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AHOTALIA

['opnenko A.O. BruiB nedekTiB HamIaBI€HHS HA BTOMHY MILHICTh THTAHOBOI'O
cruiaBy BT22 3 BinHoBIeHOW noBepxHero — KBanmidikaliiiina HaykoBa mpals Ha rnpaBax
PYKOTIHCY.

Hucepranist Ha 37400yTTS HAYKOBOrO CTymeHsi JokTopa (inocodii 3a
crierianpHicTIO 132 — Marepiano3HaBcTBo. — HairloHaapHMI TEXHIYHUN YHIBEPCHUTET
VYkpainu «KuiBcbkuit nonitexHiyHui iHcTUTYT iMeH1 [ropst Cikopcbkoro», Kuis — 2025.

HucepramiitHa po6oTa TPHUCBAYEHA EKCIEPUMEHTAILHOMY Ta TEOPETUYHOMY
JOCIIPKEHHIO  BIUIMBY  (DI3UKO-TEXHOJIOTIYHUX  MapaMeTpiB  BIJHOBIIOBAJIbLHOIO
HaIUIaBJICHHS 13 3acTocyBaHHAM mnpucaanux apotiB BT22c¢B 1 CII15¢cB Ha mapameTpu
MIKPOCTPYKTYpPH, (ha30BUil CKJIa]l Ta MEXaHIYHI BJACTUBOCTI TUTAHOBOTO ciuiaBy BT22.
VY poboTi gochimkeno 3pa3ku ciiapy BT22, mo mpoiniy moBHUHM UK TEXHOJIOTI9HOT
00poOKH, BKIIOYAIOYH BiJHOBIIOBAJIbHE HAIUJIABJICHHS 13 3aCTOCYBaHHSM 30BHIITHHOTO
MarHiTHOTO TIOJISI U 3MEHIIEHHS 1e(DEKTHOCTI 1 MOKPAIIEHHS CTPYKTYPH, 3aXUCT 30HU
pO3IUIaBy aproOHOM ISl 3amoOIraHHS OKHUCIICHHIO, JIOKAJIbHY TEPMIYHY OOpOOKY s
3a0€3MeYeHHs] OJHOPIAHOCTI MIKPOCTPYKTYPH, a TaKOXX BTOMHI BHUIPOOYBaHHS st
OIIIHKH CTIMKOCTI JIO MUKJIIYHUX HaBaHTaXeHb. [IpoBeneHuit aHai3 J03BOJIMB BU3HAYUTH
B3a€EMO3B 30K MDK [apaMeTpamMu HaIlJIaBJCHHS, TEpMidHOI 00poOKoro Ta
MIKPOCTPYKTYPHUMU 1 MEXaHIYHUMHU XapaKTEPUCTHKAMU 30H HAIUIABICHHS TUTAHOBOTO
crmaBy BT22.

JuceprarniitHa poOoTa CKIATA€ThCs 3 I'STH PO3AUINB, Yy SKUX BHUKIAJICHO Ta
OOTpyHTOBAHO OCHOBHI PE3YJIbTATH MPOBEICHOTO JOCIIIKESHHS.

¥ Beryni nucepTaiii moiaHo 3arajibHy XapaKTepUCTUKY JOCHIHKEHHS, 30Kpema,
OOTpYHTOBAHO AaKTyaJbHICTh TEMH 1 BH3HAUYC€HO 3B’SI30K pPOOOTH 3 HAyKOBUMU
nporpamMamu. OnucaHo METy Ta 3aBJIaHHS JOCHIDKCHHS, a TaKOXK BU3HAYEHO 00’ €KT 1
npeaMer poootu. Po3KpuTo HayKOBY HOBH3HY OTPUMAHMX PE3yJbTaTiB, iX MpaKTUYHE
3HAQYCHHS, a TaKOX OcCOOMCTHMH BHECOK 3100yBava. HaBemeno indopmarrito momao
ampoOarrii pe3yJbTaTiB JOCTIKEHHS, ONMyOJIKOBAaHUX Ipallb, a TAKOX CTPYKTYpH Ta

3arajibHOro 00CATY AUCEPTaIliiHOI pOOOTH.
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Y nepmioMy po3aisi mpoBeNEHO KPUTHUYHHMI aHaIi3 OCHOBHUX BJIACTHUBOCTEU
TUTaHy Ta HOro CIUIaBiB, 30KpeMa iXHbOI MIKPOCTPYKTYpU Ta (Ha30BOro CKIamuy,
TEXHOJIOT1 JIETYBaHHA 1 TEPMIYHOI OOpOOKHM, a TaKOXX BIUIMBY IIUX YHWHHHUKIB Ha
MEXaHi4Hi1 BIacTUBOCTI. JleTanbHO po3risHyTo ciiaB BT22, iioro 0oco6auBoCTI, a TAKOXK
METO/JM BITHOBIIOBAJIHHOTO HAarUIaBiieHHs. [IpoaHani3oBaHO BIUIMB THUITY MPHUCATHUX
nportiB, Takux sk CIT15cB 1 BT22cB, Ha MIKpOCTPYKTYpY, 3aJIHUIIKOBI HAMpPy>KEHHS Ta
MEXaHI14YH1 BJIACTUBOCTI TUTAHOBUX CIIJIaBiB. OnucaHo TUMH AS(EKTIB, K1 yTBOPIOIOTHCS
M1J] Yac 3BaplOBaHHS 1 HAIUIaBJICHHS, Ta IXHIH BIUIMB Ha BTOMHY MILHICTD 1 TOBEIIHKY
TUTAHOBUX CIUIABIB 33 IUKIIYHUX HABAHTAKEHb.

Bucsitineno knacugikaiiro TUTAHOBUX CIUIaBIB 3a CTPYKTYpor Ta (ha3oBUM
CKJIaJIOM, a TaKOX OCOOJMBOCTI TE€pPMIYHOI OOpOOKM IuX MarepianiB. Po3risHyTO
MEPCIEKTUBH 3aCTOCYBAaHHS HAIUTABJICHHS JUIsl BIHOBIEHHS JETalied 13 THUTaHOBHX
CIUTaBiB, 30Kpema, — cmiaBy BT22, ta meTonu 3MeHIeHHs po3MipiB 1edeKTiB y 30H1
HaTUIaBJICHHS IS MiBUIEHHS JOBTOBIYHOCTI AeTaneld. Ha 0CHOBI MpoBeIEHOTO OTJISITY
chopMyTHOBAaHO METY Ta 3aBJaHHS JOCHIDKCHHS, CHPSMOBaHI Ha BHUBYCHHS
€(eKTHBHOCTI TEXHOJIOTI] BIJHOBIIIOBAJHLHOTO HAIMIABIICHHS, BIUIUBY JIOKAJIBHOI
TepMidHOi OOpOOKM Ha CTPYKTYpy, (a30BUii CKJIaJl, a TaKOX MEXaHiuHi Ta BTOMHI
BIIACTUBOCTI crutaBy BT22.

Y npyromy po3aiji onmmcaHo Matepiaii Ta METOIU JOCHTIIKCHHS, BUKOPHUCTaHI
JUTsl BAKOHAHHS poOoTr. OCHOBHMI MaTepiai HociikeHb — crutaB BT22, sikuii miisras
CTaHAApTHIN TepMidHii 00poOIll 3a pexkumom: 1 etan - HarpiBaHHs 10 850°C, BUTpUMKa
1 rox, oxonmomkeHHs 3 mivyto 10 750°C, BUTpUMKa 2 TOJ, OXOJIOKCHHS Ha MOBITPi; 2
eran - HarpiBaHHs 10 620°C, BUTpUMKa 4 TOJ, OXOJIOJKEHHS Ha TIOBITPI, a TaKOX
npucasi gpotu CII15¢s 1 BT22c¢B. [{ns ko)kHOTO MaTepiaay HaBeISHO JaHi MO0 HOTro
XIMIYHOTO CKJIaay, BMICTY T'a3iB 1 MEXaHIYHUX BIACTHBOCTEH.

[IpoBeneHo BiTHOBIIOBAILHE HAIIJIABIICHHS IBOX CEPiii 3pa3KiB THITY «JIOMAaTKay 13
BUKOPUCTAHHAM TPHCAAHUX JPOTIB Y CEPEAOBHUIIN aproHy i3 MNpUKIaJaHHIM
30BHIIIHLOTO MAarHITHOTO IOJIA. PeXUMU HaAruiaBiaeHHS OITHMI30BAaHO JUIS MiHIMI3Zaril

TIMOWHYU TIPOILJIABIICHHS Ta 30HU TEPMIYHOTO BILIUBY.
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[Ticns BiAHOBIIOBAJBHOTO HAIUIABICHHS Ta JOKAJIBHOI TepMI4HOI 0OpOOKH, sKa
noJisirajia y MIBUAKOMY HarpiBaHH1 30HM HariaBlieHHs 10 Temmeparypu 900 °C, micis
YOro MPOBOJUIIOCS OXOJOJKEHHS Ha MOBITPl, JOJATKOBO 3/1MCHIOBAIM CTapiHHS 3a
temnepatypu 600 °C 13 BATPUMKOIO OPOTATOM 15 XBUIIHH, MICIIS YOTO TAKOXK MPOBOAMIH
OXOJIOJPKEHHSI Ha MOBITpl. Takuih pexuM JIOKalIbHOI TEpMIYHOI OOpPOOKH CHpHsB
3HMKEHHIO 3aJMIIKOBUX HAMPYXEHb, CTaOUTI3allli MIKPOCTPYKTYpH Ta (POpMYBaHHIO
nBodasHoro crany (a+p).

[Ticis BUKOHAHHS HAIUIaBJIEHHS 13 3aCTOCYBaHHSAM JIBOX BHU/IIB MPUCATHUX JIPOTIB
(CII15cB, BT22cB) Ta npoBeaeHHS JOKaJbHOI TEPMIUYHOI 0OpOOKH OYyJI0 BUTOTOBIICHO
IIB1 cepli 3pa3KiB TUITY «JIONaTKa». ¥ NEHTPaIbHIM 30H1 KOKHOTO 3pa3Ka BUKOHAHO OTBIP
niaMeTpoM 6 MM 13 3a0€3MeUeHHIM IOPCTKOCTI MOBEpXH1 Ha piBHI Ra = 0,8 MkMm.

BromHui BunpoOyBaHHs 3pa3KiB MPOBOJAWIN Ha rijipaBiiuHiil Mmamuni YUM-25 no
MOBHOI'0 PyHHYBaHHS 32 YMOB IIMKIIIYHMX HAaBaHTAXEHb 13 HYJbOBUM IUKIOM (R = 0).
YacTora HaBaHTa)XECHHS cTaHOBWIA 3 I'I, a MakCHMaJIbHI TIPUKJIAJCHI HaBaHTaKCHHS
ckiaganu: Pmax po3tar = 90 kH ta Pmax ctuck = 60 xH.

[Tin wac anamizy pe3yJbTaTiB BUMPOOYBaHb 3pa3KiB JBOX CEpPiil OyJIO BHIBICHO
3HaYHy pPO30DKHICTH y HANpAIIOBaHHAX 10 PYWHYBaHHS, HE3Ba)KAIOUM HA OJIHAKOBI
napamMeTpy HaIlJIaBJIEHHS Ta JIOKAJTbHOI TepMiduHOi 00poOku. [[ns 3'ascyBaHHS MpUYUH
TaKoi po301’KHOCTI OYJI0 MMPOBEICHO JIeTaNIbHI JociipkeHHss. OcoOauBY yBary npuIaiacHO
aHai3y MIKpOCTPYKTYPH 30H HAIUIABJICHHS, 30H TEPMIYHOTO BILUIUBY, a TAKOXK XapaKTepy
1 TIPOCTOPOBOTO PO3MOLTY Je(heKTiB, SIKI MOTJIM BIUITMBATH HA PO3BUTOK TPIMIUH 1,
BIJIMOBIHO, HA KIHIIEBY BTOMHY MIIIHICTb 3pa3KiB.

Jlns aHami3y OTpUMaHHMX PE3yibTaTiB 3pa3ku OyJIO PO3MOAULICHO Ha JIBI TPYIH
BIJIMTOBITHO JI0 TX HAIPAIFOBaHHS 10 pyiiHYBaHHS. J{0 mepiioi rpynu BKIIOYEHO 3pa3Ku 3
HarnpamroBandasaMu MeHiie 10 000 mukiIiB, TOAl SK Apyra rpymna OXoIUTIoBajia 3pa3kKu 3
HarnpamroBaHasaMu moHas 15 000 mukIiiB.

[Ticns 3aBepiieHHS BHUMNPOOYBaHb 3pa3Kd JOCHIIKYBAIM 13 BUKOPUCTAHHSIM
KOMIUIEKCY CYYaCHHX METOIB MaTepiajo3HaBcTBa. Makpo- Ta MikpodpakrorpadidHHiA
aHaJi3 MpPOBEJICHO 3 BUKOpucTaHHsIM onTu4HOi (Stemi 580, SteREO DiscoveryV20) ta

pactpoBoi enekTpoHHoi Mikpockomii (TESCAN Vega-3LM) wMikpockomii ais
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BU3HAUYECHHS MEXaHI3MIB PYWHYBaHHsS MaTepiaiy. MIKpOCTpyKTypy HOCIIIKyBajdu Ha
MIKpouutidax y MONEepeYHOMY Ta IO3/0BKHbOMY HANpAMKax IO BIJHOIICHHIO 10
HaMpsMKY HAIUIaBJICHHS, 110 JO3BOJWJIO OIIHUTU PO3NOAUT ()a30BUX KOMITOHEHTIB 1
CTPYKTYPHHX OCOOJMBOCTEH Yy 30HI HAIJIaBICHHS, 30HI TEPMIYHOTO BIUIMBY Ta
OCHOBHOMY METai.

XiMIYHUW CKJIaJ] aHaNli3yBajld METOJOM PEHTTC€HOCHEKTPAIbHOIO MIKpOAaHAII3y
(Oxford X-Max-50) y 30HI HarUIaBJCHHS, B 30HI TE€PMIYHOTO BILUIUBY Ta OCHOBHOMY
MeTalll JIs OL[IHKM PO3MOJUTY JIETYIOUHMX e€JeMEHTIB. MIKpoTBepicTh MaTepiairy
BH3Hayajau METOJI0M iHJeHTyBaHHs 3a Bikkepcom (QNESS 60A+ EVO) s BUsiBneHHS
JIOKaJIbHUX 3MIH MEXaHIYHHUX BJIIACTUBOCTEN y P13HUX 30HAX.

[ITopcTKicTh MOBEPXHI OTBOPIB OI[IHIOBAIU 3a JOMOMOroro mpuiany Surftest SJ-
400. BuMiproBaHHsI MPOBOJAWIN Ha TMUOUMHY 1 MM BiJl LIGHTPY OTBOpPY, IO JO3BOJIUIO
BU3HAYUTHU AKICTb OOPOOKHU MOBEPXHI

Y TperboMy PpoO3aili TPEACTaBICHO pe3yJbTaTH JOCIIIKEHHS BIUIMBY
TEXHOJIOTIYHUX MapaMeTpiB BiHOBIIOBAILHOTO HAIUIABICHHS Ta JIOKAJIHHOI TEPMIYHO1
00poOku (JITO) Ha MIKPOCTPYKTYpPY, MEXaHIYHI BIACTHBOCTI Ta BTOMHY JIOBTOBIYHICTh
TUTaHoOBOTO crutaBy BT22. OcobnuBy yBary mpuaiieHO aHali3y 30HM HAIJIaBICHHS Ta
3o TepmiuHoro BmMBY (3TB), a Takox ixuHboi pomi y dopmyBanHI nedexTiB Ta
iHiIiaIii BTOMHUX TPIIIHH.

BcraHoBneHo, 1m0 moe€nHaHHS HaruiaBiieHHs npucagHuM aporom CII15¢ce y
CepeJOBUIIll aproHy Ta MoJajblia JoKadbHa TepMiuyHA 00pOoOKa CIPUSIIOTH (POPMYBAHHIO
PIBHOMIPHOI MIKPOCTPYKTYpPH HaIUIaBIEHOTO Miapy, crabinbHoi 3TB Ta wmiHimizamii
KUIbKOCTI  JedexTiB. Y  3pa3kax, fAKI MPOJAEMOHCTPYBaJIM HalKpamii BTOMHI
XapaKTepUCTUKHU, CIOCTEpIraBcs PIBHOMIPHUN po3noAin (a3, MiIaBHUM mepexil Mix
30HaMH, cTaOUIbHI 3HaueHHs MikpoTBepnaocti B 3TB (408—418 HV) Ta BiacyTHICTH
3HAQYHUX TOBEPXHEBUX NE€(PEKTIB, IO MOMIK O CHPUYUHATH JIOKAJIbHI KOHIEHTpALii
HaIpyKeHb.

BusisnieHo, 1110 y 3pa3kax, Kl MaJiu JoKajabH1 HeoaHopiaHocTi B 3TB y Bursiai 301
13 BIZIMIHHOIO TPaBUMICTIO, CIIOCTEpIraiacs 3HmkeHa MikpoTBepaicThb (325-335 HV) ta

MIJBUIIIEHUN BMICT P-(a3u, 10 COpUsIIO JOKAJIBHUM KOHIIEHTpAIiAM HaIpyXeHb 1
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MIPUCKOPEHOMY 3apOJIKEHHI0 BTOMHHX TpiluH. HasBHICTh Ae(eKTiB, TaKUX SK MOPH
nmiametpoM a0 0,1 Mm, ruboki pucku (A0 25 MKM) 1 3a00THM Ha MOBEPXHIi, COpHsIa
PO3BUTKY BTOMHOTO pYyHHYBaHHS, II0 MPU3BOJUIO JO 3HMKEHHS JIOBTOBIYHOCTI
Marepiany.

BcTanoBieHno, 110 y AesKUX 3pa3Kax, He3Ba)Kalouu Ha HasIBHICTh 30HU 3 BIIMIHHOIO
TPaBUMICTIO, CIIOCTEpIrajrcs BIIHOCHO BUCOKI 3HaUYeHHS MikpoTBepaocTi (340 HV), mo
CBIIYMTH MPO YACTKOBE MepeTBOpeHHs -(ha3u Ha piBHOBaxHUU o+ ctaH. BiacyTHicTh
3HAYHUX MOBEPXHEBHUX AE(PEKTIB y IUX 3pa3Kax JI03BOJIMIJIA 3MEHIIUTH KOHIIEHTPAIIIO
HaIpyKeHb, 110 TO3UTUBHO BIUIMHYJIO HA IXHIO BTOMHY MIIIHICTh MIOPIBHSHO 13 3pa3KaMu
3 BUPQXKEHUMHU CTPYKTYPHUMH HEOTHOPITHOCTAMH.

OTpuMaHi pe3yJbTaTH MIITBEPKYIOTh KJIIOUYOBY POJb KOHTPOJIIO MapameTpiB
JOKaIbHOI TepMidHOT 0OpOOKH y (hOpMyBaHHI OHOPITHOTO (Ha30BOTO CKIAMY, YCYHEHHI
30H 13 BIIMIHHOIO TPAaBUMICTIO Ta 3amo0iraHHi yTBOPEHHIO MOBEepXHEBUX nedexTiB. Lle
IIITBEPKYE HEOOXITHICTh ONTHMI3aIii TEXHOJOTIYHUX IMapaMeTpPiB HAIUIABJICHHS Ta
TepMidHOi OOpOoOKH mJisi 3a0e3medeHHs] CTaOUThHUX EKCIUTyaTalliiHIX XapaKTEePUCTHK
BITHOBJICHHX JE€TAJIEH.

Y d4erBepTOMY PpO3diJii PO3TISHYTO BIUIMB TMapaMeTpiB BiIHOBIIOBAIHHOTO
HarUIaBJIeHHs mpucaguuM apotom BT22cB Ta nmokanmpHOi TepMiuHOT OOpOOKM Ha
CTPYKTYPHY OJIHOPiJTHICTH, MIKPOTBEPAICTh Ta BTOMHY MIITHICTh THTAHOBOTO CILJIABY
BT22. BcranoBneHo, 110 MIKpOCTPYKTYPHI HEOTHOPITHOCTI B 30HI TEPMIYHOTO BILTUBY
Ta TOpPU y TPHUIOBEPXHEBOMY IIapl HAIUJIaBICHHS € KIIOYOBUMHU (HakTOpaMu, IO
BH3HAYalOTh JOBIOBIYHICTh MaTepiay.

JocnipkeHHsT TOPUCTOCTI MoOKazano, Imo mnopu aiametpom 80-120 wmkwm,
nokanizoBaHi Ha mmOuHi 100 MKM Big TOBEpXHI OTBOPY, € KOHIICHTpaTOpaMH
HampyXeHb Ta CHPUSIOTH 1HIMIAIli BTOMHUX TpiiuH. [le 3yMOBJIEHO JOKaIbHUM
MIJIBUIIICHHSIM HANpyXeHb HA TPAHUIISX TOP, 10 NPUCKOPIOE MPOIIEC 3aPOKEHHS Ta
PO3BUTKY TPIIIUH y 30H]1 HAIJIABJICHHS.

Ananiz ($a30BUX MEPETBOPEHb Yy HAIUIABJICHOMY IIapl MIATBEPJAUB, WIO
MPUCYTHICTh BUTSATHYTUX [-3€pEH Ta YaCTKOBHUH po3mnaj MapTeHCUTHOI a'-pa3u Ha o+f3

CTPYKTYPY BIUIMBAIOTh Ha CTaOUIBHICTh MIKPOTBEPAOCTI Ta MEXaHIYHI XapaKTePUCTHUKHU
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Marepiany. OnTuMalibHe Mo€eJHAHHS (PA30BOTr0 CKIIaly COPUsiE€ PIBHOMIPHOMY PO3IOILTY
HaIpy>KeHb, 110 MMIJIBUILYE BTOMHY MILIHICTb.

BusiBneHo, 110 Bapiaiiii MiKpOTBEpIOCT1 B 30H1 TepMiuHOro BIUIUBY (330-368 HV)
Ta HamiaBiaeHoMmy mapi (371 HV) 3HauHO BIUIMBaIOTH Ha JOBIOBIYHICTH
Marepiany. BunpoOyBanbHi 3pa3ku 31 CTaOUIBHOIO CTPYKTYpPOIO Ta PIBHOMIPHUM
(ha30BUM CKJIaJ0M JIEMOHCTPYBAJIH MiABUIIEHY JOBTOBIYHICTb.

Pe3ynbTaTu AOCHIIKEHb MIJKPECIIOITh HEOOXIJHICTh TOYHOIO KOHTPOJIIO
napaMmetpiB HaraBieHHs Ta JITO nns 3a0e3neueHHs MIHIMAIbHOI MOPUCTOCTI,
piIBHOMIpHOTO (Pa30BOro CKiaay Ta CTaOUIbHOI MIKpOTBEpAOCTi. OTpuMaHi BHCHOBKH
MOXYTb OyTH BUKOPHUCTAHI1 JJI1 BIOCKOHAJICHHS TEXHOJIOTIYHUX MPOIIECIB BiAHOBICHHS
JeTajeH, o NpaluoTh B yMOBAaX BUCOKUX IIUKIIYHUX HABAHTAKEHb.

Y m’aromy Ppo3aili mpoBENEHO KOMIUIGKCHUW aHami3 BIUIUBY JE€(EKTiB
HaIUJIaBJICHHS Ta JIOKAJbHOI TEPMIYHOT OOpOOKH HAa BTOMHY MII[HICTh TUTAHOBOTO CILIaBY
BT22 micnga BigHOBIIOBAIBHOTO HaIIaBleHHS mnpucagHumu aporamu CII15¢B Ta
BT22cB. Oco6mmBy yBary npuaijieHO BU3HAYCHHIO MEXaH13MiB 3apPOJKEHHS Ta PO3BUTKY
BTOMHUX TPIIIMH y 30HAX HAIUIABIICHHS, TEPMIYHOTO BIUIMBY Ta CIUIABIICHHS, a TaKOX
BCTAHOBJICHHIO KJIFOYOBHX (DaKTOPIB, 1[0 BU3HAYAIOTH JOBIOBIUHICTh MaTepiamy.

[ToBepxHeBi fepeKTH y 30H1 TEPMIYHOTO BILUIUBY Ta OTBOPAX HAIUIABIECHUX 3pa3KiB
13 CII15CB cropuyuHsId JOKalbHI KOHIEHTpAllll HampyKeHb, SKI 1HINIIOBAIH
3apOJDKEHHS TpIIMH. BceTaHOBIEGHO, IO JOUISTHKKM 3 BIAMIHHOKO  TPaBHMICTIO
XapakTepu3yBalduCs 3HUXKEHOK MikpoTBepaicTio (323-335 HV), mo copusio
MPUCKOPEHOMY PO3BUTKY TpillMH. BogHodac y CTpyKTypax 13 BUIIOK CTaOUIbHICTIO
MIKpOTBEPAICTH tocsrana 419—428 HV, 1110 3yMOBII0BaJIO pO3BUTOK TPIIIUH 32 BTOMHUM
MEXaHI13MOM.

[Topu y HamnaBieHoMmy 1api 3paskiB 13 BT22¢B (80—120 MM, po3TamioBaHi Ha
rnbOuH1 ~100 MKM BiJl TIOBEPXHI OTBOPY) CIYTyBajdd KOHUEHTPATOpPaMHU HaNpyKeHb Ta
ocepelKaMy 3apOKEHHsI BTOMHUX TpiluH. [HII BupoOu 31 criaBy BT22 manu 3HauH1
OKCHUJIHI BKJIIOUEHHSI y 30H1 CIUIABJICHHS, 110 BUHUKIW Ye€pe3 HEIOCTaTHIM ra3oBUi

3aXMCT, JOAATKOBO 3HM)XYBaJia JIOBTOBIYHICTh MaTepiaty.
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JloBeneHo, 110 BIJICYTHICTh 30H 13 BIAMIHHOIO TPaBUMICTIO a00 iX MiHIMI3aIis
CYyTTEBO MiABUIILYE BTOMHY MIIHICTh BIJHOBJIEHOTO Martepiany. HaliBuiii mokazHHKU
JIOBIOBIYHOCTI MPOJEMOHCTPYBAaB MeTall 31 CTallIbHOI (Da30BOI0 CTPYKTYpOIO Ta
PIBHOMIPHOIO MIKPOTBEPAICTIO, IO JO3BOJIMJIO YHUKHYTH JIOKQIbHUX KOHIEHTpAIlii
HampyXeHb Ta BIATEPMIHYBATH IHILIAII0 TpilluH. MakcuManbHl HampairoBaHHS 0
pyitHyBaHHs Manu BupoOu 3 HariaBieHHsIM CII15¢B ta cranoBunu 24 796 nukiiB, a 1uist
BT22cB — 28 388 1nukiis.

Po3po6iieHo MeTo1 BUSIBJICHHS 30H 13 BIIMIHHOK TPaBUMICTIO 0€3 3aCTOCYBaHHS
XIMIYHOTO TpaBJEHHA — NUISIXOM aHaji3y ONTHYHOI B3a€MOIlI MOBEPXHI MIJ Yac
nutipyBaHHs. BusiBneHo, 1Mo Taki 30HM MOXYTb OyTH 1AeHTHU(}IKOBaHI 3a 3MIHAMHU
BIIOMBHOI 3/IaTHOCTI MaTepiaidy MiJ 4ac MEXaHIYHOro OOpOOJIEHHS, IO J103BOJISE
CBOE€YACHO BHSBJIATH TOTEHIIIHHO Cla0Kl JUISTHKKM Ta 3A1MCHIOBATH KOPEKIIIIO
TEXHOJIOTIYHUX MapaMeTpIiB BITHOBIICHHS I€TAJICH.

KaouoBi caoBa: nedextu 3BapioBaHHsS, JOKaJIbHa TepMmiuHa 00OpoOKa,
MIKPOCTPYKTYpa, NPHCAJAHUA JpIT, TUTAHOBI CIUIABH, BTOMHI XapaKTEPHCTHKH,

BiI[HOBJ'IIOBaJ'II)He HaIrJIaBJICHHA.
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Horpenko A.O. Influence of Welding Defects on the Fatigue Strength of the VT22
Titanium Alloy with a Restored Surface — Qualification Scientific Work (Manuscript).
Dissertation for the degree of Doctor of Philosophy in Specialty 132 — Materials Science.
— National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute,"
Kyiv —2025.

The dissertation is devoted to the experimental and theoretical study of the
influence of physicotechnological parameters of restorative welding using VT22sv and
SP15sv filler wires on the microstructure parameters, phase composition, and mechanical
properties of the VT22 titanium alloy. The study examines VT22 alloy specimens that
underwent a full technological processing cycle, including restorative welding with an
applied external magnetic field to reduce defectiveness and improve structure, protection
of the molten zone with argon to prevent oxidation, local heat treatment (LHT) to ensure
microstructural homogeneity, and fatigue testing to evaluate resistance to cyclic loads.
The conducted analysis established the relationship between welding parameters, heat
treatment, and the microstructural and mechanical characteristics of the VT22 titanium
alloy weld zones.

The dissertation consists of five chapters, where the main results of the research
are presented and substantiated.

The introduction provides a general description of the study, substantiating the
relevance of the topic and its connection with scientific programs. It describes the
objectives and tasks of the study, as well as the research object and subject. The scientific
novelty of the obtained results, their practical significance, and the author's personal
contribution are disclosed. Information is provided on the approbation of the research
results, published works, as well as the structure and overall volume of the dissertation.

In the first chapter, a critical analysis of the main properties of titanium and its
alloys is conducted, particularly their microstructure and phase composition, alloying and
heat treatment technologies, and their impact on mechanical properties. The VT22 alloy

and its characteristics are examined in detail, along with restorative welding methods.
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The effect of different filler wires, such as SP15sv and VT22sv, on the microstructure,
residual stresses, and mechanical properties of titanium alloys is analyzed. The types of
defects formed during welding and their impact on fatigue strength and cyclic loading
behavior of titanium alloys are described.

A classification of titanium alloys based on structure and phase composition is
provided, along with the specifics of heat treatment for these materials. The prospects of
using welding for the restoration of titanium alloy components, particularly VT22, are
considered, as well as methods for reducing defect size in the weld zone to enhance
durability. Based on the review, the objectives and research tasks are formulated, focusing
on the study of the effectiveness of restorative welding technology, the influence of local
heat treatment on structure, phase composition, and mechanical and fatigue properties of
VT22 alloy.

The second chapter describes the materials and research methods used in the
study. The primary research material is the VT22 alloy, which underwent standard heat
treatment under the following conditions:

Stage 1: heating to 850°C, holding for 1 hour, furnace cooling to 750°C, holding
for 2 hours, air cooling.

Stage 2: heating to 620°C, holding for 4 hours, air cooling.

The filler wires SP15sv and VT22sv were also analyzed, with their chemical
composition, gas content, and mechanical properties presented.

Two series of "blade"-type specimens were manufactured using restorative
welding with filler wires in an argon environment with an applied external magnetic field.
The welding parameters were optimized to minimize penetration depth and the heat-
affected zone (HAZ).

After welding, local heat treatment was performed, consisting of rapid heating of
the weld zone to 900°C, followed by air cooling, and subsequent aging at 600°C for 15
minutes, also followed by air cooling. This LHT regime contributed to reducing residual

stresses, stabilizing the microstructure, and forming a biphase (a+f) structure.



11

After welding with the two types of filler wires (SP15sv, VT22sv) and performing
LHT, two series of blade-typespecimens were produced. A 6 mm diameter hole was
made in the central zone of each specimen, ensuring a surface roughness of Ra = 0.8 um.

Fatigue testing was conducted on a UIM-25 hydraulic machine until complete
failure under cyclic loading conditions with a zero-cycle ratio (R = 0). The loading
frequency was 3 Hz, with maximum applied loads of 90 kN (tension) and 60 kN
(compression).

In the third chapter, the influence of restorative welding parameters and local
heat treatment (LHT) on the microstructure, mechanical properties, and fatigue resistance
of the VT22 titanium alloy is analyzed. Particular attention is given to the analysis of the
weld zone and heat-affected zone (HAZ), as well as their role in defect formation and
fatigue crack initiation.

It was established that combining welding with SP15sv filler wire in an argon
environment and subsequent LHT promotes the formation of a uniform weld
microstructure, stable HAZ, and minimizes defect quantity. Specimens that demonstrated
the best fatigue performance exhibited a uniform phase distribution, smooth transition
between zones, stable microhardness in HAZ (408—418 HV), and absence of significant
surface defects, which could cause local stress concentrations.

Specimens containing zones with distinct etching propertiesin the HAZ
exhibited reduced microhardness (325-335 HV)and an increased B-phase content,
leading to local stress concentrations and accelerated fatigue crack initiation. The
presence of defects such as pores (up to 0.1 mm), deep scratches (up to 25 pum), and
surface indentations contributed to fatigue fracture and reduced material durability.

The fourth chapter examines the effect of welding parameters and LHT on
microstructural homogeneity, microhardness, and fatigue strength of VT22 titanium
alloy. It was found that microstructural inhomogeneities in the HAZ and pores in the near-
surface layer of the weld are key factors determining material durability.

Pores 80—-120 pum in diameter, located 100 um from the hole surface, were

identified as stress concentrators that contribute to fatigue crack initiation. This is due to
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local stress amplification at the pore boundaries, which accelerates crack nucleation and
growth.

The study of phase transformations in the weld confirmed that the presence of
elongated B-grains and partial decomposition of martensitic o'-phase into a+f3 structure
influences microhardness stability and mechanical properties. The optimal phase
composition promotes uniform stress distribution, improving fatigue strength.

The fifth chapter presents a comprehensive analysis of the impact of welding
defects and LHT on the fatigue strength of VT22 titanium alloy. Special attention is given
to the mechanisms of fatigue crack nucleation and propagation in the weld, HAZ, and
fusion zone, as well as the key factors influencing material durability.

Surface defects in the HAZ and holes of specimens with SP15sv welds caused local
stress concentrations, leading to premature crack initiation.

Pores in the VT22sv weld (80—120 pum, located ~100 pm from the hole surface)
acted as stress concentrators and fatigue crack initiation sites.

The presence of oxide inclusions in the fusion zone, resulting from insufficient gas
shielding, further reduced material durability.

A new method for detecting zones with distinct etching properties without
chemical etching was developed—based on the analysis of optical surface interaction
during grinding. It was found that such zones can be identified by changes in material
reflectivity during mechanical processing, allowing for the timely detection of potential
weak areas and correction of technological parameters of component restoration.

The developed recommendations on LHT optimization and defect control in
welds will enhance the operational durability of VT22 alloy components under cyclic
loading, improving the efficiency of aviation component restoration.

Keywords: Welding defects, local heat treatment, microstructure, filler wire, titanium

alloys, fatigue characteristics, restorative welding.
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BCTYII

AKTyaabHiCTb TemMHM. TuTaHOBI cIUIaBu, 30Kpema cruias BT22, mmpoxo
3aCTOCOBYIOTHCS Y BHCOKOTEXHOJIOTIUHMX Tally3sX, TaKMX SIK aBialliiiHa, KOCMIYHA,
eHepreTuYHa, XIMidHa, 3aBASKH 1X BUCOKIM MUTOMINA MIITHOCTI, KOPO31MHIA CTIMKOCTI Ta
3IaTHOCTI BUTPUMYBATH 3HAYHI MEXaHIYHI HABAaHTAXEHHSI y TMOE€JHAHHI 3 MOPIBHSIHO
MaJIor0 TYCTHHOIO. BUKOpHCTaHHS IIUX CIUIaBIB JO3BOJISIE 3MEHITUTH Macy KOHCTPYKITiH
Ta MIJABUILUATH 1X JTOBTOBIYHICTh. 30KpeMa, B aBia0yayBaHHI BOHU 3aCTOCOBYIOTHCS IS
BUTOTOBIICHHS KOHCTPYKTHMBHUX €JIEMEHTIB, IO WPAIIOIOTh 332 YMOB BHCOKHX
HaBaHTAXEHb 1 TEMIEpPATyp, IO CHPHUSA€E MIJABUIICHHIO HAAIMHOCTI Ta €(EeKTUBHOCTI
JTaJTbHUX aIaparis.

VY mporeci ekcriyaTamii JgeTani 3 THTAaHOBHX CIUIaBIB 3a3HAIOTh 3HAYHUX
TEPMOMEXaHIYHUX HABAaHTAXXEHb, IO MPHU3BOJUTH JI0 3HOCY, YTBOPECHHS TPIIIWH Ta
iHmUx  gedekTiB Ha ToBepxHI. BigHOBIIOBadbHE HAIUIABICHHS €  BaXKJIMBUM
TEXHOJIOTIYHUM DIIICHHSIM, K€ JO03BOJISIE BIIHOBUTH (YHKIIIOHATBHI XapaKTEPUCTUKH
JeTajeH, MPOIOBKMBIIIH iX TEPMiH ciyx0m. Llel mporec 3abe3meuye CTBOPEHHS HOBOTO
(GYHKIIOHATBHOTO APy 3 MOKPAIICHUMHU BIIACTUBOCTSIMH, IO € OCOOJIMBO BAXJIMBUM
JUISL TOpOorux ab0 Ba)KKOJOCTYITHHUX Y BHTOTOBJICHHI Aetaneit. Ilpm HamaBiieHHI Ha
TATAHOBI CIUIaBH, IO TIJJAIOTBCSA 3MIIHCHHIO IIi4aC TEPMIYHOiI 0OpOOKH,
BUKOPHCTOBYIOTHCS CIEIialbHI MPUCAAKOBI MaTepianu, Taki sk apotu CI115¢B 1 BT22c¢B,
AKi BH3HAYAIOTh MEXaHIuHI Ta (I3MKO-XIMIYHI XapaKTEPUCTUKH OTPHUMAHOTO IIapy.
OnTumanbHuil BUOIp TPHCAIHOTO MaTepially Ta KOHTPOJb IapaMeTpiB TpoIecy
JI03BOJISIFOTH MiHIMI3yBaTH Je()EeKTH Ta 3a0€3MeUUTH BUCOKY SKICTh HAIUIaBICHHS.

Oco0OnuBe 3HaUCHHS Ma€ 3aCTOCYBaHHS KEPOBAHOTO MAarHiTHOTO IMOJS Yy Tpoleci
HariaBJIeHHS. BiloMo, 1110 BUKOPUCTaHHS MarHiTHOTO TOJIA ITi1 yac GOpMyBaHHS BaHHH
PO3ILJIaBy CHpHs€e 1 MEpeMillyBaHHIO Ta PIBHOMIPHOMY PO3MOAUTY TeIa 1 JETYHUHX
enemeHTiB. Lle 103BoJIs€ 3MEHIITUTH KIJTBKICTh TIOP, TIABUIIUTH OAHOPIIHICTh CTPYKTYPH
Ta 3MEHIIUTH HMOBIPHICTh YTBOPEHHS MaKpPO- 1 MiKpo-1e(deKTiB. JIJisi TATAHOBHX CILIABIB
Taka TEXHOJIOTiS OCOOJMBO aKTyaldbHAa, OCKUIBKH MIJIBHINYE CTIHKICTh 0 IUKITYHUX

HaBaHTAXXEHb 1 IOBFOBIYHICTh BITHOBJICHUX MTOBEPXOHbD.
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OaHUM 13 KpUTUYHUX €TaIliB MPOIECY BIHOBJIEHHS € TIOKaJlbHA TepMiuHa 00poOKa
(JITO) wnamnaBiaeHUX IIapiB, IO CHPHUAE 3HUKEHHIO 3alMIIKOBUX HANpPY>KEHb,
MOKPAIIEHHIO MIKPOCTPYKTYPH Ta 3a0€3MEUYEHHIO0 PIBHOMIPHOTO po3noaity dha3. Bimomo,
mo ¢azoBi meperBopeHHs miag yac JITO 3HayHO BIUIMBaIOTh Ha JOBTOBIYHICTH
HaIUIaBJICHOTO Iapy, 3a0e3Mevyyroyu MOoro CTallIbHICTh T4 BUTPUBAIICTH JO BTOMHHX
HaBaHTaXeHb. [{e ocoOarBo BaxkimBo 11 criiaBy BT22, BupoOu 3 SKOro mpaioTh 3a
YMOB IHTCHCUBHOT'O HaBaHTA)KCHHSI.

JledbexTn, siKi MOKYTh BUHHUKATH IIi]] 4ac 3BapIOBAHHS Ta HATUIABJICHHS TUTAHOBHUX
CILIaBIB, € BAXKJIMBUM YMHHHUKOM, 1[0 BIUTUBAE HA IXHI MEXaHIYHI BIaCTHBOCTI. Jl0 Takux
nedeKTIB HaJleXaTh MOPH, TPIIIUHUA, HEOJHOPIAHOCTI CTPYKTYpH Ta BKIIIOUYEHHS. BoHH
MOXYTh CTaTH JHKEPEIIOM KOHIICHTpAIlli Hampy»eHb, IO TPHCKOPIOE 3apOJKEHHS 1
PO3BUTOK BTOMHUX TpiliuH. PO3yMiHHS MeXaHi3MIB yTBOPEHHS A€(EKTIB, iX BIUIUBY Ha
CTPYKTYpY Ta BIIACTHBOCTI HAIIABIICHWX IIapiB € KIIOYOBUM I 3a0e3meueHHS
HAIIHHOCTI Ta JOBrOBIYHOCTI JE€TAJIEH 3 TUTAHOBUX CIUIABIB.

[TigBuIIEHHS HOBrOBIYHOCTI Ta BTOMHOI MIIIHOCTI A€TaJ€l, BUTOTOBJICHUX 3
TUTAHOBUX CIUIABiB, BUMArae JOCIIKeHb, CIIPSIMOBAHUX Ha BJIOCKOHAJICHHS TEXHOJIOT1H
BIIHOBJIFOBAJIbHOTO HarwiaBiieHHS Ta edekTuBHOI JITO. Y KOHTEKCTI TaKMX JTOCIIIKEHb
BKJIMBO OIIIHIOBATH SIK 3MIHU MapaMeTpiB MIKPOCTPYKTYpH 1 (ha30BOro Ckiamy, Tak i
BIUTUB Je()EeKTIB Ha KiHIIEBl MEXaHIuHI BJacTUBOCTI. KOMIIEKCHUHN MmiaX11 10 BUBYEHHS
HaIUIaBJICHUX IapiB i3 BUKOpUCcTaHHAM npucagaux apoTiB CII15¢s 1 BT22¢B no3Bossie
OIIHUTH iX BIUIMB HA BTOMHY MIITHICTb 1 JJOBTOBIYHICTH BiJTHOBJICHUX MTOBEPXOHb.

3okpema, IHcTuTyT enexrpos3BapioBanHs iMm. €.0. Ilarona HAH VYxkpainu
PO3pOOHB TEXHOJIOTIIO BIIHOBIFOBAJIBHOTO HAILIABJICHHS JieTajiell 3 TUTAHOBUX CIUIABIB,
takux sk BT22, 3a momomororw npucagaux apotiB CII15¢e Ta BT22¢B y cepenoBuii
iHepTHUX Ta3iB. [{f0 TexHoJOTiI0 ycmilmHO anpoOOBaHO Ha MiANPUEMCTBAX
aBiaOynyBanHs, 30kpema Ha AT «AHTOHOB», ne mnpoBoauioch BiTHOBICHHS
rabaputHoi nerani yitaka AH-124. IlomkomkeHi aerani, SKi MaJd JOKaJbHUMU 3HOC
rmOuHO Ounbire 1,5 MM, BIIHOBJICHO 3a JOIIOMOTOI aprOHO-AYTOBOTO HAIlJIaBJICHHS.
Onnak, s 3a0e3nedeHHs HEOOXIHMX eKCIUTyaTalliiHUX BJIACTUBOCTEH  IMICIIA

HaIlJIAaBJICHHSI 3aCTOCOBAHO JIOKAJIIBHY TEPMIUYHY OOpOOKY, IO TOJIsSITajia y IIBUIKOMY
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HarpiBi 10 Temneparypu oJHO(a3HOTO [-pO34MHY Ta MOJAIBIIOMY KOPOTKOYACHOMY
crapinHi. [lapamerpu pexumiB JOKadbHOI TepMIYHOI 0O0pOOKH Oynu po3poOiieHI B
IncTuTyTi Metanodizuku im. I'.B. KyparomoBa HAH Ykpainu. Taka 00poOka qo3Bosnia
MOKPAIIUTH MIKPOCTPYKTYpPY HAIUIaBJICHOTO IMapy 1 3a0€3MeYWTH MOTO BIAMOBIIHICTH
BUMOTaM JI0 MEXaHIYHUX BJIACTUBOCTEH.

OpHak, HE3BXKAYH HA MIMPOKE BIPOBAKEHHS TEXHOJIOTIN BiTHOBIIOBAIBEHOTO
HaIUIaBJICHHS B aBilallliHIA 1 MamIMHOOYAIBHIN rany3sx, 3alUIIAIOThCS AKTyaJlbHUMHU
MMUTAaHHS, IOB’s3aHl 13 3a0e3NeUeHHSIM CTaOUILHOCTI MEXaHIYHHMX BIJIACTMBOCTEH 1
pecypcy BITHOBIGHUX neTajeil. 30KpemMa, BAKJIMBUM € BU3HAYEHHS BIUIUBY Je(DEKTiB
HAIUIABJICHHS, CTPYKTYPHOI HEOAHOPIAHOCTI Ta ()a30BOTr0 CKJIaJgy Ha JOBIOBIYHICTH
Marepiany. Kpim Toro, Heo0XiJHO BpaxoByBaTH BIACTUBOCTI MPUCATHUX APOTIB 1 IXHIO
posib y (OpMyBaHHI OJHOPIAHOI MIKPOCTPYKTYpPH HAILJIaBJICHOTO IIapy, MO CYTTEBO
BILUIMBAE HA MEXAHIYHY HAJIHHICTh KOHCTPYKIIiH.

ToMmy BUKOHAHHS JaHOTO JOCTIKCHHS] 3yMOBJICHE HEOOXITHICTIO KOMILJIEKCHOTO
aHai3y BIUIMBY MapaMeTpiB MPOIECY HAIUIABICHHS, TMOB’S3aHUX 3 MM JACPEKTIB Ta
PEXKHUMIB  JIOKaIbHOT TepMIYyHOI O0OpOOKM Ha MIKPOCTPYKTYpHI Ta MeEXaHiuHI
XapaKTEepUCTUKU TUTAaHOBOTO cruiaBy BT22. Otpumani pe3yibTaTd CHPUSTAMYTh
YAOCKOHAJIEHHIO TEXHOJIOT1YHUX IM1IXO/IB JI0 BITHOBJICHHS aBlalliiHUX KOHCTPYKIIHHIX
€JIeMEHTIB, MiHiMi3alii BIUIMBY  JAedeKTiB  HaIJIaBJICHHS Ta  IIiJIBUIICHHIO
eKCIUTyaTaIliifHO1 JOBrOBIYHOCTI JICTAJICH, 110 3a3HAIOTH IUKIIYHUX HABAHTAKCHD.

3B’6130K po00TH 3 HAYKOBUMM NPOrpaMaMH, IJIAHAMH Ta TEMaMM.

JlucepTaliisi BUKOHYBajacs BIATOBITHO A0 IUIAHY HAYKOBUX JOCIIKEHb Kadeapu
(bh13UYHOTO MaTepialo3HABCTBA Ta TEPMIYHOI 00poOku HaBuaapHO-HAYKOBOTO IHCTUTYTY
Marepiano3HaBcTBa Ta 3BaproBanHs iMeH1 €.0. [latona HarioHanbHOTO TEXHIYHOTO
yHiBepcuTeTy YKpainu « KuiBcbkuil moiTeXHiuHuii iHCTUTYT iMeH1 [ropst CikopchbKOTOY.

Meta po0OTH — BCTAaHOBJICHHS BIUIMBY IPOIIECY HAIUIABICHHA Ta JOKAJIbHOI
TepMiuHOi 00poOku crutaBy BT22 Ha ¢popmyBanHs 6e31eeKTHOT MAaKpOCTPYKTYPH, 110

3abe3reuye BUCOKI eKCILTyaTallliHi XapaKTepUCTUKU BUPOOIB aBialliiHOTO MPU3HAYCHHS.
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Jnst 1OCATHEHHS NMOCTABJIEHOI MeETH HeOOXiIlHO BHMPIIIMTH TaKi OCHOBHI

3aBIaHHA:

)

2)

3)

4)

JTOCHIANTH XapakTep pyWHyBaHHS 3paskiB cmaBy BT22, ski npoduuim
OJIHAKOBI YMOBHU HAIUIaBJEHHS Ta JIOKAJbHOI TEPMIYHOI OOpPOOKH, 3 METOIO
BUSIBJICHHSI OCHOBHUX (PAKTOPIB, 110 BILIMBAIOTH HA TXHIO JOBIOBIYHICTb.
JOCIIAUTH MIKPOCTPYKTYPY Ta MIKPOAIOPOMETPUYHI XapaKTPUCTUKHU CILIABY
BT22 nicns HamiaBieHHs Ta JOKaJIbHOI TEPMIYHOI 0OPOOKH Ta OLIIHUTH BILIWB
HEOJHOPIIHOCTI CTPYKTYPU Ha BTOMHY MIIHICTb.

npoaHamizyBatu JAe(eKTH, 10 BHHUKAIOTH MiA4ac BIJHOBIIOBAIBHOTO
HAIJIABJICHHS Ta MOJAJIBIIIOI JJOKAJIbHOI TEPMIUYHOI 0OPOOKH /1J11 BCTAHOBJICHHS
iXHBOI poJIl y MpoIecaXx HAKOMUYECHHSI BTOMHUX MOIIKOKEHb.

BU3HAYHMTH B3a€MO3B’SI30K MK PO3IOALIOM JIETYIOUUX E€IEMEHTIB, (ha30BUM
CKJIaJIOM Ta 3HIKEHHSIM MEXaHIYHUX BJIACTUBOCTEH Yy 30HAX 13 HEOJAHOPITHOIO

TPaBUMICTIO.

O0’€eKT M0CTiIZKEHHS — MTPOIIEC BITHOBJICHHS JCTalIel aBlalliiHOTO MPU3HAYEHHS

i3 TutaHoBoro crmaBy BT22 Ta omiHka #oro HamiMHOCTI 1 JOBTOBIYHOCTI ITiCIIA

BUNIPOOYBaHb.

IIpeamer fochilzkeHHA — BIUIMB JACPEKTIB HAIUIABJICHHS, CTPYKTYpPHOI

HEOJHOPIAHOCTI Ta MapaMeTpiB TePMIYHOI 0OpOOKM HAa BTOMHY MIIHICTh TUTAHOBOTO

crutay BT22 B ymoBax eKCIuTyaTaliiiHOr0 HaBaHTaKECHHS.

st eKcnepuMEeHTAIBHOTO JOCHIKeHHs criaBy BT22 3actocoBaHo HAcCTyIHI

METOIU:

1) makpodpakrorpadiyHuii aHaI3 3 BUKOPUCTAHHSAM ONTHUYHHUX MIKPOCKOIIIB
Stemi 580 ta SteREO Discovery.V20 nns BUBYEHHS 3arajibHOi KapTUHU
37amy;

2) pacTpoBYy €JIEKTPOHHY MIKPOCKOMIiIO 3 BuKOpucTaHHsIM npunagy TESCAN
Vega-3LM y pexxumi BTOPUHHHUX Ta 3BOPOTHO-BIAOWTHX €JIEKTPOHIB JJIS

BUBYCHHS MIKpOOYIOBH 3JI1aMy;



3)

4)

S)
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HIOPCTKICTh TOBEpXHI BU3Hayanu Ha mnpuiaai Surftest SJ-400, o
JI03BOJIMJIO BCTAHOBUTHU BIUIMB CTaHYy MOBEPXHI HA MEXaHI3MH 3apOJIKEHHS
TPIIINH;

PEHTIEeHOCIIEKTpAIbHUY aHali3 3 BUKopuctanusam npuiagy Oxford X-Max-
50 a1t TOKaIBbHOTO aHaJI3y XIMIYHOIO CKIIaay (a3, po3MnoAlly €JI1E€MEHTIB 3a
30HOI0 HAIJIABJICHHSI, 30HOK TEPMIYHOIO BIUIMBY T4 OCHOBHUM METAJIOM;
MIKPOJIIOPOMETPisi  LUISIXOM  IHCTPYMEHTAJIBHOTO  1HJCHTYBaHHA 32

Bikkepcom (HV) 3 Bukopucranusm mikporsepaomipa QNESS 60A+ EVO.

HaYKOBa HOBH3HA OTPUMAaHHX pe3y.111>TaTiB moJjsrae B TomMmy, 1o aBTOpOM

BIIEpIIIE:

D

2)

3)

BcranoBneHo, 1m0 TpHW BiTHOBJICHHI IMMOBEPXHEBOTO APy THUTAHOBOTO
cruiapy BT22 meTonom HariaBieHHS 3 BUKOPUCTAHHSM MPUCATHUX JPOTIB
CII15cB Tta BT22cB 1 mojanpliiii JIOKaNbHIA TepMIYHIA 0OpoO1l y 30H1
TEPMIYHOTO BITUBY MOXKYTh YTBOPIOBATHCS MIKPOCTPYKTYPHO Pi3HOPIIHI
TUISTHKA 3 BIJMIHHOIO TPaBHUMICTIO, SIKI XapaKTePU3YIOThCS JIOKATbHUMHU
BIIXWICHHSIMHU  XIMIYHOTO  CKJaay, 1[I0 BHU3Hadae (QopMyBaHHA
HEPIBHOBAXXHOT MIKPOCTPYKTYPH Ta 3HWXKEHHS MikpoTBepaocti (323—
335 HV).

BcranoBieno, mo koHTpoiaboBaHui mBuakicaui CBY-marpiB y mpormeci
JOKanbHOI TepMiuHOT 00poOKM 3a0e3medye pPIBHOMIPHHM  PO3MOILT
TemriepaTypu Ta (OpPMYBaHHS OJHOPIAHOI MIKPOCTPYKTYpU B 30HI
TEPMIYHOT'O BILIMBY Ta HAIUIaBJICHOMY IIapi TUTaHOBOro criaBy BT22. Ile
crpusie cTadimi3amii MiKpOTBEpIOCTi, 3MEHIIICHHIO 3AJIMIIIKOBUX HAIIPYKCHb
1 IMABUIIIEHHIO BTOMHOT MIITHOCT1 MaTepiaiy, 0 € KPpUTUIHO BaXKITUBHUM JIJIS
JeTaNel, K1 IPAIoI0Th B YMOBaX IIUKIIYHUX HABAHTAKEHbD.

BcranoBineno, 1m0 HasgBHICT, mop agiamerpom  80-120 wMkM vy
MIPUIIOBEPXHEBIM 30HI HAIUIaBJIEHOTO mapy 31 cruiaBy BT22 € kpuruaaum
dbakTopoM, M0 1HIIIIOE BTOMHE pyHHYBaHHSA. Bu3HaueHo, 110 BTOMHA
MIIHICTh BIJIHOBJICHHX JE€Tajel 3 HAasBHUMH IOpPaMU 3HIKYEThCS Ha 45-

50% y mopiBHSIHHI 3 MaTepiaioM, y sIKOMY Taki AepexTu O0ysu BiICyTHI.
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IIpakTuyHe 3HAYEHHS] OTPUMAHHUX pe3yJabTaTiB. OTpUMaHi pe3yIbTaTH MaIOTh
3HAYHWW BIUIMB Ha BJIOCKOHAJCHHS TEXHOJOTIi BiHOBIIOBAJIBHOTO HAIUIABIECHHS Ta
JIOKaJIbHOI TEPMIYHOI OOpOOKM BHCOKOMIIIHMX THUTAHOBHX CILIaBIB, IO IIMPOKO
3aCTOCOBYIOTHCS B aBiaOyayBaHHI. BcTaHOBIEHO, IO HASIBHICTH 30H 13 HEOJIHOPITHOIO
TPABUMICTIO B 30H1 TEPMIYHOIO BILUIMBY Ta A€(EKTIB HAILJIABIICHHS KPUTUYHO BILUIMBAE HA
BTOMHY MIIHICTb ciuiaBy BT22.

Po3po6ieH0 MeTOAMKY BHUSIBJACHHS 30H 13 BIAMIHHOIO TpaBUMICTIO 0€3
3aCTOCYBaHHS XIMIYHOTO TpPAaBJEHHS, 10 JO03BOJSE€ 1IEHTU(IKYBATH MOTEHIIITHO
HeOe3NeyH1 AUISTHKA y MaTepiaii. BcTaHoBIIEHO, IO Taki 30HU MOKHA 11€HTU(DIKYBATH
Ha eTall MEXaHIYHOro MOJIPYyBaHHS 3a JOMOMOTOI0 KOCOTO OCBITJIEHHS, IO JI03BOJISIE
31MCHIOBATH SIKICHUM KOHTPOJIb HAIUIABIIEHUX Ta TEPMIYHO 0OpOOIEHUX MOBEPXOHD 0€3
BUKOPUCTAaHHSA XIMIYHUX PEAKTHBIB. 3ampOIOHOBAHWUN METOJl € MEPCHEKTUBHUM JIJIS
KOHTPOJIIO BIJIHOBJIEHUX MOBEPXOHb aBlalllMHUX JeTajieid, 10 3a3Hal0Th BUCOKHUX
EKCIUTyaTal[ifHUX HAaBaHTAXKEHb, JO3BOJISIIOYM CBOEYACHO BHSBIATH JIUISHKA 3
MOTEHI[IHO 3HMKEHUMHU BTOMHUMU XapaKTePUCTUKAMHU.

