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B3aemodii 6unpominenHs ma 4acMUHOK i3 KOHOeHCO8AHOI Pewo8uHOoI0, Mamepisniu 6 eKCmpemMaibHUX
ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
mamepiaiu ma cunmemuuni memaau, Memanoemicui cmapm-mamepiaau, Pisuko-mexHiini 0CHOBU
excnepumenmy ma disizHocmuku, JJuckyciitii nogidomaeHHs.

Crarri ny0IiKyIOThCA OMHIE0 3 ABOX MOB: aHTJIINCHKOIO (BiAgaeTbesa mepesara) a60 yKpaiHChbKOIO.

Crarri, B 0opopMJIeHHI AKUX He JOTPUMAHO HACTYIHUX IPaBWI N onyoaikyBanus 8 MGHT, mosep-
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4. 3a moTpebu 0 pemaKIlii MOKe HaJaBaTucCs APyKoBaHuil (A4, moxBifiHWII iHTepBaJ) IPUMiPHUK
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MiATEeKCTOBITI 30UIBIIIEHHS IIiJ] Yac 3MOMKHU 0asKaHO IPOCTABUTH MaciiTab (Ha KOHTpacTHOMY (DOHi) Ha omHiil 3
imemTumuynux cBitauH. Ha rpadikax miamvicu o oceil, BUKOHAHI MOBOIO CTATTi, MAIOTh MiCTUTH O3HAUEHHS (a60
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Koo mKepena. [Ipukiaanu opopMIeHHS TOCUIaHb HaBeIeHO HUKYe (IPOCHMO 3BEPHYTHU YBary Ha MOPSIIOK
posTauryBaHH4A iHiniasis i nmpissuig aBTopis, 6i6aiorpadiunux BigomocTeil i Ha po3AiTOBi 3HAKM, & TAKOK
Ha HeOOX1/HICTh 3a3HAUEHHS BCiX CIIiBaBTOPiB IUTOBAaHOI poboTH Ta ii ifenTHdikaropa DOI, sKmIo BiH €):

ISSN 1024-1809. Metallophysics and Advanced Technologies. 2023. Vol. 45 VII


https://mfint.imp.kiev.ua/ua/autors.html
https://publishing.aip.org/wp-content/uploads/2019/01/PACS_2010_Alpha.pdf

TH®OPMAIIIA OJISI ABTOPIB

1. S. O. Firstov and T. G. Rogul, Metallofiz. Noveishie Tekhnol., 44, No. 1: 127 (2022) (in Ukrainian).
https://doi.org/10.15407/mfint.44.01.0127

2.V.B. Tarelnyk, O. P. Gaponova, and Ye. V. Konoplianchenko, Prog. Phys. Met., 23, No. 1: 27
(2022). https://doi.org/10.15407/ufm.23.01.027

3. A. Meisel, G. Leonhardt, and R. Szargan, Rontgenspektren und Chemische Bindung [X-Ray Spectra
and Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in German).
4. J. M. Ziman, Printsipy Teorii Tverdogo Tela [Principles of the Theory of Solids] (Moscow: Mir:
1974) (Russian translation).

5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Al-
loys. V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.

6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds.

M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington,
D.C.: U.S. Govt. Printing Office: 1964).

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec.25-31,
1999) (Kyiv: RVV IMF: 2000), vol. 2, p. 113 (in Russian).

8. A. Eh. Krug, Abstr. Int. Conf. Phys. Phenomena (Dec. 25—-31, 1991, Alushta ) (Kharkiv: 1991), p. 12.
9. T. M. Radchenko, Vplyv Uporyadkuvannya Defektnoyi Struktury na Transportni Viastyvosti Zmis-
hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the Mixed
Crystals] (Thesis of Disser. for the Degree of Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute
for Metal Physics, N.A.S.U.: 2015) (in Ukrainian). https://doi.org/10.13140/RG.2.2.35430.22089
10. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitri-
dov Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341 SSSR (Publ.
November 21, 1979) (in Russian).

11. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya Metalli-
cheskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892 SU. MKI, B22
F9/02, 9/14 (Otkrytiya i Izobreteniya, 34, No. 13: 11) (1991) (in Russian).

12. Yu. M. Koval’ and V. V. Nemoshkalenko, O Prirode Martensitnykh Prevrashcheniy [On the Nature
of Martensitic Transformations] (Kyiv: 1998) (Prepr./N.A.S. of Ukraine. Inst. for Metal Physics. No.
1, 1998) (in Russian).

CJ1if BUKOPUCTOBYBATH 3araJIbHOIIPUMHATI CKOPOUEHHA HAa3B "KYPHAJIIB:
https://www.cas.org/support/documentation/references/corejournals;
https://cdn.journals.aps.org/files/rmpguapb.pdf;
https://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html;
https://mathscinet.ams.org/msnhtml/serials.pdf.

Heo0xinHOI0 BUMOTOI0 € TaKOXK HaZaHHA aBTOPaMU AOZATKOBOTO CIUCKY IumToBaHOI giTepaTypu (Refer-

ences) B JaTHHCHKI# TpaHcaiTepauii (cucrema BGN/PCGN; pekoMeH/0BaHI TPaHCIiTEpaTOPHU:

http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn).

ITicsia TpaHCIiTepOBAaHMX HAa3B KHUT, JUCEPTAILill, TaTeHTiB Ta iH. CIif y KBaJpaTHUX AYKKAaX HABOJUTH

ixXHilf aHTJIOMOBHU nepekJias (IuB. npukJaaau Buile). IIpu Tpauncairepariii crareit 3 MHT curig Bukopu-

croByBaru HanucauHda II.I.B. aBropiB, HaBeeHi auIlle B aHTJIOMOBHOMY 3MicCTi BiAIIOBifHOTO BUIIYCKY, 1

odiniiiny TpaHCIiTEpOBaHY Ha8BY *KYPHAY (AUB. TAKOXK IEPIITY CTOPiHKY KOXKHOI CTaTTi Ta caiT).

12. KopeKkTypa aBTOpaM HaJCUJIAETHCA eJIEKTPOHHOIO NIOMITO0 y BUTIALAL pdf-(haiiry micia saBepiieHHA
erany penensyBanHa. Ha nepeBipky KOpeKTypu aBTopaM BifBoAAThcA 5 pobounx AHiB. Ilicia sakinuenHna
3a3HAUYEHOI'0 TEPMiHy CTATTs aBTOMATHUYHO HAIPABJIAETHCA N0 APYKY. BumpaBieHHsa ciuin BigmituTu Ta
IpPOKOMeHTyBaTu B camomy pdf-daiiai a6o opopMuUTHy y BUIIIAAL IEPeIiKy BUIIPABIEHbD (IIiAIXCAHOrO YIIOB-
HOBaKEHUM IIPECTABHUKOM KOJEKTHBY aBTOPiB) i mepecaTul eJIeKTPOHHOIO MIOIIITOI0 Ha apecy PeJaKIii.

EeKTpPOHHMI BapifiHT cTATTi HaACHIaeThCA Ha e-mail: mfint@imp.kiev.ua (3 TeMoi0, 0 MOYMHAETE-
cs1 caoBoM ‘mfint’). [IpykoBana Bepcisi pykomucy (sAKIO y Hiil € morpeba) HAACUIAETHCSI 32 agpecoro:
Incruryr meranodisukn im. I'. B. Kypatomosa HAH Ykpainu, pegakuis MpHT; 6yasBap Axaa. Bepuaa-
cbKoOro, 36; 03142 Kuis, Ykpaina a0o BifoBifHOMY perioHaIbHOMY PeJaKTOPY (TUB. CAUT).

ABTOpM MOKYTH BiAbHO 3aBaHTa)kuTu pdf-Qaiisim omy6GaiKOBAaHMX cTaTeld 3 CaAUTy KypHALY
(https://mfint.imp.kiev.ua), a Takok 3aMOBUTU APYKOBaHI NIPUMIPHUKU BUIYCKY JKYDPHAJIy 31 CBOEIO
cTaTTelo, HaJiCHaBIIN [0 PeJaKIlii }KypHaIy pa3oM 3 KOPEKTYPOIO BiAOBiqHY 3aABKY Ta KBUTAHIIiIO IIPO
orIary ApyKy HeoOXiZmHol KibKOCTI IPUMiIPHUKIB BUITYCKY HA YMOBaX, AaHAJOTIUHUX IIePEAIIATHIM.

Binnosigzo no yrog misk penakmiero MHT, 3acHOBHUKaMu Ta BUJAaBIEM KYyPHAJY, PeIaKIlisg BBaXKae,
1[0 aBTOPY, HAJCWJIAIOUU Ifl PYKOIUC CTATTi, IepefaloTh 3aCHOBHUKAM, BUJABII0O Ta PEJKOJeEril mpaBo
omy6JIiKyBaTH Ileii pyKOIIKC MOBOIO OPUTiHAY Ta B IePeKJIadi iHIIMMHU MOBaMU, i TPOCUTH aBTOPiB Biapa-
3y IPUKJAZATH 0 PYKOIUCY « YTOLY PO Iepefady aBTOPCHKOTO IIpaBa» .

Yrona npo nepegady aBTOPCHKOTO IIPaBa
Mu, 10 HIKYe miATHCATNCS, aBTOPU PYKOIIUCY « », IIepefaeMoO 3aCHOBHHUKAM,
BUABIIO Ta PeIKOoJIerii sKypHay « Meranodisuka Ta HOBITHI TeXHOJIOTii» (3TiHO 3 yrogaMu Mi’K HIMH) IIpa-
BO OMyOJIiKyBaTH 11eil PyKOIIKC MOBOIO OPUT'iHATY Ta B IepekJaai iumumu MmoBamu. Mu migTBepmKyeMo, 1110
14 My0JIiKaIia He MOPYIIIye aBTOPCHKOTO IIpaBa iHImux oci6 a6o opranisamniii i mpuHIuIiB HAYKOBOI €TUKH.
ITpu nromy 3a aBTOpamu 30epiraroThbCs BCi iHIII IpaBa AK BJIACHUKIB IIbOT'0 PYKOIIUCY.

ITigniucu aBTOPiB: (I1.1.B., nara, agpeca, Tei., e-mail)
VIII ISSN 1024-1809. Meranodisuka Ta HoBiTHI TexHoJorii. 2023. T. 45



https://doi.org/10.15407/mfint.44.01.0127
https://doi.org/10.15407/ufm.23.01.027
https://doi.org/10.13140/RG.2.2.35430.22089
https://www.cas.org/support/documentation/references/corejournals
https://cdn.journals.aps.org/files/rmpguapb.pdf
https://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html
https://mathscinet.ams.org/msnhtml/serials.pdf
http://www.slovnyk.ua/services/translit.php
http://ru.translit.net/?account=bgn
mailto:mfint@imp.kiev.ua
https://mfint.imp.kiev.ua/

Metallophysics and Advanced Technologies © 2023 G. V. Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 5, pp. 569-591 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.45.05.0569 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 71.35.Aa, 71.45.Gm, 73.20.Mf, 78.67.Bf, 78.67.Sc, 81.07.Pr, 82.35.Np

OnTuyHe MOTJIIMHAHHSA HAHOKOMIIO3UTOM 3i chepuuHumMmn
riOpuaHUMHU HAHOYACTHHKAMU

A. B. Koporyu“™, H. A. Cmupuosa“, I. M. Tiros™*, I". M. IIIumxo™**

“Hayionaavhuil yrigepcumem «3anopidvka noiimexuHiKa»,
8y.. ARyroecvrozo, 64,
69063 3anopixcics, Vikpaina
oyave. Akademixa Bepnadcvrozo, 36,
03142 Ruis, Ykpaina
“*UAD Systems,
8y.i. Onexcanodpiscvra, 84,
69002 3anopixcics, Vekpaina
"""""" 3anopi3vKuil HayioHaLbHUL YHi6epcumem,
syJ. JKyroecvrozo, 66,
69600 3anopixcics, Vepaina

HocaigxeHO ONTWYHI BJIACTHMBOCTI KOMIIOBUTIB JieIeKTPUYHA MAaTPUILA—
1apyBaTa YaCTUHKA-BKJIOUEHHSA 31 CTPYKTYPOIO «MeTajieBe AAPO—000JI0HKA
J-arperarty». IIpoBefleHO PO3pPaxXyHKU YaCTOTHUX 3aJEKHOCTEH TieJeKTpuu-
HUX QYHKIiH II1apyBaTUX HAHOYACTUHOK, a TAKOK e(PeKTUBHOI JieleKTPUYHOI
dyHKIiI Ta KoedimieHTa MOrIMHAHHA KOMIIOSUTIB y PAMKaX KJIACMYHOTO Ta
PO3MipHOCKOPUI'OBAHOTO MOJAENIB e(eKTHBHOTO cepemoBuina MakcBeJLI-
T'apuerra. ITokasaHo, 1[0 B ZOCILAKYBAHMX KOMIOSBUTHUX HAHOYACTHHKAX
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30y IKYIOTBCS OZTHA eKCUTOHHA Ta ABi riopuaHi miaasmMoH-eKcuToHHI Moau. I1o-
SACHEHO MPUPOAY OCIUIAIIN AifICHOI I YABHOI YaCTHH HieJIeKTPUYHOI PYyHKITiT
mapyBaTUX YaCTUHOK B iH(pauepBOHill obsacTti uactor. IlobymoBano HabIM-
JKeHUHM aHAJITUYHUI MOJENb AJA BUSHAUEHHSA YaCTOT TiOPUIHUX IJIa3MOH-
eKCUTOHHUX PE30HAHCIB i BCTAHOBJIEHO, IO ITi YACTOTH iCTOTHO 3aJIesKaTh Bif
BMiCTy MeTajsy B HAHOUACTHHIII. S3HAWAEHO YMOBY, 3a K01 HEPIITNH MaKCUMYM
YABHOI YacTUHU JieseKTpuuHOl (GyHKII1 HaHOUaCTMHKY moTpamisde B iHdpa-
YepPBOHUM Misima30H cneKTpy. IlokasaHo, 1110 YaCTOTU TiOPUIHUX MO HAHOKO-
MIIO3UTY iCTOTHO 3aJieXKaTh Bifi po3sMipiB Ampa i 000JOHKM, a TPETill MaKcu-
MYM yABHOI YacTHHY e()eKTUBHOI JieJIeKTPUYHOI PYHKIII] BHAXOAUTHCS B YJIb-
TpadiosmeroBoMy misimasoHi uacTor. [loBemeHo, I1I0 po3MipHA KOPEKIlid Moze-
10 MaxcBesn-I apHeTTa Mae CeHC JIMIIIe A JOCTifKeHHA YaCTOTHUX 3aJIex-
HocTel Koe(imnieHTa mIOrIMHAHHA HAHOKOMIIOSUTY, & PIsKHUIA B pe3yabTaTax
pospaxyHKy eheKTHUBHOI mieqekTpuuHoi GyHKIII € HesHauHoio. IIpocTerxerno
3MiHV aMILUIITYyAY Ta IOJIOKEHb MAaKCUMYMiB YSBHUX YAaCTUH Ii€JI€KTPUYHUX
GYHKIiN YaCTUHOK 1 KOMIO3UTY Ta KoedilieHTa MOTVIMHAHHSA, a TAKOXK Kijib-
KocTH ix 3i 3MiHOIO posmipiB i marepidsmiB Axpa i 00OJOHKU UYaCTUHOK-
BKJIIOUEHb. BCTaHOBJIEHO, IT[O 3i 3MEHINIEHHAM BMICTy MeTajy B YaCTUHILi-
BKJIIOUEHHI Mae Micre 30JMmKeHHA MaKCUMyMiB Koe(imienTa moryvHaHHA
KOMIIOBHUTY, a 3i 301JIbIITeHHAM — HaBIaKu, BiTaIeHHS.

KarouoBi ciioBa: HabMMKeHHA e(DEKTUBHOTO CePEIOBUINA, OIITUYHI BJIACTHUBOC-
Ti HAHOKOMIIO3UTIB, TiOpUAHI MIa3MOH-eKCUTOHHI pe3oHancu, Koe@imie T mo-
TJIMHAHHA, e()eKTUBHA AieleKTpuuHa QyHKIiA, chepuuni riopugHi HaHOUAC-
TUHKH, J-arperar.

The optical properties of composites consisting of inclusion particles of ‘met-
al core—dJ-aggregate shell’ structure within the dielectric matrix are investi-
gated. Calculations of the frequency dependences of the dielectric functions
of layered nanoparticles, the effective dielectric function, and the absorption
coefficient of composites are carried out by using the classical and dimen-
sionally adjusted Maxwell-Garnett models of effective medium. As shown,
one exciton and two hybrid plasmon—exciton modes are excited in the inves-
tigated composite nanoparticles. The nature of oscillations of the real and
imaginary parts of the dielectric function of layered particles in the infrared
frequency range is explained. The approximate analytical model is construct-
ed to determine the frequencies of hybrid plasmon—exciton resonances. As
found out, these frequencies are significantly dependent on the metal content
in the nanoparticle. The condition is defined, under which the first maximum
of the imaginary part of the dielectric function of a nanoparticle falls into the
infrared range of the spectrum. As shown, the frequencies of the hybrid
modes of the nanocomposite depend significantly on the dimensions of the
core and shell. The third maximum of the imaginary part of the effective die-
lectric function is located in the ultraviolet frequency range. As proved, the
dimensional correction of the Maxwell-Garnett model is used, when the fre-
quency dependences of the absorption coefficient of nanocomposite are stud-
ied, and the difference in the results of the calculation of the effective dielec-
tric function is insignificant. The changes of the amplitude, the positions and
the numbers of maxima of the imaginary parts of the dielectric functions of
particles and composite as well as the absorption coefficient are traced, when
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the sizes and materials of the core and shell of the inclusion particles are
changed. It is represented that, if the metal content is decreased in the inclu-
sion particle, the maxima of the absorption coefficient of the composite are
converged, and if the metal content is increased, then the maxima are moved
apart.

Key words: effective medium approximations, optical properties of nano-
composites, hybrid plasmon—exciton resonances, absorption coefficient, ef-
fective dielectric function, spherical hybrid nanoparticles, J-aggregate.

(Ompumano 24 ciuna 2023 p.; ocmamoyn. apianm — 28 aomozo 2023 p.)

1. BCTYII

OcTadHiM YacoM iHTEHCHBHO OCJIiIKYIOTBLCA ONTHUYHI BJIaCTHUBOCTI Iid-
PUIHUX HAHOUYACTUHOK i PIBHOMAHITHUX CTPYKTYP HAHOMETPOBOTO Ma-
cmrtady, a Tako:k e)eKTH ix B3aeMopii 3i ecBiTimoBumMu momamu [1-7]. Ia-
Tepec A0 BUBUEHHS ITOMIOHMX CHUCTEM 3yMOBJIEHUI AK (pyHIaMeHTaJb-
HUMU poboramMu B o0JsacTi HAHO(MOTOHIKM Ta HAHOILJIA3MOHIKM, Tak i
THUM, III0 CTBOPEHi Ha 1X OCHOBI HAHOMATEPiAJIM aKTUBHO BUKOPUCTOBY-
IOThCA B JOCJiIKEHHAX i po3poObKax (POTOHHUX, OIITOCJIEKTPOHHIX, CBi-
TJIOBUIIPOMIiHIOBAJIbBHUX 1 CBITJIONOTVIMHAJBLHUX ITPUCTPOIB HOBOI'O IIO-
Kouimuda [6, 8, 9]. 3okpeMma, BeIyThCS JOCTiIKEeHH 1 po3pobKu B obJiac-
Ti HAIIiBIIPOBIIHMKOBUX i OpraHiyHUX CBiTJIOBUIPOMiHIOBAJBHUX Hi0-
IiB, IIOJILOBUX TPAH3UCTOPiB, (DOTOBOJBTAIUYHUX €JIEMEHTiB, ONTUYHUX
mepeMUKAaUiB Ta eJIeMeHTiB maM’ aTi. S3HaUHy yBary OpPUAiJIS0TH POOO-
TaM 3i CTBOPEHHA eJIeMeHTHOI 0a3y HaHO(GOTOHHUX iHTeTI'PAJIbHUX CXeM,
HaHOJIa3epiB i HU3KU iHIIUX IPUCTPOIB, IO IIPAIIOIOTh Ha OCHOBI e(eK-
TiB cyOXBUJIBbOBOI OIITUKYU, KBAHTOBO-PO3MipPHUX, HENTiHiAHO-ONTUYHUX
i mIa3MOHHO-IHAYKOBaHUX SBUIII.

Pazom i3 po3pobkoi0 HOBUX (Pi3MUHUX IPUHIIUIIB QYHKIIIOHYBaHHS
(OTOHHUX, ONTOEJEKTPOHHUX i CBITIOBUNIPOMiHIOBAJIBLHUX IPUCTPOIB
faraTo akTyaJbHUX 3aJau HAHOMPOTOHIKY TiCHO IIOB’sI3aHi 3 BUBUEHHAM
i MomesOBaHHAM ONTUYHUX BJIACTUBOCTEH PiBHOMAHITHUX TiOpHMIHUX
HAHOCTPYKTYP «MeTaJ—TieJIeKTPUK» 1 «MeTaJl—HaOiBIPOBIZHUK» i
CTBOPEHMUX Ha iX OCHOBi KoMIIO3UTHUX HaHoMaTepisaaiB [10—13]. Tumo-
BUMH IPUKJIAJaMI MOXKYTH OyTH JiH3U a00 JiH30Bi MaTpuili, sudpax-
mitiai i HemiHiMHI onTUYHI eleMeHTH, (GOTOHHI KpucTaau i MeTamnoBepx-
Hi, HIINPOKO BUKOPUCTOBYBaHi y (GOTOHII 114 MaHIiIIyJI0BaHHA CBiTJIOM
[13—15]. OgHiero 3 o0cHOBHUX IIepeBar CBiTIOUYTINBUX HAHOKOMIIO3UTIB
€ MOJKJIMBiCTH CTBOPEHHSA HEOOXiTHMX ONTUUYHUX €JIEMEHTIiB in situ B He-
o0ximHOMYy MicIli, AKi TaKO0K MOMKYTHb BUKOPHCTOBYBaTHUCA AK (opMuU
naa pengikarii. He MeHII BasKJIMBOIO € MOKJIMBICTD CyMillleHHA PYHK-
il TAaKMX eJIeMEeHTiB AK HeOoOOpOTHA abo O0OPOTHA ONTHYHI mam’sTi,
JIOMiHECIIeHITisI, ONTUYHA HEeJIHIiNHICTL, 3UNTYBaHHSA Pi3HUX CUI'HAJIIB.
IIi xapaKTepuCTUKU MOKYTL OyTH 00’eqHAHI B HAHOKOMIIO3UTAX IITJIS-
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XOM BipHOro BuOOPY KOMIIOHEHTIB MOHOMEPY MAaTpPHIIi, iHiliaTOpiB, a
TAKOXK PisHMX oOpramiyHux ab0 HeopraHiuHMX HAHOUYACTUHOK-
HATIOBHIOBAUiB, 1110 3a0e3I1eUyI0Th HeOOXifHY PYHKITIOHATLHICTE.

OKpeMuil inTepec CTAHOBUTH JOCTiIKEeHHSI HAHOCUCTEM, IO CKJIazaa-
IOTBCSI 3 METAJIeBUX HAHOUYACTHUHOK i CKJIAZHUX MOJEKYJIAPHUX KOM-
IJIEKCiB, Y TOMY UMCJIi BIOPAAKOBAHUX MOJEKYJIIAPHUX J-arperaris 6a-
pBHUKiB. KoMIO3MTHI [ABOIIApOBI HAHOYACTHMHKHN THIIY <«SIIPO—
000JIOHKAa» 3 MeTaJIeBUM AAPOM i 30BHIITHLOIO J-arperaTHoio 00O0JIOH-
KOI0 pidHOl (hopMm i poamMipiB MaOTh YHIKAJbHI OIITUYHI BJIaCTUBOCTI.
ITi BracTuBOCTi 3HAUHO BiAPidHAIOTHCA AK BiJl BJIAaCTUBOCTEM MeTaJIeBOi
mifcucTeMu, TaK i Biff BIACTUBOCTEH OKPEeMUX MOJIEKYJI a00 MOJEKYJId-
pHux J-arperaris.

B 11b0MYy KOHTEKCTI BiI3HAYMMO, IO IIEPCIEKTUBHICTL 3aCTOCYBAHHSI
KOMIIOBUTHNX HAHOCTPYKTYP Ha OCHOBi J-arperariB IiaHiHOBUX 0apB-
HUKiB B ONTOEJEKTPOHIIII 0YJIO eKCIIepIMEeHTAJIbHO IIPOIEeMOHCTPOBAHO
Ha IIPUKJIALi cCUCTEMHU «KOJOiTHA KBaHTOBa TouKa—dJ-arperat» [16]. By-
JIO TIOKa3aHo, IIM0 MOAi6HI CTPYKTYPU MOKYTh YCIIiIITHO BUKOPUCTOBYBA-
THUCA IOJIA PO3POOKU (POTOLETEKTOPiB, A ehpeKTUBHOTO 30UPAHHA i IIe-
PeTBOPEeHHS CBiTJIOBOI eHeprii, a TaK0XK IJ1d 0araTOKPAaTHOTO 301/IbIITeH-
HA epexTuBHOCTI Payopeciieniii. Kpim Toro, ribpugui meTam-opramiumi
HAHOCTPYKTYPU MOKYTh BUSBUTHUCS IIEPCIEKTUBHUMMY i IJIs 3MiliICHEH-
HA eeKTUBHOI KOTepeHTHOI mepemaui OGJM3LKOIIOILOBOI B3aeMOZIii y
HaHO(MOTOHHOMY HNPHUCTPOI Ta AJISA 3AiACHEHHA e(DeKTUBHOTO IIOTJIMHAH-
HS BUIIPOMiHEHHS BUAMMOTIO i OJIM3BLKOTO0 iH(PauepBOHOTO AisdIa3oHy 3
MEeTOI0 3aCTOCYBaHHSA IOAIOHMX HAHOCTPYKTYpP HIpu po3pobii doro-
BOJIbTAIYHUX €JIEMEHTiB.

o HemaBHBOro uacy edeKTu B3aemonii PpeHKeIeBUX EKCUTOHIB 3
IIOBEPXHEBUMH IJIA3MOHAMU IOCJIiIMKyBaJINCA IIePeBaKHO yV TiOpUIHUX
MeTaJ-OpraHivHUX CTPYKTYpax i3 mjIaHapHOIO TeOMeTpiero, 30KpemMa, y
TOHKUX MeTaJeBUX ILIIBKaX, BKPUTUX MOJEKYJIAPHUMHU J-arperaraMmu
Ta OPraHivYHMX HAIBOPOBimHMKAaX (IMiaHiHOBUX OapBHMKAX, BIPOBa-
MKEeHUX Y IMOJiMepHy MaTPUITI0), HaHeCeHUX Ha MeTaJIeBy ILIiBKY [17—
20]. ¥ nupomMy BUIIaIKy €JIeKTPOMATrHETHUH 3B’ A30K eKCUTOHiB PpeHKe-
J 3OIMCHIOETHCSA 3 ILIA3MOHAMU, IO HOIIMPIOIOTHLCA B3AOBXK IIJIOCKOI
IIOBEPXHi MOy « MeTal—mieJIeKTPUK» a00 « MeTaJI—HaIiBIIPOBITHUK» .

B pob6ori [21] 6ys10 mpomemMoHCTpOBaHO J-arperariito miaminoBoro 6ap-
BHUKA Ha chepUUHiil MOBEpXHI HAHOUYACTUHOK 0JarOpPOAHOTO METady V
BOJHOMY PO3UNHi. AHAJOTIUHI HAHOYACTUHKHU «MeTaJ—dJ-arperar» oyan
IIOTiM CMHTE30BaHi Ta eKCIIepUMeHTAaJIbLHO focimkeni B [22—30].

IloacHeHHA OCHOBHMX B3aKOHOMIipDHOCTEH y cHeKTpax IOrJIMHAHHA
CpiOdHMX Ta 30J0TUX HAHOYACTHMHOK MaJjoro pamitoca (r <10 mm), BKpu-
tux J-arperaramu miamimosoro 6apsuura TC (3,3'-disulfopropyl-5,5'-
dichlorothiacyanine sodium salt), 6yso gamo B po6orax [23, 27-29, 31]
Y paMKaXxX KBa3UCTATUUYHOTO HAOJIMKEHHS 3 BUKOPUCTAHHAM aHAJIiTHY-
HOT'O MOJIEJIIO IJIA AUMOJBLHOI MOJIAPMU30BAHOCTY ABOX KOHIIEHTPUUYHUX
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cep. HeranbHi podpaxyHKM ¥ aHaJi3y ONTUYHUX BJIACTUBOCTEHN BO-
IIIapOBUX HAHOUYACTUHOK «MeTaj—dJ-arperar» y IIHUPOKiit obJacTi reo-
METPUUYHUX MapaMeTpiB i AieJeKTPUYHUX KOHCTAHT MAaTepidAJiB, IO
CKJIaIal0Th YaCTUHKY, IIpoBeeHo v [32] Ha OCHOBI y3arajJbHeHO1 Teopii
Mi. ¥V Brasaniii poboTi 0yJj10 Jamo mosgcHeHHA e(DeKTiB 3B’ A3Ky PpeHke-
JIeBIX €KCUTOHIB J-arperaTHoi 000JOHKHY 3 JUMOJLHIMU TA MYJILTHUIIO-
JBHUMMU IIJIa3MOHaMHU, JIOKAJi30BAHUMHU B AMPi YACTUHKU Ta JOCJIiIKe-
HO YACTOTHY 3aJIeKHiCTh Ilepepisy MOTVIMHAHHA HaHouacTUHKYU Me@J,
ajie BJACTUBOCTI KOMIIO3UTY 3 TAKMMH YACTUHKAMU He JOCJiI:KYBaJIM-
cs. Kpim Toro, Biomo, 1110 BKasaHa Teopid afeKBaTHO OIIMCYE€ ONTUUHI
BJIACTHUBOCTI KOMIIO3UTIB JuIire i3 Majaow (< 5% ) KOHIleHTpaIli€lo Jac-
THHOK-BKJIOUEHD, 4 Y BUNAAKY OLIBINMNX KOHIIEHTPAIlill CIIpaBeIJINBOIO
e Teopis Maxcse-I apaerTa [33].

Tomy mocaimyKeHHSA OIITUYHUX BJIACTUBOCTEH KOMIIO3UTIB i3 chepuy-
HUMH MeTaJeBUMUN HAHOYACTUHKAMN, BKPUTUMU IIIAPOM MOJIEKYJIIP-
HOrO J-arperary, B pamkax Teopii Makcaeii-IapHerTa € akTyaJIbHOIO
3aavero.

2. TEOPETHYHI BITOMOCTI

2.1. Teopisa edpeKTUBHOTO cepeTOBHIIIA

PoarasmuemMo KOMIIO3UT, B AKOMY MATPUUYHUM CEPEIOBUINEM € TieJIeKT-
PHK i3 IPOHUKHICTIO €y, B AKUH BTiJIEHO c(pepHUUHi BOIAPOBi HaHOYAC-
THUHKHU i3 3araJbHUM paziocoMm R. Igpom HaHOYACTMHKM € MeTaJ, OI-
TUYHi BJJACTUBOCTI IKOT'O OIMCYIOTHCA AieJIeKTPUUYHOIO PYHKITIEIO £.(®),

a 000JIOHKOI0 — IIap OPraHiuHUX MOJIEKYJ J-arperaty i3 miereKTpud-
HOI0 QyHKITiE0 g5(®) (puc. 1).

=R »
0000 ooo

0900 ) " g0
0000 @0

Puc. 1. 'eomerpia sagaui.

Fig. 1. Geometry of the problem.
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OnTuuHi BJIACTUBOCTI KOMIIO3UTHUX CEPEIOBUII MOKYTH 3HAUHO Bif-
pisHATHCA K Big BIacTUBOCTEHN 00’eMHHMX MATepPisijIiB, Tak i OKpeMux
HaHOYACTUHOK, IO (DOPMYIOTH KOMIIO3UT, i BUBHAUYAIOTLCSA PO3MipOM,
¢dopmMoIO i BIOPAAKOBAHICTIO CKJIAMOBUX HAHOUYACTUHOK, CTYIEHEM 3a-
IOBHEHHS CEePemOBUII] HAHOYACTUHKAMM, a TaKOXK BiJHOIIIEHHAM BijcC-
TaHi Mi’K HAHOYACTHHKAMM [0 JOBKWHU XBUJIi IaIal0Y0Tr0 BUIIPOMiHIO-
BaHHA. IKINO OBKMHA XBUJIi HabaraTo O6iJbIa 3a XxapakTepHi po3Mipu
HEOJHOPiAHOCTI y HAHOKOMIIO3MUTi, TO MOYKHA CKOPHUCTATHCSI TEOPi€io
edeKTUBHOTO cepemoBuinia [5]. B pamkax mamoro mozesnio amcam06Jb Ha-
HOUYACTUHOK Yy HieJeKTPUKY MOXKHA PO3TJIALAaTU K HOBE CepeJOoBUIIIE 3
IeAKO0I0 «e(heKTUBHOIO» JIieJIEK TPUYHOIO IPOHUKHICTIO.

IcToTHMME mepeBaramMu IIbOrO IIAXOMY € Te, I0: B OO0 paMKaXx IJIS
aHaJIi3y IOIMNPEHHS BUIIPOMiHEHHS B KOMIIOBUTHOMY CE€PEIOBUIIL BiJ-
CYTHsS HeoOXimHicTh pos3B’asyBaTu MaKcCBeJJIOBI PiBHAHHSA B KOMKHIN
TOUI[i IPOCTOPY; 3HAIOUM OINTUYHI MapaMeTpu KOKHOT'0 3 KOMIOHEHTiB
KOMIIOBUTY, & TAKOK 1XHi KOHIeHTpAaIlil Ta reoMeTpuyYHi hopMu, MOKHA
BU3HAUNTU IapaMeTPHU BChOT'0O CEPEIOBUIIA AK IT1JIOTO.

3asBuuaii y Mofesio e(peKTUBHOTO CEPEeIOBUINA I PO3B’ A3aHH OII-
TUYHUX 3aJaY KOPUCTYIOTHCA €JIEKTPOCTATUUHUM HAOIMIKEeHHAM, YMO-
BOIO 3aCTOCOBHOCTI SAKOT'0O € MaJIMH PO3Mip HAHOYACTMHOK i MaJja Bijac-
TaHb MiK HUMU NOPiBHAHO 3 JOBKMHOIO XBUJi y cepeoButili. B inmomy
pasi HeoOXiHO BpaxX0oBYyBAaTH PO3CiTHHA Ha HAHOUACTUHKAX Ta iHTepde-
PeHITi0 PO3CiAHUX XBUJIb.

I KOMIIO3UTY, IO CKJIAZa€ThCA 3 IBOX UM 0iJIbITIe KOMIIOHEHTIB a00
das Teopia Makcaenn-I apuerTa [34] Zae MOMKJINBICTH OMMCATH ONITHYHI
BJIACTHUBOCTiI KOMIIO3UTY, a caMe, — 3aJIe’KHICTh MieJJeKTPUYHOI ITPOHM-
KHOCTI BiJl KOHIIEHTPAIlill BKJIIOUeHb B HhOMY. SIKIII0 KOMIIO3UT CKJama-
€ThCS 3 ABOX KOMIIOHEHTiB, fAKi MAalOTh TieJeKTPUUYHI ITPOHHMKHOCTI
€g(®) Ta &€n, YNHHUK 3AIIOBHEHHS Cepe/JOBUINA (06’eMHMIT BMiCT BKJIIO-
4eHb) 3, To eeKTUBHA AieJIEKTPUYHA IPOHUKHICTL Ma€e BUTJIAL:

ee(®) — ¢,

w0 =6, | 148D
@ m

(1)
Ie £ () BUBHAYAETHCS CIIiBBIAHOIIEHHAM [35, 36]
—_— (2)

a . — 00’eMHMII BMiCT MeTay y YaCTUHITI
€, —€
5@ =_c J (3)
g, +2¢;

3Haoun e(eKTUBHY TieJIeKTPUYHY TPOHUKHICTH KOMIIO3UTHOTO Ce-
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pezmoBuIla, MOKHA PO3PaxXyBaTH HOro KoedimieHT morauHaHHg [37]

20

N

N(w) = Im /e i (®), (4)

e ¢ — IIBUAKICTH CBiTJIAa, ® — YACTOTAa IIaJHOIL eJIeKTPOMATrHEeTHOI XBU-
Ji.

Bixzsraunmo, 1m0 KiacuuHa Teopis Makcses-I apHeTTa He BpaxoBye
BILJIMB PO3Mipy HAHOUACTUHOK, TOMY B [38] O6yJ10 3aIIpOIIOHOBAHO PO3Mi-
pPHOCKOpHUI'oBaHY Teopito MakcBesi-I apHeTTa, B paMKax SKO0I eheKTuB-
Ha [OieJJeKTPpUYHA IIPOHUKHICTL BH3HAYAETLCA HACTYIHUM CIiBBiIHO-
IITEeHHIM:

we _, Ea(+2P)+2e,(L-P)+ (e, — £0)1 - P)A
M e (L-B) + 6,2+ B) + (5, — £g)(1—PA

, ()

e

A:x2+gix3,x: g ﬁ (6)
3 "o

I1s Teopid posriadnae KOMIIOBUT, AKUU CKJIaJaeThCA 3 BUMAAKOBO PO-

3TaIlOBaHUX AUCIIEPCHUX UYACTUHOK-BKJIOUYEHDb Yy HieJIEKTPUYHIN MaT-

puti. Ilpu mboMy TyT BBefeHe IIPUIIYIIIEeHHs, II[0 A0COJIOTHO BCi BKJIIO-

YeHHS B MaTPUIli MAalOTh OJHAKOBY (DOPMY Ta OJHAKOBi pO3Mipu, 3HAYHO

MEHIITi 3a JOBXKUHY XBUJIL cBiToia. Hamauri gisa pospaxyHKiB BUKOPHCTO-

BYBaTUMEMO «KJIACUUYHY » 1 « pPO3MipHOCKOPUTOBaHYy» Teopito MakcBeJLi-
TapueTTa.

2.2, OuTuyHi BJIaCTUBOCTI MOJIEKYJISIPHUX J-arperaTis niaHiHOBUX
OapBHUKIB

Monerynapui J-arperatu mpencTaBiIAiOTh cOO0I0 HAHOKJIACTEPH HEKO-
BAJIEHTHO 3B’ S3aHUX OPTaHiYHUX MOJIEKYJ 0apBHUKA, B AKUX 3aBAAKU
TPAHCIAAIIAHOMY HOPAAKY €JeKTPOHHI 30yI:KeHHS OKPEeMUX MOJEKY.J
KOJIEKTHUBIi3YIOThCS, YTBOpIOIOUN PpenKeseBi ekcuToHHI cTanu [39].

Hai6inbI111 cXuAbHUMHU OO YTBOPEHHS IIOJiMOJEKYJIAPHUX arperaris
e moJsrimeTnHOBi (1iaHiHOBi) OGapBHMKU. BOHM TakoK BiAPIBHAIOTHCA
0c00/IMBO e(PeKTUBHUM IIOTJIMHAHHAM cBiTyia. Haii6inbin mMmmmpoKo Bu-
KOPHUCTOBYBaHi 6apPBHUKM TAaKOT'0 TUIY MOKHA OIMMCATU CTPYKTYPHOIO
dopmynoo (puc. 2). Tyt samicte Z moxytrs 6ytm O, S, Se, NR,
—CH=CH- ra iam1i R, R;—R. — pisHi 3amicHuKM; n MoKe HaOyBaTu 3Ha-
uens Big 0 10 7, X* — nporuiion [40, 41].

Oco0MBOCTI CTPYKTYPU XPOMOMOPHOI YACTUHU X MOJEKYJ Ta 3Mi-
Ha 3HAKY TM-3apsANiB Y3I0BK IIOJiMETHHOBOTO JAHIIIOTa OApPBHUKA 3YMO-
BJIIOIOTH CXUJbHICTH MOJiMeTMHOBUX OapBHUKIB mo J-arperamii [41].
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R R R,

3 4

- <o
| |

R X= R

Puc. 2. CrpyxrypHa opmyJia amigieBoro fioHa [44].

Fig. 2. The structural formula of amide ion [44].

IxHi cmosryku n06pe mOrJIMHAIOTH CBITJIO y BUAMMII Ta iH(ppadepBoHiil
00JIacTAX CIEKTPY Uepes3 UuepryBaHHA 3HAKIB M-3apAIiB y3/IOBK XPOMO-
GopHOro JIAHITIOMKKA Ta 3MiHM IX Ha IPOTHJEKHI 31 30yI:KeHHIM 30B-
HiITHIM BUOpOMiHeHHAM. 3 iHIIIOT0 OOKY, Uepes3 uepryBaHHA 3HaKiB 3a-
paniB bapBHUKY S0oOpe afcopOyIOThCA HA MOBEPXHi HOHHIUX KPUCTAJIB.

Moserynu miaHiHOBUX OapBHUKIB mHepeBasKHO ABOMIpHiI 3 KyTamMu
MiK ILJIOIIIMHAMM TeTeponuKaiB MeHIuMu 15°. Ile cnpuse yTBOpeHHIO
BY3bKHX CEJIEKTHBHUX CMYI' HOTJIMHAHHA. TakoyX uepes3 Iie IiaHiHHT
CXUJIBHI 40 arperamii TUITy ILIOMIMHA—IIJIOIMNHA 31 3CyBOM MOJIEKYJI OJI-
Ha BiTHOCHO OJHOI JJIA OITHMAJIBbHOI T—T-3apAL0BOI B3a€MOil IPOTH-
JIEKHO 3apAIKeHIX MeTUHOBUX I'PYII CYCiAHIX MOJIEKYJI.

BusnavaJabHUM CTPYKTYPHUM IIapaMeTPOM IJISI CIIEKTPAJIbHUX BJIAC-
TUBOCTEH arperaTiB € KyT HaKyBaHHS MoJekyJ y Hbomy [40,41]. Eme-
MeHTapHHUM arperaToM, OUeBUAHO, € zuMep D. Moro MmakcumMyMm morJu-
HAHHA 3CYHYTUH BiTHOCHO MaKCUMyMYy HOTJIMHAHHA MoHOMepy M y 6ik
KOPOTKUX XBUJb. /I BUIIaAKY TaKOT0 HANUIIPOCTIIIIOTO arperaTy B3ae-
MO/isf MOJIEKYJI Ta MOT'0 Pe3yJabTaT PO3IJIAA0ThECA y Moaes o Mak-Pesa—
Karmma [42, 43].

Ha pucysKy 3 cxemMaTU4UHO 300pakeHi OCHOBHNI eHePreTHUYHNI CTaH
(G) Ta posmrenIeHunil 3a paXyHOK MiKMOJIEKYJISIPHOI B3aeMoii 30y mxe-
Huii crad (E). MoKJIUBiCTh €JIEKTPOHHOTO IIEPEX0y 3aJIe’KUTh BiJ KyTa
o MiK TWIIOJSMH Ta Biccio arperaty (Biccio, 110 3B’sA3ye IIEHTPU MOJIe-
Kya B arperari). Koau xyt o =90°, Hait6iabIll iMOBIipHUM € CIIEKTPAaJIb-
HUH mepexin y BepxHiil 30ymI:keHUil cTaH, a MepexiJ Ha HUMKHIN cTaH €
sdaboporenuM. [asg o= 0° IMOBipHiCTE ITepexony v HUKHIil 30y IKeHU
CTaH mepeBaskae (CMyTrH IOTJIMHAHHSA JUMepPa 3CyBaloThcA Y OiK mJOBrux
XBUJIb). ¥ 3araJibHOMY BHUOAAKY MMOBipHICTEH IIepexony y BepXHiii 30y-
IKEeHUI cTaH BUIIE IPU o > 54°, B iHmmx Bunagkax (o < 54°) HaitbiabIin
iMoBipHMI epexin y HMKHIT 30y IKeHMiT cTaH.

