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TenoBi e(peKTH B MIBUIKO03arapTOBAHUX CTPIiYKAX THUITY
NANOMET micasa iHTeHCMBHOI IJIACTUYHOL AJe(opMairii

M. O. Bacunbes”, B. M. Mopaok™™, I. B. 3aropyabko”, C. M. Bosomko™,
B. K. Hocernko®

‘Tnemumym memaanogisuku im. I'. B. Kypdwmosa HAH Ykpainu,
6yave. Axad. Beprnadcvkozo, 36,

03142 Kuis, Ykpaina
“HauyionaavHuil mexHiuHuil yHisepcumem Yrpainu

«Kuiscorkuil nonimexniunuil incmumym imerni Izops Cikopcvkozo»,
npocn. Bepecmeiicvruil, 37,

03056 Kuis, Ykpaina

Y poboTi 0GI'PYHTOBAHO aKTYaJbHIiCTh HOBUX INLIAXiB MOAMPIKYBaHHS CTPY-
KTypHu Ta BiacTuBocTell amopdHuUx MetaneBux cromiB (AMC) meromamu iH-
TeHCHBHOI miactTuyHOoi gedopmartii (IIII) 3 meTo0 omepsKaHHSA HAHOKPUCTA-
JiYHUX MaTepidaaiB 3 HOBUMHU (PiSMUYHMMU Ta MEeXaHIUHMMU BJIACTHUBOCTAMH.
VY wmiii po6oTi BmepIlie BUBYEHO OCOOJIMBOCTI gedopMalriiinol HaHOKpPHCTAJIi-
3aIlii ogHOTO 3 IMpeAcCTaBHUKIB MaTepisny Takoro kJjgacy tumy NANOMET,
sneropaHoro @ochopom, — crony Fes1BrSiiPi10Cui. Oasa spiticuenna II1] Bu-
KOPHCTAHO METOAY BHCOKOUACTOTHOTO yaapHoro oopobsenua (BUYO) B pe-
JKMMaX, I10 3a0e3meuyioTh MaKCUMAJIbHUI e(peKT 3MiIlHeHHS IOPiBHAHO 3
BUXIJHUMH IIIBUAKO3arapTOBAHMMM aMOP(MHUMU CTpPpiuKamMu. BuBUeHO 0C06-
JUBOCTI CTPYKTypH Ta KiHeTMKHU medopmartiiinoi Kpucraiisamii amopgmoi
cTpiukm maHoro cromy, migmamoro IIIII meromoro BUYO. BusaBimeno aBa
KpucTajisainiiini epekTu 3a yMOB HarpiBaHHsa aMOP(MHUX CTPiUOK, HMifmaHUX
BYYO mo mocArHEeHHSA MaKCUMAaJILHOI TBEPAOCTU: NEPIIUN — 3CYB KPUTHU-
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HUX TeMmmeparyp eksorepmiunmx mikiB JICK y HampsaMKy HUBBKUX TeMIIe-
paTyp i Apyruii — IOHM:KeHHS eHeprii akTuBallii Kpucrasisailii mopiBHAHO
i3 HemedopmoBaHMM amMOpP(GHUM 3pasKoM. BCTaHOBJIIEHO HPUYMHU 3MiHH
TepMoamHaMiuHuX xapaktepuctuk AMC, Bukauxkanux ITI]I.

Karouori cmoBa: amopdHUIl cToll, iHTEHCHMBHA ILIacTU4YHA medopmaliisd, Ha-
HOKpHCTAJi3allisd, eHepria akTuBailii, ygapue o0pobJieHHA, MiKPOTBEePIiCThb.

This work grounds the relevance of the new ways for modifying the struc-
ture and properties of amorphous metallic alloys using severe plastic de-
formation (SPD) resulting the formation of nanocrystalline materials with
new physical and mechanical properties. In this work, for the first time,
the peculiarities of deformation nanocrystallization of one of the repre-
sentatives of this class of material, such as NANOMET doped with phos-
phorus, namely, alloy FesiBrSiiP10Cu: are studied. To perform SPD, the
method of high-frequency mechanical-impact (HFMI) treatment is used in
modes, which will ensure the maximum hardening effect as compared to
the original rapidly solidified amorphous ribbon. The special features of
the structure and kinetics of the deformation-induced crystallization of
the alloy underwent the SPD by the HFMI method are studied. Two crys-
tallization effects are established during heating of the amorphous ribbon
of maximum hardness induced by the applied HFMI. First one, this is the
shift of critical temperatures towards low exothermal temperatures, and
second one, this is the lowering of the activation energy for crystalliza-
tion as compared to the undeformed amorphous sample. The reasons of
the observed SPD-induced changes in thermodynamic characteristics are
established.

Key words: amorphous alloy, severe plastic deformation, nanocrystalliza-
tion, activation energy, impact treatment, microhardness.

(Ompumano 20 zpydus 2022 p.; ocmamoun. apiaum —12 ciuna 2023 p.)

1. BCTYII

3 MOMEHTY CBOTO BiIKPUTTS aMOpP(Hi cTonu € 06’€KTOM IIiJIBUIIEHOTO
HaAYKOBOT'0O iHTepecy uepes3 VHiKaJbHI MexXaHiuHi BJacTHBOCTI (BHUCOKa
MiITHiCTBH, BeJIMKe NPy KHEe BUJIOBMKEHHS, MEHIIIUN IIPYKHUUA MOIYJIb B
HOPiBHAHHI 3 KpPHUCTATIYHMMHN aHajJoraMM), MarHeTHi BJIACTHBOCTI,
oigBuIlieHy 0iocyMicHiCTH, BMCOKY KOPO3iliHy CTiliKicThb, 3HaTHICTL IO
dopMyBaHHSA CTaHy IEePEOXOJOAMKEeHOol piguHu. 3asHAUeHi BJIACTHBOCTI
BUB3HAYAIOTh 3aCTOCYBAHHA aMOP(PHUX CTOIIIB HA CLOTOAHINIHINA IeHb
B HACTYIIHMX O0JIacTIX: MeAUIIMHA — Xipypriuxme obJjagHaHHSA, 0io-
cyMmicHi iMImmamTy (BMCOKA MIITHiCTh, HU3BKWII MOIYJL IIPY:KHOCTH,
BHCOKA KOpO3ifiHa CTifiKiCTh); CIIOPT — CIOPTHBHUII iHmBeHTAp (BIUCO-
Ka MIiIlHicTh, BeJHMKi 3HaueHHA IPYKHOI medopmairii); MiKpoereKT-
poHika — MiKpoelleKTpoMexaHiuHi cucTeMu (BHCOKA MIiITHiCTBL i mpy-
JKHICTh, IIiABUIIleHA 3HOCOCTiMKicTh, (h)opMyBaHHA B CTaHi II€PEOX0JIO-
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I)KeHUX PianH); BificbKOoBa HPOMMCIOBiCTL — OpoHeOiliHi cHapsagu,
merayi 6poui (Bucoka MmimHicTh). OmHAK IITMPOKE 3aCTOCYBAaHHSA aMOp-
bHUX cTOmiB icToTHO 00ME:KyeThcA iX KpuxkicTio [1—3]. Tomy O6yio
3MificCHEHO YMCJEHHiI CIpoOM IIiABUINEHHS MJIACTUYHOCTH aMopPhHUX
cromiB. MoskHa BUIIINTH OCHOBHI IiAXoAw IJd OOCATHEHHS IIiIBU-
ITeHOol IIJIaCTUYHOCTH: CTBOPEHHA aMOP(PHO-KPUCTATIIYHOTO KOMIIO3-
Ty abo mifgbip omTMMaJBHOro xXeMiuHoro ckJaany. OgHak TpamguiliiHi
MOKJIUBi cxemu nmedopmartii (HampuKJIaL, BaJbIIOBAHHA UM KPYyUeH-
HS) He HO3BOJIAIOTH MOCATTH BEJIUKUX AedopMallii B KPUXKUX M BOI-
HoOUac TBepAuX aMOp(pHUX CTOIaX.

B ocranHi poKm BesiMKa yBara IpPUOiIAETHCA MOCIIMMKEHHSIM BILJIM-
By imTemcuBHOI miaactuunoi aedopmartii (III[) Ha 3MiHE CTPYKTYpPHO-
¢azoBoro craHy aMOop(pHUX CTOIIiB, IKi, AK BiJOMO, He MAalOTh TaKUX
CTPYKTYPHUX AedeKTiB, AK aucjokalii i mexxaeperHi me:xi. I[lurannsa
npo MexaHiaMm gedopmairii Ta gedopmMaIiiHOl CTPYKTYPU B aMOPPHUX
metaneBux cromax (AMC), mopsan 3 BUBUEHHSAM OcoOJmBocTeil ix 6y-
IOBU, € OJHUM 3 HAaHBAKJIMBIINMNX i HAWIIKaBIiIIMX IpPH IIOHIYKY HO-
BUX ILIAXiB MOAM(PIKyBaHHA CTPYKTYPU Ta BJIACTHUBOCTEIl TaKMX Ma-
TepianiB. PesysbTaTy HelaBHiX mocJimkeHb mokasanu, mio IIII me-
TajgiB B aMmophHOMY CTaHi MoKe OyTHM OOJHUM 3 KOHTPOJLOBAHUX CIIO-
co0iB oep:;KaHHSA HAHOKPHUCTAJNIUHMX MaTepiAliB 3 HOBHMHU BJIACTU-
BocTamu. Ileii MeTOn YMOMKJIMBIIOE OTPUMAHHS HAHOKPUCTAJIIUHOTO
CTaHy B aMOP(HUX CTOIIaX, KOJHU HOT0 HEMOKJIUBO OAEp:KaTHU TpPaIu-
HMiAHUMU TepMidyHMUMU 00pobieHHaMUu [4]. BuBuenHs medopmarriiinoi
Hanokpucraiisamnii 8 AMC ma ocHoBi Fe 3a kimMHaTHOI TeMIepaTypu
MIPOBOIUJIOCA, B OCHOBHOMY, 3a BILIUBY ABOX cmoco6iB ITII: 3a ymoB
3cyBy mim tuckoMm (B Kamepi Bpim:xkmena) i 3a 00poOJieHHS B KYJIbO-
BUX MJNHAX. Bmepiile yTBOpeHHsS KpucTaJiB i3 posmipamm 10 — 15
HM B amopdHiii crpiumni ckaany Fes;SirBi2 mpu inTemcuBHiil 3cyBHill
medopmarii mig BMCOKMM THCKOM OYJIO BCTAHOBJIEHO aBTOpaMu pPobo-
™ [6]. ¥ poborax [6, 7] Oysmo mokasaHO, IO TAKWH caMuil CIIOCi0
III amopdHuoi cTpiukm FesgoB2o Tako:k Ipu3BOAUTH 10 (opMyBaHHA
HaHOKpucTadiB (5—15 HM), KiIbKicTh AKUX 306iJbIITyeTHCA 3 POCTOM
cryneHsa pedopmarlrii. Bequkuii iHTepec BUKJINKAIOTHL TaKOMK JOCJIi-
MIKeHHA HaHOKpHUcTadisamii 3a o0poOJeHHA IMIMATOYKIB aMophHUX
cTpivok B KyaboBux MiamHax (KM). Tak, manpuxigan, GopMyBaHHS
HAHOKPUCTAJNIB BuUABIEHO B3a poaMmeaoBanua AMC cwucrem:
Fe73,5Cu1Nb38113,5B9 [8] i Fe730u1Nb1,5V28113,5B9 [9]

AwmopdHi MeTaseBi cTonmm Ha OCHOBI 3aJji3a BigHOCATHCA O KJAacy
MarHeTOM’ TKUX MAaTepisaiiB i BigpisHAOThCA Bim KpucTamriuHMX aHa-
JIOTIiB YHIKaJbHUM HOE€THAHHAM BHCOKHNX MArHETHUX, €JeKTPUUYHUX i
MexaHiuaumx BaactuBocteir [10]. Taxi crTomm xapaKTepusaylOTLCS
O0inbII HMBBLKMMM BTpaTaMM Ha MepeMarHeTyBaHHA y IIOPiBHAHHI 3
TpaHcopmaTopuoi Kpureio (Fe—Si), maiorh migBuinieHy MinmHicTs i
OiJMBIII HU3LKY UYTJIMBICTh MardHeTHUX BJIACTHUBOCTEH OO0 medopMarrii.



296 M. O. BACUJIBEB, B. M. MOPIIOK, I. B. BATOPVYJIBKO Ta iH.

Bigomo, mio marmerom’saxi AMC tuny FINEMET (Fe—Cu—Nb-Si—
B) i NANOPERM (Fe-MB (M — Zr, Hf, Nb)), orpumani meTomoio
HaIIIIBUAKOTO 3arapTyBaHHSA PO3ILIABY, HicJA BiAIOBiZHOTO TEpPMOOO-
pobJieHHS  MAalOTh  MarHeTOM’sdKi  BJacTUBOCTI B amMopdHO-
HAHOKPUCTAJNIYHOMY CTaHi, IO OOYMOBJIIOE iX INWPOKe IIPaKTUUHE
3acTocyBaHHA 3aMicTs Kpuili Fe—Si. OgHak moci s3aauImiaeTbca aKTya-
JBbHUM 3aBAAaHHS IOAAJIBIIIOTO IOKpAaIlleHHA MarHeTHUX XapaKTepuc-
TUK Ta IOHW)KEHHS BapTOCTI MarHeToM AKuUX MarepianiB. OmHum i3
NLIAXiB BUPINIEeHHA I[bOrO0 NUTAHHA € 3aMiHa JOPOTrUX KOMIIOHEHTIB
AMC (Nb, Ta, Zr, W umu V) aromamu Pochopy. HoBuit Kirac marue-
TOM AKOTO0 HAHOKPUCTAJIUYHOTO CTOIYy, HAKWH OJep:KaB HAa3BY
NANOMET (Fe—-Si—B-P—-Cu), 6yB pospobsenuit aBropamu [11].

Ho TemepimHnLOro yacy, B OCHOBHOMY, OyJIM BCTAHOBJEHi s3arajabHi
3aKOHOMIpHOCTI Tepmiunoi mamoxpucraigisaiii nmpm Bigmani AMC Ha
ocuoBi Fe. OgHaK Ha CHOTOAHIIIHIN JeHL MHUTAHHSA IIPO MEeXaHi3M Ha-
HOKpucrasizamnii amoppHux cromis mix mieio ITII] sanuimaeTbesa Bimk-
purum.

Ha :xanb, marmerom’saki amop@Hi cTonmu He 1mo30aBJieHi I HemOJIi-
KiB, OZHUM 3 AKUX € HEeJOCTATHIN piBeHb MeXaHiUHMX BJIACTHUBOCTEN
3a KiMHATHUX TeMIIepaTyp, II[0 MOKe 3BY:KYBaTU 00JIACThb iX IPAKTH-
YHOT'O 3aCTOCYBaHHS.

Y 3B’A3KY 3 aKTYaJbHIiCTIO MPOOJEeMU PO3MIUPEHHsS chepu IIPOMUC-
JOBOro 3actocyBaHHA cTpiukoBux AMC Ha ocuoBi Fe mosxHa Bimsma-
YUTU 3POCTAOUUNM HAYKOBUU i TeXHOJOTIUHWI iHTepec IO BUBUEHHS
OCHOBHUX MeXaHi3MiB MaKpOCKOIIiuyHOI i MiKpocKoImiuHoi nedopmarrii,
BiAIIOBimaJIbHMX 3a MIIHICTH 1 IIJIACTHYHICTE MaHMX MAaTepidJaiB 3a
BilTHOCHO HUBBKUX TeMIlepaTyp. Hanpukiaza, nedopmarliifina moBemi-
HKa B IIbOMY Jiamas3oHi TeMIlepaTyp CTaHOBUTL NEeBHUU iHTepec s
BUKOPUCTAHHA B KOJUBAJbHUX TNPUCTPOAX, TaKUX HAK TipoCKOIIH,
MIBUAKOAIAHI IPY:KUHU i AeTalli MiKpo-eJIeKTPOMEeXaHiuYHUX CHCTEeM,
CIIOPTUBHOT'O iHBeHTapio, OpoHi. IIpu BUroTOBJEHHi Ta eKcIIyaTalrii
MarHeTHi ocepiasd IiAJa0ThCA PiBHMM HaBaHTAKEHHAM, SKi MOMXYTh
npuBecTU A0 3MiHM ixX BilacTuBocTeil. TomMy Ay:Ke BasKJIMBO PO3yMiTHU
MexXaHiyHy ITOBENiHKY TaKUX MaTepidais.

OxuH i3 cyuacuux i edexTuBHUX crocobiB III]] mMeTaeBuUX IIOBEp-
XOHBb 3a BiTHOCHO HUB3bKHUX TOMOJIOTIUHUX TeMIepaTyp 3aCHOBaHUM Ha
BUKOPUCTAHHI eHeprii IOTY:KHUX YJIbLTPA3BYKOBUX KOJUBAHL [12—
14]. YucmeHnHi mocaigsKeHHS MMOKAa3yIOTh, IO YJLTPa3BYKOBe yIapHe
o0pobsenua (Y3Y0O) abo BHCOKOUACTOTHE yaAapHe O0O0poOJIeHHS
(BYYO) meTasieBUX MOBEPXOHHL BUPOOIB € OiJbINI TEXHOJIOTIUHUM i Ke-
POBaHUM IIPOIIECOM B MOPiBHAHHI 3 BaJLIIIOBAHHAM a00 00pPOOJIeHHAM
B KYJbOBUX MJMHAX i B Kamepi Bpimxmena. BcraHoBieHo, IO IIif
Iiero BKasaHUX oOpo0JieHb Bi0OyBaeThCsS MOAPIOHEHHS MiKPOCTPYKTY-
pu MeTajiB i CTOHmiB 3 YTBOPEHHSAM MiKPO- Ta HAHOCTPYKTYP, IO
OPU3BOAUTL MO 3POCTAHHA MexaHiuHOi MIiITHOCTH, a TaKOoXX (opMmy-
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BaHHSA BHYTPIIIHIX HAIPYyKeHb CTHUCHEHH:A, AKi 3a0e3meuyloTh IIif-
BUIIIEHHSA EeKCILIyaTallifHMX XapaKTePUCTUK BUPOOIB 1 KOHCTPYKILiii.
IIpomecu HAHOCTPYKTYPYBaHHA B IIIBHAKO3arapTOBaHil amMop(HIii
crpiumi cxaany FerseSiissBr,2Cur,oNbss (Tuny FINEMET) B pesyiabra-
Ti ¥Y3YO0 3a KiMHaTHOI TeMIepaTypu BIepiie 0yJ0 MOCIIiI:KeHO B PO-
6orti [15]. ABTopu [16] Buepire BusaBuau eheKT ITiABUINEHHS MJIACTH-
yHocTu moBepxHi MacuBHOTO0 AMC criaany ZrsTii;nCuioNijiBegs micasa
y3VYO0.

Ockinmbxku AMC 3maxogaThbcsd B HepiBHOBAsKHOMY CTaHi, TO 3a Ta-
Kux pmecrabilisyloumx BIJIUBIB, AK TeMIeparypa, aedopmallia uu
OIIPOMiHEHHS, aTOMHU iX KOMIIOHEHTiB 30iJBLIITyIOThH CBOIO PYXJMUBICTH,
B pe3yJIbTaTi 4oro BifOYBaIOThCsA IIEPETBOPEHH, IO mepeBogATsr AMC
B OigbIn cTifiKmii TepmMommHaMmiuHMil craH. Kpurepiem crabiabHOCTI
AMC e TemmepaTypa, 3a KOl CTae IIOMITHOIO 3MiHa iX CTPYKTYpPH.
IIpu mpoMy MOXKJIWBI AK 3CyBU KPUTUUYHHUX TeMIIEPATyp, TaK i saMiHH
XapakTepy KiHeTMKM KpucTajisaiii HoBux (a3 y amopdHiii MaTpHIIi.

EdexTuBHNM MeTOmOM HOCTimXKeHHS TeMIepaTypHO-uacoBOi cTabi-
apHOocTi AMC € mudepenmiino-ckanyBaabia kajgopumerpia (ICK),
IIT0 3aCTOCOBYETHCA JIs BUSHAUECHHS KPUTUUYHHUX TEMIEPATypP CKJIY-
BaHHA Ta KpucTadisallii, a TaKoK eHTaJbIii 3a3HaueHWX IIPOIEeCciB.
3a mpodinamu [ICK-TepMmorpam i sHaueHHAMU eHeprii akTuBallii Mo-
JKHA CYIUTH OPO CTPYKTYPHi 3Mimwm, 110 BigOyawmca B 3paskax Micisd
IIT]] pisHoi TpmBaJsocti [17-21].

Meroio maHoi po60THM € BUBUEHHS KiHETHMKM HaHOCTPYKTYPYBaHHS
"HoBoro crorny Tunmy NANOMET, naerosanoro @ocgopom, B mporieci
inTencuBHOI medopmarii meromoro BUYO i3 3acrocyBamuam [[CK.

2. METOJUKA EKCIIEPUMEHTY

Y namiii poboTi mocraimsKkyBajsaca CTpPiuKa HOBOTO KJacy (epoMartir-
Horo amopduoro cromy tumy NANOMET, mo wmictuts Pochop:
Feg1B7SiiP1oCu;. Crpiuku ToBmmHOIO 25 MKM i mupuHoio 15 MM Oyiu
OTPUMAHI IMJIAXOM IMIBUAKOTO TapTyBaHHS PO3TONY 3a3HAYEHOTO
CKJIAIy Ha MiZHOMY IHCKY, IIIO 00epTaeTbcsa (MeToJa CIiHiHTyBaHH).
IIIBuKicTh OXOJIOMKEHHS PO3ILIaBy IpU IboMy ckJuaazana ~ 105 K-c!
[22, 23]. 3rimHo 3 pesyJbTaTaMMu PEHTT'eHOCTPYKTYPHOTO aHAaJIi3y,
cTpiuku Oysm B amopdHOMY craHi («peHTreHoamopdHi»). CTPYKTYyp-
HUU cTaH CTPIiYOK M0 1 Iricasa iHTeHCHMBHOI MJACTUYHOI Aedopmarril
KOHTPOJIIOBAJIX 34 JOIOMOI'OI0 PEHTIeHOCTPYKTypHOro aHaiaisy (PCA)
Ta TpaHcMiciiiHOi eqeKTpoHHOI MiKpockomii (TEM).
PenrrenocTpyKTypHU#E amagiz y wMigmomy BunpominemHi CuK,
(Ah=0,15418 ©M) mpoBOAWMJIM 3 BHUKOPHUCTAHHAM AudpaxTOoMeTpa
Rigaku Ultima IV. Huasa mocrimkeHHA 3paskKiB BUKOPHUCTAHO CXEMY
¢doxycyBanHa 3a DBperrom—BpenTamo. YMoOBuU NIIpPOBEIEHHS JOCJIi-
I)KeHb: imTepBaja KyTiB — 20 = 20-120°, Kpox peectparii — 0,04°,
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yac BUTPUMKH B TOUIlL — 2 ¢, TpUBAJiCTh peecTpallii audppakriiiinoi
KapTuHU omgHOTOo 3paska — 90 xB. [24].

Coocrepexxenaa TEM mnpoBogumam 3a [JOIOMOIOI0 MiKpOCKoIa
JEM 100 CX-II. IlmiBkoBi TEM-¢omii 6yau BUTOTOBJEHi 3 pisHUX
IinaHOK 06po6IeHMX 3pasKiB. Ix MexamiuHO mosipyBaiau Ha Heo6POG6-
JIEHI#l CTOPOHi 3paska 3 MOJAJIbIINM eJIEKTPOIIOJipYyBaHHAM 3a HOIO-
MOTOI0 TEeXHIKM MOoABiiHOro crpymeHnd. s omep:kaHHA (oJii 3 30B-
HIITHLOTO IIOBEPXHEBOTO IMapy BUKOPHCTOBYBAJACA OIHOCTOPOHHE
mosipyBanua [25].

Ina Bu3HaUeHHS TeMIlepaTyp CKJYBaHHS Ta Kpucrajiisarii, a rta-
KOXK eHepriii akTusaIllii (as3oBUX IIepeTBOPEHb, IO BiAOyBalOThCA 3a
HarpiBaHHA 3pasKiB i3 IMOCTiHOIO HMIBUIAKICTIO, 3aCTOCOBYBAJI METO-
ny ICK. BuwmipioBanus mpoBoguau Ha mpuiaani Netzsch DSC 404 F1
Pegasus. [locrimxkyBaHi 3pasku HarpiBamm y atmocdepi rermiro 3i
HIBUAKOCTAMY HarpiBauua 5, 10, 20 i 40 K/xB.

BUYO BukomyBanum Ha ycraHoBIi [26], AKa ckJIagaeThcAd i3 TeHe-
patopa uactroroio 21 kI'm, mory:xkHuictio 0,6 kBT i Bi6paTopa 3i crymi-
HUYACTUM KoHIleHTpaTopoM. Ha BiOpaTopi posmimiyBaJjiaca ygapHa ro-
JiBKa 3 O0OMKOM IMJIiHApuYHOI dopMmMu (miamerep 5 MM, IZOBKHHA —
18 mm), BUroToBJeHOTO i3 3araproBanoi kpuili IIIX15. Yacrora yna-
pHoro BmauBy craHoBmaa 1—2 kI'm. BUYO 3spaskis mposomuam 3a
KimMmHaTHOI TemmepaTypu Ha moBiTpi. TpuBamicTs 00pobseHHsA Bapiio-
BaJyi Bixg 10 mo 70 c. O6pobsenua TpuBaJicTio mouHan 70 ¢ cupuuYnHSA-
JIO PYHUHYBaHHSA 3pas3KiB.

3. EKCIIEPUMEHTAJIBHI PE3YJIBTATH TA OBIrOBOPEHHA

fx moxasamo B poboti [27], 3pocTaHHA TPUBAJOCTI medopmaliiHol
nii BUYO paa crpiuku cxiaany Fes;B:SiiP1oCui mo 60 ¢ mpusBoauTh
OO0 PIBKOro MOHOTOHHOI'O 3POCTAHHS BEJIWYMHK MiKPOTBEPAOCTH
(eperT sminmmenns craazae 30%). Heranpuuit crpykrypuuii i [ICK
aHaJisyM BUKOHAHI AJA 3paskiB, o0pobsenmx BUYO 1o mocarHeHHS
MaKcuMaJbHOI TBepaocTu (puc. 1). PesyabraTu TaKoro aHaisy MeTo-
mamu PCA i TEM spaskis ;o BUYO mHaBegeni ma puc. 2, a i cBiguars
IIpO Te, IO CTPYKTypa 3paska € amMopdHOO 0e3 03HAK KpHcTaaisairii.
Ha pudpaxTorpamMax IIBHAKO3arapTOBAHOI'0 CTONY CIOCTEPiraamcs
JUIlle ABa INMUPOKI mudpaxiiiini pedaexkcu Ha KyTax 20 = 57° i
20 = 92°, xapaKTepHi oI aMOpP(PHOI CTPYKTYpH CTOIiB Ha ocHOBiI Fe
[28]. BigcyTrHicTh HaBiTHL He3HAUYHOI KiJbKOCTi Kpucraidivumx ¢as y
MIBUAKO3arapToBaHUX cTpiukax cromy Feg;B:SiiP1oCu; migTBepmxy-
eTbea Takok panumMu TEM (puc. 3, a). Ha enexTpomorpawmi, AK i ma
PEHTT'eHiBChKilNl Au(paKkTOorpami, oTpuMaHi#l Bij maHoOro 3pasKa, 3a-
3BMYAll IpUCYTHE Jjuine nudysHe rajgo (BCTaBKa eIeKTPOHOTPAMHU Ha
puc. 3, a).

AsBtopamu pobiT [29—34] Oysi0 BCTAHOBJIEHO B3AaEMO3B’A30K MiXK
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Puc. 1. 3anexHicTh BeJWUYMHUN MiKPOTBEPAOCTH aMOPDHOI CTPiUKM cTOIly
Fes1B7SiiP1oCu: Bixg TpuBasocti BUYO [27].

Fig. 1. The dependence of the amorphous ribbon microhardness of the alloy
Fes1B7SiiP1oCu: on the duration of HFMI [27].

YMOBaMM OJIep:KaHHA, XEMIiUYHUM CKJIQJIOM, CTPYKTYPHO-()a3oBUM
cTaHoM i (hisMUYHMMM BJIACTUBOCTAMMU JIETOBAHUX IIBUIKO3arapToBa-
uux crouiB 6a3oBux cucrem FINEMET (Fe—Si—B—Cu—Nb) Ak y Buxi-
OIHOMY aMOpP(MHOMY cTaHi, Tak i micasa TepMooOpPOOJIeHHS 3 YTBOPEH-
HAM HaHO(pasHUX KOMIIO3UTIB. B mporeci TepMooOpobIeHHA ¥ TeMIIe-
parypHoMy iHTepBani 773-823 K Taki cromm KpuCTaJIi3yoThcA i3
YTBOPEHHAM HAHOKPUCTAJIIUYHOI CTPYKTYPHU, B AKIA KOXKeH KpucTras
TBepaoro pos3umuy o-Fe(Si) posmipom 10-12 mM oToueHUil TOHKUM
IIPOMIAPKOM 3aJUIIKOBOI amMopduoi dasu. Tax yTBOPIOETHLCS TaK 3Ba-
Ha OJHOJZOMEHHA MarHeTHa CTPYKTypa (OAMH KPUCTAIUK — OAUH MO-
meH) 3 80% 00’emy KpucraiaiuHoi ¢asu, siKa BU3HAYAE YHIKaAJIbHE II0-
€THAHHA BUCOKWX MATrHETHUX BJIACTHUBOCTEl MAarHeTOM’ SIKUX CTOIIiB
IIBOT'0 KJIAcy.

dopmMyBaHHA HAHOKOMMIO3UTHOI CTPYKTYpHW B aMOpGHHUX MAarHe-
oM aAKux cronax tuny NANOMET (Fe—B-Si—P-Cu) B mporeci Tep-
MiuHOrO 00pOOJeHHA AeTalbHO BMBUeHO y poborax [11, 35, 36]. 3a
pesyabratamu ananxizy JCK ta PCA moBemeHo mBocTamiiiHuii xapak-
Tep Iepexony aMOpP@HOTO CTOIy B KPHCTAJNIUHUI CTAH IPU TeMIepa-
Typax BiamaJsy, BUIUX 3a BiAIOBiZHI MakKCMMyMH Ha TepMoIpaMax.
30KpeMa, BCTAHOBJEHO, IO Iicjsa meplmoi cramii kpucrasmisarmii cTpy-
KTypa 3pasKa CKJIaJacThCcd 3 KpPUCTATiB o-Fe Ta 3amuikoBoi amopd-
HOI MAaTpuIli, a IicJasa APYyroi — CTOI Ma€ IMIOBHICTI0O KPHUCTAJIIUHY
CTPYKTYPY, IO CKJIamaEThcA i3 Kpucrauais a-Fe, bopunis Ta docdinis
3ajisa. Po3mip 3epHa HaHOKpHCTAJIiB 3pocrtae Bim 16 mo 21 umM mpwm
HarpiBauui Big 370°C mo 470°C. 3asmaummo, II[0 XapakTep IIepexony
amMop(HOI (pasym B KPUCTAJIUHHI CTAH € TUIOBUM MOJIs BCiX CKJamiB
cromiB Tuny NANOMET.
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Puc. 2. Peutrenorpamu IrBuAKO3arapToBaHoro cromy FesiBrSiiPi1oCu: mo (a) i
micaa BUYO 60 c (6).

Fig. 2. X-ray patterns of rapidly solidified FesiBrSiiP10Cu1 alloy before (a)
and after HFMI 60 s (b).

ITicta BYYO Ttpusagnictio 60 ¢ y mocaimxeHili crpiumi craaxy
Feg:B:SiiP1oCu; cmocrepiraroTbesi CyTTEBL CTPYKTYPHI 3MiHM y mOpiB-
HAHHI 3 BUXigHUM aMOp(pHUM CTaHOM. PeHTI'€eHOCTPYKTYPHUHN aHAaJi3
CBiTuuTHL TIPO Te, 110 Ae)OPMOBAHI 3pas3Ky MicTATH amMopduy (asy i
Hanokpucranu OIIK o-Fe(Si) 3 pgudpakimiiiHmMm MaKcuMyMaMHt
(110), (200) i (211), aKi YyTBOPIOIOTHCA TAKOK HPU TEPMiUHO iHIYKO-
BaHili KpucTaJisamii mociaimykysamoro cromy (puc. 2, 6). Ilpore, 3a
3as3HaueHoi medopmairii He popMyOThCA YACTUHKU OOPUIiB, IO € Xa-
pakTepHuM i maa immwux cmocob6iB ITII amopduuMx crpivox [3]. 3a
maaumu TEM (puc. 3, 6), ocHoBHa AedopMalliiiHO-iHAYKOBaHA MOMU-
¢dikarmis cTpykTypu moB’sA3aHa i3 YTBOPEHHAM BEJIMKOI KiJIbKOCTI Tro-
MOTEHHO PO3MOAiJIeHUX HAHOUYACTUHOK, POSMipM AKUX 3HAXONATHCA B
miamasoni 5—25 M. OKpeMi 00JaCTi eJIeKTPOHOTPAMHU ITOKA3YIOTh, IO
BUIiIeHHs mpeacTaBiasaioTh coboio OIIK o-Fe(Si) 3 BumaagxoBuMu
Kpucranorpadiuaumu opierraniamu (puc. 3, 0, BCTaBKa).

HomaTkoBa iH(popMallis Ipo CTPYKTYPHI (asoBi mepexoam y mOCJIi-
IxeHoMYy cToii Oysa orpumana 3 mauux [[CK.

fAx Bimomo, amopdHUii cTaH MeTaJIeBUX CTOIIIB € MeTacTabiJIbHUM,
TOMY OJIS Iepexony B OinbIl cTabiJbHUIl cTaH HEOOXimHO IIiABUIIUTHU
TeMIepaTypy i Tum caMuM npuckoputu audysiiiai nmpoiecu. B pe-
3yJIbTaTi HarpiBaHHA 3a IIEBHOI TeMIlepaTypHu BigOyBaeTbcA mepexin is
amopdHoro crany y kpucraiiuamii. Ockinskum AMC Biggae Temio
BOPOJOBK KpucTraiisailii, To me# mporec Ha kpuBux I[CK mpoasis-
€ThCS y BUTJISAAL €K30TEPMIiUHUX MiKiB, 3a IMOJIO}KEHHAM SKUX BU3HA-
YaloThCA TEMIepaTypu IMOYaTKy BiAMMOBiAHMX cTafiil Kpucrastisalii.

Bimomo, mio mig yac Harpisanas AMC ma ocHoBi Fe moeBTeKTHYHO-
To CKJIAZy peaji3yeThbCcs ABOCTaNiliHA Kpucrajisaiisg. ¥ IboMy BUIIA-
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Puc. 3. TEM-3zo0pakeunnsa 3paska amopduoi ctpiuxu FesiBrSiiP1oCui: a —
Buxigumit; 6 — micaa BUYO (60 c).

Fig.3. TEM-image of an amorphous ribbon sample FesiBrSiiP1oCui: a—
initial; b—after HFMI (60 s).

axy #Ha KpuBux I CK mpucyrHi aBa mikm KpucraJjisallii 3a KpuTuu-
HUX TeMIIepaTyp, I1o mo3HavaioThea Ty i Tk, BimmoBigHo (puc. 4).

Hobpe BimoMoOI0 € BalleKHICTL KPUTHUUYHHUX TeMIepaTryp (asoBux
IepeTBOPEHL Bij IIBMIKOCTI HATPpiBaHHS 3pasKa. 3 MeTOI0 BHOOPY OI-
TUMAaJBbHOTO PEXUMY HArpiBaHHA IJA AOCHiKeHHS e(eKTiB BILJIUBY
BUYYO ma xapaKTepUCTHUKHN €K30TePMIiUHUX TeIJI0BUX e(EeKTiB CTPYK-
TypHuUX (ha30BUX MIEePeTBOPEHbL y IIiii poboTi 6yJ0 mpoBemeHo cepiio
peecrparniii [ICK i3 pisHoo mBuaKicTio sminm Temmeparypu (5, 10,
20 Tta 40 K/xB). 3i 306iabIIIeHHAM IIBUAKOCTI HATrpiBaHHS eK30TepMi-
yHi mikum Kpucrasaizaiii (puc. 4) sminryiorbesa y 0ik OiJbIT BUCOKUX
TeMIIEPATyp, IO CBiIYUTH IIPO TEePMiYHO aKTHMBOBAHi CTPYKTYPHi 3Mi-
HU, AKi XapaKTepusyThCSa MEeBHUMU eHepriaMu axTuBarii. AHajori-
yHuii edexT OyB paHillle BCTAHOBJIEHUH s aMOPQPPHOTO CTOIY
(ZI’5501130A110N15)99Y1 [37] i CTOIlYy Fe73,5Cu1Nb38113,5B9 THUILY FINEMET
[38]. Kpucramisamifima moBeminka aMop(hHOrO CTOIY BH3HAUAETLCS
MIBUIKICTIO HarpiBaHHA Ta XapaKTepU3YyEThCA JIHIMHNMH 3aJIeKHOC-
ramu (puc. 5).

Y nawiii po6ori xaniopyBanua npunany ICK mpoBomuam A IIBU-
nxocti 40 K/xB., sxa Oysa obpaHa ONTHUMAJLHOIO AJA OijbImoi moc-
TOBiPHOCTI KiJIBbKiCHOTO BM3HAUEHHS TeIJIOTH KpHCTaJisaIrii amopd-
HUX CTOIIiB.

Ha pucyury 6 nasemeni [CK-KpuBi BuxXimmoro Ta o06po0jeHOro
amopduoro crony Feg;B7Si;P10Cu; ama pismoi TpuBamocti BUYO. Xa-
PaKTepHi TeMIepaTypu eK30TEePMiuHMX peakKIliil i eHeprii axkTumBamii
(dazoBUX ImepeTBOpPeHb BMHeceHi y Tadbn. 1. Ak i y Bumagxky TepMiuHO
iEgyKOBaHOI Kpucrajisamii, mepmuil ek3orepMiuauii mik Ty 3a TeM-
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Puc.4. ICK-kpuBi nnsa pisHMX IIBUAKOCTell HArpiBy amMop@HOi CTpiuKm;
Fesi1BrSiiP1oCui.

Fig.4. DSC curves for different heating rates of the amorphous ribbon
Fesi1BrSiiP1oCui.

nepatypu 6au3pko 706,2 K (MakcuMaJbHMI IIOTiK Telja) 3yMOBJe-
Hui QpopmyBaHHAM HaHOKpucTainiB OIIK o-Fe(Si). Hpyruit mik Ty
(765,4 K) symoByennii KpucraJjisaitieo oopunuoi ¢asu. Ciaig migxpe-
cautu, mo 3a ganumu JCK o0uaBi maHokpucrasiuHi ¢asum BUAiIA-
IOThCA Yy BaJUINIKOBiN aMop(HIA MaTpuIli miciisa gedopmarrii.

Pesynsratn amamiszy JCK meMoHCTPYIOTH OBa KpHCTAJi3aI[iiHUX
epextu BUYO. Ilepmuii 3 HUX mOJIATa€ B 3MillleHHI KPUTUYHUX TEM-
mepatyp y OiK OijbIll HM3LKHUX 3HaUYeHb, a APYTHUN — Yy 3HIKEHHI
eHeprii akKTmBaIlii Kpwucrajisaiii mopiBHAHO i3 Heme(OPMOBAHUM
amMopdHUM 3paskoM. SIK BMIHO 3 JaHUX, IIpeJAcTaBIeHUX y Tabua. 1,
micasa imTeHcuBHOI miaactuuHoi medopmarlrii (BUYO) rpusarmictio 60 ¢
epexkTHBHA eHeprisg akTwBAIlil meprmioi crTamii KpucraJaisaifii SHHMKY-
erbeda Bim 307 = 7,9 xlxx/monb mo 280,1 xll:k/Moab, y TOII yac fK
eHepria aktuBamii apyroi craxii xKpucramisaiii micaa BUYO sumxy-
eTbeA Oinpin icrorHO: Bim 402,16 kIl:xk/Monb y BUXigZHOMY cTaHi IO
310,2 k]l /Mouas (Maitsxe HaA 23% ).

OcuoBHi gocaimxenns BmauBy IIII[ ma cTpyKTypHY TpaHchoOpMa-
mito AMC ma ocHOBi 3ayriza BHKOHAHi i3 3acTOCYBaHHAM KYJIbOBUX
mianaiB (KM). B nbomy Bunagky sa gomomoroo HCK mocaimsxyBasum
MIOPOIIKY, AKi YyTBOPIOBAJIUCA 3a YMOB HOAPiOHeHHA BuUXigHOI amopd-
HOI cTpiukmu. Bmane BucoxkoeHepretTuunoi medopmarnii 8 KM Ha cTpy-
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Puc. 5. Boiue mBuaxocti HarpiBamas amMopdHOI CTpiuKM Ha iHTEHCHBHiCTH
TEIIJIOBOrO IIOTOKY (@) Ta TemIepaTrypy exksorepMmiunux mikiB Tx1 Ta Txz (6).

Fig. 5. Influence of amorphous tape heating rate on heat flux intensity (a)
and temperature of exothermic peaks Tx1 and Tx2 (b).

KTYypHi mepeTBopeHHA B amMopdHUX crpiukax crommiB FegsC0155i1B1s i
FesSigB1s BuBuasu asropu [39—42].

Amnajoriuni gocraimgsxenua aasa cromy Fes NigwPi14Be Oyiu mpoBeneni
B pobori [43], a crony Fers.;Cu;NbsSiis By (FINEMET) — y poborax
[44—46]. ¥ mumx pobGoTax BCTAHOBJIEHO, IO IIEPIINIM €K30TepMiuHU
HICK-nik obymoBinenuii Bumitenuam o -Fe(Co), a apyruii MakcuMyM
TeIJOBULIJIEHHS € pe3yabTaroM opmyBaHHAM Oopumuux (pas (FeasBs
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Puc. 6. Kpusi [ICK, orpumani npu HarpiBauui 3i mBuzakictio 40 K/xB amo-
pduoro cronmy FesiBrSiiP10Cui y mouaTkoBoMy (BHXiZHOMY) cTaHi Ta micia
BYYO.

Fig. 6. DSC curves obtained by heating at a rate of 40 K/min of amorphous
alloy Fes1B7SiiP10Cu: in the initial state and after HFMI.
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TABJIAIIA 1. TemnepaTypu CTPYKTYPHUX €K30TEPMIiUHMX II€PETBOPEHb Ta
eHeprii akTuBaIlii mpoiiecy Kpucrasisaiii.

TABLE 1. The structural exothermic transformations temperatures and
activation energy of the crystallization process.

Exl, EX27
CTaH Txl, K Tx2, K ATX
kIlx/Monb | kI /MONB

ITouaTxkoBuii

715,7 768,1 52,4 307,9 402,1
(Original)

BYYO 60 c

706,2 765,4 59,2 280,1 310,2
(HFMI)

i FesB). 3i spocramuam tpuBasocti gedopmariii y KM mi mikm 3wmi-
MIyIOThCA B 00JiacTh OiJIbIN HUSBKUX Temieparyp. OT:ke, pesyibTaTu
IpeACcTaBJIeHOI PoOOTHU Y3TOAMKYIOTHCA 3 JiTEpaTypPHUMHU AaHUMMU.

