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I1e ommocepenkoBaHO BKa3ye Ha Te, IO 3a TAKUX TeMIIepaTyp HarpiBy
Ta BUINE BigOyBa€ThCA 3POCTAHHA AyCTEHITHUX 3€PEeH i IMOCUIIIOETHLCS
HEOJHOPiAHICTEL 3a XeMiUHMM CKJIaA0M, IO IIiABUIIYE CTiAKicTL aycTe-
HiTY m0 posmanay B OiidHI gudy3iAHOr0 Ta IPOMisKHOIO IEPEeTBOPEHD, a
yepes JiKBalliliHi ABUINA NIPOABIAETHCA CTPYKTYPHA HEOOHOPIAHICTE V
BCchOMY 00’ eMi Kpwurti (puc. 4-7).

8 2

Puc. 5. MikpocTpykTypa mpociaigaoro 3iauBka Ne 2 miciaa sarapTyBaHHS Bif:
800°C (a), 850°C (6), 900°C (8), 950°C (2). x100.

Fig. 5. Microstructure of experimental ingot No.2 after quenching from:
800°C (a), 850°C (6), 900°C (8), 950°C (2). x100.

a 0

Puc. 6. MikpocTpyKTypa mociaigHoro 3amBKa Ne 3 micas sarapTyBaHHS Bim:
800°C (a), 850°C (6), 900°C (8), 950°C (2). x100.

Fig. 6. Microstructure of experimental ingot No. 3 after quenching from:
800°C (a), 850°C (6), 900°C (8), 950°C (2). x100.
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8 2

ITpodosicenus puc. 6.

Continuation Fig. 6.

8 4

Puc. 7. MikpocTpyKTypa ngociaimHoro 3jmBKa Ne4 micas sarapTyBaHHA Bif:
800°C (a), 850°C (6), 900°C (8), 950°C (2). x100.

Fig. 7. Microstructure of experimental ingot No.4 after quenching from:
800°C (a), 850°C (6), 900°C (8), 950°C (2). x100.

B pesyabraTi MikpocTpyKTypHOI anaiisu 6yJI0 BCTaHOBJIEHO, IO I
3paskiB i3 kpunb Ne 1 (mopiBuaxbuoi) Ta Ne 2 (0,9% Cr ta 0,41% Ni) 3a
TeMIlepaTypu HarpiBy mim sarapryBanHs y 900°C Bike crocTepiratoTbCs
Ieaki aMinu B MopdoJiorii MikpocTpyKTypu. [ia 3paskiB i3 kpuri Ne 4,
1o mictutk 0,89% Cr ta 0,11% Ni, 3a marpiBanusa g0 900°C Ta HacTyIHO-
ro 3arapTyBaHHS CTPYKTypPHa HEOMZHOPIAHICTH € CHJIBHO BUDPAaXKEHOIO.
s spaskiB is kpuri Ne 3, 1o mictuts 0,21% Cri 0,70% Ni, cmocrepira-
Jau opMyBaHHA OJHOPIAHOI AMCIIEPCHOI CTPYKTYPH Ta 3a 3arapTyBaHHSA
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Big 900°C.

3a pesyabTaTaMu JOCTiI:KeHHS OyJI0O BCTAaHOBJIEHO paIliOHAJIBLHY Te-
MIIEpPaATypPy ayCTeHisallii JOCHigHNX KPUIh OJIA 3aJi3HUYHUX KOJiC IIif
MPUIIIBUAIIIEHE OXOJIONMKEHH A, AKa 3a0e3neuye eeKTUBHE POZUMHEHHS
Kap0Oigmis i miTpuzgis, ajze, pasoM 3 I[UM, He CTUMYJIIOE IIOYATOK PEKPUC-
TaJIisaIrii aycTeHiTy Ta migcuIeHHa IPOABiB XxeMiuHOI JikBaIii.

6. BUCHOBRH

1. 3a pesyabTaTaMu aHAJITUUYHUX JOCIiAKeHb OOT'PYHTOBAHO CUCTEMY
Jer'yBaHHA KPUIb AJA BUPOOHUIITBA 3aTi3HUUYHUX KOJIC 3 BHUCOKHM
KOMILJIEKCOM BJIACTHUBOCTEM, IO BiAMIOBiZaOTh BUMOram no KJacy D 3a
craggaprom M-107/M-208.

2. Po3pobieno pexkoMeHgallii MO0 XeMIiUHOTO CKJIAAy JOCJTiZHUX
KPHUIlb, IPOBEAEHO BUTOIKY 3JUBKiB Macoio A0 10 Kr y JabopaToOpHUX
yMoBax.

3. BcTanoBieHo, ITTO0 pallioHAJTLHOIO TEMIIEPATYPOIO HATPiBY mif 3MiIl-
HIOBaJIbHE TepMiuHe 00po0JIeHHA A Kpullh cKaIagiB Ne 1, Ne 2 ta Ne 4 €
850°C, a gna xpuri ckiaany Ne 3 Temmeparypa HarpiBaHHsA CTaHOBUTD
900°C.
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Puc. 1. 3epua ta geugputu B cromi Cu—20% Fe: a) 3epHa Ta CKyIYeHHS AeH]-
puriB, 0) CKyIUeHHA NEHIPUTIB, 8) CKYIUEHHA IJI00YIAPU30BAHUX UaPYHOK
IeHapuTiB; I — 3epHa, 2 — KoMOiHAIiA YiTKMUX i pOSMUTUX AiJIAHOK MeXKi IIo-
Iimy posmiapoBaHux 06’e€MiB, 3 — cBiTJIi OKPYyTJIi yTBOPEeHHA, 4 — CKYIUYEeHHA
YapYHKOBUX NEHAPHUTIB, 5 — CKYNUEHHS JeHAPUTIB pisHUX hopM, 6 — ra00y-
JAPUB30BAHI UapyHKU JeHIPUTiB.

Fig. 1. Grains and dendrites in a Cu—20% Fe alloy: a) grains and dendrites’
agglomeration, b) agglomeration of dendrites, c¢) agglomeration of globular-
ized dendrite cells; 1—grains, 2—a combination of the clear and blurred areas
of the stratified volumes interface, 3—light rounded formations, 4—
agglomeration of cell dendrites, 5—agglomeration of dendrites with various
shapes, 6—globularized dendrites cells.

me:xxamu (puc. 1). 3epua martpuiii (puc. 1, a) xapaKTepusyBaJICSa CEPe-
HiM posmipoMm y 15 MKM AJId MOYATKY Ta KiHIA Jucrta, ay 17 MKM — aJ1sa
yoro cepenuuu. Ilo TOB:KUHI JIMCTa cIOCTepiraaIucsa JeHAPUTHU Ha OCHOBI
Fe poamipom mo 40 MKM, 1[0 YTBOPIOBANM CKyITueHHA (quB. puc. 1 a, 0;
TemHa (pasza). Cepen HuUX OyJIM AEHAPUTHU 3 TJIOOYIAPU30BAHUX UAPYHOK
(lz 1,0 MmKM) mmepeBaKHO Y BUTJISAAI BiIOKpeMJeHUX BKPAILIEHb, IIOIi0-
HUX emyJbcii (puc. 1, ). lIlinbHicTs IXHBOTO PO3IOAiNY B CKYITUYeHHAX (g
[M2]) mouaTKy, cepemuHM Ta KiHma Jucra Oyaa Bigmosigmo 3,1-109,
1,9-10°i 1,4-10° m 2. Takosx 3apiKcoBaHO CBIT/IL OKPYTJIi yTBOPEHHS 3 Ui-
TKOIO Mexkelo [ =~ 3 MKM (auB. puc. 1, a) Ta 3 HeuiTKo10 [ =9 MKM (IUB. puc.
1, 6).

B zepHax cromy cmocTepiranucsa BKpamJeHHA MiKpoeMyJabcii 3 mepe-
BasKHUM poamipom y 0,4 MM i okpemi g0 0,8 mxm (puc. 2). B 3oHax mo-
0JIM3y CKYIIUeHb JeHAPUTIB 6e3 4iTKOI MelKi moaily ¢ TaKUX BKpAILJIeHb
B cepesHboMy cTaHoBmaa 1,1:10° M2, 3 uiTkor0 Mesxero — 2,0-10° M2, a
B 30HAaX, BifjjajJleHnX BiJ CKyI4eHb AeHIPUTIB, 3pocTaa no 2,8:10° m2.
PiskHUIA B KiTbKOCTI BKpAILJIeHb, BiporigHo, 3yMoBJeHa (QOPMYBaHHAM
MiKPOHEOTHOPiHOTO cTaHy Ta KOHKYPEHI[I€I0 32 PEUOBUHY MisK JEeH]I-
puUTaMHu Ta JUCIEePCHUMHU BKpamieHnHaMu. KiabKicTh BKpaljieHb, IMOE-
HaHUX y JAHITIOTOBI Ta CKJIaIHI (hopMU BHACIIILOK KoaJleCcIleHIlii, caraia
15% i amenmryBajacsa 1o 5% y 30Hax, 0ibIlI BiggaJeHUX Bif CKyIUYeHb
IEeHIPUTIB.
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Puc. 2. 3oHu Mikpoemysbcii: a) mo6au3y CKyImUeHHS AEHAPUTIB 3 PO3MUTOIO
MeKelo IoIiny, 6) 6ia CKyIIUeHHA OeHIPUTIB 3 YiTKOI0 MeKelo, 8) MiKpoeMy-
JbCisd, BigmajseHa Bif CKymUYeHHS OeHAPUTIB; I — 30HA MiKpoemyJbcii, 2 —
CKYIUeHHS MeHAPUTIB, 3 — UiTKa MeKa MisK MiKpoeMyJIbCi€lo Ta CKYITUeHHAM
IeHIPUTIB.

Fig. 2. Microemulsion zones: a) near dendrites’ agglomeration with a blurred
boundary, b) near dendrites agglomeration with a clear boundary, ¢) a micro-
emulsion far from dendrites’ agglomeration; I—microemulsion zone, 2—
dendrites’ agglomeration, 3—clear boundary between microemulsion and
dendrites’ agglomeration.

IlinmsHOCTi posmomily YapyHKOBUX OeHAPUTIB 3 [=1MKM i BKpai-
JIeHb y 3epHax 3 po3MipoM y 0,4 MKM BUABUJINCA OJU3BKUMH, 110 BKAa-
3yBaJIO HA CHiBMipHIiCTh KiJIbKOCTEH 3apOJKiB IIUX TIJIOOYJIAPHU30BAHUX
(das. BigminHicTs ixHiX posmipiB, BiporigHo, moB’sA3aHa 3 PiMKHUIIEIO
KOHIIeHTpalliil KOMIOHEHTiB B 00’eMax, Je BOHM YTBOPUJIUCA. BuaBu-
Jacs TeHJeHI[id HoApiOHeHHs 3epeH OCHOBHU CTONY B 00’emax 3 Haiibi-
JIBIIIOIO NMTIJILHICTIO BKpAIIeHb MiKpoeMyabceii (quB. puc. 2, 6, 8).

3aBaAKM PO3PO0JIeHill MeTOAUIIl BUABJICHO MOUATKOBI eTany B3ae€Mo-
il posTomaeHoil Kpuili 3 miggio. KommakTHI 06’eMu Kpuili, aKi oToueHi
MaTpPHUIEI0 Ha OCHOBI Mizi (3aMuIIKM 000JI0HOK, HAMOPOXKEHUX Ha TBEp-
InX mobaBKax Mifmi) poamipom mo 140 MKM MicTuIM BKpaIlJIeHHA PO3UN-
ny Kynpymy B KpuIli, I110 yTBOPUJINCS B Pe3yJabTaTi po3lIapyBaHHA pPi-
axux ¢as (puc. 3, a, 6, mosuria 1). Hactuua 3 HUX 0yJia ria00yaIapuso-
BaHa MOBHICTIO, a pelTa — YacTKOBO, OCKiIbKY IepedyBajia y CTUCHEe-
HoMy craui. [leaki rimo0ynapusoBani BKpamieHHa (5—9 MxMm) Oyau Bu-
IITOBXHYTiI B oTouyBajJbHUil posron. Ile BimGymocsa, Biporimmo, B pe-
3yJIbTaATi «epyIILii» Ta uepes3 eeKT MapaHToHi i MikpoTeuiii, 110 iHIY-
KOBaHi eJJeKTpoMarHeTHUM moJieM. IleBHa KiJlbKicTh 00’eMiB KpuIleBOi
000JIOHKM 3 piszHOI0 HacuueHicTio Kympymom yTBOpMJIa TJIOOYJISAPU30-
BaHi BKpaIlJIeHHA po3MipoMm y 24—45 mxm (guB. puc. 3, 0, 8, MO3UIIii 5,
6). Taxo:x sadikcoBaHo OKpeMi 00’eMU 3i CTPYKTYPOIO 3BOPOTHLOI eMy-
Jabcii (muB. puc. 3, 8, moaullisa 7), To6To Bigdyack iHBepcia ¢as B emy-
Jbcil.

EmyancoBani BKpamniaeHHs Ha ocHoBi Fe Oysiu 1BoX TumiB: 3 po3mipa-
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Puc. 3. I'1o6ynsapusoBani ¢asu Ha MOYATKY JUCTA: @) YTBOPEHHS IJIO0YIsApHU-
30BaHMX BKpAIJIeHb V KPUIleBOMY 00’eMi Ta BUXijJ IX B 0TOUYBaJIbHUI PO3TOII,
0) riobyaspusaliia 06’emMiB Ha OocHOBI Kpuili 3 pisuum Bmicrom Kympymy i
00’eMiB Ha OCHOBI Mifi, 8) 30Ha 3 06’eMaMu 3BOPOTHLOI eMyJibcii; I — Kpuisd, 2
— macuueHi KynpymoMm rio0ysiApHi BKpanjeHHS Ha MeXi 06’eMy Kpuili, 3 —
BKpaIlJIeHHA, BiToKpeMJieHi Bif 06’emy Kpuiii, 4 — 00’eM Ha OCHOBi Mixi, 1110
TJI00YyIAPUBYETHCS, 5 — TJI00YIAPU30BaHUHE 06’€M HAa OCHOBI KPHUILi 3 eMYJIBCO-
BaHMMU BKpAaIlJIeHHIMHU, HacuueHUMH Kymnpymom, 6 — rio0yasapu3oBaHUA
00’eM posunny Kynpymy B Kpuiti, 7 — 06’eMu 3i 3BOPOTHLOIO eMYJILCi€IO0.

Fig. 3. Globularized phases at the sheet beginning: a) formation of globular-
ized inclusions in the steel volume and their release into the surrounding
melt, b) globularization of steel-based volumes with different copper content
and copper-based volumes, ¢) a zone with reverse emulsion volume; I—steel,
2—globular inclusions saturated with copper at the steel volume boundary,
3—inclusions separated from the steel volume, 4—globularizing volume
based on copper, 5—globularized volume based on the steel with emulsified
inclusions saturated with copper, 6—globularized volume of copper solution
in steel, 7—volumes with reverse emulsion.

mu y 12—-35 MM (puc. 4, a) i apiduimri — 2—-7 MM (puc. 4, 6). Takox
HasaBHIi r1o0y1apu3oBani KombiHoBaHi 00’emu 3 a3 Ha ocuHoBi Cu i Fe 3
poamipamu y 50—85 MKM, BcepeauHi AKUX BimOyJocs poslIapyBaHHS
das. O6’em Ha OCHOBI Mimi cKJamaBcs 3 3epeH (cepenHiit posmip — 12
MKM) i BKpamiensb Mikpoemyabcii 0,4—-0,8 mxm (puc. 4, 8).

Bcepenuni aucra 3adikcoBaHo ApiOHI eMyabCOBAaHI BKpAaIJIeHHS Ha
ocHoBi Fe, anasoriuni mouatky (auB. puc. 4, 6). CmocTepiraamucs dacrt-
KOBO TJIOOYJISpM30BAHI YTBOPEHHA HAa MeXi momijy 3 JIOKaJIbHUM
00’emoM MmimHOI dasu. BoHu ckiaamanuca 3i CKYIUYeHHS YapyHKOBUX
(lz1 MKM) geaapurtiB (puc. 5, a). BuaBiaeHno okpyrii 060JI0HKOBI yTBO-
peHHA 3 ocepAs Ha ocHoBi Cu Ta gBoImapoBoi oboaoHKY Ha 6a3i Fe (puc.
5, 0) Ta rI00yIApU30BaHi AucIepcHi yTBOpeHHA (Y 5—7 MKM) 3 YiTKUMU
Me:KaMU, 3 TeHIeHITi€I0 pOo3TallyBaHHA ¥ JaHIIOKKY (puc. 5, 8).

Y kimmi gmcra 3adikcoBaHO TUIOOYJIAPU30BaHI 00’eMu 3 ocepaaM 3i
CKYITUeHHA YaPYHKOBUX NEHAPUTIB, oToUeHHX (Pa30i0 Ha OCHOBI Mimi 3
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Puc. 4. T'nobynsapusoBaHi BKpamieHHA Ha ocHOBi Fe Ta KombOiHOBaHi 3 (pas Ha
ocHoBi Cu i Fe Ha mouaTKy JiucTa: @) KPyIHi eMyJIbCOBaHi BKpaIJIeHHA, ) ApPi-
0Hi eMyJIbCOBaHi BKpAaIJIeHHA; 6) KOMOiHOBaHi BKpamieHHs 3 (pas Ha ocHOBi Cu
i Fe, 1 — BKpamieHHda eMyJibcii Ha ocHOBi Fe, 2 — (dasa ua ocuori Cu, 3 — ¢asa
Ha ocHoBi Fe, 4 — mikpoemyJibcida.

Fig. 4. Globularized inclusions based on Fe and combined ones with phases
based on Cu and Fe at the sheet beginning: a) large emulsified inclusions, b)
small emulsified inclusions, ¢) combined inclusions of Cu- and Fe-based phas-
es, 1—Fe-based emulsion inclusions, 2—Cu-based phase, 3—Fe-based phase,
4—microemulsion.

poamipamu y = 250 mKM (puc. 6, a). IIpucyTrHi ramobynapusoBani 06’eMu
Ha OCHOBIi Mimi 0e3 4iTKoi Mexi momiay Misk HMUMU Ta 31 CKYITUEeHHAM Je-
Hapuris (puc. 6, 0) i 3 yiTKoI0 Mesxxkero (puc. 6, 8) 3 poamipamu Big 50 o
230 MxM. ¥ BKasaHMX MigHUX 00’eMax BUSABJIEHO MiKpoeMmyibcito. B
00’emax 6e3 UiTKOI MeiKi momijy BKpalJieHHA MiKpoeMyJbcii Manu me-
peBaxkHMi poamipy 0,4 MmEmM i ¢ = 6,5-108 m 2 (quB. puc. 6, a, 6). Bkpan-
JeHHs B 00’eMi HAa OCHOBI Mifi 3 uiTKoOIO JiHi€I0 moxiny (puc. 6, 8) Oyau
menmmumu (I = 0,2—-0,4 mKm); Hanbiabiri 3 Hux (1o 0,8 MKM) yTBOpeHi
yepes KoaJIecIeHILio, a ¢ cranosuaa 1,0-10° m2,

Tonnenns B IBII 3a 6e3mepepBHOI 3MiHN TeMIepaTypPHUX i KOHIIEHT-
pamiiHux mapaMeTpiB, MAKpPO- Ta MiKPOHEOTHOPiZHOTO CTaHy PO3TOMY,
imBepcii pasd B ymoBax JaMiHAPHOIO PYXY U €JIEKTPOMATHETHOT'O BIJINBY
CIIPUSAJIO HMOSABL Ta 30epe:XeHHI0 B PO3TOIi (as, 1[0 BUHUKAJIM Ha BCixX
erarax B3aeMozil Kpuiri i migi Ta 3a(pikcoBaHi y BAJIKOBOMY KPHCTAJIi-
3aTopi. AHajisza CTPpYKTyp JHuCTa IIoKasaJa, IIo B Imepiogax TOIJIeHHSd,
OXOJIOIKEHHS Ta TBePAiHHA MeTanly Bim0yBasacsd KOHKYPeHIIid Iio0y-
aapusarliii ¢as i popmMyBaHHA JEHIPUTIB.

