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AHAJII3 EOEKTY MOJAUPIKYBAHHA ITPIEM, TA®HIEM TA HIOBIEM
CILTABY XKC3JAK-BI 31 3B HUKEHUM BMICTOM BYITJVIEIIIO

Mema pooomu. Teopemuune nPocHO3YBAHHA YMBEOPEHHA KaApOIOie ma MONCIUBOCEN KOMNEHCAyii 6iOCYMHOCMI
xkapbionoco 3miynenns y cnaagi KC3JK-BI 31 3uusicenum emicmom 6yeneyio 3a paxyHox 000amro8020 MOOuQi-
KY8aHHs impiem, eapuiem ma niobiem.

Memoodu oocniorycennn. Auanizom 8i0N0GIOHUX CMeXiOMEMPUUHUX PIBHAHb PeaKyill BU3HAYEHO MIHIMAIbHI YMOBU
ompumaHnua kapoiois impiro ma eaguiro.

3 sukopucmanHAM 8i00OMUX PO3PAXYHKOBO-AHANIMUYHUX MEMOOUK 8usHayeHno npozrnosogarny 100- i 1000-200unny
mpusany miynicmo cnaagy KC3JAK-BI na pizuux pieusax ne2ysautsa 6e3 MoOUQIiKy8auHs ma yMoHO20 KOMNIEKCHO MO-
oughikosanozo impiem, eagpuicm ma Hiobiem sapianmy.

Hayxoea nosusna. Ilonepeonimu 00CaioNHceHHAMU 6CMAHOBIEHO, WO V CIMPYKMYPI 3PA3KI6 31 3HUNCEHUM 6MICMOM
syeneyro (0,015...0,020 % C) kap6iou npakxmuuno 8iocymHti, a medxci 3epeH Oyoce mouki. Ilpu ésedenni Hiobiro, impito
ma eauiro 8i0bysacmvcsa YymeopeHus Kapoioie y Gopmi 2100yIaApHUX YACTHUHOK 8 OCHOBHOMY PIBHOMIDHO PO3NOOINEHUX
6 00'emi memanny.

Pospaxynkamu ecmanoeneno, wjo 011 npoeedenns peaxyii kapbiooymeopennsa impiro 0,015 % i eaguiro 0,25 %
docmammuwvo 0,02014 % eyeneyio.

Ax 6yno paniwe écmanosneno, npu sgedenri 0,15...0,25 % eaguiro 6 cnnas KC3JK-BI, éci kapbiou eudineni y eu-
2n01 2OOYIAPHUX YACMUHOK, | POSMAULOBANT NO MENCAX 3epel Ma MINCOeHOPUMHUX npocmopax. Taxum 4unom, ocKi-
JIbKU 8I00MO, WO Kapbiou impiio 8UOLIIIOMbC 3 PO3NAAGY | € NIOKAAOK0I0 0151 3pocmants kapoioie munie MC 'y euenadi
2NOOVIAPHUX YACIUHOK, MONCHA 3D0OUMU BUCHOBOK, WO OMPUMAHOT 34 PO3PAXYHKAMU KilbKOCMI impito i 2agHir,
Modice bymu docmamHim 0151 ymeopeHHs okpyenux kapoioie y memani K C3/[K-BI i3 emicmom gyeneyro 0,06...0,11 %
(sionogiono OCT 1.90.126-85).

Taxum 4UHOM MOXHCHA 3pOOUMU BUCHOBKU, WO NPU MATIOMY 8MICII 8y2leyro:

- impiil He bepe yuacmi 8 KapOIOHUX peaKkyisax, a GUMPAYAEMbCs HA JIOKAbHE J1e2y8anHs NOSePXHI po30iny ¢as, wo
YROGILIbHIOE OU@Y3itini npoyecu, NiIOBUWLYE CMPYKMYPHY CMAOITbHICD | JHCAPOMIYHICMb CNIABY, 3MEHULYE PO3MIPU 3e-
peH, i noOpibHIOE OeHOPUMHY CIMPYKMYDY;

- 2aHill nepeuKo0Icac PyuHy8anHIo MedlC 3eper 3a PAXYHOK NPUSHIYEHHs] GUOLIEHHs BMOPUHHUX KapOioie, | 3miy-
Hroe y’-ghasy.

Jlna xomnencayii 6paky xap6ionoeo smiynenHs cnaagy i3 emicmom eyeneyio 0,015...0,020 %, pospaxynkogo-
AHATTMUYHUMU METNOOUKAMU BUBHEHO MOJICTUBOCHIT 3MIYHEHHs '~ (ha3u 3a paxyHoK le2y8anHsi CHaasy 2agHiem ma
HiobieM.

Ilpakmuuna yinnicme. Bcmanosneno po3paxynkose 30i1buenHs mpuganoi MiyHoCmi yMo8HO20 KOMIIEKCHO MO-
i ikoBaHOTO radHieEM, HIOOIEM T a iT pieM ciwaBy a0 ~12 % mromo cepiiitoro cruapy JKC3JIK-BI 3a OCT 1.90.126-85.

Buxooayu 3 ompumanux 0anux, MoxcHa 3podumu 8UCHOB0K, W0 npucaoka eaguiio 6 kinekocmi 0,25 % i niobiro —
0,50 % xomnencye giocymuicmo kapbionozo smiynenus cnaasy KC3IK-BI npu 3uudsicenux emicmax gyeneyio.

Kniouogi cnosa: scapomiynuil nikenesuil Cnias, XiMiuHuil ckiao, 6Micmy gyeneyio, MOOUMIKyeanHs, CmpyKmypa,
MeXaHiuHi GIacmu8oCmi, JHcapoMiyHiCMb, PO3PAXYHKOBO-AHALTMUYHI MEMOOUKU.
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Beryn

Po3poOka cydacHMX CHJIOBHX arperartiB Juis aBia-
LIfHOTO 1 eHepreTMYHOro MalIMHOOYAYyBaHHS BUMarae
MOCTIHHOTO yJOCKOHAJICHHS MarepiaiiB BiJIIOBIJHO 10
MOCTIHHO 3pOCTAl0YMX BUMOT SIK II0 pIiBHIO (Di3HKO-
MEXaHIYHUX 1 eKCIUTyaTalliifHUX BJIACTUBOCTEH, Tak i 10
€KOHOMIYHOCTI KiHIIeBOi MpoayKii. TpaaumiifHO mHupoKo
BUKOPHCTOBYBAHHUM € KJIaC KapOMIIIHUX HIKEJIEBUX CILIa-
BiB (JKHC) 3 inTtepmeranignum 3minHeHHsM [ 1-5].

bes3anepedHo BennKy poiib B KapOMIIIHUX Hikele-
BUX CIUIaBax Bimirpae Byrieub [1, 3, 4]. Kap6imHi dazu
XapaKTepU3yIOTHCS OLIBII BUCOKOIO TEPMIUHOIO CTAOIIb-
HICTIO HI)K OCHOBHA 3MillHIOI04a Y - (a3a, BOHH BUALISA-
I0ThCSL SIK TI0 Me)XKaxX 3€peH, TaK i B CepeJrHI OCHOBHOI
y- Matpuly, i 3abe3nedyroTh kapoigue 3minuenHs JKHC B
YMOBAax BUCOKOTEMIIEPATYPHOI MOB3YyUYOCTI.

[TepBuHHI KapOinu YTBOPIOIOTHCS 3 PO3IUIABY IPH
TeMIIepaTypax, OJM3bKHX JIO COMIIYCY 1 PO3TAIIOBYIOTHCS
MIEPEBAYKHO MIXK OCSIMU JICH/IPHTIB, UMM 3yMOBJICHA iX TaK
3BaHa opma «kHTaiicbkux iepormidisy» [1, 3, 4, 6]. Taka
(opMa € HEeCIpUATIMBOIO B IEPIIy Yepry Ui IUIACTHY-
Hocti muBapHuX JKHC, ToMy OCHOBHOIO 3a7a4elo TeXHO-
JoriyHOi omeparii MoaudiKyBaHHS MOBEPXHEBO AaKTHB-
HUMU eJIeMEHTaMU € 3a0e3rneueHHs: (JOPMYBaHHS B CTPYK-
Typi PIBHOMIpDHO pO3NOAINICHUX KapOimiB mIoOyispHOT
¢dopmu[1, 4, 6].

OCHOBHHMM METOJOM BHUTOTOBJICHHS BIIIIOBIJaIbLHUX
Jetaneil TypOiH € IUTTA 32 BUTOIUTIOBAHUMH MOJIETSIMU B
yYMOBax piBHOOCHOI abo chpsiMOBaHOI KpucTamizauii [7—
10].

[IT1poko pO3MOBCIOKEHUM MaTepialioM IJIsl BUTO-
TOBJICHHSI METOJIOM PiBHOOCHOI KpHCTajli3auii JUTUX JIO-
maToK TypOiH, IO MPAIIOITH IpU TemnepaTrypax mo 900
°C, € cruaB J)KC3JIK-BI [4, 8]. [Ipu 1ipoMy MOKIHBOCTI
BIIOCKOHAJICHHSI HOTO I JaJieko He BHUYEpIaHi i moTpe-
OyIOTh TPOBENEHHS MONATKOBHX JOCHIIKeHb. B manii
poOOTi PO3TIITHYTO MOKJIMBICTH KOMIIEHCAIIT Bi/ICYTHOCTI
KapOigHOTO 3MIITHEHHS B CIUTaBaxX 31 3HIDKEHUM BMIiCTOM
BYTJICIIIO 32 PaXyHOK JOJATKOBOTO MOAN(IKYBaHHS.

Panime npoBenennmu mocmimkeHHsMu [11] Oymo
BUBYEHO  BIUIMB  3HM)KEHOTO  BMICTYy  BYIJICHIO
(0,015...0,020 % C) Ta, BinnosigHO KapOinHOi daszu Ha
Brnactusocti cruiaBy JKC3JIK-BI 3 momaTkoBuM JieryBaH-
HAM Ta MoJu(ikyBaHHSAM HioOieMm, Jirarypamu radHiii-
HIKEJIb Ta HIKEJIb-1TPIiM.

BcranoBneHo, 0 y CTPYKTYpi JOCTiTHUX 3pa3KiB 31
3HM)KEHMM BMICTOM BYTJIELIO KapOily MPakTUYHO BifCY-
THI, a MeXIi 3epeH Jyxe ToHKi. MiKpocTpyKTypa 3pa3kiB
31 3HI)KEHUM BMICTOM I10 BYTJICLIO KPYIIHO KPHUCTAJIiuHa,
1110, IMOBIPHO, 00YMOBJIEHO BiJICYTHICTIO KOHKYPEHTHOTO
($a30BOr0O POCTY IPH KPHUCTATI3aIlii PO3ILIABY.

ITpu BBenmeHHI HI0Oit0, ITPit0 Ta TadHiIO BiIOYyBAETHCS
YTBOpPEHHS KapOiniB y (opMi rioOyIsspHUX YacTHHOK, B
OCHOBHOMY, PiBHOMIpHO PO3IOJIIJICHHX B 00’ €Mi MeTay.

JocniaHi BapiaHTH 3 HU3BKMM BMICTOM BYTJICIIO Ma-
0Th 3HAYEHHS yJapHOI B’s3KocTi Ha pini 90...150 JIx/cM?,
aje BKpall HU3bKY TPHBAIy MIIHICTb, BIpOTiTHO Hepe3
BiJICYTHICTh KapOiHOTO 3MillHeHHs B ciuiasi [11]. Bucoki
MOKa3HUKHM yJapHOI B’SI3KOCTI INMOB’S3aHi 3 PIBHOMIPHHM
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PO3IOJIIOM Y CTPYKTYpi IpiOHOMMCTIEpCHOT KapOOHITpH-
IHOI (has3u.

KommiekcHo MoaudikoBaHi iTpiem, radHieM Ta Hio-
0ieM 3pasky, 3 BMicToM Byrierro 0,06 %, moka3anu moc-
TaTHIO YAapHY B’SI3KICTh 1 TPUBAJy MILHICTh, 110 3HAYHO
nepesuinyBaio Bumorn OCT 1.90.126-85 [11]. B mmx
3pa3kax MPaKTUIHO TIOBHA BiJCYTHICTh BEITUKUX KapOiliB
B 00’€Mi 36peH OCHOBHOTO Y- TBEPAOTO PO3UYHMHY i HasB-
HICTh IpiOHUX KapOiniB Tunmy MexsCe, IO BHIITHAINCS B
MIpoIIeci TepMidHOT OOPOOKH 0 MeKax 3epeH, MePerIKko-
JOKaIN 3€pHOTPAaHUYHOMY HPOCIHM3aHHS B yMOBaX BHCO-
KUX TeMIlepaTyp i IPUKIJIQJIEHOTO HaBaHTa)XeHHs. PiBeHb
ylIapHoi B'S3KOCTi, B JaHOMY BHHAJKy, 3a0e3MeuyeThCs
BUJIJIGHHSIM 1 PIBHOMIPHUM pPO3IOJIJIOM JUCKPETHUX 1
ro0ynspHUX KapOiiB 1 KapOoHITpUAIB (po3MipoM mpud-
JHU3HO 2...3 MKM) 1pu 00poOui po3miaBy iTpieM i radHi-
€M. 3HWKEHHS yIapHOi B'SI3KOCTI, MOPIBHSHO 3 BapiaHTa-
MH 3 HH3BKHUM BMICTOM BYTJIEIIO, IMOBIpHO, TOB'sI3aHE 3
BUIIICHHSIM TOABIHHAX KapOimiB mpudToBoi MOpdomorii
[11].

OcHoBHUI1 MaTepiaJ 10c/IiAKeHb

[IpakTiuHi pe3ynbTaTH TMONEPEIHBO IPOBEICHUX
JIOCIIIKeHb JI03BOJISIFOTh BUKOHATH TEOPETHYHE IPOTHO-
3yBaHHS YTBOPEHHS KapOilliB Ta MOXJIMBOCTEH KOMIICH-
carfii BIJCYTHOCTI KapOigHOrO 3MII[HEHHS Yy CIUIaBi
KC3AK-BI 3i 3HM)XEHMM BMICTOM BYIJICIIO 32 PaXyHOK
JI0JIATKOBOTO MOJM(iIKyBaHHS.

Haii6ib1 akTUBHUME €JIEMEHTaMH CTOCOBHO YTBO-
penns kap6iniB B XKHC e itpiit 1 rapuiit. dnsa aHamizy
MiHIMaIFHIX YMOB OTPHMaHHS KapOimiB iTpito Ta radHit0
PO3TISIHEMO BIITIOBIHI CTEXiOMETPHYHI PIBHSIHHS peak-
miit (1, 2).

Y +2C=YCy; 1)
Hf + C= HfC. @)

HeoOxinHi ymoBH:

1. 3micr iTpito mae Oytu B mexax 0,01...0,015 %;
OCKIJIbKM NP 301JIbIIEHH] HOTO BMICTY iTpili Oyne BUTpa-
YaTHCsl Ha YTBOPEHHS €BTEKTHYHHUX IHTEpMETaNIHUX (a3
Ty Ni-Y 2Nii7 3 4acTKOBUM OKHCIICHHIM. B 03HaueHOMY
BHIIA/IKY BECH ITpiif Oyze 3B A3yBaTHCA B IHTEPMETANIIH, 1
HE BIUIMBAaTHMeE Ha (OpMyBaHHS IHIMHX (HAa30BUX CKIIAI0-
BUX CIUIaBy, a mpH BMIcTi itpiro meHme 0,01 % ytBo-
peHHs KapOimiB chpusasTimBoi chepuyHoi Gopmm Oyxae
He3HauHuM [ 1, 4, 6].

2. Ilpu BBenenHi 0,25...0,35 % radniro BigOyBaeThcs
BUAIeHHS HexapaktepHux s cruaBy JKC31K-BI este-
KTUYHHX (a3, 10 MalOTh TEMIIEpaTypy IUIABICHHS HIDKYE
3a 1190 °C [12, 13].

[TpoBeneMo po3paxyHOK MacH BYTJIEIO JUIsS peakiii
3 0,015 % iTpito Ha macy crutaBy XKC3IK-BI 100 kr. [lns
OTPUMaHHS O3HAUEHOTO BMICTY HEOOXIZHO BBECTH B
cruias 15 riTpiro.

V¥ peakuii piastaEA (1) 1 MOIB iTpito pearye 3 2 Mo-
JsIMA ByTJIeIfo. TakuM YMHOM Maca BYTJIEI0, HeoOXiqHa
JUIS peakii 3 15 r iTpiro Moxe OyTH po3paxoBaHa 3a piB-
HsHHM (3).
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2-M
My
Jie Mc — Maca BYTJIENIo, T;
My — Maca iTpito, T;
Mc —monspHa Maca Byruenro, Mc = 12 r/mMoub;
My —MonsipHa Maca itpiro, My = 89 r/mons.
[TizcraBuBIIM 3HaYEHHS B PiBHSHHSA (3) OTpUMAEMO:

<, ©)

m =m, -

2.12

=15.2°5
e 89

4,04 .

Taxum ynnoM anst peakuii 0,015 % iTpiro HeoOXinHO
0,00404 % Byruewo.

Pospaxyemo macy Byrnemro miust peakuii 3 0,25 %
raduiro. [{ns oTpuMaHHA 03HAUYEHOTO BMICTY HEOOXiIHO
BBecTH B ciuiaB 250 T ragHiro.

VY peakuii piBHsHHEA (2) 1 Monp radHio pearye 3 1
MoJIeM ByTieno. TakuM 4HMHOM Maca BYTIICITI0, HeoOXis-
Ha st peakii 3 250 r ragHito Moxe OyTH po3paxoBaHa
3a piBHAHHSM (4).

Mc | @)

Jie Mc — Maca BYTJICIIO, T;
My — Maca radHiro, T
Mc —monspHa Maca Byraeno, Mc = 12 r/moib
Myt — monsipaa Maca raduiro, My = 178,49 r/moub
[TimcTaBuBIIN 3HAYCHHS B PIBHSAHHS (4) OTPHIMAEMO:

12
=250-———=16,08"
me 178,49

Takum unHOM 1t peakuii 0,25 % raduiro HeoOXin-
HO 0,0161 % ByrIeIIO.

Tob6ro mpu cHiIbHOMY JIETYBaHHI CIUIaBYy iTpieM Ta
raHieM a1 OTpUMaHHs KapOiaiB iTpito Ta radHio cyma-
pHo noctatHbo BBecTH 0,02014 % Byrnerwto.

OnHak, sk 3a3HavyaeThcst B [12], mpu BBeJCHHI
0,15...0,25 % radmuiro B cruaB XKC3JIK-BI, Bci xap6iau
BUJIJICH] Yy BUIIAAL TJII00YISPHUX YaCTHHOK, 1 PO3Tallo-
BaHi 110 MeXax 3epeH Ta MUKISHIPUTHUX IPOCTOPax.

Bimowmo [1, 4, 6], mo xap6imu iTpito BHIUIAIOTECS 3
PO3IIaBy i € MiAKIAIKOI0 IS 3pOCTaHHS KapOigy THITiB
MC y Burnsai rmo0yIsIpHUX YaCTHHOK.

OTxe, MOKHA 3pOOUTH BICHOBOK, 1[0 OTPUMAHOI 32
po3paxyHKaMu KiJbKocTi radHiro i iTpito, Moxe OyTH
JIOCTAaTHIM AJIsl YTBOPEHHSI OKPYIJMX KapOimiB y Mmerani
XKC3K-BI i3 Bmicrom Byruemoo 0,06...0,11 % (Biamo-
BimHo OCT 1.90.126-85).

TakuM YMHOM MOXXHa 3pOOWTH BHCHOBKH, LIO NPU
MaJIOMy BMICTi BYTJICLIIO:

- iTpiHi, He Oepe ydacTi B KapOiTHUX peakiisix, a Oy-
Jie BUTpAvaTHCs Ha JIOKaJbHE JIETYBaHHS MTOBEPXHI PO3.Ii-
ny a3, mo mpu3BeAe OO YIOBUIBHEHHS IUQY3IHHIX
MPOIICCiB, MIABHIICHHS CTPYKTYPHOI CTAaOUTHHOCTI 1 XKa-
POMIIIHOCTI CIIJIaBY, & TaKOK 3MEHIICHHS pO3MipiB 3epeH,
1 IOApiOHEHHS NEHAPUTHOI cTpyKTYypH [1, 4, 6, 14];

- radHIi MepemKoKae pyHHyBaHHIO MEX 3€peH 3a
paxyHOK NPUTHIYEHHS BHIUICHHS BTOPHHHHUX KapOifiB, i
3MiIHIOE V' - a3y [4].

s xommeHcarii Opaky KapOiHOTO 3MillHEHHS
cmuiaBy i3 Bmictom Byruerio 0,015...0,020 %, (Bupaxkene
3HIDKEHHSIM TPHBAJOl MIIHOCTI, BCTAHOBJICHOTO paHiIIe
MPOBEJCHUMHU JOCIIDKEHHSIMH), PO3TISIHEMO MOXKIIHMBOC-
Ti 3MIOHEHHS Y- (a3W 3a paxyHOK JIETYBaHHsS CIUIaBY
radHieM Ta HIOOIEM.

[Ipoananizyemo XiMiYHHI CKJIaJl BapiaHTIB CIUIABY
JKC3AK-BI Ha pi3Hux piBHSX JieryBaHHA 0e3 MoIudiKy-
BaHHS Ta YMOBHOTO KOMIUIEKCHO MOIM(IKOBAHOTO iTpi-
€M, radHieM Ta HioOieM (Tadu. 1).

Tadanusa 1 — Ximiunuii cknax crutaBy JKC3IK-BI Ha pi3HUX piBHSX JIEryBaHHS Ta yMOBHOTO BapiaHTy KOMILICK-

CHO MOIHM(IKOBAHOTO CIUIABY

Bapiant Bwmict enementis, % 1o Maci .
C Cr Co w Al Ti Mo
Hopmu OCT 1.90.126-85 0,06...0,11 | 11,0...125 | 8,0...10,0 | 3,8...45 | 40...48 | 25...3,2 | 38...45
Hmxuasa mexa 0,06 11,0 8,0 3,8 4,0 2,5 3,8
CepenHiii piBeHb 0,085 11,75 9,0 4,15 4.4 2,85 4,15
BepxHs mexa 0,11 12,5 10,0 45 4.8 32 45
YMOBHUIA KOMITIEKCHO MO i (DiKOBaHUH 0,018 11,00 9,02 4,50 4,60 2,84 4,31

IMpumitku. 1. Bigmosigno OCT 1.90.126-85 B crmaBi Takox pomyckaerbest BMicT (mo wmaci) Fe < 2,0 %; Si < 0,4 %;

Mn <0,4 %; S <0,015 %.

2. YMOBHUIA KOMIUTEKCHO MonGikoBanuii qogatkoBo mictuts 0,0120 % Y 0,23 % Hf Ta 0,51 % Nb.

OOuucneHHs TPOBENEMO BIAMOBIIHO 10 pO3p00-
nenoi B HY «3anopi3bka nojiTexHikay KOMIUIEKCHOT
po3paxynkoBoi meronuku (KPAM) [15-18], 3rimHO
SKOi JJIs BH3HAa4YeHHA po3paxyHkoBoi 100- i 1000-
TOIMHHO{ TPUBAJIOi MIMHOCTI CIUIABY CIIOYATKy MOTpi-
O0HO po3paxyBatu 00’eM Y'- pa3u B HroMy. Pe3ympraTtn
MOPIBHAEMO 3 JaHUMH PO3PaXyHKOBHX ITOKa3HUKIB
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cuiaBy JKC3JIK-BI, HaBenenux y po6ori [15].

Kinbkicts 3MminHIO0O4Y01 ¥'- pazu Vyi, % mo maci,
IIPH PI3HUX TEMIIepaTypax 3ajeKHO Bifl CyMH BMICTY
o Maci v'- YTBOPIOIOUHX €JIEMEHTIB
2Ciy=Al+Ti+Nb+Ta+Hf, moxe Oyrm BH3HaueHa 3a
HACTYITHHUMH MaTeMaTHYHUMH PErpeciiHUMH MOJEIsi-
mu [15-18].
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V,2 = —0,1028 (XCiy)? + 5,0757(2Cyy) + 16,209; V4000 = 02879 (£Ciy)? + 10,259(XCiy) — 30,409.

V,8%0 = —0,4437(2Ciy)? + 12,769 (XCiy) — 26,493; Pe3ynbTaTi po3paxyHKy mapaMeTpiB %apOMilHOTO
nikenesoro craBy JKC3/IK-BI 3 pisnumu piBHsIMU Jie-
ryBaHHs Ta ymoBHoro ciuiaBy JKC3IK-BI moaundikosa-
HOTO iTpieM, TadHiEM Ta HIOOIEM HaBe/IeHI B Ta0II. 2.

V%0 = _0,3556(2Cyy)2 + 10,892 (£Ciy) — 21,033,

Ta6muus 2 — KinbkicTs OCHOBHOI 3MIIIHIOYO1 Y'-(ha3u Vyy 3aJI€)KHO BiJl CyMapHOTO BMICTY Y'- yTBOPIOIOUHX €JIe-
MeHTiB XC;iy y kapominHoMy HikeneBomy ciiasi JKC3AK-BI mpu HopMmamnbHIN Ta CTAaHAAPTHHUX MiABUIICHUX TEMIIEpa-
Typax [12]

. , KinpKicTs OCHOBHOI 3MiIlIHIOYO1 y'-hazu Vyr,
. CyMmapHa KiJIbKiCTb Y'-yTBOPIOIOYHX o .
Bapianr . o ) % 110 Maci, Py TeMIlepaTypax
enemenTiB XCiy, % 1o maci Vv, V50 V%0 v, 100
Hmxuasa mexa 6,5 44,86 37,76 34,74 24,11
CepeqHili piBeHb 7,25 47,60 42,76 39,24 28,84
BepxHs Mexa 8,0 50,24 47,26 43,34 33,24
YMoBHU# KOMIIEKCHO MOt iKoBaHHI 8,18 50,85 48,27 44,27 33,24

I'pannns 100- ta 1000-roguaHOI TpHBaiOl Mill-
HocTi 6., MIla, po3paxoByeThCs BUXOAAYH 3 KITLKOCTI
OCHOBHOI 3MinHIO0401 Y'-ha3u Vy, % 3a Macoro, it
CTaHJAPTHUX HiIBHIICHUX TEMIEPaTyp 32 HACTYITHUMH
perpecuBHUMHU MojensamH, [ 15-17].

Just rpanmni 100- rogquHHOT TPUBaAIOT MiITHOCTI:

npu 800 °C

Jost rpanwmti 1000- rTogwHAOT TPHUBAIOT MIITHOCTI:
pu 800 °C

61000%% = 7,7537-V 8% + 1,4101;
npu 900 °C

61000°° = 9,5859-V .90 — 231 47;
o100 = 8,3257-V -8 + 127,09;

npu 1000 °C
pu 900 °C
(5100900 = 9,4593-V 7’900 — 99,463; (510001000 = 5,3733-V 7’1000 — 141,95.
mpu 1000 °C PesynbTaTél po3paxyHKIiB TPYMU TOCIiHKYBaHUX
CIUIaBiB HaBEACHO y TaOI. 3.
610090 = 5,7086-V ,-19%° — 56,666.

Tabmuns 3 — Mexxa 100- i 1000- roguusoi TpuBanoi MinHocTi o, MIla, *apoMillHOTO HIiKENEBOrO CILIABY
JKC3IK-BI mpu cTanmapTHUX, HigBHIICHUX Temmeparypax [18]

Mexa 100- ta 1000-rogrHHOT TPHBAIOT MIITHOCTI o+, MIla,
Bapianr [IPY CTaHJAPTHUX ITiJBHUIIECHAX TEMIIEpaTypax

6100°% 6100°% 61001°% 51000%% 61000°% 610001

Hwxus mexa 441,47 229,15 80,97 294,19 101,54 —12,40

Cepenniii piBeHb 483,10 271,72 107,97 332,96 144,68 13,01

BepxHs Mexka 520,56 310,50 133,09 367,85 183,98 36,66

YMOBHUIA KOMIIEKCHO MO (iKOBaHUH 528,96 319,30 138,83 375,67 192.89 42,06
30ibIIeHHS] TPUBAJIOT MIIHOCTI ~15% ~2,7% ~4,1% ~21% ~4,6 % ~12%

3 aHamizy TabuuIe 2 i 3 BUAHO, 110 B YMOBHOMY
KOMIUIeKCHO MopaudikoBanomy crmiasi KC3IK-BI

301TbIICHAS TPHUBAJIOi MIIHOCTI YMOBHOTO KOM-
IUIEKCHO MOJM(IKOBAHTO CIUIABY BiIOYBAETHCS MPOIIO-

JIETOBAaHOMY HioOieM 1 radHieM, KiUTBKICTH OCHOBHOI
3MiHI0Y01 V'~ dasu V,', % 3a Macorw, npu Temrmepa-
Typax, 30UIbIIEHO 1010 BEPXHBOI MEXI JIeryBaHHS Ha
~2%.

Cruip  3a3Ha4MTH, IO CyMapHa  KiJIbKICTh
Y'-yTBOpIOIOYHX eJeMeHTiB XCjy 3HaXOJUTHCS B MEXKax
rpanndHux ymoB Ti+Al=7,8...8,2 %, npu nepeBuuieH-
Hi SIKHX, II0 MeXaX 3epeH MOXYTh YTBOPIOBATHCS JIO-
KaJIbHI MMOTOBIIEHHS, BUAUICHHS €BTEKTHUYHOI Y-y'-(haszu
[19].
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puiitHo 3i 30impmeHHsAM Temmepatyp 800, 900, 1000 °C
Ta yacy BurpoOysanb (100 Ta 1000 roauxHi BUIIpoOy-
BaHHA).

MakcumanbHe 30UIbIIEHHS! TPHUBAIOl MII[HOCTI
cnocrepiraeTbes mig yac nposeneHHss 1000 roguHHEX
BunpoOyBanb npu 1000 °C.

[pyHTYIOUMCh Ha HPOBEACHUX po3paxyHKax [16—
18], Mo>xHa 3pOOUTH BUCHOBOK, ITI0 MpHCaIKa ragHio i
Hio6iro B kinbkocti Hf=0,25 %, Nb=0,50 % xommeHcye
BiICYTHICTb KapOinuoro 3MmimHenHs cruiaBy JKC3IK-BI 3i
3HI)KEHHM BMICTOM BYTJICLIO.
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BucHoBku

[onepenHiMHu TOCHIIPKEHHAME BCTaHOBJICHO, IO
y CTPYKTYypi 3pa3KiB 31 3HMKEHHM BMICTOM BYIJICIIO
(0,015...0,020 %C) xap0Oimu MPakTUYHO BIiACYTHI, a
MexXi 3epeH nyxe ToHki. [Ipu BBeneHHi HI0OiIO, iTpiro
Ta radHio BiAOYBaeThCsI YTBOPCHHS KapOimiB y dopmi
IOOYJSIPHUX YacCTHHOK, B OCHOBHOMY, PiBHOMIpHO
PO3MOIIEHUX B 00’ €Mi MeTay.

IIpoananizoBaHO MiHIMQJIBHI YMOBH OTPHUMAaHHS
KapOimiB iTpiro Ta radHito. Po3paxyHkamMu BCTaHOBJIE-
HO, IO JUIA TIPOBEACHHS peakiii KapOiloyTBOPEHHS
itpiro 0,015 % i raduiro 0,25 % mocrataso 0,02014 %
BYTJICLIIO.

Sk Oyno paHile BCTAaHOBICHO, IPU BBEACHHI
0,15...0,25 % radmuiro B cruiaB XKC3JIK-BI, Bci kap6inu
BUJIIJIEH] Y BHUIUISII TJIOOYJISIPHUX YacCTUHOK, 1 Po3Ta-
LIOBaHI 10 MeXax 3epeH Ta MDKICHAPUTHHX IMPOCTO-
pax. TakuM YHHOM, OCKINIBKM BiZIOMO, IO KapOimu
ITpit0 BUOUIAIOTBECSA 3 PO3IUIABY 1 € MiAKIAIKOIO IS
3poctaHHsa KapOixy tumiB MC y BUTTAAI TIOOYISIPHIX
JaCTHHOK, MOXKHA 3POOHTH BHCHOBOK, IO OTPHMaHOI
3a po3paxyHKaMH KUTBKOCTI radHilo i iTpito, Moxe Oy-
TH JOCTATHBOIO JJISI YTBOPCHHS OKPYTIIMX KapOimiB y
metani JKC3JIK-BI i3 Bmictom Byriemto 0,06...0,11 %
(iamosigro OCT 1.90.126-85).

Takum YUHOM MOHa 3pOOUTH BUCHOBKH, 1110 NPU
MaJIoOMy BMICTi BYTJIELIO:

- iTpiif, He Oepe yuyacTi B KapOiIHHX peakiisx, a
BUTpavYa€ThCs HA JIOKAJIBbHE JIETYBAaHHS IOBEPXHI PO3-
ity a3z, mo ymoBinbHIOE U Y3iiiHI TIPOIecH, ITiIBH-
IIy€e CTPYKTYpHY CTAaOUIBHICTD i )KapOMIIHICTH CILIABY,
3MEHIIIyE pPO3MIpH 3€peH, 1 MOIPiOHIOE ACHAPUTHY
CTPYKTYDY;

- radHIH IepenKoIKae PyHHYBaHHIO MEX 3€peH
3a paXyHOK NpPUTHIYEHHs BHUIIICHHS BTOPUHHUX Kap-
0ixiB, 1 3MimHIOE ¥ - (azy.

s xoMmmeHcarii Opaky KapOiTHOTO 3MIITHEHHS
cmiaBy i3 BMictoMm Byriemo 0,015...0,020 %, pospa-
XYHKOBO-2HAIITHYHUMH METOJMKAMU BHMBYECHO MOX-
JUBOCTI 3MIiIHEHHS Y- ¢a3u 3a PaxyHOK JIETyBaHHS
CIUIaBY radHieM Ta HIOOIEM.

BcTanoBieHO po3paxyHKOBE 30UTBIICHHS TpPUBa-
JI0T MIITHOCTI YMOBHOTO KOMITJIEKCHO MOIM(IKOBAHOTO
raduieM, HioOleM Ta iTpiem cmiaBy no ~12 % mono
cepiinoro crutaBy JKC3JIK-BI 3a OCT 1.90.126-85.

Buxonsun 3 OTpUMaHUX JaHUX, MOXKHA 3poOnTH
BUCHOBOK, 10 Ipucajaka raduito B kimbkocTi 0,25 % 1
Hio6i0o — 0,50 % xommeHcye BiACYTHICTh KapOiIHOTO
sminHenHst cruiaBy JKC3IK-BI npu 3HmkeHux BMicTax
BYTJICLIIO.
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ANALYSISOF THE MODIFICATION EFFECT WITH YTTRIMIUM,
HAFNIUM AND NIOBIUM ON KC3AK-BI ALLOY WITH REDUCED
CARBON CONTENT
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Vaeriy Naumyk

Purpose. Theoretical prediction of carbide formation and possibilities of compensating for the lack of carbide
strengthening in the JKC3/{K-BI alloy with a reduced carbon content through additional modification with yttrium,
hafnium, and niobium.

Research methods. By analyzing the corresponding stoichiometric reaction equations, the minimum conditions for
obtaining yttrium and hafnium carbides were determined.

Using known computational and analytical techniques, the predicted 100- and 1000- hour long-term strength of
the JKC3JK-BI alloy at different alloying levels without modification and a conditional complexly modified with yttri-
um, hafnium and niobium variant were determined.

Scientific novelty. Previous studies have established that in the structure of samples with a reduced carbon con-
tent (0.015...0.020 % C) carbides are practically absent, and the grain boundaries are very thin. When niobium, yttrium
and hafnium are introduced, carbides are formed in the form of globular particles, mainly evenly distributed in the vol-
ume of the metal.

Calculations have established that 0.02014 % carbon is sufficient for the carbide formation reaction of 0.015% yt-
trium and 0.25 % hafnium.

As was previoudly established, when 0.15...0.25 % hafnium is introduced into the JKC3/[K-BI alloy, all carbides
are isolated in the form of globular particles, and are located along the grain boundaries and interdendritic spaces.
Thus, since it is known that yttrium carbides are released from the melt and are a substrate for the growth of carbides
of the MC type in the form of globular particles, we can conclude that the amount of yttrium and hafnium obtained by
calculations may be sufficient for the formation of rounded carbides in the metal JKC3/JK-BI with a carbon content of
0.06...0.11% (according to OST 1.90.126-85).

Thus, it can be concluded that with a low carbon content:

- yttrium does not participate in carbide reactions, but is spent on local alloying of the phase interface, which
slows down diffusion processes, increases the structural stability and heat resistance of the alloy, reduces grain size,
and refines the dendritic structure;

- hafnium prevents the destruction of grain boundaries by suppressing the release of secondary carbides, and
strengthens the y’- phase.
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To compensate for the lack of carbide strengthening of the alloy with a carbon content of 0.015...0.020 %, the
possibilities of strengthening the y’- phase by alloying the alloy with hafnium and niobium were studied using computa-

tional and analytical methods.

Practical value. The calculated increase in the long-term strength of a conventional alloy complexly modified with
hafnium, niobium and yttrium up to ~12 % relative to the serial alloy JKC3/[K-BI according to OST 1.90.126-85 has

been established.

Based on the data obtained, it can be concluded that the addition of hafnium in an amount of 0.25% and niobium
—0.50 % compensates for the lack of carbide strengthening of the JKC3/[K-BI alloy at reduced carbon contents.

Key words: heat-resistant nickel alloy, chemical composition, carbon content, modification, structure, mechanical
properties, heat resistance, calculation and analytical methods.
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COMPARATIVE ANALYSISOF THE COMPLEX OF PROPERTIES OF
NICKEL-BASED SUPERALLOYS

Purpose. To conduct comparative studies of the complex of physico-mechanical properties of the imported alloy
N-155 and the domestic alloy 3MI-11 in order to increase the service life of the rotating blades. To conduct compara-
tive tests on the short-term and long-term strength of the alloys in the initial state (after heat treatment), to conduct
compar ative tests on the short-term and long-term strength of the alloys after prolonged thermal action at T= 850 °C,
950 °C for 1000, 3000, 5000 hours and to conduct research by metallographic method and micro-X-ray spectral analy-
sis of the microstructure and phase composition of the alloys.

Research methods. Alloy samples were made from ingots weighing 10 kg in a vacuum induction furnace VIII1®-
3M in an argon environment at a pressure of 1.4-5.3 Pa in crucibles with the main lining with simultaneous pouring of
samples of equiaxed crystallization. Chemical analysis was carried out by standard methods in accordance with the
requirements of TU 14-1689-73 and OST 1.90127-85. Microstructure studies were carried out on microsections, the
plane of which was oriented normal to the surface on a light optical microscope “ Olympus I1X-70" with a digital video
camera “ ExwaveHAD color video camera Digital Sony” at magnifications x 200, x 500, x 1000. Strength tests (GOST
1497-61, GOST 9651-61, GOST 1497-84) were carried out on standard cylindrical samples (diameter of the working
part 5 mm, length 25 mm) at temperatures 200, 800, 900 and 1000°C on a ¥YME-10TM brand tensile machine. Long-
term strength tests (GOST 10145-81) were carried out on standard cylindrical samples at temperatures 800, 900,
10000 °C and corresponding loads 600, 400, 180 MPa on an AIMA-5-2 machine.

Obtained results. It was found that during tests at 800 and 900°C, the tensile strength of the N-155 alloy is 1.2
times lower than that of 3MI-11, and the long-term strength is 5.2 times lower, respectively. It was shown that the
amount of the strengthening phase in the 3M1-11 alloy is 6...10 % more, evenly distributed throughout the alloy body. It
was established that in the composition of the strengthening phase of the 3MI-11 alloy, the concentration of chromium,
tungsten, and molybdenum remains practically unchanged and does not depend on the presence of niobium. At the same
time, in the composition of the strengthening phase of the 3MI-11 alloy, the concentration of cobalt increases by
1.4 times, and the concentration of aluminum and titanium decreases by 1.1 times compared to the N-155 alloy. It was
established that in the process of dissolving non-equilibrium eutectic precipitates, microvolumes arise, locally super-
saturated with tungsten, chromium, and titanium, in which the probability of the formation of carbides on a more com-
plex basis increases. It was found that during prolonged thermal action carbides based on tantalum TaC and on a
mixed basis (Ta, Ti) C in the 3M/-11 alloy are thermally more stable than carbidesin the N-155 alloy.

Scientific novelty. The obtained results allow us to understand the thermodynamics of phase formation processes
in two alloying systems and to establish the relationships between alloying elements concentration and the phase com-
position of the alloy.

Practical value. The obtained results allow us to recommend the domestic 3M1-11 as a substitute for the foreign
alloy N-155 without loss of properties and service life.

Key words. nickel-based superalloys, phase composition, distribution of alloying elements, heat resistance, car-
bides.
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Introduction

Today, there is a need to obtain products with a high
level of physical, mechanical and operational properties
of modern heat-resistant nickel aloys. This can be
achieved by quite complex aloying systems [1-5]. There
are quite effective ways to improve a number of
properties of existing alloys, such as modification and
other technological methods that allow improving the
structure and quality of the material of the final product
[4-6]. However, it is possible to influence the properties
by changing the chemica composition of structural
components  without  significantly  changing the
composition of the alloy. For example, it has been shown
that changing the chemical composition of carbides leads
to a change in their shape, size and melting temperature
[7-10]. As a result, the operational characteristics of
experimental compositions improve.

Purpose of thework

To conduct comparative studies of the complex of
physico-mechanical properties of the imported alloy
N-155 and the domestic alloy 3MI-11 in order to increase
the service life of rotating blades.

Material and resear ch methods

The solution to the tasks is possible only with a
comprehensive approach to studying the structure and
properties of the alloy 3MI-11 in comparison with the
alloy N-155 before and after prolonged thermal action at
operating temperatures on strength characteristics,
structural and phase stability. Comparison of research
results makes it possible to predict the long-term strength
and structura stability of the aloy 3MI-11 in order to
increase the service life of rotating TNT blades, which is
relevant for parts of stationary gas turbines.

Samples of alloys N-155 and 3MI-11 were
manufactured by obtaining ingots weighing 10 kg in a
vacuum induction furnace VYIIII®-3M in an argon
environment at a pressure of 1.4-5.3 Pain crucibles with
the main lining with simultaneous pouring of samples of
equiaxed crystallization. Metal casting was done in
ceramic molds, preheated to 9000 °C a a metal
temperature of 15400 °C. Then the cast blanks were heat
treated in vacuum or neutral atmosphere according to the
specified regime, after which standard cylindrical samples
were manufactured for mechanical tests.

Further, comparative studies of mechanical
properties, microstructure and phase composition of
dloys were carried out. The nomina chemical
composition of the alloysisgivenin Table 1.

Chemical analysis of aloys N-155 and 3MI-11 was
carried out by standard methods in accordance with the
requirements of TU 14-1689-73 and OST 1.90127-85.
Spectral chemical analysis was carried out on an optical

emission device ARL-4460 (quantometer  for
simultaneous multi-channel analysis of elements).
Wavelength range from 170 nm to 800 nm.

Table 1 — Chemical composition of aloys
Alloy Element content % (by mass)

C [Cr| Al | Ti [Mo|W|Co|Nb| B | Zr [ N2|Ni

N-155 [0,15]21,0] - [ - [3,0[25200[10] - | - [0,15/oct.

3MI-11 [0,125(16,0[ 1,25 [1,75[ 2,0[3,0] - [1,0/0,01]0,01] - Jocr.

The microstructure of the samples was studied on
unetched and etched microsections, the plane of which
was oriented norma to the surface on a light optical
microscope “ Olympus IX—70" with adigital video camera
“ExwaveHAD color video camera Digita Sony” at
magnifications of x200, x500, x1000. The microstructure
was detected by etching the surfaces of the sections with
Marble's reagent — CuSO4 — 4 g, HCl — 20 ml, water —
20 ml according to the following regimen: etching for
10-15 seconds, rinsing with water, drying with hot air.

To detect the y’-phase, the reagent CuSOs — 20 g,
H2SO,4 — 5 ml, the rest H,0, current density — 500 A/m?.

To detect carbides, boride, nitride, the reagent NaF —
30 g, HCl — 100 ml, citric acid — 100 g, H>O — 1000 ml,
current density — 200 A/m? was used.