Po3pobnena mMeTonanka KOHTPOIIO MIKPOCTPYKTYPHUX 3MiH JTO3BOJISIE BUSBIIATH
KPUTWUYHI JUISHKK 0€3 3aCTOCYBaHHS XIMIYHOTO TPaBJICHHS, IO CIPOIIYE JAIarHOCTUKY
nedeKTiB 1 CKOpodye BUTpaTH Ha KOHTPOJBHI omeparlii. BnpoBamkeni pexomenaarii
CIpsIMOBaH1 Ha IMABUIIECHHS PECYpCy JAeTalieil, BIIHOBICHUX HAIUIABICHHSIM TUTAHOBUX
CIUTaBiB, Ta 3HWKEHHS PU3UKY MEPEAYaCHOTO PYWHYBAaHHS MaTepiay IMij J1€0 BTOMHUX
HaBaHTaX€Hb. BHKOPHUCTaHHS 3ampONOHOBAHUX ITIJIXOMIB CHPHUATAME ITiIBUIICHHIO
Oe3MeKr Ta HAAIMHOCTI aBilaliitHOI TEXHIKH, a TaKOXX IMOKPAIICHHIO SIKOCTI PEMOHTY
BHCOKOMIIIHMX TUTAHOBUX KOHCTPYKIIIH.

Oco0bucrtuii BHecok 3100yBaya. Po6oTa BUKOHaHa MiJ HAYKOBUM KEPIBHUIITBOM
n.T.H., goi. O.M. Jlonis. OcHOBHI HayKOB1 pe3yibTaTH AHCEPTAIiiHOI poOOTH, SIKi
BUHOCSTBCS Ha PO3IJIAJl HAYKOBOI pajiy, HajlexaTh 0coOUCTO 3100yBady. 3100yBayemM
MIPOBEJIEHO OCOOMCTO EKCIIEpUMEHTAIbHI JOCIIKeHHs, 0OpOOKY Ta OMHC OTPUMAHHX
pesynbTariB. CHOiUTbHO 3 HAYKOBUM KEpPIBHUKOM 3J1HCHEHO TIIOCTAaHOBKY METH,

MJIaHYyBaHHS JOCIIKEHb Ta OOTOBOPEHHS OTPUMaHUX PE3yJIbTaTiB.
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AnpoOauia  pe3yabratiB  aucepramii. OCHOBHI  pe3yibTaTH  poOOTH
npecTaBiieHo Ha MixkHapoaHux KoHpepeniisx: VII International Conference “Welding
and Related Technologies™ (7-10 October 2024, Yaremche, Ukraine); III Mixunapoana
HaykoBo-npakTuyHa koHbepeHuis «Modern challenges and achievements of the
scientific community of the 21st century» (16-18 October 2024, Narva, Estonia); IV
MixHapoHa HaykoBO-ipakThuuHa KoHpepenilis “The impact of scientific research on the
development of the modern world” (23-25 October 2024, Dubrovnik, Croatia); VI
MixHapoHa HayKoBo-TIpakTuyHa KoH(pepeHis “Scientific research in the era of digital
technologies: challenges and opportunities” (6-8 November 2024, Barcelona, Spain).

Iy6aikamii. 3a MatepianamMu aucepTaliiiHOi poOOTH OMyOJIIKOBAaHO § HAYKOBHX
mpaub: 1 HaykoBa crarts y (axoBOMY BHJAHHI KaTeropii A, 10 1HAEKCYEThCA
HayKOMETpHUYHUMH Oazamu nanux Scopus Ta Web of Science, 3 HaykoBi crarti y
daxoBux BUIaHHAX Kateropii b, 4 myOmikamiii 3a MarepiajlamMu JIONOBiJICH Ha
KOH(epeHIisx.

CTpykTrypa Ta obcsar aucepranii. J[mceprariiina po6ora CKIagaeThCs 31 BCTYIY,
5 po3aiiiB, BHCHOBKIB Ta MEPEIIKY JKepen nmocuiaanb. Po6ora mictuts 31 tadmuiro, 93

pucyska ta 110 mocunans. 3aransHuit 00’em aucepraritii ckiamnae 165 c.
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PO3A1JI 1 JlitepaTrypHuii Orjisi 32 TeMaTHKOI0 JOCJIi/IKEeHb
1.1 OcHOBHI BJIACTHBOCTI TUTAHY

Tutan, Bigkputuit y 1791 poui Binssimom ['peropom i1 Ha3zBanuit MapTiHom
Knanporom, HaOyB mpOMMCIOBOTO 3HAaY€HHS Jidiie y XX CTOMNITTI 3aBASIKM METOJlaM
Metbto Xantepa ta Binbrensma Kpomna. 3aBAsiku BHUCOKIH MIIHOCTI, KOPO31HHIM
CTIMKOCTI Ta HHU3BKIH wIIbHOCTI (4,5 T1/CcM?) BiH UIMPOKO 3aCTOCOBYETHCS B
aB1aKOCMIYHIM, METUYHIN Ta XIMIYHINA ramys3sx.

[Torpu momMpeHicTh y 3eMHIM KOpi, BUJOOYTOK TUTAHY 3 UIbMEHITY Ta PYyTHILY €
CKJIAJHUM i NOpOruM. Moro yHikaibHi BIACTHBOCTI POOIATH HOTO HE3aMiHHHM IS
BHCOKOHABAHTAXKEHUX KOHCTPYKIIIi.

Turan Hanexuth 70 IV Ipynwm nepioaWdHOi CHCTEMH Ta yTBOPIOE IMATPYMHY 3
IMPKOHieM i radHieM, 3 SKMMH Mae TOMiOHI (i3mKo-XiMiuHi XapakTepHCTHKH. Horo
OCOOJIMBICTIO € aJTOTPOTHI MOAM(IKAIi: IEpexif 13 TeKCaroHanbHO1 a-(ha3u y Kyoiuny [3-
dazy npu 885°C, mo Bu3HAYAE HOTO 3MATHICTH O TEPMOOOPOOKH Ta (OpMYBaHHS
MIHUX criaBiB. JleryBaHHA IHMpPKOHIEM 1 TadHIEM MiABUILYE TEPMOCTIHKICTD 1

KOPO3iiHY CTIMKICTb, 1[0 BAXKIIMBO JJII BUKOPUCTAHHS Y €KCTPEMaIbHUX YMOBAX.

°c
(°F) .
piguHa

(;g;g) J<«— Temnepatypa nnasfieHHs

OUK-rpagka
B-daza

}

(&255) ! «— B - nepeTBOpEHHA

IY-rpagka
a-daza

>

-18
0)

Pucynok 1.1 - Kpucraniuna ctpykrypa TuTagy. [1]
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TuTaH xapakTepu3y€eThCsl BUCOKOIO TUTACTUYHICTIO 3aB/ISIKA YUCIEHHUM CHCTEMaM
KOB3aHHS, @ TAKOX YHIKaJIbHUMU (PI3UKO-XIMIYHUMHU BIACTUBOCTSIMHU, IO pOOIATH MOTO
HE3aMIHHUM Y aBiallii, KOCMIYHIA TEXHII[, CyAHOOyAyBaHHI Ta XIMIYH1i POMUCIOBOCTI.
OCHOBHI MOro XapakTEpUCTUKU TOPIBHAHO 3 IHIIMMHU €JIEMEHTaMH HaBeJeHI
B Tabmu 1.1.

Hocnimkenas [2-7] mokaszan, M0 MEXaHIYHI BJIACTUBOCTI TEXHIYHO YHCTOTO
TUTAHY 3HAYHOIO MIPOIO 3ajexaTh BiJ Jomimok. HalOinpmmil BIUIMB 341HCHIOIOTH
€JIEMEHTHU BIPOBAI)KEHHSI — KUCEHb, a30T, BYTJICLb 1 BOJICHb.

Kucens Ta a30T € a-cTadinizaropamu, 5Kl 3MIITHIOIOTh TUTaH, aji€ 3HUKYIOTh HOT0
mnactuyHicTh [1, 8]. Kucens (0,15-0,2%) miaBuiiye MIMHICTH 1 TBEPIICTh, ajie HOTO
HaJ[JTUIIOK pOOUTH MaTepiall KpUXKUM. A30T Mae 111e OUIbII BUPaXKEHUN 3MIITHIOBATIbHUM
edbextr, onaHak HaBiTh He3HauHe mnepeBumeHHs (0,03—0,05%) 3HauHO  3HUXKYE
MJIACTUYHICTD 1 YJJApHY B'SI3KICTh. Y MIPOMUCIOBUX YMOBAX BMICT KMCHIO Ta a30Ty CyBOPO
KOHTPOJTIOETHCS, OCKUTBKA BOHH MOKYTh HETaTUBHO BITMBATH HA BIACTHUBOCTI CIUIABIB,

0COOJIMBO 3a IMHAMIYHUX HABAHTAXKEHb a00 HU3bKUX TEMIIEPATYD.

Tabmuns 1.1 - @13UK0-X1IMIYHI BIACTUBOCTI TUTAHY Ta 1HIIUX €JIEMEHTIB [9]

BnactuBicts MeTanis Ti Fe Mg Al Cu
AToMHa mMaca 47,9 | 55,9 | 24,32 | 26,98 | 63,54
HlinbHICTD, T/cM? 4,51 7,86 1,74 2,70 | 8,94
Temnepatypa nnaBieHHs, °C 1668 | 1539 650 660 | 1083
TeMmnepatypa KUMiHHS 3260 | 2740 | 1107 | 2327 | 2595
Cxpwurta TemaoTa miaaBieHHs, Jx/T 435,5 |1 269, 8 | 194,8 | 393,7 | 269,7
[Tutoma TGHJIOGMHiOCTI) npu 20 °C, 0.54 | 0457 | 1,018 | 090 |0.383
JIx/(rx°C)
thironia Tem?;f(iffcl;“ mpH 20°C, | 6 188 | 0,754 | 1,575 | 2.254 | 3,938
Kodoiuier niniliHoro posmmpenss, 10%, °C! | 8.2 11,9 26 243 | 16,5
[MuToMmuii enextpoomnip, 10°mpu 20 °C, 21 | 97 44 268 | 1.72
Omxcm
Monyns npyxHocti, E, MIla 112000{200000| 45000 | 72500 (122500
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BoJieHb HEraTUBHO BIUIMBAE HA MJIACTUYHICTh TUTAHY Y€pe3 YTBOPEHHS T1JIPUIIB.
Cepen meraneBHX JOMIIIOK 3HAYHY POJdb BIAICpa€ 3aii30, MPOTE MpPH KOHIIEHTpaIli
MeHme HiK 0,5% ioro BIUMB ciaOmuil y NMOPIBHSHHI 3 KUCHEM 1 a3oToM. Hepenuki
KUIBKOCTI 1HIIUX METAJIEBUX JOMIIIOK HE MalOTh ICTOTHOTO BIUIMBY HAa MEXaHIYHI
BJIACTUBOCTI THUTaHy. TakuM YHHOM, KEPYBaHHS BMICTOM JIOMIIIOK JIO3BOJISIE
peryJjiloBaTh TEXHOJOTIUYHI XapaKTEPUCTUKU THUTaHy, 3a0e3reuyroud OalaHCc MK

MIIHICTIO Ta INIACTUYHICTIO
1.2 JleryBaHHs TUTaHY Ta HOI0 CIJIABiB

Yuctuil TuTaH, Xo4a 1 Jqy’Ke IUIACTUYHUNA, Ma€ BITHOCHO HU3bKY MILHICTh. MeTan

KOPHUCHIIINHI, KOJIU HOTO MILHICTh 301IBIIYETHCS IUIIXOM JIETYBaHHS.

t,oC B t,°C
a+
B B
882 Q+B
882
T B+y
€ la
a E
a+y
Ti AlLLO,N, C Ti Si,Mn,Fe, Co,Ni,Cu
a) 6)
t,°C t,°C
882 B 882 B
B+y
a P a\o+f
Ti V, Nb, Mo, Ta Ti Ru, Os, Re, Rh

B) r)

Pucynok 1.2 - CxeMu BIUIMBY JIETYIOUHX €JIEMEHTIB y TUTaHI [2]

Krnacugikamis yeryrounx €JIeMeHTIB TUTaHy 0a3yeThCs HAa IXHbOMY BIUIMBI Ha
TeMmneparypy nojiMopdHoro meperBopeHHsi Ta ¢aszoBi miarpamu. llepma rpyna— o-
craburizatopu (puc. 1.2, a), MmO MNIABUIIYIOTh TEMIEPaTypy NEpPEeTBOPEHHS W
ctabutizyoTh a-pazy (Al, Ga, In, C, N, O). Jlpyra rpyna— p-craOutizaTopu, SKi
3HUKYIOTh TEMIIEpaTypy HNEPEeTBOPEHHS il moAuistoThes Ha: B-eBTekToinHl (Cr, Mg, Fe)

(puc. 1.2, 6), 13omopdHi (V, Mo, Nb, Ta) (puc. 1.2, B) Ta nceno-p-i3omopdHi (Ru, Rh,
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Re, Os, Ir, W) (puc. 1.2, ). Tpets rpyna — HelTpaibHi 3MilHIOBaY1 (Sn, Zr, Ge, Hf, Th),
110 HE 3MIHIOIOTh TEMIIEPATYPY MOJIMOP(HOTO NEPETBOPEHHS, aJl€ 3MII[HIOIOTh CILIaBH.

[s kmacudikaiis 103BOJIsIE€ CTBOPIOBATH TPU KJIACU TUTAHOBUX CIUIABIB: O-CILJIABH,
o+[B-crnaBu Ta B-CIUIaBU. 0-CIUIABUMICTSTH 0.-CTab1113aTOPH, MatOTh ToHaA 95% a-dasu,
HE MJAaI0ThCsl TEPMIYHOMY 3MIIHEHHIO, alie 30epiraoTh TepMocTiikicTh mipu 400-500
°C. Jlo nceB0-0-CIUIaBIB HajleXaTh MaTepialid 3 HE3HAYHUM BMICTOM [3-cTab1113aTOPIB.
OcHoBHa TepMiuHa OOpoOKa — BiAMad A 3HATTS Hanpyr. JleryBaHHS aidtOMiHIEM
MIJIBUIILY€E MUTOMY MILHICTh, >KapOMIIHICTh 1 KOpPO3iiiHy CTIHKICTh, ajie MOro BMICT
00MexXyI0Th 10 6—7% uepe3 pu3uK yTBOpEHHS Kpuxkoi oz-pasu (TizAl).

JBodasni (o+f)-crIaBu MiCTATH peryjibOBaHE CIIiBBigHOIIEHHS o- i P-¢asu. Ix
MEXaHI4H1 BIACTUBOCTI KOPUTYIOTHCSI TEPMOOOPOOKOIO: HArpiBaHHSM, 3arapTyBaHHSIM Ta
ctapinHam. Benuka vactka -da3u niiBUILy€e MIIHICTb, ajl€ MPU BUCOKUX TeMIIepaTypax
MOX€ 3HMXKYBaTH TEPMOCTINKICTh. BaXXJIMBUM € KOHTPOJIb JIETYIOUUX [3-€JIEMEHTIB AJIsI
YHUKHEHHS KPUXKOi M-(a3u.

Howmimku (O, N, H, C) HeraTuBHO BIUIMBAIOTh HA MJIACTUYHICTH, )KaPOMILHICTS 1
3BapioBaHicTh. Kucenb y [-ciuiaBax copusie €BTEKTOITHOMY posnany [-daszu Tta
YTBOPEHHIO IHTEPMETANIAIB, 10 3HWKYE IUIACTUUHICTh. HaaluIIKoBUN KUCEHBb TAKOXK
CIpUsi€ YTBOPEHHIO ro¥actoi a-(pasu, sika KOHIIEHTPYE HampykeHHs. Byrmeup y B-
CIUIaBaX MOKE MPU3BOJAMTH 1O YTBOPEHHS KapOiaiB, TOMY HOro BMICT CYBOPO
KOHTPOJIOIOTb.

B-crimaBu MicTATh [-cTabimizaTopyd B KUTBKOCTSX, M0 30epiraioth P-hazy mpu
KiMHaTHIH Temmepatypi. [lceBno-f-craBu eQpexkTUBHO 3MIIHIOIOTHCS TEPMOOOPOOKOIO,
nocsiraroud Mexxi MinHocti 1500 MIla, mo eKBIBAJIEHTHO CTAISAM 13 MEXKEH MIIHOCTI
2550 MIla. Hegoniku — HU3bKa TepMidyHA CTaOIIBHICTh, CXHUJIBHICTH O POCTY 3€peH 1
XiMiYHa HEOMHOPIAHICTh. JleryBaHHSA alIOMIHIEM 3MEHIIY€ CXWIBHICTh TUTaHY 0
BOJTHEBOi KPUXKOCTI.

CTpyKTYypHUH PO3MOJII JETYIOUUX CJIEMEHTIB Ta JOMIIIIOK HaBEACHO Ha CXeMi

(puc. 1.3).
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[ Jleryioui eJieMeHTH Ta JOMIlIKH j

(a-craﬁiﬂizampu) [HeﬁTpaJ‘lei 3Mil.lHlOBa'{a [[i-cmﬁinharopuj
€JIEeMEeHTH eJIeMEeHTH eJIeMeHTH eJIeMeHTH eJIEMEHTH
BIPOBAIKEHHSA 3aMilleHHS 3aMillleHHsI 3aMillleHH S BIPOBAKEHHS

[ ncesa0 ]

-izomopdHi

(C, N, O) (Al, Ga) B-izomop dui b pe
B-eBTeKTOMAHI

B-daza
He dikcyeTbes
rapTyBaHHAM

B-da3a
pikcyeTbest
rapTyBaHHSM

Pucynok 1.3 - Knacugikanis Jerytoumnx eaeMeHTIB Ta JOMIIIOK y TutaHi [10].

1.3 Knacudikaniss THATAHOBHX CILIABIB

31 3poCTaHHSAM KUIBKOCTI THUTAaHOBHMX CIUJIaBiB, IO BHUPOOJSIOTHCA IS
MPOMHCIIOBUX MOTpeO, BUHUKAE HEOOXIAHICTh YTOUHEHHS ICHYIOUMX METOMAIB iX
KJ1acudikarii.

Ha cporogni B VYkKpaiHi 4YacTKOBO 3aJIUIIAETHCS PaAsSHChKA Kiacu(iKaIis
TUTAHOBUX CIUIaBIB 3a (Pa30BUM CKIIaJioM, siKy 3anmpononyBanu C. I'. I'nmazynos ta B. H.
Moicees [10, 11]. Ils xknacudikaiiisi 6a3yeThcst Ha Pa3oBiil CTPYKTYpI, sika HOPMYyeEThCA
Micis BiANady 3a MPOMUCIOBUMH pexkrumMaMu. BoHa OXOIUTIOE Takl TUMM CIUIABIB: O-
CIUIaBU, TCEBAO-0-CIUIaBH, (o+f)-crmaBu, mnceBao-f-criaBu, [B-CIuiaBW, CIUIaBU Ha
OCHOBI IHTEpPMETAJI1/1IB TUTAHY.

OkpiM 1BOrO PAASIHCHKI JOCIIIHUKH 3alpONOHYyBajdu Kiacu(piKyBaTH TUTAHOBI
CIUIaBU 32 IXHBOI CTPYKTYpPOIO B 3arapToBaHoMy cTaHl. BiamoBiiHO 10 i€l
kiacuikarii, BUIIISIOTH: CIUIABH MapTEHCUTHOTO Kiacy (o', a'), CIjIaBu NMEpexiTHOTO

kiacy (o' + B, a" + B), criaBw, sKi MiCs 3arapTyBaHHS MalOTh TUTHKU B-da3y.
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Pucynoxk 1.4 - Cxema BIuBY BMICTY [B-cTab1113aTOPIB HA TEMIIEPATYPY HOTIMOPHHOTO

Ta MApTCHCUTHHUX IICPCTBOPCHD.

Kpim Toro, TuTaHoBi craBu kiaacu(ikyroTh 3a XiMiyHUM ckiagom. [lomiOna
kiacudikaiis Broepiie Oyna 3ampornonoBanHa C. I'. I'masynoBum [11]. [nst ouinku
cTyneHsi crabumizanii B-pa3u JeryrounuMu eJeMEeHTaMu B TUTAHOBHUX CIUIaBax OyJu
BEJICHI1 pi3H1 KpUTEpii, 30kpema, MoiiceeBUM — yMOBHUHM KoedilieHT cTadinizalii B-gasu
- Kp[11] Ta XopeBuM — MoT1iO1€HOBUM €KBIBaJIEHT [12], po3paxoBaHuii MO BiAHOIIEHHIO
KpuTHYHUX KoHIIeHTpallii (1%Mo exsiBanentHo 1,5%V; 0,6%Cr; 0,55%Mn, 0,4%Fe).

Koedimient KpBimodpaxkae 3/110HICTh THTAHOBUX CILIABIB BITUyBAaTH MApPTECHCUTHE
nepeTBOpeHHs mpu raptyBaHHi (puc. 1.4). lle nepeTBopeHHs Bi10YBAETHCS Y MPOMIKKY
temnepatryp Mu-My (mouaTok-kiHenb mneperBopeHHs). Komu My mae KiMHATHY
TeMIrepaTrypy, TO il BIAMNOBiJa€e BIAMOBIAHUMN ckiaa [-cTaOuTi3aTOpiB, 1[0 MA€ Ha3BY

Ipyra KpUTHYHA (C{c’p). Koediuient Kp Bkazye Ha CKUIbKK JTaHUM CIIaB OJMU3BKHUI 110

CKJIaJly 10 JPYroi KpUTHYHOI KOHIeHTpallii. loro BU3Ha4aroTh 3a CIiBB1IHOLICHHSIM:

C C C;
Kg == |+ | )|+ + =), (1.1)
1 kp 2 Kp L Kp

ne Cy, Cy, ..., C; — BMicT y crutasi pisuux B-ctabinisatopis, a Ci'yp, C5yp -5 Ci'yp

- KPUTUYH1 KOHIIEHTpAIllii, BUIIIE SIKUX Y BIAMOBIAHUX MOJBITHUX CUCTEMAaX MapTEHCUTHE
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MepETBOPEHHS MOJABIIOETHCS Ta (PiKCyeThes TUTbKU B-(a3za (3 w-hazoro un 6e3 Hei). [Ipu

po3paxyHkKy Kpg MOXHa BUKOPUCTOBYBATH JIaHH]1 HaBe/IeH1 B Tabmwuil 1.2.

Tabnuns 1.2 - 3naueHHs IpyTroi KPUTUYHOI KOHIIEHTPallil OCHOBHUX JIETYIOUHX
€JIEMEHTIB B TUTAHOBHX cIuiaBax [12]

Jleryrouuii eneMeHT V [Nb| Ta |[Cr| Mo | W |[Mn|Fe|Co|Ni

Cip» Mac. % 15,01 36,0145,0]6,5|11,0|22,0|6,5|5,5|9,5]8,5

3 ypaxyBaHHsIM Koedirienta B-ctadimizaiii kaacudikailisi THTAHOBUX CILIABIB 3a
CTPYKTYpOIO Ma€ HACTyIHUW BUIIISI: o-cruiaBu, Kg=0, nceBno a-cruiasu, Kg go 0,25,
(a+p)-crumaBu, Kp =0,3-0,9, cinaBu nepexignoro kiacy, K =1-1,4, nceBno-f-crnasu,
Kg=1,6-2,4, B-crimaBu, Kg>2,5.

Onnak koedimient Kp HEe BpaxoBye BIUIMB 0-CTa01II3aTOpPIB Ta HEUTpaIbHUX
3MmilHIOBaviB. [Ipu BHKOpHUCTaHHI MOJIIOJICHOBOTO €KBIBAJICHTY BUXOJSTH TaK caMo 13

3Ha4eHb JApyroi kputuuHoi KoHueHTpanii (Cy,). OniHka eKBiBaleHTa TATAHOBUX CILIABIB

1o MoJi0aeHy [Mo]eKB BUKOHYIOTb 110 CIIBBIJHOILIEHHIO:

[Mo] —(VM0+<(VE>+<°/N—b>+<‘Vw>+<°/l>+
exs — 70 074 33 ° °1.2

+(0/3)+(ty5)+<o/c—°)+<o/ﬁ) (1.2)
0,6 0.5 0,9 0,8/’ '

MoniGaeHoBuUl €KBIBaJIEHT Aa€ aOCOMIOTHI €KBIBAJCHTHI 3HAaUYCHHS KOHIICHTpAIIii

B-crabinizaTopis, a Kg - BITHOCHI , iX TOB’s13y€ MPOCTE CIIBBIIHOLICHHS:

[Mo] e
Kp = ) 1.3
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TuTaHOB1 CIUIaBU MNOJAUIAIOTH Ha Ae)OpMOBaHI Ta JUTI, a TAKOXK TEPMIYHO
3MilHIOBaHI Ta He3MinHioBaHl. CydacHi METOIM, Takl SK MIKpOTrpaHyJIOBaHHS,
KOMIMAaKTyBaHHS MOPOIIKIB 1 TpaHyJi, PO3IIKUPIOIOTh BUPOOHUY1 MOKIIUBOCTI.

3a TOpuU3HAUEHHSM CIUIaBU KJIACU(IKYIOTh Ha KOHCTPYKIIMHI, >KapOMIIHI,
KOpPO31MHOCTINKI Ta KpioreHHi. PaJagHChKI CIUIaBM aJanToBaHlI JO MacoOBOIO
BUPOOHUIITBA, TOAl SIK aMEPUKAHCHKI aHAJIOTM MalOTh BHIIYy YHMCTOTY Ta IMOKpAIlleHI
MeXaHi14H1 B1acTUBOCTI (Tadm. 1.3).

Turtanosi CIUTIaBU HIMPOKO 3aCTOCOBYIOTBHCS y aBiatii aJis
BUPOOHUIITBA KOMIIPECOPHUX JIUCKIB, JIOMATOK, €JIEMEHTIB (pro3essiky Ta maci [13, 14].
Cepenll mommpeHux CIuiaBiB:

Pansuceki: BT6 [15] (ananor Ti-6A1-4V), BT14, BT22.

€Bporeiicbki Ta amepukaHcbki: Ti-6Al-4V, Ti-10V-2Fe-3Al (ananor BT22), Ti-
5Al1-2.55n.

VY miit poboti nmochikyerbes ciia BT22 [17], skuit Mae BHCOKY MILHICTD 1
3MIATHICTh JO TEPMIYHOTO 3MIIHEHHS, IIMPOKO 3aCTOCOBYEThCS B aBlalliliHIi
npoOMHUCITOBOCTI.  JIist  TOpiBHSHHSA ~ BUKOpPUCTOBYeThbes Ti-6Al1-4V —  omun 13
HAWBHUBYCHIINX 1 HAUTTOMIMPEHININX TUTAHOBUX CIUIABIB Y MPOMUCIOBOCTI. AHaI3 000X
CIUTaBiB  JIO3BOJISIE  OIIHUTH  iXHI MIKPOCTPYKTYpPHI ~ OCOOJIMBOCTI Ta TEXHOJOTIUHY
aJlarrTariro.

CmnaB Ti-6Al-4V € xnacu4HUM TIPUKIAIOM O+ THTAHOBUX CIJIaBiB. BiH MicTUTH
6% amoMiHIIO, KM cTadimizye a-dasy, Ta 4% BaHamiro, mo crabimizye PB-daszy. La
KOMOIHaIIisI CTBOPIOE 30aJIaHCOBAHY MIKPOCTPYKTYPY, sIKa MOXe OyTH PIBHO3EPHUCTOIO,
O0iMOaNBHOIO a00 JIAMEISIPHOIO 3aJICKHO Bl yMOB TepMidHOT 00poOKku (puc. 1.5).

bimonmansna crpykrypa Ti-6Al-4V, mo Bkmodae apiOHI TuTacTHHH 0O-(hasH,
3a0e3nedye BUCOKY BTOMHY MIIHICTh 1 CTaOUIbHICTh MEXaHIYHUX BiIacTUBOCTEH [18].

Cmuta BT22, moaiouo 1o Ti-6Al-4V, Takox HaJIeKUTh 10 0+f3 CIIIaBiB, OJTHAK BIiH
Mae BUIIUN BMICT B-cTabinizatopiB (MOmiOAeHY, BaHA IO, XPOMY), IO 301IbITyE 00’ €M
B-dazu B tioro ctpyktypi. [licas Tepmiunoi 06podku BT22 ¢popmye TOHKOIIIIACTUHYACTY

a+B-cTpyKTYypy, Y AKii 0-¢haza piBHOMIPHO PO3MOiUICHA B B-MaTpulll. 3aBASKA IbOMY
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crutaB BT22  neMOHCTpye BHCOKY TEpPMIYHY CTaOUIBHICT 1 NPHAATHICTD IS

eKCIUTyaTallii 3a NJABULIEHUX TEMIIEePaTyp.

Tabmuug 1.3 - XiMIYHUKA CKJaJ Ta MEXaHI4YHI BJIACTUBOCTI MPOMHUCIOBHUX

TUTAHOBUX CIIJIABIB paadHCBKOTIO Ta aMCPUKAHCBKOT'O BI/Ip06HI/II_ITBa.

Tun Mapka craBy BwmicT neryrounx eneMeHTIB O, MIT 5,
CILIaBy B, Mlla %
BT1-00 - 300-450 | 30

S I1T-7M 2,25Al1; 2,5Zr 700 18
4910 5Al1;2,5 Sn 880 15

IMI 685 6Al; 5Zr; 0,5Mo; 0,36 Si 1050 10

0T4-0 0,8Al; 0,8Mn 500-650 |20

ICEeBMIO0- BT20 6Al; 27Zr; 1V 950-1150 | 8
0-CIIJIaBU 4915 8Al; 1Mo; 1V 1030 13
56218 5Al; 6Sn; 2Zr; 1Mo; 0,25Si 1180 12

BT6 6Al; 4,5V >1100* | 7

(0+P)- BT22 5Al; 5Mo; 5V; 1Fe; 1Cr llggg; 5
criast 4907 6AL; 4V 940 |15
IMI700 6Al; 4Mo; 5Zr; 1,25Cu; 0,25Si1 1390* 8

BT30 11Mo; 6Sn; 4Zr 1200* 5

TICEBIO- TC6 3Al; 5Mo; 6V; 11Cr 11213(()); 4
p-enmasu =m0 0VEA 3AL; 13V; 11Cr 1300* | 6
34 846 3Al; 4Zr; 8V; 4Mo; 6Cr 1230%* 8

*-micis TO (rapryBaHHS Ta CTapiHHS).

Pucynok 1.5 - Tpu TunoBux ctpykrypu ciaBy Ti—6Al-4V, 6imoganbHa (a),

piBHO3epHuUcTa (0), 1amensipHa (B) [18]
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bimonanbHa ctpykrypa Ti-6Al-4V 13 apibHuMuU mnacTuHamu o-¢as3u 3ade3neyye
BHCOKY BTOMHY MIIHICTb Ta CTaOUIbHICTh MeXaH1uyHuX BlactuBocteil [18]. BT22, ax 1 Ti-
6Al-4V, Hanexuth 10 a+B-crasiB, ale MICTUTH Outbiie B-ctabinizaropis (Mo, V, Cr),
101() 301IbIIIYE yacTKy (-has3u B Horo CTPYKTYpI. [Ticns TEPMIYHOI
00poOku BT22 popMmye TOHKOIIACTUHYACTY  O+P-CTPYKTypy, 10  3abe3neuye
HOro TEpMIUHY CTaOIIBHICT 1 TPHUIAATHICTh JUIS  €KCIUTyartarli 3a IiJBUIIEHHUX
TeMIepaTyp.

[TopiBusino 3 Ti-6Al1-4V, y BT22 30epiraerbcs Outbiinii 06’em P-dazu, 1o
3aJIMIIAETHCS CTAaOUTHPHOIO HABITh MICIS MIBHUIKOTO OXO0JIOKEeHHSA. KOHTpoib po3Mipy
3epeH € KIIYoBUM sl 000x cmiaBiB: y Ti-6Al-4V apiOHO3epHUCTA CTPYKTypa
M1ABHUIIY€E MIITHICTD, a 11t BT22 HeoOXigHUM € 3MEHIIIeHHS [-3€peH uepe3 ONTUMAaJIbHY
TepMIUHy 0OpOOKY.

Mexaniuno BT22 wmae Bumry winHicts, a Ti-6Al-4V - xpamly BTOMHY
BUTPUBAJICTh 3aBISIKUA OIMOJaIbHIN cTpyKTypi. OnTumizariist TepMiaaoi 00pooku BT22
3a ananoriero 3 Ti-6Al-4V, 3okpema 3MeHIeHHs1 -3epeH Ta crabimizamis (a3zoBoro

CKJIaAy, MOKE MOKPAITUTH HOTO BTOMHY MIIIHICTb 1 IOBTOBIYHICTH aetanei [19, 20].

1.4 CradisibHi Ta MeTacTaOLIbHI ()a3U B TUTAHOBMX CILIABaX

3rigHo 3 pochimkeHHsamu [5, 10, 21, 22], crabuipHl a3y THTAHOBUX CILJIABIB
BKJIIOYAIOTh O- 1 B-TBEp/l PO3UYMHM, a TAKOX IHTEpPMETaiau, TIAPUIUA, OKCHUAM Ta
kapOigu. MeracTabinbH1 (ha3u mpeacTaBiieHi oH, o', a", - 1 Be-pazamu [10, 24, 25].

Homimku BrapoBamkeHHs (O, N, C) 3MIHIOIOTh KPHUCTaJl4yHy PEUITKY -
(da3u. Kucens 1 a30T CyTTE€BO 3MIIHIOIOTh MaTepiall, ajieé 3HMKYIOTh TUIaCTUYHICTb, TO1
SK BYIJICI[b MA€ MEHIII BUPAXKEHUH BIUIUMB. BoleHh MPaKTUYHO HE BIUIMBAE HA PEIIITKY
4yepe3 HU3bKY PO3UMHHICTS [23].

MeractabiibHa  ogx-paza yTBOPIOEThCSL MpU  3arapTyBaHHI  CIUIaBiB 13 f3-
€BTEKTOITHUMU  CTaOUII3aTOpaMu Yepe3  3HIKEHHS  iXHbOI  PO3YMHHOCTI  MpHU

oxonomkenHi (puc. 1.4, a). BoHa Moxe wMaTu nomieApuyuHy, TI0OYyJIsapHY abo
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IJIaCTUHYACTY (POpMyY, pO3TAIIOBYBATUCH Y BUIJIAII MPOLIAPKIB MIXK (pa3aMu Ta B3I0BXK
Mex 3epeH. HepiBHOBakHa Px-(paza Mae MOIrOHI30BaHY CTPYKTYpPY, SIKA 3aJE€XKHUTh BIJ
yMOB JiepopMaiiii Ta TemIiepaTypu HarpiBy [26].

Maprencutai ¢a3u o' 1 o yTBOPIOIOTbCS Yy CIlaBax 3 [-13oMoppHUMU
crabiumizaropamu. @aza o mae I'II[Y pemitky, mo 3abe3nedye 3MilHEHHs, aje 0e€3
3HAQYHOTO 3MEHIIEeHHS TuiacTUyHOCTi. Ilpum Bucokomy BMmicTi [B-eleMeHTIB o
TpaHcopMyeThes B 0", IO CYNPOBOJIKYETHCA 3MEHIIIEHHSM MIIIHOCTI Ta 301JIbIIEHHSIM
IIacTUYHOCTI [31].

daza o Moke OyTH aTepMiuHOIO (a) a60 i30TepMiuHOI0 (M4). [i yTBOpeHHS
npu 300-500°C npu3BOAUTh, 10 3HUXKEHHS IJIACTUYHOCTI, TOAl sIK 1ipu 350—
450°C BinOyBaeThes B — o Ta p — a-nepeTBopeHHs [36].

Posknan B-dasu moxe BigOyBatucs 3a Audys3iiiHUM ab00 MapTEHCUTHUM
MEXaHI13MOM. [Tpu 0e3nepepBHOMY OXOJIO/I>)KEHH] HIDKYE 650 °C
(bopMy€eThCS HU3bKOTEMIIEpATypHA a-dasa, sKa XapaKTepU3y€eThCsi BUCOKOIO
JTUCIIEPCHICTIO Ta MEPEHACUUYCHICTIO JIETYIOUMMHU €JIEMEHTaMU, 110 HETaTUBHO BILJIMBAE
Ha IUIACTUYHICTH ciiaBy [10, 31].

Busisneno, mo B crnasi BT22 npu 130TepMidHOMY Ta BOASTHOMY rapTyBaHHI BMICT
B-crabumizatopie (Mo, V) BmIMBaE Ha MIBUAKICT, posnany fp-da3su Ta pict
MiKpoTBepAocTi. OnTUMIzallis TeMIepaTypu HarpiBy JI03BOJISIE MiHIMI3yBaTh ®-(a3zy,

1[0 COPHUSIE MOKPAIICHHIO MEXaHIYHUX XapaKTEPUCTHUK [36].

1.5 Tepmiuna 00poOka TUTAHOBHX CIJIABIB

Jns 3abe3rneueHHs] HEOOXIMHUX (PI3MKO-MEXaHIYHUX BIJIACTUBOCTEN TUTAHOBI
CIIJIaBH Ta iX 3BapHi 3’€IHAHHA MiAAal0Th TepMiuHiit 00po0iri (TO) [39, 49]. OcHoBHUMU
BuaamMu TO e Biaman Ta 3MiIHIOBaJIbHA TEPMOOOpOOKa (3arapTyBaHHS + CTapiHHS).

Binman 3acTocoByrOTh ISl HOpMajizalii CTPYKTypH, cTadOimizamii ¢a3oBoro
CKJIaJly, 3HATTSI BHYTPIIIHIX HAMpyXeHb Ta MOKpaleHHs mnactudHocti [7]. s (a+p)-

CIUIaBIB 13 BUCOKUM BMicTOM [-(a3u (Hanpuknaa, BT22) mig yac Bianany 3MiHIOETHCS
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(dazoBuil CcKIaJ, IO BIUIMBAE HA MEXaHIYHI XapakTepucTuku. CTynmiHYacTUl
Bijinas 3a0e3neuye JUCTIEPCHI MPOAYKTH po3Kiany B-¢asu, maBUILyI0Yd MIIHICTh, TOI
K 3BUYalHUM Bignan popmye o+B-CTpyKTypy.

Onrtumanbhi pexumu TO mna BT22 Brimodarots HarpiB ao 830°C, npyruii eran
npu 750°C, mBuakictb oxojomxeHHs 5S—8°C/xB, ctapinasa mpu 600°C. Taka oO6poOka
3a0e3neuye rpanuio  MminHocti 1115 H/mm?,  BigHocHe — momoBxkeHHs 14,8%,
3BykeHHs 41,2% ta  ynmapuy B's3kictb 48,1  JI/cm? (ocHOBHUI  MeTan) 129,5
JIx/cm? (3BapHa 30Ha) [41].

3minHioBanibHa  TO 6a3yeTbest  Ha 30epexeHHI  MeTacTaOuibHHX (a3 npu
IIBUAKOMY OXOJIOJDKEHHI Ta 1X po3Majal mijx dac ctapinus [42]. g 3BapHUX 3’€1HaHb
NCeBJ0-P-CrIaBiB BOHA MOKpAIIy€ MIIHICTh, B’A3KICTh Ta BTOMHY BHUTPHUBAJICTD,
3MEHIIYIOYU CTPYKTYPHY HEOTHOPIHICTb.

Pusuku crapiaas BT22: npu 250-500°C micna BojsiHoro TapTyBaHHs (870—
950°C) MOXJMBe PO3TPICKYBaHHS, BHKJIMKAHE CTPYKTYPHUMHU  HaNpyKCHHSIMU Ha
MOYATKOBUX CTadisx pos3nany [-daszu. Haitbinpm 1HTEHCUBHE pPO3TPICKYBaHHS
BimOyBaerbcss mpu 400°C uepe3 5-10 rox [43]. 3amobirtd 1p0My MOJKHA IIBUAKAM
IpOrpiBOM Uepe3  HeOe3NeyHud  TeMmmepaTypHHil  [iama3oH  abo  CTapiHHIM
npu Temreparypax >500°C.

[li pesynpTaTy BaxJIMBI JUIsS ONTUMIZAIi  TepMooOpoOkum BT22, o
3a0€3MeUnTh BUCOKY MIIHICTh Ta IOBFOBIYHICTH Y TPOMHUCIIOBUX 3aCTOCYBaHHSX.

3rimHo mpoBeneHux npociikeHb [10] 3a yuactio 3HameHncepkoi E.B. Oymu
3adikcoBaHi Jeski ocobauBocTi OyaoBu criaBy BT22 mig yac nmpoBeeHHS TEPMIYHOI
o0poOku. Jlns 3abe3medyeHHs OUTbII  OJHOPIMHOI Ta JUCIEPCHOI BHYTPIIIHBO
I'PaHYJISAPHOI MIKPOCTPYKTYPH IIiJl YaCc TEPMIYHOTO 3MillHeHHs cruiaBy BT22, a Takox
JUTSL TOCSITHEHHSI MaKCHMAaJIbHOTO TPHPOCTY TBEPAOCTI, HEOOX1IHO BHUKOPHUCTOBYBATH
IPOLEypU OXOJOJDKEHHS 3 TMIJBUIIEHUMH IIBUAKOCTSAMM IIICIs HArpiBaHHS 10
TeMreparyp oOpoOKHM TBepauM [-po3urHOM. 30KpeMa, TapTyBaHHA y BOJi, MIO
crpu4rHsi€e popMyBaHHS BUCOKMX KOHIIEHTpaIlii JedeKTiB TOUKOBOTO TUITY (BaKaHCii),
Kl Yy TIpolleci HACTYIMHOTO CTapiHHS TMPUCKOPIOIOTH po3nan P-dasu, crpustoun

YTBOPEHHIO BUCOKOJIMCIIEPCHUX YaCTUHOK MPOMDKHUX - Ta o''-da3 [44], a came:
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- B CIUIaBl MOX€E YTBOPIOBATUCA BEJIUKA KUIBKICTh ®-(pa3u y mpoueci cTapiHHs (B
iHTepBaii temnepatyp 480-600 °C);

- CTPyKTypa CIUIaBy, 3arapToBaHoro 3 o+p-obmacti (temmeparypa otf S B-
nepexoay 3HaxoauThkes B Mexax 840-870°C), sBnsie coboro 1piOHI YaCTUHKHU o-(a3u Ha
(GoH1 B-MaTpulll, IPUUOMY NPU MIABUIICHI TEMIIEpATypy TapTyBaHHS YaCTUHKH O-(a3u
YKPYIHIOIOTBCS, KOAryJIlOIOTh a BiICTAHb MK HUMH 30UIBIIYETHCS, KUIbKICTh [-(a3u

TaKO0X 3pPOCTAE MO BIAHOLICHHIO 10 a-(a3u (puc. 1.6);
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Pucynok 1.6 - 3miHa MikpocTpyKkTypH ciiaBy BT22 B 3a51eKHOCTI BiJl TEMIIEpATypU

HarpiBy i rapryBanHs 820 °C (a), 850°C (0), 880 °C (B), Burpumka 1 roauHa, Boaa.

- Ipu rapTyBaHHI Moxe O0yTH (¢ikcoBano n0 100% B-da3u (nmpu TemmnepaTypi ~
930 °C);

- micns Bianany npu 700-750 °C 3 HACTYITHUM OXOJIOXKEHHSIM 3 Y40 (IIBUAKICT
2-3 rpan/xB) cmaB MictuTh 20-30% a-da3u ta 80-70% B-dasu (puc. 1.6);

TumyacoBuil onip po3puBY NpH MIJIBUILEHHI TEMIEPATypax rapTyBaHHS B MexXax
a+B-o0nacTi 3HMKY€ETbCS yepe3 30UTbIIEHHST KUIBKOCTI B-(ha3su B CTPYKTypl Ta JesKe
3poCTaHHs 3epHa. TUMUYacOBUI OIIP PO3PHUBY 1 MEXa TEKY4YOCT1 y 3arapTOBAaHOMY CTaHI1
HE 3aJieXaTh BiJ TEMIlepaTypu HArpiBy min rapTyBaHHsSM y B-obmacti (850—1100°C).
[TnacTuanicTh (O, ) 3aIMHUIIAETHCS BUCOKOIO MICIS TapTyBaHHS 3 TEMIIEpaTypu o+[3-
0o07acTi 1 HE3HAYHO 3HIDKYETHCS MICIsA TapTyBaHHS 3 [-o0macTi. YaapHa B’SI3KICTh
CIUIaBy, 3arapTOBaHOTO 3 TeMIieparypu o+fp- Ta [-obmacreif, maiike OJHAKOBa, aye
YyTIUBICTh JIO TPIMIMH y CIJIaBYy, 3arapToOBaHOTO 3 [-00JacTi, CyTTEBO 3MEHIIYETHCH.

[Ipu oxomomKeHHI CTUTaBy Ha MOBITP1 UM B M€Yl MICHISI HATPIBaHHS MPU TeMIEpaTypi o+f-
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o0JlacTi MEXaHiuH1 BJIACTUBOCTI CyTTEBO HE 3MIHIOIOThCA. [IpoTe, sKo TemmepaTrypa
Bi/IMAITy MEPEBUILYE MEXKY o+B— P-miepexoy, CIijiaB CTa€ IyKe YyTIUBUM J0 IMIBUIKOCTI
OXOJIOJIPKEHHSI, @ HAUTIpIll BIACTUBOCTI (HU3bKa MIIHICTh 1 MiIHIMaJIbHA MJIACTUYHICTD)
CIOCTEPIraroThCs MICHSI OXOJIOKEHHSI Ha MOBITPl. BUAMMUX 3MiH y CTPYKTYpl TaKOTO

CIUIaBY MOPIBHSIHO 13 3arapTOBAHUM CTAHOM HE BUSIBIICHO.

Pucynok 1.7 - Crpykrypa cruiaBy BT22 y Bignanenomy crasi (750°C, 1 ronuna,
OXOJIO/IPKEHHS 3 TTU4I0) AeopMallisi Ipu Temmneparypax o+f3 001aacTi: JUCT, TOBIIUHOIO
2 MM (a), mpyTok aiamerpoM 30 MM, movaTok AedopMallis Ipu TeEMIEparypax B o+f,
o0nacrTi, 3akiHueHHs y -o6nacTi (0), npytok aiamerpom 100 mm, nedopmaiiist mpu

Temrieparypi -obmnacri (B).

- TIPY 3MEHIIICHH] MIBUAKOCTI OXOJO>KEHHS (HAMPUKIad, OXOJOIKEHHS 3 Y40 31
mBUIKICTIO 3—4°C/XB) CTBOPIOIOTHCSI YMOBH, SIK1 CIPUSIIOTH po3nany B-das3u; CTpyKTypa
CIUIaBY, MOBUIHLHO OXOJIOXKEHOTO 3 TemmepaTyp B-o0aacTi, npeacrasieHa o- 1 B-pazamu,
npuyoMy d-(aza YyTBOPIOETHCA Y BUTIIISAAI TOHKUX IJIacTUH. Po3Mipu 3epeH 1 TOBIIMHA
MJACTUH 30UIBIIYIOTHCSA 31 3MEHIIEHHSM IIBUAKOCTI OXOJIOJIKEHHSI, MiJIBUIICHHSAM
TeMmnepaTrypu ado 301IbIICHHSIM Yacy BUTPUMKH NpH HarpiBaHHi (puc. 1.7).

- PO3pI3HAIOTH HEPEKPUCTATI30BaHYy Ta PEKPUCTAII30BaHy CTPYKTypu (puc. 1.8).
HepekpucranizoBaHa CTpyKTypa XapaKTepHU3YEThCA 3€pHAMHU HEMPABUIBHOI (POpMH 3
CUJIBHO pO3Tally’KE€HUMH MexxamMu. OKaHTOBKa 3€peH I'paHUYHOi o-(a3u TOHKa, MOXKE
OyTH SIK CYUUIbHOIO, TaK 1 MEepEepUBYACTOI0. BHYTpPIIIHBO 3€pHOBA CTPYKTypa €
TOHKOIIJITACTUHYACTOIO, a TOBIIMHA JIACTUH 3QJICKHUTh Bl PEKUMY TEPMIUYHOI 0OpOOKHU

Ta MIBUAKOCTI OXOJIO/KCHHsI IMICNIA HarpiBy. PexpucranmizoBaHa CTpyKTypa Mae€ 3epHa
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BIJIHOCHO IPaBWJIbHOI ()OPMH 3 MOTOBIIEHUM IIApOM 0O-(pa3u 1o Mexax. BHyTpilIHbO
3epHOBa OynoBa € TIpyOOIIacTUHYACTOI. Taki CTPYKTYpU YTBOPIOIOTHCSA MICIsA

CTaHJAAPTHOT'O CTYIIHYACTOro pexxumy Bianainy. HemoBHa pexkpucranizauis Ipu3BOIUTh

710 HEOAHOPITHOCT1 3€PHUCTOCTI METAIy.

a) 0)
Pucynok 1.8 — Crpykrypa cruiaBy BT22 nicna HarpiBy npotsirom 8 rogus 900 °C, x100

(a), 1000°C (6) 3 HACTYITHUM OXOJIOJPKEHHSM C MIYYIO.

Pucynok 1.9 — Tunosa ctpykrypa 31 cruiaBy BT22 HepekpucranizoBasa (a),

pekpucrainizoBana (6) X500

CTPYKTypa CIUIaBy, 3MILIHEHOT'O LIUUISIXOM rapTyBaHHS 3 Temneparyp o+f-o0macti
Ta MOJAJIBILIOTO CTAPIHHSA, CKJIAIaeTheA 3 o-(a3u, (opma SIKOi 3aJ1€KUTh Bl TEMIIEpaTypu

rapTyBaHHs, 1 JUCIEPCHOYKPIILIIEHOTO B-TBepAOro po3unHy. CTyIiHb JUCIEPCHOCTI O-
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YaCTUHOK, SIKI 3MILHIOIOTH [B-(a3zy, TOJOBHUM YMHOM BH3HAYAE€THCS TEMIEPATYPOIO 1

TPUBAJICTIO CTAPIHHS.

Pucynok 1.10 — Crpykrypa crmaBy BT22 pexum TO: raprysanns -800 °C, 1 ronuHa, y

Boay, ctapinHs 510°C, 16 ronun 3araproBanuii (a) Ta 3octapenuit crax (6), X 1000

Tak y nocnimxkeni [45] BUBUaIu BIUIMB Pi3HUX HNapaMeTpiB TEPMIYHOI 0OpOOKH Ha
MIKPOCTPYKTYpY Ta MEXaHI4HI BIACTHBOCTI TUTAaHOBOTO ciuiaBy BT22. Anani3 nokasas,
0 TeMmIeparypa HarpiBy (ti1) Mae CyTTEBU BIUIMB HA PO3MIP 3e€peH, CTaOIBHICTh [3-
MaTpHUlll Ta KUTbKICTh mepBHHHOI o-¢paszu. Ilpu t1 = 850°C cTpykTypa 3aiHIIa€THCS
piBHO3epHuCcTOIO (Puc. 1.11 a-B), Tomi sk mpu miaBuieHHI Temmepatypu mo 900°C

CIIOCTEPIraeThCsl peKpucTaiizalis Ta 3MeHieHHs 3epex (Puc. 1.11 r).

.W;
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Pucynok 1.11 - Ctpykrypa craBy BT22 micns repmiuHoi 00poOku 3a rpadikamu A (a,
3); b (6, n); B (B, x); I' (T, x); 1 (e, m); E (e, m): a-€)x8; x-m) x1500 (tabdmn. 1.4) [45]
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[Mopanpmie miauieHas 10 1000—1050°C cnpuunHsie 1HTEHCUBHUE PICT 3€peH 10
0,5-0,7 MM, 10 CYNpPOBOMXKYETHCS 3HAYHUM 3HIDKEHHSM IUIACTUYHOCTI Ta YyAAapHOI

B’s3kocti (Puc. 1.11 n, e; Tabn. 1.14).

Tabnuns 1.4 - BB Temrnepatypu HarpiBy (ti1) Ha MeXaHi4HI BIaCTUBOCTI [45]

Pexum t1, °C | MinnicTs | [ImactuunicTs | [ImacTuyHicTh VY napna
TEpMOOOPOOKHU (MITa) 9, % v, % B's13kicTh KCU,

M JTx/m?

A 800 1150 18,0 42,0 0,611

b 825 1150 18,6 40,3 0,597

B 850 1170 16,5 38,0 0,564

) 900 1180 15,6 32,9 0,622

)| 1000 1135 8,0 12,0 0,415

E 1050 1160 8,6 19,0 0,175

E + schedule 1 | 1100 1100 9,4 22,0 0,400

Temmneparypa crapinfs (ts) BU3HAYa€ JUCIEPCHICTh TPETUHHOI a-da3u: npu S50—
620°C Qopmyetbes apibHoaucnepcHa o-(asza, mo 3abde3neuye MinHICTh moHan 1100
MIla ta mnactuunicth 16% (Puc. 1.12 a-r, Ta6a. 1.5). [Ipu ts = 650°C TpeTtnnHa o-da3za
nounHae posnoautstuca (Puc. 1.12 g, e), a npu t3 = 700°C mOBHICTIO PO3YUHSIETHCS, 110

noripirye MmexaHiuHi BiactuBocTi (Puc. 1.12 x, 3; Tabmn. 1.5).

\I\ "‘%
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Pucynok 1.12 — CprKTypa crutaBy BT22 micis TepmiuHOi 00poOKH 3a rpa(blKaMH X (a,
6); 3 (8, 1); ML (, m); K (x;, 3); 1 (6e3 crapinns) (u, 1): a, B, 1, %, 1) X500; 0, T, €, 1, 1)
x1500 (mmB. Tabm. 1.5) [45]
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[TeperpiB no 1050°C nmpu3BoAuTH N0 YTBOPEHHS BEIUKHX IUIACTUH o-(a3u Ta
HepiBHOMIpHOTO po3kiany -marpuii (Puc. 1.13 a, 6), 1110 CynpoBOIKY€TbCS 3SHUKEHHSAM
MminiHOCTi 10 1045 MIla ta mnactuuHocTi 10 9%. i KOHTPOIIO MIKPOCTPYKTYpH
BUKOPHUCTOBYBAJIM XIMIYHE TPABJICHHS Ta CBITJIOBY MIKPOCKOMIIO 13 30UIBIICHHSM 0
%1500, mo po3Bonmio imeHTU(]iIKyBaTH cTanii po3kiany B-marpuui. OntumanbHa
TepMooOpoOka (t1 = 850°C, ts = 620°C) 3abe3nedye Hailkpallli MExaHi4H1 BJIaCTHUBOCTI,
TOAl SIK BIOXWIEHHS BiJ LHUX TMapaMeTpiB 3HWXKYIOTh MEXaHIYHY SKICTb uepes
HEpIBHOMIpHUN po3kian [-marpuui. Pe3ynbraTd [OOCHIKEHHS € UIHHUMU JJIs

onTUMI3aIli TepMIYHOI 0OPOOKH Ta MIABUILEHHS SIKOCT1 BUpoOiB 3 BT22.

Tabnuus 1.5 — Bruus Temneparypu ctapinss (t3) Ha MexaHiuHi BIACTHUBOCTI [45]

Pexum ts, °C | Minnicte | [Imactuunicts | [ImacTuyaHiCTh VY napHa
TEpMOOOPOOKH (Mrma) d, % v, % B’SI3KICTb,
M JTx/m?
K 550 1290 11,6 22,5 0,37
3 620 1170 15,9 38,0 0,56
)4 650 1110 19,2 45,0 0,83
K 700 1045 20,0 51,3 0,68

Pucynok 1.13 — MikpocTpyKTypa neperpiBy IiJi 4ac TepMidHOi 00poOkH (a, 0), y
Mpolieci MexaHiyHoi 00poOKH Ta CTpykTypa ciiaBy BT22 micns TepmiuHOi 00poOKH 3a

pesxxumoM F + schedule 1 (1): a) x100; B-r) X500 [45].
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VY crarti [46] nocaimkeHO (OpPMYBaHHS MIKPOCTPYKTYpPH Ta MEXaHIYHUX
BJIACTUBOCTEN BHCOKOMIITHOTO TUTAaHOBOTO ciuiaBy BT22 mix yac mIBUAKOI TEpMIYHOT
o0po6ku (IIITO) 3anexxHo BIA MMOYATKOBOrO CTaHy HamiBpaOpukaTiB 1 yMOB
OXOJIOJIPKEHHS MICIIs TapTyBaHHs. Y BUXiqHOMY cTaHi criaB BT22 mae nBodazny (at+f)
CTPYKTYpy. Sk mokazaHo Ha puc. 1.14, mpomucioBuili cTpuxkenb aiameTrpoMm 20 MM
JEMOHCTPYE CTPYKTYpY 3 -3epHaMu po3mipom A0 30 MKM, OTOUEHUMU MPOIIapKaMH ol
dhas3u, Toal Sk MpyToK aiameTpoM 10 MM, ONTHUMI30BaHHN METOIOM TEPMOMEXAaHIYHOI

00po6ku (TMO), Mae OubII PIBHOMIPHY Ta qucIiepcHy (a+[)-MIKpOCTPYKTYPY.

