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Jucepraliisi TpuCBsiY€Ha JOCHIKEHHIO Ta PO3POOJECHHIO TEXHOJIOT1i BUPOOHUIITBA
AKAPOCTIMKUX YaBYHHUX BUJIUBKIB 3 TPAJIEHTHOIO CTPYKTYpPOIO Ta BIIACTUBOCTSAMHM JUISI
po0OOTH B yMOBaX IHTEHCUBHOTO BIUIMBY HIUKJIITYHUX TEPMOMEXAHIYHUX HABAHTAKCHb.

P03po0ieHo KOMITIIEKC TEXHOIOTTYHUX MPUHOMIB (POPMYBaHHSI TPAIEHTY CTPYKTYPH
Ta BJIACTUBOCTEH 3a pPaxyHOK 3MiIHM Mop(oJorii BKIOYEHb TIpadiTy Yy BHIMUBKax 3
KAPOCTIMKUX  4YaBYHIB. AKTyaJlbHICTh  JOCHDKEHHS TMOJISITa€ Yy  TOKpAlleHHI
eKCIUTyaTallliHUX BJIACTUBOCTEH OCHAIEHHS CKJIOTapHOi MPOMMCIOBOCTI, a came —
(OPMOKOMILIEKTY, SKWUW MIANA€ThCA 1HTEHCHBHOMY BIUIMBY TEPMIYHMX HABAaHTAKCHb.
BignoBigHo, AaHa MNpakTUYHA I[HHICT € BUXIJHUM MYHKTOM IS JOCHIDKEHb Ta
YTHJIITAPHOTO BiTOOpaXKEHHS PO3POOICHOTO KOMIUIEKCY TEXHOJOTIYHUX MPUHOMIB.

Huceprartiitna poOoTa CKJIaIa€Thcsd 3 YOTUPHOX PO3MIIIB, Y SKMX BUKIAIEHO Ta
0OTpYHTOBAHO OCHOBHI PE3YyJIbTAaTHU TUCEPTAIIITHOT POOOTH.

VY BCTymi HaBEIEHO aKTYyalbHICTh AMCEPTALIMHOTO JOCTIIKEHHS, CPOPMYIIbOBAHO
METY Ta 3a/1aul, BKa3aHO HAyKOBY HOBU3HY Ta MPAKTUYHY LIIHHICTb.

VY mepimromMy po3aisii BUCBITJIICHO CBITOBI €KOJIOT1YHI MPOOJEMH, MO CTOCYHOTHCS
JECTPYKTUBHOTO BIUIMBY IUIACTUKOBUX TAaKyBaJbHUX MaTepialiB Ha HABKOJUIITHE
MOXO/DKEHHS, TaKi K CKJ10. HaBeseHo xapakTepHi mpobiieMu CBITOBUX BUPOOHUKIB CKIISTHOT
MOPOXKHUCTOI Tapu (CKJIOTapu) Ta TEHACHINT PO3BUTKY Taly3i BHUIOMY. Po3kputo
npoOieMu BUPOOHHMKIB OCHAIIEHHsS, a came JeTaneil popmoxomIiuiekty (dbopmu) as

BUTOTOBJICHHSI TIOPOKHUCTHX BHUPOOIB 31 ckia. Ha OCHOBI MpoBeAEHOTO JTEpaTypHOTO
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OTJISIIy HaBEIEHO OCOOJIMBOCTI MPOIIECY BUPOOHUIITBA CKIOTApH, 110 (GOPMYIOTH OCHOBHI
BUMOTM JO eKCIUTyaTaliiiHuX BiacTUBocTed ¢dopmokomiuiekTiB. [IpoananizoBaHo
MOIIMPEHI MaTepiaji CBITOBUX BHPOOHUKIB (POPMOKOMIUIEKTY, BiJOOpPak€HO piBEHb
KOHKYPEHTHOCTI BITYM3HSIHOTO BUPOOHMIITBA. PO3IISTHYTO cydacHI METOJIM MOKpAIEHHS
eKCIUTyaTallliHUX BJIACTUBOCTEH MaTepiajiiB, IO JO03BOJUJIO OI[IHUTH OCOOJHBOCTI Ta
e(EeKTUBHICTh TEXHOJOTIYHMX MPHUHOMIB JJs TMOMAJbIIOr0 3aCTOCYBaHHA MiJ 4Yac
BUTOTOBJICHHS BWIMBKIB 3 KapOCTIMKMX YaByHIB. Ha OCHOBI poO3risiHyTOro Ta
MIPOAHAJII30BAaHOTO MaTepiary — chOpPMYTHLOBAHO METY Ta 3a]a4i JOCIIKCHHS.

Y napyromy po3aiun OMMCAHO BHXIAHI MaTepiaid Ta TEXHOJOTTYHHN MpoIec
BUILJIABJISIHHA KAPOCTIMKUX 4YaBYHIB, MaTepiayiM JyUIsl iX MO3amiyHOTO OOpOOJIeHHS Ta
oco0nuBOCTI NpoBeeHHs. [IpeicTaBieHO TEXHOIOTYHI BapiaHTU BUTOTOBJICHHS BUJIMBKIB,
METOJIM TOCTIKEeHHS (ha30BUX MEPETBOPEHB, MIKPOCTPYKTYPH, MEXaHIYHUX BJIACTUBOCTEH,
KAPOCTIMKOCTI Ta TEMIIEPATypPOIPOBITHOCTI YaBYHIB.

VY TperboMy pO3Aidl ONMUCAHO MPOBECHI JOCHIKCHHS 3 BU3HAYEHHS XIMIYHOIO
CKJIaay >kapocTiiikux kpemHucTux 4yaByHIiB 310CM ta 350CMXAH Ha ocHOBI aHami3y
BILJIMBY XIMIYHUX €JIEMEHTIB Ha (DOPMYBaHHS BIACTUBOCTEH KapOCTIHKOCTI MaTepialiB. 3a
pe3yJIbTaTaMM aHajli3y BU3HAYCHO BMICT OCHOBHHUX €JIEMEHTIB, a came % mac.: C = 3,0-3,2;
Si = 3,1-3,5 — g waByny 310CM; C= 3,0-3,6; Si = 1,8-2,6 — nnsa yapyny 350CMXAH.
OCHOBHUMU JIETYBAJILHUMHU €JIEMEHTaMU JJ1s1 000X cruiaBiB oOpano: Si, Mo, Cr, Al, Ni.

Busnadueno Ttemrieparypu mo4arky (a3zoBUX TMEPETBOPEHb B JOCIHIIHUX YaBYHax
310CM Tta 350CMXAH w™eronom paudepeHiiHO-TepMiyHOro aHamszy. OTpuMani
pe3yabTaT MOPIBHIOBAIN 3 XapaKTEPUCTUKAMU TOMOTEHHUX 3pa3KiB YaByHY 31 CKJIaJI0BOT
(OPMOKOMILIEKTY NI BUTOTOBJICHHS CKJIOTapH. J[71s1 OpIBHSIHHS BUKOPUCTANIN CKIIAJIOBY
dbopmokoMILIeKTy — popMy (Z1ami — BUXIAHUHN 3pa3ok), sKa BigOpaKoBaHa Yepe3 JIOKAIbHE
MOTPAIITHHS CKJIa Yy BEHTWIAIINAHI KaHAIM I Yac HaJAIITyBaHHS TEXHOJOTIYHOTO
npouecy. 3a pe3yiabTaraMu Bi3yaJIbHOTO KOHTPOJIIO (hOpMyBaJibHa MOBEPXHSA BUXITHOTO
3pa3Ka He Maja KpUTHYHUX AeeKTiB. BcTaHOBIEHO, O TeMIepaTypu noyarky (pa3zoBux
nepeTBopeHb gociimanx 4YaByHiB 310CM 1 350CMXAH mnepeBunyoTh 3HAUYCHHS
TEeMIIepaTypyu Mo4yaTky (a3oBUX MEPETBOPEHb YaBYHY BHUXiJHOro 3paska Ha 31,9 °C rta

17,7 °C BiAmIOBIAHO.
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BcTraHoBeHO TOKAa3HUKHM >KapOCTIHKOCTI (OKAJIMHOCTIMKOCTI, POCTOCTIHKOCTI Ta
tepmocrtiiikocTi) yaByHiB 310CM Ta 350CMXAH 3a temmeparypu 1000+20 °C, siki
MOPIBHIOBAIM 3 AHAJOTIYHUMH TMOKAa3HWKAMHM YaBYHY BHXITHOTO 3pa3ka. Y pe3yJbTaTi
BCTAHOBJICHO, 1110 Tiicist S0 roa BuTpuMyBaHHs 3a Temnepatypu 1000+£20 °C 3MiHa TUTOMOT
macu 4aByHiB 310CM Tta 350CMXAH MeHIa mopiBHSHO 3 MOKa3HUKAMU BUXIJIHOTO
3pa3ka. BuszHaueHo, 1o y BiICOTKAax, 3HAYCHHs OKaJWHOCTIMKOCTI yaByHIB 310CM Ta
350CMXAH xparii 3a OKaIMHOCTIHKICTh BUX1THOTO 3pa3ka Ha 4% Ta 2 % BiAMOBIIHO.

Y pe3ynbTaTi AOCHIHKEHHS POCTOCTIMKOCTI BCTAHOBIJICHO, IO PICT 3pa3KiB YaBYHIB
310CM Tta 350CMXAH 31 301blIeHHSIM KUIBKOCTI ITUKIIIB HAarpiBaHHSI-0XOJIOMKCHHS
(iarepBan TepMonukiayBaHHs 25+3 °C«+>1000+£20 °C) 30umbiryeThes JdiHiHHO. [Ticas 60-tu
LUKJIIB BUIIPOOOBYBAaHb HA POCTOCTIMKICTh BU3HAYEHO, 1110 3MIHA T€OMETPUYHHUX PO3MIpPIB
3pa3kiB 4aByHY 310CM TOTOXHA 3HAYEHHSM BUXIJHOTO 3pa3Kka. 3MiHA pO3MIpIB 3pa3KiB 3
yaByHy 350CMXAH BaBiul MeHIIa MOPIBHAHO 31 3MIHAMHU B YaBYHI BHUXIJHOTO 3pa3Ka.
[Tokaznuku TepMocTiiikocTi 3pa3kiB 13 yaByHiB 310CM ta 350CMXAH nicns 60-tu HUKITIB
HarpiBaHHSI-0XOJIOYKCHHS 3HAXOIAThCS Ha PI1BHI MOKA3HUKIB YaBYHY BUXIJTHOTO 3pa3Ka.

Y deTBepTOMY pO3IiTI MPEACTABICHO PE3YNbTAaTH 3aCTOCYBAHHS TEXHOJIOTTYHUX
BapiaHTIB JJIsi BATOTOBJICHHs BUIUBKIB 13 yaByHIB 310CM ta 350CMXAH 3 rpanieHTHOIO
CTPYKTYpOIO 3a mepepizoM. ExcriepuMeHTanbHO TPOBEACHI AOCIIHKCHHS 3HAUIIIN CBOE
BIIOOpaXXe€HHs Yy  pe3yJbpTaTax  MeTajorpadiuHux  JOCHIIKEHb,  MOKa3HHUKaxX
MIKpOTBEPAOCTI, TBEPAOCTI Ta TEMIIEPATYPOIPOBIAHOCTI, K1 MiATBEPHKYIOTh HASIBHICTD
IpaJiEHTHOI CTPYKTYPHU Ta BIACTUBOCTEH 3a EPEPI30OM BUIIMBKIB.

[lepmmii TeXHOJOTIUHUN BapiaHT BUTOTOBJICHHS BUJIMBKIB 3 uaByHiB 310CM Ta
350CMXAH monsirae B mMOBEepXHEBOMY OOpOOJieHHI poO3IUiaBy B JHUBapHid Qopmi
cuIiK0OapieBUM 1HOKYJATOpoM Mapku SBS dpakimismu 0,315 mm, 0,4 mm Ta 0,63 MM. 3a
pe3ynbTaTaMu MeTaIorpadigHOTrO JOCIKEHHS TIepepi3y BIIIMBKIB BU3HAYEHO, 0 (hopma
BKJIFOUEHb rpadiTy MJIACTUHYATA, a PO3IO/LI BKIOYEHb — PIBHOMIpHUH. BecTanoBieHo, 1110
3a mepepizoM 3pas3kiB 13 yaByHy 310CM cepenni po3mipu rpadiTOBUX BKIIOYEHb
3MiHIOIOTECS Bil 290 MxMm g0 700 mxM, 13 yaByHny 350CMXAH — B 1,5 pasu menmri
nopiBHsiHO 3 310CM (3anexxHO Bia 30HW). Bu3HaueHO HasBHICTH (DEPUTHO-TIEPIITHOL

MeTaneBoi Marpuill. MikpoTBepaicTh (epuTHOI CKIamoBoi 3MiHIOETHCS Big 180 HV mo
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120 HV, a mepmitnoi — Big 347 HV nmo 230 HV. nsa 3paskiB 350CMXAH BnactuBa

nepiaiTHO-pEepuTHA METaJieBa MATPHUISl 3 HE3HAYHOK KUIBKICTIO (EepUTy y BHIJISIL
OTOPOYOK HAaBKOJO TpadiTOBUX BKIIOYEHb. MIKpPOTBEPAICTh JAOMIHYIOUOTO MEPIITY
3HAXOUTKLCS B aiama3odi Big 365 HV no 300 HV.

Jpyruii TeXHOJIOTIYHUI BapiaHT BUTOTOBJICHHS BUJIMBKIB IOJIATAE B TIOBEPXHEBOMY
00po6ienHi posiasiB 310CM ta 350CMXAH cunikobapieBuM iHOKYIsITOpoM Mapku SBS
dpakmiero 0,315 MM y TToeqHAHHI 13 3aCTOCYBAHHAM XOJOJUILHUKIB TOBITUHAMH 10 MM,
20 mM Ta 30 MM B HIKHIM TOPOKHHHI JTUBapHOT (hopmu. TexHOTOTIYHMIA BapiaHT JO3BOJIUB
OTpUMATU IUIACTHHYATY (OpMy BKIIOUEHb TrpadiTy 31 3MIHOIO iX PO3MOALTY BijJ
IpiOHOPO3TATY>KEHOTO JI0 piIBHOMIpHOTO. BCTaHOBINEHO, 1110 Y BHiIMBKax 3 4aByHiB 310CM
ta 350CMXAH cepeani po3mipu TpadiTOBUX BKIIOYEHb 3MEHUIWIHMCS TMPUOIHM3HO B
2,5 pa3u, TOPIBHSAHO 3 MOKa3HUKAMHU TEPIIOr0 TEXHOJOTIYHOTO BapiaHTy. Y pe3yJsbTari
MeTanorpapiyHoro JOCHIKEHHSI MIKPOCTPYKTYPH 3pa3KiB, BCTAHOBIICHO, 10 Y BHJIMBKAxX
3 yaByHy 310CM HasiBHa (¢epuTHO-iepiaiTHa Marpuud. MikpoTBepaicTb (HepuTHOI
CKJIaJ1oBOi 3MiHIOEThCA Bif 218 HV nmo 162 HV, a nepaithoi ckinamoBoi — Bixg 350 HV 1o
253 HV. [ns 3pa3kiB 3 yaByHy 350CMXAH BnactuBa mnepmiTHO-(bepuTHA MeTasieBa
MaTpHIll 3 HE3HAYHUM BMICTOM (EepUutry, MIKPOTBEPAICTh JOMIHYIOYOTO TMEPIiTy
smiHtoeTbes Bix 337 HV no 260 HV 3a nepepizom ycix 3pa3kis.

3 MeTow OTpuMaHHS (EpUTHOI MeETaJeBOi MAaTpHIll BUKOPUCTAHO TPETIH
TEXHOJIOTIYHUW BapiaHT, SKUM MOJsIrae y KOBIIOBoMY o0poOieHH1 yaByHIB 310CM Ta
350CMXAH cunikoOapieBUM 1HOKyJIATOpoM Mapku SBS Ta 3anuBaHHI poO3IUIaBy Ha
XoJIomuIbHUKH ToBIMHAMKA 10 MM, 20 MM Ta 30 MmM. BcTanoBieHO, 110 JaHU BapiaHT
JI03BOJIMB OTPUMATH 3a MEpPepi3oM BUIMBKIB 000X CIJIaBIB TPaJi€HT BKIIIOYECHBb rpadiTy
MJIACTUHYACTOI (POPMH 3a PO3MOIITIOM — Bif JAPIOHOPO3TATYKEHUX MIKACHAPUTHUX 10
PO3ETKOBHX, fKI TEPEXOJsATh 0 PIBHOMIPHUX IUIACTUHYATUX BKIIOUYECHb Tpadiry.
BuznaueHo, 1m0 y BWJIMBKax MPUCYTHE 3MEHIIEHHS pPO3MiIpiB rpadiTOBUX BKIIOUYEHD
3aJIC)KHO BiJI JOCTIIKYBaHOI 30HU, MOPIBHSHO 3 TMEPIIUM Ta APYTHM TEXHOJIOTIYHHUMH
BapiaHTaMu: T BUIMBKIB 3 yaByHY 310CM po3mipu 3MiHIOIOThCS Bif 84 MKM 110 357 MKM,
a 1151 350CMXAH — Bin 65 mxm g0 227 mxM. BeranoBieHo, 110 3pa3kam 13 yaByny 310CM

BJIACTHBA TOBHICTIO (pepuTHa MeTajeBa MaTpPHIlS, 3HAYCHHS MIKPOTBEPIOCTI SKOI 3a
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nepepizoM 3MiHOOTECS Big 184 HV go 126 HV. Ilpu ubomy, s 3pa3kiB 3 4YaByHY
350CMXAH xapaktepHa TepiiTHa MeTalleBa MaTpulsd 3 KapOigHumu ¢azamu.
MikpotBepaicTs nepimity 3miHtoeThes Big 380 HV 10 296 HV 3a nepepizom ycix 3pa3kis.
3 METOI0 OTPUMAaHHS IPaIiEHTHOT MOP(OJIOTIi CTPYKTYPHHUX CKIIAJOBUX 3aCTOCOBAHO
YETBEPTUN TEXHOJIOTIYHUN BapiaHT, SKUM TOJIIrae y KOMOIHOBAHOMY (TIOCTYIIOBOMY)
oOpobnenni uaByHiB 310CM Ta 350CMXAH: koBmoBe o0OOpoOSeHHS pO3ILIaBy
CUJIIKOOapieBUM 1HOKYISATOpoM Mapku SBS Ta BHyTpimHbOQOpMOBE MOAMGIKYBaHHS B
peaxiiiiHii kamepi MarHieBMicHUM Monudikaropom Mapku VL63(M) 1 tuTTs po3miaBy Ha
X0noauabHUKU ToBIMHAMU 10 MM, 20 MM Ta 30 mMm. TexHomoriuHuit BapiaHT 3a0e311eUnB
OTpUMaHHA y BCiX BWIMBKax 3 yaByHy 350CMXAH po3snonisn BKIIOYEHb MIACTUHYACTOTO
rpadiTy BiI APIOHOPO3radyXEHOTO MIKIECHIPUTHOIO JO PO3ETKOBOIO Ta Mepexia 10
piBHOMIpHOTO. BKa3aHull po3mo/iii BKIIOUYEHb TpadiTy aHAJOTIYHUN PO3IOALTY B 3pa3Kax,
OTPUMAaHUX 3a TPETIM TEXHOJOTIYHUM BapiaHTOM. OJHAK, IUCIEPCHICTh TpadiTOBHX
BKJIFOUEHb MiABUINMIIACA B 1,5 pa3su MOPIBHSAHO 3 TPETIM TEXHOJOTIYHUM BapiaHTOM. [[is
BUIUBKIB 3 4yaByHy 310CM, siki Oyno BUTOTOBJICHO 13 3aCTOCYBaHHSIM XOJIOJAWJIBHUKIB
toBmrHamMu 10 MM Ta 20 MM, XapakTepHa Taka >x MopdoJorisa rpadiTOBUX BKIIOYEHD K Y
BunuBkax 13 350CMXAH. BcranoBieHo, 1mo ocoOnuBa rpaai€eHTHa 3MiHa MOpPQOIIOTii
rpadiTOBUX BKIIOYEHb BJIACTHBA 3a IMepepizoM BwiuBka 3 4aByHy 310CM, skwii
BUTOTOBJICHO 13 3aCTOCYBaHHSIM XoyioawibHUKa 30 MM. JloCniPKeHO, 10 Ha TMOBEPXHI
KOHTAKTY 3 XOJIOMIMILHUKOM y BUJIMBKY NIPHUCYTHIN IIap 3aBTOBIIKKA 6 MM 3 BKIIFOUEHHSIMU
rpadiTy Kyasctoi GopMu, AlaMeTpoM Bia 2 MKM 110 17 MKM Ta cTyneHem cepoinn3yBaHHs
B Mexax Big 70 % mo 80 %. BeranoBieHo, 110 3 BIITAJICHHSAM BiJ MOBEPXHI KOHTAKTY 13
XOJIOAWJIBHUKOM, MoOp(osoris BKIOYEHb TpadiTy 3MIHIOETBCS B KYJISCTOI 10
BepMHUKYIIsIpHOi opmu. ToBIIMHA MIapy BKIIOYEHb BEPMHUKYISIPHOTO TpadiTy CTaHOBUTH
6mu3bKo 15 mm. [Tics goro, B rmmbmmx mapax BigOyBaeThCs Epexil 10 BKIIOUEHb rpadiTy
mIacTUHYACTO1 (hopMHU po3MipoM A0 245 MKM. 3a pe3ysibTaTaMH J0CHIKeHb BUJIMBKIB 13
yaByHy 310CM, BHU3HaAu€HO, 110 M BIacTHBa (pepUTHA METAJIEBA MATPUIS, a BUIMBKAM 3
yaByHy 350CMXAH - mnepmitHO-(hepuTHa. 3HAYCHHS MIKPOTBEPAOCTI (epuTy B 000X
yaByHax 3MiHIOIOTECA Bl 210 HV no 145 HV. MikpoTBepaicTe NEpiiTy y BUJIMBKaxX 3

yaByHy 350CMXAH 3MiHoeTbes 3a nepepizom Big 340 HV no 225 HV.
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[TpoBeneHo AOCTIIKEHHS TEMIIEpaTypOIIPOBIIHOCTI BUIUBKIB 3 4yaByHiB 310CM Ta
350CMXAH, saxi oTpuMaHi 3a TpPETIM 1 YETBEPTHUM TEXHOJOTIYHMMH BaplaHTaMU
BUTOTOBJICHHS Ta 13 3aCTOCYBaHHSAM XOJIOAWIbHUKA TOBIIMHOIO 30 MM. BeraHoBieHo, 1o
MOKa3HUKK KOE(DIIIEHTIB TeMIlepaTypoNpoBiIHOCTI 3pa3kiB 13 yaByHy 310CM vy
cepenHboMy Ha 26 % BuIli, MOPIBHSAHO 3 Moka3HHKaMu 4yaByHy 350CMXAH Tta uaByHy
BHXIJTHOTO 3pa3Ka.

BcranoBineHo, 1110 HalNepCcrneKTUBHIIIUM TEXHOJIOTTYHUM BapIaHTOM € 3aCTOCYBaHHS
KOMOIHOBAaHOTO (TMOCTYNoOBOro) o6pobneHHs uyaByHy 310CM: koBmIoBe 00poOIEHHS
po3IiaBy 1HOKyJsiTopoM wMapku SBS Ta BHyTpimHbOQOpMOBE MOIUGBIKYBaHHS B
peakxiiiiHiil kKamepi TUBHUKOBOI crucTeMH Moaudikaropom Mapku VL63(M) 13 3anuBaHHSIM
Ha XOJOJWIbHUK TOBIIMHOIKO 30 mMm. [laHuii BapiaHT 103BOJMB OTPUMATH y BHJIMBKaX
IPaJIIEHTHY CTPYKTYpy 3a Mopdosoriero rpadity: 3MmiHa Bif mapy BKIIOYEHb rpadiTy
KyJsCcTOI (JOpMH 10 IIApy 3 BKJIIOYEHHSMH BEPMHUKYJSIPHOTO TpadiTy Ta mepexia 10
BKJIIOYEHb IUIACTUHYATOI (popMu. 3a mepepi3oM BUIIMBKIB 3 TPAIEHTHOIO CTPYKTYPOIO
BJACTMBAa 3MIHA MEXaHIYHUX (MIKPOTBEPIOCTI Ta TBEPAOCTI) 1 TErIOMI3UIHUX
BJIACTUBOCTEH, 30KpeMa TeMIEepaTypoIrpoBIAHOCTI. BUIMBKY 3 TpaliiEeHTHOIO CTPYKTYPOIO
Ta BJIACTUBOCTAMH MOXYTh OyTH BHUKOPHUCTAHI JJIi BUTOTOBJICHHS J€TaJie 3 OLIBIIO0
JIOBTOBIUHICTIO B yMOBaX BIUIMBY UUKJIIYHUX TEPMOMEXAHIYHUX HABaHTAKCHb.
3acTocOoByBaTH KOMOIHOBaHE OOpPOOJIEHHS [JI1 BUTOTOBJICHHSI YaBYHHUX BWJIMBKIB

HEOOX1THO 3 YpaXyBaHHSIM BUMOT JI0 KOHKPETHOTO BUPOOY.

Kuio4uoBi cji0Ba: ekoJoris, CTPYKTypa, PO3YMHHICTh, MIKPOTBEPIICTh, KYyJSICTHUM
rpadit, popMyBaIbHI MaTepiaiy, OKCHIM 3aii3a, (Ga30BUil aHalli3, BUCOKOMIITHUN YaBYH,
MoAU(DIKyBaHHS, KpUcCTai3allis, CTaH MOBEPXHI, JMBapHa dbopma,

TEMIIePaTypOIPOBIIHICTh, BUJIUBOK



ABSTRACT

Ustymenko A.L.. Technology of production of cast iron castings with gradient
structure and properties. — Qualification scientific work on the rights of manuscript.

Dissertation for the degree of Doctor of Philosophy in the field 13 Mechanical
Engineering, specializing in 136 Metallurgy. — National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2025.

The dissertation 1s dedicated to the development and research of a technology for
producing heat-resistant cast iron castings with a gradient structure and properties, designed
to withstand intense cyclic thermomechanical loads. Various technological methods have
been developed to achieve a gradient change in structure and properties by altering the
morphology of graphite inclusions in castings made from heat-resistant cast irons. This
study is relevant for improving the operational properties of equipment used in the glass
packaging industry, particularly the molding set, which i1s exposed to high thermal stress.
Therefore, the practical value of this research serves as the foundation for the study and
practical application of the developed set of technological methods.

The content of the work consists of four chapters in which the main results of the
dissertation are presented and substantiated.

The introduction describes the relevance of the dissertation research, sets the goal and
objectives, and formulates the scientific novelty and practical value.

The first section highlights global environmental issues related to the destructive
impact of plastic packaging materials on the environment and current trends in replacing
them with alternative materials of natural origin, such as glass. Specific problems of global
glass packaging manufacturers and trends in the industry as a whole are described. The
problems of manufacturers of equipment, namely moulding sets (glass moulds), for its
production are revealed. Based on the literature review, the features of the glass packaging
production process that constitute the basic requirements for the operational properties of
molds are presented. The common materials used by mold manufacturers worldwide are

analyzed, and the competitiveness of domestic production is assessed. Modern methods for
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enhancing the performance properties of materials are discussed, which enable the
evaluation of the characteristics and effectiveness of technological methods for future use
in producing castings from heat-resistant cast irons. Consequently, the study formulates the
aim and objectives.

The second section describes the starting materials and technological process of
smelting heat-resistant cast irons, materials for out-of-furnace treatment of cast irons, and
the specifics of its implementation. Technological variants of castings production, methods
for studying phase transformations and heat resistance of materials, microstructure,
mechanical properties, and thermal conductivity of cast irons are presented.

Chapter 3 describes the studies conducted to select the chemical composition of heat-
resistant siliceous cast irons 310SM and 350SMHAN based on the analysis of the influence
of chemical elements on the formation of heat resistance properties of materials. According
to the results of the analysis, the main elements were determined as follows: % wt:
C=3,0-3,2; S1=3,1-3,5 for 310SM cast iron; C = 3,0-3,6; S1=1,8-2,6 for 350SMHAN cast
iron. Si, Mo, Cr, Al, Ni were selected as the main alloying elements.

The temperatures of the onset of phase transformations in the experimental cast irons
310SM and 350SMHAN were determined by differential thermal analysis. The results
obtained were compared with the characteristics of homogeneous samples of cast iron from
a mould set for the manufacture of glass containers. For comparison, the mould (next — the
original sample) was used, which, according to visual inspection, had no critical defects and
was rejected due to local glass ingress into the ventilation ducts during the process setup. It
was found that the temperature of the onset of phase transformation of the experimental cast
irons 310SM and 350SMKhan exceeded the temperature of the onset of phase
transformation of the cast iron sample from the original sample by 31,9 °C and 17,7 °C,
respectively.

The heat resistance of 310SM and 350SMHAN cast irons at a temperature of
1000£20 °C, specifically scale resistance, growth resistance, and heat resistance, was
determined by comparing them with the cast iron of the spent glass mold. It was found that
after 50 hours of holding, the change in the specific gravity of 310SM and 350SMHAN cast

irons is smaller compared to the indicators of the original sample. In percentage terms, the
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scale resistance of 310SM and 350SMHAN cast irons is 4 % and 2 % better than the scale
resistance of the original sample.

According to the results of the growth resistance study, it was demonstrated that the
growth of 310SM and 350SMHAN cast iron samples increases linearly with an increase in
the number of heating-cooling cycles (2543 °C«1000+£20 °C). Accordingly, after 60 cycles
of growth resistance tests, it was determined that the changes in the geometric dimensions
of 310SM cast iron are relatively the same as in the original sample, and for 350SMHAN
cast iron they are half as much. In terms of heat resistance, after 60 heating-cooling cycles,
310SM and 350SMHAN cast irons are at the level of the original sample.

Chapter 4 presents the results of applying technological options for the manufacture
of castings with gradient changes in structural components along their cross-section from
310SM and 350SMHAN cast irons. Experimentally conducted studies were reflected in the
results of metallographic studies, determining mechanical and thermal properties, which
confirm the presence of a gradient structure along the cross section of the castings.

The first technological option for manufacturing casting from 310SM and
350SMHAN cast is to surface treat the melt in the casting mould with a silicon-barium
inoculant of SB5 grade with fractions of 0,315 mm, 0,4 mm, and 0,63 mm. The results of a
metallographic study of the castings' cross-section showed that the shape of the graphite
inclusions is lamellar and the distribution of inclusions is uniform. The average size of
graphite inclusions for the 310SM alloy varies from 290 um to 700 pm in cross-section,
while for the 350SMHAN alloy, the size of graphite inclusions is approximately 1,5 times
smaller than for 310SM, depending on the zone. For cast iron 310SM, a ferrite-pearlite
matrix is present in the cross-section of all samples. The microhardness of the ferrite
component ranges from 180 HV to 120 HV, and the pearlite component ranges from
347 HV to 230 HV. The 350SMHAN samples have a pearlite-ferrite metal matrix with a
small ferrite content in the form of rims around graphite inclusions. The microhardness of
the dominant pearlite is in the range of 365 HV to 300 HV in the cross-section of all samples.

The second technological variant of casting production involves surface treatment of
310SM and 350SMHAN melt with SB35 silicobarium inoculant with a fraction of 0.315 mm

in combination with the use of 10 mm, 20 mm and 30 mm thick chillers in the lower cavity
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of the casting mould. The technological variant produced a lamellar shape of graphite
inclusions with a change in their distribution from finely branched to uniform. It was found
that the size of graphite inclusions in castings from 310SM and 350SMHAN cast irons
decreased by about 2,5 times compared to the previous surface treatment, from 80 um to
475 um. The metallographic study of castings produced according to this variant revealed
that 310SM castings are characterized by a ferrite-pearlite matrix, with the microhardness
of the ferrite component varying from 218 HV to 162 HV, and the pearlite component from
350 HV to 253 HV. The 350SMHAN samples are characterized by a pearlite-ferrite metal
matrix with a low ferrite content, the microhardness of the dominant pearlite ranging from
337 HV to 260 HV in the cross-section of all samples.

To obtain a ferrite metal matrix, a technological variant was used, which involves
ladle treatment of 310SM and 350SMHAN cast irons with an SB5 inoculant and pouring
the melt onto chillers with thicknesses of 10 mm, 20 mm, and 30 mm. It has been established
that this option allows for a gradient change in the cross-section of lamellar graphite in both
alloys. This change involves transitioning from finely interdendritic to rosette and then to
uniform lamellar graphite distribution. It has been determined that the castings of this variant
are characterized by a decrease in the size of graphite inclusions depending on the studied
zone compared to the previous technological variants. Specifically, for castings made from
310SM cast iron, the size of graphite inclusions varies from 84 pm to 357 um, and for
350SMHAN, it ranges from 65 um to 227 pum. It has been established that for 310SM cast
iron castings, there is complete ferritization of the metal matrix, with microhardness values
ranging from 184 HV to 126 HV in the zonal section. Meanwhile, samples from
350SMHAN cast iron exhibit a pearlite metal matrix with carbide phases. The
microhardness of pearlite varies zonally from 380 HV to 296 HV in the cross-section of all
samples.

To achieve a gradient morphology of structural components, the combined processing
of 310SM and 350SMHAN cast irons was conducted. This involved ladle treatment of the
melt with SB5 inoculant and in-mold modification in the reaction chamber with VL63(M)

modifier, followed by melt casting on 10 mm, 20 mm, and 30 mm thick chillers.
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This technological variant ensures that all 350SMHAN castings have a lamellar
graphite distribution ranging from finely branched interdendritic to rosette and uniform
distribution, which is similar to the previous variant. The dispersion of graphite inclusions
increased by up to 1,5 times compared to ladle treatment alone. For 310SM cast iron castings
produced using 10 mm and 20 mm thick chillers, the distribution of changes in the
morphology of graphite inclusions is similar to that of 350SMHAN.

The results of the study revealed that a specific gradient change in graphite inclusions
along the cross-section is present in a casting made of 310SM cast iron, which was produced
using a 30 mm chiller. Studies of the casting show that the surface in contact with the chiller
contains a layer of spheroidal graphite inclusions with a diameter of 2 um to 17 um, and the
degree of spheroidization ranges from 70 % to 80 %. The thickness of the cast iron layer
with spheroidal graphite inclusions is about 6 mm. It has been determined that spheroidal
graphite is replaced by vermicular graphite, with a thickness of about 15 mm. After that,
there is a transition to lamellar graphite with inclusion sizes up to 245 pm. According to the
results of studies on 310SM alloy castings, it was determined that they are characterized by
a ferrite metal matrix, while 350SMHAN castings are characterized by the formation of both
ferrite and pearlite components. The microhardness of the ferrite component in castings
from both cast irons showed high values at 210 HV, which decrease along the cross-section
of the casting to 145 HV. The microhardness of the pearlite component of the matrix of
castings from 350SMHAN cast iron varies along the cross-section of the castings from
340 HV to 225 HV.

After studying the thermal conductivity of castings produced by ladle treatment of
310SM and 350SMHAN cast irons with SBS5 inoculant, using melt casting on a 30 mm thick
chiller and combined treatment, which involves ladle treatment with SB5 inoculant and in-
mold modification in the reaction chamber with the VL63(M) modifier on a 30 mm thick
chiller casting, it was observed that a gradient change in structural components occurred not
only in terms of changes in the morphology of the structure but also in terms of thermal
conductivity. The study revealed that the thermal conductivity coefficients of 310SM cast
iron samples are up to 26 % higher than those of 350SMHAN cast iron and original sample

cast iron.
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It has been determined that the most promising technological option is the use of
combined processing of 310SM cast iron. This process involves ladle treatment of the melt
with the SBS inoculant and in-mold modification in the reaction chamber of the casting
system with the VL63(M) modifier. The castings are poured on a 30 mm thick chiller, which
ensures the production of castings with a gradient in the morphology of structural
components along their cross-section. This gradient ranges from a layer of cast iron with
spheroidal graphite to a layer with lamellar graphite through an intermediate layer of cast
iron with a vermicular graphite form. This process results in a change in both mechanical
and thermal properties along the cross-section of the castings. Castings with a gradient
structure and properties can be used to manufacture parts with increased durability under
cyclic thermal and mechanical loads. The technological option for manufacturing castings
by combined processing should be selected based on the requirements for a particular

product.

Key words: ecology, structure, solubility, microhardness, spheroidal graphite,
moulding materials, iron oxides, phase analysis, high-strength cast iron, modification,

crystallisation, surface condition, mould, thermal conductivity, casting



14
CHUCOK NMYBJIKALIN 3105YBAYA 3A TEMOIO JUCEPTALIT

OCHOBHI pe3yJbTaTH IUCEPTAlIiHOT pOOOTH BUKIAJAEHO B 9 myOmikallisx, y ToMy
yucni: 1 paxosa craTTs kateropii «A», 4 ¢axosi ctaTTti kareropii «b» Ta 4 Te3u nonosinen
Ha MDKHAPOJHUX HAYKOBO-TEXHIYHUX 1 HAYKOBO-TIPAKTUYHUX KOH(EPEHIIIAX.

1. Lukianenko 1. V., Yamshinskij M. M., Byba Ie. G., Ustymenko A. I.,
Kovalenko I. V., Leonov D. S., Barabash M. Yu. Features of the Fabrication of High-Alloy
Wear-Resistant Cast Irons for Operation in Conditions of Hydroabrasive Wear, Metallofiz.
Noveishie Tekhnol. 2024, Vol. 46, No. 12. P. 1205-1223.
https://doi.org/10.15407/mfint.46.12.1205 (Ocobucmuii  6mecox: Opajia ydacTb B

00roBOpEHHI Ta y3araJlbHeHH1 pe3yJIbTaTiB, MIAroTyBaja CTaTTIo 10 APYKY).
2. Yerumenko A.lL, JIyk’sHenko [.B. XapakreprucTukyn HA3BKOJIETOBAHOIO YaBYHY

st GOPMOKOMILJIEKTIB Yy  CKJIOTapHid ramysi. Memanosnascmeo ma 00podka

memanie. 2024. Tom 30, Ned. C. 14-24. https://doi.org/10.15407/mom2024.04.014

(Ocobucmuii enecox.: Opana y4yacTb y BUTOTOBJICHHI JOCTITHUX 3pa3KiB, 0OpOOJIEHHI Ta
00rOBOpEHHI PE3yNbTaTiB, MATOTYBaJIa CTATTIO JI0 IPYKY).

3. Ycrumenko A.l., Jlyk’snenko [.B. OcoOnuBOCTI OTpUMaHHS Tpai€HTHOI
CTPYKTYpPH B YaBYHHHMX 3aroTOBKax /s (OpM CKJIOTApHOI MPOMHCIOBOCTI. [Ipoyecu

aumms. 2024. Tom 158, Ne 4. C.3-13. https://doi.org/10.15407/plit2024.04.003

(Ocobucmuii eHecox: Opana y4acThb y BHUTOTOBJIEHHI JOCHIJIHMX 3pa3KiB, MPOBEICHHI
AHATITUYHOTO OTJISIY Pe3yJIbTaTiB, y3araJibHEHHI pe3yIbTaTIB).

4. Ycrumenko A.l., Jlyk’suenko [.B. BrnnuB Texnosorii nuBapHoi (opmu Ha
YTBOPEHHSI TPAJIEHTHOI CTPYKTYpPU BWJIMBKIB 13 KapOCTIMKOTO YaByHY. [Ipoyecu nummsi.

2024. Tom 156, Ne 2. C. 47-55. https://doi.org/10.15407/plit2024.02.047 (Ocobucmuii

6Hecok: Opajna y4acTb y BUTOTOBJIEHHI OCHIIHMUX 3pa3KiB, 0OpOOJIEHHI Ta OOrOBOpPEHHI
pe3ybTaTiB, MIATOTyBala CTATTIO 10 APYKY).

5. Ycrumenko A.l., Jlyk’swenko [.B., SAmmmncekuit M.M., T'ypis LM,
Kusruno b.B. HoBi >xapocTiiiki cmiaBu Jjis BUTOTOBIICHHS ckiodopm. [lpoyecu

aumms. 2023. Tom 151, Ne 1. C. 43-53. https://doi.org/10.15407/plit2023.01.043

(Ocobucmuii necok: Opana ydyacTb B OOTOBOPEHHI Ta y3arajibHEHHI pe3yJIbTaTiB).


https://doi.org/10.15407/mfint.46.12.1205
https://doi.org/10.15407/mom2024.04.014
https://doi.org/10.15407/plit2024.04.003
https://doi.org/10.15407/plit2024.02.047
https://doi.org/10.15407/plit2023.01.043

15

6. Ycrumenko A.l, Jlyk’saenko [.B. OcoOGamBOCTI TEXHOJOTIYHUX METO/IIB
BUTOTOBJICHHS YaBYHHHUX 3aroTOBOK JIJIi YOPHOBOI'O Ta YHCTOBOI'O CKIO(POPMYBaIBLHOTO
koMriekty. Development of science in the conditions of deepening european integration
processes: XX VIII International Science and Practical Conference, Rome, Italy, 15-17 July,
2024. Rome, 2024. p. 174-178. (Ocobucmuii necox: 6pana ydacTb B aHAIITUYHOMY OTJISII,
00poOJeHH1 Ta 0OTOBOPEHHI PE3yJIbTATIB, MIATOTYBANIA TE3H 110 IPYKY).

7. Yerumenko AL, JIyk’snenko [.B. 3acTocyBaHHSI TEXHOJOTTYHUX HMPUMOMIB IS
YTBOPCHHSI TPAMIEHTHOI CTPYKTYPH YaBYHHHX JeTane (POPMOKOMIUICKTY CKJIOTApHOI
IPOMUCTIOBOCTI. Hosi mamepianu i mexuonoeii 6 mauunobyoysanni-2024: 36. te3 nom. XVI
MDKHap. HayK.-TeXH. KoH(pepeHiis, M. Kuis, 25-26 kBitusa 2024 p. Kuis, 2024. C. 336-339.
(Ocobucmuii  énecox: Opana ydacTb B OOpOOJIEGHHI Ta OOrOBOpPEHHI pe3yJbTaTiB,
HIATOTyBaJIa T€3H J0 JIPYKY).

8. Yerumenko A.l, Jlyk’sHenko [.B., KusBruwio b.B. Anam3 MiKpocTpyKTypu
BIANpPAlbOBAHUX JAETalled CKIO(POPMHU Ta HANPSAMKH MOKPAIIECHHS IX EKCIUTyaTaliiHOoi
ctiikocti. Hoei mamepianu i mexuonoeii 6 mawuno6yoysanni-2023: 36. te3 mon. XV
MDKHap. HayK.-TexH. KoHpepeHiis, M. Kuis, 28-29 kBitHs 2023 p. Kuis, 2023. C. 331-336.
(Ocobucmuii  enecox: Opana ydacTb B OOTrOBOpPEHHI Ta Yy3arajbHEHHI pe3yJbTaTiB,
MiATOTyBaJIa TE3H J0 JIPYKY).

9. Yerumenko A.l., Jlyk’snenko [.B. IlepcnekTBHM BHKOPUCTaHHS YaBYHHUX
BUJIUBKIB 3 TPAIIEHTHOI CTPYKTYpOIO Yy SKOCTI jAeTtaied (OPMOKOMIUIEKTY ISt
BUTOTOBJICHHS CKJIOTapu. Hoegi mamepianu i mexuonocii 6 mauunooyoysanni-2022: 36. T3
nom. XIV mixHap. Hayk.-TexH. KoH(pepeniis, M. Kuis, 28-29 kBitaa 2022 p. Kuis, 2022.
C. 185-188. (Ocobucmuii enecok: Opajia y4yacTb B OOrOBOpEHHI Ta Yy3arajibHEHHI

pe3yJbTaTiB, MiATOTYBaJIa TE3U J0 IPYKY).



16
SMICT

HEPEJIIK YMOBHHUX ITOZHAYEHD ......ucoinuinrnrnnninineensneensnecsneesssesssseesssnecssseessae 19

1 OI'JIAA TA AHAJII3 IIPOBJIEMATHUKH, IIOCTAHOBKA 3AJAY

JLOCIIIIIKEHHS .....ccuuiininniiiniinicsninsnisnissnicssesssnsssassssecssssssessssssssssssesssasssssssasssssssssssses 25
1.1 TenpaeHtii po3BUTKY CKIOTAPHOTO CBITOBOTO Ta BITYM3HSHOTO BUPOOHUIITBA.......... 26
1.2 Di3UKO-XIMIYHI BITACTHUBOCTI CKIIA ..eeuveeeurreenereesreenareesnseesseesseesnseesnseesssseesseessseesnseens 29

1.3 TexHonoriyHi  MpOIECM BUTOTOBJIEHHS TapHOro CKiIa Ta  (popMyBaHHsA
CKITOBHIPOOY ..vvveeeirieeeiirieeeiureeeeitseeeasseeeasseeasssesesassseeassseeassssesssssessssssssssssseesnsseesassssesssssessnnns 32
1.4 OcCHOBHI CITOCOOM BUTOTOBICHHS CKIITHOT TAPH ..eevvvveeeevreeeereeeeereeeenreeessseeesssseeennns 34

1.5 KoHcTpykiiss Ta 0co0aMBOCTI (OPMOKOMILIEKTY JJiE BUTOTOBJIEHHS CKJISHOI

£ 1) (PP PRPRRRPPPRRRIRO 35
1.6 BronuB UIMKIIYHMX TEPMOMEXAHIYHMX YMOB Ha (QOpMH il 4Yac BUPOOHUITBA
TTOPOKHUCTOT CKIISTHOT TAPH .vvveeeenurrreeeesurereeeesnnsreeesssnsseeessssseeesssnasssseesssssseeessssssseeessnnnnns 37
1.7 Tlpuuunu yTBOpeHHs nedekTiB B popMax Ta HEOOX1IHI BIACTHBOCTI MaTepiany ..... 42
1.8 AHai3 MaTepiasiiB DOPMOKOMIIIIEKTY ...eeeerurreeerureeeerereeessreesssseessseesensseessssseesssssesennes 44
1.9 TexHoMOrIYHI CIIOCOOM BUTOTOBJICHHS YaBYHHUX JeTajeh (QOPMOKOMILICKTIB ........ 47
1.10 ITopiBHSHHS BIACTUBOCTEH YaBYHIB JJISI (DOPMOKOMITTICKTY ...eeeevrreeenereeeanrreeennneeeennns 48

1.11 Anani3 XIMIYHOTO CKJIaqy 4YaBYyHIB AeTajied (POPMOKOMIUIEKTY JJisi BUTOTOBJICHHS

[0 6205 (0 s -1 o) 4 SO USSR 49
1.12 YKAPOCTIMKICTD UABYHIB......eeeevveeeeuereeeairreesssseeeasseeesssseeessssessssssessssssessssssessssseessnsseesnnns 51
1.13 Crioco0u 11 IBUILICHHS eKCIUTyaTaIintHIX BJIACTUBOCTEH neTajien
(DOPMOKOMIIITEKTY ....eeuvveentreeereenireenseeeseeesseessseessseessseeanseesssseensseesssesssessnsesssssesssseesssessnsesns 54

1.14 TTigBuIeHHsT eKcIuTyaTallliHUX BIACTMBOCTEM YaBYHHUX JeTajell (hOPMOKOMILIEKTY

3a IOIOMOTO0 PETYJIFOBAHHS MPOIIECIB KPUCTATI3AIIT JTUTOT 3ATOTOBKH .....c.vvveenereenerennee. 54
1.15 TexHONOTIYHI METOIU TTO3AMITYHOTO OOPOOIICHHS ... . eeeeeevreeeerieeeirieeeireeeeereeeasnneeennns 57
BucHoBKY 70 po3aiTy 1 Ta 380291 TOCTIIIKEHHST ...veeeervveeersereeesrreesssreeeesssseesssseeesssseesssssesens 61

2 MATEPIAJIU TA METOJAUKA IMPOBEAEHHA JOCJIIKEHHA.................. 64

2.1 TexHONOTIYHUN MPOIEC BUILIABICHHS YaBYHHOTO PO3TUIABY ...cccevveeeereeesvreeennvseeennns 64



2.2 XapakTepUCTHKU XIMIYHOTO CKIAAY HOCTIIKYBAHUX YABYHIB ....ceevvveeereeereenereennnenns 65
2.3 XapakTepuCTHKU MaTepiaiiB Ta CIIOCOOIB OOPOOTCHHS YABYHY ...ccovveeeveerureernveennnenns 65

2.4 BurotoBneHHs JIuBapHUX (OpM Ta TEXHOJOTIYHI BapiaHTH BHUTOTOBJICHHS

BATOTOBOK. 1.1eeeeuuvrreeeesurrreeeaasssseeeesasnsseeessssssseeesasssseesssssssesseessssssesssssssssessssssseeessnssseeesennssns 66
2.5 TIiaroToBKa 3pa3KiB JJISL JOCITIIIKECHD.....eecerrreeesereeeerreeeasreeessseeesssseeesssseeesssseesssssesenns 68
2.6 MeTanorpadivqHl TOCITIIIIKEHHS ......veeeeveerreeeereesereessseessseesseessseesssessssessssseessseesssesssseens 69
2.7 JocnimkeHHs Pi3UKO-MEXaHIYHUX XAPAKTEPUCTHK 3PABKIB ...eevvveevreerereennreenireennenns 70

2.7.1 BwusHayeHHs TBEPIOCTI 3pa3KiB Ta MIKPOTBEPIOCTI OKPEMHUX CTPYKTYPHHUX

CEITAZIOBHIX  .uvveeuereenuteenureenuttesiseeenueeenseeessteesaseesaseeeabeesbeeebte e seeenabeeeabeesabeeeabaeenbeeenmteenmseennneens 70
2.7.2 Metonuka BU3HAUYCHHS TEMIIEPATYPOIIPOBITHOCTI 3PA3KIB ....cccvvvreeerreenennnns 70
2.7.3 Meron nudepeHIIHHO-TEPMIYHOTO aHATI3Y JOCTIIKEHHS 3Pa3KiB ................ 75
2.7.4  JloCmiKEHHS OKATMHOCTIMKOCTI YABYHIB ...eccvvveeeereeerrreeesreeeesseeesssseeessssenens 77
2.7.5 JocaimKeHHS TEPMOCTIMKOCTI Ta POCTOCTIMKOCTI YABYHIB ....ccevvveeeerreeenenennns 79

2.8 OOpOOJICHHS OTPUMAHUX PEBYIIBTATIB ...uuvveeutierireaiteenireenireesteesseesnseeensreessreesnseesnseens 80

BUCHOBKH JIO POBIIIIY 2..eceuviieiieeeiiieeiieeitteeite ettt eseteesteesteesseeesaeessseesnseessseesseesssesnssessnnes 80

3 BUBHAYEHHSI XIMIYHUX TA TEIUIO®I3UYHUX BJACTHUBOCTEM

JNOCJIIIIHUX HABYHIB .......uuiitiitiinisninsnicsniissnssnssssisssiesseesssssssssssssssssssssssssssssssssssses 82

3.1 TliaGip XIMIYHOTO CKJIAY HOCTITHUX YABYHIB ...eeervreerreenireenreenreeeseeenseeessseenssessseens 82

3.2 Pe3ynbTaTH AOCHIKEHb MaTepiaiiB 3a 101MoMOror MeToay ATA.......cccoveevvveeennnen. 85
3.2.1 JHocmimxenns yaByHy 310CM mMeTomoM HTA .....ccooooiiiiiiiieeieeeeee e, 86
3.2.2  Jocnimxenns yaByHy 350CMXAH metonom JATA ....cocooeiiiiiiiiiiiniieeeee 88
3.2.3  Hocmimkenns yaByHY B.3. MeTomoM JITA .....ccooiiiiiiieeeeeeeee e &9

3.3 PesynbTaTel TOCHIIKEHHS KaPOCTIMKOCTI TOCTITHUX 3PA3KIB YABYHIB ......eeevvennnens 90
3.3.1  HocaimKeHHs OKATMHOCTIMKOCTI JOCTITHUX 3PA3KIB ....vveeererieeeireeeeireeeseneenns 90
3.3.2  JocaimKeHHS POCTOCTIMKOCTI Ta TEPMOCTIMKOCTI 3PA3KIB.....ccccvvereerrreennnnens 92

BUCHOBKH JI0 POBIIIITY 3.uiiiiiiiiieeiiieeiiieeesieeeeritteeesiteeeestteeesssaeeesssaeessssseesssssesssssseesnsseeesnssesans 97

4 TEXHOJIOI'TYHI TAPAMETPU OTPUMAHHSA YABYHHHUX BUJ/IMBKIB 3

I'PAJIEHTHOIO CTPYKTYPOIO TA BJIACTUBOCTSAMM........cccvueevuecruecsecsnnnes 929

4.1 Tlepmmii TEXHOJOTIYHUI BaplaHT — MOBEPXHEBE OOpPOOJIEHHS pO3IJIaBy YaBYHY

THOKYJIITOPOM PI3HOT TACTIEPCHOCTI «.vvveenereesereeenreeeseeennseensseessseesseeenssesnsseesssesssessnsesenns 100



4.1.1 BmactuBocti BUWIUBKIB 13 4aBYHY 310CM......cccciviiiiiiiiiiecieeceeee e 100
4.1.2 BnacruBocti BUJIUBKIB 13 4aBYHY 350CMXAH.......coooiiiiiiiiiiieeieeeee, 107
4.2 Jlpyruil TEXHOJOTIYHHUN BapiaHT — IOBEPXHEBE OOPOOJICHHS pO3IUIaBy YaBYHY
1HOKyJsITOpoM dpakiiii 0,315 MM Ta 3aCTOCYBAHHS XOJOTUIBHUKIB .....eeeeevveeeeereeennenennns 113
4.2.1 BnactuBocti BUJIMBKIB 13 UaBYHY 310CM......cccciiiiiiiiiiiiiieeieeeeeee 114
4.2.2 BmactuBocti BUWIUBKIB 13 4aBYHY 350CMXAH.......cccoviviiiieiiecieeieeeeee, 121
4.3 Tperii TEXHOJIOTIYHUI BaplaHT — KOBIIOBE OOpPOOJICHHS pO3IUJIaBy YaByHY Ta
3aCTOCYBAHHS XOJIOJMIBHUKIB PI3HUX TOBIIIHH ......veervveerereenreeenseeessseessseessseesseesseesnsesenns 127
4.3.1 BnactuBocTi BUIUBKIB 13 4aBYHY 310CM......ccooiviiiiiiiiiiieecieeeeee e, 128
4.3.2 BnactuBocTi BUIUBKIB 13 4aBYHY 350CMXAH......cccviiiiiiiiiieeee, 135
4.4 YerBepTuid TEXHOJOTIYHMI BapiaHT — KOMOIHOBaHe (IIOCTYIIOBE) KOBIIOBE

00poOJIeHHs PO3IIaBy YaBYHY Ta BHYTPIITHEOGOpMOBE MOAM(DIKYBAHHS 13 3aCTOCYBaHHSIM

D001 (001 1% 8109517 129 ) : S OO RO P SRR UPPRRPPR 141
4.4.1 BnactuocTi BUIUBKIB 13 CIJIABY 310CM.......ooiiiiiiiiiiieiieeeeeeeee e, 141
4.4.2 BnactuocTi BUIUBKIB 13 cIIaBy 350CMXAH ......ccoviiiiiiiiiieeeece e, 149

4.5 BusHaueHHS  KOe(DIIIEHTIB  TEMIIEPaTypONpPOBIIHOCTI  3pa3KiB  JOCIIIHUX

TABYHIB ...uvvveeeuvreeesureeessreeeassseeesasseeesssseeassssssasssssssssseseassssssssssesasssssesssssssssssssssssseesssseesssseeans 156

BUCHOBKH IO POBIIIITY G..ooeviiiieiiieeeiiee ettt e et e ettt e et e e eeateeeeaaeeessaaeesnssesesssseeenssaeennsseeens 160

SATAJIBHI BUCHOBK..........coouiiinrinniinnnicsnncssicsssnssssnesssssssssssssssssssssssssesssssssssesens 164

CITUCOK BUKOPUCTAHUX JKEPEJL .....cueinveiivurcsricsnnsnessnnsssecssncssesssnsssssssssesses 167

JIOIATOK A caueeriinininnicsnnissseissnnissssisssscsssssssssesssssssssssssssssssssssssessssssssssssssssssssessasess 182

TIOTIATOK B ooureeeeennseenseenseesssenssssessssnsssssssssessssassssnssssnssssssssssssssssssssssssssessssessssesssases 184



IEPEJIIK YMOBHHUX ITO3HAYEHb

P3M — piakicHO3eMebHI METaIH;

IMBT — iMITyTbCHUIT METOT BUMIPIOBAHHS TEMITEPATypPOIPOBITHOCTI;
IY — indpauepBoHE TEIIIOBE BUITPOMIHIOBAHHSI;

JATA — nudepeHIitHo-TEMIYHUN aHATI3;

OLIK — 06’ emHOIICHTpOBaHA KyOiUHa TpaTKa;

I'TIK — rpanenenTpoBaHa KyOiduHa IpaTKa;

B.3. — BuxigHui 3pa3ok;

d(Q — KIIBKICTh TEIIOTH, JIK;

p — I'yCTHHA PEYOBHMHH, KT / M>;

T — TepmoaunamMiyHa Temneparypa, K;

S — enTpormist onuHUI Macu pedyoBunH, [Ix / K;

§ — BEKTOp I'yCTHHHM TEILIOBOTO MOTOKY, BT / M?;

K — koeimieHT TeronpoBigHocTi, BT / (M - K);

VT — TpaJilEHT TEMIIEPaTyp;

Jo — IHTEHCHUBHICTb IMITyJIbCHOT'O BUIIPOMIHEHHS,

R — xoedirieHT BiIOMBaHHS CBITJIa TOBEPXHEIO;

T — paJilyC CBITJIOBOIO IMyYKa;

W (r,t) — popma MpoxXo>KEHHS TETIJIOBOTO IMITYJIbCY;

C, — nuToma 00’eMHa TEMIOEMHICTD, [k / (kT - K);

L — ToBmuHa mapy, m;

X — KoediLienT TemmeparyponposigHocti, M? / ¢;

T4 — 3CYB y 4aci MaKCUMyMY MTPONIEHOTO TEIUIOBOTO IMITYJIbCY, C;
C — 1300apHa TernoeMHicTh, JIxk / (kr - K);

AP — pi3HHIIS MacH JI0 Ta MiC/si BATPOOOBYBaHHS, T;

T — 9ac BUTPUMYBaHHS 3a TEMIIEPATypPH BUITPOOOBYBaHHS, TOJI;

S — IIJIOIA MTOBEPXHI, M

19



20
BCTYII

AKTyaJbHiCTL po00TH. TexHosoriydi iHHOBAIlI Ta rio0ani3ailis EKOHOMIKU
MPU3BOJATH JO 3POCTAHHS TEMITy KUTTS Ta TNPOAYKYBaHHS BEIMYE3HOI KUTBKOCTI
PI3HOMAHITHMX TOBapiB, 11O y CBOIO YEPry 3aroCTPHIIO MHUTaHHS CTaJIOro PO3BUTKY
CYyCHIJIbCTBA Ta €KOJIOTIYHOI cuTyalii. BaxiauBuMm (akTopoM BIUIMBY Ha IOTIPIICHHS
€KOJIOTIYHOi CHUTyamii € 3a0pyJHEHHS MOBKUUIA TUTACTHKOBUMHU Bigxomamu. OmHuUM 3
OCHOBHHUX JDKEpeJl TaKMX BIIXOIB € MaKyBaJIbHI MaTepiajdd XapyoBUX MPOJYKTIB, TOMY
BUHHUKA€E OTpeOa B aIbTEPHATUBHUX €KOJOTTUHUX MaTepianax [1, 2]. Huni ocobnuBy yBary
OPUAUIEHO CKITY, SK ajJbTEpPHATHBl IUIACTUKY, a/pKe WOro IPYHTOBHOIO TEPEBArol €
MOJKJIMBICTh 3BOPOTHOTO TMPOIECY MepepoOIeHHs, MpU Maike BIJCYyTHHOMY BILIUBI
BIJIXOJ[IB Ha HABKOJMWIIHE CEPEIOBUINE, OCKUIBKH CKJIO BUTOTOBIISIIOTH 3 MPUPOIHHUX
peuoBUH [3, 4].

BcecBiTHS TeHJeHIIsT 3aMiHM IJIACTUKOBOI Tapu Ha CKISIHY TIpU3Bena Jo
TpaHc(hOpMaIliil Ta AKTUBHOTO HAPOLIyBaHHS BITUU3HSIHUX BUPOOHUYMX MOTYKHOCTEH, SKi
OpIEHTYIOTHCS HA HOPMATUBHY 0a3y €BpONEHCHKOT0 PUHKY, a II€ B CBOIO YEPTy /A€ MOIITOBX
710 pO3pOOJIEHHS HOBUX MaTepialiB Ta TEXHOJIOT1H JJi1 BUTOTOBJIEHHS CKIISIHOL Tapu [5-8].
XapakTepHuMu TpoOjeMaMu [IJIsi BITYM3HSHUX BUPOOHUKIB CKIOTApHOI MPOMYKIi €
IMIIOPTO3JICKHICT ~ Ta  HU3bKMH  TEpPMIH  eKCIUTyaTallii ~ BHCOKOBApTICHOTO
CKJIO(DOPMYBaJILHOTO OCHAIEHHsA, a came (popMokoMIUIeKTy (dopma), siKi MPaloTh B
yMOBaX IHTEHCUBHOTO BIUTMBY IUKJIIYHUX TEPMIYHUX HABAHTAKEHb.

CeiTOBa TIpaKkTWKa BHUJIISE YaBYyH SK OCHOBHUH Marepiaja JUisi BUTOTOBIICHHS
eJIeMEeHTIB (hOPMOKOMIUICKTIB, a METOJ BUPOOHUIITBA 3arOTOBOK — JIUTTS, IO JO3BOJISIE
PETyJIIOBaTH CTPYKTYPY Ta BIACTHUBOCTI MaTepialy Ha eTarli iX BUTOTOBJICHHA. BianoBigHO
HEOOX1JH1 eKCIUTyaTalliiHl XapaKTEpUCTUKU JeTajedl (MILHICTh Ta >KapOCTIMKICTb), SIKI
MiIJaI0THCS IHTEHCUBHOMY BIUITMBY TEPMIUYHUX HABAaHTAXKEHb, 3a0€3MEUYIOTh CaMe 3aBJISKH
cTabimizallii XIMIYHOTO CKJIaqy Ta TEXHOJIOTIYHHUX METO/IIB BUTOTOBJICHHS 3arOTOBOK, SIKI
PEryJIOI0Th MOBEAIHKY Ta POPMYBaHHS CTPYKTYPHUX KOMIIOHEHTIB MaTtepiany [9-15].