To identify the 6 — phase and carbides of the MeC
type, which have a similar needle morphology, they are
etched using the reagent: red blood salt — 10 g, NaOH —
10 g, H20 — 100 ml, current density 500 A/m?. In this
case, the o — phase was colored brown, and the double
carbides were colored black. The study of the fine
structure (morphology and phase composition) of alloys
N-155 and 3MI-11 after casting, heat treatment and long-
term aging at T = 8500 and 950 °C for 1000, 3000, 5000
hours was studied by electron microscopy on a JEOL
JSM — 6360la scanning microscope at magnifications of
%5000, x10000.

The sizes, shape and number of y’- " phase particles
were determined by electron microscopy on replicas. The
size of the y’-p hase was estimated on cross sections at
magnification of x10000. Measurements were made on
one side of the cube. Quantitative metall ography was used
to calculate the volumetric content of the y'- phase, y-y”
eutectic, and carbide phase in the tested aloys.

Short-term strength tests (GOST 1497-61, GOST
9651-61, GOST 1497-84) were performed on standard
cylindrical samples (diameter of the working part 5 mm,
length 25 mm) at temperatures of 200, 800, 900 and
10000 °C on a UME-10TM brand tensile machine. Long-
term strength tests (GOST 10145-81) were performed on
standard cylindrical samples at temperatures of 800, 900,
10000 °C and corresponding loads of 600, 400, 180 MPa
on an AIMA-5-2 machine by uniaxia stretching of
samples under constant load. The relative elongation of
the samples was recorded using mechanical strain gauges.
At each load level, 3-5 samples were tested.

To assess the degree of reduction in the strength
characteristics of the studied aloys as a result of
prolonged thermal action at temperatures of 8500 and
950 °C with different aging bases of 1000, 3000, 5000
hours, additional tests of samples were carried out in
accordance with the above-mentioned standards.

To identify the phases in the aloys, the method of
local microprobe analysis was used. The accelerating
voltage was 10 keV, the diameter of the electron probe
was 4 nm (40A0). The study of the chemical composition
of the phases was carried out on the X- ray spectral analy-
sis attachment to the JEOL JSM-6360la scanning electron
microscope with the JED-2300 energy-dispersive X-ray
spectra microanalysis system. Using this method,
changes in the morphology and composition of the y’-
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phase, y-y~ eutectic, and carbide phase before and after
prolonged thermal action were studied.

Resear ch results and their discussion

In order to form an optimal structure to ensure a
complex of mechanical properties, heat treatment (HT) of
alloys N-155 and 3MI-11 was carried out in a 2-s tage
mode. As mentioned above, the homogenization
temperature (I-th stage of heat treatment) for each alloy
was assigned individually based on the analysis of data
obtained by the method of differential thermal analysis
(DTA). Table 2 presents the heat treatment modes for the
aloys.

Table 2 — Heat treatment modes of alloys

Exposuretime,| Cooling rate,
Alloy |Trom., °C| Ter., °C | between steps, | between steps,
h °/min
N-155 | 1180 1050 4 intheair
3MI-11 | 1240 1050 4 intheair

High-temperature aging (Il degree of TO) of aloys
was carried out at a temperature of 10500 °C, which was
chosen close to the technological temperature of applying
the protective coating.

Comparative analysis of the results of Table 3
showed that at test temperatures of 8000 and 9000 °C, the
tensile strength o of the N-155 alloy is 1.2 times lower
than that of the 3MI-11 alloy. The yield strength co2 of
the N-155 alloy is 1.3 times lower than that of the 3MI-11
alloy. At a test temperature of 1000 °C, the tensile
strength of the N-155 alloy is 1.4 times lower than that of
the 3MI-11 alloy. The yield strength of the N-155 alloy is
1.5 times lower than that of the 3MI-11 alloy. At the same
time, the N-155 alloy has higher plasticity. Comparative
analysis of the data of Table 4 showed that at all test
temperatures, the durability of the N-155 aloy is
significantly lower than that of the 3MI-11 alloy under
equal test conditions.

Table 3 — Short-term strength of aloysin the initial

state (after HT)

Alloys | Tsun, °C | o, MIla | co2, MPa| &, % v, %
800 990 805 9,6 22,2

N-155 900 620 470 19,1 31,3
1000 340 180 213 42,2

800 1070 950 7,8 17,1

3MI-11 900 720 630 134 25,6
1000 490 300 17,0 33,3

Table 4 — Long-term strength of aloys

Alloy  |Tsum,. °C| 6, MPa | t,hour | §,% v, %
N-155 800 450 154,2 111 22,2
N-155 900 250 137,9 13,9 31,3
N-155 1000 120 1155 16,6 46,3
3MI-11 800 450 801,7 9,8 18,0
3MI-11 900 250 748,1 14,1 254
3MI-11 1000 120 782,0 121 29,8

Thus, at a test temperature of 800 °C and a stress of
450 MPa, the time to fracture of samples of alloy N-155 is
5.2 times less than that of alloy 3MI-11. At a test

temperature of 9000C and a stress of 250 MPa, thetimeto
fracture of samples of alloy N-155 is 5.4 times less than
that of alloy 3MI-11. At atest temperature of 10000C and
a stress of 120 MPa, the time to fracture of samples of
alloy N-155 is 6.8 times less than that of alloy 3MI-11. At
the same time, the plasticity of alloy 3MI-11 is dightly
lower compared to alloy N-155. The results obtained after
prolonged thermal action at 850 °C on all time bases
showed that at test temperatures of 800, 900, 1000 °C, the
properties of alloys decrease by different at the same rate
under the same test conditions, compared with the initial
properties (after HT). At the same time, the decrease in
the heat resistance of the alloy N-155 occurs more
intensively than in the alloy 3MI- 11 at all time bases of
aging.

Thus, in the alloy N-155 after aging at 850 °C for
5000 hours, the ultimate strength at the test temperature of
8000 °C decreases by 4045 MPa, a 900 °C by
55-60 MPa, at 1000 °C by 95-100 MPa.

The plagticity remains at the initial level. At the
same time, the ultimate strength of the alloy 3MI- 11
decreases less intensively. After prolonged aging at
850°C for 5000 hours in the alloy 3MI-11, the ultimate
strength at test temperatures of 8000 and 900 °C
decreases by 3540 MPa, at 1000 °C by 55-60 MPa
compared to the initia state. At the same time, compared
to the alloy N-155, a dlight decrease in plasticity is
observed in the alloy 3MI-11. The results obtained after
prolonged thermal action at 9500C on all time bases
showed that at test temperatures of 800, 900, 1000 °C the
properties of the alloys decrease at a more intensive rate
under equal test conditions, compared to the initial
properties (after HT). At the same time, the rate of
decrease in the heat resistance of the alloy N-155 occurs
significantly more intensively than in the alloy 3MI-11 on
all time bases of aging.

In aloy N-155 after aging at 950 °C for 5000 hours,
the ultimate strength at the test temperature of 800 °C
decreases by 60-65 MPa, at 900 °C by 75-80 MPa, at
1000°C by 130-135 MPa.

The ductility decreases by 4-6 % compared to the
initial state at all test temperatures. At the same time, the
ultimate strength of alloy 3MI-11 decreases less
intensively.

In alloy 3MI-11, the ultimate strength after
prolonged aging at 950 °C for 5000 hours at test
temperatures of 8000 and 900 °C decreases by 45—
55 MPa, at 1000 °C by 75-80 MPa compared to the initial
dtate. At the same time, a significant difference in the
tensile strength of the alloy N-155 and 3MI-11 is
observed at atest temperature of 1000 °C.

It was established that in the 3MI-11 alloy thereis a
decrease in plasticity by an average of 5-7 % compared to
the initial state (after HT) at all test temperatures.

Metallographic studies have shown that in the cast
state the structure of the aloys is heterophase with a
pronounced dendritic character, which is manifested in
the uneven distribution of particles of the y'- phase, the
v-y" eutectic and the carbide phase (Fig. 1).
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Figure 1. Dendritic structure of aloys after casting:
a—alloy — N-155; b —dloy — 3MI-11

It was found that in comparison with the N-155
alloy, the volume fraction of the strengthening phase in
the 3MI-11 alloy increases by 6.0-8.0 %, and the eutectic
phase by 2.5-3.5 %. At the same time, the amount of the
main strengthening phase in the N-155 alloy is 48-50 %,
in the 3MI-11 aloy it is 56-58 %. After crystallization,
the formation of carbides of the MeC type is observed in
the structure of the alloys near large eutectic precipitates,
which partidly fill the space between the dendrite
branches (Fig. 1). Comparative studies have shown that
the carbide phase in the N-155 alloy is mainly located in
localized interdendritic areas in the form of “skeletal”
precipitates in the form of the so-caled “Chinese
characters’.

The carbide phase in the alloy 3MI-11 has a
morphology in the form of individua polygona and
discontinuous inclusions of irregular spherical shape. The
electron micrographs (Fig. 2) illustrate the morphology
and arrangement of phases after casting in the structure of
alloys N-155 and 3MI-11. It should be noted that the
distribution density, size and shape of y- phase particlesin
the interdendritic areas and dendrite axes are different.
Thus, together with fine particles of y- phase, large
eutectic precipitates of y - phase are observed, which were
formed at the final stage of crystallization in the interaxial
dendritic spaces.

Metallographic analysis of the structure and X-ray
spectral  microanalysis data showed that during
crystallization the interdendritic melt is enriched with y'-
forming elements, which leads to an increased size of
precipitates of y’er.- phase of eutectic origin in the
interaxial areas.

In the center of the axes of the I-th order dendrite,
the y-phase isisolated in the form of cubic particles with a
size of 0.30-0.40 pm, in the interdendritic region - in the
form of irregular subcubes with a size of 0.8-1.5 pm and
more. It was established that in the structure of the 3MI -
11 dloy, in comparison with N-155, the morphology of
the eutectic precipitates changes.

In the N-155 alloy, the eutectic precipitates have a
characteristic fan-shaped shape and are a bundle of
diverging y-phase particles separated by thin veins of the
y-solid solution (Fig. 2a), in the 3MI-11 alloy, the eutectic
precipitates have a morphology from faceted to lamellar
(Fig. 2b).

The X-ray spectra microanalysis data showed that
both polygonal and skeletal precipitates are carbides of
the MiC type. At the same time, the morphology of the
carbide phase shows that polygona carbides are formed
near liquidus temperatures, and skeletal carbides as a

result of the eutectic reaction. Thus, in aloys N - 155 and
3MI-11 carbides on the bases of TiC, (Ti, Nb) C, growing
in the melt, have a block-like shape with regular faceting

(Fig. 2).

a x500 x500

Figure 2. Distribution and morphology of phasesin the

microstructure of aloys after casting: a—aloy N-155; b —alloy
3MI-11

Fig. 3 shows the distribution of the main
strengthening phase in the microstructure of alloys N-155
and 3MI-11 after casting. Metallographic analysis showed
that after crystalization, the particles of the main
strengthening phase were fairly evenly separated in the
matrix and have a shape from cubic to rectangular.

a x10 00 b

Figure 3. Distribution of the strengthening phase in the
microstructure of alloys after casting:
a—alloy — N-155; b —aloy — 3MI-11

At the same time, the most ordered and dense
distribution of cubic particles of the main strengthening
phase with a uniform distance between them is observed
in the microstructure of the aloys (Fig. 3). The average
size of the particles of the strengthening phase is on
average 0.40-0.50 microns. It should be noted that in the
cast state, the cubic morphology of the strengthening
phase in the aloys indicates the tension and non-
equilibrium of the structure.

Fig. 4 shows the distribution of the main
strengthening phase in the microstructure of aloys N-155
and 3MI-11 after heat treatment.

x5000
Figure .4 Distribution of the strengthening phasein the
structure of alloys after HT:
a—alloy — N-155; b —dloy — 3MI-11

“a x5000 b
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After high-temperature aging at 1050 °C (II-th
degree of HT) in the structure of alloys, coagulation of
particles of the strengthening phase that have not
dissolved is observed, in connection with which, along
with fine particles, larger particles of the phase are aso
observed. When cooling in air, the maximum possible
volume fraction of the strengthening phase is achieved in
aloys.

It has been established that in the process of high-
temperature aging (l1-th degree of HT) particles of the
strengthening phase lose the correct cubic shape. In the
fully hesat-treated state, the structure of the alloys is
bimodal.

At the same time, the particles of the larger fraction
of the formed rounded shape, with a size of 0.70-0.90 um
and the particles of the strengthening phase of the fine-
dispersed fraction with a size of 0.20-0.30 pm, are fairly
evenly distributed in the matrix. The average size of the
particles of the strengthening phase in the aloy structure
is0.50-0.70 um.

Fig. 5 shows the distribution of phases in the
microstructure of aloys N-155 and 3MI-11 after high-
temperature aging at T = 1050°C.

a x5000 b x5000
Figure 5. Distribution of phasesin the microstructure of
alloys after HT:

a — strengthening phase and eutectic in aloy N-155;
b — strengthening phase and eutectic in alloy 3MI-11

As can be seenin Fig. 5, the eutectic precipitates did
not completely dissolve due to the lower homogenization
temperature and short holding time, which was associated
with the risk of eutectic melting and could lead to
increased microstructural heterogeneity.

After heat treatment, the eutectic precipitates remain
in the places of their preferential separation during
crystallization. At the same time, zones are formed around
them where the secondary separations of the
strengthening phase are much more dispersed than in
other areas of the matrix. It is characteristic that in these
areas particles of the strengthening phase of the fine-
dispersed fraction with a size of 0.15-0.20 um and less
are observed.

Fine-dispersed particles are further separated during
high-temperature aging as a result of the decay of the
supersaturated solid solution due to the concentration
heterogeneity of the elements. After heat treatment, the
carbide phase in the aloys does not undergo noticeable
changes. Thus, in the process of 2- stage heat treatment in
the aloys formed an optimal, equilibrium and stable
structure. At the same time, the total number of non-
equilibrium phases is noticeably reduced. The optimal
distribution of strengthening phases in the structure of the

alloys corresponds to more stable values of short-term and
long-term strength, which is confirmed by mechanical
tests.

The chemica composition of the phases is
determined by the initial chemical composition of the
aloy. At the same time, the determination of the chemical
composition of the phases by elements requires accurate
guantitative analysis within the phase.

Therefore, the dependence between the composition
of the alloys N-155, 3MI-11 and their chemical
composition of the phases was investigated. Analysis of
Xray spectral microanaysis data showed, and mechanical
tests confirmed, that the increase in short-term and long-
term strength of the 3MI-11 alloy, compared with the N-
155 dloy, is more related not so much to the increase in
the volume fraction of the main strengthening phase, but
to achangein its chemical composition.

Depending on the conditions of dendrite formation,
the main strengthening phase has a noticeable difference
in chemical composition compared with the phases of
eutectic origin. Moreover, a noticeable difference in the
chemical composition of the phases is observed for the
most strongly liquifying elements. Thus, the eutectic,
compared with the main strengthening phase, is enriched
in elements whose liquification coefficient is positive
(aluminum, titanium), and depleted in elements whose
liquification coefficient is negative (chromium, cobalt,
tungsten).

In Fig. 6 shows large eutectic precipitates in the
interdendritic  spaces, which have a noticeable
heterogeneity in the distribution of aloying elements in
aloys N- 155 and 3MI-11.
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Figure 6. Chemical composition of the eutectic:
a—alloy N-155; b — alloy 3MI-11

The liquation nature of the distribution of elements
participating in the formation of the eutectic phase leads
to its uneven separation in the volume of the alloy. In the
interdendritic areas, supersaturated with aluminum and
titanium, the eutectic phase is separated in large sizes due
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to the fact that these elements have the greatest liquation
and are included in it, as the main ones, together with
aluminum.

Using electron microscopy, it was established that
the eutectic phase of the 3MI-11 aloy, separated in the
interdendritic areas, differs in both chemical composition
and morphology in comparison with the N-155 alloy.
Thus, in the 3MI-11 aloy, alloying with aluminum and
titanium leads to an increase in the volume fraction of
eutectic separations by 2.5-3.5%. In the interdendritic
regions, the strengthening phaseis 3-5 times larger than in
the center of the dendrite axes. Table 4 shows the
comparative results of the quantitative analysis of the
chemical composition of the eutectic phase of the aloys,
obtained using the electron microprobe method X-ray
spectral microanalysis.

Table 4 — Chemical composition of eutectic alloys

Alloy Content of elementsin eutectic, % (by mass)
Cr | Co | W [ Mo | Al Ti Nb | Ni
N-155 | 28 (23|36 | 0,2 6,9 | 754
3MI-11 | 26 | - 29101 |54 [81]69 | 716
Metallographic  studies and X-ray spectral

microanalysis data showed that in the interdendritic layers
the eutectic phase differs in composition from the main
strengthening phase. At the same time, both small and
large areas of eutectic precipitates are enriched in
aluminum, titanium, and depleted in tungsten,
molybdenum, chromium, cobalt in comparison with the
solid solution. Thus, in the composition of the eutectic of
the 3MI-11 aloy, the concentration of chromium, cobalt
and molybdenum remains constant and does not depend
on the concentration of titanium in the aloy. In the
composition of the eutectic phase of the 3MI-11 aloy, the
amount of tungsten and aluminum decreases by 1.3 times,
and the concentration of titanium by 1.1 times in
comparison with the N-155 alloy. At the same time, in the
composition of the eutectic phase, the concentration of
chromium is 4.5-5 times lower, cobalt, tungsten and
molybdenum is 2.5-3 times lower, and the concentration
of auminum and titanium is 1.7—2 times higher than their
concentration in the main composition of the aloy. At the
same time, with the presence of titanium in the
composition of the eutectic phase of the alloy 3MI-11, the
temperature of eutectic ter. transformations increases by
500 °C, and therefore, the thermal stability of eutectic
precipitates increases in comparison with the alloy N-155.

Fig. 7 shows the chemica composition of the
strengthening phase of aloys N-155 and 3MI-11. Using
electron microscopy and the X-ray spectral microanalysis
method, it was found that with the presence of aluminum
and titanium in the composition of the 3MI-11 aloy, the
composition of the strengthening phase changes compared
to the N-155 alloy.

Table 5 shows the results of quantitative analysis of
the chemical composition of the main strengthening phase
of aloys N-155 and 3MI-11, obtained using an electron
microprobe. It was found that in the composition of the
strengthening phase of the 3MI-11 dloy, the

concentration of chromium, tungsten and molybdenum
remains practically unchanged and does not depend on the
presence of niobium. At the same time, in the
composition of the strengthening phase of the 3MI-11
aloy, the concentration of cobalt increases by 1.4 times,
and the concentration of aluminum and titanium decreases
by 1.1 times compared to the N-155 alloy.
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Figure 7. Chemical composition of the main
strengthening phase: a —alloy N-155; b —alloy 3MI-11

Table 5 - Chemica
strengthening phase of alloys

composition of the

Alloy | Content of elements in the strengthening phase, %
(by mass)
Cr [Co |W | Mo [Al |Ti Ta | Ni
N-155 [ 29|25 [71]|04 | -- 74 | -- 72,5
3MI-11 | 2,7 |33 | 69]02 |66 |69 |57 677
It should be noted that in the alloy 3MI-11

aluminum, titanium, tungsten in the strengthening phase
are approximately in the same concentration. Thus, in
comparison with the aloy N-155, where the main
strengthening phases are carbides and nitrides, in the alloy
3MI-11, which showed higher short-term and long-term
strength, in the composition of the strengthening phase
part of aluminum and titanium is replaced by the most
optimal ratio of refractory elements — tantalum and
tungsten (table 5). Therefore, the main strengthening
phase of the alloy 3MI-11 at 70-750 °C has a higher
temperature of the end of dissolution of te, in comparison
with the aloy N-155, and therefore, higher thermal
stability.

According to microanalysis data, the concentration
of chromium in the composition of the strengthening
phase of the aloys is 4.5-5 times, and cobat and
molybdenum 1.5 - 2 times lower than their concentration
in the main composition. At the same time, the
concentration of tungsten in the strengthening phase is
practically the same as in the main composition. At the
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same time, the concentration of aluminum is 1.7-2 times,
and titanium and tantalum 1.3-1.4 times higher than their
concentration in the main composition of the alloys. Thus,
acomparative analysis of theresults givenin Tables 5 and
6 showed that in comparison with the N-155 alloy, in the
3MI-11 aloy aluminum and titanium in the composition
of the eutectic and strengthening phase are replaced by
more refractory tantalum, the content of which reaches: in
the eutectic 7-8 %, in the strengthening phase 67 %.
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Figure 8 - Chemical composition of carbide type
MeC: a- aloy N-155; b - alloy 3MI-11.

Fig. 8 presents the results of a comparative study of
the chemical composition of the carbide phase of the MeC
type of alloys N - 155 and 3MI-11. Data analysis showed
that in the cast state, carbides based on TiC (Fig. 8 a)
containing a high concentration of tungsten are observed
in the alloy N - 155. In the alloy 3MI-11, carbides are
observed mainly on a mixed basis (Ti, Ta) C. The
presence of other carbide-forming elements (Ti, W, Mo)
allows us to conclude that carbides based on titanium and
tantalum are inclusions with complex chemical
composition.

Table 6 presents the results of quantitative analysis
of the chemical composition of the carbide phase of the
alloys, obtained by the X-ray spectral microanalysis
method using an electron microprobe. It was found that
the presence of titanium in the 3MI-11 aloy has a
significant effect on the redistribution of alloying
elements in the carbide phase compared to the N-155
aloy.

Analysis of the obtained results in Table 6 showed
that the carbide phase in the N - 155 alloy contains up to
37% tungsten and up to 4% molybdenum. In the 3MI-11
alloy, carbides contain the following elements. 56%
tantalum; 30% titanium, 13% tungsten and 1%
molybdenum. It was found that the presence of tantalum
up to 4% in the 3MI-11 aloy leads to an increase in its
concentration in the carbide phase to 56 %, which is
12 times higher than its concentration in the main
composition. At the same time, in comparison with the

N-155 alloy, in the 3MI-11 alloy there is a simultaneous
decrease in the titanium concentration by 2.2 times and
the total concentration of tungsten and molybdenum by
3.4 times.

At the same time, the presence of titanium in the
strengthening phases of the 3MI-11 alloy has a positive
effect on the overall strengthening mechanism.

It is known that for alloy N-155 the operating
temperature range is 800-850°C. Comparative studies of
the complex of mechanical properties have shown that
alloy 3MI-11 has higher short-term and long-term
strength, compared to alloy N-155, has a temperature
capability 500 °C higher and its operating range is 900—
950 °C.

Table 6 — Chemical composition of the carbide
phase of the alloys

Content of elementsin the carbide phase, %
Alloy (by mass)
Ti Ta W Mo
N-155 - - 37 4
3MI-11 30 56 13 1

In this regard, comparative studies of the kinetics of
structural transformations in alloys N-155 and 3MI-11
were carried out during prolonged thermal action at
temperatures of 850 and 950 °C on the basis of 1000,
3000, 5000 hours. For a comparative assessment of
structural and phase stability, the structure formed in the
alloys after heat treatment was considered the initial one.

Comparative metallographic analysis of the initial
structure showed that the amount of the strengthening
phase in the alloy 3MI-11 is 6-8 % more, and the
proportion of the phase of eutectic origin is 2.5-3.5 %
more than in the structure of the alloy N-155.

X-ray spectral microanalysis showed that the
chemical composition of the phases of the alloysis not the
same. With the presence of titanium in the alloy 3MI-11,
its concentration in the phases increases, in particular, in
the strengthening phase. This causes its higher thermal
stability at elevated temperatures.

Fig. 9 shows the kinetics of changes in the
morphology of the strengthening phase in alloys N-155
and 3MI-11 after prolonged aging at a temperature of 850
°C on time bases of 1000, 3000 and 5000 hours.

Comparative studies of the microstructure showed
that after prolonged aging at a temperature of 8500 °C on
all time bases in the alloys N-155 and 3MI-11 there is no
noticeable difference in the rate of change in the
morphology and size of the particles of the strengthening
phase (Fig. 9). In the structure of the alloys N-155 and
3MI-11 on the basis of 5000 hours, the initial cubic
morphology changes to a spherical irregular shape. No
coagulation processes are observed, the distance between
the particles remains uniform, and the distribution is
ordered. At the same time, metalographic anaysis
showed that during prolonged thermal action at 8500 °C
in the structure of the alloys N-155 and 3MI-11, the
processes of dissolution of eutectic precipitates occur on
all time bases (Fig. 10).
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d x10000 e x10000 f x10 000
Figure 9. Kinetics of changes in the morphology of the
strengthening phase during prolonged thermal action at 8500 °C:
a, b, c —aloy N-155— 1000, 3000, 5000 hours; d, e, f —aloy
3MI-11 — 1000, 3000, 5000 hours.

d x 2000 e x2000 f x2000
Figure 10. Dissolution of eutecticsin aloys during
prolonged thermal action at 850°C: a, b, ¢ —aloy N-155 —
1000, 3000, 5000 hours; d, e, f —alloy 3MI-11 — 1000, 3000,
5000 hours

It was found that during prolonged thermal action,
non-equilibrium eutectic precipitates are noticeably
dissolved, unlike the strengthening phase. The reason for
these transformations is probably the presence of
chemical heterogeneity in the alloy structure, due to
dendritic liquation, which is a heredity of the cast
structure.

In Fig. 11 shows the kinetics of structural changesin
the strengthening phase of alloys N-155 and 3MI-11
during long-term thermal aging at a temperature of 950 °C
on time bases of 1000, 3000 and 5000 hours.
Metallographic analysis showed that the different rate of
coagulation of particles of the strengthening phase in
alloys N-155 and 3MI-11 can be explained by the
different chemical composition and its volume content in
theinitial state of the aloys.

Comparative studies of the microstructure showed
that during prolonged thermal action at 950 °C in alloys
N-155 and 3MI-11 there is a noticeable difference in the
rate of change in the morphology and particle size of the
strengthening phase. The analysis showed that in the
microstructure of alloy N-155 there is a more intense
increase in the average particle size of the strengthening
phase, which is probably due to their growth due to more
finely dispersed precipitates. It was found that in the aloy
N-155, in comparison with the alloy 3MI-11, the

coagulation process and the loss of the correct geometric
shape by the particles proceeds more intensively on all
time bases (Fig. 11). The initia cubic morphology
changes to a spherical irregular shape in the alloy N-155.
At the same time, the distance between the particles
becomes uneven, and the distribution is chaotic. Such
structural changes lead to an acceleration of the rate of
decrease in strength characteristics. Such degradation of
the structure is caused by more intensive diffusion
processes in comparison with the thermal effect at
850 °C. The significant decrease in the coagulation rate of
the particles of the strengthening phase in the alloy
3MI-11 in comparison with the alloy N-155, observed by
electron microscopy, can be explained by the slowdown
in the diffusion mobility of the main elements, those that
make up the strengthening phase, in the presence of
titanium in its chemical composition.

d x10000 e x10000 f x10000
Figure 11. Kinetics of changes in the morphology of the
strengthening phase during prolonged thermal action at 9500 °C:
a, b, c —aloy N-155 — 1000, 3000, 5000 hours; d, €, f —alloy
3MI-11 — 1000, 3000, 5000 hours

%2000 f
Figure 12. Dissolution of eutectics during prolonged

thermal action at 9500 °C: a, b, ¢ —alloy N-155 — 1000, 3000,

5000 hours; d, e, f —aloy ZMI-11 — 1000, 3000, 5000 hours

d  x2000 e

At the same time, metalographic anaysis showed
that during prolonged thermal action a 950 °C, more
intense processes of dissolution of eutectic precipitates are
observed in the structure of alloy N - 155 compared to alloy
3MI-11, between at 850 °C (Fig. 12). The reason for the
increase in the intensty of these transformations is
probably associated with an increase in the rate of diffusion
processes in non-equilibrium phases, due to dendritic
liquation, which is a heredity of the cast structure.
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It was established that in the process of dissolution of
non-equilibrium eutectic precipitates, microvolumes arise,
localy supersaturated with tungsten, chromium, titanium,
in which the probability of formation of carbides on a
more complex basis increases. In the course of research, it
was established that in the process of prolonged thermal
action, carbides on the basis of tantalum TaC and on a
mixed basis (Ta, Ti) C in the alloy 3MI-11 are thermally
more stable than carbidesin the alloy N-155.

Metallographic analysis showed that, probably,
striving for an equilibrium state, there is a gradual
alignment of the chemical composition of eutectic
precipitates with the composition of the strengthening
phase and solid solution. In the process of phase
transformations with the participation of coarse eutectic
precipitates in alloys, the separation of finely dispersed
particles of the strengthening phase of spherical shape and
their coagulation occurs. At the same time, no noticeable
change in the volumetric amount of the strengthening
phase compared to the initial state (after HT) is observed.
However, due to the presence of tantalum in the phases of
the 3MI-11 alloy, phase transformations in its structure
during prolonged thermal action at 950 °C proceed more
dowly than in the N-155 alloy.

Metallographic analysis showed that in the structure
of the N-155 and 3MI-11 alloys after prolonged thermal
action on the basis of 5000 hours at temperatures of
850 °C and 950 °C, topological close-packed (TCP)
phases, such as the o- phase, were not detected, which
indicates the stability of the solid solution of the alloys
with respect to the release of harmful excess phases
during prolonged thermal action.

Conclusions

1. Based on a comprehensive approach, a
comparative analysis of aloys N-155 and 3MI-11 was
carried out, which alows us to adequately predict the
possibility of replacing the foreign alloy N-155 with the
domestic 3MI-11.

2. It was established that during tests at 800 and
900 °C, the ultimate strength of alloy N-155 is 1.2 times
lower than 3MI-11, and the long-term strength is 5.2
times lower, respectively.

3. It was shown that the amount of the strengthening
phase in the 3MI-11 alloy is 6...10 % more, with a
uniform distribution throughout the aloy body.

4, It was edtablished that in the compostion of the
strengthening phase of the 3MI-11 dloy, the concentration of
chromium, tungsten and molybdenum remains practicdly
unchanged and does not depend on the presence of niobium.
At the same time, in the composition of the strengthening
phase of the 3MI-11 dloy, the concentration of cobalt
increases by 1.4 times, and the concentration of auminum and
titanium decreases by 1.1 times compared to the N-155 dlloy.

5. It was egablished thet in the process of dissolving
non-equilibrium eutectic precipitates, microvolumes arise,
localy supersaturated with tungsten, chromium, titanium, in

which the probability of formation of carbides on a more
complex bassincreases. It was established thet in the process
of prolonged thermd action, carbides on the basis of tantaum
TaC and on a mixed basis (Ta, Ti)C in the 3MI-11 dloy are
thermally more stable than carbidesin the N-155 adloy.
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Mema pooomu. IIposecmu nopieHaNbHI 00CAIOHNCEHHA KOMNAEKCY QUIUKO-MEXAHIUHUX 81ACMU8ocmell iMnopmHo-
2o cnaagy N-155 i eimuusnanozo cniagy 3MI-11 3 memoro 30inbuienHs pecypcy pobomu 10Namox, wo 06epmaromocs.
Ilposecmu nopiguanbHi 6UNpoOYBAHHA HA KOPOMKOUACHY I MPUBANYy MIYHICMb CHIAGI8 8 NOYAMKOBOMY CMAHi (nicis
mepmoo6poOKu), nposecmu NOPIBHANbHI BUNPOOYBAHHA HA KOPOMKOYACHY | MPUBALY MIYHICMb CNAAGI8 NICAA Mpusaiol
mennoeoi dii npu T = 850 C, 950 °C snpoodosac 1000, 3000, 5000 co0un.

Memoou Oocnioxycenna. 3pasku cniagie 6ucomosusnu 3i 31uekie eazoio 10 ke y eaxyymuiu iHOYKYiluHiU neui
VIII®-3M 6 cepedosuwi apeony npu mucky 1,4-5,3 Ila 6 muensix 3 OCHOSHUM Qymepy8anHHAM 3 0OHOUACHOI 3AUG-
KOI 3pasKis pieHOGICHOI Kpucmanizayii. XiMiuHutl auaniz npogoouiu CMAaHOApMHUMU MEmMoO0amu 32I0H0 3 6UMO2AMU
TY 14-1689-73 i OCT 1.90127-85. [ocnrioscenHss MIKpOCmMPYKmMypu npoGOOULU HA MIKPOULLIPAX, NIOUUHA SKUX
OPIEHMOBAHA NO HOPMALL 00 NOBEPXHI HA CEIMA0BOMY onmuunomy mikpockoni «Olympus I X-70» 3 yugposoio sideoxa-
meporo «ExwaveHAD color video camera Digital Sony» npu 36invuennsx %200, X500, % 1000. Bunpo6ysanns miy-
nocmi (ITOCT 1497-61, TOCT 9651-61, TOCT 1497-84) nposoouau na cmanHOapmuux yuriHOpUYHUX 3paskax (oiamemp
pobouoi yacmunu Smm, dosoxcuna 25um) npu memnepamypax 200, 800, 900 i 1000 °C na po3pusHiii mawiuHi Mapru
YMD-10TM. Bunpobysanns na mpusany miyuwicme (IOCT 10145-81) nposoduru ma cmanoapmuux yuniHOPpUYHuxX
spaskax npu memnepamypax 800, 900, 1000°C i sionogionux nasaumadgicenusix 600, 400, 180 Mlla na mawuni
AUMA-5-2.

Ompumanni pesynomamu. Bcmanosneno, wo npu sunpooysanusx 800 ma 900°C epanuys miynocmi cniagy
N-155 6 1.2 pasu nuosicua nise 3MI-11, a doecompusana miynicme 6 5.2 pasu menuia 8ionogiono. Ilokaszano, wo Kino-
Kicmb 3miyHouoi gazu 6 cnaasi 3MI-11 6invwe Ha 6...10 %, 3 pignomipuum posnodirom no miny cniagy. Bemanosne-
HO, Wo y cknaoi smiyntoouoi ¢asu cnaasy 3MI-11 konyenmpayis xpomy, 6016@pamy i MOaiOO0eHy 3ATUMAEMbCA NPAK-
MUYHO HE3MIHHOIO | He 3anedxcums 8i0 HaaeHocmi Hiobit0. B moil sce yac, y cknaodi smiynrorouoi ¢asu cnaagy 3MI-11
niosuwyemscsi KoHyenmpayis kobanemy 8 1,4 pasy i snuoscyemoca 6 1,1 pazy konyenmpayia amominito i mumany
nopisusinui i3 cnaagom N-155. Bcmanoeneno, wjo 6 npoyeci po3uunents Hepi6HOBANCHUX e6MEKMUYHUX 6UOLNEeHb BUHU-
Karomos MiKpooO MU, JIOKANbHO NepecUyeHi 80ab@PAMOM, XPOMOM, MUMAHOM, 6 SKUX NIOBUWYEMbCS GIPOCIOHICMb
YmeopeHHst KapOidie Ha CKAAOHIWIL OCHOBL. B x00i docniddiceny 6y10 6cmanosneHo, wo 8 npoyeci mpueaioi meniogoi
0ii kapbiou na ocnoei manmany TaC i na smiwanii ocnosi (Ta, Ti) C ¢ cnnasi 3MI-11 mepmiuno cmabinohiui, Hidc
kap6iou ¢ cnaasi N-155.

Haykoea nosuszna. Ompumani pesyiromamu 0aoms 3M02y 3p03VMImMu mepmMoOuHamiKy npoyecie ¢azoymeopenns
8 080X CUCTEMAX Jle2y8aAHHs Ma 6CIMAHOBUMU 3ALEHCHOCHIE MIJC 1e2yIOYUMU eleMeHmamMu ma ¢azoeum cKkiaoom cnia-
8y.

IIpakmuuna yinnicme. Ompumani pe3yremamu 0aioms 3M02Y PeKOMEeHOY8amu K 3aMIiHHUKA 3aKopooHHum N-
155 na eimuusnanui 3MI- 11 6e3 empamu eracmusocmeii ma pecypcy eKcniyamayii.

Knrouosi cnosa: sicapomiyni Hikenesi cnaasu, ¢pazosuti ckiaod, po3nooin 1e2y8aibHux ei1eMenmie, HcapoMiyHiCmb,
Kapoiou.
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QUALITY CONTROL OF HIGH-MANGANESE STEELS
BY THE PARAMAGNETIC STATE OF AUSTENITE

Denys Onyshchenko

Purpose. Determination of the methodology for the comprehensive evaluation of the mechanical properties of high-
manganese steels according to one parameter that is sensitive to the influence of external factors, which will contribute
to the reduction of laboratory research costs during the selection of the best samples (melts) of steel for the production
of quality-critical products of responsible mechanical engineering.

Research methods. Tearing tests were carried out on the ¥PM-50 machine, the relative elongation was determined
according to the standard method. Microhardness was measured using a /IMT3 device at a load of 50 g by a standard
method. Determination of the specific paramagnetic susceptibility xo of austenite (before mechanical tests) was carried
out on automated magnetometric scales.

Results. Based on the results of experimental studies, a correlation between mechanical properties and specific
paramagnetic susceptibility yo of austenite was established. The parameter o is a characteristic of the atomic-magnetic
state of austenite and is a supersensitive value to the influence of various external factors. That iswhy it is proposed to
use the specific paramagnetic susceptibility of austenite asan integral characteristic to determine the influence of various
factors (chemical composition, smelting conditions, deformation, temperature, etc.) on the properties of steel.

Scientific novelty. The idea of a relationship between the mechanical properties of austenitic steels and the
previously formed atomic-magnetic state of the austenite matrix was proposed and experimentally confirmed.

Practical value. The determined correlation between the mechanical properties of high-manganese steels and the
specific paramagnetic susceptibility o of austenite and the proposed trend correspondence matrix make it possible to
perform express forecasting and quality control of steels without conducting labor-intensive mechanical tests.

Key words. austenite, elongation, durability, deformation martensite, paramagnetic susceptibility.

tally determined, which isthen brought into line with a spe-

Introduction cific DSTU or technical task (customer requirements).

The combination of physical, chemical and techno-
logical properties affect the quality of steels and products
made from them. Depending on the available properties,
the fields of application and the corresponding grade or
classification are determined. The future properties of steel
are largely determined by the final chemical composition,
phase-structural composition, and processing methods
(heat treatment, mechanical, etc.).

Two approaches are used to evaluate the quality of
steel. In the first case, a specific mechanical (hardness, im-
pact strength, wear resistance, tensile strength, etc.) or ser-
vice (for example, corrosion rate) parameter is experimen-

Measurement and analysis of each of these parameters re-
quires significant time, qualified personnel, specific equip-
ment, etc. For example, the manufacture of samplesto de-
termine mechanical propertiesisarather laborious process,
and corrosion tests can last several weeks.

These experimental studies are reflected in the stand-
ards of enterprises with input (output) control of materials
(products), that is, they are mandatory at the initial and fi-
nal stages of production. Intermediate tests are generally
not conducted due to their time-consuming and expensive
nature.

The second approach isto define and use one physical
parameter, which would be an integral characteristic of the
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influence of various factors (chemical composition, smelt-
ing conditions, the influence of deformation and tempera-
ture, etc.). A necessary condition for itsuseisa certain re-
lationship (correlation) of this parameter with the mechan-
ical and service properties that determine the quality of
steel.

Qualitative and timely control of the physical and me-
chanical properties of substances contributes to increasing
the competitiveness of machine-building enterprises.

Research and publication analysis

High-manganese steels are widely used for the man-
ufacture of a significant range of parts for mining and pro-
cessing equipment and railway transport [1-4]. The contin-
uous development of these industries leads to a complica-
tion of the operating conditions of parts and an increasein
the requirements for the physical and mechanical proper-
ties of steels.

During the operation of products, phase-structural
transformations occur, for example, martensitic y—>ao’
transformation during plastic deformation [5, 6].

The martensitic transformation in austenitic high-
manganese steels is significantly influenced by the chemi-
cal composition, microstructure, deformation temperature,
and mechanical stress[7].

In [8], an agorithm for performing material quality
evaluation is presented, according to which the test method
is selected and the necessary qualimetric methods for qual-
ity evaluation are selected.

A highly accurate indicator of structural changes and
mechanical propertiesisthe paramagnetic susceptibility yo
of austenite, which, as a highly sensitive characteristic, is
ableto reflect the peculiarities of the influence of tempera-
ture, pressure and chemical composition (i.e., the content
of Mn, C, Si and other elements) on the general state and
properties of the austenite phase [9].

Since the main phase of austenitic high-manganese
steels is austenite, it is quite natural to consider one of the

characteristics of austenite. A common means of studying
austenitic materials is to consider the lattice, grain shape,
defects, and alloying elements. However, each of these pa-
rameters is not integrated, that is, it does not reflect all the
components of the formed austenite matrix. The atomic-
magnetic state of austenite is characterized by the specific
paramagnetic susceptibility yo, which is determined by the
total magnetic moment of a unit mass of austenite under
the condition of a unit value of the magnetic field.

While, the parameter o isacomplex characteristic of
austenite, the state of which was formed due to the availa-
ble chemical elements, mechanica and temperature ef-
fects, that is, o is sensitive to external factors[10].

Resear ch objective

The purpose of the study is the development of a
methodol ogy for comprehensive eval uation of the mechan-
ical properties of high-manganese steels by determining
the specific paramagnetic susceptibility yo of austenite.
The parameter yo isacharacteristic of the atomic-magnetic
state of the austenite matrix.

M aterials and resear ch methods

High-manganese steels with different manganese
contents were obtained in induction crucible electric fur-
naces in the form of ingots 100x100x200 mm, and then
subjected to water quenching from 1050 °C for austeniza-
tion (3 h holding time).

The content of other elements was kept within the
limits of the chemical composition for steel 110G13L ac-
cording to the DSTU 8781:2018 standard.

The chemical composition of the studied steel melting
samplesisgivenin Table 1. The studied samples are num-
bered, which facilitated the construction of characteristics
in the figures presented later in the text. The values of the
mesasured parameter are rounded to the third decimal place.

Table 1 — Chemical composition of the studied austenitic steels

Sted melting Stedl grade Element, % of mass
sample No c Mn S S P Cr Al
1 110081 1.14 8.60 0.66 0.040 0.088 0.100 0.019
2 11011071 1.30 10.70 0.87 0.014 0.084 0.100 0.021
3 110I'13J1 1.16 13.80 0.76 0.016 0.092 0.100 0.018
4 110781 1.34 8.43 0.80 0.140 0.092 0.060 0.019
5 110I'10J1 1.24 9.75 0.48 0,017 0,092 0,100 0,019
6 11011071 1.39 10.42 0.56 0.014 0.110 0.001 0.025
7 1101101 1.19 10.47 0.45 0.015 0.100 0.010 0.022
8 110I'10J1 1.23 10,57 0.51 0,016 0,100 0.01 0,018
9 1100131 1.35 12,91 0.76 0.009 0.090 0.180 0.018
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Samples for mechanical testing and magnetometric
studies were cut from the middle part of the ingots, which
represented a homogeneous initial microstructure. Each
steel grade, according to the requirements and standards,
must have the corresponding indicators. But in responsible
engineering, it is desirable to determine the real quality
(property) of various stedl melts belonging to the same
grade. That is, for responsible structures, steel with the best
mechanical properties should be used. It is most acceptable
if the quality level of steel isdetermined by asingle param-
eter, that is, without time-consuming tests.

Tensile tests were performed on a YPM-50 machine.
Microhardness was measured by aIIMT3 device at aload
of 50 g according to the standard method. The specific par-
amagnetic susceptibility yo of austenite was determined on
special high-precision equipment [10].

It should be noted that the choice of yo as a criterion
(indicator of mechanical properties) alows us to take into
account not only the influence of the manganese content
(which is the main austenitizer in the studied materials)
when predicting mechanical properties, but also the influ-
ence of the content of some other elements that are part of
the steel (primarily carbon).

Results and discussion

During the research, many characteristics were ob-
tained and analyzed, some of which are presented in this
article. Fig. 1 shows the relationship between the atomic-
magnetic state of austenite (in the initial state, i.e. before
mechanical tests) and the mechanical properties of high-
manganese steels. The numbers near the points coincide
with the numbers of the steel samplesin Table 1). With a
decrease in yo, the plasticity index (relative elongation &
and impact toughness KCU) increase.

