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AHOTALIA
Pubax H.I. Brnnu tumy npedopmaiiii Ha aHI30Tpomio  (Pi3MKO-MEeXaHIYHHUX
BJIACTMBOCTEH JICSIKUX CIUJIaBiB HA OCHOBI MarHiro, TUTaHy Ta Hikemo. — Kamidikariitna
HAyKOBa Ipalls Ha MpaBax PyKOMUCY.

Juceprariis Ha 3M00yTTS HAYKOBOTO CTYMEHS KaHauaaTa (i3MKO-MaTeMaTHIHUX
Hayk (moktopa inocodii) 3a crmemianbHicTIO 105 «IIpuknagna ¢izuka Ta
HaHoMatepiaym». — JlepkaBuuil 3akiman «IliBAeHHOYKpaiHChKUM HAIllOHAJIBLHUN
yHiBepcuteT imeHi K. J[. Yumucekoro», Oneca, 2023.

3acTocyBaHHS MeTaneBUX HamiBpaOpuKaTiB Ta BHUPOOIB 3 HUX 3QJICKUTH Bif iX
BJIACTUBOCTEH MICIIsl BATOTOBJICHHS. TOMY € aKTyallbHUM JOCTIP)KEHHS BIUTUBY YNHHUKIB
dbopMyBaHHS ONTHUMAJIBHUX BIIACTUBOCTEH. XapaKTEPUCTHKH CTPYKTYPH METAJIEBHX
MOJIIKPUCTAIIYHUX MaTtepiajiiB, a caMe TeKcTypa (KpucrtajorpadidyHa Ta MEXaHIuHa),
0COOJIMBOCTI MIKPOCTPYKTYPH (PO3MIpHU 3€PEH, BHYTPIIIHI HAIPYKEHHS, MOIIKOIKEHHS
— MIKPOIIOPOXKHEY], MIKPOTPILIMHU, TOIIO) OOYMOBIIOIOTH HASBHICTh AaHI30TPOIIi
(b13MKO-MEXaHIYHUX BIACTUBOCTEHN MeTaly.

3 onHOTO OOKY, HE BpaxyBaHHS TEKCTYPH METaly MOXKE CTaTH JHKEpesoM Opaky y
BUpoOax abo mepenyacHOro pyiHyBaHHS KOHCTPYKIii. 3 iHIIOro 00Ky, (hopMyBaHHS
CHPUATINBOL CTPYKTYPH, 30KpeMa TEKCTYPH, MOKE CTaTH 3HAYHUM PE3EPBOM 3MIIIHEHHS
METaJIEBOTO MaTepiay 3a paXyHOK TEKCTYPHOTO 3MiltHeHHs. Ha jkab BIJITMBOM TEKCTYpH
Ha (hI3MKO-MEXaHIUYHI BIACTUBOCTI YaCTO HEXTYIOTh NPHU BUKOPUCTAHHI METaJEBUX
BUPOOIB Ta KOHCTPYKIIIH.

3 METOI0 3MEHINICHHS BHYTPIIIHIX HAIPY>KEHb Ta HaJlaHHS HEOOX1THUX TIOIUHHUX
XapaKTEePUCTHK JHUCTOBI ab0 pyJOHHI MeTajeBl HamiBpaOpuKaTtd MiAAal0Th
3HaKO3MIHHOMY BUTHHY (3B) 3a 10mOMOrow pOJIMKOBUX MAIIWH ISl TMPaBKU
(Bunpsimienns). Ilpomec 3B BmiuBae Ha 3MIHY MIKPOCTPYKTYpH (BUHHKAIOTH
MOIIKOJIKEHHSI - MIKPOTPIIIUHNA, MIKPONOpH) Ta KpucTaiorpadiuHoi TekcTypu. B
KIHIIEBOMY paxyHKy 1€ BeJ€ J0 3MIHM (Y4acTO HE KOHTPOJIbOBAHOI) MEXaHIUHUX
BJIACTMBOCTEH MeTally (aHI30Tpomii), HEe AMBIAYUCH HAa BIIHOCHO HEBEJIMYKY CTYIIHb

nedopmailii CTHCHEHHSIM Ta PO3TITOM B MIPOLIECT BUIPSIMIICHHS (ITPABKH).
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BruiiB 3Hako3MiHHOTO BUTHMHY (3B) Ha aH130TpOITII0 HAKOTTMYEHHS MOIIKO)KEHb B
JUCTOBOMY METaJll MPU OJHOBICHOMY pO3TATY BUBYEHHH HEAOCTATHBO, OCKIJIBKH B
KOKHOMY MeTall 4YM CIUIaBl 1€l BIUIMB € pi3HUM. HEeKOHTpOIIbOBaHE HAKOMWYCHHS B
MaTepiaii MOIIKOXKEHb MOKe MPUBECTH J0 MEpeI4acHOr0 pyrHyBaHHs. ToMy KOHTPOJIb
HAKOMMYEHHS MOIIKOIKEHb B MaTepialil € BAKIMBUM.

JlJis KOHTPOJIO PIBHA MOIIKO/KEHb y MaTepialdi BUKOPHUCTOBYETHCS IapameTp
TONIKO/KYBAHOCTi . MIOro BU3HAYAIOTh 33 3MiHOIO MEBHUX BIACTHBOCTEH (HATIPHKIAN
MOJyJS TPYKHOCTI) B TPOIECI HaBaHTaXeHb IOCHIIKyBaHOro 3paszka 3a JI. M.
KauanoBum ta 0. H. PaGotHoBuM. Lleli mapameTp € Mipoi0 3MIHU MIKPOCTPYKTYpPH
MeTaJly BHACJIJOK BUHMKHECHHS Ta HAKONMWYEHHS MIKpoJAe(eKTiB MiJ €0 poOouMx
HAaBAHTAKEHb. Y  HACIIJOK  HEIOCTaTHBOTO  TEOPETUYHOTO  OOIpyHTYBaHHS
eKCIIEpUMEHTaIbHE 3HAYCHHS MapaMmeTpy MOIIKOIKYBAHOCTI MOXK€ OyTH HE 3aBXKIU
OJIHO3HAYHUM. BIUIMB TEKCTypHu NpH LIbOMY JOCIIKEHUN HegocTaTHRO. Lleil BHeCOK €
YacTO HEBHM3HAYEHUM TNIPH BHUMIpaX MEXaHIYHUX BIACTUBOCTEH OCOOJHMBO MpHU
IPOBEJCHHI CTaTUYHUX BHUIPOOYyBaHb Ha poO3TAr abo BUruH. OIiHKa 3a3HAYEHOI
HEBU3HAUCHOCTI € HE BHUPINIEHOI 10 KIHLS MpoOJIEeMOI0 TPHUKIAAHOI (I3UKH Ta
HaHOMAaTepialliB, TMOJOJAHHSI $KOi MOXJIMBO 3@ JIOTIOMOTOI0  BCTAHOBJICHHS
EKCIIEPUMEHTAJIbHUX KOPEJSIIN Ta piBHSAHb perpecii. JJonomMikHUM 3acO000M TEXHIYHOI
JIarHOCTUKU Ta HEPYHWHIBHOIO KOHTPONIO € (pakTalbHUI aHami3, SKUM J103BOJISE
BU3HAYHUTH BAXJIMBI OCOOIMBOCTI CTaHy Ta MOBEIIHKH €JIEMEHTIB METaJIOKOHCTPYKIIIN B
npoleci iX eKcIuTyaTallii Ta pydHyBaHHS.

BaxxnuBuM pe3epBiB MOTIMIICHHS CITY>KO0BUX BIACTUBOCTEH METaIeBUX MaTepiailiB
€ BUKOPHUCTAHHS HOBUX METOMIB IHTeHCHBHOI TwiacTuuHoi nedopmartii (IITJI). s
JOCATHEHHS BEJIMKHX JAe(opmariiii BAKOPUCTOBYIOTHCS, HAPUKIIAA, TBUHTOBA EKCTPY3is
(T'E), xpyuenns mia BucokuM riapoctatuaauM TUckoM (KBT), piBHOKaHabHE KyTOBE
npecyBanHs (PKKII), Bcebiune kyBanus (BK), Tomo. CyTHICT IIUX METO/IIB MOJIATAE Y
Oaratopa3oBiil IHTEHCUBHIN MIIaCTUYHIN Iedopmallii 3cyBy 00poOIFOBaHUX MaTepiaiB.
3actocyBanns 11/ 1o3Bosie OTpUMaTH MeTaJIeBl MaTepiaiu 13 CyOMIKpPOKPUCTATIYHOO
ctpykryporo (CMK) abo «00'emMH1 HaHOMaTepianw». 3aBAsSKU pO3MipaM CTPYKTYPHHUX

eneMeHTiB (y mepury 4depry 3epeH 1 cyosepen) mopsiaky 100..200 vM, i marepiaan
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MarTh KOMIUIEKC (PI3MUHMX, MEXaHIYHHUX 1 TEXHOJIOTIYHUX BJIACTUBOCTEH, II0 BUT1IHO
BIJIPI3HSE 1X B1J ICHYIOUMX METAJIIB 1 CIJIaBiB y 3BUYAHHOMY, IpyO0O3EpHUCTOMY, CTaHi,
ICTOTHE TIABUILYIOYH XapaKTEPUCTUKU MILHOCTI 1 TBEPAOCTI U 30€pekeHHI BUCOKOTO
PIBHS TUTACTUYHOCTI. Ajie yTBopeHHs kpuctanorpadiunoi tekctypu y CMK marepianax
BHUBYCHO HEJOCTATHHO.

CydJacHUM METOJOM OTPUMAaHHS MPOAYKIII 31 CKIaJHUM MpodiieM €, Tak 3BaHi,
TexHoJorii aguTuBHOTO BUpoOHUIITBa (AB) - (additive manufacturing tekhnologies —
AM), mo € cenexktuBHEM JazepHuM crikaHHsaM (CJIC). Taka TexXHOJIOTiS TO3BOJISE
BUp0oOIIsiTH 3D-BUpOOH MomapoBo 3a gornomororo 3D npyky. Lle oco6immBo BasKIUBO J71s
npuaatHux 10 3D IpyKy cynepcriiaBiB Ha OCHOBI THTaHy, allOMIHIIO Ta HIKEIIO, SIKI
OCTaHHIM YacOM MOYaJId 3HAXOJUTHU AEeAall IIUPIIE 3aCTOCYBAHHS B a€POKOCMIYHIM,
aBTOMOOUIBHIN Ta eHepreTuuHii npomuciaoBocti. OcobnuBicTio AB € Te, 1110 Ha BIAMIHY
BIJl IHIIMX METOJIB OTPMMAaHHS 3aroTOBOK JI€Tajeil MalluH, HANpUKIal, PI3aHHSM,
3MIHUTH MPOCTOPOBE MOJOKEHHS JeTall 100 3aroTiBKM HEMOXJIUBO. Lle migkpecitoe
pPOJIb TEKCTYPH B OIIHII HAAIHHOCTI MIITHOCTI JIETaJIC, OTPUMaHMX 3a TEXHOJIOTier0 AB,
CJIEMEHTIB. 3aJeXKHICTh BIACTMBOCTEH neTtayie Big HampsaMmky 3D 1pyky Moxke
MPU3BOAUTH JI0 1e(PEKTIB HA CTaJli MOIIAPOBOT0 CUHTE3Y 3ar0TOBOK. TOMY JTOCIIKEHHS
3aJIEKHOCTEM BJIACTMBOCTEW HAJIPYKOBaHUX JeTajedl Bia HampsaMky 3D npyky €
aKTyaJIbHOIO TPOOJIEMOIO.

Hucepraiiiss npucBsiYeHa IOCHIIKEHHIO BIUIMBY Ha TEKCTYpy Ta aHI30TPOIIiIO
G13UKO-MEXaHIYHUX BJIACTHBOCTEW pI3HUX THUMIB Jedopmarllii:  BaJbI[IOBAaHHSM,
3HAKO3MIHHMM BUTHHOM, TBUHTOBOIO EKCTPY31€I0 JESKUX CIUIABIB 3 T'€KCAaroHaJbHOIO
cTpykrypoto Ha ocHOBI TuTany (CT Grade 1 Ta BT1-0) ta maruiro (Mg-10% Lita ZE10,),
a TaKOXX BIUIMBY HAmpsIMKy momapoBoro 3D npyky Ha BIaCTHMBOCTI HAJIPyKOBAaHUX 3
METaJICBUX TOPOIIKIB 3pa3KiB JKApOMIIIHOTO CYINEpCIIaBy 3 TpaHEIEHTPOBAHOIO
ctpykrypoto Inconel 718 (IN718), Akuil MHMPOKO BUKOPUCTOBYETHCS B SACPHUX
peakTopax, aBlalliifHUX IBUTYHAX Ta IHITUX BUCOKOTEMIIEPATYPHHUX MPUCTPOSX, 3aBISIKA

iX BUCOKI/ MIITHOCTI, OTOPY MOB3Yy4OCTi i 70OpOMy omnopy KOpo3ii.
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B nucepramii s omiHkM (p13MKO-MEXaHIYHMX BJIACTMBOCTEH T'€KCAaroHaJbHUX
METaJIeBUX TOJIKPUCTANIIB peai30BaHUN TIAX1J, OCHOBAaHMM Ha BHUKOPHCTaHHI
TekcTypHUX mapameTpiB KepHca (110 mMoka3yioTh CTymneHb 30iry reKcaroHaidbHOI OCi
KPUCTAJIYHOI KOMIPKM 3€peH 13 3aJaHUM T'€OMETPUYHUM  HANpsSMKOM B
MOJTIKPUCTAIIYHOMY 3pa3Ky) Ta BIACTUBOCTEH BIAMOBITHUX MOHOKpHUCTaMB. [lapamerpu
TexkcTypu KepHca Bu3Hauanu 3 o6epHeHux notocHux ¢iryp. Bupimene Takox 3BOpoTHE
3aJlaHHS 3 BU3HAYEHHS BJIACTUBOCTEH MOHOKPHUCTANIB 3a JAaHUMHU BIJAMNOBIIHUX
BJIACTMBOCTEH TOJIKPUCTAITY, OCKUTbKM BHU3HAUYCHHS, HAMPHUKIAJ, MPYKHUX KOHCTAHT
[UIIXOM BUMIPY 1X Ha MOHOKPHCTAJIaX € CKJIAJHUM 3aBJaHHSM, JJI1 BUPIIICHHS SKOTO
NOTPIOHO OTPUMATH MOHOKPHUCTAJ JOCTATHIX PO3MIpIB, 1110 HE 3aBXKIU MOXKIUBO. ToMy
OTPMMAaHHS XapaKTePUCTUK MOHOKPHUCTAIIB 3a pe3yJibTaTaMH BHUMIpPY BIJIOBIIHUX
BJIACTUBOCTEH Yy MOJIKPUCTAN € aKTyaJIbHUM MTUTAHHSIM.

VY naHiil gucepramiiiHiii poOOTI BCTAHOBJEHO, 110 3HAYEHHS MOJYJIS MPY’KHOCTI,
pO3paxoBaHl Ha OCHOBI KOHCTaHT MPYHOCTI MOHOKpHUCTaly KoMmepuiiHoro tutany (CT
Grade 1) Tta mapamertpiB TekcTypu KepHca B HampsMKy BaJIbI[IOBAHHS, MONEPECUHOMY
HaIPSMKY BUXIJHOTO JIMCTA, a TAKOX JIMCTIB IICJISI BUILE3a3HAYEHOrO PI3HOTO 4HuCia
[IUKJIIB 3HAKO3MIHHOTO BUTHHY (0 5 MHKIIB), BIAXWISIUCS BiJl €KCIIEPUMEHTAIBHUX
3HA4YEHb B Mexkax S5 %.

3HailIeHO 3HAYEHHS MEX MIIHOCTI Ta TUIMHHOCTI MOHOKPHUCTATy TUTaHy Y3I0BXK
HOT0 TeKCaroHaJbHOI OCI Ta NEPHeHAMKYJSIpHO i Ha MIACTaBl EMIIPUYHUX
CIIBBITHOIIIEHb M1>K TBEP/ICTIO 1 MIIHICTIO.

BukopuctoByoun oTpruMaHi BUIlle3a3HAYECH1 JJaH1 JIJI1 MOHOKPHUCTAITY Ta IapaMeTpu
TekcTypu KepHca, po3paxoBaHo 3HAYEHHS MEK1 MIITHOCTI Ta IIMHHOCTI JOCIIIPKYBaHUX
JIUCTIB MOJIKPUCTATIYHOTO TUTAHY, K B MOYATKOBOMY CTaHi, TakK 1 MICJs BIAMNOBIIHOI
KUTBKOCTI LIMKJIIB 3HAKO3MIHHOTO BUTHMHY, SIK y HalpsIMKy BajbI[IOBaHHSA, TaK 1 Y
MonepeyHoMy  HampsMKy. BcTaHOBJIEHO, 10  BIAXWJEHHS BiJ  BIAMOBIAHUX
EKCIIEpUMEHTAJIbHUX 3HaY€Hb HEe nepeBunryBaiu 10%.

[TapameTpu MOMIKOIKYBAHOCTI, SIKI XapaKTEPHU3yIOTh HAKOMWYEHHS TOMIKOKEHb,
OyJM BHU3HAYEHI 3a 3MIHOK MOJYJS TPYKHOCTI MICJsI 3a3HAYEHOTO YMCJa IHUKIIB

3HAKO3MIHHOTO BUTHHY BIJIHOCHO 3HA4€Hb MOJYJIA MPYXKHOCTI B PI3HMX HaNpsIMKax
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BUXIJTHOTO JIUCTa  JIOCHIIP)KYBaHOTO THUTaHy. BcTaHoBieHO, 10 MapaMeTpu
MOIIKO/I)KYBAHOCTI JIUCTIB TUTAHY B MOMEPEYHOMY HAIMPSIMKY B MPOIECI 3HAKO3MIHHOTO
BUTHHY OLIbIIE, HI) B HalpsMKy BaJblIOBaHHS JUCTIB. KpiM Toro, ¢ pocTtoM umcia
[UKIIB 3HAKO3MIHHOTO BHUTMHY [0 S5 TmMapaMeTpyd MONIKOJKYBAaHOCTI 3pa3KiB
JOCITIKYBAHOTO THTAHY B HANpPSIMKY BaJbIIOBAHHS 3POCTalOTh, B TOI CaMHil Yac
napamMeTpH TMOIIKOKYBAHOCTI y MOMEPEYHOMY HAMPSIMKY JIUCTIB 3POCTAIOTh 3 POCTOM
YyClia IUKI1 3HAKO3MIHHOTO BUTHHY /10 TPbOX, @ MICHS II'SITH LUKIIB 3HAKO3MIHHOTO
BUTHHY 3MEHITYIOThCSI.

[Ipu nmocmimKeHHI TEKCTypH JUCTIB ciiaBy Mg-5 % Li (mac.) Oynu 3HaiineH1
napameTpu TekcTypu Keprca. 3a qonoMororo 3HaiiieHux napameTpiB Teketypu KepHca
Ta KOHCTAHT MPY>XHOCTI MOHOKpHCTany cruiaBy Mg-5 % Li (Mac.) mpoBejieH1 OLlIHKH
MOJYJISl MPYKHOCTI MICSL €KCTPY3ii Ta Micis HACTYMHOI jJedopMallii 3HAKO3MIHHUM
BUTMHOM. [loKa3zaHo, MO0 pPO3PaxXyHKOBI Ta EKCHEPHUMEHTAIbHI 3HAYCHHS MOy
NPY>KHOCTI JINCTIB CIUIABY BIJIPI3HSIOTHCA HE Oublie Hix Ha 10 %.

BupiiieHo 3BOpoTHE 3aBAaHHS 3 BU3HAYEHHS! KOHCTAHT MPY>KHOCTI MOHOKPHUCTAITY
crutay Mg 5 % Li (mac.) 3a napamerpamu Tekctypu KepHca Ta eKcriepuMeHTaIbHUMHU
3HAUYCHHAMH MOMAYJS TMPYKHOCTI TOJIKPUCTAIIYHUX JIUCTIB CIUIABY Y HaNpsSIMKY
BAJIBILIOBAaHHSI Ta MONEPEYHOMY HAIMpPSMKY IICHs BHILE3a3HAYEHUX BHUJIB OOPOOKHU.
[Toka3zaHo, 110 pO3paxyHKOBI 3HAUEHHSI MOJIYJIIB MPYKHOCTI MOHOKPHUCTAILy CIuiaBy Mg-
5 % Li (mac.) BiIpi3HSIOTECS BiJl JIITEpATypHUX JaHUX, HE Olibine HiK Ha 4,8 Ta 7,5%
B3JI0B OCEl MOHOKpHUCTaJa ¢ Ta @, BIMOBIHO.

[Ipu nmocmimkeHHl crurapy MarHiro Mapku ZE10 3 1uHKOM, ITMPKOHIEM Ta
PIAKO3eMEIbHUMH METallaMU 3PO0JICHO OI[IHKM MOJYJIS MPY>KHOCTI B TPhOX OCHOBHUX
HanpsMKax BHUXIJIHOTO JiMCTa, a Takox JjuctiB micas 0,5; 1,0; 3,0; 1 5,0 nuxmiis
3HaKO3MIHHOTO BHUTHHY. OIIHKA MPOBOJWIN 3 BHKOPHUCTAHHSM MapaMeTPiB TEKCTYPHU
KepHca Ta npy>XHHX KOHCTaHT MOHOKPHCTaIy CIUIaBy. BCTaHOBIIEHO, 10 MaKCUMaJIbHE
BIJIXMJICHHS pPO3PAaXYHKOBHUX 1 €KCIIEPUMEHTAIbHUX 3HaY€Hb HE IepeBUITLyBaio 5,2%.

BusiBieHO aHI30TpoOIi0 MOIYJsl MPY>KHOCTI, TapaMeTpiB MOIIKOIKYBaHOCTI,
IPAHUINl MIIHOCTI, YMOBHOI TpaHUIll IJIMHHOCTI Ta BIJIHOCHOTO TOJOBXKEHHS SK Y

BUX1HOMY JucTi cruaBy ZE10, Tak 1 micis 3HakO3MIHHOTO BUTHHY. BeTanoBieHo, 1o 31
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30UIBIICHHSAM KUIBKOCTI IUKIB 3B  aHi3oTpomis JOCHIIKEHUX XapaKTePUCTHK
3MeHIyeThes. [lokazaHo, o MOyl MPYKHOCTI, yCepeIHEH] 3a BCiMa HalpsiMKamMH B
JUCTaxX, 3MEHIIYIOTbCSA, a MapaMeTpH MOIIKOKYBAHOCTI, TPAHMIISI MIIIHOCTI, YMOBHa
I'PaHMIl TUIMHHOCTI Ta BITHOCHE BUOBXKEHHSI, HABMaKH, 301JIBIITYIOTHCS 3 pocTOM Bij 0
710 5 IMKIIIB 3HAKO3MIHHOTO BUTHHY.

BcranoBneno, mo Mik mapamerpamu TekcTypu Keprca, 3 omHoro Ooky, Ta
3HAUYEHHAMHM MOJYJIA TMPY>KHOCTI, MapaMeTpiB MOIIKO/JKYBAHOCTI, MEXaHIYHUX
BJIACTMBOCTEH 3a OJHOBICHHMX BHUIPOOYBaHb HA PO3TAT, 3 IHIIOTO OOKY ICHYIOTH
KOPEJIAIIMHI 3B’ SI3KM 3 BUCOKMMHM 3HAYEHHSIMHU KOe(]iIll€eHTIB HAAIMHOCTI alpoKCcUMaIlii
3HAWJCHUX PIBHSIHBL perpecii, Mo CBIAYUTH PO 00OYMOBJICHICTh 3MIH BHUIIE3a3HAUYCHHUX
BJIACTUBOCTEH, 3A€0UIBIIOT0, KpUCTAIOTpa(iuHO0 TEKCTYPOIO JIUCTIB ciuiapy ZE10, sxa
bopMYETHCS 111 YaC TEPMOMEXaHIYHOT 0OPOOKH 1 IMOIATBIIOTO 3HAKO3MIHHOTO BUTHHY.

VY naHiit po6oTi mocmikyBanu 3paskd thutany BT1-0 oTpumani 3a JOMOMOTOIO
TBUHTOBOI €KCTPY3ii. EKCTpymoBaHi 3pa3Ku MarOTh JOCTATHIO TOBXUHY JIJIST MEXaHITHUX
BUMPOOYBaHb HA OJHOBICHUN po3TAr B370BX HampsamMky exkctpysii (HE). Ane
BUNPOOYBAHHS B 1HIIMX HANPAMKAX € MPOOJEMAaTUYHUM Yepe3 Malll pO3MipH 3pa3KiB.
Buxopucranns TekctypHux mnapametpiB KepHca Ta BIacTMBOCTEM MOHOKPHUCTAIIIB
BIIMOBIJHUX TE€KCAroHaJbHUX MaTreplajiB J03BOJISIE TEOPETHUYHO OIIHUTH MEXaHI4yH1
BJIACTUBOCTI TOJIIKPUCTAIIB. Y JaHid poOOTI BUKOHAHO OI[IHKY MOAYJS MPY>KHOCTI
crutaBy Tutany BT1-0 B TppoX B3a€MHO NMEPHEHANKYISIPHUX HAMPSMKaX 3pa3KiB Micis 5
MPOXO/11B TBUHTOBOI €KCTPY31i 1 BiNaTy, BAKOPUCTOBYIOUM NapameTpu TekcTypu KepHca
1 IPY>KHI MOCTIWHI MOHOKPHCTaJIa TEXHIYHOTO TUTaHy. BcTaHOBIIEHO, 110 pO3paxyHKOBa
BEJTMYMHA MOJTYJISI IPY>KHOCTI BIAXUJISIETHCS BiJl €KCIIEPUMEHTANIBLHOT B Mexkax 10 %.

BcranoBieHo, 110 po3paxyHKOBI 3HAU€HHSI MEK1 MILIHOCTI Ta TEKY4YOCT1 B3JJOBX OC1
IBUHTOBOI ekcTpy3ii micias 5 mpoxoxiB I'E yceoro ma 1,5 ta 1,7%, BimmosimHo,
BIIXWJISIIOTHCS BiJl IX €KCIIEPUMEHTAIBLHUX BEJIMYWH, OTPUMAHKX IIPU BUIPOOYBAHHIX Ha
OJIHOBICHUM PO3THIT.

B mmceprarii Takox 3HalEHO 3aKOHOMIPHOCTI (hopMyBaHHSI KpHCTaTorpadigHol
TEKCTypH Ta aHI30TpoIii (i3UKO-MEXaHIYHUX BJIACTUBOCTEN 3pa3KiB, OTPUMAHUX 13

MOPOIIIKIB KAPOMIITHOTO CIUIaBy Ha OCHOBI Hikemo Inconel 718 3 rpaHeneHTpoOBOIO
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KyOIYHOIO CTPYKTYpOIO 3a Cy4acHOIO0 TexHoJjorieo 3D apyKy y TrOpuU30HTaIbHOMY Ta
BEPTUKAJILHOMY HampsIMKy MOOyJ0BU. BcCTaHOBIEHO, IO TEKCTypa € TOJOBHOIO
MPUYMHOIO HAsSBHOI aHi30Tpomii BiactuBocTed. [lokazaHi MEpPCIEKTHBU IMOAATBIINAX
JTOCITIIKEHD.

Y nmaniii poOOTI AOCHIIKEHO KpucTanorpadiyHy TEKCTypy Ta MeEXaHiuHl
XapaKTepUCTUKU 00 €MHUX 3pa3kiB, OTpPUMaHHUX 3a Jomomoroio 3D-gpyky vy
ropuszoHTa’dbHOMY (XY) Ta BepTHKaIbHOMY (Z) HampsIMKax METOJIOM CEJIEKTUBHOTO
nazepHoro r1iaBneHHs TmopomkiB PREP Tta VIGA cmmaBy Inconel 718 3
I'paHELEHTPOBAHOI KyOIYHOIO I'paTKOI0. BCTaHOBIIEHO, IO TEKCTypa XapaKTepU3y€eThCs
THM, 1110 MaKCUMaJIbH1 3HAYEHHS MTOJIFOCHOI TYCTUHHU CIIOCTEPIraloThes y ToJirocax <533>
(2,17) (Biacranp Big <111> = 14°) 1 <100> (1,81) crepeorpadiuHOro TPUKYTHHKA.
Bennunna MakCUMyMIB 1 XapakTep pPO3CIIOBaHHS 3aJICKUTh Bl HANpsIMKY MOOYIOBH 1
MeToy 00poOku micist Apyky. Bigomo, mo y 'K MeTanax kpucraniti, opieHTaIlli IKKX
po3TaimoBaHi OnuM3bko 4yu Ha Mexi croponu [001] — [111] crepeorpadiunoro
TPUKYTHUKA, J0 SKOI i yac Aedopmariii HabJIMKAETHCS BICh PO3TATYBaHHS, OKa3yIOTh
Oinble 3MIIHEHHS. TO/l K KpUCTallM, OpIEHTALlI] SKUX JIEKATh Y LIEHTpaJbHINA 001acTi
cTepeorpadiyHOro TPUKYTHHKA, JTAJIEKO1 B1J CTOPIH TPUKYTHHUKA, OCOOJIMBO JIaJIEKO Bij
Buie3ragaHoi croponu [001] — [111], BUSBASIOTECS MEHII MILIHUMU TIPU PO3TATYBAHHI.
[Ipn 1poMy HaiOlIbIIEe 3MILHEHHS MNPU PO3TATYBaHHI BCTAHOBJIEHO y KpHUCTalax 3
opieatyBaHHsMH [001] Ta [111]. OckinbKu , MOTIOCHA T'YCTHHA Ha OOCPHEHHUX TOJFOCHUX
¢irypax (OI1®) nponopiiifina 00'€eMHii YacTIll KPUCTAJIIB BIAMOBIAHOT Opi€EHTAITlT, TO 715
MPOTHO3HOT OIIHKK BIUIMBY OpIEHTAIlll KPUCTAIIB HAa BIACTUBOCTI MIITHOCTI 3pa3KiB
JIOCITIJIPKYBAHOTO CIIJIABY CKOPUCTAJUCS BEJIMYMHOIO CYMapHOi TOJIOCHOI TYCTHHU
opieHTyBaHb KpuctaiiB B310Bk [001] - [111] croponu crepeorpadgpiyHOro TPUKYTHUKA
Ha OII®. 3’scyBanock, 10 cyMapHa MOJIFOCHA TYCTHUHA B3A0BXK cTopoHu [001] — [111]
cTtepeorpaiyHOr0 TPUKYTHUKA IS TOPU3OHTAJIBHUX 3pa3KiB BHINE, HIK s
BEPTUKATBHUX. TakoX OyJI0 BCTAaHOBJICHO, 110 BJACTUBOCTI MIIIHOCTI TOPU30HTAIBHHUX
3pa3KkiB BHWINE, HDK BEPTUKAIBHUX, a, BIAMOBIJHO, IUTACTHYHI XapaKTEPUCTUKHU
TOPU3OHTAJIBHUX 3Pa3KiB HUXKYE, HDK y BepTUKaIbHUX. [IpoBeneHi kopensiiitHuil Ta

perpeciiHuii aHaji3W TOKa3ajdH, M0 MAOTh MICIE JIHIAHI KOPENSIiiHI 3B'SI3KH 3
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BUCOKMMU 3HA4YeHHSMH KoedimieHTa HamiiHocTi ampokcuMarii (0.64-0.86) wMix
napamMeTpaMH TEKCTYpHU Ta MEXaHIYHUMU XapakTtepucTtukamu. Lle cBimuuTh npo Te, 1o
OCHOBHOIO TPUUMHOIO aH130TPOII1T BIACTUBOCTEN Y TOCIIHPKEHUX 3pa3KaxX, OTpPUMaHUX 32
nonomororo 3D meuari, € kpucTtanorpagiuHa TEKCTypa.

[IpakTruHe 3HaYEHHS OTPUMAHHUX PE3YJIBTATIB TOCIIKCHHS

1. Pesynpraty 3 BHU3HAUEHHS XapaKTEPUCTUK MOHOKPHCTATIB 3a JaHUMU
BUMIpPY BIAMOBIIHUX BJIACTUBOCTEW Yy modikpuctami Mg-5 % Li MoxyTb OyTu
3aCTOCOBaHI JJI1 BU3HAYCHHS XapaKTEPUCTHUK MOHOKPHUCTAJIB 1HIIMX TeKCaroHaJbHUX
MaTtepialiB 3a BIAMOBIIHUMH €KCIIEPUMEHTAJbHUMHU JTaHUMH TOJIKPUCTAIIIB, OCKUIBKU
OTPUMaHHS MOHOKPHUCTAIIB, JOCTATHIX JJI1 BUMIPY BIAMOBIIHUX BJIACTUBOCTEH, 4acTO €
CKJIQJTHOIO MPOOIEMOIO.

2. 3HaiiieHi 3aKOHOMIpPHOCTI (POPMYBaHHS TEKCTYpHU Ta 3MiH MapaMmeTpiB
MOIIKO/KYBAaHOCTI THUTAHOBHUX JIMCTIB TICIAA iX BHUIPSAMICHHS 3a JOIOMOIOIO
3HAKO3MIHHOTO BUTMHY MOXYTh OYTH 3acCTOCOBaHl Uil KOpEryBaHHS TEXHOJIOTI
OTPMMaHHS TUTAHOBOTO JIMCTOBOTO TPOKATy 3 ONTUMAJbHUMU TEKCTYpPHO-
CTPYKTYPHUMH XapaKTEPUCTUKAMHU.

3. Pesynbrat pocnipkeHb crmuiaBy MarHito Mapku ZE10 MoxyTh OyTH
BUKOPHUCTaHI1 JyIsl pO3pO0JIEHHS TEXHOJIOT1i OTPUMAaHHS TOHKHUX JIMCTIB CIUJIaBIB MArHIIO 3
IIUHKOM, ITUPKOHIEM 1 J0AaTKaMH PiAKICHO3EMEIbHUX METaliB 3 MOJIMNIICHUMU
XapakTepUCTHKaMU  (OPMO3MIHM Ta MIHIMAQJIBHOIO  aHI3O0TPOMIEI0  MEXaHIYHUX
XapaKTePUCTHK.

4. Onucani BuIIe CHocoOM OIIHKK (DI3UKO-MEXaHIYHUX BJIACTHUBOCTEH
MOJIIKPUCTAIIIB 3 TEKCArOHAJIIBHOIO CTPYKTYpPOIO 3a JaHUMH TEKCTYpPHHX MapameTpiB
KepHca Ta BIANMOBIZHUX XapaKTEPUCTUK MOHOKPHUCTAIIB MOXYTh OyTH BHUKOPHCTaHI y
TUX BHIMAJKaX, KOJM BHUMIpP BJIACTHBOCTI y IMEBHOMY HANpPSMKY MOJIKPUCTAIIYHOTO
3pa3ka 3poOUTH BaKKO a00 HEMOXJIMBO. Hanpukiaz, y HanpsiMKy HopMadi 10 TUIOUUHU
TOHKHX JIUCTIB, a00 MicCJIsl BOJIOYIHHS JPOTY, a TAKOXK IMICJIsi TBUHTOBOI €KCTPY3ii 3pazka
NEPIEHIUKYJISIPHO 11 OCI.

5. 3aKOHOMIPHOCTI1 YTBOPEHHS TEKCTYPH Ta 1i HEOAHOPITHOCTI MiCIsl TBUHTOBOI

eKCTPY31i MOXKYTh OyTH BUKOPHUCTaHI1 I PO3POOKH HOBUX TEXHOJIOTIH, K1 T03BOJISIOTh
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CTBOPIOBATH B METAJIEBUX 3pa3Kax ONTUMAJIbHY CTPYKTYPY, IO CIPOMOKHA MOTIIIIUTH
BJIACTUBOCTI MaTepiajiay 3a OaraTbMa rapaMeTpamH.

6. BpaxoBytoun, 1o crutaB BT1-0 piako 3acTOCOBY€ETbCS SIK KOHCTPYKIIIHHUNA
Matepiai, TPaKTUYHOI MEPCIEKTUBOI0 MOJANBIINX TOCTIIKEHb € OIliHKAa (hOpMyBaHHS
TEKCTYpH Ta BJIACTUBOCTEH THUTAHOBUX CIUIABIB aBIallIMHO-KOCMIYHOTO MPU3HAYCHHS.
Cepen OCHOBHUX 3 HUX MOJKHA BHJIUJTUTH IMHPOKO 3aCTOCOBYBAHI JJIi BUTOTOBJICHHS
JIOTIATOK KOMITpecopa ra3oTypOIHHHMX JBUTYHIB JIBO(a3Hi Ta MceBa0-1BO¢a3H1 TUTAHOBI
criasu BT3-1, BT6, BT8, BT25 Ta inmi.

7. Pe3ynbraTu qoCHiKEeHHsI TEKCTYpPHU Ta BIACTUBOCTEH cruiaBy Inconel 718
MOYTb OyTH BUKOPUCTaH1 MPU OTPUMAHHI JIETaJIeil METOJOM CEJIEKTUBHOTO Ja3epHOTrO
IUIABJICHHS Yy BIAMOBIMHMX HampsaMkax 3D-aApyky 3 ONTHMaIbHUM KOMILJIEKCOM
BJIACTUBOCTEM.

8. PamioHanbHe BUKOPHCTaHHS KpHCTaJOrpadiuHoOi TEKCTypu Yy TMpoleci
BUTOTOBJICHHS JI€TAl€ METOJOM CEJIEKTHBHOTO JIA3€PHOTO IJIABJICHHS Y BiAMOBITHUX
HanpsiMkax 3D-ApyKy H03BOJIMTH OTPUMYBATH JI€Tall 3 ONTHUMAJIbHUM KOMIUIEKCOM
BJIacTUBOCTEN. [lepCeKTUBHUM € OLlIHKa KpucTaaorpapiyHoi TEKCTYPH Ta MEXaHIYHUX
BJIACTUBOCTEN y 3pa3kax, BUpi3aHMX y Hampsmkax X, X+45° ta Y 3 miacTuHw,
BUTOTOBJIEHOT HUIsIXoM 3D-apyky y mionmHi XY, a TakoX Ha 3pa3Kax, BUPI3aHUX y
BI/IMOBIHUX HANPsIMKax 13 MJIACTUH, OTPUMAHKX 3a JONMOMOrow 3D-ApyKy y MIommrHaxX
XZTaYZ.

KarouoBi ciaoBa: cmuraBu, 3HAKO3MIHHMH BHTHH, IHTCHCHBHA IIJIaCTHMYHA
nedopwmarilisi, TBUHTOBa €KCTPY3is, CEJICKTUBHE JIa3epHE CIUIaBJICHHS, BiAMAN, TEKCTYypa,
Moxysb FOHTa, TBEpAiCTh, MEXaHIYHI BJIACTUBOCTI, aHI3OTPOMis, TpilWHA, Ie(PEeKTH,

MOIIKO/KEHHS, PYWHYBaHHS.
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ABSTRACT

Rybak N.I. Effect of the deformation type on the anisotropy of the physical and
mechanical properties of polycrystalline metal with a hexagonal and cubic structure. —
Qualifying scientific work as a manuscript.

Doctoral Thesis to award the degree Candidate of Physical and Mathematical
Sciences in specialty 105 "Applied physics and nanotechnology". — State institution
"South Ukrainian National University named after K. D. Ushinsky", Odessa, 2023.

The use of metal semi-finished products and products from them depends on the
properties after their manufacture. Therefore, it is actual the study the factors that
influence the formation of optimal properties. Characteristics of the structure of metallic
polycrystalline materials, namely texture (crystallographic and mechanical), and
microstructure features (sizes of coherent scattering blocks, micro deformations of the
crystal lattice) determine the presence of anisotropy in the physical and mechanical
properties of the metal.

On the one hand, not taking into account the texture of the metal can become a source
of defects in products or premature destruction of structures. On the other hand, the
formation of a favorable structure, in particular, texture, can become a significant reserve
of hardening of the metallic material due to textural hardening. Unfortunately, the
influence of texture on physical and mechanical properties is often neglected when using
metal products and structures. An auxiliary tool for technical diagnostics and non-
destructive testing is fractal analysis, which allows you to determine the important
features of the state and behavior of the elements of metal structures during their operation
and destruction.

In order to reduce internal stresses and provide the necessary planar characteristics,
sheet or rolled semi-finished products are subjected to alternating bending (AB) with the
help of roller machines for straightening. The AB process affects the change in
microstructure (damages occur - microcracks, micropores), and crystallographic texture.
Ultimately, this leads to a change (often uncontrollable) of the mechanical properties of
the metal (anisotropy), despite the relatively small degree of deformation by compression

and tension during straightening.
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The influence of alternating bending on the anisotropy of damage accumulation in
sheet metal during uniaxial tension has not been studied enough, since this influence is
different in each metal or alloy. Uncontrolled accumulation of damages in a material can
lead to premature destruction. Therefore, control of the accumulation of damages in a
material is important.

To control the level of damage in the material, the damage parameter o is used. It is
determined by the change of certain properties (for example, the modulus of elasticity)
during the loading of the studied sample according to L. M. Kachanov and Yu. N.
Rabotnov. This parameter is a measure of the change in the microstructure of the metal
as a result of the occurrence and accumulation of micro defects under the action of
working loads. As a result of insufficient theoretical justification, the experimental value
of the damage parameter may not always be unambiguous. The effect of texture has not
been studied enough. This contribution is often uncertain when measuring mechanical
properties, especially when conducting static tensile or bending tests. The evaluation of
the specified uncertainty is the problem of applied physics and nanomaterials, which can
be overcome by establishing experimental correlations and regression equations.

A modern method for obtaining products with a complex profile is the so-called
additive manufacturing technologies (AB) - (additive manufacturing technologies - AM),
which are selective laser sintering (SLS). This is especially important for 3D-printable
titanium, aluminum, and nickel-based superalloys, which have recently been often, used
in the aerospace, automotive, and energy industries. A feature of AB is that, unlike other
methods for obtaining blanks for machine parts, for example, cutting, it is impossible to
change the spatial position of the element relative to the blank. This emphasizes the role
of texture in assessing the reliability of the strength of parts obtained by AB technology,
especially taking into account the different spatial orientations of individual structural
elements. The dependence of the properties of details on the direction of 3D printing can
lead to defects at the stage of layer-by-layer synthesis of workpieces. Therefore, the study
of the dependence on the direction of the properties of 3D printing parts is an actual

problem.
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The dissertation is devoted to the study of the effect on the texture and anisotropy of
the physical and mechanical properties of deformation by rolling, alternating bending,
and twist extrusion of some alloys with a hexagonal structure based on titanium (CT
Grade 1 and VT1-0) and magnesium (Mg-10%), as well as the study of the influence
direction of layer-by-layer 3D printing on the properties of metal powder-printed
specimens of Inconel 718 (IN718), a heat-resistant superalloy with a face-centered
structure, which is widely used in nuclear reactors, aircraft engines and other high-
temperature devices, due to its high strength, creep resistance, and good corrosion
resistance.

The dissertation implements an approach to assessing the physical and mechanical
properties of hexagonal polycrystalline metal by the Kearns texture parameters (which
show the degree of coincidence of the hexagonal axis of the crystal cell of grains with a
given geometric direction in a polycrystalline sample) and the properties of the
corresponding single crystals. Kearn's texture parameters were determined from inverse
pole figures. The inverse problem of determining the properties of single crystals from
the data of the corresponding properties of a polycrystalline material has also been solved.
This is important since, for example, measuring the elastic constants has difficulty
through it needs to obtain a single crystal of sufficient size, but it is not always possible.
Therefore, the calculation of characteristics of a single crystal from the corresponding
properties results of measuring in polycrystalline materials is a topical problem.

In this work, it was established that the values of the modulus of elasticity, calculated
on the basis of the elasticity constants of a single crystal of commercial titanium (CT
Grade 1) and the parameters of the Cairns texture in the rolling direction, and transverse
direction of the initial sheet, as well as sheets after of the above-mentioned different
number of cycles of alternating bending (up to 5 cycles), deviated from the experimental
values within 5%.

In this thesis, the value of the strength and yield limits of a titanium single crystal
along its hexagonal axis and perpendicular to it was found on the basis of empirical
relationships between hardness and strength. Using the above-mentioned data for a single

crystal and the parameters of the Kearns texture, the value of the ultimate strength and
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yield strength of the studied sheets of polycrystalline titanium was calculated, both in the

initial state and after the corresponding number of AB cycles in the rolling direction and
in the transverse direction.

In this work, the parameters of damage characterizing the accumulation of damage
were determined by the change in the modulus of elasticity of titanium after the specified
number of alternating bending cycles relative to the values of the modulus of elasticity,
in different directions of the original sheet of the studied alloy. It was established that the
parameters of damage in the transverse direction in the process of alternating sign bending
are greater than in the rolling direction of the sheet. In addition, with an increase in the
number of AB cycles up to 5 the damage parameters of the studied titanium samples in
the rolling direction increase. At the same time, the parameters of damage in the
transverse direction of the sheets increased with an increase in the number of AB cycles
up to three, and after five cycles of alternating bending they decreased.

During the study of the sheets of the Mg-5% Li alloy (wt.), the Kearns texture
parameters were found and the elasticity module evaluations are carried out after
extrusion and subsequent deformation by alternating bending using the found the Kearns
texture parameters as well of elastic constants of the single crystal of the Mg-5% Li alloy
(wt.). It is shown that the calculated and experimental values of the modulus of elasticity
of alloy sheets differ by no more than 10%.

The inverse problem of determining the elasticity constants of a single crystal Mg
5% Li (wt) alloy based on the parameters of the Cairns texture and the experimental
values of the modulus of elasticity of polycrystalline alloy sheets in the rolling direction
and the transverse direction after the above-mentioned types of processing was solved. It
is shown that the calculated values of the modulus of elasticity of the Mg-5% Li alloy
single crystal (by mass) differ from the literature data by no more than 7.5%.

When studying the ZE10 grade magnesium alloy with zinc, zirconium, and rare earth
metals, estimates of the modulus of elasticity were made in the three main directions of
the initial sheet, as well as sheets after 0.5; 1.0; 3.0; and 5.0 cycles of alternating bending.
Estimates were made using the parameters of the Cairns texture and the elastic constants

of the single crystal of the alloy. It was established that the maximum deviation of
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calculated and experimental values did not exceed 5.2%. At the same time, the anisotropy
of the modulus of elasticity, damage parameters, strength limit, conditional yield strength,
and relative elongation was found both in the initial sheet of the ZE10 alloy and after
significant bending. It has been established that with an increase in the number of AB
cycles, the anisotropy of the studied characteristics decreases. It is shown that the modulus
of elasticity, averaged over all directions of the sheets, decreases, and the damage
parameters, strength limit, conditional yield strength, and relative elongation, on the
contrary, increase with growth from 0 to 5 of alternating bending cycles. With the help
of correlation and regression analysis, it is shown that changes in the modulus of
elasticity, damage parameters, and mechanical characteristics during uniaxial tensile tests
are mainly due to the crystallographic texture of the ZE10 alloy sheets, which i1s formed
during thermomechanical processing and subsequent alternating sign bending.

An important reserve for improving the service properties of metallic materials is
the use of new methods of intensive plastic deformation (IPD). To achieve large
deformations, for example, twist extrusion (TE), torsion under high hydrostatic pressure
(HVP), equal-channel angular pressing (EKAP), all-round forging (ARF), etc. are used.
The essence of these methods is multiple intense plastic shear deformation of the
processed materials. The use of IPD makes it possible to obtain metallic materials with a
submicrocrystalline structure (SMC) or bulk nanomaterials. Thanks to the size of the
structural elements (primarily grains and subgrains) of the order of 100...200 nm, these
materials have a complex of physical, mechanical, and technological properties that
favorably distinguish them from existing metals and alloys in their usual, coarse-grained
state, significantly increasing their such characteristics strength and stiffness while
maintaining a high level of plasticity. But the formation of crystallographic texture in
SMC materials is insufficiently studied.

In this thesis, samples of titanium VT1-0, obtained by means of twist extrusion,
having a sufficient length for mechanical tests on uniaxial tension are studied. But testing
in other directions is problematic due to the small size of the samples. It is shown that the
use of Kearns texture parameters and the properties of single crystals of the corresponding

hexagonal materials make it possible to theoretically estimate the mechanical properties
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of polycrystalline materials. In this work, the elastic modulus of the VT1-0 titanium alloy
was evaluated in three mutually perpendicular directions of the samples after 5 passes of
twist extrusion and subsequent annealing, using the Kearns texture parameters and the
elastic constant single crystals of technical titanium. It was established that the calculated
value of the modulus of elasticity deviates from the experimental value of 10%.

It was established that the calculated values of the limit strength and yield strength
along the axis of twist extrusion after 5 passes of TE exceed their experimental values by
only 1.5 and 1.7%, respectively.

The practical significance of the results of the study:

1. The results of finding the characteristics of single crystals from the measurement
data of the corresponding properties in the Mg-5% Li polycrystalline samples can be
applied to the finding of characteristics of single crystals of other hexagonal materials
from the corresponding experimental data of polycrystalline samples, since obtaining
single crystals sufficient to measure the corresponding properties is often a difficult
problem.

2. The found patterns of texture formation and changes in the damage parameters of
titanium sheets after their straightening with the help of alternating bending can be used
to correct the technology for producing titanium sheet with optimal texture and structural
characteristics.

3. The results of studies of ZE10 magnesium alloy can be used to develop a
technology for producing thin sheets of magnesium alloys with zinc, zirconium and rare
earth metal additives with improved shape change characteristics and minimal anisotropy
of mechanical characteristics.

4. The above described methods for evaluating the physical and mechanical
properties of polycrystalline materials with a hexagonal structure according to the Kearns
texture parameters and the corresponding characteristics of single crystals can be used in
then cases when the measuring of the property in a certain direction of a polycrystalline
sample is difficult or impossible. For example, in the direction normal to the plane of thin
sheets or along direction wire drawing, as well as perpendicular direction to the axis of

extrusion.
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5. Patterns of texture formation and its inhomogeneity after twist extrusion can be
used to develop new technologies that make it possible to create an optimal structure in
metal samples that can improve material properties in many ways.

6. Given that the VT1-0 alloy is rarely used as a structural material, a practical
prospect for further research is to assess the texture formation and properties of titanium
alloys for aerospace applications. Two-phase and pseudo-two-phase titanium alloys VT3-
1, VT6, VT8, VT25 and others, widely used for the manufacture of compressor blades
for gas turbine engines, can be distinguished among the main ones.