AnajoriuHo po3TIALAE€ThLCA MOJEdb J-arperaris. ¥ IbOMY BUIIAAKY
KiJlbKa MOJIeKYJI OapBHUKA PO3TAIIOBYIOTHCA SIK KapTHU B 3CYHYTIHN KO-
Joxi abo AK CXOAMHKY Ha cxoxax. KyT 3cyBy MOJIeKyJI BUBHAUAE CIIEKT-
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Monomep Humepn

0) oo 0o

Puc. 3. [liarpama eHepreTnuHUX PiBHIB MOHOMepa OapBHUKA Ta I10r0 JUMEPiB
3aJIe}KHO BiJy KyTa MijKk HaIpAMKaMU IUIOJIiB IepexofiB Ta Biccio arperary: G
— ocHOBHU# ctaH, E — 30ymxeHi cranu [44].

o 0° 64>  90°
o

Fig. 3. Diagram of the energy levels of the dye monomer and its dimers de-
pending on the angle between the directions of the transition dipoles and the
axis of the aggregate: G is the ground state, E are excited states [44].

pajdbHe TIIOJIOMKEHHS MaKCUMyMy IOTJIMHaHHA arperary [44]. J-
arperaram Toji BigmoBigaroTh Kyt o =30°1 o0 =19°. CTpyKTypa, 1110 Bi-
IIIOBilae IPyromMy BHUIIAAKY, HA3UBAETHCA CTPYKTYPOIO «IIErJISHOI KJa-
IKU» i € HaibiabI o0 PYHTOBAHOIO Ha ChOTONHI [45].

Kpim Toro, 3a mii Ha J-arperatu cBiTJI0BOTO BUIIPOMiHEHHS B HUX Bij-
OyBaeThCA 30YAKEeHHA eKCUTOHHIX MO/, a IKIIO J-arperaTu BXo4ATh SO
CKJIAy KOMIIOBUTHUX HAHOUYACTUHOK, TO MOKJIUBUM CTae 30yI:KeHHS
ribpuaAHUX IIJIa3MOH-eKCUTOHHUX MOJ.

2.3. MiemexTpuuHi (byHKIIIT MeTaJIeBOTO AApa Ta 000JIOHKHM J-arperary

BBaxkaTumemo, 110 OIITUYHI BJACTUBOCTI METAJIeBOTO AAPa OMUCYIOThCS
mopnesaeMm Hpyne

(,02

g (0)=¢" ———F——, (7
(0 + iy )

Ie o, — IJIa3MOBa YacTOTa, &£ — BHECOK KPUCTAJIIUYHOI I'PATHUIIL B Iie-
JEeKTPUUYHY (PYHKITiI0, a epeKTHBHA HMIBUAKICTh pejaKcallii y HaHodac-
TUHKAX Yett BUBHAUAETHCA aAUTUBHUM BHECKOM 00’€MHOI Ta IMOBEepXHe-
BOI pesakcaitiii [46]:

Yetr = Youx T Vs- (8)

IIBuakicTh 00’eMHOI pesakKcallii MOKHAa BBasKaTH CTAJIOI0 BEJIMUUHU-
HOIO, TOOi SIK IMIBUAKIiCTH IIOBEPXHEBOI peJiakcallii € po3MipHo- i yacro-
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TO3AJIEKHOI0 PyHKITiero [46]

. Yr
ys_‘/(maR)R9 (9)

C

e v — MBUAKicT, PepMi eJIeKTPOHIB, a e()eKTUBHUY ITapaMeTep, IO
ONUCYE CTYNiHb BTPATU KOT€PEHTHOCTHU A chePUYHUX HAHOUACTHUHOK,
Mae BurJIsan [46]

2
2 2
(o, R):l[&] 1_2VS sin= + V; (1—0032J , (10)
4| ® v

(O] v (Q)

S S

avs=vp/2R. — yacToTa iHAUBiTyaIbLHUX OCIIUJIAII T €JIeKTPOHIB.
B cBo10 uepry, onTUYHI BJIACTHUBOCTI J-arperary ommucyoOThCA JieJeK-
TPUYHOIO QyHKITieo [28]

2
fo,
2

SJ(w)=8j+—2 - ,
0, — O — oy,

(11)

7ie € — 3HA4YeHHA JieJleKTPUYHOI IPOHMKHOCTH BIAJIUHI BiJ IeHTDPY J-
CMYTHU TOTJIMHAHHSA, f — IpuUBeAeHa CHJa OCIIUIATOPa, 0y — YacToTa,
110 BiATIOBiZAae IEeHTPY CMYTH, Y5 — IIupuHa JIopeHIIeBOTO KOHTYDY dJ-
CMYyTH.

Hapgaui cisBigaOomenns (1), (2), (4), (5) 8 ypaxyBauaam popmy. (3),
(6)—(11) BUKOPUCTOBYIOTHCS AJI OfePIKAaHHA YNCEJILHNX Pe3yIbTATiB.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

PospaxyHKM NOPOBOAUJINCA [OJSI HAHOKOMIIO3UTY 3 UYaCTHUHKAMMU-
BKJIIOUEHHSAMU TUIY «MeTaJieBe Sapo—Iiap J-arperaty» 3a pisHuUX pos-
MipiB Aapa Ta pisHUX TOBIUH 000JTOHKM. SIK MaTpuUHe cepemoBHUIIEe PO-
araagaBea TedioH (en =2,3). Ilapamerpu MmeraniB i mianmimoBux 6aps-
HUKiB HaBemeHo y TabJ. 1i 2 sigmoBigwo.

Ha pucyHry 4 HaBeeHO YaCTOTHI 3aJIe’KHOCTI mificHOI i YABHOI Uac-
TUH AiesleKTpuuHOi GyHKIII ribpunaoi HanouacTuHKU Ag@TC 3 dikco-
BAaHUM PagilocoM sapa i pisHOI0 TOBIIMHOIO 000J0HKU. BigMmiTimo, 1110
Regg(w) € 3HAKO3MiHHOIO (DYHKI[i€f0 YacTOTH, TOoAi IK Im gg(0) >0y
BCLOMY AOCJIiI:KyBAaHOMY HiAmasoHi uacTor. B imdgpauepsBoniii obaacTi
4acToT Ha KpUBUX Reg, Ta Imeg, ANA YaCTUHOK 3 R.=101 20 uam mowmi-
THi OCIIUJIAIIT, TOB’sI3aHi 3 OCIIMJIIBHUMHY HogaHnkamu y popmyJi (10).

Tpu makcumymu Im eg(®) BiAIOBimar0TL 30yI:KeHHAM OfHiel excu-
TOHHOI Ta JBOX IJIa3MOH-eKCUTOHHOI MOJ KOMIO3UTHOI YacTUHKHM. dac-
TOTH X MOJ MOKHA HaOJJIMKEHO OJePKaTh 3 YMOBU

de () / do = 0. (12)
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TABJINIIA 1. ITapameTpu MeTariB (QUB., HATPUKJIALI, [35, 47] Ta mocUIaHHA ¥
HUX).

TABLE 1. Metal parameters (see, for example, [35, 47] and references therein).

Meranu
ITapamerep Cu ‘ Au ‘ Pt
rs/ao 2,11 3,01 3,27
m*/me 1,49 0,99 0,54
g 12,03 9,84 4,42
Ybuk, 10 ¢7? 0,37 0,35 1,05

YacToTHi 3ajeKHOCTi nificHOI ¥ YABHOI YaCTUH IieJeKTPUUYHOI (PyH-
kil HaHouacTuku Ag@TC 3 (pikcoBaHOIO TOBIIUHOIO OOOJOHKH 30-
6paskeno Ha puc. 5. Tyr kpusi Reeg(0) Ta Im e, (w) monibHi 1o anamo-
rivyHMX KpUBUX Ha puc. 4.

Tak, 3i sSMeHIITeHHAM pafgitoca aapa (a, oTKe, i 3MEHIITeHHAM BMiCTy
MeTaJly B YACTUHIIi) Ma€ MicIie «OJIaKMTHUI» 3CYB IIEPIIIOr0 Ta TPETHOTO
MaKcuMyMiB Im g, (w) 38 OZHOYACHUM 3MEHIIIEHHAM IXHBOI aMIIITYAH.

BigmimHicTIO Big momepegHBOTO BUNIAAKY € JIUINE Te, IM0 MEePInnuii Ma-
KCUMyM Im gy (w) AJIsT HAHOYACTUHOK Ag@TC 3 agpoM BimHOCHO Beu-
Koro pagitoca (R. =50 HM) 3HaX0AUTLCA y 0JIM3bKiM indpauepBoHiit 00-
JIaCTi cmeKTpa.

Ieit parT cBiIUUTH IIPO CUJIBHY PO3MipHY 3aJI€KHICTh PE30HAHCHUX
YacTOT TiOpUIHNX JIa3MOH-eKCUTOHHIX MO,

Ha pucynky 6 mpoJeMOHCTPOBAHO YACTOTHI 3aJIe’KHOCTI milicHoi Ta
YABHOI YaCTUH AieJIEeKTPUYHOI PYHKIII] KOMIIOBUTY 3 HAHOUYACTUHKAMU
Ag@TC 3a pikcoBaHOro pajiroca MeTaIeBoro AApa.

HaaBHicTh TPhOX MaKCUMYMiB ySABHOI YaCTUHU TieJeKTPUUYHOI QyH-
KIii HaHOKOMIIO3UTY 3 yacTuHKaMu Ag@TC mOACHIOETHC 30y I KeHHAM

TABJINAIA 2. ITapamerpu J-arperaris (qus., Hanpukaazn, [28] Ta mocuianua y
HBOMY).

TABLE 2. Parameters J-aggregates (see, for example, [28] and references
therein).

J-arperaru
ITapamerep
TC | ocC | pIC
3 1 1 2,9
ho,, eB 2,68 3,04 2,13
f 0,90 0,01 0,10

ny;, eB 0,066 0,039 0,033
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ho/2r, eB ho/2n, eB
a 0

Puc. 4. YacroTHi 3anexHOCTI AiticHoi (@) &1 yaBHOI (0) YacTUH IieJeKTPUYHOL PyH-
KIii ribpuaanx HanouactuHOK Ag@TC 3 dixcosarnum pagirocom saapa (Re.= 10 mm)
3a pisHoi ToBITUHY 000M0HKY: 1 — t=1HM,2 — t=3 HM, 3 — t =5 HM.

Fig. 4. Frequency dependences of the real (a) and imaginary (6) parts of the
dielectric function of Ag@TC hybrid nanoparticles with a fixed core radius
(R.=10nm) and different shell thicknesses: I—¢t=1nm, 2—¢t=3nm, 3—
t=5nm.

TPHOX ILJIa3MOH-eKCUTOHHUX MOJ KOMIIO3WTHOI YACTUHKU BHACJITOK
B3a€MOJil Mi’K IIOBEPXHEBUM ILJIA3MOHOM METAJIEBOT'O SApa Ta €KCUTO-
HOM O0OJIOHKH.

[ HabamnKeHoro BUSHAUEHHS YaCTOT IUX TiOpUAHMX MO MOKHA
BUKOPHCTATH HACTYIHUIN aHAJITUUYHUNA HigXig: 3 YMOBH gers(®) —> 0 BH-
MJINBa€ PiBHAHHA:

200 . : . 5 300
3
100 o 2
! 200t
& ®
~ i
100}
-4 i E; 3 1 % 1 2 3 Va
ho/2n, eB ho/2m, B
a 0

Puc. 5. Yacrorsi 3anesxuocTi fgiticHol (a) Ta yaBHOI (6) YacTUH gieeKTpudHOi dy-
HKIT Ti6pumaarx HanodacTuHOK Ag@TC 3 (ikKcoBaHOIO TOBITMHOI OOOJOHKHI
(t =3 um) 3a pisHoro pagiyca sapa: I — R.=10uM, 2 — R.=20 HM, 3 — R. =50 HM.

Fig. 5. Frequency dependences of the real (a) and imaginary (6) parts of the die-
lectric function of Ag@TC hybrid nanoparticles with a fixed shell thickness
(t =3 nm) for different core radius: I —R.=10nm, 2—R.=20 nm, 3—R.= 50 um.
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ho/2n, eB ho/2n, eB
a 0

Puc. 6. HacroTHi 3ayexHOCTi mificHOI (@) Ta yaBHOi (6) uacTuH e()eKTUBHOI [ie-
JeKTPUYHOI (PYHKITI KOMIIO3UTY 3 TiOpuAHuUMH HaHouacTuHKaMu Ag@TC y
tedowi (B =0,10), pospaxoBaHi 3a KIacuuHOIO Teopieio Maxkcemn-I apHerTa
3a THX 'Ke 3HAUEeHb I'eOMETPUYHUX IIapaMeTPiB YaCTUHKM, 1110 i Ha puc. 4.

Fig. 6. Frequency dependences of the real (a) and imaginary (6) parts of the
effective dielectric function of the composite of Ag@TC hybrid nanoparticles
in Teflon ( =0.10), calculated according to Maxwell-Garnett classical theory
for the same values of the geometric parameters of the particle as in Fig. 4.

(13)

BBasKaeMo, II[0 IIpollecaMu pejlakcallii B aapi Ta o600J0HIII MOKHA 3HEX-
TyBaTH (Yerr =Yg = 0); y IboMy BUnNanKy cuiBBiguomntenud (7) i (11) matu-
MYTb BUTJIAL

2 2
o) fo
g (0) =€ ——, g;(0) =&] ————.
® o° — o,

(14)

IlincraBnsroun Bupasu (14) B (13), omep:KuMo KyOiuHe piBHAHHSA Bi-
MHOCHO 3MiHHOI X = (®/®p)?:

a,x® +a,x® +ax+a, =0; (15)

ay, =i *[20 - B,)e,, + A+ 2B ) +€))],

a, =21 - B(eF? +&,6" + f(f +2&7))i *+2¢ i ]+

+2(2 +B)e, (f +€7)i 2+ + 2B )™ (f + &7)i 2+(f + 2e7)i 1,

a, =-2(1-B)[e, + 2%+ fes +¢e,&7)i |-

—(1+2B)[e; +e”(f +2€7)i 1-2(2 +B,)e, (f +2e))i,

a, =2(1-B,)(e;? +¢,e") +[(1+2B,)e” +2(2+B,)e, Je7 -

(16)
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3a JOIIOMOI'0I0 IIiJCTAHOBKIU

ay
y=x+—2
3a,

3BeeMO PiBHAHHA (15) 10 HETOBHOT'O Ky0iYHOTO PiBHAHHS

v+ py*+q=0, (17)
me
1(a,Y 2 (a,)
p=—g| 2|+ S, g= || DS (18)
3\ a, a, 27\ a, 3a; a,

Braciigok Toro, 1o Bci KoedinienTu p, ¢, a; € AiliCHUMU BeJIUUYNHA-
MH, TO KiTbKicTh mificHux KopeHiB piBHauHA (17) (a BimmoBigwHo, i pis-
uauHdA (15)) BusnauaTumyThes 3Hakamu p i @ =(p/3)3 + (q/2)? [48]. Hasa
KOMIIO3UTIB i3 BKIoueHHAMU Ag@TC Bcix pO3rIIAHYTUX TOBIIUH 000-
JIOHKH Ta pamiyciB aapa p, @ <0, Tomy piBHauuA (14) mae Tpu pisui mgiii-
CHi KOpeHi, AKi HANMIIIeMO ¥ TPUTOHOMETPUUHIi hopmi:

x =—3a2 +2‘/—§cosg,
a3
x, % 9 /—Bcos E+E , Xy =—&—2‘/—£cos(ﬁ—2],
3a, 3 3 3 3a, 3 3 3

cos B N S (20)

3 aJ-(p/3y®

TakuM YMHOM, YaCTOTH TiOPUAHUX ILJIA3MOH-eKCHUTOHHUX MOJ, IO
BigmoBimaroTh mikam Imee(®), BUSHAYAIOTHLCA BUPa3aMu

o =o,\x, (=12 3). (21)

OnucaHuii migxix 3acTOCOBHUI JIMIITE IIPW BUKOPMCTAHHI KBasicTa-
TUYHOTO HAOJMMIKEHHS Ta 3a YMOBHU, III0 MiK30HHI IIepexoau y MeTae-
BOMY AIpPi He JAIOTh iCTOTHOT'O BHECKY B HieJeKTPUUHY QYHKITIO &.(m).

BigmiTMo TaKo:K, 1110 3i 30iILIITEHHAM TOBITUHU 000JOHKM UaCTHUH-
KHN-BKJIIOUEHHS MAa€ Miciie «0JIaKUTHUM» 3CYyB MAKCHUMYMiB YABHOI uac-
TUHU gieJeKTpuuHoi PyHKIII HamoxkoMmmo3uty. Kpim Toro, mepri gBa
MaKcuMyMHu Imee((0) 3HAXOAATHCA Y BUAUMIN YACTHUHI CIIEKTPAa, TOA1 K
TpeTi — B yabTpadiosieToBi.

PesynbTraTn po3paxyHKiB YaCTOTHUX 3aJIe:KHOCTEH AiMCHOI M yABHOL

(19)
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0 1 2
how/2n, eB ho/2n, eB
a 0

Puc. 7. HacroTHi 3ayexHOCTi mificHO1 (@) Ta yaBHOI (6) uacTuH e()eKTUBHOI Jie-
JeKTPUYHOI (PYHKITI KOMIIO3UTY 3 TiOpuAHUMH HaHouacTuHKaMu Ag@TC y
redamoni (f=0,10), pospaxoBani 3a mogudiroBaHor Teopiero MaxrcBes-

apHeTTa 3a TUX XK€ 3HaUeHb N'eOMETPUYHUX IIapaMeTPiB YaCcTWHKU, IO i Ha
puc. 4.

Fig. 7. Frequency dependences of the real (a) and imaginary (6) parts of the
effective dielectric function of the composite of Ag@TC hybrid nanoparticles
in Teflon ( = 0.10), calculated according to Maxwell-Garnett modified theory
for the same values of the geometrical parameters of the particle as in Fig. 4.

yacTUH eheKTUBHOI JieleKTPUYHOI (PYHKIII]T KOMIIOBUTY 3a MOAMQIKO-
BaHOIO Teopiero Maxcsesa-I apHeTTa moKasaHo Ha puc. 7. IlopiBHAHHA
saneskHOCTEH Recer(0) i Re el (0) Ta Imee() i Im el () BRasye Ha
Te, 0 PO3MipHA KOPEKIlisd AJIA YaCTUHOK-BKJIIOUEeHb PO3TJIAHYTUX PO3-
MipiB Mae HACJIAKOM JIMIIe He3HAUHUHN 3CYB Ta 30JIMKEeHHA IPYTUX Ma-
KcuMyMiB i gesxke 30iJbINIEHHA AaMILIITyAM IIepPIINX MaKCHUMYMiB
Im €2 (o) .

Ha pucyHKy 8 HaBeJeHO YaCTOTHI 3aJIe;KHOCTI KoedillieHTa IIOTJIN-
HAHHA KOMIO3UTY. 30iJIbIIIeHHS TOBIMHN OOOJOHKM Ma€ HACJiIKOM
«UepPBOHUIT» 3CYB IIEPINIOTO Ta APYroro MaKCHUMYMiB i «OJIakUTHUH »
3CYB TPETHOT0 MakcuMyMy (puc. 8, a). B cBoio uepry, 36iJbIlIeHHS pami-
yca MeTaJIeBOTO fAApa Aa€ MPOTHJIEKHUN pPe3yabTaT — «OJaKUTHUI»
3CYB IIEPIIIOTO Ta APYTroro MaKCUMYMiB i «YepBOHUM» 3CYB TPETHOT'O Ma-
Keumymy (puc. 8, 0).

Ina xommosutis i3 yactuHKaMu Ag@TC Ne.s(®) Mae Tpu MaKcumy-
MU, TOAi AK y BUNaAKy dacTuHOK Ag@OC i Ag@PIC Ne.s(®) B mocIi-
IKYBAaHOMY HiAa30HI 4aCTOT Ma€ ABa MAaKCUMYMH.

Amajoriugo [0 mMoIepesHLOT0 BUNAAKY YaCTOTHI 3aJIeKHOCTI IJIs po-
3MipHO CKOpHUT'0OBaHOTO KoedillieHTa mOrIMHAHHSI HaBeJleHO Ha puc. 9.

IToTpi6Ho BigMiTUTH, 1110 TPAiKU 3aTEKHOCTEH Nelas(®) 1 Msize(®) AT
BUNAJKY yacTUHOK Ag(@TC 3 pi3HOIO TOBIIMHOIO 000JI0HKH (AUB. puc. 8,
ata9, a) IpakTUYHO He BimpisHAIOTHCA (JIUIle aMILIITY I MaKCUMYMiB
Nsize(®) OYOYTH HeHabaraTo MEHIITMMHU), B TOM UYac AK BiAMiHHOCTI mux
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Puc. 8. HacrorHi 3amesxHOCTI KoedillieHTa MOTIMHAHHSA KOMIIO3UTY 3 YaCTUH-
kamu Ag@TC y redoni (p=0,10) 3a pisHMX TOBIIMH 000JOHKH (@), PisHHX
pazniycisB meraseBoro sapa (6) Ta yactTuaKamu Ag@J npu R.= 20 EM, t =3 HM 3
pisauMu J-arperaramu (8), po3paxoBaHi 3a «KJIACUYHOIO» Teopiero MaxrcBesi-
T'aprerTa.

Fig. 8. Frequency dependences of the absorption coefficient of the composite
with Ag@TC particles in Teflon (B =0.10) with different thicknesses of the
shell (a), different radii of the metal core (6) and Ag@J particles with
R.=20nm, t=3nm for different J-aggregates (8), calculated according to
Maxwell-Garnett classical theory.

3aJIe’KHOCTeH IJ1d KOMIO3UTIB i3 YaCTMHKaAMH 3 PiBHUM paJlilocOM Me-
TaJeBoOTro AApa Ta 000JOHKaMU pisHUX J-arperartis (quB. puc. 8,6 Ta 9, 6
Ta puc. 8, 8 Ta 9, 8) € 6inbIr icrorHuMu. Tak, 3i 30iabITIeHHAM pamitoca
MeTaJIeBOT0 AApa Mae€ Miclle 30iJMbIeHHA MIMPUHNT JiHil, Ipuraivenss
OPYruxX i TpeTix MaKCHMYMiB Ta «UYePBOHUII» 3CYB YCiX MaKCHUMYyMiB
TNsize(®) V TIOPIBHAHHI 3 MAKCUMYMAaMU Tclas(®). OCOBJIMBO TOMiTHUM I1€ €
IJIs1 KOMIIo3uTy 3 uacTuaKamMu Ag@TC 3 R, = 50 aM.

CTOCOBHO BUIIaIKy KOMIO3UTY 3 YACTHHKAMMU 3 PiBHUMU 000JTOHKAMU
TOTPiOHO Bif3HAUNTH PisKe 30iJMBINEHHS aAMILJIITY[ IEePIIOr0o MAKCUMY-
My (dacTUHKHU-BKIIOUYeHHA Ag@OC i Ag@PIC).

IlopiBHAHHA YACTOTHUX 3aJIeKHOCTEH Koe(dillieHTa mOTJIMHAHHS Ta
Moro po3MipHO CKOPUI'OBAHOT'O aHAJIOTY JJA KOMIIO3UTIB i3 BKJIIOUEH-
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Puc. 9. Hacrorui 3amesxHOCTi KoedilieHTa MOTIMHAHHSA KOMIIO3UTY 3 YaCTUH-
kamu Ag@TC y redoni (p=0,10) 3a pisHMX TOBIIMH 000JOHKH (@), PisHHX
pazniycis meraseBoro sapa (6) Ta yactTuaKamu Ag@J npu R.= 20 EM, t =3 HM 3

pisaumu J-arperaramu (6), po3paxoBaHi 3a MogudiroBaHow Teopiero Makxc-
Besui-T aprerTa.

Fig. 9. Frequency dependences of the absorption coefficient of the composite
with Ag@TC particles in Teflon (B = 0.10) with different shell thicknesses (a),
different radii of the metal core (6) and Ag@J particles with R.=20nm,

t=3nm for different J-aggregates (8), calculated according to Maxwell-
Garnett modified theory.

HaMu Me@TC, mo MaoOTh AApa 3 Pi3HUX MeTajiB, IPOBeLeHO Ha PUC.
10. ¥ nmpoMy BUIIaAKY TAKOXK MaIOTh MicIle iCTOTHI BiAMiHHOCTI pe3yb-
TaTiB, a camMe, SMEHIIIEHHA aMILIITy]] MAaKCUMYMiB Tsize(®) V TOPiBHAHHI
3 MaKCUMYMaMHU Mcias(©0) T 30MIKEHHSA MEPITUX 1 APYTUX MaKCUMYMiB,

siKe 0COOJIMBO IIOMIiTHO, AKIIO AAPaMK YACTHHOK-BKJIIOUEHb € TaKi Me-
ranu, aK Agi Cu.

4. BUICHOBRKH

OnepsxaHo BUpPasu JJS YACTOTHUX 3aJIEKHOCTEH MieJIeKTPUUYHOI IIpo-
HUKHOCTU Cc(EepPUUYHUX ABOIIApPOBUX HAHOYACTHUHOK i3 MopdoJoriero
«MeTaJjieBe aApo—o00JoOHKa J-arperatry», e(@eKTHBHOI Iie/IeKTPUUHOI
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Puc. 10. YacrorHi 3anexkHOCTi KoedirieHTiB nOrJIMHAHHA KOMIIO3UTIB i3 yac-
rurkamMu Me@TC y Teduoxi (B = 0,10) 3 pisHuIMET MeTanaMu AApa, pO3PaxoBaHi
3a «KJACHYHOI0» Teopiero MakcBesn-I apHerTa (@) Ta MOAM(IKOBAHOIO TEOPico
Maxkcsesr-I apaerra (6).

Fig. 10. Frequency dependences of the absorption coefficient of the composite
with Me@TC particles in Teflon (B =0.10) with different core metals, calcu-
lated according to Maxwell-Garnett classical theory (a) and Maxwell-Garnett
modified theory (6).

NPOHUKHOCTU Ta Koe(illieHTa IMOTJIMHAHHA KOMIO3UTY 3 TAKUMH UYac-
TUHKaMU-BKJIOUEeHHAMU.

IToxasaHo, IO YABHA YacTHUHA AieJeKTPUUYHOI (DYHKITII HAaHOUYaCTUH-
ku Ag@TC Mae Tpu MaKCUMYMH, IO € IPOABOM 30yI:KeHHSA OfHiel ex-
CUTOHHOI Ta ABOX TOpUIHMUX ILJIa3MOH-eKCUTOHHUX MoJ. [loBemeHo, 1110
YacTOTU IIJIa3MOH-eKCUTOHHUMX MOJ CYTTEBO 3aje:KaTh BiJ po3MipHOro
daxTopa, a came, 3BMEHIIIEHHA pajifoca MeTaJIeBOro Aapa Ma€ HaCJIiAKOM
«OJAaKUTHUI» 3CYB MEPINOTO i TPeThOT0 MaKCUMYMiB YSIBHOI YacTUHU
TiegexTpuuHoi GyHKII i sMeHIIeHHa ix aminrityau. Kpim Toro, mep-
A MAaKCUMYM JIJISI HAHOYACTHHOK 3 SIAPOM BiJHOCHO BEJIMKOT'O Pajiio-
ca MOXKe 3HaXOAUTHUCS B 0IM3bKOMY iH(GpauepBOHOMY AiAMNAa30HI 4acTOT.
BigmiTuMmo, 1m0 B iH(pauepBOHi# 00JIacTi YaCTOT HPUCYTHI OCIIHIIAIII
AK OilficHOl, TaK i yABHOI YaCTUH AieJeKTpUUYHOI DYHKIIil, 1110 ITOACHIO-
€ThCA IIPOABOM KiHeTHUHUX eeKTiB y IIiif 006JIacTi uacTor.

BceTanoBsI€HO, 1110 YaCTOTHA 3aJIEKHICTh YABHOI YaCTUHY e(heKTUBHOIL
nienexTpuuHol PyHKIII HaHOKOMIIO3UTY 3 yacTuHKaMu Ag@TC Takox
Ma€ TPU MAKCUMYMH, IO BifIIOBiZaiOTh 30YAKEeHHIO TPhOX TiOPUIHUX
IJIA3MOH-eKCUTOHHIUX MOJZ. ITokasaHo, 1110 YaCTOTH IUX TiOPUIHMIX MOJ
TaKOXK € PO3MipHO 3aJIe:KHUMU, a TPETili MakCMMyM YABHOI YaCTUHU
eheKTHBHOI giesleKTPUUYHOI (PYHKIIII 3HAXOAUTHCA B yJIbTPadioseToBii
o0JIacTi crmeKkTpa.

JloBeneHo, M0 PO3MipHAa KOPEKIIiA MOEeII0 Maxkcsesr-I apaerTa IpH
PO3PaxyHKY YaCTOTHUX 3aJIEKHOCTEU AiHiCHOI Ta yABHOI YacTHH e(eK-
THUBHOI JieJIeKTPUYHOI (DYHKIII He Ja€ iCTOTHOTO BHECKY V IIOPiBHAHHI 3
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pO3paxyHKaMH B paMKax «KJaacuuHoi» Teopii MakcBesi-I'apHerra.

IIpomemoHCTPOBAHO, IO 3a AHAJIOTIEIO 3 YABHOIO YACTUHOIO e)eKTHUB-
HOI mieJeKTpHYHOI (PDYHKIIII YacTOTHA 3aJIe’KHICTh Koe(illieHTa mOTrJIn-
HAaHHA KOMIIO3UTY 3 UYaCTUHKaMH-BKJIIOUeHHAME Ag@TC Takox Mae
TPU MaKCUMyMH. B ¢BOIO uepry, 30iJbIIIeHHS TOBIINHN OOOJOHKM Yac-
THHOK-BKJIOUEHL IPUBOJUTE A0 30JMKEeHHI MaKCUMYMiB KoedillienTa
IOTJINHAHHSA, a 30iJbIIIeHHs pagiloca MeTaJIeBOTO Aapa, HaBIaKHU, IO
BimmasieHHs ix oguH Big oguoro. Kpim Toro, smina maTepisnry 000JIOHKMT
HaAHOUYACTUHOK Ma€ HACJHiAKOM 3MiHY KiJIbKOCTH MaKCUMYMiB Koedilri-
€HTAa IOTJINHAHHA KOMIIO3UTIB Y JOCJIiIMKYBAHOMY [IisIIa30Hi YaCTOT.

BcranoBseHno, 1110, Ha BigMiHy Bif e(DeKTUBHOI dieJIeKTPUUYHOI (PyHK-
1mii, posMmipHa KOpeKIlid KoedillieHTa IOrJIMHAHHA KOMMIO3UTIB i3
BKJIIOUEHHAMU 3 Pi3HMM pajirocoM i MaTepiaioM sapa Ta 000JOHKaAMMU
pisHUX J-arperaTiB mae moMiTHUI pes3yJbTaT, a caMe, 30iJIbIIIeHHS IITH-
PUHU IepIIOoTo MAKCUMYMY, 3MEHIITeHHA aMILJIiTy I APYTroro i TpeThoro
MaKCHUMYMiB Ta YepPBOHUH 3CYyB BCiX MaKCHUMYMIiB «PO3MipHOTr0o» Koedi-
I[ieHTA MOTJINHAHHSA Y IOPiBHAHHI 3 «KJIACUUHIM» , 4 TAK0XK 30JIMKeHHA
nepHIinx i Apyrux MakKCUMYyMiB, AKIIO A1pa YaCTUHOK-BKJIIOUEHb BUTO-
ToBJIeHO 3 Ag Ta Cu.
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Non-Vacuum Design of CuGa,In;-,Se; Films for Solar Energy
Applications
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The study reports on a non-vacuum synthesis method for CuGa.Ini--Sez films
for solar energy applications. The films are formed by pulverising chlorides
of indium, gallium, and cuprum with selenious acid. To optimise the blend
composition of films, it is proposed to age the obtained structure in a sodium
chloride solution and to carry out additional selenization of the surface in a
diffusion furnace. The resulting layers are investigated using SEM, EDX,
XRD, and Raman methods. As determined, the film is a polycrystalline
structure of chalcopyrite CuGao.cIno.sSe: with agglomerates of porous crystal-
lites. Secondary phases are not detected. The proposed method does not re-
quire a vacuum, and it is simple and inexpensive that opens the prospect of
using it on an industrial scale for the synthesis of Cu.Galni-.Se: metal films.

Key words: pulverising, chalcopyrite, thin films, solar batteries, selenides,
copper.

Y poboTi moBimoMIAETHCS IPO 06e3BAKYyMHUIE MeTOJ CHHTE3W ILIiBOK
CuGaxIni-.Se: g 3acTocyBaHb y COHAYHIN eHepreruiti. ILmiBKu O6yJio chop-
MOBAHO METOZOM IIyJbBepusarii xmopuais Iugito, I'anito Ta Kynpymy 3 cee-
HUCTOIO0 KUCJI0TOoI0. g onTuMisallii KOMIIOHEHTHOTO CKJIaAy IJIIBOK 3aIIpo-
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IIOHOBAaHO BUTPMMYBATHU OJEPIKAHY CTPYKTYPY Vv posumHi xjmopuny Harpiro Ta
IIPOBOIUTH IONATKOBY CeJIeHi3aIlito moBepxHi y nudysitinii meui. Oxep:xani
mapu 0yJso gocaimsxeno 3a gomomoroio SEM, EDX, XRD ta Raman meroxnis.
Bcranosieno, 1mo miiBKa mpeacTaBisge cO00I0 IMOJIIKPUCTANIIUHY CTPYKTYPY
xasnbkomiputy CuGao,slne 4Sez 3 armomeparamu mopyBatux Kpucraaitis. Ipy-
ropanuux (as He 0yJ0 3adikcoBamo. 3aIPOIIOHOBAHUN MeTO He TOTPedye Ba-
KyyMy, € IIPOCTUM i HeZOpPOTuM, IO BiAKPUBA€E MEPCIEKTUBY BUKOPUCTAHHS
#oro y mpoMuCJI0BUX MaciiTabax ajsa cuaTe3n mwiriBok CuGa.Ini--Ses.

KarouoBi cioBa: mysibBepmusalis, XaJabKOIipUT, TOHKI IIJIiBKM, COHAYHI 6aTa-
pei, cemeningu, Miasn.

(Received February 15,2023; in final version, February 28,2023)

1. INTRODUCTION

Semiconductors based on gallium and indium have become popular due
to their wide application prospects in laser technology [1], sensorics
[2], solar energy [3], etc. Today, many studies focus on studying the
phase states of these semiconductors [4, 5], their optical properties
[6, 7], and their methods of integration with other semiconductors
[8, 9]. The interest in these semiconductors is also due to the simplicity
of nanostructuring of their surface [10-12]. Thus, the synthesis of po-
rous layers [13], nanoneedles [14], nanowhiskers [15], quantum dots
[16], microcrystallites [17], etc. has been reported many times.

Recently, ternary metal compounds, particularly those containing
copper, have been actively studied, including CuZnSe; [18], CulnSe;
[19], and Culn(Ga)Se: [20]. Copper indium (gallium) (di)selenide (CIS),
Culn(Ga)Sez, is an important semiconductor for the production of thin-
film solar cells [21-23]. It is characterised by a high optical absorption
index and long-term stability [24, 25], which allows it to be used as a
reliable absorbing layer.

Culn.Ga,-1Se; was obtained by magnetron sputtering [26], evapora-
tion [27], deposition [28, 29], etc. However, vacuum methods have a
number of disadvantages, including a high processing temperature,
high-energy requirements, and the need to use high-tech equipment
and ultrapure materials. In turn, this leads to a high cost of the result-
ing material and decreases the chances of its introduction into the so-
lar energy sector.

In this regard, the attention of researchers has been focused on elec-
trochemical deposition methods [30], solvothermal methods [31], and
SILAR [32]. In addition, combined methods are becoming popular,
such as electrochemical etching with simultaneous deposition and a
sol-gel method with thermal annealing. In this case, such a problem
arises as the control of the content of Cu and In metals [33, 34]. This
can lead to excessive conductivity of the obtained layers, which nega-
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tively affects the efficiency of photovoltaic energy converters based on
Cu(In, Ga)Se; structures [35, 36]. To remove this effect, researchers
have suggested additional doping of synthesised films [37, 38]. In par-
ticular, Na doping has become popular, which improves the morpho-
logical characteristics of films and their optical properties [39].

In this study, we describe a simple method for the synthesis of poly-
crystalline Culn,Ga.1Se: and investigate its structural, component,
and morphological characteristics.

2. EXPERIMENTAL/THEORETICAL DETAILS
2.1. Samples for the Experiment

As precursors, the chlorides of copper, indium, and gallium were used
as sources of copper, indium, and gallium, respectively. Oleic acid was
also used as an organic solvent, and selenious acid was used as a source
of selenium (see Table 1). In the experimental process, CuCl;, InCls,
GaCls, and H;SeO; (a chemical mixture) were mixed in a ratio of
1:0.6:0.4:2 in oleic acid using a magnetic stirrer for 20 min.

2.2, Methods and Conditions of the Experiment

CuGa.In;_,Se; films were formed by the method of liquid phase pulver-
ization (a spray-pyrolysis). The experimental device was equipped with
a heating system that allows heating both the liquid phase and the sub-
strate. The substrate temperature was constant throughout the dura-
tion of the experiment. The system was also equipped with an exhaust
fan to remove gaseous reaction by products. Compressed air was used
as the carrier gas. Spray speed and pressure were kept constant
throughout the duration of the experiment. Other conditions of the
experiment are given in Table 2.

After deposition, the samples were immersed in NaCl solution for
20 min. Subsequently, additional selenization was carried out in a Jet-
First diffusion furnace at a temperature of 530°C for 30 minutes to en-
sure grain growth and compaction of films of high crystallinity. After

TABLE 1. Precursors used in the experiment.

No. | Precursor | Characteristic
1 CuCl: Anhydrous, 98%
2 InCls Anhydrous, 98%
3 GaCls Anhydrous, 99%
4 H2SeOs Anhydrous, 98%
5 C18H3402 Anhydrous, 98%
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TABLE 2. Experimental conditions for deposition of CuGaxIni-.Se: films.

Parameter Value
Substrate temperature 320°C
The distance between a substrate and a nozzle 20 cm
Spraying speed 3 ml/min
Spraying time 10 min
Carrier gas pressure 3.5 MPa

that, they were cooled to room temperature.

2.3. Characterization

The surface morphology was studied with a SEO-SEM Inspect S50-B
scanning electron microscope. Energy-dispersive x-ray microanalysis
(EDX) was used to analyse the chemical composition of the deposited
films using the AZtecOne detector. To improve the reliability of EDX,
this analysis was performed at an accelerating voltage of 15 kV in large
areas of 200 pm?2.

For x-ray structural analysis, a Dron-3M diffractometer with unfil-
tered CuK, radiation was used in the range of angles 26 10°-80° in in-
crements of 0.1°. Raman spectroscopy measurements were performed
at room temperature in the RENISHAW in Via Reflex system with an
excitation wavelength of 532 nm at an intensity of 5%.

3. RESULTS AND DISCUSSION
3.1. SEM and EDX Analysis

In Figure 1, the SEM image of the formed film is shown. It can be seen
that the surface relief is the agglomeration of disordered grains, which
may indicate the polycrystalline nature of the formed structure. There
is significant variation in the sizes of grains. The length of the crystal-
lites varies in the range from 2 to 10 um, and the width varies from 0.5
to 2 um. The formed layer is loose. Crystallites have a significant num-
ber of pores on the surface. The transverse diameter is in the range of
80-140 nm. This, in turn, can lead to the appearance of quantum-
dimensional effects.

The results of EDX analysis of the sample surface are shown in the
Table 3. The values of Cu/(In + Ga) and Ga/(In + Ga) ratios were also cal-
culated, which are 0.4 and 0.6, respectively. It can be seen that the ad-
ditional selenization leads to a predominance of selenium on the sample
surface. When it is considered that indium and gallium were sputtered
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Fig. 1. XRD-spectrum of CuGa.Ini-Se:.

TABLE 3. EDX analysis results for the CuGa.Ini-.Se: film.

Spectrum | Cu (at%) ‘ In (at%) | Ga (at%) ‘Se (at%) Cu/(In + Ga)|Ga (In + Ga)
1 16.82 14.18 21.26 47.74 0.47 0.6

in equal proportions, it can be assumed that selenization occurred due
to the loss of In. Finally, it should be noted that Cu is also present in
small concentrations.

3.2. XRD Analysis

The x-ray pattern of the synthesized CuGa.In;.Se; film is shown in
Fig. 2. The principal XRD peaks at 26 27.2°, 45.1°, 53.5°, and 65.7°
belong to the (112), (211), (220), and (312) orientations of the struc-
ture of polycrystalline tetragonal chalcopyrite CuGa.In;—.Sez. This in-
dicates that the structure consisting of a polycrystalline CuGa.In;-.Se;
film was successfully synthesised without the inclusion of additional
phases.

The XRD spectra correspond to the compound formula Cu-
Gag.eIng.sSes (reference code: 00-035-1101). In Table 4, the principal
XRD peaks and their correspondence to angles 20 are shown.
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Fig. 2. XRD-spectrum of CuGa,Ini-.Ses.

TABLE 4. Crystal structure of CuGao.slno.sSe: determined by XRD spectro-
photometry.

No. h k ! | 4, A | 26,deg
1 1 0 1 5.08 17.4
2 1 1 2 3.27 27.2
3 1 0 3 3.13 28.4
4 2 1 1 2.48 36.2
5 2 1 3 2.10 43.0
6 2 2 0 2.00 45.1
7 2 0 4 2.00 45.3
8 3 0 1 1.87 48.7
9 3 1 2 1.71 53.5
10 1 1 6 1.70 53.8
11 3 2 3 1.45 64.1
12 4 0 0 1.42 65.7
13 0 0 8 1.41 66.3
14 3 3 2 1.30 72.5
15 3 1 6 1.30 72.9

The x-ray pattern is characterised by a large amount of noise, which
indicates a significant variation in the nanoparticle size and polycrys-
talline structure of the obtained film. This may also indicate the pres-
ence of an amorphous phase into which the crystal lattice is embedded.
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3.3. Raman Analysis

The Raman spectrum of the obtained structure is shown in Fig. 3. We
can see the presence of 2 high-intensity peaks, 3 medium-intensity
peaks and a large number of low-intensity peaks. One of the most in-
tense peaks at 175 cm™! is associated with the A1 mode. This line is typ-
ical for AIBIIIC2IV chalcopyrite compounds [40-42]. Other peaks,
such as at 218 and 238 cm™, are significantly compatible with the B2
and E modes [43-46].

The largest peak at 190 cm™ associated with the Al mode of
Cu(In, Ga)Se; is due to the motion of the Se atom [40, 47]. The peaks at
136 and 150 cm™ can be due to the effect of resonance enhancement of
Cu(In, Ga)Se: [48, 49]. The spectra of the leading secondary phases
were not observed.

3.4. Discussion

Copper-containing solar batteries based on indium and gallium seleni-
des have demonstrated their effectiveness and great potential in thin-
film solar energy technologies. The creation of solar cells based on
Cu(In, Ga)Se; with an efficiency of up to 23% was reported [50]. In ad-
dition, such batteries have better radiation and thermal resistance and
chemical stability [51]. Sophisticated and expensive methods for the
synthesis of Cu(In, Ga)Se: crystalline films are considered the main
obstacle in the commercial use of chalcopyrite-based solar batteries.
We have proposed a simple and inexpensive method of pulverisation

1400

190 CuGa In,_ Se,

1300 Ga, In,

X

1200

—
—_
=
=

1000

Intensity (Arbitrary Units)
s g 8

(=2
=
=

500
100 120 140 160 180 200 220 240 260 280 300

Raman Shift, em™!