Thisfeature in the behavior of the specified mechan-
ical characteristics could be explained as follows. Accord-
ing to literature data, manganese effectively reducesthe en-
ergy of stacking faults (in the specified interval of Mn con-
tent) [11]. Asaresult, elementary dislocations are actively
split into partial ones connected by stacking faults with a
crystallographic structure different from austenite.

Thisfacilitates the process of plastic deformation due
to an increase in the possibility of easy dliding, sincein the
case of splitting of individual elementary dislocationsthere
isapossibility of the transition of stretched dislocationsin
the intersecting dlip plane of the same type. Impact tough-
ness increases with an increase in the manganese content,
and therefore the stability of austenite. Low carbon, high
manganese steel exhibits better impact toughness than high
carbon, low manganese steel [12].

The dependence of microhardness on the magnetic
state of austenite, i.e. on ypo, is presented in Fig. 2. As can
be seen, the increase in microhardness in this case corre-
lates with the increase in the parameter yo.

S b b L

od: FA3 Sahin

Figure 1. Characteristics of high-manganese steels:
a — dependence of relative elongation §;
b —impact toughness KCU on the specific paramagnetic
susceptibility yo of austenite (before mechanical tests)
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Figure 2. Relationship between microhardness and specific par-
amagnetic susceptibility xo of austenite of high-manganese
steels (numbers near the points coincide with the numbers of
steelsin Table 1)
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Let us explain the above relationship as follows.
Since the microhardness measurement uses loads that 1ead
to an extremely small local deformation (when pressing the
indenter), due to the very low energy of stacking faults, ac-
tive splitting of full dislocations should occur, which facil-
itates their easy sliding and thereby significantly increases
the depth of penetration of the indenter, even at low loads.
At the same time, regardless of the existing lengths of the
free path of dislocations at such small local deformations,
stretched dislocations do not have time to create separate
clusters that can significantly affect the increase in micro-
hardness.

Analysis of the above graphs showed that there is a
good correlation between the mechanical properties and
the paramagnetic susceptibility of austenite, which makes
it possible to use this as an effective factor in predicting the
mechanical properties of an austenitic material depending
on the manganese content in it (provided that the carbon
content and other austenizing elements are constant).

The choice of the paramagnetic susceptibility of aus-
tenite as a criterion for evaluation the properties of steel
(with varying manganese content in the steel) was also due
tothefact that direct experimental determination of the me-
chanical properties of austenitic materials is often very
time-consuming, instead, the specified criterion can be eas-
ily established using special highly sensitive equipment.

Theindicated trendsin property changes are reflected
inthe Matrix of correspondence of the direction of changes
(trends) between the paramagnetic parameter yo and the
mechanical properties of high-manganese steels (Table 2).

Table 2 — Correspondence matrix

Thetendency deter- Forecasted trends

mined experimentally
X0 5 KCU microhardness
T y { T

Here, the signs T and ¥ indicate an increase and de-
crease in the value, respectively.

Analysis of the results obtained (Table 2) shows that
for the selection of a higher quality steel (which has better
mechanical properties) it ispossible to use the specific par-
amagnetic susceptibility yo of austenite as an integral cri-
terion. It is worth noting that the parameter o can also be
used as acriterion for the level of austenite stability.

It should also be noted that the most common is the
determination of the level of stability of the amount of re-
tained austenite. Thus, in [13] maps for predicting the
amount of austenite from the parameters of intercritical an-
nealing and theinitial microstructure are proposed. Process
maps provide information for designing intercritical treat-
ments of medium manganese steels, helping to optimize
steel properties for automotive applications. It is generally
accepted [14, 15] that the slow transformation of austenite
to martensite has a beneficial effect on plasticity, so the
proportion and stability of austenite should be carefully
controlled.

Further research in this field involves physical-math-
ematical modeling to predict and determine the optimal pa-
rameters of steels.

Conclusions

1. The correlation dependence of the relative elonga-
tion 6 and the impact toughness KCU on the specific para-
magnetic susceptibility yo of austenite (before mechanical
testing) of high-manganese steels was experimentally in-
vestigated and determined.

2. A trend correspondence matrix was proposed, ac-
cording to which it is possible to select a higher-quality
sample of sted melt, which has better mechanical proper-
ties for the production of quality-critical products of re-
sponsible mechanical engineering.
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Mema podomu. BusnauenHs MemoOuKy Onsi KOMILEKCHOL OYIHKU MEXAHIYHUX GLACTUBOCMEN BUCOKOMAHSAHOBUX
cmarneti 3a 0OHUM NAPAMEMPOM, AKUU € UYMAUBUM 00 6NIUBY 306HIUHIX (PAKMOPI6, WO CRpUsIMuMe 3MEHUEHHIO UMpan
Ha 1abopamopHi 00CHIONCeHHsL Ni0 Hac 6i0O0PY HAUKPAWUX 3pasKie (N1asox) cmaineil 0Jis 6UCOMOGLEHHS KPUMUYHUX 00

sKOCmi 8UP06IE BIONOBIOANLHO20 MAUUHOOYOYEAHHSI.

Memoou docnioxncennn. Bunpobysanns na pospus nposoounu na mawuni YPM-50, éionoche 6udoedicents ausna-
Yau 3a CManoapmuor memoouxoio. Mixpomsepoicmo eumipiosanu 3 sukopucmanuam npuiady IIMT3 npu nasanma-
arcenni 50 2 3a cCmanoapmuow Memooukow. Busnauenns numomoi napamaenemnoi cnputinamausocmi yo aycmenimy (00
MeXAHIYHUX 8UNPoOY8ams) 30IUCHIO8AU HA ABMOMATNUZ0BAHUX MACHEMOMEMPUYHUX MeEPe3aXx.

Ompumani pesyromamu. Buxoosuu 3 pesynomamis excnepumeHmanbHux 00Caiodicenb, CMAHOBNEHO HASGHICMb
KOpenayli Midc MEXAHIYHUMU GIACMUBOCHIAMU | NUMOMOI0 NAPAMAZHEMHOI0 CRpUliHAmMAugicmio o aycmenimy. Ilapa-
MEmp Yo € XapakmepucmuKkorw amomMHO-MAZHEMHO20 CINARY AYCMEHIMY | € HA0YYMAUBOI BETUYUHOIO 00 6NIUBY DIZHO-
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MaHimHuux 306HiwHix hakmopie. Came momy 3anponoOHOBAHO GUKOPUCTNOBY8AMU NUMOMY NAPAMASHEMHY CRPULIHAMIU-
8icmb Yo AyCMeHimy 5K IHMeZpaibHy Xapakmepucmuxy OJisi 6USHAYEHHs GNIIUGY DPIZHOMAHIMHUX (hakmopie (XiMiuHull
CK1a0, YMOBU BUNIAGLEHHS, 0eqhopMayis, memnepamypa mowo) Ha 61acmugoCcmi cmaJi.

Haykosa nogusna. 3anpononogamo ti eKCnepumMenmanbHo niomeepodNceHo i0eio npo 36’ A30K Mide MeXaHiYHUMU
B1ACTNUBOCMAMU AYCMEHIMHUX CMaiell i NOnepeoHbo CHOPMOBAHUM AMOMHO-MAZHEMHUM CIMAHOM AYCMEHIMHOT Mam-

puyi.

Ilpakmuuna yinnicmo. Busnayenuil KoOperayitiHuil 36 130K MidiC MEXAHIYHUMU BLACMUBOCHAMU GUCOKOMAH2AHO-
8Ux cmaJiel i NUMoOMOI0 NAPAMASHEMHOI0 CHPUUHATAUBICIIO Yo AYCMENimY ma 3anponoHo8ana Mampuys 6i0nosioHoCmi
MeHOeHYIll 00YMOBII0IOMb MOICTUBICING eKCHPEC-NPOSHO3YE8AHHS A KOHMPOJb SAKOCMI cmanel Oe3 npogedeHHs. mpyoo-

MICMKUX MexXaniyHux aunpodyeams.

Knrwouoei cnosa: aycmenim, nodosoicentst, 3HOCOCMIUKICMb, Mapmencum deopmayii, napamasnemua cnputinam-

JUGicmo.
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INFLUENCE OF THE WORKING ENVIRONMENT ON THE HIGH-
TEMPERATURE CORROSION OF GASTURBINE UNIT PARTS

Purpose The main objective of the work was to study the influence of the working environment on the performance
of the I'TK-10I hollow working blades.

Research methods. Microstructure studies were carried out on microsections under a “ Neophot-2" microscope
and a “ Stereoscan” microscope-analyzer. Microhardness was measured with a 7IMT-5 device. Phase composition and
lattice periods of the main components were measured on a JJPOH-1 diffractometer in copper Ka radiation. The con-
tent of chemical elements was measured on a REM-1061 scanning electron microscope. Short-term strength tests
(GOST 1497-61, GOST 9651-61, GOST 1497-84) were carried out on standard cylindrical samples (diameter of the
working part 5 mm, length 25 mm) at temperatures of 200, 800, 900 and 10000 <C on a ¥YME-10TM tensile machine.
Long-term strength tests (GOST 10145-81) were performed on standard cylindrical samples at temperatures of 800,
900, 10000 C and corresponding loads of 600, 400, 180 MPa on the AIMA-5-2 machine by uniaxial stretching of sam-
ples under constant load. Comparative experimental studies of high-temperature corrosion of alloyswere carried out in
synthetic ash using a method widely used in the industry. For corrosion tests, standard cylindrical samples (diameter 10
mm, length | = 12 mm) were used, on which, after preliminary degreasing, measurement and weighing on an analytical
balance with an accuracy of (+ 0.0005 g), synthetic ash in an amount of 12 mg / cn? was applied to their surface, simu-
lating the combustion products of gas turbine fuel of the following composition, which were placed and kept in a fur-
nace on a platform made of refractory material in an air atmosphere.

Obtained results. Studies of the influence of the working environment on the performance of the 7'TK-101 hollow
blades. It is shown that the working environment significantly affects the performance of the I'TK-101 hollow blades. It
was established that the outer layer of the profile part did not show deep damage due to their removal by a high-speed
gas flow. It was established that corrosion damage begins from the beginning of operation and the damaged layer con-
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tains sulfides of the TiSand Ti2S3 types. It is shown that the short-term strength of the 3M1-3 alloy relative to the initial
values (passport data) decreases by approximately 1620 %. It was established that due to structural changes in the
alloy during operation, the time to fracture of the samples under load decreased by approximately 18-22 %. Based on
the studies performed, the use of protective coatings is necessary to increase performance.
Scientific novelty. Obtained results make it possible to evaluate the processes that occur during operation on the
surface of products and to establish relationships between alloying elements concentration and the corrosion rate.
Practical value. Obtained results allow us to recommend domestic alloys as a substitute for foreign alloys without

losing the properties and durability of the products.

Key words:. nickel-based superalloys, high-temperature corrosion, phase composition, long-term strength.

Introduction

The structural elements of gas turbine plants (GTP)
during operation are usually subject to several types of
loads, each of which causes a characteristic type of
damage. Thus, the working and guide blades of gas
turbine engines and plants are subjected to stresses
determined by a complex of static, vibrational and cyclic
(inthe genera case) temperature loads.

For example, the profile part of the working blade of
aturbine in a stable operating mode is subjected to static
stresses  from centrifugal and gas forces, reaching
200 MPa [1-4]. Due to the temperature gradient
established in the blade sections, thermal stresses of a
static nature arise in the material.

At the same time, the blade material is subject to
high-frequency cyclic stresses caused by blade vibration.
The level of these stresses is determined by design and
operational factors and can be 100 MPa, and the total
(equivalent) — 150 MPa[3-5].

Damage caused, respectively, by static, fatigue and
thermostatic loads is influenced by the working
environment, under the influence of which corrosion
Processes Occur.

The main factors determining the rate of corrosion
damage are the corrosive properties of the working
environment and the temperature of the gases at the
turbine inlet during the operation of the gas turbine
engine.

Almost all works devoted to the study of corrosion
destruction processes focus on the presence of akali
metal compounds, vanadium, and lead in the fuel [2, 6-8].
The main source of harmful impurities is the fuel used as
the working environment. Natural gas, which is used as a
fuel for gas turbines, contains sulfur - the main corrosive
impurity in the form of hydrogen sulfide and mercaptan
compounds in fairly large quantities. For example, the
volume content of hydrogen sulfide in natural gasis 1.5 ...
45% [9]. If sodium also enters the flow part of the
turbine, sodium sulfate is formed, which contributes to the
acceleration of blade corrosion.

Purpose

The main purpose of the work was to study the
influence of the working environment on the performance
of hollow working blades of the 'TK-10I.

Material and resear ch methods
The development of nickel-based foundry heat-

resistant alloys is primarily due to the fact that, in
comparison with deformed aloys, they can achieve a
greater strengthening effect due to the y'- phase and
carbides, and higher structural stability. Their diversity is
associated with the level of operating temperatures and
the requirements imposed on the properties of aloys at
these temperatures (in particular, long-term strength,
corrosion resistance).

An important advantage of materials of this class is
aso the ability to cast thin-walled cooled blades of
complex configuration from them, which are practically
impossible to manufacture by forging and stamping
methods. The use of cast heat-resistant alloys for GTP
blades was largely facilitated by advances in the
development of ceramic materials, equipment and
machinery that allow castings with cooling channels to be
obtained. For stationary gas turbines, heat-resistant
corrosion-resistant alloys based on nickel EII-539JIM,
YC-70BI, as well as alloys 3MI-3 and 3MI-3V instead of
imported alloys -738 have become widely used. They are
used for the manufacture of working blades of gas
turbines of the I'TK-101, I'TK-16 thrusters.

The chemical composition of the studied heat-
resistant alloysis givenin Table 1.

Table 1 — Chemica composition of the studied
casting alloys

Alloy Element content, % by mass

grade C | Cr |Co | Al Ti [Mo [W [Nb |Ta |Hf |[Ni [Re [Ru |[zr | B

3MI-3 01 (13 |55(29 |49 (18 |45 -

3MI-3y |01 |13, |50 |34 (48 |09 |73 |- - 10,01

4c70 01 (15 (10 |28 |46 (20 [55(02 | - - 05 (0,02

IN-738 |01 [16, |85 |34 [34 |17 2609 (17 |- - p,05]0,01

EIl-539 |01 (18, (19, |30 |30 (42 |- - P05 (0,01

EI-929 |01 (15 (17 |47 |35 |50 |- - p,02 (0,03

Microstructure studies were carried out on
microsections under a microscope “Neophot-2” and a
microscope-analyzer “Stereoscan”. Microhardness was
measured with a IIMT-5 device. Phase composition and
lattice periods of the main components — on a IPOH-1
diffractometer in copper Ko radiation. The content of
chemical elements — on a scanning electron microscope
REM-106I.

Short-term strength tests (GOST 1497-61, GOST
9651-61, GOST 1497-84) were carried out on standard
cylindrical samples (diameter of the working part 5 mm,
length 25 mm) at temperatures of 200, 800, 900 and
10000 °C on a YME-10TM brand tensile machine. Long-
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term strength tests (GOST 10145-81) were performed on
standard cylindrical samples at temperatures of 800, 900,
10000 °C and corresponding loads of 600, 400, 180 MPa
on the AIMA-5-2 machine by uniaxial stretching of
samples under constant load. The relative elongation of
the samples was recorded using mechanical strain gauges.
At each load level, 3-5 samples were tested.

To assess the degree of reduction in the strength
characteristics of the studied aloys as a result of
prolonged thermal action at temperatures of 8500 and
9500 °C with different aging bases of 1000, 3000, 5000
hours, additiona tests of samples were performed in
accordance with the above-mentioned standards.

Resear ch results and their discussion

The blade blade is subject to prolonged high-
temperature action of the gas flow in a complex stressed
state. Calculation of temperature fields and stress in the
I'TK-101 blade in the “start”, “stop” and “steady state”
modes, based on the caculation of the boundary
conditions of heat transfer for the blade metal, showed
that the maximum temperature stress occurs on the
concave side, back, leading edge and at the corresponding
points on the surface of the internal cavities of the blade,
as well as at the points of connection of the internal
jumper. Therefore, special attention was paid to the
sections in these places during the research.

Analysis of the surface destruction of the I'TK-10I
blades showed that its magnitude and nature depend, first
of al, on the operating time, the state of the working
environment, dusty air, and the speed of the gas flow.

The following are corrosion studies of I'TK-10I
blades (operating time more than 18 thousand hours)
made of 3MI-3 aloy without protective coatings.
Metallographic studies of the cross-section of the profile
part showed that the depth of corrosion damage of the
inner surface of the blades prevails over the damage of the
outer surface.

Figure 1 shows the average cross-section with
diagrams of corrosion damage of the profile part of the
blades after industrial operation for more than 15
thousand hours.

Figure 1. Corrosion damage diagrams:
1-6 —locations for damage investigation

The structure of corrosion damage of the profile part
of the blade feather is shown in Figures 2, 3 and 4. It
should be noted that the blades are subject to corrosion
damage aready in the initial period of operation. For
example, the depth of the corrosion damage layer after 9.5
thousand hours. operating time has the size of the layer
depth after 15 thousand hours. (Figure 5 and 6).

A series of curves were obtained that characterize
the concentration distribution of Ni, Cr, Ti, Al, W, Mo, as
well as sulfide of the Ti>Sg type (Figures 7 and 8).

5 31}
Figure 2. Structure of the profile part of the working blade:
1-3-pointsin Figure 1

Figure 3. Structure of the profile part of the working
blade: 1-3 — pointsin Figure 1

Analyzing the structure of the corrosion layer and
the concentration curves, it is possible, in principle, to
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distinguish three main zones. The most porous outer zone
is the NiO oxide, in which alloying elements of the alloy
with the content of oxides of the Me;Os type, formed on
the basis of Cr.0s, are dissolved. The intermediate layer
is formed by spinel Ni (Cr, Al) 204, includes oxides and
alloying elements of the alloy (titanium, cobalt, tungsten,
molybdenum, etc.). Asinclusionsin this layer, apparently,
there are small grains (about 3.10 pm), consisting of
almost pure nickel. The bottom layer is the thinnest, has
an extremely complex composition with sulfide inclusions
(for example, TiS and Ti»Ss sulfides).

iy

Figure 4. Structure of the profile part of the working
blade: 4-6 — pointsin Figure 1

b £ 300

Figure 5. Structure of the surface layer of the working blade
after 9.5 thousand hours of operation:

a—inner surface; b — outer surface

Figure 6 — Surface of samples after testing in molten salts 90 %
NaSO4+ 10% NaCl:
a—Xx99; b—4C-70; c—3MI-3V;d—-IN-738; d—BT 1-0;
e—BPH

The results of testing flat cast platinum of heat-
resistant alloys and samples of various metals that are the
basis or alloying elements for the alloy or protective
coating in molten salt 90 % NaSO, + 10 % NaCl at a
temperature of 900 °C for 6 and 24 hours showed that
pure chromium (taken as a standard, 100 %) has the
greatest resistance to oxysulfide corrosion. Next are
promising heat-resistant alloys YC-70, or in the origina
version 3MI-2 (85.7%) and 3MI-3V (72.4 %), followed
by IN — 738 (41.2 %), titanium (26.9 %) and stainless
steel 06X18HIOT (23.1 %). The lowest resistance was
observed in samples of nickel, cobalt, EI-929 (completely
dissolved after 24 hours).

The strength properties of the 3MI-3 aloy were
studied on samples that were cut from working hollow
blades after operation.

Short-term mechanical properties of blade parts at
different temperatures from the experimental aloy are
shown in Figure 9.

The data presented indicate a decrease in the short-
term strength of the 3MI-3 aloy relative to the initial
values (passport data) by approximately 1620 %. The
decrease in the strength and yield strength of the aloy is
also characteristic of samples cut from the working blades
after operation.
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Samples cut from the working hollow blades after
operation were studied for long-term strength and the
results obtained were compared with the passport data of
the alloy. According to the test results, it was found that
due to structural changesin the alloy during operation, the
time to failure of the samples under load decreased by
approximately 18-22 %. The test data are shown in
Figure 10.
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Figure 7. Concentration curves of titanium and sulfur content:
a—surfacelayer; b —alloy base
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Figure 8. Concentration curves of element distribution in the
surface layer of the working blade (alloy 3MI-3)
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Figure 10. Sustained mitsnist (T = 850°C, ¢ = 400 MPa)
Conclusions

1. An investigation was carried out into the flow of
the working middle to determine the effectiveness of the
working empty blades TTK-10I. It is shown that the
working center essentially contributes to the performance
of working empty blades 'TK-10I.

2. It has been established that the outer ball of the
profile part has not shown any serious damage due to the
impact of the liquid gas flow. It has been established that
corrosion damage begins with the beginning of operation
and sulfides of the TiS and Ti>S; type are present in the
damaged ball.

3. It has been shown that the short-term lifespan of
the 3MI-3 alloy at the end of the day (datasheet data)
changes by approximately 1620 %. It was found that as a
result of structural changes in the alloy during operation,
the hour before the collapse of the cracks under pressure
decreased by approximately 18-22 %. To improve
efficiency, it is necessary to remove dry coatings.
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Memoou o0ocniodxcenusn. J{oCniodceHHsT MIKPOCMPYKMYPU NPOBOOUNUCS HA MIKPOUWLIIpax nid MIKPOCKOROM
«Heogom-2» i mikpockonom-ananizamopom « Cmepeockany. Mikpomeepoicmo eumiproganu npunaoom IIMT-5. @aso-
8Ull CKIA0 i nepiodu 2pam OCHOBHUX CKAa008ux — Ha ougpaxmomempi JJPOH-1 6 mionomy Ko -eunpomintosanHi.
Bmicm ximiunux enemenmie — na pacmpogomy eiekmponromy mikpockoni PEM-1061. Bunpo6yeanus Ha KOpomKo4acHy
miynicmo (I'OCT 1497-61, I'OCT 9651-61, I'OCT 1497-84) npogoounu na cmaHOapmuux yuiiHOpUyHUX 3paskax (Oia-
Memp pobouoi yacmunu Smm, doexcuna 25mm) npu memnepamypax 200, 800, 900 i 1000 °C na pospusHiti mawiuni
mapxu YMD-10TM. Bunpobysanus na mpusany miynicme (I'OCT 10145-81) nposoounu na cmandapmuux yuiiHopuy-
Hux spasxax npu memnepamypax 800, 900, 1000 °C i gionosionux nasanmagicenusnx 600, 400, 180 Mlla na mawuni
AUMA-5-2 winsixom 00HOGICHO20 PO3MALYSAHHS 3PA3KIE NPU NOCMIUHOMY Hasauwmadicenni. IlopisHsnbui excnepumen-
ManbHi O0CHIOINCEHHS BUCOKOMEMNEPAMYPHOI KOPO3ii Cniagié nposooUIUCs 8 CUHMEMUYHIN 3071 34 MemOoOUKol, sKa
WUPOKO 3ACMOCOBYEMbCA 8 2any3i. [[na Kopo3iliHux 8Uunpobyeans UKOPUCMOBY8ANUCA CIMAHOAPMHI YUTIHOPUYHI 3pa3-
Ku (Oiamemp 10 mm, doexcuna | = 12 mm), Ha sAKi nicis NONepeOHbO20 3HEHCUPEHHS, SUMIPIOBAHHS | 36AJICYBAHMS HA
ananimuunux éazax 3 mounicmio (£ 0,0005 2), nanocunacs na ix nogepxuio cunmemuyna 3014 6 Kitekocmi 12 mz / cm?,
Wo IMIimye npoOyKmu 320PSHHs 2a30MYPOIHHO20 NANUEA, KL POIMIWYEANUCS | BUMPUMYBATUCS 8 nedl Ha niam@opmi 3
B0ZHEMPUBKO20 MAMEPIATY 6 NOGIMPSHIN ammocgepi.

Ompumanni pesynomamu. [Ipogederno 00CaioxceHts 6nausy pobo1o2o cepedosunia Ha npaye30amHicms pooouux
nopoxcrnucmux aonamox I'TK-101. Ilokazarno, wo poboue cepedosuuye Cymmeso 8NAUBAE HA NPAYe30AMHICMb pOOOYUX
nopoxcruucmux aonamox I'TK-101. Bcmanogénerno, wo 306Hiwnil wap npo@inbHoi uacmuHu He NoKA3de 2AubOKUx noui-
KOOXCEHb 3a PAXYHOK iX BUHECeHHs WBUOKICHUM 2a308UM NOMOKOM. Bcmanosneno, wo Kopo3sitiHi NOuKO0OMCeHHA noYu-
HAIOMbCsl 3 NOYAmMKY eKcniyamayii ma 6 nowkooxicenomy wapy micmamocs cyro@iou muny TiS ma TixSs. Ilokasano,
wo Kopomkoyacua miynicms cniagy 3MI-3 ionocho nouamxosux 3HaueHs (MACNOPMHI OAHI) 3MEHULYEMbCSL NPUOTUZHO
Ha 16—20 %. BcmanoeneHo, wo 6HAcIiOOK CMPYKMYPHUX 3MIH y CNIABE NpuU eKcniyamayii, 4ac 0o pyiHy8aHHs 3pA3Ki6
nio HABAHMANCEHHAM 3HU3UBCS npubauzno 18—-22 %. [lns niosuwenns npaye30amuocmi HeoOXiOHO BUKOPUCTNAHHSL 3d-
XUCHUX NOKPUMMIG.

Haykosa noguszna. Ompumani pesynibmamu 0aroms 3mMo2y OYiHumu npoyecu, wjo npoxoosams nio uac excniyama-
Yii Ha noBepXHi BUPODI6 MA BCMAHOBUMU 3ANEHCHOCL MINC Ie2VIOUUMU eIeMEeHMAMU Ma WEUOKICIIO KOPO3IL.

IHpaxmuuna yinnicmo. Ompumani pes3yiomamu 003601510Mb PEKOMEHOYEaAmU GIMYUSHSHI CNIAGU, K 3AMIHHUKA
3aKOPOOHHO20 CNAAgy 6e3 8mpamu IACmMusocmell ma 006208i4HOCHI eKCnIyamayii 6upoois.

Knrouosi cnosa: sxcapomiyni Hikenesi cniasu, 8UCOKOmeMnepamypHa Koposis, (azosull cKiad, 00820mpuednd
MiyHiCMb.
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JOCJIIKEHHS BILTUBY NOKPUTTS PI3AJIBHOI UACTUHH PI31IA
HA BIBPAII ITPHU TOYIHHI

Mema pooomu. [ocniodxcents Gniugy NOKpUmMms pizaibHoi yacmuHu pizysi Ha I0payii npu MmoyinHI.

Memoou docnidrcennan. /[ocniodicenis npo8OOUIU eKCREPUMEHMATLHUM MEMOOOM, NPU AKOMY 3aNUCYBATU OCYUTIO-
2pamu KOIUueansb pizanbHoi Kpauku pisya-ocyunamopa. AHAnimuyHuUM MemoooM 00CiOHNCYBANU OCYUNOSPAMU, HA AKUX
BUMIPANU NApamMempu KOIUBANbHOI cuceMU Pi3ysa-0CYurAmopa, wio Xapaxkmepuzyoms 3aKOH pyXy pi3aibHOi KpaKku npu
A6MOKONUBAHHSX.

Ompumani pesynomamu. [1iomeepodiceno, wo npu 3acmocy8anHi NOKPUMmsi Pi3aibHOl Yacmutu pisys 3MeHULy-
€mbcesl Koeiyienm mepms 6 30Hi KOHMAKMY IHCMpyMenm-0emans. Lle npuzeooums 00 3MiHU YMO8 CPYICKOMEOPEHHS
i 8idobpasicacmovcs 3meHuenHsM Koegiyiecuma ycaoxu cmpyacku ¢ 1,14...1,28 paszu. Ananiz ocyunoepam KonueanHs pi-
JAcyyoi Kpaiiku pisysa-ocyunamopa nokasas, Wo 3acmocy8anHs NOKpUMms mMaiice He 3MiHI08AN0 CIMamuyHe GiOXUNEHHSL.
B moui yac amnaimyoa konusans smenwiyganace 6 1,1...1,4 pasu. 3mina xonusanus piscyuoi Kpauku iooopaszunacsy Ha
8iOpayiiHoMy MaatOHKY 00pobrenoi nosepxHti. Ilpu eukopucmanHi pisxcyyoi niacCmuHKY 3 ROKPUMMAM WOPCMKICMb No-
eepxHi 3nuxcysanace 6 1,05...1,18 pasu.

Haykoea nosuszna. Ompumani pe3yromamu niomeepoxcyromo 6niue Gpukyitinozo egpexmy Ha 30y0dxceHHs i niom-
PUMAHHS ABMOKOIUBANb AJle 6DAX08YIOUU HEGENUKY BEIUNUHY 3MIHU IHIMEHCUBHOCTI KOIUBAHL NPU CYMMESIU 3MIHI YMOS
mepms MOJCHA 3pOOUMU GUCHOBOK, WO GNIUE PPUKYINIHO20 eheKmy 6 NOPIGHANHI 3 peceHepamueHum eghekmom abo
BNIUBOM KOAUBAHHSA MUTNIMEBOL WUBUOKOCMI PI3AHHA HADA2AMO MEHUUI.

Ilpakmuuna yinnicms. Ompumani pesyromamu 008005Mb 6NAUE YMOE MEPMsL 8 30HI KOHMAKMY [HCIMpPYMEHm-
Odemanb HA IHMEHCUBHICIb ABMOKOIUBAHL NPU MOYIHHI | HAOAIOMb MONCIUGICMb NPUSHAYAMU NOKPUMMIA PIXCYYOT yac-
MUHU IHCMPYMeHmu OJisl 3SMEeHUeHHs. 8iopayill.

Kniouogi cnosa: asmoxonusanus, pizeyb-0cyuiamop, 0Cyuiozspama, HOKpummsl, Koegiyicnm mepms.

Beryn YiHHI BUHUKAIOTh BCl BUIM BiOpaliii, ane HalOuIbII Hera-

Bibpaii npu TOYiHHI CYTTEBO 3HIDKYIOTH 5K TOU- TUBHUH IIJIMB MalOTh ABTOKOJIMBAHHS (AK) [2]. Do ocHOB-
HICTB, SIKiCTB 0OPOGICHOT TTOBEPXHI, TakK i cTifikicTp piza-  HHX JUKEpEI 30y1KeHHs BiOpalliii Hanexarb TeHepaTHB-
JBHOTO iHCTpyMeHTa. TOMY TIpH TOYiHHI TParHyTh 3a6e3- H?Iﬁ’ (puKLiHIH SPEKT, KOTUBAHHS MUTTEBOT ITBUIKOCTI
NedyBaTH yMOBH BiOpOCTifKOCTi mpolecy pisanms Ta e  Pi3aHHS, KOODIMHATHHIA 38’ 130K OCHOBHOIO XapakTepHc-
JIONyCKATH BUHMKHCHHS HajMIpHMX KONMBAHb cucTemy  TUKOWO iHTeHcusHOCTI AK € ammiityna. P.'erer{PaTHBHHﬁ
BepCTaT-IPHCTOCYBaHHA-iHCTpyMeHT-eTanb [1]. TIpu o-  SHEKT Ta KoopwHaTHuii 38130k 100pe nociimpreni [3, 4, 5].
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A 0T Ipo PO3MIp YACTKH BIUIMBY CHJI TEPTS B 30HI KOHTa-
KTy IHCTPYMEHT-JIETaIb B 3arajibHil Jii 3MilIaHUX CUJI IIPU
30ymkenHi AK 10oCTiTHUKH MarOTh CyNepewsInBi JyMKH.

BinpIiicTh iCHYFOUMX JOCTIHKCHb 30HA KOHTAKTY 1H-
CTPYMEHT-JICTaJIb HANIPABJICHI Ha JOCIIPKECHHSI CTIHKOCTI i
3HOLTYBaHHS IHCTPYMEHTY [6]. 30Hy KOHTaKTy 3aroTOBKH
Ta Pi3I PO3TIANAIOTH IIiJ] 9ac pi3aHHs 32 YMOBH CXOILTIO-
BaHHA (axresii) [6, 7]. Crun TepTs, 0 BUHUKAOTS ITi[] 9ac
pizaHHS, CYTTEBO 3aJIeXKaTh BiJ IDIOMII KOHTAKTY, AKa IIPU
BiOpaIlisx MOKe CyTTEBO 3MiHIOBAaTHCh. B TOit ke dac 30i-
JBIICHHS aMILTITYJW KOJIMBaHb MOKE MATH Pi3HUH BIUINB
SIK Ha YMOBH CTPY>KKOTBOPEHHSI, TaK 1 Ha CTIHKICTb IHCTPY-
MeHTy. Benuka amrnityja KOJIMBaHb MOKE ITPUBOJUTH JI0
PI3KOTO 3HMXKEHHS CTIMKOCTI iHCTpyMeHTa [8] yepe3 1uk-
JIiYHE HaBaHTaXeHHs1. [Ipy IbOMY BUHUKA€E BTOMHE PYIHY-
BaHHS JUISHOK Pi3aJbHOT YaCTHHH IHCTPYMEHTA, 10 Tepe-
OyBaroTh y KOHTAKTi i3 3arOTOBKOIO Ta CTpyxKoto [1]. B
TOM ke Jac 30UIbIICHHS aMILTITY I KOJIMBaHb, [0 BHHU-
KaloTh MPHU pi3aHHI, MOXYTh IPUBOJUTH IO TOJIETIICHHS
IUTacTHYHOI AedopMartii, SMEHIIEHHIO Koe(illieHTa TepTs
0 TICpeAHIN 1 3aIHIH MOBEPXHIX IHCTPYMEHTA, O 3MCH-
IIEHHS aJAre3ifHuX SBUII BHACIIZOK KpaIlOro NPOHHK-
HEHHS IOBITPA 1 3MalllyBaJbHO-0XO0JIO/UKYBaJILHOTO TEX-
HOJIOTIYHOTO CepeIoBHUIIa y 30HY KOHTakTy [1]. Ile mosmim-
ITy€ BiIBIJ CTPYXKH, 3HIKYE CHIHM pi3aHHS Ta 3MEHIIY€E
IHTEHCHMBHICTb 3HOIIYBaHHsI iHCTpyMeHTa [9]. Ha camy iH-
TEHCUBHICTh KOJIUBaHb BIUIMBAIOTh 0AaraTto YWHHHUKIB: pe-
JKUMU pi3aHHS, TEOMETpis IHCTPYMEHTa, BHKOPHUCTAHHS
nemIiepiB, MapaMeTpH MPY)KHOI CUCTEMH IHCTPYMEHTY
(merani) Ta inwi mapametpu [2, 10].

®i3uKko-MeXaHiYHI BIACTUBOCTI HOKPHUTTS Pi3Lis, SIKi
CYTTEBO BIJIPI3HAIOTHCS BiJl BJIACTUBOCTEN IHCTPYMEHTAIIb-
HOTO Martepiairy, MOXYTb 3MiHIOBaTH OCHOBHI XapaKTepH-
CTHKH IIPOLIECY pi3aHHs, YMOBH CTPYKKOTBOPEHHS Ta 30Y-
JOKEHHS KOJMBAaHb.

AHani3 nocaimkens Ta myoaikamiit

Ha nuHamKy nporecy pizaHHS BIUIMBAIOTh 6arato ma-
pameTpiB: MBHUIKICTH pPi3aHHS, T0a4a IHCTPYMEHTY (3aro-
TOBKH), TEOMETpisl IHCTPYMEHTY, MaTepialx piky4doi Jac-
THHHU IHCTPYMEHTY, MaTepiaj oOpoOIrOBaHOI 3ar0TOBKH,
KOCQIIIEHT TEPTS MIXK IETAJUTIO 1 IHCTPYMEHTOM. 3aCTOCY-
BaHHS IMOKPUTTIB PI3LIiB MOXKE CHPHUATH 3HWKEHHIO TEPTs
B 30HaX ()PUKLIITHOrO KOHTaKTy Ha HNEepeaHii 1 3aaHiit mo-
BEPXHSX Pi3Ls 1 3MEHIIYBaTH (DPUKLIIHE HKEPENo KOJIH-
BaHb [6)].

B po6Gori [11] BUKOPHCTOBYBaJIH pi3aibHY [UIACTHHY,
MOKPHTY HITPUIOM THUTAHY Ta OKCHJIOM JIFOMIHIIO, IJIS 10-
CIIIPKCHHS BIUIMBY YacTOTH OOEpPTaHHSA 3arOTOBKU Ha BH-
XiJTHI TOKa3HUKH TPOIIeCy TOYiHHS B yMOBaX BiOpartiii ne-
Tanei 3 mropamoMinieBoro cmaBy J16T ta cram 40X.
ATne mopiBHAHHS IHTCHCUBHOCTI BiOpaIliif mpu TOYiHHI iH-
CTPYMEHTOM 3 MOKPUTTAM Ta 0e3 He MPOBOAMIOCS. Y J0C-
mimkeHHi [12] mopiBHIOWOThCS 3BUYAiiHE TOUYIHHSA Ta TO-
YiHHA 3 YJIBTPa3BYKOBOIO Bibpartieto mig yac o6poOku 3a-
raptoBaHoi ctani AISI 52100 (62 HRC) TBepmociiiaBHIM
incrpymenToM TiAISiN 3 nokpurram PVD. BeranosieHo,
IO TOYiHHS 3 BiOpaIisiMH iHCTPYMEHTOM 3 MOKPUTTIM

3HU3WIO 3HOIIYBAaHHS IHCTPYMEHTY, MPOJOBKHUBIIHN TEp-
MiH #oro cimyxOu, ane aHaii3 IHTEHCUBHOCTI BiOpariii He
HaBEJICHO.

B po6ori [13] po3rasHyTo 0cOOIMBOCTI MpoIecy 00-
pOOKH 3arapTOBaHMX CTajJel TBEPAOCTIUIABHUM 1HCTpyMe-
HTOM 3 Ta 0e3 MOKPHUTTS Ha OCHOBI THTaHy. BcTanosieHo,
10 BUKOPUCTAHHS IHCTPYMEHTY 3 IMIOKPUTTSAM XapaKTepH-
3yeThest Ha 15...20 % MEHIIOI BEIUYMHOIO CKIIAJOBHX
cwn pizanss. [Ipu mBuaKicHi 00poOmi B yMOBaxX AWHa-
MIYHUX yAapHUX HaBaHTAXXEHb IHCTPYMEHTH 3 OKPUTTAM
30epiranu npare3aTHiCTh OubInmid gac. [Ipu gocmimkeHi
[14] npouecy bpe3epyBaHHs 3arapTOBaHOI CTani iHCTPY-
MmeHTH 3 nokpuTTsAMHU TiSiN ta TiAIN nokazanu BumLy sK-
iCTh ITOBEPXHI MOPIBHSHO 3 IHCTPYMEHTaMH O€3 TIOKPUTTIB.
Lle cnpusio migBHUIIEHHIO eEKTUBHOCTI Ta €KOHOMIYHOT
JOIJIBHOCTI BUPOOHHYMX TpoleciB. Y mocmimxeHHi [15]
Oyno 3a3HaueHo, mo nokputta AlTiCrN nmponemoHcTpy-
BaJO HHU3BKY IIOPCTKICTH 00pobnenHoi moepxHi a0 0,19
MKM, KoedimieHT TepTs 10 0,35 MKM, BUCOKY MIITHICTB 34e-
wieHHs 10 110 H ta MakcumansHy poOody Temreparypy
1o 1150 °C. Hocmimkenasmu [16] BCTaHOBIICHO, 0 3HU-
JKCHHSI 3HOIICHHS 3a{HhOT IMOBEPXHI IHCTPYMEHTIB ITOKPH-
tux TiAISiVN mpoTw HENOKPUTHX IHCTPYMEHTIB CTaHO-
BUJIO 67...85 %. Ilpu mociiKeHH] MpoLiecy TOYiHHS B PO-
60Ti [17] Ha pixkydi IHCTpPYyMEHTH 3 TBEPAOTO CILIaBy Oynu
HaHeCeHI MOKpHUTTA, mo ckmagaimucs 3 AlICKN,
AICrN/TiSiN ta AITiN. BcraHoBiIeHO, [0 IHCTPYMEHT 3
nokputTsiM AlTiN 3anobiraB noBepxHeBiii KOpo3ii i cTBO-
PIOBaB BUIII PO3TATYOYH 3AJUIIKOBI HANpyru. A 00poOka
iHCTpyMeHTOM 3 TOKpUTTAM AlICrN npu3sBena no Oinpmroi
CHpUHHATIUBOCTI Kopo3ii. Ha oOpoOieHiil moBepxHi iH-
ctpymenToM 3 mokputTsiM AlCrN yrBoproBanacs TOBILA
OKCHJHA ILIIBKa.

3a BIICYTHICTIO JOCTAaTHBOI KITBKOCTI POOIT Mpo
BIUIUB YMOB TEPTSI B 30HI KOHTaKTY IHCTPYMEHT-JCTallb Ha
JMUHAMIKY TIpOIleCcy pi3aHHS TPU TOUiHHI, TOCIIiIHKSHHS
I[bOT'O BIUIUBY € aKTyaJIbHOIO 33/1a4elo.

MeTta podoTu

Mertoro po6oTH OyJ10 TOCIIIKEHHS BIUTUBY MIOKPUTTSI
pi3abHOT YaCTHHM Pi3ls Ha BiOpaIlii MpW TOYiHHI.

Marepian i MeToaUKA T0CTiTKEHD

Jis mocipkeHHs BIUTUBY MMOKPUTTS Pi3Lisd HAa iHTCH-
cuBHicTh AK 1pu TouiHHI OyiM BUKOpUCTaHI pixydl I1a-
cTuHKY 3 TBeporo craBy BKS (o= 10°,y =0°,r = 0,4mm)
0e3 mOKpHUTTS Ta 3 MOKpUTTAM HiTpunoM tutany (TiN).
JIy1st KO)KHOTO EKCIIEpUMEHTY BHKOPHCTOBYBAJIH T'OCTpPO-
3aTOYCHY PKYUy IUIACTHHKY, IUIOIIA/AKA 3HOIICHHS 110 3a-
nHii moBepxHi Oyna Bigcyras (h,=<0,1Mm) 3aroToBKH BU-
kopucroByBanu aiamerpom 100...150 MM Ta JOBXHHOIO
100 MM 3i crami 45. Pexxumu pizaHHs 3MIHIOBAIM B IHPO-
KOMY JTiana3oHi: IMBUIKICTh pi3anHs V Bix 100 mo 250 m/xB;
rmmbnHa pizaHss t Bix 0,5 1o 2 MM, o1ada iHCTpYMEHTY S
Bix 0,05 mo 0,5 mm/00.

B sakocTi iHCTpyMeHTY OyB BHKOPHCTaHO pi3eIb-OC-
IUIATOP 3 OMHIEI0 CTYIEHIO0 CBOOOIM 10 OCi X — pi3elh-
ocrstop X [18]. Pizens-ocimistop X KOHCTPYKTHBHO
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3a0e3rnedyBaB KOJMBAHHs B HAIIPSIMKY 3MiHH PEaJIbHOT TO-
BiIMHH 3pizy. Tomy 30ymxennst AK BinOyBanock B yMoBax
IiT IBOX JKEPEIT: pEreHePATUBHOTO Ta PPUKIIIHHOTO eeK-
Ty.

Takoxx OyB BHKOpPHCTaHHUI Pi3eLb-OCLUISATOP 3 OJ-
HIEIO CTYNEHIO CBOOOIH MO OCi Z — pi3elb-ocumiiatop Z.
Pizenp-ociunsaTop Z KOHCTPYKTHBHO 3a0€31edyBaB KOJH-
BaHHS B HANPSAMKY IIBUAKOCTI pizaHHsA. ToMy TOUiHHS Bi-
IOYBAJIOCH «II0 YUCTOMY» Oe3 BiOpamiifHOi XBHIIi Ha TIOBe-
pxHi pizanHs. 30ymkenas AK BigOyBamock B ymoBax Ail
JIBOX JDKEpeJl: KOJIMBAHHI MUTTEBOT IBUIKOCTI pi3aHHS Ta
¢pukuiiiHoro edexry.

