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O.M. I'pumnH, A.A. HagTouiit, B.O. ITetpenko, B.C. Kupuuok

®PI3NKO-XIMIYHI ITEPEAYMOBU 3HEBVYIJIEHbOBYBAHHS
MMPOAVYKTIB BYTJIELEBOTEPMIYHOI'O BITHOBJIEHHS CR:0:s

AHomauis. Y  pobomi  8UKOHAHO  mepMOOUHAMIYHULI — aHani3  npouecy
gyaneyesomepmiuH020 Bi0HOB/NEHHS CUPOBUHU, WO MIiCmMums Xpom, Ons BU3HAUEHHS
YMO8 OMpUMAHHA  Jieamypu 3 HU3bKUM  6micmom  eyeneyw. BukoHaHull
wecmugpakmopHuil ekcnepumeHm MamemamuyuHoz0 NJAAHY8AHHS 3 BUKOPUCMAHHAM
Haniepenyiku N08HO20 (pakmopHoz20 ekchepumenmy. OmpumaHo pieHsHHs pezpecii, uio
00360J11€ KIUIbKICHO BU3HAUUMU ONMUMAJIbHE 3HAYEHHs KOXCH020 (pakmopa. 3a
donomozoio (pazosozo avanizy cucmem Cr-O-C ma Cr-Fe-O-C eu3HaueHi ymosu, ujo
3abe3neuyiome 3HUMNEHHS 8Yy2/leylo 8 KiHyesomy npodykmi. Po3enstHymo ymosu noseu
MemacmabineHux — kap6idie.  BusHaueHo — mepmoOuHaMiuHi  napamempu,  Wo
3abe3neuyioms cmabineHicms meepdux ¢as. Po3ensHymo 0cobausocmi mexaviamy
KkapbidomepmiuHoz0 8i0HOB/IEHHS. BeedeHHs 8 wuxmy 3aniza cmeopie nepedymosu

3HUMCEHHS 8y2/1eyl0, ad MaKoxc iHmeHcugikye npoyec meepdohazHozo 8i0HOBIEHHS.

Knrwuoei cnoea: oxcud xpomy, nicamypa, meepdogasHe 8i0HO8/IEHHS, KapOio,

¢axmopHuii aHanis.
BcTyn
I'ybuacTi Jieryioui maTepiajii MalTh Baromi IiepeBaru Iepen TpPaguIliiiHUMMU
depocriaBamu. OpiepskyBaHi 3a TexXHOJOTi€l0 TBepAoda3HOro BiJHOBJIEHHS 3a
YYacTIO BYIJIEII0 I'yOYacTi JIeryoui MaTepiaay MalOTh BUCOKMI BMICT BYIJIEIIIO, 11O
3BY)XXy€ cdepy IiXHbOrO IOJAJbIIOTO0 BUKOPUCTAHHS. MOKIMBICTH pery/rOBaHHS
BMICTy BYIJIEIII0 B TyOuacTMX JIETYIOUMX MaTepiajiaX € aKTyaJbHMM 3aBIaHHSM,
BUpIIlIeHHSI SIKOTO MOXJ/IMBE 3a JIBOMAa HaIpsSIMKaMM: ONTHMMIi3allisl TeXHOJOTiUYHUX
rapaMeTpiB MpoI1lecy; JOOMpallloBaHHSI OTPMMAaHOTO BMCOKOBYTJIEII€BOTO MMTPOAYKTY.
OTxXe, MeTOI0 OAaHOI pPoOOTM € aHaji3 TepMOOMHAMIUHMX Ta KiHEeTUUHUX

rapamMeTpiB Mpoliecy OTPUMAaHHS HU3bKOBYT/IEI€BMX XPOMOBMICHMX JIiraTyp.

MeToauKa MpoBeIeHHs OCTiI)KeHb

Po3paxyHOK TepMOAMHAMiUHMX T[apamMeTpiB mpoiecy TBepaodasHOro

BiTHOBJIEHHSI OKCUIYy XPOMY BMKOHAHO i3 3aCTOCYBaHHSM MPOrPaMHOT0 KOMILIEKCY

© Tpummu O.M., HagTouiii A.A., I[Terperko B.O., Kupuuoxk B.C., 2022
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HSC Chemistry 5.1 (ctBopeHo y ®@innsiHaii komnanieto Outokumpu Research Oy).
3acTocyBajM MeTO[ IJIAHYBAaHHS €KCIIEPUMMEHTY MO0 IOOYIOBM MaTeMaTUYHOI
MoOfeJi BIUIMBY MapaMeTpiB Ha BMiCT Byrjiemi. oCaigkeHHSI KiHEeTUKU TpOoIecy
MIpOBe/IeHO 3a JOTIOMOT0I0 TepMOTPaBiMeTPUYHOI YCTAHOBKM.

3aranbHUIT ByIJiellb BM3HAYadM CHAJEHHSIM HaBilllyBaHHS 3paska ¥y
TIOPILIeJITHOBOMY YOBHMKY B IIOTOLi KMCHIO Tipu Temmeparypi 1553 K. CO,, 1mio
YTBOPMBCS TIPU 1IbOMY, TTOTJIMHABCS aCKapUTOM i BMIiCT BYTJIEI[}0 PO3Pax0OByBay 110
3BOXYBaHHIO 3 YypaxyBaHHSIM MacHu HaBilllyBaHHsS. BibHMIT ByT/elb BU3HAuaIU
IJISXOM CITaJIEHHSI HaBillyBaHHS B MOTOIi KucHIO nipu 873 K. Kapb6iguuit Byrienpb

BM3HAYAJINU SIK PI3HMIIIO MiK 3arajJlbHMM Ta BUIbHUM.

Anajnis TEOPEeTUIHUX Ta €KCIIEPMMEHTA/IbHUX ,[[OCJIi,Z[)KEHb

V TexHiuHiii JiTepaTypi € BeJNMKa KiJbKiCTb pOOIT, NMPUCBIUYEHUX MHUTAHHIM
OTPMMaHHS HU3bKOBYTJIELIeBUX TyouacTux jiratyp. Cepen Takux pobiT HacamIepe
cJ1ia BuainuTy Taki orsisgau [1-3]. HaBeneHi B iMxX po6oTax BilOMOCTi, B OCHOBHOMY,
CTOCYIOTbCSI OITMMi3allil AesKUX TEeXHOJIOTIUHMX IlapaMeTpiB Mpolecy 3 MeTOI0
OTPUMAaHHS KiHIIEBOTO IPOAYKTY, 110 3aJ0BOJIbHSIE Pi3HIM SIKICHIM MMOKa3HMUKAM, Y
TOMY YMCJIi 3a BMicTOM Byrjemio. OTxke, B OCHOBHOMY Mpe[CTaBjeHi pillleHHS
MIpUBATHUX TE€XHOJIOTIYHMX 3aBlaHb, 110 KOPMCHO Ha MIOYAaTKOBOMY eTarli po3pooKu
YMOB TIIpollecy TBepaodasHoro BigHOBAeHHS. [IJisS KOMIUIEKCHOTO BUPIillIeHHS
IIOCTABJIEHOTO 3aBHAaHHSI HeOoOXigHO BM3HAUMTM (i3uKO-XiMiuHi ymMOBM, 3a
IOTIOMOTOI0 SIKMX MOXXHA peryjioBaTU BMICT BYIVIELI0O B KiHLIEBOMY IIPOIYKTI
TBepH0da3HOro BiTHOBIEHHS MNUXTHU.

AHaniz TBepaoda3HOTO BiTHOBJIEHHS XPOMOBMICHOI NIMXTU MpPOBENEHO 3
ypaxyBaHHSIM Takux ¢aKkTOpiB: TeMrepartypa, 4ac, CKaaj razoBoi ¢asu, BiIHOCMHU
C/O, Cr/Fe Ta Fe/Ni. BuxkoHaHmii 1mecTU(aKkTOpHUII eKCIIepUMEHT, TIpu
MaTeMaTUYHOMY IJIaHYBaHHi BUKOPUCTOBYBAJIM HalliBPeIUIiKy MTOBHOTO (paKTOPHOTO
eKCIiepMMeHTy. B SKocTi QyHKIIil BiAr'yKy BUKOPUCTAHO BMIiCT BYIVIEI}O B KiHIIEBOMY
MPOAYKTi.

CratucTuyHa 0OpOOKa pe3ylbTaTiB MO3BOMMIA OTPUMATHU JIiHiliHE pPiBHSIHHS
perpecii nas kap6igHOro ByIJello, sKe Oy/a0 TepeBipeHO Ha aJeKBaTHICTb 3
BUKOPUCTAHHSIM KpuTepito dimrepa

%C=4,701+1,430-X, +1,54-X, -1,479-X, -0,547-X, —0,582-X. -0,008-X,, (1)
Ie X; - yac i3oTepMiuHOi Buaepxku; X, - temreparypa, K; Xs - Cr/Fe; X4 - Fe/Ni;
X5 - O/C; X6 - BOJIEHDb Y CUCTEMi.

4 ISSN-print 1991-7848
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AHani3 ofepskaHUX pe3yJabTaTiB CBiAUUTH MNPO MOXKIUBICTH ONTUMI3yBaTU
YMOBM BiJHOBJIEHHS, SIKi 3a6e3IieuaTh OJlepsKaHHsSI rybuaToro MpOayKTy 3 HU3bKUM
BMiCTOM Byrjeln. BogHouac ciif 3a3HauMTH, WO Yy OUX AOCAIAAX 3aJIUIIAEThCS
3HAYHa KiJIbKiCTh BiJIbHOTO BYTJIEI[10, SIKMIT He 6epe yJacTi B peakilisix. Bupimmnru 1e
MMUTAHHS MOXXHA, HAIIPUKJIA/, BBEJEHHSIM Y IINXTY JOOATKOBOI KiJIbKOCTI OKCUIIB.

AHaJIi3 OTPMMAHOTO PiBHSIHHS TO3BOJISIE 3pPOOUTHU [IesIKi BUCHOBKI:

1. Bubip yMOB BigHOB/IEHHSI CKJIQAHOI MNUXTH, IO A€ MOXJIUBICTb OTPUMATH
6araTOKOMITOHEHTHY JIiraTypy 3 HU3bKMM BMiCTOM BYTJIEITIO.

2. Haiibinbiie Ha MigBUILEHHS BYIJIEII0 BIUIMBAIOTh 3POCTAaHHSI TeMIepaTypu
TMPOo1IeCy i yac BiTHOBJIEHHSI.

3. 3HIDKeHHSI BMICTYy BYTJIEIIO B JIiraTypi AOCSTA€TbCS 3@ PAXYHOK 3MEeHIIIeHHS
BigHomeHHs Cr/Fe ta 36inbmenns Fe/Ni ta O/C.

4. BBemenHs B cucteMmy BogHio 1ipu O/C = const c/labKO BIUIMBA€E Ha BYIJIELb Y
JiraTypi.

PiBHSIHHS perpecii 1151 3arajbHOT0 BYTIJIELI0 MA€ BUTJISI],

%C=16,025 — 0,165-X; —2,645-X, —0,945-X5;+1,037-X, +0,735-X: +0,228- X, .(2)

[MopiBHSIBHMIT aHaMi3 oOTpuMaHMX piBHSIHL (1) Ta (2) IMOKa3sye, IO
MIPaKTUYHO yci 00paHi (akTopyu SKiCHO Ta KiJIbKICHO I10-pPi3HOMY BIUIMBAIOTh
Ha BilpbHMIA Ta  KapOimHmMit Byriaenmb y  Jjiratypi. Tak, Hampukiam,
MiABUIEHHS TeMIlepaTypu IpU3BOOUTH OO 3HMKEHHS 3araJibHOTO BYIVIELIO i
TIpU 1IbOMY 3pOCTa€ KapoigHMit ByTellb.

[Ipo1iec Byr/ieneBOTEpMiUHOTO Ta KOMILJIEKCHOTO BiJHOBJI€HHS OKCULIB XpPOMY
MIPOXOOUTh 3a KiJIbKOMAa IapajieIbHMMM peakliissMu, cepen SIKUX CIif BUIIIUTU
peakiiii BiTHOBJEHHS Ta peakiiii KapbimoyTBopeHHS. Y Mekax O0OpaHUX YMOB
MIPiOPUTETHMUIT PO3BUTOK MOKe MaTU Ta UM iHIIa peakiiis. Ciig TakoXX BpaxoByBaTu
BJMCOKY CITOPiJJHEHICTb XpOMY OO BYIJIeI[l0, MOK/IMBE YTBOpPeHHS OKCUKapOifiB,
B3a€MO/il0 MPOAYKTIiB MPUBATHUX pPeaKiiiii MiK c00010, iCHyBaHHS IPOMIKHMX Ta
MeTacTabimpHuX a3, Mo 3MiHIOE TEPMOAVMHAMIYHY KapTUHY IIPOIIECY.

Iesiki yMOBM MOSIBU TakuX a3 T03BOJISIE BUSHAUUTY TePMOAMHAMIUHMIA aHaTi3
B3aemogiin y cucremax Cr-O-C ta Cr-O-C-H. Ilomi6bumit aHaai3 TakKux CUCTEM OYB
BUKOHAHMIT aBTopamu [2, 4, 5], mpoTe 6GaraToBapiaHTHICTb peakiiiit, 110
pO3BUBAKOTHCS TpU BimHOBIeHHI Cr;0s, BUK/IMKAE TMEeBHI TPyOHOIIi. SIKIO peaxilii
TBepnoda3HOro BiJJHOBIEHHS XpPOMY HOOCUTh [leTajJbHO OIMCAHi B JiTepaTypi, TO

KapbimoyTBOpeHHS 6iJIbIIOI0 MipOI0 HOCUTD TiIIOTEeTUUHMIA XapaKTep.
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HocnigkeHHsT mpoBeneHO B piama3oHi 1273-1773K Ha OCHOBI CYKYIIHOCTI
peaxiliit rasmdikallii TBepIOro BYIJIEII0 Oro mioKcuaoMm Ta BimHoBaeHHST Cr;0s

MOHOOKCHUJIOM BYIJIEIIIO:

C+ CO,=2CO0, (3)

1gK, =-20035/T +20,569, (3a)

1/3Cr;03 + 17/9CO = 2/9Cr3C; + 13/9CO,, 4)

1gK, =-301,96/T + 9,005, (4a)

1/3Cr,03 + 11/7C0O = 2/21Cr7C5 + 9/7CO,, (5)

1gK. =-3232,9/T-5,786, (5a)

1/3Cr,03 + 31/23C0 = 2/69Cr3C6 +27/23C0,, (6)

1gK, =—6152,5/T -3,643, (6a)

1/3Cr,05 + CO = 2/3Cr + COy, (7

1gK, =-10716,3/T-0,33. (7 a)

BpaxoByBaslach TaKOX MOXIMBicCTh B3aemoxii CO, 3 Kapbimamu xpomy,
30KpeMa

7/5Cr3C, + CO, = 3/5Cr;Cs + 2CO, (8)

1gK, =-22270/T+20,283. (8a)

PeBYJIbTaTI/I TepMO,E[I/IHaMi‘-IHI/IX pOBpHXYHKiB, BMKOHAaHUX OJII  TUCKY

ByTJeleBux rasis P=1 (a6o 0,1 MIla), rpacdiuHo BigobpaskeHi Ha pUCYHKY 1.

2o,

0.20

0,25

0,30
1273 1373 1473 1573 1673 T, K

Pucynok 1 - liarpama piBHoBaru y cuctemi Cr-O-C, ne
JIiHi1 piBHOBaru peakiiiii 1-6 — peaxiiii (3-8), BiAMmoBigHO

BukopucTtaHHs [OiarpaM piBHOBaru A03BOJISIE OTpUMATH ILiHHY iH@opMaIliio
npo $ha30Bi 3MiHM Ta TeMIepaTypHi MexXi pi3HUX MepeTBOpeHb [2, 5, 6]. OnHAaK 1ie
HeJIOCTATHBO [IJIS1 IMIMOOKOTO PeryytoBaHHSI BMICTy BYTJIELIO ITPOIYKTY. 3a HasIBHOCTI

y IMXTi HAJJUIIKOBOrO ByIJIelN Oyme BuTpadueHO Bech CryOs. 3anmMmiaTtbcs B

6 ISSN-print 1991-7848
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cucTteMi crabinbHo cmiBicHyBaTM Cgs, Kap6im CrsC, i rasosa ¢asa, mas SIKOi
criBBigHomeHHsS CO; i CO y BcbOMYy Jiana3oHi TemmepaTryp, IO PO3IIsSAarThCs,
TOBMHHO BiAmoBigaTyu piBHOBa3i peakiii (3) (miHig 1 Ha puc. 1). Y pasi cTporo
CTeXiOMeTPMUUHOTrO CITiBBiIHOIIIEHHSI BUXiAHMX PEYOBMH MO0 BiJHOIIEHHIO 10 peakiiii
(4) y mporieci BigHOBAeHHS BuTpadaeThcs i Cry0s, i Cwn. CucTema, 10 YTBOpeHaA
TBepaumMu mpoaykramu BimHoBieHHSI CrsC; i rasamm 1ipu ¢iKCOBAaHOMY TUCKY
OCTaHHiX, Ma€ [IBi CTyreHi cBobomu. Lle mo3Bosisie BapiroBaTM TeMIlepaTypor Ta
criBBigHomeHHsIM CO,/CO B mexkax obsacTi, oomeskeHoi JiHisMu 1,2,6 Ha puc. 1,
06e3 mopyleHHsS CTabiIbHOCTI BMINOro Kapb6imy xpomy. OTKe, aHalli3 CUCTEMU
Cr-O-C cBigumnTb, 110 y 3a3HaU€HOI 06/1acTi TemriepaTyp cTiiikuit kap6in CrsC,. ITpo
riepeBary 1oro yTBOpeHHs Ipu BigHOBAeHHI Cr,Os B yMOBax AOCTAaTHbOI KiJIbKOCTI
BUIBHOTO BYIVIEI[I0O B WIMXTOBiil CyMmilmi CBiguMTh TakoX 3icTaBieHHS AG® nms
peakiiiii (4)-(7). TepmoauHamiuHa KapTMHA 3a3HA€ iCTOTHMX KOPEKTUB Yy pasi
medinuTty Byraenio B muxTi. [Ipu ¢ikcoBaHMX 3HAUEHHSIX TUCKY i TemIiepaTypu
piBHOBAara y CMCTeMi BCTAHOBJIOETbCSI juile Micias 3HUKHeHHS C.,. Asie BUIIUI
Kap6im xpomy CrsC,, IK BUTZHO 3 PUCYHKY 1, CTabiIbHO CHiBiCHY€E 3 HAIJIUIIKOBUM
Cr,0s Ta razamu g0 ~1570 K (3a manumu [4, 6] no 1540 a6o 1560 K).

Buie 1iei TemmnepaTypu TepMoAMHaMiuHi mepeBaru y mnpucyTtHocTi Cr;Os
IepexosiTh M0 MpomiskHoro Kap6imy Cr;Cs. O6sacTh #Oro CTifAIKOCTI Ha PUCYHKY 1
obmeskeHa JIiHisIMM 3 i 6. BiH MOske piBHOBa)KHO CITiBiCHYBaTH JIMIILIE 3 HAIJIUIIIKOBUM
okcumom xpomy um Kapo6igom CrsCs. IcToTHO, 1m0 Kapbim HabyBae BigZHOBIIOBaIbHOI
3gaTHOCTi 1Mo BigHomieHHIO 10 Cr;0s Buie 1570 K 3 yrBopeHHsM Cr;Cs, a Buile

1741 K - 3 yrBopeHHSIM Cr33Cs:

1/3Cr;03 + 9/5CrsC; = 213/15Cr;Cs + CO, 9)
AG® =264661-168,54-T, (9 a)
1/3Cr,0s + 27/28CrsC; = 13/84Cr3Cs + CO, (10)
AG® =283757-163,008-T. (10 a)

3a peaxkiiero (10) mosiBa MeTtactabinbHOTro Cry3Cs MIPUHLIMIIOBE MOK/IMBE BXKe 32
temnepaTtypu ~1603 K, ane yiuiie 3a yMOB JOCUTb BUCOKUX KOHLeHTpaliin CO, 1m0
TOCTAaBJISIETHCS peakilieio (3).

V rtakomy Bumnagaky C.,; pO3NOAUISIETBCS MK IpoliecaMy BiJHOBJIEHHS
Ta KapOiOyTBOpEeHHS B €HEPreTMYHO HAaMbi/NbIl BUTITHOMY CIIiBBiJIHOIIEHHI]
(AG®, IIx/r-at.C). Ile criBBimHOIIIEHHSI BU3HAUAETHCSI TEPMOIMHAMIUHOI IIepeBaroio

BUTpauaHHS BYIJVIEI[I0 HAa YTBOPEHHS Pi3HMX KapOifliB XpoMy B IIOpiBHSIHHI 3
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BuTpauaHHsIM iioro Ha BigHOBIeHHS Cr;0s: AG%aps < AG%%in. TIpy meditnTi Byrieiio
B CUCTeMi 3anuinaeTbcs HeBimHoBmeHui1 Cr,0s, a TaKoXK KapOif.

IcHyBaHHSI TeBHMUX MeX TepMOIAMHAMIUHOI CTiliKOCTI OKpeMMX TBepaux
MPOAYKTIB BYIeleBOTepMidyHOTO BimHOBAeHHS okcuay xXpomy (CrsC; i Cr;Cs B
06s1acTi TeMIepaTyp, IO PO3IJISAAIOTLCS) He BUK/IIOUAE MPUHIIUIIOBOI MOXK/IMBOCTI
YTBOPEHHSI 3a XOAOM IIpOIecy iHIIMX IPOAYKTiB, aje B HeCTabiTbHOMY CTaHi.
[TpyuMHOIO IIOTO MOBMHHI OyTM YCITIIIHMIT PO3BUTOK peaxiiii (3) (IOCUTb BUCOKI
KoHueHTpalii CO B o6’emi muxtu - puc. 1) Ta YNOBUIbHEHUII PO3BUTOK
(rabMyBaHHSI) peakiliii KapoigoyrBopeHHsi. Huskue 1570 K HajtiMmoBipHillle mosiBa,
nopsig, 3 CrsC;, mpomixkHoro kap6imy Cr;Cs 3a yMOBUM YIIOBiJIbHEHOTO Iiepebiry
peaxitii 3/15Cr;Cs + 2CO = 7/5CrsC; + CO,.

Bume 1570K mopyu i3 TepmoauHamiuHo cTilikum Cr;Cs MOKIMBE
YTBOpeHHSI, Hacamiiepesi, HecTabibHOoro Kapbimy Crs;C, yMOBOIO HaKOMMUeHHS
SIKOTO € 3arajbMoOBaHicTb peakuii (8). Iligjiom TemmepaTypu CIPUUYNHSIE
TepMOAMHAMIUHI 3pyIlIeHHs, 10 YyCKaagHwooTh yTBopeHHs CrsC; (puc. 1).
[Ipy 1bOMY, IIPUPOIHO, 30€epira€ThCsi HEOOXiAHICTh YIIOBIJIbHEHOTO PO3BUTKY
CYNYTHIX peakliili, 3ralaHnX paHille.

SIk 3asHavasocs, 3a YMOB MiJBUILEHUX TeMIIEpaTyp CTA€ MOKIMBUM y4acCTh
CrsC; y BimHOBIEHHI OKcumy xpomy. Peasmizaiist 1iei MOXIMBOCTI HaiOGiabII
MOBipHa Yy pa3i BuUTpayaHHS BUILHOTO BYIJIEL}0 IIMXTU, IO CIpPUSIE
3HEBYIJIEIIbOBYBAHHIO IIPOAYKTY BigHOBAeHHS. TepMoAMHaMiuHi IlepeqyMOBU
PO3BUTKY ITIPOIeCy TakuM HUIIXOM i BigHOBJeHHS Cr;Os 3a JOMOMOrOI0 BiJIbHOTO
BYTJIEI[}0 iCTOTHO KOPUTYETHCS Y TIPUCYTHOCTI MeTaeBoro 3asisa.

Ananiz cucremu Cr-Fe-O-C OyB BMKOHaHMIi aBTopamu [7] mOJisi BUMAIKY
YTBOpEHHSI MeTa/lieBUX PpO3UMHIB, 10 MicTITh 7 Ta 25% xpomy. YTBOpeHHS
smimanux Kap6igiB (Fe,Cr)xCy mpu 1IboMy He BpaxOBYBaJOCh 4epe3 BiACYTHICTh
HeOoOXiTHMX TepMOXiMiUHMX BimoMocTeii. BcTaHOB/IEHI TepMOIMHAMIUHI 3pYIIEeHHS
IoKa3aay 3HauHe 30iJbIIeHHS MOKIMBOCTEN BYTJIELIEBOTEPMiIUHOTO BiTHOBJIEHHS
Cr;0s mig vac BBeleHHS Yy cucTeMy 3ajisa. [lomiOHMIT pe3yabTaT OTPMMAHO HAMMU
CTOCOBHO IporueciB 3a ydacTio Cr i Cr;C; y mIIMpOKOMY [Jiana3oHi CIiBBiJHOLIEHb
Cr/Fe y mpoAyKTi BiHOBJIEHHSI.

HetanbHuii TepMmoauHaMmiuHmit aHamnis cuctemu Cr-Fe-O-C (He moB'si3aHMiA i3
MPOLIeCOM BiJHOBJIEHHS) 3[i/iCHEHO aBTOpamMu [8, 9] 3 ypaxyBaHHSIM MPUCYTHOCTI SIK

MeTaJIeBUX PO3UMHIB, Tak i KapbimHux da3 pisHoro ckiamy. Y Lijomy pe3yabTaTu
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aHaJli3y CBifuUaTh, 10 Yy MpUCYTHOCTI 3aii3a kapbin CrsC, HecTilikuii. 3 MeTaleBOIO
da3o10 cTabinbHO cHiBicHYIOTH 3MimraHi Kapoigu (Fe,Cr)sC, (Fe,Cr);Cs Ta (Fe,Cr)sCe.
[lepuminii yTBOPIOETHCSA IIPM MaJIMX BMICTax XpOMY Yy CUCTeMi; OCTaHHiii — 3a
MiJIBUIIEHMX KOHIIeHTpalliii ioro. Haiibinbm mmpoka cdepa icHyBaHHSI KapOimy
(Fe,Cr);Cs. XapakTep ¢a3oBuxX MepeTBOPEHb, IO MPOTIKAIOTh Y IIPOIieci TeruioBoi
06po6ku cymiiri Cr;C, i3 3a/1i30M ekcliepMMeHTalbHO BUBUeHMIT y poboTax [10, 11].

HaBepeHi pe3ynbTaT¥ TEPMOAMHAMIYHOTO aHaJi3y CBigYaTh MPO MOXJIUBICTD
3HMKeHHSI PiBHS BYTJIEII0 B 3a/Ii30XPOMMCTIi1 JIiraTypi 3a AOMOMOTOI 3aJy4eHHS Y
IIpoliec BiTHOBJIEHHST KapbimHoi ¢as3m, a TaKOX BBEIEHHSIM Y CUCTEMY METaIeBOrO
3aJ1i3a, sike po3unHsI€ B c06i xpoM. OJHAK, MOSKJIMBOCTi TAaKOTO MeXaHi3My 0OMeXKeHi
TeMmriepatyporo.  Ciig TakOX  BpaxOBYBaTM  KiHETMYHI  3aKOHOMipHOCTI
KapbimoTepMiuYHOrO BiJHOBJEHHS Ta BIUIMBY Ha Ieil mporec Feye. OTpuMmahi
eKkcIlepyMeHTa/IbHI AaHi [12] cBimuaTh, 110 XapakTep BIUIMBY [100aBOK Feyer Ha
KiHeTuky BimHOBieHHS Cr;0s BimbHMM ByrieneM i kapb6imom CrsC; mpsimo
MIPOTWIEKHUIA. 3HaUHe MPUCKOPEHHS Mpoliecy B OCTAaHHbOMY BMIIA[Ky BKa3ye Ha
IOJaTKOBI MOXJIMBOCTI TBEpPHAOTO MPOAYKTY SIK 3a PaxyHOK pO3BeOeHHSI J0ro
3a/i30M, TaK i IUISXOM IIOCMJIEHOTO 3a/lyueHHs KapOimHoi ¢asy BimHOBIEHHS
OKCUIY XpOMY.

BBemeHHS Feyer V HIMXTY CYTTEBO 3MiHIOE KiHETMUYHY KapTMHY IIpoIliecy.
Hacammnepen, 3BepTae Ha cebe yBary Toi (akT, IO IPUCYTHICTb Feyer 3a0e3meuye

BimHOBeHHS Cr;035 Kap6igom CrsC, Bske ripu Temnepatypi 1473 K (puc. 2).

1] 140 20 30
Yar, xz

Pucynok 2 — Kinetuka BigHoBmeHHs1 Cr203 kKap6igom CrzCo 6e3 106aBok (2, 4) Ta
y IMIPUCYTHOCTI MeTaneBoro 3atisa (1, 3, 5) mpu
aToMHOMY chiBBigHomeHHi Fe/Cr=1:
1-1473K; 2,3 - 1573K; 4,5 - 1673K
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[ligitom pmo 1573 K, mpupomHo, d¢dopcyBaB IIpoliec, a BBeIEeHHS 3asi3a
36ibITYBaIO MBUAKICTD ~1,3 pa3. CTyIiHb BiTHOBJIEHHS 3pa3Ka, IO JOCSTAEThCS 3a
0,5 roguum, ckinana 70%. [MomibHi 3pyIIeHHsT y IPUCYTHOCTI 3aj1i3a Maiu Micie i 3a
1673 K, a cryniup BimHOBeHHST mpoTsiroM 20 xB mocsrana 80%. Takuit rinbOKuMii
PO3BUTOK mipoiiecy Iipu 1573 i 1673 K cBigunTh Ipo MOSIBY TBEPAOTO MPOIYKTY Ha
6a3i HMskyoro Kapo6imy xpomy CrasCe.

et BUCHOBOK 3HaxOAUTh MiATBepAKEHHS y pe3yybTaTax gocaimxkeHs [10, 11],
SIKi OO3BOJISIIOTh AeTali3yBaTy CYTHICTb 3MiH, IIO BimOyBamTbCs. ABTOpM i3
3aCTOCYBAHHSM Pi3HOMaHITHMX METOHIB (Di3MKO-XiMiUHOIO aHa/lIi3y AOCTiIKYyBaau
dha30Bi repeTBOpeHHS, IO BiIOYBAIOTHCS MPM TEIIOBii 00pOoO6IIi MpecoBaHOi CyMillri
Cr;C; Ta 3amiza y Bakyymi. BcTaHOBeHO, IO B3aeMO[is TBepAMUX peareHTiB
TOYMHAETHCSI 3 OOHOCTOPOHHBOI AM@y3ii aTOMiB XpoMy i IlepeBa>kHO BYIJIEIl0 B
MeTasieBe 3aji30. Kapbin 30imHIOETHCS BYT/IELEM, a CTPYKTYpa JOTO PO3IYIIYEThCS.
BigObyBaeThCsl mepepos3Ilofiji aTOMIB BYTJIEII0 y KapOimi, opTopomMbiuHa CTPYKTypa
CrsC; nmepebymoByeThCst Ha rekcaroHanbHy Cr;Cs. ['ekcaroHaapHMII Kapoia xpomy, III0
YTBOPUBCS, 3MATHUI PO3UMHUTU B €00i mo 60% 3asi3za, 1epeTBOPHOIOUYNCH TAKUM
YMHOM Ha CITUTbHMIT XxpoMo3saisucTtuii kapbin (Cr,Fe);Cs. YV cBoro yepry mirpaitis C i
Cr 3 kpucraniuHoi peuriTku BuxigHoro Cri;C; i po3uMHeHHSIM (3aMillleHHSIM) iX Y
MeTaJeBOMY 3aJIi3i, MOsKe MPU3BOAUTH IO YTBOPEHHS CKIAAHMUX KapOiliB Ha OCHOBI
Feyver. Ha mymky aBTOpiB [10, 11] mpu mopanblioMmy PO3BUTKY IPOLECY MOXKINBE
YTBOpeHHS CIibHMX Kap6imiB Tumy (Cr,Fe):sCe. IIpucyTHiCTh 1IbOro Kapbimy 6yJio
BCTaHOBJeHO npu 1373 K. 3 ypaxyBaHHSIM BUKJIaAE€HOrO MMOBIPHICHMIT MeXaHi3M
BIUIMBY Feyer HA KiHETUKY BYTJIelleBOTepMiuHOro BimHOBIeHHS Cr,0s € HaCTYITHUM.
Sk Bimomo, BuIIMii KapOif Xpomy Ayske 00MeXKeHO 3aMiHIOE aTOMM XPOMY aTOMaMMU
3amiza. IudysiiiHuii Tepexin aToOMiB B MeTajeBe 3aji3a yTpyAHeHMI, Tak SK
OCTaHHii B’Ke CUJIbHO HaBYTJIeIIbOBaHMIT BHACTIAOK mepebiry peakiiiii (11) ta (12):

2CO = CO+[C]ge, (11)
2CO0 + 3Fe = Fe;C + CO.. (12)

Mirpauist atomiB Cr 3 Kapbimy mo Fewer 6€3 cympoBomy (abo mudysii, mio
BUIIEpE[I’KAa€) BYIJIEI[I0 pO3BMBATUCS He Moske. TomMy B MPUCYTHOCTi BiJIbHOTO
ByTJIelllo, 1[0 06MexXye repebir peaxiiii (8) 0cobauBO B 06Js1acTi He my>Ke BUCOKUX
TeMIlepaTyp, YTBOpeHHs1 TBepaux po3unHiB Fe-Cr-C i cminbHux Kap6igis (Fe,Cr)sC
CUJBHO YTPyOHEeHO. BIuinB mo6aBoK 3aii3a Ha HMIMUXTY OOMEXYETbCS B OCHOBHOMY

TUMM HAIIPSIMKaMM, SIKi Oy pO3IJISIHYTi BUIIIE.
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Butpara Cy 1 Betyn CrsC; y npouec BinHOBIeHHS Cr;Os KapAMHAIBHO 3MiHIOE
CUTYyallifo. 3aBAsSIKM PO3BUTKY peaxiiii (8), Ha MoBepxHi Kapbimy BUHMKAE dediliuT
Byryelo i BigoyBaeTbcss dasoBe mneperBopeHHst CrsC; — Cr;Cs. YV BimcyTHOCTI
BiJIbHOTO BYTJIeLI0 Iepebir peakiiit (11) i (12) yTpyaHIOETbCS i HABiTh HEe BUK/IIOUEHA
MOK/IMBICTb TIepebiry iX y 3BOpOTHOMY HampsMKy. OTKe, BiIKpMBAIOTHCS ILISIXU
st 3ycTpiuHoi amdysii atomiB Cr i Fe 3 yTBOpeHHSIM 3a/1i30XpOMUCTOTO KapoOimy
(Cr,Fe);Cs i po3unniB Fe-Cr-C. MeHI1 iMOBipHO B yMOBax Ilepebiry peaxiiii (3) mosia
Kkapbimy (Fe,Cr)sC. Ha KOpPMCTh TaKOro TBEPIKEHHSI CBiIUMTb 3HAYHO Oijblla
minHicTh CrsC; mpotu FesC - 3MeHIeHHS BiJIbHOI eHeprii IIpM YTBOpPEHHI
OCTAaHHbOTO 06araTopa3oBO IIOCTYMAETHCSI AHAJOTIUHOI BEIMUYMHI [IJISI BUIIOTO
Kapbimy xpomy. [TosiBa B kKpucrtamiuHiin perriTii FesC mo 20% Cr He Moke, MaOyTb,
3MiHUTM 3a3HauveHe cliBBigHOmeHHsS AG® Ha mpoTuiexkHe. Y TOI caMmii 4acC y Xo[i
MOJIBIIOTO PO3BUTKY IIPOLIECY CTA€ IPUHIMIIOBO MOXJIMBI IOSIBM 3MillIaHOTO
Kkapb6iny (Cr,Fe).sCo [10,11].

VrBopeHHs1 po3unHiB Fe-Cr-C i 3mimaHux KapOifiB BUKIMKAE 3HAYHI
TepMOAMHAMIiuHi 3pyllleHHs B cucTeMi. 30KpeMa, 3HUKE€HHSI aKTMBHOCTI XpoMmy,
3yMOBJIEHE PO3UMHEHHSIM iX Yy 3aJ1i3i, i 3pOoCTaHHs piBHOBaXXKHMX KOHIeHTpaliii CO,
CTBOPIOIOTh CHPUSITINBI MepeayMoOBM y PO3BUTOK peakiii (7) [6-8]. OgHak He 1A
JlaHKa BM3HAYa€ MIBUIKICTH IIPOIECY, IO CIIOCTepiraeTbcsl. BMkoHaHi B 11iii poboTi
OOCTiI)KEHHST [03BOJISIIOTh CTBEPIKYBaTM, IO BMU3HAYadbHA pOJIb HAJIEXUTh B
OCHOBHOMY peakiiii (3). IIpo 1e cBigunTh 3pOoCTaHHS WBUAKOCTI BimHOBIEHHS Cr;03
Npy NoApiOHeHHi ByTJ/elio, 36ibIlleHH] 10ro BMIiCTy B HIMXTi Ta y pasi 3aMiHu
rpadiTy BMCOKOPEAKIiiHMM [epeBHMM BYTULIIM abo MiposirHiHOM. Ase y
MIPUCYTHOCTI Feyer IepeBaska€ BIUIMB HeraTMBHMX (AKTOpPiB Ha IMBUAKICTb
rasudikaiiii Crs Ta pO3BUTOK MPOIiECY B IIiIOMY.

Berynm CrsC; y BigmHoBaeHHs1 Cr;Os 3MiHIO€E XxapakTep BIUIMBY Feyer Ha
KiHeTuKy mpoiecy. Ilepekpuctamizanisi CrsC, y Cr;C; BiIKpMBae MOXIUBICTb
yTBOpeHHS 3MimaHoro kapb6imy (Cr,Fe);Cs. OcTaHHiiI MOXHA pO3IISAATU SIK
MPAKTUYHO ifeaJibHUII pPO3UMH XpPOMY i 3aji3a B pelIiTIi 3aMillleHHS CHiJIbHOTO
Kapbimy [14]. YTBOpeHHSI TaKOro pPO3UMHY CIpHUSIE PO3BUTKY peakiiii (5) i (8)
BHAC/TiOK 3MeHIIeHHSI aKTUMBHOCTI Kapb6igHoi dasu, 10  3'SIBISIETHCS.
TomMy mpuckoproeTbcst peakiiis (9), mo onucye BimHOBAeHHS Cr,03 y 1ijiomy, aje i3

3amiHoo Cr;Cs Ha (Cr,Fe);Cs.
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Ocob6nuBocTi BIMBY Feyer Ha KiHeTUKy BigHoB/IeHHs1 Cr,Os Byrjelem i 3MiHU

MeXaHi3My 1IbOT'0 BIUIMBY HAOUYHO IJTIOCTPYETHCSI PUCYHKOM 3.
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Pucynok 3 — Kinetuka BigHoBieHHs1 Cr203 rpaditom rmpu 1573 K nmpu aToMHOMY
crniBBigHomenHi Fe/Cr=1 ta C/0=0,5: 1 — 6e3 Feyer; 2 - 3 100aBKOIO Feyer

V pasi Benukoro gediunuty C.; UiTKO IIPOSIBISIETHCS Tepexin Bim edekTy
ralibMyBaHHsI 10 iHTeHcu@ikaiii mnpomecy. Iligiiom Temmepatypu no 1673 K

rojierurye nepekpucramisaiito CrsC; 3 yTBOPeHHSIM 3MilllaHOTr0 Kapbimy (puc. 4).

100

v a]
=
\"‘
L3

= i
F40 |~ 74 |
. |
0 10 20 30
Tac, x5

Pucynok 4 — Kinetuka BigHoBieHHs1 Cro03 rpagitom 6e3 mo6aBok (1,3,5) Ta
y IPUCYTHOCTI MeTasieBoro 3asisa (2,4,6) mpy aTOMHOMY CITiBBigHOIIIEHHi
Fe/Cr=1Ta C/O=1; 1,2 - 1473 K; 3,4 - 1573 K; 5,6 - 1673 K

Binbil TOrO, SIK 3a3HAYAJIOCsI paHille, IJMOMHA PO3BUTKY IpPOIeCy PiBHS, IO
Bignosimae nepexony Cr,0; — Cr;Cs, i CBigUMTbL TpPO MOSIBY 3aj1i30XPOMMCTOI
Kap6igHoi ¢asm Ha ocHOBi CrysCe. dudysiiiHe TepeHeceHHS aTOMiB MeTalay He
HOCUTD, 3BUYAIHO, OAHOCTOPOHHII XapakTep. ToMy 3a paxyHOK aAudy3sii xpomy B
MeTaJieBe 3a/1i30 yTBOp€eThbCsl po3unH Fe-Cr-C. V pasi BigHoB/eHHS Cr;03 CrsCy, 110

ToTiepeTHbO OTPUMAaHMI, PO3BUBAIOTHCS MOiOHI MPOIIECH.

12 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 25 — 2022

OTxe, pe3ylabTaT¥M BUKOHAHMUX MHOCTiIKeHb CBifUuaTb NP0 IPUHIUIIOBY
MOXJIMBICTb JOCUTD IMIBUIKO 3[i/iCHIOBAaTM MOBHe BimHOBIeHHS Cr;03 B MPUCYTHOCTI
3ajiiza, Hanpukaaza, npu 1673 K. OTpumaHuii y X yMOBaX MeTali30BaHUI ITPOAYKT
3HAYHOI MipOI0 MiAJa€ThCs 3HEBYIJIEIbOBYBAaHHIO. PO3paxyHKM MOKa3ylTh, IO
nipu croiBBigHomeHHi Cr,05 i Cyy y mMxTi Ta aToMHOMY BigHouieHHi Cr/Fe = 1 BMicCT
BYTJIEII0 B KiHIIEBOMY TMPOAYKTi CTaHOBUTH ~ 4,5%. llluxToBa CyMmill IIPUHIIUIIOBO
IIO3BOJISIE 3HU3UTYU KOHIIEHTPAIlil0 BYTJ/IeLo 10 ~2,8%.

Ily>ke cyTTeBO, 10 3aMiHa Feyer OKCHMIAMM 3aiiza He 3HIKYE MIBUAKICHI
XapaKkTepucTuku mpoiecy. [Ipo 1ie cBiguaTh pe3yjbTaTU CIIJIbHOTO BigHOBJIEHHS
3aJli3a Ta XpOMY i3 CyMillli MAarHETUTOBOTO Ta XPOMITOTO KOHILIeHTpaTiB npu 1673 K.
Crmipg 3a3Haunty, mo 3amiHa Cr;Os Ha OpUPOOHMIT MaTepial CYyIPOBOAKYETHCS

iCTOTHMM 3HMKEeHHSIM IIBUIKOCTI BiTHOBJIEHHS.

BucHoBku

BuKoOHaHO TepMOAMHAMIUHMII Ta KiHETMUHMII aHasai3 ydyacti KapbiliB y
mpoleci  BiZHOB/IEHHS  OKCUMAY XpOMy. Bu3HaueHO yMOBU  MOXJIUBOTO
yTBOpeHHS MeTacTtabinpuux a3 y cucremi Cr-C-O. Ioc/miiskeHO BIUIUB
BBeJIEHOTO B IIMXTYy MeTajeBOro 3aji3a Ha KiHeTMKY Ipoliecy TBeproda3HOro
BigHOB/ieHHS Cr;0;. OTpMMaHO pIiBHSHHS perpecii, IO OMNUCYE€ BIUIMB [IeSIKUX
rapaMeTpiB BYIJIeLleBOTEPMIUHOTO BiJJHOBJIEHHSI OKCUIY XpPOMY Ha BMICT BYTJ/IEeLI0 B
L[IJTbOBOMY ITPOIYKTi.
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UDC 66.094.2:661.875.2
A. Grishin, A. Nadtochij, V. Petrenko, V. Kyrychok

PHYSICO-CHEMICAL PREREQUISITES FOR DECARBURIZATION OF CARBON-
THERMAL REDUCTION PRODUCTS CR:0;

The development of physicochemical bases for solid-phase reduction of ore and man-
made materials makes it possible to obtain spongy ligatures with specified properties. The
use of such materials in metallurgy can significantly save mineral and energy resources. The
thermodynamic analysis of the process of carbon-thermal reduction of chromium-
containing raw materials to determine the conditions for obtaining an alloy with low carbon
content.

A six-factor mathematical planning experiment was performed using a half-replica of
a complete factorial experiment. The analysis of solid-phase reduction of chromium-
containing charge was carried out taking into account the following factors: temperature,
time, gas phase composition, C/O, Cr/Fe and Fe/Ni ratios. A regression equation is obtained,
which makes it possible to quantify the optimal value of each factor.

By phase analysis of the Cr-O-C and Cr-Fe-O-C systems, the conditions that ensure
the reduction of carbon in the final product are determined. The conditions for the
appearance of metastable carbides are considered. Thermodynamic parameters that ensure
the stability of solid phases are determined. Thermodynamic analysis with the participation
of carbides in the process of solid-phase reduction was performed. Features of the carbido-
thermal reduction mechanism are considered.

The introduction of metallic iron into the charge creates the preconditions for the
reduction of carbon, as well as intensifies the process of solid-phase reduction. The results
of the performed researches testify to the fundamental possibility of complete reduction of
Cr;0s in the presence of iron rather quickly. The metallized product obtained under these
conditions is largely susceptible to decarburization. Calculations show that at a ratio of
Cr,0s and carbon in the charge and an atomic ratio of Cr/Fe = 1, the carbon content in the
final product is ~ 4.5%. The charge mixture in principle allows to reduce the carbon
concentration to ~ 2.8%. Replacing iron with iron oxides does not reduce the speed
characteristics of the process. It should be noted that the replacement of Cr,0s by natural
material is accompanied by a significant reduction in the rate of recovery. The influence of
some parameters on the speed characteristics of carbido-thermal reduction of chromium-
containing materials is analyzed.

Keywords: chromium oxide, ligature, solid-phase reduction, carbide, factor analysis.
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ITPOEKTYBAHHS I AHAJII3 CXEMOTEXHIKUY IHBEPTOPHOTI'O
IMMEPETBOPIOBAYA [JIS1 IHAYKIIIMHOTO HATPIBY

AHomauis. Y cmammi onucaHa cxemMa ma KOHCMPYKYist — 8U20MOBJIEHHS
nabopamopHozo iHeepmopa, npusHaueHozo O [HOYKUiliHO20 Hazpiey ma nJiasKu.
Ineepmop moxce 6ymu Jiezko iHmezposanuti 8 061a0HaHHs 1a60PAMOPHUX YCMAHOBOK
(nnaska memany y 6akyymHomy nocmy). Bin moxce maxoxc euxopucmogysamucs
A8MOHOMHO 0J1 3a2apmyB8aHHs Mma NJaeJIeHHs He8eNuKUX 3pas3kie memasnie ma cniasie.
ITomyxHicms iH8epmopa pezynioemocsa 8i0 0 do 2 kBm, diana3oH pobouux uacmom 8iod

50 kI'u do 200 kI'u, #cueneHHs 8id mepexci 220B.

Knrouosi cnoea: ineepmop, iHOyKuiliHe HazpiBaHHs, N1A8Ka Memasny, hnepemeoprsau i3

iHOYKmopom, niama ynpasiiHHsi iHeepmopom.

Beryn

[HOYKLi/iHWIA MeTOJ, HarpiBaHHS IIMPOKO 3aCTOCOBYETHCS SIK 'y IPOMMUCIOBOMY
BUPOOHMUIITBI, TaK i B JOCHIZHMUIbKiV Ta JabopaTopHiit mpaktuii [1, 4].
3acTocyBaHHSI He OOMEXYETbCS TIIpollecaMy iHAYKIiMHOI ruiaBku. Ilupoxke
PO3IOBCIO/I)KEHHSI OTpMMaja iHAyKIililiHa TepmMooOpo6Ka, 30KpeMa 3arapTyBaHHS.
ITpoMucioBi 3amaui, 3aBOSIKM IIMPOKOMY 3aCTOCYBaHHIO (hepOMAarHiTHMUX CIUIAaBiB,
IIO3BOJISIIOTh OOMEKYBaTUCSI JKMBJIEHHSIM iHAYKTOPiB CTpymMamu IpOMMCIOBOI
yacToTu. TakoX B IIMX yMOBaX HeMa€ iCTOTHMX BMMOT Hi O YIIpaB/IiHHS, Hi OO0
MiHiMi3alii BTpaT Ha IlepeTBOpeHHS. 3 iHIIOTO OOKy, iHAYKIIiifHAa 06poOKa
KOJIbOPOBUX METAaJjIiB, 0COOIMBO Y MOCTiMHUIIBKII MPaKTUIli, BUMAra€ 3aCTOCYBaHHS
BUIIMX YAaCTOT, i BAKIMBUMMM YMOBAMM CTAlOTh MOX/IMUBICTb NMPAKTUUYHO JOBiIBHOTO
yIpaBiaiHHS Ta MiHiMizamis BTpatr [3]. CyuacHa ejleMeHTHa 0a3a [103BOJISIE
CTBOPIOBATU repeTBOPIOBayi eJIeKTPUYHOI eHeprii i3 BiIMiHHMMM
xapakrepuctukamu [4]. OmHaK, KOpeKTHe BUKOPUCTAaHHS Ili€i 6asy BMMAarae sk
BUKOPUCTAHHSI TMPaBUJIbHUX CXeMOTEXHIUHMX pillleHb, TaK i 3aCTOCyBaHHS

HeOoOXiTHMX MeTO/IiB YIIpaBJliHHS.

© 3umornan A.10., T'yna A.lL., Kaninina H.1O., Banakin B.®., Jlapionos I'.I., 2022
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[IpMHUMIIOBO BasKIMBUM CXEMOTEXHIUHMM €JIEMEeHTOM Yy PO3TJISHYTUX 3aJauvax
€ iHBepTOp. IHBEepTOpaMM HA3MBaIOTh IIPUCTPOI 10 3BOPOTHI BUIIPSIMJISTIAM, TOOTO —
repeTBOPIOBAYi MOCTiMAHOI HaINpyruM B 3MiHHY. 3a3BuUuaii TepMiH «iHBepTOpP»
BUKOPUCTOBYETbCSI  OiMbIII  By3bKO: TeHEpaTop 3MiHHOI  HAIpyru, IIo
BUKOPUCTOBYETHCS SIK JIKepeJio KUBJIeHHs. BuxigHa Hampyra iHBepTopa Moske O6yTu
npomucyioBoi yactotu (50-400 I') i 6iybII BMCOKOI, A0 JecsITKiB Merarep. OmHieio
3 HaMBOXKIMBIIMX IlepeBar [ykKepes >KUBJIEHHS MiJABUIIEHOI 4YacTOTU € pi3Ke
3MEHIIIeHHSI MacorabapuUTHUX IapaMeTpiB TpaHcHopMaTOpiB. IHIIMIT MO3UTUBHMIA
MOMEHT OB 's13aHi 3 TUM, 110 IepeMMKaldi CUIOBI eJileMeHTH iHBepTOPiB MPaIlOI0Th
y KJIIIDYOBOMY pesKMMi, TOOTO OCHOBHA YacTMHA BTpAT eHeprii BimOyBaeThCs auiie y
MOMEHTU MepeMMKaHHS. TakKuM YMHOM, Cy4YacCHi IIBUIKOiIOUI HAIiBIIPOBIAHMKOBI
KJTIOUi JO3BOJISIIOTh CYTTEBO 36inbiinTy KK mepeTBopioBauiB, Hab/MKawuM 0ro B
IesIKMX KOHCTPYKIIiSIX 10 95 %.

IIBMaKMizi PO3BUTOK Ta  3HEIIEeBJeHHSI eJeMeHTHOI 0asu  CUJIOBOi
eJIeKTPOHiKM MPU3BeJI0 0 TOTO, L0 AesKi KJaacu iHBepTOpPiB MIIIHO 3aiiHSIJIU CBO1
Hillli BXe HaBiThb y moOyTi. Lle MOTYKHi iMIy/nbCHI OJIOKM >XUBJIEHHSI CydyacHUX
IIepCOHATbHUX KOMII'IOTEPIB, €JEKTPOHHI OajacTy Ijsl JIOMiHECIeHTHUX JIaMII,
3BaplOBaJibHiI iHBEpPTOPM Ta iHAYKIIiVHI eJeKTPOIVIMTKU. [IOCTYIIHICTh Ta IMOMipHa
IliHa TPaH3MCTOPHUX IHBEPTOPIiB TaKOX MOIJIM O CIOPUSITH IMIMPLHIOMY iX
BIIPOBA/K€HH B IMPAKTUKY €KCIIEpMMEHTIB 3 TepMi4YHOTO BUIIAPOBYBAHHS MeETaJliB y
BaKyyMi, IUIaBIi MeTaJdiB y BakyyMi Ta iH. TakoX MOXIMBE BUKOPUCTAHHS
iHBepTOpiB y 1abopaTopii sIK:

1. I>kepenna >KMBJIEHHSI [JjIs1  Tedeil i3 HU3bKOOMHMMM TpPyOUaCTUMMU
HarpiBayaMmu.

2. J[I>kepesa KUBJEHHS IyTOBMUX PO3PSAiB (IJIa3MOXiMiuHi peaKTOpu 3 JyTOBUM
pO3psA0M, eJIEKTPOIYTOBe TIJIaBAeHHS).

3. II>kepesia XMBJIEHHSI BYMCOKOBOJIbTHMX HEPiBHOBXKHUX PO3PsAiB (IMIYJIbCHI
pO3psSiM, BMCOKOUYACTOTHI KOPOHHI Ta [IyroBi pospsau, Oap'epHi po3psian
(o30HaTtopu)). loHHe oumileHHS, TpaBJ€HHS y BaKyyMHiii Kamepi. MarHeTpoHHe
HalMJIeHHS MeTaJliB y BaKyyMi.

4. InpykuiriHe HarpiBaHHS (IHAYKIIiViHI TTe4i, 3arapTyBaHHs, [IJIaBKa).

Ha skanb, cyyacHa €KOHOMi4HAa OOCTaHOBKa CYTTEBO OOMEXYE MOKIMBICTH
BUKOPUCTAHHS YHiBepCcaJIbHOro iHBepTOpa (GabpMUHOr0 BUTOTOBJIEHHS ITOTYKHICTIO

KiJibKa KiJloBaT i3 pery/JbOBAaHOK YaCTOTOK TEepeTBOPEHHS OO0 [OBOX COTeHb
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KijiorepiliB. 3 iHIIOTO OOKy, AJISI MOCTiAHUIIBKOI jabopaTopii yHiBepcajabHICTh i
THYYKICTh YCTATKYBaHHSI — 3a3BMYail OJHe i3 HaBaKIMBIIIMX KpUTepiiB, 4acTO
repeBaskye iHii. Ile meIo 3milnye akiieHTH y 6iK yHiBepcaabHUX PillleHb.

3 ypaxyBaHHSIM LIMX MipKyBaHb OYJIO ITOCTaBJI€HO 3aBOAHHS pPO3pPOOUTHU Ta
BUTOTOBUTM IIPOTOTUII TaOOpPATOPHOTO iHBepTOpa. Pe3ynmbTaTaM po3poOKM Ta OMUCY
MIPUCTPOIO MPUCBSIUEHO 1110 CTATTI0. [HBEPTOp MOKe IpalloBaTH y Aiala3oHi 4acToOT

50-200 kI'11, TOTY>XXHICTb (IJ151 TiIBMOCTY) — 110 2 KBT.

OcHOBHAa yacTHUHAa

3a Tomosoriio TOOymoBM iHBepTOpa OYB 0OpaHMit HaliBMicT, cxXema
npencraBieHa Ha puc. 1. HamiBMOCTOBMII CUIOBUIT MOZY/Ib BK/IOYA€E 2 CUIOBUX
efeMeHTH, B gaHomy Bunaaky IGBT TpaH3ucTtopa i KOHIEHCATOPHMI1 MiIbHUK.
HaBaHTa>keHHSI MiAKII0Ya€EThCS A0 CepeHiX TOUOK cuaoBux enemeHTiB T1, T2 (masmi
K/II0UiB) Ta KOHJEHCATOpPiB [HOibHMKA. 3a OOIOMOTOI0 IUIATM YHpPaBIiHHS KiIIO4i
BMMKAIOTbCS i BMMMKAIOTHCS IIOMEpPeMiHHO i3 3aJaHOI0 YaCTOTOH, BMUKAIOUU
MOB'SI3aHMII 3 HMMM BUXiJ, HaBaHTa)KeHHS TO IO BepPXHbOI (3a CXeMOI0) TO MO0
HIDKHBOI IIMHM >KUBJIEHHSI. B pesynbTaTi mpyM HaBaHTa)KeHHI BUXOAUTH 3MiHHA
HaIlpyra 3 aMIUTiTY[O0l0, 10 JOPiBHIOE ITOJOBMHI HAIIPYTU >KMBJIEHHS i 3 4aCTOTOIO,

110 JOPiBHIOE YaCTOTi IIepeMUKaHHS KJII0UiB.

4 L310v
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[Tim yac po6b0OTM HaBiTh HA YMCTE aKTMBHE HABAHTAXKEHHS TIPU 3aKPUTTIi KITIOUiB
3'ABJSIIOTbCS] BUKUIM HAIIPyTH. 3BMUAiiHO 11i eeKTy 3HAYHO 3pOCTalOTh IIpu PoOOTi
Ha iHIYKTVMBHE HaBaHTa)XXeHHS, JIJISI SIKOi i po3po06IIsIBCS TaHMUIi iHBEpTOP.

Jlyist BupillleHHS 1i€i mpo6yieMy BUMKOPMCTOBYIOTh TaK 3BaHi 3BOPOTHI mioau,
BK/IIOUEHI MmapasnenbHo KiouaM. Y cydyacHux IGBT TpaH3suctopax Bxke BoymoBaHi UF
niomu, TpoTe st GiNbIIOro MPUAYIIEHHS BUKMUAIB Oy/0 BCTAHOBJIEHO CYIIPECOpPU
1.5KE400CA. Takox 3 Ii€l0 METOI0 MaKCUMMAaJbHO OJM3bKO [0 BUXOMIB KJIIOUiB,
BCTaHOBJIeHi 6yi0ky1oui KoHgeHcaTopu C1 i C8.

KoHpeHcaTOpHMI [OiIbHMK BUKOHAHMI 3 6 KOHAEHCATOPiB MJISI PO3IOIiTy
TOTY>KHOCTI Ha HMX 1 3MEHIIEeHHS HarpiBaHHS, IO BUIOIISIETbCSI HAa KOXHOMY
IUIIBKOBOMY KOHAEHCATOPi.

OCKiTbKM CMJIOBUIAI MOAYJIb peaji30BaHO MO TOMOJIOrii HAIMiBMOCTY, BUHUKAE
BimoMa mpo6iema yrpaB/IiHHS BEpXHiM KiodeM, y pasi — T1. HeobxigHo, 11106 cxema
yIIpaBJIiHHSI BMAABaia Kepylouuii iMITyJbC He OO0 IIOTeHIiaqy 3emJsi, a A0 pPiBHS
MOYAaTKy HMKHbOTO TpaH3ucTtopa — T2. Lleit piBeHb MoOXXe 3MiHIOBAaTUCh Yy MpoOIleCi
po60TH TIPUOIM3HO BiJl HYJISI IO HATIPYTU KUBJIEHHS CMJIOBOTO MOAYJIsI. IcHY€E KiJibKa
CXeMOTeXHIUHMX pillleHb IIi€i MpobsieMy, BOHM [iJISITbCS, Y CBOIO Yepry, Ha [Ba
KJacu: 3 TajJbBaHIUHOIO PO3B'SI3KO0 Ta Oe3. [lpukinagamMu Iepuinx € cXeMu 3
PO3B'SI3KOI0 Ha omnTuili abo TpaHcdopmaTopax KepyBaHHsS 3aTBopamu (GDT Gate
Driver Transformer). [Tpuknagom apyroi € pisHoMaHiTHiI bootstrap cxemu.

HesBakarouu Ha HasIBHICTb BEJMKOI KUIBKOCTI TOTOBMX MIiKpPOCXeM
bootstrap ngpaiiBepiB Ta IPOCTOTY peasisaliii, NOpyM 3rOpsIHHI  KIIIOYiB
MOK/IMBE BUTOPaAHHS i Bciei cxemMu KepyBaHHS. Tomy mj1s1 KepyBaHHS 0yJI0 BUOpPAHO
KepyBaHHSI 3a OOIOMOroi TpaHchopmaTopa KepyBaHHsS 3arBopamu (GDT). o
nepeBar GDT MoyXHa BimHeCTM: JIeTKiCThb B iHBepTyBaHHI a3y curHaay (IIpoCTo
TOMIHSITM BMUXOOM TpaHchopmaTopa), Jerko OTpMMAaTH HAIMpyruM YIIPaBIiHHS
BUllle/HWKYe  (migBuinye/3sHmwkye GDT), [nemeBu3Ha, HaAiliHICTh, 4Yyao0Ba
rajbBaHiyHa PO3B's3Ka, MOK/IMBICTh BifjBeIeHHS TMOTEHI[ia/Jly 3aTBOpa HIOKYE HYJIS.
Takoxk GDT He MoOXXe TO3BOJUTH IBOM K/IHOUaM BigKpuTucs ogHovyacHO. [Tpu ibomy
€ MOXIMBICTb MOJepHi3allii miBMOCTy B MicT 0e3 iCTOTHMX BUTpAT 3a PaXyHOK
IomaBaHHS IBOX OOMOTOK.

Ins npuayiieHHS BUKMUIIB Hanpyru Ha Buxoai GDT mapanenbHo IGBT
3aTBOpaM BcTaHoBiieHi cyripecopu P6KE18CA. Ins npuayineHHs edekty Mimiepa

rapajielbHO 3aTBOpaM BCTaHOBJeHi KoHAeHcaTopu Ha 10 H®. Takoxk mas
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3a0e3IeueHHsT TTOBIJIbHOTO BiIKPUTTSI Ta IMIBUAKOTO 3aKPUTTSI KIIOUiB BCTAHOBJIEHI
RDR naHIIIOXKHM, 110 CKIaAa0Thes 3 pe3nuctopiB 1.8 Om, 5 OM Ta MIBUAKICHOTO Aiona

SF26. ®opma iMITy/bCiB, 1110 YIIPABJISIOTH, IIpeJicTaB/leHa Ha pUC. 2.

Pucynok 2 — ®opMa yIpaBsIOIMX MMITYJIbCOB Ha 3aTBopax IGBT

st «po3roiiayBaHHsI» TpaHc@opMaTopa YIIpPaB/IiHHS 3aTBOPiB Ha YacTOTax
50 - 200 ', 3 €MHiICHMM HaBaHTaKeHHSIM y BurisAi 3atBopiB IGBT, a Takox
KoHAeHcaTopiB 1mo 10 HD, mnag npuaymeHHs edpekTy Mimiepa mOTpiOHMIT 3HAUHMIA
ctpym. [ns ioro 3abesmeueHHs Oysno 3i06paHo cxemy papaiiBepa GDT, ska
npencTaBiieHa Ha puc. 3. BoHa Bkitouae mikpocxemy MC34151 1o mae B cobi Ba
JipaiiBepa 3aTBOPiB 3 iHBePCi€l, sIka B CBOIO Yepry yIIpaBJse€ ABOMa HaIliBMOCTaMM
Ha KOMIUIEMEHTapHMX Mapax moboBux TpaHsuctopiB (IRF540/IRF9540).

s 3abe3revyeHHs] HEOOXiJTHOTO 3HAUEHHS MEPTBOro dYacy (Koju obuaBa
TPaH3UCTOPU 3aKpUTi) B Mapax KOMIUVIEMEHTapPHUX MMOJIbOBUX TPAaH3UCTOPiB, mepen,
HMUMU BcTaHOBJIeHI RD maHiioskku. BoHu ckmapaioTbes 3 gioma IlMoTTkmu SS24 Ta
pe3ucTopa HoOMiHasioM 10 OM. 3aBOsIKM 1IbOMY DPillIEHHIO BUK/IOUYAIOTHCSI HACKPi3Hi
CTPyMU B ApariBepi.

Koupencatop C11 i pe3uctop R16 MokHa SIK cHabbep, NMpU3HAUYEHUIn JIs
TIpUAYIIEeHHST BUKUIIB HAIIPYTH I1iJl Yac pob0TH Ha iHAYKTMBHE HaBaHTaXeHHs. Kpim

upboro, C11 Bupansie nNocTifiny CKIagoBy.
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PucyHok 3 — Cxema By3a apaiisepa GDT

Jly1ist TOro, 1006 KOMIIEMEHTAPHI Mapy MOJbOBMUX TPAH3MCTOPIB MOIJIM BiggaTu
MMUTTEBO BeJIMKi CTpyMM, HEOOXimHi 11 yrrpaBiaiHHs 3aTBopamu IGBT MakcuMaabHO
MOpYyY 3 iX BUXOAAMM BCTaHOBJIeHI KepamiuHi KoHAeHcaTopu M0 10 MK®D. OcKinbku
BUXiZHI TPaH3MUCTOPU ApaiiBepa MOXYTb HarpiBaTucsi y mpoiieci po60TH, Ha HUX
BCTAHOBJIIOETHCS paaiaTop.

Jis Toro, 06 IGBT TpaH3ucTOpM MpalioBaii B KIIOYOBOMY PeKMMi, i Ha HUX
BUAisIIAacS MiHiMabHa KiJIbKiCTh TeIlJla HeoOXiHO, 11100 HaIpyra yIpaBiiHHS Oy/ia
6inbioro 3a 10 BosbT (3rimHo 3 mokymeHTaliieio Ha IRGP50B60PD).

Ins 3abesmedyeHHsT 11iei BuUMOrM Oyno 3i6paHO BY30J 3aXUCTy Bif
sHsKeHoi Harpyru a6o UVLO (Under voltage lock-out threshold) Ha mikpocxemi
ADMY707 (puc. 4). lle cneniarizoBaHa mikpocxema mictuth IOH Ha 1.25 Bosbra,
KOMIAapaTop, BUXOOM AJIs1 CKUOAHHSI (MPsSIMMIA Ta iHBEpPCHMIT), a TakOX Taiimep
3aTpUMKM BkiItoueHHST 300 mc. 3 00B'sI3kM Oy/lo HEOOXiZHO BCTAHOBUTHU JIMIIIE
30BHIiIIHIV AiMbHMK Hampyru R13, R14 mig BcTaHOB/EeHHS 6askaHOTO IOpora I10
Hanpy3i. [Ipy HoMiHanmax AiibHMKA SIK HA cxeMi (puc. 4) cripalibOByBaHHS Oyje Tpu
Hanpy3i meHie 11 Bosbt. 1106 BBecTH ricrepesuc i3 crpalibOByBaHHS 3aXUCTY, 3a

3HIKEHOI0 Hampyrow BBeaeHO pe3ucTop R15. [Ias 1ux mapaMeTpiB BeauMuMHa
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rictepesu crtaHoBuUTb 1 BosbT. SIK 1 BCiX Mikpocxemax IIJIaTU YIPaBIiHHS,
MaKCUMMaJbHO OJM3bKO [0 BUBOMIB JKMBJIEHHSI MiKpOCXeMM BCTaHOBJIEHUIA

610KyI0uMit KougeHncatop 100 HOD.

+15V +5V
U5
ADM707
ol
10 — 8 D14
100n MR  RESET 1N4148
R13 ok VCC RESET =

GND NC

15k il;-
579 |5
}}““ < PFI PF

;
6
R14| GND |GND R15
2k 100k
s —
| I—

GND

=~ N [

PucyHoK 4 — By30/1 3aXUCTy BiJ 3HMXEHOI HAIPyru

BysoJ1 3axucTy CTpymy BMKOHaHMI Ha Komrmapartopi LM311 i mpencraBieHuit
Ha puc. 5. CUrHas Ajisl 3aXUCTy CTPYMY 3HIMA€EThCS 3 CTPYMOBOrO TpaHchopmaTtopa
1:100 BcTaHoBseHOro 3a 3MiHHOIO Hampyrow 220 Boasr 50 I'y mo Bumpsmisiua
HampyrM CWjoBOoro Monyis. [Ijis Toro, 1mo6 MoskHa Oy/l0 BUSIBUTM IlepeBUIEeHHS
CTpyMy OyIb-SIKOI HaIiBXBWJI, SIK MO3UTUBHOI, TaK i HeraTMBHOi, BUKOPUCTaAHUIA
MOCTOBMIT Bumpsimiisiu Ha aiogax IlloTtku. LIyHT BCTaHOBJIEHMIE MiCas TiOJHOTO
MOCTy [IJig 3abe3meueHHs1 Oinbiioi JiHiliHOCTI. IlapajsieTbHO IIYHTY CTOITh
KepaMiuHUit KOHAeHCcaTop, sik1ii mpaifoe y poui BU ¢inbrpa. Ha iHBepcHMIT curHast
KOMIMapaTopa HaAXOOUTh Hampyra 3 INIyHTa, aje B IMpsIMuUiA — Hampyra 3
peryboBaHOro mijibHMKa Hampyru. Came iM i 3aa€ThCs piBeHb CIIPAl[bOBYBaHHS
3aXMCTy CTPyMy. 3aBISKM ITiAiOpaHuM HOMiHa/MaM, Ha KOkHi 10 Amriep cTpymy, 10
MIPOXOJINTD, Uepes3 MePBUHHY 0OMOTKY TpaHchOopmaTopa CTpyMy Ha IIYHTI mamgae 1
BosbT, a peryab0BaHUM IiIbHUKOM MOSKHA BUCTaBUTU 3aXUCT IO CTPyMy Binm 1 — 25
Amrnep. [Inss Toro mio6 Ticas COpalbOBYBAaHHSI 3aXMUCTy [0 CTPyMy CxeMa
BiAK/IIOUMIACS 1 YeKaja Iiepe3allyCKy BBeJleHa «3ackKOo4yKa» Ha TPaH3UCTOpi
AO3401A. TpaH3MUCTOpP BiAKPUBAETBHCS MpPM CHPaAlbOBYBAaHHI KOMIIapaTopa, IMpu

IIbOMY CBiTUTBCS CBITJIOAIOA aBapili mo cTpymy, a uepe3 pion D13 iige curHaini
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CKUIAHHS. [ CKUOaHHS 3aXUCTy CTPYMY Ha Kepylouili IjaaTi BCTaHOBJI€HAa KHOMKA
cKumaHHsg SW1.

3axMuCT MO IleperpiBy peaji3oBaHMii Ha OGimeraseBoMy TepMopesne Ha 70
rpajiyciB, sike CTOITb Y JIAHII031 >KMBJIEHHS 3arajJibHOTO IMyCKaya >XMBJIEHHS 3a
3miHo10 220 BosbT 50 I'.

[yt TOro, 100 IpM CIIpallbOBYBaHHiI 3aXMCTY BiAK/IIOUEHHSI ITPOBOAMIOCS B
HyJIi reHepaTopa MeaHIpa, BUKOPUCTOBYETHCS BY30J CMHXPOHHOTO BiJK/IIOUEHHS
(puc. 5). OcHOBOIO By3Ja € D-Tpurep Ta eieMeHT «I».

Ha BXim ckmupaHHSI Tpurepa MOOAETbCS CUTHAT i3 MATUMKIB 3aXUCTy 4depe3
miomm, a caM BXin HigTSrHyTuit no +5 BoabT yepes pesuctop 1 kOm. Bxim CLK
TPUTep TaKTYETbCS Bif reHepaTopa MeaHapa. OCKiJIbKM pO3Isimanacs MOX/IUBICTD
BUKOPUCTOBYBATHM 30BHIllIHi/i reHepaTop MeaHnapa, OyB momaHuii 0ydep Ha OBOX
Tpurepax IlIminTa, a TakoX 3axyucHa JIiogHa BMUJIKA 3 pe3ucTopom R3, 1o racuts, i
pesucTtopom MiaTsHkKKY Bxony R8. Tpurepu llImiaTa BUpiBHIOIOTh GPOHTU Ta CIIAIU
MIPSIMOKYTHOTO CUTHAJTy, pOOJISIUM OAHO3HAYHOIO pPOOOTY JIOTiKM. OCKiIIbKM BUXOOU
"S" i "D" migTaruyTi 1o +5 BoabT mpu copallbOBYBaHHI 3aXMUCTIiB i MOSIBI HyJS Ha
BUBEJIEHHI CKMUIAHHS D Tpurepa mpu Haib/MKUOMYy Tepexo/i uepe3 Hy/Ib Ha BXOMi
CLK curnan mpomage. lllo 6 3po6uTM 3 OJHOTO KEPYHOUOTrO CUTHAIy [IBa 3

npotudasor, BUKopucTtaHi Tpurepu lIminTa, mo 3aJamMuimincs.

+5V R11
+5V
4.7k
Y & 1
| M|
R10 ~
1k Q5 I 1 SZ D12 Swi1
AOZ401A [ LED SW_Push
~ us N T
(B e RVI[ |7 | el CO LIt L
1QQn = 5k — 100N
o R12
v v 2[Tl” 200R 1y4148
GND GND GND TENT 4 I
3| 7 ~
5 Z D8 Dio =
1NB819 LN {NB81G
oco
-1 o RO el €7
2z 1R =1
i DY DLi
1NB819 LN {NBB1G
<~ <~ <~ <~
GND GND GND GND  GND

PucyHoK 5 — By3os1 3aXMCTy Bif, MiABUILLEHOTO CTPYMY i3 «3aCKOUKOIO»
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PucyHOK 6 — By30/1 CMHXPOHHOTO BiIK/IFOUE€HHS

TumuacoBi giarpaMyu pob0TM By3ja CMHXPOHHOTO BigK/IIOUEHHS IIpeACcTaB/eHi
puc. 7. Ha ocmwiorpami mepuiuii KaHald BiANOBiZal0€ CUTHANTY 3axUCTy (BXif
ckupgaHHga D Tpurepa), a Opyruil — CUrHaJA MeaHApa, SKUM MOLAETbCA Ha BY30II
npariBepa GDT. Buxopsum 3 mpeacTaBJeHOI OCUMJIOTpaMy, MOXHA CKa3aTH, IO
BiIK/IIIOUEHHS [iliCHO BimOyBaeTbCsd B HyJdi reHepatopa MeaHaApy. CHMHXpPOHHeE
BiIK/IIOUEHHS ITepeBipsiocs SIK Ha Hu3bkux yactoTax (100 '), Tak i Ha Bucokux (100
K['1I), CKpi3b MOKa3aBliy CBOIO IMpale3gaTHiCTb. CMHXPOHHE BiIK/IIOUEHHS XXUTTEBO
HeoOXimHO, 1006 He OyJ0 KOPOTKMX iMmy/abciB Ha 3aTBopax IGBT, Tak 3BaHUX

TJIITUiB, SIKi MOXKYTb IIPU3BECTHU 10 BUXOIY 3 JIaJly OCTaHHIX.

Hankek @ : 4, S Menu

Ghe. 2.00V JISCHMERE 2 00V 2.48Y 10.0010KHz 1-Jan-0% 00:24

PucyHoxk 7 — Ociuinorpama po60Ty By3jia CMHXPOHHOTO BiIKIIOUeHHS
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Cxema ympaBliHHSI Oyna 3i6paHa Ha OKpeMili IUIaTi, CIIpPOEKTOBaHil cepe

KiCAD. Ha puc. 8 npeacrtapieHa 3D Mojeb IJIaTU KepyBaHHSI.

PucyHoxk 8 — IlnaTa ynpasaiHHS 3D Mofesnb: 371iBa BUJ, 3Bepxy, ClIipaBa BUI 3HU3Y

Sk i Bci matu B 1IbOMY iHBepTOpi, TiaTa kepyBaHHs (puc.9, 10) 3pobisieHa Ha
OJHOCTOPOHHBOMY (POJILTOBAHOMY CKJIOTEKCTOJITi ToBIIMHOKO 1.2 MM. Ilo Kpasx
3p006JIeHi OTBOPMU KpillJIeHHs MiJl CTiiikKu 3 TBMHTaMu M3.

l'eHepaTtop, 10 3aja€, IMif 10 MUIATy YIPaBIiHHS MOXXHA B3SITM TOTOBUIA, ajie
IUIST peatizallii pisHMX MeTO/IiB YIIpaBIiHHS, BiH 6yB 3i6panuit Ha Mmikpocxemi TL494
(puc. 11). [To reHepaTopa BUCYHYTO HACTYIHIi BUMOIM: BUXilHA aMIUIiTyja Ma€ OyTu
Bim 5 - 12 BOJBT, MOK/IMBICTb peryjlOBaHHS YacTOTM Y 3aJaHOMY [iamna3oHi,
BUXimgHA ¢opMa CUTHAITY — MeaHp. sl IbOro 3aBIaHHS BaXKJIMBO, OO TPUBAJIICTh

iMITy/IbCY IOpiBHIOBAJIa TPUBAJIOCTI May3Mu.

PucyHok 9 - IlnaTta ympasiiHHS — GOTO 3Bepxy
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Pucynok 10 - ITnara yrpasiiHHSI — GOTO 3HU3Y
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PucyHok 11 — PerynboBaHuii 3a 4aCTOTO reHepaTop MeaHapy

l'enepaTop MeaHnapa 30ymoBaHMit Ha MikpocxeMi TL494 B OJHOTaKTHOMY
peskumi. [Iast Toro, mo6 MiABUIOUTY CTAOiIBbHICTh YAaCTOTH, SKUBJIEHHS MiKpOCXeMMU
BUTOTOBJIEHO BiJl OKpeMoro crabiiizaTopa Ha 9 BonbT. OCKiIbKY KUBJIEHHS Ji1e Bif
immynibcHoro BII, st mpupyiieHHsT BY «rook» BCTaHOBIEHO (GepuTOBY OYCUHKY
FB1. llo6 Ha Buxofi 6yB MeaH[p, B JIaHI[l03i YCTAHOBKM ILITapyBaTOCTi BCTAHOBJIEHi

pesuctopu R2 i R3. IIpu ix HomiHanax Ha 4 BMUXOAi Mikpocxemu O6yme Harpyra 1.15
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Bosibra. Ilpu niii Harnpysi Ha Buxoni 4 TL494 Bupae TpuUBAMICTh IMITyIbCY PiBHY
TpUBAJIOCTI TMay3u. OCKiJIBKM CWIOBMII MOOy/Ib 3i0paHMii Ha TPaH3UCTOPaAxX
IRGP50B60PD, a «M'SKOMY» peXUMi IepeMMKaHHS IIpy poOOTi Ha pe30HAHCHe
HaBaHTa)XeHHS 11i TPaH3UCTOPH, 3TiAHO 3 TOKyMeHTalli€l, rmpamesaatHi 7o 200 kI',.
Bubepemo 1110 4acTOTY SIK BepXHIo Mexxy. HikHs mexka 50 kI[' 06yMoBieHa HUKHIMU
MeXkaMM 4acToT IJisl TpaHchopMaTOpHOro yIpasiiHHs 3aTBopiB IGBT. BiacHe mif,
el gianmasod 50 - 200 kI'L BctaHoBJIeHi yacToTHi entemenTu: C2, C3, C4, R4. Uepes
po3'eM J1 migKIOUYAEThCSA IMOTeHIioMeTp Ha 4.7 KOM, 6a)kaHO BUKOPUCTOBYBATU
npenyu3iitHuii 6araToo00pOTHMIT 3MiHHMIA pe3ucTop. Oco6IMBO 1€ BasKIMBO, SIKILO
BUKOPUCTOBYBAaTMMETbCSI YACTOTHMIA CITOCIO peryiaoBaHHS MOTYKHOCTI iHBepTopa.
OcCKibKM reHepaTop MeaHIpa 3po6JeHO CaMOCTifHMM MOyJIeM, Ha J1Oro BUXOJIi
OyJI0 MOJAaHO KOMIUIEMEHTApHMII eMiTepHMiT TTIOBTOPIOBAaY Ha TpaH3ucTopax BD139
ta BD140. Bin 3a6e3mneuye BuxigHmii omip reaepatopa 6;113bk0 50 Om.

B/lok KMBJeHHSI HamiBMOCTa € HeperyJbOBaHMM [KepejoM IIOCTiiiHOI
HAIIpyT¥, 110 CKA3JA€TbCSI 3 MOIOAHOTO MOCTY BIiAIIOBIZHOI MOTY)XXHOCTI i
KOHZeHCaTopa BeJMKOi €MHOCTI mjisi inbTpaliii mynbcailiii Hanpyru. [TigkaounTm
Jioro 10 Mepexi MOXKHA uepe3 3BMUAHMIT ITOOYTOBMII aBTOMAT, PO3paxOBaHMII Ha
ctpyM 10A, Kkuii BimirpaBaTuMe poJib i BUMMKAYa, i 3armobikumka. OgHaK y TakKoro
MIPOCTOrO pillleHHS € oJHa IIpobsieMa. B MOMeHT yBIMKHEHHSI KOHIEHCATop
CIIOKMBA€E 3aHAJTO BEJIMKUII CTPYM (SKIIO BiH OYB pO3psmkeHMit). Y Kpalmomy
BUMAJIKY 1€ CIPUYMHUTD CIIPAI[IOBAaHHS aBTOMAaTa NPy MepIIoMy BKIIOUEHHI.

