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number of y-phases and density of alloys with high accuracy. The regularities of the
composition influence on the properties of heat-resistant nickel alloys of directional
crystallization are established. It is shown that for multicomponent nickel systems it is
possible to predict with high probability misfit, which significantly affects the strength
characteristics of alloys of this class. The decrease in the value of misfit is accompanied
by an increase in the solubility of the elements in the y-solid solution at a value of the
ratio of alloying elements of 1.5 - 1.6. However, an increase in the ratio of alloying
elements greater than 2 is accompanied by an increase in misfit, because the y-solid
solution has reached a maximum of dissolution. The perspective and effective direction
in the decision of a problem of forecasting of the basic characteristics influencing a
complex of service properties of alloys both at development of new heat-resistant nickel
alloys, and at perfection of structures of known industrial marks of this class is shown.

Keywords: nickel-based superalloys, dimensional mismatch (y/y’-mismatch),
strength, heat resistance.
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HauioHanbHUn yHiBepcuTeT «JIbBiBCbKa NoniTexHikay, M. Jlbsis

Jocniooiceno 3pasku mumarnogozo cnnagy mapku BT8 wo euxopucmogyemocsi 073
BUCOMOGICHHS eleMeHMI8 2a30MypOIHHUX O8USYHIG, ¥ GUXIOHOMY CHMIAHI ma nicis GunpobysaHs
HA MpiwuHOCMIIKICMb Memooamu MmpaHcMicitiHol enekmpoHHOi MIKpockonii ma ougppayiiinozo
aunanizy. Bemawnoeneno ocobnusocmi mikpocmpykmypu, mopghonoeii 6y0osu, xapakmepy po3nooiny
¢daz ma cmpykmyprux cknadosux. Ha mpancmiciiinomy enexmponnomy mikpockoni JEM-200CX
ioenmugbixosano degpexmu Kpucmaniynoi 6y008u, ¢opmysants OUCIOKAYIHUX HeOOHOpiOHOCmell
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ma JOKAIbHUX KOHYeHmpamopie enympiunix uanpyscenv. CKalApHy wineHicms Oucioxkayii
BU3HAYEHO MEMOOOM CIUHUX.

Ilokazamno, wo 00Cniodicy8ani 3pasku mumano6oco cniagy mapku BTS xapaxmepu3zyromscs
osopasnoro (a+f) mikpocmpykmyporo y euensioi niacmun o-gasu, posmipom 0,15...0,76 mrm,
WO NepemedicoBYEMbCs 3 HE3HAYHOIO KiIIbKICHIO MOHKOnIacmuniacmoi f-gpazu, posmipom
0,04...0,21 mrm.

Ha ocnosi ckanaprux wineHocmet OUCIOKAYill aHAIIMUYHO OYIHEHO PiGeHb JIOKANbHUX
GHYMPIWHIX ~HANPYJICeHb  V  Micysix CKynyens OucCiokayil, wo npedcmaegisiioms coook
ooicepena mpiwunoymeopenns. loenmughikosano oOucnepcHi wacmunku SMOPuUHHUX has, wo
XAPakmepuzyiome s PisHUMU POIMIPAMU Ma pizHoio mopgonozicio 6y00su.

Po3paxosana winonocme Oucnokayiti ma oyinka cepeonvoi @i0cmani, HA SKY GOHU
nepemiuyiomscsi 8 npoyeci 0epopmMy8anHs, NOKIAOeHI 3a OCHOBY O/l CIMBOPEHHS CMAMUCMUYHOT
Kapmu NOKA3HUKI@ pIGHsL TOKANI308aHOI Oehopmayii y CmpYKmMYpHUX CKIA008UX ChNAgy md Ha
noeepxHi pyiinyeanns. [lokasano, wo 8 pe3yiomami pyuHy8aHHs nicia 6Unpooy8aHs Ha MaloyuKiogy
8MOMY 3pOCMAE WiNbHICMb OUCTOKAYTH, NIOGUIYEMbCS PIBEHb JIOKANLHUX HYMPIUHIX HANPYIICEHb
ma 8i00ysacmocsi opmysanns Komipuacmoi cmpykmypu 'y o- ma f-gpazax ma Odegopmayiinux
3EPHOCPAHUYHUX OepeKmiE.