ToMy akTyaabHUM MHUTAHHSAM, IO CTAHOBUTH HAYKOBUI Ta MPAKTUYHUN 1HTEpPEC, €

BU3HAYEHHS CKJIaAy >KapoCTIMKMX 4YaBYHIB Ta JOCIIJKEHHS TEXHOJOTii BUPOOHMIITBA
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BUJIMBKIB JeTajel (OPMOKOMILIEKTIB, $KI MaTHUMYTh MOKpAaIleHl eKCIUTyaTalliHi
BJIACTUBOCTI B yMOBax 1HTCHCUBHOI J1i IUKJIIYHUX TEPMIYHUX HAaBAaHTaKCHb.

3B’f130k po0OTH 3 HAYKOBHMH IIporpaMamMi, IUIaHAMH, Temamu. Pobora
BUKOHYBajach Ha Kadeapi auBapHOro BUpOOHHUIITBa HarioHaMbHOTO TEXHIYHOTO
yHiBepcuTeTy YKpainu « KuiBcbkuil momiTeXHIYHUM 1HCTUTYT iMeH1 Iropst CikopchbKOTo» 1
Mana 3B’s30k 3 HJIP «Po3po0iieHHs TEeXHOJOTii BUTOTOBJIEHHS YaBYHHUX BUJIMBKIB)»
(morosip Ne Tnmu/0201.01/7000.02/16/2021 Big 10.11.2021 p.).

Meta po6oTH — CTBOPEHHS KOMIUIEKCY TEXHOJOTIYHHUX MPUHOMIB (OpMyBaHHS
IPaJlEHTHOI CTPYKTYpH Ta BIACTUBOCTEN y BUJIMBKAX 3 KapOCTIMKUX YaBYHIB.

Jlis nocATHEHHs MOCTaBJICHOI METH BUPILITYBAJIUCS HACTYIIHI 3a/]a4il:

1. BU3HauMTH XIMIYHUNA CKJIAJ] TOCITHUX YaBYHIB HA OCHOBI KOMILJIEKCHOT'O aHAJI3y
0a3n JaHUX KAPOCTIMKUX YaBYHIB, SIKI MPAIIOIOTh B YMOBaX IUKIIYHUX TEPMIYHUX
HAaBAHTAKE€Hb, CYMICHO 3 ypaxyBaHHSM BIUIMBY XIMIYHUX €JIEMEHTIB Ha (pOpMyBaHHS iX
BJIACTUBOCTEM.

2. BusHauuTu TemnepaTypu noyaty (a3oBUX MEPETBOPEHB B AOCIIIHUX YaByHaX.

3. BU3HaunTH NOKa3HUKM KapOCTIMKOCTI JOCIITHUX YaBYHIB.

4. Po3po0OuTH KOMILJIEKC TEXHOJIOTTYHUX MPUHOMIB JJisi BATOTOBJICHHSI BHJIMBKIB 13
TPaJIIEHTOIO0 CTPYKTYPOIO Ta BIACTUBOCTSIMHU 32 TIEPEPI30M.

5. ocmiaguTd  3MIHM  CTPYKTypU 3a TEPEepi30OM  BHUIOTOBJIICHUX  BWJIMBKIB
MeTanorpapiyHIM METOIOM.

6. BuzHaunTu MexaHi14H1 Ta Temio(13U4HI BIACTUBOCTI 32 MEPEPI30M BUTOTOBIEHUX
BUJIUBKIB.

O0’€eKT TOCTiTKEHHS — KOMIUICKC TEXHOJIOTTYHUX MPUHOMIB OTPUMaHHS BUJIMBKIB
3 KapOCTIMKMX YaBYHIB JJis1 pOOOTH B YMOBaxX TEPMIYHUX HABAHTAXKEHb.

IIpeamet gocaiazkeHHsT — XIMIYHHUHN CKJIaJ1, TETUI0(I3UYHI Ta MEXaHIYH1 BJIACTUBOCTI,
TEXHOJIOT1YH1 MTapaMeTPH M03aM4yHOro 00poOJIEHHs CIJIaBIB Ta CTPYKTYpa YaBYHIB.

Metoau pochaimkedHnsi. EkcrmepuMeHTanbHI TOCHIIHKCHHS JJS  JOCSTHEHHS
MOCTAaBJIEHOT METH Ta 3aJad BHKOHYBaJIM 3a JOMOMOIOK CyYaCHHX METOJIB Ta
ycTaTtkyBaHHA. JlOCHTIKEHHSI MEXaHIYHUX BIACTHBOCTEH Ta CIeliaJbHUX BIACTHBOCTEH

(OKaTMHOCTIWKOCTI, POCTOCTIMKOCTI Ta TEPMOCTIMKOCTI) YaBYHHUX BUJIMBKIB 3/1HCHIOBAIIN
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3a Cy4aCHUMH CTaHJAPTHUMH HOPMATUBHUMHU METOAWKaMU. Bu3HaueHHS Koe]illieHTy
TEMIIEPATYPOIPOBITHOCTI MPOBOIUIIN IMITYJILCHUM MeTosioM. [{udepeniiitno-repmiuynuii
aHayi3 TMPOBOIWIM Ha CHHXPOHHOMY TepmiuHomy aHamizatopi STA 449 C Jupiter
(NETZSCH). Mertanorpadiudi JOCHIKEHHS MPOBOJUIM 32 JOMNOMOTOI0 ONTHYHOIO

Mmikpockony iScope, IS.1053-PLMi (Euromex).

HaykoBa HOBH3HA O/lep:KAHUX Pe3yJabTATIB:

1. BuszHaueHo XIMIYHHUM CKJIaJ] HU3BKOJErOBaHUX TIpadiTU30BAaHUX YaBYHIB 3
MiBUIIICHUM BMICTOM KpeMHito (Si). 3acTocyBaHHS JeryBaibHuX enemeHTiB (Mo, Cr, Al,
Ni, Ti) y pi3HEMX KOMOIHAIIX Ta KUIBKOCTSX JO3BOJMIJIO OTPUMATH ITiABUIICHHS
TEMIEPaTypy MOYaTKy (az0BUX MEPETBOPEHD, IO CIPHsIE 30UIBIICHHIO €KCILUTyaTalliiHOTO
pecypcy MaTepiaiiB B yMOBaX BIUIMBY ITUKJIIYHUX TEPMIYHUX HABAHTAkKEHb.

2. BcTaHOBNEHO EKCHEPUMEHTAIbHO MIJBUIICHI MOKA3HUKHU KapOCTIMKOCTI
HU3bKOJIETOBAaHUX TIpa(ITU30BaHUX YaBYHIB 3 MIABUIIEHUM BMICTOM KpeMHIit0 (Si) s
poOOTH B YMOBaX BIUTMBY IUKIIYHUX TEPMIYHUX HaBaHTaXeHb. Lle 703BoMMIO oTpuMaru
Kpall OKaJIMHOCTINKICTh, POCTOCTIMKICTh Ta TEPMOCTINKICTh TIpUOIU3HO 110 1,7 pasiB, M0
oOyMOBIIOE 30UIBIIEHHS TEpPMIHY €KCIUlyaTalli BHUpPOOIB Ta 3MEHUIYE BHUTPATU
BUPOOHHUIITBA.

3. Bmepiie BuKOpUCTaHO TOCIHIOBHE 00p0OJieHHS (KOBIIOBE CHUIIIKOOapieM Ta
BHYTPIIIHbO()OPMOBE MAarHi€BMICHUM MOAM(PIKATOPOM ) PIIKOTO YaBYHY 3 TPUILIBUAILICHOIO
KpHUCTaTi3aliero y GopMi i 4ac KOHTAKTY 3 XOJOUILHUKOM 13 CIPOTO YaBYHY TOBITUHOIO
ctinku 30 mM. Lle no3BONMMIIO OTpUMATH Matepial 13 rpaaieHToM MopdoJiorii rpadiToBUX
BKJIFOUEHb, a CaM€ B1Jl KyJISICTOIO J0 BEPMHKYJSPHOTO Ta MEpexi] A0 IUIaCTUHYACTOrO
rpadiTy.

4. BcraHoBiI€HO, 1O MOCIIIOBHE 00pOOJIEHHS pO3IUJIaBy YaBYHY 3a0e3Medye 3MiHY
KOe(iIieHTIB TeMITepaTypOIPOBITHOCTI 3a MEPEPi30M BUJIMBKIB 3aJIEKHO BiJl TPAIEHTY
cTpykTypHu. OTprMaHi 3Ha4eHHs KOe(DIlIEHTIB TeMIIepaTypONpOBIAHOCTI BUIIL Ha 26 % 3a
NOKa3HUKM aHAJOTIYHOTO Marepiaily, W0 CHpHUs€ MIJBHUILIEHHIO EKCILTyaTalliitHuX
XapaKeTPUCTHK MaTepialy B YMOBax IHTCHCHMBHOTO BIUIMBY HUKIIYHUX TEPMIYHUX

HaBaHTAa>XXCHb.
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IIpakTU4He 3HAYEHHS] OTPUMMAHMX Pe3yJabTaTiB. 3alIPOMOHOBAHO XIMIUHI CKJIaIU
YaBYHIB JUIsl BUTOTOBJICHHSI BUJIMBKIB 3 TPAJIIEHTHOIO CTPYKTYPOIO JJisi pOOOTH B YMOBax
BIUTUBY IUKIIYHOTO TEPMIYHOIO HaBaHTaKEHHSA. Bu3HAa4eHO KIIBKICHUH  CKIIaj
1HOKYJISITOpa /I KOBIIIOBOTO 00poOsieHHST Ta MoAu(iKaTopa Ajis BHYTPIIIHHO(POPMOBOTO
00poOsieHHs. Ha ocHOBI pe3ysbTaTiB JAOCIKEHb (OKaJTWHOCTIMKICTh, POCTOCTIMKICTh Ta
TEPMOCTIHKICTD) 3alpONOHOBAHO TEXHOJOTIYHI PIIIEHHS BHUTOTOBJICHHS YaBYHHHX
BUJIMBKIB 13 TTPOTHO30BAHOIO TPAIEHTHOIO CTPYKTYPOIO, IO 3a0€3Meuyl0Th CTa0lIbHICTh
MpoLEeCy OTPUMAHHA CKJIOTapHOI MPOAYKIii. Po3pobieHo TEeXHOJOTriI0 BUTOTOBICHHS
YaBYHHUX 3aroTOBOK JUIsl JeTanedl (HOPMOKOMIUIEKTY CKJIOTApHOTO BUPOOHUIITBA, SIKi
MaloTh MOKPAIIIEHI €KCIUTyaTalllifHi XapaKTepUCTUKH TOPIBHIHO 3 AHAJIOTTYHOIO IMIIOPTHOIO
npoaykiiew. BukopucrtanHs po3poOJIEHOI TEXHOJIOTIT OJIepKaHHS BWIMBKIB 13
AKAPOCTIMKOTO KPEMHHUCTOrO YaBYHY J03BOJIUTh METATYPT1AHUM MIIIPUEMCTBAM 3alHSITU
HIITY 3 BUTOTOBJICHHS 3arOTOBOK TSI CKJISTHOT IIPOMHUCIIOBOCTI.

TeopeTnyHi Ta eKCHEPUMEHTANIbHI PE3YJIbTATH, SIKI MPEACTABICHO B AMCEPTALIHINI
poOOTI BUKOPUCTaHI B HaBYAIBHOMY IpoOIleci 37100yBadiB BUIIOI OCBITH METaIypriifHOro
npodito.

Ocobuctuii BHecok 3100yBaua. /[lucepTtaifii MICTUTh HAYKOBI pe3yJbTaTH,
OTpUMaHi JUCEPTAHTOM 0COOMCTO a00 3a Horo ydactio. 30KpeMa JUCEPTAHTOM 3A1MCHEHO
JITepaTypHUN OTJs] 3a TEMAaTHKOK pPOOOTHU, MIATOTOBJICHO 3pa3Ku JO MPOBEIACHHS
JOCIIKEHb, MPOBECHO MeTalorpadiuni JOCHIKEHHS, BU3HAYEHO OKPEeMi BJIACTHBOCTI
XKApPOCTINKOCTI, BHU3HAUYEHO MEXaHIUHI BJIACTUBOCTI, 0O0poOJieHO, 0¢GOopMIIEHO Ta
y3araJIbHEHO €KCTIEPUMEHTAJIbHI JIaHI.

Anpobanisa marepiajiB aucepranii. OCHOBHI MOJOXKEHHS JUCEPTAIiiHOT poOOTH
BUCBITIIEHO Ha: XIV MikHapoaH1 HaykoBO-TexHIYHIM KoH(pepeHuli «HoBl marepianu 1
TEeXHOJIOT1i B MamuHOOynyBanHi-2022» (M. Kuis, 28-29 kBitHa 2022); XV MiXHapOIHIH
HAyKOBO-TeXHIYHIA KoH(pepeHuli «HoBI mMaTepianu 1 TEXHOJOTi B MalIMHOOYyBaHHI-
2023» (m. Kuis, 28-29 kBiTHs 2023); XVI MixkHapo HI HAYKOBO-TEXHIUYHIN KOH(epeHiii
«HoBi mMarepianu 1 TexHoJor1i B MammHoOy1yBanHi-2024» (M. Kuis, 25-26 kBitHa 2024);

XXVIII International Science and Practical Conference «Development of science in the
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conditions of deepening european integration processes» (M. Pum, Iramis,
15-17 numas 2024).

CTpykrypa Ta 06cAr aucepramii

Hucepraliisi CKIaga€TbCs 31 BCTYMY, YOTHPHOX PO3AUTB, BHCHOBKIB, CIHCKY
BUKOPUCTAHUX JDKEpen 1 2-X JOoJaTKiB. 3arajibHuil oOcAr aucepTarii CTaHOBUTH
184 cTopiHKH, y TOMY YMCIi OCHOBHOTO TEKCTy nucepraiii 148 cTopiHOK, 83 pHUCYHKH,

14 Tabnuib, CIHUCOK BUKOpPUCTAaHMX JOKeped 31 120 HailmMeHyBaHb Ta JOJaTKIB Ha

3 cTopiHKax.
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1 OIJISII TA AHAJII3 MPOBJEMATHKHA, MOCTAHOBKA 3AJIAY
JOCJIKEHHS

Y cyyacHOMY CBITI BeJMKa KIJIBKICTh 3arOCTPEHUX MHUTAaHb CKYMUYUIACs HABKOJO
€KOJIOTTYHOT'0 CTaHy JOBKLLIL. BinmoBigHO, 1aHa mpoOjaeMaThKa JUKTY€E HOBI TEHICHIIIT Y
CIOKMBAaHHI Ta 3BMYKaXx Jrojed. OHUM 13 HAUTOMIUPEHIIIUM MPOAYKTOM y BXKUTKY CTaB
IJIACTUK, HOTO BUKOPUCTOBYIOTH JIJIsl TAKyBaHHS MTPOIYKITii, BATOTOBJICHHS TapH, CTOJIOBUX
npuOOpiB Ta MOCYIy, IO MAalOTh OJHOPA30BE MPU3HAYEHHS, TOOTO TAKOTO, SIKUW MiCIis
BUKOPUCTAaHHS BUKHUAAETHCA. ['0JI0BHA OCOOJUBICTh 3a0pyHEHHSI JOBKULIS IUIACTUKOM,
BUPOOJIEHOTO 3a PI3HUMU TEXHOJIOTISIMU, MOJSITaE B TOMY, IO CEpeAHid yac Horo
po3kiananHs, 3a oimiHkolo National Geographic, komuBaetrbest Bifg 450 pokiB 10
HECKIHYEHHOCTI [1].

3rijiHo 3 IoCHiKeHHsIMH B €Bpori, piuka JlyHaii mopiuyHo Bukugae B HopHe Mope
B 530 ToHH 10 1500 ToHH mnacTuky. [HIe €eBponechke JOCIIIKEHHS MiIpaxyBajo, 110
B121 20 ToHH 710 31 ToHH noTtpamuisie B [liBHIYHE MOpe MIOPOKY 3 piuku PeitH, mpuyomy pi3Hi
MICIISI B3JIOBXK ITE€T PIYKH JEMOHCTPYIOTh HasBHICTh 3HAYHMX JDKepell (HalpUKiIaa, OYuCHI
CIIOPYJM, TPUTOKW) 1 moriuHaviB. B itamiiicekiii piumi [lo BigiOpaHi KOHIEHTparil
BIJIPI3HSUIMCA CE30HHO, W0 TMIJKPECIoe 3a0pyJAHEHHS TMPICHOI BOAU B pIUKax sIK
reorpadiyHo, Tak 1 B yaci [2, 16].

Tomy, BHACHIJOK JECTPYKTUBHOTO BIUIMBY IUIACTUKOBHX BIAXOJIB Ha €KOJOTIUYHY
CUTYyaIlil0, BUHUKAE MOTpeda y aabTepHATUBHUX HOMY eKOJIOTiYHMX maTepianax. Ckio €
OJIUM 13 TaKMX MaTepiajiB, 110 JO3BOJISIE 3aMIHUTH IJIACTUK Y BUTOTOBJICHHI Tapu, BOHO
BUKOPUCTOBYBAJIOCS I1I€ 3 IABHIX YacCiB, Ta MOMYJISIPHICTH MJIACTUKY MTOCTYIOBO 3aThMapuia
Horo. 3BICHO, K 1 TJIACTUK BOHO BIAHOCHUTHCS 10 MOOYTOBUX BIAXO/IB, aje IPYHTOBHOIO
NepeBarol0 CKJIa € MOKJIMBICTb 3BOPOTHOTO MPOIECY NEPEepOOKH Ta MEHIA KUIbKICTh
BUKHJIIB, @ TAKOK Maihke BIZICYTHIM BIUTMB HASBHOCTI BIIXO/IB, OCKUTBKU CKJIO 3p00OJIEHO 3
OPUPOAHIX PEUYOBHH, AKI HE € UYKOPIZHUMHU TPHUPOAl, a TOMY MPAKTHYHO HE MaroTh
TOKCUYHOTO BILJIMBY.

3pocTaHHs PIBHS KUTTS JIFOJICH, CBIZIOMOCTI JIO €KOJIOT1YHOTO MUTAHHS O0yMOBIICHE

MOCUJICHHSAM 1HAYCTpiaji3allli, TeXHOJOTIYHUX 1HHOBAIIM, PO3BUTKY MiAMPUEMHUIITBA.



26

Boanouac, BinOynocs miiHECEHHS! HAyKH MPO MaKyBallbHI MaTepiajid XapuOBUX MPOAYKTIB
NepeBaKHO Yepe3 3pPOCTaHHS BUCOKUX CTAaHAAPTIB SIKOCTI Ta O€3MEeKH XapuOBUX MPOYKTIB.

B mpoMy muTaHHI CKJIOTapa € TOJIOBHOIO, ajpke Omm3pko 130 MinbiiOHIB TOHH
mopoky, a 1e 50 % cBITOBOro BUPOOHUIITBA CKJa, BUTOTOBJISIE TUIBKH MPOMUCIOBICTD
€poneiicbkoro corosy (€C). Haitbinbiy yacTuHy BUpOOJICHOT NPOAYKIi 3aiiMae Tapa JJis
HaroiB (MiHepaJbHa BOJA, BUHO, TTMBO, MIIHI Ta OE3aJKOT0JIbHI HAMOi) 1 11e OJIM3BKO Bij
75 % no 80 % Bix 3araabHOrO BUPOOHMIITBA. 3ayMIIOK, Y po3Mipi Big 20 % mo 25 %
npunaaac Ha 0aHKH 3 IMUPOKUM TOPJIOM, IO BUKOPHUCTOBYIOTHCS JIJIsI TAKYBAaHHS IIPOTYKTIiB
xapuyBaHHs [3, 4].

BcecBiTHS TeHIeHIls 13 3aMiHU IUJJACTUKOBOI Tapu Ha CKISIHY, aHTPOIIOT€HHA
CBIJIOMICTh JIIOJICTBA Ta MIABUIIEHHS I[IHHOCTI 3€MHHUX PECYpCIB MPU3BOAUTEL [0
30UTBIIEHHSI TOMUTY CKJIOBHPOOIB, PO3BUTKY IUPKYJIAIINHUX MOJAENIEeH €KOHOMIKU s
nepepoOKH Ta BUPOOHHUIITBA, 110 B CBOIO YEPTy JIA€ IMOMITOBX JI0 HAPOITYBaHHS BUPOOHHUNX
MOTY>KHOCTEH, pO3pOOJIECHHSI HOBUX MaTepialiB Ta TEXHOJIOTIN JIJIi BUTOTOBJICHHS CKJISTHOT

Tapu [5, 6, 8].

1.1 TengeHuii PO3BHUTKY CKJIOTAPHOIO0  CBiTOBOIO Ta  BiTYM3HAHOIO

BUPOOHUIITBA

BupoOHHUIITBO CKIla € O/IHIE€I0 3 0230BUX MPOMHUCIOBOCTEMH, 1110 33J0BOJILHSE TIOTPEOH
AK JIIOJHU, Tak 1 nmpomucioBocTed. CKIIHA MPOMMCIIOBICTh BUPOOJISi€ MIHUPOKUN CHEKTP
OPOAYKIlI  KOHCTPYKIIHHOTO, XIMIYHO-1a00paTOpHOTO, TOCHOaPChKO-TTOOYTOBOTO,
€JIEKTPO-TEXHIYHOTO, MEIUIHOTO, ONITUYHOTO, XYJA0KHBOTO MPU3HAYCHHS TOIIO.

OpHiero 13 B31pILEBUX JJI HACTIAYBaHHS Ta CIIBIpalll AJi1 YKpaiHu € MPOMHUCIIOBICTh
€BPOMNEHCHKUX KpaiH, IO 00CIYroBy€ BaXKIMBI CEKTOPH HE JIMILIE Ha BHYTPIUIHIX PUHKAX,
aje i 111 eKCopTy BUCOKOAKICHOT MPOYKIIi O BChOMY CBITY. B €BpomneiicbkoMy coro3i
HaigyeThes 0m3bko 160 3aBOIIB, siKi BUPOOIISIFOTH 80 MITBAPAIB CKIISTHUX TUISIIIIOK, OaHOK
1 prmakoHiB mopoky. CkisiHa MPOMUCIIOBICTh MPUHOCUTH 9,5 MUIBSPIB €BPO IIOPIYHOTO

BBII (BanoBwuit BHyTpimHiK npoaykt) €C 1 3a6e3neuye 125 000 pobouunx micup [6].
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3rigHo 3 JaHUMH, 310paHuMu €BponeichbKor0 deaepaliero TapHOTo CKila — y IepuIii
nosioBuH1 2022 poky BUPOOHMIITBO Ta 3arajibHUN OOCAT MPOJAXIB AOCATIN PEKOPIHUX
piBHiB. [Tokaznuku BupoOHUIITBA B Apyromy miBpiuyi 2021 poky ta B 2022 porii 3pocian Ha
3 % K y TOHax, TaK 1 B OJUHUISX, a 3aralbHUI 00csT mpojaxiB 3pic Ha 8,0 % y ToHHaX
(8,5 % B omMHMUIISIX ) TOPIBHSHO 3 Mepioro mosoBuHo 2021 poky. Lle OyB HaiiBuImMii TeMIl
3pOCTaHHs, 3apeecTpOBaHui 3 nepiuoro miBpivust 2016 poky. 3aranom, 3 IepuIOro MiBpIvYs
2016 poky mo nepmioro miBpiuus 2022 poky o0csT MpoaakiB TApHOTO ckiia 3pic Ha 14,2 %
B ToHHaX (1,5 MiH TOoHH) 1 Ha 13,0 % B omuHMIEIX (5,3 Mapa onuHULB) [5, 6].

B octanHi poku ckisiHa TPOMHUCTOBICTh YKpaiHM TaKOX 3a3Halia TpaHchopmaliii ta
rmoyvajia akTUBHO PO3BUBATHCS, OPIEHTYIOUHCh HAa €BPONEHCHKUI PUHOK, CTaHIAPTH Ta
HOPMH BUPOOHMIITBA. BITUM3HSHI MIANPHUEMCTBA TIOYAJIM BHITYCKAaTH SKICHY Ta
KOHKYPEHTOCIPOMOXHY MPOJYKIIIO, 110 KOPUCTYEThCS MOMYJISIPHICTIO HE TUIBKH Ha
TEpeHax BJIACHOI Iep>KaBH, a i 32 KOPJOHOM.

Punok mpoaykiii HectabinmpHuil (puc. 1.1), ame Bce X BITYM3HSIHE BUPOOHMIITBO
JIEMOHCTpPY€E TEeHJEeHIII0 3pocTanHs [7, 8]. Tak, ykpaiHChKI MIAIMPUEMCTBA BUPOOMIH

3,44 mapna ox. ckaoTtapu y 2019 pori, o Ha 8,1 % 6inbiie, Hix y 2018 pori [4].
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Pucynok 1.1 — Ananiz BupoOineHoi ckiiorapu B Ykpaini (3a nepiog 2012-2021 poxn)
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VY mepméi monoBuni 2020 poky 3aBonu Ykpainu ekcrnoptyBaiu 813,8 muH on.
ckioTapu, mo Ha 20 % Oinbiue, HiK 3a aHanoriunuii nepion 2019 poky, a caM ekcropt
CKJIOTapu CTaHOBUB MOHaA 42 % BiJ 3araabHUX 00CATIB BUpOOHMIITBA [4].

Acorialisi manpueMCTB CKIISIHOT TPOMUCIOBOCTI «CKil0 YKpaiHu» Hajiuye Maibxe
60 yKpaiHCBKMX Ta 1HO3EMHHUX IMJANPUEMCTB B I rany3l. AJie TOJOBHUMHU
MIAIPUEMCTBAMH, SIKI PEMPE3CHTYBAIM BHUPOOHUIITBO CKJISHOI Tapu Oynud KOMMaHii
(puc. 1.2), Ha axi npunaino 95,8 % punky. Maitxke Bechb 00CAT BUKOPUCTAHHS TUISIIOK B

VYkpaini, a 1ie 89 %, nmpunamae Ha aaKoroabHI BUupodu [4, 5].

B IIpAT «Berpomak I'ocToMeIbCKHiT

CKTO3aBO» . .
B ITpAT «POKHUTHIBCHKHUI CKIISSTHHIl

3aBOM» _ .
3AT «KoCcTOomIbChKHI 3aBO

CKIIOBHPOOIRY» .

TOB «MaIHHIBCBKHIH CKJI03aBOIY»
B IIpAT «BEPAJIJIIA Vkpaina»
B [TicKIBCBKHEL 3aBOJ CKIIOBHPOOIB

B «CKISIHHH adbsHC»

W [mmi

Pucynox 1.2 — Jlinepu-BupoOHUKH CKIAHOI Tapu B YKpaiHi (Ha 2020 p.)

Ha nepmmii norunsg ykpaiHChbKe CKIIOBUPOOHHUIITBO € PO3BUHEHUM Ta MPOIYKTUBHUM,
OJIHAK HE CaMOJOCTaTHIM, aJKe MpoOJieMH BUHUKAIOTH HE TUIBKH Yy (PIHAHCOBOMY,
HOPMAaTHUBHO-METOJUYHOMY 3a0€3MeUeHHl, a ¥ B CEKTOp1 iHHOBaIliK Ta po3poOok. Huwi
yYKpaiHChKa IPOMHUCIIOBICTh Ta MIAIPUEMCTBA IHTEIPYIOTh HOBI CTAaHAAPTH Ta HOPMATHUBHU
BUPOOHMIITBA, & TAKOXK CTpATerii pO3BUTKY Ha OCHOBI HOBHUX TEHJICHLINW Ta pilIeHb, IO
3HaYHO 30UIbIIAaTh 00’€MH BUPOOHHUIITBA Ta 3MEHINATH COOIBAPTICTH BUTOTOBJICHOI
MPOJIYKIIi SIK HA TaJly3€BOMY PiBHI, TaK 1 HA OKPEMUX MiANPUEMCTBAX.

OpaHuM 13 HEAONIKIB MPOMHUCIOBUX TMIANPUEMCTB YKpaiHU, SKi 3aiiMaroThCs
BUTOTOBJICHHSIM CKJISIHOT TapH, € BUKOPUCTAHHS OCHAILEHHS 3aKOPJIOHHOI'O BUPOOHUIITBA
u1st 6e3mocepeHLOr0 (OPMOYTBOPEHHS Tapu — (POPMOKOMILIIEKT, OCOOJIMBO TaKOi JeTal

Ak ¢opma. ['onoBHUME NpoOIeMaMH 3 SIKUMH CTUKAIOTHCS YKPATHChKI BUPOOHUKH CKIISTHOT
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Tapu MpU eKCIuTyaTallii (POPMOKOMILIIEKTIB, € HU3bKa 1X CTIMKICTh Ta BUCOKA BapTIiCTh MPHU
3aKyIBJI Y HAUKpAIIUX CBITOBUX BUPOOHUKIB.

Po3pobmneHHs Ta yAI0CKOHAJIEHHS MaTepiajiiB 1 TEXHOJIOTIH BUTOTOBIICHHS €JIEMCHTIB
(hOPMOKOMILIIEKTY, SIKl TApaHTYBAaTUMYTh BUCOKI €KCILTyaTaIllifH] XapaKTEPUCTUKHU Ha P1BHI
3aKOPJAOHHHUX aHAJIOTIB, IO OyayTh 3a0e3leuyBaTH iXHIO IMIOPTOKOHKYPEHTHICTH Ta
IMITOPTO3aMIIIEHHS, € aKTYaJIbHOIO MPOOJIEMOIO Tamy3i I YKPaiHChKUX TiAIpUeMCTB. J1Jis
IIOTO HEOOXITHO 3arJuOUTHCS B OCHOBHM BJIACTUBOCTEH Ta BHPOOHHWIITBA CKJa, IO

0OyMOBITIOIOTh YMOBH €KCILTyaTallii Marepiany (OpMOKOMILIEKTY.

1.2 Dizuko-XiMiuHI BJACTHBOCTI CKJIA

Ckio — ue amop¢HuUM, 130TPONHUN MaTepiaj, 10 Ma€ XapaKTEPUCTUKU TBEPIOTO
Tia, SKI OTPUMaHl BHACIHIJOK 3MIHM B’S3KOCTI B TMPOLECI MEPEOXOJOIKEHHS
PO3IUIABJIEHOTO CKJIOMaTepialy, Py bOMY HPOLEC NEPEXOTY 3 PIAKOTO CTaHy B TBEPIUHN
€ 3BOpOTHIM. CKJIO NPaKkTUYHO 1HEPTHE Ta HENPOHHKHE 3a KIMHATHUX TEMIEeparyp, L0
poOUTh HOro HAWCTAOUIBHIIIMM 3 YCIX MaKyBaJIbHMX MaTepialliB Ta MIHIMI3ZYE PHU3UK
MOTPAIUITHHS NIKIIJTUBUX XIMIYHMX PEYOBHH Y 1Ky UM HAIoi, 10 yMaKOBaHI B CKJISTHY
Tapy [17, 18].

3a TBepKEHHAM AMEpPUKaHCHKOTO TOBAPUCTBA 3 BUIIPOOyBaHb MaTepianiB (ASTM)
CKJIO € HEOpTaHIYHUM MPOIYKTOM, 1110 YTBOPIOETHCS OXOJIOKEHHSM JI0 TBEPJOTO CTaHy 0e3
kpucTtami3zaiii [18]. Oco0auBICTIO CKJIa € T€, 1[0 BOHO CX0K€ Ha TBEPJI€ KPUCTAIIIYHE TLJIO —
3a paxyHOK OPCTKOCTI Ta 4ITKOCTI ()OpMH, Ta Ha PiAKE — 32 PAXyYHOK aCUMETPUYHOCTI Ta
130TponiyHOCTI CTPYKTypH. CrienrdiuH1 BIACTUBOCTI, IO BIAPI3HAIOTH CKIIOMaTepial Bijl
KpUCTaJiB Ta PIIMHU, HE 3ajJeXaTh BiJ XIMIYHOTO CKJIaay Ta TEMIEpaTypHOi 00JacTi
3aTBEp/IiIBaHHS.

[Ipouiecu 3aTBepAiBaHHS Ta IUIABJICHHS CKJa 31MCHIOIOTHCS B TEMIIEPATypPHOMY
1HTepBaIl, KU HA3MBAIOTh 1HTEPBAJIOM CKIIYBaHHS: Y HbOMY BiIOYBA€THCS MEpEXis y
TBEpAMI CTaH IMIiJ Yac 3aTBepJiiBaHHS a0o0 y piakuil mig 4vac HarpiBanHs. OpHi€eo 3
HaWBaXXJIMBIIIMX BJIACTUBOCTEM CKJa TiJ] Yac TEXHOJOTIYHOIO MPOIEeCYy BUPOOHUIITBA, €

B’s13KICTh ckia. [lokazHuku B’S3KOCTI CKJIa 3a TeMIiepatypu BapiHHs craHoBisaTh 10 [1a - ¢,
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mo B 40000 pa3iB OutbIe BiJ B’S3KOCTI posmiaBieHoro merany (ctam) [18, 19]. Heski
OKCHJH, B XIMIYHOMY CKJIaJli CKJa, MABUINYIOTHh B s3KicTh — Si02, Al203, ZrO2, a neBHi
3HKY10Th — Li120, Na20, K20, PbO, BaO [20, 21]. IBuakicte opMyBaHHs, TBEPAHECHHS
Ta TepMIYHOTO OOpOoOJEHHS BHpPOOY 31 CKJa 3aJieKaTh Bij 3HAYEHb IHTEPBATY poOOUOI
B’si3kocTi. TemmepaTypa, 3a sikoi BUpIO 31 CKia 3AaTHUN JgeOopMyBaTHCS IIiJl BJIIACHOIO
Baroro Ha3MBAETHCS TEMIIEPATYPOIO PO3M AKIIICHHS, @ IHTEPBAJI MK TOYKOIO PO3M’ SIKIIICHHS
Ta poOOYOI0 TOUKOIO — I1e 1IHTepBasl pobouoi B’s13K0CTI ckia [17, 19, 20]. BiamosigHo, CKII0
PI3HOTO XIMIYHOTO CKJIaay KiIacu(ikyroTh Ha Take, 10 Mae OUIBIIMKN TeMmIepaTypHHM
iHTepBa opmyBanHs BUupo6OiB Big 250 °C no 500 °C (s mpuKiaj CBUHIIEBUM KPUIIITAIIb),
Ta Take, 0 Ma€ MEHIIUN TemrepaTrypHuuii iHTepBan ¢popmyBants — Big 100 °C go 150 °C
(tapae ckmo) [17, 18]. Ilpouec BupoOHMIITBA CKJIa BHUMarae po3paxyHKIB Ta
EKCIIEpUMEHTAJILHUX JIOCHIJKEHb i1 TOOYJOBH 3aJIKHOCTI TeMIlepaTypa-B’ A3KiCTh.
Opnak, 3a TBepKEHHSIMHU JociiaHukiB [20], Ha MpakTUIll YacTO BHUKOPUCTOBYIOTH
CIIPOIIEHY MOJIEJIb, 110 Mepeadayae eMIPUYHI 3aJIeKHOCTI PETEPHUX 3HAYEHb B’SI3KOCTI

CKJIa BIJl TEMIIEPATYP, SIKI HAWO1IbIII BaXKJIMB1 B TEXHOJIOT1T BUpoOHuUIITBa (puc. 1.3).
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B TomMy umchi, OTHUM 13 BaXJIMBUX SIBUII] B TEXHOJIOT1i BUPOOHHUIITBA CKIOMPOTYKIIIT
€ TIOBEpXHEBUN HATAr, SAKUW BIUIMBAE Ha TMPOIECH BapiHHSA, TOMOIEHi3allli,
(bopMOyTBOpEHHS, BUTyBaHHS, HA OAHOPIHICTH CKJIOMACH Ta BUAAIICHHS Ta3iB (BiMOBIA€E
3a yTBOPEHHS ra30BUX JedekTiB). HeckoMIieHCOBaH1 MOJICKYJISIpHI CUJTM Ha TPaHUIIl TIOILTY
(a3 BIIIMBAIOTh HA TOBEPXHEBY €HEPTiI0, IO 1 € TOBEPXHEBUM HATATOM CKJa. 3aJI€KHO BiJ
XIMIYHOTO CKJIaay, AeAKi OKCHIW MIABUIIYIOTh MoBepxHeBu HATAT — Al,O3, MgO, ZrO2
Tomio, a jaeski 3HuKyTh — Cr (Cr,03, CrOs;), P,Os, PbO, B203, V,0s tomo. Koedirtient
MOBEPXHEBOTO0 HATATY PO3IUIABICHOro ckia 3a Temmneparypu Big 1000 °C mo 1400 °C
cranosutsb Big 0,2 Jix /mM? 1o 0,38 Ik / M2, a 3miHa Koe(illi€HTy MOBEPXHEBOIO HATATY Ha
koxxH1 100 °C cranoButs Big 1 % mo 3 % [17, 18, 20, 21].

TennodiznyHi BIACTUBOCTI CKJIa BU3HAYAIOTh MPUJIATHICTh MOTO JJI €KCIUTyaTalli B
AKOCT1 KOHCTPYKIITHOTO, OYIIBENRHOTO Ta 3aXMCHOTO MaTepially B PI3HHX Taly3sx
MIPOMHMCIIOBOCTI Ta B MOOYTI, /i€ CKJIIHI BUPOOU MPALIOIOTh B YMOBax 3MiH Temriepatyp. o
TeI10(13UYHUX BJIACTUBOCTEN CKJIa HaJEXaTh TEIUIOEMHICTh, TEIUIONPOBIIHICTh, TEIJIOBE
PO3IIMPEHHS], TEPMOCTIUKICTh. BennurHa TemI0BUX BIACTUBOCTEN CKJIa 3aJIEKUTD BiJl HOTO
XIMIYHOTO CKJIafdy 1 Temnepatypu [20].

Hocmigauku [17-19] BHOKpEeMIIIOIOTH psii  HAWOLIBII BAXJIMBUX  TEIUIOBHX
BJIACTUBOCTEM CKJIA:

@) numoma meni0EMHICMb CKId 3aJCKATH BI TEMIIEPATypH: i 9ac HarpiBaHHS JI0
TEMIIEPATypH TIOM’ SKIICHHS TEIUIOEMHICTh CKJIa 3pOCTa€, ajie He3HA4YHO, a MPH O1IbII
BUCOKHMX TeMmreparypax (pO3TOIUIEHE CKJIO) TEIJIOEMHICTh 3pOCTa€ CTPUOKOMOIOHO.
[Ipukagom € 3HaUY€HHS TEIJIOEMHOCTI JIsl KBApIIOBOTO CKJIa B TEMIIEpaTypHiit 001acTi Bij
0°C gmo 600°C 3HaxomsaTtbcs B iHTepBam 3HadueHb Big 0,7 kx/ (xr - °C) no
1,15 x/Ix / (kr - °C). IluTomMa TEMI0EMHICTh CUJIIKATHOTO CKJIa 3a KIMHATHOT TEMIIEPATypH,
3aJIeKHO  BiA  XIMIYHOTO  ckiamy, 3MiHioeTsess  Bim 0,3 xIx / (xr - °C) 1o
1,05 xJIx / (xr - °C).

0) xoeiyichm menionposioHOCmMi — XapaKTEPU3YE MONIIMBICTh CKJa MPOBOIUTH
TEIJIO B TPAJIEHTHOMY TeMIiiepaTypHoMy moji. KoedilieHTH TerionpoBigHOCTI Pi3HOTO
CKJIa MaJjIo BIJPI3HSIOTHCS OJWH BiJ OJHOTO 1 3HAX0AAThcs B Mexkax Big 0,58 Bt/ (m - °C)

1m0 1,34 Bt/ (m - °C).
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8) Koegiyienm AiHiliHO20 po3uiupenHs — 1Ie BeIMYNHa, SKa T0Ka3ye 3MiHY PO3MIpiB
ab6o 00’emy ckiia mpu HarpiBaHHi Horo Ha 1 °C. Ha mpakTuii KOpUCTYIOThCS CepeIHIMU
3HAYCHHAMH KOC(QIIIEHTY, AKi OOYUCIICHI 3aJ€KHO BIJ TEMIEPATypHOTO IHTEpBATY Ta
YUCTOTH CKJIa, HAMPUKIaA KOe(illieHT TEPMIiYHOTO PO3IIUPEHHS KBAapIIOBOTO CKJa B

nianazoni Temnepatyp Big 0 °C go 100 °C cranosuts Bing 5,4 - 107 Y-c 10 5,5 - 107 /- [22].

1.3 TexHos0riyHi mMpounecd BHUIOTOBJIEHHSI TAPHOr0 CKJa Ta (OPMYyBaHHS

CKJIOBHPOOY

[Ipomec ckJIOBapiHHA TOPOKHUCTOI CKJISIHOI Tapu 3A1MCHIOETHCS 3a BHUCOKHX
temrepatyp (Big 1350 °C no 1650 °C 3anexHo Bix Tumy ckioBapHoi nedi [20]) y B si3KoMy
cepeqoBHII (B CKJIOMAaci), BMICT SKOTO IOCTIMHO 3MIHIOETHCS 3a XIMIYHHM 1 (ha30BUM
cknagoM. Ha mpouec ckinoBapinHs Ta (OpMyBaHHS BIUTMBAIOThH TaKi CyMyTHI (PaKTOPH, SIK:
YMOBH TEIUIOO0OMIHY, XapaKTep pyXy CKJIOMAcCH Ta Ta3iB. 3arajiom MpoIec MpoMHUCIOBOIO
CKJIOBApIHHS MOXKHA TOJUIMTA HAa OCHOBHI CTaii: IJIABJICHHS IIUXTH, OCBITJICHHS
pO3ILIaBy, TOMOTEHI3alli0 Ta 0XOJOKeHHs po3miasy [17, 20, 23].

Ixepena [17, 19, 21, 23] iHpopMyIOTh, 110 MiJ YaC BUTOTOBJICHHS MOPOKHUCTOI
CKJISIHOI Tapu HEOOXIAHO ONTHUMAJIbHO MPOBECTU MPOLEC CKJIOBAPIHHS Ta MPABUIBHO
migiopatu CUPOBHHY (XIMIYHMIA Ta TpaHyJoMeTpuuHui ckiam). Poboru [17, 20, 23]
BKa3ylOTh, IO 3arajioM BUPOOHWYHMH IpOIleC BUTOTOBJICHHS CKJIsSHOI Tapu (puc. 1.4)
MMOYMHAETHCS 31 3MILTYBAaHHS CUPOBUHH, SIKAa BU3HAYAE KOJIIp CKJIa (3a3BUYail OypIITUHOBHIA,
KOBTHH, CUHIM a00 3€JIeHHI), 10 K01 A0JAEThCs CKiI001d. [loTiM cymiln TpaHCTIOPTYIOTh
o0 medi, Ae il pO3IUIaBJsAIOTh, CKISIHY Macy MOAaloTh A0 MapaliefIbHO MPaIFOI0uUX
CKJI0OpPMYBaITLHUX MaIllMH. Y TMOJANbIIOMy, chOpMOBaHAa Tapa MPOXOJUTH MEPEBIPKY
aKocTi. BupoOu, B sSIKUX BUSIBICHO Je(DEKTH BiIOPAKOBYIOTH 1 MEPEIIABISAIOTH Y TeUl K
CKJI001i, a TOTOBY MPOJYKIIIO MAKYIOTh Ha MajJeTH B KiHLI BUPOOHMYOI JIHII, y pasi

HEOOX1THOCTI1, MPOAYKIIiSl IPOXOIUTH MPOIIEC IEKOPYBaHHSI.
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Pucynok 1.4 — TexHosoriuda cxema BUPOOHHUIITBA CKIISHOT TapH [23]

CtBOpeHHs1 CKJIOBHPOOIB 3 PO3IUIABICHOI Macu CKja Ha3MBalOTh MPOLECOM
dbopmyBanHs. [1ig yac HLOTO TICHO MOEIHAHI SBUINA TEIUIOMPOBIIHOCTI, 3MIHU B’ SI3KOCTI
CKJIOMAacH B IIMPOKOMY Jlialma3oH1 came B MPOIeCl TPAaHCIOPTYBAaHHS CKJIOMAaCH, a TaAKOX
ABUIA TEIJIOOOMIHY (IHKOJM HaBIThb KOHBEKTMBHOro). Ilpouec ¢dopmyBaHHs
MOPOKHUCTOTO CKIOBUPOOY MOAUISIIOTH Ha Bl OCHOBHI cTaii [20]:

1) opMoyTBOpEHHSI — IUIACTHYHY Macy JOBOJATH 10 MallOyTHbOI KOH(iryparii
3aJIEXKHO B1J B’SI3KOCTI, TIOBEPXHEBOI'0 HATSTY Ta TEMIEPATYPHUX 3MIH CKJIa;

2) dikcaist popmMu — 3aKpIIUTIOIOTH KOHQITYpAIlil0 Ta KOHTYPH BiA(POPMOBAHOTO
CKJIOBUPOOY 3aJI€KHO B1J] BUly CKJIa Ta 3aCTOCOBAHOI'O CIIOCO0Y OXOJIOIKEHHS.

Takox xapakTepHHUMH IapaMeTpamu mporecy ¢GpopMyBaHHS € poOOYHil 1HTEepBaj
B’SI3KOCTI CKJIOMACH Ta 1HTEpBaJ TEeMIEpaTypH Mmia 4ac (popMyBaHHS IO TOTO MOMEHTY,
KOJIU YTBOPIOETHCS TBEPJMUM 30BHIIIHIN IHap, SKUM mepenikoxkae aedopmaiiii BUpooOy.
Takox BaxuBUMU €: yac (opMyBaHHs (BU3HAYAETHCS 4aCOM TBEPAIHHS CKJIOMACH, SIKUH
3aJIEKUTH B XIMIYHOTO CKJaAy CKja, BULY (OPMYBAJIbHHX €JIEMEHTIB Ta XapakTepy iX

KOHTaKTy 31 CKJIOMacoro mif yac (popMyBaHHS), TeMIEpaTypHU pexxum (HOpMHU, YMOBHU
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OXOJIO[KEHHS. Yci 1l (akTopu BIUIMBAIOTh Ha SKICTb BUPOOY, MNPOTYKTUBHICTH
ckJI0hopMyBaJIbHUX MaIlIMH Ta GOpM, a OCOOIMBO i Yac MeXaH130BaHOTO (HOPMYBaHHS

MOPOKHUCTUX CKIIOBUPOOIB, aJlXe 11el mpoliec € Haouibi ckinagaum [17, 20].

1.4 OcHOBHIi c0CO0M BUTOTOBJICHHS CKJISHOI TApH

HaiimommpeHimuMu ~ MeXaHI30BaHUMH  criocobamMu  (OpPMYBaHHS — CKJISIHOI
MTOPOXKHUCTOI Tapu € MPECOBHUAYBAaHHs, BUAYBAHHS Ta TOJBiiHE BUAYyBaHHSI. B ymoBax
MacoOBOTO BUPOOHUIITBA (OPMYBAHHS 3A1MCHIOIOTH 32 JOTIOMOTIOI0 (POPMOKOMIUIEKTY Ha
BHCOKOIIPOAYKTUBHUX CKIO0()OPMyBaThHUX MAIIMHAX.

Crioci6 BUAyBaHHS CKIISTHOI Tapu 3/IIACHIOIOTH 3a JIOMIOMOTOI0 CTUCHEHOTO TIOBITPS,
a TpOIeC TNMPECOBUIYBaHHS — MPECYBaHHSIM 3arOTOBKU IMOPOKHUCTOTO CKIOBUPOOY 1
MOJAJBIIUM 1i BUAYBAHHSM JI0 HEOOXITHUX po3MipiB. OJHAK HAWOUIBIIOTO MOIIUPEHHS

HaOyB c1OCi0 BUyBaHHS, TIOCIIJOBHICTD KOTO CXEeMAaTUYHO HaBEJEHO HAa PUCYHKY 1.5.

a 0 B r i e
a — rnojiaya Kparuii; 0 — opMyBaHHS rOpJia; B — BUIYBaHHS 3aTOTOBKU;

I — [lepeiaya 13 YOpHOBOI B YMCTOBY (POPMY; 1l — OCTaTOYHE BUIYBAHHS;

€ — 3HIMaHHS BUPOOY

Pucynox 1.5 — Ilpouec hopMyBaHHS TOPOKHUCTUX CKIISTHUX BUPOOIB 3a

croco0oM moBiHOTO BUAyBaHHs [20, 24]
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Biamosinuo no mpams [14, 15, 17, 20, 24] mix gac ckinoGopMyBaibHOTO TIPOIIECY,
HE3aJIeKHO BiJ MOro crnocoOy, BUKOPUCTOBYIOTH JiBa BUIU (OPM — YOPHOBY Ta YUCTORY.
[IpecoBuayBaHHs Ta BUAYBaHHS MOPOKHUCTOI CKJISIHOI Tapyd MalOTh 0a30B1 TEXHOJOTIYHI
onepartii (auB. puc. 1.5) [20, 24]:

@) TIOJAHHS JI030BaHOI Kparun CKJa y BUIVISAII «Iyabku» («goby») [8] rapsidoro
CKJIomMarepiadly B YOpHOBY ¢opMy (TOpiaoM BHH3 ab0 HAropy 3ajieKHO BiJl BHIY
CKJIO(hOPMYBaAJILHOTO aBTOMATY);

6) GopMyBaHHS rOPJIOBOi YaCTHHU BUPOOY;

6) 3anpecyBaHHS/BUIAYBAaHHS Kparuli CKJia IO CTaHy IPOMIKHOT 3arOTOBKU;

2) PO3KPUTTS YOPHOBOI (JOPMHU Ta Mepeiadya 3aroTOBKH J10 YUCTOBOI (OpMU;

0) O0cCTaTo4yHE BUAYBAHHS BUPOOY 13 BHYTPILIHIM OXOJOKEHHSIM;

€) PO3KPUTTS YMCTOBOI (popmMu Ta mepenada BUpOOy HA MOAAIBIIMNA €Tall BIANAITY

a00 MOKPUTTSL.

1.5 KoHcrpykuigs Ta 0c00uBOCTI (POPMOKOMILIEKTY /AJsi BHUIOTOBJICHHA

CKJISIHOI Tapu

DOPMOKOMIIICKT — 1€ CYKYITHICTh KOHCTPYKTHBHO Ta TEXHOJIOTIYHO PO3POOICHOTO
(OpMOBOTO OCHAIIIEHHS, SIKE€ BUKOPUCTOBYETHCS ISl BIATBOPEHHS 30BHINIHBOT TOBEPXHI
BUPOOIB CKJIOTapHOrO BHUPOOHHUITBA. OKpemi 4YacTUHH (HOPMYBAIBHOTO KOMILIEKTY
KPIIUIATHCA 10 MPOMBKHUX MEXaH13MIB — TPUMauiB, SIK1 PyXat0ThCs 33 TOOMOTOI0 PYXOMUX
opraniB MamuHu. [lig dYac mnpecoBuayBaHHS Ta BUIYBaHHSA CKJIOTApHUX BUPOOIB
3aCTOCOBYIOThH THIIOBI JI€Tajll KOMILJIEKTY OCHalleHHs (puc. 1.6 ta nus. puc. 1.5) [20, 24]:

a) 4dopHoBa abo umcrtoBa (opma (MaTpUIlsi/OCHOBA) — 3aCTOCOBYIOTH IS
BIJITBOPEHHS 30BHINMIHLOT KOH]iryparlii BupoOy Ta HaldacTiiie CKIATAEThCS 13 JIBOX
HaniBopm;

6) kepH (IyaHCOH a00 TUTYHXeEp) — Tepeaac 3yCUIuIs/moBITps Juisi (OpMyBaHHS
BHYTPIIIHIX OOPUCIB;

6) TpecoBe/TOpioBe Kuiblle ((popMyBallbHE KUIbIIE) — 3aMHKa€ KaMepy

(dopmyBaHHA B MicLll M (JOPMOIO Ta KEPHOM Ta (popMye BEpXHii Kpail BUpoOy;
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2) migaoH — ¢GopMye HIDKHIO YacTHHY BHUPOOYy YHCTOBOI (OpPMH IpoLecy
BU/yBaHHS/TIPECOBU/1yBaHHSI.

Jlo ¢opmu BigHOCATH O€3MOCEPeTHHO MATPHUII0/OCHOBY, SIKY MOAUISAIOTH HA BEPXHIO

Ta HUKHIO YaCTHUHHU, TaKOX JI0 YOPHOBOI (POPMHU BITHOCATH Kublle A (HOpMyBaHHS

rOpJIOBO1 YaCTUHU TapH.

a 0

1 — mpecoBe/ropioBe Kinblie, 2 — HamiBGopMa YOpHOBOi (opMH, 3 — TOHHA YACTHHA

4opHOBO1 hopmH, 4 — HariBGhopMa YUCTOBOT GopMHU, 5 — JOHHA YACTHHA YHCTOBOI (hOopMHU

Pucynox 1.6 — KoHCTpyKTHUBHI 0COOJIMBOCTI CKIOTAPHOTO (POPMOKOMITIEKTY [14]

KoOHCTpYyKTHBHI OCOOJIMBOCTI NEAKHX YacTUH (POPMOKOMIUIEKTY MAarOTh BarOMHi
BIUIMB Ha TEXHOJIOTIYHMM TpolleC BUTOTOBJIEHHs BUpoOy. Hampukian, oOmexyBauem
po3TikaHHS cKioMacHu y ¢hopmi € kibiie (a00 kpuika GopMu), IKE TAKOXK 3a/1a€ TOBITUHY
Ta JiaMeTp TroToBOro BHpoOy. HeoOXilHO yHUKAaTH TeperpiBy KiIblisg, aJKe BOHO
CTHKAETHCSI 31 CKJIOMACOI0 TMpPU KOKHOMY TMpPECyBaHHI, MPaBUJIbHO BHU3HAYUTH HOTO
TOBIIMHY Ta PO3MIpH IS 3a0€3MEeUCHHSI TETUIOBOTO PEKUMY, BPAaXOBYIOUH TEMIIEpaTypHE
posmmpenns matpuiti [17, 25]. Takoxk, HAMOLTBIIT KOHCTPYKTHUBHO BaXKJTMBE 3HAUYCHHS MA€
BHYTPILIHS KOH(Irypallis Ta BHyTPILIHI rabapuTHI pO3MipH MOPOKHUHHI POPMHU, a/1KE€ BOHU
0e3rnocepelHbO  BIATBOPIOIOTh CKJIOBUPIO. Bucoka mBUAKICTE pPoOOYOro Mpolecy

CKIO0(OpMYBaTbHUX MAIIMH B MAacoOBOMY BHUpPOOHHWITBI BIUIMBA€E Ha Te, IO
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dopMokomIIIeKT, a ocobauBO (opMma, miJ yac (HOpPMyBaHHS MOPOKHHUCTOI CKISHOI TapH
MiJAAI0TBCA  BIUIMBY TMOTYKHOTO TEIUIOBOIO TIOTOKY Ta MEXaHIYHUMX HABaHTaXKEHb.
KAPOCTIUKICTh, MIIHICTh KOHCTPYKIIi Ta KOMIUIEKC HEOOXIIHMX MEXaHIYHHUX
XapaKTEPUCTHUK .
[Tin yac KoOHCTpyIOBaHHS (POPMOKOILIEKTIB MJii BHUPOOHUIITBA CKJIOTapu, 0
Matepiainy ¢opM BUCYBAIOTh TaKl HAMBaXJIMBIII BUMOTH [25]:
@) POCTOTA OTPUMAHHS 3aTOTOBOK Ta X 00pOOIIIOBAHICTE;
0) BUCOKI ~ TeIIo(pi3uyHI  BIIACTUBOCTI, 30KpeMa  TEIUIOMPOBIAHICT,  Ta
TEMIIEPaTypPOIPOBITHICTS;
8) IIbHA, OJTHOPIAHA Ta APIOHO3EPHUCTA CTPYKTYPA;
2) MiHIMaJIbHI TemmeparypHi nedopmarllii Ta Hamnpy>KeHHs, IO 3aJeXaTb BiJ
KO€(ILIEHTY JIIHIMHOTO PO3MIMPEHHS Ta MOAYJIIO MPYKHOCTI Marepiany hopm;
0) BUCOKa KOPO3IAHO-, KapO- Ta POCTOCTIMKICTh 32 pOOOUYUX TeMIEpaTryp, BUCOKA
3HOCOCTIMKICTB;
€) IpOoCTOTa, 3pYUHICTh EKCILTyaTallli Ta pEMOHTY (OpM;
1) BITHOCHO HEBHCOKA BApPTICTh MaTepiay.
EdexkTuBHicT BUPOOHUIITBA CKJISHOT MPOMYKIII BU3HAYAETHCA  CTIHKICTIO,
HAJIMHICTIO Ta XapakTepucTukamu (op™m, IO BHUKOPHUCTOBYIOTb. Makpo- Ta
MIKpOCTPYKTypa Marepiany ¢GopM, a TakoXX TEXHOJOTIS iX BHUTOTOBJICHHS 3HAYHO

BIUIMBAIOTh HA SKICTh TOTOBOI CKJISTHOT TPOIYKIIIi.

1.6 BB NUKJIIYHUX TepMOMeXaHiYHMX YyYMOB Ha ¢opmMu mig w4ac

BHPOOHMITBA MOPOKHUCTOI CKJIAHOI Tapu

Crnoci6 BuyBaHHSA HAOyB HAMOUIBIIOTO MOMIMPEHHS CEPE]l CIOCOOIB BUTOTOBIICHHS
TOHKOCTIHHOI ITOPOXKHHUCTOI CKJISHOI Tapu. YTBOPEHHS CKIOTapHUX BHpOOiB (puc. 1.7)
MOJIATAa€E B TOMY, 110 CKJIOMAacy po31yBalOTh B 3aMKHYTiH (opMi, TOOTO BOHA BIATBOPIOE
o0pucH BHYTPIIIHBOI MOPOKHUHU (HOpMHU 70 O€3MOCEPEAHHOTO 3aTBEPAIBAHHS CaMOTO

CKIJIOMaTepiaiy.
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Pucynok 1.7 — BunmyBanHs CKJIIOTapu B IPOMUCIOBUX yMOBax [14]

MamuHHe BHIYBaHHS € MEHII TPYJAOMICTKMM  TIPOIIECOM  BHPOOHMIITBA
MOPOXKHUCTOTO CKJIa, TOPIBHSAHO 3 TpecyBaHHsAM. CydacHi BHUIYBHI CKJIO(OPMYBaIbHI
aBTOMAaTH JO3BOJISIIOTH JIOCSATTH BHUCOKOI TMPOMYKTHBHOCTI 3aBASKA KOHCTPYKIIi, SKa
CKJIQJJA€ThCS 3 OKpeMHX cekii. Harpukiaz, 3a macu BupoOy 150 r 10-tu cexuiiiHa MammnHa
BupoOisie 1o 300 mT. BUpoOiB Ha XBWiIKHY, a 32 Macu 300 r — mo 200 mr. BUpoOiB Ha
xBuwinHy. Cy4yacHi MallMHU MaroTh BiA 8 cekuit mo 20 cexiiiii, ToMy iX NpOAyKTHUBHICTb
csirae Big 4 MuIH. 10 5 MutH. BUpoOiB Ha A00y. [lomupenumu € taki mamuuu «Hartford»
(CHIA), «Linch-IS» (CIIIA), AL-106 (Yexis), «Monbpo3» (benbris) Toto [17].

OcHOBHHUI TIpOIIEC BHWTOTOBJICHHS CKJISHOI Tapw 3a MacoBOTO BHPOOHHMIITBA
BiJIOYBAETHCS y CKIATHUX TEPMIYHUX yMOBax. PoOod4l TeMriepaTypu IIaBICHHS CKIOMAacu
B eyl 3HaxoasThes B iHTepBaii Big 1350 °C no 1500 °C, a mogada 10 ckiiohopMyBaibHOI
Mammuau — B gianasoni Bix 700 °C mo 1100 °C (3anexHO BiJ CKIaay CKJa MOPOKHUCTOTO
BUpoOY) [15, 17, 26, 27]. ®opmyBansHa opoxHUHA GHOPM, Ka 6€3MOCepeTHHO KOHTAKTYE
3 PpO3IUIaBIIEHUM CKJIOM, MiAJa€Tbcsl HaOUIblIOMy HarpiBaHHio (puc. 1.8) Tta mii
TEPMOIMKIIYHIX YMOB €KCIUTyaTaIlii, 0 BIUTMBAE Ha MIBUJKE 3HOIIYBAHHS MTOBEPXHEBOTO
mapy 4YOpHOBOi, 4YHCTOBOI (opM, Ha TPUBAIICTh TMPOIECYy Ta SKICTb TOTOBHUX

BUpOOIB [27-29].
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530.00
516.00
502.00
488.00

- 474,00
460.00

- 446.00
= 432,00
o 418.00
404.00
390.00
276,00
362.00
348.00
334.00
320.00
306.00
292.00
278.00
400
hpoo

P——
Units = C

a 0

Pucynox 1.8 — [Ipuxmanu po3noaiTy TeMIIepaTypHHX OB Y YOPHOBIH (a) Ta

yucToBil (0) hopmax [28]

Ax 3a3HavaroTh gociigHukU [21, 25] B3aemMonir0 CKIOMAacu 31 BHYTPIIIHIMU
MOBEPXHAMHU TOPOKHUHU (opMu (poOOUl MOBEPXHI) MOXKHA PO3IIIAJATH SIK B3aEMOJIIO
JIBOX HamiBOOMEKEHUX PIBHOMIPHO HArpiTUX TUI, SKI MalOTh PI3HI TeMIeparypy Ta
Tero(i3MYHI  BJIACTUBOCTI (TEIJIONMPOBIIHICTh, TEIUIOEMHICTh Tomio). [lpu mnpomy,
B3a€MO/I1s TOYUHAETHCS 3 MOMEHTY TEIUIOBOTO KOHTAKTY MOBEPXOHb 3 Pi3HOIO TOYATKOBOIO
TEMIIEPATypOI0, BHACIIIOK YOO BUHHMKAIOTh TEIJIOBI MOTOKH, SIK1 BIUIMBAIOTh HA IMPOLIEC
dbopMyBaHHS BUPOOY.

