening of the metal is observed
at the beginning of the friction layers, where the structure is least fragment-
ed, while the minimal softening is observed in the nanostructured material at
the final part of the friction layers. As shown, during the formation of sur-
face friction layers, the carbide phase dissolves and the metal is saturated
with active chemical elements of the working environment. This enriches the
grain boundaries of the surface friction layers with C and O atoms. Thermal
treatment of samples after friction results in carbon atoms occupying octa-
hedral interstitial sites of the b.c.c. iron—chromium alloy in the boundary
regions of the grains of the surface friction layers, while oxygen atoms form
a fine-dispersed oxide phase (a-Fe203). Their number at grain boundaries in-
creases with the increased degree of metal fragmentation. The carbon atoms
in the octahedral interstitial sites of the b.c.c. iron—chromium alloy form
strong covalent bonds with the surrounding metal atoms. They reduce signif-
icantly the mobility of atoms and make the metal structure less sensitive to
external thermomechanical influences. The presence of a fine-dispersed ox-
ide phase at the grain boundaries also contributes to this one. This makes the
physical and mechanical properties of the material of the surface friction
layers significantly more resistant to external thermal influences compared
to those of the deformed original metal.

Key words: sliding friction, wear resistance, nanostructured material, ultra-
fine-grained structure, plastic deformation, surface friction layers, physical
and mechanical properties, recrystallization.

Bcramosieno, 1o nepexin mapu Tepta Kpuisa 130X 17—kpuma 20X13 y crartri-
OHAPHUU PEeXUM POOOTY 3 MiHIMAJILHUMU 3HOCOM i KoedirieHToM TepTa Binoy-
BAEThCA 3aBIAKM caMOopraHisarii ma moBepXHAX KOHTAKTy 000X TiJI 3HOCO-
CTiiKuX HaaapioHOAVCHIepcHUX MOKPUTTIB. I1i MOKPUTTA CKIamaOThCA 3 AKic-
HO HOBOTIO YJIBTPAAWCIEPCHOTO Ta HAHOCTPYKTYPOBAHOTO MAaTepiasly, AKWUHN
moxke mictutu mo 25 at.% Oxcureny Ta Kapbomny. ITokasano, 1o camoopraui-
30BaHi BHOCOCTiMKi MOKPUTTS CKJIANAIOTHCA 3 IIapiB TePTA, KOXKEH 3 AKUX €
pesyJIbTATOM OKPEMOro aKTy HAIlapyBaHHS MIKpoo0 €MiB MeTaay Ha pobGoui
noBepxHi Tis. [loBepxHEBi mapu TepTa BigpisHAIOTHCA Bif 1edopMOBaHOTO BU-
XiTHOTO MeTaJly KpUIlb BUCOKUMU TBEPAICTIO Ta NPY:KHicTI0. BoHM mepermiko-
IKAIOTh YTBOPEHHIO MiXK TiIaMu, IO TPYThCS, CIILHUX aATe3iiHuX 3B A3KiB i
CIPUSAIOTH IIEPEXOY CUCTEMHU B CTAI[iOHAPHUH PEKUM POOOTY 3 MiHiMaJIbHUMU
KoedimienTom TepTsa Ta 3HocoM. I1ix wac poboru MmaTepidyi MOBEPXHEBUX IIAPiB
TePTA MiATAETHCA IHTEHCUBHUM ITUKJIIYHIM TePMOMEXaHiUYHUM BILINBAM. Woro
3naTHiCTh 30epiraTu cBoi yHiKambHI (PiswMKO-MexaHiUHI BJIACTUBOCTI B €KCTpe-
MaJbHUX YMOBaX BHCOKUX TEMIIEPATYyPU Ta TUCKY BU3HAUAE MOBENIHKY I €KC-
ILTyaTalifiHi BJIaCTUBOCTL By3JIiB TepTd. s aHami3yu MOKJIMBOIO BILIUBY 30B-
HimTHiX TepMiuHUX HaBaHTa)KeHb Ha (isWUHiI Ta MexaHiuHi XapaKTepPUCTUKU
MaTepissy 30H KOHTAKTHOI B3aeMoxii KpuIh 3pasku mIiciasd BUIPOOyBaHb HA
TepTaA migmaBanucA Biamasy y Bakyymi 0,01 MIIa 3a temmeparyp y 620°C i
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720°C yuponmos:xk 1 ronuau. BecTaHOBIEHO, ITI0 ITe BUKJINKAE ITOBHE 3HEMiITHEH-
HA 1eopMOBaHOTO Yepes TePTA BuxigHoro merasry. BogHouac maTepias mosep-
XHEBUX MIapiB TepTd 30epirae BUCOKi TBepAicTs i Mpy:KHiCTh HABITH Imicia Bix-
nasry 3paskis 3a 720°C. MakcuMasbHe 3HEMIITHEHHSA MeTaJy CIIOCTEPIraeThCca
Ha IIOYATKY IIIapiB TEPTA, JIe CTPYKTypa € HaliMeHII (hpparMeHTOBaHOIO, MiHiMa-
JIbHE — y HAHOCTPYKTYPOBAHOT'O MAaTEPiAJly KiHIIEBOl YaCTUHU HIApiB TEPTA.
IToxasano, 1110 YTBOPEHHS ITOBEPXHEBUX IAPIB TEPTA CYIPOBOIIKYETHCSI PO3-
YNHEHHAM KapOimHol ¢asu Ta HACMUEHHAM MeTATy AKTUBHUMHN XE€MiUHUMU
eleMeHTaMu pobouoro cepemoBuiria. Ile 36arauye me:xi sepeH ImapiB TepTs
aromamu C i O. Tepmiune 06pobaeHHA 3pa3KiB miciid TepTd IPUBOAUTS IO TOTO,
o atomu KapOoHY y MpmMeKOBUX OOJIACTAX 3epPeH IapiB TepTA 3aliMaioTh
okramopu OIIK-cTomy 3aimiza 3 Xpomom, a aromu OKCuUreHy yTBOPIOIOTh APi6-
HOAuCIepCHY oKcuaay dasy o-Fe:0s. Ixua kinmpkicTs Ha Mexax sepeH 3pocTae
pasoMm 3i 30iJbIIeHHAM cTymeHa GparmenTaiii meranry. Aromu KapboHy B OK-
ramopax OITK-cromy sariza 3 XpoMoM, yTBOPIOIOTH MillHi KOBAJEHTHI 3B  A3KHU
3 HABKOJIMIIHIMU aTOMaMu MeTajly. BOHM iCTOTHO IOHMIKYIOTH PYXJIUBiCTH
aTOMiB i pOBJIATEH CTPYKTYPY METaTy MEHII YyTJINBOIO IO 30BHINIHIX TepMoOMe-
xaHiuHUx BruBiB. IlpucyTHicTs Ha Mexxax 3epeH nApidHOAVCIIEPCHOI OKCHIHOT
dasu Texk crupusie mpomy. 1le pobuTh QismKO-MexaHiUHiI BIaCTUBOCTI MaTepi-
SJTy TOBEPXHEBUX IIAPiB TePTsA 3HAYHO OiIBII CTIHKMMU I1IO0 30BHIMIHIX Tep-
MiYHWX BIUJIVMBIB y IOPiBHAHHI 3 ehopMOBaHUM BUXiTHUM METAJIOM.

Karouosi ciioBa: TepTd KOB3aHHSA, 3HOCOCTiHKiCTh, HAHOCTPYKTYPOBAaHUI Ma-
Tepias, HaAApiOHOAMCIIEpCHA CTPYKTYPA, IJIacTUYHA Jed)opMallia, mOBepXHe-
Bi mapu TepTsa, PismKO0-MexaHiuHi BJIaCTHUBOCTi, PeKpUCTATiZaITid.

(Received 19 May, 2025; in final version, 25 August, 2025)

1. INTRODUCTION

In many cases, the efficiency of machines and process equipment de-
pends on the characteristics of the sliding bearings used in the manu-
facture of these machines and equipment. They determine the tech-
nical characteristics of products, their efficiency and durability. In
most cases, sliding bearings are manufactured using friction pairs
made of steel and copper-based alloys, such as bronze or brass. Howev-
er, they are not capable of operating under high loads in aggressive en-
vironments. Therefore, for extreme friction conditions, pairs of fric-
tion elements based on chromium steels were developed. High-
chromium steels have been proven wear-resistant materials with a
range of essential mechanical and special properties. The choice of
chemical composition of steels was determined by the conditions of
their operation [1-12]. In particular, the friction pair of steel 120Cr15
and steel 20Cr13 has demonstrated good performance. The use of it in
sliding bearings of pumps for heavily loaded equipment in the energy,
mining and food industries provides significant economic benefits. In
this regard, further scientific research and development of technical
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solutions to improve the antifriction properties of these alloys are of
great importance.