Kntwuoei croea: cnnas BTS, oucnoxayiina 6y008a, MIiKpOCmMpYKmypa, mpawcmiciuna
el1eKMPOHHA MIKPOCKORISA, 10KANbHI GHYMPIUHI HANPYIHCEHHSL.

Hop;u:[ i3 iHTeHCHMiKAII€EI0 BUKOPUCTAHHSI TUTAHOBUX CIJIABiB IiABUIIYIOTHCS
TaKOXX i BUMOTM [0 IX MeEXaHIYHWX BJIACTUBOCTEN, 30KpeMa MiIlHOCTi.
PaitionasibHe BupillleHHST 33/1a4i [Mi/[BULIEHHS KOHCTPYKIINWHOT MIilIHOCTI IMMOJISITae
B KOMILJIEKCHOMY 3aCTOCYBaHHI METO/iB 06’ €MHOTO i MOBEPXHEBOTO 3MillHEHHSI.
[l 3a6e3neueHHsT BUCOKOTO PIiBHSI MeXaHiYHUX BJIACTUBOCTEW HeOOXiTHMIA
KOHTPOJIb TaKUX CTPYKTYPHHUX IMapaMeTpiB, SK po3Mip 3epeH, ix mMopdosoris ta
XapakTep pO3TalTyBaHHS YACTHMHOK Pi3HUX (a3, BMICT JIeTYBaJbHUX €JIEMEHTIB
B TBEP/IOMY PO3YMHi, H[iJIbHICTb JMCJOKAIiN, TUI JAUCJOKAIIMHOI CTPYKTYpH,
TAN TOBEPXHEBOTO 3Mil[HEHHH, CTPYKTypa Ta BJACTHBOCTI IIOBEPXHEBOTO Ta
TepexiIHoro mapy.

OpHnME 3 HAWBaKJIWBIIINX IepeBar TUTAHOBHUX CILIABIB € iX BUCOKI
MMOKA3HUKM TMMTOMOI MIIIHOCTI Ta JKAPOMIIIHOCTI B TIOEJHAHHI 3 BUCOKOIO
KOpo3iifHo1o cTilikicTio. 3abesnedyye TakWii KOMILJIEKC BJIACTUBOCTEN JieTryBaHHS
TUTAHOBUX CILIABIB TaKUMU eJieMEHTaMu, SK HioOill, IUPKOHIi, Moib6/eH,
tanta’. CraB BT8 Bososie 6isbll BUCOKMMU XapaKTEePUCTUKAMHM MII[HOCTI Ta
’KapoMillHOCTi 1opiBHSHO 3i cntaBoM BT6 3aBasiki BUCOKOMY BMICTY aJIIOMiHIIO i
JIOJTaTKOBOMY JIeTYBaHHIO KpeMHieM [1, 2].

Ax 3a3znaveno B po6oti [3], koposiitHa cTiliKicTb € OJHIEIO 3 TiepeBar
TUTAHOBUX cILIaBiB. lle o6yMoBJieHO, TepIn 3a Bce, CXUJIBHICTIO CAaMOTO TUTAHY
JI0 YTBOPEHHSI TACUBYIOUMX 3aXMCHUX ILJIiBOK. KpiM TOro, BBeJeHHS TaKux
[IAaCUBYIOUMX eJleMeHTiB, gk Mo, Tako)X IiJ|BUIIy€e KOpPO3ifiHy CTiflKicTb TUTaHy
32 PaxXyHOK rajJbMyBaHHSI aHO/IHOTO IIPOIleCy B MPUCYTHOCTI Pi3HUX KOPO3iHHUX
cepenoBuill [4]. Twuranosi cmmasu tumy BT8 3actocoByiotbest B merasnsix ['T/1
(mrckax, JjomaTkax KOMIIPECOPiB HU3BKOTO i BUCOKOTO THCKY, JETAJISX KPIiIIeHHS
BEHTHJIATOPA) i mpaiioiorh npu Temmeparypax go 480° C [5]. [docaimkenHs
IMX CILJIaBiB HAa MIKPOCTPYKTYPHOMY PiBHI [103BOJIAIOTH [JA€TaJbHO BUBYUTU
nedeKTr KpucTanivyHoi 6ya0Bu (OerMi JMCJIOKAllil, TOYKOBi I[e(beKTI/I), OCKI1JIbKH
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BiZloMO, TIO TIEPETBOPEHHS AMCJOKAIIIHOI CTPYKTypu, OOYMOBJIEHI TJIACTHYHOTO
nedopmailieo, MOXYTb TPHU3BECTH /10 CYTTEBUX 3MiH KOMILJIEKCY MeXaHiYHUX
BJIACTUBOCTEN MeTaJIeBUX CILJIaBiB.