Pesynbratu mocnimkenns [25, 30] momo KoHCTpyrOBaHHS (HOPM ISl CKIIOTAPHOTO
BUPOOHUITBA CTBEPKYIOTh, II0 MK BHPOOOM Ta CTIHKAMH (POPMH BCTAHOBIIOETHCS
BUITMIOBITHUN TeMIepaTypHHUM Hamip, SKUM MOXHA BBa)KaTh TOCTIMHUM Ha eTarax
dbopmoyTBOopeHHs Ta (ikcarii dopmu BupoOy. Takoxk HEOOXiTHO BpaxyBaTH, IO CTaH
MOBEpPXHI CKJIOBUPOOY, YTBOPEHHS Je(PEKTIB BHACTIAOK HAKOMUYEHHS IUIACTUYHUX
nedopMaliiii Ta 3aci4oK Ha MOBEPXHI CKJISHOTO BUPOOY 3alie’KaTh Bij TEIJIOOOMIHY MIX

MOBEPXHAMHU, K1 KOHTAKTYIOTh. Bi/IMOBIAHO TEMJIOBI MOTOKM 3aj€KaTh BiJ TeMIEpaTypu
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ckjga Ta marepiamy moBepxHi ¢gopmu [31]. Harpie dopmu mig yac dopmyBanHHS 10
TEMIIepaTyp, SKi MEPEeBUILYIOTh TEMIIEpaTypu CKJIa, MOXXE CIPUYUHUTH MPUIMINIAHHSA
CKJIOMacH 710 poOOYMX MOBEPXOHb, OLIBII PI3KUI BIAOUTOK CTPYKTYPH MOBEPXHI (GOpMU
(ciTka posrapy, MOBEPXHEBI TPIIIMHU TOIIO) Ta, SK HACIIIOK, 3HMKEHHS 11 CTIHKOCTI.

Takox BU3HaY€HO, 0 TeMIIepaTypa NPUIKIIaHHA Ui YaBYHHUX (POpM, 3aJ1€KHO BT
XIMIYHOTO CKJIaJy CKJia Ta TeMIlepaTypH Biamaiy ckia Moxe komuBatucs Bia 490 °C mo
600 °C, a 3a moanpIIoro 30UIbIICHHS TeMIIepaTypu (GOPMH CIIOCTEPIraeThCsl IHTEHCUBHA
KOpo3ist pobouoi moBepxHi [25].

Temnepatypa B 30HI KOHTakTy (OpMHM Ta Macu CKJa, MOXE 3pOCTaTH BHACIIIOK
BHUCOKOT'O 3HA4YEHHS KOE(QIIIEHTY TEIJIOBOI aKyMyJISIIii Ckia (3JaTHICTh HAKOMUYyBaTU
TEIUI0), 110 HEraTUBHO BIUIMBAE SIK Ha (popMy Tak 1 Ha ckiaoBUpiO. [Iporunexuuii epekt Ha
Il mapaMeTpu Ma€ Koe(DIIieHT TerIoBOi akymylsmii (GopmMu: martepiall 3 BHUCOKOIO
TEIUIONPOBITHICTIO 3HUXKYE TEMIIEpaTypHI KOJMBAHHS B 30HI KOHTAKTy 3 Macolo CKJja,
OCK1IbKH. OHAK, 3HWKEHHS TT0OYaTKOBOI TEMIEPATypH (POPMU NPU3BOAUTH 0 30LTIBIICHHS
TEMIEPATYPHOTO IPa/liEHTa B 30HI KOHTAKTY 31 CKJIOM, IO CHpHUs€ MOCUICHHIO TEIJIOBUX
MOTOKIB 1, SIK HACIIJIOK, 30UIBIICHHIO aMIUIITYAud TEeMIEpaTypHUX KOJIUBaHb. SIKIIO
TeMmIiepaTypa poO0O4HX MOBEpXoHb (OPMU HE3MIHHA, a MOYATKOBA TEMIIEpaTypa CKIOMacu
3pOCTa€, TO KOJIMBAHHS TEMIIEpaTyp TEX 3pOCTaTUMyTh (sl BCIX MartepiaiiB GopMmu).
BianoBigHo 10 TBepKEHD [25] KOJMBaHHS TeMIEpaTyp MOCTYIMOBO 3MEHIIIYEThCS T1]T Yac
nepenaBaHHsl TEIJIOTH BriauO CTiHKA (opMH, TOMY Ha 3O0BHIIIHIA TOBEpXHI (opMu
KOJIMBaHHs TemrepaTyp Oylae He3HayHUM, OTKE HOro YMOBHO MPUPIBHIOIOTH A0 HYIIS.
Takox 3rijHO 3 [25] TeMrepaTypa 3aIUIIa€ThbCs HE3MIHHOIO B YC1X TOUKAX, sIK1 3HAXOATHCS
Ha OUTBIIN BiJICTaH1 BiJl TOBEPXHI KOHTAKTy, HIXXK TIMOWHA TPOHUKHEHHS TEIUIa, ajpKe 3a
OJIMH LIUKJI BUTOTOBJICHHS TEIUIO NepeaaeTbesa B GOopMi JIMII HA NIEBHY TNMOuny. OTXe, Bij
TOBIIMHU CTIHKA MaTpuIill (OpMH, XapaKTEPUCTHK ii MaTepiajy 3a Mepepi3oM, yacy
KOHTAaKTy 3 CKJIOM Ta XIMIYHOI'O CKJaay CKJIa 3aJeXHUTh PO3MOILI Teria Brb Gopmu i
KOJIMBAHHS TEMIIEpaTypH B MiCIll KOHTaKTy (GOpMH 3 Macoro ckia. Jlo npukiaay, po3noaia
Temriepatyp y ¢opmi 3 uaByny mMapku CH 21-40 3 ToBmuHO0O cTiHKH 40 MM HaBEICHO HA

pucyHky 1.9.
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TEMIIEpaTyp IO TOBIIKHI CTIHOK MEepe]] MOYaTKOM HACTYITHOTO LIUKITY

Pucynok 1.9 — Kpusi po3nosiny TemiiepaTyp 3a nepepizoM GopMmu 3 4aByHY

CY 21-40 3 ToBmmHOIO cTiHKK 40 MM 3a MIEBHOT TPUBAJIOCT1 KOHTAKTY [25]

Hanpuknaz, y BUNAaKy BUTOTOBJIEHHS MOPOKHUCTUX OE3KOJIIPHUX CKIOBHUPOOIB 3

TOBIIMHOIO CTIHKH 4,5 MM 3a Pi3HHMII TeMIIepaTyp Mk moBepxHsamu ckia ta popmu 200 °C,

TPUBAJIOCTI KOHTAaKTy T = 4 € Ta THCKY npecyBaHHs 9,8 MlIla — TeMnepaTypa BHYTPILIHBO1
ctinku ¢opmu ctaHoBuTh 470 °C, a cepeaHe 3HAYEHHsS TEIUIOBOIO TOTOKY CKJIa —
324 - 10° Br/ m? [25].

VY cepiitHoMy Ta MacoOBOMY BUPOOHUIITBI CKJISTHOT Tapu HEOOX1THO BpaxOBYBaTH, 1110
TEMIIEpaTypHI HABAHTAXKEHHSI Y BUIJISAl TEIUIOBUX NOTOKIB MPHUKIAACHI 3 MEBHOIO
UKJIIYHICTIO Ta MIBUJKICTIO, TOMY BIUIMB CKJa CHPHUS€ HAKOTTMYEHHIO SIK TEMIEPaTypHUX
TaK 1 MEXaHIYHUX HABAaHTAKCHb.

[Ipoliiec BUTOTOBIIEHHS CKJISTHOT TapH B1I0OYBAETHCS MIBUAKO 1 MOXe TpuBatu Big 0,6 ¢
1o 150 ¢ [25,27, 32, 33] 3aexxH0 Bia (i3UKO-XIMIYHUX BIACTUBOCTEH CKJIa Ta KOH(Irypaiii
CKIITHOTO BHpOOy. MexaHiuHI HaBaHTaXEHHS, a CaM€ KOMIPECIMHHMM THUCK, i dac

BHAYBaHHS CIPHUYHUHAE€ CKIsIHA 3aroToBKa, K arpeCMBHC CCpCAOBHIIC, Ha p06011y
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MOBEpPXHIO (OPMOKOMIUIEKTY. THCK CKJIIOMach Ha CTIHKH (OpMHU 3a 3BUYAHHUX YMOB
cranoButh Big 0,2 MIla nmo 0,5MlIla Ta B [OedkuX BHIAAKaX MOXKE CTaHOBUTH
1,5 MIla [25, 26].

Bapto 3a3naunTy, 1mo mia 9ac podotu GOpMOKOMIUICKTY BHACTIAOK ITUKIIIYHOTO Ta
MEXaHIYHOT'O BIUIMBY Ha CTIHKHM (POpPMH B MaTepiaiai CTBOPIOIOTHCS 3aJIMIIKOBI BHYTPIIIHI
HaIpYy>KeHHS, 10 BiAMOBIIHO, 3YMOBIIOIOTH HaIpPYyKEHO-AehOpPMOBaHHMN CTaH (opmu.
BignosigHo B Matepiaii ¢popmu, Jie HaOUIbIIe BIUTMBAE TeMrieparypa (pododa MmoBepXHs),
MPOrPECyIOTh CTPYKTYPHI 3MIHM K MaTpUIll Tak 1 MOpQojorii camMoro 3epHa MaTpHIIL.
BianosigHo, Taki 3MiHU IPU3BOISATH 10 3MEHIIICHHS OTIOPY MaTepiay 10 pyHHYBaHb, TOMY
HEOOX1JTHO PEryJIOBaTU AUCIEPCHICTh CTPYKTYPH Ta ii TpaHcopMmaiii i 3a0e3nedeHHs
MIITHOCTI Ta TBEPJOCTI MaTepiany, OCOOJIMBO B 30HI TEPMIYHOTO BIUIMBY Ha poOOUy

MOBEPXHIO (POPMYBAJILHOT TOPOKHUHHU (POPMHU.

1.7 Ilpuyunu yTBOpeHHs JedekTiB B ¢opmMax Ta HeOOXiIHI BJIACTHBOCTI

Marepiaiy

[MukmiyHi TepMiyHI Ta MEXaHIYHI HaBaHTAXCHHS HaAWOUIbIIe BIJIMBAIOTH Ha
MOBEPXHEB] Wapu pobdouoi yactuuu Gopmu Brimo Big 1 mm 10 10 mm [34, 35] (ocobamnBo
Ha GopMHu, SKiI MPAIIOIOTh B YMOBaX BHJYBAaHHS) Ta CIIPUYHMHSIOTH YTBOPEHHS 1€(PEKTIB B
dopmi. Astopu [12, 27, 30, 31] m0 OCHOBHHUX NPHUYMH BUXOAY 3 JIaay JeTajici
(hOPMOKOMILIIEKTY BIIHOCSITh YTBOPEHHSI OKUCHEHUX JIUITHOK, OCOOJIMBO HAa MEXax 3€peH,
BUTOpaHHA 200 BUKPHUIITYBAHHS OKPEMUX CTPYKTYPHUX CKIIAJIOBHX, CKOJI YACTUHU (POPMHU.
Hanpuknan, y BuUnajgky BUKOPUCTAHHS YaBYHHHMX HamiBGOpPM, BHACTIIOK Jii BHCOKOL
[UKJIIYHOT TeMIIepaTypu YTBOPIOIOTHCS TpadiTH30BaHI Ta OKUCHEHI MIJISTHKH, a came,
BiIOyBa€eThCs 3MiHAa (OpMH Ta po3MipiB rpadiTOBUX BKIHOYEHB, iX picT. Lle cnpuunHse
CTPYKTYpH1 TpaHcdopmallii B Marepiaji Ta BIUIMBAE HA 3MIHM O0’€My JIeTajl 3arajom.
3B’SI3KM METAJIeBOi MAaTpPHIll CIa0IIaroTh HABKOJO BKIIOYEHb, IO MPHU3BOAUTH M0 iX
BUKPHINYBAaHHSA. BiAMOBIIHO B MHMX MICISIX BHKPHUIIYBAaHHS YTBOPIOETHCS 30HA

okucHeHHs (puc. 1.10).
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OKHCHEHHS

MOBEPXHI ) ;
Ckon popmu OKIICHEHHS TOBEPXH OKHCHEHHS TOBEPXHI

a 0 B
Pucynok 1.10 — [ledexTu, 110 CIpUaUHUIN BUXI] 3 JIay YOpHOBOI (a, 0) Ta

YHCTOBOI (B) YaBYHHUX (POpPM

Jlnst 30ublIeHHs CTIMKOCTI (opMH, Ha PoOOYl MOBEPXHI HAHOCATH CHEIllaibHI
MOKPUTTA (HaTypaibHi 0JiH, IMHKOBI OiIKJIa TOIIO) Ta Cymarh (GOpMH 3a TeMIepaTypu
Bix 150 °C nmo 200 °C mepen nepmum poOooYuM IUKIOM. [[esKi MOKPHUTTS CIYTyIOTh SIK
OXOJIO/IKYyBaul, OJJTHAK HAJJITMILIOK PEYOBUHU MOJKE CIIPUSATH YTBOPEHHIO Harapy Ha pooouii
noBepxHi Gpopmu [38].

Ckiiomatepian 31HCHIOE BIUTUB Ha IOBEPXHIO (POPMHU SIK arpecUBHE CEPEOBUIIIE, 1110
MIJCUIIOETBCS B yMOBaxX BHUCOKMX poOoumx Temmepatyp ¢opmyBaHHs. JlocmaimKeHHs
BHCOKOTEMIIEPATypHOI MOBEAIHKM PI3HUX MaTepiamiB GopM 1 MOKPUTTIB 13 MUKITYHUMHU
3MIHAMHM TEMIIEpaTypy B OKHCHIOBAJIbHINM aTMocdepl Ta y KOHTAaKTI 3 PO3IUIABICHUM
cksioM [33, 39] cTBEPIXKYIOTh, 1110 KOPO3is BiI0YBAETHCS MEPEBAYKHO B3JOBK MEXK 3€PEH Ta
B OUTBII M’SIKUX (ha3ax MaTepialiiB, a OKUCHHI I1ap, SKUI yTBOPUBCS Ha MOBEPXHI KOHTAKTY
ckyia Ta (hopMH, BIUIUBAE Ha aAre3ito ckia. 3rigHo 3 [33] mpuwiMmnaHHs CKjia 10 PI3HUX
MarepiaiiB (HOPMHU €KCIIOHEHITIATBLHO 30UTBIIYETHCA 31 301IbIIIeHHSIM Temnepatypu. Edekr
NPWINIAHHS CKJIOMACH TaKOXK 3aJICKHUTh BiJ ii pEOJIOTIYHUX BJIACTUBOCTEN, TEMIIEPATYPH,

a TAKOX B1JI SIKOCTI MOBEPXH1 (popMu, i1 MOPCTKOCT1, TUITY HAHECEHOTO MOKPUTTS.
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Buxonsumn 3 yM0oB poO6OTH (POPMOKOMILIEKTY, MO>KHA BUIJITUTH OCHOBHI HEOOX1/IHI
¢13uKO-MeXaHI4H1 BJIACTUBOCTI MaTepiany hopMm:

@) TEePMOCTIMKICTh po00UOTro (HaO1IbII HABAHTAXKEHOTO) IIAPY JAeTali CKI0()OpMH;

6) OKAJIMHOCTIMKICTh IMOBEPXOHB, IO OE3MOCEPETHBO IMiJIAI0THCS arpeCUBHOMY
BIUTUBY CKJIa (poOoui KpOMKH, (hOpMyBaJIbHI TOBEPXHI);

8) POCTOCTIHKICTB;

2) MIIHICTh (OPMYBaJIBLHUX MTOBEPXOHB 1 POOOUNX KPOMOK;

0) TEIIONPOBIIHICT — BIIBEACHHS TEIIOBOT €HEprii BiJ poOOUNX MOBEPXOHb.

Otxe, BuOIp MaTepiany st GOpPMH € KPUTUIHUM €TarioM y MpoIieci BUpOOHUIITBA
CKJIIHUX BHUpOOIB. Martepiayl MOBUHEH 3a0e3neuyBaTH MIIHICTh, TBEPHAICTb, JOCTATHIO
TEIUJIONPOBITHICTH 3a Mepepi3oM (popmu, a Moro CTpyKTypa MOBUHHA OyTH CTaOIBHOIO 10
BHYTpIIIHIX TpaHcpopMmaliii, OCOOJMBO B 30HI KOHTAKTy po0Oo4oi (HopMyBaIbHOI
NOpoXHUHU (opmu 3 ckiaoM. ToMy HE0OX1gHO, 1100 MaTepial BOJOAIB KOMILIEKCOM
BJIACTUBOCTEH, sIKI 3a0e3ledarbh JOBIOBIYHICTh (POPMU B YMOBAX BIUIMBY LIMKIIYHHX

TGpMOMGX&Hi‘{HHX HaBaHTA>XCHb MACOIO CKIJIA.

1.8 Anauni3 martepiaJjiB pOPpMOKOMILIEKTY

JlocniKeHHs pUHKY MaTepialiiB Juisl etaieil GopM JeMOHCTPYE MIUPOKUNA CHEKTP
MaTepiaiiB, 10 aKTUBHO BUKOPHCTOBYIOTHCS B JIaHWM Yac, MPUKIAIU SIKUX HABEJCHO B
mxepena [20, 27, 30, 34-37] Ta npo1t0CTpOBaHO HA pUCYHKY 1.11.

Punok peraneld (OpMOKOMILIEKTY [JIsi CKJISTHOI MPOMMCIOBOCTI TPEACTABICHHIM
MIUPOKHUM CIIEKTpoM KpaiH-BupoOHukiB: CHIA, Itamig, Himeuunna, ®panuis, Typeyunna
ta Kurait, [umgis Tomo (tabn. 1.1). OcHOBHUM MatepiajioM i BUPOOHHUIITBA JeTasieh
(hOpPMOKOMILIIEKTIB Ha CBITOBOMY PHUHKY € YaBYHH PI3HUX MApOK, iX BUKOPUCTAHHS 3HAYHO
3MEHIIIy€ BapTiCTh (OPMOKOMIUIEKTY MOPIBHSHO 3 BIJIHOCHO JOPOTUMHU CTajeBUMHU abo

OpoH30BUMH (popMaMHu.
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e . , . 'Kogki YaByHH [IePIITHO-
AYCTeHITHI CrIellialbHi | eputHOrO Ta PepuTHOTO
CTaJl, 110 MiCTATh : ,
| IonaTKoBO 110 12 % ;macm < — | ATIOMIHIEBI GPOH3H ]
HIKEITI0 Ta 1HII | | KoBKI 4aByHH NIEPIITHOTO
[AESYREILEL ClchctR KJ1acy JerOBaHi MiUTIO Bil
s 2 10,5 % 01,5 % ) (Temtocriiiki )
MapTrencuTHI " _ - — aTIOMIHIEBI CIUTaBH 3
CHemianbHi cTami. sKi CremaapHi KapoOCTIHKI ] AHOIOBAHHMH a60
| MicTaTB Bix 12 % 10 YaByHH HiKe TbOBAHIMHI
20 % xpomy = —| poGounmu
5 . ‘[BHCOKOMIU?HI 14aBYHH ’ MOBEPXHAMH JeTanei
KorcTpyKuiifHi - \ dbopm )
| | cTam 3 Xpomosiy Momidikosasi
Lnoxpm'mm | | | HI3PKOIETOBAHI YaBYHH —
= 5 XPOMOHIKeIeBi, .
THTAHOMIJIHI Trmmi
KoHcTpyKIiitHI 3
CTall 3 HIKeIeBHM ¥ bikoBaHi )
HORPELEIN HH3bKOJIErOBaHI YaBYHH . :
\ / | Ha [IepITHI OCHOBI Komnosutsi
: / Marepiaan
4 Cip1 gaByHH Oe3
TeTyBaJbHHX €1eMEeHTIB

.

Pucynox 1.11 — HalinommpeHnirii Matepiaiu st BATOTOBIICHHS JieTaneu

(OPMOKOMITIIEKTY

He3Bakatoum  Ha  HasgBHICTh  BITYM3HSHUX  BUPOOHMKIB,  TaKHX  SK
Kommanis «Texno- T» [41], TOB «®opmokomiuiekT Ta 3amdactuHm» [42] Ta
TOB «CAIO3» [43], moTpeba BHYTpPIIMIHBOTO PHUHKY YKPAiHCBKUX MIANPUEMCTB ¥y
(OPMOKOMIUIEKTAX JIJIs1 CKIISIHOT Tapy 3aJIMILA€ETHCS HE3a0BOJICHOIO B TIEeBHOMY 00cs3i. Le
CBIJUUTH MpPO ICHYIOUHMHA AePIIUT (POPMOKOMIUIEKTIB JUIsi BHUTOTOBJICHHS CKIISTHUX
MMOPOKHUCTUX BUPOOIB Ha BHYTPIIIHHOMY PHHKY, CTBOPIOE 3HAYHUN MOTEHIAT st

PO3BUTKY BITUU3HSHOTO CKJISTHOT TPOMHUCIIOBOCTI.
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Tabmung 1.1 — Ipuknagy iMoopTHUX (OPMOKOMILIEKTIB

BupoOHuk

Burisan npoaykry

XapakTepuctuku HopmH,
BKa3aH1 BUPOOHUKOM

Yantai-NFO Special

— MiJIHI CTUTIaBH, HEIpKaBHI

1. | Lubricants Co., Ltd, roToBa JACTalb cral TOFIO; )
China [44] - TBepaicth popmu Bix 170 HB
1o 240 HB
Changshu Lege Mould — OpoH3H;
2. | Technology Co., Ltd, China | roToBa aeraib — MIJIHI CIUJIaBH, HEIpKaBHI
[45] CTaJil TOIIO;
3 Changshu Hongzhou Mold roToBa JETaNb — YaByHH, OpOH3U
" | Co., Ltd, China [46] A YHH, OP
Droigk Formenbau GmbH, — HIKEJICB1 CIJIaBU, OpOH3H,
4. roToBa JAcTalb )
Germany [10] CTaJIl, YaBYHU
5. | TassoBar, Denmark [47] SamTOBISa . — Help)kaBHI cTa
(kpyrmii mpod1b)
6 United Cast Bar Limited, 3aroToBKa — YaBYHHU 3 [JJACTUHYATUM Ta
" | United Kingdom [9] (kpyrmii mpodiiak) | KyJIsCTUM IpadiTom
. Fonderie Valdelsane, I  qaBVIIL GoOMAH
" | Ttalia [11] yHH, Op
g Fima-Olimpia Fonderie, ox . Sp0ms
. BUJIUB — YaBYHHU H3U
Ttalia [12] yHH, 0P
[talian Glass Moulds, Italia — YaByHH, OpOH3HU, aJTIOMIHIEB]
9. BHJIMBOK ,
[13] CILIaBH, CTalll
10. | Aegg, United Kingdom [15] BUIHBOI, TOTORA — YaByHH, OpOH3H

ACTaJIb

BupilieHHsT TEXHOJIOTTYHUX TpOoOJeM Ta MOJEpHI3allisi BUTOTOBJIEHHS YaBYHHUX

(OPMOKOMIIJIEKTIB J03BOJISATH CTBOPUTH KOHKYPEHTHOCHPOMOKHY HAyKOBO-TE€XHIUHY

OPOJYKIII0, 30UIBIIMTH KUIBKICTh pOOOYMX MICIb Ha MiANPUEMCTBAX-BUPOOHUKAX,

CKOPOTUTH BUTPATH BUPOOHUKIB CKIISTHOI TapH 3aBJSIKU 3HIDKCHHIO BAPTOCTI BUPOOHUIITBA

Ta TIABUIICHHIO TEPMIHY eKcruryaTarlii ¢opm, ICTOTHO 3HM3UTH IMIOPT aHAJIOTIYHOI

IPOIYKITIi.
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1.9 Texnomoriuui crocoou BHUI'OTOBJICHHS YaBYHHUX aeraJjiei

bopmoxomILIEKTIB

Crioci®6 BHUrOTOBIEHHS (OPMOKOMIUIEKTY € OJHUM 13 KJIIOYOBHUX AacCMeKTIB Yy
3a0€3IMEeUeHH] SKOCTI CKJISTHOT mpojaykiii. BuOpanuii cmoci® BHTOTOBJEHHS JeTajiei
(hOPMOKOMITJIEKTY TMOBHHEH 3a0€3MEUYMTH MaKCHUMaJlbHI €KCIUTyaTalliiiHI BJIACTMBOCTI Yy
MMOETHAHHI 13 €KOJIOTIYHOI0 Ta €KOHOMIYHOIO JOIUIBHICTIO.

[TommupennM cocoOOM BHUTOTOBIICHHS (DOPM € MexaHidyHe OOpOOJIEHHS TOTOBOTO
KpyTJI0TO MPOdII0 3 HACTYITHUM TOJIPYBAaHHSM Ta HAHCCCHHSIM 3aXHCHUX IOKPHTTIB.
[Ipuknagamu BUpOOHUKIB TaKUX YaBYHHUX 3aroToBok € «United Cast Bar Limited» [9] Ta
«TassoBar» [47] tomo. OmHak, 1€l METOJ, BUTOTOBJICHHS TMPU3BOJUTH JI0 YTBOPEHHS
3HAYHOI K1IJIbKOCTI METAJIEBUX BIIXO1B, 30KpeMa, CKJIAIHO IEPEPOOTIOBaHOI CTPYKKHU [48].
OCHOBHUM CIIOCOOOM BHUTOTOBJIEHHS 3aroToBOK (opm, Omu3bko 80 % Bix 3aranbHOL
KUTbKOCTI [25], € 3acToCyBaHHS pI3HUX TEXHOJIOTIH JIMBApHOTO BUPOOHUIITBA,
BUKOPUCTAaHHS SIKMX 3a0e3reuye HEOOXiHY CTPYKTypy MaTepialy Ta KOMIUIEKC
BracTuBocTeil. [lpukiamamMu KOMIaHii, 00 3aCTOCOBYIOTh TEXHOJIOTIT JIMBApPHOTO
BupoOHuITBa € «Fonderie Valdelsane» [11], «Fima-Olimpia Fonderie» [12], «Aegg» [15]
TOLLO.

BuroToBiennst popM HaluacTiie Bi0yBa€ThCs 32 HACTYMTHUMU eTanamu [38]:

@) JWTTA 3aroTOBKU ()OpMH — TOJIOBHUM €Tarl, aJi>Ke BiJl MOro SIKOCTI 3ajie’KaTh yci
HacTymnHi eranu. OCKUTbKH Je()EeKTH JTMTBA MOXYTh BHSBUTU ceO€ IiJ| Yac MOJAJIbIIOr0
o0poOneHHss abo HaBITh eKCIUTyaTalli ToToBOro BUpoOy. B ngaHomy Bumaaky
PEKOMEHJIOBAHO 3aCTOCOBYBATH SIKICHI Ta €KOJIOT14HI (OpMyBallbHI Marepiaiud Ta
3B’sI3yBaJIbHI KOMITOHEHTH JIJIs BUTOTOBJICHHSI JIMBAPHUX (HOPM, 110 CIPUATUMYTH HE JIUIIIC
HU3BKOMY TOKa3HUKY Opaky IIiJl 4ac BUPOOHMIITBA, a ¥ BINIMBATUMYTh Ha €KOJOTIYHICTH
npouecy [49, 50].

6) 4opHOBE OOpOOJIEHHsSI 3aroTOBKM (OPMH — 3aroTOBIll HAJalOTh HEOOXITHY
TEOMETPUYHY KOH(DIrypaIio 3 yciMa JEeKOPAaTUBHUMHM, TEXHOJIOTIYHUMH BHUCTyIaMU Ta
orBopamu. OOpOoOKYy BHKOHYIOTH 13 BHKOPUCTAHHSIM SIKICHOTO METaJOpi3aIbHOTO

00J1aTHAHHS;
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6) JOBEIEHHS BHYTPIIIHBOI TOBEPXHI (QOPMH 10 HEOOXITHOI MIOPCTKOCTI Ta
IIaKOCTI. BUKOHYIOTH 32 JOMIOMOT00 IITi(pyBaHHS Ta MOJIIpyBaHHS,

2) HaHECEHHS PI3HOTO POAY IMOKPHUTTIB (3a HEOOXiMHOCTI). 3a paxyHOK 3’€THAHb
KOMIIOHEHTIB HAHECEHOTO TOKPUTTS Ta OCHOBHOTO Matepiany ¢GopMu BiOyBaEThCS
3MIIHEHHS TIOBEPXHI Ta IMIJABUIIEHHS MIKPOTBEPAOCTI MaTepiady B 30HI IHTEHCHBHOIO
MEXaHIYHOTO BILTUBY [51, 52].

BianoBigHo, came BiJ SKOCTI JIMTTS 3aJI€KUTh SAKICTh KIHIIEBOTO IIPOIYKTY, OCKUIBKH
Ha IIbOMY €Tarll 3aKJIaJJa€ThCs OCHOBHA YaCTHHA BJIACTUBOCTEH, sIKi OyMyTh 3a0e3medyBaTu
eKCIUTyaTalliiiHl XapaKTepUCTUKH Ta IOBFOBIYHICTh MallOYTHBOI JeTali.

P03BUTOK TUBapHOTO BUPOOHUIITBA CHPUSIE MOKPAIICHHIO T€OMETPUYHOI TOUYHOCTI
JUTUX 3arOTOBOK Ta 3MEHIIECHHIO OOCATIB HEOOX1THOTO MEXAHIYHOTO OOpOOJIEHHS, IO

3HAYHOIO MIPOIO BIUIMBAE HA 3HUKEHHS COOIBAPTOCTI caMOi 3arOTOBKH.

1.10 IlopiBHAHHS BJIACTHMBOCTEH YaBYHiB /151 (POPMOKOMILICKTY

[TapameTpu BuOOpYy MarTepiany JJisi OCHOBHHMX JeTaiel (OPMOKOMIUIEKTY
IPYHTYIOTbCSI Ha BHM3HAYCHHI TEXHIYHMX Ta TEXHOJIOTIYHHX MOMJIMBOCTEH OTpPUMaHHS
HEOOX1AHUX 3ar0TOBOK Ta iX MOAAIBIIOr0 00pobsieHHs. OCHOBHUMH KPUTEPISIMU BUOOPY
MaTepially € TeXHOJOTI4Hi, Teruio(di3udHi, MEXaHIuYHI Ta eKCIUTyaTalliiHi BJIACTHBOCTI.
Amnami3 mpxepen [15, 25], 1o3Bonsie CTBEPKYBaTH, 110 OUTBIICTh ()OPM BHUTOTOBJISIOTH 3
rpa@iTU30BaHUX YaBYHIB 3aBASKH HIMPOKOMY CIIEKTPY BJIACTHMBOCTEH, a caMme: XOpOIli
JUBApH1 BIACTUBOCTI, JIETKICTh MEXaHIYHO1 0OPOOKH, HU3bKa Yy TJIMBICTh IO KOHIICHTpAIIi1
HaIpy>KeHb, BUCOKI MOKA3HUKU MEXaHIYHUX BJIACTUBOCTEH, TEIJIOMPOBITHOCTI, BITHOCHO
HU3bKa BapPTICTh TOIIIO.

3acTocyBaHHS PI3HUX MapOK HU3bKOJIETOBAHUX YaBYHIB 3HAYHO MiABUIIY€E CTIWKICTh
(dbopM MOPIBHSHO 3 HEJICTOBAaHMMH YaByHaMH. HU3bKOJIETOBaHI YaBYHU XapaKTEPHU3YHOThCS
KpaluM{  BIIACTUBOCTSAMU 32  TBEPHICTIO, MIIHICTIO, KOPO3IHHOIO  CTIMKICTIO,
TEPMOCTIMKICTIO Ta TEMJIONPOBIIHICTIO, SIK1 PETYJIIOIOTHCA XIMIYHUM CKJIaJIOM MaTepiany.

Ax  BKa3yloTh JAocHigHUKA [53], cipl KOHCTPYKIIHHI Ta HU3BKOJETOBaHI

XPOMOHIKEIIeBl YaByHH, MOAN(IKOBaH1 (HEepOCUIIIIIIEM Ta CUIIKOOapieM, MalOTh HabaraTo
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Kpall BJIAaCTHBOCTI, HIXK HeMOAu(IKOBaHI YaBYHH, 3a OJHOPIAHICTIO CTPYKTYpH,
00pOOITIOBAHICTIO Ta EKCILTyaTallIHHUMHU XapaKTePUCTUKAMH.

KoBki 4WaByHH $K 1 Cipi MaloTh XOpOIIi TerIo(i3UYHI BIACTUBOCTI Ta BHIILY
MJIACTUYHICTh, 3HOCOCTIHMKICTb, POCTOCTIHKICTh, 00poOitoBaHicTh [54, 55]. Hemomikom
3aCTOCYBaHHS KOBKOTO YaBYHY € CKJIQJIHICTh BUTOTOBJICHHS TOBCTOCTIHHHMX 3arOTOBOK
¢dbopM, TOMy HOTO 3aCTOCOBYIOTH ISl BUTOTOBJICHHS ITyaHCOHIB, TOPJOBHX KiJeIb Ta
noAI0HUX NPIOHUX JeTajeH.

BucokomiiiHi 4YaByHH 3 KYJSICTHM TpadiToM 3acCTOCOBYIOTH SK MaTepial
(hOpPMOKOMILIIEKTY JI0BOJII 0OMexkeHO. L]e moB’s3aHo 13 10T0 3HMKEHUMH TEII0()13HIHIMHI
BJIACTUBOCTSIMU IMOPIBHAHO 3 CIPUMU Ta KOBKUMH YaByHamMu. OTHAK M1ABUIIICHUI KOMILJIEKC
MEXaHIYHMX BJIACTUBOCTEH, BHCOKAa POCTOCTIHKICTh, KOpO3iiiHa CTIHKICTh, BHCOKa
3/IaTHICTHh JO TOJIpyBaHHS, OCOOJMBO Y JIETOBAaHMX BHUCOKOMIIIHMX YaBYHaX, JO3BOJISE
3aCTOCOBYBATH L€ Marepian Juisl JeTajiell YMCTOBOro (hOPMOKOMILIEKTY, OCOOIMBO IS
TOHKOCTIHHOT JICKOPOBAHO1, aXKypHOi ckiotapu [25, 56].

Crneundiudi yMOBH poOOTH JAeTaniell (POPMOKOMIUIEKTY BUKIHUKAIOTh HEOOX1IHICTh
MOKpAIIeHHs] EKCIUTyaTalliHUX BJIACTUBOCTEW YaBYHIB, 3aCTOCYBaHHSI PI3HOMaHITHUX
JETYBAJIbHUX E€JIEMEHTIB, MOJU(DIKATOPIB Ta TEXHOJOTIYHUX MPUHOMIB Yy TIpoIieci
BUTOTOBJICHHS JIMTUX YaBYHHUX 3aroTOBOK, fKI O BIUIMBAIM HAa KpUCTATI3allilo0 1
CTPYKTYPOYTBOPCHHSI B YaBYHI Ta TPU3BOAWIIA A0 TOKPAIICHHS TEXHIKO-€KOHOMIYHHUX

MOKa3HHUKIB BUPOOHUIITBA.

1.11 Amnajgi3 XiMIYHOr0 CKJAAy 4YaBYHIB JeTajsied (POPMOKOMILIEKTY [JIsl

BUIOTOBJIEHHSI CKJISIHOI Tapu

g neraneit (GOpMOKOMIUIEKTY HMHI BUKOPHUCTOBYIOTH BEJIMKY KUIBKICTh YaBYHIB
pI3HOTO XIMIYHOTO CKJany (tabin. 1.2) omHak ix ocHoBor € cuctema Fe-C-X. HeobxinHi
XapaKTEPUCTUKU MaTrepiaixy, Taki SK MIIHICTb, POCTOCTIMKICTb, >XApOCTIHKICTh Ta
TEPMOCTIMKICTh, B YMOBax BIUIUBY IUMKIIYHUX TEPMOMEXaHIYHUX HaBaHTaXCHb,

3a0€3Me4yI0Th 3aB/ISIKM 3aCTOCYBAHHIO IIMPOKOTO CIEKTPY PI3HUX JIETYBAIBHUX €JIEMEHTIB.
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Tabmu 1.2 — XiMiuHU#N CKJ1a] HAWTOIIUPEHIIIUX YaBYHIB, 1110 3aCTOCOBYIOTHCS JIJIS

MacoBa yactka eneMeHry, %
Ne P S
C Si Mn Ni1 Cr IHIII €JIEMCHTHU| He OlIbIIe
HIK
1 3,25 1,5 0,65 0,5 0,6 - 0,35 | 0,09
2 3,2 1,2 0,8 0,5 0,8 - 0,35 | 0,09
0,1 Ti;
3 3,57 2,0 0,6 0,7 0,2 0,05 Mg 0,03 | 0,04
4 3,65 1,74 0,59 0,13 0,11 0,1 Ti 0,03 | 0,03
0,05 Mg;
5 3,45 4,45 0,4 0,1 0.1 Al 0,1 | 0,01
6 3,5 1,95 0,77 0,37 - 0,44 Mo 0,1 | 0,066
7 3,0-3,3| 1,3-1,7 | 0,8-1,2 | 0,3-0,8 | 0,3-0,5 - 0,3 | 0,15
8 3,0-3,3| 1,7-1,8 | 0,8-1,2 | 0,6-1,2 | 0,8-2,4 - 0,2 | 0,12
9 3,0-34 1,7-2,0 | 1,2-1,5 | 1,0-14 | 0,4-0,7 | 0,15-0,3Mo | 0,2 | 0,12
10 3,0-32| 1,9-2,4 {0,35-0,5| 0,2-0.4 | 0,3-0,5 | 0,45-0,65Mo | 0,2 | 0,12
0,03-0,06 Ti;

11 3,0-34 | 1,6-2,1 | 0,6-1,0 - - 0.5-1.0 Cu 0,2 | 0,12
12 3,0-34 | 1,6-2,4 | 0,8-1,2 - - 2,0-3,0 Cu 0,2 | 0,12
13 2,8-3,21 1,9-2,3 | 0,6-1,0 | 2,5-2,8 | 0,3-0,5 - 0,2 | 0,12
14 2,8-3,21 1,9-2,3 | 0,5-0,9 | 0,1-0,6 | 0,2-0,6 | 0,1-0,6 Mo | 0,14| 0,5
15 3,6-3,7 | 1,2-2,2 | 0,7-0,8 | 0,9-1,0 | 0,3-0,4 | 0,25-0,3 Mo | 0,08 | 0,12
16 |3,25-3,75| 1,6-2,1 | 0,4-0,8 - - - 0,4 | 0,12
17 3,0-3,8 | 1,5-2,5 1,0 - 0,4-1,0 - 0,3 | 0,12
18 3,0-3,8 | 2,8-3,8 1,0 - 2,1-3,0 - 0,3 | 0,12
19 3,0-3,8 | 2,0-3,0 0,5 - 0,4-1,0 0,6-1,5 Al 0,1 | 0,03
20 2,4 1,5-3,0 | 0,5-1,5 | 34-36 0,2 0,5 Cu 0,08 -

AHani3yloud OCHOBHI XIMIYHI CKJIaJIOBI MaTepiaiB, [0 3aCTOCOBYIOTH ISl (popM,

MOKHA 3a3HAYUTH, 110 OUTBIIICTH CIUIaBIB MICTATHh B CBOEMY ckiami 1o 4,45 % Si, BB

SAKOTO M€ TO/IBIiTHE 3HAUEHHSI, TOMY MEPEBAXKHO BMICT Si 3HAXOIUTHCA HA HU3bKOMY PiBHI.

Takuii epekt nocaigHUKU [58] MOSICHIOIOTH, 110 3 OJHIET CTOPOHU Si crpHsie 301TBIIICHHIO

POCTYy YaBYHY BHACJIJOK po3Maay KapOiaiB, 30UIbIIEHHIO TpadiTy Ta PO3PUXJICHHIO

CTPYKTYPH BHACII0K OKUCHEHHSI, 1110 3HAYHO BIUIMBAE HA 3MIHY 00’ €My. 3 1HILIOI CTOPOHH,
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BMICT Si Oubine 5 % crpusie onopy poCcTy 3a BUCOKHX TEMIEPATyp, KU 30UTBIIYETHCS
BHACIIJIOK 30UIbIIIEHHS OTIOPY OKUCHEHHIO, MIJIBUIIYE KPUTUYHUN 1HTEpBaJ TEMIEpaTypu
(da30BUX MEPETBOPEHb YaBYHY Ta CIPHUSE YTBOPEHHIO (Da30BOi CTPYKTYpH MiA Yac SKOi
nepBUHHUH picT rpadity ycyBaeThes. Takox gocnipkerss [59, 60] miarBeppKyoTh, o Si
3HUKYE CXUJIBHICTh JIO yYTBOPEHHS KapOiliB, MIABUILYE YTBOPEHHs rpadiTy I dYac
€BTEKTUYHOTO Ta €BTEKTOIHOTO MEPETBOPEHHSIX Ta CHPHUsI€ 30IBIICHHIO KUTBKOCTI (PepUTy
B METAJICBIH MaTpHIIi.

Mn cripusie yTBOPEHHIO NEPIITY B YaBYHaX, MMiJIBUIIYE iX MEXaHIUH1 BIACTUBOCTI Ta
HehTpanizye BIUIMB S Ha Fe, OCKUIbKM TiJ 4ac TBEPAHEHHS PO3ILJIABY YTBOPIOIOTHCS
cynbdiam 3amiza (FeS). Onnak, Mn HeraTUBHO BIUTMBAE Ha TpadiTU3aIliIo Ta )KaPOCTIMKICTh
yaByHYy [58, 61].

Al Ta Ni B IeBHUX KUIBKOCTSIX CIPUSIOTHh TpadiTH3aliii, OJHaK HE MOCTIMHO, TaK 1€
xapakTepHo ais Ni npu BMicTi 10 9 %, a Al couatky 1o 4 %, a motiM B iHTepBai Big 16%
10 23% [58]. Takox BapTo 3a3HaUUTH, N1 € JOPOTUM JIETYBaJILHUM €JIEMEHTOM, OCOOJIMBO
IIPH 3aCTOCYBaHHI HOro B KibKocTi Bif 34 % 1o 36 %, sk HaBeICHO BMIIE B MaTepialiax,
110 BUKOPUCTOBYIOTH JjIsl popM. TakuM ke ynHOoM Cr yTBOPIOE 3aXMCHUH IIap OKCHUIHUX
IUTIBOK, K1 3amo0iraroTh OKHCHEHHIO poOouoi moBepxHi dopmu, Ta sk 1 Mo, crpuse
nospioHeHHI0 BuauieHoro rpadity. Takox Cr i Mo yTBoproroTh ApiOHI KapOiau, sKi
MOKpPAIIyl0Th TBEPIICTh MaTepiany [58, 62, 63].

[TincymoByrour BUIIICHABEJEHI JaHl, MOXHa 3pOOWTH BUCHOBOK, IO IIUPOKOTO
PO3MOBCIOJIPKEHHSI y SKOCTI MarepiaiiB aisd  jAeTtaned (OPMOKOMIUIEKTY HaOyiIu
HU3bKOJIETOBAH1 YaBYHH 3 BMICTOM JIETYBAJIIbHUX €JIeMEHTIB 10 3 %. OCHOBHOIO 3a/1a4yelo
JIETYBaHHS € TIOKPAICHHS CTIMKOCTI YaBYHIB B yMOBaX NMKJIIYHOI POOOTH 32 BUCOKUX
TeMrneparyp (KapoCTIHKOCTI) Ta TeTUI0()I3UYHUX [MapaMeTPiB, K1 BIUTMBAIOTh HAa MIBUJIKICTh

BIJIBEZICHHS TEILIa BiJ (GOpMH.

1.12 7KapocrilikicTh YaByHiB

Martepianu Gopm, SKi NPaLIOIOTh 32 BUCOKUX TEMIEPATYP, MAJAI0ThCS pyHHIBHOMY

BIUTUBY OKaJIMHOYTBOPEHHS Ta POCTY JAETajeil, 0 MPU3BOIUTH 10 3MEHIIEHHS MIITHOCTI.
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Tepmiune po3impeHHss MaTepiady B yMOBaX TEPMOLMKIYBaHHS MOBHICTIO MEPEXOAUTH Y
IacTUYHY AedopMalliio, siKka CIpUSiE PO3BUTKY HE3BOPOTHHUX CTPYKTYPHUX 3MiH METay
(3MiHU PO3MIpIB 3epHA Ta YTBOPEHHS TPILIKH), 1 HaAaIl TPU3BOJUTH JO CKOPOUEHHS HOTO
JIOBIOBIYHOCTI Ta pyHHYBaHHS BHpOOy BIUIOMY. Tomy marepiaj, OKpIM KOPO3IHHOI
CTIHKOCTI, TOBUHEH MaKCUMAJIbHO 30€piraTu MJIaCTUYHICTh Ta MIIIHICTh B YMOBaX BUCOKHX
TEMIIEpaTyp Ta IUKIIYHUX HaBaHTaxeHb [58].

3riiHo 3 PyHIaMeHTaTbHUMU poboTamu [64, 58], 0CHOBHUM (aKTOPOM, 1110 BIUTUBAE
Ha JIOBTOBIYHICTH (JOPM IIPU BUPOOHUIITBI CKIOTAPH, € iXHS 3JATHICTh MPOTUCTOSTH I'a30Biii
KOPO3ii 32 BUCOKHX TEMIIepaTyp, TOOTO >KapOCTINKICTD.

3a TBepKEHHSIMU Cy4acHUX poOiIT [65, 66] skapOCTIHKICTh BApTO PO3IIISIIATH SIK TPU
OCHOBHI BJIACTUBOCTI MaTepiaiy:

@) OKaJMHOCTINKICTh — XapaKTePU3Y€EThCS MIBUAKICTIO 3MIHM TUTOMO1 MacH JAeTal
BHACJIIIOK BIUTMBY TeMIlepaTyp ekciutyaraiii. [{s BIacTUBICTh 3HAYHOIO MIPOIO 3aJI€KHUTh
B1Jl XIMIYHOIO CKJIaJy MaTepiajly JeTajl Ta HasBHOCTI 3aXMCHUX OKCHJHMX IUIIBOK Ha ii
MOBEPXHI, $KI YTBOPIOIOTHCS BHACIIJIOK JIETyBaHHS a00 HAHECEHHS CHelialbHOTO
TTOKPUTTS;

6) TEPMOCTIMKICTb — OCHOBHUMH (haKTOpamH, 1110 BIUIMBAIOTh HA TEPMOCTIHKICTb:
KUTBKICTh IIUKJIIB 3MIHU TEMIIEpaTyp Ta BHYTPIIIHI TpaHcpopMallii Ha Mixk(pa3HUX MexXax,
BHACJIIIOK HasIBHOCTI BIUIMBY BEJIMKUX 3epeH Ta KapOiiiB. OCOOIMBICTIO JaHOT BIACTUBOCTI
€ Te, 1110 BOHA 3HIKYETHCS 31 301IBIICHHSIM BIUTUBY MaKCUMAaIbHOI TEMIIEPATypH UKy Ta
TEPMIYHOIO PO3IUpeHHsT JeTaidl. OCHOBHOIO O3HAKOK 3HWKEHHS TEPMOCTIMKOCTI €
YTBOPEHHS TPIIIUH Ha MOBEPXHI JeTali Ta ii pyiHYBaHHs BHACIIIOK TEPMIYHOI BTOMU;

8) POCTOCTIMKICTh — XapaKTePU3YEThCS 3MIHOIO Ta0apUTHHX PO3MIPIB AeTai
BHACHIJOK KIHETUKM POCTY Ta 3MiHM 00’e€My Marepiaidy IiJ BIUIMBOM TeMIIEparyp
eKCILTyaTaIfii.

3a TBep/keHHsAMU [58, 61], omHUM 13 crocoOiB 3aXMCTy MaTepialy Bif KOpo3ii €
YTBOPEHHS Ha OT0 MOBEPXHI TOHKOT IILJIbHOT CAMOIACUBYIOUOi OKCUHOT IJIIBKU. 3 METOIO
YTBOPEHHSI TAKUX 3aXUCHUX IUTIBOK Ta, SIK HACJI1JIOK, T IBUIIICHHS )KapOCTIHKOCTI MaTepiaiy
IMIMPOKOTO MOIIMPEHHS Ha0yJI0 3aCTOCYBAHHS TaKUX JIETYBAJIIBHUX €JIEMEHTIB, 5K Si, Al, Cr

Toto. J[Jis X eleMeHTIB XapaKTepHe YTBOPEHHS TOHKOI OKCHHOI TUIIBKMA HA TOBEPXHI
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JeTam, sKa MIITHO 3YeIUIeHa 3 OCHOBHHM METAJIOM Ta XIMIYHO CTiHKa 10 BIUIMBY
HABKOJIMIITHBOTO CEPEe/IOBUIA 1 OE3MOCEPEeIHhO TANIbMY€E MOAANbIIE OKUCHEHHA. OJHaK,
AKIIO TUTIBKA MAa€ MEHIIMH KOe(IIiEHT PO3IIMPEHHs HIXK OCHOBHUH MeTall, TO B HIH
YTBOPIOIOTHCS TPIIMHMU, 110 1 CIPUSIOTH TTMOOKOMY OKMCHEHHIO OCHOBHOT'O MaTepiany.

[ToripiieHHsT MEXaHIYHUX XapaKTePUCTUK (HOPM TaKoK 0OYMOBIICHO HE3BOPOTHIM
nporecoM 30UTbIIEHHST 00’eMy MaTepiany, IO 3aJeXHUThb BiJ BIUIUBY TeMIEpaTypu
npotarom yacy. [lapanensHo 13 301IbIIEHHSIM 00’ €My, 3MEHIIYETHCS IUTOMA Bara Ta Mexa
MmimHOCTI. KiHeTHKa pocTy Ta 3MiHa 00’ €My MEPEeBaKHO € HACIIIKOM KOPO31iHOTO MPOIIeCy
(OKHMCHEHHS), KW MOMIMPIOETHCS M0 BChOMY BHJIMBKY, 3/1€011bIIOTO B3/10BXK BKIIIOUEHB
rpadiTy Ta BHACIIIO0K (pa30BUX MEPETBOPEHb. MiHIMI3yBaHHS POCTY I'pa(iTOBUX BKIIOUYECHD
JOCSITaI0Th 33 PaXyHOK BIUIMBY Ha 1X KUJIBKICTh Ta MOP()OJIOT1I0 — 301IbIIIEHHS KIJTbKOCTI Ta
3MEHIICHHS PpO3MipiB rpadiTOBUX BKIIOUYEHb MOKPAIIYIOTh POCTOCTIHKICTH Ta
TEPMOCTINUKICTh, 0COOJIMBO Y IOEAHAHHI 13 JIeTyBaHHSAM 4aByHY Si, Al, Ba, Ni, Cr, Mo To1io
[63, 67]. HiBemoBaHHs1 BIUIMBY (ha30BUX IEPETBOPEHb B YaBYHI MOKHA 3a0€3ME€YUTH
HAsIBHICTIO CTAOUIBHOI CTPYKTYPH B YChOMY Jl1ara3oHi pobounx temrepatyp [58].

Onuparouuce Ha TBEpIXKEHHA [58, 63], MakCUMaIbHOrO €(hEeKTy 100 ONOPY POCTY
MOXXHa JIOCATHYTH 3a JIOMIOMOTOI0 BHUKIIIOUEHHS TpolieciB rpadituzamii Ta (azoBux
NEPETBOPEHb Y YaBYHHUX BUJIMBKAaX. 3HM)KCHHS BIUTUBY (Da30BUX MEPETBOPEHb B UaBYHI
M Yac eKCIuTyaTauii BUpOOy MOXHA JOCATHYTH MIABUILIYIOUM a00 3HUKYHOUH
TeMIIepaTypHUH IHTEpBaJl (Pa30BUX MEPETBOPEHD 32 MEX1 KOJIMBAHHS pOOOYUX TEMIIEPATYD.
Tomy BapTO BpaxyBaTH pO3MOJII €JIEMEHTIB, SKi 3aCTOCOBYIOTH ISl ITiJIBUIICHHS
POCTOCTIMKOCTI Ta PETYJIIOBaHHS TeMIepatyp (pa3oBUX NEPETBOPEHb:

a) Si, Al — migBUIIYIOTH TeMmIepaTypHuil iHTepBan (a30BUX TNEPETBOPEHD,
CTBOPIOIOTH CTa0LIbHI CTPYKTYpH (PeputHo-rpadiTHa Ta aycTeHITHO-rpadiTHA);

06) Ni, Cu — B3HUKYIOTh TeMIepaTypHUil iHTepBan (a30BUX MEPETBOPEHBD,
CTBOPIOIOTH CTaOLIbHI CTPYKTYpH (PeputHo-rpadiTHa Ta aycTeHITHO-rpadiTHA);

6) Cr — miAgBUUIye TeMIlepaTypHUM i1HTepBan (Pa30BUX NEPETBOPEHb, CTBOPIOE
CTPYKTYpPH 3 CTAOLTPHUMH KapOimamu;

2) Mn — 3HWXKye TemmeparypHuil iHTepBasl (Ha30BUX MEPETBOPEHb, CTBOPIOE

CTPYKTYpPH 3 CTaOLIBHUMH KapOilaMu.
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1.13 Cpnoco0u miABHUIEHHS eKCILVIyaTaliHHUX BJIACTHBOCTEH JeTajei

bopMokoMILIEKTY

Hocmigauku [17, 25, 33] Big3HaualoTh, MO ISl 3MIITHEHHS MTOBEPXHEBOTO Iapy
dbopmMu Ta 1 poOOYMX KPOMOK BUKOPUCTOBYIOTH METOJM TMOBEPXHEBOTO 3MIIIHEHHS,
30KpeMa OOpOOJICHHS IOBEpXHI Ta HAHECEHHS CIHeIllaJbHUX MOKpUTTIB. Haibinpm
PO3MOBCIO/IKEH]1 HACTYIHI BapiaHTH:

@) a30TyBaHHS MaTepialliB — BUKOHYETHCS 3a JOMOMOIOI0 IMIYJIbCHOI IIa3MH 3a
temneparypu 550 °C;

6) TaJbBaHIYHE MOKPUTTS — TOBIIMHA HAaHECEHHs 110 10 MKM;

6) BHCOKOTEMIIEpaTypHi KepamiuHi (apOu — OCHOBHUN KOMIOHEHT Si3Ny,
MIPU3HAYEHI JI51 3aXUCTY BiJl KOPO3il Ta 3HOIIYBaHHS;

2) pI3HOMaHITHI 0araTOKOMIIOHEHTHI HiTpuau Ta kKapOimu — SiC, BN, sxi
3a0€3M1euyIoTh BIIMIHHHUM 3aXUCT BiJ KOPO31i;

0) Ta3omnojiyMm’ssHe TIOPOILIKOBE HAMWJICHHS — BaplaHT 3MIIIHEHHA HalyB
HANOUIBIIIOTO 3aCTOCYBAHHS, 4 HAUTIOMYJSPHIIIIUM CEpeJl MTOPOIIIKIB CTaB HIKEJIECBUH.

[Ipu upbomy 3rimHo 3 [51, 52], HaHECEHHs MNOKPUTTA MEXAHIYHUM JIETYBAHHSIM
JI03BOJISIE OTPUMATH TOHKE, Ha PiBHI HAHOCTPYKTYPH, 3MIITHEHHS MIOBEPXHEBOTO MIapy, IO
B TIOJAJBIIIOMY BIUIMBA€ Ha TMOKpAIIEHHS MIKPOTBEPAOCTI MaTepialy, OJHAK BapTo
BpaxyBaTH, IO 1€ TPYAOMICTKMN Ta BAapTICHUM MpOLEC, KU MOTpedye T0MaTKOBUX

BUPOOHUYUX MOTY>KHOCTEH I1]T YaC BUTOTOBJICHHS (POPMHU.

1.14 IligBulleHHS eKCIUVIYyaTANIMHUX BJACTHBOCTEH YaBYHHHX jJeTaJjiei
(popMoKOMILIEKTY 32 [A0MOMOIOI0 PeryJjlBAHHS MpoueciB KpUCTAJi3amii JHTON

3aroToOBKMu

Hocmimxenns [20, 28, 30, 31, 54, 67-69] cTBepAKYIOTh, 1110 HAIllpaBJieHA CTPYKTYypa
Marepialy JOCSTHYTa 3a pPaxXyHOK PI3HUX MeEXaHI3MIB Kpucrtamizamii Ta ¢a3oBHX
NEepPETBOPEHD Y PI3HUX YAaCTHHAX BUJIMBKA, 3a0e3Mevye MiBUILIECHHS Horo cTiikocTi. Taky

CTPYKTYPY MO>KHa OTPHUMAaTH 3a JIOMIOMOI'OI0 PETyJIOBAaHHS XIMIYHOIO CKJIaay YaByHY Ta
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3aCTOCYBAHHS PI3HUX TEXHOJIOTTYHUX MpHUiioMiB. [li1BUILIEHHS SKOCTI MaTepiady MOKIUBE
Ha CTaJil BUITYCKY PO3IUIaBY 3 IUIABUJIBHOTO arperary. 30KpeMa, e TOCSITaeThCs MUISIXOM
KOHTPOJTIO KIHETUKY MOTJIMHAHHS XIMIYHHUX €JIEMEHTIB y MPOIIEC] MIIaBIECHHS MaTepiaty Ta
HIIIIOBaHHS TEPMIYHOTO PO3KJIaJaHHs OKCHJIIB 3ajli3a 32 YMOB BHCOKOTEMIIEPATyPHOTO
pPEXKUMY IUIaBJICHHS. 3a3HAu€Hl MIAXOAU CHPUSIIOTh MOKPAIIEHHIO XIMIYHOTO CKJIaQy Ta
MIKPOCTPYKTYpPH pO3IUIaBYy, SKI € OCHOBHUMH (aKkTOpaMu BIUIMBY Ha (HOpMyBaHHS
BIIACTUBOCTEH BHIIMBKIB [70].

OaHMM 13 IEPCIIEKTUBHUX CTIOCO01B MABUILIEHHS TEPMIHY €KCILTyaTallli Ta CTIHKOCTI
MmaTepiagy (GopMH B yMOBax BIUIMBY LMKJIIYHUX TEPMOMEXAHIYHMX HABAHTAXKEHb €

3a0e3neUeHHs TPAJIEHTHOI CTPYKTYPH 3a MEePEPi30M JIUTO1 3aroToBku (puc. 1.12).

a \\T\
£/ )

.

)

-

N

a — map 3 BKIIFOUYEHHAMHU rpadiTy KyJiactoi popmu; 6 — map 3 BKIIOYEHHIMHU
rpadiTy BepMUKYISIPHOI (OpMU; B — IIap 3 AP 3 BKIOUYECHHIMH rpadiTy TUIaCTHHYATOT
bopmu

Pucynok 1.12 — CxematuuHe BiIoOpaXk€HHS IPaJIIEHTHOTO NEPEXOAY CTPYKTYpHU

Matepiany GopMH CKIOTapHOTO OCHAIIICHHS

BianoBiiHO TpajieHT mMojsirae B MOCTYNOBIM 3MiHI MOP(OIOrii CTPYKTYpPHUX
CKJIaJIOBHX MeTaJieBoi MaTpwuil. Y nmociimkeHusax [23, 25, 31, 33, 35, 71] Bka3aHo, 110
0COONMMBOTO 3MIIHEHHST TOTpedye pobouuit map ¢opmu (moBepxHs G(HOPMYBAIBLHOI

nopoKHUHM) Ha rubuHi Big 1 MM 1o 10 mm. [{o Toro »x, HaykoBui [26, 34, 35, 37, 69]
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YMOBHO BHJAUISAIOTH Yy BWJIMBKY TpPHU OKpeMl IIapH, sKi 3a0e3MmeduyBaTUMYTh Pi3HI
BJIACTUBOCTI Ta TPUBATIIINI TEPMiH eKCIUTyaTarlii pOPMOKOMIUIEKTY: poOoUnii (TIprOIIU3HO
TOBIIMHOIO 710 15 MM, Oe3mocepeHbO KOHTAKTY€ 31 CKJIOM), MPOMDKHUN (TPUOIHU3HO
TOBIIMHOIO BiJ 15 MM 10 30 MM) Ta 30BHIIIHIN (KOHTAKTY€ 3 aTMOC(HEPOIO LIEXY).

Takox, poboua nmoBepxHs ¢GopMu, TOBUHHA MaTH BUCOKI MIITHICHI XapaKTEPHUCTUKH,
OCKIIbKM BOHA HaWOUIbIIE MiJAA€THCA HE JIMIIE IHTEHCHBHOMY TEIJIOBOMY BIUIMBY, a i
mexaHniuHoMy [31]. ABtopu [25, 31, 57, 69] 3a3Ha4aroTh, 1110 BEIMKI METajeBl 3epHA Ha
poOouii TOBEpXHI YaBYHHO1 ()OPMU CHPHUSAIOTH ii IIBUAKOMY OKMCHEHHIO Ta JeTpajallii mija
gac po0oTu popMoKkoMIUIeKTy. EekTHBHUM criocOOOM ITiIBUIIICHHS CTIMKOCTI MIOBEPXHI €
dbopMyBaHHS 1Iapy YaByHY 3 APiOHOAMCIEPCHUMH BKJIIOYEHHSIMU KYJISCTOTO rpadirty, siKi
3a0e31euyBaTUMYTh BHUCOKI MEXaHIYHI Ta EKCIUIyaTaliiiHl BIACTUBOCTI (POpMyBanbHOL
noBepxHi [56]. 3a maHUMH AOCTIIHKEHB [ 72-74] BKIIIOUEHHSIM KYyJISICTOro TpadiTy BIaCTUBI
HU3bKI MOKAa3HUKH TEIUIOMPOBITHOCTI, TOMY HEOOX1IHO 3a0€3MeUNTH BiABEJCHHS TEILIa B
HUX O€3MOocCepeIHbO MIApOM YaBYyHY 3 rpaditom, 110 3a TEIJIOMPOBIAHICTIO Kpaluil — 3
BKJIIOUCHHSIMU  BEPMUKYJsipHOro abo rmacTuHYactoro rpadity. Ilpu  upomy,
MJIACTUHYACTHM TpadiT Mae HaWBUILI MOKA3HUKH TerionpoBigHocTi [75-77]. Kpim Toro,
nocimimxeHHss [37, 74] miATBEPIKYIOTh, IO YaBYH 3 BEPMUKYISIPHHM TpadiTom
XapaKTEPU3y€e€ThCs MiJABUIIEHUMH MIIHICTIO Ta CTIMKICTIO O POCTY MiJ Yac BIUIMBY
BHCOKHX TEMIIepaTyp, TOMY TaKWW MaTrepian € MepCrneKTUBHUM I CKIO()OPMYBAIBHOTO
OCHAIIICHHS B YMOBAaX BIUIMBY IUKJIIYHUX TEPMIYHUX HABAHTAKEHb.