Jnst BCTaHOBJIEGHHS Pi3LsA-OCHMIATOPa B Pi3LETPH-
Maui TOKapHOTO BepcTaTta BUKOPHCTOBYBABCS CIIEIiajib-
Huii npuctpii [18], sikuii 1aBaB 3Mory 3MiHIOBaTH BIIT L
Big 80 no 125 MM Ta npuKIaaaTH 10JaTKOBY Macy My Bix
0 1o 344 r. Ha xopryci npucTporo OyJv BCTAHOBJIEH Ja-
TyukH nepemimens XS4-P12AB110, sxi BuMiproBamn Ko-
JUBAHHA PiKY4Yoi KpaliKu NpHW TOUIHHI MO Bici x Ta Z
(puc. 1). AHamOroBMIA CUTHAJ BiJ JaTYMKIB Yepe3 aHAIo-
roBo-IH(POBHUIl IEPETBOPIOBAY IepeaBaBcs Ha IepCcoHa-
JBHUH KOMIT'IOTEp Ta 3allMCyBaBCsl Y BUMIISI OCIIHIIOTPaM.
3ammc ocmmiorpaM 3IIMCHIOBAaBCSA 3a JOTIOMOTOIO TIPO-
rpamu LGraph2, a ix anani3z — PowerGraph 3.3.

Pucynok 1. Poboue Micrie st mociipKeHHs BiOpamiit
PesysabTaTn gocaigKkeHb Ta 00r0BOpPEHHS

PesynbraTu mociikeHHs BIUTUBY MOKpUTTS TiN Ha
inTeHcuBHICTE AK mpu TodwiHHI pi3ueM-ocumnsaTopoMm X
HaBesieHO B Tabmwmui 1, 2. Tlpu mociimkeHHi BiOpaliii mo
ocumiiorpaMaM 0yJ0 BUMIPSHO 3HaY€HHS aMILTTYAX KO-
JNBaHb A, Ta CTATUYHOTO BIAXWICHHS B, piXy4oi Kpailku
B 3JIEXKHOCTI BiJ IIBHIKOCTI pizaHHs V. BoHW mokazainu,
110 aMITTITy/1a KOTMBaHb 3HWKYBAJIaCh IIPH BUKOPHUCTaHHI
MOKPHUTTS B cepeaubomy Ha 1,1...1,3 pasu (puc. 2, 3). [Ipu
IFOMY 3MEHIICHHS CTATUYHOTO BiIXWJICHHS Pi3Ls I pi-
3HUX IMIBUIKOCTEH pizanHs craHoBmio 1,08...1,18 pasm.

Ta6muus 1 — PesynpTatu nociimKkeHHs BiOparlii npu
TOYIHHI PIXKYYO0I0 IJIACTUHO 0€3 MOKPUTTSI Pi3LEM-0CIIU-
asitopom X (L=100 mm, my=0 r, t=1mm, S=0,2MM/00)

V, M/XB Bx, MM Ax, MM
100 0,246...0,273 0,043...0,056
150 0,253...0,223 0,06...0,07
200 0,183...0, 223 0,085...0,09
250 0,183...0, 213 0,09...0,105

Tabauus 2 — Pe3ynpTati gociipkeHHs BiOpanii npu
TOYiHHI PIXKYYOI0 IUIACTHHOI 3 MOKPUTTAM TiN mOKpHUTTS
pistem-ocumnstopom X (L = 100mm, my=0r, t = Tmm,
S=0,2mm/00)

V, M/XB Bx, MM Ax, MM
100 0,226...0,243 0,033...0,045
150 0,213...0,2 0,045...0,056
200 0,193...0,223 0,067...0,075
250 0,193...0,2 0,085...0,093
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PucyHok 2. BriB MOKpUTTS pixKy4oi IJIACTHHKH Ha aMILTITY Ly
AK npu TouiHHI TOKpUTTS pizuemM-ocumastopom X ( L= 100
MM, Mp=0r, t = 1mm, S=0,2MM/06)
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Pucynok 3. BruiB moKpUTTS pixky4oi IJTACTHHKH HAa CTaTUYHE
BIAXMJICHHS PKYY0T KpallKi P TOYiHHI HOKPHUTTS Pi3LeM-0c-
msitopoM X (L =100 mm, my=0r, t = 1mm, S= 0,2MM/006)

3wmina inTencuBHOCTI AK Tpn BUKOpHUCTaHI pixKyInX
IUTACTHHOK 3 MMOKPHUTTSAM BimoOpas3miachk Ha BiOpamiitHOMy
MAaIIOHKY 00po0ieHoi moepxHi (puc. 4, 5) Ta i mopcTko-
cti (Tabmumsg 3). [1py BUKOpUCTaHHI piXKydO0i TUTACTHHKH 3
MOKPUTTSM  IIOPCTKICTh MOBEPXHI 3HUXKYBalach B
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1,05...1,17 paswu, 1e BimoOpa3mwioch Ha BiOpaliiHOMy Ma-
JIIOHKY 00po0ieHoi noBepxHi. Takox nopiBHIOWYH puc. 4
Ta pUc. 5 BUIHO, IO 31 301IBIICHHSIM IIBHIKOCTI pi3aHHs
30UIBIIMIIACH TOBJKMHA XBHJI Ha BiOpaliifHOMy MajfoHKY
00po0IeHOT MOBEPXHi.

Pucynok 4. O6po6iiroBana HOBEpXHsI MiciIsl TOUiHHS pi3leM-oc-
ustopom X: @ —V = 150M/xB, 6€3 TOKPUTTS,
6 —V = 150M/XB, 3 MOKPUTTAM

Pucynok 5. O6po6iiroBaHa HOBEpXHsI MiciIsl TOUiHHS pi3leM-oc-
ustopom X: @ —v=200m/xB, 6€3 OKPHUTTS;
6 —v=200M/XB, 3 IOKPUTTSIM

3MeHIIeHHST KOoedilieHTy TepTd 3a pPaxyHOK IIOK-
PUTTS piKYYOl IUTACTHHKH 3MIHHIO YMOBH CTPY>KKOTBO-
peHHs Ta hopMy CTpYX K. Ha oTprMaHiif cTpyXii mpH To-
YiHHI PDKYYHMH ITACTHHKAMH 3 HOKPUTTAM Ta 0e3 Oyio
BUMIpsiHO noToBIIeHHS Ka Ta po3umpenHs Ky (Tabmuis 4).

[Tpu TouinHI pi3ueM-ocHUIATOPOM X 3 HOKPUTTSM Ta
0e3 Oyna oTpuMaHa CTpyXKa pi3Hoi popmu (Tadbmuus 3).
PesynbpraTi BUMIpY CTPYXKH TIOKa3ajH, 110 KoedilieHT
PO3LIMPEHHS NPY BUKOPUCTAHHI OKPUTTS OYB MEHILINM B
1,14...1,28 pa3u, B TOif "ac K KOe(IIiEHT IMOTOBIIEHHS
MaiiKe He 3MiHIOBaBCS.

Tab6auus 3 — Pe3ynpTaTi MOCTIKEHHS BIUTUBY TIOK-
PHUTTS piXyYYOl IJIACTUHKY HA IMOPCTKICTH 00poOFOBaHOT
MOBEPXHI NpU  TOYIHHI  pi3ueM-ocumwisiTopoMm X
(L=100 mm, my=0r, t = Imm, S=0,2MM/00)

Mopcerkicts R, MkM
v, M/xs be3 mokputtst 3 nokputtsim TiN
100 3,68...4,02 3,13...3,61
150 3,91...4,33 3,35...391
200 4,01...4,94 351...411
250 4,98...5,56 4/48...49

Ta6muns 4 — Pe3ynpTaTi [OCITIIXKCHHS BILTUBY TIOK-
PUTTS PiXKYYOi IUNIACTHHKH HA BHIJISAJ CTPYXXKH MPH TO-
yiHHi pizuem-ocumiasropoM X (L = 100 mm, my = O 1,
t = 1mm, S= 0,2MM/00)

bes nokpurrs 3 nokputrsam TiN
100
Kv=18...1,9; Ko=4,5...5 Kp=14...15;
Ka=4,5...5
150
Kb=1,8...1,9; Kp=1,4...1,5;
Ka=45...4,75 Ka=4,5...4,75
200
Kv=1,6...1,7; Kv=1,4...15;
Ka=4,5...4,75 Ka=4,5...4,75

PesynbraTi eKcriepuMeHTIB A1 pi3usg-ocumisitopa Z
MOKAa3alli aHAJIOTIYHI Pe3yIbTATH, SIK 1 JUI Pi3IsI-OCIIHIIs-
Topa X (Tabmuis 5, 6). Ha puc. 6 mokazaHo ocippiorpaMma
KOJIMBAaHHS PiXy40i Kpaiiku 1j1s pisig-ocumisitopa Z 3 1o-
KPUTTSIM (3€JIeHa OCITIIIOTpaMa) HakjIaeHa 1o JIiHii IoJIo-
)keHHa ctatnaHoi piBHOBarm (IICP)ma ocummorpamy,
OTPUMAaHy TOUIHHSAM 03 MOKPUTTS (CHHS OCIJIIIOTpaMa).
BisyanbpHO BHIHO, IO iHTEHCHUBHICTH KOJIMBaHb IS Pi3Us
3 TIOKPHUTTAM MeHIma. TakoxX IMpH 3aCTOCYBaHHI MOKPUTTS
3MEHIIJIOCS CTATUYIHE BiAXIICHHS piXKyd0i Kpaiiku B, 1ie
npusBetio st 3mitienHs [ICP, Ho Tak sik 1Bi ocHiorpamMu
BupiBHAHI 10 [ICP, To 3MimeHHS BUIHO MIX MOJIOXEH-
HsMHU rtoyatkoBoi piBHoBaru (ITI1P). 3menmienHs craruy-
HOTO BIAXWICHHS B cepeanbomy Oyio B 1,05...1,15 pa3u.
Amnani3 3amipiB aMIutiTy 1 A; KOJIMBaHb 110Ka3aB, 110 MPH
3aCTOCYBaHHI IIOKPUTTS BOHA 3HM3Macs B 1,1...1,4 pa3u.

Pesymbratin mocmimpkeHHS BiOpamiifHOTO MAalOHKY
00p0o06IeHOT TOBEpXHi HaBeIeHi Ha puc. 7, 8.

PesynbraTn aHaMizy mopcTkocTi 00pobIeHoi moBep-
XHi TIPH TOYiHHI Pi3IEM-OCIIIATOPOM Z 3 TOKPUTTAM Ta
0e3 MoKas3ajd, IO BOHA Maibke HE 3MIiHIOBaloCh. lle
TIOB’s13aHO 3 HECYTTEBOIO 3MIHOIO aMILTITYAH KOJIHUBAHb Ta
3 THM, IO I[i KOJIMBAHHS BiZOYBAOTHCS MEPICHINKYIISIPHO
Bicl oOepTaHHs JeTali.

[Ipu TouinHI pi3ueM-ocunnIaTopoM Z 3 IOKPUTTSAM Ta
6e3 Oyia oTpuMaHa CTpyKKa pi3Hoi dopmu (Tabmuns 7).
Pesynbrati BUMIpY CTPYXKKH TOKa3ajid, 10 KoedimieHT
PO3IIUPEHHS IPY BUKOPHUCTaHHI TOKPUTTSA OYB MEHIITUM B
1,2...1,28 pa3m, B TOH 4ac sK KOe(illi€HT MMOTOBIIECHHSI
Maibke He 3MiHIOBaBCH.
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Tadanus 5 — PesynpraTi gociipkeHHs BiOpauii npu
TOYIHHI Pi3LEM-OCHUIISITOPOM Z PiXKy4OI0 IUTaCTHHOIO 0e3
nokpurtst (L =100 MM, My=0T, t=1 MM, S= 0,2 Mm/00)

Ta6mums 7 — Pe3ynpTati TOCIIIKCHHS BILTUBY TIOK-
PUTTS PiXKYYOi IUNIACTHHKH HA BHIJISAJ CTPYXXKH MPH TO-
yiHHi pi3ueM-ocumisitopom Z (L = 100 mm, my = O 1,

V, M/XB Bz, MM Az, MM
50 0,24...0,246 0,038...0,046
100 0,2...0,21 0,076...0,095
150 0,19...0,195 0,051...0,065

Tab6mums 6 — Pe3ynpTatu nocmimkeHHs BiOpaii npu
TOYIHHI PI3LEM-OCHHUISATOPOM Z PIXYYOIO IUIACTHHOIO 3
nokpurtsiM TIN (L = 100 mm, my = 0 1, t = 1 mm,

S=0,2 mM/00)
V, M/XB Bz, MM Az, MM
50 0,21...0,22 0,025...0,033
100 0,183...0,19 0,073...0,083
150 0,18...0,186 0,048...0,053

t = 1mm, S= 0,2MM/06)
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Pucynoxk 6. Haknazienns BiOpauiii oTpUMaHUX TOYiHHIM
PIKYUOIO IUIACTHHKOIO 3 MOKPHUTTAM (3€JieHa OCLHIOrpama) Ha
BiOpalil mpu To4iHHI 6€3 TOKPUTTs (CHHS OCIMIOTpaMa) o
IICP crami 45 ans pizng-ocrmaropa Z (L = 100 mm, =0,

0,2 MM/06)

Pucynok 7. O6po0OmoBana MOBEpXHs MICISI TOYIHHSA Pi3-
ueM-ocuusitopom Z (L = 100mm, my=0r,t =1 mm,
S=0,2 MM/00) craini 45: a —Vv = 100mM/xB, 63 TOKPUTTS
6 —V = 100M/XB, 3 HOKPUTTAM

Pucynok 8. O6po6iiroBana HOBEpXHsI MiciIsl TOUiHHS pi3leM-0c-
ustopom Z (L=100 mm, my=0r,t =1 MM, S=0,2 MM/00)
crami 45: a —v=50 m/xB, 6€3 TOKPUTTSIM; 6 — V=50 M/XB,

3 HOKPUTTSIM

M\/I;(B be3 mokpurtst 3 mokpurtsam TiN
50
Ky=1,8...1,9; Kp=1,5...1,55;
Ks=45...4,75 Ks=4...4,5
100
o181 Kv=14...15,
T Ks=4...4,5
BucHoBku

PesynbraTamMu qocimiKeHHS MiATBEPIKEHO, IO MPH
3aCTOCYBaHHI TOKPUTTS PIXKYH0i KpalKi 3MEHIITYE€THCS KO-
eQilieHT TepTs B 30HI KOHTAKTY IHCTpYMEHT-IeTanb. Lle
NPU3BOJNUTH JI0 3MiHH YMOB CTPY)KKOTBOPEHHS 1 BijoOpa-
JKAEThCsl 3MEHIICHHAM KOe(illieHTa YCaaku CTPYXKKH B
1,14...1,28 pazu.

AmHani3 ocuuiorpaM KOJIHMBaHHS PLKy4oi Kpaku pi-
311-OCHMIISITOPA MTOKA3aB, 110 aMIUTITY/1a KOJIMBaHb 3MEH-
mryBanacs B 1,1...1,4 pa3u. [Ipu iboMy 3MEHIIICHHS CTaTH-
YHOTO BiIXWJICHHS Pi3Id U Pi3HUX MIBUAKOCTEH pi3aHHA
craHoswio 1,08...1,18 pa3u.

3MiHa KOJTMBAHHS PiXKY40i Kpaku BimoOpa3uiacs Ha
BiOpariitHoMy MaTFOHKY 00po0iieHoi moBepxHi. [1pu Buko-
PHCTaHHI PDKYYOl IUIACTUHKH 3 IOKPHUTTAM ILIOPCTKICTH
MOBEpXHi 3HIKYBanach B 1,05...1,17 pa3u.

OTtpuMaHi pe3yibTaTd MiATBEPIKYIOTh BIUB (PPHK-
uiiiHoro edexry B 30y/PKEHHS 1 HIITPUMaHHS aBTOKOJIH-
BaHb. AJie BpPaXxOBYIOUM BEIMYMHY 3MIHHM IHTEHCUBHOCTI
KOJIUBaHb IIPH CYTTEBIH 3MiHI YMOB TEPTSl MOKHA 3pOOUTH
BHCHOBOK, IO BIUTHB ()PHUKIIIHHOTO €PEeKTY B MOPIBHIHHI
3 percHepaTHBHHM e(peKTOM ab0 BIUIMBOM KOJHMBAHHS
MUTTEBOI IIBUIKOCTI pi3aHHS HA0arato MEHIINH.
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Purpose. The aim of the work was to investigate the influence of the coating of the cutting part of the cutter on

vibrations during turning.
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Research methods. The research was conducted by an experimental method, in which oscillograms of oscillations
of the cutting edge of the cutter-oscillator were recorded. The analytical method was used to study the oscillograms on
which the parameters of the oscillatory system of the cutter-oscillator were measured, which characterize the law of
motion of the cutting edge during self-oscillations.

Results. The results of the study confirmed that when applying a coating to the cutting part of the cutter, thefriction
coefficient in the tool-part contact zone decreases. Thisleadsto a changein the chip formation conditions and isreflected
in a decrease in the chip shrinkage coefficient by 1.2...1.35 times. Analysis of the oscillograms of the oscillation of the
cutting edge of the cutter-oscillator showed that the application of the coating almost did not change the static deviation.
At the sametime, the amplitude of the oscillations decreased by 1.1...1.3 times. The changein the oscillation of the cutting
edge wasreflected in the vibration pattern of the machined surface. When using a cutting insert with a coating, the surface
roughness decreased by 1.05...1.17 times.

Scientific novelty. The obtained results confirm the influence of the friction effect on the excitation and maintenance
of self-oscillations. However, taking into account the small magnitude of the change in the intensity of oscillationswith a
significant change in friction conditions, it can be concluded that the influence of the friction effect is much smaller

compared to the regenerative effect.

Practical value. The obtained results prove the influence of friction conditions in the tool-part contact zone on the
intensity of self-oscillations during turning and provide an opportunity to choose the coating of the cutting part of the

tool to reduce vibrations.

Key words:. self-oscillation, cutter-oscillator, oscillogram, coating, friction coefficient.
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Bomogumup [lneckau

IBan AximoB

HAJIMHICTH JETAJIEA MAIIIAH TP TA3OABPASUBHOMY
S3HOIIYBAHHI

Mema pooomu. Ilonseac 6 ananizi 3aKOHOMIpHOCHEll 2A30A0PA3UEHO20 3HOULYEAHHS MAmepIany J10Namox aeia-
YIIHUX KOMAPECcopis, Y 3HAXOO0HCEHH 3aXUCHUX NOKpUmMmIis, 5K 3abe3neuyioms eghekmuene 3MeHUEHHs 3HOCY, Md Ha-
OaHH5L peKOMeHOayitl w000 ONMUMATLHO20 MUNY 3AXUCHO20 NOKPUMMIAL.

Memoou docnidxncenns. IIpu 00CniodceHHI BUKOPUCMOBYBANACS YCMAHOBKA, KOHCMPYKYIS K0T 00360JI€ 3MIHIO-
samu napamempu 2a30abpazueHO20 3HOWLYBAHHS Y WUPOKUX Medcax, SKi O AKHAUKpauje 8i0mMeopoGay yMogU 3HOULY-
BAHHS1, WO ICHYIOMb 8 asiayiuHux Komnpecopax. /locnioxcennio niodasanucs 3pasku 3i cmani 14X17H?2 i 3axucui wapu,
HaueceHi Ha Hei a30myeaHHsAM, Himpoyemenmayicio i yiaHyeauuam. [[ocniodiceHus npoeooUnocs i3 3aCmocy8anHIM
Memanozpagiuno2o ananizy 3 Memoio GUAGIEHHA CIMPYKMYpPU, AKa 3a6e3neuye OnmumMaibHull 3axucm 6io 2azoadpasue-
HO20 3HOULY8AHHA.

Ompumani pezynomamu. [lposedenuii ananiz xapaxmepy i 8elUdUHU 3HOCY MAMePianie, o O0CHIONCYBANUCA )
nomoyi 8i1bHO20 Abpa3U8y 3aNeNHCHO 8I0 WUOKOCMI abpa3ueHo20 NOMOKY i tioeo Kyma amaku. Busnaueno cmynine
smeHuenHs 3Hocy cmani 14X17H2 npu suxopucmanni 3axucHux ougysiinux noxkpummis. Ha niocmagi nopienansrnoeo
OYIHIOBAHHS KITLKICHUX XAPAKMEPUCMUK 3aXUCHUX WaPI6 6USHAYEHO NOKPUMMIA, Ke ONMUMANbHO 3MEHULYE 3HOC CMAi
14X17H2 npu 2a30abpazugHomy 3HOULYBAHHI.

Haykoea nosusna. Busnauena eenuyuna Kymie amaxi, sKi 6i0n06i0a0ms MaKCUMAaibHOMY 3HOWYBANHIO, K OA
cmani 14X17H2, mak i 015 3anponoHo8anux 3axucHux ouysitunux nokpummis. Ha niocmasi memanoepagiunoeo ana-
Ji3Y GUABNEHO, AKUL CKIAO (8UO0, BeIUYUHA | PO3MAULYBAHHS) OUCHEPCHUX YACTMUHOK CIPYKMYPU NOBEPXHEBO20 APy
3abe3neuye ONMUMANbHUL ONIp 2a30a0PA3ZUBHOMY 3HOULYBAHHIO.

Ilpakmuuna yinnicme. Pezyromamu pobomu moducyms 6ymu 6UKOPUCTNAN] KOHCIPYKMOPAMU, WO 3aUMAIOMbCs
supobamu, AKi npayiome 6 ymoeax 2a3zoabpazuérHozo 3HouyeanHs. Ha niocmasi ompumanux 3anedlcHocmei mamepia-
T8, WO O0CHIONCYBANUCS, 610 KYMA AMAKU € MONCIUGICIb 0Opamu ONMUMALbHI Mamepian i KoH@izypayiio eupooy

MAaKum YUHoM, Wob 3HOWY8aAHHs OYI0 MIHIMATLHUM.

Kniouosi cnoea: naodiiinicmo, 3Hococmilkicmv, mpuboOmexmika, 2azoabpazusHe 3HOULYBAHHS, 3HOC, XIMIKO-

mepmiune 00pooOaeHHs.

Beryn

OcHoBHa MeTa Oy/Ib-SIKOTO BUPOOHHUIITBA — 3a0e31e-
YUTH BUITYCK HamiiHOI mpoxykuii. 3rigao 3 JJCTY 2860-
94 «HaniitHicTh TexHIKU» [1] Haldiiinicmio Ha3WBaETHCS
BJIACTUBICTh 00'ekTa 30epirath y 4aci B yCTaHOBJICHHX
Me)Kax 3HA4YCHHS BCIX MapaMeTpiB, sSKi XapaKTepU3YIOTh
3MATHICTP BUKOHYBATH TOTPiOHI (DYHKINI B 3aJaHHUX pe-
JKUMax Ta yMOBaX 3aCTOCYBaHHS, TEXHIYHOTO OOCITyTOBY-
BaHHSI, 30epiraHHs Ta TPaHCHIOPTYBAHHS.

Jns peranei MaliMH HamiMHICTD — TIOHSTTS KOM-
IUIeKCHE. 3aJIe)KHO BiJ| NPU3HAYCHHS, HABAHTAKEHb Ta
YMOB €KCIUTyaTaiii BOHO MO)X€ BKJIIOUaTH y cebe Taki
MOHSITTSA, SIK 0€3BiIMOBHICTh, IOBTOBIYHICTh Ta PEMOHTO-
MPHUIATHICTb.

bessiomosnicmes — 1ie BIACTUBICTh 00'e¢kTa (merai,
CKJIQJICHOTO BY3J1a, MEXaHi3My) BUKOHYBaTH HOTpiOHI
(GYHKIIT B IEBHUX YMOBaX MPOTATOM 3aJaHOTO 1HTEPBATY
4yacy 4u HapoOiTKy. Y 3B’S3Ky 3 MM BHHHMKAE MOHATTS
BiIMOBHU. BigMoBa — 1ie mois, ska MOPYIIye MparesnaT-
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HICTB 00’€KTY, SIKa BUMArae TOTro 9d iHIIOro peMoHTYy. Lle
Moke OyTW, HampHKIaj, 3aMiHa 3amo0DKHHKA, SIKOiCh
OJIHI€T JeTani, a MOxe OyTH OUIBII-MEHII CKJIaJHHUU pe-
MOHT, SIKM BHMMarae€ Juisi BiJHOBJIEHHS Ipane3AaTHOCTI
TPUBAJIOTO Yacy. XapaKTEepUCTUKOIO Oe3BiIMOBHOCTI €
Yac HalpalloBaHHs Ha BiJIMOBY.

Jloseogiunicms — 1ie BIACTUBICTh 00’ €KTa BUKOHYBa-
TH noTpiOHI PyHKLUIT 10 Mepexony y rpaHUYHUI CTaH Npu
BCTaHOBJICHIH CHCTEMi TEXHIYHOTO OOCIyroBYBaHHS Ta
pemonTy. ToOTO y 4ac, KMl BU3HaAYaTUME JOBrOBIUHICTH
BHpOOy, BXOAATH BCi TependadeHi OOCITyrOBYBaHHSIM
JTAHOTO O00’€KTa TEeXOTIAMH, MPOQUIAKTHYHI 3aX0ad i
MIOTOYHI PEMOHTH X JI0 JIOCSATHCHHS T'PaHUYHOTO CTaHYy.
I'paHnuHMii cTan — 1e cTaH 00’ €KTa, 3a SKUM HOTo IMoja-
JbIIa eKCIUTyaTallisi HeMPUIyCTUMa YM HeJoUiIbHa, TOO-
TO BIJHOBJICHHS HOTO Mpale3laTHOCTI PEMOHTOM CTae
HEMOJXJIMBUM a00 HeloUiTbHUM. ['paHWMuYHMI cTaH roBo-
pUTh PO ¢hizuunuli craH 00’ekra (BupoOi). Ase BHACITI-
JIOK TEXHIYHOTO Iporpecy abo KOHKYpPEHIli Ha PHUHKY
MOJKe 3’SBUTHUCS aHAJOTIYHAN BHPIO 3 KpaluMH Xapak-
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TEPUCTUKAMK, KoM (hi3MYHA JOBrOBIYHICTH JaHOTO
00’ekTa 1e He BUUepnaHa. Taka cuTyallisi BU3HaA4Ya€e HOro
MOpAbHY NOBrOBIYHICTb.

Pemonmonpuoamuicms — 1e BIACTHBICTH 00'€kTa
OyTH TPUCTOCOBAHUM JIO MiATPUMAHHS Ta BiIHOBJICHHS
Npare3JaTHOro CTaHy 3a JOMOMOTOI0 TEXHIYHOTro 00ciy-
roByBaHHS a00 peMOHTY. PeMOHTONIPHIATHICTE 3aJICKUTh
B OCHOBHOMY BiJl NIPU3HAYEHHS i YMOB €KCIUTyaTaIlil BU-
poOy. Bona 3akmamaeTscst Ha cranii mpoexTyBaHHS. ['pa-
HUYHUH CTaH PEMOHTONPHAATHOCTI BHU3HAYAETHCA a0o
CTapiHHAM Martepiaiy BHpPoOy, HOTO KPUTUYHHUM 3HOIIY-
BaHHSIM 200 HEJOIIBHICTIO BUTPAT HA YEPTOBHI PEMOHT.
VY nesikux BHUPOOIB Pa3oBOr0 BUKOPUCTaHHS (JIAMITU PO3-
JKapIOBaHHs, PAKETH, TPAH3UCTOPH TOIIO) PEMOHTOIPH-
JATHICTh 30Ira€ThCsi 3 MEPIIOD BiAMOBOI. Y AESKHX
BUPOOIB TPaHUYHUK CTaH BIJHOBIIIOETHCS MEPIOTUYHO
[IPY TIEBHOTO CTAHAAPTHOTO €JIEMEHTA (PyUYHHIA JIIXTApHK,
KYJIBKOBA PydKa), i pEMOHT 3BOAMUTHCS J0 HOTO 3aMiHU. Y
OLITBIIOCTI OCTATHBO CKIIAJHUX 32 KOHCTPYKIIEIO BHPO-
OiB TpaHHYHHI CTaH OOMEXYETHCS IiJBUIICHOI iHTCH-
CHUBHICTIO BiIMOB a00 MOpPYIICHHSAM BHMOT Oe3reku [1—
3].

Y JACTY «HaniliHicTh TEXHIKHA. AHaII3 HAAIHHOCTI»
[4] BukmanmeHi 3aranbHi MOJOXEHHS, SIKI BCTAaHOBIIOIOTH
MOPSAIOK poOIT TpU aHai31 HaJitHOCTI 00’€KTa Ha cTafil
MPOEKTYBAHHS Ta PO3POOKH, BUTOTOBJICHHS, SKCILTyaTallil
Ta 00CIYroBYBaHHS, a TaKOXK KiJIbKICHI METOJIU aHANi3y
HafiitHOCTI 00’ekTa. HaBOAMTBCS METON TPOTHO3YBaHHS
HATIWHOCTI 3a KUTBKICTIO eJeMeHTiB. MeToan HOopMyBaH-
Hs, OILIHIOBAHHS 1 3a0e3leueHHs HAMIAHOCTI IeTalbHO
BUKJIaJIeH] y poboTax [5, 6].

YV OUIBIIOCT] BHIIAAKIB 3HIKEHHS TOBIOBIYHOCTI Jie-
Tajeil MamuH 1 MEXaHi3MiB ITOB’s3aHi 31 3HOITYBaHHSM.
Brigno 3 JICTY 2823 — 94 «3H0coCTiiKICTh BUPOOiBY» [7]
3HOWLYBAHHAM HA3UBAETHCSA MPOLEC BIIOKPEMITIOBAHHS
Marepiaixy 3 MOBEpPXHI TBEpAOro Tina abo 30UIbIIEHHS
HOTro 3aJIUIIKOBOT JeopMallii, O BUSBIAETHCS Y IMOCTY-
MOBOMY 3MiHIOBaHHI pO3MipiB, ()OPMH UM MacH Tija.
3rigao 3 JICTY 2823-94 Bci BHIM 3HOIIYBaHHS MOXHA
MOJITUTH HA BUM, HaBeAeH] Ha puc. 1.
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Pucynox 1. Buau 3HomyBannst 3rigHo 3 JICTY 2823-94

VY miteparypi HaWIeTadbHINIe BHBUCHE MEXaHITHE
3HOIIYBAaHHA. BiNbIIiCTh POOIT B IIbOMY HAIPsSIMi TIPUCBSI-
YEHO BHMBYCHHIO 3HOIIYBAHHS B YMOBax TEPTs KOB3aHHS
abo xotiHHA [8, 9], 30kpeMa y Mexax Tpubosorii [10, 11].
Tpubosnoris — e HayKa Ipo TepPTs, 3HOIIYBaHHS, 3Mallly-
BaHHS 1 B3a€EMOJIII0 TOBEPXOHb, 110 KOHTAKTYIOTh, NPH 1X
B3a€EMHOMY MepeMilleHHl. BoHa 3aiiMaeThCsl BUBUEHHSIM
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NpoLeciB, MO BiAOYBalOThCS Yy By3JlaX TEpTs, CKIaIOM i
BJIACTHBOCTSIMM TIOBEPXHEBHX IIapiB Jeraneil Bys3IiB
TepTs, BUOOPOM (200 CTBOPEHHSIM) MaTepialliB JJisi KOHK-
PETHUX KOHCTPYKTHBHUX BY3JIB TEPTS.

AOpa3uBHE 3HOIIYBAaHHS 1 30KpeMa, ra3oabpa3uBHE
3HOLITYBHHS, BUBYAETHCS HOPiBHSHO MaJio.
ToMy IbOMY HaIPSAMKY i MIPUCBSYEHA IS CTATTSL.

AHaJti3 1ocigxeHb Ta myoaikauniin

AOpa3vBHE 3HOIIYBaHHS — OAWH 3 HAWUIOIIMPEHi-
mUX 1 HAMPYWHIBHIMIAX BHUAIB TIOIIKO/KCHHS [ETaJlei
MaliH B eKcIuryararii. BoHO BimOyBaeThcs NIIIXOM
JIOKaJIbHOTO PYWHYBAaHHS METAJICBOI IMOBEPXHI abpa3us-
HUMH TiJIAMH 32 HassBHOCTI BITHOCHOI HIBUAKOCTI Mepecy-
BaHHs. AOpa3uBHI Tijia — II¢ HaiyacTilie YaCTUHKU MiHe-
PaIbHOTO MOXOJKEHHS, OKCUJHU, ITPOJAYKTU 3HOLIYBaHHS,
30KpeMa HakJIeNaHi MEeTaJeBl YaCTUHKH PI3ZHOMaHITHOI
¢dopmu. Y mporieci abpa3suBHOIO 3HOIIYBAHHS MOXKYTh
OyTH HepyxoMi (3aKpiruieHi) aOpa3suBHI YACTHHKH, IO
KOHTaKTYIOTh 3 METAJICBOIO MIOBEPXHEIO, Ky BOHH 00pO-
OJIAI0Th, 1 HE3aKPIIJICHI YaCTUHKH, SKi IpU poOOTi Mexa-
HI3MIB TNE€peCcyBalOTHCSl 110 MOBEPXHI POOOYMX OpraHiB,
a00 BUIBHI YaCTUHKH, MO MOMAJAI0Th y 33a30p CIIONyYe-
HUX JeTaieid. AOpa3sMBHOMY 3HOIIYBAHHIO ITiJIAIOTHCS
JIeTaNli ClIbCHKOTOCIIOAAPCHKHX, JAOPOKHBO-0YIiBETHHUX
TipHUY0/I0O0YBHUX 1 TPaHCTIOPTYBaJbHUX MAIIWH, BY3JIH
METaTypriiHOrO, KOBaJbCKO-IITaMITyBaJIbHOTO, METAJO-
pizampHOTO 00JaHAHHS, IMiIITUITHAKA KOB3aHHS Pi3HOTO
MIPU3HAYCHHS 1 T.II.

AOpa3uBHE 3HOUIYBaHHS I'PYHTOBHO BHBYAJIOCS Ta-
KuMH BupaTHuMM BueHuMmH, Sk b. 1. Kocreupkumii, 1. B.
Kparenscekuit, M. M. Xpymos, M. M. Tennendaym Tta
iH. [12]. BoHM BHeCIIM 3HAYHUN BHECOK Y BUBYCHHS Me-
XaHi3My a0pa3vBHOIO 3HOIIYBaHHS Ta MOUIYKY HAYKOBHX
1 TPAKTHYHUX 3aXOJiB i3 3amOOIraHHs HOro HETaTHMBHUX
HACIIIIKIB.

l'azoabpa3uBHE 3HOMIYBAaHHS — II€ BiIIUICHHA 3 II0-
BepxHi geraini (BUpoOy) MaTepiaxy aOpasuBHIMH YacTHH-
KaMH, 0 PyXaloThCS 3aBUCIHMH Y TIOTOII 3 JOCTaTHBOIO
BHCOKOIO IIBHIKICTIO. IIpHCKoploBadeM YacTHHOK MOXKeE
OyTH SK Ta30BHH IOTIK, TaK i TpaBiTamiiiHi abo BiAIEHT-
poBi cuiu. ['a30abpa3uBHI MOTOKH MOXXYTh 3HOLIYBaTH
OyniBii 3a NMEBHUX KIIMAaTHYHUX a00 METEOPOJIOTIYHHX
YMOB; TIpOIIENIepH BiXPOBUX MJIMHIB; aBialliiHy TEXHIKY,
30KpeMa JIONIATKK aBiaJIBUTYHIB, 11O HPALIOOTh HA TUM-
YaCOBHX 3allMJICHUX aepopoMax; AeTalll TeIIOCHePTreTH-
YHUX YCTAHOBOK, SIKi NPAIOIOTh Ha TBEPJOMY MalUBi;
ITHEBMOTPAHCTIIOPT (BEHTHIATOPH, IMKJIOHHW, BUTHHH
TpYOOIPOBOIB) Ta 0aratro iHIINX BHUITAJKIB. Xapaktep i
OCHOBHI 3aKOHOMIPHOCTI Ta30a0pa3sUBHOTO 3HOIIYBaHHS
3a pi3HUX YMOB JOCHIDKYBIUACS TAKUMH BYCHUMH, K [
EBanc, M. O. Kparenbcekuit, 1. P. Kneitc Ta inmmi [13].

[HTEeHCHBHICTE Ta30a0pa3UBHOIO 3HOIIYBAHHS 3aje-
JKUTH BiJl MIBUIKOCTI MOTOKY V Ta KyTa HOTo aTaku o

(puc. 2).
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1I

Pucynoxk 2. Cxema fii ra30a0pa3suBHOTO MOTOKY:

1 —ra3oabpa3uBHUIA TIOTIK; 2 — MaTepiaJl, 10 3HOIIYETHCS

Haii0inpmmii BIUIMB Ha 1HTEHCHBHICTH ra30aboa-
3WBHOTO 3HOIIYBaHHS HAJalOTh EHEPTeTHYHI YMHHHUKH
(mwBUAKICTE 1 Maca YacTHHOK). 3aleXHICTh 3HOCY BiX
IIBUJIKOCTI MTOTOKY Ma€ TaKUil XapakTep:

I=kV™, D
ne k — KoedillieHT, KWl 3aleKUTh B BIACTUBOCTEH
abpa3uBy 1 mapameTpiB IMOTOKy rasy,; V — IIBHAKICTB
MOTOKY, M/C; M — TOKAa3HHWK CTETEHi, IO 3aJIe)KUTh Bij
BJIACTUBOCTEH 3HOIIYBAHOI IIOBEPXHI.

[HTEeHCHBHICTS 3HOIIYBAaHHS MOHOTOHHO 30UTBIIY-
€ThCs 31 30UTBIICHHAM pO3MIpYy 1 MacH aOpa3WBHUX Yac-
THHOK. KpiM TOro, Ha BEJMYMHY 3HOCY BILIMBAE TBEp-
JicTh 1 hopMa 4acTHHOK abpasuBy.

BB kyra araku ra3zoaOpa3MBHOTO MOTOKY O 3a-
JIOKUTH BiJl MEXaHi3My pyWHYBaHHsI Martepially, IO 3HO-
uryerbes. [Ipu 3HOLIYBaHHI IUIACTHYHHMX MaTepialiB Ie-
peBaxkae B’S3KUI MeXaHI3M pi3aHHSA-NOApsIyBaHHs. 3i
30UTBIICHHSAM KyTa aTaKW 3HOC ITOCTYIIOBO 301TBITYETHCS
JI0 TEBHOr0 MakcumyMmy. Komn KyT ataku HaOJHKaE€ThCs
110 90°, 30iMBIITy€eTHCS TUTACTHYHA JeOpMallis MeTaxeBol
MMOBEPXHI, KA BHKIUKAE ¢(eKT i 3MII[HCHHS (HAKJIEI).
Bracninok mporo 3HOC 3MeHIIyeThes (puc. 3). Icaye
TEHJCHIS 30UIbIICHHS KyTa MaKCHMaJbHOTO 3HOCY 3i
30LTBIICHHS BHIKOCTI TIOTOKY.
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Pucynok 3. 3anexxHicTb ra30abpa3uBHOrO 3Hocy | ruracTHYHKX
(1) i xpuxkux (2) MaTepiaiiB BiJ KyTa aTtaku o

Kpuxki BHCOKOMIIIHI Marepianyd HpH MaluxX KyTax
aTaKyW MOTAaHO MiANAIOTECS pi3aHHIO-TIOAPATyBaHHIO. [Ipn
KyTax aTaku 60...90° BepTuKaiIbHA CKIIAIOBA CHIH yaapy
BUKJIIMKAae 30UIbIIEHE KPHUXKE PYHHYBaHHS 3HOLIYBaHOL
MTOBEPXHI.
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Meta pobotu

3amava maHoi poOOTH MOJIATAE B aHAII31 3aKOHOMIp-
HOCTE#l ra30a0pa3MBHOTO 3HOIIYBAaHHS Marepiainy Joma-
TOK aBiaI[IfHUX KOMIIPECOPIB Ta 3HAXOJKCHHS MPOTIO3HU-
Li#l 7O MOro 3MEHILIEHHS.

Martepian i MeToaNKa JOCTINKEHb

Bubip MeToauku i 1ocigHO yCTaHOBKH AJIS TOCTIi-
JOKEHHS Ta30a0pa3uBHOTO 3HOUIYBAHHS BUXOJHIH 3 TOTO,
mo0 YMOBH [IOCHTIJDKCHHS SKHAWKpamle BiATBOPIOBAIH
YMOBH 3HOIYBAaHHSA, SKi ICHYIOTh B aBlalliiHUX KOMIIpe-
copax. Ilpn 1IbOMy KOHCTPYKIis ycTaHOBKHU (puc. 4) mo-
3BOJISIE Y HIMPOKHX MEXax 3MIHIOBAaTH MapaMeTpH 3HO-
LIyBaHHS.

OCHOBOIO YCTaHOBKH € POTOp, Ha SKOMY 3aKpIIUIIO-
€Thcst 0fHOYacHO 60 3paskiB. 3pa3ku MIUIBHO MPUIIATAIOTh
OJIMH 10 OAHOTrO. TOMY 3HOUIYBAHHIO MiJJIAETHCS JIMIIIE
nunboBUi Oik 3paskiB. [TOBITpSHHUN TMOTIK CTBOPIOETHCS
KomrpecopoM. Pobounii abpa3us 3aBaHTaxXyeThes y OyH-
Kep. AOpa3uB i3 33aHOIO KUTBKICTIO MOJAETHCS 103aTO-
poM y KaMepy 3MimryBaHHA. [Ipomec 3HOITYBaHHS BiIOy-
Ba€eThCsA y KaMepi 3MilTyBaHHS.

Sk abpa3uBHUH MaTepiajl BUKOPHCTOBYBABCS KBap-
OBHH MiCOK 3 po3MipoMm wacTuHOK 100...200 mxwm. TIpu
BCIX MIBHJIKOCTSAX BHIIPOOYBaHHS BUTPHUMYBanacs IIOC-
TillHa KOHIEHTpalis Ticky y notoui: 20 r/m3. IBuakicTs
razoabpasMBHOTO TOTOKY 3MiHIOBanacs Bin 95 10
280 m/c. YcraHOBKa [03BOJIsSUIA 3MIHIOBAaTH KYT aTaku
abpasuBHOTrO MOTOKY Bijx 20 10 86°.

BennunHa 3HOCY BU3Ha4ajacs 3Ba)KyBaHHSIM 3pas-
KiB Ha aHaMTHYHUX Barax 3 TouHicTio 0 0,1 mr. 1Ilo6
MOXHa OyJI0 TOpPIBHIOBATH pe3yJabTaTH BHUIPOOYBAaHb
pi3HOi TPHBANOCTi, MPOBEACHUX Ha 3pa3Kax pPi3HOI BENIHU-
YHHW, OTPUMaHMUHA 3HOC | BiZTHOCHBCS MO ONWHUII TIIOIII
3pa3ka mpHu BUTpaTi HA Hei 1 kr abpa3uBy 1 BUMiprOBaBCs

y MI/CMZKT.

Pucynoxk 4. Cxema ycTaHOBKH JUTs BUIIPOOYBaHHS Ha razoabpa-
3WBHE 3HOIIYBaHHS:
1 — xommpecop; 2 — KpaH; 3 — MacJI0BOJIOT OB JILTIOBAY;
4 —porametp; 5 —MaHOMETp; 6 — Kamepa 3MIIIyBaHHS;
7 — 6yHkep; 8 — no3arop; 9 —abpasuBHa kamepa; 10 — kopmyc;
11 —3pasoxk; 12 —porop

B aBianiiiHuX ABHI'YHaX JIONIATKH KOMIIpECopa Ciry-
KaTh Uil CTBOPEHHSI Iepe/l KaMepolo 3TOPSIHHS MTOTOKY
MOBITPs BUCOKOTO THCKY. [1o mOBXHHI KoMIpecopa Jomna-
TKH PI3HUX CTYNCHEH MpaIioloTh y pi3HUX yMoBax. Jloma-
TKMA TEPLIMX CTYNEeHEH Miat0ThCsl BUCOKUM CUJIOBHM
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HaBaHTAXKEHHSM 1 OJJHOYACHO ra30a0pa3MBHOMY 3HOIIY-
BaHHIO, a JIOIATKM OCTaHHIX CTyNEHEH NpalolTh NpU
temrepatypi 1o 500 °C. Tomy i jonaTok pi3HUX CTY-
NIeHeH MOYKYTh BUKOPHCTOBYBATHCS Pi3HI MaTepiaiu.