[octiizkeHHst AUCJIOKAIiMHOT CTPYKTYPU Ha MPOCBIT MPOBOJUJIN METO/IOM
TpaHcMiciiinoi  esekrponnoi Mikpockonii (TEM) wma npuaagi JEM-200CX
(¢pipmu JEOL) npu npuckopioBasibhiit Hanpysi go 200 kB 3 meroio geranbHoro
aHaJidy ocobJUBOCTENl CTPYKTYpH, MOPdOJIOTii i po3noiay aApiGHOAUCTIEPCHUX
dasoBux yrBOpeHb, ix ckiaamny (audpaxiiiinuM meromom), xapakrepy aedexTis
KpucTaJaiyHoi rpatku, (GOpMyBaHHS AUCJIOKAINHUX HEOMHOPITHOCTEH, a TaKOXK
JIOKQJIbHUX KOHIIEHTPATOPiB BHYTPIllIHIX HalpyKeHb. Busnavasu napamerpu
JIMCJIOKAIHOT cTpyKTypu (LIIJIBHICTD AMCJIOKAIiii), CyOCTPYKTYPU — IIUPUHY
IJIACTHH Ta po3Mip cy63epeH, po3Mipu aucrnepcHux ¢das.

BumipioBauns ckagpHoi migbHOCTI aucaokainii (p) Ha Mikpodororpadisx
(3i s6inmpmennam nonas 30000 kpar) mpoBomwIocs MerogoM ciunux [6] 3
Bukopuctanusam (opmysm (1):

=5 @+ D) W

ne M — 36impiieHHs: Ha MikpodoTtorpadii;

t — ToBmMHA QoJIbIY;

n, N, — KiJIbKICTb MMEPETUHIB 3 TOPU3OHTAIBHUMHU | BEPTUKAJIbHUMU JIHISAMH,
Bi/IIIOBI/IHO;

L,, L, — cymapna poBXuHa ropusoHTaIbHUX i BEPTUKAIbHUX JIiHIN.

Pesyabratu orpumani merojom TEM mnokasanu, 110 OCHOBHUI MeTaJl

criaBy BT8 mae aBodasuy (a+B) 3MmimaHy CTpyKTypy, sIKa TNpe/cTaBjeHa
HepeBaKHO IJIACTUHYATOI0 0-(ha3010 Ta HE3HAYHOIO KijbKicTio B-dasu y BUTJISL
TOHKMX ILJIACTUH MiK Gijabml KpynHuMmu o-tiactunamu (puc. 1, a). ITapamerpu
IJIACTHHYACTHX O~ Ta B-CKJAAJOBUX BIAPI3HAIOTbCS 3a MHUPUHOW mactud (B
HOIIepEeYHOMY Iiepepisi) — h,, (o) = 0,15...0,76 mrm (a-dasa) Ta h,, B =
0,04...0,21 Mrm (B-¢daza).