TakuM YMHOM, 3MiHA TEepPMOAMHAMIUHWX BJIACTUBOCTEN 3a YMOB
HarpiBaHHA aMopdHHUX CTPiuoK cromy Ha ocHOBiI Fe, migmanux BUYO
IO OOCATHEHHA MaKCHUMAaJbHOI TBEPAOCTU, HPOABJIAETHCA y 3MEHIIIEH-
Hi TemnepaTtyp eksorepmiunux mikiB JICK Ta eHepriii akTuBarii 060x
cTamiii HaHOKpHUCTarizamii samuImKoBoi aMop(HOI MATPUILL ITOPiBHAHO
i3 amaJoriuHMMHN MapaMeTpaMHu IJA BUXiTHOTO MOBHiICTIO aMOpP(MHOTO
spaska. Ili dakT; cBiguaTh IpPO MOHUIKEHHA TepMiuHOI cTabiabHOCTI
aMOpP(HOTO CTOIIy BHACJiAOK iHTEHCUBHOI ILTacTUYHOI Aedopmarrii.

A HeomHOpPa3oBO OYyJO BCTAHOBJIEHO, MEXaHi3MM TepMiuHOI Ta Je-
dopmatiifinoi HaHOKpHCTAJIi3aIlili cyTTeBO BiapisHAThCA MiK coboio. ¥
epIIoMy BUNAAKY 3apOIsKEeHHS Ta 3POCTAHHA HAHOYACTUHOK KpPUC-
ramiyHoil (asu BigOyBaeTbcAa 3 (POPMYBAHHAM BUIAAKOBUX II€HTPiB
KpucraJisallii B romoreHHiii amopdHiit dasi. B pesyabrari IIII Bix-
OyBaeThbcsA posmiapyBanusa amMopdHoi dasum mpu KiMHaATHIN TeMIepa-
Typi, a mMeHTpaMu HAHOKpHUCTaIizalii cTraioTh MicIld iHTeHCHMBHOI He-
roMoreHHoi medopmaliii mo cMyrax 3CyBy Ta y BinbHOMY 00’emi, nme
icToTHO mixBUITyeThCA MBUAKicTH Mirparii aromiB [3]. Came B cmy-
rax 3cyBy a0o0 moOJM3y HUX 1 MOKJIWBE 3apPOAKEHHA HAHOKPUCTAJIB
3aBASAKHU IIiABUINEHHIO JOKAJbHOTO OJM:KHBOrO mopaaky. IIpoiec Ha-
HOKpHucTasizamii sa Takoi medopmallii mMae mepeBaskKHO aTepMiuHy
npupony. OgHAK, AKIIO iHTEHCUBHiCTh O0OpOOJIEHHSA HEZOCTATHLO BU-
COKa, TO YTBOPEHHSA 3apOoAKiB KpucramiuHux (a3 B aMop(Hiili MaTpu-
i He € TepMOAMHAMIUHO i KiHeTHYHO CIHPUATAUBUM. TaKuUM UYMHOM,
aMop(dHUI CcTaH YACTKOBO 30epiraerbcsd, IO i cmocTepiraeThesa y Oa-
Hi#l poOoTi.

Cain sasHaumTH, 1o 3apeectpoBaHi [CK-makcumymu nas medop-
MOBaHOTO 3pa3Ka 3yMOBJIeHI IIpollecaMM TepMiuHOI Kpucrajaisarii y
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3aJINIIKOBiN amMop(HiA (asi. ¥ Bumagrky IIOBHOI meopMamiiiHol Ha-
HOKpHcTamizamii Taki MakcuMyMu MOBUHHI OyTu BigcyTui [47]. Og-
HaK KiHeTHMKa JIBOCTamifiHOI TepMiuHOI Kpucrasizamii micias medop-
MaIlii BiIpisHAIOTHCA Uepeld IPUCYTHICTh AepopMaIliiHuX AedeKTiB Ta
JIOKAJBHOTO IiABUINEHHS TeMIepaTypu B obOjsacTti cmyr 3cyBy. llas
MIOMOJIaHHSA eHEePTeTUYHOro 0ap’epy 3apomKeHHs IeHTPIiB KpPHCTAJi-
3arii 3a KiMHaTHOI TeMIlepaTypHu, IO BigOyBaeThcA B 00JaCTi cMyT
3cyBy, imTencuBHicThb III]l mMae OyTu mocuTh BUCOKOI0. IIpu mbomy
MOJKJIMBa peaJsridallid TphOX KaHAJIB AUCHUIIAIl IPY:KHOI eHeprii mpu
BYYO: naactuunoi gedopmairii, pasoBux IepeTBOPeHb Ta BUALICHHS
remsa [48]. CyrreBi JNOKanbHI HampysKeHHA y aMopdHi# ¢asi, axi
BUHUKAOTH 3a yMOB BUYO, cTUMYIIOIOTh MOHMMKEHHA eHeprili TepMi-
YHO aKTHMBOBAHOI'O IIPOIleCy HAHOKPHUCTAJi3aIlil mpu HarpiBaHHi 3pas-
ka B xamepi [ICK.

4. BUCHOBRKH

Bmoepire BuBueHO 0COOJMBOCTI IIpoIlecy HaHOKpHCTaJaizarii amopduoi
crpiuku crony Tuny NANOMET (Fes;B:Si;P1oCu1), axi BigOyBatoThCs
BHACJIIIOK iHTEHCUBHOI ILIACTUYHOI medopmailrii, IpoBemseHol MeToI00
BHCOKOYACTOTHOT'O yAapHOro oOpoOJIeHHSA B peskuMax, Io 3a0es3imeuy-
IOTh MaKCHUMAaJbHUIN e(peKT 3MIiIlHeHHA IIOPiBHAHO i3 BUXiZHUMU
mBUAKO3araproBanuMu amMopduumu crpiukamu. Ilicia BUYO crpiu-
KU CIIOCTEPIraroThCA CYTTEBI CTPYKTYPHI 3MiHU y MOPiBHAHHI 3 BUXI-
IHUM aMOpP(MHUM CTAaHOM. 30KpeMa, BCTAHOBJIEHO, IO OCHOBHOIO OCO-
osuBicTIO medopmarifiHo-imAyKoBamnoi Momu@ikalii cTpyKTypu amop-
(¢HOI CTPiUKU € YTBOPEHHSA BEJMKOl KiJbKOCTi IOMOTE€HHO PO3Iojije-
Hnx HaHouacTMHOK OIIK-o-Fe(Si) 3 BunmagkoBumm Kpucramorpadiu-
HUMU OPi€HTAIiIMHU, PO3MipM AKMX 3HAXOAATHCA B Aiamas3oHi 5—25
HM.

MeTomoio mumdepeHIliiiHol CKaHyBaJbHOI KaJOPUMETPii IIpu Helle-
pPepBHOMY HArpiBi i3 cTaJ0I0 IMBUAKICTIO BCTAHOBJIEHO, IO Yy JAOCJIi-
IoKeHi aMop(Hili cTpiumi Kpucrasizaiia BigOyBaeThcsa y OBa eTalu
AK Y BUXigHOMY cTaHi, Tak i micaa BUYO mpu pexumi, axuit 3abes-
meuye MakcuMaabHy TBepAicTh. I[[CK KpuBi IeMOHCTPYIOTH ABa KpUC-
TaisaliiHi epeKTU: MepIIui 3 HUX MOJIATAE B 3MIIleHHI KPUTUUYHUX
TeMmepaTryp y OiK HMKUMX 3HAUEHb, a APYTHUH — y SHUMKEHHi edex-
TUBHOI eHeprii akTmBaiil Kpucrajisaliii MopiBHAHO i3 aHaAJOTiYHUM
mapamMeTpoM HeaehOpPMOBaHUX aMOPGHUX 3pasKis.

Bceranosieno, 1o B pesyabrarti IIT]1 ctpiuok cromy Fes;B7SiiP1oCuy
BimOyBaeThcA posInapyBaHHA amMopdHoi ¢asu mpu KiMHaATHiNI TeMmIe-
parypi, a IIeHTpaMH HAHOKPHCTAJi3allii cTalTh Micld iHTEHCUBHOI
HeroMoreHHoi gedopmMmarlii mo cmyrax 3cyBy Ta BiabHOTO 00’eMy, ne
MIBUAKICTh, Mirparrii aTomMiB iCcTOTHO mimBuINeHa, IO i IPUBOAUTH OO0
MOHIMKEHHA TeMIIepaTypu IMMOYaTKy TePMiuHO aKTHBOBAHOTO IIPOIECY
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TemmepaTypHi 3a/I1€:KHOCTI MEXaHIYHUX BJIACTUBOCTEH KaPOMIITHIX
TUTAHOBUX CTOIIIB cuctemMu Ti—Si—X 3a MUKIIYHOrO HABAHTAMKEHHS

C. O. dipcros, 0. ®. JIyroscekuii, M. M. Kyssmenko, JI. [I. Kynaxk,
B. A. Hasapenko, C. A. Cripizoros, A. O. [Torcska”

Tnemumym npobaem mamepianosnascmaa im. I. M. Ppanuesuna HAH Ykpainu,
s8yn. Omenana Ilpiyakxa, 3,
03142 Ruis, Yrpaina
*epacasne nionpuememao «Isuernio-IIpozpecy,
seya. Ieanosa, 2,
69068 3anopixcics, Ykpaina

HocrinkeHo BIJIMB TEMIIEPATYPHU Ta BMiCTy OCHOBHUX O-CTabisizaTopis cTpy-
KTypU Ha MOAYJb IPYKHOCTU Ta IIUKJIIYHY MIITHICTD *KaPOMIITHUX TUTAHOBUX
croniB. Ctomu 6yJI0 ofep:KaHo B €JIEKTPOHHO-IIPOMEHEeBill IMBapHill ycTaHOBITL
Ha 0asi BakyyMHOI iHAYKIIi#iHOI mmeui Ta 0yJio mpoaedopMoOBaHoO 3a TeMIIepPaTyp
o—p-mepeTBopeHb. 3arajJbHUU CTYIiHb Aedopmarii maTepisanry craHoBuB 94—
96% . Ina sicTaBieHHA Oofep:KaHUX Pe3yJbTATiB i3 BiJoMUMU JaHWUMU HOCJIi-
IuaW Bigomi sxapomimuumii TutaHoBuii crom BT25Y Ta BucokoMmimuwuit crom
BT6. Monyab mIpysKHOCTH AOCJTiIKeHUX MaTepiAJiB BU3HAUAIHN 34 Pe3OHAHC-
HUX MO3J0BKHIX 1 BUrMHAJIBLHUX KOJUBAaHb y AisgmasoHi Tremmepatyp Bix 20 go
820°C, a kpuBi 0araToIMKJIOBOI BTOMHU 3a BUTHHY OyAyBaJu 3a TeMIIEPaTyp y
20 ta 650°C Ha yacToTi HaBaHTaKeHH: 0ina 2 kI'. Buxoguau 3 Toro, 1fo ¢i-
3WYHi CEHCU B3a€EMOIIOB’ I3aHNX XapPaKTEePUCTUK ITUKJIIUYHOI MIiITHOCTH Ta IIPY-
JKHOCTH — Pi3Hi i ToMy OTpe6yIoTh OKPEMOT0 PO3TJIALY B 3aJ€KHOCTI Bif Te-
MIIepaTypH Ta Bif CKJIaJy OCHOBHUX JIETYBAJbHUX XeMiuHUX eaeMeHTiB. Ilopi-
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BHAJU TeMIIepaTypPHI 3aJIeKHOCTI IIPYKHOCTH, a TAKOXK 3aJeKHOCTI MOIYJIsd
MPYKHOCTH BiJ Barosoro smicty AJrroMiHito Ta Bif aaoMiHiitoBoro eKBiBasieH-
Ty 3 aHAJOTIUHUMH 3aJIE;KHOCTAMU AJIA MexKi BUuTpuBaJiocTu. ITokaszaHo Kope-
JAIiI0 MK MOKAasHMKaMM Ta HaXWJIaMHU BiJOMUX TEeMIIEPaATyPHUX 3aJIeKHOC-
Tell MOZyJIA IIPYKHOCTHU Ta MeKi BuTpuBasoctu. Ha mifgcTaBi 1b0oro IpoBeieHO
Opi€HTOBHI OIMyKJIi 3aJIe;KHOCTI I'PaHUII BUTPUBAJIOCTU Binm Temmeparypu. 1le
Iajo 3MOTy IIOPiBHATHU BimoMi I ofepsKaHi pesyabTaTH AJIS BTOMU YKapPOMIiII-
HUX TUTaHOBUX cTomiB. IlokasaHo, 1110 3a Temmueparypu y 600°C gani niasa ekc-
nepuMeHTaNbHOTO cTory 2T85-3 3 BemukuM BMmicTom Cuiirito 3a 3HaUeHHAMU
6araTomMKJIOBOI BTOMHU 30iraroThcA 3 TaKMMU OJsa Bimomoro cromy BT41.
BcTanoByieHO, 1110 3aJI€KHOCTI MeEKi BUTPHBAJIOCTH BiJl aJroMiHiNIOBOTO eKBi-
BasteHTy A 20°C Touninri 3a 11i 3a/1€KHOCTI AJIg adoMiHifo.

KiarouoBsi cioBa: TemmepaTrypa, MOAYJIb IPYKHOCTH, BTOMA, JKapPOMiIlHi TuTa-
HOBI cTOIIN, AJIIOMiHiA.

The effect of temperature and content of the main a-stabilizers of the struc-
ture on the elasticity module and the cyclic strength of heat-resistant titani-
um alloys are investigated. The alloys are obtained in the electron-beam
foundry based on the vacuum induction furnace and are cleaned at a—f trans-
formations. The total degree of deformation of the material is of 94-96% . To
compare the results with known data, known heat-resistant titanium alloy
BT25Y and a high-strength alloy of BT6 are investigated. The module of elas-
ticity is determined at longitudinal and bending resonant vibrations in the
temperature range from 20 to 820°C, and the curves of multicycle fatigue at
bending are plotted at temperatures of 20 and 650°C at a load frequency of
about 2kHz. It is assumed that the physical meanings of the interrelated
characteristics of cyclic strength and elasticity are different and, therefore,
require separate considerations depending on the temperature and the com-
position of the main alloying chemical elements. We compare the tempera-
ture dependences of elasticity and the dependences of the modulus of elastici-
ty on the weight content of aluminium and on the aluminium equivalent with
similar dependences for the endurance limit. The correlation between the in-
dicators and the slopes of the known temperature dependences of the modu-
lus of elasticity and the endurance limit is revealed. Based on this, approxi-
mate convex dependences of the endurance limit on temperature are carried
out. This makes it possible to compare known and obtained results for fatigue
of heat-resistant titanium alloys. As shown, at a temperature of 600°C, the
data for the experimental alloy 2T85-3 with a high content of silicon coincide
with the values of multicycle fatigue for the known alloy BT41. As estab-
lished, the dependence of the endurance limit on the aluminium equivalent at
20°C is more accurate in comparison with these dependences on aluminium.

Key words: temperature, module of elasticity, fatigue, heat-resistant titani-
um alloys, aluminium.

(Ompumano 23 aunna 2022 p.; ocmamoyr. apianm — 14 eepecusa 2022 p. )
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1. BCTYII

B ocranne mecATMpiuusa IPOBOAATLCSA IHTEHCHBHI PoOOTH HO PO3polIli
HOBOTO KJIACy KapOMIITHMX TUTAHOBUX CTOIIiB 3JATHUX IIPAIIOBATHU IO
remnepatyp 650-700°C. B Ttakux cromax edeKT 3pocTaHHSA (i3uKoO-
MeXaHiYHMX XapaKTepPUCTUK IPU BUCOKUX TEMIIEPATypax MOCATAETHCS
3a paxyHOK ONTHMAJBLHOIO Jier'yBaHHA AJoMiHieM i mimBuItienoro, y
HOPiBHAHHI i3 TPOMHCJIOBUMH KAPOMIITHUMMN THUTAHOBUMMU CTOIIAMIH,
Bmicty Curimito [1-5]. Ilpu BBemenni B TuramoBi cronu Cuiirmiro, 1o
IepeBUIIlye MOTr0 Me:Ky PO3UMHHOCTI, B IpOIleci KpucrajisaIrii croiry
BiOyBaeThcA BUAIIEHHA MIePBUHHNX cuIinuais ¢pasu TisSi. 3minuenasa
MaTepiaxy opu IMbOMY cTa€e KOMOiHOBAHUM 3a PaXYHOK BHECKiB TBeEpIo
PO3UMHHOTO i AUCIIePCHOTO 3MIITHIOBAJIbHIUX MexaHisMiB [3]. ¥ poborax
[3, 4] mokasaHoO, I10 3a PaXyHOK ITPOBEIEHHA PidHUX BUIIiB ILJIACTUYHOI
medopmMallii TUTAHOBUX CTOIIB 3 IMiABUINeHUM BMicToM CHIIiIli0 MOK-
JUBe iCTOTHE IIiABUINMEHHA iIXHiX MeXaHiYHUX BJACTUBOCTEH i ILIacTHyd-
HOCTU ITpU KiMHAaTHI# Temnepatypi. Ile mocAraeTsecsa B mepImny 4epry 3a
PaxyHOK MOAPiOHeHHA KOJOHIM eBTeKTUYHUX cuainumis [6, 7]. doxar-
KOBe AucIliepciiiHe 3MiITHeHHS TBEPJOTO PO3UMHY IIPHW IILOMY BimbyBa-
€ThCA AK 3a PaXyYHOK BUAIJIEHHA y TBepPJOMY PO3UMHI BTOPUHHUX BU/Ii-
JeHb YaCTUHOK CUJINUAIB, TaK i 3a paXyHOK PiBHOMipHO PO3IOAiJIeHUX
Ta IOAPiOHEeHUX A0 Po3Mipy 1—5 MKM YaCTMHOK €BTEKTHUYHOI CHJIiITII-
Hoi pasm TisSis.

BromHi BIacTHMBOCTI KapOMIITHUX TUTAHOBUX CTOIIIB IIpeACcTaBJeHi B
poborax [8—11]. IlokasaHo, IO MeKa BUTPUBAJIOCTU NPU KiMHATHil
TeMIIepaTypi "KapoMilTHUX TUTAHOBUX CTOIIiB 3 BUCOKUM BMiCTOM Kpe-
MHito mocaimkenux B [7—9] nocarae 600—810 MIla. Omip BTOMU IIpU BU-
COKUX TeMIlepaTypax TaKuX MaTepianiB mocaimxysaBed B [10] Ha spas-
Kax 3 HagpisoM. PesyabTaTyi BTOMHUX JOCJiIMKeHb HA TVIATKUX 3pa3Kax
BiIOMUX »KapOMIIITHMX THTAHOBHUX CTOMIIB Ipu TeMmieparypax 500—
600°C onucani B [8] Ta[11]. Heob6xigHo TaK0K BiAMiTHUTH, IO IJIS BTO-
mu npu Temnoepatypi 600°C, Mme:xki BUTpuBaIoCTH pisHUX MomudikaIii
CcydJacHOro xapoMmimuoro Tutanosoro crouny BT41 ckixagators 3701 410
MIIa[8].

Meta gaHOi poOOTHM — BU3HAUEHHS TeMIIEPATYPHHUX 3aJIeKHOCTEI
MEeXaHIiYHUX BJIACTHUBOCTEH KapPOMIIITHMX THUTAHOBUX CTOIIIB CHCTEMHU
Ti—Si—X 3 pisHUM XeMiUHUM CKJAIOM i TepMoMexaHiuHUM 00pPOOJIeH-
HAM IIpW HUKJIIYHOMY HaBaHTa’KeHHI B AiamasoHi temmepatyp 20—
650°C.

2. EKCIIEPUMEHTAJIBHI JETAJII

Y mauiit po60Ti 3pasKy MaTepiAIiB A SOCIIMKEHHSI OfepP KyBaJIl TOII-
JEeHHAM BUXITHMX KOMIIOHEHTIB B €JIEKTPOHHO-IIPOMEHEBil JuBapHii
ycTaHOBIIL Ha 0asi BakyymHOI iHgyKIififiHoi meui ICB-004 Ta ix medop-
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TABJINIIA 1. Ilepesik TUTAHOBUX CTOWIB [JIA AOCIiAKeHb, BMicT AroMiHit0
Ta iX aJIOMiHieBUil eKBiBaJIeHT.

TABLE 1. List of titanium alloys for investigation, aluminium content and
their aluminium equivalent.

Xemiunnii ckaan, % Bar.
Ne Cron
Al Al exBiBaseHT

1 BT9[11] 5,8-6,9 9,78
2 BT25Y 6,0-7,0 10,77
3 2T85-3 6,5-7,5 11,0
4 JKT18-3 6,8-8,0 11,8
5 JKT19-1 6,6-7,6 11,53
6 WKT19-3,4 6,0-7,2 11,12

MYBaHHSM IIPU TEMIIepaTypax o—[-mepeTBopeHb. 3arajbHa CTYIiHb Je-
dopmarii marepiany cranoBusa 94-96% [7]. [aa sicTaBieHHS OTpU-
MaHUX Pe3yJbTaTiB 3 BIIOMUMHU JaHUMU CTOITY HOCJIAWIN BiTOoMUH »Ka-
poMinHuE TuTaHOoBUHM cTonm BT25Y Ta BMKopucramu imdopmailiio mpo
Bigomuii crormr BT9 [11]. Ilepenik mociigkeHUX CTOIIiB HABEEHO B Ta0JI.
1. B Hi#1 :xe HagaHo BMicT AIOMiHiIO B cTOIIaxX Ta 3HAUEHHA aJIOMiHie-
BOI'0 eKBiBaJICHTY, PO3Pax0BaHOI0 3a (POPMY.JIOI0:

Al =%Al+%Sn /3 +%Si/3+%Zr / 6 +10(%0 + %C + %N).

CTpyKTYpy AOCIIMKEeHUX MATEPisajaiB BUBYANIM HaA ILIidax, 3 SKUX
pobuau ¢doro Ha onTmuHOMY Mikpockomi OLYMPUS IX70 mpu 306ia1b-
merHi x100—-1000.

3pasKu AJid DOCaiMKeHHs Ha MOAYJb IPY:KHOCTH Ta BTOMY BUpisaiu
y BUTJIAMAI IPAMOKYTHUX CTPH:KHIB poamipamm 50x4x1 mm, ix roctpi
T'paHi 3aTyILIIOBAJIH, a ITIOBEPXHi ITOJIipyBaIu J0 A3ePKAJIbLHOTO CTaHYy.

Mogynap IOHra mocaim:keHnx MaTepidaiB IIpU MO3TOBKHIX (II) KOJHU-
BaHHAX i KiMHaTHiN (K) TeMepaTypi K, BU3HaAUaJ U 3a METOAUKOIO [12]
Ha yacToTi 01u3bK0 45 KI'11, a Tpu KOMTMBAHHAX 3TUHY i BUCOKUX TeMIIe-
parypax g0 820°C susnavauu E, 3a merogukoro [13]. IIpu niromy 3pa3ok
3aKPiMIIOBAIY KOHCOJBHO i 30yIKyBaJi1 Pe30HAHCHI KOJIMBAHHS 3TUHY
Ha nepiii popMi KoauBaHb 3paska Ha 4acToTi fux = 400—-500 I'ti. Byay-
BaJIM 3aJIEKHICTS f,; Bix Temneparypu T, a Tako:x 3anexuicts E,(T), Bu-
3Hayaoouu Moayab FOHTa 3a hopMy.ioio:

Omnip BTOMM AOCJIiMKEHUX MAaTepifiB mpM KOHCOJILHOMY 3THUHI Ha
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yacroTi 2 KI'1t mpoBoauIu 3a metoaukoio [14]. PylimiBHi Hanmpyru 3pas-
Ka 0, PO3pax0oByBaJI BUXOAAYN 3 IPYKHBOI MoeJi fepopMyBaHHSA Ma-
TepiAay IIPU BUMipIOBaHHI aMIIIiTy 1 MO0 KOJUBAHb B IBOX TOUKAX —
Ha iioro BibHOMY KiHIIi Ao i B MicIli saxpinjenus A; Ipu 3HAUEHHAX
x=x" — KoOpAUHATU MicIg pyliHYBaHHA 3pa3Ka Bif f10T0 BiIbHOTO KiH-
mA:

o, = 2nfW,(3Ep)**[U(kx") + PV (kx")]. (2)

Ie Koedimient P i apryment kx pyurniit A. M. Kpunosa S, T, U, V Bu-
3HayaJu 3a popMyJIo0:

P =(=S(kl) - A, / A,) / T(kD), (3)

Ie | — MOBKMHA KOHCOJIBHOI YaCTUHU CTPMIKHSA, X — KOOPAUHATA IIepe-
Pisy IO HOBKUWHI CTPUIKHSA IIOUYMHAIOYY 3 MOT0 BiIBHOTO KiHIISA OO MicIisa

8 2

Puc. 1. MikpocTpykTypa 3paskiB crony JKT18-3 (a, 6) Ta #KT19-4 (s, 2).
Fig. 1. Microstructure of ¥JKT18-3 (a, 6) and JKT19-4 (8, 2) alloy samples.
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pyHHYBaHHA.
Bennunny k Busnauasu 3 hGopmMyan

k* = f*vHp / EI, I =bH® /12, 4)

e I — MOMEHT iHepIii IPAMOKYTHOT'O IIepepisy CTpuKHA, b — iHoro
mupuHa, H — ToBIUHA.

Amnanisa cucreMaTuYHOI IOXUOKY BeJIMYMH, M0 BXOAATEL 40 (hOPMY.JI
[LJISI PO3PAXyHKY HAIPYKeHb II0KAa3aB, II[0 OCHOBHUI BHECOK B IIOXUOKY
PO3pPaxXyHKY BHOCATH BUMiploBaHHA aMiLIityn (2%), momynas IOmra
(2%) i ryctunu (0,7%) mocaimxyBanoro marepisay. IloxubKku BusHa-
yeHHs BeauuuH P i k, aKi BxogaTs B popmyay (2), ciabKo BIJINBAIOTH
Ha TOUYHICTh po3paxyHKiB. CymMapHa cucTeMaTHUHA MOXUOKA PO3PAXyH-
Ky Hampy:keHb 3a ¢opmy.ioo (3) ckiaana 4,5% , a sarajbHa IOXUOKa —
+4% .

3. PE3YJIBTATH
3.1. CtpykTrypa

CTPYKTYpPY AOCIiMKEeHUX MaTepidliB BMBUAJIHN Ha 3pasKax MicJsd IILIi-

140 140
120
100
<
= ~
mﬁ & 60
40 40
20 ‘ } 20
0 } | 0- | i
0 200 400 600 800 1000 0 200 400 600 800 1000
T, °C T, °C
a 0

Puc. 2. 3anexnuicts E Big T Kapominmuux tuTanoBux cromiB: I — iKT18-3
(E20=114TTIa), 2 — 3KT19-4 (E20=122TTla), 3 — BT6 (E20=115T1Ia) (a), 1
— WKT19-3 (E20=122TTla), 2 — 2T85-3 (E20=117TTIa), 3 — BT25¥Y
(E20=124TTIa) (6).

Fig. 2. Dependence of E on T of heat-resistant titanium alloys: 1— JKT18-3
(E20=114 GPa), 2—KT19-4 (E20=122 GPa), 3—BT6 (E20 =115 GPa) (a), 1—
JKT19-3 (E20=122 GPa), 2—2T85-3 (E20=117 GPa), 3—BT25Y
(E20=124 GPa) (6).
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TABJINAIIA 2. TemnepaTypHi 3aIeKHOCTI MOAYJIA IPYKHOCTU TUTAHOBUX CTO-
miB.

TABLE 2. Temperature dependence of the modulus of elasticity of titanium
alloys.

] . 2 E, I'Tla (mpu
Kpusa | Marepisn PiBuauna R x = 650°C)
1 KT18-3 Y 0,997 90,5

y=-3-10x%-0,0169x + 114,02

2 IKTI9-4 y--5107x2-0,0134x+122,1 0,9885 92,3
3 BT6  y—298,6x’+154,58x+66,455 0,9959 80,1
6
I HETI938  _ 9105x2-0,0375x+123,76 0-9933 92
2 27853 y=--5107x2-0,0127x+116,36 0,9968 87
3 BT25Y y=-2105x2-0,0335x+124,44 0,9937 94

(dyBaHHs, moNipyBaHHA Ta IiaBjaeHusa (puc. 1) Posmip 3epHa mopisHio-
Baly 3a JecATHOANBLHOIO IITKAJI0I MiKpocTpyKTyp [15]. S3a posmipom
3epHa AocaimxeHi maTepisaau BigueceHni mo 1i 2 6aay, To6TO 40 APiGHO-
3ePHUCTUX CTPYKTYP. ¥ MiKPOCTPYKTYPi BCiX 3paskKiB Bisyasaisyrmorbcda
IPiOHI rI00yIAPHI BKJIIOUEHHS YAaCTHMHOK BTOPMHHUX CHUJIIIHAIB i3 ce-
penuiMm posmipom 6amssko 0,1-0,3 mxm. Kpim Toro y cromi dKT18-3
(puc. 1, a, 6) mToKa3aHO HAABHICTH eBTeKTUUHOI cuainuaaoi ¢asu TisSis,
sAKa Oicad miIacTUYHOI ngedopMmarlrii meperTBopuiaca B Maiiyke piBHOBicHI
YAaCTUHKU 3 cepeqHiMu poaMmipamMu 1—-5 MKM.

MikpoctpykTypa crony ¢KT19-4 (puc. 1, 8, 2) ABide co000I0 MIACTHUH-
yacTy o-(hasy 3 mpomapKaMu 3aJUIITKOBOI -dasu MiK o-mIacTHHAMU
Ta JUCIIePCHUMHU BUIiJIeHHAMY CUJIIIMAIB HA iX TOBEPXHi.

Posragparoun 3aaeXHOCTI MOAYJIA IPYIKHOCTH Ta ITUKJIIUHOI MiIlHO-
CTH IOCJiIKeHMX CTOMIiB BiJi TeMIlepaTypHu Ta YlcJa IINKJIIB HaBaHTAa-
JKeHHsS 0 pyHHYBaHHA, BigMiTuMo HactymHe. 3 dopmynau (2) craigye,
10 BeJIMUMHA MAKCUMAJbLHUX MUKJIIUYHUX HAIPYKEHb G, B 3pasKy 3a-
JIeKUTD Bif Beanuuun E i ToMy 00MABI Ii BeJIMUMHHA 3aJI€KaTh BiJ TeM-
nmepatypu BumpobyBaub T. @isuuHunii ceHC B3a€MOIIOB’ A3aHUX XapakK-
TEPUCTUK G, i £ pisHUM i BUMarae OKpemMoro posTrIsaay B 3aJIe3KHOCTI Bif
TeMnepatypu. ToMy Ha IMOYATKY PO3TJIAHYTI IPYKHI BJIACTHUBOCTI JOC-
JiIKyBaHUX MaTepisjiB, IO BU3HAUYAIOTHLCA BiJIIOBiIHO OO0 METOIUK
OpU HUSbKUX PiBHAX IMUKJIIUHUX JedopMalliil mpu KiMHATHi i BUCOKMX
TeMmepaTrypax. IlogaabIini gocaifKeHHs G, Big T IPOBOAMIN IIPY ILJIAB-
HOMY 30iJBINIeHHI aMILIiTyau KoauBaHb A y ¢opmyai (3) B IIIUPOKOMY
IisIa30Hi TeMIepaTyp i1 yacy HaBaHTaKeHHs Ha KOKHOMY PiBHI G, am
IO IOYATKY PYHHIBHUX HaBAHTAYKeHb XapaKTepPHUX JJId 3HaUeHb G, IPHU
BTOMI.
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TABJIAIA 3. [laui npo rycTuHy, Me:Ki BUTPUBAJIOCTH Ta HOro MUTOMIi Beau-
YUHU, a TAKOK IIPO MOAYJIb IPYKHOCTH i TeMIlepaTypHi KoedilieHTH npyKHO-
CTH JOCTiPKeHUX MaTePiAIiB.

TABLE 3. Data on density, endurance limits and its specific values, as well as
on the modulus of elasticity and temperature coefficients of elasticity of the
studied materials.

Ne Martepian T'Z‘é"" p, Kr/M? I\C/FIﬁ’a c*° /6| E,TIa |Esso/E2
20 190 112

1 BT1-0 4510 - 0,25
650 28
20 480 115

2 BT6 4,34 0,521 0,696
650 250 80
20 620 118

3 BT-9[11] 4510 - -
500 540
20 531 123

4 BT25¥Y 4865 0,550 0,766
650 303 94
20 571 114

5 JKT18-3 4420 - 0,791
650 90
20 462 122

6 JKT19-1 (Bux.) 4580 - 0,770
650 94
20 560 122

7 KT19-3 4580 0,418 0,754
650 234 92
20 528 124

8 KT19-4 4580 - 0,744
650 92,3
20 726 117

9 2T85-3 4340 0,481 0,743
650 349 87

3.2. TemmepatypHi 3axesxnocti mogyaa FOura

BumnpoOyBaHHS MaTepidAIiB IPOBOAUIN 3a HACTYIIHOIO cXeMoio: 1 — Bu-
3HAYaJIM MOJYJIb IIPYXKHOCTU IPU KiMHATHIN TeMOepaTypi AnHaMidyHOO
MEeTOJ0I0 IIPU MO3M0BKHIX KOMIMBAHHAX 3pasKa, 2 — OyIyBaJau 3aJIerK-
HicTh E 3paskiB npu pe3oHaHCHUX KOJWBAHHAX 3TUHY 3paska Big T mpu
HarpiBausi Big 20 mo T =820°C 3a npubausuo 200 xB., BusHauaouu E
3a opmysomo (2). PesyabraTu BUIIPOOYyBaHb IpeAcTaBeHi Ha puc. 2.
Kpusi Ha puc. 2 onucanu 3ajeKHOCTAME y Ta0a. 2.

Excnepumenranbhi 3amesxuocTi y Tadbauni 2 opu x=T=650°C mo-
3BOJINJIN OTPUMATHU TEMIIEPATYPHI Koe(dillieHTH IPYKHOCTU JOCTiIKe-
HUX MaTepiaxiB Esso/E20, AKi mIpencTaBieHi B Tabs. 3. Bonu xapaKkTepu-



TEMITEPATYPHI SAJIEKXHOCTI MEXAHITYHUX BJIACTUBOCTEN 319

3yIOTh HaX1JI KPUBUX i, BiZIMIOBiJTHO, OIIip NMPYsKHUX BJIACTUBOCTEN KPU-
CTAJiuHOI I'PATHUIIL MOCJiMKeHNX MATEPisiB HiZBUINEHHIO TeMIepa-
Typu icuTiB. {15 TOPiBHAHHS 3 OTPUMAHUMHU pe3yabTaTaMu B Tabua. 3
HaBeJleHi Tarkox BequumHU K50/ E nna verxapominaux cromis BT1-0
ta BT6, ogep:xaHux y poOOTi.

Ogep:xani pesyabTaTu OyJaM BUKOPHCTAHI A PO3PaAxXyHKY HAIPY-
JKeHb IPU BUCOKUX TeMIepaTypax. AHajisa ocTaHHiX KOJOHOK Tabu. 1
Ta 3 BKasye Ha Te, I[0 3HAUEHHS TEeMIePaTyPHOro KoedillieHTy Ipyx-
HOCTH Ta BTOMH, II0B’ sI3aHi i3 BMicToM AJurtoMiHizo.

3.2.1. Bnaue émicmy Anominiro
Ha MO0YLb NPYHCHOCIMU HAPOMIYHUX MUMAHOEUX CINONIE

3a mapuMu TabauIh 1—3 omep:KaHo 3aJIeKHOCTI HA PUCYHKY 3, AKi 1mo-
kasyioTs BuiuB BMicTy Al Ta [Al]es Ha MOLyJIb IPYKHOCTU Ta TEMIIepa-
TYpHi KoedillieHTH MPYKHOCTHU AOCJiIKeHUX cTommiB. lia 6inbin gera-
JBHOT'O aHAJIi3y AOCJiIKeHi MaTepiaay mominuan Ha ABi rpynu: 1 rpyma
— BT25Y, iKT19-1, 3KT19-3, i3 KT19-4 3 E > 120 I'Tla, a Takox 2 rpyna
— BT1-0, BT6, BT9, JKT18-3, 2T85-3 3 E < 120 I'T1a.

Pisnui maxuau kpusBux 1, 2 BinmocHo 3, 4 Ha pUCYHKY 3, @ 3yMOBJIEHi,
OYEBUIHO, THUM, IO KAaPOMII[Hi TUTAHOBL CTOIIXM MAalOTh B CBOEMY CKJIAIl
o- i B-asu 3 pisuuM moxysem npy:kHOCTH. OTpUMaHi KPUBi 103BOJIA-
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Puc. 3. 3anexkHicTh MOIYIA IPYKHOCTH 3a KiMHAaTHOI TeMneparypu (a) i Tem-
nepatypuux KoegimieHTtiB npy:xuocTu npu 650°C (6) TUTAaHOBUX CTOIIIB Bif
BMmicty Anrominito. Ilpu nromy 3anesxuocrti 1, 2 E Bixg Al (% Bar.) ta [Al]es,
BimmosizHo, cromie 3 E>120TITla, a saxexuocti 3, 4 E Bigm Al (% Bar.) ta
[Al]exs, BizmoBiguo, cTomis 3 E < 120 I'Tla.

Fig. 3. Dependence of the modulus of elasticity at room temperature (a) and
temperature coefficients of elasticity at 650°C (6) of titanium alloys on the
aluminium content. At the same time dependences 1, 2 of E on Al (% wt.) and
[Al]eq, respectively, of alloys with E > 120 GPa, and dependences 3, 4 of E on
Al (% wt.) and [Al]eq, respectively, alloys E < 120 GPa.
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IOTh KiJIbKiCHO ITPOTHO3YBaTH 3MiHU MOJYJIA NPYsKHOCTU 3a KiMHaATHOI
TeMIIEpaTypPH, a TaKOK TeMIIepaTypHOro KoedilieHTa IPYyKHOCTU IJId
remnepatypu 650°C, aKi migBUITYIOTHCA i3 3pOCTaHHAM BaroBOro BMic-
Ty Antominiro.

B ocHOBi BusHaueHuUX 3HaueHb E JeKaTh METOOUKM 3 MiHiMaJbHO
MOXKJIMBUMH PiBHAMU JedopMyBaHHA, IPU AKUX PYX AUCIIOKAIIIN Bif-
CyTHi# abo mimimanbuuii. [Ipu mepexoai 1o goCaigKeHHS BILIUBY TEM-
mepaTypu BUOpoOyBaHb Ha BTOMY ITOTPiOHi iHIri Mmomesi ix aHamisy.

3.3. Onip BTOMIi 3a KIMHATHOI Ta BUCOKUX TeMIIePaTyp

Hocmimxenta nmuKIivHOol MiltHOCTH (3a TepMiHoJIOTi€I0 (hisUKU MiITHOC-
Ti) a60 OTIOPY BTOMU (3a TePMiHOJIOTi€I0 MeXaHIKK 1e)OPMOBAHOTO TBe-
pIoTo Tija) TpaAUWIiiiHO 3acHOBaHe Ha MOOYIOBi KPpUBUX BTOMH — 3a-
JEKHOCTI MaKCUMAaJNbHUX ITUKJIIYHNUX HaAIPYKEeHb G, B 3pasKy MaTepi-
SAJIY BiJl TPUBAJIOCTI IMUKJIiB HaBaHTaKeHHA 10 pyiHyBauHAa N. B ocHOBI
BTOMHOI'O PYHHYBaAHHA JIedKaTh MeEXaHi3MM PO3BHUTKY JIOKAJIi30BaHOI
MiKkpoIiacTuuHol gedopmallii MaTepisajy B ymMOBaxX HOr0 MaKpPOIPYIK-
HBOTO I[UKJIiUYHOTO0 fedOPMYyBaHHSI B 0araTOIMKJIOBOI 00JIaCTi BTOMMU.

3.3.1. Temnepamypa 20 C

Ha pucyury 4 npencraBiieHO KPUBi BTOMU AeAKHUX MOCTimKeHNX MaTe-
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i P © 400 =
o’ \1
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400' 0 5-10° 1-107 1,5-107
0 5-100 1-107 1,5-107 N
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Puc. 4. KpuBi BroMmu 6. Bix N KapoMiITHUX TUTAHOBUX CTOIIB 3a KiMHaTHOI
remneparypu: I — JKT18-3, 2 — iKT19-3, 3 — 2T85-3 (a); 1 — iKT19-1, 2 —
JKT19-4 (6). Kpaiini npasi rouku Ha kpuBux upu N = 107 nukiais — He3pyiiHO-
BaHi 3pasKu.

Fig. 4. Fatigue curves c. from N heat-resistant titanium alloys at room tem-
perature: 1—3KT18-3, 2—iKT19-3, 3—2T85-3 (a); 1 —iKT19-1, 2—iKT19-4
(6). The extreme right points on the curves at N =107 cycles are undamaged
samples.
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pianiB npu xKiMHaTHi#T TemIepaTypi, a B TabJs. 3 3HaUEeHHS MeXKi BUTPU-
BAJIOCTHU G_1 JOCIiIKeHnx MaTepianis Ha 6a3i N = 107 qukiis.

IIpencraBieni Ha puCyHKY 4 KPUBIi OIIMCaIN CTeIeHEeBUMHU 3aJIeKHOC-
TAMU, AKi JO3BOJIAIOTH PO3PAaXyBaTH BeJIUUNHY MeKi BUTPUBAJIOCTU G_1
Ha Oinbpmriii 6asi HaBaHTa)KeHHs, HanmpukJaazn, N =2-10"7 mukiais (axi
iHomi HaBOAATHCA B JiTepaTypi), OIiHUTH 3MiHU G_; B 3aJIE}KHOCTI Bin
PO3KUIY eKCIIePUMEHTAJbHIX TOUYOK, 4 TAKOK IIOPiBHATHU 1X 3 Bigomu-
Mu pesyabratamu: I — y=1020,9x°%¢ R2=0,5256, JKT18-3, npu
N=10"6_,=571 MIla, 2 — y=1336,6x""%*, R2=0,8818, JKT19-3, npu
N=10" 6., =560 MIla, 3 — y=1573,1x % R2=0,8742, 2T85-3, npu
N=10" 6., =726 MIla (a); 1 — y=669,16x %22 R?=0,1872, 3JKT19-1,
npu N =107 61 =462 MIla, 2 — y="705,65x"%° R>=0,1185, ¥KT19-4,
npu N=107 6_; =528 MIla, 3 — y=1573,1x %8 R?=0,8742, 2T85-3,
npu N =107 6_; = 726 MIla (6).

Amnariza oJI0KeHHSA eKCIIePUMEHTAIbHUX TOUOK 1 ITOKa3sHUKAa TOCTO-
BipHOCTi R? nmokasasa BequKuil poskus ganux nad ¢KT18-3, dKT19-1 i
JKT19-4. Ile BKas3ye Ha iX HU3bKi IIJIaCTUYHI BJIACTUBOCTI IpU KiMHAT-
Hill Temmeparypi i, B pe3yJbTaTi [bOTr0, YYTJIUBICTEL A0 Ae(PEeKTiB CTPYK-
Typu. Bigsmaumnmo, 1o xapominuuii TutanoBuit crom 2T85-3 (cTyminn
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Puc. 5. Kpusi BToMu i oKpeMi eKcmepuMeHTaJIbHI TOUKY KAPOMIITHUX TUTAHO-
Bux cronis npu 650°C: 1 — HKT18-3 micia TO (¢), 2 — HKT19-1 micaa TO (m),
3 — WKT19-3 (*), 4 — 2T85-3 (x).