HajimmpocTimmii BapiaHT yCyHeHHs Iliei Ipob6ysieMyu - IIOCTaBUTM Ha BXO.i
BUIIPSIMJISTYA CTPYMOOOMEKYI0UMii pe3uctop. ITicyis Toro ik KoHaeHcaTopu ¢iabTpa
3apsasIThCS, Lieli pe3ucTop CIif 3aMKHYTH.

[t TOTO, 11106 BKJIIOUEHHS BilOyBalOCs M 'SIKO, 3aCTOCOBaHA CMCTeMa IIaBHOTO
IyCKy, peajii3oBaHa Jiuille Ha OOHOMY TpaH3ucTopi (puc. 12). IIpu nmopaui 12 BoabT
Ha CXeMy 3aIlyCKy BiApa3y CIpalibOBYIOTh JBa IOTY>XXHMUX peisie 1o 30 Ammnep i
KOMYTYIOTb HYJIb i a3y, mpaifioloum y CBOili CBOro poay KoHTakTopoM. Tofi 3apsi
nepiri 3 cekyHau ipe udepes pesuctopu R3, R4. Ilicisg uporo Tpansuctop VTl
BiIKPMBAETBCS i TpeTE peyie CBOIMM KOHTAKTaMM IIYHTYE I1ii pe3ucTtopu. [Ijsi TOro
06 B Mmepesxxy 220 BosibT 50 I'li, Bif K01 SKMBUTbCS iHBEPTOP, He MIIUIN MepeliKoau,
BCTAaHOBJIeHUI KnacuuHuit GinbTp i3 cuHdasHoro apocens T1 i koHpeHcaTopiB Cl,
C2, C3. [Ina 3axuCTy Bif, CIUIECKiB HAIMPyT¥ Ta BUKU/IB BCTAHOBJIEHO BapuUCTOP

VDRI1. Il[06 micisg BigK/IOUeHHSI iHBEPTOpa KOHIEHCATOPU PO3PSIIKAINCS, CXEeMOIO
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BCTAHOBJIeHI po3psani pesuctopu R2, R5, R6. Ockinbku 3 eJIeKTpOJITiB
CIIOKMBAETHCSI CTPYM, 3 4yacToTow moHapn 100 kI, Ajs1 MOJIIIIeHHS iX pexXumy

pPOOOTH BCTaHOBJIEHMI ITiBKOBMIT KOHIeHcaTop C10.
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PucyHnoxk 12 — Cxema 6Ji0Ka >KMBJIEHHS HAIliBMOCTY

b1ok cxema HamiBMOCTOBOrO IiHBepTOpa TMpeacTaBjeHa Ha puc. 13 a.
B gKoCcTi HaBaHTaXeHHS ITAK/IIOUeHA TIepBMHHA OOMOTKAa Y3TOIKyIUYOTO
TpaHchopmartopa. Yepe3 1eii TpaHchopmaTop eHeprisi BKAUYeEThCSI B KOHTYP
iHmyKuiriHOTO HarpiBy (puc. 13 6).

TpaHchopmaTop  y3rofiskeHHS  BUTOTOBJeHMIt Ha  Qeputi  Mapku
TP4A 50x30x20, Tumoposmip SIKOro po3paxoBaHmuii Ha 2 KBT, a Marepian -
Ha uyactrotu no 500 kI'u. IlepBuHHa o06MOTKa - 18 BUTKIB OpoToM Yy
CKJIOTKaHMHI pAiamerpom 2 MM. LI oO6MOTKa TIpUETHYETbCS Oe3rocepeaHbo
0 BUXOAy iHBepTOopa. Pojib BTOPMHHOI OOMOTKM, IO CKJIAJA€TbCS 3 OJHOTO
BUTKA, BMKOHYE OOHA 3 TPyOOK BiABimHMX iHAYKTOpa (Mimb, miaMeTp 6 MM), IIO
MIPOXOAUTDL uepe3 IIEHTP Kbl TpaHcpopMaTopa. IHAYKTOp € KOTYIIKOWO, IO
MIiCTUTh KiJlbKa BUTKIB (MigHa TpyOKa pAiamerpom 6 MM). IHAyKTOp pasom i3
KoHAeHcaTopoM C YTBOpIOE TOCTIMOBHMUIA KOMMBAJbHUII KOHTYp, Ha Pe30HAHCHY
YacTOTy SKOTO Mae OyTM HalalToBaHMiI iHBepTop. 3pasok, IO HarpiBa€ThbCH,
MOMillleHU}i B iHAYKTOp Ha eKBiBaJIeHTHil cXxeMi MOXXHA MPeACTaBUTU SIK aKTUBHUI

Omip, iHAYKTUBHO MOB'SI3aHMUIA 3 iHLYKTOPOM.
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PucyHok 13 — a) 6/10K cxeMa HariBMOCTOBOTO iHBEPTODY;
6) y3romxKkyBaiibHIIi TpaHCGOPMATOpP 3 KOHTYPOM iHAYKIIiIHOTO HaTrpiBaHHS

VY KOMMBAJIbHOMY KOHTYPi CIIOCTEpiratoThCs Ay>Ke BeJMKi CTpyMM, a came COTHi
amriep. Tomy MigHi TpyOKM, IO YTBOPIOIOTh iHAYKTOP Ta IiABOAM OO HBOTO, MPU
BEJIMKMX TOTYKHOCTSIX CMJIbHO HArpiBaloThes. IX Tpe6a 060B'I3KOBO OXOJIOIKYBATH.
HajimpocTiiie BMKOPUCTOBYBAaTM BOZsSHE OXOJOMIKeHHS Oe3mocepeHbO 3
BOJIOIIPOBO/IY, ajie OCKiJIbKM KOHTYp Ma€ BMCOKY Hampyry, HeoOXiIHO mepeabdaunTi
eJIeKTPUYHY PO3B'SI3KY iHAYKTOpA BiJi BOAOTIPOBOAY ab0 3aCTOCYBATU OXOJIOMIKEHHS
3a JOTIOMOrOI0 Hacoca i OKpemMux €MHOCTelt 3 Bojoio. OcTaHHilt BapiaHT i 6yno
peasni3oBaHO. K €MHICTb BUCTYIAJAO BiApo eMHicTIO 10 . [ UMpKyISIil
BMKOPMCTOBYBABCSl HAcOC BijJ, CKJIOOUMCHMKA aBTOMOOLIL. Voro mpogyKTMBHOCTI
BUCTAYasIOo JJig e(eKTUBHOTO BifiBeleHHS Telljia Bi/l KOHTYPY.

BaxkaHO TaKOX KOHTPOJNIOBaTM 1 TemIlepaTypy BOOM, WIO OXOJOMIXKYE.
Ile nerko 3poOMUTH 3a OOMOMOIOI0 MeTajieBOi BCTaBKU Yy 3/JIMBAJbHUI TpPakKT.
Ilo Hei MOXXHa NPUKPIMIUTU TepMoIlapy, MiAKIIOUEHy IO TecTepy, e € PeXUM
BUMIipIOBaHHS TeMIepaTypu.

KonpeHcatop C KOMMBAJIbHOTO KOHTYpPY Ma€ OyTM po3paxoBaHMil HA TOCUTH
BEJINKY pPeaKTUBHY IMOTYXHiCTb. HeoOXimHO BUKOpUCTOBYBaTM abo clieliaibHi
KOHJIEHCATOPM IS iHAYKITiifHOTO HAarpiBy, abo HabupaTu 6aTapero 3 JOCUTDb BEIMKOI

KiJIbKOCTi IJIIBKOBMX KOHAEHCATOPiB MEHIIOI €MHOCTI, BKIIOUeHUX MapajiejbHO. B
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IaHOMY KOHTYpi 6aTapes CKIamaeTbcs 3 KoHAeHcaTopiB Tuiy CBB81 i emHicTio 22
HO® 3 pobouoro Hampyrow 2 KB saraspHO0 eMHicTIo 1 MK®D, a Takoxk, 3
KoHgeHcaTopiB K78-2 emHicTio 56 H® i Hampyroio 2 KB 3aranbHo0 eMHicTIO 0.8 MKD
3'emHaHMX. B pesynbTaTi popmyeThes 3aragbHa eMHicTh 1.8 Mk®. KonmeHcaTopu
3MOHTOBAHi 3 JOCTAaTHIM iHTEpPBAJOM Ta HOOpe OXOJIOMKYIOTbCS KOHBEKTUBHUMM
MoToKaMu TOBiTps. ToMy HaBiTh Tic/asl MiBrogAuHM pOOOTM HA MAaKCUMAaJbHil
MOTYKHOCTi BOHM HarpiBarOThCsI HECYTTEBO, He Oinbiie 10-20 rpamycis.

3arajibHMI1 BUIJISIA, yCi€l KOHCTPYKILii mpeAcTaBieHnit Ha puc. 14. PeryntoBaHHS
MOTYKHICTIO BMKOHYETHCSI 33 [OMOMOIOI0 pPEeryJlOBaHHS YacTOTM HaKauyyBaHHS
KOHTYDY.

[l TiepeBipKM Ipale3gaTHOCTI iHBepTOpa Ta MOXKIMBOCTI OTO pobOTM Ha
HaBaHTaKeHHS y BUIJISIAI KOHTYPY iHAYKIIiIiHOTO HarpiBaua uepe3 TpaHC(hOpMaTop
HaKavyyBaHHSI OyJI0 ITPOBEIEHO Cepil0 eKCIIepMMEHTIB 3 HarpiBaHHsS meTtany. s
1IbOTO BCepeIVHYy KOHTYpY MOMilllaBcsl MeTas, i yactora omyckanacs 3 200 kI mo

140 xT'u. I[Tpy IbOMY ITOTY>KHICTb CITOKMBAHHS Bif Mepexki csarana 1.5 kBT (puc. 15).

PucyHok 14 — 3aranpHuii BUIJISLT, YCi€l KOHCTPYKIiI TepeTBOpIOBaya 3 iHAYKTOPOM
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Pucynok 15 — TecTyBaHHS iHBepTOpa HAaBaHTAsKEHOTO Ha KOHTYP iHAYKI[IIHOTO HarpiBava

BucHoBku

OmnucaHuit iHBepTOp MOKa3aB CBOIO Mpalle3JaTHICTb. 3aBASIKM 3aXUIIEHOCTI Bif
TepeBUIlleHHsI CTPyMy, IeperpiBy, 3HIKEHOMY Hampy3i >KUBJIEHHSI y CXeMi
VIIpaBJIiHHSI BiH H0Ope MigxXoguTh MJisl JabOpaTOPHMX HOCTIIXKEeHb 3 TJIaBKM Ta
HarpiBaHHS MeTajy. 3acTOCYBaHHS Cy4yacHOi ejeMeHTHOi 6a3u, pasom i3
CXeMOTEeXHIUHMMM PillleHHSIMU, JO3BOJIMUJIO OCSATTY HEOOXiqHMUX MapaMeTpiB 100
edeKTUBHOCTI, Aiara3oHy po60UYMX YaCTOT i MOTYKHOCTI.
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UDC 621.365.5.
A. Zimoglyad, A. Guda, N. Kalinina, V. Balakin, H. Larionov

DESIGN AND ANALYSIS OF CIRCUIT TECHNIQUE OF INVERTER CONVERTER
FOR INDUCTION HEATING

For a research laboratory, the versatility and flexibility of equipment is usually one of
the most important criteria. For these reasons, the task was to develop and manufacture a
prototype of a laboratory inverter, capable to drive powerfull laboratory devices, like an
induction heather, magnetic stress device, and so on. Among the required power leved, the
wide frequency operationg range and durability are the inavoidable requirements.

The article describes the schematics and design of a laboratory inverter designed for
induction heating and melting. The inverter can be easily integrated into the equipment of
laboratory installations (for example, intended to melt of metal in a vacuum post). It can
also be used autonomously to harden and melt small samples of metals and alloys, including
the color metals. The inverter power inverter is adjustable from 0 to 2 kWt, the operating
frequency range from 50 kHz to 200 kHz, power supply from 220 V.

A half-bridge topology was chosen as the core of the inverter construction. Was
developed an undervoltage protection unit, overheat protection, a control circuit on a
separate board, a voltage generator were assembled, and water cooling to the copper tubes
of the oscillatory circuit was assembled.

To test the efficiency of the inverter and the possibility of its operation on the load in
the form of a circuit of the induction heater through the pump transformer, a series of
experiments on metal heating was performed. To achieve this resuls, metal sample was
placed inside the inductor coil, and the frequency was lowered from 200 kHz to 140 kHz. The
power consumption from the network reached 1.5 kW. During these tests, no essentail
overheating of the electornic componets was detected.

The inverter has proved its efficiency during numerios tests. Due to the protection
against overcurrent, overheating, low supply voltage in the control circuit, it is well suited
for laboratory research on melting and heating of metal. The usage of modern element base,
together with circuit solutions, allowed us to achieve the necessary parameters in terms of
efficiency, operating frequency range and power.

Keywords: inverter, induction heating, metal melting, converter with inductor,
inverter control board.

3umoansnd Amudpiti Opitliouu — KaHOIUAAT TEeXHIUHMX HayK, MOLEHT, NOLIeHT Kadenpu
inpopmariiinux TexHosoriii i cucrem, HHI «[HCTUTYT TpOMMC/IOBUX Ta Gi3HEC TEXHOJIOTiil»,
VKpalHCbKUI fepskaBHUI YHIBEPCUTET HAYKM i TEXHOJIOTI.

I'ydoa Anmou Izopoéuu - [OKTOp TexXHIYHMX HayK, Ipodecop, mpodecop Kadbempu
iHdopMarliiitHMX TexXHooTii i cuctem, HHI «[HCTUTYT MpoMMUC/IOBUX Ta 6i3HEC TEXHOJIOTi»,

VKpaiHCbKUIi AepskaBHUI YHIBEPCUTET HAYKM i TEXHOJIOTTA.
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T.B. CeniBbopcToBa, B.I0. CeniBbopcToB, JI.X. IBaHOBa

MATEMATHUYHI OCHOBU ®PAKTAJIBHOTO TEIIJIO I MACOITEPEHOCY B
JIBOX®A3HIN 30HI PO3IIJIABY METAJIY

AHomauis. B cmammi HagedeHi pe3ynomamu aHanisy npoyecieé nepeHocy 8 po3njasi.
IIpedcmasneHi pe3ynvmamu eKChepuMeHmManbHux 00CniOHeHb, Wo cs8iduams npo
(pakmanvHuli xapakmep 3ameepoiHHA NPUMAMAHHIT OinbWIOCMI AUBAPHUX CNJIABIB.
Hasedenuti mamemamuuHuli anapam onucy npoyecy 3ameepoiHHs 3 no3uyii menio ma
maconepeHocy 8 08oxga3sHiti 3o1i ma dugysii y ppakmansvHux cepedosuuiax. Ilokaszawo,
wo mamemamuuHuti anapam 0po608020 06UlUC/IeHHs 00380s€ eheKmuUBHO onucysamu

(pakmansvHuli xapakmep ougysiiiHux npouecis.

Knrwouosei cnoea: menno, maca, ougysia, ¢ppakman, modens, po3nnas, 3ameepoinsi,

deoxgasHa 30Ha.
Beryn

[Ipo6neMa BIOCKOHAJIEHHS IMPOTPECUBHMUX Ta CTBOPEHHSI HOBUX TEXHOJIOTiN y
MeTaJIyprii Ta JMBAapHOMY BMPOOHMIITBI € aKTyaJIbHOIO IIJIT OTPMMAaHHS SIKiCHOTO
JIUTOTO MeTaly i BUIMBKIB. BupinieHH:o 11iei mpobaemu crpusie po3pobka MeTOIUK
BU3HAUEHHS TeMIlepaTypHUX TMOJiB Yy TIpolleci 3aTBepAiHHS BWIMBKIB [JIsI
OTPMMAHHSI MPAKTUYHUX pEKOMEeHJalli/i 1[040 VYIpPaBIiHHSA CTPYKTYpOl Ta
BJIACTUBOCTSIMU JIUTOrO MeTany [1]. MiKpOCKOIiUHi Ta MaKpOCKOIIiYHI BIaCTUBOCTI
TeMIJIETiB BWIMBKIB iCTOTHO 3a/jeXaTb Bifl TeluioQi3sMyHUX IapamMeTpiB CUCTEMU
BWIMBOK Ta JuBapHa (opma, a came, HmupuHMU OBOda3HOI 30HM 3aTBEPHiHHS
pO3IlIaBy, MOYATKOBOI TeMIlepaTypu pO3IUIaBy, MIBUAKOCTI OXOJIOIKEHHSI BUMBKA,
TpaiieHTy OXOJIOJIKeHHS pO3IlIaBy, TeMIlepaTypy Ha MoBepxHi auBapHoi dopmu [2].
3 MeTOI0 OTPMMAaHHS APiOHOKPUCTANIUYHOI CTPYKTYpPy MeTaly, 30KpeMa, MOSKJIVBO
3aCTOCOBYBAaTM TEeXHOJIOTiI0 JieryBaHHS [3] abo, Hamnpukiaaf, Ta30AMHAMIUHOTO
BIUIMBY Ha pO3IUIaB B JuBapHiii ¢opwmi [4]. B poboTi [5] HaBemeHi pes3ynbTaTu
eKCIlepUMeHT/IbHUX [OCTiAXKeHb, $SIKi CBiguaTb Mpo ¢paKkTaJIbHUI XapaKkTep

CTPYKTYPOYTBOpPEHHS B IBOX(a3Hilt 30Hi MeTaseBOT0o po3IIaBy, 1[0 TBEP/IiE.

© CeniBbopcToBa T.B., CeniBbopcToB B.1O., IBanosa JI.X., 2022
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AHastiz Mmozenei Tervio i MmacornepeHocy B ABox(a3Hil 30Hi po3IUIaBy MeTaTy

B pob6orax [6, 7] HaBegeHa TepMOAMHAMIYHOI TIOCTAaHOBKA 3ajaadi
HeCcTallioHapHOTO 3aTBepAiHHSA OiHapHMX cucteM. PosrisiHeMO 3aTBepaiHHS

6iHapHOI CcyMiIlri B340BK IIPOCTOPOBOi OCi Z (pUCYHOK 1).

TBepna pedyoBuHa IBoxda3Ha 30Ha Piguna
15 B
I 1
I I
L L A -
z=0 hg h
PucyHok 1 — CxeMaTuuHe NpeaCcTaBAeHHSI KOMIIOHEHTIB CyMilli

Micro

Macro

-

Solid zone Liquid
PP >

PucyHok 2 — llIkana 30H 3aTBepZiHHA [§]

Ha rpanuii z=0, cucremu MmO pO3TJASTAETHCS TMiATPUMYETbCS TMOCTiliHA
temneparypa T .. =Tg. 'panuuga h, pospinge pinuny i gBoxdasHy 30HY, h, MiX
nBoixda3HOI0 30HOI0 i TBepAOI peuoBMHOW0. IHAekcu [, m, s TI03HAYAIOTh
BiITIOBiIHO 3HAUEeHHSI B piAKiii, mBoxcdasHiit 30Hi Ta TBepiii ¢asi.

TemnepatypHe mone T B TBephiii ¢asi 3aJ0BOJbHSIE PiBHSHHIO TIePeHOCY

TeIlia

oT o*T,
—S=x,—=5, 0<z<h(t), (1)
ot 822
ne t —Jac, k, — KoedilieHT TemnepaTypoIrpoBiJHOCTI.
PiBHSIHHSI TeILIO i MaconepeHocy B ABOx(a3Hiii 30Hi 6e3 BpaxyBaHHS nudy3ii B

TBepii asi Mae BUIIISI:
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oT, o, o, Op
o a—z(kma—z”’]ﬂosLE,hs(t)£z<h,(t), @
oc, 0 oC,, op
IF:GZ(D,ZE] (1-k)C,, =~ , ho(t)<z<h(t), 3)
T,,=T.-TC,, h (t)<z<h(t), 4)

ne p,, Ta p, — WinbHOCTI, C, — TEIJIOEMHICTb, k,, — KOe]illieHT TeIIoNnpoBigHOCTI,
L - npuxoBaHa TemioTa 3aTBepAiHHdA, D; - koedinienT nudysii, k - xoedinieHT
posroiny momimky, T. — Temrieparypa (as3oBoro mepeTBOpeHHsSI peuoBuHMU, ' —
HaxWJI JIiHii JikBiAyc, ¢ Ta y =1—¢ — yacTka TBepAoi Ta piakoi da3s, BigmoBigHO.

[Ipouiecu Teryio Ta MacolepeHOCY B pifKkii ¢asi ommcyeTbCcs HACTYITHUMMU

PIBHSIHHSIMMU
2
ot 622
2
8—CI=D16—Cl,z>hl(t). (6)
ot oz

['paHMYHi yMOBYM Ha IpaHMLAX h, Ta I MalOTh BUIJIAL:

dh, oT, oT,
L =k |—| -k || ,z=h/(t), 7
PstZa” gy (ézjh_ ’”[az jh+ 5(t) @
dh oC
(1-K)C,yza M~ Dy, (_mj L z=h(0), ®
dt oz i
dh oT, oT,
L(l-y)—t=k | =2 | —k|=L| ,z=H(t), 9
1 1
dh oC oC
1-k)C o —L =Dy, | =2 | —-D,| =L | , z=h(t), 10
(1-k)C,o, it llb( pe ]h I(GZ]W /(t) (10)
1 1
T;
M) % , z=h(t). (11)
az h+ aZ h+
1 1
. . “ Xb ((pb) . hy . . “
3HaueHHs KiJIbKOCTi pigKoi ¢asu Ha I'paHuIli "1 Ta KiJIbKOCTi TBepaOi
dasu Aa (%) Ha TrpaHMIli h € PO3B’SI3KOM 3a7aui [9]. AHaTITUYHNUI PO3B’A30K IJIs

HaBeJeHOi BUIIEe TIOCTAaHOBKM 3a7aui TBepiHHSI HeBedeHuit B pobotax [10, 11].
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3BajkarouyM Ha 3HAYHMIA PO3BUTOK MUTaHb ITOB’SI3aHMX 3 TBEPAiHHSIM ABOX(da3HOi
30HU, CJIi[i 3a3HAYMTU 1[0 JaHa MOCTAaHOBKA He BPAaxXOBY€ MUTAHHS (QpPaKTaIbHOIO
TeIIO i MacoIlepeHOCy Ha rpaHMIli 3aTBepAiHHS pO3IlJIaBy MeTaly.

MeTo10 CTaTTi € aHaji3 MpolieciB TepMO Ta MacCOMepeHOCy, II0 BJIACTUBI
pO3IIJIaBy MeTasly, SIKuii TepeOyBa€ B piIKO-TBeIOMY CTaHi, Ta ixHiifi ommc i3
3aCTOCYBaHHSIM MaTeMaTHMYHOIO arapary IpoO0oBOro 00UMC/IeHHS.

Oco06/mMBOCTI MaTeMaTUMYHMX Mojaeneir (QpPaKkTaJbHOTO TeIIo i
MacorepeHocy B ABox(a3Hiii 30Hi po3IIaBy MeTaTy

IleHApUTHA KpuUCTadi3allisi OOMH i3 HAWIMOMIMPEHIlNX BUIAIB 3aTBepHiHHS
MeTamtiB i criasiB [12, 13] (pucyHOK 2, 3). B pobortax [14 — 16] aJis onucy mpoliecisB B

dbpakTasbHUX CepeOBUIIAX PiBHSIHHS IIepeHOCy HaOyBa€ BUTJISI:

oq(x,t)
a,DSu(x,t)=———-=%, 12
() =-—— (12)
Ie a,Ta o - [OJaTHIi BeIWYMHM, AKi 3ajeaTb BiJ, CTPYKTYpU XaycaopdoBoi
posmipHOcTi  (dpakTaqbHOro cepemoBuma, Dy - omepaTop JIpo6oBOro

nudepeHIiloBaHHS 110 t TTOPSIAKY « 3 MOYATKOM B ITOYaTKOBMIT MOMeHT vacy t =0,

u(x,t) - oubysis, q(x,t) - Teriosuit noTik, a<x<b — OOHOBUMIpHe (paKTaIbHe

cepezosuinie, t €[ 0,T | - PO3paxyHKOBHMIi UaC.

500 um 1000 um
PucyHoxk 2 — CTpyKTypa JIUTOTO aJlOMiHi€BO- PucyHnok 3 — EnekrpoHHa mikpodoTtorpadist 1ieHTpy
KpeMHieBOro cIuiaBy [12] JIUTOTO 3/IMTKA HY3bKOBYIJIELeBOi CTali 3

JeHAPUTHUMY Wunamu [13]
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3 BpaxyBaHHSIM 3aKkoHy ®ika (13) piBHsHHS (12 )HabyBae Bursy (14), (15):

0
q(x,t)z—ala—;l, o =const >0, (13)
2
aZDgtu(x,t):alm;(’t), (14)
oX
2
Dg‘tu(x,t):Da%;(’t), (15)
OX

ne D, =a,/a, >0.
BBaskaeTbCsl IPUITYCTYMMM, IO B CepefOBMILNAX i3 GpaKTaIbHOI reoMeTpieio

TOPYIIYETHCS 3aKOH (13), ToAi 3amicTb (13) MOKIMBO PO3TASAATI PIBHSIHHS BUTTISAY

X b

(x,t) =y Sy (¢) [u(&,0)dé +by (¢) u(&,0)ds (16)

X
ne b(t) Ta by(t) - xapaKkTepuCTMKM Cepe[OBMIIA Ta NPOLECY MepeHocy, & —
KOOPAVMHATA TIOTOYHOI TOUKM.

[Mpunyiienns (14) ta (16) mpu3BOASATH 0 PO3I/SIAY HaBaHTa)KeHOTO PiBHSIHHS

TepeHocy

22
D(‘j‘tu(x,n)zalza)(—;l+b12 (t)u(x,0), (17)

ne ay, =a,/ay, by, (t)= (bl (t)-b, (t))/a2 )

PiBHsHHS (12) BiZTHOCUTBCS A0 K/IaCy MaTeMaTUUYHUX Mo eJieii

m
AyDGu(x,1m)+ > ADgku(x,m)=-Dhq(&,t) (18)
k=1
3 IIOTOKOM
n
q(x,t)=-ByDu(&,t)- Y. B Dlu(&t,), (19)
k=1

ne Ay, By, a, oy, B, B, a — XapaKTepuCTUKMU (pPaKTaJbHOIO CepelOBMILA,
aAs<x <Xx,<..<x,, 0<t <t,<..<t,.
PiBHAHHA TlepeHOCY B CcepeloBMIIAX i3 (paKkTajJbHOK YacoBOK Ta

IMPOCTOPOBOIO CTPYKTYPOIO Ha6YBaIOTb BUTJIAM,
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n n
AgD§u(x,7)-DE B Du(&,t) =Y. DE B Dku(&,t, )~ > BDMu(,,), (20)

k=1 k=1
fxkmo 0<pf <1, By=B,(t), DX 'u(&t)=0 mpu x=a ans 6Gyab-siKoro
k=0,1,2,...n Ta t>0, TO piBHIHHA (20) IEepeTBOPIOETbCSI HA HaBaHTaXXeHe

nudepeHIiiiiHe piBHSIHHS IEPEHOCY IPOOOBOTO MOPSAKY

n n
AyDgu(x,7)-ByD2u(&,t)=> B Doku(&,t, )~ > ADgku(x,m), (21
k=1 k=1

ne o, =B+ pf-
Takum umMHOM, AMQY3iifHO-pesaKcalliifHi IIpollecM B CcepedoBMINAX 3
(dbpakTasbHOI TeoMeTpielo Ijs1 OJHOBMMIPHOTO BUIIAAKY MOXKYTb OYTHM OIMCaHi

PiBHSIHHSIM
Dg‘tu(x,n):BﬂDgXu(f,t)+c(x,t)u(x,t), (22)
ne B, =const>0, c(x,t)z—r_ﬂ/z, O<a<l, 1<fB<2 abo 6esnepepBHUM

IudepeHLiiHMM PiBHSIHHSIM OCEpeJHEeHUM 10 « Ta [

1 2
ID&u(x,n)da = .[BﬂD('fxu(g,t)dﬁ+c(x,t)u(x,t) ) (23)
0 1

BucHoBku

B po6oTi HaBezeHi pe3yabTaTy aHasli3y IPOIeCiB MepeHOoCy B PO3ILIaBi, IO
nepebyBae B TIpolieci 3aTBepAiHHS, BCTAHOBJEeHMI (paKkTaJbHUII XapaKkTep
Iudy3iiiHuX MpolLeciB, HaBeIeHi MaTeMaTUUYHi OCHOBM JPOOOBOIrO OOUMCIEHHS, SIKe
3aCTOCOBYETHCS /IS OiJIbIIT KOPEKTHOTO ONMMCY AMQY3iiiHUX MpoLeciB y ppaKkTaTbHUX
cepeIoBUIIIAX.
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T. Selivyorstova, V. Selivyorstov, L. Yvanova

MATHEMATICAL FOUNDATIONS OF FRACTAL HEAT AND MASS
TRANSFER IN THE TWO-PHASE ZONE OF THE METAL MELT

The problem of improving progressive and creating new technologies in metallurgy
and foundry production is relevant for obtaining high-quality cast metal and castings. The
microscopic and macroscopic properties of casting templates significantly depend on the
thermophysical parameters of the casting system and the casting mold, namely, the width of
the two-phase zone of melt solidification, the initial temperature of the melt, the cooling
rate of the casting, the cooling gradient of the melt, and the temperature on the surface of
the casting mold. In order to obtain a fine-grained metal structure. The article presents the
results of experimental studies, indicating the fractal nature of structure formation in a two-
phase zone of the solidifying metal melt. The thermodynamic statement of the non-
stationary problem solidifying of binary systems is considered. Transfer equations are
described that are adequate for media with fractal geometry. The mathematical apparatus
for describing the curing process from the standpoint of heat and mass transfer in a two-
phase zone and diffusion in fractal media is presented. It is shown that the mathematical
apparatus of fractional calculation makes it possible to effectively describe the fractal nature
of diffuse processes. The analysis of the thermal and mass transfer processes in the melt of
the metal, which is in the rare state, and their description using the mathematical apparatus
of fractional calculation, have been carried out.

Keywords: heat, mass, diffusion, fractal, model, melt, solidification, two-phase zone.
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TOCJIIIKEHHS ITAPAMETPIB 30HU JE®OPMAIIIT
IMIPU BATATOKAHAJIBHIN KYTOBIN EKCTPVY3Ii

AHomauis. B pobomi HaeedeHO pe3ysvmamu 00CNiOHEHb CYU4ACHO20 NPOUecy
O6azamokaHaibHoi  Kymoeoi excmpy3sii. Memoio  00CniOxeHHS €  BU3HAUEHHS
ocobaiueocmeti 30HU depopmayii ma naacmuyuHozo NAUHY mMemany 8 0aHOMY NpPoyeci.
ExcnepumenmansHy uacmuHy 00CnioxceHHs 30iliCHEHO WLISAXOM AHANI3Y BUKPUBJIEHHS
KoopOouHamHoi cimku 8 30Hi degopmayii nicns 3axkiHueHHs1 npouecy. AHANI3 cimKu
00380/1U8 BUOKpeMUMU heeHi elemMeHmu 30HU depopmayii. Po3pobaenuii iHcmpymeHm,
wo 3abe3neuye nposedeHHs 0OazamoKaHaabHOi Kymoeoi ekcmpysii. Ocobaugicmio
pO3po0JIeH020 THCMpyMeHmy € me, WO Mampuys iHmezposaHa y KOHMmeliHep i
BUKOHYEMbCS pO30ipHOI0. BCMAH0B/1EHO, W0 YeHMPAIbHI wapu memasny 0epopmyomscs
Jleeule, a wiapu, NOmMik sIKUX CNOBINbHIOEMbCS 8HACNIOOK KOHMAKMHO20 Mepms Mix
[HCMpYyMeHmMoM ma 3az0moekow, oepopmyiomscs i3 3ampumkorn. 3a 00NOM020t0
eKkcnepuMeHmaibHux 0aHux niomeepoxeHo adeK8amHicms po3pobJieHoi 8 npozpami
QForm © wmamemamuuHoi Mmodeni npouecy. laHy mamemamuuHy Mmooens 6yode

BUKOPUCMAHO 07151 NOOANIbUILUX DOCNIOHCEHD.

Kntouosi cnoea: 06pobka muckom, 6azamokaHanibHa Kymosa ekcmpy3is, no0piOHeHHs
3epHa, HepieHomipHa degopmayis, 30Ha deopmauii, koopouHamua cimka, Memoo

CKIHUEHHUX eJIeMeHmMi8, MameMamu4uHa MoOeJb.
ITocTaHOBKaA MPOGIEeMM

OCHOBHOI0 KOHKYPEHTHOI0 repeBarox MPOIYKIIii, BUTOTOBJIEHO1
3a JOIOMOrOI0 TpoIleciB 0O6pPOOKM MeTasiB TUCKY, € CIIOTyYeHHS BUCOKUX
MilIHICHMX BJIAaCTUBOCTEH 3 JOCUTh BUCOKMM PiBHEM yJIapHOI B's13KoCTi. [ledopmartis
CTPYKTYpU MeTanay, sKa Ticis BiAmoBigHOI TepmiuHOi 006pOOGKM 3abe3reuye
OHOPiAHY MpiOHO3epPHUCTY CTPYKTYpy MeTasly, BifOyBaeTbCcsl came B IMpoiieci
00po6ku Tuckom [1]. Lis medbopmaiiisi CTpyKTypu € HeOOXiZHOIO YMOBOIO IJIsi
OOCSITHEHHSI HEOOXiTHOTO TO€QHAHHS MIlIHICHMX Ta IIACTUYHMX BJIACTUBOCTEN
BUpOOY [2]. AHami3 BuMMOr [0 BMpPOOIB TOKasye, MO0 i3 3MEHIIEHHSIM MUTOMOI

TOBIIMHM BUPOOY sl OiNBIIOCTI BimoMux MaTepiasiB 3pocTa€ BiTHOIIEHHS MiX

© 3y6ko 10.10., ®ponos A.B., Kyspmina O.M., CamcoHeHko A.A., Booyx O.C., 2022
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TPAaHMYHOIO MILIHICTIO HA PO3PUB Ta MeXeI TEeKydOoCTi [3, 4]. Lle MOsSICHIOETCS TUM,
0 30iMbIIeHHsT cTyneHs nedopMaliii IpU3BOAUTL OO 3MEHIIEeHHS pO3Mipy 3epHa

ILJIST O1IBIIOCTI TEXHOJIOTTYHMX ITPOIIECiB 00POOKM TUCKOM.

AHaJi3 oCTaHHIX JOCTiIKeHb i myosrikaIin

HeoOxigHicTh OTpMMaHHS OPiOHO3EPHUCTOI CTPYKTypM BUPOOIB 3 BiIHOCHO
BEJIMKOI0 TOBIIVMHOIO (IUIOILEI0 TOMepevyHOoro rnepepisy) COpusiB pO3BUTKY METOZiB
iHTeHcuBHOI miactTuuHoi nedopmarii (ITT). Taki meTtomu 3aBOSIKM CIIPUSHHIO
IUIAaCTUYHOMY 3CYyBY B 30Hi JedopMallii mpM3BOASITh [0 iHTEHCUMBHOI medopmariii
CTpYKTypu. HaiimommpeHimmMy MeTogaMyu iHTEHCUMBHOI TIacTUYHOI Aedopmariii €
acMMeTpMUUHa ITpoKaTka [5] Ta KyToBa eKcTpy3is [6]. laHe OOC/iIKeHHSI Ma€ 38 MeTy
PO3BUTOK OCTAaHHBOTO 3 Ha3BaHUX MPOIIECIB.

KyToBa eKkcTpy3isi MOKe OYyTHM BMKOHAHA SIK i3 3MeHIIeHHSIM ILIONII ITepepi3y B
30HI medopmariii, Tak i 6e3 Hei. Y 1bOMy BMUIIAAKY piu ime mpo piBHOKaHaJbHE
kyTtoBe rpecyBaHHs (PKKII). PKKII € ogHuMM 3 MeTOZiB IHTEHCUBHOI IIACTUYHOI
nedopmatiii [7]. Ha Bigminy Bif iHmmx metopnis I, PKKII gocuTh piBHOMipHO
noApibHIoe 3epHa Ta 3MiHIOE iX dhopmy[6]. Lleit meTon Moske OYyTM BUKOPUCTAHMI
I OTPUMaHHS yabTpaayciiepcHoi [8] medbopmoBaHoi cTpyKTypu. IHTeHCcUikallis
MPOLIeCiB MJIACTUYHOTO 3CYBY 3yMOBJIEHA 3MiHOI0 KyTa 3 MiXK BXiTHMM Ta BUXiTHUM

KaHajiamy MaTtpuii (puc. 1).

1 - myaHCOH; 2 - MaTpulis; 3 —3aroTOBKa
Pucynok 1 — CxeMa piBHOKaHaJIbHOI KyTOBO1 €KCTpY3ii
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OcTaHHIM YacoM piBHOKaHa/IbHA KyTOBA €KCTPY3isl Mepeiliia BiJi eK30TUYHOTO
MeTomy OOpOOKM MeTasiB 0 3BMYHOIO Ta BM3HAHOTO METOAY OTPMMAHHS OyXKe
IpiObHMX 3epeH y IIMPOKOMY [ialla30Hi MeTasliB Ta CIUIaBiB. 3aBASKM I[bOMY Ha
croropHimHili meHp PKKII € Haii6iabll PO3BMHEHMM 3 YCiX MOSKIMBUX METOJIiB
iHTeHCHBHOI TacTuyHoOi medopmaiiii. Kpim Toro, PKKII gemoHCTpye mOTeHITias IJ1st
IIPOMMCJIOBOI'O 3aCTOCYBaHHS [9].

3MeHImieHHs1 po3Mipy 3epeH 1ig uyac PKKII 3ab6e3reuye mposiB edekTy
HAJMIaCTUYHOCTI MeTajiB, 1[0 CTAaHOBUTb BeJMKUII iHTepeC MJs Cy4dyacHOI
apianiitHoi Ta aepokocMiuHoi mpomucioBocti [10]. BaskiuBO0 0CO6AMBICTIO
npouiecy PKKII € Tak 3BaHa aAMTUMBHICTh IMOMAPiOHEHHSI 3epHA 3i 36iIbIIeHHSIM
crynens gedopmartiii. LI 0cobGaMBiCTh A03BOJSIE BUKOPUCTOBYBATM MeETalIM Ta
CIIaBM 3 HM3bKOKW IUIACTUYHICTIO Ta 3HAYHOI0 AaHi30TPOII€I0 BJIACTUMBOCTEN Y
Trpoliecax iHTeHCUBHOI I1acTMyHoi gedbopmaiiii [11, 12].

Ha puc. 2 mokazaHo MiKpOCTPYKTYpy CTpMKHSI giamerpom 100 MM 3i cIuiaBy
MgCa0,8, oTpumaHoOro 3a JOMOMOro omHO- Ta ABompoximHoro PKKII. CiTanHu

Oysiu 3po6JieHi B ITONepeuHOMY HaIpSIMKY Ha BificTaHi 25 MM Bif oci cTpukHs [10].

— 300 pm
a) b)
PucyHok 2 — ®otorpadii crpykrypu criaBy MgCa0,8 micist
nepioro (a) Ta gpyroro (b) mpoxomy PKKII [10]

—— 300 pen

byno nmocnimkeHo BmnB PKKII Ha MexaHiuHiI BJIAaCTMBOCTI aJIOMiHi€BOTO
criaBy B pobori "Structure and mechanical properties of commercial AlI-Mg 1560
alloy after equal-channel angular extrusion and annealing" [11] aBTopiB V.M.
Markushev, M.Yu. Murashkin. MikpokpucraiiuHa CTpyKTypa 3 cepeJHiM po3Mipom
3epHa 0,4 MKM OyJia JOCSATHYTA B pe3yabTaTi iHTEHCUBHOI IJIaCTUYHOI Jedopmariii
3a poromorow PKKII. Byno BuSB/I€HO, IO CTPYKTypa 3HAYHO BiApPi3HSIETHCS

HEpiBHOBICHMM CTAQHOM BHYTPIIlIHiX 3epeH, a TaKOX acUMEeTPUUYHOK TEeKCTYpPOI
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nedopmaiiii. O6pobka 3a3HavyeHOro civiaBy 3a goromoroio PKKIT mpusBena mo
30i/IbIIIEHHS] MIlITHOCTi Ha PO3PUB i IJITACTUYHOCTI MOPiBHSIHO 3 OiIbII TPAAULIIAHUMU
MeTOoHmaMu 00pOOKM.

B pesynbrati po3BuTKy PKKII 3'sBMBCSI HOBMIA HAalIpSIMOK — HepiBHOKaHa/IbHe
KyToBe npecyBanHs (HPKKII). Arman Hasani 6yB ogHMM i3 mepIimx, XTO OmnucaB 1iei
npoiiec y cBoiii pobori "Principles of Non-equal Channel Angular Pressing” [12].
CyTp 1ipollecy IOJISITA€ Yy 3MEHIIEHHI JiaMeTpa BUXiZHOTO KaHa/Iy ITOPiBHSHO
3 BXiIHMM KaHaJioM. AHaji3 pexumy mgedopmallii mig yac mpoliecy MpOBOAMIN
IJIST BUMNAAKY, KOIM KyT MepeTHMHy KaHadiB crtaHoBuB 90 rpanyciB. ABTOpHU
BU3HAUWIN, IO B IIbOMY BUIIQJIKy OCHOBHMM MexaHi3MoM Aedopmaiiii 6yB poCTuii
3CYB, i TOMY 3aroTOBKa OTpMMaJja TaKy K APiOHO3epHUCTY CTPYKTYPY, 1o i B PKKII.
OnHielo 3 OCHOBHMX IIijieii Iiiei poboTM Oyno IepemdauyuTyt eBOJIIOIII0
KpuctajgorpadiyHoi CTPYKTypu B T1polieci ekcTpysii. ['0JIOBHOIO 0COOJMBICTIO
pesxxumy nmedopmarii mpyu HPKKII € Te, mo IuiomyHa 3CYBY HaOMMKAETHCS OO
IUIOUIMHM TPOLIeCY, CIPUSIOUM MOSIBI Ta PO3BUTKY 3CYBHUX TEKCTYp, SIKi MalOThb
OinpIry TUTACTMYHICTh. [HIIMIT BasknmBuii acriekt mporecy HPKKII moB's3anuit 3
TiIPOCTaTUUYHUM TUCKOM. 3aCTOCYBaHHSI MPOTUTUCKY, 3iliICHEHOrO 3a OIIOMOTIOI0
oropu y BuxigHOMYy KaHami [13], mokasajo xopomri pesyabTaTu. Lleit Tuck
peanisyetbcsi B HPKKII 3a paxyHOK 3MeHIlIeHHS [liaMeTpy BUXigHOro kaHamy. lle
pooutrb, HPKKII 3HauHime e(@ekTMBHMM MeTOAOM [IJisi OTPMMAaHHSI 00'€MHUX
HaHOCTPYKTYPHUX MaTepiais [14].

VY pobori La’szlo” S. Toth,, Rimma Lapovok, Arman Hasania i1 Chengfan Gub
"Non-equal channel angular pressing of aluminum alloy" [15] moka3aHo, 10 moci
HPKKII He OyJio [OCTigkKeHO eKClepMMeHTaJbHO. Y HasBaHiii pobOTi aBTOpuU
TpefCcTaBWIM TIOPiBHSIJIbHE eKCIlepuMeHTajbHe mociimkeHHs mpoieciB PKKII Ta
HPKKII. BoHM BMKOPUCTOBYBa/IM ajtoMiHieBuit cruiaB AA2124, obpobieHuii 3a 1
npoxia KoskHuM 3 MeTofiB. st HPKKII maTtpuio mofiepHi3yBaayu TakKMM UMHOM,
IO CITiBBiIHOIIEHHS AiaMeTpiB BXiTHOTO Ta BMUXigHOro KaHamiB Oyyno piBHMM 2. Bci
BUITPOOYBaHHSI MPOBOAM/IM MPM KiMHATHIM TeMmepaTypi Ta MOCTiiiHii IIBUIKOCTI
ekcTpysii 1 ¢'. [loc/imKeHHS 3pa3KiB CTPYKTYpU (puUC. 2) MOKa3aJio, 10 Mic/s OJHOTO
npoxoay HPKKII (puc. 3, b) 3epHo micTae 6iibliie BifHOCHEe MOIOBXEHHS TOPiBHSIHO

3 3epHaMu 3paska, o6pobsienoro PKKII (puc. 3, ).
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PucyHOK 3 — MikpoCTpyKTypa aatoMiHieBOro criaBy AA2124:
a) opurinanbHa; 6) miciast HPKKII; B) micsist TTT1B;
ED - Hanmpsimok ekcTpy3ii, ND - HopmanbHMit HarpsiMoK|[15]

MeTa gociaigKeHHs

PesynbTaTy, mpeacTasieHi B 1iii poboTi, mokasyioTsb, 1110 HPKKII nmpusBognuThb
JI0 OTPUMMAaHHS OibII APiOHOI MiKpPOCTPYKTYpM 3a oauH mpoxin, Hixk PKKII. Takum
YMHOM, MOKHA 3pOoOUTM BUCHOBOK mpo Te, mo HPKKII mobpe migxoauTh [jis
dbopMyBaHHS i PO3BUTKY APiOHO3EPHMUCTOI CTPYKTYpU MeETaly, a TaKOX 3HAYHO
301/IbIIIy€E 710T0 MillHiCTb, TJIACTUYHICTD i YAApHY B'SI3KiCTh B pe3yibTati Aedopmaiiii
3cyBy. OpHak Bimomi metoau 3 HPKKII maiorh Benukmii Hemostik. Lli mpoiiecu
BUTOTOBJIEHHSI HAIiBOPOAYKTY (MPYTOK, CMyra) € TaKuUMM, IO BUMAararmThb
IOJAaTKOBOI 00poOKMu. OmHakK TepMiuHMII abo medopmariiiHMii BIUIMB IIPU TaKiit
JIOJATKOBili 06p0oOIi MOKe HEeraTMBHO BIUIMHYTM Ha CTPYKTYypy. OTsKe, 3aBIaHHS
BUKOPUCTAHHS iHTeHCUBHOI TwiactTuuHoi Aedopmariii (IT1I) gk omepaiiii KiHleBOi
nedopMallii y BUpOOHUIITBI TOTOBOTO BUPOOY € aKTyaJbHUM.

OpHak, K OyJe TOKa3aHO HIMKYe, 3HAUHA HEPiBHOMipHICTb HampykeHb i
nedbopmalliit B ruiacTU4Hii vacTuHi 30HM nedopmartiii (ITY3I]) mpu ekcTpysii €

TUNnoBuM s npoiecis HPKKII.
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EkcrnepyMeHTa/IbHe Ta TeOpeTUYHE JOCTiI)KeHHS Teuil MmeTary

i yac 6araToKaHa/JIbHOI KyTOBOi eKCTpy3ii

bararokananmbHe HPKKII (mani BHPKKII) moske cTaTyM HOBUMM HAIIPSIMKOM
y BUPOOHMIITBI  JpiOGHO3epHMCTMX MeTadiB i cmiaBiB. Sk i B ycix
PO3IISTHYTUX METO/IaX, CYTh IOJISITA€ B IPOTUCKAHHI 3aTOTOBKM Yepe3 MaTpUlllo, sSiKa
Mae€ 2 i Gisbllle BUXiTHMX KaHAJIiB, pO3TallOBaHMX ITig KyTom 90 ° mo oci ekcrpysii.
Lis1 koHirypallisi MaTpulli H03BoJIsIE 3ab6e3meunTy AedopMaliilo 3CyBy, HEOOXimHY
IS TIOApiOHEHHS 3epHa, a TaKOX [OCTATHE TigpoCcTaTMYHe HaBaHTaXKEHHS,
HeoOXximHe 1yist iHTeHcudikalii mporieciB ABiitHuKyBaHHS [14]. [lepeBaroto BHPKKII
B IIbOMY BMIIQJIKy € OTPMMAaHHSI TOTOBOTO BMpPOOY, HAIpUKIaA, MaTOUYMHM 3i

crimusiMu (puc. 4). Ilpu 1boMy BUpi6 OTPpUMYIOTH i3 BiZTHOCHO AelieBoi mTabu, sika

Al
T

PucyHok 4 — MatounHa 3i cnimisiMu: 1 - ciiuili; 2 - 4yacTuHa MaTOYMHU

MO3Ke MaTy BUXIAHY JIUTY CTPYKTYPY.

[HCTpYMEHT [JisS BUTOTOBJIEHHSI AeTayieli TUIIy MaTOYMHM METOJOM KYyTOBOi
eKCTpy3ii 0yB po3pobsieHnit Ha Kadeapi o6pobKu MeTasiB TMckoM HarioHanbHOI

MeTaJTypriifHoi akageMii YRpainu (puc. 5).

E

1 - myaHCOH, 2 - BepXHS YaCTHHA KOHTelHepa,
3 - 3arOTOBKa, 4 - HMKHS YaCTHHA KOHTeliHepa, 5 — oropa
Pucynok 5 — Incrpyment ayis BHPKKII y 360pi
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Ocob6mmBicTIO pO3p00EHOTO iIHCTPYMEHTY € Te, IO 10T0 MaTPUIlS iHTerpoBaHa
3 KOHTeHepOM i BMKOHYEThCSI po30ipHOI0. Taka KOHCTPYKIIS 3abesmneuye
BUJAJIeHHSI eKCTPYJOBAHOI YaCTMHM ITiC/ISI 3aKiHUeHHsS Ipoliecy. TakuM UYMHOM,
IHCTpYMEHT CK/IaJa€TbCS 3 OBOX OCHOBHMX YaCTUH: KOHTeJHepa [Jis 3aTOTOBKM 3
TOJIOBMHOI BUXiAHOTO KaHA/Iy MAaTPUILi i OMOPU 3 APYrO0 IMOJIOBUMHOK BUXiZHOIO
KaHaiay matpuili. [Jo6 3amobirru HeGaskaHOMY BifiNieHHIO JeTaseil iHCTPYMEHTY,
Ha MicIi iX 3'egHaHHS MependauyeHMii 3aMOK, SIKMii MOXHA 3aTSITHYTU T'BMHTaAMMU
(He TIOKa3aHO Ha puc. 5).

Po3po6sieHnii iHCTPYMEHT [103BOJISIE TIPOBOAUTU JesIKi €eKCIIepUMEHTH 3
BUBUEHHS Teuil MeTay BCepeAyVHi IHCTPYMEHTY, a TaKOX MOX/IMBOCTI YIIPaBJIiHHS
reoMeTpUYHMMM [TapaMeTpaMMu.

Sk momenpuuit matepian myist BHPKKIT 6yB BuKopucTanuii cBuHelb kiacy Cl.
ExkcriepyMeHTanbHe [OCTIIKEHHSI 3 BMKOPUCTAaHHSIM ILbOTO Marepiajly Ta
PO3p006JIEHOTO iIHCTPYMEHTY (PUC. 5) MOJISITaB Y HACTYITHOMY:

— IT'aTh UMIIHAPUIHMUX 3aTOTOBOK AiaMeTpoMm 42 MM i moBxkuHOI0 100 MM 6y
rorepeaHbO PO3pi3aHi B3J0OBK.

- Ha rmiommHy 3’€iHaHHS CTaJeBOI0 rOJIKOI0 HaHOCWUIIACsl KOOpAMHATHA CiTKa 3
PO3MipOM KOMipOK 2%2 MM.

— IIpecyBaHHSI MPOBOAMIOCH Ha JIaODOpaTOPHOMY IIpeci HOMiHaJbHOIO CUJIOIO
160 T xadbenpu OMT HauioHanbHOi MeTanypriitHoi akageMii YKpaiHu.

— IlpecyBanHs TpoBOIMWIM 06e€3 IIONEepPegHbOTO MimirpiBy, MmpM KiMHaTHi
TeMIiepaTypi.

Bynu oTrpumani 3pa3ku MPOAYKIii TUIy "MaToumMHa 3i crmugmu'. Bupio6,
OTpMMaHMii B eKCcIlepuMeHTi, 6YB PO3[ijieHuit B3OBX IUIONIMHM, SKa MPOXOAusia
rocepeanHi JBOX IMPOTUIEXKHUX CUIb (puc. 6). Takum unHOM, medopmallisi KIiTUH
CITKM B Mpolieci MpeCcyBaHHSI UiTKO BUAHA Ha BiJOKpeMJIeHiil MiC/sl MpecyBaHHS
riomyHi. [Toganpliiie JOCTII)KEeHHS Tedil MeTaay MPOBOAVIIN IIUISIXOM MO ETI0BaHHS
MEeTOAOM CKiHUeHHMX eJIeMeHTiB, peasi30BaHMM B mporpaMHomy nakeTi QForm V8.
['0710BHOIO MeTOI0 HOCTi[AKeHHS Ha 1LIbOMY eTalli OyJ0 OTpMMaHHS TeOMeTPUYHOIi
MOAiOHOCTI Tipoliecy Ta BupoOy TUITy "MaToOuMHA 3i COMUSIMMU" i pe3yibTaTiB

eKCIIepMMEHTY 3a HaCTYITHUMU KPUTEPISIMU:
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1 - BUTiKaHHS MeTaTy 3 MaTpUILi MPOTSTOM Yacy, 2 - HaIPSIMOK BUTMHY CITULIb,
3 - 3MiHa BipTya/IbHOI KOOPAMHATHOI CiTKMU
PucyHOK 6 — Po3[is ekcriepMMeHTaaIbHOTO 3pa3ka B3[0BX OCi IBOX MPOTUJIEKHUX CITULb

V mnporeci MOAe/NOBaHHSI TaKOX OI[IHIOBAJIMCh TUCK i TemIepaTypHi YyMOBU
Tpoliecy, a Takox TepTs. [Ipoiiec Moent0oBaHHS OYB TaKMUM:

1. CTBOpeHHSI [ABOBMMIPHOTO KpeC/J€HHS iHCTPYMEHTy Ta 3aroTOBKM B
penakTtopi QDraft, iHTerpoBaHoMy B IiporpamMmHimit mpoayKT QForm.

2. Po3pobka reoMeTpMuHOi MOJeJi iHCTPYMEHTY Ta 3aroTOBKM BiJIOBiZHO
KpeCJIeHHIO Ta po36MBKa Ha CiTKY KiHIIEBMX €JIeMEHTiB, BUKOHAHa 3a JIOMIOMOTIO0
monyasi QShape (puc.7). Y mpolieci MojenioBaHHSI ciTKa Oyjla aBTOMAaTUUHO

repebynoBaHa B Oi/IbIII IPiOHY, 1110 TTOKPAIIY€ TOYHICTh pe3yabTaTiB pO3pPaxyHKiB.

amae
1 - myaHCOH, 2 - BepxHS YaCcTUHA KOHTelHepa,

3 -3arOTOBKa, 4 - HI/DKHSI YaCTUMHA KOHTeliHepa, 5 — oropa

PucyHok 7 - BuxigHa ciTka CKiHUeHO-eJleMeHTHOI Moferi
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3. 3aBOaHHS TPaHMYHMX YMOB, SIKi BKJIIOUAIOTh KOeQiI[ieHT TepTs MixX
iHCTpyMEHTOM Ta 3aroTOBKOIO, MaTepiaj 3aroTOBKM Ta iHCTPYMEHTY, HaMpsSMOK
pyXy Ta CUIy, 10 BIUIMBAE HA TyaHCOH, a TAKOXX YMOBM 3yIIMHKM IIPOLIECY.

4. POo3paxyHOK IIpoLiecy.

[TepeBipka apmekBaTHOCTI Mmogeni. IIpyM 3a3HaAvYeHHI TpPaHUYHUX YMOB
BMKOPUCTOBYBAJINCh AaHi, OTPMMAaHI B pe3y/bTaTi eKCIIePUMEHTY, OTXKe IepeBipKa
aJeKBaTHOCTI  MOJesi  OpoBOOMIACS  LUISXOM  TIOPiBHSIHHSI ~ Pe3y/IbTaTiB

MOJE/JIIOBAHHS Ta €eKCIIEPpMMEHTY.

OuniHKa pe3y/JbTaTiB eKCIIepMMEHTY Ta MOJe/TI0BaHHS

3pa3ok, OTpMMaHuit B pe3yJbTaTi MOAEe/NI0OBAaHHS, 38 XapakKTepoM Ta pPO3MipoM
BUTMHY CIIMIb MONIOHMII OO eKcrepuMeHTa/JbHOro. Kpim TOro, mopjentoBaHHS
MoKasajio, IO XapaKTep Tedii MeTajqy IIPOTATOM MpoLecy iIeHTUIHUIL
eKcriepyMMeHTaJbHOMY. ['0JIOBHA BiIMiHHICTb - MEHIIIMI1 BUTMH CIUIlb. MOKINBO, 1€
CIIPUYMHEHO YMOBaMM TepTsS Ta PeoJIOTIYHMMM BJACTUBOCTSIMM MaTepiasy.
BuBYeHHS 11X ITapaMeTpiB € MpeaMeTOM IOAAAbIINX JOCTiIKeHb.

EKCTpy3isg HaTypHOro 3pasKa 3 CiTKOI AOBeJa, 10 3MiHa KOOPAMHATHOIL CITKM Y
Ipolieci MOAeNOBaHHS SIKiCHO miaTBepamia ekcnepumeHT (puc. 8). KinbKicHe
MOPiBHSIHHSI 3MiH KOOPAMHATHOI CIiTKM B [aHiii pobOTi He IPOBOAUTHCS.
By3HauMBIIM pO3MIp CiTKM Y KOMIT'FOTEPHili MOZeJIi Ta MOPiBHSABIIM 11 3 pO3MipamMu
CiTKM eKCIlepMMeHTaJIbHOTO 3pa3ka, OTpUMaJiu rpaHMYHe BiIXuiaeHHs Ha piBHi 4,5%,
10 € MTOCUTb BUCOKUM pPe3yJbTaTOM [JIs1 CKiHUeHHO-eJIeMeHTHUX Mojeneii. Takum
yMHOM, mporpamuuii naker QForm V8 mobpe migxomuTb Ajis BMBUYEHHS IPOIeCy
BHPKKII, a TakoX IJj11 BUBYEHHSI MOKIMBOCTI BUKOPUCTAHHS 1IbOTO BUAY €KCTPY3ii

Py BUPOOHMIITBI €JIeMEHTIB TUITY “MaTOuYMHa 3i Ciuisamm”.

PucyHoxk 8 — ITnonnHa 3’egHanHy 3paska micias BHPKKIT: a) - ekcnepuMeHT,
b) momentoBanHs B iporpami QFormV8, ¢) HakIamaHHS 306paxkeHb a i b
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AHani3 1IomMHM 3’€IHAHHS 3pa3ka AO03BOJISE BUIOUIMTM HAa HbOMY KiJbka
OCHOBHUX OUJISTHOK (puc.9):

1. Bceb6iuna 30Ha cTUCHEHHS, 6e3 30HM IIACTUYHOI Aedopmariii.

2. [linssHKa 30BHIiITHbOI ITOBEPXHi 3arOTOBKM, sIKa He Oy/a JmedopmoBaHa i 6yra
BUILTOBXHYTA BHYTPIIIHIMM IIapaMy MeTajy Mifl 4ac eKCTPy3ii.

3. O61acTh CTabIIBHOTO IPOIIECY; IS 30Ha MICTUTh OiISTHKM, SIKi OTpUMau
pi3He criBBigHOLIeHHS Hedopmallii 3CyBY i pO3TSITHEHHS.

4. TInacTMuHa dvacTuHa ocepenky pedopmarii (TTYO/) xapaKTepu3yeThbCs
IJIaBHUMM T[1€pexo/ioM BiJi OCHOBHMX HampykKeHb 3CyBy uepe3 CTHUCKalOui A0

PO3TATYIOUMX.

PI/ICYHOK 9- POBTaIleBaHHH TUIIOBUX ,ELiJIF[HOK Ha I'[JIOIJ_U/IHi 3’eIHAHHS 3pa3Ka

AHaJi3 maacTMYHOI vacTuHM ocepenky medopmariii (ITYOM) moBiB, 110 BOHA
CKJIAZAETHCS 3 TIeBHUX 30H i Kacu@iKyeTbCsl HA OCHOBI IepeBaru 3CyBYy, CTMCHEHHS
a6o postsarHenHs. Takum unHoM, [TYO/] ckiaga€eThCs 3 HACTYMHMUX 30H (puc. 10):

1.Tlmoma moBepxHEBUX IIapiB, SIKi AedOpPMYyIOTbCS UYUCTUM 3CyBOM 0Oe3
PO3TSATHEHHS (TUIOLA YUCTOTO 3CYBY).

2. 06/acTh TOCUIEHHSI BIUIMBY CTUCKAIOUMX HAIPYKeHb, XapaKTepU3yeThCs
nedopMallisiMmu 3CyBY Ta pPO3TSITHEHHS.

3.Ilmoma CTUCKAUMX HaIpy)XeHb IIpYM MaKCMMaJbHOMY PpO3TSITHEHHIi
BHYTPIlIHIX IIapiB 3arOTOBKMN.

4. 0065aCTh TOCUIEHHSI BIUIMBY pO3TATYIOUMX HarpykeHb. Y 1ili 30HI
PO3TSITHEHHS IIapiB 3MEeHIIYEThCS.

5. O6nacTh TMepeBakHO PO3TATYIOUMX HAMpyKeHb. 3aBIASKU Iii pO3TATYIOUMX
HaIlpy>keHb B I[eHTPasbHili YaCTUHI 3arOTOBKM YTBOPIOIOThCS AedeKTu. Mexi Iiiei
30HM MOXXHA BU3HAUUTKU KPUTEPi€EM ITOBHOTO 3HMKHEHHSI MomepeuHux aedeKTiB

TOBEePXHi (B JaHOMY BUIIAKY JIiHi/ CITKU, [0 TEePETUHAKTHCS).
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Pucynok 10 — Tunosi 3ouu ITYO/]

Takum 4MHOM, eKCIlepyMMeHTa/IbHa €KCTPY3is 3pa3Ka 3 KOOPAMHATHOIO CiTKOIO
JI03BOJINJIA BUSHAUMUTHU TeUil0 MeTaly B IUIONIMHI 3’€JHAHHS B IIIJIOMY i B IJIaCTUYHI
yacTuHi 30HU Aedopmaiiii 30kpema. Pe3ynbTaT 1IbOTO JOCTIIKEHHS MOXYTb OyTU
KOPUCHUMM [JI1 TOHAIBbIIOT0 KOMITIOTEPHOTO MOJENIOBAHHS, a TaKOX MIJIs
HeoOXiTHOTrO MOSICHEHHS TIepeTBOPeHHs cTpyKTypu B mporeci BHPKKII (y it po6ori
He T1epenbaveHo). Kpim Toro, ImpoBeleHi eKCIepyMMeHTa/lbHi TOC/iIKeHHS

miaTBepauan eeKTUBHICTb PO3p006IeHOI KOHCTPYKIIii iHcTpyMeHTy mJ1st BHPKKII.

BucHoBku

1. TIIpouec 6araToKaHaJIbHOI €KCTPY3ii CTAHOBUTD iHTEpec AJIs1 IIPOMMUCIOBOCTI,
OCKiJIbKM [103BOJIIE OTPMMAaTM TOTOBY JeTaJb 3 TMOTEHLiiHO BUCOKUMMU
MeXaHiYHMMM BJIACTUBOCTSIMMU i3 LMTIHAPUYHOI IMTOI 3aTOTOBKM 3a OJIMH Iepexis,.

2. 3aBOosgku  gedopmaiiii 3cyBy Ta po3tsaryBaHHS Tipoiiec BHPKKII Mae
TOTeHIlia JIJisi KepyBaHHS MeXaHiUHMMM BJIaCTUBOCTSIMU I'OTOBOTO IIPOIYKTY.

3. Po3po6neno incTpymeHT mjist BHPKKIT tumy "MaTtoumHa 3i ciMusiMu”, SIKuit
OyJi0 TiepeBipeHO Mif yac eKcTpy3ii cBuHIeBOrO cruiaBy Cl.

4. B pe3ynbTaTi eKcTpy3ii Oy/u OTpUMaHi SKiCHi pe3yJabTaTy HEPiBHOMipHOCTI
moToky martepiany mig yac BHPKKII. BcraHoB/ieHO, 1110 LieHTpaabHi MIapy MaTepiamry
nedbopMYIOThCS JIeTle, a apy, Teuisl SKUX CIIOBIIbHIOETHCSI BHAC/IIIOK KOHTAKTHOTO
TepTs, 1edopMYyIOThCS i3 3aTPUMKOIO.

5. EkcnepuMeHTa/IbHa €KCTPy3isi 3 KOOPAMHATHOIO CiTKOIO, HaHeceHOo Ha
IVIOIIMHY 3’€QHAHHS [OBOX CUMETPUYHMX YaCTUMH 3aroTOBKM, [DO3BOJIMIIA
Bi3yasi3yBaTu Tedvil0 MeTaldy y IUIOIIMHM CTUKYBAHHSI 3arajJioM i B IUIACTUYHIN

YyacTHHi 30HM AedopMaliii 30Kpema.
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6. Bnepuie cTBopeHa Ji mepeBipeHa CKiHYEHHO-eJleMEeHTHa MOJe/ib Mpolecy
O6araToKaHaJIbHOI KYyTOBOI eKCTPy3ii B mporpamHomy maketi QForm V8.

7. PesynbraTi MonemoBaHHs npoiiecy BHPKKII mokasanau xopoiry 30iKHIiCTb 3
eKCIlepUMeHTaIbHUMMU pe3yIbTaTaMu.
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Yu. Zubko, Ya. Frolov, O. Kuzmina, A. Samsonenko, O. Bobukh

INVESTIGATION OF DEFORMATION ZONE PARAMETERS
AT MULTICHANNEL ANGULAR EXTRUSION

The paper presents the results of research on the modern process of multichannel
angular extrusion. Analysis of the literature has shown that the use of non-equal angular
extrusion leads to a smaller size of microstructure in one pass than equal-angular
compression. Accordingly, non-uniform angular extrusion is well suited for the formation
and changing of fine-grained metal structure, and also significantly increases its strength,
ductility and toughness due to shear deformation. However, the known methods of non-
uniform angular pressing are mostly used for the manufacture of intermediate products
(rods, strip), which to achieve the required level of properties require additional processing.
Additional thermal or deformation processing could have a negative impact on the structure
and properties of the product. Thus, the urgent task is to develop and study processes in
which intense plastic deformation is the final operation. One of these processes is
multichannel angular extrusion. The aim of the study is to determine the characteristics of
the deformation zone and plastic flow of the metal in this process. The analysis of the grid
has allowed to identify certain elements of the deformation zone. A special tool has been
developed to provide multi-channel angular extrusion. The peculiarity of the developed tool
is the matrix integrated into the container and made collapsible. This design provides
removal of the extruded profile after processing. It has been found that the central layers of
metal deform more easily, and the layers, the flow of which slows down due to contact
friction between the tool and the workpiece, deform with a delay. The adequacy of the
mathematical model of the process developed in the QForm © program was also confirmed
with the help of experimental data.

Keywords: metal forming, multichannel angular extrusion, grain grinding,
non-uniform deformation, deformation zone, grid, finite element method, mathematical

model.
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OILIIHKA TEXHOJIOTTYHOI MO>KJIUBOCTI BUKOPUCTAHHS
IIYHTITOBOI MOPOJU ITPU OJIEP>KAHHI
MAPTAHIEBOI'O ATJIOMEPATY

Anomauis. ITpomucnosuti doceid 8upobHUYMBA MAP2AHUEB020 A2JI0Mepamy noKasye,
wWo eidomi mexHos02iuHi npono3uuii He 3abe3neuyrwms 3pPOCMAHHI NPOOYKMUBHOCMI
aziomawiuH ma HeoOXiOHUX eacmueocmeti MiYHOCMI O(QIIOCOBAHO20 MAP2AHYEB8020
aznomepamy. Bidomi cnocobu cnikamHsi o.1l0c08aH020 MApP2aHyeso20 aziomepamy, wo
8i0pi3HAEMbCA NiOBULEHOK MEXAHIUHOI MIUHICMI0 ma 6UCOKOW 80J1020Cmilikicmio.
Hedonikom yux 3axo0ie € 3HauHe YCKAAOHEHHS MeXHOJI02iUHOT NiHIi aznoe8upobHUYmMea
ma 30i1bUleHHs. eHepzemuyHUX sumpam. Y 368'13Ky 3 YuM 00HUM 3 207108HUX HANPSIMIB €
po3pobka cknadis wuxm ma napamempis npoyecy aziomepauyii MapzaHuesoi cuposuHLL.
Mema OocnidxceHHss — aHania @i3uko-ximiuHUX npouecie, excnepuMeHmManbHi
docnioweHHs: ma po3poOKa [HHOBAUILIHUX MEXHOJI02IUHUX pilleHb ma peKoMeHOayili
w000 3anyueHHs y memasnypeaitiHe 8UpOOHUYMBO WYH2imM080i nopodu Ol po3UWUPEHHS]
CUPOBUHHOT 6a3u  2ipHUUO-MemainypeiliHoz0o KoMnjaekcy. BuKOHAHO po3paxyHKu
MepMOOUHAMIUHOT piBHOBA2U OKCUOHUX CucmeM, adeK8amHux dzaomMepayitiHum,
nposedeHo O0CNIOHEHHs XiIMiuHO020 CKaady pa3osux ckaadosux MiKpoCmpykmyp
MapzaHyesozo aznomepamy. Bcmanosneno payioHansHuii emicm utyHzimy 8 aznouwuxmi,
aKuil  3abe3neuye odepucaHHsi aziomepamy i3 3a0aHUMU Xapakmepucmukamu
(MiyHicmio, 8UX000M NpudamMHo20, BMIiCMOM Mapzauy) cmaHosums 12...13% 6id macu
suxioHoi wuxmu. ITodanvwe nidsuujeHHs i020 4ACMKU 8 aziaowuxmi npu3eooums 00
3HUMCEHHS. MIYyHOCmi ma 6uxody npudamuozo cneky. 30i1bWeEHHS CmyneHs
ducnepcHocmi wiyHzimy 00 0-2mM 00380J151€ 36L1bWIUMU PiBeHb BUKOPUCMAHHS 8Y2/1eUH0
WyHeimy sK nanueo 0e3 30i/1bUleHHS HA Npouec Kinbkocmi mpaduuilinozo nanuea -
KOKCY.

Knrouosi cnoea: mapeavuesuii aznomepam, MiyHicms, WyH2imosa nopooa, KiibKicme
KOMNOHEeHMie wuxmu, gy2eysb wyHzimy.

ITocTaHOBKa 3aJa4i JOCTiIKeHHS

V 3aranbHilt CTPYKTypi MapraHiieBux (epocriaBiB, 10 BUILIABASIOTHCS Ha
BITUM3HSIHMX Ta 3apybiKHMX 3aBoJaX, HaibiIbll  BEIMKOTOHHAXHUM €

depocunikomapranenb (ICTY 3548-97). $K KOMIUIEKCHUIA PpO3KMUC/IIOBAY Ta

© Kamkina JI.B., MsgHoBcbka $1.B., IIpoitgak F0.C.,Mimankin A.I1., 2022
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neryiounit  ¢epociuiaB  depocuiikoMapraHep IIMPOKO 3aCTOCOBYETHCS IIPU
BUIIABIIi CTa/i B KMCHEBUX KOHBepTepax, AYTOBUX eJIeKTpornedax, y TOMY UMCIIi i
nyropoi enexkrtpomeui Ha 3aBomi «IHTEPIIAWMII CTAJIb», NpPOIYKTUBHICTIO
1 miuH. 300 TMC. T TpyO6HOi Ta KomicHOi enekTpocTani. ITorpeba cBiTOBOI
CTaJeIUIaBWIbHOI TIPOMMCJIOBOCTI y (depocuaikomMapraHili 3pocTae MPaKTUUYHO
IIPOIIOPIIifAIHO 3POCTAHHIO BUILJIAaBKM CTai. BigmmoBigHO 10 MpOrHo3iB BUPOOHUIITBO
craimi B 2030 p. cra”HoBuTtumMme 1 mupn. 776 MJH. T, Y Tomy uuciai B Kurai 655,
[TiBHiuHii Amepuii 470, €ppomneiicbkomy Coro3i 282, IliBoeHHiin Amepuni 120,
Pocii, iHmmx kpaiHax 164 maH. T. Tak 110, He3BakalOuM Ha €KOHOMIiUHi KpU3MU,
nepioguMuHi cmaay Ta migiiomMu, obcsr BuiniaBkM cTami go 2030 p. 3pocTe, 1o
BUMaraTyMme IeBHOTO 30iJbIIeHHSI Ta BMPOOHMIITBA MapraHiieBux (epocriasis i,
HacamIiepe[, (pepocmiikoMapraHiio.

BpaxoBywounu BHUUEpPIIHICTb pecypciB, 3pOCTaHHS IiH Ha pecypcu Ta
30i/IbIlIEeHHSI YMCEeJbHOCTI HaceleHHs, TOCTAa€ MUTAHHS TPO TEeMIM 3POCTaHHS
BUPOOHMIITBA, PO3BUTOK 3HAHb, TEXHOJIOTii, SIKi 3HAYHOI0O MipOI0 BM3HAUYAIOThCS
palioHaJIbHUM Ta e(peKTUBHMM BUKOPMCTAHHSIM MiHepaJIbHUX Py, HEOOXiTHiCTIO
peastisailii mporpaMm ix pecypco3bepeskeHHSI Ta IMOIIYKY HOBMX BUIB MarTepiasiB
IS BUKOPUCTAHHS VY BUPOOHUIITBI MPOAYKIii, Yy TOMYy UMCIi IPOIYKILii
MeTaTypriiHuX mianpuemMcTs [1-3].

Tak, 1J1st OTpMMaHHS SIKiCHOI CTasIi 060B'SI3KOBO BUKOPVMCTOBYIOTh ()epOCILIaBH.
TpaguiiiiHa TeXHOJIOTisI BUIUIABKM CUJIIKOMAapraHIlo rmepenbavae 3aCTOCYBaHHS
pi3HMX KOMIIOHEHTIB, SIKi 3a/1al0ThCSI B €JIE€KTPOIIaBUIbHMIA arperaT Ta HeooOximHi
ISl TIPOBeIeHHSI PYI0BiJHOBIIOBAIbHOI IIJIAaBKM 3 OTPUMAHHSIM rOTOBOTO MPOAYKTY
Ta CYNyTHBOTO ILIaKy. OCHOBHMMM KOMIIOHEHTaMM € ByIJIelleBUli BiJHOBHMK,
KBApLUT i CMpOBMHA (KOHILIEHTPATH) Pi3HOTO BUY, 1110 MiCTUTh MapraHelib, a TAKOX
BCUIAKI CyMyTHi J00aBKM B MalMX KiJTbKOCTSIX [JIS TIOBUIIEHHS TEXHIKO-
eKOHOMIUHMX  TMOKa3HMKiB. [lepen  pyIOBiZHOBIIOBAJIbHMM  IUIABJIEHHSIM
IpiGHOIMCIIEPCHI KOHIIEHTPATM, IO MICTSITh MapraHellb, IiIIal0Th YKPYITHEHHIO
HUIIXOM OpuKeTyBaHHS ab0 OKYCKyBaHHSI MeTOoIOM arjioMmepaiiii. Ileit cmoci6
MiJBUILY€E CTYIiHb HACKPi3HOTO BWJyYEHHS MapraHIlo, a TaKOX [JO3BOJISIE
BUKOPUCTOBYBATHU BCIJISIKI TEXHOT€HHI MapraHellbBMiCHi BiAX0Ou - IJIAKOBUIA ITiCOK,
IIUIaMM, BMCOKOAMCIEPCHUIT MW Ta3004YMILeHHSI MapraHieBuxX ¢epocriaBHUX
neveii Ta iH. [lluxTa O/ BUIUIABKM CUJIIKOMAapraHill0 MiCTUTh KOMIIOHEHTU IIpU

HACTYITHOMY CHiBBiJHOIIIEHHi: arioMepaT MapraHeipb MiCTUTb 63-70%, KBapiuT O0
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10-12%, ByrneueBuit BimHOBHMK 10 15-17%. Ilpu 1bOoMy Y BUPOOHUIITBI
CUJIIKOMAapraHilo 3aCTOCOBYETbCSI MapraHiueBuUiA arjiomepar, BUTOTOBJIEHMUIA 3
MUXTU, 110 CKJIAJA€EThCSI 3 MaTepiaiiB, [0 MICTSITb MapraHile, BamHSKY i
arjaoIananBa, sIKa y CBOEMY CKJIai MiCTUTb, % Mac.: arJionajuBo Y BUIJISIAI KOKCHKA —
7,0...10,0; BanHSIK — 6...7, iHIIle — MapraHileBe CMPOBUHY, KiJIbKICTb SIKOTO 3aJI€KUTh
Bil BMIy MapraHiieBoi CUpOBMHM (pyda OKCHUAHA, KapOoHAaTHA abo Ile XBOCTHU
306araueHHs1 ab0 IIJITaMM Ta300YMINEHHS) i 3alylaHOBAaHMX MeTaTypriitHuX
XapaKTePUCTUK OLEep>KyBaHOro arjiomeparty. [ligBuilleHHSI BUJIyYeHHSI MapraHijio Ta
KpPeMHil0, a TaKOX 3HMKeHHSI TUTOMOI BUTpaTU eJeKTpoeHeprii MoB'si3aHe 3
iHTeHCcHikallielo Ipollecy BigHOBJIEHHSI KPEMHil0 Ta MapraHiio B MeTajeBuii
po3snnas. lle BuMarae Ioiryky KOMIIOHEHTIB arjomepariiiiHol MMUXTU, IPUCYTHICTh
SIKMX B arJIoMepari, o MiCTUTh MapraHellb, 3a0e3MeUNUTh ITiABUIIEHHS IIBUIKOCTI

BiZTHOBJIIOBAJIbHOTO IIPOILIECY.

AHaJti3 ocTaHHIX MyoJ/riKaIin

Haii6inbll BiZOMMM OCBOEHMM IPOMMCIOBMM CIIOCOOOM OKYCKYBaHHS
BiTUM3HSIHOI MapraHIeBOPYOHOI CUMPOBMHM, IO Ma€ PO3BUTOK B OCTAHHE
OecATUITTS, € ariomepalis [4-7]. BukopmucTaHHST MapraHLeBOro arjioMepary B
IIUXTi ejieKTporieyeli BuUBUajiocs 6araTbMa aBTopamu [8-11] Ta mMae eKOHOMIUHY
IOLIJIbHICTh. 30iMbIIeHHS MIIIHOCTi arjioMepaTy € OIHi€l0 3 BaXXJIMBUX JOTO
BJIACTUBOCTEN. 3MiHa OCTaHHIMM pOKaMM XiMiUHOTO, MiHEepaJOriyHoro Ta
IPaHyJIOMETPUYHOTO CKJIaAy MapraHieBuX KOHIIEHTpATiB Mpu3Besa A0 3HUKEeHHS
SIKOCTi arjioMepaTy Ta IIOKa3HMKIB 7oro BMpOOHMITBA. [lOCBim BUPOOHMIITBA
MapraHieBux GepocruiaBiB y MOTY;KHMUX 3aKPUTUX a00 repMeTUIHUX eJIEKTPoredax
CBilUNTDb, 10 MiABUIINEHHS KiJIbKOCTI ApioHMX dpakiiii (<5 MM) y IIUXTOBUX
MaTepiasax MPM3BOAUTD 0 MTOPYLIEHHS CTA0iIbHOCTI pesKUMY IVIABKMU, HigBUIIEHHS
MIUTOMMX BUTpPAT CUPOBMHU Ta ejeKTpoeHeprii. KilbKicTb ApiOHUII B IMIMXTi
3HAYHOIO MipOI0 BM3HAUA€TbCS XapaKTepUCTUMKaMM MIIJHOCTI arjioMepary.
[TpomucoBuit OCBI BUPOOHMIITBA MapTaHileBOro arsiomepaty [12-14] rokasye, 1o
BiloMi TexXHOJIOTiuHi Tpomo3uilii He 3a6e3reuyloTb 3POCTAHHS MPOAYKTUBHOCTI
arJIoOMalIMH Ta HEeOOXiTHMX BJACTUBOCTENM MIIIHOCTi O(II0COBAHOIO MapraHIeBOIo
ariomepary. IliZBuIeHHS OCHOBHOCTI B arjiomMepaTti HIISIXOM A00aBKM IO HBOTO
OKCUIIB Ka/Ibllil0 B MPOIECi CHiKaHHS A0 BeJIUUYMHMU, 1O TEepeBUIly€E BiTHOUIEHHS
(Ca0+Mg0)/SiO, 6inbur Hik 1,1, MPMU3BOAUTH IO Pi3KOrO IOTipIIEHHSI MeXaHiuHOI

MillHOCTi TroToBOrO arjiomepatTy. Ile BimOyBaeTbCs BHACTIIAOK 3HMKEHHS
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BOJIOTOCTIKOCTi MaTepiasy 3a paxyHOK 3a/IMIIKiB Y HbOMY Heo(II0COBAaHOTO BaITHA,
a TakKOX HeMillHMX, CaMOpYyMHIBHMX MpM KiMHaATHi/i TemmepaTypi OBOX- Ta
TPUKAIBI[IEBMX CUIIKATiB, 10 VYTBOPIOIOTbCS B TIIpOlieci TepMooOpOOKM
micas  TepmiuHoi  amcomiamii  KapOoHaATiB  KasbIlilo, KapOoHaTiB  Ta
CWIiKaTiB MapraHip. Takuii Marepian MaJONPUAATHUI [ BUKOPUCTAHHS B
TEeXHOJIOTii IIPSIMOTrO JIeryBaHHSI MapraHieM abo mpy BUILIaBLi ¢epocIiiiaBiB. Bigoma
MMUXTa IJIsS BMPOOHMIITBA AAaHUX OQIIIOCOBAHMX MapraHIeBMX arjioMepariB, IO
MiCTUTh KOHLIEHTpAT MapraHiieBOi pyAu, BaITHSK, MOBEpHEHHS i ByrjeleBMicHe
MaaMBO Y BUTJISIZI KOKCUKa [15].

