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JAepee’siuko LB., 2Kadanoc 0.B., 3a6o10mcuKux €E.0.
TexniuHa oniHka KapOiIOKPEMHIEBOIr0 MaTepiajty 3 10BITHOBJIECHOI

TeXHOT€HHOI CHPOBHMHH OCHOBHOT0 BUpPoOHUNTBa SiC
Derevyanko LV., Zhadanos 0.V., Zabolotskykh Y.0

Technical assessment of silicon carbide material from supplementary

reduced industrial raw materials of the main production of SiC

Mema. [lidsuweHuli iHmepec 0o Kapbidy KpeMHito, w0 criocmepieacmbCcs OCmaHHiM YacoMm, obymoerneHul He nuwe
lio2o 8UCOKUMU abpa3usHUMU erracmugocmsimMu, a U yHiKarnbHUMU hi3uKo-XiMiyHUMU xapakmepucmukamu. Mamepianu
ma eupobu, ompumaHi 3 8ukopucmaHHsM kapbidy KpemHito, Matomb piOKicHi enacmusocmi. BoHU Maomb 8UCOKY Me-
XaHi4YHy MiyHicmb ma menonposioHicmb, HU3bKUL KoeghiyieHm mepMiYHO20 pOo3WUpeHHs], cmiliki 00 XiMiYHO azpecus-
Hux cepedosuw, ma abpal3ugHo20 3HOWYB8aHHS y WUPOKOMY iHmepeari memnepamyp. YHikanbHi enacmusocmi SiC eu-
3Ha4Yaromb Hadwupwy cgepy Uto2o 3acmocysaHHsi: 8i0 8upobHuymea abpa3usHux iHCMpyMeHmig, 8ucoKkomemrnepa-
mypHUX Haepisadis, soeHempusKoi kepamiku 0o memannypeii. OcHogHa maca kapbidy KpeMHito supobrisembcsi y nevax
oropy no memody AdecoHa. OOHUM i3 numaHb fpouecy supobHuymea kapbidy KpeMHito € HU3bKUl 8uxid mosapHoi
npodykuyii wo cmaHosume 15-19% 6id macu 3agaHmaxeHHs. ToMy 3abe3rnedeHHs MakcumasibHo20 8Ux0ody npPooyKmy
ma 3HUXEHHS umpam CUPOBUHHUX Mamepiarie € 8anueum 8UpobHUYUM 3a80aHHSIM.

Memoduka. lMposedeHo nabopamopHi eunpobyeaHHs: Ons 8USHa4YeHHsI (i3UKO-MeXaHiYHUX eracmusocmel ompuma-
Ho2o KapbiokpemHitismiwyyto4o2o npodykmy. BukoHaHo peHmeeHogha3osull aHani3 o0ns ideHmudbikauii ¢pas, wo exo-
0smb Ao cknady docnidxysaHo2o 008iOHO8IEHO20 Mamepiarny.

Pe3ynbmamu ma Haykosa HosusHa. [ocnidxeHo Moxnusocmi ompumaHHsi kapbily KpeMHito memarypeiliHoi skocmi 3
8MOPUHHUX Mamepiarie enekmpomepmiyHux supobHuyms. posedeHi MikpocmpykmypHi i gpa3osi docnioxeHHs1 008i0-
HoereHoeo KapbidkpemHiliemiwyrodoeo Mamepiany. 3a pesynbmamamu OOCMiOKeHb 8U3HA4YeHO HarpsiMu 8UKOopUC-
MaHHS 3a3Ha4eHo20 rPoOyKmy.

lpakmuyHa yiHHICMb. 3any4eHHs y 8UpPObHULYMEO 8MOPUHHUX Mamepiasnie 0acmb 3HaYyHe 3HUXEHHS eumpam Ha Wu-
Xmosi Mamepianu ma 2o/108He — 3HU3UMb cobigapmicmb 20mo8oi MPoOyKuii, @ makox 00380/1UMb 8UPILLUIUMU €KOs102i-
YHi npobriemu pezioHie, e HaKOMUYUIIUCA mexHo2eHHi podosuuja 8ioxodis.

Knroyosi criosa. Kapbid kpemHito, niy ornopy, mexHoeeHHi podosulya, memnepamypHi 30HU, ¢hpoHM 8i0HO8I08aTbHUX
peakuiti, BmopuHHi Mamepianu.

The goal. The increased interest in silicon carbide observed recently is due not only to its high abrasive properties but
also to its unique physical and chemical characteristics. Materials and products obtained using silicon carbide have rare
properties. They have high mechanical strength and thermal conductivity, low coefficient of thermal expansion, are re-
sistant to chemically aggressive environments, and abrasive wear in a wide temperature range. The unique properties
of SiC determine the widest scope of its application: from the production of abrasive tools, high-temperature heaters,
and refractory ceramics to metallurgy. The main mass of silicon carbide is produced in resistance furnaces according to
the Acheson method. One of the issues of the silicon carbide production process is the low output of commercial prod-
ucts, which is 15-19% of the loading weight. Therefore, ensuring the maximum yield of the product and reducing the
consumption of raw materials is an important industrial task.

Methodology. The lab researches were conducted: for the detection of mechanical properties of obtained material that
contains silicon. The x-ray analysis for phases’ identification in the constitution of supplementary recovered material that
research was performed.

Results and scientific novelty. The capabilities of making of metallurgical quality silicon carbide from the electrothermal
industry secondary materials were explored. The microstructural and phase researching of supplementary reduced ma-
terial that contains silicon was conducted.

Practical value. Involving in the production of secondary materials will significantly decrease expenses for raw materials
and most importantly will reduce the cost price of production and additionally allow to solve the ecological issues of local
communities where artificial deposits were accumulated.

Keywords. Silicon carbide, resistance furnace, industrial deposits, temperature zones, front of reducing reactions, sec-
ondary materials.
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BcTyn. Kapb6ig KpemHilo € ogHUM 3 HanmBaXxnuvBi-
LIMX LWTYYHUX HeopraHiyHuX matepianis, SKUA LUNPO-
KO BMKOPWUCTOBYETLCH AN BUPOOHMLUTBa abpa3nBHMX
IHCTPYMEHTIB, BMCOKOTEMNEPATYPHUX Harpiadis, BO-
rHeTpuBKol kepamiku Ta B Metanyprii [1]. Binbwictb
BMPOOEHOro CBITOBOI NMPOMMCIIOBICTIO kapbigy kpe-
MHil0 OTPUMYIOTb CMOCOOOM, 3anponoHoBaHMM Adye-
COHOM HanpukKiHUi nosamuHynoro cronitta [2]. CyT-
HIiCTb cnocoby nonsirae y ByrneLeBOoTEPMIYHOMY Bif-

© Oeper’siHko |.B. — k.T.H., gou. YOYHT
XXaparoc O.B. — k.T.H., gou. YOYHT
3abonoTcbkux €.0. — acnipaHt YOYHT

HOBIEHHI KpeMHe3eMy 3a paxyHOK [KOYNeBoro Ten-
na, LWo BUAINSAETLCA NPU NPOXOKEHHI €NEeKTPUYHOro
CTPyMy 4Yepes KepH neudi. Tennosui NOTIK, WO YTBO-
pyvBCSA B KePHi, NMOLIMPIOETLCA i3 BHYTPILUHIX 30H nedi
BiJ KepHa y 30BHILLHI 30HW. 3a paxyHOK MporpiBaHHA
peakUiiHOi LUMXTK npouec KapbigoyTBOpPeHHs no4u-
HaeTbCA B MPUKEPHOBOMY LUApi, @ NOTIM NOLUNPIOETb-
Csl Ha cyMixHi 30HM [3]. CyMapHa peakLis ByrneLeBo-
ro npoLecy B3aeMO/ii KBapLIOBOro Micky 3 Byrneuem
Derevyanko I. — c.t.s., docent USUST

Zhadanos O. — c.t.s., docent USUST
Zabolotskykh Y. — PhD student at USUST
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Hadg)TOBOrO KOKCY Mae BUrMAA:
Si02+3C=SiC+2CO (1)

AG=555615-322,11T
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AG=0,npn T=1725K

MpuHuMnoBa cxema nepeTuHy camoxigHol nedi
onopy nicns enekTpoTepMiYHOro npouecy npeacrae-
neHa puc. 1.

Puc. 1. Cxema nepemuHy camoxiOHOI enekmponieyi oropy 0nsi odepxaHHs1 Kapbidy KDeMHito:
1 — cmiliku KpinneHHs1 6okosux wumis; 2 - 3HIMHI 6oKo8i wumu;
3 — eslekmpoKoHmMaKkmHi 8y3s1u (br1ok epaghimosaHux esiekmpodise); 4 - mopuesi CmiHKU 3 802HeMpPUBKOI ue-
enu; 5 — noduHa eamayHo20 murly eukiiadeHa 802HemMpPUBKoIo Uearor; (A — KepH; b - kapbid KpemHito; B —
amopah; I — 3pocmku; [ — cunokcukoH; E - wuxma, wo He npopeazysarna).

Mpouec BupobHUUTBa SiC OyXe eHeproMiCTKuM i
noTpebye Benukux eHepretTnyHux sutpat 7300-7600
kBTerog/t. 3a gaHumu [4, 5], yacTka eneKkTpu4Hoi
eHeprii B CTPyKTypi cobiBapTocTi abpasunsHoro kapbi-
Ay KpemHito ctaHoBuTb 50-60%. MNpu 3aBaHTaXKeHHi
wmnxToBnx MaTepianis 60-70 T, BMxig TOBapHOI Npo-
aykuii cknagae 10,5-11,5 1 (15-19%). 3oHanbHUM po-
3BUTOK BiQHOBNIOBANbHMUX NPOLIECIB 3YMOBIIHOE YTBO-
PEHHSI, KpiM LiNbOBOro NPOAYKTY Kapbigy KpemHito,
HM3Ky nobiyHMXx matepianiB (puc. 1), Aki xapakrepu-
3yI0TbCA Pi3HUM BMICTOM SiC Ta KifbKiCTIO JOMILLKO-
BMX okcuaiB. LLnxTa BepXHix roOpuU3oHTIB 3aBaHTaXeH-
HS (Tak 3BaHa 3BOPOTHA LUUXTA), ika He npopearysa-
na, nicna po3bopy BMICTy medi Ta BignoBigHOI Mmigro-
TOBKM BUKOPUCTOBYETLCA B MOEAHAHHI 3 BUXiAHUMM
YACTUMWN KOMIMOHEHTAMU LUNXTU O YEeproBux na-
Bok SiC. lNpu HakoMWM4YeHHi y 3BOPOTHIN LUNXTi LUKiA-
nMBMX ONsi OTpMMaHHS abpasuBHOro kapbigy Kpewm-
Hito okemais (CaO + AlO3 + Fe203 > 2%) yactuHa it
nepioaMyHO BUBOAMTBLCS 3 MpoLecy i € BiaBanbHUM
npoayKkTom 6e3 1oro ytunisadii.

B cyyacHux ymoBax 3aranbHOro BUpILLEHHS pe-
cypco3s0bepiraloumx 3agay B enektpoMeTanyprii npea-
CTaBnsie NPaKkTUYHUI IHTEPeC BWKOPWUCTaHHA BigBa-
NbHOI 3BOPOTHOI LUMXTWM AN OTpUMaHHA Kapbigy
KpEMHil0 MeTanyprinHoi SKocTi [6].

AHani3z nitepaTypHux gaHuUX Ta MNoOCTaHOBKa
npobnemu. [ocnigXeHHO cknagy MpOMUCIOBOrO
Kapbigy KpeMmHilo Ta NonyTHMX NPOAYKTIB BigHOBMEH-
HSA NpUCBSAYEHO psag pobiT, 3okpema [7], y sSknx HaBe-
AEeHO MeTOAOrOoriio Ta NpuBeAeHi NpakTUYHI pesynb-
Tatn pocnimkeHb. OAHaK AOCHIoKEHHIO MigaaBaBcs
NnepBUHHMI NPOMMUCNOBUW Matepian, a He OOBiAHOB-
NEHUN TEXHOTEHHUIN MPOAYKT.

MeTta i 3aBpaHHs pocnigxeHb. MeTtowo pgaHoil
poboTN € MIKPOCTPYKTYpPHI i ha3oBi gocnigXeHHs fo-
BiAHOBMNEHOro KapbigkpeMmHiiBMiLLytoHoro marepiany
Ta OLjiHKa Moro NoAarnbLLOro BUKOPUCTAHHSA B MPOMU-
CNOBOCTiI.

TexHiyHa ouiHKa KapbigokpemHieBOro marepi-
any. Y 3B’A3Ky 3 30HanbHMM PO3MoAinoM Temnepary-
pu B TOBLLj LUMXTN enekTponeyi ornopy AdyecoHa [3,4],
nopsig 3 TOBapHWUM MPOAYKTOM — KapbidoM KpemHito
rekcaroHanbHoi mMogudikadii (a-SiC), yTBOptoloTbCA
3BOPOTHI MaTepianu, wo Mmictatb B-SiC KyBiyHOiT MO-
andikauii.

Hocnign wogo oTpuMMaHHA Kapbigy KpewmHio 3
BTOPUHHMX MaTepianis NpoBoAUNNCA 3 BUKOPUCTaH-
HSIM BigBanbHOI LUMXTN OCHOBHOrO BMPOOHMLTBa ab-
pa3uBHOro kapbigy KpeMHito XiMiYHWIA cknag, siKoi Ha-
BefeHo y Tabn. 1.

Tabn. 1 — XimiyHun cknag maTepiany NpoOMUCIIOBKX BigBaris

BmicT kOMNoOHeHTIB, % mac.

Marepian sic C S0z Fex0s Al2Os Ca0
BifBanbHa LwuxTa .BVIp06HVILI,.TBa 15 20 48 6.1 35 12
abpa3snBHOro Kapbigy KpeMHIo
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Ak nokasye aHani3 martepiany, BiH He Bignosigae  pbidy KPEMHIilO 3 BUKOPUCTAHHSM BigBanbHUX MaTepi-
NPUAHATOMY AN BiAHOBMEHHSA NpY BUPOOHMLUTBI Kap-  anie, NpoBeAeHi B nevi TammaHa noTyxHicTio 60 kBT,
Oidy KpeMmHilo 3HaJyeHH BYINEeLeBoro MOAyns  OOKMagHO NPOBEAEHHS! eKCMEePMMEHTY OnucaHo B ny-

(Mc=37,5) Gnikauii [8].
M, =2C/(2C + 2Si0,) 2 OTpvMaHuii JOChigHUA OOBIOHOBNEHUA NPOOYKT
ae, XC — cymapHuUI BMICT BYrfeLto B LLUNXTI; 3a CBOIM XiMiYHUM cKnagom 6nusbkuii fo amopdy, Ta
XSi0, — cymapHuii BMICT Aiokcuay KpeMHito B MicTuTb, % Mmac.: 76,36 SiC, 6,3 SiOz, 5,6 AlzOs, 2,9
LUNXTI; Fe20s, pewrTa - gomiwkn. Bumip mikpoTBepgocTi npo-

Ta NignaraloTb KOPUIyBaHHIO BiOMoOBiAHO OO0 piB-  BOAWMIM METOAOM BiAHOBMEHOro BiAOWTKa 3a TexXHid-
HAHHSA (2). KopuryBaHHs cknagy WuXTU 3gicHioBan  Hummn Bumoramu ACTY ISO 6507-1:2007 3 Bukopuc-
rpaciTom. TaHHAM npunagy Zeiss MHP 160 (HaBaHTaxeHHs1 1,6

[ocnimkeHHs TepMmokiHeTUYHMX xapaktepuctuk  H). Okpemi doTorpaddii 3 Bigbutkamu iHaeHTopa Ha-
BiJHOBHOIO MPOLIECY OAEp)KaHHsi MeTanypriiHoro ka-  BeAeHO Ha puc. 2.

Puc. 2. Binbutku ingeHTopa B pisHUX dhasax AOBIOAHOBMNEHOrO kapOifOKPEMHIEBOrO maTepiany: a-CknoBuaHa
dasa, 6,B-kapbig KPeMHiIto.

PesynbTaTv BUNpobyBaHb HaBeAeHo y Tabn. 2

Tabn. 2 — PesynbTaTtv BUMipHOBaHHS MIKpOTBEPAOCTi Pi3HNX dha3 [OBiAHOBEHOMO
KapbigokpeMHieBoro marepiany

lNo3HayeHHs | da3za dcp, MKM HV HV, Mla
a cKroBuaHa pasa 19,4 786,0 7,7

o) SiC 11,6 2223,5 21,8

B SiC 11,3 2304,8 22,6

B SiC 11,6 2214,1 21,7

HocnimkeHHs dasoBoro cknagy [oBigHoBrieHoro  HioBaHHi Cu-Ka npu U=30 kB, 1=20 MKA. Pe3ynbTatu
KapbigokpeMHieBOro MaTepiany MNpPOBOAUNNCS HA  PEHTreHiBCcbKoro hasoBOro aHanidy npeactaBreHi Ha
ycraHoBui JPOH-3 y xapakTepuctudHomy BWUMPOMi-  puc. 3.
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AHanis BuLlEeHaBedeHO! peHTreHorpaMy MnokKasye,
LLIO AOBIAHOBMEHWIA NMPOAYKT XapaKTepusyeTbCA Hasi-
BHicTIO NiHin SiOz2 - B-TpnammiTy, WO He npopearysas,
SiC npegcraBneHuin B OCHOBHOMY KybiuHOH Moandi-
Kauieto B-SiC a Takox a-SiC 4H. Y pocnigHomy npo-
OYKTi Y HE3HauHIn KinbKocTi npucyTHi niHii 6H, 15R Ta
51R nonitunie. Po3MUTICTb AesKNX NikiB CBig4MTb Npo

30.00kV__ x50.0

WD=69.4mm

30.00kV _ x100

sk ¢ ISSN 1028-2335 Ne2, 2023

HasIBHICTb Yy 3pasky nceBgoMopdo3 Kapbigy KpemHito
no Byrneuto.

3 MeTo BCTaHOBIEHHST hOpMK KpucTanis kapbi-
Ay KPEMHil0 B JOBIAHOBMEHOMY MPOAYKTi NpOBEAEHO
doTorpadpyBaHHs maTepiany 3a OONOMOroK enekT-
POHHOrO CKaHyk4oro Mikpockony, coTorpadii npu-
BeJeHo Ha puc.4

R

Puc. 4. Mikpoghomoepaabii penbeghy nogepxHi 0o8idHo81eHHO20 KapbiOoKpeMHie8o20 Mamepiary 3 Pi3HUM
36inbweHHsAM; a) x50; 6)x100; 8)x200

Ak BuagHO 3 puc 4 martepian npeactasnse coboro
MOPOLLOK 3 YaCTUHKaMW HenpaBuibHOI opmu nepe-
BakHO posmipamu Big 0,05 go 0,2 mm. AHanisdytoun
BULLE HaBedeHe 3as3Ha4YeHUn OO0 BiOAHOBEHWN MaTe-
pian MoXe BMKOPUCTOBYBaTWUCb B ckragi kapbigokpe-
MHIVBMILLytOYMX BOTHETPUBIB Takmx K LUaMOTOKap-
OopyHOoBI Ta AnHacokapbopyHoBi [8].

BucHOBKM: npoBeaeHi MIKPOCTPYKTYPHI i da3oB.i
OOCHNiIKEHHA OOBIOHOBMNEHOrO KapbigKpeMHinBMiLLy-

toyoro matepiany. [okasaHo, WO OTpUMaHun NPoayKT
3a CBOIM XiMiYHUM cknagom 6nm3bkuin 4o amopdy Ta
He BianoBigae BMMoOram, WO npea'siBnsawTbCca Ao ab-
pa3svBHOIO Kapbigy KpPeMHilo 3a NOMiTUNHUM CKIagom,
npoTe MOXe BMKOPUCTOBYBaTWUCA B MeTanyprii, Ans
BMpOOHUUTBa BOrHeTpuBiB. B noganbwunx pobotax
nepenbayeHo gocnign no 3darayeHH0 OOBIAHOBIIEH-
HOro KapOigKpeMHIMBMILLYHOYOro maTtepiani 3 MeTo
nigsuLLeHHs BmicTy SiC.
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BB TemMneparypu HarpiBy Ta HIBUAKOCTI 0X0JI0[AKeHHA HA (hopMYy-

Influence of heating temperature and cooling rate on the formation of
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PDinoHenko H.I0., ba6auenko 0. L., KonoHeHnko I'. A., Boaiuyk B.M.

BAHHSI CTPYKTYPHMX CKJIQJ0BHX CTAaJIell NPHU 3aTBepAiBaHHI

Filonenko N.Yu., Babachenko 0.1, Kononenko G.A., Volchuk V.M.

structural component steel during hardening

@opmysaHHsI CmpyKmypHUX CKnadosux MoYuHaembcs npu 3ameepodieaHHi cmarel. Tomy eaxnueo docnidumu ernnug
memnepamypu Hagpigy ma weudkocmi 0X0rnodXeHHs1 po3rnasy Ha hopMysaHHs CmpPyKmypHUX ckrnadosux cmaned.
Mema docnidxeHHs. [ocnidumu ennue mepMOKIHeMUYHUX ¢hakmopie Kpucmarnisauii (memnepamypu Hazpigy po3r-
nagy ma weudKocmi OXOMIOOXeHHs)) Ha (hopMy8aHHS CMpPyKmypHUX ckiadosux, fikeauito ernemeHmis, Mopgoroeito
OdeHOpumie. Memoduka. [Jnsi seusHadyeHHs1 ocobnusocmell CmpyKmypHO20 cmaHy cmasel 8UuKopucmosysasu MiKpo-
cmpyKkmypHuUU, MIKpopeHmaeHocrnekmpabHUl, PeHMa2eHOCMpPyKmMypHUU aHasni3u ma mpasrieHHs1 M08EpXHi 3paskie Hi-
maneM ma 2aps4uM po34UHOM nikpamy Hampito. Pesynbmamu. B pobomi npogedeHe O0ocriOxeHHs 3pa3kie cmarnel
6nusbko2o ximiyHo2o cknady: BJ13 ma nicns Hazpigy euwe niHii nikeidycy Ha 50 °C ma 150 °C, ma oxonodxeHHs 3i
weudkocmsamu 10-10*°C/c. MNopigHrosanu Mopghosnozito ma posmipu deHdpumig 3aniza, cmpykmypHi cknadosi cmarnel
BJ13 ma nicns Haepigy auuie niHii nikeidycy Ha 50 °C ma 150 °C ma oxonodxeHHs 3i weudkocmsmu 10-10%°C/c. Ha-
yKoea Hoeu3Ha. BcmaHosneHo, wo Hazpie suwie niHii nikeidycy Ha 50 °C ma 150 °C ma oxonodxeHHs 3i weudKoc-
mamu 10-10*°C/c ennueae Ha Mopghosiozito, poamipu, MixAeHOpuMHuli npomixok deHOpumie 3aniza. icrs Hazpiey Ha
50 °C, 150 °C ma oxonodxerHs 3i weudkocmamu 10 °C/c 8i0bysaembcsi 3MeHWeHHs1 po3amipie 0o 50—60 % deHOpu-
mie ma mix0eHOpumHoi eidcmani 8o 30-40 %, y nopieHsHHI 3 BJ13 8 ueHmparnbHit YyacmuHi. [pu Haegpiei Ha 50 °C ma
weudkocmi oxonodxerHsi 10°°C/c criocmepizanu ymeopeHHsi okpemux OeHdpumis, W0 Manu MeHwWi po3Mipu ma Mix-
OeHOpumHy 8idcmaHs y ropigHsiHHI 3 BJ13 npu mux camux weudkocmsix oxonooxeHHs. [lpu memnepamypi Haepigy 150
°C ymeopeHHs1 okpemux OeHOpumig, wo He Maromb gici Opy2020 rnopsidKy, 8idbyesaembcs exe rnpu weudKocmi 0Xoso-
OxeHHs1 10?°C/c. Kpim ubo2o, criocmepizarnu 3MeHWeHHsT 8 MiXOeHAOPUMHOMY POCmopi eMicmy MapaaHulo ma Kpem-
Hito, y nopigHsiHHI 3 BJ13 npu 8cix weudKkocmsix 0xono0xeHHs. Lle cgid4ums npo binbw pieHoMipHUl po3nodin mapeaH-
U0 ma KpeMHiro MiX cmpykmypHumu cknadosumu. lMpakmuyHa 3Ha4dumicmb. BukopucmaHHs OmpuMaHux pesyrib-
mamie 003801UMb PO3pPObumMu mexHosnoeii ompumarHHs cmanel 3 6inbw 00HOPIOHOK CMPYKMYPOIO.

Knroyoei crnoea: 6e3snepepsHo numi cmani, deHOpumu 3arnisa, Mikpoceapeaauisi MapeaHUuto ma KpemHito, Haepig suuje
TiHiT 11ikgidycy, WeUdKICMb OXONMOOXEHHS.

The formation of structural components starts with the hardening of steels. Therefore, it is important to study the
influence of heating temperature and cooling rate of the melt on the formation of structural components of steels.
Purpose of research is to investigate the influence of thermokinetic crystallization factors (heating temperature and
cooling rate of the melt) on the formation of structural components, the liquation of elements, and the morphology of
dendrites. Methods. Microstructure test, X-ray microanalysis, X-ray diffraction analysis and surface etching of samples
with nital and a hot solution of sodium picrate were used to determine the peculiarities of the structural state of steels.
Results. In the paper, a study of steel specimens of the similar chemical composition is carried out: after continuous
casting and after heating above the liquidus line to 50°C, 150°C and cooling at rates of 10-10* °C/s. The morphology of
iron dendrites and structural components of steels after continuous casting and after heating above the liquidus line to
50°C, 150°C and cooling at rates of 10-10 * °C/s are compared. Scientific novelty. It is found out that heating above
the liquidus line to 50°C, 150°C and cooling at rates of 10-10*°C/s affects the morphology, sizes, and interdendritic
space of iron dendrites. After heating to 50°C, 150°C and cooling at the rate of 10°C/s, the size of dendrites decreases
to 50-60% and the interdendritic space to 30-40%, compared to the continuous casting in the central part. During
heating to 50°C and at cooling rate of 10°°C/s, we observe the formation of individual dendrites, which have smaller
sizes and interdendritic distance compared to continuous casting at the same cooling rates. At heating temperature of
150 °C, the formation of individual dendrites, which do not have second-order axes, occurs already at cooling rate of
10%°C/s. In addition, we observe a decrease in the content of manganese and silicon in the interdendritic space
compared to the continuous casting at all cooling rates. This indicates more uniform distribution of manganese and
silicon between the structural components. Practical relevance. The use of the results obtained will contribute to
development of technologies for obtaining steels with a more uniform structure.

Keywords: continuous cast steel, iron dendrites, microsegregation of manganese and silicon, heating above the
liquidus line, cooling rate.
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Beryn.

Ha skicTb i kiHUeBi BnacTnBocTi BMPOOGIB 3i KOHC-
TPYKUINHNX CTanen BNNuBalOTb MIKPOCTPYKTYPHI 3Mi-
HW nig Yac npouecy KpucTanisauii ctanen. BusHa-
YeHHs1 ha3oBoOro ckragy, AUCNepPCHOCTI CTPYKTYPHUX
CKNagoBuX NpW 3aTBepAiBaHHi cTanen € ayxe Bax-
TNMBUM i KOPUCHUM AN1S1 OTPUMAaHHS OaXaHux BriacTu-
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BOCTEWN MaTepiany.

Ak BigOMO, AeHAPUTHUIA TUN KpucTanisadii, oguH 3
HaMbINbL PO3MOBCIOIKEHUX BUAIB TBEPOHEHHS Me-
Tanis Ta cnnasiB. 3 niTepaTypHUX [xepen BiAOMO,
O MepLUi PUCYHKM OeHOpwTiB 3aniza bynu 3pobneHi
Zannichelli B8 1713 poui, KM HanncaB y CBOIW KHW3
«De Ferro Ejusque Nivis Praeparatione», wo mop-
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donoris geHopuTiB 3anisa nogidbHa go mopdornorii
neopny [1-2]. ABTOpK po6IT [1-2] HaBOOATL pe3ynbTa-
T JOChidKeHb HAYKOBLIB LLOAO YTBOPEHHS, pOCTY
aeHaputie noumnHaroum 3 1800 ctonitta no 2018 pik.

Bigomo, 110 Kpuctanu B po3nnaei pocTyTb B Ha-
nNpsiMKy, NepneHauKynsapHoMy A0 (OPOHTY KpucTani-
3auii [3]. B 3anexHocTi Big xiMivyHOro cknagy crani Ta
LLIBUOKOCTI OXONOMKEHHS Mpu TBEpAiHHI BinOyBa€eTb-
Csl YTBOPEHHS: OeHOPWTIB, BY3riB, NOAOBXEHMX BY3-
niB, 4BOPO3MIpPHNX KOMIPOK, rekcaroHanbHUX KOMipoK,
HeperynsipHMX KoOmipok [1-4].

MexaHi4yHi Ta cneuianbHi BNACTUBOCTI MeTanis
3Ha4YHOIO MIpPOIO 3anexaTb Big po3MmipiB Ta Mopdosio-
rii aeHopwTiB, NikBauii xiMiyHMX enemeHTiB [4]. 30i-
NbLUEHHS OUCNEepCHOCTI  OEeHOPUTHOI  CTPYKTYpu
Crpu1sie NOMIMNLWEHHI0 MILHOCTI Ta NAacTUYHOCTI [4].

3 nitepaTypHuX mKepen BiOOMO, O LWBUAOKICTb
OXONOMMKEHHA BNNMBae Ha MopdOrorito AeHOPUTIB
[4—6]. MNMpu MeHWNX WBNOKOCTAX OXONOMKEHHA (iK-
cyBanu AeHAPUTHY PiBHOBaxKHY MOPAOMOrito, a npu

JIleopis i NPaKMUKg Memarypeii

30iMbLUEHHi LIBUOKOCTI OXONOMKEHHS NEpPEBaXHO yT-
BOpPIOKOTbCSA cToBnYacTi aeHaputn [4—6]. Kpim uboro,
npy 30iNblUEHHI LUBUAKOCTI OXONOMKEHHSI CrocTepi-
ranv 3MeHLLEHHs1 po3MipiB Ta 06’€MHOI YacTku nep-
BUHHUX aeHapwTiB [4, 7-8].

AsTopn pobotu [9-10] nokaszanu, WO 3i 36inb-
LWEHHAM LIBMAKOCTI oxonomkeHHs Big 0,19 °C/c po
6,25 °C/c BigcTaHb MiX rifikamyM BTOPMHHOIO AeHapu-
Ty 3MeHLUyeTbes 3 68 Mkm o 20 MkM, a o6’emHa yac-
TKa NEPBUHHOIO OEHAPUTY 3MEHLLYETLCS NPUBMN3HO
Ha 5 %. Kpim Toro, 30inblUEHHsI LIBWOKOCTi OXOno-
[PKEHHS CrpUsie 3MEHLLEHHIO po3MipiB Ta Ginblu piB-
HOMIpPHOMY PO3MOAISY BKNOYEHb.

MeToro po60oTu Gyno OOCNiMKEHHS 3aKOHOMIPHO-
CTeln BNANBY TEPMOKIHETUYHNX (PaKTOPIB KpucTanisa-
Lii Ha mopdonorito Ta po3Mipn AeHApuUTIB 3anisa,
CTPYKTYpy CTanem.

Marepian ansa gocnimxeHb. B aaHi poboti npo-
BOAMINM AOCHIIKEHHS BYrneLeBol cTani 3anisHU4YHOro
npu3HayveHHs (tabn. 1).

Tabnuus 1

Bmicm xiMidHUX ennemeHmig 8 0ocniOHuUx cmansax % (mac.)
YMOBHe nosHaveHHs | C Si Mn | P S Al Ti V
1 0,56 | 0,20 | 0,70 | 0,009 | 0,004 | 0,010 | 0,009 0,011
2 0,58 | 0,27 | 0,67 | 0,016 | 0,0065 | 0,014 | <0,0015 | 0,0032

B Tabn. 1 HaBeaeHo XximMivHWIA cknag Ge3nepeps-
HoOMMTOI 3aroToBkM (ctani Ne 1), akun OyB BU3HaYe-
HWA 3a kiBwWeBow npoboto B  nabopatopii
TOB «M3 «HINMPOCTAIb».

LBMaKiCTe OXONoMKeHHs1 3paskiB ckragana Big
103 °C/c y oxonomxyBanbHOMy BOOI KpucTanisatopi
B 30Hi NEPBUHHOIO OXONOAXeHHs. LLBMAaKicTL oxono-
DKEHHS B 30Hi BTOPUHHOMO OXOJNOKEHHSA MeTany 3a-
rotoBku & 470 mm 3MiHOETLCA Big 29 Ao 1 °Clc.

Hocnigni npobu ctani Ne2, BurotoBneHoi B nabo-
paTopHUX ymoBax, HarpiBanu Ha 50 °C (Tw=1550 °C)
Ta 150 °C (T+=1650 °C) Buwwe niHii niksigycy Ta 3a-
nvBanuM B KIWHOBWAHY nwvBapHy ¢opMy. YMOBHO
KIMMHW MOXHA PO34iNnMTH Ha TpY YacTuHU, WO MakTb
Pi3Hi LUBWOKOCTI OXOMOMKEHHSA — «TOBCTY», LIO Mae
LWBMAKICTb oxonomkeHHs ~ 102 °C/c, cepegHio ~ 102
°C/c Ta ToHky ~ 103 °C/c.

LLinidpm 3pa3kiB 3i ctanen 1 Ta 2 BMKOHanu 3a cra-
HOAPTHOIO METOOMKOI, TPaBfEeHHs1 MOBEPXHi 3paskKis
30IACHUIIM  rapsiuMM PO3YMHOM MiKpaTy HaTpito (4ns
BM3HAYeHHs Mopdororii AeHAPUTIB Ta AINSHOK 3 ce-
rperauieto KpeMHilo Ta mapraHuto, siki opMyoTbes
nig Yac KpvcTanisauii Ta po3TalloBaHi y MbKaeHapuT-
HWX MPOCTOpax) Ta HiTanem.