7. The results of studying the texture and properties of the Inconel 718 alloy can be
used to obtain parts by selective laser melting in the appropriate directions of 3D printing
with an optimal set of properties

8. The rational use of crystallographic texture in the process of manufacturing parts
by selective laser melting in the relevant directions of 3D printing will allow obtaining
parts with an optimal set of properties. The nearest prospect is to evaluate the effect of
crystallographic texture on the mechanical properties of samples cut in the X, X+45° and
Y directions from a plate produced by 3D printing in the XY plane, as well as samples
cut in the corresponding directions from plates obtained using 3D - printing in the XZ and

YZ planes.

Keywords: alloys, alternating bending, intensive plastic deformation, twist
extrusion, selective laser sintering, annealing, texture, Young’s modulus, hardness,

mechanical properties, anisotropy, crack, defects, damage, destruction.
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BCTVII

AKTyaJbHicTh TeMU. OCHOBY METalIeBUX KOHCTPYKIIMHUX MaTepiaiiB CKIaIal0Th
MeETaJM Ta CIUIaBU 3 KYOIYHUMU Ta FeKCaroHaAJIbHUMH KPUCTATIYHUMU IpaTkaMu. Cepen
CIUIaBIB 3 KyOIYHMMH IpaTKaMH B IMPOMHUCIIOBOCTI 3HAYHE MICII€ 3aiiMarOTh CIUIaBH Ha
ocHOBI 3aii3a (cramni). Ctam MUPOKO 3aCTOCOBYIOTH y TPyOOIPOBITHOMY TPAaHCIIOPTI,
MaIlIMHOOYAyBaHHI, TPaXKIaHCHbKOMY OYIAiBHHUIITBY, Tolo. Oco0auBe Micie 3aiiMaroTh
KapOMIITHI CTaJll Ta CIJIaBH, 1110 BUKOPUCTOBYIOTh, 30KpeMa, B ra30TypOIHHUX JIBUTYHAX
(manpukinan, Inconel 718 [1]).

VY rany3sx mNpoMHCIOBOCTI, JIe TOJIOBHA POJIb HAJEKUTh HE BapPTOCTI, a TEXHIYHUM
XapaKTepUCTHKAM, YacTO BHUKOPHUCTOBYIOTh METajl Ta CIUIABH 3 TeKCaroOHaIbHUM
KPUCTAJIIYHUMH TpaTKaMu, 30KpeMa TUTaH, MarHiii Ta CIUlaBU Ha iX OcHOBI. TuTaH Ta
HOro crjiaBud 3aCTOCOBYIOTh MEPEBAXKHO JIJIs BIMCHKOBOrO 0OJiaiHaHHSA. Mana nuroma
Bara 1 BUCOKa MIIIHICTb (0COOJIMBO 3a MiIBUILIEHUX TEMIEPATYP) TUTAHY, Ta HOTO CIJIaBiB
pOOJIATH X Ay’Ke IIHHUMHU aB1aKOCMIYHUMH MaTepiaiaMu [2].

binbmiicTh CydacHMX TEXHOJOTIH OOpOOKH JMCTOBOrO MeETally Iepeadadae
MEXaHIYHUI a00 TEpMIYHMM BIUIMB, IO € MPUYMHOIO BHYTPIIIHIX HAMPYKEHb Y
Matepiani. CTyniHb iX OposIBY 3aJI€KUTH B1J XIMIYHOTO CKJIaly, BUX1JHOTO HAMIPY>KEHOTO
CTaHy MeTally Ta 1H. SIK HaclliJIOK, BUHUKAE HU3KA CKJIAJHOIIIB MIPU MOAANIbIII 00poOIIl
nerajei, OTpUMaHHI 3aaH01 TeOMETPIi, 10 MOXKE IMPU3BECTH 10 Opaky npoaykii [3].
Jns 3a0e3nedeHHs] XOPOIIUX IMOKA3HUKIB IUIONIMHHOCTI PYJOHHHH MeETall Tepen
BUKOPUCTAHHSAM MIIal0Th MPaBIll Ha MPABWIHBHUX POJIMKOBUX MAIIMHAX, IO TOJIATAE B
3Hako3MiHHOMY BuruHi (3B). Taka o00poOka m103BOJIs€ 3MEHIIUTH BHYTPINIHI
Harnpy:keHHs Metainy [3]. BHacaigok BIIHOCHO MaJjioi iIacTU4HOI ieopmariii y nmporieci
MPaBKH BiIOYBAETHCSA 3MiHA CTPYKTYpU METAlTy Ta MOTO0 MEXaHIYHUX XapaKTEPUCTHUK,
JOCTIIKEHHS IKUX Ma€ BOKJIMBE MPUKIIATHE 3HAUYCHHSI.

3 MpakTUYHOI TOUKH 30py Taka 00poOKa T03BOJISIE€ 3HU3UTH BHYTPIIIHI HAIPYKEHHS
MeTany. Ajie HaBiTh HEBEJIMKa IIAaCTHYHA Jedopmarlisi Mpu 3HAKO3MIHHOMY BUTHHI
NPUBOJUTH 0 TOMITHUX CTPYKTYpHUX TMEpPETBOPEHh METAJEBOrO MpOKAaTy Ta HOro

MEXaHIYHUX XAapaKTCPUCTHUK, BUBYCHHS SAKUX IIPAKTUIHO BAXKIIMBHUM.
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3 HayKOBOIO MOTJSiy, NMPU 3HAKO3MIHHOMY BUTHHI CTa€ MOXKJIMBUM BUBYEHHS
MPOILIECIB 3MIHU MIKPOCTPYKTYPH 1 TEKCTYpU TIPU PO3TATY Ta CTUCKY OJTHOTO Ta TOTO XK
3pa3ka, Ha IKOMY TI1]] Yac 3THHAHHS OJIHa CTOPOHA METaJy PO3TATYETHCS, a 1HILIA CTOPOHA
CTUCKaeTheA. J[aHi Mpo BIACTUBOCTI METAITy, B TOMY YHCIIl MOJIYJIb IPY>KHOCTI, I03BOJISIE
POEKTYBaTH BUPOOH 3 Iepe0auyBaHUMH Ta ONTUMAIBHUMHU BIACTUBOCTSAMU Ha BTOMY
ab0 pyliHyBaHHS.

Panime Oyno mokaszaHo [4], 1m0 3MiHA aHI30TPOIIi MEXaHIYHUX BJIACTUBOCTEH Y
TUTaHI 3yMOBJICHa B OCHOBHOMY KpHUCTaJIOTrpadiyHOi TEKCTYpOIO, IO MPOSBISETHCI Y
BCTAHOBJICHUX JIHIAHUX KOPEJSIIMHUX 3B'A3KaX MDK YCEpEeIHEHHMH BeITUYMHAMU
MOJIFOCHOT IMUTBHOCTI HAaWO1IbIIT IHTEHCUBHOTO KOMIIOHEHTA TEKCTYPH JIUCTIB TUTAHY Ha
o0epHeHux noitocHux ¢irypax (OIID).

MarHieBi cIjlaBU MPUBEPTAIOTh yBary OCTAHHIMH POKAMH SIK HAWJIErII cepen
JOCTYITHUX METaJeBUX KOMEpILINHuX marepianiB. BHachigok Hu3bkoi ryctunu (1740
Kr/M>) Ta BiJHOCHO BMCOKOI IIMTOMOI MIiIJHOCTi, MarHi€Bi CIUIaBH JO3BOJIAIOTH 3MEHIIATH
Bary KOHCTPYKIIIi IUISIXOM 3aMIHU CTAJIEBUX Ta aJIIOMIHIEBUX JIETAJNICH B a€pOKOCMIUHIN
Ta TPAHCIOPTHIN MPOMHUCIOBOCTI. Y TOW K€ 4Yac BHUCOKA CTIMKICTh /10 (POPMO3MIHU
BHACIIIJIOK HECTIPUATIUBOI TEKCTYpH, IO YTBOPIOETHCS Y TMPOIECl BUPOOHUIITBA
MarHi€BHX CIUIABIB, MEPEIIKOKAE IMUPOKOMY PAKTHUYHOMY BUKOPUCTAHHIO MarHi€BUX
criiaBiB [5].

Jlerysanus marniro mitiem (Li) i3 ryctunoro 530 Kr/M> He TIIEKU J03BOIISE 3HAYHO
3HM3UTHU TYCTUHY Mg, aje TakoX MOMITHO MiABUIIY€ MIACTUYHICTh Ta YAAPHY MILHICTb
reKCaroHaJIbHUX MarHi€BUX CIUIaBiB. biHapHI CIjlaBM CHUCTEMH MAarHid-JTIA 9acTo
CJIyaTh SIK OCHOBA JIJIs1 TPOMHUCIIOBUX KOHCTPYKIIIMHUX CIIJIaBiB MarHito [6].

OpHodaszHi criaBM Mar”if-JiTid 13 reKCaroHaJIbHOI CTPYKTYpPOIO MalTh 100py
bopMyeMicTh, sIKa MOKpAIlyeTbcs 31 30UIBIIEHHAM BMICTY JiTit0. I[lmacTuuHicTh
OiHapHuX cruiaBiB Mg-Li 3pocTae 31 301IbIIIEHHSM BMICTY JIITIIO, TO/1 SIK MIIHICTB iX BCE
e Moxe OyTH JOCTaTHBOI JIsi OaraThOoX OIOMEIMYHUX 3aCTOCYBaHb 4epe3 IXHIO
xopolry 610CyMICHICTh, HU3bKUN Moy b KOHTa 1 MiABUIIEHY KOPO31HHY CTIHKICTh. TUM

HE MEHII, BCE I1I€ 3AIMILIAETHCA 0araTo HEBUPIIIEHUX TEXHOJIOTTYHUX Ta O10MEIMYHUX
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npo0JieM, Skl CTBOPIOIOTH TPOOJIEMH 1Sl MaTepiaJIO3HABIIIB Ta BUSHUX -MEJIUKIB, a TAKOX
KIIHIIKUCTIB. [7].

[ToBeninky OIHAPHOTO CIUIABY MAarHif-JIITIA 3 TEKCAarOHATLHOIO CTPYKTYPOIO MMiCIIs
3HAKO3MIHHOTO BUTHHY MPU MPaBIIi JJUCTOBOI'O METATy BUBYAJIM PaHIIIE Ta BCTAHOBUIIN
KOPEJSIII0 MK MOJIYJIEM MPY>KHOCTI, BIACTHBOCTSIMH MIITHOCTI W TUTMHHOCTI TIICTIS
3HaKO3MIHHOTO BHUTMHY Ta XapaKTEepUCTUKAMHU KpHUCTaAIOrpadiuHOi TEKCTYpH,
BUPAXECHUMH Y BEJIMYMHI TIOJIFOCHOI I'YCTUHU Ha 00epHEeHuX noitocHux ¢irypax (OI1D),
HE BUKOPUCTOBYIOYM napaMmeTpu Tekctypu Kepaea [8, 9].

CrnaBu Marfito € JyXe MEepCHEeKTUBHUMHU [IJIi aBTOMOOIIBHOTO TPAHCHOPTY
BHACIJIOK iX BHCOKOI IMHUTOMOI MIIIHOCTI Ta XOpcTKocTi. OgHaK TpaJMIiHI CIUIaBU
MAarHiro 3 aJOMIHIEM 1 HIUHKOM (Hampukiag, AZ31) MaioTh 0OMEXEHY IJIaCTUYHICTD B
Xo0JoHOMY cTaHl. OZHUM 13 coco0iB yIpaBIiHHS TEKCTYPOIO € JOJaBaHHS B CIUIABU
MarHiro piakicHozemelnbHuX MeTaliB (P3M), siki MO (]iKyIOTh 1 TOCIA0II0I0Th TOCTPOTY
TEKCTypH rapsiuekataHux Mg criaBiB, BHACI1AOK YOTO MIABUILYETHCA iX MIACTUYHICTS 1
nedhopmosanicTs [10].

VY pobGoti [11] nocmikeHO BIUIMB MajOLMKIOBOTO 3HAKO3MIHHOIO BUTHHY IPHU
KIMHATHIN TeMIepaTtypi Ha KpucTaliorpadiuHy TeKCTypy, MeTajiorpadgidydy CTpyKTypy Ta
MEXaH14YH1 BJACTUBOCTI JIUCTIB MarHi€BOro CIUIaBy MarHit0 3 UUHKOM, HUpKOHieM 1 P3M
ZE10 micnst raps4oro BaJIbLIIOBaHHS, BIANANTY Ta MOJAJBIIOT0 3HAKO3MIHHOTO BUTHHY
(3B). 3naiiieHi TiCH1 KOPETSAIiKHI 3B’ SI3KH MK aHI30TPOITI€I0 MEXaHIYHUX BIACTHBOCTEH
31 3poCTaHHsAM uncia IUKIIB 3B Ta XapakTepucTHKamMH TEKCTYPH, BHUPAKECHUMH Y
MOKa3HUKaX BEJIUYHMH MOJIOCHOI TrycTuHu Ha OIIdD, He BUKOPUCTOBYIOUM MapameTpu
tekctypu KepHca.

OT:xe, MO’KHA KOHCTaTyBaTH, 1110 aH130TPOMis (Pi3UKO-MEXaHIYHUX BIACTUBOCTEH Ta
il 3MiHM 00YMOBJIEHHI KpHCTAIOTPadiuHOI0 TEKCTYPOIO, III0 BUHUKAE TICTS BIAMOBITHOT
00poOKHU TOCTIKYBAaHUX MaTepiaiB.

AJle BUKOPHUCTAHUN BUINE IMiIX11 OMUCY TEKCTYpPH JUIIIE 3a JOTIOMOTOI0 BETUYHHU
notocHoi ryctuar Ha OIl®D He mae MOXKIMBOCTI KUIBKICHO MPOTHO3YBaTh (Hi3UKO-
MEXaHIYH1 BJIACTUBOCTI MOJIKPUCTAIIYHUX METAIB Ta CIUIaBIB 3 TIeKCaroHajJbHOIO

KPUCTAJIIYHOIO TIpaTKor. Taka TPOrHO3HA OIIHKA BJIACTHBOCTEH MOJIKPUCTATIB 3
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reKCaroHaJIbHOIO KPUCTAJIIYHOIO CTPYKTYPOIO MOXIIMBA HA OCHOBI MapaMeTpiB TEKCTYPHU
Kepnca (IITK) [12], sixi € Mipo0 BIIXUJICHHsS T'eKCaroHAJIBHUX OCEH KPHUCTATITIB Bij
3aJIaHOTO HAMPSAMKY B TOJIKPUCTadi, BHKOPHUCTOBYIOUH BIATIOBIHI BIACTHUBOCTI
MoHokpucTtainiB. [lapamerpu Tekctypu Kephca MoxyTh Oytu 3Haiineni 3 OIlD. Ane
TaKUd MiAX1A paHilme He OyB BUKOPUCTAHUW Ml TPOTHO3YBAaHHS BIIACTUBOCTEH
BUIE3a3HAYCHUX TMOMKPUCTANYHUX CIutaBiB. KpiM Toro, sk Oyjae MmokasaHe mali,
BUKOPUCTAaHHSA MapaMmeTpiB TekcTypu KepHca [03BOJsiE BH3HAYUTH BIACTUBOCTI
TeKCaroHaJbHUX MOHOKPHUCTAJIIB 3a JaHUMHU BUMIPY BJIACTUBOCTEN MOJIKPUCTAIIB, L0
TaKO0>X 3aCTOCOBAHE BIIEpIIIE.

3acTocyBaHHS MeTaneBuX HamiBpaOpuKaTiB Ta BUPOOIB 3 HUX 3aJICKUTH Bif iX
BJIACTMBOCTEH MICIIsI BATOTOBJICHHA. TOMY € aKTyaJIbHUM JIOCITII)KEHHS BIUTUBY YAHHUKIB
(dopMyBaHHS ONTUMAJbHUX BJIACTUBOCTEH. (OCOOIMBOCTI CTPYKTYpH MeETalEBUX
MOJIIKPUCTAIIYHUX MarepiaiiB, a caMe TeKCTypa (KpucTajorpadiuHa Ta MeXaHIYHa),
OCOOJIMBOCTI  MIKPOCTPYKTYpH  (BHYTPIIIHI  HAOpYXXEHHS,  MIKPOIIOPOXKHEYI,
MIKPOTPHIIIHK, TOIIO) OOYMOBIIIOIOTH HAsBHICTH aHI30TPOMii (i3UKO-MEXaHIYHUX
BJIACTUBOCTEN METAINYy.

AmHi3oTpomnisi HamiBpaOpukaTiB MoOKe OOMEXYyBaTH MPAKTHYHE 3aCTOCYBaHHS
CIUIABIB, 30IBIIYIOYHM KUIBKICTh OpaKy y BUpoOax (Hanpukiaa, yTBOPEHHs (PECTOHIB IPH
mtamiyBaHH1). OHaK TEKCTypa MOXKE CITY>KUTH HE TUTBKH JIKepesioM Opaky y BUpoOax.
CTBOpeHHSI TIEBHOI TEKCTYPH B METAJIEBOMY MaTepiaii J03BOJSE ICTOTHO MiABUIIUTH
MILIHICTh BUPOO1B. Hanmpukiaa, CTBOpEeHHS CHPUSITIMBOI TEKCTYPH B TATAHOBOMY CILIaB1
BT5-1 no3Bossie 301nbmunTy ormip aedopmariii mpu 1BOBICHOMY po3TsAryBaHHI Ha 45% y
MOPIBHSHHI 3 OJJTHOOCKOBUM [ 13].

Ha >xanp BIUIMBOM TEKCTypH Ha (PI3MKO-MEXaHIYHI BJIACTUBOCTI YaCTO HEXTYIOTh
IpY BUPOOHUIITBI METAJIEBUX BUPOOIB Ta KOHCTPYKIIIH.

BnuB 3Hako3MiHHOTO BUTMHY (3B) Ha aHI30TpOMiI0 HAKONWYEHHS MTOIIKO/IKEHb B
JUCTOBOMY MeETali MPH OIHOBICHOMY pO3TATY BHBYCHO HEIOCTAaTHHO, OCKUIBKH B
KOKHOMY METaJl UM CIIaBl el BIUIUB € PI3HUM.

HekoHTponboBaHe HAaKONMWYEHHS B MarTepiani MOMIKOIKEHb MOXE MPHUBECTH IO

nepeayacHoro pyitHyBaHHs. ToMy KOHTPOJIb HAKOMUYEHHS MONTKOKEHb B MaTepiai €
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BOXJIMBUM. PiBeHb HAKONMMYEHHS MOIIKO/KEHb BU3HAUAIOTH 32 JOTIOMOIOI0 IapaMeTrpa
MOIIKO/[KYBAHOCTI ®, SIKUM Moke OyTH BHU3HAYEHHUH 31 3MiH BJIACTHBOCTEH Marepiaiy,
HAIPUKIIAJ, MOAYJIS MPY>KHOCTI [14-16]

[e#t mapameTp € MipOIO 3MIHU MIKPOCTPYKTYPH METAITy 3a paXyHOK BUHUKHEHHS Ta
HAKOMMYEHHS MUKPOAE(EKTIB MiJ Ji€I0 pOOOYNX HaBaHTaXeHb. OIHAK 0 TENEPIIIHFOTO
yacy BIJACYTHE TEOpETHYHE OOIPYHTYBaHHA Mojeie pyHHyBaHHSI. Tomy
EKCIIEpUMEHTAJIbHE BH3HAYEHHS IMapaMeTpa MOIIKOIKYBAaHOCTI YacTO 3aJIeKUTh BiJ
TOTO, B SIKUM crociO BiJ OyB BHU3HAUEHUH AJs OJHOTO ISl OJHOTO 1 TOTO K 3paska
MaTepiany 1o JochiKyeTbes [17].

OriHka 3a3Ha4eHOI HEBM3HAYEHOCTI BHECKY HEOIHOPITHOCTI MIKPOCTPYKTYpHU Ta
TEKCTYpH Ta iXHI{ BIUIMB Ha aHI130TPOMIIO (P13UKO-MEXaHIYHUX BJACTUBOCTEN METAJIEBUX
MOJIIKPUCTAJIIB € BaXKJIMBOIO HE BUPIIIICHOIO /10 KIHIIS MPOOJIEMOI0 MPUKIAIHOT (Di3UKH Ta
HaHOMATEpialiB.

B Toif ke Yac BH3HAUYCHHS TEKCTYpH, MapameTpiB MOMIKOIKYBaHOCTI,
HEOJHOPIAHOCTI MIKPOCTPYKTYpPU Ta iX BIUIMB Ha (PI3MKO-MEXaHIUHI XapaKTEPUCTHKU
MOJKJIMBO BU3HAUUTHU TUTBKH 32 JOMOMOTOI0 HAXODKCHHS NMEBHUX E€KCIIEPUMEHTAIBHUX
KOpEJISIIIiil Ta piBHSIHB perpecii.

[HIIMM BaXXJIMBUM pE3€pBIB MOJINIIEHHS CIYyKOOBHX BJIACTUBOCTEH METaJIEBHX
MaTepianiB € BAKOPUCTaHHS HOBUX METOIB IHTEHCUBHOI miacTu4Hoi aedopmarii (IT1J1)
[18]. Ay mocsirHeHHS BenuKuX fAedopmarliil BAKOPUCTOBYIOTHCS, HAIIPUKJIIA]], TBUHTOBA
exctpy3is (I'E), kpyueHns nig BucokuM riipoctaTuayHuM TUckoM (KBT), piBHO kaHallbHE
kyToBe npecyBanHsA(PKKII), Bcebiune kyBanus (BK). CyTHiCTh IUX METOMIB MOJISITAE Y
OaraTtopa3oBiii IHTEHCUBHIHN IUIACTUYHIN nedopmarlii 3cyBy oOpoOIIOBaHMX MaTepialiB.
Bukopucranns II1J] mo3Bosisie, mopsii 13 3MEHIIEHHSAM CEPEIHbOI0 PO3MIPY 3€pEH,
OTPUMYBAaTH MAaCHBHI 3pa3Kd 3 MPAKTUYHO OE3MOPUCTOI0 CTPYKTYpOIO Marepiany.
Bumesasnaueni Bugu II1J[ 103BoisIOTH  OTpUMATH  METAJICBl  MaTepianu 13
cyomikpokpuctasieBoro cTpykryporo (CMK) abo «o6'emHi HaHOMartepiain». Marouu
PO3MIpHU CTPYKTYPHHUX €JIEMEHTIB (y TepIry 4epry 3epeH 1 cyozepen) nmopsiaky 100...200
HM, I Marepiald MalTh KOMIUIEKC (I3UYHUX, MEXAHIYHMX 1 TEXHOJOTTYHUX

BJIACTUBOCTEH, 1110 BUT1THO BIAPI3HAE iX BiJ] ICHYIOUMX METATIB 1 CIUIaBiB Yy 3BUYAITHOMY,
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rpy003epHUCTOMY, cTaHl. Tak, HaMpUKJIad, BCTAHOBJIEHO, 110 i marepianie y CMK
CTaHl XapaKTEPHO ICTOTHE MiABUILCHHSI XapaKTEPUCTUK MIITHOCTI 1 TBEPAOCTI MpH
30epekeHH1 BUCOKOTO piBHA miacTuyHOCTi [18]. Ane yTBOpeHHsS KpucTamorpadiunoi
tekctypu y CMK Marepianax BUBYEHO HEJOCTATHBO.

B ocrtaHHi pokM Bce uYaCTIIIe IOCHIKYIOTbCI Ta BIPOBAIKYIOTHCS HOBI
NEPCIIEKTUBHI MaTepiajid Ta TEXHOJOTIl A Tra30oTypOiHHUX ABUTYHIB [19]. ¥V mpomy
BUIAJIKY 3HAHHS BJIACTUBOCTEH MartepiaiiB HaJA3BUYAWHO BaXKJIMBE JJISl OLIHKH iXHBOT
Hecyuoi 37aTHOCTI. OCHOBHOIO METOI0O HOBHMX TEXHOJOTIH € 3HIKEHHS cO01BapTOCTI
JeTanal 3a OJHOYACHOTO MiABUINEHHS 11 sikocTi. CydyacHUM METOJOM OTpPUMAaHHS
OPOIYKIIT 31 CKIaAHUM TpodisieM €, Tak 3BaHi, TEXHOJOT1i alUTUBHOTO BUPOOHUIITBA
(AB) - (additive manufacturing tekhnologies abo AM), 1110 € CEIEKTUBHUM JIa3€PHUM
cinikanasaMm (CJIC). Taka TexHosoriss A03BoJigse BUPOOIsTH 3D-BUpoOM mommapoBo 3a
nonomoroo 3D npyky [20]. Sk TexXHOJOTisl IMIBUIAKOTO BUTOTOBJICHHS METAJIEBUX
neranei pi3Horo npusHadeHHs 3D-apyk 3a octanHi 20 poKiB J03pija Ta A0cAria cTajii
TOTOBHOCTI JI0 CEpIMHOTO BUPOOHHUIITBA. Y 3B'SI3KY 3 IIUM MHUTAHHS CTA01ILHOCTI SIKOCTI
Ta KEPYBaHHS TEPMIHOM CIY)KOM BHSIBWUINCH OCHOBHHUM HAMPSIMOM TOJAJIBIIOTO
po3BUTKY. [{e oco6mmBo BaxkiuBo aJist mpuaatHux a0 3D apyKy cynepcruiaBiB Ha OCHOBI
TUTaHy, AJTIOMIHIIO Ta HIKEJIO, SIKI OCTaHHIM YacOM CTaju 3HAXOAUTH JeNalll IIUpIIe
3aCTOCYBaHHS B aepOKOCMIuHiH [21], aBTOMOOUIBHIN Ta €HEPreTUYHINA MTPOMUCIOBOCTI.
Hamnpuknaz, cynepcriasu Inconel 718 (IN718) mupoko BUKOPUCTOBYIOTHCS B SIIEPHUX
peakTopax, aBiallifHUX IBUTYHAX Ta IHITUX BUCOKOTEMITEPATYPHHUX MPUCTPOSIX, 3aBISKU
iX BHCOKIM MIITHOCTI, OMOPY MOB3y4OCTi, Xopomriid koposii [22, 23]. Ilpu 1mpomy
ocoOmBicTiO AB € Te, 1110 Ha BiIMiHY BiJ] IHITUX METO/IiB OTPUMAHHS 3arOTOBOK JI€TaJIeH
MaIllUH, HAIIPUKJIAJI, pP13aHHIM, 3MIHUTH MPOCTOPOBE MOJIOKEHHS JETal 1100 3arOTIBKH
HEMOXXJIUBO. [le migKpeciroe posib TEKCTYpH B OIlIHIN HAIIAHOCTI MIITHOCTI JeTajei,
OTpUMaHUX 3a TexHojorielo AB, 0co0nMBO 3 ypaxyBaHHSIM pIi3HOI MPOCTOPOBOL
OpI€HTAIIll X OKPEMUX KOHCTPYKTUBHHUX €JIEMEHTIB. 3aJI€KHICTh BJIACTUBOCTEH neTanei
BiJl HAMPSAMKY JPYKY MOKE MPU3BOAUTU 1O NEe(DEKTIB Ha CTaiil MOIIApPOBOTO CHHTE3Y

3aroTOBOK [24].
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SIK BUIUIMBaE 3 BUIIEBUKIIAIEHOTO, BUBUYEHHS YTBOPEHHS Ta 3MIHHM XapaKTEPUCTUK
KpuctasiorpadiyHoi Ta MEXaHIYHOI TEKCTYpPH, MIKPOCTPYKTYpHU Ta ii 0COOJHMBOCTEM,
napaMeTpiB MOMIKOKYBAHOCTI Ta iX BIUTUBY HA BUHUKHEHHS TPILIUH Ta PyWHYBaHHS B
METAJIEBUX MaTreplanax 3 PI3HOK KPHUCTAIIYHOIO CTPYKTYpPOIO € aKTYaJbHUMH IS
npukiIagHoi (i3UKM Ta HAaHOMaTepialiB. B MpakTHYHOMY acrleKkTi OTpUMaHi pe3ybTaTu
JaJyTh MOKIIMBOCTI JUIst OUIBII TOCTOBIPHOI OLIIHKH TPUBAJIOCTI O€3MEYHO1 eKCILTyaTalii
BUPOOIB Ta KOHCTPYKIIIH 3 BIJIMOBIIHUX MaTepiaiB.

3B’f130K po00OTH 3 HAYKOBUMHU NPOrpaMaMu, IJiaHaMu i TeMamu. /{uceprariis €
YACTUHOK EKCIEPUMEHTAIBHUX 1 TEOPETUYHHUX JOCIIKEHb HPOLECIB (OpMyBaHHS
TEKCTYpH 1 aH130TpoIii (Pi3MKO-MEXaHIYHUX BJIACTHUBOCTEH, K1 BeAyThCs Ha Kademupi
¢13uku JlepkaBHoi ycTaHOBH «lliBI€HHOYKpaiHCHKHMI HAllOHAJBHUN TEAaroriayHui
yHiBepcureT iMeHi K. JI. YumHcbskoro». JlucepTaliisi BUKOHYBallach, 30KpeMa, B paMKax
HayKoOBOI TeMH «MyJbTUMAacIITa0HE MOJETIOBAaHHS MPOLECY IMIACTUYHOI Aedopmariii
TEKCTypoBaHUX noiikpuctaniBy ([ep:xaBuuii peectpariitnuii Ne 0114U000002).

B mpoueci BUKOHAHHS HAayKOBUX JOCHIDKEHb aBTOP BHMBYaB 3aKOHOMIPHOCTI
dbopmyBaHHs KpucTajgorpapiyHoi TEKCTYpH, MIKPOCTPYKTYpH 1 aHi30Tpomii (Hi3uKo-
MEXaHIYHUX XapaKTEePUCTHK, CIUJIaBIB Ha OCHOBI TUTaHy Ta MarHil0 JAeGOpPMOBAHHUX
BaJIbIIIOBAHHSAM, 3HAKO3MIHHUM BHTHHOM, TBHHTOBOIO E€KCTPY3i€l0, a TaKOoX
»apominHoro cmaBy Inconel 718, orpumanoro 3a texHonoriero 3D medari B pi3HUX
HanpsMKax Mooy yBaHHS.

MeTto10 po6otu € 1) oninka (Gpi3MKO-MEXaHIYHUX BJIACTUBOCTEHM T'e€KCaroHaJbHUX
MeTaJeBUX TOJIKPUCTAIIB, BUKOPHUCTOBYIOYM TEKCTypHiI mapamerpu KepHca Ta
BJIACTUBOCTI BIJMOBIJIHUX MOHOKPHCTANIB; 2) BHPIIMICHHS 3BOPOTHOI 3amadl —
BU3HAYECHHS BJIACTUBOCTE MOHOKPUCTAJIIB JIOCHII>)KYBaHUX CIUIABIB, 32 JTAHUMH BUMIPY
BIJIMOBITHAX BJIACTUBOCTEH TOJIKPUCTATIYHUX 3pa3KiB Ta MapaMeTpamMu TEKCTYpHU
KepHuca; 3) oumiHka BIUIMBY KpHUCTaJIOrpadiuHOi TEKCTypH Ha (Pi3MKO-MEXaHIYHI
BJIACTUBOCTI 3pa3kiB »kapominHoro cmiaBy Inconel 718, oTpumaHuX CeleKTUBHUM
Ja3epHUM CITIKaHHIM 3a A0noMororo 3D nedarti B ropu30HTAIbHOMY Ta BEPTUKAIBHOMY
HaIpsMKax moOyZOBH Ta MiCJIs MOCT MeYaTHOi 00pOOKH.

JlocsiTHEHHSI 3a3HaY€HO0T METH 3yMOBHJIO HEOOX1/THICTh BUPIIIEHHS TAKUX 3aBAAHb!



30

1. [IpoBeneHHsT  PEHTrEHIBCHKUX eKCIIEpUMEHTATbHUX JOCIIIKEHB
KpucrajgorpadpiyHoi TEKCTYpH JIMCTIB MarHieBUX cruiaBiB mapku ZE10, Mg — 5 % Li
(mac.), Turany mapku BT1-0 Ta xomepuiiinoro tutany mapku CT Grade 1 micns
3aBOJICHKOI MOCTABKH Ta MOJAIBIIOr0 3HAKO3MIHHOTO BUTHHY .

2. 3a JaHUMH PEHTIeHIBCHKUX TOCIIHKEHb 3a3HAYCHHUX CIUIaBiB MOOYTyBaTH
obepHeHi momtocHi ¢irypu (OI1D) manpsmky HopMai 1o momuan JucTiB (OI1D HH)
Ta HanpsMKy BajibitoBaHHs (OII® HB) Ta Buznauutu 3 orpumanux OII®D BiamnosiaHi
napaMeTpu TekcTypu KepHca HampsMKy HOpMani  Ta HampsMKy BajiblIOBaHHS,
BIZIMOBITHO, (fyy) Ta (fup)-

3. IIpoBecTu PEHTIeHIBChKI eKCTIIEpUMEHTAJIbHI TOCIIHKEHHS
KpuctajgorpapiyHoi TeKcTypu TUTaHy mapku BT1-0 micis rBUHTOBOI eKCTpy3ii (twist
extrusion - TE), a Takox micias Bignany npu 200, 250, 300, 350 ta 400°C sk y310BxK
HampsMKY ekcTpy3ii (extrusion direction - ED), Tak 1 y mnomepeyHOMY HaIpsIMKy
(transversal direction — TD).

4. 3a JaHUMU PEHTTeHIBCHKUX JIOCIIKEHD 3pa3kiB TuTany Mapku BT1-0 micis
TBUHTOBOI €KCTpY3li Ta BiAmainy MmoOyayBaTh OOEpHEHI MOJIIOCHI (PIrypu HampsMKy
exctpy3ii (HE — OII® HE), nonepeunoro nanpsmky (ITH — OI1® ITH) Ta Bu3HauuTu 3
HUX MapameTpu TekcTypu KepHca BingnoBigaux HanpsAMKiB (fzp) Ta (f7p)-

S. Po3po6uTi METOIUKY OLIIHKM MEX MIIHOCTI Ta TUIMHHOCTI MOJIIKPUCTAIIIB 3
IeKCAaroHAJIbHOI0 CTPYKTYPOIO 32 BIAMOBIAHUMH BIIACTUBOCTAMH MOHOKPHCTAIIB,
pe3ylbTaTaMi BUMIpY 1X TBEPAOCTI Ta mapameTrpamu Tekctypu Kephca.

6. Bupimuti 3BOpPOTHY 3ajady BH3HAYEHHS TMPYKHUX XapaKTEPUCTUK
MOHOKPHCTAJIIB JOCIIKYBaHUX METAJIB Ta CIJIABIB 3 IE€KCAarOHAJIbHOI TI'PATKOIO 3a
JAHUMH TIPY>KHUX BJIACTUBOCTEH BIIMOBIAHUX MOJIIKPUCTAIB.

7. 3a 1OMOMOroI0 KUTHKICHOTO KOPENSIIHHO-pEerpeciiiHoro aHaiizy 3HAWTH
b13uKO-MaTEMaTUYHI MOJEINl ONMUCY 3MIHM (PI3MKO-MEXAaHIYHUX BJIACTUBOCTEM Ta iX
aH130TPOIII{ B 3aJI€)KHOCTI BiJI BUIly Ta CTyIeHs aedopmariii.

8. IIpoBecTu PEHTIeHIBCHKI eKCTICPUMEHTAJIbHI TIOCITIHKEHHS
KpuctajgorpapiyHoi TEKCTYpH 3pa3KiB *KapOMIIHOTO CIJIaBy Ha OCHOBI Hikento Inconel

718, OTpMMaHMX CEJIEKTUBHUM JIA3epHUM CINIKaHHAM 3a jomnomoror 3D mewati B
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TOPU30HTAJIBHOMY Ta BEPTHUKAJIbHOMY HAINpsSMKax MOOYJIOBU Ta MICHS MOCT MeYaTHOL
00poOKHU 3pa3KiB.

9. 3a TaHUMH PEHTTEHIBCHKUX JOCIIIKEHB 3pa3KiB Hikemo Inconel 718 micis
I'BUHTOBOI €KCTpPY3ii Ta BiAmanay MmoOyayBaTH OOEpHEH1 IMOIIOCHI (PIrypu BIIMOBIIHUX
HATPSIMKIB.

10. [IpoBecTn MOPIBHSUIBHUN aHANi3 MapaMeTpiB TEKCTypU 3 MEXaHIYHUMU
XapaKTepUCTUKAMU BUIIE3a3HauYCHUX 3pa3kiB ciiaBy Inconel 718 1 3HaWTH KUIbKICHI
3B’A3KU TEKCTYPH 3 HASIBHOIO aHI30TPOII€I0 MEXaHIYHUX BIACTUBOCTEH.

O0’ektT nociimkenHsi. SBuiie yTBOpEeHHS KpucrtajiorpadiyHOoi TEKCTYpH,
BUHHUKHEHHS aH130TpoMii (P13MKO-MEXaHIYHUX BJIACTUBOCTEH, HAKOMTUYCHHS YIIKOKEHb
I1]1 JI1€10 30BHIIIHIX BIUIMBIB TUCKOM, 3HAKO3MIHHUM BUTUHOM, TBUHTOBOIO €KCTPY3IELO,
CEJICKTUBHMM JIa3€pHUM CIIIKAaHHAM 3a Jomnomoroiro 3D mewari, TeMnepatyporo Ipu
B1JIIAII.

IIpeamer pgocaimxenHs. BrmmB kpuctanorpadiuHoi TeKCTypu Ha  (Pi3UKO-
MEXaHI14H1 BIAaCTUBOCTI rekcaroHasibHoro Tutany Mapku 1 (Ti Grade 1), criiaBiB martiro
3 IMHKOM, ITUPKOHIEM Ta pigkozemenbHuMu metaitamu (P3M) mapku ZE10, GinapHoro
CIUTaBy MarHito 3 JiTieM mMapku Mg — 5 % Li (mac.) micisi BaJIbIIFOBaHHS, TOAAIBIIIOTO
3HAKO3MIHHOTO BUTHHY, TUTaHy Mapku BT 1-0 miciast rBUHTOBOT €KCTPY3ii Ta MOAAIBIIOTO
BIJINIaJy, 3pa3Ku BUCOKOMILIHOTO cruiaBy Inconel 718 3 rpaHeneHTpoBaHOO KyOIYHOIO
IPATKOIO MICJIsl CEJIEKTUBHOTO JIa3€pHOrO CIUIaBJIEHHS 3a JomoMororw 3D mewari B
TOPU30HTAJIBHOMY Ta BEPTHKAJIbHOMY HampsMKax Ta MICIS MOCT Ne4YaTHOi 0OpoOKH
BIJI[1AJIOM.

Metoau pocJiizkeHHsl. PeHTreHIBCbKE AOCIIKEHHS TEKCTYpH 3 MOOYyHI0BOIO
oOepHEHUX MOJIIOCHUX (Iryp Ta BU3HAYEHHSIM MapaMeTpiB Tekctypu KepHca, metoau
MEXaHIYHUX BUMPOOYBaHb MOJIKPUCTATIB, METOAN KOMIT IOTEPHOTO KOPEJSIIHHOTO Ta
perpeciiiHOro aHaizy.

HaykoBa HOBHM3HA Oiep:KaHMX Pe3yJIbTATIB:

1. Ynepme BuzHaueHo napamerpu Tekctypu Keprca nanpsmky Hopmani (HH) ta
HanpsMKy BainbitoBanHs (HB), BignosinHo, (fyy) Ta (fyp) 32 NaHUMU PEHTTEHIBCHKUX

EKCIIEPUMEHTAILHUX JIOCTIPKeHh KPUCTAIOrPadiuHOi TEKCTYpPH JIHCTIB MarHi€BUX
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craBiB Mapku ZE10, Mg — 5 % Li (mac.), Tutany mapku 1 (T1 Grade 1) miciist 3aBoaChKOi
MOCTABKH Ta MOJAJIBIIOTO 3HAKO3MIHHOTO BUTHHY.

2. Ymepiie BU3HAYCHO MapameTpu TeKcTypu KepHca 3a JaHMMH pPEHTTEHIBCHKHX
EKCIIEPUMEHTAJIbHUX JOCIIKEHb KpUCTAIOrpadiuHoi TeKCTypu TUTaHy mapku BT1-0
niicst rBUHTOBOI excTpy3ii (I'E), a Takox micis Bigmamy mipu 200, 250, 300, 350 Ta 400°C
K B37I0BXK HanpsMKy ekctpysii (HE), Tak 1 y nonepeunomy Hanpsimky (ITH).

3. Ynepmie po3pobiieHO crmocoOu OIIHKM  (I3UKO-MEXAHIYHUX BIIACTUBOCTEHN
MOJIIKPUCTAJIIB 3 TEKCaroHaJbHOIO CTPYKTYpOIO 3a mapamerpamu Tekctypu KepHca Ta
BIIMOBITHUMH BJIACTUBOCTSAMH MOHOKpHCTaiiB. [lokazaHo, IO KIJBKICHI OIlIHKH
OPY)KHUX 1  MEXaHIYHHUX  BJIACTUBOCTEM  BIAXWJISIOTBCA ~ BiJI  BIJMOBIIHHX
€KCIIEPUMEHTAIIbHUX 3HAa4eHb B Mexax 10 %.

4. Ynepuie BUpPIINIEHO 3BOPOTHY 3aJady 3 OL[IHKM KOHCTaHT MPY>KHOCTI
MOHOKPHUCTANIIB TEKCaroHaJbHOI CHUMETpli 3a mapamerpamu TekcTypu KepHca Ta
€KCIIEPUMEHTAJIbHUMHU 3HAYEHHAMH MOJYJIS IPY>KHOCTI BIATMIOBITHUX MOJIIKPUCTAIIIB.

5.3a J0MOMOrol KUIBKICHOTO KOPEJSIIHO-pErpeciitHoro aHamizy 3HaiJIeHo
(G13UKO-MaTEMaTUYHI MOJENl ONUCY 3MIHM (PI3MKO-MEXAHIYHHUX BJIACTUBOCTEM Ta iX
aH130TpOII1i, B 3aJICKHOCTI BiJl BUAY Ta CTyIEHs aedopmariii.

6. Bnepiie npoBeAeHO MOPIBHSUIBHUIA aHali3 3B’SI3KYy MMapaMeTpiB TEKCTYpU Ta
MEXaHIYHUX XapaKTEPUCTHK 3pa3kiB ciuiaBy Inconel 718, oTpumaHUX CENEKTUBHUM
Ja3epHUM CITIKaHHSM 3a ornomoroto 3D nevati B TOpU30HTaIbHOMY Ta BEPTUKAIBHOMY
HanpsMKax MoOyJOBU Ta MICJSI MOCT Me4aTHOI OOpOOKM ¥ MOKa3aHo, 110 OCHOBHIM
YUHHUKOM HAasBHIM aHI30TpOIli MEXaHIYHUX BJIACTUBOCTEW 3a3HAYEHOTO CIUIABY €
KpucrajgorpadiyHa TEKCTypa, 10 MATBEPIKEHO pe3yJbTaTaMUd KOPEISIIHHO-
perpeciiHoro aHanizy.

[IpakTU4YHe 3HAYEHHS] OTPUMAHUX Pe3yJIbTATIB JOCTiIKEHHS:

1. PesynbpTat 3 BU3HAYECHHS XapaKTEPUCTHK MOHOKPHUCTAJIB 3a JaHUMH BHUMIpPY
BIJINOBIJIHUX BJIACTUBOCTEN y mosikpucTtam Mg-5 % Li MmoxyTs OyTu 3acTOCOBaH1 JIst
BU3HAYCHHS  XApPAaKTEPUCTUK MOHOKPHUCTANIB TIeKCaroHaJbHUX  MaTepialiB  3a

BIJIMOBITHUMU E€KCIIEPUMEHTAIbHUMU JaHUMHU TOJIIKPUCTAIIB, OCKIIBKH OTPUMAaHHS
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MOHOKPHCTAJIIB, IOCTATHIX JJISI BUMIPY BIAMOBITHUX BJIACTUBOCTEH, 4ACTO € CKJIATHOIO
poOJIeMOI0.

2. 3HaiiieHi 3aKOHOMIPHOCTI (OpMyBaHHS TEKCTYpH Ta 3MiH TapaMeTpiB
MOIIKO/KYBAHOCTI THUTAHOBUX JIMCTIB TICAS 1X BUOPSAMIICHHS 3a JIOMOMOIOIO
3HAKO3MIHHOTO BHUTHHY MOXYTh OYTH 3aCTOCOBaHI I KOPETYBaHHS TEXHOJOTi
OTpUMaHHS THUTAaHOBOTO JIMICTOBOTO TIPOKATy 3 ONTUMAJbHUMH TEKCTYpPHO-
CTPYKTYPHUMU XapaKTEPUCTUKAMHU.

3. PesynpTaTtu mocmikeHs crutaBy Martito Mmapku ZE10 MoxxyTh OyTH BUKOpUCTaH1
JUISL pO3pOOJICHHS TEXHOJIOT1] OTPUMAaHHS TOHKHUX JIMCTIB CIUIABIB MArHil0 3 IUHKOM,
HUPKOHIEM 1  JloAaTKaMU  PIAKICHO3EMEIbHUX  METaliB 3  MOJINIICHUMU
XapakTepucTuKamMu (POpPMO3MIHM Ta MIHIMAJIbHOIO  aHI30TPOMIEID  MEXaHIYHHUX
XapaKTePUCTUK.

4. Onucanl BUIIE CHOOCOOM  OIHKA  (PI3MKO-MEXaHIYHUX  BJIACTHUBOCTEH
MOJTIKPUCTAIIIB 3 TEKCArOHAJIILHOIO CTPYKTYPOIO 3a JaHWUMH TEKCTyPHHX IapamMeTpiB
KepHca Ta BIiAMOBITHUX XapaKTEPUCTUK MOHOKPHUCTAIIB MOXYTh OyTH BHUKOPHCTaHI y
TUX BUIIAJKaX, KOJU BHUMIpP BJIACTUBOCTI y NEBHOMY HANPSIMKY MOJIKPUCTAIIYHOTO
3paska 3poOuTH BaKKO a00 HEMOXIHBO. Hanpukiaz, y HanpsiMKy HOpMali 10 TUIONUHU
TOHKHX JIUCTIB, a00 MiCJIsl BOJOYIHHS JPOTY, a TAKOXK MICJIsi TBUHTOBOI €KCTPY3ii 3pazka
NEPHEeHAUKYJIIPHO ii OCI.

5. 3aKOHOMIPHOCTI YTBOPEHHSI TEKCTypU Ta il HEOJHOPIAHOCTI MICJsI TBUHTOBOI
EKCTPY3ii MOXKYTh OYTU BUKOPUCTaHI J1J11 pO3POOKH HOBUX TEXHOJOTIMH, K1 JO3BOJISIOThH
CTBOPIOBATH B METAJIEBUX 3pa3Kax ONTUMAIbHY CTPYKTYPY, IO CIIPOMOKHA MOTIIIIUTH
BJIACTUBOCTI MaTepially 3a bararbma napaMmeTpamu.

6. BpaxoBytoun, mo cmnaB BTI1-0 pinko 3acTOCOBYETBHCS SIK KOHCTPYKLIHHUIN
MaTepiai, TPaKTUIHOI MEePCIEKTUBOI0 MOJANBIINUX TOCTIKEHb € OIliHKa (hOpMYBaHHS
TEKCTypH Ta BJIACTUBOCTEH TUTAHOBHUX CILJIaBIB aBlalliiHO-KOCMIYHOI'O MPHU3HAYCHHS.
Cepen OCHOBHUX 3 HUX MOYKHA BHJIJTUTH IMHPOKO 3aCTOCOBYBAHI JIJII BUTOTOBJICHHS
JIOTIATOK KOMIIpecopa ra3oTypOIHHUX ABUTYHIB ABOGA3HI Ta TICEBI0-1BO(A3H1 TUTAHOBI

crutasu BT3-1, BT6, BT8, BT25 ta iHmmi.
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7. Pesynprati JOCIIKEHHS TEKCTypH Ta BiacTUBocTedl cmiaBy Inconel 718
MOYTb OyTH BUKOPUCTaHI MPU OTPUMAHHI JIETajle METOJOM CEJIEKTUBHOTO Ja3epHOTro
IUTaBJICHHS Yy BIANOBIAHMX HampsaMkax 3D-apyky 3 ONTUMaibHUM KOMILJIEKCOM
BJIACTUBOCTEM.

Oco0ucTuii BHecOK 3100yBaya Mojsrae B aHaji3i HAyKOBHX Mpallb 32 TEMOIO
JUcepTalii, mAroTOBLI 3pa3KiB IJs AOCTIIKEHHS, IPOBEACHHI JOCHTIKEHb TEKCTYPH,
MIKpPOCTPYKTYpH, ydacTi B aHadi3l pe3yibTaTiB. 37100yBay OpaB akTUBHY y4acTb B
OOroBOPIOBAaHHI OTPMMAaHUX EKCIIEPUMEHTAIbHUX JaHUX, iX 0O0poOIli, aHami3l Ta B
MIITOTOBITI HAYKOBUX IPallb JI0 ITyOTKaIIii.

VYci pe3yabTary, 0 CKIa/laloTh OCHOBHUM 3MICT AMCEPTAllii, OTPUMaHO OCOOUCTO
aBTOPOM, a Came:

1. IlpoBeneHO peHTreHIBChKI JOCIIIKESHHS:

- 3pa3KiB JOCIKYBaHUX MaTepiaiiB: 1ucTiB TuTany Mapku 1 (T1 Grade 1), cruiaBy
MAarHito 3 HIMHKOM, LIUPKOHIEM Ta pIIKO3eMEIbHUMHU MeTarnamu Mapku ZE10, GiHapHOro
CIUIaBy MarHito 3 JitieM Mg — 5 % Li (mac.) y cTani mocTaBkH Ta Micisl PI3HOTO Yucia
3HAKO3MIHHOT'O BUTHHY SIK Y HAIPSIMKY HOpMaJll JI0 TUIOLUIMHY JIUCTIB, TaK 1 y HAIPSIMKY
BaJIbI[FOBAHHS;

- 3pa3kiB TuTtany Mapku BT1-0 micas rBuHTOBOI ekcTpy3ii Ta Biamany npu 200,
250, 300, 350 1 400°C sk y3nomx Hanpsamky ekctpysii (HE), Tak 1 y nonepeunomy
Hanpsmky (ITH);

- )kapoMmiIHoro cruiaBy Mapku Inconel 718 Ha OCHOBI HIKEIO MICIs CEIEKTUBHOTO
Ja3epHOro CHiKaHHs 3a gonomororo 3D nedari y TOpU30HTaIbHOMY Ta BEPTHKAIBHOMY
HaIpsiMKax MoOYI0BH, a TAKOXK IICIISl TOCT MeYaTHOT OOPOOKH.