Bimomi cmocobu crikaHHS ~OQUIFOCOBAHOTO MAapraHIleBOro arjioMepary,
10  BiAPI3HSIETbCSI  TMiABUINEHOK  MEXaHIYHOK  MIIHICTIO Ta  BMCOKOIO
BOJIOTOCTiliKicTI0. OCOOJMBICTIO TEXHOJIOTii € BUKOPUCTAHHS B  arJIOIIMXTi
obmanenoro npu 1600-1800°C moysiomiTy Ta BMKOPMCTAHHSI 0OMAaI€HOrO TOJOMITY
TIpy BUPOOHMIITBI 0GII0COBAaHOTO MapraHiieBoro arysiomeparty [7]. Hemomikom 1ux
3aX0/liB € 3HauHe YCKJIQJHEHHS TeXHOJIOTiuHOi JIiHii arJioBMpOOHMIITBA Ta
30i/IbIIIeHHST eHepreTUYHux BUTpaT. KpiM TOro, HeoOXiZHO BBOAUTHU MO CKIAILy
arJIOMUXTV BUCOKOSIKICHMII KOHIIEHTpAT MapraHIeBUii 3 BMICTOM KpeMHe3emy
MeHiIre 10%. CrikaHHSI MapraHiieBoro 0JII0COBAHOIO arjioMepaTy Ma€ 0COOIMBOCTI.
Anani3 giarpam crany cucrem CaO-Fe;03 Ta CaO-Mn,O3 nmokasye, 110 npu CIliKaHHi
MapraHileBOro arjaoMepaTry OJHOTMIIHI peakiiii IPOTiKalTh 3a OiJbII BUCOKUX
temiepatyp (Ha 150-200°C). IIpoTe moCSTHEHHS BUCOKMUX TEMIIEPATYP SIKMUI 3aBXKINU
BUpIIIIy€ 3aBAAHHS OTPMMAHHSI MIIJHOTO BOJIOTOCTIIKOTO arjioMepary, OCKiJIbKU
CaO B mMoOBHOMY 00CSI3i acCMMIiTIOETHCS pO3IUIaBaMM OKCUMIIB Mapraio i SiO,.
OpHi€elo 3 NPUUMH IIbOTO € YTBOpeHHsS Ha 4YacTuHKax CaO cujikaTiB Kasbliilo
(2Ca0 Si0O;, 3CaO SiO;), mE CUIBHO TaJbMYIOTh IIPOLIECM MacOOOMiHY.
YV pasi cmikaHHS  3adi3opyAgHoro o Il0OCOBAaHOrO — arjioMepary 1Ii  mapu
pO3pUBAIOTHCS OKCUIAMM 3ajli3a, TOMAi SIK OKCUAY MapraHiilo mpu TeMIiepaTypax
arjioMepaliii  BJIaCTUBOCTI TIOpPYIIEHHS CYIIIBHOCTI OpPTO- Ta TPUCUIIKATY
KaJIbIIi10 BUSIBJISIIOTH C1a60.

B maHuit yac y pisHuX cdepax Ta raayssix MpOMMUCIOBOCTI 3apyOiskHUX KpaiH
IOCUTDb IMPOKO BUKOPUCTOBYIOTHCS IIYHTITU - TIPUPOJHA KOMIUIEKCHA MiHepaabHa
cupoBuHa. IIyHTiTM 3aCTOCOBYIOTBCS SIK: BiJHOBHUKM Yy BUCOKOTEMIIEPATYPHUX
MeTalypriiHuX Ta XiMiYHMX Mpolecax; KOMIJIEKCHOI CMPOBUHM - 3aMiHHMKA KOKCY
Ta KBaApLUUTY IIpU eJeKTPOTepMiYHOMY BMPOOHMIITBI (pepocIiyiaBiB Ta CMHTETUYHOTO
YyaByHY, BUpPOOHMITBI ¢docdopy Ta KOTHLOPOBMX MeTaliB; KaTajizaTopa IIpu
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TiIpoMeTaTypriitHuX crocobax IepepooKy Baskko3barauyBaHMUX Py, MPUPOSHOTO
ouMiryBaya Ta MiHepasizaTopa 6i0aKTMBHMX IMPUPOIHUX BOJI, BOJ I'OCIIOIAPChKOIO
Ta MUTHOTO MPU3HAUYEHHS.

[lpy BUmIaBLi BMUCOKOKPEMHUCTUX YaBYHIB [16] B IIMXTy BK/IKOYAKOTh
IIMaTKOBMII IIYHTIT KpymHicTio He O6impmie 100 MM, 3Mimryiloum #oro Iipu
3aBaHTa)KeHHi B JOMEeHHY ITi4 i3 3a/1i30pyJHMMM MaTepiajiaMy i 3aBaHTaKyluM 110ro
B KiJIbIIeBY 30HY KOJIOIIHMKA, obmMeskeHYy paziycamu 0,98-0,4 pamiycy KOJOIIHMKA.
HasBHiCTb Y IIMXTi IIVHTITY, IO MiCTUTh ApiOHOAMCIIEPCHI BYIJIELb i KpeMHE3eM y
CITiBBiIHOIIEHHi, OJM3bKOMY OO CTeXiOMETPMUHOTO MJjIsI peakilii BigHOBIEHHS
KPEMHII0 ByIJIeLleM 3 KpeMHe3eMy, CIIPUSE I[epuIoYeproBomMy BiJJHOBJIEHHIO
KPEMHII0 3 LIbOr0 Marepiaay. 3aBaHTa)KeHHs LIYHTITY B CyMilli i3 3a71i30pygHUMU
MaTepiajiaMy MOJIerurye BiJHOBJIEHHS KPEMHiI0 3aBISIKM MOXJIMBOCTI YTBOPEHHS
CUIILMAIB 3ajli3a MpM KOHTAKTaX CBi’KOBIMHOBJAEHOTO rybuyacToro 3ajisa i3
3aJIi30pyAHMX MaTepiaaiB i3 LIYHTITOM Yy 30Hi BigHOBJIeHHS. B sKkocTi TBepmoi
BYTJIELIEBMiCHOI J00aBKM BUKOPUCTOBYIOTH KYCKOBMII IIYHTIT 3 BMiCTOM BYIJIEI[IO
20-36%, 3MillylouM JOTO IIpY 3aBaHTa)KeHHi B ITi4 3 KOKCOM i 3aBaHTaXXylulu B
KiJIbLIEBY 30HY KOJIOIIHMKA, pO3TaIllOBaHy B MeXax, ooMeskeHux pagiycamu 0,1 i 0,95
pagiyca KOJIOIIHMKA, MPUYOMY KiJIbKiCTh IIYHTiTa, IO 3aBaHTaXXYEThCS,
miaTpuMyloTh B Mekax 0,5-15% Bim cymapHOi mMacu BYIJIEI0 KOKCY Ta IMaJMBHOI
mobaBky. PimeHHs maHOI TexXHIUHOI 3a7adi JOCSATacThbCs TaKOX TUM, IO KiJIbKiCTh
IIYHTUTA, IO 3aBAHTAXXYETbCSI, MEPEBAXXHO IMiATPUMYIOTb B Mexax 3-7% Bif
CyMapHOi Macu BYTJIel[l0 3aBaHTa>KyBaHOTO B ITi4 KOKCY i MaJaMBHOI 106aBKM.

Mexka BMicTy Byraemo B IIyHTITI (20-36%) o0O6yMoOB/eHi MiHiMaJbHO
MIPUMHSITHUM 332 EKOHOMIYHMMM KPUTEPiSIMU 3HAUEHHSIM KoedillieHTa 3aMiHM KOKCY
myHritom (20%) i rpaHMYHMM BMICTOM ByTaemoo (36%) y pOOOBUIII IIYHTITY, IO
PO3pOo0IISIETHCS (€EAMHOMY Y CBiTi). [Ipy BUKOPMUCTAHHI IIYHTITY i3 BMiCTOM BYTJIEI[O
MeHIe 20% 3aCTOCYBaHHS OTO CTa€ €KOHOMIUHO HeAOILiIJIbHUM uyepes3 IigBUILeHHS
c00iBapTOCTi YaBYHY Y 3B'SI3KY 3i 3HMKEHHSIM KoedillieHTa 3aMiHM KOKCY IIIYHTiTOM
no piBasg 0,25-0,3 kr KOKCy/Kr myHTiTY. IlpM Takomy KoedirieHTi 3amiHu
3aCTOCYBAHHSI IIIYHTITY CTa€ HEBUTIOTHMM, OCKiJbKM IliHa ¥Oro BUAOOYTKY Ta
TPaHCIIOPTYBAHHS 10 CHOXMBaya, BKiatoudatoun [1/IB, ctraHOBUTH He MeHIlle HixK 30%
Bii cobiBapTocTi KOoKcy. Kpim Toro, 3acTocyBaHHSI IIYHTITY i3 BMiCTOM BYIJIEI[IO
MeHme 20% 306iabIlye BUXif IIJIaKy, 1[0 MPU3BOAUTH M0 I OiJIbIIOr0 3HMKEHHS

KoedilieHTa 3aMiHU KOKCY HIYHTiTOM.
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[Ipy BuUIUIaBL IepeliIbHOTO YaBYHY peYOBMHA UIYHTITY B pe3y/bTaTi
XiMiYHMX peaklli/i YTBOPIOE CUJIbHI BiTHOBHMKM (KpeMHili Ta KapOiJ KpeMHilo)
M0 BiJHOIIEHHIO [0 3akucy 3adiza [17], 1mo NpUBOAUTHL A0 iHTeHcudikalii
Mpollecy BigHOBJIEHHS KpeMHil0 Ta IIOKpallleHHS TeXHiKO-eKOHOMiUHMX
MOKa3HMKIB JoMeHHOi meui. KpemHiiiBMicHa mo6aBka MiCTUTh BYIJIEI@BUIA
MaTepiaj, IPUYOMY BiJHOIIEHHS BYIJIEII0O IO KpeMHe3eMy B J00aBIli CTAHOBUTh
0,5-2,5, mo 3abe3neuye ojepKaHHS B YaBYHi HEOOXigHOTO BMiCTy KpeMHil0 IIpu
BUTpaTax KOKCY Ha piBHi, XapaKTepHOMY [Jjis BUIUIaBKM 4YaByHY. [Ipy BBeleHHi B
MIMXTY JOMEHHOI IIJIaBKM KPeMHiiBMiCHOI T0GaBKM Y BUIJISIAI CYMillli KpeMHe3eMy
Ta BYIJIELIEBOr0 Marepianay (OpMKeTH, KOTYHM, IIMATKM) Ta IIPY HarpiBaHHi O0
1300-1400°C (30Ha maxTi) BimOyBa€TbCs BiMHOBJIEHHS KPEMHII0 KpeMHe3eMy [0
KapOimy. Peakilisi yTBOpeHHSI KapOimy KpeMHil0 iHTeHCU(IKYyeThCSI 3i 3pOCTaHHSIM
TeMrepaTypu. Takum UMHOM, BBEeIEHHS CyMillli KpeMHe3eMy 3 BYyIJIelleM
3abesnevye TepPMOAMHAMIUHO CIIPUSITIAMBIII yYMOBM BiIHOBJIEHHS KpeMHil0 3a
PaxyHOK YTBOPEHHSI Kap0Oigy KpeMHilo Ta Joro MoaabIIoro pyiMHYBaHHS 3aj1i30M
(uaByHOM). [IJIs1 OTpUMMaHHSI CTaHAAPTHMX 3@ BMICTOM KpeMHil0 MapoK JIMBapHOIO
YaBYHY Ta CIUIaBiB KPEMHII0 i3 3a/1i30M CHiBBiIHOLIEHHS BYTJIEI[I0 Ta KpeMHe3eMy B
cymili moBuHHO ctraHoBuTu 0,5-2,5.

Mera pociigkeHHsT — MeTaldypriiHa TEeXHOJIOTiSI 3aCTOCYBAaHHS LIYHIITOBOI
MOpOAY SIK 3aMiHHMK YaCTMHM BYIJIEI}0 KOKCUKY Y CKJIaZi MIMXTU AJjIs arjaoMeparliii

TIpY OTPMMaHHi MapraHiieBoro arjioMepary.
Buknaz oCHOBHOTrO MmaTtepiamxy

®i3MKO-XiMiyHi BJACTMBOCTI WIYHTITY HOOCUTb mAob6pe BuBuUeHi [18, 19].
[linpHicTh wIyHTITY cTaHoBUTH 2,1..2,4 r1/cM®;, mopucrictb - 10 5%,;
MilHicTh Ha cTuck - 100 ... 120 MIla; koedimieHT enexkrponposigHocTi — 1500 cm/m;
KoedinieHT TemaomnpoBigHocTi — 3,8 Br/mM-K, amcop6biiiiina emHicth mo 20 m?/T.
BmicT Bymmemioo B Ipobax IIYHTITY KoiamBaeThcsl Bim 10% mac. mo 50%, a
KpeMHe3eMy 3MiHIOETbCS He Oisnbiie 5-75% . YV 6inblIocTi Mpob6 BMICT BYTJIEI[IO
cTaHOBUTH 25-30%, a KpemHe3emy 45-55%.

ByiacTMBOCTI WIYHTITY BM3HA4YalOTbCS HAHOCTPYKTYPOIW i CK/IAJOM eJleMEeHTiB,
0 #0oro yTBOPKOWTh. IIyHriTOBMII Byrjelb pPiBHOMIPHO pO3MNOAUIEHUI Y
CMIiKaTHOMY Kapkaci 3 [OpiOHOAMCIepCHUX KPUCTaTiB KBapily, po3mipamu
1-10 MKM, IO MiATBEpPIXKE€HO MOCHIMKEHHSIMM YIAbTPATOHKUX IUIi(IiB ILIYHTITY
MeTOJOM IPOCBiUylOUOi (TpaHCMiciliHOi) esieKTpoHHOI Mikpockomii (ITEM) Ta

pacTpoBOi eJIeKTPOHHOI MiKPOCKOIIii.
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MeToauka, 06;1aJHaHHSA Ta YMOBU

IPOBEIeHHS JIa00PATOPHMUX TOCIiIKEeHb

HocnimkeHHST TPOBOAWINCH Y JabopaTtopii kadg. TOMII Ha mepiogndHO Ail0ouoi
aryioMmepariiifiHoi yctaHoBKu. OCHOBHe 00JiagHaHHS JiabopaTopii - armomepailiiiHa
YCTaHOBKA CKJIAAA€E€THCS 3 arjioMepaliliHol yallli, HeBeJUKOro MUJIOBJIOBIOBaYa Ta
eKcraycrepa 3 eJIeKTPOJABUTYHOM ITOTYKHICTIO 2KBT.

Takok y po6OTi BUKOPUCTOBYBA/IM HAOIp CUT IJis BM3HAUeHHS (pakLiifHOro
CKJIaly KOMIIOHEHTiB BUXiJHOI arjJOolIUXTU Ta OTPMMAHOIO arjioMmepary, YyCTaHOBKU
111 BUIIpoOyBaHHSI arjioMepaTy Ha MilHiCTh Ta iH. Ilnomja mepeTuHy ariovanri
craHoBwia 0,005 m2. [Iyiss BUMipy TemIlepaTypy B 30Hi CITiKaHHSI Ta IOCTilfHOTO
KOHTPOJIIO TeMIlepaTypu rasiB, 10 BiJXOASTb, BMKOPUCTAHi TepMoIlapu 3
rajibBaHOMeTpoM, BimmoBimHo BP20/5 i XA. 11 KOHTPOJIO PO3PSIIKEHHS I
KOJIOCHMKOBMMM TpaTaMyM arjioyCTaHOBKAa oOOyiagHaHa V-TOAIOHUM pigMHHUM
BaKyyMMETPOM Ta iHIIMM 00JIaHaHHSIM.

[To 3aKkiHUeHHI Mpolecy CIIiIKaHHSI arjioMepaT PO3BaHTAXYETbCS HAa 3a/Ii3HUI
JIACT, pO30OMBAETHCS JIOMMKOM Ha KiJbKa IIMaTKiB, abo, 3a aHaJOTi€l0 3
PO3BaHTAXyBAJIbHUM KiHLIEM MAlIMHU, CKUAAETHCS 3 BUCOTM 1 M HA YaBYHHY IUIUTY,
3BAXYETHCS i 3amMUCYe€TbCd B KypHad. ITicast 1Iboro poOUTHCS CUTOBMII aHasi3
arjiomMepaTty 3 BM3HAUe€HHSIM BMXOHy: IIMaTKOBOrO MPUAATHOTO arjoMepary
KPYIIHICTIO Ginbiie 25 MM, JIiskKKa KpymHicTio 25...12 a6o 25...10 MM i rmoBepHeHHSI
KpynHicTio 12...0 a60o 10...0 mm.

Sk mapameTpu i1 TIOPiBHSIHHSI pPe3yabTaTiB MOOCTIAHUX CITiKaHb OyIU
MIPUIHSTI: TPaHyJIOMeTPUYHMIT CKjaJ, 0OKOMKOBAHOTO MaTepialy, ra3oAMHaMidyHi
XapaKTepUCTUKM BUXIZHOTO IIapy, TEXHOJIOTiUHI XapaKTepUCTUKU IIpollecy
CITiKaHHS 1 IKiCTh TOTOBOTO arjioMepary.

OpnepkyBaHMiT B jabopaTopii JOCHITHMII arJiomMepaT IiJgaeTbCsl BCEOIUHMM
IOCTiIKEHHSIM 110T0 SIKOCTeVi: rpaHyJIOMEeTPUYHOTO CKJay, MillTHOCTi, MOPUCTOCTI,
BiJHOBJ/IIOBAHOCTI Ta XiMiKO-MiHepajoriuHoro cknamy. Ilepen TMpoBedeHHSM
CITiKaHHSI TiJITOTOBJIEHOI aIJIOMIMXTU MPOBOASTHCS XiMiuHi Ta CUTOBI aHami3u
BUXiTHMX KOMITOHEHTIB arJIOINUXTH.

TepmoaHaMidyHMI1 aHasIi3 CUCTEMU aHAJIOTIYHU pifo) CcKIamy
MapraHiieBux arjaoMepartiB. [Ijii  BU3HAUEeHHS ONTUMMAaJbHMUX IlapaMeTpiB
TIpoliecy BUITQ/JIIOBaHHS MPOAYKTIiB 30araueHHs] MapraHiieBoi pyau (TemIiepaTypu,

KiJIbKOCTi BiTHOBHMKA, CKJIaAy ra3oBoi ¢a3y) BUKOHAIM TepMOAMHAMIUHMIT aHaTi3
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cucrtemu Mn-P-Si-Fe-Ca-K-Na-H-C-O-N npu BUKOpUCTaHHI K BiJHOBHUK BYTJIEIIO.
Po3paxyHOK PiBHOBa)KHOTrO CKJIaAy 3a3HAUEHOI CUCTeMM POOMIIM 3 BUKOPUCTAHHIM
Komm'toTepHoi mporpamu HSC Chemistry 5.11, BuximHe rasoBe cepeoBuile —
noBiTpst nipu Tcky 0,1 MIla B inTepBasi Temnepatyp 400-1400K.

B pesynbTaTi TepMOAMHAMiUYHMX pPO3paxyHKiB Oy/J0 BCTAHOBJEHO, IO 3a
BiJICYTHOCTi BilTHOBHMKA B ra3oBiit (a3i mpucyTHi TiIbKM KMCEHb, a30T i Mapu BOOM,
a KOHIeHcoBaHa (asza mpeacTaBaeHa TaKMMM CIIOJIYKaMM, 10 MiCTSThb MapraHellb,
sik MnO;, Mn;03 i Mn;0,4. [logaBaHHS BiJHOBHMKA BHOCUTb 3MiHM [0 PiBHOBAYKHOTO
CKJIaAy SK ra3oBoi, TaK i KOHIOeHCOBaHMX a3 cucTemMu. BBemeHHS Yy IIUXTY
HeJOCTAaTHbOI KiJIbKOCTi BiZTHOBHMKA IIPU3BOAUTD JIUIIIE 1O YaCTKOBOTO BiTHOBJIEHHS
IiOKCHMIY MapraHiio 3 YTBOpeHHSIM Mn,0s. [Ipy moganbuioMy 30iIbIIeHHi KiTbKOCTi
ByIJIel[l0, 1[0 [OJA€ThCSI, B KOHAeHCOBaHilt ¢dazi mopsg 3 Mn,Os 3'IBASIETHCS
raycMaHiT (Mns04), MakCcMMasbHa KiJIbKiCTh SIKOTO CIIOCTEPIira€ThCs MpU OOJaBaHHI
9,5% ByrieneBoro BimHOBHMKA. Ilomasblie MigBUIIEHHSI BMICTy BYIJIEII0 B IIMXTi
MIPpU3BOAUTHL N0 yTBOpeHHS MnO y KOHAeHCOBaHii ¢asi. MakcumanbHUII pPiBeHb
BiJTHOBJIEHHS IOCSTA€ThCS IPU JOJaBaHHi BiTHOBHMKA B KijbKOCTi 12 — 15%.

[Tpy onTuManbHIA KOHIIEHTpAallil BiJHOBHMKA B IIMXTI BMBYABCS BIUIMB
TeMIlepaTypy Ha piBeHb BIiJHOBJIEHHSI  MapraHieBCOJepXKalllMX  CIIOJYK.
TepMoayHaMiuyHi po3paxyHKM IOKa3aiu, 10 MPU HU3BKUX TeMIlepaTypax Iopsf, 3
YacTKOBO BimHOBIeHMM Mn:0s € Takoxk okcun MnO. PiBHOBaKHMIT CKIa
MapraHIlleBCoAepKalux TMPOAYKTIB Pi3KO 3MIHIOETBCSI Yy pasi IMiABUILIEHHS
temriepatypu. [Ipu Temmepatypi 800-900K BimgHOBIIOBaJIbHUII MpPOLIEC CYTTEBO
aKTUBi3yeTbCs. Y KOHMIEHCOBaHiil (asi mpu 1bOMY 3aJUILNAETHCS JIMIle He3HauHa
KibKicTh Mn3;04, OCHOBHA YaCTMHA MapraHieBCOJepsKalllMX CIOJYK IpecTaBieHa
11IbOBMUM IpoaykTom MnO.

Ha ocHOBi gociigKeHb MeTaJypriiHUX XapaKTepUCTUK Pi3HOI MapraHileBOi
CUPOBMHM, & TAKOX IIMXT JJIs1 BUIIJIAaBKM MapraHieBux epociaBiB CIifl, 110 BOHU
JIeTKOIIJIaBKM Ta Temreparypu ix tasieHHd (1000-1200°C) icTOTHO HukK4Ye
TeMIepaTypy IIOYaTKy BigHOBJeHHs MapraHmo (1310°C). Otxke, mnpouecu
IIJIAKOOOpa30BaHMsI TEXHOJIOTII CIIaBiB MapraHIl0 3HAYHO BUIIEPEIKAIOTh 32 YaCOM
Mpollecy BiIHOBJIEHHS 3ajiza, MapraHil i KpeMHilo. Y OiJbIIOCTi BUIAAKIB
MpoLIeCH BUIIABKM CIUIABIB MapraHillo 3a BaJIOBMM PEUYOBMHHMM CKIA[I0M 1X IIUXT
MOKHA PO3IISaaTy SIK IpoLieC BiAHOBJEHHS 3aji3a, MapraHiil0o Ta KpPeMHilo 3

oKcuaHMUX po3iviaBiB cuctemu FeO-MnO-CaO-SiO;-Al;Os. EnmemeHTM 3 po3IiaBiB
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3a3HaYeHOl CKJIaJHOI CUCTEeMM BIATNOBIZHO OO TEPMOAMHAMIUHOI MILIHOCTI IX
OKCHU[IiB BiTHOB/IIOIOTHCS B HACTYIIHOMY IIOPSIIKY: 3a/li30, MapraHellb, KpeMHil,
aJIOMiHINi Ta Kaibliiii. Y pyooTepMidyHMX IIpollecax BuUILIaBKa (epocCIiuiaBiB 3a1i30
IOUYMHAE BiJHOBJIOBATUCS Y BepXHiX TOPM3OHTAaX Ieui Ie A0 pPO3IMaBIeHHSs
IIMXTOBUX MarepiaiB. BigHOBIEHHS >X MapraHIl0 i KPEMHil 3[iCHIOETbCS 3
OKCUIAIB BXe 3a PO3MJaBJeHHS IIMXTHU. 3arajom IIpM BiJHOBJEHHI CKJIagHOIO 3a
CKJIaAI0OM OKCUOHOI CHMPOBMHM 3@ JOTO PO3IUIABJIEHHSIM CJIifi Opi€HTyBaTUCS Ha
HOpMaTUBHMIA (ha30BUii CKIAJ BiTHOCHO PiIKMX pO3IUIaBiB — HA PeUOBMHHMIA CKJIA/I,
00yYMOBJIEHMI1 CITOTYKaMM, CTaGiTIbHMMM ITPU BUCOKUX TeMITepaTypax.

HocimiHi  CIiKaHHS —arjaoMepary 3 [JOLAaBaHHSAM UIYHTITY IIpOBeIU Y

nabopaTopHUX yMoOBax. XiMiuHMit aHas1i3 TPo6 AOCTiAHOTO IIYHTITY, Mac.

C SiO, TiO; Al,O3 FeO MgO CaO Na,O K0 S H,O

28 57 0.2 4.3 2.8 1.2 0.3 0.2 1.5 1.5 3.0

CmikaHHsI MapraHieBoro ariaomepatry AMHB-2 y mabopaTOpHUMX yMOBax
BUKOHIM i3 3aCTOCYBAaHHSIM IIMXTOBUX CKIALOBUX, NpuUitHITHMX HA H3® mip yac
BUpoOHMIITBa AMHB-2.

MogenioBany BIUIMB 3aMiHM BYIJIEII0 KOKCY Ha ByIJIellb, II[0 MiCTUTbCS B
IIYHTITI B HAaCTYIHUX CITiBBiAHOIIEHHSIX: % BYIJIELI0 KOKCY/% BYTJIEN0 IIYyHTITY:
20/80; 30/70; 40/60; 50/50; 60/40; 80/20. CrmikaHHS IIPOBOIMWIM B J1aOOPATOPHMUX
yMOBaxX 3 KOHTpOJEM TeMmIlepaTypyu TasiB, IO BiAXOASTb i PO3pSAKEHHS rasiB
araoMepaliiifHoro mpoilecy. Bu3HauvaiuM MilIHICTh [OOCTAIZHOrO arjiomMepary Ta

MIPOAYKTUBHICTD arjioMepaliiiHoi yCTaHOBKMU.

Ne CriBigHomieHHs, %, Byraenp | SiO; Mn Fe C SiC
OITbITA | KOKCY/BYTJIellb IIYHTITY

1 20/80 31,4 37,9 2,9 1,31 0,86
2 30/70 30,73 38,1 2,89 1,12 0,82
3 40/60 28,96 38,42 | 2,87 0,96 0,781
4 50/50 28,98 38,56 | 2,93 0,82 0,76
5 60/40 28,86 38,42 | 2,92 0,57 0,74
6 80/20 25,86 39,3 2,99 0,49 0,72

MinHicTh arjiomepaTy BU3HAyaly 3a CTAHOAPTHOK METOAMKOIO: CKUOAHHS 3

BMCOTM 2 M Ha CTaJIeBYy IUIMTY i KiJIbKiCTb pakiiii, o yreopmaacs (5-0) mm y %.
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Y Tabnuili npeacTaBaeHi pe3yabTaTy BU3HAUEHb:

N2 mocmimHOTO armomepary 1 2 3 4 5 6

MitHicTb, % (KibKicTh ¢ppakiiii 5-0 Mmm) 9,1 8,6 74 |6,8 7,2 7,6

[luTomMa TMPOAYKTUBHICTh CIIiKaHHS Ha JaboOpaTOpHiil yCTaHOBII CKJaia
6mm3bKo 0,8 T/(M2-TOM).

Takum 4yMHOM, NpPU [OOLABAaHHI y BUXIAHWMI CKIQM IIMXTU OJISI OTPUMaHHS
MapraHiieBoro arysiomepaty 11,5% myHriTy, mo BiamoBigae 3amiHi 50% ByIJIellio
KOKCY BYyIJIEIIeM IIYHTiTy, 3a0e3TeuyiTbCsl YMOBM OTPUMMAHHSI 3aJaHOTO CKJIamTy
araoMepary AOCTaTHbOI MIIJHOCTI Ta MUTOMOI ITPOAYKTUBHOCTI.

[IpoBemeHHSIM 6a30BOTO CITiIKAHHSI BU3HAUWIM MiHiMaJabHY KiJIbKiCTh IMajmBa
(KOKCHMKA), HEeOOXiIHOro IJjisi OTPMMAHHSI JTOCTATHbOI KiJBKOCTI pigkoi OKCHMAHOI
da3u g 3abe3rneueHHs] HEOOXiMTHOI MIITHOCTI aryJioCleKy IpM BHECEHHi 330BHi i3
IIYHTiTOM MiHiMaJIbHOI KiJIbKOCTi KpeMHe3eMy. B pe3ynbTaTi mpoBeieHHsS 6a30BOr0

CHiKaHHY OTpMMaHO TaKi pe3yjibTaTu:

BmicT Byrneno: CrerniHb BigHOmeHHS | Ycausx)
Ne B LIYHTITi B YV cyxomy | BukopucraHHs | Cu/Ck rp
OTIbITA NpUIATHOMY | arjioMepari | ByIJIels

arjaomMepari LIYHTITY

rp % rp % % %
1 10,8 | 30,0 | 3,05 |0,50 | 2,39 73,30 0,1 119
2 21,6 | 30,0 | 3,10 | 0,57 |4,71 85,65 0,27 102,6
3 27,0 |30,0 |4,61 |0,96 |5,77 82,93 0,4 94,5
4 60,0 |30,0 2,65 |042 |12,1 95,58 1,0 120

[Topganpiie 36inbmieHHss wmacu  wmyHTiTy (MC,) TOro X  (paxiiitHoro
cknany (1-3mm), IO BBOAMTHCS Y BUXIAHY arjoOlIMXTY, SIKe XapaKTepU3YETbCS
36inbmieHHsiMm  mapametrpa Cuw/Ck  >1,0 Tipu3Besio [0 3HIWKEHHS CTyIeHs
BUKOPUCTAHHS ByIJIel[l0 IIYHTITY $K nammBo. IIpu Cw/Ck =1,3 1le 3HWKEHHS
ctaHoBuI0 9%, ipu Cuw/Ck =1,6 — 12%. [Ipu MOBHII 3aMiHi ByIJiel[l0 KOKCY arjaocCIieK
XapaKTepU3YyeThCs TMPAaKTUUHOIO BiICYTHICTIO PiIKOi OKCUIHOI a3y, sIKa CKPIIlIIoe
CTPYKTYpy arjioMepary, IO TOBSI3aHO 3 TOPYIIEHHSIM TeIIOBOTO OasiaHCy B 30Hi
criikaHHS. JIogaTKoBa KiJIbKiCTh TEIJIOTU BiJl OKMCI€HHS BYTJ/IEII0 KOKCY Ta YaCTUHU
HIYHTITYy OYJI0 BUKOPUCTAHO HAa HarpiBaHHSI KpeMHe3eMy IIYHTITY, 1[0 TIPMU3BesIo 10
OUiKyBaHOTO 3HVKEHHSI TeMIepaTypyu B 30Hi CHiKaHHS Ta 3HMKEHHS Ti€l 4acTUHU
TeIlJIOBOI eHeprii, sika BUKOPUCTOBYETbCSI Ha YTBOPEHHS piAKoi okcuaHoi dasu

BiITIOBiHO1 KiJIbKOCTi. 3HMKEHHSI TeMIlepaTypu CIOBUIbHWIO 1 audysiliHui
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riepexif BYIJIELI0 OO ITOBEPXHI IIMATOYKIB IIYHTITY, L0 € peakliliHOK 30HOI0
B3a€EMO/Iil KMCHIO TOBITpSl Ta BYIJIELI0 IIYHTITY. [0 TOro X HIYHTIT Ma€ OOCUTH
BUCOKY TeMIlepaTypy po3M'sIKiIeHHS. Lli YMHHMKM i CTanuM NPUUYMHOIO 3HVDKEHHS
KoedillieHTa BMKOPUCTAHHS BYIJIEIIO IIYHTUTA SIK MajJuBa 3i 30i/IbIIeHHSIM YaCTKU

LIYHTITY B arJOMMXTi oHaz 12%.

BucHoBKku

OTpumaHi pe3yabTaTU IiATBEPIKYIOThb, IO IIpU 3aJydyeHHi y BUXIAHY
IIMXTy IIYHTiTa OCHOBHMM (aKTOpPOM, IO BIUIMBA€ HA MIllHICTh CIIEKY, €
KiJIbKICTb BYIVIEII0 KOKCY. SIK mapameTp, 10 BM3HA4Ya€ OOLIIbHICTD BUKOPUCTAHHS
LIYHTITY Ta JOr0 paliOHa/IbHY KiJbKICTb B arJIOMIMXTi, MOXHa BUKOPUCTOBYBATHU
BimHomeHHs: Cy/Ck € 1,0+1,2.

MOK/INMBO BMKOPMCTOBYBAaTM BiJHOIIEHHSI Macu IIYHTITY OO 3arajbHOil
Macyu BUMXIZHOTO arjiocneky (3 UIIYHTITOM Ta KOKCMKOM), SIKe Ma€ BUIJISIA:
Muw/M sixign.armomexr € 0,12. Y IIbOMY BUIAAKY IIMXTA TOBUMHHA MiCTUTY He 6inbire 12%
HIYHTITY. Byrieup WIYHTITY € BTOPMHHUM (aKTOpOM, BIUIMB SIKOTO Ha MIIHICTb
MiHiManbHUit. Voro ponb, MabyTb, 3BOOMTLCA 1O OTPMMAaHHS TeIUIOBOI eHeprii,
HeOoOXiTHOI IJ1 po3irpiBy KBapIiy IIYHTITa A0 HeOOXiJHMX TeMIlepaTyp CITiKaHHSI.
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UDC 669.046.446.48
L. Kamkina, Ya. Mianovska, Yu. Projdak, A. Mishalkin

ASSESSMENT OF USING SHUNGITE ROCK TECHNOLOGICAL FEASIBILITY
IN THE PRODUCTION OF MANGANESE AGGLOMERATE

Industrial experience in the production of manganese sinter shows that the known
technological proposals do not provide an increase in the productivity of sintering machines
and the necessary strength properties of fluxed manganese sinter. Known methods of
sintering fluxed manganese agglomerate, characterized by increased mechanical strength
and high moisture resistance. The disadvantage of these measures is a significant
complication of the technological line of sinter production and an increase in energy costs.
In this regard, one of the main directions is the development of charge compositions and
parameters of the sintering process of manganese raw materials. The purpose of the study is
the analysis of physical and chemical processes, experimental research and the development
of innovative technological solutions and recommendations for attracting shungite rock to
the metallurgical production to expand the raw material base of the mining and
metallurgical complex. Calculations of the thermodynamic equilibrium of oxide systems
adequate to sinter systems have been performed, and the chemical composition of the phase
components of manganese agglomerate microstructures has been studied. The rational
content of shungite in the sinter charge has been established, which ensures the production
of agglomerate with specified characteristics (strength, usable yield, manganese content) is
12...13% of the mass of the initial charge. A further increase in its particles in the sinter
mixture leads to a decrease in strength and the release of suitable heat. Increasing the
degree of dispersion of shungite to 0-2 mm allows increasing the level of use of shungite
carbon as a fuel without increasing the amount of traditional fuel - coke - for the process.

Keywords: manganese agglomerate, strength, shungite rock, amount of charge

components, shungite carbon.

Kamkina Jhoomuna BonodumupieHa - JOKTOp TeXHIYHMX HaykK, mpodecop, nekaH
(akynbTeTy MeTaTypriifHuX IMpoIeciB Ta XiMiYHMUX TEXHOJIOTii, IHCTUTYT MPOMUCIOBUX Ta
6i3Hec TexHOJIoTii, YKpaiHCbKUIT IepsKaBHUI YHIBEpPCUTET HAyKM i TEXHOJIOTIIA.

Msanoecvka SIna BanepiieHa — OOKTOp TexXHIYHMX HayK, NOLEHT, Kadeapa TeOpeTUUHUX
OCHOB MeTaNypriiiHMX TporneciB, I[HCTUTYT TPOMUCIOBUMX Ta Oi3HEC TEeXHOJOri,
VKpalHCbKUI fepskaBHUI YHIBEPCUTET HAYKM i TEXHOJIOTI.

Ipoiidaxk KOpiii Cepeiiiosuu — TOKTOp TEXHIUHMX HayK, Ipodecop, MPOpPeKTop 3 HayKOBOi
pob6oTu, IHCTUTYT MPOMMUCIOBMX Ta Oi3HEC TexXHOJOorii, YKpaiHChbKUIl depskaBHUIA

YHiBEpPCUTET HAyKM i TEXHOJIOTI.
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TeXHOJIOrii, YKpaiHCbKIIA Hep>KaBHUI YHIBEpPCUTET HAYKM i TeXHOJIOTIIA.

Kamkina Lyudmila, doctor of technical sciences, professor, dean of the faculty of
metallurgical processes and chemical technologies, Institute of industrial and business
technologies, Ukrainian state university of science and technologies.

Mianovska Yana, doctor of technical sciences, assistant professor, department of
theoretical foundations of metallurgical processes, Institute of industrial and business
technologies, Ukrainian state university of science and technologies.

Projdak Yuri, doctor of technical sciences, professor, vice-rector for scientific work,
Institute of industrial and business technologies, Ukrainian state university of science and
technologies.

Mishalkin Anatoliy, candidate of technical science, assistant professor, department of
theoretical foundations of metallurgical processes, Institute of industrial and business
technologies, Ukrainian state university of science and technologies.

74 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 25 — 2022

DOI: 10.34185/1991-7848.2022.01.06
VIK 669:621

I0.I'. KauaHn, B.}O. MimeHko

MOJXJ/INBOCTI BMEHIIEHHSA OBCSATI'IB
EJIEKTPOCIIOJKUBAHHSA PYTHOTEPMIYHOIO ITITYYIO

AHomauis. B daniii cmammi npedcmasneHuti aHani3 icHyouux modeseti po3noodiny
e/IeKMpPUYH020 CMpyMy 8 pPYOHOMepMIuHili neui. 3anponoHo8aHa KOMNJIEKCHA
anzopummiuHa mooenv pobomu makoi neui. 3a 00NOMO02010 Ub020 MAMEMAMUUHOZ0
onucy cmae MoMJIU8UM NPOZHO3YBAHHS eUMpam eneKmpuuHoi eHepezii npu odepicaHi
pi3Hux eudis ¢epocnnasis. Taxkox moodesb 00380JI1€ 34 3NPO2ZHO308AHOK KiJIbKICMIO
Heo0OXi0HO ymeopeHo20 po3njasy 3ynuHumu npoyec ma nouamu 31ue ¢epocniasis, wo

8 C8010 Uepzy 3IMEHWUMb Uac NJ1A8KU Ma KilbKicmv CNOXUBAHOI eIeKMPUUHOI eHepeail.

Knrwouoei cnoea: pyoHomepmiuHa niu, eleKMpuuHa eHepzisi, KOMNJIEKCHA Modeb,

eleKMpU4HULl Onip wuxmu, eJilemeHmapHuti 00'em.
Beryn

CydacHuii  piBeHb pO3BUTKY €JI€KTPOTEpMil  CIIpUSi€E IHTEHCUBHOMY
BUKOPUCTAHHIO iCHYIOUMX €JIeKTPOITIYHMX YCTAHOBOK Ta BBEJEHHIO B €KCILTyaTallilo
HOBMX €JIEKTPOAYTOBUX TIledeli 3MiHHOTO CTpymy. [Ipy 1LbOMYy akTyaJbHUM
3a/IMIIAE€TbCSI TMUTAHHS 3aCTOCYBaHHSI eHeprosbepiraioumx TexHojorii. Tak
3aBISIKM KOMILJIEKCHOMY ITiAXOAy IIbOTO MAaTeMaTUYHOTO MOJEJIOBaHHS 3
BpaxyBaHHSIM TOTO, 1[0 Y BaHHi OJJHOYACHO IMPOTiKaloTh 6e3rmocepelHbO MOB’I3aHi
MiXK CcO00I0 €eIeKTPUYHi, TEeIVIOBI Ta XiMiuHi MpoIecH CTa€ MOXKIMBUM ITOCSITTU
eKOHOMil  eHepropecypciB. CHMHTe3yBaBIIM Ta YAOCKOHAAMBIIM  iCHYIOUi
MaTeMaTU4YHi MoJesi CTa€ MOKIMBUM 3a JOIIOMOIOI0 OOUYMC/IIOBAJIbHUX METOIiB
BUpIITyBaTV HACTYTIHI 3a/1ayi:

— TeXHOJIOTiYHA OITMMi3allis 32 BUOPaHUM KpUTepieM eeKTUBHOCTI;

— IMPOTHO3YBaHHSI CIIOXKMBAHHS €JIeKTPUYHOI eHepril B AMHaMIlli;

— PO3IIOiJI eHeprii B 00’eMi BaHHM I1edi;

— PO3paxyHOK TeMIIepaTypHOrO MOJisl BAaHHU;

— B/3HAUeHHS 00’€My YTBOPEHOT0 pO3IJIaBy Ta IIAKY i T.II.

PosriissHeMO icHyloUi MaTeMaTHMUHI MOesi eJeKTPUYHUX Iieueli 3MiHHOTO
CTPpyMy Ta IIPOAHANi3yEMO MOXKIMBICTb I1X BUKOPUCTAHHS [JISI BUPIilIeHHS
MOCTaBJIEHUX 3a/ay.

© Kauan I0.T., Minenko B.10., 2022
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Amnanis JOCATHEHb Ta IIOCTAHOBKA 3a,uaqi

Po3TiKaHHS €JIEKTPUYHOr0 CTPYMY B PYIHOTEPMiUHiii BaHHi OYy/I0 IMpeaMeToOM
BUBUEHHSI Ha TPOTA3i 6araTboxX MUHYIMX POKiB. IIbOMy MUTAHHIO IPUCBSIYEHO
06araTo TEOPeTUUYHMX i eKCIepUMMEeHTaJIbHMX HociaimkeHb. M. C. MaKcuMMeHKO,
®. 4. Lwmbakin, [O. A. HiomigoBchkuii, P. A. Cucosn, II. B. CeprieB i
[. @. [InaTtoHoB [1, 2] BMBYaIM PO3MOAIA CTpyMy B onHodasHiii Ta TpudasHiii
BaHHAX Ha eJIEKTPOMTMYHMX Mopensix. B. T. JKepmeB 6inbiIoro 3HaueHHs Hajae
BMBYEHHIO PO3TMOJiJly CTpyMy 6e3mocepelHbo y Aitoumx meuax [3-5]. [IpoBemeHO
MaTeMaTMYHe MOIEIIOBAHHS eJIeKTPUUYHUX IIOMiB TpubasHUX PYTHOTEPMIUHUX
neveii [6]. baraTbmMa HayKOBLSIMM IPOBOLWIOCH MaTeMaTUUHE MOJeI0BaHHS
eJIeKTPUUHMX TOoJiB TpudasHMUX PYJHOTEPMIUHMX TIeueit, TakoX po3pobiieHa
MeTOoAMKa J1s1 TPOBeleHHSI TeOPeTUUHUX AOC/TiIKeHb 3a JOTIOMOT0l0 KOHPOPMHUX
BimoOpakeHb IOAO BM3HAUEHHS (Qi3sMYHMX II0JIiB B PYOHOTEPMIiuHili IIaBWIbHIN
nmeui [7]. Bimomi MaTeMaTuMuHi MoOHesi pO3MOAiNy eHeprii B 006’emi BaHHMU
OCTaHHBOI [6, 8] CIMpalwTbCS HA MeTOJ, BTOPUMHHMX IKepes, SKUILI Mae€ psf
HeJOJIiKiB, 30Kpema, CKJIaaHi iHTerpajbHi  PpiBHSIHHS, 10  BIUIMBAlOTh
Ha 00'eM OOUMCIIOBAJIbHMX OIlepalliii. SIKiCHO eJleKTpuuHe I10Jie Iedi BUCBITIEHO
IOCTaTHbO, IIpOTe€ HAsIBHMX  BiJOMOCTelN  3amMalio IJisI  TIpOBeHeHHSs
TOYHOTO PO3PaxyHKy IIOTYKHOCTi, €JIeKTpUUHUX TMepeTBOpPeHb i TeMmepaTyp B
KO’KHi TouIli 06'eMy BaHHM.

B mpausix HaykoBLiB [9-11], m0 NpuCBAYEHI MaTeMaTUMUYHOMY MOJEII0BAaHHIO
pO3Moaisly eHeprii B BaHHI PyJHOTEPMIUHOI Meui pO3MISIAAIOThCS aCIleKTH, [0
MOB’SI3aHi 3 pO3paxyHKaMM ONTUMAJIbHUX TE€OMETPUYHUX 1 eJeKTPUIHUX
TTIOKA3HMKIB POOOTM OCTAHHBOI MPU MaitOYTHbOMY HMPOEKTYBaHHI UM PEKOHCTPYKILii
iCHYIOUMX Ta BU3HAUEHHI BTpAT eHeprii B MeTaJTOKOHCTPYKIIisIX ITeveit.

Buie sragaHi MmaTreMaTU4Hi Mozesi po6OTM PYTHOTEPMIUHOI ITedi OMUCYIOTh
JAuille OOMH TIpoliec, IO BigOyBaeTbcsi B Hiit. Tomy MNpu KOMIUIEKCHOMY
MOJeII0OBaHHI HeoOXiTHO BpaxOBYBaTM BCi MPOILIECH Ta B3a€EMO3B’SI30K MiK HUMU
IJI1 OTPUMMaHHS IIOBHOI iHGopMallii MpPo eeKTPOCIOXUBAHHS Tedi, YTBOPeHHS

PO3IJIaBy Ta IIJIAKY BIIPOAJOBXK BCbOT'O UaCy BUITIABKU (bepocrmaBiB.

BuxknageHHs1 MaTepiary

B mpaugx [12-14] po3risigaloTbCs eleMeHTM OMHAMiyHOI aJIrOpUTMidyHOi

MoJieJi poGOTM KPYIVIOI TPbOXEJIEKTPOSHOI PYyTHOTEPMIYHOI ITedi, sika BpaXOBY€

76 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 25 — 2022

crieniiky IIPOTIKAHHS eJeKTPUUHMX, TEeIUIOBUMX Ta XiMiUYHMX IIpOIeCiB, IO

6e3mocepeIHbO B3aEMOIIOB SI3aHi

MiX co060I0,

IpM  oJepsKaHi

depocriaBiB.

Ha pucyHky 1 npepacTtaB/ieHa MOBHA y3arajbHeHa CTPYKTypa TaKoi MOJeJTi.

TTogaTox

Y

TlovaTroB
mapaMeTpH
TEXHOIOTIIHOTO
npomecy B PTIT

Y

Poz0HITA EHYTPIMHEEQ] 00MacT
medi Ha eleMeHTapHl 00 eMH

Y

BHzHaueHES MINAXIE
POSTIKAHHA CTPYMY

l

Yac

Tlepexin Ha HACTVIHHE KPOK
PO3paxyHEE

A

Bueegenna
1D OMIHHEX
peIvVIETATIE

A

0 HeodXITHO MIACHTATH

PozpaxyHOK KITBEOCT] MIHXTH,

A

BH3HaTeHHA KTREOCTI
VIBOPEHOTO POSILIABY

Y

l

Ny

BueegeHHA
33TATBHHEK
pPe3vILTATIE

Po3paxyHOK eHeprii, mo
BHALTHIACE BHACTII0K
IPOXOKEHHA CTPYMY Tepes
MHEXTY

Y

PozpaxyHOK TeMIEpaTYPHOTO
IIOIA EAHHH

Y

MomTHEICTE caMozafiMaHET

EKOECHEA

h 4

Ll
]

TlepepaxVHOK TEMIEPATYPEOTO
[0 BAHHH EHACTITOK
IpoUeci® TemTonepeaati

Kinens

PucyHok 1 — Y3arajibHeHMt aJITOPUTM pOOOTH PyJTHOTEPMIUHOI Medi B IMHAMIIT

['onoBHOI MeTOI 1i CTBOPEHHSI € MOXJIMBICTD KOHTPOJK Ta BIUIMBY Ha

TeXHOJIOTiUHMIA ITPOLieC 3a/1/1s1 3MeHILeHHS] IMTOMMX BUTPAT eJIeKTPUUHOI eHeprii Ha

OAVIHUITIO TOTOBOI MPOAYKIIii.
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ANropuUT™M po36MUTUIT HA OCHOBHI OJIOKN:

— BBEJI€HHS [IOYAaTKOBUX ITapaMeTpiB;

— po3GUTTS BHYTPilIHBOI o06jacTi Ieuyi Ha ejeMeHTapHi o00’eMu (OIS
MIPOBEJIEHHS B HUX PO3PaxXyHKiB);

— BU3HAUEHHS LUISIXiB PO3TiKaHHS CTPyMY;

— PO3paxyHOK €eHeprii, 10 BUIOI/IWIACHE B eleMeHTapHUX 00’eMax BHACiTOK
TIPOXO)KEHHS CTPYMY uepe3 IUXTY;

— PO3paxyHOK TEMIIePATyPHOrO MOJIsl BAHHU;

— BU3HAYE€HHSI MOMEHTY CaMO3aliMaHHS KOKCUKA;

— [lepepaxyHOK TeMIlepaTypHOrO TIIOJiS BaHHM  BHACIIIOK TPOIIECiB
Tenjonepeaayi;

— BM3HAY€eHHS KiJIbKOCTi yTBOPEHOT'0 PO3ILIaBY;

— PO3pPaxyHOK KiJIbKOCTi IINMXTH, [0 HEOOXiAHO ITiACUIIaTU Y BAHHY;

— BUBEJIEHHSI ITapaMeTpiB POOOTH IIevi.

Jlo moYaTKOBMX ITapaMeTpiB BiTHOCUTHCS:

— reOMeTpUYHI MapaMeTpy Medui: pafiyc BaHHM; BUCOTA 3alIOBHEHHSI BaHHU
IMIMXTOI0; TiaMeTp eJIeKTPO/IiB; I[VIMOMHA 3aHYPEHHS eJIeKTPOAiB Y BaHHY; BiJCTaHb
MiX eJIeKTpOoJaMM; pajiiyCc Ha SIKOMY pPO3TalllOBaHi eJeKTPOAM BiIHOCHO LI€HTPY
BaHHMU I1eui;

— eJIEKTpUYHiI  IMapaMeTpu  TIedi:  Halpyra MDK  eJeKTpoJamMu 3
dazammu A Ta B; Hampyra Mix enektpomamu 3 ¢dasammu B Ta C; Hampyra Mix
enexkTpogamu 3 pasamu C ta A;

— MOYaTKOBi MapaMeTpy INUXTH: ii TemMIiepaTypa Ta KOMIIOHEHTHMI CKJIai;

— (di3MuHi MapaMeTpy MMUXTU: MUTOMUI €JIEKTPUUYHUI OITip, MUTOMA TeIlioTa
3rOpaHHSI KOKCMKA, MacoBa TeIJIOEMHICTb, MUTOMA ILIUIbHICTh PO3PaxyHKOBOTO
00’emy, KoedillieHT TeIIOMPOBiTHOCTi, TYCTMHA PiIKOTO PO3IUIaBYy, I'YCTMHA IIJIAKY,
KoeillieHT OTpMMaHHS YUCTUX (hepOCIyIaBiB 3 IMMUXTOBUX MaTepiasiiB, KoedillieHT
OTPUMAaHHS IIJIAKY 3 MMXTOBUX MaTepiasliB.

i po36uTTs BHYTPilHbOI obsacTi PTII Ha enemeHTapHi 06’eMu ii BaHHY
MIpeACTaB/ISIEMO Y BUTJISIAI IMTiHApA TTOA/IEHOr0 Ha OAHAKOBI eJIeMeHTapHi 00’eMu B
CUCTEeMi HMIIHAPUYHMUX KOOpPAMHAT, TOOTO 3a pajiycoMm, KyTOM Ta IJIMOMHOIO.
B oTpumaHMX KOMipKax 3[ilICHIOIOTBCSI BCi MaTeMaTU4HI pPO3paxXyHKMU.

KinpkicTp  oCTaHHiX MoOXHa  3MiHoOBaTu. Ulngxu  po3TiKaHHSL  CTPyMY
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MPeACTaBSIOTHCS SIK IYTU, [0 TPOXOASTh Yepe3 LeHTPU eIeKTPO/IiB B HAMMPSIMKY J10
KpaiB, LIEHTPY Ta NOAVHM BaHHMU 1edi [14].

[Ticisgs 1boro, 3aBASIKM LMKIIUHINA YaCTUHI aAropuTMy MOJelIb OO3BOJSIE B
IVHaMIlli BiACAiAKOBYBaTM MapamMeTpyu IUIaBKM Ha 3aJaHMX IIPOMiXKKax uyacy.
Po3paxyHOK eHeprii, 110 BUAIIWIACh BHACTIAOK IPOXOIKEHHS CTPYMY yepes IIUXTY
3O1/ICHIOETBCS HA OCHOBI 11 eJIeKTpUYHOro ornopy [13].

Tak gk 114 10fijieHa Ha eJeMeHTapHi 00’eMM, TO INMXTAa B KOXKHIl
OIHOOO’€MHIl ejleMeHTapHil CKIamoBiii AV 3a IIeBHOI TemIlepaTypy Mae€ CBiii
nuToMmit enekTpuuHuit omip [15]. Tomi po3paxyBaTu ycepegHeHUI eleKTPUYHMIA
OITip MOJKHA SIK:

X s = PeyO-AV, (1)

ne Xr,. — YycCepegHeHe 3HAaueHHs eJIeKTPUYHOIO OIopy eneMeHTy, OM;
AV — 3HaueHHS 00'€eMYy OCTaHHBOTO, M*; pr,:() — MUTOMUI ONip eleMeHTapHOTIOo
06’emy, Om-M3;

Marouy LIIsIXM PO3TiKAaHHS CTPymMy B pobouomy mpoctopi PTII moxkHa
pO3paxyBaTy KUIbKICTb BBEJIEHOI B HMX €JIeKTPUYHOI eHeprii 3a meBHMUI IMPOMiKOK
yacy. JI7s1 11boro HeoOXigHO BUAIIMTY KOHKPETHY TPAEKTOPiI0 MPOTiKAHHS CTPYMY i
po3paxyBaTy ii IMOBHMIT eleKTpudHMit omip. OcTaHHi MoXke OYTU BU3HAUYEHMI SIK
CyMapHMI1 OITip BCiX AUISTHOK IIMXTU Yepe3 SIKi MpOXoAuUTMe 3a3HaueHNli CTPyM:

X, =2 Xpges (2)
ne Xr,. — ycepegHeHe 3HaueHHs eJIeKTPUMYHOIO OIOPY KOXKHOIO eleMeHTapHOro
06’ema, OMm.

OueBUIHO, IO B MOAAJIBIIOMY Y 3ajaHili cuCTeMi KOOpAMHAT HeOOXigHO
BMOpaATU TiIbKM Ti eJieMeHTapHi 06’€MU e TIPOMIIOB CTPyM Ta MifCyMyBaTy ixHii
pe3yIbTYIOUNii OMip, SIKUIi PO3Pax0OBYETHCS [IJisI KOHKPETHOI TeMrepaTypy nuxTu. B
pesy/ibTaTi OTPUMYEMO BeIUUMHY CTPYMy, IO IIPOTiKae€ 3a PO3IVISIAYBAHOIO

TPA€EKTOPI€I0:

I =—, ©))

ne U - Hampyra mMix BignoBigHumu dasamu, B; X; — MOBHMUIT eJIeKTPUUYHMIL OTIip
i-ro msaxy, Om.
OTxe, migcraBuBIiy B dopmyiny (3) Bupasu (1, 2), OTpMMaEMO 3aJeKHICTb OJIs1

3HaXOIKE€HHS BEJIMUMHU CTPYMY 3a II€BHOIO TpaGKTOpiGIO 110oro pOBTiKaHHHI
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U

[=——————,
ZpR,w(t)'AV

1

(4)

I€ pryz(t) — MUTOMMIL OIIip efeMeHTapHOro 06’emy, OM-M>.
B pesysbTaTi KiJIbKiCTh eHeprii, 1[0 BUIAUIMIACH B eJleMeHTapHOMY 00’eMi 3a

PaxyHOK eJIEKTPUYHOTO CTPYMY 3a IPOMIXKOK Yacy At Moske OyTM BM3HAUYeHA SIK:

*.X. Az, (5)

Qe(R,¢,z) =4 R,z
dkimo X uepe3 OAMH i TOIl camMuii ejleMEHTapHUII 00’€éM IIPOXOIUTH
JIeKilbKa  Ppi3HUMX  TPAEKTOpPiMi  pO3TiIKAaHHA  CTPyMy, TO  pe3ylbTyKue
3HAUEHHSI OCTAaHHbBOTO BM3HAUYAETHCSA $SIK CyMa CKI3aJOBUX 33 KOXHOI 3 HUX.

Tonmi dopmyna (5) mpuitme BUTISI:

2
Qe(R,qﬁ,z) = (ZII) ' XR,(p, 'AT ) (6)

z

oe >I; — cymMa CTpyMiB 3a i-TMMM IUISIXaMM PO3TiKaHHS, SIKi MPOXOASTb uepes
efleMeHTapHuit 00'eM, IO PO3TJISIAAETHCS.

OTsKe, 3HAIOUM KiJIbKICTb €Heprii, 0 BUAIINIACh B KOXKHOMY €JleMeHTapHOMY
00’eMi 3a paxyHOK IIPOXO/KEHHSI uYepe3 HbOTO €eJeKTPUYHOIO CTPyMy Ta
MiACyMyBaBIIM I1X, MOKHA BU3HAUUTHU KiJIbKiCThb CHOXMUTOI €JIeKTPUYHOI eHeprii

Y40 3a eBHUI IIPOMiKOK yacy:

Wf(AT) = ZQB(R,(p,z) ) (7)

e Wi(Az) — KiJIbKICTb CITIOKMBAHOI €JIeKTPUYHO] eHeprii miu4yio 3a MPOMiKOK yacy Art,
KBT-romI.

[licnss upboro TemmepaTypHe I0je€ BaHHM MOXHA BU3HAUUTU 3a OOIMOMOTOI0
dbopmynu 3miHM TemoeMHOCTi [12]. 3Hawuu Temmepatypu B KOKHOMY
eJleMeHTapHOMY 00’eMi BaHHM, HEOOXiTHO 3pOOMTM IIepeBipKy Ha MOKIMBICTb
IOATKOBOTO BUJJIEHHSI B HbOMY TEIUIOTM 3@ PaXyHOK CaMO3aiiMaHHSI KOKCMKA.
dkiio e mae Micile, TO poOUTbCS TepepaxyHOK TeMIepaTypHOro roJjs. Jaiti,
MO/JieJib BpaxOBYye Mpoliecu Teruioriepenadi Mixk ejleMeHTapHUMMM o6’emamu [12].
[Ticnsi 3HAXOMKeHHSI OCTAaTOYHOTO 3HAuUeHHsI TeMIlepaTypyM Ha [JaHOMY KpOIii
pO3paxyHKiB CTa€ MOXJIMBMM BU3HAUUTU KiJIbKICTh YTBOPEHOrO pOS3IJIaBy Ta
po3paxyBaTy 00'€M IMUXTH, IO HeobxigHo mimcumatu [16]. Tlicast yoro Bci
po3paxoBaHi Ha [JAHOMYy KpoOlli TlapaMeTpu TIiedi MOXYTb OYTM BUBeJEHi.

B nopanbpiiomMy aJirOpUTM MPAIIO€ HUKIIYHO.
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VHIBEPCAJIBHICTh IbOT0 AJTOPUTMY IIOJISITAE Y MOXJIMBOCTI IepepUBaHHS
LMKy PO3paxyHKiB 3@ Pi3SHMMM IOCTaBJI€HMMM YMOBaMM, HAIIPUKIIA, TaKi SIK:

— 3HaueHHS BUTPaAuyeHOI1 KiJIbKOCTi eJIeKTPUYHOI eHeprii (3 MTOKa3HMKOM Yacy);

— 3HaYeHHS YTBOPEHOI'0 PO3IUIaBY (3 IIOKA3HUKOM 4acy);

— Ta igIe.

BucHoBKku

OTske  BUMKOPUCTOBYIOUM  pO3pOoOJIEeHY  KOMIUIEKCHY  MOJe/lb  poboTu
PYOHOTEPMIUHOI Meui CTa€e MOXKIMBUMM 3a 3aJaHMMM BXiZHMMM IlapaMeTpamMu
CIIPOTHO3YBATU KUJIBKICTb CIIOKUTOI €JIeKTPUUYHOI eHeprii Ajisg KOXHOI TJIaBKH,
BU3HAUMTU KiJIbKICTb YTBOPEHOr'O pO3IJIaBy Ta IUIaKy. A 1ie, B CBOIO 4Yepry, Ja€
MOXJIMBICTh pO3paxyBaTU IIMTOMiI BUTpPATU eJIeKTpOoeHeprii Ha TOHY TOTOBOI
MPOAYKIIii.

TakoxX Mogesnb J03BOJISIE 3a 3TPOrHO30BAHOI0 KiIbKiCTIO YTBOPEHOTO PO3IJIaBYy
3YNMHUTY TJIaBKY Ta MoYaTy 37UB (PepocIuiaBiB, 1110 B CBOIO Yepry MoXke 3MeHIIUTH
Yyac IJIaBKU Ta KUIbKICTh CIIOXKMBAHOI €JIeKTPUYHOI eHeprii.
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Yu. Kachan, V. Mishchenko

POSSIBILITIES OF REDUCING ELECTRICITY CONSUMPTION
BY ORE-THERMAL FURNACE

Analysis of recent research and publications. The spread of electric current in the
ore bath has been the subject of study for many years. Many scientists have performed
mathematical modeling of electric fields of three-phase ore thermal furnaces, and also
developed a method for conducting theoretical research using conformal mappings to
determine the physical fields in the ore thermal melting furnace. Known mathematical
models of energy distribution in the volume of the bath of the latter are based on the
method of secondary sources, which has a number of disadvantages, in particular, complex
integral equations that affect the volume of computational operations. Qualitatively, the
electric field of the furnace is sufficiently illuminated, but the available information is not
enough to accurately calculate the power, electrical transformations and temperatures at
each point in the volume of the bath.

The aim of the study. The above-mentioned mathematical models of the operation
of the ore-thermal furnace describe only one process that takes place in it. Therefore, in
complex modeling it is necessary to take into account all the processes and the relationship
between them to obtain complete information about the power consumption of the furnace,

the formation of melt and slag throughout the smelting of ferroalloys.
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Presentation of the main research material. The elements of the dynamic
algorithmic model of operation of a round three-electrode ore thermal furnace are
considered, which takes into account the specifics of electrical, thermal and chemical
processes that are directly interconnected in the production of ferroalloys. Shows the
complete generalized structure of such a model. The main purpose of its creation is the
ability to control and influence the technological process to reduce the specific cost of
electricity per unit of finished product.

The algorithm is divided into basic blocks: input of initial parameters; division of the
inner region of the furnace into elementary volumes (for calculations in them);
determination of current flow paths; calculation of energy released in elementary volumes
due to the passage of current through the charge; calculation of the temperature field of the
bath; determination of the moment of self-ignition of coke; recalculation of the temperature
field of the bath due to heat transfer processes; determining the amount of melt formed,;
calculation of the amount of charge that must be poured into the bath; output parameters of
the furnace.

The universality of this algorithm is the ability to interrupt the cycle of calculations
under various conditions, such as: the value of the amount of electricity consumed (with
time); the value of the formed melt (with time); and other.

Conclusions. The model allows to stop melting and start draining of ferroalloys
according to the predicted amount of formed melt, which in turn can reduce the melting
time and the amount of electric energy consumed.

Keywords: ore-thermal furnace, electric energy, complex model, electrical resistance

of the charge, elemental volume.
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JPECHUPYBAHHS 'APSAYEKATAHOI'O OCOBJIMBOTOHKOTI'O
JIUCTOBOTO MPOKATY I3 HU3bKOBVYIJIELEBOI CTAJII

AHomauis. /I[pecupysaHHus - KiHyesa onepayisi MexHon02iuH020 npouyecy supoOHUUM8Ea
asmoaucmogoi cmani — 6NAUBAE HA I SIKICMb NOGepxHi, eaacmueocmi ma
wmamnosaHicme. 3acmocy8aHHs Manux 00MucKy8amo npu opecupye8aHHi 00360Js€
30ilicHUMuU Hakjaen no8epxHe8o20 wapy memany i 306epiemu HededpopmosaHumu
gHYmpiwHi wapu. B pesynemami edaemoca 3anofizmu ymeopeHHw JiHill 3cy8y npu
wmamnyeaxHi ma 3abeaneuumu ONMUMAbHe NOEOHAHHS MEXAHIUHUX XapaKmepucmux
npokamy. [IpecupysaHHs 30iliCHIOEMbCSL 3 MemOK YCYHEeHHs pI3HOMOBWUHHOCMI i
xeunsacmocmi 2apsuekamanux aucmie. Ha dpecupysanvHux cmavax dokamyioms Jaucm
0o 3adaHoi moswuHu. JIpecupysanHHs mpasjeHux aucmie 3abesneuye im 6inoul 21a0Ky
nosepxtio. Ilepesazamu Opecupy8aHHsi € hidsuwjeHHss 30amHocmi mamepiany 00
21UOOKOT  BUMSIMCKU, 3MEHUIeHHs1 B8i0HOWeHHS om/o8 1 eumpam eHepeii npu
wmamnyeauHi. IIposedeHHss OpecupysaHHs Ha 3akaw4Hili cmadii  06poOKuU
0C00IUBOMOHKUX Wmab i aucmie 00360/1UMb BUNYCKAMU 2apsueKamauili npokam 3
NOKAa3HUKamu sKkocmi, axi gionosidarome eumozam cmavoapmis 0o x0J100HOKAMAHO20
aucma. AKMYaneHUM € aHali3 enausy oOpecupy8aHHss HA NOKA3HUKU SIKOCMI
2apsuekamado2o npokamy moswjurow 1,5 mm ona asmomobineHoi npomucnosocmi i3
Hu3bKo8yzeyegoi cmani. Mema pobomu - 8CMAHOBJIEHHS 8NJUBY Opecupy8aHHs 3da
PI3HUMU MEeXHOJI02IUHUMU CXeMaMu BupobHUYmMea Ha Ccmpykmypy i MexaHiuHi
enacmugocmi  2apsauekamadozo  0COOJIUBOMOHK020  JIUCIMO08020  hpokamy i3
Hu3skosyeneyegoi cmani 08nc. BcmaHosneHo, w0 MexaHiuHi 67ACMU8ocmi memainy,
06po0NeH020 3a PI3HUMU TMeXHON02IYHUMU CXeMaMu,  NOBHICMI0 8idnogidarmo
sumozam JICTY 2834-94 sik do 2apsiuekamarozo, mak i 0o X0J100HOKAMAHO20 NPOKAMy.
Bionan mpaeneHozo 0cob61UB0MOHK020 JUCMO8020 npokamy i3 cmani 08nc cymmeso
nokpawjye 1020 naacmu4Hicmes 8 3pIBHAHHI 3 2apsA4eKaAmaHum CMamomM ma Cnpuse
(opmyeaHHio piBHOMIpHOI cmpykmypu memasny 8ionogioHo do JICTY 2834-94. Bubip
napamempie ma onmumidayiss npoyecy OpecupyeaHHsi 0036019mb hnonepeoumu
3HUXCEHHSL ~ naacmuyHocmi — mamepiany, nokpawjumu MexaHiuHi  enacmueocmi
2apsuekamadoi 0coO1UB80MOHKOI JIUCMOB80i HU3bKOBY2/1eUes0i cmani ma nidsuwjumu
AKicms dpecuposaHux wmab ma aucmis.

Kntouosi cnosa: Huswvkosyeneyesa cmaav; JAUCMOBULl Npokam; Opecupy8aHHs;
MEeXaHIuMi 671aCMuU80CMi; MpasyeHHSsI.
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ITocraHoBKa mpooiIeMu

I pecupyBaHHS € KiHIIEBOIO OIlepalli€l0 TEXHOJIOTIUHOTO IIPOLIeCY BUPOOHUIITBA
aBTOJIMCTOBOI CTajJi Ta BIUVIMBA€ Ha il SKICTb IIOBEpPXHi, BJACTUBOCTI Ta
IITAaMITIOBaHiCTh. 3aCTOCYBAaHHS Ma/IuX OOTMCKYBaHb MPM JIpeCUpPYBaHHi H03BOJISIE
3MiICHUTM HaKJIeIl IMOBEepPXHEeBOTO Iapy MeTanay i 30epirtm HemedhOpMOBaHUMMU
BHYTpIIlIHi IIapy, B pe3y/jbTaTi BOAETbCS 3amobirT¥ yTBOPEHHIO JIiHil 3CyBy Hpu
HITaMITyBaHHi Ta 3a0e3MeYnTy ONTUMaJ/IbHe MMO€JHAHHS MeXaHiUHMX XapaKTepUCTUK
npokaty. JlpecupyBaHHS 3[i/iCHIOETbCSI 3 METOK YCYHEHHSI Pi3HOTOBUIMHHOCTI i
XBUJISICTOCTI rapsifyekaTaHuX JIMCTIB. B gesikux BUMagkax Ha ApecupyBaJbHMUX CTaHAX
JOKaTyIOTb JIMCT OO  3aJaHOl TOBIUMHMU. J[IpecupyBaHHS TpaBJI€HUX JIUCTIB
3abesneuye iM OiIbII I71aAKy ITOBepxHIO. [lepeBaraMu apecupyBaHHS € MiIBUILEHHS
30AaTHOCTI MaTepiasy A0 IJIMOOKOI BUTSIKKM, 3MEHILEHHS BiTHOIIEHHS G,/05 i BUTPAT
eHeprii Mpyu UTaMITyBaHHi.

[IMTaHHIM YIOOCKOHAJIEHHS TIIpoliecy MApecUupyBaHHS JIMCTOBOI CTali mjisi
aBTOMOOITbHOI TPOMMUCIOBOCTI MpPUCBIYEHO pobotu [1; 2], maHi CTOCOBHO
dbopmyBaHHSI CTPYKTYpU Ta BJIACTUBOCTEV TOHKOJMCTOBUX CTajieil, a TaKOX BILIUBY
IpecupyBaHHS Ha SIKiCTb 0COOJIMBOTOHKOI HM3bKOBYTIJIELIEBOI CTaJIi IIPeaCcTaB/IeHO B

mkepenax [3 - 7]. AKTyaJTbHUMMU € MOJaJIbII pO3POOKM Y IIbOMY HaIMPSIMi.

MeTa pociaigkeHb

BcTaHOB/IEHHST BIVIMBY JpEeCUPYBaHHS 3a Pi3HMMM TE€XHOJOTIYHMMMU CXeMaMu
BUMPOOHMIITBA Ha CTPYKTypy 1 MeXaHiyHi BJIACTMBOCTI TrapsiueKaTaHOTo

0COGIMBOTOHKOTO JIMCTOBOTO TIPOKATY i3 HU3bKOBYTJIeleBoi cTasti 08mc.

Marepiaau Ta MeTOAU OOC/TiI3KeHHS

B pob6oTi 3acTocoByBajiM HACTYIIHi TEXHOJOTiIUHi CXeMu BUPOOHUIITBA
rapsiuekaTaHOro JIMCTOBOTO IMPoKaTy i3 craii 081mc ToBMHOW 1,5 MM:

—-cxema 1 (rapsiua TMpokaTka Ha O6e3rnepepBHOMY TOHKOJMCTOBOMY CTaHi,
HACTYITHEe IpecupyBaHHS i3 CTyIIeHeM OOTMCKYBaHHS 1% Ta po3pi3aHHS Ha JIMCTU B
arperari NOIepevyHoOro pi3aHH);

-cxema 2 (rapsiua TpoKaTKa Ha 0e3repepBHOMY TOHKOJIMCTOBOMY
CTaHi, TpaB/ieHHS Ha Oe3IepepBHili TpaBWJIbHIl JIiHil Ta HACTyIHe ApecUpyBaHHS
i3 crymeHem o6TtuckyBaHHs 1,0-1,2 % Ha OKpemMO pO3TalllOBaHOMY

IpecupyBaJbHOMY CTaHi);
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-cxema 3 (rapsya IIpokaTka Ha Oe3mepepBHOMY TOHKOJMCTOBOMY CTaHi,
TpaBJIeHHsI Ha Oe3lepepBHili TpaBWIbHIN JIiHii, CBIT/IIMIT Bifgmmas pyjaoHIiB B ra3oBiii
KOBITAKOBili meui, po3pizaHHs mTab Ha JUCTMU B arperari IomepevyHoOro pisaHHsS Ta
HACTyIIHe IpecupyBaHHS i3 cTyneHeM o0TuckyBaHHS 0,8% Ha cTaHi MOJMCTOBOIO
IpecupyBaHHS);

- cxema 4 (rapsya IIpoKaTKa Ha Oe3mepepBHOMY TOHKOJMCTOBOMY CTaHi,
pO3pi3aHHS HA IUCTU B arperari MOMepevyHoro pisaHHs, TPaBJIe€HHS JUCTIB B arperari
MepioAMYHOro TPaBJE€HHSI Ta HACTYITHEe APECHPYBAHHS i3 CTyleHeM OOTMCKYyBaHHS

0,8-1,6 % Ha cTaHi MOANCTOBOTO ApPeCUpPyBaHHS).

BuknageHHsI OCHOBHOIO MaTepiaay JOCTiIyKeHHS

[Ticnst rapstyoi mpokraTku ( Txn = 770-790 °C; Tsw= 580-610 °C, oxomomkeHHS Ha

MOBiTpPi) 1 KOXHOI 3 HACTYIIHMX TEeXHOJOTiYHMX oOmepalliii  3[ailicHIOBaIu
BUITPOOYBAHHSI MeXaHiYHMX BJIacTMBOCTel ImiTab i3 crami 08mc Ta IopiBHIOBaIU
oTpumaHi pesyabratv 3 Bumoramu [JCTY 2834-94 po rapsiuekaTaHoro i
X0JIOHOKATaHOTO MPOKAaTy TOBIIMHOWO 1,5 MM (Tabsmis 1).

AHani3 MikpocTpyKTypy mrtab i3 crami 081c mokasas, [0 B rapsiueKaTaHOMY
MeTani (OpMYeETbCSI HEPiBHOMiIpHA CTPYKTypa: B IMOBEPXHEBMX 30HAX TOBIIMHOIO
0,25-0,30 MM cmocTepiratoTbcst hGepuUTHI 3epHa BeauunHow 40-85 MKM, po3Mip 3epH
B CTPYKTYPi LIEHTpaTbHMUX 30H cKaagae 15-30 MKMm.

MexaHiuHi BaacTuBOCTI ImTad i3 crami 08mc Ha pi3HMX erTammax OOpPOOKMU
npefCcTaB/ieHo B Tabiuili 2.

Tabmnug 1
Bumornu ICTY 2834-94 1o TOHKOAMCTOBOTO MPOKATY i3 IKiCHOI BYTJIelleBOi CTasli

Crioci6 TumuacoBuii BigHOoCHe TBepmictb HRB | I'mubuHa nyHKH,
BUPOOHUIITBA orrip, o5, MIla BUIOBXKEHHS, MM

3, %
rapsiuekatanuin | 270-410 >24 - -
xonogHoKaTaHuit | 270-410 >25 <65 >11,2

BcTaHOBJIEHO, 1[0 MEXaHiYHiI BJIACTMBOCTI rapsiyeKaTaHOTO OCOOJIMBOTOHKOIO

JIUCTOBOrO TIPOKATy TIiC/AS ApecupyBaHHSI 3 TMOpPi3Kow (cxemMa 1) MOBHICTIO

BizmoBigaioTh BumoraMm JCTY 2834-94 nmo rapsiuekaTaHOTO i XOJOAHOKATaHOI'O

MeTaJTy IJIsI CTaJli TJIMO0KO1 BUTSIKKY Ipymnu MittHOCTi K270B (Tabm. 2).

s BUIOAJIEeHHS OKaJIMHM 3 IIOBEpXHi rapsiuekaTaHi mrabm i3 crami 08ric

repesl OpecUpyBaHHSIM Ha OKpPeMO pO3TallOBaHOMY CTaHi

MPOTPaBMIM  Ha
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Oe3repepBHiii JIiHil TpaBieHHs (cxema 2). He3Baykaioun Ha 3HMKEHHS IVIACTUYHOCTI
MeTaJTy Mic/Isl TPaBJIEHHS i IpecypyBaHHS IIPY 00poO6JIeHH] 1ITab 3a Ii€l0 CXeMOoIo, iX
MexaHiyHI BJIaCTMBOCTI TIIOBHicTIO BigmnosimamoTh Bumoram [JCTY 2834-94 1o
rapsifuekaTaHoro i XOJOOHOKATAaHOrO MeTaly [JIsl CTaji IIMO0KOI BUTSDKKU TPYIU
minHOocTi K270B (Tabr. 2).

O6pobka rapsiuekataHoi ctaimi 08mc 3a cxeMO0 3 J03BOIMIA BCTAHOBUTU
CIIIJIbHUIA BIUVIMB TPaBJIeHHS, Bilagy Ta ApecUpyBaHHS Ha KOMIUIEKC MeXaHiuYHUX
BJIACTMBOCTEN IpoKaTy. AHaii3 gaHux Tabja. 2 IIOKasaB, IO BiAmaa H03BOJISIE
MiABUILUTY IVIACTUUHICTh MeTaJTy ITiC/IsI TPaBJIeHHSI.

Bimomo, 110 HarpiB geopMOBaHOrO JIMCTOBOTO ITPOKATY CIPHUSIE MPOTiKAHHIO

MPOLIeCiB CTapiHHS Ta 3HIKEHHIO IIACTUMYHOCTI 1 IMABUIIEHHIO MIillHOCTHUX

BJIACTUBOCTEIA.
Tabanig 2
MexaHiuHi BIaCTMBOCTi 0CO6JIMBOTOHKOTO JIMCTOBOTO ITPOKaTy i3 ctasi 08mc
Homep | Etamu Mexa TumuacoBuii | BigHocHe TBepmicTs | ImubuHa
cxXeMu 00pO6KM TEKYy4OCTi, | omip, os, | BUIOBXKeHHd, | HRB JIYHKMU,
or, MIIa MIla 8, % MM
1 rapaaa 225-235 | 340-350 35-37 38-40 11,94
MpoKaTKa
IpecupyBaHHs | 235-245 340-350 32-36 44-49 11,92
2 rapana 215-225 | 310-320 35-37 40-42 | 12,10
MpoKaTKa
TpaBJIeHHS 245-255 340-350 31-32 52-54 11,80
IpecupyBaHHS | 265-275 340-350 29-30 55-59 11,76
> rapa 245-255 | 350-360 35-36 . 11,85
MpoKaTKa
TpaBJIEHHS 295-315 390-400 31-32 - 11,51
Bimman 235-245 350-360 39-40 - 11,70
npecupyBaHHs | 275-285 380-390 37-38 - 11,50
4 rapsia 245 340 32 55 11,60
MpoKaTKa
TpaBJIEHHS 275 350 30 59 11,42
IpecupyBaHHS | 295 360 28 61 11,30

[Ipu 06pob6eHHiI rapsuyekaTaHMx IITab Ha Oe3lepepBHili TpaBUbHIl JiHii
MeTasl MiAJaeTbcs Hakjely Ta gedopmaiiii. B mpoiieci TpaBjieHHS TemIiepaTypa
MeTaly IMiABUIIYETbCSI Ta B IOEAHAHHI 3 IONEepenHboio Aedopmalli€lo CIIpUse
iHTEHCMBHOMY ITPOTiKaHHIO TPOLEeCiB cTapiHHSA. [OCiIKeHHs MMoKasaau, o ITicis

TpaBJIeHHSI TeMIlepaTypa PYJIOHY, SIKMII 3MOTaHMII Ha Oe3IepepBHili TpaBUIbHIA
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niHii, cknagae 80-90°C. PynoH 36epirae migBuileHy TeMIlepaTypy TpUBaIuii dac,
MIPOTSTOM S$IKOTO IIPOILleC CTapiHHS IIPOJOBXKYETbCS. B pe3ynbTaTi IMOTipHIYIOThCS
MeXaHiuHi BJaCTMBOCTI IITad ITicjas o6poOKM Ha OGesmnepepBHiil TpaBMJIbHIN JIiHii.
Bimman mosBosisie JIiKBigyBaTy HebaxkaHi HACTiIKM TpaBJIeHHS rapsiyeKaTaHuX IITad
Ta NiABUIIUTU IJIACTUYHICTb MeTany [6].