Almost any load applied to the friction components is transmitted
through their working surfaces. Therefore, the properties of the sur-
face friction layers in each friction element typically determine the
overall behaviour and operational characteristics of the friction unit.
It has been demonstrated in works [7—11] that, under conditions of
sliding friction in environments with active chemical elements, the
transition of friction pairs composed of steels 130Cr17 (120Cr15) and
20Cr13 to a stationary operating mode with minimal wear and friction
coefficient occurs due to the self-organization of qualitatively new,
wear-resistant ultra-fine-grained coatings on the contact surfaces of
both bodies. These coatings differ from the deformed original metal of
the steels in their high hardness and elasticity. They localize plastic
deformation processes in a thin surface layer, which prevents the for-
mation of strong adhesive bonds between rubbing bodies and facili-
tates the system's transition to a stationary operating mode with a
minimum coefficient of friction and wear.

During the operation of the friction unit, the material of the wear-
resistant ultra-fine-grained coatings is subjected to intense cyclic
thermomechanical effects. Today, there are many theoretical methods
for calculating the actual temperatures and pressures, which occur dur-
ing friction at the points of real contact between metal surfaces [13—
17]. According to them, individual sections of the friction surfaces of
the working pair consisting of steel 130Crl7 (120Crl15) and steel
20Cr13 can experience extreme conditions of high normal pressure
(3 GPa), flash temperature (450°C), and relative shear rate. Therefore,
the ability of the material of wear-resistant ultra-fine-grained coatings
to maintain its unique physical and mechanical properties under ex-
treme conditions of high temperature and pressure determines the be-
haviour and performance characteristics of friction units.

This work studies the influence of external thermal effects on the
physical and mechanical properties of the material in the contact in-
teraction area of a friction pair composed of steels 130Crl7 and
20Cr13. This will enable us to compare the resistance to external ther-
mal effects of a qualitatively new material of wear-resistant ultra-fine-
grained coatings with that of the original metal deformed by friction,
and to understand how the degree of fragmentation of the structure
and its saturation with impurity atoms affect the stability of the mate-
rials’ physical and mechanical properties.

This study will be useful for developing the physical foundations for
obtaining qualitatively new wear-resistant nanostructured and ultra-
dispersed alloys on the contact surfaces of friction units, which will
ensure a reduction in wear and the coefficient of friction by 2 to 3
times under extreme operating conditions.
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2. RESEARCH OBJECTS AND METHODS

The object of the study was a friction contact pair consisting of steel
130Cr17 (pad) and steel 20Cr13 (disk). The metal used for the research
was obtained from an open induction furnace with a capacity of 12 kg.
Metal samples were collected from each smelting for chemical analysis.
The carbon content was analysed through combustion in an oxygen
stream, while the concentration of alloying elements was determined
using an x-ray fluorescence spectrometer. The results of the chemical
analysis of the steels are presented in Table 1.

The alloys under study in the cast state possess a metallic matrix
predominantly characterized by an austenitic structure. As known [4],
such a structure is not always optimal in terms of wear resistance and
mechanical processing. There are numerous ways to alter the structure
of the metal matrix in alloys through heat treatment, which can
achieve the desired physical and mechanical properties. Therefore, the
alloys obtained after casting were subjected to additional heat treat-
ment. Steel 130Cr17 was subjected to heat treatment, which included
the following steps: heating to 950°C (held for 2 hours), cooling to
680°C (held for 2 hours), cooling in a furnace, quenching in oil from
1020°C and subsequent tempering at 600°C for 1 hour. The heat treat-
ment of 20Cr13 steel consisted of heating to 1020°C (held for 45
minutes), quenching in oil, and tempering at 520°C for 1 hour.

The test of the contact pair consisting of steel 130Cr17 (pad) and
steel 20Cr13 (disk) under sliding-friction conditions was conducted
using a standard friction machine (model 2070CMT-1). Friction be-
tween the steels according to the pad-disk scheme occurred under a
normal load of 5106 N/m? and a sliding speed of 1 m/s (Fig. 1). The ra-
tio of the pad area to the disc area, known as the mutual overlap coeffi-

TABLE 1. The average chemical composition of steels 130Cr17 and 20Cr13
(the total concentration of other impurity atoms did not exceed 0.05 wt.%).

Steel 130Cr17 Steel 20Cr13

wt.% | at.% wt.% | at.%
Fe 80.47 75.57 86.30 84.37
Cr 17.23 17.37 12.42 13.04
Si 0.36 0.68 0.50 0.97
Mn 0.51 0.49 0.41 0.41
Ti 0.01 0.02 0.01 0.01
Cu 0.06 0.05 0.09 0.08
P 0.02 0.03 0.02 0.04
S 0.02 0.03 0.02 0.04
C 1.32 5.76 0.23 1.04
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cient, is approximately k = 0.08. The root-mean-square errors in meas-
uring the weight wear of steels did not exceed 5-:107% g/m. The testing
scheme for steels under friction conditions is illustrated in Fig. 1.
Friction tests were performed in a water-air environment.

After friction testing, steel samples were subjected to heat treatment
at 620°C and 720°C for one hour in a vacuum of 0.01 MPa. For this pur-
pose, a laboratory LHTM muffle vacuum furnace was utilized. Based on
the phase diagrams of Fe—Cr—C-system alloys [17, 18], the a—7y-
transformation in the metal of the steels under investigation can occur
at temperatures above 780°C. Therefore, such heat treatment of steels
ensured the most severe conditions of external thermal influences
without phase transformations of the metals, which could have an addi-
tional effect on the physical and mechanical properties of materials.

The morphology and chemical composition of the surface friction lay-
ers were investigated with a JSM-6490LV scanning electron microscope
produced by JEOL Ltd. It was additionally equipped with an INCA En-
ergy 350 Premium energy-dispersive spectrometer featuring a silicon
drift detector and an INCA Wave 500 wave-dispersive spectrometer. It
also included an HKL Channel 5 EBSD electron backscatter diffraction
detector, manufactured by OXFORD Instruments (UK). The studies
were carried out using an accelerating voltage of 20 kV and a beam cur-
rent set at 7nA. Images of friction surfaces were obtained in secondary
electron mode. The calculation of element concentrations from the ob-
tained spectra was conducted using the matrix correction method. For
this purpose, the most advanced matrix effect correction scheme, XPP,
from OXFORD Instruments Analytical Ltd. was employed.

The local chemical composition of wear-resistant surface friction

Fig. 1. The testing scheme for steels under friction conditions: 1—pad, 2—disc.
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layers was further analysed using an MS-46 X-ray microprobe from
CAMECA. The chemical composition was quantitatively analysed on
oblique sections at specified points using a probe mode with settings of
20kV and 13nA. The ZOND program [19] was used to calculate con-
centrations and to make corrections for absorption, fluorescence, and
atomic number. The total error in calculating the concentrations of
metal atoms in the surface friction layers did not exceed 0.2 wt.%.

Metallographic studies were conducted using a Neophot-30 optical
microscope manufactured by Carl Zeiss. Layers of nickel approximate-
ly 300 uym thick were preliminarily electrolitically deposited on the
friction surfaces to protect them from potential damage during the
preparation of the sections.

Transmission electron microscopy studies of the microstructure and
phase composition of the surface friction layers were conducted using
a JEM-200CX electron microscope (JEOL Ltd.) at an accelerating volt-
age of 200 kV. To prepare thin foils, which enable the study of the met-
al throughout the entire depth of the contact interaction zone in steels,
a specially developed technique is employed, as described in detail in
Ref.[20].

Rockwell hardness measurements were conducted using a UT5011
device in accordance with State Standard 9013-59 (ISO 6508-86). Mi-
crohardness measurements were performed using a PMT-3 microhard-
ness tester in accordance with TOCT 2999-75. A Vickers diamond tip
was used with an indenter load of 0.5 N.