2. 3a JaHUMH PEHTIEHIBCHKUX JOCIIKEHb 3a3HaUYC€HHX CIIJIaBIB TUTAHY Ta MarHito
nobyoBaHo oO6epHeHi nomtocHi Girypu (OIID) HanpsMKy HOpMaTi 10 TUIOIITMHY JIUCTIB
(OIl® HH) ta nanpsmky BanbittoBanHs (OIId HB) ta Buznaueno 3 orpumanux OI1D
BIJIMOBIJIHI mapameTpu TekcTtypu KepHca wnampsmky Hopmani (HH) ta wanmpsmky
BanbitoBanHs (HB), BinnmosigHo, (fiy) Ta (fp).

3. 3a 1aHUMH PEHTTEHIBCHKUX IOCIIDKEHb 3pa3KiB TuTaHy mapku BT1-0 micns

I'BUHTOBOI €KCTpy3ii Ta Biamany HoOyI0BaHO OOEpHEHI MOJIOCHI (IrypH HaImpsMKy
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exctpy3ii (HE — OII® HE), nonepeunoro Hanpsmky (ITH — OII® I[1H) Ta BuzHaueHo 3

HUX TlapaMeTpu TekcTypu KepHca BianmoBigaux HanpsaMKiB (fzp) Ta (frp).

4. 3aiiicHEHO OIIHKM MEX MIIHOCTI Ta IUIMHHOCTI TMOJIIKPUCTANIB 3
TeKCAarOHAJIbHOIO CTPYKTYPOIO 3a BIAMOBIAHUMH BIACTUBOCTSIMA MOHOKPHUCTANIB,
pe3ylibTaTaMH BUMIpY IX TBEPAOCTI Ta mapamerpamu Tekctypu Kephca.

5. BupimeHo 3BOpOTHY 3amady BHW3HAYEHHS TMPYKHUX XapPaKTEPUCTHK
MOHOKPHCTAJIIB JOCIIIKYBAaHUX METaJiB Ta CIUIaBIB 3 I'€KCaroHaJIbHOIO TI'PATKOIO 3a
JaHUMH TPY>KHUX BIACTUBOCTEN BiAMOBIAHUX MOJIKPUCTAIIIB.

6. 3a I0MOMOror0 KiJTbKICHOTO KOPEJSIIHO-pEerpeciiHoro aHamizy 3HaijeHO
b13uKO-MaTEMaTUYHI MOJIENl OMUCY 3MIHM (PI3MKO-MEXaHIYHUX BIIACTUBOCTEH Ta iX
aH130TpOIIi B 3aJIEKHOCTI B1Jl BUAY Ta CTyIEHA AeopMalli AOCTIKyBaHUX METAJIIB Ta
CIUIaBIB.

7. BCTaHOBJIEHO 3HAUYII KOPEJALiHI 3B’ SI3KU Ta 3HANAEHO BIJIMOBIAHI PIBHSIHHS
perpecii Mk mapaMmeTpaMu TeKcTypu KepHca, MEXaHIYHUMH XapaKTEPUCTUKAMH Ta
napameTpaMHu MOIIKOIKYBAHOCTI JIUCTIB JOCII)KYBaHUX CILJIaBIB.

8. 3miiiCHEHO TMOPIBHAJBHUN aHalll3 MapaMeTpiB TEKCTYpU 3 MEXAHIYHUMH
XapaKTEePUCTHKAMU BUIIE3a3HAYCHHX 3pa3KiB cruiaBy Inconel 718 Ta 3HaiiieHO KUIbKICHI
3B’SI3KM MapaMEeTPiB TEKCTYPH 3 HAIBHOIO aH130TPOIIEI0 MEXAHIYHUX BIACTHUBOCTEH.

Anpobauis pe3yabratiB aucepranii. OCHOBH1 pe3yJIbTaTH POOOTH JTOMOBITATTUCS
1 obroBoproBanucsi Ha Takux kKoH(pepenisx: [II BeeykpaiHncbkili HayKOBO-TTpaKTUYHIN
KOH(pepeHIli 37100yBayiB BUIIOI OCBITM Ta MOJIOAUX BYeHUX «®DI3UYHI MpolecH B
eHepreTuill, ekojorii Ta OymiBHUITBY (Opmeca, Ykpaina, 2020); €Bpomneichkoi
KOH(pepeHIlli, TPUCBIUYCHOI IOCIIHKCHHSIM 3 BHUKOPHUCTAHHSAM JIa3epiB Ha BIUIBHHUX
eJICKTpOHAX Ta JpKepesnax cUHXpoTpoHHoro BurpomiHioBaHHs, XFEL «DESY Photon
Science Users’ Meeting 2021, and European XFEL Users’ Meeting 2021» (I'am0Oypr,
Himeuunna, 2021); MixnapoaHiii HaykoBo-mpakTuyHii koH(epeHuii «IlepcrnekTuBu
PO3BUTKY HAayKH, OCBITH 1 TEXHOJIOT1M B KOHTEKCTI €BpoiHTerpaiii» (KponuBHULIBKHUH,
VYkpaina, 2022), «3BaproBaHHs Ta TEXHIYHA J1arHOCTUKA ISl BIJIHOBJIICHHS €KOHOMIKH
VYkpainn» (IEC imeni E.O. I1aTtona, KuiB, Ykpaina, 2022).

OOrpyHTOBaHICTHL Ta JAOCTOBIPHICTH OJEPKAHUX PE3YNHTATIB OOYMOBJICHO
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BUKOPUCTAHHSAM CYyYaCHMX METOJIIB PEHTI€HIBCHKOTO TEKCTYPHOTO EKCHEPUMEHTY 1
METO/IIB BU3HAYEHHS AaHI30TPOINi BJIACTUBOCTEW, IO BUBYAIOTHCA, BUKOPUCTAHHSIM
Cy4aCHHX METOJIIB MaTeMaTUYHOT'O MOJETIOBAHHA (PI3MYHMUX MPOIECIB, TOPIBHAHHAM
EKCIIEPUMEHTAJIbHUX JAaHUX 3 BIJNOBIIHUMHU TECOPETUYHUMHU M EKCIEPUMEHTAIbHUMHU
JaHUMH, BIIOMUMH 3 JITEpaTypu, Cy4acHOIO OOpPOOKOIO pe3yJbTaTiB, BIAMOBIIHICTIO
BHCHOBKIB 3arajJbHONPUIHITHM YSBICHHSIM.

Iy6aikanii. OCHOBHI MOJIOKEHHS JUcepTaliifHoi pobotn omyosikoBaHo B 11
HAYKOBHX Mpalsix. ¥ TOMy 4Yucil B pedepoBaHUX HAYKOBHX MIKHAPOJIHHUX KypHaiax
oImy0JIIKOBaHO 7 cTarei, 6 3 SKUX HAJIPYKOBaHI Y BHJIAHHSX, SIK1 1HACKCYIOThCA 0a3010
nanux Scopus Ta Web of Science. JlonaTkoBo pe3yibTaTu AWCEpTallli BUCBITICH]I B 4
Te3ax 1 MaTepianax MI>KHAPOJHUX HAYKOBUX KOH(EPEHIIIi.

CTpykrypa i o6csar aucepramii. [{uceprairisi CKIaga€eThes 31 BCTYIY, YOTUPHOX
pO3AUTIB, BUCHOBKIB, CIIMCKY BHUKOpPUCTaHUX Jpkepen 31 134 nHailmenyBanb. PobOota

BHUKJIaJicHA Ha 145 cTopiHKax 1 BKJIIOYA€E 25 PUCYHKIB 125 TaOauIIb.
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PO3/ILI 1.

I[INTACTUYHA AE®OPMALIA, TEKCTYPA TA AHI3OTPOIITA ®I3UKO-
MEXAHIYHMX BJIACTUBOCTEM ITOJIIKPMCTAJIIB

1.1. Texcrypa Ta meTroau 1i BU3HAYCHHS

TekcTyporo Ha3MBalOTh IMEBHY CHPSIMOBAHICTh CTPYKTYPHHX €JIEMEHTIB, 3 SIKUX
CKJIaIa€ThCsl MaTepiall. SKIIo 1€ MoIIKPUCTal, TO MOBa ii/ie PO MEBHY HEOIHAKOBICTh
OpIl€HTAIlIA OCEl CUMETPIl KPUCTATIB, 110 CKJIAAI0Th MOJIKPUCTA, BIIHOCHO HOTO Ocei
CUMETpli, HaNpuKIaJ, BIJHOCHO HAmNpsSMKY BOJIOUIHHS JpOTy, ab0 y JHCTOBOMY
noikpuctani BigHocHO HopManm (HH) mo mmomwuHu nucTa, HanpsSMKY BajbI[IOBAaHHS
(HB) Ta nonepeunoro nanpsimky (I1H) [25-27].

Bigomo, 1m0 i1geanbHUM MOJIKPUCTAT € 130TPOIMHUM, TOOTO MOro BJIACTHUBOCTI
OJIHAaKOBI 3a BCiMa HalpsIMKamMH BUMIpY. AJle peaibHl NOJIKPUCTAIIN HE € 130TPOIHUMH,
OCKIJTbKM TEKCTypa YTBOPIOEThCS TpHU OyAb-SKUX 30BHINIHIX BIUIMBaX Ha MeTaj
(kpucramizaiis po3IiiaBy, JIUTBO, OOpoOka THUCKOM, TepMmiyHa 00poOka, Toimio). B
pe3ynbTaTi  yTBOPEHHS  TEKCTYpH  BIACTUBOCTI  peaJbHUX  MOJIKPUCTATIB €
aHI30TPOIMHUMHM B TOHM 4 1HIIOI Mipi. He BpaxyBaHHs aH130Tporii (Pi3UKO-MEXaHIUHUX
BJIACTUBOCTEN peajbHUX MOJIKPUCTAIIB MOXKE MMPUBECTHU A0 Henepea0auyeHuX HACIIIKIB,
HaBITh JI0 PyWHYBaHHS IPU €KCILTyaTallii BAPOO1B Y KOHCTPYKIIIN 3 TOJIKPUCTAIIYHOT O
MeTairy. ToMy BaXKJIIMBO BUBYATH TEKCTYPY Ta IMPABUIIBHO 11 IPEACTABIIATH.

Axio ysaBUTH cede MOTIKPUCTAN, IO CKIATAETHCS 3 KPUCTANITIB, OPIEHTOBAHUX Y
OJTHOMY i TOMY CaMOMY HalpsIMKY BITHOCHO CUCTEMH KOOPAMHAT MOMIKPUCTATY, TO TaKe
iX po3TallyBaHHS Ha3WBAalOTb MOHO (OJHO) KOMIIOHEHTHOIO TEKCTyporw. Ale y
peaNbHOMY TIOJIKPUCTATl HABITh 3 TAaKOK TEKCTYPOIO OpIEHTAIil KPUCTAJITIB, SK
MIPABUJIO, PO3TAIIOBAaHI 3 IEIKUM BiIXUJICHHSM BiJl IIEBHOTO HAMPSIMY B MEXKax MEBHOTO
KyTa, SKU Ha3UBAETHCS KYTOM PO3CiSIHHS TEKCTYPH.

B iHmomMy Bumajky, KOJIM € JEKUIbKAa TPYN KPUCTAIIB 13 PI3HOIO OPIEHTAIIEID
BIJIHOCHO 3OBHIIIHIX OCEM TMOJIKpUCTAla, TO TOBOPSATH TIPO TEKCTypy, IO

XapaKTCPU3YETHCA OaraTbMa KOMIIOHCHTaMH. I[JISI 11050, € KOMHOHGHTiB, SK IIPaBUJIO, TAKOK
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ICHY€ PO3CISTHHSI TEKCTYpH. PO3CISIHHSI TEKCTYPH 3QJIKUTH BiJl BETUYUHU 30BHIITHBOTO
BIJIMBY: YUM BOHO CUJIbHIIIE, TUM MEHIIIE PO3CISHHS.
Kaacudgikauis texkceryp [28]. HaiinpocTimuM THIOM TEKCTypu € Take

BITOPSJIKOBAHE PO3TAlllyBaHHs KPUCTAJIITIB, KOJIM TIEBHI 1 PIBHOIIIHHI KpucTayiorpadiuHi

-

HaIpPSIMKHU PO3TAIIOBYIOTHCS MapajielibHO OJHOMY 30BHIIIHROMY HanpsMky O, 3BaHOMY
BICCIO TEKCTypH. BIJAMOBIIHUNA TUN TEKCTypU MNPUWHATO HA3UBATU aAKClaJIbHOIO
(ocpoBO10). [HOAI TaKy TEKCTypy HA3MBAIOTh TAaKOX BOJIOKHHUCTOIO YM HEOOMEXKEHOIO.
AKclanbHa TEKCTypa CIOCTEpITa€eThCsl, HANPHUKIAA, Y JpOTax, y SKHUX KpPUCTAIITH
OpIEHTOBAaH1 NEBHUM KpHUCTAJIOTpadiuHUM HAIIPSIMKOM B3JJ0BX OC1 JPOTY.

B OLIK Meranax BiCh akciaJIbHOI TeKCTypH 30iraerbes 3 <110>, a y I'IK - 3 <100>
a60 <111> 3anexHo Big eHeprii AegekTy ynakoBku [29]. J{ns MeTaniB 3 rekcaroHajabHOI0
CTPYKTYPOIO BicCIO TEKCTYpH € KpucTanorpadiunuii Hanpsm <1010 > [29, 30].

VY BanbIbOBaHUX JIMCTAX, CTPIUKax Ta (O3l BUHMKAE OOMEXKEHa TEKCTypa ado

TEKCTypa BajblOBaHHA. [[pukianu neskux TeKCTyp npeacTaBieHo Ha puc. 1.1.

{700} i . 2168
<100> 3 <10 YT 2 = PiChb
M idied Kpy4€eHHS
- 8]
;(@L@@} G— A ®'®;ﬁ = (hid)
a I_ 7] 1+ g

1= HampsiM 3CYRY = <UVW=

Puc.1.1. TekcTtypu B MeTanax 3 KyOi4yHOI cumeTpii: a) — akcianpbHa <100>; O- Bich
BOJIOKHA; 0) — uctoBa TekcTypa tumy { 100}<110>; P— nnomuna nucra; HIT — mnanpsimox
BasnbloBaHHs; HH— nHopmane no mnomuni P; [TH — nonepeunuit Hanpsim;
B) — TEKCTypa 3CyBY (Kpy4YeHHs

Texctypa 3cyBy (kpy4eHHs1). Taka TeKCTypa yTBOPIOETHCS MiJ JI€I0 3CYBY OJHIET
YaCTUHM KpHUCTaJla BIJHOCHO 1HIIOI, a00 TpH Kpy4deHHI OJHI€l YaCTUHU KpHUcTana
HABKOJIO TIEBHOT OC1 B MIEBHOMY HarpsiMKy (puc. 1.1, B).

Bu3zHaueHHsI Opi€eHTYBaHHSI MOHOKpHMCTAJa B moJjikpucraidi. s Toro mo0
3a/laTi TOJIOKEHHS MOHOKpHCTajla B MPOCTOPl MOJIKpHUCTaja MOTPIOHO MaTh JBI
CUCTEMHU KOOPIMHAT: OJIHA CHCTEMA KOOPAMHAT IOB’S3aHA 3 MOHOKPUCTAIOM Koo,

Jpyra — 3B’si3aHa 3 nojikpuctaioM K, ;. Oct koopaunar K., K IpaBUiIo, 00UparoTh
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HaNpsMKUA HalOuIbIoi cumeTpii. Hanmpukian, Ay kpucTamiB KyOidHOT CUMETpii — 11e
pebpa kybOa enmeMeHTapHOi KOMIpKU. 3a oci KOOpAMHAT cucteMu K., NpUHAMAIOThH
HANOUTBII CUMETPUYHI OC1 MOJIKpUCTaNIIYHOTO 3pa3ka. Hampuknan, mias jucra — 11e
HarnpsM BanbiroBadHs (HB), monepeunuit Hanpsm (ITH) ta manpsm Hopmam (HH) mo

aucra (puc. 1.2).

Puc. 1.2. IIpencraBneHHs opieHTalli MOHOKPHCTAJIa B MOJIKPUCTATIYHOMY JINCTOBOMY

3pasKy

[cTopuyHO TepimMM cocoOOM BHU3HAYEHHS OpI€HTAIllli IUJIONMH Ta HaANpPSIMKIB
KpucTaiy € cnocid, 3anpornonoBanuii Miumepom B 1839 [31]. Lleit cniocid noaiOHuii 10
BU3HAYCHHSI TUIOLIMHU Y aHAJITUYHOI T€OMETPIi 32 TOMOMOTOI0 BIJPI3KIB, 110 BiJICIKAE
TJIOIIMHA HA OCAX KOOpAUHAT. Asie Misiiep 3arpornoHyBaB ClIOYaTKy BUPAKATU IOBKUHY
IMX BIAPI3KIB y BEJIWYMHAX, SKI JOPIBHIOIOTH OOEPHEHUX KUIBKOCTEH MepioaiB
eJIeMEeHTapHOi KoMipku. Hampukian, no3Ha4nMMo TMepio  eJIEeMEHTapHOI KOMIPKH
KyOIuHOi cuMeTpii uepe3 a. Hexal mommHa Bijicikae 1mo oci X OJ1H Mepioj, mo oci Y —
1/2, a o oci Z — 1/3 nepioau. Bisememo Tenep oOepHEHI BEIUUMHU, OTpUMaeMo 1, 2, 3.
Ile ¥ OymyTh iHmekcu Mimiepa MJIOUIMHY, SIKY MO3Ha4aoTh (123). AGo y 3arambHOMY
Bunajaky (hkl).

Jlnsi HampsSMKiB BHUKOPHUCTOBYIOTH TIO3HAYCHHS Yy KYTOBUX IyXKKax <uvw>.
HampsiMmku <uvw> nepreHIuKyJspHi A0 BIAMOBIMHUX TuioniuH (puc. 1.3). 3a HasBHOCTI
JUCTOBOI ab0 TEKCTYpH BaJbLIIOBAHHS CYKYIHICTh IE€BHUX KPHUCTAIOrpapiuHuX
HAIMpsIMKIB, BUPKEHUX 3a JOTIOMOIOI0 I1HJIEKCIB Mimepa {uvw}, OpIEHTYETHCS
napayieJIbHO HaIPSIMKY BaJIbITFOBAHHS, a JIesIKa CYKYITHICTh KpHCTATOTpadivHUX TJIOIINH,
npejcTaBieHuX 1HJaekcaMu Mimepa {hkl}, po3TamoByeThCS MapajeabHO IUIONIMHI

BaJIBIIOBAHHS (TTOBEPXHI JIUCTA).
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Puc. 1.3. Ilo3HayeHHs TUIOLIUH Ta HAMPAMKIB Y KyOIYHOMY KPUCTAaJi 3a JOMOMOTOIO

iHAeKCiB Mimepa

OTxe, IMCTOBA TEKCTypa TIPEJCTABIAETHCA CUMBOJIUHO SIK  {hkl}<uvw>.
Buie3azHayeHi 1HIEKCH KPUCTANOrpapiyHUX IUIOMIMH Ta HAOpPSIMKIB y MO3HAYEHHI
TEKCTYpH TIOB’sI3aHI YMOBOIO, SIKa O3HAyae€, IO HANPsSMKH <uvw> pPO3TalllOBaHI 1
riommHax {hkl}:

hu + kv + lw = 0. (1.1)

Jlnsi mo3HAYeHHSI KPUCTAIIYHUX TIUIONIMH Ta HAMpSIMKIB y TeKcaroHaJIbHHUX
KpHCTajaX BUKOPUCTOBYETHCS CHCTEMa YOTUPHOX YHCIOBUX 1HACKCIB, SIKI HA3UBAIOTHCS
iHgekcamu Mimtepa-bpaBe [32]. Cucrema KOOpAWMHAT TEKCArOHAIBHOI PEIIITKH €
gotupuBicHO. Oci X Y U nexaTs B 0JiHIN 1utomyHi mig kytom 120° (puc. 1.4). Bics Z
neprneHaukyisipaa iM. Kpucrtanorpadiunumu iHAEKCaMH B Iill CHUCTEM1 € YOTUPH
HalMEHIINX IUIKX uKcia h k 1 1, BigHOIIEHHS MIXK SIKUMHU B1AIIOBIIA€ BIIHOIIEHHIO MIX
BEJIMUMHAMH, OOEPHEHUMH JTOBXKMHAM BIJIPI3KiB, 110 BIJCIKAIOTHCS IJIONIMHOIO Ha OCSIX
X Y U Z. Ingexcu h k 1 3aexH1 Ta 1oB'si3aHi criBBigHOmEHHIM h + k = —i.

3 puc. 1.4 BuaHO, 1110 TaK 3BaHa Oa3KMCHA IJIONIMHA Ma€ 1HAEKCH Y cucteMi Misuiepa
(001), a y cucremi Miumepa-bpase — (0001). [Lnomnuna, 1110 TpoXoAUTh Y€pe3 BY3IH g,
92, 93 Ta g,, mae BianosigHo iHAekcu (100) 1 (1010). Kpucramorpadiuni iHaexcu
IUIOLIMH y TPUBICHIA Ta YOTHPHUBICHIN cuUcTeMax 30IraloThbCsl 32 BHUHSITKOM TPETHOTO

cumBoIy (1).
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(o1 N
1010,
toiy” gly=

+x

a 6

Puc. 1.4. Tlpuxknaau iH1yKyBaHHS KpUcTAIOrpadiyHUX TUIONIKH (a) Ta HAMPSMKIB

y TeKcaroHajbHI| Ipariii

Jns 3HAXOMKEHHS 1HACKCIB HANpsIMKIB Yy TEKCAaroHaJdbHIA PEINTI TaKOX
BUKOPHUCTOBYIOTh YOTUPH 1HIEKCH [uvtw], Tak mo t = —(i + v).

[IpyHIMN BU3HAYEHHS 1HJIEKCIB HANpPSAMIB y IbOMY BHUIIQJKy TOH cCaMUi, IO U y
cucteMu Mimiepa, — BU3HAYEHHS MPOEKIIN IIYKAHOI IPsIMOi Ha KOOPJMHATHI OCi JI0
TpaHCIALIN eleMeHTapHO1 KoMipku. HanpsaMok nepeHocuThCs apajiebHO caMoMy co0i
Ha TOYaTOK KOOpPJAWHAT, 3 OyAb-KOi TOYKH OIMYCKAIOTh MEPHNEHAMKYJSPH HAa YOTHUPH
KpucrajorpadiyHi oci Ta OTpUMaH1 YKCiia 3MEHIIYIOTh JI0 MPOCTHUX IIITUX.

Ha puc. 1.4 TakoX NpPOAEMOHCTPOBAHO JOLUIBHICTh 3aCTOCYBAHHS YOTHUPH-
1HAEKCOBOI CHCTEMH I103HAYE€Hb HAIPSMKIB Yy MOPIBHSAHHI 3 TPHU-1HAEKCOBOIO: MPHU
BUKOPHCTaHHI B JAHOMY BHUIIQJIKy TPHU-1HICKCOBOI CHCTEMH €KBIBaJCHTHI IUIONIUHU Ta
HaIPSIMKH OMUCYIOTHCSA PI3HUMHU KOMOTHAIISIMU, 3 YpaXyBaHHSIM 3HAKIB, OJTHUX 1 THX K€
iHaexciB {hkil} i [uvtw] (cTpykTypHO €KBIBaJ€HTHI HANPSIMKK MOBHHHI MaTH MOAI0HI
KpucrajgorpadidHi iHACKCH).

Mix TpPUBICHUMU Ta YOTUPHUBICHUMHU CHMBOJIAMU HAMPSMKIB 1CHYIOTh HACTYIHI
CH1BBIHOILLIEHHS:

u4_ = 2u3 - 1.73
v4 == 2173 - U3 (13)
Wy = 3W3

Metoau onucy TekcTypH. TekcTypa Moxe OyTH OoInucaHa 3a JIOMOMOTO0 MPSIMHUX

nomocHuX Qiryp (IIID), obepuenux nomocaux diryp (OIID) Ta dyHKIis po3nogiTy
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opieHrariiii (OPO). Huxde po3riasHyTo 3a3Ha4eHi 3acO00M MpPeICTaBICHHS TEKCTYpU Ha
MIPUKJIAJIl aKC1aJIbHOT TEKCTYPH.

Ipsami noarwcui ¢irypu. IO (hkl) — me 300pakenHs Ha crepeorpadiuHii
MIPOEKIIIT y CUCTEM1 KOOPJIMHAT, TTOB'SI3aHO1 13 30BHINTHIMH OCSIMU, PO3IIOALTY HOpMaJIl J0
oOpanoi kpuctanorpadignoi mionwuau (hkl).

PosrnsHemMo 1e Ha TpUKIAAl akcianbHOI TekcTypu. Hexall 30BHIIIHA BiCh

(Hampukian, Bick IpoTy) O akcialibHOI TEKCTypH MapajelibHa KpHcTajorpadiaHoMy

HanpsaMKy <uvw> (0 || <uvw>). SIKmo BUOpAaTH 30BHIIIHIO OPTOTOHAJBHY CHUCTEMY

koopauHaT OSM (puc. 1.5) tak, mo HanpsaMm [uvw] Oyae po3TalloBaHUN TapajielIbHO
HaIpsAMKY 0 , TO HOpMaJIH J0 TUIOUIUH {/kl} OynyTh po3TanioBaHl Ha IEKUIBKOX KOHYyCaXx.

Hanpuknaa, ajist akciaabHOI TEKCTypH 3 0 || [123] wopmami mo mioumH {100}
JeXKATUMYTh Ha TPhOX KOHyCax 3 KyTaMHU HaIIBPO3KPUTTS ¥q, Va2, V3 (1.5, a), ne y

BIIMOBITHOCTI 10  (dopmyn  Kpucramorpadii  KOCMHYC KyTa MDK  JBOMa

KpucTtamorpagiyHUMKE HanpssMKamMu cosy; = cos[100][123] = 7=, \/121T2+32’ TOOTO

1 : : . :
cosy: = 7 AHAJIOTIYHO 3 ypaxyBaHHSAM II€PECTAHOBOK I1HAEKCIB HampsaMmKiB [213],

-

[321], oTpuMaemo coSy, = CoSYy3 = Axmo O posTamoBaHO B IEHTPI

2. 3

Via’® Via”
crepeorpadiunoi npoexirii, To [ITID (100) 300paxkyeThCcsi TpbOMa KOJIAMU 3 Y1, V2, V3-
Komu O 3HAaXOUTbCS Ha ocHoBHOMY koJi npoekirii, [TT1® (100) cknanaerbes 3 HabOpy

napasene#t (puc. 1.5, 6).

a 0
Puc. 1.5. Ipsiva nomoca ¢irypa ITI® (100) ast akciansuoi Texerypu 3 0 | [123]:

O po3stanioBaHe Ha OCHOBHOMY KoJIi mipoekirii (a) 1 O po3TaioBaHe B IIEHTP1 MpoeKIIii (0)

[IpencraBneHHs] TEKCTypH JMCTOBOrO MaTepialy 3A1MCHIOETBCA 3a JIONOMOTONO
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crepeorpadiunoi mpoekiii [33]. Ha Hei npencraBiasioTh po3moiia HIIIBHOCTI P

HOpMaJsiel (TTOIOCIB) A0 TEBHOIO THUIY IUIOMIMH MOHOKpucTany (hkl) Puu, BIIHOCHO
TUTOIIMHHU JIUCTa, 00 BITHOCHO muioniuH neprnenankyaspaux HIT un ITH.

OpieHTatlito HopMaii A0 MEBHOI IJIOMIMHA MOHOKpuUcTana (hkl) BU3HAYalOTh 3a

JIOTIOMOT 010 KYTiB (o, ), 1€ 00 — MOJSPHUIA KYT, B — a3uMyTalnbHUM KyT. OTKe pO3IMOIiI

IIUTPHOCTI TTOJTFOCIB BU3HAYAETHCS 32 JOTIOMOTOI0 BemuuH Py (o, B) (puc. 1.6).

HM

Puc. 1.6. III1® nucroBoro nomkpucTaia
Oo6epueni mostocHi gpirypu. OO — 11e 300pakeHHs Ha cTepeorpadiuHii TPOEKIIil
y CUCTEM1 KOOpPJMHAT, MOB'SI3aHO1 3 BHYTPIIIHIMU KPUCTANIOrpapiuHUMHU OCAMH (TOOTO
OCSIMU KOOPJIMHAT KPUCTAITY ), PO3MOALITY 0OpaHOTO 30BHINIHBOTO HAMPSAMKY (HapUKiIai,

oCl1 IpOTY).
11

100 110

Puc. 1.7. OGepHena nomtocHa dirypa s S L O npu akcianbHiii Tekctypi 3 0 | <110>

JIns akciasibHOI TEKCTYpU KyOl4YHOro marepiany 3 0 || <123> OI® s O Oyne
300pakyBaTUCS TOYKOIO, IO 30iraetbcs 3 momocoM [321] Ha craHmapTHOMY
crepeorpadiunomy TpukytHuky [100] - [110] - [111]. ¥V kyOiuHoMy Mmatepiani 3
aKC1aJIbHOIO TEKCTYPOIO 0 || <110> obepHeHa nomtocHa (hirypa s SLO 300paxXy€eThCs
0e3:1144I0 HanpsMKiB, nepneHauKyaspuux [110] (puc. 1.7).

[Tpuknaan OII® nrucTOBOTO MOMIKPUCTATY MPEACTABIEHO HA puUC. 1.8.
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Puc. 1.8. OOepHeHl MOJIOCHI (DIrypw JIUCTOBOTO MOJIKPUCTALy KyOI4HOI CHUMeETpii
HaMpsAMKy HopMmadi o tionuau gucta (OI1d HH), nanpsmky BanbsitoBanss (OI1D HB)
Ta nonepeynoro HanpsMky (OII® I1H) (a, 6) ta OII® HH nucra rekcaroHaJibHOTO

crutaBy Tutany BTS-1 micns BanbitoBanus (B) [34]

Ipunuunosa pizauus mix IHII® Ta OIIP nosnsirae B Tomy, 1o Ha [TI1D nokazano
posnojain Hopmaiei Ny, no nesuux miomuH (hkl) y cuctemi koopauHar, nos's3aHoi 13
3paskoM. Ha OII® mnokazaHo po3mojii MEBHOI 30BHINIHBOI OCI 3pa3ka y CHCTEMI
KpucTtajgorpapiyHuX KOOpAUHAT (cucTeMa pi3HUX HopMasiel Nyy;.

IlepeBaru anaJuizy Tekctyp 3 nonomororw OIl® nporu HII® € Taki [35]:

1. Binbiie BuganeHHs Apyr Bia apyra oOJacTel, BIIMOBIIHUX PI3HUM MOJIIOCaM Ha
OI®, nix [IID. [le 0cobaMBO BaXIUBO Yy pa3l po3CisTHUX Ta 0AraTOKOMIIOHEHTHUX
TEKCTYp, KOJIU Ma€ MICIIe IEPEKPUTTS PI3HUX OPIEHTYBaHb Ha TOJIOCHIN (irypi.

2. TouHime KUIbKICHE BHU3HAYEHHS OPIEHTYBaHb, II0 OMNHUCYIOTh TEKCTypy. Y
Bunajaky II[1® nng orpuMaHHd OUIBII TOYHHUX KIUIBKICHMX AAHUX MPO KOMIIOHEHTH
TEKCTYPH Ta OILIHKHU iX MpUOJU3HOTO CIIBBIIHOIICHHS TOBOAUTHCS aHAI3YBaTH KiJIbKa
[III® nns pizaux Hopmasied Nyjyp, 1O TOB'A3aHO 31 30UIBIIEHHAM TPUBAJIOCTI

EKCIIEPUMEHTY Ta 00OpOOKU OTPUMAHHX JaHUX.
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3. MOXIUBICTh KUIBKICHOT OIIIHKM YacTOK KOMIIOHEHT TEKCTYpu Ta HOro
PO3CitOBaHHS.

4. Metoxg mnoOynoBu OII® 3 iHTerpaJibHUX I1HTEHCHUBHOCTEH PEHTTEHIBCHKHUX
iHTepdepeHIliii He BUMarae BUKOPUCTAHHS CICHIAIBHOI MPUCTABKH, HEOOXIAHOT IS
noOynoB [1[1® metogom Haxumy.

OcHOBHI HeI0JIIKH BHBYEHHSI TeKCTypu 3a aonomMorow OII®D nopiBHsiHO 3
MIP:

1. Ilpu HEoOXigHOCTI POOOTH 3 IUIOCKUMH 3pa3KaMu, IO MalTh Maly podoudy
NOBEPXHIO, II0 CYTTEBO MPU BHUBYEHHI TOHKHMX JHCTIB ab0 ApPOTY, JOBOAMTHCA
aHaJI13yBaTU NMAuKy MPUKJIAJEHUX OJUH 10 OJHOTO 3BOJIIKaHb a0 3pi3u mauku cMyT. Lle
MO>K€ MPHU3BECTH /10 BEIUKHUX MOMMJIOK B aHaJI31 TEKCTYPH, OCKUIBKM TEKCTypa HaBITh
TOHKHX JIUCTIB 200 JIpoTy (TOBIIMHOK O1u3bKo 0,1 MM) HEOTHOPIIHA 32 MTEPEPI30M.

2. Ilpm 0araTOKOMIIOHEHTHIA TEKCTypl NpPaBWIBHICTH BHUOOpPY OJHO3HAYHOIO
MO€THAHHS 1HJIEKCIB {hkl} 1 7151 TEKCTYpH BaJIbLIIOBaHHS Ma€ OyTH, y pa3l HEOOX1HOCTI,
niarBepkeHa anam3om [P,

@yHkuisg po3noxiny opienranii. KitbKicCHUM Ta HalOUIBII MATEMATHYHO CTPOTUM
€ TIPE/ICTABJICHHS TEKCTYPH 3a AornoMororo ¢yHkiii po3noainy opientaiii (OPO). Ane
JUISL bOTO MOTPIOHO MO-1HIIOMY BHU3HAYATHU OPIEHTALII0 KPUCTANIB y MOJIKPUCTAIL. 3
LI€0 METOI0 BUKOPUCTOBYIOTh TPEICTABICHHS OpIEHTALli 3a JOMOMOIOK KYTIB
noBopory Eiinepa [36]. Jlns Toro, moO 3 opieHTaris TOJIKpPUCTajda CIiBHaza 3
OpI€HTAII€}0 MOHOKPHUCTANA, CIOYaTKy CUCTEMY KOOpJIWHAT MOHOKpPHCTaIa MOBEPTAIOTh
HABKOJIO OCi Z TOJIKpUCTaNa Ha KyT Ha KyT @, MICISA I[OTO ii MOBEepTaloTh Ha KyT @
HaBKOJIO ocl X, B IKOMY BOHA OMUHUJIACH IICJIsSI TIEPIIOTO MOBOPOTY HABKOJIO OCl Z, a

MOTIM HaBKOJIO HOBOTO TIOJIOKEHHS ocs Z Ha KyT ¢ [37] (puc. 1.9).
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Puc. 1.9. Busnauenns kyTiB Eitnepa

®PO Bu3HayaeThCs rycTUHOO iMOBIpHOCTI f(g) = f(@1, @, ¢2) 3HAXOKEHHS y L1H
TOUIll Opi€eHTyBaHHS B oOmacti (g, g + dg). [HmuMu cnoBamu, QyHKIS pO3NOALTY
Opl€HTAIll{ MOKa3ye BITHOCHY 00'€éeMHY 4acTKy KpuctamiTiB AVg, g+Ag/V, opieHTalis
AKUX 3HAXOAUThCS MK g(¢1, D, o) Ta g(@1 + Ay, D + A D, 2 + A 02), 1€ ¢1, D, 92 —
kytu Einepa, mo 3MiHOOTECS B Mexax 0 — 2w, 0 — «, Ta 0 — 27, BianoBigHo. Takum
YUHOM, (PYHKI1IO0 PO3MOALTY OpI€HTALIN MOKAa3yIOTh B OplEHTALIIITHOMY IIPOCTOP1, 00’ €M
sKOro fopiBHIOE 872 # 413 =~ 12m2!. 1le noB’s3ane 3 THM, mo (yHKig f(g) 3anaHa Ha
Oe3nepepBHill TpyIi 00epTaHHs, € KOKHA TOYKa Ma€ Bary sinf.

Oynkuis f(g) € gpynkuiero Tppox 3MiHHUX. HaouHe rpadiune 300pakeHHsI Takoi
dbynkuii npeactaniaeHo Ha puc. 1.10 a. 3a3Buuait ®PO 300paxyroTh SK IJIOCK] TIEpEpi3H,

TOOTO SIK (PYHKIIIO BiJl IBOX 3MIHHUX IPHU MOCTIMHOMY 3HAY€HHI TPETHOi 3MIHHOI (pHC.

1.10, 6).1.

¥
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Puc. 1.10. TpuBumipua ®PO
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dyHKUiA po3moaiay opieHTauiil y mpocTopi ineanbHux opientauiii. IIpocrip
17IealbHUX Opi€HTAIld Moke OITHM BHU3HAYEHHUM 3a JOMOMOTOK HAOOpYy 1JIeaJIbHUX
OpIEHTYBaHb, IO 3aJal0Thcs 1HAeKcamMu Mimnepa. B Takomy mnpoctopi DPO
BU3HAYAETHCSI Y BUIJIAJI CYKYMHOCTI 17€albHUX Opi€HTyBaHb. DYHKINS PO3MOALTY
OpIEHTYBaHb B TAKOMY BUTIAJIKy MOKe OyTH 3HalieHa 3 00epHEHUX MOJIIOCHUX QIiryp Ass
JIBOX HE TMapalieTbHUX HANpSMKIB MOJIKPUCTAIIYHOrO 3paszka. Hampuxman, moxHa
BUKOPHUCTATH KOMOiHaII110 00epHeHUX moatocHuX ¢iryp (OIIdD) nanpsamky nHopmani (HH)
1o momuan BanbloBadHs (OII® HH) ta OII® nanpsmky BanbitoBanus (HB) — OIID
HII. A6o ckopucratucs OII® HII ta OII® nonepeunoro Hampsimky (ITH) mucra.
OOrpynTyBaHHsT JaHoro wmerona BuszHaueHHs OPO joknanHo mnpenactaBieHO Yy
nyoumikamisx [38-40]. Bupas nns paxyBanusa ®PO moxe OyTy npeACcTaBICHUM Y BUTIISII

(1.2)

HH ,HB
PhiiPuvw
HH HEB
2i(Phier 2j Puvw

f(hkD[uvw] =

B uncenbHuKy mipeactaBieHuil 1o0yTok nomtocHux ryctud OII® (HH) 1 OIld
(HB) nns 3nauens (hkl) 1 (uvw), nos’s3anux 3a BupaszoM (1.1). Y 3HaMEeHHUKY MiJICYyMOK
y Iy’KKax 10 j BU3HAYAE€ThCS 32 TAKUMH 3HAYEHHSIMU j oJitocHOi niuibHocTi OIID (HB),
(uvw) aKuX Ha KOJi Tpoekiit 3B s13aH1 3 i-tuMu (hkl) na OII® (HH) piBasaHsM (1.1);
[TizcyMoK 1o i 3A1HCHIOETHCS 32 BCIMa 3HAUYCHHIMU P}f,g Ha miBcdepi.

Ha puc. 1.11 mokazanwuii npuxiang @PO y npocTopi i1eadibHUX OPiIEHTYBaHb.

o
h2+k2+2

00-0,01 m0,01-0,02 00,020,083 00,02-0,04
m0,04-0,05 00,050,068 m0,06-0,07 00,07-0,08

Puc. 1.11. ®PO cmnaBy Cu-Ni [40]

Ax BuaHo 3 puc. 1.11, ®PO B mpocrTopi i€aNbHUX OPIEHTYBaHb Ma€ BUIJIS]
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JTUCKPETHUX TIKIB, IO BIAMOBIJaOTh HAO0OpPY MEBHHUX 1J€aJbHUX OPIEHTYBaHb

KPUCTATITIB Pi3HOI IHTEHCHUBHOCTI.

1.2. OuiHka BIUTMBY TEKCTYPH Ta aHI30TPOIIII0 BJIACTUBOCTEH MOJIIKPUCTAIIB 3a

1HTerpanbHUMU Xapakrepuctukamu Tekctypu (IXT)

Binomo, 1110 17i€aibHHM MOJTIKPUCTAT € 130TPOITHUM, X04a CKIAJAETHCS 3 MPUPOTHO
aHI30TPOIMHMUX KPUCTANITIB a00 3epeH. AHI30Tpomis Pi3UKO-MEXaHIYHUX BIACTUBOCTEH y
MOJIKPUCTAIIYHUX TiMaxX 3 SIBJSETHCS, SKIIO ITiJT JIEI0 30BHIMIHIX 1A (HOPMYyeEThCS
TekcTypa. HeBpaxyBaHHs aHi130Tpomii, 00yMOBIIEHOIO TEKCTYpOIO, MOXKE IPUBECTU 10
3HAYHUX HACHIJKIB, SK IIO3UTUBHUX (HANPUKIAA, TEKCTYpHE 3MILHEHHS), TaK 1
HEraTUBHUX (HANPUKIAJ, KatacTpodiuyHe pyHHYBaHHs), SK 3a3HAYajIoCh BUIE. ToMy
aKTyaJbHOIO 337a4€l0 MPUKIAIHOI (DI3UKA Ta HaHOMATEpialllB € 3aBYacHa MPOrHO3HA
OIliHKA 3HAaY€Hb BIJMOBIIHUX BJIACTUBOCTEH B IEBHOMY HAIPSIMKY 3pa3Ka.

Taka oriHKa 31HCHIOETHCS, SIK MMPABUIIO, €KCIIEPUMEHTAIBHO HUISIXOM MPOBEACHHS
BIJIOBIJTHUX MEXaHIYHMX BHUIPOOyBaHb ab0 BHMIPY BIANOBIIHUX BIACTUBOCTEN
(MpyXHUX, ENEKTPUYHUX, TEIUIOBUX TOIIO). AJle HE 3aBXKIU EKCIEePUMEHTAIIbHI
JTOCIDKEHHSI BJIACTUBOCTEH MOXYTh OyTH TIPOBEJEHI, HAMNpUKIajd, BHACIIIOK
HEJIOCTaTHIX PO3MIpIB 3pa3ka. B Takux BHUMaJKaX Ba)XJIMBO MPOBECTH BU3HAYCHHS
BEJIMYMHU TIEBHO1 BJIACTHUBOCTI TOJIKPUCTAIIYHOTO 3pa3ka Yy 3aJaHOMYy HamNpsMKY,
BUXOJSYM 3 BIJJOMHX BIACTUBOCTEH MOHOKPUCTAIy Ta pO3MOAUTY OpI€HTYBaHb
MOHOKPHCTAJIIB B JOCIIKYBAaHOMY MOJIKPUCTATIYHOMY 3pa3Ky, TOOTO 3 MapameTpiB
TEKCTYPH Yy BIIMOBIIHOMY HAMPSAMKY.

BaxnuBUM 3aBIaHHSM € TaKOXK BH3HAYCHHS BIACTUBOCTEH MOHOKPHUCTAITY JAHOTO
MaTepiaiy, SKII0 3aB4aCHO BiJIOM1 BIIACTUBOCTI BiAMOBIAHOTO MOJIKPUCTATIIYHOTO 3pa3Ka
B [IEBHHUX HAIPSAMKaX Ta MapaMeTpu HOTO TEKCTYPH.

Y 3aranbHOMY BUNAQAKY TEKCTypa JIMCTOBUX TMOMIKPHUCTATIB € CKIQJHUM
HEMIEPEPBHUM  PO3MOJIJIOM  OKPEMHX  KPHUCTANITIB 32  OpPIEHTyBaHHAM  y
NOJIIKpUCTAIIYHOMY 3pa3Ky. Lleil po3noain onucyerbess GyHKIIE0 TPHOX 3MIHHUX, IO

3aJIeKUTH B1J B3aEMHOTO PO3TAIIyBaHHS KOOPJIWHATHUX OCEH KpHCTala Ta 3paska, K
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3a3HAYEHO BHIIE. TaKy MOXJIMBICTh JIa€ TUIBKM METOJ IPEICTaBJICHHS TEKCTYyp 3a
nonomororo TpusuMipHoi ®PO [37, 41]. Ilpore meit meron, OyAayud IIOBHHM 1
MaTEeMaTUYHO CTPOTMM, Ma€ CKJIAJHUN MaTeMaTUYHHM amapar Ta MoTpelye s
peanizaiii 6arato eKCnepuMEeHTAIbHOTO Matepiainy s po3paxyHky ®PO. Hanpuknan,
s po3paxyHKy @PO HeoOX11HO MIHIMYM TpH MOBHI MPSAMI MOIIOCH] (irypH a00 YOTHPH
HEMOBHI JIJIs1 TIOJIKPUCTAIIB KyOI4HOI cUMeTpii, BU3HA4YEHI 3 KPOKOM Yy 5° B iHTepBai
kyTiB o Big O mo 90° ta B Big O mo 360°. Jns BuszHauenHs ®PO wmarepianib
TeKCaroHaJIbHOI CUMETPIii MOTPIOHO MAaTH MIHIMAJIBHO YOTHPU MOBHI HpSMI MOTIOCHI
birypu [42]. OTxe OTpUMaHHS TMOBHUX NPSIMHUX TOJNIOCHUX QIryp € JOCHUTh
TPYAOMICTKHI IpoLEC.

JInst po3paxyHKy aH130TPOITIi BIACTUBOCTEH MOJIi- TA MOHOKPHUCTAIIB Y HAOJMKEHHI
MexaHiku cyluibHuX cepenoBuill ®PO Hece HapmmikoBy iHGopMarliro. Tomy s TakKUX
3aBllaHb 3 ypaxyBaHHSIM CHUMeETpii 00'€kTa, M0 BUBYAETHCS, JOCTATHHO OMHUCYBATU
TekcTypy He Bciel ®PO, a nedkuMmu ii 3ropTKaMu, 10 ONUCYIOTh BHECOK TEKCTYpU B
aH130TPOIIII0 BJIACTUBOCTEH momikpuctaty [43].

JI1st KyO14YHUX JIMCTOBUX MOJIIKPUCTAIIB TAKMX 3TOPTKIB JOCTATHHO TPH:

If = (afy + afy + atz)
If =(az; + a3, + azs) (1.4)
If = (af; a3, + af,-af, + afs -ajs)
Y cnieBiaHomennsx (1.4) a;; — HanpsMHI KOCUHYCH, a <...> 03HAaYa€ YCEPEIHEHHS 3a
BCIMa OpleHTaIIAMH KpucTtamiB, BepxHi i1Haekcu (k) mokasyrors, mo IXT (1.4)
MPUHAJIEKATH IO KyOIYHOT CUCTEMU.

[IpencraBienHs TekcTypu 3a nonomMorow [XT mo3Bosise BUBHAYUTH aHI130TPOIIIIO
JeSIKUX BJIACTHBOCTI, HAIPUKIIAJ, MOJLYJI MPY>KHOCTI, €JIEKTPUYHOTO ONOPY B IJIOLIHHI
TEKCTYpPOBAHOTO JIMCTOBOTO TMOJIIKPUCTANA, a TAKOXK Y HAMPSMKY HOpPMaJli 10 TIOUIUHH
JINCTA, SKIIO € BiJJOMI 3HaYEHHS BIMOBITHUX BIACTUBOCTEH MOHOKpHUCTaNy [43, 44]. s
PO3paxyHKy MPY>KHUX BIACTHBOCTEH MOTPIOHO 3HATH KOHCTAHTU MIPYKHOT MOAATIUBOCTI
Sij [45]. Hanpuknan, s mnoiikpucrany KyOidHOI CHMETpIi 3aI€KHICTh MOIYJIs

npy>kHOCTI £ Bif KyTa ¢ B tuiontuHi jucta yepe3 [XT mae Burisz:

(@) = s11—A-F*(p). (1.5)
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1
A= (511 —S12 ~ 5344), (1.6)
F¥(p) = 1 — (Ifcos*p + I¥sin*p + 1,515sin?2¢). (1.7)
TakoX MOXKHA 3HAHTH 3HAYEHHS MOJYIS NPYXKHOCTi Y B&XKO BUMIPHHMX HAIPSIMKaXx,

HaIpUKIIaJ, y HaPAMKY HopMasli Eyy A0 TUIOMMHY JIUCTIB KyOIYHUX MOTIKpUCTAIIB [43,
44]:
(@)= s = A (1 1f — 1 - 215) (1.8)
3anexxHicTh MOAYJIs 3¢yBY G BiJl KyTa ¢ B rutomuHi Jucrta yepe3 [XT mae Burmsia:
% () = sS40 — 2+ A- (Ifcos*@ + [fsin*e + 1,515sin?2¢). (1.9)
Y pisusannax (1.14) 1 (1.15) s;; € KoedimieHTH NPYKHOI MOJATIMBOCTI BiIOBIAHUX
MOHOKPHUCTAJIIB, 3 AKUX CKIAAA€ThCs MOJMIKPUCTAIL.
Jlns rekcaronansHux MatepiaiiB € micTh IXT [43, 44]:
I = (af3); I; = {a3s), I§ = (a33), [; = (afs), I§ = (a33), [ = (af3-a3s) (1.10)
Ane He3anexxHnuMu 3 HUX € nuire o' ATk IX T, ockinbku
5=1-]+ I3). (1.11)
IXT moxyTh OyTH 3HaIiJIEH] 3 TaHUX PEHTTEHIBCHKOTO AUPPAKTOMETPUIHOTO
aHai3y IUIIXOM YCepEIHEHHS 3a Oy/b-SKOI BaroBolo (yHKIIE TEKCTypH. Y podoTax
[43, 44] moka3zaHO, K CKOPUCTATHCS (DYHKIIIEIO PO3MOAUTY TYCTMHM HOpMAajei 0
130TPOIHUX KPUCTATOrpAPIYHUX MJIOMIKH.
Jns kyOiuHuX KpucTamiB i3oTponHoro € iommHa {111}. IXT po3paxoByroThcs

YCEpEeHeHHSM 10 TpsMii nosrocHii dirypi {111} 3a dopmynoro [43, 44]:
Ik = %fg JZPain(a, B) (af}(a,ﬁ) +al,(a, B) + afnn(a,ﬁ)) sinadadp, (1.12)

T ow
I=J2J2Pay(@B)sina - da-dp (1.13)
MHoXHHK I 3a0e31edye HOpMYBaHHS MOJIOCHOT (IrypU y PIBHSX CEPEIHBOT MOIIOCHOT
TYCTUHM, p, ¢, ¥ — OKa3HUKH BIIMOBIHKMX CTYIEHIB HAPIMHUX KOCHHYCIB @;j, Ak1, Amn»
BIJIMOBIHO, Y criBBigHOMIEHHsX (1.10).
3a mpsIMOI0 TOJIIOCHOIO (iryporo Oynu pospaxoBani IXT mist HU3BKOBYTIIELIEBOT
turty 08kxn [46]. BuxopucroByroun [XT Ta mpyxHi cramu 3amiza Oyjia po3paxoBaHa

aH130TPOIIIS MOYJISI IPY>KHOCT1 Ta MOJIYJISl 3CYBY MICJIs BaJIbI[FOBAHHSI T4 3HAKO3MIHHOTO
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BUTMHY Y IUIOLIMHI JMCTA 3a3HAYEHOT CTalll T y HAMPSAMKY HOpMali 10 TUIOIIMHHU JIUCTA.
Sk B1JIoMO, BUMIp BUILE3TaJJaHUX BIACTUBOCTEN y HAMPSMKY HOpMaJli IO TOHKOTO JINCTA

€ JOCUTD CKJIaJHOIO 3a1a4CI0.