Fig. 3. Raman spectra of CuGa.Ini-.Ses.
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that allows the deposition of thin nanostructured films on any sub-
strate. The main advantage of the method is the absence of the necessi-
ty to use a vacuum and, therefore, expensive equipment.

The distinctive feature of this method is also the two-stage ap-
proach, which includes the deposition of metallic and non-metallic
components with subsequent additional selenization to control the
blend composition of the obtained compound. This allows the conduc-
tivity of the resulting film to be reduced due to selenium enrichment
and removal of Cus-.Se phases. More research is necessary to determine
the conditions for the formation of single-crystal CuGa.In;-.Se; films,
as well as films with Cu and Se quantum dots.

4. CONCLUSION

We have demonstrated a simple method of obtaining CuGa,In;_.Se;
crystal layers. The structure was formed by liquid phase pulverisation
with the use of precursors of indium, gallium, cuprum chlorides, and
selenious acid. After pulverization, the samples were subjected to so-
dium chloride, and additional selenization was performed in a diffu-
sion furnace.

As aresult, a dense layer of CuGa.In;-.Se; consisting of porous crys-
tallites was obtained. EDX analysis showed that indium and gallium
are in a 2:3 ratio. These data are significantly compliant with the re-
sults of XRD analysis. A Raman scattering study showed the absence
of peaks of the CusSe secondary phases. This indicates the effective-
ness of the proposed synthesis technique and the prospects for its use
on an industrial scale.
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This work is devoted to investigation of mechanical and tribological proper-
ties of carbon nitride (CNx) coatings deposited on the titanium IM125 and
steel AISI321 substrates by the method of reactive magnetron sputtering of a
graphite target at direct current in a mixture of gases argon/nitrogen. As
shown, at pressure p=0.35 Pa, nitrogen concentration in a mixture of gases
C=42-58%, substrate temperature Tsuwst. =130°C, the highest values of
hardness H =15-20 GPa, modulus of elasticity E*=120-132 GPa, normal-
ized hardness H/E*=0.130-0.152, elastic deformation c.s=4.03-4.6% are
obtained, indicating increased ductility and wear resistance of the coating
under friction. Wear-resistance testing conducted under dry friction by
means of the ball-on—disc and ball-section methods show that high wear re-
sistance is found in CN: coatings with the highest carbon ordering, and it is
confirmed by high values of normalized hardness H/E™ and &... Testing in
blood plasma of titanium IM125 samples with CN. coating in friction pair
with chirulen yields low values of friction coefficient and wear intensity of
chirulen equal to 0.079 and 0.65 mm/km, respectively.
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Haxy pobOTy IPMCBAYEHO MOCIIIKEHHIO MEXaHIUHMX i TpmboJsIOoriuHMX BJjac-
TrBOCTeN NMOKpUTTiB HiTpuny Kapbony CN., HaHeCceHNX HAa OCHOBU 3 TUTAHY
IM125 i xpumi AISI321 meTom0M PeaKTUBHOTO MATHETPOHHOTO PO3TIOPOIIEH-
Ha rpadiToBoi MimieHi Ha mocTifiHOMY cTpyMi B cyMmimnti rasis apron/asor. Ilo-
KasaHo, mo 3a Tucky p=0,35Ila, xKoHmemTpamnii asory B cywmimi rasis
C=42-58%, remmnepaTtypi oCHOBU Tocrosn = 130°C ogmep:xano mHanbinbmri 3Ha-
yeHHsa TBeppoctu H =15-20 I'Tla, moxgyasa npy:xuoctn E*=120-132 I'lla, Ho-
pMoBaHO1 TBEPOCTU H/E*=0,130-0,152, IPYKHBOI Iedopmairii
€es =4,03-4,6%, 1110 CBiTUMUTHL TTPO TMiABUINIEHY IIJIACTUYHICTD i BHOCOCTIHIKiCTh
IIOKPUTTA 3a TepTA. BunpoObyBaHHA 3HOCOCTiMKOCTH, IPOBELEH]I B yMOBax Cy-
XOT'O0 TepPTA MEeTOHaMU KYJIS—OUCK i Kyasa—Inmid, mokasaau, IO IIiABUIIEHY
B3HOCOCTiHIKicTh BusiBaeHO V MOKPUTTS CNy 3 HAWBUIIINM KapOOHOBUM YIIOPAT-
KYBaHHSM, IO IiATBEPAKYETHCA BHUCOKMMM 3HAYEHHAMU HOPMAaJi3oBaHOI
TBepaoctu H/E® i TOKa3HUKOM IPYKHBOI AedopMalrii €es. ¥ AOCITimKeHHI B
miasmi KpoBi 3paskiB Turtany IM125 3 mokpurtam CN: y mapi Tepra 3 xipye-
HOM BCTAHOBJIEHO HU3BbKi 3HaueHHA KoedillieHTa TepTs I iHTEeHCHUBHOCTH 3HO-
ITyBaHHA XipyJeHa, aki gopiBaioBaam 0,079 i 0,65 mm/KM BigmoBigHo.

Karouosi ciioBa: peakTrBHE MArHeTPOHHE PO3IOPOINEHHS, IOKPUTTA HiTpH-
nom Kapbony, MikpoinmenTyBaHHsA, TpubOJOTiuHiI BiaacTHMBOCTI, rpadiToBa
MillleHb, OioMeaguYHAa CyMiCHiCTb.

(Received February 6,2023; in final version, February 28, 2023)

1. INTRODUCTION

As shown theoretically, carbon nitride (CN,) should be harder than di-
amond, if it has 3-CsN4 structure [1]. Even though CN. coatings still do
not have such an ideal theoretical structure, its high hardness in the
range of 15-50 GPa was obtained by several research groups [2-4].
Compared with hydrogenated diamond like carbon coatings, CN, has a
higher wear resistance at a low friction coefficient [5]. Tribological
studies of CN, coatings of 100 nm thick, deposited by ion-beam method
on silicon plates, revealed that the lowest friction coefficient is found
in nitrogen, CO;, and vacuum (u=0.01-0.1), and the highest—in air
and oxygen (u=0.2—-0.4). Friction coefficient is decreased after a cer-
tain number of friction cycles. Particles of CN, wear appear on the in-
terphase of two sliding surfaces, from which agglomerates, moving
layers and layer mixtures form. Some of them promote matching of the
two surfaces, other components on the contact interphase act as a good
lubricant [6]. It is found that both mechanical and physic-chemical
properties of CN, layers depend on their nitrogen content: biocompati-
bility, wetting with synovial fluid in human plasma. Owing to these
properties, CN, coating can be used in end prostheses and orthodontic
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[7-12].

CN. coatings are mainly produced by the method of reactive magne-
tron sputtering of a graphite target in a mixture of gases Ar/N.. For in-
stance, [13] gives the results of studying mechanical and tribotechnical
properties of CN, magnetron coatings 0.5 ym thick, which are deposited
on silicon, nickel, and tool steel substrates at changing content of N and
substrate temperature of 100°C and 350°C. As shown, the maximum
value of elastic restoration of the coating surface, characterizing its in-
creased wear resistance, reaches W,=78-90% in CNy.190 and CNy.z5 coat-
ings; wear rate of coatings deposited at T'=350°C is two times higher.

The paper presents the results of investigation of mechanical and
tribological properties of CN, magnetron coatings (6 =2—-4 um).

2. EXPERIMENTAL/THEORETICAL DETAILS

Coatings were deposited using upgraded vacuum unit VU-1BS, which
was fitted with direct current magnetron sputtering module, consist-
ing of two magnetrons: Magnetronl with disc MPG-7 graphite
(99.98% purity) target (& =88 mm, 4 mm thickness) and Magnetron 2
with rectangular IM125 titanium alloy target (90x58x4 mm). Magne-
trons were mounted so that the angle between target surfaces was
equal to 150°. This enabled simultaneous or alternative deposition of
coatings on a stationary substrate from two magnetrons at the same
distance between the substrate and targets equal to 110 mm. Magne-
tron 2 was designed for deposition of adhesion bond coat of titanium
and TiCN interlayer.

The following were used as substrates: a) AISI321 steel and IM125
titanium samples of 65x30x0.5 mm size, b) IM125 titanium sample of
Z=25mm and 6 =5 mm.

Before placing into the vacuum chamber, the samples were cleaned
in an ultrasonic bath, successively filled with acetone and ethyl alco-
hol. At p=5.0-10"*Pa, the sample was preheated at Tsustr. = 150°C for
20 min, then without switching the heater off the sample surface was
cleaned by bombardment with argon (high purity) ions in a direct cur-
rent glowing dischargeat p=1.3 Pa, U=1100V for 20 min.

CN, coatings formed on the sample surface through a titanium bond
coat and TiCN interlayer at the following parameters:

a) deposition of titanium bond coat (6 =0.3 ym) in Ar at p=0.35 Pa,
specific power of magnetron discharge with titanium target
A=3.5 W/em, deposition rate Vr; = 25 nm/min, substrate bias voltage U
varying from —300 V up to —-1400 V;

b) deposition of intermediate layer of TiCN (6 =0.13-0.25 pum) using
joint reactive magnetron sputtering of the graphite and titanium tar-
gets at direct current in a mixture of gases Ar/N; at p=0.35Pa, 1 Pa
and 2Pa, volume concentration of nitrogen in Ar/N. mixture
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C=25.6%, ratio of powers of magnetron discharge at targets
Po/Pr;=2.7-3.0,U=0—40V;

c¢) deposition of CN, main layer (6 = 2—-3.9 um) in the mixture of gas-
es Ar/Nz at p=0.35Pa, 1 Paand 2 Pa, C=42-58%, A=10 W/cm, U =0-
—40V, Tswstr. = 130, 200, 350°C.

The investigation of influence of magnetron sputtering process pa-
rameters on phase composition and structure of carbon nitride coat-
ings is presented in[14].

Mechanical testing of three-layer CN, coatings was performed by
microindentation method with Micron-Gamma instrument. Parameter
values were calculated automatically by ISO 14577-1:2002 standard.

Evaluation of abrasion wear resistance under dry friction of CN,
coatings, deposited on IM125 titanium samples (6 =6 mm, & =25 mm)
was performed by the methods of ball-on—disc and ball-section. Tribo-
logical testing of IM125 titanium samples with CN, coating in friction
pair with chirulen (ultra-high molecular weight polyethylene—
UHMW PE) in blood plasma was also performed.

Determination of coating wear resistance by the method of
ball-on—disc was conducted using an instrument consisting of an elec-
tromechanical drive, stage for sample fastening, rotating in the hori-
zontal plane, indenter with replaceable steel ball with & =5.5 mm. Di-
ameter of the track of coating abrasion varied in the range of 10 to
18 mm by shifting the indenter axis relative to that of stage rotation.
Coatings were tested for 60 minutes at the 2 N and 3.5 N loading on
the indenter. Coating wear resistance was assessed using MBS-8 micro-
scope by the appearance of the annular track crater, formed on the
length of the covered path L, at the number of rotations n =2000, 2500,
3000. Coating was considered more wear-resistant at smaller width and
depth of the track crater, at smaller number of delaminations on the
track. The width and depth of the track crater and dimensions of coating
delamination were measured by differentiated profilometer Micron-
alpha.

Determination of wear resistance by ball-section method was con-
ducted using an instrument ensuring contact impact of the rotating
ball of @ =23.8 mm on a flat sample; a crater of semi-spherical shape
formed on the coating. Crater diameter Deater. and depth Aerater. Were
measured with an interference profilometer Micron-alpha. Coating
was considered more wear-resistant at smaller crater diameter.

Testing of CN, coatings in blood plasma was performed in a face-
plate friction machine (Fig. 1) (according to ASTM F732-82) at the
V. Bakul Institute for Superhard Materials of the National Academy of
Sciences of Ukraine. Sample (J=21.5 mm, R,=54-69nm) with CN,
coating (Fig. 2) was pressed by force P to fixed chirulen counterbody,
that resulted in formation of a traction pair of IM125 titanium—
CN, + chirulen. The counterbody was a cylinder of J=52mm and
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Rotating sample

CE 1T > counterbody (UHMW PE)
——

i

e Y s

Fig. 1. Scheme of testing in faceplate friction machine.

Fig. 2. IM125 titanium samples with CN. coating for tribological testing.

15 mm height, it is working surface roughness being R, =3 um. Speed
of sample sliding along the counterbody was equal to V=0.057 m/s,
contact pressure was 3.5 MPa. Form and depth of wear crater on the
counterbody surface and chirulen wear rate was determined by the pro-
filogram, recorded in VEI Kalibr instrument. During testing, the oscil-
logram of the torque change was also recorded, which was the base for
calculation of the change of friction coefficient fin time.

3. RESULTS AND DISCUSSION

Results of mechanical testing of samples with CN, coatings are shown
in Table1l and Table 2; there are depending of coatings mechanical
properties (hardness H, modulus of elasticity E*, normalized hardness
H/E", elastic deformation &) on sputtering parameters, substrate ma-
terials and conditions of ion bombardment. Analysis of the results
shows that:

a) the highest values of hardness H = 15-20 GPa, modulus of elasticity
E*=120-132 GPa, normalized hardness H/E*=0.130-0.152>0.12
were obtained on titanium substrates at p =0.35 Pa, Tsust-. = 130°C and
C =42-58% that is indicative of increased ductility and wear resistance
of the coating under friction (6CN,, 8CN, samples);

b) at increase of substrate temperature up to 350°C, coating hardness
isreduced two times;

¢) the highest values of hardness H =15 GPa, normalized hardness
H/E*=0.124, elastic deformation £=3.28% were obtained at ion
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TABLE 1. Mechanical properties of CN: coatings, deposited on AISI321 steel
and IM125 titanium substrates.

Sputtering parameters Mechanical properties
e | naterial [Pressure Sonoent Towses |l Gpal B0 | HIE® | geny %

p, Pa CNa, % °C ’ GPa ’
1CN. AISI321 0.35 58 130 10.1 96 0.105 3.21
2CN. AISI321 0.35 100 130 6.0 95 0.063 1.93
3CN. AISI321 0.35 24 130 4.8 95 0.051 1.6
4CN. AISI321 1.0 23 130 3.8 80 0.048 1.45
5CN. AISI321 1.0 61 130 1.5 74 0.02 0.64
6CN: IM125 0.35 58 130 15.6 120 0.130 4.027
7TCN, IM125 0.35 58 350 7.0 110 0.064 1.95
8CN: IM125 0.35 42 130 20.0 132 0.152 4.634

TABLE 2. Mechanical properties of CNx coatings, depending on the conditions
of ion bombardment (IM125 titanium substrates).

Conditions Mechanical properties
of ion bombardment prop
Sample | Sample — -
No. R.,nm | Bias volt- | Bias volt-
age, Uv.mi, | age, Uv.cn,, | H, GPa | E*, GPa| H/E* | &es, %
A% A%
9CN: 65 -1000 0 15 121 0.124 3.28
10CN, 160 -1400 -30 8.2 108 0.076 2.30
11CN= 120 -1400 -10 10 108 0.093 2.81
12CN= 145 -1400 -40 8.7 112 0.078 2.36
13CN, 50 -1000 -10 10.8 100 0.108 3.28
14CN. 50 -1000 -10 5.6 79 0.071 2.15

treatment of the coating (Uymi=-1000V and Uycn, =0), indicating a
greater proneness of CN, coating to stress relaxation (9CN, sample);

d) increasing of bias voltage at deposition of a titanium bond coat, in-
termediate TiCN layer and CN, layer (Uymi =—1400V, Uy.cn, = —30—40 V)
leads to lowering of all the parameters H, E*, H/E", ¢es.

The main parameter determining the quality of produced CN, coat-
ings is their wear resistance under dry friction. Therefore, dependences
of coating wear resistance on i) thickness of intermediate interlayer and
main layer and ii) its deposition conditions were assessed (Tables 3, 4).
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TABLE 3. Dependence of wear resistance of CN. coating on the thickness of
intermediate and main layers (titanium IM125 substrate).

Layer thickness .
Sample| Sample R, Wear resistance
No. nm O, |Ori-c-N, | Sonx, (Testing method ‘ball-on—disc’)
um | pm nm
Pind. = 2 N.

No CN: delaminations on the track.
18CN. 49+7 0.3 0.25 1.8 Pia=3.5N.

Spot CN. delaminations on 80% of

the track.

Pind. = 2 N.

No CN: delaminations on the track.
19CN. 87.5+22 0.3 0.25 3.6 Pina=3.5N.

Spot CN. delaminations on 20% of

the track.

Pind. = 2 N.
20CN: 57.5+17.5 0.3 0.13 1.8 Spot and dotted delaminations on

70% of the track.

TABLE 4. Dependence of wear resistance of CN. coating on the thickness of
intermediate and main layers (titanium IM125 substrate).

Sputtering parameters
Ti Ti—-C-N CN. Wear resistance
Sample T'subtr. ‘ (Testing method
No. |P*Fa oc’| py, Ur. v CN2s Plf/f " |CNz, [ Pc, |  ‘ball-on-disc’,
L e B il B B Pina.=3.5N)

n=2000; L,=94m
15CN, 0.35 200 184 -150 25.6 2.7 58 570 Spot delaminations
on 60% of the track
n=3000; L,=174 m
6CN, 0.35 130 184 -150 25.6 2.8 58 560 No crater, coating in
the track is rolled.
n=2500; L,=99m
16CN, 0.35 130 184 -300 - - 58 580 Spot delaminations
on 20% of the track
n=3000; L,=174 m
8CN, 0.35 130 184 -300 25.6 2.8 42 540 No crater, coating on
the track is rolled

n=2000; L,=95m
17CN. 0.35 350 180 -300 25.6 2.8 42 540 Spot delaminations
on 50% of the track
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Fig. 3. Profilogram of CN: coating on 6CN, sample and half-width of the track
obtained at testing by ball-on—disc method.

Analysis of the results given in Tables 3 and 4 shows the following.

a) At increase of the thickness of main CN, coating, its wear re-
sistance is increased (see comparison of tracks on samples 19CN, and
18CN. at Pina=3.5N).

b) At decrease of the thickness of TiCN intermediate layer from 0.25
to 0.13 um, coating wear resistance markedly decreases (see samples
18CN, and 20CN,). Therefore, the thickness of TiCN layer should be
equal to 0.25 pm.

c) Highest wear resistance of CN. coating was obtained at
p=0.35Pa, Tspwstr. =130°C, C=58% and 42% (on 6CN, and 8CN. sam-
ples no crater formed on the track at friction path length L,=145 m).

Figure 3 gives the profilogram of half of the track width on the coat-
ing of 6CN, sample, recorded using an interference profilometer Mi-
cron-alpha. Coating on the track is rolled; surface roughness on it is
four times lower, compared to the total coating roughness.

Dependence of CN, coating wear resistance on ion treatment condi-
tions was also studied (Table 5). Before producing coatings on samples
specified in Table 5, roughness of substrate surface was measured.
Coatings were formed at the following parameter values: p =0.35 Pa,
Tsubstr. = 13000, C = 42%.

Analysis of the data given in Table 5 leads to the following conclu-
sions.

1. Wear resistance of CN, coating depends on substrate surface
roughness and ion bombardment conditions: wear resistance decreases
with roughness reduction.

2. The most wear-resistant CN, coating was produced on the sample
with higher roughness. So, at coating testing on 11CN, sample
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TABLE 5. Dependence of wear resistance of a three-layer coating on the con-
ditions of ion treatment and roughness of substrate surface (titanium IM125
substrates).

Ion treatment

i Methods of wear resistance determination
conditions

‘Ball-section

>

Sample | Sample| Scn.,
NO. Ra’ nm nm Ub,Ti, Ub.CNx’

‘Ball-on—disc’, Pi,q.=3.5N

V V Tcrater. hcrater.
pm | pm
. . N
18CN, 49 1.8 -300 0 Spot delaminations on 80% of the 414 9

track

9CN.. 65 1.8 -1000 O Nodelaminations on the track 510 2.1
10CN. 160 2.0 -1400 -30 Nodelaminations on the track 400 1.9
11CN. 120 2.1 -1400 -10 Nodelaminations on the track 310 1.7

Spot and dotted delaminations on
50% of the track

Dotted delaminations and rub-
13CN, 50 2.2 -1000 -10 bing off the coating on 60% of the 560 2.7
track

12CN, 145 2.1 -1400 -40 414 2

(R.=120 nm), produced at Unmi=-1400V and Ucn,=—10V there are
no coating delamination’s on the track, and crater diameter is mini-
mum and equal to 310 um.

3. At optimum roughness (R, =65 nm), the highest wear resistance
of the coating is achieved at the following values of bias voltage:
Upri =-1000V and Upcn, =0V (9CN, sample, Fig. 4).

4. With increasing of bias voltage applied to the substrate at deposi-
tion of intermediate and main layers, internal stresses in the coating
become higher that leads to adhesion lowering. This is confirmed by
testing the coating, which was formed on 12CN, sample (R,= 140 nm)
at Upon,=—40 V.

Conducted tribological testing showed that higher wear resistance
of CN, coating is confirmed by high values of normalized hardness
H/E*=0.130>0.12, elastic deformation percent e, =4.027 and order-
liness of carbon in the amorphous structure (small ratio of intensities
of the Raman scattering bands In/Ic =1.20 relative units [14]).

Therefore, wear resistant CN, magnetron coating can be obtained at
the speed of 2.2 pm/hour on titanium IM125 and steel AISI321 sub-
strates, when fulfilling the following technological requirements:

a) maintaining sample heating temperature Tsustr. = 130-150°C during
the entire process of coating formation at p =0.35 Pa;
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Fig. 4. Profilogram of a crater obtained on CN: coating of 9CN, sample at test-
ing by ball-section method.

b) adhesion bond coat deposition Ti (6=0.3 ym): A=3.5 W/cm, C =0%,
Upri=-1000V att; =4 min., Upri=0Vatt2=10 min;

c¢) deposition of intermediate TiCN layer (6 =0.25pum): A=10 W/cm,
A=38.5 W/em?, Upcen, =0V, C=25.6%, t =10 min;

d) deposition of the main CN, layer (6=3 um): A=10 W/cm, C =58%,
Upen,.=0V.

Tribological testing of samples of IM125 alloy with CN, coating (in
friction pair with chirulen) in blood plasma showed that at the begin-
ning of friction path value of friction coefficient was equal to f=0.17—
0.29. On the friction path of 0.472-0.627 km, fiction coefficient de-
creased 2—3 times, reaching the value of f=0.079-0.09 and further on
it did not change as a result of formation of a stable tribolayer on the
coating, consisting of a large number of smooth pockets on the coating
surface, accommodating the blood plasma. Results of tribological test-
ing in blood plasma of CN, coating are shown in Table 6.

According to the functional characteristics of the friction pair, the
CN.-coating/chirulen significantly exceeds the Co-Cr—Mo/chirulen
pair traditionally used in the practice of endoprosthesis. The coeffi-

TABLE 6. Results of tribological testing in blood plasma of IM125 titanium
samples with CN. coating in friction pair with chirulen.

Sample No.| dcn,, um | Friction coefficient, f Intensity of chirulen wear,

mm?/km
6CN. 3.7 0.09 0.7
TCN: 2.6 0.079 0.65

8CNx 3.7 0.08 1.1
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cient of friction in it is lower in 1.3 times and the wear of chirulen is
3.3 times lower [15].

4. CONCLUSIONS

1. Mechanical properties of CN, coating (6 = 2-4 um) were studied. It is
found that the highest values of hardness H = 15-20 GPa, modulus of
elasticity E*=120-132 GPa, elastic deformation &.=4.03-4.6% and
normalized hardness H/E*=0.130-0.152 > 0.12 were obtained on tita-
nium substrates at p =0.35 Pa, Tswstr. = 130°C and nitrogen concentra-
tion in the mixture of gases C =42-58% that is indicative of increased
ductility and wear resistance of the coating under friction.

2. Tribological testing by ball-on—disc and ball-section methods under
dry friction showed that wear resistance of CN, coating depends on:
substrate surface roughness; values of parameters Tsustr., p, C, provid-
ing H/E*>0.12; thickness of intermediate TiCN layer; values of bias
voltages Uym and Upcn., applied at deposition of Ti bond coat, TiCN and
CN, layers.

3. Tribological testing of IM125 titanium samples with CN, coating in
a friction pair with ultra-high molecular weight polyethylene (chiru-
len) was conducted in blood plasma. It was determined that the friction
coefficient and wear intensity of chirulen are equal to 0.079 and
0.65 mm3/km. Obtained intensity of chirulen wear is the lowest, com-
pared to friction pairs, where titanium strengthened by other methods
were used, and is 3.3 times lower than in the widely applied
Co—Cr—Mo/chirulen pair.

4. Owing to high wear resistance and elasticity, CN, coating can be rec-
ommended for CN, deposition on interacting surfaces of items in the
medical and instrument-making industry.

The authors express their sincere gratitude to the staff of ISM of the
N.A.S. of Ukraine: S. Yu. Shein, Dr. of Sci. (Eng.) and I. Yu. Rostot-
skii, Dr. of Sci. (Eng.) for organization and performance of tribological
testing of IM125 titanium samples with carbon nitride coatings in
blood plasma.
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Comparative Studies of the Properties of Heat-Treated Welded
Joints of AA2219 Alloy
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“State Design Office ‘Pivdenne’,
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Comparative studies of welded joints of AA2219 alloy after corrosion tests in
amyl (which is used as rocket fuel) are carried out. No changes in the morphol-
ogy and dimensions of structural parameters in metal of seams and in heat-
affected zone are revealed after exposure in amyl. Corrosion resistance of the
AA2219-T81 and AA2219-T62 alloys in amyl corresponds to the standard
metal resistance group—‘resistant’. Welded joints are also resistant against
intergranular and exfoliating corrosion as well as corrosion cracking: no local
corrosion defects are detected. Strength coefficient of AA2219-T62 welded
joints is by 30% higher than for AA2219-T81 joints, and, for both types, it is
equal to 0.96 and 0.65, respectively. After soaking in amyl, T62 joints have
higher ultimate strength and yield stress compared to T81 ones. Strength co-
efficient of AA2219-T62 welded joint after corrosion tests remains higher
(0.94) than the strength coefficient of AA2219-T81 welded joint (0.65). At
the same time, decrease in relative elongation of both joints may point to em-
brittlement of structural components in corrosive environment. As estab-
lished, the heat-treatment conditions do not affect the values of resistance
against uniform and local corrosion, mechanical strength and plasticity of the
base metal. However, for welded joints, strength and plasticity are affected by
heat-treatment conditions: AA2219-T62 joints have more uniform structure
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of weld metal and heat-affected zone; so, smaller difference in mechanical
properties between welded joint and base metal is provided.

Key words: aluminium alloy AA2219, welded joint, heat treatment, corrosive
environment, mechanical tests, corrosion resistance.

IIpoBemerno MOPiBHAMBHI JOCTiMMKeHHA 3BapHUX 3’ €qHaHDb cTony AA2219 mic-
JI KOpPO3ifiHmX BUIIPOOYyBaHb B aMiji (AKMI BUKOPUCTOBYBABCA AK PaKeTHE
naauBo). 3MiHu Mopdosorii Ta po3MipiB CTPYKTYypHUX ImapaMeTpiB y meraui
HIBiB i B 30Hi TepMiuHOr0o BILIMBY IIiCJisi BUTPUMYBAHHS B aMiJi He BimOyBa-
oTbesa. Kopoasiiina TpuskicTs cromis AA2219-T81 i AA2219-T62 B amini Bix-
MOBilae cTaHAAPTHiN I'pyIi omopy MeTany — «CTiliKuii». 3BapHi 3’eaHaHHA
TAKOXK € CTIHKMMHU [0 MiKKPHCTAJITHOI Ta BigmiapyBaJibHOI KOpo3iil i Kopo-
3ifHOTO POBTPiCKYBaHHSA: JIOKAJbHUX KOPOBiHUX NedeKTiB He BuasieHo. Ko-
edinienT minumocTu 3Bapuux 3’ enHanb AA2219-T62 ua 30% Buiuii, aHix A5
3’eqmanp AA2219-T81, i cranoButs mia obox 0,96 i 0,65 Bigmosigmo. ITicaa
eKCIIOHYBaHHs B aMiJi 3’egHaHHsa y ctaHi T62 MaJu BUIIY I'PaHUIIIO0 MillHOCTH
Ta TPAHUIIO MJIMHHOCTYU MOPiBHAHO 3i 3’e¢guamuamM y ctaHi T81. Koedimient
MirnHoCcTH 3BapHOro 3’eqHanuAa AA2219-T62 micas KoposifitHUX BUIIPOOyBaHb
ganummuBcsa BummuM (0,94), Hik KoedimieHT MimHOCTM 3BapHOTO 3’ €THAHHA
AA2219-T81 (0,65). ¥V Toii ;xe yac 3MEHIIIeHHS BiJJTHOCHOTO MOJOBKEHHS 000X
3’eHAHDb MOJKE CBIIUNTH IIPO OKPUXUYEHHS eJIEeMEHTiB KOHCTPYKILil B KOPO3iii-
HOMY cepenoBuUIlli. BcTaHOBJIEHO, 1110 YMOBU TePMOOOPOOJIEHHS He BILINBAIOTH
Ha 3HAUYEeHHA CTIMKOCTU 10 PiBHOMIipHOI Ta JOKaJbHOI KOpPo3il, MexaHiuHy Mi-
IHICTD i MJIaCTUYHICTh OCHOBHOT'O MeTaay. AJie 1A 3BapHUX 3 €JHAHDb HA MilIl-
HICTh i IJIACTUYHICTH BILJIMBAE PEKUM TEPMIiUHOTO O0OpPOOJIeHHA: 3’€THAHHS
AA2219-T62 MaOTh OJHOPIAHIIITY MiKPOCTPYKTYPY MeTaJy IIBa Ta 30HU Tep-
MiYHOTO BILIMBY, 3aBISAKHN UOMY 3a0e3IlleuyeTbCcsd MeHIa PisKHUIT MexaHiu-
HUX BJIACTUBOCTEM MijK 3BAPHUM 3 € JHAHHAM i OCHOBHIM METAJIOM.

Karouogi cioBa: antominiiiopuit cron AA2219, 3papHe 3’efHAHHA, TEPMOOOPO-
OJIeHHSI, KOpPO3iliHe cepemoBuUIlle, MeXaHiuHiI BUIIPOOYBaHHS, KOPO3ifiHA CTii-
KicTb.

(Received April 4, 2023; in final version, April 13, 2023)

1. INTRODUCTION

Aluminium alloy AA 2219 is one of widespread light structural mate-
rials used in welded elements, units and assemblies of boosters (Saturn
V, Apollo, Space, Shuttle, etc.) [1]. The alloy is characterized by a
unique combination of properties: weldability, high strength and plas-
ticity at a sufficiently low specific gravity, as well as significant cryo-
genic resistance. At the same time, the alloy is very sensitive to ther-
mal welding cycle; therefore, during melting and crystallization of
seams, the metal strength in heat-affected zone (HAZ) decreases due to
the formation of heterogeneous structure during segregation of alloy-
ing elements and impurities along crystallites boundaries and grains.
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Seam microstructure is determined by temperature gradient on distri-
bution surface of solid solution, liquid metal and phases, the value of
crystallization rate, as well as the nature of distribution of alloying
elements in the volume of the seam metal. In addition, brittle layers of
supersaturated phases can form between the grains, especially at the
border fusion of weld and base metal. Sometimes, the layers form a
dense frame around the grains [2, 3]. In addition, during argon arc
welding of an alloy, individual pores may form in the seam structure.
To prevent their formation [2] special activating fluxes (AlF;, LiF,
KF-AIF;, K:SiFs) are used and DC welding is applied [4, 5].

Strength and plasticity indicators of welded joints of AA2219 alloy,
obtained by argon arc welding with a non-fusible electrode, depend on
metallurgical, technological and structural factors [4—6]. Particular-
ly, they effect on the width and depth of the melting, the geometric
dimensions of technological reinforcement and root of seam. The
weakest part of butt-welded joints is heat-affected zone [6]. Heat
treatments of joints after welding reduces the share of 0-phases in the
seam structure, and regulate the size of eutectic layers [7, 8]. This
makes the morphology of weld structure similar to the structure of
other joint zones and make possible to increase strength, but with a de-
crease in plasticity [8—10].

The effect of increasing of plastic properties of AA2219-T8 alloy
welded joints in production of large-sized fuel tanks is achieved, for
example, by using multipass welding with tensile strength coefficient
of 70% relative to the strength of the base metal and relative elonga-
tion more than 4% [8].

It should be noted that after welding, welded structural elements,
aggregates and assemblies made of AA2219 alloy are usually subjected
to heat treatment [8] according to various modes, which depend on the
level of physical and mechanical properties required for the product’s
operating conditions in difficult conditions. The most widely used of
them are as follow: artificial aging for 18 hours at 177°C (state T81),
heat treatment followed by 8% deformation (T37), artificial ageing at
163°C for 24 hours to state T87, etc. In the work [8], it is emphasized
that the implementation of artificial aging conditions for 36 hours at
the temperature of 190°C (T62 state) allows simultaneously increasing
strength and plasticity indicators.

Study of influence of cyclic heat treatment of welded joints of
AA2219 alloy performed by arc welding with non-fusible electrode
with an alternating polarity current on their properties showed that
areas with different hardness are formed in HAZ [9], which lead to in-
crease in the yield stress, but the plasticity of welded joint decreases.

A significant difference in physical and mechanical properties and
local corrosion resistance of heat-stabilized after ageing AA2219 alloy
was observed between coarse-grained and ultradispersed structures of
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AA2219 alloy in the work [10]. The hardness and strength of the ul-
tradispersed alloy were higher, and the susceptibility to intergranular
corrosion (IGC) was lower compared to the alloy with a coarse-grained
structure. At the same time, the resistance against exfoliating and
electrochemical corrosion of the ultradispersed alloy was lower than
that of the coarse-grained one. In addition, compared to the coarse-
grained structure, the ultra-dispersed structure was less sensitive to
local corrosion, which also depends on the ageing conditions. The dif-
ference in mechanical properties and the metal susceptibility to local
corrosion of these alloys are mainly due to the complex interaction be-
tween alloying elements and impurities, the number of dislocations,
and the peculiarities of the mechanism of separation of secondary
phases’ inclusions at the grain boundaries during the artificial aging
operation [11].

More uniform microstructure of seams and an increase in strength
by 44% at the rupture of welded joints of the AA2219 alloy, obtained
by argon arc welding with a non-fusible electrode in an inert gas with a
current of alternating polarity, was achieved due to use of the follow-
ing parameters of heat treatment: heating at 535°C for 30 minutes,
quenching in water, artificial aging at 175°C for 12 hours [12]. At the
same time, the coefficient of strength of the joints was 76% of the lev-
el of the base metal. It is also noted that corrosion resistance of the
joint after such a treatment is higher than for the joint after welding.
Nevertheless, HAZ metal remains sensitive to the influence of a corro-
sive environment, which is explained by the dissolution of some struc-
tural components and segregation of AloCu phase along grain bounda-
ries.

Artificial ageing leads to the release of a finely dispersed metastable
0’ phase in the weld metal, which contributes to an increase in the
hardness of the weld metal by 20% . At the same time, destruction of
joints during the tensile test occurred in the weld seam and the heat-
affected zone.

Thus, summarizing the above-mentioned examples demonstrate the
practical feasibility of further, comprehensive and thorough research
of physical and mechanical properties of AA2219 alloy welded joints
by various scientists. Our previous works have discussed in detail the
properties of the base metal and welded joints obtained by fusion weld-
ing along and across rolled heat-treated joints in different modes [13,
14]. It is of practical importance to compare their operational proper-
ties in order to determine the most acceptable for operating conditions

Therefore, the following goal was formulated in this work—to con-
duct a comparative analysis of a complex of corrosion and mechanical
properties of heat-treated welded joints of AA2219 alloy with thick-
ness of 3 mm, obtained by argon arc welding with a non-fusible elec-
trode along the rolling direction.



COMPARATIVESTUDIES OF THE PROPERTIES OF HEAT-TREATED WELDED JOINTS 619

2. EXPERIMENTAL DETAILS

Aluminium alloy AA2219-T31 of Al-Cu alloying system with a thick-
ness of 3 mm was the object of research. Chemical composition of that
alloy (Table 1) was determined on Spektrovak-1000 spectrometer of the
Baird Company, and according to the content of main alloying ele-
ments, this alloy corresponds to AMS-QQ-A-250/30A[13].

The plates were welded in a horizontal position along the rolling di-
rection in argon shielding gas. A non-fusible tungsten electrode with a
lanthanum coating and filler wire 2319 with a diameter of 1.6 mm were
used. Power source was welding machine MW-450 (Fronius), alternat-
ing current, 200Hz with a rectangular waveform; I=280A,
V=20m/h, wire feed speed 117 m/h. To melt completely the welded
edges in one pass, a stainless-steel substrate with a rectangular groove
4 mm wide and 1 mm deep was used, which made it possible to obtain
high-quality formation of butt seams with technological reinforce-
ment. Seams quality was assessed by the x-ray method on the RAP-
150/300 device; the density of the seam metal was evaluated on the
Densitometer DP-30 device. The geometric parameters of the seams
were measured with an ART-34460-150 electronic calliper with divi-
sion value of 0.01 mm. Test specimens were made from the welded
blanks. The specimens were heat treated as described in Fig. 1.

Corrosion tests were carried out in amyl at 50°C for 45 days at the
base of the testing laboratory of Design Office ‘Pivdenne’. After that,
the values of corrosion resistance, including resistance against local
corrosion, as well as the nature of changes in mechanical properties
were evaluated. Specimens were placed in the test stand (Fig. 2). The
specified duration of tests in amyl corresponds to the calculated ser-
vice life of the rocket-fuel storage capacity—1 year. In this regard, it
is interesting to evaluate and compare the peculiarity of changes in
mechanical properties of welded joints of AA2219 alloy during various

TABLE 1. Chemical composition of AA2219-T31 alloy [13].

Weight part of the elements, %
Specimen Other
or standard ele-
require- | Cu | Mn | Zr A% Ti Fe Si Zn | Mg | ments:
ment even in
hole
Specimen 6.7 0.34 0.18 - 0.05 0.16 0.09 0.03 0.02 0.01(Ni)
AMS-QQ-A- 0-8 0-20 0.10 0.05 0.02° 53 55 <0.1 <0.0 <0.05/

250/30A 0 0 0 2 <0.15

6.8 0.40 0.25 0.15 0.10
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heat treatment operations and to choose the most effective one.

Plates from AA2219 alloy 5 Welded f'oint from AA2219

as-receive oy as-welde

—

Base metal and welded joint specimens for corrosion,
mechanical and corrosion-mechanical tests

/\

3 r o

Heat treatment T81: Heat treatment T62:
artificial a%emg, hardening, T=535°C, t=50s
T=180°C, 1=18 hours| |artificial ageing, T=180°C, 1= 36 hours

\/

Test conductln% and determination
he complex of properties

Fig. 1. Specimens preparing procedure for testing.

Fig. 2. Appearance of specimens prepared for tests: for determination of me-
chanical and corrosion properties (a), for determination of resistance against
corrosion cracking (b), replacement of specimens in a test container (c), ap-
pearance of the test container (d).
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Corrosion resistance of the base metal is estimated by massometry,
and the corrosion rate in mm/year is calculated using the formula

H _ 8760Am
dsT

where Am = m; — mz is corrosion losses of the specimen [g], m: is mass of
testing specimen [g], m2 is mass of the specimen after corrosion tests, S
is specimen surface area [m?], T is duration of research [hours], p is al-
uminium alloys density equal to 2.7 g/cm3, 8760 is the number of
hoursin a year.

Evaluation of resistance against exfoliating corrosion, intergranu-
lar corrosion and corrosion cracking (CC) was carried out after corro-
sion tests of specimen in amyl. The level of permanent deformation of
specimens according to the four-point bending scheme for assessing
durability against corrosion cracking, which was agreed with Design
Office ‘Pivdenne’ was 957 kgf/cm?2. As one of the criteria for the influ-
ence of corrosive environment, the change in mechanical properties
after corrosion tests was evaluated. Mechanical properties were de-
termined on flat specimens with technological reinforcement on the
front and back surfaces of the seam on an Instron-1126 machine at a
speed of 6 mm/min. The relative elongation of the specimens was de-
termined using extensometer No. G-51-12-M-A.

Metallographic studies were carried out on MMT-1600V microscope.
The microstructure was detected by etching in a solution of such a
composition: perchloric acid of 1000 cm? + glacial acetic acid of 75 cm3.

; (1)

3. RESULTS AND DISCUSSION
3.1. Investigation of Resistance against Uniform and Local Corrosion

Analysis of tests results of resistance of the base metal of AA2219 al-
loy against uniform corrosion in amyl indicates that corrosion rate of
specimens is equal to 0.00362 mm/year for T81 stat and 0.00429
mm/year for specimens in T62 state. After tests, uneven darkening of
the surface and corrosion spots formation of different planes were ob-
served on specimens’ surface. After removing of corrosion products,
specimen’s surface is shiny, no deep local defects are observed. Corro-
sion is identified as uniform and uneven; damages type is corrosion
spots. According to the corrosion resistance scale [6], corrosion re-
sistance of AA2219 alloy in T81 and T62 states in amyl is rated as 2,
which corresponds to the resistance group—‘resistant’. No significant
difference in the corrosion resistance values of AA2219 alloy depend-
ing on the heat treatment (T81 and T62 condition) was established.
Resistance against exfoliating corrosion in amyl of base metal and
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welded joint of AA2219 alloy in both T81 and T62 state is rated as 2 in
accordance to 'OCT 9.904. The nature of change in the appearance of
the specimens is a slight darkening of the surface with changing col-
ours and corrosion spots.

Welded joint specimens of AA2219 alloy, heat-treated to T81 and
T62 states, after corrosion tests in amyl, are resistant to intergranular
corrosion and corrosion cracking. No destruction along grain bounda-
ries and corrosion cracks was detected (Table 2).

3.2. Investigation of Macro- and Microstructures

The macrostructure of joints welded with a non-fusible electrode, con-
sists of characteristic structural zones: the cast metal of the weld, the

TABLE 2. Corrosion and mechanical properties of heat-treated base metal and
welded joint of AA2219 alloy: " is hardness of the weld metal, ™ is hardness of
HAZ.

Base metal Welded joint
Indicator Before corro- | After testsin Before cor- | After testsin
sion tests amyl rosion tests amyl
T81
. tfelrtlmt‘ﬁts 463-462 466,466,464 293-308  315-314-309
g ub 463 465 301 313
MPa
Yield stress co.2, 365—-367 373,373,355 234-241 230—-257-232
MPa 361 367 238 240
Relativeelonga- 17.3-18.1 100 1>T"  06-0.8  1.0-0.7-1.0
tion 8, % 17.7 : 0.7 0.9
15,6
Corrosion rate, _ _ _
mm/year 0.00362
IGC resistance
(breaking depth) 0 0 0 0
Exfoliation cor-
rosion re- - 2 - 2
sistance, point
CC resistance
(the presence of - No cracks - No cracks
cracks)
80.5-96" T7-97"
Hardness 99-101 100
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Continuation of Table 2.

T62
. t?elrtlmtlﬁts 422-425  424-423-421 409-415 411-391-347
gLth Gul, 424 423 407 383
MPa
Yield stress co.2, 297-295 303—-330-305 317-301 287-284-297
MPa 296 313 309 289
Relativeelonga- 17.6-19.1 10 1257 40-58 4.8-3.5
tion 5, % 18.4 : 4.9 3.8
15.6
Corrosion rate, _ 0,00429 _ _
mm/year
IGC resistance
(breaking depth) 0 0 0 0
Exfoliation cor-
rosion re- - 2 - 2
sistance, point
CC resistance
(the presence of - No cracks - No cracks
cracks)
Hardness 94-100" 97-100"
100-101 100 g o
HRBsoo 95-96" 97-98"

border of its fusion with the base metal, heat affected zone (HAZ). The
structure of the metal weld is dendritic (Fig. 3, a, ¢).