Ha crpatugikariio posTomy BKasyBaJO PO3TAITyBaHHSA TJI00YIAPHU-
3oBauHuX 00’eMmiB Ha ocHOBi Fe i Cu, mpuTamMaHHNX BiAMOBiIHNM UACTHU-
HaMm Jjgucta. Crocrepirajacsa TeHAeHIIiA 3MeHINIeHHA KiJIbKOCTH Ta PO3-
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Puc. 5. I'mo6ynapusoBaHi 00’eMu BcepeanHi JUCTa: @) TJI0O0YIApPU3aIlia 00’ emMy
Ha OCHOBi Mifi 3 YapYHKOBUMU JEeHIPUTAMU Y KOHTAKTi 3 MigHOIO (ha3oio, 6)
YTBOPEHHA 3 ocepAA Ha ocHOBi Cu 3 IBOIIapOBOIO 000JIOHKOIO, 8) 30HAa AUCIIEPC-
HUX YTBOPEHb; ]—yTBOpPEeHHs 3i CKYNUeHHS YapyHKOBUX [AEHIPUTIB, 2—
000JI0HKA, 3—ocepada, 4—auCIepCcHi yTBOPEeHH.

Fig. 5. Globularized volumes in the sheet middle: a) globularization of a cop-
per-based volume with cellular dendrites in contact with the copper phase, b)
formation of a Cu-based core with a two-layer shell, ¢) dispersed formations’
zone; 1—formation of a cellular dendrites’ agglomeration, 2—shell, 3—core,
4—dispersed formations.

MipiB 06’eMiB Ha ocHOBI Fe Bix mouaTKy [0 KiHIA JIKcTa Ta 3BOPOTHSA Te-
HIeHIiA n1asa 06’emiB Ha ocHoBi Cu, 1110 mOB’sI3aHe 3 Pi3HOIO ITiJIBHICTIO
00’eMiB PO3TOIY, UOMY CIIPHUSJIO MO0 MaJOiHTEeHCUBHE eJIeKTPOMAarHeT-
He IIepeMiIryBaHH4.

B 3paskax meTaJsy 3 pisHHX 30H 0e3IIePEePBHO JIUTOTO JHCTA BUIBJE-
HO, AK B KPUIEBiHl, Tak i B MigHii maTpunax, 19 tunis riiodyaapusosa-
HUX YTBOPeHb (miAmason posmipis — 0,20—250 mkm). Tpu 3 HUX 3 PO3-
mipamu y 0,2—1,0 MKM 3i miingeHicTIO posmoziny mo 3,1:10° M2 mosxHa
BifHeCTH 00 3aMOPOKEHUX eMYJIbCiH.

OpnHielo 3 TPUYNH BUHMKHEHHSA Ta PO3BUTKY PisHUX (a3 y PO3TOIIi €
KOHKYpPEHII[isI, 3acHOBaHa Ha OCOOJMBOCTIX MiKaTOMOBHUX 3B’ S3KiB
KOMIIOHEHTiB poarony. HalicuabHimia B3aemogia nmputamanua Fe 3 C,
norim Fe—Fe i Cu—Cu, a maiiciabdma y Cu—Fe. 3 iuM moB’A3yIOTh BUHU-
KHeHHS MiKpOyrpyIloBaHb 3aisza y pigkii mixgi [14, 23]. Biporigno, mo-
sIBa B CTOIIi 00’eMiB Ha OCHOBIi Mini 3 pisauMu posmipamu (Big 3 mo 250
MKM; 1uB. puc. 1, ai6, a), Mae aHaJIOTiuHY TPUUNHY.

Posmapysanns pos3Tony Ta BUHUKHEHHS KpaleJjb Bigdyaocs, Bipori-
IHO, B IIPOIleci IPOXOMKeHH JOKAJbHUMU 00’ eMaMu PigKkoi Migi KoH-
MeHTpaliliHOl 30H1 He3MiIlTyBaHHA il yac PO3UNHEHHS CIIOUYATKY Y PO-
3TOILJIeHI KPUIli, a 3r0JA0M, 10 Mipi HAKONMYEHHSA MiZli y pO3ToIIi, BiKe B
posumni Ha ocHOBi Cu. I'eHepamnis B pisHEHX B0HAX PO3TONY 06’€MiB 3
rno0ynrapHuMHu asaMU Ta BKJIIOUEHHA B IIeH IIpolec MeTacTabibHOoTo
CTaHy HepeaposlIapyBaHHA UYepe3 BUXim Imux yocobseHux das i3 3oHU
CTaJIOTO iCHYBaHHSA, Biporigmo, 3a6e3meunsio TpuBaJIy peaKcalliio eMy-
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Puc. 6. I'nobyasipusoBani pasu y KiHIIi JucTa: a) KoMOiHOBaHM 06°€M 3i CKyII-
YeHHAM YapyHKOBUX JIEHIPUTIB, 6) 00’eM Ha ocHOBi Cu 6e3 uiTKoi Mexki moainy,
6) 00’eM Ha ocHOBi Cu 3 UiTKOI0 MeXXel Imominy;, ] —CKyInueHHA YapyYHKOBUX
IeHnpuriB, 2—dasa Ha ocHOBiI Cu 3 BKpamJIeHHAMU MiKpPOeMyJbCii, 3—merxa
mominy wmixk o6’emom Ha ocHoBi Cu 1 cCcKymueHHSM OeHAPUTIB, 4—
MiKpoeMyJabcis.

Fig. 6. Globularized phases at the sheet end: a) a combined volume with a cel-
lular dendrites’ agglomeration, b) a Cu-based volume without a clear inter-
face, c¢) a Cu-based volume with a clear interface; 1—a cellular dendrites’ ag-
glomeration, 2—the Cu-based phase with microemulsion inclusions, 3—the
interface between the Cu-based volume and the dendrites’ agglomeration, 4—
microemulsion.

JBCOBAHOTO CTaHYy pigKoMeTasieBoi cucteMu. To6TO 3aTpuMyBaBCs IIPO-
Iec pPOSUMHEHHSA OHCIEPCHUX (as micjas mepexomy ixX 3i crabimbHoro
CTaHy pPo3IIapyBaHHA B 30HI He3MiITyBaHHA A0 30HU 3MimtyBaHHsA. Taky
3aTPUMKY MOXKHA POSTIIALATH AK Iepegauy CTPYKTYpHOI imdopmarrii
(mposiB cmagkoBocTu). PopMyBaHHA O00JOHOK, HAaBITHL ABOIIAPOBUX
(muB. puc. 6, 6), Ha TJIOOYJIAPHUX YTBOPEHHAX CBiIUNTEL PO BUHNKHEH-
HS BUPAXKEHOT'0 CTPYKTYPOBAHOTO IIEPeXimHoro Imapy, AKWH CIpuse
36epekeHHI0 cTabiIbHOTO cTaHy Kpaleib. 3aBOAKU IMPUIIBUAIIIEHOMY
OXOJIOMKEeHHIO V BAJIKOBOMY KPMCTAaJi3aTopi piZKoro cromy, 3 OJHOTO
00Ky, 3a(dikcoBaHO HEOTHOPIAHUI MAKPO- Ta MiKpPOCTaH PO3TONY B Opu-
TBAJII Ievi mepea po3JIUBAHHAM, a 3 IPYI'Oro, CTBOPEHO YMOBH AJA (op-
MyBaHHS IIfe OJHOT'0 THUNY MiKpoeMyJbcii B MiZHUX 00’eMaX 3 MaJIOIO
KoHIleHTpalliero Fe, 1110, MOKJINBO, BUHUKJIA B 30HI IIePUTEKTHUYHOTO
IIepeTBOpPeHHA ¥ MeTacTadbilbHUX yMoBax (OuB. puc. 6, 8).

4. BUCHOBRKH

Busuaueno, 1mo MigHi cronmu i3 dPepymMom BCeOGiUHO MOCIIIMKYIOTHCA 3
MeTo0 e()eKTHBHOTO BUKOPUCTAHHA V HAWCyUYacHIIINX HaIpsaMaX pPo3-
BUTKY TexHiKu. OcobJUBY yBary BUeHUX CIIPAMOBAHO Ha mporiiec ¢op-
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MyBaHHS cTpYyKTypu cromiB Cu—Fe 3 MikpoBKpaleHHAMU, AKi 3a0e3-
IeUYyIOTh OCOOJIMBI BJIACTMBOCTI MeETAJIONPOAYKIlii. AJjie yMOBHU ozep-
JKaHHA TAaKUX CTPYKTYP YV IUTHUX BUPOOAX OCTATOUHO HE BU3HAUEHO, IO
YHEMOMKJINBJIIOE JOCATTH CTAJINX PE3yJIbTATIiB.

PospobiieHo MeTOAMKY dOCTimKeHb, 3aCHOBAHY Ha IIPOBEIEHHIi moc-
JIiIOBHUX ONEPAlliil, y3rOAYKEHUX 3 0COOIMBOCTAMMU AisArpam crany Cu—
Fe ta Cu—Fe—C. Ii ocHOBHI cTazii BKJIOUAIN PO3TOIIJIEHHA KPUIIi (BMicT
Kapoouy — 0,2%) B IBII, moctymoBe HacuueHHs posTonmy Cu HeBesu-
KuMU Jo0aBKaMMU y TBEPIOMY CTaHi 3a HE3HAUHOTO MepPerpiBy po3TOmy
HaJ TeMIepaTypoio JikBimycy (mo 25 K) i maminmapHOro pyxy pimxoro
metaiy. Ile 3abesmeunsio oro mocTiiine mepe6yBaHHSA y CTaHi IIepeapo-
3IIapyBaHHs. B JOKaJbHUX 30HAX HABKPYId MigHUX J00aBOK, AKi 3 po-
3UMHEHHSIM MiJli 10 KOHIIeHTpAaIlil BXOAWJIN B 30HY HEe3MiIlTyBaHHA Pil-
Kux (a3, po3TON PO3MIapOByBaBCs Ta BiOYBAINCA IPOIIECH IIO0YIApH-
3arii Ta HagmbaHHS CTPYKTYP yOCOOJEeHUX YTBOPEHb. 3a BUXOY iX i3 30-
HY He3MiIllyBaHHA I YCIaAKOBaHA CTPYKTypa 30iJIbIIyBaja uac icHy-
BaHHS TaKux (asd y 30Hi 3aMiImryBaHHA 3 e()eKTOM IIepeApo3IapyBaHHs.
dimarbHa cTanid pearidoByBajlach y BaJKOBOMY KpHCTaJisaTopi 3i
mBHUAKicTIO oxosomkeHHsa ¥ = 1000 K/c Bcboro posromy Ta ¢opMyBaH-
HAM JjJucTa ToBIIHOW ¥ 900 MKM, B AKOoMY Oyau 3adikcoBaHi CTPYKTY-
PHi 0COGJIMBOCTI CTOMOYTBOPEHHA.

Busasneno, 1m0 B Kpuiesi#i i Miguiii matpunax BuHUKIO 19 Tuiris
TI00yJIAPMU30BAHUX YTBOPEHD (AiAmason poamipie — 0,2—-250 MKM), Tpu
3 axkux 3 [ Bixg 0,2 o 1,0 MKM € 3aMOpPOKeHNMHU MiKpoemyibciamu. Oc-
HOBHi IPUUYMWHY BUHUKHEHHS TI00YIAPHUX (a3 — pisHi eHeprii mixka-
TOMOBUX 3B’sI3KiB KoMOoHeHTiB posTony (Cu, Fe, C) Ta HaABHIiCTDL ¥ pPO3-
TOITi 30H IepeApO3IIapyBaHHA Ta He3MiITyBaHHA piAKkux (as. Busnaue-
HO, IO PO3IIapyBaHHS PO3TOIy 3 YTBOPEHHAM Kpallesb BimOysocsa 3a-
BIAKY BUHNKHEHHIO JIOKAJILHIUX 00’€MiB HaBKpyru gobaBok Cu 3a pos-
YMHEHH iX Y PO3TOIIi, IKi 3a KOHIIEHTPAI[i€I0 Ta TeMIIepaTypoIo BiAIo-
Bimasm 30HI HeaMmimryBaHHA. BcTaHOBJIEHO, IO 3a HMIBUJIKOIO OXOJIO-
IKeHHA y BaAJIKOBOMY KpHCTaJi3aToOpi CTBOPeHO yMOBU (hOpPMYBaHHA
OJHOTO 3 THIIiB MiKpoeMyJibcii B MifHUX 00’eMax 3 MaJIOI0 KOHI[EHTpa-
mmieio Pepymy, dKa MOTJIa BUHUKHYTU B 30Hi IEPUTEKTUUYHOTO IIEPETBO-
PeHHA y MeTacTabiIbHOMY CTaHi PO3TOILY.

Ilokasano, 1o mig uyac Tommernusa B IBII migHmMX cTOIiB 3i 3HAUHUM
BMiCTOM 3aJIi3a 3aCTOCYBaHHS HMOr0 MEPIIOUEeProBOTO PO3TOIIJIEHHS €
e(PeKTUBHIIIINM, aHiXK BUKOPHUCTAHHSA TBEePJOl Jiratrypu abo gJogaBaHHS
TBEPAOro 3ajlida y PO3TOILIeHy Miagb. BusumaueHo, 1o 3ad)ikcoBaHi B Ju-
cti mMikpoemyabcoBaHi cTpykTypu ([=0,2—0,4 MKM) IIepCIeKTHUBHI B
JUCTOBUX MaTepisggax, SKi BUKOPHCTOBYIOTEL AJIA OJepPKaHHsS BUPOOiB
AIUTUBHUMU TEXHOJOTiIMU IJIS BigmoBimaabHOro ycrarkyBauus. ITiz-
BUIIMEHY MIiIIHiCTh JUCTOBUX €KPaHiB BiJ TemyoBoro abo eleKTpoMarHe-
THOTO BILJIMBY MOJKe 3a0e3IeUnTH CTPYKTypa 3 TI00YyIApH30BAHUMU
yTBOopeHHAME i3 [ = 5,0—7,0 MmKM. {1 JMCTOBUX BKJIAAEHDb Y IIiAIITUII-
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HUKY KOB3aHHS, IO €KCILIYaTYIOThCA B YMOBaX BUCOKUX TeMIIEpaTyp i
HaBaHTaKeHb, IiAXOAUTH KOMOiHOBaHa CTPYKTypa 31 CKyHueHb APid-
HUX YapYHKOBUX AeHIPUTIB HA ocHOBi Fe B mokambHUX 06’eMax (mo 250
MKM) 3 posumny Fe y Cu, 1o 1oJaTKOBO MiCTATHL MiKpoeMyJIbCOBaHi

BKpaImJeHHs.
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B craTTi mpoBemeHo aHAI3y CTPYKTYPOYTBOPEHHS Ta BJIACTHUBOCTEM IIOBEPX-
HeBUX IIIapiB JeTaJIiB 3 KPUILi HicJd aJiTyBaHHS TPAAUIi HTHUMU TeXHOJIOTiAMU
Ta MeTOJ0I0 elleKTpoickpoBoro Jerysanus (ELJI). B pesynbrari gocaimxenusa
npoaykTuBHOCTH Iiporecy EIJI anxromMiHifIOBOIO €/JIeKTPOAOIO-iHCTPYMEHTOM,
fIKa € OJHUM 3 Ba)KJIUBUX napaMmeTpiB TexHoJoril EIJI, BuaBIeHO pe3epBU AJd
MiABUINEHHA TKOCTY MOBEPXHEBUX IIAPiB AeTaiB 3 KpuUIli 3a awiTyBanHdA. [[o-
CIiM:KyBaIn ABa BapisiHTH 3MEHIIIEHHS MPOAYKTHUBHOCTH IIO BiJHOIIIEHHIO IO
TPagUIifHOI: MMepIInii, KOJX IPOAYKTUBHICTL OyJI0 3MEHIIIeHO = B JBa Pa3u;
Ipyruit, KOJIU MPOAYKTUBHICTE OyJIO 3MEHIIIEHO = B YOTHUPHU pa3u. Beranosiie-
HO, III0 B IIePIIIOMY BapisgHTi i3 3pocTanuaM eHeprii pospany 3 0,52 1o 6,8 [[:x
Ha nepiromy etarni amityBanua kpuii 20 i kpuni 40 ToBmuHa «6isoro» 1mapy
36inbpiryerbea 3 20 o 7513 25 mo 110 mxM BigmoBigmo, a nudysifinoi 3oHT — 3
35 101201340 1o 140 MKM BiZIOBiHO; MiKPOTBEPAiCTEL «0isOr0 IIapy» 3pOC-
tae 3 2200 o 7400 i 3 2400 mo 7450 MIIa BiAmIOBigHO; IIEPCTKiCTh ITOBEPXHI
Ra 3poctrae 31.1 109,0i31,0 1o 8,1 MmKM BiATIOBigHO, a CYIiIBLHICTE 3pOCTAaE 3
80 1o 100% mouwmnuatouu 3 Wp=4,6 II:x i3 60 1o 100% i3 Wp =6,8 I:x. B npy-
roMy BapiAHTi i3 3pocTaHHAM eHeprii pospany 3 0,52 mo 6,8 II:x Ha mepioMmy
eramni o6pobaenusa kpuri 20 i kpuii 40 ToBIuHA «0iJOT0» IIaPy 30iIBITYETH-
ca aia kpui 20 3 25 1o 60 mrm i3 Wp =4,6 II»x, a moTimM He 3MiHIOETBCA 1 AA
kpuri 40 3 30 1o 100 mxm; ToBIMHA AuQY3ifiHoi 30HKU 3pocTae 3 45 mo 130
BiATIOBimHO; MiKpoTBepAicTh «6isoro mapy» apoctae 3 2250 mo 7300 i 3 2450 1o
7300 MIIa BimmoBimHO; mmepcTKicTs moBepxHi Ra 3poctae 3 1,3 10 9,013 1,6 no
8,1 MKM BiATIOBiAHO, a CYIiNIbHICTD, AK Maa Kpumi 20, Tak i gma xpwuri 40 is
Wp=0,52 [I:x ckaanae 95% , a gaui oigsuryerbes 10 100% .

Karouori cioBa: eleKTpPoiCKpoBe Jier'yBaHHS, aJIiTyBaHHS, IPOJYKTUBHICTD,
MMOBEPXHEBU I1ap, CTPYKTYpPAa, IIIePCTKIiCTh, MiKpOTBEPAiCTh, TOBIIMHA «0iJI0-
To II1apy», CYIiJIbHICTb IOKPUTTS.

The structure formation and properties of the surface layers of steel parts
after alloying by traditional technologies and the method of electrospark al-
loying (ESA) is analysed in the article. As a result of the study of the produc-
tivity of the ESA process by aluminium electrode-tool, which is one of the
important parameters of the ESA technology, reserves are revealed for im-
proving the quality of the surface layers of steel parts during aluminizing.
Two options for reducing productivity in relation to the traditional are stud-
ied: the first one, when productivity is reduced by = 2 times; the second one,
when performance is reduced by = 4 times. As established, in the first vari-
ant, when the discharge energy increases from 0.52 to 6.8 J, at the first stage
of aluminizing of steel 20 and steel 40, the thickness of the ‘white’ layer from
20 to 75 and from 25 to 110 pum, respectively; the thickness of the diffusion
zone increases from 35 to 120 and from 40 to 140 pum, respectively; the mi-
crohardness of the ‘white layer’ increases from 2200 to 7400 and from 2400
to 7450 MPa, respectively; the surface roughness Ra increases from 1.1 to
9.0 and from 1.0 to 8.1 um, respectively, and the continuity increases from
80 to 100% starting with Wp =4.6 J and from 60 to 100% at Wp=6.8 J. In
the second variant, when the discharge energy increases from 0.52 to 6.8 J,
at the first stage of processing steel 20 and steel 40, the thickness of the
‘white’ layer increases for steel 20 from 25 to 60 ym at Wp=4.6 J, and then it
doesn’t change for steel 40 from 30 to 100 pum; the thickness of the diffusion
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zone increases from 45 to 130, respectively; the microhardness of the ‘white
layer’ increases from 2250 to 7300 and from 2450 to 7300 MPa, respectively;
the surface roughness Ra increases from 1.3 to 9.0 and from 1.6 to 8.1 um,
respectively, and the continuity for both steel 20 and steel 40 at Wp =0.52 J
is of 95% and further increases to 100% .