JInst rekcaroHaJlbHUX KpUCTadiB 130TpornHoio € ruiomuHa (0002). Ycepenneni 3a

miero I1® IXT marots Burisn [47]:

I = 4n3f f " sinda - cos?p - P ooz (@, B)dadf (1.14)
L= 4n3f f " sinda - sin?B - Pgooz) (@, f)dadf (1.15)
5 = 4n5f f sina - cos®B - Pooz)(a, B)dadp (1.16)
I = 4n3f f " sin®a - cos*B - Pgooz) (@, f)dadp (1.17)
It = 4715] f "sin®a - sin*B - Pgooz) (@, f)dadp (1.18)

I = 4713] f "sin®a - sin?B - cos?B - Pooony (@, f)dadB, (1.19)

3 = ﬁfngZﬂP(oooz)(a,ﬁ) sina-da-dp, (1.20)

o, B — KyTu MOBOPOTY 3pa3ka HABKOJIO HOpPMaJli 10 MWOTO IUIONIMHY 1 HAXUITy 3pa3ka g0
OC1 TOHIOMETpa.

AHI30TpOMIsI MOYJISI IPYXKHOCT1 £ TEKCTYpPOBaHUX JINCTIB TEKCArOHAJIbHUX METAJIIB

Ta CIUIaBIB BUPAXKAETHCS Y€PE3 KOMOIHALT KOHCTAaHT MOAATIMBOCTI S;j MOHOKPHUCTAIIB Y

Burysii [48]:

~(@) = s11+2- Ay - Fl(9) + 1, - F{ (9), (1.21)
A= S13— S11+ 5S4 (1.22)
Ay= S33 + S11 — 2513 — Sya (1.23)
Fl (¢) = I cos*e + I} sin*g + i(l{ + I3)sin?2¢ (1.24)
FI(p) = I cos*e + I} sin*¢ + %I; - sin?2¢ (1.25)

3HaueHHs MOAYJS TPYXKHOCTI Yy HampsMKy HOpMail J0 IUIONIMHU JIKCTa

TeKCaroHaJIbHOTO TOJIIKPHUCTAIa MOKHA PO3paxyBaTH 3a (OPMYIIO0

(@)= sy + Ay - BB+ - (U—205 — 205 + 15 +IE+215).  (1.26)
HH
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bynu Buznaveni IXT crnaBiB marnito ZE10 Ta Mg-5 % Li micns BaibIltOBaHHS.
Otpumani IXT Ta pmaHi ekcepUMEHTAIbHOI MPYXKHOI aHI30TpPOIi J103BOJIUIO
po3paxyBaTd TMpPYKHI CTald MOHOKPHUCTANIB 3a3HAUYCHUX CIUIaBiB MarHio. bymo
MOKa3aHo, 10 KpUBI aHizoTpomii MoxyJsi FOHra B muiomuHi JMCTa, po3paxoBaHi 3a
3HAWJICHUMH TIPY)KHUMU KOHCTAaHTAaMU MOHOKPHCTaja Ta BUMIPSHI €KCIIEPUMEHTAIIBHO,
nocuth Onmm3bki. BimminHICTh ckiana He Outbine 2% Ta 5%, BIANOBIAHO, IS CIUIaBY
ZE10 ta Mg-5% L1 [49, 50].

Ak 3azHaueno Buie, IXT po3paxoByrTh 3 HPSAMHUX MOJIOCHUX (iryp. SKIno
BUKOPHUCTOBYIOTh IOBHI MOJIIOCHI (PITYpH, TO JJI pO3paxyHKy MOTPIOHO MAaTH 3HAUECHHS
MOJIFOCHOI TYCTUHHU Y TOYKaxX 3 KpokoM 5° B iHTepBail Bix 0 1o 360° y asumyTaibHOMY
HanpsaMKy (1o kyTtam B) 1 B iHTepBaui Bix 0 10 90° (o kytam a). Lle qy>xe Benukuii o0csr
eKCIIEpUMEHTaIbHUX JaHuX. KpiM TOro, Njisi OTpUMaHHS TOBHOI MOJIOCHOI (Pirypu
MOTPIOHO 3MIMCHIOBATH «3IIMBKY» JAHUX BiJ 3’€MKH METOJIOM HaxXWwiy Ha BIAOWUTTS B
iHTepBat Big 0 710 70° (OCKUIBKY P HaXWJIl Ha OLIbII KYTH PEHTI€HIBCHbKUI TPOMIHb
KOB3a€ B3JIOBXK IMOBEPXHI 3pa3ka, II0 3HAYHO 3HI)KY€E IHTEHCHUBHICTh BIJIOUTOTO
MIPOMEHIO) 1 3’€MKH METOJ0OM Ha MPOXO/KEHHsI. B 0CTaHHbOMY BUIIAJKy TIOTPIOEH JAyxkKe
TOHKHUH 3pa30K sl MPOXO/KEHHSI PEHTTEHIBCHKOT'O MMPOMEHIO HacKpi3b. BUroToBieHHS
TAKOro 3pa3ka NOTpedyr JIOCTaTHBO CKJIAJHOI EKCIEPUMEHTANIbHOI 00pOOKH
(mmidyBanHs, TpaBieHHs Tomio). KpiM TOro, MeTon «3UIMBKW» HE BIAETHCS
BUKOPUCTOBYBAaTH y pa3l MiJIBUIIEHOI MOMIAPOBOi HEOTHOPIIHOCTI JTOCIHIIKYBaHOTO
BUPOOY.

JInst yCyHEHHS IIbOTO HEOJIKY BHKOPHCTOBYIOTH PI3HI METOINW KOHCTPYHOBAaHHS
noBHUX mnpsMux moitocHux ¢iryp (IIITID) i3 HEnmoBHUX MPSAMUX TMOITIOCHUX (Iryp
(HIIII®). /IBa OCHOBHUX METOJIU MOJSATAIOTh Y HACTYITHOMY:

1) y3romkenns: abo «3mmBaHHs» Tpbox HIIII®D, oTpuMaHux 1uisi TphOX B3a€EMHO
NEPHEHANKYJISIPHUX TIepepi3iB BUPoOy;

2) exctpamnosiis HITII® na negocnimkeny o6iacts crepeorpadigaHoi MpOeKIIii.

Bce 1ie nonae tpyaHoiiB s BuzHaueHHs [XT.

BucHoBkmu 10 po3aiay 1

1. KpucranorpadiuHoro TEKCTypOl  HA3MBA€TbCs II€BHAa  HEOJHAKOBICTh
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OpieHTaIliil (MepeBa)kHA OpIEHTAIlisl) OCeW CHUMETpil KpHUCTajiB, IO CKJIAJal0Th
MOJIKPUCTAJ, BIJHOCHO MHOro oced cumerpii. Po3pi3HAIOTE akcialbHy (OCHOBY,
HEOOMEXKEHY) TEKCTYpY (200 TEeKCTypy BOJOYIHHS), TEKCTYypPY BaIbLIIOBAaHHS (0OMEKEHY
a00 TEKCTypYy JUCTA), TEKCTYPY KpydeHHS (200 TEKCTypY 3CYRBY).

2. AkcianpHa (ochoBa a00 HeoOMeEXeHa) TeKCTypa (POpPMYETHCS, KOJIU Mia JIEI0

30BHIIIHIX CUJI Y MOMIKPHUCTAJIl NEBHI 1 PIBHOILIIHHI KpHCTaIorpadiuHi HapsIMKa <uvw>
PO3TAIIOBYIOTHCSI MApaNeIbHO OAHOMY 30BHIITHBOMY HAIPSIMKY 0, (Hampukmana, oci
JIPOTY) 3BAHOMY BICCIO TEKCTYpH. Taky TEKCTypy OMUCYIOTh Y 3arajlbHOMY BHUIIAJKY SIK
<uvw> || 5

3. Tekcrypa BaibloBaHHA (OOMeXeHa TeKCTypa) ¢GOPMYEThCS, KOJIM Ha
MOJIIKPUCTAIT TIIOTh CHJIH, IO PO3TATYIOTh MOTO y MEBHOMY HAMpPSIMKY, Ta OJHOYACHO
CTHCKAIOTh Y NEPIEHANKYIIPHOMY HANPSAMKY. Taky TEKCTypy ONMUCYIOTh 3a JIOIOMOT OO
po3TalryBaHHs MEBHOI CykymHocTi IuiomuH {hkl} kpucramiTiB napaienbHO MEBHOI
IUIOIMHY  MOJIKpUCTaa (HAMpUKIAA, TUIOIIMHI BaJIbIIOBaHHA), 3 OJHOYaCHUM
pO3TanIyBaHHSIM CYKYIMHOCTI HAIPSIMKIB KPUCTAIITIB <UVW>, siKl HajexaTh UM {hkl},
napajieJIbHO OJJTHOMY HANPSAMKY B MOJIIKPUCTAN, (HAIPUKIIA/I, HAIPSIMKY BaJIbLIFOBAHHS ).
VY 3aragbHOMY BUIMAJIKy Taka TEKCTypa mo3HadaeThes sk {hkl} <uvw>.

4. HaitGinplll TOBHMM Ta MAaTEMAaTHUYHO CTPOTHUM CIOCOOOM TPECTaBICHHS
TeKCTypH € TpuBuMipHa ®PO, sika BU3HAYAETHCS SIK MIHIMyM 3 TPhOX TOBHHUX MPSMHUX
MOMIOCHUX (hiryp, abo 4OTHPHOX HEMOBHUX MotOcHUX ¢iryp. Ile moTpedye oOpodku
YHCENIbHOTO EKCIIEPUMEHTaIbHOTO MaTtepialy, OINepyBaHHS 3HAYHUM LH(PPOBUM
MacCHBOM 3a JIONOMOIOI0 CKJIAJIHUX KOMIT FOTEPHUX MpOrpam 1 MEBHOI IHTepIpeTalii
pE3ybTAaTIB.

5. @yHKI1IS pO3NOALTY OplEHTAII MOXe OYyTH pO3paxoBaHa y MPOCTOPI 1AeaIbHUX
opieHTyBaHb. [IpocTip imeanbHUX OpPIEHTYBaHb BU3HAYAETHCSA 3a JOIMOMOTOI0 HAOOPy
17IealbHUX OPIEHTYBaHb, 1110 3aJal0Thcs 1HAekcamMu Muiepa. B takomy Bunaaky ®@PO
MOke OyTH 3HaijeHa 3 OOepHEHUX TMOIIOCHUX GITYp A JBOX HE MapayelIbHUX
HaIpPSMKIB MOJTIKPUCTATIYHOTO 3pa3ka. Y MpocTopi imeanbHux opieHtyBanb PO mae
BUTJISAJT TUCKPETHUX IIKIB, IO BIAMOBIIAIOThL HAOOPY MEBHUX 1/I€aTbHUX OPIEHTYBaHb

KPHUCTAJITIB 3 PI3HOIO CTATUCTUYHOIO Baroro.
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6. Jlnsg po3paxyHKy aHI30TpOIli BJIACTUBOCTEH TMOJi- Ta MOHOKPHUCTAIIB Y
HaOJIMKEHHI MEXaHIKU CYLUIbHMX CEPEJOBHII 3 ypaxXyBaHHSIM cHUMETpii 00'ekTa, 1110
BUBYAETHCS, BUKOPHUCTOBYIOTh I1HTErpajibHi Xapakrepuctuku Tekctypu (IXT). ns
MOJTIKPUCTAJIIB KyO14HOT CUMETpIi IOCTaTHhO TPHOX, a JJIA MaTepiaiiB rekcaroHajJbHOI
cumeTpii moTpi6Ho BuzHauuTH micth [XT.

7. lnTerpanbHi XapaKTEpPUCTUKH TEKCTypU PO3PaxoBYIOTh 13 TOBHOI MPSAMO1
MOJTFOCHOI (DIrypH IUIONIMHU, SIKa BOJIOJIE 130TPOMIEI0 BIACTUBOCTEH. J{11 MaTepiaiiB 3
KyOI4YHOIO TpaTKOl i30TpormHMMu € TtuiommHN {111}, a nama rexcaroHaJIBHHUX
notkpuctainiB — wionmHu {0002 }.

8. IIpencraBienHs TekcTypu 3a gornomororo [XT 103Bosisi€ BU3HAUUTH aHI30TPOIIIIO
JESTKUX BIACTHBOCTI, HAIIPUKIIAJ, MOJYJIS MPY>KHOCTI, €JIEKTPUIHOTO OMOPY B IJIOLIHHI
TEKCTYPOBAHOTO JIUCTOBOTO MOJIKPUCTANIA, & TAKOXK Y HAMPIMKY HOpMaJIl J0 TUIONIUHU
JIUCTA, SIKIIO € BiJIOMi 3HAYEHHSI BIJIMIOBIIHUX BJIACTUBOCTENH MOHOKPHUCTAITY.

9. Buznauenns IXT 3 moBHHMX NpsSMHUX MOJTOCHUX (Iryp MOB’SI3aHO 31 3HAUHUMH
CKCIIEPUMEHTAIbHUMU ~TPYJHOIIAMH, OCKUIBKM JUIsi OTPUMAaHHS IIOBHOI MPsIMOI
MOJIFOCHOT (DIrypH NOTPIOHO MOETHYBATH 3MOMKY Ha BIIOUTTS 1 3MOMKY Ha MPOXOKEHHS
PEHTIeHIBCHKUX MPOMIHIB, a TMOTIM pe3yJbTaTH WX 3MOMOK MOTPIOHO '"3IIUBATHY.
MeTon «3MIMBKU» HE BAAETHCS BHUKOPHUCTOBYBATH y pa3l MiABHINEHOT MOMIAPOBOI
HEOHOPITHOCT1 JOCIII)KYBaHOTO BHpoOy. KpiM TOro njis 3MOMKH Ha TPOXOIKCHHS
BUIAJKy HEOOX1HO BUKOPUCTOBYBAaTH TOHKUI 3pa30K, BATOTOBJIEHHS SIKOTO € OKPEMOIO

npo0JIeMOI0.
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PO3/ILI 2.

MATEPIAJIM I METOJN JOCJIIJDKEHHA

2.1 Marepianu Ta iX MArOTOBKA JJIS TOCTIIHKEHHS

Martepianamu sl JOCTIHPKEHHS MTOCITY>KUIN CIJIABU HA OCHOBI MarHito, TUTaHy 3
IeKCAaroHAJIbHOIO CTPYKTYPOIO Ta KapOMILIHUMA CIIaB 3 TPaHEIIEHTPOBAHOIO TPATKOIO Ha
ocHOB1 Hikemo Inconel 718, mpu3HaueHW# 111 BUTOTOBJICHHS BHUCOKOHABAHTAKEHUX
JeTanei rapsuoi YaCTUHU Ta30TypOIHHUX JBUTYHIB, IO MPAIIOIOTH IPU TEMIIepaTypax
1o 700°C.

Cnnas ZE10. JocnimxyBanu nuctu cmiaBy ZE10 (1,3% Zn, 0,15% Zr, 0,2%
pinkicHozemenbHUX MeTaniB (P3M), cepen P3M B ocHOBHOMY Liepiit) MiCisi TAKUX BUIIB
00poOKHU:

»  00poOka Nel — BuximHi auctu Oy oTpuMaHi 00poOKoro [51], sika mossrana B
eKcTpy3ii 3muTKiB pu Temneparypi 350°C, micinst yoro OyJia oTpruMaHa IUTMTa TOBITUHOIO
6 MM Ta mupuHoo 60 mm. [loTiM cis0 MOCTIAOBHO BAJIBIIOBAIM B MO3J0BXKHBOMY
HAIpPSMKY J10 TOBITUHY 4,5 MM 3a 2 MPOXOAH B MO€AHAHH1 3 HarpiBaHHsaM 10 350°C micis
KOXXHOTO Tmpoxoxdy. l[lomanbine BanbIlfOBaHHS JO TOBIIMHH 2 MM BigOyBajocs y
NONEPEYHOMY HANPSIMKY y MOo€eAHaHH]1 3 HarpiBaHHAM 110 350°C miciig KO)KHOTO TPOXO.1y.
Cryninp aedopmairii KoKHOTo mpoxoay craHoBmia npubauzno 10 %. Ilounnarouu 3
TOBILMHY 2 MM, HallPsSIMOK BaJIbIFOBaHHS 3MiHIOBaBCs Ha 90° Mmiciist KOKHOTO MPOX0ay 3i
cryneneM aedopmariii mpudauzHo 10% y moegnanHi 3 HarpiBanHsaM 10 350° C, Takum
YMHOM OTPUMYBAJIH JTUCTH TOBIIUHOKO | MM (BUXI1IHI JIUCTH).

» O0poOka Ne2 — oTpumani miciss oOpoOku Nel JUCTH migmaBad MOAATBIIOMY
3HaKo3MiHHOMY BurHHY Ha 0,5; 1,0; 3,0 1 5,0 riukitis.

CnnaB Mg-5% Li (mac.). JlocnipkyBayid CIj1aB Micis TaKUX BUI1 00pOOKHU:

» O0poOka Nel — iumiHIApUYHI 3aTOTOBKH cIutaBy Mg-5% Li (mac.) noBxunO0 120
MM CHOYaTKy JedopMyBaJIi METOJIOM EKCTpy3ii 4epe3 MPSMOKYTHY MATpPHIO TPHU
temrepatypi 350°C. Otpumani B pe3yJibTaTl MIACTUHUA TOBIIUHOKO 6 MM, IIMPUHOIO 60

MM 1 IOBKHMHOIO 120 MM BaJIBITFOBAJIH J1ajll B OJJHOMY HaIlpsiMKy. BambIltoBaHHS IpOBENTH
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y 2 Mpoxoiu 3 mpoMi>kHUM HarpiBoM 10 350°C 1 oTpuMaiu JIMCTH TOBIIMHOIO 4 MM;

» O0poOka Ne2 — orpumani miciasi oOpoOku Nel JUCTH BamnbIfOBaIM Jamli B
HaIpPSAMKY, PO3TaIIOBAHOMY MEPIEHANKYJISIPHO MONepeaHboMy, 3 o0TucHeHHssMHA 10 %
3a npoxia. [lpu upomy 3aiiicannu 10 npoxo/iB 3 mpoMi>kHUM HarpiBom a0 350°C micns
KOXXHOTO ¥ OTpPUMaJIHA JINCTA TOBIIMHOKO 2 MM. Jlami 3HOBY 3MIHWIA HAMpPSIMOK
BasbIltoBaHHA Ha 90° 1 3xificanim 1 mpoxix 31 cryneHeM aedopmariii 3a ToBIHOIO 10
%. Ilicniga mMOBTOPHOI 3MIHM HAMNPSIMKY Ha MONEPEUHUN BaJIbIIOBAIIN JTUCTH IO TOBIIMHU
1 mM;

» 00poOka Ne3 — orpumaHni micis oO6poOku Ne2 nwcTH MiJIaBalivd MOJATBIIOMY
3HaKO3MIHHOMY BUTHHY Ha 0,5; 1,0; 3,0 1 5,0 mukiB.

Turan. CruiaBu TUTaHY AOCTIIKYBAJIU SIK Y JINCTOBOMY CTaHI, Tak 1 Micias 0OpoOKH
rBUHTOBOIO ekcTpy3iero (I'E).

JIuctu Turany mapku 1 (Ti - Grade 1). JlocnipKkyBany JIMCTH TUTAHY TICIS TAKUX
BUJ11 0OpOOKHU:

» BUXIJHI JIUCTH TOBIIMHOIO 1 MM Komepiiiinoro tutany mapku 1 (0,04% Fe;
0,015% C; 0,05% N; 0,005% O; 0,09% H) Oynu B cTaHi MOCTAaBKU MICJIs BAJIbI[IOBAHHS
ta Bianany npu 840°C ;

» BUXIJHI JIUCTH TiAIaBaIH MOAATBIIOMY 3HaKO3MiHHOMY BuTHHY Ha 0,5; 1,0; 3,01
5,0 1MKIIIB.

Cmnas turany mapku BT1-0. JlocnimkyBanu crutaB micisi TaKUX BUAIB OOPOOKH:

» 00pobka Nel — meTomom reunTOBOI ekcTpy3ii (['E) [52]. 3aroToBka meramy
noMmimiaiacs B MaTPUIIIO 3 TBUHTOBUM KaHAJIOM MPSIMOKYTHOTO TIepepi3y 3 KyTOM

Haxwu1y rBuHTOBOI JiHiT 10 oci ['E (puc. 2.1).

; v

Puc. 2.1. CxeMa rBUHTOBOI eKCTpy3ii [53]
JloBxuHa 3arotoBku ctanoBuia £ = 70 mm, nepepiz 18x28 mm. Tuck npecyBaHHS

ctaHoBUB p; = 1600 MIla. [{ns 3011bII€HHS TEXHOJIOTIYHOI MJIACTUYHOCTI TUTAHOBOTO
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CIUIaBYy JI0 TMEPEIHbOTO KIiHI[S 3arOTOBKHM 3JIIMCHIOBABCS MPOTUTHUCK, BEJIIMYMHA SIKOTO
craHoBmia p, = 200 MIla, a Tak0>X BUKOPUCTOBYBAJIM CyMIII HA OCHOBI JIETKOIIJIABKOT'O
CKJIA.

3aranpHa BigHOCHA jAedopmailisi 3cyBy A 3a OAMH MPOXiJ PO3paxoBYyBaIU 3a
dbopmyroro [52]

A= \/% t9Ymax » (2.1)
1€ Vimax - MAKCUMAJIBHUM KyT HAXWJTY MIXK JIIHIEFO CKpYYyBaHHsI Ta BICCIO €KCTPY3ii.

Po3paxyHok mokasas, 110 3arajbHa Jedopmallis 3CyBY 3a OJUH MPOXiJl CTAHOBUTh
npu6sm3Ho 1,15. byno nposeneno 5 npoxoxai I'E. Takum unHOM, 3arajbHa BiJHOCHA
nedopmMalrist 3cyBy 3aroTOBKH ckiiana 5,77.

3aroToBKH MoOIEepeaHbO HarpiBaiau B nedl Ao temmepatypu 1’ = 400°C. Cepenniii
pPO3MiIp CTPYKTYPHHUX CKJIAJIOBUX (3€pEH Ta Cy03epeH) y 3pa3Kkax MiCIisl M'SITU MPOXOIiB
I'BUHTOBOI eKCTpy3ii 3HaxoauBcs B jaiamazodi 200..500 vM. Po3mip CTpyKTypHHX
CKJIQJIOBUX Y BUXIAHUX 3pa3zkax ctaHOBUB 150...300 mxM. Micisg ekcTpy3ii 13 3aroTOBKU
€JIEKTPOEPO31MHUM CIOCOOOM BUPI3aiu 3pa3ku. 3pa3ku Maiu popMy KyOiB po3MipaMu
(10 x 10 x 10) mm. OnHe 3 pebep kyOa OyJio cripsiMOBaHE B3JIOBXK OCl MpecyBaHHs (0OcCl
I'E), a nBa iHIMX, BIAMOBIIHO, MEPIICHANKYISPHO /10 BUILIE3TaaHOI OCI.

» O0pobka Ne2 — 3pasku micnst ['E mimmaBanw i30XpOHHMM BaKyyMHUM
BIJIMATIOBaHHAM TIpoTsAroMm 1 roguuu npu temmneparypax 200, 250, 300, 350 1 400°C.

Cnnas Inconel 718. locnimpkyBanuii crijiaB MaB Takuil xiMiyHu# ckiaa: Ni— 50.0-
55.0 %; Cr—17.0-21.0 %; Nb —4.75-5.50 %; Mo — 2.8-3.3 %; T1 —-0.65-1.15%; Al —0.2-
0.8 %; Co < 1.0 %; Ta <0.05 %; B <0.06 %; Mn <0.35 %; S1<0.35 %; P<0.015;S <
0.015 %; C <0.08 % 3a macoro).

Buxignum wmarepianom Oynu chepudHi TpanHynu (MIOPOIIKHA), OTPUMaHI 3a
TEXHOJIOT1SIMU TUIa3MOBOT0 PO3MMJIEHHS €JeKTpo/a, 1o mBUAKo odepTaeThesi (PREP -
Plasma Rotating Electrode Process) i ra30Boro po3nuieHHs METaly, PO3IUIABICHOTO Y
BaKyyMHII KaMepi nuisixoM iHaykiiitHoro HarpiBy (VIGA - Vacuum Induction Melt Inert
Gas Atomization) kommaniit «KLPW» [54] ta "Sino Euro" [55].

BwmicT kucHio B mopomikax He niepesuiryBas 0,007% (3a macoro), cepeaHiit po3mip

gacTok 20-45 MM, 31aTHICTB 10 TMHHOCTI 12-15 ¢/50 1, ysBHa ryctuna — 4,4-4,9 r/cm’.



58

[Topomiku orpumani 3a TexHosorisimu PREP ta VIGA, mmpoko BUKOPUCTOBYIOThCS
B ACpPOKOCMIYHIM, MEIWYHIA, I1HCTPYMEHTAJIbHIM, aBTOMOOUIBHIM, MEXaHIYHIH,
eJICKTPOHHIN Ta IHIINX 00JACTIX, aJaNTOBAHUX JJIs MPECyBaHHS Ta CIIKaHHS, Tapsioro
Ta XOJOJHOTO PO3NUJIEHHS, aJUTUBHOTO BUPOOHHMITBA. SIK moka3zaHo B poOoTi [56],
XapaKTePUCTHKU IUX TOPOIIKIB CYTTeBO Bimpi3HsAtoThesA. [lopomok VIGA wmictuth
3HaYHy YaCTHHY YAaCTUHOK HEMpPaBHIbHOI (POPMHU, YaCTHHOK 13 caTeNiTaMu, a TaKOX
YACTUHOK 13 3aKpUTUMHU 1TopaMu. Y nopouiky PREP okpyriicTh yaCTUHOK 3HaYHO BULIE,
Hik y opomiky VIGA. Chepuuny hopmy MaroTh Maiike BCl YaCTUHKHU MOpouiky. [Ipu
npomy B mopomiky PREP BijacyTHI wacTUHKM 13 caTeniTaMu, YaCTUHKHA HEMPaBUIbLHOI
(GopMHU Ta YACTUHKHU 13 3aKPUTHUMHM [OPaMH, 110 CHOCTepiraroTbes y nopomkax VIGA.
[ToBepxnst mopouiky PREP 6inbur rmanka, Hixk y nopomky VIGA.

[TpusmaTuuHi 3pa3ku OynM HagpPyKOBaHI Ha YCTAHOBLI HPSIMOIO Ja3epHOIO
cnikauds MmetaniB "EOS M400"y pi3HuX HanpsMmkKax sK y BUXIJIHOMY cTaHi (Iicis
JIPYKY), TaK 1 MicJisl JOJATKOBOi OOpPOOKH y p13HOMY MNO€JHAHHI. Y TOPU30HTAIbHOMY
HaNpsMKY LIEHTpaJibHa BICh 3pa3KiB pO3TAIlIOBYBaIACh NMapaJIeIbHO CTOJIY YCTAaHOBKU (Y
wiomuHl XY y HampsaMKy oci X), Y BE€pPTHUKaJIbHOMY — MEPHEHIUKYJSAPHO CTOIY

ycTaHoBKH (y miiomuHi YZ y HanpsMKy oci Z) (puc. 2.2).

BePTHKAIBHUA
HAIIpSMOK JPYKY

TOPH3OHTAILHUH
HAIIPSIMOK JPYKY

Puc. 2.2. 3pa3ku 31 criaBy Inconel 718 na ctoni ycranoBku «EOS M400», HaapykoBaHi

Y TOPU30HTAJIbHOMY Ta BEPTHUKAJIbHOMY HaIIpsAMKax

Ak nonatkoBy (IOCT-IPYKapchKy) 0OpOOKY BUKOPHCTOBYBAJIM TEPMIUHY 0OpOOKY
(TO) Ta rapsiue 13ocraruune npecyBanns (I'II1). 3pa3ku micns apyky miggasanu TO 3a
pexxumoM: TapTyBanHs npu Temmeparypi 1140°C, crapinnaa npu Temmepatypi 900°C

BOPOJIOBXK 16 roauH 3a peKUMOM:
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- MOYaTKOBUM THUCK B Kamepi — 2545 Mlla;
- IBUJIKICTH migiomy a0 TemmepaTtypu 850 £ 10°C — 8§ ... 10°C/xa;
- BuTpuMKa mpu temneparypi 850£10°C — 1,5 rox mpu tucky 120 Mlla;
- IBUJIKICTH migiomy A0 Temriepatypu 960 £ 10°C — 3 ... 4°C/xBs;
- BuTpuMKa npu temneparypi 960+10°C — 4,5 rox npu tucky 140 Mlla;
- oxoomxkeHHs 10 300°C.
3aKoHOMIpHOCTI (hOpMYBaHHS KpHUCTAIOrpadiuHOi TEKCTYpH BCTAHOBIIIOBAIM 3a
nonomororo OID, 3HATHX HAa TOPU3OHTATIBHUX 3pa3Kax y HaMpsAMKY oci X, a TaKOXK Tak

1 Ha BEPTUKAJIBHUX 3pa3Kax y HampsMKy oci Z

2.2. JlocnimKeHHS XapaKTePUCTHK TPYKHOCTI, MIITHOCTI Ta MIMHHOCTI

3Hako3MiHHMHA BUIruH. JIMCTH BHUIE3a3HAYEHUX CIUIABIB y BUXIAHOMY CTaHl
MiJ/1aBalii 3HAKO3MIHHOMY BHUTHHY JUIS MOJICTIOBAHHS MPOMUCIOBOTO BUIPSIMIISHHS
(mpaBku). 3HAKO3MIHHMM BUTHH JIMCTIB 3J1MCHIOBAJIM 3a JOINOMOTOIO CIEIaJbHOTO

MIPUCTPOIO, IO CKIIASIAETHCS 3 TPHOX POJIMKIB 1 IPUBOIAUTHCS Y Ait0 Bpy4dHY (puc. 2.3).

Puc. 2.3. Cxema nipuctpotro 1151 aedopmaiiii 3HaKO3MIHHUM BUTHHOM

Ponuk, o Burunae, maB aiametp 50 mm. [Ipu BuruHi metan pyxascs 31 HIBUIKICTIO
~150 mMm/c. Burun B ogHomy HampsMky Biamosinae 0,25 muxiy. IloBepHeHHs a0
MOYaTKOBOI'0 IUIOCKOTO cTaHy BiamoBizae 0,5 nukmy. IloTiM 3aiiicHIOBaTu BUTHUH B
npotunexHuit 6ik (0,75 mmkiny) Ta TOBEepHEHHS A0 Tiockoro cta”y (1,0 twmki).
JocnimxyBanu 3pa3kd, BHpI3aHi y HamnpsMKy BajibltoBaHHs (HB) ta momepeunomy

Hanpsamky (ITH), micas 0,5; 1,0; 3,0 ta 5,0 uukiiB 3Hako3MiHHOTO BUTHHY (3B).
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Moayas FOura. J{ns BumiproBaddss Mmoayns FOHra 3 BUXIJHHMX JIMCTIB Ta JIUCTIB
micasl BIAMOBIAHOTO 4YMclia HUKIB 3B Bupizanu mapTito 3 7 NPSAMOKYTHUX 3pa3KiB

po3mipoMm 100x10 mm uepe3 koxHi 15° Bix HB no ITH (puc. 2.4).

Puc. 2.4. 3pa3ku juist BumiptoBanss moyiisa FOura
Mopyns FOHra BUMiproBanu TUHAMIYHAM METOJOM 33 YaCTOTOIO BJIACHUX 3THHAIBHUX

KOJIMBaHb 3pa3ka [57]. Cxema ycTaHOBKH BUMiproBaHHs Moy FOHTa mokazaHo Ha puc.

2.5.

Puc. 2.5. CxeMa ycTaHOBKM BUMIPIOBAHHS MOJYJISI IPYKHOCTI

BinbH1 monepedHi MeXaHI4HI KOJMBAHHS y 3pa3ky 1, SIKUM JIEKUTh Ha MPYKHUX
HUTKax Moo6iu3y MikpodoHa 2, 30yJKYIOTbCS JIETKUM yIapoM TpadiTHOI MaaIuyuKH.
EnexTpuuHi KOJUBaHHS, 110 BUHUKAIOTH Y MIKpO(OH1 MiJ AI€0 MEXaHIYHUX KOJIMBaHb
3paska, MOJAl0ThCsl Ha BEPTUKAJIbHI IlacTUHU ociuuiorpada 3. Ha iioro ropusoHTanbHi
TJTACTUHY TIOJIAI0ThCS €JICKTPUYHI KOJIMBAHHS BiJl 3ByKoBOro reneparopa (3I') 4. Ha

ekpaHi ocuwiorpada BiIOYyBa€eTbCs OJaBaHHS JBOX B3a€EMHO NEPHEHIUKYJISIPHUX
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KOJIMBaHb . SIKIIO YaCTOTH CUTHAJIB 30iraroThCs, TO €KpaHi BHHUKaE eninc. Yacrtora
BUMIpIOeThesl yactoTomipoM (UM) 5. Moayne FOHra pospaxoByBanu 3a 3HaHIECHUMU

4aCTOTaMU BUILHHUX IMONCPCIYHUX KOJIMBAHDb IIPU3MATHUYIHOI'O 3Pa3Ka 3a CHiBBiZ[HOIHCHH?IM

[58]:

4
E =09682-f* (2.2)

ne E — monyns I0Oura (H/M?); p — ryctuna 3paska (kr/m°); £, h — BiAIOBigHO JOBXKHA Ta
TOBIIIMHA 3pa3ka (M); f — yacToTa BUIbHUX KojauBaHb 3pa3ka (I'm). [loxuOka BUMIpIB HE
nepesuiyBaia 1% [57, 58].

OnHoBicHuii po3rar. i NpoBeleHHS MEXAHIYHUX BUIPOOYBaHb 3 BUXIJHOTO
JucTa Ta 3 JUCTIB michsa BuruHy Ha 0,5; 1,0; 3,0 ta 5,0 qukiiB BUpi3ajiu 10 TpU MapTii
3pa3KiB JUIsl MEXaHIYHUX BUIPOOYBaHb y HaNpsMKY BajbLioBaHHsA (HB), niaronansHomy
HanpsaMmky (JIH) — mig kytom 45° no HII ra nonepeunoro Hanpsimky (ITH), a Takox 3pazku
JUISL JIOCTIJDKEHHSI TEKCTYPU Ta CTPYKTypu. MexaHiuHi BUNpPOOYBaHHS Ha OJHOBICHE
PO3TATYBaHHS MTPOBOJMIIM 332 CTAHIAPTHUMHU METOAMKAMH Ha pO3pUBHIN MammHi Zwick
Z250/SN5SA 3 cunoBuM gatunkoMm Ha 20 kH mpu KiMHaATHINA TemIiepatypi ISl 3pa3KiB,
Bupizanux y HB, I1H 1 JIH. 3aransHa nosxkuHa 3pa3kiB 90 MM, mMpruHa pod040i YaCTUHU
— 12,5 mm. Sk 3HaueHHSI MEXaHIYHUX BJIIACTUBOCTEH IPUIMAIIA yCepeTHEHY BETMIMHY 32
TphOMa MAPTIAMH 3Pa3KiB Y KOKHOMY HAIPSMKY.

BunpoOyBanHs 3pa3kiB 31 cruiaBy Inconel 718 Ha po3Tar mpoBoAKUIIN 32 JOIIOMOTOIO
yHiBepcanbHOi cepBorigpasmiunoi MamuHi INSTRON 8801. Posrsr mpoBogwmu y
HampsMKy ocl X TOPU30HTaJIbHUX 3pa3KiB, a TAKOXK Yy HAMPSAMKY OCi Z BEpTUKAJIbHHUX
3pa3KiB.

OriHOBaIM TPAHUIIO MIIHOCTI (Op), YMOBHY TPaHHUIIO IUIMHHOCTI (Gp2) Ta
BIJIHOCHE BUIOBXCHHS TICJIsI po3puBY (0). 3a pesyibTaTaMu BUIIPOOYBaHb 3pa3KiB IS
BIIMOBITHOTO  HAMpsIMKYy MOOYJOBH Ta PEXUMY TMOCT-APYKapChbKOi  0OpOOKH

PO3paxoByBaJId CEPEHE 3HAUCHHS JJISI KOKHOT BUMIPIOBAHOI BEJTMUMHHU.
2.3. BuBueHHs kpUCTaIOrpadiuHoi TEKCTYpH

Kpucranorpadiuyny TeKCTypy BHBYQJIM PEHTTEHIBCRKMM MeTojoMm [33, 34] 3
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o0y 10Bo0 00epHeHux notocHux ¢iryp (OI1d) nanpsmky Hopmaini (HH) Ta Hanpsmky

BanbitoBaHHs (HB) y 3Buyaiiniii reometpii 3 poxycyBanHsM 3a bperrom-bpenrano (puc.

2.6) [59]

Puc. 2.6. Cxema ¢QokycyBaHHS MNpPOMIHHS B PEHTITEHIBCHKOMY TOHIOMETpl 3a
bperrom — bpeHTaHo Mg JOCHIKEHHS TOJIKPUCTAIIYHUX 3pa3kiB; F — (dokyc
PEHTIeHIBChKOI TpyOKH; O — MIIOCKH 3pa30k; D — niuinHa JiyuibHUKa; C — JTIIYUIbHUK;

20 — KyT B1IOUTTS

3pa3ku  0e3 TEKCTypd BHUTOTOBWJIM 3 JIpIOHOI PEKPHUCTANI30BaHOI THPCHU
nociikyBanux metaniB. s 3iiomku OIID HB ToHKMX NHCTIB 3pa3ku HaOuUpanu y
BUTJIAII TAKETa HAKJIICEHUX OJIMH HA OJTHOTO CMY>KOK IIMPHHOIO 3 MM, BUPI3aHUX 3 JIUCTIB
(maOipHi 3pa3ku). Ilepen 3MOMKOIO BIANOBIAHMX MOJIOCHUX QIryp AOCTIAKYBaH1
MOBEPXHI 3pa3KiB XIMIYHO TOJIipyBaidn Ha rmOuny 0,1 MM A 3HATTS CIOTBOPEHOTO
noBepxHeBoro mapy. [lomtocHi pirypu neopMoBaHUX 3HAKO3MIHHUM BUTHHOM 3pPa3KiB
3HIMAJIU 3 IBOX CTOPIH MICJIS BIAMOBIAHOTO YHCIA [IUKJIIB.

3itomky OIID 3pa3kiB AOCHIKYBaHMX CIIaBIB Ta BIAMOBIIHUX CTaJOHIB
3MiicHIOBamM 1nuisxoM O - 20 ckanyBanHa Ha audpaktomerpt JIPOH-3m vy
¢binsTpoBanomy K, Mo BUNPOMiIHIOBaHHI B OJHAKOBUX T€OMETPUYHUX YMOBAX 3HOMKH.
S MONIOCHY IIIIBHICTh BUKOPUCTOBYBAJIM BIAHOCHHM IHTETPAJIbHUX IHTEHCUBHOCTEU
JTHIA JOCHIHKYBaHUX 3pa3KiB JI0 1HTEHCHBHOCTEH BIAMOBITHUX JIHIA JUQpaKIlii

etasiona. [Ipu mo6ynosi OIID BukopucToByBamu HopMyBaHHs 32 Moppicom [60].

2.4. BusnaueHHs nmapaMmeTpiB TeKCTypu KepHca rekcaroHaJIbHUX MOJIIKPUCTAITIB

BHecok y 3aranbHi BIaCTUBOCTI MOMIKPUCTATY B IKOMYCh (DIKCOBAHOMY HANpPSIMKY
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KPUCTAJIIB BUBHAYAETHCS OPIEHTAIIIEI0 HOPMAaJIi /10 130TPOITHOI IUIOIIUHY, 1110 BiHECEHA
JI0 CUCTEMHU KOOpAMHAT 3paska. [[s rexcaroHalbHOTO KpHUCTasa II€ BICh €, sKa, SIK
BiJIOMO, 3a J0MOMOTOI0 iHIeKCiB bpaBe-Mimnepa no3navaerbes sk [0001]. Obepranus
KPUCTJIIB HABKOJO IIi€l OCI Ha aHI30TPOII0 BJIACTUBOCTEW He BILIMBacE. Bich, ska
neprnenaukysapHa 10 oci [0001], mo3navaeTscs uepes a.

Jlis ONMHOYHMX TeKCaroHaJbHUX KPHUCTANiB BHECOK B O00'€eMHY BIIACTUBICTD
3QJICKUTH B KyTa MDK 3aJIaHMM HampsIMKOM 1 HampsiMoM kpuctaina [0001] BiamoBiaHO
JI0 HACTYITHOTO PiBHSHHSA [61]:

P(@)rer = P.cos?@ + P,(1 — cos?e), (2.3)
e P(¢)yes - BAACTUBICTD B 0OpaHOMY HAIPAMKY, P, i P, - BIaCTUBICTh MOHOKpHCTANA B
HaIpPSAMKY, IEPIEHAUKYJIPHOMY 1 IapaiesibHoMy 10 Hanpsmky [0001], BignoBigHO, ¢ -
KyT Mk oOpanum HampsiMoMm 1 [0001]. Takum umnOM, sikuo 06'emHa yactka V.
KpUCTaJTIB, OplEHTOBAHUX CBOIM HampsiMkoM [0001] mijg KyToM Haxuiy ¢; 10 0OpaHOro

HaIpsIMKY, BiJIOMa 3 peHTT€HIBChKUX JTAHUX, PIBHAHHS (2.4) nae iXH1i BHECOK Y 3arajibHy

BJIACTUBICTH 3pa3ka. [limcymoByBanHs Big @; = 0 10 @; =

NI

nae 00'eMHY BIACTHBICTD Y

oOpaHOMY HaIpPsIMKY BiJIIOBIIHO 10 PIBHSHHS:
P(@))rer = P. Xi Vi cos?; + P, % Vi (1 — cose;) (2.4)
IMincymok X,; V; = 1. Bupas },;V; cos®g; = f; Ha3UBae€ThCs TEKCTyPHUM apaMeTPOM
Kepsca [62]. 3 ypaxyBaHHSIM LIbOTO, TO MOYKHA 3alTUCATHU:
P(@)res = fiPe + (1 = fj)Pa. (2.5)
Texcrypuuii mapamerp KepHca /uisi 1aHOTO HAMPsIMKY MOJIKPUCTAIIYHOTO 3pa3Ka
MO>KHA BU3BHAYUTH 3 00EPHEHUX MOJIOCHUX (PITYp TPHOX FOJIOBHUX HAIIPSIMKIB JINCTOBOTO
Martepiaiy (HanpsaMKy HopMmali a0 miomuau gucta (OIId HH), nanpsiMky BaJibIitOBaHHS
(OI1d HB) Ta nonepeuynoro Hanpsamky aucta (OI1® ITH)), BiamoBiaHo, fuy, fus, fOu-
TeH3zopHi BIACTUBOCTI (HAMpPUKIAA, MEXaHIYHI HaNpy>KeHHA, abo Moyl
MPY>KHOCT1) MOKYTh OyTH 3HAlICHI 3a CIiBBITHOMICHHIM (2.5), sik moka3aB Kepue [62].

[Ipu 1poMy, cyma napameTpis f; B TphOX IOJOBHHX HalpsMax JIMCTOBOTO MaTepiany 3
reKCaroHaJbHOI IPATKO0 Ma€ OyTH PiBHOKO OJMHHMIIL. SIKIO K 3HAYEHHI ITAPAMETPIB f;

JOpiBHIOE 1/3 B KOKHOMY 3 TOJIOBHUX HAIPSIMKIB JIUCTA, TO II€ CBITYUTH TIPO 130TPOIIIIO
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BiactuBocTedl. OTKe, 3HAIOYM JIBa 3 TPhOX mapameTpiB KepHca (Hampukiam, SKIO0 MU
BU3HAYWIIH fyy Ta fyg), TO TPETIH MapaMeTp fry MOXKe OyTH 3HAUICHUH 3 PIBHSIHHS:

fun * fug + fun = 1. (2.6)

Busnauenns mapametpiB Tekctypu KepHca 3 oOepHEHOI MOOCHIN (irypi Moxe

OyTH MOSICHEHE, SKIIO BiA3HAYNTH B3aEMO3B'SI30K MK IBOMA TUIIAMH TIOJTFOCHHUX (Piryp.

e cxematnuHO oKa3aHo Ha puc. 2.7. Bei kpuctanu, opieHTOBaHI B cMy3i A@ 06epHeHo1

MOTFOCHOI (pirypu, moBuHHI MaTH nojitocu <0001>, HaxuIIeH] Ha ¢ TPaaycCiB Bl HOpMaTi

710 TIOBEPXHI 3pa3Ka.

P(®) =B, (@)

Puc. 2.7. CniBBinHomeHHs cepenHix iHTeHcuBHOCTed HA OI1®D Ta TP (0001): Pcp(gp)*

BIIHOCUTBCS 10 P, (@)  Ha piBHi a, o Bignosinae 360° na [T (0001) i 30° na OID

Otxe, yci momocu <0001> moBUHHI JIe)KaTH Yy BIAMOBIAHIA cMmy3l A@ mpsmMoi
MOJIFOCHOT (irypu. 3anexHoCTi nomocHoi miibHocTi Ha OIID P,; Bin ¢ Moxe OyTu
noOyJj0BaHa MIJISXOM BU3HAYEHHS TYCTUHU OpIEHTALlll B KOXKHIN 13 cepiit cmyTr A mix 0

190 rpamycamu @ Ha oOepHEH1H TOIOCH I Girypi [62].
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[0001] 0001
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{0001} —0°

ep
HABKO.T0 [0001]

_—_.——_—_—’6

Puc. 2.8. Haxwn mixk {0001} ta {hkif}(a);

cTaHjapTHA npoekuis mis o-Zr, €/ = 1,59 (6) [62]

OpHak, SIK TTOKa3aHO Ha puc. 2.8, MIOMMHU TUPaKIli PO3TAIIOBYIOTHCS B3JI0BK
NiHi# TineKK B TpOX TonoxkenHsx: 0° (101¢), 19,1° (213#) i 30° (112¢). Kpim Toro,
HeMae TU(PAKIIHHAX MIIOMKMH Mik 3HaueHHAMH ¢ 0 1 58,3° B30k (2134) ninii Ta Mixk
01 38,5° (112¢) ninii. TAKAUM YUHOM, 3HAUEHHS CEPEHBOT T'YCTHHU OPICHTALIIT B KOKHilH
A@ cmy3i Moxke OyTH Jville HaOMMKeHUM. SIKIIO0 MPUIYCTUTH, 110 1HTEHCHUBHICTH
3MiHIOETHCA TiHiIHO 3 o B iHTepBani 19,1° mixk (101#) i (213¢) Ta B inTepsani 10,9° mixk
(213¢) i (112¢), To cepeaHs NOMIOCHA LILTBHICT IIPU KyTax ¢ BUILE 58, 3° Moxe OyTn

NpeaCTaBJICHA SK:
Pop = 2o [191(2522) + 109 (2£22)]. (2.9)

ne P;, P, ta P; e intencusHocTi kpuBux (101¢), (213¢) Ta (112¢), BianosigHo mpu
¢ikcoBanomy KyTi ¢. [Ipu kyTax ¢ Big 38,5 10 50,6 rpagyciB BUKOPUCTOBYETHCS MTPOCTE
cepenHe 3HaueHHsa kpuuX (101¢) Ta (112¢). Huxue 38,5 rpamycis BU3HAYeHA JHUIIE
kpuBa (101¢). ToMy HEOOXiTHO IPUITYCTHTH, IO BOHA € CEPEHIM 3HAYECHHAM Yy IIbOMY
perioni. lle npumymieHHs cOpaBeaIMBE JUIsl TEKCATOHAIBHUX METANIB, IJs SKHUX
Bimnomenns ¢/; < 1,33 (mampuxnan, crutasu Mg, Ti), mociimkeHux y nanii po6ori,

OCKIJIbKHA KpPUB1 IHTEHCUBHOCTI TPhOX BHUIII€3a3HAUYECHUX CIMEHCTB, CXOJATHCA B 00JACTI
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MaJIMX KyTiB ( HAXWITY JI0 OCI TeKCAaroHaJIbHOT MpU3MH. J{J1s1 reKkcaroHampHUX METaNIB Ta
cmaBiB 3 ¢/; = 1,33 (mampuknan, Zn Ta WOro CIUIaBH), KOJIM L€ HENPaBUIbLHE
MPUITYIICHHS, TO TOMIJIKA B PO3paxyHKaX BJIACTHBOCTEH HEBENIMKA, SIK MOKa3aHo y [62].