Jlnst BUTOTOBJIGHHS JIOTIATOK MEPINUX CTYIEHeH He-
pinko  BukopucTOBYIOTH cramb 14X17H2. Cranp
14X17H2 wmae Takuii XIMIYHHH CKJIAJ: BYIJICIIO —
0,11...0,17 %, xpomy — 16...18 %, nikemo —1,5...2,5 %,
KpemHif0 i mapranmio — g0 0,8 %, ngomimok — 1o
0,02...0,03 %; pemra — 3ami3o. Y cTaHi HOCTadyaHHA
CTaJIb BITHOCUTHCS 10 MAapTEHCUTO-(EPUTHOTO KJIacy.

Ha mincragi miTepaTypHOTo aHami3y sK 3aci0 3axuc-
Ty JIOTIATOK BiJ ra30a0pa3MBHOTO 3HONIYBaHHS Oyio 00-
PaHO CTBOPEHHS IMOBEPXHEBOT'O 3aXHCHOTO IIapy METoIa-
MH XIMIKO-TepMIUyHOTO 00po0OeHHs. I1iq yac MOCTiHKeHHS
PO3MIISIAINCS TaKi METOIM XIMIKO-TEPMIYHOTO 0OpOOIICHHS:
a30TYBaHHsI, HITPOIIEMEHTAITIS 1 [[laHyBaHHS.

3pa3ku 00pOOISTUCS 3TiIHO 31 CTAHAAPTHUMH TEX-
Hosorisimu [14, 15]. A30oTyBaHHS! MPOBOJUIOCS B aTMOC-
depi amiaky mpu Temmepatypi 520° C nporsrom 7...8
TOJI., IO JIaBajio MOBEPXHEBH map ToBmmHOIO 0,5...0,6
MM. HiTporiemeHTaIiro npoBOAMIN Y CyMilli IPHUPOIHOTO
rasy Ta amiaky npu Temneparypi 570° C nporsrom 2 rog.
30 xB. Otpumanuii map maB ToBmuHy 0,5...0,8 Mm. [lms
OTpHMaHHs OLTBIIOT 3HOCOCTIMKOCTI 3pa3Ky MiaJlaBajikcs
PIAMHHOMY HM3bKOTEMIIEPAaTypHOMY IliaHyBaHHIO Ha
OCHOBI IiiaHicTOro Kaito mpu Temneparypi 560° C npors-
roM 4 roa. Otpumanuii miap mas ToBmuHy 0,2...0,4 MM.

PesynbraTu gociimxensb

[Ipu3HaueHHsT 3HOCOCTIHKOTO MOKPHUTTS — 3aXHUCT
poOoUYNx MOBEpXOHB JAeTaneil i podounx opraiB. Tomy
OCHOBHMMH NHUTAaHHSIMH TpoOIeMH HAIIIHOCTI 1 TOBTOBi-
YHOCTI € po3poOKa 3aX0/iB 3 MiIBUIICHHS X 3HOCOCTIH-
KocTi. OCHOBHUMH TapaMeTpaMu, 1[0 BH3HAYAIOTH Xapa-
KTep 1 BEJIMYMHY 3HOCY MaTepialy y IOTOIl BiIEHOTO
abpasuBy, € MBHUIKICTH aOpPa3sMBHOTO MOTOKY i KyT HOTO
aTaKu.

3aJe)KHOCTI BEJNMYMHM 3HOCY BiJ| KyTa aTakd IpH
BCIX IIBUAKOCTSIX ra30a0pa3uBHOIO MOTOKY, SIKi BUKOPH-
CTOBYBQJIUCS TPU JOCHI/DKEHHSX, MAalOTh OJHAKOBHI
xapakrep (puc. 5).
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Pucynox 5. 3anexnicts 3H0ocy ctami 14X17H2 i nudysiiinnx
IIapiB BiJ KyTa aTaky [PU LIBUAKOCTI ra30a0pa3UBHOTO MOTOKY
280 m/c:

1 —crans 14X17H2; 2 — HITpOIIEeMEHTYBaHHS;

3 —a3oTyBaHHS; 4 — HiaHyBaHHS
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31 30UIBIICHHSAM KyTa aTakd 3HOC 30UIBIIYETHCS i,
JIOCSITHYBIIM MAaKCUMyMa, IJIaBHO 3MEHIIYETHCS. Y KOXK-
HOTO0 MaTepialy KyT, IO BiIIOBiJa€ MaKCUMaIbHOMY
3HOLIYBaHHIO, JICIIO PI3HHUH 1 3aleXUTh BiJ CTPYKTYpH i
BJIACTHBOCTEH IMOBEPXHEBOTO LIAPY, a OTXKE W BiJ MeXaHi-
3My pyHHyBaHHS. ICHye TCHJCHIlS 30UTBIICHHS KyTa
MaKCHMAaJIbHOTO 3HOCY 31 30UIBIIEHHSIM IIBHAKOCTI Ta3o-
abpa3uBHOTO TIOTOKY.

[IpoBeneHi OOCHIMKEHHS MIATBEPIWINA 3aralbHHIHA
XapakTep 3aJeKHOCTI 3HOCY BiJ MIBHUAKOCTI Ta3oadpa3mB-
HOTO TIOTOKY, 3TimHMI 3 hopmyroro (1), (puc. 6).
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Pucynox 6. 3anexnicts 3H0Cy ctam 14X17H2 i mudysiitanx
I1apiB BiJ{ MIBHAKOCTI ra30a0pa3UBHOTO ITOTOKY:

1 —cranp 14X17H2; 2 — HITpOLIEMEHTYBAHHS; 3 — a30TyBaHH;
4 — yianyBaHHS

YyrnueicTh cTam i audy3iiiHUX mapiB A0 3MiHH
IIBUJIKOCTI aOpa3sMBHOTO TMOTOKY HPAKTHYHO OJHAKOBA,
IO TTOB’s3aHE 31 CTPYKTYPOIO MaTepialxy MOBEPXHi, HasB-
HICTIO JPiOHUX 3MIIHIOBAIIEHUX CTPYKTYP, SIKi piBHOMIp-
HO pO3CisiHI B OCHOBHi# (ha3i. IlokasHHK cTymeHs m s
IuQy31HHAX MIapiB HAOIMKAETHCS 10 2.

Oo0roBopenHst

AHai3 OTpUMaHUX Pe3ybTaTiB MOKA3ye, 0 XapakK-
Tep 3HOIIYBAHHS HE3aXUIICHOT CTalli Ta 11 MOBEPXHI MiCIs
HITPOLIEMEHTYBaHHS TPH BCiX MIBUAKOCTSAX IOTOKY ITOB-
HICTIO cmiBmagae. HiTpoueMeHTYBaHHS 3HUXKYE 3HOC Yy
1,15 ...1, 20 pa3a. Take HEBEIUKE 3HMKEHHS 3HOCY TOsAC-
HIOETBCS MTOPIBHSHO HU3KOIO SKICTIO HITPOLIEMEHTOBAHO-
ro mapy. IToBepxHeBi mapu puxii, HOro CTpyKTypa He-
OJIHOpIi/THA.

AzotyBaHHA 3HWKYE 3HOC ¥ 1,8...2,4 pasu, a miany-
BaHHA — y 2,5...3,4 pasu. Obunsa audysiiiai mapu Mma-
I0Th MPUOJIM3HO OJHAKOBY MIKPOTBEPHICTH 1 MPaKTHYHO
OIHAaKOBY CTpYKTypy (puc. 7). Tomy royioBHy poJyib y
iXHIf 3HOCOCTIMKOCTI Bifirpae OyaoBa caMoOro Iiapy,
30KpeMa JUCIIEPCHICTh HAsIBHUX Y HbOMY HITPHIIB 1 Kap-
0OiiB.

IliaHOBaHHUil 1Iap BiJ3HAYAETHCS HAI3BUYAUHO BU-
COKoI0 aucnepcHicTio. Hitpuau azoToBaHoro mapy yTBo-
PIOIOTH TOPIBHSHO KPYIHI KOHIJIOMEPATH, cepel SKHX
3yCTPI4alOTHCS NISTHKY, BUbHI Bif HITpuIiB. OUeBUIHO,
10 YUM IMCIEPCHIII YaCTHMHKU CTPYKTYPH, SIKi MaroTh
BHCOKY TBEpAICTb (HANpHKIal, HITpUAU, KapOOHITpUIN),
1 YMM piBHOMIpHIllle pO3TAIlIOBaHI BOHU y MIOBEPXHEBOMY
mapi, TUM BHIE 3HOCOCTIHKICTh Matepiany y razoabpa-
3UBHOMY TIOTOII].

47



48

p-ISSN 1607-6885 Hosi matepianu i TeXHOJIOTIT B MeTaIyprii Ta MamuHoOyxyBaHHi. 2025/1
e-|SSN 2786-7358 New materials and technologiesin metallurgy and mechanical engineering. 2025/1

PucyHok 7. Ctpykrypa a3oroBanoro (@) i mianoanoro (6)
mapis Ha crani 14X 17H2 (x450)

BucHoBku

1. IlpoBencHwMii neTaNbHUNA aHAII3 3aKOHOMIPHOCTEH
ra3oabpa3uBHOTO 3HOITYBaHHS ctam 14X17H2.

2. JInst migBMIIEHHS 3HOCOCTIHKOCTI cTami 14X17H2
3anponoHoBaHi ANQY3iHHI HOKPUTTS 1 BUBYEHI 3aKOHOMi-
PHOCTI IX 3HOIIYBaHHs y Ira30a0pa3uBHOMY MOTOLI.

3. Onucanuil BINIUB CTPYKTYpU OBEPXHEBOI'O APy
Ha XapakTep HOro pyWHyBaHHSA T[] Ji€l0 ra30a0pa3vBHO-
'O MOTOKY.

4. Ha mincTaBi MOPiBHSJIBHOTO OLIHIOBAHHS KiJbKiC-
HUX XapaKTEePUCTUK 3aXWCHHUX INApiB BCTAHOBICHO, IO
JUTA 3aX¥CTy Jomarok 3i crami 14X17H2 Bin razoabpazu-
BHOTO 3HOIIYBAaHHS ONTHUMAJIbHUI pe3ynbTar 3abesneuye
piaMHHE iaHYBaHHS, AK€ 3HWXKYE ii 3HOC ¥ 2,5...3,4 pa3u.
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Purpose. Analysis of patterns of gas-abrasive wear of the material of aircraft compressor blades, finding
protective coatings that provide effective wear reduction, and providing recommendations on the optimal type of
protective coating.

Research methods. During the study, a device was used, the design of which allows changing the parameters of
gas-abrasive wear within wide limits, which would best reproduce the wear conditions existing in aviation
compressors. Samples of 14X17H2 steel and protective layers applied to it by nitriding, nitrocementing, and
cyanidation were tested. The study was conducted using metallographic analysis in order to identify the structure that
provides optimal resistance to gas abrasive wear.

Results. Analysis of the nature and amount of wear of the investigated materials was carried out in the flow of
free abrasive depending on the speed of the abrasive flow and its angle of attack. The degree of wear reduction of
14X17H2 steel when using protective diffusion coatings was determined. On the basis of a comparative evaluation of
the quantitative characteristics of protective layers, a coating that optimally reduces the wear of 14X17H2 steel during
gas abrasive wear was determined.

Scientific novelty. The value of the angles of attack corresponding to the maximum wear for both 14X17H2 steel
and the proposed protective diffusion coatings was determined. Based on metallographic analysis, the composition
(type, size, and location) of dispersed particles of the surface layer structure has been determined to provide optimal
resistance to gas abrasive wear.

Practical value. The results of this work can be used by designers who are engaged in the development of
products that operate under gas-abrasive wear conditions. Based on the obtained dependencies of the studied materials
on the angle of attack, it is possible to select the optimal material and configuration of the product in such a way that
the wear was minimal.

Key words: reliability, wear resistance, tribotechnics, gas abrasive wear, wear, chemical heat treatment.
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Onekcit MaHxoc

MOBYI0BA I'JIOBAJIbHOI MOJEJI BIACIKY HOCOBOI CTIMKH
IIACI JIITAKA, TA TOPIBHAHHA ii 3 TOKAJBHOIO MOJIEJLJTIO

Mema pooomu. [1o6yoosa 2n0d6anbHoi MOOeni 8i0CIKY WACI TiMaxa, 00CIIONCEHHS HANPYICEHO-0epopMosano2o
CMaHy 30H KOHCMPYKYIL GIOCIKY ma NOPIGHANbHUL aHANi3 i1 3 1okanvHot moldenno. OcHogna 3adaua yiei pobomu —
OYIHUMU MOJNCIUBICMb BUKOPUCIANHS 2I00ANbHOT MOOeNi 0I5t NOOALWOT OYIHKU pecypcy ma CMamuyHoi MiyHocmi
KOHCMPYKYIL 6i0CIKY wact 1imaka.

Memoou oocnioycennn. Pospobnena enobanvha modenv ma OMPUMAHI YUCENbHI PO3PAXYHKU HARPYICEHO-
deghopmosanoeo cmawny GiOCIKY HOCO60i CMOUKU WACI NiMAKA 3 GUKOPUCMAHHAM NPOSPAMHOZ0 KOMMWIEKCY
PATRAN/NASTRAN. /[nsn cmeopennss cimku RIOCKUX enemenmis Oyau euxopucmani enemenmu muny Quad4. J{ns
OMPUMAHHSL CIMKU 3A008LILHUX PO3IMIDI6 sUKOpucmosyeascst incmpymenm Mesh Seed. Memoo cmeopenns cimxu — 150
Mesh. Bci 6anouni enemenmi KoHcmpykyii 6yau 3mM00e1b08ani 3 euxopucmanusm Bar enemenmis. /s uucenvrno2o
D038 3Ky npeocmasienoi 3adaui uxopucmanuil neninitinui supiwysay 106 — Nonlinear Satic.

Ompumani pezynomamu. Ilposedeno uucenvbHUll po3paxyHoK HANPYHCeHO-0ehOPpMOBAHO20 CIMAHY HOCO80I CMili-
Ku waci aimaxa npu 2nobanvroi mooenizayii. Ompumano 6izyanizayis NiHIIHO20 nepemiujents, HOPMATbHUX HANpY-
JHCeHb HA BEPXHILl MA HUNCHI NOBEPXHI CMIHKU, NPOSUHU CIIHKU Md NIACMUHU MIXC eleMeHmAamMu niOKpInieHHs, oKa-
JIbHe 300padicenHs pisHO8A2U elleMeHmy O OCbO8Il culi ma 3euHaryomy momenmy. Iobyodosano epagiku yux xapax-
MePUCMUK HANPYHCEHO-0eOPMOBAHO20 CMAHY KOHCMPYKYii. 3p0biieHo NOpi6HANbHUL AHAI3 pe3yabmamie po3paxyH-
Ki6 I0KAIbHOI ma 2106aibHoi Mooenell.

Haykoea Hoeusna. 3acmocysants MemoouKu po3paxyHKy HANPYHCEHO-0ehpOPpMOBAHO20 CMAHY CKAAOHUX KOHC-
MPYKYil enemMenmie agiayiuHoi mexHiKy 3 BUKOPUCTAHHAM KOMN TOMEPHUX NPOSPAMHUX KOMNIEKCI8 8 YMOBAX CYYACHO-
20 PO3BUMKY AGiayiuHoi HAYKU Ma MexHiKu.

Ilpaxmuuna yinnicme. Pe3ynomamu nopisHsiibHo20 ananizy 2100aibHol ma J10KaibHOI MoOeael [ MemoouKy yu-
CEeNbHO20 0OYUCIEHHSI HANPYAHCEHO-0eOPMOBAHO20 CIMANY CKIAOHOI KOHCMPYKYIT MOJICHA BUKOPUCIOBYBAMU OISl NO-
0anbuloi OYinKY pecypcy ma CmamuyHoi MiyHoCmi KORCMpPYKYii I0CIKy wiaci 1imaxa.

Knrouosi cnosa:. 2nobanvha mooeivb, HANPYH#ceHo-0eopMOSaHull CMaH, CMilKa waci, grozeusixic, pedbpa i copcm-
xocmi, cxinuenni enemenmu (CE).

3HAXOAUTHCS Mia THCKOM [7]. B micusx repmerusamil

Bceryn . .
y (hro3ersKy 3HaXO0AATHCS KOHCTPYKIIIi, IKi CX0Xi Ha TI0C-

MiuHicTh cKiIaqHOT KOHCTPYKUII JIiTaKa € OJHI€I0 3
TOJIOBHUX BHMOT O€3IEKH IOJILOTIB, 1 pO3paxyHKy Ha-
NpyKeHO-7e(hOPMOBAHOTO CTaHy €JIEMEHTIB Tpeda Mmpui-
nsiti Halibineiny yBary [12]. ®rozenspk ysBise co00r0
repMeTHYHY KaliHy, a 3 TOYKH 30py CKJIAJICHOI KOHCTPY-
KIii - 1e OJM3bKa A0 MITHIPHIHOT GOpPMH, IMiIKpiricHa
CTpiHrepHUM Ha0OpOM Ta INMAHTOyTaMH OOOJOHKA, LIO0

Ki CTIHKA 3 CHJIOBUM Ha0OpOM, SIKHH MiATPUMYE HOTO.
[Ipn mpomMy mi KOHCTPYKIi 4acTo MaroTh HAaJJIMIIKOBE
HaBaHTaxeHHs [2, 10, 11]. Tomy TakuMm egeMeHTaM Tpeba
HaJlaBaTH yBary 3 TOYKH 30py MIIlHOCTi, CTIHKOCTI, KOpc-
TKOCTI Ta BroMHOCTi [3, 5, 6].

VY wiéd po6oTi po3pobiieHo TI00aTEHY MOACTH BifCi-
Ky HOCOBO{ CTI#Ki Iaci Jitaka, MpeCTaBICHO PO3paxyH-
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KA HarpyXeHo-Je)OpMOBaHOTO CTaHy KOHCTPYKLIl 3
BUKOPHCTaHHIM MIPOrpaMHOTO KOMILIEKCY
PATRAN/NASTRAN Ha ocuoBi MCE Ta mopiBHSIHO
pe3yNbTaTH PO3paxyHKY 3 pe3yJbTaTaMu JIOKAIBHOI MO-
neri [1, 15, 17]. B po3paxyHKy TOBIIMHA CTiHOK IO BCii
MOJIeTIi BBayKajlach OJTHAKOBOIO, Ta PO3IIISIAINCH TTOTOB-
IICHHS CTIHKH B MICIAX CTHKY 3 HiJKPIIUTIOIOYNMH eJie-
MEHTaMH, 110 BIUIMBA€ Ha 3MEHIICHHS PiBHA MEXaHIYHUX
HaTpy>XeHb Ol OTBOPY Ta 301MBIIyE KiTBKICTh ITHKIIB
HaBaHTa)KCHHSI JI0 NOSIBH BTOMU KOHCTPYKLIi.

Meta pobotu

[ToGynoBa riobanbHOT MoJieNi BiACIKY IIaci Jitaka,
JIOCIIKEHHST HATIPY)XEHO-Ae(OPMOBAHOTO CTaHy 30H
KOHCTPYKIIi BiZICIKY Ta NOPIBHSUIbHHIA aHami3 11 3 JIOKaJb-
HOI0 MOJIEIUTIO, PO3MJIsiHYTOK panimie B [16]. OcHoBHa
3a7a4a 1i€i poOOTH — OIL[IHUTH MOXJIMBICTH BUKOPUCTAH-
HS TJI00aJIbHOT MOJIEITI JUTS TIOJAITBINOT OI[IHKH pecypey Ta
CTaTUYHOI MIITHOCTI KOHCTPYKIIT BiICIKY IIaci JiiTaka.

Marepiau i MmeToANKA 10CTiIKEHb

[MobymoBa rimobaxpHOT MOJEII BiACIKY mIaci, AK i Mi-
CIIEBO1, MMOYMHAETHCS 31 CTBOPEHHS reomerpii. 3a mporo-
THT JiTaka OyB oOpaHHil HaHOIIBII MACOBUH JIiTAaK KOH-
nepHy Boeing Ta B3arami B icTopii IUBUTRHOI aBiamii
Boeing 737. JIns BuU3HAuUSHHS F€OMETPUYHUX PO3MIpIB
BiZICIKy OyZIeMO KOPHUCTYBAaTUCh AOCTYIHUMHU CXEMaMH Ta
imocTpauismMu Qrozensbky Jitaka. Hukde npepcrtaBieHa
cxema 41 cekii drozensnky B737.

Pucynok 1. HocoBa cekuist Gro3essoky

Mix cranmismu ¢ro3emspky 224.8 ta 294.5 moxxHa
Mo0aYNTH JIIOK BiZICIKy HOCOBOI CTOHKH mraci. CaM BifCikK
OYEBHIHO 3HAXOJAUTHCS B TiHf XKe JoKarii. MacmraOyoun
HaBe/lIeHy CXEeMy, MOXKHA OTPHUMATH HPUOIU3HO peabHi
TEOMETPHUYHI pO3MipH Bi/ICIKY.

I'moGanbHa Mozenp BKIIOYAE B ce0e YaCTUHU JIBOX
TePMOILIIAHTOYTIB, BJIACHE CaMi CTIHKH, IiAKPIILIIO0Y
0aJKK, eJEeMEHTH MOCHJICHHS B 30HaX CTHKY YaCTHH KOH-
cTpyKLii Ta pebpa >xopcrkocti. B mporpamuiii cepeni
PATRAN Oyna cTBOpeHa reoMeTpis — CTIHKH MpPEACTaB-
JSIOTH COOOI0 TUTIOCKI TOBEpXHI, a pedpa >KOPCTKOCTI,

MIAKPIMITFOI0YY OaIKH Ta 1HII eIEMEHTI — IPsMi.

Jns cnpouieHHst poO0TH 3 MOJEIUTI0 OyJIM CTBOpEHI
JIEKUJIbKa TPYI, B SIKUX MICTHTHCSI CKIHYEHHO €JIEMEHTHa
(CE) citka. Ha ocHOBI momnepeaHix erarmiB Bajigarii s
CTBOPEHHS CITKHM IUIOCKUX €JIEMEHTIB OyJIM BUKOPHCTaHI
enementu tuny Quad4. JIns oTpuUMaHHS CiTKH 3310BiJIb-
HUX PO3MIpiB BUKOPHCTOBYBaBcs iHCTpyMeHT MeshSeed.
Merton ctBopeHHs ciTkd — [soMesh. Bci 6anouni exemen-
Ti KOHCTPYKIIi Oy 3MOJeTbOBaHI 3 BHKOPHUCTaHHIM Bar
eneMeHTiB. [ cTtBopeHHs1 Bar eneMeHTiB BUKOPHCTOBY-
BAJINCH BY3/IM BXK€ MOOYIOBAaHOI CITKH IUIOCKHX €JIE€MEH-
TiB Ta JONOMDKHA reoMeTpis y BUIIIAAi Todok. Hactym-
HHUM KpPOKOM € TIepeBipKa SKOCTI MOOyZOBaHOI CITKH.
Byno BHWKOHaHO cTaHAapTHI NHEpPEeBipKM Ha HAasBHICTH
nIyOmikaTiB B MOJIeNi, MepeBipKa TpaHHUIlb, MEpeBipKa 3a
Skobianom (puc.2).

Pucynok 2. [TepeBipka sKocTi eneMeHTiB 3a SIkobGianoM

[Ticna nepesipku CE ciTku Ta yCyHEHHS BCiX TIOMH-
70K Oynmo 3alaHO BIACTHBOCTI JUI KOXXHOTO €JIEMEHTa
mozeii. BBaxaeTsed 1o TOBIMHA CTIHOK IO BCIH MOl
onHakosa i gopieaIoe 0.08". JIokadpHI TOTOBIICHHS CTiH-
KH B MICISIX CTHKY 3 HiAKPITUTIOIOYNMHE €JIEeMEHTaMH OyiTH
BpaxoBaHi AK JAOAATKOBA IUIOIIA UL IMOsICiB Oajok. Tum
enementy Quad4 Oys oOpanumii Shell. Marepian cTiHKH
7075-T7351.

Jns 3aBnaHHs BiuactuBocTteit st Bar 2 Oyio Buko-
puctano tun Beam. HeoOXimHUMH BIACTHBOCTSIMH JIJIS
LILOTO THITY €JIEMEHTIB € T€OMETPisl TOIEPEYHOro Mnepepi-
3y, MaTepia Ta opieHTalis oJHi€el 3 ocel nepepizy. Jona-
TKOBOIO OIIII€IO0 € 3CYB IOJIOXKEHHS ICHTPA Baru mepepisy
(3a 3aMOBYYBaHHSAM IIOB3/IOBXKHS OChb €JIEMCHTa CIIiBIIa-
JTa€ 3 BICCIO IICHTPIB BarW MOMEPEYHMX Iepepi3iB) aie Id
OISt He MOKe OyTH BUKOPHCTAaHA 332 YMOBH 3aCTOCYBaH-
HS HENIHIMHOTO BHpillyBada Ui PO3B’SA3aHHS 3a/adi,
gepe3 HEMOXIIMBICTH IMMOOYIOBH MATPHUI KOPCTKOCTI.
Came TOMY 3CYB JJIsl OAJIOUYHUX €JIEMEHTIB HEe OYB BUKO-
pUCTaHUM.

[Ticna mobynosu CE ciTku Ta 3aBAaHHS BCIM eneme-
HTaM BJIACTHBOCTEH OYyJIM CTBOpPEHi BIIMOBIIHI TPaHUYHI
YMOBH Ta HaBaHTaXeHHS. OCKUIBKM METOI0 POOOTH €
OLIIHKAa pecypcy KOHCTPYKIi, TO B SKOCTI HAaBaHTa>KCHHS
OyaeMo pO3DIIAJATH OINEpaliiHUN HATUIIKOBUN THCK
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¢rozemspky. s JiTakiB, SKIi BUKOHYIOTH CEpEIHIO 110
JIATbHOCTI TepeIbOTYy MICit0, onepauiiHui THCK JIOpiB-
Hio€ 8.35 psi. Came MM THCKOM HaBaHTa)KeHA TI00aibHA
Mojenb Binciky maci. IlonpoTHMMU, iHepUifiHUMH Ta
HaBaHTAKCHHSIM BiJl CHCTEM JIiTaKa 3HEXTYEMO, OCKLIBKU
BOHHU HE € KpUTUYHUMH JJIsl BTOMHOT MinHocTi. ['pannyHi
YMOBH BBeJIEHI SIK 3a00pOHa BINOBITHHUX JiHIMHHX Ta
KYTOBHX TE€pEeMIIleHb JJI MICIhb CTHKY Bi[CIKy Imaci 3
PEITOI0 KOHCTPYKIIEIO (PIO3EITKY.

Pe3ysabsTaTn gociaixKens

B nepury depry Juis nepeBipkH aJeKBaTHOCTI OTpH-
MaHHUX PE3yJbTaTiB OYyJIO MPOaHAII30BAHO MEPEMIlCHHS
BY3J1iB Mojieni. Pe3ynbraTu mpeicTaBieHi Ha pUCYHKaX 3-
5.

Pucynoxk 3. Pe3ynbryroui niHilHI TepeMileHHs

TR . LEGEHD

B ik Luploln 1

[ et

=1
i

T g d ep g
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Pucynok 4. Jliniiini nepemirieHHs
0OOKOBOI CTIHKH BIJICIKY

] LEGERD

e

Nmsmrre-ds livrprars

T TR T T

Pucynox 5. JliniiiHi nepemilieHHst By3i1iB BepXHbOT
CTiHKH BIZICIKY

XapakTep JiHIHHUX HEepeMillleHb MIJIKOM OYiKyBa-
HUH Ta BiJNOBiIa€ 0COOIMBOCTAM peaabHOi poOOTH KOHC-
Tpykuii. BaxmBuM eTamom poOOTH € OTPUMAaHHS CXO-

JKMX pe3yJbTaTiB B TJIOOANBHIM MoneNi Ta JIOKaJbHii.
HactymauM xpokoMm Oyzae MOpiBHSHHS BEJIHYMH BHYTPI-
mHix cunoBux ¢akropie (BCD), mporuHy Ta HampyKeHb.
CrioyaTky IpoaHalli3yeMO BHYTpIIIHI CHIIOBI (hakTopn
(ocvoBa cuna - F¢ Ta 3ruHaroumnii MOMEHT - M), o BU-
HHUKAaIOTh y Tepepi3i CTiHKM y Micuesii moneini. Ha pucy-
HKax 6 Ta 7 nokaszano BennunHu BCD juis eneMeHTiB, AKi
3HAXOMAThCSA Ha BimgmaneHi 5.5" Bim oci migKpiTUTIOIOYO1
Oanmky (cepewHa MPOIBOTY MK HiAKPIILTIOIOYUMH 0aj-
KaMH).

Pucynok 6. JIokansHe 300paXkeHHsI piBHOBArH eJIEMEHTIB MO
OCBOBI# CHJII Ta 3rMHAI0YOMY MOMEHTY B CEPENHI IPOIBOTY
MK MiAKPITUIIOI0YrME OallkaM B JIOKaJIbHiit Moaerni

S -

Pucynoxk 7. JlokansHe 300paXxeHHs] piIBHOBAarW €JIEMEHTY 110
OCBOBIH CHIII Ta 3rMHAI0YOMY MOMEHTY B INIOOAJBHIM Moieti 1Mo
CeperHi MPOIbOTY

Cepenni 3nauenHs BCO mo ememenTtam y mepepisi
IUIACTHHU JIOBXHWHOIO 1.6" (IOBXWHA TpaHi IUIOCKOTO
eJIeMEeHTa TJIO0ATBLHOT MOJeNi) U JIOKAIbHOI MOAeNi
HaBeJieHi y Tabnuii 1.

Tadanusa 1 — BCO y nepepisi miacTHHU B JIOKaJIb-
Hill Mozei

Biacrans .Bi,Z[ oci  MiOKpIMUTIOI0Y0ro 55
SIIEMEHTA, in

Mz, Ib-in 16.64
F, 1b 534.88

PesynbraTu aHanmizy JIOKaJbHOTO HaBaHTaKCHHS
€JIEMEHTY 3BEJICHI B TAONHUITIO 2.

Tadanusa 2 — BCO y nepepisi IuiacTHHA B I7100aJ1b-
Hilf Mozeni

Bincrams Bim oci miakpimmorodoro | 5.5
eJeMeNTa, in

Mg, Ib-in 14.72
Fx, Ib 553.83
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BaxmBUM MOMEHTOM € TaKoX IOPIBHSHHS IPOTH-
HIiB () ABOX pi3HMX Mozened. OCKUIBKH iHTepec IMpei-
CTaBJISIIOTH TUIBKH MPOTUHM CTIHKU, HEOOXIHO BUKIIOYH-
T BIUIMB NPOTHHY €JIEMEHTIB MiJKpiluieHHs. Tak Ha
pHCYHKY 8 300paskeHi MPOTMHM CTIHKM Ha OJHOMY IpO-
JBOTI (JUIs aHai3y oOpaHMil cepenHii 1o JOBXKUHI nepe-
pi3)

F LEGEND
% Hanat Svdscemaa, |reasiisone,
§ 2
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¥

=i

] < 1§01 B T T

[} A30-001 3RO -EQ-0H - TO0-D00

Coord 0.1

Pucynok 8. [Iporunu CTiHKY MiXK €lIeMEeHTaMH MiIKPITIICHHS

MakcumanbHe IepeMilleHHs] By3la CTiHKH, 3adik-
coBaHE B PO3MITHYTIH Jiokaii, ckianae 0.488", a Mmakcu-
MaJIbHUI TPOTHH eneMeHTa minkpimueHHs — 0.344". Or-
K€, MAaKCHMaJIbHUH TPOTHH CTiHKH CKJIAJaTHME PI3HHI0
[UX ABOX MEPEMIIIICHb.

o) ®M = 0.488-0.344= 0.144in @

AHaNOriYHUM YMHOM IOCTYIHMO 3 JIOKAJIBEHOIO MO-
JIeIunt0. MakcUManbHUH TPOTHH IO CepeiuHI MPOJILOTY
ckiaB — 0.155". [Iporun enemenTa miakpimurenss 0.0215",
Takum ynHOM:

@FEM ™M = 0.155-0.0215= 0.134in

max

@)

Ha pucynky 9 HaBenennit rpadik nporuny nepepisy
IUIACTUHU B JIOKAJIbHIN MOJENI.

LEZSE

el Rl

[T

L= A TeEN kreEn
Pucynok 9. [Iporun rmactiam MiX eeMEHTOM i AKPITUICHHS
JI0 CEPEANHH NIPOIILOTY

Kpim BC® ta nepemimieHb KOHCTPYKIii TAKOX OyJI0
NIPOBEJICHO MOPIBHSHHA HOPMaJbHHUX HalpyXeHb (O),
JUIOYMX Ha PI3HUX IOBEPXHAX IUIACTUHHU. llOpiBHSHHS
PIBHIB HampyXXeHb Ha HIKHIH Ta BEpXHIll NOBEPXHIX

CTIHKH y JBOX MOJEJSAX INPEJCTaBJICHO HIKYE y BHUIIISI
BizyaJi3auii oJiB HaIpy>keHb. SIK 1 paHime npuitHsTa 30Ha
JIOCTI/PKEHHS — CepEe/IMHA TPOJIOTY MIXK €JIeMEHTaMH ITiJIK-
PpITUICHHSI.

Pucynoxk 10. [Tonst HopManbHUX HANPYKEHb HA HIDKHIM TOBEP-
XHi CTIHKH (JIOKaJIbHA MOJIEIb)

g oo oo on o O

BE4a

Ay

Pucynok 11. I[Tonst HopManbHUX HaNpyKeHb HA BEPXHIil 1oBe-
PXHi CTIHKH (JIOKQJIbHA MOJIEIIb)

Pucynok 12. ITons nopmansuux Hanpysxens Ha HUKHIH MOBe-
pXHi CTiHKH (TJ100a7IbHA MOIEIB)

Pucynoxk 13. ITons HopmanbHux HanmpykeHs Ha BEpXHiii TIOBe-
pXHi cTiHKH (TJ100aI6Ha MOJIEIB)
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Bci pesynpTaté 3BeneHi B TaOMUIIO 3 IS TOPiB-

HSHHS Ta BUCHOBKIB.

Tadanusa 3 — [TopiBHAHHA 17100aIBHOT Ta JOKAIBHOT

Moze
T'ob6ansHa JlokanpHa TToxu0ka,
MOJIEIb MOJEIb %
Mz, Ib-in 14.72 16.64 -11.54
Fx, Ib 553.83 534.88 3.54
®max, iN 0.144 0.134 7.46
Omax, PS 1.33-104 1.39:104 -4.32

3 tabmuni 3 MoXHa MOOAYHUTH, 110 NMPU MOPIBHSIHHI
BEJINYNHA MOMEHTY IJI00aJIbHa MOJIEINb TIOKa3ye J0CTaT-
HBO BEJUKE BIAXWIEHHS BiJ JOKAJILHOI Mozemi. Axe
OTpHMaHy MOXHOKY MOKHA MOSCHUTH HACTYITHUM YHHOM.
I'mobanbna mozens mae crpykrypy CE citku, ne Kijb-
KICTh IUIOCKMX €JIEMEHTIB 110 IMIMPHHI MPOIBOTY CKIagae
7 OmMHUIB, a Le O3Hayae, IO HE Ma€ 3MOI'M OTPHMATH
BEJIMYMHY MOMEHTY Ta HalpyXeHb TOYHO IO CepeauHi
MIPOJIBOTY, aJKe OCh, sIKa PO3JALISIE MPOJBOT Ha IIBI PiBHI
YaCTHHH, HE MICTUTHh BY3JIOBHX TOUYOK. [HIII BexW4mHi
HaIpy»XeHo-1ehOpPMOBaHOIO CTaHy KOHCTPYKLII 3HaXo-
JISITBCSL B MEXKaX JIOMYCTUMOTO BiAXHUJICHHS.

BucnoBxku

Bbyna noOyznoBana riobanbHa MOJEINb BiJICIKY HOCO-
BOI CTOMKM mIaci JliTaka, Ta NPOBEICHO MOPIBHSUILHHUNA
aHai3 ii Hampy»XeHO-Ie(pOPMOBAHOTO CTaHY 3 JIOKAJb-
HOIO MOJIEIITIO, MOOYI0Ba KO0 omucano B [16].

Bbazyrounce Ha OTpUMaHHX pe3yJbTaTax, a TAKOXK,
3BEpTAlOYM yBary Ha Te, 110 aOCOJIOTHI BEIWYHWHU 3TH-
HAOYOro MOMEHTY Ta HAIPYXEHHS MalOTh TEHJCHIIIO
pocTy mpu HaONMKEHI A0 CepeiuHM TpPOJILOTY, MOXHA
3poOHTH BHCHOBOK IO Te, IIO 3a3HA4YeHi mapamMeTpu B
ro0anbHI MOJeNi MarTh JEII0 BHUII MMOKa3HUKU HiX
Oysno mponeMoHcTpoBaHo. Crifye BiIMITHTH, IO 00pa-
HUU THIT €JIEMEHTIB JJO3BOJISIE€ TIPOBOJIUTH TUTHKU JIHIHHY
IHTEpPHOJIAIIIO PE3yNIBTATIB 10 IEMEHTY, B CHIIY TOTO IO
IIpU TIpoLeAypi iHTepronAmii 3amisHi jume 4 BY3JIOBi
Toukn. OCTaHHIM aprymMeHToM Oyne, Te o TiodanbHa
MOJIETIb Yepe3 CBOIO TEOMETPil0 Ma€ HECUMETPHYHE HaBa-
HT2XXEHHs, 4epe3 IO pe3yibTaTh IJ00aIbHOI Moesi
OyIyTh JEIIO BiAPI3HATHCH BiJl PE3yJbTATIB, IO AAE JIO-
KaJjbHa MoJieib. bepydn 10 yBaru HaBesieHi BUIIE JOBOAN
Hajaii OyJneMo BBaXkKaTH TJI00AJIbHY MOJETh TaKOK MO-
JIeIJUTIO, 1110 B JIOCTATHIH Mipi BifoOpaxkae peaibHy KapTH-
Hy HaBaHTAXXCHHS Bi/ICiKy HOCOBOI croiiku maci. [Iporre-
Iypy Bajijarii Ha IIbOMY eTami OyaeMo BBa)kaTH BUKOHA-
HOIO.

OTpuMaHi pe3ynbTaTH Ta METOAWKY OOYHCICHHS
HaTpy>KeHO-1e(h)OPMOBAHOTO CTaHY PO3TIIAHYTOI MOJEINI,
MOYKHa BUKOPUCTOBYBATH JJIsI MOJAJIBbIIOI OLIHKH Pecyp-
Cy Ta CTaTHYHO! MII[HOCTI KOHCTPYKIl BiAciky maci [3,
4].
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Iryna Pozhuieva

Oleksily Manzhos

Purpose. Construction of a global model of an aircraft landing gear compartment, study of the stress-strain state
of the compartment structure zones, and a comparative analysis of it with a local model. The main task of thiswork isto
assess the possibility of using a global model for further assessment of the resource and static strength of the structure
of the aircraft landing gear compartment.

Research methods. A global model was developed and numerical calculations of the stress-strain state of the nose
strut compartment of the aircraft landing gear were obtained using the PATRAN/NASTRAN software complex. Quad4
type elements were used to create a mesh of flat elements. The Mesh Seed tool was used to obtain a mesh of satisfactory
dimensions. The mesh creation method is 1so Mesh. All beam elements of the structure were modeled using Bar ele-
ments. For the numerical solution of the presented problem, the nonlinear solver 106 - Nonlinear Static was used.

Results. A numerical calculation of the stress-strain state of the nose strut of the aircraft landing gear during
global modeling was carried out. Visualization of linear movement, normal stresses on the upper and lower surface of
the wall, deflection of the wall and the plate between the reinforcement elements, local representation of the equilibrium
of the element in terms of axial force and bending moment was obtained. Graphs of these characteristics of the stress-
strain state of the structure are constructed. A comparative analysis of the results of calculations of local and global
models was made.

Scientific novelty. Application of the method of calculating the stress-strain state of complex structures of aviation
equipment elements using computer software complexes in the conditions of modern development of aviation science
and technology.

Practical value. The results of the comparative analysis of global and local models and the method of numerical
calculation of the stress-strain state of a complex structure can be used for further assessment of the resource and static
strength of the structure of the aircraft landing gear compartment.

Key words:. global model, stress-strain state, stand landing gear, fuselage, stiffeners, finite el ements (FE).
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JOCJIZKEHHA BIVIMBY KYTA MIK KPUBOHINITIAMMU HA 3AITAC
MIIHOCTI HEIIOBHOOIIOPHOTI'O KOJITHYACTOI'O BAJ1Y
2-ITUJITHAPOBOI'O OITIO3UTHOI'O IBUI'YHA

Mema pooomu. Memoio 00ciONHceH s € 3MEHWUMU HABAHMAICEHHS, WO Oll0Mb HA eleMeHMU HeNOBHOONOPHO20
KONIHYACMO20 8ATLY O80YUTIHOPOBO20 ONOZUMHO20 08USYHA GHYMPIUIHLO2O 320PAHHSL 30 PAXYHOK 6UOOPY ONMUMATILHO20
SHAYeHHs Kyma Mixc kKpusowunamu. Lle dacms modrcnugicmes nioguwyumu 3anac HAOitiHOCMi KOIHYACmMo20 8ay.

Memoou oOocnidxycennna. B pobomi euxopucmosyiomecsi meopemuyHi (nepexio 8i0 KOHKPEmHO20 00
abcmpaxmnozo), emnipuuni  (Cnocmepedicents, SUMIPIOSAHHS, NOPIGHAHHA) ma KOMNJIEKCHI (abcmpazy8anis,
MOOeNO8AaHHSA, AHANI3 I CUHME3) Memoou 00CaiOxdceHb. [ 6UKOHAHHS 00CTIONCEHHS BUKOPUCTOB)Y8ANIACH KOMN TOmepHd
npoepama Engine Calculation, naxem npoecpam Microsoft Office. O6’ekm 00CniOdNCeHHs — YOMUPUMAKMHULL
080YUNIHOPOSUIl ono3umHuil 6enzunosul momoyuriemuutl osueyn MT-10-36. IIpeomem Oocniodcennss — eniug Kyma
MIDIC KPUBOWUNAMU Y HENOBHOONOPHO2O KONIHUACTNO20 ALY HA 3ANAC MIYHOCMI 08OYUTITHOPOBO20 ONOZUMHO20 0BUSYHA.

Ompumani pesynoemamu. Bupiuieno akmyanbrhe RUmants niogueHHs. HaOIUHOCMI 080YUNIHOPOB020 OEH3UHOBO20
JIB3 3 pizHum Kymom Midic KpUuOUUNAamu KOJIHYacmozo 6any . . Pospaxosani cunu, wo oiroms na wiamynHi ma KopiHHI
WUtKY KOiHYacmoeo eany 6azoeoco dsueyna MT-10-36 ma Osueywie 3i 3miHeHUM KymoMm Y. (6cbozo 5 eapianmis).
Pospaxosano momenmu, axi nabieaiomv Ha 8Ci KOPIHHI MA WAMYHHI WUUKU KOJATHYACIO20 84y, OISl O8USYHIG 3 PIZHUM
Kymom V.. Pospaxoeami uucenvmi 3uauenns 3anacie MiyHocmi enemMeHmie KOMIHYACMO20 8any 00360JII0Nb
cmeepoicysamu, wo osucynu 3 kymamu v, = 210 epad., y. = 240 epao. abo y« = 270 2pad. maroms nokpaweni noKasHUKU
Haoitimocmi (y nOpIeHAHHI 3 6A306UM O8USYHOM).

Haykxoea nosusna. Bioomy memoouxy pospaxynxy cul, wo Oitomsb Ha Kopinui wuiiku [B3, moougixosano 011
0BOYUTTHOPOBUX ONOUMHUX OBUSYHIB, AKI He MAromb NPOMIJCHOI (cepednboi) KOPIHHOT wuliKy, enepuie OmpumaHo
diazpamu HABAHMANCEHHS HA KOPIHHI WUUKU 0I5t 08OYUTTHOPOBO20 ONOZUMHO20 HENOBHOONOPHO20 B3 3 Kpusowunamu,
wo 3miweni na y, = 210 epad., y. = 240 zpao., y. = 270 epad., snepute ompumano epapixu momenmis, ki nabiearoms Ha
WamyHHi ma KOPIHHI WUtiKU OJis 080YUNIHOPOBO20 ONO3UMHO20 HenosHoonopHozo oeuzyna MT-10-36 3 kpusowunamu,
wo smiwgeni Ha y. = 210 epao., y« = 240 epad., y.= 270 epao.