a 6

Puc. 1. MikpocTpykTypa gocnifxysaHoro cnnasy mapku BT8: a — g0 pyiiHyBaHHs; 6 — nicns pyiHyBaHHA. x 35000.
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[Tnactunuacti crpykrypu o-¢asu Biipi3HAIOTbCST 32 BHYTPIlIHBOIO
6ynoBoio. /I 3HAYHOT YAaCTKM TAKOTO TUIY CTPYKTYP XapakTepHAa HEBHCOKA
wiabHicTh gucaokaiiii p=(2...5)x10° cm? 1pu PpiBHOMiIpHOMY iX pO3MOAILTi
(ra6amug). BuyrpimmiM 06’e€MaM  o-IIACTUH GiJbIIOTO PO3MIpy XapaKTepHo
dopmyBanHa aucaoKaniinux citok npu p=(1...2)x10' cm2,

TakuM YMHOM BCTAHOBJIEHO, IO B OCHOBHOMY MeTaJii cmiaBy BTS8
¢opmytorbes macTuHYaTi o- Ta B-asu Ta cybcTpyKTypa a-dazu Ipu HepeBaKHO
PIBHOMIPHOMY PO3IIOIiJI IibHOCTI ucokanii (p=(2...5)x10° cM?) Ta MaKCUMaIbHUX
ii snavenuax p=(1...2)x10"° cM?. ¥V cTpyKTypi o-3epeH 3 XapaKTepHOIO I'yCTUHOIO
mucaokaiiiin p=8x10°...1x10'"° mo rpanHuisx cyO6CcTpYKTYpH (HOPMYIOTBCS 30HU
aucIoKaniiinux ckymuenb 1pu  p=(2...3)x10"°cm? (puc. 2, a). ucuepcui
inTepMerasi/iii ¢pasu B OCHOBHOMY MeTaJli PO3MOJIJISIOThCS PIBHOMIPHO B 06’eMax

CTPYKTYPH.

LLinbHicTb gucnokadin (p) B 06’emi Ta MO rpaHnLsX CTPYKTYPHUX CKIag0BuUxX
B OCHOBHOMY MeTari cnnasy BT8

1LLins- Crpykrypa
3pasoxk HicTb [Tnacrunyara Cy063epeHHa
JIUCTIO-
Karii 006’em ['panuus 00’em I'panuus
p, (min) | (2...5)x10° 8x10°...
cm? 1x10'0% 1x10'°
Buxinuuii - (2...3)x10%
p, (max) (1...2)10 (1...2)
cm? x101°
p, (min) [ 8x10°...1 (1...2)
cm? x101° x101°
Micns 2x10'9% | 9x10"... (3...4)x10"
pyiHYBaHHI
, (max Ix10" 2...3
p. (max) (2...3)x10%° ( )
cm? x101°
TIpumirka: * B-dasa

MikpocTtpykrypa cmiaBy BTS8 micas npedopmarii mpepcraBieHa Ha
puc. 1, 6. Crpykrypa MeTasy y 30Hi PyWHYBaHHSI TaKOXK, SIK B OCHOBHOMY MeTaJli
ckaagaerbess 3 o- ta P-pasu. Ilapamerpu miaacturyatux (ot+B) CTPyKTYpHUX
CKJIQJIOBUX Bi/THOCHO OCHOBHOTO MeTasy MpubJn3Ho omgHakosi. IllupwHa niactua
h,, (@) =0,15...1,02 My, h,, (B) = 0,05...0,27 Mxm.

[licas gedopmanii crtapy BT8-3s st crpykrypu mactunyarux (o+f)
CKJIQZIOBUX XapaKTepHe 3arajbHe IMiJBUIIEHHS MIiJIbHOCTI IUCIOKAITI (tabaung).