Fig. 5. Fatigue curves and individual experimental points of heat-resistant
titanium alloys at 650°C: 1 —3KT18-3 after maintenance (¢), 2—HKT19-1 af-
ter maintenance (m), 3—KT19-3 (*), 4—2T85-3 ().
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medopmartrii 85,3% ) mae mpu KiMHATHIN TeMIepaTypi MesKy MiIfHOCTH
o =1318-1336 MIla, BigHOCHE mTOmOB:KEeHHA O = 3,4—4,8% [9], a MexKy
BUTPHUBaJOCTH Ha 6a3i 107 mukiiB 6! = 726 MIla.

3.3.2. Temnepamypa 650 C

PesynbraTy BumpoOyBaHb Ha BTOMY 3a3HAUEHUX MAaTEPiANiB IIpU TeM-
nepatypi 650°C npencraBieHi Ha puc. 5 Ta 6 (114 KiMHaTHOI Ta BUCOKOI
TEeMIIepaTyp), a 3arajbHi pe3yabTaTu BUIIPOOyBaHb — Ha puc. 7.

KpuBi Ha pucyHKy 5 mpeacTaBiieHiI CTelleHEBUMU 3aJeKHOCTAMU: 2
— y=658,84x""01%4 R2=0,9845, ¥KT19-1 micaa repmiuaoro o6pobIeH-
us (TO), mpu N =107 6.1 =234 MIla, npu N =2-107 6_; =224 MIla, 3 —
y=3899,06x %% R?=0,035, WKT19-3 micia TO, mpm N =107
6.1=324 MIla, mpu N=2-10" 6;=327MIlla, 4 — y=847,04x %>
R?=0,4226, 2T85-3, mpu N=10" 6,=349MIla, mpu N=2-107
6.1 =336 MIlIa.

ITopiBHAHO BHCOKi 3HAUEHHsS OHOPY BTOMH Hpu TeMmiepatypi 650°C
nokasas Marepiana JKT18-3 — Touka 1 Ha puc. 5. OgHAK AJA HEOTO Xa-
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Puc. 6. Kpusi BToMu 6. Bix N Tutanosoro crony BT25Y: 1-3 — npu KimMmuaTHI#H
TeMmeparypi, 4, 5 — mpu 650°C.

Fig. 6. Fatigue curves c. from N titanium alloy BT25¥: 1—-3 at room tempera-
ture, 4, 5 at 650°C.
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paKkTepHUIl BEJIUKUN PO3KUI eKcHepuMeHTAIbHuX ganux. Illle Gimbrm
BHUCOKUH PO3KUJ eKCIIePUMEeHTANILHNX TOUOK IToKa3aB Marepian ;KT 18-
3 micsa TO. Ile mpusBeso A0 TOTO, III0 KPUBi BTOMH ITUX MaTEPiAIiB mO-
oynyBaTtu He Brayocs. ia marepianis 2T85-3 i sKT19-3 micaa TO pos-
KU TOYOK MeHIIe (IK i mpu KiMHaTHi TeMIlepaTypi), BTOMHI KpUBIi 110-
OyayBaTu BAaJiocsA. Po3paxXyHKOBI 3HAUeHHS MeXXi BUTPUBAJIOCTU IIPU
650°C ma 6asi N=2-10" nux marepianiB maioTs 61 =336 i 324 MIla,
BigmoBinmHO.

JJisg OMiHKY BIJIMBY POBKUY €KCIIEPUMEHTAJbHUX TOUYOK HA MEXKY
BUTPUBAJIOCTH Ha PHC. 6 3aCTOCOBYBAJIM HACTyIHUH mmpuitoMm. CmouaTKy
OyAyBaJii KPUBY BTOMH JJIS BCiX OTPMMAHUX TOUOK, a IIOTiM BifmciroBa-
JY OOHY YU JABi TOUKH, AKi OyJIM HaWZaJbIIi Bif mmepimoi KpMUBoi i 3HOB
OyIyBaJu KPUBi BTOMU i BUBHAYAJU G_1.

IIpu 20°C: 1 — y=698,93x-0,017, R*=0,0309 (Buxkopucrani Bci
eKCIepUMeHTaabHl Toukm), mpu N=2.10" o,=531MIla, 2 —
y=858,34x 0,027, R?=0,2279 (6e3 ogHi€l TOUKHU, PO3TAIIIOBAHOI Ja-
JneKo Bix inmwmx), mpu N =107 6., =555 MIla, 3 — y=1343x-0,056,
R?=0,7746 (6e3 nBOX TOYOK, POSTAIIOBAHMX JAJEKO BiJ iHIINX), IpHU
N=10"c_, =545 MIIa.

IIpu 650°C: 4 — y=453x-0,025, R?=0,0739 (BuKopucTaHi Bci exc-
mepuMeHTaabHiI Toukm), npu N =107 c.,=303 MIla, mpu N =2-107

800

0 100 200 300 400 500 600 700
T, °C

Puc. 7. Bruus remneparypu BUIPoOYyBaHL HA MEXKY BAUTPUBAJOCTH Ha 6asi 107
IMUKJIB sKapoMiliHUX TUTaHoBux cromiB: I — BT9 [11], 2 — BT6 [11], 3 —
WKT19-1 Bux. i micaa TO, 4 — JKT19-3 micasa repmoobpobaenusa, 5 —BT25Y, 6
— 2T85-3, 7 — BT41[8].

Fig. 7. The influence of test temperature on the endurance limit based on 107
cycles of heat-resistant titanium alloys: 1 —BT9[11], 2—BT6[11], 3—iKT19-
1 out and after maintenance, 4—J3KT19-3 after heat treatment, 5—BT25YV,
6—2T85-3, 7—BT41[8].
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6.1=282MlIlla, 5 — y="762,39x - 0,057, R*=0,5286 (6e3 oguici TOuKH,
pO3TaIlIoBaHOI faneko Big inmux), npu N = 107 6_; = 300 MIIa.

3arayjbHa KapTuHa Bigomux 3 [8, 11] Ta omep:kaHuMX B mamHiit pobori
ITaHUX PO BILJIMB TEMIIEPATyPU BUIIPOOYBAHL HAa MEKY BUTPHUBAJIOCTHU
IIPU BTUHI KapOMIIIHIX THTAHOBUX CTOIIB IPeJCTaBJeHa HA puc. 7. Ix
O0yJ10 TOOYyJOBaHO B YMOBaX 0OMeEKeHOl KiIbKOCTi eKcIlepruMeHTaJIbHUX
TOYOK i TOMY BUXOJIUJIN 3 TAaKUX MipKyBaHb.

fx O0yso mokasano Buine, cron 2T85-3 mae TemmepaTypuuit Koediiri-
€HT OPYRHOCTU Egs0/E20=0,743, Akuii HUKUe, HiK y Bimomoro cromy
BT25Y. 3 gauux tadbauili 3 BUILINBAE AHAJOTIUHNNA BUCHOBOK i JJIA Te-
mMIepaTypHuX KoedimieHTiB Bromu c°° / 6”) A NUX KOHKYPYIOUUX
croniB. Ile BKasye Ha KOPEJAIil0 MijK XapaKTEePUCTUKOI0, AKY BaKKO
BUBHAUWTH, G o' /Gy, i XapaKTEPUCTUKOIO, AKY MOPIBHAHO JIETKO BU-
3HAYUUTH, Ees0/E20, O JOCTIIKEHUX MaTePiAIiB y 3a3HaUeHOMY JisdIia-
30Hi 3mMinu Temmepatyp. OueBUAHO, 1110 KPUBi 3—6 mocaimxeHUX MaTe-
pisaiB MicTATH JuUIlle ABI eKCHEePUMEHTAJbHI TOUKKU G-; i TOMY JIOIIyC-
KaioTh, (JOPMaJIbHO, IIPOBEJEHHA Uepe3 HUX Oyab-AKOI KiJIbKOCTI Kpu-
Bux. OgHAK, 3 OTJIAAY Ha BUINEBUKJIAAEHE, IX IIPOBEJUN OMYKJINUMU IIO
aHaJIorii 3 TeMIepaTypHUMH 3ajiexKkHOoCcTAME MoAyasa FOHTr'a mux maTepi-
SAJiB, a TAKOXK 3 HAXUJIaMU HAOJIMKEeHUMU IO BiloMuX 3 JriTepaTypu Te-
MIIEPaTYPHUX 3aJIEKHOCTEH Me:K BUTPUBAJIOCTU HA PUC. 7 — KPUBUX [
(BT9) i 2 (BT6). Tomy rpusi 3, 4, 6 i 7 MmaroTh nmonepeHiil i OpieHTOB-
HUH XapakTep.

3 pucyHKy 7 caimye, 1110 TeMIepaTypHa 3aJIeKHICTh MeXXKi BUTpuBa-
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Puc. 8. 3ajmexHicTb MeK BUTPUBAJIOCTH »KAPOMIIIHIX MaTepiAriB Bix BmicTy Al
(% Bar.) ta [Al]exs (% ): mpu 20°C (1, 2 gna 1 ra 2 rpynu) ta [Alles (3, 4 nas 1 ta
2 rpynn) (a), npu 650°C (I — Big Bmicty Al), 2 — Big BmicTy [Al]exs (6).

Fig. 8. Dependence of endurance limits of heat-resistant materials on the con-
tent of Al (% wt.) and [Al]eq (% ): at 20°C (1, 2 for groups 1 and 2) and [Al]e (3,
4 for groups 1 and 2) (a), at 650°C (I from Al content, 2 from [Al]e, content (6).
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JIOCTH HOBOTO sKapoMmittaoro crony 2T85-3 mepeBurye Bigzomi pesyabra-
™1 1o Temneparypu Bunpobysaub 500°C. IIpu Tremmepatypi 600°C opu-
O0m3Ha 3aJeKHicTh o-; Big T maa 2T85-3 mpaxkTuuno 36iraeTbesa 3 ga-
HUMUY G_; IJIs1 ABoX Moaudikarriii cromy BT41 [8].

fAxio sicraBuTu BenmumnHu Mexki BuTpuBasioctu mpu 650°C 3 BmicToMm
Al ta 3 [Al]exs B CKITaA1 3KAPOMIITTHUX TUTAHOBUX CTOTIB, TO 3 JaHUX Ta0J.
1 Ta 3 omep:kmuMoO BajexkHOCTi Ha puc. 8, a: I — y=3,509x+ 194,71,
R?=0,9158 (1 rp. Bixg. Al), 2 — y="7,319x + 180,51, R*=0,8977 (2 rp.
Bim. Al), 3 — y=9,262x+ 193,07, R*=0,9252 (1 rp. Big. [Alles), 4 —
y=45,967x+175,95, R>=0,9434 (2 rp. Biz. [Al]exs).

Ockinpku 3HAaYeHHA Ry s s3anesxHocTe 6-1 Big % [Al]es mpu 20°C
BUIIII HidK IJIg 3aJIesKHOCTel 6-1 Bix Al Bar., To BUKOPHUCTAHHS IOKA3HU-
Ka % [Al]es BunpaBgane. Aue npu 650°C zanxexkuocreit 6-1 Bif % [Al]lexs
y nopiBuaHHA 3 Al % Bar. MarTb IPOTUICKHUI BILIXB i IOTPEOYIOTH
IOJaJbLIIOr0 JOCHiIKeHH.

4. BUCHOBRH

1. OTpuMaHO 3pocTauy 3aJe:KHicTh Moy s FOHra Ta reMoepaTypHOTO
KoedilienTa mpyxHOCTH Bif BMicTy AJIOMiHiIO Ta #oro eKBiBaJIeHTY
IJISI BiIOMUX Ta HOBUX JKAPOMIITHMX TUTAHOBUX CTOIIiB.

2. Ilpu xkiMmHaTHi#T TeMIepaTypi HalbiIbLIT BUCOKi 3HAUEHHSI MeKi BU-
TpuBajgoctu Mae croun 2T85-3 — ma 100 MIIa Buine, HiXK y BimomMoro
cromry BT9.

3. Iloxazamo 3B’A30K MijK HaXMJIaMU TeMIIEpaTyPHUX 3aJIeKHOCTEH MO-
OYJIs IPYKHOCTH i Me 1 BUTpHUBaJocTu. Ha 0CcHOBI IbOT0 IIOOYIOBAHO
OpPi€HTOBHI OIIYKJIi TEMIIEpPATYPHI 3aJIe3KHOCTI MeXK1 BUTPUBAJIOCTH.

4. BcTaHOBJIEHO, IO JOCTiAMKeHi B poOOTi eKcIlepruMeHTaJIbHI CTOIHN ce-
pifi 2T85, \KT18 i JKT19 smaxomaThCcsa Ha OAHOMY PiBHI ab0 IepeBUIIy-
I0Th IpoMucJaoBi TuTanoBi cronu BT9 i BT25Y 3a BeanunHOO MesKi BU-
TpuBasioctTu npu temneparypax mxo 500°C. IIpu remmeparypi 600°C misa
excanepuMeHTaIbHOTO cTony 2T85-3 3 BeaukuM BMmicTom Cuirimiro 3Ha-
yeHHA 0araTOI[MKJ/JIOBOI BTOMH 30iraloThCA 3 TAKMMH AJIA BiJOMOTO CTO-
my BT41.

5. lomaTKkoBe TepMiuHe 00po0IeHHA micasa gedopMaIllii IoripIuIo BTo-
MHi BJIACTUBOCTI eKcnepuMeHTaIbHUX cTomiB vKT-18 i JKT-19.
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BB TepMoMeXaHIYHOTO Ta TEPMIYHOTO 00POOJIEHHA HA CTPYKTYPY,
¢azoBuii cKIax i MexaHIUHI BJacTUBOCTI 0iocymicHux cromiB Ti—

(18-20)Nb—(1-1,2)Si

O. M. IlleBuenko, JI. [I. Kynak, M. M. Kyssmenko, O. FO. KosaJb,
C. O. dipcroB

ITnemumym npobaem mamepianosnascmaa im. I. M. Ppanuyesuna HAH Ykpainu,
eya.Omensna Ilpiyaka, 3,
03142 Kuis, Yrkpaina

Crorz Ti—(18-20)Nb—(1-1,2)Si ozep:KyBaiu eJIeKTPOHHO-IIPOMEHEBUM TOII-
JIeHHSM; po3Mipu 3auBKiB: d =60 MM, [ = 650 mm. ITokasano, 1110 3acToCcoBaHa
MeTOoa BUTOILIEHHA 3a0e3Meuye y JUTHUX CTOIIB GiabII cTabinbuuit ¢hasoBuit
ckaag o+ + (Ti, Nb)sSi. 'apsaue nedopmyBanua sxificaioBanu 3a T = 1000°C
poTaliiHuM KyBaHHAM 10 d =20 MM 3 HACTYITHUM TepPMOMEeXaHiYHUM 00p006-
ageaaaM (TMO — r'BuUHTOBE BAJBI[IOBAHHA 3 OXOJIOAMKEHHAM BOMIOIO) [0
d =12 mm; rapryBanHsa y Boay nposoauaocda 3a 1050°C 3 Burpumkoo y 30 XB.
CrpykTypa micasa gepopmairii € HepiBHOBaXKHOIO, CKJIazaeThbed 3 o(a')-asmu,
3aJUINTKOBOI MeracTabinbHol [-hasm, HeBeJMKOI KiJIbKOCTH KpPYIHUX
(Ti, Nb)sSi-cuminuzais mepeBasKHO Ha MeKaX IEPBUHHUX [3-3epeH, a TAKOXK -
CIIEPCHUX CHIIITUAIB Ha Ae(DEKTAX CTPYKTYPH, III0 3YMOBJIIOE BUCOKY MiITHiCTH
op = 1155 MIIa, anme many miaactuuHicTsb 6 = 3,5%. Ilig vac rapryBanus gedop-
moBanux cromiB Ti—(18-20)Nb—(1-1,2)S sa 1050°C yrBOproeTsca opTopoMbi-
yHa o'’-pasa Ta 30igbIIyeTbCSa KinbKicTh cuainuais. MinuicTs B pesyJbTarTi
JIelo MOHMKYEeThesa A0 o = 1135 MIla i3 cyTTeBUM HiABUINEHHAM IIJIACTUUYHO-
ctu & =9%. IBocramitina medopmairis, mio Bkaouae TMO 3 ocTaTOUYHUM rap-
TyBaHHAM y Boxy 3a 1050°C, cupuumHsae BumigeHHA 6inbInoil KiJTbKOCTH AuC-
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MepCHUX CUIIMUAIB i BHACIIOK IILOTO YTBOPEHHS 30iJHEHOI Jer'yBaJbHUMU
esemeHTaMu o' -(hasu Ta 3amUIIKOBOI B-hasu. OpeprraHa CTPYKTypa Ja€ Jinimne
MoeTHAHHA MexXaHiuHuX BiactuBoctei (os = 1165 MIIa, 6 =12,5%) 3a paxyHOK
IUCIIePCifiHOTO 3MiITHeHHS CUIiNMuAaMu Ta 30iJbIIeHHA ILJIACTUYHOCTU TBEP-
moro posumnHy. Iua npedopmoBanmx gocaigaux cromiB Ti—(18-20)Nb—
(1-1,2)Si BusHaueHO TakoxK TeMmieparTypy rapryBanHa T =1080+ 10°C, aka
YMOKJIMBIIOE Oep:KaTh MaKCcUMaJbHy MinHicTs 68 = 1190 MIla 3i 30epe:xen-
HAM ILJIACTUYHOCTH Ha PiBHi & = 9,5%.

Karouogri cioBa: 6iocymicui croru Ti—(18-20)Nb—(1-1,2)Si, Tepmomexaniune
00pobyenus, feopMallisa, rapTyBaHHS, CTPYKTypPa, MeXaHiuHi BJIaCTUBOCTI.

The Ti—(18-20)Nb—(1-1.2)Si alloys are obtained by electron-beam melting;
the sizes of the ingots are as follow: d =60 mm, [=650 mm. As shown, the
applied smelting method provides a more stable phase composition of
o+ B+ (Ti, Nb)sSi in the cast alloys. Hot deformation is carried out at
T = 1000°C by means of the rotary forging up to d = 20 mm, followed by ther-
momechanical treatment (TMT—screw rolling with water cooling) up to
d =12 mm; quenching in water is carried out at 1050°C with a holding time of
30 min. The structure after deformation is non-equilibrium, consisting of the
o(a’)-phase, the residual metastable P-phase, a small amount of large
(Ti, Nb)sSi silicides mainly on the boundaries of the primary pB-grains, as well
as dispersed silicides on structural defects, that causes the high strength
o= 1155 MPa, but low plasticity 6=3.5%. During the quenching of the de-
formed Ti—(18-20)Nb—(1-1.2)Si alloys at 1050°C, the orthorhombic a'’-phase
is formed, and the amount of silicides increases. Herewith, the strength is
slightly reduced to os=1135MPa with significant increase in plasticity
8 =9%. Two-stage deformation including TMT with final quenching in water
at 1050°C causes the release of a larger amount of dispersed silicides and, as a
result, the formation of the a”’-phase depleted with alloying elements and the
residual B-phase. The resulting structure provides a better combination of
mechanical properties (ce=1165 MPa, 6 =12.5%) due to dispersion strength-
ening with silicides and increased plasticity of the solid solution. For de-
formed experimental Ti—(18-20)Nb—(1-1.2)Si alloys, the quenching temper-
ature T=1080+ 10°C is also determined that allows obtaining the maximum
strength o =1190 MPa, while maintaining plasticity at the level of 6 =9.5%.

Key words: biocompatible Ti—(18-20)Nb—(1-1.2)Si alloys, thermomechanical
treatment, deformation, quenching, structure, mechanical properties.

Ompumano 25 rucmonada 2022p.; ocmamoun. apiasum—12 ciuna 2023p

1. BCTYII

B cyuacHi#t MmeguuHi# mpaKTUIli HAHOGiIBI MOIMMTUPEHNMY METATIUHNMHI
MaTepisgiaMu, AKi BUKOPUCTOBYIOThCA IJisi BUTOTOBJIEHHA iMIIJIaHTaTIB,
e rexHiuao yuctuii Turad BT 1-0 i cron Ti-6Al-4V (BT-6). BT 1-0 mae
HEBHCOKi MexaHiuHi BjaacTuBoCTi, a g0 ckaaxy BT—6 BXoauTh TOKCHY-
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Huii Bamaniii. ITomyk i po3pobka mMaTepidaxiB AJjd iMIIaHTOJOTII TpO-
IOBXKYETHCA Y HAIIPAMKY BUKJOUEHHSA 3i CTOMIB MIKiJINBUX TOMIIIOK,
a TAKOXK MOCUJIEHHA IX OCTeoiHTerpaliiHUX i MexaHiYHUX BJaCTHUBOC-
Teil.

Bupobu meguuHOro nprusHaUYeHHA 3 TUTAHOBUX CTOIIiB ITOBUHHI MaTH
PiBHi IOKa3HMKM 3a MIIIHICTIO Ta IPYKHIMHU BJIACTHBOCTAMHU B 3aJIEK-
HOCTI Big pyHKIIil1, AKi BOHI BUKOHYIOTh. He3Baskaouu Ha JOCATHYTI 3a
OCTaHHi POKHM YCIIiX1 B PO3poOIli 6ioCyMiCHIMX THTAHOBUX CTOIIIB 3 BU-
KOpPUCTAaHHAM [-cTabiniszaTopiB, IO BHUMIKYIOTH MOAYJIb IPYMKHOCTI
[1-6], icHye mmoTpeba y HOBUX CTOIIaX 3 BUCOKOIO MeXaHIUHOIO MiITHiCTIO
i xopormroio 6iocymicuicTio. Ha ocuoBi cuctemu Ti—Nb-Si 3anpomonoBa-
Ha cepid TUTAHOBUX CTOMiB [7—13] Ojia BUTOTOBJIEHHA KiCTKOBUX iM-
IJIAHTATiB, AKi Ha BiAMiHY Big TpaguiiiiHux OioiHePTHHMX MeTANiYHUX
CTOITiB € 0i0AKTUBHUMH 34 PAXYHOK JIET'YBAHHSA OCTEOTPOITHUM €JIeMEeH-
ToM CuiimieM Ta MOMKYTh CIPUATH OCTEOIHAYKIIII B JiTAHKAX KOHTAKTY
3 KiCTKOBOIO TKaHMHOI0. BU3HAaUEHO, 110 Kpallli MexXaHiuHi BJIaCTUBOCTI
IeMoHCTPYIoTh cronu Ti—xNb—1,258i 3 16-20% Bar. Nb [14], a Ha jau-
Tux crounax Ti—-18Nb-xSi moxkaszaHo, 1110 HEOOXimHMH AJA HOCATHEHHS
BHCOKUX XapaKTepUCTUK MiItHocTH i 6iocymicHocTi BmicT Cuiritiio € 3a-
eBTeKkTOigHUM i cKimamae 1-1,2% Bar. [11]. MeToro 1aHUX HAyKOBUX J0-
CIiMXeHb € ONTHMIi3allid TexHoJoTili JedopMyBaHHA Ta TePMOOOPOOKH
cromiB Ti—(18-20)Nb—(1-1,2)Si (% Bar.).

2. MATEPIAJIN I METOOH DJOCJALIAKEHD

Hocmigmi cromm Ti—(18-20)Nb—(1-1,2)Si oTpuMmyBaiu eJeKTPOHHO-
mpoMeHeBUM TomIeHHAM [15]. K muxXToBi MaTepisain BUKOPUCTOBYBa-
aucsa: Turan mapku BT 1-0, Hio6iit HBIII-1, Cuniniiit KP-00. Cxema
BUILTaBKU 3abesmeuyBajsia (GOpMyBaHHA 3JUBKiB mismerpom 60 MM Ta
IoBxuHOI 640—-650 MM. BuganBKy 00TOUyBaJIM 1 po3pisain HA 3aTOTOB-
KU IIiJ IPOKATKY IPYTKiB. XeMiuHy aHaJIi3y II0 JOBMKHUHI Ta OiAMETPY
3aTOTOBOK IIPOBOAMJIMN HA MYJIbTHEJIEMEHTHOMY eKcIpec-aHaJizaTopi
crkaany cromiB «EXPERT 3L» (emeproaucmepciiiia peHTIeHodIIIoopec-
meuTHa aHasiza EJIP®A). AbcomoTHa moXuOKa Ipy BU3HAUEHHI BMiCTy
(% Bar.) KOMIIOHEHTIB y faHoMy Tuili cromiB mo Hiob6ito, Tutany Ta Cu-
Jimiro cramosmia Bimmosimuo: +0,5, +0,2, +0,07. 3acTocoBaHa MeTozna
BUILTIaBKU JO3BOJIMJIA OTPUMYBATH BUJIUBKU cTomiB cuctemu Ti—Nb—Si
ITOCUTH OSHOPIAHI 3a CTPYKTYPOIO 1 XeMiYHIM CKJIaI0M.

T'apsaua geopmailriss 3aroTOBOK IPOBOAMJIACE 3 HATPIBOM 0 TeMIIepa-
Typu 900-1000°C porariiitnoo KoBKoio Ha mAiamerep 20 MM Ta I'BUHTO-
BUM BAJBIIOBAHHAM 10 & 12 MM 3 oxomomkenuam Bonooo (TMO). Oge-
PsKaHi IpyTKM po3pisajimcs Ha 3pasKku, SIKi miggaBanch rapTyBaHHIO Y
BOoAy. BumpoOyBaHHS MeXaHIUHMX BJIACTHUBOCTEIl Ha PO3TAT IIicJa BCixX
BUiB JeopMAaI[ifHOT'O Ta TePMiuHOr0 00p00JIeHb ITPOBOAUINCS Ha YHi-
BepcanbHill exexTpomexaHiuniit mamwuai UTM-100 3 MakcUMaJbHUM
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HaBauTaskeHHaM 100 xH, mBugkicTs HaBaHTaKeHHA — 2,5 MM/XB.

lxiu gasa cTPYKTYPHUX AOCHIAMKeHb OyJaM BHUTOTOBJIEHI MexaHiu-
HUM LT yBaHHAM 3pa3KiB aOpasuBHUM IIallepOM Pi3HOI 3epHUCTOCTI i
MoJIipyBaHHAM aOpaswBHOIO MACTOI0 3 HACTYOHUM XeMiUHUM IlaBJIEH-
HaMm peaktusom: H.O — 80%, HNO; — 13%, HF — 7%. CTpyKTypy BU-
puasu ontuuHoi (Jenaphot-2000) Ta eJeKTPOHHOI CKaHYBAJIBHOIO
(Superprobe-733, Proton-21) i Tpaucwmiciiizoio (JEOL JEM 100X) mik-
pockoiIrieio. @a30By aHAIi3y BUKOHYBAJIX HA PEHTIeHiBCLKOMY Au(PpPaK-
romerpi JIPOH-3M za mpummBuamntyBaabHuoi Hanpyru y 40 KB i ctpymy v
250 MA, y moHoxpoMaTuuHOMY CuK (-BUIIPOMiHEHHi, B KYTOBOMY Mmisf-
nazoHi 20 = 30—90° iz kpoxom y 0,05° Ta yacoM migpaxXyHKY V 2 ¢/KPOK.
Opepsxani gaui o6pobuasanu y nporpami PowderCell 2.4.

3. PESYJIBTATH TA IX OBTOBOPEHHS

Buronneni mocaigai cromu Ti—(18-20)Nb—(1-1,2)Si matoTh AOCTaTHHO
BHUCOKY TBepaicTh = 32—33 HRC, 110 BiAmoBizae qanuM paxiliie mpoBee-
HUX Jocaimxens [11, 13]. 3a perrrenodasoBoio aHaaisomw (puc. 1, a; nasa
KpaIroro BigoOpaskeHHs JiHill HM3bKOI iHTEeHCHBHOCTH 3aCTOCOBAHO JIO-
TapuTMiUHy MIKAJIy) yV JUTUX CTOIIaX IPHUCYTHA o-(pasa, 30epiraerbcs
3HaUYHA KigbKicTh [-dasm Ta BUAINAIOTECA AUCIEPCHI CUIIUAN
(Ti, Nb)sSi (Tabm. 1), AKi MaOTh CKJIALHY TeTParoHAJbHY I'PATHHUIIO i3
cumertpieto tP32 (P4,/n) [16]. Ha#tinTerncusHinti ainii cuminuaiB sbira-
IOTbCSA 3 JiHiAMM OCHOBHOI (badu, i PO MPUCYTHICTh IX CBiIUUTHL JIMIIIE
mocuJIeHHs (pouy 0iJisg OCHOBHUX JIiHi i 6isbIa cymMapHa iHTeHCUBHICTD.

Cromu Ha OCHOBI TUTaHY MAalOTh HU3LKY TEIJIONPOBiAHICTH; TOMY BU-
JUBKU G1JILIITOTO PO3Mipy OXO0JIOAKYIOTECA 3HAUHO HMOBiJIbHIIIIE, 0CO0IH-
BO YV HU3LKOTEMIIEPATYpPHill o0sacTi. 3a 3acTOCOBAaHOI TEXHOJIOTII TOI-
aenHuda [15] y TBeppomy posuuHi (a + B)-cTomiB Ti—(18-20)Nb—(1-1,2)Si 3
isomopdhHUM Ta eBTeKTOimHUM [-cTabijsizaTopamu BinOyBaeTbca AUQY-
3iliHUH TIepeposIOoAiJ JIeI'yBaJIbHUX €JIEMEHTIB 1 po3naj IPOMisKHUX Me-
racTtabinpHUX (has Ha Kiunesi crabiabpui mpoxyrTu o + B+ (Ti, Nb)sSi. B
pesyabTaTi Ha audpakTorpami JuToro cromy (puc. 1,a) maemMo roctpi
mikm o-dasu, a TaKoK crabinbHy, Hacuueny Hiobiem B-dasy 3 6iabimum
mapaMeTpoM KpucTaxiuHoi rpatuuii (Tabda. 1).

HedopMmoBaHi cTOnM MalOTL AUCIEPCHY TOJYaCTy CTPYKTYpPy (puc.
2,a), M0 € XapakTepHimoio Aad o'-hasu. 3acTocoBaHa TeMIlepaTypa
nedopmarii = 950°C mepeBuIye TeMIeparypy [ — o-IIepeTBOPEHHA Y
cromax Ti—(18-20)Nb—(1-1,2)Si, i 3a gocTaTHBO MIBUIKOTO OXOJIO-
IKeHHA 3 J-obJsacTi B HUX (POPMY€EThCA HEPiBHOBAKHA CTPYKTYpPA, AKY
MOJKHa BBasKaTH YaCTKOBO 3araproBaHoio (puc.l,06). Ockimbku o'-
MapTeHCUT € CTucHyToio ¢opmoio piBHoBa:kHOI o('IIII)-cTpyKTypu
[17], BiH Mae MeHIITi mapaMeTpu KpucTadiuuoi rpatuaui (Tadm. 1).

CTpyKTypa Iicasa poTamifiHOTO KyBaHHA CKJamaeThbca 3 o(o')-dasu,
HEBEeJIMKOI KiJIbKOCTH 3aJuIIKOBOI MeracTabisbHOi -dasu, 36igHEHOI
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Puc. 1. fJudpparrorpamu crouiB Ti—(18-20)Nb—(1-1,2)Si: a — awuruii crom;
0 — porallifiie KyBaHHS; 8 — rapTyBaHHA y BoAy mmicys ButTpuMiu nupu 1050°C
30 xB; 2 — mopBilina medopMmarlria (poraililine KyBaHHS i TepMoMexaHiuHe 00-
pO6JIeHH5{? Ta rapTyBaHHA y Boxy micias sutpuMmiu 3a 1050°C 30 xB; dpasu —
o (+), o (1), B (‘L)’ (Ti, Nb)sSi (D).

Fig.1. XRD-patterns of Ti—(18-20)Nb—(1-1.2)Si alloys: a—as-cast; 6—
rotational forging; e—quenching in water after exposure at 1050°C 30 min;
z—double deformation (rotational forging and thermomechanical treatment)
and quenching in water after exposure at 1050°C 30 min; phases—a (+),
" (1), By, (Ti, Nb)sSi (o).

JeryBajbHUMU ejieMeHTaMu (Tabdia. 1), Ta KpyIHUX CHJIIIUAIB IIepeBa-
JKHO IO TPAHUIIAX IIEPBUHHUX [-3€peH i B cepeAnHi 3epHA, a TAKOXK Y-
JKe IUCIIePCHUX CUIINUAIB Ha mederTax cTpyKTypu (puc. 2, a). Ile 3y-
MOBJIIOE€ BUCOKY MiITHiCTBh, ajie MaJly IMJIACTUYHICTh Ae(DOPMOBAHOTO CTO-
my (Tabi. 2).

KinpkicHa aHamisa KpyoHUX CUIINUIIB Y CTPYKTYPi 1e)OpMOBAHOTO
CTOITY IIOKAa3aJjia, I10 3alCAHNHA Y BUTJIAA1 XeMiuHOI (DOpMYyJIH iX cKJIam
B aToMHUX Bigcorkax Buraangae aK (Ti, Nb)e 5Sisss 1 BimmoBigae cuuri-
muny (Ti, Nb)sSi (puc. 2, a, Tabu. 3). CriBBigHOIIEHHA ATOMHUX YaCTOK
TiTa Nb y meranesiit uactusi curinugis ckaazgae (TipsNbo,2)sSi, To6TO ¥
cuainugax TisSi = 20% arowmie Ti samimnryorsecsa aromamu Nb. Ileitr pe-
3yJbTAT IIATBEPIKYyE HdaHi, paHimIe ojepsKaHi A JIHUTOTO CTOIIY
Ti—-18Nb-1Si, saraproamoro y soay mpu 1100°C[7].
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Puc. 2. PactpoBa eixexTpoHHa MiKpockomisa cromiB Ti—(18-20)Nb—(1-1,2)Si:
a — poTaiiiine KyBaHHs; 0 — rapTyBaHHsA y BoAy micua surpuMiku npu 1050°C
30 xB; 2 — mopBiiiHa medopmarid (poralliiiie KyBaHHA i TepMoMexaHiuHe 00-
pobJieHHST) Ta TrapTyBaHHS y Boxy micad BurpuMKku mpu 1050°C 30 xB.

Fig. 2. Scanning electron microscopy of Ti—(18-20)Nb—(1-1.2)Si alloys: a—
rotational forging; 6—quenching in water after exposure at 1050°C 30 min;
2—double deformation (rotational forging and thermomechanical treatment)
and quenching in water after exposure at 1050°C 30 min.

TapryBauua cromniB Ti—(18-20)Nb—(1-1,2)Si npu 1050°C npuBoguTs
IO YTBOPEHHA y HUX OpTOpoMOiuHOi o''-asu, AKa Ma€ TUCIEPCHY TOH-
KOILTaCTUHYACTY CTPYKTYPY (puc. 2, 6) i, BigmoBigHO, pO3IIeIIeH s JIi-
Hili IepecuYeHoro o.-TBepJ0oro po3unHy Ha audparxTorpami (puc. 1, 8).
MinnicTs y mOpiBHAHHLI 3 JedOPMOBAHUM CTAHOM [IeI0 SHUIKYETHCS
IpYU 3HAYHOMY IiBUINEHHI miactuuHocTu (Tabsa. 2). AHaniza cuiinu-
IiB y 3araproBaHiii cTpyKTypi cromiB Ti—(18-20)Nb—(1-1,2)Si nokasye,
10 iX cepenHi ckaag B atToMHUX BificoTKax (Ti, Nb)re 4Sizs ¢ IpakTUUHO

TABJINIA 2. Mexauiuni BiaactuBocti cromiB Ti—(18-20)Nb—(1-1,2)Si micaa
Iedopmaiiii i TepM0o0OPOOTEHHS.

TABLE 2. Mechanical properties of Ti—(18-20)Nb—(1-1.2)Si alloys after de-
formation and heat treatment.

Mexaniuni Biacrusocri

O0pobeHHsA HA POBTAT
00,2, MIIa | OB, MIIa | 8, %
porarniiiHe KyBaHHA 1035 1155 3,5

poTrarliiine KyBaHHS + rapTyBaHHA Y BOAY IIPHU
1050°C, 30 xB
porariiine kyBanus + TMO + rapTyBauHA y BOLY
1050°C, 30 xB

875 1135 9

975 1165 12,5
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TABJUIIA 3. JlokanbHa MikpoaHadiiza cromiB Ti—(18-20)Nb—(1-1,15)Si.
TABLE 3. Local microanalysis of Ti—(18—20)Nb—(1-1.15)Si alloys.

PesyabraTu B at.% Pesyaprarn 5

OGpobaenrs | Micme aranisu mac. %
Ssi | Ti | Nb Si | Ti | Nb
S01 24,2 68,1 7,7 14,6 70,1 15,3
S02 22,1 69,7 8,2 13,2 70,7 16,2
poramniiine S03 23,5 68,8 7,7 14,1 70,5 15,3
KyBaHHA S04 1,7 88,5 9,8 0,9 81,6 17,5
S05 1,8 88,3 9,9 1,0 81,4 17,6
S06 1,6 88,5 9,9 0,8 81,4 17,7
S01 23,3 69,2 7,5 14,0 71,0 14,9
S02 224 70,0 7,6 13,4 71,5 15,1
poramifine S03 24,2 67,8 8,0 14,6 69,5 15,9
KYBAHHS + S04 234 69,0 7.6 14,1 70,9 15,1
rapTyBaHHA Y S05 23,4 68,9 7,7 14,0 70,6 15,3
BOJY IIpH S06 23,6 68,7 7,7 14,2 70,5 15,3
1050°C, 30 xB S07 1,7 88,8 9,5 0,9 82,1 17,1
S08 1,6 89,0 9,4 0,9 82,3 16,8
S09 1,7 89,0 9,3 0,9 82,4 16,7
poramiiise S01 24,2 68,1 7,7 14,6 70,1 15,3
KYBAHHS + S02 22,1 69,7 8,2 13,2 70,7 16,2
TMO + S03 23,5 68,8 7,7 14,1 70,5 15,3
rapTyBaHHS y S04 1,7 88,5 9,8 0,9 81,6 17,5
BOZY IIPH S05 1,8 88,3 9,9 1,0 81,4 17,6
1050°C, 30 xB S06 1,6 885 99 0,8 814 17,7

TaKUHN caMuii, AK 1 micasa medopmairii, a Bmict HiobGiro y meraseBii uac-
TuHi cuainuais ckaanae (Tio,s2NDbo,18)sSi (puc. 2, 6, Tabi1. 3). 3a paxyHOK
30iMbIIIeHHS KiJIBKOCTI CMIIiIuAiB B pesyJsbraTi raprysanHus (Tabdi. 1)
BmicT HioGito i Cuaitiro y TBepAoOMYy POSUNHI IIOHUKEHUI.

Crpykrypa cromiB Ti—(18-20)Nb—(1-1,2)Si micia moasifinoi medop-
marii (poramnifimoro kyBauua + TMO) ta raprysauusa y Bogy npu 1050°C
cKJagaeTbca 3 o''-pasu i HeBeJMKOI KiJIbKOCTHU 3aJIMIITIKOBOI [3-(hasu
(tabs. 1). 3pocrae KiabKicTh CUIINMUAIB, AK KPYIHUX, TAK i Ty:Ke IuC-
nepcuux (puc. 3, puc. 4). KpynHi cuiainuau posTaiioByOThCS 34€0i1b-
IIIOTO0 B3IOB:K TpaHUIlb AedOpPMOBAHUX 3€peH, AUCIEPCHI — IOCUTH
HIiIbHO B cepenauHi 3epeH. CKJam CUIiUAIB micasa moaBitiHoI medopma-
mii 3 TMO i HacTymHMM TapTyBaHHAM MaJi0 3MiHIOETBCI —
(Ti, Nb)76,7Si23,3, a BmicT Hiobiro y MeTaseBiii yacTuHi cuainmugis sasim-
maeTbed TuM Ke caMmuM (Tio s2Nbo,15)sSi (puc. 2, 8, Tabu. 3).
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8 2

Puc. 3. Mikpoctpykrypa cromaiB Ti—(18-20)Nb—(1-1,2)Si micas moxsitizoi me-
dopmarrii (poTalfiiiHoro KyBaHHSA Ta TEPMOMEXaHiUHOT0 00pO0JIeHH) Ta rapTy-
Bauuda mpu 1050°C y Bozgy: a, 6, 6 — cBiTJI0Be 300paskeHHs; 2 — TpaHCMiciiiHa
eJeKTPOHHA MiKPOCKOIIif.

Fig. 3. Microstructure of Ti—(18-20)Nb—(1-1.2)Si alloys after double defor-
mation (rotational forging and thermomechanical treatment) and quenching
in water after exposure at 1050°C 30 min: a, 6, 6—optical micrograph; z—
transmission electron microscopy.

IIpu 36inbienHi kinbxkocTu cuiinuais smict Nb i Si y TBepgomy pos-
ynHi TOHMKYeTheA (Tabi.3), TiATBEPIKEHHAM YOTO € pPOo3momia Si
(puc. 4, 2, r'). 3a menIoi Jeropamoctu o' -haswu ii gimii Ha TUdpaKkTOrpami
cTomy IricJisg moABitiHol medopmarrii 3 TMO Ta rapTyBaHHAM 3HAXOAATHCS
Ha OijbIn 0IM3LKil BigmaJi ogHa Bif 04HOI Ta YaCTKOBO 3JIMBAIOTHCSI MiK
coboro (puc. 1, 2). Buxix Si ra Nb 3 TBepgoro posuuny o'’-hasy MOKHA
IIpoCTeXXUTHU i 3a 3MiHOMO ii mapamerpiB [18]: 3 moHMKEeHHAM BMicTy -
cTabizizaTopiB cmocTepiraeMo 3MeHIIIEHHS IIapaMeTpa a, 3pocTauud b i,
AK HACJIZOK, BUIY opTopoMGiumicTs b/aV3 o’-(hasu (rabma. 1). Boius
cuinumaiB, 1o € y cromax Ti—(18-20)Nb—(1-1,2)Si, na mexaHiuui Biac-
TUBOCTi NPOSBJISAETHCA AK Y BUIVISAAL IUCHEPCIAHOrO 3MIiITHEHHS, TakK i
yepes 3MiHy XeMiuHOTro CKJIay TBEPOro PO3UNHY, ITIT0 MOKHA UiTKO IIPO-
CTEXKUTH micJia moaBitiuoi gedopmarrii 3 TMO i rapTyBaHHS ITUX CTOIIiB.
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2,5 muM [8791si 402 -
r 7]

Puc. 4. PacTpoBe eJIeKTPOHHO-MiKPOCKOIIiUuHe 300pasKeHHsI MiKPOCTPYKTYpHU
crouiB Ti—(18-20)Nb—(1-1,2)Si micas moasiitoi medopmarii (poraififiHoro
KyBaHHSA Ta TepMoOMeXaHiuHoro o6pobsienHs) Ta raprysauusa mpu 1050°C y Bo-
ny (2 — posmogia Cumitito Ha 8, ' — poanoxin Cuiirmiro Ha d).

Fig.4. Scanning electron microscopy image of the Ti—(18-20)Nb—(1-1.2)Si
alloys microstructure after double deformation (rotational forging and ther-
momechanical treatment) and quenching in water after exposure at 1050°C
30 min (2—silicon distribution at 6, r—silicon distribution at 9).
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Ogmep:xama TaKUM CIIOCOOOM CTPYKTypa Ja€ Kpallle MOeTHaHHSI BUCO-
KOoi MiITHOCTH i CyTT€BOTO 30iJILITTEHHSA IIJIACTUYHOCTH (Tab. 2).