Bimomo, mio Bigmajs cOopusi€ IABUIIEHHIO 30AaTHOCTI JIMCTOBOI CTali [0
TJIMO0KOI BUTSIKKM.

Pexxum Bifmanay py/JoOHIB Yy KOBHAKOBMX Ile4aX BCTAHOBJIIOIOTb B 3a/I€XKHOCTI
Bi, 3aJaHMX BJACTUBOCTEN TOTOBOrO JIACTA 13 BpaxyBaHHSIM  BIUIMBY
XiMiYHOTO CKJIamy cTati Ta TEeXHOJIOT11 rornepegHbOi 00pOOKN.
Bigmanm HM3BKOBYIJIENIEBUX CTajeil CYIPOBOMKYETHCSI PO3UMHEHHSIM KapOimiB i
HiTpMAiB B depuTi nMpu HaArpiBi Ta HACTYIMHOMY IiX BUIUJIEHHI MPU OXOJOMXKEHHi.
[HTEHCUBHICTDb i 3aBeplIeHiCTh LIMX IPOIeCiB BM3HAUYAIOTHCS LIBUAKICTIO HArpiBy,
TeMIlIepaTypol0 peKpucTasiisaliii, TpUMBaIiCTIO BUTPUMKM IIpU 1Iifi TemmepaTtypi i
IIBUAKICTIO OXOJOMKeHHS. PalioHajbHMii BMOip IIMX mapaMeTpiB € OCHOBOIO
BUMPOOHMIITBA BiAIlaJieHOrO JIMCTA 3 HU3BKOBYIVIEIEBMX CTajleil i3 3agaHuMMM
BJIACTUBOCTSIMU. Bimmas py/iOHIB B KOBITAKOBili Mmedi XapaKTepU3y€eTbCS MOBIIbHUM
HAarpiBOM MeTajJly [0 TeMIlepaTypu peKpucTasdizaiii Ta TpUBAJIUM JOr0
OXOJIOMXEHHSIM, IO [IJs OiJbIIOCTI HM3bKOBYIVIELIEBUMX CTaJieli BimmoBimae
PiBHOBa)XHOMY CTaHy TBEPJOTO o-PO34YMHY [6].

Pysonn rapsiuekataHux mrtab ToBimmHOW0 1,5 MM i3 crami O8mc mimmaBanm
CBiTJIOMY Bifimasy B OAHOCTOIIHIl ra30Bili KOBMAKOBili meui B aTMocdepi 3aXMCHOTO
ra3y HNs. 3acTocyBanm HaCTyITHI pekMMu Bifrany: HarpiB mo Temnepatypu 600°C,
BUTPUMKA 2 TroauHu, HarpiB Ao 680°C, BUTpMMKa 6 roguH. 3arajibHa TPUBAJiCTh
HarpiBy i BUTPUMMKM CKIagajga 16 ToauH, OXOJOMKEHHS Mim Mydenem mo
Temnepatypu 160°C Tpusaio 30 roguH.

Bigmanmeni mTabmu Ha arperaTti pisku po3pizaau Ha JIMCTH, SIKi Ha
OIHOKJITTbOBOMY CTaHi KBapTo miiaBanyu IpecupyBaHHIO i3 cTyrnieHeM AedopMmaiiii
0,8% i TpaBieHHIO B 17-TM pOIMKOBIiV MpaBU/IbHIN MalIvHi [4].

BcTraHoB/eHO, 1[0 BiAman TpaBaeHUX MITa0 He TIIbKYU JTiKBiAy€e HeCTIPUSITAUBI
HacJIiaIKM 06po6KM 1ITabd Imig yac TpaBjaeHHs, ajie i CYTTEBO MOKpaIy€e MIaCTUUHICTb
MeTaJTy B 3piBHSIHHI 3 rapsiueKaTaHMM cTaHOM (Tabi1. 2).

Bigman Takox crpusie ¢GOpMyBaHHIO PiBHOMiIpHOI CTPYKTypM II0 mHepepisy

rapsiueKaTaHux O0COOIMBOTOHKMX IITab i3 crami 08mc (posmip ¢depuTHOro 3epHa
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ckinagae 40-60 mxm). BenmuumnHa 3epHa deputy mjisi TpOKaTy 3 HU3bKOBYTJElEeBOi
ctaui 3rigHo 3 JICTY 2834-94 momycKaeTbCs He KPYITHillle 6 HoMepy.

MexaHiuHi BJIaCTMBOCTI rapsiuekaTaHOro, TpaBjJeHOro B PyJIOHAX, BiJNaJieHOTO
i JpecupoBaHOrO OCOOJMBOTOHKOIO JIMCTOBOrO IIPOKATy (CcxemMa 3) ITOBHICTIO
BigmoBigaioTh BuMoram JCTY 2834-94 He TiIbKM [0 rapsdyekaTaHOro, aje i 1o
XO0JIOIHOKATaHOTO MeTary rpymnu MirfHocTi K270B ( Ta6i. 2).

3a cxemow 4 aHami3yBajqM BIUVIMB [OpPeCUPYBaHHSI HAa MOKAa3HUKU SKOCTI
rapsiyekaTaHoro  OCOOGJMBOTOHKOTO  TPOKaTy IIpM  IOJAMCTOBOMY  CITOCOGi
BUPOOHMIITBA. BuximHi rapsuekartadi mrabm ToBmuHOKW 1,5 MM i3 cranmi 08mc
pO3pi3any Ha arperarTi MoNepevyHoro pi3aHHS Ha JIMCTU, SIKi MPOTpaBMUIM Ha arperari
MepiogMYHOro TpaBjeHHS i ApecupyBaaM Ha MPOKATHO—ApPeCcupyBaJbHOMY CTaHi i3
cryneHem aedopmaiiii 0,8-1,6 %.

MexaHiuHi BJaCTMBOCTI JpecUMpOBaHMX JIMCTIB BiJNOBiZAalOTh BMUMOTram
NCTY 2834-94 He Ti/ibkKM OO raps4yeKkaTaHOro, aje i 10 XOJOJHOKAaTaHOTO MpOKaTy

rpyrv MirtHocTi K270B ( Ta6s. 2).

BucHoBku

[IpoBemeHO aHaji3 BIUIMBY 3aK/IIYHOI orepailii 06pooKu - apecuMpyBaHHSI Ha
CTPYKTYPY i BJIaCTUBOCTi rapsyekaTaHOTO OCOOJMBOTOHKOIO JIMCTOBOIO IIPOKATY i3
HU3bKOBYIJIeLeBO1 cTasti 08rc:

— BCTAHOBJIEHO, 1[0 MeXaHiuHi BJIAaCTUBOCTi MeTaay, 00p0o6IeHOro 3a pisSHUMMMU
TEeXHOJIOTIYHMMM CXeMaMM, ITOBHiCTIO BigmoBigaioTb BumMoraM [ICTY 2834-94 gk mo
rapsiueKaTaHoro, Tak i 0 X0JOJHOKATaHOTrO MPOKATy;

- Biimaj7i  TpaBJieHOTO  OCOOJIMBOTOHKOTO  JIMCTOBOTO  IIpOKAaTy i3
ctasi  08mc  CyTTeBO  TOKpally€ #Oro TMJIACTUYHICTD B 3PiBHSHHI 3
rapsuekaTaHMM CTaHOM Ta cropusie (GopMyBaHHIO piBHOMIpPHOI CTPYKTypu
meTasty BiamnoBigHo go JCTY 2834-94;

- Bubip mapameTpiB Ta ONTMMi3allis MpOLieCy OpecUpPyBaHHSI TO3BOJISITh
NonepesuTy  3HWKEHHS TUIACTMYHOCTI MarTepiany, TMOKpAaIIUTM MeXaHidyHi
BJIACTMBOCTI rapsiuekaTaHoi 0COOJMBOTOHKOI JIMCTOBOI HU3bKOBYIJIELeBOi CTali Ta
i IBUIIUATY SIKiCTh APeCUpPOBaHMUX IITA0 Ta JIMCTIB.
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V. Kutzova, V. Ivanchenko, T. Kotova, M. Kovzel

SKIN-ROLLING OF HOT-ROLLED EXTRA-THIN
LOW-CARBON STEEL SHEETS

Skin-rolling is the final operation of the technological process for the production of
auto sheet steel. Tempering affects the quality of the metal surface, properties and stamping
ability. Treading allows you to harden the surface of the rolled products and keep the inner

layers undeformed. As a result, it is possible to prevent the formation of shear lines during
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stamping and provide an optimal combination of the mechanical characteristics of rolled
products. On skin-rolling mills, the sheet is rolled to a predetermined thickness. Treading
etched sheets provides them with a smoother surface. Benefits skin training are to increase
the ability of the material to deep drawing and reduce energy costs during stamping.The use
of skin-rolling will allow to produce high-quality rolled products in accordance with the
requirements of standards. An analysis of the effect of skin-rolling on the quality indicators
of low-carbon steel thin-rolled products for the automotive industry was carried out. The
effect of skin-rolling on the structure and mechanical properties of hot-rolled extra-thin
sheet metal from 08mc low-carbon steel was studied. The mechanical properties of the metal
meet the requirements of JICTY 2834-94 for hot-rolled and cold-rolled steel. Annealing of
extra-thin sheet steel from 08ric steel increases its plasticity compared to the hot-rolled
state and contributes to the formation of a uniform metal structure in accordance with
IOCTY 2834-94. The choice of parameters and optimization of the skin-rolling process will
prevent a decrease in the plasticity of the material, improve mechanical properties and
improve the quality of extra-thin sheet steel.

Keywords: low-carbon steel; sheet steel; skin-rolling; mechanical properties; etching.
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Ieanuenxo Bimaniii I'eopeitioeuu — KaHAUIAT TEXHIYHUX HAYK.
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B.A. Jlyuenko, T.M. l'onry6enko, .M. Uyiiko, O.B. JIyLieHKO

MOJEJJIIOBAHHS BIVIMBY XIMIYHOI'O CKJIAAY TA CTPYKTYPU HA
MEXAHIYHI BJIACTUBOCTI JIETOBAHOTO ITPOKATY

AHomauis. IIpu po3pobyi HOBUX MApOK cmaneti akmyaibHumM OJisl CYy4dacHO20
MauuHo6y0dy8aHHs € 8UBUEHHSI 8NJIUBY XIMIUHO20 CKIady ma o06pobKu Ha cmpykmypy U
MexaHiuHi enacmusocmi. Memoio 00cnioxiceHHS 6Y/10 MOOEeNBAHHA POJIi XiMiuH020
CKNady Ha (OpMY8AHHS MeXaHIUHUX 87acmueocmeli ma cmpykmypu npu 6u3HaueHHi
8NIUBY WBUOKOCMI 0X0N00XM(eHHS1 3 memnepamyp aycmeHimu3sayii cmani 31CrMoV9.
Bidomo, wjo 8i0 Kinbkocmi Jiezylouux ejemMeHmie ma pexcumy mepmiuHoi 06poOKu
3anexcums KOMNJIeKC MexaHiuHux eaacmusocmeti memanosupoobis. 3 8UKOPUCMAHHAM
Mamemamu4yHozo ma (i3uko-ximiuHo2o Mmodenwsavus ons cmani 31CrMoV9
no6ydosaHi 3anexHocmi 3MiHU MeXaHiuHux eaacmusocmeli J1e208aH020 COPMO0B020
npokamy (os, 0s) 8i0 NOKA3HUKA CMpyKmypHozo cmaHy (d). BusHnaueHo, wjo 0ns
2apaHmosaHo20 BUKOHAHMS 8umoz zpavuyi miyHocmi (900-1000 MIla) i 8i0HOCHO20
nodosxeHHs (> 11%) Kinbkicmo Jie2ywuux elemMeHmie nosuHHa e8idnogidamu
HacmynHomy emicmy: 2,46...2,62 % Cr, 0,2...0,24 % Mo i 0,17...0,19 % V. Ompumai
0aHi 00380/110Mb NPOZHO3Y8AMU PAUIOHANBHI MEXAHIUHI 81ACMUBOCMI MEPMIUHO
006p00.1eH020 COPMO0B8020 NPOKAMY 8 3ANeHCHOCMI 8i0 3MIHU 8MicCMYy Xpomy, MOiOOeHy i
saHadio. Memanozpagiuni docnioxeHHs 003801UIU 8CMAHOBUMU 8NJIUE napamempies
mepmiuHoi 06pobKU Ha cmpykmypy 00CnidxceHoi 1e208aHoi cmani. BcmaHosneHo, uio
HazpisaHHs do memnepamypu As+200°C ma nodasvuie Ge3nepepsHe 0X0N00HCEHHS 3i
weuokocmamu > 0,8°C/c nepewkoowae ymeopeHH NnepaimHoi cmpykmypu, wjo npu
nodanvwiiti mepmiuHiii 06pobyi  (8ionani) Ccnpusie NPOXOOHEHHIO CMPYKMYPHUX
nepemsopeHs (Koazyasuis, cpepoiousauiss) 8 cmani. /Insg nonepeoxceHHs: 8UKPUBIEHHS
memany 0Oaxavo o0xon00xceHHsa npokamy 3i cmani 31CrMoV9 nposodumu 3i
weudkicmio 0,8...2°C/c. PexomeHdo8aHi WBUOKOCMI 0X0/000€eHHA 00380910Mb
ompumamu 6inbll NPUiiHAMHY 01 nodanvuioi 06poOKU cmpykmypy 3 HeoOXiOHUMU
MexaHiuHumu eaacmusocmsamu. Pazom i3 nNpozHO3YBAHHSAM PiBHS MEXAHIUHUX
gracmusocmeti 0J11 Ne8HO20 XIMiIUH020 cK1ady HasedeHi pekomeHOauii 00380J110Mb
payioHanbHO BUKOPUCMOB8Y8AMU XIMIUHI eneMeHmu ma 2apaHmoeaHo 6UKOHysamu
sumozu egponeticekoi HopmamugHoi dokymenmauii EN 10085:2001.

Knwouosi cnoea: snezosauuii npokam, xiMiuHuili cknad, mepmiuHa 00poOKa,
0X0JI00XCEHHSl, CMPYKMYpa, MeXAHIuHIi 81acmusocmi.

Beryn

V wMmertanypriiiuiin ramysi Vkpainu BimOyBae€TbCs 3HIDKEHHSI 3aBaHTaKEHHS
BUPOOHMYMX TIOTYKHOCTEN i3 OJHOYACHOIO BTPATOI TPAAMIIMHUX PUHKIB 30yTy
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MeTaJIONPOAYKIii. BifCyTHICTh Ha BHYTPIIHBOMY PUHKY YKpPAiHU IE€SIKUX COPTOBUX
nmpodisiB MacoBOro mNpM3HAUEHHS 3MYIIyE OCHOBHMX CIOXMBauiB COPTOBOIO
IpoKaTy (MallMHOOYIAYBaHHS Ta OyAiBeJbHY Ially3b) BUKOPMCTOBYBAaTM aHaJIOTiUHi
npodisi iHO3eMHOTo BMPOOHMIITBA (HOPOXKUYi) abo0 3aMiHIOBATH iX iHIIMMU
HasIBHUMM podiasIMu. BHacnimok LIbOTO MIPOAYKIIisT BiTUM3HSIHOTO
MaIIMHOOYIyBaHHSI Ma€ HMU3bKY KOHKYPEHTOCIIPOMOXKHICTh. 3 METOIO MiIBUIIEHHS
edekTUBHOCTI (PYHKIIOHYBaHHS MiANIPUEMCTB MAIIMHOOYLiBHOTO KOMIUIEKCY
IOLIIJIbHO 3[Ii/ICHIOBATY IlepeopieHTallil0 Ha BUPOOHMUIITBO KOHKYPEHTOCIIPOMOKHOI
MIPOAYKIIii, BIIPOBAJ;KYBAT CydacHi TeXHOJIOrii 3i 30epeskeHHSIM peHTabeIbHOCTi
BUPOOHMUIITBA Ta €KOHOMIi pecypciB [1].

BupoOHMIITBO TIpOKATy 3 JIETOBAHMX CTajeii OCOOAMBO BakIMBe [IJIS
ManmMHoOymyBaHHs. CydyacHe MaIIMHOOYIyBAHHS CTABUTh BCe OiJIbII BUCOKi BUMOTHU
JI0 eKCILTyaTalliiHMX BJIACTUMBOCTEN MaTepiasiB, TOMY B OCTaHHi POKM 30i/IbIIYETbCS
YMCJIO HOBMX MapoK JIeroBaHoi cTasi. OCHOBHA yBara IIpyu po3poOlii HOBUX MapoK
CTa/li 30cepekeHa Ha MiABUINEHHI MeXaHiYHMX BiacTuBOCTel. IlikaBuM €
BMBYEHHS BIUIMBY XiMIUHOTO CKJIagy Ta OOpOOKM Ha CTPYKTYypYy ¥ MexaHiuHi
BJIACTUBOCTI MPOKATYy 3 JIETOBAaHUX CTaJiell i3 MeTOw pallioHaJIbHOTO BUKOPUCTAHHS
pecypciB [2-4]. B maHuit yac craji, JieroBaHi XpoMoM, MoJi6IeHOM, BaHaZieM Ta
iHIIMMM eJleMeHTaMM, MPOKO BUKOPUCTOBYIOThCSI B MalIMHOOYIyBaHHi [5].

HeoOXimHi BJIACTMBOCTI JIETOBAHOTO IMPOKATY [IOCSITalOThCS 3a OIOMOTOIO
TepMidyHOi 06pOOKM. 3aCTOCOBYIOUM Pi3Hi TEXHOJIOTiIUHiI CXeMM TepMiuHOi 00poOKU
JIETOBAHOTO ITPOKAaTy, MOXKHA 3MiHIOBATY BJIACTUBOCTI IIJISXOM BIUIMBY Ha IpPoIleCcu
CTPYKTYPOYTBOpEHHSI. MexaHiuHi BIaCTMBOCTI MeTaqy BM3HAYAIOTbCSI CTPYKTYPOIO
MeTaly, SKa 3aJeXWUTh Bil XIMIYHOrO CKJIaAy, TeMIlepaTypu Ta peXUMY
oxoyiofikeHHs1. TepmiuHa o00poOKa cTajeBoro MpPOKAaTy B MalIMHOOYIyBaHHi
Tepecsiiiye OCHOBHY MeTYy: CTBOPUTU CTPYKTYypy MpOKaTy, sKa 3abe3redyyBaTUMe
JleTKe MITaMITyBaHHSI, XOJOAHY BMCAAKy Ta iHIIe. BuMorum HOpMaTuBiB 3a
MeXaHiYHMMM BJIACTUBOCTSIMM COPTOBOTO MPOKATy 3 JIETOBAaHMUX KOHCTPYKIiTHUX
cTajeil 3abe3MneuyloThbCs 3aCTOCYBAHHSIM [AEKiJTbKOX BUJIIB TepMiuyHOi 0OpPOOKM,
TaKMX IIPOIIECiB, SIK BiZinaj abo MOJTiIIIeHHs].

MeTo0 JOCTiAKeHHSI € MOJAeMI0BaHHSI POJIi XiMiUHOTO ckiany Ha (popmMyBaHHS
MeXaHIYHMX BJIACTUMBOCTEI Ta CTPYKTYpMU IPU BU3HAUEHHI BIUIMBY IIBUAKOCTI
OXOJIOJI;KEHHS 3 TeMIIepaTyp ayCTeHiTu3allii XpoMoMoTibieHoBaHaAie€BOi CTai.

Marepian i MeToaMKa JOCTiI’)KeHb

TepmiuHa o06pobKka 3pa3kiB XpOMOMOJIiOIeHOBaHaAi€BOI CTajli MpoBOAMIACS B

nabopaTOpHUX YMOBax 3 BUKOpHUCTaHHSIM MydenbHoi neui CHOJI-2,5.4,2.5/13U Ha
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3pa3kax posmipom 30x10x50 MM Big rapsiuekaTaHoro Ipokary 3i ctami 31CrMoVo9.
XimiuHmMii CKJIaf, OOCTiIKYyBaHOi cTaji HaBemeHmit y tabmumi 1. Bmict xiMiuHmx

eJleMeHTiB y AaHilt ctani HopmyeTbcs ctangapToM EN 10085:2001 [6].

Tabanug 1
Ximiunmnii ckaag, cranai 31CrMoV9
BmicT xiMmiuHMX ejleMeHTiB, % mac.
C Si Mn Cr Mo \Y P S
0,337 0,253 0,648 2,587 0,229 0,184 0,011 0,025

Tepmiuna o00poOKa 3[iiicHIOBaJlaCh 3a TaKMM pPEeKMMOM: HarpiB [0
TeMIiepaTypyu aycteHitusailii (As+200°C) i3 BUTpMMKOIO IIpU AaHii TemriepaTtypi 30
XBWINH. OXONOIKeHHS eKCIIepUMMEeHTaJIbHUX 3pa3KiB IPOBOOWIN TIPU Pi3HUX
ymoBax 3i mBuakoctsamu: 0,03...0,07°C/c, 0,4...0,8°C/c Ta 2...8°C/c.

MiKpOCTPYKTYpY 3pasKiB MiC/sl Pi3HUX peXMMIB OXOJIOKEHHSI BMBUAIM Ha

mikpockomni Axiovert 200M MAT micss TpaB/ieHHS 4% PO3UYMHOM a30THOI KMCIOTH.

PesynbTaT JOCTiIKEHHS

[y BUSIBJIEHHSI POJIi XiMIYHOTO CK/Iany CTajli Ha (POpMyBaHHS BIaCTUBOCTEN i
OIIiHKM BIUIMBY CTYIIeHSI JIETyYBaHHSI aHa/li3yBaBcsa MacuB iHdopmaillii Ipo
ckiaaf miaBoK ctami 31CrMoV9. BukopucTOBYBaiu OGaraTOKpUTEpiaJibHE PillleHHS
3a7au i3 oOmTuMMi3alii, MoB'I3aHe 3 JOCIATHEHHSM BiIIIOBiZIHMX MeXaHiuHMX
BJIACTMBOCTEN (IporpaMHa peasisailis po3pobseHa B IHCTUTYTI YOpHOI mMeTamyprii
im. 3.I. HekpacoBa HAH Vkpaiuum [7, 8]). B sxocti 6asoBoi mopeni
BUKOPUCTOBYBAJIACS 3aJI€KHICTh MeXaHIUHMX BJIACTUBOCTEN Bifli CTPYKTYpPHOIO
MoJenbHOrO mapameTrpa d (cepeIHbOCTATUCTMYHA MiXK'SAepHa BiACTaHb MiX
B3a€EMOJAIIOUMMM aTOMaMM JOCTIKyBaHOI CTami). 3HAUYeHHS CTPYKTYPHOTO

napaMmeTpy d 3aJeXKUTb BiJl KiTbKOCTi JIETYIOUMX eJIeMeHTiB (puc. 1).

2,890

2,888

2886 F/‘j):‘ ——Cr

2884 Mo
‘j/D/u -V
2882

2,880

MapameTp d, T0THM

28+
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KimmdcTs neryonim enements, Yo

PucyHok 1 — B3aem03B's130Kk mapameTpy d i KiJIbKOCTi JIeTyIoOunX eJieMeHTiB
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3 BMKOPUCTAaHHSIM MaTeMaTUUYHOTO Ta (i3MKO-XiMiUYHOTO MOAeTIOBaHHS OyIn
1OOYyI0BaHi MaTeMaTHUUHi 3aJ€KHOCTi B3a€MO3B'SI3Ky CTPYKTYpHOro napametpa (d)

BiJ MexaHiUHMX BJIaCTUBOCTEI (G, Os):

o5 =—115015-d +332831 (R=0,8), 55 =199,6-d> ~570-d (R=0,7),

Ile 63 — TPAHUILISI MIiLTHOCTI, 05 — BIITHOCHE MO0BXXeHHSI.
3poctaHHs (i3MKO-XiMiUYHOTO KPUTEPil0 JIErylouoi IIiJICMCTEMM 3HMXKYE

IPaHUITI0 MIITHOCTI ¥ MigBUIIY€E BilHOCHe moaoBxxeHHs cTaii 31CrMoV9 (puc. 2).

E 1200 19 .
= e =17
& 1100 o~ 3
o \ 3 15 /—-—ﬂ—\h\%
5 1000 e - .
[e] \‘\: <] Iz/
kS 6] [~
= o (]
Z 200 ~ E 11 =
800 g ?
I
S g 7
g 700 T T o
= 2,8835 2,8845 2,8855 2,8865 52 884 28845 2885 28855 2836  2,8865
d,10'am d,10 M
a §

PucyHok 2 — Po3noain rpaHnili MiltHOCTi (@) Ta BiHOCHOTO MOA0BKEHHS
(6) yepe3 CTPYKTYpHMIi ITapaMeTp JOC/TiKyBaHOi CTaJTi

BusHaueHo, 10 [AJjs1 TapaHTOBAHOTO BMKOHAHHS  BMMOT  TpaHMII
mimHocTi  (900-1000 MITa) i BimHOCHOro  TOmOBXKeHHS (> 11%)  crami
31CrMoV9 KinbKiCTh JerylouMx eJeMeHTIB IMOBMHHA BiAMOBiLAaTU HACTYIIHOMY
BMicCTY: 2,46...2,62 % Cr, 0,2...0,24 % M01i0,17...0,19 % V.

YV rapsyenedopMOBaHOMY ITpOKaTi 3 XpOMOMOJiOJAeHOBAaHAIi€BOI cTasti
HeoOXiTHO Ha MPOKAaTHOMY Mepexisi chopMyBaTy TaKuii CTPYKTYPHMUIL CTaH, SIKUIA
JI03BOJIUTH 3a0e3MeynTy HeOoOXiJHi BJIACTMBOCTI IPU TOAAJbINI ITOM’ SIKIIYIOUiit
TepMooOpoOIIi (BigITyCKy).

[Tlicng wHarpiBanHs crani 31CrMoV9 po TemmepaTypu aycCTeHiTH3allii
(As+200°C) 7t MoBibHOTO Oe3IepepBHOTO OXOJIOMKEHHS 3i MIBUAKICTIO B Jiara3oHi
0,03...0,07°C/c cTpyKTypa XpOMOMOJTiOIeHOBaHAAi€BOI CTajli CKIagaeTbes 3 peputy
11 TJTACTMHYACTOTO TEePIIiTy Pi3HOI AMCIIEePCHOCTI (puc. 3, a).

[TigBuileHHsT IIBUMAKOCTI Oe3mepepBHOro oxojomkeHHs npo 0,4...0,8°C/c
npuBeno A0 ¢GOpMyBaHHS CTPYKTYpM, SIKa CKiaaganacsa 3 ~75% OeiHiTYy 3
HEpPiBHOMiIpHO pO3MOAiIIEeHMMM YaCTMHKAMM 1IeMeHTUTY B (epuTHiii MaTpuili,

~ 20 % deputy Ta 1o 5 % nepnity (puc. 3, 6).
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Pucynok 3 — Ctpykrypa ctajii 31CrMoV9 micis HarpiBaHHS [0
temmepatypu As+200°C i 6e3riepepBHOTO OXOJIOIKEHHS
3i mBuakoctsamu: 0,03...0,07°C/c (a), 0,4...0,8°C/c (6) Ta 2...8°C/c (B)

[Ticsis mpoliecy aycTeHiTM3allii i1 MogaabIIoro 6e3rmepepBHOrO OXOJIOIKeHHS B
inTepBayni mBuUaKocTeit 2...8°C/c CTPyKTypa XpOMOMOJiOAeHOBAaHAMi€BOi cTasti
cKajganacs 3 6eitHiTy, MapTeHCUTY ¥ hepuTy B KiJIbKOCTSIX 67113bKo 85 %, 10 % i 5 %
BiZMoOBigHO (pUC. 3, B).

SIk mokazaHo y po6oTi [9], 3epHMCTUII OEHIT MOXe IMIBUAKO (GOPMYBaATUCS
MepeBaskKHO y CTajeli, M0 MalTh TePMOKIHETMYHY [iarpamy 3 BiJJlOKpeMJIEHOIO
OeltHiTHOI0O 00/71aCTIO BigHOCHO TepsiTHOI. Ilpu momanbriit TepmiuyHiit 06poOIli B
MeTacTabiTbHOMY OGeifHITi IMOUMHAIOTHCS CTPYKTYPHi IlepeTBOpeHHS (KOoaryJsilis,
chepoinmsailisi) mpy MeHIIIOMY TePpMOAMHAMIUYHOMY CTUMYJIi, HiX y mepsiTi [10, 11].
BigCcyTHICTb TepMOAMHAMIYHO CTAJIOTO MEPJIiTy AJO3BOJUTb MIPUCKOPUTHU CTPYKTYPHI
TepeTBOPEeHHS MPY MOAAJIbIIIOMY BiJiTIa/li JIETOBAHOTO MPOKATY Ta CKOPOTUTU PEXUM
06po6ku. [Iyis TornepekeHHsT BUKPUBJIEHHSI MeTally KPYITHOTO COpTy O6askaHo
oXonoAykeHHsT mpoBoauTu 3i mBuakictio 0,8...2°C/c mo Temmeparyp, IO
MEePeBUILYIOTb KPUTUYHY TOUYKY IT0YATKy MapTEeHCUTHOTO ITepETBOPEHHS.

Ha migcTaBi oTpMMaHMx pe3y/ibTaTiB peKOMeHA0BAHO s JIETOBAHOTO MMPOKATy
i3 xpomMomosi6eHOBaHAIiEBUX CTaJlell MPOBOIUTY OXOJIOKEHHS Bill TemIiepaTyp
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aycreHiTusanii 3i mBuakictio ~ 0,8...2°C/c, ne mnepemkomKaTMe YTBOPEHHIO
MEePJiTHOI CTPYKTypM Ta iHTeHCcUbiKyBaTMMe CTPYKTYpPHi II€peTBOPEHHS IIpuU
Bigmani. HaBegeHi pekomeHpalii OO3BOJMAM 3HU3UTU TEMIIEpaTypy Bipgmany Ta
CKOPOTUTM TPUBAJIICTb BUTPUMKM Ha 2...4 TOOMHU TIpU OAHAKOBOMY PpiBHi
MeXaHiYHUX BJIaCTUBOCTEIA.

Pa3oM 3 OpOrHO3yBaHHSIM piBHSI MeXaHIUHMX BJIACTUBOCTEN [JisI TEBHOTO
XiMiYHOTO CKJIagy XpOMOMOJiOIeHOBaHAAi€BMX CTajieil HaBeleHi peKoMeHallii
JIIO3BOJISIIOTh pallioHaJIbHO BUKOPUCTOBYBATM XiMiUHi eJleMeHTM Ta TapaHTOBAHO
BUKOHYBaTM BMMOTHU €BpOTIeiicbKoi HopMaTuBHOI mokymeHTarii EN 10085:2001.

PesynbTaTy [OOCHIIKEHb MOXXHA BUKOPUCTOBYBATM IIpU  BUPOOHMUIITBI
COPTOBOTO IPOKATy 3 KOHCTPYKIIiIITHOI CTami, JileroBaHOi XpOMOM, MOJIiOmeHOM i

BaHAJieM, Ha MeTaJTyPriiiHMX MiAIIPMUEMCTBAX YKpaiHu.
BucHOBKU

BcTaHoB/IeHI 0COO/JIMBOCTI BIUIMBY XiMiUHOIO CK/Iay HA MeXaHiuHi BJaCTUBOCTI
craii 31CrMoV9. [lng mociigKyBaHO1 CTali 3 BUKOPUCTAHHSIM MaTeMaTUYHOIO Ta
Gi3suKO-XiMiUHOTO MOMEIIOBAaHHS I100YIOBaHi 3aJeKHOCTI 3MiHM MeXaHiuHUX
BJIACTUBOCTEJ JIETOBAHOI'O COPTOBOTO IIPOKATY (G5, Os) BiJl MIOKA3HUKA CTPYKTYPHOIO
crany (d). OTpuMaHi [OaHi [OO3BOJSIIOTH MPOrHO3YBaTM MeXaHiUHi BACTMBOCTI
TepPMi4YHO 00p00JIEHOrO0 COPTOBOIO ITPOKATY B 3aJI€KHOCTI BiJl 3MiHM BMiCTy XpOMY,
MOJIiOmeHy i1 BaHamilo. BcraHoBieHO, IO Oe3rnepepBHE OXOJOMKEHHS CTajli
31CrMoV9 3i mBuakoctsmu 0,8...2°C/c Big Temmnepatyp As+200°C mnepemkomkae
YTBOPEHHIO TIEePJIITHOI CTPYKTYpU Ta [O3BOJUTH CKOPOTUTU PEXUM TMOHAJIbIIOI
TepMidYHOi 0OpOOKM.
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UDC 669.1.017:669.15-194.001.57
V. Lutsenko, T. Golubenko, I. Chuiko, O. Lutsenko

MODELING OF THE INFLUENCE OF THE CHEMICAL COMPOSITION
AND STRUCTURE ON THE MECHANICAL PROPERTIES OF
ALLOY ROLLED PRODUCTS

Actual for modern engineering is the study of the influence of chemical composition
and processing on the structure and mechanical properties during development of the new
brands of the steel. The purpose of the study was the modeling of the role of the chemical
composition for the formation of the mechanical properties and structure in determining
the effect of the cooling rate on the austenitization temperatures of the 31CrMoV9 steel. It
is known that the complex of mechanical properties of metal products depends on the
number of alloying elements and the mode of heat treatment. Using the mathematical and
physicochemical modeling for 31CrMoV?9 steel were made dependent on the change in the
mechanical properties of the alloy rolled products (os, 65) from the structural condition
index (d). It is determined that for guaranteed compliance with the requirements of tensile
strength (900-1000 MPa) and specific elongation (> 11%) the number of the alloying
elements shall be corresponds to the following content: 2,46...2,62 % Cr, 0,2...0,24 % Mo and
0,17...0,19 % V. Received data are allow to forecast the rational mechanical properties of the
heat treated rolled products depending on the change in the content of chromium,
molybdenum and vanadium. Metallographic studies allowed to establish the influence of
heat treatment parameters on the structure of the studied alloy steel. It is established that
heating to the temperature A3+200°C and further continuous cooling with speeds > 0,8°C/s
prevents the formation of the pearlite structure, which during further heat treatment
(annealing) promotes the passage of structural transformations (coagulation) in the steel.
To prevent curvature of the metal, it is desirable to have cooling the rolled steel 31CrMoV9
at a speed of 0,8...2°C/s. Recommended cooling rates allow to obtain a more acceptable
structure for further processing with the required mechanical properties. Together with
prognostication of the level of the mechanical properties for the certain chemical
composition, these recommendations allow the rational use of the chemical elements and
guaranteed compliance with the requirements of the European regulatory documentation
EN10085:2001.

Keywords: alloy rolled products, chemical composition, heat treatment, cooling,

structure, mechanical properties.

100 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 25 — 2022

JIyuenko Bnaducnae Anamoniiioguy — [OKT. TeXH. HayK, TMPOBIIHUII HAyKOBUIA
CriBpo6iTHUK, [HCTUTYT YopHOi MeTanyprii iMm. 3.1. HekpacoBa HAH Ykpaiun.

TI'onybenko Temsauna MukonaiéHa — KaHJ. TeXH. HAayK, CTapIIMii HAyKOBUI CIiBPOOITHMUK,
[HCcTUTYT YopHOi MeTanmyprii iMm. 3.1. HekpacoBa HAH Ykpainn.

Yyiiko Izop Mukoaatioguu — KaHf. TeXH. HAyK, CTapIIMii HAYKOBUIA CITiBPOOITHUK, IHCTUTYT
yopHoi MmeTanyprii im. 3.1. HekpacoBa HAH Ykpainn.

JIyuenko Onveza BnaducnaeieHa — KaH. TeXH. HayK, HAYKOBMI1 CHiBpOOITHUK, IHCTUTYT
yopHoi meTtanyprii im. 3.1. HekpacoBa HAH Ykpaiun.

Lutsenko Vladislav — Dr. Technical Sciences, lead researcher, Z. I. Nekrasov Iron & Steel
Institute of NAS of Ukraine.

Golubenko Tatyana — Cand. technical science, senior researcher, Z. I. Nekrasov Iron & Steel
Institute of NAS of Ukraine.

Chuiko Ihor - Cand. technical science, senior researcher, Z. I. Nekrasov Iron & Steel
Institute of NAS of Ukraine.

Lutsenko Olga - Cand. technical science, researcher, Z. I. Nekrasov Iron & Steel Institute of
NAS of Ukraine.

ISSN-print 1991-7848 101
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 25 - 2022

DOI: 10.34185/1991-7848.2022.01.09
YK 629.7:658.512.2

I1.T. MenbsinuioB, O.M. JlocikoB, B.C. Ha3apeI1ip, B.K. CuzopeHKo

CTABUII3ALIA PAAIAJIBHOTO 3A30PY B KAYAIOUOMY BVY3JI1
HACOCA MIIKUBJIEHHA YIOCKOHAJIEHHAM KOHCTPYKIIIT
BTVJIKU INIJIINUITHUKA KOB3AHHSA

Anomauia. IIposodumwvcs  eKkcnepumeHmanvHe  OOCNiOHeHHS  3abe3neueHHs
cmabinizauii padianvbHozo 3a3opy 8 Kauawuomy 8y3Ji HAcoca NioOHUeJeHHs 3 308HIUHIM
3auenyieHHsIM, 3a PAXYHOK NOKpauleHHs yMo8 pobomu ma 3MeHUleHHs 3HOUIEHHS
demaneil, axi popmyromo padiansHuli 3a30p 8 NIOWUNHUKAX KOB3AHHS KAYAI0H020 8Yy3/1d
Hacoca: «yanga eedyuozo eana - omeip emyaku», «yanga eedeHoi 8ici — omeip

8MYJIKU», BNPOBAOHCEHHIM KOMOIHOBAHOI 8MYKU 8 NIOWUNHUKY KOB3AHHSI.

Knrwouosi cnoea: Hacoc nioxcusneHHs, padianvHulli 3a3op, NiOWUNHUK KOB3AHHS,
MOMEHmM Ccuiu mepms, Naowia KOHMAaxkmy, piOuHHe mepms, 2paHuyHe mepms,

KOMOiHO8aHAa e6myJika, 3HOUIEHHA.

ITocTaHOBKa NpooIeMu

B rigpaBiaiuHMX TpPaHCMICiIX MOOITbHMM MAIIMH TipHUYO-METaTyPriifHOTO
KOMILJIEKCY IIMPOKe 3aCTOCYBaHHS 3HAMIIIM aKCiaJbHO-MOPIIHEBI TiApoHacocu i
rizpomotopu. B akciaqbHO-MOpPIUIHEBMX TiApoHaAcocax, MIJs peryalBaHHS iX
pobouoro 06’eMy Ta KoMIleHcallii 06’eMHMX BTpaT B TiApaBiiuHilii TpaHCMicii,
BCTAHOBJIIOIOTHCSI HACOCU MiJKUBJAEHHSI II€CTEPEHHOTO TUITy 3 30BHIlIHIM
3aueryIeHHSIM.

B ymoBax ekcruiyaTallii HacoCu Takoi KOHCTPYKIIii, SIK MPaBWJIO BTPauyaioThb
pOOOTO3aTHICTh B Pe3y/bTaTi TifijpoabpasuBHOTO 3HOIIEHHS JeTajieli Kauaruoro
By3Jla B CIIPSDKEHHSIX: «TOpellb IIeCTepHi-BepXHS KpWUILKa», «TOpellb IIeCcTepHi-
HIKHST  KPUIIIKa», <«KOJOMSI3b KOPITyCy-3y6 IllecTepHi», IO MiATBEPIKYETbCS
pe3yiabTaTaMu JOCJikKeHb B poboTax [1, 2].

BkasaHi CHpsDkeHHSI Kadyalouoro By3/ia Hacoca (QOpMyIOTh BiAIIOBiAHO
TOpLIeBUIt i pafiasibHMUIt 3a30pH, SIKi CYyTTEBO BIUIMBAIOTh Ha 00’€MHIi BTpaTu pobouoi
pinuHM Ta Ha 06’eMHMI KoedillieHT KOPUCHOI il Hacoca. B poborax [3, 4] aBTOpHU
JleTaJbHO PO3TJISIHYIM KOHCTPYKTMBHI 3axomy Ijis1 KOMIIeHcarlii 06’€MHUX BTpaT

yepes TOpLIEBUIT 3a30P, 32 paXyHOK iioro crabimisarii.

© Menbsuios I1.T., JlocikoB O.M., Hazapenp B.C., Cumopenko B.K., 2022
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BomHouac muTaHHSAM CTabitisallii pagiaTbHOTO 3a30py «KOJOASI3b KOPITYCYy-3y0
IecTepHi» MJI HACOCIB MiJKMBJIEHHSI 3 30BHIIIHIM 3ayeIlJIeHHSIM IIpUIiJIEHO He
IOCTaTHbO yBaruM. B 3HauHili Mipi Takuit cTaH crpaByM OOYMOBJIIOETHCS TUM, IO
dbopmyBaHHSI pajiaIbHOTO 3a30py Ta JOro Iojajblla AMHAMika POCTy B 3HAUHI
Mipi 00yMOBJIIOETbCSI TEXHIUHMM CTAHOM JeTaseit, IKi GopMyIOTh pafiaibHUIT 330D
B MiOIIMITHMKAX KOB3aHHS Kauaryvoro By3Jja Hacoca: «iarda Beaydyoro Baja - OTBip
BTY/IKMU», «Ilarida BemeHOi Bici — OTBip BTyAKM». € OUEBUIHUM, IO 3POCTAHHS
pamiaJbHOrO 3a30py B [JaHMUX CIPSDKeHHsT Oyge OOyMOB/IIOBATM BiAIIOBigHO i
3pOCTaHHSI pajiiaIbHOTO 3a30py MiXX 3yOOM Beaydoi Ta BeleHOI IlIecTepHi Ta
KOJIOZISI3eM KOPITyCYy Hacoca.

Takum uMHOM, AJISI 3MEHIIEeHHS 00’€éMHMX BTpAT B Kauarouomy BYy3Jli Hacoca
BUHMKAE HEOOXiIHICTh PO3pOOJIEHHSI KOHCTPYKTMBHMX 3axXO[iB, sIKi 3abe3reuyaThb
cTabimi3alliio pamiaJbHOIO 3a30pYy B ITiAIIMITHMKAX KOB3aHHS.

AHaJti3 oCcTaHHIX OCTiIKeHb Ta IMMyO/TiKalLi

Hacoc mimKkuBjeHHSI 3 30BHIIIHIM 3ayellJIeHHSIM aKCiaJIbHO-IIOPIIHEBO1
TiIpOMAalIMHM 32 KOHCTPYKTUMBHMMM PilIEHHSIMM  SIBJISIETbCSI MOMiOHMM 11O
necTepeHHuX HacociB Moaudikamii HII-VY. V gakux, njs 3abe3rnedeHHs JKOPCTKOCTi B
MiAIIUITHUKOBUX BYy3JlaX KOB3aHHS 3aCTOCOBYIOTh BTYJKM i3 aJIOMiHi€BOIO
MaTepiany, siki 6e3rmocepeIHbO BCTAaHOBJIIOIOTHCSI B KOPITYC TilpoHAcoca i MaloTh
3HauHi reoMeTpUYHiI po3Mipu, 10 3abe31euye iX MillHICTHI MOKa3HUKH [5].

Y HacociB TiIKUBJIEHHSI BTYJKM IiJIMIMUITHUKIB KOB3aHHS BUTOTOBJEHO 3
amoMiHieBoro crutaBy (AK9M2 I'OCT 158-93), siki 3ammpecoBaHO B OTBOPU BEPXHbOI i
HVKHBOI KPUILIOK Hacoca (puc. 1).

Mixx Basiom 1 i Brynkow 2, (puc. 1), Opu BiJACYTHOCTi 30BHIIIHbOTO
HaBaHTa’KeHHS i 32 YMOBM KOHIIEHTPUUYHOTO po3MillieHHs 1andu Basa GopmMyeThCs
panianbHMit 3a30p € :

e=n-R, (1)
Ie r; — BHYTPIlIHI pafiyc BTyJIKK, MM.; R — paziiyc Beaydoro Bajaa, MM.

B pesynbTaTi OpuKIafeHHS HaBaHTAaXKeHHSI HA TIPUBIAHUI BaJl BUHMKAE

KPYTHUIT MOMEHT, SIKIt 00YMOBJIIOE TIepeKOIIIeHHS Bajia i TPUBOAUTD 10 30JIMKEeHHS

ITIOBEPXOHb BaJia i BTYJIKM, IO IPUBOOUTL OO IIOSIBU 3POCTaHHA 006’eMHOi

nedopMallii BTy/JIKM (BUTOTOBJIEHOI 3 anmtomiHieBoro cruiaBy AK9M2 I'OCT 158-93) i
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BMHMKHEHHIO KOHTYPHOI IUIOII JNOTUKY Ap, fIKa BIIINOBIZA€ LIEHTPaIbHOMY KYTY
KOHTaKTy 2¢, (puC. 1) i BU3HAUaeTHCS 3a BUPA30M [6]:

Ag =209 xIxR, (2)
ne Ay - KOHTYpHa IUIOLIA JOTMKY IIOBepXOHb Lamndyu BeLydyoro Baja Ta

BHYTPIIIHbOI OBEPXHi BTYJIKH, mm? , | — moBXXuHa migmmnHauKa (mandu Baaa), MM.

Pucynok 1 — CxeMa migluMnHuKa KOB3aHHS JJ1s1 BU3HAUEHHS KOHTYPHUX TUCKIB B
MiJIIUITHMKY KOB3aHHS:1 — BeAyunii Bajl; 2 — BTYJIKA KPUILKM HACOCA; 3 — KPUILIKA Hacoca

TakMmM UYMHOM, BHYTpIlIHIi poOOUi IIOBEPXHi BTYJIOK OYyOyTb CIIpUAMATHU
3yCcuUJIIsL Bif, 1iarid BeAyuoro Bajy, B pe3y/abTaTi OTO IMepeKolleHHs, 3 CUJIO0l0, SKa

BM3HAYAETHCA 3a BUPA3OM:
F,, =PxAg, 3)

Ie P - HopMaJbHe HaBaHTaXEHHS MOBepXHi Lamndu Baja Ha [OBEPXHIO
BTY/IKM, MIIa.

BennumuHa HOpManbHOrO HaBaHTaXeHHd (P ) mand Basa Ha MOBEPXHIO BTYJIKU
00YMOBJTIOETHCSI KDYTHUM MOMEHTOM, SIKUii IPMBOJIUTD B PyX BeAyuuii Bajl Hacoca.
€ oueBMAHMM, 11O B IPOLIEC] 3aITyCKy HACcOCa Cuia HOPMaJIbHOTO HaBaHTaXeHHS Ha
BTYJKy Ma€ MaKcuUMajbHe 3HaueHHs (MiKOBe), IO OOYMOBIIOETHCSI TPUBAIUM
KOHTAaKTOM JieTajieil B CTaHi CIIOKOIO, SIKMI XapaKTepPU3YETbCS 3POCTAHHSAM ILIOLII

MeTaJIeBOTO KOHTAKTYy MiXK 1X IIOBEPXHSIMU.
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A B pexkuMi HOpMa/IbHOI eKcIUTyaTallii MpOoXoAUTh CTabii3allisi HopMaJbHOTO
HAaBaHTaKEHHS, IO OOYMOBJ/IIOETHCS 3POCTAHHSIM IUIOLII PiAMHHOTO TepTs MiX
TOBEPXHSIMM Ta 3MEHILIeHHSIM ILJIOIi TpaHMYHOr0. BeiMunHa MpuBOgHOTO MOMEHTY,
SIK TIpaBMJIO 3HAXOAUThbCSI B BM3HAUEHOMY [ialla3oHi i BiAINOBigae TexXHIYHUM
BMMOTraM B BiAIIOBiZHOCTI 10 KOHCTPYKIii Hacoca. 3Bimcu, MOXHa 3poOUTHU

TIPpUITYIIIEHHSI, 1[0 BeJIMYMHA CUJIM HOPMAaJTbHOTO HaBaHTaskeHHS (P) Takox Oyge
MaTy BU3HAuUeHi 3HA4YeHHS, SIK [JIs1 3allyCKy Hacoca Tak i A YMOB HOpMajabHOIL
ekcrutyaTanii. Toni 3HaYeHHS Cyin (Fu‘e_), 110 J1i€ Ha pobOoYi ITOBEPXHi BTY/IOK Uepes
Beyunii Baj, Oyze 3a/iekaTy BiJl BeJIMYMHY IUIOIMHY JOTUKY ITOBEPXOHb ( Ay ).

I3 anamisy Bupasy (2) BUIUIMBa€, IO IUIOIIA JOTUKY IOBEPXOHb (Ay) Oyne
3aj1e)kKaTy BiJj BeJIMUMHM KyTa (@), TOMY IIO TaKi MapameTpy, K JOBKMHA Landu
(mipmmmnHauka) ([) Ta paaiyc Bajia Beoydoi iecTepHi (R) MpaKTUYHO SIBJISIIOTHCS He
3MiHHMMU. Pa3om 3 TuM B po6OTi [6], aBTOPM BiIMi4alOTh, IO KYT (Q,) 3HAXOAMUTHCS
B (DYHKIIIOHAJIbHIN 3a71€KHOCTI Bid IMPUKIaAeHOTO0 HOPMAa/JIbHOTO HAaBaHTA>KeHHS B
BiAMOBIAHOCTI OO BUpa3y:

p_ ExrxIx(r;-R) y P
(1) x (147 ) x(1-2p) €08 Qg

-singy), 4)

ne E — Monynb MPYKHOCTI mMaTepiany BTYJAKM; pu — KoediiieHT IlyaccoHa; r, -
pafiyc BTYJIKM IO 30BHIIIHbOMY JiaMeTpy.

Mopgynp TpYy>KHOCTI MaTepiamy BTyJAku (E) TaKOX SBJSETHCS MOCTiTHOO
BeIMUMHOK0. TakMM UMHOM, MOXXHA BUCYHYTM poOOUY TriroTesy, IO 3MeHIIeHHS

KyTa (@), AKMIl BKasye Ha IpaHMIi KOHTAaKTy IIOBEPXOHb TepTS B CIPSIKeHHI

«uarda BeIydyoro Bajia - OTBip BTY/JIKM», 0OYMOBJIIOE 3MEHIIIEHHS TIIOIi TilT TepTs,
SIKi OyoyTh MpaloBaT B YMOBAx 'PAaHUYHOTO TepTs i 30iabllIeHHS TUIONII Tij, II0
OyayTh TMpalioBaTM B YyMOBax piAMHHOTO TepTs. 3a TaKuUX YMOB CYTTEBO
TTOKPAIIYEThCSI pOOOTA IMTiAIMMITHMKA KOB3aHHS 32 PaXyHOK 3MEHIIIEeHHS CUJI TepTs, a
TaKOX 3MEeHINYEThCs AecdopMallist i 3HOIIEHHST po60YMX IMTOBEPXOHb Bajia i BTYJIKM.

Bunukae HeoOXigHICTb BM3HAaUeHHS MiHIMaJbHOrO 3HaueHHs KyTa (). B

pobotri [7] aBTOpM peKOMEeHAYITb B BiAINOBiAHOCTI OO Bupasy (4) BBeCTH

TIO3HAYEHHS ¥ =@,/ COS®,-sing,. OTpuMaHa HuMM (QYHKIIIOHa/IbHA 3aJeXKHICTh

v = f(¢g) npexacTasaeHa B BUIIAL rpadika Ha puc. 2.
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7

a5

0 /8 n/k n/8 p°
Pucynok 2 - I'padiuna 3anexHicTs y = f(@q) [7]

I3 HaBemeHOI rpadiuHoi 3a7eXHOCTi (pyUC. 2) BUAHO, 10 IMPY He 3HAUHUX KyTax
KOHTAaKTY, fIKi BiAnoBsigamoTh iHTepBany 0<¢, <7 /8 abo 0° < ¢p < 22,59, rnapamMmerp
(w) 3MIHIOETbCA Ha He 3HAYHY BeJMUYMHY. 31 3POCTaHHSAM 3HA4YeHHS (@) MO
inTepBany n/8<o¢y<mn/4 abo 22,5% < Py <45, 0°, mapamerp () 36inbpIIyeTHCS Ha
75 %. Tlopanpiie 3pocTaHHs KyTa (¢pp) NPUBOIUTL [0 iHTEHCMBHOIO 3POCTaHHS
napamerpa (w). IlpoBenenuit aHamis (QYHKIiOHAJbHOI 3aleXHOCTI = f(¢py)

1okasaB, 110 edeKTMBHA poOOTa MigIIMITHMKA KOB3aHHS «iariga Beaydyoro Bajaa —
OTBip BTYJKU» Oy/le BUKOHYBATHCh, 32 YMOBM KOJIM KyT KOHTAKTy TTOBEPXOHb TEPTS
He Oy/ie IepeBuIyBaTu ¢, < 22, 59,

3MeHIIIeHHSI KyTa KOHTaKTy ITOBEPXOHb TEPTS B CHPSDKEHHSX, SIKi (POPMYIOTH
MiIIMUITHUKY KOB3aHHS («1jarnda Bemyyoro Baja — OTBip BTY/IKM», «manda Bici
BeJleHO]l IleCTepHi - OTBip BTYJKM») B HACOCi IMiIKMBJIEHHS MOXJIMBO 3a PaxyHOK

KOHCTPYKTUBHUX 3MiH BTYJIKU.
MeTa gociaigkeHHs

Mera pocmimkeHHS - 3abe3redeHHs cTabimisalnii pamiaabHOro 3a30py B
Kauar4yoMy BY3JIi Hacoca ITiIKMBIEHHS PO3PO0OJIeHHSIM KOHCTPYKTUBHUX 3aXOiB I10

3HIVDKEHHIO 3HOIIEHHS AeTaJsIeil B oro MigIIMITHMKAX KOB3aHHS.
BuknageHHsI OCHOBHOIO MaTepiaay JOCTiIKeHHS

B pob6ori [8], aBTOpM peKOMEeHIyIOTb 3aCTOCYBaTUM KOMOIHOBaHY BTY/IKY [IJIsI
ITiJIIUITHMKA KOB3aHHSI Hacoca IiKMBJIEHHS. 3arajJbHMI BUA Hacoca 3

KOMOiHOBaHMMM BTYJIKAMM IIPEICTABIEHO HA PUC. 3.

106 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 25 — 2022

J / 4
: A/ BCBNENEN Vi b
7 AN 7

PucyHOK 3 - 3arajibHMiT BUI eKCcriepyuMeHTalbHOT0 Hacoca ITiKMBIeHHS
3 KOMOGIHOBaHMU BTYJIKAMMA: 1- KOPITYC; 2 - BepXHA KpUIIIKa, 3 - HIDKHA KpHUIIIKa,
4 — BeJleHa IIECTEPHS; 5 — Beayua IIecTepHs; 6 — IIMOHKA; 7 — BaJl BeIYUMIi;

8 — Bich BefieHOI 11ecTepHi; 9 — KOMOIiHOBaHI MiAMIMITHUMKOBI BTYIKMU
KOHCTPYKTHBHI 0COO/IMBOCTi KOMOiHOBAHOI BTY/IKM HaBOISIThCSI HA PUC. 4.
Kom6iHOBaHi BTYJIKM, III0 BUKOHYIOTh POJIb ITiAIIUITHUKIB KOB3aHHS [IJISI BasTy

Beoy4doi IIecTepHi i Bici BemeHOi, ckiaamaioThcs (puc. 4) 3 pobouoi i HampPSIMHOI
BTYJIOK, MiX SIKUMM BCTAaHOBJIEHO IIpy>XKHOAemIdyounii eieMeHT y chepuuHux

KaHa/lax SIKOTO JIOJATKOBO PO3TalllOBaHi KOMIIEHCAIiiiHi MPy>XMHM, SIKi pO3MillleHi

I10 KOJTy uepes 60°.

A-A

ol

/ 3 "“"ﬂ.‘. i / ‘-"‘; L“‘; \ L

PucyHoK 4. - KOHCTpYKIIisi KOMOiHOBAHOI BTYJIKY JIJIS1 TiAMIUITHMKA KOB3aHHS:
«uarda BegyJyoro Baja - OTBip BTYJIKM» Hacoca: 1 — pob6oya BHYTPIlIHS BTYJIKA;
2 — HampsIMHA BTYJIKA; 3 — MPY>KHOeMIIbYIOUunit eieMeHT;
4 - chepmyHi KaHaIN; 5 - KOMITEHCALIi/HI TTPY>KUHU
[3 aHanizy TMpoBeleHUX AOCTIAKeHb BUIIMBA€E, IO IPU 3HAUEHHSIX KyTa
¢ <22, 50 IJIONIA KOHTAaKTy Bajla 3 TOBEpPXHEW BTYJIKM Oyle MiHiMa/JbHOIO, IIO
3a0e3IeunTh 3MEeHIIeHHS CUIM TepTsl MiXK BajoM i BTY/IKOW. B 3B’sI3Ky 3 I1uM,

IIpOBeAEeMO  KOHCTPYKTMBHI  3MiHM KOMOIiHOBaHOi  BTY/IKM, PO3MiCTUBIIU
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KOMIIEHCAliliHi OPYy>KMHU T10 KOJIy uepes 22,50. 3arajibHMit BUI, KOMOiHOBaHOI

BTYJIKM JaHOi KOHCTPYKIIii IIpeacTaB/JeHO Ha puUC. 5.

A-A

AT A Ty

K
SO
= ’ D
O(’Q‘.&Qb%

/ J ra

PucyHoK 5. - KOHCTpYyKIIisi KOMOiHOBAHOI BTYJIKY JIJIS1 TiAMIUITHMKA KOB3aHHS:
«uanda BeayJyoro Baja - OTBip BTYJIKM» Hacoca 3

PO3MillleHHSIM KOMITeHCalliliHi IPYKMHM 110 KOy uepe3 22,50

[Tpu 3amycKy Hacoca MiJ)KMBJIE€HHSI BeAyuuii BaJl CIIpUIIMa€ KPYTHUIA MOMEHT
Ta OTPMMYE IIBUIKiICHE HaBaHTAXXeHHS Bif Bay OCHOBHOTO HacoCy, 110 00yMOBJIIOE
TOSIBY MepeKOolIeHHs Bajy B BTYJKaX i MPUBOAUTD 10 3POCTAHHSI KOHTYPHOI ILIOII

KOHTAKTy Ay , 3pOCTaHHS KyTa (@) 1 BiAIIOBIAHO 3pOCTaHHIO CUJIA (F,.)- 3a ymoBH,

KOJIN (p0>22,50 MOUYMHAE iHTEHCMBHO 3pOCTAaTM IUIOIIA KOHTAKTy JeTasieit, M0

MMpMUBOAUTL [0 IHTEHCUBHOI'O 3HOIIIEHHS ,ZLETaIIeﬁ Hi,Z[IJ_II/IHHI/IKa 3da PaxyHOK

3POCTaHHAI MOMEHTY CUJI Te€PTH, SIKMI1 BU3HAYAETHCS 3a BUpa3oM:

1,

M, = 27; xR:, (5)
i=1

1

ae T; - Cijla TepTd, sdKa BUMHMKAE B 30HI (I)aKTI/I‘IHOI‘O KOHTAaKTy BI/IHa,I[KOBO.l.

MiKpOHepiBHOCTI moBepxHi Bana, H; R, - Bimcranb Bin jiHii gii cumm T, 1o Bici

o6epTaHHs Bajy, MM; N, - YMACJIO MiKPOHEPiBHOCTe, SIKi BCTYNalOTh B KOHTAKT MiX
BaJIOM i BTYJIKOIO.

3 aHajizy yMOB pPOOOTM IiJIIMITHMKA KOB3aHHS BilOMO, IO 3O0BHIIIHE
TepTsi Mae€ MOJeKyIIpHO-MexaHiuHy Tmipuponay [9]. Tobro cwia Teptsi Oyne
IOpiBHIOBATM CyMi OIIOpiB, OOYMOBJIEHMX MiXXKMOJIEKYISIPHUMM B3a€EMOMISIMU
(MoeKkyJsIpHa CKJIaZoBa CUIM TepTsi) Ta JOedOpMyBaHHSIM IOBEpPXHEBMUX IIapiB

MiKpOHepiBHOCTeN, SIKi BCTYIIMIM B KOHTaKT (medopmallifiHa CKiaagoBa CUIN TEPTS),
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TOOTO cCwia TepTs Ha KOXHii MikpoHepiBHOCTI. Tomi cuay TepTsi MOKHA
MpeACTaBUTH B HACTYITHOMY BUIJISIIi:

T =Tyi + Toi ©)
ne T, — MojexkyaspHa cknagosa cumu Ttepts; T, - medopmaniiiHa ckiamosa
CUJIU TEPTSL.

MonekyJisipHa CKIagoOBa CUJIM TEPTS, SIKa BUMHUKAE MiK MOBEPXHSIMM TEPTS,
Oyme 3ajieskaTu Bif B’SI3KOCTi poboYOi pimuHM, TeMIIepaTypHOTO PekMMy poOOTHU
CIIpSIKEHHSI, T BEJIMUMHOIO TUCKY MiXK JeTalIsIMU.

HedopmaliifiHa ckIagoBa CUAM TepTsS B [AHOMY BUIIAJIKy OOYMOBIIOETHCS
ricTepe3CHMMM BTpaTaMM, SIKi BUHMKAIOTh mpu gedopmailii ITOBEpXHEBOTO IIapy
MEHII YXOPCTKOTO TiJia IIpY BiZTHOCHOMY KOB3aHHIi.

TakMmM 4UMHOM, 3MEHIIEHHS CWJIM TepTsS MOK/IMBE 3a PAaXyHOK 3MEHIIeHHS
KOHTYPHMX TUCKIiB Ta 30iJbIIeHHSI IUIOIIi PiAMHHOTO TepTsS MiX ITOBEPXHSIMU
JeTanei.

I3 Bupasy (4) TakoX BUIIIMBAE, IO NPy cTabinisanii moxasHuka (R;) MOMeHT

cunm TepTs 6yne 3anexxatu Bin Bemyuuan (T;).

Cra6inizauisa Bigcrani (R;) (Bim niHii mil cumm T; po Bici obepTaHHS Baiy)
3a6e3MeuyeTbCsl HACTYIMHUMM KOHCTPYKTMBHMMM 3axomaMy. B MOMeHT 3arycKy
Hacoca, KOMITeHCAIiiiHi MPYyXMHM 5 KOMOiHOBAaHOI BTYJKM (PUC. 5) CIIpUIIMAaIOTh
yepe3 pobOOUy IMOBEPXHIO BHYTPIIIHbOI BTYJKM 1 HOpMasibHi HaBaHTakeHHS (P),

IpU IIbOMY, 3YCUIIIS iX IPY>KHOCTI (P, ) BifIOBiJa€ HaCTYIIHMM YMOBaM:
P, <(0,93...0,96)xE,,,, (7)

ne P, - cwia OpyXHOCTI KOMIeHcauiiHol npyxkuuu, MIla; E, - MoAmyab

TIPY>KHOCTI MaTepiany BTyaku, MIla.

[Ipu Takux ymoBax 3a6e3meuyeThCss 3MeHIIIeHHS IO KOHTaKTy Mix 11andoo
Bajla i BHYTPIIIHbOIO TOBEPXHEKW BTYJIKM, TaK $SIK OCTaHHSI, ONMUPAIOUMCh Ha
KOMIIEHCAlIiViHi TIPY>KMHY i, Ji€0 HOpMaJlbHMUX HaBaHTaXXeHb (P), mepeMmilllyeTbCs
pasoM 3 BajJOM 3a PaxyHOK CTMCKaHHSI MPYXMH i OJHOUYACHO CTabili3ye BiJCcTaHb
(R). Taxki ymoBM pobOOTM MiJIIMIIHMKA, [JI1 TIIepiofy 3amycKy Hacoca,

XapaKTepU3yITbCS MiHIMaJIbHMM KOHTAaKTOM MeTajleBUX MOBEPXOHb, B pe3yJbTaTi
MPOCKAJ/Ib3yBaHHSI Bajly MO MiKpPOHEDPiBHOCTSIM ITOBEPXHi BTYJIKM Ta CTBOPEHHSIM
YMOB PiIMHHOTO TEPTS JIJIs TOIAIBIIOI POOOTH IMTiAIMIMITHMKA KOB3aHHS.

[Ipy 3HMKHEHHI TiKOBMX HaBaHTaXeHb Ha BaJ, II0 BUMHMKAWOTh B IIpOLieCi
3aMyCKy Hacoca, Ta Micjsl MPOCKaIb3yBaHHS Bady B 30HI KOMIIEHCALiHMUX TIPY>XUH,
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MPOXOIUTDH 3MEHILeHHS HOPMaJbHUX HaBAaHTAXXEHb Ha BTYJIKY, 1 Baj, YaCTKOBO ITiJ,
Oi€l0 CcuI TPYKHOCTI KOMIIEHCALiifHMX Mmpyxkud (P, ) Ta CWI IIPYKHOCTI

NpYKHOAEMIIBYIOUOTO  eJieMeHTY  BTYJIKU (P,5.<(0,9...0,98)xE,, ), 4xKi

TIOTJIMHAIOTh BiOpallifiHi pyxu Bajy, CTapa€TbCsl PO3MICTUTHUCS KOHIIEHTPUYHO I10
BiJHOIIEHHIO [0 BiCi BTYJKM, IO XapaKTEePU3YETbCSI MiHIMaJIbHOK IUIOIIEI0
KOHTAKTy TiJl TepTs, MOCTiiHMM IOKasHMKOM (R;) Ta CTBOpIOE YMOBM CTabimisamii

CTPYKTYPHUX MapaMeTpiB AeTasei miJIuITH/MKa KOB3aHHS.

AHaITUYHO BU3HAUUTU CUJIU TEPTS, SIKi BUHMKAIOTh B MiAIIMITHUKY KOB3aHHS
«uarnda Bemgyyoro Bajia — KOMOiIHOBaHA BTYJKa», i 3ajeXkaTh BiJi HOPMaJbHUX
HaBaHTaXeHb (P), Kyra (¢y), 30HM (PAKTMYHOIO KOHTAKTy MiKpPOHEpiBHOCTe

TOBEPXOHb, IUIOIII PiIAMHHOTO TepTS MiX IMMOBEpPXHSIMM AyKe CKIagHO. B 3B’S3Ky
3 UM, BUHMKAE HeoOXiTHiCTh MPOBEIeHHS eKCIepuMeHTaTbHUX
IOCTimKeHb 3 e(eKTMBHOCTI pOOOTM MMAIIMITHMKA KOB3aHHSI 3 3aCTOCYBAaHHSIM
KOMOiHOBaHMX BTYJIOK.

TpuboTexHiuHi IOPIBHSIBHI BUIIPOOYBAHHSI 3pa3KiB IPOBOAMIM  IIJISI
BU3HAUEHHS HACTYMHUX BUXIAHUX XapaKTEPUCTUK: BeJIMUMHA MOMEHTY BiJ, CUII
TepPTsl, 3HOIITYBAHHS B OAVHUIISX MaCH.

BuripoOyBaHHSI 1151 TTapy TEPTS «1iarda BeAydoro Bajia — KOMOiHOBaHa BTY/IKa»
npoBoauayu Ha maiiuHi Teptss CMT-1 3a cxeMoI0 «pOJIMK-KOJIOAKA» B BiAMNOBIHOCTI
o BizoMux metoauk [10].

B sikocTi ponmka BuMKOpUCTOBYBasacsl 1arda imectepHi Hacoca (ctanb 40X
I'OCT 4543-71), o6pob6neHa BiAMMOBIMHO 0 TEXHIYHMX YMOB, a KOJOJKa
BUpi3yBasiacs 3 BTYJIOK Hacoca (anoMiHieBuii ctiaB AK9M2 T'OCT 1583-93).

JIJis1 OLIiHKYM Pi3HMX BapiaHTiB BTYJIOK OYJIO IMPUTOTOBJIEHO TPU BUAM 3Pa3KiB
BTYJIOK (KOJIOZIOK), SIKi HaBeIeHi B Tabuili 1.

Tabmnug 1
3pa3ku BTY/NOK (KOJIOAOK) AJisI BUITPOOOBYBAHHS HA MallHi TePTS
Ne 3pa3Kky BUTOTOBJIEHI i3 HOBMX €TAJIOHHUX BTYJOK i KOMOIHOBAaHUX BTYJIOK 3
3/ MPY>XXHbOJIEeMIIDYIOUMMY eJIeMeHTaMN.
1 Brynka HOBa, antoMiHieBuit criiiaB AK9M2.
KombiHoBaHa BTYy/Ka: BHYTPIIIHS poboya i HampsiMHa BTYJIKM HOBi 3 aTlOMiHi€BOTO
2 crimaBy AK9M2, MiK SKMMM BCTAHOBJIEHO TMPYKHOAEMIIpylounii ejgeMeHT Ta

KOMIIeHCalliifHi TPY>X1HM, PO3MillleHi 110 KOJTy uepes 60°.

KombiHoBaHa BTYy/Ka: BHYTPIIIHS po6oyYa i HampsIMHA BTYJIKM HOBi 3 aTlOMiHi€BOTO
3 craBy AKOM2, MiX SKMMM BCTAHOBJIEHO TMpYKHOAeMIIPylounii ejgeMeHT Ta

KOMIIeHCalliifHi Mpy>kKMHM, PO3MillleHi 110 KoJTy uepes 22, 59,
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Buripo6yBaHHSI Ha TepTsl Ta 3HOC IPOBOAMIMCS TIpM IIOCTiliHi/ YacTOTi

obepTaHHS POJIMKa, SIKa JOPiBHIOBaIa 500x6!.

KonTakTHMIT TUCK y napi craHoBUB 6,0 MIla npu HaBaHTaxkeHHI P =1000H i
MPOTSITOM 3 TOAVH 3HiIMa/MCs TOKa3aHHS MOMEHTY Bif cui TepTs. [Iyck MammHu
3[iMICHIOBABCSl 3a BiACYTHOCTI HaBaHTa)XeHHS Ha 3pa3Kku. Ban mammHM TepTs 3
BCTAHOBJIEHMM POJIMKOM 0b6epTaBcs OaM3bKO 3...5 XBWINMH, IO OOYMOBJIIOBAJIO
CTBOPEHHSI MAacC/sSHOI TUIIBKM Ha POJUKY, MICJAS YOro IIPOTSIrOM 2 XBWJIMH
HaBaHTaKeHHS IIJIaBHO JOBOAMJIN 10 BCTAHOBJIEHOI BeIMUMHU. 3pa3Ky 3BaKyBaJINCS
JIO TIOYATKy €KCIIePMMEHTY Ta ITiCJIs 1oro 3aBepiieHHs. I1o pisHuUIli 3HaUeHb CyauiIn
TIPO 3HOIIYBAHHS 3pa3KiB, BUPAXKEHOMY B OJVHUIISIX MACH.

Pe3yibTaTyt 3MiHM MOMEHTY CUJIM TePTSI HABOASATHCS Ha PUCYHKY 6.
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PucyHOK 6 — 3MiHa MOMEHTY CUJTM TePTS B mapi «ijanda BeAydoro Baja — KOMo6iHOBaHa
BTYyJKa»: 1 — «eTalOHHA» TIapa TepTs «BTyJIKa (amoMiHiit AKOM2) — Bai (ctanb 40X)»;
2 — 1apa TepTs «BTy/Ka (amoMiHiit AKOM2), 3 mpyskHbOAeMNGYIOUNM eJleMeHTOM Ta

KOMIIeHCALiIHMMU NIPY>KMHAMM, pPO3MillleHMMM T10 KOJIy Uepes 60° - Ban (ctanb 40X)»;
3 - mapa TepTs «BTy/Ka (anoMiHiit AKOM2), 3 MpyskHbOIeMIIPYIOUMM eJIeMeHTOM Ta

KOMIEHCaLiiHMMM TIPY>KMHAMM, pO3MillleHMMM T10 KOJTy Uuepe3 22,50 - BaJ (ctanb 40X)»

I3 pucyHky 6 BMIOHO, II0 MOMEHT CWJIM TepTs Il 4Yac BUIIPOOYBaHHS
IOCTiIKYyBaHUX 3pa3KiB 3MIHIOETbCSI HEOAHAKOBO i Bipi3HSIETHCS 3a BEJIMYMHOIO i
YyacoM cTabimisarrii.

Ha mnouaTky BumpoboByBaHb Ha mpoTs3i 0,5 roaMHM MaKCUMa/IbHUIM

MOMeHT cumu Teprs (M) [Jua «eTaJOHHOI» Iapu, BapiaHT 1, CTaHOBUB
M, =1,8Hm, a 119 KOMOiHOBaHMX BTYJIOK BiJIOBiIHO, BapiaHT 2 - M =1,6Hwm Ta

BapianT 3 — M, =1,34Hm. 3 NOpPIiBHANBHOI OLIHKM BUIUIMBAE, IO MOMEHT CUJIN
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TepTsI TIPU 3aCTOCYBaHHI KOMOiHOBaHMX BTYJIOK B 1,12 pasu MeHmmit Ijs
KOMOiHOBaHOi BTY/JIKM BapiaHT 2, Ta B 1,34 pasu MeHIUMIi [Jig BapiaHTy 3
KOHCTPYKIIii KOMOiHOBaHOI BTYJIKN.

[HTeHCHBHE 3HMKEHHSI MOMEHTY CUJIM TEPTS OB 'SI3aHO 31 3MEeHIIeHHSIM IIOIIL
KOHTAaKTy IIOBEpXOHb 3pas3KiB, Tak $K HAasIBHICTb Yy KOMOIHOBAaHMX BTY/IKax
KOMIIeHCALIiHUX MPYXUH 3MEHIIye airesiliHe CXOIUIIOBAHHS Bajla 3 BTYJKOIO i
nedopMalliiiHa CKJIaoBa CUJIM TepTsS GOPMYETHCSI HA BepUIMHAX MiKpOHEPiBHOCTEI
TOBEPXHi BTYJIKM, TaK SIK MPYXXHICTb MPYXUH HA 4% MeHIIa Bifi MOIYJsI TIPYKHOCTI
MaTepiasy BTYJIKNA.

Ha  mpors3i  ocTaHHiXx 2-X TOAMH  BUIPOOOBYBaHb  IPOXOAUTH
cTabinizaliss MOMEHTY CWJIM TEPTS i B KiHIIi BUIIPOOOBYBaHb BiH cTaHOBUTDH 1,4 Hm
IS «eTaJIOHHOI» mapu TepTs i BimmoBimHo 1,1 HM g1 KoM6iHOBaHOi BTYJIKM —
BapiauT 2, Ta 1,01 Hm g1 KoMOiHOBaHO1 BTYJIKM — BapiaHT 3, 110 HA 39% MeHIie B
TIOPiBHSIHHI 3 «eTaJIOHHOIO» TTapOI0 TePTSI.

Crabinmisallisi MOMEHTY CWIM TepTs IJISl eTaJOHHOI Iapyu XapaKTepu3yeTbCS
3MeHIIIeHHSIM MiKpOHepiBHOCTeli Ha IIOBEepXHSIX 3paskiB Ta (OpMyBaHHSIM
MiKporeoMeTpii MoBepxoHb. Y KOMOIiHOBaHMX BTYJIKAX MeHIIe 3HAUeHHS MOMEHTY
CUIM TepTs Ha KiHellb BUIPOOOBYBaHb ITOSICHIOETHCSI TOCTiiHMM TOTJMHAHHSIM
BiOpallifiHMX HaBaHTaXXeHb MPYKHbOAEMIIPYIOUMMM €JIeMEeHTOM, IIPY>KHICTb SIKOTO
Ha 2% MeHIlIa BiJ MOJIYJSI IPYKHOCTI MaTepiaay BTYJKM. 3a TakKuX YMOB PoOOTHU
3MEHIIYEThCSI TUIOIIA Tijl, IO KOHTAKTYIOTb, Ta 3abe3IeuyeThCcsl CTabibHICTD
BiJICTaHi Bif Bici 06epTaHHS Bay IO JiHii Aii ¢t TepTs.

PesynbTaTu 3HOIIEHHS 3pa3KiB mapu TepTs «uanda Beaydyoro Baaa -
KOMOiHOBaHa BTYJ/IKa» IpeiCTaBjIeHi Ha puc. 7.

AHasi3 pesynbTaTiB 3HOLIEHHS Map TepTs (pUcC. 7) TOKa3ye, M0 CymMapHe
3HOIIIEHHSI eKCIepMMEeHTAJIbHOI Tapu TepTs 3 KOMOIHOBAHOI BTY/IKOIO, Y SIKOi
KOMIIeHCalliliHi TIPy>KMHU PO3MillleHi Mo Koy uepes3 22, 59 ma 29,8 % Mae MeHIIe
3HOIIIEHHSI B TIOPiBHSHHI 3 «€TaJOHHOW» IMapoo. i1 KOMOiHOBAaHOi BTYJIKM 3
KOMIEHCAL[iiHUMM MPY>KMHAMM, SKi pO3MillleHi MO0 KOy uepe3 60°, mokasHMK
CYMapHOTO 3HOIIEHHSI 3MEHIIYeThCsl Ha 19,6%, 110 0OYMOBIIIOETHCSI 3MEHIIEHHSIM
IJIONIi KOHTAKTy Baly 31 BTYJKOK B 30HI MaKCMMaJIbHMX 3HaU€Hb CUJI TepTs Ta

crabinisaniero po3mipy (R;).
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- - 50/7,7 - - KomdiHobara bmyska; -— Lymapre 3HoweHHs,
PucyHOK 7 - 3HOIIYBaHHS 3pa3KiB Mmapy TepTs «1jarga Beydyoro Bajia — KoMOiHOBaHa
BTYJIKa»: | — «eTaJIOHHA» Mapa TepTsl «BTyJKa (antoMiHiit AKOIM2) — Ban (ctanb 40X)»;
2 — mapa TepTs «BTyJKa (amoMiHiit AKIM2), 3 mpy>kHboIeMITPYIOUMM eJIeMEeHTOM Ta

KOMIIEeHCALiiHMMM TIPY>KMHAMM, pO3MillleHMMM T10 KOJIy uepes 60° - Bar (ctanb 40X)»;
3 — mapa TepTs «BTy/Ka (anoMiHii AKOM2), 3 Npy>KHbOEMIIPYIOUMM eJIeMEeHTOM Ta

KOMIEHCALiiHMMM TIPY>KMHAMM, pO3MillleHMMM T10 KOJIy uepe3 22,50 - Ban (cranb 40X)»

SBNSETHCA OYEBUOHMUM, 1[0 3MEHIIIEHHS iIHTEHCMBHOCTI 3HOIIIEHHS AeTajeil B
MiJIIUITHMKAX KOB3aHHS, 3a0e3meuuTh CTabiMi3alliio CTPYKTYpHMX IlapaMeTpiB
TeXHIYHOTO CTaHy AeTaeii, SKi GOpMYyIOTb paaiajJbHMUii 3a30p B KaualOuoOMy BY3JIi

Hacoca.

BucHoBku

1. 3pocTaHHS paAiaJbHOTO 3a30pYy <«KOJOASI3b KOPIYCYy-3y0 IecTepHi» s
HAaCOCiB IIiKMBJIEHHSI 3 3O0BHIIIHIM 3aYeIUIEHHSIM OOYMOBJIIOETHCSI TEXHIiUHMM
CTaHOM JeTajsielt, siki hOpMylOTb pafiajJibHMII 3a30p B MiAMIMITHMKAX KOB3aHHS
Kayawuoro By3Jjia Hacoca: «ijarda BeAyuoro Baja - OTBip BTYJIKU», «1iarida BeaeHOi
BiCi — OTBip BTYJIKU».