[lnsg  cy6sepeHHOl CTPYKTypu a-dasu ra06yJsapHOrO THUIY Y 30HI
pyliHyBaHHs xapakrepHe ii mopapi6bHenus Big 0,52...1,24x0,86...2,5 MKM
(Buxigumit meran) mo 0,3...1,24x0,55...1,5 MKM npu 36iJIblIeHH] HIiJIbHOCTI
qucaokanii 1o p=(1...3)x10" cm2.
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a 6

Puc. 2. Cy63epeHHa CTpyKTypa J0cnigxyBaHoro cnnasy mapku BT8: a — n0 pyiiHyBaHHS; 6 — nicnsA pyiiHyBaHHS.
x 35000

Taxkum unnoM, Ticas gedopmailii Tutanosoro criapy BT8 (y mopiBHsHHI
3 BUXiJHUM CTaHOM) XapakTepHe 3arajibHe MiJBUIIEHHs NiJbHOCTI AMUCIOKAIiii,
K B 06’€Mi CTPYKTYPHUX CKJIAJOBUX TaK i 10 iX TPaHUISAX, HAHGiIbII rpalieHTH
JIMCJIOKAIIMHOT 1IiJIbHOCTI — 30HU JoKasdidanii Jedopmaitii dopmyloTbes y
MiKPOJIiJITHKAX Midk(asHUX TpaHUIlb TJACTUHYATUX CKJIAJOBUX PO3MipOM
0,08...0,15 x 0,2...0,5 (mmpura x [AOBKHMHY). BeranoBieno, 1o y 30Hi
3jgamy ciiiaBy BT8 micas nedopmaliii napamMerpu IMjacTUHYACTUX CTPYKTYpP B
cepe/IHbOMY He 3MiHIOIOTbcsl. Po3Mip aucriepcHuX iHTepMerastigHux ¢as B
06’eMax CTPYKTYpPH He 3MiHIOETbCS, HE3HAYHO 3MEHINYEThCS TOBIIMHA TIPOIIAPKiB
¢azoBuX BU/iJIEHD IO TPAHUISAX CTPYKTYPHUX CKJIQJOBUX.

ExkcriepuMenTasibHi  TOCJI/IKEHHST TUCJOKAIIMHOI CTPYKTYPH IO3BOJIHUJIN
[IPOBECTU AHAJIITUYHY OLIHKY PiBHA JIOKQJIbHUX BHYTPIlIHIX HAIPYKeHb y 30HAaX
iX KOHIEHTPATOPiB — MIiCHIX CKYIUYEHDb JWCJOKAIiil, JKepeJs TPilllMHOYTBOPEHHS
[7]. PiBenb JIoKaIbHUX BHYTpilHIX HanpyskeHb (t ) oninioBa/u 3a 3ajexuicrio (2).

 G-b-hp
N T @

ne G — momysb 3cyBY; b— Bektop Bioprepca; v — koeditient Ilyaccona;
h — roBmumna doabru, (0,2 = 0,02) MKM; p — HILJIbHICTD AUCIOKALLA.

Jocaizkennss BuxigHoro 3paska cniaBy BT8 mokasaso, 1o B okpeMux
[JIACTUHYACTHX CTPYKTYpax 3 MiHiManbHoo (p=(2...5)x10°cM?) Ta maactuHax
GiJbIll  KpyIHOro po3Mipy 3 MakcuMmaibHoio (p=(1...2)x10°cM?) muiisbHicTIO
auciokaniii t = 24...60 MIla Ta 1 = 121...242 Mlla, Bignosigno, T06TO
crocrepiraiorpest rpagientu v (y cepexubomy At = 110 MIla) (puc. 3, a).

B o6’emi crpykrypHux ckjaagoBux cy6sepennoi o-dasu pisenb T He
nepesuitye 242 MIla (puc. 3, 6). JlokaibHi HiJABUIIEHHS T XapaKTepHi [
a-cyGCTpYKTYpH  106am3y cy63epennux rpanunp (t = 242...361 MIla), mo
MOB’SI3aHO 3i 3MiHOIO NIIJIBHOCTI JUCJOKAIil y JIOKAJbHUX 3epHOIPAHUYHUX
06’emax (p=(3...4) x 10" cm?) posmipom 0,1...0,25 mxm (upuna 30H).
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Puc. 3. JlokanbHi BHYTpILWHI HanpyxeHHs (1) B 06’eMi Ta NO rpaHUuAX nnacTuHyacTux (a) Ta cybsepeHHux (6)
CTPYKTYp y BUXigHOMY MeTani cnnasy BT8.
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TPAHEDH il - LIAaCTHEA