Pucynok 1.14 - MikpocTtpykTypa crutapy BT22 y BUXiAHOMY CTaHi: IPOMHUCIOBHIMA

ctpmwkenb (@ 20 mm) (a) Ta pyTok AiamerpoM @ 10 MM micis TepMOMEXaHIYHOT

00poOkwu (0) [46].

[lIBuaka TepmiuyHa 00poOKka 3a TemnepaTypu HarpiBanHs 10 900°C 31 MBUIKICTIO
5°C/c Ta mopanpllMM TapTyBaHHSM Y BOJl YHM OXOJIOJKEHHSM Ha IOBITPI CYyTTEBO
BILIMBAE HA CTPYKTYPY Ta BIacTUBOCTI ciuiay. [licas LIITO npu rapTyBaHHi y BOAI CILIaB
MEePEXOIUTh y MOBHICTIO -(ha30Buil CTaH 13 BUCOKOIO IIUIHHICTIO TOUKOBUX JE(EKTIB,
[0 CIPUSIIOTH (POPMYBAHHIO APIOHOIUCTIEPCHUX YACTUHOK O-(a3u MiJ yac cTapiHHs. 3
IHIIOTO OOKYy, OXOJIO)KEHHSI Ha TOBITPI NPU3BOAUTH 10 (QOPMYBaHHA Mailxe
oaHoGa3HOro B-cTaHy 13 3aIUIIKaMu o-(pa3u, IepeBaXXHO HA MeXKaxX B-3epeH. Y BUMAAKY
rapTyBaHHs Yy BOJ1 po3Mipu 3epeH [-da3u 3alUIlIaloThCs MIHIMAJIbHUMU 3aBISIKU

YHIKaJIbHUM YMOBAM IIBUJKOIO HArpIBaHHS Ta OXOJOIKEHHS.
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Pucynok 1.15 - PentrenoctpykTypHi KapTuHH ciiaBy BT22 (mpoMucioBuii crep:keHb,
@ 20 mm) micis PXT 3 momaibimmM 0X0JI0/DKEHHSIM Ha TIOBITP1 (ITyHKTHPHA JTiHisT) 200

3arapTyBaHHSM Yy BOJI (CYyIIUIbHA JTiHis) [46].

Meranorpadiuynuii aHaii3 Ta pe3yibTaTi TUPpakuiitHuX gociimkeHs (puc. 1.15)
MOKa3yl0Th, 110 TapTyBaHHS Yy BOJlI CIHpHUSi€ YTBOPEHHIO MIKPOHANPYKEHb, SKi
M1JIBUIIYIOTh MILHICTh CIUIaBYy. Y TOM ke 4ac, 0XOJOKEHHS Ha MOBITP1 BUKJIUKAE 3MIHU
B cyO3epHuUcTil cTpykTypi B-3epeH. Ocrtaroune crapinusa micias LITO 3abe3neuye
dbopmyBaHHs HAATOHKOI ABOGa3HO1 (a+P) CTpyKTypH, IO Kpallle BUpakeHa y 3pa3Kax,
3arapToOBaHUX y BOJ1, MOPIBHAHO 13 3pa3KaMH, OXOJIOJKEHUMH Ha TOBITPI.

MexaHiuHi BunpoOyBanHs nokaszanu, o [IITO niaBunrye minHicTh ciiaBy Ha 30—
50 MIla npu oxonomxeHHi Ha noBiTpi Ta Ha 80—120 MIla npu rapryBaHH1 y BO/I,
30epiralouv XapakTEPUCTUKHU IJIACTUYHOCTI Ta yJAapHOI B A3KOCTI Maixke 0e3 3MiH.
3pa3ku niametrpom 10 mm, 06pobaeni merogom TMO mnepen IITO, neMOHCTPYIOTH
Halikpamuii 0ananc minHocti (1412—-1445 Mlla), nnacTUYHOCTI Ta yAapHOI B’ A3KOCTI
3aBISKU PIBHOMIPHIA BUXIAHIA MIKpOCTPYKTypi. Takum dYUHOM, pe3yJbTaTu
JOCTIDKEHHST TATBEPKYIOTh, IO IIBUJAKA TepMidyHa o0O0poOka, 0coOIMBO 13
3aCTOCYBaHHSM TapTyBaHHS Yy BOMi, € €(PEKTHBHUM METOJIOM IIiJIBHIICHHS MIITHOCTI
cruiaBy BT22 6e3 BTpatu oro miacTUYHUX XapaKTEPUCTHUK.

[TincyMOBYyIOYM MOKHA CTBEP/IKYBATH, 110 MIKpO Oy/T0Ba JIETOBAHOTO TUTAHY JTyXKe
CHJIBHO 3aJIe)KHA BiJ] CHCTEMH JIETYBaHHSI, a TAKOXK Bij mogainbioi TO. a-crutaBu Ta ICeBI0
0-CIIJIaBM MaroOTh Ticis Bigmamy OynoBy o’-¢asu (puc. 1.10 a). [Ins nBodazaux (o+f)-
CIUIaBIB TaKOX XapaKTepHa CTPYKTypa JIeroBaHoi MapTeHcHTHOI o’-(a3u (puc. 1.10 6).

[IceBno B-craBu MaroTh Mikpo Oy1oBY B sikiit Oibiie B-daszu 9 (puc. 1.10 B).
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Pucynok 1.16 — Mikpoctpykrypa a-ciuiaBy BTS (a), (a+f)-cimaBy BT 14 (6) Ta nceBno
B-crutaBy BT15 (B), [9]

3acToCyBaHHA TPAJULINHAX METOAIB TEpPMIYHOI OOpPOOKHM i BCl€l 3BapHOI
KOHCTPYKIIi, SIK MPaBUJIO, MMOKPAIy€ MEXaHIYHI XapaKTepUCTUKH METAy IIBAa Ta 30HU
TEPMIYHOIO BIUIMBY Yy MOPIBHSAHHI 3 iXHIM NOYaTKOBUM CTaHOM IIiCJII 3BaprOBaHHS.
OpHak 11e MOX€ MPU3BOJUTH A0 IMOTIPIIEHHS BIACTHBOCTEM OCHOBHOIO Mertany. Kpim
TOT0, TepMiuHA 00pOOKa BETUKOTabapUTHUX, MAJIO JKOPCTKHUX 3BAPHUX KOHCTPYKIIiii, 110
MaloTh 3HaYHUI 00°eM a0 cKkiIagHy KOH(]Irypaiito, moTpedye rpoMi3IKOro TePMIYHOTO
oOaHaHHS.

Y Takux BUIAgKax OUIBII JOLUIBHUM € 3aCTOCYBaHHS JOKaJbHOI TEPMIuHOI
00poOKM HaOUIBIT HEOE3MeUYHNX 30H 3BAPHUX 3’ €IHAHB, 30KpeMa METaIy IIBa Ta 30H
TEPMIYHOTO BIUIUBY.

Takmii miaxig 3abe3nedye 30epeKeHHS BIIACTUBOCTEH OCHOBHOTO MeETamy,
3MEHIIIy€ BUTPATH Ha TePMidHy O0OpOOKY 1 JTO3BOJISIE 30CEPEIUTH yBAry Ha MiIBUIIECHHI
HAJIIHHOCTI KPUTHIHUX 30H KOHCTPYKIIii.

JlokanpHa mBUAKICHAa TepMiuHa 00poOka (JILITO) € cydacHUM 1 IEPCTIEKTUBHAM
METOAOM oONnTUMi3amii MeXaHIYHHX BJIACTUBOCTEH TWUTAHOBUX CIUIABIB 3aBIAKH
CTBOPEHHIO TPAJIEHTHOI MIKPOCTPYKTYPH, SIKa BIAMOBIAA€ EKCIUTyaTallIiHUM YMOBaM. Y
po6ori [45] mocmimkero BumB JILITO Ha crmaB Ti-6Al-4V i3 pi3HUMH TTOYaTKOBUMH
MIKPOCTPYKTYpaMu (ApiOHO3EpHUCTUN PIBHOBICHUI anb(da-cTaH 1 KPYMHO3EPHUCTUN

KOJIOHI1aNIbHUM anbda-ctaH). Becranosneno, mo JIIITO ¢opmye rpamieHTHY CTPYKTYpY —
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BiJl MTOBHICTIO TpaHC(OPMOBAHOI 30HM Ha MOBEPXHI 10 0IMOJANBHOI CTPYKTYPH B SAPI.
[le 3a0e3neuye 3HaAUYHE MiABUIIEHHS XapaKTEPUCTUK MIITHOCTI (10 1285 Mma) Ta BTOMHO1
ButpuBaiocti (1o 710 Mma). Meron ocoOnuMBO e(pEeKTHUBHUM [Ji MaTepiaiiB 13
IpiOHO3EPHUCTOI0 CTPYKTYPOIO, JTO3BOJISIIOYM JIOCATATH PE3yibTaTiB, MOAIOHUX [0
TpaauLiiHOI 00’ €MHOT TEpMIYHOT 0OPOOKH, 3 OJTHOYACHUM 3MEHILICHHSIM €Hepro3arpar.
Y crarti MapkoBcekoro [47] anami3yetbesa 3actocyBaHHs JIIITO nansa
MOKPAIEHHS] MIKPOCTPYKTYPH Ta MEXaHIYHUX BJIACTUBOCTEHW TUTAHOBUX BUPOOIB, TAKUX
K KOMIIPECOPHI JIONATKK aBiaJIBUTYHIB, 3BApHI 3’€JIHAHHS Ta MOBEPXHI, B1JHOBJICHI
€JIEeKTPOHHO-NIPOMEHEBUM HamnuiieHHsM JpoToMm CII15¢B. Mertorw pocnimxeHHs: 0yio
MIABUIIEHHS MIIIHOCTI, IJIACTUYHOCTI Ta BTOMHOI BUTPHBAJIOCTI TUTAHOBHUX JeTajei
3aBJSIKH JIOKATbHOMY TEPMIYHOMY BIUTUBY. MeToj 06a3yeThcsa Ha IHAYKIIMHOMY Harpisi,
SIKUM JT03BOJISIE CTBOPIOBATH KOHTPOJILOBaH1 (ha30Bi MEPETBOPEHHS Y 30H1 00pPOOKH, 1110
3HAQYHO MOKPAIly€ OJHOPIIHICTh MIKPOCTPYKTYPH B HAIIABICHUX Ta 3BAPHUX 30HAX.
Pesynbratn mnokazanu, mo JIIIITO copuse yTBOpeHHIO JPIOHO3EPHUCTUX
CTPYKTYp, TIiJBHUIIYIOYH BTOMHY MIIIHICTh 1 3MEHIIYIOYM PHU3UK YTBOPCHHS
MikpoTpimmH. Y mepeximanx 3o0Hax 3aBasku JIIITO mocaraeTscs miaBHUN Tpali€HT
MEXaHIYHUX BJIACTUBOCTEH, 1[0 3HAYHO MOKPAIIY€E JOBTOBIYHICTh 1 HAMIMHICTH JACTaNICH.
ABtopu minkpecnooTs, mo JIIITO € edekTuBHUM MeTOmOM AN MOAEpHI3aIli 1
PEMOHTY TUTAHOBHX KOMITOHEHTIB, MAaIOUM 3HAYHHUH MTOTEHIIIAIT JIJIS ITiABUIIIEHHS SKOCTI

Ta 3HIWKEHHS BUPOOHUYMX BUTPAT Yy aBialliiiHii ramysi.

1.6 HanuiaBJieHHS SIK M€TO/ BiITHOBJIEHHS IOBEPXOHb

Hannasnenns € onHuM 13 HalOUIbIN ePEKTUBHUX BHUAIB 3BaproBaHHs [48-58], ske
JIO3BOJISIE HE JIMIIIE CTBOPIOBATH HOB1 3’€IHAHHS, a M BIIHOBJIIOBATH IOIIKOKEHI a00
3HOIIEHI TOBEepXHi jnetaneit. lle poOuTh HoOro He3aMIHHUM Ui 3a0e3MeueHHS
JIOBIOBIYHOCTI Ta (DYHKI[IOHAJTBLHOCTI KOMIIOHEHTIB, 110 MPaIlOI0Th B €KCTPEMAIbHUX

yMoBax. [Iporec HamjgaBieHHS MOXKHA PpO3TJAJATA K TEPMOMEXaHIYHY OOpPOOKY
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METalliB, fKa BIAOYBa€ThCs B ILIMPOKOMY Jilalla3oHI TeMieparyp 1 aedopmaiiiid,
CIPUSIIOYH CTBOPEHHIO MOJISl 3AIMIIIKOBUX HAIMPYyKeHb y BUP0Oi1 [59-68].

Cepen MeTOZiB 3BaprOBaHHS IUIABJICHHSM, IO 3aCTOCOBYIOTHCS ISl poOOTH 3
TUTAHOM Ta HWOTO CIIaBaMU, BHIUISIOTHCS AYTOBE 3BapIOBAHHS TUIABKUAM 1 HETUIABKAM
€JIEKTPOIaMH B CEPEIOBHII IHEPTHUX Ta3iB [69, 64, 67], 3BaproBaHHS CTUCHEHOIO TyTOI0
(30KkpeMa MIKpOIUIa3MOBE), JyroBe 3BaploBaHHSA Imiag (IIOCOM, EJIEKTPOIIIAKOBE,
€JIEKTPOHHO-TIPOMEHEBE Ta JazepHe 3BaproBaHHs [70]. KoxeH 13 1ux METO/1B Ma€e CBOi
nepeBaru Ta crneuu@iuHU BIUIUB Ha CTPYKTYpPY 1 BJIACTHUBOCTI 3BapHUX 3’ €JIHAHD.
OcobnuBe MicIe cepel HUX 3aiiMae aproHOIYTOBE 3BApIOBAHHS, SKE 3aBJSIKA BHCOKIH
TOYHOCTI 1 KOHTPOJIIO NapaMeTpiB Mpolecy, € HaWKpamum BUOOpOM st poOOTH 3
BEJIMKMMU ra0apUTHUMHU JICTAISIMU 3 TUTAHOBUX CIUIABIB, TakuX sk BT22.

Tpeba Takok 3a3HAYMTH, IO TPU 3BAPIOBAHHI TUTAHOBUX CILJIABIB BEJIMKE 3HAUECHS
Ma€ 4YKMCTOTa 1HEpTHUX Ta3iB. Tak B ctarTi [61] mocmiKyBaBCs BIUIMB KOHIIGHTpAIIii
ra3oBUX JIOMIMIOK (KHUCHIO Ta a30Ty) B aprOHI Ha BJIACTHBOCTI 3BAPHUX IIBIB 13 THTAHY
BT1-0 npu TIG-3BaproBanHi. 301bIIeHHs BMICTY KHCHIO B aproHi 10 0,34% migBuirye
Mexy MimHocTi mBiB Ha 30%, aye 3HIWKYE MIACTUYHICT Ha 65%. 3ampornoHoBaHa
METO/IMKa BHKOPHUCTOBYE CIEKTPAJbHUN aHali3 JJIA peecTparlii aTOMHUX JIHINA KHUCHIO
(O) ta azoty (N) y AyroBoMy IpOMiXkKY, a TaKOXX Ta30BUH aHAJI3 JJIsS OI[IHKU BILIUBY
KOHIIEHTpaIii ra3iB Ha MeTran mmBiB. JloCHiMKEHHS JIEMOHCTPYE KOPEIAII0 MK
IHTEHCUBHICTIO BUIPOMIHIOBAaHHS KHCHIO, MEXaHIYHUMHU BIIACTUBOCTAMH IIBIB 1
KOHIICHTPAII€I0 Ta3iB, IO JO3BOJISIE TPOTHO3YBATH SAKICTh 1 HAIIAHICTh 3BapHHUX
KOHCTPYKITIH.

HamnapieHHs, K OJWH 13 TPOBIAHUX TEXHOJOTTYHUX MPOIECIB Y 3BapPIOBAIbHIN
IIPOMUCJIOBOCTI, BiJirpae KIOYOBY pOJb y BIJHOBICHHI Ta 3MIIHEHHI IOBEPXOHb
neranert [71, 72]. OcoOnmMBO 1me CTOCYEThCS aBilalliifHOT Tay3i, /e 3aCTOCOBYIOTHCS
BHCOKOMIIIHI THTAHOBI CIUJIaBH, Kl JEMOHCTPYIOTH BiAMIHHY KOPO31MHY CTIMKICTH 1
BHCOKY MUTOMY MiIHICTb. 30KpeMa, criaB BT22, 3apasku cBoiil nBodazHill CTPYKTypi
(a+p), 3HAXOAUTH MIMPOKE 3aCTOCYBAHHS Y BEIMKOTa0ApPUTHUX BY3J1aX JIITAKIB, TAKUX SIK
Au-124, An-148, Amn-158, Au-178 Tta Amn-70. Moro MexaHi4Hi BIACTUBOCTI

3a0€3IeuyIOThCSl CKIIAIHOI0 0araToCTyNEeHEBOK TEPMIYHOI OOpOOKOI0, sIKa JT03BOJISE
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OTpUMATH PIBHOBAXHY CTPYKTYPY 3 BUCOKOIO MIIHICTIO. OJIHAaK 3BApIOBAHICTh CILIaBY
YCKIIAIHIOEThCS uepe3 ¢GopMmyBaHHsS 30H TepMmiuyHOro BIUMBY (3TB) 31 3HMMKEHOIO
IUIACTUYHICTIO Ta YyAAapHOIO B’s3KicTio. lle sBuime oOyMoBiI€HE HEOJHOPIAHICTIO
¢dazoBoro ckigagy Ta HEPIBHOMIPHHM pO3MOALIOM MPOAYKTIB po3maay [-¢asu, mio
noTpedye peTeNbHOr0 BUOOPY TEXHOIOTTYHUX MapaMeTPiB MPOIIECY HAIIABICHHS.
AproHoayroBe HaIJIaBICHHS MPOJEMOHCTPYBAJO CBOIO €(QEKTUBHICTh Ha
npakTtuili. 30kpeMa, [HcTUTYT enektpo3BaproBanHsa iM. €.0. [Tarona HAH VYxkpainu
PO3pOOHB TEXHOJIOTIIO BIIHOBJICHHS BEJIMKUX JETajIeH JiTaKiB 13 BHKOPUCTAHHIM IIHOTO
MEeTOMy. YHIKaJIbHHUIA NOCBiM OyB 3M00yTHH il 9ac BiTHOBJICHHS BEIUKOTabApUTHOI
netam jitaka AH-124 i3 tutanoBoro crmiaBy BT22 [71]. IloBepxHs nmerani, ska Mana
JIOKATBHUHM 3HOC HA TIMOMHY ToHan 1,5 MM, Oynia BiTHOBJICHA 10 MIOYATKOBUX PO3MIpPIB
3aBJSIKM HAIUIABJIEHHIO 3 BUKOPUCTAaHHAM npucagHoro apoty CII15cB. Jlnsa nokpamieHHs
MEXaHIYHUX BJIACTUBOCTEH BITHOBIIEHOT TOBEPXHI 3aCTOCOBYBAJacs JOKAJIbHA TePMidHA
o0poOka, ska BKIJIOYaJla HArpiBaHHA JO TEMIepaTypu [-po3duHy Ta MOJAIIbIIE
KopoTkouacHe cTapiHHsa. Takuii migxim 3a0e3nedwB CTaOUIBHICTh CTPYKTYypU Ta
BHUPIBHIOBAHHS MEXAHIYHHUX XapAKTEPUCTHK MK HAIJIAaBIEHUM METaJlOM 1 OCHOBHUM

MaTepiaioM.

Pucynok 1.17 - ®otorpadii AusHKY, € B1IOYBCS 3HOC poOOUOi MOBEPXHI pEiiKU
nmitakaAH-124 (a) Ta Bua nedeKTHOT MOBEPXHI MICHS 3aCTOCYBaHHS BIAHOBIIOBAILHOTO

HariaBieHHs (0).
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BaxxyiimBuM acieKToM MpoI1lecy HaIJIABJICHHS € BUO1p MPUCATHUX MaTepialiB, ajiKe
caMe BOHU BH3HAYaIOTh AKICTh 1 BJACTHUBOCTI HAIUIABJICHOrO mapy. Jlis BIIHOBIEHHS
netaned 13 TuTaHoBuX cruiaBiB BT22 BukopuctoByroTh mnpucanni apotu BT22cB i
CII15cB [73-75]. KoxkeH 13 1IUX IpOTIB Ma€ CBOI IepeBaru Ta 001acTi 3aCTOCYBaHHS:

Hpit BT22¢B Mae XiMiuHMH CKJIaJl, MAKCUMaIbHO HAOMMKeHu 10 crutaBy BT22.
Ile mo3Bosisie MIHIMI3YBaTH CTPYKTYPHY 1 XIMIYHY HEOJHOPIAHICTh Yy 30H1 HaIJIaBJICHHS,
3a0e3Meuyourd BUCOKY MIIHICTh mBa. OHAaK 3HAYHUI BMICT [-cTaOUII3aTOPIB y MOro
CKJIaJ[i MOYK€ CIPUYUHSTH 3HIDKCHHS TUIACTUYHOCTI Ta yIapHOI B’SI3KOCTI, IO BUMAarae
MPOBEICHHS J10/IaTKOBOI TEPMIYHOI OOPOOKH.

Hpit CII15cB (Ti-4,5A1-2V-3Mo-3,5Nb-1,5Zr) xapakTepu3yeTbcs MiABUIICHUM
pIBHEM JIETYBaHHS, WO JIO3BOJISIE JIOCATATH CTAOUIbHOI CTPYKTYPU Ta BHCOKHX
MEXaHIYHUX XapaKTEPUCTHK IMICIsA TepMidHOI 0OpoOku. BiH i1eanbHO MIAXOAUTH s
BIJTHOBJICHHS JIeTajIeH, sIK1 3a3HAI0Th 3HAYHMX EKCILTyaTalliiHUX HaBaHTaKeHb. MIITHICTh
HAIUIABJICHOTO Iapy MPH BHUKOPHCTaHHI IbOTO npoty nocsirae 1000 MIla, xoua
3actocyBaHHs CII15¢B Moxe CynpoBOIKYBATUCS 3HUKEHHSAM IIACTUYHOCTI 111Ba.

ApProHoOAyroBe 3BaprOBaHHS TUTAHOBUX CIUIABIB 13 BUKOPUCTAHHSM IMPHUCATHUX
MaTepianiB nmepeadoadac ABa OCHOBHI TeXHONOTTYHI miaxonu [76]. s (a+f)-crasiB, gxi
MiIIAI0TECA TePMIUHIA 00poOIIi, peKOMEHI0OBaHO 3acTocyBaHHA npoty mapku CII15 —
BHCOKOJIETOBAHOTO JPOTY 3 Mexker MirHocTti moHaa 850 Mlla, mo 3abe3nedye BUCOKY
MIIHICTh MIBIB, OJM3BKY JI0 OCHOBHOTO MeTaiy. [IpoTe 1e cynpoBOIKY€EThCS HU3BKOIO
YAApHOIO B’SI3KICTIO IMIBIB, 1[0 KOMIIEHCYETHCSI KOHCTPYKTUBHUMH CTOBIIICHHSIMHU B 30HI
3paproBanHs [68]. CII15 neroanuii Takumu enemeHtamu, sk Al, V, Nb, Zr, Mo, 1o
JI03BOJISIE IOTO BHKOPHMCTOBYBATHU /I 3BAPIOBAHHS IUPOKOTO CIEKTpa ABOGA3HHUX
TUTAHOBUX CIUIaBiB, Takux sk BT6, BT14, BT23 ta BT22 [66]. IIpu upomy y mBax
criaBy BT22 3abesneuyerhes MirHicTh 10 1000 MITa [77].

JIns miABHMINEHHS IJIACTUYHOCTI IIBIB ajJbTEPHATUBHO 3aCTOCOBYIOTH MEHIII
neroBaHi apotH, Hanpukiaa, CITT2 [102]. et miaxia 3HWKY€E MIIHICTD IIBa, TOMY JIIS
JOCSTHEHHS HEOOXITHUX XapaKTePUCTUK BBOJSTHCS KOHCTPYKTHUBHI CTOBIICHHS Y 30HI
3BaproBanHs [77]. OgHak MJIACTUYHICTH IIBIB 13 MEHII JICTOBAHHMX APOTIB MOXE OYyTH

BHUIIIOFO, 110 BAYKJIUBO ISl KOHCTPYKIIIH 13 BACOKUMH BUMOTaMU JI0 YJIapHO1 B’ A3KOCTI.
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3acTocyBaHHA APOTIB [78, 79], 1110 MICTATH a- 1 B-cTab1113aTOPH, TO3BOJISE TOCATTU
BHCOKOT MIIIHOCTI IIBIB, MPOTE 0OMEXEeHHsI BMICTY [-cTtabinizaTopiB, Takux sik Fe, Cr i
Mn, 3HIXKYe pHU3UK €BTEKTOimHOro posnany P-dasu. [ns  3BaproBaHHS
CKJIaJiHOJIeroBaHux (o+f)-criaBiB peKOMEHJA0OBAHO JIPOTH 13 CUCTEMOIO JieryBaHHs Nb-
Zr-Mo, skl 3a0e3MeuyloTh ONTUMAJIBHUN OajaHC MiXK MIIHICTIO 1 IUIACTUYHICTIO,
obmexyroun KoHreHTpairio Al 10 4.5-5%.

Pazom 13 mum, BurotoBieHHs napotTy CII1S ycknagHioeThcsi uepe3 BapTICTh 1
nedinur Takux eneMeHTiB, Ak V, Nb, Zr, a takox Re. lle oOmexye Woro mmupoke
BUKOpHUCTaHHA. He3Bakaroum Ha BHUCOKY MILHICTh, WIBM, BUKOHaHi Jpotom CII15,
JEMOHCTPYIOTh HU3bKY IUIACTHUYHICTh, II0 MOTPEOYE PETENbHOrO MiAdOpY pPEXUMIB
TEPMIUHOI 00pOOKH 3aJIekKHO BIJl MacH BUPOOIB Ta YMOB €KcIuTyaTalii. J{Jis 3BaproBaHHS
MapTeHCUTHUX (0+[3)-CI1aBiB 13 BUCOKOIO MIIHICTIO PEKOMEHI0OBAHO MIPUCATHUN JIPIT 13
OamancoMm o- 1 B-ctabimizaTopiB sl 3a0e3MeueHHs MIIHOCTI Ta MJIACTUYHOCTI, TPOTE
MIIHICTh BIANAJCHOTO MeTady ImBa oOMexyeTbes Ha piBHI 1000-1100 MIla mis
YHUKHEHHSI BTPATH yAapHOI B’ SI3KOCTI.

Hpitr  CII15 [66] € BUCOKOJETOBAaHMM 3BaplOBAJILHUM  MaTepiaioM,
PEKOMEHJIOBAaHUM [JIsl 3BapIOBaHHA KOHCTPYKIIN 3 (0+[)-TUTAaHOBBIX CIUIaBIB, SIKi
MUISITal0Th 3MIIHIOYIN TepMidHii oOpoOiri. Bin 3a0e3nedye BHCOKY IIIACTUYHICTH
MeTaJly IIBiB 3aBSKHA ONITUMAILHOMY BMICTY amtoMiHio (4,5-5,0%), a TakoX YHUKHEHHS
€BTEKTOITHOTO po3nany -a3u 3a paxyHOK BiJICYTHOCTI TaKUX eJIeMeHTiB, K Fe, Cr, Mn.
Bukopucranns CII15 mo3Bosise TOCATTH MIITHOCTI 3BapHUX 3'€JIHAaHb, KA JUIS CIUIABIB
BT6 1 BT 14 Biamnosigae MIITHOCTI OCHOBHOT'O MeTajy, a s cruiapy BT23 cTaHOBUTH He
Menime 90% Bing miei BenwmumHU. [Ipore Meka mimHOCTI 3BapHUX 3'eqHanb 31 CIT15
3a3Buuaili  He nmepeBuinye 1000 MIla, MmO KOMMEHCYETHCS KOHCTPYKTUBHUMU
CTOBIIIEHHSIMHU B 30HI 3BapHHUX 3'€qHaHb. OCHOBHUMHU HENOJIKAMHU € HU3bKA yHapHa
B's13KicTh (0co0auBO g crmaBy BT22), crpykTypHa Ta XiMidHA HEOIHOPIAHICTH, a
TaKOXX aHI30TPOIMis BIACTUBOCTEH 3BapHUX IIBiB, III0 BHUMAarae peTeIbHOrO Migdopy
PEXKUMIB TEepMIYHOT O0OpOOKM 3ajexHO Big Macu BuUpoOy. KpiMm TOro, ckiagHicTh
BUTOTOBJICHHS JPOTY 3yMOBJIEHA HASBHICTIO MOporux i aedinutHux enxemeHTiB (V, Nb,

Zr, Re), mo migBuiye oro BapTicTh. He3Baxkaroum Ha 1i oomexenHns, apit CII15 e
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e(heKTUBHUM BUOOPOM JIJIsl 3BAPIOBAHHS CKJIAHOJIETOBAHUX TUTAHOBUX CILJIAB1B 3aB/SKU
30a1aHCOBaHUM MEXaHIYHUM BJIACTUBOCTSIM 1 TEXHOJIOTIYHUM XapaKTEPUCTUKAM.

JInst  TOCATHEHHS OJHOPINHOCTI CTPYKTYpH IIIBa Ta MiJABUIIEHHS SKOCTI
HAIUJIaBJICHOTO IIApy 3aCTOCOBYIOTh 3MiHHE MarHiTHe noje [80-83]. Bono 3abe3neuye
PIBHOMIPHUHN PO3MOJALI TEIUIOBOI €HEPrii, peryIto€ MOJTO0KEHHS AYTH Ta 3HHXKY€E BILIUB
TepMiuHOro HMKIy Ha Metan mBa 1 3TB. Ile cnpusie dopmyBaHHIO CTaOLIBHOT
MIKPOCTPYKTYpH Ta MIABUILYE MEXAaHIYHI BJIACTUBOCTI HAIUIABICHUX MIApiB, IO
KPUTHUYHO BAXKJIUBO JIJIsl BEJIMKOTA0APUTHHUX BY3J1B JIITAKIB.

TakuM 4YMHOM, aproOHOAYTOBE HAIUIaBJIEHHS 3 BUKOpHUCTaHHSAM ApoTiB BT22cB 1
CII15cB € onTUManbHUM METOJOM JUIsl BIJHOBJIEHHS MOUIKOJKEHUX a00 3HOIICHHUX
MOBEpPXOHb Tra0apuUTHUX JeTaldell i3 THTAHOBMX CIUIaBiB. lloro mepesaru
M1JITBEPIKYIOTHCSL YCHIITHUM MPAKTUYHUM JOCBIJIOM, 30KpeMa BITHOBJICHHSIM JIeTallei
nitakiB AH-124. [leit meToa 3a0e3meuye BITHOBIICHHS T€OMETPIi AeTaiel, MoKpallye ixHi
MEXaHI4H1 BIIACTUBOCTI Ta 3HAYHO TMOJIOBXKYE TEPMiH CIY>KOH, 10 € 0COOINBO BAXKIMBUM

JUTS aBiamiiHOT Tary3i.

1.7 le¢pexTH 3BapIOBAHHS TA HAILIABJEHHS TUTAHOBHUX CILJIABIB

HaniitHicTh 3BapHUX 3’€THAHb TUTAHOBHUX CIUIABIB 3HAYHOIO MIPOIO 3aJI€KUTh Bl
skocTi mBiB [84]. JedekTn, mo BHHUKAIOTH 1] Yac 3BapIOBAHHS Ta HAaIlJIaBJICHHS,
MOXYTh 3HUXKYBATH PECypc JeTajieidl 1 HaBiTh CIPUUYUHATH aBapii. TOMy BaXKIUBUM €
JOCJII)KEHHS] TPUYMH X YTBOPEHHS Ta METOIB YCYHEHHS.

OcHOBHI ae(eKTH 3BapHUX 3’ €IHAHb TUTaHY [9]:

1. IlopymieHHs TEXHOJIOTIi 3BapIOBaHHS:

HenpoBapu — BiICYTHICTh CIUJIaBIICHHS MK METAJIOM IIBa Ta OCHOBHUM METAJIOM
yepe3 HeJIOCTAaTHE HarpiBaHHs. lle cnpuynHs€ KOHLUEHTPAII0 HANPY>KEHb 1 3HUKEHHS
BTOMHOIT MiITHOCTI [85].

Konbopu MIMHHOCTI — YTBOPIOIOTHCS YEpE3 HEAOCTATHIN 3aXUCT aproHom. CBITIIO-

’KOBTI IIBH MPUMHSATHI, & CUHI Ta Cipi MOTPIOHO BUansATu [88].



53

[Tinpi3u — BUIMKU Ha ME3K1 I11BA, 0 3HIKYIOTh MIITHICTb 3’ € JHAHHS, 0COOJIUBO MpHU
HUKITIYHUX  HABAHTAXKEHHAX. YCYHEHHS 3AIHCHIOEThCA  IUIAXOM  HaKJIaJaHHS
3rIaKYI0UUX BaJUKIB.

BonbdpamoBi BKIIIOUEHHSI — YACTKU €JIEKTPOJia B METajl IBa, 10 MiJABUILYIOTh
KpUXKICTh. [[ns 3amoOiranHsi iX yTBOPEHHIO TMepe]] MOYaTKOM pPOOOTH EJNEeKTPO.
MPOXKAPIOIOTh.

HamnnuBu — HaJJTMIIIKOBHIT METaJl Ha IMIBI, 1110 HE 3JIMBAETHCS 3 OCHOBHUM METAJIOM.
BunpasneHHs 371iCHIOETBCS MEXaHIYHOKO 00POOKOIO.

BigxunenHss po3mipiB MIBIB — CIPUYUHSIIOTH PI3KlI MEPEXOAUM MK IIBOM 1
OCHOBHUM METAJIOM, 110 3HUXKY€E omip BTOMI. /{151 yCyHEHHS 3aCTOCOBYIOTH J0JIaTKOBI
BaJIUKH.

Kpatepu — 3amajunau B KiHIII 1TBA, SIKI MOXYTh 1HIIIIIOBATH TPIITUHU. Y CYBaIOTHCS
M1 JIBapPKOIO.

2. JedexTu, 3ymoBIeH] 30BHIITHIMU (haKTOpaAMHU:

[Topu Ta ix cerperaiiii — ra30Bi BKJIFOUEHHSI, 110 YTBOPIOIOTHCS Yepe3 3aXOIIICHHS
Oynp0amoKk rasy Npu 3aTBEepAiHHI MmBa. BOHM 3HAYHO 3HMKYIOTH JOBIOBIYHICTH Ta

MIIHICTb 3BapHUX 3'€/THaHb, OCOOJMBO IIPH ITUKIIYHUX HaBaHTaxeHHsX (puc. 1.18).

SEMMAG: 441x | WD:21.86 mm ; 7 VEGA3 TESCAN
B: 17.00 Det: SE
SEM HV: 20.0kV__ Date(midy): 03/18123 71 "AHTOHOB"

Pucynoxk 1.18 - [1opu B HaruiaBiieHi 1mapi, 3pa3ok 3i ciary BT22

[lopu, 1m0 yTBOPIOIOTHCS TIiJi Yac HEMNpPOBapy, 3a3BHYail PO3TAIIOBYIOTHCS

JAHIIO)KKOM Y3/0BK ocl mBa. [Ipu moBHOMY mpoBapi BOHM MOXKYTh YTBOPIOBATHCS
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JaHIIOKKaMu abo rpynaMu Ha Mexi ciuiaBieHHsa (puc. 1.19). B mepepisi mBa nopu

pO3TaIllOBaH1 Ha Pi3HIN BIICTaH1 B1J1 HOBEPXHI 1 MOKyTh MaTu po3mipu Big 0,01 1o 2-3 mm.

K A
SEM MAG: 306 x 'WD: 40.38 mm 1 1 VEGA3 TESCAN|

BI: 10.00 Det: SE 200 ym
SEM HV: 20.0kV  Date(m/dly): 03/18/23 M "AHTOHOB"

Pucynoxk 1.19 - Cerperartist mop, 110 BUXOAATh Ha TOPIIEBY MOBEPXHIO 3pa3Ka, CIUIaB

BT22, npir BT22cB.

Oco0JMBO KPUTUUYHUMH € TIOPH Y IIBAX, BUKOHAHUX HA BUCOKOMIITHUX TUTAHOBUX
cruiaBax. i mopu cTatoTh OCHOBHOIO TPUYMHOIO 3HMKEHHSI BTOMHOI MilTHOCTI (puc. 1.20)
Ta JOBTOBIYHOCTI 3BapHuX 3'eqHanb [50, 91]. 3Bapui mBu nBodaszHux (o+f)-crurasis

BUSBIISIIOTH OUTBIITY CXHJIBHICTB 10 YTBOPEHHS TOP, HIX IIBU Ha 0AHO(A3HUX [-CIIaBax.

SEM MAG: 426 x WD: 35.75 mm VEGA3 TESCAN|
BI: 10.00 Det: SE 100 pm
SEM HV: 20.0 kV  Date(m/dly): 11/03/23 M "AHTOHOB"

Pucynok 1.20 - @oto nopu sk ocepeika 3apoIKEHHSI BTOMHOIO PyHHYBaHHS 3

XapaKTEPHUM BTOMHUM peNIbe()OM MOBEPXHI.
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CrymniHb HETATUBHOTO BIUIMBY MOP HAa MEXaHIYHI BIIACTUBOCTI I1IBa 3aJI€KUTh BiJl
iXxHbOro po3rairyBaHHs. HaliHeOe3neuHilni — mopu Ha MOBEPXHi a00 B MiAMOBEPXHEBOMY
mapi (MeHie Hix 2—2,5 aiamerpa MopH BiJl MOBEPXHI), sIK1 MiJBUIYIOTh KOHIICHTPAIIIO
HaIPY>KEeHb Ta CIPUSIIOTh YTBOPCHHIO TPIIIIHH.

[Ipy OChOBHX HaBAaHTAXKEHHSAX y MAJOIUKIOBIN 00JIacTl pyWHYBaHHS YacTo
MOYMHAETHCS 3CEPEMHU IBa, Yy MICIAX po3TanlyBaHHS mop. BrumB mmop Ha
JIOBTOBIYHICTh TOSCHIOETHCS HE JIMINE KOHIICHTPAIIEI0 HaMpy>KeHb, a W MIrpaliero
BOJIHIO B 00J1aCT1 MiJBUILIEHUX HANpyXeHb. [1171 IEBHUX yMOB BOHU 1HILIIOIOThH TPIIIUHHU.
OcHoOBHI (hakTOpH, MO COPUSIIOTH IILOMY: 3a0pYJHEHHS METally, PO3TallyBaHHS MOp Y
KPUTHUYHHUX 30HaX, OCOOJIMBOCTI TEPMIYHOTO LIMKITY 3BAPIOBAHHSI.

[lopn € HalnmomupeHIUMHU JeeKkTamMu B 3BAPHUX 3 €JHAHHSIX TUTAHOBHUX
CIUIaBIB, 10 3HWXKYIOTh BTOMHY MIIHICTh Y€pe3 KOHILIEHTPAIlil0 HanpyxeHb. OCHOBHI
MPUYUHU iX YTBOPEHHS: 3aXOIUICHHS ra30BHX OynbOalIoOK MiJ Yac 3aTBEpAIHHS IBa,
HEJIOCTATHIN 3aXKCT IHEPTHUM Ta30M, 3a0pyTHEHHS MIOBEPXHIi JAeTalleld, MIrparlisi BOJIHIO
gyepe3 TeMIEepaTypHi Mepernaiu.

dopMyBaHHS MOPHUCTOCTI TAKOX 3aJCKHTh BiJl TE€OMETpii 3’€THAHHSI Ta SKOCTI
MiATOTOBKH KPOMOK. OnTumizaiiis nux (GakTopiB 3HIKYE KUTBKICTh Ta pO3Mip TOp.

JedekTn, MO BUHUKAIOTH TiJ] Yac 3BAapIOBAaHHS Ta HAIUIABIECHHS TUTAaHOBHUX
CrutaBiB  (TIOpH, KOJBOPH TMOOIKHOCTI), 3HAYHO BIUIMBAIOTH HA EKCIUTyaTariiftHi
XapaKTEePUCTHUKU JeTalleld, CTBOPIOIOYN OCEPENIKH KOHIIEHTpaIlil Hanpyx’eHb. OCHOBHOIO
MPUYUHOIO 1X TOSBU € TEXHOJOTIYHI Hemodiku. OnTumizarlis TEXHOJIOTIl JI03BOJISIE
MOKPAIIUTH MEXaHIYHI BJIACTUBOCTI 3BapHUX IBIB 1 MABUIIATA HAAIHHICTH
KOHCTPYKITIH.

HeomuopiaHicTh Ga3oBoro ckiiaay B 30HI 3BapIOBaHHS BUHUKAE Yepe3 CIenudiKy
TEPMIYHOTO IHKIy — TIepernaad TeMIIeparyp, Ppi3Hy IIBUIKICTh OXOJOJKCHHS Ta
JOMIIITKH, 110 CIPUYHMHSIE HEPIBHOMIPHUN po3noai ¢as (o 1 ), 3HUKYIOUYH MIIHICTD,
KOpO3iifHy Ta BTOMHY CTIMKICTh. 3amoOirTH [bOMY JOIOMAara€ ONTHUMI3aIlis
TEMIIEPATYPHOTO PEXKHUMY, 3aXHUCT 1HEPTHHUM Ta30M, BUKOPHUCTAHHS CTaOUIIZyHOUUX

npucagkoBux napotiB (CII15cB, BT22c¢cB) Ta nokambHa TepmooOpoOka. KoHTpoub
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HEOJHOPIAHOCTI  MPOBOAUTHCS  MeTalorpadiyHUM  aHali30M, PEHTreHo(}a30BUM
METOJIOM, BUMIPIOBAHHSIM TBEPJIOCTI Ta YIbTPA3BYKOBUMH JTOCITIKEHHAMM.

XonoaHi TpiuHU — Ae(EKTH, 110 YTBOPIOIOTHCS y 30H1 mBa Ta 3TB nix yac abo
MICNs OXOJOJKEHHS HIDKUE TeMIepaTypu peKpucTanizamii. 3amoOiraHHio CIpUsie
KOHTPOJIb BMICTY KHCHIO, BOJHIO Ta a30Ty B METaJl, HAJAIMHUN 3aXUCT 30HU 3BapIOBAHHS,
BUKOPUCTAHHSA NPUCATHUX MaTepialliB 13 HU3BKUM BMICTOM JIOMIIIOK Ta 3MEHIICHHS
MOPHUCTOCTI IIIBA.

OxkpiM nedekTiB, 0 BUHUKAIOTH 1111 Yac 3BapIOBaHHS, HA JIOBTOBIYHICTH JeTalleH
BILUIMBAE SIKICTh 1XHBOI MOBEpXHI Micis BinHOBIEHHS. lloBepxHeBi nedextu (puckw,
HEPIBHOCTI1) CTBOPIOIOTHh OCEPEKH KOHIIEHTpAIlll HAPyKEeHb, 10 CIPUSIOTh YTBOPEHHIO
TPIUIMH, OCOOJMBO B yMOBax LUKJIIYHUX HABAHTAKEHb. TOMY HEOOXIAHUN peTebHUI
KOHTPOJIb 1 ONTUMI3allIsSl CTaHy MOBEPXHI.

Tak B ctarTi [92] AOCHIIKEHO BILIMB CTaHY MOBEPXHI Ha pecypc JeTaliel 1maci 3
BHCOKOMIITHOTO THUTaHOBoro cruiaBy BT-22 B xoxl BumpoOyBaHh Ha BTOMY.
BunpoOyBanHsT mpoBOAWIM Ha CHCMIABHUX CTEHAAX, SKI IMITyIOTh po0Ooui

HABAHTAKECHHA HA JIETab THITY “MITOK Ha eTari npuOupaHHsa-BUITyCcKy maci (puc. 1.21).

Pucynok 1.21 - @otorpadis mroky Ne 4.

Btomui BunpoOyBaHHs Oyl mpoBeaeH! Ha 4OTUphoX InTokax. [lItoku Ne 1-3
OyJiu 3pyiHHOBaH1 MO ByIIKax, MTOK Ne 4 BUTpUMaB BeCh LIMKJ HABAHTa)XXEHb Ta OYyB
JOCJIIKEHUH B HE3pyHHOBAHOMY CTaH1. byJio BcTaHOBJIEHO, 1110 TOBEPXHEBI AeheKTH,
SIK1 YTBOPUJIMCH HA €Tarl BUTOTOBJICHHS JIeTajlel B 30H1 3 T1JIBUILIEHOIO KOHIIEHTPAII€I0
HarnpyxeHb (puc. 1.22) Ol HIXK B 5 pa3iB 3HWKYIOTh pecypc MTOKY Ne 3 mopiBHSIHO

3 HE3pYWUHOBAHUM IITOKOM No 4.
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Adoxadau-Y BHxdagou

noapANNHM Bif MexaHiYHOT 06pobKn

Pucynok 1.22 - Prucku Ha mOBEpXH1 OKPYTJIEHHS KpOMKU IITOKY Ne3 B ocepenky

TPILLIMHU.

Sk mokazaHO Yy JOCIHIPKEHHI THUTaHOBO-altoMiHieBoro cruiapy TC17 [93],
HIOPCTKICTh IOBEPXHI CYTTEBO BIUIMBAE HA BTOMHY MILIHICTb: 31 3011bIIeHHSIM Ra Big 0.25
10 1.2 MkM Mexa BUTpHUBAIOCTI 3HMXKYEThCs 3 630 nmo 500 MIla, a 30Ha 3apoKeHHS
TPIIIMH CTa€ OUIbII BUpPakeHOw0. JIJisi MOBEPXOHb 13 BUCOKOK IIOPCTKICTIO TPIIIMHU
HILIIOIOTHCA IEPEBAKHO HA MOBEPXHI, TOJI K /I HU3bKO1 Ra 3pocTae posib BHYTPIIIHIX
nedexris.

VY crarti [49] nocnimkyBaBcs BIUIMB HIOPCTKOCTI MOBEPXHI HA pyWHYBaHHS
tuTtaHoBuX cruiaBiB Ti64 1 Ti407, miaKpECTIO0YH IXHIO PI3HY YYTIUBICTh A0 1€PEKTIB y
30H1 TepmiuHoro BIUMBY (3TB) micns namnaBinenHs. Bceranosneno, mo s Ti64
HIOPCTKICTh 3HAYHO 3HUXKYE MEXaHIUHI BJIACTUBOCTI Ta pecypc AeTaneil, OCKUIbKH
MOBEPXHEB1 Ne(EKTH CHPUSIIOTH 3apPODKEHHIO TPIIIMH Yepe3 3HWKEHY TUIACTHYHICTh 1
MinHicTh 3TB. OcobnmmBo HeOe3MeuHa MOPCTKICTh, OPIEHTOBAHA MEPIICHIUKYIISIPHO 10
PO3TATYIOUOTO HAMPYKEHHSI, OCKUTBKH BOHA KOHIICHTPYE HATPYKEHHSI.

Hartomicte Ti1407 BUABUB BUILY CTIMKICTh A0 MOBEPXHEBHUX N1€(PEKTIB HABITH 3a
3Ha4YHOI mopcTKocTi (Ra 10 20 MKM) 3aBASKH BUCOKIH IJIACTUYHOCTI Ta OUIBIIIN 9acCTII

B-da3zu, 1o edekTUBHIIIE PO3CIIOE€ HAPYKEHHS.
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VY 3TB mnicnsg HamjiaBlIeHHS MEXaHIYHI BJIACTMBOCTI HUXYl, HIXX Y OCHOBHOTO
MeTally, 4yepe3 CTPYKTYpPHI 3MiHU Ta Ae(PEeKTH, 110 BUHUKAIOTH MijJ] 4ac TEPMIYHOIO
BuiuBy. I[loBepxHeBi AedekTH (MIOPCTKICTh, MIKPOMOJAPSIUHN) KPUTUYHO 3HUKYIOTh
pecypc aeraiiei 1 ixHiil omip BTOMHOMY pyWHYBaHHIO.

CBoe€uacHe BUSIBJICHHS Ta YCYHEHHS Je(DEKTIB Y HABaHTAXKEHUX AUISTHKAaX JeTanen
a00 MmIBa 3HAYHO 30UIBIIYy€E iX JOBrOBIYHICTh Ta Oe3meKy ekcruryarariiii. J{ociaimkeHHs
MOKa3ajau, 110 CTaH MOBEpxHI jJertaied 31 cmiaBy BT22 € ximo4oBUM mJist IXHBOI
JIOBFOBIYHOCTI, OCOOJIMBO B YMOBAX IUKJIIYHUX HAaBAHTAXEHb aB1allIMHOT TEXHIKHU.

Tak, anam3 3pyHHOBaHMX IITOKIB jdiTaka AH-140 mig vac kBamidikamiiHUX
BUNPOOYyBaHb Ha BTOMY IOKa3aB, 110 OCHOBHUM (DaKTOPOM IEpPeIYaCHOTO PyHHYBaHHS
OyJia pyCKa Ha MOBEPXHI PajlyCHUX MEPEXO/iB, sIKa CIpHUsIA 1HIIIalll TPIIUH y 30HaX

BUCOKHX HaIPy>KEHb.

1.8 BroMHi BJ1acTHBOCTI BUCOKOMIIIHUX TUTAHOBUX CILIABIB

BucokominHi TUTaHOBI CcIiaBu, Taki sk BT22, 1eMOHCTPYIOTh BUCOKY B'SI3KiCTh
pYWHYBaHHS 32 HAIBHOCTI HEPEKPUCTAII30BAHOT IJIACTUHYACTOI CTPYKTypH. [lopiBHAHO
31 crmmaBamu BT6u, BT16 ta BT23, BT22 3a0e3medye Kkpamli eKCIUTyaTarliiiHi
XapaKTepUCTUKH Tpu MinHOCTI moHaa 1200 MITa.

BTOMHa MILHICTP THUTAaHOBUX CIUJIaBIB BU3HAYAETHCA CTPYKTYpOI MeETaly,
3QIMIIKOBUMH HANPY>KEHHSIMU, YUCTOTOI MOBEPXHI Ta HAABHICTIO MIKPOJE(EKTIB.
[InactuHyYacTa CTpyKTypa, XapaktepHa st BT22, 3a0e3neuye onTuManbHUM OanaHc Mix
MIITHICTIO Ta JIOBTOBIYHICTIO B YMOBAaX IIUKJIIYHOTO HaBAHTAKEHHS.

MexaHi4Hi BJaCTUBOCTI TATAHOBUX CILIABIB 3aJI€KaTh BiJ TUITY MIKPOCTPYKTYpH:
ro0ysipHa (BUCOKA IJIACTUYHICTh, JIPIOHO3EpHUCTA CTPYKTypa MIJBUILYE OIIIp
pPO3pHUBY), IJACTUHYACTA (MEHIIA IJIACTUYHICTh, BUCOKA B'SI3KICTh pyHHYBaHHSI uyepes
JUCHUIIALIIO0 HAMpyXeHb MDXK IUJIACTUHAMU 0-(pa3u), KOP3UHHOTIO THUIlY (BIJICYTHICTb

YITKUX MEXK 0-KOJIOHI!, XapaKTEPUCTUKHU BU3HAYAIOTHCS PO3MIPOM IUIACTHH Ta [3-3€peH),
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O0iMoanbHa (ONTUMATBHUN OAJIAHC TIIACTUYHOCTI Ta MILHOCTI, O€IHYE I100yIu o-ha3u
(10-30%) y mnacTuHYACTIN MATPUIL).

JlocnipkeHHsT ToKa3aiu, 0 TPIIMHU MOBUIBHIIIE POCTYTh Y APiIOHO3EPHUCTHUX 1
O0IMOJANbHUX CTPYKTYypaX 3aBISKA €(QEKTUBHIIIOMY PO3CIIOBAHHIO HAMPY>KEHb.
[InacTUYHICTh 3HMKYETHCS 31 30UIbIIEHHSIM [3-cTabumi3aTopiB 1 pocToM a-3epeH. Omip
BTOMI BUIIIUN Yy TJIOOYJSIpHIN CTPYKTYpl, ajie TMJIACTUHYACTI CIJIABH JEMOHCTPYIOTh
Kpallly B'SI3KICTh pyHHYBaHHS.

OnTumizailisi MIKpOCTPYKTYpH Tepeadayae KOHTPOJIb a-KoJoHiM (30-50 MkM) 1
TOBIIMHM MIacTUH (3,0-3,5 MKM) I MOKPAIIEHHS XapaKTEPUCTUK.

®opmyBaHHs yabTpaapiOHozepHucToi  (Y/3) cTpyKTypu MmiBUILYE BTOMHY
MirHICTh Ha 40%, nocsraroun mexi mimHocTi 1450 Mlla. Y /3-ctpykTypa eeKTUBHO
3aTPUMYy€ PICT TPIIIMH Ta TMIJABHUIIYE MJOBrOBIYHICTH J€Talei, 0 BaXXJIUBO s
aBlal[IiHUX KOMIIOHEHTIB.

BunpobyBanass BT22 migtBepawim, 1O TepMooOpoOKka BIUIMBaE Ha
TPINTUHOCTIWKICTD:

- HarpiBanHa 10 850°C, crapinus mpu 630°C — 3MeHIIye MBHUAKICTH POCTY

TPIIIMHY Ta 301JIbIITYE KPUTHYHY JOBXKUHY.
- HarpiBauHa 10 850°C, crapinusa mnpu 600°C — 3HMXKY€E JOBTOBIYHICTB,
IIPUCKOPIOKOYN PYHHYBAHHS.

CraH moBepXHI TaKOXK BIUIMBAE HA BUTPUBATICTH. [liIBUIIIEHA IIOPCTKICTH 3HUKYE
MEXY BHUTPUBAJIOCTI, TOMAl SK CTHUCKAIOYl 3aJMINKOBI HAMpYXEHHS i1 MOKPaIIyIOTh.
OnTumizalliss mapameTpiB CBEPJIIHHS Ta TEPMOOOPOOKH 3HUKYE PU3UK TPIIIUH y 30H1
TEPMIYHOTO BILUIHBY.

KoHTponb MIKpPOCTPYKTYpPH, TEPMOOOPOOKH Ta TOBEPXHEBOI IMMIJATOTOBKH €
KJIFOYOBUMU JJIS TT1IBUIIICHHS BTOMHOI MIITHOCTI Ta JOBTOBIYHOCTI 3BapHUX 3'€THAHB 31

crapy BT22.
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BUCHOBKH

Turtan 1 Woro crmaBu, 30kpemMa BT22, 3aBasiki BHCOKIM MIITHOCTI, KOPO31MHIN
CTIMKOCTI Ta MajJiil IIJIbHOCTI IIMPOKO 3aCTOCOBYIOTHCS B aBiallli, KOCMIYHINM Ta 1HIINUX
BUCOKOTEXHOJIOTTYHUX ramy3six. BT22 BHUKOPUCTOBYEThCA JUIsi HABAaHTAXKEHHUX
KOHCTPYKTUBHHUX €JIEMEHTIB, TaKUX K JeTajl Kpwia Ta maci jitaka AH-124. Yepes
eKCIUTyaTalliiHui 3HOC 1X BIAHOBJIEHHS € aKTYaJIbHUM, OCKUJIBKM BUTOTOBJIEHHS HOBHX
JeTajen 1opore Ta TpUBaJe.

[lepcrieKTUBHUM  METOJIOM  BIJHOBJEHHS € AaproHOAYTrOBE HAaIUIaBJICHHS
BOJb(DpaMOBUM €JIEKTPOJOM, IO JO3BOJISIE YCYHYTH JIOKAJIbHUU 3HOC, BIJHOBUTH
(YHKIIIOHATBHICTD AeTaneil Ta 3HU3UTU BUTpaTH. ONTUMI3aIlis TapaMeTpPiB HATLIABICHHS
1 JIOKaJibHA TEepMOOOpOOKa MIHIMI3YIOTh Je(PEeKTH, MOKpaIlylOTh CTPYKTypy Ta
M1IBUIIYIOTH JOBTOBIYHICTh BITHOBJICHUX JE€TAJICH.

