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the kinetics of solidification and the structure of the cast product. To do this, a fictitious layer (volume) is introduced
between the metal and the mold wall, which allows describing the effect of the gas gap on heat transfer without the
need to adapt the mesh or model geometry.

Computer calculations indicate a distribution of the solidification rate across the cross-section of the ball
casting (0.5-0.8 mm/s), at which a white cast iron structure is formed across the entire cross-section of the cast
product. Based on the calculated data, graphical dependencies were constructed for changes in the casting surface
layer temperature and gas gap over time. The calculations were performed for various casting regimes (painted chill
mold, lined chill mold, unpainted chill mold).

When the thickness of the chill mold wall increased from 40 to 70 mm, the kinetics of curing, due to the
small size of the casting and rapid cooling, did not change qualitatively or quantitatively. At the same time, the
cooling time of the solidified casting in the chill mold to the knockout temperature was somewhat reduced (~14%),
which can be explained by the greater accumulation of heat in the more massive casting mold.

In general, @40 mm cast iron balls receive significantly lower dynamic loads when operated in mills
compared to @100-120 mm grinding bodies, and white cast iron may be an economically viable material for their
production.
cast iron ball, chill mold, gas gap, solidification kinetics, modeling, numerical study
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JTlocnipKeHHS BTOMHOI MIITHOCTI TUTAaHOBHX CIIJIABIB,
MOJIA(IKOBAHUX BAaKYYMHHUM 10HHUM a30TYBaHHSIM B
IMITYJIbCHOMY PEXXUMI, TPU BUCOKOYACTOTHOMY
HaBaHTAXXCHHI

B po6oTi mpoBeZicHO eKCIIepUMEHTANbHI JOCTIPKCHHS 3 BU3HAYCHHSI BTOMHOI MIIIHOCTI TOHKOJIUCTOBOTO
turany BT1-0 no Ta micist MoaugikyBaHHS TOBEPXHEBOTO [IAPy BAaKYyMHHUM iI0HHUM a30TYBaHHSM B IMITyJIbCHOMY
pexuMi. BromHi BUIpoOyBaHHS NPU3MATHYHHUX 3pa3KiB IIPH iX pe30HAHCHUX 3TMHHHUX KOJIMBAHHSIX IPOBEICHO IPU
BUCOKil yacToTi HaBaHTakeHHS — (11-12) k1. [ToOynoBaHi B pe3ynbTaTi IPOBEACHUX BHIIPOOYBaHb BTOMHI KPHBI
Ha 6asi 107 uukITiB HaBaHTaxeHHs. [IpoBEIEHO BUIIPOOYBAHHS I1'SITH TPYIT 3pa3KiB — OJHA FPyIa B CTAHi MOCTABKH
6e3 00pOOKHM 1 YOTUPH TPYITH MICIsI TEXHOJIOTTYHOrO MOIU(DIKyBaHHS IIapy. 3 KPUBUX BTOMU OTPHMAHO 3HAUYCHHS
MEX BHTPUBAJIOCTI ¢ TIpH CUMETPUYHOMY 3MIHHOMY HaBaHTaxeHHi. [loka3aHo, 10 He3aJIeXHO BiI Bapiamii
TapaMeTpiB TEXHOJIOTii BaKyyMHOTO 10HHOTO a30TyBaHHS B IMITyJIbCHOMY pEXHMi B 3aJaHOMY iX Jiama3oHi,
3HaueHHsI MeXi BUTpUBajiocTi 6.; TuTany BT1-0 3 MonudikoBaHoro noBepxHero Buile Ha (12-17)% mnopiBHsHO 31
3HAUEHHSIM G| He MoiudikoBaHoro Thtany BT1-0.
ioHHe a30TyBaHHsl, IMITYJIbLCHHI{ Pe:KUM, THTAHOBMI{ CIIAB, M€:KA BUTPHBAJIOCTI, HABAHTAKEHHS
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IMocTanoBka mpodaemu. Moaudikamiero MOBEpPXHEBOTO MIApy TUTAHOBUX CILIABiB
METOJIOM BaKyyMHOTO 10HHOTO a30TyBaHHsI B iMIysibcHOMY pexkumi (BIABIP) moxkHa mocsartu
MIIBUIIEHHS 1X MIITHOCTI. Bim pe3ynbTaTiB 00poOKM 3ajeXaTh BIACTUBOCTI K OCHOBHOTO
MeTaay, TaK 1 MOBEPXHEBOTO Moau(]IKOBaHOTO mIapy, KOTpuil Oyzae abo 3MillHEHHM, a0o
ocnablieHnM, HE3BaKal0UM Ha XIMIUHY 1IEHTUYHICTb OCHOBU 1 MonudikoBaHoro mapy [1].
BaxxmBe npukiiaiHe 3HaYCHHS Ma€ MIIHICTh B YMOBaX 3MiHHOTO HABAaHTAXKCHHS, KiJIbKICHOIO
XapaKTEPUCTHKOIO SKOT € MeXa BUTPUBAJIOCTI NMPU CUMETPUYHOMY IIMKJII HABAHTAXKCHHS 3

MaKCUMaJIbHUM HamnpyXeHHsM oO_1. [Ipobimema BHOOpY TexHOJOTII BaKyyMHOTO iOHHOTO

a30TyBaHHS B IMIYJbCHOMY PE&XHMI sKa 3a0e3medye MiABUIICHHS 0.] THTAHOBUX CIUIABIB €
aKTyaJIbHOIO 31a4eto [1].