¥V panimre npoBegeHnx gocaimxenuax Ha autux Ti—-18Nb—xSi cromax
[11] 6yso mokasaHoO, IO iX TBEPAICTEL (pPHUC. 5, 6) CUILHO 3aJI€KUTDH Bin
TeMIIepaTypyu rapTyBaHHA i OTPUMAaHOI IPU I[bOMY CTPYKTypH. g BU-
3HAUEHHs OIITHMAJbHOTO PEXKUMY TepMOOOpOOJIeHHS medopMOBaHUX
crouiB Ti—(18-20)Nb—(1-1,2)Si npoBogMIOCh TAKOK IX rapTyBaHHA Ye-
pes 20° BimTepsaai 1000-1100°C, micisg yoro BUMipioBaJanch MexXaHiuHi
BJIACTHBOCTI Ha po3Tar. Ha pucyHKY 5, @ IpuBeJeHi 3aJIe:KHOCTi Op,
Go,02, O Big Temmeparypu rapryBaHHa. IITpuX-nyHKTUPHUMU JiHigMUu
HaHeCeHi, AK BUXiJHi, 3HaUeHHS MeXaHiYHNX BJIACTUBOCTEH JOCIIiTHMX
cTOIliB y medopmoBaHoMy crani. CTpiakaMu mokasaHi 3MiHM PiBHS Os,
Co,02, O IIPU TapTyBaHHi, BUIiJeHA TaKOX 00JacTh TeMIIepaTyp rapry-
BaHHA, AKi 3a0e3MeUyOTh OJeP:KAHHA OIITHMAJIbHOTO KOMILIEKCY Me-
XaHIYHUX BJIAaCTHUBOCTEMN.

Cronu Ti—(18-20)Nb—(1-1,2)Si micasa medopmarrii y B-obaacti ma-
IOTh HEPiBHOBAKHY, YACTKOBO 3arapToOBaHy rojiyacty o(a') CTPYKTYpPY 3
HE3HAYHOIO0 KiJbKicTio 3asmmmkoBoi B-dasu (puc. 1,6, Tada. 1), Tomy
mJacTU4YHicTh, Ix HuU3BKa 0=3%, a Minmicte gocarae ~ 1150 MIla
(raba. 2). HarpiB i BuTpuMKa 3 HACTYIHUM TapTyBaHHAM TOCJIiTHUX
CTONIB IPUBOAATL N0 CUJIINMUIHUX IIEPETBOPEHb i yTBOpeHHA o''-
MapTeHCUTY Pi3HOTro CTyIeHo JeroBamocTi [9—13].

IIpu raprysauHi cromiB Ti—(18—20)Nb—(1-1,2)Si 3 6isbI1 HU3BKUX
remnepatyp < 1000°C, ak OyJio moxasaHo Ha automMy ctaHi [11], v Hux
BimOyBaeTbcsa eBTeKkTOimHME po3nan B — o'’ + (Ti, Nb)sSi 3 yrBopenHAM
BeJINKOI KiJIbKOCTi CHIiIUAiB, K ApioHmnx < 0,1 MKM, TaK i JOCUTH KPY-
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Puc. 5. Mexanuiuni BaactuBocti Ti—(18-20)Nb—(1-1,2)Si crTomiB micasa rapry-
BaHHS: @ — gedopMOBaHUX (M — G, ¢ — Goz2, ® — J); 6—autux [11] (A—
Ti—-18Nb-1Si, ¥ — Ti-18Nb-1,2Si).

Fig. 5. Mechanical properties of Ti—(18-20)Nb—(1-1.2)Si alloys after quench-
ing: a—deformed (m—oc, ¢—co,2, ®—3); 6—as-cast [11] (A —Ti-18Nb-1Si,
V¥V —Ti—18Nb-1.28Si).
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OHUX 3 po3MipamMu B JeKiabka MKEM. Cuiailniii BUBOAUTLCA 3 TBEPAOTO
posuuny o'’ -hasu, 3MEHITyeThCcsa Tako:k BMicT HiobGiro. ITpu ibomy TBe-
pOicTh 3HMMKYETHCA (puc. 5,0), IO KOPEJNIoE 31 3MiHOI MeXaHiuHUX
BJIACTUBOCTEN Ae()OpPMOBAHUX CTOMIB IIPM TapTyBaHHI 3 TeMIepaTryp
<1050°C (puc. 5, a).

Bui Temmepatypu rapryBaHHA JAlOTh BUALJIEHHS OiJbIN AHUCIIEpC-
HUX CUJIIIUIIB Ta MOCTYHOBY 3MiHy ix Tumy [11]i aMeHIIIeHHA KiabKOCTI
daBaAKu posumHenHIO (Ti, Nb)sSi BHacaigoK mepUTEKTOIMHOTO IIepeT-
BoperH4A (Ti, Nb)sSi — B+ (Ti, Nb);Sis, B pesdyabrari uoro MosxkHa omep-
JKaTu MiIHicTh OiabITy 3a meopMOBaHUM CTAH 3 BUCOKOIO IIJIACTUYHIiC-
mi0. na mocaigamx nedopmoBanux cromiB Ti—(18-20)Nb—(1-1,2)Si
BU3HAUEHO oNTuMaJbHy Temnepatypy 1T = 1080+ 10°C, rapryBaHHA Bin
AKOl YMOJKJIMBJIIOE OJep:KaTH BHUCOKiI MexXaHiuHi BJIAaCTHBOCTI:
o= 1190 MlIla, Go.02 =900 MIla, 6 =9,5%.

4. BUCHOBRKH

3acTocoBaHa TeXHOJIOTisS eJIeKTPOHHO-IIPOMEHEBOTO BUTOILJIEHHS 3JIMB-
KiB BEJIMKOTO PO3Mipy YMOJKJIMBJIIOE OTPHUMATHU IIPAKTUYHO OTHOPiZHI
cronu cuctemMu Ti—Nb—Si i3 cTabiIbHOIO CTPYKTYPOIO, III0 CKJIATAETHCA
3 (oo + B) das i (Ti, Nb)sSi cuainunais.

Cromu Ti—(18-20)Nb—(1-1,2)Si micasa medopmarrii y B-obaacti ma-
IOTH HEPiBHOBAKHY, YaCTKOBO 3arapTOBaHy rosuacTy o(o') CTPYKTYpPY 3
HE3HAYHOIO KiJIbKiCTIO 3aTUIITKOBOI MeTacTabisbHOI B-hasu Ta KPYITHU-
MU CHUJIIIUAAMM MEPEBAKHO IO MeKaxX NMEePBUHHUX [3-3epeH, a TaKOK
IUCIIEPCHUMU CUJIinuIaMu Ha nedekTax cTpyKTypu. Ile o6ymMoBIIIoe BU-
coky MinuicTs o = 1155 MIla, ane maay naacTuuHicTs 6 = 3,5% medop-
MOBAHOTO CTOITY.

TapryBauusa cromis Ti—(18—20)Nb—(1-1,2)Si mpu 1050°C npuBOAUTD
0 YTBOPEHHS Y HUX OpTOpoMOiuHOi o''-pasu, AKa Mae AUCIEePCHY TOH-
KOILJIACTUHYACTY CTPYKTYPY. 3a PaXyHOK 30iJIbIITeHHA KiIbKOCTI cHIi-
muaiB micaa rapryBaHHsa BMmicT Hiobito i Cuirimito y TBepaoMy po3uuHi
sHMmKeHni. MinHicTs geio sMeHIyeTbesa o = 1135 MIIa mpu 3mauHo-
MY IIiABUINIEHHI mIacTuaHOCT: O = 9%.

Crpykrypa cromiB Ti—(18—20)Nb—(1-1,2)Si micas moasiiinoi gedop-
Mairii (poraiitinoro kyBamuda + TMO) Ta rapryBauua y Boay mpu 1050°C
cKJamaeTbca 3 o'-dasu i HeBeamKol KinbkocTi sanmmkoBoi B-dasu.
3pocTae KiJbKicTh cuIiuAiB, AK KPYOHUX, TaK i AyKe OUCIEPCHUX,
OCTaHHi JOCUTH ITiJIBHO 1 piBHOMipHO po3moaiseHi mo 3epuy. Oxep:xana
CTPYKTypa [Ha€ Kpaile IO€OJHAHHSA MIiIIHOCTH 1 IIJTIACTUYHOCTHU
op=1135 MIla, 6=12,5% 3a paxyHOK AUCIIEPCiNHOrO 3MiIlTHeHHS CHJIi-
IUIaMU i CYTTEBOTO 30iIbIIeHHA MIACTUYHOCTH TBEPAOTO POSUNHY.

Hasa nocaigaux gedopmoBanux cromiB Ti—(18—20)Nb—(1-1,2)Si Bu-
3HaUeHO onTuMadbHy Temmeparypy T =1080+10°C, rapryBaHHsa Bin
AKOlI YMOJMKJIMBJIIIOE OJep:KaTH BHCOKiI MexXaHiuHi BJIAaCTHBOCTI:
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os= 1190 MlIla, c¢,02 =900 MIla, 6 =9,5%.

Amnaniza KpyoHUX cHIinugiB y cTpyKTypi cromiB Ti—(18—20)Nb—(1-

1,2)Si micna gedopMyBaHHA Ta rapTyBaHHA IIOKasaJa, Mo IXHill cKJIam
sigmoBigae (Ti, Nb)sSi-cuninuny, y axkomy 20% aromis Ti samimryorscsa
aromamu Nb.
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BniuB TeXHOJIOTIYHUX IMapaMeTpiB BHYTPilTHE0(OPMOBOTO
moau¢ikyBaHHA MOPOIIKOBUME OPUKEeTOBAHUMH MogudikaTopamMu
Ha CTPYKTYPY Ta BJIACTUBOCTI BUJINBKIB 3 BUCOKOMII[THOTO YaBYHY

T'. A. Baruoxk, |B. . KypOBCBRHﬁ|, 0. 1. luncekuii, M. {. TepeleHKO,
A.II. Timenko

Tnemumym npobaem mamepianosnascmaa im. I. M. Ppanuyesuna HAH Ykpainu,
sys. Omeasna Ilpiyaka, 3,
03142 Ruis, Yrkpaina

B po6oTi HaBegeHO Pe3yIbTATH AOCTIiIAMKEHHA BININBY KOMIIOHEHTHOT'O CKJIALY,
Macu Ta KoH(pirypamnii mopomkoBux OprKeTOBaHNX MOAU(MIKATOPIiB HA CTPYK-
TYpPy Ta BJIACTUBOCTiI BUCOKOMIIIHOTO UYaBYHY, OJEPKAaHOT0 METO 00 BHYTPIIII-
HbO(opMoBOoro Moaudikysauusa. MoaudikyBaHHA po3Toly 3abe3lneuyBain 3a
PaxyHOK BCTAHOBJEHUX HA JINBHUKAX MOAUMIKYBAJIbHUX BCTABOK — IIUJIIH-
PUYHUX BTYJIOK ABOX KOHGIirypaiiii: 3 o0ChOBUM IUJiHAPUYHUM OTBOPOM Ta
OTBOPOM Yy BUIJIANI KOHYCHOI MOBepxHi (AiAdparma), cipecoBaHUX i3 JBOX Ba-
pigHTiB cyMmimiell MOPOIIKiB MarHiloo, epocuiiniro, 3anisza Ta IJIaBHIKOBOTO
mnary (CaF:). Maca mogudikyBaibHUX BCTABOK BapitoBasacsa Bix 25 go 100 r.
PesynbraTu mociimikeHb MOKasaau, IO BUKOPHCTAHHA MOAMGDiKyBaJabHOIL
BCTAaBKHU Yy BUIJIALL AisAdparmu 3abesieuye MiABUINEHHS CEPEIHBOTO BMiCTY
Marsiro y BUJIMBKY Ta MiITHOCTH OZEPKaHOT'0 YaBYHY YV HOPiBHAHHI i3 I1aKoI10
BTYJIKOIO JIJI BCiX 3HAUEeHb MACH BCTAaBKU, & TAKOK ITIiIBUINeHHA PiBHOMipHO-
cTu posmnoxiny Maruiro mo HOBXKWHI BUJIMBKA JJIA BapiAHTIB BCTaBOK IIiJBU-
mrenoi macu (75 Ta 100 r). 36inpiIenHss Macu MOAUMIKYBaJIbHOI BTYJIKU HIPU-
BOJUTD A0 HiIBUINEHHA PiBHSA MiIITHOCTH CTOIIY.

Kumrouogri cioBa: uaByH, posron, moaudikaTop, HOPOIIOK, IrpadiT, cTpyKTypa,
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MiIlHiCTh, TBEPIiCTh.

The results of the study of the impact of the component composition, mass
and configuration of powder-briquetted modifiers on the structure and prop-
erties of high-strength cast iron obtained by the method of intraform modifi-
cation are presented. Modification of the melt is provided at the expense of
modifying inserts—cylindrical bushings of two configurations—with an axi-
al cylindrical opening and a hole in the form of a conical surface (diaphragm)
pressed from two variants of mixtures of magnesium, FeSi, Fe and CaF:. The
mass of modifying inserts varies from 25 to 100 g. The results of the studies
show that the use of a modifying insert in the form of a diaphragm provides
an increase in the average content of magnesium in casting and strength of
the resulting cast iron compared to the smooth sleeve for all values of mass
inserts, besides increasing of uniform distribution of magnesium along the
length of the casting for variants of high-mass inserts (75 and 100 g). In-
creasing the weight of the modifying sleeve leads to an increase in the level of
alloy strength.

Key words: cast iron, melt, modifier, powder, graphite, structure, strength,
hardness.

(Ompumarno 22 epydusa 2022 p.; ocmamouH. éapisum — 12 ciuna 2023 p.)

1. BCTYII

Bucoxominauit yaByH 3 KyJasacTUM rpadiToM XapaKTepusyeThCS MOE-
HAHHAM BHCOKUX TEeXHOJOTIYHMX, (PisMKO-MeXaHiUHMX Ta eKCIIyaTa-
MiMHUX XapaKTePUCTUK, IMHUPOKO 3aCTOCOBYETHCS 3aMiCTh KPUIIEBOTO
JUTTS, IIOKOBOK, KOBKOT'O Ta Ciporo uaByHY, 3a0e3meuyoun HagiliHiCTD
i moBrosiuHicTh, BUPOOIB y pisHUX pe:kmMax ekcinryararii. Bigmimmi
0co0JIMBOCTI YaBYHY 3 KyJsacTuM rpadiToM IIOpPiBHAHO 3i KpwuIilero:
OiJIBIII BUCOKE BiJHOIIIEHHS MEKi IJIMHHOCTHY A0 MEKi MiITHOCTH TP Po-
3TATYBaHHI, 1110 gopiBuioe 0,70—-0,80 (mpotu 0,50—-0,55 mia Kpuiri), g0-
CTaTHBO BUCOKHUUM MOAYJb IPY*KHOCTH, 10 carae 180—190 I'lTa, nusbpka
YYTJIUBICTh MO0 KOHIIEHTPATOPIB HANIPYKeHb, MiIBUINeHA ITUKJIiUuHA Mi-
IHICTH TOIO, YMOKJINBJIIOIOTH BBAKATH Iell KOHCTPYKI[IMHUI MaTepi-
SJI TIePCIIeKTUBHUM KOHKYPEHTOM KPHUIIi Mpu poboTi B HalipisHOMAaHIT-
Himmx ymMoBax ekciayaraiiii. Kpim Toro, Bucoka pigAKONJIMHHICTE Ya-
BYHIiB BiIKpUBa€ MOKJIMBOCTI 3HAUHOTO PO3IIUPEHHA HOMEHKJIATYPH
BUPOOiB 3 HHOT'0, MOHUKEHHS IIepepisiB i Macu BUINBKiB, a HUKUA TEM-
mepaTrypa TOILJIeHHS B HOPiBHAHHI 3 KPUIEI0, B KiHIIEBOMY IIiICYMKY €
MOTY:KHUM Pe3epPBOM Y IJIaHI pecypco3depe:KeHHs Ta MOHUKEeHHA eHep-
TOBUTPAT i, 3peIIToi0, codiBapTocTy BUPOOiB pu 3abes3neyeHHi BUCOKOI
ssxocTi [1-5].

Haii6inpmn moirupeHoo TeXHoJ0rieo MoagudiKyBaHHsS PO3TONY YaBYy-
HY CHOTOIHI € 11070 00p00JeHHS KYCKOBUMH TOILIEHUMH JIirTaTypaMu Ta
monudikaropamu B KoBiri [1-3, 6], axa, Oyayuu JOCTATHLO IIPOCTOIO 3
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TeXHOJIOTiYHOI TOYKM 30Py, Ma€, OAHAK, PAN iCTOTHHUX HEIOJiKiB,
OB’ sA3aHNX, 30KpeMa, 3i eKoJoriuHuMHu IpobdaeMaMu, 00yMOBJICHIMU
iHTeHCMBHUM IIipoe)eKTOM Ta 3HAYHUM AVMMOBUIIJIEHHAM, Ta BiTHOCHO
HU3LKUM i HecTaOlJIbHMM 3acBOeHHAM Mar"ilo BHACJIIZOK 3HAYHOI
BTPATH OCTAaHHBOTO Ha BUIAPOBYBaHHA (CTYIIiHDb 3aCBOEHHSI Mg npu Bu-
TonIi MomudikaTOpy Ta BJacHe KOBIIOBOMY MOAM(piIiKyBaHHI He Iepe-
BUIIY€E, AK IIpaBuyo, 60—75%)[5—-8].

Cepen BijoMHX Ta BUKOPHCTOBYBAHMX HA MPAKTHUIIL CIOCO0iB MOIM-
(ikyBaHHSA YaBYHiB OMHUM 3 HANOiIBLIIT eDeKTUBHUX, EKOHOMIUHO BUTi-
JHUX Ta €KOJIOTIUHO YMCTUX IJIA OJeP/KaHHA AKICHUX YaBYHHUX BUJIU-
BKiB i3 38alaHMMHU CTPYKTYpPOIO Ta KOMILJIEKCOM BJIACTHUBOCTEM € mpoliec
BHYTPillTHbOGOpMOBOro Mmoaudikysanuda (in-mould mporec).

ITpu mpomy cmocobi mporec MmoaudiKyBaHHS 34iMCHIOEThCA OesIoce-
peIHbO y MOMEHT 3aJIMBAHHSA MOPOMKHUHU JUBAPHOI (hopMU BUXiTHUM
PiOIKMM YaBYHOM, JJIA YOT'0 Y JUBHUKOBIH cuCTeMi HaA IJIAXY PYyXY PO3-
TOIIY IO BUJINBKY IlepeadaueHa IPOMiKHa peaKIliiima KaMmepa, B AKY IIe-
pen ckiaamamuAa QOpMU 3aKJIamaloTh PO3PaxyHKOBA KiJIbKicTh apobJe-
"HOrOo Momupikaropa. Ilig uac sajamBaHHA JuBaApPHOI popMu Momudika-
TOP B PEaKIilHIN KaMepi IIOCTiZOBHO PO3UMHSAETHCA B IMOTOIIL PigKOTO
YyaByHY i, IepeMiinanuuch B 06’e€M BUJIMBKA, OCTATOYHO 3aCBOIOETHCS
posTomom [8—13].

IIpu in-mould-mpormeci noan:KyeThCca BuTpaTa Mogudirkaropa (3acso-
euna Mg ckaamae 80—-85% i 6inbImie), CIIPONTYETHCS BUPOOHUUMI TIPO-
1mec, MiHiMi3yOThCA MOYKJIUBOCTI BUKUAY MeTaJy, IipoedeKT i TuMOBU-
TiJIeHHs.

IIpore gocuTh TpuBaJia IpPaKTHUKaA 3aCTOCYBaHHA JIMBapHUKaMU ITiel
omepailrii cBigumnTh, 10 il e()eKTUBHICTDL He 3aBKAN Peaid3yeThCA B IIOB-
HOMY 00csa3i. Tak, OCHOBHMMM HeIOJiKaMM IITLOTO IIPOIECY € YCKJIAam-
HeHHA KOHCTPYKIIil JTUBHUKOBO-MOAN(iKYBaJIbHOI CUCTEMH Ta MOT0 He-
cTabinbHIiCTDL Vv uaci, o06yMoBIeHa TUM, IO IPU BUCOKill IIBUIKOCTI 3a-
JuBaHHA popM 0a30BUil Cipuii UaBYH, SK IPABUJIO, BCTUTAE 3aIIOBHUTH
HUKHIO YaCTHUHY IOPOKHUHY POopMHU 3a iHKyOaIiiiHuii mepios mporpiBy
BEePXHbLOI'0 MIapy Moaudikaropa, AKUHA PO3MIIIIEHO B PeaKI[iiHiT KaMepi
IO HAaCTaHHSA TeMIIepaTypHu MOT0 TOILJIEHHA. BHaCIiZOK IIHOTO YacTHUHA
¢dopMU 3aTOBHIOETHLCA HEAOMOAM(PIKOBAHMM PO3TONOM, B PE3yJbTaTi
YOT'0 BUJIMBOK MOKe CKJIaJaTHCA 3 JBOX Pi3HUX BUIIB yaBYHY (Momupi-
KoBaHOTO i HeMoaudikoBanoro) [14].

Kpim Toro, mpu BUTrOTOBJIeHHI BUIMBKIB 3 BUCOKOMIITHOTO UaBYHY 3
KyJascTuM rpadiToM B OMHAKOBUX BUPOOHHUMX YMOBAX 3a OOHI€I0 TeX-
HOJIOTi€10, ajie TPV BUKOPUCTAHHI pisHUX mapTiit Jiratyp oxuiei i Tiel ok
MAapKM1, MOYXHA OTPUMYBATH JUTUM 4aBYH 3 pisuurero mimuoctu 10 40%
[13, 15].

3asHaveHi HeIOiKY 3HAUHOIO MipOI0 yCyBalOThCsa 400 MiHiMi3yOThCS
mpu MmoaudiKyBaHHI pO3TOIy y JUBapPHil (hopMi 3 BUKOPUCTAaHHAM OpH-
KeToBaHUX MOIU(PIiKaTOPiB, AKi BUTOTOBJISAIOTh 3 BUKOPUCTAHHIM Me-
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TOAiB MOPOIIIKOBOI MeTayprii [7, 16—18]. TexmoJorisa ogep:kaHHa Opu-
KeToBaHUX MoAU(DIiKaTOpPiB, AKa BKJIOUAE OIEepalliio mpecyBaHHsa Opu-
KeTiB HeoOXimmoi macu, opMH Ta XeMiUHOro CKJIaAy 3 BiAMOBigZHMX
KOMIIOHEHTiB ITOPOMIKOBOI INTMXTH, 3a0e3Ieuye He TiJIbKM cTabiIbHU
BMiCT ejlIeMeHTiB y OpuKeTi, a I YMOXKJINBJIIOE BapiroBaTu GopMy, pos-
Mipu, Macy Ta XeMiuHHNI cKJaa OPUKETIB Y 3HAUHO OLIBII IITHMPOKOMY
IisasoHi y IOPiBHAHHI 3 KYCKOBUME MoAu(pikaTopamMu, THYYKO agan-
TYIOUH iX IO YMOB KOHKPETHOT'O IMBAPHOT'0 BUPOOHUIITBA.

IIpu mpomy, mucIEepCcHi YaCTMHKM IIOPOINKY, 3 AKUX HPECYIOThCS
opukeTu-MmomudikaTopu, BHACJHIZOK IIPOIOPIIifiHocTi ix poamipiB 3
KPUTUYHUM PagilocOM 3apOoAKa i BiAIIOBIAHOCTI KPUCTAJIYHOI I'PaTHUIIL
YacTHHOK MoAupikaTopa 3 rpaTHuie (pasu, 0 KPUCTAII3yeThHCA, Bi-
IirpaioTh pPOJIb JOMAaTKOBUX aKTHUBHUX IeHTPiB Kpucrasizainii. Tomy,
OIHi€I0 3 IIepeBar BUKOPUCTAHHS MOPOIIKOBUX OPUKETOBAHUX MOIMQi-
KaTOpiB € TAKOXK MOKJNBICTh BUKOPHUCTAHHSA B AKOCTi OJTHOTO 3 KOMIIO-
HEHTIiB IIOPOMIKOBOI CYMiIlli, III0 BUKOPHUCTOBYETHCSA IJdA HpPecyBaHHS
OpuKeTiB, yIbTpa- a00 HAHOAMCIEPCHUX IIOPOIIKiB, BHACIIZOK UOTO
OPaKTHYHO BUKJIOUAIOTHCA BTPATH ApiOHOomMcrepcHOI ¢pakmii momu-
(dikaropa, K y BUDaAKY MOAPiOHEHHS JTUTHUX JiraTtyp[7, 8].

IIpoBeneni umncaeHHI eKcIepMMEHTAJbHI JOCHIMMKEHHS 3 BUKOPIC-
TaHHA TEeXHOJIOTIYHMX BapifAHTIB BHYTPIiNMIHLOGMOPMOBOTO 00POOIEHHS
BUXITHUX PiIKMX UYaBYHIB MOPOIINKOBUMU OPUKETOBAHMMHU rpadiTusy-
BaJIbHUMU, KapbimocTabinisyBalbHUMHU i cepoifn3yBaILHUMU MOIH-
(dikaTopamu miaTBepAMIAN iX OiNBINIT BUCOKY e(DeKTUBHICTDL IMTOPiBHAHO 3
00pOOKOI0 BUXiTHUX PiAKMX YABYHIB KYCKOBUMHU MOoAU(iKaTopaMu B
peakIiiiHMX KaMmepaX, BUKOHAHUX Y BUTJIAAL HOPOKHUHU B ITiIlIaHO-
ryimHUCTIN hopmi [7, 8, 13].

ITpu moamdikyBaHHi B AMBapHitl (hopMi BasKJIMBUM 3aBIaHHAM € 3a-
OesmeueHHA PiBHOMipHOTO PO3UMHEHHS i, IT0 MOXKJIMBOCTI, IIOBHOT'O ab0
MaKCHUMAaJIbHOTO B3aCBOEHHS BUXIJHUM YaBYHOM MOJIMMIKyBaIbHUX
eixeMeHTiB. IIpu onTuMaabHOMY ITOETHAHHI TeMIIEPATyPHU Ta NIBUAKOCTI
3aJIMBAaHHA (POPMU METaJIOM Bech 00’ eM peaKI[iffHOI KaMepu PiBHOMipHO
i TOBHICTIO PO3BUMHAETHCSA B CTPYMEHI YaBYyHY, IIIO IPU3BOAUTE 0 Kap-
JIUHAJBbHOI 3MiHU MiKPOCTPYKTYpPHY, MEXaHIUYHUX Ta CIENiAJbHUX BJAC-
THBOCTE 6a30BOT0 CTOILY.

Ha nporecu cTpyKTypoyTBOpeHHA B MoaudiKoBaHOMY 4YaByHi, a, OT-
JKe, Ha ()OpMY, KIJBKiCTh 1 XapaKTep pPO3IOAijly BKJIOUEHL rpadiry, a
TaKOK Ha CTPYKTYPY MeTaJjieBOi OCHOBHU, AKi B OCHOBHOMY BU3HAYaloTh
piBeHb MeXaHIUHUX Ta iHINUX eKCIJayaTallifHNX BJIACTUBOCTEN YaBYHY
B JIUTUX JeTaJNdX, MOPAJ 3 XeMiUYHUM CKJIaZoM 6a30BOT0 YaBYHY BUpi-
niaJbHe 3HAUYEHHS MAlOTh TUI i XeMiUHUH Ta I'paHyJIOMETPUYHUI CKJIAT
BUKOPUCTOBYBaHOTro Moaudikaropa uu jgiratypu [13].

He 3Baskarouu Ha 3maBaiocs 6 JOCTATHIO BUBUEHICTh NUTAHHA, HASIB-
Hi B JiTepaTypi BimomocTi GiJbIITOI0 MipoI0 HPUCBAYEHI TOCIIiAKEHHIO
BILIUBY Ha CTPYKTYPYy YaBYHY Xe€Mi4HOTO CKJIAAy Ta KOHIleHTpAaIlii Mo-



BIIJIMB TEXHOJIOTTYHUX ITAPAMETPIB MOJU®PIKYBAHHSA 347

IudikaTopy y po3Tomni, ToAi AK AaHi IIpo BIJIMB KOH(piryparii Ta poami-
piB OpukKeTiB-MoaudiKaTOpiB Ha OCOOGJMBOCTI CTPYKTYPOYTBOPEHHS
CTOIIY CYTTEBO OOMEKeHi.

Taxk, 30KkpeMma, B [1, 19] BHyTpimmEbOGOPMOBE MOAUGiKyBaHHSA peaJri-
3y€ThCS IMIJIAXOM BUKOPHUCTAHHSA IMOPOIIKOBUX OPUKETIB IMIiHAPUIHOI
¢dopMU 3 HACKPI3ZHUM OTBOPOM, AKUU IIOMIINAIOTh Y JIUBHUK, IPUUYOMY
Bich HACKpPiBHOI'O OTBOPY CITiBBicHA 3 HanpAMKoM JuBHUKAa. Ilig yac 3a-
JUBKH PO3TOILIEHUH MeTaJl KOHTAKTY€E 3 BHYTPIIIHLOIO CTIHKOIO OpUKe-
Ty i posuuHse oro. ABropu [1] BigsHauaioTs, 1110 eheKTUBHICTD iHOKY-
JAIil 3aJIeKUTh Bif misMeTpa HACKPi3HOTO OTBOPY OPHUKETY, a TaKOK
BiJ MIBUAKOCTI 3aJIMBKU, TeMIEPATyPHU MeTaJly Ta TUIY iHOKYJIAHTY.

Astopu marteHTy Ne 4867227 (CIIIA) BUKOPUCTOBYIOTEH Ty caMy izxero,
xoua 6JIOK OPUKETiB-iHOKYJISAHTIB PO3MIIleHWI ITomepeK JUBHUKA Ta
B3aKpimyeHUN y ABOX MpoTuiaekHuX 3araubiaeHHax [1]. Komcrpykiia
JUBHHUKOBOI CHCTEMM BKJIIOUAE IIONEPEeIHLO BH3HAUEHUMN 3a30p MixK
OpuKeTaMM Ta CTiHKAMM JIUBHUKA, Ueped SAKUIH PO3TOI, PO3UNHAIOUN
OpHuKeT, 3aTikae B IUBapHY (POPMY.

Bpaxosyrouu BuiieHaBegeHe, METOIO JaHOI poOOoTH OyJI0 OIliHKa MO-
JKJIMBOCTEIl BIIJIMBY KOMIIOHEHTHOT'O CKJIAay, Macu Ta KoHbirypaiii mo-
POIITKOBUX OPUKETOBAHNX MOAMU(MIKATOPIB Ha CTPYKTYPY Ta BJAACTUBOCTI
BUCOKOMIITHOTO YaBYHY, OTPUIMAHOTO METOA0I0 BHYTPiNIHLO(GOPMOBOTO
Moau()iKyBaHHA.

2. MATEPIAJIN TA METOAJUKA EKCITEPUMEHOTY

ExcnepuMmeHTa/NibHE JOCIiAMKEHHA IIporecy MoAuU(iKyBaHHSA POI3TOITY
MIOPOIIKOBUMU OpPUKETOBAHUMHU MOAU(PiKaTOpaMMU IIPOBOAUJIU 3 BUKO-
PUCTAHHAM TeXHOJOTil JIUTTA II0 MOJENAX, M0 rasudikyoThCca, ¥ BUA-
rasani naactue posMmipom 100x200x20 MM, BUTOTOBJIEHUX i3 CyCIIeH3ii-
HOT'O CIIiHEHOT'0 IIiHOIIOJJIiCTHIPOJIY.

Huaa monm@pikyBaHHA PO3TONY i3 cyMilli HOPOIIKIB BiATOBigZHMX
ckaaniB npecyBamuHaAM mig TrmckoM 300 MIla BuroroBasanu MoguQiKy-
BaJIbHI BCTaBKM ABOX KOHGMIr'yparii: MuJIiHAPUUYHUX BTYJIOK i3 30BHIIII-
HiM miamerpom 40 MM Ta BHyTpimmHiM — 30 MM (puc. 1, a) i BTyJIOK i3
30BHIMIHIM AigMeTpoMm 41 MM 3 BHYTPIiIIHBOI0O KOHYCHOIO IIOBEPXHEIO 3
MiHiMaJbHUM OiAMeTPOM OTBOPY KOHYCHOI uacTuHu 16 MM (misdparmu)
(puc. 1, 0).

SIK BUXiZHY CUPOBHMHY [AJII BUTOTOBJIEHHS BCTABOK-MOAM(pikaTOpiB
BUKOPHUCTOBYBAJIM IOPOIIKOBI CyMiIlli ABOX KOMIOHEHTHHX CKJAIiB
(Taba. 1).

IIpu BubGOpi cKIaMOBUX IIUXTH BPaXOBYBAaJM HACTYIIHI ITOJOMKEHHS.
OCHOBHMM KOMIIOHEHTOM, ITiJi Ti€l0 SKOTO B PO3TONi uaByHY rpadir Ha-
O0yBae ceponoaibHoI PpopMII, a IPU OXOJOIKEHI PO3TOIY YTBOPIOETHCA
CTPYKTypa BUCOKOMIITHOIO YaBYHY, € Maruiii, IKuii € cuJIbHUM chepoi-
mpuszaTtopoM rpadity [1-6]. MomgmdikyBamabuy nito depocuiiiio
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OB’ A3YIOTH 3 HAaABHIiCTIO B HhoMy KaabItito Ta AoMiHilo, AKi aKTHUBHO
B3aemMomioTs 3 Oxcuresom i HiTporenHom po3Tomy, YTBOPIOIOUM TAKKO-
TonKi cmosnyku. Kpim Toro, micaa mogudpikysauusa ¢epoCcUIiiieM B pos-
TOIIi YTBOPIOIOTHCA JIOKAJbHI MiKpoo6’emu, s0araueni rpadirom [5].
I 3MeHIITeHHA B CTOMi KiJTbKOCTI HeMeTaJeBUX BKpAILJIeHb, OKCUIB
Ta iHmux mrigmuBux KoMmmoHeHTiB (Cyabdyp, Pocdop Ta iH.), B cKiIam
MOAMN(MIKyBaIbHNX OPUKETIB JOAABAJM CUHTETUUHUNA (PIIOC — ILIABU-
koBuii mmat CaFs.

ITopormiok 3aiza BUKOHYe (PYHKI[iI0 IMJIACTUYHOTrO 3B’ sI3yBAJILHOTO B
MINXTi, SHAUHUT BMICT SKOI CKJaJae TBepAull Ta KPUXKUN (DePOCHJIi-
Mifi, OiABUIYIOUN I'YCTUHY Ta TEXHOJOTIUHY MiITHiCTh IIPECOBOK.

ITimomosicTrpoI0Bi MOe i 3 IPUKPIILJIEHUMY JUBHUKAMHU 30MpaIn B
MOJIeJIbHI 0JIOKM, a CIIPecoBaHi BCTaBKU-MOAN(PIiKATOPY BCTAHOBJIIOBAIN
B "KUBUJILHUKY JUBHUKOBOI cucteMu. Moje/bHi 0JI0KM cKJIagaancsa 3 4
YaCTHH, B IUBHUK KOKHOI 3 AKX BCTAHOBJEHO MOAMU(piKyBaJbHYy BCTa-
BKY OJHAKOBOT'O CKJIAAYy, aJjie pisHoi macu: 25, 50, 75 ta 100 r, 1110 BiA-
noBigaJso suavenuam 0,5, 1,0, 1,5 ta 2% Bixg macu 06po0II0OBAHOTO PO3-
TOIY.

JIUBHUKOBY CHCTEMY PO3Pax0OBYBaJIU TAKUM UMHOM, 11100 3a0e3meyun-
TH OigiioM MeTaay y opmi 3i mBuakicTio 61usbko 3,0 cM/c. 3araabHui
BUTJIAL MOJAEJBHOTO OJIOKY i3 3aKpillJIeHMMHN Ha JUBHUKAX BCTABKAMU-
MoaudikaTopamMu mpeacTaBieHo Ha puc. 2. Taka KOHCTPYKIiA MOAeIb-
HuX OJIOKiB 3a0e3meuyBaJja MOMKJINBICTE PO3AiIbHOIO HE3aJEeKHOI0 MO-
In(piKyBaHHA OKPEeMUX BUJIUBKIB y CKJIaAi MOAENIBLHOTO OJOKY PisHOIO
KOHIIeHTpaIliero MogudikaTopa y Mekax ogHiel 3aJuBKH, 1110, 30KpeMa,
HEMOXKJIMBO peajlisyBaTU IIPW BUKOPMCTaHHI BHYTPIIITHHOKOBIIIOBOTO
Moau()iKyBaHHA.

Ha mosepxHIO Mozesiell HAHOCUJIN IIPOTUIIPUTapHEe IIOKPUTTS Ha OC-
HOBi IHCTeH-ciiMaHITY.

%

7

a 6

Puc. 1. Eckisu MmoaudikyBaJIbHUX BCTABOK, CIIPECOBAHUX 3 IOPOIIKY: IUJIiH/-
puuna BryJaka (tuim 1) (a), i3 BHyTpimHiM KorycoMm (risdparma) (tum 2) (6).

Fig. 1. Sketches of modifying inserts pressed from powder: cylindrical sleeve
(type 1) (a), with an internal cone (diaphragm) (type 2) (6).
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TABJINIIA 1. KoMmnoHeHTHUI BMiCT BapiAHTIB IMUXTHU AJIA IPECYBaHHS BCTa-
BOK-Moau(ikaTopis.

TABLE 1. Component content of charge options for pressing inserts-
modifiers.

Ne Mg Depocurinit PC75 CaF: Fe
1 10 45 2 43
15 45 2 38

Mogeni pazom 3 mpueTHAHOIO OO0 Hel JMBHUKOBOIO CHCTEMOIO 30upan
i opmyBau B CyXuil KBAPIOBUH ITiCOK B CIEMiAJbHIX BaKYyMOBaHUX
JUBapHUX KOHTeTHepax.

B akocTi BUXigHOTO MIMXTOBOT'O MaTEPifANy IJId eKCIIePUMEeHTAIbHUX
IOCJimTKeHb BUKOPHUCTOBYBAJIM YYIITKOBUI YaBYH HACTYIHOI'O CKJAIy
(% mac.): C — 3,4-3,6,Si — 1,6-1,8, Mn — 0,3-0,5,S — 0,01-0,015,
P — 0,07. Tonneunusa uaByHY 3AiHiCHIOBAJIM B iHAYKIIifiHil meui 3 MmicT-
KicTio Turasa 60 kr. TemnepaTrypa po3Torry mepes 3aIuBKOI0 (h)OPMHU CTa-
"HoBma 1350 + 10°C.

ITiciisg ocTuramusa OJOKU 3 HOCHIAHUMY BUJIMBKAMU BUNMAJIU 3 KOH-
TelfHepa i mepemaBajy Ha PO3Pi3KYy.

s o1iHK Y piBHOMipHOCTI po3unHeHHA MOoAU(DiKyBaJIbHOI BCTaBKHU B

Puc. 2. Mogenbuuii 610K i3 miHOmosicTuposy: I — JuBapHa MOAEJb (IJIacTU-
Ha), 2 — MogudiKkyBaIbHa BCTaBKa, 3 — CTOAK, 4 — JINBHUK.

Fig. 2. Model block made of expanded polystyrene: I—foundry model (plate),
2—modifying insert, 3—riser, 4—a caster.
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HOPOKHUHY (POPMU 3 KOMKHOI BUJIIMBKY BUPi3aid TEMILJIAT IO BCili TOB-
JKUHI IJaCTUHHU Ta 3a JOIIOMOTIOI0 CIEKTPaJbHOI aHaJi3y BH3HAYAJU
BMmicT Maruiio B 3aJIe3KHOCTI BiJ BifcTaHi Big JKMBUJILHUKA Yepe3 KOXKHI
2 cM y3I0BsK BUJIMBKA.

CraamoBi MikpocTpyKTypH ominoBanau BigmoBiguo go 'OCT 3443-87
Ta MIKaJIU AJA BUSHAUYeHH cTymeHsa chepoigusarii rpadiry [5] Ak cepe-
IHi 3HaUeHHA Ha MiKPOIILIi(i, 110 BU3HAYAJINCA B 3 IOJIAX 30PY.

MinnHicTs ofepskaHNX YaBYHiB BU3HAYAJIY BUIIPOOYBAHHAM Ha PO3TAT
arigmo I'OCT 1497-84 (ISO 6892-84), a TBepmicth — 3a BpimeiaeBoio
MeTo010 (J KYJIbKU — 5 MM).

3. PE3YJIbTATHU EKCIIEPUMEHTIB TA IX OBTOBOPEHHSA

IIpu mogudikyBaHHI B TuBapHii opMi BasKJIMBOIO 3aauero € 3abesme-
YeHHS PiBHOMIipHOTO PO3UYMHEHHS i, 10 MOKJIUBOCTI, IIOBHOTO a00 MaK-
CUMAaJILHOTO 3aCBOEHHA MOAM(DiKYyBaAJIbHUX €JeMEHTIB BUXiTHUM UaBy-
HOM. SIK mOKasayu pe3yJbTaTH €eKCIEPUMEHTIiB, IPU BUKOPUCTAHHI 3a-
CTOCOBaHOI cxeMu MOAM(iKyBaHHA IPU IPABUILHO Bubpamiit maci Ta
reomeTpii Mogu(PiKyBaJIbHOI BCTAaBKU, IPOIlEC ii PO3UMHEHHS 3aKiHUYy-
€ThCA OTHOYACHO i3 3aKiHUeHHAM 3auBanua opmu. Ile mobpe momiTHO
Ha MaKponuIi(i 3pisy AiJgHKY JUBHUKA 3 MOAN(iKYBaJIbHOIO BCTABKOIO
(puc. 3), Ha IKOMY CIIOCTEPIraeThCS 3 OMHOTO OOKY UYaBYH i3 IJIaCTHHYA-
ctuM rpadiTom, a 3 iHIIIOro — 3 KoMOakTHUM rpadirom. CBiTIi TOUKH €

Puc. 3. MakpocTpyKTypa JiMIAHKYW JUBHUKA 3 MOAMGMDIKYBaJIbLHOIO BCTaBKOIO
ImicJig 3aJIMBaHHSA PO3TOILY.

Fig. 3. Macrostructure of the caster area with the modifying insert after
pouring the melt.
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KOJIOHIIMU AUCIIEPCHOTO <«IIEPEOXO0JIOI:KEeHOoro» Tpadity B (epuTHii
MeTaJieBii ocHoBi. BmicT Maruiro Ha Bxoni B Kamepy ckiaazae 0,005%, a
Ha Buxoxi — 0,043%.

Bigmiuenuit paxT BKasye Ha Te, IO B I[bOMY BUIIAAKY MOAu(piKaTop
BUTpPAYaEThCA TiJIbKY HA YacTUHY (GopMU, 3aMHATY BUJIUBKAMU Ta K-
BUJIBHUKOM, a 4yacTuHa (hOpMHU, 110 CKJIAJAETHCA i3 CTOAKA Ta JIUBHUKO-
BOi uaIlri, 3ajJuIIacTbcad HeMoAM(piKOBaHOIO, IO 3a0e3IMeuye MOXKJIU-
BiCTh MOHMKEHHA BUTPATH BUKOPUCTOBYBaHOro Mmonudikaropa B 1,5-2
pasu y NOPiBHAHHI 3 BHYTPIiIITHBOKOBIIOBUM MOAUGDIKYBaHHAM.