MexaHiuH1 BJIACTUBOCTI THUTAHOBHUX CILJIaBIB 3ajie’kaTh BiJ XIMIYHOTO CKJamy,
MIKPOCTPYKTYpH, TepMOOOpoOKH Ta nedekTiB. OCHOBHI Ae(EKTH HAIIABICHHSI—IIOPH,
MIKPOTPIIIUHY, HEOAHOPIIHOCTI (PAa30BOro CKJIAAy—3HUKYIOTh BTOMHY MIIHICTD 1
JIOBrOBIYHICTb 3BapHUX 3'€THaHb. [loBepxHEBI 1e()EKTH TAKOK MPUCKOPIOIOTH YTBOPEHHSI

TPILIUH.
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PO3JIIJI 2. MaTtepiajia Ta METOAM AO0CTIIZKEHHS

2.1 Marepiaju a1t IpoOBeAeHHS T0CJiIKEHb

Y 1upoMy po3auli HaBEACHO XapaKTepUCTHKY MaTepiaidiB Ta METOMAIB, sKi
BUKOPUCTOBYBAJUCA JUIsl TOCHIIPKEHHSI BIUIMBY HAIUJIABJICHHS Ta JIOKAJIbHOT TEPMIYHOL
00po6ku (JITO) Ha BractuBOCTi 3pa3kiB 31 cruiaBy BT22. SIk 00’e€kTu HOCHIIKEHHS
BUKOPUCTOBYBalM 3pa3Ku, IMOBEpXHsA SKUX Oyja BIAHOBJIEHA 3a JOMOMOTOIO
HaraByieHHs: aporamu CIIISCB (miamertp 2,5 mm) Ta BT22CB (miametp 3 mm). Bubip
[UX MaTepiaiB 0OyMOBJIEHO HEOOX1AHICTIO 3a0€3MeUeHHs BIaCTUBOCTE!N HAIJIABIEHOTO
mapy, Kl MaKCUMaJIbHO BIJIIOBIJIajy O BIACTUBOCTSIM OCHOBHOIO MeTany. Lle no3Boiisie
MIHIMI3yBaTH CTPYKTYypHI Ta (a3oBI HEOJHOPIAHOCTI, 110 BHHUKAIOTH Yy 30HI
HaIJIaBJICHHS, Ta 3a0€3MeYUTH BHUCOKUN PIBEHb EKCIUTyaTal[liHUX XapaKTEPUCTHK,
30KpeMa MIITHOCTI, IJIACTUYHOCTI Ta JOBFOBIYHOCTI, BIJAMOBIIHO JO BUMOI CYy4acHOTO

Marepiaio3HaBCTBaA.
2.1.1 OcHoBHuii metaa BT22

CmnmaB BT22 BukOpHUCTOBYBaBCS MiCIsA TPOBEACHHS CTAaHAAPTHOI TEPMIYHOI
00poOKku 3a pexxuMoM: 1 eram — HarpiBarHs 10 850°C, BuTpuMKa 1 1o, 0X0JIOKESHHS
3 miuyto 70 750°C, BuTpuMKa 2 1O/, OXOJIOKCHHSI Ha TMOBITPI; 2 €Tan — HarpiBaHHS 10

620°C, BuTpuMKa 4 TOJI, 0XOJIO0KCHHS Ha ToBITpi (puc. 2.1).

Pucynok 2.1 - MikpocTpyKTypa TUTaHOBOTO ciuiaBy BT22
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Ha pucynky 2.1. mpencrabieHa MIKPOCTPYKTypa TUTaHOBOro cruiapy BT22 micns
TEPMIYHOI OOpPOOKHM, sIKa XapaKTepU3YEThCS III00YIISIPHO-TUIACTUHYACTO  1BO(GA3HOIO
cTpykTyporo (a+f). Temui nuIsiHKY BiAnoBiAawTh B-(hasi, sika BUCTyIAe B POJIl MATpPHIIL, a
CBITJI1 00JIaCTi - 11€ TTI00YyJH 0-(ha3u, pIBHOMIPHO PO3MOJIUICHI B MEKaX 3€PEH 1 MO IX MeKax.

Ctpyktypa cdopmyBalacs BHACIIIOK IOBIIBHOTO  OXOJIOJDKCHHS — MICHA
130T€pMIYHOTO BIJIMANy MPU BUCOKHUX TeMIEpaTypax, L0 CHPHUSIO BUAUICHHIO TPyoOHX
rno0yn o-pasu. Ilomanbiie crapiHHS 3a0€3MEYWIIO YTBOPEHHS APiOHOIUCIIEPCHUX
IJIACTUHOK o-(a3u B maTpuul P-¢asu, sKi piBHOMIPHO PO3TAIIOBAHI Ta 3MIIHIOIOTH
cTpyKTYypy. Po3mip 3epen B-¢asu ta rinodyn a-da3u 3HaxoauThesa B Mexkax 5—10 MKM, 1110
3a0e3nedyye ONTUMAIbHHMN OallaHC MIX MINHICTIO Ta IIACTHUYHICTIO cIuiaBy. Ila
MIKPOCTPYKTYpa € XapaKTEPHOIO JJi TePMI4HO 00poOsieHux (o+f3)-TuraniB 1 3a0e3neuye
BHCOKY BTOMHY BHUTPUBAJICTh Ta TEPMOCTAOUIbHICTh. XIMIYHUH CKJIaa CIUIaBYy

npencTaBieHui B Tabmmili 2.1, BMICT ra3iB - y Tabmwumi 2.2.

Tabmuug 2.1 - XiMIYHUHN CKJIaJ OCHOBHOI'O MeTainy Mapku BT-22

Mapka merany BwmicT eneMeHTiB, % mac
Al Mo A% Fe Cr
BT-22 638 | 522 | 43 0,85 1,72

Tabnuusg 2.2 - BmicT rasiB B o0CHOBHOMY MeTadi cruiaBy BT- 22

Mapka MeTtainy BwmicT rasis, % mac

[O] [H] [N]
BT22 0.11 0.0019 0.016

MexaHiuHI BIACTUBOCTI METaJly B CTaHI MOCTaBKU Ta MICJIS TEPMIYHOI 0OpOOKHU

MpejCcTaBiieHl B Ta0u. 2.3.

Tabnuug 2.3 - Pe3ynpTaT MeXaHIYHUX BUNIPOOYBaHb cruiaBy BT22

Mapxa Mexa ‘ Menca ‘ Binnocue Binnoche V;[aPHa Kyt '
crtaBy IUTMHHOCTI, | MIIIHOCTI, | MOJOBXXEHHS, | 3BY)KEHHS, | B'S3KICTh, | 3aruny, | IlpumiTtka
MIla MIla % % JIx/cm? rpa.
BT22 1113,3 1199,9 4,1 10,9 9,3 27 6e3 TO
1107,8 11235 11,6 41,6 13,8 45 TO
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2.1.2 Ilpucaaui npoTu

JIns Har1aBaEHHS MepuIuM 0yJI0 BUKOPUCTAHO JOCIIIIHUI MPUCATHUM IPIT MAPKU
BT22cB miamerpom 3,0 mMM. Moro BUrOTOBWJIN 3 BUXIJIHOTO TpyTKa cmuiapy BT22
niamerpoM P10 MM HUISSXOM BOJIOWIHHSA MPHU KIMHATHIA TeMIepaTypl 3 MPOBEACHHSIM
IPOMIKHOIO Ta (iHanbHOro Bianamxy. Biaman 3a1iiCHIOBaNM MPOIyCKaHHSIM CTPYyMY
MPOMUCIIOBOT 4YacTOTH. JpiT micis (iHambHOro BIJANANy Ta KIHIIEBOI OOpOOKH MaB
niametp ¥3,0 MM 1 OyB mepeaHuii I BAKOPUCTAHHS B MPOIIEC] HaIIaBjleHHs. BMict

ra3iB B HbOMY HaBeJieHO B Tabunuili 2.4.

Tabnuns 2.4 - Bmict rasiB y npoTi mapku BT22cB

Mapka cruiaBy BwmicT rasis, % mac
0 H N
BT22cs 0,074 0,0051 0,024

B sxocTi gpyroro mpucagHoro ApoTy BukopuctoByBanu npit Mapku CII15cB
niaMeTpoM 2,5 MM. BiH € BUCOKOJIETOBAHMM MaTtepialioM, CIEHIaIbHO PO3POOICHUM IS
aproHOyroBOro 3BaproBaHHs (0+[)-TUTaHOBUX CILIaBiB, Takux sik BT6, BT14, BT22 ta
BT23. Moro 3acrocyBaHHs 0a3yeThcsi Ha OCOOIMBHX BHMOIaX 10 MEXaHi4HUX
BJIACTUBOCTEH 3BapHUX 3’€IHAHb Ta IXHHOT TEPMIUHOI OOPOOKHU. XIMIYHUM CKIIAJl IPOTY
npejicTaBaeHU B TabauIll 2.5, BMICT ra3iB B HhoMy B Ta0muii 2.6.

CyMmapHuil ekBIBaJIeHT 3a MoiiogeHom cknagae 7,5%, 1o J03BOJIsIE
BukopuctoByBatu CII15 nns 3BaproBaHHS MIKUPOKOTO Alana3oHy ABO(GA3HUX TUTAHOBHX
CILIaBIB.

Cuctema neryBanHsi Nb-Zr-Mo oOpaHa 3 ypaxyBaHHSIM BUMOT 0 IJIACTUYHOCTI,

MIITHOCTI Ta KOPO31MHO1 CTIMKOCTI 3BapHOTO METay.

Tabmuns 2.5 - XimiyHu# ckiiag ocHoBHOro metainy mapku CII15¢cB

Mapka Bwmict enemenris, % mac
CILIaBY

Al Mo \% Nb /r
CliiSes 5.4 2,95 32 2,17 1,0
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Tabnuns 2.6 - Bmicr raziB y apoti CII15cB

Mapka Bwmicr rasis, % mac
MeTaTy
0 H N

2.2 MeTtoauka HiI[FOTOBKI/I Ta IIPOBCACHHA BiIlHOBJIlOBaJIbHOI‘O HaIlIaBJICHHA

B pamkax nocnigkeHHs 0yJio BAKOPUCTAHO AB1 IUNIATH 31 ciiaBy BT22 ToBmuHOIO
15 MM, 3 gakux OyJI0O BUTOTOBJICHO 3pa3KuU THUIY «JIOMaTKa». Y LEHTPaJIbHINA YacTHHI
KOKHOI IUJTUTH 3HSUTM MOBEPXHEBUH IIap, 10 IMITYBaJi0 3HOIIEHY MOBEPXHIO PEAIbHUX
neraneut (puc. 2.2). Y Mexax I1i€i 30HM BUKOHAJIM BIJHOBIIOBAJbHE HAILJIABICHHS 3a

nonomororo npucaauux apotiB CIT15¢s Ta BT22c¢B.

3pa3ok 6

12
R3 |[%y
s/ /R—z Ny
0 Er
2 3
200 ‘
a 6

Pucynok 2.2 - Cxema BUpI3KH 3pa3KiB (a) Ta 00poOKU MOBEPXHI, B 30H1 HaIIaBIeHHS (0),

JUTS TIOJIAJIBIIIOTO MPOBEJCHHS BiTHOBIIOBAIBHOTO HAIJIABJICHHS

[lapameTpu peXUMIB HaIUIaBiI€HHA Oyniu po3poOJieHI Ta BiANpalbOBaHI B
[nctutyTi enexrpo3BaproBanns iM. €.0. [larona HAH VYkpainu 3 Metoro onTumizarii
BJIACTUBOCTEH BIJIHOBIIEHUX TMOBEpXOHb [83, 71]. OCHOBHUMM 3aBAAHHSIMH IHX
JOCJIII>KeHb OyJIU: MiHIMI3a1[i ITTUOMHU MPOTUIABICHHS, 3SMEHIIIEHHS MPOTSKHOCTI 30HU
tepMiuHoro BiiuBy (3TB) Ta 3a0e3nedyeHHss piBHOMIpHOTO ()OPMYBaHHS HAILJIABJIEHOTO

mapy. s DocArHeHHs 3a3HAUYE€HUX I[1IJIed 3aCTOCOBYBAJIM 30BHIIIHE 3MIHHE MarHiTHE
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nojie, sIKE J03BOJISIO €(PEKTUBHO KOHTPOJIOBATH TMpoliec (POpMyBaHHS HaIIaBKH.
HamnaBneHHss BUKOHYBajJOCS B CEpPENOBHUILI 1HEPTHOIO Ta3y — aproHy, U0
3a0e3reuyBalo HalIMHUI 3aXUCT 3BapIOBAIbHOT BAHHU B1J] OKUCHEHHS Ta a30TYBAHHS Mi]1

yac npotiecy (puc. 2.3). [lapaMmetpu HamaBieHHs HaBeAeH1 B Ta0aui 2.7.

€JIEKTPOJ

Pucynok 2.3 - CxeMa HaJlalTyBaHHsI OCHOBHHX TTapaMeTpiB OOJIaTHAHHS 115t

HarutaBjieHHs [ 109]

Tabnuns 2.7 - [lapameTpu pexxuMy HarIaBIeHHS

[TapameTpu HarIaBICHHS CIIl5ce | BT22cB
Ctpywm 3BaproBaHHs, A 260 270
Hanpyra nyru, B 11,5 12,5
[IIBuaKiCTh HAIUIABJICHHS, M/T 5.5 5,5
[IIBHAKICTS OJAY1 APOTY, M/T 46 35
YacToTa Kepyro4oro MaruiTHoro noJs, ['ig 20 20
MarsiTHa 1HAYKI[Sl KEpYYOro MarHiTHOro nosst, Mo 7,8 5,5

2.3 Meroauka npoBeeHHs JOKAJIbHOI TEPMIYHOI 00pO0OKHM 3pa3KiB

HasiBHICTH HaIIaBJI€HOTO IMIapy VY 3pa3kaXx HEMHUHY4YE CYIPOBOKYETHCS
3HMKEHHSAM KOMIUIEKCY MEXaHIYHMX BIACTUBOCTEH. {71 yCyHEHHS LUX HEJOJIIKIB Ta
cTaburizalii MIKpOCTPYKTYpPU 3pa3Kd y HAIUIABICHOMY CTaHI MIJJAaBAId JOKaJIbHIM
tepMiuHiit 00po6111 (JITO), cipsiMoBaHii Ha MOKpAIIEHHS XapaKTEPUCTUK IIEHTPATbHUX
30H.

3ona tepmiuHoro BBy (3TB) 3anumaeTbcs KpUTUYHOIO JUISHKOIO Y 3BapHUX
3'€IHAHHSX HaBITh 3a ONTHUMAJIBHUX YMOB HaruiaBieHHs. L[s 30Ha XapakTepusyeTbcs

M1JIBUIIIEHOI YYTJIUBICTIO JI0 CTPYKTYPHOI HEOJHOPIAHOCTI, aH130TPOIil MEXaHIYHHUX
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BJIACTUBOCTEH Ta JIOKAIBHUX HAMPYKEHb. Y KOHCTPYKIIISAX 13 BHCOKOMIITHUX THTAHOBHUX
cruiaBiB, Takux sk BT22, mi GakTopu 3HaYHO BIUIMBAIOTH Ha Mpale3AaTHICTh 1 BTOMHY
MIITHICTh BUPOOIB.

3actocyBanusa JITO crtano HeOOXIMHUM I MiHIMI3allll HEraTUBHUX HACHIJIKIB,
cTabuIi3allli CTPYKTYpU MaTepiaay Ta 3HWKEHHS JTOKaJbHUX 3aJIMIIKOBUX HAMPYXKEHb Y
30H1 HaIUIaBJEHHS, IO € KJIIOYOBHM €TalmoM Yy 3a0e3nedeHHl HaaIMHOCTI Ta
JIOBIOBIYHOCTI 3BapHUX 3'€/THAHbD.

[TapameTpu pexkuMiB JIOKaIbHOT TepMiuHOi 00poOku (JITO) Oynu po3pobiieHi B
[nctutyTi Meranodizuku iM. I.B. KypaiomoBa HAH Vkpainu B Mexkax HOCIHIIKEHbD,
CIpsIMOBAaHUX HA TOKpAIIEHHS BJIACTUBOCTEW JeTaneil 13 BHCOKOMIITHUX THTAHOBHX
CIUIaBIB MICJISI BIAHOBJIEHHS e(PEKTIB 3HOCY MeTojaMu HarasiieHHs [107]. OcHoBHOIO
METOI0 IHUX JOCHTIKEeHb Oyio 3a0e3neueHHs cTabutizarii MiKpOCTPYKTYpH, 3HUKCHHS
PIBHS 3aJIMIIKOBUX HAMNpPY»KEHb Yy 30HI TepMmiyHoro BIUMBY (3TB) Ta mokpamieHHs
MEXaHIYHUX BIACTUBOCTEH MaTepiary MiCis HATUTABJICHHS.

[TIpomec JITO 3nuiticHioBaBcs MetogoMm mBuakicHoro CBU-marpiBy, skuii
3a0e3medye pIBHOMIpHE TMPOTPIBaHHS 3pa3KiB 1 MiHIMI3almil0  CTPYKTYpHOT
HeomnopigHocti. HIBunkicauit CBY warpiB mig rapryBanns go 900 + 15°C Ta
OXOJIO/DKCHHS Ha TOBITPI JaB 3MOry TMpUOpaTH Makpo- 1 MIKPOCTPYKTYpHY
HEOJHOPIAHICT, IO CTOCTepirasiacs y BUXIAHOMY HAIUIABICHOMY CTaHI, a TaKOX
HIBEJTFOBATH TIOYATKOBY BiJIMIHHICTH Y TBEPJIOCTI.

[Tin vac rapryBaHHs HaimpoOieMHima 30Ha TepmiuHoro BmuBy (3TB) Oyna
mignana (a3oBid MepeKpHcTami3alilii, 3a paxXyHOK YOro BAAIOCS 3HU3HTH 3aJTUIIKOBI
HaIpPY>KEHHS 10 PiBHA, OJM3BKOTO J0 BIAMAJIEHOTO CTaHy. 3aCTOCYBaHHS MOJANIBIIOTO
CBU-crapinns, a came, HarpiB g0 temmneparypu 600°C 1 Butpumka 20 XB., IPU3BETIO 10
TOTO, 110 K y MaTepialli HarjiaBleHHs, Tak 1 B 3TB yTBopuBcs crabinbHui 1BODa3zHMiA
o+B-cTaH, AKUH, He3BAKAKYH Ha JesKe 30UTbIICHHS MIKPOTBEPAOCTI B IEpeXiaHIN 30Hi,

XapaKTepHU3yBaBCs HU3BKUM PIBHEM 3aJTUIIKOBHX HaNpyXeHb (puc. 2.4).
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Pe>xum nokanbHoi TepMivyHoi 06pobku (JITO)

FapTysaHHa (900°C) —— Temnepatypa

TemnepaTypa (°C)

HannasnenHsa

MexaniyHa obpobka
Js

2 3
Yac (yMOBHi oanHuMLi)

Pucynok 2.4 - Pexum nokanbHOi TepMiuHO1 00poOku (JITO) mist HariaBieHUX 3pa3KiB

13 TuTaHoBoro cruiasy BT22 [107].

[licns 3aBepilieHHS TPOIIECIB HAIUIABJICHHS Ta JIOKAIBHOI TEPMIYHOI 0OpOOKU
(JITO) Oyyno BUTrOTOBJIEHO JIBa KOMIUIEKTH 3pa3KiB THUITYy «JIOMATKa» 3 HAIIABICHUMU
mapamMy, BUKOHAHMMH JIBOMa PI3HUMHM OPHUCAAHUMHU JIpOoTamMu. Y IEHTpalbHIA 30HI
KOJKHOTO 3pa3ka O0yB 3po0JieHui OTBIp AlaMeTpoM O 6 MM, 13 3a0e3neUeHHSIM He00X1THO1

IOPCTKOCTI MOBepxHi Ha piBHI Ra = 0,8 Mkm (puc. 2.5).

2.4 Meroauka npoBeeHHs BTOMHUX BUIIPOOYBaHb ciiiapy BT22

BtomHi BunpoOyBaHHs 3pa3kiB 31 criaBy BT22 nmpoBoauiucst i OIIHKY BILTUBY
TEXHOJIOT11 BIJTHOBJIFOBAJILHOI'O HAILJIABJICHHS Ta JOKaJIbHOI TepMiuHO1 00poOku (JITO)
Ha IXH1 Me€XaH14H1 BIacTUBOCTI. JJist {bOro OyJ10 BUTOTOBJIEHO EKCIIEPUMEHTAJIbHI 3pa3KH
TUITY «JIOTAaTKa», SIKI MaJd HaIJIaBJIICHHUI 11ap, BUKOHAHUN 3a JOMOMOTOI MPUCATHUX
npotiB CII15¢cB 1 BT22cB.

BunpoOyBanHsi npoBoaunuca Ha TiapaBmiuHiil mamuHi YHUM-25 B pexumi
IUKJIIYHOTO HABaHTAXEHHsSI JO TOBHOro 1iX pyWHyBaHHs (puc. 2.5). Pexumu
BUNPOOYyBaHb BKJIIOYAIM 4YacToTy UukiIiB 3 [, MakcuMalbHE pO3TATyBaJIbHE
HaBaHTaXeHHS <90 kH, makcuMaiibHE CTHCKyBajbHE HaBaHTaxeHHA ~60 kH Ta

KoediuieHT acumetpii nukiny R = 0.
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OcHoBHa MeTa BUIIPOOYBaHb MOJISAraNa y BUBYEHHI Yacy 10 PyWHYBaHHS 3pa3KiB,
aHaji3l JIoKai3alii Ta MEXaHI3MIB YTBOPEHHS TPIIIUMH y PI3HUX 30HAX (HAIIaBICHUM
niap, 30Ha TEPMIYHOTO BIUIMBY, OCHOBHHMI M€Taj) 1 BU3HAUYEHHI BIUIMBY 3aJMIIKOBUX

HaIpyKeHb Ta MIKPOCTPYKTYPHHX 3MIH Ha BTOMHY MII[HICTh MaTepiaiy.

Pucynoxk 2.5 - 30BHIIIHINM BUTIISIA 3pa3ka 3 BIIHOBIECHOO MOBEPXHELO, IO TPOMIIIOB

BTOMHI BUIIPOOYBaHH:

[licns 3aBepleHHS] BTOMHUX BUIPOOYBaHb JBOX CEpiil 3pa3kiB OyJji0 BUSBICHO
3Ha4YHY PO301KHICTh Yy KIHIIEBUX HaAMpalloBaHHSX 3pa3kiB (puc. 2.6). [lns BUSBICHHSA
MPUYUH TaKUX PE3yJbTaTiB OyJ0 BUKOHAHO KOMIUIEKCHE JOCHIIPKEHHS 3pa3KiB, SIKE
BKJIIOYAJIO aHajl3 MIKPOCTPYKTYpPU, BHUBUEHHS XIMIYHOTO CKJIaJly, BUMIPIOBAHHS
MIKpPOTBEPAOCTI, a TAKOK Makpo- 1 Mikpodpakrorpadiunuil aHami3 30H pyiHyBanss. Li
JTOCTIJKEHHS JI03BOJIMJIN OILIIHUTHU BIUIMB TEXHOJIOTIYHHMX IapaMeTpiB HAILJIaBICHHS Ta

JOKalibHOI TepMiuHOi 00poOku (JITO) Ha KiHIIEB1 BIACTUBOCTI MaTepiamy.

g 30000 E 30000

= =

Ef 25000 7 25000

Z. =

= 20000 E 20000

= /M

g 15000 £ 15000

5 <

g 10000 £ 10000

= asi

T 5000 0 I I 5000 i

0 o M ]
1 2 3 4 5 6 1 2 3 4 5 6
Howmep 3paska Howmep 3paska
a) 0)

Pucynok 2.6 - Kinnesi HanpairoBadHs 3pa3kiB 31 ciuiapy BT22 3 HaraBieHumu

napotamu CIT115CB (a) Ta BT22c¢B (0) micisi BTOMHUX BUITPOOYBaHb
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JI1s1 3pydHOCTI 0OPOOKM OTPUMAHUX PE3YJIbTATIB 3pa3ku OyJM po3JILICHI HA JBi
IPyIH Y BIATOBIIHOCTI JI0 X HAMpalloBaHb. Y MEPILY IPYIy BBIMIILIN 3pa3KH, 0 MaJIH

HanpamoBands Menie 10000 nukiiB, y apyry — ouibiie 10000 nukitiB (Tabun. 2.8).

Tabmuns 2.8 - HampamroBanHst 3pa3kiB  MICAS MNPOBEICHHS BTOMHHX
BUNPOOYBAHb
HanpamroBanHs, UK.
Ne 3paska apit CII15c¢B npit BT22cB

1 3132 3917

I'pyna 1 2 4482 7054
3 4455 6378
4 24796 14784

I'pyna 2 5 19192 28388
6 19086 14192

2.5 Metoau nocaigxenns civiapy BT22 micisi BTOMHMX BUIIPOOYBaHb

AHani3 BIUIMBY €KCIUTyaTallliHUX HaBaHTAXKEHb Ha CTPYKTYpy Ta MEXaHiuHI
BJIACTUBOCTI Marepialy € BaXJIMBUM €TaloM y JAOCHIPKEHHI TUTAHOBUX CIUIABIB,
30kpema BT22. JIy1s OLIHKY AOBTOBIYHOCTI Ta HAAIMHOCTI LIbOTO CIUIABY IMiCJIE BTOMHHMX
BUNPOOYBAaHb NPOBOJUTHCS I€TATIbHE BUBYEHHS MOI0 MIKPOCTPYKTYPHUX 3MiH. OCHOBHA
yBara OpUAUISETbCS 30HAM TepMmiuHOro BIUMBY (3TB) Ta HammaBieHUM IiapaM, siKi
(hOpMYIOTBHCS 1111 Yac BITHOBJICHHS MOBEPXOHb METO0OM HaIlJIaBICHHS.

Oco0iMBUI aKLIEHT 3p00JICHO HA BUBYECHHI MEXaHI3MIB 3apOJIKEHHSI Ta PO3BUTKY
TPILIMH, SIKI MalOTh 3HAaYHUM BIUIMB Ha BTOMHY MIlIHICTh MaTepiany. L1 mociimkeHHs €
KJIIFOYOBUMHU i1 BU3HAYEHHS BIUIMBY TEXHOJIOTIYHUX ONEpaliid HarulaBJICHHSA Ta
TEPMIUHOI 0OpPOOKH Ha €KCILTyaTalliiiHl BIaCTUBOCTI TUTAHOBUX CILJIABIB.

JInst BUBYEHHS MIKPOCTPYKTYPH, XIMIYHOTO CKJIaly Ta MEXaHIYHUX BIACTUBOCTEU

cruiaBy BT22 6y1o 3acTocoBaHO KOMILIEKC CyYaCHUX METO/IIB JOCIIIKEHHSL.
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[lopcTkicTe moBepxHiI Bu3Hauanu Ha mpwiaai Surftest SJ-400, mo mA03BOAMIO
BCTAHOBUTH BIUIUB CTAHY MOBEPXHI HA MEXaHI3MU 3apOJIKEHHS TPIIIHH.

Makpodpakrorpadidyauii  aHaIi3 BUKOHYBaJd 32  JOMOMOIOK  ONTHYHHUX
MmikpockoniB Stemi 580 Ta SteREO Discovery.V20 nnsi oIliHKM 3arajibHOi KapTUHH
3IaMmy.

PactpoBa  eleKTpoHHA  MIKPOCKOIS MPOBOAMIIACS  HAa  CKaHyBaJbHOMY
enexktpoHHomMy Mikpockorni TESCAN Vega-3LM y pexumMax BTOPUHHUX Ta 3BOPOTHO-
BIIOMTHX €JIEKTPOHIB JJIS A€TAIBLHOIO aHaJli3y MIKpOOYI0BH 3J1amy.

Jns mochmiKeHHS MIKPOCTPYKTYpU BHKOPUCTOBYBAlM ONTHYHUN MIKPOCKOI
Neophot 21. Illmidpu roryBanu CTaHAAPTHUM METOAOM, BKIIOYAIOUM MOCIIIOBHE
nutipyBaHHS Ta MOJIPYBaHHA 3pa3KiB /10 OTPUMAHHS A3€pKalibHOI moBepxHi. [l
BUSIBJICHHSI MIKPOCTPYKTYPH TPOBOJWIM TPABICHHS B CHEI[iaTbHOMY TPaBHUKY IS
tutanoBux cruiaBiB (10 mia HNOs, 30 man HF, 60 ma nucTuinboBaHOi BOJM), a TaKOX
3aCTOCOBYBAJIM TPaBHUK JUIsl OCBITIEHHS CTPYKTYpH, M0 3a0e3medyBajio sKiCHE
MPOSIBJICHHSI CTPYKTYpHHX ocoOmmBocTei. Llel mimxim J03BONHMB JE€TaTbHO BUBYUTH
Makpo- Ta MIKPOCTPYKTYpPHI OCOOJMBOCTI 3pa3KiB MICIs PI3HHX eTamB 0OpOOKH,
BKitoyaroun JITO.

XiMIYHMHA CKJaJ CIUIaBY BU3HAYad METOJOM CIEKTPAJIbHOTO aHalily, a
JOKANBbHUN XIMIYHUN aHami3 (a3 Ta po3MOALT XIMIYHHMX €JEMEHTIB Y IUIOIIMHAX
OPOBOJIMIM  METOJIOM  PEHTTEHIBCHBKOTO  MIKpPOaHalmizy 3  BUKOPHCTAHHIM
eHeproaucnepciitHoro cnektpomerpa Oxford X-Max-50.

MikpoTBepaAICTh Marepiaiy OIiHIOBaIU METOI0M THCTPYMEHTAJILHOTO
iHaeHTyBaHHs 3a Bikepcom (HV) 3a nonomoroto mikporBepaomipa QNESS 60A+ EVO.

[{i MeToau MOCTIIKEHHS IO3BOJIMIIM OTPHMATH KOMIUIEKCHY iH(opMario mpo
CTPYKTYpHI 3MiHHM, XIMIYHUH CKJIaJ Ta MEXaHIuHI BJIacTHBOCTI criaBy BT22, o

BHHHKAIOTh Yy Hpoueci BTOMHOI'O HaBaHTaKEHHSI ITICJIS HAILJIABJICHHSL.
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PO3A1JI 3 Bruius aedexriB HamiaBaeHHs aporom CII15cB Ta JiokajabHoI
TEePMIYHOI 00POOKH HA CTPYKTYPY, (a30BUll CKJIAJ TA MIKPOTBEPAICTH CILIABY

BT22

JIns OIiHKM BIUIMBY Ne€(EKTIB HAIUIABICHHS HAa CTPYKTYpY, Ga3oBuUil ckiaa Ta
MEXaHiuHl BIacTUBOCTI ciyiapy BT22 Oynu mpoBejeHI KOMILUIEKCHI MaTepiajao3HaBui
JOCIIIKeHHS. Y Mexax poOOTH Oyi0 AOCIIIKEHO IIICTh 3pa3KiB, 0 MPOMIIM BTOMHI
BunpoOyBaHHs. {15 cucteMarusanii OTpUMaHUX JaHUX 3pa3ku OyJiM MOALIEHI Ha JBi
IPYIH 3aJ1€KHO BiJ] KUTBKOCTI IUKIIIB JO pyHHYBaHHS.

Jo mepioi rpynu BiIHECIH TPU 3pa3ku 3 HampaitoBaHHsAM MeHire 5000 mukiiB,
K1 XapaKTEPU3YIOThCSl pAHHIM 3apOJIKEHHSIM TPIIIKH Y 30HaX TepMiuHOro BBy (3TB)
a00 Ha Mexl1 HamiaBiaeHoro mapy. Jlo apyroi rpynu yBIMIIIA TpU 3pa3ku 3
HanpauoBaHHsaM Outbiie 5000 0UMKIIB, SIKI AEMOHCTPYIOTh OUIbII TPUBAIHMM OMIp

BTOMHHUM HaBaHTaXe€HHAM (Tabi. 3.1).

Tabmuus 3.1 - HanpartroBaHHs 3pa3KiB MICHs MPOBEACHHS BTOMHUX BUIIPOOYBaHb

No 3pazka N, UK.
3132
4482
4455
24796
19192
19086

I'pyma 1

I'pyma 2

NN | [W(IN|—

Takuit miaxig 1o kiaacudikaiii J03BOJIUB YITKINIE MPOCTEKUTH BILIUB ACHEKTIB
HaIUIaBJICHHS Ta JIOKAJIbHOI TepMiuHO1 00poOku (JITO) Ha cTpykTypHO-(pa30Bi 3MiHU Ta
MIKpPOTBEPAICTh MaTepiany y pi3HUX €KCIUTyaTalliiiHuX yMoBax. Pe3ynbTaTu 1OCI1IKEHb
Ty 3MOTY BU3HAYUTH KJITIOUOBI1 (DAKTOPH, 10 BILIMBAIOTH HA JOBMOBIYHICTh TUTAHOBOTO

CIUIaBY y HAIIaBJIEHOMY CTaHI.
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3.1 BnuiuB cTaHy HOBEPXHi HA IIBUIAKICTH 3aPOAKeHHs TPilliUH

[1ix yac KOCHIIKEHHS HA ONITUYHOMY MIKPOCKOI OyJI0 BUSIBIIEHO BIAMIHHOCTI y
CTaHl MOBEPXHI OTBOPIB 3pa3KiB MepIIOi Ta Apyroi rpyn. s 3pa3kiB nepuioi rpynu
XapaKTepHa HasBHICTh PUCOK Ta 32001H Ha OBEPXH1 OTBOPIB, L0 CBIIYUTH MPO JOKAIbHI1
noBepxHeBl Jedextu. HaroMicTh MOBEpXHsS OTBOPIB 3pa3KiB JApyroi rpynu Majia
3TITAJKEHUH penbed 13 BIACYTHICTIO BUPAXXEHUX N1e(EKTiB, 110 BKAa3y€ Ha BHIY SKICThH

00poOkwu (puc. 3.1).

I'pyna 1 ['pyna 2

3pazok 5 3pazok 4

3pazok 6

Pucynok 3.1 - 30BHILIHII BUIIIA OTBOPY 3pa3KiB JBOX Pyl

BumiproBaHHS IIOPCTKOCTI IOBEPXHI MIATBEPAMIM LI cHocTtepexeHHs. g
NEePIIOi IPyNHU 3pa3KiB BCTAHOBIIEHO, 1110 HIOPCTKICTh IMOBEPXHI OTBOPIB HE BIJAINOBIJA€
BUMOraMm KpecieHHs. Ha moBepxHi oTBOpiB 3a(iKCOBAHO PUCKU 3aBriauOmku 5,3...25

MKM, III0 CBITYUTH MPO CYTTEBI HEAOMIKH 00poOku. HaToMicTs 171 3pa3KiB Apyroi rpynu
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IIOPCTKICTh MOBEPXHI OTBOPIB BIJMOBI/Ialia KPECICHHIO, 8 MAKCUMaJIbHA TJIMOMHA PUCOK

Ha MOBEPXHI 3pa3KiB He nepeBulyBaia 4,1 Mkm.

VY Tabnumi 3.2 HaBeAEHO pe3yJIbTAaTH BUMIPIOBAHb IIOPCTKOCTI MOBEPXHI, SIKI

J03BOJISIIOTh OLIIHUTHU SIKICTh MEXaHIYHOi OOpOoOKM Ta il BIUIMB Ha EKCIUIyaTalliiHi

XapakTepucTuku Mmarepiany. Otpumani gaHi

€ OCHOBOK [Jii aHaji3dy BIUIMBY

MOBEPXHEBUX JIe(PEKTIB HA CTPYKTYPHUH CTaH 1 MEXaHI4HI BJaCTUBOCTI ciuiay BT22.

Tabmuns 3.2 - Ctan noBepXHi OTBOPY 3pa3KiB MicCsi BTOMHOTO PYWUHYBaHHS

No 3pazka | IllopcTkicTh MOBEPXHI OTBOPY, Ra ['mubuna pricok B 0TBOP1, MKM
1 0,86...1,15 6,2
2 3,12...4,07 16,8...25
3 0,63...0,89 5,3
4 0,27...0,29 —
5 0,7...0,77 4,1
6 0,36...0,53 3,3

Takox OyJi0 BUSBICHO HE3HAUHI BIAXUICHHS Y KIHIIEBUX pO3MipaxX HAIIABICHOTO

npoirapky Tta riaubounu 3TB, 110 Moriau BIUIMHYTH HA KIHIIEBl 3HAUYEHHS! HAIpalllOBaHb

3pa3KiB MiJ] 4ac MPOBEACHHS BTOMHHMX BUNPOOyBaHb. Y Tabnuill 3.3 HaBeJAEHO CEepeliHi

3HAQ4YEHHS PO3MIpPIB I[UX 30H.

Tabaunga

BiI[HOBJIIOBaJ'II)HOFO HaIlJIaBJICHHSA

3.3-CepenHi 3HayeHHS 30H, [0 yTBOPWUJIMUCA MiJ dHac

N, Cepenns rnmubuHa Cepenus rmubuHa ToBmuHa
No 3pazka

LIIMKJI. | HAHECEHOrO LIapy, MM 3TB, Mmm 3pa3ka, MM

| 3132 1,3 4 6,7

2 4482 1,2 4,2 6,9

3 4455 1,3 3,9 6,8

4 24796 1,1 2,9 6,9

5 19192 1,2 4 6,7

6 19086 1,3 3,9 6,7
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AHali3 3Ha4eHb MIOPCTKOCTI TOBEPXH1 OTBOPIB Ta FEOMETPUYHUX MTapaMeTpiB 30H
TepMiuHOro BIUIUBY (3TB) neMoHcTpye IXHIO BaXKIIUBY POJIb y XapaKTEPUCTHKAX 3PA3KIB
MicIig MPOBEJACHHSI BTOMHUX BUNPOOyBaHb. HaliBuina mopcTkicTs noBepxHi otBopy (Ra
=3,12...4,07) Ta rmuboxi pucku (16,8...25 MKM) criocTepiraiucs y 3paska 2, sKuid TakKox
MaB rubuny 3TB 4,2 mMm. ¥ 3paska 4, 1m0 XapakTepu3y€eTbcsi HAUMEHIIIOK MIOPCTKICTIO
(Ra = 0,27...0,29) Tta minimanbsHOIO rubuHo0 3TB (2,9 MM), pucku Oynu BIJICYTHI, a
MOBEPXHS MaJia riIagKuil penbed.

JaHi cBiguyaTh npo BapiatuBHicTh IuOunu 3TB y Mexax 2,9...4,2 MM 1715 1iectu
JTOCHIKYBaHUX 3pa3KiB. 3pa3ku 3 O11biI00 rmuouHow 3TB (4,0...4,2 MM) Manu Takox
CYTTEBY IIOPCTKICTh MOBEPXHI OTBOPIB Ta TMUOOKI pUCKH (5,3...25 MKM), TOJ1 K 3pa3Ku
3 MeHmow rmuouHow 3TB (2,9...3,9 MMm) xapakrepuszyBaiaucsi OUIbII OJHOPITIHOIO
MOBEPXHEI0 OTBOPIB 13 MiHIMaIbHOIO mopcTKicTiO (Ra < 0,5) Ta He3HAYHOIO TIUOUHOIO
pucok (3,3...4,1 Mmxm).

L{i mapameTpwu, Taki sk rimbuHa 3TB Ta mopcTKicTh MOBEPXHI OTBOPIB, GOPMYIOTH

KOMITJIEKCHHH BIUTMB Ha CTPYKTYpPY Ta MEXaHIUHI BIIACTUBOCTI JOCIIIKYBaHUX 3Pa3KiB.

3.2 Makpo¢pakrorpadgiuauii aHaIi3 30H 3apOIKEHHS] Ta PO3BUTKY TPilllUH

Makpodpakrorpadidauii aHaii3 37aMiB 3pa3KiB J03BOJISE BU3HAUYUTH MEXaHI3MH
pyiHYBaHHsI, 10 MPOSBHJIKCS M1l YaC BTOMHUX BUIIPOOYBaHb, a4 TAKOXK OI[IHUTU BILIUB
nokanbHOi TepMiuHOi 00poOku (JITO) 1 nedexTiB HarIaBIeHHS HA XapaKTep 3apOIKEHHS
1 po3BUTKY TpiliuH. OCHOBHA yBara 30cepe/»KeHa Ha BUBYEHHI 30H TEPMIUYHOTO BILIUBY
(3TB) nob6in3y OTBOPIB, aHaJ131 HANPSAMKIB PO3BUTKY TPIIIUH y HAIUIABJICHUX IIapax,
OILIHII TJIACTUYHOCTI PYWHYBaHHS Ta XapaKTEPUCTUKAX MOPUCTOCTI HAIIABIECHOIO
mapy.

VY mporeci gocniikeHHs 3pa3KiB rpynu 1 OyJio BCTaHOBIIEHO, LIO IX XapakTep
pyiiHYBaHHSI BIIMOBIAA€ MOBTOPHO-CTATUYHOMY MexaH13My. Makpopenbed TpiliuH MaB

rpy0o-kpuctaniuyny 0yaoy. [106;113y 0TBOPIB 1 0111 30HH HAILJIABJICHHS CIIOCTEPIranucs
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TaKOX JIISHKH 31 CTPYMKOBHM BI3€PYHKOM, XapaKT€pHUM JUJISl B SI3KOIO0 pyHHYBaHHS,
KUIBKICTB 1 PO3MIPH SIKUX 3HAYHO 3POCTAIH 10 KIHIS TPIIIUHU

Ha moBepxHi 371amiB y 30HI HaIUIaBJIEHHS CHOCTEPIrajiucs MOPU 13 CEPEIHIM
niamerpom 0,08—0,12 MM, KUIBKICTh SKMX Oyjia HEBEIMKOIO 1 SIKI HE BIUIMBAJIM Ha
MeXaHI3MH pyiiHyBaHHS. OCHOBHUM (PAaKTOPOM, III0 BU3HAYaB XapakTep pyHHYBaHHS,
O0yB po3Mip 3epeH y 3TB, sikuil OLIHIOBaBCS 3a IUIOLIECIO TJIOCKUX (paceTok. Y 3pa3kax
nepioi rpynu miomnia paceTok Oyia 6100, HIXK Y 3pa3Kax Ipyroi rpyIu, o0 CBIIYUTh
PO OLIBIIHI pO3Mip 3epeH 1 00MEKEHY TUTACTUYHICTh Y X 30HaX.

Ha puc. 3.2, 3.3 HaBeZeHO 30BHILIHIN BUTIIA Ta CXeMU OyIOBHU 3J1aMiB 3pa3KiB
MEPIIO] IPYIH.

3pazok 1

e

DI AT A mmmmn 11 1  AAASA SIA ALY

36,0

>
<

Y

Pucynok 3.2 - 30BHILIHINA BUIJISA Ta CXeMU OyJIOBH 371aMiB 3pa3kiB 1, 2 nepioi rpynu
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Pucynoxk 3.3 - 30BHIiNIHIM BUTIISIA Ta CX€MU OYZ0BH 3J1aMiB 3pa3ka 3 mepiioi rpynu

JocnikeHHst 3pa3KiB Tpynu 2 MOKa3aid, 10 MOBEPXHS 3JaMiB Ma€ JUISTHKH
MaJIOIMKJIOBOI BTOMHM Ta 30HU KPUXKOrO MIXK3EPEHHOIO PYWHYBaHHA. 3apOJKEHHS
TPIIIMH BiAOYyBajIoCs BijJ MOBEPXHI OTBOPY Ta OL1sl 30HU HaruiaBieHHs. Makpopenbed
3pa3KiB CKJIAJIaBCSl MEPEBAXKHO 3 TPYOOKPUCTATIYHUX MDK3EPEHHUX (PacCeTOK KPUXKOTO
pyiHYBaHHSI Ta IUIOCKUX (PACETOK BHYTPILNIHBbO3EPEHHOTO pyHHyBaHHS. Ha okpemux
TPaAHCKpUCTAIIYHUX (DaceTKax crocTepiragucs ciaaOKi KOHIIEHTPHUYHI JIiHII BTOMHOIO
MPOCYBaHHS.

Ha moBepxHi 371aMiB y 30HI HAIUIABJIEHHS CIOCTEPIraJuci MOpPU 13 CEepPeaHIM
niametpoM 0,05-0,08 mm, ski, K 1 y mepuiid rpymni, He BIUIMBaJIM Ha MEXaHI3MH
pyitnyBanns. I[lmoma miockux ¢acerok y 3TB Oyna MeHIIO0, 10 CBIIYUTH MPO
IpiOHO3EPHUCTY CTPYKTYPY Ta OUIBIITY TUTACTUYHICTD Y IIUX 3pa3Kax.

Ha puc. 3.4 HaBeeHO 30BHINIHII BUTIIST Ta CXeMHU OYIOBH 371aMiB 3pa3KiB APyroi
rpymu.

AHami3 37aMiB  MIATBEPAWB, IO TMOPHUCTICTh HAIJIABIECHOTO IIapy Maja
MiHIMAJIbHUHA BIUTHMB Ha PO3BUTOK TPIIIMH Yepe3 OOMEKEeHI PO3MIpH Ta KIIBKICTh TOP.
OcHoBHUM (hakTOpOM, IO BU3HAUAB MEXaHI3MU pyHHYBaHHs, OyB po3mip 3epeH y 3TB,

OIIIHEHMH 3a TUIOMIEIO MJIOCKUX (PaceTOK pyHHYBaHHS.
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‘YMOBHI MO3HAYECHHSA

[ ] -30na HanmmaBmeHOTo MaTepiany;

_ - _ - | -30Ha KPUXKOIO pPyHHYBaHHS

4+

"] -30Ha B’43KOr0 CTaTUYHOIO PYHMHYBAHHS;
. . , _
- 30Ha 3MILIAHOTO PyHHYBAHHS (BTOMHO-B’SI3KOT0);
[T [] -30Ha OCTaTOYHOTO PyHHYBAHHS;
—» - HampsIMOK PO3BUTKY TPILIUHU;
% - OCEPEIOK TPILIUHHU.

Pucynok 3.4 - 30BHILIHIN BUIIISA Ta CXeMHU OyI0BH 3J1aMIB 3pa3KiB APYyroi rpymnu
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PylinyBaHHs 3pa3KiB MaJiO 3MIlIaHUN XapaKTep: Y MOYaTKOBUX 30HAX JIOMIHYBaB
MDK3EpPEHHUM MEXaHI3M, a MOJalbIIUid PO3BUTOK TPIIIMH CYMPOBOIKYBaBCS
30UIBIICHHSIM yYacTl IJIACTUYHUX MPOIIECIB, IO MPOSIBISIOCS y 3MEHIICHHI IOl
miockux ¢acerok. [lopucTticTh HamiaBieHOro IIapy HE BIUIMBajda Ha MEXaHI3MHU
pyiHYBaHHsI, TOJ1 IK OCHOBHUM (hakTOpOoM OyB PO3MIp 3€pEH y 30H1 TEPMIYHOTO BILUIUBY
(3TB). V 3pa3kax mnepiioi rpynd KpPymHO3EPHUCTA CTPYKTypa CHpHUsIa KPUXKOMY
pyilHYBaHHIO, TOJl1 SIK Yy 3pa3kax JApyroi rpynu ApiOHO3EpHUCTA CTPYKTypa

3abe3reuyBala OUIbIY MIACTUYHICTD 1 CTIMKICTh 10 PYWHYBaHHS.

3.3 BiuiuB cTaHy NMOBEPXHi HA MEXaHI3MH 3apPO/:KEHHsl TPILIMH 32 pe3yJbTaTaMu

Mikpo¢pakTorpadgiuyHux q0C/TiIKEeHb

VY Mexax TOCHIIKEHH 3pa3KiB NEPILIO] Ta APYToi rpyn 0yJ10 BUKOHAHO JAETATbHUN
aHaji3 30H 3apOJUKEHHS Ta PO3BUTKY TPINIUH 13 BUKOPUCTAHHSM CKaHYBaJbHOIO
€JEKTPOHHOTO MIKPOCKONA. 30HU 3apOKCHHSI TPIIMIMH Malld CKJIQJHHUI XapakTep
pyIHYBaHHsI, /1€ IOE€JHYBAIMUCS MIK3€PHOBI Ta TPAaHCKPUCTANITHI MexaH13MuU. Ocepesiku
TPIIIMH JIEMOHCTPYBAJIM MEPEBAXKHO KPUXKUM XapakTep 13 HASBHICTIO BUPAXKEHUX
JAMKUX CTPYKTYp, 110 BKa3y€ Ha BIUIMB JIOKAJIbHOI KOHIIEHTpAIlli HAPYXKEHb Y 30HAX
tepMiuHoro BIIUBY (3TB). OcHOBHI pe3ysbTaTH TOCHIIKEHHS T4 0COOJIUBOCTI KOKHOTO
3pa3Ka HaBEJIEHO HUXKYE.

OcHOBHMI1 BIUTMB Ha 3apOJI>)KEHHS TPIIIMH 3pa3ka | Manu noBepxHeBi AeEKTH, K1
CHOpUSIIM JIOKAJIbHIM KOHIIEHTpalli Hampy»XeHb VY3/I0BXK MEX 3€peH MaTepiany.
Y TBOpEHHSI MIKPOTPIIIUH HABKOJIO LUX Ae(EKTIB MPU3BOIUIIO 10 IXHBOTO MOUIUPEHHS B
HanpsMKy OCHOBHOI TpIIIMHU, CIOPUYUHSIOUM MIK3EpHOBE JIaMKE pyHHYBaHHS.
[ToBepxHEB1 HENOTIKU MaTepialy CIPHUSIN HOro JIOKAJIbHOMY OCJIa0JIEHHIO, BUCTYIAI0OUH

MOYAaTKOBUMU OCEPEKAMH JIJIS1 PO3BUTKY KPUXKUX TPIIIUH.
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i k‘ v
SEMMAG:508x | WD:1335mm I i VEGA3 TE:
B1:15.00 Dot: SE 100 pm
SEM HV: 200KV Date(midly): 01/01/10 171 "AHTOHOB™

Pucynok 3.5 - Bun ocepeakiB TpilllMHY 371aMy 3paska 1

Ha puc. 3.5 npencraBieHo pe3yJibTaTH aHANI3y OCEPENKIB PYWHYBaHHS CILIaBY
BT22, 300paxeHHs1 JEMOHCTPYIOTh XapaKTepHI OCOOIMBOCTI KPUXKOr0 pyHHYBaHHS 13
HasIBHICTIO MIXXK3€PEHHOTO MexaH13My. [loBepxHs 371aMiB Ma€e MOPCTKUI peiabed 13 YITKO
OKPECIICHUMH MEKaMHU 3€pEH, SIK1 CB1I4aTh PO 3aPOKEHHS 1 PO3BUTOK TPIILIHMH y30BXK
MEK 3€peH MaTepiaiy.

Ha mMikpocTpyKTypi ocepeaKiB pyHHYBaHHS CIIOCTEPITatOThCS TIIMOOKI PO3PHUBH Ta
MIKPOTPIIIMHM, 10 BUHUKJIA BHACTIJOK JIOKAJILHOI KOHIICHTpAIlli HAMPYXeHb y 30H1
tepmigHoro BBy (3TB). V nmeskux 30HaX MOXHa TOOAYUTH TPAHCKPUCTATIYHI
TUISTHKA, SKi CBIMYATh MPO Y4YacTh TUIACTUYHUX MPOIECIB Y TMOMAIBIIOMY PO3BUTKY
tpimuH. [IpoTe 11 mAinsHKE OOMEXeHI 3a TUIOMICI0, IO MATBEPIKYE TOMIHYyBAaHHS
KPUXKOr0 pyWHYBaHHS.

OcHoBHUM (pakTOpOM, IO BU3HAYAB XapaKTep PpyHHYBaHHS, € 3MiHA CTPYKTypH
Mmatepiany B 3TB micns JokabHOT TEpMIYHOT 00pOOKH.

JlaHi 300pakeHHs TMiATBEPKYIOTh, 110!

- OCepenKH TpilluH popMyroThes B Mexax 3TB, ne KoHLeHTpalis HanpyKeHb
J0CATa€ KPUTUIHHUX 3HAYCHD,

-y NOYaTKOBUX 30HAaX TPIIIHH MEPEBAKAE MIK3EPEHHUN KPUXKUN MEXaHI3M,
PO 110 CBIIYUTH HASIBHICTh TJIAIKUX MEX 3€PEH;

- TOAAJBUINHA PO3BUTOK TPILIMH CYNPOBOIKYETHCS y4acTIo
TPAHCKPUCTATIYHUX MEXaHI3MIB PyWHYBaHHsI, 10 I€MOHCTPYIOTh OUIBIY TUIACTUYHICTD

y MaTepiaii.
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VY 3pa3ky 2 moBepxHeBl JAe(EKTH CYTTE€BO BIUIMBAIM Ha 3apOKEHHS TPIIIHH,
CHOPHSIIOYM JIOKaJbHIA KOHUEHTpalii HampyXeHb. Lle mpu3Boauio 10 pPO3BUTKY SK
MDK3EpHOBUX, TaK 1 TPAHCKPUCTAIIYHMX TPIIIMH, 110 BKa3ye Ha CKJIAAHHUI XapakTep
pyliHyBaHHS. Y MOPIBHSIHHI 31 3pa3koM 1, TpIIIMHU Yy 3pa3Ky 2 Maiu OUTbII TITHOOKUN
XapakTep, 4acTo MPOXOJsA4Yu uepe3 Kiuibka 3epeH. lle cBiIUuTh mpo BUCOKUM pPIBEHD

JIOKaJIi30BaHUX HAMPY>KEHb y 30HaX Ne(EKTiB.

SEMMAG: 199x | WD:t26tmm |11 i
611800 Det: SE : m Bi: 11.00 Det: sE
SEM HV: 200KV Date(miay): 0101110 £ - SEM HV: 200KV Date{midy): 0901110

Pucynok 3.6 - Bun ocepeakiB TpillIMHU 371aMy 3pa3ka 2

Ocepenok TPIMHU Y IIbOMY 3pa3Ky JAEMOHCTPY€E MEPEBAKHO KPUXKUN MEXaHI3M
pyHHYBaHHS 3 SBHUMHU pPO3pHUBaMU IO Mexax 3epeH (puc. 3.6). Jlamki moBepxHIl
XapaKTePU3YyIOThCA TIMOOKUMH TPIIIMHAMM, SIKI YTBOPHIIMCS 4Yepe3 KOHLEHTPALIIO
HaIpy>KeHb, 10 MIATBEPIKYE BUCOKY YKOPCTKICTh MaTepiajly Ta BiJICYTHICTh 3HAYHOI
IIacTUYHOI Aedopmanii. OKpeMO CIOCTEPIraloThCsl TPAHCKPUCTAIIYHI TPILMHU, 10
IPOXOJATh KPi3b 3€pHA, MiTKPECIIOI0YH CKIATHUI MEXaHi3M pyHHyBaHHS.

VY 3pa3ky 3 moBepxHeBi nAedeKTH BiAirpaid 3HAYHy poiib y (OpMyBaHHI
KOHIIEHTPUYHUX JIIHIH BTOMHOTO pOCTY TpituH (puc. 3.7). TpimuHu 3apoKyBaIucs Ta
IIBUJKO TOMMUPIOBAIACS B 30HI ACPEKTiB, MO CHPUYMHSIO YTBOPEHHS TIIMOOKUX
6oposeH. IlopiBHAHO 3 IHIIUMU 3pa3kaMiu, A€(PEKTH y LBOMY 3pa3Ky CHPHSIA OUTbII
aKTUBHOMY PO3BUTKY TPAaHCKPUCTAIIYHUX TPIMIMH, O[O0 CBIAYUTH MPO BIUIMB BUCOKOTO
PIBHS IMKJTIYHUX HABAHTA)KEHb HA TIOBEPXHEB1 CTPYKTYPH.

Tpertiii 3pa30k IEMOHCTPYE KPUXKE PYWHYBAHHS 13 ITKO BUPAKEHUMH OOPO3HAMU
Ta TPIMIMHAMH, IO MPOXOJATh IO MeXax 3epeH. HasgBHICTh KOHIICHTPHUYHHX JIiHIN

BTOMHOT'O POCTY TPINIMH MIIKPECIIO€ BIUIMB ITUKIIYHUX HABaHTA)XCHb HA MaTepiai.
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JlamMKki CTpyKTypH 13 BHpa3sHUMHU OOpO3HAMU BKa3ylOThb Ha BHUCOKY KOHLEHTpALiIO

HaIpy>KE€Hb y MaTepiali, 0 MPU3BOIUIIO O XapaKTEPHOr0 PO3BUTKY TPILIUH.

7 4 RS \ % .
SEMMAG: 649x | WD: 13.05mm L x ] SEMMAG:250x | WD:13.49mm L
BI: 16.00 Det: SE 50 pm [ E 81: 17.00 Det: SE
SEM HV: 20.0 KV Date(midy): 01101110 o/ SEM HV: 20.0 KV __ Date{midiy): 01/01/10

Pucynok 3.7 - Bun ocepeakiB TpillIMHU 371aMy 3pa3ka 3

JlocmimkeHHsT TPhOX 3pasKiB TMeEpIIoi TPymu JIEMOHCTPYE 3HAYHUU BILIUB
MOBEPXHEBUX JE(PEKTIB Ha 3apOJKEHHS Ta NOIIMPEHHS TPIUIUMH, SKI BHU3HAYAIOTh
MEXaHI3M pyWHYBaHHS MaTepiamy. Y BCiX 3pa3kax OedeKTH CIpHUsIN KOHIEHTpAIil
HaNpyKeHb Ta YTBOPEHHIO MMOYAaTKOBUX OCEPEAKIB TPILIMH, 10 3yMOBIIIOBAJIO JIOKAJIbHE
ocnabneHHs maTepiany. 3pa3ok | MaB MIK3EPHOBUIN XapakTep pyHHYBaHHS 3 YITKUMHU
JTAMKUMH TTOBEPXHSIMH, IO MIATBEPKYE MEXaHI3M KPUXKOTO pyHHYBaHHS 0€3 3HAYHOI
mIacTUYHOI nedopmartii. ¥ 3pa3ky 2 po3BUTOK TPIITUH MaB OUTBII TITUOOKHUI XapakTep,
4acTO MPOXOASiYM dYepe3 KUIbKa 3€peH, MI0 BKa3ye Ha BHUCOKY KOHLIEHTPALIO
JIOKATI30BaHUX HAIPYKEHb 1 CKIIATHAN MEXaH13M MI>K3€PHOBOTO Ta TPAHCKPUCTATIYHOTO
py#HYBaHHS. 3pa3oK 3 JEMOHCTPYE BIUIMB IUKIIYHUX HABAHTAKECHB, 110 MPU3BEIO 10
YTBOPEHHSI KOHIIEHTPUYHUX JIIHIA BTOMHOTO POCTY TPIIIMH Ta TIMOOKWUX OOpO3eH, 3
AKTUBHUM PO3BUTKOM TPAHCKPUCTATIYHUX TPINIHH.