AHaJi3 ocTaHHIX AocJaigKeHb i myOaikaunii. 3riHo aHami3y JITEpaTypHUX AAHUX,
meton BIABIP He Moke rapaHTyBaTW BIJHOBJCHHS pE3yJibTaTiB, SKIIO HE BUTPUMAHO
HeoOX1/THI BUXiJHI TeXHOJOTi4HI yMOBH. HenocraTHe MOTpUMaHHS MOTPIOHUX ONTUMATBHUX
TexHosoriyHux napamerpiB BIABIP mpusBoauth 1o HebaxaHux pesynbraTiB. 3rigHo [1, 2]
MOYKHA HaBITh OTPUMATHU 3HWKEHHS ITOYATKOBOI MIITHOCTI 3 3MEHIICHHSM MEXi BUTPHUBAJIOCTI
MOIU(IKOBAaHUX KOHCTPYKIIN NMPH 3MiHHUX HaBaHTaXEHHAX. Pa3zom 3 Tum B poborax [2 - 5]
Ipy JOCHIPKeHHI BIUTMBY pekuMiB BIABIP Ha MinHICT KOHCTPYKIiHi BCTAHOBJICHO, IO
monupikariss nmoBepxoHb EK BIABIP, moxe cyTTeBO MIABUIIMTU O.|, TIpU ONTHUMI3AIlil
napaMeTpiB TEXHOJIOTTYHOIO MPOILIECy.

[Ipote pe3ynbraTé OesKUX AOCHiIKeHb [6, 7], cBiayaThb NpPO HEOJHO3HAYHICTh
BUCHOBKIB IIOJI0 iX BIUIMBY Ha BENWYHMHY O.|. Tak, Hampukiag, B [6] OomMcaHO METOX
crBoperHst HiTpuay Ti ta Al-(TiAIN) i BH3HAaYeHO TaKy MeEXaHIUHY XapaKTEPUCTHKY SK
monynb FOnra. CxoxuM O00’€KTOM € JOCHI[DKCHHS MEXaHIYHHX XapaKTePHCTHUK
MO (IKOBAaHUX IMOBEPXOHb TUTAHOBUX CIUIABIB [7].

3MIITHIOIOYMM TEXHOJIOT1sIM Ha OCHOBI a30TYBaHHS IMOBEPXHEBOTO APy MPUCBIYCHO
psan my6mikartii [8-10]. Tak B [8] BUKIIaeHa TEXHOJIOTIS 3MIITHEHHS a30TYBaHHSIM Ta OIMMCAHO
Bci ertamu ii monudikamii. JlocmimKeHHSM AOBEJEHO 3HAa4yHe MiJBUIICHHS TBEPAOCTI
noBepxHi. B [9-10] 3a3HauaeThes, mo a30TyBaHHs K X TO npu3BOIUTE J0 BUCOKOI CTIHKOCTI
710 3HOILICHHS Ta BTOMH, 3HWKEHHS 1e()OpMaTHUBHOCTI.

B po6otax [11,12] po3pobieHO TeopeTHuHI OCHOBHM Ta METOAUYHI PEKOMEHJAIIIi 110
JI0 BU3HAYEHHS XapaKTepy BIUIMBY TEXHOJIOTIYHHMX MapameTpiB mpoiecy Monaudikaiii Ha
XapaKTEepUCTUKY BUTPUBAJIOCTI 0.1 B yMOBax LIMKJIIYHUX HAaBaHTaK€Hb. 30KpeMa NpHUBeJIeHa
TEOPETUYHA OCHOBA Ta METOJUKA  EKCIEPUMEHTAIBbHOIO BU3HAYEHHS LMKJIIYHOI MIIHOCTI
TUTAHOBUX CIUIaBiB 3 TMoBepxHet0, monudikoBanoro B BIABIP mpu omgHO BichOBOMY
BHUCOKOYAaCTOTHOMY PpO3Ts31 - CTUCKY Ha MPUKIAAl a30TOBaHUX 3pa3KiB MOAM(DIKOBAHOTO
ToHKONMUCTOBOro Ttutany BTI1-0, ski Oyau HaBaHTaXEHHI 3TIHHUM  IUKIIYHAM
nedopMyBaHHSIM 3 BUCOKOIO yacToToro Ounst 10+12 x['. Pazom 3 TuM BHHMKae HEOOXiIHICTh
NPOBEJCHHS Cepii EeKCINEpPUMEHTIB [JJisi BCTAHOBJICHHS 3aJIEKHOCTEH Ta oOmTHMI3alil
TEXHOJIOTIYHUX MAapaMETPIB, 110 1 00yMOBMIIO METY 1 3a[a4i JOCIHITKESHHS.