2. 13 aHamizy mpoBemeHMX MOCTiIKEHHSI BUIUIMBAE, 10 edeKTHMBHA pobOOTa

MiIIUITHMKA KOB3aHHS «1janda BeAyJyoro Bajia - OTBip BTYJIKMU» OyJle BUKOHYBaTUCh,
33 YMOBM, KOJIY KYT KOHTaKTy IIOBEPXOHb TepTs He Oyze IepeBUIIyBaTH ¢ < 22, 59,

3. 3MeHIlIeHHST KyTa KOHTaKTy ITOBEPXOHb TePTS B CIIPSDKEHHSX, sIKi POpMYIOTh
MiJIUITHUKY KOB3aHHS («1jamda Beayyoro Baja - OTBip BTyJIKMU», («ijamda Bici
BeJleHOI IIeCTepHi - OTBip BTYJKW») B HACOCi MiKUBJIEHHS MOX/MBO 3a PaxyHOK
3aCTOCYBaHHSI KOMOiHOBAaHOI BTYJIKM, IO CKIAJAETbCS 3 PoOOYOi i HAMpPSIMHOI

BTYJIOK, MiX SIKUMM BCTAaHOBJIEHO IIpy>XKHOAeMMdyounii eieMeHT y chepuuHux
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KaHaJlaX SIKOTO OOJATKOBO PO3TalllOBaHI KOMITEHCALLiViHI MPY>XUHU, SIKi pO3MilleHi
1o Koiry uepe3s 22,5°.

4. MOMEHT CwiIM TepTd TIIpM  3aCTOCYyBaHHI KOMOIHOBAaHOI  BTYJIKU
3 KOMIIEHCAL[iiHMMM NOpPY>KMHAMM, PO3MIIlEHMMM TII0 KOy uepes 22,50, B

1,34 pasu MeHIIMII B IIOPiBHSIHHI 3 «eTaJIOHHOIO» BTYJIKOIO, IO MOSICHIOETHCS
dopmyBaHHAM  HOedopmaliiifHOi  CKIAZOBOI CUIM  TepTs Ha  BeplIMHaAx
MiKpOHEpPiBHOCTEN MOBEPXHi BTYJIKM, TaK SIK MPYKHICTb MPY>XUH Ha 4% MeHIla Bif,
MOZYJISI IPY>KHOCTI MaTepiany BTY/IKU.

5. MeHile 3HaYeHHSI MOMEHTY CWJ TepTs Ha KiHellb BUIIPOOOBYBaHb
TTOSICHIOEThCSI MOCTiiHUM MOIVIMHAHHSIM BiOpaIiitHux HaBaHTa)XeHb
MPY>KHbOIEMITQYIOUMMM €JIEMeHTOM, MPYKHICTh SIKOTO Ha 2% MeHIa Bif, MOIyJs
MIPY>KHOCTI MaTepiaay BTYJIKU, 10 TAKOX 3MEHIIY€ IIOILY TiJ, [0 KOHTaKTYIOTb.

6. CymapHe 3HOIIEHHS €KCIIepMMEHTAaJIbHOI Mapu TepTsi 3 KOMOiHOBAHOIO
BTYJIKOIO, Y SIKO1 KOMIT€HCAII[i/iHi IPY>XKMHM PO3Mill[eHi 10 KOJIy uepe3 22,50 Ha 29,8%
Ma€ MeHIIle 3HOILIeHHSI B MOPiBHSIHHI 3 «eTaJOHHOIO» I1apolo, IO O0O0YMOBIIIOETHCS
3MeHIIIeHHSIM IUIOIIi KOHTAKTy Bajy 3i BTYJKOIO B 30Hi MaKCMMaJIbHUX 3HaU€Hb CUJI
TepTs Ta cTabinizamnieo posmipy (R;).
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P. Melyantsov, O. Losikov, V. Nazarets, V. Sidorenko

STABILIZATION OF THE RADIAL CLEAR IN THE PUMPING ASSEMBLY
OF THE SUPPLY PUMP IMPROVEMENT BY IMPROVING THE STRUCTURE
OF THE SLIDE BEARING BUSHING

The performance of axial-piston hydraulic feed pumps depends on the
technical condition of the coupling parts that form a radial gap in the pumping unit
of the pump. The dynamics of its growth is largely due to the technical condition of
parts that form a radial gap in the plain bearings of the pumping pump assembly:
«drive shaft pin - bushing hole», «driven axle pin - bushing hole». Stabilization of a
radial backlash in sliding bearings is possible by carrying out constructive
improvement of the plug which will provide reduction of a contact angle of surfaces
of friction of details in couplings.

The aim of the work is to ensure the stabilization of the radial clearance in the
pumping unit of the feed pump by developing constructive measures to reduce wear
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of parts in its plain bearings. From the analysis of the operating conditions of the
plain bearing it is established that the reduction of the friction force is possible due
to the reduction of the contour pressures and the increase of the area of liquid
friction between the surfaces of the parts. Providing such conditions is possible by
using combined bushings, which consist of working and guide bushings, between
which is installed an elastic damping element in the spherical channels of which are

additional compensation springs, which are placed in a circle through 22,5°.

The reduction of the friction force when using a combined sleeve with
compensating springs is explained by the formation of the deformation component
of the friction force at the vertices of the microroughness of the sleeve surface, as
the spring elasticity is 4% less than the modulus of elasticity of the sleeve material.
The lower value of the moment of friction forces at the end of the test is due to the
constant absorption of vibration loads by the elastic damping element, the elasticity
of which is 2% less than the modulus of elasticity of the sleeve material, which also
reduces the contact area. The total less wear of the experimental friction pair is due
to the reduction of the contact area of the shaft with the sleeve in the area of
maximum values of friction forces.

Keywords: feed pump, radial clearance, sliding bearing, moment of friction

force, contact area, liquid friction, limiting friction, combined sleeve, wear.
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MO/JEJIIOBAHHS ITPOLIECIB JOMEHHOI ITIJIABKU IIPU
3MIHI ITIPOTPAMU 3ABAHTAXEHHSA IINXTU

AHomauis. Y nybnikayii HasedeHO pe3ysbmamu NpozHO3HOI OUIHKU MOOeN08aHHS
npouecie ma KiHYesUX NOKA3HUKI@ OOMEHHOI nNaasku npu 3MiHI npozpamu
3aeaHmaxceHHs. wuxmu Ha OJoMeHHill neui o00°emom 1719 Mm* 3 HacmynHum
3icmaesieHHsIM 3 pakmuuHo ompumaHumu pesyismamamu. ModenrosauHs 30ilicHeHO 3a
0d0noM02010 MamemamuyHoi Modesni OOMEHHOI naasKu, Wo Ha 8iOMiHy 8i0 OMpPUMAHHS
0anaHcosux NOKA3HUKIB 00360JI5€ Oompumamu 3HAHHS NPO MeXAaHi3M npoyecis, 3a
PAXyHOK SIKUX 8i00Yy8aomuvCsi 3MiHU, 8 MOMY UUCAI NpuU HepiBHOMIPHOCMI po3nodiny

WUXmosux Mmamepianie Ha KOJIOWHUKY OOMEHHOI neui.

Knwouoei cnoea: domenHa nuaska, mMooen08amHs, npozpama 3a8aHmaxceHHs, pyoHe

HABAHMAMEHHA, sumpama KOKcCy.

CTaH NUTaHHSA Ta IIOCTAaHOBKA 3aJa4 JOC/IiI)KeHb

3aBmaHHSIM OOCTiIKeHHS Oyja TPOTHO3HA OIiHKA MPOIeCiB Ta KiHIEBUX
MOKa3HMKIB JOMEHHOI IUIaBKM IIpM 3MiHi IporpaMu 3aBaHTaKeHHS IIMXTU Ha
IOMEeHHili meui o6’emom 1719 m® 3 momandpliMM 3iCTaBIEHHSIM OTPUMMaHUX
pes3ynbTaTiB 3i 3BiTHMMM ((DaKTUUHMMM) pe3yabTaTaMM, OTPMMAaHMMM Ha TOMEHHi
Tievi mic/ist BCTaHOBJIEHHS HOBOI ITpOrpaMy 3aBaHTa>KeHHS IIMXTHA.

MeTo CTBOpeHHS HOBOi TIpOrpaMM 3aBaHTaXXeHHS Oy/l10 3abesmnedyeHHS
cTabibHOTO XOAy TIedi Ta TiJABUIIEHHS TeXHiKO-eKOHOMIUHMX ITOKa3HMKIB
IToMeHHOI aBKku. OIHAK, y 3B'SI3Ky 3 HM3bKOIO Ta HECTAOIIbHOIO SIKiCTIO MIMXTOBUX
MaTepiasiB pillleHHsI TTOCTaBIeHOT0 3aBAAaHHS y IMTOBHOMY 00Csi3i Oy/0 YyTpymHEHO.
KpiMm moripiieHHsT SKOCTi IIMXTOBUX MaTepiaiiB, 3abe3redyeHHsI CTabi/IbHOTO XOIy
TJIaBKM  YCKAAQAHIOBAJIOCS TaKOX BiJICYTHICTIO MOXJIMBOCTI BUKOPUCTAHHS
IIPOMMBHUX MaTepialiB i BUMYIIEHOI poOOTOIO IMedi 3 MaJIol0 BEJIMUMHOIO TTofayi i
HU3bKUM piBHEM 3acuiry (MeHrie 2,5 m) [1].

Buxonsumu 3 jiTepaTypHUX OaHUX, edeKTHMBHA pobOTa meui 3abe3reuyeTbCsi
MIpY YTBOPEHHI Ha KOJIOUIHMKY TOBIIMHI IIapiB KOKCY Ta 3aji30BMiCHMX MaTepiaiiB

He MeHmie 0,5 M. [1-3] OcobnuBicTIO peanizoBaHMX Ha AOMeHHii meui 1719 m3

© Mepkyinos O.€., Cemenos 10.C., [Ixxurota M.T'., 2022
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IporpaM 3aBaHTaskeHHS 0Yy/I0 BUKOPMCTAHHS IIECTU Ta BOCbMM KyTOBUX ITOJIOKEHDb
JIOTKa 0e3KOHYCHOIO 3aBaHTaxXyBasibHOro Ipuctpoio (B3II) mpu pos3BaHTaskeHHi
MOpIIiii KOKCY, CeMM Ta BOCbMM KYTOBMX ITOJIOXKEHb JIOTKA IPU BUBAHTAKEHHI
3aJ1i30BMiCHMX TOPIIiii, 110 3a0e3IedyBayio PO3IOIiJI MaTepiajliB IMPaKTUYHO IO
BCbOMY pajiyCy KOJOIIHMKA. Pa3om 3 muM, BMMYyIlIeHa B YMOBAaX HU3bKOI SKOCTI
MIMXTOBMUX MaTepiajaiB poboTa JOMEHHOI Ieui Ha MaiuX Mmojavax (KOKCOBa YacTHHA
rnogavi y ymoBax craHoBwia 7,0-8,0 T) crmpusiia YTBOPEHHIO B Medi MIapiB
3aBTOBIIKM — 0,40 M. 3 ypaxyBaHHSIM BCTAHOBJIEHOTO HiMelLbKMMM AOCTiITHUKAMU
edekTy NMPOHMKHEHHS 3aji30BMiCHMX MaTepiajiB IIpu po3BaHTakeHHi 3 B3V Ha
0,15 M B KOKC, YTBOpPEHHS IlapiB 3a3Hau€HOI TOBIIMHU CHPHUSUIO Ife OilbIIoMy
3MEeHIIeHHIO ra30IIPOHUKHOCTI [1-4].

OcobMBicTIO 3aIPOIIOHOBAHOI [Jig peasi3allii Ha AOMeHHiin meui 1719 m®
MporpaMu 3aBaHTaKeHHS € 3MeHIIEeHHS KiJIbKOCTIi poO0YMX KYTOBUX IT0JIOKE€Hb
gotka B3Il mim 4yac po3BaHTakeHHSI IOPLiM 3 IIecTM — BOCbMM O0 m'stu. Lle
IO3BOJIMTD 30iIbIINTY TOBLIMHY IIApiB IIMXTOBMX MaTepiajiB Ha OiITHKAX pagiycy
reyvi, [0 3aBAaHTAXYIOTbCSI. TakKOX Yy 3alpOIIOHOBaHiil IporpaMi 3aBaHTa>KeHHS
KOXKHA HACTyIHa TOpIis UMKIY 3aBaHTaXeHHS 3Milllye YMOBHMUII 'TpebiHb"
IIMXTOBMX MaTepiajiB 100 YMOBHOIO "rpebeHs", chOpMOBAHOTO BMBAHTaKEHHSIM
rornepeaHbOl IOPIIii, 110 CIIpSIMOBaHe HAa 3MiHY HaAIpSIMKy PyXy ra30BOr0 MOTOKY.
KpiM TOro, BUKOpMUCTAHHS MPU PO3BAHTa’KeHHi IOPIlii MeHII0i KUJIbKOCTI KyTOBUX
nosioxkeHb JioTka B3Il 36iablilye TOUHICTh MO3UI[IOHYBAHHSI JIOTKA Ta JAO3yBaHHS
HMIMXTOBUX MaTepiajiB y 3aJaHOMy KYyTOBOMY TIOJIOKEeHHi, 110 0COGJIMBO aKTyaJbHO

I yac po6OTH Ha MaIuX ITogadax.

MeToauKa mpoBegeHHS TOC/TiI)KeHb

AHamiTMYHe [OOCHiIXKeHHSI BMKOHAHO 3 JOIMOMOIOK MaTeMaTU4YHOi Mopei
IpolleciB  TOMEHHOi IIIaBKM, po3pobjeHoi B IHCTUTYTI dYopHOI MeTtamyprii
im.3.1.HekpacoBa HAH Vkpaiuu [5]. IlonepegHbo maHi Te€XHOJOTIYHOTO OOJiKy 3a
6a30BMM TIepiofloM MiAganu TecTyBaHHIO po3pobiseHum B [UM HAH Vkpainu
O6ajlaHCOBMM MeTOoIOM [5] 3 BMSIBJIEHHSIM Ta MOAAJbIIMM YCYHEHHSIM ITOXMOOK
00s1iky. [Tami 3a CKOpMroBaHMMM AAaHMMM 0a30BOTO IMepiomy amgamTyBaayM MOIEb
MIPOTHO3Y B PEeXMMi BM3HAUEHHSI KiHETMUHMX KOHCTAHT [JISl Ili€l MOMEHHOI meui.
3 MMM KOHCTAaHTaMM MOJeJb «3aIlyCTWIM» B PEXMUMi IPOTHO3y ITOKa3HUKIB 3a

Oyab-sIKMX 3aIaHUX TTapaMeTpax IIaBKM, 30KpeMa 6a30BUX.
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PesynbTaTn

V Ttabmuni 1 HaBOOATHCS pe3yabTaTy ITPOTHO3HOTO PO3PaxyHKy 06a30BOro
nepiony (Ilepiog 1-po3paxyHOK) Yy TIOpiBHSIHHI 3i 3BiTHMMM [OKa3HUKaAMU
(ITepiog, 1-3BiT), 10 HE3HAYHO BiAPI3HSIOTHCS 32 BUTPATOK KOKCY, IIPUITHSATOMY SIK
TOJIOBHUM KpUTepi aganraiii. ITokasHUKMU IOCJIiTHOTO nepiony
(TTepiop, 2-po3paxyHOK) OTpMMaHi 3a BCiX MapameTpiB 6a30BOro, KpiMm pO3IOIiTy
BiJHOCHUX PyAHMX HaBaHTaXeHb Mo 10 pafiaJibHO KibIeBMM 30HAM KOJIOUIHUKY
(oo cepenHbOro 3a paaiycom Ri/Rep):

Tlepion 1 | 0,366 | 0,799 | 1,088 | 1,166 | 1,221 | 1,191 | 1,168 | 1,146 | 1,126 | 1,108

Tlepion 2 | 0,310 | 0,635 | 0,981 | 1,186 | 1,252 | 1,28 | 1,274 | 1,252 | 1,232 | 1,213

Tabmuug 1
[TokasHuKM poboTH moMeHHOI rmeui 1719 m* y mepiogax i3
Pi3HOIO MPOrpaMoI0 3aBaHTaKEeHHS IIUXTHU

[lepiox 1 | Iepiox, 1 | ITepiox, 2 | Ilepiox, 2
IMokasuuku / Ilepiognu 3BiT pO3paxyHOK | 3BIT pO3paxyHOK
[IpoayKTUBHICTb, T/H06 2803 2752 2849 2592
Butpara TBEpHoro najansa, Kr/T 539,6 536,5 531,2 571,3
KOKC 505,1 504,3 496,7 537,0
KOKCOBMI1 ropix 34,5 32,2 34,5 34,3
IyTTs: BUTpaTa, M%/XB. 2781 2797 2905 2830
TeMmIieparypa, rpag. 999 999 993 999
BOJIOTiCTb, I/M3 8 8 8 8
KUCEeHb , % 21,1 21,1 22 21,1
Butpara rpupomHoro rasy, m>/t 46,2 46,2 4395 46,2
KosomraukoBuii ras:
TeMrieparypa, °C 316 321 306 386
BMicT, % CO 24,98 24,09 24,71 25,17
CO, 15,98 15,58 15,13 14,37
H, 3,80 4,02 3,80 4,02
Bcboro 3an1i30BMiCHUX, KI/T 1704 1689 1782 1688
3aj1i30 B MXTi, % 53,19 53,75 51,24 53,67
BuHoc nuty 3araabHUiA, KI/T 37 56 43 57
Inak, %:
KpeMHe3eM 40,68 37,85 40,54 38,07
[JIMHO3eM 5,98 9,79 6,18 10,02
BaITHO 47,81 44,49 47,27 44,74
MarHesis 6,17 5,34 5,78 5,33
cipka 1,30 1,29 1,30 1,36
OCHOBHICTb IIIJIAKY 1,18 1,18 1,17 1,18
KinpkicTp m1aky, Kr/T 488 471 550 473
Teop. TemniepaTypa ropiussi, °C 2074 2047 2123 2060
[Ipsime BigHOBMEeHHS OKcuay Fe, % 43,08 43,76 47,69 45,56
CTymiHb BUKOPUCTAHHS rasy, %: 39,22 39,27 38,08 36,34
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HaBepgeHni y Tabnuii 1 pe3ynbTaTy IMOKasajiM OUiKyBaHe 3POCTAHHS BUTPATU
KOKCY 3@ paxyHOK 30iJIbIlIeHHS TeMIIepaTypy KOJIONTHUMKOBOTO a3y Ha 65 rpaayciB Ta
CTyIeHs MPSIMOro BigHoBIeHHS Ha 1,8%. 3asHaueHi 3MiHM OOYMOBJIEHI 3MiHAMMU
X0y TIpoI1ieciB B 06’eMi JOMEHHOI reyi, ToKa3aHMMM Ha puc. 1, 2.

ITepionm 1 Ilepion 2
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PucyHok 1 — Po3nonin BigHOCHUX pySHMX HABAHTaKeHb Y pafia/IbHUX KiJIbLIEBUX 30HAX
p.1-p.10 Ha KOJIOIIHMKY Ta BifMOBiAHI TeMIepaTypHO-(a30Bi XapakTepUCTUKU MTPOLIECiB IO
BUCOTi, M. (OpAMHATH) Ta paAiycy, M. (abCycy) JOMEeHHOI Tedi. BHM3y — 3arajibHa TOBIIMHA
(M) 30HM po3M skieHHs Ta iasaeHHs (3PIT) y PK3 p.1 - p.10
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PucyHok 2 — Brus posnofisy pygHoro HaBaHTaskeHHsT B PK3 p.1-p.10 (rpadik siBopyu)
10 pajiiyCy KOJONIHMKA, M. (IIpaBOpyY) Ha TeMIepaTypy ras3iB Haj, IOBEPXHEI0 3aCUITY
(JiBOpyY — po3paxyHOK Ha MOJIei, IpaBOpyY — BMMipIOBaHHS HAa JOMEHHI1 medi) Ta
cTymiHb BuKRopuctanHsg CO, %, a TakoxX HarpiBaHHs mwnxTh B PK3 p.1-p.10 3a
BMCOTOIO JOMEHHOI edi (rpadgik — BHMU3Y IIPaBOPYY)
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3MiHa po3mnofiny pygHoro HaBaHTakeHHs1 (PH) Bupasmiocsi y 3MeHIlIeHHI Ha
15-20% PH y PK3 p.1-p.3, e ix BenuuuHu y mnepioai 1 He mepeBumyBanmu 1,0 Ta
36inbienni PH y Haii6inpm HaBaHTaxkeHux PK3 p.5-p.10 Ha 2-10%. Lle mpusBeso
(puc. 1) mo mepemileHHS i30TepM ra3y NpULIEHTPAIbHMUX Ta MIPOMIXKXHUX paiiaibHUX
KinbuieBux 30H (PK3) Bropy, i nuie nepudepiiiHoi — BHM3. [Ipy 11bOMy pi3HUIIA
TeMIIepaTyp rasy Ta IMUXTU TAaKOX 30i/lbIIMaacs, 0COOJMBO Yy BepXHiii 4acTuHi, a
30Ha PO3M'SKIIEHHS Ta IUIaBJeHHS 3MicTwiacs Bropy y 6imbmiocti PK3, kpim
nepudepiiiHoi p.10. Pe3ynbTaToM TEIVIOOOMiHY B CTOBIII IIMXTY € TEMIIepaTypa rasy
Ha BMXO/i 3i CTOBIA IIMXTU. XapaKTep il 3MiHM 3a paZiyCcOM IMeui OOHaKOBUI [JIsI
pPO3paxyHKOBMX 3a MOEJII0 Ta BUMIpSIHMX Ha OMEHHil Iledi 3HaueHb (puc. 2)
i cBimunTh PO 36i/MbIIEHHST TeMIepaTypu TasiB, 10 BiAXOASATH IMPY BUKOPMCTAHHI
MporpamMy 3aBaHTaKeHHS mepiomy 2. AHaJIOTiUHi KpMUBi CTyIeHS BUKOPUCTAHHS
CO (puc. 2), oTpuMaHi po3paxyHKOM 3a MOZEJIII0, CBilUaTh MPO TaKuii ke Xapakrep
BiTHOBJTIOBAJIbHOI pOOOTM rasis.

Ha mnpaBomy HIDKHbOMY rpadiky pucyHka 2 HaBOIATbCS pe3yJbTaTu
pO3paxyHKy Mofesli TeMIlepaTyp MaTepiajiB 3a BUCOTOK JOMEHHOI Meui
st MajmoHaBaHTakeHux PK3 p.1-p.3 i cunmbHOHaBaHTaxkeHux PK3 p.6-p.7 (CylinbHi
JiHi1 — nepiop, 1, MyHKTUPHI — 1iepion 2). 3 OTpMMaHMX pe3yJibTaTiB BUILJIMBAE, 1110 B
Ma/IOHaBaHTaKeHMX pafialbHUX KiJbIleBMX 30HAX HarpiBaHHS [0 3aJaHoi
TeMIepaTypu  BigOyBae€Tbcs Ha  OiIbIN  BMCOKMX  TOPM3OHTAX, a B
CUJIbHOHABAHTAXEHUX — Ha HaAMHMKUYMX-BUCOKOTEMIEPATYPHUX 13 TONUTOM
iHTeHcuikallii Teruionepenayi Ta 3axo[iB IOAO0 MOKpAIleHHS YTuUi3allii eHeprii.
be3 momaTKoBMX 3axOfiB HeMMHYUe 3MEHIIEeHHSI BUKOPUCTAHHSI TeIUIOTU Ta
Bi/ITIOBiiHE 30iJbIIIeHHS TeMmIlepaTypyu TrasiB, IO BiAXOOATb, IMPU CKOPOUYEHHI
CTyIIeHSI BUKOPUCTAHHS BigHOBIIOBAJbHOI 3JAaTHOCTI Tras3iB, 1O 1 OTpMMAaHO B
pesyibTaTi pO3paxyHKiB (Tabu. 1, puc. 2). XapakKTepHO, 110 OTpMMAaHe PO3PaxXyHKOM
3arajibHe 30iJbIIIeHHS CTYIIeHS MPSIMOTO BiTHOBJIEHHS Bim 43,76% y mepiomi 1 mo
45,56% vy mepiomi 2 o6yMOBJ/IeHO #0ro 30iMblleHHSIM y ocboBux PK3 p.1-p.2 Ta
Hali6iIbIll HABAaHTAKEHUX 30HaX p.5-Pp.6.

TakMmM UYMHOM, MOZE/NIOBAaHHS IIPOIECiB JOMEHHOI IUIaBKM TMOKa3auio, IIo
repexif Bif po3moATy pyAJHOTO HaBaHTa>KeHHS Iepiony 1 mo posmozgity mepiony 2
00yMOBJIIOE OUiKyBaHy 3MiHy XOJy TMpoOIeciB IUIaBKM, 1[0 TPU3BOOUTH [0
30i/IbIIIEHHS] BUTPATU KOKCY.

Bucuosku

[TopiBHSIHHS 3BiTHUX pe3y/IbTaTiB pobOTH HJOMEHHOI redi o6’emom 1719 m3 i3
)

PO3PaxXyHKOBMMM ITOKa3a/JI0 HACTYITHE!:
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1. 3amicTh OUiKyBaHOTrO 30i/JIbIIIEHHSI BUTPATM KOKCY 3a 3BiTHMMM IaHUMMU
repiony 1 Ta 2 OTpMMaHO 10r0 CKOPOUYEHHS.

2. BUKOpMCTOBYBaHI 3BiTHI JJaHi MICTSITh BaXXJIMBe MPOTUPIUYS: TeMIlepaTypa
rasy, IIO0 BMUXOOUTH i3 JOMEHHOI Medi 3a JaHMMM TepMoOaJiok y mepiomi 2
36i/bIIMIIACSI TIPOTH Tepiomy 1, a 3a JAHMMM BUMipy TeMIIepaTypy KOJIOUTHMKOBOTO
rasy — 3meHnmwiacs. IlisHime 3’scyBajocsi, 10 TepMOOaJIKM BCTAHOBJIEHI Ha
IIOMEHHili Teui XxapakTepu3ylTbCsS HeCTabiIbHMMM TTOKa3aHHSIMM. B mopanbiiomy,
ITiC/IST 3aMiHM TepMO00aJIOK CTaB MOK/IMBUM IJIMOOKMIA aHaIi3 iX ITOKa3aHb.

3. XapakTep HOBOTO pO3MNOAUIYy PYOHOTO HaBAaHTAXKEHHS, BCTAHOBJIEHOT'O
y mepiofi 2 HIUIIXOM 3MeHIIeHHS PyJHOrO HaBaHTakeHHSI y c/labOHaBaHTaXKeHUX
PK3 (p.1-p.3) Ta 306iibIIeHHSI PyJAHOTO HABAHTAXKEHHS Y CUJIbHOHABAaHTasKEHUX
PK3 (p.5-p.7), cymepeunth 3agymMy IIpO HEOOXiMHICTh ITiABUIINEHHS PiBHOMipPHOCTI
pPO3MOAUTY PYJHOTO HaBaHTaXKeHHS y MPOMiKHUX KiblieBuX 30Hax (PK3 p.2-p.9) nias
Kpallloro BUKOPUCTAHHS eHeprii ra3iB. BctaHoB/IeHe BUMipIOBaHHSIM 3a AOIIOMOTOH
TepMOOanKy 30i/bIIeHHSI TeMIlepaTypu rasiB, IO BiAXOASAThb 3 AOMEHHOi ITeui
00YMOBJIIOE OTPMMAHHS IIPOTUIESKHOTO e(eKTy.

BukinageHe [03BOJISIE TPUITYCTUTU HAsIBHICTb Yy aHaIi30BaHi Iiepioau
IOoOJaTKoBUX (akTopiB, IO iCTOTHO BIUIMBAaIOTh Ha Mpollec IJIaBKM, ajie He
3HAMIIUIM BiOOpasKeHHSI B TEXHOJIOTiYHOMY 006J1iky. Cepe[l HaltiMOBipHIIlIUX 3 HUX:
XapaKTePUCTUKYM KOKCY, PeXMMM KOKCYBaHHSI Ta BYTiJIbHA IIMXTa, HECTAOIIbHICTh
CITiBBiTHOIIIEHHS Y IIMXTi arJiloMepaTy Ta OKaTUIINB, a TaAKOX (Iocylounx 106aBOK,
HecTabiIbHICTb OCHOBHOCTI aryiomepary (*¥0,2 ofl. TpOTSIroM A061), TpuBaia poboTa
"TUXUM" XO/I0M, HeCTabiIbHICTh XiMiUHOTO CKJIaly YaBYHY 3@ PAXyHOK pery/T0BaHHS
TEeIVIOBOTO CTaHy Iedvi 3MiHOI0 TeMIlepaTypy rapsiuoro gyTTsI.

Otxe, edeKTMBHe BUKOPMUCTAHHS  pe3yabTaTiB  MOAENIOBAHHS  JISt
MIPOTHO3YBAaHHS PaliOHAJIbHOCTI 3aCTOCYBAHHSI TUX UM iHIIMX TEXHOJOTIYHUX 3MiH
nmotrpebye MaKCMMaJIbHO TOYHOI Ta ITOBHOI iH¢opMaIllii MOKa3HMKIB JOMEHHOI
IIJIaBKU Ta HaJiitHOiI po6OTY 3aC06iB KOHTPOJIIO ITapaMeTpiB, 1110 3aCTOCOBYIOTHCS.
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O. Merkulov, Yu. Semenov, M. Dzhigota

MODELING OF BLAST FURNACE MELT PROCESSES WHEN
CHANGING THE PROGRAM OF CHARGING THE BURDEN

The publication presents the results of a predictive assessment of the modeling of
processes and final indicators of blast-furnace smelting with a change in the charge loading
program for a blast furnace with a volume of 1719 m3, followed by comparison with the
actual results obtained. Modeling was carried out using a mathematical model of blast-
furnace smelting, which, in contrast to obtaining balance indicators, makes it possible to
obtain knowledge about the mechanism of the processes due to which changes occur,
including the uneven distribution of charge materials on the top of the blast furnace.

The change in the distribution of the ore load was expressed in a decrease by 15-20%
of the ore load in the radial ring zones 1-3, where their values in the first period did not
exceed 1.0 and an increase in the ore load in the most loaded radial ring zones 5-10 by 2-
10%. This led to the displacement of gas isotherms in the central and intermediate radial
annular zones upwards, and only in the peripheral zone downwards. At the same time, the
temperature difference between the gas and the charge also increased, especially in the
upper part, and the softening and melting zone shifted upwards in most of the radial
annular zones, except for the peripheral one - 10. The resulting value of heat transfer in the
charge column is the gas temperature at the outlet of the charge column. The nature of its

change along the radius of the blast furnace is the same for the values calculated by the
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model and those measured in the blast furnace and indicates an increase in the temperature
of the flue gases when using the program for loading the second period. Similar curves for
the degree of use of CO gas, obtained by calculation according to the model.

From the obtained results, it follows that in lightly loaded radial annular zones,
heating to a given temperature occurs at higher horizons, and in heavily loaded ones, at the
lowest-high-temperature horizons, requiring heat transfer intensification and measures to
improve energy utilization. Without additional measures, a decrease in the use of heat and a
corresponding increase in the temperature of the exhaust gases with a reduction in the
degree of use of the reducing ability of gases is inevitable, which is obtained as a result of
calculations.

Keywords: blast furnace smelting, modeling, charging program, ore loading, coke

consumption.
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JI.C. MosnyanoB, M.B. Ilymikapenko, B.I'. Kuciasikos

TEPMOJIVUHAMIUHUM AHAJII3 TEXHOJIOTTYHOI OITEPAIIIT
ITAPAJIEJIBHOT'O BUJAJIEHHS CIPKU TA KPEMHIIO 3 YABYHY

AHomauis. B cyuacHux ymoeax iCHy8aHHs NiONpueMcme memanypeitiHoi 2anysi dyice
20cmpo nocmae npobnema degiyumy sKiCHUX WUXMOBUX Mamepianie, wjo CnpuduHse
HeoOXxiOHicmb po38umKy [HHOBAYIUIHUX Npoyecié no3aniuHoi 06poOKU Memanyp2itiHux
po3njasie, a came KOMNJEKCHe BUOANeHHs CIpKU ma KpemHil odHoudacHo. Memorw
0aH020 00CNiIOHEHHS € BU3HAUEHHS! PAUIOHAILHOT MeXHIUHOT cxeMu 30iliCHEHHSI npoyecy
napanenvHoi Odecynvypauii ma OucinikoHizauii uasyHy 8 NpPOMUCTO08UX YMOBAX.
Buxodsuu 3 pi3Hoi  i3uko-ximiuHoi npupodu npouecis  decynvpypauii ma
decunikoHizauii 3a ymosu iX 00HOUACHO020 NPOMIKAHHS 8 MeXax 00HIET memanyp2itiHoi
cucmemu (00UH 4ABYHO3ANUBHULI KiBuWl) ix HEOOXIOHO MAKCUMAJIbHO pO3Mexcysamu y
npocmopi. 3 Memow 8CMAHOBJEHHS NPIOPUMEMHOCMI NPOMIKAHHSA NEBHUX XIMIUHUX
nepemeopeHs 6YJ10 8UKOPUCMAHO Memoou MmepmMoOUHAMIUHO20 aHanisy. Y skocmi
NOKA3HUKA, W0 8U3HAUAE Uep208iCMb NPOMIKAHHS NeBHUX XIMIUHUX nepemeopeHs OY10
006paHo KoHcmaHmy pieHosazu. Llnaxom mepmooUHAMIUHO20 AHANI3Y 8CMAHOBIEHO, WO
OKUCJIEHHS. KPEMHII0 MOMIIUBO NpuU 80Y8AHHI 2a30n00i6H020 KUCHI. IIpu ysom y skocmi
8iI0HOBHUKIB npu decynvypayii 6anHoM pauioHanbHO 8UKOPUCIMOBY8AMU MapzaHeyby,
OCKiNbKU 8iH He B8NJUBAE HA Npoyecu 8i0HOBJIEHHSI OKUC/IEH020 KpeMHiw. BeedeHHs
Mmapzaiyr y po3nias HeobXi0HO opzaHizos8ysamu napaseibHo 3 NPOBEeOeHHSIM onepauii
decinikoHizayii, w06 YHUKHYmu nepesumpamu MAapzaHui0 Npu OKUCTEHHI O00MilloK

uasyHy 2a3onodiOHUM KUCHEM.

Knrouosi cnosa: mepmoduHamiuHuti ananis, KomnaekcHe pagiHy8auHs, piokuii uasyH,

napanesnvHi XiMiuHi nepemaeopeHHs, decinikoHizayis, decyib@ypayis, 6anHo, 8i0HOBHUK.

AKTya/JIbHICTD Ta 3aBAAHHS AOCTiI KEeHHS

B cydacHuMX ymoBax iCHYBaHHS MiANPUEMCTB METIYyPrifiHOI ramysi ayxke
TOCTPO ITOCTaE MpobieMa aedilnTy IKiCHMX MIMUXTOBUX MaTepiajiB, M0 CIIPUUNMHSIE
HEOOXiTHICTh ~ PO3BUTKY  iHHOBAIifHMX  MpPOIIECiB  II03alliuyHOi  0OpOOKMU
MeTanypriiiHux po3riasiB [1]. B koHTeKCTi mo3amniyHoi 06po6KM YaBYyHY Haii6inbIIOl
TIOIIMPEHOCTi HAOy/aM TEeXHOJIOrii 3 #oro gecynabdypallii 3a paXyHOK BBEJIEHHS

BaliHa, MeTaJleBOro MarHii abo ix cymimieit [2]. OkpimM 1boro, 6ynu po3pobieHi

© Momnuanos JI.C., ITymkapenko M.B., Kucasikos B.T'., 2022
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creriajbHi Mpoliecy 3 mo3arivyHoi medocdopaliii Ta gecuTikoHi3allii po3IiaBiB, 110
3YMOBJIEHO MTOTpebamMu Gibie)eKTUBHOI IMOJAbIIOT TepepobKM Y cTaib|3].

3 MeTOI0 3MeHIIeHHSI Yacy 3arajJibHoi 0O0po6KyM 4yaByHY OysM 3arpoIIOHOBaHi
MeToaou KOMIIJIEKCHOTO padinyBaHHS YaBYHY, SIKi nependbavyaoTh
BUOAJIEHHSI  JEKibKOX JOMIIIOK oJHodacHOo. Ilpum 1mpoMy  HaOiMbIIMi
iHTepec TIpeACTaBSIOTh CaMe IIpPOolleCM OJHOYACHOTO BMIAJeHHS Cipku Ta
KpPeMHil0 3 4aByHy. [lepeBaroiw 3a3HaueHOTO TEXHIUHOTO pillleHHSI € 3MeHIIeHHS
TEIJIOBMX BTpaT Mpu Aecyabdypailii Ta 3HMKEHHSI BMICTY KpeMHil0 B 4YaByHi 0
palioHaJIbHO OOIPYHTOBAHOI KOHIIEHTpAllii 3 MO3MIIiii IOJaJbIIOI IepepooKu
YaByHY Y KMCHEBUX KOHBepTepax.

TakMM UYMHOM METOK JAaHOrO MOC/iIKeHHS € BM3HAueHHS pallioHaJbHOI
TeXHiYHOI cxeMM 3[il/iCHEHHSI TIpoliecy TapajeabHOi mAecyabdypailii Ta

IMCUTIKOHI3al1lil YaByHY B IIPOMMCJIOBUX YMOBaXx.

MeTonyKa BUKOHAHHS JOC/TiI)KeHb

[Tpoutecu pecynbdypallii Ta JecuaikKOHi3allii 3a7i30BYIJIElleBOTO PO3ILIaBy €
Iyske pisHMMM 3a CBO€I0 (Pi3MKO-XiMiUHOIO MPUPOAOI0, TOMY ITOTPEOYIOTh Pi3HUX
YMOB [Jji1 TOBHOIO MPOTiIKaHHS: TIpOLleCH BUAANEHHSI KPEeMHil0 3 pO3IUIaBy
MOTPeOYIOTh HAAXOKEHHSI BEJMKOI KiJIbKOCTI OKMCHMKIB, IO IIPUBOAUTHL [0
JIOKAJbHOTO IIepPeOoKMCJIeHHsI pOo3IUIaBy; IIpollecu necyiabdypallii po3miaBy
MOTPEeOYIOTh SIKOMOTa HMKUOTO BMICTYy KMCHIO y po3ruiaBi [4]. Buxonsum 3 pi3Hoi
di3uko-ximMiuHOI NIpupoaM IpolieciB Aecyabdypaliii Ta JeCcuIiKoHi3allii 3a YyMOBU iX
OJHOYACHOrO TMPOTiKaHHS B MeXax OfHi€i MeTanypriiiHol cuctemMu (OOUH
YaBYHO3/JIMBHMIA KiBIII) iX HEOOXiTHO MaKCHMMaJbHO PO3MEXYBATH Y IIPOCTOPI.

BpaxoBylounu CBiTOBMI1 [IOCBifi II03aIlivHOi OOpPOOKM YaBYHY HaiOiabIl
pallioHaJIbHMM METOJIOM BBe[eHHS peareHTiB € iHXeKIis [2], ToMy 3alponoHOBaHa
TEeXHOJIOTiUHA CXeMa IIpoliecy Iependadyae BBeIeHHS IMOPOIIKOIOAiOHOro BaIrtHaA Y
CTPYMeHi ra30MoAi6HOTO KMCHIO. A [IJIs CTBOPEHHSI YMOB [IJisSl 3[Ii/iCHEHHSI ITpoiiecy
Inecynbdypallii B po31jiaB JOSATKOBO BBOAUTLCS BiTHOBHUK — MaTepiajl, 0 MiCTUTh
MeTaJieBMit MapraHellb ab0 ajifoMiHili. 3arajJbHa cxema XiMiUHUX ITepeTBOpPEeHb, 110

MPOTIKAIOTh Y MeTaJieBili BaHHI NPy 3/1iJiCHeHHI MIPollecy MpeacTaBjieHa Ha puc. 1.
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PucyHok 1 — CxeMa mpoTikaHHS Gi3sMKO-XiMiYHMX peaklliil mpu
3[i/iCHeHHI IapanaesbHOT0 BUAAIeHHS KPEMHII0 Ta CipKy 3 pO3IIaBy:
I — 30Ha B3aeMOIii po31iaBy 3 KUCHEBUM CTPYMEHEM, 1110 MiCTUTb ITOPOIIOK BallHa;
II — 30Ha B3aeMoO/Iii MPOAYKTIiB, 110 YTBOPUJINUCS B 30Hi I 3 CKIalOBUMMM MeTaaeBOro
po311aBy; B — 30Ha BBeJleHHS MeTa/IeBOT0 BiTHOBHMKA B PO3ILJIaB

3 MEeTOK BCTAHOBJIEHHSI TIPIOPUTETHOCTI MNPOTIKaHHS TMEBHUX XIMIiUYHMX
TIepeTBOPEeHb BUKOPMCTOBYBAJIMCSI METOOM TEePMOAMHAMIUYHOIO aHali3y. Y SIKOCTi
MOKa3HMKa, 1[0 BM3HAYa€ YeproBiCTb MPOTiIKAHHS IEBHUX XiMiUYHMX IIepeTBOpEHb
oyno obpano K, (KoHcTaHTy piBHOBarm). Ile BUMKIMKAHO YHiBepCAJIbHICTIO
3a3HAUYEHOr0 TePMOJMHAMIUYHOTO MOKA3HMKA Ta MOKIMBICTIO OibIII TOYHOI #10T0
inteprperarii [5]. KoHcraHTa piBHOBaru € noxigHoto Bix EHeprii T'i6ca i moxke 6yTu

PO3paxOBaHO 3a PiBHSIHHIM:

Inkp=_—2C _—4H AS (1)
RT RT R

me AG - enepris I'ibca, [IXK/MOJIb;

AH - enranbmis, [I>k/ MOJb;

AS —enTpomis, [I)k/Mob-K;

T — Temneparypa, K;

R = 8,31 - yHiBepcanbHa ra3ona crana, /I>x/momnb-K.

3HaueHHs K, mj11 meBHMX peakili/i XiMiYHMX MepeTBOPEHb PO3PaxOBYBAJIOCS
BiATIOBIZHO [0 TeMMepaTypHMUX 3aJeKHOCTel, 10 TpuBeJeHi B IOBigKOBil
niTepatypi. Y pasi BigCyTHOCTI 3a3HauyeHOl 3a/JIeXKHOCTi B JOBigKOBili JiiTepaTypi,
BOHA  aHJIITMYHO  pO3paxoByBajacs i3 3  BUKOPUCTAHHSIM  BigoMux

TepMOAVHAMIUHUX BeJIMUYMH [6].
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PesynbTaTy gociigkeHs

3 [ocBigy KMUCHEBO-KOHBepTepHOI IJIaBKM  Bigomo, 10 B  30Hi
B3a€MO/Iii KMCHEBOTO CTPyMEHSI 3 3aJ/1i30BYyIJIelleBMM pO3IUIaBOM BilOyBa€THCS
TOTaJlbHe OKMCJIEHHS BCiX CK/IaLOBMX KOMIIOHEHTIB MeTajieBOro po3IuiaBy [7].
Takum uMHOM TIpolleC BAyBaHHSI B PigKuit YaByH ra3omnomiOHOro KUCHIO Oypne
NPU3BOOUTY OO IIOAi6HOro edekTy B MeXaxX IEpPBUMHHOI peakIliifHOi 30HU.
V3arajibHeHi piBHSIHHSI ITPOLIeCiB XiMiUHMX IlepeTBOpPeHb Ta BiAMNOBigHI aHATITUUHI
BUpa3u [Ojs PO3paxyHKiB 3HAueHHS KOHCTAHT piBHOBarM B 3aJIeXKHOCTI Bif
TeMIlepaTypu IpuBeeHi B Tabauii 1.

Tabmuug 1

Y3arajbHeHi piBHSIHHS XiMiUYHMX peaklliii Ta aHaJiTUUHI BUpasH, 110 iM BiAIOBiIaI0Th
I7IS1 YMOB 30HM B3a€MOJIii KOMIIOHEHTIB YaBYHY 3 Ta30MOi6HUM KucHeM [8, 9]

N¢ | PiBHSIHHS XiMiuHOI1 peakilii | PiBHIHHS [IJis1 BU3HAUEHHSI KOHCTAHTU PiBHOBAru B
3aJIeXKHOCTI BiJl TeMIlepaTypu

1 | [Fe] + %2 {O;} = (FeO) 1g K, = 12439/T - 2,584

2 | [Si]+ {O;} =(SiOy) 1g K, =43060/T - 11,46

3 | [Mn] + %2 {O,} = (MnO) lg K, = 18880/T - 5,83

4 | 2[Al] + 3/2 {O,} = (AL,O3) 1g K, = 82150/T - 20,14

5 | [S]+{0:}={S0O;} 1g K, =-26134/T + 3,99

6 |[S]+¥2 {0Oy}={SO} 1g K, = -4373/T + 4,52

7 | [C]+ {02} ={CO3} 1g K, = -25400/T + 9,30

8 | [C]+Y2{0,}={CO} lg K, =7287/T + 2,22

9 | 2[P] + 5/2{0,} = (P,05s) lg K, =-95948/T + 10,82

[TobymoBana rpadiuHa 3anekHicTh JorapudmMy KOHCTAHTM pPiBHOBAru Bif
TeMIepaTypu [Jis XiMiYHMX peakiiiif, 10 IPOTiKalTh 3a YMOBM B3a€EMOil
KOMITOHEHTIB piJIKOTO YaBYHY 3 Ta30MOJiOHMM KMUCHEM MpuBeneHi Ha puc. 2.
BinmoBimHO 10 maHMX IpeACTaBJIeHMX Ha HbOMY MOXKHA 3POOUTM BMCHOBOK IIPO
YeproBiCTh OKMCJIEHHS AOMIIIOK, SIKi CKJIafaloTh PigKMii 4aBYH: B MepIly 4Yepry
MPOTiKa€e TMpoIeC OKUCAEeHHS aJIOMiHil0, PO3YMHEHOTO Yy po3IuiaBi (3a ¥0ro
HasIBHOCTi); HACTYITHMM BiIOYBA€ThCsI TIpOlieC OKMCAeHHS KpeMHilo; IOoTiM
OKMCJIEHHSI BYIJIEII0 A0 MOHOOKCHU/Y; HAaCTYITHUM OKMC/IIOETbCSI MapraHelib; MOTiM
BiIOyBa€ThCs yTBOpeHHs okcuay 3aiisa (II). OkucieHHs cipku, pocdopy Ta BYIJIEII0
3 YTBOPEHHSIM J10TO JiOKCHIY 32 PAXYHOK IPSIMOTO KOHTAKTYy ra30MOAi0OHOT0 KMCHIO
3 KOMIIOHEHTaMM DPiAKOro 4YaByHY € MaJONMOBipHMM, OCKiIbKM IJISI BKa3aHUX
peaxkiiiii xapakTepHuM € 3HaueHHS K,<1. 3arajiom 4eproBiCTb OKMCJIEHHS JOMIlIOK,

[0 BXOJSTh A0 CKJIaAy PiKOTO YaByHa BiAIIOBiJa€ BiJlOMMM 3aKOHOMipHOCTSIM,
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XapaKTepHMUM [JiT BUPOOHMIITBA CTa/li B KMCHEBUX KOHBepTepax, IO 3yMOBJIEHO
HalOIMbIIOK CIOPIJIHEHICTIO aJOMiHil0 Ta KpeMHiI0 [0 KUCHIO 3 IIOMIiX
KOMIIOHEHTIB, IO PO3T/ISAaoThcs. TaKMM YMHOM, MOXKHA 3POOUTM BUCHOBOK ITPO
Te, IO IOIEpPeIHE PO3KUCIEHHS PigKOro 4yaByHy ajlloMiHieM Oyae CTBOpPIOBATHU
IOIATKOBI YCKJIAAHEHHS TP OKUCJIEHHI KPEMHII0, a caMe JJOKM He OKUCIUTBCS BeCh
aJIOMiHil, MpoIlec OKMUCIEeHHS KpeMHilo Oyae yckiaagHeHuit. Takum UYMHOM
TiornepeiHE PO3KUCIEHHS PiIKOr0 YaBYHY aJIOMIHIEM € He palliOHaJbHUM, OCKIJIbKU
Oyme MoripimryBaTy YMOBM OKMCJIEHHSI KPEMHiI0 B MeKaX NEepBMHHOI peakiiiiHoi

30HM i IPU3BOAUTH OO IIEpeBUTPATU MeTaIeBOTO aJIFlOMiHilo.
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Temneparypa. oC
PucyHok 2 - 3anexHicTtb IgKp Big TemmiepaTypu 1151 peakiiiit XiMiuHUX
IIepeTBOPEHbD, 10 MIPOTIKAIOTh B 30Hi KOHTAKTY CTPYMEHS Ta30I10i0HOT0 KMCHIO 3
pigkum yaByHOM: M pu 6iss JTiHi — MOPSAKOBI HOMEPH BiITIOBiTHMUX PiBHSIHD
XiMiYHMX MIepeTBOpeHb y Tabymili 1
V3arajibHeHi piBHSHHS XIMiYHMX peakiliii, 1[0 MOXYTb MPOTIiKaTU IIpU
B3a€MO/ii IMPOAYKTIB peakiliii OKMCAeHHS JOMIIIIOK YaByHY Ta30I0AiOHMM KMCHEM 3
KOMITIOHEHTaMM pO3MJaBy 1 BIATNOBIAHI aHAJIITUYHI BUpasu [JIsI PO3PaXyHKY
KOHCTAHT PiBHOBAru B 3aJIeKHOCTI BiJl TeMIIepaTypu IpeIcTaBeHi y Tabuili 2.
BukopucTtoBylouM BimomocTi HaBemeHi B Tabnauii 2 Oysna moOymoBaHa
3anexHicTh 1gKp Bim TemmepaTypu /s piBHSIHb XiMiUHMX peakiliii B3aeMO/Iii
KOMITOHEHTIB PiJIKOTO YaBYHY 3 IIPOAYKTAMM OKMCJIEHHS Ta3OIMOJiOHMM KUCHEM
(puc. 3). BignoBigHO 00 JaHUX NpeCcTaBIeHMX HA HbOMY MOXXHA CTBEPIKYBaTH, 1110
BiJHOBJIEHHS OiOKCUAY KPEMHil0 MOXIMBO anoMiHieMm. IIlo cTocyeTbCs TpolieciB
BiJHOBJIEHHSI [IOKCUAY KPEMHil0 ByrjeleM, TO Takuii mpolec € MajJoiMOBipHUM Yy

HaCTiAOK Maiux 3HaueHT 1gKp. BpaxoByioun MOSKIMBICTh YTBOPEHHSI KOMIUIEKCHUX
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OKCUIHMX CHOMYK MK Jii OKCMIOM KpPEeMHil0 Ta OKCUIOM KaJIbllil0, MO’XHO
CTBEPIKYBaTH IO BKasaHi mpoiecy 6yayTh MaTy 3HAYHO MEHIINY ITPiOPUTETHICTh Y
TIOPiBHSIHHI 3 BiJHOBJIEHHSIM HIOKCUMIY KPEMHII0 aJIOMiHIEM y HACAigOK 3HAa4YHO

MeHImx BeanumH 1gKp.

Tabang 2
VY3arajbHeHi piBHSIHHS XiMiUYHMX peakliiil Ta aHaJiTUYHI BUpasu,
110 iM BifMOBiAAIOTH /i1 YMOB 30HM B3a€MO/Iii KOMITOHEHTIB YaBYHY 3
MPOIYKTaM¥ OKUC/I@HHS Ta30TMoioHMM KucHeM [8, 10]

N¢ | PiBHSIHHS XiMiUHOI peakilii PiBHSHHS /19 BM3HAUEHHSI KOHCTaHTU
piBHOBAru B 3aJIEXXKHOCTI BiJ, TeMIIepaTypu
1 | 2<CaO>+[S]+1/2[Si]=(CaS)+1/2<2Ca0-SiO,> | 1g K, = 11800/T - 3,90
2 | <CaO>+[S]+[C]=(CaS)+{CO} 1g K, =-3860/T + 3,29
3 | <CaO> +[S]+[Mn]=(CaS)+(MnO) 1g K, = 23400/T - 11,58
4 | <CaO>+[S]+ [Fe]=(CaS)+(FeO) 1g K, = 16960/T - 8,63
5 | <CaO>+[S]+2/3[Al]=(CaS)+1/3<Al,03> lg K, =31566,7/T — 12,62
6 | <Ca0>+(Si0;)=<Ca0-Si0z> 1g K, =4666,98/T - 0,026
1g K, =4358,29/T + 0,178
7 | 2<Ca0>+(Si0z)=<2Ca0-Si0z> 1g K, = 6604,72/T - 0,263
8 | 3<Ca0>+(58i0y)=<3Ca0-5i0z> 1g K, = 5323,76/T - 0,87
9 | [Si]+2(FeO)=(Si0O,)=2[Fe] 1g K, = 20200/T - 10,6
10 | [Mn]+(FeO)=(MnO)+[Fe] 1g K, = 6440/T - 2,95
11 | [Si] +2(MnO)=2[Mn]+(SiO5) 1g K, =5200/T - 0,4
12 | [C]+(FeO)={CO}+[Fe] 1g K, =-5160/T + 4,74
13 | [CI+(MnO)={CO}+[Mn] lg K, =-5272/T + 5,02
14 | 2[C]+(Si02)=2{CO}+[Si] lg K, = -28400/T + 15,77
15 | 2/3[Al]+(FeO)=1/3<Al,05>+[Fe] g K, = 14606,7/T — 3,99
16 | 2/3[Al]+(MnO)=1/3<Al,0s>+[Mn] 1g K, =8166,7/T — 1,04
17 | 4/3[Al]+(Si0O2)=2/3<Al,03>+[Si] 1g K, =11133,4/T - 1,67

* - B TeMIiepaTypHOMY aiara3oHi 298-1483 K icHye o CaO-SiO,,
arnpu 1483 — 1813 — B Ca0-SiO;

[ITo cTocyeThCs MpolleciB mecyabdypaliii pigKoro 4aByHy 3a paxyHOK B3a€MOJii
OKCUIY KaJIbl[il0 3 KOMIIOHEHTaMM pPO3IUIaBy, TO BKa3aHi peakliii MOXJIUBiI Mpwu
BUKOPUCTAHHI Yy SIKOCTi BiTHOBJIIOBAUiB aJIOMiHil0, KPEMHil0, MapraHIll0 Ta BYTJEI0
po3uMHeHUX Yy posmiasi. IIpoTe edeKTMBHICTb BKa3aHUX IIPOIIECIB MPSIMO

MIPOTIOPIIiliHa APO CIIOPiJHEHOCTi BKa3aHUX €JIeMEHTIB 10 KUCHIO.
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Temmepatypa, oC
PucyHok 3 — 3anexHictb 1gKp Big TemnepaTypu jist peakiliii XiMiuHUX TTepeTBOPEHb,
IO MPOTiKaIOTh B 30Hi B3a€MO/Iii TPOAYKTIB OKMCIEHHS ra30MO0IiOHMM KICHEM 3
pigkuM yaByHOM: 1Py Gisst TiHi — MOPSAIKOBI HOMEPH BiOBiAHMUX PiBHSIHb
XiMiUHMX TTIepeTBOpPeHb y TaOIMILi 2

Buxonsium 3 HaBeJeHOro BMINe HEOOXigHO 3a3HAUMUTHU, IO BUKOPUCTAHHS
MEeTaJIeBOTO aJMIOMIiHil0 y $SKOCTi BiJHOBHMKA [JIs 3[ilICHEHHSI IIPOLIEeCiB
necynbdypallii yaByHy 3a paxyHOK OOPOOKM TMOpPOLIKOTOAIOHMM BallHOM IIpU
3[Ai/iCHEHHiI TeXHOJIOTil MapaneJbHOr0 BUAAJIEHHS CipKM Ta KPEeMHil0 3 pO3IUIaBy €
HeIOLIIbHMM, OCKiJIbKM OYyIM BUKJIMKATY BiJTHOBJIEHHSI KPEMHIIO 3 ITiOKCUAY Ta
3BOPOTHE JIOTO HAAXOMKeHHS 10 pos3iiaBy. Cepel pOSIASHYTMX BiJHOBHMKIB
HalOiIbII TTepCIeKTUBHYUM JIJISI BKA3aHOTO IPOIIecy € MapraHellb. BpaxoByroun iioro
CIIOPigHEHICTh M0 KUCHIO, BiH Oyne edeKTMBHO MpHUitMaTM y4yacTb Yy IIpolleci
necynbdypallii 3 BUMKOPUCTAHHSM BallHa, a HIKYA CIIOPiAHEHICTb OO0 KUCHS Y

TOpIiBHSIHHI 3 KpeMHieM 3abe3MeunTb YHUKHEHHSI ITIOBTOPHOIO BiJHOBJIEHHS
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KpeMHil0o 3 okcupay. Kpim Toro KpemHiii, 10 poO3uMHeHMit y po3IuiaBi Oyme

IOIATKOBO BUKOPMCTOBYBATHCS Ha ITpoIiec mecyibdypallii 4aByHY BaITHOM.

BucHoBKu

[TpoBeneHo TepMOAVHAMIYHUI aHasti3 [Ipo1ecy rapaiejibHOTo
BUIAJIEHHS CipK!M Ta KPEMHIIO 3 pOCIUIaBY 3a paXyHOK BIYBAaHHS MTOPOIIKOIIOAiOHOTO
BallHAa B CTPyMeHi KMCHIO Ta BBEeJEHHS Yy pO3IUlaB JOJAaTKOBOrO BiJHOBHMKA.
BcTaHOB/IEHO, IO OKMCAEHHS KPEMHiI0 MOK/IMBO IIpM BAYBaHHiI ra3oIiofiGHOro
KMcHIO. [Ipy 11bOMY Y SIKOCTi BiTHOBHMKIB Mpy Aecyab@ypaillii BAITHOM pallioHaJIbHO
BUMKOPUCTOBYBATM MapraHerb. BBeJeHHS MapraHiilo y pO3IUIaB HeoOXigHO
OpraHi3oByBaTM TMapajeabHO 3 IIPOBeIeHHSIM ormeparii mgecimikoHisarii, 1100

YHUKHYTU II€peBUTPATU MapraHIiio.
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UDK 669.162
L. Molchanov, M. Pushkarenko, V. Kislyakov

THERMODYNAMICAL ANALYSIS OF TECHNOLOGICAL OPERATION OF
PARALEL SULPHUR AND SILICON REMOVING FROM THE CAST IRON

In the modern conditions of existence of metallurgical industry enterprises there is a
problem.It is a problem of the lack of charging materials quality, that causes the necessity of
innovative processes development.It means the processes of metallurgical alloys out-of-
furnace treatment, that includes complex removing of sulphur and silicon simultaneously.
The aim of this research is identification of rational technical scheme. In means the scheme
of realizing of technological processes. These are the processes of the parallel removing
sulphur and silicon from cast-iron in manufacture conditions. Taking into account different
physical and chemical nature of processes of removing sulphur and silicon on condition of
their simultaneous occuring within the limits of one metallurgical system (one iron-pouring
ladle) they must be maximally delimited in space. With the aim of the priority examination
of certain chemical transformations based on the methods of thermodynamics analysis
were used. As an index that determines the order of occuring of certain chemical
transformations it was select the constant of equilibrium. It is set by a thermodynamics
analysis, that oxidization of silicon maybe at insufflation of gaseous oxygen. In addition as
reducing agent during removing sulphur with a lime it is rationally to use a manganese,

because it does not influence on the processes of the oxidized silicon formation. Manganese
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adding to fusion should be organized in parallel with operation realizing of sulphur
removing. It is necessary in order to avoid the maganese overrun during the oxidation of
cast-iron admixtures by gaseous oxygen.

Keywords: thermodynamic analysis, complex refining, liquid cast-iron, parallel

chemical transformation, removing of sulphur and silicon, lime, deoxidizer.
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D. Moroz

PERFORMANCE EVALUATIONS RESEARCH OF MULTIPROCESSOR
SYSTEM IN THE PROBLEM OF HEAT TREATMENT OF METAL PRODUCTS

Abstract. The paper aims to research performance evaluations of a multiprocessor
system in the problem of metal heat treatment. The research aims at the performance
evaluations of a multiprocessor computer system. That reveals the problem of matching
the computing capabilities of multiprocessor system processors with this system network
interface. On the example of solving the problem of metal products heat treatment,
analytical relations are derived to determine the optimal number of nodes of the cluster
system according to the selected processors. The values of the consistency coefficient of
the selected processors' capabilities, the network interface, and the size of the computing
domain are derived. Estimates of cluster system performance at solving the metal heat

treatment problem for various processors’ classes are defined.

Keywords: heat treatment, metal, multiprocessor system, acceleration, performance,

computing units.
Research object analysis

Currently, heat treatment (HT) of metal is the most promising way to improve
the consumer qualities of metal products radically. In this case, the steel for cold
landing must have in the initial state the structure of granular perlite with a certain
score, i.e., the one with a globular shape of the carbide phase of a certain size. To
obtain a structure with a partially or fully spheroidized carbide phase, the metal
products are subjected to spheroidal annealing. To solve the problems outlined
above, an installation for heat treatment of a long steel product was developed [1].

Meanwhile, research aimed at studying the features of metal heat treatment by
such an installation developed in the papers [2 — 5]. The developed installation is
intended for heat treatment of metals and alloys. The installation application aims
at improving the technological properties of metal by ensuring high dispersion and
homogeneity of the billet structure over the entire plane of its cross-section. In this
case, the technological process of metal heat treatment should acquire such
advantages as high productivity, reduced energy consumption, improved
performance. The multiprocessor computing system and the corresponding

© Moroz D., 2022
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distributed algorithms achieve those properties of the technological process of rolled
metal [5 — 9]. The multiprocessor computing system is fixed as a separate module. It
allows controlling the wire heating before the transition to the austenitic area to the
phase recrystallization temperature on the entire cross-sectional plane of the long
steel product, and then, solving the inverse problem of thermal conductivity (IPTC),
to control the required mode of isothermal exposure in the range of annealing
temperatures over the entire cross-sectional plane of the billet. The installation to
implement the spheroidal annealing mode determines the uniform distribution of
cementite globules in the ferrite matrix, which provides the necessary mechanical
properties of the metal required for further cold deformation. At the same time, the
research problem of evaluating multiprocessor systems' performance in metal heat
treatment problems remains actual.

Analysis of recent research and publications

Nowadays, there is a rapid rise in the number of multiprocessor computing
systems and their total performance [10 — 12]. Such systems became public and
cheap hardware platforms for high-performance computing. At the same time,
interest in computer networks (GRID) has grown sharply, and there is a widespread
understanding that the introduction of such networks will have a huge impact on
human development compared to the advent of unified electricity networks at the
beginning of the century. In this regard, when considering the problems of
multiprocessor systems, it should be borne in mind that they are the first step in
creating such computing networks.

In addition, today, the practice poses to scientists of various kinds of problems,
which complete solution in most cases is possible only via multiprocessor computing
systems [13, 14]. For instance, there are many different and interconnected
processes in metallurgical production. First of all, those are technologies of smelting
and casting of iron-carbon alloys, heating, rolling, and heat treatment of metal
products, and work of the auxiliary equipment to which filling machines, ladles,
bowls, etc. concern. Industrial practice shows that neither the intensification of
metallurgical production processes nor the constructive improvement of various
metallurgical equipment is possible without studying and analyzing heat and mass
transfer phenomena. At the same time, solving those problems by known standard
approaches is a complex problem, which can be overcome only via up-to-date
multiprocessor computing technologies [8, 10, 12]. At the same time, one of the
application’s main features of such technologies is to increase the speed and
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computations’ performance [6]. High computing performance allows solving
multidimensional tasks and tasks that require a lot of CPU time. Speed allows to
manage technological processes effectively or even create conditions for developing
new promising technological processes.

At the same time, we note that, for instance, the structure and properties of
steel depend mainly on the transformation processes that occur in the metal during
heat treatment (HT). Known technological processes of preparation of rolled
products for further deformation, which require some optimization for
improvement, and new technological lines creation of metal heat treatment require
high costs for many field experiments using laboratory and research equipment. As
well as in real production. In this regard, the development and multiprocessor
computing systems with their mathematical and software is an urgent problem that
significantly reduces the number of experimental studies and the time required for
their implementation, allowing obtaining the necessary information to create and
implement various technological innovations [5]. In the current conditions of fierce
competition between the world's producers of metal products, Ukrainian researchers
are constantly working to create and implement competitive technologies for the
production of metal products. New technological heat treatment processes of metal
products (heating and cooling of metal at the required speed in specific temperature
and time conditions), resource-saving technologies for preparing metal for further
deformation - those are the most important promising areas of mining and
metallurgy, and mechanical engineering. In order to implement in industrial practice
the rational technology of heat treatment of hard-deformed steel grades, the metal
must undergo the necessary special training to change its structural-phase state,
study the mechanism and kinetics of hardening, determine the plasticity interval,
which is very important in multicyclic rolled metal. Control of such processes can be
effectively ensured by the multiprocessor computing systems [15]. This paper
illustrates the latest metallurgical technologies development based on the
multiprocessor computing systems based on the metal heat treatment. Thus, metal
heat treatment is the most promising way to improve the consumer qualities of

metal products radically.
The research purpose

The paper considers the latest metallurgical technologies based on
multiprocessor computing systems. The research is illustrated against the
background of metal heat treatment. The metal heat treatment is the most
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promising way to improve the consumer qualities of metal products radically.
Control of such processes is effectively ensured via multiprocessor computing. The
research purpose is to study the multiprocessor computing system performance
evaluations. It is necessary to reveal the problem of matching the computing
capabilities of multiprocessor system processors with this system network interface.
In addition, it is necessary to establish the optimal number of nodes of the cluster
system that controls the process of metal heat treatment.

Presentation of the main research material

The research object analysis. To test the installation functions [1], several
laboratory experiments were performed when a wire with a diameter of 20 mm of
20G2P steel was subjected to heat treatment. The ferritic-bainite (martensitic)
structure of a billet was taken as the initial one. Note that the metal heat treatment
is per the specified transients. At the first stage, the heat treatment process of the
material was run by heating the billet within the intercritical zone. The following
critical point values are set for the specified material: Ac; = 725 °C; Acs = 795 °C.
Heating occurred to the value: Ac; + (10 — 30°C). In the next stage of material
processing, the isothermal holding process was run for 45 s. Then the cooling
process continued with a speed of 20 — 30°C/s to temperature 720°C, followed by
isothermal exposure for 45 s. Finally, at the last stage of the material processing, the
billet was heated at a speed of 15 - 25°C/s to subcritical temperatures. In this
process, the critical heating mode of a billet lasts 12 seconds. Therefore, there is a
problem of matching the capabilities of processors and network interface, which is to
ensure the control of temperature conditions for a given period, and in determining
evaluations of the multiprocessor system performance as a whole. A series of
computational experiments were performed on a computer platform with the Intel
Core i5-8400E 4.2GHz processor.

For certainty, it is assumed that the length of the heat treatment line of metal
products is 7.65 m, and it processes a wire with a diameter of 20 mm of steel 20G2R.
In addition, the size of the difference grid is 100 x 76500. We also enter the following

values:
E;=176500, E, = 100, (1)
wherein E; is the array length of the boundary domain, at the same time, this value

determines the length of the difference grid along the abscissa, E,is the length of
the difference grid along the ordinate axis.
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Mathematical research model, the modeling modes problem of metal
heat treatment. Multiprocessor computing system with special software as a single
base includes mathematical models such as the thermal conductivity equation, i.e.

oT _o*T &% 10T

= +n +W, 2

while the Fourier test 7= if >0, W is specific power as heat sources, W/m?.

at
R:’
The boundary conditions of this equation are as follows:

TO,r,z)=f(r,7);

T(z,1,z)=var;

oT(z,0,2) _,,

or ’

T(z,0,z)+0.

According to the z coordinate, the boundary conditions can be the first, second,
or third, depending on the problem features to be solved. The last two relations in
the boundary conditions indicate that the temperature value in the cylinder axis area
during the entire heat transfer process must be finite. Solve the problem (2) by
splitting methods, which essence is to reduce a complex operator (2) to simple ones.
That approach allows integrating that equation as a sequence of integrating one-
dimensional equations of simpler structure.

Note that the control problem (and the synthesis problem) in its exact
formulation belongs to the inverse class because it involves determining the
functional control parameters based on a predetermined, required result (inverse
control problem). The algorithm for solving inverse problems is the "fork" method
with a preliminary definition of some initial segment. The problem solution is
realized in two stages. The first implements the minimum residual separation, the
second determines the minimum of the desired control function from the separated
interval. That procedure is implemented as a standard. In other words, if 4
represents some real value of the desired root, i.e., when a<9<b, and f($)=0, then

we can compute the number w that satisfies the conditions: a<49<b and |9—w|<3,

that is, less than any predetermined small number ¢ . A similar scheme is included

in the mathematical apparatus for controlling a multiprocessor computing system.
The modeling problem is that to ensure the required accuracy and stability of

computations, one has to take the computational domain with many nodes and
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perform many iterations. As a result, the number of arithmetic operations required
to compute the temperature fields is within 107+10® nodes, and when the time step
is 102 s, the total number of nodes for computations can reach 10%° or more. Single-
processor computing systems cannot cope with such a load during real-time
simulation, so the most justified is multiprocessor systems, which were done to
improve the heat treatment technology of long steel products.

They were establishing the optimal number of cluster system nodes. Note
that the computational methods for solving the problem of thermal conductivity
were numerical-analytical schemes of the high order of accuracy, covered in [12 -
14]. At the preliminary research stage on one test computer equipped with the Intel
Pentium 4 3 GHz processor, the speed of computing the thermal conductivity
problem with the Intel Fortran Compiler was 0.15 s per iteration for the difference
grid (1) of type elements Real*8. Thus, the speed of computation in solving problems
of this class by the Intel Pentium 4 3 GHz processor will be equal to 3,1 - 10 ° bit/s. If
the Vc symbol denotes this speed, then the analytical ratio to determine the
counting time of one iteration can be written as follows:

SR, 3)

Teale V.
wherein Kz is the volume of one difference cell of a type element Real*8 (64 bit). Let
us analyze the relationship (3). Here, the V. parameter depends on the CPU power
and the applied computational methods. When performing tasks of different types,
its value, of course, changes. In addition, that parameter contains information about
the "computing power," i.e., the number of mathematical operations that can be
performed within one cell of the difference grid.

Obviously, the relationship (3) needs to be clarified given the specifics of the
modes of operation of the heat treatment plant of a long product. Yes, note that the
drawing speed of a long product V,,= 60 mm/c. That means that in one second, the
wire moves by 60 mm, which does not allow controlling the temperature of the
entire length of the production line. In this case, relation (3) can be represented as
follows:

E;-EyKp

y
Teale v, Kpr- )
c
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Here the value K, considers the device drawing speed for heat treatment of
the long product the heat distribution material balance when heating (cooling) the
wire and corresponds to this ratio:

Kpr =Vpr (5)
wherein t is computations’ time per unit of unit movement, c; h is the magnitude of
the step of the computational domain, mm. The computations showed the time of
one iteration T = 83,61 s. However, the whole process of wire heat treatment takes
114 seconds. It is clear that one processor cannot implement the mode of
determining the temperature fields during each cycle of wire heat treatment. In such
circumstances, it is necessary to use cluster technologies to determine the
temperature fields of a billet. Thus, further research will aim at determining the
optimal number of blades of a multiprocessor system that controls the heat
treatment of a long product, given the computing power of the selected processor.

As a basis for determining the time of the boundary data interchange in a
multiprocessor system, we apply the ratio of this kind:

m:(N-1)-E;-Kp-Kp;

T€X1 dep ’ (6)

To compute the time of the boundary data interchange during the cluster
system operation in the surplus mode of its network interface, we apply the
relationship of this kind:

m-(N-1)-E;-Kp-N-Kpy
Texz =
ki, -d 'Vb

(7)

Next, considering the multiprocessor system in the experiment conditions, we
establish the number of nodes, ensuring the most efficient solution to the problem.
Note that the computational time of one iteration of the computational process
covers two terms: the time of direct computation on processors and the time of data
interchange between computing nodes of the cluster, i.e.

T, =

i Tcalc+T€X' (8)

Thus in papers [15, 16] it is shown that the computational speed increases
approximately to the moment when

T qic~ Tex- )
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Thus, based on the relation (9), it is possible to compute the number of nodes
in the cluster computing system required for the effective solution of the problem.
Note that this research stage aims to reduce the total computational time by
parallelizing the program. Obviously, the total size of the difference grid does not
depend on the number of computing nodes of the cluster system. Given the relation
(9), we obtain analytical expressions to determine the optimal number of nodes of
the cluster system, i.e.

m-(N-1)-E;-Kg K

T
calc ~ pr . (10)

N k-d-Vp

Using expression (10), we can obtain two equations concerning N to determine
the optimal number of nodes in the cluster system, in which the total computation
time required to solve the problem will be minimal. Therefore, equation (10) is
reduced to a quadratic form, i.e.

E\ -k-d-V,
N2-N-ZY =" P _g (11)
m-V
For the equation (11) analysis convenience we write as follows:
N2_N-2=0. (12)

Additionally, it should be emphasized that the capabilities compliance of the
cluster system of the problems nature to be solved requires the coordination of all
components included in the value. In equation (12) A=f(E ,Vp,l/ V), this value

can be interpreted as the consistency coefficient of the selected processors'
capabilities, the network interface, and the value of the computational domain when
the system is operating in the network interface deficit mode. A Let us analyze that
coefficient. At first glance, the result was somewhat paradoxical. It indicates that the
coefficient of consistency A, and the optimal number of blades in the cluster system,
do not depend on the size of the data interchange area. That statement can be
explained by the fact that the computational domain distribution between the nodes
of the cluster system was performed at a constant size. That means that the ratio of
time spent processing data in this domain and transmitting data also remained
unchanged and independent of its size. The second essential conclusion is that the
optimal number of blades in the cluster system, which provides the highest speed,
decreases with the increasing computing power of the processors included in it. That
statement is quite understandable when considering that the network data
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interchange between nodes of the cluster system will be more noticeable to slow
down the overall computational process (8), the less time will be spent directly on
solving a problem.

Thus, the solution of equation (12) will be two roots, one of which is negative
and the other is positive. Based on the physical conditions of the problem, a positive
root is taken, which value is equal to eight, so N = 8. Definitely, there is a need for
more powerful processors under such conditions. A series of computational
experiments were performed on a computer platform equipped with the
Intel Core i5-8400E 4.2GHz processor.

Features of the Intel Core i5-8400E 4.2GHz processor. All other things
being equal, consider how the process of matching the capabilities of the Intel Core
i5-8400E 4.2GHz processor with the network interface of the cluster system. Notably,
the analysis of relation (11) allows us to conclude that a significant increase in
parallelization performance can be expected when the power of the cluster
processors increases. Obviously, this procedure should be performed against
reducing the number of nodes in the cluster system. The Intel Core i5-8400E 4.2GHz
processor was used to test such assumptions, which for the claimed numerical
methods gives speed 1,47 - 10'° bit/s. At the same time, the network equipment of the
cluster system remains unchanged. Table 1 depicts initial data for studying this
operation mode of a multiprocessor system.

Table 1

Computational process features with a processor Intel Core i5-8400E 4.2GHz

10 (8) Gbps

100

14-10° bit/s

8 bit

2

2

SEEIGEEE

2

Table 1 adopted the following notation: V, is system network bandwidth, Gbps;
k is the communication channels number of the computer network that work
simultaneously (the number of computer networks); the value of m can be equal to
one in the conditions of the one-way mode of boundary data interchange, or two -
two-way; d — half-duplex (d = 1) or duplex (d = 2) computer network operation mode

of the multiprocessor system.
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Determining the optimal number of nodes in a cluster system with Intel Core
i5-8400E 4.2GHz processor. The research task is, on the one hand, to determine the
optimal number of nodes of the cluster system during metal heat treatment, and on
the other hand, it is necessary to perform the procedure of matching the computing
power of the Intel Core i5-8400E 4.2GHz processor with the network interface of the
cluster system. Analytical ratios (9 - 12) were taken as the basis of the conducted
research.

The analysis of the obtained simulation results showed the following. Under
the conditions of the problem under study, the optimal number of blades of the
cluster system will correspond to N = 3. That result confirmed the earlier
assumptions. Further research aims at studying estimates of the parallelization
effectiveness.

Research of cluster system performance with processor Intel Core i5-8400E
4.2GHz. Table 1 represents the initial data for studying this operation mode of a
multiprocessor system. Further studies aim to evaluate the parallelization
performance. The obtained simulation results are presented in graphical
dependences (Figs. 1, 2). Fig. 1, line 1, presents the problem-solving time on N
processors, line 2 depicts the time of the boundary data interchange, and line 3

shows the real problem-solving time.

T45,00 -
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25,00
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0 5 10 15 20 25 n

Fig. 1 — Curves of the time dependence of one iteration computation on the number of nodes
of a multiprocessor system with the Intel Core i5-8400E 4.2GHz processor
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Fig. 2 — The computation acceleration curve on the number of nodes of the multiprocessor
system with the Intel Core i5-8400E 4.2GHz processor

Therefore, there are prerequisites for quantifying the efficiency of a
multiprocessor system. In this problem, the optimal number of nodes in the cluster
system, which achieves maximum parallelization performance, will correspond to
N = 3. The problem will be solved 2.73 times faster than on a single computer with
the selected cluster size. The cluster operation mode significantly reduced the
computation time according to the computed data. Thus, the computation time
decreased from 17.75s to 7.43s. Note that computations acceleration value can
control the temperature fields during the metal heat treatment for all its cycles.

Conclusions

Improvement and design of new technological processes associated with metal
heat treatment require high costs for many field experiments on laboratory,
research, and industrial equipment and in industrial conditions. Reduction of
experimental research and time for implementation with the necessary information
for the design and technological developments can be made via multiprocessor
computing systems.

A multiprocessor computing system solves the class of problems considered in
this paper. Due to the above, there is a matching problem of the processors’
capabilities and the network interface of the cluster system. This paper illustrates
the solution to this problem by the example of two processors Intel Pentium 4 3 GHz
and Intel Core i5-8400E 4.2GHz, in a multiprocessor cluster system. On the example
of solving the problem of metal products heat treatment, analytical relations are
derived to determine the optimal number of nodes of the cluster system by the
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selected processors. The consistency coefficient value (/’L=f(Ey,Vp,1/ Ve)) is

derived from the capabilities of selected processors, network interface, and the size
of the computational domain. The analysis of such coefficient is run. Thus, it is
shown that the optimal number of cluster system blades, which gives the highest
speed, decreases with the increasing computing power of the processors that make
up the cluster system. After all, the network data interchange between the nodes of
the cluster system will be more noticeable to slow down the overall computational
process; less time will be spent directly on the task computation.

Cluster system efficiency estimates at solving the problem of metal heat
treatment for various classes of processors are defined.
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YIK 681.3.012:621.1

O.M. Mopos

JOCHIIXXEHHS O IHOK EOEKTUBHOCTI BATATOIIPOLLIECOPHOI CUCTEMU
B 3AJAUYI TEPMIYHOI OBPOBKA METAJIOBUPOBY

CTaTTIO MPUCBSIYEHO AOCTiMKEHHIO ITPO6GIEeMM Y3TOIKEHHSI MOSK/IMBOCTEN ITPOLIECOPiB
i MepexxeBoro iHTepdeiicy B 6araTompoiecopHMX 06UMCIIOBaIbHUX cucTeMaxX. OCHOBHa
yBara TPUIOISETbCS OOCTIIKEeHHI0 e(@eKTMBHOCTI ¥ TPUCKOpeHHS OO0YMcieHb [IJisi
pO3B’3yBaHHS 3a/adi TepMiuHOI O0OpOOKM MeTajioBMpOOy 3a PaXyHOK 3aCTOCYBaHHS
6araToITpoIeCOPHUX OOUMCTIOBAIbHIUX CUCTEM. BuBeqeHO aHATITUYHI CIIiBBiIHOIIEHHS JIJIsI
OTPMMAaHHS ONTMMAJIbLHOTO YMCJIa BY3JIiB 6araTonpoiecopHoi cucTeMy yepe3 ii rmapameTpu.
BusHaueHO OLiHKM e(eKTMBHOCTI 6araTomporecopHoOi CUCTeMM IIPU PO3B’SI3yBaHHS 3a7advi
TepMiuyHOi 06pOOKM METATIOBUPOOY /I Pi3HOTO KJ1acy IpoIecopiB.

KniouoBi cioBa: TepMoo6po6Ka, MeTasl, 6araTorpoliecopHa CUCTeEMa, MPUCKOPEHHS,

MPOAYKTUBHICTb, 0OUMCTIOBATbHI OJIOKN.