HaBenena mostocHa MIUIbHICTH P; mpomnopiliiiHa BiIHOIIEHHIO 1HTEHCUBHOCTI 1-TO1
TudpakIiiHoi JIiHIT y TEKCTYpOBaHOMY 3pa3Ky I; 10 IHTEHCUBHOCTI BIJIIOBIIHOI JIiHIT I

3pa3ky 0e3 TeKCTypHu:
P,=K 2% (2.10)
Ig
Jie HopMy1ouui MHOKHHK K 3a MoppucoMm [60] Bu3Ha4aeTbes 3a GOpMyIIor0

1

= — 2.11
YaAiri/IR) ( )
ne YpA; = 1. 3nauenns xoedimientis A; npuseaeno y [63]. OTke MOIIOCHA MITBHICTh

BU3HAYAETHCS SIK
I

b= YaAir(Ii/IR)

(2.12)

Omxe, xoedimientn Texctypu Kepnca [62] f; (iHmekc j o3Hayae BIANOBIAHMMA

HanpsMok 'y 3pasky HH, HB a6o IIH), mo noka3sywoTs crymiHb 30iry ¢ - ocei
KPUCTAJIYHOI TeKCAroHaJbHOT KOMIPKH 3€pPEeH 13 3aJJaHUM F€OMETPUYHUM HAMPIMKOM Y
MOJIKPUCTAIIIYHOMY MaTepiaii 1 MoXyTh OyTH 3HaieHi 3 OI1D 3a ciiBBITHOIICHHSIM
_ 2 _ 2
fi = (cosa;) j = X;A;Pjcos*a;, (2.13)
I; .
YaAirIi/IR)

Ha j-Tiil OII®D 10 BIAMOBIAHOIO 3HAYEHHS IHTEHCUBHOCTI pediieKcy 3pa3ka 0e3 TEeKCTypu

ne P; = I; /1 — BigHOIIEHHS IHTETPATBLHOI IHTEHCHUBHOCTI 1-TOTO peduieKCcy

Ig; A; - Ctatuctuuni Bary i-toro peduiekcy (pA; = 1) [60]. MHOXHHMKH A; TIOKa3yIOTh,
sKa YacCTKa IUIONI MOBEPXHI CTEpeorpapiyHOro TPUKYTHUKA HABKOJIO HOPMaJl HaJIeKUTh
i-tomy pediekcy BianoBigHoi OII®D [62]; a; o3Haudae, HA SAKIM KYT BIAXWISETHCS BIJl
TeKCAaroOHAJIbHOI OCl ¢ 1-TWil KpucrtamorpadiyHUi HAMPSIMOK IS j-TOTO HAMpPsIMKY B
3pasKy.

O0’eMHMIT BHECOK Yy BJIACTUBICTh KPHUCTAJTIB, OCl SKUX HAXWJIEHI HAaJI KyT ¢ [0
BU3HAYCHOTO HAIMPSMKY, SKIIO BPaxXyBaTH, 110 BHECOK 3€PEH MOJIKPHUCTATY Y 00’ €MHY
BJIACTUBICTH BIAMOBIAHO 70 iX 00'eMHil yactii, V;, MOXHa 3HANTH, SK II€ OMHUCAHO B

BHIIIC, 32 CIIBBIIHOIICHHM [62] (2.5)
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Jns a”amizy (i3MKo-MexaHIYHUX BJIACTUBOCTEH JOCIIIKYBAaHUX 3pasKiB TICIs
pi3HHX BUAIB aAedopmariii TEKCTypy TMPEACTABISIN 3a JOMOMOIOI0 TEKCTYPHHX

napameTpiB KepHca, siki BU3HA4aIu 32 METOIUKOIO, OMTUCAHOIO BHIIIE.

BucHoBKY 10 po3aimny 2

1. Marepianamu AJis JOCIIIKEHHS TOCITY KUIIH:

v cmiaB ZE10 Marsiro 3 UHKOM, IUPKOHieM, MoaudikoBanuii P3M (Zn — 1,3%,
Zr —0,15%, P3M, B ocHOBHOMY, T1epiii — 0,2%, iH1111 Mg), OTpMaHUii eKCTPY31€I0 uepes
npsAMOKyTHY MaTpuiiro ipu 350°C Ta nmogayibliiM BaJbI[IOBAHHIM 31 3MIHOIO HAIPSIMKY
Ha 90° micis KOKHOTO MPOXOAY y Mo€IHaHH1 3 HarpiBaHHIM 10 350°C micis KOXKHOTO
pOXoay 0 TOBIIMHM 1 MM (BuximHuil ctaH). JloCHipKyBalld JIUCTU SIK Y BUXITHOMY
CTaHI1, TaK 1 MICJIsl MOAAIBIIOr0 3HaK03MIHHOTO BuruHy Ha 0,5; 1,0; 3,0 ta 5,0 uukmis;

v’ Gimapuuit cmiaB Mg - 5% Li (mac.) micast oOpoOKu 3a JBOMa pPEKHMaMHU:
o0poOka Nel — excrpy3sis npu 350°C uepe3 npsIMOKYTHY MaTPHUIIIO Ta HACTYITHA MMPOKAaTKa
10 ToBIIMHU 4,5 MM (TUTbKH criaB Mg — 5% Li (mac.);
o0poOka Ne2 — moganbiie BanbitoBanHs mpu 350°C 31 3MiIHOIO HANPSIMKY TIPOKATKU Ha
90° no ToBmMHU 1 MM. JlociiakyBanu TUCTH sk micyst 00poOku Nel, Tak 1 micist 00OpoOku
No 2. OctanH1 A0CIIKYBAJIM TAKOXK MICIIS MOJAIBIIOr0 3HaK03MiHHOTO BUuruny 0,5; 1,0;
3,0 ta 5,0 1uKIiB;

v Jluctu turany mapku 1 (Ti-Grade 1) (Ti— ocnoBa; 0,25 Fe; 0,10 Si; 0,30 — cyma
IHITUX JIOMIIIIOK, Y BArOBUX B1JICOTKAX ) TOBIIMHOIO | MM MICIIs BiIMAy P TEMIEpaTypi
840°C (BuximgHuii ctan). JlocmipKyBaal JUCTU TUTAHY SIK Y BUX1THOMY CTaHi, TaK 1 MiCJIs
nogaibioro 0,5; 1,0; 3,0 ta 5,0 ki,

v’ 3pasku 3 turany Mapku BT1-0, migmani inTeHCHBHIM tuiacTuuHii gedopmarrii
METOJIOM TBHHTOBOI €KCTpY3ii (BUXiAHUU cTaH). JlocmiKyBaau CIJIaB SIK 'y BUXIHOTO
CTaHy, Tak 1 micis Bignany mpu 200, 250, 300, 350 1 400°C;

v’ 3paskm cmiaBy Inconel 718, orpumani 3a jgomomororo 3D-apyky y
ropuzoHTaIbHOMY (XY) Ta BepTUKaIbHOMY (Z) HampsiMKax METOJIOM CEJIEKTHUBHOIO

na3zepHoro tuiaBieHHs mnopomkiB PREP ta VIGA (Buximuwmii cran). JlocmimxyBaiu
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3pa3Ky CIUIABY K Y BUX1IHOMY CTaHI1, TakK 1 MICJs PI3HUX KOMOIHAIIIM MOCT-IPYKAPChKUX
tepmiyHuX BIUUBIB (TO —tepmiuna oOpoOka ta ['lI1- rapsiye i3ocTaTuuHe MpecyBaHHS).

2. 3HaKO3MIHHHMI BUTUH BUKOHYBAJIU HA TPU-POJTUKOBOMY 3rHHAIEHOMY MPUCTPOT
3 pi3HuM uncaom mukiiB (0,5; 1% 3; 5).

3. Moayne lOnHra BumiproBalii JUHAMIYHUM METOJOM 32 YacTOTOIO BIACHHX
3TUHAJIBHUX KOJIMBAaHb IUJIOCKMX 3pa3KiB, BUPI3aHUX 3 JIMCTIB 4epe3 KoxkHi 15° Bix
HaIpPsIMKY ITPOKATKU JI0 MOMEPEYHOTO HAIIPSIMKY.

4. MexaHiuHi BUMPOOYBaHHS HAa OJHOBICHMI PO3TAT MPOBOJWIM Ha PO3PUBHIN
MmamuHl Zwick Z250/SNSA 3 cunoBum natunkoM Ha 20 kH y HanpsiMKy mpokaTku, y
HaMpPSAMKY M1 KyToM 45° 10 HalpsIMKY MTPOKATKU Ta B TONIEPEUHOMY HATPSMKY.

5. Mexani4Hi BUnpoOyBaHHs Ha OJJHOBICHUM pO3TAT 3pa3KiB 31 cruiaBy Inconel 718
MIPOBOJIMIIM 32 JIOOMOTOI0 yHIBepcainbHOi cepBoriapasmiunoi MamuHi INSTRON 8801.
Po3tar npoBoanim y HarpsiMKy oci X TOPU30HTaIbHUX 3pa3KiB, a TAKOXK Yy HAMPAMKY OC1
7 BEpTUKAIBHUX 3pa3KiB

6. TekcTypy IOCTIKYBaIM PEHTICHIBCBKUM METOJOM 3 MOOYI0BOK OOEpHEHUX
MOJIOCHUX (iryp:

v’ UIg JTMCTOBUX 3pa3KiB OyayBaiu o0epHEHI HOMOCHI BIirypu HampsaMmy HOpMalli
(OI1® HH) Ta HanpsAMKy BaJbIIOBaHHS 3 JBOX CTOPIH JIUCTIB HICJISI BATHUHY Ta HANPSAMY
BasnbitoBaHHs (OIID HB);

v\ JuIs 3pa3KiB ICIOsS TIBMHTOBOI eKcTpysil Oyaysamu OII® HampsMmKky oci
rBuHTOBOI ekcTpy3ii (OII® I'E) Ta monepeunoro HanpsiMky (OI1D (ITH);

v s 3paskiB Inconel 718 micis 3D-apyky Oyaysamu OII® nHampsmky X is
3pa3KiB, HAJAPYKOBAHUX Y TOPU3OHTAIBHOI MtomuHl XY) Ta HANpAMKY Z (171 3pa3KiB,
HAJIPYKOBaHHUX y BEPTUKAIHLHOMY HAMPSMKY).

7. TexkcTypy MOJIKPUCTAIIYHOTO 3pa3Ka 3 TeKCaroHaJIbHOIO CTPYKTYPOIO MOKHA
omucaTy 3a jgonomoror mapameTpiB Tekctypu Kepnca. Ili xoedirieHTH TOKa3yroTh
CTyHiHb 30ITy OCEeM C KPUCTAIIYHMX TE€KCarOHAJIbHUX KOMIPOK 3€peH 13 3aJaHuM
T€OMETPUYHUM HANIPSIMKOM Yy MOJIKPUCTATIYHOMY MaTepiali.

8. Tekcrypumii mapamerp KepHca mis maHOro HampsMKy TOJIKPUCTAIIYHOTO

3pa3ka MOXHA BU3HAYUTH 3 OOEPHEHUX MOJIOCHUX (PIryp TPHOX T'OJOBHUX HAIMPSIMKIB
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JIMCTOBOIO MaTepiany (HampsiMkKy HopMmaii o riomunn jucta (OI1® HH), nanpsmky
BanbiroBaHHs (OIId HB) Ta monepeynoro HanpsMky jucta (OII®D ITH)), BiamosiaHo,
fun, fus, fou-

9. 3 orpumanux OII® BuzHavanu mapameTpu TekcTypu KepHca BIIMOBITHUX
HANpsSMKiB Ui aHami3y BIUTMBY BUAY Aedopmaiii Ha (i3MKO-MEeXaHI4HI BJIACTUBOCTI
JOCTIKyBaHUX MaTepiaib.

10. Onuc TeKCTypH MOJIKPUCTATIYHOTO 3pa3Ka 3 FTeKCaroHaIbHOI0 CTPYKTYPOIO
3a TOOMOT0r0 TTapameTpiB KepHca B MpUHITKIIL T03BOJISIE BUSHAYNTH (PI3UKO-MEXaHIuHI

BJIACTUBOCTI METaIy, SIKIIO BIJJOMI BIJMOBIIHI XapaKTEPUCTUKHU HOTO MOHOKPHUCTAITY.
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PO3/ILI 3.

PE3VJIbTATU JOCJIJIXKEHHS TA IX OBTOBOPEHH S

3.1. Ouinka BBy BUAYy AedopMaliii il TEKCTYpH Ha MPYXH1 BIACTUBOCTI

muctiB ciiaBy ZE10 3a mapamerpamu tekctypu Kepaea

Hwuxde mpencTaBieHo pe3yJbTaTH MPOBEIACHHS OLIHKHU MPYKHUX Ta MEXaHIYHHX
BJIACTUBOCTEH TUCTIB cruiaBy MarHiro ZE 10 miciis mpoMucioBoi 00poOKH Ta IMOAATBIIIOTO
3HaKO3MIHHOTO BUTHHY (3B) 3 BUKOpHUCTaHHSM mapaMeTpiB TekcTypu KepHca [64, 65]
Cnin 3ayBaxuTH, 1mo BIUMB 3B Ha mpyxkHi BinactuBocTi crutaBy ZE10 BuB4aeThCs
Brepie [66].

Excniepumentansui OII® gocnimpkyBaHOro METally MpecTaBiieHl Ha puc. 3.1.

HH
L

r

3 B
i
ol 1
A

Puc. 3.1. Excniepumentansii OII® crnaBy ZE10: (a, 0) — BUXiAHUMN JIUCT; (B — 1) — BUTUH
0,5 rukity; (e — 3) — BuruH 1 1ukd; (1 - 1) - BUTHH 3 IIUKIH; (M- 0) - BUTUH S5 1IUKIIIB,; (T,

X, 1, H) — pO3TATHYTa CTOPOHA JIUCTIB; (B, 1, 3, M) - CTUCJIHI OIK JIUCTIB.
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Tekctypa BuxigHoro 3paska crmaBy ZE10 (puc. 3.1, a, 0) xapakTepu3yeThCs
HIMPOKUM TEPEBAKHUM PpO3CIIOBaHHAM HOpMaied 1o 1uiomuHu ©Oasucy B IIH.
Maxkcumanbauii KyT BiaxuieHHs cTtaHoBUB 90°. IIpomikHI MakCUMyMHU BiAXWUJICHHS
rekcaronanabHoi mpu3mHu Bij [TH cnoctepiratrotees sk y 61k [TH na 40°, Tak 1y 6ik HB Ha
40°, Ha BiAMIHY BiJ TEKCTYpH, sika 3a3Bu4ail opmyetbest y Mg, Ti ta Zr.

3anexHOo KUTBKOCTI MUKIIB 3B crmocTepiraloThesi 3MiHM y XapakTepi pO3CiIOBaHHS
TeKCTypH (puc. 3.1, B - H). 3MIHIOIOTHCS TAKOK 3HAUYCHHS MOIIOCHO]T IIITbHOCTI Ha OI1D.
CroctepiraroTbCsi 3MIHA Y PO3MOLUT MOJIIOCHOI IITFHOCTI Ha pi3HUX cTafdisx 3B. Lle
CBIYaTh MPO MPOTIKaHHI AePopMalliifHUX MTPOLIECIB KOB3aHHS 1 IBIHHUKYBaHHS [11].

AHani3 po3nojury moiitocHoi miyibHOCTI Ha OIl® mpoTUIeKHUX CTOPIH JIUCTIB
MicJig pi3HOTO yucia nukiIiB 3B nokasas neBH1 HeBiAnoBiAHOCTI (puc. 3.1, ¢, d; f, g; 1, j;
1, m). 3a3HavyeHi HEBIAMOBITHOCTI y PO3MOLII MostocHO1 miibHOCTI Ha OII® HH micns
pI3HOI KUIBKOCTI IUKIIB 3B BigoOpaxaroTbCcsd Ha BEJIMYMHI MApAMETPIB TEKCTYpHU
Kephca, po3paxoBanux 3 OIl® HH nporunexxnux ctopid auctiB micis 3B. [Ipuunna
TaKoi HEBIIMOBIAHOCTI 00YMOBJICHA THM, II10 MPU 3rUHAHHI B OJIMH O1K IIapy METaIy Ha
OITyKJII CTOPOHI JIUCTA MIAAA0THCS iehopmalii po3Tary. Y Toi ke yac BIANOBIIHI IApH
MeTajJy Ha yBITHYTIM CTOpOHI JiMcTa AedOpPMYIOThCS NUISXOM CTUCHEHHS. [lpu 3miH1
3HaKy BHUTHHY JedopMailiiiHni mpoiecu 3MIHIOIOThCA Ha mnpoTuiaexHl. [loaioHi
HEBIAMOBITHOCTI Y pO3MO/I1JTi TOJTFOCHOI UIbHOCTI Ha OI1d 30BHINIHKOT Ta BHYTPILIHBO1
CTOPOHHM CMYT, OTPUMAHUX MICIIsl pO3PI13y B3OBXK OCl TpyOKH 31 cruiaBy Zr-2,5% Nb Ta
BUMPSIMJICHHS, OyJIM BUSIBJICHI paHilie y poooti [67].

Jlist 3HaXO0KEHHS TeKCTypHuX napameTpiB Kepuca mu BukopuctoByBaiu OIID Ha
puc. 3.2. [lapameTpu f;, BU3Ha4aIIM 32 METOAUKOK), ONIMCAHOIO B po3ii 2.4. 3HAUECHHS
A; 3HadeHHs Oymu B3aTi 3 [63]. Jns po3paxyHKy 3Hau€HHs KYTIB 3a BIJIOMUMU
dbopmynamu [68] TOTPIOHO 3HATH BIAHOUICHHS TMapaMeTPiB KPUCTAJTIYHUX TIpaT
JIOCJTI)KYBaHOTO CIUIaBy. 3a AaHUMHU Jyis ciutaBy marHito ZE10 = 1,622, Ananoriunuii
pe3yJIbTaT OTPUMAJINA TaKOK aBTOpH [69]

[Tapamerpu fyy Ta fyg BusHauwmm 3 OII® HH Tta OII® HB na puc. 3.1 3a
METOJHMKOI0, OInucaHoro B po3mim 1.3. Tperiii mapamerp fpy po3paxyBaau 3a

CIIBBITHOIIICHHSM (2.6).
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[Tapametpu Tekctypu KepHca npeacraieni y Tada. 3.1.
Taomuma 3.1.
[Tapametpu Tekctypu Keprca crutaBy maruito ZE10 y BuxigHoMy craHi

Ta MICJIs PI3HOTO Yucia IukiIiB 3B

Yyeno [MTapameTpu Tekctypu Keprca
IUKJTIB, N H(Pll) H(Ii) H(Iip) fuB foH
0 0.340 0.340 0.340 0.176 0.484
0.5 0.322 0.324 0.323 0.203 0.474
1.0 0.322 0.318 0.320 0.208 0.472
3.0 0.326 0.306 0.316 0.217 0.467
5.0 0.323 0.315 0.319 0.153 0.528

Jlns mojanblioro aHajidy BIUIMBY 3HAKO3MIHHOTO BUTHMHY Ha BIIACTHUBOCTI
JOCITIKYBAHOTO CIUIaBy B HanmpssMky HH Mu BUKOpHCTOBYBasM 3HaYCHHS MapaMeTpiB
tekcTypu KepHca, ycepeaHeHi mo oouipa 00KH JTUCTIB MCIIs BIIMOBIIHOTO YKCIIa [TUKIIIB
3B.

ExcriepuMeHTabHI 3HAYEHHA MOJYJIS IPYXKHOCTI Egyp,, BUMIPSIHI Yepe3 KoxKHi 15°
B TUIOIMHI BaJIBI[IOBAHHS JIMCTIB JAOCII)KYBAHOTO CILJIaBY, MMpeCTaByieHi B Ta0a. 3.2. 3
Tab1. 3.2 BUAHO, IO MA€ MICLIE aHI30TPOIMIsl MOAYJISl MPY>KHOCTI. Bennunny anizorpomnii
neBHOI (QYHKIIIT ' MOXEMO OLIHUTU KOE(IIIIEHTOM aHI130TPOIi 1) 3@ CITiBBIAHOLIEHHSIM

N = [(Fnax = Fnin)/Fminl - 100% (3.1)

KoedimienT anizorporii MOAyssi MpyKHOCTI BUXigHOTO JucTa criaBy ZE10 ckinas
7,4 %. Ilicist 3HAaKO3MIHHOT'O BUTHHY BennumHa 1) ckiana 7% micns 0,5 1 1,0 mukiis, Ta
5.9 ta 5,4 %, Bignosiguo micas 3,0 Ta 5,0 mukiniB 3B, BignmosBigHo. OTXe, 3HAKO3MIHHUHI
BUTHH CIIPUSIE 3MEHILIEHHIO aH130TpOMii MOy IpyKHOCTI cruiapy ZE10.

AHani3 MokaszaB, 10 ICHY€ CHJIbHA KOPEJSIS MK YCepeOHEHUM 3a HalmpsIMKOM
3HAUEHHAM MOJYJIs TMPYXHOCTI E, Ta KinbkicTio 7 nukiiB 3B. BiarnosinaHe piBHAHHS
perpecii Ta koediuieHT R? HagiiHOCTI aITPOKCHMALIiT MalOTh BUTJIS:

E., = 0,05n? — 0,38n + 43,96; R? = 0,95 (3.2)

Taomur 3.2.
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ExcriepuMeHTanbHu| MO b IPYKHOCTI Egy, miCs

3HAaKO3MIHHOTO BUTHHY JIMCTIB ciiaBy ZE10

Mogyis npyKHOCTI E,y,, ['Tla
Kyt 3 HB, : .
rpa.. Yucao nMKIB 3HAKO3MIHHOTO BUT'HHY, I

0 0.5 1.0 3.0 50

0 46,3 46,0 45,8 45,0 44,8
15 443 44,0 43,8 43,5 43,7
30 43,5 43,1 43,0 43,1 42,8
45 43,1 43,0 42,8 42,7 42,5
60 433 43,2 43,0 42,5 42,5
75 43,6 43,5 43,1 43,0 42,8
90 43,9 43,8 43,0 43,3 43,3
Eep 44,0 43,8 43,5 43,3 432

OmiHUMO BEJIMYMHY MOMAYJS TPYXKHOCTI JIOCHIIPKYBAaHOTO METaly y TPbOX
Hanpsamax juctiB: HB, ITH ta HH. [ 1poro BUKOpUCTOBYEMO MapaMeTpu TEKCTYpPH
Kepuca (tabn. 3.1) Ta mpykHI KOHCTaHTH MOHOKPHUCTAIy JOCITIIPKYBAaHOTO CILJIABY.
Panime y po6oti [70] Oyno 3HaiiieHO 3HAYE€HHS MPYXKHOI CTanoi S;; Ta KoMmOiHAIlil
PY)KHUX KOHCTaHT

a=S5;3 — S1+058,, (3.3)
b =581+ S33=2513— Saa (3.4)
3rigao go [70],

S;; =2,287-1071 Ppa~1;a = —0,100-107 Pa1; b = 0,128:107 Pa™! (3.5)
Heckiagni nepeTBopeHHs cmiBBiHOIIECHD (3.3) - (3.5) A03BOIMIIO OOUHCIUTH TIPYKHY
crany S35 = 2,22:10711 Pa~1. ¥V po6ori [71] oTpuMaHO CHiBBiHOIIEHHS, IO JO3BOJISE
BUPA3UTH MOJIYJb NMPY)KHOCTI 4yepe3 iHAeKcH Mimiepa, BIIHOLICHHS ¢/a Ta MPYXHi

CTaJIM I'CKCAarOHaJIbHOI'O MOHOKPUCTAITY:

[h2+7(h+32k)2+(%l)2]2

22 4 2 2
Si1 (hz +@) +S33 (%1) +(Sqq +2533 )(h2 +M>(91) ]

(3.6)

3 c

Enia = [

B pe3ynbrari mijicTaHOBKM BIAMOBIIHUX BEJIMYHUH Y CHiBBIgHOIIEHHS (3.8) oTpumaemo,

1o
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E(001) = E, = é = 45,147 GPa, (3.7)
E(100) = E, = — = 43,730 GPa. (3.8)

11

Tenep OIIHUMO BETUYHHY MOMAYJSI MPY>KHOCTI JIMCTIB JOCHI)KYBAaHOTO CIUJIaBY B
TppOX HampsiMkax Jjucta Eyy, Eyg Ta FEpy, 3a cHoiBBiAHOMIIEHHSM TUITy (2.5),
BUKOPHUCTOBYIOUHM 3HAUEHHS MOJYJIA MPYXHOCTI MOHOKPHUCTANy B3JIOBXK 1 BIIONEpEK
rekcaroHanbHoi oci crutaBy ZE10 (3.7) 1 (3.8), a Takok BiIMIOBIAHI MapaMeTpu TEKCTYPHU
Kepnca. Pe3ynbpTaTs po3paxyHKiB peCTaBiIeHi y Ta0m. 3.3.

Tabmuua 3.3.
ExcrniepuMeHTanbH1 Ta pO3paxyHKOBI MOy MPYKHOCTI MiCIIsi 3HAKO3MIHHOTO BUTUHY

mucTiB criaBy ZE10

Yncno Eng > | EG3™. | AE/Eeg, | Emps | ESE™, | AE/Eeq, | peatEi
mukie 3B,n | TTla | I'Tla % [Ma | ITa % ITla
0 463 | 439 | 52 | 439 | 444 | -1 442
0.5 460 | 440 | 43 | 438 | 444 | -14 442
1.0 458 | 440 | 3,9 | 435 | 440 | -1,1 442
3.0 450 | 441 | 20 | 433 | 444 | 25 442
5.0 448 | 440 | 1,8 | 433 | 445 | 28 442

ExcriepuMeHTanbHl 3HAYEHHS MOMAYJS MPYKHOCTI U1l 3PYYHOCTI MOPIBHSIHHS
TaKoX HaBeJieH1 B Tabiu. 3.3. BuaHo, 1110 MakcMMallbHE BIIXUJICHHS pPO3PaXyHKOBHUX Ta
€KCIIEpPUMEHTAJIbHUX 3HAYEHb MOJIYJISI IPY>KHOCTI CTAHOBUJIIO 5,2 %.

ExcrieppuMeHTanbHO BUMIPSATH MOAYJb MPYKHOCTI y HANpSIMKy HOpMall [0
TUTONIMHMA BAJIbLIOBAaHHS HE BJAAJocs 4yepe3 Mainy ToBmuHy Jmcta (1 MMm). 3Haiigena
panimme y po6oti [70] omiHOBanbHA BEIMYMHA y BUXIMHOMY JucTi crutaBy ZE10 (mo
noyatky 3B) cranosuna 43,8 GPa.

3HauenHs FEyy, oTpuMane B JaHid poOoti (Tabn. 3.6), BIAXUIAETHCS Bijl
BUIIeBKa3aHoi BexnunHy Ha 0,9 %.

[IpoananizyemMo 3MiHM MOAYJsSI TpyxkHocTi (Tabm. 3.3) 'y 3B'SI3Ky 3

KpucrajgorpadiyHOi TEKCTYPOIO, MPEACTABICHOI 3 JOMOMOTOI0 KOE(DIIIEHTIB TEKCTYPHU
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Kepsca (Tabm. 3.1). AHami3 nmokasye, o MK BETMYMHAMU MOYJIS IPY>KHOCTI, 3 OJTHOTO
OOKy, Ta BHIIE3raJaHUMU KoedilieHTamMu TekcTypu KepHca, 3 1HIIOro OOKYy,
IMPOCTEXYIOTbCA CUJIBHUIM KOpEJAIiiiHUI 3B'a30K. BiamoBinHiI piBHAHHA perpecii Ta
Koe(]illieHTH HaAIMHOCTI alpoOKCUMAIlii TPEICTAaBIICH] CITi1BBITHOIICHHSIMHU
Egg’ = —1514,6fi% + 563,9fy5 — 6,0; R? = 0,99 (3.9)
Eql = —846,2f%; + 841,4fy — 165,1; R = 0,90 (3.10)

3.2. Ominka BBy Buy AedopMarliii i TEKCTYpH Ha MONTKOIKYBaHICTh 1 MEXaHIuHI

BJIACTUBOCTI JIUCTIB ciuiaBy MarHito ZE10

Jlnst onucy MakpOCKOIIYHOI MOBEAIHKM MaTepiany npu Aedopmarlii BUSBHUIIACA
MEPCIEKTUBHOIO KOHIICTIIST HAKOMUYEHHS TOUIKO/HKEHb Y MEXaHIll CYUUIbHUX
cepenoBull. JIJ1sl XapaKTEpUCTUKN HAKOMUYEHHS MOLIKOKEHb BUKOPHUCTOBYETHCS TaK
3BaHUM MapameTp MOIIKOKYBAaHOCTI @, IKUI OyB 3anpornoHoBanuii y [14-16], [72-74].
[TapameTp momkomkyBaHocTi 0 < @ < 1 XapakTepusye CyKyIHICTh MIKPOCTPYKTYPHUX
3MiH B MaTepiajii, BUKJIMUKAHUX TMOSIBOIO 1 HAKOMWYEHHSM MUIKpOJAE(EKTIB Mif JI€I0
poOounx HaBaHTa)XxeHb. [lapaMeTp MOMIKOHKYBAHOCTI THTEPHPETYETHCS SIK BITHOCHE
3MEHILEHHS e()eKTUBHOT HECYYOi IO TONEPEYHOr0 Mepepi3y BHACHIIOK HAKOTUYEHHS
MOIIKOJIKEHb. [lerpananis maTepially BUKJIMKaHA MOCTYTIOBUM 3MEHIIIEHHSIM €(DeKTUBHOT
IO, KA (PAKTUYHO HECe HABAaHTAXKEHHS MPH PO3Ts3i, 1 BU3HAYAE OIMIPHICTH 3pa3Ka
PO3TATYBAHHIO

w= (5—5)/S (3.11)
ne Sp 1S - momna nonepeyHoro nepepizy HEeyIIKOKEHOro 3pa3ka 1 MOTOYHA ILIoIIa
MonepeyHoro Imepepizy 3paska, BiamosigHo, (S, — S) - 1oma, 3aiHATa
MIKPOTIOPOKHEYAMH Ta MUKPOTPEIIIMHAMH.

[Ipu Takiii iHTEpHpeTallii mapaMeTp MOLIKOHKYBAHOCTI MOXe OyTH OTpUMaHUM 31
3MIHM MOJYJIsI TPYKHOCTI. BiAmoBimHO A0 TimoTe3u ekBiBajeHTHOI nedopmartii [72],
napamMeTp MONIKOKYBAaHOCTI w4 MOXKe OyTH 3HAMICHUH 3a CMIBBIAHOIICHHSIM

wy = (E — Ey)/Ey, (3.12)
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ne Eo 1 E Moayib MpYy>KHOCTI HEYNIKOJKEHOTO 3pa3ka W MOTOYHE 3HAYECHHS MOIYJIs,
BIIIIOBIIHO.

SIKI10 BUKOPUCTOBYBATH MO/IENb €KBIBAJICHTHOI MPYKHOI eHeprii [73], To MoxHa

BU3HAYUTH W, SIK TEH30P YETBEPTOTO PAHTy
w, =1—(E/E,), (3.13)

Jluiie oquH KOMITIOHEHT TeH30pa B (3.13) Biapi3HAETHCS BiJl HyJIS IPH OAHOBICHOMY
po3tsary [73]. IlapameTp MOMIKOKYBAHOCTI (@ MOXeE OyTH 3HalWIEHUN TTPU OJHOBICHOMY
pPO3TAry 31 3MIHM NPYKHUX XapaKTEPUCTUK, 3 OTJISAY Ha MPEACTABHUIIBKUI €IeMEHT
00’eMy OpTOTPOITHOI cUMETpii. Ma€eThcsl Ha yBa3i, O HAMOUIBII CKJIaJHA aH130TPOITi,
dKa MOXKe OyTH TMpeJcTaBieHa, € OpToTponHOol0. HaBiTh mpu BHUCOKIA MIUIBHOCTI
B3a€EMOJIIFOUYMX TPIIIKH, €()EKTUBHI MPY>KHI BIACTUBOCTI 3aJUIIAIMCA OPTOTPOITHUMH 3
XOPOIIIOI0 TOYHICTIO, AK Moka3aB JI. KauaHOB nUIsIXOM MiKpOMEXaHIYHOTO aHamizy [14].
OuiHka mapameTrpa MOUIKOJXKYBaHOCTI Ha OCHOBI MOJENl €KBIBaJIEHTHOI Jedopmariii
Jlemetpa [72] nae GBI BUCOKI 3HAYEHHS MapaMmeTpa MOLIKOHKEHHS B MOPIBHSHHI 3
MOJIEJISIMH, 3aCHOBAaHUMH Ha MO/IEJI1 €KBIBAJICHTHOI MPYKHOI eHeprii [73, 74] 1 sKi Aat0Th
JTy>KE€ CXO0K1 YUCJIOBI 3HAYEHHS, SIK 11e OyJI0 MOKa3aHO eKcrepuMeHTalbHO [75]. Tomy
OIlIHKA TIapaMeTpa MOIIKOJKYBAaHOCTI w, 3a cmiBBiAHOMEHHsIM (3.13) € kpamoro B
nopiBHAHHI 3 (3.12) npu aHai31 aHI30TPOIIi NOLKOKYBAaHOCTI JJUCTOBOIO MaTepiaily
[75].

Kpucranorpadiuna Tekcrypa, ska GopMyeThCs B POIIEC] MIACTHYHOI fedopmartii,
TAaKOX MAa€ ICTOTHUW BIUIMB HAa HAKOMMYEHHS CTPYKTYpPHUX AE(PEKTIB 1, BIAMNOBIIHO,
TOIIKOJIKEHB [76].

OpHak BiJICYyTHICT IOCTaTHBOTO (DI3MYHOTO OOTPYHTYBaHHS Mojenel (KIHETUYHUX
PIBHSIHB) TOPOJKY€ HEOJHO3HAYHICTh B EKCHEPUMEHTAIBHHUX OIIIHKaxX MapaMerpa
MOIIKOKYBAHOCTI (@ B 3aJIEXKHOCTI BiJl CIIOCO0Y MOro BU3HAUEHHS IJI1 OHOTO 1 TOTO XK
3pa3ka JAociKyBaHoro Matepiany [75]. ToMy 3B'A30K mapaMeTpa MOIIKOIKYBAHOCTI 31
3MIHOIO CTPYKTYPHOTO CTaHy 1 TEKCTYpOIO I/ JI€0 30BHINIHIX BIUIMBIB MOKH MOXXHA

OTPUMATH TIJILKA Ha OCHOBI BIJIMOBITHOTO KOPEISAIIMHOTO i PETPECiiHOTO aHATI3Y.
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3HayeHHs  mapaMeTpiB  MOMIKOJKYBaHOCTI w; 1 w,, BHU3HA4YEHI 3a

criBBigHomeHHAMH (3.12) 1 (3.13) 1 nanumu tabi. 3.3. PesyapTaTu nmpeacTaBiieHi B Ta0I.

3413.5.

Taomui 3.4.
[TapameTpu MOITKOIKYBAHOCTI w; MICIS 3HAKO3MIHHOTO BUTHHY JIMCTIB ciuiaBy ZE10
w;=1—E/Ey,,%
KinpKicTh HUKIIIB 3HAKO3MIHHOTO
Kyt 3 HB,
BUTUHY, 1

rpa.
0 0,5 1,0 3,0 | 5,0
0 0,65 | 1,08 (2,81 3,24
15 0,68 | 1,13 | 1,81 1,35
30 0,92 | 0,69 (092 1,61
45 0 0,23 | 0,46 (0,93 1,39
60 0,23 | 1,39 |1,85| 1,85
75 0,23 | 1,15 |[1,38| 1,83
90 0,23 | 2,05 |1,37| 1,37
w," 0 |045| 1,14 |1,59] 1,82

Taomung 3.5

[TapameTpu MOIIKOAKYBAHOCTI W, MICII 3HAKO3MIHHOTO BUTUHY JIUCTIB cruiaBy ZE10

W, = 1— (E/Eo)l/z, o

Kyt 3 HB, KinbKicTh MUKITIB 3HAKO3MIHHOT'O
rpaj. BUTHUHY, 1

0 0,5 1,0 3,0 | 5,0

0 0,32 | 054 |1,41] 324

15 0,34 | 0,57 [0,91] 1,35

30 0,46 | 0,35 0,58 1,61

45 0 |012] 023 [0,58] 1,39

60 0,2 | 0,70 0,93 1,85

> 0,11 | 0,58 [0,46] 1,83

20 011 | 1,03 |0,69] 1,37

w,” 0 | 023 | 057 |080] 1,82
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Sk BUIHO, Ma€e MICIIe aHI30TPOIIs MapaMeTPiB MOIIKOHKYBAHOCTI. MakcuMalbHe
3HA4YCHHS KOe(IIi€HTIB aHI30TPOIi, BHU3HAYEHUX 3a cHiBBiAHOMIEHHIM (3.1),
cnoctepiratotbes miciis 0,5 mukiry 3B (303,7 % ta 304,3 % mist w4 1 w5, BIAMOBIAHO). 31
30UTBIIEHHSIM  KUTBKOCTI HMKIIB 3B  aHizoTpormiss mnapameTpiB MOIIKOKYBaHOCTI
3MEHIIYy€eThCsA. MiHIManbHA aHI30TPOIMisT MapaMeTpiB momkomkyBaHocti (132,7 % Tta
133,8 % st w4 1 w4, BIATOBIAHO) CIIOCTEPITa€ThCs Tics S5 nukiiB 3B.

Benuuunu mnapameTpiB MOIIKOJKYBAaHOCTi, YCEpPEIHEHI 3a BCiMa HaNpsIMKaMU
JIUCTIB, Dfp Ta D;p, 30UTBIIY€ThCA 31 301IBIIEHHSIM KUTbKOCTI LMKIIB 3B (Tad:n. 3.4, 3.5).
AHaJli3 ToKasaB, 10 Ma€ MICIIe 3HAYYIlll KOPEJALiiHI 3B'SI3KM MK yCEpEeIHCHUMH 32

HalpsIMKamMl  JIMCTIB  JOCJHDKYBAaHOTO  CIUIaBY  3HAYEHHSMHU  TapaMmeTpiB

p p

MOIIKO’KYBaHOCTI a); Ta a)g , 3 0HOTO OOKY, I unciioM n UKIiB 3B, 3 1HIIOro OOKY
(tabm. 3.4, 3.5). BianoBiaHi piBHSHHS perpecii 1 KoedilieHTH HaliHHOCTI anpoKCUMAIIii
R* MaroTh BHI:

w;” = —0,11n% + 0,87n — 0,10; R? = 0,95 (3.14)

w,’ = —0,06n% + 0,44n — 0,05; R? = 0,95 (3.15)

ExcniepuMenTanbH1 BETMYMHU MEKI MIIIHOCT] 0, YMOBHOI M€XI1 INIMHHOCTI 0 , Ta
BIJTHOCHOI'O TOJOBXEHHS € = Al/l nus pi3HUX HANPSAMKIB BUXIIHOTO JIMNCTA Ta JIUCTIB

IiCIIs Pi3HOI KiIIbKOCTI NHMKIIB 3B mociipkyBaHOTO CIjIaBy MpeACTaBlIeHO y Tadd. 3.6-

3.8.

Tabnuma 3.6.
Meska MIITHOCTI O MICJISl 3HAKOTIEPEMEHHOT'0 BUTHMHY JIUCTIB ciiapy ZE10
Kyt 3 HB, Mexa miuHocTi og, MPa
rpaj. Yucao nuknis 3B, n
0 0.5 1.0 3.0 5.0

0 246.0 250.0 252.0 256.0 250.0

45 231.0 219.0 219.0 221.0 229.0

90 216.0 221.0 225.0 234.0 214.0

og" 232,2 230,0 232,0 237,0 234,0
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Ta0Omuma 3.7.

Me:xa IIIMHHOCTI 0 , Tic/g 3HAKO3MIHHOTO BUTHHY JHCTIB criaBy ZE10

Mexa TUIMHHOCTI 0, ,, MPa
Kyt 3 HB, —
Yucio nukniB 3B, n
rpa.
0 0.5 1.0 3.0 5.0
0 174.0 174.0 102.0 89.0 173.0
45 132.0 99.0 88.0 100.0 89.0
90 91.0 88.0 89.0 91.0 96.0
o 132,5 120,3 93,0 95,0 98,0
Tabmuma 3.8.
Bignocue momoBxkenus € = Al/l micis 3HAKO3MIHHOTO BUTHHY
mucTiB criaBy ZE10
Binnocue omosxenns € = Al/1, %
Kyrs HB, Yucao nukiis 3B, n
rpaj.

0 0.5 1.0 3.0 5.0

0 23.1 21.0 20.5 19.1 28.3

45 28.0 36.1 19.1 35.6 25.0

90 334 32.6 33.0 31.0 343

Ecp 28,3 29.0 25,3 24,9 26,0

Crocrepiraerbcst aHI30TPOIIsT MeEX1 MIIHOCTI, YMOBHOI MeEXi IIJIMHHOCTI Ta
B1JIHOCHOTO MOJIOBXKEHHSI SIK Y BUX1THUX JIUCTaX JIOCTIKYBAaHOTO CILJIaBY, TakK 1 B JINCTaX
CIUTaBY IICIISl 3HAKO3MIHHOTO BUTHHY (Tabi. 3.7-3.9). Tak ayis Mexi MitHOCTI (Tab:. 3.7)
MaKCUMaJlbHE 3HaUY€HHA KOe(ILIEHTY aHI30TPOMII 1], pO3pax0BaHUii 3a CITIBBITHOIICHHIM
(3.1), ciocrepiraerbes y BuxigHoMy JIUCTI (13,9 %). 31 301IbIIIEHHAM KITBKOCTI IIUKITIB
3B BenuunHa 1) 3MEHITYEThCS, TOCATAI0YH MiHIMaJILHOTO 3HaYeHHS 9,4 % mics 3 MUKIiB
3B. Iicas 5 uukiniB 3B koediieHT anizoTpomnii Tpoxu 30ibmuBes 10 12,1 %.

VYcepenHnena 3a BCiMa HalpsIMKaMHM JIMCTa BEJIMUMHA MEK1 MIITHOCT1 pocTe Bix 231,2
MlIla (y BUX1IHOMY JIMCTi) JO MakcuMaiabHOro 3HaueHHs 237,0 MIla (B nucti micns 3
nukiiB 3B), a micns 5 nukiniB 3B nekinbka 3meHiryeTses 10 234 Mlla (ta6:a. 3.7).

YMoOBHa MeXa IUIMHHOCTI BHUXIJHOTO JIUCTa  JOCTIIKYBAHOTO  CIUIABY
XapakTepu3yeThes 3Ha4HO1 aHizoTpomieto (90%). Y mpoiieci 3HaKO3MIHHOTO BUTHHY 31

30UTBIIIEHHSIM KUIBKOCTI IHKJIIB aHI30TPOIiS YMOBHOI MEXI IUIMHHOCTI CYTTEBO
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3MEHIIYEThCS 10 MiHIMaIbHOTO 3HaUeHHs 12,4 % micns 3 nukoiB 3B. Iicas 5 nukiis 3B
Koe(dimieHT aHi3oTpomii 3HOB 30uIbmIUBCS 10 29,2 %. BennunHa yMOBHOI Mexi
IUIMHHOCTI, yCepeJHeHa 3a BCiMa HampsMKaMmH JUCTIB, 3MeHmmmiacs Big 120 Mlla y
BUX1THOMY JIUCTi 710 98 MITa 31 3611bmeHHAM KiTbKoCTi IuKiB 3B Big 0 10 5 (Tabdm. 3.8).

Koedimient anizoTpomii BiTHOCHOrO MOAOBKEHHs & = Al/l mocmimkyBaHOTO
CIUIaBy, BU3HAYEHUI 3a criiBBinHOMmEHHM (3.3) 3poctae Big 42,7 % y BUXITHOMY JIMCTI
10 cBo€i MmakcuMaiibHOi BenuuuHu 90,5 % micna 1 nukiny 3B (71,9 %). 31 30U1bIIeHHSIM
KiapKoCTi ukIiB 3B Benumunna € = Al/1 3meniyerses 10 cBoro MiniMmymy 20,8 % micast
5 mukmiB 3B. Benuunna € = Al/l, ycepeaHeHa 3a BciMa HampsiMKaMH JIHCTIB, Mae
MakcumanbHe 3HadueHHs 29,0 % micas 0,5 muKiay 3HaKO3MIHHOTO BUTHHY, JIOCSATalOYd
MiHIManbpHOTO 3HadYeHHA 24,9 % miciasg 3 mukmiB 3B, a micias 5 mukmiB 3B aekiipka
30uBIIy€eThes 110 26,0 % (Tabun. 3.9).

AHaJli3 Moka3aB, 10 M) MEXaHIYHUMHU XapaKTepUCTHUKAMH, 3 OJHOTO OOKYy, Ta
BUIIE3TaJJaHUMU KoedillieHTaMu TekcTypu KepHca, 3 1HIIOr0 OOKY, MPOCTEXKYIOTHCS
CWJIbHI KOpEJISIiiHI 3B's3KU. BinmoBiAH1 piBHAHHS perpecii Ta KoedilieHTH HaAiiHOCTI
arpoKcUMalIlii pejcTaBiieHl criBBigHomeHHs MHA (3.16) - (3.21):

g = 4640,5fifs — 1584,7fy5 + 381,0; R* = 0,99 (3.16)
Ognny = 17176,0ffy — 17387,0fny + 4606,3; R? = 0,94 (3.17)

Tz = —48102,0fifs +16566,0fy5 — 1239,5; R* = 0,76 (3.18)

oy = 2047 1ffy +1932,7fny + 545,8; R? = 0,84 (3.19)
g(egg) = 1437 3fi; — 664,0fy + 96,0; R> = 0,98 (3.20)
ety = —1916,6fify + 1952,8fny — 462,5; R* = 0,84 (3.21)

3.3. Oninka BIUIMBY BUY AeopMalii i TEKCTYpH Ha MPY>KHI Ta MEXaH14HI BIIACTUBOCTI

crutaBy Mg — 5 % Li (mac.) 3a TekcTypHuMu napamerpamu Kepuca
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ExcriepuMeHTanbHe BU3HAYEHHSI TEBHUX XapaKTEPUCTHK TMOJIKPUCTAIIYHOTO
3pa3ka (IPYXXHICTh, a00 MIIHICTh) 1HOAI OyBa€ JOCTaTHHO CKJIQJAHUM, IOPOIO
HEeMOXJIMBUM. Hampukmian, mpyu BUHUKAIOTh B1IOMI TPYIHOINI MPH BUMIpl MEXaHIYHUX
Ta MPY>KHUX BJIACTUBOCTEH y HANPAMKY MNEPICHAUKYJISPHOMY N0 TUIOLUIMHU TOHKOTO
JUCTa, YU B HAMpPIMKY, MEPHEHAUKYISIPHOMY OCl €KCTpy3ii, BHACIIIOK OOMEXEHOI
TOBIIIMHHU 3pa3Ka.

Onuc TeKCTypH MOJIKPUCTATIYHOTO 3pa3ka 3 IeKCaroHAJbHOIO CTPYKTYpOIO 3a
JOTIOMOT0r0 mapaMeTpiB KepHca B MpuHIUIIT JO3BOJISIE BU3HAYUTH (Pi3MKO-MEXaHIuHI
BJIACTUBOCTI METally, SIKIIO BiJIOMI BIJIMOBIJHI XapaKTEPUCTUKU HOTO MOHOKPHUCTATY
(mpsiMa 3a7a4a), a TaKOX BUPIMIMTH 3BOPOTHY 3a7a4y — BU3HAUUTU XaPAKTEPUCTUKHU
MOHOKPHUCTAJIy 3a JaHMMH BHUMIPIB BIJNOBIJHUX BJIACTUBOCTEH MOMIKPUCTAIIYHOTO
3paska. Hukue npeacTaBiaeHO BUPIIIEHHS MPAMOI Ta 3BOPOTHOI 3a/1au JJisl ciuiaBy Mg-
5% Li (mac.), 3a mapamerpamu TekcTypu KepHca Ta ekcriepuMeHTaIbHUMH 3HAYCHHSIMU
BI/IMOBIHUX BJIACTUBOCTEM MOJIKPUCTATIYHUX 3pa3KiB 3a3HAYEHOTO CIUIABY MarHilo
[77].

OOGepHeH1 nmoftocH! (Girypu JOCHIAKYBaHOTO CIUIaBy Mpe/CTaBieHI Ha puc. 3.2.
Tekctypa JUCTIB MOCHIIKYBAHOTO CIUTaBy Ticisi oOpoOku Ne 1 xapakTepu3yeThCs
HasIBHICTIO BITHOCHO CJIaOKOro 0a3MCHOro KOMMOHEHTa (IOJIOCHA IIUIbHICTH 1,14 Ha
puc. 3.2, a) Ta xyxe cuabHUM KoMmroHeHToM (1010) (moocHa 1inbHIiCTs 6,64 Ha pHuc.
3.2, a). IIpu ubomy Ha OII®D HB (puc. 3.2, 6) cnocrepiraerbcest 1Ba CUIBHUX MAKCUMYMY
TOJIIOCHOT IIiAbHOCTI 10613y nomoca (1010) BenumunHo0 5,45 Ta (1120) BenuuMHOO
6,34. Texctypa Moxke OyTH omucaHa KOMOIHAIIE€0 CJIa0KOTO 0a3UCHOTO IEHTPATBLHOTO
tumy Ta BiaxujeHoro Ha 90° y ITH 6a3ucHoro tumy. Ilpu nsomy 3 HB Takoro nucra
36iraloThcsi, B OCHOBHOMY (3 po3citoBaHHsAM), kpucTtanorpadiuni nanpamku (1010) ta
(1120).

Ha puc. 3.2 (B, r) npeacrasieno OII® HH ta OII® HB nocnimxyBaHOro crjiaBy

miicist oOpoOku Ne 2.
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3.2. ExciepumeHnTanbHi 00epHEH1 MOIOCHI ¢irypu cruiaBy Mg-5 % (mac.) Li: (a, 0) —

micist 00poOku Nel; (B, 1) — micist 06po6ku Ne 2; miciis 3HaKO3MiIHHOTO BUTHHY Ha: (0,5 -

(m—x);1-(3-x);3-(01-H); 5 - (0-p) uukis; (4, 1, M, 1) - PO3TATHYyTa CTOPOHA

JUCTIB; (€, 3, JI, 0) - CTUCHYTa CTOPOHA JIUCTIB
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BunHo, 1110 rekcaronanbHa Bich npu3mMu BiaxuieHa Big HH o miionmau npokatku
npu6au3Ho Ha 0-15° 1 70° y 6ik ITH (puc. 3.2, B, 1, e, 3, 1). TekcTypa CKJIalaeThcs 3
KOMOiHaIIii 6a3MCHOr0 KOMIIOHEHTY 3 po3cisiHHsAM 110 15°y 6ik [1H Ta BinHOCHO cHUIBHOTO
koMroHeHTy (2132). Y uucToMy MarHiio Ipu TUX caMUX YMOBax GpopMyeThcsl TEKCTypa
0a3MCHOTO UEHTPATBHOIO TUITY

JleryBaHHSI MarHito JIITIEM CIIPUSE 3MiHI CITIBBIIHOIIEHHS MeXaH13MIB Aedopmariii,
10 BIUIMBA€E HA TEKCTYPY. JIeryBaHHS MarHiro JiTIEM CIpUSE 3MEHIIECHHIO BiTHOIIICHHS
ocedl ¢/a 1 UMM aKTUBYE HEOA3MCHI MEXaHI3MHU KOB3aHHS, 30KpeMa, MPU3MATUIHOTO
KOB3aHHS JMCIIOKallli OCOOJIMBO IMpHU MiABUINEHUX Temmeparypax [78]. dopmyBaHHIO
KOMIIOHEHTIB TEKCTypu BiaxuieHoro B [IH 6asucHoro tumy, HMOBIpHO, CIIpusi€e
aKTHBI3allisl MPU3MATHYHOTO KOB3aHHs, @ TAKOXX JIBOMHUKYBaHHS (puc. 3.2).