IMocTanoBka 3aBaaHHsl. MeTOIO JOCTIIKEHHS OyJIO0 BHUSBIICHHS MOKJIMBOCTEH ISt
3MII[HEHHsI 4epe3 IMIABUIIEHHS MeXl BHUTpuBajiocTi cmiaBy BT1 musixomM BakyyMHOro
IOHHOTO a30TyBaHHS B IMIYJbCHOMY pEXHMiI Ta 3’SCyBaHHS XapakTepy BIUIMBY
TEXHOJIOTIYHUX MapaMeTPiB MPOLECY HA XapaKTEPUCTUKY BUTPUBAIIOCTI O.1.

3amaul JOCHTiHKEHHS.

IIpoBecTn ekcrepuMEHTH 3 BU3HAYEHHS BTOMHOI MIITHOCTI TOHKOJIMCTOBOI'O THUTaHY
BT1-0 no Ta micast moan¢ikyBaHHs moBepxHeBoro mapy BIABIP.

BusHaunty 3HaueHHs Mexi BUTpuBaiocTi 6.1 Ttutany BT1-0 3 momudikoBanoio

noBepxHero Buie Ha (12-17)% B mopiBHSAHHI 31 3HAYEHHSM G.; HE MOAU(IKOBAHOTO TUTAHY
BT1-0.
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Ha ocHOBI aHami3y KpUBHX BTOMH BHU3HAYHTH ONTHMAJLHE 3HAYCHHS TEXHOJOTIIHHX
napameTpiB BIABIP nns rapanTtoBanoro 3mirnHeHHs Tutany BT1-0 B manomy (BuOpanomy)
MIPOMIDKKY TTapaMeTpiB.

Buxiax ocHoBHoro marepiaiay. MomudikyBanas BIABIP BukoHaHO 3a J0OMOMOTOIO
YCTaHOBKH, 1O CKJIaqy sKOi BXOAATH BaKyyMHa KaMepa Ta CUCTEMH — BaKyyMyBaHH,
ra30NOCTayaHHs Ta KOHTPOJIIO TEMIEPATypH. 3MIHIOIOYM BHUXIJHI TEXHOJOTIYHI MapaMeTpu
(pobGoumii TuCKk P B BaKyyMHIM Kamepi miJ dac mpolecy a30TyBaHHA Ta Temmeparypa !
MPOIECY a30TyBaHHS ), MO’KHA 3MIHIOBATH BJIIACTUBOCTI MOIU(IKOBAHOTO TIOBEPXHEBOTO APy
TUTAaHOBHX CIUIABIB, a OTKE 1 IX eKCIUTyaTalliifHi BIACTUBOCTI B ILIIOMY.

B po6ori, mo npeacrasieHa, IPOBEACHO TOCTIKEHHS XapaKTepy BIUIMBY MOKPHUTTS
(3 Mmommoikariero mosepxueBoro mapy BIABIP) Ha BUTpUBaTiCTh NpHU BUCOKIN YacTOTi (0115
10 xI'm) 3miHHOrO HaBaHTaKEHHS. 3pa3ku JOBXKHMHOIW 24,1 MM Majaud B 30HI BTOMHOTO
pyWHYBaHHs TIONEpedHil mepepiz posmipoM (6x0,5) mMm. I[limkomM 000B’SI3KOBOIO €
HEOOXITHICTh, 100 [JI1 KOPEKTHOTO 3ICTaBJCHHS MaHOYyTHIX pe3yJbTaTiB PoO3MIp
BiJIMOBIIHOTO TIOMIEPEUHOTO Mepepi3y y 3pa3KiB A BUMAAKY PO3TITY-CTUCKY MOBUHEH OyTH
AHAJIOT1YHUM; YacTOTa BUMPOOYBaHb TAKOX.

Po3paxyHku NOKa3yOTh, IO pPE30HAHCHA [OBXXHHA METAJIEBOTO CTPIIKHA, SKHUN
KoymBaeThes Ha yacToTi 10 k['11 mo ocHOBHIN (GopMmi, TOBUHHA OYTH JOBOJII 3HAYHOIO — O1JIs
240+250 mM. OCKUTBKH TIPH TAaKUX JTOBKMHAX 3a0e3nmeunTH HeoOXinHuil po3mip (6x0,5) MM
nepepizy 3paska 0e3 BTpaTH HOTO CTIHKOCTI MPAKTUYHO HEMOXKIIUBO, 13-32 MIHIMaJIBHOT
KOPCTKOCTI TpW 3TWHAHHI, TO B JaHOMY BHIIQJKy HEOOXINHWH TMOIIYK BUPIMIECHHS ITi€l
npobnemu. [ImacTuHu 3 Takux MartepiamiB, Mo 310paHi B MakKeT, MPAIOIOTh caMe B YMOBax
[UKIIIYHOTO PO3TATY-CTUCKY mpu dactotax (3,10,20,40) x[m. as Toro, mob e Oinblne
MIIBUIIUATH CTIHKICTh TIPH TMO3/IOBXKHIX KOJWMBAHHIX TaKUX 3pa3KiB, X BUIPOOyBaHHS OyII0
npoBeJeHO Ha yacToTax, Oumbmmx HiX (3;10) k[, Tomy mo, Hanpuknaa, npu 20 k'
JOBKMHA 3pa3ka Oyzie MeHIIoko Hixk noBxuHa rmpu 10 k' piBHO B 2 pa3u.