Key words: electrospark alloying, aluminizing, productivity, surface layer,
structure, roughness, microhardness, thickness of the ‘white layer’, coating
continuity.

(Ompumano 30 mpaeusa 2023 p.; ocmamoun. eapiaum — 25 aunns 2023 p.)

1. BCTYII

Opnuiero 3 HAWBAMKJIUBIIIUX TPOOJIEM, AKi CTOATH Iepes KOHCTPYKTOpa-
MU Ta TeXHOJIOTaMH ITiJi YaC CTBOPEHHSA HOBUX MAIIIMH i MeXaHi3MiB, €
3HOC ixHixX merasiB. Ilo meBHOro yacy BUTIOTOBJEHHS BiAmOBimaabHUX
IeTajliB, BiJi cTaHy IIOBEPXHEBOTO IIApy SKHX 3ajiekajia IIpalesgar-
HicTh yciel MamnuM, BUKOPUCTOBYBAJH I[LJIICHI TBep/Ii 3HOCOCTIHKiI Ma-
repiamau [1, 2]. 3 uacoM, 3aBASKY POBBUTKY O0araTbox rajgysei MaIInHoO-
OyayBaHHSA Ta MOSBi cydacHUX, OiJbIIT JOCKOHAJINX MAIIIUH, 3POCTAIOTh
BUMOTHY [0 iXHiX AeTaJIiB, AKi IpaIoiOTh B eKCTPeMAJTIbHUX YMOBAX J0-
BKiJIJIS Ta IMOCTifHO 3pocTalumx pobouux mapaMeTpiB (THUCKY, TeMIIe-
paTrypu, IIBUAKOCTU, PAOiAIiMHOrO BILIMBY Ta iH.). Bupimenns za-
BIAHHSA HiBUIIEHHS IXHiX HaZiHHOCTH Ta JOBIOBiUHOCTH IIJISAXOM BH-
00Opy TBepAMX BUCOKOJIETOBAHMX Ta BasKKOOODPOOJIOBAHUX MATEPisdaiB
YacTKOBO BuuepnaJo cebe. TpuboTexHoOIOrH 3 OTJIAAY Ha Te, IO PYH-
HYBaAHHS JeTAJI0 IIOYNHAEThCSA 3 ITIOBEPXHi, OiibIlle yBaru craju IIpu-
IiJIaTH TOBEPXHEBUM IIIapaM JeTatio, Ae aKpas i BigdyBamThcs mpoIiie-
cH, MOB’sA3aHi 31 3HOIIYBAaHHAM. ¥ JiTepaTypHUX i MaTEeHTHUX IyKepe-
Jax 3 ABIAEThCA Bce OiibIlle Ipalb, OB SA3aHUX 3 MAOCILIKEHHIM
mpoilieciB, 110 BigOyBaloThCA B IMOBEPXHAX AeTatiB [3—5], yaockoHa-
JeHHAM Bigomux [6, 7] Ta po3pobKoi0 HOBUX TexHoJoTiH [8—10], mo
YMOKJINUBJIIOIOTH KEPYBaTHU apaMeTpaMu SKOCTYU MOBEPXHEBUX ITapiB
metasiB y HeoOximmomy Hanpami. HoBi xommosumiiini marepigam, 1o
CKJIAMAIOThCA 3 OiJIBINI JEIeBOro Ta JIETKO 00pOoOII0BAHOTO MATEPisaIy
OCHOBU i MalOTh IIOBePXHEBUI I1ap, cQOPMOBAHUI 3a PAXYHOK 3aCTO-
CYBaHHS HPOI'PECHUBHOI, MaJji0 €eHEeProeMHOI I eKoJoriuuo 6e3meuHoi
TEeXHOJIOTil, He IIOCTYIAlThCs, a 38 OKPeMUMHU MOKasHUKaMu (JOBTO-
BiuHicTBL, BapTicTh, BUTpPaATa MeTaJOPi3albHOrO iHCTPpYMeHTa i1 OcHa-
IeHHs, HASBHICTD JIeT'yBAJIbHUX €JIEMEHTIiB Ta iH.) IepeBepIIyioTh Je-
TaJIi, BUTOTOBJIEH] 3 CYI[iJILHOTO MaTePiAgy.

TaxuM YuMHOM, DOCTiMKEeHHS 3i CTBOPEHHS HOBUX MAaTEPidAaiB, IO
MaloOTh MiABUINEHY IIOBEPXHEBY 3HOCOCTIHKIiCTh, BITHOCHO BUCOKY MiII-
HiCTh i B’SI3KicTb, € akTyaJbHUMU Ta cBoeuacuumu [11-13].
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2. IIOCTAHOBEA ITPOBJIEMH

B nanuiit yac y KOHCTPYKTOPIB i TEXHOJIOTIB € Ay Ke BeJIUKUN 3a11ac TexX-
HOJIOTi#, IpU3HAUEHUX IJIS HAJaHHS IIOBEPXHEBOMY IIapy AeTaJio He-
o0xXigHMX (PisMUHMX, XeMiUHNX, TPHUOOJOTIUHUX Ta eKCILIyaTAI[iMHUX
BiacTuBocTel. [[1d 3aXMCTy ITOBEPXOHD JETaJIiB BijJi Pi3HUX BUMAIB 3HO-
ITyBaHHS Ta HEraTUBHOTO BIJIMBY HaBKOJUIIIHLOTO CepeloBUINa iX Iif-
IaioTh pisHUM BuAaM 3MinueHHA. Ile — pisHi crmocodu HAMOPOIIEHHS
MeTaJoKepaMiuyHMX MOKPUTTIB [14, 15], HATOIJIEHHA TOKPUTTS 3 KOM-
mo3uIiiHux MarepianiB [16, 17], apMyBaHHS ITOBEpXHEBHUX IIapiB
Kpurtli vacTuaKkaMu Kapb6iny Boandpamy [18], TOKPUTTSA 3 IIIapaMu OK-
cuny Antominiio [19, 20], erekTpoxeMiuHe XPOMYBaHHSA B €JIeKTPOJIiTI
[21]. OpHiero 3 HAWOGIIBINT ITUPOKO 3aCTOCOBYBAHUX TEeXHOJIOTIH IimBu-
IMeHHA SKOCTH IIOBEPXOHDL MEeTajJiB € XeMiKo-TepMiuHe 00poOJIeHHS
(XTO) [22—-24], axe moenHye B cobi IleMeHTAIlil0, a30TyBaHHA, HiTpOIIE-
MeHTAaIliio Ta paAf inmux metoAiB. OgauMm i3 3aTpedyBanux Mmetonis XTO
€ aJiTyBaHHA, AKe BUKOPUCTOBYIOTH 3 METOI0 HaJaHHS 3aJi30ByTJIele-
BUM CTOIIaM ITiIBUMIEHOI ITMHIPOCTIHKOCTH, OIIOPY aTMOC(pepHill KOpo-
3ii Ta panxy iHmwumx BiaacTuBOcTeil. KoMIIIeKCHI MOKPUTTA Micad aliTy-
BaHHA [25] XapaKTepu3yIOTHCS BUCOKOIO TEMIIEPATYPOIO TOIJIEHHS, HH-
3bKOI0 T'yCTHHOIO, BHCOKHUM MOZAYJIEM IPYKHOCTH, KapOMII[HICTIO,
CTifiKicTIO MO OKMCHEeHHA Ta 3aiiMaHHA. OcTaHHIM yacoM iX BUKOPUCTO-
BYIOTh TaKOJK IJISI CTBOPEHHS 3aXMCHUX i 3HOCOCTINKUX MIOKPUTTIB.

3a KJIACMYHOIO TeXHOJIOTIE€I0 aJIiTyBaHHA MOJATaE Y HaCUUeHHi moBe-
PXHIi IeTaJiio 3 KPUIli y po3ToIri amoMinio. B ramysi 1miei Texmosorii mo-
CALMKYBANN CTPYKTYPY Ta (hasoBuii ckjanm moxpurrta [26, 27], #ioro
BILIMB Ha CTPYKTYPY Ta BJIACTHUBOCTI BUPOOIB micasa ajmiTyBaHHA KOHC-
TPYKIINHUX KPpUIh Yy po3TomeHomy asmioMmiHii [28]. HesBarkaiouu mHa
HO3UTHUBHI pe3yJabTaTH, KJACUYHA TeXHOJIOTidA aJliTyBaHHS Yy PO3TOIIAX
Mae pAg HemoJiKiB, mpuTamanaux XTO[9].

OcobamBe Miciie cepef 3MiITHIOBATLHIUX TEXHOJOTill 3aiiMalOTh TeX-
HOJIOTi1, 10 BUKOPUCTOBYIOTH AJA 0OPOOJEeHHA MATepisday KOHIIEHTPO-
BaHui moToku eHeprii (KIIE), sa aKuX cKJIamaioThCA HepiBHOBAKHI yMO-
BU HATPiBY # OXOJIOMKEHHA, IO TATHE 3a c0000 (hopMyBaHHA TPUHITH-
IOBO iHINMNX, aHiMK 3a TPASUI[IMHUX METOLiB 00PO0JIeHH, CTPYKTYP IO-
BepxHeBoro 1mapy. Ile — miaasmoBi TexHoJsorii: Hamopomtenua [29—31]
Ta maasMoBe o6pobisieHHs [32, 33], 1asepHe 00pobsenHsa [34—36]. Cionu
CJin BigHeCTH OAHY 3 HAOiJBII MIePCIeKTUBHIX CYUYACHIX TEeXHOJIOTIH,
3aCTOCYBAHHA IKOI YMOKJIUBIIIOE YIPABIATH ITapaMeTpaMu SIKOCTH II0-
BEPXOHD JIeTajliB — eJgeKTpoickpose jeryBaunuda (EIJI). 3aBgaxu TexHo-
gorii EIJI y moBepxHeBUX MIapax JAeTalliB (QOPMYIOTHCA CTPYKTYPH, 10
MalOTh VHiKambHiI QisuKo-MexaHiuHi Ta TpuOOJOTiUHI BJIacTHBOCTI Ha
HanopiBHi [37]. Cepen ocuoBHUX mepeBar TexuoJorii EIJI mopiBHsHO 3
TPASUI[IMHUMI METOJaM1 IIOBEPXHEBOTO 00POOJIeHHSA MOMKHA BiA3HAUM-
TH: eKOJIOTIiUHY Ta TeXHOTeHHY 0e3leKy, 3aCTOCYBaHHS B JIOKAJbHUX
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MicIAX, IO He IOoTpedye 3aXMCTY CYCiAHiX MOBEPXOHb BiJl HETaTUBHOTO
BILIUBY IIPOIlECY, BUCOKUI CTYIIiHBb anresii merasy, 10 HAHOCUTHCH,
BiZICyTHIiCTh 0J00JIeHHA Ta AedopMalliii, 34aTHiICTL BOYyZOBYBaTUCSI B
OyIb-aKiit TexHogoriuumit mporiec [38—40].

Ho HemoaikiB EIJI BigHOCATH: MiABUINEHHA IIIePCTKOCTU Ta HEPIiBHO-
MipHOCTHU IIOBEPXHi, BUHUKHEHHS B IIOBEPXHEBOMY IIapi IOp, 3aJIHIII-
KOBUX PO3TATYBAJbHUX HANPY:KeHb, MOHMKEHHS BTOMHOI MiIlTHOCTHU
[41, 42]. SasHauuMo, 1110 B Pe3yJbTATi TOJAILIIIOT0 OOPOOJIEHHA IIOBEP-
XHEBUM ILJIACTUYHUM Ae(popMyBaHHAM yCi IIi HeJOJiKU yCyBaIOThHC, a
BTOMHA MiITHiCTh cTa€ BUIIOIO, HisK OyJia 10 o6pobaenns EIJI [43, 44].

Ho mHemoaikis metony ELJI iHoxi BimHOCATL 0OMe:KeHHS (popMyBaHHA
OBepPXHEBUX MIapiB 3a TOBIIMHOIO, X0Ua € TeXHOJIOTii, 38 BUKOPUCTAH-
HA AKUX MOYKHA OHEeP:KaTHh 3HOCOCTIMKI HMOKPUTTA BUCOKOI SIKOCTHU
(100% cyminpHOCTH Ta TOBIMHOIO 10 1,0 MM i HaBiTh GisabIe) [45].

II1o cTocyeThca HAABHOCTHU B IIOKPUTTI IOP, TO IIe TAKOXK € IIepeBaroio
metony ELJI. TexHosoru yIpogoB:xK 0araTbox POoKiB MIYKAIOTh HIIAXY J0
CTBOPEHHSA TaKol CTPYKTYPH IIOBEPXHEBOTO IMIapy, B ITOpax AKOT'0 MOTJIO
0 yTpuUMyBaTHUCSA MAcTHUJIO B ITapax TepTd [46], HanpuKaaa B i AITAITHI-
KOBUX IMUHKax BamiB[47, 48].

fAx morkasano [49, 50], ereKTpoicKpoBi anoMiHifioBi MOKPUTTA Ha-
IifiHO 3aXUMIAIOTh KPUII0 B (DOCHOPHOKMCINX i BOTHO-COJHOBUX cepe-
TOBUIIAX.

Amnasriza BimmoBigHOI JTiTepaTypu Ta HaTEHTHUX AKEpel, a TAKOMXK HU-
3Ka JMOCIiIKeHb, IPOBEeIeHUX aBTOpaMu IIiei podoru [51-53], mokasa-
Ju, 10 OJd 3’ACyBaHHA IIapaMeTpiB poboTH 00JIagHAHHSA YCTaHOBOK
EIJI B mupokomy aidmasoHi mocJigskyBajsach eHeprid pospany Wp, a
OPOAYKTUBHICTE OpaJjacs 3TrigHO 3 peKoMeHaiamu Tabd. 1.

Caimg BimmiTuTH, IO IMapaMeTpy TPOAYKTUBHOCTHU, IIPEACTABJIEHI B
Tabs. 1, OiIBII MigAX0AATH 3a BUKOPUCTAHHSA B AKOCTI MaTepidIy eJIeKT-
pOAM-iHCTPYMEHTA TBEpAMX 3HOCOCTIHKMX MeTasiB (Bamamiii, TuTad,
BoJb(pPAM Ta iH.); TOMY € HayKOBa Ta MPaKTUYHA MOMiJIbHIiCTEL Y IIPOBe-
IeHHi JocaimKeHb BILINBY ONpoAayKTuBHOCTU ELJI B 6inbiioMmy midmasomi
yacy JeI'yBaHHA Ha IIapaMeTpH AKOCTU cOPMOBAHOTO IIOBEPXHEBOTO
nIapy 3a BUKOPUCTAaHHSA eJeKTPOA-iHCTpyMeHTa 3 aJoMiHifo.

TaxuM YMHOM, METOI0 POOOTH €: MOCTiIKeHHS BILIUBY IPOAYKTHUBHO-
CTH IIPOIlECY eJIEKTPOiCKPOBOIO JieI'yBaHHS IMIOBEPXOHb 3 KPHILL aJIIOMi-
HilTOBOIO €JIEKTPOI0I0-IHCTPYMEHTOM Ha CTPYKTYPOYTBOPEHHS Ta I1apa-
MeTpH AKOCTHU HMOBepxHeBoro mapy kpumi 20 i kpuri 40 micasa amaity-

TABJIHMIIA 1. SanexkuicTs mpoaykTuBHOcTu ELJI Bif eneprii pospany.
TABLE 1. Dependence of ESA performance on discharge energy.

Enepris pospagy Wp, I | 0,52 | 1,3 | 26 | 46 | 68
IIpogyxTuswicrs, cm?/xs.  1,0-1,3 1,3-1,5 1,5-2,0 2,0-2,5 2,5-3,0
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BaHHA; OOCHiMKEHHA BIJIMBY CHEI[IAJNbHUX HACUUYyBaJIbHUX Cepelo-
BUIIl, B CKJIQJ AKUX BXOIATH JIETYBaJbHI eJIeMeHTHU, IO IOJIIIIYIOTh
BJIACTMBOCTI ITOBEPXHEBUX ITaPiB leTalliB 3 KPUIIi.

3. METOJIHUKA JOCJLIKEHHS

B po6ori ana mocaigsKeHHSa BIINBY IPOAYKTUBHOCTH mpoiiecy ELJI 3pa-
3KiB i3 xpumi 20 i kpumi 40 mix yac popMyBaHHS TOBEPXHEBOTO IIAPy
micia o6pobJieHHS aJIOMiHiI0BOIO eJIeKTPOIOI0-iHCTpyMeHTOM (aiTy-
BaHHA) BUKOPUCTOBYBAJM ABA BAPiAHTH 3MEHINIEHHA IPOAYKTUBHOCTHU
IO BiIHOIIIEHHIO A0 BKasaHoi y Tads. 1. B Tabauiri 2 mpeacraBiaeHo JaHi
VX BapigHTIB: MePIINii, KOJU IPOAYKTUBHICTE OyJI0 3MEHIIIeHO = B JBa
pasu; Ipyruil, KOJIu OPOAYKTUBHICTE 6YJI0 3MEHIITeHO = B YOTUPHU Pasu.

Kosxen 3 BapigHTiB BUKOHYBAJIHM B ABa eTtamnu: 1-if eram — o0po0JIeH-
HA IIPOBOIATL AJIOMiHIOBOIO €JIEKTPOJOI0 3a eHeprii pospanxy
Wp=0,52-6,8 [I:)x i 1poAyKTUBHOCTH 3TigHo 3 Tabua. 2; 2-i1 eram — Ha
IOBEePXHIO, IO 3a3HaJa aJiTyBaHHA Ha 1-My erarmi mepen mOAAJILIINM
EIJI anomiHifioBOIO €JIEKTPOAOI0 HAHOCUJIM KOHCUCTEHTHY PEUOBUHY,
sAKa MiCTUTDH aJOMiHifIOBY IyApy, a6o rpad)iToBUi ITIOPOIIOK i aTIoMiHi-
HOBY yApY, HicJd 4oro, He YeKalUl BUCUXaHHA KOHCUCTEHTHOI peuo-
BUHN, IPOBOAWJMN IPOIleC aJiTyBaHHS 3a eHeprii pospazy y 0,52—
2,6 II>x i npogykTussocTu y 0,2—0,4 cM?/XB.; eHepriio po3pany Ta Ipo-
IYKTUBHICTH 00Mpasii TaKi, 3a IKUX IIIEPCTKiCTh MMOBEPXHi 3MEHIITYETh-
cA B 4 pasu. [I1a BU3HaUEeHHS BILIUBY eHEPTEeTUYHMUX ITIapaMeTpiB obJia-
manaHaa ElIJI Ha akicHi mapaMeTpy HOKPUTTIB BUTOTOBJSAAN 3Pa3KU 3
kpunb 20 i 40 posmipom 15x15x8 mm, Ha aKi Ha meprromy erairi (060x
BapisAHTIB) HAHOCUJIM MIOKPUTTA aJIOMiHiHI0BOIO €JIeKTPOIOIO HA YCTAHO-
BIi Mogeno «EmiTpon 52A» 3 BUKOPHUCTAHHAM Pi3HUX PERKUMIiB; KOXK-
"Homy pexxkumy EIJI BigmoBizmasa cBoOsA eHeprisa po3pAay Ta IMIPOAYKTUB-
HicTb — 1Io111a c(hOPMOBAHOT0O IOKPUTTS B OAUHUITIO YACY.