UDK 681.3.012:621.1
D. Moroz
PERFORMANCE EVALUATIONS RESEARCH OF MULTIPROCESSOR SYSTEM IN
THE PROBLEM OF HEAT TREATMENT OF METAL PRODUCTS

The paper is devoted to the study of evaluations of the multiprocessor system
performance in the problem of metal heat treatment. Currently, metal heat treatment is the
most promising way to improve the consumer qualities of metal products radically. In this
case, the technological process of metal heat treatment should acquire such advantages as
high productivity, reduced energy consumption, and improved performance. The paper
shows that those properties of the technological process of rolled metal heat treatment are
achieved by the multiprocessor computing system and the corresponding distributed
algorithms. The multiprocessor computing system allows controlling the wire heating before
the transition to the austenitic area to the temperature of phase recrystallization on the
entire cross-sectional plane of the long steel product based on the mathematical model of
the billet heating process. At the same time, the problem of studying the efficiency
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estimates of multiprocessor systems in the problems of metal products heat treatment
remains relevant.

The research aims to study the evaluations of multiprocessor computing system
performance. That reveals the problem of matching the computing capabilities of
multiprocessor system processors with this system network interface. In addition, the
optimal number of cluster system nodes that control the process of metal heat treatment is
determined.

Analytical relations are derived to determine the optimal number of cluster system
nodes per the selected processors, solving the problem of metal products heat treatment.
The coefficient values of consistency capabilities of the selected processors, the network
interface, and the computational domain's size are derived. The analysis of such a
coefficient is carried out. Thus, it is shown that the optimal number of blades of the cluster
system, which gives the highest speed, decreases with the increasing computing power of
the processors that make up the cluster system. It is shown that the network data
interchange between the nodes of the cluster system will slow down the overall
computational process, the less time will be spent directly on the computation of the
corresponding task.

Evaluations of the cluster system performance in solving the problem of metal
products heat treatment for different classes of processors are determined.

Keywords: heat treatment, metal, multiprocessor system, acceleration, performance,
computing units.
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METO/IY IEPEPOBKU TA YTUJII3ALII JIITIEBUX JJXEPEJI CTPYMY

AHomauis. Ha o0cHO8I aHanizy HAaykoeo-mexHiuHux nyonikayiii 0aHo 3azanbHy
Xapakmepucmuky Cy4acHux mexHoJozili nepepoOKU Jimiesux Oxcepen HueJleHHS.
ITepepobky nposodsims 3a makxow cxemor. Cnouamky opzaHizyloms po3psio Oxcepen
cmpymy ma ix nonepedHio 00pobKy Onsa eiddinenHs Oitouux peuosuH. ITonepedus
06pobKa nposooumvCs MeXAHIUHUM NOOpiOHeHHAM, abo Yyibmpaseykom, abo
po3uuHHukamu. Ompumanuti mamepian niodaroms mazHimHomy abo 2pasimauitiHomy
po30ineHHIo, sudangiouu peuosuHu, wo micmame memanu. Ilomim Li, Co, Ni, Mn
guoansioms hipomemanypeieio, abo zidpomemanypeieo, abo eneKMpoximiuHuUM
gunyueHHsm. Ompumarni mMemanu npuoamdi 07 BMOPUHHO20 BUKOPUCMAHHS 8
Jimiesux Oxcepenax cmpymy. Aemopamu po3poOsieHO NPUHYUNOBY CXeMy MEXHOJI02ii
nonepeoHv0i 06pOOKU JiMi€BUX AKYMYJASIMopie, 3AcHO8aHOI HA aKycmuuHili abo
2idpoduHamiuHili kasimayii, a makoxc YJOCKOHAJIeHO Choci6 MmazHimHoi cenapauii
UIHHUX Memanis.

Knwouosi cnoea: nimiesi axkymyasmopu i 6amapetiku, naimiti, Kobaivm, HiKesw,

Mapezaveys, y1bmpaszeykosda i 2idpoduHamiuHa kasimayis.

ITocraHOBKa MpooIeMu
JlitieBi mKepena CTpyMy (JIiTili-iOHHI ~ aKymyJsSTOpM, JIiTiii-momxiMepHi
aKyMYJISITOpM, JIiTieBi OaTapeiku) MIMPOKO BUKOPMCTOBYIOTHCSI B TPAHCIIOPTHUX
3ac00ax, B eJIEKTPOHHUX IMPUCTPOSIX, B IIOOYTOBOI TeXHiIli, a TAKOX B 6e3/1iui iHIIMxX
rajayseii rocrofapcTBa. BapTicTh 7iTi0 Ta JesKUX IHIIMX MaTepiajiB (MO-Iiepiie,
KO6anbTy) IJjis1 BUPOOHMUIITBA JIITIEBUX aKyMyJIATOpPiB i 6aTapeitok myske BMUCOKa, a
NIpUPOOHi 3amacu obMexkeHi. OTHOYACHO CIIOCTEpPIraloTbCsl HeraTUMBHI TeHOEHIIii
3a0pyoHEeHHSI HAaBKOJIUIIIHbOTO cepefOBUINA JiTiEBUMMU IKepejaMiu CTPyMYy, SIKi Bxke
BiIlIpalibOBaHO, i SKi MiCTSITh HebOe3MmeuHi XiMiuHi PeUOBMHM: CIOJNYKM JIiTiiO,
CITONTYKY (DTOPY, XJIOPY i CipKM, BaXkKi MeTa (KOOa/IbT, HikKejib, MapraHellb) XiMiuHO
arpecuMBHMIt enekTposiT. Tomy, mepemoBi CBiTOBI BMPOOHMKM JITi€EBUX Kepes
CTPyMYy IIparHyTh O BMKOPUCTAHHS MaTepialiB MepepooKy CBOEI MPOMAYKIIii, sika

BiATIpallbOBAaHO.

© Ckocap B.10., bypunos C.B., Bopomunos O.C., JKynaii }0.0., [I3eH3epcokuii B.O., 2022
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AHaJti3 ocTaHHIX JOCTiIKeHb i IMyOTiKaIii

CphOrofieHHs iCHYIOTb TEXHOJIOTii IlepepoOKM JIiTi€EBUX [IKepea CTPyMy, aje
BOHM TIOKM IIle He € 3aJOBUIbHMMM Ta €KOHOMIUHO e(eKTMBHMMM. 3a3BuUUaii,
MiJIPUEMCTBO 3 MepepobKM BUTATYE BUKIIOYHO JIiTiii 3 aKyMyJISATOPHOTO OpPYXTY,
abo Taki MmeTanu, Ik KobanbT. He icHye yHiBepcaabHOi, eKOHOMiIUHO e(peKTUBHOI
TEeXHOJIOTii ImepepoOKy BeJIMKOI Macy JIiTieBUX aKyMYyJISITOPiB i 6aTapeiiok. B €Bporri
Ha CbOTOAHINIHIN AeHb IepepoObssIEThC Juie 5% JiTieBUX aKyMy/ISITOPiB, IO
MIpU3BOAUTH OO BUCOKMUX PU3UKIB 3a0pyAHEHHSI HABKOJIMIITHbOTO cepenoBuiia [1; 2].
B VkpaiHi OyB TinbkKM OOMH 3aBOJ, SIKMif 3aliMaBCsl IepPepOOKOI0 €eIeMEeHTIB
JKUBJIEHHS - «ApreHTyM» (M. JIbBiB), KoTpuit y 2018 p. 3akpuBcs [3]. ¥V BCiX JiTieBUX
aKyMyJISITOpax JiTili MiCTUTbCS Y BUIJSIAL cosieil jiTiio Li* B cKiaaai eleKkTposiTy.
Haii6inpin moupeHi BapiaHTy MaloTh aHOZ, Y BUIJISIZI KapOOHOBOr0 MaTepiasty, sIKii
dikcoBano Ha Cu ¢onb3i, abo aHom y BUIISIAI MeTasieBoro Li. KaTom akymynsiTopiB
MiCTUTb aKTUBHY Macy, sika ikcoBaHo Ha Al ¢honb3i. AKTMBHA Maca MiCTUTb OKCUIN
nitiro-Me: LiCoQ;, LiNiO,, LiCoxNi;xO;, LiMn;O4, LiFePO.. JlitieBi 6arapeiiku, sIK
MIpaBUJI0, MICTSATh aHO, 3 MeTajieBoro Li i katox 3 TBepaux MnO,, FeS,, CuO, CFy,
a6o pigkux SO, SOCl,. EnexktpoiiT, K mpaBuiao, MicTuTb comi Li*. B pesynbTari
1epepoOKy JIiTieBUX aKyMyJSITOPiB i OaTapeifioK MOXJIMBO OTPMMATM TakKi I[iHHI
BTOpMHHI peuoBuHM: Li,COs, LiOH, LisPO.; okcuau-rigpokcuan Co, Ni, Mn, Fe;
metaneBi Co, Ni, Mn, Fe, Cu, Al [ledki 3 1MX peUYOBMH MOXJIMBO 3HOBY
BUKOPUCTOBYBATH IS BUPOOHUIITBA JIiTi€EBUX JIsKepes CTpyMy. TOMY AOCITiIKeHHS B

rayry3i mepepo6Ku Ta yTuiisallii JiTieBUX AKepes CTPyMy € Ayske aKTyaIbHUMMA.

MeTa gociigkeHHs

MeTa [OOCTiIKeHHST — Ha OCHOBi aHaji3y HAyKOBO-TeXHIUYHMX MyGmiKkarlii
chopmMmyoBaTH 3arajbHy XapakTepUCTUKY CY4aCHUX TeXHOJIOTiii IiepepoOKu
JiTiEBUX [Kepen CTpyMy. [lpyra MeTa — BMKIACTM pe3yabTaTU AOCTIAKEHb
CIiBPOOITHMKIB [HCTUTYTY TpaHCIIOPTHUX cucTteM i TexHosoriit HAHY (mami -

[HCTUTYT) OO YAOCKOHAJIEHHS TEXHOJIOTIi epepoOKM JIiTieBUX aKyMYJISITOPiB.

BUK/IaJeHHsS OCHOBHOTO MaTepialy JOC/TiIKeHHS

AHani3 HayKOBO-TeXHiUYHMX ITyOJiikalliii BKa3dye, M0 3arajibHa cxema
TEeXHOJIOTiii TMepepoOKM JIiTieBMX aKyMy/asITOpiB i OaTapeifok i OTpuMMaHHS
BTOPUMHHMX MeTaJsliB BUIJISIIA€ TaKUM UYMHOM (AuB. puc. 1). BigmpaiiboBaHi mxepena

CTpyMy MiAgalOTh po3psiAy MOJs 3MeHIIeHHS XiMi4HOI eHeprii, $ka B HUX
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3ajuimmiacs, i 3amobiraHHs BUOYXiB i moskex. Ilicist 1uboro mKepena CTpymMy
IiJJa0Th IIONEepeaHboi O0OpoOIi (HANpMUKIA[, MEXaHiYHOMY JOpOOJIEHHIO) mIJIs
BUJTyYeHHS eJIeKTPOMiB, aKTUBHMX Mac, CTPYMOBIZIBO/IiB, certapaTopiB, eJeKTPOJIITY.
ITorim, MeTomamu celapaliii MaTepiaJiB II0 MarHiTHMM BJIACTMBOCTSIM, ab0 IO
MMUMTOMOI Maci (HaIlpuKJ/aj, Ha MarHiTHOMY CcelapaTopi, Ha JeHCUMeTPiuYHOMY CTOJIi)
pO3OiNsSIIOTh aKTUBHI Macy (siki MicTsiTh Li, Co, Ni, Mn) Big mactuky i Cu, Al ¢ponbru.
AKTUBHI Macu MiggamTb OJHOMY 3 METOHIB MepepoOKu: IipoMeTanypriiiHomy,
rigpomMeTayypriiiHomMy; eJleKTpoXiMiuyHOi ekcTpakiiii. Ha Buxozni orpumytoTs Li, Co,

Ni, Mn, Ta iHwi uiHHi MaTepiann [4-7].

— MexaHivyHe gpobrnieHHs
— YnbTpasBykoBa 06pobka
— Obpobka po3ymHOM

— [NpoxaptoBaHHA

—Li — Mipometanypris Cenapau,lﬂ

-Co — ligpomeTanypris — MarHiTHa;

—Ni — EnekTtpoximiyHa — Ha [eHCUMETPIYHOMY CTOfi;
—Mn eKkcTpakuis - CbJ'IOTaLI,IE‘,}O

Pucynok 1 — CxeMa repepoOKM JIiTieBUX JixKepest CTpymy [4-7]

BignpauboBaHi
NIiTiEBI akymynaTopu Po3spsag
i baTtapeiku

Hajtyacrimme  BMKOPUCTOBYBaHMII ~ MeTOH  PO3psiny  BiAIpallbOBaHUX
aKyMyJISITOPiB — 3aHypeHHs1 B cTpyMonpoBiguuii posumH NaCl. BepyTbcs
JOCTiIKeHHS MBUIAKOCTI po3psiAy Ta MIBUAKOCTI KOPO3ii B iHIIMX CTPYMOITPOBiTHMUX
pinvHax. OCHOBHI MeTOAM BUIiJIeHHSI aKTMBHUX MaTepiajiB y Ipolleci mornepegHbo1
00pOoOKM  aKyMyJISITOpiB:  MexaHiuHe  [ApoOjeHHSI; 06pobKa  PO3UMHOM;
MIpO’kKapIOBaHHSI. 3aCTOCOBYIOTh TAKOX Y/IbTPa3BYKOBY 00pOOKY.

MexaHiuyHe OpoO/IeHHS BMKOHYIOTH Yy JIOmaTeBux Japobapkax. Ilicis
MoApiOHeHHS] aKTMBHMII MaTepiajl Ta iHIII pPeYOBMHM TMOIIISIOTh cemapalli€io.
Hamnpukinan, micjis gpo6eHHST aKyMYyJISITOPiB y JioMaTeBUX JApobapkax MmoapioHeHi
mMaTKu OynaM KinacudikoBaHi HAa YOTUPM PO3MIpHI TPyNM HUIIXOM CYyXOTo
npocitoBaHHs. Benuki mmaTtku miactuky, Al, Cu Ta mojiMmepu O0yaM BimoKpeMiieHi
Big MmatepianiB katoma Ta aHoga posmipom 0,075 mm. ITorim LiCoO; Ta rpadir
po3ainuau daoTaiii€to [4].

Ipyruit  Tpukaam: JIiTieBi  6aTapeiikyM  CIIOYATKy  pO3psiakaiu  Ha

pPO3PSIAHOI YCTAHOBII 3 IIpOrpaMHMM 3a0e3IleuyeHHSIM, a IIOTIM IIPOBOIMIIU
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MexaHiuHe ApobjeHHS i 00pobky posumHoM mnpu pH~10-11 3 omHOUACHUM
MPOAYBKOIW  IIOBITpSIM  OJsI  3HMKEHHS  KOHUeHTpauii  H,.  OTpumanuit
cKpab oummanu, i GiabTpyBamu pigky ¢pakiiiio, i3 Korpoi 3a moromorow NaCOs
Bwtydanu ToBapHuit LiCOs [5].

MexaHiuyHa 006poOKa € HAMMOIIMPEHIIIMM MEeTOIOM pO3[iJIeHHS JIiTieBUX
akymyasiTopiB. IIpoTe BOHa Ma€ HeHOMiKM: CWJIbHMIA IIyM, BUKUIU MUY Ta
MIKigaAMBMUX rasiB. KpiM Toro, Baskko 3a0e3NeumTy imeasbHMUI PO3IOMIA BCiX
MaTepiajiB 3a AOIOMOIOI0 IIbOT0 MeTody. A I1ie MHPU3BOAUTb MO 30i/JbIIEeHHS
eHeproBUTPaT Ha BUJIYUEHHS LIiHHUX MeTasliB [4].

[ToniepenHsi 06po6ka PO3UYMHHMKOM BUKOPUCTOBYE PO3UMHU Ta PO3UMHHUKU
IJIsI BimoKpeM/ieHHSI akTMBHUX MaTepianiB Bif Al, Cu dbonabru B akymyssitopi. Lleit
MeTOoJ, BUasIsie O0OaBKy CITOJYYHOTO MaTepiaiy, sIKMii IIOCUII0BaB KOHTAKT (OJIbIU
3 aKTMBHMMM MaTepiaiamu. Bimommit meron mossgrae B TOMy, 100 BCTaBUTHU
eJIeKTPOAY B OpraHiuHmii po3unmHHUK (N-MeTmi-2-miposiguda (NMP)) ipu 100°C mis
BUIAJIEHHSI CIIOJIYYHOTO MaTtepiany Ta BimokpemsieHHst Al, Cu ¢onbru. Hemomikn: y
OUTBIIOCTI aKyMYJSTOPiB BUKOPUCTOBYETbCS croayuyHuit matepian PVDF  mns
KpiIUIeHHST aKTUBHOT'O MaTepiany, ajie B IesSKUX BUKOPUCTOBYIOTbD iHIII CIIOJIYYHi, SIKi
BMMAaramTh Mif00Py BiIMIOBiJHOrO OPraHiuYHOIO po3unMHHMKA. KpiMm Toro, 1eit MmeTo/
B/MAara€ BMKOPMCTAHHS TapsSuMxX OPraHivHMX PO3UMHHMKIB 6m3bko 100°C, 1o
301/IbIIIy€ BApTiCTh Ta CTBOPIOE IIKiAJIMBI BiIX0OAM B HABKOJIMIITHE cepenoBuiie [4].

O6pobka mposkaploBaHHSIM BimOyBaeThcsl B iHTepBaii Temmepatyp 150-500°C
(HampuKaana, B armocdepi as3oTy) IS BUOAJIEHHS KapOOHY Ta OpPraHiuYHOTO
Matepiany. Kpim Toro, npu temmnepatypi Bim 250 mo 350°C criomyuHumii matepian
PVDF BupganseTbcs, TUM CaMUM 3MEHIIYIOUM NPUINIIAHHS aKTUBHMUX MaTepiajiB Ha
Al, Cu donb3si. [ToTiMm MmaTepian enekTpona Ta (osibra Jierko BiJOKpeMITIOIOThCS 3a
IIOTIOMOTOI0 TpaBiTalliitHoro rmoginy. Hemosikn: o6pobka MmposkapioBaHHSIM BMMarae
IOpOTroTo 06J1aTHAHHS, € eHePTOEMHUM i MOXKe BUAIISITA TOKCUYHI ra3u [4].

B po3po6ii [8] mporoHyeTbcsl MexaHiYHO TOApiOHeHi JiTieBi mKepena
CTpyMy  06poOfaTVM  BUIIMMM  ajdipaTMYHMMM  CIOIUPTaMM B yMOBax
YIbTPa3BYKOBOI (y/3) KaBiTallil 3 MOJAJIbIIO €KCTPAaKIIi€0 CIOMYK JiTil0 BOAOIO.
[IpyyoMy COHOJIITUYHY [il0 TIpOBOASITH mpu Temmepatypax mo 80°C B
yAbTpPa3ByKoOBili BaHHI Tumy Y3B-3/100-TH 3 BMKOpMCTAaHHSIM KaTalizaTopa

Mixkda3HOTO ITepeHocy.
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B maHMi1 yac Ha pMHKY 00J1aJHAHHS [TPOTIOHYIOTHCSI IIPOMMCIIOBI YIbTPA3BYKOBI
peakTopu amepukaHcbKoi dipmu Hielscher, mpumaTHi B Tomy umcIi st o6po6ku
JTiEBUX JKepes CTPyMy, IO BiAmpaioBaan cBiil pecypc [9, 10]. 3rigHO TexHOJIOTii
Hielscher, y/3 00poOKy JiTieBUX aKyMyJSITOPiB peali3yloTh 3a CXeMOlo, SKa

TIpUBENEHO Ha pUC. 2.

Po30upanHst BinpalibOBaHUX
JITIEBUX aKyMYJISITOPIB

.

Po3psimkanHs akyMyasiTopiB

.

[TnaBnenus
VnbTpa3BykoBe VYbTpa3ByKOBE BiJHOBJICHHS
BHJIYTOBYBaHHS METaJllB LiCoO, 3 enexrpoaiB
BinHoBneHHs BiHOBJICHHS
Co, Ni, Mn, Li LiCoO

PucyHok 2 — CxeMa MeTO[y Y/IbTPa3BYKOBOi 0OPOOKM JiTi€BUX aKyMYJISTOPIB 3
MeTOI0 iX Mofaibioi yruiisanii [10]

B po3pobiii [11] mpomoHyeTbCs CIOCiO BiAHOBIEHHSI OKCUAY JTiTil0-KOOAIBTY 3
NiTiEBUX aKyMYJISITOPIB IIJIIXOM MiHHOI ¢uioTallii 3 BUKOPUCTAaHHSIM BiJHOB/IIOBaHUX
i 6iopo3KIagHMX PO3UMHHMKIB, HAIIPUKIIAM, TepIeHiB.

PosrnsiHemo IeTaJibHillle MEeTOZ, YJIbTPa3ByKOBOI1 06p0oOKM,
SIKilt 3aITPpOTIOHOBAHO B [6]. Po3po6Ka eheKTMBHMX METOIB MOAIMY BifIpalibOBaHMUX
JiTiEBMX aKyMYJISITOPiB Ha MOTOKMU, 1110 TIepepoObIsiIoTbCsI, HeoOXigHa IJ1s1 3HMKEeHHS
BTpaT MarTepiajly Iipu TiepepoOiii. 3a [IOMOMOrOW IOTYKHOTO Y/IbTPa3BYKY
peasli3oBaHO WIBUAKMUIA, TIPOCTUIT Ta Ge3rnmepepBHMUII METOJ BUIANEHHS aKTUBHOTO
MaTepiasy 3 eNeKTpoxiB. Y/3 KaBiTallisi Ha MeXi pO3[IiIy eJeKTPOMiB 3abe3meuye
IIBUJIKE Ta CeJeKTMBHe pyMHYBaHHS aJre3iiiHOTO 3B'SI3Ky Ta pO3IIapyBaHHS
efeKTpoJa 3a JiveHi cekyHau. Lle migBuUIye TPOAYKTUBHICTh MOIepeaHbO1
00poOKM akymyasiTopiB npubimsHo B 100 pasiB. lle TakoxX m03BOJISIE BUPOOJISITU
MaTepiaj BUILOI YMCTOTU Ta SKOCTi, MPUAATHUIA IJISI TOBTOPHOTO 3aCTOCYBAaHHS B

eJIeKTpoadax. MeTop, mnossirae B TOMY, IO MMOMIIIIAI0Th Y PO3UMH YIIpra?:BYKOBI/II‘/JI
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pymnop y 6e3rocepenHiii 6JM3bKOCTI Bill esleKTpoma akymyJisiTopa. PosiiapyBaHHS
eJIeKTpoJa BimOyBaeTbCsa MeHINe, HixX 3a 10 ¢, KoJM eJIeKTpoj pO3TallloBaHMIA
Oe3mocepemHbO IIiJil COHOTPOAOM BMCOKOi moTykHOCTi (1000-2000 Br), 1m0
MIPU3BOAUTD OO0 PYMHYBAHHS a[re3iiiHUX 3B'SI3KiB MiXK aKTMBHMMM MaTepiajaMu Ta
cTpymoBigBogamu. lle A03BOMMUTb BiZHOBUTM HEYIIKOMKEHUI CTPYMOBIABi Ta
MOPOIIKOIIOMiOHMIA ~ aKTMBHMIT  MaTepias. Hampukiag, B eKcllepyMMeHTax
BUKOPUCTOBYBAIM aHOIM - MiJIHY (QOJIbTY TOBIIMHOIO 15 MKM, IMMOKPUTY 3 000X OOKiB
aKTMBHMM MaTepiajoM TOBIHIMHOI 70 MKM, SIKMit MicTuThb rpadit, 3 mac.%
crionyudoro PVDF a6o 4,5 mac.% crnoayunoro CMC/SBR. Cepepnniii nmiamerp
yacTMHOK rpadity craHoBuB 15 mMkM. Katommu - anmomiHieBa ¢ombra TOBIIMHOIO
25 MKM, ITOKpUTa 3 000X OOKiB aKTMBHMM MaTepiajioM TOBUIMHOIO 100 MKM, IO
MICTUTh CyMill IIOPOILIKY OKCUAY JITiIO-MapraHii Ta OKCUIY JIiTilI0-HiKesb-
Mmapranipo-kobanpty (LiNiMnCoO;) 3 pob6aBkow TexHiuHOro mactuiay DF.
JIliameTp YacTMHOK OKCUAY JIiTil0-HiKeJb-MapraHiio-Ko0a/JIbTy CTAaHOBUB 6 MKM,
a pnpiameTrp mpoBigHoi mo6aBkum - Big 0,05 mo 0,1 MKM. VYIbTpa3ByKOBa
yCTaHOBKa mpaioBaja Ha vactori 20 K[ Ta MakCMMaibHOI nmoTy>kHocTi 2200 Br,
3 IUIONIEI0 JIMIIbOBOI CTOPOHM coHOTpomy 1,5%x21 cm?, 3abe3reuyoun
rycTMHy TOTy>KHOCTI g0 200 Bt-cm™. 3a30p MiK COHOTPOAOM Ta JIOTKOM HJIsI
npo6 craHoBuB 2,5-3,0 MM, MBUIKICTb IepecyBaHHSI eJeKTpoja IIij 006acTio
BIUIMBY V/3 cTaHoBwiaa 2-3 cm/c. SIK pigvHy pjs1 3abe3medeHHS KaBiTallii
BUKOPUCTOBYBA/IM JieiOHi30BaHy Bomy, abo Bomumit posumH 0,05 M jnuMOHHOI
Kuciotu, abo BomHMii po3umH 0,1 M NaOH. Ile 3a6e3mneuyBasio edeKTUBHE
po3lIapyBaHHS eJIeKTpoxdiB. ITOKpUTTS aKTMBHOTO MaTepiajly AMCIepryBajiocs B
pe3epByapi 3 pO3UMHHUKOM, ITiC/ISI YOTO BOHO MOYe OYTU JIeTKO BUTSATHYTE IILJITXOM
dinbTpanii posunHHMKa. Po3paxyHKoBa BapTiCTb MPOBeIEeHHS Mpoliecy CTaHOBUTH
0,10 mon. CIIIA Ha 0,15 KT efleKTpoIHOTO MaTepiany [6].

Tpeba migkpecanTH, IO METO, YIbTPAa3BYKOBOTO PO3IIapyBaHHS ITpU3HAUYEHMT
Il poObOTM 3 IiIMMM, a He 3 IOJApPiOHeHMMM eJIeKTpOZaMM, IO POOUTh Ji0ro
NpUIATHUM [OjIs1 0OpoOKM BMPOOHMYOTO OpaKy Ta KOHTPOJIIO SIKOCTi, Ha SIKi
npunajgae npubamsHo 5-20% o0cary BMpPOOHMIITBA. Xoda CydacHi KOHCTPYKILii
aKyMyJISITOPiB He TiJal0ThCsl pO30MpaHHIO, HOBi MOCITiIKeHHS I10KasyloTb, IO
PO30MpaHHs aKyMYJ/ISITOPiB Kpaie 3 (iHaHCOBOI TOUKM 30PY, HiX iX MoapiOHeHHS, i

II03BOJISIE OTPUMYBATH ITPOIYKTH OiIbIIT BMCOKOI UMCTOTH 3 MEHIIIMMM XiMiUHMMM Ta
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eHepreTMYHUMM BUTpaTaMu. baraTo BMPOOHMKIB ITOYaIM pO3pooIsiTY OaTapeitku Ta
aKyMYyJISITOPHU, SIKi JIET1IIe po36upaTu Ta repepoosisTu [6].

lgpoayHamiuHy KaBiTallilo, K BiJOMO, MOX/JIMBO 3 YCIIiXOM BUKOPUCTOBYBATU
IJIs1 6araTbOX TEXHOJIOTIYHMX Omepariiii B MeTaJyprii, B TOMY YMCJIi IJIsT JeCTPYKILii
pEeYOBMH 1 BUIydeHHS MarepianiB. Hampukianm, 3a AOMOMOTOK TiApPOAMHAMIYHOI
KaBiTallii, sika ¢opmye iMITyJbCHUI CTPYyMiHb, 3 YCIIiXOM BUKOHYIOTb OUYMIIEHHS
IIOBEPXOHb MeETATiB BiJ OKaIMHM, ab0 Big MaTepiasmy MOKPUTTS, SKuUit MOTPiOGHO
3HSITU. 30KpeMa, BUMKOPMCTAHHS KaBiTallilfHOrO reHepartopa (Tpyoku BeHTypi) B
niara3oHi mapametpa KasiTtailii 0,07-0,15 mo3BoJisie peanizyBaTy iMITyJIbCU TUCKY B
ctpymeni B 1,8 pasiB 6inbiioro, HiXK TUCK CTalliOHAPHOTO CTPYMEHSI Ha BXOIi
reHepartopa, npu 4dactoti immynbciB 1000-3000 T'u, mo mMpmM3BOAUTH A0 SIKICHOTO
riipoouniieHHs (QyTepoBaHOI MOBEPXHi Bif enacTUYHOro mnokputts [12]. Tomy
MpMBeIeHi BUIlle JaHi CTOCOBHO METO/IiB aKyCTUYHOI Ta rigApoAMHaMiyHOl KaBiTaliii
CBi4aTh IIPO IIEPCIIEKTMBHICTb IiX BMKOPMUCTAHHS IJI IIONepegHbOi 0OpOOKMU
JIiTiEBUX OXepea CTPyMy 3 MeETOI BWIYUEHHS L[iHHMX MaTepiaiiB. 30Kpema, jis
BiJOKpeMJIEHHS aKTMBHMX MaTepiajiB Bif MeTaleBUX CTPYMOBIIBOIiB.

Iisi pi3HMX JITiEBUX [AyKepea CTPyMy MaTepiaiu [Jisl KaToja, aHoja Ta
eJIeKTPOJIITiB, @ TaKOX PO3Mip BMPOOIB ayke pi3HSAThCSI. OgHOUYAacHA iXHS 00poOKa
MIiCTUTh pPU3UK BUOYXiB. [Ijs1 edeKTMBHOI aBTOMATUMYHOI OOpPOOKM BUPOOGIB Ta
OTPMMAHHSI BTOPMHHMX METa/liB BMCOKOI SIKOCTI HEOOXigHO BXKUTU OCOOJUBUX
3axofmiB. Tomy, Ie OFHMM NUISIXOM ITiABUINEHHSI e(peKTUBHOCTI IlepepoOKyM Ta
yTwii3anii JiTieBuUX IyKepes CTPyMy € Taka 3MiHa iX KOHCTPYKIil, sIka JO3BOJISIE
JIerko ix po36upaTu, peMOHTyBaTH i yTumisysaTu [6, 13-15].

Hai po3ryissHeMO TeXHOJIOTii, sIKi BUPOOJSIOTh MPUIATHI [Ji1 BUKOPUCTAHHS
MmeTanu. lle mMeToAau BUIyYEHHS MeTajiB: IMipOMETA/yprisi, TiApOMeTalypris, Ta
eJIeKTpOXiMiuHa eKCTpakiiisg. Bkakemo Bimpa3y, 10 MeETOH, eJeKTPOXiMiuHOI
eKCTPaKIlil BiOKpeMJIIOE JIiTii1 3 BUKOPUCTAHHSIM JIiTili-Ce/IeKTUBHOI TPaHCMiCUBHOI
MeM6paHu. Takuit MeTo1 HaltOi/IbII TTepCIIeKTUBHMI, OCKIIbKY JIiTi€EBi aKyMyJISITOPU
MOXYTb OYTM TlepepobJieHi HemKiAJIMBUM [Jisi HaBKOJMIIHBOTO CepeloBMUIlA
CIIocob0M, BMKOPMCTOBYIOUM Jinilie BoAy. LlMM MeTOIOM JIiTiii BMCOKOI UMCTOTHU
MOsKe OYTM BiJlOKpeMJIeHMIT Ta BUKOPUCTAHMII y CUCTeMax HaKOMMYEHHS eHeprii.
[IpoTe edeKTUBHICTb I[LOTO METOAY IOBEINEHO TiJbKM B JIaBOpaTOPHMX YMOBaX;

HeOOXiHi JOIATKOBI JOC/TiIKeHHS )1l IPOMMCIOBOTO 3aCTOCYBaHHS [4].
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[TlipomeTanyprisi BMKOPUCTOBYE BUCOKI TeMmIiepaTypu OJjsi BUIAJIEHHS
OpraHiuHMX MaTepiajiiB yepe3 BMUIIAPOBYBAHHSI Ta BMKJIMKAE peakilili Ha KaToAi Ta
aHo[i, 1006 3pOoOUTM JIiTiit PO3UMHHMM Yy Bofi. IlorepegHbo 00pOOJEHI aKTMBHI
MaTepiaqM IOApiOHIOIOTH Ha IIOPOLIOK i IMAJAaloTh IIpoXkKapioBaHHIO. I[lpwu
tTemieparypax Buie 700°C oKcua MeTajaeBoro JIiTiio eJIeKTPOIiB pearye 3 rpadiTom
3 yrBopeHHsIM Li;CO3 Ta okcuaiB meTastiB. [IposkapeHnii TOPOIIOK MOTIM ITiATa€ThCS
BUIYTOByBaHHIO BOAOIO: Li,COs pO3UMHSIETBCS Y BOMi; OKCUA, MeTaly He
po3uMHSETbCsT Y Bomi. Ilicast dinprpaliii Bogy Hepo3uMHEHMI OKCKUIA, MeTaly Ta
BOOHMIA PO3UYMH TMOMIJISIIOTh, 100 oTpuMmaTtu po3umH Li,COs, a 1oTiMm Bomy
BUIIAPIOIOTh JISI OCTAaTOYHOro ogepskaHHs Li,COs. Ileit meTom Moxke 06poOJSITU
BEJIMKY KIJIbKICTb JIITIEBUX aKyMYJISTOPIB, IO YTUII3YIOThCS, a IIpoLec MpocTuii [4].
Hampuknanm, BuaydaauM JIiTiii i KoGajabT 3a [AOIIOMOrOI0 IipoMeTanyprii 3
BukopuctanHam LiCoO; i rpadity i3 momepemHbo 06pob6sieHOi JtiTieBoi OaTapei.
Bunineni akTuBHiI MaTepianu npoxkaproBanu B a3oTi mpu 1000°C ripoTsirom 30 XB 1J1st
orpumaHHs Co, Li;COs. [IpoxkapeHnit MOPOLIOK 3aHYPIOBAaIN Y BOAY I/ BUTyUYEHHS
JIiTiI0 3 BUKOPUCTAHHSIM MOKPOI MarHiTHoi cemapaiiii [5]. Ipyruit npukiaazn: ckpab
Iic/IsT 00pOoOKM JIiTiEBMX GaTapeiiok (IMBUCH BUIIE) TPOMUBAIOTD, CYIIAaTh B arapari
TepMiUHOl JerigparTaliii i MiAgaTh MarHiTHOI cemapaiiii a1 BUTyYeHHS MeTasliB.
Pinky dpaxiiito 06pobsisiioTh amiakom 10 pH~12, Tozi 3 po3unHy ocigaioTb Fe(OH)s,
Cr(OH)s, Ga(OH)s [5]. V meskux mipoMeTanyprisx Ajisi BUIAJy BUKOPUCTOBYIOTHCS
IOJATKOBI KUCIOTHU, 106 MiABUIIUTY e(deKTUBHICTb BWIyYeHHS JiiTiio. Hemomik
MipoMeTa/ypTiifHOTO MeTOMy MJisi TiepepoOKM MeTajliB MoJSiTa€ B TOMY, IO ITiC/s
TIpO’KapIOBaHHS TOJATKOBMII TIpolieC 3a3BMYail BKIOUAE PO3UMHEHHS IMPOIAYKTY Y
BOJIi a0 pO3UMHHMKY Ta ¥oro momia. OgHak HM3bKa po3unHHICTh Li:COs BuMarae
BEJIMKO1 KiJIbKOCTI pO3uMHHMKA. KpiM TOro, mipomeTanypris BuUMara€ CKIaJgHOTO
ob6salHaHHS Ta BUKJIMKAE BUiIEHHS MIKiJIMBUX Ta3iB [4].

ligpomeranyprisi € HaiOiIbIl BUKOPMCTOBYBAHMM METOJOM BUIYUEHHS
MeTasiB. CyTb y TOMy, IO iOHi3yl0Th Li y akTMBHMX MaTepiajax, 00pobiaeHuX
KMCJIOTaMM Ta OCHOBaMM 3 IOJAJbIIMM BUJIYTOBYBAHHSIM 3 OTpUMaHHSIM Li+
po3unHiB. BukopuctoByoTb kuciotu H,SO4, HCI Ta HNOs. H,0; € HalimommpeHimmum
BiTHOBHMKOM. OHaK BUKOPUCTAHHS KUCJIOTU 3 HU3bKMM PH MoOXXe MPU3BECTU [0
BupineHHs1 mkigmuBux rasiB Cl; i NOx. Tomy poO3IISAA€ThCSI MOXKIUBICTD
BUKOPUCTAHHS CJIa0KMX KUCJIOT — IIaBjaeBoi uu jguMoHHOoi. [Jami 3'egHaHHsg Li
MOKYTb OYTM OTpPMMaHi 3a JOTIOMOTOI0 OCAKeHHSI, eKCTPAKI[i€l0 PO3UMHHUKOM ab0

CEeJIEKTUBHOIO ajcopbiicio. OcaaskeHHS BUMKOPMCTOBYE Pi3HUII y PO3UYMHHOCTI
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CIIOJIyK MeTasiB. Marepiajim 3 HM3bKOK PO3UYMHHICTIO, TaKi SK TigpoOKCUIN
nepexigHMX MeTasliB abo OKcaJaTy BUITAAAIOTh Y 0Cajl. 3a3BMUail BUKOPUCTOBYIOTHCS
taki ocaguuky - NaOH, NasPO; ta Na,COs 3 momanbliol eKCTPAKII€ JITII Y
Burnsaai Li;COs um LisPOs ILlyM HIIsXoM MOXKHA OTpUMAaTM TaKOX 3'€IHAHHS
KOoOanbTy, HiKeJI0 i MapraHifio. Hampukiaz, 3 BUIiJIeHOTO eJIEKTPOIHOTO MaTepiary
LiNio3Mno 3C00,30, ByyroByBaju Jiitiii 2M mypammHoio kucioror mpu 70 “C i HyO,
3 momanbiuM 36inpimieHHsSM pH mpu BukopuctanHi NaOH Ta posumniB NH.OH.
[MinBumenus: pH npusBeno mo ocamkeHHsS Co, Mn i Ni y BUIISIAi TiAPOKCUIIB, SIKi
notim nopginnau. Hacuuennit Na;COs po3unH gomaBaau Ajs oTpumaHHs Li,COs. s
eKCTpaKIlii pO3UMHHMKOM BMKOPUCTOBYETHCA ABOGda3Ha CUCTeMa BUOiIeHHS JIiTiio 3
KaTOAHOTO Marepiasly. MeTon BUKOPUCTOBYE BISHOCHY PO3YMHHICTD  IJIs
BigOKpeMJIeHHS i0HIB BiJl MOJISIPHMX Ta HEIOJSIpHUX pianH. HerossipHi ekcTpareHTH
TepeBaKHO BUMKOPMCTOBYIOThCS IS ToAiny iHHMX MetaniB (Co, Ni, Mn), a miTii
Bimokpemmi0ioTh. CeJIeKTMBHA ajcopOIliss BuIydyae€ JIiTiii 3a IOMOMOTOI0 iOHHO-
nitieBoro cuta. JIiTiii-ioHHI cuTa SBISIOTH COOOI0 HEOpraHiuHi aacopOeHTH, SIKi
HAJ3BMYAHO CeJIeKTMBHI IO BigHOIIEHHIO OO0 JiTil0 B po3umHi. OCKiJIbKM JITiil €
HaliMeHIIMM iOHOM MeTaly, JIiTiii-iOH cuTa BUKOPMCTOBYIOTh BaKaHCilo, II00
MPOMYCTUTY JIMIe 10HM JIiTito. AnjcopboBaHe JIiTieM 10OHHO-JIiTiEBe CUTO
BimokpewmoioTh Ta po3unHSAoTh y HCL. Tlotim momaioth NaOH Ta Na;COs nns
orpumaHHsa Li;COs. V 1ijilomMy rigpoMeTanypriiHuii MeTOH, TapaHTyE€ BMUCOKY
MIBUIKICTh BiTHOBJIEHHS i HE BMMarae A0JAaTKOBOIO YCTATKyBaHHSI, IO POOUTH #OT0
Iyske TIOMYJISIpHUMM Yy jlabopaTopii, a TaKoX MpUAATHUM OO0 poMucioBocTi. OnHaK,
HeJIOJIiK B TOMY, IIIO 1Ieji MeTOoH, BUMarae BeJMKOIro 00CSTy KMUCJIOTU Ta OCHOBU JIJIS
BUJTYTOBYBAaHHSI, 1110 MOXXe MPU3BECTU 40 AOAATKOBMUX BUTPAT Ha XiMiKkaTu [4].

TakuM UYMHOM, aHa/lli3 CyJYaCHMX TEXHOJIOTiii IepepoOKM JITiEBUX IKepes
CTPyMy BKa3sye, L0 TEXHOJOrii A03BOJISIIOTh OTpuMaTyu BTOpuHHMIT Li 98-99,97%
ynctoT, a TakoxX Co, Mn i Ni, $IKi 3HOBY MOKIMBO BUKOPUCTOBYBATU [JISI
BUPOOHMIITBA JIITiEBUX [KEpesl CTpyMy. Ajie 1Ie OCSITAa€TbCS IIiHOI BeIUKUX
eHepreTMYHUx 1 MarepiaibHUMX 3aTpaT 1 €KOJIOriYHuUX pusukiB [4-7]. Tomy,
BOKIMBMM LUISIXOM TMiABUIeHHS e(@eKTUBHOCTI IiepepoOKM i yTwiiszamii €
iIBUIIEHHS SIKOCTi IMornepeaHboi 00poOKM MPOAYKIIii, IKa BigmpaljoBasa pecypc,
mo [d03Bosisie edeKTMBHO BWIYYMTM aKTUBHI MaTepianuM 3 HaliMeHIIMMU
eHepreTMYHMMM 3aTpaTaMy i eKOJIOTIUHUMM PU3UKAMMU.

CriBpob6iTHMKYM [HCTUTYTY 3[ilICHIOIOTh aKTUBHI PO3p0OOKM 0 BAOCKOHAJIEHHIO

METOZiB TepepoOKM JIiTieBUX [Kepesl CTpyMy. Hamu 3ampoOmoOHOBAaHO MeETO],
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roriepegHbOI 0OPOOKM aKyMyJISITOPiB i Mar”HiTHOI cerapailii MaTepiasiB, 3arajibHa
cxeMa SIKOro IpuBefeHo Ha puc. 3. OCHOBHaA ifiesl moJisira€ B TOMY, ILIO MOMepeaHs
00poOKa JIiTieBUX aKyMYyJISITOPiB 3[iMiICHIOETHCS IIUISIXOM BIUIMBY Ha €JIEKTPOIU
aKyMYJISITOPiB y/3 ab0 rizpoamHamiuHoi KaBiTarii. B pe3yiabTaTi akTMBHI MarTepianu
BiJOKpEeMJIIOIOTBCSL BiJl, CTPYMOBIABOAIB Ta Y BUIJSAI PiAKOI CyMillli 3 aKTMBHUMU
MaTepiajiamMu, MPSMYIOTb Ha MAarHiTHy cemapaiiil0 3 BUKOPUCTAHHSM ITOTY;KHUX
CyllepMarHiTiB, opraHizoBaHux B MacuB Xajbbaxa. Ha pmc. 3 BKasaHi OCHOBHi
orepallii 06po6KM: y/3 KaBiTallisl piguHM (eJIeKTPOJIITY) peani3yeTbCs B y/3 peakTopi,
B SIKOMY PO3MIill[€eHO JIiTi€EBI akKymMyasiTOpu (AK); SIK aJibT€pHATUBA, TiAPOAMHAMIUHA
KaBiTallisl pigvHM peai3yeThCsl 3a JOIMOMOIOK TPyOOK BeHTypi, sIKi HampaBiieHi B
KOMipKM  aKymyJasaTOpHOi  6Gartapei (Ak-6aTtapest); MarHiTHMII  cemapaTop
BiJOKpeMJTIOE MaTepiaJl, 1[0 MiCTUTh KOOAIbT, HikeJib, MapraHellb, 3a/1i30, JiTiii (Me)

BiJl HEMeTaJIiB.

MarniTHa cenapauis

Pigka cymiw 3
W Ak|| Ak aKTUBHUMW MaTepianamu

Y/3 peaktop

{60\
\)
Tpy6ku BeHTypi

NANNN

Piaka cymiw 3
aKTUBHUMK MaTepianamu

Ak-bartapes

[HLwi
marepianu

PucyHok 3 — Cxema MeTO[Iy TorepeaHboi 00pOOKM JiTiEBMUX aKyMYJISITOPIB i
MarHiTHOI cerapaiiii MaTepiaiiB
OCKiJIbKM JIiTi/i MIiCTUTbCS B CIIOAyKax 3 (epoMarHiTHMMM MeTajaMM, BiH
TaKOXX pasoM 3 HMMM IOTpamisie no opHiei cymimii - Me. IlotyskHi NdFeB
CcynepMarHiTi (MOJISIpHICTh MarHiTiB BKa3aHa CTPiJikaM1), sIKi OpraHi30BaHi B MacuB
Xanpbaxa, MO3BOJISIOTh CYTTEBO MiABUMIIUTM e(QeKTUBHICTh MarHiTHOI cemapairii.
[llrpuHa MOTOKY MaTepiay, 1O IMiAIa€ThCSI MarHiTHiNi cerapaiiii, TOBMHHA OYTU He
6inpire 2-3 Bif cepemHLOro po3Mipy cymepMardiTiB. Ile Bu3HauvaeTbcs 00671aCTIO

MaKCUMAaJIbHOI iHTeHCMBHOCTI MArHiTHOTO ITOJIA.

ISSN-print 1991-7848 159
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 25 - 2022

BucHoBKku

1.Ha ocHOBi aHajizy HAyKOBO-TEXHIUHMX ITyOJikamiii chopMyIbOBaHO
3arajibHy XapaKTepUCTUKY Cy4yaCHUX TEeXHOJIOTiii TepepoOKM JIiTieBUX yKepes
cTpymy. TexHoJsorii m03BOJISIIOTh OTpUMaTyU BTOpuHHMI Li 98-99,97% uwucroru, a
takoxk Co, Mn i Ni, SKi 3HOBY MOSK/IMBO BUKOPMCTOBYBaTM MJIsI BUPOOHMIITBA
JIiTi€EBUX IKepes CTPyMYy.

2. IlepcieKTUBHMM HAIPSIMKOM YIOOCKOHAJe€HHSI TEeXHOJIOTiii IiepepoOKu
JITiEBUX [Kepesl CTPYMY € IIiABUILEHHS e(eKTMBHOCTI ITorepegHboi 0OpOOKM
aKyMyJISITOPiB, HampuKIa[, 3a PaxyHOK BMKOPMCTAHHS aKyCTUYHOI abo
rigpoAuHaMiuHOI KaBiTallii AJ1s1 po3liapyBaHHS eJIeKTPOIiB.

3. ®axiBusgMu  [HCTUTYTYy pO3po6JE€HO TIPUHLMIIOBY CXEMY TEXHOJIOTii
rornepegHboi OOPOOKM JIiTiEBUMX aKyMY/ISTOpPiB, 3aCHOBAHOi Ha aKyCTMUHiii abo
TiIpoauHaMiuHilil KaBiTallii. A TaKOX yJOCKOHAJIEHO CIT0Ci6 MarHiTHOi cemapariii

IIIHHMX MEeTaJIiB i3 3aCTOCYBaHHSIM CyIIepMarHiTiB y MacuBi Xanb6axa.
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V. Skosar, S. Burylov, O. Voroshilov, Yu. Zhulay, V. Dzenzersky

METHODS OF RECYCLING OF LITHIUM POWER SOURCES

Today, there are technologies for recycling lithium power sources, but they are not yet
satisfactory and cost-effective. The purpose of the study - based on the analysis of scientific
and technical publications to formulate a general description of modern technologies for
recycling lithium power sources. The second purpose is to present the results of the authors'
research on the improvement of lithium battery recycling technologies.

Based on the analysis of scientific and technical publications, a general description of
modern technologies for processing lithium power sources is given. Processing is carried out
according to the following scheme. First, they organize the discharge of power sources and
their pre-treatment to separate the active substances. Pre-treatment is carried out by
mechanical grinding, or ultrasound, or calcination or solvents.

Mechanical crushing is performed in blade crushers. Machining is the most common
method of separating lithium batteries. However, it has disadvantages: loud noise,
emissions of dust and harmful gases. Calcination takes place at temperatures up to 500 ° C
to remove carbon and organic material. Disadvantages of the method: calcination requires
expensive equipment, is energy-intensive and can emit toxic gases. Solvent pre-treatment
uses solutions and solvents to separate the active materials from Al, Cu foil in the battery.
This method removes the addition of binder material, which increased the contact of the foil
with the active materials. Disadvantages: this method requires the use of hot organic
solvents of about 100°C, which increases the cost and creates hazardous waste into the
environment. More promising is the method of processing batteries in ultrasonic cavitation.

The pre-treated material is subjected to magnetic or gravitational separation,
removing substances containing metals. Then Li, Co, Ni, Mn are removed by pyrometallurgy,
or hydrometallurgy, or electrochemical extraction. The obtained metals are suitable for
secondary use in lithium power sources.

The analysis of the considered technologies of processing of lithium power sources
indicates that an important way to increase the efficiency of recycling is to improve the
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quality of pre-treatment of products that have exhausted the resource, which allows to
effectively remove active materials with the lowest energy costs and environmental risks.
The authors have developed a schematic diagram of the technology of pre-treatment
of lithium batteries based on acoustic or hydrodynamic cavitation, as well as improved the
method of magnetic separation of metals.
Keywords: lithium batteries and elements, lithium, cobalt, nickel, manganese,
ultrasonic and hydrodynamic cavitation.
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L. Sushko

SOME ASPECTS OF MODELING OF TECHNICAL DIAGNOSTICS
OF MECHANISMS

Abstract. The research is aimed at revealing the problems of modeling technical
diagnostics of mechanisms and machines. To assess the technical condition of machines
and the formation of diagnostic features, a method based on the application of the
mathematical theory of pattern recognition is proposed. It is shown that technical
diagnostics of machines and mechanisms can be interpreted as the recognition of classes
of technical condition of the object by the set of its technical characteristics. At the same
time, it is established to what class the current recognized state belongs. The conducted
studies are covered against the background of the assessment of gear defects. Such
studies have shown that in the early stages of defect development there is a process when
synchronous components do not grow, and all the extra power from the defect is
concentrated in asynchronous harmonics.

Keywords: diagnostics, mechanisms, machines, pattern recognition, technical status,

defects, gear transmissions.
Formulation of the problem

The main goal in creating machines and mechanisms is to increase their
productivity, reliability, accuracy, and economy. Such contradictory requirements
can be satisfied as best as possible only with precise control of the technical
condition of machines and mechanisms, as well as timely minimization of
miscalculations at the design stage. Therefore, research aimed at improving the
efficiency of mechanisms and machines is relevant and meets the requirements of
scientific and technological progress in the field of modern engineering.

To obtain information about technical mechanisms, parametric characteristics
of the technical condition are often measured: coefficient of friction, temperature
in the contact zone, the intensity of response, vibration values of acoustic
oscillations, variable deformations, and forces [1]. However, despite the great
prospects of these measurements, they cannot be performed in all machines and
mechanisms without exception.

© Sushko L., 2022
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One of the biggest ways to reduce the duration of the test of mechanisms is the
method of comparative evaluation of the performance of the studied, for example,
gears with gear pairs, in which the gear ratio is equal to one. In this case, each
strained pair of teeth is considered as a separate object of study, which differs from
other dynamic components of the load on the teeth, due to different steps for a
combination of errors in the manufacture and assembly. This approach allows to
store information about the processes of elaboration, the accumulation of potential
damage, residual life and significantly reduce the number of gears under study and
the duration of the experiment.

To refine the forecast of the residual life of the responsible elements of the
mechanismes, it is necessary to control the change in the values of the coefficients of
internal dynamics and uneven load distribution along the gear engagement line.
This can be done by utilizing periodic instrumental monitoring of changes in the
state of the limited elements, for example, according to the control of vibroacoustic
characteristics of the drive mechanisms. The methodology for determining the
internal dynamic component of the load in the engagement of the amplitudes of
vibration pulses generated by the engagement is disclosed in [2].

At the same time, mathematical modeling enters a fundamentally important
period of its development, "embedded" in the structure of the modern information
society. Technical, economic, ecological, and other systems studied by modern
science are no longer subject to study (in the required completeness and accuracy)
by traditional theoretical methods. A direct natural experiment on them is long,
expensive, often dangerous, or impossible, because the system exists in a single
instance, and the cost of errors and miscalculations, in this case, is unacceptably
high, so mathematical modeling is an inevitable component of scientific and
technological progress.

Many leading scientists have presented a general description of mathematical
modeling. In particular, in [3] the main types of mathematical models and methods
of their identification are considered. Attention is paid to the modeling of control
and management systems in conditions of uncertainty, identification of technical
objects, modeling tools.

The availability of objective information about the technical condition of
complex systems is the most important condition for ensuring their reliability at the
stage of operation. Therefore, the diagnosis of such systems should be based on a
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theoretical basis, which allows us to fully take into account the complexity of
building systems and algorithms for their operation [4 - 5].

In [6], an approach to the formation of many controlled features of complex
technical systems is proposed. It consists in processing the trajectories of the initial
processes of the system based on the theory of spaces of measurable functions
quadratically integrated according to Lebesgue, which allows to approximate partial
sums of Fourier series trajectories with arbitrary set of finite discontinuities, taking
into account the complexity of system structures and algorithms for their operation.
The application of coefficients of trajectory decomposition into partial sums of
Fourier series on the orthonormal Legendre basis as a controlled feature is
substantiated.

Taking into account the above, these studies are aimed at revealing the
problems of modeling technical diagnostics of mechanisms and machines.

Analysis of recent studies and publications

Technical diagnostics of machines is carried out in order to determine the
technical condition of machines and individual mechanisms, identify the feasibility,
conditions and terms of safe operation, taking into account the actual mode of
operation, as well as the need for repairs, reconstruction or decommissioning. The
methodology determines the procedure, methods and scope of technical inspection
and is based on regulatory documents [7]. The organization of work on technical
diagnostics of machines includes the construction of information models of
machines. The information model is a database consisting of operational, design,
repair and other documentation [8]. A dynamic model of a particular machine is
being built and the operating conditions are studied to determine the places of
control and modes of operation. Technical means are chosen for technical
inspection; the presence of stable in terms of performance parameters of the
machine is being investigated; the rapidly changing parameters and the composition
of the measuring complex for their fixation is being determined.

The mathematical model of diagnosis is chosen depending on the definition
and provision of goals. An algorithmic model of diagnosis, which can be complicated
or simplified depending on the goals and operating conditions, is built [9]. With the
help of Petri nets, a graph of the state of the machine is formed and limited in terms
of information set of diagnostic parameters for different operating conditions is
determined. For diagnostic parameters, the program is used to build reference
surfaces (based on information model data) that correspond to normal or optimal
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functioning and surfaces of the current state, which are constantly changing over
time in the process of monitoring diagnostics [10].

Based on the mathematical theory of pattern recognition, the reference surface
and the state surface are compared and a diagnosis, which determines the further
operation of the machine, is made. The actual technical condition of the machine is
assessed by the results of comparison of surfaces and predicting changes in
diagnostic parameters allows to determine the period of safe operation before the
appearance of signs of a sharp decrease in reliability.

To date, some progress has been made in their design and manufacturing
technology, but there is a significant gap in the field of theory and technical means
of diagnosis. This lag is caused by the complexity of methods of obtaining primary
information signals due to the fact that their construction requires the involvement
of various physical phenomena, the need for direct measurements, as well as the
inconvenience of installing primary measuring instruments in small, closed volumes
without violating the design of mechanisms. The success of the implementation of
computer technology in the diagnostics of gears and bearings largely depends on the
availability and quality of primary information selection tools, which must have
informative reliability, high metrological and operational characteristics, ease of
installation and ability to diagnose without machine's interruption.

These studies are aimed at revealing the main features of technical diagnostics
on the examples of gears.

The purpose of the study

Based on the review of literature sources and the results of the analysis of the
current state of development of problems of technical diagnostics of mechanisms
and machines propose a method of estimating the diagnostics of devices based on
the theory of pattern recognition. To show that technical diagnostics of machines
and mechanisms can be interpreted as the recognition of classes of technical
condition of the object based on the set of its technical characteristics. The
efficiency of the proposed mathematical models should be illustrated by conducting
a numerical experiment and comparative analysis of the obtained estimates against
the background of the study of gear defects.

Statement of the main research material

Investigation of stable functioning of mechanisms on the basis of the theory of
pattern recognition. Technical diagnostics of machines and mechanisms can be
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interpreted as the recognition of classes of technical condition of the object based on
the set of its technical characteristics. To solve this problem, it is expedient to apply
the mathematical theory of pattern recognition. In relation to machine diagnostics,
the recognition problem can be formulated as follows.

Let the initial set W of phenomena, situations, processes in the object is
divided into classes:

W ={w,Wy,...,w,, }.

Different technical characteristics of the object are combined into range of
features:

U ={u;uy;...u, | -
Let's make the description of each class W, (i = l,r?z) in the language of features
u;(j=1,r), ie, make the functional dependence W, =p;(u,uy,..4;). The

information contained in this relationship is a priori information of the recognition
system.

Suppose that as a result of experiments it is established that for the located
state of the sign following values are accepted:

Uy =Up; U, =U, =U3,.U, =Upy

It needs to be determined to which class the currently recognized state belongs.
The solution of the recognition problem is based on the comparison of a posteriori
information on the a priori description of classes using the recognition algorithm.

Signs of states of machines and mechanisms that are being recognized can be
deterministic, probabilistic, and logical.

Deterministic features take specific numerical values on the range U and
geometrically represent the coordinates of a point in the n-dimensional space of
features.

Probabilistic features are carrying random character and determine the
probability of correctness of measurement of numerical values of deterministic
features.

Logical features can be considered as elementary statements that take on two
meanings that do not have a quantitative expression with complete certainty ("yes"
or "no").
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Recognition algorithms are based on comparing the recognized state with each
class carrying one or another degree of proximity. If selected degree of proximity L
of features U of a given state W with the features of any class W: exceeds the

degree of proximity to the characteristics of other classes, the decision is made on
the affiliation of the state W to the class Wk, i.e., W e Wk.

When using deterministic features as a measure of proximity, the RMS
Euclidean distance between the points of states Wand W: of the n-dimensional

space of features:

L(W.W.)-

o

q S=1

where Kq — number of states W ; US] — features of state Wi .

The implementation of the recognition process will be carried out by
comparing the parameters of the current state of the object with the standard of
each class. By standard, we mean some averaged image of the class. With a large
number of class members, the procedure for determining affiliation to one of the
classes can be greatly simplified by pre-forming the standards of each class and
comparing the next presented for recognition object with each of the standards. In
the presence of a sample of I members of class state W the reference vector and the
reference curve of the characteristics of the object can be taken as a reference.

The reference vector is taken as:

1d

~ ) 1 )
={72 kaz;"jzvkn}' (2)
k:1 k=1

k=1

Recognition of the state given by the vector U = {“1 ,ug, uo} , is carried out by

estimating the distance between the vectors U and V, and assigning it to the
appropriate class of states, i.e. the task is to find the minimum of the functional:

F(uv)= szl‘ivklu?]z{—zm u2J2+ J{—kan T 3)

k=1

with the following restrictions:

U, -Vi|<p;,
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where pj ~ the radius of the sphere into which the point U j must fall in the sign

space to assign it to the j -th class.

The area (sphere) of the diagnosis W; with radius P should be chosen so that

it includes, with some margin, both: all points of the sign space, and the coordinates
of the reference vector.

To classify the states of machines and mechanisms, it is more convenient to
use the reference surface instead of the reference vector. With that, the recognition
of the tested state is carried out by estimating the angle between the normal vectors
drawn to the corresponding points of the feature space and the actual state space.
The value of the angle is calculated by the formula:

cos p; = ——= : 4)

I
where v; :—ka]
lia

The maximum of similarity is achieved when the following condition is met:

Sutn | ST S0 aln). ®

j=1

where a(ulo,v]) - infinitesimal function, which is determined by the error of

measurement of the actual parameters of the technical condition of the machine by
the complex of control and measuring equipment (CCME).

Recognition algorithms based on the use of probabilistic features use the risk of
measurement correctness or error, as a measure of similarity.

The risk matrix is:

1 S Cim
c C e C
21 S22 2m
C= ) (6)
le CmZ Cmm

where ¢; (1 j=1 m) — losses due to wrong decisions.
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The main diagonal of the matrix is the loss of correct decisions, and other
elements of the matrix - the loss of incorrect decisions.

Suppose that as a result of the experiment it is established that the values of
the signs of the recognized state W , are uy =ul;u, =uy;..u, =u’ .

Let us denote this event by A. Then the value of the risk associated with
deciding whether the recognized object belongs to a certain class, if there is an event
A, will be calculated by the formula:

AVADLTUA! @
where P(W%j - conditional and posterior probability that W e W., which is
calculated by the Bayesian formula:

0.0 .0
W, u1 JUy 5.l
[ A ) . )| ®

> P( )p,(ulo,ug, uo)
i=1

Here P(U) - the density of the distribution of characteristics within the i-th

class.

In recognition algorithms based on the use of logical features, the description
is built in the form of Boolean relations that characterize the recognized state: 1 -
for those classes to which the object is assigned; 0 — for those classes to which the
object does not belong.

When building real diagnostic systems, the question about the power of the set
of features arises. Increasing the power of the set, although it increases the
probability of recognition, typically requires additional costs for the implementation
of the system.

At power of set U reliability of the diagnosis decreases. That is why it is so
important when developing a system of technical diagnostics to carefully assess
which classes of technical conditions of machines and mechanisms should be
included in a set of features.

When choosing diagnostic features, it is necessary to take into account a
number of requirements arising from the task of optimizing the diagnostic system.
Features must be clearly associated with the condition of the machine and to detect
defects in the early stages of their development.
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The set of diagnostic features is formed taking into account their
informativeness and limitations on resources (mass, dimensional, temporary, cost,
etc.).

Let a set of classes be given as W ={W;,W,,..W,}, a priori set of features

U ={u,uy,..u,}, a priori probabilities of states P(W;), and the density of the
distribution of features of the i-th class p; = {uy,u,,...u, } . The initial entropy of such
a system equal:
m
Hy==3-P(W) P (W), ©)

After measuring the feature u ; entropy in the system equals:

H(uj):—gP[%JlnP[%J, (10)

where P[WiuJ - conditional probability of conformity of the state of the
j

recognized mechanism or machine to the class W;:

- (W) B (u;

1\

Informativeness of the feature uj, i.e., the amount of information received by
the recognition system when measuring the feature, is defined as the difference

between the entropy values of the initial and current states:
I(u]-)=H0 —H(u]-). (12)
When designing a real system of technical condition recognition, it is advisable
to assess the informativeness of each feature under the assumption that it is
determined first. This procedure allows you to pre-determine which of the features
of the set U should be excluded from further consideration.
In the diagnosis of machines and mechanisms as the main requirement for the
diagnostic feature is its high sensitivity to changes in the structural parameter, i.e.,
the high rate of its change from the normal state of the mechanism WN to the

defective WD.
The informativeness of this feature is calculated by the formula:
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] N
U;

, (13)

where U]N ,U]D — the value of diagnostic signs in normal and defective states of the

mechanism.

For each class of machines and mechanisms, reference curves are formed - in
some way approximated and averaged within the class values of diagnostic features,
as well as their threshold values, which correspond to the limit values of the
diagnosed parameters of the technical condition, are formed.

Based on the comparison of current and reference diagnostic features stored in
the PC database, a decision-making operation is performed, i.e., the diagnosis is
made, on the basis of which the operation of managing the diagnostic object is
performed.

Modeling of processes for assessing the technical condition of gears. Gears are
widely used in various fields of mechanical engineering and pose a number of new
challenges related to increasing durability. Existing methods of calculating the teeth
of gears for operation do not provide the required level of reliability, as the
assessment of performance is carried out only if the prevention of breakage of the
teeth and the destruction of the contact surface as a result of chipping.

Information about the technical condition while the programming diagnostic
studies of gears is generalized, i.e., it describes the change in structural parameters
over time. This raises the problem of rapid response as a function of time to
deviations of structural parameters from their standard. This can be achieved by
moving from general functional descriptions of gear characteristics to operational
commands as a function of time for executive bodies.

Prediction of gear performance is directly related to the detailed analysis of the
operation of the teeth at the corresponding points of contact. In contrast to the
engagement of non-actuated teeth, which have a constant value of the gear ratio, for
the profile of the actuated teeth, the gear ratio is variable and is a function of the
angle of rotation of the traction link. To describe such a profile, piecewise-spline
approximations, which are modulated by introducing a state function are used [11].

The technical condition of gears can be interpreted as the recognition of classes
of technical condition of the object on the set of its technical characteristics. To
solve this problem, it is advisable to apply the mathematical theory of pattern

recognition.
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The technical condition of any, even almost perfectly made, gear-pair can be
assessed in the course of work by means of signals of sensors of speed of rotation
(SSR). This statement is true for a single pair of gears, as well as for complex
gearboxes and multipliers. The advantage of this method when it's used for the
analysis of the state of the gearbox is that the diagnosis is carried out
"indiscriminately” in operating modes. All other methods, except vibration and
analysis of the composition of impurities in the oil, require disassembly of
equipment.

By changing the gear, experiments were performed for different types of
defects. The magnetic measuring equipment was the same as in previous
experiments. Gear module m= 5,0 mm, number of teeth z = 49. Measurements were
performed in a mode close to static (=1 mm, = 2,5 mm, = 1 mm, = 2,5 mm).

Obviously, when the tooth is broken, the information signal can be obtained by
simply subtracting the reference and real signals using an amplitude discriminator.
Wear of the teeth reduces the amplitude of the sensor signal in proportion to the
change in the parameter 6. Change of the parameter 6 from 0 to 0,2 mm
corresponds to the change in signal amplitude by 1,5 — 2%. A defect in the tooth in
the form of a crack or chip distorts the shape of the output signal of the sensor of the
corresponding tooth with the defect. The discrepancy between the experimental data
and the data obtained by theoretical calculation does not exceed 7-8%.

For traction drives of transport machines wear of active surfaces of teeth under
the influence of friction forces is the main reason of failure. Wear S, determined by

the difference between the measurements of the thickness of the teeth at the height
of the constant chord in the initial state and after the run of the transport machine
L (km). The built chord on a traction and traction gear wheel of traction
transmission with the module of 8 mm is located at a distance of 8,9 mm from the
top of the teeth. At the same time values of wear of teeth in operation are allowed
Sp; = 1,8 mm.

During normal operation of the gear transmission, a negligibly small part of the
load is accounted for by the direct contact of individual micro-irregularities of the
teeth and contact through abrasive particles. Therefore, most of the load is
transmitted through the oil layer thickness h,.

Under the actual plane of convergence of the active surfaces of the teeth we
understand the plane of intersection A, in relative units at the relative level

x=r,—h., where r, - the average size of abrasive particles; h. — the thickness of the
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lubricating layer; R, = \/Rlzmax +RZ, .. - the root mean square value of the
maximum micro-irregularities of the interacting surfaces. When r, = const the actual

convergence plane will be uniquely determined by the thickness of the lubricating

layer:
2v
AX:b{M} , (14)
Ripax
where b, v - coefficients. For teeth that have grown, b=1, ,v=2.2,
R . =0.008mm.

The linear wear of teeth S, is considered to be directly proportional due to the

fact that in this plane the abrasive particles, present in the oil, accelerate all types of
wear of all moving surfaces of the teeth.

The formula characterizing the process of wear of the teeth of traction gears of
transport vehicles, is written in the form:

Sg1 =g UK Lf (1) f(A) f (Sg1)/ f (Hpge ) (15)
Sgy =MyUK Lf (b ) f5(A) f (Sg2)/ f (Hpge ) (16)

4.4
f(h)=| 0-25-16-10°a0 4 VR0 pP* /(Ko Kig g / b2V )| 5 17)

f(A) — a0 705 _p* Gglimb _Uz(é)llimb . (18)

v 0'450-911imb ’
f(Sg1)=0.36+exp(-2/Sg;),f(Sgy)=0.5+exp(-2/ S, ) ; (19)
f(Hyre ) =0.53+0.016(H g —19), (20)

where n,, - the number of interactions of the teeth of the wheel per revolution of
the wheel pair; K, - coefficient that takes into account the climatic conditions of
the machine; L - mileage of the car (km); f(h.),f(A),f(Sr),f(Hyrc) — functions
that take into account the dependence of the wear intensity of the teeth on the
thickness of the lubricating layer, the characteristics of abrasive impurities, reducing

the hardness of active surfaces, increasing internal dynamic loads with increasing
wear of teeth, hardness of working surfaces of gears in the initial state; oguy -

piezoelectric viscosity coefficient (m/H2) and dynamic viscosity (Pa : s) at a constant

mode of operation of traction transmission; &4 ~0.06%, r,~0.002mm,
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0%4imp =700MPa - the concentration of abrasive impurities in the oil as a

percentage by volume, average size and average endurance of abrasive particles, a -

coefficient that leads the function f (A) to a value equal to the ratio of the number

of abrasive particles in the lubricating layer to the number of points of the micro

projections at the level r, (a=2.5); ® - normal standard function; VsV oy —

sliding speed, rolling (mm / s) and the given radius of curvature (mm), determined at
the calculated point of contact r.
The dependence of the wear of the teeth on the mileage of the transport vehicle

(armored personnel carrier) is shown in Fig. 1.

Sem, MM
15 +

——m=10

1,0 +

05 +

L, 103km
0,0 } |

0,0 100,0 200,0

Fig. 1 — Dependence of gear wear based on the mileage of the transport vehicle

Tooth wear is conveniently assessed by the frequency spectrum of the
transducer signals. When using the geometric dimensions of the tooth, its frequency
spectrum is shifted to a higher frequency range. The wear of the teeth is caused by
the appearance in the spectrum of unacceptable frequencies.

To carry out such control, it is necessary that the primary IP give a signal not
only on the presence or absence of a tooth at a certain point on the gear but also
show that the signal reflects the shape and geometric dimensions of the tooth.

When sampling the information signal, i.e., during the transition

x(t)=x,(nTy), where T, - sampling period, information signal spectrum x,(nTy)
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becomes periodic with the frequency of signal repetition o= n?l or f=nfy= nTi,
0 0

where n=1,N.

While the periodic dependence of the time function has a discrete spectrum,
the spectrum of the discrete function obtained by measuring samples of duration
NT,, is periodic. From this periodicity of the discrete Fourier transform (DFT) the

requirement for sampling frequency is established f,. Duplicate DFT spectra should

not overlap. This occurs when the highest frequency of the information signal f_ ..

does not exceed half the sampling frequency:

<0.5f), 0 <2

fmax E TO . (21)

In practice, the maximum signal frequency is determined by the frequency of
the low-pass filter. The amplitude characteristic of this filter at the cutoff frequency
drops to zero not vertically, but with some slope. Due to this, the sampling rate f,

and cutoff frequency f,

max should differ more than twice. Therefore, the sampling
frequency is chosen to be 5-8 times higher than the upper cutoff frequency of the
signal.

Due to the fact that the number of discrete data is limited, and the sampling
time should be chosen equal to the period of rotation of the gear, the amplitudes of
the spectrum can be calculated only for a limited number of discrete frequencies.
The time of full rotation of the gear wheel will be the window through which the
information signal is considered. The algorithm for calculating the spectrum of the

information signal is following:

-1 . N-1 N-1
X, (jo)=Y, x(nTO)e_’”"TO = > x(nTy)cosanTy—j D" x(nT,)sinonTy . (22)
n=0 n=0 n=0

Values X, ( jco) can be calculated for any frequency value.

Each spectral line consists of one real and one imaginary part. Hence, from the
existing N selections, it is possible to determine the amplitudes and phases for
N /2 discrete frequencies.

In the area between f =0 and f = f;, frequency lines can be built:

=k——,k=0,N-1. 23
Oy NT, (23)
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If @ on a, the usual form of DFT writing is observed:

n-1

X, (jo)= Y x(nTy e /2N (24)

or simplified

can be written

(/wk)=N2 X (nTo Wy (25)

The upper frequency of the information signal of the primary IP diagnostic
system is determined by the speed of rotation of the gear, shape, geometric
dimensions of the tooth, the parameters of the magnetic system IP.

To determine the information signal as a function, it is necessary to solve the
problem of calculating the magnetic field in the magnetic system of the converter
and calculate its conversion functions.

The conversion function establishes a relationship between the parameters of
one gear of the gear and the parameters of the output signal of the sensor. The
function of sensor conversion due to the complex relationship between the
parameters of the tooth characteristics of the output signal cannot be expressed as
an analytical dependence and appears as a numerical calculation algorithm, which is
embedded in the computational monitoring system.

Summary

The research is aimed at revealing the problems of modeling technical
diagnostics of mechanisms and machines. To assess the technical condition of
machines and the formation of diagnostic features, a method based on the use of
mathematical theory of pattern recognition is proposed. It is shown that technical
diagnostics of machines and mechanisms can be interpreted as recognition of classes
of technical condition of object on set of its technical characteristics. At the same
time, it is established to what class the current recognized state belongs. The
solution of the recognition problem is based on the comparison of a posteriori
information on the a priori description of classes using the recognition algorithm. It
is revealed that the states of recognizable machines and mechanisms can be
deterministic, probabilistic, and logical. Deterministic features take specific
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numerical values on the set U and geometrically represent the coordinates of a point
in the n -dimensional space of features. Probabilistic features are random, they
determine the probability of correct measurement of numerical values of
deterministic features. It is shown that for classification of states of machines and
mechanisms it is more convenient to use not a reference vector, and a reference
surface. The recognition of the tested state is carried out by estimating the angle
between the normal vectors drawn to the corresponding points of the feature space
and the space of the actual state. For each class of machines and mechanisms,
reference curves are formed - in some way approximated and averaged within the
class values of diagnostic features, as well as their threshold values are formed,
which correspond to the limit values of the diagnosed parameters of the technical
condition.

The conducted research is covered against the background of the assessment of
gear defects. Such studies have shown that in the early stages of defect development
there is a process when synchronous components do not grow, and all the extra
power from the defect is concentrated in asynchronous harmonics. In particular:

- When centering a gearbox or multiplier with a drive motor or actuator, the
spectral pattern changes not only of the first three rotational harmonics of the speed
of the centered shaft, but also there are characteristic harmonics of the gear
frequency. The second, and sometimes the third harmonics of the rotational
frequency of the shaft rotation increases, also the second, and sometimes the third,
harmonics of the gear frequency appear on the spectrum of the vibration signal of
the gear pair.;

- Assessment of the condition of the gear pair with a cracked (broken) tooth is
facilitated by the fact that such a defect leads to a significant increase in the overall
level of vibration on the gearbox. In the gearbox with suspicion of such a defect it is
necessary to register and review the form of the time signal of vibration of the gear
pair. If such a defect does occur, then the time signal shows periodic shocks that
appear with a time interval of 0.1 s, which corresponds to the speed of the input
shaft of the gearbox, which is equal to 10 Hz.

- Harmonics from the "beating" of the lateral frequencies of different shafts
were detected on the spectra of vibration signals from gear pairs. This is expressed in
the presence of new side harmonics removed from the peak of the harmonic of the
gear frequency by an amount equal to the sum or difference of the rotational
frequencies of the input and output shaft.
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— With the incorrect landing of the gear ring on the shaft, bending of the gear
shaft, non-parallelism of the gear shaft pairs, which leads to the eccentricity of the
gear ring gear relative to the actual center of rotation of the gear shaft, there is
increased vibration of gear pairs.

— A similar spectral picture of the distribution of harmonics in the spectrum
also gives a significant increase in the gaps in the bearings of the shaft, when due to
forces in the engagement or other reasons there is a significant shift and vibration of
the shaft relative to the ideal, calculated axis. In the vibrational spectrum, such
defects, regardless of their root causes, appear as a set of a large number of
sidebands (more than four) near the frequency of engagement, which are divided
into a frequency step equal to the speed of the shaft with eccentric gear.
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YK 004.942:519.6
JI.®. Cywiko

JESKI ACIIEKTU MOJE/JTIOBAHHS TEXHIYHOI
OIATHOCTHUKU MEXAHI3MIB

IaHi mocaigskeHHS CIIPSIMOBAHI Ha PO3KPUTTS OCHOBHMX OCOOJMBOCTEN TEXHiUHOI
JiarHOCTMKM MeXaHi3MiB Ta MalluH. JIJ OIliHKM TeXHIiYHOTO CTaHy MallliH Ta GOpMyBaHHS
JiarHOCTMYHMX O3HAK 3allpONOHOBAHO METO[, 3aCHOBaHMII Ha BMKOPUCTAHHI
MaTeMaTUYHOI Teopii po3mnisHaBaHHS 06pasiB. [lokasaHo, 1110 TEXHIYHY AiaTHOCTMKY MaIIuH
i MexaHi3MiB MOXXHa TPaKTyBaTy SIK pO3Ii3HABaHHS K/IACiB TEXHIYHOTO CTaHy 00'eKTa 3a
CYKYITHICTIO JIOTO TeXHIYHUX XapaKTepUCTUK. [Ipy 11bOMY BCTaHOBJIOETHCS, A0 SIKOTO KIacy
HaJIeXXUTh TOTOYHMIA CTaH, IO pO3IMi3HaeTbcsi. Po3B’s3aHHS 3amaui po3Mi3HaBaHHS
3i/ICHIOETbCS HA OCHOBi IMOPIiBHSHHSI arloCcTepiopHOi iHGopMallii 3a anpiopHUM OMMUCOM
KJIaciB 3a JOMOMOTIOI0 aJITOPUTMY PO3ITi3HAaBaHHS.

[TpoBemeHi gociigsKeHHs, BUaiIeH] Ha GoHi oLiHKK medeKTiB mepenad, IoKasajau, 1o
iHbopMallis Ipo TeXHiYHMi CTaH IIpM IIPOrpaMyBaHHi iarHOCTUYHUX HTOCTiIKeHb
3ybuacTux rnepenay € y3arajibHeHOI, TOOTO OIMCY€E 3MiHy KOHCTPYKTUBHMX IapaMeTpiB y
yaci. [Ipy ubomMy BUHMKAE MpobieMa oOmepaTUMBHOrO pearyBaHHsI y (GyHKIii dvacy Ha
BiIXMJIEHHSI CTPYKTYPHUX IapaMeTpiB Bif iX eTanoHy. Lle Moxke 6yTM IOCSATHYTE HUISIXOM
repexoAy Bif 3araqbHUX (GYHKIIIOHAJTbHUX OIMMCIB XapaKTepPUCTUK 3yOUacTux Iepenayd Ao
orepaTUMBHMX KOMaH[, y QYHKIIii yacy 111 BUKOHABUMX OpPraHiB.

[TporHo3yBaHHS Mpale3aaTHOCTI 3ybuacToi nmepegadi mpsiMo MOB’sI3aHe 3 TeTaTbHUM
aHa/i30M CHpalloBaHHSI 3YyOIliB Y BIiAMOBiZHMX TOukax KoOHTakTy. Ha BigmiHy Bin
3aYeryIeHHs HecIpalboBaHuX 3YyOIIiB, sIKi MAlOTh ITOCTiliHE 3HAUEeHHS MepeJaTHOTO Yucia,
IJ1s1 IpodiTIo cIpalbOBaHMX 3YOIIiB MepenaTHe Y1CI0 3MiHHeE i € QyHKIIieI0 KyTa TOBOPOTY
TSITOBOI JIaHKM TMepefavi. st omucy Takoro Ipo@diaio BUKOPUCTOBYIOThCS KYCKOBO-
CTIJIAMHOBI arpoKcUMallii, SKi MOIY/TIOI0ThCS 3aBASKM BBeJleHHIO QYHKIIii CTaHy.

KnouoBi cjoBa: [OiarHocTMKa, MeXaHi3MM, MaIIMHM, PO3Mi3HaBaHHSI 00pasiB,

TeXHiYHMI cTaH, JedheKTH, 3youacTi rmepegadi.

UDC 004.942:519.6
L. Sushko

SOME ASPECTS OF MODELING OF TECHNICAL
DIAGNOSTICS OF MECHANISMS

This research aimed at revealing the main features of technical diagnostics of
mechanisms and machines. To assess the technical condition of machines and the formation

of diagnostic features, a method based on the usage of a mathematical theory of pattern
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recognition is proposed. It is shown that technical diagnostics of machines and mechanisms
can be interpreted as the recognition of classes of technical condition of the object by the set
of its technical characteristics. At the same time, it is established to which class the
currently recognized state belongs. The solution of the recognition problem is carried out
based on comparison of a posteriori information according to the a priori description of
classes with the help of the recognition algorithm.

Conducted studies highlighted against the background of the assessment of gear
defects had shown that information on the technical condition in the programming of
diagnostic studies of gears is generalized, i.e., it describes the change in structural
parameters over time. This raises the problem of rapid response as a function of time to
deviations of structural parameters from their standard. This can be achieved by moving
from general functional descriptions of gear characteristics to operational commands as a
function of time for executive bodies.