Near the fusion border, dendrites have a columnar structure and di-
rected from the fusion border to the centre of the seam; in the centre of
the seam, dendrites are disposed along welding direction. Eutectic sep-
arations, the size of which does not exceed 15 um, are located along the
dendrite’s borders. The uniform porosity, which is characteristic for
alloys of this alloying system, is noted. Pores size do not exceed 50 pum,
their density is 7-12% per 1 mm?. Individual pores up to 0.4 mm in
size are present in separate parts of the weld, which is acceptable ac-
cording to the requirements of EN ISO 10042. Fusion zone separates
the dendritic structure of the cast weld metal and the grain structure
of the deformed metal of the heat-affected zone.

Intensive recrystallization processes were not detected in heat-
affected zone, the grain size in this zone does not differ significantly
compare with the grain size of base metal (Fig. 3, a, ¢). In contrast to
other structural zones of joints, the precipitation of low-melting eu-
tectics is observed along the grain boundaries.

At temperatures 350-370°C, that is, higher solidus temperatures,
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Base metal
T81 _ T62

Heat affected zone

Fig. 3. Microstructure of different zones of welded joints of AA2219 alloy at
T81 and T62 states before corrosion tests (a, ¢) and after tests in amyl (b, d).

alloying elements interact with each other, which contributes to the
redistribution of structural components of the alloy and leads to a de-
crease in the hardness of the metal in this zone. It should be noted that
a similar structural section is a component of any welded joint of alu-
minium alloys obtained by fusion welding. When moving away from
the fusion line to the base metal, there is an area of annealing and ag-
ing in the structure, which was formed because of the action of the
welding arc. In their structure, there are intermetallic precipitations
of up to 25 um in size, formed because of coagulation of insoluble in-
termetallic phases. The total width of the heat-affected zone of T81
welded joints on each side of the seam is 6 mm, and in T62 welded
joints mode it is reduced to 2 mm (Fig. 3, a, ¢).

After corrosion tests in amyl, there are no changes in the morpholo-
gy of the microstructure and grain sizes in the weld metal and HAZ
(Fig. 3, b, d). This is quite natural, since, according to the results of
the assessment of corrosion durability, no local corrosion defects were
found on the surface of the welded joints (Table 2).

Hardness of T81 and T62 base metal specimens is almost the same, it
is equal to 100—-101 HRBsoo (Fig. 4). So, exposure the specimens in cor-
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Weld HAZ ; Base metal
0 2 4 6 8 10 12 14 16
[, mm

Fig. 4. Hardness of different zones of welded joints of AA2219 alloy heat-
treated according to T81 (1, 2) and T62 (3, 4) regimes before corrosion tests
(1, 3) and after corrosion tests in amyl (2, 4).

rosive environment did not significantly affect this indicator. Weld
hardness differs more significantly depending on the heat treatment,
and it is of 80.5—96 for T81 state and of 94—-100 for T62 state, and for
heat-affected zone, 7072 and 95—96 HRBgsoo. However, as for the base
metal, exposure to a corrosive environment practically did not change
the hardness index. Therefore, it can be considered that the mode of
heat treatment is a more significant factor affecting the hardness of
the welded joint than the corrosion factor.

3.3. Mechanical Properties Investigation

Breaking diagrams of the studied specimens before and after corrosion
tests are presented in Figs. 5, 6, a, in Figs. 5, 6, b the appearance of the
destruction zone of specimens is shown. It should be noted that the
rupture of both heat-treated welded joint occurred at a significantly
lower value of relative elongation and at lower level of load.

The nominal yield stress of T81 welded joint specimens is 234—
241 MPa, which is lower compared to the yield stress of the base metal,
365-367 MPa (Fig. 7, a). The ultimate strength of welded joints is
293-308 MPa, which is also less than the ultimate strength of base
metal, 462—-463 MPa (Fig. 7, b). Strength coefficient of as welded spec-
imens was 0.65 relative to the strength coefficient of base metal. Expo-
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Fig. 5. Breaking diagrams (a) and the view of the fracture area of specimens
(b) of base metal (1, 3) and welded joint (2, 4) of AA2219-T81 alloy as-received

(1), as-welded (2) and after tests in amyl (3, 4).
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Fig. 6. Breaking diagrams (a) and the view of the fracture area of specimens
(b) of base metal (1, 3) and welded joint (2, 4) of AA2219-T62 alloy as-received
(1), as-welded (2) and after tests in amyl (3, 4).

sure of welded joints in amyl caused near 1% increases in the yield
stress of the AA2219-T81 alloy to 230-257 MPa.

At the same time, the ultimate strength of joints also increased by
4%, up to 309-315MPa. However, the relative elongation of base
metal decreased from 17.7 to 15.6% (Fig. 7, c¢), while for welded joint
this indicator increased from 0.7 to 0.9%. It is likely that an increase
in strength indicators and a decrease in relative elongation may point
on embrittlement of individual components of the metal structure dur-

ing its stay in amyl.
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Fig. 7. Changes in mechanical properties of base metal and welded joint spec-
imens of 2219A alloy in T81 and T62 condition along (a, b) the rolling before
corrosion tests and after corrosion tests in amyl: yield stress (a), ultimate
strength (b), relative elongation (¢).

Conducting a quenching operation before artificial aging (mode
T62) slightly increases the level of the yield stress of control samples of
alloy joints to 301-317 MPa, which even slightly exceeds the value of
the base metal indicator 295-297 MPa. The level of strength in this
case is equal to 409—415 MPa, which also exceeds the strength of the
base metal 422—-425 MPa. The calculated strength coefficient of con-
trol samples of welded joints in the T62 state is 0.96 relative to the lev-
el of the base metal.

After exposure of the specimens of AA2219-T62 welded joints in
amyl, a decrease of 6% of yield stress and ultimate strength is noted
(Table 2). Relative elongation decreases by 22% . On the contrary, the
yield point of base metal increases by 6%, and ultimate strength de-
creases slightly, by only 0.2% . At the same time, the relative elonga-
tion increases by 15%. The coefficient of welded joint strength of is
0.92.

When analysing the character of breaking of welded joints in T81
and T62 conditions, differences were found, namely, the rupture of
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T81welded joints occur along the fusion zone, but T62 welded joints
break along the HAZ at a distance of 4—5 mm from fusion line of the
weld with base metal. As mentioned above, precipitation and coagula-
tion of strengthening phases of insoluble elements of iron and silicon,
as well as centre of the formation of low-melting eutectics at grain
boundaries at temperatures higher than solidus temperature, and the
course of coagulation processes with the formation of strengthening
phases, which led to an increase in size of intermetallic precipitation,
caused a decrease in hardness and destruction in this zone.

Analysing obtained results, it should be noted that base metal in
both heat treatment state have higher indicators of mechanical proper-
ties compare to welded joint: AA2219-T81 base metal remain 30%
higher than those of welded joints, AA2219-T62 base metal have by
10% higher properties than those for welded joints. At the same time,
the values of ultimate strength and yield stress of T62 base metal are
lower by 8 and 18% compared to such indicators for T81 base metal. On
the contrary, ultimate strength and yield stress of T62 welded joint
specimens is higher by 35 and 30% compared to similar indicators in
the T81 condition. Strength coefficient of witness specimens of welded
joints in the T62 state is greater than in the T81 state and is equal to
0.96 and 0.65, respectively. Hardness of base metal, weld and HAZ are
equal: for T62 welded joint 100, 94—-100 and 95-96 HRBsos, and for
T81 welded joint 100-101, 80.5—-96 and 70—72 HRBsoo.

Study results of properties of heat-treated specimens of base metal
and welded joint of AA2219 alloy after corrosion tests in amyl are giv-
en in Table 2.

It is noteworthy that the relative elongation of T81 base metal is 4%
lower than T62 base metal, and the relative elongation of T62 welded
joint is significantly higher compared to T81 welded joint—by 86%.
That is, after T62 heat treatment, base metal has lower ultimate
strength and plasticity, but had a slightly higher level of relative elon-
gation.

It should also be noted that the difference in ultimate strength, yield
stress and relative elongation between T81 base metal and welded joint
is 35, 34 and 96% . For T62 base metal and welded joint, this difference
is smaller by 4, 4, and 73%, respectively. Therefore, T62 welded joint
has a more uniform structure compared to the T81 welded joint. This is
precisely the result of a smaller difference in properties between base
metal and welded joints.

4. CONCLUSIONS

Comparative studies of complex properties of base metal and welded
joints of AA2219 alloy after corrosion tests in amyl environment were
carried out.
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1. It was established that microstructure of base metal of AA2219 al-
loy, heat-treated to the T81 and T62 states, does not changes after cor-
rosion tests in amyl, neither in the central parts of metal, nor in sur-
face layers. No change in the morphology and dimensions of structural
parameters in metal of seams and in heat-affected zone was detected.
2.No differences in the corrosion resistance of welded joints of
AA2219 alloy after exposure in amyl depending on the heat treatment
mode were found. The rate of uniform corrosion of AA2219-81 speci-
mens is 0.00362 mm/year; AA2219-T62 is 0.00429 mm /year, the cor-
rosion resistance is rated as 2, which corresponds to the standard metal
resistance group as ‘resistant’. Corrosion is identified as uniform and
uneven, the type of damage is corrosion spots. The resistance against
exfoliating corrosion of base metal and welded joint was rated as 2
balls; change in their appearance is slight darkening with changing
colours and individual corrosion spots. That is, welded joints of
AA2219 alloy are resistant against intergranular corrosion and corro-
sion cracking in amyl, there no local dissolution were found along the
boundaries of weld crystallites or HAZ grains, as well as no corrosion
cracks were detected.

3. It was established that, under both conditions of heat treatment,
mechanical properties of base metal are higher than those of welded
joints are. AA2219-T62 base metal has lower ultimate strength and
plasticity compared to AA2219-T81 state, and the relative elongation,
on the contrary, has the opposite trend. The structure of T62-welded
joints is more uniform than that of T81-welded joints, which causes a
smaller difference between the values of mechanical properties of base
metal and welded joints of AA2219 alloy. Strength coefficient of weld-
ed joint specimens in T62 state is 30% higher than in T81 state and is
equal to 0.96 and 0.65, respectively.

4. After soaking in amyl, T62-welded joints are characterized by high-
er ultimate strength and yield stress compared to T81-welded joints.
Strength coefficient of T62-welded joint specimens after corrosion
tests in amyl, although decreased, remained significantly higher
(0.94) than strength coefficient of T81-welded joint (0.65). At the
same time, decrease in relative elongation may point to the probability
of slow embrittlement of separate structural components of the metal
in corrosive environment. Relative elongation of AA2219-T62 base
metal is 3—4 times higher, in contrast to relative elongation of
AA2219-T81 metal.

5. It has been confirmed that welding thermal cycle and heat treatment
conditions do not affect the values of resistance against uniform and
local corrosion, mechanical strength and plasticity of AA2219 base
metal. Ultimate strength and plasticity of welded joints of AA2219 al-
loy with the same welding method is determined by heat treatment
conditions: welded joints in T62 condition have a more uniform struc-
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ture of weld metal and HAZ than in T81 condition. This ensures a
smaller difference in mechanical properties between the joints and
base metal.

This contribution was created under the support of project by State
Design Office ‘Pivdenne’ (state registration number 0118U006291c).
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Study of Kinematic and Deformation Parameters of Rolling of
Compressor Blade Workpieces

V. V. Chigirinsky, Yu. S. Kresanov", and I. Ye. Volokitina

Rudny Industrial Institute,
38, 50 Let Oktyabrya Str.,
KZ-111500 Rudny, Kazakhstan
*‘Motor Sich’ JSC,
15 Motorobudivnykiv Ave.,
UA-69068 Zaporizhzhia, Ukraine

The article presents experimental research of kinematic and deformation pa-
rameters of die rolling of compressor-blades’ workpieces made of titanium
alloy BT-8, using a section mill 330 of ‘Motor Sich’ JSC. The experimental
results confirm that the strain unevenness is associated with intense shear,
which is determinant in the formation of individual elements of the profile.
Metal moves from areas of high reduction to areas of lower reduction in both
the transverse direction and the longitudinal one. The use of uneven plastic
deformation to control the process of forming the rolled products of different
configurations and purposes is of interest.

Key words: blade, aircraft engine, power parameters, die rolling, workpiece.

Y crarTi HaBemeHO pPe3yabTATH €KCIEPUMEHTAIbLHUX AOCHiIKeHb KiHeMaTny-
HUX i gedopmamniiHmx mapaMeTpiB HepPiOgWYHOrO BAJBIIOBAHHSA 3aTOTOBOK
KOMIIPECOPHUX JIOIATOK 3 TuTaHOBOTO crorry BT-8 B ymoBax coproBoro cramy
330 AT «Motop Ciu». PesysbraTé eKcuepuMeHTy IiATBEPAMIIN, 1110 HEPiBHO-
MipHicTh medopmarnii moB’sA3aHa 3 IHTEHCUBHUMHU 3CyBaMU, SIKi € BU3HAYAJIb-
HUMMU i yac opMyBaHHS OKPeMUX eJeMeHTiB mpodinro. Meras nepemimia-
€ThCA 3 o0sacTell 3 GiIBIITUM OOTUCHEHHAM B 00JIACTi 3 MEHITINM, K Y IIomepe-
YHOMY, TaK i B MO3JOBKHBOMY HanpAMKax. CTaHOBUTH iHTepeC BUKOPUCTAHHSA
HePiBHOMIpHOCTH ILIACTUYHOI AedopMaliii AaA yIpaBIiHHS IpoiiecoM Gopmy-
BaHH IPOKATy PisHOI KoH(Diryparii Ta npusHaueHHA.
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1. INTRODUCTION

Currently, the share of imports in the cost of domestic aircraft engine
construction is quite high. In this regard, the development of import
substitution and export of domestic blades becomes especially rele-
vant. The most important condition determining the expediency of im-
port substitution is the ability to provide required innovative level of
domestic production of aircraft engines and recognition of their com-
petitiveness in foreign markets [1-3]. Modernization of existing pro-
duction facilities, first of all, of the most used parts that make up mod-
ern aircraft engines, makes it possible to ensure the competitiveness of
manufactured blades.

Blade production occupies the main place in the structure of gas
turbine engine production. This is caused by the greatest applicability
(large number of parts) of these parts in the composition of engines
(Fig. 1); the most significant weight in the labour costs of production;
the shortest life compared with the life of other types of parts[4—-6].

New generation engines compared to the previous generation en-
gines should have 1.5-2 times lower specific weight and volume;
15-30% lower fuel consumption. In this case, the level of operational
characteristics should be increased, namely: increased reliability by at
least 60-80%; increased service life; reduced labour intensity of pro-
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duction by at least 2 times; reduced cost of life cycle by at least
1.5 times.

Ensuring fundamentally new type of production requires solving a
large number of scientific and technical problems, including the devel-
opment of technological support for the production of compressor sta-
tor and rotor blades in accordance with the first accuracy class accord-
ing to OST 1.02571-86.

The design of compressor blades is constantly becoming more com-
plex, their load-bearing capacity is increasing, and more difficult-to-
machine materials are used for their production. The complexity of ge-
ometric shape, the use of hard-to-deform and hard-to-machine materi-
als results in a low metal utilization factor and high labour intensity of
manufacturing.

Conventional manufacturing processes of precision blades work-
pieces in most enterprises of the industry, both in Ukraine and abroad,
include several straining operations (pre-forming, stamping, calibra-
tion, burr cutting) with multiple heating of workpieces, which leads to
the formation of defective layer on the workpieces and large metal
losses to burr and scale.

Application of more advanced technological processes, such as iso-
thermal stamping, superplastic deformation stamping, high-speed
stamping allows to increase accuracy of stamping and metal utilization
factor [7T—11]. Despite this, the main disadvantage of these methods
remains high labour intensity and high cost of production of compres-
sor blades workpieces.

Issues of workpiece production, stamping processes in general and
aircraft engineering, properties and features of titanium alloys have
been considered in the works of many scientists: A. M. Sulima [12],
V.I. Omelchenko[13], V. V. Krymov [14], V. A. Likhovitser [15], P. D.
Zhemanyuk and V. F. Mozgovoy [16], J. Fix [17], D. H. Norrie [18], J.
Haton [19], G. Pijier [20], etc.

Compressor blades manufacturing problems are not only related to
the complexity of the forging shape, but also to the high accuracy re-
quirements for them. The ratio of the cross-sectional area of the shank
to the cross-sectional area of the flowing part of the compressor blades
of the last stages is constantly growing. Therefore, their production
requires an increase in the number of stamping transitions, which re-
sults in an increase in the amount of metal that goes into the scrap, in-
creases the rate of material consumption.

In this regard, there is a need to improve workpiece production
through the development and implementation of deformation process-
es that ensure a minimum number of transitions.

Longitudinal die rolling is currently a fairly well mastered process
of pre-forming workpieces of gas turbine engine blades, first devel-
oped at ‘Motor Sich’ JSC (Zaporizhzhia) [21].
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Compressor blade workpieces, like wheel rims, are a ‘thin-walled’
special profile, which is quite difficult to roll at section mill 330. Roll-
ing force increases sharply due to rapid cooling of the rolled product in
the thin feather area, which leads to large elastic deformations of the
working stand. It is not always possible to make a profile with a mini-
mum thickness because of this limitation.

The task is relevant if the technological solution to obtain a thin
profile of high quality is defined.

Because of the tool action, the deformed metal can undergo intense
shear deformation, which forms entire profile elements. The study of
die rolling with increasing and decreasing reduction revealed [22] that
the process is accompanied by unevenness of deformation along the
thickness, which increases with increasing reduction. Longitudinal
uneven metal flow in the squeeze area is obviously determinative.
Therefore, the shear deformations in this zone of the profile are de-
terminative.

Therefore, it is necessary to create conditions that make it possible
to roll steadily a thin part of the profile.

In this regard, the work objective is to improve the manufacturing
accuracy of compressor blades by studying the kinematic and defor-
mation parameters of die rolling of workpieces.

2. EXPERIMENTAL

To identify the effects of shape change, elimination of defects in roll-
ing production it is necessary to know the general laws of metal flow
when rolling the compressor blade workpieces on the surface and in the
volume. For this purpose, an experiment [22] was planned and carried
out under conditions of industrial mill 330 of ‘Motor Sich’ JSC. Mill
roll housing is rigid, closed type, cast. The rolls are pivotally connected
to the shafts of pinion stand, made in one housing with a cylindrical
four-stage gearbox with a gear ratio of 0.042.

First, the metal flow was studied on the rolling surface using a coor-
dinate grid during round profile plowing. Second, the surface in longi-
tudinal and transverse sections and in the volume of the deformation
zone using ‘witnesses’ for the die profile of the blade workpiece was
studied.

Round blanks were rolled into flat blanks, and then flat ones were
rolled into compressor blade workpieces. The titanium alloy BT-8 was
used. A grid with square cells of 4x4 mm with a depth of 0.2 mm and an
accuracy of 0.02 mm was applied to the surface of flat samples of 9 mm
height, 21 mm width and 120 mm length. Optimal cell sizes were de-
termined after rolling samples with cells of 2x2 mm and 6x6 mm, etc. A
grid with a cell size of 2.9x2.9 mm was applied to round samples with a
diameter of 18.5 mm and a length of 80 mm. Cell dimensions before
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and after rolling were determined on a universal instrumental micro-
scope UIM-21 with an accuracy of £0.005 mm.

The rolls were wiped with fine sandpaper and washed with acetone
before rolling to conduct tests under the same conditions. Lubrication
of rolls and samples was carried out with boron nitride powder.

To determine the nature of volumetric flow of metal in the defor-
mation zone, M5 threads with a pitch of 0.8 mm were cut in flat work-
pieces. The screws and workpiece material were made of the same alloy
BT-8 and were screwed in vertical and horizontal directions. Samples
before rolling were heated in an electric furnace to a temperature of
920°C for 18-20 min and rolled with decreasing reduction on the blade
airfoil in rolls with a diameter of the initial circle of 340 mm.

3. RESULTS AND DISCUSSION

Figure 2 shows the strain field in the corresponding directions when
rolling round workpieces. The strain variation in the longitudinal di-
rection (X-axis) is insignificant. Strain in the transverse direction (Y-
axis) changes sharply from the middle to edges of the sample.

This strain indicates an uneven distribution of widening across the
width of the strip with maximum concentration in the lateral zones.
There are 2 hypotheses of widening distribution: uniform and non-
uniform along the strip width [23]. In this case, in the surface layers,
this distribution appears to be uneven.

Figure 3 shows the distribution of displacement and strain zones in
longitudinal and transverse directions during die rolling of blades.
Straining of surface metal layers increases from thin to thick, reach-
ing a maximum at the transition from the airfoil with greater height to

Fig. 2. Strain zone during rolling of round samples: in longitudinal direction
(a); in transverse direction (b).
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Fig. 3. Strain zone during rolling of compressor blade workpieces: in trans-
verse direction (a); in longitudinal direction (b).

the shank. The values of relative strain change insignificantly along
the width and are distributed approximately evenly. If to compare the
distribution of relative reduction during rolling along the sections of
the profile with the distribution of longitudinal strains (Fig. 3), their
nature is mutually opposite. In the area of maximum airfoil reduc-
tions, linear longitudinal strains on its surface are minimal, and vice
versa. That is, relative vertical reduction does not correspond to the
longitudinal strain on the surface. Moreover, the longitudinal metal
flow on the surface in the area of maximum reduction tends to zero. To
explain this phenomenon, an additional study of the metal flow not only
on the surface, but also in the volume of the rolled strip was carried out.

Kinematic parameters of die rolling of compressor blades workpiec-
es of variable cross-section with increasing reduction (Fig.4) in en-
closed box gauges with gates were investigated. Gauge lateral walls
increase pulling forces and the angle of neutral section along the bot-
tom of the gauge.

In longitudinal die rolling, the advance determines the geometric
dimensions of strips. Variable-section strips are rolled at small widths
with high reductions, which may be up to 70% or more. Let us consider
the definition of immediate advance taking into account the strip wid-
ening in strain zone. Figure 5 shows experimental and calculated data
of strip advance [22] during rolling with increasing and decreasing re-
duction in comparison, where solid lines are experimental data, and
dashed lines are calculated data. Under the experimental conditions,
the formulas give good correlation except for the section of minimum
thickness (1.85-1.90 mm).

Results obtained from the study of kinematic parameters of die roll-
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Fig. 5. Experimental and calculated advance values.

ing process have shown that the longitudinal flow of metal occurs ac-
cording to more complex schemes than in the simple case of rolling.
There are peculiarities of the shape change with increasing and de-
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creasing reduction in strain zone. Different advance along the length
leads to different ‘printability’ of the roll on the strip. There is a need
to link the parameters of metal forming with factors affecting the ad-
vance, the delay of the strip under increasing and decreasing reduc-
tion.

The theoretical studies obtained clearly show that the kinematics of
strain zone is different for increasing and decreasing reduction. A ra-
ther fundamental question is where to place the rolling of the thin part
of the profile—in decreasing or increasing reduction zone. This de-
pends on the rolling direction and can be decisive when mastering and
producing these sections. The impact of the tool on the metal along the
length of strain zone is different. Decreasing reduction zone is mainly
characterized by ‘sloping’ movement of metal; an advance zone is
steadily formed in increasing reduction zone.

In decreasing reduction zone, mainly only 2 forces act on strain
zone—pushing force of normal pressure and retracting force of fric-
tion of delayed zone. Tensile longitudinal stresses appear in the zone
under these forces. In the case of limiting gripping or slipping, the ac-
tion of these stresses becomes determinative, the pressure decreases,
and the peak of diagram of contact normal stress is cut off [23]. If
there is an advance zone in the strain zone, which is the case with in-
creasing reduction, the length of delayed zone decreases, the value of
pulling friction force and the value of longitudinal tensile stresses also
decrease. In increasing reduction zone, the impact of pushing normal
force on metal flow weakens, which also contributes to the reduction of
tensile stress. Thus, rolling a thin section when increasing or decreas-
ing the reduction will occur under different strain and force condi-
tions. In addition, knowing the manufacturing process of special pro-
files, such as blade workpieces with a large volume of tail part, is also
necessary in terms of eliminating certain types of defects in rolling
production, such as the formation of laps, cracks and ‘shackles’.

Different options of metal flow have been studied. In this case, the
study of thin section rolling process in the zone of decreasing reduction
along the length of airfoil is presented. Longitudinal tensile stresses in
this zone will reduce the rolling force, elastic deformation of the work-
ing stand, improve the conditions for rolling a thin section and, conse-
quently, obtain the minimum thickness of the rolled section [24].

Figure 6 shows metal flow from the thin part of the profile to the tail
part.

The blade airfoil is rolled from larger diameter to smaller one, i.e., in
the area of decreasing reduction. In this zone, mainly the delay contour
is formed, i.e., metal backflow zone. For the inner layers, the metal
backflow is understandable because there is a movement from higher-
pressure areas to lower pressure areas. When shaping the blade tail
part, the metal enters gauge cavity in the opposite direction to the roll-
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Fig. 6. Longitudinal strain distribution, when rolling compressor blades (ver-
tical screw position).

Fig. 7. Longitudinal strain distribution during rolling compressor blades
(vertical screw position).

ing direction (Fig. 6). In this case, central layers move in longitudinal
direction more intensively than surface layers, forming left convexity.

The metal flow in tail part of the profile is of interest. There is a
zone of sharp reduction decrease and a zone of reduction increase in a
small section of the strain zone, with insignificant height strain. In
decreasing reduction zone, the delay contour is formed, and in increas-
ing reduction zone the advance contour is formed (Fig. 7).

Metal of profile tail part, being exposed to the influence of opposite-
ly flowing metal flows from the side of the specified contours, is in a
state of longitudinal reduction. This is clearly seen in Fig. 7.

The increase in ‘witness’ length at the contact with the tool is ex-
plained by the flow of metal up or down, when filling the empty space
of gauge and relatively small reduction in height.

Figure 8 shows the metal flow in the transition from the tail part of
the profile to the airfoil side of delay contour. The peculiarity of metal
flow in this area is a longitudinal retraction of surface layers of the
shank into the airfoil area.

Figure 8 shows that there is an intensive non-uniform plastic de-
formation at a small height of airfoil part of the profile. Metal flows on
the contact and in the middle part in mutually opposite directions, cre-
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Fig. 8. Tail-to-airfoil transition section.

ating intense shear, when the surface layers of metal penetrate under
the roll for a considerable distance deep into the airfoil. This provides
an intense flow of surface layers in the rolling direction. Retraction of
surface metal layers in the area of airfoil zone is due to the action of
significant magnitude of contact frictional forces, determined by the
flow of metal in delay zone. Acad. A. I. Tselikov in his paper [23] has
the same opinion. Longitudinal metal flow in the rolling direction of
the surface layers creates preconditions for advance contour formation
in the airfoil part, and further, in the area of maximum reduction, it
forms the advance contour.

Intense shear deformation in this zone explains the large longitudi-
nal surface deformations shown in Fig. 3. Indeed, the roll as if ‘licks
off’ the surface layers of metal in a zone of significant height differ-
ence of the profile in tail part, contributing to the longitudinal metal
flow in the rolling direction.

In the pinch zone (of minimum profile thickness), the deformation
of relative reduction is maximal, and on the surface of rolling the lon-
gitudinal deformation is minimal (Fig. 3). It was found that the metal
flows from areas of higher pressure or reduction to areas of lower pres-
sure or reduction. The pinch is a kind of interface of metal flow in the
longitudinal direction, forming the contours of delay and advance, in
the zone of which longitudinal movements are absent or insignificant.
The longitudinal metal flow in decreasing reduction zone in the oppo-
site direction to the rolling for the centre layers in height forms a left-
hand convexity at the entrance to the gauge. Thus, these experimental
studies show the complex kinematics of metal flow during die rolling,
which is accompanied by a mutually opposing metal flow along the
height of the airfoil, with intense shear deformation within a small
height of the profile thin part.

The occurrence of shear deformations in this part of the profile
should be linked with experimental data on measuring the forces and
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Fig. 9. Cracks on the surface of thin-walled part of the profile: steel 14X17H2
(a), titanium alloy BT-8 (b).

torques of rolling along the length of a die roll. It is known that the oc-
currence of intense shear deformation changes the rolling force in
magnitude, but does not change the energy parameters of the process.

When rolling the blades workpieces with decreasing reduction, die
cracks appear on the surface of the thin part of the profile at the reduc-
tion of more than 70%. This indicates the longitudinal tensile stresses
in the strain zone (Fig. 9).

This phenomenon was explained above. First of all, it is related to
the formation of delay contour in the decreasing reduction zone. With
a small advance zone in the strain zone or its absence, longitudinal ten-
sile stresses arise in the metal in the longitudinal direction, reducing
the contact normal stresses.

In ultimate case, a gap is formed in the force diagram along the
length of the roll, and the diagram of contact normal stresses is
sheared. It should be added that reducing the friction ratio during roll-
ing (the use of grease) leads to the destruction of the metal as it leaves
the strain zone. This is well explained by the influence of friction con-
ditions on the kinematics of the strain zone. As the friction ratio de-
creases, according to the Ekelund—Pavlov formula, the neutral angle
decreases, hence the advance zone. Turning to the ultimate case of roll-
ing, when there is no advance zone, we have the maximum value of ten-
sile stress resulting from the pulling forces of friction and pushing
forces of normal pressure. Tensile stresses reach extreme values at
small profile thicknesses, leading to the destruction of the metal
(Fig. 10). This example indicates: first, metal backflow, i.e., delay, is
observed in the reduction zone; second, tensile stresses are in this
zone, which is not only a negative factor in rolling, but also positive,
because it reduces the force of forming. This defect can be eliminated
by rolling the blades workpieces in two ways: rolling with increasing
reduction in the thin-walled part of the profile, changing the rolling
direction and reducing the radius of transition from airfoil to shank
from 5 mm to 20 mm. In the first case, there is an advance zone, which
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Fig. 10. Strip rupture during die rolling with effective (plentiful) lubrication
of blades workpieces of 4stage of AI20 engine compressor made of
14X17H2SH steel: strip (a), part (b).

reduces the forces that create tensile stresses in the strip. In the second
case, the flow of surface layers of metal is broken that reduces uneven
plastic deformation decreasing the value of tensile additional stresses
in the near-contact layer. The latter case indirectly confirms the influ-
ence of uneven deformation on the stress state of the strip in the tran-
sition area from tail part to thin-walled.

Figure 11 shows a cross section of thin section of the profile. It
shows the airfoil deformation in the transverse direction. The maxi-
mum height deformation is observed in the central part along the sec-
tion height. “Witness’ has maximum thinning in the vertical direction.
In the transverse direction of airfoil, the screw has lengthened in this
area as evidenced by the increase in pitch of its thread. In the lateral
areas of the profile at the junction with the burr, the screw metal
moves to the surface layers, and it goes to its surface in the burr itself.
More detailed analysis of metal-flow kinematics shows that layers cen-
tral in width and surface in height are reduced insignificantly that is
obviously due to a sticking zone on the contact (of the greatest thick-
ness of the dark layer).

Fig. 11. Cross-section strain distribution, when rolling compressor blades
(horizontal screw position).
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The midsection height is reduced as much as possible, where the in-
fluence of contact friction on metal flow is weakened. Transverse
movement of material particles in this zone is also maximum that cor-
responds to vertical reduction. Vertical deformation increases in the
lateral areas of the cross section, where the influence of the sticking
zone (contact friction) is weakened. This is confirmed by a dark layer
thickness decrease. In this case, the reduction of the peripheral contact
area occurs not only from above the tool, but also from below the metal
layers coming out from under the weakly deformed contact central lay-
ers. The latter fact to some extent explains the formation of ‘trans-
verse crack’ during sinking strain and rolling. The lower reduction of
peripheral contact areas is to some extent unexpected.

The spreading deformation volume of ‘witness’ metal in the lateral
zone of airfoil cross section simultaneously in two directions (longitu-
dinal and vertical up or down) shows the complex kinematics of metal
flow, which is difficult to explain by the linear and shear components
of the strain tensor. The metal particles still perform a rotational mo-
tion in these areas. This is confirmed by the transition of lateral sur-
faces of strained metal to the contact surface.

The formation of rolling production defects for this type of product
can be explained based on experimental data on metal flow kinematics
during rolling of compressor blade workpieces. Figure12 shows a
schematic strain zone, when rolling a compressor blade workpiece with
a large volume of the tail part. When turning an angle (Fig. 12), the
gauge with a variable radius moves along the rolling and forms differ-
ent contours—delay and advance.

Fig. 12. Schematic strain zone, when rolling a compressor blade workpiece
with a large volume of the tail part.
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Fig. 13. ‘Forging fold’ formation.

After the strip is touched by a point of rolls D (position D,), the de-
lay come out from under the edge DC, i.e., section of the strip with met-
al backflow (Fig. 13, b). Then, as the AB edge starts to be introduced
(increase in reduction), an overlap is formed. There is a tendency to
form an advance contour in the zone of maximum reduction. The metal
is strained in the longitudinal direction as it rolls, but the metal form-
ing the delay contour (Fig. 12) resists it. If this resistance was not in
place, then, the advance contour appeared from under the AB edge, i.e.,
the section of the strip in which the metal flow would coincide with the
rolling direction. In this case, of course, we cannot talk about any over-
lap.

During the rolling process, the surface of BC roll, located on gauge
bottom, begins to interfere with metal flow, which is associated with
the delay contour. The resulting overlap begins to deform, forming a
fold—‘forging fold’ (see Fig. 13, a).

Cracks may occur in the transition area between the tail part and the
airfoil of the workpiece because of the complex kinematics of metal
flow. There can be even a separation of tail part from the rolled metal.
This is explained by the occurrence of intense shear deformations in
the zone and by the fact that the rear part of the gauge transports the
tail at maximum speed along the rolling path. Metal flows behind the
shank in the opposite direction, defining the delay contour (Figs. 6—7).
This position is confirmed by the results of the research paper [22].
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4. CONCLUSION

In conclusion, it should be noted that the plastic deformation of the
blade workpiece is characterized by the complexity of the process and a
large unevenness of the shape change along the length and height of
the profile. There are intense shear deformations in the transition zone
from tail part to airfoil part, determined by the opposite metal flow in
the thin part of the strip. Indirect data from such a study show that
tensile stresses are present on the contact surfaces of this zone. The
formation of shears in the transition zone is one of the features of plas-
tic deformation when rolling a profile with variable thickness. Anoth-
er feature is the rolling of the thin part of the profile in decreasing re-
duction zone. This causes tensile longitudinal stresses in the strip,
which reduces the rolling force, the elastic deformation of working
stand, allows obtaining a minimum rolling thickness of hard-to-
deform alloys and steels.
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PosBuToK aBTOMOOINIBHOTO TPAHCHOPTY B PO3BUHYTHUX KpaiHaX IIOCTaBUB
HOBi cepliO3Hi 3ajadi HiABUIMEHHA CTPOKY CHIY:KOM OKpeMUX [AeTajiB aBTo-
Mo00isna A 30iibIIeHHA CTPOKY eKCIIyaTalii aBTOTpaHCHOPTY B ILJIOMY,
0COOJIMBO B HAIN Yac, KOJIM B CBiTi BUIIYCKAIOTHCA MiJIBHOHU aBTO PiBHUX
MAapoOK i mpuM3HAUeHHS: Maca’KMPChbKi, iHAUBiAyanbHI Ta OJiA IIEPEeBO3KU Ba-
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BuxX maabIliB i3 Kpumi 12XHS3A 3 MeToi0o MOJIMINIEeHHS CTPYKTYpPH Ta Iifm-
BUINEHHA IXHBOI BTOMHOI MimuocTu. Ilambiti mopiirHeBi 3a ymoBaMu poboTH
MMOBUHHI MaTW BUCOKY TBEPHAICTh MOBEPXHi Ta B’A3KY cepleBUHY. TBepmicTb
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moBepxHi Mae Oytu B Mexxax HRC 58-62, mio 3abe3meunTh BHUCOKY 3HOCO-
CTifiKicTh mMux merasiB. 1A ZOCATHEHHSA TAKOI TBEPAOCTU HAJBII IMigmaioTh
memenTalii 3a temmneparypu y 950°C 3 Burpumironw y 8—10 roguu. Iloma-
JIbIIIe TAPTYBaHHS Ta HU3BbKE BiAYCKAHHA MAalOThH 3a0esmeunTty (GopMyBaH-
HA CTPYKTYPU MapTEeHCUTY BiAIIyCKYy Ta 3aJaHi eKCILIyaTalliliHi BJacTMBOC-
Ti. OgHak micyisg oOpoOJIeHHSA MAJbBIiB 3a MPUUHATOI HA 3aBOJAI TEXHOJIOTI-
€I0 TAaJbI[i He MaloTh B3aJaHUX XapaKTepUCTHUK YTOMHOI MimHOCTH. $IK
3’ACyBaJIOCs, IPUYNHOIO ITHOT0 € HEeTOCKOHAJICTh CTPYKTYPU MAJbIIiB ITicaa
KinmeBoro o0poOJsieHHsA: 30iNbINIEHUIT PO3Mip 3epeH CepleBMHUW, HAABHICTH
PpyﬁI/IX IIEMEeHTUTHUX BKJIIOUEHBb IIO H_II/IpI/IHl HACHUYEHOI'0 IIeMEHTOBAaHOI'O
mapy. B poboTi 3amponmoHOBAaHO BUKOPHCTAHHS TEPMOIVKJIIYHOTO 00pOO-
JeHHS IJis YCYHEeHHA BUABJIeHUX HemoJikiB. Tepmornukiaiune obpobseHHSA
I'DYHTYEThCA HAa HAKONMWUYEHHI 3MiH y CTPYKTypi, AKi BigOyBaroThcA 3a oquH
IIUKJ HArpiBaHHA—OXOJOIKeHHsA. B pesysabraTi fil nux smin marepisan Ha-
OyBae CTPYKTypy Ta (as30oBUIl CKJAJL, AKi HEJOCSAKHI 3a 3BMUYAWHUX OIepa-
Iiti TepmMiuHOro 00pOOJEeHHA. B pesysmbTaTi TEPMOIUKJIIUHOTO OOpPOOJIEHHS
HAKONIUUYYIOTHCA AedeKTH aTOMHO-KPHCTANiuHOI OymoBU, SAKi ITiABUIIYIOTH
minHicTe Marepiasy. Ilicia mpoBemeHHA TEPMOIUKJIIYHOTO OOpPOOJIEHHA 3a
pexuMoM HOAPiOHEHO i HMPAKTHMYHO YCYHEHO IIeMEHTHUTHY CiTKy. 3Ha4yHe
nmoxpibHeHHA 3epHA BifOyJI0CA IIicas BUKOHAHHA OCTAHHIX TPHOX IWKJIIB.

KarouoBi ciaoBa: majernh HOPINTHEBUI, IIeMEHTAIlisl, TEPMOIUKJiuHe 00p006-
JIeHHS, KPUBOIIUIIHO-IIIaATYHHUNA MeXaHi3M.

The work is concerned with the improvement of the technological process
of chemical-thermal and thermal treatment of piston fingers made of
12XH3A steel in order to improve the structure and to increase their fa-
tigue strength. The microstructure of piston fingers made of 12XH3A
steel, which are subjected to cementation, hardening and low tempering to
give them operational properties, and the structure of the fingers after
the proposed technology—thermocycling, which is chosen to increase the
fatigue strength of these parts, are studied. The piston pin is a responsi-
ble part of the crank mechanism. It is designed to convert the reciprocat-
ing stroke of the piston into the rotational movement of the crankshaft
and is responsible for the reliable connection of the piston with the con-
necting rod. The piston pin works in difficult conditions; all the loads, to
which the piston of the crank mechanism is subjected due to the combus-
tion of the fuel-air mixture in the cylinders of the internal combustion
engine, are transferred to the piston pin. These loads contribute to the
appearance of such harmful defects of the piston pin as ovality, which is
the cause of further destruction of the piston. The causes of premature
failure of the piston pin include design and technological defects, among
which we can highlight: non-compliance of the pin in terms of the dimen-
sions of the seat size, the presence of backlash at the junction of the pis-
ton and pin, insufficient strength and hardness. Such conditions of opera-
tion of the parts of the crank-connecting mechanism require the materials
of which the parts are made to have sufficient strength, rigidity, and re-
sistance to operation. The material of the piston pin must provide high
hardness and wear resistance of the surface, fatigue strength in combina-
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tion with a viscous core. Piston fingers are made of low-carbon and low-
alloy steels of grades 15, 15X, 20XH. High-nickel steels 12XH3A,
12X2H4A are used for the production of loaded piston fingers. The piston
fingers must have a high surface hardness and a thick core under the
working conditions. The surface hardness should be within HRC 58-62
that will ensure high wear resistance of these parts. To achieve such
hardness, the fingers are subjected to cementation at a temperature of
950°C with a holding time of 8-10 hours. Further quenching and low
tempering should ensure the formation of the tempered martensite struc-
ture and the specified operational properties. However, after processing
according to the technology adopted at the factory, the fingers do not
have the specified characteristics of fatigue strength. As it turned out,
the reason for this is the imperfection of the structure of the fingers af-
ter the final treatment: the increased size of the grains of the core, the
presence of coarse cementite inclusions along the width of the saturated
cemented layer. It is proposed to introduce technological processes for
processing piston fingers that would contribute to the grinding of steel
grain and, as a result, increase the fatigue strength of the material. The
research task is set as follows: without changing the grade of steel, to im-
prove the technology of thermal and chemical-thermal treatment of piston
fingers made of 12XHS3A steel to increase their fatigue strength. It is
proposed to use thermocycling treatment to eliminate the identified defi-
ciencies. Thermocycling is based on the accumulation of changes in the
structure that occur during one cycle of heating—cooling. During thermo-
cycling, positive changes in the structure of the metal occur from cycle to
cycle, and short exposures at the temperatures of phase transformations
contribute to the grinding of structural components. Because of these
changes, the material acquires structure and phase compositions, which
are unattainable during normal heat-treatment operations. As a result of
thermocycling, defects in the atomic-crystalline structure accumulate that
increases the strength of the material. After thermocycling according to
the regime, the cementite mesh is crushed and practically eliminated. Sig-
nificant grinding of the grain occurs after the last three cycles. The size
of the grain almost did not change after the first of them. After the next
two cycles, the grain score increases from 4 in the original structure to 5,
and after the third cycle, it is possible to reduce the grain in the surface
layer to 0.016 um that corresponds to a score of 8. After thermocycling,
the dispersity of the structure is increased; the structural components are
more uniformly distributed. Temperature fluctuations during thermocy-
cling cycles have a positive effect on the spheroidization of cementite in-
clusions. Fatigue strength of piston fingers is increased by 20%. Thermal
cyclic processing is carried out to improve the structure and properties of
piston fingers made of 12XH3A steel.

Key words: piston pin, cementation, thermocycling, crank mechanism.

Ompumano 14 nromozo 2023 p.; ocmamoyn. apianm — 30 6epesusa 2023 p.
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1. BCTYII

IlutanHAMY BUBUEHHA NPUUYMH PYUHYBAHHA AeTaJiB MaIllAH HiJ dac
eKcIIyaTalii Ta po3poOKOI0 METO[iB IIiABUINEHHSA JOBTOBiUHOCTU
MalllnH 3alfMalOTLCA CIEIisJIICTH BCHOTO CBiTY. ¥ BUIOTOBJIEHHI JIe-
TaJiB 3HAUHUI BIJIMB Ha IXHI AKiCTh i JOBroBiUHiCTHL UMHATH PisHi
TeXHOJIOTiUHI UMHHUKK. Big mpaBuinHO BHOPAHOTO METOAY BUTOTOB-
JeHHA JOeTajio, NPU3HAUEeHHS Ta IIPOBeJAEeHHS BiJIIOBiTHOTO 3MiI[HIO-
BaAJILHOTO OOPOOJIEHHS, SKOCTU CKJATaJbHUX POOIT y 3HAUHIiN Mipi
3aJIeKUTh HaAiiiHicTh 1 [goBrosBiuHicTb HAMOLJBIII HaBAHTAMKEHUX
CIIPSKEHUX JeTaJiB.

