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Bepeminvnux O.B. PenMKJIIHI HeOpPHMKETOBAHOI CTPYKKH KAPOMIIHMX
CILIABIB i HEePKABIIOYOI CTAJIi METOAOM €JIEKTPOLLIIAKOBOI TUT€JILHOI IJIABKH —
KBamnidixkariiina HaykoBa mpalis Ha MpaBax PyKOMHCY.

Huceprariiss Ha 3100yTTS HAyKOBOTO CTymeHs JAokTopa (imocodii 3a
cuemianpHicTiO 136 «Mertanyprisy (13 — Mexaniuna imkeHepis) — IHCTHUTYT
enektpo3BaproBanss iM. €.0. [Tatona HAH Ykpaian, m. Kuis, 2025.

Huceprarniitna poOoTa TMpUCBSYEHA JIOCHIIKEHHIO OCOOJMBOCTEH  Ta
3aKOHOMIPHOCTEH €JICKTPOIIJIAKOBOT TUTEIbHOI IUIABKM HEOPUKETOBAHOI CTaJeBOl
CTPYKH, po3po0Li epEeKTUBHOI TEXHOJIOT1T IEPEPOOKH CTPYKKHU KapOMIIIHUX CIIaBIB
1 Hep KaBIFOYO1 CTaIl Ta JOCIIDKEHHIO SIKOCT1 OTPUMAaHUX 3JIMTKIB 13 BIIXO/IB METAITy.

Ha ocHOBI aHani3y pi3HUX BHUIIB EJIEKTPOLUIAKOBOI MEPEPOOKH MeETaiIeBOi
CTPYXKKA BH3HAYEHO, IO HAMKpAIlll TEXHIKO-€KOHOMIYHI MOKa3HUKH MAa€ CIIbHA
IUIaBKa HEOPUKETOBAHOI CTPYXKU Ta BUTPATHOTO €IEKTPOAY 3 KYCKOBOIO OpyXTy B
€JICKTPOLUIAKOBIN TUreNIbHINA nevi. BU3HaueHO onTHUMabHI T€OMETPUYHI apaMeTpu
SJICKTPOIUIAKOBOT TUTEJIHHOT MJIABKHU CTPY>KKH Ta BUKOHAHO aHAII3 TOBEAIHKUA TUTAHY
Ta AJIIOMIHIIO MIPU €JEKTPOILIAKOBIM TIaBLl KAPOMIIHUX CILJIaBIB Ta HEPKaBIHOYOi
ctayi 3 BukopuctanHsMm 1wiaky AH-295. Po3po6ieHo OCHOBU TEXHOJOTI]
enekTponutakoBoi TurenbHOi maBku (EILITIT) neGpukeroBanoi crpyxku. [lokazano
BHUCOKY SIKICTb METaly, 0 OTPUMYETHCS MPU €IEKTPOLUUIAKOBIN MepepoOLl CTPYKKU
YKAPOMIIIHUX CIIJIaBIB Ta HEPHKABIIOUOi CTaTI.

VY nmepuomy po3aini BiA3HAYEHO BAXJIMBICTh PELMKIIIHTY CTajeBOI CTPYKKH,
0COOJTMBO BHCOKOJIETOBaHOI, €HEPro- Ta pecypco30epeeHHs, a TAaKOXK 3MEHIIICHHS
3a0pyIHEHHSI HaBKOJIMIITHBOTO CepeloBuIia. BukoHaHO aHaMI3 ICHYIOUUX TEXHOJIOT1H
nepepoOKrd MeTanieBUX BIJIXOMAIB 1 MOKa3aHl MPOOJEeMHU IJIABKU CTAbHOI CTPYKKHU B
TPaAUIIIHHUX €IEKTPOIYrOBUX Ta IHAYKIIMHUX Te4yaxX, y TOMY YHUCI HEOOXIiTHICTh
OpUKeTyBaHHS CTPYXKKH, 3HAUHUIA BUTAp METAITy Ta OKUCIICHHS JIETYIOUHX €JIEMEHTIB.
HaBeneno mpukimagy 3acTOCYBaHHS €JIEKTPOIUIAKOBUX TEXHOJOTIH IJIsl TepepoOKu
CTaJIEBOI CTPYXKKM y OpHUKETOBAaHOMY Ta HEOPUKETOBAaHOMY BHIJISII, MOKa3aHO

nepeBarn Ta MEpPCHEeKTHUBHICTh TAKOTO BUAY IUIABKH ISl PELUKIIHTY CTPYXKHU



BHCOKOJIETOBAHUX CTaJIeH Ta CILUIABIB.