ExcnepuMmeHTanbHa dyacTuHa. Sk TpHUKIAA, HABEIEMO TMOCTINIOBHICTD i Tpu
TECTOBOMY BH3HAUEHHI BTOMHOI MIITHOCTI I10 3aIpONOHOBaHiil meroauil. BuxinHi gani: pododa
HOMiHaJIbHA yacToTa BUnpoOyBanbHOi ycTaHoBkH (10+11) kI'w; (BT1-0) — TTaHOBMIA cI1aB y
(OopMi TOHKOIMCTOBUX MaTepiatiB, sKi MiISATal0Th BUPOOYBaHHSIM Ha BTOMHY MIIIHICTb.

Buxonsguu 3 3aaHol 4acTOTH PO3paxoBaHO PO3MIPU 1 BUTOTOBJICHO LMJIIHAPUYHUNA
HaIBXBUJIHLOBHI CTPIKEHB 3 BaHTa)KaMH Macoro (G, MaTepiall SIKoro - TutaHoBui criaB BT1-0.

Po3paxyHKOBI XapaKTepUCTUKH LIbOTO CTPUKHIO:

E, =1,15x10° MIIa; F, =38,465 mm’; y, =4,49 r/em’; g =981 cm/cex’; G =40,989 1; 2a =
48,2 MM.

3 ypaxyBaHHSIM 3HaWJEHOTO PO3MIpPY 2a surorosnena cepist 3pa3kiB 0e3 BaHTaXIB

IpY 3arajbHIi JOBXKHUHI ) <2a, sanac sixoi nOTPiOHMIA [UTst 3aKpiruieHHs Ha Bantaxki G.
PO3paxyHKOBI XapakTepucTHKH 3paska: E =7,2x10° MITa; y = 2,8 t/cm’; 2a =48,2
MMm; F =25 MM2; h =0,5 MM2; b=5 wmm. Ilicmga ckiIagaHHS KOJHBAJIbHOI CHCTEMHU,
BCTaHOBJICHHS 11 Ha BiOparop Ta 30y KEHHS PE30HAHCHMX KOJHMBaHb BUMIpsiHa ii yacToTa
f =10,7 xI'm.
BukopucraBimm HaBeIeH1 BHUIIE XapaKTEPUCTHUKU MaTepiajiiB, 3HAUICHO

g= [ALP _1 011,
E/E
3 ypaxyBaHHIM IbOTO 3HaYeHHA & BUpa3 (5.7) MaTHMe BUTIIS

M *2M _ rgka, (1)
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M, +2M _a(Fp, +2Fp)

G
HaiimeHmmii (OCHOBHHUIA) KOPIHb TPAHCIICHICHTHOTO PiBHSIHHSA (1) B IbOMY BHITaJIKy

=0,1098=0,11.

cranosuts Ka= 0,326. Ilicns BHECEHHSI LLOTO ka s (5.9) 3’saBns€TBCA MOXKIHMBICTH
BU3HAYUTH BJIACHY YacCTOTY CHUCTEMH, sIKa TOBHHHA MajiO0 BIIPI3HATHUCH BiJl PE30HAHCHOT
gacrotu f =10,7 k['u. OTpumano

ka |Eg

f=——[~2=10,818x10" l/cex=10,8 kI'w.
2ma \ y

Pi3Hnms mixk exciepuMeHTanbHuM 3HaueHHsM f = 10,7 k[’ i po3paxyHKoBUM - f =

10,8 k[’ craHoBUTH BenuuuHy, ska MeHme 1%. BiamoBigHo 10 3HaleHOTO ka= 0,326
BUPA3H IS IepEMiIleHb 1 Hanpy>keHb Oy1yTh MaTH BUTJISA

w=w, S0 3100 sin(0,326 f);
sin ka a
& =W, ———cos(kx) = I¥,3,041-102 005(0,326 fj Kr/Mn,
sin ka a

ne W, —nepemimmenss npu X0, sKi BEMIPIOIOTHCS 33 TOMOMOTOI0 MiKPOCKOITA.

AHaNOriyHi pO3paxyHKOBI CIIBBIIHOIIGHHS MOXHA OTPUMATH IS 3pa3KiB 1HIIHX
MeTaliB, Hampukiaj, i3 TuTaHoBoro cmiaBy BT1-0. JIas 1mboro AOCTaTHbO BBECTH Yy
BIJINTOBI/IHI 3arajibHi BUpa3u aisg f,W, o BIANOBIIHI XapaKTEPUCTUKH IIUX MaTepiaiib.

[Ipn cucTeMaTUYHOMY TOBTOPCHHI HAaBAHTAXCHHS Ta PO3BAHTAXEHHS IMPOXOJUTH
HAKOMWYEHHS JAe(EeKTiB CTPYyKTYypH MaTepiany, [0 NPU3BOAWTH JO BUHHUKHEHHS
MIKPOCKOIIYHUX TPILIUH, MOE€JHAHHS SKUX BHUKIMKAE pPYHHYBaHHS KOHCTPYKLIMHHUX
eJIEMEeHTIB BiJ BToMH (puc. 1, 2).