Meronu migBuIlleHHS GOBTOBiUHOCTH AeTajliB MaIlIWH MOXKHA PO3Ii-
JUTW Ha TPU OCHOBHI I'PyNU: KOHCTPYKTOPCHKi, T€XHOJOTiuHi, eKc-
nayaraniniai. IIpakTuka mokasye, IO HeBAAJNy KOHCTPYKIII0O MOJKHA
MOJIOIIUTH IIIJIAXOM BHOOPY MATEpiANy meTajiB, ajle HEMOKJINBO BU-
TOTOBUTH HAIifHY B eKCILIyaTallil MalllnHy, AKII0 MaTepisy JeTasiB
Ta MOro BJACTUBOCTI BMOpaHO HeBipHO. /[0 TeXHOJOTIUHHMX METOXiB
OiABUINEHHS MOBrOBIiYHOCTH JETAJIiB MAIIMH BiTHOCATL PEKUMU Tep-
MIiYHOTO Ta XEeMiKO-TepMiuHOTro 00pPO6ITHb.

IluTanHa TigABUINIEHHA CTPOKY CIYKOM OKpPEeMUX OeTasliB aBTOMO-
0l oA 30iJMBIIEHHS CTPOKY eKCILIyaTallil aBTOTPAHCIOPTY B ITijO-
MYy He BTpauajio CBOEl aKTyaJIbHOCTU AK B YacU CTAHOBJEHHA aBTOMO-
6ispHOI iHAyCTpii, Tak i CHOTOAHI, KOJM B CBiTi BUIIYCKAIOTHLCA MiJhb-
MoHU aBTO PiBHMX MapoK i mpuaHaueHHA. 1A BUpPiIIEeHHA ITHOTO ITU-
TaHHs, HacaMIlepen, yBary HaJAalOTh HAUTOJIOBHINIMM i HaWBigmoBima-
JLHIIMUM EeTaJsIM ABUTYHIB, TaKUM AK KOJiHYACTI BaJM, PO3IIOMiJIhb-
i BaJu, IIeCTEePHi, KJaoaHW BITYCKHI Ta BUOYCKHi Tomro [1].

OmHax He MEHII BiATIOBiZaJbHUMM € HeTaji OKpeMHX BY3JiB aBTO-
MO0isA, HaOpUKJIAL IIMATyHMW, IIOPIIHi, IIOPIIHEBI maJbIli, BaJIUKHU,
Bici, 0e3 AKX HOpMaJbHA poOOTa JBUTYHA HEMOKJIMBA.

IlopimiHeBUMIT Iajienlb € CKJIAJ0BOI KPUBOMIMITHO-IIATYHHOT'O MeXa-
mismy (KIIIM), axuii Opu3HaueHWHN [OJA NTePeTBOPEHHSA 00epTOBO-
IIOCTYITHOI XOAM TOPIIHA B 00epTOBUM PyX Kojaimuacrtoro sany. Ilop-
IITHeBUM TaJiellb BifAIoBimae 3a Hafmiiine 3’eqHaHHA HOPIIHA i3 IIATy-
HOM. Bcei meTasi KpHBOIIMITHO-IIMATYHHOTO MeXaHi3My mif uac poboTu
IBUTYHA MTiATalOThLCSI CHUJIOBUM i TemoBuUM HaBaumTaskeHHam [1]. IIi
CHUJIN CKJIQZAIOTBHCA 3 THUCKY TasiB, cuJ iHepIrii mMac, AKi 3MilCHIOIOTH
3BOPOTHLO-TIOCTYIIHI I 00epPTOBI PyXM, CUJ TepPTsS Ta KOPHCHOTO OIIO-
Py, HaBaHTa'KeHHA BiJ NPYKHiIX KosmBaHb. HaBaHTasKeHHA, AKUM
OiggaeTbCs TOPIIEHb BHACJIJOK 3TOPAHHSA IIAJHUBHO-IOBITPSIHOI Cy-
Milmi B HMMJIIHApaxX ABUTYHIB BHyTpimmHboro 3ropauua ([IB3), mepe-
IAlThcA 1 Ha mopiHeBi maabili. OT:Ke, MOPIIHEBUI Maelb IigTacTh-
csd MeXaHivHMM HaBaHTAKEHHIM, SIKi € 3MiHHMMN 3a 3HAYEeHHAM i
HaIpAMKOM.

KoHCTPYKTUBHO IIOPITHEBUH Hajiellb Ma€ BHYTPIiITHIN oTBip maa
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3MEHITIIeEHHA MAacu [eTaJfo, IM0 IMO3WTHBHO BIJIMBA€ Ha 3MEHIIEeHHS
imepritinux BrpaTr i migBumenna KK][ aBuryna. OgHouacHO majellb
Mae 3ajuniaTucd MIITHMM i 3HOCOCTIiMKMM B yMOBaxX KPUTUUYHUX Ha-
BaHTa'KeHb. OTBip IIOPIIIHEBOTO MAJBIA MAa€ IIPOCTY IIWJIiIHAPUYUHY
dopmy, IO CIpuAE 3MEHIITEHHIO BUTPAT IIifl yac BUTOTOBJIEeHHA [2].

Hnsa sabesmeueHHA POOOTHM KPUBOIIMUITHO-IITATYHHOTO MeXaHi3My
(KIIIM), 1m0 mepeTBOPIOE 3BOPOTHBLO-IOCTYIHUM PyX IIOPIIHA B 00ep-
TOBUII, HeOOXimHO, MO0 OOMABI TOJOBKM INaTyHa OyJIM HOpueIHAHI
miapaipao. IlopmmHeBuMiI majiellb € BicCl0 TOHJIAHHA IAaTyHa B
3’e¢IHAHHI 3 IIOPIITHEM; BiH CJHYKUTh AJA Iepemadi MIaTyHY 3YCUJLIA
Bif THCKY rasiB, IIf0 AilOTh Ha IopiieHb. Ilig uwac poboTm ABHUTyHA
HOPIITHEBUH MaJiellb 3AiMCHIOE 3BOPOTHHO-MIOCTYITHUM PyX 1 HmiggaeTh-
cd 3HAUHUM HaBaHTasKeHHAM. Uepesd MOpIITHEBUI Iajellb IepefarTh-
cd BCi cuym, N0 BUHUKAIOTh MK IopHiHeM i matyHoMm. o Imx cuJ
HaJleKaTh CUJM iHepIlii, 10 BUHUKAIOTH 31 3MiHOI0O HANPAMKY PYXY
MOPIITHA, CUJU THUCKY IaJWBHOI CYMiIlli UM IOBITPA B IU3E€JILHOMY
OBUTYHi, AKi BUHHUKAIOTh Yepe3 CTUCKAHHS, Ta CHUJIN THUCKY PO3IINIpPEe-
HUX rasiB mig uac po6ouoro TaxkTy. Ha majenpb Aie THCK IIig 4yac CTH-
CKaHHA MaJUBHO-MOBiTpAHOI cyMminri. Cuia rasis, 1o PO3IINPIOIOTHCS
micasa iIXHBOTO CcHaJaxy, iHEepIilHI cuam, 3TUHAJLHI 3yCHJLIA, IIif
BILIMBOM SAKHUX IIOPIITHEBUH ITajiellb MOKe HaOyTH HEIPUuIyCTUMY
OBaJIbHICTh, IPU3BOAATHL 0 MOKJIMBOTO 3aKJMHIOBAaHHA MOPIIHSA B
TOPITHEBi#l TOJOBI mIaTyHa abo B 0o0uimkax mopirHa. OBaabHiCcTb
TIOPIITHEBOTO TAJbIlS CIPUSIE BUHUKHEHHIO TPIMMUH y OOOHINIKaX IIOp-
mHA i, BiAIIOBiAHO, IoAaJbIIIOMY PyHHyBaHHIO IopmiHA. Ilepemuac-
HUII BUXiA 3 Jaay HOPIIHEBOTO IMAJBLIA TaKOMK MOKe OyTH BHKJINKA-
HUHA OOMWJIKAMHU MiJi Yac CKJIaJaJbHUX OIlepaliii, HeBiIIIOBiAHiCTIO
HaJbIISA 3a PO3MipaMy HOCAAKOBOT'O MiCIls, HAABHICTIO JIIOPTY y MicIri
3’eTHaHHSA IMOPIIHA Ta MajJblla Toiro [2].

B Takux BaKKMX yMOBax MOMKYTb IIpaIloBaTU TiJIbKU 3arapToBaHi
Kpuiri. PopcoBaHi ABUTYHM OCHAIMYIOTH IIOPIMIHEBUMMU IAJbIIAMM 3i
e GiJIBINT TBEePA 00 IMIOBEPXHEIO 3 JIETOBAHUX KPUILh.

Bubip maTepianiB I8 BUTOTOBJIEHHS IIOPIITHEBOTO MAJBIA I'DYHTY-
€ThCA Ha BJACTHUBOCTAX, AKi HDOBMHHI MaTH IIi JeTaJsi mig yac exc-
nayaramnii. BHacigoxk aii Ha IOPIITHEBUU IaJiellb MeXaHivHUX 1 Tem-
JIOBUX YMHHUWKIB NMOTipHIyIOTHCA MeXaHiyHi BJIACTUBOCTI MeTasay, BU-
HUKAIOTh TEILJIOBI HANPYKeHHs, 3MiHIOIOTHCA IeOMETPUYHI Imapamer-
pu Ieranio, IOTiPIIYIOTHCS YMOBM 3MallleHHs. Taki ymMoBu poboTu
meraxis KIIIM BuMaraioTh Big MaTepisniB, 3 AKMX BOHU BUTOTOBJIEHI,
IOCTaTHBOI MIiITHOCTHM, KOPCTKOCTH, CTiMKOCTH OO cIparoBamua [3].
Jlo manmbIld IOPIITHEBOTO BHCYBAIOTH MOAATKOBI BUMOTrM — OyTH 3HO-
coctitikum i serkmm. Tomy mMaTepisn Mae 3a0e3IMeUNTU BUCOKY TBEP-
IicTh i 3HOCOCTIMKiCTh TOBEpPXHi, YTOMHY MIITHiCTh y IIO€IHaHHI 3
B’A3KOI0 cepIeBMHOI0. MaTepifJ IOBMHEH MATH BHMCOKY MIiI[HiCTB,
IOCTaTHIO B’SIBKiCcTb, MiHiMadbHUN Koe(dillieHT TepTsd, a TaKOXK OyTu
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TEeXHOJIOTiYHUM, H00pe 00po0IATHCA TUCKOM i pizanuam [4].

s 3abe3nmeueHHS MIiITHOCTY Ta 3HOCOCTIHKOCTH Yy Ba'KKHX YMOBaX
poOOTH MOPIIIHEBi MMANbLI[i BUTOTOBJISIOTH IIEPEBAYKHO 3 JeTOBAHUX,
IIeMeHTOBaHUX a00 a30TOBAHUX KPUIlh i3 3aCTOCYBAHHAM TEPMiUHOTO
00po0JIeHHS 3 HarpiBaHHAM CTPYMOM BMCOKOI UaCTOTH.

IlopimHeBi maJblli BUTOTOBJAIOTL 3 HU3BKOBYIJIEIEBUX i HU3BKO-
JeroBanux Kpuib Mapok 15, 156X, 20XH. [lga BUTOTOBJIEHHS HaBaH-
TayKeHUX IIOPIMHEBUX IIAJbI[iB BUKOPHUCTOBYIOTh BUCOKOHIKJIeBI KpHIIi
12XH3A, 12X2H4A rta mamomikmeBi 18XT'CH2MBA, 18XT'CH2MA
a6o xpomomanraunoBi Kpuii 18XI'T, 20XT'P. BUroToBIAIOTh HaJbIli
TAKOMK 3 CepeTHbLOBYIJIEIeBUX KPHUIlb, TaKux Ak Kpuii 40, 45, 40X,
40XH [5]. ITanbii 3 MUX KPUIL 3MiITHIOIOTH TOBEPXHEBUM TapTyBaH-
HAM CTPYMOM BHCOKOI YaCTOTHU.

Jler'yBanbHi ejleMeHTH BILIMBAIOTh HA MIBUIKICTH IIPOIECY IeMeH-
raiii, raubuHy IeMeHTOBAHOIrO Iapy, KoHIeHTparilo Kapbony B mo-
BEepXHeBill 30Hi.

XpoMm AK KapOigoTBipHMI eleMeHT ymoBiabHIOE Audysito Kapoomy
B QyCTEHITi Ta TOMY CIpHsie MOAPiIOHEeHHIO 3epHAa IIiJ uac HarpiBamusa
aycTeHiTy. XpoM MiABUINyE TeMIIEpaTypu HarpiBaHHA KPUI AJdA ra-
pryBaHHA (IIigBUITye KPUTHUUYHI TouKHM Acs Ta Aci), 3cyBae KpUBY iso0-
TEPMiUHOTO PO3IMaLy IIEPEOXOJOIKEeHOr0 ayCTEeHIiTy IIpaBopyd, TOOTO
301JIBIITye CTIHKIiCThL MEePeoXOoJIOMKeHOT0 ayCTeHiTy Ta 3MEHINye KpH-
TUYHY MIBUIKICTHL OXOJOMKEHHS i 30iJbINTye MpOrapTOBYBaHICTH KPHU-
mi. XpoMm e(peKTHBHO BILIMBAE€ Ha MexXaHiuHI Ta (idwuHi BJIACTHBOCTI
KpuIli, mo moB’sI3aHO 3 THUM, IO XPOM PO3UMHSAETHCA y (epuri i
yTBOpPIOE ApPiOHI Kapbimm, KpiM Toro, miABUIINYye AUCIEPCHICTH onaep-
"KYBaHOI CTPYKTYPH Ta KOaryJIdIlil0 CTPYKTYPHUX CKJAIZOBUX, IO, B
CBOIO UYepry, TaKOK CIIPUSE IIiABUINEHHIO TBEPAOCTH Ta MIiITHOCTH
KpHuIli, Me:X IPYsKHOCTH Ta IIJIMHHOCTU; BOJHOYAC XapPaKTEPUCTUKU
IJIACTUYHOCTH He IIOHM)KYIOTBCS, a HAaBIaKW, IIiJABUIIYIOTHCI, CIIO-
cTepiraeTbCcsa IIiABUINMEHHS BiMHOCHOTO BHUIOBKEHHS Ta 3BYyKEHH,
ymapHoi B’aA3koctu. Ha TBepmicTh pepuTy XpoM MaJio BIJIMBAE; Hali-
6inbIr icToTHO XPOM WiABUIYE TBEPAiCTh i MiIlHiCTHL MapTeHCUTY.

Hixenb, — HexapOiZoTBipHMUI eJeMeHT, — MOHUKYE KPUTUUHI TO-
yku Kpuili A; i As. BiH mosuTuBHO BOJIMBaE Ha yOapHY B A3KiCTH i
IJIACTUYHICTL IIeMEHTOBAHOI'O IIapy Ta CepIeBMHU. 3 HarpiBaHHAM
IJaA TepMiuHOTO 00pOOJIeHHS HiKeJ b He BILJIMBA€ Ha picT 3epHa ayc-
reuity. Ilix uac memenTarii Hikesb mpuinBuamiye audysiro Kapbory
B aycreHiti 3a 950°C. Hikennb € gedinmuTHUM Jer'yBaJbHUM eJIeMeH-
TOM; TOMY BHUKOPHCTAHHSA HiKJIIO 00MEXYIOTH [5].

B kpumnax, jgerosanmx Xpomom i Hikjgem, crifikicTh aycTeHiTy 3a
TeMIepaTyp, HUKUYNX 3a TOUKY A1, 3MEHITYEThCA, CATAIOUN MiHIiMyMy
y migmasoni 600-650°C.

Jia 3sMillHeHHA TOBepXHi MOPIITHEBI MaJbIli IIiAJa0Th IleMeHTallil,
rapTyBaHHIO Ta HM3BKOMY BigmyckaHHIO. MeTow xeMiko-TepMiuHOTO
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Ta TepMiuHOTOo 00POOJIEHHSA € MiABUINEeHHS BTOMHOI KOHTAKTHOI MiIl-
HOCTH, HAAIiAHOCTHM Ta OOBIOBIiUHOCTH, a TaKOXX IiABUINEHHA OIIOPY
suocy [7, 8, 9]. T'asoBy memeHTAaIlil0o IPOBOAATL 3a TEMIEPATyp ¥V
930-950°C 3 BurpumMmkoio y 8—10 roguu. Ilicia rasoBoi memenHTaii
IS CIAZKOBO APiOHO3EPHUCTUX KPUIlL IIPOBOAATH TapTyBaHHS Bifn
remneparypu y 820-850°C. Imoxi — moxBilime raprTyBaHHA: HepIie
rapryBanua (um HopMaJsizaiiio) 3 marpiBamaam go 880—-900°C (Burre
TOUKM AcCs) IPU3HAYAIOTH IJIsI BUIIPABJIEHHSA CTPYKTYPU CEPIIeBUHU Ta
PO3UMHEHHA IIEMEHTUTHOI CiTKM, a Apyre rapTyBaHHA BiJ TemMIepaTyp
y 760-780°C — pmaa ycyHeHHs IeperpiBaHHS II€MEHTOBAHOTO IIIapy
Ta HaJaHHA oMy BMCOKOI TBepAocTHu. Il BUCOKOJIETOBAHUX KPHUILh 3
MEeTOI0 3MEHIEeHHA KiJbKOCTU 3aJUIITKOBOTO ayCTeHITy micasa rapry-
BaHHA HPOBOAATH 00po0sieHHA XosoaoM (—85°C). 3aKJI0UHOIO olepa-
Iiero TepMiuHOTO OOPOOJIEHHA € HM3LKUM BiAIyCK 3a TeMIepaTypu y
160—-180°C, axuili mpuaHaueHUWil AJsd YCYHEHHS HaOpyKeHb. IIpose-
IeHe oOpoOOJieHHA He TiJIbKU IiABUIINYE TBEepAiCTh, aje B I[iJIOMY 3a-
Oesmeuye IOJIIINEHHA SKOCTH IETAJNIO: IiABUINYEThCA HANINHICTE i
IOOBTOBiUHICTH, HOJIIINYIOTHCA IIOKA3HUKU OIIOPY BTOMi, a TaKOMXK
3HOcocTiiKkicTh [3]. BupoBam:keHi pekuMu 3MiITHEHHS IIaJbI[iB IIOP-
ITHEeBUX He 3aBXKINM YMOMKJIWBJIOIOTL 3a0e3leUnTH BTOMHY MIiITHiCTH
oux JgeTajiB. BpaxoByioum, IO iCTOTHHM HEOOJiKOM IIeMEHTaIlii €
picT 3epHa cepIlieBUHU, PEKOMEHA0BaHO JeTajli BUTOTOBJATH 3i cmaj-
KOBO APiOHO3epHMCTHX KpPUIIL 3 0aJOM 3epHa ayCcTeHiTy 6—8, axmit
3bepiraeThca Imig yac TpuBaJiol BUTpuUMKHU. 1A moapiOHeHHS 3epHa
CEepIleBUHU IIPOBOAATH TepMiuHe OOpPOOJEeHHS 3a PeXKMMaMM, OIIMCA-
HUMH B [7]. 3 Iieio MeTOI0 MOKHA ITPOBOAUTHU HOIIEPEIHE TEPMOOOPO-
OsieHHsa (HopMAaJsisalliio) 3 TPUIMTBUAIIIEHUM OXOJIOAMKEHHAM 0 TeMIIe-
parypu y 700°C. OmzHak 1bporo B 0araThboxX BHIOAJKaX HEIOCTATHBO.
IlepeBary moTpiOHO BimmaBaTu IpolecaM, AKi HOAPiOHIOIOTH 3€pPHO
KPHIli Ta COPUAIOTE IIiABUIIeHHIO BTOMHOI MimHocTu. Tomy 6yio moc-
TaBJIEHO 3aJady: He 3MIiHIOIYM MapKy KPHUI, YIOCKOHAJIUTHU TEXHO-
JIOTiI0 TepMiUuHOTO Ta XeMiKOo-TepMiuHOTro 00pOOJISHL IAJbI[IB ITOPIII-
HEeBUX OJIA HiIBUINEHHS IXHBOI YTOMHOI MiITHOCTH.

Bpaxosymoun, 1o Kpuna 12XHS3A e cxuapHOIO 0 HIeperpiBy, a
JeryBajbHi eremMeHTH, — XpoMm, Hikenab, — MOHMKYIOTh TOUKY MK
KiHIg MapTeHCcuUTHOTro meperBopenus HuKue 0°C, 1o cupusie 36epe-
JKeHHI0O B CTPYKTYpPi BHAYHOI KiJBKOCTM 3aJMIITKOBOrO ayCTEHITy,
AKUH IIOTipIIIy€e BJIACTHUBOCTI KPHIIi, HAMHU 3aIIPOIIOHOBAHO IIPOBEIECH-
Ha TepMoluKJigyHoro obpobienusa (TIIO) micas memenrarii masa mo-
IpiOHEHHS CTPYKTYpPM HACHUYEHOTO Iapy I OCHOBU, a TaKOXK 3MEH-
IIeHHA KiJIbKOCTH 3aJIMIIIKOBOTO ayCTEHITY.

ITig yac TepMOIIUKIIUHOTO O0POOJIEHHA BiJ ITUKJIY OO ITUKJIY BimOy-
BalOThCA IMO3BUTUBHI 3MiHM y CcTpyKTypi MmMerany [7, 10], a HeBenuki
BUTPUMKM 3a TeMIepaTryp (asoBUX MHepPeTBOPEHL CIPUIIOTL IIOAPio-
HEeHHIO CTPYKTYPHUX cKJIamoBux. SIK mpaBmio, meroo TIIO e omep-
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Puc. 1. Cxema TepMOIIUKJIIYHOTO Ta TEPMiUHOT0 0O0OPODOJIAHD IIEMEHTOBAHUX BU-
pobiB: 1 — 1memenTalliss; 2 — TEPMOIUKJIN AJIA YCYHEHHA CiTKU IIEMEHTUTY; 3 —
TEePMOLIMKJIN AJI MOAPIOHEHHS CTPYKTYpH; 4 — rapTyBaHHsS; 5 — BiIIyCKaHH.

Fig. 1. Scheme of thermocycling and heat treatment of cemented prod-
ucts: I—cementation; 2—thermal cycles for removing the cementite
network; 3—thermocycles for grinding the structure; 4—quenching;
5—tempering.

JKaHHA TOTPiOHMX 3MiH CTPYKTYpPH, (ha30BOTO CKJIALY UM HAIIPYKEHO-
To CTAaHy MaTepiday, AKi i1 OyAyTh BU3HAUATU MOT0 BIACTUBOCTI.

Mexanism mii TIIO Ha BIacTHBOCTI KPUIli I'PYHTYETHCA HA HAKOIIU-
YeHHi 3MiH y CTPYKTypi, AKi BimOyBaioThCcA 3a OOWMH ITWKJ HarpiBaH-
HA—OXOJOMKeHHA. B pesynabrari mii mmx 3min maTepian HaOyBae
CTPYKTYpPHU Ta (PAa30BOrO CKJANLYy, AKi HEIOCSKHI 3a 3BUUYAMHUX OIIe-
pariit TepmiuHoro o6pobsmaHHs. B pesyabrati TIHO HakommuyoThCS
TedeKTH aTOMHO-KPHUCTAJNiIUuHOI OyZOBM, AKi MTiABUINYIOTH MiIlHiCTH
Marepiany.

Ha ocHoBi BuKoHamoi amaiszu 6yJ0 IIOCTaBJIEHO 3amady: 3 BUKOPU-
cranHaM pexkumMiB TIIO BUIpPaBUTH CTPYKTYPHI HENONIKM HaNbLIIiB
TOPIITHEBUX, IO IIiJJaBajJnuch OOPOOJIAHHIO 3a TPALUIIIAHOIO TEXHOJO-
riero.

Y nmamiii poboTi HaBegeHO pPe3yJbTAaTH MOCHiIKEeHb CTPYKTYpPH Ta
BJIACTHUBOCTEHI TOPIIHEBUX MAaJbI[iB, BHUIOTOBJEHUX i3 KpPHIIi
12XH3A, micis mpoBefeHHs 3MillHIOBAJILHOTO 00POOJIeHHA — IleMeH-
rTamii 3 HACTYIIHUM TapTyBaHHAM i BiAmycKaHHAM (3a CTAHAZAPTHOIO
TEeXHOJIOTi€I0) Ta 3a 3aIPOIOHOBAHOI0 HAMM TEXHOJOTi€I0, IO BKJIIO-
yae IIPOBEIEHHS TEePMOIIUKJIIUYHOTO 00OpPOOJIeHHA HAa OKPEeMHUX eTamax
TeXHOJIOTiuHOTOo IIporecy (puc. 1).

2. EKCITEPUMEHTAJIBHA YACTHHA

BMmict Kapbony B Kpuili BM3HAUEHO XEMiUHOIO aHAJIi30I0 3TifHO 3
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I'OCT 22536.1-88 «Cranb yraepomucrtass U UyryH HeJeTHPOBAHHBIM.
MeToanl ompenesieHUs OOIero yrjaepoma ¥ rpaduTa» Ha IpHIagi
«Exrkcmpec-amamizatop AH7529» [11].

BwmicT jgeryBaibHMX ejIeMEHTIB y CKJAaAi KPUIIi BU3HAYAJM Ha Bif-
noBiguicTs IICTY 7809-2015 «IIpokar i3 JeroBamoi KOHCTPYKIIiMHOI
crami. Texuiuni ymoBu» [5] Ha mpumanmi «Cmekrpockam» 3a I'OCT
28033-89 «Crann. MeTon peHTreHO(MIIOOPECIIEHTHOTO aHaausa» [12].

Poamip sepma kpwumi omimioBamm 3a I[CTY 8972:2019 «Crami Ta
cuaBu. MeTony BUABJIEHHSA Ta BUBHAUEHHS BeJIUYNHU 3epHa» [13].

ExcunepumMenTaibHi 3pasku Oyjao BuUrotrorjieHo 3 Kpumi 12XHS3A
posmipom 20x20x20 mm; moBepxHIO Oyso ILIihOBAaHO Ta IIOJipPOBAHO
[14]. dna BuABIEeHHS MiKPOCTPYKTYPU BUKODPHCTOBYBAJIM IMAaBJIEHHS
4% -po3YMHOM a30THOI KMCJIOTHA B CIIMPTI.

Meranorpadiuni mocrmimxeHHA OyJI0 IIPOBeAeHO HA MiKPOCKOIL
MUM-10. Crpykrypy (pumc. 2) Ta rIuOMHY II€MEHTOBAHOI 30HU BU-
suavasau 3rigao 3 OCT 23.4.52-83, 'OCT 20495-75 [9, 15].

MikpoTBepaicTs BumipioBanu Ha mpuiaaxi IIMT-3 sa JICTY ISO
6507-1:2007 i 3a PoxBessioBoto MmeTomor Ha mpuiaani TP-5006 [16].

Xemiunmii ckaaz 3paskiB xpuri Bignmosizae I[ICTY 7806-2015: C —
0,09-0,16%, Mn — 0,3-0,8%, Cr — 0,6-0,9%, Ni — 2,75-3,15%.

Temmneparypa Toukmu Acs naa kpuii 12XH3A mopisuioe 773°C, Ac
— 715°C [7]. 3paskm migmaBaau IeMeHTAIlil, TePMOIIUKJIIYHOMY O00-
pobyeHHIO, TapTyBaHHIO Ta Bimmyckanuio [10, 17].

Haa memenrariii Oysmo Bukopucrtamo maxTHy miu cepii I1-105A;
MaKcuMaJbHa TeMmieparypa meui — 950°C, mory:xkuicTh meui — 60
KBT.

Tpaguilitfina TeXHOJOTiA 3MiIlHEeHHS IIAJbLIIiB MOPIITHEeBUX OyJa Ha-
CTYIIHOIO: ra3oBa IeMeHTaria 3a 930°C, surpumka y 8—10 roguu, ra-
PTYBaHHSA 3 IleMEHTAI[iHOrO HarpiBaHHA (BUpPOOM II0 3aKiHUEHHIO
IeMeHTallil BUTPUMYBaJIU Y BUMKHEHIN meui yIpomoBK OJHiel romm-
HU O gocArHeHHA TeMmmepartypu meui y 800—820°C), oxoaom:KeHHS
B MacJi. 3aKJII0OYHA omepallis — HU3bKe BiAIIyCKaHHS 3a TeMIleparTy-
pu y 180-200°C, TpuBamicth Bimmycky — 2—3 roguau. Taxke 00po0-
JeHHs 3a0e3IIeunyio TBepAicTh Ha moBepxHi B Mmexax HRC 58..62.
ITicia Taxoro oOpoOseHHA chopMyBajiacd CTPYKTypa MAapPTEHCUTY,
KapOifiB i 3aJMIITKOBOTO AyCTEHITY, KiJbKicTh AKOro Oyjga 3HAYHOIO
(puc. 3).

TepMmonukaiune o0pobaeHHA OyJIO IPOBEAEHO B JIAOOPATOPHUX IIe-
yax mapxu CHOJI-7,2/1100.

B opmiti meui mopmrHeBi maJbIli Ta AOCIiAKyBaHi 3pasKm Harpisa-
JM, a B 1HITIA — OXOJIOMKYBaJIN.

3pasku kpuri 12XHS3A micna mementarnii migmasaamu TIIO sa rta-
KOI0 CXeMOIO: OOMH ITMKJ OOpOoOJIeHHS IepemdadaB INIBUIKE HarpiBaH-
HS OO0 TeMIlepaTypu mOBHOI aycrewmisamii (870°C) i mpoBommau 3i
mBuakictio Big 50 mo 100°C/xB., 3pasKku 3aBaHTaKyBaJIu y Ieperpi-
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Puc. 2. Buxinua crpykrypa kpuni  Pue. 3. CTpyKTypa ceprieBrHY IeTaTio

12XH3A; x200. nicis memenrarii; x200.
Fig. 2. Initial structure of steel Fig. 3. Structure of the core of the part
12XH3A; x200. after cementation; x200.

Ty mid, IMOTiM IIBUAKE OXOJIOMMKEeHHs 3 mBuakictio Bix 1 mo 5°C/c mo
650°C, BuTpumMKa 3a 1iei Tremmneparypu — 60 c. Ilo 3axkimuenHio BU-
TPUMKM ITUKJ IOBTOPIOBaBcA. KiMbKicTh IUKJIB BUOMPATN €KCIIEepPH-
MEHTAaJIbHO 3a pesyJbTaTaMM MeTaJorpadivuHmX OOCHigKeHb — 3Mi-
HOIO PO3Mipy CTPYKTYPHUX CKJAMOBUX ITiCJA KOYKHOTO ITUKJIYy. OmnrTu-
MaJbHUM Oyja0o BuOpamo 5 mukiaiB. OcTaHHIN TepMOIUKJ OyJio 3aBe-
pIlleHO TapTyBaHHAM 3 aycTeHiTHoOro crany (puc. 1). 'apryBanHsa pe-
aJIi30ByBAJM B MACJASHOMY TapTiBHOMY 0aKy.

BumnpobyBanHsa Ha BTOMY OyJo mpoBemeHo ma Mmainmmuai EUS-20 3a
metomoio Jlokari (30inbITeHHsA HaBaHTa’KeHHS 3ificHIOBAIM cXimguac-
T0). IlUKJ HaBaHTaKeHHA — aCUMETPUUYHUN 3 HMOCTiHHUM KoedirieH-
oM acuMmeTpili R =0,5. HaBaHTa)KeHHA IMPUKJIALAJIN 32 CXEMOIO UIC-
TOTO BUTMHY B OAHIM IJIOMIMHI.

BromHY mOBroBiuHiCTH HMOPIITHEBUX IIAJbIIiB OIiHIOBAJIM 3a YMNCJIOM
IIUKJiB, AKe BUTPUMAB HaJIellb OO MOSBY MAKPOTPIIMHYU UM IIOBHOTO
pyiinyBanusa. KinnKkicTs mukiis go pyinysanma carana 1,02x10°, o
BiTIOBimae TeXHIYHMM yMOBaM.

3. PE3YJIBTATH 1 OBTOBOPEHHSA

ITopmiaesi manabii 3 kpuni 12XH3A mMaau BUXiTHY CTPYKTYPYy — e-
puT i mepiiT i3 3epHaMM, OOCTAaTHLO OJHOPIZHMMHN 3a pPO3Mipamwu
(puc. 2). HagBHicTh OKpeMUX BEJIMKUX 3epeH Oyja BiAcyTHA.

ITicna memenranii 30BHiIIHA yacTuHA 1mapy, Axka micturs 0,9% C,
Ma€e CTPYKTYDPY 3aeBTEKTOIAHOI KPHUI[L — MEePJiT i IeMeHTUT BTOPUH-
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HUM, SKUH IIiJ Yac IOBLIBHOI'O OXOJIOAKEHHS BUIIJIMBCA Ha MeKax
ayCTEeHITHUX 3€peH y BUTJIAAI OTOPOUKU; CEPEeIHs YacTMHA — CTPYK-
Typy mnepJaity. Bim moBepxui Brimb merasio KoHIleHTpalis Kap6Gomny
BMEHIIYETLCA U Y CTPYKTYpPi 3’aBASETHCA (PEepuT, KiJbKIiCTh SKOTO
3poCTae B HAIIPAMKY A0 cepreBuHH. HemoaikoMm chopmMoBaHOI CTPYK-
TYypU € 3HaYHA KiJbKiCTh IIeMEeHTUTY BTOPUHHOTO Ha MeyKax 3epeH i
30ibINIeHHS PO3Mipy 3epeH QepuTy B ceplieBUHI geTaiio (puc. 3).

Ilicna rapryBaHHA Ta HU3BKOIO BiITyCKaHHS YTBOPUJACA CTPYK-
Typa MapTeHCUTY, KapOifiB i 3aJMIITKOBOTO ayCTeHiTy; TBEpPIiCThL Ha
moBepxHi — B Mesxkax HRC 58...62 (puc. 4, 5).

BuaBneno HagMipHy HacuuyyBaHiCTb MOBEPXHi II€eMEHTOBAHOTO ITia-
py KapGonowm, 1110 cTayji0 MPUUNHOI HAABHOCTH 3AJUIINKIB I[eMEHTUT-
HOI ciTKM i KpucrajgiB rpydborosdacToro MapTeHCUTY IIicJA rapTyBaH-
HAa (puc. 4), IiABUINEHOrO BMICTy 3aJUIITKOBOr0O aycTeHiTy (puc. 5).

Puc. 4. Crpykrypa xkpuri 12XH3A Puc. 5. Mikpocrpykrypa Kpumi 12XH3A
micasa IeMeHTAaIlil Ta rapTyBaHHA: IiCJA I[eMeHTAaIlil Ta rapTyBaHHA: T'PY-
rpybororuactTuii MapTEHCUT i 3a- G0rosigacTUil MapTEHCUT i 3aJIUIITKOBUH
JUINKYA ITIEMEeHTUTHOI CiTKM Ha I0- aycTeHiT mo raubmHi mapy; x200.
Bepxui; x200.

Fig. 4. Structure of 12XH3A steel Fig.5. Microstructure of 12XH3A steel
after carburizing and quenching: after cementation and quenching:
coarse-needle martensite and rem- coarse-needle martensite and residual
nants of a cementite network on the austenite along the depth of the layer;
surface; x200. x200.
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Puc. 6. Crpyxrypa kpurii 12XH3A Puc. 7. Crpykrypa kpuri 12XH3A mic-
micyia IeMeHTallii, TepMOIUKJIIUYHO- JIA IeMeHTallil, TEpPMOINKJIiYHOTO 06pOo-
ro o0poOJieHHA Ta rapTyBaHHA; 0as OJIeHHA, TapTyBaHHSA Ta HU3BKOIO Bifmy-
3epHa 8, x500. cKy; 6ax 3epua 8, x500.

Fig. 6. Structure of steel 12XHS3A Fig. 7. Structure of steel 12XH3A after
after cementation, thermocycling cementation, thermocycling, quenching
and quenching; grain size 8, x500. and low tempering; grain size 8, x500.

Ilicna opoBemennsa TIIO 3a pesxumom (puc. 1) 6ysa0 moapiOHeHO Ta
MIPAaKTUYHO YCYHEHO ITeMeHTUTHY CiTKy. 3HauHe MOAPiOHEHHS 3epHa
BiOyJioca ImmicasaA BMKOHAHHA OCTAHHIX TPhOX IIMKJIIB. Posmip sepHa
micad TpoBelleHHA MepIIoro 3 HUX Maliyke He 3MiHuBcedA. Ilicaa mBox
HACTYOHUX MUKJIB 6aJy 3epHa 30iabIuBeA 3 4 y BUXiTHOI CTPYKTypHU
Io 5, a micaa TPeThOTro MUKJY BAAJOCS 3SMEHIITUTH 3ePHO B IIOBEpPXHe-
Bomy 1mapi mo 0,016 MM, 1o BigmoBizae Gary 8.

ITicna TIIO s6inpIImiacsa AUCIEPCHICTh CTPYKTYPHU, CTAJIH OiJIBII
OIHOPiTHO PO3TOAiIEHMMU CTPYKTYpPHI ckjiaamoBi (puc. 6, 7). Temme-
paTypHi KoamBamHA 3 BUKOHaHHAM HUKJIIB TI[O mo3uTHBHO BIINHY-
Ju Ha cepoigmsalliio IeMeHTUTHNX BKJIIOUeHb. TBepaicTh Ha IIOBEp-
xHi — HRC 58-62, cepueBunu — HRC 29-30.

4. BUICHOBRKH

1. 3ampoIIoHOBAHO TEXHOJOTIUHY CXeMy OAep:KaHHs i 00poOJeHHS
MIOPITHEeBUX IAJBIIIB I BajKKO HaBamTaskeHux [IB3, axa BKJIouae
OiZAToTOBHE TepMiuHe 00pOoOJeHHS 3arOTOBOK, OJEPIKAHHS AeTajliB Me-
TOHOI0 XOJIOAHOTO IIacTuuHoro aedopmyBanHa (XIII) + memenmrarrii
+ TIIO + rapryBamHA + HHU3BKOTO BiAITyCKaHHS, Ta CIPHUAE IIOJIII-
IIeHHI0O CTPYKTYPM KPUIl i HigBUIMeHHIO 11 MeXaHiuYHMX BJaCTUBOC-
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Tel.

2. Tepmonukaiune o0pobJIeHHS TAJ0 3MOTY 3MEHIIIHUTH PO3Mip aycre-
HITHOTO 3epHAa, MOCATHYTH PiBHO3EPHUCTOCTU, MOAPIOHUTU II€MEHTUT-
HY CiTKy, ojJep:kaTu OiJbII PiBHOMipHe PO3IOAiJIeHHS eJeMEeHTiB
ctpykTypu. Ilig uyac BumpoOyBaHb Ha YTOMHY MOBTOBiUHICTH KiJb-
KicTh MUKJiB 0 pyliHyBaHHsA 30inbimuiaaca Ha 20%.
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* JTveiecvKuil HayioHAALHUIL YHi6epcumem nPupodoKopuUCmy8aHHA,
8y.. Borodumupa Benukozo, 1,
30831 Nybaanu, JIveiecvra obracme, Yrpaina

B crarTi onucarno HOBHII ciocib hopMyBaHHSA 3aXUCHUX HOKPUTTIB IeTaliB i3
KPWUILi, 110 IPAIIOIOTh B YMOBaxX abpaswWBHOI'O 3HOIIYBAHHSA K B 3araJIbHOMY
mamuHOOynyBauHi criaaxy 90% BK6 + 10% 1M, tak i ma BupoOHHUITBaX, [e
Moxke OyTu pagmianitine onmpominenna — 1M (70% Ni, 20% Cr, 5% Si, 5% B),
IIJISTXOM HAaHECEeHHs iX MeTOI0M eJeKTpoicKkpoBoro JjeryBanusa (EIJI) kommak-
THUMH eJIEKTPoAaMu-iHCcTpyMeHTaMu 3 Hixpomosoro apoty X20HS80 i TBepmo-
ro crony BK6 Ta BUKOpPHUCTAHHS CHEIisIIBHUX TEXHOJIOTIUHUX CEPEeJOBUIII]
(CTC), B ckJag AKWX BXOAATH HEOOXimHI Jier'yBaIbHi e1emenTr. B pesyabraTi
TMPOBeIeHUX OCTiIKeHb BCTAHOBJIEHO, IO ITOBEPXHEBi Imapu i3 Kpuib 45 i
P6Mb5 micnss HameceHHSA B3HOCOCTIMKMX HOKPHUTTIB MAalOTh CTPYKTYpPY, SIKa
CKJIaIa€ThCA 3 TPHOX MIMAHOK: «Oiyuii map», mepexigHa 30Ha HUMKUE i OCHOB-
Hu# metas. I3 30inbmenaam eneprii pospany (Wp) sig 0,52 mo 2,6 II»x 3poc-
TAIOTh TOBIWHU «0ijIoro mapy» Ta mepeximuHoi 30HUM, ixHI MiKpoTBepzicThb i
IIEPCTKIiCTh TOBEPXHi, ajie CYIiIbHICTh HAHECEHOTO IOKPUTTA 3MEHIITYETHCS.
HaiiBuma mikporsepzicts y 9750-12800 i 14250-14600 MIIa Binmosizmae mo-
KpuUTTAM, chopMmoBaHUM Ha Kpunax 45 i P6Mb signosiguo 3a EIJI komnaxT-
HUMU ejieKTpojaMu-inctpymenTamu 3 TBepporo crony BK6 i CTC ckiuany
0,5% Si+0,5% B + 2% Cr + 7% Ni + 90% Bazesin.

KarouoBi ciioBa: eJIeKTPOiCKPOBE JIEI'YBaHHSA, €JI€KTPO-iHCTPYMEHT, ITIOKPUT-
Ts, «OiMi Map», MiKpOTBEPAiCTh, MIEPCTKICTh, CYIiIbHICTS.

The article describes a new method of forming the protective coatings of steel
parts operating under conditions of abrasive wear both in general mechanical
engineering, the composition of which is of 90% BK6 + 10% 1M, and in indus-
tries, where there may be radiation exposure and the composition of 1M
(70% Ni, 20% Cr, 5% Si, 5% B), by applying them by the method of electro-
spark alloying (ESA) with compact electrodes-tools made of nichrome wire
X20H80 and BK6 hard alloy and using special technological media (STM),
which include the necessary alloying elements. As a result of these research,
it is established that the surface layers of the 45 and P6MS5 steels after apply-
ing wear-resistant coatings have a structure that consists of three areas: the
‘white layer’, the transition zone below, and the base metal. When the dis-
charge energy (Wp) increases from 0.52 to 2.6 J, the thicknesses of the ‘white
layer’ and the transition zone, their microhardness and surface roughness
increase, but the integrity of the applied coating decreases. The highest mi-
crohardness of 9750-12800 and 14250-14600 MPa corresponds to the coat-
ing formed on steel 45 and P6M5, respectively, during ESA by means of both
the compact electrodes-tools made of hard alloy BK6 and the STM with the
composition of 0.5% Si+ 0.5% B + 2% Cr + 7% Ni + 90% Vaseline.

Key words: electrospark alloying, electrode tool, coating, ‘white layer’, mi-
crohardness, roughness, continuity.

(Ompumano 7 kgimusa 2023 p.; ocmamoun. eapiaum — 13 kgimusa 2023 p.)
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1. BCTYII

BesnepepBHUil mpolilec HAYKOBO-TEXHiUYHOTO IPOI'PECY CYIPOBOIIKYETh-
Cs IOSBOIO HOBUX OiJIBIIT JOCKOHAJMX MAIINH i MexaHi3dMiB, eKcIayaTa-
i AKUX BigOyBaeThbca 3a OLiIBINT JKOPCTKUX PEKMMHUX HapaMeTpiB
(TeMmmepaTyp, THCKiB, IIBUAKOCTEH), a TAKOK Yy aI'PECUBHIMINX HABKO-
JUIMHIX cepesoBUINax.