PesyapraTu ominku posmnoaisy Marsiro mo JOBKWHI IIJIacTUHU B 3a-
JIEJKHOCTI BiJ BificTaHi J0 }KUBUJIBHIUKA TA KOMIOHEHTHOTO CKJIALYy MO-
IugikaTopa IMOKasaau, IO B pasdi BUKOPUCTAHHA MoAUGDiKyBaJbHOI
BeraBru Tuny 1 3 10% Mg ta 43% Fe s BiZHOCHO BUCOKUX 3HAUEHD
macu BcraBKu (100 Ta 75 1), BigBHaUaeThCA MOMiTHE 3MEHIIIEHHA JIOKA-
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Puc. 4. Sanexuicts BmicTy Mg 1o IOBKUHI BUJINBKIB, OTPUMaHUX 3 BUKOPUC-
TaHHAM MOoAnGiKyBaJIbHUX BCTABOK 3 KOHQirypallieio riiaakoi BTyJakH (a, 8) Ta
nisipparmu (6, 2), cipecoBauux i3 mopoIkoeux cymimreit 3 10 (a, 6) ta 15% Mg
(8, 2).

Fig. 4. Dependence of Mg content on the length of castings obtained using of
modifying inserts with the configuration of a smooth sleeve (a, 8) and a dia-
phragm (6, 2), made from consolidated powder mixtures with 10 (a, 6) and
15% Mg (s, 2).
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JbHOro Bmicty Maruiro y Bignausmi 3 =0,46% 0 =0,35% 3i 30inbImeH-
HAM Bigcrani Bif skuBuiabHUKA (puc. 4, a). IIpu Bukopucranui moaudi-
KyBaJIbHUX BCTaBOK MeHIoi macu (50 Ta 25 r) Bigmiuenuii epeKT mpo-
SABJAECTHCA 3HAYHO MeHINOo0 Mipoo (ana 50r) abo mpakTUUYHO 3HUKAE
(mnsa 25r1). Ilpu BuKopucTaHHI K MOAU(DIKyBaIbHOI BCTAaBKU TUIY 2
(misspparma) BmicT Maruiro mo IIOB3HOBXKHLOMY Hepepisy BiAJIuMBKU
MPaKTUYHO CTaOiILHMM AJ1A BCiX 3HaYeHb Macu BCTaBOK (puc. 4, 6).
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Puc. 5. ®opma rpadiry (a, 8, d) Ta MiKPOCTPYKTypa METAJIEBOI OCHOBU YaBYHY
(06, 2, €), OTPUMAHOTO 3 BUKOPUCTAHHAM MOAN(DIKyBAIbLHUX BCTABOK Macomi 25
(a, 6), 75(8,2)Ta 1001 (0, €).

Fig. 5. The shape of graphite (a, 8, @) and the microstructure of the metal base
of cast iron (6, ¢, ), obtained with the use of mass modifying inserts 25 (a, 6),
75 (8,2)and 100 g (0, e).
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B pasi 36inbmienHs B ckaani Buxigaoi muxtu Bmicty Mg mo 15% Tta
BiAmmoBimHOrO 3MeHIIeHH BMicTy Fe, moMiTHOrO 3MeHIIenHsa Bmicty Mg
Y BUJIUBKY i3 30iIbIIIeHHAM BiZicTaHi Bifl sKMBUJIbHUKA He Bij3HaAUAE€THCS
(puc. 4, 8, 2), 1110 3yMOBJIEHO JeAKUM IMiABUINEHHAM CTYIIE€HS eK30Tep-
MiUYHOCTHU IIPOIlECY B3aEMO/il po3Tony 3 MoAU(piKaTOpOM IIpH 30iabIITeH-
Hi BMmicTy Maruito B ocTaHHbOMY .

IIpu nmbomy, IpaKTUYHO AJIS BCiX 3HAUEHL MAacu BCTABOK, CepemHin
BMicT Maruiro npu BUKOPUCTAaHHI BecTaBKU ¥ hopMmi gisdpparmu (puc. 4,
0, 2, ) IOMiTHO BHUIIle Y IOPiBHAHHI i3 BTyaKOIO (pHC. 4, a, 8, 0). Ile 3y-
MOBJICHO JeSIKUM 30iIbIIIeHHAM MiCI[eBOTO TiApaBIiuHOTO OIIOPY PO3TO-
Iy MeTaJy B CTOAKY Ha IIOUaTKOBOMY eTalli 3aJMBaHHA BHACIiJOK MeH-
IITIOT0 AisAMeTpa OTBOPY BHYTPIIIHLOTO KOHYyca OPUKETY, 0 IPUBOIUTD
IO HeAKOro 3MEHINEeHHS IMBUIAKOCTI MOTOKY PO3TONY HA IOYAaTKOBUX
erarax 3aJUBKU Ta COPUAEC IIiIBUIIEHHIO CTYIIeHs 3aCBOEHHA Maruiro.
Kpim Toro, BHACJiZOK MEHIIIOTO 3HAUEHHSA TOBIMHN HAWTOHIIIOTO IIepe-
pisy OpuUKeTy IJid KOHYCHOI BCTaBKU Y MOPiBHAHHI i3 IMUIiHAPUUHOIO Ha
IOUYAaTKOBOMY eTali 3aJIMBKM Bif0yBa€ThCA OiIBIN MIBUAK I JJOKAJIbHUHI
IIPOTPiB, TOIJIEHHS MATEePiaAny OpuKeTy Ta MOAM(MiKYyBaHHA PO3TONY Ha
OinbIN paHHil cTaaii 3ammoBHEHHA (YOPMU.

A Beix mocmimsxeHUX cKJIAAIB MOAU(DIKYyBaJIbLHUX BCTABOK 3i 30i-
JBIIIEHHIM MacH OCTaHHiX BifOyBaeThCA BiAmoBigHe IiABUINIEHHSA cepe-
IHBOTO BMicTy Maruiro y BUIUBKY.

3a pe3yabTaTaMM BUBUEHHS MiKPOCTPYKTYPH BUJIUBKIB, OTPUMAaHUX
i3 BacTocyBaHHAM MOAM(iKYyBaJIbHUX BCTABOK Pi3HOTO KOMIIOHEHTHOTO
CKJAany, MOKHA BigsHauuTH HacTynHe. Hesane:kHo Big ¢hoopMu BCTaBKU
Y MIiKPOCTPYKTYpPi BUJIMBKiB, 00po0JeHNX BCTaBKaMM Macoio 25T (1o
crJagae 61u3bKo 0,5% Big Macu 06po0I€HOr0 MeTay) CIIOCTEPiraeTbesa
BEepMUKYJIAPHUN rpadir (puc. 5, a) y marpuii, mo Brawuae 70-75%
nepiaity) i 25—-30% depury (puc. 5, 6).

IIpu BukopucTanHi MogudpiKyBaIbHUX BCTaBOK Macoio 50 Tta 751y
BUJIMBKAX, OTPUMAHUX Hicjsa o0pobku mogudikaropom 3 10% Marwiro,
CIIOCTEPiraeThcs KOMIIAKTHUI 1 HeNmpaBUJIBHUU KyJACTUH Tpadirt 3i
cryneHeM cdepoigusaiiii 80—-85% Ta HesHAUHUM BMiCTOM BEePMUKYJIA-
puoro rpadity (puc. 5, 8). MerajeBa ocHOBa CKJIagajacs is cymimri mep-
aity (80% )i pepury (20% ) (puc. 5, 2).

AmnajoriuHuil XxapaKkTep CTPYKTYPHU 3pa3KiB 3 BUIUBKA, 00p00JIeHOTO
mozudikaropom 3 15% Mg Ta npu 30iabineHH]I Macu Mogu(iKyBaJIbHOI
Bryaku mo 100 r, ane cTrynins cepoimusarii rpadiTy B HboMy 30iabITY-
etbea 10 90% (puc. 5, 0). BimsmauaeTbcsa TaKOXK MesdKe IIiIBUITEHHS
BMicTy mepJiiTHOI cKJaamoBoi meraeBoi ocuoBu (o 85—-90%) i3 Bimmo-
BiZHUM 3MeHIIeHHAM BMicTy deputy (o 10-15%).

B pasi Bukopucramas moau@iKyBaJbHUX BCTaBOK Macoioo y 100r B
CTPYKTypi MeTaJsieBol a3y CTOIly pasoM i3 MepJiTHOI Ta (epUTHOIO
CKJIAJOBUMU BUILIAETHCA TAKOMK 10 5—8% memeHTUTHOI (hasu (puc. 5, e).

Heszanexxuo Big macu BuKoOpucTaHoi MOAU(PIKYyBaJIbHOI BCTaBKHU, Ce-
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PenHill po3Mip BKJIIOUEHb KYJIsICTOTO rpadiTy ckiagae 25 MKM, a BMiCT
rpaditHoi pasu o mwroIi nrida ckaagae 6auspko 8—10% .

Bigmiueni oco6auBOCTI CTPYKTYPU YaBYHIB, OTPUMAHUX 3 BUKOPUC-
TaHHAM MOIM(MPiIKYyBaJbHMX BCTABOK PisHOI KoHQ@irypariii Ta pisHmMX
KOMIIOHEHTHUX CKJIaAiB, OOYMOBJIIOE TAKOXK i OCHOBHI MexaHiuHi BJac-
TUBOCTI cTomiB. IK Mo)xXHa OaunTu 3 puc. 6, a, 0, IJd BCiX BapigHTiB Ma-
cu MoAu(PiKyBaJbHOI BCTaBKM MIiITHiCTh CTOIIY, OTPUMAaHOT'O 3 BUKOPUC-
TaHHAM MOAM(piKyBaJIbHOI BCTaBKM Y BUIVISALL AisgdparMu, Iermio mepe-
BUIIYE MIiIIHICThL UYaBYHY, OJeP:KaHOr0 MOAMMIKYBAHHAM NUJIIHIPWY-
HOI0 BcTaBKoio. A 000x KoH(pirypariii BcTaBOK MiIlHicTH UaBYHY,
OTPUMAHOTO 3 PO3TOIy, MOoAM(iKOBAHOTO BCTAaBKOIO Macomo 251 (365—
380 MIIa), mesHaUHO MePEBUIIYE MiITHiCTh ciporo (HeMoaudikoBaHOTO)
YaByHY, dKa 3HaxoauThca Ha piBHiI 250—300 MIla. ITomiTHe migBuIieH-
HA piBHA MinuocTH (10 455—490 MIIa) cmocTepiraeTbesa npu 30iabIeH-
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Puc. 6. SanexuicTs MinHOCTH (A, 6) Ta TBEPAOCTHU (8, 2) YABYHiB, OTPUMAHUX 3
BUKOPUCTAHHAM MOAU(DIKYBaJbHUX BCTABOK 3 KOH(MIr'ypaIriero riagkoi BTyJIKHA
(m) Ta gissidpparmu (m), cripecoBaHUX i3 mopoikoBux cymirreii 3 10 (a, 8) Ta 15%
Mg (6, 2).

Fig. 6. Dependence of the strength (a, 6) and hardness (8, ¢) of cast irons ob-
tained using modifying inserts with the configuration of a smooth sleeve (m)
and a diaphragm (m), pressed from powder mixtures with 10 (a, 8) and 15%
Mg (0, 2).
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Hi Mmacu mogu@ikyBaabHOI BecTaBKHu A0 50 r. 30imbiensaa macu Moaudi-
KyBaJgbHOI BTYJKMU A0 75 Ta 100 r mpuBOAUTEL OO0 BigmoBigHOTO migBuM-
IMeHHA piBHA MinmHOCTH UaBYyHY 10 500—540 MIla.

306inbIIenHa Macu MOAM(MiKyBaJIbHOI BCTABKU HIPU3BOIUTL TAKOMK i
IO IesAKOT0o MiABUINMEeHHA 3HAUeHDb TBEPAOCTH YaBYHY, 06p06JIeHOr0 MO-
mudikaropom 3 10% Mg (puc. 6, 8). B Toii ke uac, 15 BapisiHTy MOLH-
dikaropa 3 15% Mg TBepAicTh, HOMITHO HiABUINYETLCS JUIIE IPU 30i-
JbIIIeHHI Macu Moau(ikyBaJabHOI BecTaBKu Big 25 mo 50 r, Toxi aK moaa-
JbIie 30inbInenHsa ii macu 1o 75 ta 100 r BuuBae Ha 3MiHy mapameTpa
TBEPAOCTHY BKpal He3HAUHOI0 Mipoio (puc. 6, 2).

Ha Bigminy Bix mapamerpiB MmimHOCTH, KOHQpIirypailia mogudikysa-
JbHUX BCTABOK 3HAYHO MEHIIIOI0 MipoOio BIIJIMBAa€ HA TBEPAiCTL OTPUMA-
HUX 3 IX BUKOPHCTAHHAM YaBYHIiB (Xoua 3arajbHa 3aKOHOMipHICTHL
OiJMBIII BMCOKOI TBEPAOCTH IIPH BUKOPHCTAHHI KOHYCHUX MOAU(iKyBa-
JBbHUX BCTAaBOK TaKOJK BigMiuaeTbcs).

4. BUCHOBRKH

1. [Ina Bcix 3HAUeHb Macu MOAUMIKYBAJILHUX BCTABOK CEPEemHiil BMicCT
Marnito y BUJIUBKY IIPM BUKOPUCTAHHI BCTaBKM y BUTJIAALI BTYJKHU i3
BHYTPIIITHBOI0O KOHYCHOIO ITOBepXHelo (IisgdparMmu) moMiTHO BUIIE Y II0-
piBHAHHI i3 BcTaBKOIO V hopMi rIagKoi BTyaKku. 30iJIbIIeHHS MAacu MO-
InGpikyBaJbHOI BTYJKU ITPUSBOAUTH OO0 MiABUINEHHA PiBHA MillHOCTH
cTOIly.

2. Bukopucranua Mmoau@ikyBaabHOI BCTaBKU Y GopMi miadparmu mpu-
3BOJIUTH 10 TiIBUINIEeHHA PiBHOMipHOCTH posnoaisy Maruiro mo 1oBxKUHI
BUJIMBKA JIJIA BCTaBOK migBuirenoi macu (75 ta 100 r), BUTOTOBJIEHUX i3
muxTy 3 10% Mg. IIpu BuKopucTanHi MOoau(iKyBaJbHUX BCTABOK Me-
uirroi macu (50 Tta 25r) Ta 36inbinenHsa BmicTty Mg B ckaami BuUXimgHOI
muxT 10 15% Bigmivenuit epeKT HPOABIASETHCA 3HAUHO MEHIIIOK Mi-
poro.

3. ln1a Bcix BapiguTiB Macu Moan@piKyBaJbHOI BCTABKY MiIlHiCTEL YaBY-
HY, OTPUMAaHOTO 3 BUKOPUCTAHHAM MOIU(MIKyBaJbHOI BCTABKU Y BUTJIA-
Ii gissiparmMm, mepeBUIyEe MIITHICTh CTOIY, OJlep»KaHOTr0o MOAM(MiKyBaH-
HAM BCTaBKOIO y hOPMi IIafKol BTYJIKU.
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This paper presents an experimental study, which is performed on weld bead
of the gas-tank element made of the low-alloy steel with the following chemi-
cal composition (% wt.): (C: 0.20, Si: 0.0079, Mn: 0.778, P: 0.0156, S: 0.058,
Cr: 0.021, Al: 0.035, Cu: 0.012, Ni: 0.0075), and 3.3 mm of thick. This man-
ufacturing process ends with a normalized annealing heat treatment at tem-
perature of 920 + 10°C. The purpose of this work is to study the effect of im-
portant parameter—the electrical voltage V. This welding is submerged arc
welding under submerged arc-welding particle flux. The principle of the
characterization taken into account consists in varying both the electrical
voltage V, which is between 31 V and 36 V. As shown, this physical parameter
directly influences the carbon content in the weld bead, the structural com-
ponents and the mechanical properties (c and HVo.3) of the steel under study.

Key words: gas tanks, submerged arc welding, electric voltage, low-alloy
steel, ferrite, pearlite.

V¥ crarTi IIpeaCcTaBJIEeHO Pe3yJIbTaTu €KCIIEePHMMEHTAaJbHUX ,HOCJIiILH{eHI), BUKO-
HaHMUX Ha 3BapHOMY IIBi eJleMeHTa MaJIUBHOTO 6a}cy, BUT'OTOBJIEHOI'O 3 HU3BKO-
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Jeropanoi kpuili s xemiunum criaagom (% mac.): (C: 0,20, Si: 0,0079, Mn:
0,778, P: 0,0156, S: 0,058, Cr: 0,021, Al: 0,035, Cu: 0,012, Ni: 0,0075) i To-
BIMUHOIO ¥ 3,3 MM. IIpoliec BUPOOGHUIITBA 3aBEPIIIyBAaBCSI TEPMOOOPOOIEHHAM
(HopMmasisoBanuM Bifmasaom) 3a Temmepatypu y 920 + 10°C. MeTtoio gaHOI po-
60Tu OyJI0 JOCTiAKEeHHA BILIMBY Ba)KJIMBOTO ITapaMeTpa — eJIeKTPUYHOI Ha-
npyru V. B po6oTi posrisgHyTO AyroBe 3BApIOBaHHSA HiJ (DJIIOCOM 3 BUKOPHUC-
TaHHAM NOTOKY YacTUHOK duiocy. [1s xapakTepusaaiiii 6yJi0 BpaxoBaHO 3MiHY
eJqeKkTpuuHoOl Hanpyru V, aka sHaxonuaaca B Mexxkax Big 31 B mo 36 B. Iloka-
3aHO, 10 Iel pisuunmit mapamerep 6esmnocepeqHbO BILINBae Ha BMicT Kap6ony
B HATOILJIEHOMY IIIBi, CTPYKTYpPHI KOMIIOHEHTH Ta MeXaHiuHi BiaacTuBocTi (o i
HVy,3) nocaimKyBaHOI KPUITi.

Karouori cnoBa: manuBHi 6aKku, Jyroee 3sBapioBaHHA i ()IIOCOM, eJIeKTPpUYHA
HaAIpyra, HU3bKOJIEIr0BaHA KPUIlHA, (DEPUT, HEPJIiT.

(Received December 12, 2022; in final version, January 12,2023)

1.INTRODUCTION

Submerged arc welding (SAW) is an arc welding process of which the
latter is covered with a fusible granulated flux surface, the melted
amount of which turns into slag, the rest of supporting materials recy-
cle and can reuse later [1-3]. This process is widely used for the weld-
ing of cylindrical and spherical tanks, even for thick sheets, as well,
for their high productivity and the quality of the welded joints, thanks
to the protection provided by the flux in particles [4]. In this assembly
method, the welding arc is maintained between the part to be welded
and the filler metal. A motor controls the advancement of weld wire;
the weld bead is impacted by many parameters such as, the voltage, the
current intensity. The welding speed and the distance between the fill-
er metal and the part to be welded [5]. To this end, the control and mas-
tery of the main submerged arc welding parameters will lead to ade-
quate welds [6]. The welding operation generates linear energy or heat
input, the latter causing changes in the properties of the heat-affected
zone (HAZ) and the fusion zone (FZ) [7]. During welding of mild, low
alloy steels, the austenitic transformation into ferrite, impacted by the
chemical composition and the decreasing cooling rate, caused the for-
mation of structural constituents such as grain boundary ferrite, po-
lygonal ferrite, Widmanstéitten ferrite, acicular ferrite, upper bainite
and lower bainite, martensite [8].

The cooling of steels with a low carbon content (hypoeutectoid), will
cause the formation of proeutectoid ferrite, this structural constitu-
ent, can appear in elongated grain, called ferrite of Widmanstitten
caused by transformation of austenite into ferrite [9]. The structural
constituent whose acicular ferrite plays a key role in increasing the
mechanical characteristics (tensile strength) of steels [10].
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The pearlite aggregate (o + FesC) appears in a similar way in steels
whose silicon (Si) is 0.4 to 0.7%, which explains the behaviour of the
alloying elements with regard to their distributions and their diffusiv-
ities in cementite and ferrite, this specification becomes more moder-
ate for the case of Mn, Cr and Co in low concentrations [9]. The thermal
cycles (heating, melting and cooling) generated by the welding opera-
tion will greatly modify the properties of the different zones of the
steel weld bead [11]. Z. Boumerzoug et al. showed that FZ and HAZ of
the weld bead of the low carbon steel (0.19% wt.) present the maximum
values of the hardness’s measured [12].

The purpose of this work is to vary the electrical voltage V of the
submerged arc welding process of the steel 0.2% wt. C and determine
their influence on the carbon content, the structural constituents and
the mechanical characteristics (c and HV, 3).

2. EXPERIMENTAL STUDY

The experimental study is based on welding an LPG gas tank element
(Fig. 1). This is performed by means of LINCOLN CWP 2.0 SAW type
welder that uses the submerged arc welding process under particulate
flux (Fig. 2, a) and with low carbon steel materials (Table 1). The use of
the tensile test is to determine the mechanical resistance of the materi-
als [13] (Fig. 2, b). The characterization of the samples under study is
based on the microscopic analysis SEM (Fig. 2, ¢). Then, complete the
tests by the microhardness (HVy.3) (Fig. 2, d) of the different welding
zones: HAZ, weld interface (WI) and FZ.

When welding the gas tank element, we varied the electric voltage V'
from 31 V to 36 V. The microstructure of LPG gas tank steel is com-
posed of ferrite (o) and pearlite (o + FesC) (Fig. 3).

Weld bead

Fig. 1. Element of the gas tank under study.
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Fig. 2. Equipment used for characterization: welder Lincoln (a), tensile test-
ing machine (b), SEM (c) and microhardness testing machine (d).

TABLE 1. Chemical composition of gas tank steel (% wt.).

Element§ C | Si |Mn| P | 8 | ¢ [ Al | cu | Ni
% wt. 0.20 0.00790.778 0.0156 0.058 0.021 0.035 0.012 0.0075

Ferrite
Pearlite

Fig. 3. Steel microstructure 0.20% wt. C normalized annealing at tempera-
ture 910 + 10°C (4% Nital).
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Weld bead

Fig. 4. Tensile specimen under study.

The tensile specimen was prepared in accordance with standard NF
EN 1442-2017. The dimensions are indicated in (Fig. 4).

3. RESULTS AND DISCUSSIONS
3.1. Carbon Concentration

During the submerged arc welding operation, the carbon concentration
in the weld bead was reduced from 0.350% wt. to 0.163% wt. respective-
ly with a variation of the electrical voltage from 31 V to 36 V (Table 2).

The values of the carbon element recorded from the weld beads are
presented in the curves (Fig. 5).

3.2. Micrographic Analysis

According to the SEM microscopic analysis of the different samples of
the steel under study and by varying the electrical voltage V, two main
structural components were revealed in the weld bead, due to the type
of steel, the thermal energy and the cooling rate during the welding
operation[7].

3.2.1. Electric tension

The microstructures observed, when the variation of the electric volt-
age V from 31V to 36 V, comprise two structural components, which

TABLE 2. Content of carbon in the weld bead as function parameter electric
voltage V.

Electric voltage V' C, % wt.
31 0.350
33 0.173

36 0.163
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Fig. 5. Variation of carbon (% wt.) as a function of the electric voltage V.

are ferrite (o) and colonies of pearlite (o + FesC). The grain of pearlite
at 31V in HAZ has a dimension, inter-lamellar spaces and quantity
greater than FZ. FZ, whose interlamellar space is reduced, caused by
the cooling speed and the high concentration of the element carbon
that plays an important role in the formation of pearlite (Fig. 6, a). On
the other hand, the grain of the ferrite becomes coarser when we sweep
from HAZ towards FZ zone (Fig. 6, b).

At the electric voltage V of the orders of 33 and 36 V we observed a
reduction in the pearlite aggregate (a + FesC) in the intermediate zone
WI (Fig. 7) and FZ. The pearlite is located entirely at the boundaries of
the grains of the ferrite (o), whose inter-lamellar space is almost zero
and very close to that of the weld bead at 31 V. This phenomenon on is
due to the lowering of the carbon content in the welded joints, the con-
centrations of which decreased by 0.350% wt. and 0.163% wt.

The grain of the solid solution (a), coarsens with the increase in pa-
rameter V in HAZ and WI zones (Fig. 8), impacted by the enrichment,

Fig. 6. SEM/electric voltage microstructures (4% Nital), V=31V: HAZ (a)
and FZ (b).
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and the impoverishment of the structural constituents (ferrite and
pearlite) in carbon element, thus the cooling speed of the welded joint
influenced by the thermal cycle of welding.

3.3. Tensile Strength

The results of the tensile strength of the weld of the LPG tank element
under study, shown in (Table 3), lead to an inversely proportional rela-

Fig.7. SEM/electric voltage microstructures (4% Nital), V=33 V: WI (a) and
FZ (b).

Fig. 8. SEM/electric voltage microstructures (4% Nital), V=36 V: HAZ (a)
and WI (b).

TABLE 3. Variation of the tensile strength as a function of the electric volt-
ageV.

Electric voltage V Tensile strength c, MPa
31 473
33 470

36 459
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Fig. 9. Variation of the tensile strength as a function of the electrical voltage
V.

HAZ WI FZ

Fig. 10. Sampling areas for the microhardness tests.

tionship for the case of a variation of the electrical voltage parameter
V. The lowering of the value 473 MPa to value 459 MPa (Fig. 9) is due
to the types of structural components (ferrite and pearlite) and their
proportions in the microstructures.

The increase in the carbon element in steels promotes the formation
of carbides, which leads to an increase in resistance, on the one hand, a
decrease in ductility and weld ability on the other hand [14, 15].

3.4. Microhardness

The microhardness tests were carried out on the three zones of the weld
(HAZ, WI and FZ) (Fig. 10.) with a force of 2.942 N (HV,3). The results
obtained are shown on Table 4.

The microhardness test results shown in the curves (Fig. 11, a, b and
¢) show the actual values determined for the three areas of the weld
(HAZ, WI and FZ). These results show, the evolution of the micro-
hardness, moving from HAZ towards FZ, where it was recorded the
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TABLE 4. Variations of microhardness respectively with electric voltage V.

Electric voltage, V

Microhardness areas 31 33 ‘ 36
Microhardness values (HVo.3)
171 165 156
172 166 169
HAZ 174 170 169
181 174 171
162 166 164
WI 165 177 163
170 181 168
175 188 184
FZ 189 200 194
209 205 197
;215 V=31V . 9 b
W ;200
@195 @
= <]
T i
Z175 = 180
E =
155, 2 4 6 8 10 122180y 5 4 6 s 10 12
d, mm d, mm
= 210
- c
%1'90
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-'g 170
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= .
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Fig. 11. Variation of the weld microhardness as a function of the electric volt-
ageV:V=31V(a),V=33V (b),and V=36V (c).

maximum value, which is 209 HV, s for the electric voltage V=31 V.

4. CONCLUSION

In this study, the variation of the electrical voltage V parameter of
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submerged arc welding under particle flux, have a remarkable impact
on the weld beads of the LPG tank element, the results obtained are as
follows.

1. Change in the carbon content compared to the change in the electri-
cal welding parameter.

2. The presence of the ferrite and perlite colonies in microstructures,
and, the inter-lamellar space of the perlite aggregate, varies according
to the electrical voltage.

3. The tensile strength of the weld decreased from 473 MPa to
459 MPa, increasing the electrical voltage from 31 Vto 36 V.

4. The microhardness increases by 53 units, while the electrical voltage
increases from 31 Vto 36 V.
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IloBepTaHHa B MeTaJIi 3BApPHUX 3’€THAHD IIaPOIIPOBOIiB,
SIKi TPMBAJIMH Yac eKCILIyaTYIOThCS B YMOBaX IJIa3y40CTH

B. B. Imutpuk, A. B. I'nymko

HauyionaavHuil mexHivHuil yrisepcumem
«XapxiecvKull norimexnivHuil incmumym»,
ey.. Rupnuuosa, 2,

61002 Xaprkis, Ykpaina

¥V mporieci TpuBaJioi ekciryaTallii mapoIIpOBOIB i3 TENJIOCTIHKMX KPHUIh B
yMOBaXx ILJIA3yYOCTH B IXHBOMY MeTaJi BinOyBaroThbecsa (pismKo-xeMmiuHi mpoiie-
cHu, 1110 3a0e3IeYyIOTh IIEPETBOPEHHSA BUXiTHOI CTPYKTYPU ITapOIPOBOiB y de-
puto-kKapb6inay cymimi. Taki mpoiecu xapaKTepusyOThCA HASABHICTIO IIOBEP-
TaHHA Ta peKkpucraJizanii. BiazmiraicTs IX BiJf KJIaCHYHOT'O IIOBEepPTaHHS Ta pe-
KpHCTaJisallii mojgsarae B TOMy, II[0 IIOBEPTAHHA Ta PEKPHUCTAJisallia y Merai
MapOIIPOBOJIB IPOXOAATh He AK e(PeKT 3HATTS HaKJeIly HiJ yac Bigmaay -
XOM BUIiJIEHHS HAKOIIMYeHOI mix yac gedopmariii eHeprii, a K mepexiza jero-
BaHOI CHCTEMU Y CTaH, III0 XapaKTePU3YEThCs 01T HUSLKUM €HEPreTUYHUM
piBaeM. 3HimaeThca ¢asoBuit Harjgen. I[loBepraHHA y MeTayi 3BapHUX
3’emHaHb BimOyBaeThCA OiNBINT iHTEHCUBHO, Hi’K B OCHOBHOMY METaJli caMHX
IapOIIPOBOAIB, IO 3a0e3IeUyeThCAd y 3BAPHUX 3 €JHAHHAX HASBHICTIO 3HAU-
HUX CTPYKTYPHOI, XeMiuHOI Ta MexaHiuHOl HeOJHOPiJHOCTEeI.

Karouori cioBa: 3BapHi 3’e¢THAHHA NMapoONPOBOJiB, MOBEPTAHHSA, PEKPUCTAJI-
3allifd, CTPYKTYPHA HEOOHOPiAHICTD, AMCIOKAaIlil, 30HA TEPMiUHOTO BIJIUBY.

In the process of long-term operation of steam pipes of heat-resistant steels
under creep conditions, physical and chemical processes take place in their
metal, which ensure the transformation of the initial structure of steam pipe-
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lines into a ferritic—carbide mixture. Such processes are characterized by the
presence of recovery and recrystallization. Their distinction from the classi-
cal recovery and recrystallization is that the recovery and recrystallization of
steam pipelines in metal are not as an effect of peeling off during annealing
by separating the energy stored during deformation, but as a transition of
the alloyed system to a state characterized by lower-energy levels. Phase
slander is removed. The recovery of welded joints in the metal occurs more
intensively than in the base metal of the steam pipelines themselves that is
ensured by the presence of significant structural, chemical and mechanical
heterogeneities.

Key words: welded joints of steam lines, recovery, recrystallization, struc-
tural heterogeneity, dislocations, heat-affected zone.

(Ompumano 7 aucmonada 2018 p.; ocmamoyr. gapianm — 17 atomozo 2023 p.)

1. BCTYII

IIpo6iema IpomOBKEHHSA HaAiHHOI eKCILIyaTallii eJJeMeHTiB eHepreTu-
ynoro ooamaguanusg AEC i TEC, ake B:Ke BigmpalfoBaJio CBili mapKoBuii
pecypc i mocdArio cragii ¢pismUHOr0 3HOCY, € HAa ChOTOAHIIIIHIN TeHDb OIHi-
€10 3 HaWBa'KJIUBIMIUX AJIA eHepreTuku YKpainu. IlomKomKyBaHICTh
3BapHUX 3’€IHAHDb IIaPOIIPOBOMIIB, IITO0 MAIOTh IIEBHY CTPYKTYPHY, XeMi-
YHY 1 MexaHiuYHy HeOJHOPiAHICTB, icTOTHO JimMiTye iX pecype. s omin-
KU 3aJIMIIIKOBOTO PECYPCY 3BapHUX 3’€IHaHb, AKi TpuBaauil uac (moHas
270000 rogmH) eKCILIyaTyIOThCSI B YMOBAX ILIa3y4OCTH, IIPeACTaBJISA-
€ThCsS AOILIBHUM JOCHiAKyBaTH (hi3MKO-XeMiuHi mporecu, 1o 3abes-
IeYyIoTh CTPYKTYPHI 3MiHM i, BiATIOBiAHO, IPU3BOAATD A0 IMIOHUIKEHHSA
eKCITyaTallifHIX XapaKTepPUCTUK 3BapHUX 3’ €THAHD.

Buxigma crpykTypa 3BapHHX 3’€¢IHAHDL 3 OiJBINOI0 iHTEHCHBHICTIO,
Hi’X CTPYKTypa OCHOBHOT'O MeTaJy MapompoBOIiB (AKUIl He migmaeThcs
3BapIOBAJIbHOMY HAaTrpPiBaHHIO), IEPETBOPIOETLCA B MeXaHIUHY CYyMiIl,
CTPYKTYPHI CKJIaI0Bi AK01 HaOyBalOThL, IPU iX 30iJbIIIeHHi, (popMmy OJIn-
3bKY 10 OKpyrJIoi (puc. 1). BigbyBaeThea merpazaliis cTpyKTypu 3Bap-
Hux 3’egHanb [1-5]. Hanpukiaan (pucyHok 2), 3MiHa B mporlieci Hampa-
moBauHA mouan 280000 roguH CTPYKTYPHOTO CTAHY METANY MiIdHKUT
CTOILTIeHHA 30HU TepMiuHoro BiuBy (3TB) 3BapHUX 3’€1HAaHL XapaKTe-
pusyeTbea 3MeHIIeHHAM Ha 15—20% iioro mikporsepgocTu. MeraJu mi-
JSHKY CTOILJIEHHS B IPOIleCi BUTOTOBJIEHHA 3BApHOTO 3 € IHAHHA Harpi-
BaeTbcA B obJsacti Temmeparyp Ts—TL, fioro mupuHa craHoBuThb 0,1—
0,15 mMm. TyT micsisa 3BaproBaHHS MOKe (DOPMYBATHCA IIEPJIIT a00 CTPYK-
TYPHO-BiJILHUY (DEPUT, B AKOMY BUAIJIEHHA APYyrux as rmepeBakHO 30-
cepeq:keHi 1Mo fioro mexxax. HaBelleHi CTPYKTypH, 3TifHO HOPMATUBHOI
JTOKYMEHTAIlii, BigHOCATE 10 OpakoBaHux. Pepur, B 3aJI€KHOCTI Bif Te-
PMiUHUX YMOB 3BapiOBaHHS, MOKe (GOpMyBaTHUCA y BUTJIALL OKPEeMUX
3epeH, ab0 3rpyIoBaHUX 3€pPeH, i HaBiTh y BUIIALL JAHIIOXKKIB 3epeH,
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Puc.1. Crpykrypa ginauxu mneperpiBy 3TB sBapuoro 3’emuanusa 31 Kpwuiii
15X1M1®: Buxigna cTpykTypa (a), ctpykrypa nicas 276000 rogun Hampairo-
BauH4 (0), x260.

Fig. 1. The structure of the overheating area of the HAZ of the welded joint of
steel 15X1M1®: the initial structure (a), structure after 276000 hours of op-
eration (0), x260.

AKi po3TaloBaHi CHMETPUYHO METAJIy 3BAPHOTO ITTBA.

¥ mpolieci TpuBaJIOro HampallOBaHHA HA MiJIAHII CTONJIEHHS 3 OiJIb-
11010 iHTeHCUBHICTIO, HisK Ha iHmux ginaakax 3TB, a Tako:x B mertaJi
IIIBA i B OCHOBHOMY MeTaJli, YTBOPIOIOTLCS IIOPHU MJIa3yuocTu (puc. 2, 6).

CyKyIHiCTE IPOIlECciB, 1[0 MPOXOAATE B MeTaJIi 3BapHUX 3’ €HAHD IIa-
POIIPOBOJIB i B MeTaJli caMUX IIapOIPOBOJIiB MOKHA ITPEeCTaBUTHU, AK
IIpoIiec IMMOBEPTAHHS, IIT0 BIIEPINIE BUBYAETHLCA CTOCOBHO METAJY ITapoIll-
POBOIiB, AKi TpMBAJIMil Yac eKCILIYyaTYIOThCA B YMOBaX ILJIA3yUYOCTH.
IIpu moBepTaHHi, 3 MEBHOIO ITOCJIiJOBHICTIO, TPOXOAATDH (PisUKO-XeMiuHi
mporecu [1-5]: camogudysia Xpomy, Moni6meny, Banangito Ta Cuiirtizo
3 IeHTPaJIbHOI 30HU KPUCTAJIB B IXHiI IPUMEXKOBi 30HU Ta YTBOPEHHA
cerperairiii; Koaryaamnia xap6igis M23Cs i M;Cs, po3TallioBaHuX II0 Me-
JKax 3epeH, AKa Hajgae KapOizaM BUIOB:KEHY (POpMY; YTBOPEHHSI HOBUX
Kapb6igis Mo:C i VC; nedopmarttia merany ginaaok 3TB, 110 3mauHo 1Ie-
peBuiniye maedopMallito OCHOBHOTO MeTaJly HapoIpOBOMiB; YTBOPEHHS
MiKPOIIOp IJIa3YYOCTH i MiKPOTPilIMH BTOMH.

MeToro poboTu € Jochaim;KeHHA 3B A3KY CTPYKTYPHO-(pa30oBUX mepe-
TBOPEHD 3 JUCJOKAI[IMHNMH IIPOoIlecaMi B MeTaJIi 3BapHUX 3’ €qHAHb Ia-
POIIPOBOIB i3 TEMJIOCTIHKNX KPUIlh, K1 TPUBAJINHA Yac eKCILIyaTyIOTh-
csA B yMOBAaX ILJIa3yYOCTH.

B mporeci moBepranHA B KpHcTaJgax o-(pasu IpoXoAaTh TOHKI CTPYK-
TYPHI 3MiHM, BUABJEHHS OCOOJMBOCTEH SAKUX HANAETHCSI MOILILHUM
IS BCTAaHOBJIEHHS PiBHA Aerpajallii CTpYKTypu 3BapHUuX 3’eaHaHb. I1o-
JAJIBIINH IIPOIleC PeKpPUCTaidalil mpeacTaBisie YCYHEeHHI MeK 3epeH i
iX YKPYIHEHHS IIJIAXOM 3JUTTA 3€PEeH, a TaKOK IIOCTYIIOBY 3aMiHy Ha-
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ABHUX 3epeH Ha HOBi, BiJbHI Big HampyKeHb 3epHa. IIpoiec pexkpucra-
Jisamii, Ha HaIl IOIJAN, 3acJyroBy€ Ha OKPEMUH PpPO3TJAL, IO
OB’ A3aH0 i3 3aJayUueHHAM Teopii Me:x 3epeH. [loBepTranHa peais3yeTh-
cd, AK e(DEKT MOHMIKEHHA PiBHA NIPYKHBOI eHeprii nmedopmarrii serora-
HUX KPUCTAJIiB o-hasu, M0 JOCATAETHCA MIJIAX0OM 3MEHIIeHHA I'yCTUHHT
OUCJIOKAIlil Ta YTBOPEHHS TOUKOBUX AedeKTiB. IligTBEepa:KeHHAM € I10-
MiTHe HMOHM)XKEHHS MeXaHIUHMX BJACTHUBOCTEell 3BapHUX 3 €IHaHb, AKi
TpUBAJIUI Yac eKCIIyaTyIOThbCSA B yMOBax IjasdydocTu. IlokasuuKky Mi-
mMHOCTH MeTany aiaaHok 3TB sBapuux 3’eagHadb, B T.4., TBEPAiCTh, 3Me-
HINYIOThCA npubansno Ha 10-20% , a yaapua B askicts — ma 15-20%
[1-4]. do ix mOHMKEeHHA IPUSBOJATH CTPYKTYPHI 3MiHU, AKi 3a0e3Iie-
YYIOThCSA IIEePEeMillleHHAM, IIePEePO3IOAiJoM i aHIiriaAmieo gucJIoKaIiin,
a TaKOXX YTBOPEHHAM TOUKOBUX Ae(eKTiB. JocailsKeHHA CTPYKTYPHUX
3MiH IIPOBOAMJIN METOAAMU €JIEKTPOHHOI Ta CBiTJI0BOI MiKPOCKOIIii.
CTpYKTYpPHHUH cTaH MeTally eKCIIyaTOBaHWX 3BapHUX 3 €IHAHDL
(kpuma 12X1M®P, 15X1M1D) xapakTepusyeThbCs IIEBHUM CTyIIE€HEM
HecTabiJbHOCTI i HaABHICTIO TepMOAMHAMIUHO-HEPiBHOBAKHOI MHCJIIO-
KaIiitHol cTpyKTypu. B yMoBax maasydocTy BiOyBaeThCA IepeMillieH-
HA [OUCJOKAIifl IMJIAXOM KOB3aHHA 1 MepemoB3aHHSI, a TaKOMK, 1X
o0’emuanng [1, 2, 6—9]. CrabinbHUI cTaH BUXiZHOI CTPYKTYPHU 3BapHUX
3’emqHaHb 30epiraeThesa 3a ix excmayaraiii mpuodausao 1o 500°C i Tucky

Puc. 2. Crpykrypa ginauku cromieHasa 3TB sBapHoro 3’egHaHuA 31 KpuHIri
15X1M1®: Buxigua cTpykTypa (a), crpyxrypa micas 280000 rogun Hampairio-
BauHs (0). [lopu Bkasaui crpinkamu, x100.

Fig. 2. The structure of the fusion section of the HAZ of the welded joint of
steel 15X1M1®: the initial structure (a), structure after 280000 hours of op-
eration (6). Pores are indicated by arrows, x100.
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mo 10 MIla. Ilpu sasHaueHHX IIapaMeTpax AWCJIOKAIll 3HAXOOATLCA B
cTaHi piBHOBarm, ix ryCTHHA CTAHOBUTE 0113bKO 8,5-108 cM~2 (ocHOBHUIA
metat). [Ipu Temmeparypi ekcnayarairii 3BapHUX 3’€THAHDb ITapPOIIPOBO-
niB 545-585°C i Tucky 25 MIla (mampamoBanua mouan 250000 roam)
Bijl3HAUAETHLCA IIOMiTHE IOPYIIEHHA CTa0iJIbHOCTI CTPYKTYPU 3BapPHUX
3’egHanb. TepMiuHO aKTHBOBAHI IIPOIleCH HAAAIOTh PYX OKPEMUM CHU -
UMM JUCJIOKAIiaM i 3a0e3euyIoTh YTBOPEeHHA HOBUX. JlucaoKaIii mpu-
BOIATHCA B PYX 1 4aCTKOBO 00’ e iHy0ThCA. MOMKINBI 3MiHU IIJIOITUH PY-
Xy AUCJOKAIlili Ha eHepreTHYHOo OiJbII BUTiAHI, iX aHiriadmia, JoKaab-
He CKYITUeHHs, IepepisyBaHHs OUCJIOKAIIAMU BUAiJIeHb APYTuUX (das i
BUXiJ OUCJOKAIIIN 3a MeKi KpucTaJiB o-(pasu. ¥ CYKYIHOCTI HaBeIgeHi
IIpoIecu MOKHA PO3TJIALATH, AK CKJIaI0Bi TEpMiUHOTIO ITOBEPTAHHA, AKe
OPHU3BOIUTL [0 3MEHIIEHHS I'yCTUHU AUCJIOKAIiN i YTBOPEHHS CiTOK 3
nuciokarii. Hanpukmaan (puc. 3), ma minauii mopmadrizarii 3TB (me-
dopmarisa 6ausbKo 2% ) YTBOPIOIOTHCS CiTKU AucIoOKalliii 3 Broprepco-
BuM BexkTopoM (1/2)[111]1i [110]. IIpu moBepranHi BinbyBaeTbcsa ¢Gop-
MyBaHHS cy63epeHHUX MeX (edeKT moJaironisarii) (puc. 4). Bixbioio
MipoOIO IIPOAB IIOBEPTAHHS CTOCYETLCA MiJAHOK HEIIOBHOI IePEeK PUCTAIIi-
3arrii, cromiaenus i meperpisy 3TB sBapuux 3’¢qHaHD.