Yci Tpu 3pa3ku MAKPECIIOITh BAXIJIHMBICTh CTaHy IOBEPXHI Ta HAsSBHOCTI
nedeKTiB K KIFOYOBUX YNHHUKIB, 110 BIUTUBAIOTH HA MEXaHI13M pyHHYBaHHS Ta XapaKTep
nomwupeHHs TpimmH y cmiaBi BT22. Biamivaerbes gK  MiX3epHOBE, Tak 1
TPaHCKPHUCTATIYHE pYHHYBaHHS 3pa3KiB, 3aJICKHO BiJl PIBHS JOKAII30BaHUX HAIPY>KEHb

1 BINIUBY MUKJIYHUX HABAHTAKCHb.



82

VY npoueci 10CiiKeHHs 0yJ10 BCTAHOBIIEHO, 110 3pa3K IPyIU 2 MarOTh 3MIIIAHUM
XapakTep pYWHYBaHHS: TMOBTOPHO-CTATUYHUN (MaJOIMKIOBA BTOMA) 1 KPUXKUM
MIXK3EpEHUN.

Ha ocHOBI mpoBeneHUX JOCIIIKEHb MOXHA 3pOOMTH HACTYIHI BHCHOBKH IIpPO

XapakTep 3apOKEHHsI TPILIUH L€l TPy 3pa3KiB.

5 >

<

SEMMAG: 1.72kx | WD:545mm L) SEM MAG: 244 x WO: 8.00 mm
BI: 10.00 Det: SE BI: 13.00 Det: SE 200 pm
SEM HV: 10.0kV__ Dato(midly): 01/18124 4 3 SEMHV: 10.0kV  Dato(midly): 01/1824

SEM MAG: 621 x WD: 945 mm
81: 13.00 Det: SE

SEM HV: 10.0kV _[Date(midly): 01/18224

Pucynok 3.8 - Bua ocepeakiB TpilllMHY 371aMy 3pas3ka 4

Ha 300paxenHsix pucyHky 3.8. BHJIHO YTBOPEHHS 30H 3 MHOXWHHUMHU
MIKPOTPIIIMHAMHA Ta TOBEPXHEBUMH pO3IIAPYBAHHSAMH, SKI BKa3ylOTh Ha BTOMHUU
MEXaHI3M PO3BUTKY TpINIMH. BusBIEHI MIKPOTPIIMHHA, LI0 pO3TATYKYIOThCA Ta
NOLIMPIOIOTECA B PI3HUX HampsMKax, CBAYaTh MPO HEOJHOPIIHICTE MEXaHIYHHX
BJIACTUBOCTEH Y 30HI HAIUIaBJICHHS.

3apo/pKeHHs TPIKH BiIOYBAa€ThCS B 30HAX KOHIEHTpAIlii HAaNpyT, 110, KMOBIPHO,
BiJIMIOB1Ta€ MIKPOCTPYKTYPHUM HEOTHOPIAHOCTSIM 200 nedexTam, MpUCyTHIM y MaTepiaii
MICIIST JIOKATBHOT TepMiuHOI 00poOKu. COCTEPIraeThCsi 30Ha PO3MIAPYBAHHS, IO MOXKE
OyTH HACIIKOM JIOKaJIbHOTO TEPEHANPYKEHHS IIiJ] Yac IUKIIYHUX HaBaHTAKCHb.
Tpimuan MaroTh CKIAIHUNA penbed 30HH PO3BUTKY, IO CBIJYUTH TMPO BILUIMB
KOMOIHOBaHHMX HABAHTAKEHb Ta MOXKJIMBOI B3a€MO/I1i 3 30HAMU TEPMIYHOTO BILIUBY.

[Hm 3pa3ku apyroi Tpynmu JAEMOHCTPYBATM CXOXHH XapakTep pyHHYBaHHS
(puc. 3.9), 3 BUpaxxeHUM penbeoM MOBEPXHI, M0 BKa3y€ Ha IHTCHCHBHE 3apOJKEHHS Ta
PO3IMOBCIOKCHHS MIKPOTPIIITUH T/ TI€10 MUKIIYHIX HABAHTAXKCHbD.

Takox BapTO 3a3HAYMTH, IO TPIIIMHUA PO3BUBAIMCS MEPEBAXKHO Uepe3 3epHO, 10

CBITYUTH PO iXHIO OUTBIY TUIACTUYHICTH MOPIBHSIHO 13 3paskamu mepmioi rpymu. Ha
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MOBEpPXHI 3epeH (ikcyBanuca ApiOHI «rpeOHI» Ta XBWIACTI CTPYKTYPH, IO MOXYThb
CBIJUUTHU MPO 3HAYHY IUIACTHYHY Jedopmaliio rnepen pyhdHyBaHHsAM. Lle miaTrBepkye
3MaTHICTb MaTepially J10 IUIAaCTUYHOI ajanTaiiii 1 NOTJMHAHHA YAaCTHUHH EHEeprii
HABaHTA)XCHHsI, 10 BIJIPI3HAE HOro BiJl MOBEPXHI MEHII IIACTUYHUX 3pPa3KiB, 1€ TPILUHA
MPOXOJIATH OUTBIT KPUXKUM TUIIXOM. Taka OCOOJIHMBICTh y CTPYKTYpi BKa3y€e Ha Te, IO
MaTepiai IEMOHCTPYE 3MaTHICTh 0 JIOKATbHOI TUTACTUYHOI Aedopmartii, o BIUIMBAE Ha
XapakTep pyHHYBaHHS 1 TMOAOBXKY€E TMPOLEC 3apOUKCHHS 1 MOMIMPEHHS TPIUH Yy

MOPIBHSIHHI 13 3pa3KaMH, /I TUTACTUIHICTh € MEHIII BUPAXKECHOIO.

SEM MAG: 72 x WD: 9.14 mm ! |
BI: 13.00 Det: SE 500 pm
SEM HV: 5.0 KV Date(midly): 01720124

SEM MAG: 71 x wo:ass2zmm |10
BI: 14.00 Det: SE 500 pm
SEM HV: 5.0 kV___ Date(midy): 012024

a)

Pucynok 3.9 - Bun ocepeakiB TpilliMH 371aMiB 3pa3kiB S (a), 6 (0)

3oHa TepmiuyHoro BIUIMBY (3TB) mocmimkyBaHUX 3pa3KiB IMPOJEMOHCTpyBala
BIJIMIHHOCTI B M€XaH13MaxX pyHHYBaHHS 3aJI€KHO B1J PIBHS IJTACTUYHOCTI MaTepialy Ta
po3noainy HamnpyxeHb. OcHOBHa yBara Oyja MpUJIIEHa BU3HAYECHHIO MIK3EPHOBUX 1
TPaHCTPaHYJSIPHUX MEXaHI3MIB pyHHYBaHHs, a TAKOXK IXHIM B3aeMOII.

3pa3ok 1 XapakTepusyeTbcsl MEPEBAXKHO KPUXKUM MIK3EPHOBUM MEXaHI3MOM
pyrinyBaHHs. [loBepxHs 371aMy JEeMOHCTpYe OOMEXEHY IJIACTHUHY Aedopmariiio, 1o
BKa3y€ Ha HU3bKY 3/IaTHICTh MaTepiaiay /10 OMOpy HaBAaHTAXEHHSM y 30HI TEPMIUYHOTO
BIUBY (puc. 3.10 a). OcHOBHUM (aKTOpOM, KWW BU3HAYAE MEXaHi3M PYWHYBaHHS, €
JaMKi PO3pHBH MK 3€pHAMH, SKI BHHUKAIOTh YHACTIIOK JIOKAJIhHOI KOHIIEHTpAIlii
HaIpPY>KEHb Y310BXK MexX 3epeH. LIlopcTKicTh MOBEpXHI 371aMy Ta YITKO OKPECICHI MEXi
3epeH CBIgYaTh MPO JOMIHYBaHHS KPUXKOTO MEXaHi3My 3 MIHIMAJIbHOK YYacCTIO

MJTACTHYHUX TIPOIIECIB.
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3pa3ok 2 AEMOHCTPY€E BHILMKA PIBEHb IJIACTUYHOCTI MOPIBHIHO 13 3paskoM 1. Lle
MNIATBEPAKYETHCS HASBHICTIO TPAHCTPAHYJAPHUX TPIMH Ta IMHOOKHX OOpO3€H Ha
MOBEpPXHI 37aMy, SKI CBiIYaTh MPO Yy4YacTh IUIACTMYHOI Jedopmanii y mnpouect
pyiinyBaHHs. IIpoTe 3HayHa dYacTka TMOBEPXHI BCE IIE XapPaKTEPU3YETHCS JAMKUMU
MDK3E€PHOBUMH PO3PHUBAMU, 1110 BKa3y€ HA 3MIIIAHUN MEXaHi3M pyHHYBaHHS, y SIKOMY
MOETHYIOThCSI KpUXKi Ta miactuyHi enemeHTtH (puc. 3.10 6). 3aramom, 3pa3ok
JIEMOHCTpPY€E OBl CTIMKICTh 10 HABAaHTAXKEHb Y 30H1 TEPMIYHOTO BIUIHBY, aJIe KPUXKHUI
MEXaHi3M BC€ 1€ € JOMIHYIOUUM.

3pa3ok 3 TeMOHCTPY€E HAWBUINUI PiBEHB TUIACTUYHOCTI cepel TPhOX JOCIIHKEHUX
3paskiB. lle MiATBEPIKYETHCA CKIATHOK CTPYKTYpPOIO TOBEpPXHI 37aMy, Ha SKid
CIIOCTEPITAIOThCS K TPAaHCTPAHYJSIPHI, TaK 1 MIK3EpHOBI TpimuHU. JloOMiHYBaHHS
TUTACTUYHUX TPOIIECIB MIATBEPIKYETHCSI HASBHICTIO JIIHIM POCTY TPIIIHH, SIKI BKa3yIOTh
Ha LMKJIIYHUN XapakTep HaBaHTA)KEHHS Ta AaKTHBHE IUIACTUYHE PO3TSITHEHHS IMepen
pyiiHyBaHHSIM. Marepian y 30HI TEPMIYHOTO BIUTMBY JEMOHCTPYE BHIILYy 3/aTHICTH JO

MJIACTUYHOI AedopMaliii, o 3HAYHO MiJIBUIIYE CTIHKICTh 3pa3Ka J0 HaBaHTAKCHbD.

<L

g S TEdS Tk
VEGA3 TESCAN| SEM MAG: 209 x WD: 12.81 mm
BI: 17.00 Det: SE
SEM HV: 20.0kV  Date(midly): 01/01/10 T "AHTOHOB" SEM HV: 20.0 kV  Date{midly): 01/01/10 N "AHTOHOB"

WD: 12.19 mm
Det: SE
SEM HV: 20.0 KV Date(midly): 01/01/10

a) 6)
Pucynok 3.10 - Mikpopenbed nmoBepxHi 31aMmy B 30HI TEPMIYHOTO BIUTUBY 3pa3Ka

1 (a),2(6)Ta3(B).

JocnikeHHst 3pa3KiB 'y 30HI TEPMIYHOTO BIUIMBY MiJATBEPAWIIO, IO MEXaHI3M
pYHHYBaHHS 3aJ€XHUTh BiJ PIBHS IUIACTUYHOCTI MaTepialy Ta MOro MIKPOCTPYKTYpPH.

3pa3ok | mokazaB nepeBaXHO KPUXKUHM XapaKTep pyHHYBaHHs, 3pa30K 2 MaB 3MILIaHUI
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MEXaHi3M 13 YaCTKOBOI YYacTI0 IUIACTUYHUX TMPONECIB, TOMI SAK 3pa3ok 3
MPOJIEMOHCTPYBAB JIOMiHYBaHHSI IUNTACTUYHOTO PO3TATHEHHS Mepe]] pyHHYBaHHSIM.

VY 3pazkax 4, 5, 1 6 mOBepxHI 3JaMIB JEMOHCTPYIOTh CXOXI CTPYKTYpHI
0COOJMBOCTI, XapakTepHi aig 30H TepmiyHoro BBy (3TB). Ha 3mamax ycix 3pa3kiB
CIIOCTEPIraloThCsl PO3raly’KeHl MIKPOTPIIIMHU, SKI MOIIUPIOIOTHCS SK Y3A0BXK MEXK
3epeH, Tak 1 4epe3 HUX. XBUJSACTA CTPYKTypa MOBEPXOHb Ta BUTATHYTI I'paHl 3epeH
BKa3yIOTh Ha MOEJHAHHS MDK3EPHOBUX 1 TPAHCTPAHYISIPHUX MEXAHI3MIB PyWUHYBaHHS
(puc.11 a, 0).

3pa3ok 4 AEMOHCTPY€E HAMOIbIII HAPAIIOBAaHHSA Cepell JOCIIIKeHHUX 3pa3kiB. Lle
MPOSIBISIETBCS. Y TPUCYTHOCTI 30H BTOMHOTO MPOCYBAHHS TPINUH Yy TOYATKOBHUX
IUIsTHKaX pyilHyBaHHA. Ha moBepxHI 371aMiB CIIOCTEPITalOThCS XapaKTepHI OOPO3EHKH,
0 CBiTYAaTh MPO IUKIIYHUN XapakTep HABAHTAKCHHS Ta IOCTYMOBHA PO3BUTOK
BTOMHUX TpinwmH (puc. 3.11 B). i 6opo3enkn (ikcyroTbcs B yCiX 3pa3kax, OJHAK Y
3pa3ky 4 BOHM OUTBII BUPAXKEHi, M0 BKa3ye€ Ha OUIBIIY CTIWKICTh MaTepially 10
HABAHTAXKEHB MEePEJ] OCTATOYHUM PYyHHYBaHHSIM.

VY 3pa3kax 5 1 6 TaKOX CIIOCTEPIrar0ThCS 30HW BTOMHOTO MPOCYBaHHS TPIIIUH Y
MOYAaTKOBUX  30HaX  pydHyBaHHsA. [IpoTe  momanmpmuii  pPO3BUTOK  TPILIUH
XapaKTepU3y€eThCsl ITHTEHCUBHIMIOKW yYacTIO TUIACTUYHUX TPOIECIB, MPO IO CBITYUTH
OUIBIII PO3BUHEHA XBIJISICTA CTPYKTYpa MOBEPXHI 3J1aMiB 1 O1TbIIA KIJTbKICTh BUTSTHYTUX
rpaneii 3epeH. Lli 30HM CBiAYaTh MPO aJanTaifiro MaTepiary J0 YMOB HAaBAHTAKCHHS Y
MpoIIeci pO3BUTKY TPIIITUH.

JlocmipKeHHS TTOKa3aJIy, 110 IiIBHINCHA IUIACTHYHICTD 3pa3KiB 4, 5 1 6 Moxe OyTH
MOB's13aHa 31 CHEeNUGIYHUMH MIKPOCTPYKTYPHUMHU OCOOJIMBOCTSAMH ITICISI TEPMIYHOI
00poOKH, IO CHpHse 3POCTaHHIO IUTACTHYHOI nedopMaliii mepen pyHHYBaHHSIM.
BianoBigHo, 3pa3ku 1, 2, 3 3 HHKYOI IUIACTHYHICTIO MalTh OLIBII PIBHOMIpHE Ta
KpUXKE pyHHYBaHHA, IO CBIAYMATH NPO IXHIO MEHINY 3/aTHICTh JO TMOTJIMHAHHS

MEXaHIYHOi eHeprii.
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Pucynok 3.11 — XapakrepHuii Mikpopesibe(d MOBEpXHi 371amMy B 30HI TEPMIYHOTO

BILIMBY 3pa3KiB Apyroi rpynu

3.4 BiaxminHOCTI MiKpope/bedy y 30HaAX HAIIaBJIeHHs ciiaBy BT22

30HM HAIUIABJIEHHS BCIX LIECTH 3Pa3KiB JEMOHCTPYIOTh XBUIISICTY MOp(OJIorito,
10 CBIIYUTH MPO JIOKAJbHI 30HU IUIACTUYHOI JIedopmanii. Yci 3pasku MalTh CXOXKY
CTPYKTYpPY IIOBEPXOHb 3J1aMiB, OJIHAK 3pa3ku 4, 5 1 6 BIAPI3HAIOTHCS KPAIOkO 3AaTHICTIO
NPOTUIIATA HABAHTAKEHHSAM Yy IMOPIBHAHHI 13 3paskamu 1, 2 1 3. Ile mposiBiseTbes y
OLTBII PO3BUHYTIH IIACTUYHOCTI TIEpe]] pyHHYBaHHSM, 1110 BiT0OpaxaeTbcs B HAIBHOCTI
ne(pOpMOBAHHX AUISHOK MOBEPXHI, XBUISICTHX CTPYKTYp Ta YUCICHHUX SIMOK.

VY 3paszkax 1, 2 1 3 cmocTepiraeTbcs OibIla CTPYKTYpHA HEOTHOPITHICTH 30H
HAIUIaBJICHHS, [0 MPOSBISETHCS y BHUIVISAL HEPIBHOMIPHOI XBHJIACTOI CTPYKTYpPH
MOBEpPXHI Ta OUIBIIOI KUTHKOCTI MiKpoTpimuH. [loBepxHs 37amMiB JEMOHCTPYE
NEepeBaKaHHS KPUXKUX MEXaHI3MIB PYWHYBaHHS 3 MEHIIMMH 30HAMHU IJIACTHYHOI
nedopwmartii. [le Bka3ye Ha Te, 1m0 MaTepial y IUX 3pa3kax MEHII 3JaTHUN MMPOTHCTOSATH
HAaBaHTAKEHHSAM Yy 30H1 TepMmiuHoro BrumBy (3TB).

3pasku 4, 5 1 6 Mar0Th OLIBIT OTHOPIAHY CTPYKTYPY 30H HarutaBieHHs. [loBepxHs
371aMiB IUX 3pa3KiB XapaKTepU3y€eThCs OUTBIIOI0 KUTHKICTIO MIACTUYHO JAe(OPMOBAHHUX
30H, HASBHICTIO SIMOK Ta XBWUJISICTOIO Mopdororiero. Taka CTpyKTypa CBITYUTH TPO
3HAYHUW BIUTUB B’S3KOTO PyHHYBaHHS, M0 3a0e3ledye Kpamly 3/aTHICTh MaTepiary

MPOTHIISATA MEXaHIYHIM HAaBaHTAKCHHSIM.
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", > N -
SEM MAG: 911 x SEM MAG: 656 x wo: 1283 mm |

BI: 16.00 Det: SE BI: 13.00 Det: SE 50 ym
SEM HV: 200KV Date(midly}: 01/0110 SEM HV: 20.0kV _ Date(midly): 01/01/10

Pucynok 3.12 - Mikpopenbed noBepxHi pyiHyBaHHs B 30H1 HAIUIABJICHHS 3pa3Ka

1 (a), 2 (6), 3 ()

TutaHoBl cmjaBu, $AKI [POMIIIM HaIJABIEHHS Ta TEepMIUYHYy OOpOOKy,
JEMOHCTPYIOTh YITKY 3aJI€KHICTh XapakTepy pPYWHYBaHHs BiJ pPIBHA IJIACTUYHOCTI
Martepiany. Y 3pa3kax 13 NepeBaKHO KpUXKUM pyhHyBaHHsM (1, 2, 3) criocTepiraeThes
HEPIBHOMIPHICTh CTPYKTYpU 3JaMiB, IIO0 MOB’S3aHO 3 MEHIIUM pIBHEM IUIACTUYHOL
amanTarii Marepiany 10 HaBaHTaxkeHb (puc. 3.12). HaBmaku, y 3pa3kax i3 mepeBakHO
B’S3KUM pyWHYBaHHIM (4, 5, 6) moMiTHO Oinble 30H MaCTU4YHOI Aedopmartii, 1Mo
3a0e3mnedye Kpamuid omip pO3BUTKY TPIIIMH HABITh 32 YMOB BUCOKHX HaBaHTaXEHbB (pHC.

3.13).

SEMMAG:918x  WD: 16.08 mm
1: 15,00 Det: SE
SEM HV: 20.0 KV Date{midly): 01/01/10

Pucynok 3.13 - Mikpopenbed noBepxHi pyHHYBaHHsI B 30H1 HaIUIaBJICHHS 3pa3ka 4 (a),

5 (0),6(8)
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3.5 CTrpyKkTypHi 3MiHM B 30HaX HAIUIABJECHHSA TAa TEPMIYHOIO BIUIMBY i Ai€I0

JIOKAJIbHOI TePMi4YHOI 00pOOKHU

Jlns BU3HAUEHHS BIUIMBY JIOKalIbHOI TepMiuHOi 00poOku (JITO) Ha cTpykTypy
3pa3kiB OyJM BHUIOTOBJIEHI HUNI(U y BHCOTHOMY Ta IMO3J0BXHBOMY HampsMKax. Yci
nutihd  JEMOHCTPYBAJIU PI3HUM CTYIIHb CTPYKTYPHOI HEOJHOPITHOCTI B 30HI
HaIUIaBJICHHS Ta 30H1I TepMiuHOoro BIUBY (3TB). 3MiHU y CTPYKTypi, Taki K pO3MIp
3epeH 1 Mexi (pa3, 4iTKO BiIOKPEMIIIOIOTH 11 30HU B1Jl OCHOBHOTO METaly.

3pa3ky Majau 4YITKO BUPAXEHI MEXI MIDK HaIUIaBJIEHOI0 30HOK Ta OCHOBHUM
METAJIOM, 1110 BKa3y€ Ha JIOKaJIbHUN BILIUB TEPMIUYHOI OOpOOKHU. AHa13 MOBEepxHI HUIi(PiB
BUSIBUB CYTTEBI BIZIMIHHOCTI B CTPYKTYP1 MI3K 3pa3KaMu:

3pa3ku 1, 2 Ta 3 1eMOHCTpPYBaJIM 3HAYHY CTPYKTYpPHY HEOJHOPIAHICTH Yy 30HI
HariaBlieHHs. BoHM Manu XBUJsCTY MOP(QOJIOTii0, a TAKOXK JIOKajdbHI 30HU 3 PI3HOIO
TPABUMICTIO, 110 MOK€ BKa3yBaTH Ha HEPIBHOMIPHICTh T€PMIYHOTO BILIUBY i yac JITO

(puc. 3.14).

3pasok 1 3pasok 2 3pasox 3

Pucynoxk 3.14 - ®ororpadii nuridiB parMeHTiB 3pa3KiB NEpIIOi rpyHu

3pazku 4, 5 Ta 6 XapakTepu3yBaJIUCS OUIBII PIBHOMIPHOIO CTPYKTYPOIO
HAIUIABJICHHA 13 YITKUMH MEXaMH MK HAIUIABJICHOIO 30HOIO0 1 OCHOBHHUM METAJIOM.
TpaBiaeHHS MNOBEPXOHb IMX 3Pa3KiB BUSIBUJIO OJHOPIIHY 3€PEHHY CTPYKTYpy, IO

CB1AYMTH NMPO e(PEKTUBHIIIE MTPOBEACHHS TEPMIUHOI 00poOKH (puc. 3.15).
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3pa3ok 5

Pucynok 3.15 - ®ororpadii nutiiB ¢pparMeHTiB 3pa3KiB APYroi rpynu

VY 30H1 TepMIYHOTO BIUTUBY 3pa3kiB 1, 2 1 3 crnoctepiraBcsi 3HaUHUM TPaJIEHT 3MIH
MIKPOCTPYKTYpPH, IO MOXKE CBIIYUTH NPO HASBHICTh MIJABUIICHUX TEMIEpPaTypHHUX
IPAIEHTIB 1 CTPYKTYPHOI HEOJHOPIAHOCTI. Y 3pa3kax 4, 5 1 6 1 30Ha Mana OUIbII
IJIaBHUM Tepexia, 10, WMOBIPHO, MO3UTHUBHO BIUIMBA€ HAa MEXaHIYHI BJIACTHUBOCTI
Marepiany.

BigMiHHOCTI y CTpYKTypi HIiCisl TpaBJIEHHS CBIIYATh MPO Te, 110 3pa3ku 4, 51 6
JEMOHCTPYIOTh Kpallly SIKICTh HaIJIaBJICHHSI Ta TEPMIYHOI 0OpoOKHU. buibil piBHOMIpHA
CTPYKTYypa ITUX 3pa3KiB MOKE€ OyTH HACIIAKOM PIBHOMIPHIIIOTO HAarpiBaHHS i Yac
JITO. ¥V 3pa3kax 1, 2 13 ciocrepiraiucs JIOKaJlibH1 30HU 3 1HILIOI TPABUMICTIO, 1110 BKa3ye
Ha MIJBUIIECH] TEMIIEpaTypH1 IPAJI€HTH y MEBHUX AUISTHKAX, SIK1 IPU3BEIIN JO YTBOPEHHS
TaK 3BaHUX 30H 3 BIJIMIHHOIO TPABUMICTIO.

30HM 3 BIIMIHHOIO TPABHMICTIO CBilYaTh MPO HEPIBHOMIPHHWM HArpiB y 30HI
HaIUIaBJICHHS, [0 MOTJIO CIIPUYHHHUTH JOKAIbHY AU(Y3it0 JETyIouuX eneMeHTiB. J[ms
OIIIHKM JIOKAJIbHUX 3MIH XIMIYHOTO CKJIaJy 3aCTOCYBaJHM METOJ[ PEHTIC€HIBCHKOTO
MmikpoaHnaiizy (PMA) 3 BukopucTanHsMm eneproauciepciiinoro crekrpomerpa Oxford X-
Max-50, saxuii 3a0e3mednB J1eTajai30BaHy KapTUHY PO3IMOAUTY JIETYIOUUX €JIEMEHTIB Y
30H1 HAIUTaBJICHHS, 30H1 TepMidHOTro BIMBY (3TB).

JocmimxkeHHs: XIMIYHOTO CKJIaay 30H 3 BiAMIHHOIO TpaBuMicTio (puc. 3.16,
Tabn. 3.4) ta 30H TepmiuHoro BrumBY (3TB) y Tpbox 3pa3kax mokaszano HasBHICTb

3arajbHUX 3aKOHOMIPHOCTEH 1 BIIMIHHOCTEH y PO3MOIiTI JIETYIOUHX €JIEMEHTIB.
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Pucynok 3.16 - ®0oTo MIKpOCTPYKTYp B 30H1 3 BIIMIHHOIO TPABUMICTIO 3pa3kKiB 1 (a),

2 (6) 1a 3 (B)

Tabnuns 3.4 - Pe3ynbTaTél pEeHTreHIBCHKOTO XIMIYHOTO aHaJli3y 30HH 3 ILIIMOIO0

3pa3KiB MEPIIOi TPy BIAMOBIAHO 10 MIKPOCTPYKTYp Ha puc. 3.15

Ne ciexTpy Al Ti \Y Cr Fe Mo

1 5,07 | 83,56 | 5,00 | 0,75 | 0,98 | 4,63

3pazok 1 2 507 | 83,76 | 5,03 | 0,72 | 0,87 | 4,55
3 5,13 | 83,75 | 497 | 0,64 | 0,90 | 4,60

1 511 | 83,68 | 4,74 | 0,66 | 0,99 | 4,82

3pasox 2 2 5,16 | 83,63 | 483 | 0,72 | 0,87 | 4,79
3 503 | 8333 | 499 | 0,71 | 0,89 | 5,05

4 508 | 83,37 | 495 | 0,70 | 0,88 5,01

1 491 | 83,77 | 5,02 | 0,75 | 0,87 | 4,69

3pa3ok 3 2 491 | 83,78 | 484 | 0,77 | 0,87 | 4,82
3 4,93 | 83,68 | 5,02 | 0,67 | 0,86 | 4,85

VY 30H1 3 BIAMIHHOIO TPABUMICTIO BCIX TPbOX 3pa3KiB CIOCTEPITa€ThCS JTOKAIbHA
akymyJsiiis Al mopiBasino 13 3TB. ¥V cepennbomy BmicT Al y 30H1 3 TUISIMOIO CTAHOBUTH
5,035-5,09%, toni six 'y 3TB — 4,95-5,05%.

Bwmict Ti y 30H1 3 BIAIMIHHOIO TPaBUMICTIO HE3HAYHO 3HIKEHUH y 3pa3kax 113
(83,69-83,74%) mopiBasno 13 3TB (83,36-83,68%), mo Moxe OyTH HACIIIKOM
JIOKaJIbHOI 3aMIHU TUTaHy JIETYIOUMMH €JI€MEHTaMH, TakuMu ik Mo abo V. VYV 3pasky 2
PI3HUILISA € MIHIMAJIBHOIO.

Konuentpaiiss V 3anuinaerbcsi cTaOUIBHOI Y BCIX 3pa3kax, 3 HE3HAYHUMHU
BiaxmieHHsamu (4,88—5,00% y 30H1 3 BIIMIHHOIO TpaBUMICTIO TTpoTH 4,89—4,97% y 3TB).

Ile Bka3ye Ha piBHOMIpHUN po3MOLI B-cTabdiiizaTopa y JOCHIKEHUX 30HaX.
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VY 30H1 3 BigMiHHOIO TpaBuMicTio BMICT Cr Tpoxu 3HMKeHui (0,70—0,73%)
nopiBHsiHO 13 3TB (0,73-0,74%). Lle Mmoe cBiAUUTH TTPO HOTO JIOKAIbHY AUG Y3110 B 1HIII
00J1acTI, 110 BIUIMBAE HA KOPO31iHY CTIMKICTh MaTepiaiy.

VY 30H1 3 BIAMIHHOIO TPAaBUMICTIO KOHIIEHTpallis Fe y 3pa3zkax 1 13 € nenio Huk401o
(0,87-0,92%) mnopieasno 13 3TB (0,91-0,93%), Toni sx y 3pa3ky 2 Fe memoncTpye
CTaOUIBHICTh MIXK 30HaMU. JIoKalibHe 3MeHIIeHHs Fe Mojke BIJIMBAaTH HA PIBHOMIPHICTD
(dazoBoro ckianmy.

VY 3pazky 1 y 3TB konuentpaiiis Mo 3Ha4YHO MNEPEBHIINYE 30HY 3 BIIMIHHOIO
tpaBumicTiO (+0,41%). ¥V 3pa3kax 2 1 3 pi3HHIIS MK 30HAMU MIHIMAJIbHA, 1110 BKa3y€e Ha

piBHOMIpHUH po3noain Mo.

250m

a) 0) B)
Pucynok 3.17 - ®oto mikpoctpyktyp B 3TB 3paskis 1 (a), 2 (6) Ta 3 (B)

Tabmuns 3.5 - Pe3ynbTaTu peHTreHIBChKOro XiMiuHoro anamizy 3TB 3pa3kiB

MepIIoi rpynu BiAMOBIAHO 10 MIKPOCTPYKTYp Ha puc. 3.16.

Ne ciexTpy Al Ti \Y Cr Fe Mo

1 4,89 | 83,37 | 494 | 0,73 | 0,91 4,98

3pazok 1 2 4,99 | 83,30 | 5,03 | 0,67 | 1,01 5,00
3 4,96 | 83,40 | 494 | 0,80 | 0,88 5,02

1 504 | 83,46 | 498 | 0,75 | 0,90 | 4,86

3pazok 2 2 506 | 83,39 | 494 | 0,66 | 0,89 | 5,06
3 502 | 83,66 | 494 | 0,68 | 0,86 | 4,85

4 507 | 83,76 | 4,68 | 0,73 | 0,91 4,85

1 502 | 83,55 | 5,13 | 0,76 | 0,80 | 4,74

3pa3ok 3 2 4,87 | 83,84 | 485 | 0,75 | 1,03 4,67
3 4,96 | 83,66 | 4,88 | 0,71 | 0,91 4,87
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VY 3TB Bcix 3pa3KiB CHOCTEPIraeThCsl OUIBII PIBHOMIPHUM PO3MOJLT JETYHOUHX
€JIEMEHTIB MOPIBHSIHO 13 30HOI. lle moB'3aHO 13 CTaOIBHINIUM TEMIIEPATYPHUM
BruuBoM mif yac JITO.

Konnentpariisi B-cradiunizatopiB (V, Mo) y 3TB Tpoxu Bumia, HiX y 30HI 3
BIZIMIHHOIO TPaBUMICTIO, 1[0 crpusie (opMyBaHHIO B-(ha3u 1 MOKPAIICHHIO MEXaHIYHOL
CTaO1ILHOCTI B 111# 30HI.

VY 3pa3zkax 11 3 koHuentpaiis a-ctadbinizaropis (Al) y 3TB € Huxk4010 OPiBHIHO
13 30HaMH 3 BIJIMIHHOIO TPaBUMICTIO, IO KOPEJIOE€ 31 3MEHIICHHSM 0-(pa3u 1 OUIbII
PIBHOMIpHUM (Da30BUM PO3MHOJILIOM.

30Ha 3 BIIMIHHOIO TPaBUMICTIO XapaKTEPU3YETHCS JIOKAIBbHOIO aKyMYJIAIIED o-
craburizaropiB (Al) Ta 3HMKEHHSIM KOHUEHTpalii B-ctadbutizaropiB (Mo), 1o 3HUKYE ii
MEXaHIYHy CTaOUTHHICTH 1 CTBOpPIOE yMOBH [Jisi (OPMYBaHHS 30H 13 BiAMIHHOIO
TPaBUMICTIO.

Y 3TB cnocrepiraerbest OibIT pIBHOMIPHUAN PO3TOILI €IEMEHTIB, IO 3a0e31edye
CTaOIBHIII MEXaHIYHI BJACTUBOCTI 3aB/ISIKH IepeBakaHHIO B-(a3zm.

Haii6impmn BiIMIHHOCTI MIX 30HOIO 3 IuisiMoro Ta 3TB crocTepirarotbest y 3pa3ky
1, mo Bka3zye Ha HecTabinbHi ymMoBu JITO. 3pasku 2 1 3 AEMOHCTPYIOTH MEHIIII
BIJIMIHHOCTI, 1[0 CBITYUTH IIPO THIIOBI PEKUMU 0OPOOKH.

Ha mmidax 30H 3 BiIMIHHOIO TPaBUMICTIO 3pa3KiB 1-3 crmocrepiraeTbcsi HETOBHE
nudys3iiine nepeTBopeHHs B-(as3u mig 9ac cTapiHHs, M0 CYyIPOBOHKYETHCS TUCTIEPCHUM
BUJIIJICHHSM 0-(ha3u B MeXax okpemux [-3epeH (puc. 3.16).

Y mexax OaraThoX [-3epeH 3aluIIIMCS CTaOUTbHI 00JIacTi, 10 HE 3a3HAIA
neperBopeHHs. lle cBiguMTh NPO HEJOCTaTHI yMOBH CTapiHHA (TPUBAJICTH,
TeMreparypa) 1l IpOXOoKeHHS qudy31HHUX POIIECIB NMPU IKUX BUILIAEThCS d-(asa.

Bunainenns o-$a3u HOCHUTH JIOKAIBHUN JUCIIEPCHUM XapaKTep 1 CIIOCTEPIraeThes
JIUIIIE B YACTHHI 3-3€pEeH.

Buninenns o-pasum MarTh APiOHOIUCIEPCHY CTPYKTYpPY, IO CBIIYHUTH IIPO
MOYaTKOB1 CTail IPoIIeCy.

VY 3pa3ky 1 miomnra HenepeTBopeHoi B-(a3u € HalOIIbIIOoI0, TO SK y 3pa3kax 2 i

3 crocTepiraeTbCsl YaCTKOBE MOKpAIIeHHs Ju(dy31HHOTO MepeTBOPEHHS.
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HenoBHe mneperBopeHHss [-da3su y 30HI 3 IUBSIMOIO MOXE 3HIDXKYBaTH il
MIKPOTBEPAICTH 1 CIIPUATH JIOKAJIbHIN HECTaOUTLHOCTI MaTepiay.

3pa3ku 2 1 3 1eMOHCTPYIOTh OUIBII PIBHOMIPHUH pO3Moii o-(a3u, 1o 3ade3neyye
JIENI0 BUIII MEXaHIYHI BIACTUBOCTI MOPIBHIHO 13 3pa3koM 1.

VY 30HI TepMIYHOTO BIUIMBY 3pa3kiB 1-3 cmocrtepiraerbcs MOBHE Iu]y3iiiHe
nepeTBopeHHs B-¢azu 3 yrBopeHHM a-Gha3u. Lle cBIIUUTh Ipo T0CTaTHIO TPUBAIICTh Ta
TeMIIepaTypy CTapiHHS, K1 3a0€3MeUnIId 3aBEPIICHHS IEPETBOPEHbD Y I11H 30H1

Takuit po3noain o-pa3u xapakTepHHUl AJis TEPMIYHOI OOpPOOKHU 3 PIBHOMIPHUM
HarpiBaHHsIM 1 OXOJO/KEHHSIM. YTBOpeHa o-(a3za Mae IMmiacTUHYAcTy ab0 roia4acTy
MOPGOJIOTIIO.

3pa3ku 2 1 3 AeMOHCTPYIOTh TOHKOJUCHEPCHY CTPYKTYpY 0-(ha3u, 1o 3ade3neuye
HaWBHIIly PIBHOMIPHICTH (ha3oBoro ckiamy. Y 3pa3ky | cmocrepiraroThCs IesKi
3JIUIITKOB1 HEOAHOP1THOCTI.

VY 30Hi 3 BiIMIHHOIO TPABUMICTIO CIIOCTEPITaeThCs HEMOBHE (Da30Be MEPETBOPEHHS,
[0 CYIPOBOJDKYETHCS 3HIDKCHHSM MEXaHIYHMX BJacTUBOCTEeW. BumineHHs o-dasu
HOCHUTH TUCTIEPCHUN XapaKTeP 1 HEPIBHOMIPHO PO3MOIUTIETHCS B MeXKaxX -3epeH.

Y 3TB ¢da3oBuii ckian € BiIHOCHO PIBHOBRXHUM, IO 3a0e3Medye BHUCOKY
CTaOUIbHICTh CTPYKTYPH Ta MEXaHIYHUX BiiacTuBoctel (puc. 3.17).

3pa3ok 1 meMoHCTpye HAWOUIBIII 3aIUIITKOBI HEOJHOPITHOCTI Y 30HI 3 IUISMOIO,
TOJI SIK 3pa3ku 2 1 3 MalOTh KpaIy sIKicTh (Pa30BOTO CKIagy B 000X 30HaX.

VY xoa1 AochipKeHHST XIMIYHOTO CKIJIamy 3pa3KiB Apyroi rpynu BCTAHOBIIEHO, IO

30HA 3 BIIMIHHOIO TPABUMICTIO CTIOCTepiraiacs Juiie y 3paska 6 (puc. 3.18).

No cniextpy Al Ti \Y Cr | Fe | Mo
1 | 5,07 | 83,56 |5,00| 0,75 | 0,98 | 4,63
3pa3oxk 6 | 2 | 5,07 | 83,76 | 5,03 ] 0,72 | 0,87 | 4,55
3 15,13 183,75 14,97]0,64 | 0,90 | 4,60

25um

Pucynox 3.18 - PeHTreniBchbkuii XiMIYHUIN aHaM13 3pa3ka 6 B 30H1 3 IUISIMOIO
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Jns 1i€i 30HU XapaKTepHUM € JIOKaJIbHE MiIBUIIIEHHS BMICTY 0-cTadinizaTopa (Al
- 5,09%) ta B-cradumizaTopiB (V - 5,00%, Mo - 4,59%), mo BminHyJO Ha ii (a3oBuit
cKiaa. AHali3 MIKpOCTPYKTYpH MOKa3aB, 10 y MeXaX OKPEMHUX [-3epeH CIocTepiraaocs
HenoBHE audy3iiiHe mepeTBopeHHs B-(a3u 3 JTOKaTbHUM BUAUICHHSM AHMCIEPCHOI O-
¢da3u. Taka cTpyKTypa 30HU 3 IUIAMOIO CBITYUTH MPO HEPIBHOMIPHHUI TeMIIEpaTypHHMA
BILIUB ITiJT 9aC TEPMidHOI 0OpOOKH, 1110 IPU3BEIIO 10 3AIHMIIKOBOI cTadimizamii B-dazu. ¥
NOpIBHAHHI 3 IHIIUMHU 3pa3KaMu Jpyroi Trpynu, SKi HE Majid 30H 3 BIIMIHHOIO
TPaBUMICTIO, 3pa30K 6 IEMOHCTPY€E JOKaJIbHY XIMIYHY Ta (pa30oBy HEOIHOPITHICTH, SAKa
MO’K€ HETaTHBHO BIUIMBATH HA MEXaHIYHY CTaOUIbHICTh MaTepiaiy.

Y xoxi gochipKeHH XIMIYHOTO CKiTay 30H Tepmiunoro BumBy (3TB) 3pa3kis 4-
6 BCTaHOBIIEHO, IO BCi 3pa3Kd JAEMOHCTPYIOTh OJIHOPIAHICTH OCHOBHUX €JIEMEHTIB i3

HEBCJIMKMMHM KOJMBAaHHIMHU KOHICHTpalii (puc. 3.19, tabmunsg 3.6).

25um

0)

Pucynok 3.19 - ®oro mikpoctpykryp B 3TB 3paska 4 (a), 5 (0), 6(B)

VY 3pa3ky 4 cnocrtepiraetbesi migBuilieHuil BMICT momioaeny (Mo - 5,02%) 1
BaHaxito (V - 5,09%), sxi copusitoTsh cTabimizanii B-das3u, mo 3ade3neuye mIacTUYHICTh
Marepiany. 3pa3oK 5 BiJ3HAaYae€ThCcs HaWBUIOK KoHIeHTpaliewo 3aniza (Fe - 1,00%) 1
xpomy (Cr - 0,82%), mo migBUILYy€e MILHICTh 1 KOpo3iiHy cTiikicTh 3TB. ¥V 3pa3ky 6
BUSBIICHO HAMBHUIIKN BMICT anmtoMiHiio (Al - 4,96%) 1 3HMKeHHI piBeHb -cTabini3aTopis,
takux sk BaHagin (V - 4,91%) ta 3amso (Fe - 0,85%), mo cnpuse (hopmyBaHHIO

piBHOMIpHOT 0-a3um Ta TOKPAIICHHIO TBEPJOCTI MaTepiamy. 3araiom, 3pa3ok 6
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JEMOHCTPY€E HANUOUIBII COPUATIAUBUN XIMIYHUN CKIaj AJig 3a0e3nedYeHHs1 CcTabUIbHOCTI

(a30BOro CKJIaly Ta BACOKMX MEXaHIYHUX BIACTUBOCTEH Y 30HI TEPMIYHOIO BILIUBY.

Tabnuns 3.6 - Pe3ynbTaTu peHTreHIBChKOro XiMiuHoro anamizy 3TB 3pa3kiB

JPYTroi IpyIy BIAMIOBIIHO A0 MIKPOCTPYKTYp Ha puc. 3.19.

Neo cniextpy Al Ti \Y Cr Fe Mo

1 4,83 | 83,33 | 5,15 0,82 0,87 5,00

3pasox 4 2 4,87 | 83,25 | 5,18 0,73 0,98 4,98
3 4,83 | 83,41 | 5,02 0,66 1,04 5,04

4 4,96 | 83,22 | 5,02 0,75 0,97 5,07

1 4,93 | 83,00 | 5,20 0,80 1,00 5,08

3pasox 5 2 4,92 | 83,27 | 5,19 0,85 0,98 4,79
3 4,91 | 83,40 | 5,08 0,79 0,97 4,85

4 4,89 | 83,19 | 5,06 0,84 1,06 4,96

1 4,94 | 83,42 | 4,98 0,72 0,80 5,14

3pa3ok 6 2 4,97 | 83,56 | 4,85 0,78 0,88 4,97
3 4,97 | 83,58 | 4,89 0,72 0,88 4,96

VY 30H1 3 BIIMIHHOIO TPABUMICTIO 3pa3kKiB 1, 2, 3 Ta 6 cmocTepiraeTbCs MmiABUIIICHUN
BMICT a-ctabimizaTtopa (Al) (5,09-5,13%) Ta 3HMKEHa KOHIIEHTpaIlisd -cTadiigizaTopiB

(Mo, V) nopiBHsHO 13 30HOI0 TepMiyHOTO BIiUBY (3TB).

B ama

Bec.% o
Ti 837 .
Al 51
Mo 4.8
vV 47
Fe 10
Cr 07

Pucynok 3.20 - Po3nofin XiMI4YHOTO CKJIaly Y 30H1 3 BIAMIHHOIO TPABUMICTIO
(«msaMay) Ta 30H1 TepmiyHoro BBy (3TB) 3pa3ka 2 miciist IOKaJIbHOT TEPMIYHOT

00pOoOKH.
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[le cBiqUUTH MpO JIOKaIbHE MPOTIKaHHS NU(Y31HHUX MPOLECIB, MiJ Yac AKUX [3-
(haza He MOBHICTIO J0CSITA€ PIBHOBAXXHOIO CTaHy Yepe3 HEPIBHOMIPHUI TeMIlepaTypHU
BuuB (puc. 3.20). Y pe3ynbrari GOpMYy€ETHCS JIOKAJIbHA XIMIYHA HEOJHOPIIHICTD, SIKa
BKa3y€ Ha HECTAOUIbHICTh TEPMIUHMX YMOB y il 30HI. Cepell MOCHIIIKEHUX 3pa3KiB
3pa3oK 6 AEMOHCTpY€E HallKpallll pe3yJabTaTH 3aBASKUA OLIbII PIBHOMIPHOMY PO3IMOJLITY
XIMIYHUX €JIEMEHTIB, 10 CBIITYUTH PO BAOCKOHAJICHHS MTapaMeTpiB TEPMIYHOI 0OPOOKH.

VY 30H1 Tepmiynoro BmiuBy (3TB) 3pa3kiB 1-6 3adikcoBaHO piBHOMIpHE
MPOTIKaHHS AU(PY31MHUX MPOIECIB, K1 CHIPUSIIOTH YTBOPEHHIO PIBHOBAYXKHOTO 013 cTaHy.
Bwmicr B-ctabinizaropiB (Mo, V)y miii 30H1 craHoButh 4,85-5,08%, TOomi $K a-
craburizaropa (Al)— 4,83—4,97%. lle 3abe3neuye ¢dopmyBaHHS CcTaOLIRHOI (Pa30BOi
CTPYKTYpPHU, XapaKTEpHOI JIsI PIBHOBaXHOro o+f craHy. 3pa3ok 6 BHUPIZHAETHCS
HaWOUIBII 302TAHCOBAHUM XIMIYHUM CKJIQZIOM Cepell YCiX JOCTIIKEHHX 3pa3KiB, IO
CBITYUTH MPO ONMTHUMI3aIlII0 MapaMeTPiB JTOKATHHOI TEPMIYHOT OOPOOKH.

Jlns BuzHaveHHs BIuuBy JITO Ha MexaHIYHI BIIACTUBOCTI 3pa3KiB 0YyJIO MPOBEICHO

BUMIPIOBAaHHS MIKPOTBEPOCTI MOBEPXHi MUTi(DiB.

3.6 KoauBaHHS 3Ha4YeHb MIKPOTBEPAOCTI Ta CTPYKTYpHI 3MiHM Yy 30HAaX

HallJ1aBJICHHA, TepMi‘-IHOFO BILJIMBY TAa OCHOBHOI'O M€TaJy

JocnixeHHs: MIKPOTBEPIOCTI 3pa3KiB 1-6 MPOBOIUIIOCS Y TPHOX OCHOBHUX 30HAX:
HarutaBiieHoMmy 1uapi, 3TB Ta ocHoBHOMY Metani. BumiproBaHHss OynM BUKOHaHI y
BHCOTHOMY Ta TMO3/I0B)KHbOMY HampsIMKax, IO JO3BOJIWIO OTPUMATH CEPEHI 3HAUCHHS
MIKPOTBEPOCTI JUIsl KO’KHO1 30HU. OTprUMaHi pe3yJibTaTh HaBeIeHO B Ta0auIpix 3.7 Ta 3.8

AHaii3 MIKpoTBepAoCTi nuIidiB 3pa3kiB 1—6 mokazaB CyTTEBI BIAMIHHOCTI MIX
30HAMHU HaIUlaBieHHs, TepMiuHoro BIuBy (3TB) Ta ocHoBHOro meramy. Y 30HI
HaryaBlieHHsT 3pasku rpynu 1 (1-3) xapakTepus3yroTbCsl BUIIMMU 3HAYCHHSMHU
MmikporBepaocti (389—428 HV 'y BucorHomy Hampsamky Tta 402-428 HV y
MOB3J0BKHBOMY), OJHAK 3HauyHI BiaxwiaeHHsA (no +21,4 HV) Bka3ywoTh Ha (a3zoBy

HEOJHOPIHICTh, CIPUYMHEHY JIOKAJIbHUMU TEMIIEPATyPHUMU TpaJl€eHTaMH. 3pa3Ku
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rpynu 2 (4-6) NEeMOHCTPYIOTh HUX4Yl 3HA4Y€HHS MikpoTrBepaocti (362424 HV) 3
MEHIIUMU BiaxwieHHsMu (£2,8 — 18,4 HV), mo cBiguuTh npo OUIbII PIBHOMIPHE

dbopmyBaHHS (a30BOro CKIATY.

Tabnuns 3.7 - CepeHi 3HaU€HHSI MIKPOTBEPOCTI 30H, 1110 YTBOPUIIUCS M1 Yac

HaruIaBjaeHHS (BUCOTHUN HAIIPSIMOK)

Cepenni 3HaUu€HHSI MIKpOTBEPIOCTI 3pa3kiB, HV
3oHa H,
KOHTPOJIIO | MM Ipyna 1 I'pyna 2
1 2 3 4 5 6

Hammasrnens | 0.5 | 389+7.8 | 399+13,4 | 413+21.4 | 362+12,9 | 367+7.8 | 364+4.6
3oma 2 | 314+9,7 | 422469 | 409+13.0 | 408+11,6 | 415+8.8 | 380+13,9
Tepmiunoro | 3,5 | 314+11,6 | 418+14,8 | 431420,6 | 408+20,8 | 409+5,1 | 384+123
BIUHBY 5 | 313+6,7 | 435131 | 405£9,0 | 418+14.6 | 415£12,5 | 405+4.4
Oﬁ:f;““ 6 | 363+18,9 | 427494 | 430+11,4 | 415+6,7 | 404+13.4 | 416+10,8

Tabmuns 3.8 - CepeHi 3HaY€HHSI MIKPOTBEPOCTI 30H, 1110 YTBOPUIIUCS M1 Yac

HaruTaBjeHHS (MTOB30BXKHIN HAPSIMOK)

CepenHi 3HaUEHHS MIKpOTBEPAOCTI 3pa3ki, HV
30Ha KOHTPOJIIO I'pyna 1 I'pyna 2
1 2 3 4 5 6

Harias e 428+13,8 | 424+19,2 | 402+11,1 392428 | 388+18,4 | 424+8.0
427+18,3 | 422+6,11 | 413+13,9 | 389+6,8 | 365+37,4 | 408+26,2
[Tnsama B 3TB 325+11,4 | 323443 33547,6 - - 340+11,0
3TB 428+17,7 | 414+11,8 | 449+17,8 | 446+18,8 | 435+17,5 | 451£23.9
OCHOBHII MeTa 330+23,7 | 302+11,1 | 312+16,5 | 423+13,8 | 418+16,3 | 386+23,1
328+15,9 | 305+12,2 | 329+18,8 | 416+10,5 | 423+17,6 | 394+22,1

30Ha 3 BIIMIHHOIO TPABUMICTIO («ILJIsIMay) criocTepiranacs y 3paskax 1, 2, 3 (rpyna
1) Ta 3paszky 6 (rpyna 2). Y 3pa3kax rpymnu 1 MiKpoTBEpIiCTh y 30H1 IUISIMUA 3HAYHO HIKYA
(325-335 HV) 13 Biaxmienusamu 10 11,4 HV, mo cBiguuTh Mpo JOKaJIbHI XIMIYHI Ta
(ha30B1 HEOJHOPIAHOCTI, 3yMOBJICH1 3AJIUIIKOBOIO B-(pa3oro. Y 3pa3ky 6 MiKpOTBEPIICTh
y 30Hi wisimu Buma (340 = 11 HV), mo cBiguuth npo Oulblll €PEeKTHUBHE TEPMIUHE
00poOJIeHHS TOPIBHSHO 31 3pa3kamu rpymnu 1.

VY 30H1 Tepmiunoro BBy (3TB) 3pa3ku rpynu 1 MatoTh MIKpOTBEPAICTh Y MEXax
314-449 HV 13 Bigxuienusamu 1o 17,8 HV. 3HauHi KoJUBaHHS CBIIYaTh PO JOKAJIbHI

HEOJHOPIAHOCTI ()a30BOTO CKIAAy 4Yepe3 TeMmIepaTypHi mepenagu. Y 3pa3kax rpynu 2
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MikpotBepaicTh y 3TB e Bumoro (380-451 HV) Ta cTabinbHIIION, 13 BIAXUICHHAMHA Y
Mexax +4,4 - £23.9 HV. 3pazok 6 neMoHcTpye HaWBUILY MiKpoTBepaicTh y 3TB (451 +
23,9 HV), mo cBiAUuTh NOpO pPIBHOMIpPHE MPOTIKAHHA JU(PY31HHUX MPOIECIB 1
(dhopmyBaHHS piBHOBaXKHOTO 0+ cTaHy.

AHali3 MIKpOTBEPJIOCTI 30H HaIUIaBleHHs, TepMmiuHoro BIUuBy (3TB) ta 30H 3
BIJIMIHHOIO TPABUMICTIO y 3pa3kax 1-6 mokazaB y3roj>K€HICTb OTPUMAHUX PE3yJIbTATIB 13
JITepaTypHUMHU JNaHUMHU. 30Kpema, 3rigHo 3 [l], P-dpa3za y TuTaHOBHX cruiaBax
XapakTepu3yeThcsi MIKpoTBepaicTio y Mexkax 250-300 HV, toxi sk a-paza Mae Buury
MikpoTBepaicTh — 350-400 HV. V¥ 30H1 3 BiAMIHHOIO TpaBUMICTIO (3pa3ku 1, 2, 3 Ta 6)
3HAQ4YEeHHSI MIKPOTBEPIOCTI KoiauBanucs y mexax 325-340 HV, mo Bka3zye Ha HasgBHICTb
3IMIIKOBOT [-(a3u, sika HEe 3a3Hajla MOBHOIO NEPETBOPEHHS MijJ] 4ac JIOKAJIbHOL

TepMiuHO1 00poOKku (puc. 3.21).

CepenHni 3Ha4eHs1 MiKpOTBepAOCTi 3pa3ka 1

470
460
450
440
430
420
410
400
390
380
370
360
350
340
330
320
310
300

Mikpotsepaicts, HV

HaIUIaBKa misMa 3TB OCHOBHHUH MeTal

Pucynok 3.21 - Po3noain MikpoTBep0CTi 30H HamiaBieHHs, 3TB Ta ocCHOBHOTO

MeTaly 3pa3ka | micis J0KaabHOI TEPMIYHOT 00pOOKH

VY crarti [110] HaronouryeTbes, MO YIOBUIBHEHE OXOJOMKEHHSI a00 JOKaIbHUM
neperpiB COpusiOTh cTadlIizallii B-dasu, sika MoXKe 3aJIMIIATHCS Y CTPYKTYpPl MaTepiany.
[le OyJyi0 MiATBEPAKEHO MPOBECHUM JOCTIKEHHSIM, Y 3pa3kax rpynu 1 30Ha 3 IIsIMOIO
MaJjia 3HaYHO HUKYY MIKPOTBEPAICTh MOPIBHSIHO 3 IHIIMMH 30HAMH YEPE3 HEPIBHOMIPHHUM

posnoain ¢azoBoro ckiaamy. 3pa3ok 6 (rpyma 2), e TaKOX CIIOcTepiramacs 30Ha 3
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IJISIMOIO, TIOKAa3aB JIEHI0 BHUIY MIKpPOTBEpAICTh y 1k 30H1 (340 HV), mo Bkazye Ha
JaCTKOBE MEPEeTBOpPeHHsS B-(da3u Ha PIBHOBAXHMM 0O+ CcTaH 3aBASIKHA ONTHMI30BAaHUM

rapameTpaM TepMiuHoi 00pooku (puc. 3.22).