3abe3nedyeHHsl PI3HOIO POJY 3MIHM CTPYKTYpHM BWJIMBKIB 13 3aJ1I30BYTIJIELEBUX
CIUIaBIB MOKJIMBE pi3HUMHU criocobamu. [Ipuknagamu € cTBopeHHs nu]epeHIiiioBaHnX
BJIACTUBOCTEH  MarTepialdy,  BUTOTOBJIEHHS  OiMeraieBoro  abo  IIAapyBaToro
BUPOOY [58, 78-81], perysitoBaHHs CTPYKTYPH 3a JOMTOMOT OO TTO3aMYHOT0 00po0IeHHs ab0
K JIETYBaHHS pO3IUIaBy y jmBapHiii dopwmi [58, 82-84] Tomo. 3 MeTOor0 yTBOPEHHS Ha
OKpPEMHX TOBEPXHSX BHJIMBKA JIETOBAHOTO APiOHO3EPHUCTOTO MIAPy BU3HAYCHOI TOBITUHU
3aCTOCOBYIOTh METOJ TOBEPXHEBOIO OOpPOOJIEHHS PO3IJIaBy AUCHEPCHUMH CYMIIIAMU Y
MopoXHUH1 TUBapHOi popmu [79, 85]. Takox MIUPOKOTO 3aCTOCYBAHHSI /111 BUTOTOBJICHHS
YaBYHHHMX BUPOOIB 13 P13HOIO CTPYKTYPOIO 3a IepepizoM, Ha0yJI0 BUKOPUCTAHHS €JIEMEHTIB,

SK1 BIUIMBAIOTh HA KIHETHKY 3aTBepjiBaHHS. Taki eleMeHTH 3a0e3MeuyroTh MiJBUIIECHY
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MIBUJAKICTh Ta HANpaBIEHICTh KpHUCTami3alli CIUlaBy B JUBapHUX (opmax BHACIHIIOK
BUCOKHX TCIUIOAKYMYJIIOBAIbBHUX  XapakTepuctuk [54, 55, 78]. Kpim Toro,
asropu [20, 30, 57, 76] 3a3HauaOTh, IO YaBYH, SIKHWA BIIJIMBAIOTH 13 3aCTOCYBaHHSIM
XOJIOMUIBHUKIB, HA PI3HIA TNIMOWHI BUJIMBKA MOXKE€ MaTH MapTEHCUTHY Ta/a00 BHOUICHY
CTPYKTYpY, IO TPU3BOJUTH IO TOTIPIICHHS TEXHOJIOTIYHUX, MEXaHIYHUX Ta
eKCIUTyaTalliiHuX BiacTuBocTel Qopmu. OTpuMany HeOaxaHy CTPYKTYpY YCYBalOTh
IIUISIXOM 3aCTOCYBaHHSI P13HOT'O T€PMIYHOT0 00poOJeHHs [25].

3rigHo 3 mocmimxeHHsmu [25, 31, 37, 39, 57] Ta xapakTepuUCTUKaMU MPOIYKIIi,
npenacTaBiieHol BupoOHukami [9, 11, 12, 47], nna hbopm peKOMEHI0BaHO BUKOPUCTOBYBATH
YaBYHU 3 METAJIEBOIO MaTPHUILIEIO IEPEBAKHO (PepUTHOTO a00 (PEepUTHO-NEPIITHOIO Ki1acy (B
pI3HUX CHIBBIAHONIIEHHAX). B nmochimxenHi [37] BkazaHO, 110 TMO3UTHBHI MOKa3HUKU
po0OOTO3AaTHOCTI NPOSBIIIA (HEPUTHI YABYHU 3 KYJSICTHUM 200 BEPMUKYIISIPHUM rpadiToM.
[Ipn mpoMy, AeTansM 3 MaKCHMaJbHUM TEPMIHOM €KCIUTyaTarlii, BHACIiIOK BHUCOKHX
TEII0(I3UYHUX BIACTUBOCTEH, XapaKTEpPHE IOEIHAHHS BEPMUKYJSIPHOTO rpadiTy Ta
dbeputHoi matpwuii [37]. 3rigHo 3 [25, 33, 39], BaxkauBuM (QakTOopoM IS AeTaici
CKJIO(OPMYBAJIbHUX KOMIUIEKTIB € BIJCYTHICTh CTPYKTYPHO BUIBHMX Ta €BTEKTHYHHMX
KapOiJiB, MIHIMI3aIlis MEPJITHOI CKIAI0BOI MeTaJeBOi Marpuili. SIK BiJIOMO, OCHOBHHM
rpadiTU3yBaJIbHUM €JIEMEHTOM Y YaBYHI € KPEMHIH, KU 3amo0irac yTBOPEHHIO KapOiiB
M 4Yac KpucTami3aulli Ta CHpUs€e MNIABUIICHHIO MIMHOCTI MeTajneBoi matpuii [59].
EdextuBHuMu criocobamMu HOTO 3aCTOCYBAaHHS € JIETYBaHHS YaBYHY y IUIaBUJIBHOMY

arperari Ta rnosamniuyHe o0poOJIeHHs PO3ILIaBY.

1.15 TexHoso0ri4YHi MeTOM MO3aNMIYHOTO0 00POOIEHHS

3a TBepKeHHSAMU TIpals [ 73, 86-89] 0CHOBHMM CIOCOOOM M03aIliYHOT0 00pOOICHHS
YaBYyHIB € MOJIU(DIKYBaHHS, SIKE MOJSATAE y TOMY, III0 B PO3ILJIaB BBOASTH HEBEIUKY KIIbKICTh
JI0JTATKOBHX €JIEMEHTIB 200 PEYOBHH, SIK1 3MIHIOIOTh YMOBH KPHCTAJII3AIli1 Ta, SIK HACTIIOK,
BIUIUBAIOTh HAa CTPYKTYPY B TBEPJIOMY CTaHi. 3a CBOEIO J1€10 MO (PiKaTOpu KIacuPikyroTh

Ha JBa BUHM [58]:
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@) Momu(piKaTOpH MEPIIOTO POAY — raJbMyIOTh a00 30BCIM MEPEIIKOIKAIOTH POCTY
KPUCTAJIB, CHOPUAIOTh 3a0KPYIVICHHIO HEMETAJIeBUX BKIIOUYEHb Ta YTBOPEHHIO Ha iX
MMOBEPXHSIX MMOBEPXHEBO-AKTUBHOI IIJTiBKH;

6) MomudiKaTopu JIPYroro poay — YTBOPIOIOTH JOJATKOBI IIEHTPH KpUCTasi3arlii,
MOJIp10OHIOIOTH Ta 3MIHIOIOTH opMy I'padiTy y YaByHax.

3MiHM B MaTepiali MiJ yac Mo3aniyHoro oOpoOIeHHs 3aliexaTh Bl IPUPOIA CAMUX
MOAU(DIKYBaJLHUX €JIEMEHTIB Ta J0OABOK SIK1 10 HUX BXOJATh. Tomy 3rijgHo 3 [58, 88, 89]
MOAU(DIKATOPH MOAUIAIOTH HA TPYTIH:

1) MoaudikaTopu, sSKi 3MEHIIYIOTh MEPEOXOJIO0KEHHS Ta MOKPAILYIOTh YTBOPECHHS
IUTACTUHYACTOTO TpadiTy, SK NPHUKIAAM — CHJIIKOKAIbIIN, Qepocuiimii, rpadit,
CUJIIKOKapO11, CIJIaBU M1/, OOpY TOIIIO;

2) MmogudikaTopu, SKi  30UIBIIYIOTH  TMEPEOXOJIOHKEHHS  Ta  YTBOPEHHS
MDKIeHApUuTHOTO rpadity — Al, Ti Tomo;

3) moaudikatopu, ki 301IBIIYIOTh IEPEOXOJOMKEHHS Ta CIPUSIOTH chepoiau3arii
rpadity — Ce, Mg Toro.

TpamumiitauM Ta e(PEeKTUBHUM METOJIOM BBEACHHS B PO3IUIAB YaBYHY JOJAaTKOBHX
€JIEMEHTIB, 5Kl BIUIMBAIOTh HA YMOBH KPHUCTaJIi3allli CIIJIaBy, € KOBIIOBE MOJAU(IKYBaHHS.
Cepen ycix oro Bapiailiii HAUMPOCTIIIMM 1 HAUTIOIITUPEHIIIUM METOAOM € MOJIU(DIKyBaHHS

Ha JTH1 KoBIIa — pour over meton (puc. 1.13) [61, 86].

1 — po3mnaBneHuii YaByH; 2 — KiBIIL;, 3 — MOAU(IKATOP

Pucynox 1.13 — Cxematnune 300pa’keHHS KOBIIIOBOTO MOU(DIKyBaHHS YaByHY [61]
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3a pexomenparismMu gocniaHukiB [53, 82, 90, 91] edexTuBHOIO aIbTEPHATHUBOIO
KOBIIIOBOTO € BHYTPIITHEOOPMOBE OOPOOJIEHHS, OCOOJMBO Yy SIKOCTI BTOPHHHOTO
MoaudikyBaHHs. Takuil mepexisi 3yMOBJICHO KOPOTKOTPUBAJICTIO Nii MOAM(IKYBAIbHUX
PEYOBHH B KOBII, PU3UKOM OTPUMAaHHsS BHUOUICHHS y BUJIMBKY Ta OUIbII €(PEKTUBHUM
BILUTUBOM BHYTPIIIHHO(POPMOBOT0O MO (PIKyBaHHS Ha CTPYKTYPOYTBOPEHHS, rpadiTU3alliI0
Ta JUCIIEPCHICTH CTPYKTypH Matepiany. [lpuknannm momaudikyBambHOT 34aTHOCTI TIEBHUX
100aBOK TI1J] Yac KOBIIOBOTO Ta BHYTPIIIHbO(POPMOBOro Moau(DiKyBaHHS 300pakeHO Ha
pucyHky 1.14, 3 sKOoro Mo>kHa 3pOOUTH BUCHOBOK, III0 3aCTOCYBaHHS OCTAHHBOTO METOIY
30UTbIITY€E KUIBKICTh BKJIIOUEHb Tpadity Big 2,5 10 4,0 pasiB 3ajeXHO BiJl IMIBUAKOCTI

oxoJiojkeHHs [53, 87, 92].

1200

BHyTpilwHsodhopmoBe
1000 MoaNMIKYBaHHA

800

=1

2
S

400

Koswose
MoaAUMIKYBaHHA

KinekicTe BKNKOYEHE rpadiTy, WT/mm?
8

D 1 2 3 4 b B 7T 8§58 WMMN
LWenakicTe oxonoaxexHs, °Clc

Pucynok 1.14 — B MmoaugikaTopiB Ha KUIBKICTh BKIIIOUEHB TpadiTy y

YaBYHHUX BHJIMBKAX II1J] 4aC KOBIIOBOTO Ta BHYTPIMTHEO(GOPMOBOTO MOAUGIKyBaHHS [53]

Merton BHyTpitHROPOpMOBOTO MoAudikyBaHHs (inmold) nonsirae B ToMy, 110 BOHO
B11I0YBA€ETHCS B peaKI[iiiHINA Kamepi (peakTopi) JMBHUKOBOI CUCTEMH JIMBApHOiI (PopMHu, siKa
3aXMIIA€E MPOIIEC Bij] BIUIUBY 30BHIMIHBOTO cepenoBuina (puc. 1.15). Bzaemois po3miay 3

MoAN(IKATOPOM MEBHOI TUCIIEPCHOCTI Bi0YBaeThcsa O€3M0CepeIHBO B peaKIiiHINA Kamepi,
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MOTIK MPOMOU(IKOBAHOTO YaBYHY dYepe3 JUBHUKOBY CHCTEMY 3allOBHIOE IMOPOXKHHUHY
nuBapHoi Gopmu [61, 93].

PesynwTatn mocmimkens [59, 83, 94, 95] cBimuath, mo momaudikyBaHHs inmold
METOZIOM CHpHsi€e 30UIBIICHHIO KUIBKOCTI IEHTPIB KpHUCTamizamii rpadiTy B YaByHI,
YTBOPEHHIO JPIOHOKPUCTATIYHOT CTPYKTYPH 3 MIJABUIIEHUM BMICTOM (pEepUTy B MeTajieBiit
MaTpHIli, 10 HaJali BIUIUBA€ HAa OTPUMAHHS BHCOKHX TEXHOJOTIYHHUX XapaKTEPHUCTUK

YaByHY B JJUTOMY CTaHI.

1 — nTMBHUKOBA yaIa; 2 — CTOfAK; 3 — peakiliiiHa kamepa 3 MOu(pIKaTOpOM;

4 — TUBHUKOBHUH X111; 5 — )KUBUIIBHUK

Pucynok 1.15 — Cxematuune 300pakeHHs MoandikyBaHHs 4aByHy inmold

METOJIOM B peakiliiiHiii kamepi [96]

OmuuM 13 cnocoOiB 00pOOJIEHHS PO3IUIaBy B TOPOKHUHI JUBApHOi (GopMu €
noBepxHeBe JeryBaHHs. Lleli MeToa € MepCcneKTUBHUM Jisi OTPUMAaHHS BUJIMBKIB 3
nudepeniiioBanumMu BiaactuBocTsIMu [84, 85, 97]. CyTHiCcTh WOTro MOJSATaE B TOMY, IO
3aCTOCOBAHI JUMCHEPCHI JIETyBajbHI CyMIlll, SKI HAHOCSTh Ha BHU3HAYEHY IOBEPXHIO
nuBapHOi Gopmu (ab0 cTprkHS), HOPMYIOTh HEOOXiHI BJIACTUBOCTI OKPEMOI MOBEPXHI
BUJIMBKA Ha MEBHY INUOUHY. Sk 3a3HadeHo B poOoTi [84, 98], dopmyBaHHS BIAMOBIAHOTO
JIETOBAHOTO 1Iapy BiJOYBA€THCS 13 3aCTOCYBAHHSAM PI3HUX JITaTyp:

a) ¢epocriaBiB pi3HOI TUCTIEPCHOCTI;

6) TOPOIIKOMOAIOHUX TYTOIIABKUX MaTepialib;
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6) YHUCTUX METAJIB Ta CHEIIaTbHUX JITATYp.

EdekTuBHICTh Tpoliecy JeryBaHHsS MOBEPXHI XapaKTEPU3YETbCS TEMIIEPATYPOIO
3aMUBaHHS PO3IUIaBY B JUBapHy (GoOpMy, IHTEHCHUBHICTIO PO3YMHEHHS Ta B3aEMOJIIT
JIETyBaJIbHUX KOMITOHEHTIB, & TaKOX TOBIIMHOIO CTIHKM BUJIMBKA 1 IIAPOM JIETYBAJIBHOIO
nokpuTTs [79, 85]. BinnoBigHo, €peKTUBHICTH Kpallla 3a BHILOI TeMIIepaTypu pO3IUIaBY,
TOMY WO PO3YMHSAETHCSA OUIbIIE MaTepiady MOKPUTTS Ta YTBOPIOETHCS TOBCTIIIHN
JIeTyBaJIbHUM I1ap 13 HEOOX1THUMH BIACTUBOCTIIMU. SIK CTBEPKYIOTh JOCHIAHUKH [84, 97],
JACTaNbHIIINN MEXaH13M IMOBEPXHEBOTO JIETYBAHHS MOJISITa€ B TOMY, IO TiJ] 9ac 3aJUBaHHS
(opMU MOKPUTTS HA NMOBEPXHI CIOYATKy HArpiBaeThCs, METAJIOCTATUUHUN TUCK PO3ILIAaBY
NEPEBUILY€E KaNUILIPHUN, PIAKUN CIJIaB I[OYMHA€E IPOHUKATH B TOPHU JIETYBAJIBHOIO
MOKPUTTSI Ta MOCTYIOBO po3IuiaBisie oro. udy3iiiHi mpoiiecu 3a rnepepizom JEroBaHOTO
I1apy 3aJ1eKaTh B/l BEJIMYMHU 3€pHA I MOPUCTOCTI JIETYBAJILHOTO MOKPUTTS, TOOTO BiJ HOTO
JUCIIEPCHOCTI. K JeryBajibHI elleMeHTH jocmiaHuku [84, 97, 98] pekomMeHIyroTh
BUKOPUCTOBYBATH (epocIlyiaBu ad0 MEXaHIYH1 CyMillll 3 po3MipaMu 4acTHHOK BiJ 0,2 Mm
10 0,63 MM, sIKI CTBOPIOBaTUMYTh YMOBH JUIsl OTPUMAaHHsI SIKICHOTO JIETOBAHOIO ILIapy 13
HEOOXITHUMHU MapaMeTpamH.

BukopucraHHs BUIIIEOTTHCAHUX METOIIB OOpPOOJICHHS K OKpEeMO TakK 1 B KOMOIHaIli,
CTBOPIOE TIEPEAYMOBHU JJIsi OTPUMAHHSI HEOOX1IHMX YaBYHHUX 3arOTOBOK 3 T'PaJiiEHTHOIO
CTPYKTYpPOIO (3MiHM MOpP(OJIOTii METaIeBOi MaTpHUILl Ta TpadiTOBUX BKIIOUYEHB) Y JIUTOMY

CTaHl.

BucHoBku 10 po3ainy 1 Ta 3axadi qocaiimxeHHs

1. BctanoBieHo, 110 aKTyaJIbHOKO €KOJIOTIYHOO MTPOOJIEMOTO € IECTPYKTUBHUHN BILINB
PO3MOBCIOKEHOT MJIACTUKOBOI MPOAYKIIii, IKa Ma€ TOBMOTPUBAIUN 4Yac PO3KIIAJaHHS Ta
TOKCUYHUH BIUIMB Ha HABKOJIUIITHE CEPEIOBHINE. SHMKEHHS IIKIJTMBOTO BILIUBY IJIACTHKY,
MIJBUIIEHHS I[IHHOCTI 3€MHUX PECypCiB, 3pPOCTAHHS SKOCTI Ta OE3MEKH IMaKyBaHHS
XapUYOBUX TMPOAYKTIB 3yMOBJIIOIOTH MOMHUT HA CKIISIHY MPOJYKIIiIO, SK Ha €KOJIOTIYHY Ta

PELUUKIIHTOBY, 1110 MPU3BOIUTH A0 3pOCTaHHS TeMIIB ii BUpoOHHIITBA. OCO0IMBA YacTUHA
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— Big 75 % o 80 % Bix 3araJbHOTO BUPOOHMIITBA CKIISIHOT MPOAYKLIi, MPHUIIAJa€E Ha
MOPOKHUCTY CKIISIHY Tapy.

2. BuzHaueHo, 110 TEHJEHIIT 3pOCTaHHSI BUPOOHUIITBA MOPOKHUCTOI CKIISIHOT Tapu
JAl0Th TOIITOBX JJIi PO3BUTKY HOBUX TEXHOJIOTIYHMX MoOjeNed BHUPOOHMIITBA Ta
MOJIEpHI3allli BITYU3HSHOTO OCHAIICHHS 32 €BPOINEUCHKUMHU CTaHAApPTaMU Ta BUMOTAMH.
[lepeBakHa YacTKa OCHAIIEHHS [UII BUPOOHUITBA CKISIHOT Tapu Ha YKPAiHCHKHUX
MIIPUEMCTBAX IMIIOPTYETHCS, 0COOIMBO (DOPMOKOMILICKTH.

3. 3HayHMil 0O0CSIT BUPOOHUITBA CKISHOI Tapu YKPaiHChKOi IPOMHUCIOBOCTI
0OyMOBJIIOE€ HEOOXIJIHICTh MPOBEJECHHS HAYKOBO-IOCHIIHUX pPOOIT IIOA0 CTBOPEHHS
Cy4aCHHUX MaTepialliB Ta TEXHOJIOT1N JJisi BAPOOHUIITBA jeTaliell POPMOKOMILIEKTIB, a caMe
¢opm. HoBi maTepianu NOBUHHI OyTH KOHKYPEHTHOCIIPOMOXXHUMU Ta MaTH BIACTHUBOCTI Ha
P1BHI 3aKOPJIOHHUX AHAJIOTIB 3 METOIO IMIIOPTO3aMIIICHHS.

4. BcTaHOBIIEHO, 1110 TEPCIEKTUBHUM HAIPSIMOM JI0 PO3B’A3aHHS JIaHO1 MTPOOJIEMU €
3aCTOCYBaHHS JJi1 (POPMOKOMIUIEKTY YaBYHHMX JIMTHX 3aroTOBOK 13 TPaJliIEHTHUMU
CTPYKTYPOIO Ta BJIACTUBOCTSIMH, SIKI KOMOIHYBAaTUMYTh B COO1 KOMIUIEKC TE€XHOJIOTTYHUX,
MEXaHIYHUX Ta TEMIO(QI3UYHUX XapPaKTEPUCTHUK, SKUU 3aJ0BOJBHATUME 3a CTIMKICTIO B
yMOBax poOOTH TiJ Ji€I0 IUKIIYHUX TEPMOMEXaHIYHUX HaBaHTaXeHb. HampasieHa
CTPYKTypH3allisi y BWIMBKY i1 (OpM TOBUHHA MICTUTH 3MIHY HPOTSHKHOCTI Ta
JUCIEPCHOCTI C(POPMOBAHUX CTPYKTYPHHX 30H Ta PO3MIpIB IpadiTOBHX BKIIOYEHb 32
nepepizoM BWIMBKA. ToOTO Ha poOouiil moBepxHI (POpMHU MOBHHHA 3HAXOIUTHCS 30HA
OpiOHKUX BKIIIOUEHb rpadiTy, a HallKpauie KyJasacToro rpadiTy B M sKiii MeTaaeBlid MaTpHIli,
110 3a0€3MeYnTh BUCOKY 3HOCOCTINKICTh pOOOYOi MOBEPXHI B YMOBAaX TEPMIYHOTO BILIUBY.
Hacrynna 3mina mMopdosiorii CTpyKTypHu TMOBHHHA XapaKTEPU3YyBaTUCA SK TMEpexi Bif
BEPMUKYJISIPHOTO JI0 TUIACTMHYACTOTO rpadiTy, ado SK 3MIHY pO3MIpIB IMJIACTUHYATOrO
rpadiTy BiA ApIOHUX JO KPYIHUX 3a TEPEepi3oM BUIMBKA, IO BIAMOBITHO 1 3a0€3MEUHUTH
IHTEHCHBHE TEIUIOBIIBECHHS BiJl poOOUYO0i MOBEPXHI.

5. BcraHOBiE€HO, 1O YTBOPEHHS TPAAI€EHTHOI CTPYKTYPH Yy BHIMBKY MOXHa
3a0e3MeunTH 3a JOTIOMOTOK JIMBAPHUX TEXHOJIOTTYHUX MpuiloMmiB. Jlo Takux mpuiioMiB
BIJIHECEHO BIUIMB HA TEMIEPATYPHO-KIHETMYHI YMOBHM KpHCTaji3allii, IO MOSICHIOETHCS

3MIHOIO MIBUAKOCTI OXOJIOMKCHHS 3a Iepepi3oM BHIIMBKA, SKa BIJIMOBIJIHO, BIUIMBA€E Ha
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pO3MIpH Ta HaMNpaBIEHICTh POCTY SK IpadiTOBUX BKIIOYEHb, TaK 1 METaJIeBOI MaTpPHIIL.
OpHouacHe 3acTOCyBaHHS OOpOOJIEHHS pPO3IUIaBy CHEIlaJbHUMHU 1HOKYJISITOpAMH Ta
MoaudikaTopamu BIUIMHE Ha MOpdoJiorito rpadity Ta ii po3moaia 3a nepepizoM BUIUBKA.

BpaxoByroun BuUIlleHaBeAeHUM aHaji3 1HQopmarllii, MeTOoKW JOCTiIKEeHHHA €
CTBOPEHHSI KOMILUIEKCY TEXHOJIOTTYHUX MPUHOMIB POPMYBaHHS TPAIEHTHOI CTPYKTYPH Ta
BJIACTHBOCTEH Y BUJIMBKAX 3 )KAPOCTINKHUX YaBYHIB.

JIns MOCSTHEHHS TTOCTaBJIEHOT METH B JOCIIPKEHHI HEOOX1THO BUPIIIUTH HACTYIHI
3ajadi:

1. BusHaunTH XIMIYHUN CKJIA]] IOCTIIHUX YaBYHIB HA OCHOBI KOMILJIEKCHOT'O aHaJIi3y
0a3u NaHUX >KApOCTIMKUX YaBYHIB, sIKI MPAIIOIOTh B YMOBAaX TEPMIYHUX HABAHTAKEHb
CYMICHO 3 YpaxyBaHHSM BIUIUBY XIMIYHHUX €JI€MEHTIB Ha ()OPMYBaHHS iX BIIACTUBOCTEH.

2. BusHauuTtu TemnepaTypu noyaty (a3oBHUX MNEPETBOPEHb B AOCTIIHUX YaByHaX.

3. BU3HaunTH NOKa3HUKU 5KapOCTIMKOCTI JOCIITHUX YaBYHIB.

4. Po3po0OuTH KOMILJIEKC TEXHOJIOTTYHUX MPUHOMIB AJi1 BUTOTOBJICHHS BUJIMBKIB 13
I'PaJlEHTHOIO CTPYKTYPOIO Ta BIIACTUBOCTSIMHU 3a IEPEPI30M BUIIUBKIB.

5. docmiauTd  3MIHM  CTPYKTypH 3a TIE€pPEepi30OM  BUTOTOBJIEHMX  BWJIMBKIB
MeTanorpapiyHIM METOJIOM.

6. BuzHauntu MexaHi4Hi Ta Temo(h13U4HI BIACTHBOCTI 3a MEPEPi30M BUTOTOBICHUX

BUJIMBKIB.
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2 MATEPIAJIU TA METOJAUKA IMTPOBEAEHHA JOCJIKEHHSA

2.1 TexHoJI0TiYHMII MPOLEC BUIIABJISHHS YaBYHHOI'0 PO3ILIABY

CmnaBu BumaBmsum B iHAykmidHIA medi [CT-0,06 3 mMammHHUM TeHEPaTOpPOM
(gactora ctpymy 2500 I'tr). MicTkicTh Turis — 60 xr, ¢pyTepoBKa medi — KMcjia Ha OCHOBI
S10,. [1naBneHHs 3A1CHIOBAIA METOIOM MepeIyiaBy. 3aBaHTAXEHHS IIIMXTH, IJIABJICHHS Ta

JIETYBaHHS METaly 3[1MCHEHO 3a OCIIIJOBHICTIO HABEAEHOIO Ha pUCYHKY 2.1.

II_[iJILHe 3ABAHTAXKCHHA B TUI'CJIb neqi Hepep06H0r0 HaBYHY, CTAJICBOTO Ta YaBYHHOT'O
6pyxty

| IporpiBaHHs 1 IJIaBIEeHHS MHUXTH Ha MAKCHMAITbHIN TTOTYKHOCTI elNeKTporedl |

\ JIOTaBaHHs HOBOI IOPIIiT MIIIrPITHX KOMIIOHEHTIB \

HiZIrpiB po3ILIaBY I IIEPBUHHUM IIIIaKoM JI0 TeMItepatypH Big 1450 °C go 1480 °C
(TOBLIMHA IIUIAKY He Ma€ nepeBuilyBatu 5 MM). KoHuTpois TeMnepaTypu MeTany
BOJIL(DpaM-peHIEBOI0 TepMonaporo 3anypeHas BP 5/20 3 kBapIioBUM HAKOHEYHHKOM

JOBeZIeHHS METAIy A0 HeoOXiTHOTO XIMITHOTO CKJIaay BHACIIAOK JOJaBaHHS
PO3paxyHKOBOI KUILKOCTI (PepOCIIaBIB Ta JIEryBalbHUX €JIEMEHTIB, TOAPIOHEHHX 10
po3MmipiB Bix 20 MM g0 40 MM

| MMOBHE PO3ILIABJIEHHS JOAAHNX MHXTOBHX MaTepialliB y THTIII |

3HIMaHHS 3 IOBEPXHI pO3IUIABY IIIJIAKY 1 IeperpiBaHHs po3ILIaBy 0 TEMIIEPATYp Bif
1480 °C mo 1500 °C

MIKpOJIETYBAHHS pO3ILIaBy (3a MoTpedbn) |

BUITYCK MeTally B py4HHUH KiBII MicTKICTIO 10 KT Ta 31iiiCHEHHS KOBIIIOBOTO
MoaM(hiKyBaHHA (3a MOTPeOH)

3aJIMBAHHS B NIIIAHO-TJIMHACTI hopMu \

Pucynox 2.1 — TexHonoriuauii mporiec BUTIIABISHHS YaBYHHOTO PO3IIJIaBy Ta

3aJIMBaHHS B JIMBapHi GpopMi
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2.2 XapaKkTepHCTHKH XIMiYHOI0 CKJIAa1y AOCJTI>KYBAHUX YABYHIB

AHaJ1i3 XIMIYHOTO CKJIaay MOIIMPEHUX YaBYHIB, SIKi BKa3aH1 B myHKTI 1.11, mo3Bosise
JUTSL AOCTI/DKCHHS CIJIaBIB BUSHAYMTH 0a30B1 €JIEMEHTH Ta Jlana3oH iX BMICTY y YaByHI, a
came: C Bix 2,4 % 1o 3,8 %, Si Big 1,5 % 1o 3,5 % Ta Taki OCHOBHI JIeTyBaJIbHI €JIEMEHTH
sk Mo, Mn, Ni, Ti, Cr, Al. JleryBayibH1 eneMeHTH OyJu BBEICHI Y BUTJISAII TEPBUHHUX
enemeHTiB Ta pepocruiaBiB; ®C45-5 JICTY 4127:2002, FeMo60 ICTY ISO 4552-2:2010,
Hixens HII-2 JNCTY I'OCT 492:2007, FeTi70 JNCTY ISO 4552-2:2010,
FeCrC70 ACTY ISO 4552-2:2010, Anrominiit A8S JICTY I'OCT 11069-2003.

2.3 XapakTepuCTHKH MaTepiajiB Ta cmocodiB 00po0IeHHSI YaBYyHY

3 MeTor0 3a0€3IeYeHHsT YMOB HAMpaBJIEHOT KpUCTaJI3allil y BUJIMBKAX 3aCTOCOBYBAIH
MoBepxHEBEe 0OpoOJIeHHS 1HOKYJATOpoM Mapku SBS dpaxumismu 0,315 mm, 0,4 MM Ta
0,63 mm y kinbkocTi 0,4 % Big Macu BWIMBKA, a PO3ILJIaB 3aJIMBAIA 32 TEMIIEPATypH Bij
1350 °C no 1390 °C.

KoBmose rpagitusyBaiibHe 00po0JieHHs po3iuiaBy 3a temneparypu Big 1420 °C no
1450 °C mpoBOIMIM 3a pour over METOAOM, y KOBIII MICTKICTIO 10 KT 13 BUKOPUCTaHHSIM
1HOKyJsiTOpa Mapku SB5 po3mipom ¢paxiii Big 2 mm 10 6 Mm, kiibkicTio 0,5 % Bix macu
PO3IJIaBy y KOBIII.

CdepoinnzyBanbHe oOpoOJIeHHS TPOBOAMIIM 3a inmold mporecoMm y peakiiiHii
Kamepi (peakTopl) TUBHUKOBOI CUCTEMH 13 BUKOpUCTaHHAM MoaudikaTopa Mapku VL63(M)
po3Mipom (Ppaxkirii Big 2 MM 10 5 MM y KiibkocTi 0,4 % Big macu BuimBKa. Temmneparypa
pO3ILIaBYy i1 yac 3arBaHHs ctaHoBuia B 1350 °C no 1390 °C.

XimiuaMi ckian 1HOKyssitopa Mapku SBS Ta momudikaropa mapkum VL63(M)

HaBeaeHo B Ta0. 2.1.
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Tabmu 2.1 — Ximiuawmii ckinan Bukopuctanux jJiratyp (Bupoonuk ASK Chemicals

Metallurgy, Himeuuuna) [99]

HaiimenyBanHs Bwmict enementy, mac. %
1.\/1ap1<1/1 Si Al Ca Mg Ba P3MU Fe
Jratypu (uepiii)
SB5 65-70 | 1,0-1,5 | 1,0-1,5 - 2,0-2,5 - 3aJTMIIIOK
VL63(M) 45 1o 0,5 1,9 6,0-6,5 - 0,7 3aJTUTIIOK

2.4 BuroroBJieHHs1 JMBApHUX (OPM Ta TEXHOJIOTIYHI BapiaHTH BUTOTOBJICHHA

3aroToBOK

JluBapHi ¢hopMH BUTOTOBJISUIN 3 €MHOT (POpMYyBaIbHOT cyMilill (000pOTHA CYMIIIl BiJl
90 % no 92 %, kBapuoswuii micok — Bifg 8,0 % g0 6,5 %, rmuHa 6entoniToBa — Bifg 2,0 % 10
1,5 %). PoGoui moBepxHi juBapHUX GHopM MOKpUBaIU (apOOI0 HA OCHOBI ITUPKOHY IS
3a0e3nedeHHs] CTa0UIbHOI MIOPCTKOCTI Ta 3amoOiraHHs Opurapy Ha 3paskax. Po3mipu
BWJIMBKA CTaHOBWIH 135 MM X 70 MM X 50 MMm.

3 wMeroro miAcwiIeHHS e(eKTy HanpaBJIeHOI CTPYKTypH3allli BHUKOPHUCTAHO
XOJIOMUIBHUKHN Yy BUIIIAAI 4aByHHOI miutu 13 CYU200 Bignosigno go JACTY 8833:2019
toBiHamMu 10 MM, 20 MM Ta 30 MM, siki OyJI0 PO3MIIIIEHO Y HIKHIN HamiBopmi.

st gocnipKeHHsT TPOIeCY BHUTOTOBJICHHS YaBYHHUX BUJIMBKIB 13 TPaJliEHTHOIO
CTPYKTYpPOIO 3aMpOINOHOBAHO Ta PEai30BaHO YOTHUPHU PI3HI TEXHOJIOTIYHI BapiaHTH, SKI
YMOBHO pO3/iJieH1 Ha J1B1 rpynu (puc. 2.2 ta puc. 2.3):

1) mnepmmii TEXHOJIOTIYHUN BapiaHT — TOBEPXHEBE OOPOOJIEHHS PO3IUJIaBY
THOKYJISITOpOM (puc. 2.2, a);

2) JApyruil TEXHOJIOTIYHMM BapiaHT — TOBEPXHEBE OOPOOJEHHS PpO3IUIABY
1HOKYJIITOPOM 13 JIUTTSM Ha XOJOJUJIbHUKHY PI3HUX TOBIIMH (puc. 2.2, 0).

3) TpeTiii TEXHOJIOTIYHMIA BapiaHT — KOBIIIOBE OOPOOICHHS PO3IUIABY 1HOKYJISTOPOM
3 PO3JIMBAaHHAM Ha XOJIOJAWIBHUKY P13HUX TOBIIUH (pHC. 2.3, a);

4) yeTBepTUN TEXHOJIOTIYHUI BapiaHT — KOMOiHOBaHE (MOCTYNOBE) KOBIIOBE Ta
BHYTpimHbO(OopMOBe 00pobaeHHs (inmold MeTo0M) po3IuIaBy YaByHY 3 PO3JIMBAHHSM Ha

XOJIOMUIBLHUKH PI3HUX TOBIIUH (puc. 2.3, 0).
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| — KiBII 3 pO3IJIABJIEHUM YaBYHOM; 2 — JINBHUKOBA CUCTEMA; 3 — MOPOKHUHA

TuBapHOi popMHu; 4 — IHOKYIATOP Mapku SBS; 5 — X0n0auIbHUK

Pucynok 2.2 — CxematuyHe 300paKE€HHS IEPLIOTO Ta APYroro TEXHOJOTTYHUX
BaplaHTIB BIANOBIIHO: MOBEPXHEBE OOPOOJIEHHS 1HOKYJIATOPOM (a), IOBEPXHEBE
00poOJIeHHS IHOKYJISITOPOM 13 3aCTOCYBAHHSM XOJIOJWIBHUKIB (0), Ta 3pa30K 13 30HaAMHU

OCIIIIKEHHS

M\ 047 § I BEEY

Joua 4

w5 BEPY
f /f’ﬁf;ﬂi f T L s l i
" | .fm ]Hﬁ.:? ]Jm:r?
. \ 047 2 L~ | o4 1
2 | 6 2 :
£ / I SIS, 7
) Iy 7/ 7 =
a §

1 — XONOIMIBHUK; 2 — MOPOKHUHA (pOopMU; 3 — TMBHUKOBA cUCTEMA; 4 — KIBIII 3
PO3IUJIaBICHUM YaBYHOM; 5 — IHOKYJISITOp Mapku SBS; 6 — peakiiiiina kamepa;
7 — moaudikarop mapku VL63(M)
Pucynox 2.3 — CxemaTudne 300pakeHHs TPEThOTO Ta YETBEPTOT'O TEXHOJIOTTUHHUX
BapiaHTIB BIAMOBIIHO: KOBIIOBE OOPOOJIEHHS YaBYHY 13 3aCTOCYBaHHSAM

XOJIOAWJIBHUKIB (a), KOMOIHOBaHE 0OpOOJIEHHS YaBYHY 13 3aCTOCYBAaHHSAM

XOJIOMUIILHUKIB (0) Ta 3pa3okK 13 30HaMU JOCIIIKEHHS
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2.5 IMiagroroBka 3pa3KiB AJi 10CJTiIKEHb

OTpuMaHi BUJIMBKHA OXOJOKYBalIH y (Gopmi A0 KiMHATHOI Temrnepatypu. [loTim 13
IIEHTPAJIbHOI YaCTUHU BUJIMBKIB (K IMOKa3aHO Ha puc. 2.2 Ta puc. 2.3) 3a JOMOMOTOI0
CTPIYKOBOI NHUJIKK BHpi3anu 3pa3ku (puc. 2.4). Ilomanpmn JOCHIKEHHS CTPYKTYpU Ta
BJIACTUBOCTEH 3pa3KiB MPOBOJMIINA 32 MPOTSHKHICTIO MEPEpi3y B IT'SITH PIBHOBIIIATICHUX
30Hax. JlocnimKeHHs IepeBasKHO MTPOBOAMIIH B IICHTPAIbHIN YaCTHHI 30H 3 BIACTYIIOM 3 MM

BiJl BEpXY Ta HU3Y 3pa3ka, Ta 3 KpOKOM 11 MM MiX IIEHTpaMH 30H.

Bepx 3paska

30@?

JoHa 4 @ / L~
iy W & =
< - | &
& Jowa 3§ > -- / z i

T /)

JoHa 2 % , N E A

_— 7 EE

3oma 1 4 &

\J | 1
e '
Y !
/ y
= % 2
Huz 3paska < - 5

Pucynox 2.4 — CxemaTuuse 300pakeHHs] BUPI3aHOTO 3pa3Kka 13 30HaMu

OCITIIKEHHS

[nidyBanHs Ta moyipyBaHHS 3pa3KiB BUKOHYBAJIU 32 JOMOMOIO0 HUTI(YBaIbHOTO
nanepy 3epuucrictio 200, 400, 600, 800, 1000 Ta peTpoBOTO MOTOTHA 3 ATIMA3HOIO MACTOIO
3epuuctictio 1/0 TY 2-037-506-85 Ha nutidyBansHO-nodipyBaibHOMy BepcTaTi Grinder-

Polisher beta, Big komnanii Buehler (Himeuunna).
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Jlnst BU3HAuYEHHS CTPYKTYPHUX CKJIQJIOBUX 3pa3KiB MPOBOIWIM TpaBieHHS 5 %
CIIUPTOBUM PO3YMHOM a30THOI KUCHOTH. [licnmsi TpaBieHHS 3pa3Kd TPOMHUBAIM  ITif
CTPYMEHEM BOJIH 1 MPOCYIIYBaIH (PUIBTPYBATLHUM HAIEPOM.

Jlis BU3HAYCHHs 3a TMEpepi3oM BWIMBKA 3HAYEHb TEMIIEPATYPOIPOBITHOCTI,
JOCJTIDKEHHS TIPOBOJIMIIA Ha 3pa3Kax, K1 OyJIM J10JJaTKOBO BUPi3aHi 13 HUXKHBOI, CEPETHBOT
Ta BEPXHBOT YACTHH BWJIMBKIB JOCIITHUX YaBYHIB, IO 30irat0ThCs 13 30HOIO 1, 30HOIO 3,
30HOIO 5 BIMOBIAHO (IuB. puc. 2.4). 3pa3kd BUpi3ajdd Ha BepcTaTi Uil PI3KU BiJ
komnanii Buehler (Himeuunna) 3 pyyHuM Ta aBTOMATHYHUM YTMPABIIHHSAM 1 BOJSHUM
OXOJIOJDKEHHSIM 3 METOI0 YHUKHEHHS iX TeperpiBaHHs, SKE MOXKE BIUIMHYTH Ha 3MIHY

BJIACTMBOCTEH Martepiaiy.

2.6 Metanorpadgivni qoc/aixKeHHs

MeranorpadiyHi JOCHIKEHHS TIUIOMIMHU TIEepepidy 3pa3KiB MPOBOAWIN Y I STH
PIBHOBIAaTIeHUX 30HaX (AuB. puc. 2.4) Ha mikpockomi iScope, IS.1053-PLMi (Euromex),

SIKUW B1JOOpa)KEHO HA PUCYHKY 2.5.

Pucynox 2.5 — Mikpockon iScope, [S.1053-PLMi (Euromex)

MikpocKoIl 3aCTOCOBYIOTh B MAaT€piallO3HABCTBI JJIsl CIIOCTEPEIKEHHS 32 MAKPO- Ta

MIKPOCTPYKTYPOIO 3pa3KiB. /[0 MIKpOCKOIy BXOAUTH MaJar04ye OCBITICHHS, MOJSAPU3aIIiH]
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Ta KOMIIEHCaIliH1 (Q1IbTPU, MOBOPOTHUN MPEAMETHUN CTONIMK, 00’ €KTHBH TO110. Bel 6a30Bi
XapaKTepUCTUKU MIKpocKomy HaBeieHi B [100].

JlocmimxenHss MetamorpadivHux 300pakeHb TPOBOIMIM Ha 301bmeHHsax Biax 50 1o
500. IMudpose oOpoOJICHHS Ta aNTOPUTMIYHUN aHali3 MeTajorpadidyHuX 300pakeHb
BUKOHYBaJld 3a JONOMOror TmporpamHoro 3abesmeuyenHHss Imagel [101], ske
PO3MOBCIOKYETHCSI 0€3 JIIEeH31HHUX 00MEKEHb.

Bu3HayeHHSI reOMETpUYHUX MapaMeTpiB BKIIOYEHb BUKOHYBAJIM 3a JOIMOMOTOIO
nporpamu Imagel, knacugikaiiro rpaiToBUX BKJIIOYEHb 3AIHCHIOBAIM 32 METOIUKOIO

Bi3yanbHOTO aHaiizy BianoBigHo 10 JCTY EN ISO 945-1:2022.

2.7 HocaimxenHs: Qi3HKO-MeXaHIYHMX XaPAKTEPUCTHK 3Pa3KiB

2.7.1 BusHayeHHsI TBepAOCTI 3pa3kKiB Ta MIKpPOTBEpPAOCTI OKpeMHUX

CTPYKTYPHHX CKJIAJT0BHUX

JlocniKeHHsT MIKpPOTBEPJIOCT] CKJIAJJOBUX METAJEBOI MaTpHIll YaBYHHUX BUJIMBKIB
3aiiicHioBau 3a BikkepcoM Ha mikpoTBepaomipi [IMT-3 Binnosiano ao [102] (i3 3ycusism
F=196H). Busnauenns TBepaoCTi 3pa3kiB 3a bpiHemieM BUKOHyBalu Ha
HaIliBaBTOMaTHYHOMY TBEpAOMIpI THI-2M, KEPYIOUHCh HOPMaTUBHUMU

nokymentamu [103, 104].

2.7.2 MeToanka BU3HAYEHHS TEMIIEPATYPONPOBIIHOCTI 3pa3KiB

Bignosigno no po3ainy 1 (muB. migposaiu 1.6, 1.7, 1.10), 10 ocHOBHMX (yHKITIH
Matepiany popM TaKoK HAJICKUTH BIABEJACHHS TEIJIOBOI €HEPrii Bl PO3IUIABICHOTO CKIIa,
sIKa PO3CIIOETHCS Y HABKOJIMIITHE CEPEIOBHINE BHACIIIOK TEILIOTIEPEHOCY 0e3mocepeIHbO
yepe3 camy dopmy. Jns mochimkenHs Oyno o00paHO OAHY 13 TeTUIO(i3UIHUX
XapaKTEPUCTHK MaTtepiaiy, sKa BIUIMBAE€ HA 1THTEHCUBHICTH Mepeadl TErIoBoi eHeprii, a

caMe TeMIepaTypOIpPOBIIHICTb.


https://imagej.net/software/imagej
https://imagej.net/software/imagej
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BumiproBaHHs TeMIIepaTypoIpoBiIHOCTI IPOBOAMIN IMITYJIbCHUM METOJIOM, B OCHOBI
SKOTO JISKUTh BHUMIPIOBAaHHS TEIUIOBUX €(EKTIB IMMiJ Yac B3a€EMOJil IMITYJIbCHOTO
BUIPOMIHIOBAaHHS 3 JOCHI[DKyBAaHUM 3pa3KoM, SKHW Mae xapaktepHi Gopmy Ta

po3mipu (puc. 2.6).

Ap(f)

10 mm

e ot

a 0
a — po3mipu Ta ¢popma 3paska; 0 — MOoJIel MPOoLEeCy NePepOo3NOALTY TEIIIOBOTO

MOTOKY 4Yepe3 3pa30K y Mpoleci BU3HAYCHHS TEMIIEPATyPOIPOBITHOCTI MaTepiay

Pucynok 2.6 — XapaktepHi 0COOIUBOCTI IMITYJIbCHOTO METOJY BUMIPIOBaHHS

TEMIIepaTypONpOBITHOCTI [51]

[Iporec iMIyILCHOTO HArpiBaHHS PEUYOBUHM Ma€ TMEBHI OCOOJMMBOCTI Ta (Hi3WUHI
00OMEKEHHS 32 HOTO BUKOPHCTAHHSI, OCKUIBKU:

— BUKOPUCTOBYIOTH JHIINE 00 €MHI TEIUIOBI ONTHUYHI JKEpesia i NMPOHUKHEHHS
CBITJIa B TOBIIY 3pPa3Ka;

— 1HTEHCHUBHICTb CBITJIa 32 TOBIIMHOIO 3pa3Ka 3MEHIITY€E€ThCS TPOIIOPIIIIHO 10 TNTUOUHU
HOTO TPOHMKHEHHS, IO MPU3BOAUTH 10 HEPIBHOMIPHOCTI BHIUICHHS €Heprii y o0’emi
3paska.

OctanHs OCOOJMBICTh BHUKJIMKAE€ HEOMHOPIAHICTH MPOTPIBAHHS 3pa3Ka, OCKUIBKH
CTBOPIOE TMPOIECH TEIJIO- Ta MacONEpPeHOCY MK pI3HUMHM YacTMHAMU Marepiaiy
3pas3ka [105].

SBuie TEMJIOMEPEHOCY B TBEPAMX TUIAX OMUCYETHCS PIBHAHHAM 30€peKeHHs

eneprii. Biamoigno no [51, 106], nexaii:
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dQ = pTdS 2.1)

ne dQ — KUIbKICTh TEIUIOTH, SIKY OTPUMY€ OJIMHUIIA 00’ eMy pedoBuHH, [IXK;
p — TYCTUHA PEYOBHHH, KT / M>;

T — repmonmHamiyHa Temmneparypa, K;

S — eHTporis oaUHUII Macu pedoBuHH, Jx / K.

Toni mpu dQ = 0 temonepenaya BinOyBaeThCs afiabarnyHo, ToOTO Oe3 BTpat. Y
3B’SI3KYy 31 CKJIAJIHOIIAMHU CTBOPEHHS 1J€albHUX TEPMOIUHAMIYHUX MPOLIECIB B 3€MHUX
yMOBax (0COOIMBO a/1iabaTHYHOr0) BUKOPHCTOBYIOTh HAOMMKEHO afiabaTHi mpouecH. Ix
MO>KHA CTBOPHUTH, HANPUKIAJ, 32 BUKOPUCTAHHS 3HAYHOTO 130JISLIMHOTO IIapy, abo Tak
IIBUJIKO, 11100 TEIJIO0OOMIH 3 HABKOJIMIIIHIM CEPEIOBUILIEM Ta BCEPEIUHI CUCTEMH HE BCTUT
B1OyTHCS. OTHUMHU 3 IPUYUH, 1110 TPU3BOJATH J0 MOPYIICHHS a11a0aTUYHOrO MPOIIECY, €
HAsSIBHICTh HE3BOPOTHIX MPOIECIB (TEIJIOMPOBITHOCTI), T4 HASBHICTh 30BHILIHIX JKEPEI
teriotu (ontuuHux). IlepeHoc eHeprii Moke BiAOyBaTHUCS KBAaHTOBUMH YAaCTHHKaAMU
TaKUMH SK (OTOHHU, €INEeKTpOHH ab0 (OHOHM B 3AJEKHOCTI BIJ CTPYKTypHU
cepenoruma [105, 107, 108].

BBaxkxatrumemo, 110 3MiHA TEPMOJUHAMIYHUX BEJIWYUH MPOXOJUTH 32 HE3MIHHOTO
TUCKY, 8 KOEDIIL[IEHT TEMIONPOBIAHOCTI (K), IyCTUHA () 1 TEMIIOEMHICTS (C,) 32 HE3MIHHOTO
TUCKY, HE 3MIHIOIOTHCS Bijl TEMIEpATypu Ta KOOPAMHAT Y BUTJIISI JIHIAHOI MOCTAHOBKU
3aaul. 3anuiieMo 3akoH Dyp’e [51, 106]:

G=—kVT (2.2)
Jie § — BEKTOP I'yCTUHH TEIIOBOTO MOTOKY, BT / M2,
Kk — koedimienT TeronpoBigHocTi, BT/ (M - K), Xapakrepusye 3AaTHICTh pPEYOBUHU
POBOJIUTH TETIIOTY.
VT - rpaaieHT Temmnepatryp, K/ m.

Toai BBaxaemo, 110 NYYKH IMITYJIBCIB CBITJA PyXalOThCS B3JIOBX JI0JATHOTO
HanpsaMKy Bici O, (nuB. puc. 2.6) Bij JKepela Ta MOTPaIIIioTh 0 HOpMalli Ha TTIOBEPXHIO
3paska. [Ipu oMy B 3pa3Ky CTBOPIOIOTHCS 00’ €MHE JKEPETIO TeIUIOTH 3 TYCTHHOIO TTOTOKY
eneprii af (7, t), 1e @ — Koe]ilieHT MOTIMHAHHS IMITYJIbCHOTO BUIpOMiHeHHs; J(7,t) —

PO3MO/ILT IHTEHCUBHOCTI CBITJIa B MaTepiai.
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Jlis raycoBro poO3MOAUTY IHTEHCHBHOCTI IMyYKa PO3MOAUT IHTEHCHUBHOCTI Mae

Bursia [S51]:
X2 +

J@t) = (1 = R)J, exp(—az) eXp{ } fl— (2.3)
P

1e Jo — IHTEHCUBHICTH IMITYJIbCHOT'O BUITPOMIHEHHS;
R — xoedirieHT BiIOMBAHHS CBITJIa TOBEPXHEIO;

T — pajiyc CBITJIOBOIO MyYKa;
: ) ) t : )
B pisusaani (2.3) dyHkmisg f (T—) OTUCY€E YacOBY OOBIAHY IMITYJIbCY, IO Ma€
p

TPUBAIIICTD Ty.
3a yMOB HE3aJeXHOCTI BiJ TEeMIEpaTypu Ta KOOPAUHAT TEIIo(i3uuHuX
XapaKTEPUCTHK BUKOPUCTOBYETHCS HECTAllIOHAPHE JIIHIIHE PIBHSHHS TEIIONPOBIAHOCTI

JUTSl BU3BHAYEHHS TEMIIepaTypH 3a IMIYJIbCHOTO BUIIPOMIHIOBaHHS, sike Ma€ BUTIIsiA [S1]:

a—T=)((i+—+—)+oz J(x,y,2,t), (2.4)

dx dx2

ne ¥ =k /p * C, — xoeilieHT TeMnepaTyponpoBiaHOCTI, M /c,raa*=a/p- Cp.

Buie onucani piBasinHg (2.1) — (2.4) Ta MeX1 BUKOPUCTaHHS METOJTY J1al0Th OCHOBY
JUTsl ICHYBaHHS HEPYHWHIBHOTO Ta OE3KOHTAKTHOTO IMIYJIBCHOTO METOAY BHUMIPIOBAHHS
TemiiepaTyponpoBingHocTi. [lix yac 3acTocyBaHHA AaHOTO METOAY MOBEPXHs 3pa3Ka, siKa
3HAXOAUThCS Yy TwionuHl Oxy (AUB. PUCYHOK 2.6), OMPOMIHIOETHCS IMITYJIBCOM CBITJIA
ONTHYHOTO Miama3oHy npotsarom T = 100 Mc, yacThHA 3 SIKOTO ONTUYHO IMOTJIMHAETHCA 3
NEPETBOPEHHSAM Ha TEIUIOBY €HEPril0 3 BIAMOBIIHUM IIiJIBUIIEHHAM TEMIIEpaTypH, IO
MIPU3BOIUTH JI0 MONTUPECHHS TEMIIEPATYPHUX XBUJIb Y TIIHOWHY 3pa3ka. 3roJ0M BiIIOBiIHA
YacTHHA TEIUIOBOTO TMOTOKY, HEPO3CIIOIOUUCH, MIIBUIYE TEMIIEPATypy Ha MPOTHIICIKHIN
MOBEPXHi 3pa3Ka, 10 3HAXOAWTHCA Ha TUIONIMHI, M0 MapajiensbHa Oxy, sika B CBOIO Uepry
[IOYMHAE CTBOPIOBATU 1H(payepBOHE TEIJIOBE BUIPOMIHIOBaHHS. 3aTpuMky Mk [Y
BUIIPOMIHIOBaHHSM JDKEpeNia Ta 3pas3ka, sika BiAmoBimae nudysii Temia, KOHTPOIIOIThH
[Y4- nerektopom. Bukopucrtanus mipoenekTpuuyHoro pgatuuky [109] npuszBoauth 10
CIIPOIIEHb, OCKUIBKM HEMa€ HEOOX1THOCTI BU3HAYATH TAJIIHHS Ta TMOTJIMHAHHS C€HEPrii,
Koe(IIieHT MOTTMHAHHS MTOBEPXOHb, KOS(IIIEHT BUITPOMIHIOBAHHS, @ TAKOX KPUBY 3MIHU

TEeMIIepaTypH B Yaci Ta 1HII MapaMmeTpu ceHcopa [72].
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[Tpuntunosa cxema BumiproBanbHOi cuctemu IMBT vy sikiit cBitmomion (LED), sk T4
BUIIPOMIHIOBAY Ta MIPOENEKTPUYHUN JETEKTOp Yy SKOCTI TermaoBoro natuuky (PyES),
ONPOMIHIOIOTH Ta 3HIMAIOTh BEJIUYHMHY TEIJIOBOIO MOTOKY BIAMOBITHO 3 YaBYHHUX

3pa3kiB (puc. 2.7).

S
PYES
LED PA
MK
PS AT AD-DA
+6B: t15B

LED — cBitnonion (GREE-XML), S — 3pa3ok 3 waByHy, PYES — nmiponatuuk
(IRA- E700STO0), PA — nocumoBay (Ku=10000), AD-DA — 6mox ALTI-ITAII (=10 B,
12 po3p, 2 xkananu), PS — 6nox xwuBnenns (x15 B, +6 B), IIK — nepconansuuii koM torep

Pucynox 2.7 — biok-cxema npucTporo iMmyJI5CHOTO METOY BUMIPIOBAHHS

TEMIIEpaTypONpOBITHOCTI [51]

Jlnst  IMIyJIbCHOTO  METOJy BHUMIPIOBAHHS  TEIUIONPOBITHOCTI  BUKOPHUCTAHO

BIJINOBIJIHE PIBHAHHS TEIUIONpOBiAHOCTI [51, 106]:

LRI = kAQ(r, ) + W(r, 1), (2.5)
T1]] YaC BUKOHAHHS TaKUX TPaHUYHUX YMOB [51]:
kdQ kaQ

_W |0 = alQ(OI t)l _E 1= CZZQ(LI t)r (26)

e W (r, t) — popma mpoxomKeHHS TETIOBOTO IMITYJIbCY;
C, — muToMa 00’eMHa TeII0eMHICTh, [k / (kr - K);
k — xoedimient Temmonposinnocti, Bt / (M - K);

L — ToBmuHa mapy, Mm;
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@1, Ay— KoeQilieHTH TeroBTpar mapy, Br / (m? - K).
TenoBa KpaiioBa 3ajada TMOJSATaE y BHU3HAYCHHI pajiamiifHOI [IIIBHOCTI

BUIPOMIHEHHS 3aJJHBO1 CTIHKH IIIapy, SIKE 3a3HAJI0 IMITyJIbCHE onpoMiHeHHs [72, 110]:

qp(t) = qpo a1 {n(t) —n(t —1y)}, (2.7)
oT 0 ; OT
P =35k 3) (28)

BusnaueHHsT MPOXO/HKEHHS KUTHBKOCTI TeIia Kpi3b 3pa30K BiAOYBAa€eThCS 3a

HACTYITHUM CIIiBBiTHOIIICHHSIM

Wpt= = a {Q(L,t) — Q(L,t — 7y}, (2.9)
3 TPaHUYHUMU YMOBaMU HaBeieHUMHU Y (2.6). Toxi BupimenHs 3aga4di mae Burisia [51, 106]:
L? Cpl? k
Y=—= P == (2.10)
T, k Cp

e y — koedilieHT TemMmepaTyponposigHocti, M? / ¢;
T4 — 3CYB Y 4acl MAKCUMyMY MPOHAEHOTO TEILIOBOTO IMITYJIbCY, C;
C — 1300apHa TerinoeMHicTh, JIx / (kr - K);

p — TyCTUHA mIapy, Kr / mM>.

2.7.3 Metoa nudepeHuiiiHO-TEPMIYHOI0 AHAJI3Y HOCJiXKeHHS 3pa3KiB

JocnikeHHsl CTPYKTypHHX 1 (pa30BHX MEpPETBOPEHb Yy IMpOILECl HAarpiBaHHS Ta
OXOJIOJIPKCHHST 3a3BMYall BUKOHYIOTh 3a JIOMOMOTOI TU(DEPEHIIHHO-TEMIYHOTO aHali3y,
mudepenIiaabHo ckanytouoi kajgopumetpii (JJCK), a Takok CHHXPOHHOTO TEPMIYHOTO
ananizy (CTA), mo € 6arartouinboBuM aHaiizom. Came (CTA) BkiItOUa€e JBa METOIU —
mudepeniiino-repmorpasimerpuunuii ananis (JITT'A) ta JICK.

Hocnimxenuss mpooauian Ha oOmamnanHi CTA ¢ipmu NETZSCH (Himewunna)
mapku STA 449 C Jupiter (puc. 2.8).

Jlanuii memoo 00cniodceHHs: 003605€:

@) He BpaxoBYBAaTH Taki (DaKTOPH SIK HEOJHOPIHICTh MaTepialy, YMOBHU MPOBEACHHS

JOCIIPKEHHS Ta MATOTOBKY 3pa3KiB 1 MOAI0HI CynmyTHI (hakTopu;



76

0) NO3BOJISIE JOCIIIHKYBAaTH OKUCIICHHS Ta BUTIAPOBYBaHHS METalliB (UyTJIMBICTh Bar
craHoBuTh 107 1);

6) TOYHO BH3HAYATH BEIMYMHU TCIUIOEMHOCTI Ta CHTAJBIII (BHACIIZOK B1JIOMOIO
(haKTUYHOTO 3HAYCHHS MACH);

2) PO3IUIATH BHECOK 3BOPOTHHUX Ta HE3BOPOTHHUX IPOIECIB Y TEIUIOBI €(deKTH 3a
paxyHOK npoBeqieHHsI MmoayasoBanoro [[CK;

0) BHU3HAYaTH KUIbKICHO TEIUIOBI €()eKTH Ta BIJMOBIAHI TEMIIEpaTypHI MOKa3HUKH;

¢) TIOPIBHIOBATH PE3YJABTATH TEPMIYHOTO aHAII3Y 31 3MIHOIO MacH 3pa3Kka (CyIIiHHS,
OKHCHEHHS, PO3KJIaJIaHHS 1 BUIIAPOBYBAaHHSA B MPOIECI EKCIIEPUMEHTY) Ta BIUIMB ii Ha

TEIJIOBI €(PEKTH.

-
o

:-_EH o A

v
R

Pucynok 2.8 — Cunxponnuii tepmiuanii ananizatop STA 449 C Jupiter

Jlanuii memoo 00cnioxceH s He 00380JI5€:

@) IOCIIJKYyBaTH BC1 CTPYKTYpHI Ta (Da30Bi MEPETBOPEHHS B METAJIaxX 1 CILJIaBaXx;

6) GbikcyBaTu TpOIIECH TpHUBaIl Yy 4aci, ado Taki, M0 CYNPOBOIKYIOTHCA PI3KOIO
3MIHOIO TeIIO(PI3UYHUX XapaKTepUCTUK (TOMOTeHi3alii, peKpucTaiizailii, CTPyKTypHOI
penakcaiiii, po3naj TBepAUX PO3YUHIB, MEPeXi]l MeTacTaOIbHUX (a3 B CTAOLIbHI).

Tepmoanamnizatop STA 449 C Jupiter 103BOJIIE MPOBOIWUTH ITOCIIKCHHS B JIBOX
peKIMax:

1) «3pa3ok» — peKUM HE BpaxOBYe TETUIO(PI3UYHI BIIACTUBOCTI TUTEJIHLHOI CUCTEMU Ta
BUKOHYIOTh TIODIBHSHHS 3 1HEPTHUM €TaJOHOM, IO Ma€ OJu3bKI 3a 3HAYCHHSIM

XapaKTePUCTUKHU JI0 TOCTIKYBAHOTO 3pa3Ka;
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2) «3pa3oK 3 KOPEKIIEI0» — PEXKUM BPaXxOBY€E TEIUIO(DI3UUHI BIACTUBOCTI TUTEIBHOT
cCUCTEeMH. 3aJi1 BUKIIOUECHHs BIUIMBY THUIJISI Ha Pe3yJbTaTH JOCHIJKEHHS, BUKOHYIOTbH
MOTepeIHE BU3HAYCHHS 3MIHM TEIUIOEMHOCTI THUTENbHOI CHCTEMH Ta €TallOHy B
AQHAJIOTIYHUX EKCIEPUMEHTAIBHUX yMOBaxX HJsi JOCHIKEHHS 3pa3ka W Mojabliie
aBTOMATHYHE BPaXxOBYBaHHs IMOKA3HHUKIB MPHIIAJIOM ITi/1 YaC BUMIPIB.

Opnak, y Oyap-sSIKOMYy BHUITaJIKy a0COJIOTHA YHCTOTA JOCIHIKEHHS BIICYTHS, ajlKe
icnye neske crnotrBopeHHo kpuBux JICK Ta Haxunm 6a30BOi JiHII, OCKUIbKH, MIAOIp
(aKTHYHO 1€aTbHOTO €TAJIOHY 3 TOT0 CaMOTO MaTepiaily, 10 1 JOCHIHKYBaHUH 3pa3oK
MPAKTUYHO HEMOXJIMBHMA. HaBiTh SKIIO CTPYKTYpHI 3MIHM B 3pa3Ky BiICYyTH1 (Imiciis
TEPMOOOPOOJICHHS), BIUIMB €TAJIOHY B THUIJl Oyae BITYYTHUM (pi3HE PO3MIIIECHHSA Ta
MacoBO-Ta0apyUTHI BIACTHBOCTI).