Ha copmoane Ha 1-my erari adoMiHifioBe MIOKPUTTSA HAHOCKUIN KOH-
CHCTEHTHY PEUOBUHY, AKa cKJagajacs 3 Basexiny (10% ) i amrominmifioBoi
myapu (90% ) abo amrominitiosol myapu (45% ) Ta mopomiky rpadiry (45% ).

3 MeToI0 TOHMKEeHHA IMIePCTKOoCTH moBepxHi micaa ELJI amominiem Ha
1-my erari mTpoBOOUIN AIiTYBaHHS Ti€l0 K aJIIOMiHiIOBOIO €JIeKTPOA0IO,
He YeKalouu BUCUXAHHA KOHCUCTEHTHOI PeYOBMHM 3 BaseJiHy U aIoMi-

TABJINIA 2. Bane:xuicts npogykrusaoctu EIJI Big eneprii pospsany.
TABLE 2. Dependence of ESA productivity on discharge energy.

Enepris pospany Wp, e | 0,52 | 1,3 | 2,6 | 4,6 | 6,8
Tponyxrusmicrs, lepmuii sapizar 0,5-0,6 0,6-0,70,7-1,01,0-1,21,2-1,5
cm?/xB. Hpyruit sapiaar 0,2-0,3 0,3-0,40,4-0,50,5-0,60,6-0,7
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HifioBOI myapu, aje Ha MEHIINX PeXUMax. 3 METOIO MOHMKEeHHA ITepc-
TKOCTH MOBEPXHi Ta MiABUIIIeHHA MiKPOTBEPIOCTH B IIOBEPXHEBOMY IIla-
pi micaa ELJI amtomimiem Ha 1-My eTalri mpoBOOWIN aiTYBaHHS Ti€I0 K
€JIEKTPO/I0I0, He YeKaloYM BUCUXaHHA KOHCHUCTEHTHOI PEUOBUHU 3 aJIO-
MiHi#OBOI IyIpU Ta MOPOMIKY I'padiTy, Ta TAKOMK Ha MEHIITUX PEKUMax.

IlTepcTricTh mOBepxHiI BHU3HAYAJM Ha Ipumiaani mnpodimorpad-
mpodinomerep mox. 201 zaBony «Kamiop» maaxom 3HATTA i1 00pOOKU
npodinorpam. CTpYKTypH HOBEPXHEBOTO IIAPY BUBYAJIHN Ha ONTUUYHOMY
Mikpockomi «Heodort-2», 3a JOIOMOT0I0 SKOT0 IPOBOAUIN OIIHKY KO-
CTU IIapy, MOro CyIiJIbHOCTH, TOBIIUHU «0iIOr0o» IIapy Ta OyA0BU 30H
migmapy. Ha wmikporBepmomipi IIMT-3 mpoBoamau AIOPOMETPUUHY
aHaJi3y Ha PO3IOLiJ MiKPOTBEPAOCTH B IOBEPXHEBOMY IIIapi Ta II0 I'JIN-
OouHi 1LTidy Big moBepxHi.

4. PESYJbTATHU JOCJIIAKEHD

IIepmmit BapiaaT. Ha pucynky 1 3o06pakeHo pisHi JiIAHKY CTPYKTYpPHU
MoBepXHeBOTO Iapy 3paska Kpuri 20 nicas EIJI axrominifioBoio eleKT-
pozoio 3 eHeprieio pospany Wp=0,52 [I:x (a), 1,3 Ix (6), 2,6 II:x (8),
4,6 % (2), 6,8 II:x (0). B pesyabraTi anaisu cTpyKTypu chOPMOBAHOTO
IIOBEPXHEBOTO IIAPY CJiJ 3a3HAUUTH, IIIO0 HOTO CYIIiJIbHICTL 3i 306iJb-
IIeHHAM eHeprii po3psany 3pocTae Ta, mounHawouu 3 Wp = 2,6 I[:x, mpar-
He 10 100% . ToButmHa «b6isoro» Imapy ta audysifinoi souu y Mipy 30i-
JBINIeHHS eHeprii pospany 36imbiryerbea 3 20 mo 75 mMrM i 3 35 mo
120 MM BigmoBigHo i3 3minoio Wp 3 0,562 1o 6,8 II:x.

IlepcTricTh moBepxHi 31 ameHIeHHaM mpoaykTuBHoctu ELJI (3 Bu-
KopucTaHHAM 1-To BapisiHTy AOCJIiAKEeHb) 3MEHIIMJIACA IO BimHOIIEH-
HIO IO BeJINUYNHU IMIePCTKOCTH, IKAa BiAIOBigae IPOAYKTUBHOCTI, BKa3a-
Hiii y Ta6i. 1. Ile, ckopitre 3a Bce, BifOyBaeThCA B 3B’ A3KY 3 TUM, ITI0 3i
3MEHIIIeHHAM IPOoAYKTUBHOCTH mpoiiecy ELJI 36inbiryeThesa uac o0po6-
JgerHs 1 cm? monti nosepxHi. Bogropas o ofgHiN AiigHI MOBepxHI Ie-
pebirae meKisbKa «IIPOXOAiB» €JIEeKTPOAU-iHCTPYMEHTAa 3 aJloMiHilo Ta
yuM OiJIbIIe IMIUX «IIPOXOMiB», TUM MEHIIe MATEePisiay OCHOBU (KPHUILi)
3HAXOAUTLCS B IOBEPXHEeBOMY Itapi. B pesyabrari, 3i 36imbIIeHHAM Ya-
cy 06pobaerHa 1 cm? mIomni moBepxHi (3MEHIIeHHAM IPOLYKTABHOCTH),
JeryBajibHa aJIIOMiHifloBa eJIeKTpoJa-iHCTPYMEHT KOHTAaKTye 3 0iJb-
11010 KiJIBKiCTIO afoMiHif0, 1110 3BHAXOAUTHCA B IOBEPXHEBOMY Iapi.

Haauit nopaaoK (opMyBaHHA MIapiB 3a HAHECEHHA JEKiJIBKOX HACTY-
MHUX ITapiB CIPUSIE PO3TOIJIEHHIO CIIOUATKY HAHECeHOTO HOKPUTTS 3
OiJIBIIT JIETKOTOIIKOTO MeTaJsy (aJioMiHi0), 3aIIOBHEHHIO HUM ITIEPCTKOC-
TH Ta IOP IOKPUTTH, 110 hopMyeThea. KprcTasisalia KoXKHOT0 HACTY-
IHOTO IIapy BimOyBaeThCsA MOBiJbHIIIIE 38 PAXYHOK aKyMyJIIOBaHHS Te-
IJIa PO3TOIIOM JIETKOTOIIKOTO MeTaay (aJloMiHiio), AKOTO 3 KOXKHUM Ha-
CTYIHUM <«IIPOXOJOM» €JeKTPOAU-iHCTPyMeHTa 3 alioMiHifo cTae 6ilb-
IIIe B IOKPUTTI, HiK KPUIIi.
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Puc. 1. [inauxku cTpyKTypu moBepxHeBoro mrapy Kpurtli 20 micaa EIJI amomi-
HiftoBOIO esekTpomoio 3a Wp =0,52 [I:x (a), 1,3 I:x (6), 2,6 [Ix (8), 4,6 [Ix (2) i
6,8 I:x (0).

Fig. 1. Areas of the structure of the surface layer of steel 20 after ESA with an
aluminium electrode at Wp=0.52 J (a), 1.3 J (6), 2.6 J (8), 4.6 J (2), and 6.8 J (7).

TABJINIA 3. PesynbpraTé JIOPOMETPUYHOL aHAIi31 TOBEPXHEBUX HIapiB KpH-
i 20 i kpurti 40.

TABLE 3. Results of durometric analysis of the surface layers of steel 20 and
steel 40.

Enepris Posnoain mikporBeppocTu H, B mOBepXHEBOMY IIapi
pospsaay, y Mipy moriubJieHHs i3 KpokoMm MipAHHS y 30 MKM
Tx | 30 | 60 | 90 | 120 | 150 | 180 | 210 | 240
Kpuma 20

0,52 2200+201800*50 1700+50

1,30 2250+201900+ 50 1800+ 50 1700+ 50

2,60 2900+202570+50 2250+50 2000 £ 70170050

4,60 5300+£204800+50 410050 3100+ 702550+901800+90 1700+ 80

6,8 7400+£205700 £ 50 4800+50 3550 £ 702790+902530 £90 1950801700+ 70
Kpua 40

0,52 2400+202100£50 1700+ 50

2,60 3650+202620+ 502350+ 501900+ 701700+50

6,8 7450+£205750£50 4870+ 50 3600 £ 702890+902550 +90 2000801700+ 70




YIOOCKROHAJIEHHSA ITAPAMETPIB AKOCTU IIOBEPXHEBUX IITAPIB 1457

7500 750
6500 6500
5500 5500
< ]
B i
S4500 =500
o !
T T
3500 3500
4 5 8
2500 2500
1500 1500\v 2
1 2 3 1
500 500
30 60 90 120 150 180 210 240 30 60 90 120 150 180 210 240
h, MM h, meM
a o

Puc. 2. Posmnoain mikporsepaocTu B moBepxuesomy 1mapi kpui 20 (a) i kpui
40 (6) 3a EIJI axromiHifioBOIO €JIEKTPOI0I0 BiAIIOBiAHO 0 MEPIIIOro BapisgHTa:
3ajie’KkHOCTI 1—5 BimmoBimaroTh eHepriam pospazy Wp=0,52 x, 1,3 [Ix,
2,6 Tk, 4,6 Ix i 6,8 [Iox BigmoBigwo.

Fig. 2. Distribution of microhardness in the surface layer of steel 20 (a) and
steel 40 (6) during ESA with an aluminium electrode according to the first
option: dependences I—5 correspond to discharge energies Wp=0.52J, 1.3 J,
2.6J,4.6J,6.8dJ, respectively.

PesyabpraTu mopomerpuuHOi aHaIi3W MIOBEePXHEBUX HIapPiB, CTPYKTY-
pu AKUX IpeAcTaBJeHO Ha puc. 1, 3BegeHo B TabJ. 3 i mpeacTraBieHo Ha
puc. 2. B pesyabraTi anasisu Tabi. 3 Ta puc. 2 BCTAaHOBJIEHO, IO 3i 30i-
JBIIEHHSIM eHeprii po3pany 30iJbINYeThCA MiKPOTBEPAICTh IIOBEPXHE-
BOTIO ITIAPYy, AK B «0ijloMy» 1m1api, Tak i B mepeximuii (nudysitinii) 3oHi.
Taxum umHOM, 3i 30iJIbIIIeHHAM eHeprii po3pAay 3pocTae 30HA IIiABU-
meHoi MiKpoTBepmocTu. MakcuMajibHa MiKpPOTBEPAiCTh 3HAXOTUTHCS
Ha IOBepxHi chopMOBaHUX IAPiB i y Mipy moraubjeHHs IIJIaBHO IIOHU-
JKYETBCA 10 MiKPOTBEPIOCTHA OCHOBH.

Iz saminoio kpumi 20 Ha Kpuirio 40 BimOyBaThCcA He3HAYHI 3MiHU 3

OOKY IiABUIITEHHS MiKPOTBEPIOCTH, IK B OijtoMy mI1api, Tak i B mepexif-
Hi# (mudysiiHii) 30oHi (uB. TadI. 3).
Hdpyruii Bapisgar. Ha pucyHKy 3 300pakeHO pisHi AiIAHKU CTPYKTYypHU
HoBepXHeBoro mapy 3paska kpuili 20 micaa EIJI amomiHitioBoo eekT-
pozoio 3 eHepriero pospany Wp=0,52 I:x (a), 1,3 x (6), 2,6 II:x (8),
4,6 II:x (2), 6,8 I:x (9).
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Puc. 3. [linauku cTpyKTypu moBepxHeBoro miapy kpurtli 20 micaa ELJI amowmi-
Hi10BOIO eJeKTpono-iHcTpyMenToM 3a Wp =0,52 [I:x (a), 1,3 II»x (6), 2,6 [Ix
(8), 4,6 1>k (2) 1 6,8 ITox (0).

Fig. 3. Areas of the structure of the surface layer of steel 20 after ESA with an
aluminium electrode at Wp=0.52 J (a), 1.3 J (6), 2.6 J (8), 4.6 J (2), and 6.8 J (7).

TABJINIIA 4. PesynpraTél JIOPOMETPUYHOL aHAIi3U TOBEPXHEBUX LIAPiB KpU-
i 20 i kpuni 40, cTPYKTYpU AKUX IPEACTABICHO HA PUC. 3.

TABLE 4. Results of durometric analysis of the surface layers of steel 20 and

steel 40, the structures of which are presented in Fig. 3.
Enepris Posmogin mikporBepgocTu Hy B TIOBEpXHEBOMY Iapi
POBPALY, y Mipy noryin6yieHHA i3 KPOKOM MipsaHHS y 30 MKM
Tix 30 | 60 | 90 | 120 | 150 | 180 | 210 | 240
Kpunsa 20
0,52 2250+201900=50 1700+ 50
1,30 2300+201950+50 1850+ 50 1700+50
2,60 2950+202650+50 2350+ 50 2100+701700+50
4,60 5300+204850+50 4150+ 50 3100+702550+90 1800+ 90 1700+80
6,8 7300+205700 £ 50 4850+ 50 3600+702820+90 2550+ 90 1950+ 801700+70
Kpunsa 40
0,52 2450+202150£50 1700+ 50
2,60 3650+£202750+50 2400+ 50 1950+701700+50
6,8 7300x205600+ 50 4500+ 50 3500+702900£90 2650+ 90 1950+ 801700+70
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B pesyabrarti ananisu cTpyKTypu choOpMOBaHOTO ITIOBEPXHEBOTO MIapy,
CTPYKTypa SIKOrO 3MiHWJIACSA, CJIiJ 3a3HAUWTH, IO MOr0 CYIiJbHICTH
OPaKTUUYHO 3a KOMKHOI eHeprii pospany s3pocrae g0 100% , 3a BUHATKOM
Wp=0,52 [I:x, 1151 AKOI CYIiIBHICTE IIepeBaKHO CKJIagae 10 95% .

ToButuau «6isoro» Imapy Ta audysiiiHoi 30HM y Mipy 36ijabIIeHHS
eHeprii pos3paxy 30iabmryerses 3 25 go 60 i 3 40 7o 60 mxM BigmoBigHO 3i
s6inmpmmennamM Wp 3 0,52 mo 2,6 [k, a TOTiM IpaKTHUYHO He 3MiHIOIOTHCS
3a Wp=4,6 [I:x i HaBiTL 3MeHIITyeThCsa Ay1d Wp = 6,8 k.

IlepcTricTh mOBepxHi 3i sMeHITeHHAM npoayKkTuBHocTu ElLJI (3a Bu-
KOPHUCTAHHSA 2-TO BapPiAHTY JOCTiAKeHb) He3HAUHO 3MEHIIIJIACA II0 Bij-
HOIIIEHHIO A0 BeJUYNHU IMePCTKOCTH, KA BigIOBigae IpOSJyKTUBHOCTI,
BKasaHili y Tabi. 2 mo 1-my BapiguTy. TyT Takox, gk i B 1-My BapiguTi,
3i 3MeHIIIeHHAM IpoaAyKTuBHOCTH npoiiecy ELJI 36iabIiyeThesa uac o6po-
osenHa 1 cm? miomri nosepxHi. BogHOopas, Ak i B 1-My BapisanTi, Kpuc-
TaIis3alisg KOXKHOro HACTYIIHOTO IIIapy BigOyBaeThcsA MOBiILHiIIE 3a pa-
XYHOK aKyMYJIOBaHHS TeIlJIa PO3TOIOM JEeTKOTOIKOr0 MeTany (aroMi-
Hil0), ajie IpoIlec 3MEHIIIeHHS IMIePCTKOCTY He TaKui iHTeHcuBHUMA. Ile
MOSICHIOETHCS TUM, IIT0 3 KOMKHUM HACTYIHUM «IIPOXOAOM>» €JIeKTPOIN-
iHCTpYMeHTAa 3 aJIIOMiHiI0 PIsKHUIA MiK KiJIbKOCTAM aJIFOMiHilO Ta Kpu-
IIi B MIOKPUTTi BCce MeHIIe Bi/IpiBHAETHCA BiJl ITOIIEPeIHBOTO BAPiAHTY.

PesyapraTu mropomMeTpuuHOi aHaIi3M MMOBEePXHEBUX NIapiB, CTPYKTY-
pHu AKUX IIPeJCcTaBJIeHO Ha pUC. 3, 3BeJIeHO B Ta0JI. 4 Ta IIpeJcTaBJIeHO Ha
puc. 4. I3 3aminoio xkpui 20 xHa Kpuiro 40 Big0OyBamThCA He3HAUHI 3Mi-
HU 3 OOKY IIiABUIIIEHHA MiKPOTBEPAOCTH, AK B OijtoMy I1api, Tak i B me-
pexinuiit (mudysiiinii) soui (auB. Tabi. 4).

B rabaumngax 5 i 6 mpeacraBiieHo 3BeAeHI JaHi pe3yJbTaTiB CTOCOBHO
mapaMeTpiB AKOCTHU IMoBepxHeBUX 1apiB kpuili 20 i kpui40 nicaa EIJI
AJIOMiHIFOBOIO €JI€KTPOA0I0-iHCTPYMEHTOM i3 3MiHOIO eHeprii po3pany 3
0,52 mo 6,8 Ik i mpogyxkTusaoctu 3 0,2—1,3 cm?/xB. 3a Wp=0,52 [Ix
10 0,6—3,0 cm?/xB. 3a Wp =6,8 IIx.

Ha pucynkax 5 i 6 mpeacTaBieHO 3aJIe}KHOCTI TapaMeTpPiB AKOCTH II0-
BepxHeBuX IapiB Kpuili 20 B 3a/1e:KHOCTi Big eHeprii pospAny Ta mpo-
nyktuBHOcTH ELJI 3a mepium i Apyrum BapissHTaMHu BiIIOBigHO.

Ha pucynkax 7 i 8 mpeacraBiieHO 3aJIe’KHOCTI TapaMeTpPiB AKOCTH II0-
BepxHeBUX IapiB Kpuili 40 B 3ay1e:KHOCTi Bix eHeprii pospAny Ta mpo-
nyktuBHOcTH EIJI 3a mepiium i Apyrum BapissHTaMHu BiIIOBigHO.

5. BUCHOBRKH

1. IIpoBegeHo aHAaJIi3y CTPYKTYPOYTBOPEHHS Ta BJIACTHBOCTEH IOBEPX-
HeBUX IIapiB JleTajiB 3 KPUIli Hicad aliTyBaHHA TPAAUIiHHUMU TEXHO-
Jgorigmu ta metomzom EIJI.

2. BuasiieHo pesepBU AJd HiJBUINEHHS IapaMeTPiB AKOCTH IOBEpXHe-
BUX IIIapiB AeTaJiB 3 KPHUIlL Uepes aJiTyBaHHA 3a PaXyHOK OiJbIII JOC-
KOHAJIbHOTO AOCTiIyKeHHA NPOoAyKTuBHOCTH mpoiiecy EIJI amomimiiio-
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Puc. 4. Posnogin MmikporsepgocTu B moBepxueBomy mmapi kpuri 20 (a) i kpui
40 (0) 3a EIJI asrroMiHi10BOIO €JIEKTPOAOIO 110 APYTIOMY BapisiHTY.

Fig. 4. Distribution of microhardness in the surface layer of steel 20 (a) and
steel 40 (6) during ESA with an Al-electrode according to the second option.