Micromechanical tests of the material in the contact interaction
zones in steels were conducted using the indenter dynamic penetration
method with the YMII-11 device. The technique for recording indenter
penetration diagrams in coordinates of indenter load (P) and mutual
approach (%) of the indenter and the sample was employed. The devel-
opment of this technique is detailed in works [21-23]. The indenter
and the sample approached each other at a constant speed of 1 m/s. To
enable a comparison of the microhardness values calculated from the
diagrams (based on the size of the diagonal of the residual plastic im-
print) with the measurement data from the PMT-3 device, the maxi-
mum load applied to the indenter was set to 0.5 N in both cases. The
proportion of the work of elastic deformation (Ag) in the total work of
elastic—plastic deformation (A) during the penetration of the indenter
was determined by the ratio of the areas under the unloading and load-
ing curves of the indenter penetration diagrams.

3. RESULTS AND THEIR DISCUSSION

The dependences of the friction coefficient and weight wear of a con-
tact pair consisting of 130X 17 steel (pad) and 20X 13 steel (disk) on the
friction path are illustrated in Figs. 2 and 3.
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From these figures, it is evident that the friction process of the con-
tact pair can be conditionally divided into two stages: the running-in
stage (section 1 in Fig. 2) and the stationary operation stage, character-
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Fig. 2. Dependence of the friction coefficient on the friction path for the con-
tact pair made of steel 130Cr17 and steel 20Cr13: 1—the stage of running-in
of the friction unit, 2—the stage of stationary operation.
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Fig. 3. Weight wear of the contact pair (steel 130Cr17 and steel 20Cr13) dur-
ing the breaking-in stage and under stationary operating conditions: I —wear
of the pad (steel 130Cr17), 2—wear of the disc (steel 20Cr13), 3—total wear
of the friction unit.
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ized by minimal wear and a low friction coefficient (section 2 in Fig. 2).

The analysis of the dynamics of structural-phase transformations
in the contact interaction zones of steels during friction indicates that
the transition of the friction pair to a stationary operating mode, char-
acterized by minimal wear and a low coefficient of friction, occurs due
to the self-organization of wear-resistant coatings on the contact sur-
faces of both components. In this context, the amount of these coatings
must be sufficient to shield completely the initial metals that were de-
formed during the running-in stage. Self-organized wear-resistant
coatings are formed as a result of the physical and chemical processes
occurring in the contact zone of the bodies during the running-in
stage, and these coatings can occupy between 45% and 90% of the
working surface of each rubbing body.

Figure 4 shows photographs of the structure of the contact interac-
tion zone of steels (cross-sections) after the friction tests. The self-
organized wear-resistant coatings in the photographs correspond to
zone A. They are situated above the deformed original metal of the
steels (zone B), have a clear boundary with it, and differ in their degree
of etching. Zones C in the figure correspond to the undeformed origi-
nal metal located deep within the rubbing parts.

A more detailed study of the structure of wear-resistant self-
organizing coatings (zone A) was conducted on oblique sections of
samples prepared at an angle of 30 degrees to the friction surface (Fig.
5). It can be observed that these coatings consist of distinct friction

b

Fig. 4. The structure of the contact interaction zone of steels 130Cr17 (a) and
20Cr13 (b) after the friction test. Cross-section: A is wear-resistant self-
organizing coatings, B is deformed original metal, C is undeformed original
metal.
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layers with a clear boundary between them, the total number of which
varies along the working surface.

Studies using scanning electron microscopy of the morphology of
friction surfaces confirm the previous results. Figure 6 illustrates typ-
ical areas of the working surfaces of 130Cr17 and 20Cr13 steels after
the friction pair has transitioned to a stable operating mode character-
ized by a minimum coefficient of friction and wear. The structure of
the lateral boundaries of the wear-resistant self-organizing coatings

a

Fig. 5. The structure of the contact interaction zone of steels 130Cr17 (a) and
20Cr13 (b) after the friction test. Oblique section at an angle of 30°: A is wear-
resistant self-organizing coatings, B is deformed original metal, C is unde-
formed original metal.
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Fig. 6. The structure of the friction surfaces of steels 130Cr17 (a) and 20X13
(b): A is wear-resistant self-organizing coatings; B is deformed original metal.
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(zone A, Fig. 6) indicates that they are composed of individual layers,
resulting from the multiple layering of metal microvolumes on the
friction surfaces. Analysis of the cross-sectional structure of the con-
tact interaction zone of steels during friction indicates that each fric-
tion layer of self-organizing wear-resistant coatings results from a
separate act of layering metal microvolumes on the friction surfaces.
These metal microvolumes are formed through the adhesive interac-
tion of contacting bodies during the running-in stage of the friction
units.

The data presented above clearly indicate that the physical and me-
chanical properties of wear-resistant self-organizing coatings have a
significant impact on the tribological characteristics of friction units.
However, for the successful operation of friction units, it is equally
important that these coatings retain their unique properties under
long-term cyclic thermomechanical loads experienced during opera-
tion. Therefore, to analyse the potential influence of external thermal
effects on the material properties in the contact interaction zones of
steels, samples tested under friction were annealed in a vacuum of
0.01 MPa at temperatures of 620°C and 720°C.

Each of the friction layers in the self-organizing wear-resistant
coatings is created from a distinct process of metal layering on the
working surfaces of the components. As one moves along the individu-
al friction layers in the direction of metal layering, there are signifi-
cant changes in the mechanical properties, microstructure, and chemi-
cal and phase composition of the material [7—9]. Therefore, to under-
stand the mechanism of the potential influence of external thermal ef-
fects on the physical and mechanical characteristics of self-organizing
wear-resistant coatings, it is crucial to conduct a comprehensive study
of the material in the individual friction layers. This study should fo-
cus on how heat treatment affects the chemical and phase composition,
microstructure, and mechanical properties of various regions within
these layers.

Research findings presented in works [7—11] indicate that the na-
ture of structural-phase transformations in the contact interaction
zones of both friction pair components largely coincides. To streamline
our discussion and avoid unnecessary repetition, we will henceforth
focus on the processes taking place in the friction layers of steel
130Cr17.

After conducting friction tests on the contact pairs both before and
after annealing the samples, we performed micromechanical tests and
local x-ray spectral analysis on the materials in the contact interaction
zones of the steels. Using the Vickers diamond tip of the PMT-3 device,
we marked various areas of the oblique sections of the friction layers
and the original metal. Subsequently, local x-ray spectral analysis and
micromechanical testing of the material were conducted in the speci-
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fied areas. Therefore, the mechanical properties and chemical compo-
sition of the material in the friction layers (zone A), the deformed orig-
inal metal (zone B), and the undeformed original metal (zone C) of the
steels were analysed in the same locations.

Table 2 presents the average mechanical characteristics of the vari-
ous parts of the friction layers (zone A), along with the deformed (zone
B) and undeformed (zone C) original metal of 130Cr17 steel. The meas-
urements were conducted immediately after the friction tests of the
contact pair and the subsequent annealing of the samples at tempera-

TABLE 2. Average values of mechanical characteristics for the friction layers
(zone A), along with the deformed (zone B) and undeformed (zone C) initial
metal of 130Cr17 steel, following the testing of the friction pair consisting of
130Cr17 steel and 20Cr13 steel in a water—air environment. The measure-
ments were conducted immediately after the friction tests of the contact pair
and the subsequent annealing of the samples at temperatures of 620°C and
720°C for duration of 1 hour.

Zone A. Friction layer

Zone C Zone B

beginning | middle | end

Immediately after the friction tests of the contact pair
H},GPa 3.7 5.5 6.5 8.4 10.2
H;,GPa 3.6 5.5 6.6 8.3 10.1
Hi, GPa 3.2 4.6 5.5 6.5 7.7
H;-H, ,GPa 0.4 0.9 1.1 1.8 2.4
Aa/A 0.09 0.12 0.16 0.24 0.29
Ap/A 0.91 0.88 0.84 0.76 0.71

After the friction tests of the contact pair and the subsequent annealing
of the samples at temperature of 620°C for a duration of 1 hour

H",GPa 3.4 3.6 5.1 7.4 9.5
H,GPa 3.5 3.6 5.2 7.3 9.6
Hi, GPa 3.2 3.2 4.4 5.9 7.4

H:-H,,GPa 0.3 0.4 0.8 1.4 2.2

Aq/A 0.08 0.09 0.11 0.20 0.28
Ap/A 0.92 0.81 0.89 0.80 0.72

After the friction tests of the contact pair and the subsequent annealing
of the samples at temperature of 720°C for a duration of 1 hour

H",GPa 3.3 3.4 3.7 7.0 9.4
H¢,GPa 3.3 3.3 3.6 7.0 9.3
Hi, GPa 3.0 3.0 3.2 5.7 7.1

H:-H, ,GPa 0.3 0.3 0.4 1.3 2.2

Aq/A 0.08 0.08 0.09 0.19 0.28

Ap/A 0.92 0.92 0.91 0.81 0.72
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tures of 620°C and 720°C for duration of 1 hour.