Y npyroMmy po3aii oOTpyHTOBAaHO BHOIp BUXIIHMX METaNIB Ta NUIAKIB IS
MPOBEJICHHS JOCHI/KEHb 3 EJIEKTPOIIIAKOBOI MEepepoOKH CTPYKKH, HABEACHO IX
XapaKTEPUCTUKU Ta XIMIYHUN CKJIAJ, JTaHO OINKC BHUKOPHCTAHOTO OOJagHAHHS, Ta
HABEJICHO METOIMKY MPOBEJCHHS EKCIIEPUMEHTIB.

VY TperboMy pO3[iTi HaBEACHO PE3YJIbTaTH EKCIEPUMEHTIB 3 MepepoOKu
OprKeTOBaHOI Ta HEOPUKETOBAHOI CTPYKKH PI3HUMHU METOJaMHU — EJIEKTPOIILIIAKOBOIO
mwiaskoro (EILIT), inmykuiiinoro TurensHoo mwiaskoro (ITTT) Ta ELLTIL. Tloka3aro, mo
HaiMeHII muTomi BuTpaTu enekrtpoeHeprii 0,55-0,65 kBt-rog/kr Ta HaiOigbIna
MPOAYyKTUBHICTE mporiecy 130-160 kr/rox Oynau npu CIIBHIN TUTABII HEOPUKETOBAHOT
CTPYXKA Ta BHUTPATHOTO €JEKTPOAY 3 KYCKOBOTO OpPYXTy B EIEKTPOIIIAKOBIN
TUTENbHIN medl eMHicTIO 120 kr. BUkoHaHO MOCIHIKEHHS 3 BU3HAYCHHS BaXKJIMBOTO
st po3pooku texnousorii EIITII mapamerpa — BIUIMBY BiIHOUIEHHS [laMeTpa
€JIEKTPOJIa, 10 MEPEIUIaBISIE€ThCS, 10 AlaMETPY IUIABHIIBHOTO TIPOCTOPY HA KUIBKICTh
MEPETUIABIIOBAHOT CTPYKKH 1 BCTAHOBIIEHO, IO MaKCHUMallbHa KUIBKICTb CTPYKKU
nepepoOIIIETbCSl TPU CTYTIEHI 3alOBHEHHS IIaBUIIbHOrO npocropy Big 0,45 no 0,6.
[Tokazano, o mpu EILTII BHacHimOK MIaBKU CTPYKKH Yy IIapi NUTaKy 0€3 KOHTAKTY 3
atMoc(eporo BTpaTu Ha BUTap CTaHOBIATH 2,0-2,5 % roJl0BHUM YHMHOM 3a PaxyHOK
BUTOPSIHHS CTOPOHHIX JJOMIIIIOK Ta 3aJIUIIKIB 3Ma3yBaJIbHO-0XO0JIOKYBaJIbHOT P1AMHH.

VY derBepTOMY pO3a1Ii BUKOHAHO TEPMOJIMHAMIYHUIN aHAIII3 IMOBEAIHKH TUTAHY
IIpU EJIEKTPOILIAKOBIH MJIABIII CTalEBOT CTPYXKKHU 3 BUKOpUCTaHHSIM miiaky AH-295.
[Tokazano, mo npu Temneparypi 1600 °C 3 po3paxyHKy piBHOBaKHHUI CTaH MO TUTaHY,
npu KoHIeHTparii B ctam 12X18H10T 0,8 % Ti, mactae npu BmicTi B twtari AH-295
omuspko 5 % TiO,. ExcnepumeHTanbHO BU3HaueHo, mo B ymoBax EIITII cram
12X18H10T 3 Bukopucranusam nutaky AH-295 nns 30epexxenns Bmicty B metani 0,7-
0,8 % Ti meoOximHo BBOAUTH B muiak 8 % Ti0O,. BusznaueHo, mo nHToMa
enexTporpoBiaHicTs 1iaky AH-295 3 mo6aBkamu 8 % TiO, mpu 1600 °C €
HAWOIIKYOI0 10 TTUTOMOI eJIeKTponpoBigHOCTI nutaky AH®-6, mpu mopiBHSHHI 31