3MiHa YMOB eKcIayaTallii o0JIafHAHHA TATHE 3a cO00I0 IIiABUIIeHHA
BUMOT 10 SIKOCTH AETaJIiB, IO MOro CKJIagaoTh. BpaxoByHUn Te, IO ITif
BILIMBOM Pi3HMX HEI'aTUBHUX YMHHUKIB pyHHYBaHHA JeTajiB MOYMHA-
€ThCs 3 IIOBEPXHi, 3POCTAI0OTh BUMOT'H IO SIKOCTH il IIOBEePXHEBOT'0 IIaPYy:
IIIEPCTKOCTH, XBUJSCTOCTH, MIKPOTBEPAOCTU, 3AJUINKOBUX HAIPY-
JKeHb, YTOMHOI MiITHOCTHY Ta iH.

Or:xe, po3B’sA3aHHA 3aBAAaHb, OB A3aHUX 3 MiABUINEHHAM SKOCTHU
TIOBEPXOHb JeTajiB, po3poOKa MeTOAiB yIpaBJIiHHA OKpeMuMH ii mapa-
MeTpaMU € aKTyaJbHUMU TA CBOEUACHUMIH.

2. AHAJI3A OCTAHHIX TOCJIZKEHD I ITYBJIKAIIIN

Bucoka npoyKTUBHICTB IIpalli Mae MOeqHYBaTUCA 3 BUCOKOIO AKiCTIO Ta
BimcyTHicTIO Opaky mpoaykirii [1]. OcobimBa yBara npumiifaeTbCsa SKOC-
Ti IOBEPXOHb TA MEeXaHIUYHMM BJIACTHUBOCTSM HeTaJIiB OOJagHaHHS, Ha-
mitiHa poboTa AKOTOo IIOB’s3aHa 3 0e3IIeKOI0 Ta 340POB’AM JIOAel, Ha-
OPUKJIAL JeTajiB MaIlliH i MeXaHidMiB, IO IIPAIIOIOTH B YMOBaXx pPamis-
mitiHoro onpomiHoBauHA [2, 3]. Ille Ha cTazii TexHOIOTiUHOI TTiATOTOB-
KU BUPOOHUIITBA, il Yac MeXaHiuYHOTrO O0POOJIAHHS TeXHOJOTH IPUIi-
JAI0THh BeJUKY yBary TOUHOCTI MO3UIIOHYBaHHA 3aroTOBKU Ha BepcTa-
Tax [4], BUBUEHHIO BiIbHUX i BUMYIIIeHNX KOJUBAHb CKJIAJHOI MeXaHi-
YHOI CHCTEMHU «IPUCTOCYBaHHA—3aroToBKa» [5—7]. Iluranua migBu-
I[eHHsI SKOCTH PO00UMX IIOBEPXOHL AeTajJiB MaIllMH i MexaHisMiB,
KOHCTPYIOBAHHSA iXHIX ITOBePXHEBUX IAapiB MOKe OyTU BUPIIIIEHO reo-
MeTpuyHUMU MeTomamu. Tak, y [8] ckiaameno gudepeHiiini piBHAHHS
PYXy THYYKOI CTPiUKM, 1[0 HE CTUCKYETHCA 3 TPAMOKYTHIM Ilepepisom
B3/IOBYK BHYTPIIITHBOI IIIEPCTKOI MOBEPXHi IOPMU30HTAIBLHOTO MUIIHIDY.
CTpiuka pyxaeThecd i3 3aJaHOI0 IIOCTiMHOIO IIBUAKICTIO Bropy IIepIeH-
IUKYJIAPHO TBIipHMM IIMJIIHAPA, TOOTO TpacKTOpieio ii pyxy € mepepis
MUJIiHAPA.

€ poboTH, MPUCBAYEHI PyXy YACTUHKMY ITiJ Ii€I0 CUJIM BJIACHOI Baru 1mo
HIepCTKill I'BUHTOBiM MOBEepXHi, YTBOPEHil I'BUHTOBUM PYXOM CUHYCOI-
Iu, IIT0 PO3TAaIllOBaHa Y BEPTUKAJIBHIN ILJIONIMHI i € OCbOBUM IIepepizom
I'BUHTOBOI moBepxHi [9], mo chepruHOMy CerMeHTy, IKUil 00epTaeThCs
HABKOJIO BepTuKaabHOI oci [10], mo XxBuJIACTiH MOBEPXHI 3 mepepizoM y
BUIIAAiI cuHycoinu [11], mo BHYTpPimIHINA IOBEepXHiI TrOPHM30HTAJILHOTO
chepuunoro aucka [12].

3 MeTOI0 MiABUITIeHHA TKOCTHU ITIOBEePXHEBUX ITTapiB BUPOOiB, KpiMm IT0-
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JIIIIIeHHS reOMeTPUYHNX HapaMeTpPiB, BEJUKY yBary OpPUIiJISAOThH Ha-
HECeHHIO 3aXMCHUX IMOKPUTTIB, IMUPOKUHN Habip AKMX BUSHUBAE MiyK HU-
MU KOHKYPEHIIiIo I yCKJIaAHeHHI BUOOPY JIiIIIToro MaTepiany Ta 0iabIm
pamioHaJIbHOI TeXHOJIOTil HaHeCeHHd 1X.

Haii6insir 3aTpebyBaHUMU TeXHOJOTiAMU IJIA HAHECEHHS 3aXMCHUX
MOKPUTTIiB BBAXKAIOTHCA: HAIOPOIIIEHHA TBEPAUMU 3HOCOCTIMKUMU Ma-
repismamu [13-15], 1asepHe 00pobaenusa [16—19], maHeceHHS HAHOKO-
mnoauris [20]. [aa saxucTy meTajiB Big abpasuBHOTO 3HOCY BUKOPUC-
TOBYIOTH ILJIiKEPHI MOKPUTTS 3HOCOCTiHKUMU MaTepismramu [21]. Bimo-
MO IIPO 3HOCOCTiliKe cIleueHe IIOKPUTTHA, B IKOMY HAIIOBHIOBAUEM CJIY-
JKUTh TBepgocTomHa cymimn BK-6, a Jerkoronxum 3B’sA3yBaIbHUM —
TBepauii posunH cucreMu Ni—Cr—Si—B. IlokpuTTsa HaHOCATL Ha IOBEP-
XHi ZeTayiB ILIIKEePHUM METOAOM 3 HACTYIIHMM BiAIaJOM y BaKyyMi.
CepeJ IIIAXiB IMOJMIIIIIEHHS AKOCTH IIOBEPXHEBOTO IIapy AeTaJiB 3a pa-
XYVHOK 3MiITHEHHS IXHiX IMOBEpXHEBUX IMapiB 0coOJimBe Miclie 3aiimMae
xeMikKo-Tepmiute o6pobaenHs (XTO) [22—-25] Ta iH.

Cepe[n PO3TIIAHYTUX METOMIB BiITHOBJIEHHS MeTaJiB BeJIMKOI yBaru sa-
cayroBye ejdexTpoickpoBe sgeryBauuda (ELJI), ake € ekosoriuno 6esmeu-
HUM, a OCTAHHIM YacOM BCe YacCTillle BUKOPUCTOBYETHCA B PEMOHTHOMY
BupoOHUNTBI [26—30]. MeTon mae pazn cuenudiuyHnx 0cobIMBOCTEH: Ma-
Tepias aHogu (MaTepisaa, AKMM JIEI'YIOTh) MOKe YTBOPIOBATH Ha IIOBEP-
XHi KaTogu (IIOBEepXHs, AKY JET'VIOTh) ITap IOKPUTT, HaA3BUYIANHO Mi-
IIHO 3YeIlJIEHNU 3 MOBEPXHEI. ¥ IIbOMY BUIIAAKY He TiJIbKHU BiACyTHS
MesKa MOALIY MisK HaHeCeHMM MaTepPisyioM i MeTaJioM OCHOBHU, aJie i Bif-
OyBaeThca nudysisa eadeMeHTiB aHoau B KaTony [31]; IeryBanasa MoKHA
3IificCHIOBATH y 3a3HaUeHUX Miciax (pagiocoM Bix 4acTOK MijgiMeTpa Ta
0isbIme), He 3aXUIMAIOYN PEIITY ITOBEPXHi AeTaJ0; TeXHOJIOTia eJIeKTPO-
icKpOBOTO JIeTyBaHHSA MeTaJIeBUX IIOBEPXOHD AYsKe IIPocTa, a HeobxXigHa
amapaTrypa € KOMIIaKTHOIO i TpaHcmopTrabeIbHOIO.

ITopsan 3 HU3KOIO IepeBar, OCHOBHUMHY 3 IKUX € MillHe 3UeIlJIeHHs IIe-
pPeHeceHOoro MaTepidly 3 OCHOBOIO, HMiBHUINEHHS TBEPIOCTH, KOPO3iitHOI
CTiKOCTH, 3HOCO- TA KAPOCTIMKOCTH IIOBEPXOHBL, METOJ €JIEKTPOiCKPO-
BOT'O JIETYBaHHA Ma€ i HUBKY HeIOJiKiB (301JIbITTeHHS IIIEPCTKOCTH IIOBE-
PXHi, BUHUKHEHHSA B TOBEPXHEBOMY IIapi PO3TATYBAJLHUX HANPY:KEHb,
3MEHIIIeHHA YTOMHOI MiITHOCTH Ta iH.), AKi iCTOTHO YCKJIaIHIOIOTH HOTO
BUKOPUCTAHHSI.

YcyHyTn HEIOJNIKM eJeKTPOiCKPOBOTO JIeI'YBaHHS MOMKHA IIJIAXOM
YepPryBaHHsS TBEPANX 3HOCOCTIHKMX i M’AKMX aHTUPPUKIINHUX MaTe-
piamis [32, 33] i BUrOTOBJIEHHAM HOBUX €JEKTPOIHUX MAaTEpPiAIiB
(a.c. 806338, MKHN 23 P1/12; a.c. 833418, MKW 23P1/18;
a.c.1106623, MKW 23P1/12; a.c.1488142, MKU B23H 1/06;
a.c. 1488338, MKW B23H1/06; a.c.1098740, MEKWU 23 P 1/18;
a.c.412274, MK C; a. c. 377387, MKHU C 22¢ 27/00).

3 MeTOI0 3aCTOCYBAaHHSA eJIEKTPOIaMU IJs eJIEKTPOiCKPOBOTO JIery-
BaHHS HOBHX KOMIIO3UI[IMHNX 3HOCOCTIMKNX MATEPiANiB, omep:KaHMX
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3a JMOIOMOTOI0 IIOPOIIMKOBOI MeTaJyprii, mOCJiAsKyBaJuCcsa MaTepisiu,
IO CKJIamaloTheA 3 TOHKomucmepcHoi cymimr 1M (70% Ni, 20% Cr,
5% Si, 5% B) i BK6. HaiinepcneK TUBHIIIIUM € JIeTYBAHHSA €JIEKTPOIO0IO 3
marepiany ckiaany 90% BK6 +10% 1M, 1o yMOKJINBIIOE (HOpMyBaTH
ImoBepXHeBUii map 3 MikporsepaicTio 7o 14200 MIIa. I3 sacTocyBaHHAM
eJeKTPOn 3 ToHKomucimepcHoi cywmimri 1M wmikporBepzicTh csarae
11500 MIIa. ITligmrap 3 iHAio, TOHMIKYIOUM INEPCTKiCThL MOKPUTTS (3
Ra =3,5-4,2 mxm 1o Ra =0,6-0,9 MKM), He3HAUHO ITOHUKYE HOTO MiK-
POTBepPAiCcTh, ajie K BOHA 3aJIUIIAETHCA Ha TOCTATHHRO BUCOKOMY PiBHI —
BigmoBigHO, 132501 12250 MIIa [34].

B ocrauui gexiabKa poKiB cTaau 3’ ABIATUCS CTATTi, B SKUX 3 METOIO
YIOCKOHAJIEHHSA METOY eJIeKTPOiCKPOBOTO JIeTyBaHHSA JOJaTKOBE JIery-
BaHHA IIOBEPXHEBOTO ITTapy KOPHUCHUMU eJiIeMeHTaMH BimOyBaeThCs 3a
paxyHoOK crnenianbHuXx TexHogoriunux cepemposuil (CTC), axi momepes-
HBO HAHOCATBLCA HaA IOBEPXHIO, ITIO JIET'YETHCS, Y BUTJISAMIL IIACT YU CY-
crueusiii [35-37].

Amajisa jgiTepaTypHHUX i IaTEHTHUX OKepeJ IoKasaja, IMo AJIS Iif-
BUIIIEHHA AKOCTU IIOBEPXOHL AEeTaJiB € 6araTo TeXHOJIOTiYHNX METOJiB,
OB’ A3aHUX 31 BMIITHEHHAM IIOBEPXHEBOTO ITTapy, HAHECEeHHIM 3aXUCHUX
MOKPUTTIB, MeXaHiuYHNM OOPOOJJEHHAM, MOCIIiIKEeHHAM reoMeTpil pyxy
KOHTaKTyBaJIbHUX IIOBePXOHDb Ta iH. IlokasaHo, 1110 OJHUM 3 IIEPCIEKTH-
BHUX METOJiB HaHECEeHHs MOKPUTTIB € eJIEKTPOiCKPOBE JieT'yBaHHA. ¥ I0-
ckoHajseHHa TexHoJoril EIJI 3a paxyHOK BUTOTOBJIEHHA €JEKTPOIiB-
iHCTPYMEHTiB MeTOJOM ITOPOMIKOBOI MeTaayprii majo sMory HaHOCUTHU
Ha IIOBEPXHi meTaJiB, IO B IIpoIeci pobdOTH HigIAraioTh abpasruBHOMY
3HOCY, 3HOCOCTilKi mokpuTTa ckaany 1M i 90% BK6 + 10% 1M, axi pa-
Hillle HAHOCUJIN NLIIKepPHUM METOJOM, II[0 Ma€ 6araTo 3HAUHNX HEIOJIi-
KiB. Bupobu, 00po0bJieHi ILIiKepHUM METOLOM, MAIOThL HEJOCTATHIO Ha-
IiAHICTE 1 JOBrOBiYHICTHL BHACJIILOK TOTrO, IO Yepes3 PyHHYBaHHS chop-
MOBAHOTI'O NMLIIKEPHOT'0 MOKPUTTA BimOyBaeThcA BigmMoBa ixXHBLOI mparie-
31aTHOCTH. Bci MeToau KOHTPOIIO (hOpMYyBaHHA ILJIIKEPHUX IMOKPUTTIB
He MOXKYTHb aTU MOBHOI rapaHTii AKOCTU 3UelJIeHHA HaHeCeHOT'o MaTe-
pisny 3 mizrkJaguHKO0. JIK mpaBmJO, Imepel HaHECEeHHAM ILIiKEepPHOr'o
MOKPUTTSA IIPOBOANTHCA OUNINeHHA IToBepxHi. Ha minauKkax pakTHUHOTO
KOHTAKTy IOBEPXOHbD Aif0OTh CUJIU MOJIEKYJISIPHOTO IIPUTATAHHS.

Ilepeximumit mrap, AKWN 3yMOBJIOE MIiITHUIT MexXaHiuHUII 3B’ A30K,
BifcyTHi#, II0 HeTaTMBHO BILIMBAE Ha AKicTh aaresii B migomy. Kpim
TOT0, BKasaHUM cIocib € JOCTaTHBO AOPOTHM i TPYAOMICTKHUM uepes
IpoIlecu BUTOTOBJIEHHSA, HAHECEHHA Ta Bigmauay moKpuTtiB. HesBakaro-
YM Ha Ie, CJILT BIAMiTHUTH, IIT0 TEXHOJIOTiA eJIEKTPOiCKPOBOTO JIeT'yBaHHS
3 BUKOPUCTAHHAM eJIEKTPOI-iHCTPYMEHTiB 3 marepianiB ckaagy 1M i
90% BK6 + 10% 1M e 3HaYHO JIiIIITIOI0 Big HAHECEHH iX MIIIKEPHUM Me-
TOIOM, ajie IPoIeaypa BUTOTOBIEHHS €JIEKTPOIN METOLOM IIOPOIITKOBOI
MeTaJIyprii Takok € gyke CKJIaIHOI0, EHePrOEMHOIO, JOBTOTPHUBAJIOIO Ta
IOCTaTHLO BaPTiCHOIO.
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Cywmimn 1M roryeTtbesa 3 ToHKOAUcHepcHux mopomikiB Ni, Cr, Si, B iz
posmipamu yacTuHOK Tpoxu 0iabIie 40 MxM. I1opoIIKy mpoCcyIIyioThCsa B
cymmabHUX mmadax 3a 150-200°C, mpocitororhes uepes cuto 0075, 3aBa-
HTAXKYEThbCA HeoOXigHAa KiJbKiCTh iX 3TiJHO 3 PEIelTypPOoI0 B CIEIiAlb-
HUI 3MiITyBau i IPOBOAUTHLCA MeXaHiuHe 3MiITyBaHHS YIIPOAOBK 24 Tof.
s npuroryBauasa cymint BK6 BUKOPHCTOBYETHCSA TOTOBA TBEPHAOCTOII-
Ha cymim Tunry BK6; BoHa IIpocyITyeThCs Y BAKYYMi 3 PO3PIIKEeHHAM He
menrrre 1-107! mm pr. ct. 3a 150°C, motiMm mpociroeTsbesa uepes curo 0075.
Ilicona Toro, AK TBepAOCTOITHA Ta caMo(JiocyBajibHa CyMilIi roToBi, iX
3aBAHTAKYIOTH y 3MIillTyBaY i HiIZai0Th CIJIBHOMY CYXOMY MEXaHiYHOMY
3MiNTyBaHHIO YIPOomoB:x 24 rox. y cmiBBigHomernHi 90% BK6 + 10% 1M.
ITotim cymimri samintyioTbes 3 miaactudiraTopom (5%-po3urH CHHTETHY-
HOT'0 Kay4YyKYy B 0em3uHi). 3aroToBK 1 HeoOXiTHIX PO3MipiB IPeCcyOThCA Y
dopmax (Tuck mpecyBanua — 0,7-1,0 T/cm?), gKi moriM cmikarmoTbea 3a
1400-1500°C y saxwmcHiii atmocepi (Bomenn) meui 0yab-aKoi cucTeMu,
IIT0 YMOJKJIMBJITIOE 3a0€e3IeUn Ty 3aJaHy TEMIIEPATYPY .

Kpim miboro, 3 JiTepaTypHUX AsKepes BimoMo, 1[0 Ha HigIpHUeMCTBaX,
o0JIagHaHHA AKWX IIPAIIOE B YMOBAX PamisIliiffHOTO OIIPOMiHIOBAHHAI,
iJ yac BUTOTOBJIEHHS Ta BiTHOBJIEHHS JETAJiB BUPOOiB He JOIMIYCKAETh-
ca Bukopuctanua Kob6anbry [38-40]. Tak, y [41] BimsHauaeTbcs, 1110
3a1JIsi BUOOPY KOHCTPYKI[IMHNX MaTepifaiB s SOepHUX eHepreTud-
HUX YCTAHOBOK Pi3HUX THIMIiB 3 METOI0 MOHUKEHHS BILIUBY IIEPEeHECEeHUX
AKTUBHUX NPOAYKTiB KOPO3il HA YMOBU PEMOHTY YCTaTKyBaHHA II€PIIO-
ro KOHTYPY B Pl BUNAIKIB JOZATKOBO PerJIaMeHTyEThLCA BMICT ejgemMe-
HTiB y KPHUIIi, AKi IiJ uac OMpOMiHIOBAHHS CTAIOTh AyKepeioM HebesIeu-
HUX NOBroicHyioumx isoromis. Hacammepen, 1me crocyeTbesas KobannTy.
Taxoxx Bigomo, 110 KobaabT, aKuil Mae BeIUKUH IepioJ HaliBpo3many,
HEeIPUIIYCTUMO BUKOPHUCTOBYBATH B VIIiJIbHEHHAX HACOCIiB aTOMHUX
€JIEKTPOCTAHITiHA.

A0 3aMicTh K0OATBLTOBOI 3B’ A3KK BUKOPHCTAHO HiKeJb, TO MOAi0HI
sBUINia He BimOyBatoThesa [42]. 3rigmo 3 [43], xemiunuit ckaam marepi-
SJIIB AeTaJjiB, IO CTUKAIOTHCA 3 TEIIJIOHOCiEM, HE MiCTHUTD CIIEI[iAIbHUX
mob6aBok KobGanbTy # iHITMX €JIeMEeHTIiB, IO YTBOPIOIOTH JOBrOiCHYIOUI
izoTomM B aKTMBHOMY poOOUOMY cepemoBHuINi. B samepHiit emepreruiri
I CTBOPEHHSA IMUPKYJIAIIl TEIJIOHOCiA BUKOPUCTOBYIOTh I'OJIOBHI ITUP-
KYJALiNHI HacocHu 3 TOIMOMiKHMMU HacOCaMM IO HUX. ¥ Ci JeTaJi Ta By-
3JI1, AKi CTUKAIOTLCA 3 TEILJIOHOCi€EM, BUTOTOBJIEHO i3 KPUIb, CTIHKHX
OpoTH Kopoaii # eposili.

VY [44] onlmcaro KOMIIO3UTHUYM MaTePisai A PamgisdIiiiHOro 3axXucTy,
B AKOMY SK HAIOBHIOBAY IIOJIiCTHPOJBHOI MaTpPUIli BUKOPUCTAHO IIOPO-
KW BoJbdpamy i1 amiominito. B [45—48] ommcano pe3yabTaTH DOCJIi-
IIKeHb BILIMBY BUCOKOTOUHOTO €JIEKTPOHHOTO MyUYKa MiJl Yac OIIPOMiHIO-
BaHHA MOBEPXHEBUX ITapiB MeTaJIiB i CTOMIB 3 METOI0 MOJIIIIIEeHHA 1X-
HBOI AKOCTH.

TakuMm YnMHOM, IPEACTaBJsdA€ AK HAYKOBUH, TaK i NPaKTUYHWIN iHTe-
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pec IOoCaimnTh mapaMeTpu SIKOCTH Ta BJIACTHUBOCTI MOBEPXHEBUX ITapiB
craany 90% BKG6 + 10% 1M, B axuii Bxoguts KobaxsT i 1M (70% Ni,
20% Cr, 5% Si, 5% B), chopMoBaHUX Ha KPUIIEBUX IIiIKJIAINHKAX, AKi
MOXKYTEb OYTH KOPUCHUMH JJIA 3aXMCTY IOBEPXHEBUX IIapiB, K B 3ara-
JBHOMY MAaIIIMHOOYAYBaHHIi, TaK i HAa BUPOOHUIITBAX, e MOKe OyTH pa-
IiAmniiiHe oIpPOMiHIOBaHHSI.

Ha mam morisng, TeXHOJIOTiI0 HaHEeCeHHS 3HOCOCTIMKMX HOKPUTTIB
metozmoio EIJI 3 BUKOpHUCTAHHAM eJeKTPOA-iHCTpyMeHTiB ckaany 1M i
90% BK6 +10% 1M, sKi BUTOTOBJIAIOTH IILJIIXOM IIOPOIIKOBOI METAJY-
prii, MosXkHa YIOCKOHAJIUTH 34 PAaXYHOK BUKOPHCTAHHS CHEI[iTJIbHUX
TEeXHOJIOTiYHUX CEePEeqOBHUII, IIT0 HOMePeIHL0 HAHOCATHLCI Ha ITIOBEPXHIO,
AKa JIeI'YEThCA.

TaxuM YMHOM, METOIO POOOTH € YIOCKOHAJEHHS TeXHOJIOTil HaHeceH-
Ha meTogom EIJI Ha moBepxHi feTajiB i3 Kpuili, 10 IPaIfOIOTh B YyMOBax
a0pasMBHOTO B3HOIIYBAHHS, 3HOCOCTIHKMX IOKPUTTIB cKJaaxy 1M
(70% Ni, 20% Cr, 5% Si, 5% B) i 90% BK6+10% 1M exekTpomaMu-
iHCTpyMeHTaMi, BUTOTOBJIEHNMM TEXHOJIOTiAMM IIOPOIIKOBOI MeTaJIy-
prii, mIgXoM PO3pPOOKM HOBOTO CIIOCO0Y HAHECEHHS IX METOIOM eJIeKT-
PoOicKpoOBOTO JIer'yBaHHSA KOMOAKTHUMHU €JIEKTPOAAMIU-iHCTPYMEHTaMu 3
Hixpomosoro apory X20HS80 i 3 TBepmoro crory BK6 3a paxyHOK BUKO-
PUCTaHHA CIEIiAILHNX TeXHOJOTIUHUX CEePEeIOBUIl, B CKJIAN AKX BXO-
IATh HeOOXimHi Jer'yBaibHi eJIeMeHTH.

3. METOJIUKA JOCJII:KEHD

st moCcHigKeHHa CTPYKTYPH Ta BUMiPIOBaHHA MiKPOTBEPIOCTH IIOBEP-
XHEBOT'0 IIapy BUKOPUCTOBYBAJIM ILIi(hu 3paskiB kpuilb 45 i P6M5 po-
smipom 10x10x8 mm.

CepenubLOByTJIeIleBa HeJeroBaHa KpHUIild 45 3acTocoByBaJjacs OJd IO-
CIiIKeHb y MOJiNIIeHoMYy cTaHi 3 TBepaicTio ocHoBu 280 HB Ta copbiT-
HOIO CTPYKTYPOIO.

IIBugxopizanbHa Kpuisd P6M5 — Ie BHCOKO- Ta CKJIaJHOJIEI'OBaHA
Kpuiisd, ge cyma JIer'yBaJbHUX eleMeHTiB carae 16-18%. Boua micTuts y
co0i Taki JeryBaabHi ea1emenT, ax W, Mo, Cr, V. TBepaicTh ux 3pasKis
MicJIs OCTATOYHOTO TePpMOOOpodIeHHs cTaHoBmMIa 10 64 HRC.

EnekTpoicKpoBe Jer'yBaHHsa 3pas3KiB BimOyBaJsioca 3 eHepriero pospd-
Iy Ta 3 IPOAYKTUBHICTIO 3TigAHO 3 Ta0J. 1 Ha yCcTaHOBIIL 3 pyUYHIM BiOpa-

TABJMUIIA 1. SanexkuicTs mpoxykTuBHOocTu ELJI Big emeprii pospany.
TABLE 1. Dependence of ESA performance on discharge energy.

Enepria pospany (Wp), O:x 0,52 1,3 2,6
IIponyKTuBHiCTE, CM?/XB 1,0 1,5 2,0
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TopoM « EniTpoH-52A».

B axocTi eeKTpoI-iHCTPYMEHTIB BUKOPUCTOBYBAJI HiXPOMOBUM JIPiT
X20H80 &3 mm i mtacTuam posmipom 2x3x30 MM 3 TBepmoro croiry BK6.

3a eJIeKTPOiCKPOBOTO JeT'yBaHHSA €JIEKTPOIaMU 3 HiXPOMOBOT'O IPOTY
X20H80 ua 3pasku nmonepeauno HaHocuau CTC ariguo 3 2 BapigaaTamu:
1-i1 craany 5% Si + 5% B + 90% Basein;
2-1i cxaany 0,5% Si+ 0,5% B + 59% BK6 + 40% Bazemin.

3a EIJI enekTpomamu 3 TBepmoro crony BK6 Ha 3pasku momepegHBO
"Hanocuau CTC cxkaxany 0,5% Si+ 0,5% B + 2% Cr + 7% Ni + 90% Bazemin.

ITopomku s CTC B HeoOXimHi#M KiTbKOCTI peTebHO IIepeMilTyBaan
3 BaseJIiHOM i HAHOCUJIM Ha IMoBepXHIO 3paskiB. Ilicaa mboro, He yekaio-
Y1 BUCUXAHHS, IIPOBOAUIIN €JIeKTPOiCKPOBOTO JIeT'yBaHHSI.

Y merasmorpagiuHUX DOCIiAKEeHHAX IIOBEPXHIO NLIiy OPieHTYIOTH
NepHeHANKYJIAPHO ITOBEPXHIi JeryBanud. Ilepesl BUTOTOBIEHHAM LTIy
I BUKJIIOUEHHSA KpalioBoro edeKTy MmiJ yac Jier'yBaHHSA TOPeIlb 3pasKa
dpesepyBasu Ha rIuOMHY He MeHITe 2 MM. A momepems:KeHHS 3MU-
HaHHA IIIapy, 3aBajiB KPaio 3Pa30K KPiIuan 3 KOHTPTiJIOM Yy CTPYOI[MHi.

[ BUABJIEHHA CTPYKTYPU IILIi() 3a3HAaBaB XEMIiUHOTO ITaBJIEHHA Y
peaxTusi.

Ilicaia BUroTOBIEHHS HLIi(hM OCIIiAMKyBaJy Ha OINTHUYHOMY MiKpPO-
cxomi «Heodor-2», me mpoBogmiacsa OIliHKa SAKOCTH IIapy, MOro Cy-
IiILHOCTH, TOBIIMHU Ta OymZOBU 30H Imimmiapy — audysiiinoi soHu Ta
30HU TEPMiUHOTO BILJIUBY.

Takox TpoOBOAWIN JIOPOMETPUUYHY aHAJI3Yy PO3MOLLIY MiKPOTBEPIO-
CTH Yy IIOBEPXHEBOMY ITTapi Ta mo raubuHi gy Big moBepxHi. Bumipio-
BaHHA MiKPOTBEPJOCTH IPOBOAMIN Ha MikporBepgoMmipi IIMT-3 mrmsa-
XOM BIaBJIIOBAHHA aJIMa3HOI mipamiau mig HaBanTaxkeHHam y 0,05 H.

IlepcTKicTh BuMipooBaJam Ha IIpujani mpodisorpad-mpodisomerp

Puc. 1. MikpocTpyKTypU IOBEPXHEBOrO I1apy 3paskiB kpurs 45 (a i 6) i P6MS
(8 1 2) micaa E1JI esleKTpo10r0-iHCTPYMEHTOM, BUT'OTOBJIEHUM ITIJISIXOM IIOPOIII-
KoBoi meTasryprii 3 marepiany 90% BK6 + 10% 1M (aig)i 1M (61i2); x400.

Fig. 1. Microstructures of the surface layer of samples of steels 45 (a and 6)
and P6M5 (8 and 2) after ESA with a tool electrode made of the material
90% BK6 +10% 1M (a and 8) and 1M (6 and 2) by powder metallurgy; x400.
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moz. 201 zaBony «Kamiop» mLIsaxoM 3HATTS i 00po0KM mpodisorpam.

4. PESYJBTATHU JOCJIIKEHD

Ha pucynky 1 300pakeHo TiISHKY CTPYKTYPHU IIOBEPXHEBOTO IIIapy 3pa-
3kiB Kpuri 45 (a i 0) i kpuri P6M5 (81 2) miciia e1eKTpoicKpoBoTo Jery-
BaHHA eJIEKTPOA0I0-iHCTPYMEHTOM, BUTOTOBJEHUM IIJIAXOM IOPOIITKO-
Boi Meranyprii 3 marepiamry 90% BK6 +10% 1M (a, 6) i 1M (s, 2) 3 eHep-
riero pospsay Wp =0,42 IT:x i npoayktusBHicTio y 1,0 cm2/xB.

Amnajiza CTpyKTyp IIOKasye, II0 ITIOBEPXHEBI mapu Kpurli 45 i mBui-
KopizaabpHOi Kpuri P6Mb 3 moxkpurramu, HanmeceHumMu metomom EILJI,
TPagUIiiiHoO, V Mipy IOTJINOJIEHHA, CKJIAAAIOTLCI 3 TPhOX MiISHOK: «0i-
Juh niap», nepexiina 3oHa i OCHOBHUM MeTaJl.

Ha pucyuky 2, a, 6, 86 IoKa3zaHO MiKPOCTPYKTYPU IIOBEPXHEBOrO IIIa-
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Puc. 2. Mikpoctpykrypu (a, 0, 8) Ta po3mnonig MikporsepmocTu (2) Mo rauduHi
noBepxHeBOro mapy Kpui 45 micaa EIJI enexktpogoro-iHcTpyMeHTOM 3 HiXpO-
my (X20H80) 3 Buropucraruam CTC ckaaxy 5% Si+ 5% B+ 90% Basernin is
Wp=0,52,1,30i 2,60 I:x (rpadiku 1, 2i 3 BigmoBigHO).

Fig. 2. Microstructures (a, 6, 8) and distribution of microhardness (2) along
the depth of the surface layer of steel 45 after ESA with a nichrome (X20H80)
tool electrode using STE composition 5% Si+ 5% B+ 90% Vaseline at
Wp=0.52, 1.30 and 2.60 J (graphs I, 2 and 3, respectively).
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Puc. 3. Mikpoctpykrypu (a, 6, 8) i posmogin mikporsepgocTu (2) Mo riaudOuHi
IOBEPXHEBOTO IIapy Kpuii 45 micia ereKTpoiCKPOBOTO JIEI'yBaHHS €JIEKTPO-
nowo-iacrpymentom 3 Hixpomy (X20H80) 3 Buropucramaam CTC cxkaany
0,5% Si + 0,5% B + 59% BK6 + 40% Baseniu is Wp=0,52, 1,30 i 2,60 I:x (rpa-
dikum 1, 21i 3 BigmoBiguo); x400.

Fig. 3. Microstructures (a, 6, 8) and distribution of microhardness (2) along
the depth of the surface layer of steel 45 after ESA with a nichrome (X20H80)
tool electrode using STE composition 0.5% Si+ 0.5% B + 59% BK6 + 40% Vase-
line) at Wp=0.52,1.30 and 2.60 J (graphs I, 2 and 3, respectively); x400.

py kputi 45 micasa ELJI erexTpomoo-iHCTPYMEHTOM 3 HiXpoMy MapKu
X20H80 3 Buropuctanaam CTC ckaaxy 5% Si+ 5% B+ 90% Baseurin, a
TAKOXK PO3IOAiJ MiKkpoTBepmocTu (puc. 2, 2) o TJIMOUHI TOBEPXHEBOTO
mapy is Wp=0,52, 1,301 2,60 [I:x.

Ha pucynkax 3, a, 6, 8 TIOKa3aHO MiKPOCTPYKTYPH IIOBEPXHEBOTO
miapy Kpuii4d micas eJeKTpPOoiCKpPOBOro Jier'yBaHHS eJeKTPOLOIo-
incTpymenTom 3 Hixpomy Mmapku X20H80 3 sukopucranaam CTC ckia-
oy 0,5% Si+0,5% B +59% BK6 +40% Basesin, a pos3momis MiKpoTBep-
IocTu 1o rymbuHi moBepxHeBoro 1mapy is Wp=0,52, 1,301 2,60 [I»x Ha
puc. 3, 2z (rpadiku 1, 2i 3 BimmoBigHo).

Ha pucyuky 4, a, 6, 8 IoKa3aHO MiKPOCTPYKTYPU IIOBEPXHEBOrO IIIa-
Py Kpuii 45 1micada eJeKTpPOiCKpPOBOro JIETYBaHHSA eJeKTPO0I0-
imctpymenTom 3 TBepgoro crony BK6 3 Bukopucramaam CTC
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Puc. 4. Mikpoctpykrypu (a, 0, 8) Ta po3mnoaig MikporsepmocTu (2) Mo rauduHi
IIOBEPXHEBOTO MIapy Kpuili 45 miciid eIeKTPOiCKPOBOTO JIEr'yBaHHSA €JIEKTPO-
nIoio-iHcTpymenToM 3 TBepmoro cromy BK6 3 Bukopumcranmam CTC ckiaamy
0,5% Si+0,5% B + 2% Cr + 7% Ni + 90% Bageuin i3 Wp=0,52, 1,30 i 2,60 I
(rpadixm 1, 21i 3 Binmosiguo); x400.

Fig. 4. Microstructures (a, 6, 8) and distribution of microhardness (2) along
the depth of the surface layer of steel 45 after ESA with a hard BK6 alloy tool
electrode using STE composition 0.5% Si+ 0.5% B +2% Cr + 7% Ni +90% Vase-
line at Wp=0.52, 1.30 and 2.60 J (graphs I, 2 and 3, respectively); x400.

0,5% Si+0,5% B+ 2% Cr + 7% Ni +90% Basemniu, a Hma puc.4, 2 — poas-
ORI MiKpPOTBEpPAOCTH IO TJIMOWHI ImoBepxHeBOro mapy iz Wp=0,52,
1,301 2,60 I:x (rpadikm 1, 21i 3 BizmoBigHO).

B rabauinax 2 i 3 mpeacTaBIeHo Pe3yIbTaTH PO3MOLLIY MiKPOTBEPIOC-
TH B NOBEPXHEBOMY ITapi Kpuili 45 3a JaHUMU MipAHL i3 KPOKOM
=~ 20 MKM y Mipy moraubJeHHS 3 ITOBEPXHIi Ta mapaMeTpu SKOCTHM: TOBIITH-
Ha Ta Ha#biJbIlla MiKPOTBEPAiCTE «0isoro mapy» i mepexiguoi (mudysiii-
HO1) 30HH, MIIePCTKiCTh ITIOBEPXHi Ta CYIiMbHICTHL HAHECEHOTr'0 ITIOKPUTTS.

Byso npoBemeno aHamidy MiKpocTPyKTyp (puc. 2—4), po3momiay Mik-
poTtBepmocTu (TabJi. 2) i mapaMeTpiB AKOCTH IOBEPXHEBOTO ITIapy 3PasKiB
Kpuri 45 (taba. 3) micas ElJI 3a emepriii po3psany Ta IPOIYKTUBHOCTHU
ariguo 3 Tabis. 1 exeKTpogaMu-iHCTPYMEHTaMU, BUTOTOBJIIEHNMHU 3 HiXPO-
my X20H80 i TBepmoro crony BK6 3 Bukopucranusam CTC.
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TABJINIA 2. PegyspTaTy [IOPOMETPUYHOL aHAII3Y IOBEPXHEBUX IIapiB Kputii 45.

TABLE 2. Results of durometry analysis of steel 45 surface layers.

' m Posmogin mikporsepmoctu (H ) y HOBEpXHEBOMY Itapi
§ g X i3 KpoKOM BuMiproBaHHA = 20 MKM
2 HEY
B8
ERSE 20 40 60 80 100 | 120 | 140 |160
g FE
EIJI mixpom X20HS80

0,52 1,0 8100+20 5200+20 3500+20 2850+20
1,30 1,5 10200+20 7600+50 5100+50 3300+£50 275050
2,60 2,0 1150050 8050+50 5300+£50 3600+50 3100+50 2800+50
EIJI mixpom X20HS80
0,52 1,0 9300+20 5300+£50 3600+50 2850+50 2800+50
1,30 1,5 10600+20 7700+50 5200+50 3450+50 3200+50 2750450
2,60 2,0 12100+20 9650+50 5350+50 3650+50 3300+50 2900+50 2800+50
ELJI BK6
0,52 1,0 9750+20 6100+£50 3700+50 3200+50 2800+50
1,30 1,5 11800+20 6700150 5300+50 3550+50 2900+50 2750+50
2,60 2,0 12800+20 6800+50 5450+50 3700+50 3100+50 3000+50 2850+50

TABJINIA 3. ITapamerpu sKOCTH IOBepxHEBUX ImmapiB kpuni 45 micaa EIJI
enexTpomamu-incrpymerntamu 1M ta 90% BK6 + 10% 1M, BuroroBieHuMu Me-
TOZOM IOPOIIKOBOI MeTasyprii, a takox 3 Hixpomy X20HS80 i TBepmoro cromy
BEK6 3 Bukopucranusam CTC.

TABLE 3. Quality parameters of the steel 45 surface layers after ESA with
electrodes using tools of 1M and 90% BK6 + 10% 1M made by the method of
powder metallurgy, as well as made of nichrome X20H80 and hard BK6 alloy
using STE.

% TopmHa Makcumambna| s | 8
= é L > | wmikporsep- | & E
=] 8 nmicts, MIIa CE' %‘
m
§ E x CKJ1af CIIeIiAJILHOI'0 = N = é = o
.é‘ ENE TeXHOJIOTiYHOI0 CepeoBHINa é % 5 5 g % 55 g § 3
2[R £8| 88 55 |48| & |£
ﬁ = v Ol:) v 0:9 E §
ELJI1M*

0,42 1,0 - ITo 5520-30 8350 5500 3,1 60
0,42 1,0 - o 3020-30 14200 7500 3,2 80
EIJI mixpom X20HS80
0,52 1,0 5% Si+ 5% B+ 90% Bazeniu 20 30 8100 5200 3,5 90
1,30 1,5 5% Si+ 5% B+ 90% Baseiin 35 40 10200 6300 4,3 80

-
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ITpodoswennus TABJIHIII 3.
Continuation of TABLE 3.

2,60 2,0 5% Si+ 5% B+ 90% Basenin 50 50 11500 6800 6,1 70
EIJI mixpom X20HS80
0,5% Si+0,5% B + 59% BK6 +

0,52 1,0 , . 20 35 9300 5600 3,5 90
40% Bazesin

1,30 1,5 0:5%8i+0,5%B+59%BK6+ 5 45 10600 6400 4,7 80
40 Basesin

2,60 2,0 0:°%S1+0,5%B+59%BK6+ o5 55 19100 6800 6,5 70
40 Basesin

ELJI BK6
0,52 1,0 1:0%81+0,5% B+2%Cr+T% N o5 45 9750 6100 3,3 95

i+90% Bagzein
0,5%8Si+0,5%B+2%Cr+ 7%N
i+90% Bagzein
0,5%8Si+0,5%B+2%Cr+ 7%N
i+90% Bagzein

1,30 1,5 50 55 11800 6700 4,2 85

2,60 2,0 65 70 12800 6800 5,9 70

¥ — eJIeKTPOJU-IHCTPYMEHTH, BUTOTOBJIEHI MeTOLOM IIOPOIIKOBOI METAIypPrii.

IloxkpurTa y Mipy moraubJjeHHS CKJIaZalOThHCA 3 TPHOX MiJIAHOK: «Oi-
JUH map», mepexigHa 30Ha i1 OCHOBHUY MeTaJl.

MikpoTBepaicTh Ha JiMTAHKAX, AKI MAKCHIMAaJIbHO OJM3LKI J0 IMOBEPX-
Hi, y Mipy moryin0JjeHHA IOBLILHO 3MEHITYETHCSA TA MIEPEXOIUTh Y MiK-
POTBEpPAiCTh OCHOBHOTrO MeTady (auB. Tabu. 2). 3i 36iIbIIIeHHAM eHeprii
PO3PALY 3POCTAIOTh TOBIIMHI «0ijIoro Imapy» Ta IepexigHoi 30Hi, a Ta-
KOK MiKPOTBEPAIiCTH i MIEPCTKiCTh MOBEPXHi, ajle CYyIMiJbHICTh 3MEHIITY -
eTbcsa (guB. Taba. 3).

Ha pucyury 5, a, 6, 6 moKkasaHo MiKpPOCTPYKTYPHU IIOBEPXHEBOrO IIIa-
py xpuiri P6M5 micaa EIJI ereKTpomoo0-iHCTPYyMEHTOM 3 HiXpoMy Map-
ku X20HS80 3 sukopuctanuaam CTC ckaany 5% Si + 5% B + 90% Bazemin.
Posmominm wikporBepmocTu 1o TauOMHI IIOBEPXHEBOTO IIapy i3
Wp=0,52, 1,30 i 2,60 [k 1mpexcraBjieHO Ha puc.bh, ea.

Ha pucyury 6, a, 6, 8 IoOKa3saHO MiKpPOCTPYKTYPH IIOBEPXHEBOT0 IIapy
P6M5 1micis eIeKTPOiCKPOBOro JIeI'YBaHHSA eJIeKTPOI0I0-iHCTPYMEHTOM 3
Hixpomy wmapku X20H80 3 Buropucrammam CTC cxiaamy
0,5% Si +0,5% B + 59% BK6 + 40% Bazesin.