The data presented in this table were obtained by averaging meas-
urements collected from five different friction layers. The correlation
between the microhardness values determined by the diagonal size of
the residual plastic imprint (Hj), as derived from the dynamic pene-
tration diagrams of the indenter, and the microhardness measure-
ments obtained with the PMT-3 device ( H}') corroborates the validity
of the micromechanical tests conducted on the metal.

Micromechanical tests of the materials in the contact interaction
zones of the steels (Table 2) indicate that heat treatment of the samples
following friction tests results in complete softening of both the unde-
formed and friction-deformed original metal (Fig. 4, zones B and C).
Meanwhile, the material of the friction layers, from which self-
organizing wear-resistant coatings are formed (Fig. 4, zone A), retains
high hardness and elasticity. The data presented in the table reveal
that the influence of external thermal effects on the mechanical prop-
erties of the friction layer material depends on both the annealing tem-
perature and the degree of fragmentation of the metal structure. Max-
imum softening of the material is observed at the beginning of the fric-
tion layers. In these regions, there is a significant dependence of the
mechanical properties on the annealing temperature. Increasing of the
annealing temperature of the samples from 620°C to 720°C leads to
complete nearly the softening of the material at the onset of friction
layers.

The chemical composition of the friction pair was analysed using lo-
calized x-ray spectroscopy. Table 2 presents the average chemical com-
position of the various parts of the friction layers (zone A), along with
the deformed (zone B) and undeformed (zone C) original metal of
130Cr17 steel. The measurements were conducted immediately after
the friction tests of the contact pair and the subsequent annealing of
the samples at temperatures of 620°C and 720°C for duration of 1
hour. The values of the chemical composition for the friction layers
were obtained by averaging measurements taken from five different
layers. As the annealing temperature had virtually no impact on the
chemical composition of the friction layers, the table includes data for
only one instance of heat treatment to prevent repetition.

Analysis of the data presented in the table indicates that the anneal-
ing of samples after friction tests has a negligible effect on the chemi-
cal composition of the metal across the entire depth of the contact in-
teraction zones of the steels. A significant distinguishing feature of
the chemical composition of the friction layers is the presence of a sub-
stantial number of oxygen atoms within them.

The intensive plastic deformation of microvolumes of metal during
the formation of friction layers results in the saturation of their ultra-
dispersed structure with oxygen atoms from the working environ-
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ment, due to the thermomechanical breakdown of water molecules at
the contact points of microprotrusions. When traversing individual
friction layers in the direction of metal layering, the concentration of
oxygen in the material can vary from 1 at.% to 21 at.% . As the number
of oxygen atoms in the friction-layer material increases, the impact of
heat treatment on its hardness and elasticity diminishes (see Tables 2
and 3).

Electron transmission microscopy was employed to investigate the
effect of heat treatment on the microstructure and phase composition
of the material in surface friction layers. Utilizing this technique, a

TABLE 3. Average values of the chemical composition for the friction layers
(zone A), as well as for the deformed (zone B) and undeformed (zone C) initial
metal of 130Cr17 steel, following the testing of the friction pair consisting of
130Cr17 steel and 20Cr13 steel in a water—air environment. The measure-
ments were conducted immediately after the friction tests and the subsequent
annealing of the samples at a temperature of 620°C for duration of 1 hour.

Chemical com- Zone A. Friction layer

Zone C Zone B

position, at.% beginning | middle | end
Immediately after the friction tests of the contact pair
Fe 78.07 76.56 75.62 69.17 63.76
Cr 15.62 16.70 15.75 14.71 13.87
Si 0.66 0.69 0.73 0.68 0.63
Mn 0.50 0.47 0.46 0.43 0.39
Ti 0.02 0.01 0.01 0.01 0.01
Cu 0.04 0.05 0.06 0.05 0.04
P 0.03 0.03 0.02 0.02 0.02
S 0.03 0.02 0.03 0.02 0.01
0] 0.00 0.00 2.81 10.69 16.95
C 5.03 5.47 4.51 4.22 4.32

After the friction tests of the contact pair and the subsequent annealing
of the samples at temperature of 620°C for a duration of 1 hour

Fe 78.34 76.87 75.36 68.77 63.58
Cr 15.51 16.52 15.82 14.90 14.03
Si 0.68 0.66 0.77 0.70 0.61
Mn 0.46 0.49 0.44 0.46 0.36
Ti 0.02 0.02 0.01 0.01 0.01
Cu 0.06 0.04 0.07 0.05 0.05
P 0.03 0.02 0.02 0.02 0.01
S 0.02 0.02 0.02 0.03 0.01
0 0.00 0.00 2.92 10.75 17.06
C 5.08 5.36 4.57 4.31 4.28
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detailed analysis of the microstructure and phase composition of the
friction layers in the working pair of steel 130Cr17 and steel 20Cr13
was conducted after friction tests without subsequent annealing of the
samples [8]. It has been demonstrated [8] that the fragmentation level
of the structure in different parts of individual friction layers is not
constant. This level can vary significantly when transitioning between
adjacent layers. Less fragmented friction layers are entirely composed
of an ultrafine crystalline structure formed by spatially disoriented
grains with a body-centred cubic (b.c.c.) iron crystal lattice. The
grains’ size of these layers varies smoothly in the direction of the lay-
ering of metallic microvolumes on the friction surfaces: from 160 nm
to 20 nm. As the degree of fragmentation of the structure increases,
the azimuthal splitting of iron reflections in microdiffraction patterns
also increases, indicating a greater spatial disorientation of the grains.
The grain boundaries of friction layers are predominantly composed of
dislocation clusters and exhibit a spatially extended morphology. With
an increase in the degree of structural fragmentation and spatial diso-
rientation of its grains, the volume fraction of boundary regions in-
creases significantly. More fragmented friction layers differ from
their predecessors primarily in that their final part consists of
nanostructured crystalline—amorphous material with a grain size
ranging from 2 to 8 nm. The crystalline—amorphous nanostructure has
a well-defined boundary with the ultrafine material.

In the microdiffraction patterns of friction layers from self-
organizing wear-resistant coatings, reflections corresponding to body-
centred cubic (b.c.c.) iron, as well as reflections from Me7C3-type car-
bides, are observed. However, the number of reflections from the car-
bide phase gradually decreases as ones move along each layer in the di-
rection of friction. This indicates that the intense plastic deformation
of metal microvolumes during their layering on the friction surface
leads to the dissolution of the carbide phase. This is confirmed by the
data from Auger electron spectroscopy obtained from the grain bound-
aries of the surface friction layers and the original metal of 130Cr17
steel [9]. The shape of the carbon Auger electron peak suggests that the
carbon atoms at the grain boundaries of the friction layers predomi-
nantly exist in a solid solution, whereas in the original metal, the car-
bon atoms at the grain boundaries are primarily present in the carbide
phase. The dissolution of the carbide phase during intense plastic de-
formation of iron is further corroborated by data from publications
[24, 25].

As one moves along each of the friction layers toward the layering of
metal microvolumes on the working surfaces, reflections from ul-
trafine Fe2Os-type oxides are also observed in the microdiffraction pat-
terns. In the initial sections of the friction layers, these reflections are
nearly absent. Ultradispersed Fe;0; oxides emerge during the final
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Fig. 7. Microstructures and electron diffraction patterns of different sections
of the friction layer of 130Cr17 steel located along the direction of friction in
the sequence a — b — c. Section ‘a’ corresponds to the beginning of the fric-
tion layer, while section ‘c’ corresponds to the end.

stage of metal microvolume layering, which corresponds to the middle
and final sections of the friction layers.

The microstructure and electron diffraction patterns of the initial,
middle, and final parts of one of the friction layers of 130Cr17 steel are
presented in Fig. 7. The studies were conducted following friction tests
of the contact pair, without any subsequent annealing.

Electron-microscopic studies indicate that heat treatment of sam-
ples conducted after friction tests significantly affects only the micro-
structure of the initial region of the friction layers, which exhibits the
least fragmented structure. Therefore, future describing of the inves-
tigations will concentrate on the structural transformations occurring
in these sections of the friction layers.

Figure 8 illustrates the microstructure and electron diffraction pat-
tern of the initial section of the friction layer of 130Crl7 steel, ob-
tained after friction testing of the contact pair and subsequent heat
treatment of the tested samples at 720°C for one hour.