Ilpakmuuna yinnicme. Memoouxa 6usHaveHHs 6NAULY KYMA MIdC KPUBOUUNAMU HENOBHOONOPHO20 KOJIIHYACTNOZ0
sany 08oyuninopoeoeo /B3 na 3anac miynocmi koainuacmoeo eéany /[B3 mooice b6ymu sukopucmana npu npoexmyeanti
HOBUX 080YUNIHOPOsUx onozumuux ma V-nooionux [{B3 pisHoeo npusnaueHHs.

Kniouoei cnoea: wvomupumaxmuuii 06USYH 6HYMPIUHbLOZO 320PANHS, 3aNAC MIYHOCMI, MOMEHM, KOTHYACMULL 8A.,
KOPIHHA WULIKA, WAMYHHA WULIKA.

Beryn
BbazoBoro neramiaro OyAb-sIKOTO JBUIYHa € OJIOK

IIuTaHHs MiLHOCTI 1 HAAIHHOCTI AeTaNei € OMHUMH i3 IUTIHAPIB, a 0 KIFYOBHX BiJHOCATH: TOJIOBKH OJIOKY
HaWB@KIMBIINX (AKTOPIB MOHATTS «SAKICTb» JBUTYHiB  LMIIHIPIB, KOJIHYACTUH Bajl, MAaXxOBHK, PO3MOIUILHUI
BHyTpimHBOTO 3ropanHs ([IB3). BaJI, KapTep 34eruieHHs [1].
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3 aHamizy JliTepaTypHHX JDKepeln Ta JOCBiLy
eKCIUTyaTalii BCTAHOBJEHO, II0 YacTWHA JIBUTYHIB
BHYTPIIIHBOTO 3TOPaHHS Ui MOTOTEXHIKH, JITaIbHHX
amapariB, TOBapiB HApOIHOI'O CIIOKMBAHHS OCHAILY€ETHCS
HEMOBHOOIIOPHUMH KOJIIHYaCTHMH BaJlaMU, sIKi BHACIIIIOK
BIZICYTHOCTI NPOMDKHOI KOpPIiHHOI IIMHKH  MaroTh
30iTbIICHe HaBaHTA)KCHHS HA 1HINI KOPiHHI IIMHKH 1 Ha
moku Bany [2, 3]. Lle BUKIIUKAe NPUCKOPEHE 3MEHILICHHS
pecypcy KONIHYacToro Bally Ta, 3a HECHPHATIMBUX
HepeBaHTaXXeHb YM (opcyBaHHI JIBUI'YHA — pYIHYBaHHS
Bany. ToMy B poOOTI pO3IIAHYTO aKTyalbHE MUTaHHS
BIUIMBY KOHCTPYKIi HEMOBHOOIIOPHOTIO KOJIIHYaCTOro
Basy (a caMe KyTa MK KpUBOLIMIIAMH Yx) Ha HOro 3amac
MIIHOCTI.

AHauti3 1ocaigxKeHb Ta myoaikaunii

KoniHuactuii Bas € oHi€r0 3 HAHOLIBIT HANIPY)KEHUX
JieTalieil IBUryHa, W JIO TOTO X, TPYJIOMICTKOIO IpH
BuroToBNeHHI. [Ipum poboTi Bam  HaBaHTAXYETHCA
TMEepeMiHHUMHA CHJIaMHU 1 MOMEHTaMH, 1 3a3Hae il
KPYTHJIBHUX, 3THHAIOYNX 1 TOB3IOBXKHIX KOJMBAHB, SIKi 32
HECTIPUATINBUX YMOB (pe30HaHCHI 1 OMW3BKI 0 HHX
peKUMH  pOOOTH) MOXKYTh CYTTE€BO  30UIBITYBaTH
HaBaHTAKCHHS Ha Baly BiJl OCHOBHHX Ta30BHX Ta
iHepuiiHux cwin. lwuitku Bama mig i€l TepTS
3HOINYIOTHCA. TOMY KONIHYAaCTHH Baj MOBHHEH MAaTH
BHCOKY MIIIHICTB, )OPCTKICTh 1 3HOCOCTIHKICTh [4—0)].

OCHOBHUM €JICMEHTOM KOJIHYaCTOTO Bally € KOJIIHO,
SIK€ CKJIQJIAETHCS 3 KOPIHHMX LIMHOK, IIATYHHOI MIMHKH i
miik. OcTaHHI MOXYTh OyTH BHKOHAaHI K €IWHE e 3

NPOTHBAraMH.
IcHye J1Ba BUIM  KONIHYACTHX  BaliB, WIO
BIPI3HSIOTECS 32 THIIOM OIOPH — IIOBHOOIOPHI i

HEMOBHOOMOPHI [5].

Y NOBHOONOPHUX Bajax KOPIHHUX IMIMAOK OiibIie,
HIX [IaTyHHUX, TIPH [IbOMY KOPiHHI IIMHKK PO3TAIIOBaHi 3
000x OOKIB MIATYHHHX NIMHOK, YEPrylOuUCh i3 HUMHU
(BChOTO KOpIHHUX WIMHOK Ha OJHY OinbIre, Hix
maTyHaux) [7, 8].

Y HEMOBHOOIMOPHUX KOJIHYACTHX Balax KOPIHHUX
MIMHOK MEHIIIe, Hi)K IAaTyHHUX, 800 CTUIBKH XK, TTPH ILOMY
3 000X OOKIB IIOKK MOXe OyTH /BI 3MillIeH] Ha IEBHUH KyT
HIATyHHUX HIMHOK.

HenoBHOONOpHI KOMIHYACTI BaJM MalOTh MPOCTIITY
KOHCTPYKIIiIO, IPOTE BOHH Y€pe3 MEHIIY KiIbKICTh TOUOK
OIIOpH Ha KapTep JBUTYHA NMOBHUHHI OyTH >KOPCTKILIMMHU i
MIIHIIAMY, a 3Ha4nTh — i Baxuumu (puc. 1). Tomy
HACBhOTO/HI OIIBIIOrO MOMIKWPEHHS HA0YIH TOBHOOMOPHI
KOJIIHYACTi B, SIKi IpX OUTBII CKIIaTHOMY BHPOOHHIITBI
€ JIETIIUMH Ta HamikHimumu [5].

3aramoMm, YHCIO i B3a€MHE pPO3TAlIyBaHHA KOJiH
3QNICKATh BiA YHCIa OWIHIAPIB, iX po3TamryBaHHS i
TakTHOCTI JnBUryHa [5]. [lpm npoMy BaXkiauBuMm €
PIBHOMIpHICTh 3alajllOBaHHS B IWIIHApaxX JBUTYHA, a
TaKOX BPIBHOBAXXCHICTH CHJI I MOMEHTIB 1HEpIIii.

KomiHyacti Baau BHUTOTOBJSIFOTH KyBaHHSM —Ta
HITaMITyBaHHSM 31 CTalli, @ TAKOXK JIUTTSM 31 CIIelialbHOTO
BHCOKOMIIIHOTO 4aByHy. [Ipm OTpUMaHHI JUTHX BaJiB
CYTTEBO CKOPOYYIOTBbCS BUTPATH Ha MEXaHi4Hy 0OpOOKy

npu 3a0e3NeueHHl palioOHAIFHUX TEOMETPHYHHX (GOopM
Bally, aje JIMTI BaJd TMOCTYMAIOThCS  MILHICTIO
HITAMIIOBaHUM [5)].

Pucynox 1. HenoBHoomnopH#uii KoiHYacTHit Bas 31 31aMOM 110
LEHTPabHIil 1Io1i

TlocTiiiHO 3MiHHI B Yaci CHJIIM Ta MOMEHTH, K1 JIIOTh
Ha JIeTaJli KPUBOIIUITHO-IIIATYHHOTO MEXaHi3MY, 32 YMOBH
iX HEBpPIBHOBaXEHOCTI, BHWKJIHMKAIOTh 3HAYHI BiOparii.
3a3BHUy4al, iHKEHEpaMH Ta JOCHIAHUKAMH PO3TIIIAI0THCS
pe3ynbrytoui cwn iHepuii I ta II mopsaxy (ZPj, ZPjn), ix
MoMeHTH (M1, ZM;ji1), a TaKOXK pe3yJIbTyr0ul BiJIIEHTPOBI
cun iHepuii Ta ix Momentu (XKgr, IMR). 3a ymoBHu
¥P;i=0, ZPju=0, ZM;;=0, EMju=0, ZKr = 0, XMr=0
JBHUTYH BBaXKAETHCS MOBHICTIO BpiBHOBaxkeHuM [9, 10].

banancysanna /IB3 3a momomororo mpoTtuBar abo
OaaHCHPHUX BalliB YCKJIaJHIOE KOHCTPYKIIIO Ta 301IbIITyeE
Macy arperary. AJie Taki TEXHI4HI pIIIEHHS IIUPOKO
BHUKOPHUCTOBYIOTHCS y 1...4-mTiHIPOBUX
BHCOK00OepToBHX JIB3 A1 MOTOIMKIIIB, OCKLUTEKH B HUX
CHIIM 1HEpUii Ha OKpPEeMHX pexXHuMax poOOTH MOXYTh
nepeBakaTd Haj razopumu cuiamu [11, 12].

s BpIBHOBaXKCHHST CHJI Ta MOMCHTIB B
JIBOLIATIHPOBUX JIBUTYHaxX Ppi3HUX cXeM
BUKOPHCTOBYIOTBCS JI0JIATKOBI MacH Ha MPOJIOBXKEHHSIX
K KOJIIHYACTHX BajiB, a TakKOX J0JATKOBI Bamu 3
MpOTUBAraMu Pi3HUX KOHCTPyKIiii [9, 11].

BincytHicte cepemHpOi  (IPOMDKHOI)  KOPiHHOL
IIMAKA BUKJIMKAE 301bIICHHS HABAHTAXKEHb, 110 AiIOTh HA
KOpiHHI ITUIKY, 8 TAKOXK Ha IOKH.

HenoBHoOmOpHI ~ KONIHYacTi  Balld  MOXYTb
BUKOPUCTOBYBAaTUCS HE TUIBKM B ONO3UTHHX JBUTYHAX
(MT-10-36, K-750, BMW 1250 GS), a Takoxk i B paHUX
neuryHax (Ducati GTL 500, Ducati GTV 500, Honda
Africa Twin), i V-niogiOHUX IBUTyHAX 3 KYTOM PO3Baly
wiriEapis 0 <y < 180 rpax. (Honda Shadow).

Ha nmBommmingposux JIB3, 3a3Budaid, KpUBOLTUIIH
po3TaroBati abo 0e3 3MinieHHs, a0o yepe3 v« = 180 rpan.
IIpore OyBarorp i iHmi KoHCTpyKmii. Hampukmam, y
meuryHa Honda CRF1000L Africa Twin KyT Mix
KPHUBOIIMIIAMHU  CKiIaga€ yx = 270 rpag. 3a 4YHMCICHHUMH
BiATyKaM¥ BJIACHHUKIB MOTOIIMKIIIB 3 TAKAM JIBUTYHOM, BiH
Mae Bemukuii pecypc (mo 300 Tmc. kM mpobiry) y
MOPIBHSAHHI 3 IHIIUMH MOTOIUKJIAMH TOTO % Kiacy [9, 13].
Jucbananc B poOOTI TaKOro IBUTYHa YCYBa€ThCsS 3a
paxyHOK JIOJAaTKOBHX BPIBHOB&)KYBAILHHX  CHCTEM.
30utbIeHHH KyT MIDK KpPUBOIIMIAMU € MOXIIMBHM
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MOSICHEHHSIM 301JIbIIEHHS. pecypcy [JBHUTYHa, IIPOTE B
HaYKOBIH JIiTepaTypi 1ie MUTaHHs HE BUBYEHE.

BucyBaemo rinotesy, mo 30UIBLICHHS KyTa MiX
KPHUBOILIUIAMH JBOLMIIHAPOBOrO ABUTYHA JIO BETUYMHU
Y« = 270 rpan. BHACHINOK KIHEMATHYHUX Ta TUHAMIYHHX
3aKOHOMIPHOCTEH pOOOTH JBUryHa 301JbLIyE HaIiHHICTH
OJIHi€T 3 OCHOBHUX HOT0 eTaneii — KOJMiH9acToro Bay.

MeTta podoTu

MeToro OCIHIDKEHHS € 3MEHIINTH HaBaHTaXKEHH,
0 JIOTh Ha €JIEMEHTH HEMOBHOOMOPHOTO KOJIHYACTOTO
Baiy JBOLIMITIHAPOBOTO OITO3UTHOTO JIBUTYHA
BHYTPIIIHBOTO  3TOpaHHS 332  paxyHOK  BHOOpY
ONTUMAJIFHOTO 3HAYCHHSA KyTa MiX KpuBomumnamu. lle
IacTh MOJJIMBICTG IMIABMINMTH  3amac  HamildHOCTI
KOJIIHYaCcTOTO Bay.

Martepian i MeToaNKa TOCTINKEHb

OckinbKM JjaHa po0OTa THPHUCBSYEHA BHU3HAYCHHIO
BIUIMBY KyTa pO3Bally INUIIHAPIB Ha 3amac MiIHOCTi
KomiHgactoro Banmy [IB3, B po3aiyi mpoBemeHO aHai3
KOHCTPYKIIi OMO3UTHOTO JIBOLMIIIHAPOBOTO OEH3MHOBOTO
neuryHa MT-10-36 moTounkia «J/{HIpo» Ta KOHCTPYKIIIT
HOro KONIHYACTOrO Baiy. JIBUTYH YOTHPUTAKTHUM,
KapOroopaTopHUil, BepXHBOKIATIAHHWH, IOTYXHICTIO 26,5
kBt [14, 15].

KpuBomunHo-maryHHuit mexanizm apuryna MT-10-
36 ckumamaeTbcs 3 KONIHYACTOrO Baly 3 UIaTYHAaMH,

MOPIIHSAMH, MOPIIHEBUMH KUIBIFIMH 1 MOPIIHEBUMH
MAJIBIAMU.

Kominuacruii Ball JIBUTYHA MT-10-36
HETOBHOOIIOPHUIA, 3 ZIIBOMa KPHUBOIIHIIAMH,

posramoBanumMu Mg kytoM Y = 180 rpax.. Koninyacruii
Baj (puc. 2) sBisse OO0 BHJIMBOK 3 BHCOKOMIITHOTO
gapyHy BY-50-2, i tepmiuHO 00poOieHuit 1o TBEpAOCTI
HB 212-255. Kominyacthii Bajgl Ma€ [ABa KOJiHA,
pO3TallIOBaHMX B OJAHIM IUIOMMHI miJ KyToM Yy = 180
rpan., i CKJIQJIa€ThCs 3 IepeHbOl Hangu, IOKH 1 JBOX
mIaTyHHHUX uiHok. KoxiHyacTuif Bay BCTaHOBIEHHMH B
KapTepi [OBUIYHa Ha [OBOX miAmmMnHukax [14].
HowminanbHuit niamerp KopiHHMX muiiok 45+0,008 mwm,
matyHHuX 48+0,025 mm. latyHHi mmiiky mycrotini, ix
MTOPOYKHUHHU 3aKPHUTI HAPI3HUMH MPOOKAMH Ta 3aKEpPHEHI.
[{oxu KONMIHYACTOTO Baiy, SKi MPHISATAIOTH 10 KOPIHHUX
IIMAOK, BpiBHOBakeHi. Jlmsg 3MeHmeHHS BiOpamiid
KOJNIH9acTHi Bai B 300pi 3 MaXxOBHKOM BiIOaJaHCOBaHI.
MaxoBHK BUTOTOBIICHHI 31 cTami 40X [14].

Buxonsgun 3 icHyroumx KoHCTpykmiit JIB3 mis
MOTOLMKIIIB, JUIA JOCIHIJ)KEHHS BIUIMBY KOMIIOHYBaHHS
LIJIIHPIB IBUTYHA Ha 3a1ac MIIHOCTI KOJIIHYacTOr0 Bajly
JIB3 o00paHo HacTymHi  BapiaHTH JABOLMIIHAPOBUX
OTO3UTHHX JBUT'YHIB:

-KyT MDK IIaTyHHUMH wmuiikamu vx = 180 rpan.,
3amamoBaHHsA manuBomnoBiTpsHOi cymimi (IITIC) uepes
¢ = 360 rpax. (6asoswuii qurys MT-10-36) (puc. 3a);

-KyT MDK IIaTYHHHUMH IIAiKamMu vy = 180 rpam.,
samamoBanHs [1T1C ogHovacHe (puc. 3, a);

- KyT MK IMaTyYHHUMH MHAAKaMu Ve = 210 rpam.
(puc. 30).

- KyT MK LIaTyHHUMH WUiHKamu yx = 240 rpan.
(puc. 3s).

- KyT MDX IIaTyHHUMH WUiKamu yx = 270 Tpan.
(puc. 30).

[MuraHHS BpiBHOBa)KyBaHHS IBHI'YHA 31 3MILICHHIM
KPHBOILUIIIB, OE3NEepedHo, € BAXJIMBHUM, IPOTE B JIaHil
mpami  He pO3TIAAEThC, 1 € OKPEMOT0
IOCHIIDKEHHS.

TEMOIO

Pucynok 2. Kosninuactuii Baj B 300pi 3 [I1aTyHaMu IBUT'YHA

MT-10-36 [14]
@ .
o ‘jf«?” )
a o
| . i
{
(@ﬂ 4.97§°
8 0

Pucynok 3. CxemMu po3MillieHHsI KPUBOIIUIIIB ABOLMIIIHAPOBOTO
omnosutHoro JIB3 uepes vy« = 180 rpan. (a), v« = 210 rpax. (6),
v« = 240 rpan. (8), yx = 270 rpan. (0)

3uaroun Benuuunu cun R i Riaan, ki giloTh Ha
KOpiHHI muikn Juist nukry asuryna ¢ =0...720 rpan.
ILK.B., 3Mimenns seauunnn cun Riom i Rioa BBakaemo
AQHAJIOTIYHMM, ajie 31 3MilleHHSAM Ha MeBHUH KyT. Jlnsa
nmeuryHa i3 3amamoBaHHsAM IIIIC uepe3 ¢ = 360 rpan.
m.K.B. (6azoBuit MT-10-36), BigmoBigHO, Il 3MIilllEHHS
ckianae ¢ = 360 rpan. m.k.B. [y IBUTYHA 13 OTHOYACHIM
sanamroBangusaM [1I1C 3MiteHHsa HeEMae.
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Kyt BunepekeHHs 3ananoBanHs y qsuryna MT-10-
36 cknamae 32...36 rpaj. 10 BEpXHbOI MepTBOI ToukH [14];
y BUKOHAHHX po3paxyHKax Ipuiimascs KyT 32 rpan.

Jus  npBuryHa 31 3MIMIEGHHSIM  KPHUBOIIWITIB
vx= 210 rpan. n.k.B. 3mimenns cun Riom i R BizocHo
cnn R i R, cknanae ¢ = 360+(210-180) = 390 rpa.
IL.K.B.

Jus neuryHa 31 3MimeHHsM kpusommiis 240 rpam.
m.K.B. — @ = 410 rpan. m.x.B. s ABUTYHA 31 3MiIIEHHIM
kpuBommmiB 270 rpaz. m.K.B. — ¢ = 450 rpaz. m.K.B.

Komiagactuit Ban [IB3 cmpuiimae mepioanydHi
HaBaHTAXXCHHS BiJ CWI TUCKY rasiB, cwil iHepuii Ta
oOepTanbHUX MOMEHTIB. KomiHuacTHii Baj MiJaaeThCs
CKpYyYyBaHHIO, BUTMHY Ta  pPO3TSATYBaHHIO-CTHCKY;
MOMEHTH, IO MEPIOJUYHO 3MIHIOIOTHCS, BUKIHKAIOTH,
KpiM TOro, KPYTWIbHI KOJIMBAaHHS, BHACIIIOK SIKUX
BiJIOYBA€THCS IOJATKOBE CKPYUYYBaHHSI.

PozpaxyHox komiHgactoro Bamy JIB3 Ha MimHIiCTh
BUKOHaHO 3a Moau(ikoBanow wMeromukor [10], ska
CKJIa[Ta€ThCS 3 HACTYIHUX CTAlliB:

- BU3HAYCHHS TUTOMOTO THCKY Ha TIOBEPXHI ITHHOK;

- PO3paxyHOK KOPIHHHX IIUHOK;

- PO3paxyHOK IIaTyHHUX IIHHOK;

- PO3PaXyHOK IIIiK.

IIpu pospaxyHKax BHKOpHCTaHO (OpMyNH oropy
MarepiaiiB. 3amacu MiIIHOCTI €JIEeMEHTIB KOJIiHYacToro
BaJy BHU3HAUAINCh 3a OIHHMM i3 JBOX CHOCOOIB — 3a
TPaHUIIEI0 BTOMH a00 3a TPaHMIICI0 TEKYJOCTi.

3amac MIIHOCTI OCHOBHHX €JIEMEHTIB KOJIIHYACTOrO
Bay Mae OyTtu, He MeHiIe [5]: kopiHHa mmiika — 3...5;
IIaTyHHA muiika — 2...3; moka —2...3.

Buxkiag 0CHOBHOTO MaTepiany J0CaiIzKeHHs

Ha ocnoBi macnoptaux nanux asuryna MT-10-36
[14, 15] 3a meroaukoro [16] B koMm'roTepHiil mporpami

Engine Calculation BHUKOHAHO pO3paxyHOK
TEePMOIMHAMIYHOTO LUKy, MOOYyIOBaHa IHIMKATOpPHA
niarpama THCKY rasiB B MTHAP1
(puc. 4).

p, MIla

6

AN

\\

0 ———
0 100 200

—

300

400

V, em3
Pucynok 4. Ingukaropna giarpama nsuryna MT-10-36

3a metoaukoro [16] BUKOHAHO PO3paxyHOK CHJ, L0
JUIOTH Ha NOPLIEHb, MAaTyH, KPUBOLIMII IBUI'YHA, & TAKOX
o0epTanbHOrO  MOMEHTY Ha  KpuBomwmmi.  Jaui,
BUKOPHUCTOBYIOUM  MoaudikoBany  Mmertoauky [10]
BUKOHAHO PO3PaxyHOK CWJI Ta pEakiid, 1o IiloTh Ha
LIATYHHI Ta KOPIHHI IIUHKK KOJIIHYaCTOTO Bajy JIBUTyHa.

PospaxyHkoBa cxema MifOYMX CHJI TOKa3aHa Ha
PHUCYHKY 5.

szT
- — _\
/
/ ___L_ - R k1(Il)
R D,
\ A ) ] \ & |
A A |
—
R K2(I) +- -1 R K2(11)
\ —
SR, .
/

Pucynox 5. Cxema koningacroro Bainy nsuryna MT-10-36 3
CHJIaMH, 110 JiIOTh Ha LIIWAKU

Pesynbryroua cuna Ry, Zifoua Ha KOXHY KOpIHHY
LIMHKY, BU3HAYA€THCS T'€OMETPUYHHUM CKJIAJaHHSIM CHIIL,
PIBHHX, aje NPOTHJIC)KHO HANpaBJICHUX IO BiJHOIICHHIO
JIO CHJI, 1110 IEPEIAr0THCS BiJl IBOX KOJIIH JJBUTYHA

R = Rla+ ﬁlxz, 1)
ne Ry i Rl — cumm, mo NepeIaroThes Bix 1-ro i 2-ro KomiH
Ha KOPiHHI IUIKH.

3BakarouM Ha KOHCTPYKIIIO KOJIIHYACTOrO By,
SIKMI  BIAPI3HAETBCA BijJ THIIOBMX KOHCTpyKmii JIB3
BIJICYTHICTIO TIPOMDKHOI KOpIHHOI MIMWKH MDX JIBOMa
IIATYHHUMH, Bu3Ha4aeMo Benuaunn Ry i Rl nactymaum
YUHOM:

- [i10Th HA -1y KOpiHHY IIUHKY

R/xl(l):_RKI' l1/L, (2)

Rion=—Re (I1+12) /L; (3)

- IIIOTH HAa 2-Ty KOPiHHY IIMHKY:

Riaan=—Ru- (I2+13)/ L, 4

R =—Re: I3/ L. (5)
B ¢opmynax (1-5) Bemmumnamu |i ta L mokazano

BiZICTaHi MK OCSIMH KOPIHHHX Ta MATyHHUX ITHHOK.
Tenep MOXHa BH3HAUHUTH PE3YIABTYIOUI CHIH Ry,
niroui Ha 1-my Ta 2-Ty KopinHi mwiiku [10]:
Rt = Ry + R,

(6)
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R = R/KI(H) + Rlxz(n). @)

IMpote,  OCKiIBKM  pO3pPaxOBYBaHHil  JIBUTYH
OTO3UTHHA, @ 3HAYUTH, CHJIH, IO JIOTh y 2-My IFIIHPI,
MPOTHIIEKHI 32 HAMPSIMOM y CHCTEMi KOOPAUHAT Cuil 1-ro
wiTiHApa, B Gopmynax (6) i (7) 3Hak «+» 3aMiHIOEMO Ha
«». Tomi

Rt = Rham— R, (8)
Rz = Rlaan— R, 9
Jna JMHAMIYHOTO pO3paxyHKy JiicHUH

KPHUBOILLIUITHO-IIATYHHUI MEXaHi3M 3aMiHEHO JHHAMIYHO
€KBIBAJICHTHOIO CHCTEMOIO 30Cepe/KEHMX Mac: Maca
nopiHeBoi rpynu M, = 0,501 kr; mMaca maTyHHOI rpynu
My = 0,525 kr; Maca 1maryHa, 30cepe/pkeHa Ha Oci
MOPIIHEBOr0 manbls Myx = 0,131 kxr; wmaca maryHa,
30cepekeHa Ha oci KpuBomumna My = 0,394 xr; Maca
HEBPIBHOBR)XCHWX YaCTHH OJIHOTO KOJiHa Bama 0e3
MpoTHUBar my=0,573 xr; wmacu, 10 3IIHCHIOIOTH
3BOPOTHBO-MIOCTYNANBHUN pyx M; = 0,632 kr; macu, 1o
3MIACHIOIOTH 00epTanbHui pyx Mr= 0,967 xr.

Ha pucynky 6 mokaszana miarpaMa HaBaHTa)KeHHs Ha
KopiHHI 1wk gBuryHa MT-10-36 B ©6a3zoBomy
BUKOHAHHI 3 KyTOM MiX KpuBomunamu yx = 180 rpax.; 3
onnovachuM 3anamoBanHsMm IITIC 3 vy =180 rpan.; 3
KyTOM MiX KpuBomunamu yx = 210 rpan.; v« = 240 rpaz.;
Y« = 270 rpag.

3 posropuytux miarpam Ryn (puc. 6) BuzHauaemo
MakCUMAaIbHI Riui2) max, cepemti Rumi2)cp Ta MiHIMaNBHI
Riw1(2) min 3HAYCHHS: CHWJI, IO AiIOTH Ha 1-mry Ta Ha 2-Ty
kopiHHi muiiky. L{i BenmmunHu 3aHeceHo 0 Tadbmuirio 1.

B tabmuti 1 sxupHUM mprdTOM BUIITICHO HAMO1IBIII
(B abcomoTHOMY 3HA4Y€HHI) BEJIMYUHHU CHJI, IO MIOTH Ha
KOpiHHI IIUIKH, 10 KO)KHOMY BapiaHTy ABHI'YHA.

RKUJ, xkH
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Pucynok 6. [liarpamn HaBaHTa)XE€HHSI Ha KOPIHHI ITHHKH:

a — 6aszoBoro asuryHa MT-10-36 (i3 3ananoBaHHAM
MAJMBOTIOBITPSIHOI cyMmiri yepe3 ¢ = 360 rpax. m.x.B.);
6 — 3 KyToM MiX KpuBommnamu yx = 180 rpax., 3 oqHOYacCHUM
3aMafOBaHHSM MAJIMBOIIOBITPSHOI CyMili;
6 —3 KyTOM MK KpuBommnamu yx = 210 rpa.;
0 — 3 KYyTOM MiX KpuBommnamu yx = 240 rpan.;
€ —3 KyTOM MiX KpuBoinunamu yx = 270 rpan.;

RKmZ

— e — RKIIII;

bazosuii neuryn MT-10-36, 3rigHo 10 pO3paxyHKiB,
HAMOLIBII BPIBHOBAXXCHHUH, 1 II€ MIATBEPIKYETHCS TAHUMHU
3 JiTepatypHuX jpkepen [5, 9, 17], npore HaBaHTaKCHHS
HAa KOpPIHHI INMHKA B HBOTO HAMOUIBIIE 1 CKJIajae
|R1<u11 maxl = |R|<m2 maxl = 14,8 kH.

VY nBuryHa i3 OJHOYACHUM 3allajiOBaHHAM B 000X
OWITHApaX Mae  Miclle HalMeHIIe HaBaHTAXCHHS Ha
KOpiHHI mHKH. L{e MOSCHIOEThCA THM, IO y OMO3UTHOTO
JIBUTYHA TIPH OTHOYACHOMY pOOOYOMY XO/Ii IBOX ITOPIITHIB
BCI CHJIM TIiIOTh «BiAI3epKalieHO». Alle TaKWi ABHUTYH €
HaAMOLIBII HEeBpiBHOBaXkeHUM [5, 9, 17]. V nBuryHiB 3i
3MilIeHHAM KpHBolnuna Ha Yx = 210 rpan., v« = 240 rpan. i

© T'eopriit Ciunbko, Bonogumup Koporoacekuii, Onexcanap Kyuiuip, Poman Cyxonoc, Bipa Cnuabko, 2025

DOI 10.15588/1607-6885-2025-1-8

61



p-ISSN 1607-6885 Hogi martepiany i TEXHOJOTIi B METaIyprii Ta MammHoOyyBaHHi. 2025/1
e-1SSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/1

v« =270 rpag. mo Mipi 3pOCTaHHS BEIWYMHH 3MIILCHHS
KPHBOILNIIA 301JIbIYETHCS] HEBPIBHOBAYKEHICTH IBUTYHA (Y
nopiBHsHI 3 06azoBuM auryHom MT-10-36), ane
OJTHOYAaCHO 3MEHIIYEThCS MaKCHMallbHE 3HA4YEHHS CHII,
JIOYMX Ha KOpiHHI muitku — Ha 7,7 %, 17,6 % 1 22,5 %,
BinoBigHO. T0OTO, 301bIICHHS BEIMYNHU Y, Y JIBUTYHA,
SIK O9IKYETBCS, MOXKE T ABHUIUTH HOTO HaIIHHICTB.

Jns po3paxyHKiB HaBaHTaXeHb, IO [IIOTH Ha
KOpiHHI Ta MAaTyHHI MHAKWKA KOJIHYACTOTO Bajy BUTYHA,
Tpeba 3HATH HE TUIBKM CHJIM, a TakKOX 1 HaOirarodi
MOMEHTH. Kopucryrouncs TIOJI0KEHHAMHU Ta
PEKOMEHIAIIIMU [11], IS HETIOBHOOIIOPHOT'O
KOJIIHYacTOro Bajly NpHHMaeMo, 10 Ha 1-I1y KOpiHHY
LIMUAKY J1I€ MOMEHT

M1 =0. (20)

Ha 2-ry xopiHHy mniiky Iif0OTh MOMEHTH Bif 1-TO Ta

2-TOo MUWTHJPIB:

M, Hm
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M 2= MKp 1t Mxp 2. (11)
I[pu pospaxyHky Muu2 Tpeba 00OB’SI3KOBO
BpPaxoBYBaTH INOPSAAOK POOOTH LMIIHAPIB Ta 3MIIIEHHS
KPHBOILUIIIB.
Ha 1-mry i 2-ry maryHHiI muiKkA Aif0Th Habirarodi
MOMEHTH

Mmm 1= 0,5'(M1<p 1t MKp 2)1 (12)
MH_IH_I 2= MKH_I 2 +0,5'(M1<p 1 + Mxp 2). (13)
3 BpaxyBanusMm Qopmyn (10-13) 3Haxoammo

MOMEHTHM Ha KOPIHHUX Ta INaTYHHUX IIUHKax JuIs
JIBUTYHIB 3 PI3HUMH KyTaMM MDX IIaTyHHHUMH HIMHKaMu
Yx . IoOynoBaHo kpuBi MOMEHTIB (puc. 7), 1 3HalIeHO
MakCHMallbHI Ta MiHIManbHI 3Ha4eHHA Ml Muw
(Tabm. 2).
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0

Pucynoxk 7. KpuBi Habirarounx MOMEHTIB, SKi CKPYYyIOTh
MIATYHHI Ta KOPiHHI IIMHAKKA KOJiHYACTOTO BAIY:

a — 6a3zoBoro neuryHa MT-10-36 (i3 3ananoBaHHIM
MaJMBOIOBITPSIHOI cyMmiri yepe3 ¢ = 360 rpaz. m.k.B.);
6 —3 KyToM MiX KpuBommnamu yx = 180 rpax., 3 oqHOYacCHUM
3aMaJII0OBaHHSIM MTAJIMBOIIOBITPSHOI CyMili;
6 —3 KyTOM MiX KpuBomunamu yx = 210 rpan.;
0 — 3 KyTOM MiXx KpuBommnamu yx = 240 rpan.;
€ — 3 KyTOM MiX KpuBonunamu yx = 270 rpan.;

o My 1 Muny 2; e—m— s M1 2
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Taoauns 1 — ExctpeMmymu Ta cepeiHi 3Ha4eHHs CUJL, IO JiOTh Ha 1-m1y Ta Ha 2-Ty KOpiHHi muiiku, H

KyT MIXK HIaTYHHUMHU MHAKaMHA R max Riurt min Riurt cp Riu2 max Riu2 min Rz cp
v = 180 rpax. is sanamosaniim IC |9 4g355 | _gggs5,0 5979,3 56650 | -148338 | -5979,3
gepe3 @ = 360 rpaz. n.k.B.
i = 180 rpax. 3 opouaciint 84935 | 7409 59793 | 7409 | -84935 | -59793
3anamosanHsaM III1C (¢ = O rpax. n.x.B.)

Yx =210 rpan. 13697,3 -4374.6 5979,3 51254 —12088,0 -5979,3

yx = 240 rpax. 12222,6 —3149,2 59793 3967,2 -11108,1 -5979,3

yx =270 rpax. 114941 —2597,6 5979,3 29417 —10991,5 -5979,3

Tab6umus 2 — ExcrpeMmyMu Habirarouux MOMEHTIB, 1110 JiFOTh Ha IATYHHI Ta KOPiHHI muiiku, H-M

KyT sk T Mo 1 Miw 2 i Mum 1 . Mum 2 .
max min max min max min
v = 180 rpan. is samamosanam IHC | | 31368 | 26535 | 15684 | -13268 | 47052 | -398,03
yepes ¢ = 360 rpan. IL.K.B.
v« = 180 rpax., 3 omOuacn 0 37886 | —341,96 | 18943 | -170,98 568,29 512,94
3anamoBanssaM [1I1C (¢ = O rpax. n.k.B.)
Yx =210 rpag. 0 312,60 —233,97 | 156,30 —120,61 468,90 —361,82
Yx = 240 rpan. 0 346,77 —-201,03 | 173,39 —100,51 520,16 —301,54
Yx = 270 rpan. 0 307,21 -108,18 | 153,61 —54,09 460,82 —162,26
3 orpuMaHuX pesynbTaris (puc. 7, Tabn. 2) BUIHO, Tadnuuma 3 — 3amack  MIIHOCTI  €JIEMEHTIB
0 MAaKCHMalbHi Ta MiHIMalbHI 3HAYCHHs HAOIrAIOYMX  KoTiHYACTOrO Baly ABHIYHA
MOMEHTIB Ha KOPiHHI Mgy Ta DIaTyHHI [IMHKK
My mBuryna MT-10-36 mipu 3MiHI KyTa MK IIATyHHUMHA Kyt ui Nk Nu
o . YT MK HIaTYHHUMUA
HIMAKaMH KOJIHYACTOrO Baly: THHKANI I 5 I > Mg
- OazoBoro jBuryna 3 7y«=180 rpan., i3 | cra | Loa) sra
Y ABULY ¥ pa. KII | KOT | I | 0111

sanamoBanusaM I1TIC gepes ¢ =360 rpax. mx.B., HE €
ONTHMAJIbHIMU;

- Haibimpmi y pgBuryHa 3 vy« = 180 rpam., 3
oxHovacHAM 3ammosaHHsM [ITIC.

Po3paxoBano 3armac MILHOCT1 €JIEMEHTIB
KomiH9acToro Baxy nuryHa MT-10-36, mpamtoroqoro Ha
HOMIHATEHOMY PEXXHMi, B IT’SITH BapiaHTax.

[lpn BuKOHaHHI LMX pO3paxyHKIB Ha MIOHICTh
reoMeTpuYHi  mapaMeTpd, ¢opMa Ta  Marepial
KOJIIHYacToro BaJly HE 3MIHIOBAJMCh. BapitoBauchk
HACTYITHI BEJTMYUHHU:

- MakCUMaJlbHa Pe3yJIbTyIoua Cuila, 1o Ji€ Ha 1-my
(abo 2-ry) KOpiHHY NIMHUKY Riui(2) max;

- cepemHs pe3yNpTylodya chja, M0 Ji€ Ha KOPiHHY
WUHKY R cp;

- MaKCHMaJIbHUI HaOiralo4mii MOMEHT Ha KOpiHHY
WHUHKY Miau max;

- MiHIMaIPHUHN Habirarounii MOMEHT Ha KOpPiHHY
WHAAKY M min;

- MakCHUMaJbHHUH HaOiralounii MOMEHT Ha LIATYHHY
WAAKY My max;

- MiHIManbHUH HaOiralounii MOMEHT Ha ILIATYHHY
MUHKY M min.

Pesynpratm  po3paxyHKiB  3amaciB  MIITHOCTI
€JIeMEHTIB KOJIHYacTOTO Baly IBUTYHA 3aHECEHO [0
Tabmui 3.

v« = 180 Tpan., i3
3anamoBanHsaM [ITIC uepes © 93 | 39 33 |35
¢ =360 rpaj. m.K.B.

vx = 180 rpan., 3 0fHOYACHUM

3anayoBannsMm [1I1C o | 75| 38| 30 |35
(¢ =0 rpaa. n.x.B.)
yx = 210 rpan. © [ 9939 33 |35
vx = 240 rpan. © 98 | 39 33 |35
v« = 270 rpa. w |128] 39 | 36 |35
MiHiManbgo HGO§XiHHPIf/i 30..50 20...30

3anac MinuocTi [10]

Po3paxoBani 3amnacu MIITHOCTI €JICMEHTIB
KOJITHYacTOro BaJly — KOPIiHHOT IIMHKU (Ngw), MIATYHHOT
WHAKA  (Nuw), MOKH (Ny) — Ha KPY4YCHHs, 3rHH 1
pO3TATYBAaHHSI-CTHCHEHHSI ~ OinblIl 32  MiHIMajbHO
HEeOoOXi THi.

3 OTpUMaHHMX pe3yJbTATIB BHIHO, IO HAHOLIBII
Bpa3IMBUMH MICIIIMH KOJIHYacTOTO Baiy ABuryHa MT-
10-36 € maryHHa mmiika Ta moka. Po3paxoBaHuii 3amac
MIITHOCTI KOpiHHOI muiiKK 3abe3neuye ii HamiitHy poOoTy
pu (popCcyBaHHI IBUTYHA.

[Ipu po3paxyHKY MOMEHTIB Ha |-y KOPiHHY ITUHKY
OyIJ0 BCTAaHOBJICHO, II0 HA ITI0 IIMHKY HE AifOTh Habiraroodi
MOMEHTH, TOOTO BeUIMHU M max = 0, Micw min = 0. Tomy
IpHU PO3paxyHKy 1-i KOpIHHOT IIMHKK BEIMYHMHU 3aracy
MIIHOCTI Ny 1 IIOKA3aHI IK O€3KiHEYHI.

3 aHajily OTPUMAHHUX PE3YNbTATiB PO3PaxyHKy Ha
MIIHICTh KOJIIHYaCTOTO Bajy JJisi JBHIYHIB 3 PI3HOIO
BEJIMYMHOK KyTa MDK IIATYHHUMH [IHAKAMH  Yi
BCTaHOBJICHO HACTYITHE:

1. JIuryn 3 omHodacHmM 3amamoBaHHsM [IIIC B
obox mmimiHgpax Mae MmeHmi (Ha 1,3...19,6 %) 3amacu
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MIITHOCT] €JIEMEHTIB KOJIIHYaCTOr0 Baly, HIX y 0a30BOro
neuryna MT-10-36;

2. Kominyacti Bamu 3 KyTOM MDK IIATYHHUMH
mmiikamu vq = 210 rpan. i 3 kyroM v = 240 rpan. Marotb
Oubi Ha 0,2...5,7 % 3anmacu MIIHOCTI, HI3K KOJIHYACTUI
Baj 6a3oBoro nsuryna MT-10-36;

3. KomiHuacTuii Ba;m 3 KyTOM MK INaTyHHHMH
mMikaMu 'y = 270 rpag. Ma€ 3HAYHO OUTBIIMK  3arac
MIITHOCTI, Hi’ KOJIIHYaCTHA Bajl 6a30BOTO JBUTYHA:

- Ui 2-i, HaWOUTBIT HABAHTAXXEHOI KOPIHHOT MMUHKH
—mHa 37,5 %;

- i 1-1 maTtysHoi muiiku —Ha 1,1 %;

- Ui 2-1 maTyHHOI muiiku — Ha 8,3 %.

BucHoBku

B  poGori  BupimieHO  aKTyaJgbHE  MHUTaHHA
JIOCIIZPKEHHST BIUIMBY KyTa MK KPHBOIIUIIAMH Ha 3arac
MII[HOCTI ~ HEMOBHOOIIOPHOTO  KOJIHYAaCTOro  Bajy
JBOLIMIIHIPOBOIO OIIO3MTHOrO JBUI'YHA. BcTaHOBIICHO,
mo y JB3 3i 3mimennasam kpuBommuniB Ha 210 rpan.,
240tpax. i 270 rpam. mo wMipi 3pOCTaHHS BEIUYHHU
3MIIEHHsT KPUBOIIUTIA 301IBITYEThCS HEBPIBHOBAKEHICTD
JIBHUTYHA, ajieé OJHOYACHO 3MEHIIYETHCS MaKCUMAalbHE
3HAYCHHS HABaHTaXXCHHs (€KCTPEMyM) Ha KOPiHHI ITHAKH
—ua 7,7 %, 17,6 % i 22,5 %, BiamosiaHo.

Po3paxoBano Habirao4i MOMEHTH Ha BCi KOPiHHI Ta
NIATYHHI IIAAKA KOJIHYACTOrO Bayly, i JBHIYHIB 3
PI3HMM KYyTOM MK HIATYHHMMH HIMHKaMu Yx (BCbOTO 5
BapiaHTiB), BHM3HA4YE€HO HaKOULIbIIE Ta  HaWMEHII
HaBaHTaXeHi. |-Ma KOpiHHA IWiiKa HE HaBaHTaKEHa
KPYTHUM MOMEHTOM. I3 JBOX IIaTyHHHX MIMIHOK OinbIie
HaBaHTa)XeHa 2-Ta (3a paxXyHOK JOJATKOBOTO Habirarouoro
MOMEHTY My 2).

Po3paxoBano 3armac MILHOCT1 €JIEMEHTIB
KomiH9acToro Baxy nuryHa MT-10-36, mpamroroqoro Ha
HOMiHaJIbHOMY pexuMi. Po3paxoBaHo 3amacy MillHOCTI Ha
KpY4eHHS, 3THH i PO3TATYBaHHI-CTHCHEHHS.
BcraHoBieHo, 10 HAMOLMBII Bpa3IMBUMHU  MICISIMH
KoJliHuacroro Baiy nBuryna MT-10-36 € maTyHHa mmiika
Ta moka. Po3paxoBaHuii 3anmac MilTHOCTI KOPIHHOT IIUHKA
3abe3neuye 11 HamiiiHy poOOTy TP MOXKIMBOMY
(dopcyBaHHI IBUTYHA.