Ak Buano 3 OII® HB (puc. 3.2, 1, 1, x, Kk, H, p), 3 HB nepeBaxxno 30iraerbcs
kpucranorpadidauii Hanpamox (2131).

VY ToH e Jac CiiJ 3a3HA4YUTH, IO 00JacTh HIJBHIIECHOI MOJIIOCHOI MIIIBHOCTI Ha
OIld HB 3aiimMae 10CHTH IHPOKY 0061acTh Mixk momocamu (3032), (1120) ta (1010).
Tun 1 xapaktep pO3CIIOBaHHS TEKCTYpPH MICIS 3HAKO3MIHHOIO BUTHHY 3aJI€KHUTh BiJ
YHUCIa MUKIIB 3HAKO3MIHHOTO BUTHHY, SK 3raJyBaJIOCs BHIIE. BUTbIT JOKIAIHUNA OMHUC
TEKCTYPH Ta MIKPOCTPYKTypH miciisg 3B MoxkHa 3HaiTH y po6oTi [10].

[Tapametpu TekcTypu Kepuca fyy Ta fiyp BuszHauanu 3 OII® HH Ta OIlI® HB nHa
puc. 3.2 3a crniBBigHomeHHM (3.1) (3a MeToauKor, onucaHow B posaun 1.2.2). Ilpu
1bOMYy 3HaueHHS A;, Oynu B34Ti 3 [63]. i po3paxyHKy 3HAYEHHS KYTIB &; HaXUIy
kpuctajorpapiynux mwiommH [hkil] mo mmommam Gasucy [0001] 3a Bimomumu
dopmyaamu [33] BUKOPHCTOBYBAJIM BiIHOILICHHS apaMeTpiB ¢/a = 1,61 kpucranxiuHoi
peunTKa  JochiKyBaHoro cmiaBy Mg-5 % (mac.) Li, ske MuU BHU3HAYWIU
eKCIIEpUMEHTAIbHO. TpeTil mapameTp frpy po3paxyBaiM 3a CIHiBBigHOMIEHHIM (2.6).
[TapameTpu TekcTypu KepHca npencrasieni y Tada. 3.9.

CrnioctepiratoThCs HEBIAMOBITHOCTI B PO3MO/ILII TTOJIFOCHOT IIUIBHOCTI HA TTOJIFOCHUX
¢irypax HH mpotuniexxHuX CTOpiH JUCTIB JOCHIKYBAHOTO CIUJIaBY MICHS BiAMOBITHOI

KUIBKICTh IIMKJIIB MOMEPEMIHHOIO BUTUHY, SIK BHJIHO Ha puc. 3.2 (1 — m). IloaiGHi
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HEBIJAMOBITHOCTI MM TaKOX CIIOCTEpIraau MPU BUBYEHHI 3HAKO3MIHHOTO BUTHHY CILIABY

marHio ZE10 (quB. po3min 3.1).

Tabmums 3.9.
[Tapametpu TekcTypu Kephca crimaBy Mg — 5 % Li (mac)
Yucno [Tapametpu texkctypu KepHca
LIUKIIIB,
| R | | el | S | S
i
P 0239 | 0239 | 0239 | 0,114 | 0,647
eKCTpy3ii
0 0,390 0,390 0,390 0,393 0,217
: 0,5 0,435 0,407 0,421 0,224 0,355
[Ticns
3B 1,0 0,409 0,388 0,399 0,188 0,391

3,0 0,399 0,411 0,404 0,289 0,407
5,0 0,417 0,411 0,414 0,144 0,442

Bumie3za3znaueHi HEBIJMOBIAHOCTI B PO3MOJIUIT MOMOCHOT iiibHOCTI Ha OIId HH
MPOTUIICKHUX CTOPIH JIMCTIB AOCIIPKyBaHOro cruiaBy Mg-5 % (mac) Li micnst pizHoi
KUIBKOCTI HUKIIB 3B, criocTepiraloTbCsl y BEIMUMHAX BIATIOBIAHUX APAMETPIB TEKCTYPHU

Kepnca (tabn. 3.12). Jlnsg ypaxyBaHHs 3a3HAYCHUX HEBIAMOBIIHOCTCH MM BU3HAYMIIN

. . . C
ycepeaHeH1 o oOujiBa OOKHU JIMCTIB TEKCTYypHI mapameTpu KepHca fH(Hp) JUJIS1 TOAATBIIOTO

aHaII3y BIACTHUBOCTEH JTUCTIB MICIs BIIMOBITHOTO YKCIa UKIIB 3B.
Ten3zopHi BiIacTUBOCTI (HAOpPHKIaA, MEXaHIYHI HaINpy>KEeHHs, abo MOyl
MPY>KHOCT1) MOXKYTh OyTH 3HalIeH1 3a cIiBBigHOIICHHSM (3.2), sik moka3as Kepac [62].
3Ha4eHHsI MOYJIS MIPY>KHOCTI JIUCTIB IOCHIPKYBAHOTO CIJIABY MarHir0, BUMIPSHI 1
po3paxoBani B HH, HII i [TH 3a cniBBigHOmIEHHsIMH THTy (3.2), npuBeaeHo B Tad. 3.10.
[Tpu po3paxyHkax BUKOPHUCTOBYBAJIM 3HAYEHHS KOHCTAHT MPYXHOCTI MOHOKPHCTaIy
cmaBy Mg — 5 % (mac.) Li S35 =1.77-10""1Pa™1! 1a §;; =2.41-10711pg~1!

: 1 1
BU3HaueHuX padime y [50]. Tak sk = Eooo1 = E., T2 = Eio10 = E,, TO Maemo
33 11

3HAYEHHS MOJYJs NPYKHOCTI MOHOKpHUCTaNa JOCHIIKYBAaHOTO CIIJIaBy Y3JIOBX
reKcaroHaJIbHOT OC1 ¢ Ta y3[I0BX OCl d, BIATIOBITHO
E.=56,5TTla, (3.24)
E,=415TITla. (3.25)
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Taomurg 3.10.
Po3paxyHKoOBI Ta eKClIepUMEHTaNIbHI 3HAYCHHS MOYJISl IPY>KHOCTI
JTUCTIB criaBy Mg — 5 % (Mac.) Li

Huen pospax Eﬁ}f{cn. pospax EI?[I]%CH' AE po3pax
o | Eyy Egy — | Ean | Enf s | AE o
2 9 E M
LIIII:KIJII [Tla IMa [Tla GPa % ITla I'Tla
ITicns
excTpysii - 45,1 - 43,2 40,6 6.4 51,2 47,4 8,0
i 0 47,4 - 47,4 50,3 5,8 47,9 52,9 9,6
05 | 478 S 449 | 482 | 69 | 468 | 496 | 5.6
3HAKO-
AMIHHOLO 1.0 47,5 - 442 46,8 | 6,3 47.4 51,9 8,7
I 3.0 47,6 - 443 44,2 0,3 47,6 46,2 3,0
Y 5.0 47,7 - 43,7 46,2 5,5 48,1 47,6 1,1

3 T1abn. 3.10 BuAHO, IO PO3PaxXyHKOBl 3HAYEHHS MOIYJS MPY>KHOCTI JIMCTIB
JOCIIIJIKYBAHOTO ~ CIJIaBY MAarHil0, OTPMMaHi 3 BHUKOPHUCTaHHSIM  BIAMOBIIHHUX
BUIII€3a3HAYCHUX JAaHUX HOTO MOHOKPHCTATY, BIAPI3HAIOTHCS BiJl €KCIIEPUMEHTAIHHIX
BEJIMYMH He Ounbiie Hi Ha 10 %.

Tenep cnpoOyeMo BUPIMIUTH 3BOPOTHY 33/1a4y Ta pO3paxyeMo MOIYJIb MPY>KHOCTI
MOHOKpHCTaTy ciuiaBy Mg — 5 % (mac) Li 3a manuMu MOAyJist TPy KHOCTI JIMCTIB CILIABY,
BU3HAYCHUMH CKCIIEPUMEHTAJIbHO B HANPSAMKY BaJbLIOBAaHHA Ta IONEPEUHOMY
HampsMKy (Tabn. 3.13). Jlnga 1mporo ckiazieMo CHCTEMY JBOX JIIHIMHUX PIBHSHb,
KOPUCTYIOUHMCh CHIBBIAHOWIEHHSAMU Tuly (2.3) uisi €KCIEepUMEHTaJbHUX 3HAYEHb
MoyiB ipyskHocti B HB Ta ITH, 3 nBoma Hepimomumu EL*°P™ ta EP*°P*™ nna xoxmoro
BUJLy OOpOOKM JIMCTIB JOCIHIJKYBAHOTO CIUIaBy MarHiro. Po3paxyHku mokasaniu, 1o

. . . 03pax 03pax
ycepeaHEeH1 3HaUeHHSI MOYJIIB IPY>KHOCTI MOHOKpucTana (E f PR E g P

) MarOTh TaKu
3HAYCHHA.
EP*P% = 53 8 I'Tla, (3.26)
EY°P™ = 44,6 I'a. (3.27)

PospaxynkoBi BenuunHu (3.26) 1 (3.27) BiAPI3HAIOTHCS BiJ BiJMIOBITHUX 3HAYEHb

(3.24)1(3.25)na4,8 % 17,5 %, BIAMIOBITHO.
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Po3paxyHku 3a croiBBIZHOIIEHHAMH TUMy (2.3) 118 MEX MIIHOCTI 3pa3KiB,
Bupizanux y HB Ta IIH, ananoriuyni mpoBeeHHWM BHIIE JJIi MOIYJS IPY>KHOCTI,
MoKa3aJj, 0 yCepeIHEH1 3HaUE€HHS MEX MIITHOCTI MOHOKPHCTaJIa JOCHIKEHOTO CIIaBy

MArHilo B310BXK HOTo oceli ¢ (0 pospax.) T @ (OF pospax.) MAIOTh TAKU 3HAYEHHSL:
C —
OB pospax. — 184 MIla, (3.28)
a —
OB pospax. — 178 MIla. (3.29)

AHaJIOT1YH1 PO3paxyHKH 3a CIIBBIHOMICHHAMU TUMy (2.3) /UIsi MEX IUIMHHOCTI
3pa3kiB, Bupizaaux y HB Ta ITH, mokazanm, 1o ycepeaHeHi 3HaYeHHS MEX TUIMHHOCTI

MOHOKPHCTaJIa JIOCII/PKEHOTO CIUIABY MAarHiro B3IOBX HOTO OCEH € (02 pospax.) T2 @

(00-2 pospax.) MAIOTh TAKM 3HAYEHHSL:

0-8.2 pospax. 122 MHa: (330)
08 pospax. = 118 MITa. (3.31)
Y Tabm. 3.14, 3.15 mpeAcTaBIeHi eKCTIEPHMEHTATbHI Opby i, Opicerns Oom exers

ITH : HB ITH HB ITH
00.2 ekcn. T& PO3PAXYHKOB1 Op po3pax.» 0B po3pax.’ 0.2 po3pax.» 09.2 po3pax. SHA4YCHHA MCK

MIIIHOCTI Ta IUIMHHOCTI JIMCTIB JOCHTII)KYBaHOTO CIUIaBy MarHio. Po3paxyHKOBI
BEJIMYMHU OyJIM OTPUMAaHI MICIs TOTO, K OyJIM PO3paxoBaHl BIAMOBIIHI BEIUYUHH IS
MOHOKPHCTAITy AOCTIA)KYBAHOTO CIIJIaBY, KOPUCTYIOUUCH CIIBBIIHOIICHHIMH TUITY (3.2)
JUTSL eKCIIEPUMEHTAIBHUX 3HAY€Hb MEX MIIIHOCTI Ta TuinHHOCTI y HB Ta ITH (tadn. 3.11,
3.12).

Tabmuus 3.11.

ExcriepuMeHTanbpH1 Ta pO3paxyHKOBI BETUYMHHU MEX1 MIITHOCTI criaBy Mg-5 % Li

Yucio Aomiy
HHKHiB, O-g]zKCH.ﬂ O-é{EOBan.’ A]-?]-gHB , % O-é_H—éKCH_, O-é-lgogpax_a O-glgxcn,,
I'Tla I'Tla 9B exp I'Tla I'Tla A
n
=
oo 176 178 1.1 165 178 79
eKCTpy3ii
. 0 130 179 0.6 184 195 6.0
e 05 179 179 0 183 168 82
SHAKO™ 170 178 179 0.6 182 171 6.0
3MIHHOI'O
3.0 179 179 0 130 176 By
BUTHHY
5.0 178 178 0 179 178 0.6
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Taomurs 3.12

ExcniepuMeHTanbH1 Ta pO3paxyHKOBI BETUYMHU MEXI1 INTMHHOCTI criaBy Mg-5 % Li

;II/II/I:;Z 0-515 eKcIl. 0-(1)-1123 po3pax. %mep’ O-(ngeKcn, Ggé{pmpax. %9
N [la ,I'Tla % , ITla , I'Tla %
ITicns
eKCTpY3i - 117 119 1.7 114 121 6.1
i
ITicns 0 120 120 0 123 119 -3.3
3HaKO- 0.5 119 119 0 122 120 -1.6
3MIHHOT 1.0 118 119 0.8 121 120 -0.8
0 3.0 119 119 0 120 120 0
BUTHHY 5.0 118 119 0.8 117 120 2.6

Ax BuaHo 3 Tab6m. 3.11, 3.12, po3paxyHKOBI BEIMYHMHHM BIIXHIIAIOTHCS BIiJ
eKCTIEpUMEHTAIbHUX He OibIne Hik Ha 8,1 % ta 6,1 % 11 MeX MIIIHOCTI Ta IJIMHHOCTI,

BIJIIIOBITHO

BucHoBku 10 po3ainy 3

1. BcTaHoBI€HO BILTUB BUIY OOpOOKHU (EKCTPY3isl 3 MOJATBIITNM BaJIbIIOBAHHIM Y
MOEIHAHHI 3 BIANAJIOM Ta 3MIHOKO HANpPSMKY BaJIBLIIOBAHHA MICIS KOXHOTO MPOXOIY
(BUX1THUN JTUCT) Ta TOMAJIBIINKN 3HaK03MiIHHUHN BUTHMH Ha 0,5; 1; 3 Ta 5 HUKJIIIB), a TAKOXK
TEKCTYpH Ha MOJYJb TMPYKHOCTI, IMapaMeTpu MOIIKOKYBAaHOCTI [, MexaHiuHi
BJIACTUBOCTI MPHU OJHOBICHUX BUMNPOOYBAHHSIX Ha PO3TAr (MEXYy MILHOCTI Og, YMOBHY
MeXy IIMHHOCTI 0y , Ta BiJHOCHE noposxeHHs A /£ ) crnaBy marHiro ZE10 3 uHKOM,
1upkoHiem 1 P3M.

2. TlokazaHo, O Ma€ MICIEe aHI30TPOMiss MOAYJS TMPYKHOCTI, MapaMeTpiB
MOIIKOJ/I)KYBAHOCTI, MEX1 MIIHOCTI, YMOBHOI MeEXl1 IUIMHHOCTI Ta BIJHOCHOTO
MOJIOBKEHHS, SIK Y BUX1HOMY JHCTI criaBy ZE10, Tak 1 micist 3HaKO3MIHHOTO BUTHHY.
AHI30TpoOMisE AOCHIKEHUX XapaKTEPUCTUK 3MEHIIYEThCS 31 301IbIICHHSIM KUIBKOCTI

mukKiIiB 3B.
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3. I[IpoBezieHO OLIHKY MOJYJIS MPY>KHOCTI B TPhOX B3a€EMHO MEPHEHAUKYISIPHUX
HamnpsMKax JHCTIB ciyiaBy MarHiro ZEIQ gk y BuxigHOMYy CTaHi, Tak 1 MICIA ix
3HAaKO3MIHHOTO BUTHHY 3a MapaMmeTpu TeKcTypu KepHca, BU3HAYECHHUMH 3 OOCpHEHUX
MOJIIOCHUX (Iryp, Ta MPY>KHUMHU CTATUMHU MOHOKPHUCTAITY, i TOKA3aHO, 1110 MAKCUMAJIbHE
BIIXHWJICHHS pO3paxXyHKOBUX Ta €KCIIEPUMEHTAJIbHUX BEJIHUMH HE mepeBulye 5,2 %.

4. TlokazaHo, 1m0 MDK BEIWYMHAMH MOJYJS MOPYXKHOCTI, MEXaHIYHUMU
XapaKTEepPUCTUKAMU Ta XapaKTEepPUCTUKAMHU MOIIKOKYBaHOCTI ciuiaBy MarHio ZE10 3
oJIHOTO OOKY, Ta BIAMOBIIHUMU MapameTpaMu Tekctypu KepHca, 3 iHIIOro 00Ky, MaeTh
MICIIE€ CUJIbHI KOpPEJSIiAHI 3B'I3KM 3a KBaJ[paTUYHUMH PIBHSHHSAMH perpecii 3
koedimieHTamMu HaaiiHOCTI arpokcuMartii 0,76 — 0,99.

5. BuzHaueHo 3 0OEpHEHUX MOJIOCHUX (Iryp HalpsMKy HOpMajl 0 IUIOIIMHH
JMCTIB U HAIlpSIMKY BaJIbLIIOBaHHS NapaMeTpu TekcTypu KepHca aiis crutaBy Marsiro 3
mitiem Mg-5 % Li (mac.) micns pizHUX BUI1B 00poOku: 1) exctpysii npu 350°C yepes
NPSIMOKYTHY MAaTpHII0, 2) BajJbIIOBaHHS 31 3MIHOIO HOro HampsMky Ha 90° Ta
npomikHoro Bignany npu 350°C micisg KOXHOTO MPOXOAy, 3) MiCis MOAAJIBIIOTO
3HaKo3MiHHOTrO BUTHHY Ha 0,5; 1; 3 1 5 nukmis.

6. [Tokazano, 10 3HAYEHHS MOJIYJS TPYXKHOCTI JIUCTIB CIUIaBY  MICII
BUIII€3a3HAYEHUX BHJIIB OOpPOOKH, pO3paxoBaHi 3a JOMOMOTOI MapaMeTpiB TEKCTYpHU
KepHca Ta KOHCTAaHT TMpPYXKHOCTI MOHOKpUcCTalmy cruiaBy Mg-5 % Li (mac.),
BIJIPI3HSIIOTHCA BiJI €KCIIEPUMEHTAIBHUX He Oubiie HiX Ha 10 %.

7. BupilieHo oOepHEeHy 3a7auy BU3HAYEHHS KOHCTAHT MPY>KHOCTI MOHOKPHUCTAILY
crutasy Mg 5 % Li (mac.) 3a mapamerpamu Tekctypu KepHcea Ta ekciepuMeHTaTbHUMHU
3HAUYCHHAMH MOMAYJS TPYKHOCTI TOJIKPUCTAIIYHUX JHUCTIB CIUIABY Y HaNpsSIMKY
BaJIbIIOBAaHHS Ta MONEPEYHOMY HANpPSMKY MICJIs BUIIE3a3HAYCHHUX BUIIB OOpOOKH Ta
BCTaHOBJICHO, 1110 YCEPEIHEH1 3HAYE€HHS MOIYJIB MPYKHOCTI MOHOKpHCTAITy CriaBy Mg-
5 % Li (mac.) matoTh Taku 3HaueHHd E,. = 56,5 I'Tla; E, = 41,5 I'Tla 1 Bigpi3HAIOTHCS B[
npuBeaeHux y [8] He 6inbme Hik 4,8 % 17,5 %, BiAMOBITHO.

8. Bu3HaueHO Mexi MIIHOCTI Ta TUIMHHOCTI MOHOKpHCTady ciuiaBy Mg-5 % Li

(Mac.) B31OBK HOro ocel ¢ (02 pospax.) T& @ (092 pospax.) 38 MAPAMETPAMH TEKCTYpPH

KepHca Ta excriepuMeHTaIbHUMH 3HAYEHHSIMHU BIJIMOBITHUX MEXaHIYHUX BJIACTUBOCTEH
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y HampsIMKy BaJIbI[IOBaHHS Ta TOMEPEYHOMY HAMPSMKY TICIs BHUINE3a3HAYCHUX BH/IIB
00OpOOKHU MOJIKPUCTAIIYHHUX JIUCTIB CIUIABY.

9. IlokazaHo, 1O pe3yJbTaTH PO3PAXYHKIB MEX MIIIHOCTI Ta TUTMHHOCTI JIMCTIB
crutaBy Mg-5 % Li (mac.) y HanpsMKy BajbI[IOBaHHS Ta MOMEPEYHOMY HAIPSIMKY IiCIIs
pI3HUX BHINE3a3HAUYCHUX BHUJIB OOpOOKM 3 BUKOPHCTAHHSAM 3HAWJIEHUX 3HAUEHb MEX
MIIIHOCTI Ta IUIMHHOCTI MOHOKPHCTANy CIUIaBy BIAPI3HSIOTHCS BiJl OTPUMAHUX HAMHU
EKCTIIEPUMEHTAILHUX BEJIWYUH He Ounbie Hik Ha 8,1 % Ta 6,1 % nms Mex MIIHOCTI Ta

IJIMHHOCTI, BIATIOBITHO
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PO3/IL 4.

BILJIMB BUY AE®OPMALIII HA TEKCTYPY, MEXAHIYHI BJACTUBOCTI TA
[NTOIIKO/PKYBAHICTD CIIVTABIB TUTAHY

4.1. Orysin monepeiHixX JOCTIKEHb

[[lupoke 3acTocyBaHHS TUTaHy 1 MOro CIUIaBIB B aBialii 1 pakeTHIM TEXHIIl
OOyMOBJIEHO HOTr0 BIJHOCHO HH3BKOI TYCTHHOIO MPU BHUCOKIM MUTOMIM MIITHOCTI.
['excaroHanpHa KpHCTalliYHA CTPYKTypa 3€pPEeH MONIKPUCTAIIYHOTO TUTaHY CIPHUSE
PO3BUTKY aHI30TpoIii HamiBpaOpuKaTiB BHACIIIOK (HOpMYyBaHHS KpuCTaIorpadiyHoi
TEKCTYpH B IIpoiieci 00poOKH (BaIbI[IOBAaHHS, 3HAKO3MIHHUN BUTMH, TBUHTOBA €KCTPY3is,
TOIIIO).

BuBYeHHIO BIUIMBY 3HAKO3MIHHOTO BHUTHHY IIPpH TPAaBIi THUTAHOBHUX JIUCTIB
INPUCBAYEHO OOMexkeHa KUIbKICTh poOiT. Tak B [79] B mponeci 3HaKO3MIHHOTO BUTUHY
JMCTIB 3 TUTaHy BHABIEHO IepiofuyHa 3MiHa TekcTypu Bia {1124}1120) 1o
opieatyBanHs {1014}(1120) i Ha3ax, KigbkocTi i TUmB ABifHUKIB Aedopmariii B
MIKPOCTPYKTYp1, hOpMyBaHHI 0a3MCHUX KOMITIOHEHTIB TeKCTypH. [TokazaHo, 1110 OCHOBHI
3MIHM MEXaHIYHUX BIACTHUBOCTEH 1 CTPYKTYPH BiIOYBAIOTHCA B MPOIIEC] MEPUTUX TPHOX -
n'stu uukmB 3B. BcTraHoBiieHO iHINHI KOpemsIidHI 3B'S3KM MK YyCEepeIHECHUMU
BEJIMYMHAMH TOJIFOCHOT WIUIBHOCTI Pjq3, $SK HaWOUIbII IHTEHCUBHOTO KOMITOHEHTA
TEKCTYpu Ha oOepHeHux mnomocHuXx ¢irypax (OIID) nanpsmky nopmani (HH) mo
TUIOLMHYU BaJIbIIFOBAHHS JOCIHIKEHUX JHUCTIB TUTAHY, 3 OAHOTO OOKY, 1 yCepeaHECHUMHU
3a HaNpsAMKaMH 3Ha4E€HHAMH O, 1 Op, 3 1HIIOro OOKYy, 3 Koe(ilieHTaMu HaIlHHOCTI
anpokcumanii 0,83 1 0,88, BignosigHo. Y [80] BuBYeHO BIiuB 3B 1 kpucTanorpadiunoi
TEKCTYPH Ha aHI30TPOIII0 MapaMeTpa MOIIKOKYBAHOCTI ® MPOMUCIOBUX TUTAHOBUX
JIMCTIB MICJISl 3HAKO3MIHHOTO BUTHMHY NIPU HACTYMHUX BUIIPOOYBAHHAX HA OJTHOOCHOBUI
po3Tsr. OLiHIOBAIUCh MOIIKOKEHHS, BUKIMKAHI Hallpyrol MEXI IMIIMHHOCTI ¥ Mexi
minHOCTI. [lokazaHo, 1m0 MapaMeTp MONIKOKYBAHOCTI 30UTBIITYETHCS 31 3POCTAHHIM
KUTHKOCTI IIUKJIIB 3HAKO3MIHHOTO BUTUHY. BUSBIEHO KOpEJSIi aHI30TPOIIIi MapaMeTpa

MOIIIKO/PKYBAHOCT] Ta MEXaHIYHUX XapaKTEPUCTUK 13 CyMapHOIO BETUYMHOO MOJFOCHOT
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IIIJTBHOCTI, IO TIEPEBHINYE OJAMHUINI0 Ha OOEpPHEHUX MOJIIOCHUX (Irypax HampsMKy
Hopmaii (OI1® HH) no niomuHu AUCTIB.

[IpoTe Oinbll O0'€KTHMBHO OMHUCYIOTh TEKCTYpy MaTepiaiiB 3 TeKcaroHaJlbHOT
CTPYKTyporo mapameTpu Tekctypu Kepnca [81]. Kpim Toro, Taku nmapaMeTpu TEKCTYpH
JIO3BOJISIIOTH  OI[IHUTH BEJIWYMHY (PI3MKO-MEXaHIYHUX BJIACTUBOCTEH (HANPHKIIAI,
NPYKHHUX) TOJIKPUCTAIIYHOTO MaTepiaty 3 TeKCaroHAIbHOIO CTPYKTYPOIO 32 BITOMUMHU

XapaKTCPUCTUKAMU BiI[l'IOBi,ZIHOFO MOHOKpPHCTAJIY, AK LC 6y.]IO II0OKAa3aHO BHUIIIC.

4.2. OuiHka BIUTMBY BUAY AedopMallii il TEKCTYpHU Ha TIPY>KHI, MEXaHI4HI
BJIACTUBOCTI Ta MOUIKO/KYBaHICTh JIUCTIB ciuiaBy TuTany mapku 1 (Titanium Grade 1)

3a mapameTrpamu TekcTypu KepHca

Hwuxye npeacTaBieHi pe3yibTaTH BHU3HAYEHHS mapaMmeTpiB Tekctypu KepHca i
OLIIHKA HA IX OCHOBI MOJTyJIsSI IPY’KHOCTI1, MEXaHIYHHX BJIACTUBOCTEHN MPU BUIPOOYBaAHHX
Ha 0JIHOOCHOBUH PO3TAT (MeXka MIITHOCTI, yMOBHA M€Ka INIMHHOCTI), @ TAKOK apaMeTpu
MOIIKOJI)KYBAHOCT1 JIUCTIB KomepuiitHoro tutany mapku 1 (CT-Grade 1), gk B crani
MOCTaBKH MICJIs BajbIltoBaHHs Ta Bianany npu 840° C (BUXITHUM JHUCT), TaK 1 JUCTIB
nicist 3Hako3MIHHOTO BUruny (3B) y kinmbkocti 0,5; 1, 3 15 uukimis [82]

ExcnepumenTtanbui OII® nocnipkyBaHOrO TUTaHy NpejacTaBieHi Ha puc. 4.1. Y
BuxigHoMy nucti (puc. 4.1 a, 0), chopmyBanacss TEKCTypa, 10 MPEACTABISIE COOOIO
KOMOIHAI[I}0 TEKCTYPHU peKpUcTalizallii moasiitHoro BiaxuieHnoro y I[1H 6asucHoro tumy
{1124}(1120) 3 posciroBannsam g0 {1014}(1010), sixa paninte 6yia onucaHa, 30KpeMa,
y [79, 80], 1 nBiitHukiB Bianamy. BumgHo, 1m0 BC1 JOCHIIKEHI JIUCTH TUTaHY MAalOTh
TEKCTypy noaiiiHoro 6asucHoro BigxujeHoro B ITH tumy. OpgHak KyT BIOXWUJIEHHS 1
MOJIFOCHA IUIBHICTh 3MIHIOIOTHCS B 3QJIGKHOCTI BiJ KuTbKocTi nukimiB 3B (puc. 4.1).
CrnocrepiratoTbCsi 3MIHM B XapakTepi po3citoBaHHs Tekctypu (puc. 4.1, B - H).

3MIHIOIOTHCS TAKOXK 1 3HAYEHHS ITOJTFOCHO]T miiyibHOCTI Ha OI1D.
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Puc. 4.1. ExcriepuMeHTanbH1 006epHeH1 notocH1 pirypu tutany (Ti1 Grade 1): (a, 6) —

BUX1JTHUY JIUCT; TUCTH TICIS 3HaKO3MIHHOTO BUruHy Ha 0,5 (B - 1); 1 - (e-3); 3 - (1 - n);

5 - (M - 0) nukIB; (B, €, 1, M) - PO3TATHYTAa CTOPOHA JUCTIB; (T, XK, K, H) - CTUCHYTa

CTOpPOHA JIMCTIB
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JInst  KUIBKICHOT OIIIHKA TEKCTYpU JIOCHII)KYBAaHOTO TUTAaHYy CKOPUCTYEMOCH
napameTpamu Tekctypu KepHca. AHami3z po3nojuty MOJOCHOI miuibHocTi Ha OIID
MPOTUJICKHUX CTOPIH JIMCTIB TMICHsl pi3HOrO YwWcia IukiIiB 3B moka3aB meBHI
HeB1ANOBITHOCTI (puc. 4.1, B, T; €, X; 1, K; M, H) fK IIe¢ MU crioctepiranu Ha OIId HH
icJIsi 3HAKO3MIHHOTO BUTHMHY 3pa3KiB CIUIaBiB MarHito (auB. po3aimum 3.113.3.).

3a3HadyeH1 HEBIAMOBITHOCTI B pO3MOALT moatocHOi mibHOCTI Ha HH OII® micas
pi3HOro ymcia nukiiB 3B BiIOMBaIOTHCS HA BEIWYMHI mapaMmeTpiB Tekctypu Kephca,
po3paxoBanux 3 HH OIl® npoTtunexuux cropin nucTiB micis 3B. Sk 3a3nauanocs Buile,
MPUYKMHA TAaKO1 HEBIAMOBIAHOCTI 00YMOBJIEHA TUM, IO IIPY BUTHHI B OJIHY CTOPOHY IIapU
MeTajy Ha OMYKJIIM CTOPOHI JIUCTA MiAa0ThCs AedopMallii po3TATroM.

VY ToM e Jac BIAMOBIIHI IIAPU METAITy Ha YBITHYTI CTOPOHI JIUCTA 1e(DOPMYIOTHCS
HUIIXOM CTUCHEHHs. [Ipu 3MiH1 3HaKy BUTHHY JedopMalliiiHi MpoIecH 3MIHIOIOThCS Ha
MPOTHUIICHKHI.

JIns mojanbIIoro aHajidy BIUIMBY 3HAKO3MIHHOTO BUTMHY Ha BIJIACTHUBOCTI

JOCITIJIKYBAHOTO CIuiaBy B HanpsiMky HH My BUKOpHCTOBYBasiM 3HaY€HHS MapaMeTpiB
Tekctypu KepHca fyy, ycepenHeHi nmo oobuaa OOKH JIMCTIB fH(I(_:Ip)) MICTIsT B1JIMOBITHOTO
yuciia muKims 3B.

[Tapametpu tekctypu Kephca, pozpaxosani 3 HH OII® (fyy) 1 HB OII® (fyp) 3

naHux puc. 4.1, a Takox po3paxoBaHi 3a CHiBBIHOIICHHM (3.2), HaBeneHi B Ta0. 4.1.

Tabmuus 4.1.
[Tapametpu Texctypu KepHca nucTiB TuTany mapku 1
Yucro [TapameTpu Texctypu Kepuca
LIMKJIOB, N () -(2) -(P) fup fon
0 0,593 0,593 0,593 0,236 0,171
0,5 0,549 0,573 0,561 0,240 0,474
1,0 0,573 0,541 0,557 0,249 0,194
3,0 0,512 0,523 0,518 0,248 0,234
5,0 0,528 0,522 0,525 0,248 0,227

3HaueHHs MOMYJS MPY>KHOCTI JIMCTIB JOCIII)KYBAaHOTO THUTAaHy, BHUMIpPSAHI 1
po3paxosani B HH, HII 1 ITH no cniBBigHOmIEHHIM TuIty (2.3), npeAcTasieHi B Ta0. 4.2.

Taomuis 4.2.
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Po3paxyHKOBI 1 eKClIEpUMEHTAJIbHI 3HAUYCHHS MOYJIS IPY>KHOCTI JIUCTIB

JIOCITIJIPKYBAHOTO TUTaHY MapKu 1

e b, B | B | R | BB/ Bans | R | BRE™ | A /E e,
3B ['Tla ['TIa I'Tla ['Tla % I'Tla I'Tla %
0 117,4 - 106,3 | 107,6 1,1 104,3 | 104,8 -0,5
0.5 116,0 - 106,4 | 107,4 0,9 105,1 | 104.,0 -1,1
1.0 116,0 - 106,7 | 106,4 -0,3 105,0 | 103.6 -1,7
3.0 115,1 - 106,7 | 106,0 -0,7 106,3 | 102,5 -3,7
5.0 115,3 - 106,7 | 105,4 -1,2 106,1 | 103,0 -3,0

[Ipu po3paxyHkax BUKOPHUCTOBYBAIHM 3HAUYECHHS MPY>KHOTO MOJIYJIsI MOHOKPUCTATY
TUTaHY, OJIM3BKOTO 3a XIMIYHUM CKJIQJIOM JI0 IOCTIIKYBaHOMY HaMU, B34Ti 3 poO0TH [83]
y3110BXk rekcaronainbHoi oci ¢ (E, = 130 I'TIa) 1 y3goBx oci a (E,= 99 I'Tla).

3 T1abn. 4.2 BUOHO, M0 MaKCHUMaJlbHE BIAXWJIEHHS pPO3PaXyHKOBHX 1
EKCIIEpPUMEHTAJIbHUX 3HAYeHb MOYJISI IPYXKHOCTI HE nepeBuurye 5%. Bumipsatu Moaynb
npykHocti B HH He Bmamocst BHacmigok manoi ToBmuHUA JucTiB (1 MMm). Anami3
€KCIIEpUMEHTAJIbHUX 3HAY€Hb MOAYJISL PYKHOCTI JIMCTIB TOKAa3ye, 110 31 301IbIICHHIM
yucna nukiaiB 3B BenwmumHa MOAYJNST TPYXKHOCTI 3MeHInyeThbes. lle oO0ymoBiieHo
HAKOMMYEHHSIM MIKPOCKOIIYHUX TMOIIKOKEHb 3 POCTOM CTyIeHs nedopmariii (ducia
nukiIiB 3B), 10 TpU3BOAUTH O 3MEHIIIEHHS €()eKTUBHOI TUIOILI OMEPEUHOro epepizy
3pa3KiB 1 3pocTaHHsA Koedilli€eHTa IMOIIKOKYBAHOCTI BIATOBIIHO JIO CIIBBITHOIICHD
(3.13) - (3.15).

PesynbraTt OIIHKA TapaMeTpiB  MOIIKO/KYBAHOCTI Ha OCHOBI TINOTE3U
eKBiBaJICHTHOI nedopmariii [72] 3a cmiBBigHOmeHHAM (3.14), 1 Ha OCHOBI Mojell
EKBIBJICHTHOI MpYy>kHO1 eHeprii [73, 74] 3a cmiBBinHomeHHsIM (3.15) nmpeacTaBieHi B
tabn. 4.3. Sk BunHo (Tabdmn. 4.3), BenmuuuHa w, 1 w, y [1H B mporeci 3B 6inbire, Hixk ix
sHaueHHs1 B HB nucti. Kpim Toro, 3 poctom uncina mukiiB 3B 10 5 BeauunHu w, 1 w,
3pa3KiB gocaiKyBaHoro Tutany B HII 3011bI1yt0ThCS, B TOW Yac sSIK 3HAUEHHS W, 1 W, ¥
[TH nuctiB 30UTBIIYIOTRCS 3 pocTOoM umcia mukiaiB 3B mo 3, a micnsa 5 mukmni 3B
3MCHIITYIOThCS.

Taomuis 4.3.
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3ayiexxHICTh KoedillieHTa MOIIKOKYBAHOCTI 0 BiJl uyKcia ukiIiB 3B tutany mapku 1

w,=1- w, =1-— w,=1- w, =1—
KinbkicTb E/E,, (E/E)Y?, % E/E,, (E/E)Y?, %
nukiiB 3B % HB % ITH
HB ITH

0 0 0 0 0

0,5 0,19 0,09 0,76 0,38

1,0 1,12 0,56 1,15 0,57

3,0 1,49 0,75 2,19 1,10

5,0 2,04 1,03 1,72 0,86

OwuinyMoO MeXi MILHOCTI Og 1 INIMHHOCTI Og, JIMCTIB JOCHTIJP)KyBaHOIO TUTaHY 3a
JaHUMHU JUIsI MOHOKpUCTaja. 3 11€10 METOK OLIIHUMO CIOYaTKy BETMYUHU MEX MILHOCTI
i IIIMHHOCTI MOHOKPHCTATy TOCIIKYyBaHOTO THTaHY B3JI0BX OCi ¢ (BiANOBIZHO O 1 0¢ ,)
i y3m0Bx oci a (og M 0g5,). Y nitepaTypi Taki qaHi BigcyTtHi. OfHaK X MOXHA 3HAHTH,
BUKOPHCTOBYIOUM J]aHi 10 TBEPAOCTI 3 pe3yibTaTiB HaHOIHAEHTYBaHHs. L1 pe3ynabTatu
3HAYHO BIJPI3HAIOTHCSA B 3QJIEKHOCTI B1J YACTOTH TUTaHy. Tak, AJi1 TUTaHy BUCOKOI
yuctotu (Woaumuuii Tutad, HP Ti, CP Ti (grade 1)) miHiManabHEe 3HaUYE€HHS TBEPIOCTI
OyJI0 BUSIBJICHO IIPY HAHOIHICHTYBaHHS IJIOMIMHI 0a3ucy [84, 85]. ¥V Toii e yac B TUTaHi
MEHIIOI YMCTOTH, AK, Hampukial, B komepuiiHomy tutani CP Ti (grade 2) 6a3ucHa
miomuHa HaiTBepaima [86-88]. B poboti [85] mpencraBieHo eKCIEepUMEHTAJbHI
pe3yJbTaTh BUMIPIOBAHHS TBEpAOCTI 3a Bikkepcom (Hy) y370BXK rekcaroHajabHOI OCi
(Hy = 1770 MIla) i noniepek Hei (Hy = 1220 MIla) B MOHOKpHCTaIaX YMCTOTO TUTAHY,
OJIM3BKOTO 3a XIMIYHUM CKJIQJIOM A0 JOCTIKYBAaHOTO HaMH B JaHii poOoTi. OIIHKY
BEJIMYMH BIJNOBIIHUX MEX MIIIHOCTI Og 1 INIMHHOCTI 0p, NPOBEIEMO 33 EMIIIPUYHUMHU

CIIBBITHOIIIEHHSAMM [86], sIKi MalOTh BUTJISI:

12,5-n]"
1-n ]’

JB=Z—‘;-(1—n)-[ 4.1)
0oz = =2 (0,1, (4.2)

JIe N - mapaMeTp 3MiITHeHHs, piBHUH Aig TuTany 0,11 3a nanumu podotu [86].
BuxopucroBytoun cmiBBigHomeHHs (4.1) 1 (4.2), a TakoXk 3HAYEHHS

Hy; = 1770 MIlai Hy = 1220 MIla, orpumyemo
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0= 374 MIla, o ,= 315 MI1a, (4.3)

o =356 MIla. o ,= 329 MIIa. (4.4)
JImst  OmiHKA  MEX  MIIHOCTI  JOCHIHPKYBAaHOTO  THTaHY  CKOPHUCTAEMOCS

CIIBBITHOIIICHHSMH, aHAJIOTTYHUMH (2.3):

og" = fun - 0§ + (1 = fun) - oF, (4.5)
og" = fuu - 0§ + (1 — fuu) - o, (4.0)
og" = fug - 0§ + (1= fup) - oF - (4,7)
AHJIOTTYHO JI11 MEXI1 TUTMHHOCTI OTPUMYEMO

0oz = fun 062 + (1 = fun) 052, (4.8)
U(%{ = fun - 90,2 + (1 — fun) - 902, (4.9)
o2 = fup * 05,2 + (1 = fun) - 052 (4.10)

Pe3ynbpTaTi po3paxyHKiB 1 BAMIPIOBaHb MEXX MIITHOCTI IpeJICTaBlIeH] B Ta0. 4.3.
Tabmuus 4.4.

Mexi MIITHOCTIOR, BUMIPSAHI Ta PO3Pax0BaHi 3 BAKOPUCTAHHIM MapaMeTpiB TEKCTYPHU
KepHca (Tabm. 4.1) i 3Ha4YeHb 0F 1 0 MOHOKPHCTAJIa TUTAHY

3a cmiBBiHOIICHHIMHU (4.3), (4.4)

Ao
;II/II/IIS;Z O-lglgacq' OB excer O-Bf’lgacq' OB exccr aiin,’ O'];E[Eacq, OB oxcens | O exen
3B MIla | Mlla | MIla | Mlla % MIIa MIla )
%
0 380,3 - 386,0 | 365,0 5,8 387,0 365,0 6,0
0,5 380,8 - 385,9 | 372,0 3,7 386,6 380,0 1,7
1,0 380,9 - 385,8 | 365,0 5,7 386,7 382,0 1,2
3,0 381,5 - 385,8 | 375,0 2,9 386,0 391,0 -1,3
5,0 3814 - 385,8 | 370,0 4,3 386,2 385,0 0,3

Pe3ynbTaTi po3paxyHKiB 1 BAMIPIOBAHb MEK IJIMHHOCTI NMpeCcTaBieHi B Tab. 4.5.

Taomuig 4.5.
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Me:x1 INIMHHOCTI 0y , , BUMIPSHI Ta PO3pax0BaHi 3 BUKOPUCTAHHAM IIapaMeTpiB
TexcTypu KepHca (ta6m. 4.1) i 3HaueHb 05 5 1 05, MOHOKPHCTAJIa TUTAHY

3a cmiBBigHOMICHHSIMHU (4.3), (4.4)

q Ao Ao
HI:If(J;(I) O-(gglposp' O-(%_fglexcn' O-(I)-,HZ3 posp’ O-(ngB eKcr’ O excn. O-(glz-lpoz;p' O-(gglexcn' O excn
MIla MIla MIla MIla ’ Mlla MIla ’

B 3B % %
0 320,0 - 325,7 300,0 8,6 326,5 305,0 7,1
0,5 321,3 - 325,6 2970 9,6 326,2 300,0 8,7
1,0 321,3 - 325,5 300,0 8,5 326,2 310,0 5,2
3,0 321,9 - 325,5 310,0 5,0 325,7 336,0 -3,1
5,0 321,8 - 325,5 320,0 1,7 325,8 340,0 -4,2

SIk BugHO 3 TadOn. 4.4, 4.5, MakcuMaiabHE BIAXWJICHHS BEJIMYMH ME)K MIIHOCTI 1
inHHOCT1, BuMipsgaux B HIT 1 ITH 1 po3paxoBaHux 3a 10MOMOT0r0 NapaMeTpiB TEKCTYPHU
KepHca nucTiB A0CTIKYBaHOTO TUTaHy, He IepeBUILYIOTh 10%. Bumipsatu Bumesragai
XapakTepucTuku MinHocTi B HH aucTiB nocmikyBaHOrO TUTaHy HE MPEACTaBISETHCS

MOXJIMBUM BHACIIJOK iX Majoi ToBIMHU (1 MMm).

4.3. BnuB rBUHTOBOT €KCTPY3ii Ta BIANATY HA TEKCTYPY 1 BIACTUBOCTI

tutany Mapku BT1-0 3a mapamerpamu tekctypu Kepaca

BaxyBuM pe3epBOM TMIJBUINECHHS BIAMOBIAHUX BJIACTUBOCTEM MeETaJeBUX
MartepiaiiB 1, 30KpeMa, TUTaHy Ta HOro CIUIaBiB € CTBOpEeHHS Jedopmariiinol
CyOMIKPOKPUCTANIIYHOI CTPYKTYPH Y BUpoOax 3 HUX. Taka CTpyKTypa J03BOJIIE€ 3HAYHO
30UTBLIMTH BIACTUBOCTI MIITHOCTI, HE MOTIPIIYIOYH IJIACTHYHICTh MeTaity. DopmyBaHHs
o0'eMHO1  cyOMikpokpucTtamigyHoi  gedopwmariiiinoi  crpyktypu (CMK)  meramy
BIIOYBa€ThCS i [1€I0 1HTEHCHUBHOI TuiacTuuHoi aedgopmamii (IIT). Ha npaxTtuin
BUKOPUCTOBYIOTh pi3H1 TexHosorii IIIJ] [18]. OgqnuM i3 Takux METOIIB € T'BUHTOBA
exctpy3ist (I'E). ®opmyBanHs TekcTypu TuTany y npoieci I'E nocmimxysanu y podorax
[90, 91]. ¥V uux 1 psaal iHIIKUX PoOIT MOKa3aHo, 1o GopMyBaHHs TeKcTypu B mipoueci ['E

MOke OyTH OOyMOBJICHE HE TUIbKH J1€0 0a3UCHOTO, MPU3MATUYHOTO, MipaMigaIbHOTO
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KOB3aHHS 1 JBIMHMKYBaHHS, aj€ 1 BHUXPOBHUM pyxoM ¢parMeHTiB 3epeH, IIo
oApiOHIOIOTHCSA, TTOAIOHOTO 10 TYpOYJICHTHOI Teuli piIUHH.

Oco6nuBicThb Teuii metany B npouect [[1/] Bu3Hauae 1 psig 0co6IMBOCTEN yTBOPEHHS
TEKCTYpH TMOPIBHAHO 3 J00pe BUBYEHUMH MeETOJaMu OOpoOku TuckoMm. I[lpu mpomy
HasiBHI Ha CHOTOJHIIIHIA JIeHb pE3yJNbTaTH JOCIAKEHb y I raiy3i 4acTo €
cynepeuauBuMU. Lle yCkaaHIO€E KOHCTPYKTOPaM 1 TEXHOJIOraM BUPILITYBaTH MPUKIIAIHE
3aBJAaHHS OIlIHKKM HAJIMHOCTI MIIHOCTI BUpoOiB 3 MatepianiB 'y CMK crani Ta
POEKTYBaHHS 3arOTOBOK JJIsl HUX.

Tak, Ha AyMKy aBTOpiB [92] ocobOimBOCTI (POpMyBaHHS TEKCTYpH Y TMIpoleci
IHTEHCUBHOI 11acTuyHoi aedopmariii y merainis i3 I'TIY rpatamu BUBYEHI HEAOCTATHBO.
Humu Oynio BHBYEHO BIUIMB IIBHUIKOCTI Ta TeMieparypu aedopmaliii Ha TEKCTypy
TEXHIYHO YHCTOTO TUTaHy Ta TMOKa3aHo, 1[0 Mpu oOpaHiil cxemi aedopmaiiii 6a3zoBa
momuHa (0001) yTBOproe kyT 45° 10 oci cTucHeHHs. Y po6oTi [93] aBTOpHU Mokazaniu,
110 cpopMOBaHa BaNBIIOBAHHSIM TEKCTypa TEXHIYHO YUCTOTO TUTAHY 3HAYHO BIUIMBAE HA
0COOJIMBOCTI HOro IUTACTMYHOTO JedOpMyBaHHS Ta, BIJIMOBITHO, aHI30TPOIIIO
nedopmarrii.

Brnus 111 Ha kpuctanorpadiuyHy TEKCTYpPy YMCTOTO THUTaHY OYJIO TOCHIJKEHO Y
po6oti [94]. BcranoBieHo, 1m0 y mpolieci 1HTEHCHMBHOI jAedopmallii Ta HaCTYIHOTO
BaJIbLIOBaHHS (DOPMY€EThCSI 3HaYHA aHI30TPOINIsI MEXaHIYHMX BiacTuBocTed. Ha nymky
aBTOPIB, KPIM BIUIMBY KpUCTaNIOrpadiqHOi TEKCTYpH, YTBOPEHOI Yy mpoiieci aedopmariiii,
3HAYHUA BHECOK Yy aHI30TPOMII0 BJIACTUBOCTEH pOOUTH TaKOX OpIEHTOBaHa
nedopmMmarriitna cyoctpykrypa. Y po6oti [95] BCTaHOBIICHO, IO MEXaHI3MHU TUIACTUYHOL
nedopmariii Ta KpuctajorpadgidyHa TEKCTypa TUTaHy 3aJeKaTh BiJl BEJIHMYMHU
nedopmariiii. Meto oOpoOKHM TakoXX 3HAYHO BIUIMBAE HA XapaKTep TEKCTYpH, 30Kpema
TEKCTypa TUTaHy MPHU PIBHOKAHAIBHIN KyTOBIM €KCTPY3ii Maja XapakTepHi 0COOIUBOCTI
JUISE KOXKHOTO MapuipyTy o00poOku [96]. Omnak 3B'SI30K MapameTpiB TEKCTYypU 3
NPY)KHAMH Ta MEXaHIYHIUMH XapaKTepucTuKkaMmu cruiaBy Tutany BT1-0 micist rBuHTOBOT
eKCTPY3ii JOCIHIIKEHO HETOCTaTHRO. TaKkoX HasBHI myOsikaiii 3 GopmMyBaHHS TEKCTYpPHU
tutany BT1-0 MeTo/10M TBUHTOBOI €KCTPY31i 3aCHOBAH1 Ha CIPOIIEHUX MeToAuKax [91],

110 HE JJ03BOJISIE TOCTOBIPHO OI[IHUTH MPOIIECH, SKI MPOTIKaOTh Yy Martepiani npu ITT/1.
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Hwxue npeacrapiieHl BCTAaHOBJICHI HAMU 3aKOHOMIPHOCT1 () OpMYBaHHS TEKCTYPH B

MpoIieCl TBUHTOBOI €KCTPY3ii Ta 1i BINIMBY Ha MPY)KHI Ta MEXaHIYHI XapaKTEPUCTUKH Y

3paskax tutany mMapku BT1-0 micns IT1/] 1 nogatkoBoi TepmiuHOi 06poOku [96].