MeTtanorpadivyHuin aHania BUKOHaHO Ha CBITNOBO-
My (onTuyHoMmy) mikpockoni «Axiovert 200 M MAT»
BMpoOHUUTBa dhipmun «Carl Zeiss».

MikpopeHTreHocnekTpanbHUin aHania BUKOHaHO 3a
AO0MOMOroK aHaniTM4HOro aBTOEMICIMHOMO pacTpoBO-
ro enekTpoHHoro Mikpockona «Zeiss Ulrta PLus» Bu-
pobHuuTtBa dipmn «Carl Zeiss» (HimevumHa) 3 npuc-
TaBkoto Aans mikpoaHanisy «INCA Penta FETx3» Bu-
pobHuuTtBa komnaHil «OXFORD Instruments». PeHT-

reHOCTPYKTYPHUA aHani3 3gincHioBanu Ha gudpak-
TomeTpi OPOH-3 y MoHoxpomaTtusoBaHoMmy Fe-Ka
BUMPOMIHIOBaHHI.

3. PeaynbTat Ta 06roBopeHHsA

HocnimpkeHHs geHOpWTIB po3vuHY 3anisa crani
Ne1, ki yTBOPUNMCb B LieHTpanbHin YactuHi B3 npu
weuakocTi oxonomkeHHss 10 °C/c npeacTtaBneHi Ha
puc. 1, a. CepegHin posmip geHaputis 6ys 250-280
MKM, @ BiACTaHb MiX geHgputammn 25-35 mkm. B cta-
ni Ne2 micns HarpiBy Bulle TemnepaTtypu nikeigycy
Ha 50110 °C T1a oxonomkeHHsa 3i wBuakictio 10 °Clc
BiAOynocb yTBOPEHHS AeHAPWTIB, Lo Manu Bici 1 1a 2
nopsaaky (puc. 1, 6). 30inblweHHA TemMnepaTypu Ha-
rpisy BuLle niHii niksigycy go 50+10 °C Ta oxono-
DxeHHs 3i weunakictio ~10 °C/c npu3BoauTb A0 YTBO-
PEHHST OeHOpWTIB, BiACTaHb MiX rinkamm gkux Oyna
4-5 mkmMm, a poamipy Ha 40—45 % meHLwi, Hix npu BJ13
3a TUX Xe YMOB OX0nomkeHHsi (puc. 1, 6). MNpwu Harpi.i
BuLe niHii nikeigycy oo 150+10 °C 3meHwWyoTbCA Bi-
ACTaHb MiX rinkamu o 3—4 MKM Ta po3mipu AeHapu-
TiB Ao 120-130 MKM, y NOPIBHAHHI 3 AeHApUTaMK 3a-
niza BN3 (puc. 1, B).

Ak BMAHO 3 puc. 1, 4OAAaTKOBUMA HarpiB BULE NiHii
niKBigyCcy Cnpusie 3Ha4YHOMY 3MEHLLEHHIO PO3MIpIB Ta
MiXXOEHAPITHOrO NPOCTOpY MiX AeHApuTamu TBepao-
ro sanisa.

Mpn  30iMblUeHHi  LWBWOKOCTI  OXONOMAXKEHHS
~102°C/c gnst ctani Ne1 BigbyBaeTbCsl 3MEHLLEHHS
poamipis geHgputis Ha 50-55 % Ta MmixaeHApiTHOI
BiactaHi Ha 30-35 %, y MOPIBHSAHHI 3i LUBUAKICTIO
oxonomkenHst 10 °C/c (puc.2, a).
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Puc. 1. Mikpocmpykmypa 3pa3skig: a) bJ13 cmani Ne1 e ueHmparnbHil YacmuHi; 6) npu Hazpiei cmarni Ne2
Ha 50 °C suwe memnepamypu nikgidycy ma oxono0xeHHs 3i weudkicmio 10 °C/c; 8) npu Hazpisi cmarni
Ne2 na 150 °C suwe memnepamypu nikgidycy ma oxonodxeHHs 3i weudkicmio 10 °C/c, x100

Puc. 2. MikpocTpykTypa 3paskiB: a) bJ13 ctani Ne1 B ueHTpanbHin YactuHi; 6) npy Harpisi ctani Ne2 Ha
50 °C BuLye TemnepaTypu nikBigycy Ta oxonomkeHHs 3i weugkicTio 102 °C/c; B) npu Harpigi Ha 150 °C Bu-
LLle TeMnepaTypm NikBigycy Ta oxonomkeHHs 3i weuakictio 102 °C/c, x100

Mpun Temnepartypi Harpiy go 50 °C ta 150 °C Bu- 100 mKMm, a BigCTaHb MiX rinkamu AeHAPUTIB ckraga-
e niHii nikBigycy Ta LWBWMOKOCTI OXONOMKEHHS  Jia 5—7 MKwm.
~102°C/c ctani Ne2 yTBOptOETbCA AeHAPUTU, Anucnep- B crani Ne2 nicnis HarpiBy Ha 150 °C cnocTepiranu
CHICTb Ta MiXXOeHApITHA BiACTaHb SIKMX Oy4e MEHLUOK  YTBOPEHHSI OKpeMux AeHapuTiB po3mipom 100-130
y nopiBHsiHHI 3 BJ13 (puc. 2, 6, B). lNicnsa HarpiBy Ha 50  MKM, a BigcTaHb MiX rinkamu geHapuTiB cknagana 4—
°C Ta oxonomkeHHs po3Mip AeHapuTiB cknagas 90—
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6 Mkm (puc. 2, 6, B). B geHgputax 6ynu BigCyTHi Tinku
Opyroro nopsaky.

B crani Ne1 npu 306inblUeHHi LIBWOKOCTI OXOJIO-
[keHHst oo 103 °C/c cnocTtepirany 3aMeHLLEHHS po3Mi-
piB Ta MibKOEHAPITHOrO NpocTtopy AeHapuTie. Po3mip
nenapuTie cknae 90-100 mMKkm, a BigCTaHb MiX rinka-
M 9—11 mkm. pu TemnepaTtypi Harpisy Ha 50 °C
BUMLLE MiHil NIKBIAYCY YTBOPIOETLCA ASHOPUTU PI3HOIO
PO3Mipy, y SKWUX BIOCYTHI Mifkv 2 NOPSAKY.

36inbLieHHs Temnepatypu Harpisy ctani Ne2 Bu-
e ninii niksigycy Ha 150 °C Ta WBWAOKOCTI OXOno-
[keHHst oo 10 2°C/c npu3BoanTb 00 YTBOPEHHS Apio-
HOOMCMEPCHOI CyMili AeHapuTiB, O Manu poamipu
50-70 MKM, a BigCTaHb MK AeHOpuTamMu ckragana
3—4 mkm. (puc. 3, B).

Cnig 3asHauuty, WO 36inblUeHHs TemnepaTypu
Harpiey Ha 50 °C 1a 150 °C Buwe niHii niksigycy
npu3BOaNTb A0 30iMblUEHHSA OUCNEPCHOCTI AEHAPUTIB
3anisa, 3MEHLUEHHSA MKOEHOPUTHOI BiACTaHi.

b e SN Y
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Taknm 4nHOM, HarpiB cTani Buwe niHil niksigycy
CNpusie YTBOPEHHIO HEOQHOPIAHOro TemnepaTypHOro
Mons, yCKNagHIE YyTBOPEHHS 30HU KPYMHMX AeHOpu-
TiB, WO NpU3BOANTb A0 (HOPMYBaAHHS OKPEMWX KPUC-
Tanis.

3 niTepaTypHuX [mxepen BigOMO, WO MapraHelb
Ta KPEeMHIN nig Yac pocTy AEHAPUTIB HaKOMUYYHTLCS
B MixgeHaputHoMmy npoctopi [11]. Ona geHgpuTis
BJ13 npun weuakocTi oxonomkeHHs 10 °C/c 6yB Bu-
3Ha4eHun BmicT mapraHuto 0,25 % (mac.), a KpemHito
- 0,42 % (mac.). B mixxgeHopuTHOMY MPOCTOpi BMICT
mapraHuto 3poctae o 0,75 % (mac.), a kpeMHito o
0,62 % (mac.). Mikpocerperauis 6yna 6inbw Bupaxe-
Hoto ang ctani Ne1 npw LWBWAKOCTI OXONOOXKEHHST 0
102 °Cl/c, wo wmMoBipHO BiabyBaeTbCsA Yepes TpuBany
3BOPOTHY Audysito, sika Mae Micue npu NoBiNbHUX
LLIBUOKOCTSAX OXONOMKEHHS [7].

Puc. 3. MikpocTpyktypa 3paskiB: a) BJ13 crani Ne1 B ueHTpanbHi YacTuHi; 6) npu Harpisi ctani Ne2 Ha
50 °C BuLLe TeMnepaTypm NikBigycy Ta oxonomkeHHs 3i weuakictio 102 °C/c; B) npm Harpisi Ha 150 °C Buwwe
TemnepaTtypu nikeigycy Ta oxonomkeHHs 3i wauakictio 102 °C/c, x100

[Onsa crtani Ne2, aka mana HarpiB Ha 50 °C Buwle
Temnepartypu nikBigycy Ta LUBMAKICTb OXONOMKEHHS
10 °Cl/c B peHpgpuTtax BMIicT mapraHuto 6yB 0,34 %
(mac.), a kpemHito — 0,45 % (mac.); B MiXXaeHApUTHO-
My npocTtopi mapraHuio o 0,42 % (mac.), a KpemHito
0o 0,48 % (mac.). 36inbweHHA TemMnepaTypuy Harpisy
BULLe NiHii NikBigycy npn3BoauTb A0 BinbLu piBHOMIP-
HOro pO3MOoAiNy BMICTY MapraHulo Ta KPEeMHIil0 MK
CTPYKTYPHUMMU CKNagoBummn cTani. TakuMm 4YuHOM,
TEPMOKIHETUYHMI pakTop (Harpie Ha 50 °C Ta

150 °C BuLLe nNiHii nikBigycy) 36inbLlye rpagieHT Tem-
nepartypu y po3nnasi, 3MeHLUyt4M abo NOBHICTIO Nik-
BiQyHOUM KOHLIEHTpaUiiHe NepeoXONOMKEHHS poa3n-
nasy, L0 NpU3BOANTb 0 3MEHLLEHHS Mikpocerpauii y
MiXXOEeHAPITHOMY NPOCTOPi.

MikpocTpykTypa ctani Ne1 noBepxHeBOi 30HM Mic-
TUIa MapTEHCUT Ta CNoCcTepiranu yTBOPEHHsT HacTyn-
HUX ¢pas: cknagHun kapbig — FeosMnzeC, FeSiC Ta
pasun — FesSis, Feoes Mne 4 Siz,1 (puc. 4)
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Pwuc. 5. MikpocTpykTypa gocnigHoi ctani Ne 2 nicns Harpisy go temnepatypu 150 °C Buie niHii niksi-

Oycy Ta oxomnogkeHHsi 3i wemakictio 108 °C/c, x1000 (a), andpakrorpama (6)

OxonomxeHHs 3paskiB ctani Ne2 nmicnsi HarpiBy Ha
150 °C Buwe niHii nikeigycy 3i wewnakictio 103 °C/c
Npu3BOaWUTb OO0 3MEHLUEHHS 06’EMHOI YacTkM Tpooc-
TUTY Ta PO3MIpPIB OKPEMUX BKMHOYEHb, 30iMNbLUEHH0
andepeHLUiloBaHHA MapTEHCUTY, Y MOPIBHAHHI 3i 3pa-
3Kamy 3 MEHLLOK LUBUAKICTHO OXonomkeHHs (10-102
°Clc) (puc. 5). BkntodeHHa posmipamu <0,2—0,5 Mkm
po3TaLloBYOTbCA BinbL piBHOMIpHO. Cnig 3a3Hauu-
W, WO CTPyKTypa cTani ctana 6inbw ogHOPIHOM, Y
nopiBHsHHI 3 BJ13.

BucHoBkuM

BcTaHoBneHo, Wo Harpis BuLe NiHii NikBigycy Ha
50 °C, 150 °C T1a oxonomkeHHs1 3i wBuakoctsamm 10—
104°C/c BnnuBae Ha mMopdororito, po3mipu, MixaeH-
OPUTHUIA NPOMIKOK AEHAPUTIB.

Micnsa Harpisy ctani Ha 50 °C BuLle niHii niksigy-
Cy Ta oXonomKeHHs 3i wemakoctammu 10—102 °C/c Bi-
A0yBaeTbCA 3MEHLLEHHA po3MipiB AeHapuTiB Ha 50—

0
20 30 40 50 60 70 80 90 100 110

120 130

60 % Ta mbkgeHapuTHoi BiacTaHi Ha 30—40 %, y no-
piBHSAHHI 3 BJ13.

Mpw Harpisi Ha 50 °C Ta WBMAKOCTI OXONOAKEHHS
10%°C/c cnocTepiranu yTBOPEHHSI OKPEMUX AeHOpW-
TiB, LLIO HE Manw rifnku apyroro NopsaKy.

Harpis Ha 150 °C Buwe niHii nikBigycy ta oxono-
DKeHHs 3i weugkoctammu 102-103 °C/c npuBoguTb A0
YTBOPEHHSA OKPEMUX AEHAPUTIB, O He Manu Bici Apy-
roro nopsaky. KpiMm Lboro, cnocrepirany 3MeHLeHHs
po3MipiB AeHAPUTIB Ta MiMKEHOPITHOI BigcTaHi. B
MDKOEHAPUTHOMY MPOCTOPi 3MEHLLYETLCH BMICT Map-
raHUul Ta KpeMmHito, Yy nopiBHaAHHI 3 BI13 npu Bcix
LIBMOKOCTAX oxonomkeHHsi. Lle ceiguntb npo GinbL
PIBHOMIPHMIA PO3MNO4inT MapraHuld Ta KPEeMHilo Mix
CTPYKTYPHUMU CKIagoBMMK cTani.

MokasaHo, o HarpiB Ha 150 °C cnpusie yTBopeH-
HIO Oinbll OOHOPIOHOI CTPYKTYpU Ta CTPYKTYPHUX
CKIaZoBUX.
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Analysis of the mechanism for the occurrence of a functional response

during plastic deformation of metals and their alloys

Mema. YdockoHaneHHs memody MpOeKmy8aHHs MEXHO/02iYHUX orepayiti deghopMysaHHs Memarige ma ix crnasie
WINsIXoM 8CMaHO8/EHHs (QYHKUIOHarIbHO20 38’A3Ky MK napamempamu CUsio8020 6rusy ma Xxapakmepucmukamu
rpupodHoi OeghopmauitiHoi noeediHKU 3a20MOBOK y MPOUECH iX hOPMOYMEBOPEHHS.

Memoduka. BukopucmaHo kombiHosaHull aHanimu4Hul nioxid, 3acHoeaHul Ha cuHmesi pesyrnbmamie ¢hyHOameHma-
TNIbHUX ma rpuknadHux 0ocrnioxeHb y 2any3i gisuku degpopmosaHo2o0 meepdo2o mina ma mexHosoeii 06pobku mema-
J1i8 MUCKOM, @ maKkox y CYMIDKHUX 2as1y3sX npupodo3Hascmea.

Pesynbmamu. lMoka3aHo, wo xapakmep adarnmueHo20 byHKUiOHarbHo20 8id2yKy Memariie ma ix crinasie Ha deghop-
Myroyul 8rue euaHayaembCsi 8eJIUHUHOK MOXITUBUX 3MiH mepMOoOUHaMiYHUX romeHuianie ob’emy pedosuHu. Hal-
binbw crnpusmnueul 3 MexHoo2i4Hoi noensady eideyk 8UHUKaE y pasi, Konu degopmyroqull 8rnnue Ha 3aeomiesnto 30il-
CHIOEMbCS 3 ypaxysaHHsIM MpupoOHoi 30amHocmi i pedosuHu Ao penakcauji.

Haykoea HosusHa. OnucaHo hyHKUIOHarbHY 3anexHicmb MiX 3MiHamu mepmMoOUHaMiYHUX momeHyianie o6’emy mema-
ny abo crninagy ma (io2o adanmueHor noeediHKOK 8 rpoueci 0eghopMy8aHHsI, @ makoxX y nicrissonepauitiHull nepiod.
lMpakmuy4Ha 3Hadvywicmbs. OmpumaHi pedynsmamu 00380/190Mb ONMUMI3y8amu mexHosloeidHi npoyecu 0b6pobku me-
maiiie ma ix criasie muckom 3 ypaxysaHHsIM npupoOHUX enacmusocmeli ma ocobriugocmeli no8ediHKU KOXHO20 KOHK-
pemHo20 Mamepiary y KOHKpemHux ymosax supobHuuymea.

Knroyoei criosa. Memarnu ma ix crinasu, o6pobka muckom, mexaHiyHa Oisi, mernnose 36y0XeHHs, mepMoOUHaMiYHi Mo-
meHuianu, mepmoOuHamidHa disi, deghopmauiliHa nosediHka.

Purpose. Perfection the method for designing technological operations of metal pressure processing by establishing a
functional connection between the parameters of force action and the characteristics of the natural deformation behavior
of workpieces during their shape forming process.

Methodology. A combined analytical approach, which is based on a synthesis of the results of fundamental and applied
research in the field of physics of deformable solids, metal forming technology, as well as in related fields of natural sci-
ence, is used.

Findings. It is shown that the nature of the adaptive functional response of metals and their alloys to deforming influence
is determined by the magnitude of possible changes in the thermodynamic potentials of the disturbed volume of the
substance. From a technological point of view the most favorable response occurs when the deforming influence on the
workpiece is carried out taking into account the natural ability of its substance to relaxation.

Originality. The functional relationship between changes in the thermodynamic potentials of the volume of a metal or al-
loy and its adaptive behavior during the deformation process, as well as in the postoperative period, is described.
Practical value. The findings make it possible to optimize the technological processes of machining of metals and their
alloys by pressure, taking into account the natural properties and behavioral characteristics of each concrete material
under concrete production conditions.

Keywords. Metals and their alloys, pressure processing, mechanical action, thermal excitation, thermodynamic poten-

Ne2, 2023

tials, thermodynamic action, deformation behavior.

Introduction. The current level of development of
production presupposes the use of flexible and cost-
effective methods making it possible to produce from
very different materials high-quality products that
guaranteed have a given set of operating properties.
Their creation requires not only clear views about the
behavior of each concrete material under specific
conditions, but also ensuring the possibility of obtain-
ing a quantitative estimation of the workpiece state
parameters at each stage of its shape forming in or-
der to make, if necessary, timely appropriate amend-
ments in the course of the technological process. A
qualitatively another, higher, level of technological or-
ganization of production, based on the ability to use
with the greatest efficiency the natural properties of
workpieces and the peculiarities of their deformation
behavior in the process of shape forming, corre-
sponds to the implementation of such management.

© KysHeuos €. B. — k.T.H., gou. YOYHT

16

An integrated approach that takes into consideration
the results of both become already classical and the
most recent fundamental and applied researches in
the area of physics of a deformable solids, as well as
in related areas of natural science is required to de-
velop its methodology.

Analysis of literary data and problem statement. In
relation to the technology of pressure treatment of
metals and their alloys, methods for manufacturing
products are traditionally developed based on the
concepts of the classical theory of plasticity, as well
as the results of modeling and analysis of often very
abstract general schemes of technological operations.
In this case, the main attention is focused on deter-
mining the energy-power characteristics necessary to
achieve the required degree of deformation of the
workpiece. The reliability of the results obtained in this
way is ensured by the use of empirical correction fac-
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tors, which take into account the average statistical
peculiarities of the dynamics of the deformation pro-
cess, typical for processing of the selected range of
materials on equipment of a concrete type in concrete
production conditions [1 — 4]. At the same time, a
number of more complex technological problems are
not solved. Their list includes the calculation of the
dynamic parameters of the workpiece heating and the
associated structural changes during deformation,
taking into account the anisotropy of the deformed
material and the dynamics of its hardening, assessing
the likely degree of post-operative warping of prod-
ucts in case if they are insufficiently rigid, and so on.
Varied researches in the listed directions, of course,
are being carried out [7 — 12], but their results are ra-
ther phenomenological in nature. Due to the absence
of a methodology for establishing a functional connec-
tion between the parameters of the force influence on
the workpiece and the characteristics of its natural de-
formation behavior during the deforming process,
they are not used directly in the generally accepted
practice of designing deformation operations. This
significantly reduces the efficiency of technological
processes for producing articles.

The purpose and object of the research is to per-
fect the method for designing technological opera-
tions of deforming metals and their alloys by estab-
lishing a functional connection between the parame-

Aoy = PdS.dl = pdS.vdt,
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ters of force influence and the characteristics of the
natural deformation behavior of workpieces in the
process of their shape forming.

Research materials and methods. An integrated
approach that involves a synthesis of the results of
both already became classical and the latest funda-
mental and applied research in the field of physics of
deformable solids, metal forming technology, as well
as in related fields of natural science, is proposed to
use for the solution of this problem.

British scientists M. F. Ashby and R. A. Verall,
studying possible combinations of plastic deformation
mechanisms, came to the conclusion in 1973 that in
fact metals have an almost unlimited supply of plastic-
ity [13]. As it was shown subsequently, the possibility
of its manifestation depends on the degree of devel-
opment of adaptive processes of the metal's natural
self-organization under conditions of exerting a de-
forming influence on it. In other words, it is deter-
mined by loading conditions [14 — 17].

Let a solid crystalline body, for example a metal or
metal alloy, which is in a state of internal equilibrium,
is subjecting to a deforming influence. During its

course, over a time interval At=t—t;, external

forces perform work to change the linear dimensions
and shape of the body

@

where |0 and | respectively are the initial and final linear dimensions of the body in the direction of the ex-

ternal force action; ﬁ is the pressure exerted by such influence on its contact surface; SC is the area of this

surface; v = dT/dt — the rate of changing of the linear dimension I during deformation.
According to the laws of dynamics [18] mechanical action of these forces

A At = 3dS.dldt = d(myD)di = f (mdfdﬁwfdmd) di =
=p [V [dB+ D [dVy)dl = pV [(e [dD + D [ de)d], )

where m,; = pV, is the mass of the displaced vol-
ume of the deformable substance; p - its density;

V; = Ve — the displaced volume of substance; V -
the volume of body; e = In(l/l,) — the true degree of
relative deformation when its linear dimension chang-

es in the range from |0 tol.

This action upsets the internal balance in the de-
formed volume of the substance, as a result of which
a field of additional internal reactive forces appears in
it. According to the Le Chatelier — Brown principle
[19], they will aspire to compensate for external influ-
ences, thereby preventing body deformation.

The volumetric distribution of additional internal

forces fV may be represented as the integral sum of

their distributions fs over the area S of all surfaces

identified in the space of the deformable volume V.
In practice, it is most convenient to consider in this
capacity various families of plane sections of the
body. In the general case of a section oriented at an
angle 0 < a < 90° to the direction of external influ-
ence, the forces acting in its plane will be decom-

posed into components normal fS" and tangential fsf
with respect to this section. Their specific values will
determine the magnitude, respectively, of the normal

O and tangential T components of the mechanical
stress in the considered section. Taking this into ac-
count, the resultant of the spatial system of additional
internal forces arising in the volume of the solid crys-
talline body at its deformation,

T

Jfvav = [, sy = [ 2B ay + [ Bay = [, Zay + [ Zay. 3)

al )] vV oal al

l

Then, in absolute value, the work that these forces will do in a unit of volume of the body, hindering its de-

formation,

1 l dl
A= [ fodl=] fsT= Js fsde = [ fitde + [ ffde = [T ode + [, tde = [ f;;de, (4)
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where € = (I —1,)/l= Al/l is the conditional de-
gree of relative deformation of the body in the exter-

nal force direction; f;; and &jj are the operators of

the stress and the strain tensors respectively.
Equalities (3) and (4) show that the creation of the
field of additional internal forces and, consequently,
their ability to make a work are associated with the
creation of a stress-strain state in the volume of the
solid crystalline body. According to the energy con-
servation law the entrance of energy necessary for
this occurs due to the work (1) done by the external

forces during loading. The amount of energy AEab

that the substance of a body absorbs during its
course is determined by the value of uncompensated
AEgy = [} Papdt = flf) Jy, pdScdl = [, dU + [, dAy,
Equality (6) shows that plastic deformation is
based on the mechanism of thermal excitation of sub-
stance of a solid crystalline body. It consists in inter-
related changes in the thermodynamic potentials of
the deformable volume. The consequences of the ac-
tion of this mechanism are the heating of the body
and the creation of a stress-strain state in its volume.
The ability of a substance to absorb energy and,
due to this, move from one state to another is deter-
mined by the magnitude of possible changes in the
system of its thermodynamic potentials: enthalpy (to-
tal heat), internal energy, Gibbs energy (Gibbs ther-
modynamic potential), free and bound energy. Inter-
nal energy U characterizes the energy of thermal
chaotic motion and interaction of particles — atoms,
ions or molecules — in the considered volume of sub-
stance. Enthalpy H = U + f;;V is a measure of the
amount of energy that a substance, being in a state of
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energy flow passing through the contact surface area

of the body over the time interval At:
__AEgp

d’ab = At (5)

It follows from the expression (2) that the creation
of this flow is a component of the action of external
forces on the body. According to the first law of ther-
modynamics [20], the energy transported by it will be
partially expended on increasing the internal energy

U of the body and, ultimately, will be dissipated into
the environment in the form of heat, and partially will

be spent to a work (4) of additional internal forces fij

. Thus, taking into account equalities (1) and (5), we
obtain that the amount of energy absorbed by a body,
when a deforming influence is exerted on it, is

= [,dU + [, [ fide;dV. (6)

equilibrium with the environment, is capable to con-

vert into heat and work. Bound energy TS charac-
terizes part of the internal energy that cannot be
transferred to other bodies during the work performed

by the substance, provided that its temperature T

and entropy S are constant. Free energy F = U — TS
reflects that part of the internal energy, due to the
change in which the thermodynamic system of the
considered volume of substance is capable to make a
work against external forces in a reversible isothermal
process. Finally, the Gibbs energy G = H — TS char-
acterizes the ability of the considered volume of mat-
ter to make a work due to its internal sources, that is,
due to a change in enthalpy [20].

Taking into account these concepts, it follows from
the first law of thermodynamics (6) that

AE,, = fli Js,paScdl = [, dH = [, dF + [, d(TS) + [, [; fijdeydV. @)

Equality (7) makes it possible to determine what
part of the absorbed energy falls on the elastic com-
ponent of deformation (the first item in its right-hand
side), what part will be spent on structural changes in

the plastic domain and heating of the body (the sec-
ond item), and what part will be spent on counteract-
ing to external forces (third item).

Change of enthalpy [5, p. 77]

dH = dU + d(f;;V) = dF + d(TS) + d(f;;V) = dG + d(TS).
Expressing from here the value of the change in free energy and substituting the result into equality (7), we
obtain a formula that allows estimating the natural deformability of a solid crystalline body in each concrete

case of its loading:

AE,, = fl: Js, paScdl = [, d(TS) + [, dG — [, [ fyydeydV. 8)

According to the equality (8), it is determined by
the value of the Gibbs energy of the perturbed volume
of substance. Knowledge of this quantity allows us to
predict whether the body will behave as low-plastic,
plastic or short with the chosen deformation method.
The corresponding conclusion is easiest to do by ana-
lyzing the relationship between the change in the
Gibbs energy dG of the substance deformable vol-

ume V' and the work fijde;;dV that additional internal
forces will do in it, hampering its deformation. If dG >
fijde;;dV, the body will behave like plastic, when
dG = fi;jde;;dV, its behavior will be low-plastic, and if
dG < f;jde;;dV, the body turns out to be brittle.

18

Equalities (6), (7) and (8) are different ways to
write the synergistic management function that, based
on the thermodynamics laws, describes the process
of forced adaptation of a solid crystalline body by ex-
erting a deforming influence on it. Considering the
loading conditions, they allow us to evaluate the real
efficiency of the external action (2) performed on the
body and, depending on the choice of integration lim-
its, to explain the features of the deformation behavior
of the processed material at its micro-, meso- or mac-
roscopic structural levels.

The discussion of the results. Traditionally, most of
the existing machining methods suppose the render-
ing of a force influence, which, if we don’t take into
account the own dynamics of the technological sys-
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tem machine — device — tool — workpiece and the ef-
fects of dynamic instability arising from loading and
unloading, is constant. Such influence breaks the
natural course of the plastic flow of metals and their
alloys. As a result, a vortex dissipative structure,
which gives the plastic flow the character of an unsta-
ble or, more precisely, non-stationary process, ap-
pears in the deformed volume. Exactly it is responsi-
ble for the development of the parabolic stage of
strain hardening. Another consequence of such con-
travention is the energetic supersaturation of the de-
formed volume. It is reflecting in the intense heating
of the workpiece and the appearance of big residual
stresses in its volume. Their relaxation causes post-
operative deformation of the product and, in the case
of strong energy supersaturation, can lead to its frac-
ture. The same phenomena are typical for plastic de-
formation by impact or explosion, when the workpiece
is exposed to the influence of strong dynamic loads.
The regularity of intense heating and quick strain
hardening of metals and their alloys under constant
force influence or dynamic loading can be explained,
if we consider the difference dG — f;;de;;dV on the
right-hand side of equality (8) as a quantity that de-
termines the kinetic energy and, consequently, the in-
tensity of plastic flow. Since the possibility of changing
the value of the Gibbs energy, that characterizes the
natural ability of a solid body to deform, is restricted to
some limiting value, which depends on the physical
nature and properties of the crystalline substance un-
der the considering conditions, it follows from equality
(8) that all excessive energy absorbed by the body
under loading will be spent on changing the bound
energy of the deformable volume and on execution of
the work (4) against external forces. The bound ener-

ay TS is also finite and also depends on the physi-
cal nature and properties of the body. It can change
both at the expense of a change in body temperature
T and at the expense of a change in the degree of

statistical disorder, that is entropy S ofits crystalline
structure. In accordance with the thermodynamics
laws [20], provided constancy the aggregation state
and preservation of the deformable volume integrity,
the possibility of changing its entropy during heating

t t
ALnAt = fto fV dGdt — fto fV fogfl]dSUdth
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or cooling are limited by the specific heat capacity of

the substance:
T dS

moT’

where M is the mass of the workpiece body.

According to the Dulong and Petit law the heat ca-
pacity of metals and their alloys remains practically
constant at temperatures typical for most technologi-
cal operations of the machining. It follows hence that
the main part of the change in the bound energy of
the deformed volume will occur due to the change of
its entropy during the process of adaptive reorganiza-
tion of the crystal structure [25]. This conclusion is
true not only for the case of plastic deformation, but
also for heat treatment. The structure change is ac-
companied by an increase in the potential energy of
intracrystalline interaction [26]. Accordingly, the work
(4), which additional internal forces make, counteract-
ing deformation, also increases. As can be seen from
equality (8), provided that the integrity of the deform-
able volume is preserved, its value f;;de;;dV can in-
crease only due to a decrease in the difference dG —
fijde;;dV, that is due to a decrease in the intensity of
plastic flow. In combination with the conditions of de-
formation, the interrelation of these factors deter-
mines the appearance on the hardening curve of a
section with a parabolic dependence of the defor-
mation resistance (true stresses) on the degree of de-
formation. As the degree of energy supersaturation
increases, the parabola coefficient is changed. In ac-
cordance with the J. F. Bell's theory on the quantiza-
tion of the parabolic response function during finite
plastic deformations [27], the rate of this process de-
pends on the physical properties of the deformable
solid body, the type and state of its crystalline struc-
ture, as well as on the amount of the energy flux (5)
absorbed by the body per unit time, that is from the
loading dynamics (2).

According to the energy conservation law the
change in the difference dG — f;;de;;dV determines
the amount of the total, mechanical and thermody-
namic, internal action that does in the volume of a de-
formable solid body during a time interval At =t — t:

©)

Taking this concept into account, it follows from equalities (2) and (8) that the mechanical action of external

forces

t el t t t
A At = fto flo fsc pdS.dldt = Sfto J, dTdt + Tft0 J, dsdt + fto J, dApdt.

Equality (10) is another form of writing the syner-
gistic management function of the plastic deformation
process. Using this equation, we can show that an in-
ternal residual action occurs in the volume of the

(10)

workpiece after the cessation of loading. It occurs in
the process of relaxation due to a decrease in the
thermodynamic potentials of the disturbed substance:

Apdt = [, [ dALdt = [ _[ dGdt—[,_[ [7fde;dvdt ==S[,_[ dTdt—T [_[ dSdt, (11)

where AT is the time of disturbance relaxation.

By analogy with external mechanical action (2), its
synergistic development causes the occurrence of
postoperative deformation, the magnitude of which

Aindt =pV [(e, [dv+v [de)dl. ==S [, [, dTdt—T [ [ dSdt.

depends on the degree of thermermal excitation of
the workpiece substance, that is, on the amount of
energy (5) absorbed by the workpiece during the dis-
turbance process:

12)
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Equalities (11) and (12) describe a particular case
of a spontaneous adaptive response that arises in the
disturbed volume of a solid crystalline body. A similar
response arises in the process of external influence
too. Analysis of the relationship between equalities
(10) — (12) shows that its natural development takes
place if this influence is carried out taking into account
the ability of the workpiece substance to relaxation.

The outlined analysis is applicable not only to the
case of machining of structural materials, primarily
metals and their alloys, but also to other types of
technological influence. Among them, various cases
of combined action carried out with the aim of addi-
tional activation of the workpiece material have the
special interest. These include heating, ultrasonic in-
fluence, electrical impulse stimulation, etc. In accord-
ance with the Boltzmann’s time-temperature super-
position principle [28], their usage makes it possible
to reduce the value of the applied load or, if its value
is unaltered, to achieve a greater degree of one-time
deformation. However, at the same time, the problem
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of internal action remains. In the case of strong ener-
getic supersaturation, it can lead to destruction of the
workpiece during its machining or in the postoperative
period.

The author expresses deep gratitude to Prof. L. V.
Kamkina for recommendations told during the prepa-
ration of the article for publication.

Conclusions:

The process of plastic deformation of solid crystal-
line bodies is based on the mechanism of thermal ex-
citation of the substance. It consists in interrelated
changes in the thermodynamic potentials of the de-
formed volume.