Posmomin wMikporBepmocT 1m0 TJaMOMHI IIOBEPXHEBOrO Iapy i3
Wp=0,52,1,30i 2,60 [I:x (rpadirm 1, 21i 3 BimmoBigHo) 1uB. Ha puc. 6, 2.

MikpocTpyKTypu moBepxHeBoro mapy P6M5 micaa EIJI erexTpomoro-
inctpymenTom 3 TBepmoro crormry BK6 3 Buropucrammam CTC ckiaamy
0,5% Si+0,5% B+ 2% Cr + 7% Ni + 90% Basejin gus. Ha puc. 7, a, 0, 8.

Posmominm mixkporBepmocTy 1o TJIMOMWHI ITIOBEpXHEBOTO Iapy i3
Wp=0,52, 1,30 i 2,60 I:x (rpadikm 1, 2 i 3 BigmoBimHO) AmMB. Ha
puc. 7, 2.
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Puc. 5. Mikpoctpykrypu (a, 6, 8) i posnoain mikporeepgocTu (2) mo rambuHi
moBepxHEBOTO mapy kpuii P6MbS micia eeKTpOicKpOBOro Jer'yBaHHSA €JIeKT-
poxpoto-iHcTpyMmernToM 3 Hixpomy (X20HS80) 3 Bukopucramuam CTC ckimamy
5% Si+ 5% B + 90% Bageuin i3 Wp=0,52, 1,301 2,60 H:x (rpadiku 1, 21i 3 Bix-
moBigmo); x400.

Fig. 5. Microstructures (a, 6, 8) and distribution of microhardness (2) along the
depth of the surface layer of steel P6M5 after ESA with a nichrome (X20H80)
electrode-tool using STE composition 5% Si+5% B+90% Vaseline at
Wp=0.52,1.30and 2.60 J (graphs 1, 2and 3, respectively); x400.

Byno mpoaHaizoBaHO MiKpPOCTPYKTYpH, 300pakeHi Ha puc. 5—7, a
TaKOoK PO3IOAia MiKpoTBepmocTu (HuB. Tabi. 4) i mapamMeTpiB SKOCTHU
IIOBEPXHEBOTO MIapy 3paskiB Kpuri P6M) (zuB. TabJ. 5) micas exexTpo-
iCKpoOBOTO Jer'yBaHHS 3a €HEPTill po3pAAy Ta IPOAYKTUBHOCTU 3TiTHO 3
manmuMu Tabs. 1 Ta ejleKTpodaMu-iHCTPYMEHTaMHW, BUTOTOBJIEHUMU 3
"Hixpomy X20H80 i TBepmoro crorry BK6 3 Bukopucrarnuam CTC.

ITokasamo, IT0 TOKPUTTSA Y Mipy IMOTJIMOJEHHA CKJIANAIOTHLCA 3 TPHOX
TiAHOK: «Oinii map», mepexigHa 30HA I OCHOBHUI MeTAaJ.

MikpoTrBepaicTh, AKa € MaKCUMAaJIbHOIO OJIMKUe IO IIOBEPXHi, Yy Mipy
OTJINOJIEHHA TOBiJILHO 3MEHITYETHCA Ta IePEXOAUTH Y MiKPOTBEPIiCTD
OCHOBHOTr0 MeTaay (guB. Tab. 4).

3i 36iJabIIeHHAM eHeprii po3pAmay 3pocTaloTh TOBIIMHA «0ijoro Ima-
py» Ta mepexifHOI 30HU, a TAKOXK MiKPOTBEPAIiCTh i IMIEPCTKICTh MOBEP-
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Puc. 6. MikpoctpyKkTypu (a, 0, 8) Ta pO3IOAia MiKpoTBepaocTu (2) Mo TanOuHi
IMoBepxXHEBOTO mapy kpuri P6MbS micia esleKTpoicKpOBOTO JeI'yBaHHSA €JIEeKT-
poxpoto-iHcTpymernToM 3 Hixpomy (X20HS80) 3 Bukopucramuaam CTC ckimamy
0,5% Si+ 0,5% B + 2% Cr+7% Ni + 90% Basenin i3 Wp=0,52, 1,30 i 2,60 I
(rpadixm 1, 2i 3 Binnorinuo); x400.

Fig. 6. Microstructures (a, 6, 8) and distribution of microhardness (2) along the
depth of the surface layer of steel P6M5 after ESA with a nichrome (X20H80)
tool electrode with wusing STE composition 0.5%Si+0.5% B+2%Cr+

7%Ni+90% Vaseline at Wp=0.52, 1.30 and 2.60 J (graphs 1, 2 and 3, respec-
tively); x400.

XHi, ajie CyIiJbHIiCTb 3MeHITyeThCA (AUB. TabJI. 5).

5. BUCHOBRH

1. Po3po6Jeso HOBUIL cIIoci0 (pOpMYyBaHHSA 3aXMCHUX MOKPUTTIB JeTaiB
i3 KpuIb, 110 IPAIIOIOThL B YMOBaX a0paswBHOIO 3HOIITYBAaHHA, AK B 3a-
raabHOMY MamnHoOyayBauui ckiaany 90% BK6 + 10% 1M, Ttak i Ha Bu-
poOHUIITBAX, Je MOoxKe OyTH pafidmiiime ompomiHooBaHHa — 1M
(70% Ni, 20% Cr, 5% Si, 5% B).

2.Cnoci6 mosgarae y HaHmeceHHi iX MeTOZOM eJIeKTPOiCKPOBOTO Jiery-
BAaHHA KOMIIAKTHHMU eJeKTPOJaMU-iHCTPYMEHTaM1 3 HiXpPOMOBOIO
apory X20HS80 i tBepmoro crony BK6 Ta BUKOpPHUCTAHHS CHEIiAJILHUIX
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Puc. 7. Mikpoctpykrypu (a, 0, 8) Ta po3mnonig MikporsepmocTu (2) Mo rauduHi
IMoBepxXHEBOTO mapy kpuri P6MbS micia esleKTpOicKpOBOTO JIeI'yBaHHSA €JIE€KT-
poxoto-iHcTpyMernTOM 3 TBepaoro crony BK6 3 Buxopucranuam CTC ckimanmy
0,5% Si + 0,5% B + 2% Cr+7% Ni + 90% Baseniun iz Wp=0,52, 1,30 i 2,60 [Ix
(rpadixm 1, 2i 3 Binnorinuo); x400.

Fig. 7. Microstructures (a, 6, 8) and distribution of microhardness (2) along the
depth of the surface layer of P6M5 steel after ESA with a hard BK6 alloy elec-
trode tool with using STE composition 0.5% Si+ 0.5% B + 2% Cr+ 7% Ni+90%
Vaseline at Wp=0.52, 1.30 and 2.60 J (graphs 1, 2 and 3, respectively); x400.

TEeXHOJIOTIiUHUX CEePEemOBUII], B CKJAL AKNX BXOAATh HEOOXimHI JieryBa-
JbHi eJIEeMeHTH.

2. IToBepxuesi mapu Kpunb 45 i P6M) miciia HaHeceHHA 3HOCOCTIHKUX
IMIOKPUTTIiB MAlOTh CTPYKTYPY, IO CKJIATAETHCA 3 TPHOX AiJIAHOK: 3BEPXY
— «binuii map» , HUMKYe — MepexXigHa 30Ha i1 OCHOBHUM MeTaJ.

3. K110 30iMBIITYIOTE €HEPTiio PO3PALY, TO 3POCTAIOTHL TOBIIUHM «0iJI0-
ro IIapy» Ta MepexiiHol 30Hi, a TAKOK 3POCTAIOTh MiKPOTBEPAIiCTD i II1e-
PCTKiCTB ITOBEPXHIi, aJjie CYIiJbHIiCTh BMEHITYETHCA.

4. HatiBunry mikporBepaicts ¥ 9750-12800 MIIa i 14250-14600 MIla
MalOTh IIOKPUTTS, chopmMoBaHi Ha Kpumax 45 i P6Mb Biamosimmo 3a
eJIEKTPOiCKPOBOTO JeryBaHHA KOMIIaK THUMU eJIeKTPOIaMI-
imctpymenramu 3 TBepgoro cromy BK6 i CTC  cxmanmy
0,5% Si+0,5% B+ 2% Cr + 7% Ni + 90% BaszeJris.
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TABJINIA 4. PesysibTaTul ZIODOMETPUYHOI aHAII3Y TOBEPXHEBUX IIAPiB KPU-
ui P6M5.

TABLE 4. Results of durometry analysis of steel P6M5 surface layers.

o Posmogin mikporsepgoctu (H|l) B 1OBEpXHEBOMY ITIapi
é >~ i3 kpoxom BuMipoBaHHA = 20 MKM

0
28
S|
® | E 20 40 60 80 100 120 140 |160
&g
8| &
R
=

ElJl mixpom X20HS80

0,521,0 12500+20 8200+ 20 3000+ 20 2750+ 20
1,30 1,5 12800+ 20 8600+ 50 6100+ 50 3300+ 50 2800+ 50
2,60 2,0 13300+ 50 9050+ 50 6300+ 50 3500+ 50 3000+ 50 2800+ 50
ElJl mixpom X20HS80
0,521,0 12600+ 20 8300+ 50 3500+ 50 3050+50 2800+ 50
1,30 1,5 12900+ 20 8800+ 50 6200+ 50 3400+ 50 3000+ 50 2750+ 50
2,60 2,0 13500120 9850+ 50 6350+ 50 3650+ 50 3200+ 50 2900+ 50 2800+ 50
EIJIBK6
0,521,0 14250+ 20 8450+ 50 3550+ 50 3200+ 50 2800+ 50
1,30 1,5 14400+ 20 9700+ 50 6300+ 50 3550+ 50 2900+ 50 2750+ 50
2,60 2,0 14600+20 9950+ 50 6550+ 50 3700+ 50 3200+ 50 3000+ 50 2850+ 50
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TABJUIIA 5. [Tapamerpu AKOCTH OBepxHeBUX miapiB kKpuini P6M5 micasa
€JIeKTPOIiCKPOBOTO  JIer'yBaHHA  eJIeKTpojaMu-iHcTpymeHTamu 1M Ta
90% BK6 +10% 1M, BUTOTOBIEHUMM METOJOM IIOPOIIIKOBOI MeTasyprii, a ra-
Kok 3 Hixpomy X20H80 i TBepmoro crony BK6 3 Bukopucranuam CTC.

TABLE 5. Parameters of the steel P6M5 surface layers quality after ESA with
electrodes using tools of 1M and 90% BK6 + 10% 1M made by the method of
powder metallurgy, as well as made of nichrome X20H80 and hard BK6 alloy
using STE.

m ~
g | & Ma%ccnmaﬂbﬂa s | &
= ‘E Toiﬂl{;ma’ MIKpOTBeEp- ; E
L] :
B % nmicts, MIIa - %
E‘ -S CxJian crerri & : & : CE 8
& 8 Il CIIeIiAIbHOTO & | & | é RS
% E TeXHOJIOTiYHOTO CepeJOBUITA g gg = gg 3 %
22 4% 5 8% 8|2
£ LR ALEEY
ELIM
0,42 1,0 _ 040 20-30 11500 7500 3,3 90
ELII90% BK6 + 10% 1M
0,42 1,0 _ Mo25 20 14200 8500 3,1 85
ElJl mixpom X20HS80
0,521,0 5%Si+5%B+90%sasemin 20 30 12500 8200 2,8 90
1.30 1.5  5%8Si+5%B+90%saserin 35 40 12800 8300 3.7 85
2,60 2.0 5%Si+5%B+90%saseriz 50 50 13300 8550 5.3 80
EIJI mixpom X20HS80
0 3 0
0,521,0 0-5%8i+0,5%B+59%BK6+ o5 g5 19600 8300 3,0 90
40 Basesin
0 3 0 0
1,30 1,5 P51 00008 BABRG g9 45 12000 8800 4,1 85
Ba3eJIlH
0 3 0 0
2,60 2,0 0’54’8”2654’]3*.59”’]31{6* 60 55 13500 8900 5,7 80
Ba3eJIlH
ELII BK6
0,52 1,0 907681+ 0,0%B+2%Cr+ T%Ni+ g5 45 14950 8450 3,1 95
90% Basesin
0 3 0 0 0 3
1,30 1,5 007081+ 0,0%B+2%Cr+ NI+ 6 55 14400 8900 4,2 85
90% Basesin
0 3 0 0 0 3
2,60 2,0 OBWSIHOSUB+UCT+ TUNI+ o 70 14600 1015 59 g
90% Basesin 0

¥ — eJIeKTPOJU-IHCTPYMEHTH!, BUTOTOBJIEHI MeTOLOM IIOPOIIKOBOI METAIyPrii.
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JlocBix BHUPpOOHUIITBA rapsAYeKaTaHOTO IIPOKATY TOBIIUHOIO 5 MM
3 BUCOKOMiIfHOI Mapku Kpuii Tuny 32NiCrMoV9

O.T. Kypme, B. B. Kyxap®

Inxcunipunzosa komnauii « Memingecm Inicunipume»,
eya. Knaza Apocaasa Mydpozo, 53,
49000 quinpo, Yrkpaina
“Texniunuil ynisepcumem «Memineecm ITonimexnika»,
ey.a. ITiedenne woce, 80,
69008 3anopixcics, Ykpaina

Meroto mocaimsKeHHA € BUTOTOBJIEHHS MOCIiAHOI mapTii pyJIOHHOTrO Ta JIUCTO-
BOTO IPOKaTy poamipamMu y 5x1500 MM 3 BHUCOKOMIITHOI MapKu KPHUIIi TUITY
32NiCrMoV9 B ymoBax, oOMeKeHUX XapaKTEePUCTUKAMU HAABHOTO YCTATKY-
BaHHS NPOKATHUX CTaHiB. B po0OTi BUKOHAHO aHAJIi3y, BUBHAUYEHO TEXHOJIOTI-
YHY CXeMYy BUPOOHUIITBA JUCTOBOI'O IIPOKATY Ta 34iCHEHO IIEPEBipKY TexHiu-
HUX MOMKJIUBOCTEH yCTaTKyBaHHs. 3alPOIIOHOBAHO CXeMY BUPOOHUIITBA JIHC-
TOBOTO TIPOKATY, AKA BKJIOUAE TOIEPEAHI0 MPOKATKY 0€3MePEePBHOIUTUX CJIA-
6iB Ha ToBcTONMHMCTOBOMY cTaHi 3600 3 omep:KaHHAM KaTAHOTO CJIAO0Y TOBIITH-
HOI0 y 130 MM, mpokaTKy pysoHiB Ha crani 1700, BigmasroBaHHS y KOBIAKO-
BUX IIeYaX, PO3Pi3aHHA Ha JUCTHU Ha arperari momepevHoi mopisKku. 3 BUKOPU-
CTaHHAM METOJiB MaTeMaTUYHOTO MOMEJNIOBAHHA PO3POOJIEHO TEeXHOJOTiuHi
peKoMeHaIii 3 BUPOOHUIITBA PYJIOHIB 3 BMCOKOMIITHOI MapKW KPHUIll TUIY
32NiCrMoV9 na crani 1700, axi BKIIOUaIOTH TEMIIEPATYPHO-AedopMaLiiHUT,
ITBUAKICHUY PEXXUMY IPOKATKY Ta CIPAMOBAaHI Ha 3a0e3neueHHs tinmux 0a-
JIICTUYHUX Pe3yJIbTATiB KiHIIEBOTO IPOAYKTY, 10 € ycIaaKoBaHUMU. Buroro-
BJIEHO JOCJiZHY HapTii0 PYJIOHHOIO IPOKATy B YyMOBaX IIHPOKOIITAO0BOTO
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crany 1700. BeramoBieHo, 1o mpoiiec mpokaTku Ha ctadi 1700 cympoBomxy-
€ThCA MiABUIIEHNM PiBHEM HaBaHTAKEHb Ha T'OJIOBHI JBUTYHU YOPHOBOI rpymnu
KJIiTell 3 TOTPMMAHHAM BCTAHOBJEHUX OOMEKEHb MO CUJi MPOKATKHU. 3a pe-
3yJIbTaTaMV MEXaHIYHWX BUIPOOyBaHb BH3HAYEHO, IO IIicJiA BigmasioBaHHA
PyJIOHIB piBeHB TBepmocTu BucOKoMimHOI mMapku kKpumni tuny 32NiCrMoV9
MOHU3UBCA A0 piBHA 22—24 HRC, AKWHA € HMIKYUM 3a TBEPAICTL HOMXKIB Ta
YMOSKJINBJIIOE BUKOHATH PO3pPisaHHA HA JucTu posMmipamu y 5x1500x6000 mm
Ha HaABHOMY ar'perari nmonepeusoi mopisku. IIpaBKy mrabu 3 BUCOKUM PiBHEM
TPaHUIL NJIUHHOCTY Ta TUMYACOBOTO OIIOPY ITicjd BiAnaaiOBaHHA 3iHICHEHO 31
30iJIBITIEHOI0 KiIbKiCTIO TPOoXOomiB 10 7—9 Ta, BiAMOBiAHO, 3MEHITIEHUMY HaBa-
HTAKEeHHIMU.

KarouoBi ciioBa: BUCOKOMIITHI KPUITi, MOZETIOBAHHS PEIKUMY IMIPOKATKHU, M-
poxoITaboBUi CTaH, rapAYa IPOKaTKa PYJIOHIB, MeXaHiuHi BJaCTUBOCTI.

The aim of the study is the production of the experimental lot of coil and plate
rolled products with dimensions of 5x1500 mm of high-strength steel of grade
type 32NiCrMoV9 in the conditions by means of the available rolling mill
equipment. In the work, the technological analysis is carried out, the techno-
logical scheme of plate production is defined, and the verification of equipment
technical capabilities is carried out. The production scheme of plate products is
proposed and includes preliminary rolling of continuous casting slabs at the
plate rolling mill 3600 with obtaining of 130 mm thickness rolled slabs, rolling
of coils at the strip mill 1700, annealing in the hood type furnaces, and cutting
by plates at the crosscutting machine. Applying mathematical modelling
methods, the technological recommendations are developed for coils’ produc-
tion from high-strength steel of grade type 32NiCrMoV9 at the rolling mill
1700 that includes temperature—deformation and speed-rolling schedules
aimed at providing inherited better ballistic results of the final product. The
experimental lot of coils is produced in the conditions of strip rolling mill
1700. As defined, the rolling process at the rolling mill 1700 is accompanied by
the increased loading level on the main engines in roughing stands, while com-
plying with defined limits of rolling force. The mechanical-tests’ results have
determined that, after coil annealing, the hardness level of high-strength steel
of grade type 32NiCrMoV9 is decreased to 22—-24 HRC that is lower than
blades’ hardness and allows to cut on plates with dimensions of 5x1500x6000
mm at the available cross-cutting machine. Levelling of plates with high levels
of yield and tensile strength after annealing is performed with passes quantity
increased up to 7-9, and force is decreased accordingly.

Key words: high-strength steel grades, mathematical modelling of rolling
schedules, strip mill, hot rolling of coils, mechanical properties.

(Ompumano 25 keimnsa 2023 p.; ocmamoun. éapianm — 8 mpaeua 2023 p.)

1. BCTYII

HeBrnmHHUN PO3BUTOK TEXHOJIOTIH i IIONUT HA IIPOKATHY IIPOAYKIIiIO He-
00XigHOI AKOCTH YacOM BHUIIEPEAsKae MOJKJIMBOCTI HASIBHOTO YCTATKY-
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BaHHA. Taka TeHaeHIIia 3a0e3euye Oe3nmepepBHUI PO3BUTOK i MOJAIE-
IITe BAJOCKOHAJIEHHS YCTaTKYBAHHS, a B 00MEKeHNX YMOBAX BUPOOHUIIT-
Ba PO3BUBAE HAYKOBY AYMKY I YMOXKJIUBJIIOE HOCATTH HeoOXimHOI Tex-
Hiugoi Meru. B mporeci po3pobKM TEXHOJOTIYHMX PeKOMEHAAIlill 3
OCBOEHHS BUPOOHUIITBA TapauYeKaTaHOTO JHUCTOBOTO IIPOKATY TOBIIIM-
HOIO0 V 5 MM 3 BucoKkoMitHoi mapku kpuri Tury 32NiCrMoV9 B ymoBax
MK «AszoBctans» i MMEK «Imeni Inriua» ocHOBHUMY ITpo0jieMaMu € BH-
0ip cxeMu BUPOOHUIITBA KiHIEBOTO JHMCTOBOTO IPOKATY, BU3HAUCHHS
YMOB TE€XHOJIOTiUYHOTO IIPOIleCy, AKi 3a0e3MMeuyIoTh YCIaIKOBaHy AKiCTh
IPOKATY Ta KiHIIeBOTO BUPOOY, OI[iHKA TeXHIiUHMX MOKJINBOCTEH yCTaT-
KyBaHHA, 3aiTHOTO Y TEeXHOJOTiuHIA cxemi, 3 ypaxyBaHHAM MexaHid-
HUX BJIACTUBOCTEI, AKNX HaOyBae 1A KPUILA B IpoIleci 00pobaIeHH.

2. AHAJVIISA JIITEPATYPHUX JAHUX

KinpkicTh BITUMBHAHUX MOCTiMKeHb BHCOKOMIITHUX KPHUIb Yy IIOPiB-
HAHHI 3 iHIIUMU KPUIAMU € JOCTATHLO OOMEKeHOI0. ¥ CBiTOBil IIpaK-
TUIi AJIsI BUPOOHUIITBA IPOAYKILii, 10 BUMAarae BMCOKOI MiITHOCTH, IIO-
I PEHO BUKOPUCTOBYIOTHCA KpHuIli cepil Armox, Hardox Ta immri, cepen
AKUX CJiL BigsHaumTu Taki Mapxu Kpuiri, ax Armox 500T, Armox
600T, Armox Advance, Hardox 450 [1-5]. IIi mapKku Kpuili MOKHAa
BBasKaTU aHaJoraMi BiTUM3HAHOI BHCOKOMIITHOI MapKU KPHUIL TUITY
32NiCrMoV9.

ITornubiieHe BUBUEHHS BHCOKOMIITHMX KPHUIlh 3a3BUYAMl CYIPOBO-
IKYETBCA OATICTUUHNMU SOCTiMKeHHAMY, [0 YMOMKJINBIIIOE BU3SHAYN-
TH KiHITeBe 3aCTOCYBAHHA iX i PO3POOUTH 3aX0AU JAJIs MOJIIIIIIIeHH BJa-
CTHUBOCTEHN Ha cTamii BUPOOHUIITBA, TOOTO Mig uac HmPOKaATKM abo Ky-
Bauudg [2]. 3okpema, aBTopu poboTH [6] TUITYyTh IPO HEOOXiTHICTE Ofe-
psKaHHS APiOHO3ePHUCTOI CTPYKTYPHU i YHUKAHHA 3aJIUIIKIiB JUTOI JeH-
IPUTHOI CTPYKTYPH, IO MOMKJINBO 3POOUTH 3a JOIOMOIOI0 KepyBaHHSI
medopmartiero. Omep:xadia Kpalqux OATiCTUUYHNX Pe3yJabTaTiB, IIOMIiMK
iHmux, Ha OyMKY aBTOpiB [6], BimOyBaeThcsa 3a piBHOMipHOTO 3arapry-
BaHHS Ta PiBHOMipHOI TBepAOCTH MeTaJ y. PiBHOMipHICTH IMMX BJIACTH-
BOCTel € yCcIIaJiIKOBaHOIO Bi/l pPiBHOMipHOCTHU CTPYKTYPU Ta BJIACTUBOCTEMN
BUXimHOTO IpoKaTy. Tako:k B poboTi [6] aKIleHTyeThCA yBara Ha BaiK-
JIMBOCTi omep:KaHHSA HEeoOXimHOI TEKCTypU Ta CTPYKTYPH HMPOKAaTy, MO-
JKJINBO, 3a IOIIOMOT'0I0 IOTIePeYHOI ITPOKATKH.

TaxkuM umHOM, Ha IIificTaBi aHaAJiI3W HOCTiM)KeHb MOKHA 3a3HAUUTH
HASABHICTh 3B’A3KY MisK TeXHOJOTIUHMMH HapaMeTpaMHu IIPOIecy IIPo-
KaTKU SIK OJHOI'O i3 IIPOIleciB, IO 3aKJIaZa€ OCHOBHU JJIs BJaCTUBOCTEH
IPOAYKTY KiHIIeBOTO HMPU3HAUEHHS Ta pe3yJbTaTaMU 0aJiCTUUYHUX BHU-
IpoO0yBaHb.

MogenoBaHHA IPOIECY IIPOKATKM € i€BUM iHCTPYMEHTOM, SIKHUK
YMOKJIUBIIIOE OIIIHUTYU MOKJIMBOCTI HASBHOTO YCTATKYBAaHHA, 3 ypaxy-
BaHHAM 3a0e3meueHHS HEOOXiTHMX YMOB TEXHOJOTIUHOTO IIPOIeCy Ta
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BJIACTUBOCTEM KPUIli, AKa 00p00IsgeThesa. ¥ CBiTOBOMY JOCBifi IIpaKTH-
Ka OOCJIAKEeHHS TeXHOJIOTIUYHUX ITPOIIECiB IIPOKATKY € IOINNPEHOI0 Ta
BUKOPUCTOBYETHCSA AJIS BEJINKOTO IIEPeJiKy MapoK KPHIh Pi3HOMAaHIT-
Horo mpusHauveHHdA [7—14]. KomiiexkcHe mOCHimMKeHHs IIpoliecy IIPo-
KaTKWU, IO CKJIAaJA€ThCA 3 JeK1IbKOX cTajill, TepMOOOPOOIEeHHS Ta PO3-
pidaHHA BUCOKOMIITHUX KPUIIb B YMOBaxXx HadBHOTO yCTaTKYBaHHS BiT-
YUBHAHUX METANyPrifiHuX HiAIPUEMCTB € OKPEeMUM IIMTaHHAM i cTa-
BUTH HOBi BUKJIUKHU.

3. META TA 3ABITAHHSA JOCJLIKEHHS

MeTa IILOTO JOCTiIKEHHS IIOJIATA€ B OCBOEHHI BUPOOHUIITBA JHCTOBOTO
IPOKATY TOBIIMHOI y 5MM 3 BHCOKOMIITHOI MAapKM KPUIIL THUITY
32NiCrMoV9 B ymoBax migmpuemctB MK «AszoBcranb» i MMEK «Imemni
ILnaiga».

B nmawniit po6oTi HeoO0xigHO O0YJI0 OIIIHUTH MOXKJINBOCTI BUTOTOBJIEHH,
pospaxyBaTH YMOBUM BUPOOHUIITBA Ta BUPOOUTH AOCTiMHY IapTiio raps-
yeKaTaHUX PYJOHIB posmipamu y 5,0x1500 MM 3 BHCOKOMIIIHOI MapKu
kKpumi Tuny 32NiCrMoV9 B ymoBax mignpuemcTs MK «AszoBcTanb» i
MMEK «Imeni Lmniva» (m. Mapiymous).

4. MATEPIAJ TA METOJUKA TJOCJAILIAREHD

BupobuuiiTeo Bucokominuoi Mapku Kpuii tuimy 32NiCrMoV9 srigHo 3
pumoramu TY ¥V 27.1-14313056-001 6yso paHiiite 0CBOEHO B KOHBEpPTe-
puomy 1exy MK «AsoBcranb». Bumoru mo xeMiuHOro cKJIamy MapKu
kpumi tuny 32NiCrMoV9 nasemeno B TabJ. 1. g mopiBaaHEA B Tab. 1
HaBeJeHO XeMIiUHUY CKJIaJ KPUIlhb, IKi MOKHA PO3TJIANATH AK aHaJIOTH
mapku Kpuili Tuny 32NiCrMoV9. Kpuia posauBajiacsa B 6e3mepepBHO-
JUTi casa6u B JaHoMy BUIIaAKy ToBITUHOWO y 250 mm. [aui ciiabu 3a Bike
OCBOEHOI0O TE€XHOJIOTI€I0 IIPOKATYBAJINChL Yy TOBCTOJIMCTOBHH HPOKAT Ha
crani 3600. MinimasbHa TOBIITTHA ITPOKATY, 1110 BUPOOISAETHLCA HA ITLOMY
cTaHi, cTaHOBUTL 6 MM. TakuM YMHOM, BUPOOHUIITBO IPOKATY TOBIIIU-
HOIO ¥ 5 MM 3a BikKe HasBHOIO TEXHOJIOTI YHOIO CXE€MOI0 € HEMOKJIBUM.

B akocTi HacTyIrHOI cXeM1 BUPOOHUIITBA PO3TJISHYTO IepeKar ciaa0iB
Ha ctaHi 3000 MMK «Imewni Inmniva». MakcumMaibHa TOBIIMHA IPOKATY
Ha ctaui 3000 ckiaamae TakoxK 6 MM, IIT0 He BiIOBijlae BLUMOTaM 3aMOB-
JIeHHS.

AnbTepHATUBHUM BapisTHTOM TEeXHOJIOTIiUHOI cXeMU PO3TJISHYTO Ha-
CTYIIHY: BUPOOHUIITBO KaTaHUX cJjasa0iB Ha cTani 3600 MK «AsoBcTann»,
IajJi BUPOOHUIITBO pyJoHHOTO ImpokaTty Ha ctaHi 1700 MMK «Imeni
Innmiva» 3 pospisaHHAM Ha JHUCTH Ha arperari IIOIIEPEUYHOl IOPiBKM
(ycrarkyBanHsa ctany 1700 BinmoBizae ymoBam 2017 p., To6TO 40 pexo-
HCTPYKIIii 4YopHOBOI rpynu KJireit). [iroumii TeXHiUHUIT periaMeHT
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TABJINAIA 1. Bumoru 1o XxeMiuHOr0 CKJIaAy BUCOKOMIITHOI MapKy KPUILi TUITY
32NiCrMoV9.

TABLE 1. Requirements for the chemical composition of high-strength steel
grade 32NiCrMoV9.

Mapka KpH- Buicr xemiunux enemenris, %
ui C |Mn| si| s P |Cu|Cr|Ni|Mo| V]| T | A1| B
soNiCrnoya 2906120 | L ool 105+ | 2,0+ (0.45-00,18-0,005-0,015
oV 0.36] 1,0 (1,50 2 o U 2.0 | 2,4 0,55 0,250,025 | 0,050
Armox 500T_ 2. 1 90<0,40<0,003<0,010 <1,0<1,80<0,70 <0,005
(SSAB) =Y,94>1,aU=U,3U= U, =Y, =1,U>1,6U=Y, =Y,
Armox
600T/
Armox Ad- <0,47<1,00<0,70< 0,003< 0,010 <1,5 <3,0<0,70 <0,005
vance
(SSAB)
Hardox 450 ) ¢ 160<0,70<0,010<0,025 <1,40<1,50< 0,60 <0,005
(SSAB) =U,40>1,0U% U, (U= U, =Y, =14,3U> 1,9U% U, =Y,

crany 1700 yMOXKJIUBIIIOE BUPOOJIATH IPOKAT 3 HEOOXITHUMU pPo3Mipa-
mMu y 5x1510 mMm. BigKpuTuM DUTaHHAM 3aJUIITAETHLCA OI[iHKA TeXHiU-
HUX MOMKJINBOCTeH ycTaTKyBaHHA cTaHy 1700 3 BUpOOHUIITBA IPOKATY 3
PiBHEM MexXaHIYHMX BJIACTHUBOCTEH, SKi Mae BICOKOMIiIIHA MapKa KPUILi
tury 32NiCrMoV9.

BigmoBigHo mo TexmHoJsoriuHoro peraamenty crany 1700, 3 ypaxy-
BaHHAM HaBaHTaKeHHS Ha YCTATKYBAHHSA CTAHY AJIA BUPOOHUIITBA IPO-
KaTy 3 posMmipamu y 5x1510 MM ToBIHA ci1sa0y mae ctaHoBuTu 130 MM,
Taxum unaOM, Ha cTaHi 3600 3i cisa0y ToBiuEOIO v 250 MM 6yJI0 BUTO-
TOBJIEHO KaTaHU ¢jsa0 3 posmipamu y 130x1510 mm.

Caim sasmaumTH, 10 ycraTkyBanHA crany 1700 pospaxoBaHO Ha BU-
POGHUIITBO KPHUIIi 3 THUMUYACOBUM OIOPOM y XOJIOMHOMY CTaHi He 0iJb-
mum 3a 550 MIla. Mapka kpurti tuny 32NiCrMoV9 mae TumuacoBui
OIIip ITic/IA IIPOKATKM 3 IIPUPOSHIM OXOJIOMKEHHIM Ha IMOBiTpi Ha piBHI
1200 MIIa i Buime [15], 1m0 mepeBuIye HasaBHiI oomekenHa ctany 1700.
Hocmim:xenHsa aBTopiB podotu [15] mokasaiu, 110 MapKa KPUIli THUITY
32NiCrMoV9 e MmapTeHCUTHOrO KJIACY Ta B AiANAa30Hi TeMIlepaTyp raps-
Y0l IPOKATKM 3HAXOUTLCA B ayCTeHITHOMY cTaHi. MapTeHCUTHE IepeT-
BOPEHHA IJId I[iel MapKM KPHI[i BigOyBaeThCA B AiAMA30HI TeMIIepaTyp
350-150°C. TakuM dYMHOM, MiJf Yac IPOKATKH MapKa KPUIL THUITY
32NiCrMoV9 Moske MaTu HIKUNHN PiBeHb BJIaCTHUBOCTEI, 1110 JaCTh 3MO-
ry mpokaraT ii B ymoBax crany 1700.

Ha mizcrasi 1iporo, miasgxoM MOAEIIOBAHHS PO3POOJEHO PEeKUM IIPO-
KaTku (Tabi. 2) 3 ypaxyBaHHAM PeKOMEHIAIiN iHCTUTYTY-pPO3POOHUKA
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TABJINIA 2. Pekomengaii 3 pe:XuMy IPOKATKY PYJIOHIB 3 MAPKU KPUITi TH-

oy 32NiCrMoV9.
TABLE 2. Recommendations for the rolling schedules of coils of steel grade
32NiCrMoV9.
Tosrm- Crymine | Ileuz- Teumepary- Cuna
ITpoxar- . . |mamicaa . pa mepeq
. Ne goriTi medopma- |KicThb mpo- IIPOKAT-
HUU CTaH Ipoxony O/ IIpOXoaoM, MH
B, v mii, %  |[kaTKu, M/C oC KU,
3aroroBka 130x1510x4600
01 122 6,2 0,85 1280 7,35
1 90 26,2 1,26 1258 24,49
Hoprosa 2 64 28,9 1,36 1241 24,44
rpyIma cra-
"y 1700 3 48 25,0 1,78 1212 19,83
4 36 25,0 1,78 1182 19,27
4a 28 22,2 2,89 1132 19,38
5 19,3 31,1 1,36 1050 23,68
6 12,7 34,2 1,36 1029 23,81
Hucrosa 7 9,15 28,0 1,36 999 19,86
rpyIma cra-
my 1700 8 6,9 24,6 1,40 976 17,74
9 5,65 18,1 1,40 913 16,62
10 5,0 11,5 1,43 879 13,07

mapru Kputi Tuny 32NiCrMoV9 mo Temmieparypi HarpiBanHsA cas16iB 110
souax meui < 1290°C. Harpis 3xificHI0OBaBCs 3 XO0JOSHOIO IIOCAAy, TOOTO
Bixm 20°C.

IIim vac momeroBaHHA BpaXOBaHO peKoMeHgalii [ 7] cTocoBHO cTyIe-
Hs gedopmarii mig yac YopHOBOI MPOKATKHU Ha piBHI > 14% , 3a BUKJIIO-
yeHHAM KJiTi 01, AKi cipAMOBaHi HA MOJiNIIIeHHSI MeXaHIUHIX BJIACTH-
BOCTel i piBHOMipHiCTE PO3IIOAiIY iX IIO IIepepisy IpoKarTy.

Yepes Bucokuit piBeHs minmuocTu Mapku kKpuili Tuny 32NiCrMoV9
BCTaHOBJICHO, IT[0 IIPOKATKAa Oye 3ailicCHIOBaTUCA B YMOBAX IIiJBUIIIEHO-
ro HaBaHTa'KeHHA HA YCTATKYBaHHA, AKe IMiATBEePAKYETHCA pe3ybTa-
TaMH PO3PaxXyHKiB peskuMy npokatku (puc. 1, 2).

YMoBaMu PO3POOKH PEKUMY IIPOKATKY OYJIO JOTPUMAHHS CUJIN IIPO-
KaTKU 3a IIPOXOJAaMHU B AOIIYCTUMUX MeyKaxX. 3a JaHOTr'0 HiAXOAy MaJiu
Miclle TIepeBUINIEHHA PO3PaxXxOBaHOI IIOTYXKHOCTHA T'OJIOBHUX IBUTYHIB
Hag gomycTuMuM piBHeM. [lepeBuIlieHHA MOTYKHOCTH OYJIO OITiHEHO Ue-
pe3 KoedimieHT HaBaHTaKeHHA (IUB. puc. 1), AKUN y KIiTAX YOPHOBOIL
rpymu NeNe 1-4a cramosuTs Big 1,02 1o 2,35.
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Puc. 1. PesysnbsraTu pospaxyHKy H0OTpiOHOI moTy:xHOCTM NBUTYHIB (1), IIPOEKT-
Ha TOTy:KHicTh (2) i KoedimienTu HaBaHTaKeHHA (3) TOJOBHUX ABUTYHIB 3a
nporarku mrabu 3 Mapku Kpuiti Tury 32NiCrMoV9 ma crani 1700.

Fig. 1. The results of calculating the required engine power (1), design power
(2) and load factors (3) of the main engines, when rolling staffs of steel grade
32NiCrMoV9 at the rolling mill 1700.

301 2

01 1 2 3 4 da 5 6 7 8 9 10
Homep wrumiTi

Puc. 2. PesysbraTu po3paxyHKy cuiu npokaTtiku (1), JomycruMa cuja IpoKaT-
Ku (2) 3a mporkaTku mtabu 3 Mmapku Kputi tury 32NiCrMoV9 ma crani 1700.

Fig. 2. The results of calculating the rolling force (1), permissible rolling force
(2), when rolling strips of steel grade 32NiCrMoV9 at the rolling mill 1700.

5. PESYJIBTATH TA OBTOBOPEHHS

Ha mimcTaBi po3polbiieHHMX pPeKOMeHAAIlii OyJ0 BUKOHAHO TOCJIiITHY
npokaTky pyaory Ne 177891201, ronnenns 0687, maprii 78912 3 map-
ku Kpumi tuny 32NiCrMoV9. Yac HarpiBanHA caa0y posmipaMu y
130x1510x4600 mMm B mmeui ckjaaB 3 rox. 55 xB. IlIBuaKkicTs HarpiBauHs
— 0,55 Mmm/xB. PakTHUYHI KOHTPOJBLHI TeMIIepATyPHU 34 TeXHOJOTIUHM-
MU oIepalisgMu HaBeIeHo B Ta0. 3.

OxHOUYaCHO 3 MPUPOAHIM OXOJIOMKEHHSIM Y HOCIiTHOMY PYJIOHI Bif-
OyBaancsa CTPYKTYPHI IIePeTBOPEHHSA 3 AyCTEHITYy B MapPTEHCHUT 3 Bifmo-



694 O.T.RVYPIIE, B. B. KYXAP

TABJNIIA 3. PakTUYHiI KOHTPOJBHI TEMIIEPATYPH.
TABLE 3. Actual control temperatures.

YcraTKkyBaHHA/omepalia ‘ daxTruHa TeMmeparypa, °C
Kuiits 4a (TeMmmepaTypa 3a KJIiTTIO) 1105
Kaite 10 (TemnepaTypa KiHIS IPOKATKN) 880
3MOTyBaHHA 740

BiIHUM IIi IBUINEHHSIM MeXaHiYHNX BJACTHUBOCTEN, B TOMY YHCJIL THMYa-
coBoro omopy mo piBaa 1200 MIIa i Bume. IloTy:®HOCTi ycTaTKyBaHHS,
aKe Oymo zHa crami 1700, yHEeMOXKJIUBIIOBATN HaIalli BUKOHYBATH TEX-
HOJIOTiUHi omeparlii 3 po3pisaHHsd I[bOT'0 PYJIOHY Ha JIMCTU PO3MipamMu y
5x1500x6000 mm.

3 MeTOoI0 IMOHMKEHHS PiBHI MeXaHiUYHMX BJIACTUBOCTEH MOCIigHMIIA
PyJI0H OYB BifmIpaBIeHNIi AJIS IPOXOAKEHHS BilIa l0BaHHA ¥ KOBIAKO-
Bi#f meui mexy xoJiogHOTO mpoKary (puc. 3). Pexkum BignamoBaHHA PY-
Jony 3 Mmapku Kputli Tuny 32NiCrMoV9 saificHioBaiy 3a pesKnuMOM, 3a-
3HaueHuM y Tao0J1. 4. IIporec BigmamoBaHHsa 34ilficHIOBAIN 0€3 3aXMCHOI
armocepu. Iliciia BimmarroBaHHS PYJIOH OXOJIOAMKYBaBCA IIPUPOIHIM
cmoco6oM o TeMIlepaTypu HaBKOJUIITHBOT'O cepenoBuIna. BumpooyBaH-
HA MeXaHiYHUMX BJACTUBOCTEN PYJIOHY IIicJid BiAnafoBaHHA MOKa3aju
pesyJabTaTu, 3a3HaUeHi y Ta0i. 5.

30BHIiNTHiN BUTJIAL PYJIOHY IIepe] PO3PisaHHAM HaBedeHOo Ha puc. 4.

Ogmep:xkani MexaHiumi BiacTHBOCTI ITabm 3 MApKM KPUI THUITY
32NiCrMoV9i micia BigmandioBamHsS He JOCATJIM PiBHA MeXaHiUHUX
BJIACTUBOCTEI, AKi 0 YMOMKJINBUIN BUKOHATH B IIITATHOMY PEKUMI IIpa-
BKY Ta po3pisaHHSA IPoKaTy. B Toii Ke uac TBepAiCTh IITA0OU IIicJd Bin-

1400 Aycrenisamia
YopHOBa IpOKaATKA

1200
1000
800
600
400
200

Yuctosa IIpOKaTKa

ITpuponre oxosoKeHHA

Temmeparypa, °C

Ya¢c —m8m8 >

Puc. 3. Cxema nporecy nIpoKaTKu MITabdM 3 BUCOKOMIITHOI MapKW KPUIlL TUILY
32NiCrMoV9.

Fig. 3. Scheme of the strip rolling process for the high-strength steel grade
32NiCrMoV9.
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TABJINIA 4. Pexxum BignanaoBaHHA pPYJAOHY 3 MapKW KpPUII THIIY
32NiCrMoV9.

TABLE 4. Annealing schedules of a coil of steel grade 32NiCrMoV?9.

ITapamerep 3HaueHH ITapaMeTpa
Temueparypa merasy B mmeui, °C 690
TpuBasicTs BUTPUMKM, TOJ 15
TemuepaTtypa npomiskuoi BuTpumMKu, °C 550
TpuBasicTs IPOMiMXHOI BUTPUMKU, TOJ 3
Temueparypa neui, °C 850

TABJINIIA 5. PesyabraTu MexaHiuHMX BUIPOOYBAaHbL PYJIOHY 3 MAPKM KPHUIlL
Tuny 32NiCrMoV9 micas BigmantoBamHsA.

TABLE 5. The results of mechanical tests of a coil of steel grade 32NiCrMoV9
after annealing.

ITapametp 3HaueHHA IapaMeTpa
Me:xa nauaHOocTH, MIIa 570
Tumuacosuii onip, MIla 810
Binuocue BugoBxenusa, % 21
Teepaicts, HRC/HB 22-24/240-250

majy He HepeBUIyBaJja TBEePHiCTh HOMKIB arperary mopiskum Ne 2, aka
ctaHoBuTh 41-43 HRC. Ha migcTaBi 11b0ro y IIbOMY arperati BUKOHaHO
po3pisaHHSA OCIiTHOTO PYJIOHY Ha JKMCTH 3 MOLAJIbIIIO IpaBKoio Ha 11-
POJIiKOBi#l MAITMHI 3 MOHMKEHUMH IIapaMeTpaMu IpaBKU Ta 30iJIbIleH-
HAM IPOXOIiB g0 7—9 11T,

ITomomku ab0o CKOJIIOBAHHA HOMKIB Hifl Yac pos3pidaHHSI MapKU KPUILi
tuny 32NiCrMoV9 e 6y0 3adikcoBaHo.