1, x 200 2,x 200 3,x200 4, x 200
PucyHok 1 - Po3BUTOK TPIILMHK 1O MOBEpXHi 3paska 3 Ti-crutaBy: npu Temmepatypi 750°C:
1 — no azoranii (BT1-0); 2 — micis asorarii (BT1-00); 3 — mo azoramii (BT1-00);
4 — micis azoramii (BT1-00).

Ioicepeno: pospobneno asmopamu

1,x 50 2,x70 | 3,% 65 4,x 200

PucyHok 2 - 310Mm Big BroMu tutaHoBoro ciuiasy BT 1-0 micns Moaudikaiii METo10M BaKyyMHOTO
IOHHOTO a30TyBaHHSM B iMITyJIbcHOMY pexxumi: —npu T = 390°C; 2 —npu T = 473°C;
3—npu T =590°C; 4 —npu T = 750°C.
Lowcepeno: pospobaeno agmopamu
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Ha puc. 3 nokasani 3pyiiHOBaHi BiJl BTOMH 3pa3ku TuTaHoBoro cruraBy BT1-0 i BT1-
00. TecroBi BunpoOyBaHHs MUX 3pa3KiB mpoBeaeHo Ha vyacTtoTi 10,7 k[’ mpu aMIuniTy IHUX
3HAYCHHSAX PE30HAHCHMUX KoiMBaHb Macu G mpubausHo 0,07 mm. [{ns 3pa3ka crmaBy BT1-0
Taka aMIUIITy/a BIJMIOBIJA€ HAMPY>KCHHIO O'(x :0) ~ 22 xr/mm’. PyiiHyBaHHS 3pa3KiB

. . . 6 .
BinOynoch micnss 12 XBWiMH, TOOTO micis BUTPUMKU 8x10° IMKIIB A0 MOMEHTY MOSIBU
BTOMHOI TPILLIUHHU.

PucyHok 3 - 3pyitHoBani Bix Bromu 3pasku i3 cruiasis BT1-0 i BT1-00

Jicepeno: pospobeno asmopamu

3 pucyHKy 3 BUIHO, 110 PYWHYBaHHS 3pa3ka He 000B’S3KOBO BiJIOYBA€THCS B IICHTPI
(mpu x=0). 3oHa HMOBIpHOTO PYHHYBaHHS B JAHOMY BHIIQJIKy BKIIOYAa€ B ceO€ MPAKTHYHO

BECh 3pa30K IO HOro MOBXWHI, OCKIIbKU (YHKIIIA cos[0,326 ij B Mekax —d<x<d
a

3MIHIOEThCS BKpail HecyTTeBO — Bin 1,0 mpu X=0 mo 0,9473 npu X=1u Buxonsaum 3 1iporo,

JUISL TAPAHTOBAHOTO BTOMHOTO PyHHYBaHHS 3pa3KiB Ha BiJIaJICHHI BiJl TPAHWUYHHX IIEPEpi3iB

X =10 Bonu BUKOHAHI 3 ranTeNIMU MiHIMAILHOTO PAiyCy.

JloCmiKeHO BUTPUBAIIICTD T1'ATH TPYII 3pa3KiB, IO BUTOTOBIICHI i3 TOHKOJIMCTOBOTO
TUTaHOBOTO crutaBy BT-1 B crani mocraBku ToBmuHOK0O 0,55 MMm. [llupuHa 3paskiB — 6 M,
JIOBXKMHA BiJl BUTLHOTO KParo JI0 BICHOBOI JIiHIT 3aKpirIeHHsT — Ou3bko 21 MMm.

Onna rpyma mig HOMepoM Nel — 3pasku 6€3 OOpOOKM, YOTHPH 1HIINI TPYIMU i

HomepamMu Ne2-5 3 Moan(dikoBaHOIO IMOBEPXHEIO BIAMOBIAHO 10 3MIHHUX TapaMeTpiB
azoTyBaHHs (Tabm. 1).

Tabmuis 1 — TexHONOr14HI IapaMeTpH Ta FPaHUIll BUTPUBAJIOCTI JUIsl I’ ATH TPYII 3pa3KiB

Ne rpynu 3paskis P, 10" IIa T,°C o ,, MIla 0, %
1 — — 270 0
2 4.5 530-540 314 16,29
3 32 530-540 317 17,40
4 74 530-540 302 11,85
5 4,5 490-500 317 17,40

Iicepeno: pospobreno asmopamu

TpuBamicTs mporecy TeXHOJIOTIYHOT 00poOKH OyJa euHa Ui 3pa3KiB BCIX YOTHPHOX
nap. BroMHi KpuBi i Mexi BUTPHBAIOCTI 0.1, SiKi OTpEMaHO Ha 6a3i 10’ LWUKIB HABAHTAXKEHHSI,
JUTSL T1SITH TPYTI 3pa3KiB HaBEJACHO BIAMOBIMHO Ha puc. 4 - 8 Ta B Tabmui 1. Kpim mporo, Ha
puc. 9 s 3py4YHOCTI Ta HAOYHOCTI NPU MOPIBHSHHI E€KCIIEPUMEHTAIBHUX PEe3yJbTaTiB I
KpUBI IPUBEJICHI B iX CYKYITHOCTI.
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o,MIla o, Mlla
370
290 N 360
® 350 —
280
® 340 N
270 330 \\
260 320 ~—
310
250 é 300
240 220
280
270 -—
10° 107 N, uuKi [
10° 107 N, ITUKIT