Turan mapku BT1-0 3a XiMi9HHM CKJ1aJ10M IPUOIM3HO BiANOBIIa€ cIiaBy Titanium

Grade2 (Tabm. 4.5).

Tabmurs 4.6.
XiMIYHHUM CKJIaJl TEXHIYHO YUCTOTO TUTaHY, Mac.%
VT1-0 (GOST 19807-91)

C Si N Fe 0 H Ti

<0. 07 <0.1 <0. 04 <0.25 <0.2 <0.2 Rest
Titanium Grade2

C H O N Fe Ti

<0.08 <0.015 <0.25 <0.03 <0.30 Rest

Ha puc. 4.2 npexacraBieHi OoTpuMaHl HaMu OOEpHEH1 MOJIOCHI (Pirypu 3pas3kiB

HarpsaMKy oci ekcTpy3ii (OIID OF) Ta HanpsaMKy neprneHuKyIsIPHOTO 0 HAMIPSIMKY OC1

ekcTpy3ii, To0To nonepeuyHoro HanpaMmky (OII® ITH) micas 5 npoxoxais I'E Ta micns

Bianany npu temneparypax 200, 250, 300, 350 u 400°C (nuB. po3ain 2.1).

[Tomtocna ryctuna Ha OII® HE (puc. 4.2, a) 3pa3ka micis eKCTpy3ii npeicTaBicHa

nBoMa Makcumymamu. OfumH MakcumyM 2,67 crocTepiraethes y mnomoci (112 4).

O6nacTh posciloBaHHs oOMmexeHa nomocamu {(0002), (1014) i (112 4). Hpyruii

MakcumyM 2,42 posramosanuii 'y mnomoci (1010). Bim mae mmpmty o61acTh

posciroBanHs. 1{g o6macte oxommoe momocu (202 1), (303 2), (1011), (202 3),

(213 3), (213 1),1 (213 0). Takum unHOM, Ticas n'stu npoxoais I'E rexcaronanbHi oci

yacTUHU KpucTaiiB BiaxmwisaoThes Big HE Ha kytu 0 ~ 38,5°. ['ekcaronasnbHi oci 1HIIOT

YaCTUHHU KPUCTAJIIB BIAXUJIEHI Bl HaNpsIMKY OCl €KCTpy3ii Ha KyTu B obiacTti 50,75° —

90°.
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Puc. 4.2. OGepneni noimtocHi ¢irypu 3paskiB cmiaBy tutany BT1-0 micnst 5 npoxoai

TBUHTOBOI €KCTPY3ii (a, 0) 1 micis Bianany npu temmneparypax 200 (B, 1), 250 (1, ), 300

(r, 3), 350 (1, ) 1 400°C (11, M), BIJITIOBIAHO

[TomtocHa ryctuna Ha OII® IIH (puc. 4.2, 06) xapakTepu3yeTbCs TAKOXK JBOMa
MaKCUMyMaMH TIOJIOCHOI TYCTHHU 3 IIUPOKAMU OOJACTSIMU PO3CIIOBAHHS, SIKI
TMepeKPUBAIOTLCSA MiXk co0010. OuH MakcuMyM 2,36 posTamosanuii y nomoci (101 5).
Jpyruit MakcumyM 2,34 croctepiraetbes y momoci (213 0) 3 mmpokoro o61acTio
pO3CitOBaHHS. 3arajioM po3nojia mnoytocHoi uiapHocTi Ha OIID IIH micna n'stu
npoxoiB ['E Haragye BisijonoiOHMI pO3KUT OpIE€HTAIlIN KPUCTAIIIB, HA 1110 BKa3yBaJIOCs
B OLIBII paHHIM poOOTI 3 AOCHIKEHHS KpucTtaigorpadgiuyHoi Tekctypu y criasi BT1-0
nicas I'E [89]. Lle moxe cBiguutu mpo Te, mo y ¢hopmyBaHHs TeKkcTypu B miporeci I'E
nopsii 3  KpucrtamorpadiuHuMu  MexaHizMamu  (0a3UCHUM, TNPU3MATHYHUM 1
nipamiJalbHUM KOB3aHHSM Ta JABIMHUKYBAHHSIM) pOOWUTH NMEBHUN BHECOK BHXPOBHUI
XapakTep MepeMillieHHsT KPUCTANITIB y Tipolieci ix noapioHeHHs. [loniOuuii pyx Haramye
TypOyJICHTHUI pyX PIAMHM NpH ii TypOyseHTHoi Teuii [97, 98].

Bianan micns I'E 3pa3ka BT1-0 npu 200°C B 1iioMy cripusie 3SMEHILIEHHIO BEJIMYUHU
nosirocHoi miibHOCTI Ha OII® (puc. 4.2, B, r). Po3noain nomtocHoi ryctunu Ha OIID HE

XapaKTepU3y€eThCsl TpboMa Makcumymamu. Oaus, 2,14, sk Ou nepeMiCTHBCS 3 MOJIH0Ca
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(112 4), ne Bin 6yB micns I'E, B momoc (0002). JIpyruii noKaabHUH MaKCHMyM
criocTepiraethes B momoci (213 2), a Tperiit, gk i micnsa BE, posramosanuii y momoci
(213 0). Takum umHOM, micis Bignamy npu 200°C rexcaroHaabHi oci HEBHOI YaCTHHU
KpucTaniB 30iratotecsi 3 Biccto ekctpysii (HE). B iHmiit wacTuHi KpucTamiB
reKcaroHajabHI OC1 BIAXUIISAIOTHCS B1J] OC1 eKCTpy3ii Ha KyTH ~ 70 - 90°.

Posmozin momrocHoi minpHOCTI HAa OII® [TH exctpymoBaHoro 3pa3ka micis Bianary
npu 200°C xapakTepu3yeThes €IMHUM MakcumyMoM 1,91 y momoci (213 0) 3 mmpokoro
00JIaCTIO PO3CitoBaHHsA, oOMexeHor0 momocamu (202 3), (112 2), (101 0), (112 0).
Takum yuHOM, reKcaroHaybH1 0C1 KpucTaiiB BiaxwisitoTees B [TH (mepnenaukynspHoi
HanpsaMKy oci exkcrpysii HE) na kytu ~ 50 - 90°.

30ubeHHs Temrnepatypu Bianany go 250°C chpuse nepepo3noiiiay MOIOCHOT
ryctuan Ha OII®D (puc. 4.2, 1, e). IIpu ubomy Ha OIID HE (puc. 4.2, 1) cnocrepiratotecs
JIBa MAaKCUMYMHM IOJIOCHOI rycTHHH. [lepmmii MakcuMyMm sk OM «po3Ma3aHHil» BiJ
nomoca (101 5) 3 inTeHcuBHicTio 1,23 mo momoca (112 4) 3 intencusHicTiO 1,22.
Jpyruit Makcumym mnomocHoi Tycturu 2,08 crocTepiraethes B momoci (213 0).
[IpyuoMy o00sacTh pO3CIIOBaHHSA MOJIOCHOI TyCTHHH 3aliMa€ MPAKTUYHO BECh
cTepeorpadiuHuii TPUKYTHUK.

Ha OII® IIH (puc. 4.2, €) crocTepiraeThCs Ba MAaKCUMYMU TMOJIOCHOT TYCTHHHU.
Onun y nomoci (101 5) mMae 3HauenHs 1,2 Ta He3HAYHY 00JACTh PO3CilOBaHHA. TakuM
YUHOM, I'eKCaroHaJIbHI OCl YaCTHHHU KpHUCTaliB BiaxuistoThes Big ITH Ha kyTtm ~ 20°.
Jpyruii, cuibHIIIMI MakcuMyM, BeauunHowo 2,11 posramosanuii y momoci (213 0).
[1Iupoka obnacTh po3citoBaHHSA oOMexeHa opieHTyBaHHsAMH (101 0), (112 2) i (112 0).
TakuMm YMHOM, TeKcaroHajabHa BICh 1HIIIOT YaCTHHY KpHUCTaNiB BiaxuiaeHa Bij [IH Ha kyTH
B iHTepBai Bia ~ 50 1o 90°.

[Ticns Bianany npu Temnepatypi 300°C posnoain nomtocHoi miasHocTi Ha OIID HE
(puc. 4.2, ) ananoriyHu# ii kapTuHi micns Biamany npu 250°C. OgHak MakcuMaabHE
3HAueHHs MOJIOCHOT rycTuHM B nomoci (101 5) 3pocio mo Beanuunu 1,36, y momoci
(112 4) 36inmpmmmnocs 1o 1,27, a B momoci (112 2) 3pocno 1o 1,16. Ipu 1poMy BenuurHA

TOJIOCHOT I'ycTuHHU B nomoci (213 0) nemto 3Menmmnacs 1o 1,9. CrocrepiraeThes 1ie
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OJIMH JIOKanbHMI MakcumyM 1,57 y momoci (213 2). IIpu upoMmy, K i pasilie, 0671acTh
pO3CitOBaHHs 3aliMae BeCh cTepeorpadiuHuil TPUKYTHUK.

[Ticns Bigmany npu 300°C po3noAin MOIKOCHOT HIUIBHOCTI HA MOJIOCHIA (irypi
OIl® IIH (puc. 4.2, 3) npakTUYHO Take came, o i micnd Bignaixy npu 250°C. Oxanaxk,
IpU 1LOMY CIIOCTEpIraeThes 30iNbIIEHHs MOMOCHOi ryctuHu B momoci (1015) no
3HayeHHA 1,44, a B momoci (213 0) - 1o Bemmunny 2,87 3 IESIKUM 301UTBIICHHSIM 0071acTi
pPO3CitOBaHHS.

Ha OII® HE (puc. 4.2, 1) micas Biamany 350°C ekcTpyIOBaHOTO 3pa3Ka
CIIOCTEPITAETHCS TP MAKCUMYMH TIOJIFOCHOI TyCTHHH. [lepmmii MaKCUMyM BETHYHUHOO
3,72 postamoanuii y momoci (101 5). Jdpyruii Makcumym 1,69 crocrepiraerscsi B
nomoci (303 2), a Tperiit makcumym 1,37 posramosanmii y momoci {213 0). O6macTs
PO3CitOBaHHS MOJFOCHOI TYCTHHU BHINE3TaJaHUX TPhOX MAKCHMYMIB 3aiiMa€ MPaKTHIHO
BeCh cTepeorpaiyHuil TPUKYTHHK, SIK 1 IMICIS MONEPEIHIX PO3TISHYTUX BUNAAKIB.

Biaman npu 350°C mpu3sBiB 10 nepepo3noainy noitocHoi ryctuaun Ha OIID [TH
(puc. 4.2, k). Cnocrepiraerbcsi 1Ba MAKCUMYMH MOJTIOCHOT T'yCTUHU. OJIMH BEIUYHHOIO
2,01, posrarroBanuii y mostoci (0002) 3 0651acTio po3CitoBaHHs, 00MEXEHOIO JIHI€0, 110
NPOXOUTH Ha BifcTani Bix 20° Bij nomoca Mix nomocamu (101 5) i (101 4). Jpyruii
MaKCHMyM TOJIIOCHOI rycTuHd 1,36 posrtamosanuii y mnomoci (101 0) i oOmexenuii
JiHi€10, 1110 MPOXOAUTH HA KyTOBIH BificTani ~ 25° B310Bxk ctoponu (0002) — (101 0) i~
10° B3m0Bx croponu (101 0) — (112 0) cTrepeorpadiyHOro TPUKYTHHKA.

[Ticns Bigmany mnpu 400°C posnoxain momtocHoi ryctuHu Ha OIIDd HE
XapaKTepU3yeThCs IBoMa MakcuMyMami (puc. 4.2, in). [lepuimii MakcuMyM Ma€ 3Ha4Y€HHSI
2,47 i posramosanuii y nomoci (101 5), mo Bimnangerses Big nomoca {(0002) Ha KyT ~
30°. HIupoka 06s1acTh pO3CitOBaHHS OOMEXKEHA JIIHIEI0, 1110 MPOXOAUTH MOOJIU3Y MOIIOCIB
(303 2), (213 2) Binnanenux Bix nomoca (0002) Ha xytn ~ 70 i 67,6°, BinnOBiAHO.
Jpyruii MakCMMyM TOJIIOCHOI TYCTMHU BEJIMYMHOIO0 1,89 po3ramoBaHuil y MOMIOCI
(202 1), mo Bignansgerscs Bix nomoca {(0002) Ha kyT ~ 74,8° 3 HE3HAUHOIO 0ONACTIO
po3citoBaHHA. TakuM 4YWMHOM, Yy TMI€BHOI YaCTUHU KPHUCTAIIB TE€KCArOHaJbHI OCI

BIIXWISIIOTBCA B1J HanpsiMKy oci ekctpy3ii HE Ha kyT ~ 30° 3 po3citoBanHsMm 10 ~ 70°.
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['excaronanapHi OCI 1HIIIOT YACTUHU KPUCTAIIB BIIXUJISIOTHCA BiJ HANPSIMKY €KCTPY3ii
(HE) na xyt ~ 74,8°.

Posmozin momrocHoi ninpHOCTI HA OTID [TH (puc. 4.2, M) micns Biamany mpu 400°C
XapaKTepu3yeTbcsi JABoMa Makcumymamu. [lepmmii makcumym BeauuuHow 1,58
croctepiraetsest y momoci (101 5). Poscilopanns 3aiiMae obnacTh y Mexax = 4,5°.
TakuM 4YMHOM, reKcaroHaJdbHI OCl YACTUHU KPHUCTANIIB BIIXWISIOTHCS BiJl TIOTIEPEYHOTO
HanpsaMmky (ITH) ma xyt 20°. Ipyruii MmakcumMyMm BeanuunHOKO 1,34 po3ramoBaHuil y
nomoci (202 1). OTxe, B iHIII YaCTUHI KPUCTAIiB TeKCArOHANBHI OCI BIIXUIAIOTCS Bifl
nonepeyHoro Hanpsamky ITH na kyTt 74,8°. O6macTh po3CitOBaHHS JOCUThH LIMPOKA 1
obmesxena momocamu (202 3), (112 4), (112 2), (213 0). 3aranom po3moii MOTOCHOT
ryctunu Ha OII® Haramye BisIonoOA1I0HUM PO3KHU] OpIEHTAIlIN KPUCTAIB.

[Ipu Biamanmi, K BiJIOMO, 3/1HCHIOIOTHCS IIPOIIECH MOBEPHEHHS Ta peKpHUCTaIi3aIi
metaiiB [99]. [loBepHeHHS BiIOYBAa€ThCS 3a MOPIBHSHO HU3BKUX TeMIeEparyp (HUKYE
0,3T,, [99]). Ha mnepmiii cranii MOBEpHEHHSA ICTOTHUX CTPYKTYpPHHX 3MIH HE
B1JIOYBAETHCS, MPOTE MPH I[bOMY 3MEHIIIYIOTHCS 3TUIIKOB] HAMPYKEHHS 1 30IBIIYETHCS
miacTuuHicTh. Ha mpyriii cranii moBepHEHHs (MOJITOHI3ALIs) y MeXaxX KOXKHOTrOo
KpHUCTaja yTBOPIOIOTHCS HOBI MAJIOKyTOB1 MexXi. B pe3ynpTaTi KpucTan po30MBa€eThCS Ha
cy63epHa (momironn). OJHAK TMOJITOHI3AIISA Y YUCTUX METajlaX CIIOCTEPITA€ThCs TICHA
He3Ha4yHoi1 aedopmariii [99].

3a OUThIIT BUCOKUX TEMIIEpaTypax BiANaIy BiI0OyBAa€EThHCS MPOIIEC pEKpUCTaTi3alii —
IIPOLIEC 3apOJDKEHHS Ta 3pOCTAaHHsS, HOBUX HE CIOTBOPEHMX 3epeH. bouBap A.A.

BctanoBuB [100], mo abcomtoTHa TemiiepaTypa pexkpuctamisaiii 7T, YUCTUX METaJiB

peKp.
npuoIM3HO cTaHOBUTH 0,4 BiJ TemnepaTypH IuiaBieHHs Ty, , TOOTO
Toexp. = 0,4T,,.. (4.11)

TakuMm 9MHOM, pO3paxyHKOBa TEMIIEpaTypa MOYaTKy peKpHUcTami3allii Jjisi 9uCTOro
TuTany ctaHoBuTh mpubimuzHo 500°C. IIpoTe 3MeHIIeHHs YMCTOTH METaly, 1 HaBITh
30UTBLIEHHS! CTYyMeHs aedopMalii Crpusie 3MEHILIEHHIO TeMIepaTypu peKpucTatizamii
[99].

Jani 3 TemmepaTypu pekpuctamizamii tutany micas II1J[ Bigpi3HSIOTHCA.

Hanpuknaz, y po6oTi [101] mocmiiKyBain BIUIMB BiJINAly Ha CTPYKTYPY KOMEPLIHHOTO
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tutany mapku CP Grade 2 (anamor BT1-0) micma ITIJI 3a meromom riapaBiaidHOL
EKCTPY3I€I0 3a TPU MPOXOAHM 13 CYMApHOIO CIPABXKHBOIO BIJHOCHOIO IJIACTUYHOIO
nedopwmariiero 2,75. byno moka3aHo, 1o TeMIiepaTypa MO4YaTKy MPOIECy MOBEPHEHHS
3au3unacs Big ~ 480°C y BuxigHomy matepianti 10 ~ 280°C mics ripaBiiyHoi eKCTpy3il
(To6To Ha 70%). TemmepaTypa modaTky pekpuctamzaiii 3an3miacs 3 660°C mo 570°C
(ToOTo, BinmoBimHO, HA 15 %).

JI71st IOpIBHSIHHA 3 1HIIUMU JIITEPATYpPHUMHU JaHUMHU MO>KHA 3raJiaTh Pe3yJibTaTu
[102], oTpumani 3a monomororo audepeHmianbHoi ckanyouoi kamopumetpii (ICK) y
tutani, 00podrenomy ECAP. Ananiz JICK noxkasas, 110 micist 3 mpoxoiiB TeMiiepaTypa
MOYaTKy Mpolecy moBepHeHHs 3Hu3miIaca 3 440°C micisg OJHOTO MPOXOIy METOJA0M
piBHOKaHasbHOTO KyToBOTO npecyBanHs (PKKII) 1o 310°, To6To Ha 40%. [TopiBHIOIOUM
el pe3yJsibTat 3 OTpUMaHuM y nonepeHiin po6oti [ 103], Buano, mo II1/] 3a nonomororo
I'E edexTruBHIIIE BIUTMBAE HA 3HIKCHHS TEMITEpATypH MMOYATKY MPOIICCiB MTOBEPHEHHS Ta
peKpucTaIi3alii.

Paniire moBigoMIIsiIocs, 0 TEMIEparypa novyarky pekpucranizaiii B Tutani CP-Ti
grade 2 ckiana 527°C micns 8 npoxosiB PKKII [104].

VY pob6ori [105] mocmimKyBamu TepMIYHY CTaOUTbHICTh CTPYKTYPH TUTAaHY MapKu
BT1-0 micns ITJI meToioM rBUHTOBOT eKcTpy3ii. Tuck npecyBanus cranoBus 2400 Ml1a,
npotutuck 200 MIla, remneparypa 350°C. Kinbkicts npoxoniB npu I'E crtanoBuna 5.
byno moka3zaHo, mo B mporeci Biamany B iHTepBaim Temreparyp 300-350°C
B1JI0YBAIOTHCS MPOLECU TTOBEPHEHHS, a BXKe Mmicid Bianany npu 385°C crnocrepiranacs
nosiBa Mepmux AUQPPaKIiiHUX pedeKciB, Mo CBITYWIO MPO MOYaTOK (OpPMYBaHHS
MEePIINX PEKPUCTAIIZ0BAHUX 3€PEH, 1 BIAMOBIIHO, MOYATKY pEeKpHUCTAII3aIlil.

Ockinbku 111 Hamux 3paskiB criaBy BT1-0 3aificHioBanacs 3a merogom I'E, sk 1
y BUIIE3rajianiii poboTi, MOKHA MPHUIYCTUTH, IO B MPOIIECI BIAMATY HAIIMX 3pa3KiB
CIIOCTEPIraloThCs AHAJIOT1YHI SBUIIA MPU BIANOBIIHUX TEMIIEpaTypax.

VY npouect Bignany B iHTepBam Temneparyp 200 - 250°C, itmoBipHO, y mpolect
MOJIITOHI3alli TEeKCTypa 3a3Haja HE3HAYHMX 3MiH. 3MIHM TEKCTypHW Micis BIANANY B

iHTepBai B iHTepBam temrepatyp 300 - 400°C nos's3aHi 3 nepediroM peKkpucTamtizaii.
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Jnst 6116111 00'€KTUBHOT K1TBKICHOT OLIIHKU TEKCTYPH, 11 BIUTUBY Ha 00'eMH1 (pi3uko-
MEXaHIYHl BJIACTUBOCTI MU BHKOpHCTanu KoedimieHTH Tekctypu KepHca [62, 66]
HANPSMKY eKCTPY3il fyg, MONEPEYHOT0 HAMPSMKY frjy, @ TAKOXK TPETHOTO — PAAIaIbHOTO
HaIpsMKY fpy, OTPUMAHOTO 3a CHiBBiAHOIICHHM (3.1).

[Tapametpu Tekctypu Kepnca, po3paxosani 3 OII® HE (fyg ) Ta OII® ITH (fgy) Ha
puc. 4.2, a TakoX po3paxoBaHi 3a criBBigHOIIEHHAM (3.1) HaBeaeH1 B Ta0I. 4.6.

3 Ttabn. 4.7 BunHO, mo micas Bianany npu 250°C koedimientu Teketypu KepHca
HanO1IpII O7M3bKI 0 3HadeHHs (0,333, mo BiAMOBiMAaE OE3TEKTYpHOMY CTaHy MeETally.
ExcriepuMeHTansHe  BU3HAYEHHS  BJIACTUBOCTEH  MPYXKHOCTI Ta  MIIHOCTI B
NO3J0BXHBOMY HanpsMKy (B HanpsAMKY oci I'E) cinaBy tutany BT1-0 micia 5 nmpoxoais
I'E panime 0yso nposeneHo B po0OoTi [105]. BHacnigok AOCHTh MaJIOro MONEPEYHOTO
nepepizy 3arotoBku (18 X 28) MM BHUMIpIOBaHHS BHILE3TaJaHUX BIIACTUBOCTEH Y

nonepeyHomy HanpsMKy miciia ['E € yrpyanenum.

TaOmuus 4.7.
[TapameTpu TekcTypu KepHca micist 5 mpoXoAiB TBUHTOBOI €KCTPY3il Ta

MOIANBIIOTO Bifnany cruiaBy tutany BT1-0

TeMnepce)l(T:ypa BlAMIATY, fur o fon
micias 5-tu nmpoxonis I'E 0,488 0,471 0,041
200 0,406 0,363 0,231
250 0,391 0,334 0,275
300 0,407 0,376 0,217
350 0,578 0,325 0,097
400 0,565 0,393 0,042

Omuinnmo 3HaueHHs1 Moayst FOHra nocnimkyBanoro cruiaBy tutany BT1-0 micns
n'aTd MpoxXoAiB Jedopmallii TBUHTOBOK E€KCTPY3l€l0 Ta MOAAJBIIOrO BiJNaly B
HaIpPsIMKY OCl €KCTpPy3ii Ta y MONEPEeUHOMY HANpsIMKY 3a CIIBBIAHOLIEHHAM TUNy (3.2),
BUKOPUCTOBYIOUHM KoedirieHTn TekcTypu KepHca (Tabim. 4.7) Ta 3HAaYSHHS BIAMOBIIHUX
BJIACTUBOCTEN MOHOKpucTaniB (Tadn. 4.8). ¥V Tabn. 4.8 mpeacraBieHi pe3yJbTaTH

BUMIPIOBAHHS PI3HUMH aBTOPaMU MPYKHUX MOIYJIIB MOHOKPHUCTAIIB KOMEPIIITHOTO
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TUTaHYy aHAJIOTTYHOTO 32 XIMIYHUM CKJIaJI0M JlociimKyBanomy ciuiaBy BT1-0. Sk Buano
3 Tabn. 4.8, eKCrepuMeHTalbHI Pe3yJIbTaTH NPYKHUX BIACTHBOCTEH MOHOKPHUCTANIB,
OIy0JIIKOBaH1 PI3HUMHU aBTOPaMH, BiJIPI3HAIOTHCA.

Taomuig 4.8.

[Tpy>xHi BTacTUBOCTI MOHOKPHCTATY TUTAHY

[Ipy>xHi BIaCTUBOCTI MOHOKPHUCTATY TUTaHY
E. I'lla E,, ITla Jluteparypa
143 122 [106]
130 97 [107]
146 103 [108]
146 104 [109]
EP~141 E.P~107

ToMy s momanpIIMX PO3paxyHKIB CKOPUCTAEMOCH YCEPEAHEHMMH 3HAYCHHSIMU
MOJYJIB MPY>KHOCTI MOHOKPUCTANY TUTaHy. JlJIg OLIHKK BETUYMH MOAYJS MPY>KHOCTI
HalMX 3pas3kiB y HanpaMmky oci ekctpysii (HE) ta y nmonepeunomy nanpsamky (I1H)

CKOPHUCTAEMOCS CEPEAHIMU 3HaYEHHSIMHU B Ta0J1. 4.8 1 po3paxyeMo MOAYJIb IPYKHOCTI 3a

CH1BBIJTHOIIICHHIMHU:
Eyg = fue - Ec” + (1~ fup) - Eq’ (4.12)
Eng = fun B+ (U= fun) - Eg (4.13)
Epy = fon-Ec” + (1= fou) - Eq” (4.14)

PesynbTaTu pospaxyHkiB mnpeactabieHi y Tabn. 4.9. Koediuient anizoTpormii 1
BJIACTUBOCTEH F omiHoBanu 3a criBBigHomeHHsM (3.3). 3 Ta6n. 4.9 BuaHO, 1m0 31
30UTBLIICHHSIM TEMIEPATypH BiANany KOe(DILIEHT aH130Tpormii 1 3MeHmyerbes. Ilicns
Binanany npu 250°C koedilieHT aHI30TPOMii MOYJIs MPY>KHOCTI MPUHAMAae MiHIMaIbHE
3HaueHHs 3,35 %. Ilpu momanpmioMy 301IbIIEHHI TEMIIEpPATypH BIAMNANY KOEQIIIEHT
aH130Tpomii Moayds TPY>KHOCTI 3poctae 1 micaa Bignany npu 400°C npuiimae
MakcuMaibHe 3HadueHHs 16,42 %. 3pocTtanHs koedilieHTa aHI30TPOIIi MICIs BiAMay
npu Temneparypax Ouibme 250°C, WMOBIpHO, MOB'sS3aHE 3 TNEpediroM MpOLECIB
peKpucTanizailii Ta 00yMOBJIEHUMU HUMHU 3MiHAMU B TEKCTYP1 3pa3KiB.

Tabmuus 4.9.

Monyni npyxHocTi criaBy Tutany BT1-0,
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pO3paxoBaHi 3a TEKCTYpHUX MapameTpamu KepHca (1abi. 4.7) Ta npy>KHUX MOJTYJIiB

MOHOKpHcTaiy (Tab. 4.8)

Monymni npyxHocTi crutaBy Tutany BT 1-0, po3paxoBaHi 3a TEKCTYpHHUX
napamerpamu KepHca Ta npy>KHUX MOJYJIiB MOHOKPUCTAITY
Temnepatypa
. Eyg, I'ma Epy, I'lla Epy,I'Tla | m, %
BiAnany, °C
nicis 5-tu nmpoxoxiB I'E 123.,6 123,0 108.,4 14,0
200 120,8 119,3 114,0 5,96
250 120,3 118,4 116,4 3,35
300 120,8 119,8 114,4 5,59
350 126,7 118,1 110,3 14,87
400 126,2 120,4 108,4 16,42

ExcniepuMeHTanpHe 3HAYEHHSI MOJYJIS MPY>KHOCTI y HarnpsiMKy oci exctpy3sii (HE)
crutapy tutany BT1-0 micns 5 npoxomie I'E 3a mganumu pobGotu [105] ckiano

ex .
EHEp =113,0 I'Tla. Is Benuuuna npubauzHo Ha 9,4% MeHIIa BiJ] OTPUMAHOTO HAMU

omiHeHoro 3HaueHHs EG3C = 123,6 I'Tla (tabmn. 4.9). Ilpuunna Takoi po36iKHOCTI MoKe

OyTh 0O0yMOBIIeHA THUM, IO pe3ydbTaT y poboti [105] OyB oTpuUMaHUN NUIIXOM
OJIHOBICHOT'O TIPYKHO-TUIACTUYHOTO PO3TATY 110 PiBHS ItacTu4Hoi nedopmariii € = 0,007
3 HACTYNHMM PO3BAaHTAXEHHSM 1 3HOBY HaBaHTaxeHHsAM. [Ipm Takomy crnoco0i1
nedhopMyBaHHS y MaTepialii MOKYTh YTBOPUTHCS MiKpoieheKTH (Harpukiiaj, BakaHCli,
MDKBY3€JbHI aTOMH, MOXJIMBO, Mikpornopu). HakonuueHHs: MikpoAedeKTiB 3MEHIIYy€
eheKTHUBHY HECy4dy HaBaHTaXCHHS IUIONIY TMepepidy 3paska, MO0 MNPU3BOAUTH [0
3MEHIIICHHS] MOJTYJIs TIPY>KHOCTI [72].

O1iHMMO MEX1 MIITHOCTI Ta TUTMHHOCTI TOCHIKyBaHOTO cruiaBy Tutany BT1-0 micis
TBUHTOBOI €KCTPY3ii Ta BiJNaTy 3a JAHUMH JIJIT MOHOKPUCTATY. 3 II€I0 METOIO OI[IHUMO
CTIOYATKy BETMYMHU MEX MIIHOCTI Ta TNIMHHOCTI MOHOKpHcTany craBy BT1 -0 B3moBx
oci ¢ (BiMOBiHO 0% 1 0 ;) 1 B3JI0BXK OCi a (0g 1 0j,). Y niTepaTypi Taki JaHi BiCyTH.
Opnak X MOXXHAa BH3HAYHWTH, BUKOPHCTOBYIOUM JaHi 3 TBEPAOCTI 3a pe3yjbTaTaMu
HaHOIHJeHTYBaHH4. Lli pe3yapTaTi 3Ha4HO P13HATHCS 3aJI€KHO B1Jl YUCTOTU TUTaHY. Tak,
JUIs TUTaHy BUCOKoi uuctotu (Momumauuii tutad, HP Ti, CP Ti-grade 1) miHiManbHe

3HAYEHHS TBEPJOCTI BUSBUJIM MPU HAHOIHACHTYBaHHI Iuommuau 6asucy [84, 110]. Y Toi
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CaMHi 9ac y TUTaH1 MEHIIIOT YUCTOTH (SIK, HAIPHUKIIAJ, Y TOCII)KyBaHOMY HaMH CILIaBi
BT1-0 uu CP Ti-grade 2) 6a3oBa miomuHa HaiiTBepaima [86, 87, 111]. ¥V Tabn. 4.10
IpeICTaBJICHI Pe3yIbTaTH BUMIPIOBAHHS TBEPAOCTI IIPH HAHOIHIEHTYBaHHI B3/IOBXK OC1 ¢
(H{) 1 B3goBx oci a (H i), oTpuMaHi pPi3HUMH aBTOPaMH MOHOKPHCTAJIiB THTaHY
TEXHIYHOI YUCTOTH, aHanoriunoro BT1-0.

Ta6muis 4.10.

TBepaicTe MOHOKPHUCTAJIIB TUTAHY

H{, TTla H{, Tna Jliteparypa
2.73 134 [112]
1,0 0,75 [86]
1.6 1,0 [87]
Co= 1,78 ¢.,= 1,03

Ax BugHOo 3 Tabn. 4.9, pe3ylnbTaTd HAHOIHJEHTYBaHHS, OTPUMAaH1 PI3HUMHU
aBTOpaMH, BIIPI3HAIOTHCA. ToMy JUIsi TMOJANBIIMX PO3PAXYHKIB CKOPHUCTAEMOCS
Bi/INOBITHUIMHU YCEPETHEHUMH 3HaueHHAMH H y, Ta H ., MOHOKDUCTaly THTaHy.
O1iHKy BEJIMYMH BIAMOBIIHUX MEX MIIHOCTI Of 1 0f TPOBEACMO 3a EMITIPUYHUMHU
ciiBBigHOmeHHssMu [112], skl 3 ypaxyBanHsMm BuMipioBanHs B MIla Ta He3HauHUX
NIEPETBOPEHb MAIOTh BUTJISI:

H, = 2,8903 (4.15)
Hy, = 3,330, (4.16)
ne Hy — tBepaicth 3a Bikkepcom.

Buxopucrosytoun criiBginnouenns (4.15) i (4.16) ta snauenns H ., i H ¢, 3 a0,
4.9, otpumaeMo

og = 615 Mlla; a5, = 534 Mlla (4.17)
og =356 Mlla; a3, = 309 MITa. (4.18)

JI71st OLIIHKM MEK MIITHOCTI HochikyBanoro criaBy BT1-0 micas 5 mpoxonis BE ta
BiJIMATy CKOPUCTAEMOCS CITIBBIAHOIIEHHAMHU, aHajoriyHumu (4.12) - (4.14):

0" = fup o5 + (1— fup) - of (4.20)
og" = fun o5 + (1= fuu) - 0§ (4.21)
o = fou 05+ (1= fpn) " 0 (4.22)
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AHaJOrIYHO 17151 MEX IJIMHHOCTI, OTPUMAEMO:

Ugfg = fug 052 + (1 — fup) " 052 (4.23)
Ug,zH = fun 05, + (1 — fun) - 05> (4.24)
05,12{ = fen- 002 + (1 — fpn) * g2 (4.25)

PesynbraTi po3paxyHKiB npeacTaBieHi y Taoi. 4.11.

Taomursg 4.11.
Me:x1 MIIIHOCTI 0 Ta IIMHHOCTI 0y , ciuaBy TuTany BT1-0, po3paxosani 3

BUKOPHUCTaHHSAM mapameTpiB TekcTypu KepHca (Tad:m. 4.7) Ta BiANOBIIHUMHU

3HAYEHHAMH MOHOKpHUcTany Tutany (4.17), (4.18)

HE HE MH MH PH PH
Temmepatypa | g3'F, 002> | O » | Ooz2s | OB » | O02s Nog> | Moy o

signany, °C | MIla MIla | MIla | MIla | Mlla | MIIa % %
- 482 419 478 | 415 | 367 319 32,0 | 32,0

200 461 400 450 | 391 | 416 361 11,0 | 11,0
250 457 397 443 | 384 | 427 371 7,0 7,0
300 462 401 454 | 394 | 412 358 12,0 | 12,0
350 506 439 440 | 382 | 381 331 33,0 | 33,0
400 502 436 458 | 397 | 367 319 37,0 | 37,0

3 Ttabun. 4.11 BUIHO, 110 Ma€ MiCIIe aHI30TPOITII MEXaHIYHUX XapakTepuctuk. [1pu
[IbOMY MEX1 MIIHOCTI Og Ta IJIMHHOCTI Op, MalOTh MaKCHUMaJbHE 3HAYECHHS B3I0OBXK
HanmpsAMKy ocl ekctpysii. Iloxasnuku anizoTpomii (1) XapakTEPUCTHK O Ta Og;
Ha0yBalOTh MIHIMQJIbHHUX 3HAaueHb micis Bianany npu 250°C. 3poctanHst KoedilieHTIB
anizotpomii micas Bianany npu 250°C, #MOBIpHO, OOYMOBJIEHO 3MIHAMU B TEKCTYpl
3pa3KiB y poILIeCi peKpucTaIi3allii.

VY po6oTi [105] 3HaU€HHS MeX MITHOCTI Ta IUIMHHOCTI, OTPUMAaH1 IIPH OJAHOBICHOMY
PO3Ts31 B3JIOBXK HaIpPsIMKY eKcTpy3ii craBy tutany BT1-0 micas 5 npoxoniB I'E (A =
5,77) cknanu 0}5‘5 =475 Mlla, a 05}5 =412 MIIa. OTpumaHi HaMH1 BIJOBIIHI OLIIHOYHI
BEJIMYMHHU JOCIIKYyBaHUX 3pa3kiB (Tadu. 4.10) mpubnuzno Ha 1,5 % 11,7 %, BianosigHo,
MIEPEBUIITYIOTh EKCIIEPUMEHTANIBH1 AaHi, mpeacTasieHi B [106].

Pe3ynbTaTd BHUMIpIOBaHb MIKPOTBEPIOCTI JOCHIKYBaHMX 3pa3kiB Ti mpu
HaBaHTaxeHH1 SH 1 yaci HaBanTaxkeHHs 10 ¢, a TaKOXK CepeIHHOKBAIPATUYHI BIIXUJICHHS

(CKB) npencrapineni B Ta6:. 4.12.
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Taomurg 4.12.

Mixkpotsepuicts H, cinaBy BT1-0 micnst 5 mpoxonis I'E Ta Binnmasy

Temneparypa | Hj', CKB, HM, CKB, HY, CKB,
Bigmany, °C MIla MlIla MIla MlIla MIla MlIla
- 2310 240 2150 90 1830 10
200 2110 40 2100 15 1820 170
250 1910 100 1890 50 1790 90
300 1850 110 1750 80 1670 140
350 1820 130 1660 20 1610 90
400 1780 120 1620 90 1510 60

Buano (tabn. 4.12), mo BITHOIIEHHS MIKPOTBEPJAOCTI 1O MEX1 MIITHOCTI Ta
IUIMHHOCTI TPU BUNPOOYBaHHSAX Ha po3Tar y cruiaBl tutany BT1-0 micns IT'E ne
H1TOPAIKOBYIOTBCSL EMITIPUYHUM CHiBBiIHOMEHHIM (4.15) Ta (4.16), cripaBeqIMBUM
JUIsl TUX MarepiajiB, sfKI MaloTh 3BHYaiiHy, a He cyomikpokpuctamuny (CMK)
CTPYKTYPY.

Y pob6orax [112, 113] mpoanani3oBaHO CHIBBIAHOIIEHHS TBEPAOCTI Ta MEX
IUIMHHOCTI Ta MINHOCTI MNpH pO3TA3l, a TaKoK (OpMHU BIIOUTKIB 1HIAEHTOpA MpHU
BU3HAYECHHI TBEpJIOCTI misi pizHux matepiamiB [113]. ABropu [113] knacudikyBanu
reOMETpIt0 BIAOUTKIB MPH 1HACHTYBAHHI HA TPU THUIIH:

a) "craryBanHs" ((popma BIIOMTKA Harajaye KBaapaT, CTOPOHH SKOTO CTSTYIOThCS,
3TUHAIOYUCH JI0 IEHTPY);

0) «HarpoMajpKeHHs» (HABKOJIO BIIOMTKA YTBOPIOETHCA OMYKIICTh, 0OyMOBJIEHA
3MIITHCHHAM TO0JIN3Y BIIOUTKA);

B) «TPILIMHA» (HABKOJIO BIIOMTKA BUHUKAE JIOKAJIbHE PO3TPICKYBAHH).

Aptopu [113] mokaszanu, 10 B MaTepianax, sKi MpPU 1HACHTYBaHHI TMOKa3yIOTh
BinOuTKM TUNy a) (Martepiamu He 31 CMK cTpykTyporo) ogHa TpeTWHa TBEPIOCTI
3HaXOJUTHCS B Jiara3oHi BiJl MEX1 IUIMHHOCTI 10 MEK1 MIITHOCTI MPH PO3TH3I.

VY wmartepiamiB 3 ¢popMoro BiIOWTKA MpH 1HACHTYBaHHI Ty 0) (MaTepiamm 3 CMK
CTPYKTYPOIO) BIIHOIIEHHS TBEPAOCTI O MEKI MIITHOCTI BIJIPI3HAETHCS Bl 3. 3anexHO
B1JI CTyTEHs 3MIIIHEHHSI HABKOJIO BIAOWTKA 11€ BIIHOIICHHS MOXe OyTH SIK MEHIIE, TaK 1

ounbire 3. OCTaHHE CIIOCTEPIra€ThCs NP MOPIBHIHHI Janux Taou. 4.11 ta 4.12.
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TBepaicth MaTepianiB 3 MOp(OJIOTi€r0 BIAOUTKA BiJ 1HASHTOpA TUMY B) (KPUXKI
MaTepiajii) MOB's13aHa 3 MOBEIIHKOIO PYHHYBaHHS, ajie BIAPI3HIETHCS B1J MIITHOCTI Ha
PO3PUB MPHU PO3TA31 Uepe3 pi3HUIN HANPYKCHUH CTaH. Y TaKUX MaTepianiB BIAHOMICHHS
Hy /0g MOXe 3HaYHO TIEPEBUIIYBATH TPUPA30BY Belu4HHYy. L{e Moxe Oyt 00yMOBIICHO
PI3HOIO MIIHICTIO Ha PO3PHUB IMPHU BHUMPOOYBAaHHI HAa TBEPIICTH 1 PO3TSr, BHACIIIOK
3HIKEHHS 3JJaTHOCTI J10 3CYBY Ta Jiermoro Biakomy [112, 113].

BpaxoBytoun, mo crmia BT1-0 myxe piako 3aCTOCOBYEThCA SIK KOHCTPYKIIHHUN
MaTtepian, TEepCIeKTHBOK TMOMANBIINX JOCTI/DKCHh € BUBYEHHS 3aKOHOMIPHOCTEH
dbopMyBaHHS TEKCTypH Ta OI[IHKAa ii BIUIUBY Ha BJIACTUBOCTI TUTAHOBUX CILIaBIB
aBlalliifHO-KOCMIYHOTO Tipu3HadeHHs1. Cepe; OCHOBHUX 3 HUX MOKHA BUAUIATH ITUPOKO
3aCTOCOBYBaHl JUIsi BUTOTOBJIEHHS JIONATOK KOMIIpEcOopa Ta30TypOIHHUX JBUTYHIB
nBo(daszHi Ta nceBao-aBodaszHi Tutanosi crutasu BT3-1, BT6, BT8, BT25 Ta iHmi.

BcTaHOBIIEHI 3aKOHOMIPHOCTI YTBOPEHHSI TEKCTYPH Ta BIANOBIAHOI aHI30TpOMIi y
TUTAHOBUX CIUTaBaxX I/ JII€I0 TBUHTOBOI €KCTPY3ii Ta TEPMOOOPOOKHM MarOTh BEJIHKE
NpaKkTUYHE 3Ha4YeHHS. MexaHiuHl Ta (I3UYHI XapaKTEPUCTUKU J1€(POPMOBAHOTO
HamiB(aOpuKaTy B PI3HUX HaIpPsSMKaX BUKOPUCTOBYIOTHCS JJIS OIIHKKA HaIIMHOCTI
MinHocTi geraneii [114]. [pyHTyrO4YKCh Ha BCTAHOBJIEHUX 3aKOHOMIPHOCTSX 3aJI€XKHOCTI
MEX1 MIIHOCTI Ta MOAYJIS MPY>KHOCTI BIJ HaNpsIMKy BHUpI3yBaHHS 3aroTOBOK 13
HariBpaOpuKaTy, KUUIbKOCTI IPOXOAIB AepopMaliii Ta TEMIIEpaTypu TEPMIYHOTO BIUIUBY,
BIJIMIHHOCTI B 3amaci MIITHOCTI JieTajieid MoxxyTh aocsratu 40-50%. BpaxoByrouu, 110
JOMTYCTUMHMA 3arac MIIHOCT1, HAPUKJIA/, JIOTIATOK POTOpa KOMIIpecopa ra3oTypOiHHUX
JIBUTYHIB CTaHOBUTH 1,4 -1,6, 3HAHHS MPO AHI3OTPOIII0 MEXAHIYHUX XaPAKTEPUCTHK €

HEOOX1JHUMH.

BuchoBku 10 po3ainy 4

1. 3naiineno mapametpu Tekctypu KepHca 1 mpoBeneHa OIliHKa Ha iX OCHOBI
MOJYJIiB TIPY>KHOCTI, MEXaHIYHUX BJIACTUBOCTEU MPH BUIPOOYBAHHSX HA OJHOBICHUI
po3TAr (Mexa MIIIHOCTI, YMOBHA MeXa TUIMHHOCTI) JucTiB TuTany mapku 1 (0,04 % Fe;

0,015 % C; 0,05 % N; 0,005 % O; 0,09 % H) B cTani mocTaBKH Micis MPOKATKH 1 BIATATY
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nipu 840 °C (BUX1THUMN JIKCT) 1 HOAAJIBIIOT0 3HaKO3MIHHOTO BUrnHy (3B) B kinbkocTi 0.5;
1.0, 3.0 1 5.0 ukImiB.

2. [lokazaHo, 10 BUKOPUCTAHHS TMapameTpamMu TeKcTypu KepHca Ta
eKCIepuMEHTaIbHUX 3HaueHb Moayisi HOura nuctiB tutany (CT Grade 1) mo3Bosisie
BU3HAYUTH KOHCTAHTH TPYKHOCTI BIAMOBIAHOTO MOHOKPHCTATY 3 BIAXWUJICHHSAM BiJ
BUMIPSHUX B Mexkax 5%.

3. BcTaHoBieHo, 1m0 mapaMmMeTpu TOLIKOJKYBAHOCTI, SIKI XapaKTepU3YIOTh
HAKOIWYEHHS TOIIKOMKEHb, BU3HAUCHI 31 3MiHI MOIYJIS TPYKHOCTI B IOMEPECUHOMY
HaIpsIMKY B MPOIECl 3HAKO3MIHHOTO BUTHHY OUIbIlE, HIXK B HAIMPSIMKY BaJIbI[IOBaHHS
mucTiB. KpiM TOro, ¢ pocTomM umncia HMKIIB 3HAKO3MIHHOTO BUTHHY JI0 5 MapaMeTpu
MIOIIKO/DKYBAHOCTI  3pa3KiB JOCIHIKYBAaHOTO THUTaHy B HANpsAMKY BaJbI[IOBAHHS
3pOCTalOTh, B TOi CAMUM Yac mapaMmeTpu MOIIKOKYBAHOCTI Yy MOMEPEYHOMY HAIPSIMKY
JIMCTIB 3pOCTAIOTh 3 POCTOM YHMCJIa UKII1 3HAKO3MIHHOTO BUTHHY JI0 TPHOX, a MICJHS I SITH
UK 3HAKO3MIHHOTO BUTUHY 3MEHIITYIOTHCS.

4. BCcTaHOBJIEHO, 1110 BUKOPUCTAHHS €MITIPUYHUX CITIBBITHOIIEHb MIXK TBEPIICTIO 1
MILHICTIO 3HAY€HHS [O03BOJSIOTh BU3HAYUTU MEXKY MIIHOCTI Ta MEXY IUIMHHOCTI
MOHOKPHCTAITy TUTaHY y3/I0BXK MOr0 reKcaroHaJIbHOI OC1 1 IEPIEHAUKYIISIPHO Til.

5. TlokazaHo, 110 BUKOPUCTAHHS 3HAWJCHUX MEX MIIHOCTI Ta TUIMHHOCTI
MOHOKPHCTAIIy THTaHY Ta IMapaMeTpiB TekcTypu KepHca MO3BOJIMIN BHU3HAUNUTH MEXKI
MIIIHOCTI Ta IUIMHHOCTI JOCTIIKYBaHUX JHUCTIB IOJIKPUCTAIIYHOIO THUTaHy, SK B
MOYaTKOBOMY CTaHi, TaK 1 MICJIs BIIMOBIAHOT KIJIBKOCTI IIUKJIIB 3HAKO3MIHHOTO BUTHHY 3
BIIXUJICHHSIM BiJ BIATIOBITHUX €KCTIEPUMEHTAILHUX 3HaYeHb B Mexkax 10 %.

6. Bcranoneno 3a mapamerpamu TekcTypu KepHca, siki MOKa3ylOTh CTyIiHb 301Ty
13 33JJaHUM TE€OMETPUYHUM HAIPSMKOM Y TMOJIKPUCTATIYHOMY Marepiaii, pPO3BUTOK
kpucrajorpadpigyHoi TekcTypu cruiaBy Tutany BT1-0 micms 5 mpoxoniB TBHHTOBOI
eKCTpy3li Ta HACTyNmHOro Bifnamy npoTsroM 1 rox mpu temmneparypax 200-400°C 3
iHTepBaioM y 50°C

7. 3naiaeno, mo micas Bignany npu 250°C mapamerpu Tekctypu KepHca MarTh

3Hau€HHA, OMM3bKlI 70 1/3 y TphOX HampsAMKax AOCIHIDKEHUX 3pa3KiB TUTaHY, IO
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BI/IMOBIZIA€ CTaHy 0€3 TEKCTYPH, IIPH I[bOMY aHI130TPOITIsl JOCIIKYBAaHUX BIACTUBOCTEH
€ MIHIMaJIbHOIO.