JocnipxenHs 3pa3kiB 3a gfonomororo CTA BUKOHYBalIM 3a HACTYIIHUX YMOB:

@) KamOpyBaHHS MpuUaaAy BUKOHYBAJIM IE€pe] MPOBEACHHSIM JIOCIIIKEHHS 3a
€TaJOHHUMH PEYOBHHAMM 3T1IHO IHCTPYKIIi JO MpUIaay;

6) 3acTOCOBYBAJId IHEPTHE CEPEIOBUIIIE;

6) TOYHICTb BHUMIPIOBaHHS Temmeparyp Tepmomaporo tumy S (III1)
cknagana + 0,5 °C;

2) TpoBenu HarpiBaHHA 31 mBUAKICTIO 20 °C / XB, HEBUIMAIOUX 3pa30K 13 IPHUIIATY.

2.7.4 Jlocia:KeHHS OKAJIUHOCTIMKOCTI YaBYHIB

JocnimxyBaHi 3pa3Ku MijilaBajid BUMTPOOYBAHHIO HA OKAJIIMHOCTIWKICTh BIJMOBIAHO
no Bumor [40] 1 BaroBMM METOAOM 3a 30UIBIICHHSIM Macu 3pa3KiB 3a CTaHJApPTHOIO
HOPMAaTHBHOIO METOIUKOIO Ta JOCIIKSHHIMU [66].

["'0J0OBHMM MOKa3HUKOM OKAJIMHOCTIMKOCTI € BEJIMYMHA (, SIKA XapaKTepU3ye 3MIHY
MacH 3pa3ka Ha OJUHUINIO MOTo IOBEPXHI MpOTAroM mneBHOro uacy (r/(cm” - rox)). 3a
PI3HHIICIO MacH 3pa3Ka JI0 Ta Micisi BUTPOOOBYBaHHS BU3HAYaM 3MiHy Macu AP, 3a sxoro,
3 ypaxyBaHHSM IUIOIII MOBEPXHI 3pa3ka, po3paxoBYyBalU 32 (POPMYIJIOI0 MUTOMY 3MIHY

MacH ¢, IKa € XapaKTePUCTUKOIO0 OKATUHOCTIMKOCTI:
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_ AP 2.11)
S-S’

ne AP — pi3HULIA Macu 3pa3Kka 70 Ta Miclisi BUIIPOOOBYBAHHS, T;

q

T — yac BUTPUMYBAHHS 3pa3Ka 3a TEMIEpATypy BUIIPOOOBYBaHHS, TO;
S — mIoma MoBepXHi 3pasKa, cM2.

OCHOBHI XapaKTEpUCTUKH 3pa3KiB Ta MpoLeCy BUMTPOOYBAHHS HA OKATMHOCTIMKICTD:

@) A JOCIHIKEHHS BUKOPUCTOBYBAIM LIWJIIHAPUYHI 3pa3ku aiamerpom 10£0,1 mm
Ta Bucotor 20+0,2 mm (puc. 2.9, a);

6) BUKOPHUCTAHO CIHEIialbHI MPOKApEHI alyHJOBI YOBHUKH, 3 SKHUMH 3pPa3Kd
KOHTaKTyBaJIU JBOMA MOB30BKHIMHU JIIHISIMH 110 O1YHUX MOBEpXHsIX (puc. 2.9, a);

6) TOBEPXHS 3pa3KiB B alyHJIOBUX YOBHUKAX BUIBHO KOHTAKTyBajla 3 IOBITPSM,
3a0e3nevyeHo 30epiraHHs OKaJMHH, a Marepial YOBHHKA HE KOHTAKTYBaB 3 YTBOPECHUMH
OKCHJIaMU;

2) BUNPOOYBaHHS MPOBOIWIM 3a MakcuMaibHOI Temmeparypu 10004+20 °C (Ha
150 °C Buma 3a MakCHMMalbHO MOXIIMBY TEMIIEpaTypy EKCIUTyaTalii IOCHiIKyBaHOTO
Matepiany) 1o ctanoi macu B neui CHOJI 1,6.2,5.1/11-1124;

0) CepeloBHILE B AKOMY IMPOBOJMIN BUITPOOYBAHHS — MOBITPS;

e) TIoYaTOK BUIPOOOBYBAHHS — 4Yac JIOCATHEHHS B poOodYiil 30HI Iedyi HEoOXiTHOT

Temriepatypu (puc. 2.9, 6);

a §)

Pucynok 2.9 — 3oBHilHIi BUTIISIT 3pa3KiB MIATOTOBICHUX A0 JAOCIIIKEHb (a) Ta 'y

nivHii atMocdepi (0)
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Jic) TCASL 3aKIHYEHHS TEpMIHY BHUIPOOOBYBAaHHS 3pa3Kd BHAASUIM 13  TIedl,
OXOJIO/KYBAJIM HA MOBITPI i 3BaXKyBasIu;
3) IS KOKHOTO XIMIYHOTO CKJIaJy BHUIPOOOBYBAJIM OJHOYACHO TPU 3pa3Ku 3
HOAATBIINM YCEPETHEHHSIM PE3yJabTaTiB BUIPOOOBYBAHb.

Busnauena 3MiHa Macu 3pa3KiB Ja€ MOXJIMBICTh OLIIHUTH CXWJIBHICTh METAIy J0

OKHMCHEHHSI, TOOTO HOT0 OKaJMHOCTIMKICTD.

2.7.5 JociiazKeHHS TePMOCTIHKOCTI Ta POCTOCTIMKOCTI YaBYHIB

OcoOnuBICTh METOAMKHA BUIPOOOBYBaHb TEPMOCTIMKOCTI Ta POCTOCTIMKOCTI
Marepiany 6a3zyBajacs Ha AOCTIHKeHHIX [65]. MeToiMka nomsirae y BUSBIICHHI Ha 3pa3Kax
TPIIIMH TEPMIYHOI BTOMHU BHACIIZOK JIi MUKIIYHUX HarpiBaHb Ta OXOJO/KEHB, 3MIHH X
30BHIIIHBOI (OPMH Ta reoMETpii BIAMOBIIHO, IO A€ MOMJIMBICTH OI[IHIOBATH 3MIHY
IIUTHHOCTI TTOBEPXHEBUX IIapiB 3pa3ka Ta HOro eKCIUTyaTalliifHOi 3/IaTHOCTI B YMOBax
TePMIYHUX HaBaHTAKCHb.

YMOBHU ITPOBEICHHS AOCIIIKEHb TEPMOCTIHKOCTI Ta POCTOCTINKOCTI MaTepiaiB Oyiu
OJIHAKOBUMH JIJISI BCI1X 3pa3KiB.

OcHOBHI yMOBM Ta OCOOJMBOCTI i1 JOCHIDKEHHS TEPMOCTIMKOCTI Ta

POCTOCTIMKOCT1 HACTYITHI:

a) rabapuTHI po3MipH 3pa3kiB — noBxkuHa 60 MM, miametp — 10 MM (puc. 2.10);

e

|
§

Pucynok 2.10 — 30BHIiMIHIN BUTIISA TIATOTOBICHUX 3Pa3KiB Mepe JOCIIKEHHIM

TEPMOCTIMKOCTI Ta pOCTOCTIMKOCTI
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6) 1HTepBajJ TEPMOLMKIYBaHHS B JAiana3zoHi Temmeparyp 25+3-1000+20 °C;

6) HarpiBaHHs B iHAYKIIIHHIN niedi 10 1000+20 °C;

2) pi3Ke OXOJIOMKEHHS B MPOTOYHIN BOAI 3 Temmeparyporo 25+3 °C;

0) BUMIPIOBAHHS Ta pEecTpallis 3MIH JIHIHHUX PoO3MIpIB 3pa3KiB y Mpoleci
BUNPOOYBaHHS;

e) (Gikcallis UKITY BAHUKHEHHS TPIIIUH TEPMIYHOT BTOMH Ha Oy/b-sIKiii 3 TOBEPXOHb

3pa3KiB 10 MOMEHTY iX MIOBHOTO pyHHYBaHHS.
2.8 O0po0JiIeHHs OTPUMAHMX pe3yJbTaTIiB

O]_IiHKa TOYHOCTI OTPUMAHUX OAaHHUX IIPOBCACHHX CKCHepI/IMeHTiB BHU3HA4YCHO 3a

TaKUMH TToKka3Hukamu [111]:

a) cepenHe apupmeTuyHe 3HAUYCHHS:

(X) = % (2.12)

ne (X) — cepenHe 3HAYCHHS OTPUMAHUX PE3yJIbTATIB TIiJ1 4ac BUITPOOYBAHHS;
X; — 3HA4YEHHA i-T'O BUMIDY;
N — KUIbKICTh BUMIpIB.

6) BIJHOCHA MOXHOKA BUMIPIOBAHHSI:

5 = 2Xomn 100 ot 2.13
X ” 219

BianosinHe 3acTtocyBaHHS OOpPOOKM OTPMMAaHHUX E€KCIEPUMEHTAIBHUX JaHUX

3MEHIITY€ BIUIMB BUIAKOBHX MOXUOOK 1] 9ac MPOBEACHHS JOCITIKECHbD.
BucHoBku 10 po3aiay 2

1. BusnaueHo mMXTOBI MarepiaJld Ta PEKUMH TEXHOJOTIYHOTO TIPOIECy

IMPUTrOoTYBAHHS PO3IJIABY YaBYHY JIJISI BUTOTOBJICHHSA I[OCJ'IiI[HI/IX BHUJIMBKIB.

2. Po3po0sieHO 4OTHUPH TEXHOJIOT1YHI BaplaHTH BUTOTOBJICHHS BWJIMBKIB 3 METOIO

CTBOPEHHS Ta PETYIIOBAaHHS TPAJIEHTHOI CTPYKTYPH i BIACTUBOCTEH:
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2.1) moBepxHeBe 00pOOJIEHHS PO3IUIaBy y (GopMi 31 3aCTOCYBaHHIM 1HOKYJSTOpa
PI3HOT AUCTIEPCHOCTI;

2.2) 3aCTOCYBaHHS TEIUIOAKYMYJTIOBAHUX €JIEMEHTIB Pi3HUX TOBIIWH Y MOETHAHHI 13
MOBEPXHEBUM OOPOOJICHHSIM AUCIEPCHUM 1HOKYJISITOPOM;

2.3) koBIIOBe  OOpOOJICHHS  pO3IUIABY  IHOKYJISITOPOM  Ta  3aCTOCYBaHHS
TEIJIOAKYMYJTIOBAaHUX €JIEMEHTIB PI3HUX TOBIIUH;

2.4) KOBIIOBE Ta BHYTpIIHbO(OpMOBE OOpOOJIEHHS 4YaByHYy Yy KoMmOiHamii i3
3aCTOCYBAHHSM TEIUIOAKYMYJIOBAHUX €JIEMEHTIB PI3HUX TOBIIHH.

3. Onucano cnocoOu BIIOMPAHHS Ta MiATOTOBICHHS 3pa3KiB JI0 TIOCHII>KEHb.

4. OOpaHo METOJMKM Ta YCTAaTKOBYBAaHHsS JJii NPOBEJICHHA MeTanorpadiaHux
JOCJIIIKEHb, BU3HAUCHHS (PI3MKO-MEXaHIUHMX BIACTUBOCTEH, IO JI03BOJISIE OTPUMATH
BHCOKY BIJITBOPIOBAHICTh PE3y/ibTaTIB Ta BIAMNOBIJAIOTH BUMOTaM YMHHOI HOPMATHUBHOI

JIOKYMEHTAIII1.
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3 BUBHAUYEHHS XIMIYHUX TA TEIUIO®I3MYHUX BJIACTUBOCTEM
JAOCJIIHUX YABYHIB

3.1 Migdip xXiMivHOTO CKJIAXY JOCTIIHUX YABYHIB

OpHi€ro 13 BXKJIMBUX XapaAKTEPUCTHUK, IO POPMYE TEPMOCTINKOCTD, TEIIIO(PI3UUHI Ta
TEXHOJIOT1YH1 BJACTUBOCTI YaBYHY, € HOr0 XIMIYHMM CKiiaja. BiAmoBigHO Taki BIACTUBOCTI
dbopMyIOTh poOOTO3AATHICTh MaTepiany (OPMOKOMIUICKTY JJisi BUTOTOBJICHHS CKIISTHOT
tapu. CTIMKICTh MaTepialy Iij 4ac TeMIIepaTypHUX KOJIMBaHb 3HAYHOIO MIPOIO 3aJICKUTh
B1Jl IOr0 CTPYKTYypH. 30KpeMa, BIACYTHICTh (pa30BHX MEPETBOPEHb y Alana3zoHi poOodMX
TEMIIepaTyp, XapakTepHa Il KPEMHHUCTHX, BHCOKOXPOMUCTUX Ta BHCOKOHIKEIEBUX
YaBYHIB, 110 CIIPHUSE IMIIBUIIICHHIO IXHBOI CTIHKOCTI.

Jns  3abe3nedyeHHs HEOOXIIHMX EKCIUTyaTalllfHUX BJIACTUBOCTEH JIOCIITHHUX
MaTepiaiiB, y TOMY YHCIi, BUKOPUCTAHO PEKOMEHJAIlll HAyKOBUX POOIT HABENACHHUX Y
NepIoMy po3aut podotu (auB. migpo3aum 1.11, 1.12).

Bwmict C B HaliOUIbII MOIIMPEHUX YaBYHAaX, IO 3aCTOCOBYIOTh JJIi BUPOOHMIITBA
dbopmokoMIIIeKTiB (auB. Tabi. 1.2), 3HaxoauThCA nepeBakHO Bix 2,4 % mo 3,8 %. Kpim
TOrO, y po00oTi [37, 112] CTBEpIXKYIOTh, 1110 JaHU Aiana3oH BMicTy C y 4aBYH1 3yMOBIIIOE
IpolieC YTBOPEHHS CTa0IIbHUX (a3 o-3aii3a Ta rpadiTy i yac MOBUIBHOTO OXOJIOKEHHS
BunuBka. IlepeBumienns Bmicty C monan 3,8 % mpu3BOIUTH 0 MOTIPIICHHS MEXaHIYHHUX
BJIACTUBOCTEHN BUJIMBKA BHACIIJOK HAIMIPHOI KUIBKOCTI rpad)iTOBUX BKJIIOYEHb Ta 3HAUHOTO
30UTbIIIEHHST X po3MipiB. 3HMKeHHsS BMicTy C menmie 2,4 % CyTTeBO MOTIpIIye JIMBApHI
BJIACTUBOCTI YaBYHHOTO PO3ILJIaBy Ta 30UIbIIIyE HOTO CXUJIBHICTH 10 BUOUICHHS. Tomy, st
MoJaNbIIUX fociipkeHb BMIicT C y yaByH1 3a0e3nedyBaiu B Aiana3oHi Big 2,4 % 1o 3,8 %.

Jlnst nmomatkoBoi TpadiTu3yBanbHOI Aii y 4YaByH pekoMmeHmoBaHo [59, 60, 112]
BBouTH Big 1,5 % no 3,5 % Si. JlocuTh mMpoKuid iana3oH BMICTY Si y YaBYyHax, sKi
BUKOPUCTOBYIOTh JIUIS JeTanel POPMOKOMIUIEKTY, 3yMOBIICHUN MTO3UTUBHUM BIUTMBOM Ha
YTBOPCHHSI dbeputHOi MaTpPHII Ta HEOTHO3HAYHUM BILJTUBOM Ha
XKapocTiukicTh [59, 93, 113]. Bucoka cnopiiHeHicTh Si 10 O HeraTUBHO BILJIMBAE HA 3MIHY

00’eMy 4aByHYy Ta, SIK HACNIiJIOK, HA WOTO PICT y MpOIleCi eKCIuTyaTallii, 0COOIMBO 3a
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BUCOKUX Temrepatyp [37, 58, 88]. Tomy /s nmpoBeneHHs MOAATBIINX JOCHIKEHb OYyII0
MPUHHATO PIIIEHHS 3BY3UTH J1alla30H Ta po3IIuTH Horo Ha aBa: Big 1,8 % mo 2,6 % Si ta
Big 3,0 % no 3,3 % Si.

Sk 3a3HadeHO Kepenamu [58, 61], Mn HeoOXiHMIM 1J11 HeMTpai3alii BIUIUBY S Ha
Fe, sika mij yac 3aTBep/IiBaHHs YaBYHY YTBOpIo€e cynbdiau 3amiza (FeS), mo BunanamoTs Ha
MeXaxX 3€peH Ta CTBOPIOIOTh Yy 3ali30BYIVICLIEBHX CIUIaBaX HETAaTUBHUM eQeKT
yepBoHOIaMKOCTl. OHak, Mn cripusie nepiiTU3allii Ta 3HWKEHHIO TEPMOCTIHKOCTI YaBYHIB,
0COOJIMBO TakWX, SIKl MiJAAIOTHCS BUCOKOMY TEPMIUYHOMY BIUTMBY. SIK OyJO 3a3HaueHO
BUIIE, IS JeTane (POPMOKOMIUIEKTY HEOOXiJHa TMepeBaKHO abo MOBHICTIO (epuTHa
MaTpPHII Ta BHCOKA TEPMOCTIHKICTh, TOMY IIO BOHM MPAIIOIOTh 32 IUKIIYHOTO BIUIMBY
BUCOKHMX Temneparyp. O1xke, kepyrouuch [58, 61, 63], BMicT Mn y JD0CIIIHUX YaByHax
oOmesxeHo Ha piBHi 0,8 %.

HasBHicTh migBuiieHoro BmMicty P npu3Boauth 10 yTBOpeHHS (HOC(h1IHOT €BTEKTUKH
y YaBYHI, 1110 Pi3KO 3HM)KY€E HOTO TEPMIUHI Ta OKpeMi MeXaH14H1 BIacTUBOCTI. [IiABUIIIEHMIT
BMICT S 3HAYHO TMOTIPIIY€E MIIIHICHI XapaKTEPUCTUKHU MaTepialy 3a BUCOKHX TEMIIEpaTyp Ta
crpusie YTBOpeHHIO TpimuH. OTxe, HeoOX1AHO 3a0e3neunTH HU3bKuil BMicT P ta S — 10
0,04 % P ta 0,02 % S [58, 61].

Takuit enmemeHT sk Al Mae HENOCTIMHMN BIUIMB Ha TPOXOIKCHHS IPOIECY
rpadituzauii B 4yaByHi. [lo3uTuBHO BIuMBae Ha rpadituzauito jgume BMicT Al no 4 %.
Opnak, Al akTUBHO YTBOPIOE CAMOIIACUBYIOUY OKCUJIHY TUTIBKY, SIKa JI€ SIK 3aXUCHUM 11ap
Ha TOBEpPXHI BWIMBKA Ta MOMEpe/Kae Horo okucHeHHs [58, 62]. Tomy ajsi ogHOTO
nociigHoro niama3ony oopaHo Bmict Al g0 0,1 %, a B iHImoMy, 3 MeTO0 (hOpMyBaHHS HE
JIMIIIEe OKCUAHOI IUTIBKH, a i rpadiTu3yBagbHOrO BIUIMBY — B Alana3oHi Big 0,6 % mo 1,5 %.

3 METOI0 TMBUIIICHHS )KapOCTIMKOCTI Ta MEXaHIYHUX BIIACTUBOCTEH TOCT1IKYBaHOTO
Marepianty, JOIUIBHO 3aCTOCOBYBAaTH He jmiie Al, a i eJeMeHTH, 0 MarTh BHCOKHMA
MOTEHIIMHUIN BIUIMB HAa CTBOPEHHS MIIHUX OKCHUIHUX 3aXUCHHUX TUTIBOK Ta MOAPIOHEHHS
pO3MIpiB 3€peH MeTaneBoi MaTpuil W rpaditoBux BkIoueHb — Mo, Ni, Cr,
Ti[37, 62, 63, 114].

Bwmict Mo mae HeraTMBHUM BIUIMB Ha IpadiTU3aliiio, OCKUIbKH CTa0LIi3ye 1ICHYIOU1 Ta

YTBOPIOE CTIWKI BJIACHI KapOiiu, 110 OJHAK, MMiABUIIYIOTh MEXaHIYH1 BIACTUBOCTI YaBYHY.
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[Ipu upomy, Mo Mae BUIIly CHOPIAHEHICTh O KHCHIO, TOMY MOKpAIy€e KapOCTIMKICTh 3a
PaxyHOK OKCHIHMX ILTIBOK, sIKI YTBOPIOIOTHCS Ha MOBEpXH1 BIIIMBKA. OJIHAK, 32 HEBEIUKOTO
BmicTy Bix 0,01 % mo 2,0 % Mo He mepemkopkae mporiecy rpaditusarii, 1o 00yMOBICHO
fioro BUCoOKoI0 ciopigHeHicTio A0 Fe. 3 ormnsay Ha 11e, A1 MOAATBIINX TOCIIKEHb 00paHo
BmicT Mo Bix 0,5 % 1o 0,7 % [58, 62].

Takuit enemenT sik Cr OUTBII IHTEHCHBHO TEPEIIKODKAE Tpoliecy rpadiTusamii B
yaByHi. 3a3BUuai iioro qoctatHbo 110 3,0 % 11t yTBOpEHHS BUOIICHHS, IO € Je(EKTHOIO
O3HAKOI0 Yy TOBCTOCTIHHUX BUJIMBKAX, 0COOMMBO Takux sk popma. OgHak, Cr MO3UTHUBHO
BILJIUBA€E HA PO3MIpH I'padiTy Ta 3epeH MeTajaeBoi MaTpHIli, a came, MoJIpiOHIoE iX [58, 63].
Takox LBOMY €JIEMEHTY XapaKTepHE YTBOPEHHS CaMOIMACHBYIOYOi MIIHOI Ta TOHKOI
OKCHU/JIHOI TUTIBKH, SIKa CIIYKUTh 3aXUCHUM Oap’epoM BiJl Koposii matepiany [62]. OTxe, 3
OrJIsily Ha 3a3HaveHy iHdopmailito, BMicT Cr B JOCHIIHUX YaByHaX oOpaHO Ha PiBHI J0
0,1 % Cr B omHoMy nocaigHomy nianasoni ta Bij 0,3 % 1o 0,8 % Cr B iHIIOMY JOCIIITHOMY
Jiana3oHi.

Ti Mo3UTUBHO BILIMBAE HA TIOJIPIOHEHHS CTPYKTYPHU Ta YTBOPEHHSI 3aXUCHOT OKCUJTHOT
iBky. Lleit eneMeHT yTBoproe criemianbHl kapOiau Ta iHin ¢asu, Kl € 3apoJKaMu st
rpadiTy B Tpoleci 3aTBEpiiBaHHS YaByHY. Takox, HE JUBISYUCh HA CHUJIBHY
KapO1J0yTBOPIOBANILHY Jit0, 3a 0OMexeHoi KiabkocTi Ti cmpusie rpadituzaiii. Tomy,
ONMMpaYUCh Ha pekomeHpaamii [58], HOro BMICT B Jpyromy JIOCHIAHOMY Jlana3oHl
Bu3HaueHo Bijg 0,1 % 1o 0,2 % Ti.

3riaHo 3 [58] Ni migBuiilye »)apoCTIHKICTh YaBYHY Ta OJHIEI0 3 HOTO 0COOIMBOCTEN
€ BIUIMB Ha TpadiTH3alliio CTPYKTYpHO-BUIbHUX KapOimiB. Biamosimno mo [58], 31
3poctanHsaM BMIcTy Ni 710 9 % KiiabKicTh rpadiTy 30UIbIIY€EThCA, @ TP BMICTI OibIe 9 %
—3MeHIyeThes. Tomy, BMICT Ni oOpano B niana3oni Big 0,2 % 10 0,5 %. IloniOHmit BB
Ha rpadituzaniro mMae Cu, aje Juime g0 MEXl PO3UYMHHOCTI y pimkomy crani 3,5 %,
NO3UTUBHO BIUIMBaE Ha MOApiOHEeHHs rpadiTy sK B NEpIliid, Tak 1 B Apyriid cramuii
rpadituzartii [58, 63], Tomy 06pano Hu3bkuit BMicT Cu 10 0,3 %.

AHanizyoud BHIIIE€3a3HaueHy iHpopmarlito, y poOOTI MONEepeaHbo IMiai0opaHo
XIMIYHMM CKJIaJ ABOX JOCTIIKYBaHMX 4aBYHIB (Taou. 3.1). s moganbmimx IOCTIIKEHb

yaByHaM NpHUCBO€HO HaiiMeHyBaHHA 310CM ta 350CMXAH.
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P — HaitmMmenyBaHHS 4yaByHY
310CM 350CMXAH
€JIEMEHT — : .
BMiCT XIMIYHOTO €JI€MEHTY B IOCIITHOMY 4aByHI, Mac. %
C 3,0-3,2 3,3-3,6
Si 3,1-3,5 1,8-2,6
Mo 0,5-0,7 0,5-0,7
Cr 1o 0,1 0,3-0,8
Al 1o 0,1 0,6-1,5
N1 — 0,2-0,5
Ti — 0,1-0,2
Cu — 1o 0,3
Mn 10 0,8
P 1o 0,04
S 1o 0,01
Fe OCHOBA

[Toganpin BU3HAYEH1 TEMI0(13MYHI BJACTUBOCTI JOCTIAHUX YaBYHIB MOPIBHIOBAJIH 3
BractuBocTaMu 4aByHy 3 B.3. (3,2% C, 2,9 % Si, 0,4 % Mo, 0,1 % Mn, 0,06 % P,
0,1 % S). lana ¢opma 3a Bi3yaJlbHUM KOHTPOJIEM HE Maja KPUTHYHUX JAePEKTiB Ta Oyia
BiIOpakoBaHa BHACIIIIOK MOTPAIISTHHS CKJIOMaTeplaay 10 BEHTHISAIIHHUX KaHATIB 11T 9ac
HaJIAIITYBaHHS MPOIIECY BUPOOHUIITBA CKIISTHOTO TOPOKHUCTOTO BUPOOY.

3 MEeTOI0 JOCTIIKEHHSI 3HAYCHb TEMIIepaTyp MOYaTKy CTPYKTYPHHUX MEPETBOPEHD,
IO CYNPOBOKYIOTHCS TEIUIOBHUMH e(deKkTamu, miaidpaHoro XiMIYHOTO CKJIaJly 4YaBYHIB
310CM Ta 350CMXAH npoBeneHO MOOCHIIKEHHS 3a METOJIMKOK JHU(epeHLIiHO-

TepMiuHoro a"amizy (ITA).

3.2 Pe3yabTaTH AociaigxeHb MaTepiaaiB 3a gonomorow meroay ATA

3 METOI BHU3HAYEHHS CTPYKTYpHUX Ta (a3oBUX TpaHcopMmaliid B JIOCHIIHHUX
yaByHax Oyno mnpoeaeHo J[ITA. 3 MeToro MiATBEpIKEHHS aJleKBaTHOCTI 3HAY€Hb
OTPUMAaHHUX I'padikiB, MPOBOAWIN MOPIBHSIHHS 13 3HAYEHHAMH KPUTUYHUX TOYOK JlarpaMu

cTaHy piBHOBaru ABokoMrnoHeHTHUX cucteM Fe-C ta Fe-Fe;C [112, 114] (puc. 3.1). Takox
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orpumani pesynptatd ATA pocnmignux waByHIB mopiBHIOBaIM 3 rpadikamu JITA

yaByHy B.3..
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Pucynok 3.1 — IloaBiiiHa qiarpama cTaHy 3a1i30BYIJICIIEBUX CILIaBiB [112]

3.2.1 Hdocaimxkenns yaByny 310CM meroaom [ATA

B nocnimxyBanomy wmatepiani 310CM cnoctepiraemo (puc. 3.2), mo mija yac
HarpiBaHHS MOYATOK (pa30BUX MEPETBOPEHb BinOyBaeThesa 3a Temmeparypu 733,6 °C mo
temriepatypu 826,2 °C, Ta axx 10 TeMmIlepaTypHu IUIaBIICHHS, IO BIAMOBITAE J1ala3oHy
TEMIEpaTyp €BTEKTOIMHOTO IepeTBOpeHHs. B cBow wepry, temmeparypa 733,6 °C
Binnosinae Toukam S’ (P') miarpamm crany piBHOBaru ximigyHO yuctoro Fe-C crmaBy
(muB. myHkT 3.2) Ta 6;mm3bka Toulli Kropi (738 °C). Temnepatypa 886,5 °C BianoBigae Toulll

G (922,5°C) Ta cBiguuTh NOpo TpaHchopMmailii B KPUCTATIYHIM TpaTiii Bij
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00’€MHOLIEHTPOBAaHO1 KyOI4YHOI TIpaTKd [0 TpaHElEeHTPOBAHOI KyOIUHOI IpaTKH.
Temneparypuuit intepBan Big 1158,7°C nmo 1195,3°C  imocTpye €BTEKTHYHE
NEPETBOPEHHSI, HAsIBHICTh 3HAYHOT YACTHHHU PiJIKOi (pa3u B PO3UMHI Ta BiAMOBIAA€ TOUKAM

E' ta C' (1153 °C) BiamoBigHO.

DTA /{uVimg)

0144 18%0 T33.6°C 826.2°C 9225°C

1158.7 °C
0.12

0.101
0.081
0.061
0.04 1
0.02

0.001

-0.021 1195.3°C i

400 600 800 1000 1200
Temperature 1°C

Pucynok 3.2 — JludepenuiitHo-Tepmiuamil anai3 3pa3kiB yaByHy 310CM mics

HarpiBaHHS

OO00B’SI3K0OBO, 1111 YaC IOPIBHSIHHS Ta aHATI3y BPaXOBYEMO, 1110 3HAYCHHSI KPUTUYHUX
temriepatyp cucremu Fe-C xapakTepusyloTh XIMIYHO YUCTUH cruiaB (auB. puc. 3.1), a B
JOCIIKYBAaHOMY — 3MIIIEHHSI KPUTUIHUX TOYOK 3yMOBJIeHO BIuMBoM ocHOBHUX (Fe, C, P,
S, Mn, Si, H, N, O) ta neryBanbuux enemeHTiB (Cr, Ni, Al, Cu, Ti, Mo Tomo). JleryBasnbhi
€JIEMEHTH 3MIHIOIOTh HE JIMILIE TapaMeTpu (pa30BUX PIBHOBAT, a M CKJIaJl CIJIaBy 32 PaXyHOK
yTBOpeHHs HOBUX (a3 [112, 114]. HaBiTh B HEBEIMKUX KOHIIEHTPAI[ISAX JOMIIIKH 3MIITYIOTh
KOOpAWHATH TOYOK Ta JiHIT miarpamu. Hampuknan, Si, Mn, Ni 3MeHIIyIOTh 3HAUYCHHS

KpUTHYHUX TOYOK E’ Ta S’, a 3HaueHHs temnepatypu Touku C’' HaBmaku 3poctae [112, 114].



3.2.2 Jocaigxkenns yaByny 350CMXAH meroxom ATA

AHaNoOriyHO momepeiHboMy Marepiany Oyio mposeneno JTA

88

Marepiary

350CMXAH (puc. 3.3). BctanoBieHo, 110 moyaTok ()a30BUX MEPETBOPEHB B1I0OYBAETHCS 32

temriepatypu Bin 719,4 °C no temnepatypu 788,1 °C, sxa Binnosijnae Touui Kropi ctany

piBHOBar ximiuHo yrctoro Fe-C cmuiaBy. Temneparypuuit intepsain Bia 820 °C no 910,2 °C

3 mikoMm 3a 843,6 °C cBiguuth mpo (a30Bi 3MiHH, IO MOKHA CITIBCTABUTH 3 TPOIIECAMH B

touti G (922,5 °C) uuctoro Fe-C crnany.

DTA H{pVimg)

0.20 4

0.151

0.05 4

1 exo 94°C —_— .le.,’.--l B 820.7C

T omn2tC

746.2°C

%436 °C

11599°C

1200.2 °C

400 800 800 1000 1200
Temperature /°C

Pucynok 3.3 — ludepenuiitno-tepmiunuii ananiz matepiany 350CMXAH micins

HarpiBaHHS

Temmneparypa 1159,9 °C Bka3ye Ha MOYaTOK €BTEKTUYHOTO MEPETBOPEHHS, MEPEXiJl

710 pinkoi ¢asu posmiaBy Ta Bianosigae ToukaM E' ta C' (1153 °C) cuctemu Fe-C. B nanomy

JOCTIIHOMY MaTepiajii 3MIIIEHHS TOYOK 3YMOBJICHO 3aCTOCYBaHHSIM 3HAYHO OLIbIIOT

KUIBKOCTI JIETYBaJIbHUX €JIeMeHTIB, a came Mo, Cr, Ni, Al ta Cu, Ti.

3 oruisAly Ha OTpUMaHi pe3ybTaTH, MOKHA CTBEP/KYBATH, 10 KUTBKICTh MiAI0paHux

neryBajibHUX enieMeHTiB B 4aByHI 350CMXAH He 3HWKYIOTh TeMIlepaTypHUN Aiana3oH

€KTEKTOITHOTO TMEPETBOPECHHS, a MaTepial BUTPUMYBaTUME YMOBM eKCIuTyartaiii 0e3

CyTTeBUX (Pa30BHUX TpaHChHOpMALIIH.
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3.2.3 [Hocaigxennst yaByny B.3. meronom JITA

Jlyis miaTBEpKEHHST TOTO, IO TeMIieparypu (pa3oBUX MEpPETBOPEHb B JOCTITHHUX
marepianax 310CM Tta 350CMXAH noctatHi, mo0 mpaImoBaTd B TeMIlepaTypax

excrutyatariii ¢opmu, Oyno nposeneno JTA 3paska yaByny B.3. (puc. 3.4).

DTA /(pVimg)

T exo End: 773.3°C Enad: 9:".'5.!1 i b
Peak: 746.1°C | -

0.15 4 Onset: 1181,1°C

Peak: BE2Z7 °C ""‘--] End: 1222.8 °C, 0.083 p\img

Onset: B27.4 "C

0.10 1

Onset: 701.7 °C

0.05 1

0.00 4

Peak: 1200.9 "

500 600 700 800 900 1000 1100 1200 1300
Temperature /"C

Pucynok 3.4 — Jludepenuiiino-TepMiuHMii aHani3 yaByHy B.3. micis HarpiBaHHS

Busnaueno, o B 4aByHi 3 B.3. modatok ¢a3oBuX MEpeTBOPEHb BIIOYBAETHCS 3a
temmneparypu 701,7 °C no 773,3 °C, a HacTymHi 3MiHH B iHTepBaii Bix 827,4 °C mo 905,4 °C
3 BUpaXeHUM MmikoM npu 862,7°C cBig4aTh MNpO 3MIHM KPHUCTAIIYHOI IPATKH.
Temneparypuuii inTepBan Bix 1161,1 °C no 1222,8 °C 3 mikom B 1200,8 °C Bka3ye Ha
IPOXOPKEHHSI €BTEKTUYHOTO MEPETBOPEHHS Ta MOSBY P1AKOI a3y po3IiaBy.

Temneparypa mnodatky (a3zoBOro MepeTBOpeHHs i 4YaByHy B.3. cTaHOBUTH
701,7 °C, a nns waByHiB 310CM Ta 350CMXAH — Bianosigno 733,6 °C 1 719,4 °C. Takum
gyuHoM 4aByHM 310CM 1 350CMXAH wmaioTh BuUIllll TeMOEpaTypu MOYaTKy (Ha3oBHUX
nepeTBoOpeHb MopiBHSHO 3 yaByHoM B.3.. Ile cBiguuTh mpo OuIbIIly TEPMOCTIHKICTH
nocnimxyBanux 4aByHiB 310CM ta 350CMXAH. 3aBasku 11b0My, TIPH BUKOPUCTaHHI
yaByHiB 310CM Ta 350CMXAH pana BuroroBieHHs GopMm (aetanelr pOPMOKOMIUIEKTY

CKJIOTApPHOTO OCHAIIIEHHS), MOKHA OYIKYBaTH 3MEHIIICHHS B1IOpaKyBaHHS depe3 AePeKTH,
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CIOPUYMHEH] BHCOKOTEPMIIEpPATypHUM BIUIMBOM Ta CTPYKTYPHMMH 3MiHAMHU B MaTepiaii

(BUKpHIITYBaHHS BKJIIIOYEHb, OKUCHEHHSI, TPIIIUHU TOIIIO).

3.3 Pe3yabTaTH A0CHiIKEHHS )KAPOCTINKOCTI J0CIITHUX 3pa3KiB YaBYHIB

Jetani GopMOKOMILIEKTY MPAIIOIOTh B yMOBaX BUCOKUX TEMIEpaTyp, MiIJal0ThCs
razoBiii Kopo3ii, TOMy JOIIBHUM € IPOBEACHHS JOCIIIKEHb >KapOCTIMKOCTI 3pa3KiB 3
nociigaux yaByHiB 310CM, 350CMXAH Ta 3pa3kiB uaByHy 3 BiJIpansoBaHoi popmu. s
[ILOTO KEPYBAIKCS TBEPPKEHHAMH HAYKOBHUX pOOIT, sIKl BKa3aHi B miapo3aui 1.12.

KapocrtiiikicTh, $Ky MNOJUISAIOTE HA OKAJIMHOCTIHKICTh, POCTOCTIMKICTH Ta
TePMOCTIHUKICTh [65, 66], € omHMM 3 HaWBaXJIMBIIIUX BJIACTUBOCTEH JieTaliel
dbopmokomIuiekty. OCKUIbKH, MiJ Yac eKkciutyatarii ¢opma MiAJa€ThCsd HE JIMIIE
3HAKO3MIHHMM IHKJIIYHAM HABaHTAKEHHSM, a W arpeCMBHOMY BIUIMBY CKJIOMaTtepiamy,
TOMY TeMIIepaTypu BUIPOOYBaHb HA >KAPOCTIMKICTh JOCIHITHUX YaBYHIB OyJIM IiIBHUIICHI
BJIB14l, MOPIBHSAHO 3 poOOYMMH Temueparypamu. Takuid Miaxid T03BOJUB OLIbII TOYHO

OI[IHUTHU MOBEJAIHKY MaTepialliB B yMOBaX IIUKJIIYHOTO TEMIIEPATyPHOTO BILJIUBY .

3.3.1 JdociiazKeHHSI OKAJINHOCTINKOCTI JOCTIIHUX 3pa3KiB

3a METOAMKOI, BKAa3aHOW B TNYyHKTI 2.7.4, MNpPOBEIEHO IOCHIKCHHS Ha
OKaJMHOCTIMKICTh MaTepiaiiB, a 30BHIIIHIN BUTJIAM 3pa3KiB TICIAS BUTPUMYBAHHS 32
BHUCOKHX TEMIIEpPATyp MPEICTaBICHO Ha PUCYHKY 3.5.

VY pe3ynbTari NPOBEACHUX JOCTIIKEHb BCTAHOBJICHO, 1110 3MIHA MacH 3pa3KiB Mae
THIAHY 3aJIeKHICTb. L5 3aKOHOMIPHICTH 3yMOBIIEHA YTBOPEHHSIM 1 3aTPUMKOIO OKAJIMHU Ha
NOBEPXHI 3pa3KiB, 110 BUHHUKAE Yepe3 HE3HAYHY PI3HULIO KOEQILIEHTIB TEPMIYHOTO
PO3IIMPEHHS MK OKJIMHOIO Ta MaTepiaaoM ocHOBHU [58]. OTpumaHni qaHi BiioOpakeHo Ha
ricTorpami 3MiHHA TUTOMOI MacH 3pa3KiB MICIs BUTpUMYBaHHs 3a Temriepatypu 100020 °C

BripoaoBx 30 rox ta 50 rox (puc. 3.6).
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310CM

350CMXAH

B.3.

30 rox 50 rox

Pucynox 3.5 — 3oBHimH1# BUrisg 3pas3kis i3 yaByHiB 310CM, 350CMXAH Ta B.3.

MiCIIsE BATPUMYBAHHS Ha OKaTUHOCTIMKICTh yepe3 30 rox ta 50 rox

3a pe3yabTaTaMu PO3PAXyHKIB 3MIHU MUTOMOT MacH 3pa3KiB BCTAHOBJICHO, 110 TICIIs
MakCUMaJIbHKUX 50 TOJ MOKa3HUK 3HAXOAMThCA Ha piBHi 1,60 kr/ (M? * o) 1u1s 3pa3KiB i3
yapyny 310CM t1a 1,64 xkr/(M?>-roxm) — mis 350CMXAH. Orpumani NOKa3sHMKH
OKaJIMHOCTIMKOCTI AOCTITHUX YaBYHIB 3HAXOASATHCS HA IOCTATHLOMY PiBH1, OCKUIBKH, 3MiHA

IIMTOMOI MacH YaByHHOTO 3pa3ka 3 B.3. cranosuts 1,67 kr/(M? - rox).

1,7

3

1,60

].,6

L5

1,4
1.3
12 7

L1

30 ro, 30 Tox

3MiHA DHTOMOI MACH 3palKiB, KT/(M* TOX)

10 -

310CM  350CMXAH

Pucynok 3.6 — 3mina nutoMoi Macu 3pa3kiB 13 4aByHiB 310CM, 350CMXAH Ta

B.3. micns BuTpumyBanHs Biipoosx 30 rog ta 50 roxg
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OTprMaHi 3HaYEHHS MOKA3HUKIB OKAIMHOCTIMKOCTI nocnigaux yaByHiB 310CM Ta
350CMXAH, cBiguath Mnpo 3AaTHICT, MaTepialiB yTBOPIOBAaTH 3aXUCHY ILIIBKY.
dopMyBaHHS TUTIBKM 3yMOBIICHO aKTUBHICTIO JieryBanbHUX enemeHTiB (Ni, Al, Cr, Ti, Si,
Mo), npo 110 TakoXX BKazaHO y poOotax [65, 66]. 3rigHo 3 [58, 61, 115], MiHimManbHI
NMOKa3HUKHA 3MIHM THTOMOI Macu MaTepialy 3pa3KiB, MOXKHAa TIOSCHUTH HAsBHICTIO
CaMOTIaCUBYIOYHMX TUTIBOK, SIKi CTIMKI /IO BIUIMBY HAaBKOJIMIIIHBOTO CEPEIOBUIINA Ta MIITHO
34YEIUICHI 3 OCHOBHMM MeTajoM. Taki BIaCTUBOCTI (POPMYIOTH MMO3UTHUBHI XapaKTEPUCTHUKU
OKQJIMHOCTIMKOCTI JOCTIIHUX MaTepialiB 3a YMOB BIUIMBY BHCOKHX TeMIIEpaTyp

eKCIUTyaTarii.

3.3.2 Jdoc/ia:KeHHSI POCTOCTIKOCTI Ta TEPMOCTIMKOCTI 3pa3KiB

Opnum 13 (pakTOpiB pyiiHYBaHHS MarepiaiiB 3a BUCOKUX TEMIIEpATyp € TEPMIYHI
Hanpy>KeHHS, K1 MPU3BOAATH A0 HE3BOPOTHUX CTPYKTYPHHUX 3MiH Ta TpiuuH. [lnactuuna
nedopmMartiisi, sika CympOBOJKYE Il IPOILIECH, 3MEHIIYE JOBTOBIYHICTH Ta IPUCKOPIOE
pyiHYBaHHs. Y pe3yJbTaTi JOCHIIKEHHS i1 UUKJIIYHOTO HarpiBaHHs Ta OXOJIOJKEHHS Ha
3MiHYy rabapuTHUX PO3MIpIB 3pa3KiB 4aByHy 3 B.3., BCTaHOBJIEHO JIIHIMHUI B3a€MO3B’ 130K

ux napametpiB (puc. 3.7).
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KiIpKIcTh HIIKTIB
1 — 3MiHa miaMeTpy 3pas3ka; 2 — 3MiHa JOBKUHU 3pa3Ka

Pucynok 3.7 — 3minu po3MipiB 3pa3KiB i3 yaByHy 3 B.3. micist TepMOIMKITyBaHHS
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[Ticns 60-tu nukiiB BUNpoOyBaHb OTPUMAaHI HACTYNMHI MaKCHMaibHI 301TbLIECHHS
rabapuTHUX Po3MIpiB 3paskiB: mgiamerp Ha 1 mm (Ha 10,1 %), nomxkuHa Ha 6,2 MM (Ha
10,4 %). V pe3ynbTati JOCHIIKEHHS BCTAHOBJICHO, IO MiJl YaC HUKIIYHUX BUIPOOYBaHb
HarpiBaHHSA-OXOJIO/KEHHS TEpIl TPIIMHK Yy 3pa3kax yaByHy B.3. 3’sBumnucs Ha 17-my
LMKJII BUIIPOOYBaHb, a iX MOBHE pyHHYBaHHS BiAOyocs Ha 55-My uukii. BecranosneHo, 1o
X0Y TOKa3HUKHU POCTOCTIMKOCTI 4aByHy B.3. 3MiHIOIOTBHCS JMiHIMHO, OJHAK 301IbIICHHS
pPO3MIpIB € 3HAYHKUM, II0 HETAaTUBHO BIUIMBA€ HA EKCIUTyaTalliiiHi XapaKTepUCTUKH
Marepiany.

VY pe3ynbTaTi JOCHIIKEHHS BCTAHOBJICHO, IO IIUKJIIYH1 HarpiBaHH-0XOJIOKEHHS Ha
3pa3ku 4aByHy 310CM cripuyvHWIM MOSBY TPIIIMH HA TTOBEPXHI 3pa3KiB, M0 3yMOBJIEHO

YTBOPEHHSM BHYTPIIIHIX HaNpykeHb (puc. 3.8).

50 60

Pucynok 3.8 — 3oBHimHINi BUMIISL 3pa3ka 13 yaByHy 310CM micisg HUKITYHUX

BunpoOyBanb BiJ 10 uukiiB 10 60 HUKIIB

3a pe3ynbratamMu 0OpOOJIECHHS €KCIIEPUMEHTAIBHUX JTAHUX Ta MO0Y10BU TpadiuHUX
3QJIE)KHOCTEM, BCTAHOBJICHO, 10 ra0apuTHI po3Mipu 3paskiB 13 yaByHy 310CM mix yac

BUMNPOOYBaHb 3MIHIOBAIKCS JIIHIAHO (puc. 3.9).
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1 —y=0,0186x + 10,06
R*=0,9316

2—-y=0,112x + 59,77
R*= 0,956

JliameTp 3paska, MM
JIOBKIIHA 3pa3Ka, MM

0 10 20 30 40 50 60

Kiuiekicte 1nuxkms

1 — 3MiHa laMeTpy 3pa3ka; 2 — 3MiHa JOBKUHU 3pa3Ka

Pucynox 3.9 — 3Minu po3MmipiB 3pa3kiB i3 4aByHy 310CM miciis TepMOIUKITyBaHHS

[Ticns 60-tm nwmkmB rabapuTHi po3mipu 3pa3kiB yaByHy 310CM 3miHumimcs
HACTYITHUM YWHOM: MaKCHMajibHe 30UlblieHHS jgiamerpy Ha 0,9 mm (Ha 8,9 %),
MaKCHUMaJIbHe 30UTbIIeHHsT HOBXUHUA — Ha 6,1 mm (Ha 10,2 %). JIiHIAHUN B3a€MO3B’SI30K
MOKa3HUKIB 3MIHM PO3MIPIB 3pa3KiB Ta KUIBKOCTI IUKJIIYHUX BHUIIPOOYBaHb JI03BOJISIE
CTBEp/KYyBaTH, IO MiJl YaC HArpiBaHHSI-OXOJIO/HKEHHS B 3pa3Kax BIJACYTHI pi3ki (a3oBi
3MIHU Ta HasIBHI MTOCTYIOBI MPOLIECH MEPETBOPEHHS.

V 3pa3zkax 13 yaByHy 310CM mnosiBy nepiiux TPIUMH Ha TOBEPXHI CIOCTEpIraii Ha
15-my muksi BUNpoOyBaHHS, a IOBHE PYyWHYBAaHHS 3pa3kiB Ha 58-my. HasBHICTBH TpimuH
BHACJIIJJOK TE€PMIYHOI BTOMH, 3a BIAHOCHO HEBEJIMKOI KUIBKOCTI LIMKJIIB BUIPOOYBaHb,
3YMOBJIGHO PO3MIpaMU  YTBOPEHUX CTPYKTYpHUX CKJIQJOBUX Ta MIJABHUIICHOIO
TEMIIEPATypPOIO BUPOOYBaHb. Y TBOPEHHS TPIIIUH BiI0YBAE€THCS HA MEK1 36PEH MATPHUIIl Ta
HAa MEXI MNoauny ¢a3, a TakoX 3alieUTh Bl mepepo3noauty rpadity Ta Horo
Mopdodorii [67].

BcranoBieHo, Mo micias LMKIIYHUX BUNPOOYBaHb HArpiBaHHSA-OXOJIOHKEHHS Ha

nmoBepxHi 3pa3kiB uaByHy 350CMXAH yTBopuiiacs moBepxHeBa ciTka posrapy (puc. 3.10).
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10

30

50
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Pucynoxk 3.10 — 3oBHimHI# Burisz 3paska i3 yaByHy 350CMXAH micns nukmiaamx

BUNPoOyBaHb Bij 10 1ukmiB 10 60 1UKITIB

VY pe3ynbTarti TOCHiKEHHS BCTAHOBJICHO, 1110 3pa3ku 3 4aByHy 350CMXAH mix uac

TEPMOIMKIYBaHHS, JEMOHCTPYIOTh JIHIAHY 3aJIeKHICTh 3MIHM PO3MIpPIB BiJl KUIBKOCTI

ukiiB (puc. 3.11). Ilpu upomy, aiametp MakcumaibHO 301nbmuBes Ha 0,6 MM (Ha 6,1 %),

a JOBXHHA MakCUMallbHO — Ha 3,5 MM (Ha 5,5 %). IlpuuuHu niHIAHOI 3MIHU PO3MIpPIB

3pa3kiB 13 gociiakyBaHoro yaByHy 350CMXAH ananoriuHi npuyvHaM pocTy 3pa3KiB 3

yaByHy 310CM.
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KigbKicTh IMIKTIB

ﬂOE)I(I-IHEl 3pasKa, MM

1 —y=0.0107x +9,9952
R*=0.9978

2 — y=0,0617x + 59,459
R*=10,9866

1 —3miHa niaMeTpy 3paska; 2 — 3MiHa JOBXXHUHHU 3pa3zka

Pucynok 3.11 — 3Miau po3mipiB 3pa3kiB i3 yaByHy 35S0CMXAH mijg vac

TEPMOIMKITYBaHHS 3QJIKHO BiJ KIJIBKOCTI ITUKITIB
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[TosiBy mepmmx TpiMH Ha TMOBEpXHI 3paskiB 13 Marepiany 350CMXAH
criocTepiranu micis 41-ro nuKIy BUMPOOyBaHb, a pyHHYBaHHS 3pa3kiB — Ha 60-My ITUKIII,
10 CBIAYUTH MPO HASIBHICTH OLJIBIII CTIMKOI CTPYKTYpH MaTepiaity 10 YTBOPEHHS TEPMIUHUX
TpinuH. BinmosigHo 10 [63, 65-67], naHi TMOKa3HMKHA TEPMOCTIMKOCTI 3yMOBJIEHI
BIJICYTHICTIO BEJIMKHX 3€peH Ta KapOidiB, SKI BIUIMBAIOTh HAa YTBOPEHHsS BHYTPIIIHIX
TpaHchopmariii Ha MikpazHUX MexaxX. lle TakoX TOSCHIOETHCS HASBHICTIO OUTBIIOT
KUIBKOCTI JeryBaibHUX eneMeHTiB B yaByHi 350CMXAH — Si, Al, Cr, Ni, Ti1, Mo, sxi
CHPUSAIOTH MOAPIOHEHHIO PO3MIPIB CTPYKTYPHUX CKIIAJJOBHX.

JlunaMiKy 3MIiHH TIPUPOCTY PO3MIPIB 3pa3KiB JIocCiiKyBaHux 4aByHiB 310CM Ta
350CMXAH 1 waByny B.3. micis TepMIiYHOTO HUKIIYHOTO BUIPOOYBAHHS HABEJACHO Ha
pucyHky 3.12. 3rigHo 3 [58], po3Mipu 3pa3kiB 30UIBIIYIOTHCS 31 3pOCTAaHHIM KUIBKOCTI Ta
TEeMIIepaTypyu BUIIPOOYBaHb, OCOOJMBO TiJ 4Yac 0araTOKpaTHOTO IMPOXOJPKCHHS uepes
KPUTUYHUN TeMIepaTypHul 1HTepBaid (a3oBHX MNepeTBOpeHb. [IpupicT po3mipiB Mae
JHIAHY 3aJI€XKHICTh, IO IEMOHCTPYE MOCTYIOBI IEPETBOPEHHS Ta BIICYTHICTh IMHAMIYHUX

3MiH Y CTPYKTYp1 MaTepiaiiB Mij BIUIMBOM HUKIIYHUX TEPMIYHUX HABAaHTAKEHbD.

[Ipupict, %

KuipkicTh 1uKme

1 — mpupict giameTpy 3paska i3 B.3.; 2 —mpupicTt goBxxunu 3paska i3 B.3.; 3 —
npupicT aiametpy 3paszka i3 310CM; 4 —mpupicT noBxkunu 3paska i3 310CM; 5 — mpupict
niametpy 3paszka i3 350CMXAH; 6 — npupict qoBxkuHu 3pas3ka i3 350CMXAH

Pucynox 3.12 — Jlunamika 3MiHU CepEAHBOTO MPUPOCTY PO3MIPIB 3pa3KiB 13

JOCITIJIKYBAHUX YaBYHIB MICJISI TEPMOLUKITYBaHHS
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Ax crtBepmkye [58], MPOHUKHEHHS OKWCHIOBAJIBHUX Ta3iB IMiJ] 4Yac il BHCOKOI
TEeMIIEpaTypH BiAOYBAa€ThCs B3/0BXK IpadiTOBUX BKIIOYEHB, 11€ BIJANOBIIHO BIUIMBAE Ha
3MiHY 00’€My 4aBYHHHX JeTaneld. 3rigHo 3 [58], MakcuManbHOro e(eKTy MPOTUIii pocTy
MOHa JOCSITHYTH HUISXOM TMOBHOTO BUKJIIOUEHHs mpolieciB rpadituzanii ta (a3zoBux
neperBopeHb. lle MOXIMBO BHACHIIOK 3a0e3neueHHs CTaOUIbHOI CTPYKTypH Ta
pETyJIIOBaHHS TEMIIepaTypu IMOYaTKy (a30BHX IEPETBOPEHb MaTepialy 3alle)KHO Bif
TeMIIEpaTypy eKCIUTyatarii jgetam. Takox, AochigHukud [63, 67] CTBEpIXKYIOTh, IO
MOpPQOJIOTisi Ta KUIBKICTh TpadiTOBUX BKIIOYCHH BHU3HAYAE TMOBEIAIHKY Ta BJIACTHBOCTI
MaTepiaiy Mmif JI1€10 BUCOKUX TeMIIepaTyp, TOMY OJAPIOHEHHS iX pO3MipiB Ta 3MiHa (hopMuU

BIINIMHC Ha ITOKPAIICHH ITOKa3HUKIB X(apOCTiﬁKOCTi YaBYHY.

BucHoBku 10 po3aiiy 3

[Timibpano XiIMIYHUN CKJIaa JOCHIAHUX HHU3bKoJeroBaHux 4aByHiB 310CM Ta
350CMXAH 3 ypaxyBaHHSAM BIUIMBY JIETYBaJbHUX €JIEMEHTIB HA KPUTUUHI TOUKHU (Pa30BUX
MEepEeTBOPEHb Ta XKapOoCTIHKICTh MaTepianiB. OCHOBHUMHM JIETYBAJILHUMHU €JIEMEHTaMU
obpano: Si, Mo, Cr, Al, Ni.

3a pesynpraramu npoBefeHHA J[TA BCTaHOBIEHO, L0 TEMIEPATYpU IOYATKY
€BTEKTOITHOTO TMEPETBOPEHHS y JOCTITHUX YaByHAaX BHI, H1X y 4daByHi B.3.. ®a3o0Bi
nepeTBopeHHs AociigHoro 4yaByHy 310CM mouwmHatothes 3a temmepatypu 733,6 °C, a
yaByHy 350CMXAH — 719,4 °C, mio Ha 31,9 °C ta 17,7 °C nepeBuIyIOTh 3HaUC€HHS 3pa3KiB
13 B.3. —701,7°C. Taki 3HaueHHs cBiguaTh, 1o pociaiani martepiasm 310CM Ta
350CMXAH matoTh BHILlI TEMIIEpATypy MOYaTKy (a30BHUX MEPETBOPEHb HIK YaByH 3 B.3..
Tomy uwaBynam 310CM Tta 350CMXAH BrnactuBuil OunblIni mepioj] eKcIuTyaTaii 6e3
CTPYKTYpHUX TpaHchopmalliii Ta yTBOPEHHS BHYTPIIIHIX 1 30BHIMIHIX aedopmariii
BHACJIIOK /il TeMIepaTypHUX BILIMBIB.

BcranoBneno, mo micist 50 rog BuTpumyBanHs 3a Temmeparypu 1000+20 °C
OKaJIMHOCTIWKICTh Aochiguux 4aByHiB 310CM Tta 350CMXAH cTaHOBUTH BIJINOBIAHO
1,60 xr/(m?-rom) ta 1,64 kr/ (m? - rox). Ilpy nbOMy OKaIMHOCTIMKICTH YaByHy 3 B.3.

cranoButh 1,67 xr/ (M? - rox). Omke, yaBynu 310CM ta 350CMXAH npoaeMoHCTpyBain
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BUIILY OKaJIMHOCTIMKICTh HA 4,2 % Ta 1,8 % BianmoBiaHO, nMopiBHIHO 3 yaByHOM B.3.. Taki
3HAQYCHHS CBIIYaTh NPO MifABUINEHY CTilkicTh 4YaByHIB 310CM Ta 350CMXAH no
OKHCJIEHHSI B yMOBax BUCOKHX TeMIIEpaTyp.

Bceranosneno, mo pict 3paskiB 3 yaByHiB 310CM Ta 350CMXAH 31 3011bl11eHHSIM
KUIBKOCTI ~[MKJIIB  HarpiBaHHA-OXOJIOJUKeHHS (3a Temmeparypu 1000+20 °C  Ta
oxonomkeHHs 3a 25+3 °C) 3MiHIO€ThCA NiHIAHO. 3a 60 HUKIIIB BIAHOCHUIN IPUPICT AlaMeTpa
3paskiB 310CM crtanoButh 9,7 %, 3pazkiB 350CMXAH — 6,3 %, a 3pa3kiB 3 yaByHy B.3. —
10,1 %. IIpu upomy, BiZHOCHUHN TpUPICT HoBXHUHU 3pa3kiB 13 310CM cranoButs 10,2 %,
3paskiB 13 350CMXAH — 5,8 %, a 3pa3kiB yaByHy 3 B.3. — 10,4 %.

BcranoBneno, mo micig 60-TM IUKIIIB BUIPOOOBYBaHH Ha POCTOCTIHKICTH
BU3HAYEHO, 10 3MIHM T'€OMETPUYHHUX PO3MIpiB 3pa3kiB yaByHy 310CM Ha piBHI 3pa3KiB
yaByHy B.3., a mnokasHuku uaByHy 350CMXAH BaBiul MeHII TMOPIBHSHO 3
nokasHukamu B.3..

3a TepmocrTiiikicTio Ticas 60 MUKIIIB HarpiBaHHSA-0XOJIOMKEeHHS 4yaByHu 310CM
(pyiinyBanHs Ha 58-my 1ukii) Ta 350CMXAH (pyitHyBanHs Ha 60-My ITUKJI1) 3HAXOATHCS
Ha piBHI B.3. (pyiiHyBaHHS Ha 55-My LMK).

3 ormsany Ha pesyinbratd yaByHam 310CM ta 350CMXAH BnactuBa IijBHUINCHA
CTIHKICTh 10 YTBOPEHHS OKAJIMHU, BHYTPIIIHIX 1 30BHIMIHIX Aedopmaliiii B yMoBax BIUTUBY

LIMKJIIYHOTO TEMIIEPATYPHOTO HABAaHTAKEHHS.
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4 TEXHOJIOTTYHI HAPAMETPH OTPUMAHHA YABYHHUX BUJINBKIB 3
I'PAJIEHTHOIO CTPYKTYPOIO TA BJACTUBOCTSAMHA

3 MeTOI0 OTpUMaHHs He0OX1IHOT (DePUTHOI MATPHUIIl YABYHHUX 3aTOTOBOK Y JTUTOMY
CTaHl, TPAJIEHTHOI CTPYKTypH Ta HampaBJIEHOCTI pocTy rpadity po3poOieHo Ta
JOCJTIIDKEHO YOTUPH TEXHOJIOT1UHI BapiaHTH (IMB. MIIAPO3/17 2.4) BUTOTOBJICHHS BUJIMBKIB
3 gochigaux 4aByHIB 310CM Ta 350CMXAH. 3 MeToro A0CTiTKEHHSI BIACTUBOCTEH 32
nepepizoM OTpUMaHUX BIJIMBKIB BUP13aHO 3pa3ku (AUB. miapo3auiu 2.4 ta 2.5). BiamnosigHo
710 3MI1HU IMApaMeTPy B TEXHOJIOT1i KOXKHOMY 3pa3Ky HaJJaHO HOMEpP HU(PPOBUM Ta JIITEPHUM

MO3HAYCHHAM 3aJICKHO BijJ 4aByHY (Tadm. 4.1).