The prediction of gear performance is directly related to the detailed analysis of the
operation of the teeth at the appropriate points of contact. In contrast to the engagement of
non-actuated teeth, which have a constant value of the gear ratio, for the profile of the
actuated teeth, the gear ratio is variable and is a function of the angle of rotation of the
traction transmission. To describe such a profile, piecewise spline approximations, which
are modulated by introducing a state function, are used.

Keywords: diagnostics, mechanisms, machines, pattern recognition, technical status,

defects, gear transmissions.

Cyuwiko Jlapuca ®edopiena — ctapiinii BUKkiaagau kadgeapyu BUIOI MaTeMaTUKU Ta Qi3uKu

IIHITTpOBCHKOTO Iep;KaBHOTO arpapHO-eKOHOMIYHOTO0 YHiBepcuTeTy, JIHinpo, YKpaiHa.

Sushko Larysa — Senior Lecturer, Department of Mathematics and Physics, Dnipro State
Agrarian and Economic University, Dnipro, Ukraine.
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T.C. T'ony6, JI.C. MonuanoB, C.I. CeMmuxkix

OJOCIIAXEHHSA METO/IB BUMIPIOBAHHSA ®I3NYHUX ITOKA3HUKIB
®AKEJIY JOTIOPSAHHA TVUMOBUX I'A3IB Y KNCHEBOMY KOHBEPTEPI

AHomauis. KucHego-KoH8epmepHULi npouec cynpo8ooryeMucsi 8UJIJIEHHAM 3HAUHO20
06csiey 2asis, wo 3a ym08 Oonan8aHHs Gopmyiomes paxkes HAO 20pPJ08UHON
KoHeepmepa. BiH € dodamkosum OxcepesioM menja y KoHeepmepi ma 3a 3miHOw0 1i020
xapakmepy MOXCIUBO OUiHUMU 0COOIU80CMi NpomikaHHs npodysku naasku. IIpome
3apeecmpysamu ma npoaHanizyeamu nNOKA3HUKu ¢Gakena docums CKAAOHO uepe3
3HauHy memnepamypy Ha0 20pJI08UHOI0 azpezamy ma eukull 06csie 8udiieHHs: ULy
nid uac npodysku naasku. I, aKuwjo OpiOHI 4acmouKu NULYy MOXYyms 3HAYHO HA2PiBaAMuUCs
8 peaibHUX ymo8ax azpezamy (i nidcunrweamu NOKA3HUKU (akeny, mo 3Ha4HO Oinbuli
Uacmouku MOXCyms nepewkooxamu uysomy. Y pobomi 6yn0 nposedeHo pisuute
MO0€eIl08AHHS HA 0OUHUYHOMY 2d3080MY (hakei 8nausy uacmox po3mipom 250-300 mm
pi3H020 XimiuH020 cKa1ady (w0 8idnosidae KucHe8o-KOH8epmMepHOMY npouecy) Ha
MOMIUBICMb peecmpayii (izuuHuUx NoKA3HuKie ¢akeny donanoeaqHs: menaonepedaui,
ceimumocmi (ckpasocmi) ma eeKMpUUHUX Xapakmepucmuk. Bcmanosnero, wo uepe3s
NpupoOHUli KONUBANBHULI xapakmep NOJyM’s OMPUMAHI 3a 0ONOMO2010 CheyianbHux
damuyukie eenudUHU NompiOHO iHmMezpysamu, U 6NJIU8 BUCOKUX memnepamyp ma
HAsI8HOCMI 4aACMOK NUMY HA 00JIA0HAHHS MAKOX CMBOPHI0Mb NOXUOKY Y BUMIPIOBAHHI.
3a pe3synbmamamu 00CniOHeHb 3pOONIEHO BUCHOBOK, WO BUMIp eNeKmpudHux
xapakmepucmuk paxeny 0020psiHHA 2a3ie Moxce Oymu 6UuKOpUCMAHUil y sKocmi
napamempy Ons KOHMPON Nnpouyecy KOHBEPMYB8AHHS 3A80KU OnepamugHocmi
BU3HAUEHHS Ma 8i0CYMHOCMi 3HAYH020 6NJIUBY HA MOUHICMb BUMIPY HAONUWIKOBOI

memnepamypu i 3anuieHoCMi.

Knwouoei cnoea: ¢isuuHe Mmodeno8auHs, KucHese KOHBEPMYBAHHS,  (hake
donaneauHs BIOXIOHUX 2da3ie, menjionposioHicme, ACKpasicme eekmponposioHicmo

noaym’s.
AKTyanbHICTh Ta 3aBAAHHS JOCTiI)KeHHS

Ha cporopHiuHili neHb, He IUBISYMCh HA BUCOKUI PiB€Hb PO3BUTKY Cy4aCHOI
BYMIiPIOBAJIbHOI T€XHiKM, arpecBHe BMCOKOTeMIIepaTypHe cepefoBuile, 3 BUCOKUM

CTyIleHEeM 3allWIeHOCTi, He [03BOJIsIE IPOBOOUTHU TIPSIMUIT KOHTPOJIb MPOIIECiB, SIKi

© T'ony6 T.C., Mosnuanos JI.C., Cemuxkiun C.I., 2022
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3YMOBJIIOIOTh TEIUIOBi Ta (i3MKO-XiMiuHi MMOKa3HMKM KUCHEBOTO KOHBEPTYBAHHS
6e3mocepelHLO Y MMOPOKHNMHI KMCHEBOTO KOHBepTepa [1-3]. Haitbamskuoto AiMsTHKOIO,
III0 MOXXe HO03BOJIUTU ONepaTUBHO OTPMUMYBaTM iHdOpMAaIlilo 100 IIPOIEeCiB y
arperaTi € ropjoBMHA KOHBepTepa HaJ SKOW (GopMyeTbCs (dakes OOMaTIOBaHHS
BimximHux rasiB. Came 3MiHa MMOKa3HMKIB (akeny HOMaJOBaHHS, IO BilOyBAETHCS
BHAC/IIZOK 3MiHM OCHOBHMX IIPOLIECIB Yy arperari, y AOCBiJYeHUX OIIEpaATOPiB €
iHmuMKaTOpOoM MeBHMUX (i3MKO-XiMiUHMX TIepeTBOPEeHb, 10 BigOyBaIOThCS 32 XOIOM
nponyBku. IIpoTe Takuii migxig € pgyke cyo’ektuBHMM. Cam daken mae psp
di3MUHMX XapaKTePUCTUK: TETIOBUI MOTIK, SICKPaBiCThb, IO IIPOSIBJISIETHCS Y TOCUTD
IMIMPOKOMY [ialla30Hi CIEeKTPYy, eNeKTPUYHi XapakTepucTuku [4-7]. OcobamBoCTi
mepebiry XiMiuHMX IIepeTBOpeHb IIOBMHHI UMHUTM 3MiHY ONTUYHMX Ta
reOMeTPUYHMX XapaKTepuCTUK ¢akeny i, SIK HACTIIOK, BimOuBaTMUCS Ha JOro
Gdi3sMuHMX XapaKTepUCTUKaX. A 3HAUUTh, peecTpamis (i3sMuHMX XapaKTepUCTUK
dakeny MoKe TO3BOJIUTU OTPUMaATH iHGOpMaILito moa0 Gi3MKO-XiMiUYHMUX ITPOIIECiB,
sIKi TIPOTiKalOTh y arperaTi. TakuM UMHOM aKTyaJIbHUM € IOCTiIKeHHS MOKIUBOCTI
aJleKBaTHOI peecTpallii aKTyaJbHMX Yy 4Yaci (i3sMuHMX XapaKTepuUCTUK dakeny
IOMaal0BaHHSI KOHBEPTEpPHMX TrasiB 3 ypaxyBaHHSIM YMOB peajbHOTO arperarty

(TemmnepaTypa, CTyMiHb 3alIMJIEHOCTi CepeqOBMIIA).

Anapartypa Ta MeTOAU JOCTiIKeHHS

Bynu mipoaHanizoBaHi HACTYIMHI MeTOAY BU3HAUeHHS (i3MUHMX ITOKA3HUKIB
CTaHy ras3oBoro ¢akeijy: Mo iHTerpasbHiil Teruionepenayi (UIJIbHICTh TEIJIOBOTO
IIOTOKY); IO CBIiTMMOCTiI (sickpaBocTi) ras3oBoro dakxeny; IO eJeKTPUIHUM
XapaKkTepuCTUKaM ra3oBoro dakeny (eaeKTpoIpoBigHOcTi). JocmimKkeHHST O6yi0
MpoBeieHO Ha J1abopaTOpHilt yCTaHOBIli, SIKa iMiTyBajla OOAMHUYHMUIA 3arUIeHU
ra3oBui1 dakesn (Ipy 3MiHax TUITY TBEPAMX YACTOK). 3 Ii€l0 METOI0 Oyja CTBOpeHa
eKCIepyMeHTalbHa YCTAaHOBKA CIIelia/IbHOI KOHCTPYKIIil, MIPUHIIMIIOBA CXeMa SIKO1
npencTaB/ieHa Ha puc. 1, ska Oysa OcCHallleHa CTajJeBMM KOXYyXOM, IO i30/110BaB
MOJeb OOMHUYHOrO ¢haKeyay BiJ BIUIMBIB 30BHILIHBOIO cepedoBuina. Y SIKOCTI
najuBa [Jis MaJbHMKA BUKOPUCTOBYBAIM 3piMKeHY MporaH-O0yTaHOBY CyMilll, IO
1oJaBaau 3 3aJaHOI0 BUTPATOK Ta TUCKOM (potamerp PMO16I' Ta manomerp M
05160 M (0-60 kIIa). ITopomiok ajis iMiTallii 3ammuIeHOCTi IoaBaBcst 6e3mocepesHbO
y ITOJTyM’sl 3@ JOTIOMOT0I0 JXMBUJIbHMKA IITHEKOBOT'O TUITY 3 €JIEKTPUYHUM IIPUBOIOM.

[t peectpaiiii pisMuHMX MTOKa3HUKIB daKkesry B OHY 3 OOKOBUX BiTHOCHO TTOTYyM’sI
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CTiHOK MogeJii 0yJI0 BMOHTOBAHO IIJIAaCTUHY 3 (GOTOHiogamMM Ta TEPMOETeKTPUIHUM
nepetBopioBaueM (poTtomion IK 940-nmis peectpaiiii iHdpauepBoHoro crektpy (I4),
TEMT6000 - aHajoroBuii JaTuuMk  ocBimieHoctri, ML8511 -  pmaTtumk
ynbTpadioneroBoro BuripomiHioBaHHsl (Y®), Tepmictop omopom 20 kKOm s
IepepaxyHKy TeIvioBigmaui [8]) IOKa3HMKU SKUX PeeCTPyBaauUCs aHAJIOro-
1ndpoBuM  rnepetrBopioBaueMm (ALIII) Ta OGesmepepBHO 3alUCYBaIMCS Ha
IepcoHa/IbHMIA KOMIT'IoTep. IlapanenbHO mpoBoamiaach ¢ikcallisi Ta mepegava Ha

AIITT eneKTpUYHMX MOKA3HMKIB ¢aKkey (eJIeKTPOIIPOBITHOCTI).

ZHIMOBI
rasiu

) _—t |
Pucynoxk 1 — Cxema Ta ¢pOTO eKcIiepuMeHTaabHOI yCTaHOBKM: 1 — KOXKYX MOJeTi;

2 — ra30BMii MAJIbHYUK i3 COTUIOM; 3 — mToyM’st hakeny; 4 — ra3oBuii 6anoH; 5— poramerp;
6— MaHOMeTp; 7-IIIHEKOBWUI >XUBUJIBHUK 3 IOPOIIKOM; 8— eJIeKTPOIIPUBO/;
9-paTumKy peecTpallii mokasHukiB daxeny; 10— AIIT;
11-pgaTuyuK 3aMipy eJIeKTpOIIpOBiAHOCTI; 12-BiZeokamepa

Jlanuror BMMipy ckiagaB 3 - 8 KamiOpiB Bim coma mMasbHMKA 1O TOUYKMU
BCTAaHOBJIEHHSI MOJIiOIEHOBOTO eyieKTpoay miamerpoM - 1000 MKM, Opi€eHTOBAaHOTO
TepIIeHIUKY/SPHO A0 MTOB3A0BXKHbOI Bici hakeny. CMUHXPOHHO A0 3alMCy ONTUYHMX,
TeMIlepaTypHUX Ta eJIeKTPUUYHMUX XapaKTepUCTUK Magarydoro ¢axkeay MpoBOAMIACH
Bileo ikcallisi xapakTepHMUX BisyaJibHUX 3MiH. PeecTpallito ¢isMuyHUX MOKa3HUKIB
najiaroyoro ¢axenqy IMPOBOAMIM SIK B yMoBaxX uuctoro akeny (6e3 momaui
MIJIOTIOiIOHOTO TOPOINKY Pi3HOro CKIaAy) TakK i B yMOBax 3allMJIEHOCTI IIpu
cTabinbHil Mogayi MOPOILIKY Y IMTOMyM’sT IjIs1 OCSTHEHHSI YMOB 3aMlMIeHOCTi Ha PiBHi,
[0 PEECTPYETHCS MiJl YaC KOHBEPTEePHOi MPOAYyBKM BaHHU. Y SKOCTi MOPOIIKIB AJIsI

imiTaiii 3ammieHocTi dakesia BUKOPUCTOBYBa/IM pPi3HI peyoBMHM: rpadit, caxy,

ISSN-print 1991-7848 185
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 25 - 2022

MOPOIIOK 3ani3a, a Takoxk okcuayu 3ainiza (II) ta (III), kanbiilo, KpeMHiI0, MarHio
(bpaxiiist mopoIikiB BapitoBajacs B giamnas3oHi 250 - 300 MKm).

OcCKibKM B XOJi KOXXHOTO HOCHiAy eJeKTpocxemMa 3 OaT4MKaMy HeMMUHYy4Ye
HarpiBajacs i, TaKMM YMHOM, MOKa3HMKM IAaTUYMKIiB HaOyBaJyu IOXMOKM, mepe[
KOXKHUM AOCTIA0M MOJ€e/ib OXOJIOIKYBIN 10 KiMHATHOI TeMrepaTypy IpUPOAHUM

IIJISIXOM.

Pe3ynbTaTy JOCITiI)KEHHS TA iX 0OrOBOpeHHS

Ha pucyHKy 2 300pakeHi HaliOiIbII XapakTpHi GoTo mociaiB 3 momavi B aken
pi3HMX MOPOIIKiB. Bisya/lbHO BCTAHOB/IEHO, IO IIpsiMa Iojava y nananounit gaken
TBEPAUX YACTUHOK, SIKi He OKUCJIIOIOTHCS TIPOSIBJISIETHCS Y TTOSIBi SKOBTOTO 260 SKOBTO-
IIOMapaH4YeBOro0 KOJbPY Y 3abapB/eHHI IMOJyM’sl Ta 30iJIbHEHHI JOTO BUIMMMX
rabapuTiB uepe3 HEIIOBHE MOIMAOBAaHHS MaJMBHOI CyMillli y IIOpiBHSIHHI 3
BapiaHTOM YMCTOTO TOpiHHS (6e3 muay). Takuii IIPOSIB XapaKTPHUIA IJIS YaCTUHOK
OKCUZiIB KpeMHil0, Kabllil0 Ta MarHito i okcuay samisza (III). YacTuHkHM, IKi MOXYTb
OKMCJTIOBATUCS TIPM KOHTAKTI 3 mananuyum dakeaom, KpiM 306iablIeHHS BUOUMOI
YaCTUMHM, COPUUYMHSIIOTh 3HAauHe IiJBUILEHHS Bi3yaJbHOI SICKPAaBOCTiI MOAyM’sS Ta

XapaKTepu3yHThCs HASIBHICTIO MaJal0unXx iCKop.
-

&) ‘
-
C
MOPOIIOK rpadir caxka
PucyHok 2 — XapakTepHi oTo rmosym’st y TOMY YMCJTi TIpU
6e3rocepenHiit mogayvi TBepAUX IMOPOIIKOBMUX KOMIIOHEHTIB

4
"s"\

be3 muy

 Ca0

MgO

3a3HaueHa OCOOJMBICTh € XapaKTepHOIO MJig 4YacTok okcumiB 3amiza (II),
rpadiTy, caxi i 0co6MBO BigMiueHO AJ1s1 APiIOHMX YaCTMHOK 3aJ1i3a. [Ijs1 yMOoB Iojavi
YaCTMHOK 3ajii3a Oy/Jo BiAMIUHO HaiOiabll sICKpaBuit ¢dakesn 3 HaMOUIbIIMMMU
po3MipamMm JiHiITHMX MOKAa3HUKIB, SIKMI CKIagaBCsl 3 BeJMKOI KiJIbKOCTi majaloumx
ickop.

[llogo 3apeecTpoBaHuX (Qi3sMUHMX TOKA3HUKIB (akenay Irepimr 3a Bce OyJ10
BiIMiueHO, 1[0 OTPMMaHi MPOTSITOM eKCIIepUMMEHTY [aHHI MalTb KOJIMBAJIbHUII

XapakTep, 10 CIIOCTePIiraeThCsl, Mepil 3a BCe yepe3 KOAMBATbHUI XapaKTep MOTyMs.
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BinmoBimHO oTpMMaHi pe3ysnbTaTH HeoOXimHO iHTerpyBaTu 3a udacom (30 cek).
CepenHi 3HAueHHSI pe3y/JbTaTiB BMUMipIOBaHHS (i3MUHMX XapaKTepUCTUK (akery
HaJaHi Ha PUCYHKY 3. BcTaHOBIEHO, 10 mogaua Oylib-SIKOro TBepJOro MaTepiamy 3
TeMIIepaTypol0 HIDKUOI0 3a TemIiiepaTypy ¢dakesa Ta He CXUJIbBHOTO A0 TOPiHHS
HEraTMBHO BiIOMBAETbCS Ha TeIUIONepenadi Bii HbOTO HAaBiTh IPU Bi3yaJbHOMY
30i/IbIIEHH] SICKPaBOCTi Ta [MOOBXMHM moayMm’st (ouB.puc. 3 A). BuximodeHHSs
CKJIaJal0Th KOMIIOHEHTHM, IO 30aTHI OKMCIOBATHCS (OKcup 3aiiza II Ta 3amizHui
nopoiok). OTpuMaHMit pe3yyabTaT BiAIIOBiZa€e BCTAaHOBJIEHMM Bi3yaJbHO (daKTam
3MiHM KOJIbOPY (haKeyly IMpPM MOTPAIISIHHI Y HbOTO YAaCTMHOK, SIKi He TopsiTh, IO
BKasye Ha (akTuuHe 3HIDKEHHS Temmeparypu ¢akega Ta KOPEeCHOHIYIOTHCS 3
pesyibTatamu poboTu [9].

CTOCOBHO OCOOGJMBOCTE 3MiHM BUIIPOMiIHIOBAaHHSI (akeay y pisHMX YaCTUHAX
CIIEKTPY BCTAHOBJIEHO, IepIl 3a BCe, IO piBeHb 3apeeCTPOBAHMX ITOKA3HUKIB AJIs1
TPbOX [Iialla30HiB CIIEKTPY OyB AOCUTH Pi3HUM: IJisS yJIbTPadioieTOBOro CIIEKTPY
BiIMi4yeHO IOCUTh HU3bKMI piBeHb IMOKA3HMKIB; iH(pauepBOHili YAaCTUHI CIIEKTPY
BiATIOBiga/iM  TocepedHi TMOKAa3HUKM; OeHHMIA  CIIeKTp  BUIIPOMiHIOBaHHS
XapaKTepu3yBaBCsl HAMOIMIbIN 3HAUMMMUMM TIOKa3HMKamu (auB. puc. 3 B). ITosiBa
YyacTOK MMy Pi3HOro xapakTepy V Iajaiodyomy (akesi 3HAaYHO 3MiHIOBaia
MOKA3HMKM BUIIPOMIHIOBAHHSI y IIOPiBHSIHHI 3 4YMCTMM Iojaym’sM. [Ipu 1pomy
HaliMeHIIIMII 3BOPOTHIiM 3B'SI30K MaB IMOKa3HMK Y® cIekTpy, a Haibimpmmin —
JIIeHHOTO CITeKTpy. Tak 4acTKM OKCUJiB KPeMHilo, Kajbllilo, MarHito, 3asniza, rpadiry
Uy Caxi MiABUIYBIM SICKPaBiCTh Yy BCiX JiamasoHax CHEKTPy, 0 BuBUaiucs. Lle
BiZIOyBaJIOCST Yepe3 HErNOBHE 3TOpSIHHS ra30Boi cyMmilli 3 GopMyBaHHSIM CaskKMUCTUX
YacTOK, 110 BUIIPOMIHIOIOTh Y IIMX [Jiarla3oHax, Ta 30UIbIIEHHIO BUAMMOI YaCTUHU
daxesny (31e6ibIIIOTO KOBTOTAPSIYOTO KOIbOPY). [IpoTe piBeHb pi3HMIII ITOKA3HUKIB
BUIIPOMiHIOBaHHSI TIpU MOTpAIUIsIHHI y (aken OKCUAIB 3ajiza UM KpeMHilo, 4aCTOK
caxxi un rpadity 6yB Maiiske OTHAKOBUIA.

[lTomo BUMIipy e/IeKTpONpPOBIAHOCTI MOMyM’s (AUB. pucC. 3B), BCTAHOBJIEHO, 110
MOTPAIUIIHHS YacTOK pi3HOI Tpupoayu y ¢akea COPUSIIO TMiABUILEHHIO I[bOTO

IMTOKa3HMKa.
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[Tpu 11boMy OyJ10 BigMiueHO, 10 YaCTKM OKCHUZIB 3aji3a Ta KPeMHil0 CITPUSIIN
MiJIBMIEHHIO TIOKa3HMKA eJIeKTPOIMPOBiZHOCTI mpMOAM3HO y [Ba pasu, a,
HampuKiag, MOTPAIISTHHS YacTOK caxi uu rpadiTy, 10 MOKYTbh OYTU MMOKa3HMKaMU
cTyneHs 3ropsiHHsg (akeny (moBHoTH monamioBaHHs CO mo CO,), BimbOmBamucs y
30i/MbIIeHHI IMOKasHMKIB y 2,5-3 pasu. ToOTO 3a BeIMUYMHOKW 3MiHMU
eJIeKTPOIIPOBiAHOCTI IMOSTYM’SI MOSKJIMBO POOMTY BMCHOBOK ITPO MPUPOAY YaCTOK, IO
IO HBOTO TOTPAIVISIOTh, a 3HAUYUTh OMNOCEPEeIKOBAHO ¥ TIIpO IIPOLecH, M0
CYIPOBOIKYIOTH 1X YTBOpeHHS. BiAoBigHO, peecTpallis LibOro noka3HuKa B yMOBax,
HAaOGMDKEHUX 1O arpecMBHUX IPOMMUCIOBUX YMOB, HO3BOJUTH OTPUMATU OisIbII
IOCTOBipHY iH(oOpMallil0 HIOA0 3MiHM XapakTepy MOJyM’s B 3aJeKHOCTI Bif,
HAllpUKJIA[, CTyleHs [OONa/JIl0BaHHS BiAXiAHMX Tras3iB, 4Yepe3 MOKIUBICTb
BUOKPEMUTH CeEpeJl OTPMMAaHMX pe3y/IbTaTiB ITOTPiOHMIT pe3y/IbTarT.

BucHoBOK

B Xxomi 1mpoBemeHHSI [IOCTiIKeHb OYyJ0 ITPpOaHaAi30BaHO MOXKIMUBICTb
BUKOPMCTAHHS IS aHaji3y IpoleciB B (akeji CyMapHOTO TeIJIOBOTO ITOTOKY,
BUIIPOMiHIOBaHHSI Y BUAMMI, iHQpauepBOHiNi Ta yabTpadioneToBiit OiIsTHKAaX
CIIEKTPY Ta eJIeKTPUUHOI mpoBigHOCTI dakeny. IIpoBeneHi HOC/TiIKeHHST TO3BOJISIIOTh
CTBEPAXyBaTH, I[0 CamMe BUMIip eNeKTPUUYHUX XapaKTepUCTUK (akeay TOTOpSIHHS
rasiB, II[0 BigXOHSITh 3 MOPOXKHMHM KOHBEpPTEpa, MOKe OyTM BUKOPMUCTAHMIA Y SIKOCTI
rapaMeTpy [/ KOHTPOJIIO ITPoIiecy, HalpuKIIaI, ToMaaloBaHHs. 3a3HaueHMii Cr1ocio
KOHTPOJIIO XONy OKMCJIEHHSI Mae€ psif IiepeBar IMepen iHIIMMU TeXHIYHUMU
pillIeHHSIMM: ONePaTUBHICTh BUM3HAUEHHS — 3aMipy 3[iliICHIOIOThCS Oe3rmocepegHbo
Ha TOpJIOBMHI KOHBepTepa; BiACYTHICTh BIUIMBY Ha TOUYHICTh BUMipy HAIJIUIIKOBOI
TeMIepaTypu i CTyneHs 3alIMIeHOCTi.
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T. Golub, L. Molchanov, S. Semykin

RESEARCH OF METHODS FOR MEASURING
THE PHYSICAL PARAMETERS OF THE FLUE GAS POSTCOMBUSTION
TORCH IN OXYGEN CONVERTER

The oxygen-converter process is accompanied by the release of a significant amount of
off-gases, that under the conditions of postcombustion form a torch over the neck of the
converter. It is an additional source of heat in the converter. Change the torch nature
corresponds the peculiarities of the heat blowing. However, it is difficult to register and
analyze the torch due to the significant temperature above the neck of the unit and the large
amount of dust released during the blowing. And, if small particles of dust can considerably
heat up in real conditions of the converter and strengthen indicators of a torch, much bigger
particles can interfere with it. It was conducted a physical modeling on a single gas torch of
250-300 mm particles of different chemical composition (corresponding to the oxygen-
converter process) influence on the possibility to register the physical characteristics of the
postcombustion torch: heat transfer, luminosity (brightness) and electrical characteristics.
Visually, it was established that the direct supply of non-oxidizing solid particles to the
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burning torch turns the burning flame in yellow or yellow-orange color and the flame
increases in size due to incomplete combustion of the fuel mixture compared to pure
combustion (without dust). This manifestation is characteristic of particles of oxides of
silicon, calcium and magnesium and iron (III) oxide. Particles that can be oxidized by
contact with a burning torch, in addition to increasing the visible part, cause a significant
increase in the visual brightness of the flame.

It was found that due to the natural oscillating nature of the flame, the values of
physical characteristics of the flame obtained with the special sensors need to be integrated,
and the effect of high temperatures and the presence of dust particles on the equipment also
creates measurement error. According to the research results, it was concluded that the
measurement of electrical characteristics of the postcombustion torch can be used as a
parameter to control the converter process due to the efficiency of determination and lack of
significant impact on the accuracy of measurement of excess temperature and dust. For
example, the particles of iron and silicon oxides contributed to an increase in electrical
conductivity of about two times in comparison with ordinary gas combustion, and the
ingress of soot or graphite particles, which may be indicators of the degree of flare
combustion (completeness of combustion CO to CO;), was reflected in an increase of
registered value in 2.5-3 times. That is, by the magnitude of the change in the electrical
conductivity of the flame, it is possible to clear the nature of the particles that fall into it,
and thus indirectly about the processes that accompany their formation.

Keywords: physical modeling, oxygen converter process, postcombustion torch,

thermal conductivity and brightness of the torch, electrical conductivity of the torch.
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I.0. KoHoHoB, B.O. EpmoxkpaTbeB, B.A. UeueHeB

EKCITEPUMEHTAJIBHE JOCJIIIKEHHSA PYXYVY
EJIEMEHTIB BIBPAIIITHOI'O TPOXOTY 3
EJIACTUYHOIO JMHAMIYHO-AKTHUBHOIO ITOBEPXHEIO

AHomauis. Mema pobomu: eKkcnepumeHmanvHe OO0CAIOHEHHS pPYXy eNeMeHmi8

8iOpayitiHo20 2poxomy 3 eaACMUUHUM CUMOM.

Memodu docnioxceHHs: 8U3HAUEHHS NPUCKOPEHb elleMeHmis8 8ibpayiliHozo zpoxoma 3a
00noMo02010 damuukie-axkcenepomempis.

IIposedeHo exchepumeHmasvHe OOCHIONCEHHS PYXY eJleMeHmis 8ibpauiliHozo zpoxomy
ma 8U3HAU€HO OCHOBHI KIHEMAMUYHi Xapakmepucmuku.

Po3pobneHo cxemy 8UMIPHOBAILHO20 KOMNJIEKCY, 8 YM08ax pobomu n1abopamopHozo
gibpayiiiHozo zpoxomy (wacmoma xKonueavv 25 I'y, makcumanvHa amniimyoa 4 mm).
3anponoHosaHo  sukopucmosysamu  damuuku MPU 6050, ADXL345 ma
MikpokoHmponepig Arduino Nano a6o STM32F103. Po3po6eHo HeoOXiOHe npozpamHe

3a6e3neyeHHs.

AHanisyouu ompumadi 0aui, Mox#cHA 3poOuMuU BUCHOBOK W0 eNACMUYHI eleMeHmu
cuma y 8epmuKavHili n0WuHi KoIuBaemocs 3 amniaimyooiw 2-2,5 pasu Oinslie, Hix

amniimyoa KoausaHHs Kopoba eibpauitiHozo zpoxoma.

Knrwouoei cnoea: sibpauiiinuti zpoxom, enacmuuxe cumo, MPU 6050, ADXL345,
Arduino, STM32F103.

ITocraHnoBKa npo6siemu. [TpociBaroya rmoBepxHs (CUTO) BiOpallifiHOro rpoxora
€ J10r0 OCHOBHMM BaroHeCcyuyuM poO60OYMM OpPraHoM i ii yaoCcKOHaJIeHHSI HepO3PUBHO
TOB'sI3aHe 3 YAOCKOHAJIEHHSIM pOOOTM BCiei MeXaHiyHOi CUCTEeMM [TaHOTO TUITY
BiOparifinoi TexHiku. [Insi  pimeHHs cnenudiuHMX 3adady, IIOB'SI3aHUX 3
YIOOCKOHAJIEHHSIM CUTOBMX TIOBEPXOHb BiOpalliiHMX T'POXOTiB, KOHCTPYKTOpPaM,
TeXHOJIOTaM, MeXaHiKaM-eKCIUTyaTalliiHMkKaM HeoOXiJHO pO3yMiHHS XapaKkTepy
Ipollecy KOJMBaHb eJIeMEHTIiB BiOpalliifHOro rpoxora, 3arajioM, Ta ITpOCiBalyvoi

IMOBEPXHi, 30KpeMa.

© Kononos [1.0., EpmokpaTtbeB B.O., Ueuenes B.A., 2022
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00'eKTOM J1a0OpPATOPHUX MOOCHIMKEHb € IIPOoIleC KOJMBAHb IMHAMIYHO
aKTMBHIill IIpOCiBaloyiii TOBEpXHi 3 eJIaCTUYHMMM eJieMeHTaMM BibpalliiiHoro
rpoxora.

MeTa /1a00paTOpPHMX AOCTIIKEeHb: OTPMMAHHS KiHEMAaTUYHUX ITapaMeTpiB
KOJIMBaHb MIPOCiBaloUiii MOBepXHi BibpalliiiHOTo TrpoxXoTa.

3agaui, IKi MOTPiOHO BUPIiMIMTI: PO3POOUTH TIPUHIIMIIOBY CXEMY YCTAaHOBKMU
IJIST BUMipIOBaHHS TIPUCKOPEHb eJIeMEeHTIiB BiOpalliifHOTO TPOXOTY 3 eJIaCcTUYHOIO
IIPOCiBalOYOI0 ITOBEPXHEIO. B YMOBaX POOOTH 1abOpaTOPHOIO BiOpaIiiiHOTO IPOXOTY
(yacToTa KOJMBAHb 25 ril, MaKCMMaJibHa aMIUIITyay 4 MM); pO3pOOUTH HeobximHe
nporpaMHe 3a0e3MeuyeHHS ;[IPOBECTH ITOPiBHSIHHSI KiHEMaTUUHMX XapaKTePUCTUK
KOJIMBaHb TOYOK KOpPOOa BiOpaIiiiHOTO IrPOXOTY i €7TaCTUIHUM CUTOM.

Ommc 1a6opaTopHOro BiOpaliiiHoro rpoxora. I'poxor (puc. 1) ckIagaeThes 3
HACTYIIHMX OCHOBHMX CTPYKTYPHMX BY3JiB 1 ejJeMeHTiB: Kopoba 1, sIKuii
npencTaBiisie co00I0 3BapHY KOHCTPYKIilo, 1O CKJIAJA€TbCS 3 IBOX OOPTOBUH,
3'€IHAHMX MiXK 00010 3B'SI30K-Oa/KaMM, BiOpo30ymgHMKa 2, 3aKpillJIeHOTO Ha JIBOX
BEpXHiX  3B'SI30K-0ajKax  Kopoba, CaMOOUYMCHOi  KOJIOCHMKOBO-KapTKOBOi
IIpOCiBalOvu0i MOBEPXHi 3, JKOPCTKO 3aKPiTryIeHOI XOMYTOMOAIOHMMM CKOGaMM Ha 4-X
HIDKHIX 3B'SI30K-0ajkax Kopoba 1, cucreMu TMPYKHUMX 3B'SI3KiB - TyYMOBUX
BiOpoi30/sITOPiB UMIIHAPUIHOI hopmu 4, Ha SIKi CIIUPAETHCSI KOPOO MO/IeTi TpOX0Ta,
OIIOPHOiI pamMm 5 Kopoba, >KOPCTKO 3aKpilVIEHOro 10 6eTOHHOro (GyHIaMeHTy 3a

JOITIOMOTOI0 aHKEPHUX 60JITiB.

PucyHnoxk 1 — CTpyKTYypHi eieMeHTM JabopaTopHOi MoAesi BibparlliiiHoro rpoxora

CamoouncHa KOJIOCHMKOBO-KapTKOBa npociBamqa IMOBEPXHA CKIaOdA€THhCA 3

OKpeMUX IIPY>XHUX KOJIOCHMKOBO-KaPTKOBUX eJIeMeHTiB KKE, JKOPCTKO 3aTUCHEHUX
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B Ta3axX MO3[0BXHIX KOJOCHMUKOIIOMiOHMX OIIOP PeiKOIOIiOHOTO ITOMepPeYHOro

repepizy i sBiase o060 BOJIOMIIOUMIA ITiABUILEHOI PYXIMBICTIO CKJIAIOBUIA

CeKUiiiHMi HabipHMIT KOMILUIEKT - KapTy. TpbOXKOMIIOHEHTHA ITI03J0BXKHS

KOJIOCHMKOMO/i6Ha oropa cdopmoBaHa 3 SKOPCTKO 06'€qHaHMX MiX CO00W0 3a
IOIIOMOIOI0 3BapIOBaHHS MeTaJeBUX YaCTMH - IIOPOKHUCTOTO TPy6UaCTOro

efeMeHTa 1, TO30BKHbOI OMOPHOI MIACTUHM 2 i IIBeJIepHOTro Impodiso 3.

R

-
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- g A IR -
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PucyHOK 2 — 3arajibHMi1 BU, 1abOpaTOPHOI YCTAHOBKM i3 BCTAHOBJIEHUM B
KOpo6i TJIOCKO-IMCTOBUM METaJIeBUM CUTOM

PucyHoOK 3 — YcTaHOBKA JAaTUMKiB Ha €JIaCTUYHOMY KapTKOBOMY €/IeMeHTi
MPOCi0Y0i MOBepxHi HA BiOpallifiHOro rpoxoTa
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BiOparliiiHuit TpoOXOT MPUBOAUTHCS B PyX PEryJbOBaHMM BiOpOMPMBOIOM -
OIHOBAJBHUM iHEpPIIfHMM BiO6pO36yIsKyBaueM, Ha SIKOMY BCTAHOBJIEHO JIebaiaHcyu
3i 3MiHHOIO MacoIo.

Y BUMIpPIOBaJ/IbHiN YCTAHOBII BMKOPUCTOBYETHCS MiAKIIOYEHHST 2-X TaTUMKiB
MPU 6050 a6o ADXL345 mo mikpokoHTposepa Arduino Nano a6o STM32F103. Mesxka
BUMIipIOBaHHS JaHMUX AATUYMKIB JIEKUTh Y MexXax * 16g, 110 BiAIOBigae mapaMmeTpam
pobotu BibpariiiHoro rpoxory. Yacrora amckpermsarii 1000 Tm. ITimkmoueHHS
JaTYMKiB OO MiKpPOKOHTpOJiepa BigOyBaeTbes 1o iHTepdeiicy 12C. Yactora 3amucy
IaHUX Ha KOMII'I0Tep JeXuThb y Mexkax 250-500 I'i.

IToyaTKoOBi maHi: yacToTa KOJMBaHHS Kopoba rpoxora 25 I'1; amrutityga
KOJIMBAHb 3-5 MM. MM.

YcTaHOBKA JaTUYMKiB IMokasaHa Ha goTorpadisx (puc. 3)

[lepmia cepist exkcrnepuMmeHTiB (mpM ycTaHoBLi gatumMka MPU 6050 Ha
MO30BKHbOI OasIIli).

PesynbTaTy ekciepumeHnTy. Ha rpadikax (puc. 4-5) mokasaHi TUIoBi rpadiku
3MiHM TIPUCKOpPEeHb TOYOK KOopoba BibpalliifHOro rpoxora (IMO3I0BXKHS OasKa) Ipu
MOBHOMY IIMKJIi poOOTHM: Bif, 3amycKy OO MOBHOI 3ynuHKK. I'padiku mobynoBaHi B

ITiCJISI MaTeMaTUYHil 00po6I1li 3HaUeHb, JTiueHuX 3 gaTunka MPU 6050.

120

——BicvZ BicbY ——Bicb X

MpuckopeHHA, m/c?

-100 Yac, ¢

PucyHoK 4 — [IpuckoOpeHHSI TToTlepeyHoi 6aaKy rpoxoTa

PesynbTaTi O0OpOOKM eKCIIepUMEHTY [JIsi CTaluX KOJMBaHb 3BelleHi

B Tabiuio 1.
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PucyHOK 5 — 3MiHa IpMCKOpeHb MOIepevHoi 6aKy rpoxoTa (36i1bIIeHO)
Tabanug 1
AMIUTITY1a MPUCKOPEHb MPU CTATUX KOJTMBAHHSIX
Hampsimok Bich Z och Y och X
CepenHe MpUCKOPEHHS, M / C2 90,38 35,36 34,78
AMMutiTya KOMBaHb, MM 3,67 1,43 1,41

Ha nux rpadiky 4iTKO BUIHO 30HA BMOIry (3ymmHKM) IpoxoTa. Mae Miciie
30i/IbIlIEeHHS aMIUIITYaAXM KOJMBaHHS TMPUCKOPEHHSI Kopoba rpoxoTa Mpu
MIPOXO/KEHHI pe30HaHCHOi vacToTu. Lle gBuime xapakTepHe [IJjs1 poOOTH
BiOpaIliifHOi MaIIMHY 3 3ape30HAHCHMM HaJIaIITyBaHHSIM.

BapTo Bim3HauuTH, 1m0 30iIbIIEHHST aMIUIITyaAu (Mpu 36iry BIacHOi 4acTOTU
KOJIMBAHb 3 YAaCTOTOIO KOJMBAHHS TPOXOTA) [IJIS1 Pi3HUX HAIPSIMKiB He CITiBIafa€ 3a
yacoM. 3BiZIcKM MOKHA 3pOOUTM BUCHOBOK, IO BJIACHI YaCTOTY KOJMBAHbD IJIS Pi3HUX
HaIIpSIMKiB MalOTh TaKe CIIiBBiTHOIIEHHS] f, > f;> fx.

B aHajoriyHOMy CHiBBiIHOLIEHHI 3HAXOASATbCS 1 HaBedeHi >XOPCTKOCTI
B HaIIpSIMKY LIVIX OCeii.

Ha BiOpatiitHux MalllMHax 3 JiHIHUM MPY>XHIM 3B'I3KOM
(3 Mpy>knuHaMM) 30i/IbIIIeHHS aMIUTITYOM MOYKe JOoCsraTy 3HaueHb B 3-5 pa3u Oiblie
HOMiHaJbHUX aMILIITY/I,.

Ha mabopatopHiii ycraHoBui kKadpeapu MAMB  BUKOPUCTOBYIOThCS
TyMOMeTaJIeBi aMOPTMU3aTOPH, TOMY aMILIiTyAa Ipu BUOIry 36inbiryetbest Ha 20-50%
BiJl HOMiHaJIbHMX 3HAUE€Hb.

Ilpyra cepisi  eKClIepuMMEHTiIB IpoBOAMIacs 3 OBOMa  JAaTYMKaAMU
MPU6050 i ADXL345. JaTtunk ADXL345 BCTaHOB/IIOETHCS Ha IT03A0BXKHbOI OaJlIi,
a patunk MPU6050 Ha KOHCOJi  €JaCTMYHOTO ejJeMeHTa. YCTaHOBKa

JaTYMKiB ITOKa3aHa Ha puUC. 3.
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V3aranbHeHi pe3yJabTaTy eKCIIePUMEHTY

Tabmuiis 2

Harnpsimok

Bicb Z

ochb Y

och X

Miciie BCTaHOBJIEHHS

banka

CUTO

banka

CUTO

banka

CUTO

Cepenue mpuckopeHHs, M/ ¢ | 50,84

96,40

25,56

70,45

26,25

29,27

AMIUTITY1a KOJIMBaHb, MM

2,06

3,91

1,04

2,86

1,06

1,19

60

50

40

90
80
70
60
50
40
30
20
10

-30 20 -10 0 104 20p 30 !
-10 -50 -40 -30 -20 -1]% 10 20 30/ 40 50

-50 -60 |

a) 0)
PucyHok 6 — l'omorpad npuckopeHb:
a) 1Mo30BskHS 6asika (maTunk ADXL 345);
0) enacTUYHMI eleMeHT «Kpujao» (maTuuk MPU 6050)
(110 OoCSX BigK/IaAeHi MPUCKOPEHHS B M/C?)

AHami3younM OTpMMaHi [aHi, MOXHa 3pOOUTM BMCHOBOK IO e€JaCTUYHI
eJIeMEeHTM CUTA KOJMBAKIOTHCS 3 aMIUTITymolo 2 2,5 pasu Oimbline, HiXXK aMILTiTyAa
KOJIMBaHHS BJIacHe BiOpalliifHOro rpoxora.

YV BepTUKAa/bHil IUIOMMHI 30iJbllIeHHI aMIUIITYyOu mocsra€ 3HaueHb 1,9-2)1.
lle TOBMHHO CIIpUITM Kpallliii cerperaiii MarepiaJy Ha CUTI i, BiANOBIZHO,
TIO3UTUBHO MO3HAYAETHCS HA e(peKTUBHOCTI MPOCiBaHHS.

V HampsIMKy pyxy MaTepiasy 30i/lbllIeHHSI aMIUTITy[l KOJAMBaHb Hocsirae 2,5
pasu, B MOMEHT BuOiry. 3HauHe 30i/bllleHHS aMIUIITYAM KOJMBAHHSI B AAHOMY
HaINpSIMKy TIpM MPOXOJi pe30HaHCy, IOSICHIOETbCS TUM, IO BJacHA 4YacTOTa

KOJIMBAHHSA I'YMOBOTI'O €JIEMEHTAa B JaHOMY HAIIPSIMKY € HalMEHIIOI0.
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Y morepeuyHOMY HamNpsIMKy 30iJbllIeHHS aMIUTITYau BifOyBaeThCsl He3HAUHO,

TaK SIK >KOPCTKICTIO B JaHOMY HaIpSIMKY JTy>Ke BesIyKa.

%1073

-3 -2 -1 0 1 2
x 103
PucyHok 7 - [Tosist TpaekTopiii pyxXy AOCTIIKYBaHMUX TOUYOK (JaTUYMKIB)

BucHoBku. IIpoBefeHO eKkcnepuMeHTa/ibHe OOCTII)KEeHHS PyXy eJIeMeHTiB
eaCTUYHOI IMHAMiUHO-aKTMBHOI IMOBepxHi BiOpalliffHOrO TPOXOTy MJISI PO3CiBY
KOKCY ISl TiABUINEHHSI e(QeKTUMBHOCTI TpOXOueHHs. Bu3HaueHO OCHOBHI
KiHeMaTUYHi XapaKTepUCTUKU PYXY.

Po3pobiieHo CXeMy BMMipIOBaJbHOTO KOMIUIEKCY, B YyMOBax po0OOTU
7abopaToOpHOro BiGpaliifHOTO TPOXOTY (YacToTa KoimBaHb 25 I'l, MakcuMasbHA
aMIUIITyy 4 MM).

Y 3ampoIOHOBaHii  BUMIpPIOBAJbHIA  YCTAHOBI[I  BUKOPUCTOBYETHCS
nmiaxkaoueHHs 2-x matumkiB MPU 6050 a6o ADXL345 no mikpokoHTposiepy Arduino
Nano a6o Mega2560). Po3po61eHO HEOOXiIHEe ITporpaMHe 3abe3IeueHHs.

AHami3younM OTpMMaHi [aHi, MOXHaA 3pOOUTM BMCHOBOK IO e€JIaCTUYHI
eJIeMeHTU CUTa KOJMBAETHCS 3 aMIUIITy#oi0 2-2,5 pasu OGinbille, HiXXK aMIUTiTYyIa
KOJIMBAHHS BJlacHe BiOpalliifHOro rpoxoTa. Y BepTUKa/bHil IIJIOMIMHI 30i/bllIeHHi
aMIUIITyau pocsirae 3HavyeHb 1,9-2,1. Ile MOBMHHO CIpuMSATM Kpallili cerperariii
MaTepiaqy Ha CUTi i, BiNOBiHO, TO3MUTUBHO I103HAYAETHCSI HA e(eKTUBHOCTI
MPOCiBaHHSI.

YV HanpsIMKy pyxy MaTepiasy 30i/bllIeHHS aMIUIITy[ KOJMBaHb JOcCsirae 2,5

pasu, B MOMEHT BUOiry.
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Y morepeuyHOMY HamNpsIMKy 30iJbllIeHHS aMIUTITYau BifOyBaeThCsl He3HAUHO,
TaK SIK )XOPCTKICTIO B JaHOMY HAIIPSIMKY JIy>Ke BeJIMKa.
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D. Kononov, V. Ermokratiev, V. Chechenev

EXPERIMENTAL STUDY OF THE MOTION OF VIBRATING SCREEN ELEMENTS
WITH ELASTIC DYNAMICALLY ACTIVE SURFACE

Purpose: experimental study of the movement of vibrating screen elements with an
elastic sieve.

Research methods: determination of accelerations of vibrating screen elements using
accelerometer sensors.

An experimental study of the movement of vibrating screen elements was performed
and the main kinematic characteristics were determined.

The scheme of the measuring complex is developed, in the conditions of laboratory
vibrating screen operation (oscillation frequency 25 Hz, maximum amplitude 4 mm). The

measuring device uses the connection of 2 MPU 6050 or ADXL345 sensors to an Arduino
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Nano or STM32F103 microcontroller. The measurement limit of these sensors is within
* 16g, which corresponds to the parameters of the vibrating screen.

It should be noted that the increase in amplitude (when the natural frequency of
oscillation coincides with the frequency of oscillation of the screen) for different directions
does not coincide in time. From this we can conclude that the natural frequencies of
oscillations for different directions have the following ratio of free frequencies of
oscillations fy> fz> fx.

Analyzing the obtained data, we can conclude that the elastic elements of the sieve
oscillates with an amplitude of 2-2.5 times greater than the amplitude of oscillations of the
actual vibrating screen. In the vertical plane, the increase in amplitude reaches values of
1.9-2.1. This should contribute to better segregation of the material on the sieve and,
accordingly, have a positive effect on the efficiency of sieving.

In the direction of movement of the material, the increase in the amplitude of
oscillations reaches 2.5 times at the time of run-out.

In the transverse direction, the increase in amplitude is negligible, as the stiffness in
this direction is very high.

Keywords: vibrating screen, elastic sieve, MPU 6050, ADXL345, Arduino, STM32F103.
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A.TI. [lleBuenko, B.I'. Kucasikos, B.B. [IBockiH, I.0. ManaunH, K.I. Uy6in

OJOCIIAKEHHSA 3MIHU BMICTY CIPKU B YABVHI I CKVIAZLY HIJTAKY HA
TEXHOJIOTTYHUX IMEPEPOBAX IIPU ITOATOTOBLI YABYHY 10
KOHBEPTEPHOI ITIJIABKU

AHoTanisg. Y cTaTTi mpoaHaai3oBaHO 3MiHY BMICTy CipKM B YaBYyHi Ta CKJIamgy
IIJIaKy B TeXHOJIOTIYHOMY JIaHI[031 MiArOTOBIII YaByHY 0 KOHBepTepHOi IuiaBKu. Ha
IIiICTaBi pe3y/lbTaTiB IPOBEIEHUX OCTIIKEHb PO3POOJIEHO Ta PEKOMEHIO0BAHO
TeXHiUHi pillleHHsS Ta TeXHOJOriyHi NOpuiioMM, CIIPSIMOBAHI Ha BUKIOYEHHS
pecynbdypailii yaByHy. TOUKOBe 30HIOBE CKAaHYBaHHS 3pa3KiB KOBILIOBOTO IIJIAKy
rokasaso, 110 B IIJIaKOBii ¢asi mopsip i3 cucremamu tuity CaO-SiOz-Al;,O5 3 pisHUM
CITiBBiIHOIIEHHSIM KOMIIOHEHTIB, 110 MicTsTh 0,2-3,5 % cipku, BUSBIIeHI cUCTeMU
tuity CaxSiyAl;, mo mictsaTh 7o 1 % CipKu; y «KOpoJabKax» BMIiCT CipKM KOJIMBAETHCS
He Oinmpmr 0,1 — 0,85 % i y Bursigi cynabdinis Tuny (Fe, Mn)S, nmepeBaxkHo MnS,
IIPUYOMY Y HEMEeTAIEBUX BKIIOUEHHSIX «KOPOJIbKiB» BUSBJIEHO BMICT CipKy He OiJbIll
15-30 %. IlpoBenmeHi MOOCTIIXKeHHS CKIAAiB CYXMX, PO3CUITYACTUX 1 PigKuUx
CKJIOTIONiOHMX KOBIIOBMX NUIAKIB Ticasl mecynbdypallii mokasaau, 0 BOHU He
3MiHIOIOTb (ha30BMIiI CKJIaj, ajie Ha BigAMiHY Bil BUXigZHMX KOBIIOBMX IIUIAKiB Y
IIaKOBi/t  ¢asi TakuMx INUIaKiB  TMepeBaXHO TPUCYTHI CUCTEMM  TUITY
Ca0-Si0,-Al,05-MgO, 36araueHi okCMUIaMy MarHiio 3 TepeMiHHUM CITiBBiZHOIIEHHSIM
KOMMOHEeHTiB. IIpy 11bOoMy cipKa y IIJaKoBii dasi cyxux IIJIaKiB 3HaXOAUTHCS B
OCHOBHOMY Yy BUIIsiAi koMmriuiekciB (Ca, Mn, Mg, Al, Si)S, a y uakosiit ¢asi pigkux
IIVIaKiB B OCHOBHOMY y BUIISiAI MnS i pigmie y Burnsiai komrekciB (Ca, Mn)S. 3a
pesy/ibTaTaMy MPOBEJEHUX MPOMMUCIOBUX €KCIepUMMEHTIB Ha HU3ILI MiATPUEMCTB
Vkpainu Ta Kuraio O6ysn0 BCTaHOBJEHO, IO JJjisI OOMEXEHHSI MPUXOMIY CipKu A0
KOHBepTepHOi cTaii 3i nutakom Ha piBHI 0,002 %, 3aJMIIOK KOBIIOBOTO IIJIAKy
micis gecynbdypaliii He MoBMHeH repeBuiyBatu 0,5 — 0,7 Kr/T 4aByHY.

KmouoBi cioBa: T1o3amiyHa fdecyiabdypalliss uaByHy, NUIaK, Cipka,

pecynbdypairis.

© IeBuenko A.Il., KucisikoB B.T'., IBockiH B.B., ManauuH 1.0., Uy6iun K.I., 2022

ISSN-print 1991-7848 201
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 25 - 2022

Beryn

VY cyyacHUX yMOBaX BUMPOOHMIITBA METAJONPOAYKIIii y YOpHill MeTanyprii, 1mo
XapaKTepU3Yy€eEThCSI HEOOXiMHICTIO BMPOOHMUIITBA BUCOKOSKICHOI KOHKYpPEHTHOI
MEeTaJIONPOIYKILii, MMTAaHHS BUIAJEHHS CipKM 3 HaliMeHIIMMM BUTpaTaMyu HabyBae
BCe OUTbIII0]1 aKTYabHOCTI.

Boporbba i3 cCipkol0 BemeTbCsl Ha BCiX mepepobax MeTaaypriiiHoro
BUPOOHMIITBA.

OCHOBHA KiJIbKiCTh CipkM TpU BUPOOHUIITBI METaJONPOAYKIIii HaAXOIUTh i3
MIMXTOBMMM MaTepiajaMyu B arjiofoMeHHOMY BUpPOOGHMIITBi. Bimomo [1, 2], mo B
IOMEHHOMY TpOIleci B CUMCTeMi MeTaj-IlJIakK PiBHOBaskKHMIA KoedillieHT pos3momiry
cipku mnepeBuinye daktuanauii Ls=(0,3 - 0,6)xL%. Tomy HOpOTSIromM YyChOTrO 4Yacy
repeOyBaHHS YaBYHY B JOMEHHI Iedi 30i/iICHIOEThCSI CIIPSIMOBAHMI TIepexif CipKu 3
MeTasly B muiak. KiJibKiCThb CipkM, 10 BUIANSIETHCS, B peasi3oBaHUX AOMEHHUX
nmpolecax Ha MeTKOMOiHaTax YKpaiHu cTaHOBUTb 91-95 % i 3ab6e3neuye BUILIABKY
yaByHy i3 BMicToMm cipku 0,02 - 0,03 %.

[Ipu 3acTocyBaHHi Mo3amniyHOi 06pPOOKM UaBYHY B KOMIUIEKcax necysibdypaiiii
yaByHy Ta ckKauyBaHHS 1wiaky (KOY) crtyminb gecynbdypallii yaBYHY MOXe
CTAaHOBUTHU 75-99 % i 3abe3redye OTpMMAaHHSI YaBYHY 3 BMIiCTOM CipKM B MeXKax
0,015-0,002 %.

Cryminp gecynbdypallii MeTaay B KOHBepTepi CTAaHOBUTH OaM3bKO 30 % mpu
BUILIaBIi cTami 3 BMicTom cipku 20,030 %, mpu BUILIaBIi 0COOJMBO YMCTOI CTasIi 3
BMmicToM cipku £0,005 % mecynbdypailisi MeTany B KOHBEpTEpax CTAaHOBUTD 3-7 %.

Hamii pospaxyHku [3-5], o6rpyHTOBaHi Ha GaKTMUYHUMX JaHUX POOOTH
MeTKOMOiHaTiB YKpainu Ta Kutato, rokasanu, 10 MUTOMi BUTPATU Ha 3HMKEHHS
BMicTy cipku B uaByHi 3 0,055 % mo 0,025 % y KU y 4,2 pa3u HwsKkui, HixX y 11, Ta 5,9
pasu Hmwkue, Hixk y KKII. Tomy npu BM3HAUeHHi palliOHaJIbHOTO PiBHS 3HMKEHHS
BMICTy CipKM B YaBYHi Ha KOKHOMY 3 T€XHOJIOTiUHMX Ilepepo0biB CJj1if BpaxoBYBaTH i
BeJIMUMHY BUTPAT HA BUAAJIEHHS CipKU.

[Ipu peanisailii KoKHOTO 3 Tepepoba 3[ilICHIOETbCS PSJ TEXHOJOTIUHUX
oriepalliif, IpM BMKOHAHHI SIKMX MOKJIMBUIA 3BOPOTHMII Mepexisi CipKu 3i IIaKy B
MeTasl. Ile CTOCYeTbCS BUITYCKY YaBYHY 3 TOMEHHMX Ieueli y BiIKPUTi JOMEHHI Ta
MiKCepHi KOBIIIi, BUTPMMKM UYaBYHY B KOBIIAX Mifi KUCAUM IIUIAKOM 3 HU3bKOK
cynb(digHOI0 €MHICTIO, JIOTO TepeMBy B MiKcepyu ab0 3aJMBHi KOBII, MepeauBy

YaByHY 3 MiKCepiB y 3aJMBHi KOBIIIi, CKAUyBaHHS IIIJIaKy, IlepejuBy B KOHBepPTep i3
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3aJIMIIKaMM KOBIIOBMX IIUIAKiB. Y IIMX YMOBaX OCOOJMBO BaskKIMBO He AOIYCTUTU
TTIOBepHEHHS CipKM [0 PO3IUIaBy Ha OT0 HUISXY Bif, BUIJIABKM UYaBYHY B JOMEHHUX

1evax i 1o BUPOOHMIITBA KOHBEPTEPHOI CTaJIi.

MerTta pociaimKeHHS

Meta [IOCTiI>)KeHHS - aHaji3 3MiHM BMICTY CipKM B YaByHi Ta CK/Ia[y LLJIAKy B
TEeXHOJIOTIYHOMY JIAHLIIOI'Y BUPOOHMIITBA CTaJIi 3 ITOJA/IBIIOK PO3POOKOI0 TEXHIUHMX

pillleHb Ta TeXHOJOTIYHUX MPUIOMIB, CIIPIMOBAHMX Ha BUK/IIOUEHHS pecyabdypaliii

YaBYHY.
PesysbTaTi Ta iXx 0OrOBOpEeHHS

V 1ii1 poboTi mpoaHasi3oBaHO 3MiHY BMICTY CipKM B YaBYHi Ta CKJIaAy IIJIaKy B
TexHojoriuHoMy JaHio3i JIIT — KIY — KKL. Ha migcraBi pe3y/ibTaTiB NpOBeIeHUX
JOCJIiI;)KeHb pO3p0O0JIeHO Ta PEKOMEHIOBAHO TEeXHiUHi pillleHHS Ta TeXHOJIOTiuHi
TIpUIiOMHU, CIPSIMOBAHI Ha BUK/IIOUeHHS pecyabdypaliii uaByHYy.

BuITyCK 4aBYHY 3 JOMEHHMX I1eueli V KOBIIII.

[lpoBefeHi MOpOTSrOM  OCTAaHHIX UYOTUPbOX JeCATWIITH Ha  Pi3HUX
MeTkoM6iHaTax Ykpainu, Kurtaw Ta TaiiBaHio gocmimkeHHs [6 — 9, 12] ximiuHoro Ta
dba30BOro CKaaAiB JOMEHHMX Ta KOBIIOBUX IIIJIaKiB ITOKA3ylOThb, III0 BOHU CYTTEBO
pisHATbCS. Ile TIOB’S3aHO 3 TMM, IO KOBIIOBMII MIJIAK € IIPOJYKTOM
6araTodakTopHOro yTBOpeHHs. CKIaJ KOBIIOBOTO IJIAKY 3aJIEXKUTb Bif KiJIbKOCTi
MIPOAYKTiB pyitHyBaHHS GyTepyBaHHS KOBIIA, 110 HAAXOASTh Y KiBIlI (B OCHOBHOMY,
Si02), 3a/JMIIKiB KOBIIOBOIO LIJIAKYy Bif IOMepeaHiX HaJIMBIB UyaByHy, a TaKOX Bif,
KiJIbKOCTi OKCUIB 3aJi3a i MapraHilio, 10 YTBOPIOIOTHCS BiJl OKMCAEHHS BigKpUTOI
IIOBEPXHi pO3IUIaBy Ha K0iobi i cTpymMeHi MeTajly TpM HAINlOBHEHi KOBIIA.
OCHOBHICTb KOBIIOBMX IUIAKiB IPOTM OCHOBHOCTI Ha 3K0JI00AaxX JOMEHHUX Iiedveit
3HMKyeTbcs 3 1,08 — 1,27 no 0,17 - 0,63.

Y  KOBIIOBMX INVIaKaX PiBHOB&XXHMII  KoedillieHT pO3MOJiTy  Cipku
MeHIn 3a ¢hakTUIHMit [6], OTKe, TepMOAMHAMIUHA MOBIpHICTb [IJiT 3BOPOTHOTO
repexoiy CipKu 3i 1Ijaky B MeTal y LIMX IIUIaKax JOCUTb BUCOKA. 3 ypaxXyBaHHSIM
HasIBHOCTi OiMbII CHOPUSTAMBUX KiHETMUYHMX YMOB Y IIpoIeci HarOBHEHHS
YaBYHOBO3HMX KOBIIIiB YaBYHOM, @ TaKOX BHAC/iOK 3HVKEHHS Cy/IbDiTHOI €MHOCTI
(Cs=7,9-10° - 6,3-10°) Ta ocHoBHOCTi (0,17-0,63) KOBIIOBOrO IIJIAKY, MOKYTb
CTBOPIOBATUCS B MPOLIECi BUITYCKY YaBYHY 3 JJOMEHHMUX Teueil HeoOXiJHi YMOBU i1

3BOPOTHOTO MePeXo/y CipKu 3i IIJIaKy 10 YaBYHY.
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Y BUPOOHMUiV MpPaKTUIi TlepeBaskHO 3yCTPidaloThCsl CyxXi, pO3CUITYACTi 3
«OCTPIiBUSAMM» Y BUIJISIII TBEPAMX KipOK KOBIIOBi IUTaku. PinKi, CKIOMOAiOHI IIJIaKM
3yCcTpivyaloTbCcsl 3HA4YHO pigmie. Cyxi, po3CUMYAcTi KOBIIOBI IIJIaKM 3 IMOTJSITY
MikdasHoro au@ysifiHOro Iepepos3nonily CipKM HeakTMBHI. IX aKTUBHICTb
301/IBIIYETHCS ITi/J1 Yac MepeynBiB (3 KOBIIA B KiBII, B Mikcep, B KiBIII 3aJMBKN), KO
BiIOYBA€THCSI iHTEHCUBHE TepeMilllyBaHHS MeTaly 3i LIUIAKOM, y pe3yabTaTi 4yoro
30iIBIIYETHCS TMTOMA peakilifiHa TMOBEepXHS MIaKy i 3MEHIIYETbCS BHACIiOK
HarpiBaHHS #0ro B'sI3KicTh. Taki KiHeTUYHi GaKTOpPU MOKYTb CIIPUSITU IIPOTiKaHHIO
pecynbdypallii YaByHY, 0COGIMBO 32 HM3bKOi OCHOBHOCTI 1IJ1aKy (<0,8).

Cyxi po3cumnuacti uuiaku € cyminio MmeTtany (20-50 %) y BUTISIAT «<KOPOJIbKiB»,
3aIlIeckiB, 3aJMILKiB KOPXiB, Huiaky (46-78 %) i rpadiry (2,2-4,6 %) y BUTISAO]
CIILII [6, 7]. KUIBKICTb «KOPOJBKIB» Yy MX LIJIaKaX CTAHOBUTD y cepeaHbomy 30 %. Y
piIKMX HIakax KiIbKiCTh "KOPOJIbKiB" cTaHOBUTD 1,4 - 9,8 %, y cepenubomy 4,8 % |8,
9]. OCHOBHICTh KOBILIOBUX IIJIaKiB 000X TUIIIB KoauBaeTbcs y meskax (0,07 — 0,64) ity
cepegHbOMY CTaHOBUTSD 0,5.

AHami3 CTPYKTYpU «KOPOJBbKiB» IIJIAKiB MeTOZAaMM ONTUMYHOI MiKpPOCKOITii Ta
pPacTpoOBOI eeKTPOHHOI MiKpOCKOIIii MOoKa3aB, 110 BOHU MalTb (Geputo-rpadiTHy
CTPYKTYpPy [AO€BTEeKTMYHOTO abo eBTeKTUUYHOTO TUITly 3 HeMeTaJeBUMM
BKJIIOUEHHSMM y BUIJISAI cynbdimiB mMapraHifio Ta 3amiiza [8, 9]. ToukoBe 30HIOBe
CKaHyBaHHS 3pa3KiB LIJIaKy KOBIIOBOT'O MOKA3as0:

-y nuiakoBiit ¢dasi mopsana i3 cucremamu Ttumy Ca0-SiO;-Al;Os 3 pizHUM
CITiBBiJHOIIEHHSIM KOMIIOHEHTIB, 10 MicTaTh 0,2 — 3,5 % cipKu, BUSIB/IEHi CUCTeMU
tuiry CaxSiyAl, 1o micTsTh 10 1 % cipku;

— Y «KOpOJbKax» BMICT CipKM KonuBaeThbcsl He Ginbin 0,1 — 0,85 % i y Burnsigi
cynbdinis Tumy (Fe, Mn)S, nepeBaxkHo MnS, rpuyomy y HeMeTaeBUX BKIIOUEHHSX
«KOPOJIbKiB» BUSIBJIEHO BMiCT Cipku He 6inbi 15 — 30 % [9, 10].

TakuM UMHOM, «KOPOJIbKU», SIK i IIUIAK, € JI’KepesiaMM HaJXOMKeHHS CipKu 0
mertany [6 - 10].

JIocimKkeHHsI, BUKOHAaHI Ha MEeTKOMOiHaTi «A30BCTajib» y Ipolieci 49 BUITYCKiB
yaByHy (182 koBmia) [6, 7], miaATBepaAwIN, 10 pecyabdypallis 4aByHy Ma€ Miciie y
Mpolleci HaJIMBY YaBYHY B KOBIIi. BMIiCT CipkuM B 4aBYHOBO3HMX KOBIIAX MiC/asT iX
HaIlIOBHEHHSI B TOMEHHOMY IieXy B ocHOBHOMY 6yB Ha 0,010 - 0.024 % 6inblie, Hixk Ha

’K0JIOOi TOMeHHOi Iedi. By/io BCTaHOBJIEHO, IO KiJIbKICTh LIIAKY, IO Mepeifinia 3

204 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 25 — 2022

YaBYHY CipKM, 3pOCTa€ 3i 30i/bIIIeHHSIM KiJTbKOCTi IIJIaKy B KOBIIIi, 3HV)KEHHS 10T0
OCHOBHOCTI i BMICTY CipKM B UaBYHi.

AHajoriuHi mocCIiIKeHHs, IpoBedeHi Ha KOMOiHaTi «A30BCTajb» IPOTIIOM
2020 - 2021 pp., mokasanu, IO BeJu4YMHA pecyabdypallii yaByHY 3HU3UIACH i
craHoButhb 0,003 - 0,010 %. Lle moB'sI3aHO i3 3aCTOCYBaHHSIM OETOHHMX JKOJIOOiB,
3MiHOIO TEXHOJIOTii TOMEeHHOI IUIaBKM, 10 3abe3meunsia 3HMKEHHSI BMICTy CipKu B
YaBYHI, a TAKOX 3HVDKEHHS KiJIbKOCTI KOBIIOBUX IIJIAKIB.

Tomy uyepe3 pecynbdypallilo YaByHy B UYaBYHOBO3HMX KiBIlIaX IIPpU BUITYCKY
MeTajly 3 [OOMEHHMX I[leueii He CJiJ Ojs OL[iHKM BMICTy CIipKM B YaBYHi Yy
YaBYHOBO3HMX KiBIIIaX, OPi€HTYBATMUCS Ha pe3ylabTaTy aHali3y MMpo0, BimibpaHux Ha
’K0JI00aX JOMEHHMX I1eveit.

Ins 3amobiraHHsS Tepebiry IMpolleciB Iepexony CipkKM 3i HIJIaKy B YaBYH
PEKOMEHIYEThCSI BUKOPMCTOBYBAaTM KOPUTYBaJIbHI JOOABKM B IIJIaK MaTepiasiB Ha
ocHoBi CaO (y T.u. 3epHUCTi HedpakI[iOHOBaHi BigAXooyu BUPOOHUIITBA
MeTaJlypriiiHoro BarmHa B KiibkocTi 1,0 — 2,0 Kr/T 4aByHy), 10 MiJABUIIYIOTb
cynb(igHy €MHICTD IIJIAKY.

[IpoBeneHa y MpOMMUCIOBMX YMOBax Ha MeTKOMOiHaTax Ykpainu [6] mepeBipka
BIUIMBY KOPUTYBAJIbHUX J00ABOK Y BUIJISII 3epHUCTUX HedpaKI[iOHOBAHMX BigxoiB
BUMPOOHUIITBA MeTa/ypTiifHOrO BamHa, MOJAaHMX Ha JHO YaBYHOBO3HMX KOBIIIIB Y
Kinpkocti 1,0 — 2,0 Kr/T yaByHy, mepeji BUITYCKOM 4YaByHy 3 JOMEHHMX Ieueii
rokasasa, 1110 MPUPIiCT BMICTY Cipku B uaByHi 3HM3UBCA y 1,5 — 2 pasnu.

Ha metkom6inatax Kuraio (ILIssHbstHCbKMIT MK) BBeIeHHSI KOPUTYIOUOi T06aBKMU
Yy BUTJISIAI METaJyprifiHOTO MeJIeHOTO MOPOIIKOBOIO BalHa B KiJIBKOCTI 2 — 2,5 Kr/T,
MOJIaHOTO HA THO 3aJMBHMX KOBIIiB, Iepef, MepeauBOM Y HUMX YaBYHY 3 MiKCEePHUX
KOBIIIiB, 3a06€31eunyio 3HVKeHHS IPUPOCTY BMICTY CipKy B 4YaBYH ~2 pasiu.

[TosamiuHa gecyabdypallisg 4yaByHY.

V CBITOBi}/i TpakTUI[i B JaHUII 4Yac B OCHOBHOMY 3aCTOCOBYKOTBCSI TpU
TEXHOJIOTIUHI mpollecM TO03aMiuHoi Aecyibdypallii 4YaByHy: MOHOIHXEeKIIis
JIMCIIeproBaHOro MarHilo, Koimxekiiss cymimi CaO - Mg i KR-mpoiec (MexaHiuHe
repeMilllyBaHHS YaByHY 3 BalTHOM 3 f06aBkoio CaFy).

BukoHaHmii [3] MOpPiBHSVIbHUIA TEeXHIKO-€eKOHOMIUHMI aHali3 LMX IMPOIeciB
necynbdypallii yaByHy TIIOKa3aB, IO HaiOiJbIl e(heKTUBHMM € MOHOIHXKEKIIis
MarHito. [lecynbdypallisi YaByHy MOHOIHKEKIIi€l0 MarHil0 XapaKTepu3yeThbCs

HaliMEeHIIMMM TIUTOMMUMM BUTPATaMyM peareHTy, HaliMeHIIMMM eKCILTyaTalliiiHuMuU

ISSN-print 1991-7848 205
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 25 - 2022

Ta KaIlTaJbHMMM BUTpATaMM, HaAVMEHIIMM LMKJIOM OOpOOKM, HaMEHIIUMMU
BTpaTaMM YaBYHY Ta JiOro TeMIIepaTypy Ta HailOiIbIIOK CTabiIbHICTIO pe3yIbTarTiB,
110 JOCSITAaI0ThCS.

V wmiii poborti mocmimKyBaBcs MiXK(pasHMI Mepepo3IoniJ Cipku B KOBIIOBUX
nylakax mpu Aecyabdypallii yaByHY MOHOIHXKEKIIi€l0 I'paHy/JIbOBAaHOTO MarHiio. Y
Tpolleci MPOBedeHHs OOCTiI)KeHb BMBYA/IACS 3MiHA XiMIiYHOTO CKJIaAy LIJIAaKiB IBOX
TUIIIB: CYXMX Ta PiIkMX. 3 TaHUX, HaBeIeHUX y Tabyuili 1 BUAHO, 110 CKIaaM IIJIaKiB
KOBIIIOBMX Pi3HMX METKOMOIHATIiB iCTOTHO BiIPi3HSIOTHCSI.

Ha migmpuemcTBax, ge BUXigHI KOBIIOBI IIJIAKM OY/IM CYXMMM, PO3CUITIACTUMMU
micast mecynbdypallii B HUX 36imbinyBaBcsi BMicT cipku y 1,3 — 15 pasiB, BMicT
MgO - y 1,5-8,5 pasiB, FeO - y 1,1-3 pasu. Ha OaHbJiHbCbKOMY METKOMOiHATi,
Je BUXigHI mUIakM OyaM  pigKuMMM, CKJIOMOMIOHMMM BMICT CipKM  ITiC/as
nmecynbdypalii migBumyBaBcs B 1,3-30 pasiB (y cepemHbomy B 7,7 pasiB),
Bmict MgO - B 1,1-2,1 pa3siB (B cepenHboMy B 1 7 pasu). Bmict FeO i Fe;,Os y
KOBIIIOBOMY IIJIAKY ITic/Isl mecynabdypailii 3MiHIOBaBCS SIK Y OiK 30i/bIlIeHHS, TaK i y
0iK 3MeHIIIeHHS i B cepegHbOMYy 3HM3MBCS B 1,35 Ta 1,42 pasu Bimmosimuo. Lle
IIOB'SI3aHO 3 MEHIIMM OKMCJIEHHSIM MeTaly B Ipoleci 6apooTaxky BaHHM Y BUIIISII
TIOKPUTTSI TIOBEPXHi MeTajy IIapoOM pPiAKOro IIJaKy, a TaKOX 3i 3HeOigHeHHSIM
CKJIay IJIaKy Yyepes3 Mpuxif B nuiak cipku ta MgO.

BMicT MmeTaneBoi ¢a3y B Cyxux IIakax 30ibplryBaBCsl He3HAYHO Ha 5—7 % abc.
V pigkux nrakax - 306iJbIMBCS B cepeIHbOMY B 3,7 pasu (mo 17,6 % abc.).

AHami3 BMicTy CipkM y Iulakax g0 Ta Mo gecyiabdyparii yaByHy (Tabs. 1)
MarHi€eM IOKa3aB, IO OCHOBHMI1 BIUIMB Ha 3MiHY BMICTy CipKM Yy IIJIaKax
3[i/iICHIOIOTh KiJIbKiCTb BUXiZHOTO (Tlepen Aecyabdypalli€lo) KOBIIOBOIO IUIAKy Ta
JI0Tr0 OCHOBHICTb. ByJI0 BCTaHOBJ/IEHO, 1110 KiJIbKICTh CipKM, 110 Iepeiilia 3 YaByHY B
IUIaK TUM Oinbllla, YMM Oijbllla KiJbKICTh IIVIAKY Y KOBII, BMINA OCHOBHICTb
BUXiHOTO 1IJIAKY i UMM HMUKUYMI BMICT CipKM B UaBYHi ITic/is Aecyibdyparii.

[Tpu upomy ocHOBHICTh HIaky CaO/SiO; MPMHUNUIIOBO HE 3MIHIOETBCS 1 IIIaK Y
KOBIII Tic/s mecynbdypaliii 3auiaeTbcst KUCAMM. Y BUMaaKax, Koiau npuxias MgO B
IUIaK 3HaAuHMiA i OCHOBHiCcTh nwiaky (CaO+MgO+MnO)/SiO,+Al;Os cTae 6inbiie
OVHUIIi, CipKOIIOT/IMHA/IbHA 3aTHICTh IIJIAKY MiABUIIYEThCS. 3i 36iibiIeHHSIM MgO
y IJIaKy ITOB'SI3YIOThb 30iJbII€HHS Oro B'SI3KOCTi Ta MigBUINEHHS TeMIlepaTypu
niaBieHHsT Ha 40-60° 3a paXyHOK YTBOPEHHS B IIJIAKy TYTOIJIABKUX CIIONYK TUITY

dopcreputy (2MgO -SiO,) Ta moHTHUeniTy (CaO, MgO - SiOy) [6].

206 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 25 — 2022

[IpoBeneHi DOC/TiIKeHHS CKIaMiB CYyXMX, PO3CUITUACTHX i PIAKMX CKIOMOIiOHMUX
KOBIIIOBMX IIUIAKIB ITic/IS mecyabdypallii mokasaau, 10 BOHU He 3MiHIOITh (ha30Buii
CKJIaf, ajie Ha BiIMiHY BiJ BUXiIHMX KOBIIOBMX IIUIAKiB Yy IIJIAKOBiii (asi Takux
IJIaKiB ITepeBakKHO mpucyTHi cuctemu tuiy CaO-SiO,-Al,0s MgO, s36araueHux
OKCUOAMM MAarHil0 3 IMepeMiHHMM CITIiBBIJHOIIEHHSIM KOMIOHEHTiB. IIpu mpomy
cipka y mutakoBiit (asi cyxux IIIakiB 3HAXOOUTHCSI B OCHOBHOMY Yy BUIJISIII
komruiekciB (Ca, Mn, Mg, Al, Si)S, a y nutakoBiit ¢asi pigkux 1nuiakiB B OCHOBHOMY Y
BuUrIsAai MnS i pimie y Burisai kommuiekciB (Ca, Mn,)S. V nuiakax 060X TUITIB BMiCT
CipkM CTaHOBUTb 2 %, a B YaCTMHi CKJIaJOBUX IIUIAKy BMICT Cipku mocsirae 16 %.
Kpim Toro, y muiakax 000X TuIiB OyJM BUSBJIEHI BKIIOUYEHHS, L0 € CIUIaBaMu
Ca-Si-Al-Mg, 3 pi3HMM CHiBBiAHOILIIEHHSIM KOMIIOHEHTIB, 110 MiCTSTb 2 — 4 % CipKu.

Tabmuug 1

XapakTepucTUKM (cepeiHi) KOBIIOBMX IIIAKiB 10 (UMCEIbHUK) Ta
Tic/s (3HaMeHHMK) Aecynbdypallii YaByHy MarHi€eM Ha pisHUX ITiAIPUEMCTBAX

Bwmicrt cipku, % BigHo- | BimHomieHHs Bigno- ([Tumn
[ligrpueMcTBO —| wenus | Ca0+MgO+MnO | mieHHS  [UIaKky

y B Ijiaml { caQ SiO2+Al, 05 (S)/[8]

YaByHi Si0,
«3amopixcranp» | 0,052 1,06 0,58 0,63 20,3 CYXUIA,

0,024 3,53 0,62 0,94 147 PO3CUITIACTHIA
im. Immiua 0,038 1,43 0,84 0,99 7,6 CyXUit,

0,006 3,81 0,73 1,15 338 PO3CUTIACTUI
«A30BCTaTb» 0,026 0,80 0,54 0,63 30,8 CYXWit,

0,003 2,45 <1,0 <1,1 817 PO3CUITIACTII
«KpuBopixcranp» | 0,069 1,07 0,76 0,76 16,7 CYXUIA,

0,019 5,89 0,71 1,05 414 PO3CUITUACTUI
CSaHTaHbChKU 0,028 0,30 0,20 0,16 3,3 CYXMIA,
MK (KHP) 0,005 0,65 0,22 0,21 98 PO3CUTIACTUI
Xanpgancbkuit MK | 0,018 0,31 0,36 0,29 17,3 CyXWIA,
(KHP) 0,005 1,12 0,33 0,31 16 PO3CUITIACTUN
IOaubninbcbkuii | 0,031 0,13 0,50 0,66 4,1 pigKumit
MK (KHP) 0,019 1,00 0,40 0,69 52,6

Anani3s [8, 9] cTpyKTypM «KOPOJIbKiB» IIJIaKiB Mic/s Aecyabdypailii Tokasas, 10

BOHA IPAaKTUYHO He 3MIiHIOETHCS i BiAIIOBiga€e CTPYKTYpi «KOPOJIbKiB» IIJIAKY,
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BimibpaHux mo necynbdypaiii, 3anuiiaiounch (eputo-rpadiTHO0, SIKY YMOBHO
MOXXHA BigHeCTM OO0 MOeBTEeKTUYHOTO (y pa3i HAasIBHOCTI PO3BUMHEHUX IOEeHAPUTIB

TBEPOTr0 PO3UMHY MaTpUIHOI dasu — peputy) a6o eBTEKTUUHOTO TUITY, puc 1.