It is evident that the heat treatment of samples subjected to friction
tests results in a modification of the microstructure in the initial re-
gion of the friction layers. This modification is significantly influ-
enced by the annealing temperature. In regions of the friction layers
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Fig. 8. Microstructure and electron diffraction pattern of the initial section of
the friction layer of 130Cr17 steel obtained after friction testing of the con-
tact pair comprising 130Crl17 steel and 20Cr13 steel and subsequent heat
treatment of the tested samples at 720°C for one hour.

exhibiting the least fragmented microstructure, the process of prima-
ry recrystallization occurs intensely during the heat treatment of sam-
ples at 720°C. In the deformed material, new undistorted crystals are
formed that grow in size through the absorption of grains that have
been distorted by deformation. During the heat treatment of samples
at 620°C, the structural changes observed in the regions of the friction
layers with the least fragmented structures are not so significant. In
this case, the recrystallization rate is slower. Although the grain
boundaries exhibit a more regular shape, their spatial disorientation
remains evident.

The microstructure of the more fragmented regions in the middle
and end sections of the friction layers remains largely unchanged fol-
lowing the annealing of friction-tested samples. However, there is a
noticeable increase in the number of reflections from ultra-dispersed
oxides, such as Fe203, as observed in the electron diffraction patterns.

Thus, the data presented above indicate that each friction layer
within the self-organizing wear-resistant coatings results from a dis-
tinct process of metal layering on the working surface of the compo-
nents. The layering of metal microvolumes on the friction surface re-
sults in the dissolution of the carbide phase and the saturation of the
metal with oxygen from the working environment. In works [8, 9], it
was demonstrated that the majority of oxygen and carbon atoms in the
friction layers are located within structurally disorganized grain
boundary regions as a solid solution. In contrast, the carbon atoms at
the grain boundaries of the original metal exist in the carbide phase. It
was found in Ref. [9] that carbon atoms in the friction layers occupy
two distinct positions within the crystal structure. The first position
corresponds to the octahedral interstitial sites of the body-centred cu-
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bic (b.c.c.) iron—chromium alloy, while the second position involves an
atomic cluster of Fe—O—C, which exhibits an octahedral geometry with
oxygen at the centre and two iron atoms at the vertices substituted by
carbon atoms. Atomic clusters of Fe—O—C form at the grain boundaries
of friction layers due to intense high-speed plastic deformation of met-
al microvolumes layered on the friction surfaces. They are metastable
and, upon annealing of the samples, undergo disintegration, resulting
in the formation of a finely dispersed oxide phase (o-Fe:03) and the
transition of carbon atoms into octahedral interstitial sites of the
body-centred cubic (b.c.c.) iron—chromium alloy.

Zone calculations [9, 25] regarding the influence of impurity atoms
on the electronic structure and interatomic bonding reveal that carbon
atoms located in the octahedral interstitial sites of body-centred cubic
(b.c.c.) iron—chromium alloys establish strong covalent bonds with the
surrounding metal atoms. They significantly impede atomic mobility,
thereby preventing any structural transformations within the metal.
Conversely, regions of reduced electron density are formed between
the metastable Fe—O—C atomic clusters and the surrounding metal at-
oms. Consequently, the limited participation of valence electrons in
bond formation between the clusters atoms and the surrounding metal
atoms leads to the relatively easy breakage of these bonds when grains
shift along the boundaries. This destabilizes the structure and may
contribute to the formation of dynamic systems at grain boundaries,
which can plasticize the metal, when layered on friction surfaces.

The results of the presented studies elucidate the physical mecha-
nisms underlying the differing reactions to external thermal effects in
deformed during the running-in stage metal, as well as in the qualita-
tively new material of the friction layers. Additionally, these studies
facilitate an understanding of how the fragmentation of the structure
of surface friction layers affects the stabilization of the materials’
physical and mechanical properties in response to external thermal in-
fluences.

During the initial stage of friction, plastic deformation of the sur-
face layers of steels disrupts the carbide network of the eutectic com-
ponent in 130Cr17 steel, resulting in the fragmentation and dispersion
of its constituents (see Fig. 4, zone B). In this case, fragmentation of
the structure of both steels occurs with minimal spatial disorientation
of their grains [8]. At this stage of the friction process, the plastic de-
formation of the metal does not induce the dissolution of the carbide
phase or the saturation of the metal with active chemical elements
from the working environment, specifically oxygen atoms. The grain
boundaries of the deformed original metal exhibit a relatively regular
shape and contain a minor amount of impurity atoms that do not sig-
nificantly affect the physical and mechanical properties of the materi-
al.
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Intensive plastic deformation of microvolumes of metal during its
layering process on friction surfaces results in significant fragmenta-
tion of the structure and spatial disorientation of its grains. In this
case, grain boundaries are formed by dislocation clusters and have an
extended spatial shape. During the formation of surface friction lay-
ers, the carbide phase dissolves, and the metal becomes saturated with
active chemical elements from the working environment. This enriches
the grain boundaries of the friction layers with carbon (C) and oxygen
(O) atoms. These atoms are located in three positions within the crystal
structure: Fe—O—-C atomic clusters, a fine-dispersed oxide phase
(Fe203), and the octahedral interstitial sites of body-centred cubic
(b.c.c.)iron—chromium alloys. It was noted earlier that Fe—O—-C atomic
clusters are metastable. Annealing of the samples after friction leads
to their decomposition, causing carbon atoms to transition into octa-
hedral interstitial sites and resulting in the formation of an oxide
phase by oxygen atoms. Therefore, heat treatment of samples after
friction results in carbon atoms in the boundary regions of grains be-
ing located solely in the octahedral interstitial sites of the b.c.c. iron—
chromium alloy, while oxygen atoms form an exclusively finely dis-
persed oxide phase, o-Fe:0s. Their amount at the grain boundaries in-
creases with the degree of fragmentation of the metal structure as ones
move along the friction layers in the direction of metal layering. Car-
bon atoms located in the octahedral interstitial sites of body-centred
cubic (b.c.c.) iron—chromium alloys form strong covalent bonds with
the surrounding metal atoms. They significantly reduce atomic mobili-
ty and enhance the metal-structure resistance to external thermal in-
fluences. The presence of a finely dispersed oxide phase at the grain
boundaries also contributes to this effect. This alters the physical and
mechanical properties of the friction layer material, significantly en-
hancing its resistance to external thermal influences in comparison to
the deformed original metal. In this case, the influence of heat treat-
ment on the strength and elastic characteristics of the metal diminish-
es as the degree of fragmentation in the structure of the friction-layer
material increases (Table 2).

4. CONCLUSIONS

The transition of the friction pair to a stationary operating mode,
characterized by minimal wear and a low coefficient of friction, occurs
as a result of the self-organization of wear-resistant coatings on the
contact surfaces of both components. The quantity of these coatings
must be sufficient to shield entirely the original metals that were de-
formed during the running-in stage. These coatings are composed of a
novel ultradispersed and nanostructured material containing up to 25
at.% of oxygen and carbon.
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The self-organized wear-resistant coatings consist of distinct fric-
tion layers. Each friction layer is formed as a result of a separate act of
layering metallic microprotrusions on the friction surfaces. These mi-
croprotrusions arise from adhesive interactions between the bodies
during the running-in phase of friction. Friction layers differ from the
deformed original metal of steels in terms of their high hardness and
elasticity. They prevent the formation of strong adhesive bonds be-
tween the rubbing bodies, facilitating the transition of the system to a
stationary operating mode with a minimum coefficient of friction and
wear.

During the operation of sliding bearings, the material of the surface
friction layers is subject to intense cyclic thermomechanical effects.
Therefore, its ability to retain its unique physical and mechanical
properties under extreme conditions of high temperature and pressure
determines the behaviour and performance properties of friction
units. To analyse the potential influence of external thermal effects on
the materials’ physical and mechanical properties of the contact inter-
action zones of steels, samples obtained after friction tests were an-
nealed in a vacuum at 0.01 MPa and at temperatures of 620°C and
720°C during 1 hour. This process resulted in the complete softening of
the original metals that were deformed during the running-in stage.
Meanwhile, the material of the friction layers maintained high hard-
ness and elasticity, even after annealing at 720°C.

The resistance of the physical and mechanical properties of the sur-
face friction layers to external thermal influences is determined by
both the annealing temperature and the degree of material fragmenta-
tion. Maximum softening of the metal occurs at the onset of the fric-
tion layers, where the microstructure is least fragmented. In contrast,
minimal softening is observed in the nanostructured material located
at the final section of the friction layers.