Pucynox 4 - Kpusa Bromu cruraBy BT1-0 6e3
00po0OKu a3oTyBaHHAM (Tpyma Nel)

Ilicepeno: Pospobaeno asmopamu

o, MIla l

380
370
360
350
340
330
320
310
300
290
280
270

Ll

AN

N\

g
n

10°

07 N, MK

Pucynok 6 - Kpusa Bromu craBy BT1-0 mics
00po0Ku azoryBaHHM (rpyma Ne3)

Joicepeno: pospobneno asmopamu

o, MIla

370
360
350

340
330

320
310
300
290
280
270

N

A3

\

2%

10°

107 N, uukix

Pucynok 8 - Kpusa Bromu craBy BT1-0 micis
00po0OKu a3oTyBaHHAM (Tpyma Ne5)

Ioicepeno: po3pobneno asmopamu

IIpy noOynoBI BTOMHHMX KpUBUX JJIsi OOYMCIEHHS Hampy>KeHb

BEIWYMHH: X1 = 3,34 MM; xp =
KOJIMBAaHH:X Ha yacToTi f= 11,9 xl'm.

Buxonmsum 3 x; Ta X, 3HAHIEHO: Xo =

(B/A)V(kxo)=0,761.

o, MIla

Pucynox 5 - Kpusa Bromu crmaBy BT 1-0 mics
00po0OKu a3oTyBaHHAM (Tpyma No2)

o, MIla
360
350
340
330
320
310
300
290
280
270

\Q\

Y

10°

|
107 V, Kt

Pucynoxk 7 - Kpugsa Bromu craBy BT1-0 micst
00poOKHu

380

370
360

350

340

330

320
310

=N

300

290

280

S/o0

270

10°

107 NV, mukia

Pucynok 9 - 3BeneHa CyKynmHICTh KPHBHX BTOMH
cruiaBy BT1-0 6e3 06po6ku (6/0) Ta micist 00poOKku
azoTyBaHHsM (Tpyna Nel Ta rpymu Ne2-5)

BUKOPUCTAHO

12,21 MM, IO OTPUMAHO NUISXOM BUMIPIOBaHHSA TNpPHU

168

7,28 mm; k = 03123 1/mm; Ulkxg) +
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Bpaxosyioun p = y/g, ne 7, = 4,5x10° xI/mm’; g = 9,81x10° mm/c’; h = 0,55 MM
OTPUMAHO 3HAYCHHS o =1,54 x['cex /MM3

SAxmo amrityna A = W(x—O) BUMIPIOETHCS B MM, 4acToTa f B K[ 11, TO TIpH JaHOMY o
HAIPYXXECHHS o OyLyTh MaTH po3MipHicTs K[/MM?.