2. METOJU TA MATEPIAJIN JOCJIAKEHD

BceranoBuau, 1110 MIBUAKICTh CTPYKTYPHUX IIEPETBOPEHH METAJNy MiJid-
HOK 3TB, a Takox MeTaJIy IIIBA i OCHOBHOTO METAJy 3BaAPHUX 3’ €JHAHbD,
AKiI TpuBAIMH Uac eKCILIyaTYIOThCA B YMOBAX IIJIA3YYOCTH, 3HAYHOIO

Puc. 3. [[uciokariiina cTpyKTypa i mosocu cKuAy (CTpijka) B MeTasti AiNaHKA
nopmaJisamnii 3TB sBaproro 3’eaumanus 3i xpuri 15X1M1®. HanpaioBanusa
280000 roguH.

Fig. 3. Dislocation structure and discharge bands (arrow) in the metal of the
HAZ normalization section of the welded joint made of 15X1M1® steel. Oper-
ating time is 280000 hours.
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MipOI0 3aJIeKUTh BiJl iX BUXiTHOTO CTPYKTypHOTO cTany [1-4].

Hedopmariia 1iaaHOK meperpiBy, CTONJIEHHA i HEIIOBHOI ITIEpeKPUCTa-
aisarii 3TB (manparmioBanusa 3BapHuX 3’e¢gHansb 270000-320000 rogm)
BimmmoBizmae cepenmHill i 3arkJaOUHIN cTamii crajoi maasydocTu, a gaedop-
Mallid MeTaJIy IIIBa i OCHOBHOTO MeTajly — il mouaTky. B MeTaJsri 3BapHUX
3’eIHAHDb TapOIPOBOAiB roctpoi mapu (kpuia 12X1M®, mampalioBam-
Ha noran 190000 roguH), 3a HASBHOCTI IIeBHUX HANIPAMKIiB KOB3aHHS,
BUSABJIEHHS IPIOPUTETHUX ILJIOMIMH KOB3aHHA AUCJIOKAIIINA € yCKJIagHe-
HuM. IToBHi gucmoxkarii (puc. 3, cTpinKa), PO3IIEILIIOIOTHCA Ha ABi a60
Ha Kinbka guciaokain IIlokii, AKi mogiadgoThCa IJIOMIMHAMY Ae(eKTiB
ymaxkoBKH (011) Ta (123) 3 BigHOCHO HU3LKOIO €HEPTi€I0, TOOTO HA YACT-
KoBi gucaokarii. Taki gucaoxarmii 8 OLIK-kpucramni caig posrnsaaaru,
AK MeXKY IOpYLIeHHs Haibinp ynakoBaHux mwioiu# {110} B Hanpsam-
Ky < 111 > (puc. 3—-6).

3asHaummo, mo miomuean {110} MaloThL He3HauHy BiAMiHHIiCTL 3a
ymnakoBKoro Bif miomus {112} i {123}, mpoTe KOB3aHHS 3a TAKUMU ILJIO-
IUHAMHU BiIOyBaeThCS Y 3SHAYHO MEHIIIOMY CTYIIEHi, I1T0 BuMarae J0o4aT-
KOBOTI'0 BUBUEHHA. 3a HagBHOCTI camoaugysii aromis Xpomy, Moai6ge-
Hy i Banaziro 3 Kpucraiis o-¢asu i, BiATIOBiZHO, 3SMeHIIIeHHA MiIlTHOCTHA
KPHCTAJIiB, YaCTKOBi AMCJIOKAIlil IepeBa’XHO 3yMOBJIOIOTH ILJIACTUYHY
medpopMariizo KpuctaJjaiB. IHIII yacTKOBiI AucJOKaIlii craioTh HaliB3a-
KpiljieHMMH", i iX BHECOK B TaJIJbMyBaHHS ILIACTUYHOI Aedopmariii e

Puc. 4. Cy03epeHHa CTPYKTypa AiIAHKK HeIloBHOI nepekpuctaiisaiii 3TB 3Ba-
puoro 3’eguanusa. CMyra KoB3aHHA HaBeJeHa cTpinkoio. Kpung 15X1M1D.
HampaitoBaunasa 186000 rogun, x6000.

Fig. 4. Subgrain structure of the area of incomplete recrystallization of HAZ
welded joint. The sliding strip is indicated by the arrow. Steel 15X1M1®. Op-
erating time 186000 hours, x6000.
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meHmIuM. Takmm uwHOM HOBiI amcsoranii 38 Bekropamm (1/2)[111] i
(1/2)111] ginareca na asi vacTkosi gucaokanii Ilokai. qucaokarii,
IT0 YTBOPUJIKCS BiAmoBimHO mepemimiyioTbea 3a miaommmuamu (011),
(123)i(112).

3ajesxHo Big medopmariii kpucraiiB a-hasu Big0OyBaeThCA YTBOPEHHST
cy6s3epeH (puc. 4). 3MinHIOBAIbHUH ePeKT B KpHUCTAIaX 3MEHIIYETHCS,
YOMY CIIPHUSE BiAIIOBiHA aHITiIAIIiA AUCIOKAIiH, IO HiATBEPIKYETHCS
HOMIiTHUM 3HUKEHHAM MiKpPOTBEPIOCTH.

B mporeci gedopmarrii Kpucraiis o-dasu Bif0OyBaeThLCA IePEPO3IOLLT
OUCJIOKAIli i 30iIbIIIeHHA JIOKAJbHOI I'YCTUHU JUCJJIOKAIIN OJHOTO 3Ha-
Ky, III0 IPUBOAUTL MO IoJiromisarii (puc. 6). B ymoBax miasydocTu
KpauoBi guciokallii cmouaTKy HepeMillyIOThCsa KOB3aHHAM 3a 3araJib-
HUM HanpaMKoMm <111>, a moTim iX mepeMileHHA JOIMOBHIOETLCS Iepe-
noB3aHHAM. [IepemoB3aHHA IPUBOAUTE A0 YTBOPEHHS CTiHOK, AKi CKJIa-
IaloThCA 3 HAKOIMMYEHUX MHiJf KYyTOM OO0 IJIOIITWHU KOB3aHHS AMCJIOKA-
mi#i. uciaokamniini peakirii, 1o IPUBOIATH A0 3MEHINEHHA T'YCTUHU
nucaokarii (mpubausuo Ha 20—25%) sabesmeuyoTh (OPMYyBaHHA Xa-
PaKTepHOI /I TOBEePTaHHA JUCIOKAIIifTHOI (TT0JIiroHAIBLHOI) CTPYKTYPHU
3 HaABHICTIO CiTOK Cy03epeHHNX MeXX, KYTH Ae30pieHTallii AKX MeHIIIe
5—8° (puc. 6). Poressb MOCTiAKYBAB MMOJITOHIZAIiI0 IIIJIAXOM BUKOPUC-
TaHHA METOAY SMOK InmaBieHHA [8]. BBamaeMmo, 1110 BUKOPUCTAHHSA Me-
TOAIB €JIeKTPOHHOI MiKPOCKOMii CTOCOBHO YTBOPEeHHA cy03epeH i moJri-
roHisarrii e 6iabIT indopMaTUBHUM.

Bussuau, m1o nosiroHaJbHI MeXKi CKJIaZal0ThCA IIepeBakHo i3 HaKO-
IUYeHUX KpaifioBux mauciokariiii (puc. 3, 6). HaasuicTs gpyrux ¢as, B
OinmbIriti mipi, Hisk eHepria medeKTiB maKoBaHHSA, 3HIMKYE IMIBUAKICTH

Puc. 5. Crpykrypa merany miBa. Ilomocu ckunmy BiamiueHi crpinmkamu. Crom
10XM®. HanparmioBauua 270000 rogu.

Fig. 5. Structure of the weld metal. Drop bands are marked with arrows. Alloy
10XM®. Operating time 270000 hours.
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KOB3aHHJ 1 IIepernoB3aHHA AucaoKaliii. IlepermoB3adHusa TaKOMK raJbMYy-
eTbeAa audysiinum nepemimienmam Xpomy, Momniogemy i Bamagiro
(aBumie camoaudysii). Mae miciie 31uTTsa 1BoxX cyome:x (puc. 6), AKi yT-
BOPIOIOTEH BY3JIU, III0 HANAEThCH, AK IIePEeMillleHHsa OSHiel MexKu, 3 cyMa-
PHUM I ABOX MeXX OPi€HTyBaHHAM. SJIUTTS CyOMe:K IPUBOIUTL IO
3MEHIIIeHHA iX PYIIiAHOI CHIn, IO MOKHA PO3TJIANATH, AK 3aBepHIIaIb-
HY CTaJiio IOBEPTAHHS i mepexis 70 pekpucTaaisarii.

Pisna cragifimicTh IpOXOMiKeHHsS IOBepTaHHA Ha Aiagsuxax 3TB, a
TAKOK B METAJIi IIIBa 1 B OCHOBHOMY MeTaJIi 00yMOBJIeHA TUM, II[0 Bigpis-
HAETHCA IeBHUM PiBHEM BiIMiHHOCTI CTPYKTYPHOI HEOAHOPiTHOCTI, AKAa
XapaKTepusyeThCA HAABHICTIO CMYT CKUAAHHSA i CMYT BTOPUHHOT'O KOB-
s3aHHA (puc. 3, 5). HaaBHicT, cMyTr cKumamuA, 10 BiAIOBimae JOKaIL-
Hi#l medopmarii KpucTtaaiB o-(asm, AKa 3aJEKUTHh BiJl IepeMimieHHA
OUCJIOKAIlill Mo ofHiM ab0o Mo JeKiJTbKOX MJIOIMHAX KOB3aHHS 1 IIPUBO-
IUTHh 0 YTBOpeHHA cyOs3epeH (puc. 4). IIpoliec moBepTaHHsA MOYMHAE
OPOABIATHCA IIiCJA HaIpamoBaHHA 3BapHUX 3’emaHanb mouanm 250000
roauH. Bin0yBaeThCca mepeMillleHHs 1 yTBOPEHHS TOUKOBUX AedeKTiB, ix
KOHIIeHTpallid JIOKAJIbHO 30iabInyeThcsa. Ilepeposmomin auciIokKairii

Puc.6. @PparmenT NOJIroHaJNBHOI CTPYKTYypu 3epHa (epury. Kpuna
15X1M1®. HampamoBauua 280000 roguu. ByrinbHa perrika. SJAUTTA JBOX
cybmesx BimsHaueHo cTpinkoio, x11000.

Fig. 6. Fragment of the polygonal structure of the ferrite grain. Operating
time 280000 hours. Coal replica. The merging of the two sub-borders is
marked with an arrow, x11000.
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MPUBOIUTEL OO PO3ME)KyBaHHA cyOsepeH Mmexxkamu (puc. 4). ITouaTor
mpoIliecy IoJiromisairii, mo Big0yBaeThcsA Ha 3aBepHIaJbHIN cTamii mo-
BEepPTAaHHA, XapaKTepHU3YEThCA OiMBII IHTEHCHMBHUM IIepeMiIlleHHIM
OUCJIOKAIlill 3a MeXaHi3aMOM KOB3aHHS i 3a MeXaHi3MOM IIepeloB3aHHs
(puc. 6). Anirinamnia guciaokalriii (puc. 7) Ha MOYaTKOBiM cTamii pexpuc-
rTajisarii Big0yBaeTbca 3 OiIBINTOI0 IHTEHCUBHICTIO, YCYBAIOTHCA OKpPeMi
(parmenTu Mexx 3epeH a-Gasu, a TAaKOK YTBOPIOIOTHCSA CTiHKM 3 IMCJIO-
Kalriii, 1110 BiAmmoBiae 61iJIbII HI3bKOMY €HEPTeTHUYHOMY PiBHIO.

3. PESYJBTATHU NJOCJIIAKEHD

Beranmosuau, 1o gedopmaiia ginsuox 3TB: meperpisy, cTomiaeHHs Ta
HEIOBHOI IepeKpucTasisamii (HampaljoBaHHA 3BapHUX 3’€¢JHAHD
270000—-300000 rommu) BiAImOBimae MOJIOMKEHHIO 3aBepIIEeHHSA CTAJOI
IJ1a3y40CTH KPUBOI Hampyra—aedopmaillisa, a zepopMaliia MeTaJsy IBa i
OCHOBHOTO MeTany — ii mouartky [4]. IlinTBepa:KeHHAM JaHOTO € KOB-
3aHHA JUCJIOKAIIIN 10 Pi3HUM CHUCTeMaM, IO II0B’ I3aHO 31 30iIbIIIeHHAM

1R

I®
I8

Puc. 7. Cxema amirinarii cugadoi guciokarlii 3 guciokalli€io, o mepeMiiry-
€ThCS KOB3aHHIM.

Fig. 7. Scheme of annihilation of sitting dislocation with dislocation moving
by sliding.
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ix KimbKocTi. IlepeBa:kHO KOB3aHHS, 3i 3pOCTAIOUOI0 INMBUAKiICTIO, Bif-
OyBaeThea 3a cucTemoio {110} <111>. ITorim mpwu GinbloMy mepexpe-
MIeHHI PYXJUBUX IHUCJIOKAIIN 3 CUAAUYNMU AUCJIOKAIliAMM, KOB3aHHSA
BimOyBaeThca mo cucTemam {112} <111>1i {123} <111>, 1o xapakTepHO
IJA HampaloBaHHA 3BapHuX 3’egHaHb moHan 190000 roguu. OTike, B
MeTaJi 3BapHUX 3’€JHaHb MaPOIIPOBOMAIB I'OCTPOI mapu, BiAmOBigHO ix
"HanpamoBanaa mouan 190000 roamH, mpM HASBHOCTI BU3HAUEHUX
CTPYKTYPHO-(ha30BUX IIePETBOPEHD, AOIiJIbHO BUABJIATH IJIOIUHI CTO-
COBHO II€PEPO3MOALITY IIePEeMilleHHA JUCTOKAITil.

BceranoBuau, 110 y BUXigHi# cTpyKTYypi MeTay 3BapHUX 3’€THAHD €
JOKAJIbHO 3TPYHOBAHI CHUAAYI AMCJIOKAIil, AKi BCTymalOTh B peakIlii 3
YTBOPEHUMHU B YMOBAX ILIA3YYOCTH KOB3HUMH JHUCJOKamiamu. I'ycTuHa
TaKUX JUCIOKaIiil 61u3bKo 9-108 cm 2 Hal6iabIa HA AiIAHI CTOIIEH-
ua 3TB, gemro menmia (mpubausuo Ha 10-15% ) Ha giTAHKAX IeperpiBy
i HeIIOBHOI mepeKpucTaJaisallii, a TakoX B MeTaJi IIIBa i B OCHOBHOMY
mertatai. Cugaui gucaokKalii B MeTasi 3BapHUX 3’€IHAaHL TPUBAJIUH Uac

|
|
|
|
!
|
i
!
|
|

Puc. 8. Cxema yTBOpeHHsI MiKpOHeCYIIiJIbHOCTEH 3a B3aeMOIil CUIAUOI AMCIIO-
Kamii 3 auciaokarli€io, 1o mnepemimyerbesa KossanHam: O — Bakamcisg, — —
ILIONMHY KoB3aHHs, [I— nqumois.

Fig. 8. The scheme of formation of microdiscontinuities at interaction of a
sitting dislocation with the dislocation moving by sliding: O—vacancy, ——
slip planes, [(I0—dipole.
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30epiraroTs cBill cTabijbHUI cTaH. BogHouac cuasaui gucIoKallii rajib-
MYIOThL KOB3aHHSA iHITUX AUCJIOKaIliii. BigfHocHO HAMbiabIIa KiJIbKicTh
CUAAYNX OHCJOKAIINl YTBOPIOEThCA Ha AiaaHIli cromaeHHa 3TB 3Bap-
HUX 3’emHanb. HaaBHiCTD HA OiJAHII CTOILIEHHSA CTPYKTYPHO-BLILHOTO
depury, mo Mexax AKOT0 30CePeIKYIOThCA BUTOBKEeHI Kapoigm M23Cs i
M:Cs, xapaKTepusyeThbCA BiIOBIAHUM HaKOIUUYEHHAM IUCIOKAIii KO-
B3aHHA O0ing KapOigiB i cugaumx auciaokariii. Take HaKoNUUYeHHA, Ha-
MPUKJIAM, IPUBOAUTL A0 YTBOPEHHS MiKpPOHECYIiJbHOCTeIH (IMII0JIiB)
(puc. 8), a moTiM JIaHITIOMKKIB 8 MiKpoHecyiabHOCTAMY (puc. 9), i gaimi
3apOAKOBUX IIOP i TpimuH. TaKMM YMHOM CHASAYI AMUCJIOKAIil B MeTaJi
3BapHUX 3’€IHAHb BilirpaloTh 3HAUHY POJIb ¥ TAJIbMYBaHHI JUCIOKAIIi A,
SAKi mepecyBalOThCA IIJIAXOM KOB3aHHA Ta COPUAIOTL YTBOPEHHIO MOJIi-
TOHAJIBHOI cCTPYKTYpH (puc. 10).

HesBoporHi guciokamiiini peakiii mpu3BOAATE 10 YTBOPEHHS CiTOK
IUCJOKaIlill, fuB. puc. 3, 5, AKi € BITHOCHO CTIHKMMU B YMOBaX ILIA3y-
yocTu. B pe3ysbrari 3iTKHEHHA aHTHUIIAPAJEJbHIUX KPAlOBUX CUIAUYNX
OUCJOKAIIIA 3 AUCJOKAIIiIMHM KOB3aHHSA, TaKi JMcCJIOKAaIlil aHirijamoioTb
(puc. 7). ¥ xpucranax o-¢asu i mo ixHix Mekax 3MeHIITYEThCA I'yCTHHA
OUCJIOKAIil, 110 IPUBOAUTE 10 HOHUKEHHA MiKPOTBEPAOCTH.

Y mporieci 3ycTpivi KpalloBUX AUCJIOKAIIINA 3 CUAAYNMU AUCJIOKAITisfd-
MU B IIapajieJIbHUX IJIONIMHAX KOB3aHHS, BiICTaHI MiK AKMMHU BiJIIOBI-
JAloTh IIapaMeTpy I'PATHHUIIl KPUCTAJy o-(pasu, ix 0esmocepesHii KOH-
TaKkT He BiZOyBaeThCA, a YTBOPIOIOTLCA AUCIOKAIiiHi aumoi (puc. 8).

Puc. 9. Cxema yTBOpeHHA JIAHIIOTa MiKPOHECYITiILHOCTE B yMOBaX IJIa3ydocC-
TH.

Fig. 9. Scheme of the formation of a chain of vacancies in creep conditions.
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EnepreruuHuil piBeHb JUIOJA € HUKYNM, HidK aHAJIOTIYHUNA CyMapHUHA
pPiBeHb IBOX AMCJIOKAIIil, IO aHIiTiJII0I0Th.

MoxkauBicTh YTBOPEHHS JIAHIIOMKKIB JUIIOJIIB, peaidyeThbCcsa 3a B3a-
€MOJii ZMCcJIOKAIlili, BifjcTaHi MisK SKMMHU BiJIOBiZalOTh AEeKiJILKOM IIe-
piomam rparuuri (puc. 8). Haitbinba KiTbKicTh UIIOJiB YTBOPIOETHCS
Ha JinAHI HemoBHOI mepexpucranisaiii 3TB, AKi 1IsgxoM 3JIUTTA 1Ie-
PEeTBOPIOIOTHCA B MiKPOHECYIILJIBHOCTI i JaJji B 3apOAKOBi Imopu Ta Tpi-
muHY mirasydoctu (puc. 11). Cuia Bzaemofii cuIoBUX IOJIIB AAJeKUX
HOPAIKIB 3aJIEKUTH BiJf KYTOBOI KOOPAMHATHA CTOCOBHO ILJIOITMHU KOB-
3aHHA, 1[0 IPUBOAUTH OO BiAIIITOBXYBAHHS aHTUIAPAJIEILHUX IHCJO-
KaIiii i npuraragaa napajgenabuunx. IIpoiecu pekombinarii i amirimamii
OUCJIOKAIil IPUBOAATE 0 MOHMKEHHA eHePreTUYHOTr0 PiBHSA i BiTHOB-
JeHHA PiBHOBAru B KpUCTAaJIi.

YTBOpPEeHHA CYIIEPIIO3UIlil CUJIOBUX IIOJiB B KPUCTAJIi 3yMOBJIEHO Bij-
MMOBiAHMM PO3TAITYBaHHAM Aucyokaitiit [5—8]. [lia cuiaoBoro mossa mpo-
ABJSAETHCA HA IIeBHIN BiAcTaHi rq MidK OUCJIOKAIiIMH B yMOBaX, KOJIU
eHeprisa AMCJIOKAIiM IIOMITHO 3HMIKYETBHCS, IO COPUIE OiJIbIIiil MOMK-
JUBOCTI mepeMillleHHA aucjokaliii. BHeceMo yTouHeHHs B BHpAas3
I'. Torrimiraiina [6, 8] 3 ycBimOMJIEHHAM HAaSBHOCTI Z4 AUCJIOKAIIiN CTO-

Puc. 10. ®parmMeHT MOJIiroHAJBHOI CTPYKTYPH TiJMIAHKYU HEIIOBHOI IEPEKPUCTA-
aisarii 3TB, 1110 yTBOpHMIacsa 3a TaIbMyBaHHA JUCIOKAIliM, AKi MepeMiIiaoThb-
cA KOB3aHHAM, CHUAAYNMU JOUCIOKAIiAMU. 3BapHe 3 eIHAHHA 31 Kpwumi
15X1M1®. Hanpamosauusa 280000 roguu, x11000. 3iurra 1Box cyoMe:x B
3epHi OelHITY HaBeJeHO CTPiJIKOIO.

Fig. 10. A fragment of a polygonal structure in the area of incomplete recrys-
tallization of the HAZ, which was formed during the inhibition of dislocations
that move by sliding, sessile dislocations. Welded joint made of steel
15X1M1®. Operating time is 280000 hours, x11000. The merger of two sub-
boundaries in the grain of bainite is indicated by an arrow.
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COBHO eHeprii AuCJIOKAaIliil BiJHeCeHOol 10 OAMHNILL IIJIOIINHI:

2
b r

v=2Zk| — 1 E,
471 -V) 2b

ne o — Ii66coBa eHepris, E. — eHeprisa gucjoKaIlliiHOro sAapa, V —

Ilyacconis xoedimienrt, b — Bioprepcis BexTop, £ — IOIpaBKOBUIT Koe-

¢dimieHT, 1110 BpaXoBye CTPYKTYPHI 3MiHM B MeTaJIi 3BapHUX 3’€THAHDL B

YyMOBax IJIa3yUOCTH.

BcranoBieHuli eHepreTMYHUN pPiBeHb XapaKTepuU3ye YMOBH YTBO-
PEHHSA B IpoIlieci moironisaiii MaJoKyTOBUX IpaHUIlbL CyO3epeH 3 mepi-
OJIMYHOIO CTPYKTYpoOIo (puc. 6, 10). 3a T0KaIbHOTO 30i/IbIIIeHHS KiJIbKO-
CTi AMCJIOKAIlill, HAaIpuKJIal, B cyOMe:Kax, 3MEeHIIYETbCA Iq, IO IPUBO-
OUTH IO IIOHWKEHHS 1X eHeprii, IIocTynoBOro ycyHeHHA (hparMeHTiB OK-
peMux MiK3epeHHUX MeX i (popMyBaHHS MHOJITOHAJBHOI CTPYKTYPHU
(puc. 10).

ITpu mampamoBauui 3BapHUX 3’egHAHb TpuOau3Ho g0 250000 rogun
AaKTUBHOI'O IEepeMiIlleHHA AMCJIOKAIIili He cIocTepiraeTnhcs, ogHAK, Ie-
perpiBu (aBapifiHU# CKHUM Hapy) CIPUAIOTH iX IIEePEePO3TOIiay i BHOPSA-
KyBauuio. [lomanbiiie HampamioBaHHsAa COPUsIe OiJbII IOMITHOMY IIepe-
posmoiay gucjaoKarllii i ix amirimanii, B mafibinpmnriii Mmipi Ha giaTgHKaX
HeIIOBHOI mepeKpucTaisaiii, meperpisy i cromaenusa 3TB.

B mporeci moBepTaHHS B MPUTrPAaHUYHUX 30HAX 3epeH o-(has3u yTBO-

Puc. 11. 3apoakoBi mopu i TpiluHM I1J1a3yUY0CTH B 3BAPHOMY 3’€IHAHHI 31 Kpu-
mi 12X1M® Braszani crpinkamu. CeiTii xKap06igui BuaiseHHs pos3TalloBaHi B
OCHOBHOMY IT0 MesKax 3epeH. HamparroBauus 276000 rogusn, x2500.

Fig. 11. Pores and creep cracks in the welded joint of steel 12X1M® (arrows).
Light carbide precipitates are located mainly along the grain boundaries. Op-
erating time is 276000 hours, x2500.
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pIoioThesA cerperaitii [1—3], 1110 icTOTHO mOJIETIITy€e B 3epHAX IMePeMileH-
HA OUCJOKAIliH. ¥ CTPYKTYpi 3BapHUX 3’€IHAHDL IIPOIlEC IIOBEPTAHHA B
O0inbITOMY CTyIIeHi BimOyBaeThca Ha OiMAHKAX meperpiBy (puc. 1), croi-
nenHs (puc. 2), i HemoBHOI mepekpucraaisamii (puc. 12), a HaliMeHIITe —
Ha JinaHmi HopMasisalii (pue. 13). BizmoBigHo mpoXom:KeHHS ITOBEp-
TaHHA BUXiTHA CTPYKTypa IepeTBOPIOETLCA B (DepUTO-KapOifHy CyMiIr.
Bceranosuaum, 110 BuxigHa crpykTypa (6efiHiT Bignycky 70—-90% , depur
— BaJINIIIKOBE), B HAMMEHIIi# Mipi cXMJIbHA J0 CTPYKTYPHUX IIEPETBO-
peHb. Busasuiu, 1110 Ha BifMiHy BijJ MTOBepTaHHA, AK omeparii repmiuyaoi
00pOOKM, MOCIIMKYBAHUM IIPOIleC IIOBEPTAHHA He Mae€ iHKyOaIliifHoro
mepionmy.

HaasuicTs HOBUX HNPOAYKTIB POSIAAy ayCTEHITY y BUTJIALL MMEPJIiTy
Ha mingumni HemoBHoi mepexpucrainisarii 3TB (puc. 12) abo 6any sepHua
aycreuiTy menrmoro 3a 4 (JCTY 8972:2019) ma ginaumi meperpiBy
cupuse 30iJbIITeHHIO iHTeHCUBHOCTI KOB3aHHA JUCIOKAIIil 1 IPHUCKOPIOE
mepexis Big moBepTaHHA OO0 PEKpUCTAIisaIrii.

disuko-xemiuni npomecu [1-5, 10—11], AKi mpoxogaTs Ipu IOBEP-
HEeHHi, 1110 3a0e3IMeUyI0oTh UCJIOKAIilHI mepeMillleHHs Ta IPUBOLATD 4O
MOHMMKEHHA eKCIIyaTaIliiHMX XapaKTepUCTUK B3BapHUX 3 €JHAHb,
CIIPUAIOTH YTBOPEHHIO KPUXKUX CKJIAJOBUX B MeXaHidMi iX pyliHyBaHHA
(puc. 11). ¥V meraui 3BapHUX 3’€qHAHD, AK1 eKCILIYaTYIOThCA TPUBAIUI
yac, BigoyBaeThca: camoaudysia Xpomy, Moaiogeny i Cuiiiito 3 meHT-
PaJIbHOI 30HU KPUCTAJIIiB B iX IPUMEKO0Bi 30H1, III0 IPUBOAUTH A0 YTBO-
PEHHSA cerperarliii; KoaryJasailisg 3a JOBKUHOO KapoimiB M3Cs i M:Cs,
POBTAIIIOBaHUX II0 MeXKaX 3ePeH; YTBOPEeHHA HoBUX Kapo6ixis Mo.C i VC.

ST FYBTTag T AR Y W I’
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Puc. 12. Crpykrypa »Aigaukm HemoBHOI mepexpucrasiszamnii 3TB ssapuoro
3’emHAHHA IapomIpoBoAy roctpoi mapu 3i kKpurmi 15X1M1®. HanparioBanusa
276000 roguH, x160.

Fig. 12. The structure of the site of incomplete recrystallization of the HAZ of
the hot-rolled welded joint made of steel 15X1M1®. Operating time is 276000
hours, x160.



IIOBEPTAHHS B METAJII BBAPHIX 3’€THAHB ITAPOITPOBO/IIB 383

Mae miciie TONMIKOAKYBaHICTh YV BUTJIANL YTBOPEHHA Ta PO3BUTKY IIOP
IJIa3y4Y0CTH, AKi IepeTBOPIOIOTHCA B TpimumHM miaasydoctu (puc. 14).
PylinyBaHHA NPOXOAUTH IIePeBaKHO II0 TPAHUIIAX 3€PeH, B MicIax, 1Ie
posTamtoBaHi Kapbigm MasCs i M7Cs, 1m0 KoaryaooTb. CTpyKTypHO-
(dasoBuit craH i BimmoBigHa (HesHauHa) medopmallis MeTaay 3BapHUX
3’eqHanb, 2—7% , CIPUAIOTL HAIBHOCTI MePEBAYKHO KPUXKOI0 MeXaHis-
MYy ixX pyHHYBaHHS i TOMY OOTPYHTYBaHHS 0COOJIUBOCTEM IX IOMIKOIKY-
BaHOCTI i pyiHYBaHHS € BaKJIMBUM.

IlomkomxyBaHOCTI MeTaJly TaKOMK CIPUAIOTL YMOBU €KCIIJyaTalrii,
110 HmepenbdadaroTh 301abIeHHsa, npudansuao Ha 30—-50% , KiaskocTi my-
CKiB—3yIIMHOK eHepro6JIOKiB Ha pik Ipu MOPiBHAHHI 3 IX peKoMeHI0Ba-
HOIO HOPMATHUBHOIO KiJibKicTio. Ha maim morisas monrKoaKyBaHiCcTh i Io-
Iajbllle PYHHYBaHHS 3BAPHUX 3’€THAHDL IapOIPOBOAiB (HampaIioBaHHI
mouan 290000 roguH) BUMAarae oKpeMoro po3TJIALY.

EdexT moBepranHs cJig po3raanaTH, AK CKJIAJI0BY MeXaHidMy gerpa-
maiii Meraay 3BapHUX 3’€IHAHDL, AKAa PO3BUBAETHCA IIPU 30iJbIINEHHI
TpUBAJIoOCTH ix HamparioBaHHs. [loBepramma sabe3medyye CTBOPEHHS
YMOB [JisI IIOYATKOBOI cTajil mepBUHHOI pekpucraaisarii. BuBuenua
0CO0JIMBOCTEN IMMOBEPTAHHS € HEOOXiZHUM JJIA IMOAAJBIIIOTO JOCTiIiKeH-
HA KiHeTHUKM peKpHucTaxisaiii, ax 6iJbII aKTUBHOI CKJIAJ0BOI IpPOIlecy
Ierpajgarrii 3papHuUX 3’€JHaAHBb IapPOIPOBOMAIB, AKiI TpuBajamii uac Ipa-
IIOIOTH B YMOBAX ILJIa3yYOCTH.

PesynbTaTy BuBUEeHHS IIpoliecy IMOBEPTAHHS AOIiJIHLHO BPaXOBYBATHU
3a BUSHAUYEHHS EKCIIyaTal[ifHUX XapaKTepUCTUK MeTaJy 3BapHUX
3’eTHAHD IIapPOIIPOBOiB, a TAKOK IX 3aIMIIIKOBOTO PECYPCY, IIT0 3arajioM
OPHUBOAUTD OO OAEPKaHHA 3HAYHOT'O eKOHOMIUHOro edeKTy. TaKkox Ha-

Puc. 13. Crpykrypa ginaaku Hopmadsriszaiii 3TB sBapHOTO 3’ fHAHHA ITapOIPO-
Boxy roctpoi napu 3i Kpuiti 15X1M1®. Hanpamioranua 280000 roxuH, x160.

Fig. 13. The structure of the normalization section of the HAZ of the hot-
rolled welded joint made of steel 15X1M1®. Operating time is 280000 hours,
x160.
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Puc. 14. Tpimuuu niasydocTu B 3BapHOMY 3 eqHanui 3i Kpuri 12X1M®. Ha-
npaioBauaa 180000 rogun: X500 (a), x1,1 (6).

Fig. 14. Creep cracks in a welded joint made of 12X1M® steel. Operating time
180000 hours: x500 (a), x1.1 (6).

BelleHi 0coBGJIMBOCTI MOBEPTAaHHS KOPUCHO BPaX0BYBATH 3a JOCIiIKeHH
CTPYKTYPHO-(A30BOr0 CTAHY 3BAPHUX 3’€THAHD i3 HOBUX TEILJIOCTIAKUX
KPHUIIb.

4. BUCHOBRH

1. BussiBuau poJib CTPYKTYPHO-(a30BUX IIEPETBOPEHb, AK eeKTy Aerpa-
maiii B mpolleci ImoBepTaHHs, AKWI BifOyBae€ThCA B MeTaJi 3BaApHUX
3’eTHAHD i3 TEIJIOCTIHKMX KPUITh 34 IX TPUBAJIOI eKCILIyaTallii B yMoBax
MJIa3YYOCTH.

2. Nocaignau ocod0auBOCTi (pisMKO-XeMiUHUX 1 IUCIOKAIiAHUX IIPOIie-
CiB, AKi CIPUAIOTH IIPOXOI:KEHHIO IIOBEPTAHHSA B CTPYKTYPi MeTay 3Ba-
pHUX 3’€THAHb CTOCOBHO YMOB IIJIa3yYOCTH.

3. BcraHoBuIN, 110 TAJILMYBAHHA IIPOIlECY TOBEPTAHHA 3HAYHOIO MipOIO
3aJI€KUTD BiJl BUXiTHOTO CTPYKTYPHO-(ha30BOT0 CTAHY MeTaJy 3BapHUX
3’emHaHDb i cTabiMBHOCTI iX CTPYKTYypHU 3a MOBTOTPUBAJIOTO HAIIPAIIIO-
BaHHA 3BApPHUX 3’€IHAHDL B YMOBaX MJIA3yUYOCTH.
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BucoxoenTpomiitauii mpumiit Ha ocHoBi cucremu NiCoCrPdGe
I MAasSgHHA HiKJEeBHX CYIepCTOIiB

C. B. Makcumoga, B. B. Boponosg, II. B. KoBanpuyk

ITucmumym eaexmposeapirosanus im. €. 0. [ lamona HAH Ykpainu,
eyn. Kasumupa Manesuya, 11,
03150 Ruis, Yrkpaina

IIix yac masaaHAa Kapominmaux HikJaeBux croniB (¢KWHC) TpaguniiianMu npomMu-
caoBuMu mmpunoamMu Ha 6a3i cucrem Ni—Cr—(B, Si) y nagaaux mBax mae micie
YTBOPEHHSA KPUXKUX iHTepMEeTATIMHUX CIIONYK — CHJIIIuAIB i bopuais. 3 mMe-
TOI0 3amobiraHHA YTBOPEHHIO TaKMX HebaKaHUX KPUXKUX Gas y magHux
3’eTHAHHAX KAPOMIITHUX HiKJIEBUX CTOIB IPOBOAATHCA MOCIiIKEeHHS 3 BU-
KOPHCTAHHAM B SKOCTi IIPUIIOIB BUCOKOEHTPOUiIWHMX cTomiB. B naHi#i pobori
IIOKa3aHO MOXKJIVMBICTH CTBOPEHHA 0araTOKOMIIOHEHTHUX BHCOKOEHTPOIiHHIX
npunois Ha ocuHoBi cuctemu NiCoCrPdGe i3 3acTocyBaHHAM PO3PaXyHKOBUX
MEeTOAUK, OiHADHUX AiArpaM CTaHy MeTaJeBHX CHCTEM i 3 ypaxyBaHHSAM KJa-
CUUYHHUX KPUTEPiiB popMyBaHHA TBepAuxX po3unHis 3a FOm-Posepi. Pospaxyu-
KOBUM IILJIAXOM BU3HAUEHO HUBKY TepMOJUHAMiuyHUX napamMeTpiB (ASm, AHn,
8, Qm, VECn) i TemmepaTypy JiKBigycy Ta moOymoBaHO BiAMIOBiTHI 3a/IeKHOCTL
Big BMicTy JeryBaibHUX KoMmoHeHTiB y cronax cuctemu NiCoCrPdGe. Bera-
HOBJIEHO I'DAaHUYHI MeXKi JIeTyBaHHSA eKCIIePUMEeHTAJIbHUX CTOIIIB, B IKUX 3HA-
YeHHA JaHUX TePMOAWHAMIUHUX BeJWUYMH BiIOBia0Th ITapamMeTpam, IO BU-
CYBaIOTBHCS 10 BUCOKOEHTPOIIMHUX CTOIIIB i CIPUAIOTHL (DOPMYBAHHIO CTPYKTY-
pu TBepporo po3unHy i3 'IK-rparaunero. Ha ocHOBi ofep:kanux qaHuX mooy-
IOBAHO NiJISAHKY IMOBepxHi JgikBimycy musa crouiB cucremu NiCoCrPdGe. 3a
pesyJibTaTaMu IIPOBEeAEHUX JOCTi[’KeHb BU3HAYEHO 'PAHNYHI KOHIEeHTpaIliiiHi
Meski mempecopHoi mpucanku — I epManio, 110 3a6e3neYyoTh IPUAHATHY Te-
MIIepaTypy TOILJIEHHSA IIPUIIOIO ITi Yac MasgHHA }KapOMiITHUX HiKJIEBUX CTOIIiB.
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3a peayabTaTaMM €KCIEPUMEHTAJILHUX OOCJIiIKeHb BCTAHOBJIEHO, IO CTOI
cuctremu NiCoCrPdGes xapakTepusyeTbcsa ABOGA3HOIO TEHIPUTHOIO CTPYKTY-
poro. Po3paxyHKOBOIO METO/I0I0 BU3HAUYEHO, 1[0 00’ €MHA YacTKa TBEPJOT0 PO3-
YuHYy cKJIagae 72,54—75,47%.

KirouoBi ctoBa: BHCOKOEHTPOIiMHMIT CTON, MPUIIili, HadgHHSA, TeMIepaTypa
JIiKBinycy, eHTpomisa sMilaHHs, eHTaIbIid smimanusa, I epmaniii.

When brazing of heat-resistant nickel alloys (HSN) with traditional indus-
trial brazing filler metals of the Ni-Cr—(B, Si) systems, the formation of brit-
tle intermetallic compounds, namely, silicides and borides, occurs in the
brazed seams. In order to prevent the formation of such undesirable brittle
phases in brazed joints of heat-resistant nickel alloys, investigation is con-
ducted using high-entropy alloys as brazing filler metals. This work shows
the possibility of creating multicomponent high-entropy brazing filler metals
based on the NiCoCrPdGe system, using calculation methods, binary state
diagrams of metal systems and taking into account the classic Hume-Rothery
solid-solution formation criteria. A number of thermodynamic parameters
(ASm, AHn, 8, Qm, VECr») and the liquidus temperature are determined by cal-
culation, and their corresponding dependences on the content of alloying
components in the alloys of the NiCoCrPdGe system are constructed. The lim-
iting range of alloying of experimental alloys is established, within which the
values of these thermodynamic quantities correspond to the parameters ap-
plied to high-entropy alloys and contribute to the formation of a solid-
solution structure with an f.c.c. lattice. Based on the obtained data, a section
of the liquidus surface for the alloys of the NiCoCrPdGe system is plotted.
According to the results of the conducted investigation, the limiting concen-
tration limits of the depressant, namely, germanium, which ensure an ac-
ceptable melting temperature of the brazing filler metals when brazing heat-
resistant nickel alloys, are determined. According to the results of experi-
mental studies, it is established that the alloy of the NiCoCrPdGes system is
characterized by a two-phase dendritic structure. As determined by means of
the calculation method, the volume fraction of the solid solution is of
72.54-75.47%.

Key words: high-entropy alloy, filler metal, brazing, liquidus temperature,
entropy of mixing, enthalpy of mixing, germanium.

(Ompumarno 30 zpydrnsa 2022 p.; ocmamoyn. eapianm —12 ciuna 2023 p.)

1. BCTYII

XapaKTepuCTUKY CYJaCHUX aBiAMillHMX rasoTypOiHHMX ABUTYHIB Oara-
TO B YOMY BU3HAYAIOTHCA BJIACTUBOCTIMU HiKJIEBUX KAPOMIITHHUX CTO-
niB (\KHC), aKi € oCHOBHUM MaTepifJioM AJisI BUTOTOBJIEHHS TYPOiHHUX
JonaTok. JlaHi cTomu po3pobJAThCs, IIEpPeBakKHO HAa OCHOBi cucTeMu
Hikeab—xpoM (Ni—Cr) aKi 104aTKOBO OITHUMi3yIOThCA IIJISIXOM BBEJIEH-
Hs CKJIAQAHOTO KOMILJIEKCY JeI'yBaJIbHUX eJIeMeHTiB, 30KpemMa XpoMmy,
Kob6anbTy, Aniominiro, Boasdpamy, Turany Tomro [1, 2].
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AxK Bimomo, 3abesmeueHHsa HEOOXiJHOTO PiBHA KapPOMIIIHOCTH B CTO-
max JaHOTO TUIIY pPeaidyeThbcA (DOPMYBAHHAM CTPYKTYPH, AKA MiCTUTH
OKpPiM TBepIoTO PO3UMHY, AMcHepcHi uactTuHKU Y'-dasu Niz(Al, Ti),
00’emHua moas axux Moxke caratu 60—70%. Ilopax i3 sminueHHAM 7V'-
dasor0 BigOyBaeThcA AUCIIEPCiiiHe 3MiITHEHHSA YacTOUKaMHU KapOiniB
Me,C, (Me=Ti, Ta, Nb) Ta 6opuznis piszoro tuny [3]. Heraai 3 stuBap-
HUX JKApPOMIITHUX CTOIIB 3 BHUCOKUM BMicToMm Y'-asu (momazm 50%)
MPaKTUYHO HEMOXKJIMBO IIOETHYBATH METOJaMHU 3BAapIOBAHHS TOILJIEH-
HAM Yepes NigBUIIeHYy CXUJILHICTD A0 YTBOPEHHS rapaunx (Kpucrasisa-
mittaux) tpimuH [4, 5]. TakuM yMHOM, TAAHHA € TPAKTUYHO €JUHOIO
MOJKJIMBOIO METOJ0I0 3’ € THAHHS JKapPOMIiIlHIX CTOIIIB HA HiKJIeBilt ocHO-
Bi, ITTO AMCIIEPCiiiHO TBEPAHYTE [5—9].