Tabmuus 4.1 — Knacudikaiiiss goCmigHUX 3pa3KiB 3aJIEKHO BiJ] TEXHOJOTIYHOTO

BaplaHTy 0OpOOJIEHHS PO3IIaBy

HaitmenyBaHHs HainmenyBanns
TEXHOJIOTMHOTO XapakTepucTUKa TEXHOJIOTTYHOTO BaplaHTy Rl LM
BapiaHTy 310CM| 350CMXAH
(cxema) Howmep 3paszka
MTOBEPXHEBE 00poOIeHHS po3MmiaBy | [-A 1-B
nepumn CUJIIKOOapieBUM 1HOKYJISITOpOM Mapku SBS, A 2B
(puc.2.2,a) | posmipom ¢pakmiii 0,315 MM, 0,4 MM Ta
0,63 MM 3-A 3-b
MOBEPXHEBE 00poOneHHs po3miaBy | 1-B 1-T’
pyruii CUJIIKOOapi€BUM 1HOKYJISITOpOM Mapku SBS, B 5T
(prc. 2.2, 6) po3Mmipom ¢pakuii 0,315 MM 13 JUTTAM Ha ) )
U xonoauiapHuky 3 CHY200 ToBumuamu 10 MM, 35 3T
20 MM Ta 30 MM
KOBIIIOBE 00poOneHHs po3mnaBy | 1-]] 1-E
TpeTii CUJIIKOOApi1€BUM 1HOKYJISTOpOM Mapku SBS 13 21 ' E
(puc. 2.3, a) JUTTIM  Ha  xoomwibHHKHM 3 CY200
toBmmHaMH 10 MM, 20 mMm Ta 30 MM 3-1 3-E
KOMOiHOBaHE  (TIOCTYIOBE)  OOpOOJICHHS:
KOBIIOBE  00poGmeHHs  cumikoGapiesum | 1-€ 1-K
THOKYJISTOPOM MapKu SB5 Ta
YEeTBEPTHI BHYTPIIIHBO(DOpMOBE 00poOIeHHS 2-€ 25K
(puc. 2.3,0) | mar"ieBMicCHUM  MOAWU(IKATOPOM  MapKu
VL63(M) po3miaBy 4YaByHY 13 JUTTAM Ha
xoomqmibHUKHA 3 CH200 ToBmmuamu 10 MM, | 3-€ 30K
20 MM Ta 30 MM
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4.1 Ilepmmii TeXHOJIOTIYHMI BapiaHT — MOBepxXHeBe 00pPOOJEHHS PO3ILIABY

YaBYHY iIHOKYJISITOPOM Pi3HOI JUCIIEPCHOCTI

B nepmomy TeXHOJOTIYHOMY BapiaHTi (AMB. pUC. 2.2, a) 3aCTOCOBAHO MOBEPXHEBE
00pOOJICHHSI 1HOKYJISITOPOM PI3HOI JHUCIIEPCHOCTI 3 METOK YTBOPEHHS Y BUJIMBKY
MOBEPXHEBOIO IIapy, 1[0 MATHUME BIIMIHHY B1J] OCHOBHOI YaCTUHU CTPYKTYPY METaJeBOi
MaTpulli Ta rpadiToBUX BKIIOYEHb. [HOKYyISTOpOM CiyryBaB cuiikoOapiii mapku SBS,
noapiOHenuit g0 ¢paxuin 0,315 mm, 0,4 mm ta 0,63 mm. Bubip ¢paxiiii 6a3yBaBcs Ha
pe3ynbTaTax AOCHKEeHb [79, 84, 85], KUIbKICTh 1HOKYJIATOPY cTaHoBwia 0,5 % Bix macu
BuiMBKa. Bubip Mapku iHOKynssTopa SBS rpyHTyBaBcsl Ha TOMY, 110 1O HOTO CKJIaay, KpiM
KPEMHII0, BXOJISITh CUJIbHI IpadiTU3yBalibHI €IeMeHTH, Taki sk Ba, Ca Ta Al, ponb skux
noJisirae y rpagiTu3yBajibHIM Ai1, CTBOPEHH1 JOIaTKOBUX LEHTPIB KpUCTAJI3AIlll B PO3ILIABI,

noApiOHEeHH1 IpadiTOBUX BKIOUYEHDb Ta 3€PEH METaJIeBOi MATPHIII.

4.1.1 BaactuBocTi BUIHMBKIB i3 yaByny 310CM

VY pe3ynbrari MeTanorpapiqyHoro AOCIIIKEHHS 300pa’KeHb 3a MepepizoM 3pas3KiB
YaByHHUX BWIMBKIB 13 cmiaBy 310CM BCTaHOBJIEHO 3MiHY CTPYKTYpH Ta MOPQOJIOTii
rpadiToBux BKIOUeHb (puc. 4.1). Ile m03BoJIsIE BU3HAYUTH BIUIUB 1HOKYJISITOpA PI3HUX
dpaxiiii Ha GopMyBaHHS MIKPOCTPYKTYPH, KA XapaKTEPHU3YEThCS CKIIAIOM METaJeBOl
MaTpHIl Ta napameTpamu rpaditHoi pa3u (po3mipu rpadiTOBUX BKIIOUYEHD Ta IJIOIIA, SKY
BOHU 3aliMaroOTh).

AHaniz wmetanorpadiuHuX 300pakeHb 3pasKiB, 3a JOMOMOTOI Bi3yaJbHOTO
aHaji3yBaHHA 3rifHO 10 [116], 103Bosisie 30HANIBHO KJACU(PIKyBaTH BKJIIOUCHHS
MIacTUHYAacTOro rpadity 3a (HOpMOIO SK EBTEKTUYHUN IUIACTHHYATUN TpadiT Ta 3a
pO3MOALIOM — K CYKYNHICTh IJJACTUHYATOrO TpadiTy, OTOYEHOTO XAOTUYHO

OpIEHTOBAaHWMHU MEHIIUMU IpadiTOBUMU IIACTUHKaMU (Tabi1. 4.2).
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SIK1 BATOTOBJIEHI 32 MEPUIMM TEXHOJIOTTYHUM BapiaHTOM

b

Mertanorpadivuai 300paxeHHs 32 30HATBHUM TEPEPi30M 3pa3KiB 13

1-A — dpaxuis 0
yaByHy 310CM

Pucynox 4.1 —
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Tabmuns 4.2 — Knacudikamis rpadiToBUX BKIIOYEHb 332 30HAIBHUM MEPEpizoM

3pa3kiB 13 4yaByHy 310CM, sKi BUTOTOBJIEHI 3a MEPIIUM TEXHOJIOTTYHUM BapiaHTOM

. Knacudixkaris rpadity 3a nepeBaxHOO 03HAKOIO
No dpakiisa
3pasKa | iHOKYJISITOpa, MM | o3Haka Kiacudikaii cond

1 2 3 4 5
A 0315 THII 32 CI)OpMOI.O I I I I I
THII 32 PO3NOIIIIOM A A C A A
A 0.4 THII 32 (1)OpMOI'O I I I I I
THII 332 PO3NOILIOM A A C C C'
IA 0.63 THII 32 CI)OpMOI.O I I I I I
THII 32 PO3MOALIOM A A C c C'

VY pesynbrati aHanizy rpadiToBUX BKIIOUEHB 3a Mepepi3oM 3pas3kiB (auB. puc. 4.1),
CIIOCTEPIraEMO 3MIHY CepeHIX po3MipiB rpadiToBux BKiIo4YeHb (puc. 4.2). Po3mipu
BKJIIOUYEHb IOCTYMOBO 3pPOCTAIOTh 3a MEpepi3oM 3pa3KiB, a caMe€ BIJl MICIS KOHTAKTY
pO3IUIaBy 3 IHOKYJISITOpOM 30HH 4. 3a repepizom 3paskiB (1-A, 2-A, 3-A), cepeiHe 3HAUCHHS
po3MmipiB rpadiToBUX BKIIIOYEHB 3pocTae Bij1 290 mM 110 390 MM B 30H1 1 Ta gocsTae 3Ha4YCHb
Bix 477 mxm 1o 700 MM B 30Hax 3 Ta 4. Y 30H1 5 crocTepira€Mo 3MEHIIEHHS PO3MIpiB
rpadity Big 432 mkMm 10 650 MKM, TOpiBHSHO 13 30Hamu 3 Ta 4. Take 3MeHIICHHS
00yMOBJICHE KOHTAaKTOM PO3ILJIaBY YaBYHY 3 BEPXHBHOIO HamiBGOPMOIO, € BiAOYBAEThCS
IHTEHCHUBHIIIIE OXOJIOJKEHHS MOPIBHSIHO 3 IIEHTPAIBHOI0 YACTUHOIO BUJTUBKA.

[IIBuaKe OXONOKEHHS MPU3BOAUTH IO MPUCKOPEHHS KpHCTaII3allli BHACIIJIOK
IHTEHCUBHIIIOTO TEIJIOBIABEJCHHS Ta, SK HACIIJOK, JIO YTBOPEHHA JPIOHIMIHMX
CTPYKTYPHUX CKJIQJIOBUX BUJIMBKA. BcTaHoBieHO, 1o 3pasky l-A, sxkuii oTpuMaHO 13
BUKOPUCTaHHSM 1HOKyJATOpa (pakiii 0,315 MM BracTuBl HaWApIOHINIT BKIIOYEHHS
rpadiTy, K1 3pOCTAIOTh BiJ MICII KOHTAKTy 3 1HOKyIaTopoM. B 30Hi 1 cmoctepiraemo
HaWApiOHIII BKIIOYEHHS po3MipamMu 290 MKM, sIKI TIOCTYIOBO 3pOCTaroTh 10 477 MKM y
30H1 4. B 30H1 5 cnocTtepiraeMo He3HAYHE 3MEHIIEHHS PO3MIPiB BKIIOUYEHb IpadiTy 10

432 MKM, SIK€ 3yMOBJICHE BUIIICONMMCAHUM BIUIMBOM BEPXHBO1 HamiBpopmu.
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30Ha IOCTKEHHS
] 2 3 1 5

3-A:y =-0,3588x + 23.472x + 330,84
R*=10,9902

=gl

2-A: y=-0,3134x* + 20,385x + 263,17
R?=109412

FEFarT?

1-A: y=-0219x* + 13.887x + 260.11
R*=0,9433

Cepeniii po3mip BrmoueHs rpaddity, MrM

0 5 10 15 20 25 30 35 40 45 50
BigcTaHs BiZ HIT3Y 3pa3ka, MM —

1-A — dpaxis 0,315 mm; 2-A — dpaxiis 0,4 mum; 3-A — dpakiis 0,63 MM

Pucynok 4.2 — CepenHiil po3Mip BKJIIOUEHb rpadiTy 3a IEPEPi30oM 3pa3KiB

Mmatepiany 310CM, sKi BUTOTOBJIEH] 32 MEPUIUM TEXHOJIOTTYHUM BaplaHTOM

3actocyBanHsa 1HOKyJsiTopa 0,315 MM cripusie  yTBOPEHHIO JIPIOHOAUCTIEPCHUX
rpadiTOBUX BKIIIOUEHb, SIKI MIABULLYIOTh MEXaHIYHI BIACTUBOCTI MaTepialy IiJ1 4ac BILUIUBY
TEPMOMEXaHIUHUX ynapiB. Bzaemopis pigkoro yaByHy 3 iHOKyjisitopom 0,315 mm
MIATBEPAKYETHCSA JOCIIKEHHAMU [84, 97], 4Kl MOSCHIOIOTh LEed MEXaHI3M HACTYIHHUM
YHUHOM: BiTOYBA€THCSI MPOHUKHEHHS PO3IUIABY YaBYHY B MOPU MOKPHUTTS, SIKE HArPiBAE€THCS
70 TeMIepaTypu IUIaBJIE€HHS, MICIs YOro IIap 1HOKYJSATOpa pO3IUIABIAETHCS, IO
MPU3BOJUTH A0 MOYATKY MOBUIBHMX AUQY31iHUX mpoueciB. L1 mporecu BIiMBaKOTh Ha
B3aEMOJIII0 PO3IUIABY 13 €JIeMEHTaMHU 1HOKYJSITOpa Ta CHOPHUSIOTH (OPMYBAHHIO O1IBII
Np1OHO3EPHUCTOT CTPYKTYPH MaTepiaily, 0 MO3UTUBHO BIUTMBAE HA MOTO BIIACTUBOCTI.

AHani3 mioll, sKy 3aiMaroTh rpadiToBi BKIIOUEHHS 3a MEPEPI30M 3pa3KiB MOKA3aB,
0 B 3pa3kax 1-A, ski OTpuMaHi 3a J0MOMOTO0 iHOKYyIsTopa dpakiii 0,315 MM, 3HaUCHHS
BIJIHOCHOI IUIONI 3aiHATOI TrpadiTOBUMU BKJIIOUYCHHSIMU CTaHOBUTH Bix 5,5 % 10
5,9 % (puc. 4.3). Jlns 3pa3kiB 2-A (iHokyaarop ¢pakiii 0,4 Mm) BITHOCHA ILIOIIA 3aifHATA
rpadiToM CTaHOBUTH B cepenHboMy 6,5 % 13 HE3HAYHUM 3HIKEHHAM 10 6,2 % y

IIEHTPaJbHUX 30HAX 3pa3KiB, IO MOB’SI3aHO 3 OUIBII IHTEHCHUBHOK €10 1HOKYJATOPA.
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Haii6inpiie 3HaueHHs ol rpadiToBUX BKIIOYEHb CIIOCTEPIraeMo y 3pa3kax 3-A — BiX
7,7% o 8,0 %. Take pi3ke 3pocTaHHA MOXKHA TOSICHUTH TOSBOIO 1HINOI JOMIHYIOUOi

CTPYKTYPHOI CKJIaJI0BO1 (TIEPIIITY).

—
o

7]

[}

=~

BimHocHa moma BKIFOYEHB rpadity, Y%
[R%]

)

1 2 3 4 5

3o0Ha JOCIIKEHHA

1-A — dpakuisg 0,315 mm; 2-A — pakist 0,4 mm; 3-A — ppakiist 0,63 mm

Pucynox 4.3 — BignocHa miionia, 3aifHsiTa BKJIIOUSHHSIMH rpadiTy 3a mepepizom

3pa3kiB 3 yaByHy 310CM, siki BUTOTOBJIEHI 3a MEPIIUM TEXHOJIOTTYHUM BapiaHTOM

VY pesyabpTaTi MetanorpadiuHOro IOCHIIKEHHS 3a MEepepi3oM TPABJICHHX 3pa3KiB
BCTaHOBJIEHO, IO JIJIs1 METaJeBOi MaTpHUIll, XapaKkTepHa HasIBHICTh (PEPUTHOI Ta MEpIIiTHOI
CKJamoBOi y smromy crtaHi. KimbkicTe (eputTy 3poctae i3 30inblIeHHSM (pakiii
THOKYJISITOpa Ta JOXOAUTh A0 95 % y 3paskax 3-A, 110 y3roJKy€eTbCs 13 TaHUMU BITHOCHOI
IO, 3aiHATOI TpadiTOBUMH BKIItOUeHHSAMU. [Ipu 11bOMYy 1171 3a3HAYUTH, 110 301IbIIEHHS
yacTKku GepuTy y 30Hax 1 Ta 2 3pa3KiB MMOB’si3aHE 13 OUIbII IHTEHCUBHOIO JI€I0 IHOKYJIATOPA

B 00MEXEHOMY IlIapl BUJIMBKA BiJ MOBEPXHI HUKHBOI HamiBhopmu (puc. 4.4).
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30Ha 1 30HA 3

Pucynok 4.4 — MetaneBa MaTpuils y pi3HUX 30HaxX 3paskiB 13 uaByHy 310CM, siki

BUT'OTOBJICHI 3a IICPIINM TEXHOJIOTTYHUM BapiaHTOM

[TpoBeneni MOCTIMKEHAS MIKpPOTBEPAOCTI (PEPUTHOI CKIIAOBOT METAICBOI MaTpPHIIi
CBIIYaTh TMPO HASBHICTh JIETOBAaHOTO (EepuUTy 13 TMIABUIIEHUMU MEXaHIYHUMU
BJIACTUBOCTSIMU, 1110 TIOBUHHO CIPHUATIMBO BIUIMBATH Ha EKCIUTyaTallliiHy CTIHKICTb

BWIMBKa (puc. 4.5, a) Ta MATBEPIKYEThCA podoTamu [59, 83].

302HEI ;[DCJ]i;l};{GHHSI i 30Ha JOCHIKEHHA

1 _ Y 1 5 3 4 5 |
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£ i U = 260 ~.
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120 - = 240 Bl
= | \\
220 ! J
100 200
0 & 10 13 20/ 23 B0 35 40, 43 50 0 5 10 15 20 25 30 35 40 45 50
Bigcrans Bin HH3Y 3paska, MM — BilcTanp Bif HU3y 3paska, MM —
a 0

1-A — dpakuis 0,315 mm; 2-A — ppakuis 0,4 mm; 3-A — ppakis 0,63 mm

Pucynok 4.5 — Mikpotsepicth deputy (a), nepiaity (0) 3pa3kiB i3 uaByHy 310CM,

SIK1 BUTOTOBJICHI 3a TIEPIIMM TEXHOJIOTTYHUM BapiaHTOM
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BcranoBieHo, 1110 MIKpOTBEPIICTh JIETOBAHOTO (hepUTY 3a Mepepi30oM 3pa3KiB B 30H1 1
3MIHIOETBCA B Jiana3oHi Bijg 158 HV mo 180 HV, mocTtynoBo 3HMKYEThCS 10 30HH 5 B
niamasoHi 3Ha4eHb Bifg 120 HV mo 142 HV. BeranoBneHi 3Ha4eHHS 3HAYHO TIEPEBUIITYIOTh
aHAJIOTIYHI MOKAa3HUKU JJIsi HEJIEroBaHOro (hepuTy y KOHCTPYKIIHHUX YaByHaX. Okpim
XapaKTEPUCTUK (PEPUTY, BCTAHOBJICHO MIKPOTBEPAICTh MEPIITHOI CKIIAJOBOI METaJeBOi
MaTpHlli 3a mepepizoM 3pa3kiB. MikpoTBepAicTh nepiTy B 30Hi1 1 ctanoButs Big 310 HV no
347 HV Ta 3meHmyeTbes A0 30H4 5 B iHTepBati Bia 230 HV no 283 HV (aus. puc. 4.5, 6).
[TingBuIIeHHS MIKpPOTBEPOCTI (PEPUTY Ta MEPIITY B 30H1 1 3yMOBIIEHE MOAPIOHEHHAM 3epHa
MaTpHIll. YTBOpPEHHS APIOHO3EPHUCTOI CTPYKTYpPU CIPUUYMHEHE BILTUBOM 1HOKYJIATOpa Ha
YTBOPEHHS JIOJATKOBUX IIEHTPIB KPHUCTAII3AIlli Ta JI€I0 IIApy 1HOKYIATOpa SIK TOHKOTO
XOJIOAUIbHUKA Ha MPUIIBUJIICHHS KpucTamizamii po3miaBy [84]. Cain BiI3HAYUTH, IO
XapakTep PO3MOJLTY 3HAY€Hb MIKPOTBEPJOCTI MK OKPEMHMH 3pa3KaMu OOYMOBJIEHO
BUKOPUCTAHHAM 1HOKYJISITOpA P13HOI (PpaKIlii Ta CTBOPEHHSM PI3HUX YMOB KpUCTATI3allli.

VY mpoueci JoCIKEHHS TaKOX IPOaHaIi30BaHO TBEPAICTh MaTepiany 3a bpinennem
(puc. 4.6). Xapakrep 3aJIe)KHOCTI 3HAYEHb TBEPJOCTI 3a IMEpPEepi3oM BWIMBKA IS YCIX

3pa3KiB KOPEJIOE 13 3HAUEHHSIMU MIKPOTBEPAOCTI.

3oua no CJ'I.i,IDKeIIII}I
1 2 3 4 5
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BiacTams BiD HIT3Y 3pa3ska, MM —*
1-A — dpaxuis 0,315 mwm; 2-A — dpaxisg 0,4 mm; 3-A — pakis 0,63 mm

Pucynox 4.6 — Tepaictb 3pa3kiB i3 yaByHy 310CM, ki BUTOTOBJIEHI 3a MEPUIUM

TEXHOJOTTYHUM BapiaHTOM
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TBepaicTh 3pa3kiB 3a bpiHenneM 3MeHITy€eThCs Bil 30HU | B iHTEpBaJli 3HAYEHB BIJ
167 HB no 181 HB g0 30nu 5 B inTepBamni 3HadyeHs Big 157 HB no 173 HB. 111 mokaznuku
aemo Oumeim (Bim 40 HB mo 50 HB) piBHS TBepAOCTI 4aBYHHUX 3aroTOBOK TMPOBIIHUX
CBITOBUX BUPOOHHUKIB [9, 11] BHACIIIOK HasIBHOI O1JIbIIT TBEPAOI MEPJIITHOI cKianoBoi. [Ipu
bOMY, JHIIE€ B JOCIKYBaHHUX 3pa3kax 3-A TpPHUCYTHA IMepeBakaioua KUIbKICTb
JeroBaHoro ¢epury, 1o 3ade3neyye MOKpalleHi BIACTUBOCTI Ta MO3UTHUBHO BIUIMBA€E Ha
TEPMIH CIy»O0u Martepiany. B 3pazkax 1-A Ta 2-A JOMIHYHOYOK € TEPMOJIWHAMIYHO
HecTaOUTbHA TEpIIiTHA CKIIAJ0Ba, sIKAa HETATHMBHO BIUIMBAE€ HA EKCIUTyaTallll0 B yMOBAax
UKIIIYHUX TEPMIYHUX HABAHTAKECHb.

B cBoto yepry, hopmyBaHHSI BIAaCTUBOCTEH B MOBEPXHEBIN 30HI BUJIMBKA 3aJICKUTH
HE TUIbKM B1J1 MapKu Ta Qpakuii iHOKYJIATOPA, @ TAKOXK BiJl XIMIYHOTO CKJIAAy JOCHIAHOIO
YaByHy, TOMY OYyJ0 BH3HA4Y€HO €(EeKT IOBEPXHEBOr0 OOpOOJEHHS 1HOKYISATOPOM

nociigHoro yaByny 350CMXAH.

4.1.2 Baactusocti BHIMBKIB i3 yaByny 350CMXAH

Amnanoriuno cmiaBy 310CM pe3yabTaToM JOCHIKEHHS MOP(OJIOTIYHUX 3MIH
rpadiTOBUX BKJIIOYEHBb 3a JOMOMOTOI0 aHajidy meTrajorpadiuyHux 300paxeHb 3pa3KiB 3
crutasy 350CMXAH (puc. 4.7) € BcTaHoBieHa 30HaJIbHA Kiacudikaris TrpadiToBux
BKJIFOUEHB 32 (POPMOIO Ta PO3MOILIIOM.

Knacudikauis rpadity ananoriysa yaByHy 310CM — 3a ¢opMoro miacTMHYaTUI
rpadit, a 3a posmnomiioMm — rpadit piBHOMIpHUH. BxioueHHs rpadiTy MokHA
OXapaKTEePU3YyBATH SIK CYKYITHICTh IJIACTUHYATOTO rpadiTy, SIKU YTBOPEHUH 3 HEBEITMKAM
CTYTIEHEM TEePEOXOJIO/HKCHHS, M0 TMOCTYIOBO 3MIHIOETHCS HAa €BTEKTHUYHUN TpadiT y

BUTJISI/II BEJIMKUX PIBHOMIPHUX TUTACTUHOK (Tadum. 4.3).
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Howmep 3pa3ka

4 mm; 3-b — dpakuisg 0,63 mm

-b — ¢paxuis 0,315 mwm; 2-b— dpakmis O,

1

Pucynok 4.7 — Meranorpadiuni 300pakeHHs 3a 30HAJILHUM MEepepi30oM 3pa3KiB 13

yaByHy 350CMXAH, siki BUTOTOBJICHI 3a MEPUIUM TEXHOJIOTIYHUM BapiaHTOM
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Tabmuns 4.3 — Knacudikanis rpadiToBuX BKIIOYEHBb 3a MEPEPi30M BUIMBKIB 31

yaByHy 350CMXAH, siki BUTOTOBJIEH] 32 MEPIIUM TEXHOJIOTTYHUM BapiaHTOM

Ne Dpais Knacudikaris rpadity 3a nepeBakHOIO 03HAKOIO
3pasKa | IHOKYJIATOpa, MM | o3Haka KilacHikaii Jond

1 2 3 4 5
1B 0315 THII 32 (bOpMOI.O I I I I I
THII 32 PO3IMOALIOM A A C C C
2 E 0.4 THII 32 (bOpMO}.O I I I I I
THII 32 PO3MOALIOM A A C C C
1B 0.63 THII 32 (1)opM0}.o I I I I I
THII 33 PO3MOALIOM A A C C C

BiamoBigHO 10 30HAJIBHOTO PO3MOAUICHHS OYJI0 BHU3HAYEHO 3MIHY CEpPeAHBOTO
3Ha4YEHHsI PO3MipiB rpadiTOBUX BKIIOUEHb (puc. 4.8), Ae crmocTepiraemo, 0 po3Mipu
BKJIIOYEHb B 30H1 | JOCHIIHUX 3pa3KiB 3HAXOMSTHCS B Jiama3oHi Big 155 MM 10 244 MM

Ta B1x 223 MKM 10 397 MKM B 30H1 5.

30Ha JOCIULKEHHA i
1 2 3 1 J

800

700 f---—-mmeme -

3-B:y =-0,3333x%+ 20.67x + 168.45
600 R*=0.9891

biTy, MKM

500
2-B:y =-0.2347x2+ 14,473x+ 130,44
R*=0,9863

1-b:y =-0,1537x*+ 9,7557x+ 117.82
R*=0.8595

(\
=

epeHiil po3Mip BKIIOUEHD Ipac

0 5 10 15 20 25 30 35 40 45 50

Bixcrane B HH3Y 3pa3ka, MM —
1-b — dpakuis 0,315 mm; 2-b— dpaxuisa 0,4 mm; 3-b — dpaxuis 0,63 mm

Pucynox 4.8 — Cepenniii po3Mip BKJIFOUEHB rpadiTy 3a IEPepi3oM 3pa3KiB 13 UaBYHY

350CMXAH, siki BUTOTOBJIEHI 3a MEPUIUM TEXHOJOTTYHUM Bap1aHTOM
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Takuii xapakTep 3MiHM B 30HI | 3yMOBJIICHHH BIUIMBOM I1HOKYJISITOpPA 1 HUXKHBOI
HamB(OpPMHU, a B 30HI 5 BIUIMBOM BEpXHbOI HamiBGOpPMHU B MpoOIeci 3aTBEpiiBaHHS.
BiamoBinno, HaitOumemii rpaditoBi BkmoueHHs, a came Bim 300 MM g0 512 MKwM,
3HaXOAAThCA B 30HI 4 mocmigHux 3pas3kiB. [lopiBusiHO 13 cmmaBom 310CM, po3mipu
rpadiToBUX BKJIIOYEHb B 3pa3kax yaByHy 350CMXAH B noka3oBux 30HaX MarOTh MEHIII
3HaueHHs. Hampukmnan ams 3081 1 cepeni po3mipu MeHIII B Alana3oHi 3HaueHs Big 130 mo
150 MxM, a 1151 30H 3 Ta 4 jgocsrae pizHMIN B Jiana3oHi Bij 240 MmxMm 10 300 Mxm. Taky
BIJIMIHHICTB y po3Mipax rpadiTOBUX BKIIOYEHB, MOPIBHAHO 13 3pa3kamu 4aByHy 310CM,
COPUYMHEHO [i€l0 OLIbIIOI KUIBKOCTI JIETYBaJIbHUX €JEMEHTIB B CKJIaAl CIUIaBY
350CMXAH, sxi BIUIMBaIOTh Ha MOJAPIOHEHHS pPO3MIpiB TpadiTy 1 3epeH MeTalleBOoi
MaTpuill. 3a TBEP/KEHHSIMHU aBTOpiB [58, 63] Takuii XapakTep BIUIUBY OCOOJIUBO
nputamanHui 11 enementiB Cr ta Mo.

AHQJIOTIYHO TONEPEAHBOMY JOCHII)KEHHIO BCTAaHOBJICHO IUIOINLY, SIKY 3alMaroTh
rpadiTOBl BKJIIOUEHHS 3a IMEpepi3oM 3pa3KiB, BIJMNOBIAHO 1O 3aCTOCOBaHOI (pakilii

1HOKYyJsITOpa (puc. 4.9).

Bigmocna moma BrIoYeHEs rpadity, %
.

1 2 3 4 5
30Ha DOCHIIKEHI

1 — dpaxuis 0,315 mm; 2 — dpaxkuis 0,4 mm; 3 — dpakris 0,63 mm

Pucynox 4.9 — BignocHa miiona, 3aifHsTa BKIFOUeHHAMH rpadiTy B 3pa3kax i3

yaByHy 350CMXAH, siki BUTOTOBJIEH] 3a MEPIIUM TEXHOJIOTTYHUM BapiaHTOM
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Buznaueno, mo ns BCiX 3pa3KiB, HE3AIEKHO Bia dpakilii 1HOKyJIATOpa, BiTHOCHA
rIo1a 3aiHsTa rpaditom ckianae Bia 3,2 % 1m0 4 %, mo y 1,3-2,0 pa3u MeHI11e TOpiBHIHO
13 3HayeHHsIMH 4aByHY 310CM. Taka 3miHa Moske OyTH MOB’si3aHa 3 TUM, 110, HE 3BAYKAIOYU
Ha miaBuieHui BmicT C, neryBaibHi eneMeHTd B yaByH1 350CMXAH ransmyroTs mpoiiec
rpadiTu3zaiii Ta MepeBakal0OTh HaJl €IEMEHTAMHM, SIKI IbOMY IPOIECY COPUSIIOTH. Takox
MOKHa 3pOOMTH BHCHOBOK, IIIO 3MiHAa po3Mipy (pakiii 1HOKYJISITOpa y AOCTIIKEHOMY
Jliana3oH1 He BIUIMBAE HA BITHOCHY ILJIOILY 3alHATY TpadiToM 3 BUIIEHABEACHUX MTPUYHH.

VY pe3ynbTati MeTanorpadpivHOro JOCIIKEHHS TPAaBICHUX 3Pa3KiB BCTAHOBJICHO, 1110
st 3paskiB yaByHy 350CMXAH xapakTepHa sCKpaBO BHpa)keHa NepJiTHO-GepuTHA
MeTajeBa MaTpulld 3 JIOMIHYIOUOIO MEpJiTHOIO ckianoBoto (puc. 4.10). YTBOpeHHs

bepuTHOI CKIa10BO1 BIIOYIOCS Y BUTIISAAI OTOPOYKH HABKOJIO BKJIFOUEHB Tpadity.

30Ha 1 30Ha 3

Pucynox 4.10 — MeraneBa MaTpuIlsl y pi3HHX 30Hax 3pa3kiB i3 yaByHy 350CMXAH,

SK1 BUTOTOBJIEHI 32 MEPIINUM TEXHOJIOTTYHUM BapiaHTOM

Ockinbky BMICT (pepuTy B MeTajeBid MaTpull MiHIMaJbHUHN, OyJl0 BHU3HAUEHO
MIKPOTBEPAICTh MEPJITHOI CKIAA0BOI. 3HAYEHHSI MIKPOTBEPIOCTI MEPIITy 3HAXOIATHCS B
mexax Bin 332 HV no 365 HV B 30wn1 1 ta Big 300 HV 1o 324 HV B 30H1 5 (puc. 4.11, a).
Teepaicte 3pa3kiB yaByHy 350CMXAH 3a bpinemnem € goBoii cTaOUIbHOIO B
JTOCTIKYBaHUX 30HaX, konuBarounch Bijg 220 HB no 238 HB B 30Hi1 1 Ta Bix 210 HB 1o

225 HB B 3011 5 (puc. 4.11).
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30Ha J0CTIKEHHA 30Ha JOCTKEHHS
1 2 3 4 SI 1 2 3 4 5
380 260
_E 360 @
4 -Ff.240
5340 2
2 oy
2,320 =
£ 2220
o
300 &
280 200
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
BincTtans Big HH3Y 3paska, MM — BijicTaHpk BiT HH3Y 3pa3Ka, MM —
a 0

1-b — ¢pakuis 0,315 mm; 2-b — ppaxuisa 0,4 mm; 3-b — ppaxuig 0,63 mm

Pucynox 4.11 — MikpoTBepAiCTh NEPIIITY METAIEBOI MaTpHIll (a) Ta TBEpAICTH (0)

3paskiB 13 yaByHy 350CMXAH, siki BATOTOBJICHI 32 MEPIIUM TEXHOJIOTTYHUM BapiaHTOM

3ayBa)xXuMo, 1110 B JOCTIIKYBaHUX 3pa3kax HasiBHA TEPMOJMHAMIYHO HECTaOlIbHA
nepJliTHA CKIaIoBa, K 1 A criaBy 310CM (muB. nyHkT 4.1.1). [lepmit y nutomy craHi
Moripuye TemIo(i3uyHl XapaKTepUCTUKH Martepiady BHACHIJOK HasBHOI KapOiaHOi
CKJIaJIOBOI, OCOOJIMBO B yMOBax BIUTMBY BHCOKOI Temmeparypu. [lpu temmeparypHOMy
BIUIMBI TIEPJIT PO3MATAEThCd Ha CTaOUIpHI a3y, MO0 NPHU3BOAWTH A0 301IBIICHHS
BHYTPIIIHIX HAaNpyXeHb Ta MPUCKOPEHOTO pyHHyBaHHS BUpPOOiIB. Po3max mneprity
B1I0yBa€eThCS 3a paxyHOK Audy3ii aromiB C, sKi IpH TiABUIICHHI TEMIEPaTypu MOXKYTh
MEePEPO3NOIIISATUCS B CTPYKTYpl, yTBOprotoun HOBI ¢azu [112]. 30iiabIIeHHS BMICTY
dbepuTHOI CKJIaJOBOI B CTPYKTYpl YaBYyHY CHPHUSATHME MIABUIIEHHIO XApOCTIMKOCTI Ta
3HIDKCHHIO KOE(IIlieHTa JIHIKHOTO pO3MUpeHHs. TakoX HasBHICTh (PEPUTHOI CKIATOBOI
HiJBUIIY€E CTIAKICTh J0 TEPMIYHUX HAIPYKEHb, AKI BHUHUKAIOTH ]I Yac (a3oBUX
MIEPETBOPEHD Y4>0L, a CTAOLTI3AIIA ITI€T CTPYKTYPH CIIPHUS€ BUCOKINA TEPMOCTIUKOCTI YaBYHY

B YMOBaX HarpiBaHHsA-0XOJOKEHHS [65].
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Bukopuctanns iHokynsaropa mapku SBS, mo3Bonmio orpumaru JpiOHOAMCIIEPCHI
CTPYKTYpPHI1 CKJIaJI0BI, 1110 MAa€ MO3UTUBHUIN BILUIMB HA MEXaHIYH1 XapaKTEPUCTUKH, a TAKOXK
NPUCYTHICTh (DEPUTHOI CKIAMOBOI y BHUMAAKY 3acTocyBaHHA i cruaBy 310CM.
MakcumanbHa JUCIEPCHICTh BKIIOYEHb rpadiTy XapakTepHa TpU BHUKOPHUCTAHHI
iHOKyJsiTopa pakiii 0,315 MM, 10 € HAWCHPUATIMBIIIUM JJIs 3aJaHUX IOTped Ta
MIATBEPIKYEThCS mocmimkeHHsmu [84]. Tlporec B3aeMomii piaKoTo MeTamy 3 MIapoM
IHOKYJIITOPY CHPUYMHEHUN TMPOHUKHEHHAM MHOro B MOpU Ta 3a YMOBU 30UIbIICHHS
METAJIOCTATUYHOTO THUCKY HaJ KallJsSIpHUM, HarpiBae Iap 0 TEMIEpaTypy TUIaBJICHHS.
[licnss 4oro, mpoxoJATh yMOBUIbHEH1 NU(]y31iiHI MpPOIECH, OCKUIbKK Iap 1HOKYJIATOpa
TaKOXX BUKOHYE (DYHKIIIIO TOHKOTO XOJIOAWIbHMKA. KpiM TOro, XiMiuHi €JIEMEHTH, SKi
BXOJIATh JI0 CKJIQAy IHOKYIATOpa Mapku SB5, BIIMHYTM Ha YTBOPEHHS AOAATKOBHX
3apOJKIB NIl BKJIIOYEHb TpadiToOBY, MIUIbHICTh Ta KIJIBKICTh MIKPOYACTUHOK B CTPYKTYPI
BWJIMBKIB. 3a TBEp/KEHHAMU aBTOpiB [89, 117] e 3yMoBiIeHO €(heKTOM MPOIOBKEHOI il
caMoro 0apieBMICHOrO I1HOKYJSATOpa. ToMy JOLIIBHO PO3IJISHYTH BIUIMB 1HOKYJSATOpA
mapku SBS dpaxmii 0,315 MM Ha ¢dopMyBaHHS BIACTHUBOCTEM Yy BHJIMBKAax 3 YaBYHIB
310CM, 310CMXAH 3a yMOB NpHILBUAIIEHHS MPOLECY KPUCTaNi3allli, BAKOPUCTOBYIOUHU

JI0JIaTKOB1 TETJIOAKYMYJIIOBAIbHI €JIEMEHTH.

4.2 JIlpyruii TeXHOJOTIYHMI BapiaHT — NOBepPXHeBe O0OPOOJIEHHS PO3IJIABY

yaByHy iHOKYyJsaTOpOM pakuii 0,315 MM Ta 3acTOCYBaAHHA X0JI0AWIbHUKIB

VY npyromy TeXHOJOTIYHOMY BapiaHTi (AuB. puc. 2.2, 6) 3aCTOCOBAaHO MOBEPXHEBE
00poOsiIeHHsT po3IUIaBy 1HOKyJIssTOpoM Mapku SBS, dpaxmii 0,315 MM Ta JauTTS Ha
TEMJI0AKyMYJIIOBAJIbHI €JIEMEHTH B HIDKHINM TMOPOKHUHI JUBapHUX (opM y BUTIISII
YaBYHHHUX XOJOIMIbHUKIB ToBIIMHaMU 10 MM, 20 MM Ta 30 MM. 3aCTOCOBYBaHI €JI€MEHTH
TEXHOJIOT1i TuBapHOi ¢hopmu 3riaHO 3 [54, 78] miABUIIATH IBUIKICTh Ta CTBOPSATH YMOBU
HaIpaBJIEHOI KpuCTamizamii 4YaByHY, CHPHATUMYTh OTPHUMAHHIO JPIOHOIUCIIEPCHOL
CTPYKTYPH y YaCTHHI BUJIMBKA, KA KOHTAKTYE i3 XOJOAUILHUKOM. [le TO3UTHBHO BIUIMHE

Ha MEXaHIYHI XapaKTePUCTUKU YaBYHY B MIOBEPXHEBIN 30HI.
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4.2.1 Buaactusocti BWIMBKIB i3 yaByny 310CM

VY pesynbpTaTi MeTrajgorpadiqHOro aHamizy MIKpOCTPYKTYypH 3pas3kiB (puc. 4.12)
BCTaHOBJICHO, IO Y BCIX AOCHKeHUX 3paszkax yaByHy 310CM, oTpuMaHuX 3a ApYyrum
TEXHOJIOTITYHUM BapiaHTOM ¢opma TpadiTOBUX BKIIOUYEHb IUIACTUHYAcCTa. 3a (OPMOIO
BKJIFOUEHB TpadiTy 3pa3Ku aHAJIOTIYHI 3pa3KaM, SIKi OTpUMaHi 3a MePIIUM TEXHOJIOTTYHUM
BapiaHTOM (UB. miapo3ain 4.1).

3a pos3moAUIOM IUIaCTMHYACTI rpadiToBl BKIIOYEHHS BIAMIHHI BiJ MEPIIOTO
TEXHOJIOTTYHOTO BapiaHTy (Tadu. 4.4). 3rigHo 3 [116], 3a po3moaiioM BKIIOYEHHS rpadiTy
MOXXHA OXapaKTepHU3yBaTH SK JPIOHOPO3rally’>KeH1 MIXKIACHAPUTHI, YTBOPEHI BHACIIJIOK
MPUIBUAIICHOTO OXOJIO/HKEHHSI, SIK1 3MIHIOIOTHCSI Ha PIBHOMIPHO PO3MO/ILICHI BKIIOYCHHS
rpadiTy 3 HU3bKUM CTYIIEHEM IEPEOXOJIOKEHHS Ta MEPEXOIATh 10 OUTbIINX MJIACTUHOK

MEePBUHHOTO TpadiTy, 0TOYCHOTO APIOHIIITMMU TJIACTUHKAMH.

Tabmuusa 4.4 — Knacudikamiss rpadiTOBUX BKIIOYEHL 32 30HAIBHUM IEPEPI30M

3pa3kiB 13 4aByHy 310CM, siK1 BUTOTOBJIEHI 32 APYTUM TEXHOJIOTIYHUM BapiaHTOM

N ToBumHa Kinacudikarist rpadity 3a nepeBakHOIO 03HAKOIO
- XOJIOAWIBLHUKA, S 30Ha

3paska MM O3HaKa Kiacudikarii 1 > 3 4 5
1B 10 THII 32 (bOpMO}.O I I I I I
THII 33 PO3NOAIOM E A c C C
B 20 THII 32 (1)opM0}.o I I I I I
THII 32 PO3MOALIOM E A C C C
1B 30 THII 32 (1)0pM0}.0 I I I I I
THUII 33 PO3MOALIOM E E A C' C'
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Howmep 3paska

3oHna 1

3oHa 2

.,,
Ly

IR
e,

E _'./‘-L;

3oHa 3 & A~

3oHa 4

3oHa 5

= \‘?J & y& N B PRI Y0 s )-n N R '__._“ :LS":_ /2 1;—_5\_3)
S ESNSTRET | 2 A | @RS

1-B — xomoamnsHUK TOBIIMHOIO 10 MM; 2-B — X0JIOTUIBHUK TOBIIMHOIO 20 MM;

S

3-B — X010 MiIbHUK TOBIIMHOKO 30 MM

Pucynok 4.12 — Metanorpadiuti 300pa>keHHs 32 30HAIBHUM IIEPEepPi30M 3pa3KiB 13

yaByHy 310CM, siKi BUTOTOBJIEH1 32 APYTUM TE€XHOJIOTTYHUM BapiaHTOM
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VY pe3ynbTati JOCTIHKEHHS 3a TIepepi30M BIIMBKIB 3 4aByHY 310CM, BUTOTOBIEHHX
3a JIPYrUM TEXHOJIOTIYHUM BapiaHTOM i3 3aCTOCYBaHHSM JIOJAaTKOBHX XOJIOJIWJIbHHUKIB
BCTaHOBJICHO, 1110 €()eKT HAMpaBICHOI CTPYKTYpH3aLlii miaACUIIOeThCs. Lle miaTBepKy€eThes
3MEHIIEHHSIM PO3MIpIB rpadiTOBUX BKIIOYEHb B JIOCHIIKYBAHMX 30HaX, MOPIBHSIHO 31

3pa3KkaMu MEepIIoro TEXHOJOTTYHOro BapiaHTy (puc. 4.13).

3oHA TOCTIIKEHHA

500 |— - ; i i e
I8 /1 1-B: y = -0,0632x* + 10,149x + 153,94
5 | o 8 A R*= 09568

_12.B __12-B: y=-0,0399%* + 5.6171x + 113.59
R*=0,8572

1 3-B: y=-0,021x* + 1,9489x + 72,839
R*=0,8723

Cepe/tHiil po3Mip BKITIOUEHB TpadiTy, MKM

0 5 10 15 20 25 30 35 40 45 50
BiacTane BIJ HII3Y 3pa3ka, MM —
1-B — xonoauabHHUK TOBIIMHOIO 10 MM; 2-B — X0I0AWIBHUK TOBIIHUHOIO 20 MM;
3-B — X010 MIbHUK TOBIIMHOIO 30 MM
Pucynok 4.13 — Cepeaniii po3Mip BKJIIOUEHb rpadiTy 3a mepepizoM 3pa3KiB 13

yaByHy 310CM, siki BUTOTOBJICHI 32 IPYTUM TE€XHOJIOTITYHUM Bap1aHTOM

3HauYeHHs CepeIHIX PO3MIpIB BKIIIOUEHb rpadiTy 3pOCTatOTh MO Mipi BiJAAJIEHHS Bij
MOBEPXHI BIJIMBKA, IKA KOHTAKTY€E 3 XOJOIMUIBHUKOM Ta 1HOKYJISATOPOM. XapakTep pocTy
BKJIIOUEHB IpadiTy y BUIMBKAX MOSICHIOETHCS THM, 1110 BIUIMB XOJOIWIBHHUKIB Ha PO3IJIaB
3MEHIIYEThCSA 13 TMOCTYNMOBHM BIJJAICHHSIM BiJ HHUX (30Ha 1), TakoX 3MEHIIYIOThCS
0oOMeXyBaJIbHI YMOBHU JIJIsl pOCTY rpadiTOBUX BKIOYEHb (30Ha 4). BecraHoBneHo, 110 3a
nepepizoM Bcix 3paskiB (1-B, 2-B, 3-B) B 30H1 1 3HaueHHS cepeiHIX pO3MIpIB BKIIOUYEHb
rpadiTy 3HaXoaIThes y Mexax Big 80 MkMm 10 200 MxM, a Ha nmepudepii, B 30H1 5 — BiJ
114 Mmkm 10 470 mxm. B 30HI 4 mocaigHUX 3pasKiB, CIOCTEPIraEMO MaKCHMalIbHE

30UIBIICHHS CepeHIX pOo3MipiB rpadiTOBUX BKIIOYEHB, 30KpeMa B 3pa3ky 1-B, 3HaueHHs
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pO3MipiB csAraroTh A0 475 MxkM. OHaK, B 30H1 5 XapakTepHe He3HAUHE 3MEHIIICHHS pO3MIpIB
(m1s 1-B — 10 470 MKM), BHACTIIOK BILUTMBY BEPXHBOI JUBAPHOI HaMiBGOPMH Ha BIJIBEICHHS
TeIlIa BiJl BUJIMBKA Ta MPUIIBUIIICHHS HOTO KPHCTATI3AIlil.

Bignosigno mo [54, 78], moctymoBa 3MmiHa po3MipiB TIpadiTOBUX BKIIOYECHH 3a
nepepizoM BWJIMBKIB OOYMOBJICHA €0 XOJOAWIBHUKIB Ha MIBHAKICTh KpUCTaTi3arii Ta
nporecu pocty rpadity. OcKiIbKH, XOJIOAMIBHUKN TOBIIMHAMU 20 MM Ta 30 MM MaroTh
OUIBIIlY TETIOEMHICTD MOPIBHSHO 3 XOJOAUIBHUKOM TOBIIMHOIO 10 MM, TOMY 3pa3kam 2-B
Ta 3-B XapakTepHe 3MEHIICHHS 3HAY€Hb PO3MIPIB Tpa(iTOBUX BKJIIOYEHb BHACIIIOK
IHTEHCUBHIIIIOTO BIUIUBY XOJIOJWIHHUKIB HA TEIJIOBIABEJCHHS BiJ BUJIMBKA Ta MPOLIECU
kpuctamizaii. [Ipu nboMy ciij] 3a3Ha4UTH, 110 3aCTOCOBYBAHHS XOJIOUILHIUKA TOBIIMHOIO
30 MM cropusie 3MEHIIEHHIO CEpeIHIX pO3MIpIB IpadiTOBUX BKIIOYEHb y 3,6-3,8 pa3zu 3a
nepepi3oM BWIMBKA MOPIBHAHO 13 3paskamu 4aByHY 310CM BUTOTOBJIEHOTO 3a MEPIIUM
TEXHOJIOTIYHUM BapiaHTOM (AuB. MyHKT 4.1.1).

3a pesynbTaTaMu OOpPOOJICHHS JAaHUX MeTajorpadiuHuX TOCHIIKEHb BU3HAUYECHO

3MiHY BIJIHOCHOI TUIOII 3aifHSTOI rpadiToM 3a mepepizoM 3paskiB (puc. 4.14).

BignocHa momma BKIOUeHs rpadiry, %
=

1 2 3 4 5
30Ha J0CIIKEHHS

1-B — xomoamnpHUK TOBIIMHOKIO 10 MM; 2-B — X0JIOTUIBHUK TOBIIMHOIO 20 MM;

3-B — X0J0MJILHUK TOBIIMHOO 30 MM

Pucynok 4.14 — BigHocHa 1ionia 3aiiHsTa BKJIFOYEHHIME TpadiTy 3a nepepizom

3pa3kiB 13 yaByHy 310CM, sIKi BUTOTOBJIEH1 32 APYTUM TE€XHOJOTIYHUM BapiaHTOM
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[Tnoma 3aifHATa BKIIOYEHHSIMH TpadiTy AN YCIX 3pa3KiB 3MIHIOETHCS BiJ 30HH 1
(opienToBHO 6,0 %) m0 30oHM 5 (opieHTOoBHO 5,0 %). OTpuMaHi pe3ylbTaTd MOXKYTb
CBITYUTH, IO 3a TMEPEPi3oM 3pa3KiB XapaKTepHE MPUOIM3HO OJHAKOBE CITiBBIIHOIICHHS
CTPYKTYPHHUX CKJIQJIOBUX METAJIEBOI MATPHIII.

Pesynbratn MeranorpadiyHOro JOCHIIKEHHS TpaBieHUX 3pa3kiB (puc. 4.15)
MIATBEPAWIA TPUITYIIEHHS I[I0J0 CTPYKTYPHUX CKJIQJ0BUX, OCKUIBKH OYJIO BHUSBJICHO
MEepIITHO-(QOEPUTHY METAJIeBy MATPHUII0 y JIMTOMY CTaHi, 3 MEpeBa)KalouuM BMICTOM
depury. OmHak, 3aCTOCYBaHHS XOJIOAWJIBHUKIB y JUBapHUX (¢GopMax BIUIMHYJIO Ha
30UTBIIEHHSI BMICTY MEPJITHOI CKJIaJ0BOI y CTPYKTYpl 3pa3KiB, MOPIBHSHO 3 MEPIIUM

TEXHOJIOTTYHUM BapiaHTOM.

30Ha 1 30Ha 3

Pucynok 4.15 — MeraneBa MaTpuIlsl y pi3HHX 30Hax 3pa3kiB 13 uaByHy 310CM, siki

BUTOTOBJICHI 32 JIPYTUM TE€XHOJOTITYHUM BaplaHTOM

VY pesyabTaTi MOCTIKEHHS 3a Tepepi3oM BWIWMBKIB 13 daByHy 310CM Oyno
BU3HAUYEHO  MIKPOTBEPIICTh  (EepuTHOI Ta  MENITHOI  CKJIAJOBUX  METalleBOl
Martpuili (puc. 4.16). 3HaueHHs MIKpOTBEPIOCTI GepuTy 3a mepepizoM Bcix 3pas3kiB (1-B,
2-B, 3-B) nmoctynoBo 3meHIyoThes Bif 30HU 1 (miamasoni Bix 180 HV go 218 HV) no
30HU 5 (miamasoni Big 162 HV no 190 HV). Otpumani 3Ha4eHHs] MIKPOTBEPJOCTI 3HAYHO
NEPEeBUIIYIOTh TIOKA3HUKH ISl HEJErOBaHMX YaBYHIB 3 IUIACTHHYACTOI (HOPMOIO
rpadity [35]. Ilpu ubomMy, MIKpOTBEpAICTh (PepUTy 3a MEpepizoM BCIX 3pa3KiB BUIIA B
1,1- 1,7 pasu HiIXK y 3pa3kax, OTPUMAaHHUX 3a MEPIIMM TEXHOJOTIYHUM BapianTtoMm. Lls

BIJIMIHHICTh TaKOX XapaKTepHa JJisl 3HaYe€Hb MIKPOTBEPAOCTI nepitiTy. BctanoBeHo, 1m0 B
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30H1 | MIKpOTBEpAICTh MEPIITY A BCIX 3pa3KiB 3HAXOAUTHCS B Mexax Bia 326 HV no
350 HV Ta 3meHmyeTbes B 30H1 5 110 aianaszony Bix 253 HV go 294 HV (puc. 4.16, 6).
BiamoBimHO MIKpOTBEpAICTh, TepmiTy 30umbmmiacs g0 1,3 pa3iB  3aleXxHO BiA
JOCTIKyBaHOT 30HHU, TIOPIBHSHO 3 TIEPITUM TEXHOJIOTIYHUM BapiaHTOM. Takuii xapakTep
30UIBIICHHSI MIKPOTBEPJOCTI (epuTy Ta MEPJITy € pe3yJbTaTOM IHTCHCHUBHOIO BILIHUBY

XOJIOJWIBHUKIB Ha MIBUAKICTH KPUCTAI3allli 4aByHY Ta YTBOPEHHS JpiOHOAMCIIEPCHHUX

3epeH [78, 87].

3o0Ha HOCHIIKEHHI 30Ha JOCITIIKeHHA
1 2 3 4 5 1 5 3 4 5
| |
260 380
360 | 3B

240 ‘E\Q
= 340 % 5 i
I L T T T X A
f 1{\\* i é 320 | ~{
I N~ A ~
2 pins z BN T
o) 200 A 2,300 RN ™~ T
£ 2 T 2 LN T~ 3
3] 5 \ ™
& 180 -4 ™ 2,280 i S 3
Il e g T

P I 260 I~
160 B f
I 1
240
140

0 5 10 15 20 25 30 35 40 45 50 220

i . 0 5 10 15 20 25 30 35 40 45 50
Biacrtass BiJT HU3Y 3pa3zka, MM —

Bincrams Bix HH3Y 3pa3Ka, MM —

a §
1-B — xonoauabHUK TOBIIMHOIO 10 MM; 2-B — X0I0AWIBHUK TOBIIHHOIO 20 MM;

3-B — XonoamiibHUK TOBIIMHOKO 30 MM

Pucynox 4.16 — MikpoTtBepaicTth deputy (a), mepaity (0) B 3pa3kax 13 4aByHYy

310CM, siki BUTOTOBJICHI 32 APYTUM TEXHOJIOTIYHUM BapiaHTOM

Jns BunuBkiB 13 yaByHy 310CM 3HaueHHs TBepIOCTI 3a bpiHemnieM, aHanoriuHi
BWJIMBKAM, SIKI OTPMMaHI 3a TMEPIIUM TEXHOJOTIYHUM BapiaHTOM. 3HAYEHHSI TBEPOCTI
JIOCTaTHBO CTaOWIBbHI 3a TepepizoM Ta B 30H1 1 cranoBisTh Big 172 HB no 180 HB, a B

30H1 5 —Bix 171 HB 1o 179 HB (puc. 4.17).
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Jiana3oH po3Kuay 3Ha4eHb TBEPAOCTI Ha nepudepisiX BUIUBKIB MICISA 3aCTOCYBaHHS
CHJIIKOOAp1€BOT0 1HOKYJISITOpa CTaHOBUTH He Ounbiie 10 omuuuip 3a bpinemrem, 1o
BiJMOBiIae mociipKkeHHIO [89]. 3HaUueHHsT TBEPAOCTI 3a 30HAIBHUM TEPEpi3oM 3pasKiB 3
gaByHy 310CM, siki oTpuMaHi 3a MEpIIMM Ta JAPYTUM TEXHOJOTIYHMMH BapiaHTaMH,
3HAXOJATHCS HAa OJHOMY PIBHI, IO CBIAYUTH MPO MIHIMAJLHUM BIUIMB BUKOPHUCTAHUX

XOJIOJUJIBHUKIB Ha TaHUH TapaMeTp.

30Ha JOCTIIKEeHH
1 2 3 4 5

190

it
oo
jen]
1
i

o
~]
en]

Teepmicts Marepiany, HB

160

0 5 10 15 20 25 30 35 40 45 50
Bijcrank B1J1 HU3Y 3pa3ka, MM —>
1-B — xonoauabHuK TOBIIMHOIO 10 MM; 2-B — X0JIOAUIBEHUK TOBIIMHOIO 20 MM;

3-B — X0J10AMJIbHUK TOBIIMHOKO 30 MM

Pucynox 4.17 — TBepaicTh 3pa3kiB 13 uaByHy 310CM, siki BUTOTOBJICHI 32 APYTUM

TEXHOJIOT1TYHUM BapiaHTOM

YTBOpeHHs (hepUTHOI CKIIAI0BOT B METaJEeBI MaTpHIli, 3TiAHO 3 [89], cnpuunHEHO
XIMIYHUM CKJIQZIOM YaBYHY Ta JI€I0 CUIIIKOOApiEBOro 1HOKYJIATOPA 3a EPEPI30M BUIIUBKIB,
SIKUWA 3HWKYE CXWIBHICTh 10 BUOIJIEHHS Ta MiACUIIOE rpadiTU3alliio, CIpUsE CTBOPEHHIO
OJTHOPITHOI CTPYKTYpPHU Ta BJIACTUBOCTEH, MO3UTUBHO BILJIMBAE HA MiJIBUILICHHS MIITHOCTI,
IUTACTUYHOCTI W TEIUIONPOBIAHOCTI MaTepiaily, SKUH MiJJAEThCS BIUIMBY TEPMIYHHX

HaBaHTaXeHb [37].
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4.2.2 Buactusocti BWINBKIB i3 yaByny 3S0CMXAH

Amnanoriyno 510 yaByHy 310CM mnpoBeneHi AOCTIIKEHHS BIUIMBY MOBEPXHEBOTO
o0pobnenns yaByHny 350CMXAH inokynstopom wmapku SBS ¢pakuii 0,315 MM y
NOPOKHUH1 TUBAPHOT (POPMHU Y KOMIUIEKCI 13 3aCTOCYBAaHHSM XOJIOIUILHUKIB 3 TOBIIUHAMU
10 mMm, 20 MM Ta 30 MM.

Y pe3ynbTaTi IOCHiIKEHHS MeTanorpadiyHux 300pakeHb 3a Mepepi3oM 3pasKiB 3
yaByHy 350CMXAH BuznaueHo popmy ta po3noais rpaditoBux BKIOYEHb (puc. 4.18).

BcraHoBiieHO, 10 aHANOTIYHO MEPIIOMY Ta APYrOMY TEXHOJIOTIYHOMY BaplaHTy,
dopma rpadiTy miacTuHuYata. 3MiHA PO3MNOJLTY IUIACTHHYATOTO TrpadiTy B 3pas3Kax
OJIHAKOBA, HE3QJIEKHO B1Jl TOBIIMHU BUKOPHUCTAHOTO XoJoAWiIbHUKA (Tabn. 4.5). Takox
po3noain TrpadiTy B 3pa3kax 3MIHIOETbCS y MIpY BIIJQJICHHS BiJl 30HM KOHTAaKTy 3
xonoauibHUKOM. ToMy Mopdosorito rpadity 3a po3moaiioM B 30HaX 1 1 2 MoOxkHa
OXapakTepu3yBaTU AK MDKICHAPUTHUWA rpadiT, YTBOPEHUN BHACIIIOK 3aTBEpAIBAHHS
YaByHy 3 IHTEHCHBHUM IE€PEOXOJIOJKEHHSAM, SKUH MEpEeXOJUTh 1O PIBHOMIPHO

PO3MOIIEHOTO TJIACTHHYATOTO IrpadiTy B 30Hax 3, 4, 5.

Tabmuus 4.5 — Knacudikanisa rpadiToBUX BKIOYEHb 32 30HAIBHUM MEpPEPi3oM

3pa3kiB 13 yaByHy 350CMXAH, siki BUTOTOBJICHI 32 APYTUM TEXHOJIOTTYHUM BapiaHTOM

H ToBmuHa Knacudixkaris rpadgity 3a nepeBakHOIO 03HAKOIO
3p0a1\:/;lzz XOJIOUJIbHUKA, L 30Ha
O3HaKa KiacuQikarii
MM HAKA KAACHPIKANIT | = 3 4 | 5
T 10 THII 32 (popmor0 I I I | I
THII 32 PO3MNOALIOM E E A A A
2T 20 THII 32 (I)OpMOI'O I I I I I
THI 32 PO3NOAIIIOM E E A A A
AT 30 THII 32 (bOpMOI.O I I I | I
THUII 33 PO3MOALIOM E E A A A
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Howmep 3paska
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1-I" — xonoaunbHUK TOBIIMHOIO 10 MM; 2-I" — XOJIOAUIBHUK TOBIIMHOIO 20 MM

3-I" — X0JIOAWJILHUK TOBIHIUHOIO 30 MM

Pucynok 4.18 — Metanorpadiuni 300pa>keHHs 32 30HAIBHUM 3Pa3KiB 13 YaBYHY

350CMXAH, siki BUTOTOBJICHI 32 IPYTUM TEXHOJIOTTYHUM BapiaHTOM
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VY pe3ynbTari NpoBeNeHHS! METAIOrpapiyHUX JOCTIKEHb TAKOX BCTAHOBJIEHO, 1110
po3MipH TpadiTOBUX BKIIOUEHB 301IBIIYIOTHCS BiJl 30HH 1, TOOTO MiICIIsl KOHTAKTY PO3ILJIaBy
3 XOJIOAWIBHUKAMH, JIO 30HU 5 — KOHTAKTy YaBYHY 3 BEPXHBOIO HamiBpopmoro (puc. 4.19).
B 30Hi 1 pocmigHux 3pa3kiB 3HAYEHHS CEPEAHIX po3MipiB rpadiTOBUX BKIHOYCHb

3HAXOOATHCS B Alana3oHi Bix 61 MM 1o 113 MkM, Ta B 30H1 5 — Bijg 152 MM 10 210 MKM.

30Ha JOCTKEHHA
=

1 2 3 4 5
250

- 1-T:y =-0,0455%2 + 4.6130x + 97.234
g }/ 1L R?=0.9782

= —T"®
? 200 //_, ]
= T Sl 2T =-0.0513x2+ 4,.8274x+ 76.394
£. / 1 . R2=0.9797
2 150 1 _‘#
5 e vd '/T 3.
2 / . 3Ty =-0,0783x2+ 5.9558x + 45.778
5 {/ R2=0.9845
A 100 7
& /|
=2
o
g
= 50 1
jan}
H
)
5
o 0

0 5 10 15 20 25 30 35 40 45 50

Bijicrans BiT HI3Y 3pa3ka, MM —

1-I" — xonoaunbHUK TOBIIMHOIO 10 MM; 2-I" — XOJIOAUIBHUK TOBIIMHOIO 20 MM;

3-I" — X0JIOAWJILHUK TOBIHIMHOIO 30 MM

Pucynok 4.19 — Cepeaniii po3Mip BKJIIOUEHb rpadiTy 3a mepepizoM 3pas3KiB 13

yaByHy 350CMXAH, siki BUTOTOBJIEH] 32 APYTMM TEXHOJIOTTYHUM BapiaHTOM

Jlnst 3paskiB  xapakTepHE 3HAYHE 3MEHIICHHS CepeAHiX po3MipiB TpadiToBUX
BKJIFOUYEHb, TOPIBHIHO 3 cimaBoM 310CM: B 30H1 1 po3mipu menmi B 1,3-1,7 pa3sis, a B
30HI 5 — y 2,3 pa3u. lle 00yMOBI€HO HE JUIIE BIUIMBOM XOJOIUIBHUKIB, K JTOAATKOBUX
TEMJI0AKYMYJTIOBAIbHUX €JIEMEHTIB, @ W HAasSBHICTIO OLIBIIOI KUIBKOCTI JIETYBaJbHUX
€JIEMEHTIB, SIK1 CIIPUSIOTH MPOIleCy MOoAPiIOHEHHS rpadiToBuX BKItOYeHb. [locTynoBuii pict
po3MipiB rpadiTOBUX BKIIOYEHb 32 30HAJBHUM TIEPEpi3oM 3pa3KiB, XapaKTEePU3YEThCS

3MCHUICHHAM BIIJIMBY XOJ'IO,III/IJIBHI/IKiB Ha HIBI/II[KiCTI) Ta 4ac ix q)OpMYBaHHH.
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Bcranosneno, mo 1ioma, sSKy 3aiiMaroTh TpadiToBI BKIIOUEHHS 3a MEpepizoM
3pa3KiB, B 30H1 | 3HAXOAMThCA B Jiana3oHi Bix 2,5 % 1o 3 % Ta 3MIHIOETHCA 710 30HU S5 B
Mexax Bix 2,3 % 1o 2,7 % (puc. 4.20). Lle cBimuuTh, M0 32 IEPEPi30M 3pa3KiB MPUOIU3HO
OJTHAKOBUY PO3IOALT Ta OJHAKOBE KiJbKICHE CIIBBITHOIIECHHS CTPYKTYPHUX CKIIAJOBHX
MeTanieBoi Matpwii. [Ipy mpomMy cIij 3ayBakKWTH, IO BiJHOCHA IUIOIIA, 3aiHATA
rpadiTOBUMU BKIIOYCHHSIMH MPUOIU3HO y 2 pa3u MEHIIA, TOPIBHSIHO 31 3pa3KaMH 3 YaBYHY
310CM, siki TeX BUTOTOBJIEHI 3a JAPYTMM TEXHOJIOTTYHUM BapilaHTOM. Taka BiAMIHHICTb
CBITUUTH TPO WMOBIPHICTh TajdbMyBaHHA TMpoleciB Trpadituzamii Ta cTallIi3yBaHHS
KapOiqHuX ¢a3 mia yac 3arBepiaiBaHHs BUiIuBKIB 350CMXAH, a TakoX mpo MOXKIUBY

HasIBHICTh 3HAYHOI KUIBKOCTI MEPJIITHOI CKJIaIOBOI Y MeTaJieBiii MaTpHIIi.