6

Puc. 4. lokanbHi BHYTPILWHI HanpyxeHHs (1) B 06’€Mi Ta NO rpaHUuAX nnacTuHYacTux (a) Ta cybaepeHHux (6)
CTPYKTYp Y 30Hi pyiiHyBaHHs crnnasy BT8.
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Y 3o0Hi pyiinyBanHs cntaBy BT8B 06’emi cy63epeHNX CKJIAJOBUX PiBEHD
T, TOPIiBHAHO 3 BHXiJIHMM MeTajoM migBuulyeTbcsa o t = 92...361 Mlla
(mwractunyari cTpykTypH, puc. 4, a) ta 1o t, = 121...361 Mlla (cy63epena a-dasa,
puc. 4, 6). Y miactuHYaTHX CTPYKTypax 3 MiniMaiabHowo (p=8x10°...1x10' cm?) Ta
mMakcuMmasbHol (p=(2...3)x10'° cM?) wigbHiCcTIO AMCTOKALN 1. =92...121 Mlla
Ta 1 = 242...361 Mlla, Biamosigno. I'pagientn T 3pocTaioTh y CepeAHbOMY IO
At = 160 Mlla.

Takum uymHOM, Yy pe3ynabrari gedopMaliifHOro BILTMBY 3a PaxXyHOK
3arajbHOTO ITABUIIECHHS MIiJBHOCTI AMCJIOKAIi 3POCTAI0UNN PiBEHb JIOKAJTbHUX
T, AKTHBi3ye IonepevyHe KOB3aHHA, (POPMyBaHHA KOMip4acToi CTPYKTYpPHU y Oi- Ta
B-daszax Ta medopmarliiHux 3epHOTPAHNMYHUX /1edEKTiB.
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Microstructure and dislocation hardening mechanism of VT8 alloy
Summary

Specimens of titanium alloy VT8, which is used for the manufacture of gas
turbine engine elements, were investigated in the initial state and after fracture
toughness testing by methods of transmission electron microscopy and diffraction
analysis. The features of the microstructure, structure morphology, the nature of
phase distribution and structural components were established. Defects in the crystal
structure, the formations of dislocation inhomogeneities and local concentrators of
internal stresses were identified using JEM-200CX transmission electron microscope.
The scalar dislocation density is determined by the secant method.

The study of VT8 titanium alloy samples before and after destruction, which
is used for the manufacture of GTE elements, using the methods of transmission
electron microscopy and diffraction analysis was made. Microstructural investigations
for a detailed analysis of the structure features, morphology and phase formations
distribution, as well as their components establishment, the nature of crystal lattice
defects, the formation of dislocation inhomogeneities and local concentrators of internal
stresses were performed on a JEM-200CX transmission electron microscope. The scalar
dislocation density was measured by the secant method.

It is shown that the studied samples of VT8titanium alloy are characterized by a
two-phase (a + B) microstructure in the form of large o-phase plates, 0.15 ... 0.76 pm
in size, interspersed with an insignificant amount of thin-plate B-phase, with a size of
0.04 ... 0.21 pm.

Based on scalar dislocation densities, the level of local internal stresses in
the places of dislocation accumulations, which are sources of crack formation, was
analytically estimated. Dispersed particles of secondary phases characterized by different
sizes and different structure morphologies were identified.
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The calculated dislocation densities and an estimate of the average distance
over which they move in the process of deformation are used as the basis for creating
a statistical map of localized deformation level indicators in the alloy structural
components and on the fracture surface. It is shown that as a result of fracture after
testing for low-cycle fatigue, the dislocation density increases, the level of local internal
stresses increases, and the formation of a cellular structure in the a- and B-phases and
deformation grain-boundary defects occurs.

Keywords: VT8 alloy, dislocation structure, microstructure, transmission
electron microscopy, local internal stresses.
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