Taxum unHOM, B yMoBax cTtany 1700 i 3 BUKOpHUCTAHHAM TEPMiUuHOTO
BiAgisIeHHA 1eXy XOJOZHOT'O IIPOKATy BUIOTOBJIEHO MOCJIiTHWI PYJIOH 3
BucoKoMinuoi mapku kputi Tuny 32NiCrMoV9 i BuKoHamo oro pospi-
3aHHA Ha JucTH posmipamMu y 5x1500x6000 MM BiZmOBiZHO MO BHMOT
3aMOBJIEHHS.

Srigmo 3 TV ¥V 27.1-14313056-001, TBepmicThs mpokaTy Mae 0yTu He
oimbimoro 3a 340 HB; To:X BUPOOJEHi JMCTH HOBHICTIO BiAIOBimarTh
BUMOT'aM 3aMOBJICHHA.

Crnix sasHauMTH, [0 KiHIIEBi BJIACTHUBOCTi, IO HiATBEPIKYIOTHCS
CIIeIli ATbHUMY BUITPOOYBAHHAMU Ta 3a0€3I1eUyI0ThCA B TOTOBOMY BUPO-
0i micia TepMiuHOro 00pO0JIEeHHS Y BUPOOHIKA OPOHLOBAHOI TEXHIKM, He
O0yJI1 MeTOIO0 JAHOT'O JOCTiIKeHH.
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Puc. 4. 3oBHimHil Buraan pyiaony 3 mapku Kpuii tuny 32NiCrMoV9 micasa
OCTATOYHOT'O OXOJIOLKEHH .

Fig. 4. Appearance of a coil of steel grade 32NiCrMoV9 after final cooling.

6. BUICHOBRKH

1. Po3po06JyieH0 TexXHOJIOTiuHI peKoMeHAaIlii 3 BUPOOHUIITBA PYJOHIB i
JUCTiB 3 BUCOKOMiHOI Mapku kpuili Tuny 32NiCrMoV9 poamipamu y
5x1500x6000 MM 3 BHKOPHCTAHHAM ycTaTKyBaHHA cramy 3600 MK
«AzoBcTanb», crany 1700 Ta KOBIIAKOBUX IIeUel I[eXy XOJOIHOT'O IIPO-
kary MMEK «Imeni Lmmiua».

2. Po3pobieHi TexHOJIOTiUHI peKoMeHAaIil BKIIOUAIOTh TeMIepaTypPHO-
gedopMariiHu i MIBUAKICHUN PEKUMU IIPOKATKU, CIIPAMOBAHI Ha 3a-
OeslleueHHA KpaImux OaJiCTUUYHUX pes3yJbTaTiB KiHIIEBOTO HPOIYKTY,
1110 € YCIIaKOBAHUMU.

3. Ha mimcTaBi po3po0JIeHOTO PeRKUMY IMPOKATKN BUTOTOBJIEHO JOCJIi-
HUH pyJoH po3mipammu y 5x1500 MM i BmepiIrie migTBepa:KeHO MOMKJIM-
BicTh mpoKaTKku B ymoBax cTaHy 1700 BucOKOMIITHOI MapKu KPUITL TUITY
32NiCrMoV9 za rapsuekaTaHUMU PEKUTMaAMU.

4. [lns pos3pisaHHS HA JUCTU MTOCJiTHUI PYJIOH IPONIIIOB BigHaloBaHHS
B KOBIAKOBIiH I1edi, 110 YMOKJINBUJIO 3HU3UTU PiBeHb MEeXaHiUHIX BJIa-
CTHUBOCTEI i 3po0UTH IOT0 MPUAATHUM AJIS PO3PisaHHA Ta MPaBKU Ha
HasABHOMY aI'perari monepevyHoi IIOPi3Ku.

5. IlomaneIiri gocaigKeHHI MOXKYThL OYTH CIIPAMOBAHI Ha BJOCKOHAJIEH-
HS TeXHOJIOTiUHOIO IIPOIlecy IMMPOKATKY 3a pe3yJbTaTaMU BHUIIPOOYBAaHb
KiHIIEeBOIO IPOAYKTY.

PobGory nmpucBsaueHo KoJeraM i Apysam, 3aru0JIuM BHACTILOK HAIIALY
pOCiMICBKOI pefeparrii Ha YKpainy.
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MapreHCUTHE TepPeTBOPEeHHS B KPUIAX i crormax Ha ocHOBi Fe—Ni-
iHBapiB

I. B. BomorapeBcskuii, B. 0. Onbmanenbruii, M. O. Illerinina

HayionanvHuil yHigepcumem «3anopi3vka nosiimexHika»,
sya. JKyroecvrozo, 64,
69063 3anopixcicsa, Ykpaina

Bimapui samisoHikJieBi cTOmM € 3PYYHOIO MOIEJBHOI CHUCTEMOIO, HaA SAKii
VOPOIOBXX BSHAUHOTO IIEPiOAy  [OOCHIMKYyETbCA MAPTEHCUTHE Y <> O-
TIepPeTBOPEHHA B CTOMax sajdida. Pasom 3 TuMm, Ii CTONIM € KIACUYHUMU iH-
BapaMm Ta IIUPOKO IOCJHiKYIOTBCA B 3B’A3KY 3 «iHBApHOIO IIPOOJIEMOIO».
o HemaBHBOTO Yacy «OCODJIMBOCTI MApTEHCHUTHOTO IIEPETBOPEHHS B CTOIAX
3ajiza» U «iHBapHaA HmpobjeMa» POIIIIALATINCSI OKPeMO. BpaXxyBaHHSA BIJIUBY
MArHeTHOTO CTaHY ayCTEHITy Ha MapTEHCUTHE IIEPETBOPEHHSA IIPUBEJIO [0
BiIKpUTTA iHIIOTO MeXaHiZ8My — «MarHETHOTO Y — o-mepexony». MeToro
poboTH € TOIIYK IEHTPIB MapTEeHCUTHOTO TEPeTBOPEHHS B JaHWX MaTepis-
nax. IlepegbauaeThes, 1110 B KPUISAX i CTOMAX 3ajisa € TPpU BUAW MapPTEHCHU-
THUX TOYOK, KOYKHA 3 AKWUX Mae€ CBifl xapakTepHuil (GiswyHMil 3MicT i mpu-
BOAUTHL A0 OTHOTO 3 HACTYNMHUX MHEePeXOmiB: «iB0TepMiuHOTO», «3BHUYANHOTO
aTepMiuHOrO» Ta «MarHeTHOro arepmiunoro». Ilepmri gBa y <> o-mepexoxu
peasnisyloThCcA Ha OUCJHOKAIIMHUX 3apoaKax, AKi QopMyioTbcsa Ha OCHOBI
HaABHUX B ayCTeHIiTi medeKTiB KpucrasmiuHoi cTpyKTypu. MarHeTHuii mepe-
Xil BMHWKAae Ha MArHETHUX KOHIIEHTPAIIiMHMX HEOJHOPiMTHOCTIX 3 Ies3opie-
HTOBAaHOI0 MAarHeTHOIO CTPYKTYPOIO, IO YTBOPIOETHLCA B Pe3yJIbTaTi KOHKY-
peHnii B3aemoxiit atomie @epymy (arntudepomarserusm) i Hikmaro (dhepoma-
rHeTU3M). BuMmyIieHa MarHeTOCTPUKIA Yy Hapampoleci Ta CIOHTaHHA Mar-
HETOCTPUKITiA HMKUe Touku Kiopi mpuBoAATh A0 30iJbIIeHHS Mi’KaTOMOBOI
Binmasi Ta BUHUKHEHHA KOJiHeapHOro (hepomMarseTusMy B ITMX HEOTHOPiA-
HOCTAX 3i 3MiHOI0O KoopauwHariiHoro uwmcyaa Bimg 12 mo 8. Cunbuuii Bcebiu-
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HUHM THCK 3MEHIITye MiKaTOMOBY BiAmajb i Bele A0 YTBOPEHHS KOJIiHeapHO-
ro amtudepomMarHeTusamMy Ta cradinizamii y-dasm. CyuacHi yaBiIeHHA PO
KPUTUYHI PO3MipM AMCIOKALiHWX 3apOAKiB, BUINE SKWX CIOCTePiraeTbca
JaBUHONOAIOHME picT ix, i posmipm MarHeTHMX HeOZHOpimHOCTEH (IO
00’emy) B cuctemi Fe—Ni cBiguaTe mpo BeJMUYMHU OZHOTO HMOPALKY. EKcIie-
PUMEHTAJILHUM KPUTEPIEM MAarHETHOI'O Y — C-IIEPEXOAY B KPHUIIAX i cTOmax
Ha ocHOBi Fe—Ni-inBapiB € aHomMaabHO BeIMKa BeJIWUYMHA 3MillleHHSA MapTe-
HCUTHOI TOYKM B CUJILHOMY MarHetHomy moii: AMs/AH > 3 K/(MA/m).

KarouoBi cioBa: iHBapHi BJIACTMBOCTI ayCTeHiTYy, MarHeTHUU MapTEHCUTHUH
mepexin, MWCIOKAIlifiHI Ta MarHeTHi 3apoJKW MAapTeHCUTY, BUMYIIeHa Ta
CIIOHTAHHA MArHETOCTPUKIIii, IIeHTPU HOBOI (asu.

Binary iron—nickel alloys are a convenient model system, on which the
martensitic y <> a transformation in iron alloys is studied for a considera-
ble period of time. At the same time, these alloys are classical invars and
are widely studied in connection with the ‘invar problem’. Until recently,
the ‘features of the martensitic transformation in iron alloys’ and the ‘in-
var problem’ are considered separately. Taking into account the influence
of the austenite magnetic state on the martensitic transformation leads to
the discovery of another mechanism—‘magnetic y - o transition’. The
aim of this work is to find the centres of martensitic transformation in
these materials. As assumed, there are three types of martensitic points
for steels and iron alloys, each of which has its own characteristic physi-
cal content and leads to one of the following transitions: ‘isothermal’,
‘ordinary athermal’ and ‘magnetic athermal’. The first two y <> a transi-
tions are realized at dislocation embryos, which are formed of crystal-
structure defects existing in austenite. The magnetic transition occurs on
magnetic concentration inhomogeneities with a disoriented magnetic
structure formed because of competition between iron (antiferromag-
netism) and nickel (ferromagnetism) atoms. Forced magnetostriction dur-
ing the paraprocess and spontaneous magnetostriction below the Curie
point lead to an increase in the interatomic distance and the appearance of
collinear ferromagnetism in these inhomogeneities with a change in the
co-ordination number from 12 to 8. Strong comprehensive pressure reduc-
es the interatomic distance and leads to the formation of collinear antifer-
romagnetism within them and y-phase stabilization. The current under-
standing of the critical sizes of dislocation embryos, above which their
avalanche-like growth is observed, and the sizes of magnetic inhomogenei-
ties (by volume) in the Fe—Ni system indicate values of the same order.
The experimental criterion for the magnetic y — o transition in steels and
alloys based on the Fe—Ni-invar is an abnormally large value of the mar-
tensitic  point  displacement in a  strong magnetic field:
AMs/AH > 3 K/(MA/m).

Key words: invar properties of austenite, magnetic martensitic transition,
dislocation and magnetic embryos of martensite, forced and spontaneous
magnetostriction, centres of the new phase.

(Ompumano 24 keimusa 2023 p.; ocmamoun. eapianm — 8 mpaeua 2023 p.)
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1. BCTYII

IIpo6aema 3apoms;KeHHS HOBOI (has3u 3a 6e3audy3iiiHOro mepeTBOPeHHI B
KPUIIi BaKJIMBA B TEOPETUYHOMY Ta MIPAKTUYHOMY BimHOIIeHHAX. EMO-
pPioHaJBHA TEeopis 3apOoAKEeHHS IIiJ Yac MapTEHCHUTHOTO IIePEeTBOPEHHS
M. Koena i3 cniBpobiTHukamu [1] mepegbavasia HasIBHICTL Y BUXiTHOMY
ayCTeHiITI MapTeHCUTHUX 3apOJKiB po3MipoM y KijJbKa JecATKIB HaHO-
MmeTpiB. Ta ekcmepuMeHTAIBLHOTO TiATBEPAKEHH ITbOMY He 0Y.JIO0.

IIizuimre 6yB po3pobiseHMiT MeXaHisM BUHUKHEHHS TUCJIOKAITiHHOTO
MapTEeHCUTHOTO 3apoAKa Ha HAaABHUX B ayCTEHITi CTPYKTYPHUX Aedex-
Tax, I1I0 MalOTh ImigBuIlleny eHeprito [2—4]. TepmoguHaMiuHi po3paxyH-
KM IIOKAas3aju, 10 KPUTUYHUI paliloc TAKOT0 3apoaKa, BUIIE SKOT'0 CIIO-
cTepiraeThes HOro JaBUHOIOAIOHMM PicT, CTAHOBUTH JeKiJbKa HaHOMe-
TPiB 3a HA MOPALOK MEHIIOI IIi BITUPUHU.

BigmiTMo 1me OZMH IIPOCTUI MOZAEJIL 3apPOAKeHHS MapTeHCUTY,
AKUHN OB’ I3aHUN i3 MOKJIMBOIO HEOLHOPIZHOIO XeMiUHOIO CTPYKTYPOIO
KpuIlsb. 3rigao 3 podoToo [5], miaroroBieHMMY 10 BUHUKHEHHS ITIEHTPiB
MAapPTEeHCUTHOTO IIEPETBOPEHHSI MOYKYTh OYTH B PO3PIIKEeHUX PO3UMHAX
B3aralji, a B ayCTeHiTi 3ai30ByrJelleBuX CTOIIB 30KpeMa, (pJIIoKTyaIil
CKJIany, AKi € 3a TeMmepaTypu rapryBanHa. Taxi sigxuau ckaany 36e-
pirarmoThbcs 3a MIBUIKOIO OXOJIOMKEeHHA. PyIrifiHa cuja MapTeHCHUTHOT'O
TIepPeTBOPEHHA MiJIAHOK 3 MeHIIMM BMicToM KapOoHy mepeBaskae py-
Iy CHJIY iHIINX OiJAHOK, e KapOony OinbIie.

Cainx 3a3zHAUNTH, IO CTPYKTYPA MapTEeHCUTHOI (pas3u B KPUIAX i CTO-
max 3ajisa Ta KiHeTHKa IIepeTBOPEeHHA MaloTh MeBHi ocobmnBocTi. BoHN
3aJeKaTh He TiJILKU BiJl XeMiYHOrO CKJaly aycTeHiTy, a i Bif iioro ¢i-
3UKO-MeXaHiUYHNX BJIACTUBOCTEH.

2. OBI'OBOPEHH{ PE3Y JIBTATIB EKCIIEPUMEHTAJBHUX 1
TEOPETHYHUX JOCJIIIKEHD

2.1. BninB MexaHIYHIX BJIaCTHBOCTEH ayCTEHITYy Ta MAPTEHCUTY Ha
MOP(0JIOTiI0 i KiHEeTHKY MAPTEHCUTHOTO IEPETBOPEHHA

B pob6orax [6, 7] mocuim:kyBaBcs BILIMB MiITHOCTHA ayCTEHITY Ta MapTeH-
cuty Ha Mop(oJorio mapreHcuTy. Busnaueno MmopdoJIoriio MapTEHCUTY
1 iHTeHCUBHICTh IJIMHY ayCTEHITy B Pi3HUX cTOomax 3ajiza, BUOpaHUX
TaKUM YHMHOM, I00 aycTeHiTH Oy mapaMarHeTHUMU, (epoMarHeTH-
MU, 3MIiITHEHMMHN aTOMaMM 3aMilieHHA abo BTineHHA. Ilokasamo, IIMo
IBOMAa HAWBAKJIUBIIIMMY 3MiHHUMY JIJI5 BUSHAUEHHS ILJIONTNHYT rabiTy-
cy (i, oTsxe, MopdoJI0rii) MapTEeHCUTY B CTOIAX € OIOPU PYXY AUCJIOKA-
IIi#l B aycTeHiTi Ta pepuTi (MapTeHcuri). ¥ mmpoxoMy HabOpi CTOIiB, ae
crioctepiraBcs MapTeHCUT i3 momuHoi0 raditycy {259},, iHTeHcUBHICTD
IUINHY aycTeHiTy 3a Ms mepesuiriysana 30000 ¢pyuTiB Ha KBagpaTHUMN
mrorim (206 MH/m?). 3a HMMKYNX MIITHOCTE! ayCTEeHITy CIIOCTepiraamncs
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mwiomuau rabitycy {225}, a6o {111}, sasexH0 Bix omopy pyxy AUCIOKAa-
i y depuri (puc. 1).

Opmep:xaHi pe3yabTaTH y3T0oI:KyBaJINUCH 3:

a) OOr'PYHTOBAHMMHU iHBAPiTHTHMMHU 3CyBaMu I'paTHHIN, a came: {111},
— KoB3aHHS y (depuri it aycrenirti, {225}, — KoB3aHHS B aycTeHiTi Ta
nBifiHUKyBauHA y depuri, {259}, — nBililHUKyBaHHA ¥ epUTi;

0) mocTyJyaToM, IO cepel WX aJbTepPHATHUB ILIOIMIMHA rabiTycy, axa
CIIOCTEPiTaeThcA y JaHOMY CTOIIi, € TaKOI0, IO IOTPedye HaNMEeHIITNX
3yCHUJIb A1 iIHBAPiAHTHOIO IMJIACTUYHOT'O 3CYBY I'DATHUIII.

SAx1mo 6paTy K0 yBaru HasgBHUM 3B’ A30K MijK CTPYKTYPOIO MapTEHCH-
Ty Ta KiHeTHKOI0 MapTeHCUTHOTrO mepeTBOpPeHHs [8], To Ha OCHOBI ITux
IOCJiIKeHb MOKHA MOACHUTH TaKOMK HAABHICTH ABOX Pi3HUX KiHeTHU-
HUX BapigHTIB MapTEHCUTHOTO Y —> O.-IIePeTBOPEHHS: i30TepMiuHOIO
(TepMiUuHO aKTMBOBAHOIO), SKOMY BiIIOBiZae CTPYKTypa MapTEHCUTY 3
rabirycom {111}, i «aTepmiunoro» mnsa Bumagky rabdirycy {259},. Oue-
BUJHO, KOB3aHHS AUCJIOKAIlil ¥ hepuTi (MapTeHCHUTI) i1 aycTeHiTi 3a Te-
MIIepaTypHu IMOYaTKy MapTeHCUTHOI peakIlii (B Touri Ms) KOHTPOJIIOETh-

Depur -

AycreHiT—

Puc. 1. CxemaTtuune 300pa’KeHHs BIJIUBY OHOPY PYXY AUCIOKAILil y epuTi it
aycreHiTi Ha nomUAY rabiTycy MapTeHCUTY; 00JIacTi, Le Ma€e mepeBary ogHa 3
oyl rabitycy, poszgineni cyminpHuME Jdinigvu. Hanpam A BusHadyaeThCsA
3MiHHOIO, TKA eKBiBaJeHTHO 3MiITHIOE ayCTeHIT i hepurt (medeKTu 3aMimienHs).
Hampam B BusHauaeTbcss 3MiHHOIO, TKa 3MiIlHIOE (hepUT IITBUAIIE, HidK aycTe-
HiT (nedexTu Brimennsa) [6, 7].

Fig. 1. Schematic representation of the effect of dislocation resistance in fer-
rite and austenite on the martensite habitus plane; the areas, where one of the
habitus planes is favoured, are separated by solid lines. Direction A is deter-
mined by variable that equivalently strengthens austenite and ferrite (substi-
tutional defects). Direction B is determined by variable that strengthens fer-
rite faster than austenite (interstitial defects) [6, 7].
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cA TeMIIeEpPaTypolo Ta PO3TATHYTE y Uaci 10 BUHUKHEHHS BEJIUUMHU 3a-
POIKa, IO MEePEeBUINYE KPUTHUUYHI PO3MipH, 3a SKHX CIIOCTEPIiracThCs
0ro CIOHTAaHHUH picT. 3a 3HAUHUX OMOPiB PYXY AMCJIOKAIlill B ayCTeHi-
Ti Ta MAapTEeHCUTi MOTEeHIi AJAbHUI 0ap’ep MepPeBUIYE BeJINUNHY eHeprii
aKTHUBaIlii, i KOB3aHHA IPUNNHACTLCA. 301LIbIIIEHHA BHYTPiIITHLOTO Me-
XaHIYHOTO HAIIPYKEeHHS Bele OO0 IIOSBU ABIMHUKIB, BUHUKHEHHS IKNX
3a TaHUX YMOB He ITOTpedye TepMiuHOi aKk THBAIIii.

IToxo ropendArnii mopdoJiorii MapTeHCUTHUX KpUCTaJiB 3 depomar-
HeTU3MOM, TO B [6, 7] Oyj10 3p0o0JIeHO IPUITYIIeHH, 110 BOHA BUHUKAE
JINIIIEe Uepes «iHBapHe 3MiIlHeHHA» , AKe Bi0yBaeThCA B IIUX ayCTeHIiTax
Hukue Touku Kropi [9]. Taki minui aycreHiT; MaioTh TeHIEHITiI0 YTBO-
proBaTHu JiH30BUIHI MapTeHcuTH 3 rabiTycom {259},.

2.2, BuiuB MarHeTHOTO CTaHY AyCTEHITYy HA MAapPTEHCUTHE NIEPETBOPEHHS

Hapasi meBimomo, vomy Hum:Kdue Touku Kiopi B imBapuux cromax Fe—Ni
BiOyBaeThCcs 3MillHeHHA aycTeHiTy. OCKiIbKM IPUPOLA caMoTo iHBap-
HOTO ABUIIA (aHOMAaJbHO HU3LKOro KoedillieHTa TepMiuHOTO POBIIH-
PeHHs HUKUe TeMIepaTypu MarHeTHOTO YIOPAIKYBaHHA; IUB. PUC. 2) B
3HAUYHINA Mipi € MarHeTHOIO, MOKHA OUiKyBaTH, IO i MeXaHi3M iHBapHO-
O 3MiITHEeHHS TeJK OB’ A3aHNI 3 MATHETU3MOM.

Binzomo, 1110 MarseTHa CTPYKTypa 3a/I1i80HIKJIE€BUX CTOIIiB Ay Ke HeOol-

i
AV V. =8Al/I

— 3BUYAHHUHA
—
— MeTat

Bignocua smina 08 emy

=Y

Puc. 2. fIkicHi 3amexHOCTi 00’€My Bif TeMuepaTypu i 3BUYAWHOTO METAIy U
imBapHoOro crony; Tc — Touka Kiopi, s — crmoHTamHa (06’eMHa) MAarHeTOCTPH-
KIig aycreHity inBapy [10].

Fig. 2. Qualitative dependences of volume on temperature for a common metal
and an invar alloy; T¢ is the Curie point, ws is the spontaneous (bulk) magne-
tostriction of the invar austenite [10].
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Hopizua [10]. Okpemi ginmaaKkm MaroTh pisHi Touku Kiopi [11]. € Takox
IinaHku posamipom y 1-2 M, AKi iTeHTUQIKYIOTHCA AK MapaMarHeTHi
abo amtudepomaruerui [12, 13]. HeogHopimzHy MarHeTHY CTPYKTYPY
aycTeHiTy BusaBieHo TakoxX B cucreMax Fe—Ni—Cr, C—Fe—Ni—Cr.

Kpim maraetsoi HeoguopiguocTu croniB Fe—Ni, B miTepaTypi odoroBo-
PIOIOTHCSA TAKOMK IXHi KOHIIeHTpPAaIliiiHa Ta Je)opMaIliliHa HeOJHOPigHO-
cti. OueBugHO, BCi 11i HeogHOPiAHOCTI HasgBHI omHOUacHO [10].

Bci imBapui cTonmu 3aJsiza rpaHmdaTh 3 MapTEHCUTHUM 7Y — O-
IIepeTBOPEeHHAM. 3 HaOJIMKEeHHIM 0 HHOTO iHBapHi aHoMaJii, Ak mpa-
BUJIO, 3POCTAIOTh. BIJIMB aHOMAJBLHO BEJIMKOI 00’€ MHOI MarHeTOCTPUK-
il Ha 3MiIleHHS MapTEeHCUTHOI TOUKM PO3TJIAHYTO B podoTrax [14, 15].
Ognepsxano ysaraabHeHe piBHAHHS Kiassitoca—Kaameiiporna BUTIALY

AM, = %nggH, 1)

Ie Ms — TeMmepaTrypa IOYaTKy MapTeHCUTHOIO IIePeTBOPEHHA 6e3 Mar-
HETHOTO I0JA, A2 — ePeKTUBHUI MOAYJIb OPYKHOCTH Ipyroi ¢pasu, € —

-140
—30 =
S
&
= 20
=
10

0 100 200 300
T, K

Puc. 3. 3anexHuicTs KimbKocTu mapremcuTy M Big TeMIepaTypu 3a OXOJIO-
mxeHHda (1) Ta TeMIepaTypHA 3aJIeXKHICTh HATIPYKEHOCTH KPUTUYHOTO Marte-
THOTO 1T0J1A H x IOSIBY IIEePINNX MOPI[ili MAPTEHCUTY B 3paskax Kpuri 24 X2H22
(2)[18]. MapTencursi Touku Msi M| He 30iraroTbcs.

Fig. 3. The dependence of the martensite amount M on the temperature dur-
ing cooling (1) and the temperature dependence of the critical magnetic-field
strength Hx of the appearance of the first portions of martensite in 24 X2H22
steel samples (2) [18]. The martensite points Msand M do not coincide.
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JiHiliHa yacTuHa gedopmarii 3a guaararii ¢as, eg — CTPUKIIIIIHA Je-
dopmarnia aycTeHiTy B MarHeTHOMY IIOJi, ¢ — IIUTOMAa TeILJIOTa Y — O-
IepeTBOPEHHA.

YsarairbHeHHS Pe3yJIbTATiB eKCIEePUMEHTAJbBHIX JOCJiIKEeHDb BILJIN-
BY CUJIBHUX IMIOYJIbCHUX MarHeTHUX MOJIiB Ha 3MiIlleHHA MapTeHCUTHOI
TOUKM IJIA PALY KPHUIIL i CTOIIiB Ha 3aJIi30HIKJIEBiil OCHOBi, BUKOHAHE B
poborax [15, 16], moxasasio sHaYHi PO36iKHOCTI MiK eKCIIepUMEHTOM i
Teopieo 3a Hu3bKuUX MapTeHcuTHuUX TouoK (0—200 K). Omep:xami pe-
3yJbTATH CBiAUMJIM [OpO HAABHICTHL IHIIOrO MexXaHi3My Y — o-
IIePEeTBOPEHHA — « MATHETHOT'0» (pa30BOT0 IIePeX0 Iy MePIIoTro POay.

Y cujbHOMY MarHeTHOMY IIOJIi 3BUYANHUN MapTeHCUTHUU Y — O-
repexij 3aBAAKY 301JILIIIEHHIO MidKaTOMOBOI Bigzasi y-dhasu (BUMyIieHa
MAaTHETOCTPUKIIiA) MOKe TpaHchopMyBaTHCA y MarHeTHUHN (asoBuii
nepexin mepirmoro poxy [17]. B miboMy BHIIAAKY CIIOCTEPiraloThCS ABi
MAapTEeHCUTHI TOUKM: OHA — 3a OXOJIOMKEHHsS CTOIIiB 0e3 MarHeTHOTO
IOJIsA, APYyTra — 3a eKCTPANOoJIAIil TeMIepaTypPHOl 3aJIe:KHOCTH KPUTHUY-
HOT'0 MarHeTHOTO 110151 H x 3 061acT MakCUMAaJbLHUX IIOJIiB Ha Bich TeM-
neparyp, IpUuYoOMy 3 MEHIIIOI0 BeJIMYUHOIO, IO CIIOCTEpPirajgocsa aBTopa-
mu pobotu [18] guia xpomorikIeBUX Kpuilh (puc. 3) i [19] aua inBapHmx
cromiB Fe—Ni (puc. 4). Anamiza eKCHepUMeHTAIbLHUX i TEOPETUUHUX

20} p
s
’
’
Fe-29,9 ar.% Ni
b-);a 30F
0
= Fe-31,7 ar.% Ni
~ 201
<
10
Fe-32,5 ar.% Ni
’ﬂ‘ e
- -
ole=" ! ] 1
0 10 20 30

H,, MA/nM

Puc. 4. 3amexHicTh TeMIIepaTypu 3MileHHsa MapTeHCUTHOI Touku AT =T — Ms
BiJl HAIPYKEHOCTU KPUTUYHOT'O MarHeTHOro nois Hx nuia inBapaux cromis Fe—
Ni (sa rarumu podoTtu [19]).

Fig.4. Dependence of the martensitic-point temperature displacement
AT =T — Ms on the strength of the critical magnetic field Hx for the Fe—Ni
invar alloys (based on data of Ref. [19]).
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TEeMIIEPaTyPHUX 3aJIEKHOCTE! 3MIiIlIEeHHA TeMIePaTypy IIOYaTKY Y —> Ol-
IIePEeTBOPEHHSA B CUJILHOMY MarHeTHOMY TOJIi CBiIUNTh, IIT0 BOHU MAalOTh
pisHU hisuuHMI 3mMicT.

fAx moxasano B [16, 17], y > a-mepeTBOPEHHA IO TUIIY MarHETHOTO
dazoBoro mepexony 1-ro poay Moske BimOyBaTuca i 6e3 MArHETHOTO IIO-
asa. Ile cmocrepiraeTbcs B OKpeMUX HiKJIEBUX i XPOMOHIKJEBUX KpU-
nax. B nmux marepissax mapreHcuTHi Touku Msi M s6iraroTsca. Aie
eKcIIeprMeHTaJIbHA BeJINUYMHA 3MiIleHHS MapTeHCUTHOI TOUKY B MarHe-
THOMY IIOJIi B 6araTo pasiB mepeBUIIYE CyMapHi TeOPETUYHI PO3PAXyHKU
3a ysarajbHeHuMHu piBHamHAMU KiaBsitoca—Kiaameiipoma, 1o Bpaxo-
BYIOTH BUMYIIIEHY MarseTocTpukiriro (1) i HamarumeroBanicTs as [20].

Ha pucyury 5 HaBeIeHO 3aJIeKHICTh e(peKTHUBHOCTH il MArHETHOT'O
IIOJIA Ha 3MiIlleHHsA TeMIIepaTypu MapTEeHCUTHOTO IIePETBOPEHHS B PO3-

8
. ® Fe—Ni (ocmosa)+ Mn, Cr, C
\ < Fe—Pt (24 ar.% , HeBIOpAKOBaHHAH)
O Fe-C

~_~ 6 T

=
S~
<
=
=
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3

w
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MEE

Puc. 5. Posnoain Tremneparyp 3MillleHHSI MapTeHCUTHOI TOUKY AMs HA OTUHU-
II}0 KPUTUYHOI HAIPY KeHOCTU MarHeTHoro mnoJsa (MA /M) B 3aieskHOCTI Bif Be-
JINYWH MapTEeHCUTHUX TOUYOK M 5 , OJIePXKAHVX €KCTPAIOJAIIEIO JiHIHHUX Ya-
CTUH WX 3aJI€KHOCTEN HA Bichk Temuepatyp (puc. 3, 4), 3a pesyabraTaMu podiT
[18, 19, 21-29]. IITpux-OyHKTUPHA JiHisg BifOKpeMIII0oe MarHeTHI MapTeHCH-
THi nepeTBopeHH4 (2) Big umcTo cTpyKTypHUX (1) 3a AMs/AH =3 K/(MA /m).

Fig. 5. Distribution of the martensitic-point temperature displacement AMs
per unit of critical magnetic field strength (MA/m) depending on the magni-
tudes of the martensitic points M} obtained by extrapolating the linear parts
of these dependences to the temperature axis (Figs. 3, 4) based on data of Refs.
[18, 19, 21-29]. The dash-dot line separates magnetic martensitic transfor-
mations (2) from purely structural ones (1) at AMs/AH =3 K/(MA /m).
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paxyHKy Ha OTMHUINI0 HanpysKeHoctu (MA /M) Bixg TeMmepaTypu movar-
Ky mepeTrBopeHHSI M 5 . OcTaHHE TMO3BHAYEHHSA CTOCYETHCA MApPTEHCUT-
HUX TOYOK, OHeP:KaHtX eKCTPANOJIAIIeI0 SK 38 MAKCUMAJIbHO BUCOKUX
(Ms), Tak i MOPiBHAHO HU3BKUX MarHeTHUX NoJiB (M), TOOTO AK Mar-
HETHOTO, TaK i YMCTO CTPYKTYPHOTrO (Pa30BUX HMePeXodiB (BUKOPUCTAHO
pesyabratu pobit [18, 19, 21-29]). Bci mepexoau HMKUYE IITPUX-
OyHKTUpPHOI Jgimii, Aka BigmoBimae Bemuumai AMs/AH =3 K/(MA/m),
HaJIeXKaTh 3BUYaHOMY MapTeHCUTHOMY IIEPETBOPEHHIO, a BUIMEe Hel —
MAarHeTHOMY MapTeHCUTHOMY mepexony. 10 BeauunHy 3MilieHusa Mmap-
TEHCUTHUX TOYOK B MArHeTHOMY IIOJIi IJIf CTOIiB 3ajida, OYEeBUIHO,
MOKHa BBa’KaTH KPUTEPIEM TOT'O YU iHIIOTO IIEPETBOPEHHA.

MarnseTHi MapTeHCUTHI mTepexoau B Kpullax Ha ocHoBi Fe—Ni 3a Bin-
CYTHOCTH MAarHETHOTO IIOJIS MOKHA TOSCHUTH HAABHICTIO aHOMAJIbHO
BeJIMKOI CIIOHTAHHOI MarmeTocTpuKINi imBapuux ckiaznis [30, 31]. Ha
pucyury 6, Baaromy 3 podotu [31], mokasaHo 3aIeKHICTh CIOHTaHHOIL
MarHeTOCTPUKILil ws=AV,/V, Bix Bmicty @epymy B cTortax Fe—Ni. B 06-
aacti 60-70 at.% Fe ws~(1-1,4)-1072, 10 B mAeKiJbKa JeCATKIB pasis
OinmbImte, HisK y uncToro Hikiio. B [32] 6yJio mokasaHo, 1110 B cTomax Fe—
Ni—Mn mapreHcuTHe (aTepMiuHe) IIEPETBOPEHHA 3a OXOJOIKEHHA 0e3
MAarHeTHOTO IMOJI HMOUMHAEThCa HMKUYe TouKu Kiopi iz mocarHemmam
CIOHTAHHOI MarHeTOCTPUKILiI BeanunHow os =~ 0,5-1072,

Fe-Ni
120 —=

w10

40 =

1 Loy .. 1 1 1
-10 10 20 30 40 50 60 70
Fe, at.%

Puc. 6. KoumenrparriiiHa 3ajie}KHICTh CIIOHTAHHOI MAarHETOCTPUKINI os A
cromiB Fe—Ni[31].

Fig. 6. Concentration dependence of spontaneous magnetostriction ws for the
Fe—Ni alloys[31].
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2.3. 3apoakyBaHHS Ii/T YaC MarHETHOTO (Da30BOT0 IIEPETBOPEHHS IIEPIIIOTO
poxy

B po6ori [3] po3rasHyTO AUCIOKAIiHHUI MOIEeIb MAPTeHCUTHOTO 3apo-
JKa Ta MpoaHaJji30BaHO ILJIAXY HOoro BUHUKHeHHA. Po3paxyHOK eHepre-
TUYHOTO 6ap’epy AJIA 3apOAKeHHSI TUCJIOKAIIiiTHOI meTJIi IepeTBOpeHH A
y GesgederkTHOMY KpucTaiai gae Bequuuny AU =0,132-1071° ITox i mpex-
cTaBJeHUM KpuBoo I Ha puc. 7, a. Beanumna eHepreTuuHoro 6ap’epy
IJISI 3aPOAKEeHHA TUCJIOKAIINHOL MeTJIi IIepeTBOPEeHH A Ha HasgABHINA B ay-
CTEHiTI TI'BHMHTOBIA JUCJIOKAIil € HeraTuBHOIO Ta CTAHOBUTDL
AU*=-0,143-10"" [I»x (xpuBa 2 Ha ToMy K puc.). Kpurtnuni posmipu
TAKOTO 3apoAKa v (hopMi CILIIOIeHOro chepoina: r' =3 HM (KPUTUUHUII
paziroc), ¢ =0,125 M (KpUTHYHA ITiBTOBIIMHA).

IIpocTi migzpaxyHKHN TOKa3ylOTh, IO 00’eM cepHuuHOro KJacTepa,
36araueHoro 3aJyisoM (MarLHeTOKOHITEHTPAIliliHOI HEeOTHOPIZHOCTU Mmis-
MeTpoM y 2 HM) i 00’eM po3paxoBaHOTO B [3] KPUTUYHOTO 3apoKa Map-
TEHCUTY MAIOTh OOWH i TOH JKe MOPSAIOK BeJIMUMHU. ¥ BUIIAAKY MarHer-
Horo nepexony 1-ro poxy nepersoperts 'lIK-dasu B OIIK 3xificHIOETE-

OJ; T[1ioh
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Puc. 7. 3mina BimbHOI eHeprii M5 3apOAKeHHA AUCIOKAIIMHOI TeTJIi mepeTBo-
peHH4A B 6e3nederTHOMY (1) Ta MarouoMy I'BUHTOBY AHMCJIOKAIiio (2) aycTeHiT-
HOMY KpHucTaJi (a); cxeMa TUCIOKAIiHOTO 3apoaKka MmaptTeHcury (6) [3].

Fig. 7. The change in free energy for the nucleation of a transformation dislo-
cation loop within the defect-free austenite crystal (1) and within the austen-
ite crystal having a screw dislocation (2) (a); the scheme of a dislocation mar-
tensite embryo (6) [3].



MAPTEHCHUTHE ITEPETBOPEHHS B KPUIIAX I CTOITAX HA OCHOBI Fe-Ni 709

cA cuyaMu oOMiHHOI B3aemomii eneKkTpoHiB Beepenuui I'TIK-rpaTHMIL.
IIi cunu 3a cBOEIO IPUPOIOIO € i30TPOIHUMY i B 6araThox BUIAAKaX ix
MOKHAa He BpaxoByBaTHu. AJle He0OXiZHO BifMiTUTH, III0 €HePrisd oOMiH-
Hol B3aemogil B 103-10° pasis 6inbina, HiXK eHepria MarseTHoOl aHi3oT-
porii [33], sixa Bimirpae BasKJIMBY pPOJIb 3a TEXHIUHOTO MarHeTyBaHHS
(pepomarumeTuriB. MoxkHa npeacTaBUTH, IO 3 JOCATHEHHAM KPUTHUYHOI
MisKaToOMOBOI Bimmasi HeKoJsiHeapHa MarHeTHa cTpykTypa B I'LIK-dasi
IepexXoaUTh y KoJIiHeapHY (pepoMarueTHy. AJe KosriHeapHa pepoMarue-
THa CTPYKTypa NoTpedye JOZATKOBOTO 30i/ILITIEHHA MisKaTOMOBOI Bigaa-
ai. Crpykrypuuit nepexinm B OI[K-dasy sabesmeuye iifi cTabiibHICTD.
CrooHTaHHEe BUHUKHEHHS ABOX a00 0iJbIlle 'BUHTOBUX AMCJOKAIIill IIPO-
TUJIEKHUX 3HAKIB Hif Miefo BHYTPIIIHIX HaOIpy:KeHb MOKe OyTH IIPOMi-
skHUM BupimaabauM nporecom 'K — OITK-mepexony.

B po6ori [21] Gy10 BHCJIOBJIEHO NPUIYINEHHS IIPO Te, IO B XPOMO-
HiKJeBil Kpuii 6 TX2H22 3apoa:KeHHs MapTeHCUTHOI (pasu B CUJIILHOMY
MarHeTHOMY IIOJIi MoOKe OyTH Ha MeKi IBOX MarHeTHUX HEOTHOPigHOC-
Teil: pepomarmeTHoi ¥ amTudepomarHernoi. ABtopu [21] BBa:kawTh,
10 caMe ITIi JiJIAHKK ayCTeHiTy MaKCHMAaJIbHO Je30pieHToBaHi, a ixHI
MarHeTHi MOMeHTH HallKpallle CHpUMMaoTh MarHeTHe moJie.

Pasom 3 TuM, mociigiKeHHSA B3a€EMOZIl Ha MeKi (pepomMarHeTHOl i aH-
Tud)epoOMarueTHOl CKJIaJ0BUX Y XPOMOHiKIeBuX Kpunax (17-19% Cr i
9-13 % Ni) cBiguuTh IPO HASIBHICTL Y HUX e(PEKTy OJHOCIPIMOBAHOI
(oomimmoi) amidorpomii (qus. [10], ¢c. 7475, 185). Ha pucyury 8 cxema-
TUYHO 300pa’KeH0 OBa MOMKJIMBUX BapiguTu (KpiM BKas3aHOTO BHUIIE)
opieHTaIii MarHeTHMX MOMEHTIB aToMiB y (epoMarHeTHi# (riBopyu) i
aHTu(epoMarueTHii (IpaBOpyY) MOBEPXHAX KJACTepPiB (ZOTHMUHI ITOBe-
pxHi poaaiseHo MITPUXOBOIO JiHieio). Ha pucyHky 8, a marueTHi mome-
HTH KJIACTEPIiB IO JOTUYHIiN IIOBePXHi MalOTh OJHAKOBHUI HAIPSIMOK, Ha
Bigminy Bim puc. 8, 0, ne BoHu mpotuae:xkHi. Ile mpuBoaAUTE 10 3MilTeH-
Ha netyi ricrepesu I(H) Boos:x oci H y Heesesiit Tounii T'v 3a oxoJio-
I:KeHHA 3paska (puc. 8, 8).

TaxuM YMHOM, HANOLILII HMOBIpHUMH ITeHTPaAMU BUHUKHEHHS Map-
TEHCUTHUX KPUCTAJIB 3a MarHeTHOro ()a3oBOro Iepexony, AK B MarHer-
HOMY IIOJi, TaK i 6e3 HbOT'0, € MAaTrHETOKOHIIEHTPAIliliHi HeOJHOPiZHOCTI,
s3baraueHi aromamu @epyMy 3a JOCTATHLOI KiJIbKOCTY KOHKYPYBaJIbHO-
ro (mesopieuTyBasbHOr0) enaemeHnTy (mepeBaskHO Ni). Ilepexim mux mi-
JAHOK B YIIOPAAKOBaHUN aHTHU(EPOMAarHeTHUN CTaH 3MEHIIye iXHIO
pyuIifiny cuiy i 3a BiJCYyTHOCTU MOCTATHLO CUJIbHUX MarHeTHUX IIOJiB
0JIOKYye MapTEeHCUTHE IIePEeTBOPEeHHA.

Ha pucyury 9 mokasano (asoBi mepexoin B CHJILHOMY MarHeTHOMY
moJii Ta 6e3 moJIsa B XpoMoHiKIeBil kpuri 67X2H22 [21]1i apcenini Man-
rany, jserosanomy 3% Co [34]. B 000x BuIIagKax 3a OXOJOIKEHHS 3pa-
3KiB 6e3 MarHEeTHOIO II0JIS CIIOCTEPIiraeThCcs IMepexis BUCOKOTeMIepary-
pHoi (¢aswu (abo ii vacTurm) y anTudepomMmaraeTHui crau (kpusi 1). ¥V cu-
JB