The magnitude of such changes determines the
behavior of a solid crystalline body, for example metal
or metallic alloy, during its machining, as well as in
the postoperative period.

For the technological point of view, the most fa-
vorable behavior of machining material arises when
the external influence on the workpiece is taking into
account its natural ability to relaxation.
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Oc001MBOCTI TEXHOJIOTII BAKYYMTEPMI4HOI0 OTPUMAHHS JIITiI0
Ihnatiev V, Kolbin M, Holovachov A, Yaroshenko Ya

Features of vacuum-thermal production of lithium

Mema. AHani3z npakmuyHUX ma nimepamypHux 0aHux 0ociOXeHb MexXHO02ii 8aKyyMmepMiHHO20 OmpuMaHHs nimito
3 tio2o okcudy.

Memoduka docnidxeHb. O6pobka nimepamypHux daHux ma npoeedeHHs1 851aCHUX 17abopamopHUX eKcriepuMeHmis.
Pe3ynbmamu. BcmaHogneHo onmumaribHi napamempu ma po3pobrieHO MEeXHOMO2iYHy CXeMy 8aKyyMmepMiyHO20
ompuMaHHs f1imito.

Haykoea Hogu3Ha. []JocrnidxeHo KiHemuKy 8iOHO8MEeHHSI OKCUQY ITimito KpeMHieM ma artoMiHIEM y 8aKyyMi.

lpakmuyHa yiHHicmb. Po3pobneHo mexHOIoezito 8aKyyMmepMiyHO20 8iOHOBMEHHS 7limito 3 io2o okcudy 3amicmb
npultiHAMOI mexHonoaii enekmponiay xmnopudy aimito.

B nabopamopHux ymoeax npogedeHo O0C/iOXEHHS 8aKyyMmepMiyHO20 Crocoby ompuMaHHsl Memarnegoeo Jimito, 3a-
CHOBaHO20 Ha 8IOHOBITEHHI OKCUQY imito KpeMHIEM i antoMiHieM npu HagpieaHHi y eakyymi. BukoHaHo mepmoduHamiy-
Hul aHarni3 rpouecy i tio2o KiHemuky. BcmaHoeneHo, wo 8 sskocmi 8iOHO8HUKa MOX/IUBO 8UKOPUCIMO8y8amu MmopowoK
75 %-8020 ¢hepocuriujto U nepguUHHO20 Ma 8MOPUHHO20 astoMiHito, 8 sKocmi ¢hrtocy — nopowok sarnHa. pouyec 3ditic-
HKEMbCSA Ha bpukemosaHil wuxmi y eakyyMHil pemopi, wo Hazpieaembcsi 2a3oM. CUpoBUHOK 0715 00epXKaHHS imito
Cryume OKcud imito, AKUU OMpPUMaKomb WIISIXOM MepMiyHO20 po3knady kapboHamy imito.

lMposedeHo aHania MexHOMo2iYHUX CXeM 8aKyyMmepMi4HO20 Criocoby ompuMaHHsi Memasnegoao Jlimito Cusiko- i anto-
mMomepMmiyHUM ripouyecom. MokazaHo, Wo 8iOHOBMNEHHS antoMiHieM 3abesnedye binbuwly npodykmusHicms i 6inbw 8ucoke
8UITYHYEHHS JTiMito.

BakyymmepmiyuHe ompumarHs 1limito Mae maki rnepeeaau neped e/1eKmposi3oM: 8UKOPUCMaHHS SIK CUPOBUHU binbuw
dewesoi cnionyku nimito — okcudy Li;O y cknadi eimyusHsaHux nimiegux pyd; binbw 8UCOKY MPOOYKMUSHICMb Mpoyecy;
3acmocysaHHs1 ik 8iOHOBHUKI6 ma chritocie He OeiyumHuUX Mamepianie 8imyu3HsHO20 8UpobHUUMea; 8idcymHicmb
eKor102iyHUX rpobrem i3 Xs1opom.

Knroyoei cnoea: nimit, okcud, kapb6oHam, cusikomepmisi, aritoMomepmisi, mexHosoz2isi.

Purpose. Analysis of own and literary data on the technology of vacuum-thermal production of lithium from its salts.
Methodology. Processing of literary data and conducting own laboratory experiments.

Results. Optimal parameters have been established, and a technological scheme for vacuum-thermal production of
lithium has been developed.

Scientific novelty. The kinetics of the reduction of lithium oxide by silicon and aluminum in a vacuum has been studied.
Practical value. A technology for vacuum-thermal reduction of lithium from its salts has been developed to replace the
accepted technology of electrolysis of lithium chloride.

Research was conducted in laboratory conditions on the vacuum-thermal method of obtaining metallic lithium, based on
the reduction of lithium oxide with silicon and aluminum during heating in a vacuum. A thermodynamic analysis of the
process and its kinetics was performed. It was established that it is possible to use powder of 75% ferrosilicon and
primary and secondary aluminum as a reducing agent, and lime powder as a flux. The process is carried out on a
briquetted charge in a gas-heated vacuum retort. The raw material for obtaining lithium is lithium oxide, which is
obtained by thermal decomposition of lithium carbonate.

An analysis of the technological schemes of the vacuum-thermal method of obtaining metal lithium by the silico- and
aluminothermic process was carried out. Aluminum recovery has been shown to provide higher productivity and higher
lithium recovery.

Vacuum thermal production of lithium has the following advantages over electrolysis: the use of a cheaper lithium
compound - Li,O oxide as a raw material in domestic lithium ores; higher productivity of the process; use of non-
deficient materials of domestic production as reducing agents and fluxes; no environmental problems with chlorine.

Key words: lithium, oxide, carbonate, silicothermy, alumothermy, technology.
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Beryn. JliTinn - xiMiyHWIA enemeHT i3 cumBoriom Li
Ta aToMHMM Homepom 3. Lle wm’skuin cpibnsicTto-
Ginun MeTan, AKMN HaneXxutb OO0 TPpynu NY>XHUX Me-
Tanis. JliTin mae HarBuLLy NUTOMY TEMNNOEMHICTb 3
yCiX TBEPAMX €NEMEHTIB i € Hannerwmnm MeTanom.
JTiTin BUKOPUCTOBYETBCSA B Pi3HOMaHITHUX cdepax
3aCTOCyBaHHS, 30KpeMa B aKymymnstopax, Kepamiui,
MacTUNbHUX MaTepianax i hapMmaueBTUYHUX npena-
patax, y BUpOOHUUTBI kepamikum Ta ckna. Okcupg i
arnoMiHaT niTiio BUKOPUCTOBYIOTb SK oritocu  Ans
3HWKEHHA TeMnepaTtypu NNasfeHHs Kepamiku i ckna.
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HarnowmpeHilmm BUKOPUCTaHHAM RiTil0 € akymyns-
TOpHi GaTtapei.

BakyymTepMiyHMI cnoci6 oTpumaHHsa MeTaniB 3a-
CHOBaHO Ha peakLii BiAHOBNEHHA MeTany 3 oro crno-
NyK iHWUMKW MeTanamu, akTUBHILLMMUK, NPU HarpiBaH-
Hi. Y 3aranbHOMy BUMAAi UA peakuis onucyeTbes pi-
BHSAHHAM:

MeX + Me' - Me,,, + MeX (1)
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ge - Me wmetan, wo BigHoBmoeTbed, Me' - me-
Tan BiQHOBHMUK, X - ioHW kucHto i ranorenis (Cl, F).

XapaKTepHo OCOOMMBICTIO  BaKyyMTEPMiYHOro
OTPUMaHHA MeTaniB € BUAINEHHA MeTany, Wo BigHO-
BNIOETLCS, Y BUrMSAI napa, Y TOM Yac SK BCi iHLWi KOM-
MOHEHTN peakKLii 3anuarTbCd B KOHOEHCOBaHOMY
cTaHi. Lle po3Bonsie nerko po3ginMtu NpoaykTu peak-
Uil LWAsSXOM BMMApOBYBaHHSA i3 30HW peakuil BigHOB-
NeHoro metarny i KoHAeHcaLii Koro napa B OXONO4XKY-
BaHili 30Hi neui.

BakyymtepmiyHnin npouec 6yB 3anpornoHOBaHWI
e B MUHYITOMY CTORITTi | 3aCTOCOBYETLCA 3 TOrO Ya-
Cy B NpoMuUCIoBOMYy MacLuTabi ans BupobHuuTBa mMa-
rHito, Kanbuito Ta iHWKX nerkmx metanis [1]. Nepesa-
ramm UbOro MnpoLecy € MpocToTa TeXHOMOriYHoI Ta
anapaTypHoOi cxemMu BUPOOHMLTBA, MOXIMBICTb 3a-
CTOCYBaHHS [JelleBuX BWUAiB CUPOBUMHU Ta BiOHOBHW-
kiB. lNpouec oTpuMaHHA MeTaniB BaKyyMTEPMIYHUM
cnocobom BKIoYae HacTynHi onepadii: NogpiGHEeHHS i
3MiLlyBaHHSA CyMilli BUXiAHOI CUPOBMHU | BiQHOBHMKA,
OpuKeTyBaHHSA LUWXTW, BiQHOBMNEHHS MeTany B LUMXTI
NpuW HarpiBaHHi y Bakyymi B peTopTi, KOHAEeHcauia na-
piB MeTany B KOHAEHCTAOPI, SKUIN OXONOMAXKYETLCS.

MoctaHoBKa npobnemu. MeToto uiei pobotn €
aHania npakTu4yHMX JochigXeHb Ta NniTepaTypHux Aa-
HUX, WO CTOCYIOTbCH BaKyyMTEPMIYHOro npolecy
OTpPUMaHHSA NiTito 3 oro okcmnay. MNMpoBeneHi paHie
nabopaTopHi AocnimkeHHs Luboro npouecy [2, 3] no-
Kasanu, WO TepMOAUHAMIYHO BiH MOXNUBUKW, ane
anapaTypHa TEeXHOSOoris CKnagHa i ToMy Ha npakTuui
He 3acTocoByBanacs.

B paHuii yac npomucnosum cnocobom ogepkaHHs
MeTaneBoro niTito € eneKkTPoniTUYHNA, 3acHOBaHWUN
Ha enekTponiTMYHOMY PO3Knagi po3nnaBreHoro Xno-
puay nitito [4]. B sKoCTi enekTponiTy BUKOPUCTOBYOTb
eBTekTUYHYy cymiw LiCl — KCI (1:1) npu TemnepaTypi
450-460 ‘C. OcHOBHi eneKTpoximidHi peakuii enekT-

poniay niTito: Li* +e~ — Li, (xatop),

2ClI" —2¢” —Cl,

€TbCA y AiadparMOBOMY €reKTpori3epi, B SKOMY Mo-
POXHIN LNNIHOPUYHWIA CTaneBuiA KaToa oTouye rpadi-
TOBWUI aHod. Pigkvi niTi, WO YTBOPKOETLCA Ha KaTo-
Ai, nigiiMaeTbca Ha NOBEPXHI0 eNEKTPONITY i Hakonu-
YyeTbCs B YaBYHHOMY 30ipHUKY, 3BigKu MOro nepiogu-
YHO BUMNYy4alOTb CITYACTUM YeprakoM.

MpooyKTMBHICTL enekTpornizepa Mo niTil0 CcTaHo-
BuTb 100-200 kr/goOy, BUTpaTa eneKkTpoeHeprii Ha
ernekTponi3 - 28 kBT-rog/kr niTito, a BuXig NiTito 3a
ctpymom 85 %. EnekTponiTuyHui niTii 3a3Bnyan Mic-
TnTb 97-98 % Li, 0,8-1 % Na, 0,2-0,3 % K.

EnekTponiTmyHmMn cnocibé oTpMmaHHs niTiio BUMa-
rae 3acToCcyBaHHSA K BMXiAHOI CUPOBMHU HaNMOOPOX-
Yoi coni NiTito - Noro xnopuay; ayxe BUCOKOI MUTOMOT
BUTPATK eneKkTpoeHeprii Ha enekTponis. OTpumaHuii
MeTan 3abpygHeHu gomiwkamu i notpebye gopart-
KoBOro padpiHyBaHHs. TOMy OCTaHHIM YacoM € nepc-
NEKTUBHUM iHWKIA cnoci® BUMPOBHMLTBA MeTaneBoro
NiTitO - BaKyyMTEPMIYHNIA.

Llen meton pocnimkyBaBscs B nabopaTopii kade-
apv enektpometanyprii HMeTAY (HuHi YOYHT). Oc-

(aHop). EnekTponia 3gincHio-
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HOBHI pe3ynbTaTh UMX OOCHipKEHb BUKNaAEHO Y uin
cTaTTi.

CupoBuHa gna oTpMMaHHA niTito. Y npupogai ni-
Til KOHUEHTPYETBCHA B NerMaTtuToBmux pydax, Lo Mic-
TATb MiHepanu niTito (cnogymeH, nenigonit, netanit
Ta iH.) i iX BOobyBaloTb y pyaHukax i waxrtax. Hanbi-
MNblle NPOMUCIOBE 3HAYEHHS Mae MiHepan «crnoay-
MEH» - animocunikat niTiio 3 POPMYIIo
Li2OAl203°4SiO2 abo (LiAI[Si20s]). CnogymeHoBi py-
an mictatb 0o 1-2 % Li20 i notpebytoTb 36arayeHHs.
[ns 30arayeHHs cNOQyMEHOBUX pyn 3acTOCOBYIOTb
TPU Mpouecu: TepMiYHMIA (dekpunTauito), dpnoTauito
Ta rpaBiTauilo y BaXkmx cycneHsiax [7]. OTpumaHuii
KOHUeHTpaT MicTuTb o 7% Li20 i nigoaetbes Ximiko-
MeTanyprivHin obpobui 3 MeTol nepeBefeHHs MiTito
3 MiHepany cnogyMmeHy B xriopug niTito KUCAOTHUM
cnocobom. Llen cnoci6 3acHOBaHO Ha pO3KnagaHHi
KOHLeHTpaTy TiTil0 Cip4aHO KMCMOTOK 3 OTpUMaH-
HAM B po34mHi cynbdaTy Li2SO4 i noganbimm oca-
DKeHHAM kapOoHaty Li2COs 3a gonomorow cogum.
KapboHat niTito € BuxigHMM maTepianom Ans oTpu-
MaHHs1 xnopuay LiCl npn obpobui consiHol Kucno-
To0. [MOTiM 3 Xnopuay enekTponizom oaepXytTb Me-
Tanesum niTin.

3a posBigaHMMu 3anacamu pypg niTito — YkpaiHa
3anmae 3-e micue B €Bponi. [Npomncnose 3Ha4YeHHs
MaloTb NerMaTuToBi YKpalHCbKi pyan LLieBYeHKiBCbKO-
ro Ta NonoxiBCbKkOro pogoBMLL, O MICTATb Y cepea-
HeoMmy 1,1-1,5 % Li. BugobyTtok pya umx pogosuLy Lie
He po3no4aTo, ane BOHM MakTb CTpaTeriyHe 3HadeH-
HS Ans ManbyTHIX nignpuemcTB MiTiEBOI nMpomumco-
BOCTi YKpaiHu.

EnektponitmyHmn cnoci®é oTpuMMaHHsa niTito, LWo
3aCTOCOBYIOTbCA Y CBITOBII MpaKTULi, Mae CeprosHi
HeLoNiKW, FTONMIOBHUM 3 SIKMX € BUKOPUCTaHHS B AKOCTI
BMXIOHOI CMPOBMHW OOPOroro xnopuagy nitito. 3 eko-
HOMIYHOT TOYKM 30pY OOLUINBbHUM € BUKOPUCTaHHA Ans
OTPVMaHHA MeTaneBoro niTiko cneujanbHO oAepXy-
BaHOro 3'eHaHHA LbOro MeTary, AeleBLIOro, Hix
xnopug. Takolo crnonykol € okeug niTito Li:O, wo
OTPUMYETBCS LUMSAXOM TEPMIYHOro po3knagy kapbo-
HaTy niTito Li2COs. Okeng niTito nnasutbed npu 1700
°C i BunapoByeTbCs npu TemnepaTtypi Buwwe 1000 °C,
Moro WinbHicTb gopisHtoe 2,01 r/cms,

TepMiyHe po3knagaHHs (gucouiauis) kapboHaty
niTito ONUCYEeTbCA peakLieto:

Li,CO, — Li,0+CO, T )

Llen npouec novnHaeTbcs Ha NoBiTpi (npu 1 atm)
npu 600 °C i 3akiH4yeTbea npu 850 ‘C. Y Bakyymi (He
Ginbwe 1 mm pT. cT.) Ancouiadis Li2COs 34iNCHIOETL-
ca wBuawe i 3a GinblWw HM3bKMX TemnepaTtyp. Poan-
naBneHHst kapboHaTy (npu 782 °‘C) ycknagHoe Buai-
neHHsa Byrnekucroro ragy. o6 3anobirtn nnaenex-
Ht0 KapOoHaTy 40 HbOro 4O4AlTh BanHO B MOJSISIPHO-
My cniBBigHoWeHHi Li2CO3/Ca0 = 1:1. NMpucyTHiCcTb y
cymiwi 3 kapboHatom ¢ntocie Ca0, Al20s, SiO: iHTe-
Hcudpikye npouec poskragy kapboHaTy. Hambinblia
LWBKAKICTE po3knagy B nNpucyTHocTi SiO2 crnocTepira-
eTbes npu 780-800 °C, 3 Li2CO3/SiO2= 2,0, y npucyT-
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HocTi Al203 - npy 900 °C, 3 Li2CO3/Al203 = 1,0, y npu-
cyTHocTi Al20s gucouiauis kapboHaTy ae 3 MEHLLOH
LUBMAKICTIO, HiXX 3a HasBHOCTI SiOx.

BakyymTepMidHMM MeToaoM NiTi MOXHa oTpUma-
TW HE TiNbKW 3 okcmay (Li2O), ane i 3 antomiHaty
(LizO"Al203).

Teopia Ta TexHonoria BaKyymMTepMi4yHOro
oTpuUMaHHA niTito. BakyymTepmivyHui npouec mae
OBa pi3HOBUAN: CUMIKO- | antoMiHOTepMidYHMI. B cuni-

4Li,0 +Si—6Li, +Li,SiO,

4Li,0+2Al - 6Li, + Li,AlLO,

o %% ¢ ISSN 1028-2335 Ne2, 2023

KOTEPMIYHOMY npoueci BIOHOBHMKOM CRY>XWUTb KpeM-
Hin (3a3Bmyan y Burnagi 75 %-soro dpepocuniuito), B
arntoMiHOTEPMIYHOMY - arnoMiHIEBMIA MOPOLUOK (BTO-
PUHHMI ab0 enNeKTPONITUYHIR).

BigHoBRNEHHs1 BUXigHOI cnonyku (4ng niTito ue ok-
cua Li2O) kpeMHiem abo antoMiHieM TepMogMHaMiyHe
MOXIMBE Npy HOPMarnbHOMY TUCKY B 0BNacTi BUCOKMX
Temnepatyp. Npu ubomy yactuHa okcugy LiO 3B's-
3y€eTbCA B CUIiKaT Ta antoMiHaT 3a peakuiamu:

@)

(4)

LLlo6 3HWM3UTK BTpaTK MiTilo y BUrNSAI cunikaTy Ta antoMiHaTty B LUMXTY AOOAK0Tb BarnHO, ke 3B'A3y€ OKCUAK

SiO2 i A|203 Y KanbLi€eBWI curikaT i antoMiHaT, BUTICHAKOYM NPU LbOMY MiTil 32 peakuisimu:

Li,SiO, + Si+4Ca0 — 2Li_ +2Ca,SiO,

®)

3Li,Al,O, +2Al +5Ca0 — 6Li_ +5Ca0-3Al,0, + Al,0, ®)

Lli engoTepmiyHi peakuii o6opoTHi i npu atmocde-
PHOMY TWUCKYy MpPOTiKaloTb BMpaBO Mpu TemnepaTtypi
BULLE 3a TeMmnepaTypy kuniHHs nitito (1370 °C). Og-
Hak y Bakyymi < 0,1 MM pT. CT. yTBOpPEHHS NiTito Bia-
6yBaeTbest Bxke Hpkde 1000 °C. MpucyTHICTb Y LWUNXTI
BarHa Crpusie 3HWKEHHIO TemnepaTtypu YTBOPEHHS
NiTit0 3a paxyHOK LUNaKy 3 opTocunikaTty KanbLito i ka-
nbLieBOro anoMiHary.

3HWKEHHs TemnepaTyp peakuii (5) Ta (6) 3ane-
XWTb Bif 3arULLKOBOro TUCKY B CUCTEMI Ta Bif cknaay
wnaky. Npu LbOMYy KOHCTaHTa piBHOBarn peakuii Biag-
HOBMEHHS BU3HAYaETbCA NULIE TUCKOM napy niTito.
Mpw H. y. NiTih Ma€ BIAHOCHO HEBENWKY NETKICTb, Npu

3(Li,0- Al,O,) + 2Al — 6Li +4Al,0,

Lis peakuist He BUMarae BBeeHHA B LUMXTY BanHa,
wo 3abesneyye OTPMMAaHHS iTiO BUCOKOI YUCTOTW.
PiBHOBaxHMIM TUCK Napa niTilo ANs uiei peakuii cTa-
HoBUTb 100 Mm. pT. cT. npu 1100 °C. MNpakTniHo Bia-
HOBMEHHS anioMiHieM MoxkHa 3aicHUTM npu 1250 °Cii
3anuwikoBoMy Tucky 0,5 MM pT. CT.

Hocsig, HakonuyeHun B MeTanyprii MarHito Ta ka-
NbLi0 NoKasas, Lo TEXHOMOrYHa cxema BakyyMmTep-
MiYHOro npoLecy BKMNYae HaCTYMHI onepadlii: nogpi-
OGHEHHs1 KOMMOHEHTIB LUMXTW (OKCUA, BiGHOBHMK, Bar-
HO); NigroToBKa LUMXTU Ta il OPMKETyBaHHS; BiAHOB-
NEHHA MeTarny Yy BakKyyMHUX peTopTax; KOHOeHcalis
napa meTany B 30Hi OXONOMKEHHS peTopTu; paddiHy-
BaHHA MeTany Ta Woro nepennas Ha 3nueBkwu. Bci Ui
onepadii HeobxigHi i AN BakyyMTepMi4yHOro opep-
YKaHHS niTito.

OcCHOBHMM arperatoMm BakyyMTEPMIYHOro npoLecy
€ roOpu3oHTanbHa BakyyMHa peTopTHa Mid, onantoBa-
Ha rasom. Y peTopTHIN nevi B OAWH psA BCTaAHOBIIIO-
I0Tb OECATKN PETOPT.
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HarpiaHHi o 1000 °C - 40 mm pT. cT., 8o 1200 °C -

200 mm pT. cT. Y Bakyymi (< 0,04 Mm pT. CT.) RiTil no-
yMHae BunaposyBaTuch Npu 600 °C.

[aHi Npo piBHOBaXkHY MPYXHICTb Napa niTito noka-
3yl0Tb WO BigHOBNEHHs okcuay LizO TepmognHamiy-
He moxnuee npu 1100-1150 °C. Ons AocArHeHHs
NPUAHATHOI LUBMAKOCTI peakuil 3anuKOBUA TUCK B
cuctemi Mmae ByTu HUXKYe piBHOBaXxHoOro. MNpu 3anuw-
KOoBOMY TUCKY MeHLwe 0,1 MM pT. CT. cunikoTepMiyHe
BiaHoBneHHs Li20 3giricHioeTbes npu 1200 °C.

JliTin MoxHa oTpymatun BiHOBIEHHAM arntoMiHaTy
NMOPOLLIKOM antoMiHito 3a peakuieto:

(7

PeTopTn BUroTOBNAOTECA 3 XKapOCTinkoi cTani i
BOHM CKIagatoTbCs 3 ABOX YACTUH: OCHOBHA YacTuHa,
B SKii BioOyBa€eTbCA BigHOBMEHHS (peakLuiiHa 30Ha),
3HaxXoaUTbCA BCeEpeauHi nedi i € nutoo Tpybor 3
npusapeHumMm gHuwiem. 1o iHWoro KiHUua npuBapeHa
BOJOOXOMNOPKYBaHa rofioBka peTopTu (30Ha KOHAOEH-
cauii). XonogHun KiHeLb peTopTn 3aKpUBAETLCS rep-
METUYHO KPULLKOHO, sika A03BOMSE NPOBOAUTU 3aBaH-
T@XEHHs LWNXTU | BUTAryBaTU KOHOEHcaT MmeTany.
MeTan ocigae Ha cTiHkax KoHOeHcaTopa Yy BuUrnsgi
WwinsHoro ocagy kpuctanis. Llei ocag nepennasns-
10Tb Ha 3nuBKW. HegonikoM npouecy € noro nepioau-
YHICTb | NOPIBHAHO HEBENMKa NPOAYKTUBHICTb.

MeTtoauka pocnigxeHHA. [1na BM3HAYEHHSI On-
TUMarnbHUX napamMeTpiB BaKyyMTEpPMI4YHOro BiOAHOB-
NEHHA OKCUAay NiTi0 KPEMHIEM i antoMiHiEM BUKOPUC-
TOBYyBanv nabopaTopHi 4OCMigM Ha yCTaHOoBLj, Cxema
SKOI NpeAcTaBneHa Ha puc. 1. YcTaHOBKa siBNS€ Co-
600 BakyyMHy peTopTy, Wo obirpiBaeTbca rasoBum
naneHUKOM. £AK BWXiOHY CMPOBMHY 3acCTOCOBYBanu

oKkcua i antomiHaT KpynHIiCTio < 1 mm. BigHoBHMKaMK
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CNy>Xunu nopoLukoBi cepocuniuin mapkn ®C75 Ta
anoMmiHiemni nopoluok mapku MAIM-1 3 poamipom ya-

cTvHoK = 1 MM. B sikocTi doniocy BUKOPUCTOBYBanm
nopowkose BanHo. CniBBiOHOWEHHA KOMMOHEHTIB
WNXTN BUBUPanu 3rigHo 3 CTEXIOMETPIEID peakuii Bia-
HoBneHHs. lNepea AocnigoM CyMill KOMNOHEHTIB 6pu-
KeTyBanu y BarnkoBoMy npeci 6e3 3s’asytovoro. bpu-
KeTn umniHgpuyHoi dopmn manm macy 250-300 r.
HaBaxka wmxtn 3 6pukeTiB cknagana 3,5-5 kr. lMa-
paMeTpy BaKyyMTEPMI4YHOro npouecy BapiloBanv B
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jocnigax y Takux mexax: TemnepaTtypa HarpiBaHHs
peTopT 900-1300 °C, 3anuLIKOBWUIA TUCK B PeTopTi
0,01-1 MM pT. CT., TpMBaniICTb i30TEPMIYHOI BUTPUMKMN
wnxTtn B petopti 1-3 rog. MNMoBHOTY npouecy BigHOB-
NeHHa niTito (BUXiA MeTanesoro NiTilo) BU3Ha4anu 3a
Macol Ta XiMiYHWM CKMagom npoaykTy, OTPMMaHOro
B peTopTi. TpuBanicTb i NPOAYKTUBHICTb NpoLeCy Bu-
3Ha4yanuM 3a MakCMMarbHOK Macol O4EepPXKyBaHOro
niTito B KOHAEHCATOPI.

1

Clre

PucyHok 1. Cxema nabopamopHoi ycmaHOo8KuU 05151 00epKaHHS 11imito 8aKyyMmepMidHUM criocobom.
1 — mepmonapa; 2 — HaegpiganbHa ni4; 3 — 2a308uli nasbHUK;
4 - pemopma 3 xxapocmitlikoi cmari; 5 — 6pukemosaHa wuxma; 6 — 3MitloguK 800sTHO20 OXOTOOXKEHHSI, 7 —
KoHOeHcamop,; 8 — oensidose 8iKHO;
9 — nampy6ok 0nsi NpuedHaHHS 8aKyyMMempy;
10 — mexaHiqHul 8aKyyMHUU Hacoc.

Pe3synbTtatn pocnigxeHHA. [lepes OCHOBHOWO
nporpamoro AoCnifKeHb, NPUCBAYEHNX BaKyyMTepMi-
YHOMY BIOHOBMNEHHIO OKcuay niTito, Bynu npoBeaeHi
nonepeaHi OOCNIMKEHHS LWOoOO0 BiAHOBIIEHHS iHLWINX
conew niTito (xnopugy i topmay). BctaHosneHo, Wwo
BigHoBrneHHs xnopuay LiCl kpemHiem Ta antoMmiHiem
NPaKkTUYHO HEMOXIMBE Yepes3 BESUKY NETYYICTb XIo-

4LiF +3Ca0 + Si =4Li + 2CaF, + CaO- SiO,

6LiF +4CaO+2Al =6Li+3CaF, + Ca0- Al,O,

BanHo gopgaBanu B wuxTty, wob 3B's3atu Top y
cronyky CaFZi NepeLLKOaUTM YTBOPEHHIO NETHOHUX

dTopm aiB SiF4 i AlFs. BigHoBneHHs LiF kpemHiem npu
1100 °C i 3anuwkoBoMy TUCKy 1 MM pT. CT. 3abesne-
YUMo BUITydeHHs niTito nuwe Ha 25%. lMpwu BigHOB-
neHHi LiF antomiHieM 3a TUX caMuX YMOB BUIYyYEHHSI
niTito 3pocno o 45-50 %. B o6ox Bunagkax KOHAEH-
car nitito 6yno 3abpyaHeHo cinnto, Wo He npopeary-
Barna. BpaxoBytoun Bucoky Baptictb LiCl i LiF ix He
MOXHa PEKOMEHAyBaTh SiKk CUPOBWHY MpWU BakyymTe-
PMIYHOMY OZlepPXKaHHI NiTito.

OcHoBHa nporpama JocnigXeHb Bktovana nabo-
paTopHi Aocnign LWoao BiAHOBMNEHHSA oKkcuay niTito
KpeMHieM Ta antoMiHieM BaKyyMTepMiYHUM Croco-
B6om. [NopiBHAHHA MNOKa3HWKIB BakyyMTEPMIYHOro Ta
€MeKTPOSITUYHOrO oaepXKaHHA NiTito NpeacTaBneHo B
Tabn. 1.

3 pgaHux Tabn. 1 BMXoauTb, WO CUMIKOTEPMIYHMWIA
npouec MOpPIiBHAHO 3 aritoMiHOTEPMIYHUM BUMarae

puay Ta netyumx cnonyk SiCls i AlFz. ®Topug niTito
LiIF mae MeHLWy neTydicTb, HiX xnopug, i BUNyYeHHs
nitito He nepesuLye 50 %.

BigHoBneHHs LiF npoBoavnu y npucyTHOCTI BanHa
3a peakuisamu:

®)

9)

GinbWw BUcoKy Temnepatypy (Ha 100 °C Ginblue) i
MEHLUMIA 3anULIKOBUN TUCK (He Ginbwe 0,1 mMm pT.
ct.). OgHak anoMiHOTEpMiYHUI Npouec 3abesnedye
MeHLLY TpuBanicTb NpoLecy, BULLE BUNYYEHHS NiTito i
BUMLLY NPOAYKTUBHICTb.

Y MOpPIBHAHHI 3 eneKTPoniTMYHMM cnocobom Baky-
YMTEPMIYHUIA MpoLeC BiAPI3HAETLCA OELUEBLUO CU-
POBWHOO, BiNbLUMM BUITyYEHHSIM NiTito, BinbLl BUCO-
KO NPOAYKTUBHICTIO.

OTpvMaHi pe3ynbTatn fatoTb 3mMory obrpyHToBa-
HO 3pobuTK BUBIp TexHOMOrii BUpOBHMLITBA MiTito Ans
ManOyTHIX NigNpUeMCTB MiTiEBOI MPOMUCNOBOCTI YK-
paiHu. BakyymTepMmiyHe OTpuMMaHHs niTito Mae Taki
nepesarv nepes enekTposi3om:

BMKOPUCTaHHS SK CUPOBMHU OELIeBOi CMOMyKMn Ii-
Tito - okemay Li2O y cknagi BiTunmsHaHUX NiTieBUx pyg;

OinbLU BUCOKA NPOAYKTUBHICTb NPOLIECY;

3acTOCyBaHHS SIK BiQHOBHMKIB Ta (pntociB He Aopo-
rx maTtepiarniB BiTYN3HSAHOrO BUPOOHNLITBA;
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Tabnuus 1. [NopieHSIHHS MEXHOM02iYHUX MOKa3HUKI8 8aKyyMmepMidHO20 ma esfleKmposiimu4yHo20 ompu-

MaHHsI Memarieso20 J1imito

MapameTpu Ta nokasHu- | BakyymTepmivyHui npouec

EnekTponituyHmin - npo-

Kn npouecy CunikoTepmiyHMn

AnOMIHOTEPMIYHNIA uec

MoyaTkoBa CMPOBMHA o .
Okewg, nitito - Li,0O

Okeua  niTito - -
cKnagi antomMiHaty

Li,Oy Xnopwua niTito - LiCl

BigHoBHMK depocuniuin i 900 L
(75% Si) Al - nopotuok (98-99% Al ) | MNocTinHni cTpyM
Twn nevi BakyymHa peTopTHa BakyymHa peTopTHa Enextponisep

[>xepeno Tenna "a3oBa ropinka

["a3oBa ropinka [xoynese Tenno

KOMMOHEeHTN wnxtn Ta

Mgl Li,O +Si+Ca0 =1:1:4 Li,O-AlLO, + Al =3:4 | LiCl+KCI = 1:1
iX cniBBigHOLLEHHS

Bug wmxtu BpukeTn BpukeTn MopoLuok
Temnepatypa, 'C 1200 1100 400-460
3annwKoBU TUCK , MM <o1 0.1-0,5 760

pT. CT. '

TpuBanictb npouecy, | 5 5 1-2 6

roguHa

BunyyenHs nitito, % 88-90 92-94 85

BwmicT fomiwiok, % < 0,01 Si, Ca <0,04 Al, Si 0,8-1 Na, 0,2-0,3K
MpoaykTvBHICTL npoue- 6.0 71 4.2

cy, kr/rog

PadiHyBaHHS BakyyMTEpPMIYHOrO fiTi0 MOXNuBe
LUNSXOM OUCTUNALT y Bakyymi. [IuCTmunauindi ycraHo-
BKW BUIrOTOBIISAOTL i3 MeTaniB, siki He B3aeMOfitoThb i3
nitiem (3aniso, TMTaH, MonidaeH).