BOIO €JIEKTPOIOI0-IHCTPYMEHTOM, III0 € OGHUM 3 BAKJINBUX PEKUMIB Te-
XHOJOTII aJiTyBaHHA.

3. B 1-my BapiaHTi 3i 3pocTaHHAM eHeprii po3pany 3 0,52 mo 6,8 Ik Ha
1-my erami adityBauua kpuiti 20 i kpuri 40, BigmoBigHo: ToBIuHA «6i-
Joro» mapy 30iaemyersesa 3 20 go 751 3 25 mo 110 MM, a gudysiiinoil
30U 3 35 mo 120 i 3 40 mo 140 MKM; MiKpOTBepHicTh «bijsoro miapy»
3poctae 3 2200 mo 7400 i 3 2400 mo 7450 MIla; miepcTKicTh mMOBepXHi
3poctae 3 1,1 10 9,013 1,0 no 8,1 mxM, a cyiijbHicTs 3pocTae 3 80 1o
100% , mounnatoum 3 Wp=4,6 I3k, i3 60 1o 100% 3a Wp=6,8 II:x.

4. B 2-my BapiaHTi 3i 3pocTaHHAM eHeprii po3pany 3 0,52 mo 6,8 Ik Ha
1-my erani oopobsenna kpuiti 20 i kpuri 40: ToBmuHA «6isoro» mIapy
30inbIryerbes aaa kpuii 20 3 25 go 60 mxm 3a Wp=4,6 [k i motim He
3MiHIOEThCA, a AJad Kpuili 40 — 3 30 7o 100 MmKM; ToBIIMHA AUQY3iiiHOI
30HH 30iabmyeThes 3 45 1o 130; MiKpoTBepAicTh «bijioro mapy» 3poc-
rae 3 2250 go 7300 i 3 2450 mo 7300 MIla BiAmOBiAHO; IIIEPCTKiCTE I10-
BepxHi Ra 3pocrae 31,3 10 9,0i3 1,6 no 8,1 MmKM BiAmoBigHO, a CYIIiIb-
HiCcTh, K aaa kpuii 20, Tak i gaa xkpuri 40, sa Wp=0,52 JI:x ckaagae
95% , a gaJui nigsuiyerbed o 100% .

5. 3MeHINIeHHA IPOAYKTUBHOCTH Ipoliecy ELJI cupuse moripiieHHio ma-
paMeTpiB SKOCTU IMOKPUTTIB.
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TABJIAIA 5. Axicui mapamerpu moBepxHeBux Imapis kpuili 20 3paskis micasa
EIJI antomizifioBOIO €J1€KTPOA0IO.

TABLE 5. Qualitative parameters of the surface layers of steel of 20 samples
after ESA with an aluminium electrode.

Maxkcumanbaa .
Tosimuua, MKM . R IlepcTKicTh, MKM
MikpoTBepzicTs, MIla

HicTb,
cM?/XB.
%

«bimoro» |mepexigmoi| «6ijmoro» | mepeximmoi
mapy 30HU mapy 30HU

Ra Rz Ruiax

CyIinbHiCTB,

Enepria
poapany, lx

IIpogykTus-

Kpuns 20 (3a npoaykTuBHicTIO 3rigHO 3 Ta6. 1)
0,52 1,0-1,3 mol2 1o 30 2000+20 1900+50 1,3 2,3 9,3 60
1,30 1,3-1,5 nmo4b 1o 40 2050+20 1850+80 2,1 6,2 21,6 80
2,60 1,5-2,0 mob5 1o 50 2700+20 2000+200 3,9 9,3 23,2 87
4,60 2,0-2,5 no70 Io 60 5010+20 2250+200 6,2 16,3 40,6 95
6,8 2,5-3,0 mo70 nol30 7270+20 2370+70 9,0 18,1 58,3 100

Kpuusa 20 (mepiruit BapisiaT)
0,52 0,5-0,6 mo20 1o 35 2200+20 1950+50 1,1 2,1 8,7 80
1,30 0,6-0,7 pmo50 1o 50 2250+£20 1950+80 2 5,1 16,3 90
2,60 0,7-1,0 mo60 1o 55 2900+20 2100+200 3,8 6,3 19,6 95
4,60 1,0-1,2 1no70 no 70 5300+20 2350+200 6,2 12,1 33,1 100
6,8 1,2-1,5 mo75 nol20 7400+20 2400+70 9,0 15,4 45,2 100
Kpuusa 20 (zpyruii BapiaaT)
0,52 0,2-0,3 mo25 1o 40 2250+20 1980+50 1,3 2,0 8,5 1m095
1,30 0,3-0,4 1050 Io 55 2300+£20 2000=+80 2 6,1 15,6 100
2,60 0,4-0,5 pmob7 1o 60 2950+20 2050+50 3,8 9,1 18,1 100
4,60 0,5-0,6 mo60 1o 80 5300+20 2000+50 6,2 16,0 31,2 100
6,8 0,6-0,7 mo60 nol1l00 7300+20 2150+50 9,0 18,1 43,3 100
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TABJINAIA 6. fIkicHi mapamerpu moBepxHeBUX mapisB kpuri 40 3paskis micia
EIJI anromiHifi0BOIO €JI€KTPOAOIO.

TABLE 6. Qualitative parameters of the surface layers of steel of 40 samples
after ESA with an aluminium electrode.

MaxkcumanbHa

. . IIepcTKicTb, MKM
MikpoTBepaicTs, MIIa ’

TosiuHa, MKEM

HicTb,
cM?/XB.
%

«bimoro»[uepexiguoi| «0Oimoro» |mepeximmoi
mapy 30HU mapy 30HU

IIponyxTus-

Ra Rz Ryax

CyuinbHicTs,

Enepria
pospany, [

Kpura 40 (3a mpoayKTUBHiCTIO 3TigHo0 3 Tabda. 1)
0,52 1,0-1,3 mol5 1o 35 2350+20 2000+50 1,2 3,0 8,1 50
2,60 1,5-2,0 1060 1o 70 3500+20 4500+50 1,9 4,1 11,6 70
6,8 2,5-3,0 10130 10150 7400+20 2390+70 8,1 17,3 49,0 100

Kpurna 40 (mepiruii BapisauT)
0,52 0,5-0,6 mo25 1o 40 2400+20 2100+50 1,0 3,0 6,2 60
2,60 0,7-1,0 1070 o 80 3650+20 4600+50 1,9 4,1 8,6 90
6,8 1,2-1,5 10110 10140 7450+20 2490+70 8,1 17,3 42,1 100
Kpura 40 (gpyruit BapisgHT)
0,52 0,2-0,3 mo30 o 45 2450+20 2130+50 1,6 3,0 6,1 95
2,60 0,4-0,5 mo 70 mo 80 3650+20 4650+50 1,9 4,1 7,7 100
6,8 0,6-0,7 mo 100 mo 130 7300+20 2030+70 8,1 17,3 39,1 100
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Puc. 5. 3mina mapameTpiB SKOCTH: TOBITUHU «0ijoro mapy» (a), MiKpoTBepo-
ctu (0) Ta MIepCTKOCTH (6) MOBepXHeBUX Imapis Kpurli 20 B 3ay1e’KHOCTI Bif eHe-
prii pospazny Ta npogyxtusHoctu EIJI (38a mepurum BapissaTOM).

Fig. 5. Change in quality parameters: thickness of the ‘white layer’ (a), mi-
crohardness (6), and roughness (8) of the surface layers of steel 20 depending
on the discharge energy and ESA productivity (according to the first option).
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Puc. 6. 3mina mapameTpiB SKOCTH: TOBITUHU «0ijoro mapy» (a), MiKpoTBepo-
ctu (0) Ta mepcTKOCTH (8, 2) MOBepXHEBUX IIapiB Kpuili 20 B 3aIe:KHOCTI Bix
eHeprii pospazny Ta npoxyktusHocTHu ELJI (3a spyrum BapigaaToM).

Fig. 6. Change in quality parameters: thickness of the ‘white layer’ (a), micro-
hardness (6), and roughness (8, 2) of the surface layers of steel 20 depending on
the discharge energy and ESA productivity (according to the second option).
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Puc. 7. 3mina mapameTpiB TKOCTH: TOBITUHU «0ijoro mapy» (a), MiKpoTBepo-
ctu (0) Ta mepcTKoCcTH (8, 2) MoBepxHeBUX ImapiB Kputli 40 B 3aymeXHOCTI Bif
eHeprii pospsany Ta npogyktusHocTH EIJI (3a mepmum BapigaaTOM).

Fig.7. Change in quality parameters: thickness of the ‘white layer’ (a), mi-
crohardness (6), and roughness (8, 2) of the surface layers of steel 40 depend-

ing on the discharge energy and ESA productivity (according to the first op-
tion).
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Puc. 8. 3mina mapameTpiB SKOCTH: TOBIUHU «0Oijoro mapy» (a), MiKpoTBepao-
ctu (6) Ta mepcTKoOCTH (8, 2) MoBepxHeBUX IapiB Kpuili 40 B 3amexHOCTI Bif
eHeprii pospany Ta npoaykruBHocTHu ELJI (3a npyrum BapisaTOM).

Fig. 8. Change of quality parameters: thickness of the ‘white layer’ (a), micro-
hardness (6), and roughness (8, 2) of the surface layers of steel 40 depending on
the discharge energy and ESA productivity (according to the second option).
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BHCOKOTEMIIEPATYPHOTO OKUCHEHHA MaTepPidjiB Ha OCHOBI Mimi
Cu—NbC
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IIpoBeneHO KOMILIEKCHE AOCTIIKEeHHA KOPO3iMHOI CTIHKOCTH Y BOZTHOMY cepe-
JOBHUIITI TA B YMOBAaX BHUCOKOTEMIIEPATYPHOTO OKMCHEHHA KOMIIO3UIIIMHUX Ma-
TepisiB Ha ocuoBi Mmini 3 mo6asxamu NbC (mo 6,22% mac.), 1110 Oy BUTOTOB-
JIeHi MeTOI0I0 BUIIAaPOBYBAHHS i3 JBOX He3aJIe:KHUX OPUTBAJIB MiAi Ta Kapoigy
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mpoTe 30iJableHHA oro yacteu 10 6,22% wmac. mpuBoguThH 10 (OPMyBaHHSA
GinbI APiOHO3EPHUCTOI CTPYKTYPU Uepes3 YIIOBLILHEHHS IIPOIleCiB peKpucTra-
Jisarii, 1110 HeTaTUBHO IIO3HAYAETHCSA HA MEeXaHIiYHMUX BJIACTUBOCTSIX MAaTEpi-
any. Ilani xemiuHOI aHaIi3M KOPO3iMHMX cepemoBUII MicJisd BUIIPOOYBaHb CBi-
[IYaTh IPO BUCOKY KOpO3iiiHy crifikicTs marepisiisa Cu—NbC. 3pasku iz 1,36—
6,22% NDbC 3a3HaOTh HE3BHAUHUX KOPO3iMHMX PYHHYBaHb Yy CTATUYHOMY pe-
JKMMi BUIIPOOYBaHb; IIPOTe y AMHAMIUHOMY pexumi iz 6,22% mac. NbC xon-
IeHTpAallis HOHIiB Yy KOPO3ifHOMY CepeoBUIIli IIOMiTHO 3poCcTae, IMOBipHO, Ue-
pes 30iabIeHHT KPUXKOCTH MaTepisaay. 3a YMOB BUCOKOTEMIIEPATYPHOT'O OKU-
cHenHdA 3a 370-700°C momasanusa 1,36—6,22% mac. NbC smeHIIIye MBUIKICTE
Koposii BABiui Ta mixgBuiye Temneparypy modatky okucHeHHA Ha 10—-20°C y
MOPiBHAHHI 3 YMCTOIO KOHAEHCOBAHOIO Minmio. EnekTpoxemiuHi mocaimxkenus
METOJOM 3HATTS AHOLHUX i KATOAHUX IIOJAPU3AIiNHNX KPUBUX IIOKA3AJIH, 110
B 00J1aCTi HUBbKUX 3HAYEHDb IIOTEHI[iAJiB aHOAHUM IIPOIIEC OMUCYETHCS 3ATIEHK-
mictio Tadens. Beegeunnsa B migmy marpuiiio Kap6iny HioGiro mpuBoguTs 1o
i IBUIIIEHHA ITepeHanpyru nepebiry anogHoi peakiiii; Boguopas 36epiratoTbesa
KYTU HaXUJIY OPAMUX, 10 MiATBEPI:KYE TMPUNYIIEHHA PO 3aXUCHUM XapakK-
Tep gucnepcHoi pasu NbC, AKa pos3TallloByEThCA II0 MeXKaX 3epPeH Mifi.

Kiarouosi croBa: Kommosuriifinuit maTepisaa, kapoig HiobGiro, migs, KimeTuka
BUIIAPOBYBAHHA—KOHEHCAIlifA, BUCOKOTEMIIEpaTyPHEe OKMCHEHHS, KOpo3iiiHa
CTiAKiCTB.

It is produced a comprehensive study of corrosion resistance in an aqueous
environment and under high-temperature oxidation of copper-based compo-
site materials with NbC dopants (up to 6.22% wt.), which are fabricated by
evaporation from two separate crucibles of copper and carbide in a vacuum
with subsequent condensation of the mixed vapour stream on a steel sub-
strate. By the method of gravimetric analysis, it is found that the addition of
NbC over 1% wt. has a positive effect on increasing the corrosion resistance
of the copper-based material in the distilled and tap waters; however, increas-
ing its amount to 6.22% wt. leads to the formation of a more fine-grained
structure of the composite material due to a decrease in the rate of recrystal-
lization processes that negatively affects the mechanical properties of the
material. The data of chemical analysis of corrosive environments after cor-
rosion tests show high corrosion resistance of Cu—NbC materials. Samples
with 1.86—6.22% NbC suffer minor corrosion damage in the static test mode,
but in the dynamic mode at 6.22% wt. NbC, the concentration of ions in the
corrosion environments increases significantly, probably, due to an increase
in the brittleness of the material. At high-temperature oxidation at 370—
700°C, the addition of 1.836-6.22% wt. NbC reduces the corrosion rate by
half and increases the temperature of the beginning of oxidation by 10-20°C
compared to pure condensed copper. Electrochemical studies using the meth-
od of removing anodic and cathodic polarization curves show that, in the re-
gion of low potential values, the anodic process is described by the Tafel de-
pendence. The addition of niobium carbide to the copper matrix leads to an
increase in the overvoltage of the anodic reaction, while the angles of inclina-
tion of the straight lines are preserved that confirms the assumption about
the protective effect of the NbC-dispersed phase located along the boundaries
of the copper grains.
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1. BCTYII

Bci raaysi mpomuciioBocTH, [0 OB’ sA3aHi 3 ofepKaHHAM i 3acTOCYBaH-
HSM HOBUX MAaTepisjiB, BPaXOBYIOTH HOCJIiIKEHHS Ta PeKOMeHIaIlii m1o-
o KOpPO3ifiHoi crifikocTu. Halibinbinmuii iHTepec mpeacTaBiisge CTiHKiCTh
3a mapaMeTpiB, IM0 OJIM3bKi 70 YMOB eKcIryaTaltii marepisany. asa Kom-
nosutHuX Marepisanis Cu—NbC, To6To MmaTepisiiiB Ha ocHOBI Mizi 3 mo6a-
Brkamu KapOimy Hio6Giro [1, 2], 1110 BUKOPUCTOBYIOTBCA [JisI HAHECEHHS
CIEI[iAJbHUX ONTUYHUX IMOKPUTTIB Y MiKPOEJEeKTPOHIiIli, a TAKOMK IJId
BUTOTOBJIEHHSI 3HOCOCTIHKUX IMIOKPUTTIB, IO MiABUIIYIOTHL TEPMiH CIYK-
01 pisaJbHOrO iHCTPYMEHTY, BA*KJIUBUMU € 3HAUEHHSA KOPO3iHHOI CTiil-
KOCTH Ta CTiiKOCTHU IO OKMCHEHHS B YyMOBaX BUCOKUX TeMIIEPaTyp.

Bigomo, 110 NbC xapakTepusyeThbcs BUCOKOIO CTiliKicTIO 40 KOopo3ii B
HeHUTpaJbHUX i cIabKMX OKMCHUX cepemoBUIIax. B ocraHHix sHauHi
MIBUAKOCTI OKMCHEHHSA CIOCTEPiraloThbCcs JuIlle 3a OiJMBINT ITOBUTUBHUX
eJIeKTPOXeMiUHUX IMOTeHITiAMiIB, aHixk 1,4 B.

ITomepenui mocmig:KeHHsa MOKa3au, IO 31 301JIBIIIEHHAM BMiCTy Kap-
0iny HiobGifo B KOMIIOBHIIIMHUX MaTepisjgax eJeKTPOAHUIN MOTeHITiss
3MiHIOEThCA B 0iK OiJIBINNX MO3UTUBHUX 3HAUEHbD, IO CBiTUUTD IIPO ITiJ-
BUIIeHHA IXHBOI KOPO3ittHOi cTifikocTu [3].

2. BUTOTOBJEHHSA 3PA3KIB TA METOAU JOCJAIAHREHHSA

Jlany po0OOTy HOPUCBAUYEHO I'PABIMETPUUYHUM AOCTIMKEHHIM KOpPOo3ii
KOMITO3UI[IMHMX MaTepisaaiB Ha ocHOBI Mizi 3 mobaBxkamu NbC, 110 0yiu
oZlep:kaHi MeTomOM KOHIeHcarlii i3 mapoBoi ¢asu. [[Bodasui marepiganan
Cu—NbC ozep:ryBaIn ILIAXOM OJHOUYACHOT'O BUIIAPOBYBAHHSA 3 JBOX He-
3asIexXHUX OpuTBaiiB mMigi Ta Kap6iay Hiob6iro y Bakyymi 102-1031la 3
HOIaJbIIOI0 KOHIEHCAITi€l0 3MIiIITaHOTO MapOBOT0 ITIOTOKY Ha HATPiTy 0
700 £ 15°C migkaaguHKY 3 KPHUILi ¢T.3, AKYy 0yJ0 3aBUACHO BKPHUTO IIIa-
pom ZrO; ToBmmuoi0 y 10—-15 MmrM™ [4, 5].

A mxepeso kapbiny HioGiro BUKOPHCTOBYBAIY IIITAITUKY JiIMETPOM
y 64—68 MM, aki ¢popmyBasu i3 mopomkry xapo6iny Hiobiro (4,5—5 I'lla) 3
nogaabmuM cuikanuaam 3a 2200—-2350°C B armocdepi BOAHIO IPOTATOM
3—5 roguH.

3pasku KOHIeHCOBAaHUX KoMmmoauiiinux marepisiais Cu—NbC ozep-
JKyBaauch y opwmi miractul posmipom 350x250 MM, ToBIuHO©O y 0,8—
1,2 mm. Bmict NbC B KoHIeHCOBaHOMY MaTepisai cramoBuB 0% (umcra
Migb, KOHIEHCOBaHa i3 maposoi ¢gasu), 0,74%, 1,36%, 3,44% 1 6,22%
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3a MacoIo.

Koposiiina crifikicTh ofep:XaHNX KOHAEHCOBAHUX KOMIIO3UIIIHUX
MaTepisJiB gocigyKyBaJacsa MeTogaMHu I'paBiMerpil, xeMiuHOI aHaIi3H
Kopo3siiitHoro cepemosuina (Boau) micas 100 roguH y KOHTaKTi 3 HOCJTi-
IXKYBaHUM MaTepisjgoM. BunpoOyBaHHA IPOBOAUINCE Y BOAOIPOBiIHi i
i JucTUILOBaHIN BomaxX y CTAI[iOHAPHOMY Ta AWHAMIYHOMY peKUMAaX.
Ilepebir Kopo3ifiHUX IIPOIECiB PO3TIALABCA B pAMKAaX eJIeKTPOXeMiuHO-
ro mexamismy [6].