Amnasiza Hal6GiIBIIT TOMIUPEHUX IPOMHUCJIOBUX JKAPOMIITHUX HiKJe-
BUX IIPUIIOIB IIOKAa3Y€E, IO B IKOCTi €JIeMEeHTiB-IeIPecOPHUX IIPUCATOK
(melting point depressant, MPD) B Hux HaliuacTillle BUKOPUCTOBYETLCS
Bop i Cuniniii [8, 10-13]. Ilaaui mBu, 1110 OTPUMAaHi 3 BUKOPUCTAHHAM
IIPUIIOIB TAKOTO TUITY, CKJIAAAIOTHCA 3 TPHOX (has: y-TBePAOr0 POBUYUHY
Ha OCHOBI HiKJII0, AKUH KPUCTAJIBYETHCA B HepudepiiiHiil 30HI magHOTO
mBa (0smakue 1o Miskgas3Hol MeKu MadHUHA IITIOB—OCHOBHUI MeTaJ), 060-
puzniB Xpomy i Hikiro, 110 KpucTaai3ylOThCA 110 MeXKax 3epeH OCHOBHO-
ro MeTajJly Ta eBTeKTUKM, KA CKJIAJaEThCA 3 CUIiuAiB Ta 6opumis Hik-
a0 (Xpomy) Ta iHINTUX eJTeMeHTiB i opMyeThCA B IeHTPAJIbHil 30Hi ma-
sHoro mBa. CamMe HAaABHICTD TaKMX KPUXKUX (a3 y IMadHOMY IIIBi BuU-
3HaUa€ KPUXKicTh 3’eHAHHA B Iisomy [6, 11, 12, 14-16].

3 MeToI0 3amobiraHHS YTBOPEHHIO TAKUX KPUXKUX CIOJYK B MaAHUX
IIBaX, B OCTAHHI POKU IIPOBOAATLCSA MOCTIIKEeHHSA 3 BUKOPUCTAHHAM B
AKoCTi mpunoiB BucokoeHTpomifiHux cromiB (BEC) [6, 17]. IIpomony-
€ThCS BUKOPHMCTOBYBATU IIPU MadHHI JKapOMIITHUX HiKJIEBUX CYIIEPCTO-
miB BucokKoeHTpomitiauii cronm cuctemMu CrFeCoNiCu, 1o momaTKoOBO
geropaHuit Ge, Sn, Ta Ga 3 MeTOI0 IOHMKEHHA TeMIIepaTypH JiKBigycy
[17-19]. IIpu nboMy MiITHiCTD TaAHUX 3’€THAHD Ha PO3TAT IPU KiMHAT-
Hill TeMmepaTypi ckaagae 6aussrko 378 Mlla.

IIpu 3actocyBanui BEC cucremu CrFeCoNiCu 3 eKBiaTOMHHM CIIiB-
BiIHOIIIEHHAM KOMIIOHEHTIB, AKWUHA HOJaTKOBO Jerosanuii Turanom mjsa
JIa3ePHOTr0 IasiHH »KapoOMiIlHOr0 HikjaeBoro crory Inconel 718 orpuma-
HO MiITHiCTBL MagHUX 3’€THAHDb Ha 3pi3 Ha piBui 218 MIla[20].

fAx Bimomo, BucoxoenTtpomiiiui cronu (BEC) — 1e merasnesi cromu,
AKiI B CBOEMY CKJIAAL MIiCTATL 5 uM OiJbllle XeMiuHMX KOMIIOHEHTIB, 3
KOHIIeHTpaIli€l0 KOKHOT0 eJeMeHTy Bix 5 mo 35 ar.%. OcobauBicTs Ta-
KHUX CTOIIiB IOJATAE y IIepeBaKHOMY (OPMYBaHHI HEBHOPAIKOBAHUX
TBEepPANX PO3UNHIB, cTablrizalia aKux 3a0e3meuyeThCAa BUCOKOIO €HTPO-
miero smimramaa [21].

OCHOBHMMU XapaKTEPUCTUKAMHN BHICOKOGHTPOMHIMHNX CTOIIB €
[21-23]: BucoKa eHTpomisa 3MiIllaHHSA, CIIOTBOPEeHa KpHCTaJiyHA I'parT-
HUIA, YIIOBiJIbHeHa nudysid, HadBHICTL edeKTy mepemimryBanHsa. I1i
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0COOJITBOCTi CTBOPIOIOTE MEPEIYMOBH JJIsI YTBOPEHHS TBEPAUX PO3UNHIB
3 MPOCTUMHY KPUCTAJIIUHUMU CTPYKTYpPaMHU Ta BiAMiHHOIO KoMOiHaIieio
BJIaCTHUBOCTEI, 30KpeMa BHCOKOIO TBEPAiCTIO, CTIHKIiCTIO 7O OKMCHEHHS,
3HOCOCTiMKiCTIO, IK 3a KIMHATHOI, TaK i 3a i ABUIITeHOI TeMIIEPATYPH.

B mamiit po6oTi mokasaHa MOMKJIMBICTh 3aCTOCYBAaHHA TePMOIMHAMIU-
HUX PO3PaxyHKiB IpU CTBOPEHHi 6araTOKOMIIOHEHTHOTO BHCOKOEHTPO-
mitinoro npumnoio Ha 6asi cucremu NiCoCrPdGey 3 pisHuM cmiBsBigHO-
MIeHHAM CKJIaJOBUX KOMIIOHEHTIB i 3MiHHOI0O KOHIIEHTPAIIi€0 fepMaHifo
Bix 5 mo 20 aT.%, 110 XapaKTepU3yEThCA IPUNHATHOI TEeMIEepaTypoIo
TONJIEHHSA 1 IPUAATHUN AJII BUKOPUCTAHHS B IKOCTI IIPUIIOIO AJIS IASH-
HSA JKapPOMIITHNX HiKJIEBUX CTOIIiB.

2. METOJUKA POSPAXYHKIB

CucreMy Jer'yBaHHS IIPU CTBOPEHHI IIPUIIOIB IJIA MAaAHHS *KaPOMIITHUX
HiKJIeBUX CTONIiB 00paHO i3 ypaxyBaHHAM HACTYOHUX (PaKTOPiB: BUCO-
KOGHTPOIiMHUI CTOII Ma€ CKJIaJaTHCs He MeHIIe HijK 3 I’ AT KOMIIOHEe-
HTiB, 3 KOHIIEHTPAI[i€I0 KOMKHOTO0 Bixg 5 1m0 35 aT.%; KOMIOHEHTH CTOITY
MaloTh Bigmomimatu xputepiam IOm-Posepi, 3o0Kpema: BiZMiHHICTH B
aTOMHUX pajiilocax He mepeBuiniye 15%, a eleKTpoOHEraTUBHICTL He IIe-
peBuiniye 0,4 [24—-25]; moxBiliHi misrpaMu cTaHy KOMIIOHEHTIB CTOIY
MaloTh OyTH HeOOMe;KeHMMU TBEPAUMI PO3UMHAMH, a00 MaTU BeJnKi
o0sacTi B3aeMHOI po3unHHOCTH (puc. 1).

TakuM YMHOM, B IKOCTi OCHOBH [IJISI CTBOPEHHA BICOKOEHTPOMNiHOI0
npunoipo obpano cucremy NiCoCrPdGe 3 ekBiaTOMHMM CIiBBigHOIIIEH-
HAM KoMHOOHeHTiB. IlomanbImni sMiHM KOHIIeHTpAaIlil JeryBaJbHUX eJie-
MEHTiB IPOBOAMJIN 3 YPaxXyBaHHAM HeOoOXiZHOCTH 3a0e3IeueHHs IPU-
HUHATHOI TeMIIepaTypH COJiIyCy Ta JiKBigyCy.

IIporHosyBaHHS BJIACTUBOCTEH Ta CTPYKTYPU €KCIEPUMEHTaJIbHUX
crouis cucremu NiCoCrPdGe mpoBoauan 3 BUKOPUCTAHHAM KPUTEPiiB
(azoyTBOpPEHHS O/ BUCOKOCHTPOIIIMHNX CTONiB, 3aCHOBAHUX HAa MOJIMU-
¢dixoBanmx npasuiaax IOMm-Posepi Ta HaCcTymHUX TepMOIUHAMIUYHUX IIa-
pamerpax [27-31]:

— enmaavnia amiwanua (AH,,)

n
_ AB
AH, = Y 4AH:®CC,, (1)
i=1
j=i+l
Ie AH;; — eHTanbuia smimanua 6iHapHOrO eKBiaToMHOrO i—j-cromy, C;
(C;) — uacrtka i-ro (j-T0) KOMIIOHEHTA;
—enmponis 3amiuwtauus (AS,)

AS, =-RY.C/InC,, (2)
i=1
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Puc. 1. Binapni ¢asosi giarpamu crany meraneBsux cucrem: Co—Ni (a), Ni-Cr
(0), Ni—Pd (8), Co—Cr (2) [26].

Fig. 1. Binary phase diagrams of the state of metal systems: Co—Ni (a), Ni-Cr
(6), Ni—Pd (8), Co—Cr (2) [26].

Ie R — yHiBepcaJibHa ra3oBa KOHCTAHTA;
— Koeiuienm nHe30izy amomrux padircié (o, )

3

e r; — aTOMHUH pajiioc i-ro eJJeMeHTa, I© — CepeIHill aTOMHHUE pagiroc:

r= Zn:Ciri ; 4)
i=1

— y3azanvHeruil mepmodurnamivnuii napamemep (), 110 BU3HAYA-

€ThbCA AK EHTPOIiNHUII mapaMeTep IJs CepefHLOI TeMIlepaTypu TOII-
JIeHHs eJeMeHTiB [7]:

Q, :&%, 5)
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me T, — cepeqHsa TeMIlepaTypa TOIJIEHHS 0araTOKOMIIOHEHTHOI CHUCTe-
MU:

T,=>CT; (6)
i=1
— KOHUeHmpauyis eaareHmuux exekmpounis (VEC,,)

VEC, = Y CVEC,, (7)

i=1

ne VEC; — KOHIIEHTpAIlisd BAJIEHTHUX €JIEKTPOHIB i-T'0 eJIeMeHTa.

Ilyiss BUBHAUEHHS TeMIlepaTypH JiKBigycy cromiB i BmamBY Ha Hel
JeryBaJbHUX eJIeMEeHTiB Ta IXHbOI KOHITeHTpAaIlil BUKOPUCTAHO BUPA3H,
AKi ABJAAIOTH cO00I0 po3BUHEHHA y TelopiB pAa KOHIIeHTpAaIiliHOI 3a-
JEeKHOCTHU TeMIepaTyp COJIAycy Ta JiKBigycy BigmoBimHmMX GaraToBu-
MipHHX TOBePXOHB [32]:

lig lig lig lig

; drT,,. drT,,. drT,,. drT,,.
TL = TLNL +| =t co T - o T - de + - CGe » (8)
CCo dCCr dCPd Ge
dr, )"
e # — TaHr'eHC KyTa HAXWJy JOTUYHOI [0 JiHii comigycy, mpo-
Co

BeleHOl 3 TOUKM TOILJIEHHS UMCTOTO HIiKJII0O Ha BiAmoBigHMX OiHapHHX
gisrpamMax CcTaHy y MeXKax, AK IIPaBUJIO, P0o30aBJIEHOr0 PO3UYUHY, e
BiIpi30K KPUBUX COJiAyCY € OJMBbKUM 0 IpaMoi Jinii [32].

IlepBuHHi naHi, AKi BUKOPUCTOBYBAJIM ITiJ] YaCc po3paxyHKiB HaBeJleHi
y Tab6i. 1, 2. [Ioa mepeBipKu po3paXyHKOBUX AAHUX BUTOIIUJIMN HA BOJO-
OXOJIOMKYBaHill MmiAKJIAAWHII OOpaHMii CTOH HAa OCHOBI cucTeMH
NiCoCrPdGe; B 3aX1CHOMY CepPEeIOBHUIIL 3 3aCTOCYBAHHAM JyTOBOTO Ha-
rpiBy.

JocaimkeHHA MiKPOCTPYKTYPH i BUBHAUEHHA JIOKAJILHOT'O PO3IIOALITY
eJeMeHTiB B OKpeMuX (pazax IIPOBOIUJIU i3 3aCTOCYBAHHAM CKAHYBaJIb-
HOT'O eJIeKTPOHHOr0 pacTpoBoro Mikpockomny TescanMira 3 LMU, axwuit
ocHaIlleHuil eHeprogucuepciiiaum cuoexrpomerpom ‘Oxford Instru-
ments X-max 80 mm?’ Ta nporpamanm nakerom INCA. O6’eMHyY 4acTKy
TBEPAOT'O PO3YMHY B CTOMi PO3paxOBYBaJM 3a AOIIOMOTOI0 IMPOTPaMHOI
miraTdopmu anaaisu CEM-zobpaskens ‘Image-Pro 6.5°.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

B nporeci npoBemeHHA HOCTiAKeHb PO3PAX0OBAHO HUBKY TEPMOSMHAMI-
yuaux mapamerpiB cromiB cuctemu NiCoCrPdGey 3 pisuum cmiBBigHO-
MIeHHAM KOMIIOHEHTiB, B TOMY YMCJIi BMiCTOM fepmaHilo, IIT0 BapiroBaB-
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TABJUIIA 1. ®isuuHi BIaCTUBOCTI KOMIIOHEHTIB CTOIIIB.

TABLE 1. Physical properties of the alloy components.

Aromunii Temmnepary- | KoHIleHTpalia BaJeHTHUX
Ene- . EnexTponera- .
ver | PAIOCT, A riBHicTs [34] pa TomyieHHs| ejgeKTpoHiB VEC, en./ar.
[33] T., K[26] [35, 36]

Ni 1,25 1,9 1728 10

Co 1,25 1,88 1768 9

Pd 1,38 2,2 1828 10

Cr 1,25 1,66 2136 6

Ge 1,23 2,01 1211,45 4

TABJINIA 2. Exransnia smimannsa 6iHapHUX cucteM, K[/ Monb [37].

TABLE 2. Enthalpy of mixing of binary systems, kJ/mole [37].

Enement | Ni | Co | Cr | Pd | Ge
Ni - 0 -7 0 -23,5
Co 0 - -4 -1 -21,5
Cr -7 -4 - -15 -18,5
Pd 0 -1 -15 - —43,5
Ge -23,56 -21,6 -18,5 -43,5 -

cs B Meskax Big 5 no 20 at.%.

3rigHo JsiTepaTypHUM TaHUM IJA I’ ATUKOMIIOHEHTHOTO BUCOKOEHT-
POMIiAHOTO CTOIY €HTPOIiA 3MimaHHa AS,, Mae 3HAXOAUTHUCHL B MeXKax
Big 1,39R mo 1,61R, ne R — yHiBepcaJbHa rasoBa Komcranra [25]. Pe-
3yJAbTATH CTATUCTUYHOI OOPOOKM OTPMMAHUX 3HAUEHDL EHTPOIIii 3Mi-
maHHa AS,, TOKa3yIoTh, ITIO AJId Bciel ob6yacTi KOHIeHTpAallii (aKa Joc-
JdimxyBamaca) AS,, sHaxoauTbcsa B Mexkax 1,482R-1,609R (puc. 2). B
CBOIO UepTy PO3PaXyHKOBE 3HAUEHHS BiIXMJIeHHA aTOMHUX PamiyciB (0)
IJIs ycix cToImiB He mepeBuIlysao 3,8—-4,4%. Ciain 3ayBasKkuTH, 110 3Ti-
IHO JiTepaTypHUM JaHUM IJII OJeP:KaHHA CTPYKTYPU TBEPAOrO PO3UN-
ny y BEC mame 3HaueHHsa He Mae mepeBumiyBatu 6,6% [27-30], za iu-
mumu ganumu 8,5—12% [38].

Ilixg vac momanbIIuX po3paxyHKiIB BCTAHOBJIEHO, IO CTONM 3 IIiJABU-
menuM BMicrom I'epmaniio (6inbmre 10 aT.%) Ta eKBiaTOMHUM CIiBBif-
HONIEHHAM IiHINMMX KOMIIOHEHTIB MaloTh HU3bKEe 3HAUEHHA E€HTaJbIIil
amimanHada (—18—-22 g [[:x/mMoxb) (puc. 3 a), AKe BUXOAUTH 3a HUKHIO J10-
nyctumy rpauuio ajada BEC (-15 kl:x/moan) [25].

ITpu nmpomy y3aranbHeHUN TepMoAUHaAMiIUHUY mapameTep ., 114 aa-
HUX CTOIIiB 3HAXOAUTHCA HA HMKHiN JonycTumii rpanumi Q,=1,1-1,5,
110 Pa3oM i3 HU3bKUM 3HAUEHHAM Itapamerpy AH,, MoKe CBiIUUTH IIPO
MOJKJIMBICTh YTBOPEHHSA 3MiIllIaHOI CTPYKTYPU — TBEPIOTO PO3UUHY Ta
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o/ monv+E

Puc. 2. PesyabTatTu po3paxyHKiB eHTpormii amimmamusa (ASn) cTomiB cucremu
NiCoCrPdGe.

Fig. 2. The results of the calculations of mixing entropy (AS») of NiCoCrPdGe
alloys.

inTepmeranigHoi (pasu, oueBuaHO 36aradenoi I epmaniem [39].

Iua cromis cuctemu NiCoCrPd 3 Bmicrom I'epmanito 5-10 ar.% (aki
XapaKTepuayIoThCA ITapaMeTpaMM: eHTaJdblia 3aminmianua AH,, cKJaanae
—-5——15 g% /Moub, TepMOAMHAMIUHMY napamerp Q, =1,5-2,5 (puc. 3,
0), 6<6,6%) icHye BMCOKAa MMOBipHICTH YTBOPEHHS I'OMOTEHHOI CTPYK-
Typu TBepaoro pos3uuny [39, 40].

Bcranosiaeno, 1110 HalbigbINNii BHECOK B MOKas3Huku AH,, i 0, BHO-
CATHL 3HAUYEHHA eHTaJbmil smimanua puasa nap Ni-Ge, Co—-Ge, Pd-Cr,
Cr-Ge i Pd—Ge (gus Tab6.. 2). Takum YnHOM, HA OCHOBi OJepiKaHUX pe-
3yJIbTATiB PO3PAXYHKIB BCTAHOBJIEHO, IO iCHYE€ MOKJINBICTh BILJIMBATU
Ha 3HaUeHHA eHTaJbHOil 3MinTanu4d, i, AK HACJiJOK Ha CTPYKTYPY CTOILY,
IIIAXOM 3MiHM KOHIeHTpanii He saume Iepmaniro, ane it Ilanaxiro ta
Xpomy.

Tumn rpaTHUIi TBEPAOTO PO3UYMHY IJsd BUCOKOEHTPOIIWHUX CTOIIIB
MOJKHa IoIepeSHbO BU3HAUUTHU 3a JoIoMoro napamerpa VEC,,— KOH-
IeHTpaIii BaJeHTHUX eJeKTPOoHiB. 3riguo 3 mpasuiaom FOM-Posepi came
KOHIIeHTpallid BaJIeHTHUX eJeKTpoHiB VEC mepenbauae THUII KPHUCTAJi-
yHoi rpatHuti [37, 38]. Tak, mpu VEC,, > 8,0 mae ¢hopMmyBaTHCI OTHO-
¢dasua I'llK-cTpyxTypa, B Toit uac Ak npu 6,87 <VEC, < 8,0 aBi rpar-
muni (OLK i I'lIK) cmiBicayfoTs ogHOUacHO, npu VEC,, < 6,87 mae micie
omuodasua OIIK-cTpyxkTypa[37, 39].

Ha ocHoOBi anaJrizu pe3yJbTaTiB po3paxyHKiB BU3HAUEHO, ITII0 3a KOH-
nmenTpanii I'epmamito B wMexax b—10ar.% B CTOHAX CHCTEMH
NiCoCrPdGe suauennsa VEC,, 3HaxoguTbcda B Mexkax 8,0—8,7, 1o cBif-
YUTH IIPO YTBOPEHHA TBEPIOTO PO3UNHY 3 IPAHEIleHTPOBAHOI0 KyOiuHOIO
I'pPaTHUIIEIO.
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Puc. 3. PesyabraTu po3paxyHKiB eHTanbmii smimanuas AHn» (a) Ta ysarajabHe-
HOTO TepMOAMHAMiuHOTO mapamerpy Q. (6) B 3aJesKHOCTH BiJ KOHI[eHTPAIlil
KoMmmoueHTiB B cronax cucremu NiCoCrPdGe.

Fig. 3. Calculation results of the enthalpy of mixing AH» (a) and the general-
ized thermodynamic parameter Q. (6) depending on the content of
NiCoCrPdGe alloy components.

MogenroBanaa Tremieparypu JikBigycy cromiB cucremu NiCoCrPdGe
3a momomoroio pAxiB Teiysiopa m03BOJMIO BU3HAUNTH, IO BBEJEHHS B
maHi cronm moman 15 ar.% repmaHilo OPUBOAUTL A0 3HAYHOTO IOHMU-
JKeHH4 iX TeMuepaTypu JikBigycy (mo pisaa < 1020-1050°C) (puc. 4).

Bigmosigzo, nasa sabesneueHHa IPUNHATHOLI TeMIIEPATyPH TOILIEHHSA
(ma piBui 1150-1220°C) BmicT I'epmanilo B cTomax maHOI cucTeMu He
Mae nepeBuirniyBatu 5—10 aT.% (puc. 4).

W >1250
W <1230
= <1180
<1130
I <1080
I <1030

Puc. 4. PospaxyukoBa noBepxHs JikBiaycy cromiB cucremu NiCoCrPdGe.
Fig. 4. Calculated liquidus surface of the NiCoCrPdGe alloys.
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TaxuM YMHOM, B XO/i IPOBedeHHA JAHOI poOOTU MPOoaHaai30BaHO II0-
TeHI[iHO mepcueKTuBHy 0a30By cuctemy NiCoCrPdGe misa cTBopeHHS
BHCOKOEHTPOIIIHHUX IIPUMOIB A MadHHA KapOMIIlTHUX HiKJEeBUX CTO-
miB. 3a pe3yJbTaTaMM JOCTiIMKeHb 3TiJHO 3 KPUTEPiaMHU BiAmoBigHOCTI
BU3HAYEHO HU3KY CTOIIiB MIJIA IIPOBEIEHHA HOJANLINNX eKCIIepUMeHTa-
JBbHUX JTOCIIiIKeHb.

Pospaxoani napamerpu BEC nns cronis cucremu NiCoCrPdGe 3 ex-
BiaToMHHUM BMicTOM esemMeHTiB (cTom Ne 1, puc. 5) i 3 MOHMIKEHOIO KOH-
nenTtpatieio I'epmanito 10 5 at.% (cTom Ne 2, puc. 5) IOKa3yOTh, IO BO-
HU XapaKTepU3YyIOThCA HEOOXiMHOI0 BEJIWUYMHOIO €HTPOIii 3MimmaHHd,
AKa MoKe 3abesneunTu (GopMyBaHHSA CTPYKTYPU TBEPIOTO POIUMHY 3
T'IIK-rpaTHUIEIO.

Crinx sayBaskuTH, 110 €HTPOIiA 3Minmanusa cTomy Ne 2 meIrio MeHIIIa 3a
aHaJIOTiUHUH mapamMeTp A cTorry Ne 1, axuilt xapaKTepu3yeThCa eKBia-
TOMHUM BMiCTOM CKJIaZOBUX eJeMeHTiB. OKpiM TOro, oTpuMaHoO 3HAUHE
OiBUINIEHHA TeMIIepaTypHu JiKBilycy 3a paxyHOK 3MEHIIeHHS BMIiCTy
Tepmanito B cromi. MiKpOpeHTI'€HOCIEKTPAIbHOIO aHATIiB010 IiATBEp-
IKeHO, IO TaHWH CTOI B JIUTOMY CTaHi XapaKTepuayeTheA ABOMA3HOIO
CTPYKTYPOIO 3 00’€MHOIO YaCTKOIO TBEPAOTO PO3UuHy 72,54-75,47 06.%
(puc. 6).

EMnoiprunuM IJIsSX0M BCTaHOBJIEHO, IO CTPYKTYypa cTomy Ne 2 cKJia-
IAaeThCA 3 AeHAPHUTIB TBepaoro posunuy Ha ocHoBi cucremu Ni—Co—Cr,

AS,
1,609xR
8m‘ . 1,53*R:w,44 AIi’m
’ E\z.os :
22 Cleronét
A :7{-’;. N [Jeron Ne2
o—_" 1,1
Wz ..1026_-’8"-3;__-_/__.1’94
122 ’
T, 0 Q,
VEC,

Puc. 5. PospaxoBani repmoguaamiuai napamerpu BEC cucremu NiCoCrPdGe 3
eKkBiaTOMHUM BMicTOM ejeMeHTiB (cTom Ne 1) Ta 3 MOHMIKEHOI0 KOHIIEHTPAITieIo
T'epmasiro (5 ar.%, crom Ne 2).

Fig. 5. Calculated thermodynamical parameters of HEA assessment for the
NiCoCrPdGe alloys with equiatomic content of elements (alloy No. 1) and with
areduced concentration of germanium (5 at.%, alloy No. 2).
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Puc. 6. [leagpurHa MiKpocTpyKTypa cromy Ne 2, 1o mictuts 5 at.% I'epmaniio.

Fig. 6. Dendritic microstructure of alloy No. 2 containing 5 at.% germanium.

aki mictars (B at.%) Ilanagiin 9,29-12,25, Tepmaniit 3,47-4,42% Ta
imIIi ckJamoBi ejemMenTH. B MiKIEeHAPUTHUX IIPOMIiKKaX KPUCTAJIiI3Y-
€ThCA eBTEKTUKA, IIT0 YTBOPEHA CIIOJNyKaM! Ha OCHOBI mmajasiio, Aki 30a-
raueni I'epmaniem (mo 21,92 ar.%). BimnmoBigao mo GiHapHMX miArpam
CTaHY JaHi CIIOJYKM YTBOPIOIOTHCA 3a €BTEKTUYHOIO PeaKI[ielo ITiJ yac
KpucTaJisalii pizkoro cromy [26].

4. BUCHOBRKH

PesyisbraTu pospaxyHKiB i aHaJida giarpaMm cTaHy MeTaJeBUX CHCTEM
nmokaszanu, 1o cucrema NiCoCrPdGe e moTeHIifiHO IIePCIEKTUBHOIO JJIs
CTBOPEHHS BUCOKOCHTPOIIIMHUX IIPUIIOIB JJIA MadHHI JKaPOMIITHUX Hi-
KJEeBUX CTOIIiB. PO3paXyHKOBOIO METOHOI0 BCTAHOBJIEHO, IO €HTPOMid
amimanusa (AS,) cTOmIiB maHOI cucTeMu 3HAXOAUTHCA B Mexxax 1,53R—
1,609R. 3uauenHa enranbmii (AH,) Ta BigxujaeHHA aTOMHUX pajaiyciB
(8) mna cromiB maHOI cHmcTeMHU BimIOBiZalOTHL KPUTEpPisaM, AKi BUCyBa-
1oTbeAa 10 BEC. PospaxyHKoBUH y3araibHeHUN TepMOAMHAMIUHNK ma-
pametp ), IJid BCix ekcnepuMmenTaabHuX cToliB cucremu NiCoCrPdGe
craHoBuTh 1,1-1,94, To6T0 Q,, > 1,1, 1110 B CYKYIIHOCTI i3 HU3bKUM 3Ha-
yeHHAM mapamerpy O (£6,6) cBifUMTL IPO YTBOPEHHA TBEPAUX PO3UN-
HiB.

3 MeTOoI0 Oflep:KaHHA BiAIIOBiMHOTO TeMIepaTypHOro iHTepBaJy TOII-
JIEHHS IPUIIOK KoHIeHTpamniio I epmaniro B cromi cucremu NiCoCrPdGe
3HIKEHO 10 5%. PesyabTaTaMu MiKpPOPEHTI'€HOCHEKTPAJbHUX TOCJi-
IKeHb BCTAHOBJEHO, 110 cTol cucteMu NiCoCrPdGes xapakTepusyeTh-
¢ IBO(a3HOIO CTPYKTYPOIO 3 00’ €MHOIO YaCTKOIO TBEPAOT0 POSUUHY, ITT0
ckaazae 72,54—75,47 06.%, AKUI KPUCTATIBYETHCA Y BUIIALL JeHIPHU-
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TiB. B MIKIeHIPUTHUX IIPOMIKKaX YTBOPIOETHCS €BTEKTHUYHA CKJIAI0-

Ba.
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The shaping of sliding surfaces of steel parts and friction pairs is a great po-
tential for solving problems in the field of sliding pairs, such as: reduction of
friction resistance, increase in lift, control of slotted flows, heat dissipation,
and increasing the durability of friction pairs. The article presents tribologi-
cal tests of a mapped sliding node based on selected vane pump components.
The tests are carried out on the T-11 tribological tester (pin on disc) and are
comparative in relation to standard elements. Surface changes in the tested
friction nodes include the use of two additional machining processes, i.e.,
slide burnishing and texturing. The material for the samples is carbonitrided
and heat-treated C22E steel, while the material for the counter-samples is
E295 steel with a hardness of 160 HB (non-heat-treated). The use of addi-
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tional processes in the form of burnishing and texturing on the sliding sur-
faces significantly reduces the friction coefficient by about 15% and reduces
the resistance to movement for the tested combination. Tribological tests are
carried out in two variants, i.e., with a constant sliding speed and variable
load as well as with constant load and variable sliding speed about 50% . The
authors conduct a number of studies, the results of which can be found in this
work, in particular, for applications for the co-operation of parts of injection
pumps.

Key words: steel, surface structuring, slide burnishing, texturing, lubrica-
tion pockets, tribological properties.

BuBuennsa nporeciB (opMyBaHHA IIOBEPXOHb KOB3aHHS KPUIEBUX AETANTIB i
map TepTs YMOMKJIUBIIIOE BUPINIIEHHA IiJIOr0 PsAAy IpobjemM, OB’ A3aHUX i3 ma-
paMu KOB3aHHSA, TAKUX AK: 3MEHIIIEHHS OOPY TePTHA, 30iIbIIeHHA ITifiToMHOL
CUJIU, KepYBaHHA IMIIMHHUMHU IIOTOKAMMU, PO3CIiAHHS TeIla Ta IIiABUIIeHHSA
JIOBTOBiUHOCTM IIap TepTA. ¥ CTATTi IPeACTaBIEHO PE3YJIbTATH TPUOOJIOTIUHUX
BUNPOOYBaHb, AKi MOJEII0I0Th By30J KOB3aHHSA Ha OCHOBi 00paHUX KOMIIOHEH-
TiB JomaTeBOTro Hacoca. BumpobGyBaumusa mpoBoauiancsa Ha Tpuborectrepi T-11
(cxema TepTsa miTudTa IO AUCKY) Ta IIOPiBHIOBAJIKCA 3i cXxeMaMu i3 cTaHAApT-
HUX eJIeMeHTiB. 3MiHM ITOBEPXHi B TECTOBAHUX BY3JIaX TePTHA BKJIIOUAIU BUKO-
PHCTaHHS NBOX JOZATKOBUX HIPOIECIiB MeXaHiuHOTO 00pOoO6JIeHHs, a came, BU-
TJIaAKyBaHHS KOB3aHHAM i TeKcTypyBaHHA. MaTepidaniom aasa 3paskiB 6yio
a30TOBaHO Ta TepMiuHO 00pobseHo Kputio C22E, a maTepidioM A KOHTP3pa-
3KiB OyJio o6pano kpuiro E295 i3 TBepzictio y 160 HB (6e3 TepmM0o0oOpPObIeH-
Hs). 3aCTOCYBaHHA JOZATKOBOrO OOPOOJIEHHA Y BUIVIAAI BUIJIAAKYBaHHA Ta
TEeKCTYPYBaHHA Ha MOBEPXHAX KOB3aHHA 3HAUHO MOHU3UJIO KoedillieHT TepTa
(mpubsusuo Ha 15% ) Ta 3SMEHIIINUIIO OIIip PYXY AJIA SOCJiMKyBaHOI KoMbGiHAITi].
Tpubosoriuni BUIpoOyBaHHA IPOBOAMIINCEH y ABOX BapigHTax, a caMe, 3 IIOC-
TifHOIO INBUAKICTIO KOB3aHHA Ta 3MiHHUM HABAHTAYKEHHAM 1 3 IIOCTiiHMM Ha-
BaHTAKEHHAM Ta 3MiHHOIO IIBUAKICTIO KOB3aHHA 0/n3bk0o 50% . Pesyabratru
JOoCHigsKeHb, HaBeleHi B maHili poboTi, MOKYTHL OYTH BHKOPHCTaHi, 30KpeMa
IIJIS 3aCTOCYBAHHA ITi /T YaC BUTOTOBJIEHHS JeTaJiB iHKEKTOPHUX HACOCiB.

Karouori cioBa: Kpuiid, IOBEpXHEBe CTPYKTYPYBaHHSA, KOB3HE BUTJIAJKYBaH-
HS, TEKCTYPYBaHHA, MAaCTUJIbHI KUIMEHi, TPUOOJIOTiUHi BJIACTHUBOCTI.

(Received February 13,2023, in final version, February 28, 2023)

1.INTRODUCTION

Changes occurring in the elements of injection pumps, especially the
supply pumps caused by friction forces and physical and chemical phe-
nomena occurring during the operation of a diesel engine pump, are
called scuffing. As a result of attraction, there is a continuous change in
dimensions, loss of material or plastic deformation of some parts work-
ing in the supply pump (vane) or the injection pump of a diesel engine.
Theoretical analysis of cyclic sliding in frictional contact [1], behaviour
of coated parts under local load [2—5], contact interaction in damaged
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TABLE 1. The chemical composition of C22E steel.

Mn | si P | s | c | Ni [Mo|cCu] Al
0.17-0.24 0.35-0.65 0.15-0.40 <0.040 <0.040 <0.3 <0.3 <0.1 <0.1

bodies [6] are often useful for explaining wear phenomena. The papers
[7—9] present the methods to determine contact stresses on the surfaces
of conjugate parts and to specify a relation between the maximum oper-
ational loads and slip zone dimensions for friction contact. There are
many methods to reduce or eliminate the phenomenon of wear [10]. The
most commonly used include heat treatment (surface hardening), ther-
mochemical treatment (hardening nitriding, carburizing), plastic pro-
cessing (burnishing, structuring), and coatings.

The authors[11, 12] proposed the concept of a rational choice of ma-
terials for the manufacture of parts; and the papers [13—-15] developed
theoretical approaches to select the composition of materials and tech-
nological parameters for the strengthening process. Optimizations of
manufacturing processes are used to increase machine part durability
[16], including taking into account technological heredity [17, 18] to
ensure the reliable functioning of products with coatings during the
life cycle [19]. High-quality balancing [20] and stable lubrication of
moving elements of friction pairs [21] are necessary to ensure reliable
operation of machines and mechanisms.

The structuring of rubbing surfaces has a significant impact on the
processes occurring in the sliding association. The surface condition is
the dominant quality factor in a tribological node [22]. Increasing the
durability and efficiency of machines and devices, among others at-
tributes, by limiting unfavourable friction phenomena, prompts the

Fig. 1. The process of sliding burnishing of the sample surface: 1—DB-3 bur-
nishing tool, 2—sample, 3—three-jaw chuck.
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Fig. 2. DB-3 burnishing tool adapted for structuring counter-samples: 1—DB-
3 burnishing tool, 2—CNC milling spindle, 3—forming element.

search for surface treatment technologies that will positively affect
the reduction of resistance to movement and wear [23].

To protect pump parts from wear and corrosion, coatings applied in
various ways are used, for example, electrochemical chromium plating
in a calm electrolyte [24, 25] and flowing electrolyte [26—28], diamond-
galvanic coatings [29] electrospark alloying [30—32], laser alloying
[33], ion-plasma coatings [34], plasma electrolytic oxidation [35—37]
and surfacing [38—41] etc.

Various technological methods are also used to improve the opera-
tional properties of machine parts. Among them stand out: surface
plastic deformation—ultrasonic impact treatment [42, 43] and vibra-
tion treatment with steel balls [44], friction strengthening treatment

Fig. 3. Distribution of depressions on the surface of the counter-sample
(fragment of the working drawing).
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TABLE 2. Technical data of the tribological test stand (T-11).

Technical data |

Movement type Sliding

Contact geometry Diffused or concentrated
Nominal diameter of the disc 25.4mm (1")

Sliding speed t00.6 m/s

Load to50N

Friction radius to 10 mm

Temperature in the test chamber to 300°C

[45—4T7], diamond polishing of steels and coatings [48—50]. Such pro-
cessing allows you to smooth out irregularities, reduce roughness, and
create the necessary microprofile of the part surfaces. In addition, re-
sidual compressive stresses are formed in the surface layer and its
hardness increases, which provides a corresponding increase in fatigue
strength under cyclic loads and wear resistance of parts, as well as cor-
rosion resistance.

The choice of the basic technology for shaping a specific geometric
surface (SGP) is hampered by the variety of machine elements mainly
due to their shape, dimensions, surface roughness, heat treatment, ac-
curacy of workmanship, material used, coatings, etc.[51]. For this rea-
son, there is a need to adapt already existing processing methods for
texturing, modify them or designing new processing methods [52—-57].
Advantage of machining units is the possibility of utilizing the advan-
tageous features of SGP immediately after the basic machining (e.g.,
turning or burnishing) in the same mounting. In some cases, this is es-
sential and definitely improves the quality of texturing. In the litera-
ture or reported inventions [58—60], one can find various designs of
tools cooperating with conventional or computer numerical control
(CNC) machine tools.

In general, to shape specific machining marks and lubrication pock-
ets on sliding surfaces, the technologies of ablation and non-aberration
machining and (but to a lesser extent) incremental methods are used.
Publication [61-63] presents exemplary methods of loss-free and loss-
less methods technology of shaping regular SGP.

Removal methods: machining (turning, milling, planning, drilling,
etc.), abrasive processing (grinding, honing, oscillating superfinish-
ing, micro-polishing, abrasive blasting, etc.), erosion and chemical ma-
chining (chemical and electro-chemical etching, electrical discharge
machining), high-energy machining (laser treatment, electron beam
treatment, high-pressure water jet treatment, plasma treatment).

Non-loss machining methods: embossing using a forming element,
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sliding, oscillating, impulse, eccentric burnishing, etc., sintering of
metal powders with texturizing of the sliding surface.

The desired tribological features of the geometric structure of the
surface are closely related to its shape and geometric parameters kine-
matic parts mating. They usually depend on the shaping method and
way. For the surface with a shaped texture of tenths of a millimetre or
larger and relatively low hardness, conventional or CNC machine tools
are usually sufficient. The use of conventional machining methods to
shape lubricant pockets is limited by the speed and efficiency of ma-
chining, especially for serial or mass production. With small quanti-
ties of manufactured products or samples for laboratory testing, this is
acceptable. The production of items possessing more textured surfaces
requires the use of tooling to improve performance or more efficient
texturing methods must be used. Machine tools can also be equipped
with specially designed heads or instrumentation increasing machin-
ing capabilities. This method is most often used when introducing new
products with a modified sliding surface to production. The analysis of
literary sources and patents showed the lack of information on the ra-
tional selection of modes of diamond smoothing of operational surfaces
to form a regular relief and, accordingly, high operational characteris-
tics of steel parts.

The aim of the conducted research was to determine the impact and
usefulness of the technology of structuring friction surfaces and slid-
ing burnishing on the tribological properties of selected elements of a
vane pump. In addition, the main goal was to search for a method of
significantly reducing the wear of heavily loaded cooperating elements
of the pump unit and to increase their durability, including cyclical
variables. The tests were comparative in relation to the reference sam-
ples, which were made in accordance with the technology used by the
manufacturer of the vane pump (ZPU Mirostaw Pogoda) [64, 65].

TABLE 3. Parameters of tribological tests in the load variant.

Test parameters (load variant) ‘

Test temperature 23-24°C

Rotation speed 150 rpm (constant)

Lubricant used Kalibrol LUX

Amount of lubricant 4+0.1ml

Test length 1500 s

Normal load From 10 N to 50 N in steps of 10 N

Duration of a single step 300s
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TABLE 4. Test parameters in the speed variant.

Test parameters (load variant) ‘

Test temperature 23-24°C

Rotation speed From 150 to 400 rpm with a step 50 rpm
Lubricant used Kalibrol LUX

Amount of lubricant 4+0,1ml

Test length 1800s.

Normal load 20 N (constant)

Duration of a single step 300 s

2. EXPERIMENTAL DETAILS
2.1. The Research Program

The research program included: preparation of test samples and coun-
ter-samples, specific geometric surface measurements of reference
samples and counter-samples, burnishing of samples, structuring
counter-samples, specific geometric surface measurements of bur-
nished samples, specific geometric surface measurements of textured
counter-samples, tribological tests of reference samples and counter-
samples, specific geometric surface measurements after tribological
tests, tribological tests of samples and counter-samples after burnish-
ing and structuring, specific geometric surface measurements after
tribological tests.

2.2. The Samples

C22E type carbon steel used for the tests was used for injection pump
components with good weldability, not requiring high strength prop-
erties in the heat-treated state.

In the softening annealed state, the steel is characterized by good
machinability, in turn, in the normalized state, the material shows
much better susceptibility to mechanical cutting (Table. 1). Important-
ly, the steel does not show spring-back after thermochemical treatment
up to 60 HTC, e.g. after carbonitriding to a depth of 0.3-0.4 mm. For
testing used simples: St. WAZ + H25 and anti-sample St. 160HB35.
Statistical analysis of test results and statistical evaluation were per-
formed with constant variance. When analysing the test results, con-
straints on the designated functions approximating the test results
were assumed. Test results presented using regression functions for
specific assumed tribological properties.
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In the heat-treated state after carbonitriding, the material has the
following parameters: tensile strength, Rm =470-650 MPa, vyield
strength, Re> 290 MPa, elongation, A >20%, restriction, Z>50%,
impact strength, KV > 50 J.

Particularly heavily loaded samples, subject to frictional wear, for which
thermo-chemical treatment (carbonitriding) to a depth of 0.3—0.5 mm and
hardening to a hardness of approx. 60+ 2 HRC were used in the tests.

2.3. The Surface Treatment

In the presented article, a CNC lathe and milling machine as well as
sliding burnishing equipment were used to modify the geometric
structure of the surface of the samples and counter-samples. In order
to carry out an additional structuring process, the burnishing element
in a commercial sliding burnishing machine was modified. At this
stage of the research, it was the most advantageous solution both in
terms of time and in terms of cost. Sliding burnishing and structuring
were carried out on a HAAS CNC lathe and milling station, using a
special tool in the form of a DB-3 burnishing tool from Cogsdill [66].
Figure 1 show a sample mounted in the machine tool holder immediate-
ly after the sliding burnishing operation.