Po3paxoBaHi umcenbHI 3HAYEHHS 3amaciB MIIHOCTI
CJIEMEHTIB KOJIIHYacTOro BaITy JI03BOJIAIOTh
CTBEpKYBATH, L0 IBUTYHH 3 KyTamu Y. = 210rpan.,
v« =240rpan. abo vy« =270rpam. MarTh IOKpaIICHi
MOKAa3HUKHM HafiliHOCTI (y TOpiBHAHHI 3 0a30BHM
nBuryHom). Kinemartmuna cxema omosutHoro abo V-
noniororo J1B3 3 kyToM y« = 270 rpaj. € NepCreKTUBHO,
ockimbkn Mae migsumennid (Ha 1,1...37,5 %) 3amac
MIITHOCTi KOJIHYacTOTO Bamy.

3a pesynabTaTaMu JOCHI/PKEHHS BIUIMBY KyTa MIX
KPUBOIIWIIAMH Ha 3alac MIIHOCTI HEIOBHOOIIOPHOTO
KOJIHYaCcTOTO BaJly ABOIIUIIHAPOBOTO omo3uTHoro [IB3
BCTAQHOBJICHO, 11O JaHE aKTyaJbHE NMUTaHHS MOXE MaTh
NOJANbIIMM HAyKOBUM Ta MNPAKTUYHUM pPO3BUTOK —
HEOOXITHO PO3TIISIHYTH BPIBHOBa)XYBAHHS JBHTYHA IPH
KyTi M KpuBotmnamu yx = 270 rpaj,.

Cnucok jgiTepatypu

1. JlBurynu BHyTpimiHbOTO 3ropsinns: Cepis
nigpydnukiB y 6 tomax. T. 6. Haniiinicts JIB3 / @. 1.
Abpamuyk, M. K. Ps3annes, A. ®. lllexosios. — 3a pen.
A. TI. Mapuenxka, A. @. IllexoBuoBa. — XapkiB: Bunash.
uentp HTY «XII», 2004. — 421 c.

2. Gunargjah J. Fatigue Life and Stress Analysis of a
Single Cylinder Four Stroke Crankshaft / Jayanthan
Gunargiah, S. A. Abu Bakar, I. I. Mazali // International
Journal of Automotive and Mechanical Engineering. —
2024. — Ne 21(3). - P. 11695-11711. DOI:
10.15282/ijame.21.3.2024.19.0902

3. Kurbet S. N. Material testing and evaluation of
crankshafts for structural analysis/ S.N. Kurbet, Vinay V
Kuppast, Basavargj Talikoti // Materials Today
Proceedings. - 2020. - 34(2). DOI:
10.1016/j.matpr.2020.03.112

4, Mapuenko A. II. [IBuryHm BHYTPIIIHBOTO
sropsHEA: Cepis niapydaukiB y 6 Tomax. T. 1. Po3poOka
KOHCTPYKIIH (dopcoBaHMX  IIBUTYHIB Ha3eMHHX
tpancriopTaux Mainut / A. I1. Mapuenko, M. K. Psi3anies,
A. @. [llexoBmos. —3a pexakmieto A. I1. Mapuerka, A. @.
[TexoBmnoBa. — Xapkis : [Ipanop, 2004 — 384 c.

5. AsromoOineHi pgBurynu. Ilinpyunuk / .
I. Abpamuyk, 0. ®.T'yrapesnu, K. €. Jlonranos, LI
Tumuenko. — 3-te Bupanns. — K. : Apicreit, 2006. —476 c.

6. Li Wei. Analysis of a crankshaft fatigue failure /
Wei Li, Qing Yan, Jianhua Xue // Engineering Failure
Anaysis. — 2015. — Vol. 55. — P. 139-147. DOI:
10.1016/j.engfailanal .2015.05.013

7. Modeling and Simulation of Material Type Effects
on the Mechanical Behavior of Crankshafts in Internal
Combustion Engines/ H. M. Nazha, M. Adrah,
T. Osman, M. Shash // Modéelling. — 2024. — Ne 5(4). — P.
1550-1567. DOI: 10.3390/modelling5040081

8. Crankshaft failure analysis of aboxer diesel motor
/ M. Fonte, V. Anes, P. Duarte at al. // Engineering Failure
Analysis. — 2015. — Vol. 56. — P. 109-115. DOI:
10.1016/j.engfailanal.2015.03.014

9. Ciunbko I'. 1. BpiBHOBakeHHsI 2-IMITIHAPOBUX
JB3 3 pizanM posramryBanHsM nwtiHApiB / I'. 1. CouHbKO,
P. ®@. Cyxonoc, O. [I. Kymmnip // Tmwknens Haykn-2022.
TpaHCHOPTHHI (aKyIbTET : MIOpIY. HAYK.-TIPAKT. KOH.,
18-22 xBitHa 2022 p. : Te3u gom. / Peaxon.: B. B. Haymux

Ne

(BimmoB. pen.) Enextpon. mami. — HY «3amopiseka
noxiTexHikay, 2022. — C. 127-128.
10. MeroauyHi BKa3iBKM IIOAO0 BUKOHAHHS

KYpCOBOTO NMPOeKTy «KpHBOIIMITHO-IIaTyHHUI MEXaHI3M»
3 puctuutiau «KoHcTpyroBaHHS 1 po3paxyHok JIB3» mus
cTtyneHTiB  crmemianpHocTi  8.05050304  «JIBuryHH
BHYTPIIIHBOTO 3TOpaHHSI» YCiX (opM HaBYaHHA / YKI.
B. O. Maszin. — 3anopixoks : 3HTY, 2016. —36 c.

11. IlMamko B. ®. OcHoBu Teopii Ta AWHAMIKU
aBTOMOOIIBHUX JBUTYHIB : minpyunuk / B. ®. lamko, C.
B. IlTanko. — Xapkis : Touka, 2016. — 232 c.

12. Calculations for Internal Combustion Engine
Crankshafts. Classification Notes. — Indian Register of
Shipping. — April 2020. — 72 p.

© T'eopriit Ciunabko, Bonogumup Koporoacekuii, Onekcanap Kymuip, Poman Cyxonoc, Bipa Ciuabsko, 2025

DOI 10.15588/1607-6885-2025-1-8



p-ISSN 1607-6885 Hogi martepiany i TEXHOJOTIi B METaIyprii Ta MammHoOyyBaHHi. 2025/1
e-1SSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/1

13. Kymip O. /1. JlocmipkeHHsT BIUIUBY KyTa MiX
KPHUBOIIMIIAMHM Ha 3amac MIIHOCTI HENOBHOOIIOPHOIO
KOJIIHYacToro Baiy 2-IIiHApoBOro omnosutHoro JIB3:
Mmaricrepcbka podora / O./1. Kymnip. — 3anopixoks : HY
«3anopi3pka noJiTexHikay, 2022 —90 c. / Pexxum goctymy:
https://eir.zp.edu.ua/items/fe381eel-4d19-462c-83¢f-
128e8106h6ef

14. Motorcycle «Dnepr» MT10-36. Operating
Instructions/ M. : Autoexport, 1980. — 95 p.

15. Motorcycle Dnepr-11 Model KM3-8.155 KM3-

/ M. : Autoexport, 1992. — 108 p.

16. Cmmnbko I'. 1. TemnoBuit 1 aguHAMIYHMN
po3paxyHok JIB3 : HaBYanmbHHU MOCIOHHK 3 KYypCOBOTO
npoekryBanns / I'. 1. Cnmunbko, P. ®@. Cyxonoc, B. B.
Caunbko. — 3anopixoks : HY «3anopisbka nosiTexHikay,
2024.-130 c.

17. Toma B. b. [lunamiuHwWii po3paxyHOK i
3pIBHOB&XCHHS TOPINHEBHX IBUT'YHIB BHYTPIIIHBOTO
sropsiHas / B. b. [Toga. — HaBu. mociOHuk. — Xapkis : Harr.
aepokocM. YH-T «XAl», 2007. — 105 c.

8.155-1 KM3-8.155.6. Operation manual KM3-8.155 PDA
Ooeporcano 05.02.2025

RESEARCH ON THE INFLUENCE OF THE ANGLE BETWEEN THE
CRANKPINSON THE MARGIN OF SAFETY OF THE PARTIALLY
SUPPORTED CRANKSHAFT OF A FLAT-TWIN ENGINE

Dr. Sc., Professor, Professor of the Department of Automobiles, Heat Engines and
Hybrid Power Plants, National University Zaporizhzhia Polytechnic, Zaporizhzhia,
Ukraine, e-mail: gslynko@zp.edu.ua, ORCID: 0000-0002-1954-8530

Georgiy Slyn’ko

Volodymyr Dr. Sc., Professor, Professor of the Department of Internal Combustion Engines,
K orohodskyi Kharkiv National Automobile and Highway University, Kharkiv, Ukraine, e-mail:

korohodskyi @khadi .kharkov.ua, ORCID: 0000-0002-1605-4631

M.  Sc, Independent
sanor.kushnir2000@gmail.com

Researcher, Ukraine, e-mail:

Olexandr Kushnir Zaporizhzhia,

M. Sc., Senior lecturer of the Department of Automobiles, Heat Engines and Hybrid
Power Plants, National University Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine,
e-mail: romevs@zp.edu.ua, ORCID 0000-0001-9683-3389

Senior lecturer of the Department of Automobiles, Heat Engines and Hybrid Power
Plants, National University Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail:
vslinko@zp.edu.ua, ORCID 0000-0002-4553-8387

Roman Sukhonos

ViraSlinko

Purpose. The purpose of the study isto reduce the loads acting on the elements of the partially supported crankshaft
of a flat-twin internal combustion engine by choosing the optimal value of the angle between the crankpins. This will
make it possible to increase the margin of safety of the crankshaft.

Research methods. Theoretical (transition from specific to abstract), empirical (observation, measurement,
comparison) and complex (abstraction, modeling, analysis and synthesis) research methods are used. The computer
program Engine Calculation and Microsoft Office was used for the study. The object of the study is a four-stroke two-
cylinder flat-twin gasoline motorcycle engine MT-10-36. The subject of the study is the influence of the angle between the
crankpins v, of the partially supported crankshaft on the margin of safety of a crankshaft of flat-twin engine.

Results. The current issue of increasing the reliability of a flat-twin gasoline internal combustion engine with a
different angle between the crankshaft crankpins y, has been resolved. The forces acting on the connecting rod and main
bearings of the crankshaft of the basic engine MT-10-36 and engines with a changed angle vy, (5 variants) have been
calculated. The impact moments on all main and connecting rod bearings of the crankshaft have been calculated for
engines with different angles y.. The calculated numerical values of the safety margins of the crankshaft parts allow usto
state that engines with angles y. = 210 °, y. = 240 ° or v, = 270 ° have improved reliability (in comparison with the basic
engine).

Scientific novelty. The known method of calculating the forces acting on the main bearings of internal combustion
engines has been modified for flat-twin engines that do not have an intermediate (middle) main bearing. For the first
time, load diagrams on the main bearings have been obtained for a partially supported crankshaft of flat-twin internal
combustion engine with angles between crankpinsy, = 210 °, .= 240 °, y,.= 270 °. For thefirst time, graphs of the impact
moments on the connecting rods and main bearings have been obtained for a partially supported crankshaft of flat-twin
engine MT-10-36 with cranks offset by y.= 210 °, y.= 240 °, y,= 270 °.
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Practical value. The method for determining the influence of the angle between the cranks of a partially supported
crankshaft of a flat-twin internal combustion engine on the safety margin of the engine' s crankshaft can be used in the
design of new flat-twin and V-twin internal combustion engines for various purposes.

Key words: 4-stroke internal combustion engine, safety margin, torque, crankshaft, main bearing, connecting rod

bearing.
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3ACTOCYBAHHA METOJIY OPTOIOHAJIbHOI JU®EPEHIIIAJIBHOI
HHPOI'OHKHU ITPU AHAJII3I CTAIIOHAPHUX TMHAMIYHUX 3A/1IAY B
HEOJHOPIIHUX CTPYKTYPAX

Mema po6omu. Po36umok 4ucenbHo20 aneopummy 0 po36 sI3aHHsL WUPOK020 KOd 3a0a4 Cmayionapnoi OuHamiku
npo 63AEMOO0I0 NIACMUH [ YUTTHOPUYHUX 0OOIOHOK 3 NPYIUCHUMU IHEPYIIHUMU OCHOBAMU, MEXAHIYHI NApamempu aKux
3MIHIOIOMbCA N0 MOBWUHI 3a O0BLILHUMU HenepepeHUMU ab0 OUCKpemHuMU 3akoHamu. Po3e sa3anus ompumanum aneo-
PUMMOM KOHKPEeMHUX 3a0a4 i OYiHKA 8NIU8Y 3MIHHOCHI XapPAKMEePUCTNUK cepedo8uyd Ha OCHOBHI OUHAMIYHI XapaKme-
PUCTUKU HA NPUKLAOi MPboX 3a0ad cmMayioHApHOi OUHAMIKU.

Memoou docnioxcenna. [[na onucy pyxy niacmut i 000JI0OHOK BUKOPUCTNOBYIOMbCA pieHAHHA muny Tumouienko i
pisHaHHA, AKi 6azyiombsca Ha einomesi Kipxeogha-Jlasa. I1ogedinka oCHO8U ORUCYEMBCA OUHAMIYHUMY DIBHAHHAMU MeOPii
NPYIACHOCHIE 8 HANPYIUCEHHIAX, 3 AKUX 3 8PAXYBAHHAM 3MIHHOCMI MoOyna FOnea i eycmunu eusedeHi pieHAHHA V nepemi-
WeHHSX 31 3SMIHHUMU KOeqhiyienmamu, sIKi 8 3a2aibHOMY UNAOKY He 80AEMbCsl NPOIHMe2py8amu aHAimuyHo. s ompu-
MaHoi 6 pe3yibmami nepexooy 00 amMnaimyo i 3anucy yMo8 KOHMAKMY Midi¢ MOHKOCMIHHOK KOHCMPYKYIEIO | HeOOHOPI-
OHOI0 OCHOB0I0 Kpaiio6oi 3a0aui OJisi CUCmeMU 36UMAUHUX OUDEPEHYIANbHUX PIGHAHb 3ACMOCOBYEMbC MEMOO OPMO20-
HaIbHOI OugheperyianbHol NPO2OHKY, SKULL HA KOJCHOMY KpOyi Opmo2oHanizayii euxopucmogye memoo Pynee-Kymma
0n1s1 po38’asanns 3a0a4i Kowi. Takum yunom, @ 3a0a4ax npo GilbHi X8Ui i 61ACHI YACMOMU PO38 SI3YEMbCA 340ayad HA
6]1ACHI 3HAYEHHS, d 8 3a0a4ax NPO PYXOMi HABAHMANCEHHA Mpebda SUKOPUCMOB8Y8AMU 360POMHIlL Xi0 i NOMIM 3acmoco-
8ygamu Memoo cynepno3uyii. /[ oyinKu mouHocmi, a maxKoxic onmumMaibHO20 8UOOpPY 8Y3/i8 OPMOLOHANI3AYIT 8 2paHU-
YHUX UNAOKAX YCIX PO32TAHYIMUX 3A0aY 3d YMOBU OOHOPIOHOT OCHOBU 3HAUOEH] AHANIMUYHI PO38 "A3KU [ NPOBEOeHO Nopi-
GHAHHS PE3VIbImamis.

Ompumani pesynomamu. CmeopeHo naxkem NPUKIAOHUX NPO2PAM 05l YUCETbHO20 PO38 SI3AHHS KPAlOBUX 00OHODI-
OHUX | HEOOHOPIOHUX KPANOBUX 3A0aY O CUCIEM 38UHAUHUX OugpepenyianbHux piHaHb 31 SMIHHUMU Koeiyicnmamu,
SAKULL IPYHMYEMbCSL HA MeMOoOi OPMO20HANbHOL Oupepenyianvrol npo2ouku. B 0anomy 00caiodxicenti yet nakem 3acmo-
€O8YEMbCAL 0151 3a0a4 I3 MPbLOX OCHOGHUX KAACIE 3a0ay CMAYiOHAPHOT OUHAMIKU: NPO PO3NOBCIOOICEHHSL BLILHUX XEULb 6
cucmemi YuniHOpu4Ha 0O0JIOHKA — HEOOHOPIOHUI NPYHCHULL 3AN0BHI0B8AY, NPO BUSHAYEHHS GIACHUX YACIOM 8 MPbOXUIA-
POGI YUNTHOPUYHIL 000JIOHYT 3 HEOOHOPIOHUM CEPEOHIM WAPOM i NPO PYX HOPMATLHO2O HABAHMAICEHHS NO NAACHUHI
Ha HeOOHOPIOHIL 3a MOBUWUHOIO OCHOBI. B KOJICHIU 3a0ayi NOKA3AHO GNAUE HEOOHOPIOHOCI OCHOBU HA (a308i WEUIKO-
cmi, én1acHi wacmomu, nepemiujenus niacmunu. Ilepegipena 3a 0onomo2oio epanuunux nepexooié 00 GIONOBIOHUX 0OHO-
PiOHUX Mamepianie epekmugHicmv po3pobienoi npocpamu 0as Oinb CKIAOHUX NPAKMUYHUX 3004y i 3p06IeH0 peKoMe-
HOAYii No UKOPUCMAHHIO OAHO20 ANCOPUMMY OIS cepedosuly 3i 3HAUHOIO KIIbKICMIO Wapis.

Haykoea nosusna. Ompumae po36umox 01 3a0ay cmayioHapHoi OUHAMIKYU NAACMUH | 000IOHOK, AKI 83A€MO0i0Mb
3 MPUBUMIPDHUM HEOOHOPIOHUM THEPYIUHUM cepedosuiyeM, AlcOPUMM, AKUL TPYHIMYEMbCA HA Memooi OpMO2OHAIbHOL
oughepenyianbHoi npo2oHKU. 3a 11020 00NOMO2010 PO38 A3AHI MPU 3A0aUi 3 PI3HUX MPLOX KAACI8 OAHO20 PO30iNY MEXAHIKU
OdegopmisHozo meepoo2o mina. Brasaui winsaxu nodansuioco 8UKOPUCINAHHA PO3POOIEH020 naKema HA 3a0ayi makux
K1acie.

Ilpakmuuna yinnicms. Po3pobnenutl nakem npocpam i OmpuUMaHi 3a 11020 00NOMO2010 Pe3yabmamu MOXCYms GU-
KOPUCMOBYBAMUCS 8 NPAKMUYL POOOMU NPOEKMHUX OP2AHI3aYil, 51K 3aUMaIOMbCsl pO3POOKOIO eleMeHmi6 HOBOI mexHIKuU,
6yoisHuYymM8Ea, NPOKIAOKoI0 cyuachux agmomazicmpaneii. Kpim mozo, mamemamuuna yacmuna oauoi nyonikayii modice
6ymu KOpUCHOIO He auule 8 MexaHiyi 0eghopmisHo20 meepdoeo mina, a i 6 mux po30ilax HAyKu, 0e UHUKAIOMb KPAEEi
3a0aui 01151 cucmem 36U4AUHUX OupepeHyiarbHUX PiBHsHb.

Kniouogi cnosa: ougepenyianvii pigHanms, OPMOSOHATbHA NPO2OHKA, BINbHI X8UII, GACHI YACMOMU, NepemeEo-
pennsa Ianines, pyxoma cucmema KOOpOUHam.
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Beryn

Cepen 3a1a4 MeXaHiK1 TBEPAOTO Ae(OPMIBHOTO Tija
3HAYHE MicIle 3aiiMar0Th TaK 3BaHi CTAlIOHAPHI JUHAMIYHI
3aj1a4i, KOJIM 4ac MPHUCYTHIH HEsIBHUM criocoboM. J[o nporo
KJIacy Haye)kaTh 3a/ladi po BJIacHi (BUIBHI) Ta BUMYIICHI
KOJIMBAaHHS €JIEMEHTIB KOHCTPYKIiH, KOJU Yac BUKIIOYa-
€TBCS 13 PO3IILINY IUITXOM MEPEXOLy JO aMILIITY IIyKa-
HUX TIEPEMIIIeHb Ta HAIPYXXeHb, 3a/1a4i PO PO3IOBCIO-
JOKEHHS BIIBHUX XBHJIb B IUTACTHHAX, 0OOJIOHKAX Ta Mpy-
KHOMY CEpEJOBHIN, a TAKOXX IIMPOKUH Kiac 3amad Ipo
JII0 pyXOMOTO HaBaHTa)XEHHS B3JJOBX EJIEMEHTIB KOHC-
TPYKLIiH, KOJHM y BUNAJAKy HEOOMEKEHOI TOBXKHMHHU KOHC-
TPYKIIT y HAIIPSMKY PYXY CHJIH 1 CTaJIOT IIBUAKOCTI CAMOTO
PYXY Yac BHKIIOUAETHCS MUIIXOM 3aCTOCYBaHHS NIEPETBO-
penns [anises i po3msiay KapTUHU HaNpYKeHO-1e(hOopMo-
BaHOTO CTaHY B PyXOMi# cHCTEMi KOOpAUHAT. 3 MaTeMaTH-
YHOT TOYKHM 30py BKa3aHi Jii MPUBOJATH JI0 TOTO, 1O LIS
aMIuTiTyq] a00 TpaHC(HOPMAHT MIYKAHWX BEIMYWH y BHIIA-
JIKY 3aCTOCYBaHHS IHTETpaIbHUX NEPETBOPEHb MU MIPUXO-
JIIMO 10 CHUCTEMH 3BHYAMHUX I]epeHIiadbHuX piBHIHD
3 BIATIOBIIHAMY TPAaHUYHUMH YMOBaMH, TOOTO IO Kpaio-
BUX 33/1a4. HaBiTh y BUMaaKy, KON pO3IIISIAIOTHCS MaTe-
piany 3 HE3MIHHMMHM MEXaHIYHUMH XapaKTepPHCTHKAMHU,
AQHAJITHYHI METOIU PO3B’A3aHHS TAKUX CHCTEM HE 3aBXKAH
MPAaLO0Th. AJle Ha TMPaKTHII IJOCUTh 4YacTo 3ycTpida-
IOTBCSI CUTYalii, KO 3 TEXHOJOTIYHUX NMPHYUH HEOOXi-
JHO, 106 Moxyns FOHTa abo rycTHHa Matepiamy Oymu pi-
3HAMH B PI3HUX TOYKaX KOHCTPYKLIi 1 Tomi Mu OymeMo
MaTu CIpaBy i3 CHCTEMOIO IU(EpeHIialbHUX PIBHAHB 13
3MIHHUMH Koe(imieHTaMu. 3 TOYKH 30py MEXaHiKH, IIe
03HaYae, 0 B PI3HUX TOYKAX CUCTEMH 4aCTOTa KOJIMBAHb
1 IIBUJIKICTh PO3NOBCIOJUKEHHS XBHJIb OYyAyTh 3aJIe)KaTH
BiJl KOOPJAMHAT BiIMOBIIHOT TOYKH. 3pO3yMiJIO0, IO aHAi-
THUYHO PO3B’sI3aTH 33/1a4y B TAKOMY BHIAJKY IPH JOBIJIb-
HUX 3aKOHaX 3MiHH XapaKTEPUCTHK MaTepiaTy HEMOKIINBO
1 TOMY JOBOJIUTHCS 3aCTOCOBYBATH YUCEIbHI IiAXOIH, Opi-
€HTOBaHi Ha BUKopHcTaHHSI EOM.

HaituacTime B Takux BHITaJKaX 3aCTOCOBYIOTHCS Me-
TOIM, IO TIOB’SI3aHi 3 AWCKPETH3AII€0 O0NacTi, B sKiit
aHaJI3y€eThCS CTAliOHAPHUHN IWHAMIYHUH mporec. Icropu-
YHO IEPIIMMH B [IbOMY HANPSMKY OYJIU MiJXOH, 110 IPY-
HTYIOTBCSl Ha METOJI CKIHYEHHHMX pPI3HMILb, Ii3HIIIE I10-
YaJIM 3aCTOCOBYBATUCS METOM CKIHYEHHHX, a IIOTIM 1 rpa-
HUYHHX eJIeMeHTiB. bijbplie o0rpyHTOBaHUMU, B TOMY Ce-
HCI, 1110 JIOBe/IeHA iX 301KHICTb, € MiJX0IH, SKi 00y I0BaHi
Ha Metoni Pynre-KytTa s cucrem audepeHiaibHux pi-
BHSHD TIEPIIOTO TMOPSIKY. 30KpeMa OIHUM i3 PO3BHUTKIB
JITAaHOTO HAIPSMKY € 3alPOIIOHOBAHUN ['0JyHOBUM MeTOX
OPTOTOHAIBHOI JrepeHIiaabHOI IPOTOHKH, KU B TaHil
myOumiKaIii 3aCTOCOBY€ETRCS TS PO3B’SI3aHHS 33124 IPO Bi-
JBHI XBHJIi, BIACHI KOJMBAHHS, a TAKOXK JIiF0 PyXOMOTO Ha-
BaHTa)XKEHHA. 3a3HAYMMO, LIO MEpIi BI 3a/1a4i 3BOJSATHCS
JI0 3HAXOJKCHHS BIIACHUX YHCEJ IS CHCTEMH AU(epeHIli-
aNbHUX PIBHSIHB 3 HYJILOBOKO TPAaBOI0 YaCTHUHOIO, a B Tpe-
Tiil 3aa4i cuctema audepeHIiaJbHuX PIBHSHb € HEOHO-
pimHOIO.

MeTta podoTu

Mertoro poO0TH € po3poOKa MakeTy MPUKIAJHUAX MPO-
rpam i pearnizanii Ha EOM metomy opTOroHanbHOT Tu-
(epeHLiaTbHOT IPOTOHKH 1 LTIOCTpallist MOXKIIMBOCTEH M-
XO/IiB, sIKi 0a3yIOTHCS Ha IIbOMY METO/II, JUIs 3a/]1a4 CTalio-
HapHOI TWHAMIKH, 30KpeMa B 3a7ja4aX KOHTAKTY M HAPU-
YHUX 000JIOHOK 3 HEOTHOPIHUM 32 TOBIIMHOIO 3aITOBHIO-
BadeM, B 3a7aUax MPO PO3MOBCIOHKEHHS BUIBHUX XBUIIb B
MWTHAPUIHAX 00O0JIOHKAX 13 PY>KHUM 3allOBHIOBAYEM Ta
TPHOXIIAPOBHUX 00OJIOHKAX, B IKAX HECYUi IIAPH PO3ALICHI
mapoM 3i 3MiHHIMH MEXaHIYHUMHU XapaKTEePUCTUKAMH, a
TaKOX Ul PO3paxyHKy HampyXeHo — 1e(opMOBaHOTO
CTaHy IUTACTUHH, SKa JICKUTh HA MPYKHOMY IIapi, MOAYJb
3CYBY SIKOTO 1 T'YCTHHA 3MIHIOIOTHCS 3 TIIMOMHOIO, 1 10 SKii
31 CTalor MIBUAKICTIO PYXa€TbCsi HOpPMajbHE HaBaHTa-
skeHHs. [ TecTyBaHHS 3aIIpOIIOHOBAHOTO TiIXO.y, a Ta-
KOX ONTHMAJILHOTO Mig0OpYy BY3JB OpTOroHaiizauii B
TpaHUYHUX BHIIAJKAX YCiX 33724, KOJIM MEXaHIdHI mapamMe-
TpH MaTepialy He 3aJeXaTb BiJ KOOPIMHAT, IOPs] 3 pe-
3yJIbTaTaMU Ha OCHOBI METOJ]a OPTOTOHAIBHOI TU(EepeHTIi-
AIBHOI IPOTOHKH OTPHMAaHI aHANITHYHI PO3B’sA3KH 3a1ad i
MIPOBE/ICHI MOPIBHAHHA pPe3yibTaTiB qBOX mimxoxis. Kin-
IIEBOIO METOIO AOCIIKEHHS OyIyTh peKOMEHIAIIT IT0 MO-
KIIMBOCTSIX 1 TPaHULSAX 3aCTOCYBAaHHS 3alpPOIIOHOBAHOTO
ANTOPUTMY PO3B’sI3aHHS 3a/]]a4 TaKUX THIIIB.

MarepiaJ i MmeToANKA 10CTiIKEHD

3a3Ha4KMMO, 10 AJIA 3aCTOCYBaHHS METOy OPTOTOHA-
nbHOT A epeHIiaNbHOT IPOroHKH Y BCIX 3ajia4ax HeoOxi-
JHO TIONepeIHbO IepeiiTH 0 KpaioBoi 3amadi ajis cuc-
TEMH 3BUYAHHUX AU(pEPEHIiaTbHUX PIBHAHb NEPLIOTO I0-
PSIOKY, fKa y BHIAOKy 3 HEOAHOPIAHUMH TPaHUYHUMHU
YMOBaMH, KOJIM HA CUCTEMY Ji€ pyXOMe HABAaHTa)KCHHS, Y
BEKTOpHiil popMi 3amumeTbes Tak

S A, BX(@)-d. cXb)-d,.

me X —N-MipHUil BEKTOp po3B’s3aHHs, a marpuii 4, B, C
3ayIeXkaTh BiJl XapakTepy 3a1adi, sKa PO3TIBsIIaeThCs, TIPH-
qoMy A — 11e MaTpHIlsd KoedilieHTiB cucteMu andepeHiia-
JILHUX PIBHSHB, SIKa y BUIMAJKY HEOAHOPITHOCTI MaTepiaiy
3aJIeXKHTh BiJ MOJIOKEHHSI TOUYKH Ha T, I' — pajaiyc-Bek-
TOp TOYKH HEOJHOpiAHOTO Marepiany, Matpuui B i C ma-
I0Th CBOIMH €JIEMEHTaMH CTalli 3Ha4eHHs, SKi BHpaXka-
I0ThCS Yepe3 IapaMeTpH IIapiB, 3 IKUMU KOHTAKTY€ HEOJ-
HOpiHMiT MaTepian, BekTopu dq i d, omHCcylOTh YMOBH Ha
rpaHuLli KOHTaKTy, iHTepBai [a, b] — obmacts 3MiHK X 260
IHTEpBaJ IHTErpyBaHHs CUCTEM. 3a3HAYMMO, IO B 33Ja4ax
PO BJIACHI KOJIMBAHHS 1 PO PO3MOBCIOKEHHS BUIBHUX
xBunb Tpeba B (1) moknactn d; = 0 i d, = 0, To6TO PO3-
IJISIaTH OJJHOPIAHY KpaeBy 3a/1auy.

Iurepsan interpyBanHs [a, b] po36uBaemo Ha N mizi-
HTEpBAJIB By3JlaMH OPTOTOHaJIi3ali{

A= X0, %, %00 % 1, % =D

[lykaemo cucreMy JiHIHHO He3aJe)KHUX BEKTOPIB

X1, X5, AKi 33/I0BUIBHSIOTH CHCTEMY BX_j(a) =0,(j=12)

i BexTOp X3, AKHii 3HAXOAUTHCH i3 YMOBH BXs(a) =d,.
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[Micns neoro meromom Pynre-Kyrra 3Haxomumo
PO3B’s3aHHS HacTyMHUX 3a1a4 Komi: y By3mi X

dX, v v v
AL X=X @

JIe¢ B SIKOCTi TIOYaTKOBUX 3HAYCHb MPUIMAIOTHCS 3HAMICH]
BHIIIC i3 YMOB IPH X = & BEKTOPH.

OTtpuMaHi B pe3yabTaTi iHTerpyBaHHs 3aaadi Komri
(2) Bextopu X;, X,, X3 OpTOroHami3yloThCA i HOpPMY-
IOTBCS, IO TiJIBUIIYE TOYHICTH PO3B’si3aHHA. bepyun mi
BEKTOpHU B SIKOCTI MOYATKOBUX AaHUX AJst 3amad Komri y
BY3JIi X2, 3HAIEMO pO3B’sI3aHHS OCTAHHIX B HACTYITHOMY
BY3Ji 1 Tak gaii. TakuM MUIIXOM MH OTPUMAEMO OPTOTO-
HaJIbHY cucTeMy BeKTOpiB X1, X5, X3 B KiHII Bigpiska iH-
TerpyBaHHs, TOOTO B TOUIli Xn = b. JIoBinbHE pO3B’sA3aHHS
KpaiioBoi 3a/1aui, K¢ 3aJI0BOJIbHSIE YMOBaM IpU X = &,
npuiiMae npu X = b 3HaYeHHsI, IKE€ MOXHA MOIaTH Y TAKOMY
BUTJIAIL

X(b)= X+, X, +a, X, . ®3)

[Ipu iboMy KoedimieHTH a1, a2 TOBUHHI OyTH BHU3HA-
YeHi i3 yMOBH B
cX(b) =d, . 4

ITicns Toro, sIK a1 1 @ 3HaWneHi i3 ymMoBU (4),
po3B’si3aHHs KpaioBoi 3anaui (1) y By3nax po3B’s3aHHS,
SIKI MOXXYTbh HE CIIiBHaJaTu i3 0OpaHUMHU BHUILE By3JIaMU
OpTOTOHANI3aIi], 3HAXOAUTHCS IHTEIPYBAHHSIM CUCTEMH

‘i'j—x - Alrjx ()

3 noyatkooro ymoBoww X = X(b) mertogom Pymre —
Kyrra.

3a3Ha4MMO, IO KOJIM PO3B’sA3YIOThCA 3a7adi Ha Bia-
CHi 3Ha4eHHS (KOJMBAHHS 1 BUTbHI XBUJIi), TO B TAKOMY BH-
najky yci Tpu BekTopH Xq, X2, X3 3HaX0[AAThCS i3 CHC-
temu BX j(@=0 j=1,3 i toni, monarouu po3p’13yBanHs
npu X = b, y Buraai (3), npuxoaumo g0 cuctemu (4) i3
HYJBOBOTO TIPABOIO YaCTHHOIO, i3 YMOBH HETPHUBIaIbHOCTI
PO3B'SI3KiB SKOT OTPEMYEMO XapaKTEPUCTUIHE PIBHIHHSA y
HESIBHOMY BHUIJISIII. 3BOPOTHIN Xi/1 (IHTETpYBaHHS CHCTEMH
(5)) npu po3B's3aHHI 33/1a4i HA BIIaCHI 3HAYCHHS HE BUKO-
HYETBCSI.

ITpu peamizariii onucanoro anroputMy Ha EOM kpim
TOJIOBHOI IIPOrpaMu BUKOPHCTOBYBAIMCS TPH ITiIIPOT-
pamu: «NAFSIL» (3HaxopkeHHsT (GyHIaMEHTaIbHOI CchC-
TeMu po3B'a3kie onHopinHoi BX(a) = 0 i wacTuHHOTO
po3B’sa3ky HeonHopinHoi BX(@) = d; cucrem MeTomom
ONTHMAJIEHOTO BUKIIOYEHHS), poueaypa «ORTMATR»
(opToronasizailisi CHCTEMH JIiHIHHO-HE3aJIC)KHUX BEKTOPIB
METOJIOM BinoOpakeHp) 1 mixnmporpama merona PyHre —
Kytra (po3B’s3anns 3amaui Komri s cucteMu 3BHIaiftHUX
IudepeHITiaTbHAX PiBHSIHB).

Crio4artky IOKa)KeMo, K 3a JIOIIOMOT'0I0 JTJAHOTO Me-
TOJY JOCIIJKYETHCS TUTaHHS [IPO PO3IOBCIOPKEHHS Bice-
CUMETPUYHHUX BUIBHHX XBWIb B IMJIIHIPUYIHIA OOOIOHII
HEOOME)XEHOT IOBXXWHH, BCEPEAMHI SKOi 3HAXOAUTHCS
NPY>KHHUH 3aII0BHIOBAY, MEXaHI4HI XapaKTEPUCTHKH SIKOTO
3MIHIOIOTHCS 33 TOBIINHOIO.

Pyx oGononkn OymemMo ommcyBaTH piBHAHHAMH, SIKi
BpaxoBYIOTh JedopMariii 3cyBy i iHepmir0 oOepTaHHS ele-
MeHTa (Tumy THMOIIEHKO), SIKi JOTOBHEHI HOPMAJIBHOIO
peaxiiieto 3 OOKy 3aIloBHIOBaYA

1-v2 5%
E ot?

ou, vow_
o Rox ©

of *W Oa, 2 [v ou wj

k - ——t— |+
ox* ox ) 1-viRoax R?
N 21+v) _ 21+v)p 6*w
Eh ' E &’
2 2 2 2
kz(a_w_ax]"’_ h 0 O;X — (1+V)h P 0 ('zx (6)
ox 6(1-v) ox 6E ot

TyT U, W — IepeMileHHs] TOYKH CepEeIHHHOI ITOBEp-
XHi 000JIOHKH B OCHOBOMY 1 paJlialIbHOMY HanpsiIMKax, Ot —
KyT IIOBOPOTY HOpPMaJi JI0 CEpeAMHHOI MOBepxHi, £, p —
Mozaynb FOnra i rycruna matepiany obononkw, h, R— tos-
mMHa i pagiyc obononku, k? —koedinienT TuMomeHko, gr
— pamianpHa peakiis 3 00Ky 3aIl0BHIOBAYA.

Pyx 3an0BHIOBa4a OMKUCYETHCS TOYHUMH PIBHSIHHSIMH
Teopii MPYKHOCTI, SKi B HAIIPYKEHHIX AJIS BiceCUMETPHY-
HO{ 3a7a4i 3aMCYIOTHCS TaK:

oo oo 1 o%u
il SR il v, S — = __r 7
ar 6x I,.(Grr 066) pc atz ( )
00y , 00% 1 _ o°u,
or ox rom TPy

Jie 3rijiHo 3 3akoHoM ['yka i cniBBinHOmeHHsAME Komi Bu-
KOHYIOTBCS TaKi 3aJIe>KHOCTI

o, =Ae+2ueg,., 0, =8+ 2usg,
O =A+2ue,,, O, =HUE, (8)
2G E
T1-2 U7 T T 2awy)
”:aairr 6(9:%(%+urj! gxx:% ©)
ou,  ou

& :_r+_r,
o ox

Bynemo BBaXkaTH, 110 MEXaHIYHI XapaKTEPUCTUKH 3a-
IMOBHIOBaYa 3MIHIOIOTHCS 332 HOTO TOBIIMHOIO 3T1IHO 3 Ha-
CTYHHUMH 3aKOHAMH

=&+ Ep & -

E=E fl(r )’ P = Po fz(r) : (10)
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Ipu upoMy npuiiMaeMo yMOBH, 110 GyHKIis fo (1)
MOe MaTH JOBiIBHUM BUMIIA, a BigHOCHO QyHKIHT fq (1)
NIPUITYCKa€eThCs, IO BOHA AudepeHIiiioBaHa i He Mae Hy-
JIbOBOTO 3HAYEHHS NPH yCiX 3HAYCHHSX I, SKi BOHA MPUU-
Ma€ B yCiX TOYKax 3aloBHIOBAYA.

Bpaxosyroun Bupaszu (10) B 3anexxnoctsx (8) 1 miac-
TaBJII0UN Micis uboro (8) i (9) B piBasaHHA (7), OTpEMaEMO
HACTYIHI PIBHSIHHS PyXy 3all0BHIOBaYa B IIEPEMILIICHHIX

oe . ow, di_ .duéu
A+2u)—+2u—2+—e+2——L=
( “)ar a ox dr dr or P

o°u,
ot?
o%u

oe 1 du( ou, au
2u)= —2u= = pi—x
(A+ #)ax 'ur(ng)Jr dr ( or 8x] re

ou,

My )

10 ou, 3
e———(rur)+§, M= " ar

ror

3a3Ha4unuMo, 110 Y BHUIAJKy OJHOPIIHOTO 3alOBHIO-
Baua y popmynax (10) fy =fo =1 i Toxi piasaus (11) me-
pexoasITh y BimoMi piBHsSHHS Jlame.

SIKmmIo BBa)kaTH 3aIOBHIOBAY MYCTOTLIAM 3 PasiiycoM
BHYTPIIIHBOI TOBEPXHi PIBHAM a, a TAKOJXK, III0 KOHTAKT 3a-
MTOBHIOBaYa 3 000JIOHKOIO BiOyBaeThCs MO 1i cepennHHIN
MTOBEPXHI, TOJl y BHUIAIKY KOB3HOTO KOHTaKTy TPaHHYHI
YMOBH JIJIsI 3a[IOBHIOBaYa 3aIUCYIOTHCS Y TAKOMY BUIJISI

mpur = R
mpu r=a o, =0,

U =Ww, 0p =—(,
g, =0.

(12)
(13)

Orx =0,

Po3srisnaioun po3nOBCIOJUKEHHST B3JIOBX CHUCTEMH
OWTIHAPUYIHA 000JOHKA — HEOJHOPITHUHN 3a TOBIIHHOIO
NPYXKHUK 3aIIOBHIOBAY II030BXKHBO-IIONEPEYHUX XBHIIb,
po3B's13aHHA PiBHAHG (6), (11) mIykaemMo B TaKOMY BHTIIAII

Duf=Pow} ewilx-pt), 9
e U(UO,WO,(ZO) — BEKTOp BiJIMIHHHX BiJl HYJISI aMILTITY/T
NepeMilieHb i KyTiB IIOBOPOTY TOYOK CEPEAMHHOI MoBep-
XHi 000JIOHKH, U_O(U (r ),W(r )) — BEKTOp aMILIITY]l IepeMi-
IIeHb TOYOK 3aII0BHIOBaYa

2
5_71

f

p=c&,

nie As, Cr — TOBKHHA 1 (ha30Ba MIBUAKICTh XBHUJI.
Sxmo migcraButy noxanus (14) y piBusHHEA (6), TO
MH OTPUMAEMO, 3 BpaXyBaHHSAM aHATITHIYHOTO BUPA3Y VIS
Or, cucteMy anrcOpaiyHMX pIiBHSIHB, SKa IO3BOJISE
OB’ S13aTH aMIUTITYly PalialbHOTO 3YCHIUIA, SIKE Mepe/a-
€ThCS Ha 3aIOBHIOBAY 3 OOKY O0OJIOHKH, Yepe3 pajiaibHe
MepeMilIeHHs] 000JIOHKH 1 IPUUTH JIO HACTYITHOT 3aJICXKHO-
CcTi
_ EN? ()w
2(1+ v) h

k* 2 2 v?
Fin)=|k?-—-=C? p* + —|1-—
@)[ - }Hl_v( aJ

1-v .,
=1-——=C
% 3
N2 3
=k?+ —-C
% 18 (1—1/ j

P4
_:h _c[3p
n=¢ c—cf[zej. (15)

h
N=—,
R

s 3amexKHICTL MOTPiOHA HAM, TIIOO TIEpeTTMcaTH y Tie-
PEeMIIeHHsX TepTi Bl rpaHndHi yMOBH B (12) i Tenep 3a-

rajioM 3 BpaxyBaHHAM (14) TpaHUYHI YMOBH 3aIIHCYIOTHCS
y TAaKOMY BHUIJISLIT

;
L=—=1
npu R
Vs F(I]) ey AW 0
1-ve 2Q+vWViEf()) 1-vg  dn
mN+Ei=o (16)
dr.
I, & a
IImpu I =& =—
P R
du
W + =0
g dr.
Vs wo sy W g (17)
(@-vg)e 1-vqg dr.