[JIaKaMHu, SIK1 IUPOKO 3acTocoByeThest ipu EILITL



Y m’stoMmy po3nuli HaBEAEHO pe3yibTaTH MEPEepoOKH 3a PO3pOOJIECHOIO
TEXHOJIOTIEI0 B €JIEKTPOIIAKOBIA TUTENbHIN neyl eMHICTIO 120 KT HeOpuKeTOBaHOT
CTPY’KKH JKapOMIIIHUX CIUIaBiB Ha HikesneBiit ocHoBl EI1602 Ta EI437b 1 HepkaBitouoi
crami 12X18HI10T. Ilpu mnaBmi ctpyxkku cmaBy EI602 3actocoByBaBcs mmak AH-
295, cnnaBy EI437b, 3 MeTOol BUKIIOUEHHS BTpaT 13 METally THTaHy, B IIIJaK
nogaBaiock 3 % TiO,, a Hepkasirouoi ctam — 8 % TiO,. IlokazaHo, 1m0 XiMIYHHI
CKJIaJl BUILJIABJICHUX CILUIABIB Ta CTaJll, B TOMY YHUCII 32 BMICTOM THUTaHY Ta aJIOMIHIIO,
BIJIMOBIIaI0Th BUMOTaM TEXHIYHMX YMOB Ha JaHl Mapku MeTairy. BukoHaHi Ha 3aBoji
«3opsi»-«Marnpoekt» MeTanorpapiuii JOCIIHKEHHS Ta BUIIPOOYBAHHS MEXaHIYHUX
BJIACTUBOCTEH MOKA3aJIM BUCOKY AKICTh JKapOMIIHUX HIKEJIEBUX CIUIABIB, OTPUMaHUX
CJIEKTPOIUIAKOBOIO THUTEIBHOIO TUJIABKOIO 31 CTPYKKU. 3 OTPUMAHOTO MPHU TUIaBII
ctpyxku ctaim 12X18H10T metany oTpuMaHO JOCHITHO-IPOMUCIIOBY HapTIO JTUTUX
3ar0TOBOK y BUIJISIAI TOBCTOCTIHHUX IUIUT po3mipoM 360x400x65...100 MM, 3 sKkux
BUTOTOBJIEHO HOXI1 JJIS 3HATTS rpaTa Mpu KOHTAKTHO-CTUKOBOMY 3BapIOBaHHI pEeHoOK
peliko3BaproBaibhuMu  MammHamu K922, K930 ta K950. JlocmimkeHHS SKOCTI
HEP)KaBIIOYOT CTalll MOKAa3ayio, 110 METal MPHU EJIEKTPOIUIAKOBINA TUTENbHIN TJIaBIl
padiHyeThCsl BiJl CIPKM, ra3iB 1 HEMETAIIYHMX JOMIIIOK, 32 XIMIYHUM CKJIaJI0M 1
MEXaHIYHUMHU BJIACTUBOCTSIMU TIOBHICTIO BIJATMOBIJA€ BUMOTaM, IO O HBOTO
npe’ aBISIOTHCS.

BukoHaHl [MOCHIIKEHHSI JO3BOJWIA PO3POOUTH €(PEKTUBHY TEXHOJOTIIO
NepepoOKd CTPYXKKH SKApOMIITHMX CIUIaBIB Ta HEPXKaBIOUOl CTai METOIO0M
€JICKTPOIIUIAKOBOT THUTEJIbHOI TIJIaBKH, SIKA € €KOHOMIYHO JOIIBHOIO 1 JI03BOJISIE
OTPUMYBATH SKICHUH METal MPUAATHUHN T BHKOPUCTAHHS 32 TIPU3HAYCHHSIM.

Knrouosi cnosa: cTpyxka, pelMKIIHT, €JISKTPOIIAKOBA IUIaBKA, KAPOMIIIHI
CIUIaBH, HEp)KaBiloya CTallb, TUTaH, TEPMOJIHAMUYHA piBHOBara, padiHyBaHHS,

XIMIYHHH CKJIad, MEXaHIYHI BJIACTUBOCTI.



ABSTRACT

Veretilnyk O.V. Recycling of non-briquetted chips of heat-resistant alloys
and stainless steel by electroslag crucible melting method — Qualification scientific
work in the form of a manuscript.

Dissertation for the degree of Doctor of Philosophy in the specialty 136
“Metallurgy” (13 — Mechanical Engineering) — E.O. Paton Institute of Electric Welding
of the National Academy of Sciences of Ukraine, Kyiv, 2025.

The dissertation is devoted to the study of the features and regularities of
electroslag crucible melting of non-briquetted steel shavings, the development of an
effective technology for processing shavings of heat-resistant alloys and stainless steel,
and the study of the quality of the ingots obtained from metal waste.