CrifikicTs KOHAeHCOBaHUX KoMuosuminaux maTtepiaais Cu—NDbC mro-
JI0 BUCOKOTEMIIEPATYPHOT'0 OKMCHEHHS BU3HAYAJIU METOAOM IudepeH-
mitino-repmiunoi anasisu ([ITA) oo remneparypu y 1000°C[7].

EnexkTpoxemiuni gocaiyKeHHS IPOBOAUIN METOLOM 3HATTS aHOTHUX
i KaTogHUX moJgpusalifiHux KpuBux. Omep:KaHi 3HAUeHHSA IIOPiBHIO-
BaJiuch i3 3aseskHicTio Tadernda, sokpema i3 kyramu Haxuiry TadeaeBux
OPSAMUX, III0 XapaKTePHi IJId YMCTOl Mimi.

Mexaniuni BJIaCTHBOCTI MAaTepifAJiB micjig KOpPo3il oIliHIoBaiu 3a
3HAaYEeHHAMUY MiKPOTBEPAOCTMH.

3. TOCJIAKEHHA KOPO3IMHOI CTINKOCTH

fpaBiMeTpani JOCJiIKeHHS ITPOBOAUJNCEH Y CePeqOBUIIi JUCTUILOBA-
Hoi (pH 6,81) i BogompoBiguoi (pH 7,82) Box y cramtionapHOMY Ta AUHA-
MiuHOMY pe:kumax (puc. 1, 2, Taba. 1). HeBenuki KinmbKocTi Bucokoau-
cuepcaoro NbC, 1o Oyau BBeJeHiI y MiZHY MaTPHII0, IPUBOAMIN IO
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Puc. 1. 3ane:xuicts 3MeHmenssa macu (Am, kr/m?) gocaiganx spaskis Cu—NbC
i3 pisaum BmicTom NbC (0-6,22% wmac.) Bix uacy npoBeJeHHsA BUIPOOyBaHb (T,
XB.) Y AMCTUJIBOBAaHINM BOAi B cTaTUYHOMY (@) Ta AMHAMiuHOMY pe:Kumax (0).

Fig. 1. Dependence of the decrease in mass (Am, kg/m?) of Cu—NbC test sam-
ples with different NbC content (0-6.22% wt.) on the test time (1, min) in dis-
tilled water in static (a) and dynamic mode (6).
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Puc. 2. 3ane:xuicTs 3MeHmensa macu (Am, kr/m?) gocaiganx spaskis Cu—NbC
i3 pisaum BmicTom NbC (0-6,22% wmac.) Bix uacy npoBeJeHHA BUIPOOyBaHb (T,
XB.) Y BOJOIIPOBiAHi¥ BOAi B cTaTnuHOMY (@) Ta AMHAMiuHOMY peKuMi (6).

Fig. 2. Dependence of the decrease in mass (Am, kg/m?) of Cu—NbC test sam-
ples with different NbC content (0-6.22% wt.) on the test time (t, min) in tap
water in static (a) and dynamic mode (6).

YTBOPEHHS IIiJbHOI, 0€3IIOPYyBATOI TeTepoOreHHOol CTPYKTYPH, IO Xapa-
KTepusyBajiaci BHCOKUM CTyIleHeM MJUCIIEPCHOCTHA 3MillHIOBAJIbHOI
dasu NbC Ta piBHOMipHHUM posmoxaigom ii. CTPYKTYpPHI docaigsKeHHS
HoKasaju, IMo JesdKa KiJbKiCTh BUCOKOAUCIEPCHUX YaCTUHOK Kapbimy
HiobGiro posmominsgeTses Mo MexKax KPUCTAJITIB Mifi Ta MOXKe BUKOHY-
BaTU 3axXUCHi QyHKIIiI Big Kopo3sii.

3a kinmskoctu y 0,74% mac. NbC cTpyKTypa KOMIO3UTHOTO MaTEPiAIy
OyJia IpiOHOKPUCTATIIUHOIO: PO3Mip 3epHA — B cepeIHbOMY 3—4 MKM, TOIi
AK IJ8 KOHAeHcoBaHOI uucToi Migi — 35—40 MKM. 3a 3HAUHOTO MOAPid-
HeHHA 3epeH Migi qobaBku NbC B HeBeIMKUX KiJIBKOCTSX caabo Ieperr-
KOIPKaIOTh KOPOo3ifiHuuM mpoitecaM. 3okpema, 0,74 it 1,34% mac. NbC oy-
JI0O HEJJOCTATHBLO JIJISI 3aXUCTY BiJl KOpo3iil y AnCTUIBOBAHi BOIi B cTaTUY-
HUX YMOBAaX; MpoTe 301IbIIeHHs KiabKocTy f06aBKHU 10 6,22% Mac. MaJio
no3uTuUBHUUA ederT. Ha cTpykTypHOMY PpiBHI 30iJbINIeHHS KiJbKOCTH
NbC Big 0,74% mac. mo 1,34% wmac. Ta gaiui go 6,22% wmac. ciabo BILIN-
BaJIO Ha 3MEHIIIeHHs PO3MipiB 3epeH Mifi (1o 3—2 MKM); IIpoTe KiJIbKicThb
BHCOKOJMCIIEPCHUX dYacTHHOK KapOimy Hiobilo Ha MiKKpucTaaiTHUX
Me:KaxX B OCTAaHHBOMY BUIIAAKY 30iJbITyBajiacsa Maili:ke B 5 pasiB, II10
OPUBOAMIIO IO 30i/IBIIEHHSA KOPO3ifHOI cTifiKOCTH, IPOTE JIUIIEe B CTAIliO-
HapHUX YMOBax.

ITopiBHAHHA eKCcIepUMEHTANIbHUX JaHUX, Ofep:KaHUX B CcTaIlioHAap-
HOMY Ta IMHAMIUHOMY PesKMMaX, HaBiTh y BUMIAAKY YMCTOI Mifi (3pasKu
217,181 18) cBiguuTh po iHTeHCcU(DiKAaIlif0 ITpoIeciB Kopoaii BHAacCTi-
IOK mil auHaMiUyHUX YMHHUKIB.
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TABJINIIA 1. Pesyabratu XeMiuHOI amaisu KoposiifiHOro cepemoBuima (guc-
TUJIBOBAHA Ta BogompoBigua Boau: 1-11 i 12—-22 BigmoBigHo) 10 BUIIpoOyBaHb
(1, 12), a rako:x micsa koposii spaska Cu—NbC (38 pisaum % mac. NbC) 100 ro-
IuH y cratuuHoMy (2—6, 13—17) Ta suHamiunomy pekumax (7—11, 18-22).

TABLE 1. The results of the chemical analysis of the corrosion environment
(distilled and tap waters: 1-11 and 12—-22, respectively) before tests (1, 12),
as well as after corrosion of the Cu—NbC sample (with different % wt. NbC)
for 100 hours in static (2—6, 13—17) and dynamic modes (7—11, 18—-22).

Ne INbC, % Mac.|Cu2*, MP/JI‘Nb5+, Mr/ﬂ‘CaZ*, Mr/JI|Mg2+, MI‘/JI‘ pH |ae, 103-Cm/m
1 - - - - - 6,81 0,624
2 0 0,121 - - - 6,80 0,934
3 0,74 0,132 0,09 - - 6,64 0,942
4 1,36 0,119 0,10 - - 6,71 0,913
5 3,44 0,116 0,09 - - 6,70 0,918
6 6,22 0,100 0,19 - - 6,74 0,901
7 0 0,186 - - - 7,01 0,122
8 0,74 0,154 0,11 - - 6,80 0,114
9 1,36 0,113 0,10 - - 6,93 0,987
10 3,44 0,118 0,11 - - 6,91 0,9763
11 6,22 0,163 0,18 - - 6,78 0,129
12 - - - 92,37 10,74 7,82 56,45
13 0 0,113 - 86,90 10,24 7,78 56,72
14 0,74 0,122 0,06 86,98 9,48 7,71 56,91
15 1,36 0,091 0,07 87,01 9,87 7,80 56,35
16 3,44 0,073 0,08 88,35 10,12 7,95 56,87
17 6,22 0,098 0,09 88,09 10,55 7,89 55,72
18 0 0,162 - 88,01 10,73 8,24 56,94
19 0,74 0,174 0,09 88,64 10,81 8,21 57,22
20 1,36 0,097 0,08 88,35 10,32 8,26 56,81
21 3,44 0,088 0,09 89,27 9,74 8,32 56,32
22 6,22 0,196 0,014 88,83 9,92 8,30 58,73

Kapb6ix Hiobiro xapaKkTepu3yeThCcsa BUCOKMME MiIlHICTIO Ta MOAYJIEeM
MIPY:KHOCTH, IIPOTEe BUCOKOI0 KpuxKicTio [8, 9]; Tomy 30iabIenua fioro
KiJIbKOCTH Y KOMIO3UIIINHOMY MaTepPisai MOXKe IPU3BOAUTH A0 3HAUHO-
Iro OKPUXYEHHs, i, BHACJTIJOK IILOTO0, 10 3MEHIIIeHH CTIMKOCTH i Ai€to
IUHaAMiYHOTO IIOTOKY.

Benuki sHauenns srpatu macu 3paskis iz 0,74% mac. NbC B craTuu-
HHUX YMOBaX MOKe OyTH MOSCHEHO THUM, II0 KiJbKicTh Kapoigy Hiobiro e
HeJIOCTATHHOIO JIJIA 3allOBHEHHA MEyK KPUCTAJIIB Mifi, 1110 KOHTAKTYIOTh
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3 KOPO3iiHUM cepeqOBUIIIEM.

JlaHi xemiuHOl aHaJIi3W KOPO3iAHUX cepeloBUII CBifUaTh PO AOCTa-
THLO BUCOKY KOPO3iliHy crilikicTs Kougencaris Cu—NbC xo 6,22% wmac.
NbC. KomnosuTHi maTepiaau, mjo mictars Big 1,36 10 6,22% mac. NbC,
3a3HAIOTh HEBHAUHUX KOPO3iHUX PyHHYBaHb Yy CTATUYHUX YMOBax BU-
mpoOyBaHb; IPOTe V AUHAMIUHUX, 3a yMoBH KoHIeHTpaIii NbCy 6,22%
Mac., KOHIIeHTpAaIlisd MOHIiB Y KOPO3iMHOMY cepemoBUIIi IIOMiTHO 3pocC-
Tae.

IIpucyTHicTh coJieil TBepJOCTU y BOAOIPOBiMHIN BoAi cupusde 3MeH-
IIIeHHIO IIepeXony Mimi Ta Hio0iio B po3umH, Y MOPiBHAHHI 3 JUCTUILOBA-
HOIO BOoZoI0. [lessike 30ibITTeHHS JYKHOCTH KOPO3iMHMX CepelOBUII B TH-
HaMiYHOMY peXKHMi IOB’s3aHe i3 HOZATKOBOIO aepallieio ix OxcureHom
HOBiTPA.

BuznauenHA eJIeKTPUYHOTO OIIOPY IIOBEPXHi 3pas3KiB y mIpoIieci Kopo-
3iliHUX BUIPOOYyBaHb IIOKA3aJN, IO ITi 3HAUEHH € OJIM3bKUMU AJIA BCiX
CKJIaIiB KOHAEHCOBAHUX KoMImoaumiiinmux Mmatepianis Cu—NbC i 3paskis
KOHJeHcoBaHOI yncTol Mizi. Ile cBimiumuTh Ipo Te, 1110 Yy BUIIAAKY KOPO3il
Cu—NbC crJiam IpoAYKTIB € AysKe OIU3LKUM [0 CKJIAAY ILJIIBOK, II[O YT-
BOPIOIOTLCSA HA IIOBEePXHi YMCTOI Mifmi.

3araapHuil xapakTep Kopoasii Ta ii piBHOMipHMIT po3moaia Ha IMoBep-
XHi 3pasKiB YMOKJINBUJIN BUKOHATU PO3PAXyHKHU BaTOBUX i IMUOMHHUX
MMOKAa3HUKIiB KOpo3ii Ta BusHauuTy 064y KOpO3iiHOI cTifiKocTn MarTepi-
aniB Cu—NbC (Tabu. 2).

PesynbraTy BumpoOyBaHb y PiBHUX yMOBax i cepeloBHUINIaX CBiAUaTh
IIPO Te, IT1I0 BATOBUH i rIMOMHHMI TOKa3HUKY KOPOo3ii B 3HAUHIiH Mipi 3a-
JeXKaTh BiJ peKMMy KOpPO3iliHMX BHUOpPOOYBaHb. B cTaTMUHUX yMOBax
HaWBUIIY KOPO3iiHY CTiHKiCTh Y IMCTUIILOBAHI i BOJOTIPOBiAHIHM Bogax
maoTh Kouzerncatu Cu—NbC, mo mictars 3,44-6,22% NbC; mpore y
IVHAMIUHUX yMOBAX uepe3 OKPUXUEHHA Ta 30iJbIIeHHA IIOPYBATOCTH
CTiHKiCTh IIMX MATEPisIiB IIOL0 KOPO3il MOMITHO MOHUKYEThCI. B Ta-
KHMX YMOBax IepeBary MalThb KOHAEeHCOBaHI KOMIIO3UITifiHI MaTepidau 3
HeBenukumu godaskamu NbC, soxkpema 1,36% mac.

4. EJIEKTPOXEMIYHI I MEXAHIYHI JOCJALIAKEHHA

EnexTpoxemiuni mocirig:keHHA, IIPOBEAeHI METOAOM 3HATTS aHOTHUX i
KaTOAHUX MOJAPU3AMiNHNX KPUBUX, IIOKA3aJH, 1110 B 00JI1aCTi HU3bKUX
3HAUYEHb IIOTEHIIisAJIIiB aHOAHUN IIPOoIlec ONUCYeThCcA 3aekHicTio Tade-
as (puc. 3). Beegenua B miguy maTpuirio kapbinmy Hio6ito mpuBoguTh 10
MigBUINEHHA HMepeHanpyru nepebiry anoamoi peakIlii; Bogaouac, 36epi-
raloTbcsa KyTu Haxuiay TadeseBux mpaMHUX, IO XapaKTepHi Jasa minmi.
ExconepumenTanbHi AaHI J00pe Y3TOAMKYIOTBCA 3 pes3yJjabTaTaMM BU-
BueHHA cTpyKTypu Cu—NbC Ta migTBepI :KyIOThH HPUIYIIEHHA IPO 3a-
XUCHUI XapaxTep AuciepcHoi gasu NbC, 110 po3TaIloByETLCA IO Me-
JKaxX KPUCTAJiB Mimi.
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TABJHIIA 2. Barosi (K, r/(m?-rox)) i rmu6unwi (I, MM/piK) IOKa3HUKHU KOPO-
3ii B gucTuanoBawiii (1—11) i Bogomposiguiii (12—22) Bogax B 3aJI€KHOCTI Bif
CKJIAAy KOHAEHCOBAHUX KoMIo3umiinux martepianiB (% mac. NbC) B craTuu-
HOMY (2—6, 13—17) i guaamiunomy (7—11, 18-22) perxumax; 6ayJ KOpo3iiiHOL
critikoctu X (e 1 — abcosI0THO CTi#iKi, 2 — JOCTATHBO CTitiKi, 3 — CTiliKi).

TABLE 2. Weight (K, g/(m2hours)) and depth (IT, mm/year) corrosion rates
in distilled (2—11) and tap (13—22) waters depending on the composition of
condensed composite materials (% wt. NbC) in static (2—-6, 13—17) and dynam-
ic (7—-11, 18-22) modes; corrosion resistance points x (where 1 is absolutely
stable, 2 is highly stable, 3 is stable).

Ne ‘ NbC, % mac. ‘ K, r/(m?rox) ‘ I1, mm/piK ‘ x
2 0 0,0030 0,0029 2
3 0,74 0,0074 0,0076 2
4 1,36 0,0042 0,0042 2
5 3,44 0,001 0,001 1
6 6,22 0,001 0,001 1
7 0 0,008 0,007 3
8 0,74 0,001 0,001 1
9 1,36 0,0015 0,0014 1
10 3,44 0,0045 0,0044 2
11 6,22 0,009 0,009 2
13 0 0,0026 0,0025 2
14 0,74 0,0053 0,0052 3
15 1,36 >0,001 >0,001 1
16 3,44 >0,001 >0,001 1
17 6,22 >0,001 >0,001 1
18 0 0,0062 0,0061 3
19 0,74 0,0076 0,0075 3
20 1,36 0,001 0,001 1
21 3,44 0,001 0,001 1
22 6,22 0,0091 0,0089 3

fAx BugHO 3 puc. 3, KOposiiiHi cTtpymu 3i 36iabmeraam smicty NbC B
MaTepifiax 3MEHIIYIOThCA, 0 CBiAYNTh IPO 3HAUHE YCKJIATHEHH TIe-
pebiry aHOAHUX IIPOIIeCciB i miABUIeHHS KOPO3iiHOoI cTifiKoCTH.

3HaueHHSA MiKPOTBEPAOCTH TAKOXK 3HAXOAATHCA YV IPAMIii 3aIeKHOC-
i Big KinpkocTu NbC. BomHouac sHaueHHA MiKpPOTBEPAOCTH 3PasKis,
110 TiggaBaJrcsa KOpo3iiiHuM BUIPOOYBAHHAM Y PiSHUX cepemoBUINAX i
3a Pi3HUX YMOB, BUSBUJINCH OJHAKOBUMU I10 BCili ToBIIUHI 3paskis. Ile
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CBiTUMTL TPO BUCOKY KOpo3iiiHy criiikicTst cuctemu Cu—NbC i BigcyT-
HicTh KOPO3iliHUX pyHHYBaHb Ha IOBepXHi. 3pasku i3 6,22% mac. NbC
i3 3BHAYHOIO MiKPOTBEPAiCTIO BUPi3HAJJNCS BICOKOIO KPUXKiCTIO.

5. TOCJIIKEHHSA CTIMKOCTH O BUCOKOTEMIIEPATYPHOTO
ORHUCHEHHS

CrifikicTs KOHZeHCOBAaHMX KoMno3uiliiiaux marepisanis Cu—NbC no Bu-
COKOTEeMIepaTypHOro OKMCHEeHHS BuU3HauvajacA B inTepBayi 7o 1000°C.
B pesyisbrari mociaimiKkeHb BCTAHOBJIEHO, IO KOMMIO3HUIIIMHI MaTepisain
Cu—NbC ¢ crifikumu g0 370—390°C (puc. 4). 3 TOHAIBIINM ITi IBUIIEH-
HAM TEeMIIEPATypPH IIPOIleC OKMCHEHHS BiI0yBa€ThCS 3 HEBEJIUKOIO IIIBU-
IKiCTIO Ta XapaKTepu3yeThbcsa ABoMa inTepBasamu: 370—-700°C i 700—
1000°C. o 400°C sminu macu MpaKTUYHO BifcyTHI, ajie 3a 6iibIlI BHCO-
KHUX TeMIIepaTyp OpoIlec OKMCHEHHA cTae OijbIl iHTEHCMBHUM, i Maca
BCixX mocJaimsKyBaHMX 3pas3KiB 3pocTac.

3400
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o1l 3000}
0,0+ m -
m [ 100% Cu g 2600
L o1l =
- m‘ 2200+
0,21
0,31 = 1800}
r e 6,22% NbC
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a 0

Puc. 3. Kopositini moaspusarnitiai mgiarpamu gocaiguux spaskis Cu—NbC is
pisaum Bmictom NbC 0-6,22% mac. B cTaTUYHKUX YMOBaX Y BOAOIPOBiAHil BO-
i (a) Ta mikporeepzicTs 3paskiB Cu—NbC (MIla) i3 pisaum Bmicrom NbC (%
mac.) mnicasa 100 rogme KOopo3itHuxX BUOPoOyBaHb y quCTUIbOBaHIM (1, 1') i Bo-
IompoBifgHin (2, 2') Bogax y cratuuHux (1, 2) ta gmaamivaux (1', 2') ymoBax
BUIIPOOYBaHb (0).