CepenHi 3Ha4eHs1 MIKPOTBepPAOCTi 3pa3ka S

500
490
480
470
460
450
440
430
420
410
400
390
380
370
360
350
340
330

Mixkpotsepaicts, HV

HarjaBKa 3TB

Pucynok 3.22 - Po3nofin MikpoTBep10CT1 30H HaruiaBieHHs Ta 3TB 3pa3ka 5 micis

JIOKaJIbHOI TEPMIYHOI 00pOOKH

VY 30H1 Tepmiudoro BmuBY (3TB) 3pasku rpynu | neMOHCTpyBaJi 3HA4HI
KoNuBaHHsI MikpoTBepaocTi (314-449 HV), mo cBiAYUTH NPO JIOKAJIbHI CTPYKTYpHI
HEOJHOPIAHOCTI. Y 3pa3kax Tpynu 2 3HayYeHHd MikporBepaocti y 3TB Oynu
crabutpHiUMH (380-451 HV), mo Bkasye Ha edekTuUBHIIIE NPOTIKAHHS TUPY3IHHUX
niporieciB. OcoOIMBO 1€ TIOMITHO Y 3pa3Ky 6, /e HaWBHIIl MOKAa3HUKHA MIKPOTBEPIOCTI Y
3TB (451 HV) cBiguath nipo sikicHe (OpMyBaHHSI piIBHOBaXKHOTO 0+ cTaHy.

Hani [107] miaTBepaKyroTh, 110 MPABWIBHUN KOHTPOJb NapaMeTpiB TEPMIYHOL
00pOOKHU € KIIIOYOBUM [ YHUKHEHHSI KPYITHO3€pHUCTOI 3-(ha3u y 30H1 HAIUIABIEHHS Ta
3MEHIIEHHS 30H 13 HU3bKOIO MIKPOTBEPICTIO. L{e y3romKxyeTbcs 13 BUCHOBKAMH 11010
3pa3kiB rpynu 2 (4-6), ikl IeMOHCTPYBaJIM CTaOUIbHI 3HAYEHHS MIKPOTBEPIOCT] Y BCIX
30HaX.

PesynpraTn anamizy mikponuridiB moka3aiu, 0 30Ha HATUTABJICHHS BCiX 3pa3KiB
CKIaganacs 3 BeNUKUX BUTIATHYTUX B-3epeH (500-600 MxM), OpiEHTOBaHUX Y HAMPSIMKY
TEIUTIOBIIBEACHHS, 3 BI/IMAHIIITETOBOIO CTPYKTYPOIO, 110 chopMyBatacs uyepes tudy3iiHe
nepeTBopeHHs B-a3u mix yac mokanbHOI Tepmiunoi 00pooku (JITO). [lmacturuacra a-

daza yTBOpmIIacs BHACHIIOK YAacCTKOBOTO pO3Magy MapTEeHCUTHOI o'-pa3u micis
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rapTyBaHHs, 110 € TUTIOBUM 715l pexxumiB JITO. ¥V nepmiomy 3pa3ky nepeBaxkae a-¢asa,
y ApyTOMY Ta YE€TBEPTOMY 3pa3Kax CIIOCTEPIra€ThCs Maiyke PIBHOMIPHUHI po3noaLi ¢as,
0 BKa3zy€e Ha pI3HI PEXKUMU OXOJIO/UKEHHS. SK MOKa3aHO Ha pUCYHKY 3.23,
MIKPOCTPYKTYpa HAIUIaBJICHOIrO IIapy 3pa3KiB JABOX I'Pyl Majia BIAMIHHOCTI: y MepuIiil

rpymi 3pa3kiB o-macTuHu Oynu 361npiennMH. Le, iMOBIpHO, OB'S13aHO 31 30UTBIIICHHSIM

yacy BuTpuMku mij gac JITO.

Pucynok 3.23 - MikpocTpykTypa obnacti HamiasieHHs micist JITO 3paska 1 (a), 3 (0)

Ta 4 (B)

V¥ Ouemocti 3pa3kiB y 3TB micis JITO chopmyBanacs nBodazHa cTpykTypa, 10
ckinaganacs 3 o- Ta P-¢pa3. PopMmyBaHHS TaKOl CTPYKTYpH 3YMOBJIEHE NOBLIBHUM
OXOJIO/DKEHHSIM 3pa3KiB Ha MOBITPl MiJ 4Yac BIANANY, IIO CIPHUSAIO MEPETBOPEHHIO

BHUCOKOTEMIIEpaTypHOi B-(a3u y piBHOBaXXHY 0-(a3y Ta 3aIUIIKOBY MAaTpHUIliO B-dasu.

10 nik R 10
0 MKM : MKM

Pucynok 3.24 - Mikpoctpyktypa 3TB nicns JITO y nentpanbHiii 3011 3pa3ka 1, (a),
nepexiaHii 3081 Mk HariaBieHHsM 1 3TB 3pa3ka 3 (0) Ta B leHTpalbHii 30H1

3pazka 4 (B)
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BUCHOBKH

HocnimkenHss 3paskiB 31 craBy BT22, ski mnpolnuiM  BiIHOBIIIOBAJIbHE
HaIUIaBJICHHS 13 BUKOpUCTaHHAM mpucanHoro apoTy CII15¢B Ta ogHakoBY JIOKAJIbHY
TepMiuHy 00poOky (JITO), moka3zano, 110 TEXHOJIOT1s HaIIaBiIeHHs y noeaHanHi 3 JITO
31aTHa 3a0€3MEYUTH BUCOKY SIKICTh HaIlJIaBlIeHOro mapy. HamnaBlieHHs y cepeloBHIIi
aproHy IMiJ BIUIMBOM 3MIHHOTO MAarHiTHOTO TOJISI JO3BOJUJIO JOCSITTH PIBHOMIPHOL
CTPYKTYpH 30HU TepMiuHOTro BIUIMBY (3TB), MiHIManbHOI KUIBKOCTI TIOP J1aMETPOM J0
0,1 MM Ta cTabUIBLHOCTI CTPYKTYpHU HAIUIABJICHOTO HIapy, [0 MO3UTUBHO BIUIMHYJIO Ha
MEXaH14HI1 BJIaCTUBOCTI 3pa3KiB Apyroi rpynu (4, 5, 6).

PesynbraTn anamizy nutidis 3pa3kiB 1-6 mokazanu, mo 3pa3ok 4 AeMOHCTPYBaB
MaKCHUMAaJIbH1 HAaMpalfoBaHHs MiJ] 4ac BTOMHUX BUIPOOYBaHb 3aBISKHM HaWKpallum
XapaKTepUCTHKaM cTpyKTypu. Moro 3TB xapakTepu3yBanacs piBHOMipPHOIO CTPYKTYPOIO
Ta cTabuIbHOIO MikpoTBepaicTio (408-418 HV), mo 3a0e3meunsio miaBHUM Mepexia MK
30HAMHU Ta BIJICYTHICTh 3HAYHUX MTOBEPXHEBUX JEe(PEKTIB.

VY Toit e uac 3pazku nepioi rpynu (1, 2, 3) mokaszanu ripii pe3yJabTaTu Yyepes
BHCOKUU PIBEHb MIOPCTKOCTI MOBEPXOHb, HASBHICTh TMUOOKUX PUCOK (A0 25 MKM) i
MOBEPXHEBUX Je(DEKTIB, fAKI CHOPUSIM KOHUEHTpalll HAaNpy>KE€Hb Ta IIBUJIKOMY
yTBOpeHHIO TpimuH. Y 3TB 1mux 3pa3kiB crnoctepiraiacs 30Ha 3 BIIMIHHOIO TPABUMICTIO
(«mmamay), 10 XapakTepu3yBajacs MIIBUIIEHUM BMICTOM [-(a3u, JIoKaIbHUMU
XIMIYHUMH HEOTHOPITHOCTSIMHU Ta 3HIKEHOIO MIKpoTBepaicTio (325-335 HV), mo Takox
HETaTMBHO BIUIMBAJIO HA JOBTOBIYHICTb.

3pa3ok 6, xo4a 1 MaB 30HY 3 BIJIMIHHOIO TPaBUMICTIO, IPOJIEMOHCTPYBaB 3HAYHO
kpanty mikpoTtBepaictb y 3TB (380-451 HV) ta mennry KinbKicTh MOBEpXHEBUX JIe(HEKTIB
y TmopiBHAHHI 13 3pa3kamum Trpynu 1. Ile nmo3Bonmio 3a0e3meunTd  TpUBATY

mpare3aTHICTh, X04a 1 HIKUY, HIXK Y 3pa3ka 4.
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PO3 1)1 4 OcodauBOCTI MIKPOCTPYKTYPH Ta BJIacTHBOCTel criiaBy BT22 min
BILINBOM HAIUIABJIEHHS ApoTOM BT22¢B Ta TepmMiuHOi 00p0o0OKH

Jnst 3pydHOCTI aHami3y OTpUMaHHMX pe3yJIbTaTiB MICIS MPOBEICHHS BTOMHUX
BUNPOOYBaHb 3pa3ku 31 ciiaBy BT22 Oynu po3aineHi Ha 1Bl TPYNH 3aJI€KHO BiJl MICLS
3apoJIKEHHS MOYaTKOBO1 30HU pyiHyBaHHs. [lepiia rpyna ckiananacs i3 TpbOX 3pa3KiB,
y SKUX pyiHyBaHHS B1I0OyBajocs Yy 30HI CIUIABJIEHHS OCHOBHOI'O MeETally 3
HariaBlieHHsM. J[pyra rpyna BKJIto4ana 3pa3ku, y SIKHX pyHHYBaHHS pPO3MOYUHAIIOCH 3
orBopy. Takuil miaXix  J03BOJMUB  BUOKPEMHUTH  cHenudiuHi  0CcOOIMBOCTI
MIKPOCTPYKTYpPH, MEXaHIYHHMX BJIACTUBOCTEH Ta XapakTepy pyHHYBaHHS 30H, IO

HalOUIbIIIE M1/I/TaBaJIKCS BIUIUBY HAMPYXKEHb M1 4ac BUIPOOyBaHb, AUB. TaOMHINO 4.1.

Tabmuns 4.1 - HampamroBanHs 3pa3kiB  MICAS TMPOBEICHHS BTOMHUX
BUIPOOYBAHb
No 3pazka N, uKI.

1 3917

['pyna 1 2 7054
3 6378
4 14874

['pymna 2 5 28388
6 14192

Po3nmogin 3paskiB Ha Bl Tpynd J03BOJUB [JE€TalIbHO JOCIIJUTU BILIUB
HariaBiieHHs ApoToM BT22c¢B Ta nokanbHOi TepMiuHOi 00poOku (JITO) Ha hopmyBaHHS
MIKPOCTPYKTYpU Ta MEXaHIUHI BJIACTUBOCTI CIUIABY. 3pa3Ku JAPYroi Ipynu MOKa3au
3HAQYHO BHIIII MOKA3HUKU HAIPaIIOBaHb, 1110 OB’ 3aHO 31 celu(iKo0 CTPYKTYPH B 30HI
HaIUJIaBJICHHS Ta MiJATOTOBKU OTBOPIB. AHAJII3 30H, /i€ MOYUHAJIOCA PYHHYBaHHS, BUSIBUB
CYTTEBUU BIUIMB napamMeTpiB HariaBieHHs Ta JITO Ha cTiiikicTh MaTepiainy 10 BTOMHHUX

pyitHyBaHb. 4.1 Anani3 nedekTiB HAMJIABJICHHS Ta 1X BIUJIMB HA 3aPOJI>KEHHS TPIIIHH.
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4.1 BriuiuB reoMetpii Hamu1aBJieHOro mapy, 3TB Ta mopcTkocTi NoBepxHi 0TBOpPY Ha

HANPAINBAHHS 3pa3KiB APYroi rpynu

JedexTu HamiIaBlIeHHS Ta CTaH IOBEPXOHb € KIHYOBUMHU (HaKTOpamH, M0
BILUIMBAIOTh HA 3apOJIKEHHS Ta PO3BUTOK TPILIMH y MaTepialiax, siki 3a3HaI0Th IIUKJITYHUX
HaBaHTaXeHb. AHali3 3pa3KiB MicIs BTOMHHUX BUIPOOYBaHb OyB CHpPSIMOBAHMM Ha
BUSIBJICHHSI XapakTepy JAe(eKTiB y 30HaX CIUJIABJICHHS Ta CTaHy MOBEPXHI OTBOPIB, SKI €
OCHOBHUMHM 30HAMU KOHIIEHTpAI[li HAPYKEHb.

3pa3ku nepioi rpynu: s 3pa3kiB mepuioi rpynu pyHHyBaHHS BIIOyBajocs y
30HI1 CIUIABJIEHHS OCHOBHOIO METally 3 HalllaBieHHsAM. L{g 30Ha 3a3HaBajia 3HAYHOIO
BIUIMBY I[MKJIIYHUX HaBaHTaXe€Hb, 1 caMe 1 CTaH BH3HA4YaB KIHIIEBI PE3yJbTaTH
BUNPOOYBaHb. JoCHIIKEHHsI CTaHy TOBEPXHI OTBOPIB Y LHMX 3pa3KaxX HE MPOBOANIOCH,
OCKUIbKM 3apO/KEHHSI TpIIMH OyJ0 JIOKajdi30BaHE BUKIIOYHO Y 30HI CIUIABJIEHHS.
OcHoBHa yBara 0yJia 30cepe/IkeHa Ha MAKPOCKOMIYHOMY aHalli31 30HH CIUIaBJICHHS, sIKa
BUSIBMJIA OCHOBHI JIe()EKTH, IO BIUIMHYJIN HAa 3HUKEHHS JOBTOBIYHOCTI IMX 3pPa3KiB.

3pa3ku Apyroi rpymnu: Y 3paszkax Apyroi rpynud pyHHYBaHHS PO3MOYMHANIOCS 3
oTBOpiB. JIOCHIPKEHHS MaKpOCTPYKTYpH TIOKa3alo, IO IOBEPXHS OTBOPIB Maja
3riaapKeHnid penbed 6e3 cyTTeBuUx MedeKTiB, siIKi MOTJIM O CTaTh KOHIEHTPATOpamMu

HarnpyxeHb (puc. 4.1).

3pazok 4

3pazok 6

PucyHnok 4.1 - 30BHILIHINA BUIJISA OTBOPY 3pa3KiB APYroi rpynu
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[ITopcTKiCTh MOBEPXOHB BIAMOBI/Ialia TEXHIYHUM BUMOTAaM KpPECIEeHHsI, Xoua 0yjo
3a()iKCOBAaHO PHCKH TAMOWHOIO A0 4,1 MKM, IO CBIIYWTH HPO BIUIMB MEXaHIYHOI
0o0poOku. He3Baxkarounm Ha 1€, CTaH MOBEPXOHb OTBOPIB 3a0€3MEUUB PIBHOMIPHUUN
pPO3MOJII HAMpyKEeHb, IO CIPUSUIO Kpallliii JOBTOBIYHOCTI 3pa3KiB JPYyroi rpymw.

Pe3ynbTaTu BUMiprOBaHb apaMeTPiB MIOPCTKOCTI HaBEIEHO y Tab. 4.2.

Tabnus 4.2 - Ctan noBepXHi OTBOPY 3pa3KiB Micisi BTOMHOTO PYWHHYBaHHS

No 3pazka | IllopcTkicTh mOBepXHi OTBOPY, Ra | ['muOuHa pucok B OTBOPi, MKM
4 0,25...0,32 3,0
5 0,36...0,64 4,1
6 0,32...0,36 3,3

Takuil miaxig A0 aHami3y J03BOJMB PO3AUIMTH BIUIUB PI3HUX (DAKTOPIB Ha
JIOBrOBIYHICTh 3pa3kiB. JJig mepuioi rpynud OCHOBHUM BIUIMB Malid Ae(EKTH Yy 30HI
CIUIABJICHHSI, TOAl SK JJiA APYroi rpynu KIOYOBUM (DaKTOpPOM CTaja SIKICTh IMOBEPXHI
OTBOPIB, SIKa CIpUsiia MIJBUILIEHHIO CTIMKOCTI JJO BTOMHOTO PYWHYBaHHS.

Byno BUsiBIIEHO HE3HAUHI BIAXWJICHHS Yy KIHIIEBUX PO3MipaxX HAIJIABJICHOIO IIapy
Ta TIMOUHI 30HU TepMmiyHOro BIUuMBY (3TB) nmna 3paskiB Apyroi rpymnu, siki MOIJIH
BIUIMHYTH Ha PE3yJIbTaTH HANPAIIOBaHb I YaC BTOMHHUX BUIMIPOOyBaHb. BigMIHHOCTI Yy
TOBILMHI HaIJIaBlieHOro mapy Ta rimbuni 3TB Mornu cupyud4vMHUTH JTOKalbHI 3MIHU B
pO3MOAUT HaNpy>XeHb, IO BIUIMBAJIO Ha MEXaHIYHI BJIACTUBOCTI Ta JOBIOBIYHICTH
Marepiaiy. 30Kkpema, HepiBHOMIpHA riuOruHa 3TB Morna npu3BouTH 10 YTBOPEHHS 30H
13 MIJBHUIIICHOIO KOHIICHTPAIIIEI0 HAIIPY>KEHb, 1110 3HU)KYBAJIO PECYpPC OKPEMHUX 3Pa3KiB.

AHai3 JaHux 3pa3kiB apyroi rpymnu (Tadu. 4.3) mokaszas, 10 BOHU Ml BITHOCHO
CTaOUIbHY TOBUIMHY Ta TJUOWHY HAIUIABICHOTO IIapy, OJHAK CHOCTEepIramucs
BIIXUJICHHSI, HAanpuKJaj, 30uibimends rmuounu 3TB no 3,0 mm y 3paszky 6. Ile morio
OyTH 3yMOBJICHO JIOKAIbHUMU TEMIIEPATYPHUMHU IPAJI€HTAMH IT1/] YaC HAIIaBJICHHS, 10
BUKJIMKAJIO JIOKAJIbHI MEpEenaad y BIACTUBOCTAX MaTepialy. 3pa3ok 5, 13 CepeHbOIO
rmbunoro 3TB 2,25 MM Ta MiHIMadbHUMHU BIAXWJEHHSIMHU Yy TOBIIMHI IIapy,

MPOJIEMOHCTPYBaB HaiBUILll HampaioBaHHg (28388 1MKIIB), MO CBIAYUTH PO
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BAXKJIUBICTh CTAOUIBHOCTI TE€OMETPUYHUX XAPAKTEPUCTUK HAIUIABICHOTO IIapy MJis
MOKpPAIIEHHSI TOBTOBIYHOCTI.

VY tabnuui 4.3 HaBelAeHO CepeAHl 3HAYEHHS PO3MIPIB HAMIABJICHOTO IIapy,
rmmouan 3TB Ta 3araibHOl TOBIIMHM 3pa3KiB JIPYroi TPymHH, IO JO03BOJISIE OIIHUTH
3B'A30K MIDK TE€OMETPUUYHMMHU XapaKTEPUCTUKAMHU HAIUIaBJICHHS Ta pe3yjbTaTaMu

BTOMHHX BUIIPOOYBaHb.

Tabmuns 4.3 - Cepenni 3HayYeHHS 30H, W10 YTBOPWJIMCS MiJ 4ac

BIJIHOBJIIOBAJILHOT'O HaIlJIaBJICHHAT

No N, Cepenns rmubuHa Cepenns rimubuna | ToBmuHa 3paska,
3paska | UMKIL. HAHECEHOT0 11apy, MM 3TB, mm MM

4 14784 1,25 2,75 6,8

5 28388 1,25 2,25 6,7

6 14192 1,5 3,0 6,7

TakuM 4YWHOM, PE3yJIbTAaTH aHAI3y IOKA3yHOTh, IO BIAXWIEHHS y TIMOMHAX
HariaByieHoro mapy Ta 3TB mis 3paskiB pyroi rpynud Maid 3HAYHUN BIUIMB Ha
JOBroBiYHICTh MaTepiany. OntumansHa riubuna 3TB, sk y 3pa3ky 5, copusiia
PIBHOMIPHOMY PO3MOJILTY HAMpPY>KEHb 1 MOKPAIICHHIO €KCIUTyaTalltHUX XapaKTEPUCTUK

Marepiany.

4.2 JochaigxeHHs TPIMH Yy 30HI HAIUIABJIEHHA Ta TEePMIiYHOI0 BILUIMBY 3a

MAKPOCTPYKTYPHHUMHU 03HAKAMH

PyiinyBaHHs 3pa3KiB HepIIOi TPyHH BIAOYBAJIOCSA y 30HI CIUIaBJIEHHS OCHOBHOIO
MeTaldy 3 HarulaBleHHMM mmapoM. lle Oyno 3yMOBIEHO HEJOCTATHIM 3aXHCTOM
3BapIOBaJIbHOT BAHHU I1]] YacC HAILJIABJIICHHS y CEPEOBUIII i1HepTHUX ra3iB. HemocTaTHiit
3aXHUCT aprOHOM CIIPUYUHSAB KOHTAKT PIAKOrO0 METaly 3 KHMCHEM 1 a30TOM MOBITPS, LIO0

MPU3BOAMIIO JI0 YTBOPEHHS OKCHU/IIB 1 HITPHU/IIB HA TOBEPXHI 1IBa. Taki CIIOTYKHU HE TITbKH
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NOTIpUIYBAJIM 3MOYYBAaHHS, ajle W 3HWKYBAJIM TIJIMOMHY MPOIUIABIEHHS OCHOBHOIO
MeTaiy, 10 € KpUTUYHUM JJ1s1 (POpMYBaHHS SKICHOTO 3’ €THAHHSL.

O3HaKOI0 HEIOCTATHHOT'O 3aXMCTY M1/ Yac HaIIaBiIeHHs OyJH KOJIbOPU IUIMHHOCTI
Ha MOBEPXHI 3J7aMiB, SIKI BKa3yBaJlM Ha MPUCYTHICTb OKCUJIHUX 1 HITPUAHUX IUTIBOK. L1
IUTIBKY CTaBaJIM KOHLIEHTPATOPaMHU HaIPYyKE€Hb, 3HAYHO 3HUKYBAJIU MILHICTh 3’ € JHAHHS

Ta CIOPUSUIIM NIEPEIIACHOMY PYHHYBaHHIO (puc. 4.2).

3pazoxk 1

Pucynok 4.2 - 30BHIIIHIN BUMIISA 3pa3ka 1, 1o 3pyiHyBaBCs B IPOLIECl BTOMHHUX

BUIIPOOYBAHb

3pa3ok 1 MaB HalOUIBII OKHUCJIEHY MOBEPXHIO Yy 30HI CIUIABJICHHS, 10
COPUYMHUIIO HAWHMKY1 MMOKA3HUKHM HAIpalloBaHb O PYWHYBaHHS CEpell YCiX 3pa3KiB
nepioi rpynu (3917 uukimib). Lle miaTBepAKEHO MAKPOCTPYKTYPHUMH JOCTIIKEHHIMU
(puc. 4.2).

TpillMHU PO3BUHYJMCS MO Kpar 30HU IUIaBJIEHHS, 1€ Oyiau 3a(iKCoBaHI TpHU
OCHOBHI 30HH (puc. 4.3):

- riagka, OJMCKy4ya 30Ha 3 KOJIbOpAMH IUIMHHOCTI: HAABHICTh IMOOJAMHOKUX
CTOBITYACTUX 3€PEH, Kl CIPUSUIM JIOKATI3allll HAMPYXEHb 1 KPUXKOMY PYWHYBaHHIO.
Pucku Bin MexaHiuHO1 0OpOOKHM MMa3iB mepe] 3BapIOBAHHSM CBIAYMIM MPO HEJOCTATHE

CILIaBJICHHS,
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- TeMHa 30Ha 3 rpyoum makpopenbepom (3TB): 30Ha 13 3HAUHUMHU 3MiIHAMU
CTPYKTYpH TiJi BIUIUBOM BHCOKHX TeMmieparyp. Makpopenbed BKa3zyBaB Ha
HEOHOPIIHICTh TEPMIYHUX MPOIIECIB;

- TJaJKa MaToBa JOUISHKA 3 KUIBIEBHMMH JIHISMHU BTOMH: 30HA IOJAJILIIOTO

PO3BUTKY TPIIIUHU M JI€I0 [UKIIYHUX HABAHTAKEHb.

36,0

Y

Pucynok 4.3 - 30BHINIHIN BUTIISAT Ta cXeMU Oy0BU 371aMiB 3pa3ka 1

Xapakrep pyldHyBaHHS 3pa3ka 3 OyB CX0kKHUM J10 3pa3ka 1. TpillluHU NOMUPIOBATIUCS

Yyepe3 HEJOCTATHE CIIABJICHHS Ta MPUCYTHICTh OKCUJIB 1 pUCcOK (puc. 4.4).

36,0

Y

Pucynok 4.4 - 30BHIIIHIN BUIIISI Ta CXEMHU OYI0BH 3J1aMiB 3pa3ka 3
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PyiinyBaHHs 3pa3ka 2 mMayio 3MilIaHUM Xapaktep. BoHo BigOyBasiocs sIK y 30HI
CIUIaBJICHHSI, TaK 1 MOOJIN3Y OBEPXHI OTBODY.

OCHOBHOIO MNPUYMHOIO pyHHYBaHHA Oyna mnopa giamerpom 70 MM Yy
HaIUIaBJICHOMY LIapi, Ka CTajla KOHLIEHTPATOPOM HalpyKEHb.

TpimrHa po3BHUBaNACs 4epe3 MOeAHAHHS KPUXKOIO Ta B A3KOI0 MEXaHI3MiB, L0
HiATBEPHKYETHCS MAaKPOCTPYKTYPHUMH O3HAKaMH. Y 30HI HalJIaBJICHHs Oy BUSBJICHI

BTOMHI 30HU Ta MEXaH13MH KPUXKOTO pyiHyBaHHs (puc. 4.5).

3pa3ok 2

36,0

Y

YMOBHI MO3HAYECHHSA:

[ |-30na namnasneHoro marepiany;
[ - 30Ha 3 KOTBOpaMU TUIMHHOCTI;
- 30Ha B’ A3KOI'0 CTaTUYHOI'0 PYWHYBAaHHA,
- 30Ha BTOMHOI'O PYWHYBaHHSI;
[[[]] - 30Ha OCTAaTO4YHOIO PYyHHYBAHHS;
« - HampsMOK PO3BUTKY TPILIUHHU;
y - O0CepeIoK TPIIIUHM.

Pucynok 4.5 - 30BHIIIHIM BUTIISI Ta CXEMU OY0BH 3J1aMiB 3pa3ka 2
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¥V 3pa3kax apyroi rpynu BUSIBICHO 10 JB1 TPIIIMHY, SIK1 PO3BUBAJIKCS B1J] IOBEPXHI
OTBOPiB. MakpOCTPpYKTYpHUM aHaJi3 30H HAIUIABJICHHS 3pa3KiB 4 1 6 MOKa3aB HASBHICTD
nedeKTiB y BUMIISAI MHOKUHHUX Top fiameTpom 0,05 - 0,12 MM, siki Oyiu po3TaiioBaHi
y HaIUIaBJIE€HOMY Iapi mo0au3y OTBOPIB. TpillMHU 3apoKyBaiucsl caMe Bl KX MOP,
Xoua cami TOpY HE BUXOAWIM Ha TOBEPXHIO OTBOPY, IO MIATBEPAXKYETHCS

MaKpOCTPYKTYPHUMHM JOCTIKEHHIMU (puc. 4.5).

3pa3ok 6 3pa3ok 4
nopa © 0,085 mm nopa @ 0,12 mm

HallJlaBKa

3TB

MIOBEPXHSI OTBOPY
MOBEPXHS OTBOPY
v

Pucynok 4.6 - ®otorpadii pparMeHTy 371aMiB ABOX 3pa3kiB 4 Ta 6 3 mopamu B

HaIJIABJIICHOMY IIapi BiJl AKUX MTOYABCS PO3BUTOK BTOMHHX TPIIIUH.

Ha Bigminy Big 3paskiB 4 1 6, y 3pa3ky S5 TpIIIUHU 3apOKyBaJHCs y 30HI
TepMiuHoro BIuMBY (3TB). ¥V 30H1 HamnaBleHHS bOTO 3pa3ka TaKOXK CHOCTEPIraiucs
MOOJIMHOKI opu AlamerpoM 110 0,05 MM, SIK1 CIIyryBaJId KOHIIEHTPAaTOpaMHu HaIpy>KEHb.
OnHak OCHOBHA 30HA 3apODKEHHS TPIMIUH po3TamoByBajacs y 3TB, mo moxHa
MOSICHUTH JIOKATbHUMH CTPYKTYPHHUMHU HEOJHOPIAHOCTSIMHU, XapaKTEPHUMU ISl Li€l
30HU.

Makpodpakrorpadiuynuii aHai3 371aMiB 3pa3kiB 4 1 6 MoKa3as, M0 TPIIIUHU Y TUX
3pa3kax 3apoJKyBajucsi BiJ MOp MOOJHU3Yy OTBOPIB 1 PO3BUBAIUCS 3a 3MINIAHUMHU
MEXaHI3MaMH KpPUXKOro Ta B’S3KOro pyWHyBaHHs. IlouaTkoBi 30HM TpiUIUH
JIEMOHCTPYBaJu O3HAKM BTOMHOTO IMiJIPOCTaHHA, IO CBIAYUTH MPO KOMOIHOBAHUIA

XapakTep PO3BUTKY TPIIIHHHU.
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[Ipn nocsrHeHHi 30HU TepMiyHOro BmMBY (3TB) moBepxHs 3mamiB craBaia
HEPIBHOMIPHOIO, 1110 OYJIO MOB’S3aHO 3 MIKPOCTPYKTYPHUMHU 3MiHAMHU Ta M1JBUILEHOIO
KOHLIEHTpaui€ro HanpyxeHb. Y 3TB BuABIsuIMCS Takl O3HAKHU:

- B’s3Ke pYyHHYBaHHS: MPOSIBISLIOCS Yepe3 IUIACTH4YHI JedopMaliii maTepiaiy
HABKOJIO TPIILMHH, 1110 CBIIYUTH PO JIOKAJIbHY IJIACTUYHY aJalTallio 0 HABAaHTAKCHHS;

- KpUXKE pyHHYBaHHSA: CIIOCTEPIranocs SK IHTEPKPUCTAIITHO MO MEXax [-3epeH,
TaKk 1 TPAHCKPHUCTAJITHO dYepe3 €JNEeMEHTH CTPykTypu. Ha 3aBepmanbHiil cramii
pYWHYBaHHS 3 SBIISTUCS JUISTHKA SMKOBOTO MiKpopenbedy i3 3anumkamMu (aceTok,

XapaKTEPHUX JJI1 KPUXKOTO PYWHYBaHHS.

3pasok 4

4 = D) V77777777077 A

AKX
=

ERERTENE 7/ /1111, A

707 A

LA, % 7
7K /// 747N,

36,0

»i
<

»

Pucynok 4.7 - 30BHIIIHINA BUIIISA Ta CXEMU OyJIOBH 371aMiB 3pa3KiB 4, 6 1pyroi rpynu
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Ha Bigminy Bim 3paskiB 4 1 6, y 3pa3ky S5 pyHHyBaHHS BiOyBaJioCs y 30HI
TEPMIYHOIO BIUIMBY MOOJM3Y HariaBieHoro mapy (puc. 4.8). IloBepxHs 3mamy mana
OUIBIN 3TIaKEHUN pesbed, 10 BKAa3ye€ Ha MIJBUILECHY IUIACTUYHICTD I1i€i 30HU. Taka
MOBEJIIHKA MOKe OyTH MOB’si3aHa 3 piBHOMIpHIMM (a3zoBum ckiaaom 3TB y 3pasky 35,

a TAaKOK MEHIILIOI0 KOHIIEHTpaIli€ro Ae(EeKTIB.

3pazok 5

»

A

12,6 &
Y

%‘7///// // /
////‘/// "/ f

i \

14,2

3

\
Y

A
Y

36,0

Y

YMOBHI NO3HAYEHH:

[ ] -30Ha HammaBIEHOTO MaTepiany;

T T

] -30Ha KPUXKOTO pyHHYyBaHHS
//// - 30Ha B’A3KOr0 CTaTUYHOr0 pyHHYBaHHS;
- 30Ha 3MIIIAHOTO PyHHYBaHHS (BTOMHO-B’SI3KOTO0);
- 30Ha OCTaTOYHOTO PYWHYBaHHSI;
—, - HampsIMOK PO3BUTKY TPILIUHU;
« - OCepeloK TPIIUHH.
Pucynok 4.8 - 30BHINIHIN BUTTISA Ta CXEMU OyJ0BH 371aMiB 3pa3ka 4 Apyroi rpynu
VY xoni nocaipkeHHs 3pa3KiB Mepiioi rpynu Oyjao MPOBENECHO JeTalbHUM aHaTi3
OCEpENKIB 3apOJDKEHHS Ta 30H MOAAJIBIIOr0 PO3BUTKY TPIIMH. BukopucTaHHs
CKaHYBaJIbHOTO E€JIEKTPOHHOI'O0 MIKPOCKOIA JO3BOJUJIO BUSBUTH KJIIOUOBI Makpo- Ta
MIKPOCTPYKTYPHI OCOOJIMBOCTI MEXaH13MIB pyWHYBaHHS.

Ha moyaTkoBHX AUIsSHKaX TPIIUMH OYyJio 3a(iKCOBaAaHO MIKpOpenbed 13 OKpeMHUX

CTOBITYACTUX 3€PEH, SIKI pyHHYBalMCsS 3a MEXaHI3MOM 3JUTTS Mikpornop. Ha mmx
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TUISTHKaX 4YITKO 17€HTU(IKyBaJMCs TJaJKi 30HU HECIUIABJICHHS 3 BUAMMUMU CIIJIaMU
MEXaHIYHOi OOpOOKH, WMOBIPHO, YTBOPEHHUMHU MiJ 4Yac MIATOTOBKH Ta3iB TMepen
HarutaBjaeHHAM (puc. 4.9 a).

V¥ 3TB Oyno BUsiBIIEHO 3MillIaHUH MiKpopenbed, 10 CKIIaaBCs 3 3ePHOIPAHUYHUX
(daceTok, AUISTHOK CKOJIy Ta KBasickony. Takuil XapakTep pyHHYBaHHSI CBIAYMUTH PO
CKJIQJIHUM MEXaHI3M, SKWW BKJIOYAa€ IHTEPKpHUCTANIITHE (MO MeXaxX 3€epeH) 1
TpaHCKpUCTaNITHE (depe3 3epHa) pyiiHyBaHHs (puc. 4.9 0).

VY 30H1 OCHOBHOTO METally, sika 3a3Haljla MiHIMaJIbHOI'O TEMIIEPATypPHOTO BILIHUBY
nig yac HamnasieHHs Ta JITO, crpykrypa cmnaBy BT22 3anumanacss 0au3bKOI0 10
MOYaTKOBOi. Y W1 30HI crocTepiraBcsi 0Opo3daTUi MIKpOpPeENbed, XapaKTepHUM IS
CTa01ILHOTO BTOMHOIO MIIPOCTAHHS TPIIIUHU 1] J1€10 [MUKIIYHUX HABAHTAXKEHb (pUC.
4.9 B).

MexaHizmMu pyHHYBaHHS y 3pa3Kax MepIIoi TPyNu BU3HAYAIWCS 30HATBHUMH
OCOOJIMBOCTSIMU CTPYKTYPH Ta HAIBHICTIO MIKPOIe(DEKTiB.

Y 30HI YacTKOBOTO CIUIABJICHHS OyJM BHSBIEHI JePEKTH HECIUIABJICHHS Ta
CTOBMYACTI 3€pHA, SKi CTajdd KOHIICHTPATOpaMH HampyxXeHb. lle copwusuio
JIOKATI30BaHOMY KPUXKOMY PYWHYBAaHHIO B ITUX 30HAX.

VY 30H1 TEPMIYHOTO BIUIUBY pyHHYBaHHS BiJOYBaJIOCS 3a 3MIIIAHUM MEXaHI3MOM,
MOEHYIOUM 3E€PHOTPAHWYHI Ta TPAHCKPUCTATITHI CKOMHM. Taki MeXaHi3Mu Oyiu
00yMOBJICH] BILTUBOM BHCOKHX TEMIIEPATYP, SIKI BUKIMKAIHN JOKAIbHI MIKPOCTPYKTYPHI1
3MiHHU.

Y 30HI OCHOBHOTO MeTajly pyHHYBaHHS MaJl0 BTOMHMM XapakTtep 13
JOBIOTPUBAIMM PO3BUTKOM TpimMHK. bopo3uatuii Mikpopenbed y Il 30HI CBIIYHTH
po cTabiIbHE BTOMHE 3POCTaHHS TPIIIUHU 11T JI€I0 MUKIIYHUX HaBaHTaKEHb.

AHani3 pyHHyBaHHS 3pa3KiB MEPIIOi TPYNHU BHUSBHUB, 110 OCHOBHUMHU 30HAMH
3apO/DKEHHSI TPINIMH € YacTKOBE CIUIABJICHHS Ta 30HAa TEPMIYHOTO BILUIUBY.
Hecmiapnenns, croBmyacTi 3epHa Ta JIOKalIbHI JeEeKTH y HIHMX 30HAX CTBOPIOBAIH
KOHIIEHTpAIlli HaIMpYy>KeHb, CIPUSIOUA KPUXKOMY pPYHHYBaHHIO. Y 30HI OCHOBHOTO

MeTally BTOMHE pyHHyBaHHA OyJio 0OOyMOBJEHO CTabUIBHUM  OOpO3YaTUM
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MIKpOpENbe(OM, IO CBIAYUTH MPO TPUBAIUN PO3BUTOK TPIIIUHU MiJ BIUIMBOM

I_[I/IKJ'Ii‘-IHI/IX HAaBaHTAa>XXCHb.

VEGA) TESCAN

SEMMV:30AV  Date(midy): 012424 11 “AHTOHOB"

Pucynok 4.9 — XapakrepHuii BUJl TOBEPXHI 3J1aMiB 3pa3KiB MEPIIOi IPYIH B 30H1

HariaByieHHs: (a), 3TB (0) Ta B 30HI BTOMHOI'O PO3BUTKY (B).

VY mporueci AOCHIKEHHsI 3pa3kiB apyroi rpynu (4, 5 1 6) BCTaHOBIEHO, WIO
MEXaHI3MH pyHHYBaHHS MaJld 3MIIIAHUI XapakTep, BKIIOYAIOYH MOBTOPHO-CTATUYHUI
MeXaHi3M (MaJOUMKIOBY BTOMY) Ta KpPHXKMH MDK3epeHHHH MexaHi3M. OCHOBHI
OCEpeIKH 3apO/PKCHHS TPIIIMH PO3TAIIOBYBAIMCS y 30HI HaIIaBiIeHHS abo 30HI
tepmiunoro BrummBy (3TB), 3amexHo Bim po3TamryBaHHS AE€PEKTIB 1 JOKAIBHUX
HaIpy’KEHb.

VY 3paskax 4 1 6 TPIMHYU 3apOKYBAIKCS Y 30HI HAIJIABJICHHS BiJI TTOP iaMEeTPOM

0,05-0,12 mm, po3ramoBanux Ha Biactadi 80—100 MKM BiJl TOBEPXHI OTBOPY.
0~0,12

N ,
A

[ \ ’\':( - 5 !
SEMmAG:e3x | WD:1 veans Tescan [l sem mac: 500 x

BI: 17.00 Def BI:12.00
SEM HV:20.0kV  |Date(m/dly): 11/03/23 IT1 "AHTOHOB" SEMHV: 200KV Date(midly): 11/03/23 T "AHTOHOB"

Pucynox 4.10 - Bua nopu B ocepeaxy TpilllMHHU 3pa3ka 4, sika pO3BUHYJIACH B

HaIUIaBJICHOMY IIapl CIIpaBa BiJl MOBEPXHI HEHTPAIBLHOTO OTBOPY.
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[{1 mopu cTamuM KOHLEHTPATOPAaMU HAIPY>KE€Hb, L0 CHPHUSUIO JIOKAII30BAHOMY
3apO/KEHHIO TPIIUMH. MakpOCTpyKTypHI JOCHIJKEHHS MIATBEPAMIIN, IO L1 NOpU HE
BUXOJIMJIM Ha MOBEPXHIO OTBOPIB, ajieé BIUIMBAJIMA HA PO3BUTOK pyihHyBaHHs (puc. 4.10,

4.11).

Pucynox 4.11 - Bua nop B ocepeaxy TpillMHU 3pa3ka 6, K1 pO3BUHYJIUCH BiJl OTBOPY

y HaIIaBJIEHOMY IIap i37iBa (a) Ta crpasa (0) BiJ TOBEPXHI OTBOPY

HasiBHICTh BTOPUHHUX MIKPOTPILIHH, 110 PO3BUHYJIHUCS B1J] IOP, BKa3y€ HA BUCOKY
KOHIICHTPAIlII0 HANpyXeHb y IUX 30HaX, SKi CIyTryBald OCEPEAKaMH 3apOJKCHHS
pyiinyBanHs (puc. 4.12, a). Ha nodaTkoBUX eTamax pO3BUTKY TpIIMH Yy 30HI
HAIUTaBJICHHS CIIOCTEpiraBcs 00po3eHIaCTUI MIKpopenbed, XapaKTepHHM JIsI BTOMHOTO
pyvinyBanHs. lLleit penbed CBiquuTh MpO CTAaOUTBHUN PO3BUTOK TPIIIUH MiA €0

[UKIIIYHUX HaBaHTaXeHb (puc. 4.12, 6).

a B
Pucynox 4.12 - XapakrepHuii Mikpopesbed MOBepxHi 371aMiB 3pa3kiB 4, 6: a) BU
MOYAaTKOBOT'O pyiHYBaHHS B1Jl OPHU MIPHU OUIBIIOMY 301JIbIIEHI; 0) BUA
6opo3zeHyacToro Mikpopenbedy; B) paceTku ckoiy B 3TB; r) B'ss3kuii sMKOBUI

MiKpopenbed B 30HI OCTATOYHOTO PyITHYBaHHS.



115

Y 3TB noBepxHs 37amMiB Maja NEpeBaXHO KPHUXKUI  Xapakrep 13
36pHOTPAaHUYHUMHU (PaceTKaMH CKOJNy, a TaKOX MAUISHKAMU TPAHCKPUCTAIITHOTO
pyitHyBaHHs. BusiBiieH1 SMKOBI1 AUISTHKY CB1AYATH PO B3a€EMO/IIIO MIACTUYHUX 1 KPUXKUX
MeXxaH13MiB pyliHyBaHHs (puc. 4.12, B, 1).

VY 30HI 0CTATOYHOTO PYHHYBaHHS MEPEBaXKaIH MIKpOpPEIbePH KPUXKOTO CKOIIY,
10 BKa3y€ HA 3HIDKEHHS 3AaTHOCTI Marepially 10 IUIAaCTUYHOI ajanTaiii B yMOBax
JIOKaJIbHUX HAIPY>KEHb.

VY 3pa3ky 5 OCHOBHHMI OCepeloK TpimuHu po3TtamoByBaBcs y 3TB mobmm3y
MOBEPXHI OTBOPY. B 30HI HamiaBieHHS TOOIM3Yy OTBOPY TAaKOX CIIOCTepiraiacs
nooAnHOKa mopa aiametpom 1o 0,05 MM, ogHaK BOHa HE Majia CyTTEBOTO BIUIMBY Ha

3apOJKEHHS Ta PO3BUTOK TpimuHM (puc. 4.13).

1HOBEPXHs OTBOPY

TIOBEPXH# OTBOPY

5

(=7 e’ il L YR St . 4 - I
SEM MAG: 200 x WD: 16.97 mm | VEGA TESCAN SEM MAG: 2.0 woitesamm |y

Bl 1400 Det: SE 200 pm B 10.00 Det: SE 20 pm
SEMHV: 10.0kV | Date(midly): 040424 [T "AHTOHOR" SEMHV: 10.0kV | Date{midly): 040424

SEM MAG: 936 x wo:versmm | |yl VEGA3 TESCAN
8t 10.00 Det: SE 50 pm
SEMHV: 10.0AV  |Date{mid'y): 04104124 N "AHTOHOR"

a

Pucynok 4.13 - Bua ocepenkiB TpilyHH 3pa3ka 5, siki po3suHyauchk B 3TB 3m1Ba (a)

Ta crpana (0) BiJ MOBEPXHI OTBOPY.

VY 37ami, B 30H1 HaIUIaBJIEHHs MOOJIM3Yy K MOBEPXHI OTBOPY, (IKCyBanach mnopa
niamerpoM 0,05 MM, ane BOHa CYyTTEBO HE BIUIMHYJIA Ha PO3BUTOK OCHOBHOI TPILIUHU
(puc. 4.14, a).

VY movaTtkoBHX CTajisix pyHHYyBaHHS (iKCyBaBCs 3IVIAUKCHHH MiKpopenbed i3
XapaKTepHUM JUIsi BTOMHOTO PyHHYBaHHS CTPYMKOBHUM BizepyHKoM. Ha Oinbin mi3Hix
eTamnax BUSBIISIBCS OOPO3EHYACTUH MIKPOPETBED, IO CBIIUNTH MPO CTAOTHHUI PO3BUTOK

BTOMHOI TPIIIWHM ITi] MUKJIIYHUMH HaBaHTaXeHHsAMH (puc. 4.14, 0, B).
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[ToBepxHsl 311aMiB 3pa3ka 5 MaJia piBHILIUHI peiabed 13 MEHIIOK KUIBKICTIO ITOP, L0
3a0e3MneuyBajgo0 PIBHOMIPHMM pO3MOAUT HANpyXeHb 1 MOKPAIlyBaJO CTIMKICTh 10
BTOMHUX pyiHYBaHb. HasBHICTB Ip1OHOr0 IMKOBOI'O pENbe]yY CBIAUNUTH PO €PEKTUBHY

MJIACTUYHY aJanTarlito MaTepiany nepea pyiHyBaHHsM (puc. 4.15, 0).

Jlami moBepXHsl 3/1aMiB CcTaBaja OUIbII HEPIBHOMIPHOKO 4Yepe3 MIKPOCTPYKTYpPHI
3MIHHM Ta MiIBHUIIEHY KOHIIEHTPAII0 HanpyxeHb. HasBHICT mockux (paceTox 3epeH i3
YITKUMHU MEXaMH, Ha TIOBEPXHi SAKUX CIIOCTEPIraaucs TEKCTypHI OCOOIUBOCTI Ta AeTai
MOpdoJIOTii KBa3iKpUXKOTO pyHHYBaHHS, MOXE BKa3yBaTH HA HEPIBHOMIPHUI PO3MOILIT
JIETYIOUUX €JIEMEHTIB y 3epHax I 9ac TepMiuHoi oOpoOku 3paska. e Morno cnipustu

YTBOPEHHIO 30H 13 pi3HUMH (Pa3aMu Ta MEXaHIYHIUMH BIACTHBOCTIMHU (puc. 4.14, r).

SEM NV 160NV OMe(mIBY) 0V0WN0

Pucynok 4.14 - XapaktepHi MiKpopesibe(pu MOBEpXHIi 371aMy 3pa3ka 5. a) mopa B
HaIUlaBJeH1, TOOIN3y MOBEPXHI OTBOPY; 0) BTOMHUI MIKpOpPENbe(d HA TEIKOMY
BIJIJAJICH] Bl OCEepeaKa TPIIUHHM; B) B OOPO3EHUACTOr0 MIKpopenbedy; r) paceTku

CKOJIY 3€pEH 3 IUISHKaMU KPUXKOTO pPyHHYBaHHS.

VY 3pa3kax 4, 5 Ta 6 OyJI0 BUSBICHO NOPU Y 30H1 HAIJIABJICHHS, SIK1 BIIPI3HSUIACS
3a po3MipaMH Ta PO3TAllyBaHHSM, IO CYTTE€BO BIUIMBAJIIO Ha MOP(OIOTiI0 MOBEPXHI
pyHHYBaHHS.

[ToBepxHi 31amiB 3pa3kiB 4 1 6 XapakTepU3yIOTbCS MHOXWUHHUMHU MOpPaMH
niametpom 0,05-0,10 MM, 110 cTamum KOHLEHTPATOpaMH HAMpYyKEHb 1 CHPUSIN

dbopMmyBaHHIO SIMKOBOTO Mikpopenbedy (puc. 4.15 a, B). ['mubOoki mOpoXHWHU Ta
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HEpIBHOMIPHUH pesbed CBIIYATh MPO HU3BKUU pIBEHb IUIACTHYHOI Jedopmanii y Hux
30Hax. HasBHICTb CTPYMKOBHUX BI3€PYHKIB Ta SMKOBOTO PENbe]y BKAa3ye€ Ha PO3BUTOK
BTOMHOI'O PYWHYBAaHHS 4epe3 JIOKaJbHY KOHLEHTpALll0 HampyXeHb. Taka CTpyKTypa
oOMeXy€e 3/IaTHICTh MaTepialy e(eKTUBHO aJanTyBaTUCS IO MUKIIYHAX HABAHTAKEHD 1

MMPpU3BOANTH A0 MEPEAHACHOTO 3apOAKCHHS TplIlII/IH

[ToBepxHs 37maMy 3pa3ka 5 AEMOHCTpPYye OUIbII PiBHUM penbed 3 MOOTMHOKHMH
nopamu giamerpom g0 0,05 mm (puc. 4.15 6). BiacyTHicTh 3HAYHOI KiJTBKOCTI TIOP
3a0e3neunsia PiBHOMIPHUW PO3MOMALT HANMpyXeHb 1 MiJBUINIEHUN PIBEHHb IUIACTHYHOI
nedopwmariii. [le mo3Bonmiio MaTepiamy YWHUTH OUTHITUHN OIMip BTOMHUM HaBaHTAKEHHSIM
3aBJSIKM JIOKQJIBHIN TUIACTUYHIN amanTtamii mepen pyidHyBaHHAM. HasBHICTH aApiOHOTO
SMKOBOTO penbe(y CBIAYUTH MPO 3AaTHICTh MAaTepiady BUTPUMYBATH HABAaHTAKEHHS 0€3

YTBOPCHHA 3HAYHHUX

BigmiHHOCTI MiX 3pa3kaMu MOSICHIOIOTHCS XapakTepoM aedopMalrii Ta po3moaiioM
HaIMpY>KEeHb i HaBaHTAXEHHsAM. Y 3pa3kax 4 Ta 6 JIOKalli30BaHI HANMpYy>KCHHS B 30H1
MHOXHUHHUX TOp MPU3BOAWIN 10 OIIbII BUPAKEHOI HEPIBHOMIPHOCTI PO3MOALTY
nedopwmariii, Toai SK y 3pa3Ky S5 pIBHOMIpHUN PO3MOJLT HAaINpYyKEeHb 3a0e3leuyBaB

CTaOUIbHINTY MEXaHIYHY MTOBEIHKY.

SEM MAG: 345 x
B1: 15.00

Pucynox 4.15. - Mikpopenbed nmoBepxHi pylHyBaHHS 3pa3KiB B 30H1 HaIlIaBICHHS

3pazka 4 (a), 5 (6), 6 (B)
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AHaJli3 OBEpXOHb PYWHYBaHHS 3pa3KiB JIPyroi rpynu mokasas, M0 MOpP(dOIoris
TPILIMH 1 XapaKTep pyHHYBaHHS 3aJI€KaTh BiJ] HASIBHOCTI Ta poO3TalllyBaHHS AE(EKTIB y
30H1 HaraBiaeHHd Ta 3TB. VY 3pa3kax 4 1 6 MHOXXUHHI [IOPU CTajJu KOHIIEHTPATOpaMHU
HanpyXeHb, CHOPUSIOUM JIOKAJi30BAaHOMY 3apOJDKEHHIO TPIIIMH 1 3HWKEHHIO
MJIACTUYHOCTI. 3pa3okK 5, 3aBISKHU PIBHIIIOMY penbedy Ta MEHIINA KUTbKOCTI Ae(EKTIB,
JIEMOHCTPYBAaB CTaOIIbHINIY MEXaHIYHY MOBEMIHKY, 110 3a0€e3MeuyBalio BUILY CTIMKICTh

J0 BTOMHHNX HaBAHTAKCHb.

4.3 BnumMB JIOKAJbHOI TEPMiYHOI OOpPOOKM Ha MIKPOCTPYKTYpPY Ta XiMidHY

OI[HOpiIlHiCT]) 30H HAIIJIABJICHHSA Ta TepMi‘lHOI‘O BILVINBY

Jns ananizy BIUTUBY JIOKalbHOI TepMiuHOT 00po0OKku (JITO) Ha KiHLIEBY CTPYKTYPY
3pa3kiB JIpyroi rpynu Oyjo NPOBEAEHO MIATOTOBKY IUII(IB y BHCOTHOMY Ta
MO3/I0BXKHHOMY HampsiMkax. OTpumaHi pe3yJabTaTh JI03BOJIMIIA OLIHUTH PIBEHb

CTPYKTYPHOI OTHOPITHOCTI HATUIABJIEHOTO IIapy Ta 30HU TEPMIUYHOIO BILTUBY (puc. 4.16).

3pa3ok 4 3pa3ok 5 3pa3ok 6

Pucynok 4.16 - ®ortorpadii nutidiB ¢pparMeHTiB 3pa3KiB APYroi rpynu

3pa3ok 4 IEMOHCTPYE  3E€PHUCTY  CTPYKTYpPY 3  BUPAXKEHOW  (pa30BOIO
HeoaHopiaHIcTI0. HepiBHOMIpHUI po3nonaut (a3 1 3HauHI nepenaan y po3Mipi 3epeH €
HACIIJIKOM JIOKaJIbHUX TEMIIepaTypHUX PAJIEHTIB M1J] Yac HAILJIABICHHS Ta MOAAIbIIOL
JITO. Taka cTpykTypa MOXE€ CTBOPIOBATH JIOKaJIbHI KOHIEHTpallli HaMmpy>XeHb, IO

BILUIMBAIOTh HA MEXaHIYHI BIIACTUBOCTI MaTepiany.
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3pa3oK 5 XapakTepHU3y€eThCsl  PIBHOMIPHOIO — MIKPOCTPYKTYpPOIO 3 KpalllOlo
TPaBUMICTIO MOPIBHAHO 13 3pa3kaMu 4 Ta 6. Lle cBITUMTh po OUIBLI OJHOPITHUI TPOLIEC
¢azoBux 3miH mig yac JITO, mo cnpusiio crabuiizaiii MIKpOCTPYKTYpPH Ta MOKPAIIECHHIO
OJIHOPIJTHOCTI MaTepiany.

3pa3zok 6 Mae CTPYKTYpY, sIKa YaCTKOBO MoJiOHa 10 3pa3ka 4, ane 3 MEHIIUMU
nposiBamu (a3oBoi HeOAHOPi1AHOCTI. L{e BKazye Ha MpOMIKHMIA XapaKTep CTPYKTYPH Mixk
3paskamu 4 Ta 5, Mo MOXe OyTH pe3ylbTaTOM MEHII BUPAKEHUX TEMIEPATypPHUX
rpasienTiB mix gac JITO.

VYci 3pa3ku IEMOHCTPYIOTh XapakTepHi BiAMIHHOCTI B MIKPOCTPYKTYpi, SKi
OOyMOBJICHI TO€JHAHHSM YyMOB JIOKaJIbHOI TEepMidHOiI OOpOOKM Ta 0coOIMBOCTEH
npolecy HaruiaBieHHs. BusBieHa HEOOHOPIAHICTD CTPYKTYPH, 30KpeMa y 3pa3kax 4 Ta
6, CBIMUWTH TPO HEPIBHOMIPHUU PO3MOMALI TeIjla Ta XIMIYHHX €JIEMEHTIB y 30H1
HAIUIaBJICHHS Ta TEPMIYHOTO BIUIMBY.

[{i BiIMIHHOCTI MarOTh BaKJIMBE 3HAYCHHS, OCKUTBKH (HOpMyBaHHS MiKpo(ha3oBUX
30H 3HAYHOIO MIpOI0 BU3HAYA€ MEXaHIYHI BIACTUBOCTI MaTepiairy. 3pa3ok 5, 13 HaOLIbII
PIBHOMIPHOIO CTPYKTYPOIO, IEMOHCTPYE Kpammid Oaimanc (a3oBOro CKIATy, IO MOXKE
CTIPUSTH TIBUIIIEHHIO HOTO KCIUTyaTaIliTHIX XapaKTEPUCTHK MOPIBHSHO 13 3pazkamu 4 1 6.

[Tonanbie qOCHiPKEHHS BKIOYAIO IPOBEACHHS PEHTI€HOCTPYKTYPHOTO aHali3y

JUTSl BUBHAYEHHS XIMIYHOTO CKJIaAy Ta CTPYKTYPHUX 3MiH y 30H1 HaruiaBienHs ta 3TB.

—

25um 25um

a §) B

Pucynok 4.17 - @010 MIKpOCTPYKTYp 3pa3KiB B 30H1 HaIUIaBJICHHs 3pa3ka 4 (a),

5(6),6(»)
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Tabmuns 4.4 - Pe3ynapTaTh pPEHTIEHIBCHKOTO XIMIYHOTO aHali3y 30HU

HaIUIaBJICHHS 3pa3KiB APYroi rpynu BiAMOBIIHO 10 MIKPOCTPYKTYp Ha puc. 4.16.