Jlani, sKi HaBeleHI Ha BIAMOBIIHUX PUCYHKaX 4 - 9 Ta B Tabmuui 1, cBiT4aTh Mpo
[ITKOBUTY JOULIBHICTh OOIPYHTYBAHHS MiIXO/Y, [0 BUKOPUCTOBYE BUCOKOYACTOTHUN METO]
EKCIEPUMEHTAIBHOTO BU3HAYCHHS MEX BUTPUBAJIOCTI. Bucoka yacToTa (B HalIOMy BUIAJKY
11-12 x['m) 3MiHHOTO HaBaHTa)XXEHHS JO3BOJIWJIA B peajbHI TEPMiHU MPOBECTH B MOBHOMY
00’eMi TOpPIBHsUIbHI BTOMHI BHMIIPOOYBaHHS ITSITH Tpyn 3pas3kiB. CTOCOBHO pe3yJIbTaTiB
BJIaCHE BTOMHHX BUIIPOOYyBaHb, BijoOpakeHMX B Tabnmmi 1 Ta Ha pucynkax 4 - 9, cmin
BiJ[3HAUNTH HAcTynmHe. BuaHo, mo oOpaHwii BapiaHT Moau(ikamid, TPU3BOAATH [0
MO3UTHUBHUX PE3YyJbTaTIB — MIABUINYIOTh 3HAYCHHS o.;. SIK BUIHO 3 Tabnuil 1, BenudymHa
IIbOTO MIIBUILICHHS, BUPAKEHOTO Yepe3 0=(0.1/6.1,-1)x100% (0.1, — TpaHHIIST BUTPUBATIOCTI HE
MoM(DiKoBaHOTO MaTepiany) cTaHOBUTH MpuOau3Ho (12+17)%. Lleit pe3yapTaT BiANOBIAHO
0 MEeTU poOOTH MOYKHA BBaXKATH IUIKOM MPUAATHUM B SKOCTI MIATPYHTS AJS MOAATBIIOTO
BUKOPHUCTAHHA 1 PO3BUTKY BUKOPUCTAHOI TEXHOJOTI] MOBEPXHEBOTO 3MII[HEHHS BaKyyMHUM
10HHUM a30TyBaHHSIM B IMITyJIbCHOMY pemHMi [Tpu posrmsii KPUBHX BTOMHU B ix cyKyHHOCTi
SK TIPUBEJICHO HA PUCYHKY 9, Blajiae B 04l MPAKTUYHO MMOBHA 30BHIIIHS TOTO)KHICTB TpaBHX
rinok kpuBux (1,2,4) Ha [iNSHII ToOYMHAIO4YM Npubmu3Ho 3 N=(3+ 4)x10°  mukmniB
HaBaHTAXXCHHS. B 3BOPOTHOMY HampsiMi JIiBI TUIKM IWX KPUBHUX HE CIIBMAAAIOTH 1 1X XiX
HOCUTH JICHIO XAaOTHYHHHA Xapakrep. [IMOTeTWYHE TMOSCHEHHS CHIBHAAiHHS KPHUBHX B
NEPIIOMY BUIIAJKy MOXKHA OOIPYHTYBAaTH HECYTTEBUM BIUIMBOM Ha BTOMY THX PO301)KHOCTEH,
10 BIAPI3HAIOTH TPYIH 3paskiB (2,3,5) Mixk coboro. SAKio 1e Tak, TO BHACTIIOK IbOTO MOXHA
TIATA 10 KOPHCHOTO TIPAKTHYHOIO BHCHOBKY TPO MOPIBHSHO IHUPOKUNA TPOMIKOK MIXK
rpynamu 3pa31<113 mig HoMepamu No2-5, B sKOMy XapaKTEepPUCTHKA 0| OyZe TapaHTOBaHO
BUIIOKO Bill 0.1,. [I]o cTrocyeThcs p0361)KHOCTeI/I MK JIIBUMHU TUIKAMH €KCIIEPUMEHTAIbHUX
KPHUBHX, TO OCKUIBKH B JAHOMY BHIIQJKY BOHH 3HAXOJAATHCS B 30HI 3MILIAHOTO PYHHYBaHHS —
YaCTKOBO BiJ] BTOMHU 1 YaCTKOBO BiJl TUHAMIYHOTO TIEPEBAHTAXKECHHS, TO MOXKIIMBO BHACIIIOK
OUTBIIOT YYTIMBOCTI CTAaTUYHOI MIITHOCTI A0 BIAMIHHOCTEH MK TpymaMud 3pas3KiB IIiJ
HOoMepamu No2-5 MOpIBHSHO 3 BTOMHOIO MIIIHICTIO Ma€MO 3HA4HY PO301KHICTh B TPA€KTOPIi
JIBUX TUIOK KpHBHX. Mae 0€3yMOBHO 3HAY€HHS B I[bOMY BHIIaJKy KUIBKICTH 3pa3KiB, IO
BUNPOOYBaHI TMPU OJHOMY piBHI HABAaHTAXEHHS — YUM OLIbINE 3pa3KiB, TUM OJMKYE
TPAEKTOPIS 10 ACSIKOI 1/1eaTbHOI 711 JAHOTO €KCIIEPUMEHTY.

BucHoBku. 1. BUKOHaHO €KCHEPUMEHTH 3 BH3HAYECHHS BTOMHOI MIIHOCTI
ToHKonucToBoro TuTany BTI1-0 mo Ta micns moaudikyBaHHS TOBEPXHEBOIO Iapy 3a
JOTIOMOTOI0 TEXHOJIOT1i BaKyyMHOTO 10HHOTO a30TYBaHHS B IMIYJIbCHOMY pexumi. BromHi
BUNIPOOYBaHHS MPU3MATUYHUX 3Pa3KiB MPHU iX pe30HAHCHUX 3TUHHUX KOJUBAHHAX MPOBEIECHO
nOpy BHCOKIM yacToTi HaBaHTaxeHHs — (11-12) xI'm. Honepemm Mo,uH(piKyBaHHﬁ 3pa3KiB
BUKOHAHA 10 TEXHOJIOT1{ BAKYyMHOIO 10HHOT'O a30TYBaHHS B 130TepM1qH0My penchl

2. IloOynoBaHi B pe3ynbTaTi NMPOBEICHHUX BI/IHp06YBaHI) BTOMHI KpuBi Ha 6a3i 10’
IIUKJTIB HaBaHTaXeHHs. [IpoBeeHo BUMPOOYBaHHS IT'ITH TPYII 3pa3KiB — OJ{HA TpyIa B CTaHI
MOCTaBKK 0€3 OOpOOKM 1 YOTHUPH TPYMNH IMICIA TEXHOJOTIYHOTO MOAM(IKyBaHHS mapy. 3
KPUBUX BTOMU OTPUMAHO 3HAYEHHSI MEX BUTPUBAIOCTI 0. MPU CUMETPUYHOMY 3MIHHOMY
HaBaHTaXeHHI. [lokazaHo, M0 He3anekHO BiJ Bapiallli mapameTpiB TEXHOJIOTI] BaKyyMHOTO
10HHOTO a30TyBaHHS B IMITyJIbCHOMY pEXHMI B 3aJaHOMY iX J[iama3oHi, 3HAYEHHS Mexi
BuTpuBanocti o.; TuraHy BTI1-0 3 moaudikoBaHoro mnosepxHero Bumie Ha (12-17)%
NOPIBHSHO 31 3HAUYEHHSM G.; He Moau(ikoBaHoro tTutany BT1-0.