Fig. 3. Corrosion polarization diagrams of Cu—NbC test samples with differ-
ent NbC content of 0-6.22% wt. in static conditions in tap water (a) and mi-
crohardness of Cu—NbC samples (MPa) with different NbC content (% wt.)
after 100 hours of corrosion tests in distilled (1, 1') and tap (2, 2') waters in
static (1, 2) and dynamic (I, 2') modes (6).
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Puc.4. Kpusi repmorpasimerpii (a) i ITA (6) nnsa 3paskiB KOHIEHCOBAHUX
KoMmmosuiiiitaux marepisaiais Cu—NbC.

Fig. 4. Thermogravimetry (a) and DTA (6) data for samples of condensed Cu—
NbC composite materials.

s Becix 3paskie 3 NbC xapaxkTepHe IOHMKEHHS MacHu B 00JiacTi Hu-
3BLKUX TEeMIepaTyp, IO IIOB’sI3aHe 3 MOKJINBOIO JeCTPYKIicl0o Kapoimy
HiobGiro. Ha KopucTh I{bOTO IPUNYINEHHA CBiTUYNTE TOH (PaKT, 10 i3 mif-
puiienaAM BMicTy NbC 1i BTpaTtu 3pocraioTh. [lecTpykilia xapbigy B
HOZaJbIIIOMY IIPUBOAUTEL OO0 30iJbIlIeHHs 3MiHM Macu 3paskiB. IIIBup-
KicTh oKkmcHeHHA B iHTepBaai 370—-700°C maiiBuia aad MaTepidaaiB 3
0,74% wmac. NbC. ITromy cKJIagy BiAIIOBifae TAaKOMK i HaliMeHIIIa TeMIIe-
paTypa ImoyaTKy OKucHeHHsA (Tadi. 3).

Ha migcraBi npoBegeHnX HOCIiKeHb MOXKHA 3pOOUTH BICHOBOK, IO
CTiHKiCThL IO BHMCOKOTEMIIEPATYPHOT'O OKMCHEHHSA KOMIIO3UI[IMHUX Ma-
repignaiB Cu—NbC Bumia, Hix CcTiliKicTh KOHJeHCOBaHOI uMcTOl Miai Ta
30iapiryerbcs i3 migBuinmenaam Bmicty NbC. Hesenuki mo6asxu NbC
(mo 1,0% ) mMajo CupUAOTh MiABUIIEHHIO CTIHKOCTY CUCTEMH IIOLO0 BU-
COKOTEMIIepPaTyPHOTrO0 OKMCHEHHS; HPOTe 3i 30iIbIIeHHAM KiIbLKOCTH
NbC mo 6,22% mac. IIBUAKICTh OKMCHEHHS IOHMMKYETHCA B 3 pasy Ta
cranoBuTh 0,07 Mr/xB., a TeMIepaTypa IOUYaTKy OKUCHEHHS HigBUIITY-
eTbeda Ha 20°C. 1le TOACHIOETHCS YTBOPEHHAM KapOiJHO-OKCUIHUX TIJIi-
BOK CuO—NDbC, 1110 CTPUMYIOTH OKHMCHI IIPOIECH.



BILJIUB KAPBINTY HIOBIIO HA KOPO3IVHY CTINKICTD 1483

TABJUIIA 3. Cxnax komnosunitinux marepisiais Cu—NbC (% wmac.), Temie-
paTypu IIOYaTKy IIePIoi Ta APYroi cTaziii BUCOKOTEMIIEPATYPHOTO OKMCHEHHSA
(t1, t2, °C) i mIBUAKiCTH OKMCHEHH Ha HepIIii cranii (v1, Mr/xs).

TABLE 3. The composition of Cu—NbC composite materials (% wt.), the tem-
peratures of the beginning of the first and second stages of high-temperature
oxidation (¢1, £2, °C), and the rate of oxidation at the first stage (v1, mg/min).

Cu, % mac. ‘ NbC, % mac. t1, °C t2, °C ‘ U1, MTI'/XB.
100 - 370 698 0,16
99,26 0,74 370 700 0,27
98,64 1,36 380 795 0,08
96,56 3,44 385 800 0,07
93,78 6,22 391 820 0,07

6. BUCHOBRKH

IIpoBeneni gocmim:xeHHA TOKa3aan, o Kapoin Hiobiro mosxe 30imbmTyBaT
KOpo3iiiny criiikicTs mimi. 36iabmenHsa Kinexkoctu NbC mo 6,22% wmac.
IPUBOAUTH A0 (DOPMYBaHHS OiJIbIII APiOHO3EPHUCTOI CTPYKTYPHU Uepes YIIo-
BLILHEHHS IIPOIIECiB PEKpUCTAaJIi3alrii, 1o HeraTuBHO BILIMBAE HA MeXaHiu-
Hi BJIACTBOCTI KOMIIO3UITITHOI'O MATEPiAIY Yepes BUCOKY KPUXKiCTb.

CrifikicTs KoHIeHCcOBaHUX KoMmiosuiiriumx marepisiaiB Cu—-NbC y
BOJIi 3aJIEXKUTHh BiJ peKUMY KOPO3iliHMX BUIPOOyBaHb. B cTaTMYHUX
yMOBax HaWBUIIY KOPO3iiHY CTiAKiCTh Y IMCTUIILOBAaHIN 1 BOIOIIPOBi-
Hill Bogax MaroTh Matepisanu iz 3,44—6,22% mac. NbC, Toxi AK y craTu-
yHux ymoBax — i3 1,86% mac. 3a yM0B BHCOKOTEMIIEPATYPHOTO OKIHC-
HeHHd 3a 370-700°C momasauua 1,36—6,22% wmac. NbC smenIye msu-
OKicTh KOpO3ii BABIUi Ta ImigBuUIlye TeMmepaTypy IOYATKY OKWUCHEHHS
Ha 10—-20°C y mopiBHSAHHI 3 YHMCTOI0 KOHAEHCOBAHOIO MiAIIoO.

Pob6oTy BUKOHaHO B paMKax HayKoBOi TeMaTuku Kadenpu ximii Ku-
iBCBKOT'0 HAIiOHAJLHOTO YHiBepcuTeTy OymiBHUIITBA i apXiTeKTypu Ta
JabopaTopii KOMIIO3UIIHHNX MATEPiAJiB eJIeKTPOTEeXHiUYHOro HMpU3Ha-
yenHA [HcTUTyTy mpobiem matepiasosuHascTBa iMm. I. M. ®Ppanmesuua
HAH Vkpaiunu.
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Study of the Processes of Forming a Metal Coating by Cold
Gas-Dynamic Sputtering and Development of a Technique
for Calculating Sputtering Modes

0. L. Haydamak and V. F. Hraniak

Vinnytsia National Agrarian University,
3 Sonyachna Str.,
UA-21008 Vinnytsia, Ukraine

The creation of various functional coatings on the surfaces of parts allows to
influence the technical and operational characteristics of the parts and to
give to these parts new qualities extrinsic for parts without coating. The
principle of creating coatings is based on the effect discovered in the 1980s of
the previous century, which consists in the fact that powder particles accel-
erated to high speeds close to the speed of sound, when they collide with the
substrate, enter into molecular bonds with it and are able to form a strong
connection both with the latter and between its own dispersed particles them-
selves. At the same time, the temperature of the powder coating process is
significantly lower than the melting point of the powder coating material.
The installation for cold-gas-dynamic spraying of metal coatings is designed
and manufactured. The main components of this installation are a com-
pressed air heater and a nozzle-accelerator of heated compressed air. In ac-
cordance with the ejection effect, finely dispersed metal powder with an av-
erage particle size of 60 um is fed into the nozzle, which accelerates in the
nozzle channel and, because of heat exchange with hot air, is heated to a tem-
perature that is significantly lower than the melting point of the powder ma-
terial. As a result, the part and powder material do not undergo phase trans-
formations and, accordingly, do not change their properties and do not un-
dergo significant thermal deformations. The patterns of sputtering shape
formation using powder based on aluminium grade A20-11 are studied. As
established, the formation of the sputtering shape profile in the general case
can be described in accordance with the Gaussian-distribution law. After ana-
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lysing the relative deviation of the Gaussian function from the experimental
profile of the sputtering figure, it is established that the largest deviations of
the theoretical figure from the experimental one are observed at the periph-
ery of the sputtering figure with a coating thickness not exceeding 0.1 mm;
and the smallest deviation occurs in the middle zone on the axis of the sput-
tering figure, where there is the place of the most intensive formation of the
coating. Considering the above, it can be concluded that the Gaussian distri-
bution describes the shape of the sputtering figure profile with great reliabil-
ity. The average integral relative error of the Gaussian function does not ex-
ceed 9%. A methodology for modelling the coating creation process is pro-
posed, which allows predicting the shape of the sprayed figure profile de-
pending on the productivity of the spraying device. This profile enables to
establish an optimal interval between adjacent passes of the nozzle-
accelerator over the surface of the workpiece. The proposed method allows to
calculate the optimal nozzle-accelerator movement speed relative to the
workpiece, the rotational speed of the workpiece, the required amount of
powder for coating a given workpiece, the spraying time, and reducing un-
necessary powder losses to a minimum, considering the productivity of the
coating creation process and the powder utilization coefficient.

Key words: gas-dynamic sputtering, sputtering shape, calculation of move-
ment speed.

B ocHOBi npuHIIMNIY CTBOPEHHA MOKPUTTIB IMOKJIaeHO e(DEKT, AKUI IIOJIATAE B
TOMY, III0 IOPOIITKOBI YaCTUHKHU, PO3irHaHi g0 meuakoctu y moHan 360 m/c, 3a
TMOTPAIJIAHHS Ha IOBEPXHIO JeTaJI0 YTBOPIOIOTH 3 HUM 3B’ A3KHU Ha MOJIEKYJIA-
pHOMY piBHi, 1110 IPUBOAUTL A0 YTBOPEHHSA MIiI[HOIO 3’€IHAHHSA K IOKPUTTS 3
IerajeM, TaK i MijK BJIacHe JUCIEPCHUMU YaCTUHKAMU MOPOIIKY, AKUI HaIOo-
poirryeTbesa. B mpoiieci cTBOpeHHS MOKPUTTA TEMIEPATYPHUNA PeKUM, IIOTPi0-
HUU IJis peaJsrizalfii mpoiiecy HaHECEHHS HMOPOIIKOBOTO MOKPUTTHA, € iCTOTHO
HIDKYUM 34 TeMOepaTypy TOILIeHHSA MAaTepisay IOPOIITKOBOTO ITOKPHUTTA.
CIIpo€eKTOBAaHO Ta BUTOTOBJIEHO YCTAHOBKY MIJSI XOJOJHOTO Ta3s0AMHAMiIUHOTO
HAIIOPOIIIeHHS MeTaJIeBUX MOKPUTTiB. OCHOBHUMHU CKJIAZOBUMH Ili€ei yCTaAHOB-
KM € HarpiBay CTUCHYTOTO MOBITPA Ta COILIO-NIPUIIBUAIITYBAY HAT'PITOTO CTUC-
HyTOoro moBiTpsA. Bcramosieno, mio ¢opmyBanHA mpodinio ¢irypu HaAmopo-
IIeHHsd Y 3araJbHOMY BUIIAAKY MOJKe OyTU OIIMCAHO y BiIITOBiAHOCTI 10 3aKOHY
TayccoBoro posmoginy. Aranisoro BigrocHOro Binxmuy I'ayccoBoi GpyHKIT Bix
npodiaio eKcrIepuMeHTaIbHOI (Pir'ypu HaoopoIleHHA BCTAHOBJIEHO, IO Haubi-
JBII BiIXMJIK OCTaHHLOI CIIOCTepiramThesa Ha mepudepii ¢irypu mamopoimneH-
HS 3 TOBI[HMHOIO IIOKPUTTH, 1110 He mepeBuiye 0,1 MM, a HaliMeHIIi BigXuJu
CIIOCTEPIiralThCs B cepenHiil 30Hi Ha oci (hir'ypu HamoOpoIlleHH:, B AKiA Mae Mi-
cile HaubiJbIIn iHTeHCHBHe (POPMYyBAHHS IOKPUTTS. BpaxoByouu ckKasaHe,
MOJKHA TiATH BUCHOBKY, II[0 PO3MO/IiJI IIOPOMIKOBUX YaCTUHOK 3a (DOPMYBaHHS
(irypu Hamopomulenus y Bigmosigzocti no I'ayccoBoi GyHKIIT 3 ZocTaTHBO Be-
JUKOIO IIPaBAOIIOAiOHICTIO oTicye mpoIiec opMyBauuA Girypu rasogmHamMiy-
HOT'O HAIIOPOIIIEHHS, MOXUOKA AKOI € He3HAYHOIO i He nmepeBuiye 9%. 3ampo-
TMOHOBAHO METOAMKY MOEJNIIOBAHHSA IPOIleCy CTBOPEHHS IMOKPUTTS, AKa Na€
3MOTYy IIPOTHO3YyBaTu (popMy mIpodiio (pir'ypu HamopoIIeHHA B 3aJIEXKHOCTI Bif
IPOAYKTUBHOCTH HAIIOPOIIYBAJBHOIO IMPUCTPOI0. MeToauKa yMOYKJIMBIIOE B
3aJIe’KHOCTI BiJ IPOAYKTUBHOCTHU IIPOIlECY CTBOPEHHSA IMOKPUTTA Ta Koedilrie-
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HTa BUKOPHCTAHHS MOPOIIKY PO3PAaXyBAaTHU ONTHUMAJBHY IIBUIKICTH Imepemi-
IeHHS COIJIA-TIPUIBUAIITYBAaYa BiTHOCHO AETAJI0, IMIBUAKICTL 00epTaHHA Ie-
TaJI0, HEeOOXiAHY KiJbKiCTh HOPOINKY AJA IMOKPUTTS 3aJaHOTO IeTajio, dac
HAIIOPOIIIEHHS Ta 3BECTH A0 MiHIiMyMy HepallioHaJIbHI BTPATHU IIOPOLIKY.

Karouori croBa: rasoguHaMiuHe HAIOPOIIEHHS, (irypa HAIOPOIIEHHS, PO3-
PaxXyHOK IIBUIKOCTU HEePEMiIlleHH .

(Received 17 September, 2023, in final version, 22 October, 2023 )

1.INTRODUCTION

Creation of various functional coatings on surfaces of component parts
allows influencing their technical and operational characteristics and
confers to them new qualities that are not inherent in component parts
without a coating. For example, application of copper- or aluminium-
based coatings on the surfaces of steel component parts can protect
such surfaces against corrosion and significantly change frictional and
conductive properties of coated surfaces.

At the Department of Power Engineering, Electrical Engineering
and Electromechanics of Vinnytsia National Agrarian University, an
experimental unit for gas-dynamic application of functional coatings
was developed and manufactured. The principle of operation of the ex-
perimental unit is based on the discovery made in the 1980’s of the
previous century[1, 2], which consists in the fact that powder particles
are accelerated to high velocities close to the sound speed and heated to
temperatures significantly lower than their melting temperature, up-
on contact with the surface, the component parts enter into molecular
bonds with it, being able to form a strong connection both with the lat-
ter and between adjacent dispersed particles of sprayed powder. At the
same time, powder particles’ heating temperature is much lower than
their melting temperature.

Development of gas-dynamic sputtering technology is becoming in-
creasingly widespread due to the ease of coating formation, the ab-
sence of harmful environmental effects, an insignificant thermal ef-
fect on the sputtering object, the absence of phase transformations of
the material of the component part being coated and the coating itself,
the absence of oxidation processes on surfaces of the component part
and the coating, the opportunity to change the tribological character-
istics of surface layers of the component part, generation of electrical-
ly conductive and electrically insulating coatings, and anticorrosion
protection of surfaces [3—-14].

The purpose of the research paper is the experimental study of sput-
tered solid and component part surface formation, as well as develop-
ment of the techniques for calculation of cold-gas-dynamic sputtering
modes based on experimental results.
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2. RESEARCH OBJECT AND METHODS

Functional coatings were created on the experimental cold gas-
dynamic sputtering unit designed and manufactured at the Depart-
ment of Power Engineering, Electrical Engineering and Electrome-
chanics of Vinnytsia National Agrarian University (Fig. 1).

The unit is connected to the compressor that supplies compressed air
to heater 1, which consists of ceramic channels, in the middle of which
the heating element (nichrome spiral) is located. Passing around the
full-hot spiral, compressed air is heated because of heat exchange to a
certain temperature (300-400°C), which is controlled by the thermo-
couple built into the heated compressed air accelerator nozzle.

The heated compressed air accelerator nozzle (Fig. 2) consists of
housing 1 containing the sputtering channel, compressed air supply
channel 2 and channel 3, through which the sputtering powder is sup-
plied. From the heater through channel 2, heated compressed air en-
ters the accelerator nozzle, where it passes through the annular gap
between cone 4 and channel 1. Due to cone 4 in the housing channel, the
air flow is accelerated and its pressure drops below the atmospheric
one, which causes the ejection effect and leads to the sputtering pow-
ders’ suction through channel 3 and its mixing with the flow of heated
compressed air.

Because of heat exchange, the powder is heated and accelerated in
the nozzle to supersonic speed depending on the pressure of the com-
pressed air. When powder particles hit the surface of the component
part, to which the coating is applied, the powders’ molecular bonds

Fig. 1. Experimental unit for gas-dynamic application of functional coatings:
compressed air heater (1), heated compressed air accelerator nozzle (2).
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Fig. 2. Nozzle. Housing with the sputtering channel (1), compressed air sup-
ply channel (2), sputtered powder material supply channel (3), cone (4), lock
nut (5).

arise both with the material of the component part and between neigh-
bouring powder particles, which leads to formation of a continuous
coating. The nozzle design allows adjusting the parameters of the gas-
powder flow by moving cone 4 relative to cone 1, as a result of which
the annular gap between them changes, this, accordingly, leading to a
change in the velocity and pressure of the gas-powder flow. Specific
features of the design of such a nozzle are detailed in [13].

A20-11 brand powder was used for sputtering. During the experi-
ment, three portions of powder of different weights were formed: the
first one—0.11 g, the second one—0.22 g and the third one—0.34 g.
The sputtering distance was 25 mm, the temperature of the com-
pressed air was 320-340°C. Compressed air pressure was of 0.56 MPa.

As a result of the experimental study, three sputtered solids were
obtained, the photos of which are shown in Fig. 3.

' b )

1 L2 |
e e »4. J

c

Fig. 3. Sputtered solids the first one—0.11 g (a), the second one—0.22 g (b),
the third one—0.34 g (¢).
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Fig. 4. Measurement of the sputtered solid profile shape.

With the use of a watch-type micrometer and PMT-3 microhardness
meter table (Fig. 4), the height of each solid profile was measured in
0.25 mm steps.

3. EXPERIMENT RESULTS AND DISCUSSION THEREOF

Based on the results of the measurements, the profiles of all sputtered
solids were constructed, which are shown by dotted lines in Fig. 5.

In the cross-section, obtained sputtered solids are almost symmet-
rical relative to their axes, and their profile can generally be described
in accordance with the Gaussian distribution law. To describe the
shape of the cross-section of the sputtered solids, the Gaussian curve
was assumed as follows:

Y =y, (1)

where y is the coating thickness on the sputtered solid axis, Y is the
height of the profile depending on the distance from the solid r, ro ax-
is—scattering radius (chosen empirically to ensure the best match be-
tween the Gaussian curve and experimental results). yo=0.152, 0,41,
0.54; ro=1.6, 1.7, 1.55 for the first and, respectively, the second sam-
ples.

Sputtered solid profiles were constructed for sputtered solids ac-
cording to the Gaussian distribution are shown in Fig. 4 by continuous
lines.