PucyHok — 1 MikpocTpyKkTypa MeTaseBoi Ta IUIaKoBoi (a3 mpob KOBIIOBOTO LIIAKY,
Bimibpanux Ao (a) Ta micst (6) gecyabdypallii YaByHY rpaHy/IbOBaHUM MarHieM

BukoHanuit y poborax [10, 11] aHasmi3 3akKOHOMipHOCTelt MiXda3zHOro
po3rnonisly cipku 1pu  padiHyBaHHI MOHOIHKEKIIi€l0 YaByHy MarHiem 3
BUKOPUCTAHHSIM JTaHUX eKCIIepUMEHTAIbHUX 00pPO0OOK, ITPOBEIEHNX Y TPOMUCIOBUX
yMOBax, MOKa3aB, II0 MPaKTUYHO BCSI BUIajeHa 3 MeTajlly CipKa MHepexoauTb Yy
IIUIAKOBY Ta MeTajeBy («KOpOJbKU») ¢asyu IUIaKy, Oe 3HaXOAUThCS Y BUTJAI
criosiyku i3 Ca Tta Mn. IIpu 11bOMy HArojaomIyeThCS, IO CIIOCTEPIraeTbCsl MIBUIKNUIA
rnepexif, Cipku 3i 11aKy B "KOpoabku" MmeTany. CepenHili BMICT CipKM B «KOPOJIbKax»
miciis mecynb@ypaliii 3a/1esKUTh BiJl iXHbOTo QpaKIliifHOTro CKIamy Ta 3i 36ibIIeHHIM
pO3Mipy «KOpOJbKiB» 3pocTa€e. TakOXK BCTAHOBJIEHO, IO MPOTSTOM ABOTOAMHHOI
BUTPUMKM CUCTEMU MeTal — IJIaK Mepexi[, CipKu i3 IUIaKy B YaBYH MPaKTUYHO He

BiIOYBa€ThHCS i IiMiTyeThCS IMQY3i€r0 CipKM Y HIIAKY.
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[TpoBeneHi gOC/iAKeHHS ITOKa3aJiy, 10 KOBIIOBI IIJIaKM iICTOTHO BIJIMBAIOTh HA
Mixkda3HMIT PO3IOIiJI CipKM B ITPOIleci iHKeKIIiiHOI Jecynbdypallii YaByHy MarHiem
i MalOTh MMPOKi MeXi Gi3uKO-XiMiUHMX XapaKTepPUCTUK.

[Ipy po3po0bIli TEXHOMOTIUHMUX IIPOLECiB A1 KOHKPETHUX BUXITHMUX YMOB CJIiI
BpaxOByBaTM BIUIMB KOBIIOBMX IIJIaKiB Ta 3a HeOOXigHOCTI TmepembavaTu
TEXHOJIOTiUHi mpuitoMu, 110 BUK/IIOUYAIOTh HETaTMBHMII BIUIMB KOBIIOBMX IIIJIaKiB Ha
eeKkTUBHICTH TIpollecy mecyabdypailii yaByHy. 3 MeTOI0 pallioHaji3allii KOBIIOBUX
IIVIAKOBUX PEXKMMIiB PEKOMEHIYEThCS

— MiABUIIYBATU CTYIiHb OUMILEHHS YaBYHOBO3HMX KOBIIiB BiJi 3aJMIIKiB
KOBILIOBOTO 1IJIAKy MOIMepeAHiX HAJIUBIB;

— 32 HEeOOXiTHOCTi MPOBOAUTU KOPUTYBAHHS CKJIAaiB KOBIIOBMX LUIAKIB (IO i
TiC/IS MMO3aIrivHOl 0OpOOKM Pi3HUMMM peareHTaMmmu), y TOMY UMCJIi 3 BUKOPUCTAHHSIM
He(dpaKIiOHOBAHMX BigXOMiB MeTa/JyprifHOro BallHa, BiIXOAiB BOTHETPUBKUX
MaTepialiB, CyXux MoApiOHeHMX (IPaHy/IbOBAHMX) TOMEHHMX IIIJIaKiB;

-y pasi BigCyTHOCTI ILIJAaKOBOTO IIOKPUBY MOLIJbHO JiOTO HABOIUTH,
HaIpuKIaj, BUKOPUCTOBYIOUM HedpaKIiiOHOBAHI BiAXOay MeTalypriiHOro BarHa y
KisbkocTi 1,0 — 1,5 Kr/T yaByHY.

BukoHaHa OIliHKa HeOOXigHMX BUTpaAT Ha mecyiabdypallilo Ta CKavyBaHHS
IIUIAKy B KOMIUIEKCAxX II03allivHOi 0OpOoOKM YaBYHY MOHOIHXKEKIIi€I0 MarHiio
1oKasasa, 10 BOHM 3HAYHO HICKYI, Hi3K Y IOMeHHOMY BUPOOHMITBI. [Ipy 3HMKeHHI
BMicTy cipku B uaByHi 3 0,055 % mo 0,025 % nurTomi BUTpaTuM B KOMILIEKCAX
necynbypallii YaByHy MOHOIHKeKIIi€lo MarHito cTaHoBysITh ~0,9 $/1-0,01 %AS.

TpaHCIIOPTYBaHHS KOBIIIB i3 3HeCipueHMM YaBYVHOM.

[lpoBepeni pocnimkeHHs1 [7] Ha MK «A30BcTajsib» MNpU TPaHCIOPTYBaHHI
3HEeCipueHOro 4aByHY MAarHi€eM Yy BiJIKpPUTUX OOMEHHMX KOBIIAX Bifd BiagieHHS
necynbdypallii yaByHYy A0 BifJiJieHHSI CKauyBaHHS IUIAKy ITOKa3aiM, 110 CYTTEBUX
3MiH BMICTy CipKM B 4aByHi He BifOyBaeTbcs. 3 49 MPOKOHTPOJbOBAHMX KOBIIIB i3
3HecipueHMM YaBYHOM Y 14 koBmax yepes 0,7-2,7 ronyiHY BMICT CipKM OyB HVDKUMM
Ha 0,001-0,002 a6¢.%, y 14 koBmax - Buiie Ha 0,001-0,002 abc. % iy 21 KOBIIIi BMiCT
Cipku He 3MiHMBCS. BigxuaeHHs1, 110 Ma/M Miclle, 3HaXOOWINUCS B MeXXaX TOUHOCTI
ekcrpec-aHamisy (+0,002 a6c.%).

He3Baskarouy Ha HasIBHY TepMOJIMHAMIUHY MOXJIUBICTb, pecynabdypallisi B
KOBIIIAX 3i 3HECipUeHMM UYaBYHOM, II0 XapaKTepU3YETbCS BUIIMM Ha TOPSAOK

nepeBUIlleHHSIM (GaKTUYHOTO KoedillieHTa PO3MOMAiINY CipKM Haj pPiBHOBaKHUM
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(ALs>120), moOpiBHSIHO 31 3HeCipueHMM YaBYHOM, IMOBEPHEHHSI CipKM 31 LIJIaKy B
YyaBYH He cnocTrepirajiocsi. lle mop’si3aHO 3 nOBoma uMHHMKaMu. [lo-mepiie, 3
BiICYTHICTIO Ha/JleKHMX KiHETMUYHMX YMOB Yy YaBYHOBO3HMX KoBIIax. [lo-zpyre, 3
HAsSIBHICTIO B 3HeCipueHOMY MarHi€M 4aByHi 3aJMIIKOBOTO BMIiCTy MarHito, SIKuit
YMHUTh 3aXMUCHY [il0 Ha mpoiiec pecyabdypaiii. Bysio BcTaHOBIEHO, 1[0 MarHii y
KisibkocTi 20,005 %, 1m0 3anMIIMBCS B YaBYHi, CTBOPIOE 3axXMCHMI Oap'ep,
repenkoaKalouy MOBEPHEHHIO CipKM 3 KOBIIOBOTO IIJIAKy B PiIKUIA UaBYH.

[Iepenyus 3HeCipueHOro YaBYHY 3 KOBIIIB Y MiKCEPU.

[Ipy mepenuBax 3HECIPYEHOTO YaBYHY € OiJbIl CIIPUSTAMBI T€PMOAMHAMIUHI
YMOBU IJI pecyabdypallii 4aByHy, HiK ITpu MepennBi yaByHy HeOmmoOKa! Ommnoka
cBs3u. [7]. TIpoBefeHi Ha MeTKOMOiIHATI «A30BCTa/ib» IOCJIIKEHHS ITOKa3aJu,
0 rnepeBullleHHS (GaKTUUYHOTO Koe(illieHTy pO3IOoAilly CipKM Hajd, PiBHOBAXXHUM
IIpU TIepeauBi B MiKcep IIMO0OKO3HECipueHOro 4aByHY i3 cepemHiM BMiCTOM CipKu
0,0025 % cranoBuThb ALs= 80-375. He3Baskatouu Ha 1ie, IOBEPHEHHS CipKM 3i IJIaKy
0 YaBYHY He BimOyBasiocsl. Binbil TOro, majo Micile 3HMKEHHSI BMICTy CipKMU B
YaBYHi, 1[0 3MMBAETHCSI B KiBII 3aJIMBKM, B cepenuboMy Ha 0,0005 %. BimcyTHicTb
pecynb(dypallii 4yaByHY IIOSICHIOETbCS 3aXMCHOIO [i€l0 3aJMIIKOBOTO MarHilo.
BusiBneHe 3HM)XeHHSI BMICTY CipKM B UaByHi IIOB'SI3aHe 3 3aBeplleHHSM IIPOIeciB
necynbdypaliii, 0 MPOTIKAIOTh MiXK PO3UMHEHMMM B YaBYHi MarHieMm i cipkoio i
CIUIMBAHHSIM Cy/1bQiIiB MarHiio B IJIaKOBY da3zy.

3a pesynabTaTamMy IPOBEAEHUX  IPOMMUCIOBUX  EKCIIEPUMMEHTIB  OYJI0
BCTAHOBJIEHO B3a€MO3B'SI30K BMiCTy MarHil0o B 3HeCipueHOMY YaByHi Ta 3MiHOIO
BMICTY CipKyM MpU BUTPUMIII YaBYHY B Mikcepi. (puc. 2) BmicT marHiio B 4aByHi B
KisibKoCTi Ginbiie 0,006-0,008 % He Ti/ibKM 3arobirae MoBepHeHHIO CipKM B YaBYH,
ajie ¥ MaB JesKuit BIUIMB Ha pPO3ILIaB, 1110 Aecy1bdypyeThCS.

VY mporieci mpoBeJeHUX AOCTiIKeHb TaKOX OyJI0 BCTaHOBJIEHO, IO MPU BCiX
omeparlissx 3 TIMO0OKO 3HecipueHMM 4YaBYHOM (Y T.4. MPM TPAHCIOPTYBaHHI Ta
riepejiBax MOro 3 4aBYHOBO3HMX KOBIIIIB B Mikcep i 3 Mikcepa B KOBIII 3aJMBKU)
BMICT CipkM B UaByHi 3aJMIIA€TbCS He3MiHHMM. [Ipu 1poMy croocTepiramaocs
3HIWDKEHHS BMICTy 3aJiMIIKOBOro marsito 3 0,038 - 0,040 % (B 4yaBYyHi 4aBYHOBO3HUX
KoB1iB), 10 0,017 - 0,020 % (B 4yaBYyHi 3aIMBHUX KOBIIIiB).

TpuBanuii TpOMMCIOBUIA JOCBiL POOOTH MeTKOMOIHATIB iM. Iytiva (9 Mics1iiB)
Ta «A30BCTajb» (OisbIlle IBOX POKIB) i3 3a0e3MeueHHSIM y MiKcepax BMICTy CipKu B

yaByHi <0,005 %, migTBep[sKye, 10 HASIBHICTh B 3HECipUeHOMY MarHi€eM YaBYHi
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3aJIMIIKOBOTO MarHil0 € BaroMmMM (akToOpoM, IO Hai/fHO BUK/IIOUAE MTOBEPHEHHS
CipKM B YaByH.

OuuilieHHS YaBYHY BiJ KOBIIIOBOT'O IIIJAKY.

HasiBHiCTh BMCOKOCIipUMCTOrO KOBILIOBOTrO IIJIAKy B 3HECipueHOMY YaBYHI i
0CO6JIMBO B 3HECIYEHOMY YaByHi, B SIKOMy BMICT Cipku Iile BuIle, OOYMOBIJIIOE
BaKIMBICTh i HEOOXiTHICTh e(PeKTMBHOIO OUMIIEHHS YaBYHY Bi, KOBIIOBOTO IIIJIAKY
(puc. 3), TaK SIK y KOHBEpPTEPHIi1 IUIaBli CipKa, [0 HAAXOAUTD 3 KOBIIOBUM IIIJIAKOM,
MOXe IepexoguTu y MeTaad. [IpyM 1bOMy MOXIMBOCTI BUIAJEHHS CIpKU B

KOHBEPTEPHili BaHHI AysKe 0OMesKeHi.

AS %
0,008

0,006

0,004 \\Q

0.qo1 0.q03 0,005 7 01109
0,002 e

0,004

0,006

Mgocrt. %

PucyHOK — 2 3anexxHiCTb 3MiHM BMICTY CipKM (AS) Big, BMiCTy 3aMILKOBOrO MarHito (Mgsaq) y
YyaByHi IIpM 10T0 3/1MBi 3 Mikcepa ab0 JOMEHHOTO KOBIIA B 3aMBalbHU

Inst  migBuineHHS e(@eKTUMBHOCTI OUMINEHHS YaBYHY Bi, KOBIIOBOIO
IIUIAaKy, 3HWKEHHS BTpaT YaByHy MpM 3aBaHTaXeHHi NIIaKy Ta CKOPOUYEeHHS
TPUBAJIOCTi oOIlepallii OUMIeHHS YaBYHY BUKOPUCTOBYETHCSI Psii, TEXHOJIOTiUHUX
TIPUITOMIB, Y T.Y.:

— IIPOJIyBKa YaBYHY a30TOM Y IIPOIleCi 3aBaHTaXKeHHS IIIaKy, IO 3abesmeuye
repeMillleHHsI MacKUBY IIJIaKy B 30HY BUJAJNIEHHS JOro 3 KOBIIA MAallMHOI0
3aBaHTa)XeHHS IIJIaKy;

— KOPUTYBAHHS CKJIaay MIIAKy 3arymaouyuMMyu i 3HeGimHeHMMM ao6aBKaMu
(Hanmpukiaan, HedpaKIiOHOBAaHMMM BiiXogaMM MeTajaypriifHOro BaltHa, CYXUM

oA pi6oHeHMM (TPaHy/IbOBaHMM) TOMEHHUM IIJIAKOM).
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Ilisi TpOOYyBKM YaBYHY a30TOM BMKOPUCTOBYIOTbCS UIIJIMHHI BOTHETPUBKI
BCTaBKM B IHUIIE KOBIIA, a TAKOX 6ab66yiepu 3 3aHYPIOBAIbHUMM BOTHETPUBKUMU
dbypmamu.

i1 ckadyyBaHHSI IIJIAaKy 3 KOBIIIB pPeKOMEHIYIOTbCSI HaliCydyacHilli MalluHU
ckpebkoBoro tuity ¢ipm «Gerwin Holtmann» (Himeuumna), «Dango Dienenthal»
(HimeuunHa) ta TanrmaHcbkoro mamsasony (KHP).

3a pesyibTaTaMM IPOBEJEHUX TMPOMMCIOBUX EKCIIEePUMEHTIB Ha HU3I
nigrnpuemctB Ykpainu ta Kurawo 6y/10 BCTAaHOBJIEHO, IO [IJISI OOMEKeHHS TTPUXOILY
CipKM 4,0 KOHBEpPTEpHOI1 CTasi 3i makoMm Ha piBHi £0,002 %, 3aJMIIOK KOBIIOBOTO
HIaKy mics gecynbdypaiiii He moBuHeH nepesuiityBatu 0,5 — 0,7 Kr/T rof.

BumniaBka cTajii B KOHBEpTepax.

BusHauasibHMMM (akTOpamy IMPUXOAY CipKM B KOHBEPTEpPHY CTajb €: BMICT
CipkM B IIMXTOBMX MaTepiajnax, B TMepiry 4vepry B OpyxTi i uaByHi, 10
BUKOPUCTOBYETHCSI, & TAKOX CTYIMiHb OUMILEHHS YaBYHY BiJi BMCOKOCipUMCTOTrO
nutaky. Tak SK MOKIMBOCTI mecyabdypailii metaqy B KOHBepTepi oOMeskeHi i
BUTpaT Ha nAecyibdypallilo MeTaay 3pOCTalOThb Yy 3B'SI3Ky 3 IOTipIIeHHSIM
MTOKa3HMKiB KOHBEPTEPHOrO mepepoba, TO IJIsI BUILUIABKM OCOOJIMBO UMCTUX MapOK
CTajeil BUKOPUCTOBYIOTb 3HeCipueHMii 4aByH, OUMINEHUI OO0 BMICTY CipKM, IO
Bi/ITIOBiZae piBHIO BUILIABIIOBAHOI CTajli, i OPYXT 3 aHAJOriYHMM (3a3BUYai 00Opi3
MIPOKAaTHOTO BUPOOHMUIITBA CTajielf TOTO X COpPTaMeHTy). 3a BiJCYyTHOCTiI OpyXTy
HeOoOXiTHOTO COPTaMEeHTY BUILJIABKY OCOOJIMBO UMCTUX CTajieil MOXKHA IPOBOJIUTHU 3
BUKOPMCTAaHHSIM 3HECipueHOTro YaBYHY Ta OKATUIIII.

EkcriepyMeHTalbHe BMBUEHHSI HAJXOMKEHHS CipKM A0 CTasli IIpy BUILIABIIi B
KOHBepTepax OCOOJMBO UYMCTUX CTajieif 3 BUMKOPMUCTAHHSIM IVIMOOKO 3HECipueHOro
yaByHy Oys0 npoBefeHo Ha 300-TOHHMX KOHBepTepaxX MeTKOMOiHATy «A30BCTajb»
Ta cranb3aBomy N2 3 Vxanbcbkoro MK, KHP. [laHi, 110 XapakTepu3yTb BUXiAHI
YMOBM IIPOBEIEHMX eKCIIEPMMEHTIB Ta OTPMMaHi pe3yabTaTy, HaBeAeHi B Tabauii 2.
JIo oco6nMBOCTe IIJIaBOK Ha KOMOiHATI «A30BCTajib» CJIiJl BiIHECTY BUKOPUCTAHHS
MeTati3oBaHux okaTuiiiB (89,46-90,28 % Feyer, 1,36-1,71% C, 0,006% P, 1,36-1,55%
CaO Ta 0,003-0,004% S), a TakoX MOABiViHe CKayyBaHHS LIJIAKy (3 JOMEHHUX Ta
3aMMBJIbHMX KOBIIIB) Ta 3JMB Yy KOHBEpPTEpP UYaBYHY MNPAKTUYHO IIOBHICTIO

OYMIIIEHOTO Bifl IIJIAKY.
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Lndpu 6iss1 TOUOK — BeTMUMHM IPUXOAY CipKM Y KOHBepTep 3i IIJTaKOM.
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KinueBuii Bmict cipku B uaByHi 0,002 %.

- BOYBAaHHA 3€pPHUCTOTO MaI‘HiIO;

——A————- - BAYBAHHSI MarHiro B CyMillli 3 BAITHOM

100

PucyHOK 3 — 3aJiexkHiCTh IPUXOY CipkM y BAaHHY KOHBepTepa (3 BifxoJaMy KOBIIOBOTO

LIJIaKY) Bif| piBHS CKayyBaHHS LIJIAKy 3 KOBILA ITic/s1 Aecyabdypariii.

Tabanig 2

IlaHi, 110 XapaKkTepu3yThb AOCTiAHI IIaBKK cTajli y 300-TOHHMX KOHBEpTepax 3
KOHTpOJIeM 6ajlaHCy CipKu

MK «AszoBcTanb», YKpaiHa Cranb3aBof, Ne 3,
HajlimeHyBaHHS MTOKa3HMKIB Yxanbcbkuii MK, KHP
Homepu miaBok
2004329 | 2004401 | 531275 531279 531350
1 2 3 4 5 6
1. XapakTepucTKa YaByHY:
1.1. Maca yaByHYy, T 308 294 278 278 278
1.2. Bmicrt cipku B yaByHi, % | 0,002 0,002 0,003 0,003 0,004
1.3. Temmieparypa yaByHy, °C | 1365 1250 H/LO H /I H/LO
2. XapaKTepucTuKa
KOBIIIOBOTO IIIJIAKY
2.1. Maca niaky, T 0 0 0,56 1,12 0,56
2.2. BmicT cipku B ntaky, % | 0,79 0,5 1,01 1,21 0,46
3. Burpatu wmartepiajiiB Ha
KOHBEPTEPHY IJIaBKY
3.1. BarmHo:
- Maca, T 36,0 23,0 14,335 17,0 12,93
- BMICT cipku, % 0,017 0,017 0,025 0,025 0,025
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[TpomoBsKeHHS TaOIMIII 2

1 2 3 4 5 6
3.2. Jonomir:
- Maca, T - - 3,08 3,09 4,621
- BMICT cipku, % - - 0,018 0,018 0,018
3.3. OxkaTuii:
- Maca, T 55,0 65,0 6,70 11,48 13,847
- BMICT cipku, % 0,003 0,003 0,045 0,045 0,045
3.4. [InaBMKOBM/IA 1LIIAT:
- maca, T 0 2,4 - - -
- BMICT cipku, % H/n H/L - - -
3.5. Kuceunn, m® 19900 20480 22080 15200 14880
4. XapaKTepuCTHKa CTai:
4.1. Maca crani, T 286 273 256 256 256
4.2. Mapka craii 0912C 0912C H/IO H/m H/I
4.3. BmicT cipku B cTaiti, % 0,004 0,003 0,008 0,012 0,008
4.4. Temnepartypa ctaji, °C 1760 1670 H/O H/IO H/nO
5.XapakTepucTuka
KOHBEPTEPHOTO IIJIaKy
5.1. Maca nuiaky 22,880 21,840 20,480 20,480 20,480
(po3paxyHKOBa), T
5.2. BmicT cipku B nutaky, % | 0,004 0,004 0,003 0,004 0,003
6. Po3paxyHKOBa Maca Cipku,
10 HAJXOIUTh B KOHBEPTED,
Y T.4.:
- 3 YaBYHOM, KT 6,16 5,88 8,34 8,34 11,12
- 3 KOBIIOBMM IIIJIaKOM, KT 0 0 5,66 13,6 2,58
3 BaITHOM, KT 6,12 5,75 3,58 4,25 3,23
- 3 JOJIOMIiTOM, KT - - 0,55 0,56 0,83
- 3 OKQTUIIAMU, KT 1,65 1,95 3,01 5,16 6,23
- BCbOTO 13,93 13,58 21,14 31,91 23,99
7. Kinekicte cipku, 1o | 0,00487 0,00497 0,00826 0,01247 0,0094
HajgxoauTb Ha 1 T crani, %
8. KiJIbKiCTb CipKH, 0,00032 0,00032 0,00024 0,0003 0,00024
BUIANMEeHOI 31 ILIJTakoM IIpu
KOHBepTepHil nnaBii Ha 1 T
crani, %
9. Ie6ananc cipku Ha 1 T |-0,00055 | -0,00165 | -0,00002 -0,00017 -0,0012
cranmi,%
10. HeBpaxoBauuit mnpwuxin | +0,002 +0,001 +0,005 +0,009 +0,005

CipKM B CTaub, [S]er.- [S], %

AHaJli3 OTpUMMaHMX pe3yJbTaTiB y MPOBEeJeHUX CepisiX MOCTITHUX IIJIaBOK Yy

300-TOHHMX KOHBEpTepax 3 BUKOPUCTAHHSIM OKATUIIIB ITOKa3as, 10 NPUXif, CipKu B
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CTaJIb Y BCiX I'SITM 00po6Kax OYB HIKUMM 32 pO3pPaxyHKOBUIA (3TiHO 3 OaslaHCOM) Ha
0,00002 - 0,00165 %. YcTraHOBIEHY MTOXMOKY MOKHA BBasKaTy LIIJIKOM MPUMHSITHOIO
IJIsT TIPOMMCIOBMX eKcliepMMeHTiB. OTpumaHi pesyabTaTy 3 OaJaHCy CipKu
ToKasaJiu, 10 B KOHBepTepHUX 1aBKax Ha MK «A30BcTaib» CTYIiHb Aecynabdypalii
MeTaly CTaHOBUB ~7 %, a Ha YxaHbCbKOMY MK - ~3 %. BusiBiieHui1 yMOBHMIA TIpUXiz,
Cipkm B CTajib BiAIIOBiZaB piBHIO HAAXOMKEHHS CipKM B CTaJlb i3 LIUXTOBUX
MaTepiasiB Ta 3 KOBHIOBUM IIJIAKOM. IIpy 11bOMYy Ha METKOMOiHATi «A30BCTajb», Jie
BUK/IIOYHO pEeTeJbHO NUIaK OYB BUAAJEHMI i3 3aJMBaJbHMX KOBILNiB, YMOBHMIA
npuxif cipku B ctanb ctaHoBuB 0,001 — 0,002 % i OyB IMOB'sI3aHMI i3 HATXOIKEHHSIM
Cipkm 10 cTajli 3 IHIIMX MMXTOBMX MaTepianiB. Ha VYxanbcbkomy MK, ne
HEeIOCTaTHbO peTebHO IPOBOAMIOCS OUMIINEHHS YaByHYy Bif IIJaKy, YMOBHMI
npuxig cipku B ctanb ctaHoBuB 0,005 - 0,009 % i 6yB moB'si3aHuii B OCHOBHOMY 3
HaJXOJI)KEHHSIM CipKM B CTaJjib i3 KOBIIOBOTO IIJIAKY.

[TpoBeneHi moc/ifgHI IJIaBKY MiATBePAMIM MTPOTrHO30BAHMII BIUIMB KOBIIIOBOTO
IJIaKy Ha TMpPUXiA CipkuM B KOHBepTep i MOKasaIu HeOoOXiZHICTb peTebHOro
BUIAJIEHHSI KOBIIOBOrO Iutaky. Iliciss 3a6e3meueHHss Ha YXaHbcbkoMy MK cTymeHs
OUMIIEHHSI YaBYHY Bif Iuiaky o ~95 % mnpuxin cipku g0 KOHBepTepHOi cTaji 3i
mymakom 3HM3uBCS 10 <0,002 %.

O1iHKy BIUIMBY 3MiHM TIMOUHM [Hecyibdypallii MeTasy B KOHBepTepax Ha
MTOKa3HUKY KOHBEPTEPHOTO rnepepoba BMKOHAHO 3 BUKOPUCTAHHSIM JaHUX POOOTHU
OJHOr0 3 KOMOiHaTiB YKpaiHu.

[TokazaHo, IO MHpPM BUKOPUCTAHHI 4yaByHy 3 BMicTom cipku 0,055 % Ta
BUILJIABIII cTaii 3 BMicTom cipku 0,025 %, BuTpaTa BamHa 30iIbIIyeThCS HA ~21 KI/T,
MPONYKTUBHICTh KOHBEpPTEPIB 3HMKYETbCS Ha ~12 9%, BuUTpaTa MeTAJIOIIMUXTU
36inbIIyeTbcst Ha ~40 Kr/T, BuTpaTa (epomapraHiiio 30imbinyeTbcsl HA ~1,4 Kr/T,
BUTpaTa BOTHETPUBIB 30iblyeThest HA ~0,14 Kr/T, BUTpaTa KMCHIO 301/IbIIYETHCS Ha
15 m3%/T i BUXim mpuaaTHOTO 3HMKYEThCS HA  ~3 %. [Ipu LboMy NMUTOMI BUTpPATH,
MOB'sI3aHi 31 3HWKEHHSIM BMICTy CipKM B MeTali y PpO3IJISSHYTOMY Jialla3oHi,
CTAHOBJATH ~5,3 $/1:0,01%AS.

BucHoBku

s migBuieHHsT e(eKTUBHOCTI OGOpOTBOM 3 CipKOIO BaKIMBO IOPSH i3
3a6e3IeueHHsIM TeXHOJIOTiYHO Ta eKOHOMIUHO OOI'PYHTOBAHOTO BUIA/IEHHS CipKM Ha
KOKHOMY 3 MeTaypriiHux mepepobiB He AOMYCTUTU MTOBEpPHEHHS CipKM y mpoileci
3[i/iCHEeHHSI TEeXHOJIOTIUHMX OTepallili, TOB'sI3aHMUX 3 MepejrBaMy YaByHYy Ta JOro

TpaHCIIOPTyBaHHIM. Haii6Ginpll mepeBaskHUMM MiCIieM IJIsI TTPOBEAEHHS IT03aIivyHOi
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necynbdypallii 4aByHy 3 TOUYKM 30py HeHOITyIeHHSI TTOBEepHEeHHS CipKu € 3aJMBHi
KiBIIIi.

Jlyst 3amobiraHHs pecyab@ypaillii yaByHy IIiJl 4aCc BUIIYCKY Oro 3 ITOMEHHOI
revi AOILJIbHO pallioHa/li3yBaTU KOBIIOBiI IIJIAKOBI peXuMM, y T.4. 3@ PaxyHOK
KOPUTYBAHHS CKJIA[iB KOBIIOBMX IIAKIB, MiABUIIEHHS CTYIIEHS OUMIIEHHS KOBIIIB
BiJ, 3aJIMIIKIB 1IJIAaKy MMOIlepeaHbOr0 HA/IMBY, HABeI€HHS IIVIAKOBOTO IMMOKPUBY y pasi
BiICYTHOCTI KOBILIOBOI'O IAKY.

711 3HVOKEeHHSI YMOBHOTO TIpUXOAY CipKM TMpU KOHBEPTEPHOMY Mepepobi
HeOoOXimHO 3ab6e3meuynTy peTesibHE BUIAJNEHHS IIJIAaKy 3 [OBEPXHi YaBYHYy Iepe[
J10T0 3a7MBKOI0 B KOHBEpTep, 0OMEKMBIIN 3aUIIKOBY KiJIbKiCTh KOBIIOBOTO HIIAKY
Ha piBHi — 0,5 - 0,7 Kr/T.

BukoHaHe 3icTaBjeHHS BUTPAT Ha 3HVWDKEHHS BMICTY CipKM Yy T€XHOJIOTiUHOMY
nanro3si 11 - KIOY - KKII mokasaso, 1o HaiiMeHIIl IMMTOMi BUPOOHMYI BUTPATU HA
necynbdypallilo MalOTh Miclle Ipy MMO3alliyHili gecyab@ypailii YaByHY.

Takum 4MHOM, MPOBeAEHi AOC/TiIKEeHHS MMOKa3a/iu, a TPUBAJINI IPOMUCIOBUI
IOCBim MigTBepAMB, IO IIpM BCiX oIlepallisix 3 TIIMOOKO3HECipueHMM YaBYHOM,
OTPUMAaHMM MOHOIHXEKIIi€I0 MarHil, Cipka 3 IIJIaKy B YaBYH He MOBEPTAETHCS i
pecynbdypallisi He BiOyBa€ThCs, IO IMOSCHIOETHCSI 3aXMCHOIO i€l0 3aJMIIKOBOIO
MarHilo.
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UDC 669.162.63
A. Shevchenko, V. Kislyakov, B. Dvoskin, I. Manachyn, K. Chubin

STUDY OF CHANGES OF THE SULFUR CONTENT IN CAST IRON AND THE
COMPOSITION OF SLAG IN TECHNOLOGICAL PROCESSING DURING THE
PREPARATION OF CAST IRON FOR THE CONVERTER MELTER

The article analyzes the change in the sulfur content of cast iron and the composition
of slag in the technological chain of preparing cast iron for converter smelting. On the basis
of the results of the conducted research, technical solutions and technological techniques
aimed at eliminating cast iron resulfurization were developed and recommended. Spot probe
scanning of bucket slag samples showed that in the slag phase, along with Ca0O-SiO;Al,Os
type systems with different ratios of components containing 0.2-3.5% sulfur, CaxSiyAlz type
systems containing up to 1% sulfur were found; in "beads" the sulfur content varies no more
than 0.1 - 0.85% and in the form of sulfides of the (Fe, Mn)S type, mainly MnS, and in the
non-metallic inclusions of "beads" the sulfur content is no more than 15 - 30%. Studies of
the compositions of dry, friable and liquid glassy ladle slags after desulfurization showed
that they do not change the phase composition, but unlike the original ladle slags, in the
slag phase of such slags there are mainly Ca0O-SiO,-Al;05-MgO type systems, enriched with
magnesium oxides with variable ratio of components. At the same time, sulfur in the slag
phase of dry slags is mainly in the form of (Ca, Mn, Mg, Al, Si)S complexes, and in the slag
phase of liquid slags it is mainly in the form of MnS and less often in the form of (Ca, Mn)S
complexes. According to the results of industrial experiments carried out at a number of
enterprises in Ukraine and China, it was established that in order to limit the introduction of
sulfur into converter steel with slag at the level of <0.002%, the remaining ladle slag after
desulfurization should not exceed 0.5-0.7 kg/t of cast iron.

Keywords: out-of-furnace desulfurization of cast iron, slag, sulfur, resulfurization.
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YOK 66.094.2:661.875.2

lpmwuH O.M., HagTouin A.A., MetpeHko B.O., Knpunuyok B.C. ®Pisuko-ximiuHi nepeaymoBu 3HeBYr/ieLboByBaHHA
NpPoAYKTIiB ByrneuesoTepmiuyHoro BigHoBnaeHHa Cr,0; // CyyacHi npobaemu metanyprii, Ne 25 —2022. C. 3 - 16.

Y pob60Ti BUKOHAHO TEPMOAMHAMIYHMIA aHani3 NPOLEeCy BYrneLeBoTEPMIYHOMO BiAHOBNEHHSA CUPOBUHM, LWLO MiCTUTb
XPOM, ONA BW3HAYEHHS YMOB OTPUMMAHHA firaTypu 3 HWU3bKMM BMICTOM BYrieut. BUKOHaHWI WwecTUdaKToOpHUi
eKCMepMMEHT MATEMATMYHOTO NNAHYBAHHA 3 BMKOPUCTAHHAM HaMiBpPenaikM MOBHOTO GaKTOPHOrO eKCnepuMEHTY.
OTPMMAHO PiBHAHHA perpecii, Lo [03BOJIAE KiNbKICHO BU3SHAYMTM ONTMMasIbHE 3HAYEHHA KOXKHOro dpakTopa. 3a 4ONOMOroto
¢dasoBoro aHanizy cucrtem Cr-O-C Ta Cr-Fe-O-C BM3HauyeHi ymoBM, WO 3abe3neuyyloTb 3HUMKEHHA BYrEU0 B KiHLEBOMY
NPoAyKTi. PO3rnsaHyTo ymoBM noaBu meTacTabinbHux Kapbiais. BU3HaueHo TepmMoaMHaMivHi napameTpu, Lo 3abesneyvyoTb
CTabinbHicTb TBEPAMX $a3. Po3rnsaHyTO 0cobAMBOCTI MexaHi3my KapbigoTepmiyHOro BigHOBAEHHA. BBeAEHHA B WMXTY 3ani3a
CTBOPIOE NepeslyMOBU 3HUMKEHHA BYI/IEL0, a TAaKOXK iHTeHCMOiKye npouec TBepAoda3HOro BiAHOBNEHHS.

bi6n. 14, in. 4.

UDK 66.094.2:661.875.2

Grishin O., Nadtochij A., Petrenko V., Kyrychok V. Physico-chemical prerequisites for decarburization of carbon-
thermal reduction products Cr,03 // Modern problems of metallurgy, Ne 25 — 2022. P. 3 — 16.

The thermodynamic analysis of the process of carbon-thermal reduction of raw materials containing chromium was
performed to determine the conditions for obtaining a low-carbon ligature. A six-factor mathematical planning experiment
was performed using a half-replica of a complete factorial experiment. The regression equation is obtained, which allows to
quantify the optimal value of each factor. By phase analysis of the Cr-O-C and Cr-Fe-O-C systems, the conditions that ensure
the reduction of carbon in the final product are determined. The conditions for the appearance of metastable carbides are
considered. Thermodynamic parameters that ensure the stability of solid phases are determined. Features of the
carbidothermal reduction mechanism are considered. The introduction of iron into the charge creates the preconditions for
carbon reduction, as well as intensifies the process of solid-phase reduction.

Bibl. 14, 11l.4.

YOK 621.365.5.

3umornag A.l0., Tyaa A.l., KaniHiHa H.lHO., BanakiH B.®., JlapioHos I.l. MpoeKTyBaHHA i aHani3 CXxeMOTeXHiKu
iHBepTOpHOro nepeTBOpIOBaYa ANA iHAYKUitHOro Harpisy // CydacHi npobaemu metanyprii, Ne 25 —2022. C. 17 — 34.

Po3pobneHo cxemy Ta KOHCTPYKLito 1abopaTopHOro iHBepTopy, NPM3HAYeHOro ANA iHAYKUIMHOrO HarpiBy Ta NAaBKu.
B aKocTi TOnosorii KOHCTPYKLT iHBEpTOpPY 06paHO HaniBmocT. MOTYXHICTb iHBEpPTOpa peryntoetbea Big 0 fo 2 KBT, gianasoH
pobouunx yacToT Big 50 Ky, 4o 200 Kru, sKkueneHHaA Big, 220B. 3aBAAKM 3aXUCTY Bif NEPEBULLEHHA TOKY, Neperpisy, HU3bKOI
HanNpyrM >KMBMEHHA B flaHLIO3i ynpaBaiHHA, BiH gobpe niaxoauTb AnAa NabopaTOpHWUX AOCAIAXKEHb 3 MNAABAIHHA Ta
HarpiBaHHA meTany.

bi6n. 4, in. 15.

YK 621.365.5.

Zimoglyad A., Guda A., Kalinina N., Balakin V., Larionov H. Design and analysis of circuit technique of inverter
converter for induction heating // Modern problems of metallurgy, Ne 25 —2022. P. 17 — 34.

Was developed the scheme and design of a laboratory inverter designed for induction heating and melting. A half-
bridge was chosen as the topology of the inverter construction. The power of the inverter is adjustable from 0 to 2 kWt, the
operating frequency range from 50 kHz to 200 kHz, power supply from 220V. Due to the protection against overcurrent,
overheating, low supply voltage in the control circuit, it is well suited for laboratory research on melting and heating of
metal.

Bibl. 4, 111.15.
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YK 004.942:536.24:66.021.3:517.982:515.127

CenisbopcToBa T.B., CenisbopcTos B.1O., IBaHoBa /1.X. MaTemaTuuHi OCHOBU ¢paKTaNbHOro TeNJ10 i maconepeHocy
B ABox¢a3Hiii 30Hi po3nnasy metany // CyuacHi npobaemu metanyprii, Ne 25 — 2022. C. 35 — 44.

B cvatTi HaBegeHi pe3ynbTaTM aHanily npoueciB nepeHocy B po3nnasi. [lpepcTtaBneHi pesynbratv
eKCrneprMMeHTaIbHUX A0CNIAKEHD, WO CBiAYaTb NPO GppaKTanbHUIN XapaKTep 3aTBEPAiHHA NPUTAaMaHHIN 6inblWOCTi AMBapPHUX
cnnasis. HaBeAeHU maTemaTUUHMIA anapaT Onucy NpoLecy 3aTBepAiHHA 3 No3uLii Tena1o Ta maconepeHocy B ABoxdbasHil
30Hi Ta Andysii y dpaKkTanbHMX cepeposuwax. MNokasaHo, WO MaTemaTUYHUIA anapaT ApoboBOro obYMCAEHHA L03BONAE
edeKTMBHO onucyBaTK GppaKTanbHUI XapaKTep gudy3iiHUX NpoLecis.

bi6n. 16, in. 2.

UDC 004.942:536.24:66.021.3:517.982:515.127

Selivyorstova T., Selivyorstov V., Yvanova L. Mathematical foundations of fractal heat and mass transfer in the
two-phase zone of the metal melt // Modern problems of metallurgy, Ne 25 —2022. C. 35 — 44.

The article presents the results of the transfer processes analysis in the melt. The results of experimental studies
are presented, which testify to the fractal nature of hardening inherent in most casting alloys. The mathematical apparatus
for describing the curing process from the standpoint of heat and mass transfer in a two-phase zone and diffusion in fractal
media is presented. It is shown that the mathematical apparatus of fractional calculation makes it possible to effectively
describe the fractal nature of diffuse processes.

Bibl. 16, 111.2.

YOK 621.777

3y6ko 10.10., ®Pponos A.B., KysbmiHa O.M., CamcoHeHko A.A., Bobyx O.C. [locnia)XeHHA napameTpiB 30HU
Aedopmauii npu 6araTokaHanbHiIl KyToBiit ekcTpysii // CyyacHi npo6aemu metanyprii, Ne 25 — 2022, C. 45 —59.

MeTolo [0CNiAKEeHHA € BU3HauyeHHA ocobamsocTelrt 30HM aedopmalii Ta NAACTUYHOTO NAMHY MeTany B NPOLLeCi
6araToKaHanbHOT KyTOBOI eKCTpy3ii. EKCnepumeHTanbHy YacTUHY AOCAIANKEHHA 34IMCHEHO LWIAXOM aHanisy BUKPUBIEHHSA
KOOPAMHATHOI CiTKM B 30HI gedopmauii nicna 3akiH4eHHA npouecy. AHani3 CiTKM 403BOIMB BUOKPEMUTU MEBHI €IeMEHTU
30HM gedopmaliii. Po3pobneHnit cnewianbHUM iHCTPYMeEHT, LWo 3abe3neyye nposeaeHHA 6araToKaHa/IbHOI KYyTOBOI eKCTpys3ii.
OcobnuBicTIO pO3pO6AEHOrO iHCTPYMEHTY € Te, WO MaTpuLUA iHTerpoBaHa Yy KOHTEMHep i BMKOHYETbCA pPo36ipHOtO.
BcTaHOB/MEHO, WO UEHTPanbHi wapu metany aedopmytoTbCcA nerie, a LWapu, NOTIK AKUX CMOBINIbHIOETLCA BHACNILOK
KOHTAKTHOrO TepTA MiX iIHCTPYMEHTOM Ta 3aroToBKOIO, AeDOPMYIOTLCA i3 3aTPMMKOIO. 32 LONOMOroH eKCnepuMeHTanbHNUX
OaHUX NiATBEPAKEHO aAeKBaTHICTb po3pobeHoi B nporpami QForm © matemaTMyHOi Moaeni npouecy.

bi6n. 15, in. 10.

UDC 621.777

Zubko Yu., Frolov Ya., Kuzmina 0., Samsonenko A. Bobukh O. Investigation of deformation zone parameter at
multichannel angular extrusion // Modern problems of metallurgy, Ne 25 — 2022. P. 45 — 59.

The aim of the research is to determine the features of the deformation zone and plastic flow of metal in the
process of multichannel angular extrusion. The experimental part of the study was carried out by analyzing the curvature of
the grid in the deformation zone after the process. The analysis of the grid allowed to identify certain elements of the
deformation zone. A special tool has been developed to provide multi-channel angular extrusion. The peculiarity of the
developed tool is that the matrix is integrated into the container and is made collapsible. It has been found that the central
layers of metal deform more easily, and the layers, the flow of which slows down due to contact friction between the tool
and the workpiece, deform with a delay. The adequacy of the mathematical model of the process developed in the QForm
© program was confirmed with experimental data.

Bibl. 15, 111.10.
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YK 669.046.446.48

Kamkina /1.B., MaHoBcbKa A.B., Mponpgak t0.C., Miwankin A.lN. OuiHKa TeXHONOrYHOI MOXKINBOCTI BUKOPUCTAHHA
WYHriTOBOI NOPOAU NpU oAep}KaHHI MapraHuesoro arnomeparty // CyyacHi npobaemu metanyprii, Ne 25 — 2022. C. 60 —
74.

BMKOHaAHO poO3paxyHKN TePMOLMHAMIYHOI PiBHOBArM OKCUAHMUX CUCTEM, afLeKBATHWUX arnomepaLiiHum, NnpoBeseHo
OOCNiAXKEeHHA XiMiYHOro cknagy ¢asoBMX CKNAZO0BUMX  MIKPOCTPYKTYP MapraHueBoro arnomepaty. BcraHosneHo
paLioHaNbHUIA BMICT LWYHTITY B arnowWuUXTi, AKWMIK 3abe3neyye ofep:KaHHA arnomepaTy i3 3a4aHMMKU XapaKTEPUCTUKAMM
(miuHicTiO, BMXOZOM NpUAATHOrO, BMICTOM MapraHuto) ctaHoButb 12...13% Big macu BuxigHoOi wwuxtu. Moganblue
NiABULEHHA MOro YacTKM B arnOWMXTi NMPU3BOAUTb A0 3HUMKEHHA MILHOCTI Ta BMXOA4Y NPUAATHOrO cneky. 36inbleHHn
CTyNeHs AWUCMEepPCHOCTI WYHrTY go 0-2Mm [03BOASE 36iNbWNTM PiBEHb BUKOPUCTAHHA BYINELO LWYHTITY AK nanueo 6e3
36iNblUEHHA Ha NPOLEC KiIbKOCTI TPaAMULIAHOIO NannBa - KOKCy.

bi6n. 19, Taba. 5.

UDC 669.046.446.48

Kamkina L., Myanovskaya Ya., Proidak Yu., Mishalkin A. Assessment of using shungite rock technological feasibility
in the production of manganese agglomerate // Modern problems of metallurgy, Ne 25 — 2022. P. 60 — 74.

Calculations of the thermodynamic equilibrium of oxide systems, adequate to agglomeration, were performed, the
study of the chemical composition of the phase components of the microstructures of manganese agglomerate was carried
out. The rational content of shungite in the sinter charge, providing the agglomerate with the specified characteristics
(strength, yield, suitable manganese content) is 12 ... 13% by weight of the initial charge. Further increase of its particle in
the sinter charge leads to a decrease in strength and the release of suitable heat. Increasing the degree of dispersion of
shungite to 0-2 mm allows to increase the level of carbon use of shungite as a fuel without increasing the amount of
traditional fuel - coke.

Bibl. 19, table. 5.

YK 669:621

KauaH 10.l., MiweHKko B.HO. MoKAMBOCTI 3MeHLEeHHA 06CAriB eNeKTPOCNOXKMBAHHA PYAHOTEPMIYHOIO Niyuto //
CyuacHi npobnemu metanyprii, Ne 25 —2022. C. 75 — 84.

MpeacTaBneHUn aHani3 iCHyluYMX MoOAesNel pPO3NOoAiny ENeKTPUYHOro CTPyMy B PYAHOTEPMIYHIA  neui.
3anpornoHoBaHa KOMMIEKCHA aNropmuTMiyHa mogenb poboTu Takoi neyi. 3a 4ONOMOTroH LLbOro MaTeMaTUYHOrO ONUCY CTAE
MO/IMBUM MPOTrHO3YBaHHA BUTPAT ENEeKTPUYHOI eHeprii npu opepKaHi pisHUx Buais depocnnasis. Takox moaenb
[,03BOJIAE 33 3NPOrHO30BAHOIO KiNbKiCTIO HEOOXiAHO YTBOPEHOIO PO3N/aBy 3yNUHUTM NPOLEC Ta NoYaTh 3ans Gpepocnaasis,
LLIO B CBOO Yepry 3MeHLUMTb Yac NAaBKU Ta KiIbKiCTb CNOXMBAHOI €N1eKTPUYHOT eHeprii.

bi6n. 16, in. 1.

UDC 669:621

Kachan Yu., Mishchenko V. Possibilities of reducing electricity consumption by ore-thermal furnace // Modern
problems of metallurgy, Ne 25 —2022. P. 75 — 84.

An analysis of existing models of electric current distribution in an ore thermal furnace is presented. A complex
algorithmic model of operation of such a furnace is proposed. With the help of this mathematical description it becomes
possible to predict the consumption of electrical energy in obtaining different types of ferroalloys. The model also allows
the predicted amount of melt formed to stop the process and start draining ferroalloys, which in turn will reduce the
melting time and the amount of electricity consumed.

Bibl. 16, 111.1.
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YOK 621.771.23.09

KyuoBa B.3., IsaHuyeHKko B.l., Kotosa T.B., KoBsenb M.A. [lpecupyBaHHA rapsuyeKaTaHoro oco6/MBOTOHKOro
JIMCTOBOrO NPOKATY i3 HU3bKOBYrnewesoi ctani // CydacHi npobnemu metanyprii, Ne 25 —2022. C. 85 — 92.

MpoBeneHO aHanis BM/AMBY 3aKNOYHOI onepauii 06pobKM - ApecupyBaHHA Ha CTPYKTYpy i BAAcTUBOCTI
rapAayekaTaHoro ocobAMBOTOHKOrO /IMCTOBOTO MNPOKaTy i3 HM3bKOByrneuesoi ctani 08nc. BctaHOBAEHO, WO MexaHidHi
B/1TAaCTUBOCTI meTany, 06pob1eHOoro 3a PisHMMM TEXHONOFIYHMMU CXeMaMM, MOBHICTIO BignosigatoTb Bumoram ACTY 2834-94
AK [0 rapAYeKaTaHoro, Tak i 40 X0NOA4HOKATaHOro NPoKary.

MokasaHo, WO BiAnan TpaBneHoro ocob/IMBOTOHKOrO JIMCTOBOrO MPOKAaTy i3 cTani 08mc cyTTEBO MOKpPaLLye Moro
NAACTUYHICTb B 3PIBHAHHI 3 rapAYeKaTaHUM CTaHOM Ta cnpuAe GOPMYBaHHIO PIBHOMIPHOI CTPYKTYpPWU MeTasny BiAnoBigHO A0
OCTY 2834-94.

bi6n. 7, Tabn. 2.

UDC 621.771.23.09

Kutzova V., Ivanchenko V., Kotova T., Kovzel M. Skin-rolling of hot-rolled extra-thin low-carbon steel sheets //
Modern problems of metallurgy, Ne 25 —2022. P. 85 —92.

Skin-rolling is the final operation of the technological process for the production of auto sheet steel. Tempering
affects the quality of the metal surface, properties and stamping ability. Treading allows you to harden the surface of the
rolled products and keep the inner layers undeformed. As a result, it is possible to prevent the formation of shear lines
during stamping and provide an optimal combination of the mechanical characteristics of rolled products. On skin-rolling
mills, the sheet is rolled to a predetermined thickness. Treading etched sheets provides them with a smoother surface.
Benefits skin training are to increase the ability of the material to deep drawing and reduce energy costs during
stamping.The use of skin-rolling will allow to produce high-quality rolled products in accordance with the requirements of
standards. An analysis of the effect of skin-rolling on the quality indicators of low-carbon steel thin-rolled products for the
automotive industry was carried out. The effect of skin-rolling on the structure and mechanical properties of hot-rolled
extra-thin sheet metal from 08nc low-carbon steel was studied. The mechanical properties of the metal meet the
requirements of ACTY 2834-94 for hot-rolled and cold-rolled steel. Annealing of extra-thin sheet steel from 08nc steel
increases its plasticity compared to the hot-rolled state and contributes to the formation of a uniform metal structure in
accordance with OCTY 2834-94. The choice of parameters and optimization of the skin-rolling process will prevent a
decrease in the plasticity of the material, improve mechanical properties and improve the quality of extra-thin sheet steel.

Bibl. 7, table. 2.

YOK 669.1.017:669.15-194.001.57

JNlyueHko B.A., TonybeHko T.M., Yyitko I.M., JlyueHko O.B. MogentoBaHHA BNAMBY XiMIYHOTO CKAagy Ta CTPYKTYypU
Ha MeXaHiuHi BNacTMBOCTI eroBaHoro npokarty // CyyacHi npo6aemu metanyprii, Ne 25 — 2022. C. 93 — 101.

Mpu po3pobui HOBUX MAPOK CTanel akTyaNbHUM A/1A CY4acCHOro MallMHOBYAYBaHHA € BUBYEHHA BMNJIMBY XiMIYHOTO
cKnagy Ta obpobKM Ha CTPYKTYpy W MexaHiYHi BNACTMBOCTI. 3 BMKOPUCTAHHAM MaTeMaTUYHOro Ta ¢i3nKo-XimiyHOro
mogentoBaHHa ana crani 31CrMoV9 nobyaoBaHi 3a1€XKHOCTI 3MiHM MEXaHIYHWX BAACTUBOCTEN NEroBaHOro COPTOBOrO
npokaty (o8, 85) Bif NOKAa3HMKA CTPYKTYpPHOro ctaHy (d). Bu3HayeHo, WO ANA rapaHTOBAHOIO BUKOHAHHA BUMOT rPaHuULL
migHocTi (900-1000 MMa) i BiAHOCHOrO nNoAoBMKeHHA (> 11%) KiNbKiCTb neryoumMx enemeHTiB NOBMHHA BiANOBIAATM
HactynHomy Bmicty: 2,46...2,62 % Cr, 0,2...0,24% Mo i 0,17...0,19 % V. OTpumaHi [AaHi [03BONAKOTb MNPOrHO3yBaTH
paLioHaNbHi MeXaHiYHi BNacTUBOCTI TEPMiYHO 0BpPO6AEHOr0 COPTOBOrO MPOKATy B 3a/€XKHOCTI Bif, 3MiHM BMICTy Xpomy,
monibaeHy 1 BaHagito. BctaHOBNEHO, WO HarpiBaHHs o TemnepaTypu A3+200°C Ta noganblie 6e3nepepBHE OXOOAKEHHS
3i wemakoctammn > 0,82C/c nepellkoaXae YTBOPEHHIO MEPAiTHOI CTPYKTYPM, WO MNpU Modasbllii TepmiyHin obpobui
(Bignany) cnpuse NPOXOAsKEHHIO CTPYKTYPHUX MnepeTBopeHb (Koarynsauis, coepoigmsauisa) B ctani. [ns nonepenxeHHs
BMKPUBNIEHHA MeTany BaskaHO OXONI0AKeHHsA NpokaTy 3i ctani 31CrMoV9 nposoanTy 3i wisnakictio 0,8...22C/c.

bi6bn. 11, in. 3, Tabn. 1.
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UDC 669.1.017:669.15-194.001.57

Lutsenko V., Golubenko T., Chuiko 1., Lutsenko O. Modeling of the influence of THE chemical composition and
structure on the mechanical properties of alloy rolled products // Modern problems of metallurgy, Ne 25 — 2022. P. 93 —
101.

Actual for modern engineering is the study of the influence of chemical composition and processing on the
structure and mechanical properties during development of the new brands of the steel. The purpose of the study was the
modeling of the role of the chemical composition for the formation of the mechanical properties and structure in
determining the effect of the cooling rate on the austenitization temperatures of the 31CrMoV9 steel. It is known that the
complex of mechanical properties of metal products depends on the number of alloying elements and the mode of heat
treatment. Using the mathematical and physicochemical modeling for 31CrMoV9 steel were made dependent on the
change in the mechanical properties of the alloy rolled products (o8, 65) from the structural condition index (d). It is
determined that for guaranteed compliance with the requirements of tensile strength (900-1000 MPa) and specific
elongation (> 11%) the number of the alloying elements shall be corresponds to the following content: 2,46...2,62 % Cr,
0,2...0,24 % Mo and 0,17...0,19 % V. Received data are allow to forecast the rational mechanical properties of the heat
treated rolled products depending on the change in the content of chromium, molybdenum and vanadium. Metallographic
studies allowed to establish the influence of heat treatment parameters on the structure of the studied alloy steel. It is
established that heating to the temperature A3+200°C and further continuous cooling with speeds > 0,82C/s prevents the
formation of the pearlite structure, which during further heat treatment (annealing) promotes the passage of structural
transformations (coagulation) in the steel. To prevent curvature of the metal, it is desirable to have cooling the rolled steel
31CrMoV9 at a speed of 0,8...22C/s. Recommended cooling rates allow to obtain a more acceptable structure for further
processing with the required mechanical properties. Together with prognostication of the level of the mechanical
properties for the certain chemical composition, these recommendations allow the rational use of the chemical elements
and guaranteed compliance with the requirements of the European regulatory documentation EN10085:2001.

Bibl. 11, IIl. 3, table. 1.

Y[OK 629.7:658.512.2

MenbaHuos M.T., Jlocikos O.M., Hasapeupb B.C., CugopeHko B.K. Crabinisauia pagianbHoro 3asopy B Kauarouomy
BY3ni Hacoca MiAMMBNEHHA YAOCKOHANEHHAM KOHCTPYKUii BTY/NKM nigwmnHuka Kos3aHHA // CyyacHi npo6nemu
meTanyprii, Ne 25 —2022. C. 102 — 116.

Posrnapaerbca meTogq, cTabinisauii CTPYKTYpHUX NApaMeTpiB TEXHIYHOrO CTaHy AeTanen, sKki GopmyroTb pagiaibHUiM
3330p B NiAWMMNHMKAX KOB3aHHA Kayaloyoro By3/ia Hacoca: «uanda Beagyqyoro Bana - OTBip BTY/NKMY, «uanda BeaeHoi Bici —
OTBIp BTYNKM». 3aNpONOHOBAHO KOHCTPYKLIi0 KOMBIHOBaHUX BTY/IOK NiAWMMHMKA KOB3aHHSA, AKA 3abe3neyye 3MeHLWeHHn
NAOLLi KOHTAKTy Bafy 3i BTY/IKOKO B 30Hi MaKCMMasIbHUX 3HAYEHb CWA TEPTA, 3a PaxyHOK 3acTOCYBaHHA KOMMNEHCALiMHUX
NPYXUH Ta NpyKHOA4EMNYOUOro enemeHTy, AKI MaloTb MPYKHICTb MeHLWY MOAYAA MPYKHOCTI maTepiany BTYJKM.
MpoBeneHo TpUBOTEXHIYHI MOPIBHANbHI BUNPOOYBaHHA Napwu TepTa «uanda BeAyyoro Bana — KOMbBiHOBAaHA BTY/Ka» 3a
CXEMOIO «PONIUK-KONOAKa». MoKasaHO edeKTUBHICTb 3anponoHOBAHOTO MeToady CTabinisauii CTPYKTYpHWUX napameTpis
NOPIBHAHHAM OLIHOK CYMapHOT0 3HOLEHHA eKCnepuMeEHTaNbHOT Napu TePTA Ta «ETaZIOHHOT».

bi6n. 10, in. 7, Tabn. 1.

UDC 629.7:658.512.2

Melyantsov P., Losikov O., Nazarets V., Sidorenko V. Stabilization of the radial clear in the pumping assembly of
the supply pump improvement by improving the structure of the slide bearing bushing // Modern problems of metallurgy,
Ne 25 —-2022. P. 102 - 116.

The method of stabilization of structural parameters of technical condition of details which form a radial backlash in
sliding bearings of pump pumping unit is considered: «driving shaft pin - sleeve hole», «driven axle pin - sleeve hole». The
design of combined plain bearing bushes is proposed, which reduces the contact area of the shaft with the bushing in the
area of maximum values of friction forces, due to the use of compensating springs and elastic damping element with
elasticity less than the modulus of elasticity of the bushing material. Tribotechnical comparative tests of the friction pair of
the «drive shaft pin - combined sleeve» according to the «roller-pad» scheme were carried out. The efficiency of the
proposed method of stabilization of structural parameters is shown by comparing the estimates of the total wear of the
experimental friction pair and the "reference" pair.

Bibl. 10, IIl. 7, table. 1.
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YK 669.162.2

Mepkynos O.€., CemeHos t0.C., Axurota M.I. MogenioBaHHA npoueciB AOMEHHOI NAaBKXU NpPKU 3MiHi nporpammu
3aBaHTa)keHHs wuxth // CyydacHi npobnemun metanyprii, Ne 25 —2022. C. 117 — 125.

HaBeaeHO pe3ynbTaTv NPOrHO3HOI OLHKM MOAENOBAHHA NPOLLECIB Ta KiHLEBUX NOKA3HWKIB AOMEHHOT NAaBKK Npu
3MiHi Mporpammn 3aBaHTaXKEHHA LWWUXTU Ha AOMEHHI nedi 06’emom 1719 m3 3 HACTyMHMM 3icTaB/eHHAM 3 paKTUYHO
OTPUMaHUMKM pe3ynbTaTamu. MogentoBaHHA 34iMCHEHO 33 AOMOMOrol MaTeMaTUYHOI MoAeni AOMEHHOI NaBKK, WO Ha
BigMiHY Big, OTpUMaHHA 6aNaHCOBMX MOKA3HMWKIB [0O3BOMAE OTPUMATM 3HAHHA MPO MEXaHi3M MPOLLECiB, 33 PAXyHOK AKUX
BifOYBaOTLCA 3MiHW, B TOMY YMC/Ti MPU HEPIBHOMIPHOCTI PO3MNOAiINY LWMXTOBUX MaTepiaiB Ha KONIOWHMUKY OMEHHOT nevi.

bi6n. 5, in. 2, Tabn. 1.

UDC 669.162.2

Merkulov O., Semenov Yu., Dzhigota M. Modeling of blast furnace melt processes when changing the program of
charging the burden // Modern problems of metallurgy, Ne 25 —2022. P. 117 — 125.

The results of the forecast estimation of modeling of processes and final indicators of blast furnace smelting at
change of the program of loading of charge on the blast furnace with a volume of 1719 m3 with the subsequent comparison
with actually received results are resulted. The simulation was performed using a mathematical model of blast furnace
smelting, which, in contrast to obtaining balance indicators, provides knowledge about the mechanism of processes due to
which changes occur, including uneven distribution of charge materials on the blast furnace grate.

Bibl. 5, 1ll.2, table. 1.

Y[OK 669.162

MonuaHoB J1.C., MMywkapeHko M.B., Kucnakos B.[. TepmoauHamiuHuMii aHani3 TexHONOriYHOI onepauii
napanenbHOro BUAaNeHHA CipKU Ta KpeMHito 3 yaByHy // CyyacHi npobaemu metanyprii, Ne 25 —2022. C. 126 — 135.

Y poboTi HaBeAeHi pe3ynbTaTv TEPMOANHAMIYHUI aHaNi3 NpoLecy napanesbHOro BUAANEHHSA CiPKM Ta KPeMHito 3
pocniasy 3a paxyHOK BAyBaHHA MOPOLUIKONOAIOHOrO BamnHa B CTPYMEHI KUCHIO Ta BBEAEHHA Y PO3MN/aB A0AATKOBOIO
BifHOBHWMKA. BCTaHOB/IEHO, O OKUCNEHHA KPEMHIIO MOX/IMBO NPW BAyBaHHI rasonofibHoro KucHw. Mpu Lbomy y AKOCTI
BiAHOBHMKIB Npu AecynbdypaLii BanHOM paLioHa/sbHO BMKOPMCTOBYBAaTM MapraHelb. BBefeHHA mapraHutlo y posnsias
HeobxifHO opraHi3oByBaTU NapasieNbHO 3 NPOBEAEHHAM Onepay,ii AecinikoHi3aLii, Wob YHUKHYTU NepeBUTPaTN MapraHLto.

bi6bn. 5, in. 3, Tabn. 2.

UDK 669.162

Molchanov L., Pushkarenko M., Kislyakov V. Thermodynamical analysis of technological operation of parallel and
silicon removing from the cast iron // Modern problems of metallurgy, Ne 25 —2022. P. 126 — 135.

There are results of thermodynamical analysis of paralel sulphur and silicon removing from from the melt with the
help of powder lime blowing and adding to the melt additional deoxidizer. It is found that it is rational to use manganese as
a deoxidizer. Adding manganese is necessary to do simultaneously with silicon removing to avoid manganese overrun.

Bibl. 5, Ill. 3, table. 2.

YOK 681.3.012:621.1

Mopo3 .M. focnigKeHHA OuiHOK edeKTUBHOCTI 6araTonpouecopHoi cuctemu B 3agadi TepmiyHoi 06po6Ku
meTanosupoby // CyuacHi npobaemu metanyprii, Ne 25 — 2022, C. 136 — 149.

CTaTTiO NPUCBAYEHO [OCNIAXKEHHIO NPob6eMn y3rogKeHHA MOXKIMBOCTEN NMPOLLECOPIB i MepexkeBoro iHTepdelicy B
H6araTonpoLecopHMx 0buYMCNtoBaNbHUX cucTemax. OCHOBHA yBara MNPUAINAETbCA AOCAIAMKEHHIO edeKTUBHOCTI 1
NPUCKOPEHHA obuncneHb AnA pPo3B’A3yBaHHA 3ajadvi TepmiyHoi 06pobku meTanoBuMpoby 3a paxyHOK 3acTOCyBaHHA
6araTonpouecopHux obuncntoBasbHUX cUCTEM. BuBeaeHO aHaniTMYHI CNiBBIAHOLWEHHA ANA OTPUMAHHA ONMTUMANbHOMO
yncna By3niB HbaraTonpoLecopHoi cuctemu 4yepes ii  MapameTpu. BU3HAYEHO OUIHKM edeKTUMBHOCTI HbaraTonpoLecopHoi
cMCTEMM NpU po3B’A3yBaHHA 3a4a4i TepMiYHOT 06pOBKM MeTanosnpoby aNA Pi3HOro KAacy NpoLecopis.

bi6n. 15, in. 2, Tabn. 1.
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UDK 681.3.012:621.1

Moroz D. Performance evaluations research of multiprocessor system in the problem of heat treatment of metal
products // Modern problems of metallurgy, Ne 25 —2022. P. 136 — 149.

The paper aims to study matching the processors’ possibilities and the network interface in the multiprocessor
computing systems. The main focus is on investigating the performance and acceleration of computations for solving the
problem of metal products' heat treatment due to the multiprocessor computing systems. The research evaluates the
multiprocessor system performance in the heat treatment of metal products. Analytical correlations were introduced for
getting the optimum number of nodes in the multiprocessor system via parameters.

Bibl. 15, IIl. 2, table. 1.

YOK 669.2; 669.1

Ckocap B.1O., Bypunos C.B., Bopowwunos O.C., ynaii 10.0., i3eH3epcbkuii B.O. MeTtogu nepepobku Ta yTunisauii
nitieBux gyxepen ctpymy // CyyacHi npobaemu metanyprii, Ne 25 —2022. C. 150 — 163.

Ha ocHOBi aHani3y HayKoBO-TeXHIYHMX Ny6AiKaLil f4aHO 3arasibHy XapaKTePUCTUKY Cy4acHMUX TEXHOOTiN nepepobKku
NIiTIEBUX AxKepen KusneHHsA. MepepobKy NpoBoAATb 3a TaKO cxemoto. CNoYaTKy OpraHisytoTb po3pas, AXxKepen cTpymy Ta ix
nonepegHto 06pobKy Ana BiaAiNeHHA Aitoumx pevyoBuH. MNonepeaHs obpobKa NPoBOAUTLCA MEXAHIYHUM MOAPIOGHEHHAM,
abo ynbTpasBykom, abo posuMHHUKamK. OTpMMaHUI MaTepian NianatoTb MarHiTHOMY abo rpasiTaliiHOMY pPO3AineHHo,
BUOANAUYM PEUYOBUHM, LLO MICTATb MeTanu. MoTim NiTiid, KobanbT, Hikenb, mapraHeub BUAANAKTb NipomeTanyprieto, abo
rigpomeTanyprieto, abo enekTpoximiyHUm BuaydyeHHAM. OTPUMaHi mMeTanu NpuAaTHI ANA BTOPUHHOTO BUKOPWUCTAHHA B
NiTiEBUX axKepenax cTpymy. ABTOpamu po3pobaeHO MNPUHLMMOBY CXeMy TexHOJOorii nonepeaHboi 06pobKM niTieBUX
aKyMyNATOpPiB, 3aCHOBaHOI Ha aKyCTUYHiIN abo riapoAuHamiyHilA KaBiTauii, a TaKoX YAOCKOHaneHo cnocib MmarHiTHoi
cenapaLii LiHHUX meTanis.

bi6n. 15, in. 3.

UDC 669.2; 669.1

Skosar V., Burylov S., Voroshilov 0., Zhulay Yu., Dzenzersky V. Methods of recycling of lithium power sources //
Modern problems of metallurgy, Ne 25 —2022. P. 150 — 163.

Based on the analysis of scientific and technical publications, a general description of modern technologies for
recycling lithium power sources is given. Recycling is carried out according to the following scheme. First, they organize the
discharge of power sources and their pre-treatment. Pre-treatment is carried out by mechanical grinding, ultrasound,
calcination, or solvents, followed by magnetic or gravitational separation. Then Li, Co, Ni, Mn are removed by
pyrometallurgy, hydrometallurgy, or electrochemical extraction. The obtained metals are suitable for secondary use in
lithium power sources. The authors have developed a schematic diagram of the technology of pre-treatment of lithium
batteries based on acoustic or hydrodynamic cavitation, and magnetic separation of metals.

Bibl. 15, IIl. 3.

YK 004.942:519.6

Cywko J1.®. feaki acneKTn moAaentoBaHHA TeXHIUHOIT AiarHOCTUKKU mexaHi3mie // CyyacHi npob6aemu metanyprii, No
25-2022.C. 164 —182.

MpoBeaeHi A0CNIAMKEHHA CNPAMOBAHI HA PO3KPUTTA NPobaem MOAENOBAHHA TEXHIYHOI AiarHOCTUKM MEXaHi3MiB i
MaLLUKH. 1A OLiHKM TEXHIYHOrO CTaHy MawWwuH i $OpMyBaHHA AiarHOCTUYHMX O3HaK 3aNpPONOHOBAHA METOAMKaA, 3aCHOBaHa
Ha 3acToCcyBaHHi MaTeMaTMYHOI Teopii po3ni3HaBaHHA 06pasis. MOKA3aHO, WO TEXHIYHY AiarHOCTMKY MALUMH i MEXaHi3mis
MOHA iHTepnpeTyBaTh AK PO3Mi3HAaBaHHA KNaCiB TEXHIYHOrO CTaHy 06'€KTa 3@ CYKYMHICTIO MO0 TEXHIYHUX XapaKTEPUCTUK.
MpY UbOMY BCTAHOB/IIOETHCA [0 AKOrO KAacy BiAHOCMTbCA MOTOYHMI CTaH, WO PO3Mi3HAETbCA. MpoBeaeHi JOCNiAKEeHHA
BUCBITAOOTECA Ha OHI OUiHKM AedeKTiB 3ybyacTux nepenay nokasanu. Taki JOCNiAXKEHHA MOKas3anW, WO Ha neplumx
eTanax po3BUTKY AedeKTiB BigbyBa€eTbCA NPOLLEC, KOIM CUHXPOHHI KOMMNOHEHTU He 3pOCTaloTb, @ BCA A0AATKOBA NOTYXKHICTb
BiA AedeKTy 30cepeKyETbCA B HECUHXPOHHMX rapMOHiKax.

bi6bn. 11, in. 1.

ISSN-print 1991-7848 229
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 25 - 2022

UDC 004.942:519.6

Sushko L. Some aspects of modeling of technical diagnostics of mechanisms // Modern problems of metallurgy, Ne
25-2022.P. 164 - 182.

Conducted research is aimed to reveal the problems of modeling technical diagnostics of mechanisms and
machines. To assess the technical condition of machines and the formation of diagnostic features, a method based on the
application of mathematical theory of pattern recognition is proposed. It is shown that technical diagnostics of machines
and mechanisms can be interpreted as the recognition of classes of technical condition of the object by the set of its
technical characteristics. At the same time it is established to what class the current recognized state belongs. The studies
highlighted against the background of the assessment of gear defects showed. Such studies have shown that in the early
stages of defect development there is a process when synchronous components do not grow, and all the extra power from
the defect is concentrated in asynchronous harmonics.

Bibl. 11, III. 1.

YOK 669.184.14

lfony6 T.C., MonyaHos /1.C., Cemukin C.I. [ocnipyKeHHA meToaiB BUMIpIOBAaHHA i3sMUHMX NOKa3HUKIB dakeny
B[OrOPAHHA AMMOBMX rasiB y KUCHeBomy KoHeepTepi // CydacHi npobnemu metanyprii, Ne 25 —2022. C. 183 — 191.

Y poboTi HaBeaeHi pe3ynbTaTn iSUHHOTO MOAENOBAHHA AOCAIAMKEHHA BMJIMBY 4acToK po3mipom 250-300 mm
pi3HOro ximiyHoro cknagy (Wo BiANOBIAAE KMUCHEBO-KOHBEPTEPHOMY MNPOLECY) Ha MOMKAMUBICTb peecTpauii Gi3snyHux
NoKa3HWKiB dhaKeny AONANOBAHHA: Tensonepeaadi, CBITMMOCTI (ACKPABOCTI) Ta €1IEeKTPUYHUX XapaKTEPUCTUK. BcTaHOBANEHO,
O Came BUMIp eNeKTPUYHUX XapaKTepUCTUK daKkeny AOroOpAHHA rasis Moxe ByTV BUKOPWUCTAHWUI Yy AKOCTI NapameTpy Aas
KOHTPOJIIO MpoLecy KOHBEPTYBaHHA 3aBAAKM OMEPaTMBHOCTI BM3HAYeHHA Ta BiACYTHOCTI 3HAYHOrO BM/IMBY Ha TOYHICTb
BUMIpY HaZ/IMLLKOBOI TeMnepaTypu i 3annneHocTi.

bi6n. 9, in. 3.

UDK 669.184.14

Golub T., Molchanov L., Semykin S.

Research of methods for measuring the physical parameters of the flue gas combustion torch in oxygen converter
// Modern problems of metallurgy, Ne 25 —2022. P. 183 — 191.

The paper presents the results of physical modeling of the study of the influence of particles with a size of 250-300
mm of different chemical composition (corresponding to the oxygen-converter process) on the possibility of registration of
physical parameters of the postcombustion torch: heat transfer, luminosity and electrical characteristics. It was established
that the measurement of electrical characteristics of the gas combustion torch can be used as a parameter to control the
conversion process due to the efficiency of determination and the lack of significant impact on the accuracy of
measurement of excess temperature and dust.

Bibl. 9, IlI. 3.

YOK 621.928.024.1

KoHoHoB [.0., €pmokpatbes B.O., B.A. YeueHeB B.A. EKcnepumeHTanbHe [OCHIAMKEHHA  pyxXy
enemeHTiB BiGpPaLiiiHOro rpoXoTy 3 eNacTUYHOK AMHAMIYHO-aKTUBHOW noBepxHeto // CydacHi npobnemu metanyprii,
Ne 25 -2022. C. 192 - 200.

MpoBeaeHO eKcnepuMeHTaslbHe AOCAIANKEHHA PyXy eNeMeHTiB BibpauiiHOro rpoxoTy Ta BW3HAYEHO OCHOBHI
KIHEMATUYHI XapaKTepPUCTUKN.

Po3pobneHo cxemy BUMIPIOBAZbHOTO KOMMIEKCY, B YMOBaxX pob0oTu N1abopaTopHoro BibpaLiiiHOro rpoxoTy (YactoTa
KoAuBaHb 25 U, MakcMmanbHa amnaityga 4 mm). 3anponoHOBaHO BMKOPMCTOBYBAaTM AatymMkm MPU 6050, ADXL345 Ta
MmikpokoHTponepis Arduino Nano abo STM32F103. Po3pobieHo HeobxigHe nporpamHe 3abesneyeHHs.

AHani3ytoun OTPUMaHi AaHi, MOXKHa 3pO6UTM BMCHOBOK LLO €1aCTUYHI e/leMEeHTU CUTa Y BEPTUKANbHIN NAOLWMHI
KOZIMBAETLCA 3 aMNAiTyAot0 2-2,5 pasu binblue, HiXk amnAiTyaa KoaMBaHHA Kopoba BibpaLiiHoro rpoxoTa.

bi6n. 5, in. 7, Tabn. 2.

230 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 25 — 2022

UDC 621.928.024.1

Kononov D., Ermokratiev V., Chechenev V. Experimental study of the motion of vibrating screen elements with
elastic dynamically active surface // Modern problems of metallurgy, Ne 25 —2022. P. 192 — 200.

An experimental study of the movement of vibrating screen elements was performed and the main kinematic
characteristics were determined.

The scheme of the measuring complex is developed, in the conditions of laboratory vibrating screen operation
(oscillation frequency 25 Hz, maximum amplitude 4 mm). It is recommended to use MPU 6050, ADXL345 sensors and
Arduino Nano or STM32F103 microcontrollers. The necessary software has been developed.

Analyzing the obtained data, we can conclude that the elastic elements of the sieve in the vertical plane oscillates
with an amplitude of 2-2.5 times greater than the amplitude of oscillations of the vibrating screen box.

Bibl. 5, ill. 7, table. 2.

YOK 669.162.63

LLlesueHKko A.M., Knucnakos B.I., ABockiH B.B., MaHauuH 1.0., YybiH K.I. flocniaKeHHA 3MiHM BMICTY CIpKM B YaBYyHi i
CKNagy WAAKYy Ha TEXHONMOrYHUX nepepobax Npu NOAroToBLi YaBYHY A0 KOHBepTepHOi naasku // CyyacHi npobaemum
metanyprii, Ne 25 - 2022. C. 201 - 219.

Y cTaTTi NpoaHani3oBaHO 3MiHY BMICTY CipKM B YaByHi Ta CKNagy LWAaKy B TEXHO/OMYHOMY NaHL03i MiaroToBu,
YaByHYy [0 KOHBepTepHoi naaBKW. Ha nigctasi pe3ynbTaTiB npoBefeHUX AOCNiAKeHb po3pobneHo Ta pekomeHA0BaHO
TEXHIYHi PilWeHHA Ta TeXHONOrYHi NPUIAOMK, CNPAMOBAHI Ha BUKAOYEHHA pecynboypalii yaByHy. ToukoBe 30HAOBE
CKaHyBaHHA 3pa3kiB KOBLIOBOTO WW/IaKy NOKa3aso, Wo B WaaKoBsii ¢asi nopag i3 cuctemamm tuny Ca0-Si02:-Al203 3 pisHum
CniBBiAHOLWEHHAM KOMMOHEHTIB, Wwo mMicTtatb 0,2—3,5 % cipku, BuasneHi cuctemm tmny CaxSiyAlz, wo mictate go 1 % cipku; y
«KOPOJIbKax» BMICT CipKM KonmsaeTbeA He 6inbw 0,1 — 0,85 % i y surnagi cynbodigis Tuny (Fe, Mn)S, nepesaxHo MnS,
NPUYOMY Y HEMETANIEBUX BK/IHOYEHHAX «KOPOJIbKIiBY» BUABJEHO BMICT CipkM He 6inbw 15—-30 %. MNpoBeaeHi [oChiaKeHHn
CKNAAiB CyXMX, PO3CUMYACTMX i PIAKMX CKAONOAIOHMX KOBLUOBMX LWAAKIB nicna aecynbdypalii nokasanu, WO BOHU He
3MiHIOOTb $a30BMIA CKNad, ane Ha BigMiHY Big, BMXiAHMX KOBLUOBMX LUNAKIB Yy LWAAKOBIMA ¢asi TakMX WaKiB nepeBaxkHO
npucyTHi cuctemm Tuny Ca0-Si02-Al203-MgO, 36arayeHi oKCMZaMN MarHito 3 NnepemiHHUM CNiBBiAHOLWEHHAM KOMMNOHEHTIB.
Mpu LuboMy CipKa y WakoBsii ¢asi Cyxmx WnakiB 3HaX04UTbCA B OCHOBHOMY Y BUIAAi komnaekcis (Ca, Mn, Mg, Al, Si)S, a'y
LWNAKoBIN ¢asi piaKMX WakiB B OCHOBHOMY Yy BUrAA4i MnS i pigwe y Burnagi komnnekcis (Ca, Mn)S. 3a pesynbTatamu
npoBeAeHUX MPOMUCIOBUX EKCMEePMMEHTIB Ha HW3Li nianpuemcte YKpaiHu Ta Kutato 6yno BcTaHOBAEHO, WO AnA
0BOMENKEHHS MPUXOAY CipKM A0 KOHBEPTEPHOi CTani 3i Wwnakom Ha pisHi <0,002 %, 3a/MWOK KOBLIOBOrO LWAAKY Micas
Aecynbdypalii He noBMHeH nepesuwysati 0,5 — 0,7 Kr/T 4aByHy.

bibn. 12, in. 3, Tabn. 2.

UDC 669.162.63

Shevchenko A., Kislyakov V., Dvoskin B., Manachyn I., Chubin K. Study of changes of the sulfur content in cast iron
and the composition of slag in technological processing during the preparation of cast iron for the converter melter //
Modern problems of metallurgy, Ne 25 —2022. P. 201 - 219.

The article analyzes the change in the sulfur content of cast iron and the composition of slag in the technological
chain of preparing cast iron for converter smelting. On the basis of the results of the conducted research, technical
solutions and technological techniques aimed at eliminating cast iron resulfurization were developed and recommended.
Spot probe scanning of bucket slag samples showed that in the slag phase, along with Ca0-Si02-Al203 type systems with
different ratios of components containing 0.2—3.5% sulfur, CaxSiyAlz type systems containing up to 1% sulfur were found; in
"beads" the sulfur content varies no more than 0.1 - 0.85% and in the form of sulfides of the (Fe, Mn)S type, mainly MnS,
and in the non-metallic inclusions of "beads" the sulfur content is no more than 15 - 30%. Studies of the compositions of
dry, friable and liquid glassy ladle slags after desulfurization showed that they do not change the phase composition, but
unlike the original ladle slags, in the slag phase of such slags there are mainly Ca0-Si02-Al203-MgO type systems, enriched
with magnesium oxides with variable ratio of components. At the same time, sulfur in the slag phase of dry slags is mainly
in the form of (Ca, Mn, Mg, Al, Si)S complexes, and in the slag phase of liquid slags it is mainly in the form of MnS and less
often in the form of (Ca, Mn)S complexes. According to the results of industrial experiments carried out at a number of
enterprises in Ukraine and China, it was established that in order to limit the introduction of sulfur into converter steel with
slag at the level of <0.002%, the remaining ladle slag after desulfurization should not exceed 0.5-0.7 kg/t of cast iron.

Bibl. 12, ill. 3, table. 2.
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