Ne cniektpy Al Ti \Y Cr Fe Mo
3pasox 4 1 3,66 88,49 3,38 0,97 0,75 2,76
2 3,55 88,69 3,32 0,77 0,81 2,86

1 2,95 90,09 2,78 0,73 0,76 2,69

3pa3ok 5 2 2,99 89,90 2,93 0,63 0,80 2,76
3 2,90 89,94 3,11 0,55 0,71 2,79

1 3,61 88,24 3,38 0,85 0,92 3,00

3pasox 6 2 3,60 88,50 3,27 0,88 0,90 2,85
3 3,64 88,08 3,34 0,84 0,94 3,01

4 3,64 88,51 3,35 0,82 0,87 2,82

AHali3 XIMIYHOTO CKJIaJy 30HHM HAIUIaBI€HHS 3pa3kiB 4-6 BHUSIBHUB IIEBHI
BIJIMIHHOCTI y PO3MOAiIl OCHOBHUX Jeryrouux enemeHTiB (Al, Ti, V, Cr, Fe, Mo), mo
MOXYTh OyTH HACHIAKOM NU(PY31MHUX MPOIIECIB M1J] Yac JOKAIbHOT TEPMIYHOI 00pOOKH
(muB. Tab1. 4.4). BMicT TuTaHy € HaitO1IbmKUM y 3pa3ky 5 (90,09 %), 110 CBIAYUTH MPO
OunbIn cTabUIbHUM (DA30BUM CTaH y CTPYKTYpl HAIUIaBJICHHS, TOML SIK y 3pa3kax 4 Ta 6
HOro KOHIIEHTpallisl KOoJuBaeThbcs B Mexax 88,08—88,69 %. BmicT amomiHiio, SKui
BiJIirpae poJib O-CcTaduLII3aTopa, € HIWKYUM Yy 3paszkax 5 (2,90-2,99 %) nopiBHSHO 13
3pazkamu 4 ta 6 (3,55-3,66 %), MmO MOKE BKa3yBaTH Ha HEOJHOPIAHUN PO3MOALT
¢dazoBux ckianoBux micag JITO. Bananiid, sk P-ctabinizaTtop, 1€eMOHCTPYE CTaOlIbHI
3HayeHHs y 3paskax 4 (3,32-3,38 %) T1a 6 (3,27-3,38 %), Tomi SK y 3paskax 5 ioro
KOHIIEHTpAIlisl KOJUBAETHCS Y MMUpIIOMY AianasoHi (2,78-3,11 %), mo Moxe BIUIUBATH
Ha Qa30BU CKJIaJ MaTepiamy.

BwmicT xpomy, SIKHil CIIpHsi€ MiIBUIIEHHIO KapPOMIITHOCTI, € HAWHIKYUM Yy 3pa3Ky
5 3 (0,55 %), mo moxke OyTH HACHiKOM HOTO cerperarii mij Jyac OXOJOKEHHS. Y
3pazkax 4 Ta 6 i#oro koHmeHtpamis € gemo Bumo (0,77-0,97 %), mo Moxe
3a0e3mnedyBaTu OLIbIN piBHOMIpHMIA po3moain P-daszu. Bwmict 3amiza y 3paskax 5 €
HaHmkInMm (0,71-0,80 %), 1110 MOKEe MO3UTHUBHO BILTMBATH HA B'SI3KICTh MaTepiaiy, TOI1
AK y 3pa3kax 4 ta 6 Horo 3HaueHHs BapiioThea y Mexax 0,75-0,94 %, mio, 3 omHOTO
00Ky, TBHUIIY€E MIIHICTh, & 3 1HIIIOTO — MOKE CIPHUITH YTBOPEHHIO KPUXKUX (Pa30BUX

CkIagoBuX. MomiO/eH, sIK eeMeHT, mo cTabimizye B-da3y, mae HaWBUINI 3HAYCHHS Y
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3paskax 6 (2,82-3,01 %), mo 3abe3meuye iXHIO Kpally TepMIYHYy CTaOlIbHICTh, TOI SIK Y
3pa3kax 4 Ta 5 koHueHTpaiis Mo € Hmk4ow (2,69-2,86 %), 1110 MOXKE CIPUUYUHUTH

JIOKaJIbHI 3M1HU B TepMOCTa01IbHOCTI B-Gha3u (puc. 4.18).

30Ha HarJ1aBJIEHHS

CTI
Pucynok 4.18 - AHani3 XIMIYHOTO CKJIa[y 30HH 3 HAIUIaBJIIEHHSM METOJI0OM
eHeproaucinepciitnoi cnektpockomnii (EDS): po3no/in geryounx e1eMeHTIB y 3pa3Ky

4 crumay BT22

3aranom, OTpUMaHI pe3yJbTaTH CB1AYaTh, IO 3pa30K S5 JIEMOHCTPY€E HAUOLIbLIY
CTaOUIbHICTh TUTAHOBOI MATPHIIl, IO MOXKE CIPUATH PIBHOMIPHIIIIN CTPYKTYpi, OJAHAK
BiH XapakTepusyeThcs 3HIKeHUM BmicToM Al, Cr ta Fe. 3pa3ok 6 mae migBuIEeHy
KoHIeHTpalito Mo Ta Fe, mo nokpaiiye TepMiuHy cTaOUIBHICTD, ajie BOAHOYAC MOXKE
BUKJIMKATH JIOKaJTbHI ()a30B1 HEOTHOPITHOCTI. 3pa30K 4 IEMOHCTPYE MPOMIXKHI 3HAUCHHS
yCiX eNeMEHTIB, MO BKa3dye Ha 30aJaHCOBAaHWUN XIMIYHHMHA CKJIaJ] 13 HE3HAYHUMU
BapialisiMd B po3mofini Xpomy. Taki BIAMIHHOCTI y XIMIYHOMY CKJaai MOXYTb
Oe3mocepelHbO BIUIMBAaTH HAa MEXaHIUHI BJIACTUBOCTI Martepialy, a TakoXX Ha HOro
MOBEAIHKY 1] HABAHTAKEHHSM, 110 MOTPeOy€e MONaIbIINUX TOCIHIIKECHb.

VY 3pa3kax 4, 5 Ta 6 y 30Hi Tepmiuroro BBy (3TB) cnioctepiranucs BiAMiHHOCTI
y (hazoBomy ckuai (puc. 4.19), sxi 3yMOBIIeHI HEpIBHOMIPHUM TEMIIEPATYPHUM BILTHBOM

ITiJT 9ac JJOKaiabHO1 TepMiuHoi 00pooku (JITO).
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o w |
25um 25um

a ) B

Pucynok 4.19 - ®oto MiKpocTpyKTyp 3pa3kis 4 (a), 5 (6), 6 () B 3TB

3a MexaMu IUISIMU CTPYKTypa 3pa3ka 4 € OUIbI OJHOPIAHOIO, 3 THUIIOBOIO IS
TepMIUHO 0OpOOJICHUX TUTAHOBUX CIUIaBiB 0+f-1Bodaznoro mopdororieto (puc. 4.18 a).
Crooctepiraerbcs MeHIIA KiIbKICTh P-¢a3zu, mo CBiMYUTH Mpo Oinbin moBHE (ha3oBe
MIEPETBOPCHHSI.

3pa3ok 5 gemMoHcTpye n100pe chopMOBaHy MIACTUHYACTY CTPYKTYpPY O-(a3u, 1o
MOX€e IMO3UTHUBHO BIUTMBATH Ha MeXaHiuHi BiaacTuBocTi (puc. 4.19 6). 'oMOreHHICTh
($ha30BOT0 PO3MOLTY € BUIIIOIO, IO CBIAYUTH PO PIBHOMIPHE TEPMIYHE BILIHB.

CrtpykTypa 3pa3ka 6 € HalOUTbIT piIBHOMIPHOIO cepell aHalli30BaHUX 3pa3KiB, IO
BKa3ye Ha cTalimbHICTh TepMivHUX yMoB T 9ac JITO (puc. 4.19 B). 30epexeHus o+f3-
(dazoBoi MOpGOIIOTiT CBITYUTH MPO OB e(heKTUBHE TEPMIUHE TIEPETBOPCHHS.

30kpema, y Mexax IUISIMH CTPYKTypa JEMOHCTpyBaja BiIMIHHY TPaBUMICTh, IO

CBITYUTH MPO 3MiHY ()a30BOTO CKJIAAY Ta JIOKATbHY HEOTHOPIAHICTH (puc. 4.20).

Pucynox 4.20 - ®oTo MiKpoCTpYyKTYp 3pa3kiB 4 (a), 5 (6), 6 (B)

B 30HI 3 BIAMIHHOIO TPABUMICTIO
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Ctpyktrypa 3pazka 4 y 30HI 3 BIMIHHOK TPaBHUMICTIO XapaKTEepU3YEThCS
IpiOHO3EPHUCTOIO 0-()a3010 3 MOMITHUMHU MPOSIBAMH CETperailii Jeryrounx eJIeMEeHTIB (
puc. 4.20 a). Cnocrepiraerbcsi JOKajibHa HEOJHOPIIHICTh, sIKA MOXK€ OyTH HACIIJIKOM
ynoBinpbHEHOTO oxoompkeHHs micis JITO. Bussieni okpemi 061acTi i3 3aIMIIKOBOIO [3-
¢azoro, Mo MOXKEe BKa3yBaTH Ha HEMOBHE ()a30Be MEPETBOPCHHS.

[ 3pazka S5 BI3HAYAETHCS MEPEBAXKHO PIBHOMIpHA CTPYKTypa 3 MEHII
BUpaXeHOW [-(ha3oro0 mnopiBHAHO 13 3paskom 4 (puc. 4.20 06). JlokanpHi 30HHU
HEOJHOPIAHOCTI MEHLI PO3BHHEHI, IO CBIAYUTH NPO CTAOUIBHIMIMKA TeMIepaTypHUN
pexum mig yac JITO.

CrtpykTypa 3pa3ka 6 € OUIBII OJHOPIAHOI, X04a 30epiratoThbes APiOHO3EPHUCTI
o0macTi 3 MABUIICHOW KimbKicTiO B-ha3u (puc. 4.20 B). Ile Moxe OyTu moB'si3aHO 3
MICIIEBUMU OCOOJIMBOCTSIMH TPOIECY HATUIABICHHS Ta TEPMOOOPOOKH.

OT ke y 30HI 3 BIAMIHHOIO TPAaBUMICTIO (IJIIMi) CTIOCTEPITAETHCS ITiJBUINICHA
HEOTHOPITHICTH (ha30BOTO CKIIAAY, II0 MOKEe OyTH 3yMOBIICHO JIOKaJIbHIUMH BapialisiMu

TEMITepaTypHOTO BILIUBY Ta MIBUAKOCTI oxojomkeHHs min yac JITO (puc. 4.21).

30Ha 3 Bi/IMIHHOIO TPAaBUMICTIO

~
25pm

Pucynok 4.21 - AHamni3 XIMIYHOTO CKJIaJy 30HHU 3 BIAMIHHOIO TPABUMICTIO METOJIOM
eHeproaucnepciitHoi crekrpockorii (EDS): po3noain gerytounx e1eMeHTIB Y 3pa3Ky

4 cmay BT22
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[To3a msimoro y 3TB geMoHCTpye BHUIlly OJHOPIAHICTH (pa30BOr0 CKIady, IO €
HACJIIAKOM OUTbII PIBHOMIPHOI'O TEPMIYHOrO BIUIMBY. HaliO1ab11 cTablIbHy CTPYKTYpPY
Mae 3pa3oK S5, SKAA XapaKTepU3yeTbCid MIHIMAIBHUMH TposBamMu  (pa3oBoi
HEOJHOPIAHOCTI. 3pa3ok 6 neMoHCTpye 30anmaHcoBaHUM (a30BUM CKIaJ Ta BIJHOCHO
PIBHOMIPHUHM PO3MOJLI JIETYIOUUX €JIIEMEHTIB, 110 MOXE IMO3UTUBHO MO3HAYUTHUCS Ha

MEXaHIYHUX BIACTUBOCTSX (puc. 4.22).

Pucynoxk 4.22 - AHani3 XIMIYHOTO CKJIaJy 30H TEPMIYHOTO BIUIMBY METOIOM
eHeproaucinepciitnoi cnekrpockomnii (EDS): po3no/in geryounx e1eMeHTIiB y 3pa3Ky

4 cnaBy BT22

VY mporeci ananmizy XiMI9HOTO CKJIaay 30HU TepMmiuHoro BBy (3TB) y 3pa3kax
4—6 Oynu BUABIIEHI CYTTEBI BIAMIHHOCTI MK AUISHKAMH 3 IUIIMOIO Ta 1032 11 MeXamH,
II0 CBITYHUTH MPO JIOKATBbHI 3MIHU ()a30BOTO CKIAAY Ta PO3MOALTY JIETYIOUUX €IEMEHTIB
M1 9ac JJoKabHOI TepMigHoi 00poOku (JITO). 3okpema, y 30Hi 3 MISAMOIO KOHIIEHTpAITis
amroMmiHifo (Al) 3anumanacs ctabibHOIO Ta jaemto Bumoo (y mexax 4,8-5,0%), Tomi sk
y 3TB mo3a msimMoro y 3pasky 5 criocrepiraiaocs 3HaUHe 3HHKEHHS Horo BMicTy 110 3,85%
(tabm. 4.5, 4.6). lle moxe Bka3zyBaTH Ha JOKanbHY audy3ito Al, ska BmauHyIa Ha

dbopmyBaHHS (a30BOTO CKIIATy MaTepially Ta cTalii3aiio nNeBHUX a3 y 30H1 TUSIMHU.
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Tabnuns 4.5 - Pe3ynbTaTél pEeHTreHIBCHKOTO XIMIYHOTO aHalli3y 30HH 3 ILIIMOI0

B 3TB 3pa3kiB npyroi rpynu BiAMOBIAHO IO MIKPOCTPYKTYp Ha puc. 4.18.

Ne ciextpy Al Ti \Y Cr Fe Mo

1 5,00 | 83,40 | 5,05 | 0,84 1,06 4,65

3pazok 4 2 5,05 | 83,68 | 5,04 | 0,78 0,96 4,48
3 4,97 | 83,58 | 5,03 | 0,78 1,17 4,48

1 4,80 | 83,41 | 5,03 | 0,73 1,16 4,87

3pa3ok 5 2 4,83 | 83,39 | 498 | 0,78 1,16 4,86
3 4,90 | 83,38 | 522 | 0,74 | 0,98 4,78

1 5,00 | 83,60 | 4,89 | 0,76 1,15 4,60

3pa3ok 6 2 4,92 | 83,33 | 5,08 | 0,83 1,20 4,64
3 4,92 | 83,65 | 492 | 0,80 1,07 4,64

Tabmuus 4.6 - Pe3yabTaT peHTTEeHIBCHKOTO XiMiuyHOro aHamnizy 3TB 3paskis

JpYTroi IpyIy BIAMIOBIIHO A0 MIKPOCTPYKTYp Ha puc. 4.19.

Ne ciexTpy Al Ti \Y Cr Fe Mo

1 5,00 | 83,59 | 5,05 0,79 0,98 4,58

3pazok 4 2 4,92 | 83,80 | 497 | 0,82 0,95 4,55
3 4,97 | 83,51 | 4,83 0,93 1,02 4,74

1 3,92 | 86,67 | 3,95 0,87 0,91 3,68

3pa3ok 5 2 3,85 | 87,46 | 3,59 | 0,87 0,74 3,49
3 4,65 | 83,81 | 5,03 0,86 1,02 4,63

1 4,98 | 83,53 | 494 | 0,89 1,24 4,42

3pa3ok 6 2 507 | 83,37 | 497 | 0,87 1,23 4,48
3 4,96 | 83,41 | 5,19 | 0,85 1,21 4,38

Konuentpaniss tutany (Ti1) y 30H1 misiMu Oyna BIAHOCHO cTabuibHOKO (83,3—
83,7%), Toxi sik y 3TB no3a misimoto BMicT T13pocTaB 10 87,5% y 3paszky 5. Lle cBiqunTh
PO MOKJIMBY JIOKaJbHY cTabinizanito B-ga3u B 30H1 IISMHU BHACTIOK YHOBIILHEHOTO
o-f neperBopennsi. Bananiit (V), sikuit € B-ctabinizatopom, y 30H1 IJISIMU MaB 3HAYEHHS
B Mexax 4,9-5,2%, npote mo3a misMoi0 B 3pa3Ky 5 #Oro BMICT 3MEHIITyBaBcs 110 3,6—
3,9%. lle moke OyTH HACIIIKOM NEPEPO3NOALTY JIETYIOUMX €JIIEMEHTIB MijJ Yac
TEpMOOOPOOKH, 10 BIUIMHYJO Ha (Da30Bi 3MIHM Ta MEXaHIYHI BJIACTHUBOCTI Marepiainy
(Tabm. 4.5, 4.6).

Amnanizytoun koHlUeHTpaito xpomy (Cr) Ta 3amiza (Fe), MoxkHa BIA3HAYUTH, 1110 B

30H1 TIAMH ixXHIM BMicT O0yB Hmx4uuM (Cr: 0,73-0,83%, Fe: 1,0-1,2%), Toai six y 3TB
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no3a IJsIMOIO y 3pa3ky 6 koHuentpauis Fe 3pocma go 1,23%. Ile cBimuuth mpo
BUOIPKOBUI pO3MOJILI IIUX €JIEMEHTIB MIXK (pa3amu o Ta 3, 110 MOTJIO BIUIMBATH HA KIHIIEBI
MEXaHiuHi BIaCTUBOCTI MaTepiany. Bmict Monioaeny (Mo) y 30H1 IisiMu CTaHOBUB 4,6—
4,8%, toni sk y 3TB 1mo3a misaMoro y 3pa3ky 5 Horo KOHIIEHTpallis 3MeHImIacs 1o 3,5—
3,7%, 1110 CB1IYUTH MPO MOKIUBE BUOIPKOBE JeryBaHHs -dasu.

3arasioM, OTpUMaH1 pe3yabTaTy MIATBEPIKYIOTh, 110 Y 30HI IUIAMHU 30€pira€Thes
niBuiieHud BMicT P-cradumizatopiB (Mo, V, Fe), mo wmoxe OyTH HacIiIKoM
ynoBuibHeHOro o-f mneperBopenHs mia dac JITO. Ile Moxe MOSCHIOBaTH 3HUKEHY
TPAaBUMICTh 30HH IUIAIMH, IO CBIIYUTH IPO JOKaJdbHI CTPYKTYypH1 3MiHU. 3TB mo3a
IUISIMOIO IEMOHCTPY€E OUIbII OJHOPIAHUN PO3MOJIT XIMIYHHMX €JIEMEHTIB, 110 CIIpUSE
piBHOMIpHIIIOMY (a30BOMY CKJIaay Ta MIJBUIICHHIO CTAOUIBHOCTI MEXaHIYHUX
BIacTHBOCTeH. OcoOnMMBO 3HAYHI XiMiuHI 3MiHM Oynm 3adikcoBaHi y 3pasKy 5, ne
KOHIICHTpAIlisl JIETYIOUMX €JIEMEHTIB I03a IJISIMOI0 CYTTE€BO BIJIPI3HSIACA BIJl 1HIIUX

3paskiB, 0 MOXE BIIMBATH Ha (a30BHI CKJIa/ Ta JOBTOBIUYHICTH MaTepiaiy.

4.4 3MiHM MIKPOTBEpPAOCTi Ta MIKPOCTPYKTYPH 30H HAIUIABJIEHHH, TEPMIYHOIO

BILIUBY i OCHOBHOTO MeTay ciiiapy BT22 micas jiokanbHOI TepMivHOI 00po0KH

JIns OIIHKK BIUIMBY JIOKaJlbHOI TepMmiuHoi oO0poOku (JITO) Ha MexaHiuHi
BJIACTUBOCTI 3pa3KiB APYTroi IpyNnu MNPOBEACHO MOCTIKEHHS MIKPOTBEPJOCTI Y PI3HHUX
30HaxX Marepiany. BuMiproBaHHS BUKOHAHO y TPbOX OCHOBHHMX 30HAaX: HAILIaBICHOMY
mapi, 30H1 Tepmiudoro BIuiuBy (3TB) Ta ocHoBHOMY MeTali, 3 aHaII30M y BUCOTHOMY Ta
MO3/I0B)KHHOMY HampsiMkax. Lle J03BONMIO OTpUMaTH y3arajibHEHI1 Cepe/iHl 3HAYEHHS
MIKPOTBEPAOCTI JIJIsl KOXKHOI 30HU Ta BU3HAYUTH 3aKOHOMIPHOCTI PO3MO1ITY TBEPIOCTI B
Marepiaii.

Pe3ynbTaTi BUMiprOBaHb MIKPOTBEPAOCTI y3arajibHeHO B Ta0iuisx 4.7 ta 4.8, siki
JEMOHCTPYIOTh 3MIHY MEXaHIYHUX XapaKTepPUCTUK 3pa3KiB YHACIHIJIOK MPOIECIB
HariaByieHHs Ta JITO. [lopiBHAHHS OTpUMaHKUX 3HAYEHb J03BOJIMIIO BCTAHOBUTH BILIWB

CTPYKTYpPHHUX OCOOJIMBOCTEN MaTepially Ha HOTO MEXaHiuHi BIaCTUBOCTI.
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Tabnuns 4.7 - CepeliHi 3HaU€HHSI MIKPOTBEPAOCT1 30H, 110 YTBOPHIIKCS i Yac

HaruIaBjaeHHS (BUCOTHUN HAIIPSIMOK)

CepenHi 3HaYEHHS MIKpPOTBEPIOCTI 3pa3KiB,
H, HV
30Ha KOHTPOJIIO MM Tpyma 2
4 5 6

HarmaBnenuii map 0,5 355+13.4 371£12,3 357+10,8
2 346+3,68 4254240 371+15,3
30Ha TEPMIYHOTO BILJIUBY 3.5 366+11,9 415+10,1 381+25,0
5 370+12,4 438+8,1 375+19,0
OcHOBHUIT MeTan 6 413+16,3 44549,2 412+8,48

Tabnuis 4.8 - CepeliHi 3HaU€HHS] MIKPOTBEPAOCTI 30H, 110 YTBOPHIIKCS i 4ac

HaruTaBjaeHHS (TTOB30BXXHIN HAMPSIMOK)

CepenHi 3HaYEHHS MIKpPOTBEPIOCTI 3pa3KiB,
HV
30Ha KOHTPOJIIO Tpyna 2
4 5 6

Hannapsennii map 368+11,9 398+19,8 368+16,3
386+11,3 399+20,5 363+20,0

[1nsma B 3TB 368+11,9 4524249 330£11,2
3TB 386+19,0 461+11,2 382+22,7
OCHOBHMI MeTaT 32949,0 467+16,8 29445,6
429+27.6 441£15,4 297+8.6

Hamnnapnenuii map XapakTepU3yeThCS MOPIBHSHO CTa0UIbHUMHM 3HAYCHHSIMU
MIKpPOTBEPAOCTI. Y BHCOTHOMY HampsIMKy MIKpOTBEpJICTh BapitoBanacs Bin 355 HV
(3pazok 4) no 371 HV (3pa3ok 5), a B 10310BKHOMY HanpsiMKY — Big 368 HV (3pazok 4)
1o 398 HV (3pazok 5). 3pazok 6 nemMoHCTpyBaB IpoMibKHI 3HaueHHs (365 HV vy
BUCOTHOMY Ta 374 HV y no3i10BXHOMY HalpsIMKax), 10 CBIAYUTH MPO CTAOIBHICTD
MPOIIECY HAIUIABJICHHS 3 HE3HAYHUMU JIOKAJTbHUMH.

VY 30HI 3 BIAMIHHOIO TPaBUMICTIO (IUIAMI) CIOCTEpIraJucs 3HA4H1 Bapiamii
MIKpPOTBEPAOCTI uepe3 JOKaIbHY Iu(dy31l0 JEryrouux eJeMEeHTIB. Y BHCOTHOMY
HaIpsMKY 3HaueHHs BapitoBaiucs Bia 346 HV (3pazok 4) no 425 HV (3pazok 5), Toai sik

y MO3/I0B)XKHhOMY HamnpsmMky — Bij 352 HV (3pazok 4) no 452 HV (3pazok 5). 3pa3ok 6
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JEMOHCTpYBaB cTabuIbHIII xapaktepuctuku (405 HV y BucotHomy Tta 432 HV y
MO37IOBKHBOMY HAMPSIMKax), 10 CBIIYWTH MPO 3MEHIICHHS JOKAIBHUX BIIXWICHb Y
CTPYKTYpi MOPIBHSHO 31 3pa3koMm 4.

VY 30HI TEPMIYHOrO BIUIUBY 0€3 IUIIMU MIKPOTBEPAICTh OyJia 3HAUHO BHILOIO Ta
CTaOUIBHINIOK. Y BUCOTHOMY HalpsAMKY 3Ha4eHHs BapitoBanucs Big 366 HV (3pa3ok 4)
1o 415 HV (3pazok 5), Toai sixk y no3aoxHsomy — Bizx 375 HV (3paszok 4) no 461 HV
(3pazok 5). 3pa3ok 6 [EMOHCTpyBaB IMiABUIIEHY OJHOPIIHICT y wik 30HI 3
MmikpotBepaicTio 400 HV y BucotHomy Ta 440 HV y nmo3noBKHbOMY HampsiMKax, IO
3a0e3reuyBalio Kpalry CTPyKTYpHY CTaOlIbHICT.

OCHOBHMI MeTal JEMOHCTPYBaB HAMOUIbII CTaOLIbHI 3HAYEHHSI MIKPOTBEPAOCTI.
VY BucOTHOMY HampsiMKy 3HadeHHs 3MiHtoBanucs Big 430 HV (3pazok 4) no 445 HV
(3pa3ok 5), a B mo3740BKHbOMY HanpsMKy — Big 425 HV (3pazok 4) no 467 HV (3pa3ok
5). 3pa3ok 6 MaB MpOMIXKHI 3HaueHHsS y BUCOTHOMY (437 HV) Ta no3znoBxkuboMy (455
HV) nampsiMkax, 1o BKazye Ha 30€peKE€HHS OJHOPIAHOCTI MOYATKOBOI CTPYKTYpH
Matepiary. Burii 3HaueHHs y 3pa3ka 5 cBimuaTh Mpo ePEeKTUBHIMIMA PO3TOILI JIETYIOUHX
€JIEMEHTIB 1 30epekeHHs piBHOMIpHOI (ha3oBoi cTpykTypu micis JITO.

Amnaniz MikponurigiB 3pa3kiB 4, 5 Ta 6 agpyroi Trpymu moka3aB, IO 30HA
HaIUJIaBJICHHS Y BCIX 3pa3Kax CKJIaaiacs 3 BEIMKUX BUTATHYTUX -3epeH po3Mipom 500—
600 MKM, OpIEHTOBAaHMX Yy HAMNPAMKY TEIUIOBIIBEICHHS, 3 BIJMAHIITETOBOIO
cTpykTtyporo, mo yrtBopmiacs micias JITO. Yactuna mapreHcuTHOI o'-dasu, 110
chopmyBasiacs I yac rapTyBaHHS, YACTKOBO PO3KJIanacs, yTBOPUBIIN TOHKI IJIACTUHU
a-¢pasu B matpuii B-dazu. Sk BumHO 3 pucyHka 4.23, MIKPOCTPYKTypa HAIIABIEHOTO
mapy 3pasKiB JAPYToi IPYNH Ma€ AESKl BIAMIHHOCTI: y 3pa3ka 5 CIOCTepIraroThCs OUTbII
TOHKI BUJIIJICHHS 0-(a3u MOPIBHAHO 31 3pa3kaMu 4 1 6, 10 MOXKE CBITYUTH MPO HE3HAYH1
BimxuiieHHs B ymoBax JITO.

Y OinbmocTi 3pas3kiB y 30HI Tepmiudoro BrummBy micis JITO cdopmyBanacs
nBodazHa cTpykrypa (a+f), ska 3abe3nedye OajqaHC MK MIITHICTIO Ta IJIACTUYHICTIO.
[ToBiIbHE 0XOJIOIPKEHHS Ha MOBITPI Mij 9ac CTapiHHS CIPHUSIIO TTIepEeTBOPEHHIO B-da3u y
pPiBHOBaXXHY 0-(ha3y 3 3aJUIIKOBOIO B-maTpuiiero. Lle miarBepmKyeTbes pe3yabTaTaMu

BUMIpIOBaHb MIKPOTBEpAOCTI (puc. 4.23, 4.24).
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Pucynok 4.23 - MikpocTpykTypa obnacti HamtasieHHs micist JITO 3pasxa 4 (a), 6 (0)
Ta 3pa3ok 5 (B)

VY 6uab110cTi 3pa3kiB y 30H1 TepmiuHoro BiuBy (3TB) micns JITO chopmyBanacs
nBodazHa CTPYyKTypa, 10 BKIOYana o- Ta P-daszu. dopmyBaHHS Takoi ABOQa3HOL
CTPYKTYPH CTaJIO HACIIAKOM BIJIHOCHO MOBLJILHOT'O OXOJIOIXKEHHS 3pa3KiB Ha MOBITP1 Mif
Yac CTapiHHA, 10 CIPUSIIO NEPETBOPEHHIO BUCOKOTEMIEPATYPHOI -(a3u y pIBHOBAXKHY
a-¢asy 3 3aIUIIKOBOIO B-MaTpuleto. BuMiproBaHHS MIKPOTBEPAOCTI MOKAa3aJld HE3HAYHI
KOJMBaHHA 3HaueHb y 3TB 3pas3kiB apyroi rpymnu, o MOXKE€ BKa3yBaTH Ha HEBEJMKI
JIOKaJIbHI JTIKBaLii Jeryrounx exeMeHTiB mifg yac JITO.

[liicyMOBYIOUM MOXHO CTBEpIKYBaTH, IO 3pa30K S5 JIEMOHCTPY€ HAWBHIII
3HAYEHHS MIKPOTBEPJAOCTI B 30HI HAIUIABJICHHS, IO CBITYUTh MPO HOTO BHIIY
CTPYKTYpHY CTaOlIbHICTb.

B 30H1 TepMi4HOTO BIUIMBY HAHOUTHIIMIA PIBHOMIPHUHN PO3MOILT MiKPOTBEPIOCTI
Ta MiHIMAJIbHI BIIXWJIEHHS cHocTepiraymcs y 3paska S5 (puc. 4.25). Y 3pa3ky 6
MIKpOTBEpAICTh Oyna CTallIBHINIOK, HDK y 3pa3ka 4, MO MIATBEPIKYE MEHIITY
HEOJHOPIAHICTH (Pa30BOTO CKIIATY.

B ocHOBHOMY MeTasi HaWBHIII 3HAYEHHS MIKPOTBEPIOCTI MaB 3pa3oK 5, IO
CBITYUTH TMPO MIiHIMAIbHI CTPYKTYpHI 3MiHM micis HamiaBiaeHHs Ta JITO, e

3a0ecreymnino Kpalli eKCIuTyaTalliiiHi BIaCTUBOCTI MaTepiaiy.
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CepeaHi 3Ha4eHs1 MIKPOTBepPAOCTi 3pa3ka 5
500

490
480
470
460
450 1
440
430
420
410
400
390
380
370
360

Mikpotsepaicts, HV

HaIUIaBKa mIiaMa 3TB OCHOBHUI MeTal

Pucynok 4.25 - Po3noaisn MikpoTBEepAOCTi 30H HariaBieHHs, 3TB ta ocHOBHOTO

MeTaly 3pa3ka 5 micisl JOKaaIbHOI TEPMIYHOT 00pOOKH

Hamnnapnenuii map y BCiX 3pa3kax MaB BUTSTHYTI [-3epHa, XapakTepHl s
MpOIECy HamIaBieHHs. Y 30H1 TepmiuHoro BrummBy micis JITO cdhopmyBanacs

piBHOBaXxHa 0+f-CTpyKTypa, sika cTablIi3yBajia MEXaHi1uH1 BIaCTUBOCTI MaTepiaiy.

CepeaHi 3Ha4eHs1 MIKpPOTBepAOCTi 3pa3ka 4

MikpotBepaicts, HV
WWWWWWWWWW AR RN RNRNRNANN
=L NI — W AN
OO OO OO OO

HaIIaBKa IsaMa 3TB OCHOBHUI MeTal

Pucynok 4.26 - Po3nonisn MikpoTBEepAOCTi 30H HariaBieHHs, 3TB ta ocHOBHOTO

MeTaly 3pa3ka 4 micis JOKaJbHOI TEPMIYHOI 00pOOKHU
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B 30Hax 3 MmWIAMOI BUSBIEHO CYTTE€BI BIAMIHHOCTI Yy (pazoBoMy cKiaal Ta
XIMIYHOMY PpPO3MOJLIl JIETYIOUMX €JIEMEHTIB, [0 BIUIMHYJO Ha JIOKAJIbHI 3MIHU

MiKpoTBepaocTi (puc. 4.26).

BUCHOBKH

AHai3 3pa3KiB nepuoi Ta Apyroi rpyi 31 criapy BT22 micnis BiIHOBIIIOBAILHOTO
HarutaBjaeHHs npucaaHuM apotom BT22CB Ta mokanbHOi TepmiuHOi 00pooku (JITO)
JI03BOJIMB BCTAHOBUTHU OCOOJIMUBOCTI IXHBOTO pPYHHYBaHHS, MIKPOCTPYKTYpH Ta
MEXaHIYHUX XapaKTEPUCTHK.

3pa3ku mepmioi rpynu (1, 2, 3) 3a3HaBanu pyWHYBaHHS TMEPEBAXKHO y 30HI
CIUTABJICHHS OCHOBHOTO MeETaJly 3 HaruiaBieHuM IMmapoM. OCHOBHOIO MPUYHUHOIO
nepeadacHoro pyiHyBaHHs (HampamroBanHs 3917-7054 mukmniB) Oyna HemocTaTHS
e()eKTUBHICTh 3aXHMCHOI aTMocepw Imja dYac HaIUIaBJICHHS, IO IPHU3BOIWIO JO
YTBOPEHHSI OKCHUJHUX Ta HITPUIHUX BKIOYeHBb. Lli gedexktn crpusm KOHIEHTparlii
HaIpY>KeHb, JIOKATI30BAaHOMY 3apOJDKEHHIO TPINIUMH 1 KPUXKOMY pyHHYBaHHIO. Yepe3
IIBUJKE PYWHYBAaHHsS 3pa3KW MEpIIOl TPyMud HE MiAJaBaMCS J€TaIbHOMY aHaji3zy
MIKPOCTPYKTYPH Ta BUMIPIOBAaHHSIM MIKPOTBEPAOCTI.

3pazku gpyroi rpynu (4, 5, 6) IDEeMOHCTpyBajlu 3HAYHO OUIBIINIA pecypc
(manpamroBanus 1419228388 mukiiB), mpuyoMy MEXaHi3M pyHHYBaHHS 3aJie’kKaB BiJ
pO3TalIyBaHHS OCEPEIKIB 3apOHKCHHS TPIKH. Y 3pa3kax 4 1 6 TPIUHYU 3apOKyBaIIUCS
y 30HI HaIJIaBJIEHHS MOOJIU3y OTBOPY Yepe3 HasgBHICTH mop AiamerpoM 80-120 mxmM, siKi
CIIyTYBaJIM KOHIIGHTPATOpaMH HalpykeHb. lle mpu3Beno a0 3MEHIIEHHS iXHbOTO
HampairoBads Ha 45-50% MOpiBHSHO 13 3pa3koM 5, y SIKOMy Topu OyJid BIACYTHI. Y
3pa3Ky S5 TpIIMHU iHIIioBaiMcs y 30HI TepmiyHoro BmuBy (3TB), 1o
XapakTepu3yBajgacs  PIBHOBAKHOK  (a30BOI0  CTPYKTYpOK  Ta  ITABHIIEHOIO
IJIACTUYHICTIO, SIKa CIpHsiia HOro MakCUMallbHOMY HarpairoBaHHio (N = 28388 1iukiiiB).

VY 3pa3zkax apyroi rpymnu OyJio BUSBJIEHO 30HHU 3 BiAMIHHOIO TpaBuMicTio y 3TB,
[0 CBIJYUTH MPO JIOKAJIbHY XIMIYHY HEOJAHOPIJHICTh, BUKJIMKAHY HEPIBHOMIPHUM

HarpiBoM i 9ac JITO. V 30H1 3 BiIMIHHOIO TPaBUMICTIO 3a(piKCOBAHO MiABUIICHUM
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BMICT [-pa3u, 0 CympOBOIKYBAIOCS 3HUKEHUMH 3HAYEHHIMHU MiKpoTBepocTi (330—
368 HV). Haromicts y 3TB 6e3 misamu MikpoTBepaicTh gocsrana 382461 HV, mo
BKa3ye Ha CTaOLIbHINI YMOBH TEPMIYHOI OOPOOKH.

HamnaBnenuit map 3paskiB Apyroi Tpymu CKIagaBcs 3 BUTATHYTHX [-3epeH
po3mipoM 500—600 MKM i3 BIIMAHIIITETOBOIO CTPYKTYpOIO. Y 3pa3Ky 5 crocTepiraiucs
OB TOHKI O'-MJACTUHHU Yy [B-MaTpulll, IO CBIAYUTH NPO CTAOUIBHIMIKN (ha30BU
po3noain. BumiproBaHHS MIKPOTBEPAOCTI HAIUIABIEHOTO IIapy IMOKa3alo, IO Yy
BHCOTHOMY HaIlpsIMKY 3Hau€HHsI 3MiHtoBanucs Big 355+13,4 HV (3pazok 4) no 371+12,3
HV (3pazok 5), a y no3goBxxkubomy — Bia 368+11,9 HV (3pazok 4) no 398+19,8 HV
(3pa3ok 5). 3pazok 6 MaB NMPOMDKHI 3HAUYE€HHS, IO BKa3ye HAa HE3HAYHI JIOKAJIbHI
BIAXWJICHHS Y CTPYKTYPI.

VY 30H1 OCHOBHOT'0 METally MIKpOTBEPIiCTh 3MiHIOBajacs B 294 HV (3pa3zok 6) 1o
467 HV (3pa3ok 5), MmO MIATBEPKYE 30€pEeKEHHS TMOYATKOBUX MEXaHIYHHUX
BJIACTHBOCTEH Martepiaiy.

[TopiBHSIHHSA NIBOX TPy 3pa3KiB MPOJAEMOHCTPYBAJO, IO 3pa3Ku APYroi rpymu
MalTh 3HAYHO Kpalll eKCIUTyaTamiiHi XapaKTepUCTUKH 3aBASKA PIBHOMIPHIIIIN
MIKPOCTPYKTYPI1, 3HUKEHHIO KUTBKOCTI JIe()eKTiB Ta e(HEKTUBHIIIIN JTIOKAIbHIN TepMidHiN
00po0611i. 3pa3ok 5 BUABUBCS HAWOUIBII CTAOUIPHUM 3aBISKHA MiHIMAJIBHIHN IO 30H 13
BI/IMIHHOIO TPaBHMICTIO Ta PIBHOBAXXHOMY (a30BOMY CKJIaay y BCIX JOCITIIKYBaHHX

30Hax
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PO3JA1JI 5 [MopiBHsAJIbHMI aHAJTI3 BILIMBY JAe(eKTiB HAIIABJICHHSA APOTaMH
CII15¢cB Ta BT22c¢B Ha BJIaCTHUBOCTI TUTAHOBOIO civiapy BT22 npu BToMHuX
BUIIPOOYBAHHSAX

Y 1mpoMy po3nauli  MPEACTaBICHO KOMIUICEKCHUNM aHali3 BIUIMBY J€(EKTIiB
HaIUIaBJIEHHS Ha KIHLEB1 MEXaHI4H1 BJACTUBOCTI Ta BTOMHY MILIHICTb 3pa3KiB 31 CILIaBY
BT22, sixi npoiuiy BiIHOBIIOBAJIbHE HaIUIaBieHHs mpucaguumu gpotamu CII15¢B ta
BT22cB, a Takox nokainbHy TepMiuHy 00poOky (JITO). OcobnuBy yBary mpuaijIeHO
3pa3kaM TMepIioi TPymu, SKI Majld MiHIMajdbHI HaMpalloBaHHS IiJ] Yac BTOMHHX
BUNPOOyBaHb. BuzHaueHo OCHOBHI (pakTOpH, 1110 COPUYMHUIM NepeIdacHe pyilHyBaHHs,
cepen sikux: (OpMyBaHHS 30H 3 BIAMIHHOIO TPaBUMICTIO, MPUCYTHICTh MOBEPXHEBUX
nedeKTiB, HEOTHOPIAHICTh (Pa30BOr0 CKIIAy Ta HASBHICTh MOP Y 30H1 HAIJIaBJICHHS.

JIns OUIHKKA BIUIMBY 3a3HauY€HUX (AKTOPIB BHUKOHAHO JETAILHUN aHami3
MIKPOCTPYKTYpH, XIMIYHOTO CKJaay Ta MIKPOTBEPAOCTI PI3HUX 30H 3Pa3KiB.
JlocnipKeHHsT CHpPSIMOBaHE HA BCTAHOBJIEHHS B3a€MO3B 3Ky MIDK MOPYIICHHSMHU
TEXHOJIOTIYHUX MMapaMeTPiB HAIIABJICHHS, IKICTIO (POPMyBaHHS HAIUIABIEHOTO LIAPy Ta
KIHIIEBUMU MEXaHIYHUMHU XapakTepucTukamu wmatepiany. CrnoyaTky poO3TIsSIHYTO
nedeKTr, MO BUHUKIM BHACIIAOK HEJOCTATHBROIO 3aXKMCTy 3BaplOBajIbHOI BaHHH,
nopyuienb pexuMiB JITO Ta yTBOpEHHS 30H CTPYKTYpHOi HeoAgHOpimHOCTI. Okpemy
yBary NpHJIIJICHO BILTUBY MOBEPXHEBUX JEPEKTIB, 30KpEMa PUCOK HA TIOBEPXHI OTBOPY,
SK1 3HAYHO 3HWKYBAJIM BTOMHY BUTPUBAJIICTh 3Pa3KiB.

[Topanemumii aHaii3 J03BOJMB BCTAHOBHTH, SIKI caMe Je(PEKTH Majud HaWOUIbII
KPUTUYHUHN BIUITMB HA IMBUAKICTH 3apO/KEHHS Ta PO3BUTOK BTOMHUX TPIIIUH, a TAKOXK
BU3HAYHUTH IXHIO pOJb y Tporeci gerpagarii Mmarepiany. OTpuMaHi pe3yJbTaTH
MOPIBHSHO JJIA 3pa3kiB, HamnaBiaeHux japoTamu CII15cB ta BT22c¢B, mo 103BOIMIO
OIIHUTH e(EKTUBHICTh 3aCTOCYBaHHS IIMX MaTepiajgiB ISl BITHOBIIOBAJIHLHOIO
HarIaBJIeHHs aetanei 31 crutasy BT22. BucHoBku po3ainy MoXyTh OyTH BUKOPUCTaH1
JUIsT  BJIOCKOHAJIEHHSI TEXHOJOTIYHMX TmporeciB HamnaBineHHs Tta JITO 3 wmeroro

[MIBUILIEHHSA JOBIOBIYHOCTI BIIHOBJIEHUX J€TaEl aBlalliiHOT TEXHIKU.
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5.1 BnuiMB 30H CTPYKTYPHOI HEOJHOPIAHOCTI Ta MOBepPXHEeBHX [edeKTiB, IO
yTBOpMJIMCA i yac HamiaBJeHHs: Aporamu CII15c¢B i BT22¢B, Ha BTOMHY MIlIHiCTh

3pa3KiB NepuIoi rpynu, IKi MaJu MiHIMaJIbHI HANIPalIOBAHHA

3pa3ku NepIInX TPy MPpY HAILJIABICHH] ABOMA APOTAMH MOKA3aJId caMmi HaWHMKY1
HampaioBaHds. Y Tabnuii 5.1 HaBeneH! BUABIECHI AedEKTH Yy 3pa3kax Ta BIAMOBIJHI
HaIpaloBaHHs J0 pyHHYBaHHS 3aJI€KHO B1Jl TUITY JPOTY.

Tabnuns 5.1 — BusBnieni nedeKTH Ta HaNpaIlOBaHHS 3pa3KiB 3aJIEKHO B1Jl TUITY

IpOTYy.
No 3pazka Buspnenuit nedexr Hanparosarns N,
UK
: | : 3132
Hpit Pucku Ha moBepxH1 OTBOpY, 30HU 3
CIIl5cB 2 BIJIMIHHOIO TPABUMICTIO (TUIsIMA) 4482
3 4455
1 [Toranuii 3aXKCT 30HU 3BApPIOBaHHS IHEPTHUM 3917
razoM
Hpit 5 [Toranuii 3aXUCT 30HU 3BApPIOBaHHS IHEPTHUM 7054
BT22cB ra3oMm, rnopa no0Ju3y oTBOpy
3 [Toranuii 3aXUCT 30HU 3BapPIOBaHHS IHEPTHUM 6378
razoM

3pa3ku 3 HamaBieHHsM aApoTtoM CII15¢B manu xapaktepHi qedexTu, siki 3Ha4HO
BIUIMHYJIM HA TIPOLIeC PyUHYBaHHA. 30KpeMa, TOBEpXHEB1 Ae(hEeKTU OTBOPY, TaKl IK PUCKH
Ta HEPIBHOCTI, CTBOPIOBAJIM KOHIICHTPATOPU HAIpPyKEHb, IO CIPHULIO PAHHHBOMY
3apoJKEHHIO TpimuH. JlogaTkoBo, y 30H1 TepMiuHoro BIiMBY (3TB) cmocrtepiranucs
JIUISSHKKA 3 PI3HOK TPaBUMICTIO, 10 BKa3yBajO0 Ha CTPYKTYpHY HEOJHOPIIHICTD
Marepiany. Ll HeoqHOPIAHICTH MPU3BOAMIIA [0 JIOKAIbHUX HANPY>KEHb, SIKI CIIPUSIIH
IIBUJIIIOMY PO3BUTKY TPIILIUH M1/l YaC HUKITYHOTO HABAHTAXKEHHS.

3pa3ku 3 HaraBieHHsIM AporoM BT22c¢B Takoxk neMOHCTpyBaiu NePEeKTH, AKI
3HUKYBAJIU 1XHIO BUTpUBaNiCTb. OCHOBHUM Je(peKTOM OyB MOTaHUM 3aXUCT 30HU
HAIUIABJICHHS 1HEPTHUM Ta30M, IO CHOPUYMHUIO YTBOPEHHS OKCHUJIB 1 HEeOaKaHUX
BKJIIOYEHb, SIKI HETaTUBHO BIUIMBAJIM Ha SKICTh IIBAa. Y APYromy 3pa3Ky L€l Ipynu

BHSBJICHO JOJIATKOBUH Je(heKT — Imopa B HAIUIaBJICHOMY Iapi moonm3y otBopy. ITopa
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BHUCTYyMaJIa KOHIEHTPATOPOM HANpPY>KEHb, 110 MPUCKOPIOBAJIO YTBOPEHHS TPIIIHH.
PylinyBaHHs IbOTO 3pa3ka BiAOYBaJOCS OJHOYACHO Yy JBOX 30HAX: Yy 30HI CILJIABJIEHHS
(depe3 moranuii 3axucT) Ta MOOIU3y MOPH.

Ha pucynky 5.1 mpencraBieHo JiarpamMy CepeliHiX 3HA4Y€Hb HANpalloBaHb 0
pyiiHYBaHHS 3pa3KiB Nepiioi rpynu micis HaruaBiaeHHs apotamu CII15¢B ta BT22cB.
AHaJi3 OTpUMaHUX JJAHUX JIEMOHCTPYE, 110 HASIBHICTh MOBEPXHEBUX JI€PEKTIB, 30KpemMa
PHUCOK y IEHTpPaIbHOMY OTBOpPi, a TaKOXX 30H 13 BIJIMIHHOIO TPABUMICTIO B 30HI
TepMiuHOro BBy (3TB), iCTOTHO 3HM)XY€ BUTPUBAIICTh MaTepiady IiJl 4aC BTOMHUX
BUNPOOYBaHb. 3pa3ku, HaraBieHi gpotoM CII15¢B, Manu HallHMKY1 HaMpallOBaHHS A0
pyilHyBaHHs, 110 OOYMOBJIEHO KOMOIHOBAaHMM BIUIMBOM LUX JAedexTiB. HatomicTs,
3pa3ku 3 HamuiaBjaeHHsSM BT22cB mokazanu Je1io BUIIl 3HAaYCHHS HAMpaIlOBaHb, MPOTE
nedeKTH, 1MoB’A3aHl 3 HEJIOCTATHIM 3aXHCTOM IHEPTHUM Ta30M 1 YTBOPEHHSIM OKCH/IIB,

TaKO0X CHPUYUHWIN 3HUKEHHS IXHBOT BUTPUBAJIOCTI.

CepenHi 3HaU€HHS HAITPaIIOBaHb 3pa3KiB MEPIOi IPynu
5 7000
= 6000
Z. 5000

B
o O
o O
o O

5783
4023

= N W
o

HanpamroBanns
o
o O

o O O

CM15cs BT22cB
[Ipucanuuii apit 31 CrIaBy
Pucynok 5.1 — Cepenne HanpalroBaHHs 3pa3KiB NEPIIOL IPYMIH 3aJI€KHO BiJl TUITY

MPUCATHOTO JIPOTY

Ax BUOHO 3 pUCYHKY 5.1, 3pa3ku, 110 MICTUJIM 30HH 3 BIJIMIHHOIO TPaBUMICTIO
(ustMo10) B 6e3mocepeiHiid OIM3bKOCTI 10 IIEHTPAIbHOTO OTBOPY, MaIl 3HAYHO HHXKY1
MOKAa3HWKH HaIpaloBaHHS A0 pyHHyBaHH:. Lle MOsSCHIOETHCS THM, IO OTBIp € 30HOIO

KOHIIEHTpAIIli HAIIPYKEHb 1111 YaC MUKITYHUX HaBAaHTaXEHb, a HASIBHICTh JJOKAJILHOT 30HU
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3HMKEHOT MIKPOTBEPAOCTI JOJATKOBO CIPUSIIA MPUCKOPEHHIO 3apOJIKEHHS TPIIIUH.
[Toeqnanus Hu3bKOi MikpoTBepaocTi (323-335 HV y 30HI misMu) Ta MEXaHIYHHX
KOHLIEHTPATOPIB HANpy»eHb (PUCKH Ha MOBEPXHI OTBOPY) MPHU3BENO 10 MOABIHHOTO
HETaTUBHOTO €(eKTy — 30LIBIIICHHS MIBUIKOCTI 3apO/KCHHS Ta MOUTUPEHHS TPIIUH Y
X 3pa3Kax.

SIK moKazaHO Ha PHUCYHKY 5.2, PEHTIC€HOCMEKTPAJIbHUN aHali3 30H i3 IUIAMOIO Y
3TB migTBepauB JNOKaNbHY XIMIYHY HEOZHOPIAHICTH. Byno 3adikcoBaHo minBUIICHUI
BMICT Jieryrounx enemeHTiB (Al mo 5,02%, Mo mo 4,98%) Ta 3HIKEHHS KOHIEHTpAIlii
tutany (10 83,3%), o cupuYrHUIIO 3MiHY (ha30BOTO CKIamy. Y Il 30HI 30epiraeThcs
CTPYKTypa [-3epeH, y MeKax SKUX CIIOCTEPIraroThCsl nuctepcHi o-(a3u po3mipom 1o 1
MkM. e cBiqunth po HemoBHe Audys3iitae neperBopenus npu JITO, mo BrumHyI0 Ha
KIHIICBI MEXaHIYHI BJAaCTHUBOCTI MaTepiany.

Pe3ynbTaTi peHTTEHOCHIEKTPATIBLHOTO aHANI3y TaKOX MiATBEP/KYIOTh, IO 30HA
TEPMIYHOTO BIUIMBY 3 IUIIMOIO XapaKTEPU3YEThCS MEHIIOI KUIBKICTIO d-(a3u Ta
IIIBUIIICHUM BMICTOM 3JIMIIKOBOI [-(a3u, sika Mae 3HMKEHY MIKpoTBepmicTh. Lle
0e31mocepeIHbO BIUTMBAE HA JJOKAIBHY CTIMKICTh MaTepiay 0 MUKIIYHUX HAaBAHTAXKECHB,

CIPHSIOYU PO3BUTKY BTOMHUX TPIIIUH.

B 30Hi 3 msamoro 3TB

[ weoneapy L acl ni [ vl col re |lvo BN wecnewny [ al vl v ol re | Mol
1 5,07 835 500 075 098 4,63 1 489 8337 494 073 091 498
3pasok 1 2 507 83,76 503 0,72 087 4,55 3pasok 1 2 499 8330 503 067 101 500
3 513 8375 497 064 09 460 3 496 8340 494 080 0.88 502

Pucynok 5.2 — PeHTreHOCnIeKTpaJIbHUI aHaji3 30HU TEPMIYHOTO BIUIMBY 3pa3ka 1 3

HarutaBJIieHUM mapom aportom CII15cs.
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3pa3ku mepiioi Tpynu, HaraBiaeHi AporoM BT22c¢B, manu gemo BuIll
HaIpaloBaHHs 10 PyWHYBaHHS MOPIBHSHO 13 3pa3kamu 3 HarutaBieHHsM CI115¢B. Ognak
BOHU TaKOX JAEMOHCTpPYBaldu Je(exTu, MOB’s3aHl 3 HEJOCTaTHIM 3aXUCTOM 30HHU
HaIUIaBJICHHS aproOHOM, IO CHPUYUHWIO YTBOPEHHS OKCHIHUX IUTIBOK 1 TOp ¥y
HaIUIaBJIICHOMY Iapi. Y Apyromy 3pasky wi€i rpynud Oyno 3adiKCOBaHO TOAATKOBHIA
nedekT — mopa B 30HI HaIJIABJIICHHS MOOJM3Yy OTBOPY, fIKa BHUCTyMNajla JIOKaJIbHUM
KOHIICHTPATOPOM HAMPYKEeHb 1 MPUCKOPIOBAJIA 3apOKEHHS TPIUH. PyiiHYyBaHHS 1IHOTO
3pa3ka BiOyBajoCs OJIHOYACHO Yy JIBOX 30HAX: y 30HI CIUIaBJI€HHS (Yepe3 OKCHJIHI
BKJIFOUEHHS ) Ta OOJIM3Y MOPH.

Otpumani pe3yibTaTH BKa3ylOTh Ha Te€, M0 30HAa 3 IUIAMOIO, OCOOIHBO B
KPUTUYHUX JTUISTHKAX, TAKUX K OTBOPH, MAa€ 3HAYHUH BIIMB HA BTOMHI XapaKTEPUCTUKU
Marepiany. Y TO€IHaHHI 3 TOBEPXHEBUMH Je(eKTaMu BOHA 3HAYHO 3HIDKYE OIIip
Marepiany A0 UUMKIIYHUX HaBaHTa)Ke€Hb. 3pa3ku 3 HamiaBieHHsIM CII15¢B manu Oubln
KPpUTUYHE pO3TAlTyBaHHS 30HU 3HIDKEHOI MIKPOTBEPAOCTi, MO, y TMOEIHAHHI 3
MEXaHIYHUMHU KOHIICHTPATOpaMH HANpPYXKEHb, MPHU3BEIO 10 HAWMEHIINX 3HAYCHb
HaIpaIloBalb 10 PyWHYBaHHs. 3pa3ku, HamwiaBieHi apotom BT22cB, nemoHCTpyBamu
BHUIII TTOKa3HUKWA BUTPUBAIOCTI, OAHAK JACHEKTH, CIPUYMHEHI HETOCTATHIM 3aXHUCTOM
HaIJIaBJICHHS, TAKOXK CYTTEBO BIUIMBAJIM HA iX JOBTOBIYHICTb.

Ha ocHOBI mpoBeNeHHX BHUMIPIOBAaHb MIKPOTBEPJOCTI Yy JBOX HampsMKax
(T0310B’)KHBOMY Ta BUCOTHOMY) OyJIM BU3HAUCHI CepEeH] 3HAUEHHS MIKPOTBEPOCTI JJIst
30H HAIJIaBIICHHS, 30HU TepMidHOoro BIMBY (3TB) Ta ocHOBHOTO MeTany (nuB. puc. 5.4).
Otpumani pe3ynbTaTH JO3BOJIMIM OILIHUTA CTPYKTYpPHI 3MIHM B KOXHIA 30HI Ta
BCTAHOBUTH 3aJICKHICTh MEXaHIYHUX XapaKTEPHUCTHK BiJl TEXHOJOTIYHHX MapameTpiB
HaIJIaBJICHHS Ta JIOKaIbHOT TepMiuHOi 00pobku (JITO).

AHani3 MikpoTBep0cTi 3pa3kiB 1, 2 1 3 mpu BukopucrtanHi apoty CII15¢cB BusiBuB
TaKi 3aKOHOMIPHOCTI:

- MiKpoTBepAicTh y 30HI 3 iMoo (3TB) e HaifHWXYOIO cepen yciX 30H 1
BapiroeThes B Mexkax 323-335 HV. Lle cBiuuTh Mpo JIOKaJIbHE 3HUKEHHS MEXaHITHUX
BJIACTUBOCTEH, IO 3yMOBJIEHO (Pa30BUMH Ta XIMIYHUMH HEOJHOPIAHOCTSIMHU, SIKi

BUHHMKAIOTh BHACIIJIOK JIOKAJBLHOI'O HarpiBy Ta HEPIBHOMIPHOTO PO3MOAUTY JIETYHOUHMX
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enemeHnTiB mig yac JITO. MiniManbHa TBEpAICTh Y LHX JUISHKAX BKa3y€ HA BUCOKY

WMOBIPHICTB JIOKaJ130BaHOTO 3apOJIKEHHS Ta PO3BUTKY BTOMHUX TPIILIHH;

CepenHi 3Ha4€HHSI MIKPOTBEPIOCTI MOBEPXHI NIT1(PIB Y BUCOTHOMY
Ta MO3/I0BXXKHbOMY HaIpsIMKax.
Hamnaska [Tnsama B 3TB 3TB OCHOBHUI MeTall

440
430 428

422

420 415 A 419
415

410 409

400 \

>
an)
& 390 \ \
5 380 ‘
§ 70 355
g 360 35 /)
8. 350 344
=
s 340 340

330

320 ® 323

310 320

300

0,5 1 1,5 2 2,5 3 3,5
[NoBepxus nntida, Mm
—0—3pazok 1 N=3132 nukm. 3pazok 2 N=4485 nuki. 3pazok 3 N=4455 nuk.