3,0

Bijinocna 1iona BKmodeHs rpadity, %o

58]
[==]

1 2 3 4 5
30HA TOCTIHKEHHS

1-I" — xonoaunbHUK TOBIIMHOIO 10 MM; 2-I" — XOJIOAUIBHUK TOBIIMHOIO 20 MM;

3-I" — X0JIOAWJILHUK TOBIHIUHOIO 30 MM

Pucynok 4.20 — BigHocHa 1ionia 3aifHsITa BKIFOYEHHIME TpadiTy 3a rnepepizom

3pa3kiB i3 yaByHy 350CMXAH, siki BUTOTOBJIEH] 32 APYTMM TEXHOJIOTTYHUM BapiaHTOM

MakcumanbHOTO 3HAYCHHS BIIHOCHA TUIONIA 3aiiHATa TpadiToM Jocsrae B 3pa3Ky
I-T' — 3 % Ta 3menuryerbesa A0 2,6 %, 110 BKa3ye HAa HAsBHICTh MEPJITHOI Ta (HEepUTHOL

ckianoBoi. lle miaTBepKy€eThest TOCTIHKEHHSIM MeTajmorpadiyHuX 300pakeHb TPaBICHUX
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3pa3kiB. SIK pe3ynbTar, BU3HAYCHO, IO IS METAJICBOI MATpPHWINl BIACTUBI MEpJiTHA Ta
(deputHa cknanoBi y automy ctaHi (puc. 4.21), omHak ¢epuTHa CKIIaJ0Ba MEPEBAKHO

MIPOSIBIISIETHCS SIK OTOPOYKA HABKOJIO TpadiTOBUX BKIIOUYCHb.

30Ha 3

Pucynok 4.21 — MeraneBa MaTpHIlsl y pi3HUX 30Hax 3pa3kiB 13 uaByHy 350CMXAH,

SIK1 BUTOTOBJICHI 32 IPYTUM TE€XHOJOTTYHUM BaplaHTOM

Buznaueno, mo 3HaueHHS MIKPOTBEPAOCTI METAJIEBOi MAaTpHUIll MalOTh BHUCOKI
MOKA3HUKW BHACIIJIOK HAsSBHOI JIOMIHYIOUOI MEPIITHOI CKJIaJ0BOI. 3a MepepizoM 3pa3KiB
3HAYCHHS MIKPOTBEPJIOCTI JEMOHCTPYIOThH Clajarounii eexT Bix 30HM | B Jiama3oHi Bif
310 HV no 337 HV 10 30nu 5 — Big 260 HV no 290 HV (puc. 4.22, a). Takuii edexr
CIIPUYMHEHUM HASBHICTIO JPIOHIMINX 3€pPeH METajeBOi MaTpPHIll BHACHIIOK 1HTEHCUBHOTO
BITUBY XOJIOJMJIBHUKIB Ha IIBUJIKICTh KpUCTai3amii po3miaBy B 30Hax 1 Ta 2. Takox Ha
MOAPiOHEHHS PO3MIPIB 3€PEH Ta rajibMyBaHHS iX POCTY, BIUIMBAIOTh JOJIATKOBI JIETyBaIbHI

enemeHTH y ckiaai 4aByHy 350CMXAH, ocobmuBo me xapaktepHo mis Cr, a Takox
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eJIeMEHTaM, K1 cTabUIi3yl0Th HasiBHI KapOiau Ta MOXYTh yTBOproBaTHu BiacHi — T1, Cr Ta
Mo [58, 63].

VY pe3ynbTaTi JoCTiHKEHHS 3a TiepepizoM 3paskiB 13 uaByHy 350CMXAH BuzHaueHo
TBepAicTh 3a bpinennewm (puc. 4.22, 0). 3HaueHHS TBEPJIOCTI AJIsl BC1X 3pa3KiB 3MIHIOIOTHCS

BiJ1 30HM 1 (B Mexax Big 226 HB no 245 HB) o 30uu 5 (B Mexax Bijx 210 HB 1o 238 HB).

30Ha TOCTIKEHHS 30Ha JOCIDKEHHA
! Z : 4 . 1 2 3 4 5
360 260
E 340 %\
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§ 320 ;:\H\ T Ty 50240 T T 3T
Sl ; T
~ a,
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-~ \\T Q_'
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260 I B3
1-I'
240 : 200
05 1015 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
BifcTans Bim Hmzy 3pazka, MM — Bijcrans B HHZY 3pazKa, MM —
a 0

1-I" — xonoaunbHUK TOBIIMHOIO 10 MM; 2-I" — XOJIOAUIBHUK TOBIIMHOIO 20 MM;

3-I" — X0JIOAWIILHUK TOBHIMHOIO 30 MM

Pucynox 4.22 — MikpoTBepAiCTh TIEPIITY (a) Ta TBEPAICTH (0) 3pa3KiB 13 UaBYHY

350CMXAH, siki BUTOTOBJIEHI 3 IPYTUM TEXHOJIOTTYHUM BapiaHTOM

TBepaicts 3pa3kiB uaByHny 350CMXAH mnepeBuiye B cepennbomy B 1,3 pasu
(3aJ71€KHO B JOCIIIKYBaHO1 30HM) 3HAYEHHS TBEPJOCTI 3paskiB yaByHy 310CM, sKi Tex
OTpPUMaHI 3a IPYTUM TEXHOJIOTIYHUM BapiaHTOM. Takuil epeKkT xapakTepu3yeThCsl HASIBHOIO
IpiOHOIUCTIEPCHOIO CTPYKTYPOIO BHACIHIIOK 1HTEHCHUBHOTO BIUIMBY XOJOJIWJIBHUKIB Ta
JIEryBaJIbHUX €JIEMEHTIB Ha YMOBH KpUCTaJIi3allii, 1[0 aHAJIOT1YHO BUILEOMHCAHOMY BIUIUBY

Ha MTOKa3HUKU MIKPOTBEPJIOCTI.
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Bucoka TBepicTh BIacTUBa caMe IS IOMIHYIOYOi mepiiTHOi ckimamoBoi. OmHaK,
MEepIIT MOTIPIIy€e TEIUIOo(I3UUHI XapaKTEePUCTHUKHA Ta € TEPMOJMHAMIYHO HECTaOUIbHUMH,
MO’K€ YMHUTHU JIECTPYKTUBHUIN BIUIMB Ha JI€Talll B MPOIIECi eKCIUTyaTallii yepe3 po3mnaj Ha
cTablapHI cKkiIafgoBl — (epur ta rpadit. Ile mpuzBoauTH 10 30UIBIICHHS BHYTPIMIHIX
HaInpy>XeHb Ta f1edopmaiiiii y Bupobax, 1o MOKHa BIJKOPUTYBATH 32 PAXyHOK MPOBEICHHS
dbepuTH3yBaIbHOTO Bignmany BwiIuBKIB. OJHaK, MPOBEACHHS BiANady Hece 3a CO0O0r0
JIOJIATKOBI €KOHOMIYHI BUTpaTH, SK MIHIMYM OOJIaJIHAHHS Ta pecypcu s peajizarii
HEOOXIZIHUX YMOB KOHKPETHOTO BHUAY TEepMIYHOro oOpoOieHHsa. ToMmy MOIIBHO
3aCTOCOBYBAaTH TEXHOJOTIYHUN TPUHOM, SKWW 1HTEHCUBHIIIEC BIUIMHE Ha IMPOIECH
KpucTanizauii, rpadiTuzanii Ta CTPYKTYpOYTBOpPEHHS Yy BuIMBKax. IliaATBep/KeHO
MO3WTUBHUM BIUIMB IHOKYJIsATOpa Mapku SBS5 Ha yTBOpeHHS (EepUTHOI CKJIaJ0BOi B
MeTaJeBld MaTpHili, OJHAK HACKpI3HY ¢depuTusaiio 3ade3rneuyeHo He Oylo, TOMY
pallOHAIBHUM PIIIEHHSM CTaJI0 3aCTOCYBAHHS TPAAULINHOTO Ta €()EKTUBHOTO METOIY

KOBILIOBOTO 00OpOOJIEHHS 3 BAKOPUCTAHHSM I[bOT'O 5K 1HOKYJISTOPA.

4.3 Tpertiii TeXHOJIOTIYHUI BaAPiaHT — KOBIIOBE 00P00JIeHHSI PO3IJIAaBY YaABYHY

TAa 32CTOCYBAHHSA XO0JIOJAWIbHUKIB PI3HUX TOBIIUH

Tperiii TexHoNOTiYHUI BapiaHT (quUB. puc. 2.3, a) ToJArae y 3acTOCyBaHHI
KOBIIIOBOTO OOpOOJICHHSI CUIIIKOOapieBUM 1HOKYIsITopoM Mapku SBS dpakii Big 2 MM 10
6 MM y xkubkocti 0,5% BiI Macu BWIMBKAa Ta XOJOJWJIBHUKIB 13 YaBYHY
CY200 JACTY 8833:2019 ToBmmuamu 10 mm, 20 MM Ta 30 Mm.

KoBioBe 00po0JieHHS YaBYHIB CHIIIKOOAPIEBUM 1HOKYJISITOPOM JI03BOJIUTH Yy TOBHIN
Mipl TIPOUTH TporiecaM rpadiTuzaiii Ta MiHIMI3yBaTH KUIBKICTh TIEPJIITHOI CKJIQJOBOi B
METAaJICBili MaTpHIIi, 1[0 TMTO3UTHBHO BIUIMHE Ha TEIUIO(I3MUYHI BIACTHUBOCTI 3a IEpepizoM
BUNUBKIB [53]. [Inst popMyBaHHs rpaaieHTy MOp(]OIIOrii CTPYKTYpH BiJ APIOHO3EPHUCTOL
710 KpPYIHO3EPHUCTOI 3aCTOCOBAHO XOJOJMIBHUKH, aHAJOTIYHI IPYTOMY TEXHOJIOTTYHOMY
BapiaHTy. BUKOpHUCTaHHS IMX JOJATKOBUX TEIJI0AKYMYIIOBAIBHUX €JIEMEHTIB TiABHIUTH

MIBUAKICTh KpUCTAJI3allll YaByHY, OCOOJIMBO Y MICI1 KOHTAKTYy 3 PO3ILJIaBOM.
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4.3.1 BaactuBocti BUIMBKIB i3 yaByny 310CM

VY pe3ynbTaTi NpoBeAeHHS MeTajgorpadiuHuX AOCIIKEHb 3a 30HATBHUM TIepepizoM
3paskiB 13 yaByHy 310CM (puc. 4.23) Bu3HaueHO, 1m0 BiamoBiaHO 10 [116], 32 dopmoro
rpadiT MoOXHa Kiacu(pIKyBaTH SK IUIACTMHYATI BKJIIOUCHHS 3 TOCTPUMHU KIHIISIMHU.
Bcranosneno, 1o 3a mepepizoM 3pasKiB PO3MOALT MIACTUHYACTOrO TpadiTy 3MIHIOETHCS
(Tabm. 4.6) Bix apiOHOPO3TATY)KEHOTO MINKACHAPUTHOTO (30HA 1) 10 pPO3eTKOBOTO (30HA 2)
Ta MEePEXOUTh 10 piBHOMIpHOTO (30HM 3, 4 Ta 5). 3rigHo 3 [116], MibkaeHapuTHU# rpadiT
tuny D Ta E yTBOpeHuil BHACII0K /i1 XOJOAWIbHUKIB HA IIBUJKICTh OXOJOKEHHS. Takuit
rpadiT xapakTEepHUM ISl aHAJIOTIYHOI MPOYKIlli, BUTOTOBIEHOI y (hopMax 13 BUCOKUMHU
Terioi3uyHUMU  Xapaktepuctukamu [24, 55]. BupoOu 3 pIBHOMIPHUM PO3MOIITIOM
maactuHyaroro rpadity (s y 30Hax 3, 4 Ta 5) 4epe3 BHCOKY TEIUIONPOBIIHICTh YaCTO
3aCTOCOBYIOTBCA [iIi pOOOTM B YMOBaX BIUIMBY TEPMOMEXAHIYHMX HaBaHTaXKCHb,
MPUKJIAIaMHU € TalbMIBHI IUCKU (MIJAJAIOTHCS LMKJIAM HarpiBaHHS 1 OXOJIOMKCHHS, 1110

oAi0H1 10 YMOB poOOTH (POPMOKOMILIEKTIB JJI1 BUTOTOBJIEHHS cKioTapH) [39, 57].

Tabmuus 4.6 — Knacudikaris rpadiToBUX BKIIOYEHb 32 30HAIBHUM IEPEPi3OM

3pa3kiB 13 yaByHy 310CM, siki BUTOTOBJICHI 3a TPETIM TEXHOJIOTIYHUM BapiaHTOM

Homep TopmHa Krnacudixkaris rpadity 3a nepeBakHOIO 03HAKOIO
A 30Ha

3pa3Ka |XOJOJIMIbHHUKA, MM| O3HaKa KiacuQikarrii 1 5 3 4 5
10T 10 THUII 32 (popMOIO I I I | I
THII 32 PO3MOILIIOM D E A A A
21 20 THUTI 32 (PopMOIO I I I I I
THII 32 PO3MOILIIOM D E A A A
31 30 THUII 32 (opMOI0 I I I | I
THII 32 PO3NOILIOM E E E A A
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Howmep 3paska

3oHa 1

3oHa 2

3oHa 3

R

30Ha 4

3o0Ha 5

1-]J1 — xonoauiabHUK TOBIUHOK 10 MM; 2-J] — X010 AUIBHUK TOBIIUHOIO 20 MM;

3-J1 — X0JIOAMIBLHUK TOBIIMHOK 30 MM

Pucynok 4.23 — Metanorpadiduti 300pa>keHHs 32 30HAIBHUM MEPEePi30M 3pa3KiB 13

yaByHy 310CM, sIKi BUTOTOBJIEHI 3a TPETIM TEXHOJIOTTUHUM BapiaHTOM
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VY pe3ynpTaTi aHanizy 300pakeHb OTPUMAHUX MIKPOCTPYKTYP 3pa3KiB, BCTAHOBJICHO
3pOCTaHHS CEepPeIHBOI JIOBKUHM I'padiTOBUX BKIIOYECHB B 30HU 1 B IHTEpBaii Bia 84 MKM
o 115 MM g0 3ouu 4 — Big 257 mxMm 110 357 MM (puc. 4.24). Takox, B yciX 3pa3kax
CIIOCTEPITa€EThCA 3MEHIICHHS PO3MIpiB rpadiTOBUX BKJIOUEHH B 30HI 5 TOPIBHAHO 13
30HOI0 4, a came B Mexax BiJl 258 MkM 710 340 MKM, 1110 00YMOBJIEHO KOHTaKTOM PO3ILJIaBY
YaByHY 3 BEPXHBOIO HamiBhopmoro. [TopiBHSHO 13 TOCTIAHIMY BIJIMBKAMH, SIKI OTPUMaHI
3a IPYyTrUM TE€XHOJIOTIYHHUM BapiaHTOM, CepeaH1 po3MipH rpadiTOBUX BKIIOUYEHb Y 3pa3Kax

yaByHy 310CM 3menmmnucs B 1,5-1,8 pasu.

30Ha A0CTIKEHHA

450
1-]1: y = -0,0249x2 + 7,1819x + 77,17
400 R = 0,945

iTy, MEM
1 N\
—

2-]1: v =-0,0476x2 + 6,7691x + 70,996
R2= 0,986

3-11: y =-0,0254x2 + 5,7874x + 57,323
R*= 0,968

epeaHlil po3MIp BKIIOUEHE rpadiTy,

C

0 5 10 15 20 25 30 35 40 45 50
Biacraus Bij HII3Y 3paska, MM —
1-]J1 — xonoauiabHUK TOBIIUHOK 10 MM; 2-J] — X010 AUIBHUK TOBIIMHOIO 20 MM;

3-J] — X0JIOAMIBHUK TOBIIMHOK 30 MM

Pucynox 4.24 — Cepenniii po3mip BKITIOUEHB IpadiTy 3a mepepizoM 3pasKiB 13

yaByHy 310CM, K1 BUTOTOBIICHI 32 TPETIM TEXHOJIOTTUHUM BapiaHTOM

HaiiGi1b111 BUpakeHy 3MiHY cepeHiX po3MipiB TpadiTOBUX BKIIOUYEHB 3a MEPEPI3ZOM
3pa3KiB, MOPIBHSIHO 3 JIPYTUM TEXHOJIOTIYHMM BapiaHTOM, CIIOCTEpIraEMO B 30HI 1, 110
3HaXOJIUThCS B Jiama3oHi Bl 84 MkM 70 115 MxM. Ile 3ymMOBIEHO Ji€H0 XOJOIUIIbHUKA.

MakcumanbHi 3HaY€HHs CepeHIX po3MipiB rpadiTOBUX BKIIOUEHDb B 30H1 4 3HAXOATHCA B
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miama3oHi B 262 MM 10 357 mxMm. Take 301bIlIeHHST po3MipiB TpadiTOBUX BKIIOUYEHD B
30H1 4, TIOPIBHSAHO 31 30HOK 1, BIAOYJIOCA 3a PaxyHOK MOBIJIBHOTO OXOJIOJKCHHS, SIKE
BIUTMHYJIO Ha CTBOPEHHSI CHPUATIMBIIINX YMOB JAJisl 3pocTaHHs rpadity. BiamosinHo, 3a
TPUBAIIIIUA Yac KpucTamizailii, (opMyrThCs KpyIHimn rpadiToBi BKIIOYEHHS dYepes
mBuAmMA npouec aAudys3ii C B pilkoMy YaByHI, MOPIBHSHO 3 TBEPAUM YaBYHOM.
3MEHIIIEHHS 3HAU€Hb CEPEAHBOI0 PO3Mipy TpadiTOBUX BKIIOYEHBb B 30HI 5 YCIX 3pa3KiB
(1- 4, 2-A, 3-J1), 3ymMOBJIe€HE BIUIMBOM BEpPXHBLOI HamBOOPMU Ha MPUIIBUAIICHHS
OXOJIO/IPKEHHS Ta OOMEXKEHHsI pOCTY BKJIIOUeHb rpadity. HaiimeHIi 3Ha4eHHS cepeHbOTO
po3Mipy rpadiTOBUX BKJIIOYEHb BJIACTUBI 3pa3kam 3-]1, siki BUTOTOBJIEHI 3 BAKOPUCTAHHSIM
XOJIOAMIIbHUKA TOBIIMHOIO 30 MM. Po3Mipu rpadiToBuX BKIIOYEHb 3pOCTAIOTh Bl 84 MKM
B 30H1 1 10 262 MKkM B 30H1 5. KiIt040BOIO IPUYMHOIO 3MEHIIEHHSI PO3MIpIB rpadiTOBUX
BKJIFOUEHB B 3pa3kax 3-/1 Ta 2-/1, nopiBHSHO 13 3pa3koM 1-JI, € IHTEHCUBHIIIIE OXOJIOIKEHHS
Ta NPUIIBUALICHA KpUCTai3alisl BHACIIAOK BIUIMBY XOJIOAWIBHHUKIB 3 OUIBLIOIO
TEIJIOEMHICTIO. BiIMOB1/IHO, TaKHii BILTMB 0OMEXKY€E PO3BUTOK KPYITHUX BKIIFOUEHB rpadiTy.
[Ipu 1poMy, ciijl BI3HAYUTH, IO CEPEAHIN po3Mip rpadiTOBUX BKIIIOUEHb 32 MEPEpPi3oM
3pa3kiB 2-/] ta 3-J] nmpakTuuHO OAHAKOBUH. BCTaHOBIEHY 3MiHY PO3MIPIB Ta PO3MOJILTY
rpadiToBUX BKJIIOYEHb 3a TIEPEpi30M BHIMBKIB, MOXHAa OINUCATH SK TPAJIEHT 3a
MOPGOJIOTIEI0 CTPYKTYPH.

Takox, y pe3ynbTaTi 0OpoOJieHHs MeTanorpadiuHux AOCHiIKeHb, BU3HAYEHO
TUTOITY, 3alHATY TpadiTOBUMH BKIIIOUEHHSIMH 3a MepepizoM 3paskiB (puc. 4.25). 3HaueHHs
BIJIHOCHOI TIJIOII, 3aiHATOT TpadiTOBUMH BKIIOUCHHSIMHU 3HAXOIAThCSA B Mexax Bifg 8,2 %
1m0 8,6 % B 30H1 1 Ta Bix 8,2 % no 8,5 % — B 30H1 5. Taki oTpumaHi JaHi CBiA4aTh MPO
HAasBHICTh TOTOXHOI CTPYKTYPHOI CKJIaJIOBOI 3a TIEPEP130M 3pa3KiB.

BcranoBineHo, 1110 BiJHOCHA TuIoNIa 3aifHsATa rpadiTOBUMH BKIIOYEHHSIMHU B 3pa3Kax
yapyHy 310CM, oTpMaHuX 3a TPETIM TEXHOJIOIIYHUM BapiaHTOM, OuIbIa Big 2 % 10 5 %
3aJIEKHO BiJl 30HH, MOPIBHAHO 13 3pazkamu yaByHy 310CM (mmoma a0 6 %) Ta yaByHy
350CMXAH (runoura 6:1m3bK0 3 %), IK1 BATOTOBJIEHI 32 IPYTUM TEXHOJOTTYHUM BapiaHTOM
(muB. myHKT 4.2.1 Ta 1uB. yHKT 4.2.2 BiANOBIAHO). Takuit epexT CIpUIMHEHU BHACIIIOK
00poOJIeHHsI YaBYHIB B KOBILI, SIKE€ CIPUsi€ 30UIBIICHHIO KITBKOCTI IEHTPIB KpUCTaTi3aLii

Ta noApiOHeHHI0 TpadiTy. Ockiabku Si, BBEJACHUIN B PO3IUIAB Y CKJIa/l CHIIKOOApPIEBOTO



132

IHOKYJISITOpA, KOHIIGHTPYEThCS TOOIM3y BKIIOYEHb BXX€ YTBOpPEHOro rpadity Ta
npumBuaLye 1udysito C B po3Iuiasi, 11e MPU3BOIUTH /10 aKTUBI3alli TpolieciB rpadiTusaii

i 9ac 3aTBepaiBanus [53, 82].

10

BinHocHa TToMTa BKIROUEHD rpadity, %o
(=)}

30Ha JOC/IIUKEHHS

1-J] — xonoauiabHUK TOBIIMHOK 10 MM; 2-J1 — X0I0AUIBHUK TOBIIUHOO 20 MM;

3-J] — X0JIoAMIBbHUK TOBIIMHOKO 30 MM

Pucynok 4.25 — BigHocHa 1ionia, 3aiiHsITa BKIFOUSHHIMH TpadiTy 3a mepepizom

3pa3kiB 13 yaByHy 310CM, siki BUTOTOBJIEH1 32 TPETIM TEXHOJOTTYHUM BapiaHTOM

Takox Bucokuid BMICT rpadiTHOi (a3um y 3pa3kax CBITYUTH NPO JOMIHYIOUY
OC3BYIJICIIEBY CTPYKTYpHY CKJIAJOBY METaJeBOi MAaTPHIll, [0 MiATBEPIKYETHCS
HAaCTyTHUMH MeTanorpapiyHUMu AOCTIIKEHHSIMHU TPaBJICHUX 3Pa3KiB.

BcranoBieHo, 110 MeTalieBa MAaTpHIsl MICTUTh TOBHICTIO (EPUTHY CKJIAJ0BY Y
autoMy ctaHi (puc. 4.26). lle 0O0yMOBJIEHO KOMOIHOBAHOK B3aEMOJIEI0 KOBIIIOBOIO
00poOJieHHs1 po3IUIaBy Oapi€BMICHMM 1HOKYJISITOPOM Ta XOJOJWIbHUKIB. [HOKyJsATOp
NEePeIIKO)Kae BUOUIEHHIO YaBYHY, LI0 OCOOJMBO aKTyaJlbHO 3a YMOB 3aCTOCYBaHHS
€JIEMEHTIB JIUBapHOi (OpMHU, sKi TPUCKOPIOIOTH KPUCTATI3AIK Ta OXOJOKCHHS

BIIIMBKa [53, 82, §9].
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Pucynox 4.26 — MetaneBa MaTpHIls y pi3HUX 30HaX 3pa3kiB 13 uaByHy 310CM, siki

BUT'OTOBJICHI 3a TPETIM TEXHOJOTTYHUM Bap1aHTOM

Pesynbratu mocmimxeHHsT MiKpoTBepAocTi (puc. 4.27, a) NeMOHCTPYIOTh, IO ISt
(dbepuTy BIaCTHBI BUCOKI MOKa3HUKU. 3HAYCHHS MIKPOTBEPIOCTI 3a MEePePi3oM BCIX 3pa3KiB
B 30H1 1 3HaxomsThea y aiama3oHi Big 164 HV no 184 HV ta 3mMeHIytoThest 10 30HU 5 B
iHTepBasti 3HaueHb Bix 126 HV no 137 HV. OTpumani 3Ha4e€HHSI MIKPOTBEPIOCTI CBITYaTh
Mpo Te, M0 Y BWIMBKAX OTPUMAHO JICTOBAaHWUN (DEPUT 3 MMABUIICHUMH MEXaHIYHHUMH
XapaKTEPUCTUKAMU, IO 00YMOBJICHO MOIPIOHEHHSM 3€pHA METaJIeBOT MATPHUIll BHACIIIOK
KOMIUIEKCHOI Jii 1HOKYJSTOpa Ta XOJOJWJIbHUKIB Ha TEMIEPATypHO-KIHETUYHI MPOLIECH
3aTBepAiBaHHs. TakoX BHCOKI TOKa3HUKH, BiAnmoBigHO 10 [89, 117], 3ymoBieH1
MPOJIOHTOBAHUM €(DEKTOM B3a€MO/IT pO3IUIaBy YaByHY 3 Oapi€eBMICHUM 1HOKYJIATOPOM, IO
3a0e3reuye 3HAYHUNA TPUPICT MEXAHIYHUX XapaKTEPUCTUK. 3HAUYEHHS MIKPOTBEPIOCTI
dbeputry y 30H1 1 HIK4l B 1,1-1,2 pa3u, mopiBHSHO 31 3pa3kaMu, sSIKi OTpUMaHI 3a JAPYrUM
TEXHOJIOTTYHUM BapiaHnToM (3pa3ku 1-B, 2-B, 3-B). Ile 3ymoBneH0 BHACIIOK TIEpEeHECEHHS

1HOKYJISITOpa 13 MOPOKHUHU (OPMH y KIBIII, IO MPHU3BEJIO JI0 OUIBII MOBHOTO HOTO
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3aCBOEHHS Ta MOXJIIMBOTO 3HIDKEHHS IIBHUIKOCTEM KpHUCTamizamii Ta OXOJIOMKEHHS
BWINBKIB. [Ipy 11bOMYy, 3HAYEHHSI MIKPOTBEPAOCTI (DEPUTHOI CKJIATOBOI 3pa3KiB YaBYHY
310CM, oTpuMaHuX 3a TPeTiM TexHoJoriyHuM Bapiantom (1-, 2-J1, 3-/1), 3HaxoauTecs y
TOMY 3K Jlana3oHi, 0 MIKPOTBEPIICTh 3pa3kiB uaByHy 310CM, siki oTpUMaHi 3a NEepIIuM
TEXHOJIOTTYHUM BapiaHToM (1-A, 2-A, 3-A). {1 TpeTboro TEXHOJOTIYHOTO BapiaHTy IIe
MO>KHA TIOSICHUTHA MEHIII IHTEHCUBHUM BIUIMBOM €JIEMEHTIB, SIKI PO3TAIlIOBaH1 Yy JIMBApHIN

dbopmi Ha MIPOIECH KpUCTATI3allil Ta OXOJIOKEHHS.

30Ha AOCTIKEHHL 30Ha AOCTIIKEHHA
1 2 3 4 2 | 1 2 3 4 5

2 180 %‘H{ =

: i = 160
=4 NN 5
2160 ~ i g
/A 3 A
5 I-HN:\\\\ :
= ™ N EAde bt bl
= \ S B 2

140 =

J.\Q
120 120
0O 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

BiacTans B HU3Y 3pa3ka, MM —> Bixcras® Bif HU3y 3paska, MM —

a o
1-J1 — xonoauiabHUK TOBIUHOK 10 MM; 2-J] — X010AUIBHUK TOBIIUHOKO 20 MM;

3-J] — X0JI0AMIBHUK TOBIIMHOKO 30 MM

Pucynox 4.27 — MikpoTBepAicTh ¢hepuTy MeTajaeBoi MaTpHili () Ta TBEpAICTH (0)

3pa3kiB 13 yaByHy 310CM, siki BUTOTOBJIEHI 32 TPETIM TEXHOJOTTYHUM BapiaHTOM

OxpiM MIKpOTBEPAOCTI METAJIEBOi MATpHIll BU3HAYEHO TBEPIICTh MaTepially 3a
bpinennem. BcTanoBieHo, 1m0 3Ha4eHHS 3MEHITYIOTHCS BiJl 30HU | y miamaszoni Bix 150 HB
1o 170 HB, no 30nu 5 y mianasoni Bix 140 HB no 150 HB (nuB. puc. 4.27, 6). [Ipu upbomy
CII BI3HAYUTH, IO 3MIHM TBEPJOCTI 3a MEPEpi30oM HE CYTTEBI, IO TMOSCHIOETHCA

HAsSBHICTIO TPAKTUYHO OJHOPITHOI CTPYKTYPH METAJIEBOi MAaTPHIII 3a TIEPEPi30M BUIIMBKA.
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[lepeneceHHs1 IHOKYJIATOPA 13 MOPOKHUHU JTUBAPHOI (POPMU JI0 KOBILIA MPU3BEIIO 10
MIOBHOT'O MOT0 3acBO€HHS. BiAmoBigHO, 1€ 1HTCHCUBHIIIE BILUIMHYJIO Ha TpadiTH3aIliio Ta
3a0€3MeurIo KPUCTATI3aIliIo 3a Mepepi3oM BIIIMBKIB 13 TIOBHOIO (PEPUTH3AIIEI0 METATICBO1
MaTpUlll y JUTOMY CTaHi. TakoX TaKWil BIUIMB JOIIJIGHO BH3HAYMTH HA BJIACTHUBOCTI

BUJIUBKIB 13 uaByHy 350CMXAH.

4.3.2 Buactusocti BWINBKIB i3 yaByny 3S0CMXAH

VY pe3ynbTarti 10CIIKEHHS] BU3HAUEHO BIUIMB TPETHOI'O TEXHOJIOTTYHOIO BaplaHTy Ha
(opMyBaHHsS CTPYKTYpU Ta BJacTUBOCTEM BWIMBKIB 13 uaByHy 350CMXAH, B sikomy
3HaYyHO OUIBIIMN BIUIMB JOJATKOBUX JIETYBAJIbHHUX E€JIEMEHTIB Ha CTPYKTYPOYTBOPEHHS.
BcranoBneHo, 110 B 3pa3kax, popma rpadiToBUX BKIIOYEHb IUIACTUHYATA, IO AHAJIOTIYHO
3pazkam yaByHy 310CM, K1 TakoXX OTPUMAHO 3a TPETIM TEXHOJIOTTYHUM
BapianToMm (puc. 4.28). 3a nepepizom BuiIUBKIB 3 yaByHy 350CMXAH, BcTaHOBIJIEHO, 1110
pO3MOAUT MJIACTUHYATUX TpaiTOBUX BKIIOYEHb MOXKHA KIacU(IKyBaTH SIK 3MIHY BIJ
IpiOHOPO3TaATYKEHOT0 MIKIEHAPUTHOTO (30Ha 1) 10 piBHOMIpHOTO (30HU 2, 3, 4, 5) (Tadx.
4.7). 3rigro ao [116], HasBHMIT MDKISHAPUTHUN TpadiT yTBOPEHUM BHACIIIOK MiABUIIICHOT
IIBUJKOCTI OXOJIOJDKEHHSI B TPOLECI 3aTBEpAIBaHHSA pO3IJIaBy B 30HI KOHTAaKTy 3

XOJIOAUJIBHHUKOM.

Tabmuus 4.7 — Knacudikaris rpadiToBUX BKIIOYEHb 32 30HAJIBHUM IEPEPi3oM

3pa3kiB 13 yaByHy 350CMXAH, siki BUTOTOBJIEHI 32 TPETIM TEXHOJIOTIYHUM BapiaHTOM

Homep TopmHa Knacudikarist rpadity 3a nepeBaXHOO 03HAKOIO
o 30Ha

3pa3ka |XOJOAWJIbHUKA, MM | O3HaKa KiachQikarrii 1 5 3 4 5
I-E 10 THUTI 32 (POPMOTO I I I I I
THII 32 PO3NOILIOM E A A A A
’E 20 THII 32 (popMOI0 I I I | I
THII 32 PO3NOJILIOM E A A A A
IE 30 THUTI 32 (POpMOTO I I I I I
THII 32 PO3MOILIOM E A A A A
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Howmep 3paszka
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3-E — x0m0oAunbpHUK TOBIIHNHOKO 30 MM

Pucynok 4.28 — MetaniorpadiuHi 300pakeHHsI 32 30HAILHUM Tepepi3oM 3pa3KiB 13

yaByHy 350CMXAH, siki BATOTOBJIEH] 32 TPETIM TEXHOJIOTTYHUM BapiaHTOM
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VY pesynbraTi 00pOOIEHHS 300pa)K€Hb MIKPOCTPYKTYPH 3a TMepepi3oM 3pasKiB
BCTAHOBJICHO, 1[0 CEPE/IHI pOo3MipHu rpadiTOBUX BKIIOYEHb 30UIBIIYIOTHCS BiJ 30HM 1 B
niamasoHi Bix 65 MM 10 102 MM 110 30HH 5 B Mekax Bif 177 MM 110 227 MM (puc. 4.29).
MakcuMalibHi 3Ha4€HHS Cepe/IHIX po3MipiB rpadiTOBUX BKIIOYEHBb BIACTHBI 3pa3ky 1-E.
Ile 3yMOBJIEHO MEHIII IHTEHCUBHUM BILJITMBOM XOJIOJWJIbHUKA TOBIIMHOIO 10 MM Ha mpoiiec
KpHUCTAai3allii Ta moIpiOHEHHS pO3MIpiB, MOPIBHIHO 3 XOJIOJMIbHUKAaMH TOBIIMHAME 20 MM
(3pazok 2-E) Ta 30 MM (3pazok 3-E). JIpibHoaucnepcHi rpadiToBi BKIIOYEHHS BJIACTHUBI
3pa3ky 3-E. Cepenniii po3mip rpadiToBUX BKIIOYEHBb 3pa3ka 3-E cTtaHOBUTH 65 MKM B
30H1 1, 3poctae g0 186 MKkM y 30HI 4 Ta JA€mIO 3HWXKYETbCA A0 177 MKM y 30H1 5.
[HTEeHCUBHUI BILUTUB XOJOIUILHUKA TOBIIMHOIO 30 MM 3 BUCOKOIO TEIUIOAKYMYTIOBAJILHOIO
3IaTHICTIO, TIPU3BIB J0 MOJAPIOHEHHS IpadiTOBUX BKIIOUYEHb BHACIIAOK MPUIIBUIIICHHS

poliecy KpucTatizallii Ta 0OMEeXKEeHHsI yacy JJisi pocTy rpadiTOBUX BKIIIOUYEHbD.

30HAa JTOCTIIKEHH
1 2 3 4 5
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2 250 '

28 iE 1-E:y =-0,0573x2+ 6.1812x + 63.915
2 R>=0,9993
=

g. 200 L= 5 B.y =_0,0623x2+ 6,3420% + 53.970
2 / R®=0,9983
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2 50

=

(5]

2,
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0 5 10 15 20 25 30 35 40 45 50
Biacranp Bi HU3Y 3pa3ka, MM —>

1-E — xomoauabHUK TOBIIMHOIO 10 MM; 2-E — X070 1UMIBHUK TOBIIMHOIO 20 MM;
3-E — xooauiIpHUK TOBIIMHOKIO 30 MM
Pucynok 4.29 — Cepeaniii po3Mip BKJIIOUEHb rpadiTy 3a mepepizoM 3pas3KiB 13

yaByHy 350CMXAH, siKi BUTOTOBJIEH1 3a TPETIM TEXHOJIOTTYHUM BapiaHTOM

MakcumanbHi 3HaUY€HHSI PO3MIPIB rpadiTOBUX BKIIOYEHb 3a MEPEPI3OM 3pa3KiB

350CMXAH menmii B 30H1 1 B 1,2-1,3 pasu (10 20 MKM) MOPIBHSIHO 31 3pa3kaMu YaBYHY
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310CM. B 30#i 5 po3mipu 3menmieHi B 1,3-1,4 pa3u (B mianma3oni Big 80 Mxm g0 100 MKMm).
Jana 3anexHicTh Mk 3pa3kamu yaByHiB 310CM ta 350CMXAH ananoriuna 3ajexHOCTI
MDK 3pa3kaMd WX JOCTIJHUX 4YaBYHIB, BHTOTOBJICHHX 3a JPYTUM TEXHOJOTIYHUM
BapiaHTOM (MyHKT 4.2.2). Taka 3aJIe’KHICTh 3yMOBJIEHA BIUTMBOM JI0JaTKOBUX JIETYBAIbHUX
enemeHTiB (Cr, Mo, Ti) B 3pa3kax i3 yaByHy 350CMXAH, siki MO3UTUBHO BIUIMHYJIU Ha
nonpioHeHHs rpadity. BcTaHoBIeHO BIAHOCHY IUIONLy, 3alHATY TpadiToBUMHU
BKJIFOUEHHSIMU Bijl 30HH | 710 30HU 5 B 3pa3kax 3 4aByHy 350CMXAH. BuznaueHo, 1o 3a

nepepizoM BCiX 3pa3KiB 3HAUEHHS MOCTYMOBO 3MeHIIyI0Thes B 3,0 % 10 2,5 % (puc. 4.30).

3.5

78]
[=

BinHocHa toma BKIIOYEeHb IpadiTy, %
N
W

o
[=]

30Ha JOCTIHKEHHS

1-E — xomoauiabHUK TOBIIMHOIO 10 MM; 2-E — X070 IMIIFHUK TOBIIMHOIO 20 MM;

3-E — Xx0moannbHUK TOBIMHUHOIO 30 MM

Pucynox 4.30 — BigHocHa moma 3aifHsta rpadiToM B 30HaX JIOCHIIKEHHS 3pa3KiB

13 yaByHy 350CMXAH, siki BUTOTOBJIEH1 32 TPETIM TEXHOJOTIYHUM BapiaHTOM

BinHocHa miionia, 3aifHsTa rpagiTOBUMHU BKIIFOUEHHSAMH 3HAYHO MEHIIIA TOPIBHSIHO 31
crutaBoM 310CM, a piznuts cranoButh 10 6 %. lle 3ymoBieHO, THM, 110 MPEBAIIOE JTis
JEryBaJIbHUX €JIeMEHTIB y BuiMBKax 3 4aByHy 350CMXAH Ha ranbMyBaHHS mpolecy
rpaditu3zaii. Taka 3ajiexKHICTh aHajor1yHa Ji71s 3pa3kiB yaByHy 350CMXAH, BurotoneHi
3a APYTHM TEXHOJOTIYHUM BapiaHTOM (TIYHKT 4.2.2). 3a A0MOMOTOI0 MeTanorpadiqHoro

JOCIIJKEHHSI TPaBJIEHUX 3pa3KiB OyJl0 BCTAHOBIIEHO, IO MeETajeBa MATpULS 3pa3KiB
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CKJIQIa€ThCS 3 JOMIHYIOUOI MEpIITHOI CKJIaJ0BOI y JMTOMY CTaHl, 3 HE3HAYHUMHU

OTOpOYKaMH (epuUTy HaBKOJIO rpadiTOBUX BKIOUEHD (puc. 4.31).

| 3a 5
Pucynok 4.31 — MeTtanieBa Matpulisl y pi3HUX 30HaxX 3paskiB i3 uaByHy 350CMXAH,

SIK1 BATOTOBJICH] 32 TPETIM TEXHOJIOTIYHUM BapiaHTOM

BcTranoBieHo, 1110 3a TpETIM TEXHOJOTTYHUM BapilaHTOM, Y 3pa3kax 3 yaByHy 310CM
HasBHa (hepUTHA MeTajeBa MaTpuIls, a 3pa3kam 3 uaByHy 350CMXAH — nepiiTHa MaTpHIIs.
Ile 3ymMOBI€HO JOMIHYIOYOIO J1€10 JIETYBAJbHUX €JIEMEHTIB, K1 IEPEIIKOKAIOTh MPOLIECY
rpadituzaiiii Ta, OKpiM cTaduII3allli MepiiTy, YTBOPIOITh CTPYKTYPHO BUIbHI KapOigHI
da3u, 1O MIATBEPIKYETHCS HASBHICTIO KapOIAHMX BKIIOYEeHb (muB. puc. 4.33).
BcranosneHo, 1110 cepeHi po3mipu kapOi/iiB KOJIUBAIOTHCS BiJl 13 MKM 10 MaKCUMAaJIbHUX
312 MM, MIKpOTBEpAICTh KapOiaiB — craHoBuTh Bif 800 HV no 2000 HV (BumpoOyBanHi
13 3ycwuiam F =0,9807 H). YtBopennst kapOiguux (a3 y 3pa3kax 3 HHU3bKOJETOBAHOTO
yaByHy 350CMXAH 3ymMOBJI€HO HAsIBHICTIO OUIBINOT KIJTLKOCTI JIETYBUILHUX €JIEMEHTIB —
Cr, Ni, Ti, Mo, siki MaroTh 34aTHICTh YTBOPIOBATH BIJIACHI CTilKi KapOiaum [58, 62], cipusitoTh

noApiOHEHHIO 3epeH Ta rpadiToBUX BKIHOYEHb. HasBHI KapOigHI CHOJYKH CIPHUSIOTH
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IIIBUIIIEHHIO TBEPIOCTI 3pa3KiB. JlocmimKkeHHs 3a mepepizoM 3pa3KiB IEMOHCTPYE, IO IS
NEPJIITHOT METaJIeBOI MAaTPUIll XapaKTEPHI BUCOKI 3HAYEHHSI MiKpoTBepaocTi — Big 350 HV
10 380 HV y 30ni 1 ta Bix 296 HV no 332 HV y 30Hi 5 (puc. 4.32, a). HaliBumii 3Ha4eHHS
MIKpOTBEPAOCTI MEPIITY BIACTUBI 30H1 5 3pa3ka 3-E — nianazon Big 381 HV no 332 HV.
BceranoBneno, mo B 30H1 1 gms Beix 3paskiB yaByHy 350CMXAH 3HaueHHs
TBEPOCTI MPAKTUYHO TOTOKHE Ta cTaHOBUTH — 250 HB (puc. 4.32, 6). OnHak 3a nepepizom

3pa3KiB, TBEPAICTh BIJl 30HU 2 JIO0 30HU 5 3MIHIOETHCS, Ta 3HAXOJIUTHCS B MPOMIKKY BiJl
235 HB no 210 HB

30Ha HOC/LIKEHHA 30Ha DOCTIIKEHHSA
1 2 3 1 5‘ 1 2 3 4 5
400 260
380 k
2 | 3
ﬁ’ 360 | ;';'—',240
2 =
= g=
& 340 =
g S
E 20 E220
Bk = -
=3
o
A
300 =
T
280 200 — g
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Biacrane Bia HU3Y 3pazka, MM —

BincraHp Bl HIZY 3pa3ka, MM —>

a 0
1-E — xomoauabHuK TOBIIMHOIO 10 MM; 2-E — X010 1MIBHUK TOBIIMHOIO 20 MM;

3-E — Xx0m0AunbHUK TOBIINHOKO 30 MM

Pucynox 4.32 — MikpoTBepAiCTh NEPIIITY (a) Ta TBEPAICTH (0) 3pa3KiB 13 UaBYHY

350CMXAH, sixi BUTOTOBJICHI 32 TPETIM TEXHOJOTIYHUM BapiaHTOM

[IpoBeneHi €KCHEpUMEHTH 3a TPETIM TEXHOJIOTIYHUM BapiaHTOM HE J03BOJIAIU
OTpUMATH Yy BWIMBKax rpadiTy KymscToi ¢Gopmu, mjig 3a0e3NeueHHs MiABUIICHUX
MEXaHIYHUX Ta eKCIUTyaTallliHUX BiacTHUBOcTed BUpoOy (auB. migposnin 1.14). Sx
BiIoMoO [53, 90], epeKTUBHUM METOJI0M BUPOOHUIITBA BUCOKOMIITHOTO YaBYHY 13 KYJISICTOIO

dopmoto rpadity € BHyTpinHEOGOpMOBEe MoaudikyBaHHs (inmold MeTom) y cnemianbHin
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MOPOXHUHI JHBapHOi (opmu (peakmiiiHiii kKamepi abo peakTopi) MarHi€BMiCHUMH

Moaudikaropamu (auB. migpo3aia 1.15).

4.4 YerBepTHil TeXHOJOTIYHUI BapiaHT — KOMOiHOBaHe (IIOCTYNOBE) KOBLIOBE
00po0JiIeHHsT PO3ILVIABY YaBYHY Ta BHYTpimHbopopmMoBe MoaudikyBaHHsa i3

3aCTOCYBAaHHAM XO.]IOIH/I.JIBHI/IKiB

3 METOI OTPUMAaHHS y MOBEPXHEBOMY IIapl BHIMBKIB rpadiTy KyJscToi (hopmu,
JI0JIATKOBO JI0 KOBIIOBOT'O 0OPOOJIEHHS 1HOKYJISITOpOM Mapku SBS, 3acTOCOBaHO BTOPUHHE
Moau(dikyBanHs inmold MeToAOM 3a TEXHOJOTIYHOK CXEMOKO BIAMOBIAHO /O
nigposauty 2.4 (muB. puc. 2.3,a). B sxocTi cdepoinuzyBambHOr0  MoaudikaTopa
BUKOPUCTAHO MarHieBMicHy Jjirarypy Mapku VL63(M) (muB. Ta6mn. 2.1), po3mipom
YaCTHUHOK BiJ 2 MM 110 5 MM Ta y KuibkocTi 0,4 % Big macu BuiauBKa. Bubip KiIbKOCTI
chepoinuzyBaibHOr0 MoIM(iKaTopa rpyHTY€eThea Ha poboTtax [90, 93, 95] ta 3ymoBIieHU
HEOOXITHICTIO (popMyBaHHS rpaditTy KyJsicToi GopMuU JHIlIe Yy Iiapi BUIMBKA OOMEXKEHOT
TOBIIUHH, SKHA OE3MOCEPEIHhO KOHTAKTYE 13 XOJOAWJIBHUKOM Yy TIOPOKHHMHI JTMBapHOI
dopmu. 3rigHo pocaimkeHs [53, 82, 90] moeaHaHHS METOIB MOAU(DIKYBaHHS, 3aJICIKHO BIT
IIBUJKOCTI OXOJIOJKEHHS [53], cripusiTuMe 301UIBbIIEHHIO KIJIBKOCTI LIEHTPIB KpUCTai3amii
Ta BKJIIOYEHBb rpadity no 4-x pasiB. [loctymoBe koMOiHOBaHE 00poOJieHHS €hEeKTHUBHO
BILTMHE Ha (POpMyBaHHS APIOHOKPUCTANIYHOT CTPYKTYPH 3 T1BUIIEHUM BMICTOM (EpUTY B

METAaJIeBIN MaTpHIIl Ta BKIIOUEHHSIMU JIUCTIEPCHOTO KYJISICTOTO TpadiTy.

4.4.1 Buaacrusocti BUJIMBKIB i3 ciiiapy 310CM

VY pe3ynbTrati 1ocHiKeHH MeTanorpadiyHux 300paxeHs 3pa3kiB 3 uaByHy 310CM,
Kl OTPUMaHl 3a YETBEPTUM TEXHOJOTIYHUM BapiaHTOM BCTAHOBJIEHO, M0 (dopma

rpadiToBUX BKJIIOYEHB TuTacTrHYATa (puc. 4.35), okpiM 3pa3kiB 3-€.
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Howmep 3paska

1-€ — xomoguIbHUK TOBIIUHOIO 10 MM; 2-€ — XOJ0JUIBHUK TOBITUHOIO 20 MM;

3-€ — X0JIOIMWJIBHUK TOBIIMHOO 30 MM

Pucynok 4.33 — Metanorpadiuni 300pakeHHs 32 30HAUTLHUM TIepepi3oM 3pa3KiB 13

yaByHy 310CM, siKi BUTOTOBJIEH] 32 YETBEPTUM TEXHOJOTIYHIUM BapiaHTOM
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Busnaueno, 1o map yaByHy 13 AMCIIEPCHUMH BKIIFOUEHHSIMHU KYJISCTOTO rpadiTy i3
30HM | 3paska 3-€ mepexoauTh J0 BKIOYEHb BEPMUKYJSPHOI (OpMU B 30HI 2, SIKUH

3MIHIOETBCS Ha TpadiT ruracTuayaToi hopmu (puc. 4.34).

Pucynok 4.34 — Metanorpadiune 300paxkeHHs 3paszka 3-€ 13 uapyny 310CM 3
rpajiieHToM Mopdosorii rpadiTOBUX BKIIOYEHB, IKU BUTOTOBJICHUH 32 YETBEPTUM

TE€XHOJIOT1TYHUM BapiaHTOM

Knacudikariiro BkItoueHb rpadiTy B 3pa3kax MPOBEACHO BiAMoBinHO 10 [116] Ta
BCTAHOBJICHO HACTyIHE: KyJscTUH Tpadit 3a ¢GopMoro BimHOCUThCA 10 Tumy VI Ta
MepeXoauTh 10 BepMUKYJsipHOro rpadity tumy III, sikuil 3MiHIO€ThCA Ha MJIACTUHYATHMA
rpadit 3a Tunom l. 3rimHo 10 TBEepMKEeHb aBTOpIB [83, 95], 3MiHa MOPGOIIOTii BKIIOYCHD
rpadiTy 3yMOBJIEHA 3aCTOCYBaHHSM MOAMGIKATOPIB, SIKI 3amo0iraloTh BHUOIICHHIO,
BIUIMBAIOTh Ha 30UIBIIEHHS KIUIBKOCTI LEHTPIB KpucTalizaiii rpadiTy Ta yTBOPEHHS
npibHoro kymsictoro rpadity. Bucoki temmeparypu JUTTS 3a0€3MEUyIOTh YTBOPEHHS
OpiOHOPO3TATY’)KEHOI0  MUKACHAPUTHOTO  PO3MOJLTY BEPMUKYISpHOro rpadity B
MOYATKOBIM cTamli Kpucramizamii. Y Mipy OXOJOKEHHS pO3IUIaBy, CTPYKTypa

TpaHC(HOPMYETHCS B1J] PO3E€TKOBOTO TUIACTUHYATOTO TpadiTy a0 piBHOMIpHOTO (Tabm. 4.8).
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L Tpancdopmartis BINIMBA€E Ha MOKPAIIEHHS TEIJIONPOBIAHOCTI MaTepialy, 110 BIIMOBIAHO

cripusie 30UIBIIIEHHIO TEPMIHY €KCILTyaTallii BupoOy.

Tabmus 4.8 — Knacudikaiist rpadiToBUX BKIIIOUEHB 32 IIEPEPi30M 3pa3KiB 13 YaBYHY

310CM, siki BUTOTOBJIEHI 32 YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM

Knacudixkaris rpadity 3a nepeBaxHOO 03HAKOIO
Howmep Tosmmna
. 30Ha

3pa3Ka [XOJIOJUIbHUKA, MM i
P O3HaKa Ki1acudikaiii 1 5 3 4 5
e 10 THII 32 ¢)OpMO}.O I I I I I
THII 32 PO3MOALIIOM E B B B B
h€ 20 THII 32 (bOpMOI.O I I I I I
THII 32 PO3NOALIIOM E B B B C
3.0 30 THII 32 ¢)OpMO}.O VI III I I I
THII 38 PO3NOALIIOM - E B B C

VY pesynpTaTi JOCIIKEHHS MeTajorpagiyHux 300paxkeHb 3paskiB 1-€ ta 2-€
BCTAHOBJICHO, IO B 30H1 1 cepeiHi po3MipH BKJIFOYEHb TUIACTUHYATOTO TpadiTy CTaHOBUTH
BiAnoBiAHO 48 MkM Ta 50 MM (puc. 4.35). Ilpu npomy, 3a mepepizoM 3pa3kiB po3Mipu
IUTACTHHYACTOTO TpadiTy MOCTYIMOBO 301IBIIYIOTHCS 10 MAaKCUMAJIbHUX 3HA4Y€Hb y 30H1 4
(B11 265 MM 10 340 MxM). B 30H1 5 1iux 3pa3kiB NPUCYTHE HE3HAUYHE 3MEHILIEHHS PO3MIpPIB
rpadiToBUX BKJIIOYEHb B Mexax BiJl 340 MKM 110 245 MKM, 1110 OOyMOBJIEHO KOHTaKTOM 3
BEPXHBOIO HaIIBGOPMOIO BHACIIOK MPUIIBUIAIICHOTO OXOJIOMKCHHS uYepe3 1HTCHCHBHE
BIJIBEJICHHS TEIJIa JO HAaBKOJUIIHBOTO cepefoBuia. OTxe, cepeiHi po3Mipu BKIIIOUYEHB
rpadity B 3paszkax yaByHy 310CM wmenmn go 1,6 pasiB (3ajeXHO BiJ JOCIITHUX 30H)
MOPIBHSHO 3 TPETIM TEXHOJOTIYHMM BapiaHToM. OTXe, 3aCTOCYBaHHS J0JIaTKOBOTO
BHYTPIIIHbO(OPMOBOTr0 MOAU(]IKyBaHHA BIUIMBAE Ha 3MiHY MOp(oJorii Ta MOKpaurye
JTUCTIEPCHICTh TPpadiTOBUX BKIIOYEHb TMOPIBHSIHO 3 JIMIIE KOBIIOBUM OOpOOJICHHSIM (3a
TPETIM TEXHOJIOTTYHUM BapiaHTOM). KiltouoBOIO BIIMIHHICTIO € QOpMYBaHHS 11apy rpadity
KyJsicToi (popmu B 3pa3ky 3-€, ssKuii OTpUMAaHUM 32 YETBEPTUM TEXHOJIOTTYHUM BapiaHTOM.

Busnadeno, 1o y 30Hi1 1 3paska 3-€, TO0TO Ha MOBEPXH1 KOHTAKTY 3 XOJIOAMIBHIKOM,
OPUCYTHIN IIap 3aBTOBUIKUA 6 MM 3 BKIIOUEHHSAMU TpadiTy KymnsicToi (GopMHu, iaMeTpoM Bijl

2 mMkMm 10 17 MkMm Ta 3 ctynieHem chepoinuzyBanss B Mexax Big 70 % no 80 %. Buznaueno,



145

10 BKJIFOYEHHS KYJSICTOTO TpadiTy 3MIHIOIOTHCS Ha BEPMUKYJSIPHY (OpPMY, TOBIIMHOIO
mapy 0nu3bko 15 Mm (Bia KiHLs 30HU 1 10 30HU 3). Ilicist yoro BiOyBa€eThCs Mepexis 10
BKJIIOUEHB TpadiTy MIacCTHHYACTOI (popMH 3 po3MipaMu BKIIOUEHB A0 245 MKM (Bija 30HU 3
710 30HU 5). 3MEHIIeHHS PO3MIpiB IpadiTOBUX BKIIOUEHD B YCIX 3pa3Kax B 30H1 5 OPIBHSIHO

13 30HOI0 4 00YMOBJIEHO KOHTAKTOM PO3ILJIaBy YaBYHY 3 BEpXHBOIO HaMiBHOPMOIO.

J0HA JoCTIKEHHEA

1-€: vy =-0.2179%" +17.438x +0.6691
R*=0.9987

2-€:y=-0.1792x% +13.592x +13.673
R*=109937

i
wll LI
N 0%

0 g : 0
0 5 10 15 20 25 30 35 40 45 50
Buicrans Bl HIT3Y 3pa3ka, MM —

3-€:y = -0.0781x? +9.7059x -27.959
R?=0.9592

a:y =-0.1428x +3.5043x + 1.1211
R*=1

sl
T
T
oo —
(=1
CepeﬂHlﬁ PO3MIP EVIDICTIIN BKTHOUYCHB, MEM

CepeIHIil po3Mip BKTIOYEHB TPadiTy, MKM

1-€ — xomoauinbHUK TOBIIMHOIO 10 MM; 2-€ — X0I0AMIBHUK TOBIIMHOIO 20 MM;

3-€ — XOJIOOWJILHUK TOBIIUHOIO 30 MM

Pucynox 4.35 — Cepenniii po3mip BKITt0UEHb rpadiTy (KyJscToro (a)) 3a nepepizom

3pa3kiB 13 4aByHY 310CM, sIK1 BUTOTOBJICHI 32 YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM

3acTocyBaHHSd B YETBEPTOMY TEXHOJOIIYHOMY BapiaHTI  CHUJIIKOOapi€eBOro
(mapxu SB5) ta marnieBmicHoro (Mmapku VL63(M)) MmoaudikaTopiB 3amobira€ yTBOpeHHs
BUOLJIEHHSI Ta CHpUS€E€ YTBOPEHHIO NOJATKOBUX IIEHTPIB KpHUCTami3alli, moApiOHEHHIO
rpadiToBUX BKIIOUYEHb, (opMyBaHHIO TpaaieHTy Mopdosorii rpadity. Takuii BruB
MoaudiKaTopiB MATBEPKYEThCa poboTtamu [59, 61, 83, 93]. BiamoBimHO, HAsSBHICTH
MmarHito y moaudikaropi VL63(M) 3a0e3neuye yTBOpEHHs KyJsCTOro rpadity 3 BUCOKUM
ctynenem cepoinu3ariii. [{e cipusie miaBUIIIEHHIO MEXaHIYHHIX BIACTHBOCTEN MaTepiainy y

pobouomy miapi nerani. [Ipu 1poMmy, B MIpy 3MEHIIEHHsI BIUIMBY MAarHi€BMICHOTO
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Moau(dikaTopa Ta BIUIMBY XOJOAWIbHMKA HAa OXOJOKEHHA pO3IUIaBy, CTPYKTypa
TpaHCPOPMYEThCS 'y BEPMUKYJSIpHUH TpadiT Ta NEpeXxoJuTh JO PIBHOMIPHOIO
riactuHyaToro rpadiry. Jana smina gpopmu Ta po3mipiB rpadity iHiIII0€ TEIIOBIIBEACHHS
BiJI Iapy 3 KyJSICTUM rpadiToM, ajpke Kpalllli TEIUIONPOBIJIHI BJIACTUBOCTI XapaKTepHI
BEPMUKYJISIPHOMY Ta OCOOJIMBO IJIACTUHYATOMY rpadiTy, MOPIBHSIHO 3 IMIAPOM KYJISICTOTO
rpadity [37].

[IpoananizoBaHo 300paK€HHSI MIKPOCTPYKTYP 3pa3KiB Ta BU3HAYEHO IUJIOILY, 3aHHATY
rpadiToBumu BKItoueHHAMHE (puc. 4.36). BcranoBiieHo, 110 3a mepepizoM 3pa3KiB BiTHOCHA
101, 3aitHsATa rpaditom 3poctae Big 8,1 % 1o 9,6 %. PiBHOMIpHE 301bIIIEHHS 3HAYEHb
TJIONII BiJl MICHSI KOHTAKTy 3 XOJOAWJIBHUKOM (30Ha 1) 10 BepxHBOI nepudepii (3oHa 5)
cnoctepiraemo B 3pa3ky 3-€ — Bix 8,0 % 10 9,6 %. Xapakrep 3MiHH BIZHOCHOI ILJIOLIL, SIKY
3aiiMaroTh TpadiToBl BKIIOUEHHS aHajoriyHui 3pa3kam 4yaByHy 310CM, siki BUTOTOBJIEHI
3a TpPETIM TEXHOJOTIYHUM BaplaHTOM. 3pa3KkaM BJacTHBa BHCOKa TIpadituzamis Ta

OJIHOTUIIHA CTPYKTypa 0€3 JMHAMIYHHUX 3MIH.