Cnovatky npu 450 “C BigraHsitoTb AOMILLKN Kpem-
Hilo, KanbLilo, kanito Ta HaTpito. MNoTim npu 650-800 °C
BiAraHaTb MNiTin nig Tuckom = 10° mm pT1. cT. Mpun
oXonofpKeHHi napy nitito 4o 300-420 ‘C B koHAeHcaT
nepexoantb 85-90 % niTito, BMICT JOMILLOK B HbOMY
He nepeuLye 102 %.

BucHoBku:

JIiTin — nerknin pigkicHUn KoNbLOPOBMIK MeTarn, LWo
BMKOPUCTOBYETLCA B JaHUM Yac Ansi BUPOOHULTBA
IOHHUX NITIEBUX akyMynaTopiB AN KOMM'IOTEPHOI Te-
XHiKV Ta TAroBux 6atapen onsa enekTpoTpaHcnopTy, y
BMPOOHMLITBI KEpaMmiku Ta ckna.

3a posBigaHuMK 3anacamu niTieBUX pya YkpaiHa
nocigae 3-€ micue B €sponi — 0,5 — 5 MIH. TOHH.

Y cBITOBIN NpakTUUi MeTanesun NiTin OTPUMYIOTb
€reKTporni3om poannasneHoro xnopugy nitito LiCl —
HaMgopPOX4oi coni NiTito. [lo Toro X AyXe BUCOKa Mu-
TOMa BUTpaTa erfekTpOeHeprii Ha enekTponis, a me-
Tan, Wo OTpPUMYIOTb, NOTpebye Ao4aTKoBOro padiHy-
BaHHS.

MpocTiwnm i geweBnm cnocobomM OTpMMaHHS Me-
TaneBoro NiTito € BaKyyMTEPMIYHUIN, 3aCHOBaHMI Ha
BiJHOBJSIEHHI OKCMAy NiTil0O KPEMHIEM Ta astoMiHiemM
npu HarpiBaHHi y BakyyMi. AK BiAHOBHUK BUKOPUCTO-
BYIOTb noApioHeHnn 75% dhepocuniuini i nopoLok ne-
PBMHHOTO Ta BTOPUHHOTO antoMmiHito. CMpoBUHOI Ans
oflepXaHHA MNITil0 CrYXWUTb OKCUA NITilo, WO OTPUMY-
I0Tb LUMASXOM TEPMIYHOro posknagy kapboHaTty niTio
Li2COs. Ak cnioc 3acTocoByOTb MOPOLLUOK BarHa.
Mpouec 3aiMcHIOTL Ha BPMKETOBaHIN LWKXTi Y Baky-
YMHiA peTopTi, Lo HarpiBaeTbCA ra3om.

Y nabopaTopHMx yMOBax NpoBEeAEHO NOPIBHASNbHE
OOCRIIKEeHHS BiHOBMNEHHSA OKCUAY NiTil0 KpeMHIEM Ta
arntoMiHiem BakyymMTepMiyHUM MeTozoM. BcraHoBne-
HO, LLO BiJHOBJIIEHHS KPEMHIEM MOPIBHSHO 3 artoMiHi-
€M Bumarae suLy Temnepatypy (1200 ‘C ) i meHWwuMI
3anuwKoBun TUCK (He Ginbwe 0,1 mm pT. cT.). OgHak
aniomiHin 3abeanevye MeHLy TpuBanicTb BigHOBIEH-
HS, BiNblUy NPOAYKTMBHICTL i BiNbLL YNCTUI MeTan.

OTpumaHi gaHi 30ebinbLIoro y3romKkyTbCa 3 pe-
3ynbTatamu nitepaTtypHux OOChifKeHb Ta [03BOoNs-
H0Tb 3pO0OMTN OBIr'pyHTOBaHMI BUBIP TEXHOMOTrIi BUPO-
OHMLTBA niTito ANst ManbyTHIX nignpuMeMcTB niTieBoi
NPOMUCIIOBOCTi YKpaiHu.
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Hocaixxenns npoueciB TBepaAiHHsA 205 TOHHOI0 KOBAJIbLCHKOI0
3JIMBKA HA XO0JI0AHIN (Pi3uuHiid Moaei

Protokovilov LV., Porokhonko V.B.

Study of the solidification processes of 205-ton forge ingot on a cold

physical model

Mema. BusHa4eHHs ernnugy napamempig enekmpouiiakogoeo obiepigy (ELLO) i nidxueneHHs npubymkoeoi yacmuHu
371ueKa pisHoi 2eomempii Ha npoyec meepOiHHA y sunusHuyi 205 MOHHO20 CManeeo2o K08anbCbKO20 3/1U8Ka i po38u-
mokK y Hbomy Oeghbekmig ycadKkoB8020 MOXOOKEHHS.

Memooduka. [ocnidxeHHs1 npogoduru wiisixom i3u4Ho20 MoOesr8aHHs Ha X0s100Hil rpo3opilti modeni sika iMimye no-
83006xHili nepepi3 3nueka. Modernb sukoHaHa y macwmabi 1:15 3 dompumaHHaM 2eomempuyHoOi NodibHocmi Ao Hamy-
pHO20 06'ekmy ma 3 ypaxysaHHsIM Kpumepiig nodibHOCMI, SKi Xxapakmepusyromb OCHO8HI Meraogi3uyHi npoyecu npu
moderto8aHHi ma 8 pearnbHUX ymosax. Ekcrniepumenmu nposodunu npu mpaduuiliHit cxemi meeplOiHHS 3r1ueka 6 euru-
8HUUJ, @ MaKoX 3 BUKOPUCMaHHSAM pi3HOi eeomempii Mpubymkoeoi yacmuHu 3nueka i 3acmocysaHHsaMm ELLIO ma nidxu-
8J1€HHS.

Haykoea Hoeu3Ha. 3acmocysarHsi ELLIO npussodums 0o rnepepo3nodiny 20pu3oHmarsHoi i eepmukarnbHOi cknadosux
rpocysaHHs1 ¢hpoHmy Kpucmanisauil, 3MiujeHHsI mernioe8oeo ueHmpy y npubymkosy YacmuHy 3n1ueka i 00 36inbWeHHs
Kyma Haxusy V-nodibHo20 ¢hpoHmy Kpucmarizauyii, 4epes Wo cmeopioombCs Cripusmiiugi ymoau Orsi yCyHEHHST OCbO-
801 nopucmocmi ma 3MeHWeHHs1 nikeauitiHUX rnpouecie.

Pe3ynbmamu. Po3pobrnieHo ¢hisudHy Moodernb 0511 8ug4eHHs rnpouecie meepOiHHA 205 MOHHO20 cmarnego20 371uska y
BUJIUBHUY 8 YMOBax e/leKmpowsiakoeoeo obigpigy ma nidxueneHHs, sika 00380JIS€ 8i3yaridysamu OCHOBHI rpouecu,
wo cyrnpogodxyroms ¢hopmyeaHHs meepdoi cpa3u. OmpumaHi Ho8i ekcriepumeHmarnbHi daHHi Wodo napamempie mee-
pOiHHS 3r1ueKa y sunusHuyi 8 ymosax ELLIO i npu pi3Hiti 2ceomempii mpubymkoeoi YacmuHu 31uekKa.

lMpakmuyHa 3Havyywjicmb. 3acmocysaHHs1 ELLIO i nidxueneHHsA pidkum memasnom 3abe3nedye yCyHeHHs1 ycao-
KOB0I pakosuHU 8 rnpubymkosili YacmuHi 3/11ueKka, Wo 8 ymosax eupobHuymea 205 moHHo20 311ueka 00380/1UMb 3MEH-
wumu Ha 70% 06'em npubymkoeoi YacmuHu 31usKa i mum camum 3eKkoHomumu 00 25 moH memary, skull ide Ha obpi3.

Knroyoei cnoea: 3/1u80K, ¢hizuyHe MOOereaHHs, Kpucmarnizauis, cmpykmypa, enekmpouwrakosul obiepig, enekm-
pownakose nidxueneHHsI

Goal. Determination of the influence of the parameters of electric slag heating (ESH) and feeding of the head part of the
ingot of different geometry on the hardening process of a 205-ton steel forge ingot in the mold and the development of
shrinkage defects in it.

Method. The research was carried out by means of physical modeling on a cold transparent model that simulates the
longitudinal section of the ingot. The model is made on a scale of 1:15 with compliance with the geometric similarity to
the natural object and taking into account the criteria of similarity that characterize the main thermophysical processes
during modeling and in real conditions. Experiments were carried out with the traditional scheme of hardening of the in-
got in the mold, as well as with the use of different geometries of the head part of the ingot and the use of ESH and
feeding.

Scientific novelty. The use of ESH leads to the redistribution of horizontal and vertical components of the advance of
the crystallization front, the displacement of the heat center in the head part of the ingot, and the increase of the angle of
inclination of the V-shaped crystallization front, which creates favorable conditions for the elimination of axial porosity
and the reduction of liquation processes.

Results. A physical model was developed to study the processes of solidification of a 205-ton steel ingot in the casting
mold under the conditions of electroslag heating and feeding, which allows to visualize the main processes accompany-
ing the formation of the solid phase. New experimental data were obtained regarding the parameters of ingot solidifica-
tion in the mould under ESH conditions and with different geometry of the ingot's head part.

Practical significance. The use of ESH and feeding with liquid metal ensures the elimination of the shrinkage cavity in
the head part of the ingot, which in the conditions of production of a 205-ton ingot will allow to reduce the volume of the
head metal by 70% and thereby save up to 25 tons of metal that goes to scrap.

Key words: ingot, physical modeling, solidification, structure, electroslag heating, electroslag feeding
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Bcryn. OCHOBHVMMIN CMOXMBaYaMun BEIUKMX KOBa-
NbCbKUX 3MIMBKIB € EHEepreTUyYHe Ta BaXKKe MalUWHO-
OynyBaHHsi. 3 Takux 3MMBKIB BMIOTOBMSIOTb POTOPU
TypbiH, geTani KopnyciB peakTopiB, Banmu rpebHux
FBMHTIB Ta NPOKATHMX CTaHiB, geTani XimiyHoro obna-
OHaHHA Towo. Brnxogsum 3 ymoB ekcnnyatauii Takmx
aetanen (OuHamiyHi HaBaHTaXXEHHS, NiABULLEHI TeM-
nepaTtypw, arpecuBHi cepegoBulla) OO X MeTany

©

im. €.0. MatoHa HAH Ykpainu

MopoxoHbko B.B. — K.T.H., I[HCTUTYT enekTpo3BapioBaHHS

im. €.0. MatoHa HAH YkpaiHu
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CTaBNSATb BUCOKI BUMoru [1-4].

YMOBM TBEPAIHHA BENIMKMX KOBaSIbCbKMX 3IIMBKIB
(Benukuii 06'eM pigkoro metany i TpMBanumn Yac noro
TBEPAiHHS) NPU3BOAATbL 40 3HAYHOIO PO3BUTKY B Me-
TanesoMy po3nsiasi MikBaLiMHKX i ycaaKoBUX MpoLe-
ciB i, K HAcnigok — i3nYHOI Ta XiMiYHOI HeogHopIa-
HocTi nutoro metany [5-8]. MNpun noganbLwin Tepmo-
MexaHivHi 06pobLi HEOOHOPIAHICTL 3MMBKa ycnagko-

Protokovilov I. - d.t.s. E.O. Paton Institute of Electric Weld-
ing, NAS of Ukraine
Porokhonko V. - c.t.s. E.O. Paton Institute of Electric Weld-
ing, NAS of Ukraine
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BYETBHCSI NMOKOBKO i HaniBabpukatamu, siki OTpumy-
€Tbcs 3 Hboro [9-10]. Tomy npobnema BOOCKOHAnNEH-
HS1 TEXHOOTIN BUIOTOBIIEHHS BEITMKMX KOBaslbCbKMX
3MMBKIB JOCi 3anULLaeTbCA akTyarnbHOL.

LLle ogHieto 3 npobnem npu BUPOOHMLTBI BENUKMX
KOBamnbCbKMX 3MUBKIB € 3Ha4yHWI 06'em NpubyTKOBOI
YaCTMHU 3NUBKA, 9Kka Mae AedeKkTn ycaaKkoBOro xapa-
KTepy, i SKy BMAansTb npy noganswunin obpobui
anuBka. Hanpuknag gna 205-ToHoro 3nuBka maca
nNpmbyTKOBOI YacTuHU cTaHoBUTbL 6ina 40..45 TOoH.
Llen metan ige y Bigxogn. Tomy akTyanbHUM 3a-
BAAHHSAM € MOLUYK LUAAXIB 3MEHLLEHHS 06'emy nprby-
TKOBOT YaCTMHM 3MnMBKa, i BigNoBigHO, MeTany, Wo ige
y Bigxoaw.

EkcnepvmMmeHTanbHi 4OCNigXeHHS NpoLeciB, siKi Bi-
AbyBalOTbCsl MpU TBEPAIHHI BENWKUX 3MNUBKIB AyXKe

JIleopis i NPaKMUKg Memarypeii

CcKknagHi i 3aTpaTHi. B umx ymoBax gouinbHO 3aCTOCo-
BYBaTM METOAN (Pi3V4HOr0 MOAENOBAHHS Ha Xonog-
HMX MPO30PUX MOAENAX 3 AOTPUMaHHAM KpUTepiiB
nogibHocTi [11-13].

MeToto gaHoi poboTn Byno BU3HAYEHHS BMNMNMBY
napameTpiB enekTpownakosoro o6irpisy (ELLO) i ni-
DKMBNEHHS1 NpUBYTKOBOI YaCTUHN 3MMBKa Pi3HOI reo-
MeTpii Ha npouec TBepaiHHS y BUNuMBHULI 205 TOHHO-
ro CTaneBoro KOBanbCbKOrO 3MMBKA i PO3BUTOK Yy
HbOMY AeEKTIB yCaaKOBOrO NMOXOAKEHHS.

MeTtoauka npoBeneHHA aocnimkeHb. [1na npo-
BEe[EHHS eKcnepumeHTiB Oyra po3pobreHa Ta BUro-
TOBMEHa XOfiogHa Mpo3opa MoAenb, sika [03BOnse
Bi3yaniayBaTu OCHOBHi MPOLIECH, LLO CYNMPOBOOXKYIOTb
dopmyBaHHS TBepAoi dasu (puc. 1).

Puc. 1. 3oBHiwWwHin Burnag disnyHoi Mogeni Ans gocnigKeHHs npouecy KpucTanisauii KoBanbCbKoro 3nmeka:
1 — BogooXono4KyBaHuUn Npodink; 2 — CTiHKa 3 ONTUYHO NPO30POro Matepiany; 3 — Tennoi3ontoYi Haknaaky;
4 — piguHa, Wo MoAentoe LWNakoBy BaHHY; 5 — Tepmonapa; 6 — HarpiBanbHWUI eNnemMeHT; 7 — Tennosisop; 8 — Bi-

JeokamMmepa

Mopenb sBnsie cobot MNOCKY EMHICTb, LWO iMITye
NOoB3J0BXHIM nepepi3 3nueka. Mogenb BUKOHaHa y
mMacwTabi 1:15 3 4OTPMMaHHSAM reoMeTPUYHOI noaio-
HOCTi 0O HaTypHOro o6'ekty — 205-TOHOrO KOBarnbCb-
KOro 3nmBeka. Taki 3fvMBKM BignuBalTb Ha OAHOMY 3
MeTanyprinHux nignpuemMcTs B YKpaiHi i npu ix BUpo-
OHUUTBI BUHMKaOTL Npobnemun y BUrMsAi oCboBOi No-
puctocTti Ta AedekTiB nikBauiiHoro xapakrtepy. 3a-
3HayeHU maclwiTab mogeni obpaHuii 3 ypaxyBaHHAM
HasiIBHOro [OCBiAY MOAEN0BaHHSA MOAIGHMX NpoLeciB
i 3 HeoDOXiOHOCTI 30epexeHHs1 SBMLL, XapaKTepHUX
ANa npoueciB TBEPAIHHS BENUKUX 3MNUBKIB.

HwxHs Ta BiYHi CTiHKM Mogeni BUrOTOBIEHI 3 BO-
J00X0N0KYBaHOro MeTaneBoro npoqinto, a nepeg-
HSA Ta 3afHS CTiHKM — 3 OMTMYHO MPO30pPOro maTtepia-
Ny 3 HU3bKOK TENMONPOBIHICTIO. Y BEPXHi YacTuHI
MoZeni BCTaHOBMEHi Hakragku 3 MiHOMOMiCTUpony,
o iMiTYIOTb TEenmnoi3ontoodi BKNagkM npubyTkoBOl
HaacTaBku. 3 METOK BUNYYEHHs 3aTBepainoro Mo-
OenbHOro 3Nm1BKa EMHICTb BUKOHaHa po3BipHOt0.

Y AKOCTi MOAENbHOI PiAVHN 3aCTOCOBAHO PO3YMH
Tiocynbdaty HaTpito (Na2S203) Akuii TBepaie nNo AeH-
OpUTHOMY MexaHi3my. Temnepartypa nnasneHHs Ti-
ocynbdaty HaTpito mae cknagae 48,3 °C i BiH 36epi-
rae onTU4YHYy MPO30PICTb OO MOBHOrO TBEPAIHHS, O
[o3BonNde BidyanbHO crocTepiratv npowuecu opmy-
BaHHSA KpucTaniyHoi 6ygosu 3nueka. MNpu ubomy, 3a
AaHumm poboTtu [13], TennodisanyHi BNacTuBOCTI Ti-
ocynbarty HaTpito cniBnagaTb 3 yMOBaMu TBEPAiH-
H& cTani.

BignosigHicTe npouecie, Wwo BigbyBatoTbcst Npu
MOZEnNtoBaHHi Ta B pearibHUX YMOBax Npu Po3nvBaHHi
Ta KpucTanisauii NPOMUCIIOBMX 3IMBKIB, OLHIOETHCS
3a JONOMOrOI0 HaCTYMHUX KpuTepiiB nogibHocTi [13]:

- kputepii ®pyna (Fr), skmin xapaxktepusye cnis-
BiJHOLLUEHHS CUIT iHEpLIT Ta TSDKIHHS;

- kpuTepin PenHonbaca (Re), Wwo BM3HaYae xapa-
KTep rigpoavHamidHMX Tedin y po3nnasi (namiHapHui
yn TypOYyneHTHUI);
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- KpuTepin Bebepa (We), wo 6asyetbca Ha Bia-
HOLLEHHI cun iHepuii piguHn OO Cun NOBEPXHEBOro
HaTary piguHu;

- kpuTepin bio (Bi), Ak BU3HAYae xapakTep Ten-
NOOOMIHY MK HarpiTum po3nniaBoOM i HaBKOSULLIHIM
cepenoBULLEM;

- KpuTepin roMoxpoHHocTi Dyp'e (FO), kM xapak-
Tepusye CMiBBIOHOLLEHHST MK LUBUAKICTIO 3MiHM Ten-
NOBMX YMOB B OTOYYOHOMY CEPEe[OBULLI | LUBUAKICTHO
nepebynoBu nonsa Temnepatypu BCepeauvHi posnna-

BY;
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- KpuTepin TBepaiHHs (dasosoro nepexoay) (N),
LLIO OMUCYE BIOHOLLEHHST TennoTu ¢a3oBOro nepexo-
Ay 0O TEensoTH OXONOOKEHHS.

3HauyeHHs BiAMoBiOHNX KpUTepIiB NoaibHOCTI, po3-
paxoBaHi Anga isnyHoi Moaeni i HaTypHOro npouecy,
HagaHi y Tabn. 1. AHani3 uux gaHux nokasye, Lo Xo-
Ya BOHW i BiOPi3HAOTLCS OOMH Big OogHOro, ane Bia-
MIHHICTb HE MepeBuLLYE OOUH NOPSAOK, Lo AOomnyCcKa-
€TbCS B AOCNIIKEHHSIX | TOBOPUTb NPO MOPIBHSAHHICTb
OOCnigpKyBaHMX NpoLeciB B Mogeni i HaTypHOMY Mpo-
ueci [13].

Tabnuug 1. 3HavyeHHs kpuTepiiB NogibHOCTI ANA di3nyHOi Mogeni i HaTypHOro Npouecy

Kputepi nogibHocTi disnyHa mogenb HatypHuii npouec
Kputepin Ppyaa (Fr) 2,8x10-5 3,67x10°
KpuTepin PertHonbaca (Re) 28 260

Kputepin Bebepa (We) 7,56x10~ 5,83x1073
Kputepin Bio (Bi) 1,02x10°8 1,73x10~7
Kputepin Pyp'e (Fo) 1,083x10* 6,34%10
KpuTepin TBepAiHHs (N) 0,52 4,01

MNepen npoBedeHHsIM eKCnepumMeHTIB TiocynbdaTt
HaTpilo po3nnaenanm B MydesbHin nedi, NoTim poa3n-
naB nogaBanu B MOAENbHY EMHICTb CMOcobom cu-
OHHOI 3anuBku. TemnepaTtypa pPO3fMBaHHSA Yy BCiX
BMMNagkax ctaHosuna 68°C.

Mpn mogentoBaHHI Npouecy KpucTanisauii 3nvBeka
3a TpaguuiviHoio cxemoto, 6e3 ELLIO, nicns 3anos-
HEHHs1 EMHOCTI B ii BEPXHill YaCTWHI BCTaHOBMOBaNm
TENoi30MYy KpPULWKY 3 MiHononictupony (abo no-
AaBanu noapibHeHWn NiHOMOMICTMPON Ha MOBEPXHIO
BaHHM), IO iMiTyBano yTenneHHss npubyTKOBOI 4vac-
TUHW 3NMBKA.

Ona mopentoBaHHA npouecy ELLIO Ha noBepxHio
posnnasy 3anueBanu onfilo, WO iMiTyBana LUNakoBy
BaHHy. Onito migirpisanv 3a 4ONOMOrOI0 3aHYPEHOTO B
Hel HarpiBanbHOro enemeHta. Temnepatypy onii pe-
rynioBanu LWNsSXoM 3MiHW CUnK CTPyMy B HarpiBarb-
HOMY eneMeHTi, a KOHTPOMBanu — 3a LOMOMOroH
TepmMonapu, po3TalloBaHOl Ha 2...4 MM BULLE MEXi

noainy "wnak-metan". Y ekcnepuMmeHtax temnepary-
py onii amiHoBanu B Mexax 52...62 °C.

Onga imiTauii npouecy enekTpoLLIakoBOro nimpKme-
NEHHs, Yy po3nnaB, Ha 3aKMYHIA cTagii TBepaiHHS
3rMBKa, NepPioAMYHO, HEBENMMKNMN NOPLISIMM BBOLMUITUN
nigirpituin go 60...65 °C Tiocynbdat Hatpito. O6'em
TiocynbdaTty HaTpito, L0 OoOaBanM B €MHICTb, CTa-
HoBMB 6nm3bko 1...3 % Big 3aranbHOro.

dikcauito npouecy TBepAiHHA nNposBoaunu 3a O0-
nomorol ¢oTo- Ta Bideo3noMmku. TemnepaTtypy
po3nnaBy KOHTpomnwBanu TepMonapamu. [Ons
OLIHKM TensoBmx NpOLECIB NPV KpucTanisauii 3nmBka
NPOBOAUNN TEPMOMETPYBAHHS NMOBEPXHI MoZeni npo-
TArOM BCbOIO Yacy TBEPAIHHSA 3 BUKOPUCTaHHAM Ten-
nosizopa Wintact WT3160.

EkcrnepvmeHTV npoBoannun npu TpaguUinHiin cxemi
TBEPAIHHA 3MMBKa, a TAKOX 3 BUKOPUCTAHHAM Npuby-
TKOBOI YaCTMHU 3MMBKAa Pi3HOI reoMeTpii Ta 3acTocy-
BaHHaAM ELWIO i nimkuneHHs. OCHOBHI napameTpu
NpoBefeHMX EKCNEPUMEHTIB HaaHi B Tabn. 2.

Tabnuus 2. OcHOBHI NapaMeTpy Ta pesynbTaTy di3VYHOro MOAEMNOBaHHS

Ne | Metog BnnuBy | MNpubytkoBa |Temnepa- | Temne- Yac nosHo- | HasiBHiCTb mubuHa
n/m | Ha  TBEpAiHHA | YacTuHa Typa 3a-| paTypa ro TBepaiH- | aedekTiB ycaKoBOi
3nmMBKa TNIVBKM, nigirpisy, | HA 3MMBKa, | MO OCi 3NWU- | paKoBUHW,
oC oC XB BKa MM
1 6e3 BBy CcTaHgapTHa 68 - 280 € 110
2 6e3 BrnnuBy 3By)XXeHa Ha |68 - 265 € 90
30 %
3 EWO + nigpku- | 3By)keHa Ha |68 57...62 285 € 100
BJIEHHSA 45 %
4 EWLO + nigpku- | ameHLweHa no |68 52...60 302 BiCYTHI 15
BIIEHHA BUCOTI Ha
70 %

Pe3ynbTtatu ekcnepuMeHTIiB Ta OOroBOpPEHHS.
[aHi, wWwoao noBHOrO 4Yacy TBEpAiHHA MOoOEeSTbHUX
3MUBKIB, HASBHICTb B HUX AedeKTiB i rMMbuHy ycaako-
BOI pakoBMHM HaBedeHi B Tabn. 2. 30BHIilWHIA BUrNSag,
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3MMBKIB MIiCNs1 MOBHOrO TBEpAiHHA MOKa3aHo Ha
puc. 2. [iInHamika npouecy TBepaiHHA 3MnMBKiB Ta Tep-
MOMETPYBaHHsI X NOBEpXHi NpeacTaBneHi Ha puc. 3-
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AHani3 oTpumMaHuX AaHux BKasye Ha Te, WO enek-
TpownakoBu oBIrpiB cnpusie 30iMbLUEHHIO KyTa a,
AKMIN XapakTepusye reoMeTpito OpoHTY KpucTanisauii
meTany (puc. 3). 3a BiACYTHOCTI €neKkTpoLUnakoBoro
obirpiBy (ekcn. Ne1-2) kyT o CTaHOBMB Y cepeaHboMy
— 4,5..6,0°. Y pasi 3actocyBaHHs ELLUO (ekcn. Ne4)
BiH 36inbwueca go 7,0...9,0°. Lle BuknvkaHo gopart-
KOBVM [XepernoM TENMoBuAINeHHs y NnpubyTkoBin Yya-
CTUHI 3NMBKa, BHACMIAOK YOro TEMSIOBMIA LIEHTP 3Mi-
WYyeTbCA Yy BepxXH MNpubyTKOBY 4YacTUHY
(puc. 3, Ekcn.Ne3-4). Taka 3miHa reomeTpii ppoH-
Ty KpucTanisauil 3H/MKye NMOBIPHICTb YTBOPEHHS, Npwu
TBEPAIHHI MeTany, 3aKpUTUX NOPOXHWUH MO OCi 3NMBKa
3 po3nnaBoM, no3baBreHnM MiMKUBIEHHS, | TUM ca-
MMM 3arnobirae yTBOPEHHIO OCbOBO| MOPUCTOCTi.

MpoTe, He3Baxatloum Ha 3actocyBaHHa ELLO, npu
3BYXeHin Ha 45 % npubyTkoBOl YacTMHM 3nmBKka 30i-
NbLUEHHA KyTa o He cnocTtepiranocs. BHacnigok ubo-
ro, sik B ekcnepmmeHTax Ne 1-2 6e3 ELLO, Tak i B ekc-
nepumMeHTi Ne 3, no oci MmogenbHUX 3nmBekiB 6ynu Bu-
aBneHi gedekTn y BUrNsai MikponopucTocTi (puc. 2).
YTBOPEHHS Takmx OedeKTiB NOACHIOTb AaHHI, OTpu-
MaHi nNpy TepMoMeTpyBaHHi MOBEPXHi 3nuBka. BoHu
nokasytoTb, WO npu 3actocyBaHHi ELLO i 3ByxeHin
NPMOYTKOBIM YaCTWHI 3NMBKa TEMMOBUN LIEHTP 3MiLLly-
€TbCS Y BEPXHIO YacTUHy 3nmBeka. [1poTe no 1oro oci
YTBOPIOETLCA ApYyrvi Tennosun LUeHTp (puc. 3,
Ekcn.Ne3, 160 xB.). Came ue npu3sogntb 4O opmy-
BaHHA MO OCi 3NMBKa 3aKPUTMX MOPOXHUH 3 PiAKUM
MeTanoMm i B nofdanblioMy — YCaakoBuUX AedeKTiB.
AHaroriyHa cuTyauis 3 YyTBOPEHHSAM OpYyroro Tensio-
BOro LEHTPY MO OCi 3MMBKa crocTepiranacs i npwu
TpaguuivHin cxeMi TBepgiHHA 3nuBka (puc. 3,
Ekcn.Ne1, 210 xB.).

B ekcnepumeHTi Ne4 3 BukopuctaHHam ELLO i
3MeHLueHoi Ha 70 % npubyTKOBOi YacTUHW MO ii BUCO-
Ti, OCbOBa MOPUCTICTb MO OCi 3nnBKa Oyna BiocyTHA
(puc. 2, Ekcn.Ne4). TennoBun LeHTp OyB 3MilLeHUN Y
NnpubyTKOBY YaCTUHY, YTBOPEHHS OpPYroro Tenso-
BOrO LIEHTPYy He cnoctepiranock (puc. 3, Ekcn.Ne4).
Lle Bkasye Ha edekTnBHICTb 3acTtocyBaHHs ELLIO ans
YCYHEHHs aedhbekTiB B OCbOBOI 30Hi 3MMBKa, BUKIMKA-
HWUX PO3BUTKOM YCaOKOBMX SBULLL.

Takox cnig 3ayBakuTu, WO 3actocyBaHHs ELLIO
npu3BOaNTL A0 Nepepo3noAiny ropM3oHTanbHoI i Be-
PTUKanbHOI CKNagoBMX MPOCYBaHHA (PPOHTY KpucTa-
nizauii (puc. 4). B unx ymosax noctynoBo 306i-
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Ekcn. Ne3
Puc. 2. 3oBHIiWHIM BArMSg MOENbHUX 3NMBKIB MiCNS MOBHOMO TBEPAIHHS

Exkcn. Ne4

NbWYyETbCA BepTMKanbHa ckrnagoBa MPOCYBaHHS
TBepAoi asu (BM3HAYaETbCHA KYTOM Haxuny
KpMBMX Ha puc. 4), ska Ha 3aknyvyHoMmy eTani
TBEpAiHHA 3NMBKa MOYMHAE nepesBaxaTu Hapg
ropusoHTanbHoO cknagosot. Lle Tex 3abes-
nevye CnpusTIMBI YMOBU AN YCYHEHHSI OCbOBOI MO-
PUCTOCTi Ta 3MEHLUEHHS NiKBaLiMHMX NPoLEeCIB.

CTpyKTypy rOMnoBHUX 4acTWH MOAENbHUX 3MMBKIB
HaBegeHo Ha puc. 5. 3a BigcytHocTi ELLIO B npnbyT-
KOBI YaCTWHI 3MUTKIB € BENWKi yCaaKoBi PakoBMHM,
o MaloTb KOHYCHY V-nogaibHy dopmy
(puc. 5 Ekcn.Ne1,2). ixHa rnmbuHa (Bmcota) craHo-
BuTb 110 MM - ang ekcnepumeHTy Net i 90 mm - ans
ekcnepumeHTy N2 (y nepepaxyHKy Ha pearnbHun
npouec — 1,6 m i 1,3 m BignosigHo). B 06ox Bunagkax
YyCaAKOBi PAKOBUHW BUXOAMNN 3 NPUBYTKOBOI YacTNHM
B TiNO 3nuMBKa.

B ymoBax EWO i 3ByxeHin Ha 45 % npubyTkoBOi
YacCTUHM 3MMBKa TaKoX CrocTepiranacsa 3HayHa ycag-
koBa pakoBuHa rmmbuHoo 100 MM, sika BMxoguna 3
NpubyTKOBOI YacTUHU B Tino 3rMBKa
(puc. 5 Ekcn.Ne3). BoueBuab, Lo Taka 3MiHa reomeT-
pii NpnBYTKOBOI YaCTUHWU 3MMBKa, HaBiTb MpWU 3acTo-
cyBaHHi ELLO, Bkpaw HeraTMBHO BMMMBaE Ha yMOBMU
TBEpAiHHA MeTany. B unx ymoBax TennoBoi NOTyXHO-
CTi 4OOATKOBOrO ENeKTPOLLIIakoBoro obirpisy npubyT-
KOBOI YaCTMHWN HeOOCTaTHLO ANis DaxaHOro nepepos-
noAiny Tennosoro Mons 3nuBeka, Lo Npu3BoauTb OO
PO3BUTKY YCa[KOBMX NPOLECIB.