Based on the analysis of various types of electroslag metal shavings processing,
it was determined that the best technical and economic indicators are achieved by the
joint melting of non-briquetted shavings and a consumable electrode from lump scrap
in an electroslag crucible furnace. The optimal geometric parameters of electroslag
crucible melting of shavings were determined and the behavior of titanium and
aluminum during electroslag melting of heat-resistant alloys and stainless steel using
AN-295 slag was analyzed. The basics of the technology of electroslag crucible
melting (ESCM) of non-briquetted shavings were developed. The high quality of the
metal obtained during electroslag processing of heat-resistant alloys and stainless steel
shavings was shown.

The first section notes the importance of recycling steel shavings, especially
high-alloyed ones, energy and resource saving, as well as reducing environmental
pollution. An analysis of existing technologies for processing metal waste was
performed and the problems of melting steel shavings in traditional electric arc and
induction furnaces were shown, including the need for briquetting shavings, significant
burnout of metal, and oxidation of alloying elements. Examples of electroslag
technologies usage for processing steel shavings in briquetted and non-briquetted form
were given, and the advantages and prospects of this type of melting for recycling

shavings of high-alloy steels and alloys were shown.



The second section provides data on the methodology for conducting
experiments and research on electroslag processing of shavings, on a description of the
equipment used, the content and characteristics of the steels, alloys and slags used.

The third section provides the results of experiments on the processing of
briquetted and non-briquetted shavings by various methods - ESM, ICM, and ESCM.
It is shown that the lowest specific electricity consumption of 0.55-0.65 kWh/kg and
the highest process productivity of 130-160 kg/h were obtained with the joint melting
of non-briquetted shavings and a consumable electrode from lump scrap in an
electroslag crucible furnace with a capacity of 120 kg. A study was carried out to
determine the parameter important for the development of ESCM technology - the
influence of the ratio of the electrode being remelted diameter to the diameter of the
melting space on the amount of remelted shavings and it was established that the
maximum amount of shavings is processed at a degree of filling of the melting space
from 0.45 to 0.6. It is shown that in ESCM, due to the melting of shavings in a slag
layer without contact with the atmosphere, the losses on burnout are 2.0-2.5 %, mainly
due to the burnout of foreign impurities and residues of the lubricating and cooling
fluid.

In the fourth section, a thermodynamic analysis of the titanium behavior during
electroslag melting of steel shavings using AN-295 slag was performed. It was shown
that at a temperature of 1600 °C, the equilibrium state for titanium, with a concentration
of 0.8 % Ti in steel 18Cr10NiTi, occurs when the content of about 5% TiO; in the AN-
295 slag. It was experimentally determined that in conditions of ESCM of steel
18Cr10NiTi using AN-295 slag, in order to maintain the content of 0.7-0.8 % Ti in the
metal, it is necessary to introduce 8% TiO, into the slag. It was determined that the
specific electrical conductivity of AN-295 slag with additives of 8 % TiO; at 1600 °C
is close to the specific electrical conductivity of ANF-6 slag, which is widely used in
ESM.

The fifth section presents the results of processing using the developed
technology in an electroslag crucible furnace with a capacity of 120 kg of non-
briquetted shavings of heat-resistant alloys on a nickel base EI602 and EI437B and



stainless steel 18Cr10NiTi. When melting shavings of alloy EI1602, slag AN-295 was
used, for alloy EI437B, in order to eliminate losses of titanium from metal, 3 % TiO,
was added to the slag, and for stainless steel — 8 % TiO,. It was shown that the
chemical composition of the melted alloys and steel, including the content of titanium
and aluminum, meet the requirements of the technical conditions for these metal
grades. Metallographic studies and tests of mechanical properties performed at the
"Zorya-Mashproekt" plant showed the high quality of heat-resistant nickel alloys
obtained by electroslag crucible melting from shavings. From the metal obtained by
melting 18Cr10NiTi steel shavings, a pilot-industrial batch of cast billets in the form
of thick-walled plates measuring 360x400x65...100 mm was obtained, from which
knives were made for removing burrs during resistance butt welding of rails using rail
welding machines K922, K930 and K950.

The study of the quality of stainless steel showed that the metal is refined from
sulfur, gases, and non-metallic impurities during electroslag crucible melting, and it's
chemical composition and mechanical properties fully meet the requirements imposed
on it.

The research conducted allowed us to develop an effective technology for
processing shavings of heat-resistant alloys and stainless steel using the electroslag
crucible melting method, which is economically feasible and allows us to obtain high-
quality metal suitable for use for its intended purpose.

Keywords: chips, recycling, electroslag melting, heat-resistant alloys, stainless
steel, titanium, thermodynamic equilibrium, refining, chemical composition,

mechanical properties.
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