The layering of microvolumes of metal on the friction surface in-
duces intensive plastic deformation, leading to significant fragmenta-
tion of the microstructure and spatial disorientation of the grains.
This explains why the grain boundaries within the surface-friction
layers are formed by dislocation clusters and exhibit a spatially ex-
tended morphology. During the formation of these layers, the carbide
phase dissolves, and the metal becomes saturated with oxygen (O) at-
oms, which are active chemical elements from the working environ-
ment. Consequently, the grain boundaries of the surface friction layers
become enriched with carbon (C) and oxygen (O) atoms. Heat treatment
of samples following friction results in carbon atoms located solely in
the octahedral interstitial sites at the grain boundaries of the surface
friction layers in the b.c.c. iron—chromium alloy, while oxygen atoms
at these grain boundaries form an exclusively fine-dispersed oxide
phase a-Fez0s. The concentration of these elements at the grain bound-
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aries increases with the degree of fragmentation of the metallic struc-
ture as one moves along the friction layers in the direction of metal
layering. Carbon atoms located in the octahedral interstitial sites of
body-centred cubic (b.c.c.) iron—chromium alloys form strong covalent
bonds with the surrounding metal atoms. They significantly reduce
atomic mobility and enhance the metal structure’s resistance to exter-
nal thermal influences. The presence of a finely dispersed oxide phase
at the grain boundaries also contributes to this effect. This makes the
physical and mechanical properties of the surface friction layers mate-
rial significantly more resistant to external thermal influences com-
pared to the deformed original metal.

The ability of wear-resistant ultra-fine-grained coatings to maintain
high hardness and elasticity under extreme friction conditions in slid-
ing bearings localizes plastic deformation processes to a thin surface
layer. This reduces the likelihood of strong adhesive bonds forming
between rubbing bodies and facilitates the system transition to a
steady-state operating mode with minimal friction and wear.
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The Effect of Ultrasonic Treatment on the Thermal Stability
and Micromechanical Properties of the Amorphous
Coq,Fe,Cr;Si, ;B,, Alloy

|T. Tsaregradska|, I. Ovsiienko, A. Kuryliuk, I. Plyushchay,
V. Kozachenko, G. Saenko, and O. Turkov

Taras Shevchenko National University of Kyiv,
60, Volodymyrs’ka Str.,
UA-01033 Kyiv, Ukraine

The processes of phase formation in an amorphous cobalt-based
Cog;Fe;Cr,Si;;B,, alloy under the influence of ultrasonic treatment are inves-
tigated. The amorphous alloy is obtained by the method of quenching from
the melt with a cooling rate of 106 K/s in the form of a tape with a thickness
of 25 ym and a width of 20 mm. Ultrasonic treatment of samples is carried
out in an ultrasonic bath with a maximum ultrasound power of 120 W at a
frequency of 44 kHz that allows creating an ultrasound load of 32 W/cm?.
The microhardness of the amorphous alloy is determined by the Vickers
method. The characteristics of the thermal stability of amorphous alloys such
as the temperature of the beginning of intensive crystallization, as well as
the temperature of complete crystallization and the crystallization interval,
are studied using highly sensitive dilatometric technique. The structure of
the amorphous alloy is also analysed using electron microscopy. As found,
ultrasonic treatment of the initial alloy leads to strengthening of the amor-
phous alloy, as evidenced by an increase in microhardness by 33% . Under the
influence of ultrasonic treatment, the temperature interval of thermal stabil-
ity of the initial alloy decreases, the temperature of the onset of intensive
crystallization decreases by 10—-85 K depending on the time of ultrasonic
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treatment. The obtained results indicate the formation of an amorphous—
crystalline state in the initial amorphous Cog4Fe;Cr;Si;;B;, alloy under the
influence of ultrasonic treatment, which is explained by the creation of
thermodynamic conditions for the growth of frozen-in crystallization cen-
tres.

Key words: amorphous alloy, ultrasonic treatment, nanocrystalline state,
thermal stability, microhardness.

B pob6orti gociimero mpoiiecu (pasoyTBOPEHHA B aMOP(HOMY CTOIIL Ha OCHOBi
KobanbTy Cog,Fe;CrsSi;;B,, 3a aii ynbpTpasBykoBoro obopobsenusa. Buxigawuit
aMOp(MHUIA cTOII OYJI0 OJEP;KAaHO METOA0I0 rapTyBaHHS 3 PO3TOIIY 3i IMIBUAKIC-
TI0 oxosomxerHa v 10° K /¢ v BUTIAAi cTPiUKM TOBIIMHOIO y 25 MKM i mupu-
Hoto y 20 MmM. O6po06IeHHS aMOP(MHOTO CTOITY YJIBTPA3BYKOM IIPOBOAMIN B YJIb-
TPasBYKOBi#l BaHHI 3 MaKCHMaJbHOIO HOTY:KHicTi0o y 120 Br Ha wacrori y
44 xT'm, 110 AaJI0 3MOTY CTBOPUTH yJITPa3BYKOBe HaBaHTAKeHHA y 32 Br/cM2.
MikpoTBepzicTh cToly BUMipioBaau 3a MeTozoio Bikkepca. XapakTepucTuku
TepMOCTa0iILHOCTH aMOP(HOTO CTOIY AOCIIIMKYBaJIU 3a JOIOMOTOIO0 BHUCOKO-
YyTJIUBOI AMIATOMETPUYHOI MeToAuKMN. CTPYKTYpPy aMOP(HOI'0 CTOIIY TAKOMK
aHaJIi3yBaJiu 3a JOIIOMOTOIO eJIeKTPOHHOI MiKpocKotii. BussiaeHo, 1o yJabTpa-
3BYKOBe 00PO0OJIEHHA BUXIAHOTO CTONY IIPUBOAUTE A0 3MIiITHEHHA aMOPGHOTO
CTOITY, IIPO ITI0 CBiAUMUTE 36iMbIITeHHA MiKpoTBepHocTu Ha 33% . Ilix mieto yin-
TPa3BYKOBOTO 00POOJIEHHA 3MEHIITYETHCA TEMIIEPATYPHUH iHTepBaI TepMiuHOI
CcTabiILHOCTY BUXiJTHOTO CTOIIY, TEMIEpATypa IOYATKY iHTeHCUBHOI KPUCTAJI-
sarii smenmyeTbea Ha 10—85 K B 3amesxHOCTI Big yacy yJabTpa3ByKOBOIO 00-
pobGienns. Omep:kaHi pesyabTaTH BKasyIOTh Ha (OPMYBAHHS y BUXiTHOMY
amopoduomy cromi Coq,Fe;CrsSi ;B,, amopdHO-KpUCTaTiYHOTO CTAHY i BILIN-
BOM YJIBTPa3BYKOBOTO OOpPOOJIEHHS, III0 IMTOSCHEHO CTBOPEHHAM TEPMOIMHAMI-
YHUX YMOB JJIS POCTY BMOPOKEHUX IIeHTPiB KpucTaaisarii.

Kiarouorsi ciioBa: amopdHU cTON, YJIbTPa3BYKOBe OOPOOJIEHHS, HAHOKPHCTA-
JiuHNii cTaH, TepMiuHa cTabiIbHiCTh, MiKPOTBEPLAiCTh.

(Received 12 November, 2025, in final version, 3 February, 2026 )

1. INTRODUCTION

Due to their wide range of applications in many industries, including
the military, aerospace, biomedicine and microelectronics, multicom-
ponent amorphous alloys based on cobalt are promising functional ma-
terials. Researchers are attracted to amorphous alloys due to their
unique chemical and physical properties, such as high fatigue
strength, crack resistance, and corrosion resistance. Additionally,
these alloys are soft magnetic materials with almost zero magne-
tostriction [1-3]. However, the widespread use of amorphous alloys is
significantly limited by their low thermal stability. When heated to a
certain temperature, amorphous metal alloys transform into a more
stable crystalline state and lose their unique amorphous properties.
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Therefore, one of the directions of research on amorphous alloys is to
establish the influence of external factors, such as thermal annealing,
radioactive irradiation, mechanical loads, external magnetic and elec-
tric fields, on the thermal stability of alloys in the amorphous state.
Another important task is to study the thermodynamic conditions for
the transition of a metal alloy from an amorphous state to an amor-
phous-nanocrystalline state. This transition would give the metal alloy
new, unique properties due to the interaction between the amorphous
matrix and the nanocrystalline structures. These two tasks are often
combined into one. At the first stage of crystallisation, a large number
of nanocrystalline structures appear in the amorphous matrix. There-
fore, it is necessary to establish the thermodynamic prerequisites un-
der which the volume of these nanocrystalline nuclei will not increase.
This ensures that the alloy remains in a stable amorphous-
nanocrystalline state [4].