10

111 11T ?1 HY 111 HBﬂlﬂzﬂY

BinzocHa I1omma BKIHOUEHB rpadity, %
(=)}
l

1 2 3 4 5
30Ha 10 CTIUKEHHS

1-€ — xonoaunbHUK TOBIIUHOI 10 MM; 2-€ — X0J0AMIBHUK TOBIIMHOIO 20 MM;

3-€ — XOJIOOWJILHUK TOBIIUHOKO 30 MM

Pucynox 4.36 — BignocHa mioma 3aifHsita rpadiTom 3a mepepizom 3paskis 13

yaByHy 310CM, siKi BUTOTOBJIEHI 32 YETBEPTUM TEXHOJOTTYHUM BapIaHTOM



147

VY pe3yabTati 1OCHIKEHHS] MIKPOCTPYKTYPHU TPABJICHUX 3pa3KiB BCTAHOBJICHO, 1110 B
3pazkax (1-€, 2-€, 3-€) nasgBHa noBHicTIO (eputHa MmaTpuis (puc. 4.37). 3rigHo 10
TBepKeHb [37, 72, 112] pepuTHa MaTpULIs € TEMOAMHAMIYHO CTA0IBHOIO Ta HE MiJAA€ThCA
3HAYHUM CTPYKTYpPHMM 3MiHaM TijJ BIUIMBOM BHCOKHMX TEMIIEpaTyp 1 UMKIIYHHUX
HaBaHTa)keHb. [{e Ba)KJIMBO, OCKUJIBKH TEPMOJIMHAMIYHA CTaOUIBHICTh MAaTPHIIl J03BOJISE
3MEHIIUTH WMOBIPHICTb YTBOPEHHS AC(PEKTiB y BHUpOOaxX BHACTIIOK TepMIYHOTO abo

MEXaHIYHOT'O BILIMBY, 30KpeMa TPIIHH.

i ———
200 um ™
N R T

Pucynok 4.37 — MeTasieBa MaTpulisl y pi3HUX 30Hax 3paskiB i3 yaByHy 310CM, siki

BUTOTOBJICHI 32 YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM

Y pesynabTaTi MPOBEAECHUX JOCHIDKEHb MEXaHIYHMX BJIAaCTUBOCTEH (peputHOi
MaTpHlli 3pa3KiB, BU3HAUEHO MiABUIICHI 3HAYCHHS MIKPOTBEPAOCT1. 3HAYEHHSI 3MIHIOIOTHCS
Bix 30ouu 1 B miamaszoni Big 210 HV no 177 HV no 30nm 5 — Bim 158 HV mo 190 HV

(puc. 4.38, a). OrpuMaHi Moka3HUKU OUTBINL B 1,6 pa3iB (3aJIe’KHO BiJ 30HM) 332 3HAYEHHS
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BUIMBKIB 13 criaBy 310CM 3a TpeTiM TeXHOJIOTTYHUM BapiaHToOM. Taky BIAMIHHICTh MOKHA
MOSICHUTH BIUIUBOM MOAM(IKATOPIB HAa MOJPIOHEHHS CTPYKTYPHUX CKJIAI0BHUX, IO
BI/IMOBIIHO, BIUIMBAaE HA TIOKPAIICHHS MIKPOTBEPAOCTI CTPYKTYPHUX CKIIAIOBUX.
Busznaueno tBepaicTh 3a bpinesiem 3a nepepizom 3paskiB yaByHy 310CM. [l 3paska 1-€
3Ha4YeHHs cTaHoBUTH BiA 158 HB 1o 165 HB, 3pa3ka 2-€ — Big 160 HB 1o 177 HB, 3pa3ka
3-€ —Bix 210 HB g0 215 HB (puc. 4.38, 6). 3HaueHHs TBEpJOCTI JIETOBAHOTO (epuUTy Ta
XapakTep iX po3IMOIiLIYy 3a Mepepi3oM 3pa3KiB CBIAYUTH IMPO CTIHKICTH 1O MEXaHIYHOIO

3HOCY, IO 3a0€3MEeYUTh JOBrOBIYHICTH JIETANEH 3 IbOTO MaTepiay.

30HAa HOCHIKEeHHA 30HA DOCTIIKCHHA
1 2 3 4 3 1 2 3 4 5
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BifcTaHe Bij HH3y 3pazKa, MM — BizicTaHs BIA HI3Y 3pazka, MM —
a §

1-€ — xonoaunbHUK TOBIIUHOKW 10 MM; 2-€ — X0I0AMIBHUK TOBIIMHOIO 20 MM;

3-€ — XOJIOOWJILHUK TOBIIUHOIO 30 MM

Pucynox 4.38 — MikpoTBepaicTh ¢hepuTy MeTajaeBoi MaTpuili (a) Ta TBEpaiCTh (0)

3pa3kiB 13 yaByHy 310CM, sK1 BUTOTOBJIEHI 32 YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM

Bapro Big3HaumTH, 10 TMOKA3HUKH TBEPJOCTI CTAOLIBLHOT (PEPUTHOI CTPYKTYpH
3pa3KiB BIJMOBIJAIOTH PIBHIO TBEPIOCTI YaBYHHUX 3aroTOBOK MPOBIJIHUX CBITOBHUX

BUpoOHUKIB [9, 11, 12]. OTpuMaHa cTpyKTypa 3pa3KiB JI03BOJISIE YHUKHYTH J0JATKOBOTO



149

TEPMIYHOTO OOpOOJIEHHS, a JieTOBaHUN (epuT 3ale3neuye 30UIbLICHHSI TEPMIHY CITyKOU

JeTajel 3a paxyHOK CTaOlJIbHOCTI Ta KOMILJIEKCY MEXaHIYHUX BiacTUBOCTEH [59, 83].

4.4.2 Buactusocti BuaMBKiIB i3 ciiaBy 35S0CMXAH

VY xoxi nocnipKeHHs MeTanorpagpiyHux 300pakeHb 3paskiB 3 ciuiaBy 350CMXAH,
BCTAHOBJICHO HAasBHICTh rpadiTy IUIacTMHYATOi (OpMH Ta MPOBEACHO Kiacudikallito
rpadiToBuX BKIOYEHB (puc. 4.39).

BcranoBneHo, 1110 3MiHU pO3MOIUTY BKIIIOUEHb rpadity ananoriudi cruiary 3 10CM.
Po3noninn 3MiHIOETBCS BiJl JIPIOHOPO3TATYKEHOTO MIXKIAECHIAPUTHOTO 10 PO3ETKOBOTO M
NePEeXOAUTh JO PIBHOMIPHOTO po3noaury rpadity (tadn. 4.9). dopmyBaHHS Takoro
pO3MO/UTY BKJIIOYEHb TpadiTy BIACTUBO [JIs YaBYHY, BHUTOTOBJIECHOTO 3 BHCOKOIO
IIBUIKICTIO OXOJIOPKCHHS BHACTIOK BIUTMBY TEINIOAKYMYJIOBAJIBHUX €JIEMCHTIB,

IHTCHCUBHICTH BIIIUBY SAKHUX ITIOCTYIIOBO 3MCHIIYETHCS 3a Hepepi30M IIOCJ'IiII}KeHI/IX 3paSKiB.

Tabmuus 4.9 — Knacudikaiis rpadiToBUX BKIOYEHB 3a IEPEPI30OM 3PA3KiB 13 HABYHY

350CMXAH, ki BUTOTOBJIEHI 32 YETBEPTUM TEXHOJOTTYHUM BaplaHTOM

Howmep TosmuHa Knacudixkaris rpadity 3a nepeBakHOIO 03HAKOIO
3pa3Ka | XOJIOIUIbHUKA, diani 30Ha
aka kiacudikarii

MM GHEQERHMI ™1 T 2 7 3 [ 4 [ s
15K 10 THII 32 (1)opM0}.o I I I I I
THII 33 PO3NOALIIOM D B B B C
DK 20 THII 32 (bOpMO}.O I I I I I‘
THII 33 PO3NOALIIOM D E B B C
3K 30 THII 32 (bOpMO}.O I I I I I
TUII 38 PO3HOALIIOM E E E B B
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Howmep 3paska

2-K

200 pm
s

3oHa 3

200 jm
R

200 pm

1-K — xonoaunsHUK TOBIIMHOIO 10 MM; 2-)K — X010 1UMIBHUK TOBIIMHOIO 20 MM;

3-K — xonoamibHUK TOBIIMHOKO 30 MM

Pucynok 4.39 — MetanorpadiuHi 300pakeHHs 32 30HAIBHUM TIepepi3oM 3pa3KiB 13

yaByHy 350CMXAH, siki BUTOTOBIIEH] 32 YETBEPTUM TEXHOJOTIYHIUM BapiaHTOM
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VY pe3ynbTati qociKeHHS MeTajgorpadiyHuX 300pakeHb 3pa3kiB BUSHAUCHO, 110 32
po3Mipamu TpadiToBl BKIIOYEHHS IOJ10HI BKJIIOUCHHSAM TpadiTy B 3pa3kax 31 CIUIaBy
310CM, siki TeX BUTOTOBJICHI 3a YETBEPTHUM TEXHOJIOTIYHUM BapiaHToM. Po3mipu
BKJIFOUEHb 3MIHIOIOTHCS BiJl 30HM 1 B jiama3oHi Bifg 57 MKM 10 95 MKM Ta MOCTYIIOBO

30UIBIIYIOTHCS JIO 30HU 5 B Jiana3oHi 3Ha4eHb Bij 187 MkM 110 225 MkMm (puc. 4.40).

30Ha JOCHIKEHHS
1 2 3 4 5

250
= A |1 | 10K y = -0.0815% + 7.1434x + 71.394
£ 1{|LLsr R?=0.9974
5
;E‘ 200 ’ 95K
g / ] /$ 23K y = 0.0734%? + 6.0165% + 62.082
e R2=09763
8 2 l/dr V‘/
5 150 717 T K
z ] 39K: y = -0.0381% + 4,1951% + 49.412
B : R2=0.9692
2 {///’/#
2. 100 v // A
] /
g
=
‘= 50 +
e
Q
2,
Q
@)}

0

0 5 10 15 20 25 30 35 40 45 50
Biacrans BiX HH3Y 3pa3ska, MM —

1-2K — xonogunsHUK TOBIIMHOIO 10 MM; 2-)K — X010 1MIBHUK TOBIIMHOIO 20 MM;

3-XK — X0JI0AUIILHUK TOBIIUHOKIO 30 MM

Pucynok 4.40 — Cepeaniii po3Mip BKJIIOUEHb rpadiTy 3a mepepizoM 3pas3KiB 13

yaByHy 350CMXAH, siki BUTOTOBJIEH] 32 YETBEPTUM TEXHOJIOTTYHUM BapiaHTOM

Jlst 3pa3ka 1-)K B 30H1 5 cioctepiraemMo 3pocTaHHs po3MipiB rpadiTOBUX BKIIOYEHB
10 226 MxM, a jy1s 3pa3kiB 2-K ta 3-2K — 1o 166 mxMm Ta 187 MM BianoBigHo. Takuii epexr
MOKHA TIOSICHUTH THM, IO OXOJIOJDKEHHS B IIMX 30HAX BIJOYBA€THCS MOBLIBHIIIE, IO
CTBOPIOE CIPHSTIMBILII YMOBH Ta OUIbIIE 4Yacy i pocTy TIpadiTOBUX BKIIOYECHD.
XapakTtep pocTy rpadiTOBUX BKIIFOUEHB 32 [TEPEPI30M 3pa3KiB aHAIOTTYHUH 3pa3KkaM YaByHY
310CM, sKi OTpUMAaHO 3a YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM. 3HAYEHHS PO3MIpPiB

no/i0HI JiMiIe B 30HI 1, OJHAK 3a MOJAJbIIMM 30HAJILHUM MEPEpI30M 3pa3KiB YaBYHY
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350CMXAH 3nauenns menmi B 1,1-1,5 pasu. Lle cBiauuTh mpo BIUIMB JETyBaJIbHUX

enieMeHTIB B ckiajil yaByHy 350CMXAH Ha noapiOHeHHs po3MipiB rpadiTy y BUIMBKAX.
Takox y pe3yabTaTi TOCTIHKEHHS MeTaIorpadiqHnX 300pakeHh BU3HAYCHO TLIOTTY

3alHATY rpadiTOBUMU BKIFOUEHHSAMH, sIKa 3MIHIOETHCS 3a TIEpepi3oM 3pa3kiB Big 3,6 % 10

2,3 % (puc. 4.41).

4,0

2

BinnocHa nmorma BKIIOUEHE TpadiTy, %

30Ha OOCHIKEHH

1-2K — xonogunesHUK TOBIIHHOIO 10 MM; 2-)K — X070 1MIBHUK TOBIIMHOIO 20 MM;

3-XK — XonmoauiILHUK TOBIIMHOKIO 30 MM

Pucynox 4.41 — BigHocHa moma 3aifHsta rpadiTom 3a rnepepizom 3paskis 13

yaByHy 350CMXAH, siki BUTOTOBJICHI 32 YETBEPTUM TEXHOJIOTTYHUM BapiaHTOM

BinnocHa moma, sKy 3aiMaroTh TpadiToBl BKIIOYEHHS B 3pa3Kkax YaBYHY
350CMXAH wmenma, nopiBHsiHO 31 3pazkamu yaByHY 310CM, siki TeX BHUTOTOBJIEHI 3a
YETBEPTUM TEXHOJIOTTYHUM BapiaHTOM — PI3HUI CTAaHOBUTH Bil 5 % 10 7,6 %. Xapakrep
3MIHM MO’KHA TMOSICHUTH JI€10 JIETYBAJIbHHUX €JEMEHTIB Ha TajdbMyBaHHSA MPOIECY
rpaditu3zaiiii, 1110 aHanoOri4HO J1st 3pa3kiB yaByHy 350CMXAH, siki BUTOTOBJIEHI 32 TPETIM
TEXHOJIOTTYHUM BapiaHTOM (AUB. MYHKT 4.3.2).

JlocnmikeHHsT MIKPOCTPYKTYPH 3a 30HAIILHUM TIE€PEpi3oM TpaBICHUX 3pa3KiB 3

yaByHy 350CMXAH noka3zainu, 110 iM XxapakTepHa nepiitHo-(pepurHa Matpuls (puc. 4.42).
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Bcranosneno, mo s 3o 1 Ta 30HM 2 BracTuBa ()EpUTHA CKIIAIO0BA, 110 MOCTYIOBO
MepexoquTh J0 IMEepeBaKaluoi MepiiTHOI Martpuili B 30Hax 3 Ta 5. IlopiBHsHO 3
BUIIEBKA3aHUMH JOCIIKeHHSIMH 3 4aByHOM 350CMXAH (auB. myHKT 4.3.2), sIKi OTpuMaHi
3a TPETIM TEXHOJIOTTYHUM BapiaHTOM, BJIACTUBA BUKJIIOYHO MEPIIiTHA CTPYKTYypa. Taki 3MiHU
MO>KHA MOSICHUTH €()eKTUBHUM BIUTMBOM MOJM(DIKYBaHHS B pEaKIliitHii kaMepl Ha poLiecu
deputuzarii Ta rpadiTU3amii B 4aByHi, YTBOPEHHs OUTbII APiOHOIUCIIEPCHOT CTPYKTYpPH,

10 MATBEPKYETHCS 3 TOCTIKeHHAMH [53, 59, 83].

30Ha 4 30HA 5

Pucynok 4.42 — MeTtaneBa MaTpulisd B pi3HUX 30HaX 3pa3kiB 13 uaByHy 350CMXAH,

SIK1 BUTOTOBJICHI 32 YETBEPTUM TEXHOJIOTITYHUM BapiaHTOM

B pe3ynbraTi AOCHIPKEHHS MEXaHIYHUX XapaKTePUCTHK BU3HAYEHO, 110 MEPJIITHO-
depuTHa MeTalieBa MaTpPUIll Ma€ BUCOKI MOKa3HUKUA MIKPOTBEPAOCTI 3a MEPEPi30oM BCIX
3pa3KiB. 3HAUCHHS MEPJIITHOI CKJIaJ0BOI 3MIHIOIOTHCS BiJ 30HU 1 B giama3oni Bijg 340 HV

no 250 HV nmo 3omi 5 B miamazoni Bim 263 HV go 225 HV (puc. 4.43, 6). HaiiBumii
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XapaKTepUCTHKHU BIAacTUBI MaTpuli 3pa3ky 3-XK Ta mocsraioth 3HaueHb Big 340 HV no
263 HV. Taka xapakTepucTUKa 3yMOBJI€Ha 1HTEHCHBHHM BIUTMBOM MOJU(IKATOPIB Ta
XOJIOJWIBHUKIB Ha IIBUAKICTh KpUCTami3amii Ta TMOApPIOHEHHS 3epHa MAaTpHIIL.
MikpoTBepaicts peputHoi ckianoBoi 4aByHy 350CMXAH cranoButs Big 200 HV no
145 HV (puc. 4.43, 6). 3HaueHHs MIKpOTBEPAOCTI 3HAXOIATHCS B TOMY 3K Jiana3oHi, 1o 1

3HaueHHs 3pa3kiB 310CM, siki OTpuMaHi 32 4eTBEPTUM TEXHOJOTTYHIUM BapiaHTOM.

30Ha JOCHILKEHHS 30HA JTOCTiKSHHS
1 2 3 4 5 1 ) 3 4 5
220 360
340 |-
E200 i : - 3-K
320
f L Wy 3K -[ & 56
2180 e 2
LC_-LI J. e i \\ H 2_}{{
2 il N | £280 | <
g \%\ N \{ E \"ﬂ"‘-\i L i\ l
Z160 £ | ITr i 2. 260 A ~
g 16 Wi !4’ = ® Al T LLLL
([T = 240 |-+ T L
‘-\_\ ;; 1-9K * ---._;i_______._‘_-—‘ T~
140 : 1 M. 220 ' ; R TTITE
200
120 180
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Biacrans BYL HI3Y 3pazka, MM — . .
; Bincrass B HH3Y 3pa3ka, MM —

a §
1-2K — xonogunsHUK TOBIIMHOIO 10 MM; 2-)K — X010 1MIBHUK TOBIIMHOIO 20 MM;

3-XK — X0JI0AUIILHUK TOBIIUHOKIO 30 MM

Pucynox 4.43 — MikpoTtBepaicTs dheputy (a), mepmity (0) 3pa3kiB i3 4aByHY

350CMXAH, siki BUTOTOBJIEHI 32 YETBEPTUM TEXHOJOTIYHUM BaplaHTOM

VY xoni mocmiKeHHsT TBepoCTi 3a bpinemnem 3a mepepizoM 3pas3kiB BCTAHOBJICHO,
10 3HAYEHHS 3MIHIOIOTECA Bix 30HM 1 B Mexkax Big 200 HB mo 210 HB no 30Hu 5 — Bifg
163 HB mo 180 HB (puc. 4.44).

OpHi€ero 3  KIIIOYOBUX OCOONMBOCTEH pe3ysibTaTiB  ampoOallii  Y4eTBEpPTOro

TEXHOJIOTIYHOTO BapiaHTy € OTPUMAHUMN TPaji€eHT CTPYKTYPH y BUIJISAL 3MIHHU BiJ 1Iapy
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YaByHY 3 APIOHOIMCIEPCHUMHU BKIIIOUEHHSIMHU KYJIACTOTO TpadiTy 10 BEPMHUKYISPHOTO,
AKUW TEPEXOAUTH Y TUIACTUHYACTUN Ta 30UIBIIYETHCS Y pO3Mipax 3a Mepepi3oM BIIIMBKA. 3
OTJIsiAy Ha pe3yiabTaTH, caMe KOMOIHAIlSI KOBIIOBOTO Ta BHYTPIITHRO(POPMOBOTO
00pOOJICHHSI PO3IUIaBY B YETBEPTOMY TEXHOJOTIYHOMY BapiaHTI CHpPHS€ YTBOPEHHIO
M1JBUIIIEHOTO BMICTY (DEpUTY B METAJICBI MATpPHIll Ta JOJATKOBUX LIEHTPIB KpHCTaIi3aIii
s popMyBaHHS JPIOHOKPUCTANIYHOI CTPYKTYpPH M BKIIOUEHBb Trpadity pizHoi dopmu.
JlieBICTh  3aCTOCYBaHHS KOMOIHOBAHOTO METOAY IMIAKPIIIIOETHCS  TBEPKCHHIMU

aBTopiB [53, 82, 90].

3oHa mo CJ'IiIDKCHHH

1 2 3 4 5
220
3K

g 200 |-% I
£ 2K
=
£ 180 L | y - |
=
[¥al
8
=
£ 160 1K T%
[=a]
H

140

0 5 10 15 20 25 30 35 40 45 50

Bincrans Big HM3Y 3pa3ka, MM —

1-2K — xonoguneHUK TOBIIHHOIO 10 MM; 2-)K — X070 1MIBHUK TOBIIMHOKO 20 MM;

3-XK — X0omoauiIbHUK TOBIIMHOKIO 30 MM

Pucynok 4.44 — TBepaicTh 3a nepepizom 3pa3kiB 13 uaByny 350CMXAH, siki

BHUT'OTOBJICHI 32 YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM

OTpumaHuil TUIT Ta PO3MIpP BKJIIOYEHB IpadiTy I03BOJIE€ CTBEPAKYBATU MIPO 3MIHY
Tero(i3UYHUX BIACTUBOCTEH MaTepialy 3a mepepizom BuinBka. OTxke, Terohi3udHi
BJIACTUBOCTI OTPUMAaHUX BWJIMBKIB, a caMe€ TEeMIIepaTypOomnpoOBIIHICTh, TMOTPEOYIOThH

NETANbHINIONO  JOCHIKEHHS. Bu3HaueHHS KOe(QilIeHTy TeMIepaTypoIrpoOBIAHOCTI
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MaTepialy B pi3HHUX IIapax JA03BOJUTH OI[IHUTHU IIBUIKICTh BIIBEJICHHS TEIUIa 3a EPEpPi3oM

BUJINBKIB.

4.5 BuzHauenHsi koe(inieHTIB TeMIepaTyponpoBiIHOCTI 3pa3KiB JOCJTiIHHX

YaBYHIB

[Toxa3HUKU TETUIOBUX BIACTUBOCTEH PI3HUX YaBYHIB 3aJI€KATh BiJ] XapaKTEPUCTUKHU
CTPYKTYpH BWJIHMBKIB. BilmoBigHO 10 TBep/KeHb [118], TemnoBl BIACTUBOCTI y CipoMy
YaByHi 13 IJIaCTUHYACTOIO (opMoro rpadiTy BIUIMBAE MOP(OIIOTiS Ta PO3MIPU BKIIIOUEHD
rpadiTy, a TakoX HAsBHICTb OKPEMHUX CTPYKTYpPHHUX CKJIAJOBHUX METaJE€BOI MAaTpHIII.
Hampuknazn, 31 30UIbIIEHHAM PO3MIPIB Ta KUIBKOCTI TpadiTOBUX BKIIOYEHb TEIUIOBI
BJIACTUBOCTI YaByHY 3pocTaioTh [118]. Ha mokparieHHs: TEerioBUX BIACTUBOCTEHM YaBYHIB
BIUIMBA€ HASIBHICTH TEPMOCTAOIBLHOT METalieBOi Matrpulll, Hampukian deputy [118].
3MEHIIIeHHS KIJTBKOCTI Ta PO3MipiB rpadiTOBUX BKIIOYEHB, HASIBHICTD MEPIITY Y CTPYKTYP1
3HUKYIOTh TEIIOB1 BJIACTUBOCTI YaBYHY.

Ha ocHoOBIi BukiaieHOro MeToay (MyHKT 2.7.1) 1OCHIIKeHO 3pa3Ku, Kl OTpUMaHi 3a
TPETIM Ta YETBEPTUM TEXHOJIOTIYHUMH BapiaHTaMH 3 BUKOPUCTAHHSM XOJIOAMJIbHHKIB
toBiMHOIO 30 MM — BiamoBigHo 3pazku 3-/, 3-E 3-€, 3-)K. Bkazani 3pa3ku MaroTh
HANOUIBII BUPAXKEH1 TPAJIIEHTHI BIACTUBOCTI CTPYKTYPH.

BiamoBigHO 10 BUMOT ITOJ0 T€OMETPUYHUX PO3MIPIB 3pa3kiB (IuB. puc. 2.6, a), 1
JTOCHIDKEHb TEMIEPAaTypPONPOBIAHOCTI 3pa3Kd BHpi3add 3a YMOBU MaKCUMaJIbHOIO
30epexeHHs iX CTPYKTypH, TOOTO Oe3 meperpiBanHs (AuB. miapo3ait 2.5). OCHOBHY yBary
OPUALUIEHO caMe THUM 30HaM 3pa3KiB, sIKI MAIOTh XapaKTEPHO BUPAKEHI CTPYKTYPHI 3MIHU —
30Hi 1, 3 Ta 5. Takoxx oTpuMaH1 MOKa3HUKH MOPIBHIOBAIN 31 3HAYCHHSIMU 3pa3KiB BUPI3aHUX
13 TOMOTE€HHOTO YaByHHOTO B.3..

3a IMBT mnpoBeaeHO BHUMIPIOBAHHS 1HTEHCHBHOCTI TEIUIOBOTO IMITYJbCY, SIKHl
MIPOXOJIMB Yepe3 YaBYHHI 3pa3Ku, OTPUMAHO Tpadiku 3MIHU TEIUIOBUX MOTOKIB y Yaci JjIs
3pa3kiB 3 B.3. Ta waByniB 310CM, 350CMXAH (puc. 4.45). Bapto 3a3HauuTH, 10 3CyB y

yaci TEMJIOBOr0 MOTOKY 4Yepe3 MOBITPs AJIs YCIX BUMIPIOBaHb OyB OJJHAKOBHMM 1 CKJIaJlaB
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1,=0,12 c. [Ipu upomMy 3CyB y 4aci TEMJIOBOTO IMITYJIbCY YEPE3 YaBYHHI 3pa3Ku 3MIHIOBABCS

BIJIITOBITHO JI0 X CTPYKTYPH.
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a —yaByH B.3.; 6 — 3pa3ok 3-€; B — 3pa3ok 3-/]; r — 3pa3zok 3-)XK; 1 — 3pazok 3-E

Pucynok 4.45 — I'padiku 3MiHM TEMJIOBUX MOTOKIB Yy Yaci JJis 3pa3KiB 3 YaBYHIB

B.3.,310CM Ta 350CMXAH
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BuxopuctoBytoun ¢opmyny (2.10) Ta 3HaueHHS TOBIIMH 3pa3KiB, PO3PaxOBAHO

Koe(ILIEHTH TEMIIEPaTypOIIPOBIAHOCTI ()Y) JUIsl KOKHOTO 31 3pa3kiB (Tabi. 4.10).

Tabmums 4.10 — Koedimientn TemrepaTyponpoBiIHOCTI 3pa3kiB 3 4yaByHIB B.3.,

310CM 1 350CMXAH

1111 ; OS5 w2

q Homep KoedimienT remneparyponposigrocti y- 107, M*/c

B 3pa3ka JIOCJIIAHA 30HA
30Ha | 30Ha 3 30HA 5

3-€ 1,5 4,5 45
310CM 31 X o 2
3-XK 1,5 2,3 2.2
350CMXAH B 3 - =
B.3. - 3.6 3.6 36

VY pe3ynbTaTi aHamizy OTPUMAHUX JaHUX TEMIIEPaTypOHPOBIIHOCTI JIOCHIIHHUX

3pa3KiB BCTAHOBJICHO, IO KOEQIIIEHT TEMIEPaTypPONPOBITHOCTI TOMOT€HHOI CTPYKTYpHU

yaByHy 3 B.3. € cTanum 3a nepepizom 3paska Ta cTaHoBHTH 3,6 - 107 M? / ¢ (puc. 4.46).

KoedimieHT TeMIeparyponpoBLInocTi,

30HA JOCTLIKEHHA

Pucynok 4.46 — [lokazHuku Koepii€HTIB TEMIIEPATypONPOBIIHOCTI ISl 3pa3KiB

qasyny 3 B.3., 310CM (3-€, 3-]I) i 350CMXAH (3-X, 3-E)
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HaiimeHIni nokasHuku KoedilieHTiB Temmeparyponposianocti Big 1,3 - 10° M? /¢
mo 1,5-10° m?/ ¢ xapakrepHi 3a mepepizom 3paska 3-E 3 uaByny 350CMXAH, sxuii
BUTOTOBJICHO 32 TPETIM TEXHOJIOTIYHMM BapiaHTOM. BapTo 3a3HaumTH, 10 MeTaieBa
MaTpullsl 3pa3ka 3-E MOBHICTIO MEpiiTHA, sKa XapaKTepU3yeTbCs AK HecTablIbHA 3a
TEMIIEPATyYpHOTO BIUIMBY Ta 3 BMICTOM KapOigHUX crnojiyk. HasBHicTh kapOigHux ¢as
3YMOBJICHO  BIUIMBOM  JIETYBAJIbHUX  €JIEMEHTIB, SKIi 32  TBEPIKCHHSIMH
nocmiaHukiB [118-120], cipuYuHSAIOTH, 3MEHIICHHS TEIUIOBUX XapaKTEPUCTHK YaBYHY.
3pazkam 3-)XK 3 waByHy 350CMXAH, ski TeX BUTOTOBJICHI 3a TPETIM TEXHOJOTIYHUM
BapiaHTOM, BJACTHBI IiJIBUIICHI 3HAYEHHS KOE(PIIIEHTIB TEMIIEpaTypOIPOBIAHOCTI
IIOpiBHAHO 13 3paskamu 3-E — B mianaszoni Big 1,5 - 1075 M2 / ¢ 10 2,2 - 107 m? / c. B 3paskax
3-K mpucyTHs mnepiiTHO-(GepuTHa MeTajeBa Marpulsl 0e3 KapOITHUX CHOyK. Tomy
HAsSBHICTh TEPMOJIMHAMIYHO CTaOUIbHOTO (EpPUTy 3yMOBIIOE TIJBUINEHI 3HAYCHHS
TEMIIEPaTypPOIPOBITHOCTI.

BceranoBiieHo, mo ais JociiiHuxX 3pas3kiB 3-€ ta 3-J1 BaacTUBI BUCOKI KOE(PIIEHTH
TEeMIIEPATYPOIPOBITHOCTI, TOPIBHAHO 31 3pa3kamu 3-E Tta 3-)K. 3HaueHHs koedilieHTIB
TemreparyponposigHocti B 30Hi 1 3paskiB 3-€ Tta 3-J csararors mo 1,5 10° M*c Ta
1,1 - 10"° m*/c Bimnosiguo. OTprMaHi 3HaYeHHS HMXKYi 3a 3HaueHHs B.3. — 3,6 - 10 m%/c.
Onnak, 3a TMepepi3oM 3pa3kiB B  30HI 3 Ta 5 3HAUYCHHA KOCQIIIEHTIB
TEMIIEPATYPOIPOBIAHOCTI 3pocTaroTh 10 4,5 - 107 M?/c ana 3paskiB 3-€ Ta 10 3HAYEHb
3,5-10°m¥c i 4,5-10° m’/c Bignosigmo — mna s3paskis 3-J[. I'pamieHT 3Ha4eHb
TEMIEPATYPONPOBITHOCTI JJi 3pa3KiB 3yMOBJICHUM 3MIHOIO MOP(OJIOTii MJIaCTUHYATHX
rpadiToBUX  BKJIIOYEHb 3a mepepizom  3paskiB  3-J[.  BiamoimHo, TpajmieHT
TEMIIEPaTypOIPOBIIHOCTI 3a TepepizoM 3pa3ka 3-€ 3yMOBIICHHN 3MIHOK MOPQOIIOTii
BKJIFOUEHb TpadiTy BiJ KyJSICTOI 10 BEpMUKYJSIPHOTO (POPMU, a 3HAUEHHS CTA0LII3yIOThCA
B 30H1 3 BHACIIOK mepexoy 10 rpadity miacTuHYaToi GopmH.

Bapto BpaxyBaTu, 1110 Ha TEIUIOBI BJIACTMBOCTI 3pa3KiB Ma€ BIUIMB BUJI METaJEBOi
matpuui. s 3paskiB 3-€ Ta 3-J[ MerasieBa MaTpulld TOBHICTIO CKJIQJIa€ThCs 3
TEPMOJIMHAMIYHO CTallapHOTO (Peputy. HasBHICT (epUTHOI MaTpHIll Bilirpac BaXIUBY
poJib Il TOKpalleHHs Teruio(i3MYHUX BIJIACTUBOCTEW Marepiany. BigmoBigHo 10

TBep/DKeHb aBTOpiB [37, 118], 3a Temnepatypu 300 K temmonpoBinHicTh YUCTOTO (hEepuUTy
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cranoButh 80 Bt/ (M - K), nerosanoro ¢eputy — 3a1exH0 BiJl BUAY YaBYHY 3HaXOJIUTHCS B
niarazoni Bim 20 Bt/ (M- K) mo 40 Bt/ (M - K). Takoxx 3HadeHHS TEIUIONPOBITHOCTI
CBiT4aTh TIPO T€, IO BMICT JIETYBAIBHUX €JIEMEHTIB Ha TEIUIOBI XapaKTEPUCTUKH MalOTh
cyTTeBui BIuMB [118].

3 orsAy Ha JOCHIJKEHHS, MOEIHAHHS 3MIHU MOP(QOJIOTii BKIIIOYEHb Tpadity Ta
MaTpHUIll XapaKTEepHU3yIOTh TEIJIOBlI BJIACTUBOCTI 3a mepepizom 3paskiB 3-J[ ta 3-€.
[TocTynoBe TeruIOBiIBEICHHS BiIOYBAETHCS 3a IMepepizoM 3paszkiB 3-€, SKUM BIIaCTHUBA
BHpaX€HA TPaJl€EHTHA CTPYKTypa. BiaBemeHHS Teruia BiJ IIapy BKIIOYEHBb KYJSICTOTO
rpadiTy 371HCHIOETHCS Yepe3 MPOMIKHUM 11ap BKIIOYEHb rpadiTy BEpMUKYISIPHOI (HopMHU
710 BKJIIOYEHB TUIACTUHYATOTO TpadiTy. BiinoBiiHO, BKIIOYEHHS MJIaCTUHYATOTO rpadiTy B
yaByHI 3a0€3MeuyloTh HallKpallll yMOBHU JyIsl BijBeAeHHs Teria [67, 118, 119]. Otpumani
3HAYEHHS JI03BOJISIIOTH CTBEPXKYBATH, IO 3a Mepepi3oM BWIMBKIB 3 yaByHY 310CM, siki
OTPUMaHI 32 YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM (KOMOIHOBaHE OOpPOOJICHHSI YaByHY 3
JUTTSIM PO3IUIaBY Ha XOJIOAUIBHUK TOBIIMHOIO 30 MM), BIACTHBI rpa/iieHTHA CTPYKTypa Ta
BiaacTuBocTl. lle 3ymMoBieHo 3MmiHOIO Mopdororii rpadiTOBUX BKIIOYEHb, 3HAYEHD
MIKpPOTBEPAOCTI Ta 3MIHOKO 3HAY€Hb KOE(IIIEHTIB TEMIIEPATYPONPOBIIHOCTI 3a TIEPEPi3oM
BUNUBKIB. BunuBku 3 yaByHy 310CM 3 rpafieHTHOIO CTPYKTYpOIO Ta BIACTUBOCTSIMU
MOXXYTbh OyTH PEKOMEHOBAaHUMHU TSI ICTAJIeH, K1 MPAIIOIOTh B YMOBAX BIUIMBY IIUKJITYHUX
TEPMOMEXaHIYHUX HABAHTAXEHb, OCOOJIUBO Il GOpPM, SIKI BXOJATH 10 (DOPMOKOMILIEKTY

CKJIOTApHOTO BUPOOHHUIITBA.

BucHoBku 10 po3ainy 4

1. ¥V pesynpTaTi AOCHIIKEHHS Mo3amiyHoro oOpobnenHs uvaByHiB 310CM Ta
350CMXAH  BCTaHOBIIGHO  3aKOHOMIpPHOCTI  ¢GopMyBaHHS  (PI3UKO-MEXaHIYHUX
BJIACTUBOCTEN 3aroTOBOK Ta pPallOHAIBHICTh 3aCTOCYBAHHS OKPEMHX TEXHOJIOTTYHUX
pUHOMIB st POPMYBaHHS IPAIIEHTHOT CTPYKTYPH Y BUITUBKAX.

2. BcraHOBIIEHO BIUIMB MEPIIOTO TEXHOJIOTIYHOIO BapiaHTy (IIOBEpXHEBE
00po6sieHHsT crtikoOapieBUM iHOKYyJsiTopoM (Mapku SBS) dpakmiii 0,315 mm, 0,4 MM Ta

0,63 mm) Ha (opmyBaHHS BiacTuBocTel BUIMBKIB 3 4aByHIB 310CM ta 350CMXAH.
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BuxopuctanHs moBepXHEBOT0 0OpOOJICHHS IHOKYISATOPOM 13 po3mipom dpaxiii 0,315 mm
B IEpIIOMY  TEXHOJIOTIYHOMY  BapiaHTi  3a0e3meuye  YTBOPECHHS  HaWOLIbII
ApiOHOIMCIIEPCHUX TPadiTOBUX BKIIOUEHB 3a TIEPEPI30M BIIIMBKA.

3. BusnaueHo, 10 MOBEpXHEBE OOPOOJIECHHS I1HOKYISATOPOM PI3HMX (pakiiii He
3a0e3neuye (hepuTU3aliio CTPYKTYPH METANIEBOI MaTpHIll 3a IEPEPI30M BUIIMBKA Y JTUTOMY
ctaHi. B mepmomMy TexHOJOTIYHOMY BapiaHTI MaKCHUMAalbHUN BMICT (Qeputy B (epuTHO-
NEPJIITHIA MaTPUIl OTPUMAHO MPU BUKOPUCTaHHI 1HOKYIsiTopa gpakiii 0,63 mm (110 95 %).

4. BcraHOBIEHO, BIUIUB JPYroro TEXHOJOTIYHOTO BapiaHTy (IOBEpXHEBE
00poOneHHs iHOKyJsITopoM Mapku SBS dpakiii 0,315 MM Ta 3acToCyBaHHS XOJIOAWIBHUKIB
3 CU200 ToBumHamu 10 mm, 20 MM Ta 30 MM y HUKHIN MOPOXKHUHI JIUBAPHOI POpPMHU) Ha
dbopmyBaHHs BiacTuBOCTed BUIMBKIB 3 4aByHIB 310CM Ta 350CMXAH. 3actocyBaHHs
XOJIOUJILHUKIB TOBIIMHAMU B IPYTOMY TEXHOJIOTIYUHOMY BapiaHTi Ma€ MO3UTUBHUMN BILIUB
Ha (opMyBaHHS JPIOHOAUCIIEPCHOI CTPYKTYpH B MICHI KOHTakTy pO3IUIaBy 3
xoJonuibHUKamMu. CepeHi po3Mipu IpadiTOBUX BKIIOYEHB 3a IEPEPI30M BUIIMBKIB MEHIII
70 2,5 pa3iB (3aJ€XHO BiJ] 30HM) MOPIBHSHO 13 3HAYEHHSMU 3pa3KiB, sIKI OTPUMaHI 3a
MEPIIMM TEXHOJOTIYHUM BaplaHTOM. 3aCTOCYBaHHS XOJOJWIBHHUKIB MIACHIIOE €(EeKT
TPaJIIEHTy CTPYKTYPHUX CKIIAJIOBUX Y BUTJISAI BUPAKEHOI 30HAIBHOI 3MIHM PO3MOJLTY
rpadiToBUX BKIIOYeHb. MikpoTBepaicTh GepuTy B (HEepUTHO-TIEPIITHIA MATPHIll YaBYHY
310CM csarae no 218 HV. MikpoTBepaicTh MHEPIITHOI CKIAJOBOT METaleBOi MaTpuLl
yaByHiB 310CM 1 350CMXAH cranosuts 10 350 HV Ta 337 HV BignosigHo.

5. BcraHoBIIE€HO, 10 3aCTOCYBAHHS MEPLIOTO Ta APYroro TEXHOJIOTTYHUX BapiaHTIB
3a mepepizoM BUIUBKIB 13 yaByHIB 310CM 1 350CM X AH 3abe3mnedye 3MiHy MJIaCTUHYATOTO
rpadity 3a po3mipoMm. OpHak, y BWIMBKax HasBHA TEpJiTHA, MepaiTHO-GepuTHa abo
dbepuTHO-TIEpTITHA METaJIeBa MAaTPUIIsI, 3aJIEKHO BiJ] KOHKPETHUX YMOB KpucTaiizaiii. B
yYMOBaX BILTUBY BHCOKOI TEMIEpATypH, a OCOOJMBO B YMOBAaX HarpiBaHHS-OXOJOKEHHS
MaTepiaiy, MepIiTHa CKJIa0Ba XapaKTepu3yeTbes (Ga30BUMHU MEPETBOPESHHSIMHU BHACTIIOK
SAKUX YTBOPIOIOTHCS TEPMIUHI HAMPY>KUHU, 30KpeMa TPILIUHU.

6. BcTaHOBIEHO BIUIMB TPETHOTO TEXHOJOTIYHOTO BapiaHTy, SIKAW TIOJATAE B
KOBIIIOBOMY OOpOOJIEHHI 4YaBYHIB CHJIIKOOapieBUM 1HOKyJsiTopoM (Mapku SBS) Ta

po3iuBaHHI po3miaBy Ha xojoauiabHuku 3 CY200 ToBmmuamu 10 MM, 20 mm Ta 30 mm.
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BcranoBieHo, 1o TpeTiil TEXHONOTIYHUN BapiaHT, MOPIBHSIHO 3 APYTUM TEXHOJIOTTYHUM
BapiaHTOM, IHTEHCHUBHIIIE BIUIMBA€ HAa MPOLECH KpHUCTai3allii, CTPYKTYpOYTBOPEHHS Ta
rpadiTH3aiio 3a paXyHOK MOBHOIIIHHOTO MPOXOHKCHHS TPOIeCy OOPOOICHHS CIUIaBY
CKJIAJIOBUMU 1HOKYJIsITOpa. 3a mepepizoM BuwiMBKIB 13 yaByHiB 310CM Tta 350CMXAH
OTPUMAHO 30HAIBHY 3MIHY PO3MipiB rpadiTOBUX BKJIIOUYEHb BiJ APIOHMX A0 KPYITHHUX.
Cepenni po3mipu rpadiTOBUX BKIIOYEHb 3a TepepizoMm 3paskiB MeHmii B 1,5-1,8 pasu
(3aJ1e’kHO  BIJIT 30HM) TIOPIBHSAHO 13 3HAYEHHSMM 3pa3KiB, Kl OTpUMaHI 3a JIPYruM
TEXHOJIOTTYHUM BapiaHTOM.

7.3a TpeTiM TEXHOJIOTITYHUM BapilaHTOM Y JJUTOMY CTaH1 OTPUMAaHO BUJIMBKU 3 YaBYHY
310CM 3 ¢eputHoro matpuiiero Ta 3 4aByHy 350CMXAH 3 mepiiTHOIO MaTpUIEHO.
Oco0MBICTIO 3aCTOCYBaHHSA TPETHOIO TEXHOJIOTIYHOIO BaplaHTy € IMOBHA (pepuTH3alis
MeTajieBoi MaTpuili BuiuBKIB 3 4aByHy 310CM 3 miABUIIEHUMH 3HAYCHHSIMU
MIKpOTBEpAOCTI JeroBanoro ¢peputy 10 185 HV Ta 3nHaueHHsimMu tBepAocTi 3a bpineminem
3a nepepizoM BuiIMBKIB 10 170 HB.

8. BcraHoBieHO BIUIMB Ha (OpPMYyBaHHS BIIACTUBOCTEM BHIMBKIB YETBEPTOrO
TEXHOJIOTTYHOTO BapIaHTy, KU MoJisirae B KOMOIHAIli KOBIIOBOTO 0OpOOJIEHHSI YaBYHIB
cuiIiKoOapieBUM 1HOKYJsiTopoM (Mapku SBS) ta BHyTpimHboQOpMOBe MOaUDIKyBaHHS
Mar"ieBMicHUM Moaudikaropom (Mapku VL63(M)) 3 nmuttam Ha xonoamibauku 3 CH200
toBuHaMu 10 MM, 20 MM Ta 30 MMm. O6po6nenns yaByHiB 310CM Tta 350CMXAH 3a
YEeTBEPTHUM TEXHOJIOTIYHMM BapilaHTOM BIUIMHYJIO Ha TIOKPAIICHHS JUCIEPCHOCTI
rpadiToBUX BKJIIOYEHb 10 1,6 pa3iB B MOBEPXHEBIN 30HI BWJIMBKIB, MOPIBHSIHO 3 TPETIM
TEXHOJIOTITYHUM BapiaHTOM. Bu3HaueHO, 110 3aCTOCYBAaHHS YETBEPTOrO TEXHOJIOTTYHOTO
BapiaHTy CHpHUsIE MOBHIN depuTH3ailii MaTpuili BUIMBKIB 13 4aByHy 310CM Ta yTBOpEHHIO
nepiiTHO-GepUTHOI MaTpulll BUIIMBKIB 3 yaByHYy 350CMXAH.

9. Buznaueno, mo B 3pa3kax 13 uaByHy 350CMXAH, siki oTrpumani 3a Bcima
TEXHOJIOTIYHUMHM BapiaHTaMH (B1J MEPIIOro J0 YETBEPTOro), BiAHOCHA IUIOIIA, 3aifHsATa
rpadiTOBUMHU BKIIFOUEHHSIMU NPHUOJIU3HO B 2 pa3u MEHIIa NOpiBHAHO 3 yaByHOM 310CM.
Ile cBimuuTH NMpO BIUIMB JIETYBaJIbHHUX eJleMeHTIB B ckianl yaByHy 350CMXAH Ha

raJiIbMyBaHHS IpoLEeCiB rpadiTu3arii.
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10. BcraHoBieHO, 110 OCOOJIMBICTIO 3aCTOCYBAHHS YE€TBEPTOTO TEXHOJIOTTUHOTO
BapianTy 111 4aByHy 310CM € dopmyBaHHS 3a mepepi3oM BUIMBKIB (hepUTHOI MaTpHILL,
TPaJiEHTHOI CTPYKTYpHU Ta BiacTUBOCTEH. ['pamieHT rpadiTOBUX BKIIOYEHB 3a MEPEpi3oM
BWJIMBKIB TMOJISATa€ y 3MiHI MOPQOJIOrii: Imap 3aBTOBIIKK 10 6 MM JIp1OHOAUCIIEPCHOTO
rpadity kynscroi popmu 3 crynenem cdepoinuzamii Bix 70 % g0 80 % Ta miamerpom
BKJIIOUEHB BiJ 2 MKM 710 17 MKM, MEpPEeXOAUTh A0 BEPMUKYJISPHOTO TpadiTy TOBIIUHOIO
mapy A0 15 M, SKui 3MIHIOETBCS Ha rpadiT MIIacTUHYATOI (HOPMHU PO3MIPOM BKIIFOUECHB JI0
245 mxM. 3HaueHHS MIKPOTBEPIOCTI 3a MEepepi3oM 3pas3KiB 3 TpagieHTOM MOopQoorii
rpadity nigsuieHi (Bix 210 HV no 190 HV), nopiBHsiHO 3 3pa3kamu, sIKI OTpUMaHi 3a
TPETIM TEXHOJOTIYHUM BapiaHnToM. [1i/1BHIIIeH] 3HAYEHHS MIKPOTBEPIOCTI MOKHA MOSICHUTH
HAsIBHICTIO JIETOBAHOTO (DEpUTY, AKUI CIPUSIE MOKPALIEHHIO CTIMKOCT1 MaTepiany.

11. Busnaueno, mo KoeQIili€EHTH TEMIEPATYPONPOBITHOCTI 3pa3KiB 3 YaBYHIB
350CMXAH wMmaroTh HWKYl 3HAY€HHS BiJ aHAJNOTIYHUX TNOKa3HHMKIB 4yaByHy B.3. Ta
ocobnuBo yaByHy 310CM. Huspki noka3zuuku 3pa3kiB 350CMXAH 3yMoBIieH1 HasiBHICTIO
TEPMOJIMHAMIYHO HECTAO1IbHOI MEPIITHOI CKJIaIOBOT METAJIEBOI MATPHIII.

12. BuzHaueHo, 1110 HallKkpaiile moeTHaHHs KOe(piII€HTIB TEMIIEPATYPOIPOBIIHOCTI Ta
IpaJllEHTy CTPYKTYpH HasiBHE 3a rnepepizoM BUIMBKIB 3 yaByHy 3 10CM, siki BUTOTOBIICHI 3a
YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM (KOMOIHOBaHE (ITOCTYIIOBE) MO3ariyHe 00pOoOICHHS
pO3IJIaBy Ta MOro 3aJIMBaHHS Ha YaBYHHUW XOJOAWIBHUK TOBIIMHOIO 30 mMM).
BcranosinieHo, 1o koediieHTd TeMIepaTypOnpOBITHOCTI TAKUX BUJIMBKIB Y CEPEIHHOMY
Ha 26 % BuUIlll 32 TOKa3HUKH TOMOreHHOro 4aByHy B.3.. PekomenpoBano, 1ol 1iap
BKJIFOUEHb KYJISICTOTO TpadiTy 3HaX0IMBCS HA MMOBEPXHI JeTall, sKka HAOUTbIIIE Mi11a€ThCs
TEPMOMEXaHIYHOMY BIUTUBY. BifBeieHHs Temia BiJ BKIIOYEHb KyJSICTOro rpadity
BIJI0YBaTUMETHCS KPI13b 11ap BEPMUKYIISIPHOTO JI0 IIACTUHYATOTO Tpadity, 1€ OCTAHHBOMY

XapaKTEpHI MABUIICHI MOKA3HUKHU TEMIIEPATYPOIPOBITHOCTI.
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3AT'AJIBHI BUCHOBKHA

1. 3a pesynpTaTaMu aHamizy ©0a3u JAaHUX YaBYHIB, SKI 3aCTOCOBYIOTH JIJIs
(OPMOKOMILIEKTY CKJIOTAPHOTO BUPOOHHUIITBA, CYMICHO 3 JIOCHIKEHHSM JITEPaTypPHHUX
JOKEpeIT 1010 BIUIMBY XIMIYHUX €JIEMEHTIB Ha BJIACTHUBOCTI MaTepiaiiB (TEPMOCTIMKICTD,
KAPOCTINKICTh, TEIJIOMPOBIIHICTh, MILHICTh ((OPMYBAJIBLHUX ITOBEPXOHB), OYJI0 BUZHAUYCHO
JOCTITHUN XIMIYHUW CKJIaJT HA3bKOJETOBAHMX YaBYHIB 3 IJABUIICHUM BMICTOM Si st
poOOTH B yMOBaxX IHTEHCUBHOI JI1i HUKIIYHUX TEMIIEPATYPHUX HABAHTAKEHbD:

a) yaByH 310CM — Bix 3,05 % no 3,24 % C, Bix 3,14 % no 3,54 % Si, Big 0,50 %
1o 0,70 % Mo, 1o 0,8 % Mn;

0)yaByn 350CMXAH — Bix 3,30 % 10 3,60 % C, Big 1,75 % no 2,60 % Si, Bix
0,50 % no 0,70 % Mo, Bix 0,30 % m0 0,80 % Cr, Bix 0,60 % mo 1,50 % Al, Big 0,20 %
1o 0,50 % Ni, Big 0,10 % mo 0,15 % Ti, mo 0,8 % Mn.

2. 3a pesynbTaTaMu AUGEPEHUINHO-TEPMIYHOTO aHali3y MijJi 4Yac HarpiBaHHs
Marepiajly BU3HAYEHO, IO TeMIlepaTypu Mo4yaTKy (a30BUX MEPETBOPEHb JOCIHIIHUX
yaByHiB 310CM Tta 350CMXAH nepeBuiiyoTh 3HaUCHHS TEMIIEpaTypH MOYaTKy (pa3zoBux
nepeTBopeHb 3pa3ka 3 B.3. Ha 31,9 °C ta 17,7 °C BignosiaHo. L{e cBiAUUTH MPO MiBUILIECHY
CTIMKICTh JIOCTITHUX MaTepiaiB J0 TEPMIYHUX HaBaHTaXKeHb. BuH3HayeHO, IO
TeMIlepaTypu TModatrky ¢a3zoBoro mneperBopeHHs wmatepianie 310CM ta 350CMXAH
3HAXOJIATHCS B J1ara3zoH1 poOo4Ynx TemMmnepaTryp GOpMOKOMIUIEKTY, OCKIJILKY TeMIIepaTypa,
70 SIKOi HarpiBaeTbes opmyBasibHa ToBepxHs (opmu craHoBuTh Big 470 °C mo 550 °C
3QJICKHO BiJ BUY CKJIa.

3. Busnayeno, uio micis BumnpoOyBanb 3a Temneparypu 1000+20 °C moka3HHUKH
xapocrtiiikocti nociigaux 4aByHiB 310CM ta 350CMXAH 3Haxonsatbest Ha piBHI 200 K
Kparlli MopiBHSHO 3 MOKa3HWKaMHu 4aByHy B.3., 110 y BiJICOTKOBHX 3HAYEHHSX CTAHOBUTH:
okanmuHocTiHKICTh —310CM Ha 4,2 % ta 350CMXAH —Ha 1,8 %; poctocrtiiikicts — 310CM
Ha piBHi B.3. Ta 350CMXAH Ha 4 %; tepmocTiiikicts — 310CM Ha 5,5 % Tta 350CMXAH
Ha 9 %. Taki 3HaYeHHsA MO3BOJISIIOTH CTBEPKYBaTH, IO JOCHIJHI YaBYHU MAarOTh
MIBUIIEHY CTIAKICTh O YTBOPEHHS OKAJIMHU, POCTY Ta TPIIIMH HA TIOBEPXHI i BCEpPEIHHI

3pa3KiB, OPIBHSHO 3 4aByHOM B.3..
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4. BcTaHOBIIEHO, 1110 3aCTOCOBYBAHHS MIEPILIOTO Ta APYTrOTro TEXHOJIOTTYHUX BapiaHTIB
BUTOTOBJICHHS BWIMBKIB 3 4aByHIB 310CM Ta 350CMXAH, 3a0e3nedye mMoCTynoBy 3MiHY
pO3MipiB rpaiTOBUX BKIIOYEHb IIACTUHYACTOI (POPMU 3a MepepizoM BUIHMBKIB. OgHAK Y
BUJIMBKAX HasiBHA MEPIIITHA, MEPIITHO-(hepruTHA a00 (hepUTHO-TIepITiTHA METaIeBa MaTPHIIA,
3QJICKHO BIJI KOHKPETHHX YMOB KpHUCTaiizallii, ska € HecTaOlIpHOI 10 (a3oBUX
MEepPEeTBOPEHh B YMOBax TEMIIEPATypHOro BIUIMBY. lleprmimii TEXHONOTIYHUN BapiaHT
[OJIATAaE 'y TIOBEPXHEBOMY OOpOOJIEHHI CHIIIKOOApieBUM 1HOKYJsiTopoM (Mapku SBY)
dpaxmiin 0,315 mm, 0,4 Mmm Ta 0,63 MM, a IpYruil TEXHOJIOTIYHHWIA BapiaHTH TOJSATAE B
MOBEPXHEBOMY 00OpOoOJIeHHI cuilikoOapieBUM 1HOKyIsiTopoM (Mapku SBS)  dpaxiiii
0,315 MM, 3 uTTAM po3miaBy Ha XoJoauwiabHUKUA 3 CHY200 ToBmmHamu 10 MM, 20 MM Ta
30 MM.

5. BcraHoBieHO, 110 3aCTOCOBYBAHHS TPETHOro (KOBLIOBE OOpOOJIEHHS
cuiikoOapieBUM 1HOKYJIsITOpoM (Mapku SB5)) Ta derBepToro (komOiHaIliss KOBIIOBOTO
00poOJnieHHs1 1HOKyIsTOpoM Mapku SBS5 Ta BHYTpIilIHBO(OPMOBOro MOJU(DIKYyBaHHS
moaudikaropom mapku VL63(M)) TexHoJIOriyHUX BapiaHTiB 00poOieHHs yapyHy 310CM
Ta 3aCTOCYBaHHsI JJisi 000X BapiaHTIB PO3JIMBaHHS PO3IUIaBy Ha xosoauiabHuku CY200
toBiHamMu 10 MM, 20 mm Ta 30 MM, CHIpUSIIOTH AUCTIEPCHOCTI TpadiTOBUX BKIIIOYEHB 3a
nepepi3oM BWJIMBKIB Ta YTBOPEHHIO MOBHICTIO (PEpUTHOT MeTajaeBOi MATPHIll y JIUTOMY
CTaHl 3 TIJBUIICHUMHU 3HA4YCHHSIMU MikpoTBepAocTi g0 210 HV. Bcranosnieno, 1o
JeroBaHa (epuTHa MeTajeBa MaTPUIlS TMOKpallye Tero(i3uyHl BIACTUBOCTI MaTepiaiy,
OCKUJTBKM € TEPMOJMHAMIYHO CTaOUIBHOIO Ta CHpPHSIE MOKPAIIEHHIO EKCIUTyaTaliiHol
CTIMKOCTI JeTajiell 0 yTBOPEHHS Ne(deKTIB BHACIIOK TEPMIYHOTO ab0 MEXaHIYHOTO
BILJTUBY.

6. BcraHoBiieHO, 110 3aCTOCYBaHHS KOMOIHOBAaHOTO MO3aMiYHOrO0 OOpPOOJICHHS
po3miaBy (iHokymsTopoMm SBS po3mipom dpakiii Big 2 MM 10 6 MM y KitbkocTi 0,5 % Bif
Macu po3IiaBy y KOBUII Ta cdepoinuzyBaibHUM MoaudikatopomM VL63(M) posmipom
dpakiii Big 2 MM JI0 5 MM y peakIliiHiil kKaMepl JMBHUKOBO1 CUCTEMH y KibkocTi 0,4 % Bif
Macu BUJIMBKA) Ta HOTo 3aJMBaHHS Ha XOJOAWJIBHUK 13 yaByHy Mapku CH200 TOBIIMHOIO
30 MM (pO3MillleHUI y HUXKHIA YacTHHI poOOYOi MOPOKHUHU JIMBApHOI (HOPMH) CripUse

YTBOPEHHIO TPAJIIEHTHOT CTPYKTYPH 3a mepepizom BuinBKa 3 yaByHy 310CM. [Ipu nibomy,
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IPaJiEHT CTPYKTYpU Ma€ HACTYMHHUM MeXaHi3M 3MiHU MOp(}oorii rpagiTOBUX BKIIOYECHD
BiJI MOBEPXHI BUJMBKA: rpadiT KynsacToi (GopMH TOBIIMHOIO MmIapy A0 6 MM (CTyIiHBb
chepoimmzarii hopmu Big 70 % mo 80 %, miameTp BKIIIOYEHB Big 2 MKM 110 17 MKM)
NEPEXOAUTH O BEPMUKYIISIPHOTO IpadiTy TOBIIMHOIO Mapy 10 15 MM, SIKHii 3MIHIOETHCS Ha
BKJTFOUEHHS rpadiTy I1acTUHYACTOI GopMH (CEpeIHIN po3Mip BKIFOUYEHD 110 245 MKM).

7. BcraHoBiieHO, 1m0 3a TmepepizoM BUIUBKIB 3 yaByHy 310CM, siki oTpumaHi 3a
YETBEPTUM TEXHOJIOTIYHUM BapiaHTOM 3 BUKOPUCTAHHSAM XOJIOJMWIbHIKA TOBIIUHOIO 30 MM,
XapakTepHi Halkpari 3HAYEHHS Koe(Ili€HTIB TEMIIEPATYyPOIPOBITHOCTI.
[IponemoHcTpOoBaHO, 11O JJIi  BKa3aHUX  BUJIMBKIB  TOKA3HUKH  KOE(QIIIE€HTIB
TEMIIEpaTypONpPOBIIHOCTI Bullll Ha 26 % mopiBHAHO 3 yaByHOM B.3. Ta 3 4aByHOM
350CMXAH, sxuii BATOTOBJIEHO 32 YETBEPTUM TEXHOJIOTTYHUM BAPIAHTOM.

8. BwusHaueHi rpaji€eHTHa CTPYKTypa 1 BIJIACTUBOCTI 3a0€3Medyl0Th BHUCOKI
3HOCOCTIMKICTh Ta TEIUIONPOBIIHICTh 3a INEpepi3oM BWIMBKIB 13 yaByHy 310CM.
3HOCOCTIMKICTh Marepiany 3a0e3leuyeTbcsi IapoM KyJscToro rpadiTy Ha MOBEpPXHI
BunuBKa. EpexkTuBHE Ta MOCTyNmOBE TETIOBIIBE/ICHHS 3a Iepepi3oM BUIIMBKA B110YBa€ThCA
BHACJIIJIOK TOTO, 110 TEIIO BiJl MOBEPXHEBOTO APy 3 KYJISACTUM T'padiTOM MepeaaeThes 10
IPOMIDKHOTO I1apy 3 BEPMUKYJISIPHUM TpadiToM, 1 BIIBOJUTHCS KPYITHUMH BKIIOYECHHSIMU
rpadity mmactuH4aTtoi Gopmu. BinmoBimHO, Takui KOMILIEKC BIIACTUBOCTEW BUIIMBKIB
COpHsi€ MIJBUILEHHIO EKCIUIyaTallliHOTO pecypcy JeTajel, sKi NpaliolTh B YMOBaX
BILTUBY IIUKJIIYHOTO TEPMIYHOTO Ta MEXAHIYHOTO HABAHTAKECHHS.
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BIPOBAKEHHs B OCBITHIM Mpolec pe3ybTaTiB AucepTaliifHoi poboTH

VYernmenko Anian IBanisan

Lleii akT cTBOpEHO IPO Te, 1O pe3yJNbTaTH AUCEpPTaLiiHOl po6OTH Y CTHMEHKO
Anian IeaniBau Ha Ttemy: «TexHonoris BUpOOHHLTBA YaByHHMX BHJIMBKIB 3
rpafiicHTHOIO CTPYKTYPOIO Ta BJIaCTHBOCTAMMU)» BIPOBA/DKEHO Y HABYAIBLHUIA TpOLIEC
Ha Kadeapi nmBapHOro BHpoOHMUTBA HauioHANBHOTO TEXHIYHOIO YHiBEpCHTETY
Vxpainu « KuiBcskuii momitexuignmii inctutyT iMeni Irops Cikopcebkoron.

OtpumaHi TeOpeTHYHI Ta MPaKTHYHI Pe3yNbTaTh € HOBHMH i PO3LIMPIOIOTH
ysABIeHHS Tpo (OpPMyBaHHA CTPYKTypH 4YaByHy. Tomy iX BHKOpHCTaHO mif 4ac
BHKJIAJAHHA HABYaJIbHOI AMCUMIUIIHM: «BHpOGHMLTBO BHIMBKIB i3 4aByHy»
(7 cemectp, Tema 2.5 «Ilosamiyni merogu o6poOkM pifikoro 4yaByHy», Jekiis 18:
Mosariyni Merou o6polneHHs Ta iX BIUIUB HA CTPYKTYPY 4aBYHY Y BHJIMBKAx), Mpo
110 3a3Ha4yeHo y cuinalyci uiel HapdanIbHO! JUCIHAILIIHHL,

TeopetHuni Ta MpakTHYHI pe3yJbTAaTH TAKOX OMYGIIKOBAHO y MEPiOXAYHHMX
daxoBux BUAaHHAX YKpainu xareropii b:
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2. Yerumenko A.l, Jlyk’snenxo [B., SIMmmucekuit M.M., Typis LM,
Kusruio B.B. Hosi sxapocTiiiki cruiasu juis BurorosnenHs ckio ¢opwm // Ipoyecu
aummsa. 2023. Ne 1 (151). C. 43-53. https://doi.org/10.15407/plit2023.01.043
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