Having analysed the relative deviation of the Gaussian function
from the experimental profile of the sputtered solid, one can see that
the theoretical solid largest deviations from the experimental one is
observed on the periphery of the sputtered solid with a coating thick-
ness not exceeding 0.1 mm, and the smallest deviation can be seen in
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Fig. 5. Comparison of sputtered solid profiles with Gaussian distribution.

the middle zone of the sputtered solid axis, in which the sputtered solid
most intensive formation occurs.

Let us compare the obtained Gaussian distributions with the exper-
imental results, for which we impose the theoretical distribution on
respective scale on the experimental results (Fig. 5).

Analysing the experimental data, one can note that the Gaussian
distribution describes the shape of the sputtered solid profile with a
great reliability. The average integral relative error of the Gaussian
function does not exceed 9%.

It is worth noting that important factors influencing the powder
coating-sputtering mode are the patterns of powder particles’ distri-
bution in the airflow during the collision between powder particles
with the component part surface. This significantly affects the inten-
sity of the coating build-up. Thus, it can be seen that the intensity of
the coating build-up has an uneven character and significantly de-
pends on the distance to the axis of the air—powder flow of the sputter-
ing device. From what has been written follows the technical possibil-
ity of forecasting the shape of the sputtered solid and adjusting
(changing) the mode of coating creation, which will reduce allowances
for further processing and losses of powder material at the stage of de-
signing the technological process of creating the functional coatings
by cold-gas-dynamic sputtering.

The main factor that affects the sputtered solid shape is the perfor-
mance of the coating build-up for different areas of the sputtered sol-
id. Let us determine the coefficient of performance of sputtering par-
ticles’ flow K; for each unit cell. This coefficient will determine the
coating performance depending on location of the unit cell, i.e., from
radius r; to the sputtering axis, on which the unit cell is located.

K =Y/H, 2)

where Y is the Gaussian function (1), H is the height of the sputtered
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solid in the case of a uniform coating formation over the entire area of
the sputtered solid (with no regard to the Gaussian distribution).

The weight of the sputtered solid m can be determined from the
sputtering unit performance P, (for example, the unit performance
P,=0.1g/sec)

m =Pt =Vp=_S8Hp, 3)

from which, height H is as follows:
Pt

H =",
Sp

(4)

Yo is the sputtered solid height taking into account the Gaussian distri-
bution, p—the material sputtered solid density, S—the area of the
sputtered solid base, t—the sputtering time.

To determine the sought height, let us analyse the ratio of heights
between sputtered solids of the same volume, taking into account the
Gaussian distribution and without the same, and namely, when the
sputtered solid is formed uniformly as a cylinder. To do this, let us
build a 3D model of the sputtered solid in accordance with the Gaussian
distribution using Kompas software (Fig. 6) and, using ‘Mass-centring
characteristics’ function, determine this solid volume as in Fig. 7.
which, for example, for the sputtered solid shown in Fig.5, is
V=5.7138 mm?.

The comparison of sputtered solids with the same volume taking in-
to account the Gaussian distribution, which has of yo height, and the
imaginary uniform generation of coating with no regard to the Gaussi-
an distribution is shown in Fig. 8.

Knowing the volume and diameter D, of the sputtered solid base, it
is not difficult to determine the height of the cylindrical sputtered sol-
id with no regard to the Gaussian distribution:

14 174 5.7138

H=—-= > = > =0.25mm.. (5)
S nD, 3.1415x7.25

Hence, the coefficient of performance of sputtering particles’ flow
K; will be as follows:

Y 7%
K =220, 6
P (6)

Fig. 6. 3D model of the sputtered solid.
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Fig. 8. Comparison of sputtered solids with the same volume taking into ac-
count the Gaussian distribution with yo height and in the case of an imaginary
uniform coating creation with no regard to the Gaussian distribution, having
H height.

Let us find out how the performance will change for each elementary
cell taking into account the Gaussian distribution.

The performance of sputtering particles’ flow into each elementary
cell p; is as follows:

P . 2 2
p, =PK =-‘"_ -y :%pe_ri/r”, (7

where P = P /S is the average of the sputtering device performance
for each unit cell (with no regard to the Gaussian distribution).

Knowing the sputtering device performance and the sputtering
time, it is possible to determine the sputtering powder weight for each
elementary cell:

m = pi. ®)
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Let us find out which profile the sputtered solid will have. To do
this, we determine height hi of each cell based on the condition of the
elementary cell weight, which is as follows:

m, = shp. 9
For example, A20-11 powder has the density p=0.0053 g/mm?.
From (9), we determine the height of each elementary cell:
m

B =" (10)
s,p

Into (10), we substitute m; from (8) and obtain:

=Pt (11)
EX

The area of the unit cell is selected upon the condition of the sputter-
ing particles’ average size in accordance with their diameter d (for ex-
ample, for aluminium A20-11-based powder, the powder particles’ di-
ameter d does not exceed 0.060 mm). Accordingly, the elementary cell
area will be as follows:

s - nd®  8.1415x 0.06
o4 4

Using the given algorithm, it is possible to simulate the calculated
sputtered solids for the given performance of the sputtering device.

= 0.00282735 mm?. (12)

4. TECHNIQUES FOR CALCULATION OF TECHNOLOGICAL
MODES OF COLD-GAS-DYNAMIC SPUTTERING

The cross-section of simulated sputtered solids can be used to deter-
mine the sputtering step between adjacent runs to ensure the most uni-
form functional coating layer that saves powder materials and reduces
post-coating mechanical processing costs.

Let us consider what the most optimal distances (steps) should be
between adjacent runs, wherefore we will analyse the designed sput-
tered solids with different heights and diameters of these solids’ bases.
(Figs. 9,10and 11).

The most uniform coverage can be ensured by providing the distance
between adjacent runs, which means the equality of areas of overlap
plots 1 and 2, which are shown in Figs. 9, 10 and 11. This distance is
for sputtered solid 1 is 3.2 mm, for 2—38.9 mm, for 3—3.5 mm, which,
relative to the diameter of the sputtered solid base, for solid 1 is of
56%, for 2—56%, for 3—48%, respectively, that is, with the increase
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Fig. 11. Adjacent runs of simulated sputtered solids for sample No. 3.

in the sputtered solid height to 0.4 mm, the step of 56% will be optimal
accounting for the diameter of the sputtered solid base. As the height
increases to 0.54 mm, the optimal step between the run decreases, be-
ing 48% of the diameter of the sputtered solid base. Taking into ac-
count the obtained results, the technique for calculating the modes of
the sputtering device movement relative to the component part being
sputtered was proposed.

The technique for calculating the sputtering modes can better be ex-
plained on a particular example. Let us perform the calculation for a
cylindrical surface, to which applied is the coating with the following
dimensions: diameter D =389.6 mm and length L =23 mm. The calcula-
tion pattern is shown in Fig. 12 where: V, is the component parts’ rota-
tion velocity during sputtering, V, is the horizontal velocity of the
sputtered solid movement (at point A) along the sputtering device, Vis
the sputtered solid velocity along the spiral trajectory of the sputtered
solid movement, L is the length of the surface, which is processed, k is
the step of the spiral trajectory. The diameter of the sputtered solid
base is set within d =6—-12 mm, assuming d =6 mm. It is necessary to
sputter to the size of D =40.2 mm.

Given that the work piece diameter after pre-machining is of 10 mm,
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Fig. 12. Calculation pattern: component part to be sputtered (1), spiral trajec-
tory of the sputtered-solid movement (2), a spiral trajectory of the sputtering-
device movement along the component part (3), the coating being formed (4).

and the work piece diameter after sputtering, taking into account the
allowance for mechanical processing, should be of 40 mm, the sputter-
ing layer per side will be of 15 mm. To ensure the coating greater uni-
formity, it is advisable to divide this amount into 3 runs, each of which
to be equal to 5 mm.

We determine the sputtered solid cross-sectional area S using
known formulas or draw the coated solid designed profile, for example,
using Kompas software and use the ‘Mass-centring characteristics’
function to determine the sputtered solid cross-sectional area, which is
S =0.464 mm?. The length of the spiral one-turn b shall be determined
using the Pythagorean theorem:

b= \(xD)’ + K =\(m x 40)’ +5.24’ = 125.71 mm (13)

The number of turns shall be defined as follows:

n=f_ 27 _515. (14)
E 5.24

The spiral total length shall be as follows:
B =nb=125.71x5.15 = 848.54 mm. (15)
Let us determine the sputtering-layer weight M. To do this, we mul-

tiply the cross-sectional area of sputtered solid S by the total length of
spiral B and by the density of powder material p:
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M = SBp = 0.464 x 848.54 x 0.0053 = 2.0867 g . (16)
The weight of total three-layer coating is as follows:
M, =Mx3=2.0867x3=6.26 g. am

The weight of total three-layer coating accounting for the coeffi-
cient of powder utilization, equalling for the gas-dynamic sputtering
to 0.4 [2] for the entire surface coating, will require the sputtering
powder

M, 6.26

=—L=—_"-15.656g. 18
> 0.4 0.4 & (18)
Let us determine the time of the three-layer coating sputtering:
g M 1565 g g5 in, (19)
P 2
where P =2 g/min is the sputtering device performance (device charac-
teristics).
The time of one coating layer sputtering is
t =278 _ 561 min. (20)
3 3

Let us calculate the sputtering device horizontal velocity V,. To do
this, we divide the horizontal movement path length L by the time of
one coating layer sputtering, and determine the sputtering device hor-
izontal movement velocity:

L 23

V, =—=——=8.81 mm/min. 21
£t 261 / =l
Let us determine the solid movement velocity along spiral trajectory:
y-B_848.54 352.1 mm/min . (22)
t,  2.61

Let us determine velocity V;, at which the component part rotates:

V, = V? -V =352.1° - 8.81° = 351.99 mm/min. (23)

Let us determine the number of the component part revolutions per
minute:

V, 351.99

b 125.71

= 2.8 rev/min. (24)
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5. CONCLUSIONS

1. The design of the unit for cold-gas-dynamic sputtering of metal
coatings, which allows adjusting the parameters of the gas-powder
flow and, respectively, influencing the characteristics of the coating is
developed.

2. The regularities of formation of cold-gas-dynamic sputtering solid
profile in respect of aluminium-based powder coatings are studied.

3. The technique is proposed for calculating and simulating the profile
of the sputtered solid depending on the sputtering device performance.
4. Using the information on the shape of the sputtered solid profile, the
technique is developed for determination, depending on the sputtering
device performance, of the device speed of movement along the compo-
nent part, the speed of the component part rotation, the amount of pow-
der required to cover the given surface and the sputtering time, with
minimization of irrational loss of powder material having been ensured.

REFERENCES

1. A. 1. Kashirin., O. F. Klyuev, and A. V. Shkodin, Patent 2237746 Russian Fed-
eration, MPK C 23 C 24/04, (2004) (in Russian).

2. A.P. Alhimov, S. V. Klinkov, V. F. Kosarev, and V. M. Fomin, Kholodnoye
Gazodinamicheskoye Napylenie. Teoriya i Praktika.[Cold Gas-Dynamic Sput-
tering. Theory and Practice.] (Moskva: FIZMATLIT: 2010) (in Russian).

3. L. Yaroshenko, V. Bandura, L. Fialkovska, D, Kondratyuk, V. Palamarchuk,
and Y. Paladiichuk. Agraarteadus, 32, No. 2: 204 (2021).

4. 0. Voznyak, A. Semenov, O. Semenova, A. Rudyk, B. Pinaiev, and R. Kulias,
Proceedings of the 2020 IEEE Ukrainian Microwave Week (UkrMW ),
(Kharkiv: 2020), vol. 2, No. 2, p. 272.

5. 0. L. Gaydamak, V. A. Matviychuk, and Yu. V. Kucherenko, Engineering, En-
ergy, Transport AIC, 109, No. 2: 105 (2020) (in Ukrainian).

6. V. Hraniak, V. Matviychuk, and I. Kupchuk, Electronics, 26, No. 1: 69 (2022).

7. V. Matviychuk, O. Gaidamak, and M. Karpiychuk, Vibration in Engineering

and Technology, 105, No. 2: 65 (2022).

O. Gaidamak, Engineering, Energy, Transport AIC, 112, No. 1: 46 (2021).

9. Yu. G. Vedmitskyi, V. V. Kukharchuk, V. F. Hraniak, I. V. Vishtak,

P. Kacejko, and A. Abenov, Proceedings of the SPIE, No. 10808 (2018).

10. V. Matviychuk and M. Kolisnyk, Vibration in Engineering and Technology,
100, No. 1: 111 (2021).

11. 0. Gaidamak and V. Matviychuk, Vibration in Engineering and Technology,
102, No. 3: 72 (2021).

12. V. A.Matviychuk, O. L. Gaydamak, and M. F. Karpiychuk, Engineering, Ener-
gy, Transport AIC, 116, No. 1: 83 (2022) (in Ukrainian).

13. O.L. Gaidamak, Patent 110552 Ukraine, MIIK C 23 C 24,/00 (2014) (in Ukrain-
ian).

14. A. Shtuts, M. Kolisnyk, A. Vydmysh, O. Voznyak, S. Baraban, and P. Kulakov,
Key Engineering Materials, 844: 168 (2020).

o


https://doi.org/10.15159/jas.21.24
https://doi.org/10.1109/UkrMW49653.2020
https://doi.org/10.1109/UkrMW49653.2020
https://doi.org/10.37128/2520-6168-2020-2-11
https://doi.org/10.37128/2520-6168-2020-2-11
https://doi.org/10.53314/ELS2226003H
https://doi.org/10.37128/2306-8744-2022-2-7
https://doi.org/10.37128/2306-8744-2022-2-7
https://doi.org/10.37128/2520-6168-2021-1-6
https://doi.org/10.1117/12.2501600
https://doi.org/10.37128/2306-8744-2021-1-11
https://doi.org/10.37128/2306-8744-2021-1-11
https://doi.org/10.37128/2306-8744-2021-3-8
https://doi.org/10.37128/2306-8744-2021-3-8
https://doi.org/10.37128/2520-6168-2022-1
https://doi.org/10.37128/2520-6168-2022-1
https://doi.org/10.4028/www.scientific.net/kem.844.168

3acHoBHuK: HAIIIOHAJIbHA AKAJIEMISI HAVK YKPATHU, IHCTUTYT METAJIO®ISUKY IM. T'. B. KyP1ioMOBA HAH YKPATHI
Bupaseus: Bl « Akagemnepioguka» HAH Vipaiau

Ilepenmuarauii ingexc/Subscription index: 74312 ISSN 1024-1809

Indopmanisa qia nmepesIIaTHUKIB JKYPHAIY
«METAJIO®I3UKA TA HOBITHI TEXHOJIOI'TI»

Pepaxuis :kypuany MHT noBigomiisie yuTaduiB mpo mepeamiary (1[0 MOYMHAETHCH 3 OYAL-IKOro Mics-
usa Bunycky). JKypranx MHT Bxoauts 3a ingexkcom 74312 no «Karasory Bugaus YKpainu». PexomeH-
AyeMo OOPMUTH IlepeAIIiaTy
1) y BigaimeHHsAX moimToBoro 3B’s3Ky uepes meHTpasizoBane arenrctso IIIPIIB «IIPECA» (Byxa. I'eo-
pria Kupnu, 6yx. 22, 03999 Kui, Vkpaina; tenedaxcu: +380 44 2890774 / 2480377 / 2480384 /
2487802 / 2480406); e-mail: pod ukr@presa.ua, rozn@presa.ua, info@presa.ua) a6o
2) uepes Internet:

http://presa.ua/metallofizika-i-novejshie-tehnologii.html? ___ SID=U
(mepenmtatanii ingexke MHT: 74312) a6o
3) GesmocepeaHim nmepepaxyBanusaM Big 170 rpu. 3a oxgus Bunyck n0 2040 rpH. 3a oquua Tom (12 Bumy-
CKiB Ha piK):
«OTPUMYBAYY»: Incruryr meranodisuku im. I'. B. KypmiomoBa HAH Ykpainu
Ha po3paxyHKoBU paxyHOK Ne UA058201720313291001201001901 B 6anky 'VIKCY B M. Kueni
Kop 6auky: 820172
Kopn equHOro mep’kaBHOTO pPeecTpy HiAIpUeMCTB i opranisaniit Ykpainu (EJPIIOY): 05417331
Huna «ITIOCTAYAJIBHUKA» — IncturyTry mMeranodisuku im. I'. B. Kyparomosa HAH Vkpaianu
CBiZonTBO MIaTHUKa NOJATKY Ha goxaHy BapricTh (IIIB) Ne 36283185, inamBiAyanbHU MOZATKOBUI
uomep (ITITH) 054173326066
Kop npusnauenna niatexy: 25010100
TIPUBHAYEHHSA IIJIATEXKY: 3a KypHan «Meranodisuka Ta HOBiITHI TexHojorii» (tom(u), HOMep(u),
pik(pokn)) ana PBB IM® HAHY
TIICTABA: nepegpomaara 100% .

INFORMATION FOR FOREIGN SUBSCRIBERS

Editorial Board of a Monthly Research Journal ‘Metallophysics and Advanced Technologies’
(transliteration: ‘Metallofizika i Noveishie Tekhnologii’) (CODEN: MNTEEU; ISSN: 1024-1809)
advertises the subscription on an annual basis. Orders should be placed through one of the methods
described below. Besides the subscription via the centralized service by State Enterprise ‘PRESA’
(28 Georgiy Kyrpa Str., UA-03999 Kyiv, Ukraine; faxes: +380 44 2890774 / 2480377 / 2480384 /
2487802 / 2480406 / 2487809; e-mail: pod ukr@presa.ua, rozn@presa.ua, info@presa.ua) or via Inter-
net:

http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___ SID=U
the Editorial Board will take orders sent directly to the Editorial Board. To obtain our journal, the
persons and institutions, interested in this title, should made the definite payment sent, according
to the order, to the account of the Publisher—G. V. Kurdyumov Institute for Metal Physics of the
N.A.S. of Ukraine.
The journal frequency is 12 issues per year. The annual subscription rate for ‘Metallophysics and
Advanced Technologies’ is 156 USD (or 132 EUR), including airmail postage, packing and handling
charges. All other-currency payments should be made using the current conversion rate set by the
Publisher (subscribers should contact the Editorial Board).
Subscription is valid after obtaining by the Editorial Board of banker’s order. Banker’s order
should be sent to the address:
G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
currency account No. UA603223130000025308000000067, MFO 322313,
in the Kyiv’s Branch of JSC ‘The State Export-Import Bank of Ukraine’ (Public Joint Stock Com-
pany ‘Ukreximbank’) (11° Bulvarno-Kudryavska Str., UA-04053 Kyiv, Ukraine)
simultaneously with written notice providing the Editorial Board with a copy of banker’s order for
subscription and detailed address for mailing.
Prepayment is 100% .
Address of the Editorial Board: G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine.
E-mail: mfint@imp.kiev.ua (with subject beginning by word ‘mfint’)
Fax: +380 44 4242561. Phone: +380 44 4249042.
After receiving of banker’s order, the Editorial Board will send the guarantee letter to the sub-
scriber’s address for mailing the journal for a corresponding term.

The Editorial Board of this journal hopes for effective co-operation with its present and future
readers and requests to promote the maximum information about its contents to persons and organ-
izations concerned.


mailto:pod_ukr@presa.ua
mailto:rozn@presa.ua
mailto:info@presa.ua
http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U
mailto:pod_ukr@presa.ua
mailto:rozn@presa.ua
mailto:info@presa.ua
http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U

	MNT_Cover_2023_12
	MFiNT_First page
	CONT_45.12_ВАТ_final
	MNT_INFORMATION_V-VIII
	01_KARASEVSKIY
	Belka 1400
	02_BURLAKOV
	03_BABACHENKO
	Belka 1430
	04_NOGOVITSYN
	Belka 1448
	05_GAPONOVA
	06_GRECHANYUK
	07_GAYDAMAK
	MFiNT_Last page