One method of converting an amorphous alloy into an amorphous-
nanocrystalline state is to process mechanically the alloy, causing in-
tense plastic deformation [5, 6]. Intense plastic deformation of an
amorphous alloy can produce a nanocrystalline structure, even when
this is not possible using traditional methods such as thermal anneal-
ing [7]. The formation of nanosize crystals under shear deformation
was first discovered in the amorphous Feg;Si;B;, alloy by the authors in
the work [8]. In Ref. [9], it is shown that nanocrystals with sizes up to
15 nm are formed under the action of deformation shear in the amor-
phous alloy Feg,B,y, and the number of crystals formed is directly pro-
portional to the degree of deformation. Deformational crystallisation
under shear at pressure has also been observed in amorphous ribbons
based on aluminium [10-12], titanium and zirconium [13, 14]. Similar
processes of nanocrystalline-state formation were observed in amor-
phous alloys based on iron [15-17], molybdenum [18, 19], nickel [20],
with zirconium and niobium [21] during their processing in a high-
energy ball mill.

One of the effective methods of mechanical action on amorphous al-
loys is to subject them to powerful ultrasonic waves. Ultrasonic treat-
ment of amorphous alloys is a more technological and controlled proc-
ess compared to treatment in high-energy ball mills or in a Bridgman
chamber to create shear deformation [22—24]. Studies have shown that
powerful ultrasound creates internal compressive stresses, contribut-
ing to the formation of a stable nanocrystalline state in an amorphous
metal. As found in the work [25], ultrasonic treatment causes struc-
tural changes in the amorphous alloy Fe;; Si;; sB; ,Cu, (Nb, , due to the
formation of uniformly distributed nanocrystals.

The aim of presented research is to determine the effect of sonica-
tion on the thermal stability and micromechanical properties of amor-
phous Co4,Fe;Cr;Si, ;B alloy.
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2. EXPERIMENTAL DETAILS

The multicomponent amorphous Cog4,Fe;Cr;Si;;B, alloy has been cho-
sen for studying of crystallization process under ultra sonic treatment.
The amorphous alloy has been obtained by the method of quenching
from the melt with a cooling rate of 10° K /s in the form of a tape with a
thickness of 25 ym and a width of 20 mm. To ensure relaxation of me-
chanical stresses existing in amorphous alloys obtained by the spin-
ning method, the studied samples were previously aged under normal
conditions for 5 years.

Ultrasonic treatment of samples was carried out in an ultrasonic
bath with a maximum ultrasound power of 120 W at a frequency of
44 kHz, which allowed creating an ultrasound load of 32 W/cm?. The
ultrasonic bath was filled with distilled water, after which samples of
the amorphous alloy were placed in it. The samples were kept under ul-
trasonic loading for a certain time, after which they were removed
from the bath. Ultrasonic treatment of amorphous alloys was carried
out at room temperature, which is significantly lower than the relaxa-
tion temperature of amorphous alloys.

The microhardness of the amorphous alloy was determined by the
Vickers method: a diamond pyramid with a load of 50 g was pressed
into the material under study and the diagonal of the resulting imprint
was measured. Microhardness H, was defined as

H, - _185‘“’ N/mm?, (1)

2
where P is a load in newtons, d is the length of the diagonal of the im-
print in millimetres.

Microhardness measurements were made in air at room tempera-
ture. The indenter was pressed on the shiny side of the amorphous rib-
bon, which was not in contact with the rotating drum during its acqui-
sition. The microhardness measurement error did not exceed 5% .

The characteristics of the thermal stability of amorphous alloys
such as the temperature of the beginning of intensive crystallization,
as well as the temperature of complete crystallization and the crystal-
lization interval has been studied using highly sensitive dilatometric
technique [26]. The dilatometric method is based on the fact that the
molar volumes of alloys differ between their amorphous and crystal-
line states. The difference in molar volume between the amorphous and
crystalline states is 1-3% . Measurements of the samples’ length were
performed within a temperature range of 290-940 K. The samples of
source amorphous alloy and amorphous alloy after ultrasonic treat-
ment were heated at a constant speed of 10 K/min. The length of the
samples was measured every 5 K.
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3. RESULTS AND DISCUSSION

3.1. Effect of Ultrasonic Treatment on the Microhardness
of Amorphous Cog;Fe;Cr;Si;B,, Alloy

Microhardness studies were conducted on the initial amorphous
Co4;FesCrsSi B, alloy and the same alloy subjected to ultrasonic
treatment at a frequency of 44 kHz and a power of 32 W /cm?, to estab-
lish the effect of ultrasonic treatment.

The microhardness values, as well as the relative change in the mi-
crohardness of the amorphous alloy sample after ultrasonic treatment
depending on the treatment time, are given in Table 1. The time de-
pendence of the relative change in the microhardness of the amorphous
alloy is also given in Fig. 1.

As canbe seen in Fig. 1 and Table 1, changes in microhardness do not
exceed the measurement error (i.e., 5%), if the ultrasonic treatment
time does not exceed 90 s. As the ultrasonic treatment time increases,
the microhardness also increases. At treatment times of up to 1500 s,
the relative increase in microhardness is more than 30% . However, if
the treatment time exceeds 1500 s, the increase in microhardness is
inhibited and it reaches saturation.

Let us analyse the physical reasons for the change in microhardness
under the influence of ultrasonic treatment. Microhardness, as well as
other micromechanical properties of amorphous alloys, depends on the
chemical composition of the amorphous matrix, the presence of frozen
crystallization centres in it, and internal mechanical stresses. Micro-
hardness of amorphous alloys increases significantly when crystalline
phases form in amorphous alloys. This effect is especially noticeable in
the presence of borides and silicides in the structure of the amorphous

TABLE 1. Microhardness H, and relative change in the microhardness
(H,- Hy,)/H,, of the amorphous alloy sample after ultrasonic treatment de-
pending on the treatment time ¢.

Ultrasonic treatment time ¢, s Hy,, Pa ‘ (Hy— Hyy)/Hyos %
Source sample 727 -
90 745 2.5
180 782 7.6
280 794 9.0
480 818 12.5
1440 950 31.0
2880 960 32.0

3360 966 33.0
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Fig. 1. The time dependence of the relative change in the microhardness of the
amorphous Cog4,Fe;Cr;Si, ;B,, alloy.

alloy. In general, the hardness of the nanostructured state is higher
than that of an amorphous similar composition.

Ultrasonic treatment of amorphous alloy leads to an increase in the
diffusion mobility of atoms and enhances the phenomenon of internal
friction. In addition, ultrasound causes internal heating of the amor-
phous alloy due to the absorption of energy in the process of internal
friction, which also stimulates the acceleration of diffusion. These
processes accelerate the structural relaxation of the amorphous alloy
and stimulate its nanocrystallization, which occurs due to atomic dis-
placements during intense plastic deformation.

3.2. Effect of Ultrasonic Treatment on the Thermal Stability
of Amorphous CogFe;Cr;Si ;B,, Alloy

Figure 2 shows the experimentally obtained temperature dependences
of the relative change in molar volume for the initial amorphous alloy
and for the amorphous alloy after ultrasonic treatment at a frequency
of 44 kHz at a power of 32 W /cm? for 3360 s.

As can be seen in Fig. 2, ultrasonic treatment of the initial
CogFe;Cr;Si ;B,; alloy for 3360 s leads to a significant (by 85 K) shift
of the temperature of the onset of intensive crystallization towards low
temperatures. At the same time, the temperature interval, in which
complete crystallization of the ultrasonically treated amorphous alloy
occurs, expands to 75K compared to the initial amorphous
CogFe;Cr;Si ;B alloy, for which this interval is of 65 K. Similar tem-
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Fig. 2. The temperature dependence of the relative change in molar volume
for the initial (1) and subjected to ultrasonic treatment for 3360 s (2) amor-
phous Co4,Fe;Cr,Si;;B,, alloy.