The forming element of the burnishing tool (Figure 2) was adapted
to the operation of structuring the friction surfaces of the counter-
samples, so that by pressing the indenter, lubricating micropockets in
the shape of a spherical segment were obtained. The arrangement of
the depressions on the machined surface was made in accordance with
the working drawing (Fig. 3). Picks were placed on a circle with a di-

w

L=3.76964 mm, Pt=2.89396 um, Scale=5 um

QNL\?D.:R\E

=

CDMAQOOE

Fig. 4. Contour maps (a, ¢) and roughness profiles (b, d) of the St. WAZ + H1 (a,
b) sample and the St. 160HB1 (¢, d) counter-sample before tribological tests.
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TABLE 5. Selected parameters of the surface topography of the sample St.
WAZ+Hl1 (a, b) and the counter-sample St. 160HBL1 (¢, d) before tribological tests.

Surface parameter | St. WAZ + H1 | St. 160HB1
Sq—meaq §quared deviation height of surface 0.519 0.800
irregularities from the reference plane, pm
Ssc—skewness factor of the distribution topog- B _
raphy heights (ordinates) surface 0.222 1.667
Sku—distribution concentration factor topogra-
phy heights (ordinates) surface 3.149 8.845
Sp—the'height of the highest elevation of the 1.942 2.956
3D profile, um
Sv—rvalue of the lowest 3D profile recess, um 2.229 5.980
S:—maximum height of the 3D profile, um 4.172 8.236
Sa—grithmetip ‘mean deviation height of sur- 0.412 0.5750
face irregularities from the reference plane, um
Sa—the smallest length of the segment, at
which the autocorrelation function reaches val- 0.035 0.018

ue 0.2, Mm

ameter of 2.75 mm every 0.7 mm in the arc measure, in five-fold and
even distribution on the sliding surface [67-71].

2.4. The Tribological Tests

Tribological tests were carried out using the T-11 (ITEPIB) pin on disc
tester. It is a tester designed to evaluate the tribological properties of
friction pairs and lubricating materials operating in unidirectional
slip conditions. It is used primarily for tests aimed at determining
wear and resistance to motion in the tested friction node. The research
association consisted of a mandrel pressed against a rotating disc with
a given force. Technical data of the tribological test stand are present-
ed in Table 2.

In order to reproduce the distributed contact, a modified counter-
sample mounting system was used. In this arrangement, the counter-
sample was mounted oscillatingly in order to ensure a distributed con-
tact and to eliminate any errors in manufacturing or fixing the sam-
ples on the device. Considering the wide range of loads exerted on the
mated surfaces in the real friction node, a step test was used. It con-
sisted in cyclical increase of the load every predetermined period. Oth-
er test parameters, such as the sliding speed or the volume of the lubri-
cant used, remained unchanged. This type of tribological tests was
called the load variant and its parameters are presented in Table 3.
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The second-test variant was tests with variable sliding speed. Con-
stant load and lubricant volume were used. The rotational speed of the
disc was variable, which was aimed at examining how the friction force
would change as a function of variable sliding speeds. The test parame-
ters in the speed variant are presented in Table 4.

2.5. Investigation of the Structure and Properties of the Surfaces

To perform measurements of the geometric structure of the surface
(SGP), an optical device using the Talysurf CCI coherent correlation
interferometry method by Taylor Hobson [72] was used, equipped with
a five-fold magnification lens. A single measurement consists of a
1024 by 1024 matrix containing coordinates from surface irregulari-
ties. The measurement area was 3x3 mm. The vertical resolution was
0.01 nm. Contour maps, roughness profiles and selected surface topog-
raphy parameters were used for the study. The parameters of the geo-
metric structure of the surface were calculated and visualized using
the TalyMap—Digital Surf software[73, 74].

List of abbreviations and symbols used: S.—arithmetic average
height of the surface, Sa—autocorrelation length, S,,—mean square
slope of the surface, S—coefficient of slope of the surface, S,—height
of the highest vertex of the surface, S,.—average curvature of the top
fillet radius, S,a—vertex density, S,—root mean square height of the
surface, Sg—surface asymmetry coefficient, Si.—aspect ratio of the
surface, St. WAZ + H—sample designation, St. 1l60HB—marking of
the counter-sample, S,—coefficient of the largest bottom of the sur-

um L=3.29197T mm, Pt =1.92977 um, Scale=3 pm
20 o !
1.5 g_ 0:‘ oA oo i fotk b kA LaAh A F
: Ei A AL Y LT
1.0 -1 ! L1
0"5 R T T T T T T -
0.0 0 1 mm 2 3
b
um F.=3.18905 mm, P{ =5.60342 um, Scale=10 pm
6 g 2 i
104\‘ = e X ’,’f"“._. LA AL -"
y o AR \uvlal\( T
_4_
2 g4
‘C 0 0 1 mm 2 3
d

Fig. 5. Contour maps (a, c¢) and roughness profiles (b, d) of the St. WAZ + H1
(a, b) sample and the St. 160HB1 (c, d) counter-sample after tribological tests.
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TABLE 6. Selected parameters of the surface topography of the sample St.
WAZ+H1 (a, b) and the counter-sample St. 160HB1 (¢, d) after tribological
tests.

Surface parameter St. WAZ + H1 ‘ St. 160HB1

Sq, pm 0.273 0.683

Ssk -0.617 -2.338

Sku 3.527 11.824
Sp, pm 0.879 1.258
Sy, pm 1.334 5.682
S:, pm 2.213 6.940
Sa, pm 0.216 0.4812
Sa, Mm 0.0547 0.017

face, S,—the greatest height of the surface.

3. RESULTS AND DISCUSSION
3.1. Study of Roughness

Figure 4 shows contour maps and roughness profiles, and Table 5
shows selected parameters of the surface topography of carbonitrided
and hardened samples marked St. WAZ +H1 and counter-samples
made of softened steel St. 160HB1 (before tribological tests). The sur-
faces of the sample and counter-sample were made in accordance with
the technology of the manufacturer of the vane pump—ZPU Mirostaw
Pogoda.

The height of the surface roughness of the counter-sample was
greater than the height of the roughness of the sample surface. The Ra
parameter of the sample surface is about 0.35 um, and the counter-
sample is 0.47 ym. Both surfaces are unidirectional, anisotropic sur-
faces.

Figure 5 shows contour maps and roughness profiles, and Table 6
shows selected parameters of the surface topography of the St.
WAZ + H1 sample and the St. 160HB1 counter-sample (after tribologi-
cal tests). Traces are visible on the contour maps of the sample and
counter-sample surfaces abrasion. Traces are visible on the contour
maps of the sample and counter-sample surfaces abrasion. It was re-
duced the height of the surface roughness. The Ra value of the sample
decreased to 0.2 um, and the value of the antisample to 0.35 ym. The
density decreased, and the radius of rounding the vertices of the mat-
ing surfaces increased.
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3.2. Research Nodes with a Modified Surface

Figure 6 presents contour maps and surface unevenness profiles, and
table 7 shows selected parameters of the surface topography of the St.
WAZ+H25 sample and the St. 160HB35 counter-sample before tribo-
logical tests. The disc (sample) was slid burnished with a DB-3 burn-
isher at a constant speed of 5 m/min and a feed rate of 0.05 mm/rev.,
and lubrication pockets were made on the surface of the counter-
sample using a CNC milling machine and a modified burnishing ele-
ment.

The height of the counter-sample unevenness was greater than the
height of the sample surface. However, the values of the Ra parameter of
the sample and the counter-sample in the area free of pits were the same
and amounted to about 0.35 um. The surface of the sample is anisotropic
and the counter-sample is isotropic due to the presence of dimples. The
width of the pits is about 0.5 mm and the depth was about 15 pum.

Figure 7 shows contour maps and surface unevenness profiles, and

L=3.29197 mm, Pt =3.64862 um, Scale=10pm
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Fig. 6. Contour maps (a, c) and roughness profiles (b, d) of the St. WAZ + H25
sample (a, b) and the St. 160HB35 counter-sample (¢, d) before tribological
tests, Figure e shows the roughness profile counter-samples passing through
the lubrication pockets.
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TABLE 7. Selected parameters of the surface topography of the sample St.
WAZ+H25 (a, b) and the counter-sample St. 160HB35 (c, d) before tribologi-
cal tests.

Surface parameter | St. WAZ + H1 | St. 160HB1

Sq, pm 0.529 3.921

Sk -0.934 -2.288

Sku 4.608 7.767
Sp, pm 1.503 5.297
Sy, pm 4.078 16.237
S:, pm 5.582 21.534
Sa, pm 0.409 2.491
Sa, Mm 0.043 0.195

Table 8 contains selected parameters of the surface topography of the
St. WAZ + H25 sample and the St. 160HB35 counter-sample after
tribological tests.

The heights of the sample and counter-sample unevenness decreased
due to tribological wear. The dimensions of the lubrication pockets
have also decreased. On the other hand, the height radii of the surface
irregularities of the sample and counter-sample increased.

3.3. Tribological Tests

Tribological tests were carried out in a random order and included ma-
terial pairs containing carbonitrided and hardened steel samples and
steel counter-samples with a hardness of 160 HB. Two types of tests
were performed: with a variable load and with a variable sliding speed.
The cumulative results are shown in Figs. 8 and 9.

The coefficient of friction for the unmodified friction pair had an
almost constant value regardless of the load and its average value was
in the range from 0.17 to 0.175.

For tests with variable load and the use of an additional burnishing
operation, the average value of the friction coefficient was reduced by
8% (worst case) and 24% (best case). A negative effect was the in-
crease in the dispersion of results, especially at loads of 10 N and 20 N.
The additional use of the structuring process resulted in the stabiliza-
tion of the friction coefficient, at the expense of a slight increase in the
coefficient of friction compared to burnished friction pairs.

During tests with variable rotational speed, it was shown that both
modifying the mating surface by burnishing and structuring cause a
significant reduction in the coefficient of friction. The best results
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were obtained at higher sliding speeds.
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Fig. 7. Contour maps (a, c) and roughness profiles (b, d) of the St. WAZ + H25
(a, b) and counter-sample St. 160HB35 (¢, d) after tribological tests, Figure e
shows the counter-sample irregularity profile passing through the lubrication

pockets.

TABLE 8. Selected parameters of the surface topography of the sample St.
WAZ +H25 (a, b) and the counter-sample St. 160HB35 (c, d) after tribological

tests.

Surface parameter

|St. WAZ + H1| St.160HB1

Sq¢, pm
Ssx
Sku

Sp, pm

Sy, pm

Sz, um

Sa, pm

Sal, Mm

0.405827

-0.57216
3.55489
1.24705
1.88821
3.13526

0.317928

0.0327806

1.93428
-3.55478
15.1913
1.20922
11.1172
12.3264
1.01653
0.172914




THE INFLUENCE OF STRUCTURING SURFACES AND SLIDE BURNISHING 417

St. WAZ +H/St. 160HB

10 20 30 40 50
Normal load, N
® no modifications

m burnished sample

m burnished sample and structured counter-sample

Fig. 8. Average values of the coefficient of friction depending on the normal
load with the dispersion of the results.

St. WAZ + H/St. 160HB
I

0.16+

0.12
0.08+

0.04+

0.00+

150 200 250 300 350 400
Rotational speed, rpm
= no modifications

= burnished sample
= burnished sample and structured counter-sample

Fig. 9. Average values of the coefficient of friction depending on the rota-

tional speed along with the dispersion of the results.

For the friction pair modified by sliding burnishing, the reduction
of the friction coefficient was obtained by a maximum of 66% com-
pared to unmodified surfaces, and in the case of burnishing and struc-
turing by as much as 73% (for 350 rpm).

4. CONCLUSION

In the conducted tests, the relationship between the work parameters
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and the parameters of the surface texture of steel parts was analysed.
The texture is formed by a series of circular recesses in the shape of a
sphere, the radius of which is several times greater than its depth. A
very clear influence of the ratio of the microcavity depth to its diame-
ter was found for reducing abrasion, which can be optimized for a giv-
en parameter. The analysis shows that the effectiveness of microcavi-
ties depends on hydrostatic and hydrodynamic processes inside injec-
tion pomp what has an impact on reduction of friction resistance. The
use of additional processes in the form of burnishing and texturing of
the sliding surfaces significantly reduced the friction coefficient by
about 15% and reduced the resistance to motion for the tested joint.
Because of their own research, the authors came to the following con-
clusions:

1. Burnishing, as a process that reduces friction and wear, achieves
better results than surface structuring at low speeds, where hydrody-
namic forces are probably not generated.

2. Structuring of surfaces operating at low sliding speeds leads only to
the stabilization of the friction coefficient at variable loads and a re-
duction in the dispersion of the obtained results.

3. The hydrodynamic force generated on structured surfaces causes a
very large reduction in the resistance to motion. To achieve it, it is
necessary to achieve an appropriate relative sliding speed.

4. As a result of tribological tests, the height of surface irregularities
decreased for both the sample and the counter-sample, and the round-
ing radii of the tops of the mating surfaces increased as a result of sur-
face lapping.

5. Sliding burnishing, and especially surface structuring, can be rec-
ommended as technologies that improve cooperation in sliding nodes
operating in the presence of a lubricant.

Research co-financed by the project No.RPPK.01.02.00-18-
0029/19 entitled ‘R&D works on an innovative injection pump dedi-
cated to engines of heavy vehicles and special-purpose equipment’ co-
financed by the European Regional Development Fund.

REFERENCES

1. 1. Yo. Popadyuk, I. P. Shats’kyi, V. M. Shopa, and A. S. Velychkovych, J. Math.
Sci., 215: 243 (2016).

2. L. Y. Ropyak, I. P. Shatskyi, and M. V. Makoviichuk, Metallofiz. Noveishie
Tekhnol., 41, No. 5: 647 (2019) (in Ukrainian).

3. L. Ya. Ropyak, I. P. Shatskyi, and M. V. Makoviichuk, Metallofiz. Noveishie
Tekhnol., 39, No. 4: 517 (2017). (in Ukrainian).

4. M. Bembenek, M. Makoviichuk, I. Shatskyi, L. Ropyak, I. Pritula, L. Gryn, and
V. Belyakovskyi, Sensors, 22, No. 21: 8105 (2022).

5. I. P. Shatskyi, V. V. Perepichka, and L. Y. Ropyak, Metallofiz. Noveishie


https://doi.org/10.1007/s10958-016-2834-x
https://doi.org/10.1007/s10958-016-2834-x
https://doi.org/10.15407/mfint.41.05.0647
https://doi.org/10.15407/mfint.41.05.0647
https://doi.org/10.15407/mfint.39.04.0517
https://doi.org/10.15407/mfint.39.04.0517
https://doi.org/10.3390/s22218105
https://doi.org/10.15407/mfint.42.01.0069

e

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

THE INFLUENCE OF STRUCTURING SURFACES AND SLIDE BURNISHING 419

Tekhnol., 42, No. 1: 69 (2020) (in Ukrainian).

I. P. Shatskii, J. Math. Sci., 103, No. 3: 357 (2001).

M. Dutkiewicz, A. Velychkovych, I. Shatskyi, and V. Shopa, Mater., 15, No. 13:
4671 (2022).

1. Shatskyi, I. Vytvytskyi, M. Senyushkovych, and A. Velychkovych, IOP Conf.
Ser.: Mater. Sci. Eng., 564: 12073 (2019).

A. Velychkovych, Eng. Solid Mechanics, 10, No. 3: 287 (2022).

S. Noga, E. Rejman, P. Balon, B. Kietbasa, R. Smusz, and J. Szostak, Acta Me-
chanica et Automatica, 16, No. 3: 215 (2022).

S. Dobrotvorskiy, M. Balog, Y. Basova, L. Dobrovolska, and A. Zinchenko, Ad-
vanced Manufacturing Processes (Eds. V. Tonkonogyi, V. Ivanov, J. Trojan-
owska, G. Oborskyi, M. Edl, I. Kuric, I. Pavlenko, and P. Dasic) (Cham: Spring-
er: 2020), p. 32.

L. S. Saakiyan, A. P. Efremov, and L. Ya. Ropyak, Zashchita Metallov, 25,

No. 2: 185 (1989) (in Russian).

T. Shihab, P. Prysyazhnyuk, R. Andrusyshyn, L. Lutsak, O. Ivanov, and

I. Tsap, Eastern-European J. Enterprise Technol., 1, No. 12 (103): 38 (2020).

T. M. Radchenko, O. S. Gatsenko, V. V. Lizunov, and V. A. Tatarenko, Prog.
Phys. Met., 21, No. 4: 580 (2020).

A. B. Melnick, V. K. Soolshenko, and K. H. Levchuk, Metallofiz. Noveishie
Tekhnol., 42, No. 10: 1387 (2020).

Ya. Kusyi, V. Stupnytskyy, O. Onysko, E. Dragasius, S. Baskutis, and

R. Chatys, Eksploatacja i Niezawodnosc—Maintenance and Reliability, 24, No.
4: 655 (2022).

Y. M. Kusyi and A. M. Kuk, J. Phys.: Conf. Ser., 1426: 012034 (2020).

W. Dai, C. Li, D. He, D. Jia, Y. Zhang, and Z. Tan, Surf. Coat. Technol., 380:

125014 (2019).

V. B. Kopei, O. R. Onysko, and V. G. Panchuk, J. Phys.: Conf. Ser., 1426, No. 1:
012033 (2020).

I. Drach, V. Royzman, A. Bubulis, and K. Juzénas, Mechanika, 27, No. 1: 45
(2021).

V. Kotsyubynsky, L. Shyyko, T. Shihab, P. Prysyazhnyuk, V. Aulin, and

V. Boichuk, Mater. Today: Proc., 35, No. 4: 538 (2019).

M. Bembenek, J. Krawczyk, and K. Pancikiewicz, Eng. Failure Analysis, 142:
106843 (2022).

N. Senin and L. Blunt, Characterisation of Areal Surface Texture (Ed.

R. Leach) (Berlin, Heidelberg: Springer: 2013), p. 179.

V. S. Protsenko, L. S. Bobrova, S. A. Korniy, A. A. Kityk, and F. I. Danilov,
Funct. Mater., 25, No. 3: 539 (2018).

V. S. Protsenko, L. S. Bobrova, A. S. Baskevich, S. A. Korniy, and F. I. Danilov,
J.Chem. Technol. Metallurgy, 53, No. 5: 906 (2018).

L. Ropyak and V. Ostapovych, Eastern-European J. Enterprise Technol., 2,
No. 5: 50 (2016) (in Ukrainian).

0. Bazaluk, O. Dubei, L. Ropyak, M. Shovkoplias, T. Pryhorovska, and V.
Lozynskyi, Energies, 15, No. 1: 83 (2022).

0. Ya. Dubei, T. F. Tutko, L. Ya. Ropyak, and M. V. Shovkoplias, Metallofiz.
Noveishie Tekhnol., 44, No. 2: 251 (2022) (in Ukrainian).

V. I. Lavrinenko, A. G. Lubnin, V. M. Tkach, I. P. Fesenko, and

V. V.Smokvyna, J. Superhard Materials, 43, No. 2: 145 (2021).


https://doi.org/10.15407/mfint.42.01.0069
https://doi.org/10.1023/A:1011366312923
https://doi.org/10.3390/ma15134671
https://doi.org/10.3390/ma15134671
https://doi.org/10.1088/1757-899X/564/1/012073
https://doi.org/10.1088/1757-899X/564/1/012073
https://doi.org/10.5267/j.esm.2022.3.002
https://doi.org/10.2478/ama-2022-0026
https://doi.org/10.2478/ama-2022-0026
https://doi.org/10.1007/978-3-030-40724-7_4
https://doi.org/10.1007/978-3-030-40724-7_4
https://doi.org/10.1007/978-3-030-40724-7_4
https://doi.org/10.1007/978-3-030-40724-7_4
https://doi.org/10.15587/1729-4061.2020.194164
https://doi.org/10.15407/ufm.21.04.580
https://doi.org/10.15407/ufm.21.04.580
https://doi.org/10.15407/mfint.42.10.1387
https://doi.org/10.15407/mfint.42.10.1387
https://doi.org/10.17531/ein.2022.4.6
https://doi.org/10.17531/ein.2022.4.6
https://doi.org/10.1088/1742-6596/1426/1/012034
https://doi.org/10.1016/j.surfcoat.2019.125014
https://doi.org/10.1016/j.surfcoat.2019.125014
https://doi.org/10.1088/1742-6596/1426/1/012033
https://doi.org/10.1088/1742-6596/1426/1/012033
https://doi.org/10.5755/J02.MECH.23789
https://doi.org/10.5755/J02.MECH.23789
https://doi.org/10.1016/j.matpr.2019.10.021
https://doi.org/10.1016/j.engfailanal.2022.106843
https://doi.org/10.1016/j.engfailanal.2022.106843
https://doi.org/10.1007/978-3-642-36458-7_8
https://doi.org/10.1007/978-3-642-36458-7_8
https://doi.org/10.15407/fm25.03.539
https://doi.org/10.15587/1729-4061.2016.65719
https://doi.org/10.15587/1729-4061.2016.65719
https://doi.org/10.3390/en15010083
https://doi.org/10.15407/mfint.44.02.0251
https://doi.org/10.15407/mfint.44.02.0251
https://doi.org/10.3103/S1063457621020088

420

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

W.KOSZELA, P. BALON, S. E. REJMAN et al.

S. I. Kryshtopa, D. Y. Petryna, I. M. Bogatchuk, I. B. Prun’ko, and

V.M. Mel’nyk, Mater. Sci., 53, No. 3: 351 (2017).

V. B. Tarelnik, O. P. Gaponova, E. V. Konoplyantschenko, N. S. Yevtushenko,
and V. A. Gerasimenko, Metallofiz. Noveishie Tekhnol., 11, No. 6: 795 (2018).
V. M. Holubets, M. I. Pashechko, K. Dzedzic, J. Borc, and A. V. Tisov, J. Fric-
tion Wear, 41, No. 5: 443 (2020).

V. V. Shyrokov, K. B. Vasyliv, Z. A. Duryahina, H. V. Laz’ko, and

N. B. Rats’ka, Mater. Sci., 45, No. 4: 473 (2009).

S. A. Klimenko, I. A. Podchernjaeva, V. M. Beresnev, V. M. Panashenko,

S. An. Klimenko, and M. Yu. Kopeikina, J. Superhard Materials, 36, No. 3: 208
(2014).

L. Ropyak, T. Shihab, A. Velychkovych, V. Bilinskyi, V. Malinin, and

M. Romaniv, Ceramics, 6, No. 1: 146 (2023).

M. M. Student, I. B. Ivasenko, V. M. Posuvailo, H. H. Veselivs’ka,
A.Y.Pokhmurs’kyi, Y. Y. Sirak, and V. M. Yus’kiv, Mater. Sci., 54, No. 6: 899
(2019).

L. Y. Ropyak, A. S. Velychkovych, V. S. Vytvytskyi, and M. V. Shovkoplias,

J. Phys.: Conf. Ser., 1741, No. 1: 012039 (2021).

M. Bembenek, P. Prysyazhnyuk, T. Shihab, R. Machnik, O. Ivanov, and

L. Ropyak, Mater., 15, No. 14: 5074 (2022).

B. O. Trembach, M. G. Sukov, V. A. Vynar, I. O. Trembach, V. V. Subbotina,

0. Yu. Rebrov, O. M. Rebrova, and V. I. Zakiev, Metallofiz. Noveishie Tekhnol.,
44, No. 4: 493 (2022).

J. Pawlik, J. Cieslik, M. Bembenek, T. Gyral, S. Kapayeva, and M. Kapkenova,
Mater., 15, No. 17: 6019 (2022).

T. A. Shihab, L. S. Shlapak, N. S. Namer, P. M. Prysyazhnyuk, O. O. Ivanov,
and M. J. Burda, J. Phys.: Conf. Ser., 1741: 012031 (2021).

S. P. Chenakin, B. N. Mordyuk, and N. I. Khripta, Appl. Surf. Sci., 470: 44
(2019).

D. Pavlenko, E. Kondratiuk, Y. Torba, Y. Vyshnepolskyi, and D. Stepanov,
Eastern-European J. Enterprise Technol., 1, No. 12 (115): 31 (2022).

J. Kusyj and A. Kuk, Eastern-European J. Enterprise Technol., 1, No. 7 (73): 41
(2015).

I. Shepelenko, Y. Tsekhanov, M. Storchak, Y. Nemyrovskyi, and V. Cherkun,
Advanced Manufacturing Processes II (Eds. V. Tonkonogei, V. Ivanov, J. Tro-
janowska, G. Oborskyi, A. Grabchenko, I. Pavlenko, M. Edl, I. Kuric, and

P. Dasic) (Cham: Springer: 2021), p. 619.

0. V. Maksymiv, V. I. Kyryliv, V. P. Chaikovskyi, B. R. Tsizh, A. M. Kostruba,
and V. I. Hurei, Mater. Sci., 56, No. 4: 523 (2021).

V. 1. Kyryliv, V. I. Gurey, O. V. Maksymiv, I. V. Hurey, and Y. O. Kulyk, Ma-
ter. Sci., 57, No. 3: 422 (2021).

A.Razaand S. Kumar, Tribology International, 174: 107717 (2022).

W. Brostow, K. Czechowski, W. Polowski, P. Rusek, D. Tobota, and I. Wron-
ska, Materials Research Innovations, 17, No. 4: 269 (2013).

D. F. Silva-Alvarez, A. Marquez-Herrera, A. Saldana-Robles, M. Zapata-Torres,
R. Mis-Fernandez, J. L. Pena-Chapa, J. Moreno-Palmerin, and E. Hernandez-
Rodriguez, J. Mater. Research Technol., 9, No. 4: 7592 (2020).

M. Bembenek, R. Kudelski, J. Pawlik, and £.. Kowalski, Mater., 14, No. 19:
5625 (2021).


https://doi.org/10.1007/s11003-017-0082-y
https://doi.org/10.15407/mfint.40.06.0795
https://doi.org/10.3103/S1068366620050128
https://doi.org/10.3103/S1068366620050128
https://doi.org/10.1007/s11003-010-9204-5
https://doi.org/10.3103/S1063457614030095
https://doi.org/10.3103/S1063457614030095
https://doi.org/10.3390/ceramics6010010
https://doi.org/10.1007/s11003-019-00278-z
https://doi.org/10.1007/s11003-019-00278-z
https://doi.org/10.1088/1742-6596/1741/1/012039
https://doi.org/10.3390/ma15145074
https://doi.org/10.15407/mfint.44.04.0493
https://doi.org/10.15407/mfint.44.04.0493
https://doi.org/10.3390/ma15176019
https://doi.org/10.1088/1742-6596/1741/1/012031
https://doi.org/10.1016/j.apsusc.2018.11.116
https://doi.org/10.1016/j.apsusc.2018.11.116
https://doi.org/10.15587/1729-4061.2022.252292
https://doi.org/10.15587/1729-4061.2015.36336
https://doi.org/10.15587/1729-4061.2015.36336
https://doi.org/10.1007/978-3-030-68014-5_60
https://doi.org/10.1007/978-3-030-68014-5_60
https://doi.org/10.1007/978-3-030-68014-5_60
https://doi.org/10.1007/s11003-021-00459-9
https://doi.org/10.1007/s11003-021-00556-9
https://doi.org/10.1007/s11003-021-00556-9
https://doi.org/10.1016/j.triboint.2022.107717
https://doi.org/10.1179/1433075X12Y.0000000060
https://doi.org/10.1016/j.jmrt.2020.05.038
https://doi.org/10.3390/ma14195625
https://doi.org/10.3390/ma14195625

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.
69.

70.
71.
72.

73.
74.

THE INFLUENCE OF STRUCTURING SURFACES AND SLIDE BURNISHING 421

M. Nalbant, H. Gokkaya, I. Toktas, and G. Sur, Robotics and Computer Inte-
grated Manufacturing, 25, No. 1: 211 (2009).

K. Kumar and K. E. Prasad, IOSR J. Mechanical and Civil Engineering, 12
No. 1:1(2016).

T. G. Mathia, P. Pawlus, and M. Wieczorowski, Wear, 271, No. 3—4: 494
(2011).

V. Chomienne, F. Valirgue, J. Rech, and C. Vierdu, CIRP J. Manufacturing Sci.
Technol., 13: 90 (2016).

J.T. Maximov, G. V. Duncheva, A. P. Anchev, N. Ganev, I. M. Amudjev, and
V. P. Dunchev, J Braz. Soc. Mech. Sci. Eng., 40: 194 (2018).

K. L. Lyon, T. J. Marrow, and S. B. Lyon, J. Mater. Processing Technol., 218:
32(2015).

W. Koszela, Head for Performing Lubricating Micropockets on the Surface of
the Cylinder Liners, Patent 217855 PL (Published August, 2014) (in Polish).
A. Kochman, Rotary Fuel Pump Head, Patent 233483 PL (Published Novem-
ber, 2019) (in Polish).

W. Koszela, Ksztaltowanie Regularnej Struktury Geometrycznej na Powi-
erzchniach Elementyw Trqcych [Formation of a Regular Geometric Structure
on the Surfaces of Rubbing Elements] (Rzeszyw: Wydawnictwo Naukowe Insty-
tutu Technologii Eksploatacji w Radomiu: 2015) (in Polish).

K. E. Oczo$ and V. Liubimov, Struktura Geometryczna Powierzchni: Podstawy
Klasyfikacji z Atlasem Charakterystycznych Powierzchni Ksztattowanych [Ge-
ometric Structure of Surfaces, Basics of Classification with an Atlas of Charac-
teristic Shaped Surfaces] (Rzeszyw: Oficyna Wydawnicza Politechniki
Rzeszowskiej: 2003) (in Polish).

D. Capanidis, Archives of Civil and Mechanical Engineering, 7, No. 4: 39
(2007).

C. Gachot, A. Rosenkranz, S. M. Hsu, and H. L. Costa, Wear, 372—373: 21
(2017).

T. Dyl, Archives of Metallurgy and Materials, 62, No. 2: 807 (2017).

P. Balon, A. Swiqtoniowski, E. Rejman, B. Kielbasa, R. Smusz, J. Szostak, and
L. Kowalski, Adv. Sci. Technol. Res. dJ., 14, No. 2: 155 (2020).

Cogsdill Tool Products. Product Catalogue,
https://www.cogsdill.com/products/burnishing-tools

P. Balon, E. Rejman, B. Kielbasa, and R. Smusz, Mechanik, 95, No. 11: 43
(2022).

M. Korzynski and T. Zarski, Surf. Coat. Technol., 307, Part A: 590 (2016).
J.Kalisz, K. Zak, W. Grzesik, and K. Czechowski, J. Machine Eng., 15, No. 1:
71 (2015).

P. Bednarski, D. Biato, W. Brostow, K. Czechowski, W. Polowski, P. Rusek,
and D. Tobota, Mater. Sci.—Medziagotyra, 19, No. 4: 367 (2013).

K. Zaleski, Technologia Nagniatania Dynamicznego [Dynamic Burnishing
Technology] (Liublin: Wydawnictwo Politechniki Lubelskiej: 2018) (in Polish).
Taylor Hobson. Product Catalogue, https://www.taylor-hobson.com

Z.Wang and D. Gao, Mater. Des., 53: 881 (2014).

A. Codrignani, B. Frohnapfel, F. Magagnato, P. Schreiber, J. Schneider, and
P. Gumbsch, Tribol. Int., 122: 46 (2018).


https://doi.org/10.1016/j.rcim.2007.11.004
https://doi.org/10.1016/j.rcim.2007.11.004
https://doi.org/10.1016/j.wear.2010.06.001
https://doi.org/10.1016/j.wear.2010.06.001
https://doi.org/10.1016/j.cirpj.2015.12.003
https://doi.org/10.1016/j.cirpj.2015.12.003
https://doi.org/10.1007/s40430-018-1135-3
https://doi.org/10.1016/j.jmatprotec.2014.11.038
https://doi.org/10.1016/j.jmatprotec.2014.11.038
https://doi.org/10.1016/S1644-9665(12)60224-6
https://doi.org/10.1016/S1644-9665(12)60224-6
https://doi.org/10.1016/j.wear.2016.11.020
https://doi.org/10.1016/j.wear.2016.11.020
https://doi.org/10.1515/amm-2017-0120
https://doi.org/10.12913/22998624/118945
https://doi.org/10.17814/mechanik.2022.11.24
https://doi.org/10.17814/mechanik.2022.11.24
https://doi.org/10.1016/j.surfcoat.2016.09.045
https://doi.org/10.5755/j01.ms.19.4.2404
https://doi.org/10.1016/j.matdes.2013.07.096
https://doi.org/10.1016/j.triboint.2018.02.001




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

Memanogis. HO8iMHi MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 3, pp. 423-430 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.45.03.0423 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 05.20.Gg, 05.20.Jj, 05.70.Ce, 61.20.Gy, 61.20.Ne, 82.60.-s

Accounting for the Long-Range Forces in the Model of Hard Sphere

Yu. M. Poluektov
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N.A.S.of Ukraine,
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A method for taking into account the long-range potential of atoms within
the framework of the hard-sphere model is proposed. As shown, the thermo-
dynamic quantities can be represented as a sum of three contributions—that
of an ideal gas, the interaction of hard spheres, and the long-range potential.
In the leading approximation on density, the corrections to the virial coeffi-
cient and heat capacity due to the smooth component of the potential are cal-
culated. Attention is drawn to the fact that the effects determined by the
long-range part of the potential can be described within the scope of the self-
consistent field model.

Key words: gas, liquid, hard-sphere potential, long-range potential, virial
coefficient, heat capacity, self-consistent field.

3amnpoIIoHOBAaHO METOJY BpPaxyBaHHS JAJEKOCSKHOTO MOTEHIIANYy aTOMiB y
paMkax mozeii TBepaux cdep. Iloxkasawmo, 110 TepMOAMHAMIUHI BeIHUYNHU
MOKHA MIPECTABUTH Y BUTJIAAL CYMH TPhOX BHECKiB — ifleasibHOTO rasy, B3ae-
Mozii TBepaux cdep i faJeKoCcAKHOTO NOTEHIiANy. B ocHOBHOMY 3a I'yCTHHOIO
HabJIM)KEeHHI 00YMCIJIeHO TOIPAaBKY J0 BipisaabHOrO KoedimienTa Ta Temnomict-
KOCTH JIJIsI TIJTaBHOI CKJIAMOBOI ITOTEHITiANY. 3BePHEHO yBary Ha Te, 1110 e)eKTH,
AKi BH3HAUYAIOTHCA NAJTEKOCAMKHOIO CKJIQJAOBOIO MHOTEHIIANYy, MOXKYTbH OyTH
OIlMCaHi B paMKaX MOJeJII0 CAMOY3TO/[3KEHOT0 IOJIA.
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1.INTRODUCTION

In the theory of classical manyparticle systems, an important role is
played by the model of hard spheres [1-5]. Although it is not possible
to calculate the configuration integral even in the case of such a simple
pair interaction potential, a sufficiently large number of virial coeffi-
cients are known here for low-density systems. The first four coeffi-
cients are known exactly, and higher order coefficients are calculated
by numerical methods and the Monte Carlo method [1-5]. Within the
framework of the hard-sphere model, there is also an exact solution of
the Percus—Yevick integral equation for the pair correlation function
[6, 7]. A significant drawback of the hard-sphere model is that the con-
figuration integral and virial coefficients for it do not depend on tem-
perature. In more realistic pair potentials, which depend only on the
distance between particles, as a rule, it is possible to distinguish a re-
gion of strong repulsion at small distances and a rather smoothly vary-
ing part of the potential at large distances. The repulsive part usually
differs little from the potential of hard spheres, so it is natural to mod-
el it by the potential of a hard sphere and, along with this, take into ac-
count the contribution to thermodynamic quantities of the long-range
part of the potential.

In this work, based on such a decomposition of the pair potential, a
method is proposed for calculating the thermodynamic characteristics
of a gas and a liquid. It is shown that the free energy and thermody-
namic quantities such as the pressure, entropy, heat capacity, chemi-
cal potential can be represented as a sum of three contributions—that
of an ideal gas, the interaction of hard spheres, and the long-range po-
tential. Corrections for the long-range part of the potential to thermo-
dynamic quantities, in particular to the virial coefficient and heat ca-
pacity, are calculated in the leading approximation on density. It is
noted that the self-consistent field model is applicable to describe the
long-range interaction.

2. THERMODYNAMIC RELATION IN THE MODEL OF HARD
SPHERES WITH ACCOUNT OF THE LONG-RANGE PART OF THE
POTENTIAL

The free energy of a system of N particles F=-TInZy is calculated
through the partition function, which can be represented as

r 3N QN
ZN :(Xoj ma (1)
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where

1/2
A= o) @

is the thermal de Broglie wavelength, & is the Planck’s constant, T is
the temperature, m is the mass of an atom. The configuration integral
in (1) is defined by the formula

1.
Q= rs—wf e"dg,
0 3)

where the designations are used: g = {ri, rs,...,ry}, dqg = dridrs,...,dry
and f=1/T. In formulas (1) and (3), a certain characteristic distance ro
is introduced, which determines the conditional size of an atom. In
what follows, this parameter will signify the radius of a hard sphere.
The interaction between particles is realized through the pair poten-
tial, so that in (3)

Ulg)= Y U(n), @

N2i>j>1

where for brevity r;;= |- r; |. Then the exponent in (3) can be written

in the form ¢ = I1 ¢ We choose the potential of the pair-
N2i>j>1

wise interaction of atoms as a sum of the potential of hard spheres

Ug(r;) and the long-range part Ur(ry)):

U(r,)=Uy () + U, () (5)
where

o0, r<ry,
Uy (1) =
0, r>r,.

(6)

The structure of the form (5) is inherent, for example, for the Suth-
erland potential

0, r; < Ty
6
0= (o o
—g| 2|, r, > T,
T

A similar form is characteristic for other model potentials. There-
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fore, for the modified Lennard—Jones potential, we have

<r

0, r 0°

ij

U(’}j)z 4 (r_OJ _{r_OJ s Ty > T 8)

9
where

B(x) B 1, x>0,
o, x <0, (10)

is the stepwise function. With such decomposition, the full configura-
tion integral can be represented as a sum

Q, =" +@", (11)

where

Iy N1 \ Ty N2k>r>1

Thus, for potentials that have the form of a sum of the potential of
hard spheres and the smooth long-range part, the configuration inte-
gral also has the form of a sum of contributions from the potential of
hard spheres and the long-range part (11). It is convenient to introduce
the “reduced” configuration integrals

s _ QY <) _ Q)

= ; = , (13)
YT QY VT QP

where Q(O) =(V/r? v is the configuration integral of an ideal gas. Then
N 0

the free energy can be written as a sum of three contributions
F=F0+FH+FL, where

F,=-NTIn (%j (14)
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is the free energy of an ideal gas, v = V/N is the volume per one particle,
F, =-TInQ\" (15)

is the contribution from collisions of hard spheres, and

5(L)
F, = —Tln(l +%J
Qy
(16)
is the contribrtinn from the long-range part of the interaction. Note
that not only Q(L) , but also the configuration integral of the model of
hard spheres QI(\,H) enters into Fr. Other thermodynamic quantities can
also be represented as a sum of three contributions. So far, no approx-
imations have been made in deriving the formulas.

3. CALCULATION OF CORRECTIONS FOR THE LONG-RANGE
PART OF THE POTENTIAL

In a sufficiently dilute system, it is possible to account for the interac-
tion using the group expansion in powers of density [1-5]. For this
purpose, the transition to Mayer functions

) =0 %1 a)-e o an

To

is employed. Taking into account the first correction for the dimen-
sionless density nv,=uv./v, where v, = 4nry /3 is the ‘volume’ of an at-

om, for the configuration integral of the model of hard spheres, we
have

QU n1-22e (18)

Note that the use of the formula In(1 + x) = x in calculating the free en-
ergy (15) is valid under the condition N <v/v, that is satisfied for a
highly dilute gas[3].

In the leading approximation on density, the configuration integral
for the long-range part of the potential is given by the formula

<) N(N-1)4rn7 -
(L) _ 2| ,BUL(r) _
Qy’ = 5 = ;[drr [e 1]. (19)

Taking into account the main correction to formulas of the theory of
an ideal gas in the ratio v/v,, the full free energy takes the form
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F= —NTln(UejJrﬂ& 5

NI U—ENT%J(T), (20)

where
J(T) = dex2 e —1]. (21)
1

Let us present formulas for the basic thermodynamic quantities in
this approximation. The gas equation of state has the form

p=Z(1+§j. (22)
|0) |0)

The virial coefficient B in the model of hard spheres is independent
of temperature By =v,/2. The calculation of the virial coefficient with
account of the long-range part of the potential based on the formulas
(16), (17), (21) gives

B(T)=B,[1-3J(T)], (23)

For example, for the Sutherland potential (7), the integral (21) has the
form

c T 1 1ty
J(T):!dxx {e _1}_5\/%1/32(6 -1). (24)

Accounting for the long-range component of the potential leads to the
fact that at low temperatures the virial coefficient becomes negative,
changing sign at the Boyle temperature Tz, which is determined by the
formula

J(T,)==. (25)

In the case of the Sutherland potential Ts=1.17¢.
For the entropy S=- (0F/0T)v, y in this approximation, we have

5/2
S=NIn| 2% _Nv, BNy pdd ) (26)
A 2 v 2 v aT

Note that the contribution to the entropy from collisions of hard
spheres does not depend on temperature, and the contribution to the
temperature dependence of entropy comes only from the long-range
interaction.

The energy E =F + ST is determined by the formula
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E-3NT[14 073 (27)
2 v dT

Collisions of hard spheres also do not contribute to the total energy.
Let us also give a formula for the chemical potential u=—(0F/ON)r, v:

uz—Tln(%ijTU—U"—gTU—U"J. (28)

Since the contribution to the entropy of collisions of hard spheres
does not depend on temperature, such collisions do not contribute to
the heat capacity either. The contribution to the heat capacity is de-
termined only by the long-range part of the interaction potential

2
c, =3n[1+% 2ﬂ+Tdi . (29)
2 v dT '~ dT

At high temperatures (T >>¢) for the Sutherland potential (7),
J =(1/3)(e/T) + (1/18)(¢/T)?, so that the heat capacity with account of the
main correction for the long-range interaction takes the form

3 v, &
C, =§N(1+F“9T2J. (30)
Then for energy, we have
2
E=§NT 1_&3_i8_2 ) (31)
2 3T 90T

It is obvious that Cy=— (0E/0T)y, n.

4. CONCLUSIONS

Since the potential of repulsion of atoms at small distances is usually
known poorly, it is quite acceptable to use the model of hard spheres to
take into account the short-range correlations in systems of many par-
ticles. Along with a short-range repulsion, the realistic potential con-
tains a smooth component describing the interaction of atoms at long
distances. The description of contribution of the long-range interac-
tion to the thermodynamic quantities of dilute systems has been con-
sidered in this work.

The method of decomposition of the pair potential of interaction be-
tween particles into the hard core and the long-range part, proposed in
this paper, is important in connection with the question of possibility
of using the self-consistent field method in the theory of dense sys-
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tems. The idea of using the self-consistent field method, which allows
to effectively describing phase transitions, in the theory of solids was
proposed many years ago by Vlasov [8]. Many leading physicists sub-
jected Vlasov’s approach to criticism. Nevertheless, the self-consistent
field method, although without firm justification, was later employed
as well to construct the statistical theory of the crystal state [9, 10] and
the thermodynamic perturbation theory [11].

Now, apparently, we can conclude that both Vlasov and his critics
were right. Obviously, the short-range correlations of particles cannot
be described in the framework of the self-consistent field model, but it
is natural to consider them in the framework of the model of hard
spheres. The interaction of atoms through a smooth long-range part of
the potential can now be taken into account by the self-consistent field
method. Therefore, the decomposition of the potential into the short-
range and long-range parts and the using of the mean-field theory to
take into account the smooth part of the interaction may be important
for the further development of the theory of dense gases, liquids, and
solids.
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