Kpawui pesynbtati 6ynu otpumari B ymoax ELLIO
Ta 3MEHLLEHOI NO BUCOTI NPUOYTKOBOI YacTUHW 3MMB-
Ka. Y ubOMy BUMAOKy yCagkoBa pakoBUHA MOLLMPHO-
Banacs nuwe Ha 15 MM, WO y nepepaxyHKy Ha pea-
NbHWW  npouec  CcTaHoBUTb  Nmwe 0,22 ™
(puc. 5 Ekcn.Ne4). Matepian ronoBHOI YacTUHW 3MMB-
Ka XxapakTepusyBaBCs LUNbHOK CTPyKTypol 6es3 ge-
hekTiB Npy Marke Nocki hopMi BEPXHBOI MOBEPXHi
anuBka. Llen ecbekT Oyno gocarHyTo 3a paxyHok ene-
KTpoLunakosoro obirpiBy i KomneHcauii ycagki gogar-
KOBMMM MOPLiSMK po3nnaey, Lo nogasanv Ha a3ep-
Kano BaHHW Ha 3aKNto4Hi cTagil TBepaiHHA 3nuBKa.
Kpim TOro, nimpkuBneHHs cnpusno gogaTtkoBomy o6ir-
piBY rOMOBHOI YaCTUHM 3MMBKa TEMIIOM, LLO BBOAUTb-
ca 3 nopuismu nigirpitoro go 60...65 °C posnnasy, a
TaKoX NepeMilllyBaHHIO BaHHW, sike iHiLiioBaHe noTo-
Kamu LbOro po3mnasy.
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Puc. 3. QuHamika npouecy TBepAiHHA (a) | TepMOMETpYBaHHS NoBepxHi Mogeni (6) nig Yac TBepaiHHSA 3nmB-
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Puc. 4. QnHamika npouecy TBepAiHHA Y ropu3oHTanbHoMY (1) | BepTMKanbHOMY (2) HanpsiMKax

L N

Ekcn. Ne1 Exkcn. Ne2

Exkcn. Ne3

Puc. 5. CTpykTypa rornoBHOI YaCTUHM MOLENbHMX 3ITMBKIB

oo dhopMyBaHHSI H/XKHBOI YaCTUHN MOAENbHUX
3nNmMBKIB MOXHa BiasHauntu, wo ELLO mano snnunHyB
Ha iX CTPYKTYpOyTBOpPeHHS B obnacTsix Big AOHHOI
yactuHu go eucotn 0,5...0,6xHsn, ge Hsn — BUcoTa
anueka. Lle pae nigcrtasy BBaxatu, wo ELLO moxHa
noyvHaT He Bigpasy nicnsa posnuBaHHA MeTany Yy

BUMMBHULIO, @ Yepe3 AeskniA NpoMDKOK yacy. Y Tow
e Yac HeobXigHO BpaxoByBaTH, LLO B yMOBAaX BiAcCy-
THOCTi OBirpiBy ronoBHOT YaCTMHM BXE Ha NOYaTKOBUX
eTanax y BEepXHil 4acTuHi 3nvMBKa MOXe YTBOPUTUCA
ABocha3Ha 30Ha, sika 4YacTKOBO nepekpuBae obcsru
pigkoro metany, WO 3HaxoOAaTbCs HuK4e, i ycknag-
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HIOE MOro MigpKMBIIeHHS B uinomy, Yac nodatky 3ginc-
HeHHs ELLIO i xapaktep 3MiHM MOTY)XHOCTI, WO BBO-
OWTBCS NPY LbOMY, BUMaraTb NO4arbLLIOr0 BUBYEH-
Hsi Ta OOI'pYHTYBaHHS.

AHani3 ekcnepuMeHTanbHUX OaHWX NOKasye, Lo
Yac MOBHOrO TBEPAIHHA MoaenbHoro 3nmBka Ne4,
oTpumaHoro 3 BukopuctaHHam ELIO, 36inbwmBca Ha
8%. lNpoTe 3acTocyBaHHA B AAHOMY BUMaOKy 3MeEH-
weHoi Ha 70 % npubyTKOBOI YacTWMHKU, OO3BONUTL B
YyMOBax peanbHOro metanypriniHoro BUpobHuuTBa 3e-
KOHOMUTM A0 25 TOH MeTany, skl ige Ha obpis.

B uinomy, pesynbTat goi3MYHOr0 MOAEMOBaAHHA
Kpuctanisauii 205-TOHHOro KoBasribCbKOro 3rmMTka CBi-
A4aTb Mpo MO3UTUBHWUWA BMMB EMNEKTPOLLIIaKoBOrO
06irpiBy Ta MigKMBIEHHST Ha MOro KpucTaniyHy 6yno-
BY Ta BignoBigaloTb BiAOMWM YSBIEHHSAM MPO KpUC-
Tanisauito 3nMBKiB B BUNMBHULI. Lle roBopuTb Npo ski-
CHY BiANOBIAHICTb Po3pobneHoi di3nyHOoi Mogeni Ha-
TYpPHOMY MpoLeCy.

BucHoBKkuM.

1. Po3pobneHo oisanyHy mogenb Ansi BUBYEHHS
npouecis TBepAiHHA 205 TOHHOro CTaneBoro 3nMBeka y
BMITMBHWLI B yMOBax €NeKTpOLLNIakoBoro obirpisy Ta
NiOKUBMNEHHS, Ska [03BONSAE BidyanisyBaTW OCHOBHI

o %% ¢ ISSN 1028-2335 Ne2, 2023

npowecu, Lo CynpoBOSKYOTb (PopMyBaHHS TBEPAOI
dasn. OTpumaHi ekcnepuMmeHTanbHi AaHHi nigTBep-
DXKYIOTb SIKICHY BiNOBiAHICTb po3pobneHoi i3nyHoi
MoZeri HaTypHOMy npoLecy.

2. BctaHoBneHo, wo 3actocyBaHHa ELWO
NpM3BOAUTb [0 3MillleHHS TEennoBOro UEHTPY
y npubyTKOBY YacTuHY 3nuBkKa i 40 36inblieH-
HA KyTa Haxuny V-nogibHoro poHTYy Kpucta-
nisauii, yepes3 wo 3abesneyye cNpuATINBI yMOBU
ANsi YCYHEHHS1 OCbOBOI MOPUCTOCTI Ta 3MEHLUEHHS fi-
KBaUiNHNX NpoLieCiB.

3. MNokasaHo, wo EWO i nigxuBneHHs pia-
KMM mMeTanom 3abesneyye yCyHEeHHsl ycaakoBoi pa-
KOBUHM B NPUOYTKOBIN YacTUHI 3NMBKa, O B yMOBax
BNPOOHMUTBa 205 TOHHOrO 3nMBKa A403BOMUTL 3MEH-
wutn Ha 70% ob'em NpmOYTKOBOI YacTMHU 3MUBKA i
TMM CaMMM 3eKOHOMUTK [0 25 TOH MeTany, skui ige
Ha o6pi3. [Npu LbOMy 3aranbHU Yac TBEPAIHHSA 3NMB-
Ka 30inbLUyeTbCca B cepeaHboMy Ha 8 %.

4. MowmitHoro BrnmmeBy ELWIO Ha cTpykTypOyTBO-
PEHHSI HWKHBOI YaCTMHW MOAENbHUX 3MnuBKiB (Big
JOHHOI YactuHn go Bucotn 0,5...0,6xHsn, ae Han —
BMCOTa 3NMBKa) BUSBMEHO He Byro.
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TOYHE JIUTBO CILJIABIB IIJIAXeTHUX METAJIIB Ta BU3HAYECHHSA
ClIeIIiaJILHI/IX BJIACTUBOCTEH

Bulyha D., Kocheshkov A.
Precision casting of alloys of precious metals and determination of
special properties

AHomauyis. [Mpobrnema po3sumKy HOBIMHIiX mexHoroeil dnsi u2omoesneHHs aupobie 3i crirasie KorboposuUX Memariie
gidobpaxae HUHIWHIO akmyarbHy nompeby 800CKOHa/IeHHs Mpouecie 8UpobHULUMBa 3 MEMOK 3HUXEHHS KirbKocmi
bpakogaHUX 3a20MOBOK, MOKpaweHHs1 ¢hisudHUX enacmueocmeli Oemariel, a MaKoX 3HaxO0XeHHsI Ho8UX criyiasie ma
800CKOHarneHHs1 enacmusocmell HasieHux. MokpauwjeHHs1 enacmueocmel criiagie nidsuwums 8Ci MoKa3HUKU 8upob-
Huymea, a came KinbKicmb ma sKicmb 8usiusekie, wo nidsuwye npoOyKmueHiCmb fpaui ma eKOHOMIYHI MOKa3HUKU
nidnpuemMcmes.

Y npoueci 8UKOHaHHSI HayKO80-mexXHi4YHUX OOCiOXeHb 3a Uicto meMoro nposedeHo oerisi0 icmopii i docsizHeHb y 2anys3i
8U20MOBIIeHHs 8UIUBKI8 3i crinasis-iMimamopie ma crinasie 6r1a2opodHUX Memariie, po32nsHymo 3006ymku i HedoniKu,
a makox onucaHo Moxrnusi nepcriekmusu docnidxeHb. Ocobriusy ygacy 30cepedxeHo Ha crocobi nummsi 3a Mooersisi-
MU, WO 8UMON/IIMb, adXe Ha Cb0200Hi Ue HalinowupeHiwul Memo0 ompuMaHHsI 8UNIUBKI8 MOYHUX ma H8esTipHUX
supobis. 3 possumkom mexHoroaiti 3D-0pyKy ma ghpe3epysaHHs 3’18uUIacsi MOXI/IUBICMb CMBoPH8amu MOYHIi 80CKO8I
modeni 3a nid2omoenieHo y Kom’tomepHil npoepami 3D-modenno, wjo dae Moxnusicmes nepedbadyumu pesdynbmam
npouecy, a makox ronepedumu moxrsuei Hedoniku. KiHyesuli pedynsmam 3anexums 8i0 bazambox ¢hakmopis.
Knro4oei cnoea: JINTBO 3A BUTOINIKOBAHUMW MOLEJISAMU (JIBM), ®OPMA-MOHOIJIIT, BUITMBOK, CI1/IAB-
IMITATOP, CIJ/IABU BITATOPOAHUX METAJIIB, 3D-APYK, ®PE3EPYBAHHS, BOCKOBA MOJEJIb, 3D-MOAESb

Abstract. The problem of the development of the latest technologies for the manufacture of products from non-ferrous
metal alloys reflects the current urgent need to improve production processes with the aim of reducing the number of
defective blanks, improving the physical properties of cast parts, as well as finding new alloys and improving the proper-
ties of existing ones. Improving the properties of alloys will increase all production indicators, namely the quantity and
quality of castings, which increases labor productivity and economic indicators of enterprises.

In the process of carrying out scientific and technical research on this topic, a review of the history and achievements in
the field of manufacturing castings from imitation alloys and alloys of precious metals was carried out, achievements
and shortcomings were considered, and the possible research prospects were described. Special attention is focused
on the method of investment casting, because today it is the most common method of obtaining castings of precision
and jewelry products.With the development of 3D-printing and milling technologies, it became possible to create accu-
rate wax models based on a 3D-model prepared in a computer program, which makes it possible to predict the result of
the process, as well as to prevent possible defects. The final result depends on many factors.

Keywords: INVESTMENT CASTING, FORM-MONOLITH, CASTING, IMITATOR ALLOY, ALLOYS OF PRECIOUS
METALS, 3D-PRINTING, MILLING, WAX PATTERN, 3D-MODEL

Bctyn

B YkpaiHi 6nun3bko OBOX TUCAY BEIUKMX Ta Manmx
IOBEMiIPHUX MiANPUEMCTB Ta MacTepeHb, OiNbLUICTb 3
SIKUX BMKOPUCTOBYIOTb ANsi BUFOTOBMEHHA MPOAYKLil
MEeToZ NUTTH 3aroTOBOK.

Cnocid To4HOro NUTTHA, a came NUTTS 3a MoAaens-
MM, LLO BUTOMNMIOKOTb, — Le YHIBepcanbHUI i BUCOKO-
TOYHWIA BUPOOHNYMI NPOLIEC, KU BUKOPUCTOBYETHLCS
B Pi3HMUX ranyssx MpPOMUCIIOBOCTI Afsl CTBOPEHHS
CKNagHMX BUCOKOSAKICHMX MmeTanesux getanen. Llen
cnocib Halkpalle 3apekoMeHdyBaB cebe y BMroToB-
NeHHi  toBenipHMX BMpoObIB, a TakoX LUMPOKO
PO3MOBCIOMKEHNI | Yy MalIMHOOYAyBaHHI, agke Oae
3MOry BWIFOTOBMSATU AeTani NpakTU4HO Oyab-sKoi
CKIMagHoCTiI.

Ak i iHWi cnocobu TovHOro NUTTA (NMUTTA Nig TUC-
KOM, Y KOKifb, 3a MOZEnsaAMu, WO rasndikyoTbcs),
cnocib nuTTa 3a mogensamu, wWo sutonmoTb (J1IBM)
Mae Sk nepesaru, Tak i Hegoniki. 3 iHWOro OOKy,
AKLLO AOTPUMAHO YCiX TEXHOMOrYHMUX YMOB Ta BUKO-
pUCTaHO KOHAMLIVHY CUPOBUHY, B pe3ynbTaTi OoTpu-
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MYETbCA AKICHUA BUNMBOK 3 OOHOPIAHOI0 CTPYKTYPOIO
Ta noepxHeto. Came ToMy MoLUYK HOBUX CMnasiB Jae
3MOry NiABULLMTK LLAHCKU NIUTTS 3aroTOBOK i PO3LLNPK-
TW TBOPYI MOXNUBOCTI ANg An3anHepis, agxe cnnasu
MaloTb Pi3Hi KONbopu, a iX KOMBiHYBaHHSA Oae 3mory
CTBOPUTU BULLYKaHi aBTOPCLKi NPUKpacu.

TpaguuiiHi MeToan BUrOTOBEHHS OBENIPHUX BU-
pobiB 3a3Buyan nepefnbavaloTb BUKOPUCTAHHA AOPO-
rouiHHMX MeTanis, ane nporpec y matepiano3HaBCTBi
3anpoBaauB iMiTauinHi cnnaew, siKi 4atoTb 3MOry 3po-
6uTK BMPIO OeleBLInM, Lo PO3LUUPKOE KOMO CMOXK-
BauiB, a TaKOX AOLINbHO Ha eTani TUpaxyBaHHSA BU-
poOiB Ta aKTMBHO BMKOPWUCTOBYETLCHA Ha CbOrOAHI A4S
BUrOTOBIIEHHS] Medarnen, OpAeHiB, Haropod, craTtye-
TOK TOWO. Y Ui cTaTTi HaBeaeHo ornsapg crnocobis oT-
pyMaHHs BMpoGiB 3 iMiTauinHMX cnnasiB i cnnasiB
OOPOroUiHHNX MeTariB MeTO4OM TOYHOrO NUTTS.

KopoTkui ornsin TexHonorii roBenipHOro nur-
Ba

Mepw Hix 3arnnbnoBaTUCS Y BiQOMOCTI MPO KOH-
KpeTHi cnnaBu Ta matepianu, siki BAKOPUCTOBYIOTb Y

Bulyha D. —
Institute
Kocheshkov A. — c.t.s, I.Sikorsky Kyiv Polytechnic Institute

PhD student at |.Sikorsky Kyiv Polytechnic
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MeToAdi NUTTS 3a MOAENsAMU, L0 BUTOMNSOIOTbL, BaX-
NMBO 3pO3yMiT cam npouec. KopoTkuin ornsig Heob-
XiOHUX KPOKIB ANsi CTBOPEHHSA BUPOOY HaBeAeHO HMX-
ye:

1. CTBOpEHHSA eckizy BUpODOY — MOXIIMBMM € BUKO-
HaHHA Bpy4YHy Ha nanepi, abo X 3a [OMNOMOroH
KOMM’IOTEPHWX NpOorpam, Ta Noro 3aTBEPKEHHS.

PucyHok 1 — BockoBa mopgenb kabnyukw,
pesepoBaHa Ha  Bepctati  [http://jewel-
wax.com.ua/]

3. CknagaHHsa 6noky BUTOMMOBaHWMX mogenewn. [lo
cTosika (BOCKOBMI IWBHWK) MPUNAOOTLCS BOCKOBI
MoZeni, CTBOPIOKYM OepeBOnoaibHy CTpyKTypy, Ky
Ha3uBaKwTb «ANUHKOW» [1]. Y MpaKkTU4YHMX yMOBax
30upatoTb gekinbka BMpobiB 3a oguH pas, wob npo-
uec 6yB MakcumanbHO ePeKTUBHUM (puc. 2).

3 —

PucyHok

a]

5. Bignan, npoxaptoBaHHsa. ®DopMy-MOHONIT
HarpiBatoTb, W06 po3nnaBuUTM Ta BMOANUTK BiCK i3
dopmn, WOO6 HATOMICTb 3anUWNTA MOPOXHUHY Y
dopmi, sika nicns Lboro 3anoBHUTLCS cniaBom [3].

DoOpMOYTBOPEHHS
[https://www.jportal.ru/upload/jportal/836/zchdin302mo.jp

JIleopis i NPaKMUKg Memarypeii

2. BurotoBneHHs MancTep-mofeni 3a ecki3om.
CTBOpOETECS TOYHA BoOckoBa abo nracTukoBa MO-
nenb BupoOy. Lle MoxHa 3pobutn 3a JONoMOorot pis-
HUX TexHik, Bkrovaloum 3D-gpyk, dpesepyBaHHs
(puc. 1) abo TpaguuiHe py4dHe pisbOneHHs. Ha
CbOrofHi pyyHe pisbbreHHsa manonowmpeHe, ane sce
LLle € MaWCTPW, SIKi MOXYTb 3 HyJsi BUTOTOBUTU BOCKO-
BY MOZ€ESb MOBHICTHO BP

PuckHok 2 — BockoBa «snvHKay, rotoBa Ansi oOpMoBKM
[https://silver-ua.com/sozdanie-voskovoj-yolki/]

4. BwurotoBneHHs dopmMu-moHonity. Bockosa
«SAMNVHKa» PO3MILLYETLCH Y cneuianbHOMY UuniHApI —
onoui. Onoka 3 MogenbHMM OMOKOM 3aMOBHIOETHCSA
rinco-kpemMHe3eMucTo  cymiwwio  (puc. 3), ska
TBEpOHE, YTBOPKOYM (POPMY-MOHONIT, AKY MisHie

nigaarTb NPOXAPIOBAHHIO |2|

PucyHok 4 — 10K BUNMBKIB
[https://silver-ua.com/sozdanie-voskovoj-yolki/]

6. 3anuBaHHs. MNonepeaHbLO po3nnasneHnn iMiTa-
LinHMA cnnae abo cnnaB 6naropogHMx MeTanie 3a-
NMBaETbCS B MOPOXHUMHY, Micns Yoro 3aTteepaisac [4].
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7. dopma-moHoriT, yTBOpEHa rinco-
KPEMHE3EMUCTOK CyMILLLLIID, pPO3MMBAETbCH, LWOO
BUNYYUTHU BignnTi BUpOOMU.

8. OO6pobka. Bupobu 3HiMaTbCA 3i CTOsKa

(BippisatoTbcst nob3umkom abo BiacikatoTbCcsa cnewianb-
HAMM  [HCTpYMEHTaMmn) | BUKOHyeTbCA 0Bpobka.
3pizaloTbCs 3anuLIKN NIMBHUKOBOI CUCTEMM, MPOBO-
anTbes winicpyBaHHs, 3aKpinneHHs KaMeHiB,
nonipyBaHHs, rarnbBaHiYHe NOKPUTTSA 3a HEOOXiAHOCTI
[5].

Takox iCHye Le cnocib TUpaXkyBaHHSI OBENIPHNX
BMpoOiB. [INa UbOro BUrOTOBNSIETLCS TYMOBa Mpec-
cdopma 3a MawncTtep-mogenno. Y pigky rymy 3a-
HYPIOETBCA MaCTepP-MOAEerb, ryma MoniMepuayeTbes.
Micns uboro BMCoOKokBanidikoBaHWK creuianict po-
3pi3ae rymy i gictae mancrep-mogens. BcepeanHi 3a-
NUWIAETBCS MOPOXHUHA ANst MoZeni, B SKy 3anu-
BaETbCA BOCKOBWN cknafd. BiH TBepaie i Bunyyaerbca
3 rymoBoi oopmu. Tak MOXHa OTpMMaTn TUCAYI BOC-
koBMx mogernew [5]. Micna uboro MAayTh Aii, No4MHato-
yn 3 nyHkTy 3. Tak MOXHa MiHiMidyBaTu BUTpaTK Ha
BMPOOHULITBO BUPOBIB Ta NpMCKOPUTM NpoLiec.

Ornap mMetaniB Ta cnnasiB, WO BUKOPUCTOBY-
OTb B TOYHOMY NUTBI

HainonynspHriwi 6naropogHi meTanu, cnnasu
AKNX BUKOPUCTOBYIOTb Y BWUFOTOBMEHHI HOBEMiPHUX
BMpoGiB, Haropod, CyBeHipiB TowWwo — 3onoTo (Au),
cpibno (Ag), nnatuHa (Pt), pigwe — nanaain (Pd). Ta-
KOXX BMKOPMCTOBYIOTLCH | KOMbOPOBI CMfaBu Ha oc-
HoBi Migi (Cu), ski BiQHOCATb A0 iMiTaUiMHMX ChnaBiB
— OpoH3y, NaTyHb, MenbXxiop, Hewnsunovbep. JlaTyHb
HalKpaLle iMiTye Konip Ta BNacTMBOCTi CnrasiB 30r510-
Ta, Menbxiop — cnnaeis cpidbna [5].

IMiTauinHi cnnaeBu YacTo BMKOPUCTOBYIOTb Y TOY-
HOMY NWTTI, WOO BiATBOPUTM 30BHILLHIN BUMNSAA i BNa-
CTMBOCTiI JOPOroUiHHUX MeTaniB, TakuMx sK 3010TO Ta
cpibno, ane npu UboOMy € BinbLl €KOHOMIYHO AOoLiNb-
HUMK. Bupobu 3 iMiTauiiHMX cnnaeiB BiAHOCATLCS A0
BikyTepii. HanvacTiwe Haropogn Ta CyBeHipn BUro-
TOBMSAOTL i3 BPOH3M Ta NaTyHi, axe Taki BUpobu 3a-
3BUYan MaloTb Benuky Bary. Lle o3Havae, wo uiHa
BMPOBY TOro X po3mipy, ane BUKOHaHOrO i3 CrnaBy Ha
OCHOBI 30110Ta 6yae OinbLLUOo Yy COTHI pasiB.

BbpoHsa — cnnaB migi 3 onoBom (Sn) 3 4acTkoto
onoBa Big 1,25 no 10% Ta HEBENUKUM BMICTOM
docchopy (P). JlaTyHb — cnnae Migi 3 uuHkoMm (Zn) 3
YacTkol UMHKY 00 36%. Menbxiop — cnnas Migi 3
Hikenem (Ni) 3 yacTkoto Hikento Big 5 ao 30%, a Takox
HeBenukMM BMIiCTOM 3anisa (Fe) Ta maHraHy (Mn)
(6rmsbko 1% koxeH). Hensunbbep — cnnae migi 3
LUMHKOM i Hikenem 3 BMICTOM UnHKY 13...45% i Hikento
5...35% [6].

3anexHo Big BMICTy OCHOBHOIO MeTary y cnnasax
GraropogHux mMeTanis, BOHM MignopsgkoByoTees 3a-
koHy YkpaiHn Ne 637/97-BP Big 18.11.1997 «[po
OEepXXaBHe perynoBaHHs BUZOOYTKY, BUPOOHMUTBA i
BMKOPUCTaHHS AOPOroUiHHMX MeTariB i AOPOrouiHHO-
ro KaMiHHA Ta KOHTpONb 3a onepauisiMu 3 HAMWU» 3
JonosHeHHsiMUW. [poba — Lie BMICT OCHOBHOMO MeTany
B TUCAYHMX OONAX 3a Macow. HawnonynapHiwmim
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cnnae cpibna — crepniHroe cpibno 925 npobu 3
BMicTOM cpidbna 92,5% Ta wmigi 7,5%. Hawnony-
NSpHiWi cnnaeu 3onoTa — 30070 585 ta 750 npob i3
BMICTOM 30110Ta BignosigHo 58,5% Ta 75% 3 npucag-
Kamn y Burnagi migi, cpibna, Hikento, nanagito y pis-
HUX Nponopuisax. HannonynapHiwi cnnasv nnaTtuH1 —
900 Ta 950 npobwu i3 Bmictom nnatuHu 90% Ta 95%
Ta nanagin (Pd), kobanbT (Co), ipugin (Ir) ilabo ocmin
(Os) 3anexHo Big cnnasy.

Takox, 3anexHo Big BMICTY OCHOBHOroO MeTany B
cnnasi, iMiTauivHi Ta cnnaeu GraropogHUX MeTanis
HabyBaloTb Pi3HMX KOMbopiB. Komip MOXHa MporHo-
3yBaTW 3arexHo Big Nponopuin MeTanis y cnnasi, a
TAKOX KOHTPOMIOBATM [[OAaBaHHSAM  cneuianbHuX
niraTyp y cnnas.

Cnocobu KoHTponio cknagy cnnasiB Onaro-
poAaHMX meTtanis

Bupobu 3i cnnasie 6naropogHux meTanis nigaa-
I0Tb BMNPOOYBAHHSAM, MICMAsi AKUX BCTAHOBMOETLCH
TOYHWIA BMICT OCHOBHOIO [OPOrOLiHHOrO MeTany B
cnnasi, Wo 3acBigvyeTbcs Ha BUpoOi npoboto. MNpoba
— Lle BaroBui BMICT 3050Ta, cpibna yv nnatuHu B
oauHUUi niratypHoro cnnasy [7]. Y 6inbwocTi KpaiH
CBITY 3aranbHOMNPUAHATOK € MeTpuyHa cuctema no-
3Ha4YeHHs1 Npobu, B sKin npoba — ue OepxaBHUN
CTaHdapT, SIKMA BU3HA4YaE LjiHHICTb cnnasy i 3acBig-
Yyye BMICT BaroBUX OAMHULb OCHOBHOMO JOPOroLiHHO-
ro MeTany B OAHIA TUCSYi BaroBUX OAMHWL, Npwu
yomy umctomy metany ignosigae 1000-Ha npoba,
ane MakcumanbHa [OCTyrnHa 4McToTa 3050Ta Ha
cborogeHHs € 999,9.

Mpoba BMpoGiB rapaHTYETbCS HAHECEHHAM Ha HUX
BioOUTKa OepkaBHOro NpPobipHOro knermMa — 3Haka
BCTAQHOBMEHOIO0 €OWHOro 3paska, Lo 3acsigyvye
BiOMNoBIAHICTL BMPOGIB i3 AoporouiHHMX MeTanis. Ha-
SIBHICTb AepXxaBHOro nNpobipHOro knenma Ha BUpobi €
rapaHTieto aepasu, LLO BMICT AOPOroLiHHMX MeTanis
y Bupobi Bignosigae npobi.

ICHylOTb pi3Hi MeToaM BMNPOBYBaHHS cnnasiB OO-
POroLiHHUX MeTarniB: XiMiYHUA aHani3, cnekTparnbHi
MeToaM, MeToaM BMNPOOYyBaHHS Ha MPOBipHOMY Ka-
MeHi, KpanernbHuin Metod. XiMiYHWUIA aHani3 — HanTo4-
HilLMA MeTod, ane Bede OO PyWHyBaHHA BUPODY.
CnexTpanbHi MeToaAW [aloTb PO3rOPHYTY KapTUHY
niraTypHoro cnnasy i HasiBHICTb AOMILLOK, NpoTe Aa-
I0Tb XapaKTepuUCTUKY Iuvlle MOBEPXHEBOro Luapy
cnnasy.

MeToa BMNpobyBaHHA Ha NPOBIpHOMY KaMeHi Aae
TOYHICTb BCTAHOBIEHHS (BigXUNeHHs1) 0o 2/o0o Npobw.
BrsHauyeHHst npobu 30n0TKX, CPIBHMX, NNaTUHOBMX Ta
nanagieBnx cnnasiB Ha NpPoBGipHOMY KameHi npoBoO-
antbea 6e3 nowkogkeHb BMpoOy 3a O0MOMOror
CTaHgapTHux cnnasiB (MPOBipHUX romnok) i NpobipHUX
peakTuBiB. Kpim TOro, nepesaramu LbOro MeTondy €
LWBKAKE BU3HAYEHHSA BMICTY OOPOrOLiHHUX MeTarniB i
nopiBHAHa NPOCTOTa KOPUCTYBAHHS LM MeToaoM [7].

MpobipHi KameHi 3a cBOIM MiHEpanbHUM CKITaaoM
HanexaTb 0O KPEMEHUCTUX CrnaHLiB, MalTb Xapak-
TEPHU YOPHUI KOMIp 3aBOSAKN BMICTY B HUX BYrMeLto.
BiH noBMHEH MaTtu BenuKy XiMiYHY CTIRKICTb A0
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npobipHUX peakTuBiB, He niggaBaTucsa Aii MiHepanb-
HUX KWUCINOT (@30THOI, Cip4YaHoi, consiHoi) Ta ix
cymillen, gobpe ounwaTncs Big HAHECEHUX Ha HbOTO
peakTuBiB.

MpobipHi ronkn — Le eTanoHHi cnnasu AOpo-
rouiHHMX MeTaniB, SKi BUKOPUCTOBYOTb AMsl BCTaHOB-
neHHsa npobu. Ha nigrotoBneHy noBepxHo NpobBipHO-
r0O KamMeHK LWiNbHO HaHOCUTBLCA OOCNIMKYBaHUM
CnnaBoM AOPOrouiHHOMO MeTarny OAHOpigHa CMyXKa
(wtpux) 15...20 MM 3aBgoBxku. MNopag HaHOCKMTLCA
Takoi X LWNbHOCTI CMYy)XKa MpOBIpHOK eTanoHHOK
roskoto, sika 3a Npoboto | KONbOPOM BiAMOBIgae cnna-
BY BMpPODY. Ha cMyXKku 3a OOMOMOroOK CKsiHOI na-
NINYKN  HaAHOCUTbLCSA  BIANOBIAHMA peakTuB. [licna
HaHECEHHS peaKTUBY YBaXKHO CMOCTepiraloTb Ha
wTpuxax 3a noro gieto i nepebirom peakuii. MNMoTim pe-
aKTUB 3HiMalOTb 3 NPOBIPHOro KaMeHto 3a OMOMOroH0
inbTPyBanNbLHOro Nanepy i, MOPIBHIOKYN NOTOo Ail0 Ha
€TanoHHMX | [JOCNIMDKyBaHUX CMyXKax Chnasis,
BM3Ha4valoTb npoby JocnigxyBaHOro cnnasy. AKWO
OCaZM Ha CMYXKax OOHAKOBi 3a IHTEHCMBHICTIO, L
CBiA4YUTbL NPO ogHakoBy Mpoby cnnasiB. AKWO ocan,
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AKUA YTBOPMBCS Ha CMYXLUi OOCNif4KyBaHOro cnnasy,
TEMHILLMIA 32 0caf Ha CMYXLi eTarioHHOro cnnasy, TO
npoba JocnigKyBaHOro CrfaBy HWXYa €TaNoHHOrO i
HaBnaku [7]. Taki BUCHOBKM 040 Npobu cnnaey Lo-
porouiHHoro meTtany BuMpoby pobnsTe nig Yac BUNpo-
OyBaHHSA cnnagiB 30510Ta BCiX Npob, cpibna, nnatuHu
Ta nanagito.

Cnocobun KOHTPOM KONbOpy cnsasiB 6naro-
poAHNX MmeTaniB

CnnaBu cpibna i nnatmHM marTb CBITNUIA KOip,
a[pKe OCHOBHi efeMeHTU CcnnasiB MakTb CBITNMK
(6inun) komip Ta MawTb OOCUTb BWCOKUA BMICT
(92,5% pgna cpibna Ta 90...95% png nnatuHm).
Cnnaeu 3or0Ta MaloTb BinbLU LMPOKY raMy KofbopiB,
afke BMICT 3050Ta KONMMBAETBCA [AOCUTb MOMITHO
(58,5...75%). 3anexHo BiA NPONOPL eNneMeHTiB, K
BXOOSITb OO CrMraBsiB 30510Ta, HA BMXOAi BOHWM Haby-
BalOTb PI3HNX KONbOPIB: BinNuiA, CBITNO-XOBTUN, 3ene-
HWUIA, XOBTUI, SCKPABO-KOBTUN, YEPBOHMUI, POXKEBUM.
Bigoma notpirHa giarpama 3on0To-cpibno-mige (puc.
5), 32 AKOIO MOXXHA CMPOrHO3yBaTW KOJMip Crnasy 3a-
NEXHO Big NpONopLini enemMeHTIB.

Gold
(Au)

yellowish

reddish

copper
red

AY4 AYA

Silver 10 20 30 40 50 60 70 80 90 Copper
(Ag) Wt% Cu (Cu)
PucyHok 5 - MoTpinHa Jiarpama 30510TO-CPibno-miab

[https://upload.wikimedia.org/wikipedia/commons/thumb/e/e7/Ag-Au-Cu-colours-english.svg/350px-Ag-Au-Cu-

colours-english.svg.png]

KonbopoBa rama Bigomux tosesipHux cnnaeis 375
npobu JocuTb po3maiTa: Bif YepBOHYBaTOro BiATIHKY,
BNacTMBOMY Mifi, 4O >KOBTYBaTMX BIATIHKIB, a TakoX
Oinux, abo «ctaneBux» TOHIB. [esiki oBTi cnnasu
MaloTb 3eneHyBaTui BiaTiHOK. Bigomo [8], wo konip
MeTanie (cnnasiB) BU3HA4Yae€TbCA XapakTepom 3a-
NEXHOCTi koedilieHTy BiadUTTA Big OOBXUHW XBUN
cBiTna y sugumomy gdianasoHi xsunb (0,8...0,4 MKm).
Takum ynHoM, BNacTuBi Mifi Ta 30M10Ty ACKPaBi KOMb-
OpW CNPUYMHEHI Pi3KMM crnagom KoedilieHTy BigouTTs
R npu 0,6 mkm (Cu) i 0,575 mkm (Au). B pesynbTtari
Migb BigOMBae CBITNO NepeBaXXHO YEPBOHOIO Aiana-
30HY XBWJIb. AHAIOrMYHO 30f10TO Ma€ rMMUOOKUIA KO-
BTMI KOMip, a cpibno — AckpaBo-6inun, Tak sik Biobu-
Ba€eTbCs BECb Aiana3oH BUANUMOrO CNekTpy.

OnTunYyHi BNAacTMBOCTI YNCTUX 30M10Ta, Migi, cpibna
Ha CbOroAHi HambINbLL MOBHO AOCHIMpKEHI i oTpuManm
PO3ropHYTi MOSICHEHHA Yy psagi HaykoBux pobit. On-
TWMYHI BNACTMBOCTI cnnagiB GnaropogHnx mMeTanie go-
cnimKeHi HegocTaTHLO [9].