TABLE 2. Thermal stability parameters of the source and ultrasonically
treated amorphous Cog,Fe;Cr;Si;;B;, alloy: ultrasonic treatment time ¢, tem-
perature of onset (T,) and complete (T;) of crystallization, interval AT,, by
which the temperature of the onset of intensive crystallization decreases, and
interval of full crystallization AT, after ultrasonic treatment AT,.

t,s | T.K |AT=T,-T\wK| T,K |AT.=T,-T,K
Source alloy Tw="773 - 838 65
180 773 0 847 74
280 768 -5 843 75
480 753 -20 833 80
1440 723 -50 813 90
2880 703 -70 798 95
3360 680 -85 755 75

perature dependences of the relative change in volume were obtained
for the amorphous Cog,Fe;CrsSi, ;B,, alloy after ultrasonic treatment
within the interval from 180 s to 2880 s. The measurement results are
given in Table 2.

As can be seen from Table 2, short ultrasonic treatment times do not
affect the temperature at which intensive crystallisation begins (tem-
perature changes are within the margin of error). However, increasing
the ultrasonic treatment time causes a decrease in the temperature, at
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which intensive crystallisation begins.

Figure 3 presents the dependence of the temperature interval
AT, =T, - Ty, by which the temperature of the onset of intensive crys-
tallization for amorphous Cog4,Fe;CrsSi, ;B,, alloy decreases, on the time
of ultrasonic treatment.

As can be seen in Fig. 3, the dependence of the temperature interval
AT,, by which the temperature of the onset of intensive crystallization
of amorphous CogFe;Cr;Sii;B,, alloy decreases, on the ultrasonic
treatment time is close to being linearly. In addition, as can be seen in
Table 2, the temperature interval at which the amorphous alloy com-
pletely crystallises increases slightly with increasing ultrasonic treat-
ment time.

Let us analyse the obtained results. As well known, the highest fre-
quency of crystalline phase nucleation during the rapid cooling of a
melt occurs, when its temperature reaches 0.77T,,. At this temperature,
the heterogeneous system ‘amorphous matrix—frozen crystallisation
centres’ is formed. However, for an alloy to be considered amorphous,
the crystalline phase fraction in the system should not exceed 107%. The
system ‘amorphous matrix—frozen crystallisation centres’ is in ther-
modynamic equilibrium, when the difference in chemical potentials of
the i-th phase in the liquid (Apg, ) and crystalline (A’ ) states is zero:

AH%‘3 = Apg, — A“?o =0. (2)

In the system ‘amorphous matrix—frozen crystallization centres’

—100W M 1 i ]
0 2000 4000
t, s

Fig. 3. The dependence of the temperature interval AT, =T, - T\,, by which
the temperature of the onset of intensive crystallization of amorphous
Cog,Fe;Cr,Si ;B,, alloy decreases, on the time of ultrasonic treatment.
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elastic stresses are always present due to the difference in volume be-
tween the amorphous and crystalline phases. Ultrasonic treatment of
an amorphous alloy results in additional elastic deformations occur-
ring at the interface between the crystalline and amorphous phases.
These deformations lead to reduction of the difference in chemical po-
tentials of the i-th component Ap’™® in the liquid and crystalline
phases, compared to a state without elastic deformations:

AW = ~(BV, — BV,) +Au”, 3)

where P, is the respective pressure in a- and -phases at the a—p in-
terface, and V, g is the respective molar volume of a- and B-phases.

In the work [27], an expression for the difference in chemical poten-
tials of the i-th component in the a- and B-phases has been obtained in
the spherical crystal nucleus approximation, taking into account the
influence of elastic deformations on the interface of the a- and pB-
phases:

AR V, — VI -V 3
ppet = 1Yo+ w20 V=V IV -V, )!1_[r_oJ ]+AHgO-B(T) (4)

Xr+ X Top o7 + %7V Top
AH, (T, - T “«cr,T

AM?EB — 01( Pi ) + RT ln a‘z (Cl ) ,
T oP(CF,T)

where y% and y) are the isothermal compressibility coefficients, and
V*, V are the partial molar volumes for the a- and B-phases, respec-
tively, o and o! are the activities, and C*,C’ are the concentrations
of i-th component for the a- and B-phases, respectively, ¢ is the specific
surface energy, r, and r,p, are the radii of spherical crystal nuclei in the
absence of pressure at the interface between the liquid and crystal
phases and in presence of it, AH,;, and Tp; are the enthalpy of fusion and
the melting point, respectively, of the i-th component.

These equations were used to construct the dependence of the differ-
ence in chemical potentials of the i-th component in the liquid and
crystalline phases on the supercooling value, which is shown in Fig. 4
[27].

As well known, the difference in chemical potentials of the i-th com-
ponent in the amorphous and crystalline states decreases monotoni-
cally with increasing temperature. As mentioned above, at T=0.7T,,,
it becomes zero, representing thermodynamic equilibrium in the
‘amorphous matrix—frozen-in crystallisation centres’ system. How-
ever, in the temperature range below the temperature 0.7T,,, the de-
pendence Ap(T) deviates from monotonic type. In this range, local min-
ima and maxima in dependence Ap(T) as well as a change in sign of Ap
are observed.
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AWT)
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0.7 1.0

Bo N /T,

Fig. 4. The calculated dependence of the difference in chemical potentials of
the i-th component in the liquid and crystalline phases on the supercooling
value [27].

Let us take a closer look at these temperature ranges. In tempera-
ture interval I, the dissolution of nuclei of the crystalline phase that
have already formed occurs due to the process of upward diffusion,
which is caused by the difference in the chemical potential of the i-th
component in the amorphous and crystalline phases [28]. In tempera-
ture region II, where Ap is positive, frozen crystallisation centres form
without their volume growing any further. Note that this complex
form of temperature dependence chemical potential difference is
caused by significant mechanical stresses in the amorphous matrix re-
sulting from the different molar volumes of the i-th component in the
liquid and crystalline phases, which are enhanced by ultrasonic treat-
ment of the alloy.

Ultrasonic treatment of the initial alloy for a significant time causes
local heating and an increase in the alloy’s temperature. As a result,
the ‘amorphous matrix—frozen-in crystallisation centres’ system tran-
sitions from temperature interval I, where dissolution of the crystal-
line phase nuclei occurs due to upward diffusion (AW(T)<0), to tem-
perature region II (Au(T)<0), in which a significant number of
nanosize crystalline phase nuclei form without increasing in size.

This conclusion is confirmed by data from electron-microscopy stud-
ies of the structure of the source and ultrasonically treated alloys (Fig.
5).

As can be seen in Fig. 5, before ultrasonic treatment, there are a few
large crystal nuclei in the amorphous matrix. After ultrasonic treat-
ment, a significant number of small crystallisation centres appear and
are distributed evenly throughout the matrix. The formation of a
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Fig. 5. Electron-microscopy images of the CogFe;Cr;Si,;B;, alloy before (a)
and after (b) ultrasonic treatment.

large number of nanosize crystals following the ultrasonic treatment
of an amorphous alloy is responsible for the increase in microhardness
of treated alloy. Therefore, ultrasonic treatment of an amorphous alloy
can be considered as a method of obtaining an amorphous-
nanocrystalline state due to the controlled growth of frozen-in crystal-
lization centres in an amorphous alloy.

4. CONCLUSION

Experimental studies have shown that ultrasonic treatment leads to
changes in the micromechanical properties and thermal stability pa-
rameters of an amorphous alloy. Experimental studies have shown that
ultrasonic treatment leads to changes in the micromechanical proper-
ties and thermal stability parameters of an amorphous
Cog4;FesCrsSi B, alloy. Ultrasonic treatment strengthens the amor-
phous alloy as evidenced by an increase in its Vickers microhardness
between 8% and 33% , depending on the treatment time.

The thermal stability of the amorphous alloy decreases under the
influence of ultrasonic treatment. The temperature at which intensive
crystallization begins decreases by 0.6—11% depending on the treat-
ment time, while the temperature range at which complete crystalliza-
tion of the amorphous alloy occurs slightly increases with increasing
ultrasonic treatment time.

In addition, it has been experimentally established that temperature
interval AT}, by which the temperature of the onset of intensive crys-
tallization of amorphous Co4,Fe;Cr;Si;;B,, alloy decreases, is directly
proportional to the time of ultrasonic treatment of the source alloy.

Electron-microscopy studies of the structure of the original and ul-
trasonically treated amorphous alloy confirm the formation of an
amorphous—nanocrystalline state in the alloy as a result of ultrasonic
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treatment.

So, ultrasonic treatment creates the thermodynamic conditions nec-
essary for a controlled increase in the number of frozen crystallisation
centres in the amorphous matrix and, consequently, for the alloy, to
transition from amorphous state to amorphous—nanocrystalline one.
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