8. [TokazaHo, 1110 BUKOPHUCTaHHS apaMeTpiB TeKcTypu KepHca Ta mpyKHHUX CTaluX
MOHOKpPHCTAJIa TEXHIYHOTO THUTaHy JI03BOJWJIO PO3PaxyBaTH BEIUYUHY MOJIYJIS
IpYKHOCTI cruiaBy TuTany BT1-0 micas 5 npoxoxis I'E Ta Bigmany 3paskis y Hampsamky
0C1 TBUHTOBOI €KCTPY3ii Ta IBOX B3a€EMHO MEPIECHIUKYIIIPHUX HAMPsIMKaXx 70 Hel (B IKUX
BUMIp BJIACTMBOCTEW 3HAYHO YTPYJHEHMI) 3 BIAXUJICHHSM BiJ €KCIIEPUMEHTAJIHLHOTO
3Ha4YeHHsI, 3HaiieHoro B [ 106] 3 BUnpoOyBaHb Ha OJTHOBICHHUM PO3TST B3IOBXK HAIMPSIMKY
ociI'E, B mexax 9,4%. Po30i>xHICTh MOK€e OyTH MOB'A3aHa 3 0COOJIMBOCTSIMU MTPOBEACHHS
excriepuMeHTy [ 106] nuisixoM npy’HO-IIACTUYHOTO JehOpMYBaHHS /10 PIBHS BIIHOCHOT
mwiactuaHoi  gedopmanii € = 0,007 3 HacTymHUM pPO3BAaHTAXEHHSM 1 3HOBY
HaBaHTa)XeHHAM. HakonnueHHs MiKpoAeeKTIB Ipu LIbOMY 3MEHIIY€ e()EKTUBHE HECYUE
HaBaHTA)XECHHS IIJIOLLY Mepepidy 3pa3ka, Mo MOXe OyTH MPUIMHOIO 3MEHILIEHHS MOy IS
IPY>KHOCTI.

9. BCTaHOBIIEHO, IO aHI30TPOIIis MOYJIS IPYKHOCTI micis 5 npoxoxis I'E cknana
4,0 %, 31 3pOCTaHHAIM TEMIIEPATYPH BIANATY aHI30TPOIIS 3MEHIITyBaacs 1 MICIs BlAIaILy
npu 250°C wmana MiHiManbHe 3HadeHHs 3,35%. Ilpu mnomanmemiomy 301TbIIECHH]
TEeMIIepaTypy BiANaly aHI30TPOMis MOIYJIA MPYXKHOCTI 3pocTalia 1 MICs BiANAIY MpU
400°C 1i BenmnumHa npurHsIIa 3Ha4eHHs 16,42 %.

10. 3HaitieHo 3HaYE€HHSI MEX MIITHOCTI 1 TNIMHHOCTI MOHOKPHUCTAITY TUTaHY B3JIOBXK
iioro rexcaronanbHoi oci o5 = 615 MIla, o5, = 534 MIla i y nepneHIUKyIAPHOMY 1O
reKcaroHanbpHOI oci HampsaMKy og = 356 MIla, o5, = 308 MIla, BUKOPHUCTOBYIOUH
eMmipuyni croiBeigHomenHs Hy ~ 2,890 1 Hy =~ 3,33 0p,, a TakoxX BIJNOBIIHI
JiTepaTypHi aaHi 1o TBepaocti Hyy i Hf oTpuMaHi HaHOIHACHTYBaHHSIM MOHOKPHCTAIB
TUTaHy TEXHIYHOT YUCTOTH.

11. [loka3aHo, 110 BUKOPUCTAHHS MapaMeTpiB TeKcTypu KepHca Ta BIAMOBIAHMX
3HAQYCHb MEXK MIITHOCTI Ta IUIMHHOCTI B3J0BX 1 IIONEPEK TIeKCaroHajJbHOI OCI
MOHOKPHCTAJy THUTaHy, OTPUMAaHUX 3 EMIIPUYHUX CIIBBIIHOIIEHD, JO3BOJIAIIO
BU3HAYNUTU BEJIUYMHU MEX MIITHOCTI Ta TUIMHHOCTI MOJIKPUCTATIYHUX 3Pa3KiB TUTaHY

mapku BT1-0 B3moBxk Hampsimky oci ['E 3 BigxwiieHHSM BiJ €KCIIEPUMEHTAIBHUX
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3HaueHb, OTpuMaHux y [106] 3 BunpoOyBaHb Ha OJHOBICHUM po3Tsr, Ha 1,5 ta 1,7 %,
BIIIIOBIIHO.

12. BcranoBiieHo, 110 KOe(ili€eHTH aHI30TPOMil MEX MIITHOCTI Ta IMJIMHHOCTI MICHs
5 mpoxoniB I'E cknanu = 32,0 %. 31 3pocTaHHsIM TeMIIEpaTypH BiANaIy aHI30TPOITIT MEX
MIIIHOCTI Ta IUIMHHOCTI 3MeHIIyBajach 1 michs Bignmamny npu 250°C koedirieHTH
a”izoTpomii Manu MiHiMaiabHe 3HaueHHS 7,0%. Ilpu mnomanmpiioMy 301TIbIICHHI
TeMIIepaTypH BiJNaay aHI30TPOIIIS MEX MIITHOCTI Ta IUTMHHOCTI 3pocTaria 1 micJisl Bimany
npu 400°C koedimient anizotpomii ckias 37,0 %.

13. [lokazaHo, 1m0 BHACTIAOK CYOMIKpPOKpPUCTAIIYHOI JeopMaIiifHOi CTPYKTYpH
tutany BT1-0 micnst 5 mpoxoaiB TBUHTOBOI €KCTPY3ii BITHOIICHHS] MIKPOTBEPJIOCTI 10
MEX MIIHOCTI 1 IUIMHHOCTI CIUIaBYy NEPEBUILY€E 3HAYEHHS, OTPUMaHl MO €MIIPUYHUX
cniBBiiHOMEHHAX (3.46) 1 (3.33), xapakTepHUX IS CIUIaBIB 3 KPYMHOKPUCTAIIYHOIO
CTPYKTyporo. 31 30UIbIICHHSAM TEMIIepaTypyu BIANATy BHUIIE3rajaHl BIAHOCHHHU
3MEHIITY€THCS, HAOIMKAIOUNCh 0 EMITIPUYHUX 3HAYCHB.

14. IpyHTYI04HCh Ha BCTAHOBJIEHHX 3aKOHOMIPHOCTSAX 3AIEKHOCTI MEXi MIillHOCTI
Ta MOJYJISI MPY’KHOCTI B1J KUIBKOCTI MPOXOAIB AeopMallii IPU T'BUHTOBOI €KCTPY3ii,
HaIpPSMKY BUMIPY Ta TEMIIEPATYpPH TEPMIYHOTO BIUIMBY, BIIMIHHOCTI B 3araci MIiI[HOCTI
JieTajnei 3 TATAaHOBUX CILIaBIB MOXKYTh ocsiraTti 40-50%. BpaxoByrouu, 1110 Oy CTUMUN
3amac MIIHOCTI, HANpHKIaj, JIOMATOK pOTOpa KOMIIpEcopa ra3oTypOIHHUX JBUTYHIB
cTaHOBUTh 1,4 -1,6, 3HAHHA MPO aHI3OTPOIID MEXaHIYHHX XapaKTePUCTHK €

HEOOX1THUMH.
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PO3/ILTI 5.

TEKCTYPA TA AHI3OTPOIIISI MEXAHIYHMX BJIACTUBOCTEN BUPOFBIB 31
CIUIABY INCONEL 718, OTPUMAHUX 3D-/IPYKOM 3 [TOPOLIKIB

5.1. Orasg monepeaHix TOCiKEHb

Inconel 718 — me cymnepciyiaB Ha OCHOB1 HIKEJIO, CIEIIaIbHO PO3POOJICHUN IS
poOOTH B CYyBOPHX YMOBAX, SIKi BAMararoTh 3HAYHOT MEXaHIYHOT CTIHKOCTI 10 KPUTHIHHUX
JUHAMIYHUX HaBaHTaXEHb, II0 3aCTOCOBYIOTHCS B CYBOPHUX POOOYMX CEPEIOBHILAX
[116]. BinminHa MIIHICTB, XOPOIIIA TJIACTUYHICTh 1 BUCOKA CTIMKICTh J0 MOB3y4YOCTI Ta
pO3pHUBY IpU MIABUUIEHUX TeMmiepaTypax poonsats Inconel 718 npurognum ams
BUTOTOBJICHHS TPOMUCIOBUX Ta30BUX TYpOiH, KOMIIOHEHTIB PEaKTUBHHUX JBUTYHIB,
KPUTUYHUX 00EPTOBUX YACTHH, OMOPHUX KOHCTPYKLIN 1 pe3epByapiB IiJ] TUCKOM Y TaKUX
CEKTOpax MPOMUCIIOBOCTI, sIK aepokocMiuHuil 1 HadTorazoswmii [21, 117]. He3paxaroun
Ha IIe, 3aBJSIKA CBOIM UyJOBUM MEXaHIYHUM BiacTHUBOCTSIM Inconel 718 € marepianom,
AKUH BaXXKO OOpOOMTHM 3a JOMOMOTOK 3BHYAWHHUX TEXHOJOTIA (HANpUKIAL,
dbpesepyBaHHs, TOkapHa 0O0poOKa), mo MoTpedye 3HAYHUX MPOMHUCIOBHX PECYpCIB 1
BHCOKHX BUPOOHUYMX BUTPAT 3 TOUKH 30py 3HOCY ITHCTPYMEHTY, BIJIXO11B MaTepiany (10
95% [118]) 1 yacy BUKOHAHHS.

B ocranHi poku TexHONOTIs cenekTuBHOTO JjaszepHoro cmikanHs (CJIC) 3a
nornomororo 3D npyky, Bimoma SIK MOPOIIKOBE Ja3epHE OCAKCHHsS MeTaly, BU3HaHA
E€KOHOMIYHO €(EeKTUBHOI TEXHOJIOTIEI0 aJUTHUBHOTO BHUpOoOHUIITBA (AB) Kk s
BUTOTOBJICHHS, TaK 1 JUIsI BIJHOBJICHHS Ba)XKKOOOPOOJIOBAaHUX BHPOOIB 3 METAJICBUX
koMmrnoHeHTiB [1]. Ha BiamiHy Big 3BHYAWHUX TEXHOJIOTIHA, BUPOOHHUIITBO JeTajiel
MeToaoM 3D npyky BiOyBaEeThCS MUISIXOM JIOIaBaHHS MaTepiaty map 3a mapoM IUITXOM
BIIOPCKYBaHHS HOBUX YAaCTHHOK METAJIEBOTO IMOPOIIKY B JIOKAJbHO CTBOPEHY BaHHY
pO3IUIaBy 3a JOMOMOIOK TOCTIHHOI B3a€MOii MK BHUCOKO 1HTEHCHUBHUM JIa3epHUM
JOKEPETIOM 1 TBEPANM MeTalioM moBepxHi. Konmu BaHHA po3IIaBy pyXaeThCs, 3aBISKU

HIBUKOMY OXOJIOJIPKEHHIO PO3IUIaBICHOT0 MaTepiaay yTBOPIOEThCS TBEPAU METaIeBUI
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map, 1o 3abesnedye HaAIMHUNA 3B’SI30K MK MaTepiajioM, sSKui OyB pO3MIIICHUH, 1
HaIPSIMKOM BUTOTOBJICHHS.

Y po6orti [119] aBTOpH BUSBUIIN aHI30TPOIII0 MEXaHIUHUX BIACTUBOCTEHN MaTepiaty
rOTOBUX 3pa3KiB 3 BUCOKOIO T'ycTUHOIO (99,82%) Inconel 718. Bonu cnoctepiramu
3HIDKEHHS MEXK1 TEKy4dOCTl JJIsi BEPTHUKaJIbHO MOOYIOBaHMX 3paskiB. Jluime Kinbka
OCTaHHIX pOOIT CTOCYIOThCSI MEXaHIYHHX XapakTepucTuk paetaned Inconel 718
oTpuMaHux 3a jomnoMorow 3D-apyky. ABtopu [120] BusSBUIM, 10 MeEXaHIYHI
BJIACTUBOCTI MaTepiany micis 3D-apyKy CHIBHO 3alie)KaTh BiJl aMIUTITYIH 30BHIMIHIX
HaBaHTaXeHb. [IpuunMHYy Takoi MOBEMIHKKM aBTOPU 3B’S3alM 3 BIUIMBOM (GopMH Ta
po3Mipom ¢a3u JlaBeca, sika BUSIBIAETHCS B MIKPOCTPYKTYpPl TOTOBOTO 3pa3ka 1 Ji€ sk
apMatypa, 110 IEePenIKoIKae MOMMUPEHHIO TPIIIUHHU JIJIsI MaJUX aMIUTITYl HApy KeHHS
Ta SK MOYaTOK TPIIIMHMU JJIi BUCOKMX aMIUTITYJ HampyeHHs. B po6oti [121] Oymo
BUSIBIICHO, IO TP BHUMPOOYBAaHHSIX Ha OJHOOCHOBHH CTHCK HAJPYKOBAHHUX 3pa3KiB
Inconel 718 3a ymoB Bucokoi Temmneparypu (298-1273K) 1 BHCOKOI HIBUAKOCTI
nedopwmariii (0,001-5300/c), 611bII BUCOKY MEXaHIYHY MIIHICTh MOKa3adu 3pa3kH, siKi
Oynu  HAJpyKOBaHI  mHapajenbHO  OyJIBENbHIM  1argopMi  MOPIBHAHO 3
NEePHEHANKYJISPHUMHU YePe3 CHIIbHY aH130TPOITII0 MIKPOCTPYKTYPH, IO CIIOCTEPITAETHCS
MICJIS BATOTOBJICHHS 3pa3Ka.

BpaxoByroun BIUIMB peKMMIB Ta napaMeTpiB AB Ha BiacTHBOCTI OAep>KyBaHUX
BUpOOIB, iX JOCTIUKCHHS Ta ONTHUMI3aIlis Mae ocoOJMBE 3HAYCHHS 3 TMOTISIAY
pO3UIMPEHHS 00JaCTI KOMEPLUIMHOTO BUKOPUCTaHHS AB TexHosoriid. Y 3B'SI3Ky 3 IIUM y
JiTepaTypi 3'IBISETHCS BCE OUIBINE TOCTIKEHb MPUCBIYCHUX BIUITMBY SKOCTI BUX1THHUX
MOPOIIIKIB Ta TEXHOJIOT1i IPYKY Ha CTPYKTYpY Ta BIACTUBOCTI 3aTOTOBOK [55, 122, 123].

BaxuiBy posib y (opMyBaHHI MEXaHIYHUX BJIACTUBOCTEH >KapOMIITHUX HIKEJIEBUX
CIUTaBiB Trpae TepmiuHa oOpoOka [124]. B poborti [125] mimkpecmtoeTbes, MO PexuMU
TEPMIUYHOI OOpOOKM BIAPIZHAIOTHCS 3aJIEKHO BiJI CIIOCOOY BUTOTOBJICHHS METAJIEBUX
BUp0oOiB. Ha chorogHi po3po0sieHO JOCTATHBO PEKUMIB TEPMIYHOT OOPOOKH JIJIst TUTOTO
Ta nepopmoBanoro crany, npote it SLM Inconel 718 npomoBkyoThCs TOCHTIIKEHHS
II0JI0 BU3HAYEHHS pAI[lOHAIIBHUX PEXUMIB TepMooOpoOku. B 3a3HaueHiii poOOTI

BCTAHOBJICH] palliOHATIBHI PEKUMHU TEPMIYHOI 0OpOOKH neTaneit 31 craBy Inconel 718,
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BUTOTOBJICHUX 3a TEXHOJOrI€ ceneKTuBHOro asepHoro crikanas (CJIC) nus
OTPUMAaHHS BUCOKOTO KOMIUIEKCY MEXaHIUYHUX BIACTHBOCTEH.

3anexHICTh MEXaHIYHHUX BJIACTHBOCTEH BiJ] HAMPSMKY MOOYAOBU 3pa3KiB BUSBIICHA
y 3pa3kax cmiaBy Inconel 718 micna 3D-apyky. BcecraHoBieHo, 1o micis TEpMIYHOI
OOpoOKM  OTpUMaHHUW  MaTepial  XapaKTepU3yeTbCs  MIUIBHOIO,  OAHOPIIHOIO
Npi0HO3EPHUCTOI0 MIKPOCTPYKTYpOI0. Takok Mae Miciie MeXaHI4Ha TEKCTypa 3€peH, sKi
BUTATHYTI B HANIPsIMKY MoOy10BH 3pa3ka [123, 125].

Y pobori [21] mpu gociimkeHHl BUpoOiB, OTPUMAHUX METOA0M 3D-apyKy criiaBy
AlSi;)Mg (RS-300), BUsIBJIEHO aHI30TPOMIIO 3AJMIIKOBUX HANpy»eHb. byio mokasaHo,
1110 BUCOKUH PIBEHb PO3TATYIOUMX 1 CTUCKAIOUUX 3aJUIIKOBUX HANPYKEeHb NEPEIaeTbCs
y cnagok Big SLM 3D-npyky 1 30epiraerbcsi Oinbine 6 wicamiB. HampyxeHHs
BapiroBasiics (Bix 80 mo 180 MIla) 1 mocsranu Big 1/3 mo 3/4 rpaHuill IJIMHHOCTI
Marepiany.

Kpucranorpagiysa cropsMOBaHICT 3POCTaHHS MIKPOCTPYKTYPHUX CKJIaJ0BHX
3pa3kiB 31 cruiaBy Inconel 718 B 3anmexHOCTI Biff HAMPSAMKY MOOYIOBU 32 TEXHOJIOTIEO
CJIC Oyna 3HalifieHa TakoX y OUIBII paHHIX JociimpkeHHsx [125-127].

CnocobOu kepyBaHHS TEKCTyporo B crmiaBi Inconel 718 3 BUKOpHCTaHHSIM
JIBOHAIMPABJICHOTO JIA3EPHOTO CKaHyBaHHS B MPOIIECi TUIABKH y TIapi Ta3epHOT0 MOPOIIKY
JUTSl KEpYyBaHHS MEXaHIYHMMHU BIACTHUBOCTSMH y Tipoueci 3D-NpuHTIHTY 3apONOHOBaH1
y po6oti [128].

AHaJli3 JiTepaTypy MOKa3aB, 1[0 HE3BaXKalOUM Ha JOCUTh BUCOKY €()EKTHUBHICTH
3actocyBanHsa TexHomyorii SLM nis meranmeit 31 cmaBy Inconel 718 ocoGmmBocTi
dbopmyBaHHs KpuctagorpadiyHOi TEKCTYpH BUBYEHI HEJOCTaTHHO. HenocTaTHRO MOBHO
JOCIIIJIKEHO BILTUB METOJIIB 1 PEXUMIB MOCT-APYKAPChKOi 0OpoOKH Ha (popMyBaHHs
TEKCTYpPH, a TaKOXX MUTaHHS 3B'A3KY aHI30TPOIli MEXaHIYHUX BIIACTUBOCTEU 3pa3KiB
crutaBy Inconel 718, BuroropieHux 3a jgonomorotr 3D-Ipyky B pi3HMX HampsiMKax
oOy1I0BH, 3 KpUCTATIOTPa(PIdHOIO TEKCTYPOIO 3pa3KiB.

Huxue peACTaBICHO BCTAHOBJICHI 0coOMBOCTEH dbopmyBaHHS
KpucTtajgorpapiyHOi TEKCTYypHU Ta ii 3B'SI3KY 3 aHI30TPOIIE€I0 MEXaHIYHUX BIACTUBOCTEH

3pa3kiB 31 ciaBy Inconel 718, Burotosnenux 3a gonomororo 3D-apyky y miommHi XY
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(Tak 3BaHMX TOPU3OHTAIBHMX 3pa3kax) Ta y HANpPAMKY Z (Tak 3BaHUX BEPTUKAIBHUX

3pa3Kkax), a TAaKOXK IICIIs PI3HUX BUIIB iX MOCT-ApYyKapchkoi o0poOku [129].

5.2 OcobnuBocTi hopMyBaHHS KpUCTAIOrpadiuHOi TEKCTYPH 3pa3KiB,

BUTOTOBJICHUX 3a JomoMororo 3D-apyky 3i crutaBy Inconel 718

Bukopucrannss  Texuosorii  3D-apyky Ta  mOCT-ApyKapchbkoi  0OpoOKu

JOCITIIKyBaHUX 3pa3kiB crutaBy Inconel 718 nmpencrasneni y Tadm. 5.1.

Tabmuus 5.1.
TexHo0T1i OTPUMaHHS TOCTIIKYBAHUX 3Pa3KiB
TexHomnoris :
Ne TexHomnoris nocr-
[To3HaueHHsie | OTpUMaHHS Hanpsim noOynoBu .
n/m JIpyKapchKkoi 00poOKu
ITopouky
| KI'1 PREP TOPU30HTAJIbHE —
2 KB1 PREP BEPTUKAJIbHE —
3 KT'6 PREP TOPU30HTAJIBHE TO
4 KB6 PREP BEPTHUKAJIbHE TO
5 KT'4 PREP TOpU30HTAIBHE I'1+TO
6 KB4 PREP BEPTUKAJIbHE I'1+TO
7 I'e VIGA TOPU30HTAIBHE TO
8 B6 VIGA BEPTHUKAJIbHE TO
9 I3 VIGA TOPU30HTAIBHE I'1+TO
10 B3 VIGA BEPTUKAJIbHE I'1+TO

O6epueni nontocHl ¢irypu (OIID) 3pas3kiB a0CHiKyBaHOTO cruiaBy micis 3D
JIPYKy Ta pI3HOI NOCT-ApyKapcbkoi oOpoOku (Tadn. 5.1) mpencraBieHi Ha puc. 5.1.
3aranbauM A1 Beix npencraBieHux OIID e Te, mo MmakcuManbHi 3HAUYEHHS MOJTIOCHOT

HIUIBHOCTI CIIOCTEPIraloThes B moirocax <533> (Biacrans Big <111>nHa =14 °) 1 <100>.
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Puc. 5.1. O6epneni nostocHi ¢irypu 3pas3kiB ciiaBy Inconel 718 micns 3D-apyky ta

MocT-pykKapchkoi 00pooku. Hymepariis OIID Binmosinae tabdi. 5.1
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Po3mip MakcuMyMiB 1 XapakTep pO3CIFOBaHHS 3aJI€KHUTh Bijl HAMPSIMKY MOOYI0BH 1
METOay micysl ApyKoBaHOi oOpoOku (Tadin. 5.1). Tak, momocHa miibHICTh Ha OID B
noJiroci <533> BapitoeThes Big Makcumymy 2,17 y 3paszky No2, BUpoIiieHOMy Z HalpsiMKy
0e3 moaanbiIoi TepMooOpoOKH, 10 MiHIMyMY 1,21 y 3pa3ky Ne 8, BUpoIIeHOMY TaKoX B
Z nanpsmky, ane miciust TO.

Mexanizmu popmyBanHus kpuctanorpadiunoi rekctypu B ['LIK metanax Ta crimaBax
MICIs PI3HUX BUAIB Aedopmallii Ta MoJaidbIIoro BiANany JOCUThH J100pe Bimomi [130].
dopmyBanHA KpucTamorpadiuHoi TekcTypu y mpoueci 3D apyky BHBUEHO 3HAYHO
MEHIIIE, SIK 3TalyBajocs BUIIIE.

dopMyBaHHS TEKCTYypHOTO KoMroHeHTa <100>, iMOBipHO, 0OYMOBJIEHO THUM, IO
HaWIIBUIIE POCTYTh CTOBIYACTI KPUCTANIU, Y SKUX OpIEHTALls YTBOPIOE MIHIMAJIbHUMN
KYT 3 HallpsSIMKOM HaOUTbIIOTO BijBeaeHHs Teria. Y cmaBax 3 ['TIK rparamu (o sikux
BiIHOCUTHKCA 1 criaB Inconel 718) opienTartii [111] Bigxuieni Big kpucTtanorpadiuHoro
Hanpsamy [001] na 54,5°. BHacniiok boro micisi CEJIEKTUBHOTO JIA3€PHOTO TUIABJICHHS B
npouieci 3D Apyky Kpucrtamizaiis 3epeH 3 opieHTamismu [111] Moxke mpuaynryBaTHCh
OyIb-SIKUMHM CYCIAHIMHU 3€pHaMH 1HIIUX opieHTaid [129, 131]. 3 1mi€i npuuuHu,
riMoBipHO, Ha OIID nomrocHa nieHICTh <1 11> HU3BKA, a TOMFOCHI MIIIbHOCTI <533> Ta

<100> BimHOCHO Besuki (puc. 5.1).

5.3. BB kpuctanorpadiqyHoi TEKCTYpH Ha aHI30TPOIII0 MEXaHIUHUX

BJIACTUBOCTEH 3pa3KiB, BATOTOBJICHUX 3a Jornomoroto 3D-npyky 31 cmuiaBy Inconel 718

HoOpe Bimomo, 1m0 KpucTamorpadiuHa TEKCTypa € OJHUM 13 TOJOBHUX NPUYMH
aH130TpOIIi MEXaHIYHMX BJIACTUBOCTEH. AHam3 aedopmallli MeTaJeBUX KPUCTATIB 3
'K rparamu mokazaB [132], mo 3MinHeHHs npu AedopMailii MOKe 3MIHIOBATHUCS B
HIUPOKUX MEXKax 3aJIe)KHO BiJl OplEHTAIlIl KPUCTAIB.

Kpucranitu, opieHTalli SKMX pO3TallOBaHi OJM3bKO YM Ha Mexi cTopoHu [001] —
[111] crepeorpadiuHOTO TPUKYTHHKA, IO AKOI MiJ 9ac Aedopmarlii HaOIUKAETHCS BICh
pO3TIATYBaHHS, MOKA3yHOTh OUIbIIE 3MIIHEHHS, TOJIl SIK KPUCTaIW, OPIEHTAIl SKUX

JeXaTh y LEHTpalbHIA o0nacTi crepeorpadiyHOr0 TPUKYTHUKA, JAJEKOi BiJl CTOPiH
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TPUKYTHHKA, OCOOJIMBO JajeKo Bija Buie3raaanoi croponu [001] — [111], BusBisroThCS
MEHIII MIITHUMHU TIpU po3TATyBaHH1. [Ipu 11boMy HaO1IbIIIE 3MIITHEHHS MTPU PO3TATYBaHHI
BCTAHOBJICHO y KprcTanax 3 opieaTyBanHsamu [001] ta [111], s x mep1oi, Tak 1 Ha IpyTUi

cTajii 3MIIHEHHS, X04a 1 Te Tak sICKpaBo BUpakeHa (puc. 5.2) [132].

185

151

135
o

b z. / e /
|7|/ [35/ 1'38/ I3{ N

a o
Puc. 5.2. Koedimientu 3minnenns (MlIla) kpucraniB miai yuctotu 99,88 % Ha nepiriit

[132, c. 85(a)] 1 Ha opyruit [132, c. 85(6)] cTadii 3MILIHEHHS JI PI3HUX OPIEHTYBaHb

Ak Bigomo, nomocHa ryctuHa Ha OIID (puc. 5.1) npomnopiiiiHa 00'eMHii YacTI
KPHUCTAIIB BIAMOBIIHOI opieHTaIlli. Buxoasun 3 BHINEBUKIIAICHOTO, IS MPOTHO3HOI
OLIIHKH BILJIUBY OpIl€HTAI[ll KPUCTAIIB Ha BJIACTUBOCTI MILIHOCTI 3pa3KiB AOCIIIHKYBAHOTO
CIUTaBY CKOPHUCTAEMOCS CHIBBIIHOIIECHHSIM CYMapHOI TOJIFOCHOI TYCTHMHHM OpPIEHTYBaHb
KpuctaiiB y310Bxk croponu [001] - [111] crepeorpadiuHoro TpuKyTHHKA JUIsl 3pa3KiB B
TOPU30HTAJIBLHOMY 1 BEPTHKAJILHOMY HampsiMKax moOyaoBu micist 3D nmpyky Ta moct-
IpyKapcbkoi 00poOku. Y Tab:. 5.2 mpencraBiieHi 3HaYEHHSI CyMapHOi OJIFOCHOT TYCTUHU
Py B300Bxk [001] - [111] ctoponu crepeorpadiunoro tpukyTtarka Ha OIID (puc. 5.1),
a TAaKOX Pe3yJIbTaTU MEXaHIYHUX BUMPOOYBaHb HA PO3TAT BIAMOBIIHUX 3Pa3KiB CILJIaBY,
10 JTOCTIKY€EThCS.

3BepTae Ha cebe yBary Te, 0 XapaKTepUCTUKHU MILHOCTI 3pa3KiB, OTPUMAHUX MPU
BuKkopucTanHi mopomky VIGA, sk mpaBwi, NMEPEBUIYIOTh BIJAMOBIIHI BEIUYUHU Yy
3pazkax Ha ocHOBI mopoiky PREP (tabn. 5.1). Lle Mmoxe OyT 0OyMOBIIEHO Pi3HOIO

MOPQOJIOTI€X0 MOPOIIIKIB, IO BUKOPUCTOBYIOTHCS, TIPO IO 3ralyBajocs BUIIIE.
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3 Tabi. 5.2 BUAHO, 110 miciis 3D-apyKy cyMapHa MojtocHa I'yCTUHA TOPU30HTAIBHUX

3pa3KiB MIEPEBUIIYE BIAMOBIIHE 3HAUYCHHS BEPTUKAIBHUX JIJIs BCIX BUIB 0OPOOKH.

Taomurs 5.2.

CyMapHa noJitocHa rycTHHA

[001]-{111]

Z B

B3710BXK [001] —[111] cTopoHn

crepeorpadiunoro TpukyTHuka Ha OI1® Ta MexaH14HI BIaCTUBOCTI 3pa3KiB

= | E s £ .
E g % E E g FI* 8 LC:: GBa 60.23 65 Z Elkl
Ne i/mm = S X o| B ¢ S & d o [001}-{111]

= %@gg % = £ GMlla| Mlla /0

= = & - ~ =3
2 KI'1 PREP | I - 1109 | 802 | 24,0 6,83
1 KB1 PREP | B - 1021 | 686 | 30,0 6,45
4 KTI'6 PREP | I TO 1537 1 1291 | 20,0 7,86
3 KB6 PREP | B TO 1436 | 1245 | 8,0 6,43
6 KI'4 PREP | I' | THII+TO | 1425 | 1197 | 22,0 7,83
5 KB4 PREP | B | TTII+TO | 1374 | 1097 | 22,6 7,20
9 I'6 VIGA | T TO 1552 1 1335 | 20,0 7,87
8 B6 VIGA | B TO 1429 | 1242 | 16,8 7,25
11 I'3 VIGA | I | TOHI+TO | 1399 | 1173 | 26,0 7,22
10 B3 VIGA | B | THI+TO | 1361 | 1139 | 25,0 6,62

Takum ymHOM, KpucTajmorpadiuHa TEKCTypa € OCHOBHOK MPUYMHOIO TOTO, IO

BJIACTUBOCTI MII[HOCTI TOPU3OHTAJIbHUX 3pa3KiB BHUILIE, HIK Yy BEPTUKAJIbHUX.
BiamoBinHO, TUTACTUYHI XapakTEPUCTHKWA TOPU3OHTAJIBHUX 3pa3KiB HUXKYI, HDK Yy
BEPTHUKAIbHHUX.

Panime B po6oti [133] Oyno mnokazaHo, W0 A BEPTUKAIBHUX 3pa3KiB
(moOymoBaHMX y HAMPAMKY 7Z.) XapaKTEPHE 3HUKEHHS XapaKTEPUCTUK MIITHOCTI (Gp, Go2
— y Mexax HopM ASM 5662M) Ha 5-6% Ta miJBUILEHHS TUIACTUYHUX (O) MOPIBHSHO 31

3HAYEHHSAMH TOPU30HTAILHUX 3pPa3KiB (BUPOIIECHUX y HAMPsMKY XY).
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AHaJloriyHa TeHJICHIlis criocTepiraiacs 1y 3pa3kax ciaBy Inconel 718 micnsa 3D-
npyky TO Tta I'lll 06po6xu. Tak, A1 TOpU30HTANIBHUX 3pa3KiB 3HaUeHHs G Ha 1,6%, Go2
Ha 0,7%, Ha 3,5% BuIe, HIXK y BepTUKAIBHUX 3pa3KiB [134].

Y pobGoti [134] npencraBieHi pe3yabTaTH MOPIBHAILHOTO BUBUYCHHS MEXaHIYHHX
XapaKTEPUCTHK 3pa3KiB, OTPUMAHUX METOJOM CEJICKTUBHOIO JIA3€PHOTO CIUIABICHHS
(CJIM) nopomikis cruiaBy Inconel 718 na ocnoBi nopoikiB PREP ta VIGA, sik 1 B Hatiit
po6oTi. ABTopamu [134] BCTaHOBJIEHO, IO CIIBBIAHOMIEHHS MIITHOCTI Ta TJIACTHYHHUX
XapaKTepUCTUK 3pa3kiB micas 3D-apyky B TOpU3OHTAIBbHOMY 1 BEpPTUKAIBHOMY
HaIpsMKax MOoOYJ0BH 1 MOCT-JIpyKapchbKoi 0OpoOKH MOJIIOHO MpeCTaBIeHOMY B TaOIl.
5.2.

Kopemsmiitnuii  anamiz 3B'S3Ky MDK TapamMeTpamMu TEKCTYpH JUIsl  3pa3KiB
TOPU30HTATLHOMY Ta BEPTUKAIBHOMY HalpsIMKax oOyA0BH HAMPSAMKY micist 3D-apyky
Ta TOCT-IPYKapCchkoi 0OpOOKH, 3 OAHOrOo OOKY, Ta BIAMOBIIHUMHU XapaKTEPUCTUKAMU
MIIHOCTI (TPaHUIICIO MIITHOCTI G, YMOBHOIO T'PaHUIICIO TUTMHHOCTI G(2) Ta TUTACTUYHOCTI
O, 3 1Hmoro Ooky (Tabn. 5.2) 103BOJIMB TOB’SI3aTH TapaMmMeTpu TEKCTYpH 3
XapaKTEepUCTUKAMU MIIHOCTI W MuiacTuyHoCTi. [lapameTpu TeKCTypu TpelcTaBlieHl Y
BUTJISIII CYMapHOT TOJIFOCHOI TyCTHHH B3710BX cTopoHH [001] - [111] crepeorpadiunoro
TpukyTHUKa (puc. 5.1). Huxxue mpenacraBieHi BIANOBIIHI PIBHAHHS perpecii 3Hau€Hb
BUIIE3TJJaHUX BJIACTHMBOCTEM HAa BEJIMYMHY CYMapHOi TMOJIFOCHOI TYCTHHH, a TaKOX
BinnosinHi koedimieHTH HagilHOCTI anpokcumMarii R2,

Jlnst 3pa3kiB noOyAOBaHUX B FOPU30HTAIBLHOMY HAINPSMKY:

c,=342,8 > B, —1173,8R*= 0,83 (5.1)
[001]-[111]

o,,=400,3 > P, —18515R’ = 0,81 (5.2)
[001]-[111]

5=-4,4 > P, +555R = 0,64 (5.3)

[001]-[111]
Jlst 3pa3kiB moOyOBaHUX B BEPTUKAIBHOMY HAIPSIMKY:

o, =487,0 > B, —20558R>= 0,85 (5.4)

[001]-[111]

0,,=6533 > P, —34518,R*=0,86 (3:5)

[001]-[111]
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5=-224 3 P,+1758R*=0,75 (5.6)

[001]-[111]

3 piBHsHB (5.1) — (5.6) BUAHO, IO Ma€ MicIle JIHIMHUN KOpEJSIIHHUN 3B'S30K 13
BUCOKHMH Koe(illieHTaMH HaAIMHOCTI ampoKCHMAIlii MDK MapaMeTpamMu TEKCTYpH Ta
MEXaHIYHUMHU XapakTepucThukaMu. lle CBITYUTH Mpo Te, 0 OCHOBHOIO MPUYMHOIO
aHI30TpOITIi BJIACTUBOCTEH y MOCHIDKEHUX 3pa3kax € KpucrtajorpadidHa TeKcTypa.
ParionanbHe BUKOpHUCTaHHS KpHCTaIOrpadiuHOl TEKCTypH y MPOLECi BUTOTOBJICHHS
JieTaneil MEeToI0M CEeJIEKTUBHOTO JIA3€PHOTO IUIABJICHHS Y BIAMOBIIHUX HampsiMkax 3D-
JIPYKY J03BOJHMTH OTPUMYBATH JIETall 3 ONTUMAIBHUM KOMIUIEKCOM BIACTHBOCTEH.

Jlst BCTAHOBJICHHS! 3B'SI3KY BIUIMBY TEKCTYpPH Ha 1HII MEXaHIYHI BJIACTUBOCTI
(ymapHy B'SI3KICTb, TBEPIICTb, BIJHOCHE 3BYXKEHHS) CHIiJ] Y3TOJAUTH HAMPSIMOK
3aCTOCYBaHHS HaBAaHTAXXEHHS MPU BUIPOOYBAHHAX 1 KpUCTAIOTpadiuHUi HANPSIMOK y
BUNIPOOYBaHOMY  3pa3ky. Tak, Hampukiaj, TMpd yIAPHUX  BUIPOOYBAHHSX
TOPU30HTAIBLHOTO 3pa3Kka HaBAaHTAKEHHS MPUKIAJAAETHCA B HAPSIMKY oci Z (abo Y), y
TOM Yac SIK IpU BUMIPOOYBAHHAX HA PO3TAT HABAHTAKECHHS MIPUKIIAJICHO B HAIIPSIMKY OCI
X. ToMy OpIBHSIHHSI BIIACTUBOCTEH IpU PO3TsA31 Ta HA yAap sl TOPU30HTAIBHOIO 3pa3Ka
€ HEKOPEKTHUM.

Y nepcnekTuBl JOPEYHO MPOBECTH OINHKY KpHUCTAIOrpadiuHoi TEKCTypH Ta
MEXaHIYHUX BJIACTMBOCTEH Yy 3pa3kax, BHUpi3aHuUX y Hampsmkax X, X+45° ta Y 3
IJIACTUHH, BUTOTOBJIEHOT HIIsIXOM 3D-nipyKy y mionuHi XY . AHaJIOr4H1 €eKCIEPUMEHTH
MOXXYTb OyTH TMpOBEJEHI Ha 3pa3Kax, BUPI3aHUX Y BIAMOBIAHMX HANpsIMKax IUIACTHH,

OTPUMAaHHUX 3a J0NOMOTror 3D-apyKy B miomuHax XZ i YZ.
BucHoBku 10 po3ainy 5

1. locnimkeno kpuctanorpadiuny TEKCTypy Ta MEXaHIUHI XapaKTEPUCTUKHU 3pa3KiB
crutaBy Inconel 718, orpumanux 3a qonomororw 3D-npyky y ropuzonTansHoMy (XY) Ta
BEPTUKAIbHOMY (Z) HampsMKax METOJOM CEJIEKTHMBHOIO JIa3epHOTO ILJIaBJICHHS

nopomkiB PREP ta VIGA.
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2. TekcTypa XapakTepu3y€eThCs TUM, 1110 MAKCUMaJIbH1 3HAYE€HHSI TTOJIFOCHOI T'YCTUHU
CIIocTepiraroThbcs B nmojtocax <533>(2,17) (Biacrans Big <111>Ha = 14°)1<100> (1,81)
cTepeorpadpiqyHOro TpUKyTHHKA. PO3Mip MakCUMyMIB 1 XapaKkTep pO3CIIOBaHHS 3aJI€KUTh
B1JI HampsMKy MOOYJI0BU 1 METOy MICis ApykKoBaHOi oOpoOku. IIpu mpomy cymapHa
MOJIFOCHA TycTuHA B310BX cTopoHU [001] — [111] cTepeorpadiuHoro TpUKyTHUKA IS
TOPU3OHTATLHUX 3pa3KiB BUIIE, HIK Y BEPTUKATBHUX.

3. BcTanoBieHo, 110 BIACTUBOCTI MIITHOCTI TOPU30HTAILHUX 3pa3KiB BHUIIE, HIXK Y
BEPTHKAIbHUX, a, BIANOBIJAHO, MIACTHYHI XapaKTEPUCTUKH TOPU3OHTAIBHUX 3pPa3KiB
HUXKY€E, HDK Y BEPTUKAIbHUX.

5. TlpoBeneHud KOpENMALIMHUN Ta perpeciiHuil aHaji3 MoKaszaB, IO Ma€ MicIle
JIHIMHUN KOPENALINHUNA 3B'I30K 3 BUCOKMMM 3HAYEHHSMH Koe(]illieHTa HaJIMHOCTI
anpokcumarii  (0,64-0,86) MibK mapamMeTpaMu  TEKCTypd Ta  MEXaHIYHUMU
xapaktepuctukamu. lle cBiAYUTH MpPO Te, 10 OCHOBHOI MNPUYMHOI aHI30TpOMmii
BJIACTUBOCTEHN y IOCTI/DKEHUX 3pa3Kax € KpucrajnorpadiyHa TekcTypa.

6. PamionHanbHe BHUKOPUCTAHHA KpHUCTAIOrpagiyHOi TEKCTypH Yy IIpolieci
BUTOTOBJICHHS JIETAJel METOJOM CEJIEKTUBHOTO JIa3€PHOTO IJIABICHHS Yy BiAMOBITHUX
HarnpsiMkax 3D-ApyKy H03BOJIMTH OTPUMYBATH JI€Tajll 3 ONTHUMAIbHUM KOMIUIEKCOM
BiacTUBOCTEN. [lepCnekTUBHUM € OLlIHKa KpucTaaorpapiyHoi TEKCTYPH Ta MEXaHIYHUX
BJIACTUBOCTEN y 3pa3Kkax, BHpi3aHUX y Hampsmkax X, X+45° ta Y 3 mIacTuHd,
BUTOTOBIIEHOT 1UIsiXoM 3D-apyky y twionHi XY, a TaKoX Ha 3pa3Kax, BHPI3aHUX y
BI/IMOBIHUX HANPsIMKax 13 MJIACTUH, OTPUMAHHUX 3a I0MOMOrow 3D-ApyKy y MIommHax

XZtaYZ.
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BHUCHOBKU

1. Tloka3aHo, IO BUKOPHCTAaHHS MapaMmeTpiB TekcTypu KepHca Ta mpyKHUX
KOHCTaHT MOHOKpHCTaJB cruiaBiB MarHito ZE10, Mg 5 % Li (mac.) Ta TuTany 103BOJIsI€
pO3paxyBaTd MOAYJb MPY>KHOCTI B TPhOX OCHOBHMX HAmNpsAMKaX BHUXIJHUX JIUCTIB, a
takox jucTiB micas 0,5; 1,0; 3,0; 1 5,0 mukIiB 3HAKO3MIHHOTO BUTHHY 3 BIAXUJICHHSIM
PO3paxyHKOBHX 1 EKCTIEpUMEHTAILHUX 3HAYeHb B Mexax 5 — 10%.

2. BcTraHOBIIEHO aHI30TPOMII0 MOAYJISI IPY>KHOCTI, TapaMeTPiB MOUIKOIKYBaHOCTI,
MEX1 MIITHOCTI, YMOBHOT ME€XI1 IJIMHHOCTI Ta BIJIHOCHOTO TMOJOBXKEHHS SIK y BUXIJIHHUX
muctax cmasiB MarHito ZE10, Mg 5 % Li (mac.) Ta TdTaHy, Tak 1 B JIUCTaX MIiCIs
3HAKO3MIHHOTO BHUIMHY. AHI30TpPOIIIS JTOCHIIKEHUX XapaKTEPUCTUK 3MEHUIYEThCS 31
30UIBIIEHHSIM KUJIBKOCTI IUKIIIB 3B.

3. Iloka3aHo, 1O  BUKOpPUCTaHHA  napameTpiB  TekcTtypu  KepHca,
€KCIIEPUMEHTAJIbHUX BEIWYUMH MOAYJS MPY>KHOCTI Ta MEX MIIHOCTI Ta IUIMHHOCTI
MOJIIKPUCTAIIYHUX JIMCTIB JOCHIKYBAaHUX CIUIaBIB MAarHito 1 TUTaHy J103BOJISIOTH
BUPIIIUTHA 3BOPOTHY 3a7ady BH3HAUEHHS BIAMOBITHUX TPYKHUX CTajJuX Ta
XapaKTEPUCTHK MIIHOCTI Ta TNIMHHOCTI MOHOKPUCTAJIIB 3 TOXHUOKOI0 B Mexax 10 %.

4. BcTaHOBJIEHO, L0 MIDK BEJIMYMHAMH MOJIYJS MPYNKHOCTI, MEXaHIYHUMH
XapaKTepUCTUKAMH Ta MapaMeTpaMH MOIIKOKYBAHOCTI TOCTIP)KYBaHUX JIUCTIB CIIJIaBIB
MarHito Ta TUTaHy 3 OJIHOTO OOKY, Ta BIJIMOBIIHUMHU TTapaMmeTpamu TekcTypu Kephca, 3
1HIoro OOKy, MalOTh MICI€ CHJIbHI KOpEJSALIMHI 3B'A3KA Ta BCTAHOBJICHI PIBHSIHHS
perpecii 3 koedilieHTaMu HaaiiHOCTI anpokcumartii 0,76 — 0,99.

5. 3amnapamerpamu Tekctypu KepHca BCTaHOBIEHO PO3BUTOK KpHUCTaIorpadiuHoi
TeKCcTypH ciuiaBy Tutany BT1-0 micas 5 mpoxoiB TBUHTOBOI €KCTPy3ii Ta HACTYITHOTO
Binnany npotsaroM 1 rox npu temneparypax 200-400°C 3 intepBanom y 50°C.

6. 3naiineno, mo micas Bignaty npu 250°C napamerpu tekctypu KepHca MaroTh
3HaueHHA, OMu3bKlI 10 1/3 y TphOX HampsAMKax AOCIHIPKEHUX 3pa3KiB TUTaHY, IO
BIJINIOBIJIa€ CTaHy 0€3 TEKCTYypH, MPH IIbOMY aHI30TPOIIIS TOCTIKYBaHUX BIACTUBOCTEH

€ MIHIMAJIbHOKO.
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7. lloka3zaHo, IO BUKOPHUCTaHHS NapaMmeTpiB TekcTypu KepHca Ta mnpyXHHX
CTaJIMX MOHOKpHUCTaJIa TEXHIYHOTO TUTaHY J03BOJSE po3paxyBaru 3 noxubdkoro 10 %
BEJIMYKMHY MOJIYJISA MPY>KHOCTI crutaBy turany BT1-0 micis 5 mpoxoxis TE ta Bigmamy
3pa3KiB y HAIPSIMKY OC1 TBUHTOBOI €KCTPY3ii Ta B3a€EMHO MEPIEHANKYIISIPHUX HAIIPSIMKaX
710 HEl, B SIKUX BUMIp BJACTUBOCTEH 3HAYHO YTPYTHEHHI.

8. BcraHoBNnEeHO 3HAYEHHS MEX MILIHOCTI 1 MJIMHHOCTI MOHOKPHUCTANy THUTaHY
B3/I0BXK MHOro TIEKCAaroHaJbHOI OCl Ta Yy NEPNEHIUKYJISIPHOMY J0 HEl HampsMKYy,
BUKOPHCTOBYIOUH JIITEpATypHi JaHi mo TBepaocti Hy, i H{f MOHOKPUCTAIIB TUTaHY
TEXHIYHOI YUCTOTH Ta EMIIPUYHUX CIIIBBIJHOIIEHb MK TBEPAICTIO Ta MILHICTIO Hy =
2,890 1Hy, = 3,33 0p,.

9. Iloka3aHo, 1110 BUKOPUCTaHHS MapaMeTpiB TeKCTypu KepHca Ta BCTaHOBIEHUX
BEJIMYMH MEX MILIHOCTI Ta MJIMHHOCTI MOHOKPHUCTAJIy TUTaHY, JAO3BOJWIO BU3HAUUTU
BIJIIIOBIJIHI XapaKTEPUCTUKH 3pa3KiB TUTaHy Mapku BT1-0 micns rBUHTOBOI eKcTpy3ii 3
BIIXUJICHHSIM BIJl €KCIICPUMEHTAIbHUX 3HauYeHb Ha 1,5 Ta 1,7 %, BIAMOBIIHO IS MEXi
MIIHOCTI Ta IJIMHHOCTI.

10. HocmipkeHo KpUCTaIorpadiuHy TEKCTYypy Ta MEXaHIYHI XapaKTEpPUCTHKHU
3paskiB cruiaBy Inconel 718, orpuManux 3a gornomororo 3D-npyKy y TOpU30HTAIBHOMY
(XY) Ta BepTHKambHOMY (Z) HAPsIMKaX METOAOM CEJIEKTUBHOI'O J1a3€pHOTO TUIABJICHHS
nopomkiB PREP ta VIGA Ta mokaszaHo, 10 TEKCTypa XapaKTEepU3YEThCS THUM, IO
MaKCUMaJIbH1 3HAYEHHS MOJIOCHOI TYCTUHHU CIIOCTEPIraloThes B moitocax <533> (2,17)
(Bigctans Big <111> na = 14°) 1 <100> (1,81) crepeorpadiuyHoro TpukytHuka. Po3mip
MaKCHUMYMIB 1 XapakTep PO3CIIOBaHHS 3aJICKUTh BiJl HAPSIMKY MOOYIOBU 1 METOTY TTICTIS
IpykoBaHoi 00poOku. [Ipu 11bOMy cyMapHa MoJitoCHa I'yCTHHA B3J10BXK cTopoHu [001] —
[111] crepeorpadigyHOrO TPUKYTHWKA JJsi TOPU3OHTAIBLHUX 3pa3KiB BHINE, HIK Y
BEPTHUKAIbHHUX.

11. BcraHoBiieHO, 1110 BJACTUBOCTI MIITHOCTI TOPU30HTAIBHUX 3pa3KiB BUIIE, HIXK Y
BEPTUKAJILHUX, 4, BIIMOBIIHO, TUTACTUYHI XapaKTEPUCTHKU TOPU3OHTAIHHUX 3pPa3KiB
HIKYE, HK Y BEpTUKATbHUX.

12. IIpoBeaeHuil KOpeNALIMHUI Ta perpeciiiHuil aHami3 Mokas3aB, 110 Ma€ Micle

JIHIMHUN KOPENAIINHUN 3B'I30K 3 BHUCOKHMH 3HAYCHHSMH KoedillieHTa HaIIHHOCTI
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anmpokcumariii - (0,64-0,86) MK mapamMeTpaMd = TEKCTYpH Ta  MEXaHIYHUMU
XapakTepucTukamu. lle CcBiT4WTh TPO TE, [0 OCHOBHOIO MPHYMHOIO aHI30TPOIIii
BJIACTMBOCTEH y JOCHIKEHUX 3pa3kax cruiaBy Inconel 718 € kpucranorpadiuna

TEKCTypa.
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