Bxe 3apa3 sk ceped BUMPODHWKIB, Tak i cepen
CMoXunBaYiB tOBEMiIPHUX NPUKpPaC 3aBOMOBYIOTb MOMy-
NAPHICTb CUHE Ta doioneToBe 30510TO — ChflaBu 3 TU-
TaHOM, Hiobiem Ta pigkicHo3eMenbHMMKM MeTanamu.
HoBuii cnocib iHKPEMEHTHOrO NUTTS, HELLOAABHO
npegcrtaenexHun goktopom CinbBoto 3 MinaHcbKoro
yHiBepcMTETY, 0O3BONMTb JOCArTY e Binblue pisHo-
MaHIiTHOI maniTpu 3onotux cnnaeiB. CrnpaBeanveo
NPUAYCTUTK, IO BNPOBaXEHHS LbOro BUHaxody Yy
BUPOOHMUTBO 3HAYHOK MIpOK BMMHE Ha npuBab-
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NMBICTb HOBUX HOBEMIPHMX BUPODIB Ha PUHKY B LLifTIOMY
[10].

BnakutHe 3onoto Gyno CTBOpeHO 30BCIM Hedas-
HO. Moro TBOpUEM € apreHTVHCbKWIA toBenip AH-
TOHiacci. NMoHaa BiciM pokiB BiH npautoBaB Hag TUM,
wob HagatTn 30M0Ty OGnakuTHUM Komip, i Nomy ue
BAanocs. Ekcneptu BcTaHoBUNU, WO cnnaB GrakvT-
HOro KOnbopy, OTpMMaHui axiBLuem, Mae y CBOEMY
cknagi 90% wuucToro 3onota i, BiANOBIAHO, € MOB-
HOUIHHMM tOBenipHMM MaTepianom. AHTOHIacci He
CNilUMTb PO3KPUBATK TEXHOSOTiK0 BUPODHMLTBa Ona-
KWTHOrO 30510Ta, ane BYEHi NpWNycKawTb, O CeKpeT
y AoAdaBaHHi y crinae kobanbTy[11].

YopHe 305m0TO — Ue TeX HoBuHKa. [aHun gopo-
rouiHHMN MeTan mae O6naropogHUM YOPHUIA  KOMip.
HoBuin MmaTepian pgae HOBIi TBOpPYi  MOXIIMBOCTI
toBenipam. [Ins oTpMMaHHSA YOPHOro KONbOpY B Crras
JojaTb kobanbT, SKUA OKUCIIIOKTbE MPU BUCOKMX
Temnepatypax. [lpouec oTpMMaHHA YOPHOro 3o5o0Ta
AOCUTb Jopormn. Tomy HamyacTiwe BMpobu MOKpu-
BalOTb LUAPOM 3BUYAMHOIO YOPHOrO POLiK0, PYTEHIt0
abo amopdHoro Byrneu. Ynm iHTEHCUBHIWINA Yop-
HUWA BIOQTIHOK, TUM Ginblua MMOBIPHICTbL TOro, WO Ha
BMPOOi Take nokputTA. [Ns HagaHHs 30M0Ty TEMHO-
KOPMYHEBOIO KONbOPY BMKOPUCTOBYIOTH XpoM [12].

Takox icHye dhioneToBe 30510T0. Lle ek3oTn4-
HWIA 1OBENIPHUI CMaB aMeTUCTOBOro (MyprnypHOro)
KONbOpy, Y CKNag SIKOro BXOAMTb anoMiHii Ta na-
nagiv. Len cnnasB BMxogounTb OyXe KPUXKUM, TOMY 3
amMeTMCTOBOro 30110Ta PiaKo pobnaTtb Uini toBenipHi
npukpacu. Yacriwe 3a Bce ioneTtose 30/10TO BUKO-
PUCTOBYHOTb SIK LE€KOPATUBHI BCTaBKM.

B 1999 poui npodhecop Jlo lNeHr Yam npeseHTy-
BaB MoKpalleHWin cnnaB pionetoBoro 3onoTta.
KOBenipHuUi cnnaB ioneToBoro Komnbopy Mae npoody
3onoTta 19 kapart, wo Bignoeigae npuonuaHo 800-i

Bi6niorpacpiuHum onuc:
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npobi. BiH cknagaeca 3 80% unctoro 3onoTta i 20%
anoMmiHito Ta nanagito. Ha cborogHi uen 305moTuin
dioneToBun cnnaeB €OuHUIA, WO Mae MNoKpaLleHy
MiLHICTb. TexHonorilo BUrOTOBIIEHHA (QiONETOBOro
3onota y Jlo lNMeHr Yama Bukynuna tosernipHa kopno-
pauisa "Aspial" [13].

Ha cborogHi TOYHMIA Mpouec BUrOTOBMNEHHS io-
neToBOro 30M0Ta BigoMun He GaraTbOM HOBenipam.
LliHHy iHdopmaLito npo Te, sk 3pobuTtn 30n0TUin gio-
netosni cnnas toeenipu 3 "Aspial Corporation
Limited" He posronowytoTb.

BucHoBKku

ToyHe NUTTS — Le YHiBepcamnbHWUA BUPOOHUYMIA
npoLec, Sk Jae 3mMory CTBOPHOBATW CKNagHi BUCO-
KosiKiCHi meTaneBi getani. 3aBOsku peTenbHoOMy BU-
Oopy BIONOBIOHUX CNNaBiB, BKIHOYAKYM  iIMITALAHI
cnnaeu Ta CyMilli AOPOroOLiHHUX MeTariB, BUPOOHUKM
MOXYTb AOCArTN BaxxaHUX BNACTUBOCTEN Ta €CTETUKM
CBOiX BMpO6iIB. IMiTauilHi cnnasw, Taki Ak cymiwi 6ino-
ro Ta >KOBTOrO 3050Ta, MPOMOHYIOTb EKOHOMIYHO
BUrigHI BapiaHTK 6e3 WKoau Ans SKOCTI, WO pobuTtb ix
0COo6MMBO LiHHMMW B OBENIPHIN Ta OeKopaTUBHIlN
npomMucroBocTi. | HaBnaku, crnpaeXHi cnnasv O0po-
roOUiHHMX MeTanie 3anuLIalnTbCa BaXXMBUMW ANS 3a-
CTOCYyBaHb, A€ MOTPIOHI YyHikanbHi BacTUBOCTI, Taki
SIK CTIMKICTb 4O KOpO3ii Ta 4OBroBIiYHICTb.

IcHye notpeba y MOKpalleHHi MeTOAiB KOHTPOIo
KOnbopy cnnasiB 6naropogHNX MeTaniB Ta BCTAHOB-
NEHHA 3aKOHOMIPHOCTEN 3MiHM KOIbOpy 3arnexHo Bif
cknagy cnnasiB, peXxuMiB TepMOoobpoBNeHHs TOLLO.
Takox nokpalleHHs disnYHNX BNacTUBOCTEN BiJOMMX
crnnasiB  3o0nota  pi3HMX  KOMbOpiB  [03BONUTH
toBenipam OinbLU LWNMPOKO BUKOPUCTOBYBATH iX Yy CBOIN
pob6orTi.
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JIATEPUTHHUX Py 3 BAKOPUCTAHHAM B SIKOCTI Bi/JHOBHUKIB BYTIJLJISI

€HEePreTHYHUX Ipyn
Shevchenko D. V., Melnyk S. 0., Prykhodko S. V., Akreev V. V., Ovcharuk A. M.

Peculiarities of ferronickel smelting in conditions of depletion
of laterite ores using coal of energy groups as reducing agents

AHomayis. Hikenb € Halisaxnusiwum neayro4um efieMeHmoM 8 aycmeHimHit Hepxasitoyili cmani ma iHwux crneujasb-
Hux crinaeax. Pi3ke 36inbweHHs supobHUYMBa makux criiasie rnpomsieoM ocmaxHix decssmuriime 3HayHo 36inbuiuecs
rnonum Ha ¢pepoHikesb. Ljob 3adosonbHUMU 36iNbWEHHS MPOMUCIO8020 nonumy, HeobxiOHi Ho8i ma egexmueHili
winsixu Onsi 8USTyYeHHs1 Hikemo 3 6iOHUX | cknadHiwux pyd 3a yMo8 8UCHaXeHHs1 3anacie bazamux Hikenesux pyo. Y3a-
earnbHeHo 0oceid pobomu 8 2arly3i 0CBOEHHS ma eKcrilyamauii mexHorsoaii enekmponnasku ghepoHikesnto ma suknade-
HO Oocs2Hymi MoKasHUKU pydomepmidyHoi neyi nomyxHicms 40 MWA ma ocobnugocmi npoyecy mexHosnoeii HU3bK020
8i0HOBEHHSI 3ariza ma eubip onmumaribHo20 8iOHOBHUKa MPOYECY.

BusyeHHs1 npouecie meepdogha3Ho20 8i0HOBIEHHST 3arli3a 3 OKCcudie 3 BUKOPUCMAHHSIM 8 sIKocmi 8i0HOBHUKa 8Yy2irns
aHmpayumosux ma eHepaemuyHuUx epyrn ma po3pobka eHepeoepeKkmusHUX MEXHO02il OmpuUMaHHs ma 3acmocy-
8aHHS1 02apKy 3 Hikenesux pyd, ompumMaHo20 8HacnioOoK sunasntoeaHHs 8 mpybyacmili obepmosili neyi, € akmyanbHUM
HayKo8UM HarpsiMOM Y Korboposilti Memarypeaii. OmpumaHoO 3anexHocmi criegiOHOWeHHs1 8yeinssi (8i0HOBHUKI8), W0
suKopucmosytomscsi Hadarni 011 8i0HOBIEHHST Memariig y pyOHOMEPMIYHIU reyi. Y pe3ynbmami 8ug4eHHs1 npouecy 8io-
HO8MEHHS 3ani3a 3 Hikeneeoi pydu 8usHa4YeHO ornmumaribHi criggiOHoweHHs1 8yeinns mapok A i AC (75%/25%) npu
memnepamypi 850-950 °C, wo npu3sodums OO0 3HUXEHHS sumpamu ranuea 3a paxyHOK 20PiHHS NTlemKux 3 gyeinns, a
MaKoX 3HUXEHHST aumpamu efilekmpoeHepeii id Yyac rnnasneHHsi o2apKy 8 pyOHOMeEPMIYHil rnedi.

Knroyoei cnoea: namepumu, pydomepmiyHa nid, 02apoK, MexHOoz2is HU3bKO20 8iOHOBIEHHS 3ani3a, meepdogasHe
8i0HOBIIEHHS 3ari3a 3 okcudie, cmyriHb Memarnisauii, 8yainss eHep2emuyHuUX epyn

Abstract. Nickel is the most important alloying element in austenitic stainless steel and other special alloys. A sharp in-
crease in the production of such alloys in recent decades has significantly increased the demand for ferronickel. To
meet increasing industrial demand, new and more efficient ways to extract nickel from poorer and more complex ores
are needed as nickel-rich ores are depleted. The work experience in the development and operation of ferronickel elec-
trosmelting technology is summarized and the achieved indicators of the 40 MWA ore-thermal furnace and process fea-
tures of low iron recovery technology and the selection of the optimal process reducer are outlined.

The study of processes of solid-phase reduction of iron from oxides using coal of anthracite and energy groups as a re-
ducing agent and the development of energy-efficient technologies for obtaining and using cinders from nickel ores, ob-
tained as a result of firing in a tubular rotary furnace, is an actual scientific direction in non-ferrous metallurgy. The de-
pendences of the ratio of coal (reducing agents) used in the future for the reduction of metals in the ore-thermal furnace
were obtained. As a result of the study of the iron recovery process from nickel ore, the optimal ratio of LG and AS coal
was determined (75%/25%) at a temperature of 850-950 °C, which leads to a decrease in fuel consumption due to the
burning of volatiles from coal, as well as a decrease in electricity consumption during cinder melting in an ore-thermal
furnace.

Key words: laterites, ore-thermal furnace, cinder, technology of low iron reduction, solid phase reduction of iron from
oxides, degree of metallization, coal of energy groups

OcHoBHa cdepa 3acToCyBaHHSA Hikenio — meTa-
nypria, 67% BugobyToro Hikenio Mae Ha cnrasu
3anisa. osiCHIOETLCA Le TUM, WO caM Hikenb npu
006pobLi Hagae OTpMMaHIA CUPOBWMHI TaKi X aHTUKO-
PO3ifiHi BNACTMBOCTI, AKMMM BiH Mae caM. Came 3 uiei
NPUYMHM Len MeTan ocobnvMBO akTyanbHUM AN Bu-
roTOBfIEHHA Hepxagitoyoi ctani. [JogaBaHHA Hikernto
SIK Nery4oro enemMeHTa ana crabinisauii cTpykTypm
ayCTeHiTy nigBuLLY€E KOPO3iNHY CTINKICTb cTani, BUCO-
KoTemnepaTypHi BRacTUBOCTI, 3BaploBaHiCTb, op-
MYBaHICTb i CTIKICTb 10 arpeCBHNX CEPEOBULL.

Y 2022 poui CBITOBUN pPUHOK hepoHikento
ouiHtoBaBcsa B 15170 minbiionie gonapis CLUA i, sk
ouikyeTbcs, gocsarHe 21640 minbnoHie gonapis CLUA
8o 2029 poky [1], npy YoMy HanbINbLWMM PUHKOM €
Kutah 3 yactmHowo ©Onmsbko 90 %, 3a HuM igyTb
€spona Ta Amepuka, obnaei MalTb YacTKy NoHag, 2

@ LLes4yeHko [. B.,
MenbHuk C. O.,
Mpuxoabko C. B.,
Akpees B. B.,
Osuapyk A. M.

%. Y 2022 poui LiHa Ha Hikenb y cepegHbOMYy CKna-
Aana 25 605 ponapis CLA 3a ToHHy, wo Ha 38%
BinbLue, HiX y cepegHbomMy y 2021 poui.

YKpaiHa Mae HeBenuvki 3anacu CurikaTiB Hikento,
MOB'A3aHUX i3 KOPOIO BMBITPHOBAHHSA ynbTpabasuTiB y
Mobyxoki Ta LieHTpanbHux perioHax Oxinpa. 12 pogo-
BULL, HiKkento MicTtatb 217,8 TUC. TOH BanaHcoBuMX Ta
121,2 T1c. TOH no3abanaHcoBux 3anacis. Y [2] BBa-
KalTb, L0 NEPCNEKTUBHUMM AnS BUOODYTKY Hikemnto
€ cynb(iaHO MigHO-Hikenesi poaoBulla, 3okpema
MpyTiBCbKa AinsHKa, po3TawoBaHa B XXUTOMUPCHKIii
obnacri.

[MoOy3bknn pepoHikeneBmn KombiHaT — eavHe B
YKpaiHi nignpMemcTBo, sike BUPOOMsie y NpOMMUCIIOBUX
mMacwTabax depoHikenb i3 BigHMX OkucneHux pyga,
O MIiCTATb HIiKenb.

[NpomucroBun iHTEpec naTepuTiB cknagarTb Tpu

Shevchenko D. V.,
Melnyk S. O.,
Prykhodko S. V.,
Akreev V. V.,
Ovcharuk A. M.
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BMAM MiHEpaniB: IMMOHIT (BMICT HiKento, sik NpaBuIio,
Big 1,0 go 1,5% macoto, JOCMTb OOHOPIOHOrO CKna-
ay), canponit (BMIiCT Hikento y sikux 6nmsbko 1,8 go
2,5% 3a macoto), nepexigHi MiHepanu.

Kpim TOro, niaBuLeHUn NONuUT Ha Hikenb Npu3Bo-
OnTb 00 TOro, WO B NepepobKy 3anyyaloTbecs pyau 3

HebaxaHuMn  npobnematvyHuMuM Yy nipomeTa-
NyprinHin - nepepoBbLi  NOKa3HUKaMW  KUCIIOTHOCTI
(S/M), BuMCOKMM BMIiCTOM reTuTy, WO 36inbLlye

cnisigHoweHHsa Fe/Ni. Lli pyam cTBOpoOTE NpakTuy-
Hi Npobnemu Npu ekcnnyaTtauii nevyen, Taknx, Hanpu-
knag, siK:

- HasIBHICTb BESIMKOI KifbKOCTi BiNbHOMO KpemHe-
3eMy Ta retuty obmexyloTb TemnepaTtypy Bunany
orapka, anis 3anobiraHHs NOro crikaHH B Tpyb4acTin
nevi, i Sk Hacnigok, 30imbliye nUTOMI BUTpaTU
ernekTpoeHeprii Npy NNaBneHHi WNXTU B eNeKTponeyi;

- 36inbleHHs kucroTHocTi S/M npu3BoanTb 00
HasiBHOCTi npobriem, MNOB'A3aHMX 3 ENEKTPUYHUMMU
pexvmmamn poboTM neyen, a TaKoX  KUMiHHA
(cniHoBaHHA) po3nnasy LWMaky, i K Hacmnigok, npus-
BOANTb 4O aBapiNHOCTI CaMOCNIKHNX eNeKTPOoaiB.

OCHOBHVMM 0BMEXYHOYMM (DaKTOPOM € Te, Lo He
BCi MOTEHUiNHI pyan MoxyTb (abo NoBWHHI) OyTn ne-
pennasneHi B A0OBINbHI COPTU OEePOHIKEN!O.

Yci cbepoHikenesi 3aBogmn NOTPannsTb y ABi rpy-
nn, WO BiAPI3HAOTLCS CTyNeHeM BigHOBMEHHS 3anisa
i3 pyam:

HM3bKE BiOHOBMEHHS, sike BigHOBMNIOE Big 15% Ao
30% 3anisa 3 pyau;

100 qoreeemseemsemneanns R TR ammnenes
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BWCOKe BiOHOBMNEHHS, sike BigHoBNoE Big 45% Ao
65% 3ani3za 3 pyan. Y Tomy uncni BUpobHMKK Hikene-
BOro YaByHy. 3abesnevyloTb piBEeHb BiAHOBIEHHS
3ani3a B gianasoHi Big 70% ao 80%.

Takum YMHOM, KOXEH NMpoLEeC MOBMHEH MOYMHATU-
CS1 3 BU3HAYEHHS KOro ONTMMAarnbHOro CTyneHs BigHO-
BMNEHHA 3ani3a i BignoBigHO copTy cbepoHikentio [3].
Lle BM3HayeHHs BMMarae HacCTYMHWX KPOKiB: BU3Ha-
YEHHS1 OMTMMAarnbHOro COPTY (PEPOHIKENO Ta OLiHKa
MeTanypriviHoi  AOUiNbHOCTI  LbOro  ONTUMAanbHOro
copTy. 3ynMHMMOCSH Ha KOXXHOMY BinbLu JOKTagHoO.

OueBMaHO Te, WO BMPOOHMUTBO (PEpOHIKenio 3
HWKYNM BMICTOM HIiKEno Npu3BOAUTb A0 HWXKYOI
BTPaTW HIKEM0 B LUMAKOBIN ¢asi 3 ABOX MPUYMH: Ye-
pe3 HM3bKMI BMICT HIiKENIo B LUMAKy | MEHLLMX 00csriB
BMacHe LUnakxy.

Mpn ubOMy Ginbll BUCOKE BiIOQHOBMNEHHS BMMAarae
GinblUe BiAHOBHMKA i BiNbLUMX BUTPAT eHeprii Ha TOH-
Hy NpOnaBneHoro Hegorapka.

Takum ymHOM, Ansa Oyab-Akoi 3agaHoi pyau Ta
NNaBubHOI NMeYi iCHye MakcumarnbHUN piBeHb BUPOO-
HULTBA HiKento, Ae 3pOCTaHHSA CTYNeHs BiAHOBIEHHS
BPIBHOBaXXYETLCSI 3HWKEHHSAM 0OCAriB nponnasy py-
an.

Ha pucyHky 1 HaBefeHi Ui kopensuil B 3aneXHOCTi
Bify CTyneHs BigHOBIIEHHSA 3ani3a A4nsa pyan 3 BMiCTOM
1,6% Ni, 16% Fe, Ta 2,2 S/M [3]. Pi3ka 3miHa Haxuny
KPMBOI Macu Limnaky, Ha piBHi 6nusbko 45% BigHOB-
neHHs 3anisa, BiabyBaeTbCa Yepes OKUCMNEHHS KpeMm-
Hito Npy BUPOBHMUTBI hepoHikento.

L)

MakcumansHe

. Bupo6HuuTBo Ni npu

. cTyneHi BigHoBneHHA Fe 27%
-~ i BmicTi Ni 25%

:

:

H

H

:

4

ran
T .
LA
r
r 1l
—
:

:

:

:

Buxin, cknan Ta BigHocHa maca, %

Buxin, Ni y doepoHikens

3micT Ni y doepoHikeni

Maca chepoHikenio

------------ UL L TP PY PPV YT PR 120

P15

110

lsssspeassssshesss

BigHocHe
BUpoGHMLTBO Ni

' 105

P e

9, ‘IN 0g8.1NMHgOoduWa sHOOHY

100

95

60

o]
o
-

CTyniHb BigHOBNEHHA 3ani3a, %

PucyHok 1 - 3anexHicTb cknagy Hikento, BUXo4y, BUpoObHMLUTBA (DepOoHIKeNo Ta LWnaky Bi CTyneHsi BigHOB-

neHHs Fe

3 pgpyroi cTtopoHu, BUGIp cknagy (OepoHikenio €
KOMMPOMICOM MDK OMTUManbHUM ONns OaHoi pyau
(MnaBunbHOI Medi) Ta MMOBIPHOK CTabINbHICTIO Ta
[OOBrOBiYHICTIO pOBOTK 3a TaKoro CTyneHs BigHOBIEH-
HA. TakuM 4YMHOM, LUen BMOIp He Moxe ByTn OoBinb-
HAM Ha OCHOBI idei LWoao 3aTpeOyBaHOCTI NEBHOMO
COpTy hepoHikento.
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TexHonoriyHa cxema BUPOOHMUTBA (hepOoHIKento,
sKa MOCTIMHO yAOCKOHamnwBanacs [4], Bknto4ae: cy-
WiHHA pyaw 3 BMictom Bonoru 35 % po BonorocTi 20-
23 %, siky MOxHa [Oo3yBaTW Ta 3MmilyBatu 3 Byr-
NeubBMICHUM BiHOBHWMKOM; OTPMMAaHHS Hegorapka y
TpyOuacTnx obeptoBux neyax (TOI) 3a Temnepary-
pu 700-900 °C. Ha ubomy eTani niaroToBKW CUPUHU
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BMKOPUCTOBYBANUCS pPi3Hi eHeproHocii — masyT, npu-
poaHuii ras, nunosyrneuese nanueo (MBI1). Enek-
TponnaBka Hegorapka BWKOHYETbCA B 2-X pydo-
TepmivHmx nevax PTM-1 ta PTI1-2 3 ycTtaHoBneHow
NOTYXHICTO TpaHccopmaTtopis 42 MB.

Y uinn poboTi NpeacTaBnNeHo KOHTPONb NapameTpis
pyooTepMivHoi nedi noTyxHictio 40 MWA npu 3miHi
cknagy BupobneHoro cpepoHikento. NMoyaTkoBuin ne-
piog poboTu pygoTepMivHoi nedi Bignosigas ycrane-
Hi TexHOMoril BUCOKOro BiAHOBNEHHS 3anisa 3 goAa-
BaHHSM [0 PYAHOI CyMilli cpntociB y BUMALI BanHAKY
Ta BiAHOBHWKA aHTpauUTOBOI rpynu [5].

AHania 3anexHocTi 3MiHW CopTy (OepoHiKkento 3i
3HKEHHSAM BMICTY B HbOMy Hikento 3 20% no 10%
npu 36inblIeHHi Nnepepobkn NiMOHITIB 3 GinbLU BMCO-
KM BMICTOM 3ari3a Ta HWX4YMM BMICTOM Hikenoo no-
Ka3aB, WO 36iNbLUEHHS YaCTMHU NMMOHITIB B nepepo-
OnoBaHMX pygax npus3Bogusio A0 CTabinbHOI 3MiHK
COpTy (DEPOHIKENto, 3MEHLLUYIOYN YacTKy HIiKeno B
depoHikeni i pobnsum npouec BinbLl €KOHOMIYHO He-
gouinsHum. Mpobnemartuka nigTpUMKN CTabinbHOCTI
TEXHONOrYHOro NpoLecy, NoripLeHHs copTy epoHi-
KENIo Ta 3HWKEHHS EKOHOMIYHOI edPEKTMBHOCTI BUPO-
OHMLTBa 3yMOBMWIM MOLUYK LUNAXIB NepeBeaeHHs nevi
3 TEeXHOrorii BUCOKOro BiAHOBNEHHS Ha TEXHOMOTio
HW3bKOrO BiAHOBMNEHHSA 3ari3a.

Yepe3 HEMOXMMBICTb MnoganbLlioro 36inblUeHHS
NOTY>KHOCTi pyAOTEPMIYHOI Nevi Ha BenuyumHy BinbLue
25 MBT 4epes KpuUTW4HY TemnepaTtypy MeTany, Lo
MOTFT10 BKpan HeraTMBHO NO3HAYNTUCH Ha cTabinbHOC-
Ti KOHCTPYKUN Medi, BKMYa4yn BOTHETPUBKY dyTe-
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pPOBKY, NoAanblle TeXHOMOoriYHe ynpaBniHHA pyaoTe-
PMIYHOK MNiv4t0 ByNo MOXITMBMM 32 TEXHOJSIOTIE HU-
3bKOro BiHOBIEHHS. NS YOro BMKOHAHO 3MiHYy TuMy
BiOHOBHUKA, O BUKOPUCTOBYETBLCS, 3 aHTpaUMTOBOI
MapKu1 BYTiNMs Ha eHepreTuyHi, NpnbnmnsHoro HacTyn-
Horo cknagy: 3ona — 10,8%; netki — 34,5%; cipka —
0,5%; Ta KoHTponem pakuinHoro cknaay.

Mepion Buxogy B pobouMn pexmm HU3BKOrO Bif-
HOBMNEHHS1 PYAHOTEPMIYHOT nedi 6yB MOB'A3aHUA 3i
cTabinizaLieto LINAakoBOro pexvMmy Ta BUPILLEHHAM
NPaKTUYHNX 3aBOaHb:

BM3HAYEHHS ONTUMAanbHOT NUTOMOI BUTPATU enek-
TpoeHepril;

poboTa Ha enekTpu4HUX pexumax, wo 3abesne-
YyIOTb ONTMMAarbHY TEMMNepaTypy YOPHOBOIO hepoHi-
Kerto Ta eneKkTpOoniYHOro LUMaKy;

3HWKEHHS PIBHS LUMNAKy, WO ChiHWBCSA, B Medi, LWo
36inbLyeTbCA NpY BMICTI ByrmeLwo B orapky binbLue
1% i 3HWKYETLCA NPV MagiHHI Byrneu B Hegorapky
mMeHwe 1%.

BmicT 3anuwikoBoOro Byrneul B orapky npu noc-
TINHOMY [03yBaHHi BiAHOBHMWKA 3aneXuTb Bid akTuB-
HOCTi BifHOBHMKa Ta Moro dpakuinHoro cknagy, 4acy
3HaxomKeHHs1 maTepiany y TOIN Ta TemnepaTtypHoOro
npodginto TOT. MNepeBaXXHO BUKOPUCTaAHHS «MOJI0A0-
roy» BYrifns, 3 BUCOKAM BMICTOM NIETKUX Ta (ppakuin-
HVUM CKNagom - 6 MM > 95% [6].

HocarHyTi nokasHukM poboTn pyooTepmidHOl neui
Ha THB npeactasneHo B Tabnuui 1 [5].

Tabnuus 1 — MNokasHukn poboTy pygoTEPMIYHOI NeYi 3a Pi3HUMM TEXHOMNOTIAMM

MokasHukn poboTun TexHonoria BUCOKOro BigHO- | TexHonorid HU3bKOro BigHO-
BIEHHS 3ani3a BIIEHHS 3ani3a
NOTYXHICTb Nevi no 41 MBT; 37MBT
BiJHOBJIEHHSA 3ani3a 60-65%; 0o 15%
nMTOMa BUTpaTa eNeKTpoeHepril 620 kBTr/T orapka 583 kBTr/T orapka
n“ToMa BUTpaTa BanHaKy 0o 67 kr/T Okr/T
nuToMa BMTpaTa BigHOBHMKA 52-77,7 kr/t (3anexHo Big | 36,6 kr/T
TMNY BiAHOBHWKA)
BMXig orapka i3 pyau 0o 106 % 91,0%
BMICT HiKerno B YOPHOBOMY pepoHikeni 00 14%; 45%
BMICT BYrneL|o B YOPHOBOMY (pepoHikeni 0o 3,5% 0o 0,02%;
BMICT KpEMHIl0 B YHOPHOBOMY (hepoHikeni 3,5-4,5%. 0,01%

3 ypaxyBaHHsM poGOTU ABOX PyAOTEPMIYHMX Mne-
Yyeln, ogHa 3 AKMX Npauloe 3 BUCOKUM CTyMNeHeM Bi-
HOBMEHHSs 3ani3a, iHWa — 3 HU3bKNM CTyneHeMm BigHO-
BINEHHSA 3anisa, JOCArHYTO MOTeHLiany BUPOOHMLTBA
MOXINMBOIrO NOBHOrO CMEKTPY COpTIB (pepoHikesnto, 3
BMICTOM Hikenio B ToBapHoMy cpepoHikeni Big 18 %
0o 70 %.

Ak roBopunock paHille, Ha eTani MiaroToBKN Cu-
pvHu onsa TOI BUKOPMCTOBYIOTLCS Pi3Hi €HEeproHocil
— MasyT, NPUPOAHUIA ras, NWMoBYrfeueBe nanveo
(MBI1). OgHUM i3 NOTEHUINHMX BiAHOBHUKIB, SIKi MO-
XyTb B6yTV BMKOpUCTaHi B TpyByacTin 06epToBi nevi,
€ BYrNMa eHepreTuyHux rpyn. Byrinnsg mae Bucokun
BMIiCT BYyrneul, O O03BONSE WMOMY BUCTYNaTu K

BiOHOBHUK, 3abe3nevytoun npouec TBepAodasHoro
BiJHOBIEHHS 3ani3a 3 OKCUAIB HikeneBol pyau.

OocnimpkeHHs nposeaeHo Ha TOlM-1 B ymoBax Ai-
toyoro BupobHmuTBa TOB "Mobyxcbkuin depoHikene-
BMIN kombiHaT". OcHOBHI xapakTepucTtukn TOlM-1: go-
BXuHa 70 m, pagiyc 4,5 m, kyT Haxuny 3° [7].

Y nepiog npoBedeHHs AOCHiMKEHb Ha KOXHOMY
eTani BigidbpaHo npobu pyau Ta orapKy 4N BUKOHaH-
HS XiMiYHOro aHanisy 3 Bu3HaveHHam Fe20s, FeO,
Feosw, Fewer Ta BOMorn. XiMmiyHWiA cknapg Byrinnsa Bu-
KOHaHW/ nepen novaTKkoOM MpPOBEeAEHHSA AOCHiaXeHb
3anuLuaBcs NOCTIMHUM NPOTArOM YCbOro nepiogy Bu-
npobysaHb [8].

Ona syrinns mapku A7 xapakrepHui nigsuLleHui
BMICT neTkux 25 mac. %. [OpiHHA NeTKMX peyoBUH
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3abe3nevye HeoOXxigHi ymMoBM Ansi TBepAodasHOro
BiAHOBMEHHS B npoueci obnany. 3a unx yMoB OCHOB-
Ha YacTMHa TpUBANEHTHOro oKkcuay 3anisa BigHOBMIO-
€ETbCA 0O ABoBaneHTHoro. CrocTepiraeTbCa TaKoX
BIOHOBNEHHA okcuay 3anisa go metany. Bigcotkosui
BMicT FeO B orapky 3 BUKOPUCTaHHAM BYTifNns Mapku
O nopiBHSAHO i3 3aBaHTaxeHHsIM 6e3 aobasku Byrin-
nga mapkn A oo cknagy BigHOBHUKIB  36inbLUMBCS 3
1,29 go 1,70 pasu, B 3aneXHOCTI Big CriBBiAHOLUEHHSI
BMmicTy Byrinnga «AM» (25%, 50%, 75% Tta 100%) [8].
Ak nokasaHo Ha PUCYHKY 2, 3i 36iNblUeHHAM Bia-
COTKOBOro BMICTy Byrinna mapku AN y BigHOBHUWKY Bi-
OHoleHHs1 Fe(*2)/Fe(sar) MiaBULLYETLCS i BignoBigHO

Eran 2
25% Ar
== Fe(3+)/Fesar

Etan 1
bes I

o %% ¢ ISSN 1028-2335 Ne2, 2023

BiaHoWweHHs Fe(*3)/Fe(sar) 3HUXKYETLCSA, LU0 XapakTep-
HO ANSA NpoTiKaHHS npoueciB TBepaodasHoOro BigHO-
BMEHHS.

OCHOBHVMMM XxapakTepucTMkamu npouecy TBep-
AOa3HOro BiAHOBMEHHS OKCWAIB 3anisa € CTyMiHb
BIAHOBMNEHHS i CTyniHb MeTanisauii [8]. CTyniHb Big-
HOBIEHHS - Lie BiOHOLLEHHS KiNbKOCTI BigiGbpaHoro B
npoLeci BiAHOBMEHHSA KUCHIO A0 KiNbKOCTi NOro y BuW-
XiOHIN CUPOBWHI, LLIO XapakTepu3ye MOBHOTY BigHOB-
neHHs. CTyniHb mMeTanisauii - BiQHOLIEHHS BiACOTKO-
BOro BMICTY 3arni3a MeTaneBsoro i 3anisa 3aranbHoro B
npoaykTi [9].

Etan 5
100% Ar

Etan 3 Etan 4
50% Ar 75% AOr
== Fo(2+)/Fesar

PucyHok 2 - 3miHa cniBBigHOLWeEHb OKCMAIB 3arisa [0 3ani3a 3aranbHoro Bif BiACOTKOBOrO BMICTY BYrinns

mMapku [I" y BigHOBHUMKY

CTyniHb BiOHOBMNEHHS Orapky Mnpu 3aBaHTaXEHHI
Byrinns mapku A 100% 3pocna B 1,65 pasis, CTyniHb
MeTanisauii BianoBiaHo B 2,22 pasiB NOPIBHSHO 3i 3a-
BaHTaXeHHAM 6e3 pobGasku Byrinns mapku O go
ckrnagy BigHOBHMKA.