Pucynoxk 5.3 - CepeiHi 3HaY€HHS MIKPOTBEPIOCTI MOBEPXHI NUTI(IB Y BACOTHOMY Ta

MO3/I0B)KHHOMY HaMpsIMKaX 3pa3KiB Mepuioi rpynu 3 HaruiaBiaeHHaM apotom CII15¢s

- MIKPOTBEPAICTh Y 30HI TepMiuHOro BiuuBy (3TB) 6e3 misiMu € MakcUMaabHOIO
cepen AochikeHux 30H 1 gocsrae 419-428 HV. lle cBiguuth npo cTaOUIbHINLY
MIKPOCTPYKTYpPY Ta PIBHOMIpHHMI po3mnoain o+P-das3u, mo 3ade3redye MiaBHINCHI
MEXaHi4Hi BJIAaCTUBOCTI Ta 3MEHIIIY€ PU3UKHU NIEPEAIACHOTO PYUHYBaHHS;

- MIKpPOTBEP/IICTh y HAIUIABJIICHOMY IIapi Ma€ BIIHOCHO CTaOldbHI 3HAYCHHS B
Mexkax 409-415 HV, mo mniarBepkye piBHOMIPHICTh MPOLECY HAIJIaBICHHS Ta
3abe3reuye A0CTaTHIN piBEeHb MEXaHIYHOT MIIIHOCTI;

- MIKPOTBEPIICTh Y OCHOBHOMY METalll OCTYIOBO 3HMXKY€eThes 10 340-355 HV,
110 BIAMOBIJAa€ TUIMOBUM XapakTepucTukam cruiaBy BT22 Ta He CBIIUUTH NpO 3HAYHI

3MiHU Horo cTpykTypu BHaciiiok JITO.



139

3pa3ku 2 1 3 AeMOHCTPYIOTH JEIIO0 BUIII 3HAYEHHS MiKpoTBepAocTi y 30H1 3TB 6e3
IUIIMA TIOPIBHSIHO 13 3pa3koM 1, 1m0 Moxke OyTH MOB’SI3aHO 3 MEHII BUPAXKEHUMHU
CTPYKTYPHHMHU HEOHOPITHOCTSAMH 200 BIJICYTHICTIO 3HAYHOTO BILIUBY J1€(hEKTIB.

30Ha 3 IJISIMOIO € KPUTUYHOIO JAUISTHKOIO MaTepiany, OCKIIbKU XapaKTepU3yEThCs
HaWHIKYUMU 3HAYEHHSAMH MIKPOTBEPAOCTI, IO CBIIYUTH OPO il 3HUKEHY OMIPHICTH
MEXaHIYHUM HaBaHTaKEHHSM. Lle moscHI0e mpuCKOpeHe 3apO/IXKEHHSI TPIIIUH Y 111 30H1
I1]1 YaC BTOMHHUX BUIPOOYBaHb.

HamnaBnenuii map Ta 30Ha TEPMIYHOTO BIUIUBY 0€3 IUIAM JEMOHCTPYIOTH
CTaOIbHY MIKPOTBEPICTD, IO BKa3y€ HA iIXHIO CTPYKTYPHY OJHOPIAHICTH 1 MEXaHIUHY
MilHIcTh. OCHOBHUI MeTan 30epirae OuiKyBaHi 3HaUY€HHSI MIKPOTBEPAOCT1, OCKUIbKU HE
3a3Ha€ 3HaYHUX (a30BUX NepeTBOpeHb micis nposeneHHs JITO.

HasiBHICTb 30H 13 MiHIMaJIbHUMU 3HAYEHHSMH MIKPOTBEPAOCTI B 30H1 TEPMIYHOTO
BIuUBY (3TB) HeraTuBHO Mo3Ha4Ya€eTHCA HA BTOMHIN MilIHOCTI cuiaBy BT22, cipusitoun
MPUCKOPEHOMY 3apOJUKEHHIO Ta PO3BUTKY TpIIMH Tia 4Yac ekcrutyartamii. Lle
MIJITBEP/I)KY€E HEOOXIIHICTh TOYHOTO KOHTPOJIIO NapaMeTpiB JIOKAJIBHOI TEPMIYHOL
00po6ku (JITO) mist 3amobiraHHs yTBOPEHHIO TaKUX 30H 1 IMABUIIECHHS JIOBTOBIYHOCTI
BIIHOBJICHMX JIeTajel aBialliifHOro MpU3HAYEHHS.

Ockinbku mporniec JITO Buxkonyerscs nuisxom mBuakicHoro CBY-marpiBy 3
MOJANBIINM OXOJIOM)KCHHSM Ha IIOBITPi, a CTapiHHSA 3IIACHIOETHCS TPH IIBUIKOMY
migiAoMi TeMIiepaTypu Ta KOpoTkiil Butpumili (20 XB), HaBITh HE3HAYHI1 BIAXUJICHHS Y
pekruMax MOXYTh TPH3BECTH JO JIOKAIbHUX CTPYKTYPHHX HEOIHOPIAHOCTEH, SIKi
BIUTMBAIOTh Ha MEXaHIYHI XapaKTepUCTUKHU Marepiany. Bucoka mBHIKICTH HArpiBy Ta
HETpHUBaja BUTPUMKA CTBOPIOIOTH YMOBH Ui HEPIBHOMIPHOTO PO3MOIUTY JIETYHOUHX
eJIeMEeHTIB Ta (a30BUX TMEPETBOPEHBb, IO MOXe (OpPMYBaTH 30HH 31 3HUIKEHOIO
MIKPOTBEPAICTIO Ta IMIBUIIICHOIO KOHIICHTPAIIIEI0 3aTUIITKOBUX HAMPYKEHb.

3abe3nedeHHs cTablILHOCTI apaMeTpiB HArpiBy, BUTPUMKU Ta OXOJOKEHHS €
KPUTHYHO BaXXJTUBUM TSI GOPMYBaHHS OJHOPIAHOT ()a30BOT CTPYKTYPH Ta 3aro0iraHHs
MOsIBI 30H 13 JIOKAJIBHUM 3HIDKEHHSM TBepaocTi. KpiM Toro, HeoOXigHa BHCOKA
MOBTOPIOBAHICTh IMX YMOB IS BCIX 3pa3KiB, IO JO3BOJUTH MIHIMI3yBaTH

BapiaOeNbHICTh MEXaHIYHMX BJIACTUBOCTEH y BINHOBICHHX netansx. Lle cmpustume
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MIJIBUIIICHHIO EKCIUTyaTallliHOT HaAIMHOCTI KOHCTPYKIH 31 cmaBy BT22, mro
NIAAAI0TECAd  TPUBAJIOMY ULHMKIIYHOMY HAaBaHTAXEHHIO B yMOBax aBlallliHOI Ta

AepOKOCMIYHOI TEXHIKH.

5.2 Oco0MBOCTI MIKPOCTPYKTYPHHUX I MeXaHIYHHUX XapPAaKTePUCTUK THUTAHOBOIO
ciiapy BT22 i3 nannasaennsam aporamu CIIISCB i BT22CB 3a ymoBm

ONTHMAJbHHUX MOKA3HUKIB HalpanrlBaHHA

3pa3ku Apyroi rpynw, Mo IpOUIILIN BIJHOBIIOBAIbHE HATUIABICHHS NPUCATHUMU
aporamu CII15CB 1 BT22CB Ta nopanbelly JjokaiabHy TepMmiuHy 00poOky (JITO),
MPOJEMOHCTPYBAJIM 3HAYHO Kpallll TMOKA3HWKW HalpalloBaHb J0 pYyHHYBaHHS Y
MOPIBHSIHHI 3 TEpIIo0 Tpymnoro. Ile cBiAUUTHh MPO CYTTEBE MOKPAIICHHS CTPYKTYPHOL
OJIHOPITHOCTI MaTepiany, e(peKTUBHICTh BUKOPUCTAHHSI ONTHUMI30BaHUX pexkumiB JITO
Ta 3MEHILIEHHS! HETaTUBHOIO BIUIUBY TEXHOJOTIYHUX AE€(PEKTIB y 30HI HAIJIABJICHHS Ta
TepMiuHoro BIiuBy (3TB).

3 MEeTOK cucTeMaru3allii OTpPUMaHUX pe3yJbTaTiB y Ta0auil 5.2 HaBeaeHO

BUSIBJICHI JIePEKTH y 3pa3Kax ApYyroi rpymu, a TAKOXK iX HalpaloBaHHS JO pyHHYBaHHS.

Tabnuns 5.2 — Busiieni e eKTH Ta HaNpaItOBaHHS 3pa3KiB 3aJIEKHO BiJl TUITY

IpOTY.
Ne 3paska Bussnenuii nedpexr B 3TB Hanpatosasss N,
ITUKJT
4 BizncyTHs 30Ha 3 IUISIMOO, TOBEPXHS Ma€ Maiixke 24796
Jpit OJTHOPIJTHY MaKpOOYJIOBY.
CIIl5ce | 5 | 3ona 3 BiIMIHHOIO TPAaBUMICTIO Maja Oijb PO3MHUTI 19192
6 ME)KH MTOPIBHAHO 3 MEPIIOI0 TPYMIIO0 (IIJIsIMa). 19086
30Ha 3 BiIMIHHOIO TPAaBUMICTIO 3aiiMa€e MEHIILY
4 IUJIOIIY TOPIBHSIHO 3 MEPUIOI0 TPYIIIOO (ILJIsIMA), 14874
nopu OiJisl IOBEPXHi OTBOPY.
Hpit 5 BizncyTHs 30Ha 3 IUIIMOO, TOBEPXHS Ma€ Maiixke 28388
BT22cB OJTHOPIJTHY MaKpOOYJIOBY.
30Ha 3 BiIMIHHOIO TPABUMICTIO 3aiiMa€e MEHIILY
6 IUIOUTY MOPIBHSHO 3 MEPUIOO IPYMNIOIO (TUIsiMa), 14192
nopu OiJisi MIOBEPXHi OTBOPY.
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AHalli3 Makpo- 1 MIKPOCTPYKTYpH 3pa3KiB JIpyroi Tpynu MOKaszaB, MO0
Bukopuctanuga Jnpoty CII15CB no3Bonwio 3HAYHO 3HUBUTH KUIBKICTH TMOp Y
HaIUJIaBJICHOMY IIapl MOPIBHSAHO 31 3pa3kaMu, BUToToBiIeHUMHU 3 Apoty BT22CB. Ile
MOxke OyTH OB’ S13aHO 3 SKICTIO BUTOTOBJICHHS IPOTY: OCKUIbKH IpiT BT22CB mae Bunty
MIIHICTh, WOro (OpPMYBaHHS € OUIbII CKJIAJHUM, [0 MOXE CIPUSITH BUHUKHEHHIO
MIKpOJI€EKTIB, SIK1 3r0JI0M MEPEHOCITHCS B HATUIABJICHUN METAJl.

JocnikeHHss ToKaszajo, 10 3pa3ku, HamiaaBieHi japotom BT22CB,
JIEMOHCTPYIOTh HAasiBHICTh OKpEMHX MO po3MipoM A0 0,4 MM y 30HI CILTABJICHHS, TO1 SIK
y 3pa3kax i3 CII115CB nopu 6ynu nooauHokuMu Ta He niepeBuinyBaiu 0,1 mm (puc. 5.5).

Ile Bka3ye Ha BUIILY SIKICTh 3BapHOTO IIBa, BuUKOHaHOTO ApoToM CIT15CB.

Jpir CII15cB

3pa3ok 4 3pasok 5 3pa3ok 6

MOpH He BHUABJIEHI NIOpH He BUSABJICHI MOpH He BUABIIEHI

Jpit BT22cB

3pa3ok 4 3pa3ok 5 37pa301< 6

nopu @ 0,1- 0,38 mm nopa @ 0,2 mm NopH He an;nei
Pucynok 5.4 - HerpaBneHi noBepxHi nutiiB 13 BUSABICHUMHU MOPAMHU B 30H1

CIIJIaBJICHHS

VY 3paskax apyroi rpynu Ha MOBEPXHI MO3J0BKHIX HUTI(IB TaK0kK OyJIM BUSBICHI
IUIIMA 3 PI3HOKO TPaBUMICTIO, OJHAK 1X I1HTEHCHUBHICTh OyJia MEHII BHUPAXKEHOIO
MOPIBHSIHO 13 3pa3kamMu mepiioi rpynu (puc. 5.6). OuUlb piBHOMIpPHE PO3MOIIICHHS
JETYIOYUX €JEMEHTIB MIATBEPAWIOCh BUMIPIOBAHHSM XIMIYHOTO CKJIaAy Ta MIKPO

TBepaocti B 3TB.
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3pazku 1 ta 6 apit CI115¢B BMICT Jeryrounux eJIeMeHTIB
6,00

5,00

4,00

3,00

2,00

1,00

0,00 O l
Al v

Cr Fe Mo
Jleryrounii enemeHT

Bincotok Bmicty, %

® [Ins1ma 3pa3ok 6 [lama 3paszok 1 3TB 3pa3ok 6 3TB 3pazok 1

Pucynok 5.5 — Bmict neryrouunx eneMeHTiB y misiMax ta 3TB 3pas3kiB 116

(mpit CIT15CB)

[TopiBHsuIbHUM aHaMI3 3pa3kiB 1 Ta 6 y 30HI 3 IUISIMOIO Ta 1032 ii MEXaMU B 30HI
tepMiuHoro BIUUBY (3TB) mo3Boiisie OIIHUTU BIUIMB JIOKAJIbHOI TEPMIYHOI 0OpOOKH
(JITO) Ta wnamnaBnenHss aporom CII15CB Ha po3moain JEryr4ux €JIeMEHTIB,
MIKPOCTPYKTYPHY OJHOPIIHICTh 1, BIAMOBIAHO, MEXaHIYHI BIACTUBOCTI MaTepiany
(puc. 5.6).

30Ha 3 MIAMOI0 y 3pa3kax | Ta 6 JEMOHCTpPY€ CYTTEBI JOKaJIbHI BIIAMIHHOCTI Y
XIMIYHOMY CKJIaJii, 110 O€3MOCcepeIHbO BIUIMBAE HA ii (pa30BUM CTaH 1 MIKPOTBEP/ICTD.
Busieneno, mo y 3pa3ky | 1s 30Ha Mae OUIbII BHPaKEHY HEOAHOPIIHICTh, IO
MIJITBEP/IKYETHCA OLIBIIMMU BapialliiMU KOHUEHTpALii JIETYIOUMX eJeMeHTIB. Bmict
TUTaHy B 30H1 IUISIMU 3pa3ka 1 BapitoeTbes y Mexkax 83,40—-83,68%, Toni K y 3pa3ky 6 —
83,56—83,76%, 110 BKazye Ha JA€lIO CTAOUIbHINIY XIMIYHY PIBHOBary B OCTAHHbOMY.
BwmicT amtominito y 3pa3ky 1 3umxenuit y nopiBasaHi i3 3TB 6e3 msmu (4,97-5,05%),
TOMAl AK y 3pa3Ky 6 BiH 30epirae cralinpHimui piBeHb (5,07-5,13%). Bummii piBeHb
QIFOMIHIIO B 30HI TUISIMH 3pa3ka 6 MOXKe CBIIUUTH MPo (popmMyBaHHS OUIBIT OJHOPITHOT
0+B-CTPYKTYpH, IO CIPHUSE MABUIIICHHIO MEXaHIYHOT CTA01ILHOCTI.

BwmicTt BaHamio y 30Hi 3 IIIMOI0 000X 3pa3KiB 3HAXOIUTHCS Y Mexkax 4,9—-5,0%,

10 CBIIYUTH TIPO HOTO piBHOMIpHHM po3noaii. OgHaK BiA3HAYEHO, IO y 3pa3Ky | BMICT
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xpomy € BumuMm (10 0,84%) y nopiBHsiHHI 13 3paszkoMm 6 (0,64%). Lle moxe Oytu
HACIIJIKOM JOKanbHUX Audy3iiinux mnpoueciB nig yac JITO, siki mpusBenu A0 HOro
HEPIBHOMIPHOTO PO3MOJILTY B 3€PHUCTIN CTPYKTYpi 3pa3ka 1. 3ai30 y 30HI IJISIMH 3pa3Ka
1 nemonctpye BapiatuBHIiCTh (0,96-1,17%), 1m0 CBiAYUTHL TPO  MOKIIMBI
MIKPOCTPYKTYPHI HEOJHOPITHOCTI, TOJ1 SIK Y 3pa3Ky 6 HOro KOHIEHTpallisl CTa0lIbHIIIA
(0,87-0,98%). MoniOaeH, kUil € OAHUM 13 KIIFOYOBUX CTaOUII3aTOpiB B-(a3u, Takox
JIEMOHCTPY€E MEHIII KOJMBaHHS y 3pa3ky 6 (4,60—4,64%) y mopiBHSIHHI 13 3pa3koMm 1
(4,48-4,65%), 1110 CBITYUTH PO PIBHOMIPHIIIE pO3NOALICHHS (Pa30BUX CKIAAOBUX Y 111
30HI.

30Ha TEPMIYHOIO BILIUBY 032 IJISIMOIO IEMOHCTPYE OUIbII OTHOPITHUN XIMIUYHUM
CKJIaJI y TOPIBHSHHI 13 30HOIO0 3 IUIAMOIO, OJAHAK BIIMIHHOCTI MK 3pa3KaMHM TaKOX
30epiratoThcs. Y 3pa3ky | BiJ3HAYA€THhCS HE3HAYHE MIABUINCHHS KOHIICHTpAIlll TUTAHY
(mo 83,80%), o Moke OyTH HACTIAKOM MEHIII IHTEHCUBHHUX NU(PY31HHUX MPOTIECIB Y ITiH
30HI. BMmict amominito y 3TB mo3a misimoro 3paska 1 cranoButh 4,92—5,00%, mo €
MOPIBHSHHUM 13 aHAJIOTIYHOIO 30HOIO Yy 3pa3ky 6 (4,98—5,07%). Lle Bka3ye Ha cTabimbHUMN
piBeHb o-(a3u, sKa BiANOBIAA€E 32 MIIHICHI XapaKTepUCTUKH MaTepianry. BMmicT BaHaaio
3aIUIIAETHCS CTAOUTbHUM Yy Mexax 4,9—5,2% nist 000X 3pasKiB.

Y 30HI TEPMIYHOTO BIUIUBY 0€3 IUIAMH KOHIICHTpAIlisl XpOMY Ta 3aji3a TaKOX
OUTbII PIBHOMIPHA, IO CBIMYUTH Mo (popMyBaHHS CTaOLIBHINIOI (a30BOi piBHOBArU
micist JITO. ¥V 3pasky 1 koHmeHTpartiist XxpoMmy BapiroeTbes y Mexkax 0,79-0,93%, Tomi six
y 3pa3ky 6 — 0,85-0,89%. Bwmicr 3amiza y 3pasky 1 (0,95-1,02%) € Bummm y nmopiBHSHHI
13 3pazkom 6 (1,15-1,24%), 1110 MoOke CBITYUTH MPO Kpally MIACTUYHICTH OCTAHHBOTO.
Haiimen1i BiAXHJIGHHS CITOCTEPITaloThCs Il MOJIOAeHy, KOHIIeHTparis skoro y 3TB
0e3 miaMu crabiipHIma y 3pa3ky 6 (4,38-4,48%) y mopiBHsHHI 13 3pa3kom 1 (4,55—
4,74%).

Takum yuHOM, aHami3 3pa3kiB 1 Ta 6 mokasaB, IO 30HA 3 IUIAMOIO € OLIBII
BUPKCHOIO Y 3pa3Ky 1, 10 CYNPOBOIHKYETHCS MIABUIIIEHOI HEOTHOPITHICTIO XIMIYHOTO
CKJIay Ta OUTBIN PI3KUMHU TpaJieHTaMU KOHIIEHTpaIlii JIeTyrounx ejaeMeHTiB. Lle moxke
HETaTHBHO BIUIMBATH Ha MEXaHIUHI BIJACTUBOCTI1, 30KpeMa Ha BTOMHY MIIIHICTh, OCKITbKH

CTPYKTypHa HEOJHOPIIHICTh CIPHUSE JIOKATHBHOMY 3HI)KCHHIO IUIACTUYHOCTI Ta
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MIJBULIEHHIO PIBHS 3aJUIIKOBUX HAMpyXeHb. Y cBOO yepry, 3TB mo3a misMoro B 060X
3pa3Kax JeMOHCTPYE OLIbII cTa0lIbHI 3HAUEHHS KOHLIEHTPALli JIETYIOUUX €JIEMEHTIB, 1110
3a0e3reuye OJHOPIAHINIT MeXaHIYHI BJIACTUBOCTI Ta BHINY CTIMKICTH O BTOMHOIO
pyiinyBanHs. Lle cBiquuTh mpo HEoOX1gHICTH KOHTpodto mnapamerpiB JITO 3 meroro
MIHIMI13a11li IO 30H 3 BIIMIHHOIO TPABUMICTIO, IK1 MOXKYTh Oy TH KPUTUUHUMU MICISIMU
3apO/KCHHSI BTOMHHX TPIIIHH.

[TpoBeneHmii MOpPIBHAIBHUI aHaATI3 30H 3 IUISIMOIO Y IBOX 3pa3Kax, M0 MPOUIILIH
HariaBiaeHHs: pizHumu japoramu — CITISCB ta BT22CB. OcobmuBy yBary OyIio
MPUIUICHO PO3MOUTY JIETYIOUMX €JEMEHTIB y 30HI TepmiuHoro BmmBy (3TB) Ta
BUSIBJICHHIO MOXJIMBUX BIIMIHHOCTEH, III0 MOXYTh BIUIMBAaTH Ha MEXaHIYHI

XapaKTEePUCTUKU MaTepiaiy.

B 30Hi 3 IJIIAMORO )lplT CII15cB B 30Hi 3 IUISIMOXO IlplT
BT22cB

) e
25um 250m

|_necnewpy | acl vl v lclrelmold wocnewrpy | a | mi | v [ ol re ] Mol
1 5,07 8356 5,00 0,75 0,98 4,63 1 5.00 83.40 5.05 0.84 1.06 4.65
<EELIGH 2 5,07 83,76 5,03 0,72 0,87 4,55 3pasok 4 2 5.05 83.68 5.04 0.78 0.96 4.48

3 513 8375 497 064 0,90 4,60 3 497 8358 5.03 0.78 1.17 4.48

PucyHok 5.6 - PeHTreHocneKkTpallbHUI aHajl3 30HU TEPMIYHOTO BILUIMBY 3pa3ka 6 Ta 4

3 HarutaBiaeHuM mapom apotom CII15cB na BT22c¢B BiaAnoBigHO

Ha ocHOBI oTpuMaHUX pe3ydbTaTiB XIMIYHOrOo aHauizy (auB. puc. 5.7)
BCTAHOBJICHO, 110 30HU 3 IUIAMOIO JIEMOHCTPYIOTh BIJIMIHHOCTI Y PO3MOJALIL JIETYIOUHUX

€JIEMEHTIB 3aJIEXKHO B1Jl TUITY HAIUIABJIEHOIO JIPOTY.
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s 3paska 6 (npit CI115¢B) BMICT TUTaHy BapitoeThes B Mexkax 83,56 - 83,75%,
amtoMinio - 5,07-5,13%, Bananio - 5,00-5,03%, xpomy - 0,64-0,97%, 3amiza - 0,87-
0,90%, momioaeny - 4,55-4,63%.

Jns 3paszka 4 (apit BT22¢B) koHIIEHTpallisl TUTaHYy JEII0 HUXKYa 1 BapllOEThCSA Y
Mmexax 83,40-83,58%, amtomiHito - 4,97-5,05%, Banaxito - 5,03-5,05%, xpomy - 0,75-
0,78%, 3aniza - 0,96-1,17%, monidneny - 4,48-4,65%.

AHami3i3 OTpUMaHUX JaHUX ToKazye 1o y 3pa3ky 6 (apit CII15¢B)
CIIOCTEPIraeThCs OUIbII CTAOUIBHUNA PO3MO/ILI JIETYIOUHUX €JIEMEHTIB Y 30H1 3 IUISIMOIO, 10
MOXke OyTH HACIIAKOM OUIbII PiBHOMIpHOTO TepmiuHoro BBy mpu JITO. 3pazok 4
(mpit BT22¢B) neMoHcTpye OLblily BapilaTUBHICTh Yy BMICTI TUTAHY, XpOMY Ta 3aii3a, 110
MOYK€ OyTH CBITUCHHSM JIOKAIHBHUX XIMIYHUX HEOTHOPITHOCTEH, sIK1 BUHUKJIM BHACIIIOK
HEOJHOPIAHOTO HArpiBy ab0 BILTUBY IpolieciB nudy3ii mig gac TepMidHOi 0OpOOKH.

Ha ocHOBI nmpoBeleHNX BUMIPIOBaHb MIKPOTBEPAOCTI MOBEPXHI HUII(PIB y ABOX
HampsiMKax (TO3/J0BKHBOMY Ta BHCOTHOMY) OyJiW BH3HAYEHI CepeiaHi 3HAYCHHS
MIKPOTBEPAOCTI JIJIsi 30H HAIUIABJIEHHS, 30HU TepMiuHoro BIuBYy (3TB) Ta ocHOBHOrO
MeTally y 3pa3Kax Jpyroi rpymnu, mo npounuy HamiabieHHs Aportamu CII15¢B Ta
BT22cB (muB. puc. 5.8 ta 5.9). AHani3 oTpUMaHUX pE3yJIbTATiB JO3BOJIUB OI[IHUTHU
CTPYKTYpHI 3MiHM B KOXHIM 30HI Ta BU3HAYUTH BIUIMB TEXHOJIOTIYHHX MapameTpiB
mpollecy HaIUIaBJICHHS Ta MOJANbIIOI JIOKAIbHOI TepMmiuyHOi 00poOku (JITO) Ha
MEXaHIYH1 BJIaCTHBOCTI MaTepiany.

OTpuMaHi pe3yiabTaTH CBIYaTh, IO 3pa3ku 4 Ta 5 IEMOHCTPYIOTh OUIBII CTA01IbHI
3HAQ4YEeHHSI MIKPOTBEPIOCTI B 30H1 TepMiuHOro BIUuBY (3TB) mopiBHSHO 13 3pa3koMm 6, y
SIKOTO CITOCTepiragacs 30Ha 3 HEOJHOPIAHOI TPABUMICTIO. 3arajioMm, 3pa3Kd JIpyroi
rpynu 3 HamiaBieHHsM ApotoM CII15¢cB xapakTepu3yroThCsi pIBHOMIPHUM PO3MOALIOM
TBEPJIOCTI Yy BCiX 30HaX (HaruiaBieHui map, 3TB, ocHOBHUI MeTan), 110 3a0e3Meunsio
iXHIO BUCOKY BUTPHUBAJICTh y MPOIECI BTOMHUX BUIMPOOYBaHb. Lle CBITUUTH Npo SIKICTh
HaruiaByieHHs: ApotoM CIT15¢B Ta eheKTUBHICTh BUKOHAHOI TEPMIYHOI OOPOOKH.

Ha Biaminy BiJ 3pa3kiB JIpyroi Ipynu, 0 MNPONIUIM HAIUIaBJIEHHS JIpPOTOM
CII15cB, 3pa3ku 3 HamuaBieHHsSM JAporoM BT22B mnpoaeMoHCTpyBanu OuIbII

PIBHOMIPHUU PO3MOJLT TBEPJOCTI Y BCIX 30HAX, IO MOTEHUINHO CIpHsie CTaOUIBHOCTI
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MEXaHIYHMX BJIACTUBOCTEN Martepiany. [Ipote y 3pa3kax 4 Ta 6 3 HalIaBICHHSIM JIPOTOM
BT22CB 0y110 BUsIBIEHO [TOPH y HAILIABIEHOMY LIapi, 10 CYTTEBO BIUIMHYJIO HA KIHIIEB1
HaIlpaloBaHHs 10 pydHyBaHHsA. HasBHICTE mNOp BHCTynana KOHUEHTpATOpaMu
HaIpyXeHb, CHOPUSIOUM 3apOJKEHHIO Ta MPUCKOPEHOMY POCTY TPIIIMH MiA €0

IUKJIIYHUX HaBaHTaXEHb, 110 HETAaTUBHO BIJIMHYJIO HA JIOBTOBIYHICTh MaTepiaty.

Hannaska ILisma B 3TB 3TB OCHOBHHUH MeTal

— —~ —— — —~ —

CepenHi 3Ha4CHHSI MIKPOTBEPAOCTI TIOBEPXHI NUTI(IB Y BUCOTHOMY Ta
TI03/I0BXKHBOMY HAIPSIMKaX.

430
420 420 @
410
400
390
380
370
360
350
340
330
320
310
300
290
280
270
260
250
0,5 1 1,5 2 2,5 3 35
IMoBepxus nutiha, MM

Mikpotsepaicts, HV

—@— 3pa3zok 4 N=24796 uuxi —@—3pa3ok 5 N=19192 nuxn —@—3pa3ok 6 N=19086 ruxu.

Pucynoxk 5.7 - CepeqiHi 3HaYEHHS MIKPOTBEPIOCTI MOBEPXHI NUTI(IB Y BACOTHOMY Ta

M03/I0B)KHHOMY HaNpsIMKaXx 3pa3KiB JPyroi rpynu 3 HarsaBiaeHHsM apotoM CII15¢cB

TakuM 4YWHOM, aHaNi3 MIKPOTBEPJOCTI Ta BUSIBJICHUX Je(EKTIB MOKa3aB, IIO
PIBHOMIPHICTB PO3MO/ILTY TBEPAOCTI y 3pa3Kkax APYroi rpymnu € BaXKJIUBUM (PaKkTOpoMm, 110
BIUIMBA€ Ha IXHIO BTOMHY BUTPUBAIICTh. 3pa3ku 3 HarmjaBieHHsM jpotom CII15CB
JEMOHCTPYBaIU CTAOUIBHINI 3HAYEHHS TBEPAOCTI Ta Kpally AOBIOBIYHICTb, TOJ1 SIK Y
3pa3kax 3 HaruiaBieHHAM ApotoM BT22CB, He3Bakarouum Ha PIBHOMIPHHUM PO3MOALT
MIKpPOTBEPAOCTI, HASBHICTh MOp Yy HAIUIABJIEHOMY IlIapi CHpUsIa MEpPea4acHOMY
pyitnyBanH10. Lle Bka3ye Ha HEOOXIJIHICTh PETEIBLHOI0 KOHTPOJIIO SIKOCT1 HAILJIABJICHHS,
30KpeMa YCYHEHHS Mop y 3pa3kax 3 HamiaBjaeHHsIM apoTom BT22CB, s 3a0e3nedueHHs

OLIBIIOT IOBrOBIYHOCTI MaTepialy B yMOBaX LIUKIIYHOTO HAaBAaHTAXEHHS.
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OTpuMaHni pe3yiabTaTU MOKa3ylOTh, IO 3pa3ku 4 Ta 5 AEMOHCTPYIOTh OLIbII
CTa01IbHI MOKAa3HUKH MIKPOTBEPAOCTI B 30HI TepMiuHoro BBy (3TB) mopiBHsSHO 13
3pa3KkoM 6, SIKUI MaB 30HY 3 HEOJAHOPIJTHOIO TPABUMICTIO. 3arajaom, 3pa3ku IPyroi rpynu
XapaKTepU3yIOThCSl BIIHOCHO PIBHOMIPHOKO 3MIHOIO MIKPOTBEPAOCTI Y BCIX 30HAX
(mannaBnenHs, 3TB, ocHOBHUIA MeTall), 1110 3a0€3MeYnII0 iXHIO BUCOKY BUTPUBAIICTD IiJ1
4ac MPOBEJCHHS] BTOMHUX BUIIPOOYBaHb. [{e CBIAUUTH PO SKICTh HAIUIABJICHHS IPOTOM
CII15cB Ta edeKTUBHICTH BUKOHAHOT TEPMIUYHOI OOPOOKH.

Ha BigmiHy Bij 3pa3kiB Apyroi rpynu 3 HamiaBieHHsM apotoM CII15c¢B, 3pa3ku 3
HariaBlieHHsIM JpoTtoM BT22cB mpoaeMoHCTpyBaiau OUIBII PIBHOMIPHI MOKa3HUKH
MIKpPOTBEPAOCTI Yy BCIX 30Hax (HamaBieHHsA, 3TB, ocHoBHui MeTan). OaHaK HasIBHICTh
Op y 30HI HAIUIaBJIEHHA NOOJM3y TMOBEPXHI OTBOPY CHpHUsIa MNPUCKOPEHOMY
3apO/PKCHHIO TPINIMH, M0 HETaTUBHO BIUTMHYJIO HA HAMpAIlIOBaHHS 3pa3kiB 4 1 6 1miel
rpynu. lle cBimunTh, 110, HE3BAXKAIOYM HA PIBHOMIPHICTh MEXaHIYHUX BIIACTHBOCTEH,
nedeKTH y HAIUIaBIEHOMY Iapi 3aJHIIAIOTHCS KIOYOBUM (AKTOPOM, KU OOMEXKYe

JOBIOBIYHICTH MaTepiany (puc. 5.9).

HarmuraBka ITnsama B 3TB 3TB OCHOBHHI MeTa

e~ A i A — e~
- , ~
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-

CepenHi 3Ha4€HHS MIKPOTBEPAOCTI MOBEPXHI NUTI(iB y BUCOTHOMY Ta

INO3AOBXXHbOMY HaIIpsIMKax.
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IToBepxHs nutidha, MM
—&—3pa3zok 6 N=14192 mukin. —@—3pasok 4 N=14874 muxn —8—3pasok 5 N=28388 muxn

Pucynok 5.8 - CepeniHi 3HaY€HHS MIKPOTBEPIOCTI MOBEPXHI NUTI(IB Y BACOTHOMY Ta

MO3/I0B)KHHOMY HaMpsIMKaX 3pa3KiB Apyroi rpymu 3 HarjiaBleHHsM ApotoM BT22¢B
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Cepen ycix 3pa3kiB Apyroi Trpynd HaWBUIIl [MOKa3HWKUA HampaioBaHb 0
pyiiHYBaHHSI TPOJAEMOHCTPYBaH 3pa3ok 4 (HamasneHui npotom CII15¢B) Ta 3pa3ok 5
(mannasnenuii  aporom BT22cB). Ixmi HampamioBaHHs CyTT€BO IIE€PEBUIIYBaAH
pe3yJbTaTH 1HIIUX 3pa3KiB y CBOIH cepii, 1110 00yMOBIEHO CTA0OUTBHUMU CTPYKTYPHUMHU
XapakTepUCTUKAMU Ta PIBHOMIPHUM PO3MOJLIOM MEXaHIYHUX BIACTUBOCTEH. 30Kpema,
y mMX 3pa3kax Oyia BiJICYTHS 30Ha 3 BiAMIHHOIO TpaBuMicTio B 3TB, a 3MiHa
MIKpPOTBEPAOCTI BiI0OyBanacsi pIBHOMIPHO IO BCiil 30H1 TEPMIYHOTO BIUIUBY (puc. 5.5).

MeranorpadiuyHuii aHaii3 MiATBEpAMB, 10 Y MaTepiajl HAIUIaBJICHHS Ta B 30HI
TEPMIYHOTO BIUIMBY cdopmyBaBcs cTaOuibHuM ABo¢asHuil (o+f) cTaH, 1m0 CHOpUsB
PIBHOMIPHOMY pPO3MOJAULY Hampy>KeHb 1 TMOKPAIIEHHIO BTOMHHUX BJIACTUBOCTEM.
He3Baxatoun Ha JnesKe MiIBHINCHHS MIKPOTBEPJOCTI B TMEPEXiJHIN 30HI, 3arajbHUN
PiBEHb 3QIMITKOBHX HANPYXKEHb 3aJUIIABCS HU3BKWM, 110 TO3WTHUBHO BIUIMBAJIO Ha
JIOBTOBIUHICTh MaTepiaiy Ml Ji€0 MUKIIYHAX HABAHTAXKECHb.

JonatkoBo, mpoBeAeH] MeTanorpadiydi JOCTIIHKEHHS JO3BOJISIOTH 3pOOHTH
BHCHOBOK, IO 3pa3ku 4 Ta 5 Maiu CTaji YMOBU BIIHOBJICHHS MOBEPXHI Ta MOJANIBIIO1
nokanbHOI Tepmiuaoi 00poOku (JITO). Came 11e 3a6e3neunsio popMyBaHHS OTHOPIAHOT
CTPYKTYpH Ta CTaOUTbHI MeEXaHI4HI BIACTUBOCTI, IO, y CBOI Yepry, CIPHIIO
MaKCUMaJIbHIUM MOKAa3HHUKAaM BTOMHOI BHUTPUBAJIOCTI CE€pel YCIX JOCHIHKEHUX 3Pa3KiB.
Bucoka BigTBoproBanictk ymoB JITO € xmouoBuM (akTopoMm 3a0e3neyeHHs
JIOBTOBIYHOCTI ~ BIJIHOBJICHUX  JeTajied, 10  MiATBEP/UKYETHCI  OTPUMAHUMU

CKCIICPUMCHTAJIbHUMHA JaAHHUMMU.

Jpir CII15ce Jpit BT22cB

QATM

Method HV 0.3 3paszok 4 Np=24796 uuki.

3

3pazok 5 Np=28388 uuki.

30Ha HarIaBJIeHHs 30Ha HarIaBICHE

3ona TEPMI4HOTO
. srumBy (3TB)

30Ha TEPMIYHOTO
BBy (3TB)

30Ha OCHOBHOTO
MeTany

30Ha OCHOBHOIO
MeTany

Pucynok 5.9 - Pe3ynbratui BUMIpIOBaHHS MIKPOTBEPIOCTI 3pa3KiB IPYyroi rpynu y

BHCOTHOMY HaIlpsiMI.



149

5.3 Onrtumizanisa BHUSBJIEHHS 30H i3 BigMiHHOW TpaBumMmicTiO y 3TB micas

BIIHOBJIIOBAJILHOI0 HatuiaBJeHHs Ta JITO cuiapy BT22

VY xoxdi pocnimkeHHs OyJ0 BCTAHOBJIEHO, IO Mijf YaC BUTOTOBJICHHS HUTI(DIB HA
CTali KIHIIEBOT'O MOJIIPYBAHHS MOBEPXHI1 KOHTYPH 30H 13 BIIMIHHOIO TPAaBUMICTIO CTAIOTh
OLIbII MOMITHUMHU MiJI KOCUM OcBiTJIeHHsIM (puc. 5.10). Ile no3Bonsie ineHTHdiKyBaTH
TakKi 30HU 0€3 HEOOX1JHOCTI MPOBEICHHS XIMIYHOTO TpaBJIeHHs MOBepxH1. [laHuii edekT
€ HAJ3BUYAaHO BAXIIMBUM i1 OIIHKM CTPYKTYPHOI OJHOPIJHOCTI Marepiany Ta
KOHTPOJIIO SIKOCTI HAIUIaBJIEHHSI Ta JIOKalbHOI TepMmidHOi 00poOku (JITO) meraneit 3

TUTAHOBHUX CIUJIABIB.

3pa3ok 2 apir CII15cB

B W i N .
TPaBIeHuH uLTi( He TPaBJIeHUu# muIi(

nmjigmMa

Pucynok 5.10 — ®otorpadii mikpomuutida 3pazka 2 micis HaIIABICHHS APOTOM

CII15cB B 30HI TEPMIYHOTO BILUIMBY JI0 Ta MICJs TPaBJIEHHS MOBEPXHI.

3ouu 3 BiAMiHHOIO TpaBumicTio B 3TB, ("mismMu"), MarOTh BIAMIHHUN XIMIYHUN
ckJaz 1 (a3oBy CTPYKTYpPY y HMOPIBHSAHHI 3 PEHITOI0 MaTtepiany. AHaji3 Mmokasas, 0 B
X 30HAaX:

- CHIOCTepiraeTbcsl MiJBUIICHUN BMICT [B-¢ha3u, MO MOB’S3aHO 3 JIOKAIbHOIO
cTabUTI3alll€l0 JErYIUUX €JIEeMEHTIB, Takux sk MonioaeH (Mo) Tta Banamiii (V), ski

CHpusitoTh 30epexenHto B-pasu nig yac JITO;
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- CIIOCTEPITa€ThCsl BaplaTUBHICTh MIKPOTBEPOCTI — 30HA 3 MUISIMOIO MAa€ 3HAYHO
3HMKEH1 3HaueHHs MiKpoTBepAocTi (323—-335 HV) nopiBHSAHO 3 OTOUYIOUUMU TUTTHKAMHU
(420450 HV), mo Bka3ye Ha BIAMIHHUH PiBEHb JAePOpMaIliiHOTO 3MIIIHEHHS,

- Ma€ Miclie pi3HUM KoeDIIIEHT CBITIIOBIAOMBAHHS Yepe3 HEOAHOPITHUM pO3MO1IT
$a3 o1, 110 MPU3BOAUTH 10 YTBOPEHHS ONTUYHOT'O KOHTPACTY Ha IMTOBEPXHI M1 IEBHUM
KYTOM OCBITJICHHSI.

OntuyHa BUAUMICTD 30H 13 BIIMIHHOIO TPABUMICTIO 0€3 TPaBJICHHS MOSCHIOETHCS
PO3XOJKEHHSIM Yy CTPYKTYPHOMY CTaHI, 110 BIJIMBAE HA 3/IaTHICTh MaTepianay BiIOUBATH
CBITJIO. AHanoriuHuil edexT croctepiraBcsi MpU JOCHIIKEHHI HEOJHOPITHOCTEH Y
TUTAHOBHMX CIUIaBax IICJS TEPMIUYHOI OOpOOKM, KOJHM 3aluIiliKkoBa [-daza yTBOpPIOE
MIKPOCKOIIYHI MOBEPXHEB1 A€(PEKTH, 1110 MIICUIIIOI0Th TU(y3HE BIAOUTTS CBITIA.

BusiBieHHs 30H 13 BiAMIHHOIO TpPaBUMICTIO 0€3 3aCTOCYBaHHS XIMI4HOTO
TpaBJICHHS Ma€ KiJbKa IepeBar:

- IBHJIKA Ta HEIHBAa3WBHA JJIarHOCTUKA — BUKOPUCTAHHS KOCOTO OCBITIICHHS
n03BoJIsie BUSIBISITH HeomgHopigHocTi B 3TB Ha cranii momipyBanHs 6€3 HEOOXiTHOCTI
J0JTATKOBHX arpeCUBHUX BIUIUBIB, K1 MOXKYTh 3MIHIOBATH MIKPOCTPYKTYPY MOBEPXHI;

- MOKJTUBICTH Bi3yaJIbHOTO KOHTPOJIIO BIIHOBJICHUX JETAJNIEH — METOJ MOXe OyTH
3aCTOCOBAaHUN Il OIIHKK JeTaJe aBialliifHOI Ta EHepPreTMYHOl TEXHIKH TiCHs
BiJIHOBJTIOBAJILHOT'O HAIJIABJICHHS;

- 3HWYKEHHSI KMOBIPHOCTI BIJIMOBH JeTalell — 30HU 3 HU3bKOIO TBepAicTio y 3TB
MOXXYTh OyTH TPUXOBAaHUMHU OCEpPEIKaMH 3apOJIKCHHS TPINIMH, TOMY IXHE BYaCHE
BUSIBJICHHSI JI03BOJISIE OMITHUMI3yBaTH TEXHOJOT14HI apameTpu HarwiaBineHnHs ta JITO.

- MOXKJIMBICTh aBTOMAaTHU30BAHOTO KOHTPOJIIO — BPaXOBYIOYH, 1110 3MiHU y BIIOUTTI
CBITJIa 3aJIe’KaTh BiJ Pa3oBOro ckiagy, po3poOKa aBTOMAaTU30BAHUX CHCTEM KOHTPOJIIO
13 3aCTOCYBaHHAM Jla3epHOi a00 U(PPOBOI ONTHUKHA MOXKE MIABUIIATA TOYHICTHh OIIIHKH
MIKPOCTPYKTYPH ITiCIIS HATUTABJICHHS.

Jlana MeToAMKa KOHTPOJIIO CTPYKTYpHM Ta MIKPOTBEPIOCTI € HaJI3BUYAIHO
BOXJIMBOIO JUIsI BUCOKOJIETOBAHWX THTAHOBHMX CIUIaBIB, SKI BHUKOPUCTOBYIOTHCS Y
aBlamiiHIA Tamy3l BUKIIOYHO y 3MilHeHOMY cTaHl. [y 3abe3reueHHs HEOOX1THOTO

PIBHS MIITHOCTI Ta JIOBrOBIYHOCTI aBiallifHUX JeTajel KPUTUYHO BAXKJIUBO MATPUMYBaTH
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ctabuibHicTh mapameTpiB JITO, mo m03BoJIss€ YHUKATH YTBOPEHHS JIOKAJIbHUX 30H 31
3HMKEHUMH MEXAHIYHUMHU XapaKTepUCTHKAMH. 3alpONOHOBAHUM MiAXIT MOXE OyTH
e(EKTUBHO 3aCTOCOBAHUH JJISI ONITUMI3AIlli TEXHOJIOT1i BITHOBJICHHS JIeTaJIel aBlalliiHUX
KOHCTPYKI[IH 13 TUTAaHOBUX CIUIaBIB, W0 EKCIUIyaTyIOThCA B YMOBaxX BHCOKHUX

IL[I/IHaMi‘{HI/IX HaBaHTAaXE€Hb.

BUCHOBKH

[IpoBenenuii anani3 BBy AedekTiB HamiaBieHHs apotamu CII15¢cs Ta BT22¢cB
Ha MIKPOCTPYKTYpPY, MEXaHI4HI BIACTUBOCTI Ta BTOMHY BUTPHUBAJICTh 3pa3KiB
TUTaHOBOTO criaBy BT22 103BonauB 3poOUTH Taki BUCHOBKHU:

1. Marepianu nepiuioi rpynu 3 MiHiMaJIbHUMH HAMPALIOBAaHHSMH MaJld XapaKTepH1
nedeKTH HaIUIaBJICHHS, AKI 3HAYHO 3HIXKYBAJIM iXHIO JIOBFOBIYHICTB. [[si 3paskis,
HariaBieHux AporoM CII15¢B, KpUTHUUHMM YUHHHKOM cTano (OpPMYBaHHS 30HHU 3
BIIMIHHOIO TPAaBUMICTIO B Oe3mocepedaHid OJM3bKOCTI J0 OTBOPY, IO 301JIbIIYBaIO
KOHIICHTPAI[i}0 HANPY>KEeHb. Y MOEJAHAHHI 3 PUCKAMHU Ha MOBEPXHI OTBOPY II€ CIPUSIIO
nepe4acHOMY 3apOKEHHIO Ta PO3BUTKY BTOMHHX TPILIUH.

Jns marepianiB 3 HarjaBleHHSIM JpoToM BT22cB OCHOBHUM HETraTUBHUM
(bakToOpoM CTaio0 YTBOPEHHS MOpP Yy 30HI HAIIABIEHHS, MO0 3HAYHO 3HIDKYBAJO IXHIO
BTOMHY MIITHICTh 4epe3 (OpMyBaHHS KOHIICHTPATOPIB HATIPYKEHb.

2. Anani3 30H 3 BIIMIHHOIO TPaBUMICTIO y MaTepiaiax Mepiioi rpymu, MmoKa3aB
JOKaJIbHY 3MIHY XIMIYHOTO CKJIaqy, 30KpeMa IiJBUICHUNW BMICT MONIONEHYy Ta
IOMIHIIO TP OJIHOYACHOMY 3HW)KEHHI1 KOHIeHTparii tutany. lle mpusBomumo a0
HEpIBHOMIpHOTO (a30BOTO CKJIady, IO HETaTHBHO BIUIMBAJIO HA MIKPOTBEPIICTH Ta
CIPUSLIIO JIOKAIbHOMY 3HUKEHHIO OIIOPY BTOMHOMY PYHHYBAaHHIO.

VY martepianax Apyroi rpynu (3 BUIIMMH HAMPAIIOBAHHIMH) PO3MOLT JIETYIOUUX
eJIeMEHTIB OyB OLIbII PIBHOMIPHUM, IO 3a0€3MeuyBaio cTadiIbHICTh ()a30BOTO CKIAIY
Ta TIOKPAIIeH] MEXaHIYH1 XapaKTepPUCTUKH Y 30H1 TepMiuHOro BIuiuBy (3TB).

3. YV wMarepiamax Tmepmioi Tpynd 30Ha 3 BIAMIHHOIO  TPaBUMICTIO

XapakTepu3yBanacs HaWHIWKYUMHU 3HA4eHHSAMHU MikpoTrBepaocti (323-335 HV), mo
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BKa3ye Ha JIOKaJbHE OCJA0JICHHS MaTepialy Ta MIJBHUILEHY YyTJIMBICTH JO BTOMHOI'O
pyHHYBaHHS.

BonHouac, y maTtepianax Apyroi rpymnu, Jie 30Ha 3 BIIMIHHOIO TPaBUMICTIO abo
OyJa BiJICyTHs1, 800 MaJia MEHII BUPAKEHY HEOJHOPIAHICTh, MIKPOTBEPIICTh 3AJIUIIIANIACS
ctabuipHOIO0 (419-428 HV y 3TB). lle cnpusimo mNiABUIIEHHIO OMNOPY BTOMHOMY
HaBaHTAXEHHIO.

4. Y marepiasiax Apyroi rpynu 3 HAMBUIIMMU HaNpalroBaHHSAMHU (3pa3ku 4 Ta 5)
Oyna 3abe3neueHa craOuibHicTh mnapamerpiB JITO, mo copusuio (opMyBaHHIO
piBHOMIpHOI 1BOda3Hoi (a+f3) cTpykTypH B 30H1 HariaBieHHs Ta 3TB.

Busisneno, mo koutponsoBani napamerpu JITO, 30kpeMa TOUHICTh HIBUJIKICHOTO
HarpiBy Ta BUTPUMKH, 3a0€3MEUyIOTh MIHIMI3allll0 JIOKAIbHUX HEOJHOPITHOCTEH Y
XIMIYHOMY CKJIaJll Ta TBEPIICHUX XapaKTePUCTUKAX.

5. OrpumaHi pe3yiabTaTH MIATBEPIKYIOTh KPUTUYHE 3HAYEHHS KOHTPOJIIO
CTPYKTYPHOI OJIHOPITHOCTI Ta MIKPOTBEPJOCTI IMPH BiJHOBIIOBAIHFHOMY HaIlJIaBJICHHI
TUTAHOBUX CIUIABIB, III0 BUKOPUCTOBYIOTHCS B aBlaIliiHINA ramy3i.

3anponoHOBaHUM MiAXiJ O OIIHKK sKOCTi HamaBieHHs Ta JITO mo3Boise
BU3HAYATH JUISHKHA 3 MOHWKCHUMHU MEXAHIYHUMH XapaKTEPUCTHKAMU Ta KOPUTYBATH
TEXHOJIOTIYHI TTapaMeTpy BiJHOBIICHHS IS MiABUINCHHS CKCILTyaTaIliiHOI HaIIHHOCTI

aBlallHUX JeTaJIed 13 TUTAaHOBUX ciuiaBis BT22.
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3AT'AJIBHI BUCHOBKH

VY mpoiieci BUKOHAHHSI JOCIIJI)KEHb OyJI0 BCTAaHOBJIEHO OCHOBHI (paKTOpH, IO

BILUIMBAIOTh HA JIOBFOBIUHICTH BUPOOIB 31 ciuiaBy BT22 micis HamiaBieHHs MPUCATHUMHU

npotamu CII15cB, BT22cB Ta nojanbiioi J0KalbHOI TepMiuyHOT 00poOku. BuzHaueHo

3aKOHOMIPHOCTI BILUTUBY MIKPOCTPYKTYPHHUX OCOOJIMBOCTEHN Ha 3apOXKEHHS Ta PO3BUTOK

TPILUIMH y TIPOLIeCi BTOMHUX BUMPOOYBaHb.

1.

AHani3 pyHHYBaHHSI MaTepiajqy Iiciisi BTOMHUX BHUIPOOyBaHb IIOKa3aB, IO
HasIBHICTh TOBEPXHEBUX J€(PEKTIB Ta 30H 3 BIAMIHHOIO TPABUMICTIO 3HAYHO BILIMBAE
Ha MBUJIKICTH 3aPOJI)KEHHS Ta PO3BUTKY TPIIIMH. MeTal 13 HalJIaBJIeHUM IIapoM 13
npoty CII15cB pyiiHyBaBcsl mepeBaxxHO B 30H1 TepmiyHoro BmiuBy (3TB), ne
criocTepiraiacs 3HmxeHa MikpoTBepaicTs (323—-335 HV) ta noBepxHeBi n1edextu y
BUTJISI/II PUCOK [JIIMOMHOIO 1O 25 MKM, SIKI MOIJIM HPHCKOPIOBAaTH 3apOI>KEHHS
TpimuH. BogHovac meTan 13 HamiaBieHuM mapom 13 apory BT22CB pyiinyBaBcs
MEePEBAXXHO B 30HI CIUIABJICHHS 4Yepe3 HAasBHICTh OKCHJIHUX BKIIIOUEHB 1 Je(EKTiB,
[0 BUHUKJIM BHACITIIOK HEIOCTATHHOTO 3aXUCTY PO3IUIABY IHEPTHUM Ta30M.
BunpoOyBasibHi enemMeHTH 0€3 30H 13 JIOKaJTbHUMHU 3MiHaM# (a30BOTO CKJIaay Ta
BIIMIHHOIO TPABUMICTIO MaJIi HAaWBHIIlY TOBTOBIYHICTh Yy BTOMHUX BUIIPOOYBAHHSIX,
[0 MOSCHIOETHCS PIBHOMIPHUM PO3MOAUTOM (ha3 Ta CTaOLIHLHOIO MIKPOTBEPHICTIO
(419-428 HV). lle 3abe3neuye piBHOMIpHUUN pO3MOALIT HAMpyXKeHb 1 3amobirae
YTBOPEHHIO 30H JIOKAJILHOTO PYWHYBaHHS.

AHani3 nedexTHOCTI HAIUIaBICHOTO MIapy, BUKOHAHWM METOJaMU ONTHUYHOI Ta
CKaHYBaJIbHOI €JICKTPOHHOI MIKPOCKOIIi, II0Ka3aB, IO HAasABHICTh IOp Y
MPUMIOBEPXHEBOMY IIapi CYTTEBO BIUIMBAE HAa BTOMHY MIIHICTH Marepiamy. Y
HaIlJIaBJICHOMY Iapi, copMoBaHoMy ApoToM BT22c¢B, BUSABIEHO MOPH JTiaMETPOM
80—120 MKM, SKi HE BUXOIWJIM Ha MOBEPXHIO, ajie CAYyT'YBAIM KOHIICHTPATOpPaAMH
Harpy:keHb. Lle CIpuYnMHNUII0 3HUKEHHS HallpalfoBaHHs 10 pyliHyBaHHsA Ha 45—-50%
MOPIBHSHO 3 MaTepiajioM, y SKOMY B JlaHii 30H1 mopu Oyiu BiacyTHI. OCHOBHUM
MEXaH13MOM 3HKCHHS JJOBMOBIYHOCTI € 3aPOJIPKCHHS Ta PO3BUTOK BTOMHUX TPilllUH

Ha MeXi op 32 PaxyHOK JIOKQJIbHOTO NiABUI€HHA HAIIPYXKEHb.



154

BcraHoBiieHO, 10 B 30H1 TEPMIYHOIO BIUIMBY, siIKa (POPMYETHCA Mij Yac JOKAJIbHOI
TEpPMIUYHOI OOpOOKM, MOXKYTh BHUHUKATH JUISHKA 3 BiAMIHHOIO (Da30BOIO
cTpyKTyporo. HepiBHOMIpHI (a30B1 IEPETBOPEHHS B il 30H1 3MIHIOIOTh MEXaHI4YHI
BJIACTUBOCTI MaTepiaty, 110 MOKE BIUIMBATU Ha MOT0 IOBrOBIUHICTh. BusiBiieHO, 1110
Takl 30HU MOXYTh 1JICHTHU(IKYBATUCS 3aBASKH 3MiHAM ONTHYHHUX BJIACTUBOCTEU
MOBEPXHI MICJS MOJIPYBaHHS, IO JO3BOJISE CBOEYACHO BUSBIATH MOTEHIIMHO
c1a0Ki1 JUISHKU MaTepiaidy Ta 3/1MCHIOBATH KOPEKIIII0 TEXHOJIOTIYHUX MapameTpiB
BIAHOBJICHUX JeTanedt 31 crmiaBy BT22, saxi mpamioTh B yMOBax BTOMHHX

HaBaHTAaXXCHBb.
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