3. 3p06neHo MPUIYIICHHA, 110 BUXOITIH 3 HAOYHOIO CHIBMAIHHSA KPUBUX BTOMH IS
rpyn spaskiB 2,3,5 Ha gimsmmi N>3x10° mukol., MoXHA CHONIBATHCH NPO TIapaHTOBAHE
3minHeHHs TuTany BT1-0 B naHoMy (BUOpaHOMY) IPOMIXKKY ITapaMeTpiB.
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4. BuknazieHa po3paxyHKOBO-EKCIIEPUMEHTAIbHA METOIMKA BU3HAUCHHS BUTPUBAIOCTI
MaTepiajiB Ha TOHKOCTIHHHMX 3pa3KaX NpU [HUKIIYHOMY HaBaHTKEHHI PO3TA3i-CTUCKY B
yMOBaxX BHCOKOi 4acTOTH. BpaxoByrouu i1 miaTBEepKEHY IMpare3faTHICTh Ta TEOPETUUYHY
OOTPYHTOBAHICTh, BOHA IIJTKOM TMPHUAATHA IS TOCHIHKEHHSI BTOMHOI MIITHOCT1 TOHKOJIMCTOBUX
MaTepialliB B 3aJIeKHOCTI BiJl BIUTUBY Pi3HUX (D13UKO-MEXaHIYHUX Ta TEXHOJOTIYHHUX (DaKTOpIB,
B TOMY YHCII TOBEpXHEBOi Moaudikaiii B I1HIUN croci0. 3’SBISE€TCS MOXKIHMBICTD TS
MOPIBHSAHHS BTOMHOI MIIIHOCTI TUTAHOBUX CIUIABIB JIO Ta MICNsA a30Tallil MpH HUKIIYHOMY
3TUHAHHI Ta OJHOPIAHOMY pO3TA3I-CTUCKY B YyMOBaxX TIOBHOI 1JI€HTUYHOCTI BUXIIHUX
XapaKTEePUCTHK 1 (PaKTOPIB 32 BUKIIOUEHHSAM TUJIbKH BUY JTAHOTO HABAHTAKCHHSI.
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Study of the Fatigue Strength of Titanium aLloys Modified by Vacuum Ion Nitriding in
the Pulse Mode Under High-Frequency Loading

In the work presented, a study was carried out of the effect of the coating (modification of the surface
layer by vacuum ion nitriding in the pulse mode on endurance at a high frequency (about 10 kHz) of variable
load. Samples with a length of 24.1 mm had a cross section measuring (6x0.5) mm in the fatigue failure zone. It
is absolutely necessary that for a correct comparison of future results, the size of the corresponding cross section
the cross-section of samples for the case of tension - compression should be similar; the frequency of tests
should also be the same.

Calculations show that the resonant length of a metal rod that oscillates at a frequency of 10 kHz along
its basic form should be quite significant - about 240250 mm. Since with such lengths it is practically
impossible to ensure the required size (6x0.5) mm of the cross-section of the sample without losing its stability,
due to the minimal stiffness during bending, in this case it is necessary to find a solution to this problem. Plates
made of such materials, collected in a package, work exactly under conditions of cyclic stretching-compression
at frequencies (3,10,20,40) kHz. In order to further increase the stability during longitudinal oscillations of such
samples, their test was carried out at frequencies higher than (3;10) kHz, because, for example, at 20 kHz the
length of the sample will be less than the length at 10 kHz by exactly 2 times.

Experiments were performed to determine the fatigue strength of thin sheet titanium VT1-0 before and
after modification of the surface layer using vacuum ion nitriding technology in the pulse mode.Fatigue tests of
prismatic samples during their resonant bending vibrations were carried out at a high frequency of loading - (11-
12) kHz. Preliminary modification of the samples was carried out using the technology of vacuum ion nitriding
in isothermal mode.

Fatigue curves based on 107 load cycles were constructed as a result of the tests. Five groups of samples
were tested - one group in the state of delivery without processing and four groups after technological
modification of the layer. From the fatigue curves, the values of endurance limits -1 under symmetrical variable
load were obtained. It is shown that regardless of the variation of the parameters of the vacuum ion nitriding
technology in the pulse mode in their given range, the value of the endurance limit 6-1 of titanium VT1-0 with a
modified surface is higher by (12-17)% compared to the value of 6-1 of unmodified titanium VT1-0.

It is assumed that, based on the apparent coincidence of the fatigue curves for groups of samples 2, 3, 5
in the section N>3x106 cycles, one can hope for guaranteed strengthening of titanium VT1-0 in the given
(selected) range of parameters.

The calculation-experimental method of determining the durability of materials on thin-walled samples
under cyclic tension-compression loading under high-frequency conditions is described. Given its proven
performance and theoretical validity, it is quite suitable for studying the fatigue strength of thin-sheet materials
depending on the influence of various physical, mechanical and technological factors, including surface
modification in another way.There is an opportunity to compare the fatigue strength of titanium alloys before
and after nitriding under cyclic bending and homogeneous tension-compression under conditions of complete
identity of the initial characteristics and factors, except for the type of the given load.
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