Ha npouecu TBepmotasHOro BIAHOBIIEHHSA KpiM
XiMiYHOro cknagy BUXigHOI CUPOBWMHWU BEMNWKUA BNNNB
YNHUTBL TPaHYNOMETPUYHUIA cKNagd i TemnepaTypHui
pexum npodecy [8].

3MEeHLIEHHA NUTOMOI BUTPaTU MPUPOLHOro rasy
BiAOyBaeTbCA 3a paxyHOK 36iNnbLUEHHS YacTKu BYrinns
mMapkn O y cknagi BigHOBHMKa. [luToma BuTpata
NpupoaHoro rasy 6e3 BMKOPWCTAHHA BYFNNAS Mapku
OI 3a gaHumMK KombiHaTy cTaHoBUTL 86,5 M3/T cyxoi
pyou. CepefHsa nuToMa BUTpaTa NpUpOAHOro rasy 3a
nepiog gocnigkeHb 3 BUKOPUCTAHHAM BYFinNNa mMapku
Ar cknana 83,090 m3/T cyxoi pyan. EkoHomis npupo-
OHOro rasy 3a paxyHOK BMKOPUCTAHHS BYTiNS Mapku
Or y cknagi BigHOBHMKa cTaHoBUTL 3,41 M3/T cyxoi
pyaou.

BucHoBku:

Y3aranbHeHo JocBig po60TKM B ranysi OCBOEHHSA Ta
eKkcnnyaraLii TexXHOMnorii eneKkTponnaBky epoHikento
Ta BWUKNAOAEHO [OOCArHYTI MOKa3HWKWM pyOOTEPMIYHOT
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nedi noTyxHictb 40 MWA Ta ocobnueocTi npouecy
TEeXHonorii HWM3bKOro BIiAHOBMNEHHS 3arnisa Ta BuWOIp
ONTMMarnbHOro BiJHOBHUKa npouecy. 3 ypaxyBaHHAM
poboTN OBOX PyAOTEPMIYHMX MEYen, odHa 3 SKUX
npaule 3 BUCOKUM CTyNeHeM BiAHOBMEHHSA 3arisa,
iHWa — 3 HN3bKMM CTYrNeHeM BifHOBMNEHHA 3ani3a, fo-
CSITHYTO MOTeHLiany BUPOOHMLTBA MOXIMBOIO NOBHO-
ro CnekTpy copTiB ¢oepoHiKento, 3 BMICTOM HiKento B
ToBapHomy dhepoHikeni Big 18 % 8o 70 %.

BukopucTaHHs Byrinna mapku A y cknagi BigHOB-
HWKa nNpu obnanioBaHHi HikeneBoi pyan 3 OTpUMaH-
HAM orapky MO3WTMBHO BNNMBaE Ha npolec TBepao-
¢asHoro BigHoOBNEHHs. HawnedekTnBHiluMM ansa no-
Aanblioro nnaereHHst orapky B PTI € 3aBaHTaxeHHA
LUMXTOBMX MaTtepianie 3 BigHOBHMKOM, LIO MICTUTb 75
% Byrinna mapku A i 25 % Byrinna Mapky aHTpauu-
ToBux rpyn (AC).

EKOHOMISI MpMpOAHOro rasy 3a paxyHOK BMKOPWUC-
TaHHs Byrinna mapku A" y cknagi BigHOBHMKa CTaHo-
BuTb 3,41 M3/T cyxoi pyan abo ~4%.

EkoHOMist nuTOMOI BUTpaTh enekTpoeHeprii Ha 1 T
Oorapky 3a paxyHoOK nonepeaHbLoro TeepaodasHoro
BiJHOBIEHHSI CTaHOBUTL 5 KBT/T orapky abo ~1%.
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IHopiBHSJIbHE JOC/Ii/I?KEHHSI IPOTUHIB POJIMKIB 30HM BTOPUHHOIO

OXO0JIOI’KeHHA MOJI3

Hitko 0.Yu., Shapran L.O., Ivanova L.Kh.

Comparative study of roller deflection of the secondary cooling zone

of ccm

Mema. Bcma+osumu ennue mexHoroeii besnepepeHoeo po3nueaHHs Ha pobomy ma 2eoMempuyHi napamempu
pornukie MBJ13, suzomosgieHux Memodom fummesl, y fOPISHSHHI 3 KOBaHUMU POsIUKamu.

Memoduka. [ocnidunu numi ponuku sukoHaHb 17X12M®J1-20/1 ma 20X25H19C2/1-20J/1 ma koeaHi ponuku. [o-
cnidxysaHi KosaHi ma numi cmanesi 6imemarnesi ponuku 6ynu ecmaHoerneHi HenpusiOHUMU Ha Manomy paodiyci
MEeXHO02i4HOI 1iHIT M'AMo20 ma wocmoao MexaHi3Mie 30HU 8MOPUHHO20 OXONOOXKEeHHsT MawuH be3nepepsHo20
ummsi 3a20moeoK. Y npoueci ekcriyamauii eusHadanu MakcumaribHy 8esluduHy rpoa2uHy 3a OO0rnoMO20to
crieyjanbHO20 MpuUcmMporo.

Pe3ynbmamu. Y nipoueci ekcrinyamauii npoeodunu 8uMipto8aHHs1 npo2uHie ma memrepamypu nosepxHi 604oK
pornukie. OmpumaHi 3Ha4eHHs1 8e/TUYUHU rPo2uHie bimemarnesux ponukie bynu Ha 15...20% HWX4YuMU, HK y cepil-
HUX KosaHux ponukig. MakcumanbHuli npoauH 6imemanegux porukie cmaHosus 2,3 MM rpu weudkocmi po3nusy
0,2 m/xe nid Yac 3amiHU cmakaHa po3nusy. BumiptogaHHs memrepamypu rnosepxHi Pornukie nokasanu, wo 00oCniOHi
POMUKU ripaytosanu 8 HOPMarbHOMY MmeMepamypHOMy pexumi. Benuka e MopieHsHHI 3 KosaHuMu nroua
8HYMpIilWHbOI mernnosidsiOHOT nosepxHi 8 bimemarnesux ponukax 3abe3nedysana egpekmugHe 8i0sedeHHs1 merna.
Haykoea Hoeu3Ha. Briepwe ompumarnu 8enu4uHu rpoeauHie numux bimemarnesux posukie. Brnepwe 3anpornoHosa-
HO ma 0C80€HO MemoOUKY 8UMIPHOBaHHS ma BU3HaYeHHsI 8 MPOoUeci eKkcrilyamauii npo2uHie ma memnepamypu
rnogepxHi 6OYOK poruKie.

lMpakmu4Ha 3HaYyywicmb. 3arnpornoHO8aHO MEXHOIORI0 8U3HAYEHHST MPO_UHI8 KO8aHUX ma siumux cmarnesux bi-
Memaregux PosuKie npu 8CmaHO8MEeHHI iX HerpugiOHUMU Ha Manomy padiyci mexHOMoeiqHol MiHii m'asmozo ma wo-
CMo20 MexaHi3Mié 30HU 8MOPUHHO20 OXONOOXKEHHS MawuH besrnepepeHoO20 NUMMs 3a20mo80oK 8 cmasiomy i ne-
PEXIOHOMY pexxumax po3ueaHHsi cmarii.

Knroyoei cnoea: 30Ha oxos100)XeHHs1, posiuK, cmarsb, MPO2uH, meMnepamypa

Meta. Install the continuous pouring technology onto the robot and the geometric parameters of the CCM rollers,
manufactured by casting, and aligned with forged rollers.

Methodology. We have followed the Vikonan cast rollers 17X12M®J1-20J/1 and 20X25H19C2J1-20/1 and forged
rollers. The additionally forged and cast steel bimetal rollers were installed undamaged on the small radius of the
technological line of the fifth and sixth mechanisms of the secondary cooling zone of continuous casting machines.
In the process of operation, the maximum value of the gap was determined using a special device.

Results. During operation, the deflection and temperature of the surface of the roller barrels were measured. The
deflection values of bimetal rollers are 15...20% lower than those of serial forged rollers. The maximum deflection of
the bimetal rollers became 2.3 mm with a pouring speed of 0.2 m/h per hour of replacing the pouring glass.
Variations in the temperature of the surface of the rollers showed that the previous rollers operated under normal
temperature conditions. The large, flat and forged surface of the internal heat-dissipating surface in the bimetal
rollers ensures efficient heat dissipation.

Scientific novelty. First, we determined the values of the deflections of the cast bimetal rollers. First, the method of
vibrating and measuring the temperature of the surface of the roller barrels during operation was established and
mastered.

Practical significance. The technology for the significant deflection of forged and cast steel bimetal rollers when
they are installed at a small radius of the technological line of the fifth and sixth mechanisms of the secondary
cooling zone of machines for continuous casting of blanks in the steel and transitional modes of steel casting.

Key words: cooling zone, roller, steel, bending, temperature

BeTtyn

Y BITYM3HSAHIN NpakTuui onsa mawwuH 6esne-
pepBHoro nutta 3arotoBok (MBJI3) 3acTtocoByoTh-
CSl KOBaHi ponuKu, 3a LbOoro faHi Npo 3acTOCYBaHHS
NUTUX CTaneBUX NMTUX POSMKIB, O MICTATb TEXHO-
norito iX BUpOOHMLTBA Ta pauioHanbHi TEXHOMOTIYHI
KOHCTPYKLUIT NMUTUX POnuKiB, OOCIIIXEHHS NpoLeciB
3MEHLUEHHSI NMMBapHUX Harnpyr i NiABULLIEHHS €eKc-
nrnyaTauiiHux BracTMBOCTEW PONUKIB Oyxe obme-
XeHi, TOMy MOPIBHAMNbHE OOCNIMHKEHHS ekcnnyaTauil
KOBaHWUX Ta cTarnesBux BiAUEHTPOBONUTUX BimeTarne-
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BMX POMUKIB, LLIO NPaLoTb B YMOBaX BEMNUKUX Me-
XaHIYHUX Ta TemnepaTypHUX HaBaHTaXeHb € akTya-
NbHUM, a 3aBOaHHSA Mae BaXkNMBE MNpuKnagHe 3Ha-
YeHHs. [daHa cTaTTa MNpuCBsYEHA pilLEHHIO Mpo-
6rnemu niaBuLLIEHHA AkocTi ponukiB MBJ13, ski Buro-
TOBNAKTb BiALEHTPOBUM JIUTTAM.

AHani3 nitepatypHux AaHMX Ta NocTaHOBKa
3apaui

MepLlioyeproBMM 3aBOaHHAM PECTPYKTypusauil
cTanennaBubHOro BMPOOHULTBA YKpaiHM B AaHU
Yac € 3HaudHe 30inblueHHA YacTkn Ge3nepepBHOro
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pPO3nMBaHHA cTani, i 3aBOsKM LbOMY CyTTEBE 3MEH-
LUEHHS NMUTOMOI BUTpPATX MeTany Ha TOHHY 3MUTKIB
npv ogHOYACHOMY MiOBULLEHHI SIKOCTi 3aroToBOK. Y
HauioHanbHin MeTanyprinHin - Akagemii  Ykpaiim
(HMeTAY) nounHatoum 3 1983 poky npoBOAMUCS
poboTn 3 cuctemarusadii JoCBigy BITYM3HSAHMX Ta
3apybikHUX bipM LWOAO0 BAOCKOHANEHHST KOHCTPYK-
Ui pONUKIB 30HN BTOPUHHOIO OXOnomkeHHs MBJ13

[1].

OOHUM i3 HaMBaXkNUBILLMX NUTaHb ANS LWK-
POKOro BMpOBaLKeHHs1 6e3nepepBHOro poO3nNmMBaHHS
ctani € 3abesneyeHHss MBJ13 pobounmM iHCTpyMeH-
TOM — ponuKamu, SKi €, BNnacHe, eneMeHToM nmBap-
HOi cbopmmM (TEXHOMOrIYHOI niHii) uboro crnocoby
nMTTA. YMOBU poOOTM PONUKIB, OCOBNMBO B 30Hi
BTOPMHHOIO oxonomkeHHa MBJ13, xapakrepusy-
HOTbCS BUCOKMMW 3HAKO3MIHHMMW CUITOBUMU Ta Te-
PMIYHUMU HaBaHTaXXEHHAMMU, SKi NOACHIOITLCA Ma-
now WBMAKICTI0O 06epTaHHA ponukiB (4o 1 06/xB),
BEMMKOKO Pi3HULIED TeMMNepaTypu iXHbOI NMOBEPXHi 3
Ooky cnaby (450...550 °C) Ta npOTUMEXHOro
(80...120°C), nepenagom TemrepaTtypu Mo nepepisy
(100...400 °C) i poxuHi 604km ponmka (go 220°C),
BeNMuKMM (o 8 M) MeTanoctaTiyHMMm Hanopom 3 60o-
Ky ©e3nepepBHONUTOI 3aroToBKW, WO TBepgie. Lls
«nvMBapHa cdopmay, ocobnmMBo, B 30Hi BTOPUHHOIO
OXOMOPKEHHs1 3aroTOBOK MOBMHHA MaTtu Taki oc-
HOBHi BRNAacTUBOCTI SAK BWCOKI MILUHICTb i 3HOCO-
CTIMKICTb, SKHAVMEHLLI Hanpyru Ta ix.

PiBeHb TexHonorii 6e3nepepBHOro pPo3nMBaHHS
A03BONSAE NPOBOANTU 3aMiHY KOBLLIB MpakTU4YHO 6e3
3HWKEHHS LWBWAKOCTI po3nuBaHHs. CepinHicTb nna-
BOK 6e3 3amiHn koBwWwiB carae 6...8. Tomy Hanbinb-
LKA BMAMAMB Ha PUTMIYHICTb | BUTPUMKY LUBUOKOCTI
pO3MnMBY BHOCUTb 3aMiHa CTakaHiB, LLO 3aHYpIOTb-
cqa. lMpn 3amiHi CcTakaHiB LIBMAKICTb PO3NMBaHHSA
3Hmkyetbes 3 0,8 go 0,2 M/XB, WO CNpUYUHSE
30inbLUEHHs1 TeMnepaTypHOro nepenagy Mo nepe-
TUHY ponuka. 3a LUboro 30inbLUyeTbCA NPOrMHaHHSA
PONUKIB i MPOMIKOK MK HVMW, LLO BU3HA4YaE TOB-
LLIMHY 3MMBKA NOB340BX TEXHOMOTYHOI NiHil.

BueHi kadbegpu nusapHoro BMpobHMLTBa YKpa-
THCbKOrO [AepXXaBHOrO YHIBEPCUTETY HayKku i TeXHO-
norivi NiATBEPAWNM AOUIMbHICTL BUKOPUCTaHHSA bi-
MeTaneBuxX POSiMKiB 3aMiCTb KOBaAHUX MO TEXHOSOri-
YHin poBxumHi MBJ13, Wo no3ntuBHO BNNMBAaNo Ha
AKICTb CTaneBuXx 3aroTOBOK, LLO pO3nMBaloTbCcs [2-
9].

Meta i 3aBgaHHA pocnigXeHHs1 Mnonsarae B
BCTaHOBMEHHI BNNUBY NapameTpiB NMBapHOI TEXHO-
norii 6e3nepepBHOro po3nNMBaHHA Ha poboTy Ta
reomeTpuyHi napametpu ponukis MBI3, Burotos-
NEHMX METOAOM JIIUTTS, Y MOPIBHSAHHI 3 KOBaHUMMU
ponukamm.

Matepianu Ta metoam pocnigxeHb. [Jocnigun-
oM uTi ponuKM  BUKOHaHb  17X12M®J1-20J1 Ta
20X25H19C2J1-20J1 Ta koBaHi ponuku. lNepen Ta
nig 4ac ekcnnyarauii npoBOAMMM BUMIPIOBAHHS
NporvHiB gocnigHnx ponukie giametpom 300 MM,
Lo npauoBany B yMOBaX BEMNUKUX MeEXaHIYHWX Ta
TemnepaTypHUX HaBaHTaXeHb. BumipioBaHHSA npo-
rMHy CTaneBoro NnUTOro ponuka A0 ekcnnyartauii

npoBoAMAM Nig4 BMAIMBOM  TiflbKM  MEXaHiYHOro
HaBaHTaXXeHHA. Tak, MNPOrMH NUTUX PONUKIB Big Aii
BaHTaxy macoto 10 T cknae 0,5 mm, wo Ha 5...10 %
GinblLEe NPOrMHY KOBaHUX POJMKIB LbOro giameTpa.
Y npoueci ekcnnyartauil BU3Ha4Yanm MakcumarnbHy
BEMWYMHY MPOrMHY 3a [OMOMOroK CcneLianbHOro
MPUCTPOLO.

3anuc nporuHiB ponukis MBJI3 npotsirom 6inb-
we 300 XBUNWH OO3BONWUMO BU3HAYUTU X BEMUYUHY
B CTanomy i nepexigHoMmy pexuMmax po3nvBaHHS
ctani Ha MBJ3, nos'a3aHux i3 3amiHOIO cTakaHa, Lo
3aHyptoeTbes. Mpu ekcnnyaTadii ponukie MBJ13 vac
X BUXOAY Ha TemnepaTtypHui pexunm ctaHosus 90
... 100 xB.

HocnimpkyBaHi koBaHi Ta nuTi cTanesi GimeTanesi
ponvKM Bynn BCTaHOBIEHI HENPUBIOHMMM HA Mario-
My pagiyci TEXHOMOrYHOI MiHii N'ATOro Ta LOCTOoro
MeXaHi3MiB 30HN BTOPUHHOIO OXOMOPKEHHST MALLIMH
6e3nepepBHOro NUTTS 3aroToBOK [2].

Pe3ynbTatu gocnimkeHb Ta iXx 06roBopeHHs

[ns nporHo3yBaHHA 3MiHW BEMUYMHU NMPOMIKKY
MDK pOfiMKamMu npu 3amiHi KoBaHWUX Ha BGiMeTaniyHi, a
TaKOX OUIHKM  TXHbOI KOHCTPYKLIMHOI ~ MiLHOCTI
eKcrnepuMeHTanbHO BU3HAyanu 3MmiHy BenuyYuHU
NPOrUHIB MOPIBHIOBAHNX POSUKIB HACTYNHUM YNHOM:
[o ekcnnyaTtauil BenuYMHY nNPOrMHY  PONKKIB
OLiHIOBanu 3a JoMoMOro cneLianbHOro npucTporo
3 JaT4YNKOM FrOAMHHMKOBOro TuMy 3 TouHicTo £ 0,01
MM MPU HABaAHTAXEHHI KOHTPOSIbHUM BaHTaXeM Ma-
coto 10 1. Y nmpoueci ekcnnyaTadii BU3Ha4anm mak-
CUMarnbHy BENUYMHY MPOrMHY 3a  JOMOMOrOH
creuianbHOro NpucTpoto (puc. 1) 3i WITOKOM i3 Ma-
Tepiany 3 Manum KoeilieHTOM TePMiYHOro po3Luu-
peHHs 3 TouHicTio £ 0,01 mm. MpucTpin 6yno BMOH-
TOBaHO Yy BOAOOXONIOOXKYyBarnbHYy pamy Kacetu Ang
ponukis @ 300 MM BEPXHBOO MOMOTHA N'ATOMO Me-
XaHi3My 30HU BTOPUHHOIO OXOSTOKEHHS.

Ha pami ponukoBOi cekuii BCTaHOBMeEHi cTa-
LiOHapHI KPOHLWUTENHN 1, Ha AKMX 3aKpinneHo npu-
CTpiN, WO cKNagaeTbCs 3i WTOKa 2 3 Manum ponu-
koM 3, npyxuHm 4 i kopnycy 5. [lonepegHe
HanalwTyBaHHS NMPUCTPOK MPOBOAMMM 3a LOMOMO-
o0 NPOKMNagok 6, nicns Yoro NPUCTPIN 3akpinnoBa-
N Ha KpoHwWTewHi 6ontoBum 3'egHaHHAM 7. [pu
BMMipax MOPOXHUCTUMA LUTOK 2 OXONOMKYETHCA
CTUCHEHMM MOBITPSAM. [lepeMilleHHs WToka nepe-
OaETbCs 32 AONMOMOrok CTpyHU 8 yepes 6ok 9 Ha
peoxopaHui gaTtuuk nepemiweHHs 11. TMocTinHe
HaTar cTpyHu 3abesneudyeTtbcs npyxuHoto 10. Me-
pPETBOPEHUIN PEOXOPOHUM AaTYMKOM CUrHam Haaxo-
OWTb Ha naHenb 12, 3ibpaHy 3a MOCTOBO CXEMOIO i
Aani Ha ceiTnonpomMeHesun ocuunorpad 13.

Po3pobrneHa BuMiptoBanbHa cxema [O3BOSISIE
BMBECTU PEOXOPAHUI OATYUK NepeMillieHHsI i3 30HU
BMNIIMBY BUCOKMX TemnepaTyp, TOOTO MeXi 30HU
BTOPWUHHOTO OXOJTOKEHHS. TapyBaHHs1
BMMiptoBasnbHOI cxemu npoBoaunu 6esnocepeaHbo
B MBJI13. [Ina BuMiptoBaHHA TemnepaTypu NoBEpXHI
ponukiB GynyM BUrOTOBMEHI KOHTaKTHi Tepmonapu
Tuny XK 3 nepeHocHUMM MiniBoNbTMETPOM Ta Mnpo-
TapoBaHi B iHTepsani Temnepatyp 20...500C. Onga
BMMIpIOBaHHS MPOrWHIB POMKWKIB  3aCTOCOBYBanu
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BuTpaTHi gatdmkn tuny J1IX707 3i cneuiansHMK ne-
pedaTHUMM NPUCTPOSIMK, LLIO A03BOSISIOTb BUHECTU
[aTymK i3 30HM BUCOKMX Temrnepartyp. TapyBaHHS
[aTyYnKiB nepemilleHHs npoBoannm 6esnocepeaHbo

w % ¢ ISSN 1028-2335 Ne2, 2023

Ha MBJI3 3a OOMOMOrow MIpHUX MNacTUH TOBLUU-
Hoto 0,1 MM, LLO BBOASATLCSA MiXK NOBEPXHED POSinKa
Ta LUTOKOM JaTyuka. Y LUbOMy BpaxoByBanu Temre-
paTypHi NO4OBXEHHSI MEXaHI4YHMX 3B'A3KIB.

H-115
ocuuorpad

§ besnepepsHONNTA 3arOTOBKA {

i )

~+

Puc. 1. Cxema npncTpoto AN BU3HAYEHHSA NPOrUHIB: 1 — KPOHLWTENH; 2 — WITOK; 3 — PONUK; 4 — NPYXMHA;
5 — kopnyc; 6 — npoknagku; 7 — bontoBe 3'egHaHHs; 8 — cTpyHa; 9 — 6nok; 10 — npyxuHa; 11 — gaTtynk ne-

pemiweHHs; 12 — enekTponaHens; 13 — ocumnorpad

TemnepaTypHe none noBepXHi Go4YkM ponuka
pocnimkysanu npu poanueaHHi Ha MBJI3 Benuko-
rabapuTHMx 3arotoBok nepetMHom 300x1850 mMm.
KoHTakTHi Tepmonapu niggoamnucs i3 TunbHoro 6o-
Ky ponuka. Lle [03BONMIO NpoBECTN BUMIPIOBaAHHSA
TemMnepaTtypu MOBEPXHi POSMKIB B PEXUMIi, LWO
BCTaHOBMBCS.

IHTepBan TemnepaTyp, BCTaHOBMEHUA MpU
BuMipax, ctaHoBuB 120 ... 140C. BukopuctoBytoum
Ui AdaHi Ta pesynbTaTu MpoBeAeHUX paHiwe [o-
cnigpkeHb TeMnepaTypHUX MosiB CepiiHuX pOnuKiB,
MEeTOAOM arnpokcumadii Oynm oTpumaHi  Makcu-
MarbHi 3HaYeHHs TeMnepaTypu B 30Hi KOHTaKTy po-
nuka 3i 3anutkom - 470C. TemnepaTypHe NOLOBXKEH-
HA nepefaBarnbHUX €neMeHTIB BpaxoByBanu npu
00pobUi AaHMX KIHLEBOrO PO3XOMKEHHS BENUYUH
curHany nicns BUXOAy 3MuBKa i mepesipsanocs po-
3paxyHKOM, [Ans 4YOro BU3Hayanu Temneparypy
€IeMeHTIB KOHCTPYKLii KOHTAKTHOI TEPMOMNapoto.

BenuumHy nporuHie BMMiptoBanu 3a A0ONOMOror
peoxopaHux patdukis Tuny JIX-705 3 TOuHiCTIO
0,01 wmMm. TllokasaHHA QaTyukiB nepemilieHHA
peecTtpyBanu ocuunorpagom H-115. OgHoyacHo Ha
L0 XX ocumnorpamy 3anucysanu LBUAKICTb pO3nu-
BaHHS, LLO 3MIHIOETLCA MNPU 3MiHI KOBLUIB, 3aMiHi
CKISIHKW PO3NUBY, Ha NoYaTKy i KiHUi po3nuBy Ta iH.
3annc nposoamnu 6e3nepepsHo.

OpgHoyacHO NpOBOAMIN BMMIPHOBaHHS MPOTVHIB
[BOX POJIMKIB: €KCnepuMeHTanbHoro GimeTaniyHoro
2 Ta cepiHOoro koBaHoro 1 posnvka, BCTaHOBMEHMX
cepedHiMM y BEPXHIX KaceTax BiAMOBIAHO LLOCTOrO
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Ta n'atoro mexaHiamiB n'storo ctpymka MBJI3 Ne 3.
PesynbTatv BUMIiptOBaHb peecTpyBanucs Ha OHIN
ocuunorpami, LWo 003BOMMUIIO NOPIBHATY 3MiHY Npo-
MHIB y npoueci ekcnnyartauii 3a BCIX LUBUAKICHWX
pexxumMax posnuBaHHA. EkcnepumeHTanbHi gaHi Bu-
KOPUCTOBYBAnuUCs Mpu po3paxyHKy CriBBigHOLLEHHS
TOBLWMH WapiB GimeTany i Hanpyrm B HUX, a Takox
ONSA BU3HAYEHHS HEOOXIAHOT KOPCTKOCTi pOMKKIB.

MMpormH pomnukiB y npoueci ekcnnyaTauii
OuiHOBanM 3a MaKCUMarnbHUM BiOXWNEHHSM KOH-
TpornbHOro wyna 3 gikcatopoM. LLyn koHTakTyBaB 3
PONUKOM NeprnerHanKynsapHO A0 LUMPOKOI rpaHi crs-
Oy i BBOOMBCA B KOHTaKT yepe3 Tpyby, BBapeHy B
no3goBXHIO Oanky ponukoBoi cekuii. lMicna npo-
XOMKEHHs  cepii  NnaBOK  BiAXWNEHHA  Llyna
BMMIpIOBaNocs 3a [JAOMOMOroOK  LUTAHFeHUUPKYNS.
BumiptoBaHHs1 nokasanu, Wwo MakcUMarnbHUA NPOrvH
PONUKIB NPY 3MiHi MPOMDKHOrO KOBLUA i LUBUOKOCTI
po3nuBaHHsa 0,2 M/XB CknaB Ans AOCNIOHUX POSUKIB
BUKOHaHb 17X12M®J1-20JT1 ta 20X25H19C2/1-20/J1
2,5 Ta 3,5 mm, BignosigHo. NeBHe 3Ha4YeHHs nporu-
HYy OOHOrO 3 AOCHIAHMX PONUKIB nepesBuLLyBarno
NPOrMHN KOBaHWX PONKKIB, SIKi cTaHoBNATL 2,5...2,8
MM.

Ha puc. 2 i 3 HaBegeHo rpadidHi 306paXeHHs
LUBUOKOCTI PO3NMBaHHS, a TaKOX MPOruHiB Gime-
TaniyHoro (1) Ta koBaHoro (2) ponukis. Kpusi xapak-
Tepu3ytoTb 3MiHY NPOrUHIB Big No4YaTKy po3fvMBaHHA
ctani go suxogy 3nmeka. lNMpu ubomy Gyna npose-
AeHa 3aMiHa TPbOX CKITSHOK, L0 3aHYPHOOTHCS.
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Puc. 3. 3miHa WBMAKOCTI pO3MMBaHHS, a TakoX NporuHiB 6imeTtaneroro (1) Ta koBaHoOro (2) ponukie y 3a-

KrNoYHOMY nepioAi

nnaBoK, Lo NiATBEPAXKYE iXHI0 CTabinbHy NpauesaaTtHiCTb
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[ocnigHun ponuk 4o TpuauaTol XBUNUHM Big, No-
YyaTKy pO3fnBY BUMMLLIOB Ha BCTAHOBMEHWUA PEXUM i
[ani BenuymMHa noro npornHy Gyna nocTiAHO i piB-
HOlO 3 MM, 3i 3MiHamu o 0,5 MM NpU 3HWKEHHI
LLIBWAKOCTI Mig Yac 3aMiHM CKINSHOK, LLIO 3aHYPHOOThb-
csa (auB. puc. 2).

KonueanbHa 3miHa MpOrvHIB Mpu LUbOMY Mpak-
TU4YHO Byna BiAcyTHA. [INs NOPIBHAHHA KOBaHUA po-
nuK oTpumyBaB 36inbLUeHHs nporMHy npotarom 80
XB BiA noyaTtky 3anvBku. 3MiHa LWIBUOKOCTI BUKIUKa-
na y HbOMy KonvBarnbHe 3MiHEHHS MPOrVHIB NPOTS-
rom 10...15 xB, 3i 36iNbLUEHHAM MakCUMyMy am-
nniTyan Ao 4 mm (ame. puc. 2). MNMpornHu BUMiptoBa-
N 3 METOK BCTAHOBMEHHS ICTMHHONO 3HaYeHHS
3MiHM MiponukoBoi BigcTaHi B MBJ13 npu Bukopu-
CTaHHi BiMeTaniyHNX PONNKIB Ta MOXITMBOTO BMMMBY
CTaHy pPONWKOBOI MNPOBOAKM Ha SHAKICTb 3MUTKIB.
BcTtaHoBneHo, Wo nporMHu GiMeTanivyHux ponukis
BUMKOHaHHA 17X12M®J1 — 22XM®JT npu pexumi po-
6ot MBJ13 (weuakicte posnuey 0,6...0,8 m/xB), Wwo
BCTaHOBMBCSH, cTaHoBunun 2...2,8 mm. [pu nepe-
XiOQHUX pexumax, Hanpuknag, npu 3amiHi CKMsiHKK
pO3nuBY, KON LUBMAKICTb PO3NMBAHHA 3MEHLLYBa-
nacst go 0,2 M/xB, BENMYNHA NMPOTrMHIB BiMeTaniuHmX
ponukiB 3poctana go 3,5...4 Mm.

w % ¢ ISSN 1028-2335 Ne2, 2023

OTpumaHi 3Ha4YeHHS BENUYMHU MPOrUHIB Oime-
TaniyHux ponukis 6ynu Ha 15...20% HwK4YMMK, HIX Y
CEPINHNX KOBAHUX POJIMKIB.

Y npoueci ekcnnyaTtauii npoBoAuIM BUMIpHOBaH-
HA NPOrWHIB Ta TemnepaTypu noBepxHi BOYOoK po-
nukis. BcTaHoBNeHo, WO MakcUMarbHUI MPOruH
GimeTaniyHoro ponvka CTaHOBUTb 2,3 MM npu
weuakocti posnuey 0,2 mM/xB nig 4ac 3amiHn cTa-
KaHuMka posnusy. BumiptoBaHHs TemnepaTypu no-
BEPXHi POMMKIB nokasanu, WO BOHW npauioBanu B
HOpManbHOMYy TemnepaTypHOMY peXuMi, He nepe-
rpitoYnChb. TakMm YMHOM, BENUKA B MOPIBHSHHI 3 KO-
BaHMMW NfoLwa BHYTPILWIHBOI TEennoBiaBigHOT no-
BepxHi B OimeTaniyHux ponuvkax 3abeanedyBana
edeKTVBHE BiaBeaeHHA Tenna.

BucHoBku

3acTtocyBaHHs BimeTaneBmx ponukie NO3UTUBHO
BMNMMHE Ha CTabiNbHICTb MXKOCLOBOI BIACTaHI, K
NPOTAroM YCi€l KaMnaHii, Tak i Npu 3MiHi LWBMAKICHWX
PEXMMIB Mg Yac po3nNuBaHHA CTani OKPEMMX Cepini.