Sxmo nincraButy Bupasu (14) B piBasiHus (11), Toxi
UL aMIUTITyZl TepeMillleHb TOYOK  3allOBHIOBada
MIPUIIEMO JI0 TaKoi CUCTEMH 3BHYAMHUX Iu(epeHITiaIb-
HUX PIBHSHB JPYTOTO MOPAAKY 31 3MIHHAMH KoedimieH-
TaMu

o) Sl - S
T2t =0
&8 )0l p+%‘§ﬂ“ e W =0
A )=—+f(), AR Inf() (18)
ole)= [ﬂz il(ri) 11252)]2
Pi6)= 1)+

Tenep moOynoBa aucCTIEpCifHOI 3alE€XKHOCTi, TOOTO
3aJIeXKHOCTI (Da30BOi MIBUIKOCTI BiJl XBUJIBOBOTO YHUCIIA 1),
3 MaTeMaTHYHOI TOYKH 30pPy 3BOJAUTHCS IO BHU3HAUYCHHS
BJIACHUX 3HAUEHB IS KpaiioBoi 3amadi (16)—18) 3 omHOpI-
JMHUMH TPAHUYHAMHU YMOBaMH. 3PO3YMINIO, IO OCKITBKU
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TYT MU Ma€eMO CIpaBy 3 JudepeHIiaIbHUMU PIBHIHHIMA
31 3MIHHUMH Koe]illieHTaMH, TO Y BUIIAAKY JOBUIBHUX (Y-
ukuii fi(r) i f2(r) y popmynax (10) HEMOXKIUBO OTPUMATH
aHAJITUYHUH PO3B’SA30K AaHOI 3a/1a4i. AJie TOJ1 Ha JIOTO-
MOTY IIPUXOANUTH METOJ OPTOTOHAIBHOT An(epeHIliaIbHOT
IIPOTOHKH, KU1 ONIMCAHUI Ha MOYaTKy JaHOi CTaTTi, IPH-
gomy y ¢opmyi (1) tpeba mokmactu di = 0, d» = 0, me-
peiTH 3a CTaHAAPTHOIO METOAMKOIO Bia cuctemu (18) mo
CHCTEMH YOTHPLOX AH(epeHITiaNbHIX PiBHSIHD MEPIIOTO
MOPSAKY 1 Tomi eneMenTH MaTpuib A, B i Cy dopmyii (1)
MAaroTh TaKHWil BUTIISL

Ay =&, =3a,=0, aiszl
a'zl:azz:azszoy ay=1

S tn) an=-ar)

a = _¢2(r* )1 A =

1-v,
3, = ﬁ 8y =-np,(1), a,=-0s(r)
= —ﬁ, a, =-o,r)
= VF)v(né a0y

v

b, =751, by=1, b, =0
e

b,=n, b,=0, by=0, b,=1
_ Vs __vdi
1-vg' @2 1-vg

Cn=17, C,=0, Cpy=0, C;=1.

Cu &, Cy=¢&, ;=0

KpaiioBa 3agada (1) 3 BUIMCAaHUMU TYT €JIeMEHTaAMH
MaTpuils A, B i C po3B’A3ye€TbCsS METOIOM OPTOTOHAIBHOL
I epeHITiabHOT MPOTOHKH, IO J03BOJISIE OTPUMATH JTUC-
nepciiiHe piBHAHHS y HEIBHOMY BHTIIAI 1 TOOYTyBaTH 3a-
nexxHOCTI (pa3oBoi crcTeMu 000JI0HKA — HEOTHOPIAHUI 3a-
MTOBHIOBAY BiJl XBUJILOBOT'O YUCIIA. 3a3HAYNMO OKPEMO, IO
MOBa ¥iJie He PO MIBUAKOCTI B MaTepiaji 000J0HKH 4H 3a-
MMOBHIOBAaYa OKPEMO, & CaMe IIBUKOCTI B TaKii CKJIaCHIH
3 IBOX TiJI CUCTEMI.

YucenbHi pe3yabTaTH OTPUMaHi IPU TaKUX 3HAYEH-
Hsix mapamertpis 3agaqi N =0,02,

Vv =03k =2 5 =06 E, =22 —08, p, = L0 —1.

3 EN PN
PosrsiHyTi 1Ba 3aKOHM 3MiHHM TapaMeTpiB 3aloBHIOBaYa
3a TOBIIUHOIO, @ CaMe CTEIICHEBHIA, KON

fn)=@+on ), f(n)=@+m)" (19)
a TAKOXK €KCIIOHEHIIalIbHUH, KON
f(n)=€", f(r)=¢€"" (20)

IMonepeanso, B AKOCTI TECTY, 32 PO3POOIEHHM MAKe-
TOM NPUKIAJHUX IPOrpaM PO3MISAHYTO YACTHHHUK BHUIIA-
10K, Komu f; (r* ) =1, f, (r* ) =1, T00TO 3aN0BHIOBAY BBa-

XKaeTbesl oqHOpiaHNUM. [lokazaHo, o pe3yabTaTH CliBHa-
JIAfOTh 3 BIJOMUMU B IyOJIiKamisx pe3yabTaTaMu, OTpuMa-
HUMHU aHAJITHYHUMH MeTtonamu. Kpim Toro, Takuit Tect
JTO3BOJIMB BU3HAUUTH YMCIIO BY3JIiB OPTOTOHANI3AMIT 1 JIJIs
BUIIaJIKy HEOJJHOPIHOTO 3allOBHIOBaYa. SIK Mmokaszaiu 4yu-
CelIbHI EKCIIEPUMEHTH, JJIsl OTPUMaHHS 3a/laHoOl TOYHOCTI
JIOCTATHBO OOMPATH Y BCIX pO3IIITHYTUX BUMAIKaX Ha Bil-
pi3ky [, 1] He Ginpmre 20 By3IiB.

Ha puc. 1 HaBeneHi qucriepciiiHi KpyuBi IepmIoi Moan
pyxy, konu p=1, a E¢ 3minroerses 3rizno 3 (19) abo (20).

0,9

0,7

0,5

0,3
0 10 20 30 40 n

Pucynok 1. [lucnepciiini KpuBi CHCTEMHOOOIOHKA-3aIIOBHIOBAY

IIpu upomy kpuBa 1 BiANOBiZae BUIANKY OJHOPII-
HOTO 3allOBHIOBaya, JUIss CYLiIbHOI kpuBoi 2 6 = 0,5,
N =2, mia cyuinsHOi kpuBoi 3 @ = 0,1, N = 2, g myHK-
tupHoi KpuBoi 2 k;= 0,5, miast myHKTHpHOI KpHBOI 3

k; = 1.3 naHoro pucyHKa BUIHO, IO IIEPEMIHHICTb MO-
nyist FOHra juist MaTepiasny 3all0BHIOBa4a CyTTEBO BILIUBAE
Ha (a3oBi mBuaKOCTI. OKpiM TOTO, 31 3pocTaHHsIM Es Bin-
OyBaeThbCsl 3CYB MIHIMYMIB JUCHEPCIHHUX KPUBHX y OiK
OiJbII KOPOTKMX XBWJIb. AHAJOTIYHMH aHalli3 BIUIMBY
3MIHHOCTI P TIOKa3aB, 110 31 3pOCTaHHIM Pg 3TiAHO 3 3a-
koHamu (19) abo (20) (a3oBi MIBUAKOCTI 3MEHIITYIOTHCSL.

3 MpakTHYHOI TOYKH 30PY BaXKJIMBHM € BH3HAYCHHS
MIiHIMYMIB JAHCHEPCIHHUX KPUBUX, OCKIJIBKH 1€ TO3BOJIIE
3HAXOAWTH KPUTHYHI MIBUIKOCTI IS 38124 TIPO Hif0 PyXo-
MOTO HOPMAJBHOTO HABAHTAXKCHHSI B3J0BXK HECKIHICHHO
IOBroi NWTIHAPUIHOT 0OOJIOHKH 3 HEOTHOPITHUM 3aIlOB-
HIoBaueM. Ha puc. 2 HaBeneHi 3BeneHi rpadik, ki iTroc-
TPYIOTh BILIMB Pi3HHUX IapaMeTpiB B 3akoHax (19) 1 (20) na
MepIy KPUTUYHY MBUAKICTh. PO3paxyHKu npoBeaeHi [yis

£1=0,2, f,(r)=(1+05r ) a6o f,(r)=e€"" mus pisnux
3HaueHb N i Ky B 3akonax (19), (20).

0,7 C.
0,6 n=3
05 n=2
0,4 //n--l—-—
0,3

0 0,25 0,5 075 0,k

Pucynok 2. KputruHi IIBUAKOCTI pyXy HaBaHTaXKCHHS
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B sikocTi Ipyroro mpukiany 3acTOCYBaHHS po3po0-
JICHOTO TNaKeTy NMPUKIaIHUX Nporpam, ki 0a3yroThcsi Ha
METO/li OPTOrOHAJIBHOI AN epeHIiaIbHOT TPOTOHKH, PO3T-
JISTHEMO 3ajJjady NpO BIACHI KOJMBAaHHS CHCTEMH 13 JABOX
CHIBBICHUX UWIIHAPUYHUX OOOJOHOK CKIHYEHHOI JOB-
JKMHU 3 PI3HUMH pajiiycaMH, sKi 3’ €JHaHi MiXk cO00I0 npy-
KHUM 3allOBHIOBadYeM, IO B 3arajJlbHOMY BHIIAJIKy Ma€
3MiHHI 1o TOBIMHI Moayns IOHra i TycTHHY (TphOXIIa-
poOBa MMITIHAPUYHA 00OJOHKA 3 BiTHOCHO M SIKUM 3aIOB-
HIOBa4eM, PYX SIKOTO OIHCYEThCS AMHAMIYHUMH PiBHSH-
HSIMH TEOopii MPY>KHOCTI).

Pyx k0HOT 3 000JIOHOK y BiCECUMETPHUYHOMY BHIIa-
JIKy OyZeMO ONUCYBATH PiBHSIHHSAMH, SIKI IPYHTYIOTHCS Ha
rinore3ax Kipxroga-Jlssa.

o%u, s oW, _ p(l— v) o%u,

o R ox 26 ot
L%Jrh_zaAWkJrﬂ:_P(l—V)@sz 1-v. (21
R ox 12 ox* R? 2G  oat?  2G6h

ITpu npomy iHgekc 1 BiZHOCHTBCS O 30BHINIHBOI 000II0-
HKH, a 2 — 10 BHYTPIIIHBOT; TOBIIMHHA 000JIOHOK BBaXKAEMO
OJHAKOBUMH 1 piBHUMH h, Ok — HOpMaJIbHI peakiii 3 60Ky
3all0BHIOBaYa Ha KOJIMBAHHS BiJIIIOBIIHOT 0O0JIOHKH.

11 3an0BHIOBaYa y 3arajJlbHOMy BMIIaJKy HOro He-
oHOpiAHOCTI 3anucyroThes piBHAHHA (11). Ha #foro 60ko-
BHUX IIOBEPXHSX, BBAXKAIOYH, [0 KOHTAKT 3 000JIOHKaMH Bi-
n0yBa€eThes NO iX CepeIMHHAM IOBEPXHAM, IOBUHHI BUKO-
HyBaTHCS TaKi yMOBH: IpH ' = Ry

—0y, npu =R
Oz npu T=R,
S0 KOKHA 3 000JIOHOK Ma€ NOBXKHUHY L, To i mpuii-
Mal09YH YMOBH IapHipHOTO OONHMpaHHS Ha KiHIIX 1 00mpa-
F0YH TI0YATOK KOOPAMHAT Ha OJTHOMY 3 TOPI(B, 3aHCYEMO
Taki ymoBH: mpu X = 0, L
2
oW,
ox?

arxzoi u, :er' Oy :{ . (22)

M _o,
X

W, =0, =0, (23)

[MpunyckaemMo, 10 3arloBHIOBaY CBOIMH TOPLSIMH
onmpaeThest Ha Jiadparmu, siKi XKOPCTKI y CBOIH IUIONIHMHI
i THYYKi 31 CBO€I IUIONIMHHU, TOJI MPUXOIAMMO JI0 TaKUX
YMOB!

mpu X =0, L u=0 o,=0

r XX

(24)

BpaxoBytoun ymoBu (23) i (24), mykaemo
PO3B’sI3aHHS PIBHSIHB PyXY 3allOBHIOBaYa i 30BHIIIHIX IIa-
piB B TAKOMY BHTJISI

110%2,4
Ut | [UeU(r)] €S
W ,U, - Wk,O’W(r) mzx

sin——
L

sinot, (25)

JIe ® — YacTOTa BIACHUX KOJIUBAaHb, M — YHCJIO HAIIBXBHIIb
y BiCEBOMY HAIIPSIMKY.

Sxmno migctaBuTH onanHs (25) B piBHsHHSA (21), TO
OTPUMAEMO CUCTEMY aJreOpaidHuX PiBHIHB, 3 SIKOi 3HAXO-

JIUMO aMILTITyId HOPMAJIbHUX HABaHTAXKCHb, IO Tepe/ia-
IOThCSl Ha 3aIlOBHIOBAY 3 OOKY KOXKHOI 3 JBOX OOIIMBOK,
BHUPAXCHI Yepe3 aMIUIITYAd HOPMAIEHUX MEPEMIIIICHb Ce-
PEAMHHOT TOBEPXHI KOXKHOT 3 000JI0HOK

Ehb, W,
= — 26
"k R ®
sz*z 2 Nz 4 2 2o2
=——-6°, b=—0"-p )+1, b=viS+
Ehd, w
qr2: 1—1/23 Rzzéov (27)
1 V252
d,=b,-1+—, dy=——+hd,
£ &
2 4
soMR o h R 1R

L R R Eh?

[TizcTaBnsroun 11i 3aJ€KHOCTI B MIEPETBOPEHi 3 ypa-
XyBaHHIM (opmyd (25) ymoBH (22), IPUBOIMMO IIi YMOBH
B aMIUTITyZlaX TEepPEeMilleHb TOYOK 3allOBHIOBAaYa /10 BH-
sy aHanorigHoro (16) i (17), mpu ipoMy 171 HEOTHOPi-
JTHOTO 3aIIOBHIOBaYa 3 ypaxyBaHHAIM ¢opmyn (10) Gynemo
MAaTH CHCTEMY 3BHUalHUX qudepeHiialbHuX piBHSHb aHa-
soriuny (18) 3 BiNOBITHUMY 3aMiHAMY XapaKTEPUCTHK Bi-
JPHUX KOJIMBaHb HA TApaMETPH 3ajadi Mpo BIACHI KOJIH-
BanHs. Termep 3amava Mpo 3HAXOPKEHHS YaCTOT BITBHUX
KOJIUBaHb 3BOJUTHCS JI0 3aj1a4i Ha BJIACHI 3HAYCHHS CHUC-
temi (1), B sKilt enemeHTH MaTpuih 4, B 1 C MatoTh Takuit
BUTIISIT

an=ap=au=0, a=1

ap=ap=axs=0 ax=1

S
a; = _¢2(r* )’ Ay = 1VS fs(r* )’ Ay = _¢1(r* )'
S
Ay = A=) a, =—0p,(1 ), a, =—g,(r.)
S
Qs = _Ev ay = _(01<r* )
_ Vb b, __@

B = 1-vg " (1_V2)E*SV; f,(2)’ e = 1-vg'
b13 = bl' b14 =0
bo1=06, bo=bxs=0, bxu=1
Cy = vshy — d, Cp = _@

Y-ve)e L-viEDER@)T P 1wy
Ciz = bl' Cu = 0

C1=90, C2=Cs3=0, cu=1

Tenep 3amaga (1) 3 HyTLOBUMH NPABIMHA YaCTHHAMU
B TPAaHUYHHUX YMOBaX PO3B’S3y€ThCS METOJIOM OPTOTOHA-
meHOI nmudepeHmianbHoi mporoHkd. 11106 omiHuTH TOY-
HICTh TAHOTO YHCEILHOTO METOJTY, @ TAKOXK 00paTH BY3JIH
OpTOTOHAMI3ail ONTHMAJIBLHUM CIOCOOOM PO3IIISTHYTO
TPaHUYHUI BUMANOK 3a/Jadi, KOJU 3allOBHIOBAY BBaXKa-
etbest ogHopiaHuM. Toxi y popmynax (10) Tpeda noknactu
fi(r) = 1, f2(r) = 1 i, BpaxoByroun nogauss (25), piBHAHHS
PYXY 3aIllOBHIOBAa4Ya MOXHA PO3B’sI3aTH aHATITUYIHO 1 OTPH-
MAaTH IS aMILTITY/1 IEpEMIIIeHb TaKi BUPa3H
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W)= -1 (mp. )Ai—%l(mzn A, -

Eh* 757 /n
2 _ N%psp? B2=a? - Vs
121-v?Egvy | <
. 1-vg - 1

YT v -2vy)’ T 2tevy)’ (28)

ne lo, 11, Yo, Y1 — @ynukuii becens mepmioro ta apyroro
poay.

[TincTaBnsroun Bupasu (28) B mepeTBOPEHi TPaHUYIHI
YMOBH B MEPEMILIEHHIX TOYOK 3allOBHIOBAYa, OTPUMAEMO
JUIs BU3HaYeHHS A1 + A4 cUCTEMY OJHOPITHUX anredpaid-
HUX PIBHSHB, i3 YMOBH HETPHBIAIBHOCTI PO3B’SA3KIB SIKOL
MPUXOIUMO JI0 XapaKTEePUCTUUHOTO PIiBHSIHHS JUIsi BU3HA-
YCHHS BIIACHHUX YaCTOT CUCTEMH i3 JBOX 00OJIOHOK, 3B’sI3a-
HUX MIX COOOI0 OJTHOPITHUAM NPY>KHUM 3alIOBHIOBAYEM, Y
TaKOMY BUTJISII

detlg,|=0  (i,j=1+4). (29)

€, =63= 20m, e,=6,= t, &= Wi(z_tl)"'ts%
€y = 5(2—t1—2rr1286), €3 = ml(2—t1)+t3$3
€= 5(2—'{1—2%&2), €, =20MS, €, =4S,

€ =20MS,, €,=1S,, €= M(§+t2j§+t382
€p = 5|:(E+t2JS4 - 2mzssj|va43 = ml(g"'tz]s7 +1.5
& &

6 = 6{[3%]&) - Zwsn}
&

e BT, m
_ |1(ml‘9) _ |o(ml‘9) _ |o(m1)
M) 2T m) e 2T hm)

S — S oTpuMyIOTBCS 13 S — S 3aMiHOI0 My HA My, a S7 —
Si2 3HAXOAUMO, SAKIIO 3aMiHUTH B S — S5 yHKIii In(X) dy-
HKIisSMA Yn(X).

Po3paxyHku Oyiu MPOBEIEH] MPU TAKUX 3HAYCHHSIX
6e3posMipHUX mapameTpis N = 0,004, y =ys=0,3,§ =3,
Es = 0,8, ps = 1. Benmuuna & BapiroBanacs. B sikocTi 3a-
KOHIB 3MiHM MEXaHIYHHX TIapaMeTpiB 3allOBHIOBaYa 3a TO-
BIIMHOIO Oynn oOpaHi 3aKOHH, SIKi JafOThCSA hopMyIamu
(19) 1 (20). Ciouarky aHaAJITHYHAM METOAOM i METOJIOM
OPTOTOHANBHOI JH()ePEHIIaNbHOI TPOTOHKH BU3HAYAIIHCS

BJIaCHI YacTOTH y BHIAJKY OJHOPIIHOTO 3allOBHIOBAua i
MOPIBHSAHHS Pe3yJbTaTiB MiX COOO0F0 IT0Ka3ajo, 110 MpaK-
TUYHO TIOBHE CIHIBNAJIIHHI MM OTPUMA€EMO, SKIIO Ha YCii
ninsHIi [, 1] Oynemo Opatu 15 By3miB opToroHamizarii
JUIsl yCiX PO3MIISIHYTHX TOBLIMH 3allOBHIOBaya (ycix 3Ha-
YEHb €).

Ha puc. 3 mokazaHa 3aJeXHICTh HAWHMKYIO] YaCTOTH
BJIACHHUX KOJIMBAaHb CHCTEMH JB1 0OOJIOHKH — OJHOPITHUH
3allOBHIOBAY BiX pajiyca BHYTPIIIHBOI OOOJOHKH, sSKa
OTpUMaHa 3a JBOMa Mmeronmamu (3a ¢opmynoro (29) i 3a
CXEMOIO OPTOTOHAIBHOI TU(EPEHITIaTFHOT IPOTOHKH).

1400 ps.
2
1200
1
1000 3
800
0 02 04 06 08 €

Pucynok 3. YacToTr BIacHUX KOJIMBAaHb y BHIAKY
OJTHOP1THOTO 3aII0BHIOBaYa

[Ipu poMy kpuBa 1 moOymoBaHa i BaroMoro 3aroB-
HIoBaya (ps = 1), KpuBa 2 — JUIs HEBATOMOTO 3AMIOBHIOBAYA
(ps = 0), a xpuBa 3 BiANOBINAE BUIAJIKY BiJICYyTHOCTI BHY-
TpilIHBOi 000JOHKH. 3a3HAUYMMO, III0 HEBPAaxXyBaHHs iHep-
LifHOCTI 3alIOBHIOBaYa MOXKE IPUBECTH JI0 3aBUILICHHS Ya-
cToTH 1 moxubka Moxke nocsiratu 11%.

Puc. 4 inroctpye BruuB 3miHHOCTI Es Ha nepury gac-
TOTY BJIaCHUX KonuBaHb (mpu f> = 1), mpuaomy kpusi 1 —3
BignoBigaroTh 3akoHy (19), a 2 i 3 BimmoBimaroTh 3a-
kouy(20). Jlyst kpusoi 1 nipu f1 = 1 (omHOpiAHMIA 3aTTOBHIO-
Bay ), g kpuBux 21220=0,5,n=2,k =0,5, qna 3 i 3%
0=1,n=2 k= 1. baunmo, o 3minnicTh Es cyrTeBo
BIUIMBA€E Ha BJIACHY YacCTOTY TaKOI CHCTEMH, OCOOIMBO IS
nopiBHsAHO ToBcTOrO (€ < 0,8) 3amOBHIOBaYa, IPUUOMY 3i
3pocTaHHsM Es3a ToBumHOO 3rifHO 3 3akoHamu (19) abo
(20) yactoTH 301UIBIIYIOTBCS.

1600 P+
1400
1200

1000

800
0 0,2 0,4 0,6 0,8 €

Pucynok 4. Brus 3MiHHOCTI TapaMeTpiB Ha BIIaCHY 9acTOTY

HOKa)KeMO, K MOJHa 3aCTOCYBATU IMAKET Oporpam
JJIsL pOSB’H?)aHH}I CTaHiOHapHI/IX [[I/IHaMi‘-IHI/IX 3ajga4 mOpo
pyx 31 CTaJIOIO HIBI/IL[KiCTIO HOPMAJIbHOTO HaBaHTAKCHHS
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B3JIOBX IUIACTHH a00 LMJIIHAPUYHUX OOOJIOHOK HeoOMe-
KEHOT TOBXKHHHU, Ki KOHTAKTYIOTh 3 IIPY>KHOIO OCHOBOIO 31
3MIHHMMH 32 TOBIIMHOIO MEXaHIYHMMH XapaKTepPHCTH-
Kamu. Po3risiHeMo HeoOMEKeHY TIaCTUHY, SIKa JISKUTD Ha
Npy>KHOMY IIapi (OCHOBI) CKiHUE€HHOI TOBIIMHH (pHC. 5).

V=
{ / i)
f=04 3 3
7
f,=00° /e
H
Yy

Pucynox 5. [lepeminieHHs TOYOK OCHOBH

Pyx mulactuam OyneMo onucyBaTH piBHSHHSMH TEO-
pii Tuny TumoleHka, KOJu BPaxoBYEThCS iHEpLis 0bep-
TaHHJ 1 OTIEPeYHH 3CyB

4Gh 8%u 0%
PANOH L (xt)=2ph" Y
1-v ox? () ph6t2
o’w  da o°w
2k2Gh ——Z|-q.(xt)=2 + p(x,t
(axz axj alct)=2n 2 ¢ )
4 Gh® 8%a ;0%

(30)

_AGh 0%a ZkZGh[@—aj+ he(xt)=—2 ph* O%

OX 3 ot
ne k? — koedinient Tumomenko, de(X, t), T(X, t) — HOpMa-
JbHE 1 JOTHYHE HANPYXSHHs, K€ BHHHKAE HA IIOBEPXHI
PO3IUTY IJIACTUHH 1 IPY’KHOI OCHOBH.

PiBHSHHS pyXy HEOJHOPITHOTO IJIOCKOTO IIapy y Te-
PEMIIIEHHAX OTPUMYEMO BHXOJSMYH 3 JIHIHHUX AWHAMIY-
HUX PiBHSHB TEOPii IPYKHOCTI B MPSMOKYTHHX KOOPANHA-
Tax

00 _ 0o, 3 82ux B
x oy P
oo, Oc o%u
X _p—2=0, (31)
oX oy ot

BuxopucrtoBytoun 3akoH ['yka i CITiBBiIHOIICHHS
Kommi
O =Ae+2ue,, o, =71e+2uc,

ou, ou ou
=ue,, e=—2+—2>L, g =—>% (32
Oy = HEyy x oy T (32)
ou ou
£, =—2, gxy:%+_y
oy oy oXx

1 BBXKAIOYH, 1[0 MPYXKHI MapaMeTPpH OCHOBH 3MIHIOIOThCS
3a TOBIIIMHOIO 3T1IHO 3 3aKOHAMH

G(y) = Go fu(y), (33)

p(y) = po f2(y).
npuaomy Go = G1(0), po = p(0), a BigHOCHO QyHKIIT f1(y)
HaKJIaAa€ThCs YMOBA, 1[0 BoHA AudepeHIiioBana i He 1me-
petBoproethest B Hy b tipu Y € [0, H], Toxi i3 (31) mpuxo-
JIIMO JI0 TAKHX PIBHSHB PyXY HEOJHOPIJHOT OCHOBH B Te-
pEMIIEHHSX

5 1 dG(y)  ply)du,
a—+Vu, + G(y) dy Eyy = G(y) pE (34
%8 gz 4 L 96y, _ply) &y
a—+V uy+G(y) dy [(a 1)e+25yy = G(y) pE
a=@1-2v)"

HuxHBOIO MOBEPXHEIO NPYKHUMN 11ap ONUPAETHCS HA
KOPCTKY OCHOBY 1 TYT PO3IJISHYTI J[Ba BUJHM TPAHUYIHUX
YMOB, a came, KOJIU 0OH/IBa CEPEIIOBHIIA CKIICEH], TOI
npu Y=H ux=0, u=0 (35)
abo map Mo)ke BUILHO KOB3aTH IO JKOPCTKiH OCHOBI 0e3
MOPYIICHHS YMOB KOHTAKTY MK HUMH
npuy=H uy=0, ox=0 (36)

MiX mIacTHHOIO 1 MPYXKHUM IIAPOM MOXITUBHH KO-
PCTKHH KOHTAaKT a00 KOHTAaKT 0e3 TepTs i B OCTaHHBOMY
BUIIAJIKy Ha BEpPXHIH TpaHuIll MPYKHOI OCHOBU BHUKOHY-
IOTBCS TaKi YMOBH
mpuy=0 Uy=W, 6xy=0, 6z=-q.. (37

Iopsin 3 piBHAHHSAME THITY THUMOIICHKO JUIs ILIac-
THHU MO>KHA BUKOPUCTOBYBATH PIBHSHHSI, SKe 0a3yeThCs
Ha rinore3ax Kiproga-Jlssa

o*'w o*w
DWJFPh?—qc(XJ): p(x.t),
Gh®
D=—/—. 38
6(1-v) (38)

OCKIJIBKH B3J0BXK IUIACTHHHU 31 CTAJIOI0 IIBUAKICTIO
PYXa€eThCsl HOpMaJIbHE HaBaHTaXXEHHS, TO Pa30M 3 HUM Iie-
peMilryeTbcs He3MiHHa KapTuHa aedopmanii i Hampy-
*KeHb. ToMy mopaybinil po3risi OyJeMo IPOBOAWUTH B
pPYXOMili ccTeMi KOOPJIMHAT, sIka BBOJUTHCS 3T1JTHO 3 Iie-
perBopenHsM [anines

x=(X-ct)/H . (39)

B pyxomiii cucremi koopauHart piBHsHHS (34) npuii-

MaroTh TaKuil BUTIIST

o, 1 2%, pB+10%
(l— M 2go(y)) >+ x4 b Y 4
ox®  p+2 oy°  p+20xo0y

+M[%+%J:O
s+2|\ oy ox

o%u u
(l_ M é(ﬂ(y)) axzy +(ﬁ+ 2) ayzy +(ﬂ+l

ou, au,
+ ,BQ(Y)g +(B+ Z)Q(V)E =0

. d _ f,(y) v
ay)=,nfily) oly)= ) i
c 2G,(1-v |G,
v :_p, MS:E, P po(l—ZV)’ s Po (40
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3agaya po3B’sI3YETHCSI METOIOM (YHIAMEHTAJIbHUX
PO3B’SI3KIB pa30M 3 METOZOM OPTOTOHAIBHOI AnudepeHIia-
JIbHOT MPOTOHKHM P aHalli3i KpaeBUX 3a/1a4 JUIsl OKPEMHUX
rapMoHiK. Po3riissHeMo criouaTKy BHUIa/I0K, KOJIH I10 TUIac-
THHI PyXa€eThCs OAMHIUYHE HOPMaJIbHE HaBaHTA)XKEHHSI, SKE
3MIHIOETHCA B3OBXK X 32 3aKOHOM KOCHHYCa, TaK 110

p1(x) = cos(&x).

OOMEXUMOCS PO3TIISIOM IIBUJIKOCTEH pyXy HaBaH-
T@XEHHS MEHIIMMHM HiK Cs Kpim Toro, posrisimaemo
TUIBKM Taki 3aKOHW 3MiHM IapaMeTpiB 3a TOBIIMHOIO
mapy, KOJIH BUKOHYETHCS yMOBa

[-M2p(y))>0, vye[oH].
B Taxomy Bumazaky cucrema (40) € cuctemMoro emin-

TUYHOTO TUMy. ByaeMo mnrykaTi po3B's3ku piBHSIHB (38) i
(40) B TakoMy BUTIIAI

(o0 Hamer

Toxi MM pUXOIUMO 10 HEOOXiTHOCTI iHTErpyBaTH
TaKy CUCTEMY 3BUUYaHHUX MU(EPEHIIaTbHUX PIBHIHD

(41)

(42)

d2U du -
&7 W) g M2
~alyW (1) =0
W W 2
G s aly) S -y ws
dy d p+2 (43)
/5’+2 ,8+2 dy
IIPY LIOMY MEPETBOPEHI I'PAaHUYHI YMOBH 3aIIMIIYThCS TaK
du
=0 ——-aW=0. 44
npu 'y dy W (44)
v (8 Ny (g W o
6(1—v)h§Lh§+c§)W U (p+2) =Gy
npuy=H U=0, W=0 (45)
du
abo W=0, ——-EW =0.
y

TakuM 4MHOM, BU3HAYCHHS €JIEMEHTAPHUX IepeMi-
IIeHb 3BEJIOCS 10 PO3B’sI3aHHS KpaioBOi 3amadvi JJIsl CHC-
TEMHU JIBOX 3BHYAITHHUX Tr(epeHITialbHUX PiBHSIHB IPYTOTO
MOPSAKY 31 3MiHHAMH KoedirieHTamu, abo MiciIs OYeBH-
HUX TIEPETBOPEHb 10 PO3B’SI3aHHS HEOIHOPITHOI KPAa€eBOi
3amadi (1), eTeMeHTH MAaTpHIb SKOi MalOTh HACTYITHHHA
BUTJIS;

a11=0, ax=0, a;z=1, au=0,
a1=0, ax=0, ax»=0, ax=1
=(B+2M-M2(y)k?, ay,

_ ___B
o= (52, =L

=q(y), ag=-q(y),

aly)e,

1
A = ﬂ+2(1_ M§¢(y))§2' Qg = _,Bl‘j-l
a4 = _q((y)' bn = —)ﬂcf,
malnze? -c:

=Tt ) p.=0, b,=—(f+2
b12 6(1—1/) b13 b14 (ﬁ + )
b2 =0, bx=-& bxa=1 bu=0
ci1=1, ¢c2=0, ¢c3=0, c4=0
C1=0, C2=1, Cx3=0, Cu=0.

a0o npyruil BapiaHT yMOB Ha HWXKHIHM rpaHi

cu=0, co=-¢ ciz=1, cuu=0
1 =0, 022—1 €3=0, c4=0

o ol

3a3HauuMo, 10 KpaeBa 3afaua (1) 3 Takumu mMaTpu-
IEIMH UL KOKHOTO 3HA4YeHHS XBWIIbOBOTO uwHcia ¢
PO3B’SI3YETHCSI METOI0M OPTOTOHANIBHOT U epeHIianbHOT
MIPOTOHKH, aJic Ha BIMIHY BiJl JBOX MONEPEIHIX 337134 Ha
BJIACHI 3HAYCHHS 3 HyIbOBUME MaTpuisamu di 1 d2 TyT Ok-
piM mpsiMoro Tpeba BUKOHYBATH 1 3BOPOTHIN Xif. Matoun
pe3yJbTaTH JUIS OKPEMHX TapMOHIK (pi3HMX 3Ha4YeHb &),
MepeMIiIIeHHs i HaPYXEeHHS, IKi BUKIINKAIOThCI KOHKPET-
HUMH 33/1aHIMHU HaBaHTA)KEHHAMH, OTPIMYEMO, BPaXOBY-
049 JIHIMHICTE 3a7adi, CYNEPHO3HIIEI0 eIeMEHTAPHUX
PO3B’S3KiB, BUKOPUCTOBYIOUH MOJAHHS KOHKPETHOTO Ha-
BaHTaXXEHHS iHTerpasioM Dyp’e.

Sk mpuKian, po3risSTHEMO PyX B3/IOBXK HECKIHUCHHOT
IJIaCTHHH, sKa JICX)KUTH Ha HeO)lHOpi[lHOMy 3a TOBIIUHOKO
NpY>KHOMY IIapi, JIHIHHOTO 30CEPeIKEHOr0 HaBaHTa-
JKEHHsI, 3aKOH 3MiHH SIKOTO 32 KOOPJIMHATOIO X OHUCYETHCS
3a IonoMororo aenbra-¢pyHkuii Jipaka

g =|°

p = pod(x—ct).
[Tpu upoMy AJ1st OTpUMaHHS Pe3yNbTaTiB BUKOPUCTO-
ByBaJIOCs NOAaHH JenbTa-QyHkuii iHrerpasom Oyp’e

5(x)= %]i cos(éx)dé

JliHiifHOIO CYNEpHO3HIIEI0 OTPUMYEMO TMepeMi-
IICHHS 1 HAPY>XeHH, SKi BUKIAKaHI 30CepeHKEHOI0 CH-
JIOO TIUIAXOM 1HTETPYBAaHHS PO3B’SA3KiB ISl KOCHHYCO1/a-
JFHOTO HABAHTA)KEHHS 32 XBUJIHOBUM YHCIIOM B TPAHHIIIX
Bix O mo cc. ¥V BHMaKy OHOPIAHOTO HIDKHBOTO IIApy MPo-
BEJICHO TIOPIBHSAHHA 3 aHANITHYHAMH PE3yJIbTaTaMH, SKE
MOKa3aJio MPaKTHYHE CIHIBNAIiHHS, KPIM TOTO, Ii¢ J03BO-
JIMJIO ONTUMAJIbHO OOMPATH YKCIIO BY3JIiB OpTOrOHaJi3awii
JUISL YACJIOBOTO JTOCITIIKEHHS.

PosrnsiHyTi /Ba BUAM HEOJHOPIIHOCTI Marepiainy
IIPY>KHOI OCHOBH

G(y)= Go(:l-+ W)n ,
G(y)=G,e",

p(y)=poll+e&y)"
ply) = poe®
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IMapametpu €, N, M, K1, ko BapiroBasucs.

Ha mpaBiit yacThHI puUCyHKa 5 ITOKa3aHO pPO3IOALT
HOpPMAJILHUX MEPEMIIIEHb TOYOK IIapy 332 TOBIIUHOIO MPH
G=G, (1+ gy)z, £ =pPo (1+ gy) , TIPH LIbOMY JUIsl KPUBOI
1le=0, 12 —-e=05 ma 3 —¢=10. Sk nokazanu
npoBe/ieHi po3paxyHku y Bunaaky Ms=0,3 3MiHHICTb T'y-
CTUHU MaTepialy 3Ha4yHO MEHINIC BIUIMBAE€ HA TEPEeMi-
IICHHS 1 HanpyXeHHs Hix 3MiHHICTE G. Kpim Toro, 3amina
TpaHIMYHOI YMOBH Ha HW)KHIA TIOBEPXHI Mapy c1abo BILTH-
Ba€ Ha KapTHUHY HAIPYKEHO-Ae(HOPMOBAHOTO CTAHY.

PucyHok 6 inmocTpye 3MiHY NPOTHHIB IUIACTUHU 3a
JTIOBKUHOIO B PYXOMill CHCTEM1 KOOPIMHAT. 3MiCT iHICKCIB
2-3 To¥i caMuii, IO 1 Ha PUCYHKY b.

0 015 03 0,45 «
0
10
1
3
20 2
300*

Pucynox 6. [Iporunu miacTUHU 3a JOBKHHOIO

Sk BUAHO 3 pUCYHKa 6, Tip 3MiHi € Big 0 10 1 mporuHw mix
CHJIOIO 3MEHIIYIOThCS mpuOim3Ho Ha 40 %. AmHamoriusi
pospaxynkn s 3akonis G(y)=Ge®, p(y)= p,e®
MOKa3yIoTh, 0 3MiHa Ki Bij 0 10 1 3MeHIIye IPOruHU IpH-
6mu3HO Ha 30 %.

Ha 3aBepuieHHs 3a3Ha4MMO, 1110 PO3POOJICHUH MaKeT
NIPUKIJIaJHUX MIPOTPaM JIOLUUILHO BUKOPHCTOBYBATH B 3a]1a-
YaxX pO3IIIIHYTOTO TYT KJIacy He JIMIIE y BUIIAIKy HEOIHO-
PIAHUX CTPYKTYp, e MEXaHIYHI MapaMeTpy 3MiHIOIOTHCS
HETIepepPBHO 33 3aKOHAMH, SIKi ONHCYIOTHCS €JIeMEHTap-
HUMH (QYHKIISIMH, aJle 1 y THX BUTIAIKaX, Ie BKa3aHi 3MiHH
BiIOyBalOThCA JUCKPETHO, HAIMPHUKIAA, KOIH MAaeMO
CIIPaBy 3 OCHOBOIO, 5IKa CKJIAIA€ThCS 3 KIJIBKOX LIapiB, Xa-
PaKTEPUCTHKH KOXKHOTO 3 SIKUX BCEPEANHI 1Iapy HE3MiHHI,
ase cBOI JyIsl KOXKHOTO 3 HUX. AJITOpUTM Oynie tyxe edek-
THBHUM 1 B TaKOMY BHUIAJKy, aj¢ NpPU LbOMY Tpeba
000B’SI3KOBO CIIIIKYBAaTH 33 TUM, LI00 BY3JIH OPTOrOHAI-
3alil MOTPAIUIsUIY 1 Ha TPaHMI MIX [IapaMH.

BucnoBku

1. Po3pobneHo makeT MNPHKIaTHUX IIPOrpaM Ui
PO3B’sI3aHHS KPaWOBHX 3a/ad Ul CUCTEM 3BHYAHUX -
(epeHIianTbHIX PIBHSHB IEPIIOTO MOPSIKY 3 JOBUTBHIMU
3MIHHUMH Koe(]illieHTaMH, SKUH IPYHTYEThCS Ha METOJI
OPTOTOHANIBHOI TU(epeHIIaTbHOT TPOTOHKH.

2. B sxocTi 00’€KTIB 3aCTOCYBaHHS PO3POOJICHOTO
makeTy 0OpaHi Tak 3BaHi CTAI[lOHAPHI 331a4l THUHAMIKH IS
IJTACTHH 1 MUIIHAPUIHUX OOOJIOHOK, SIKi B3a€EMOJIIOTH 3
MIPY’>KHUMH OCHOBAMHM 31 3MIHHMMH 3a TOBIIMHOIO MeXa-
HIYHUMH XapaKTePUCTHKAMHU.

3. Po3risHyTH TpH KJIacu Takux 3ajiady, a came: po3-
TIOBCIO/KEHHSI BUIbHUX XBUJIb B CUCTEMI 000JIOHKA — 3a110-
BHIOBaY, BU3HAYCHHS BJIACHMX YacTOT Y TPbOXILIApOBil

LITIHAPUYHINA 000JIOHII 1 pyX 31 CTANOI0 MIBUAKICTIO HOP-
MaJIbHOTO HABaHTa)XEHHS B3JIOBXX HEOOMEXEHOI Iuiac-
TUHH, IO JISKUTH HA TIPY>KHOMY iHEepLiHHOMY HEOJHOPI -
HOMY IIapi.

4. Y Bcix BHIaJgKax JJis TECTYBaHHS IMPOTpaMHu PO3-
IJISHYTI TPAaHUYHI BUITAJIKK CEPEIOBHUI 3 HE3MIHHUMH T1a-
paMeTpamH, KOJIM Pe3yJbTaTH YUCETBHOTO X0y MOpiB-
HIOIOTBCSl 3 MOXJIMBMMH ISl TaKMX BUIAIKIB aHAIITHY-
HUMU PO3B’SI3KAMH.

5. PesynbraTH, OTpHMaHi 3a JaHUM I1JIX0JIOM, HaBe-
JieHl y BUrIIl rpadikis, sKi HOKa3ylOTh BIIMB HEOJHOPI-
IHOCTI CepeloBHIIA Ha IIBHUAKOCTI PO3MOBCIOKEHHS
XBWIb, Ha BJACHI YacTOTH, Ha MepeMillleHHS 1 Hampy-
HKEHHS.

6. Kpim BumaakiB HenepepBHOI 3MiHN Moyt FOnra
1 TYyCTHHU 3a TOBIIMHOIO 3aIIPONIOHOBAHMI MAKET MPOrpam
MOJKHA BUKOPUCTOBYBATH 1 ISl IIapyBaTHX OCHOB, KOJIH B
MeXax KOXKHOTO IIapy XapaKTePUCTHKH 3aTUIIAI0THCS He-
3MIHHHMH, aJle CTPUOKOM IPUIMAIOTh iHINI 3HAYESHHS Ha
CYCIIHBOMY IHapi.
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Purpose. It is development of a numerical algorithm for solving a wide range of stationary dynamics problems on
the interaction of plates and cylindrical shellswith elastic inertial foundations, the mechanical parameters of which vary
in thickness according to arbitrary continuous or discrete laws. Solution of specific problems by the obtained algorithm
and assessment of the influence of the variability of the medium characteristics on the main dynamic characteristicsusing
three stationary dynamics problems as an example.

Research methods. Timoshenko-type equations and equations based on the Kirchhoff-Love hypothesis are used to
describe the motion of plates and shells. The behavior of the foundation is described by dynamic equations of elasticity
theory in stresses, from which, taking into account the changeability of Young's modulus and density, equations in
displacements with variable coefficients are derived, which in the general case cannot be integrated analytically. For the
boundary value problemfor a system of ordinary differential equations obtained asa result of the transition to amplitudes
and recording the contact conditions between a thin-walled structure and a non-uniform foundation, the orthogonal
differential sweep method is used, which uses the Runge-Kutta method at each orthogonalization step to solve the
problem. Thus, in problems of free waves and natural frequencies, the eigenvalue problemis solved, and in problems of
moving loads, it is necessary to use the reverse move and then apply the superposition method. To assess the accuracy,
as well as the optimal choice of orthogonalization nodes in the limiting cases of all the considered problems with a
homogeneous foundation, analytical solutions are found and a comparison of the resultsis carried out.

Results. A software package for numerical solution of homogeneous and heterogeneous boundary value problems
for systems of ordinary differential equationswith variable coefficients based on the orthogonal differential sweep method
has been developed. In this study, this software package is used for problems from three main classes of stationary
dynamics problems: propagation of free wavesin a cylindrical shell — heterogeneous elastic filler system, determination
of natural frequenciesin a three-layer cylindrical shell with a heterogeneous middle layer, and motion of a normal load
along a plate on a foundation heterogeneous in thickness. Each problem shows the influence of the foundation
heterogeneity on phase velocities, natural frequencies, and plate displacement. The efficiency of the developed program
for more complex practical problems has been tested using boundary transitions to corresponding homogeneous
materials, and recommendations have been made on the use of this algorithm for media with a significant number of
layers.
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Scientific novelty. An algorithmbased on the orthogonal differential sweep method has been devel oped for problems
of stationary dynamics of plates and shells interacting with a three-dimensional heterogeneous inertial medium. Three
problems from three different classes of this section of solid mechanics have been solved with its help. The ways of further
use of the developed package for problems of such classes are indicated.

Practical value. The developed software package and the results obtained with its help can be used in the practice
of design organizations engaged in the development of elements of new technology, construction, and the construction of
modern highways. In addition, the mathematical part of this publication can be useful not only in the mechanics of a
deformable solid, but also in those sections of science where boundary value problems arise for systems of ordinary

differential equations.

Key words: differential egquations, orthogonal sweep, free waves, natural frequencies, Galilean transformation,

moving coordinate system
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