BcraHoBneHo, Wo npu BUMKOpPUCTaHHI GimeTane-
BUX PONUKIB BigOyBanocs 3MeHLUEHHSI MPOrUHIB i
cTabinizyBanacs MpKpOnMKOBa BiACTaHb MO TEXHO-
noriyHin aosxudi MBJ13, Wo no3uTMBHO BRNMBano
Ha SKICTb CTaneBmUx 3aroTOBOK, LLO PO3MNMBaOTLCS.
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CHPOBHHHU HA I'POXOTi 3 BUIbHO-YKJIA[ICHOI) CisiY010 MMOBEPXHEI0
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materials using a screen with a freely laid screen surface

Y cmammi posensHymo pe3ynbmamu OOCiOXeHHs 6rnnuey KiHeMamu4Hux i OuHaMiYHUX rnapamMempie 8irbHO-
yknadeHoi' Cisiyoi No8epxHi Ha eheKMUBHICMb 2POXOYEHHS 3ai308MICHOI CUPOBUHU, WO € 8aXusum emarom nideo-
mosyux rpouecie y MmemarypeitiHomy aupobHuuymei. [ns aukoHaHHs1 docnidxeHb 6y1o po3pobrieHo eKcriepuMeHmarb-
Hul cmeHO, sKul MolOertoe 8ibpauitiHull 2pOXom i3 8iflbHO-YKIIaleHOH CisIHOK Mo8epxHero. Y npoueci ekcriepumeHmis
8UKOPUCMOBY8asU /162K02POXOMHI Ma 8aXXKO2POXOMHIi YaCMUHKU, a 3a5exHocmi e¢heKmueHoCmi 2pOXOYeHHs U rnoa-
nuHanbHoi 3damHocmi aHarnisysanu 8idnogioHo 0o amnnimyOu ma Kymoeoi Yacmomu KonugsaHb Kopoby. Pe3ynbmamu
docnidxeHb ceid4amb, Wo s8ibpauitiHo-ydapHa Ois Ha Mamepian, KUl mpaHcrnopmyembCs 1o 8irbHO-yKnadeHil cisyil
rosepxHi, 3abeaneyye 3HaqyHe Nid8UWEHHST eheKmUBHOCMI 2POX0HYEeHHS. 30KpeMa, 8CmMaHOBIIEHO, W0 maka mexHos10-
eis1 0o3eornige 0ocsiamu 36inbWEHHST egheKmUBHOCMI 2POX04EHHST 8 cepedHboMy Ha 29 % Yy ropiBHsIHHI 3 epoxomamu,
W0 Maromp XXOPCMKO 3aKpirneHy cisdy nosepxHro. MakcumarnbHa echekmusHicmb 6yna docsieHyma nipu amnsnimyoi Ko-
nuearsb 2-10° m i kymoeiti yacmomi 125 ¢ ™, wo eidnosidae npuckopeHHo 35 m/c2 OKpiM Ub020, MoanuHansHa 30am-
Hicmb 8irbHO-yKnadeHoi nosepxHi 3pocna Ha 24,5 % 0nsa ne2koepoxXomHuX YaCmuHOK ma Ha 77,8 % 0ns 8axKoepoxo-
MmHux YacmuHok. [lposedeHo po3pobKy U exkcriepumeHmarsHe MidmeepOxXeHHs Mamemamu4yHoi Modersi, sika onucye
3anexHicmb eghbeKmueHOCMi epOX0YEHHS 8i0 OUHaMIYHUX napamempie epoxomy. Haykosa Hogu3Ha AocnidxeHb rnosns-
2a€ y 8CmaHo8/1eHHI onMmuMaribHUX pexxumie pobomu gibpayitiHo-ydapHoi MawuHU 3 8irlbHO-YKIaleHOoK CissHOr0 Mosep-
xHeto. lpakmuyHa 3Ha4ywicmpb OOCIOXKeHHs Mosseae 8 MOX/IUBOCMI 3aCmMOCy8aHHA OmpuMaHux pe3yrnbmamie Ons
nidsuwieHHs1 NpodykmueHOCMi copmyegarnbHo20 06r1adHaHHS, 3HUWXEHHsT empam MemarnypeitiHoi cuposuHU ma 3abes-
reyeHHs1 8i0noeidHOCMI Cy4YacHUM MEXHOMO2iYHUM 8UMO2aM MemaiypeiliHo2o 8upobHuumea.

Knroyosi criosa: epoxoyeHHs, gibpauitiHo-yOapHa 0is, cisya nosepxHsi, MemarypeiliHa cuposuHa, egbekmugHicmb, rnoa-
TUHanbHa 30amHicme.

The article examines the results of a study on the impact of kinematic and dynamic parameters of a freely-laid screening
surface on the screening efficiency of iron-containing raw materials, which is a crucial stage in the preparatory process-
es of metallurgical production. An experimental stand was developed to simulate a vibrating screen with a freely-laid
screening surface for the research. During the experiments, easy-to-screen and difficult-to-screen particles were used,
and the dependencies of screening efficiency and absorption capacity were analyzed based on the amplitude and angu-
lar frequency of the box oscillations. The results indicate that vibrational-impact action on the material transported over
the freely-laid screening surface significantly increases screening efficiency. Specifically, it was found that this technolo-
gy allows for an average increase in screening efficiency by 29 % compared to screens with a rigidly fixed screening
surface. The maximum efficiency was achieved at an oscillation amplitude of 2-10° m and an angular frequency of 125
s ™, corresponding to an acceleration of 35 m/s2 Additionally, the absorption capacity of the freely-laid surface increased
by 24.5 % for easy-to-screen particles and by 77.8 % for difficult-to-screen particles. A mathematical model describing
the dependence of screening efficiency on the dynamic parameters of the screen was developed and experimentally
validated. The scientific novelty of the work lies in establishing optimal operating modes for the vibrational-impact ma-
chine with a freely-laid screening surface. The practical significance of the research lies in the potential application of
the results to improve the productivity of screening equipment, reduce losses of metallurgical raw materials, and ensure
compliance with modern technological requirements in metallurgical production.

Keywords: screening, vibrational-impact action, screening surface, metallurgical raw materials, efficiency, absorption
capacity.

JIleopis i NPaKMUKg Memarypeii

Bctyn

CyyacHe wMeTanypriiie BMpPOOHMUTBO BMMarae
peanisauito BUCOKOEEKTUBHNX MiQroTOBYMX MpoLe-
CiB, OOHMM i3 KMOYOBMX €NEMEHTIB SKUX € COpTyBaH-
HA MeTanypriviHux LUMXTOBUX MaTepianiB 3a CroXuB-
ynmm krnacamu. OCHOBHOK METOK LbOro npouecy €
BMOaneHHa HeKOHAMUINHUX dopakuin, Wwo He Bignosi-
Oal0Tb TEXHONOMYHMM BUMOraM KOHKPETHMX eTaniB
BMPOBHULITBA, TaKMX K KOKCOXiMiYHE, arnomepauiiHe
YM AOMEHHe BMPOOHULTBO. ECheKTMBHICTL COpTyBaH-
HSl CYTTEBO BMNMBA€E Ha SIKICTb Moganbluoi 06pobku
mMaTepiany, a OTxe, i Ha cobiBapTiCTb KiHLLEBOI Npoay-
KLT.

CopTyBaHHA MeTanyprivHol LUMXTW, BigoMe $K
rPOXOYEHHS, nepenbadae BiOOKPEMMEHHS YaCTUHOK

© 3acenscekuit B. M. - A.T.H., npod. HHTI OYET m.Kpusnii

Pir
Mononos . B. - k.T.H., gou. HHTI OYET m.Kpusun Pir

3ajaHoi KpYMHOCTI, A11S1 YOro BUKOPUCTOBYIOTHLCS iHe-
pUirHi rpoxoTu. Lli npucTpol ocHalleHi cisuumn nose-
PXHAMW Pi3HOI KOHCTPYKLUIT Ta XXOPCTKOCTI, AKi npavto-
I0Tb B YMOBaX OAHOPIgHUX abo HeOoOHOPIAHMX KOMu-
BaHb. Bubip Tvny rpoxoTta Ta napameTpiB Cis4oi no-
BEPXHi 3anexuTb Bif YMOB Ta 3aBJaHb KOHKPETHOMO
TEXHOMNOrYHOro npoLecy.

OpHak, npakTuka nokasye, Wwo edeKTUBHICTb rpo-
XOYEHHSA 3amnuLIaeTbCa HU3bKOK, L0 He Bignosigae
Cy4yaCHUM BMMOram niaroToBKM MeTanyprinHoi cupo-
BMHU [0 cnikaHHa Ta nnaBneHHs. OCHOBHOW Mpo-
bnemMoto € 3abuBaHHS OTBOPIB CisiYOi MOBEPXHi BaX-
KONPOXiAHUMKW YacTkamu, WO MpU3BOAUTL [0 3HU-
XKEHHS NPOMNYCKHOI 34aTHOCTI Ta €dEKTUBHOCTI rpo-
XoyeHHs. Lle ctaButh HarambHy 3agayy BOOCKOHa-

Zaselskyi V. - d.t.s. prof SUET Kryvyi Rih
Popolov D. - c.t.s. docent SUET Kryvyi Rih
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JIEHHS iICHYIHOYMX TEXHOMOorN AN NiABULLEHHST AKOCTI
LibOro npouecy.

OaHMM i3 NepcneKkTMBHMX HanpsiMKiB € po3pobka
Ci4MX NOBEPXOHb i3 MIABULLEHO AMHAMIYHOKO aKTu-
BHICTIO, 34aTHMX OO CaMOOYMLLEHHS Ta 3abesnedeH-
HS1 iIHTEHCMBHOroO BNNMBY Ha o6pobntoBaHMI MaTepi-
an. Takun nigxig [03BONUTbL CYTTEBO MiABULLNTMK
e(EKTUBHICTb NIATOTOBKM METanyprinHoi LUNXTH, 3a-
6e3nedytoun BiANOBIOHICTb CyYaCHMM BMMOram meta-
nyprinHoro BUpobHMUTBA. TakMM YMHOM, OOCHIMKEH-
HH, CNpsAMOBaHi Ha NigBULLEHHS edeKTUBHOCTI Npo-
Liecy rpoX0o4YeHHs MeTanypriinHUX LUMXTOBUX MaTtepia-
NniB, MalOTb 3HAYHUI NPAKTUYHWUI IHTEpeC i € Haa3Bu-
YamHO aKTyarbHUMMW.

AHani3 nitepaTypHuMxX [aHMX Ta NOCTaHOBKa
npobnemu

CyyacHi nigxoou OO nNigBULLEHHSA eeKTUBHOCTI
rPOXOYEHHS 6a3yloTbCA HA BMPOBAMKEHHI aKTUBHMX
CifuMX NOBEpXOHb, SAKi 3abesnevytoTb IHTEHCUBHY
B3aemogito 3 matepianom. OgHUM i3 Takux pileHb €
TexHonoria «Flip-Flow», wmnpoko 3actocoByBaHa 3a
KopaoHom [1-3]. Lli cuta BMrotoBnsoTbCA 3 nosniype-
TaHOBMX MaTiB i3 OTBOpaMn, po3Mmipu SAKMX Bignosi-
JaloTb 3aaHUM BiACIBHVMM KrnacaM. IX OCHOBHOW ne-
peBaro € BMCOKA FHYYKICTb i 34aTHICTb A0 CaMoo-
UYMLLEHHS, WO [o3Bonse edeKkTMBHO npauioBatn 3
AapibHogncnepcHumn martepianamu. OgHak obmexe-
Ha MILHICTb NOMiypeTaHOBMX €NEeMEHTIB 3a BUCOKUX
NMTOMUX NPOAYKTUBHOCTEW (NoHaa 58 1/m?-roa) 3Ha-
YHO 3HWXYE HafiNHICTL Takmx cuctem. Kpim TOro,
XBUNenodibHuin pyx cuta CTae HEMOXMMBMM 4epe3
HaAMIpHi MexaHiYHi HaBaHTaXXEHHS, WO pobuTb Ui pi-
LWEeHHS HenpuaaTHUMKU ANs YMOB MeTanypriiHoro Bu-
pobHMUTBA.

[HWKM NepcnekTBHUM NiAXOA0M € BUKOPUCTaHHS
rPOXOTIB i3 pe3oHyo4MMU cutamu [4-7]. Taki ciayi no-
BEPXHi [O3BONSAOTE 30iNbLINTM aMnniTygy KONMBaHb,
3MEeHWNTN 3abuBaHicTb i, BignosigHO, NioBULLUTYK
eeKTUBHICTb npoLecy. [NpoTe BOHU MaloTb CyTTEBUM
Heponik: Ans 3abe3neyeHHs1 oNTMMarnbHOI pPoboTn
HeobXigHO MOCTIMHO HanawToBYyBaTK CTPYHHI eneme-
HTU B PE30HAHCHUI pexum. Y NMpoMUCIIOBUX YMOBaX
MeTanypriiHoro BUPOOHULITBA, AKi XapaKTepuayrTbCs
BMCOKOIO MPOOYKTUBHICTIO Ta 3MIHHOIO TemMnepaTypoto
MaTepianis, cTabinbHe niATPUMAHHS PE30HAHCHOro
peXVMY € MNPaKTU4YHO HEMOXNMBUM 4Yepes LUBUAOKe
3HOLLEHHS1 eNneMeHTIB cuTa Ta 3MiHYy IXHiX KonuBanb-
HNX XapaKTepUCTUK.

Takox 3a KOpAOHOM BMKOPUCTOBYIOTLCS MPOXOTU 3
6e3nocepeHiM 30ymKEeHHAM cuTa, po3pobreri dip-
Mmoo «Rhewum» [8, 9]. Y uux cuctemax BibpauinHi
30y/mKyBadi, BCTAHOBNEHI Ge3nocepeaHb0 Ha Ciavin
noBepXxHi, 3abesneyytoun JOAATKOBI NPUCKOPEHHS, SKi
3HKYIOTb MMOBIPHICTb 3abmBaHHA OTBOpIB i MiaBw-
LLYOTb ePEKTUBHICTL rPOXoYeHHs. [poTe Taki KOHC-
TPYKLUIT BUSBNSAIOTb HEAOCTaTHIO CTIMKICTb OO0 YMOB
BMCOKOI MPOAYKTUBHOCTI Ta TemnepaTypu, xapakrep-
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HUX Ons MeTanyprinHoro BUpoGHULTBA, WO obMexye
X 3aCTOCYBaHHS.

Cepen BiTUYM3HAHMX PO3pOOOK BapTO BiA3HAYUTM
aKTUBHY CaMOOYMCHY KOJTIOCHMKOBO-KapTEPHY Cisyy
NMOBEPXHIO, CTBOPEHY B HauioHanbHIin MeTanyprinHin
akagemii Ykpainm [10, 11]. Ls texHonoria go3sonse
CYTTEBO MIABULLNTY €EKTUBHICTb MPOXOYEHHST MaTe-
pianis i3 winbHicTio go 0,7 1/m3. OpgHak T1i 3acTocy-
BaHHS Ans 0O0poOKkM Baxunx maTepianis, Takux sk ar-
nomepar i3 WinbHIiCTIO NoHaa 2 T/mM3, € HEMOXNNBUM
Yepes HeAOCTaTHIO MeXaHiYHY MILHICTb KOHCTPYKLU.

TakMm 4YMHOM, aHani3 nitepaTypHuUX AdaHux Ae-
MOHCTPYE, L0, HE3BaXalo4M Ha HasIBHICTb LUMPOKOrO
CMeKTpa TEXHIYHMX pilleHb, XOoOHe 3 HUX He 3abesne-
yye HanexHoi ePeKTUBHOCTI FPOXOYEHHS 3ari3oBMiC-
HOI CMPOBUMHM 3a YMOB, XapaKTEepHUX A1 Cy4acHOro
meTanypriviHoro BupobHuurea. Lle Bkasye Ha Heo6-
XiOHICTb MmoganbLUnX OOCHiAXeHb, CMPAMOBaHUX Ha
pPO3pO6KY HOBMX TUMIB CiAYMX NOBEPXOHb, SKi 6 Bigno-
BiJjanu BMCOKUM BUMOram [0 NPOAYKTUBHOCTI, TEM-
nepaTypoCTINKOCTI Ta MEXaHi4YHOI HaAINHOCTI.

MeTa i 3aBAaHHA gocnigxeHb

MeToto gocnigkeHb Oyno BU3HAYEHHS BMIIMBY Ki-
HEMATUYHUX Ta [AMHaMIYHWX napameTpiB  BifbHO-
YKNadeHoi Cisdol MoBepXHi Ha eeKTUBHICTb MPOXO-
YeHHs Ta 1i NornMHanbHy 34aTHICTb Yy rpoxoTax, Npu-
3HaYeHUX AN COpTyBaHHSA 3amni30BMICHOI CMPOBUHM
MeTanypriiHoro BMpobHuUTBa.

Marepianu Ta meToau AocnigxeHb

Ons pocnigxeHb Gyna po3pobreHa mogenb Bib-
pauinHOro rpoxoTy 3 BiflbHO-YKMNaZEHo Cisyo Mo-
BEpXHelo, sika MpoeKTyBanacb 3 ypaxyBaHHAM Teopil
nodibHocTi [12], B3ABWN 3a aHarnor nowupeHun Tu-
nopo3Mip rpoxoTy AN BUAINEHHs1 Api6’sa3KoBOro kna-
cy 5 MM 3 arnomeparty (puc. 1).

Hocnign npoBoaunucb Ha BiNbHO yknageHin Ta
3aKpinneHin ciavol NoBepxHi 3 KpyrnMMm OoTBOpamu
diameTpoM 5 MM i KoedilieTOM XMBOro nepeTuHy
0,53. [Ins yHEMOXNMBMOBaHHHSA BNNMBY Ha edekTu-
BHICTb MPOXOYEHHS iHLWWNX (PakKTopiB, OKpPiM BuULLE3a-
3HAYEHNX, rPaHyNOMETPUYHUIA CKNaa NoYaTkoBOI LUK-
XTW, Ha OCHOBI BiACiBy arnmomeparty, nigbvpascsa Bu-
X04s14Kn 3 BUMOT 3abe3neyvyeHHs1 BUCOKOI MNOornnuHanbHoi
30aTHOCTI 3aKpInneHoi CissYoi NOBEpXHi, Lie 34ilCHI0-
Banocb 3a pPaxyHOK BUKOPUCTaHHSI NErkorpoXOTHUX
YacCTUHOK, PO3MipK KOTpMX obupanucb 3 YMOBM, LUO
BiJHOLLEHHS PO3Mipy YacTUHKM [0 PO3Mipy OTBOPY
cuTa He NoBUHHO nepesuLlyBaTy 0,75, BignosigHo 4O
pekomMeHaauin [13], Ta ii HesabuBaHoCTi, BUXOOAYM 3
TOro, LU0 BiAHOLEHHS pO3Mipy YacTUHKU OO PO3Mipy
OTBOpY cWTa MOBMHHO OyTW Ginbwwum 3a 1,4. Lum
KpuTepiam Bignosigana ABoxdpakuiiHa cymill Biaci-
BY arnomepary y nponopuii 50/50:
di=16..3mMmTad, =8..10 mm.
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a)
Helo
a - nabopatopHuii cTeHa; 6 - mopgenb
MoBEpPXHS 3  akcenepomMeTpoMm; T -  MpuUBOA

akceriepomMmeTpom; A - BMMipIOBaﬂbHVIVI KOMMnJiekc

"apHO nepemiwannii aBoxdpakuinH1 BigCiB ar-
nomMeparty 3acunascs B ByHkep i WwapomM BMCOTOH Huw
= 60 MM, MpomnyckaBcsa 4Yepe3 rpoxoT, HagpeLliTHUI
npoaykT 36upasca B npuiManbHuin ByHkep, poscisa-
BCHA Ha MO4YaTKOBI knacu i 3saxyBaBcs. 3a pesynbTa-
TaMu eKCrepuMeHTy BusHayanu edeKTUBHICTb po-
XOYEHHs 38 POPMYIIoH

mHaﬂp)
E=(1—— =100 %,
o4y (1)

A8 Myanp, Myey — Maca MigpeLwitHoi dpakuii B
HagpeLwiTHOMY NPOAYKTI Ta B No4yaTKkoBOMY maTepia-
ni, BiANOBIAHO, Kr.

Takoxx Oynu npoBefeHi OOCMiIKEHHA MO BMMBY
OWHaMiYHUX napameTpiB rpoxoTy 3 BiflbHO-yKNaaeHol
Ci4O0 MOBEPXHEID Ha i NornMHanbHy 3aaTHicTb. [ns
uboro Oyna npoBefeHa cepis eKCnepMMEHTIB Mpu Mno-
CTiIHOMY 3Ha4YeHHi BUCOTW Lapy maTtepiany Hw = 60
MM, LIO TPaHCMOPTYETbCS, BapilolyM amnniTygoro
BYMYLLEHUX HanpaBfneHUX rapMOHIMHUX KONvMBaHb
KOpoby Ta iX KyTOBOi YacToTu. 3aans OUiHKK BigMiH-
HOCTi nepebiry npouecy, Aocnig MNOBTOPHBABCA B
yMOBax OOHaKOBWX AUHaMiYHMX NapamMeTpiB KOPOOY i
08 FPOXOTY 3 XKOPCTKO 3aKpinsieHo Cigvoo noBepx-
Helo.

B sakocTi maTepiany BvKOpMCTOBYBaBCA BiACiB ar-
nomepary, KM NOAINABCS Ha ABi OKpEMi HaBiCkU oJ-
HaKOBOI Macu, rpaHynoMeTPUYHUA cKrag, KOTpux nig-

T)
PucyHok 1 — JlabopaTtopHa mogenb malmHu BiGpaLiiHO-y4apHOi Aii 3 BifbHO YKIaJeHo Cisvol0 NoBepx-

B - cifva
pama 3

MalKnHM  BiOpaLiiHO-yaapHoi  4i;
3 asoBMMM  JaTyMkammum  Ta

OupaBcs 3 YMOBU HAsiBHOCTI B LUApi LWMXTU, LLO PO3Ci-
BaETbCA, CTOBIACOTKOBO BMICTY NErko- Ta BaXKorpo-
XOTHMX YaCTUHOK, BMXOOAYM 3 CMiBBIOHOLLIEHHS PO3-
Mipy YaCTuHKM OO AdiameTpy oTBopy cuta (5 mm), 3a
pekomeHgauismMm HaBsegeHumm y [13], 6yno ccopmo-
BaHO HACTYMHWUI rpaHyNOMeTPUYHUIA CKNag Hagicok: |
- 2..3 Mm (d;/dyr; = 0,4...0,6 — NErKOrPOXOTHI Yac-
TuHkK); Il — 4..5 mm (d;/dyrs = 0,8 ... 1 — BaXKkorpo-
XOTHi YaCTUHKM).

MigrotoBneHa Hagicka MOHOMpaKLUiNHOro BiaciBy
arnomMepary 3aBaHTaxyBanacb B ByHkep, LWapom Bu-
coToto Hw = 60 MM mponyckanacbk Yepes rpoxoT, nig-
peLliHMn NpoayKT 36mpascs B npuriManbHuA ByHkep i
3BaXyBaBCHd. 3a pesynbTatamu eKCNepuMeHTY BU-
3Havanacb nornuHaroya 34aTHICTb CiS4Oi MOBEPXHi

m;
kr/(M? - ©),

7= Swn "t

2

ne m; — maca i-i dopakuii, Wo npownwna vepes ci-
A4y MOBEPXHIO, KI; S, — MMOLA XUBOrO NEpPETUHY
cisivoi NoBepxHi, M?; t — Yac BNNMBY Ha MaTepian Bib-
pauinHoi gii, c.

PesynbTaTtu gocnigkeHb

Ha puc. 2 npegcTtasneHa 3anexHicTb epeKkTMBHO-
CTi rPOXOYEHHS Bid, amMMliTyan Ta KyTOBOi LUBUOKOCTI
KOnMBaHb KOpOOy.
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157 c™
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PucyHok 2 — 3anexHicTb e(eKTUBHOCTI rPOXoYeHHs Big amnnityam (a) Ta KytoBoi yactotu (6) KonmBaHb

Kopoby

3 OTpMMaHWX 3anexHocTen BWAHO, WO B AOCHi-
[)KyBaHin 0bnacTi BU3HaYeHHs1 OYHKLUIT edpeKkTUBHICTb
FPOXOYEHHS AEMOHCTPYE CTabinbHYy 3anexHicTb Big
amnniTyaM Ta KyTOBOi 4acTOTWM KOnuBaHb Kopoby, a
cama 3anexHicTb HabyBae ekcTpemanbHOro xapak-
Tepy. Tak mpu amnniTygi KOnuBaHb, sika AOPIBHIOE
2:103 m, Ta yacTtoTi konueaHb y 125 ¢ i nokasHuKm
AOCAralnTe MakCMMarnbHOro 3Ha4YeHHs. Kpim Toro, npu
OOHaKOBUX AVMHAMIYHMX napameTpax Kopoby edek-
TUBHICTb FPOXOYEHHS BibOpaLiiHO-yaapHOi MalLUMHKU 3
HEBTPMMHMM 3B’SI3KOM MiXK KOpoGOM i cutoM nepe-
BULLYE edEeKTUBHICTb MPOXOYEHHS FPOXOTY 3 3aKpin-
NEHOI0 CiA4OoL0 NOBEPXHELD B cepeHboMy Ha 29 %.

Lle migTBepoxye, wo BibpauiiHo-yaapHa gis Ha
Lap cunkoro maTtepiany, SKUN TPaHCMNOPTYETLCA MO

BifTbHO YKNaZeHin ciavii noBepXxHi, iHTeHcudikye npo-
LleC rpoXoYeHHs Ta nigBuLLye eEeKTUBHICTb COPTY-
BaHHS Matepiany, Lo obpobnseTbes.

[na BMBYEHHA B3aEMOBNAUBY aMnniTyay BUMY-
LLUEeHMX KOMnMBaHb Kopoby BibpauinHo-ygapHoi mMalm-
HW 3 HEBTPUMHMM 3B’A3KOM Ta iXHbOI KyTOBOI 4acTOTH
Ha 3MiHy e(PeKTUBHOCTI rpoxoYeHHs ByB npoBeaeHUn
MOBHMX (PAKTOPHWUW EKCNEPUMEHT, B SAKOMY peaniso-
BaHO OPTOroHarnbHy NraH-mMaTpuuio OpYroro nopsaky,
4€ X1 — aMnniTyga BUMYLLEHUX KOMNMBaHb KOpoOy, a
X2 — X KyTOBa YyacTtoTa.

MatemaTnyHun onuc 3anexHocTi edeKTUBHOCTI
rPOX0oYeHHs1 Big 0bpaHux ghakTopiB 3AiMICHIOBaBCS 3a
AO0MOMOro KBagpaTUYHOMO PiBHSIHHA perpecii

E =92,477 + 3,295 - x, + 2,833 - x, + 0,365 - x; - x, +

11,165 - x% —

MNepeBipka agekBaTHOCTI OTPMMAHOrO PIBHAHHA
BMKOBYBANioCb 3a [OMOMOrow kputepis ®iwepa.

Ockinbkn ymoBa Oyna BYKOHaHa — PIBHSAHHS perpecii

4,76 - x3. (3)
Momunka! [kepeno nocunaHHs He 3HanMAeHo.(3) €
afeKkBaTHUM €EKCNepUMEHTY, Ta MOro MOXHa npea-
CTaBUTU B HATYPHUX 3HAYEHHSIX

E =—43,345+46495-4A+ 1,279 - w + 11,624 A w —

—1,117 - 107 - A%2 — 0,005 - w? %.

OTpumaHe piBHSAHHA perpecii (4) € MaTeMaTu4HO
MOZENM, sika OEMOHCTPYE BMMMB AOUHAMIYHMX Na-
pamMeTpiB kopoby — amnnityan (B AianasoHi BiA
0,001 pgo 0,003 m) Ta KyTOBOI YacToTK (B AianasoHi
Bia 94,2 no 157 c') oro BUMYLLEHMX KONUBAHb, Ha
e(EeKTMBHICTb TPOXOYEHHST BibpauifHO-yoapHUX Ma-
LUMHM 3 HEBTPMMHMM 3B’SI3KOM MK KOPOGOM i CUTOM,
npu 20 % piBHi 3HAYyLLOCTI.
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(4)

OpepxaHa wmaTematmyHa wmogenb [Momwunkal
IDxepeno nocunaHHA He 3HanpeHo.Oyna niggaHa
rpadiyHOMy aHanisy, KM JO3BONUB BCTAHOBUTU Mi-
py BNNUBY KOXHOrO (pakTopy Ha napameTp onTuMmisa-
uii (puc. 3).

Takox Oynu oTpumaHi Ta npoaHarnisoBaHi 3anex-
HOCTi NOrMMHaKY0i 30aTHOCTI CisivOi NOBEPXHi Big, am-
nniTyaM Ta KyTOBOI 4YacTOTW KOMMBaHb Kopoby, ski
HaBefeHi Ha puc. 4.
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BirpHO yKIaleHa cid4a I0BepXHA

a - NerkorpoxoTHi YaCTUHKK (dppakuis 2...3 MM);
© - BaXKKOrpPOXOTHI YacTuHKK (cppakuis 4...5 Mm)

3axpimeHa cifiya IOBepXHI

PucyHok 4 — 3anexHicTb NornmMHarYoi 34aTHOCTI CistY0i MOBEPXHI Bif aMnniTyamn Ta KyTOBOI YaCTOTU KOMK-

BaHb KOpOOy

AHania oTpMMaHux 3anexHocTen O03BOSMMB BCTa-
HOBWTK, WO BibpauinHo-yaapHa Aig Ha MaTtepian,
SAKUA TPAHCNOPTYETLCA MO BIiNbHO YKNaAeHin ciavin
NoBepXxHi, Ha BiAMIHY Bif 3akpinneHoi, Npn3BoaAnTbL A0
30inbLUEHHs Ti nornMHanbHOI 30aTHOCTI B cepeaHbo-
My Ha 24,5 % Ona nerkorpoxoTHux Ta 77,8 % Ang
Ba)KKOrPOXOTHMX YACTMHOK, NPUYOMY, 3aKOHOMIPHICTb
3MEHLLUEHHS MOrNMHAKY0I 30aTHOCTI CiyOoi MOBEPXHi
npu Nepexofi Ha BaXKKOrpOXOTHUIM MaTepian 36epira-
€TbCS | CTAHOBUTb B cepegHboMy 26 %. PyHKLioHa-
NbHi 3anNeXHoCTi Big 0bpaHMX apryMeHTiB MalTb Ha
BCbOMY AianasoHi BM3HAYeHHS dYHKLUiT HeniHinHniA
XapakTep Ta HabyBatoTb ekctpemymy B 1,78 kr/(m2-c)

npu amnnityai konveaHb y 2:102 M i kyTOBIlA YacToTi
127 ¢!, wo Bignosigae npuckopeHHto 35,4 m/c?, no-
Aarnblue 36iNbLUEeHHs amnniTyan UM KyTOBOK 4acToTu
Np13BOoaNTbL A0 3MEHLLEHHS NOrNMHaNbHOI 30aTHOCTI
B uinomy 1o 5,5 %.

BucHoBku

B pesynbTati npoBeAeHHst nabopaTopHMx AOocri-
[PKEHb MO BNIMBY BiflbHO-YKNaAEHOI CisiYOi NOBEPXHi
Ha e(EeKTUBHICTb rPOXOYEHHS 3ani30BMICHOI MeTany-
PriviHOi CMPOBWHK OyNo ofep)KaHo:

dyHKUiOHanNbHI 3aneXHoCTi e(PeKTUBHOCTI rpoxo-
YeHHs Big amnniTyauM Ta KyTOBOi 4acTOTM KONMBaHb
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Kopoby 3 BiflbHO YKMaZeHo Ta 3aKpinieHow Cistyoro
MOBEPXHELD, SKi MOKa3yloTb, O NP OOHAKOBWUX AW-
HaMiYHMX napameTpax Kopoby edeKTUBHICTbL rpOXo-
YeHHs1 BiOpauiHO-yoapHOI MalWHW 3 HEBTPUMHUM
3B’A3KOM MiX KOPOBOM i CUTOM nepeBuLLyE eheKTmB-
HICTb MPOXOYEHHS FPOXOTY 3 3aKPINEHOK0 CiYOK0 MOo-
BEPXHEI B cepedHboMy Ha 29 %, ue nigTBepoxye
aKT iHTeHcudiKaLii BHYTPILUHbOLLAPOBUX MPOLLECIB,
Taki sk cerperadisa Ta audysisa, npuyomy nepuuy B 6i-
NbLUIR CTyNeHi, NPM3BOAAYM A0 NPUCKOPEHHST AOCTaB-
KM OpiOHUX dopaKLii Ha KOHTaKT 3 CisYO NOBEPXHEID
Ta iX noganbliMM BiACiBOM Mpu BibpaLuiiHo-yaapHin
O Ha LWap cunkoro marepiany, ik TpaHCNOPTYETb-
Cs1 NO BINbHO YKNaAEHIN Cisvin NOBEepXHi;
MaTemMaTuyHy MOAerb, WO NOoB’A3Y€e e(PeKTUBHICTb
rPOX0OYEHHS BibpaUiHO-yaapHOi MaLLWHN 3 HEBTPUM-
HVMM 3B’A3KOM MK CUTOM i KopoboMm 3 amnniTyaoto Ta
KyTOBOK 4YacCTOTOK MOr0 BUMYLLEHUX KONMWBAHb Npwu
20 % piBHi 3HaYyLLOCTI, iKa 4O3BOMNWMAa BCTAHOBUTH,
WO eheKTMBHICTb rPOXOYEHHS 3pOcTaE 3a yMoBU 306i-
NbLUEHHS SK aMnniTyam KonuesaHb Kopoby, Tak i Ti ya-

o %% ¢ ISSN 1028-2335 Ne2, 2023

CTOTW, JOCsiralodm CBOro Makcumymy y 92,6 % npwm
amnnityai konueaHb 2-10-3 M Ta yactoTi 125 ¢, wo
BignoBigae npuckopeHHio 35 m/c?, npuyomy, 3MiHa
amnniTyaM KonvBaHb Kopoby Oinblie BAAvMBaEe Ha
€(hEKTUBHICTb FPOXOYEHHS HXK 4acToTa;

GyHKUIOHanNbHI 3aneXHOCTi NOrMMHaK4oi 34aTHO-
CTi CisivOi NOBEepXHi Big amnniTyau Ta KyTOBOI YacTOTK
KOnmBaHb KOpoby 3 BiMbHO yKrMageHum Ta 3akpinne-
HAM CUTOM, $SKi AEMOHCTPYIOTb WO BibpauinHo-
yaapHa Jiga Ha martepian, sikMi TpaHCNopTyeTbCA MO
BifTbHO-YKNaAeHin ciadin noBepxHi, Ha BigMiHy Big 3a-
KpinneHoi, npn3BoanTb Ao 36inbLueHHs ii nornvHanb-
HOI 3gaTHOCTI B cepeaHboMy Ha 24,5 % pns nerko-
rPOXOTHUX Ta 77,8 % ANs BaXKKOrPOXOTHMX YACTMHOK,
npu4oMy, Npu nepexoni Ha BaXKKOrpoOXOTHUN MaTtepi-
an nornvHaloda 34aTHOCTI Civoi NOBEPXHI 3MEHLLY-
€TbCA B cepeHboMy 26 %, MakcumarnbHe 3Ha4YeHHs
nornuHanbHoi 3gaTHocTi B 1,78 kr/(M?-c) HabyBaeTbCA
npu amnnityai konveaHb y 2:10-% M, KyTOBiA YacTOTi
127 ¢, wo BianoBigae npuckopeHHto 35,4 m/c2.
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